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Foreword 

The present volume deals with the chemistry of the carbon-carbon triple bond. This 
is presented and organized again on the same general lines as described in the 
‘Preface to the series’ printed on the following pages. 

Some chapters originally planned for this volume did not materialize. These 
include a chapter on ‘Free radical attacks involving carbon-carbon triple bonds’, 
and a chapter on ‘Arynes and hetarynes’. Tragically, the chapter on ‘Directing and 
activating effects’ is missing from this book owing to the untimely death of Professor 
Pentti Salomaa, a good friend, an excellent chemist and a devoted teacher, missed 
by all who knew him. I t  is hoped to include chapters on these subjects in ‘Supplement 
C: The Chemistry of Triple-bonded Functional Groups’, which is planned to be 
published in several years’ time. 

Jerusalem, October 1977 SAIJL PATAI 
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The Chemistry of Functional Groups 
Preface to the series 

The series ‘The Chemistry of Functional Groups’ is planned to cover in each volume 
all aspects of the chemistry of one of the important functional groups in organic 
chemistry. The emphasis is laid on the functional group tested 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 to the ether 
oxygen. It is the purpose of the volume to give a complete coverage of all properties 
and  reactions of ethers in as far as these depend on  the presence of the ether group but 
the primary subject matter is not the whole molecule, but the C-0-C functional 
group. 

A further restriction in the treatment of the various functional groups in these 
volumes is that material included i n  casily and generally available secondary or 
tertiary sources, such as Chemical Reviews, Quarterly Reviews, Organic Reactions, 
various ‘Advances’ an‘d ‘Progress’ series as well as  textbooks (i.e. in books which are 
usually found in the chemical libraries of universities and rcsearch 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 riot to give an encyclopaedic 
coverage of his subject, but to concentrate on the most important recent develop- 
ments and mainly on material that has not been adequately covered by reviews or 
other secondary sources by the time of writing of the chapter, and to  address himself 
to  a reader who is assumed to be a t  a fairly advanced post-graduate level. 

With these restrictions, i t  is realized that no plan can bc devised for a volume that 
would give a cotnplcie coverage of the subject with t i 0  overlap between chapters, 
while a t  the same time preserving the readability of the text. The Editor set himself 
the goal of attaining reosotinble coverage with rnodcmte ovcrlap, with a minimum of 
cross-references betwcen the chapters of each volume. I n  this manner, suficient 
freedoni is givcn 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 prescnt in the molecule, o r  by introducing the new 
group directly or indirectly. 

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

ix 



X Preface to the series 

directive effects exerted by the group and/or a chapter on the basicity, acidity or 
complex-forming ability of the group (if applicable). 

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

(e) Special topics which do  not fit any of the above sections, such as 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.2. a chapter on ‘Thioketones’ is included in the volume The Chemistry 
of the Carbotiyl 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 presentation 
will necessarily be somewhat uneven. Moreover, a serious problem is caused by 
authors who deliver their manuscript late or not at all. In order to overcome this 
problem at least to some extent, it was decided to publish certain volumes in several 
parts, without giving consideration to the originally planned logical order of the 
chapters. If after the appearance of the 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 Alketies (two volumes) 
The Chemistry of the Carbotiyl Group (two volumes) 
Tlie Cliemistry of rlie Ether Linkage 
The Chemistry of tire Aniitio Group 
Tlie Chemistry of the Nitro atid Nitroso Group (two parts) 
The Chemistry of Carboxylic Acids atid Esters 
The Chemistry of the Carbon-Nitrogeti Double Bond 
The Clietnistry of tlie Cyaiio Group 
The Cliemistry of Aniirfes 
The Chemistry of the I-lydrosyl Group (two parts) 
The Cliemistry oJ the Azido Group 
The Chemistry of Acyl Halides 
The Cliemistry of the Carbon-Halogen Botid (two parts) 
The Cheniistry of Qiritionoid Compounds ( t  wo parts) 
The Cliemistry of the Tliiol Group (two parts) 
The Chemistry of Amidiiies and Imidates 
Tlie Cliemistry of the Hydrozo, Azo and Azosy  Groups 
The Ckeniistry of Cynriates and ihcir Tliio Derioaiives 
Tlie Clieniistry of Diazotiiirni atid Diazo Groups 
Tlie Chemistry of tke Cnrboii-Carbon Triple Botid ( t  wo parts) 
Supplement A: The Cheniisiry of Double-bonded Fiiiictional Groups ( two parts) 
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Titles in press: 
The Chemistry of Ketenes, AIIenes and Related Compounds 
Siipplement B: The Chemistry of Acid Derivatives 

The Chemistry of Cumulenes and Heterocumuleries 
The Chemistry of Organometallic Compounds 
The Chemistry of Sulphur-containing Compounds 
Supplement C: The Chemistry of Triple-bonded Functional Groups 
Supplement D: The Chemistry of Halides and Pseudo-halides 
Supplement E: The Chemistry of -NH2,  -OH, and -SH Groups and their 

Future volumes planned include: 

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 unfortunately 
their code of ethics does not allow me to thank them by name). Many of my friends 
and colleagues in Jsrael 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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I.  INTRODUCTION 

The electronic structure of alkynes is related to that of alkenes, and the 
photochemistry of the two classes of compound reflects this similarity. Because 
the photochemistry of alkencs has received greater attention and has already been 
described in systematic form1. ?, i t  is not unexpected that the present account should 
point out the ways in which alkyne photochemistry parallels, or is markedly different 
from, that of alkenes. There is a considerable difference, however, in the range o f  
compounds which has been studied in each class. Reports of photochemical reactions 
of alkynes very often refer t o  mono- or disubstituted acetylencs in hhich the 
substituents are alkyl, aryl or alkoxycarbonyl. There have becn studies on  diyne 
and enyne systems, but as yet there has cmerged nothing in alkyne chemistry to match 
the wealth of photochemistry reported for diencs and polyencs. This reflects in part 
the greater tendency of the compounds containing the C=C bond to undergo 
photopolymerization rather than any other reaction on irradiation. Within this 
limitation there is a wide variety of reactions open to thc excited states of alkynes, 
and quite a number of the processes have synthetic application or potential. 

From spectroscopic data it  scems likely that the excited states involved in alkyne 
photochemistry are either ( x , x * )  statcs, in which an electron from a bonding 5i 
molecular orbital has been promoted to an antibonding K *  molecular orbital, or 
Rydberg states, in which a li electron has been promoted to an cxtcnded c-type 
orbital covering more than one nucleus. The spcctra of acetylenc, propync and 
but-I-yne all show features characteristic of both types of electronic transition3. I n  
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524 J. D. Coyle 

the region 110-160 nm there are intense sharp bands, many of which can be assigned 
to two or three different Rydberg progressions, and in the region 160-210 nm there 
is a weaker and more diffuse band with a maximum around 170-180 nm. The longer 
wavelength region probably consists of two or three overlapping bands, of which 
that a t  longest wavelength can be attributed to a x -+ x*  transition. The lowest 
energy singlet state is (5 i ,x*)  in nature; note that for  some simple alkenes the 
Rydberg singlet seems to be lowest in energy. The energy of the lowest state is not 
easily assigned from the absorption spectrum since there is a long, weak absorption 
tail (210-240 nm) associated with the changed geometry of the (x, x*) singlet; a 
value of 505 k J  mol-1 (121 kcal mol-l, equivalent t.o a wavelength of 237 nm) has 
been given4 for the singlet state energy of acetylene. 

The Rydberg excited states of acetylene, like the ground state, are linear5, but the 
preferred geometry of the l o w s t  (x, x*) singlet state is non-linear and transoid, with 
LHCC angles of about 120”. The (x, z*) state is sometimes crudely represented as a 
biradical spccies (l), although a zwitterionic canonical pair (2) might be more 
appropriate for a singlct state. 

(1 1 (2) 

The energy of the lowest triplet excited state of simple alkynes is not known with 
certainty; these compounds do  not phosphoresce, and the singlet -+ triplet absorption 
has  not been characterized. A value as low as 190 kJ mol-1 (46 kcal mol-I) has been 
suggested6 for acetylene on the basis of electron impact studies. The triplet energies 
of phenyl-substituted acctylencs and of di- and poly-ynes can be assigned either 
from the enhanced singlet -->triplet absorption spectrum under a high pressure 
of dissolved oxygcn‘ or from phosphorescence data. Phenylacetylene has a triplet 
energy of -300 kJ mol-1 (72 kcal mol-I), diphenylacetylenc 260 (62), butadiyne 330 
(79-5) and octa-2,4,6-triyne 265 (63). Diphenylacetylene lumincsccs from both the 
singlet state (at room temperature) and the triplet state (at 77 K), and it also 
exhibits excimer fluorescence - 390 nni) s. 

I I .  P H  OTOFRAGME NTATlO N 

Many simple alkynes undergo efficient homolytic bond cleavage on (vacuum) 
ultraviolet irradiation, particularly in the vapour phase (in solution thc situation is 
often more complex because extensive polymerization occurs). The bond which 
breaks can be either that adjacent to thc triple bond or the next one, i.e. the 
‘propargylic’ bond (this lcrm will bc used here in  an analogous way to the use of 
‘allylic’ for C=C compounds). In thc first category come the reactions of acetylene 
itselfD, which produces diacetylene (butadiyne), hydrogen and ethylene (equation 1) 
together with vinylacetylenc, benzene and other polymers, and the reactions of 
alkynes with a halogen substituent on thc triple bond (equation 2)’O. Other groups 
which form a particularly stable frec radical (i.e. a particularly weak =C-X bond) 
can be broken o f f  in  this way, such as trilliioronicthyllL which then reacts with the 
original alkyne (equation 3) or can be trappcd with added aliphatic hydrocarbon 
(equation 4). 
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C,H'+Br' (2) 
h V  CH=C-Br - 

hb. (190 nm) 
CHGC-CF, A C,H' -t 'CF, 

CF,CH=~CF, --+ CF,CH=CHCF, 

AL, 
'C F, 

CHF, 
Y 

With shorter wavelength radiation acetylene also produces carbon and molecular 
hydrogen (equation 5 )  in a different primary process12. 

Propargylic cleavage occurs for higher alkynes, and the propargyl radical (3) 
generated from propyne has been observed by e.s.r. ~pectroscopyl~. With long 
wavelength radiation (206 nm) the major gaseous products from the photolysis of 
propyne in the gaseous phase'" are hydrogen and hexa-l,Sdiyne (4) formed by 
dimerization of the radical 3. 

hv (250-380 nm) CH3C=CH [CH,-C=CH +> CH,=C=CH] 

(3) 

CH=C-CH,CH,C=CH 

(4) 

However, a t  shorter wavelengths (but still below the ionization threshold) 
molecular extrusion of hydrogen occurs, as  evidenced by the fact that some of the 
hydrogen which is produced cannot be quenched by added free radical inhibitors. 
The  main source of this molecular hydrogen seems to be15 two-stage breakdown via 
a carbene, as suggested for the reaction of 3,3,3-trideuteriopropyne (equation 6). 

> D,+CD-C=CH - C,+HD (6) 

But-2-yne undergoes a similar reaction (equation 7) to  give a diync; but-2-ene is 
also formed as a reduction productlG. The stable products arising from but-I-yne 
irradiation (equation 8) are hydrogen and vinylacetylene, together with smaller 
amounts of two- and three-carbon compounds, and this suggests that C-H cleavage 
is preferred over C-C cleavage in the excited statc of this alkyne. 

0 

.. CD,C=CH hv (124 nm) 

CH,C=CCH, hv CH,C=CCH,CH,C=CCH,+CH,CHCH, (7) 

CHsCCH,CH, hv CH~C-CH=CH,+Hz (8) 

The production of acetylene as the major gaseous product in the reaction of 
butadiyne (equation 9) occurs in part via C,H' radicals when short wavelength 
radiation is used'', but with 254 nm radiation it is suggested that a molecular process 
occurs in a non-linear excited state. The evidencc for this additional process is that 
no C,HD is formed when perdeuteriopropyne is present as a source of deuterium to 
t rap the radicals. 

(9) 
hv 

CH=C--C=CH A 2CH=C' - CHsCH+C, 
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Products arising from propargylic C-C cleavage are not usually formed in 
solution, and the dialkyne 5 is photochemically inert to radiation of wavelength 
254 nm la. However, cyclo-octa-l,5-diyne does cleave to give butatriene (equation 
lo), and the extra driving force here comes from the strain in the cyclic compound". 

The P,y-acetylenic ketone 6 undergoes photochemical C-C cleavage at a position 
which is propargylic to the triple bond (equation 11)?O,  but this is more iikely to be 
an a-cleavage reaction of the excited state of the ketone group21 rather than a 
reaction of the alkyne excited state. 

/ '0 y = 0.12 
(11) 

+ C,,H,, hydrocarbons 
(6) 

0 

I I I .  PH OTOREARRANG E M E  NT 
Propargylic cleavage of a N-CH, bond similar to that described for C-H and 
C-C bonds in the previous section, followed by recombination of the radicals 
produced, niay be responsible for the very inefficient photorearrangement observed 
for the ynamine 7 to give 2-phenylisob~tyronitrile~~. Alternatively the reaction may 
be considered as a sequence of two consecutivc [1,3] sigmatropic shifts rather than 
as a radical reaction. 

Me Me 
1 I 

I 
hv (254 nm) PhC=CNMe, - > PhC=C=NMe hv Ph-C-C=N 

(7) Me 
2.5% 

There are few reports of rearrangement reactions for alkynes analogous to the 
extensive array of electrocyclic processes, sigmatropic shifts and di-x-methane 
reactions which are documented for alkenes. A major deterrent to 4x- or 6;r-electron 
ring closures involving alkynes is the strain in the product (e.g. in reaction 12). 
Another difficulty may be the linear geometry of the alkyne unit-although the 
relaxed excited state with trails geometry niay be suitably oriented for ring closure, 
the results froni alkenes (notably the stereospecificity of the processes) suggest that a 
concerted reaction normally occurs before relaxation to the equilibrium geometry of 
the excited state. 
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Aryl-substituted butenynes do  appear to cndergc a photochemical electrocyclic 
ring closure, which is followed by a hydrogen shift in the initially formed cyclohexa- 
1,2,4-triene to  produce a compound with a new fused aromatic ring (equation 13), 
but the process has been shown to occur by way of non-concerted radical or ionic 
pathways23. 

55% 

3,3-Dirnethyl-l,5-diphenylpenta-l ,4-diyne (8) does not undergo a photochemical 
di-x-methane rearrangementz4 like that of the corresponding diene (9). However, 
the enyne 10 does give products of the di-x-methane type, and the reaction is stereo- 
specificz5, as  can be seen from the reaction of 10 (equation 14) and of its cis isomer 
11 (equation 15). 

PhC=C-CMe,-C=CPh PhCH=CH-CMe,-CH=CHPh 
CH=CHPh (8) (9) Ph 

Me OMe Me OMe ph 

(1 4) 
hu J+.,, - 

c*\ph ** (254 nrn)  Ph&/ f (10) 

'p= 0.133 Ph 
Ph 

(1 0) 

Me OMe p h  
Me OMe 

(15) 

Ph p = 0.101 
(11) 

If the conclusions from Zimmerman's extensive studies on 1 ,4-dienesZG can be 
applied to 1,4-enynes, then the triple bond is necessary for eficient reaction to occur 
and it plays an  important role in thc reaction pathway (equation 16). 

Me OMe Me OMe OMe Me OMe I(c. h , ,  fi; ----j fE-ph + " ' P z - P h  (16) 

* Ph Ph Ph Ph Ph 

\Ph --f 

The rearrangement?' of tetraphenylpropyne to tetraphenylcyclopropene (equation 
17) is formally analogous to the di-=-methane reactions of 3-phenylalkenes, and it 
is likely that the mechanism is similar. 
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Ph Ph 

Ph 

hv (254 nm) 
PhCrCCPh, - 

Ph 
46% 

In this 3-phenylalkyne system the triple bond becomes incorporated into a cyclo- 
propene ring, whereas from the enynes 10 and 11 there is no sign of a vinylcyclo- 
propene product. The preference for reaction to take place at the alkene unit rather 
than at the alkyne unit in the photochemistry of enynes is seen again in the photo- 
chemistry of enepoly-yne chloridesZ0, where only cyclopropyl chlorides are produced 
(equation 18). This preference is probably a reflection of the lower strain energy in a 
cyclopropane than in a cyclopropene ring. 

Ph(CEC),CH=CHCH,CI % (1 8) 
P h(C-C), 

IV. PHOTOADDITION 
A. Photoaddition Involving the Alkyne Excited State 

In the photoaddition of a saturated hydrocarbon to ethyl propiolate (equation 19) 
it is likely that the excited state of the acetylcnic ester initiates reaction by abstracting 
a hydrogen atom from the hydrocarbonze. The addition of cyclic ethers to an alkyne 
seems similar (equation 20), although a ketone sensitizer is required for addition of 
tetrahydropyran or dioxan30. When reactions of this type involve a conjugated 
acetylenic ester, the first-formed a,P-unsaturated ester can normally undergo 
further photochemical reaction to produce the p,y isomer (see equations 19 and 20). 

0 HCEC-COOEt + 

0""""". o"l-ooEt -t 

4.9% 4.2% 

W C O O E t  

1 *3% 

Et00C-C-C-COOEt + E t o O c F  - h , .  E t O O C F  

COOEt COOEt 

E t O O C p  cw 
EtOOC COOEt 
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Alcohols can undergo photoaddition to  alkynes, and the products from acetylenic 
esterszB are y-hydroxy-trans-a,P-unsaturated esters or the unsaturated lactones 
derived from the cis isomers by cyclization (equation 21). Reaction with acetylenic 
ketones provides a route to  furans (equation 22)31, and there is n.m.r. evidence for 

OH 

HCGC-COOEt -t (CH,),CHOH 

h 
Ph-C-CECH + CH,CH,CH,OH Y\ 

I I  
0 

HCgC-C,H, + (CH,),CHOH __f " b C , H ,  + other products (23) 

the suggested intermediate 12. The carbonyl group is not essential to the reaction29, 
and hex-1-yne gives an analogous addition product with propan-2-01 (equation 23). 

I n  some systems an alcohol gives rise to  photoreduction products of the alkyne 
rather than to products by photoaddition of the whole alcohol molecule. The 
acetylenic ester 13 gives the corresponding ethylenic ester on irradiation in methanol 
(equation 24). Under the same conditions the ketone (CH,),C-C=C-COMe 

gives only pinacol products in which the triple bond is pre~erved,~. The  phenyl- 
substituted alkyne 14 reacts in a similar manner, with the cis alkene being the major 
product (equation 25). In the latter reaction deuterium-labelling studies indicate that 

. .  OH 

0.02 
V'VU 

both of the 'new' hydrogen atoms in the product come mainly from the carbinolic 
position of propan-2-01 2 4 ,  and this suggests that the alkyne excited state abstracts a 
hydrogen atom in a radical-like process. 

Dodeca-5,7-diyne undergoes photoreduction a t  one triple bond on irradiation in 
pentane or  an alcohol (equation 26)33, as  does the 1,4-diyne 8,  although this second 
dialkyne also gives rise to  a cyclopentadiene productz4, which may be formed by 
initial ring closure of the diyne to give a cyclopentadienyl biradical (equation 27). 

Amines, too, undergo photoaddition to  alkynes. From diphenylacetylene and a 
secondary amine are obtained an  enamine (which is hydrolysed during work-up) 
and products which arise by further reaction of stilbene, the photoreduction product 
of diphenylacetylene (equation 28). The products can be rationalized in terms of an 
initial hydrogen transfer to the excited state of the alkyne; the fact that the N-H 
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h v  

p h  i-PrOH 

n 

i- polymer (26) 
65% 

(27) 

h 1. 
PhCH=CHPh - p h h P h  -I- 

HN-0 u 6% 

hydrogen seems to be transferred may indicate that an ionic rather than a free 
radical proccss is involved3.'. 

An intramolecular example of this type of addition, involving an amide and a 
C=C triple bond, is afforded by the reaction of o-acetamidophenylacetylenes 
(equation 29). The product may arise by transfer of a hydrogen from the amide 
nitrogen to thc acetylenic carbon, followed by ring closure to the amide oxygen35. 

CHAr CHAr 

,,,, 

NHCOMe - 100% 

In  the photoaddition of water (equation 30)3s or acetic acid (equation 31)3' to 
alkynes i t  seems likely that ionic addition occurs by protonation of the alkyne 
excited state, particularly in view of the observation that the hydration reaction is 
speeded up by acid and retarded by base. The sensitized addition of acetic acid to 
medium-ring cycloalkynes38 to give enol acetates (equation 32) is strongly reminiscent 
of the analogous addition to cycloalkenes, which has been shown to go by way of 
protonation of thc highly strained tram-cycloalkene. 

An intramolecular addition of a hydroxylic group to a triple bond results in the 
formation of a bcnzofuran from o-hydroxyphenylacetylene when irradiated in basic 
solution (equation 33). Without the base the sole product is o-hydroxyacetophenone 
(15) forrncd by addition of watcr to the triple bond". 
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PhC=CPh -I- H,O PhCCH,Ph 

531 

(30) 
hv (254 nm) 

II MeCN ' 
0 100% 

OAc Ph Ph Ph\ / 
PhC=CPh + HOAc % ,c=c, + 

H Ph 
(31 1 

--\ /. .. 

H OAc 
,c=c\ 

60% 

+ (33) 

Photodinierization of acetylene to  give vinylacetylene (butenyne) and formation of 
polymers in  the photolysis of alkynes generally are examples of photoaddition t o  
alkynes. Photopolymerization of di- and poly-ynes has been studied, and for both 
conjugated diynesAO or triynes'l the polymerization process is a 1,4-addition reaction 
(equation 34). The products are highly unsaturated, and they tend to contain a 
high proportion of oxygen after exposure to  the atmosphere. 

6. Photoaddition not involving the AIkyne Excited State 

A number of the photoaddition reactions of alkynes are not reactions of the alkyne 
excited state but involve the formation of free radicals by photocleavage of the other 
compound. Thc photochemical anti-Markownikoff addition of hydrogen bromide 
to alkyncs (equation 35) under conditions where the ionic addition is very slow is an 
example of 

1 : 1 Cyclized adducts have been for alkyncs with benzaldehyde 
(equation 36), although a 1 : 2 alkyne : benzaldehyde adduct can be obtained 



532 J. D. Coyle 

(equation 37)44 and offers a closer analogy to  the reactions of alkynes with aliphatic 
aldehydes or formamide (equation 38)45. In the formation of these 1 : 2 addition 
compounds very little of the intermediate a$-unsaturated carbonyl compound is 
isolated. 

Pr-n 

h v  CH-CPr-n 
PhCH=O _+ H’ + P h k O  PhCCH=tPr-n 3 -+ 

II 
0 

U 
h I. h v  I1 

II II I 
0 0 CAH, 

PhCH=O + M* (Pyrexj PhCCH=CHC,H, PhCCHJHCPh (37) 

trace up to 57% 

CONH, 
I 

,/\/ hv(Ph,CO) 

CONH, 
HCNH, ’ - w4 

II CONH, 
0 

The reaction with formamide requires a sensitizer such as benzophenone, and 
‘CONH, radicals are produced by hydrogen abstraction from the amide by the 
excited state of the ketone. With bromotrichloromethane 2 : 1 alkyne : haloalkanc 
adducts are produced as well as 1 : 1 adducts (equation 39). Extensive polymerization 
occurs, and peroxide-initiated reaction often gives better yields of simple products“. 

P h C = C H + C B r C I hv P h C = C H C C I, + P h C = C H - C P h = C H C C I, (39) 
I I 
Br Br 

20% 

The distinction between those reactions which do involve the alkyne excited state 
and those which d o  not becomes blurred in the case of intramolecular processes of 
compounds where the alkyne is part of an extended conjugated system. For example, 
radical production as a result of homolytic cleavage of a P-C bond in the phosphine 
16 leads ultimatcly to  an intramolecular addition product involving one of the 
acetylenic C=C bonds (equation 40)”. 

Ph 

-Ph - 

P h  
70% 
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V. PHOTOCYCLOADDITIO N 

A. Photocycloaddition to C=C Compounds 

The areas in which work on alkyne photochemistry has been most prolific ?.re 
those involving cycloaddition t o  carbon-carbon double bonds in alkenes, aromatics 
and related compounds. The simplest type of reaction involves formation of a 
cyclobutene from an alkene and an alkyne (equation 41)48. The cyclobutene product 
may itself be photolabile, and if radiation is used which is absorbed more strongly 
by the cyclobutene, the product isolated may be the 1,3-diene derived from it by 
electrocyclic ring opening (equation 42)'O. 

Ph 

hr(254 nm) 

Ph 
PhC-CPh + 

82% 

/ ? I '  

(254 nm) PhC-C-COOMc + 1 -- 

MeOOC 
x 

In both of these examp!es i t  is clear that the alkyne absorbs the radiation initially, 
and its excited state must be involved in reaction. The diphenylacetylene reaction 
(equation 41) is quenched by added pyrene and can be sensitized by triphenylene, and 
these observations suggest that it is a reaction of the (lowest) triplet state of the 
alkyne. If the alkyne is less strongly absorbing than the phenylacctylenes, as is 
dimethyl acetylenedicarboxylate for instance, it may be difficult to isolate any 
cyclobutene product at  all in such a reaction, because the cyclobutene can undergo 
photochemical ring-opening or photochemical cycloaddition with a second molecule 
of alkene. If a second cycloaddition occurs, the product is a bicyclo [2.2.0] hexane 
or the 1,Sdiene which this gives on thermal ring-opening (equation 43)50. 

MeOOC 

(43) 

G COOMe 

MeOOC-C=C-COOMe + 2C,H, h" *I + 
COOMe MeooC 
pistil 6% 

COOMe c COOMe 

57% 

It  is proposed that these cycloadditions are also reactions of the alkyne triplet 
state, and this seems reasonable in thc light of the non-concerted nature of the 
reaction indicated by the fact that dimethyl acetylenedicarboxylate gives a mixture 
of the same four stereoisomers of the bicyclohexane product with either cis- or 
trans-but-2-ene (equation 44)5*&. This is in contrast to the stereospecific nature of 
the Lewis acid promoted cycloaddition of alkenes and alkynes to give c y c l ~ b u t e n e s ~ ~ ~ .  
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Further support for a photochemical triplet mechanism in a rather different system 
is that the compound 17 gives a vinylcyclopentenone (by way of intramolecular 
cycloaddition followed by electrocyclic ring-opening) only on triplet sensitization 
(equation 45)20. 

2 COOMe 1 
hv (quartz) t+( + r COOMe 

(44) 
.COOMe 

-18°C .b 
Me00C-CGC-COOMe + or 

\ /  
.Ti- 

- 
COOMe 

4 isomers \ 

Cyclo-octa-1,5-diene reacts with diphenylacetylene to give a high yield of intra- 
molecular reaction product of this 1 : 2 alkyne : alkene type (equation 46)62. 

PhC=CPh + 0 I __f hv aph __+ hv f& (46) 
( P y r e x )  

Ph 
72% 

The photocycloaddition reaction seems to be equally successful in systems where 
the alkene absorbs the radiation initially, and this must happen when simple alkyl- 
substituted alkynes react with enones (equation 47)63 or with enediones (equation 
48)64. The reactions of cyclopentenone probably occur through a triplet state of the 
enone and perhaps through a complex between this excited state and the alkyneS6. 

66% 

The preferred orientation of addition (equation 49) is the opposite of that found for 
alkene addition to cyclic enones, and this difference is not easily accounted for. 

In some reports it is not possible to identify whether the alkyne or the alkene 
absorbs first, and i t  is possible that an excited state complex (an exciplex) can be 
produced irrespective of which excited state is formed first. However, the fashion 
for invoking an exciplex intermediate without evidence for i t  is a regrettable one. 
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0 

+ C H Z C - B U - ~  
I 

hv (366nm) .1 

535 

(49) 

p = 0.24 

In the photoaddition reactions of some alkyne/alkene pairs an alternative 1 : 2 
alkyne : alkene product arisesbe which contains a bicyclopropyl unit (equation 50, 
and see equation 43 above). The formation of the alternative product is dependent 

on alkyne structure (maleic anhydride and but-Zyne give only a cyclobutenes7) and 
on concentration acd temperature (maleic anhydride and acetylene give from 65% 
cyclobutene product to 84% bicyclopropyl productSe). 

The bicyclopropyl product is the niajor product when the two alkene units are in 
the same molecule, particularly with cyclohexa-l,4-diene systems which are fairly 
rigid (equation 51)G8. Once again the reaction is effective whether the alkene 
(equation 51) or the alkyne (equation 52)59a absorbs the light initially. 

PhCrC-COOMe -i- &+A (52) 

Ph COOMe 

It has been suggested on the basis of kinetic resultsGe that the mcchanisrn involves 
the trapping of the first-formed biradical by the second alkene unit (equation 53), 
although another possibility is that the biradical rearranges to a cyclopropylcarbene 
before it reacts further. 
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That a biradical species can be involved in the cycloaddition reactions is strongly 
supported by the isolation"* of an acyclic hydrogen-shifted product from the 
irradiation of 3,3-dimethylbut-l-yne and methylmaleic anhydride (equation 54). 

Ji$ 
0 

5$o+ 0 %o 0 

19% 39% 

+ q: 
0 

42% 

(54) 

One report has appeareds0 of a system in which the first-formed cyclobutene adds 
a second molecule of alkyne photochemically, leading eventually to a benzene 
derivative as a result of electrocyclic ring-opening and a retro-Diels-Alder process 
(equation 55) .  
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As in other photochemical reactions, alkenes seem to react in preference to alkynes, 

and in the sensitized photolysis of 2-methylbutenyne the product isolated is a 
dialkynylcyclobutane (equation 56) rather than a cyclobutenebl. 

A* Ph,CO' h v e4 + cis isomer 

* (8 : 1) 

Photodimerization of an alkyne to give a cyclobutadiene has not been reported, 
although the tricyclic compound 18 formed as one product of y-radiolysis of 
but-2-yne may well be produced by dimerization of tetramethylcyclobutadiene'6. 

Photochemical trimerization of alkynes to  give benzenes is, however, well 
documented. Benzene (and butadiyne) are the most abundant volatile products in 

t i  8 )  

the 185 nm photolysis of acetylene (equation 1 ) 9 9  G2, whilst the Cd(3P,)-sensitized 
processG3 gives mainly benzene (C = 0.094) and vinylacetylene (4 = 0.02). Cd(3P1) 
is not sufficiently energetic to  abstract a hydrogen atom from acetylene, and hence 
butadiyne and hydrogen are not formed, but only oligomers of acetylene via the 
alkyne excited state. This cyclotrimerization process can be efficient and synthetically 
useful with substituted alkynes (equation 57Y'. The mechanism is thought to involve 
a radical-initiated polymerization process (equation 58) ,  though it is claimed that 

CHrC-N(C F,)2 

R' + CH-CX --+ 

X 

A 

92% 

R C H = ~ X  -+ RCH=CX-CH=~X 

I 
+ R' f-- RCH=CX-CH=CX-CH=~X 

4 
4 

X U X  

(57) 

solid polymers 

the results of deuterium-labelling studies in the Hg (3Pl)-sensitized reactionGs and 
on dircct irradiationG2 are better explained by a molecular process. The evidence 
is not unambiguous. 

If hydrogen sulphide is present the reaction can be diverted to give thiophen as a 
major product after incorporation of only two acetylene units (equation 59)6s. 
This occurs whether the H2S or the acetylene is excited first, and the thiophen yield 
increases a t  the expense of benzene as  the H,S concentration is increased. The 
mechanism probably involves internal trapping in the radical 19. 
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Ct lGCH + H,S - h"(254nm) 0 + 0 + other products (59) 

HS-CH=CH-CH=~H 

(1 9) 

Under certain conditions ( - 78 "C, liquid phase) ethenethiol (CH,=CH-SH) is 
the major product of the photoaddition of hydrogen sulphide to acetyleneG7. 

There are few reports of photocycloaddition reactions of di- and poly-ynes which 
involve more than one of the alkyne groups, but the production of toluene or other 
alkylbenzenes in the irradiation of butadiyne with propene or other terminal alkenes 
(equation 60) is one such process17. 

R 
7 Y 

R 

0. Photocycloaddition t o  Aromatic Compounds 
Alkynes undergo cycloaddition on irradiation with benzene or naphthalene 

derivatives or with other aromatic compounds. With a benzene derivative the 
product is usually a cyclo-octatetraene which results from thermal electrocyclic 
ring-opening of the bicyclo-octatriene formed initially by 1,2-addition of the alkyne 
to the benzene ring (equation 61)G8*60. The intermediate can be trapped using a 
dienophile such as tetracyanoethylene (equation 62)?O. The first step of the photo- 
addition proccss involves excitation of the alkyne70, and orbital symmetry consider- 
ations suggest that concerted 1,Zaddition is 'allowed' if the alkyne is excited but not 
if the benzene is excited?'. 

COOMe 

Me00C-C-C-COOMe + 
COOMe 

NC-CN 

\ 
COOMe 

With hexafiuorobenzene and an alkyne the first-formed 1,Zcycloadduct (e.g. 20) 
can be isolated in high yield72. 

F 
F 

F 'eF F + PhCEC-C(CH,), > F *c:c " ,I 3 
F F 

(20) 
86% 
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The 1,2-cycloaddition reaction can take place in an intramolecular manner 
(equation 63) ,  although in this example the initial excitation involves the aromatic 
group73. A reaction of a different type is thought to be involved in the first stage of 
the formation of azulene or  naphthalene photodimers from diphenylacetylene 
(equation 64), though here it is claimed that a n  intermediate benzocyclobutadiene 
species has been detected74. The  intermediate isomer of diphenylacetylene is formed 
via the triplet state and is relatively long-lived at - 10 “C. The major dimers formed 
are 1,2,3-triphenylazulene and 1,2,3-triphenylnaphthalene; hexaphenylbenzene and 
octaphenylcubane are also p rod~ced’~ .  

Similar azulene dimers arise on irradiation of 1 ,Zdiethynylbenzenes (equation 
65)76, and an intramolecular napthalene-type adduct from a I ,8-diethynylnaphthalene 
(equation 66)77. Interestingly, the latter reaction can also be brought about thermally. 

Naphthalenes also undergo 1,2-photocycloaddition with diphenylacetylene, 
although the products isolated are not benzocyclo-octatetraenes, but rather adducts 

PhCECPh 

Ph Ph 
I I  

h I. 
1 

(quartz) 

62% 
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produced by a second intramolecular photocycloaddition (equation 67)78. The 
intermediate cyclobutenes can be prepared (- 100%) by heating the tetracyclic 
adducts, and they have been shown to undergo rapid photochemical reaction to  

Ph 
I 

Ph 

(UP to 50%) 

regenerate these adducts (80-90%) ; they are relatively inert to thermal conversion to 
benzocyclo-octatetraene~~~. 

When the naphthalene ring is substituted, two products are generally formeds0, 
with production of an adduct involving the substituted ring being preferred (equation 
6e). Sometimes the reaction is very efficient and highly regioselective (equation 69)". 
When amino, halo or  acyl substituents are involved thc reaction is very inefficient. 

Ph Ph 

PhCGCPh + 

PhC 

90-95% 

The mechanism of this reaction is thought to  involve the singlet excited state of 
the naphthalene, which forms an exciplex with the alkyne. Earlier it  had been 
suggested that the reaction involved diphenylacetylene excitation, in view of the fact 
that dimethyl acetylenedicarboxylate gives different products (equation 70) and in 
the latter case the alkyne is definitely not excited firstsg. However, selective excitation 

MeOOC COOMe r& "OM] -' 8 
Me00C-CGC-COOMe + 

7% 

(70) 
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of the alkync reduces the yield of adduct, and a study of the effcct of cach reagent 
on the fluorcscence of the other suggests that interaction between thc diphenyl- 
acetylene ground state and the naphthalene excited singlet state occurs and is 
responsible for the reactions2. 

The  second product (21) in the reaction of the diester (equation 70) results from 
1,3-addition to  the aromatic ring. Such addition is the major mode of reaction for 
benzcne/alkene photocycloadditions, but with alkynes it  is less common. One of the 
few reported examplese3 is the addition of diphenylacetylene to esters of triniesic 
acid (equation 71). 

PhCECPh i- )& COOEt (Pyrex) mph (71) 

EtOOC COOEt COOEt 

EtOOC 
ElOOC Ph 

15% 

The 1,3-cycloadduct 22 which is isolated (25% yield) together with the 'expected' 
1,2-bis(trifluoromethyI)cyclo-octatetraene (40%) from thc  photoreaction of benzene 
and perfl~orobut-2-yne"~ is a valence isomer of the 'normal' 1,3-adduct 23 and may 
arise by a simple isomerization from i t ,  although i t  is thought more likely that 
product 22 arises by sensitized photoisomerization of thc I ,4-cycloadduct (24). 

A 

(22) (23) (24) 
A pair of products (25a. 25b) derived from methyl 2-naphthoate and diphenyl- 

acetylene appear at  a glance to be 1,3-cycloaddition products, but the pattern of 
substituents is incompatible with thiss5, and thc compounds may arise by photo- 
chemical reaction of the normal tetracyclic adduct (equation 72). 

dOOMe 
( 2 5 4  

Ph 

PhCrCPh  -I- acooMe \ / + h, .  & \ OMe h , .  11 (72) 

(up  to 38%) 

20 
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Of the 5-membered heteroaromatic systems, pyrrole reacts most like benzene in 
alkyne photocycloaddition, giving a 3,4-disubstituted azepine by 2,3-cycloaddition 
followed by eiectrocyclic ring-opening (equation 73)86. Azepines with a different 
substitution pattern have been made by therpal  2,Saddition of an alkyne to  a 
pyrrole, followed by photochemical ring-closure and thermal ring-opening of the 
tetracyclic photoproduct (equation 74)87. 

Furans give 2,5-cycloadducts on irradiation with alkynes (equation 75)88. 
Thiophens probably behave similarlys9, but the product isolated is a substitutcd 
benzene which arises by extrusion of sulphur from the adduct (equation 76). The 
photochemical reaction with thiophen involves a triplet excited state of the thiophen, 
but both furan and thiophen cycloadditions can also be brought about thermally8D* O0,  

('compare the pyrrole reaction in equation 74). 

&, OOMe 

COOMe 

- /  / 
MeOOC-C=C-COOMe + 0 I \  

I 
Ac 

(74) 

Me00C-C-C-COOMe 4- 

COOMe COOMe 

Me00C-C-C-COOMe + 0 h;.+ (254 nni) (& OOM) 

COOMe 

COOMe 

COOMe 
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Indene behaves like an alkene in its photoreactions with alkynes and gives a 
cyclobutene (equation 77). The reaction can be triplet-sensitized, and the orientation 
of addition is that expected on the basis of the most stable biradical intermediateg’. 

CN 

hv 
CHEC-CN + 

Benzothiophen reacts in a similar way, though the adduct isolated is usually not 
the one expected on the basis of straightforward cycloaddition. This is attributed 
to rearrangement of the first-formed adduct, and the ‘normal’ adduct (26) from 
diphenylacetylene has been shown to undergo rapid and efficient photochemical 
conversion to the major isolated product (equation 78)82. This rearrangement may 
occur by ring-opening and reclosure of the dihydrothiophen ring (i.e. via 27), or by 
formation and ring-opening of a polycyclic intermediate (28). More recently, 
however, it has been suggesteds3 that this rearrangement does not occur with adducts 
containing alkoxycarbonyl substituents, but that the initial addition occurs in a 
different mode (equation 79). 

Ph mph 
’ Ph 

q C O O M e  +s / -+ 

PhCeC-COOMe Ph 

or 

-’ 
COOMe 

30% 

e C O O M e  
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The reaction with benzothiophens provides a route to substituted naphthalenes by 
thermal ring-opening and sulphur extrusion of the photoadducts (equation 80)839 Q4. 

Me00C-CSC-COOMe + e c O o M e  % ( W C O O M )  

(80) 

s COOMe 
COOMe 

51 % 

W C O O M e  
I 

COOMe 

C. Photocycloaddition t o  Other Multiple Bonds (C=O, C=S, NO,) 

Photoreactions of alkynes with compounds such as ketones, thioketones or nitro- 
compounds often involve initial excitation of the non-alkyne addend, and because 
of this they d o  not necessarily involve an electronically excited state of the alkyne. 
However, we have noted in previous sections that i t  is not always clear whether or 
not the alkync is the first species to be excited, nor does it follow that electronically 
excited alkyne is not involved when the alkyne does not absorb the radiation-it 
may, for instance, be obtained by energy transfer or it may be involved as  an 
exciplex. For  this reason, and for completeness, the account in this section is 
included. 

Alkynes react photochemically with aromatic aldehydes or ketonesD5 t o  give 
a,P-unsaturated carbonyl compounds (equation 81). This occurs by way of cyclo- 
addition to give an  oxete, followed by thermal ring-opening of this intermediate, and 
the orientation of addition is in accord with a two-step cycloaddition via the more 
stable biradical intermediate (equation 82). 

0 
II 
C-CH, 

h .. / 

\ 
Ph 

Ph,C=O 1- PhCGC-CH, -4 Ph,C=C 

25-40% \ 
1 

Ph,k-O 
I 

OTCPh, 

,c A c P I1 

An oxete has been characterized as the product of low-temperature irradiation of 
benzaldehyde with but-2-yne (equation 83), and on warming i t  gives the normal 
unsaturated ketone". A second product (29) appears on prolonged low-temperature 
irradiation as a result of cycloaddition of a second molecule of benzaldehyde to  the 
oxete. With aldehydes and terminal alkynes the photocycloaddition reaction is in 
competition with photo-induced radical addition processes (see equations 36 and 37). 
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A non-photochemical process of this type  has been reportede7 for a strongly 
electron-deficient ketone and an electron-rich alkyne (equation 84). 

Ph mPh 
(29) 

With alkoxyalkynes and aromatic ketones, in addition to the expected acrylate 
esters (equation 85) alkylidenecycloheptatrienes are also formed in the photo- 
reactiongs, probably by a reaction from the biradical intermediate involving radical 
attack on an aromatic ring (equation 86). 

0 0 
room II II temp.- (CF,),C=CH-C-OEt 

' O W  EtoQF3 (84) 
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c F, 
85% 
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I 
J Me 

P,h ' Y O M e  15% 

1,2-Cycloaddition of alkynes to 1 ,2-diketonesD0 (or to o-quinonesloO) offers a 
route to unsaturated 1,4-diketones (e.g. 30) and hence to furans (equation 87). 
1,4-Cycloaddition to the dicarbonyl moiety occurs in the first stage of the photo- 
reaction of phenanthraquinone and methoxyacetylene (equation 88), although 

0 Ph 

F I .  p,,/\(n I-BuSC-CMe w) t l  I' phx ",":;I+ "@ \ (87) 
!-BUS t -BUS 

0 
, 0 
25% 90% 

(30) 
methoxypropyne gives a dioxole as a result of a 1,2-hydrogen shift in the biradical 
intermediate (equation 89)'O'. 
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0 0 
0 0 

go YMehv 
OMe phenanthraquinone hv ,%If8 + 111 + 

0 
0 

(88) 

Me0 - 
(89) 

As expected, in the photoreaction of an enyne a carbonyl compound prefers to 
add to the C=C double bond (equation 90)102. 

58% 
On irradiation p-quinones undergo cycloaddition with alkenes to give oxetanes 

or cyc lob~ tanes*~~ ;  the major factor governing the choice of product seems to be 
the electronic character of the lowest triplet excited state of the quinone. (n,x*) 
Excited states undergo reaction at  the C=O bond to give oxetanes, whilst (5c,x*) 

states react at the C=C bond to give cyclobutanes. In a similar way, p-quinones and 
alkynes on irradiation give quinone methides (equation 91)'04 if the quinone has a 

Ph 

75% 
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lowest (n,x*) excited state, or cyclobutenes (equation 92)loS if the quinone has a 
lowest (x,x*) excited state. The quinone methides are formed by thermal ring-opening 
of oxetes. Sometimes a mixture of both types of product arises (equation 93)lo6. 

0 

@ \ 

PhC-CMe 

+ 

0 

@I&+ Ph 

0 

0 

55% 6% 39% 

In the case of chloraiiil (equation 91) the product is formed when the wavelength 
of irradiation is such that the charge-transfer complex between the two reactants is 
the absorbing species. The orientation of cycloaddition to form the cyclobutene is 
that expectedlo7 on the basis of the most stable biradical intermediate (e.g. 31 for 
the reaction in equation 92; see also the product ratio in equation 93). In some cases 
the first-formed adduct may undergo subsequent photorearrangement by ring- 
opening and reclosure (equation 94)’08. 

It is possible to form cyclobutene adducts from a quinone which has a lowest 
(n,x*) excited state by a sequence involving ‘protection’ of the quinone as a Diels- 
Alder adduct with anthracene (equation 95Y09. The enedione which undergoes 
photocycloaddition with alkyne reacts at the C=C bond rather than at the C=O 
bond (see also equation 48). 

0 

85% 

220 ‘C > @ 
0 

98% 
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Aromatic thioketones react photochemically with alkynes to  give isothio- 
chr0menes"O". This occurs by way of intramolecular attack in the first-formed 
biradical (equation 96). 

Ph,C=S 

CHECPh 
+ (589nrn) 

Ph Ph 

56% 

In  some systems, however, thiochromenes (e.g. 32) are formed11ab, and it is 
suggested that initial attack may occur on an aromatic carbon rather than on an  
alkyne carbon of the diphenylacetylene. 

S 
(32) 
91 % 

Alkylthio- or dialkylamino-substituted alkynes give products which probably 
arise via a thiete intermcdiate in a mechanism analogous to that for thc addition of 
ketones to  alkynes (equation 97)ll'. 

h I .  p h k  --+ P g N E t Z  
Ph,C=S + MeC-C-NEt, - 

Ph 
NEt, 

+ hv (Pyrex) ( P hC O),N P h 

40% 

7 (98) 
\ PhCECPh 

o<+>ph + hv do+Ph 'aph N- COPh Ph' " - y  Ph 
P I1 

(33) 

- 

P i  Ph 

Alkynes react with the excited states of aromatic nitro compounds (equation 98)112, 
perhaps in part by way of cycloaddition to give an  unstable dioxazole by analogy 
with the photoaddition of nitrobenzene to alkenes. However, [2 + 21 cycloaddition 
is an attractive alternative, since photochemical transformation of nitrones (33) to  
amides via oxaziridines is well documented. 
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In  t h e  intramolecular photoreaction of 1-nitro-8-alkynylnaphthalcnes (equation 
99) thc  product  (34) is formally analogous to tha t  obtained by cycloaddition of  a n  

Ph  Ph Ph 

h~ ,o& ,o& 
15% (99) 

(350 n rn) 

\ / \ / \ / 

(34) 
a lkyne  to a ke tone  followed by ring-opening, 2nd it is possible that t h e  reaction 
occurs th rough an  oxazete113. 

The re  have been few reports of the cycloaddition of oxygen t o  alkyncs, although 
the  sensitized reaction of the ynamine 35 to give an a-ketoamide probably involves 
such  a process (equation 100). 
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I .  INTRODUCTION 

The amount of work devoted to synthetic polyacetylenes has remained at a high level 
during the past two dccadcs, following the period of intense activity in the 1950s. 
Much of the impetus has been provided by the discovery of large numbers of poly- 
acetylenes in nature', but the challenge of synthesizing and studying molecules with 
large numbers of conjugated triple bonds has also been a major factor. To date, the 
longest synthetic polyacetylene seems t o  be Et,Si(C=C),,SiEt,. The synthesis of this 
and related long-chain polyynes was achicved through clever use of trialkylsilyl 
groups as  protective groups2 (see Section 1II.A). 

One of the current areas of intense activity is the solid-state polymerization of 
certain diacetylene derivatives, a reaction in which conjugated polyenepolyyne 
chains are  created with effectively infinite length (see Section 1V.F). 

The  chemistry of acyclic, synthetic polyacetylenes will be considered in this 
chapter. Cyclic and naturally occuring polyacetylenes a re  covered in separate 
chapters. Although most of the discussion is directed toward conjugated polyynes, 
reactions of non-conjugated dcrivativcs are included in which interactions between 
triple bonds play an important role. Earlicr work in the area has been reviewed 
t h o r ~ u g h l y ~ - ~  and consequently in this chapter attention is directed mainly toward 
some of the more recent advances. 

I I .  PROPERTIES 

A. Stability 

Polyacetylenes generally exhibit low thermal stability, and the stability decreases 
with increasing number of triple bonds. Although it  has been reported that butadiyne 
can be distilled a t  10 "C without decomposition3, other workcrs have found that it 
polymerizes rapidly above 0 "C '. Reports of detonations and extreme shock 
sensitivity of derivatives of diacetylene have appeared8* and emphasize the impor- 
tance of taking adequate safety precautions when working with polyacetylenes in 
general. Triacetylene, H(C=C),H, is extremely unstable, and even in the absence of 
air, it turns black and often explodes violently'O. I t  is possible to isolate the polyynes 
H(C=C),H with n = 3, 4 and 5 as solids at  low temperatures", but customarily 
these and higher polyynes are handled in dilute solutions in which the stability is 
much greater. Thus H(C--=C)12H can be obtained and handled at room temperature 
as a dilute solution in methanol2. 

The stability of disubstituted polyynes 1 is greater than that of the unsubstituted 
derivatives, and the increase is remarkable in cases where the substituent is a large 
bulky group such as 1-butyl'2-14. For the dimethyl derivatives la, the tetrayne 

R( C =C) R 
(la) R = CH,; (lb) R = Ph; (lc) R = f-Bu 
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(n = 4) decomposes a t  80 "C, whercas the hexayne (n  = 6) decomposes at  5 "C 
With the diphenyl derivatives lb,  the practical limit of stability is reached a t  ti = 8 Is; 
the decayne, n = 10, has  been synthcsized but i t  decomposes bclow room tempera- 
ture*". The di-r-butyldodecayne lc ,  ti = 12, can be heated nearly to 50 "C I.'! 

Presumably the bulky f-butyl groups provi6e stabilization by hindering the close 
approach of polyyne chains to each other'?. Trialkylsilyl groups also increase the 
stability of terminal polyynes, a n d  can scrve as convenient derivatives for storage'. 17. 

Most conjugated polyynes are photosensitive and give brightly coloured polymers 
upon exposure to lightI8. The photosensitivity roughly parallels the thermal 
sensitivity. 

6. Geometry 

The chain in conjugated polyynes is linear, and bond lengths show clear alterna- 
tion between triple and single bonds. Thus in diynes and triynes lengihs of 1.20 8, 
and 1-38 8, are found for  the triple and single bondsI8. In thc tetrayne 2 the same 
length (1.20 A) is found for all of thc triple bonds, and all single bonds are 1-3s 8, 
except the central one which is shortened to  1-33 A ID. In  the crystalline statc, the 
carbon chain in 2 is slightly bowed with the central carbons being approximately 

Me,Si(C =C),SiMe, 

(2) 

0.5 8, away from the line joining the silicon atoms, but the deviation from linearity is 
ascribed to  crystal packing forces. 

C. Electronic Effects 

Butadiyne is a stronger acid than acetylene as might be anticipated on  the basis of 
enhanced electronegativity of sp-hybridized carbon1*. As can be seen from Table 1, 
the dissociation of carboxylic acids is greatly enhanced by a triple bond in the a, p 
position, and is incrcased further by a second conjugated triple bond, but to a 
smaller cxtent. A third triple bond has a still smaller acid-strengthening 

TABLE 1. pKa values for acetylenic acidszo 

Acid PKa 

C3HiC02H 4.8 
C,H,C=CCO,H 2-60 
C,M,(C~C)2C0,H 1.90 
C2H,(C=C),C02H 1.67 

Studies of the alkaline clcavage of silyl derivatives 3 also point to enhanced 
inductive withdrawal by additional alkynyl groups2'. T h e  most likely mechanism is 

Ar(C=C)nSiEt3+OH- - > Ar(C=C)n-lC=C:-+Et,SiOH (1 a) 

Ar(C=C),-,C=C:-+H,O ~ > Ar(C=C),H+OH- (1 b) 

the one shown in equation (1) and involves a slow nucleophilic attack on  silicon t o  
given the carbanion, which then rapidly abstracts a proton from the solvent. The 
ease of cleavage increases as I I  is raised, the increase being particularly marked for the 
change from n = 1 to n = 2. For the phenyl derivatives, 3 (Ar = Ph), with tz = 1, 2 

(3) 



556 W. D. Huntsman 

and 3 the relative rates of cleavagc are 1 : 240 : 4100. Interestingly, the rates of 
cleavage of substituted aryl dcrivatives correlate well with simple Hammett sub- 
stituent constants, (T 21. 

The electronic effect of the butadiynyl group in electrophilic aromatic substitutions 
has been deterniincd by measuring the rates of acid-catalyscd cleavagc of the aryl-tin 
bonds in the aryltrimcthylstannancs 4 22. The rcaction (cquation 2 )  proceeds by way 
of the benzenonium intermediate 5, and the relative rates (Table 2) givc an  indication 

(5) 

TABLE 2. Relative rates of reaction (2) 

X Relative rate 

H 1 .oo 
p-HC=C 0.425 
I I I - H C E C  0.288 
p-H(C= C), 0.263 
Ill-H(C= C), 0.207 
in-Br 0.195 

of the electronic effects of X in the transition state leading to the ion. It is seen that 
the butadiynyl group deactivates both the nietci and porn positions more strongly 
than does an ethynyl group. Deactivation of thc mefn position is almost as  great a s  
that produced by a bromine atom. 

011- 
HzO, EtOIi  

XC,H,CH,SiMe, - XC,H,CH,+Me,SiOH 

(6) 

In the cleavage of the benzyl-silicon bond of 6 by base, negative charge devclops 
on thc benzyl carbon in the transition statc, and elcctron withdrawal by X facilitates 
thc reaction. When X is p-H(C=C),, the rate of cleavage is 3300 times as great as  
when X = H 22. This corresponds to a value of 0.72 for thc IT- constant, and indicates 
that the group can withdraw electrons strongly. 

D. Ultraviolet Spectroscopy 

Conjugated polyacetylenes exhibit characteristic electronic absorption spectra 
with the most prominent feature being a very high intensity band with wel!-defined 
vibrational fine structurela. 23. This band is attributed to the allowed lX; -> 'Cf 
transitionc4. The longest wavelength vibrational peak is always the most intense 
component of the band, and the intensities of the other components decrease fairly 
regularly toward shorter wavelengths. The peaks appear a t  somewhat shorter 
wavclengths, but with greater intensities than those of thc corresponding polyenes. 
In fact, the intensities of these bands in highly conjugated polyacetylcnes rank among 
the greatest observed for organic compounds-the molar absorptivity in the 
decayne, t-Bu(C=C),,Bu-r, for example, reaches 850 000 13! 

For diacetylene and triacetylcne the high-intensity bands are beyond the readily 
accessible range (Table 4), but with dimcthyltriacetylene the bathochromic shift 
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produced by alkyl substitution just  brings it into the accessible range (see Table 5). 
With increasing conjugation thc band moves to longer wavelengths and increases in 
intensity. Unlikc polycnes, for which the vibrational spacing (CCI .  1450 ern-') is 
nearly indepcndent of the number of double bonds, the avcrage spacing in polyynes 
decreascs with increasing conjugation from about 2000 cm-l when ti  is 4-6 to about  
1700 cm-l when n is 12-16 (see Tables 4 and  5). 

A second band appears a t  longer wavelengths with much lower intensity, and is 
zttributed to two overlapping forbidden transitions, lC$ + IC; and 'C; -> IA,, 94. 

This band also exhibits line structure, but the pattern is often niorc complicated 
than that of the high-intensity band. Thc  components are often labelled from the 
long wavclength end with thc lctters A-K 23. The B peak is often more clearly 
rcsolved than the A peak, and the B peak is recorded in Table 3 for purposes of 
comparison. This  band moves to longer wavelengths with increasing conjugation, 
but, unlike the high-intensity band, does not incrcasc in intensity. Consequently, 
with highly conjugated polyynes thc band may be poorly defined, as in 
t-Bu(C=C),,Bu-1, where i t  appears as two slioulders on the long-wavelength edge 
of the high-intensity band". 

A small bathochromic shift accompanies the change from gas phase to solution 
(Tablc 3), but n o  gencral trend seems to be followed upon alkyl substitution. 

TABLE 3. B pcak in the low-intensity band of polyynes, R(C=C),R 

Vibrational 
Anax spacing 

11 R (nni)* Log cIllilI (mi-l) Solvcnt Reference 

5 
5 
5 
6 
8 

10 

H 
H 
Me 
t-Bu 
Et,Si 

H 
H 
Mc 
t-Bu 
Et,Si 

H 
H 
Me 
I-Bu 
Et,Si 

H 
Me 
t-Bu 
I-BU 
t-BU 
t-Bu 

23 1 
235 
236 
239 
263 

276 
284 
286 
283 
310 

322 
316 
328 
330 
349 

356 
348 
3 64 
395 
437 
47 1 

- 
2-52 
2.66 
2.66 

- 
2.30 

2.52 
- 

- 
2.25 
2-57 
2.28 

- 
2.32 
2.43 
2.28 
2.43 
2.34 

2100 
2080 
2750 
2160 
2200 

2120 
2000 
2290 

2130 

2100 
1960 
2240 
21 10 
2050 

2050 
21 10 
2190 
2170 
1850 
1800 

- 

Gas 

EtOH 
McOH 
MeOH 

?-DMB" 

Gas 

EtOH 
MeOH 
McOH 

P-DMB" 

P-DMB" 
MeOH 
EtOH 
MeOH 
MeOH 

P-DMB" 
EtOH 
MeOH 
McOH 
Hexane 
Hcxanc 

24 
24 
25 
12 
2 

24 
11 
26 
12 
2 

24 
2 

21 
12 
2 

24 
15 
28 
12 
13 
13 

a P-DMB = mixture of pcntane and 2,2-dinicthylbutane. 
Because of the complexity of this region in many spectra, the choice of the 

B pcak is often open to question. Comparisons between compounds should be 
made with caution. 
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Lowering the temperature to - 150 "C produces a bathochromic shift, increased 
intensity of the peaks and better resolutiong". 

In  butadiyne, a third band system appears in the far  ultraviolet (125-145 nm) with 
intensity nearly equal to that of the ultra-high-intensity band, and is attributed to 
the first lC,+ ->In,, transitiong4. Also, with highly conjugated polyynes a third, fine- 
structured band may appear on the short h tail of the ultra-high-intensity band. In 
the dodecayne, r-Bu(C=C),,Bu-r, the absorption occurs at  250-300 nm l .I .  

1. Unsubstituted polyynes, H(C=C),H 

The spectra of unsubstituted polyynes (7) have bcen measured for the homologues 
with n = 2-10 and n = 12. Gas-phase spectra have been recorded for 7(2)-7(4) from 

H( C = C)"H 

(7) (n)  

thc normal ultraviolet range down to 1 10 nm ?.I. Complete spcctra have been recorded 
for solutions of 7(2)-7(5), but for ti  k 6 stability considerations do not permit the 
preparation of solutions of high-enough concentration to permit accurate measure- 
ments of the low-intensity bands, and only the high-intensity bands have becn 
reported for thcse compounds2. 

TABLE 4. Highcst intensity peak for unsubstituted polyynes, H(C=C),H 

Average 
vibrational 

~ m l r  spacing 
I1 (nm) Log &inax (cm-l) Solvent Rcference 

2 
3 
4 

5 
6 

7 
8 

9 
10 
12 

165 
183 
207 
226 
226 
25 1 
274 
275 
29 5 
315 
316 
332 
348 
375 

- 
5.25 

5.47 
5.51 

5.45 
5.54 

- 

- 

- 
- 

2060 
21 10 
2170 
21 60 
1970 
1990 
2100 
1870 
1870 
1840 
1810 
1730 

Gas 
Gas 
Gas 
Pcnt ane 
MeOH 
MeOH 
MeOH 
Hexanc 
McOI-I 
MeOH 
Hexane 
MeOH 
McOH 
MeOH 

24 
24 
24 
24 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

The locations of the highest intensity peaks for these polyynes, along with avail- 
able intensity data  and average spacings of the vibrational peaks are given in 
Table 4. The bathochromic shift and the dccrease in avcrage vibrational spacing that 
accompany increased conjugation can be seen in the table. Data  for octatetrayne 
show a large red shift accompanying the change from gas-phase to solution spectra, 
and data for several of the higher polyynes reveal a small bathochromic shift when 
the solvent is changed from methanol to hexane'. 

A Lewis-Calvin plot of ti  versus A' for 7(4)-7(12) in MeOH gives an excellcnt 
straight linc with slope 12-2 x !03 nm'ltriple bond'. 
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2. Dialkyl poiyacetylenes 
Data for the ultra-high-intensity band for disubstituted polyynes R(C=C),,R are  

collected in Table 5 ; comparison with the values for unsubstituted polyynes reveals 
that  substitution produces a bathochromic shift and  a n  increase in intensity. The  
red shift increases in the order Me c t-Bu < Et3Si; the difference between the dimethyl 
and di-r-butyl derivatives remains fairly constant, but that between the di-t-butyl 
and bis(triethylsily1) derivatives decreases steadily with increasing values of n. The 
greater shift for silylated derivatives has been attributed to  more effective conjugative 
interactions in the excited statezg. 

TABLE 5. Highest intensity peak for disubstituted polyynes, R(C=C),R 

Vibrational 
All,, spacing 

n R (nm) Log ern= (cm-*) Solvent Reference 

EtOH 26 
MeOH 12 
MeOH 2 Et,Si 230 5.04 - 

4 Me 234 5.45 2020 EtOH 27 
t-Bu 240 5.54 21 10 MeOH 12 
Et,Si 256 5.29 2060 MeOH 2 

5 Me 261 5.55 2030 EtOH 15 
t-Bu 265 5.65 2030 MeOH 28 
Et,Si 278 - 1990 MeOH 2 

6 Me 284 5.65 201 0 EtOH 15 
t-BU 289 5.70 1970 MeOH 28 
Et,Si 298 5.50 2020 MeOH 2 

7 t-BU 31 1 5.72 1880 Ether 12 
Et,Si 317 - 1930 MeOH 2 

8 t-BU 330 5.85 1860 Hexane 13 
Et,Si 335 5.52 1850 MeOH 2 

10 I-Bu 3 63 5.93 1730 Hexane 13 
Et,Si 365 - 1800 MeOH 2 

12 t-Bu 387 - 1690 Hexane 14 
Et,Si 388 - 1690 MeOH 2 

16 Et,Si 426 - 1650 MeOH 2 

3 Me 207 5.13 - 
t-BU 213 5.1 5 - 

For the three dimethyl derivatives reported (n = 4, 5, 6) the average vibrational 
spacing remains fairly constant, but for the other two series thc spacing decreases 
with increasing 11, from ca. 2000 cm-’ (n = 4-6) to  1650 cm-l (n = 16). A distiiict 
solvent dependence is found for the bis(triethylsily1) derivatives, bathochromic shifts 
of 1-2 nm and concomitant increases in intensity being observed for all maxima 
when the solvent is changed from methanol to hexane2. Dramatic changes in intensity 
may occur with change of solvent. For example, the molar absorptivity of the most 
intense band in the spectrum of t-Bu(C=C),Bu-f has the value 465 000 in cyclo- 
hexanc, but this decreases to 233 000 in a 50 : 50 mixture of cyclohexane-CS2 ,O. 

A bathochromic shift from 268 nm to  276nm also occurs with this change of 
solvent. A modcl has been proposed which rationalizes the effects of non-polar 
solven ts30. 

Lewis-Calvin plots of h2 uersris n are linear for the dimethyl and di-t-butyl 
derivatives14. There is some indication of deviation from linearity in  the latter series 
for IZ = 12, but this may be a solvent effect. For the bis(triethylsily1) series the plot is 
linear through n = 8, but a definite downward curvature appears for higher 
members2. 
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3. Diary1 polyacetylenes 

T h e  general pattern of bands observed for aliphatic polyynes persists for diaryl 
polyacetylenes, i.e. a group of bands with medium intensity a t  long wavelengths and  
a group of higher intensity bands a t  shorter wavelengths. T h e  long-wavelength 
bands increase in intensity from E = -200 to E = -2000-50 000, a n d  retain their 
distinct vibrational fine structurc. Thus with Ph(C=C)4Ph, four peaks appear in the 
300-400nm range with a n  average vibrational spacing of 2090cm-' and 

T h e  shorter wavelength bands have significantly lower intensities than do their 
aliphatic counterparts, but with very long conjugated chains the two series approach 
each other. For example, the highest intensity peak (A = 386 nm) for Ph(C=C),,Ph 
has log E = 5-20 **I. However, the high-intensity bands of diarylpolyynes do not  
exhibit the distinct fine structure observed with the aliphatic derivativesl6. 

log & = -4.4 16. 

TABLE 6. Longest wavelength peaks ( A 3  for diaryl polyacetylenes, Ar(C=C),Ar 

AL 
I1 Ara (nm) Log E Solvent Reference 

2 Ph 
Mes 
1-Nap 
1-An 
9-An 

3 Ph 
I-Nap 
1 -An 
9-An 

4 Ph 
1 -Nap 
I -An 
9-An 

6 Ph 
Mes 
1-Nap 
1 -An 
9-An 

8 Ph 
Mes 

10 Ph 

~~ 

327 4.44 
341 4.56 
375 4.54 
430 4-46 
470 4-50 

358 4.3 1 
397 4.60 
440 4-62 
479 4.66 

397 4.33 
422 4.49 
456 4.61 
49 1 4.65 

460 3-94 
469 4.02 
479 4.27 
494 4.50 
523 4.65 

509 4.45 
522 3-67 

549 3-23 

~ ~ ~~ 

EtOH 
Hexane 
THF 
THF 
THF 

EtOH 
THF 
THF 
THF 

EtOH 
THF 
THF 
THF 

EtOH 
McOH 
THF 
THF 
THF 

EtOAc 
CHCI, 

CHCl, 

16 
14 
35 
36 
37 

16 
35 
36 
37 

16 
35 
36 
37 

16 
14 
35 
36 
37 

16 
14 

14 

a Mes = mesityl = 2,4,6-trimcthylphenyI; I-Nap = I-naphthyl; 
1-An = 1-anthryl; 9-An = 9-anthryl. 

A third area of high-intensity absorption appears a t  250-300 nm for 
Ph(C=C),,Ph, a n d  presumably corresponds to the bands observed in this region 
for  z-Bu(C=C),,,Bu-t 

T h e  location a n d  intensity of thc longest wavelength peak (AL) in the spectra of 
selected diarylpolyyncs are  presented in Table 6. It can be seen that the value of A= 
depends on the nature of the aryl ring, and also on the point of attachment. Akiyama, 
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Nakagawa and Nakasuji have synthesized twelve series of diarylpolyynes, 
Ar(C=C),Ar, with t z  = 1-6 and Ar  ranging from monocyclic to  tetracyclic aryl 
groups, and have found that the longest wavelength peaks fail to give linear Lewis- 
Calvin plots of Xz ver.ws n 31-34. Instead, linear relationships are obtained by plotting 
A-versus nz, where x depends on the nature of Ar, and ranges in value from 1 to  2. 
Thus, for Ar = I-naphthyl, x = 1.5, for Ar  = 2-naphthyl, x = 1.3 and for 
Ar = 1- or 9-anthryl, x = 2.0. A rationalization of the linear relationships on the 
basis of HMO calculations has been given31. Whereas earlier workersIG reported 
that for Ph(C=C),Ph, plots of X2 versiis tt are reasonably linear for lower values 
of n, with a slight downward curvature becoming evident when n = 6 or 8, these 
workers report a linear relationship between and t i31.  However, if the recently 
determined value of XL for ti  = 10l4 is included in the plot, better agreement is 
obtained for the XE vers14s tz plot. 

4. Polyenepolyynes 

The  spectra of conjugated polyenepolyynes are often very complex and difficult t o  
analyse. When the acetylenic part is the major chromophore, e.g. in an enepolyyne, 
the spectrum resembles that of a pure polyyne, but when the ethylenic portion 
constitutes the major chromophore, the spectrum is closer to  that of a regular 
po1yenel8I 23. Much of the information about polyenepolyynes can be found in 
works dealing with naturally occurring polyacetylenes'. 

E. Vibrational Spectroscopy 

In principle the number of triple-bond stretching vibrations for a conjugated 
polyyne is expected to be the same as  the number of triple bonds'j. For symmetrical 
diynes, one mode should be i.r.-active and one Raman-active; for symmetrical 
triynes, one should be i.r.-active and two Raman-active, etc. Because of the low 
force constant of the single bonds which separate the acetylene units compared to 
that of a triple bond, the splittings are small, and only with some of the lower 
polyynes is the anticipated number of absorption bands observed (see Table 7). The 
intensity of the C=C bands in the i.r. increases with the number of triple bonds, and 
with Ph(C=C),Ph, for example, it is the strongest band in the spectrumls. 

F. Nuclear Magnetic Resonance Spectroscopy 

I .  Proton magnetic resonance 

The signal for the acetylenic proton in conjugated polyynes is shifted slightly 
downfield from the position for related monoalkynes. As seen in Table 8, the shift 
amounts to 0.05 p.p.m. on going from acetylene to butadiyne, and an additional 
shift of 0-08 p.p.m. occurs on going to hexatriyne. However, no change in position 
occurs o n  the attachment of the next triple bond, and the signals for triacctylene and 
tetraacetylene appear a t  the same position. 

The protons of methyl groups attached to a triple bond reach resonance a t  about 
6 2, and  show a slight downfield shift in conjugated polyynes. For example, the 
shift amounts to 0.09 p.p.m. going from propyne to  1,3-pentadiyne. 

The chemical shift of acctylenic protons in conjugated polyynes shows marked 
solvent effects. For  example, the signal for 1,3-pentadiyne appears a t  6 1.75, 2-80 
and 3.50 in CCl,, acetone and DMF, respectively*0. 

Unusually strong long-range coupling occurs in polyacetylencs, and has been 
observed for protons separated by nine chemical bonds". C N D O  and INDO 
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TABLE 7. Triple-bond stretching frequencies for conjugated 
pol yacetylenes, R(C= C), R 

n R R ~ ~ ~ ~ ( c r n - l ) "  Reference 

2 H 
r-Bu 
Et,Si 
Mes 
Me 
Ph 
Et,Si 

3 H 

Me 
Ph 
Mes 
Et,Si 

4 Me 
Ph 
Mes 
Mes 
Et,Si 

5 Me 

6 Me 
Ph 
Mcs 

8 Mes 

10 Ph 

H 
H 
H 
H 
Me 
Ph 
Et,Si 

H 

Me 
Ph 
Et,Si 
Et,Si 

Me 
Ph 
Mes 
Et,Si 
Et,Si 

Me 

Me 
Ph 
Mes 

Mes 

Ph 

2184 vs (R), 2020 m 
2320 w, 2230 m, 2060 w 
2190, 2140 
2215 m, 2190 w, 2070 w 
2210 
2220 
2070 

2201 vs (R), 2125 w, 
2019 vs (R) 
2220 
2200 
2170 m, 2125 s, 2075 m 
2170, 2160 

2236 
2205 
2193 w, 2190 s, 2075 w 
2200 ni, 2135 s, 2065 rn 
2180, 2045 

2220 

2206 
2180 s, 2166 s 
2175 m, 2100 m, 2065 w 

2180 w, 2100 m 

2185 w, 2070 m, 2020 w 

38 
14 
2 

14 
15 
16 
2 

10 
15 
16 
14 
2 

15 
16 
14 
14 
2 

15 

15 
16 
14 

14 

14 

O R = Ranian-active; all other bands i.r.-active. 

TABLE 8. Proton chemical shifts in polyacetylcnes 
~ ~ ~~ ~ ~ ~ ~~~~ ~ 

Compound" 6 (p.p.m.) Solvent Reference 
~ ~~~ ~ 

H-CsC-H 2.01 CHCI, 39 
H- (C- C)z- H 2.06 CHCI, I 1  
H - ( C s  C),- H 2.14 CHCI, 11 
H - (C= C),- H 2.14 CHCI, 11  
CH,C=C-H 1.88 CHCI, 39 
CH,(C=C),-H 1.97 CHCI, 39 

HCzC-CH3 1.88 CHCI, 39 
H(C=C)z-CCH, 1.97 CHCI, 39 

Ph(CsC),-H 2-30 CCI, 39 

Et,Si(C=C),-H 2.00 CCI, 2 

1.75 CCI, 40 
CH,(C=C),-H 1.87 CCI, 40 

t-Bu(C=C)Z-H 1.83 CCll 14 

Mes(C=C)z-H 2.03 CCI, 14 

" The protons undcr consideration are the ones attached 

At -50 "C. At infinite dilution. Mcs = mcsityl. 
by the extended bond. 
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calculations for conjugated diynes and triynes give satisfactory agreement with 
experimental values and indicate that the coupling is transmitted through the 
~t systema2. 

2. Carbon-I3 magnetic resonance 
Values of carbon-13 chemical shifts have been reported for a number of poly- 

acetylenes and representative examples are  summarized in Table 94a-4s. The carbon 
in the u position to  a triple bond is shielded, a t  least partially, as a result of the 
diamagnetic anisotropy of the triple bond, and in simple alkynes the signal for the 
u carbon is found some 10-14 p.p.m. upfield from the position in the corresponding 
alkane. In conjugated diynes the signals of the interior sp-hybridized carbons are 
about 12-14 p.p.m. upfield from their position in the corresponding monoalkyne, 
and thus i t  is evident that the shielding of the u position is roughly independent of 
the hybridization of the u carbonPs. For example, the shift, 65.5 p.p.m., of C-4 in 
3,5-octadiyne (8) may be compared with the value of 80 p.p.m. for C-4 in  3-0ctyne'~. 
Thc values given in Table 9 for the higher polyynes, 9, 10 and 11, show that the 
shielding of the inner carbons increases with successive triple bonds but appears to 
approach a limiting value. Nevertheless, the chemical shifts of all non-equivaient 
acetylenic carbons in the pentayne 11 are different! 

1 2 3 4  1 2 3 4  

CH3CH2C~C-C=CCH,CH3 C H , C ~ C - C ~ C - C ~ C - C H ,  

(8) (9) 
1 2 5 4 5 6  

(CH 3)3C - C C -C =C - C EC -C =C - C (C H J 3  

(1 0 )  
1 2 3 4 5 6 7  

( C H 3 ) , C - C = C - C - C - C = C - C ~ C - C - C 0 ,  

(11) 

TABLE 9. Carbon-1 3 chemical shifts" in polyacetylcncs 

Carbon number* 
~~ ~ 

Com pou nd 1 2 3 4 5 6 7 
~~ -~ 

(WC 13.8 13.2 78.6 65.5 
(9)* 4.4 74.8 65 .0  60.0 

(l0Y 30.3 28-7 88.6 64.7 62.2 61.9 
(11Y 30.3 28.3 88.5 64.6 62.3 62.1 61.8 

O Expressed in p.p.m. from tctramcthylsilane. 
* Carbons 3-7 (2-7 in 9) are acetylcnic carbons. 

Rcference 45. 
Reference 43. 

The low-field position for the C-5 and C-7 signals in 12 signifies that the triple 
bonds are able to transmit the electron-withdrawing cffect of the ester function45. 

63.5 71 

n-C3H7-C~C-C~C-CH=CH-C0,CH, 

(1 2) 

Coupling constants for l3C-lH have been measured, and are found to  be very 
uscful in making assignments"". 45. As seen in Scheme 1, the coupling of alkyl and 
acctylenic hydrogens with the carbons of a polyyne chain decreases regularly with 

90  86.7 
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increasing number of intervening bonds. Olefinic protons on the other hand show an 
irregular pattern as  indicatedi5. 

11-12 7 H  

SCHEME 1. Coupling of lH with acetylenic 13C (values in Hz). 

G. Mass Spectrometry 
The principal mass spectrometric studies of polyacetylenes have been carried out 

with naturally occurring compounds, and the technique has proved to be a powerful 
one for structure determination in this area'. A significant molecular ion peak is 
generally observed. Fragmentation by cleavage of the polyyne chain between triple 
bonds is an unfavourable process'i7. There is a great tendency to form highly un- 
saturated hydrocarbons by loss of hydrogen, and loss of C,H, is also a predominant 
type of fragmentation'IM. 

H. Photoelectron Spectroscopy 
Ultraviolet photoelectron spectra for some of the lower polyynes have been 

measured, and the x ionization potentials obtained from the spectra are summarized 
in Table The first ionization potential ( I , , , ) ,  which corresponds to removal of 

TABLE 10. Vertical ionization potentials of polyacetylenes from 
photoclectron spectroscopy 

Compound 

HC=CH 
H(C= C)?H 
H(C=C),H 
CH,C=CH 
CH,(C= C12H 
CH,C=CCH, 
CH,(C= C),CHj 
CH,(C= C),CH, 

1,,1 (eV> 

1 1 -40 
10.17 
9.50 
10.37 
9-5 I 
9.59 
8.91 
8-60 

- 
12.1 0 

llefcrencc 

49 
49 
50 
49 
50 
50 
50 
49 

an electron from the highcst occupied ~i molecular orbital, decreases with increasing 
conjugation, a s  can be seen by comparing the values for the series acetylene, 
butadiyne, hexatriyne or ?-butyne, 2,4-hexadiyne, 2,4,G-octatriyne. Replacement of 
the terminal hydrogens by methyl groups causes a reduction in ionization potential 
as a result of inductive and/or hyperconjugative interactions. 
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Photoelectron spectra have been measured for other, more complex po1yynes5l. 52. 

The values obtained for a large number of polyynes can be correlated in a simple 
fashion in terms of a model based on linear combination of bonding orbitalsso~ 519 53. 

111. SYNTHESIS 
A. Oxidative Coupling 

I .  Copper derivatives 

The oxidative coupling of acetylenes, reported originally by Glaser and subse- 
quently modified by others, has played a major role in the development of poly- 
acetylene chemistry. The reaction has been reviewed comprehensively, and these 
reviews should be consulted for details and lists of earlier references3, 54-56. 

Glaser’s original report described the air oxidation of copper phenylacetylide to 
give diphenylb~tadiyne~’. Subsequently i t  was found that the same reaction could be 
accomplished more conveniently by simply bubbling oxygen or air through a solution 
containing the alkyne, CuCl and NH,CI (equation 3). In the Hay modification, 

(3) 2RC=CH++O, -;---, R(C=C),R+H,O 

the complex of copper(1) chloride with N,N,N’,N’-tetramethylethylenediamine 
(TMEDA) is used as catalyst with superior results 

Copper(i1) is the actual oxidant in these reactions, the oxygen simply serving to 
regenerate this ion from the CU(I) state, as summarized by equations (4) and (5). In 

2RC=CH+2Cu(n) - R(C=C),R+PH++2Cu(i) (4) 

2 Cu (I) + 30, + H ?O (5) 

the Eglinton modification advantage is taken of this fact, and coupling is accorn- 
plished without need for air or oxygen by using excess copper(1r) acetate in 
pyridine-m~thanol~~.  bG. 

Because copper(l1) is such a mild oxidant, coupling can be accomplished satisfac- 
torily with terminal alkynes which contain almost any other type of functional 
group. The reaction is not limited to nionoalkyncs, and has been widely used for 
converting diynes to  tetraynes, triynes to hexaynes, etc. Many diarylpolyynes have 
been synthesized by sequences utilizing oxidative coupling at  some stage, and typical 
examples are illustrated in Scheme P. 

CuCl 

hIl,CI 

- 2C u (11) +2 0 H - 

OH OH OH 
Li(C-C) H I 0,. CuCl I 

ArCHO A ArCH(CEC),H NH,CI * ArLH(C-C),CHAr 

BrMgC=CCH,OMgBr 

OH 
I 

ArCHC=CCH,OH 

(1) SOCI,, C,H,N 
(2) NaNH, 1 

(1) SOCI,. C,H,N 1 (2) NaNH, 

Ar (C=C),Ar 

SCHEME 2. Synthesis of diarylpolyynes. 
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With few exceptions, oxidative coupling cannot be directly used for the synthesis 
of terminal polyacctylenes, because the products are more reactivc toward further 
coupling than their precursors and uncontrolled chain growth occurs. The use of 
the triethylsilyl group as a protective group, however, has provided an elegant 
solution to this problem, and has permitted the synthesis of long-chain polyynes not 
accessible by other routes2* This group is stable under the conditions of the Hay 
coupling, and can be readily removed after the coupling is accomplished by treatment 
with dilute alkali a t  room temperature. The  synthesis of 1,3,5,7-0ctatetrayne (16) 
shown in Scheme 3 illustrates a typical sequence?. Butadiynyl(triethy1)silane (13), 

H(CGC), MgBr  -I- Et,SiBr H(CEC),SiEt, ThEDA t Et,Si(C=C),SiEt, 0 CUCl 

(1 3) (1 4) 

F H -  ' 

OH - o,, CUCl H(C-C),SiEt, i Et,Si(CrC),SiEt, i TMEDA H(C=C),SiEt, 

(1 8 )  (1 7) (15) 

OY iTMEDA ' / O H -  

V 

SCHEME 3 

readily obtained from H(C=C),MgBr and Et,SiBr as shown, undergoes coupling to 
give bis(triethylsily1)octatetrayne (14) in  80"/, yield. Removal of the blocking groups 
is accomplished by brief treatment with very dilute aqueous methanolic alkali, and 
octatetrayne (16) is readily separated from the other cleavage products, Et,SiOH 
and (Et,Si),O, by column chromatography. The cleavage is quantitative, and the 
tetrayne 16 is obtained from the chromatographic separation as  a solution in 
petroleum ether. 

An added bonus to this synthetic scheme arises from the fact that the rate of 
cleavage of the bis-silyl derivative 14 is twice that of the monosilyl derivative 15, 
and consequently substantial concentrations of the latter are present a t  intermediate 
stages of the reaction. Moderate yields of 15 can be obtained by acid quenching 
when the concentration of 15 is at a maximum as determined by ultraviolet spectrc- 
photometry. The triethylsilyloctatetrayne 15 can be separated from 14 and 16 by 
column chromatography, and subjected t o  oxidative coupling t o  give bis(triethy1- 
si1yl)hexadecaoctayne (17). Alkaline cleavage of 17 provides hexadecaoctayne 19. 
Hay coupling of the intermediate monosilyl derivative 18, obtained as  described 
above for 15, gave the dimer 20 as shown by ultraviolet spectroscopy, but attempts 
to purify it  were unsuccessful. 

Mixed couplings can be successfully used for the synthesis of polyynes with an odd 
number of triple bonds if a judicious choice of reaction partners is made?. Thus, Hay 
coupling of 15 with a twelve-fold excess of tricthylsilylacetylene (21) provides a 
practical route to bis(triethylsily1)decapentayne (23), and thence to pentaacetylene 
(24). The use of the large excess of 21, which is less reactive than 15 in couplings, 
serves t o  minimize the symmetrical coupling product 17. Furthermore, the sym- 
metrical coupling products resulting from this choicc of reactants each differ from 
the desired product by three -yne units, and this facilitatcs the chromatographic 
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separation of pure 24. Unsubstituted polyynes, H(C=C),H, with n = 4-10, and 12, 
have been synthesized through the use of these procedures, and their ultraviolet 
spectra have been recorded. They are not stable a t  room temperature when free of 
solvent, and all work was performed with dilute solutions. 

Et 1S i(C E C )  I S i Et 
(22) 

Et,Si (CEC),Si Et  , 
(17) 

Et,Si(CrC),Si Et, 
(23) I..- 

H ( C r  C) H 
(24) 

1 0,. CUCl Et,Si(C=C),H + HCrCSiE t ,  TMEDA > 

(1 5) (21 1 

Use of the triethylsilyl derivatives, Et,Si(C=C),H ( P I  = 1,2,4), as one component 
in mixed oxidative couplings permits extension of terminal polyyne chains by up  to 
four -yne units in a single step, as illustrated by the synthesis of the dodecayne 2814. 
The mixture of products obtained by Hay coupling of excess f-butyldiacetylene (25) 
with the tetrayne 26 was treated with base and then chromatographed to  give the 
hexayne 27. Only traces of 28 were obtained from 27 by Hay coupling, but somewhat 
better results were obtained with the Eglinton technique and 28 was obtained as a 
red-brown crystalline so!id which decomposed a t  ca. 50 "C. 

(1) 0,, CuCI, TMEDA 
t-Bu(C=C),H + H(C=C),SiEt, (2) OH- > .!-Bu(CEC),H 

(25) (26) (27) P+* C,H,N 

t-BU (CEC) , ,  Bu-t 

(28) 

Several studies of the kinetics and  effects of structure on reactivity lend support to  
a mechanism of oxidative coupling of the type first proposed by Bohlmann and 
~ o ~ o r k e r s ~ ~ ~  '30-'j3. The rate is second order with respect to  Cu(11) and alkyne, and 
varies inversely with [H+]'. This is interpreted in terms of rapid steps involving 
displacement of a solvent molecule or other ligand from the coordination sphere of 
CU(II) by an  alkyne molecule, followed by acid dissociation of the coordinated 
alkyne to give an  acetylide complex. In  the rate-determining step, copper(I1) is 
reduced and simultaneously the alkynyl groups are coupled. These steps are 
summarized in equations (6), (7) and (8), where L represents a ligand-solvent, for 

R 

RC=CH + Cu(n).L 7 CU(~)*RC=CH + L (6) 

(7) 

(8) 

K - C~(II).RC=CH . CU(II).RC=C~+ H+ 

2C u (II) RC = C: k_ R (C 5 C), R + 2C u (I) 
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example-initially coordinated to Cu(11). No attempt is made to specify the structure 
of the complexes, but a dimeric structure (29) involving bridging acetylide groups is 
an attractive possibilityG0. Apparently the concentration of the complex is very low 
because e.p.r. studies have failed to detect it in solutions in which oxidative coupling 
was occurringe.’. The  increased rate of coupling which accompanies increased acidity 
of the alkyne is accommodated by this mechanism, and in fact a quantitative 
correlation has been demonstratedG2. Furthermore, with para-substituted phenyl- 
acetylenes the rate constants correlate well with Hammett u constants. 

(29) 

The coupling of propargyl alcohol with copper(1r) acetate in pyridine constitutes a 
notable exception to  the kinetic behaviour described aboveG5, but i t  has been shown 
that the behaviour is peculiar to this particular systemfi2. Thus ‘normal’ kinetic 
behaviour is found for Cu(OAc),-pyridine coupling of acctals and ethers of 
propargyl alcohol, and for propargyl alcohol itself when Cu(1r) in aqueous ammonia 
is usedG1. 

The kinetics of oxidative polymerization of 1,g-nonadiyne have been studied using 
oxygen and homogeneous catalysts derived from copper(1) chloride and tertiary 
aminesGG. A mechanism of the same type as that dcscribed above for dimerization 
was proposed for the polymerization. 

Oxidative coupling of compounds having two terminal ethynyl groups per 
molecule has been used for the preparation of polymers, as  illustrated by equation (9) 

for the case of m-diethylnylben~ene~~.  The polymer, which contains 70 or more 
monomer units, is nearly colourless and can be formed into a tough transparent 
film. The corresponding orflro and para isomers have also been polymerized and 
c o p ~ l y m e r i z e d ~ ~ - ~ ~ .  

2. Other organometallic derivatives 
The oxidative coupling of other organometallic derivatives of alkynes has been 

reported. For example, when metal carbonyl derivatives 30, formed by mixing 
Br: 

Li[PhC=CM(CO)n] h,eOH > Ph(C =C),Ph 

(30) 



13. Synthetic acyclic polyacetylenes 569 

lithium phenylacetylide with the metal carbonyl, are treated with bromine or iodine, 
diphenylbutadiyne is obtained in good yield71. Oxidation of complex aluminium 
acetylides 31 with copper(1r) bromide provides the corresponding diynes'2. 

LiAI(C=CR), > R(C=C),R 
CUB?? 

(31 1 

Among the many methods that have been reported, the oxidation of dialkyl- 
dialkynylborates with iodine is particularly interesting because of its potential in 
synthetic workT3# ". Treatment of bromodicyclohexylborane (32) with an 
alkynyllithium gives the borate 33, which without being isolated, is cooled to - 78 "C 
and treated with iodine to  give thc symmetrical diyne 34 in good yield73. Because of 
the low migratory aptitude of thc cyclohexyl group, only minor amounts of thc 
monoalkyne 35 are formed. 

(C,H,,),BBr ItCECLI Li+[(C,H,,),B(C~CR),]- I2 R(C=C),R+C,H,,C=CR 

(32) (33) (34) (35) 

It is possible to prepare unsymmetrical conjugated diynes by modifying this 
procedure'.'. Treatment of I-alkynyldisiamylborane (36) with lithium alkyne gives 
the corresponding borate complex 37, and when this reacts with iodine at - 78 "C, 
the diync 38 is obtained in good yield. For example, 3,s-dodecadiyne (38; R = Et, 

Sia,BC=CR ----+ Li[Sia,B(C=CR)(C=CR')] J? R (C = C), R 

(36) (37) (38) 

It'ck CL I 

Sia = (CH,),CHCH(CH,)- 

R' = n-Hex) is obtained in 95% yield, and l-phenyl-1,3-decadiyne (38; R = Ph, 
R' = 11-Hex) is obtained in 79% yield. The method holds promise as a useful 
alternative to  the Cadiot-Chodkiewicz synthesis, especially for purely aliphatic 
diynes, which are obtained in low yiclds by this route. 

B. Cadiot-Chodkiewicz Coupling 

The coupling of a terminal alkyne with a I-bromoalkyne in the presence of a 
copper(1) salt and an amine base (B), referred t o  as the Cadiot-Chodkiewicz 
co~p l ing '~ ,  is of particular synthetic importance because of the facile route it 
provides to  unsymmetrical polyacetylenes with an even or odd number of triple 
bonds (equation lo). The reaction has been reviewed and these reviews should be 

(1 0) 

consulted for details, discussions of mechanism, and complete lists of earlier 
referencessa- 5G, 75. 

The reaction is carried out by slowly adding the 1-broinoalkyne to a solution 
containing the terminal alkyne, amine, copper(1) chloride and hydroxylamine 
hydrochloride. The amine, usually ethylamine, is used in excess, e.g. 1.8 moles/mole 
of alkyne, and catalytic quantities (1-5 mol %) of copper(1) chloride are used. One 
of the side-reactions is the self-coupling of the bromoalkyne induced by CU(I) which 
in turn is oxidized to Cu(11) (equation 11). The hydroxylamine salt serves to reduce 
the copper back to the cuprous state. 

cu+ 
RC =C H + BrC =CR'+ B ____t R( C =C),R'+ B H + B r -  

2RC=CBr+2Cu + - R(C=C),R+2Cu2++2Br- (11) 



570 W. D.  Huntsman 

The reaction has found limited use for the direct synthesis of terminal poly- 
acetylenes, as illustrated by the formation of phenylhexatriyne (70%) from butadiyne 
and bromophenylacetylene (equation 12)76. The concoinitant formation of diphenyl- 
octatctrayne (30%) in this reaction illustrates the major drawback to this route, i.e. 
further coupling of the initial product. 

CUCl 
PhC=CBr+H(C=C),H Ph(C=C),H ___+ Ph(C=C),Ph (12) 

The most general route t o  terminal polyynes involves the use of a protecting group 
which can be readily removed after the coupling and, as in oxidative couplings, the 
triethylsilyl group is admirably suited to this purpose'". 5s* 77-70. Thus, l-phenyl-4- 
triethylsilyl-l,3-butadiyne (40) is obtained in 50% yield from phenylacetylene and 
bromoethynyltriethylsilane (39)77. The silyl derivative is converted quantitatively to 
the free diyne 41 by alkali; repetition of the coupling and cleavage yields l-phenyl- 
1,3,5-hexatriyne (43). Alternatively, 42 can be acquired directly by coupling 

CUCl OH' 
E t N H ,  

PhC=CH + BrCSCSiEt, Ph(CrC),SiEt, --+ 

(39) (40) 

BrC=CSiEI, OH - 
Cu ', EINH, 

P h ( C r  C), H Ph(CEC),SiEt, --+ Ph(C-C),H 

(41 1 (43) 

CUCl (4f) PhC-CH + Br(CEC),SiEt, 
EINH, 

(44) 

phenylacetylene with l-bromo-4-triethylsilyl-1,3-butadiyne (44), a procedure made 
more attractive by the recent development of a practical synthesis of 44 Attempts 
t o  couple phenylethynyl bromide with ethynyltriethylsilane were unsuccessfu15~. 

C. Coupling of Terminal Alkynes with Propargyl, Vinyl and Allenyl Halides 

Terminal alkynes couple with propargyl-type halides (45) in the presence of 
copper(r) chloride and ammonia or an aminesO. Two types of coupling products 
have been observed, allenynes 46 and 1,Cdiynes 47. When R3 is hydrogen, the 

RJ 
I 

RC -C C = C =C R'R2 

(46) 

R C E C H  + R'R'C(CI)C=CR' RNH, 

(45) x( RI I 

R C C C C CR' 
I 
R2 

(47) 

principal product is the allenyne 46, but if R3 is an alkyl group the diyne 47 
predominates. Thus the coupling of 2-methyl-3-butyn-2-01 (48) with 3-chloro-3- 
methyl-1-butyne in the presence of 1-butylamine gives 49 in 70% yield. Under the 
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same conditions the Droduct obtained in 60% yield from the coupling of 48 with 
1-chloro-2-butyne is almost entirely (95%) 

CI 
I 

CuCI, L-BuNH; 

the diyne 50 

OH 
I 

(CH,) &C=CCH= C=C (CH,), 

(49) 

OH 
I 

(CH,),CC=CCH,CSCCH, 

(50) 

A limited number of enediynes havc been prepared by thc reaction of copper 
acetylides with diiodoethylene in pyridine or DMFB1l 82. For example, trarrs-l,6- 
diphenyl-3-hexcnc-l,5-diyne (52) is obtained in 90% yield when copper phenyl- 
acetylide (51) and frans-l,2-diiodoethylene are warmed in pyridine. I t  was reported 

H PhC=C H 
I\ / \ /  ,c=c\ 

(51 1 H/'"\ I - H C-CPh 
PPhC=CCu + 

(52) 

that the tetraethynyl derivative, (PhC=C)2C=C(C=CPh)2, is obtained from 51 
and tctraiodoethylenesl, but apparently this is not corrects3$ 

Allcnediynes are obtained from the coupling of allenic bromides with terminal 
diynesig. Thus from the bromide 53 and butadiynyl(trimethy1)silane (13) in the 
presence of copper( I) bromide and tri-n-butylamine, the silylated derivative 54 was 
obtained in 70% yield. Removal of the silyl group by treatment with dilute 
methanolic alkali for 10 s afforded the free allenediyne 55 in 54% yicld. 

C,H,C=C=CHBr i- H(C=C),SiMe, CuBr > C,H,C=C=C(C-C),SiMe, 
Bu,N I I 

(1 3) CH, H 
I 

CH, 

(53) (54) 
P a O H  

C,H,C=C=CH(C-C),H 

(55) 

I 
CH3 

D. Couplings Involving Grignard Reagents 

The coupling of 1 -alkynyl Grignard reagents with propargyl halides, promoted by 
copper chloride, provides the most general route to 1,4-diynes, often referred to as  
'skipped diynes'n.'. Because of the great tendency of 1,4-diynes to  rearrange in the 
presence of base, synthetic methods involving strongly basic reactants such as  
RC=CNa or basic conditions for work-up are not satisfactory. For this reason 
attempts by earlier workers to synthesize the parent member of the series, 1,4- 
pentadiyne (56), led to  1,3-pentadiync instead, and the first satisfactory synthesis 
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of pure 1,4-pentadiyne was not reported until 1 9 ~ 5 9 ~ ~ .  Optimum conditions, as 
developed for the synthesis of l-phenyl-l,4-pentadiyne (57), include the use of CuCl 

CUCl 
H C =C M g B r+ B r C H ,C = C H ~~~ > HC=CCH,C=CH 

(56) 
CUCl 

PhC =CMgBr+ BrCH,C =CH PhC=CCH,C =CH 

(57) 

as promoter, THF as solvent, short reaction times and neutral conditions during 
work-upBo. Extension of the method to the synthesis of skipped triynes is illustrated 
by the synthesis of 5,8,11-hexadecatriyne (5Q8’. 

CUCl 2BuC=CMgBr+BrCH,C=CCH,Br - BuC=CCH,C=CCH,C=CBu 

(58) 

A related reaction (13), which leads to products in which the skipped carbon is 
quaternary as  in 59, involves tertiary propargylic chlorides88. 

(1 3) 
CuCl 

HECl2 
P hC =CMgBr+ CH,C =CCCI(CH,), - P hC =CC(CH,),C =CCH, 

(59) 

Tertiary acetylcnic chlorides undergo self-coupling when they are treated with 
methylmagnesium bromide and cobalt(i1) chloride, i.e. radical-generating condi- 
tions”. Under these conditions, 4-chloro-4-methyl-2-pentyne (60) gave mainly the 
diync 62 along with smaller amounts of another hydrocarbon tentatively identified 

CH3JbBr 
(C H J,C C I C =C C H, [ (C H,),C C = C C H,] M g B r 

(60) (61 1 

(C H ,), C C =C C H , 
(C H ,), C C =C C H 

( C HJ,C = C =C C H, 

(C H,),C = C = C C H, 
I + I 

(62) (63) 

as  63. The role of radicals in this type of process is called into question by studies 
of the reaction of methyllithium with 6489* The self-coupling product 65 is obtained 

t-BUCECCCI(CH,), (CHJZCCECBU-I 

(C H 3)Z C C ZC B u-l 
I 

(65) 

(64) 

in CCI. 15% yield, along with other cross-coupling and elimination products. Failure 
to detect ethane as a product, absence of CIDNP, absence of products containing an 
allene grouping and lack of dependence of product composition on the order of 
mixing the reactants are taken as evidence against a radical mechanismo0. I t  is 
suggested that the reaction may involve preliminary halogen-metal exchangc 
followed by attack of the resulting carbanion on  a second molecule of halide. The 
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same type of coupling product (67) is formed whcn 6-chloro-6-niethyl-2,4-heptadiyne 
(66) is treated with methyl- or ethylmagnesium bromide (prepared from sublimed 

(CH,),CCI(C=C),CH, (CH,),C(C=C),CH, 

(C HJ,C (C = C), C H, 

(67) 

I (66) 

Mg) without added cobalt(i1) chlorideo1. Ethane is formed when the methyl Grignard 
is used, and approximately equal amounts of ethylene and ethane are formed with 
the ethyl Grignard reagent. A functional exchange mechanism was proposed which 
involves radicals complexed with magnesium of the Grignard reagent or magnesium 
halide. 

Compounds containing four alkynyl groups attached to a single atom 
(C, Si, Ge) have been obtained by the coupling of alkynyl Grignard reagents with 
the appropriate tetrahalide”. 

4CH,C=CMgBr+MX, - M(C=CCH,), 

M = C, Si, Ge 

E. Other Couplings and Dimerizeeions 

Tetraethynylethanes 69 are obtained in fair-to-good yields when the bromodiynes 
68 are treated with potassium iodide in acetone”. The reaction also occurs, but in 
lower yield, when magnesium is used as the reducing agent. The tetraethynylethanes 

K I  
2( R C =C),C H Br - (R C -C) ,C H C H (C = C R), + I, 

(68) (69) 
R = Me, Ph, f-Bu, Et,Si 

69 can be converted to th’e corresponding ethylenes 70 by oxidation of the lithium 
derivative with r-butyl hypo~hlori te~’ .  These compounds provide good examples of 
cross-conjugated systems with a planar arrangement of the T;-electron skeleton. 

When 3-bromo-l,5-diphenyl-l,4-pentadiyne (68, R = Ph) is treated with 
potassium r-butoxide, a complex mixture of products, 70, 71 and 72 (R = Ph) is 

(70) 

formedR3. These products can be rationalized in terms of the dimerization of the 
carbene intermediate 73 (R = Ph)94. Similar mixtures are obtained by dimerization 
of carbenes gencrated by the pyrolysis of the tosylhydrazone derivatives 74 

(73) 

.. .. 
[R-~-CEC-C=CR t----f RC=C-C-C=CR +--+ RCGC-CEC-CR] 

N - N (Li)Ts 
II  

RCEC-C-CECR 

(74) R = 1-Bu, Me,Si 

21 
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(R = I-Bu, Me,Si)g5. When the pyrolysis is carried out in the presence of olefins, the 
addition is non-stereospecific, signifying thc presence of the triplet carbene (75). 

f. Elimination 

The synthesis of acetylencs by elimination reactions has been reviewed recentlye0, 
and only a survey of the more important methods that can be applied to  the synthesis 
of polyacetylenes will be presented here. 

The development of the dehydrohalogenation of 1,4-dichloro-2-butyne (76) as an 
efficient synthesis of butadiyne paved the way for the synthesis of a wide range of 
polyacetylene compounds in the 1 9 5 0 ~ ~ .  97. The reaction can be accomplished by 
heating the dichloride 76 with alkali, and the butadiyne, which is obtained in yields 
as  high as 98%, is condensed in a cold trap. Although the diyne can be stored a t  low 
temperatures, safe practice calls for its use soon after it is prepared. Alternatively, 
the dehydrohalogenation of 76 can be accomplished with sodium amide in liquid 
ammonia, and in this case the mono- or disodium salt of butadiyne is obtained, 
depending o n  the proportion of base used. These salts may be alkylated directly, 
condensed with carbonyl compounds, etc., as illustrated in Scheme 497-eS. 

(1) EtMgBr - R,C(OH)(CZEC),C(OH)R, 
(2) R,CO 

R,CO T 
NaNH, (4 moles) RX 

CICH,C-CCH,CI Na(C=C),Na - + R(C-C),R 

(76) 

NaNH, 

(3 moles) H (CGC), C(OH)R, 1 R * Y  

H(C'-C),Na 

H(CEC),R 
Y 

SCHEME 4 

The synthetic sequence used for butadiyne has been adapted to  the preparation 
of higher polyynes, H(C=C),H (79, n = 3,4, 5)l5, 2G, loo. The diol 77, obtained by 
condensation of the appropriate polyyne with formaldehyde, or preferably by 
oxidative coupling when IZ = 5, is converted to  the corresponding dichloride 78 
with thionyl chloride and pyridine. Low-temperature dehydrohalogenation with 
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sodium amide gives the polyyne 79 with one additional triple bond. Yields decrease 
rapidly with increasing number of triple bonds, and drop t o  approximately 1% with 
decapentayne, H(C=C),H. 

As with butadiyne, the sodium salts of the polyynes 79 which are present in the 
reaction mixture after dehydrohalogenation can be alkylated or condensed with 
carbonyl compounds. The resulting derivatives are more stable and can usually be 
obtained in somewhat higher yields than the parent polyynes, but the improvement is 
only slight in the pentaacetylene case, where, for example, the dimethyl derivative, 
CH,(C=C),CH,, is obtained in 3% yield',. 

By the use of di-secondary glycols i t  is possible to obtain disubstituted polyynes 
with greater numbers of conjugated triple bonds. The classical work of Bohlmann on 
the synthesis of di-t-butylpolyynes involved extensive use of this approachI2, as 
illustrated in Scheme 5 for the heptayne 81. In this case the much milder base sodium 

OH OH 
I I 

1-BU (C =C),CH (C =C),CH (C EC),BU-f 

J. 
CI CI 
I I 

t-BU(C=C),CH(CEC),CH(CEC),Bu-t 

(80) I 
NuLICO~ I 

t-Bu(C=C),BU-f 

(81 1 

SCHEME 5 

bicarbonate was capable of effecting dehydrohalogcnation of the dichloride 80. Thc 
heptayne 81 was obtained as a yellow crystalline solid which decomposed slowly 
above I50 "C. Through combinations of dehydrohalogenation and oxidative 
coupling Jones and coworkers were able to  extend the synthesis to the decayne 84 
as summarized in Scheme 613. Dehydrohalogenation of the dichloride 82 was 
accomplished by chromatography over alkaline alumina, and  oxidative coupling of 
the resulting pentayne 83 yielded thc decaync 84. Interestingly, treatment of the 
dichloride 82 itself with  copper(:^) acetate and pyridine gave the decayne 84 
directly. 
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extensively in the synthesis of diarylpolyynes, Ar(C=C),Ar ' ' 8  "9 lo'. 

Sequences involving dehydrohalogenation and oxidative coupling have been used 

OMg Br 
I 

f-Bu(C=C),CHO + Br MgC-CCHCECH 

1 
OH OH 

I I 
t-Bu(CEC) ,CHC=CCHC-CH 

SOCI,, C,H,N 

CI 
I 

1 
CI 

I 

(82) 

t-B u (C-C),CHCGCCHC -CH 

A route that is useful for the synthesis of arylbutadiynes involves treatment of the 
acetoacetyl derivative 85 with phosphorus pentachloride followed by sodium 
amidel.', 102, 103 

0 0  

ArCCH,CCH, 

(85) 

II I I  ( 11 l'C15 + Ar(C=C),H 
I?) SRNHE 

G. Pyrolysis of Hydrocarbons 

Diacetylene is formed as a significant by-product in the commercial synthesis 
of acetylene by the pyrolysis of methane and other hydrocarbons3. Smaller amounts 
of triacetylene are also formed'O'. Procedures have been devised for removing and  
recovering the diacetylene3# Io5. 

Vinylacetylene and diacetylene are primary products of the pyrolysis of acetylene 
itself; in the range 700-1200 K ,  vinylacetylene is the initial product, while diacetylene 
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is the primary molecular product in the 1600-2400 K range1os* lo'. Many other 
hydrocarbons are formed as secondary products, e.g. benzene, methane, ethylene 
and butadiene. A free-radical chain mechanism which accounts for the low- and 
high-temperature behaviour has been proposed*o8. A bimolecular disproportionation 
of two acetylene molecules giving a vinyl 86 and an ethynyl radical 87 is proposed 
for the initiation step. It has also been proposed that the initiation step in the high- 
temperature process involves unimolecular dissociation of acetylene to  'C,H and 
H loD. Addition of the ethynyl radical 87 to  acetylene giving 88, followed by loss of a 
hydrogen atom, furnishes butadiyne (89). The hydrogen atom also participates in 
the chain propagation as indicated in equation (1 7). At lower temperatures, 

H'+C,H, - H,+87 (1 7) 

addition of the vinyl radical (86) to acetylene leads ultimately to  vinylacetylene, but 
in the higher temperature range 86 undergoes dissociation to acetylene and a hydro- 
gen atom instead. 

A procedure has been described for the continuous synthesis of diacetylene by 
passing acetylene through an electrical discharge"O. Yields as high as 23% and 
acetylene through-puts of several grams per minute can be realized. Acetylene is 
ordinarily converted into polymeric material by glow discharges, but when the 
reaction tube is filled with specially treated glass rings, only volatile compounds are 
formedx1'. Vinylacetylene and butadiyne are the principal gaseous products, and a 
mechanism has been proposed for their formation which involves cyclobutadiene as 
an intermediate, as shown in equation (18). 

IV. REACT1 0 NS 
A. Addition of Nucleophilic Reagents 

Nucleophilic attack occurs more readily on conjugated polyynes than on simple 
alkynes as  evidenced not only by greater rates of reaction, but also by the addition 
of nuclcophilic reagents that fail to react with simple alkynes. Thus cyanide ion, 
alkyllithiuni reagents, malonic ester and lithium aluminium hydride add readily to 
conjugated tetraynes and pentaynesxl?. 
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1. Oxygen nucleophiles 
The base-catalysed addition of alcohols to  butadiyne occurs under much milder 

conditions than are required for similar additions to acetylene. The  use of a dilute 
solution of KOH in the alcohol at 60-120 "C is a common procedure. The proc!ucts 
formed first are 1-alkoxy-1-buten-3-ynes (90), but a second molecule may add, 
especially at higher temperatures, t o  give an acetal of 2-butynal91, or in some cases 
mixtures of 91, 92 and 93 3, l13. 

HC=CCH=CHOR CH,C=CCH(OR), CH,=C=CHCH(OR), 

(90) (91 1 (92) 
H C = C C H , C H (0 R) , 

(93) 
The stereoselectivity of addition depends on thc nature of the alcohol and the 

conditions, including the nature of the so1vent113. Thus, in the presence of 2% KOH 
in excess alcohol as solvent, methanol or ethanol adds exclusively miti to butadiyne 
giving 94. (R = Me, Et). A sample of the syn adduct 95 (R = Et) failed to isomerize 
when i t  was heated at 150 "C with dilute aikali, thus ruling out the possibility of 
syn addition followed by isomerization. 

H 
H\ / /c=c 

HC-C ' OR 

OR 
H\ / /c=c\ 

HC-C H 
(94) (95) 

With n-propyl alcohol, some syn addition occurs and the products 94 and 95 
(R = Pr) are formed in the ratio 87 : 13. This same ratio prevails approximately for 
the addition of the isomeric butyl alcohols, but substantially larger proportions of 
syn addition products are formed with n-pentyl and n-hexyl alcohols. For example, 
with n-hexyl alcohol the ratio of 94 to 95 (R = ti-Hex) is 53 : 47113. 

Even with methanol, some sytz addition occurs when the reaction is carried out in 
dioxane114. Thus otrri addition appears to be favoured in strongly protic solvents 
(MeOH, EtOH), but syn addition becomes significant as the solvent becomzs less 
hydroxylic (higher alcohols), or aprotic (dioxane). We shall see this same trend 
appear when the addition of thiols is considcred. 

1,2- and 1,3-Glycols add to butadiyne in the presence of KOH giving mixtures of 
isomeric cyclic aceta1s1l5. The addition of ethylcne glycol, for example, gives a 
mixture of 96, 97 and 98 in the ratio 46 : 32 : 22. 

The reaction of phenol with butadiyne gives amorphous condensation products1", 
but aniinophenols add in the presence of KO13 in DMSO-dioxane giving cis- and 
trans-aminophenoxybutenynes (99)l17. 

HC=CCH=CHOC,H,NH, 

(99) 
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@-Diethylaminoethanol adds to butadiyne a t  room temperature even in the 
absence of alkali giving 100, free of any syn addition product as judged from the 
infrared spectrum118. 

H 
H\ / 
/ c=c, 

E t, N C H C H, 0- C r C H  

(100) 

anti addition of alcohols occurs giving 101 irrespective of the alcohol or solvent*19. 
1.3-Pentadiyne shows reactivity comparable to that of butadiyne, but exclusive 

H 
H\ / 

\ 
RO' CECCH, 

(101) 

When both hydrogens of butadiyne are replaced by methyl groups the reactivity 
toward nucleophilic addition drops substantially and more drastic conditions are 
required. Addition of methanol to 2,4-hexadiyne (102, n = 2) requires the use of 
concentrated alkali a t  temperatures above 100 "C to give 103 (R = Me)lnD; addition 

CH,(CEC)~CH, CH,C=CCH =C(O R)CH, 

c=c 

(102) (1 03) 

of ethanol occurs on prolonged boi!ing with concentrated ethanolic KOH giving 103 
(R = Et)12'. In the case of ethanol, at  least, only one stereoisomer is obtained, and 
although the n.m.r. spectrum did not permit an unequivocal assignment, i t  seems 
most likely that it is thc one formed by ar i t i  addition. 

As the  number of conjugated triple bonds is increased, an increase in reactivity 
toward nucleophiles is observed'2o. The reactivity of 2,4,6-octatriyne (102, n = 3) 
toward methanol addition, which gives 104, is somewhat greater than that of 2,4- 
hexadiyne, but a very large increase is noted for 2,4,6,%decatetrayne (102, n = 4). 
The product 105 from the addition to (102, I I  = 4) is a mixture of cis-trnris isomers, 

(104) (105) 

but whether this is a result of non-stereoselcctive addition or isomerization of the 
initial product was not established'20. 

2. Sulphur nucleophiles 
Thiols add to butadiyne in the presencc of base undcr mild conditions to give 

I-alkylthio-I-buten-3-ynes 106. A second mole of thiol can be added, but the reaction 
is usually slower and i t  is possible to obtain the monoadduct in good yield. 

C I-iJ C = C),C H = C (C C H ,) C H , C H,( C = C),C H = C (0 C i-l ,) C H 

S R  HC-C H 

H SR 

\ /  
H C r C  

H 

\ /  

\ HC=CCH=CHSR ,c=c H,c= c\ 
(106) 

(107) (108) 

Both the rate of addition and stereoselcctivity arc strongly affected by the solvent. 
The ratc  is highest in DMF and lowest in  methanol3, but high stereoselectivity is 
found only when protic solvents arc used. In alcoholic solutions onfi addition occurs 
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giving the cis isomer in a t  least 98% yield122. Exclusive anfi addition of ethanethiol 
occurs in methanol giving 107 (R = C,H,), but amounts of the syn addition 
product 108 (R = C,H,) ranging from 15% to 35% arise when DMF, acetone, THF 
or dioxan is used3. The addition of 2-methyl-2-propanethiol in T H F  is almost totally 
nonstereoselective, and a mixture of nearly equal amounts of the cis and trans 
isomers 107 and 108 (R = t -Bu)  is obtained',?. 

Addition to  the terminal triple bond occurs with monosubstituted butadiynes 
109, giving the anfi addition product 110 when R and R' are alkyl groups and when 

R C e C  S R' 
KOH \ /  

\ 
H/c=c H 

R(CS),H i- R'SH 

(1 09) 
(110) 

methanol is used as solvent133. No more than 4-5% of the t r a m  isomer is formed. 
The same high degree of stereoselectivity is found for the addition of I-butane- 
and 1-hexanethiols to l-phenyl-l,3-butadiyne (109, R = Ph) with KOH in methanol 
a t  70 "C lZ4. The addition of methanethiol to 5-phenyl-I ,3-pentadiyne (109, 
R = PhCH?) in the presence of sodium methanethiolate, using excess methanethiol 
as  solvent, is exclusively anfi and gives 110 (R = PhCH2, R'  = CH3)lZ5. 

The  addition of methanethiol to 2,4,6,8-decatetrayne (111) is not stereoselective, 
and a mixture of cis-trans isomers 112 is obtained.'. Addition of a second mole, 
which occurs at the other terminal triple bond and gives 113, is also non- 
stereoselective. 

CH,(C=C),CH, - > CH,(C=C),CH=CCH, 
CH,SH 

(111) (112) gCH, 
____+ CH,C=CH(C=C),CH=CCH, 

SCH, SCH, 

Very high reactivity toward thiol addition is observed when the diyne system is 
attached to a carbonyl group, but the stereoselectivity drops sharply, and mixtures 
of cis-frans isomers are obtained irrespective of solvent. Thus, the product from the 
addition of methanethiol to I-phenyl-2,4-pentadiyn-l-one (114) in  either methanol 
or THF consists of the cis (115) and trans (116) isomers with the former predominat- 
ing125. lZo. It was shown that 116 does not arise by isomerization of 115. Similarlv. 

I I 

(113) 

addition to 2,4-hcxadiynoic acid (117) in DMSO 
isomers (118)'?'. 

0 
II 

CH,SH \ /  
PhCCGC SCH, 

0 
I I  

F = C \  
PhC(C=C),H OH- > 

(1 14) 

yields a mixture of cis-trans 

0 
II 

PhCC=C H 
\ /  + ,c=c\ 

H SCH, 
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Addition of thiols to disubstituted butadiynes occurs readily, and based on cases 
where product configuration has been ascertained, appears to follow the usual rule 
of miti addition. Thus, addition of toluene-a-thiol to 119 gives the Z mono adduct 
120 and Z,Z diadduct 121 12*. Although additions to unsymmetrically disubstituted 

H 
SCH,Ph 

PhCH,SH \ /  SCH,Ph R\  / 
RC=C 

\ /  

\ 

+ c=c 
R P h CH, S’ /C= C 

,C=C \ 
R(C=C),R ------+ 

(119) H 
H R 

(121) 

(1 20) 

butadiynes have been reported to be regioselective, i t  is difficult to rationalize the 
orientations in sonic cases. Addition of ethanethiol to 122 (R = i-Pr, /-Bu) gives 
adducts (123) in which the cthylthio group is adjacent to the isopropyl or /-butyl 

CH,(C=C),R+EtSH wC CH,C=CCH=C(SEt)R 

(1 22) (1 23) 

group12o, and i t  has been suggested that tliis orientation results from the greater 
inductive electron release by these groups. In the addition of methanethiol to the 
triyiie derivative 124, however, the methylthio group becomes attached next to the 
electron-withdrawing hydroxyniethyl group giving 125 13”, whereas complete reversal 

K O H  

CH, (C C), SCH, 
CH,SNa \ /  

H/c=c, CH,OH 
CH,(C=C),CH,OH D M F  > 

ii 24) 
(1 25) 

of orientation occurs in thiol additions to 126, and the alkylthio group becomes 
attached to one of the internal acetylenic 131. Addition of I-butanethiol 
gives 127, while 1-hexanethiol gives 128. 

OH OH OH 
I I I 

P h (C =C),C (C HJ2 

(1 26) 

P h C = C C =C H C (C HJ2 P h C H = C C =C C (C Ha) , 
I I 
S B U  SCeH,, 

(127) (1 28) 

3. Nitrogen nucleophiles 

Primary and secondary aliphatic aniincs react readily with butadiyne under mild 
conditions and without thc necessity of added catalyst. A wide variety of secondary 
amincs has been used including, for example, diinethyl-, diethyl-, di-n-butyl- and 
diallylamine, as well as  the heterocyclic derivatives pyrrolidiiie, piperidine and 
morpholine. The product in each case is the corresponding 1 -(N,N-dialky1aniino)-1- 
buten-3-yne 129 13?-135. 

H(C=C),H+RR’NH - z RR NCH=CHC=CH 

(1 29) 

With primary amines, addition of a second mole is very rapid and usually only 
the diadduct 131, a mixture of enamine-iniine tautomcrs, is i ~ o l a b l e ~ ~ ~ ,  13’. Only in 
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the case of r-butylamine has the monoadduct 130 (R = r-Bu) been reported138. 
Aromatic amines fail to react118. 

H(C=C),H + RNH, +. RNHCH=CHC-CH 

(1 30) 

(1 31 1 
With 1,3-pcntadiyne and primary amines it  is possible to  obtain either the mono- 

or diadduct. Thus, refluxing a solution of the diyne in excess n-propylamine produces 
cis-1-propylamino-I-penten-3-yne (132, R = Pr), whereas healing a t  90-100 "C in 
THF yields the diadduct 134 (R = Pr) presumably by prototropic rearrangement 
of the initially formed diadduct 133 13.). Analogous behaviour is found for n- 
butylamine. 

1 NHR 

C H,C H =CC H = C H N H R 
CH,C-C NHR 

RNH \ /  RNHI 

/c=c \ CH,(C-C),H 4 

(133) H H 

f- 

R "... H, N, 
{ EtY-a - 

R/N.H...N,R 

(134) 

The triple bond in aminoalkenynes undergocs hydration very rapidly, and arnino- 
vinyl ketones 135 are formed when 1,3-butadiyne reacts with aqueous solutions of 
priniary and secondary amines. Yields of aminobutenones ranging from 40% to 

0 
11 It's n II 

H(C=C),H [HC=CCH=CHNRR'] z CH,CCH=CHNRR' 

(135) 

60% are obtained upon addition of diethylamine, di-n-propylamine or n-butylamine 
to butadiyne in aqucous DMF I4O. When the reaction of 1,3-pentadiyne with aqueous 
diniethylaniine or diethylamine is carried out at room temperature, mixtures of the 
monoadduct 136 and the hydration product 137 are  obtained. The latter becomes 
the sole product when the reaction time is extended or the temperature is raised, 
signifying that 137 is formed by hydration of 136 Ia1. 

0 
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The reaction of aqueous diethylamine with 138 at room temperature gave only the 
monoadduct 139, and i t  was necessary to raise the temperature to  achieve hydration. 
In this case, as often happens, the ketone 140 suffered partial elimination, and the 

Et, NCH,C GCC H=C HN Et, 

(139) 
E1,NH 0 

Et,NCH,(C-C),H II 

~ 

Et,NCH,CH,CCH=CHNEt, 
(1 38) 

(140) 

I1 
CH,=CHCCH=CHNEt, 

(141) 

divinyl ketone 141 was also formed1.'?. In the reaction of aqueous dimethylamine 
with the dirnethylamino analogue 142 hydration occurred even a t  room temperature, 
and 143 and 144 were formed. 

0 
I I  

CH,= C H CC H = CH N Me, 

(1 44) 

+ 
0 

Me,NH II 
Me,NCH,(CEC),H H,O, 25 cc' Me,NCH,CH,CCH=CHNMe~ 

(1 42) (143) 

4.0 
Mc,NH 

D i oxa ne Me,N C H,CrCC H=CH N Me, 

(1 45) 

I 
The hydration reaction is catalysed by amines but apparently it can occur at  

elevated temperatures without added catalyst. Thus, I-dimethylamino- and 1- 
diethylamino-1-buten-3-yne (129) (R = R' = Mc, R = R' = Et) undergo hydration 
a t  room temperature in the presence of the corresponding amine, but fail to d o  so 
when they are shaken alone with water for 24 hours, and give only resins when the 
aqueous solutions are heatedlql. On the other hand, the pyrrolidino (146) and 
piperidino (147) analogues undergo hydration when they are heated with wateP3.  

HCrCCH=CH-N 3 HC-CCH=CH-N 

(147) 

3 
(146) 

Hydration of 145 occurs a t  room temperature, but this molecule of course contains 
a tertiary amine function which can catalyse the addition. A related example of the 
effectiveness of amines in catalysing the addition of hydroxylic derivatives is the 
previously cited addition of F-dimethylaminocthanol to  butadiyne which occurs in 
the absence of added alkali. 

Besides the expected aminovinyl ketone 148, the reaction of 1,3-pentadiyne with 
aqueous solutions of ethylamine also furnishe: an equal amount of the isomeric 
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adduct 149 13'. Formation of 149 apparently involves initial addition of amine to the 
internal triple bond and subsequent hydration of thc tcrminal alkyne linkage, i.e. 
the reverse order from that observed in non-aqucous media. 

0 NHEt 0 
1.:tA-13.. I1 I I I  

CH~(CEC)~H LT?o > CH,CH,CCH=CHNHEt+CH,C=CHCCH, 

(1 48) (149) 

Conflicting reports have appeared about t he  stereochemistry of aminc addition, 
but thermal cis-tmtu isomerization, which has been shown to occur with certain 
adducts, may be responsible for some of the discrcpancies. Thus, although nnti 
addition prevails during the reaction of 138 with aqueous diethylamine and thc cis 
isomer of 139 is formed, it was found that isomerization occurs during distillation, 
with the distillate containing both cis and t r m s  isomers'". Thcrmal cis-trans 
isomcrization has also been observed with the monoadducts of secondary amines 
and 1 ,3-pentadiyne1'l. 

On the other hand, a mixture of c i s - t lm~s  isomers 151 is formed during the reaction 
of 150 with aqueous dimethylamine a t  room temperature, and it was shown that the 
individual stereoisomers are  not interconvcrted by Only the from isomer 
of 151 is obtained when the addition is carried out in dioxane at 120 "C. 

NHZ NHZ 
I 

(1 50) (151) 

Nc2WII I 
Me,CC =C CH =C H N M e2 Me,C(C=C),H H20 > 

In some cases products of high stereochcmical purity are formed. The monoadduct 
129 (R = R'  = Et) from dicthylaniine and butadiyne is the cis isomer containing 
only 1-5% of the t r a m  isomer135, and the diadducts of butadiyne with primary 
amines possess cis I3O. For  other studies in which cis-tmns mixtures 
were obtained, it is not possiblc to ascertain from the reports whether or not both 
stereoisomers were present prior to distillation. 

A 3 : 2 mixturc of cis-trans isomers is obtained from thc addition of secondary 
amines to butadiyne in dioxanc"'. The  ratio remains constant during the course 
of the reaction signifying that the isomers are formed in this ratio. This, coupled 
with the second-order kinetics observed and large negativc valucs for the activation 
entropy (AS* N_ - 50 e.u.), led to the postulation of a mechanism involving rate- 
determining attack by the aminc on the diyne, followed by stereochemical cquilibra- 
tion of the dipolar ion and proton transfer, as illustrated in Scheme 7. 

H(CGC),H 
R,NH 

___f 

,CECH 
\ 

R2 N 
R,NH 

\ ' HF=' H 
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Relatively little work has been done on reactions of aniines with disubstituted 
butadiynes. Aqueous dimethylamine and 2,4-hexadiync react when heated to  give 
the aminovinyl ketone 150 l . I 5 ,  but 2,4-octadiyne fails to react with aqueous diethyl- 
aniinel-'l. Low solubility of the hydrocarbon in  the aqueous phase may be responsible 
for lack of reaction in the latter case. 

NMe, 0 
I II 

CH,C=CHCCH,CH, 

(150) 

Addition of amines to carbonyl-activated diynes occurs with great ease, and often 
the initial adducts react further to give cyclic products. SJW addition occurs in the 
reaction of piperidinc with l-plienyl-2,4-pentadiyne-l-one (151) in either ethanol or 
ether as solvent giving 152 l.lU. 

4. Formation of heterocyclics 

Polyynes have served as  starting materials for the synthesis of a wide variety of 
heterocyclic ring systems. The reactions used involve addition to triple bonds, and 
any of the common mechanistic pathways may be followed, i.e. nucleophilic, 
electrophilic or  free radical attack as well as conccrted cycloadditions. Although the 
evidence does not permit unequivocal classification of many of the reactions into 
one of these categories, the ones considered here are those which most likely involve 
nucleophilic attack at  some stage. In a formal sense the reactions amount to 
successive additions of a divalent nucleophile to two triple bonds; the first involves 
intermolecular and the second intramolecular attack, as illustrated in equation (19) 
for the addition of H,S to a diyne. 

U 

Thiophenes are readily obtained by addition of hydrogen sulphide to butadiyne, 
its mono- and disubstituted derivatives, as well as  to substituted triynes and 
tetrayneslA7. l . I 8 .  The rcactions (equation 20) are carried out in  weakly alkaline 
solution, and provide the corresponding thiophenes in yields of 5045%. Typical 
examples are shown i n  Table 1 1 .  In the case of l-phenyl-1,3,5-heptatriyne (153) 
addition to the alkyl-substituted triple bond prevails giving 154. 
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T A B L E  11. Yields for equation (20). 

R R Yield (%) 

H H 20 
CH, CH, 70 
Ph  C=CPh 83 
Ph (C= C),P h 75 

Addition of hydrogen selenide1.ID and hydrogen telluride15o to diynes has been 
used for the synthesis of selenophenes and tellurophenes. 

Furan derivatives are formed when aqueous solutions of amines react with 
diacetylenic alcohols and glycols. Thus when 155 is heated with aqueous dimethyl- 
amine, the aminofuran 158 is f o r ~ n e d ~ . ' ~ .  The initial steps involve amine addition and 
hydration giving 156 which suffers dealdolization t o  give the ketone 157. In the 
case of tertiary glycols such as  159, a similar sequence of steps followed by hydrolysis 
of the intermediate enamine produces the furanone 160 151. 

OH OH 
I I 

PrCH(C-C),CPr 

Me,N 0 OH OH 
11 I 

&CH, 
PrCHC=CHCCH,CHPr 1 --f PrAHY=CH!CH,] ---+ Pr 

NMe, NMe, 

Dioxolanes 162 are formed by the reaction of diacetylenic alcohols with aldehydes 
and ketones in the presence of base15'. The initial step involves formation of the 



R' 0 
I '1 

I 
O H  

R(C=C),C-R2 + RSCR' 

I V 

- 
R' 

0 1  

-1. ' 
0, 10 

R C E C - C E C - C - R '  

C 
/ \  

R' R' - 

RC-CCH 

J-$2 

x 
R' R' 

(1 62) 

The reaction of butadiyne or its mono- or disubstituted derivatives with ammonia 
or primary amines in the presence of copper(1) chloride at elevated temperatures 
gives good yields of pyrrole or 1,2-, 2,5-, or 1,2,5-substituted pyrroles 163 IE3. 

CUCl 
R(CEC),R' + R'NH, 150OC' 

(1 63) 

Hydrazine and substituted hydrazines add to conjugated diynes to give pyrazoles, 
as illustrated by the formation of 3(5)-methylpyrazole (164) from butadiyne and 

CH,NHNH, 

N-N 
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hydrazine and cf 166 froin diphenylbutadiyl~c and hydrazi11e~~'. 15'* lG5. 1,3-Diniethyl- 
pyrazole (165) is formed by the reaction of butadiyne and methylhydrazine a t  room 
tcmperat urelAo. 

Ethylenediamine adds to butadiyne in a 1,3 manncr giving the tautomeric mixture 
of methyldihydrodiazcpins 167 lS5, . An exception to the 1,3-orientation rule is 

A H  H, 
N N - N  

U C H , -  d : H l  
H(CEC),H + H,NCH,CH,NH, --+ 

(1 67) 

found in the addition of the diamine 168 to butadiyne. Mixtures of the monoadduct, 
itself an  equilibrating mixturc of enyne 169 and triene 170, and the cyclic diadduct 
171 are formedljy. 

H(C'-C),H f BuNHCHCH,CH,NHBu 
I 

BuNHCHCH,CH,NCH=CHC=CH 
I 

Bu 

(1 69) 

I 
CHl 

BuNHCHCH,CH,NCH=C=C=CH, 
I 

Bu 

(170) 

I 
CHl 

H , C A  

Bu/ NY \Bu 
(171) 

CH=C=CH, 

Pyridines arc formed when diyncs are heated with substituted methylamines 
(RCH2NH,) a t  145-180 "C as shown for the synthesis of 2,3,6-triphenylpyridine 
(172)159. A mechanisnl has been proposcd which involves dihydropyritline intcr- 
mediates. Pyridirles (173) are also obtained from the reaction of butadiyne with 
(3-aminocrotonate esters in the presence of sodiumlGo. 

Ph(CrC),Ph + PhCH,NH, ---+ 

Ph 

H(CSC),H + CH,C=CHC02Et 

CH, 
I 
NH, 
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1,3-Diazines arc formed by the addition of guanidine and its derivatives to diynes 
i n  the prescnce of base, as illustrated by the preparation of 174 from 1,3-hexadiyne 
a n c l  g u a n id i ne16 l. 

B. Addition of Electrophilic Reagents 

1. Halogens 

Butadiyne rcacts with halogens (C12, Br,, I,) even undcr mild conditions, but 
unless precautions are taken the initially formed dihalide reacts further and poly- 
halogenated derivatives become the major products. By using a ten-fold excess of 
butadiyne at -50 "C i t  is possible to obtain the dihalo dcrivatives 175 in 83-95% 
yield1G". Undcr the same conditions iodine chloride gives mainly the diadduct 176, 
along with a small amount of the monoadduct 177. It is also possible to obtain the 
dichloro dcrivativc 175 (X = C1) in 20% yield by using copper(i1) chloride as the 
chlorinating agent 

CHX=CXC=CH CHI=CCICCI=CHI CHI=CCIC=CH 

(175) (X = CI, Br, I) (1 76) (1 77) 

With monosubstituted diynes, addition occurs predominantly a t  the terminal 
triplc bond, although the selectivity depends on the nature of the halogen and the 
substituent16'. The dichloro dcrivatives 178a and 178b were obtaincd in a 3 : 1 ratio 
from the reaction of chlorine with excess 1,3-pentadiyne at -40 "C. In  spite of the 
fact that a two-fold ~ X C C S S  of pcntadiyne was used, tetra- and higher polychlorides 

CH,(C=C),H+CI, --Io"c > CH,C~CCCI=CHCI+CH,CCI=CCI-C~CH 

(178a) (178b) 

were the mcjor products, and the dichlorides were obtaincd in only 30% yield. 
Addition of iodine occurs exclusively a t  the terminal triple bond giving 179, 
whercas both 180a and 180b are  formcd by addition of iodine chloride. The  
orientation of addition in 180b is interesting. The ratio of 180a to 180b, which was 

CH,C=CCI=CHI CH,CsCCCI=CHI CH,CCI=CI-C=CH 

(1 79) (180a) (180b) 

4 : 1 whcn a two-fold excess of pcntadiyne was used, approached 1 : 1 when a very 
large excess of hydrocarbon was used, signifying that 180b is consumed faster than 
180a in forming the tetrahalide. This same factor may have affected thc ratio 
of 178a to 178b in thc chlorination study. Both iodine and iodine chloride add 
exclusively to the tcrniinal triplc bond in 5,5-diniethyl-l,3-hexadiyne (181) giving 
182 and 183 respectively16'. 

f-Bu(CEC),H f-BUC=CCI=CHI I-BuCECCCI=CHI 

(181) (182) (183) 
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Broniination of 2,1-hexadiyne (184) at - 50 "C yields the dibrornide 185 and 
chlorination of a variety of diynes with copper(i1) chloride furnishes the trans 
dichlorides 186 in good yield1G5. Chlorination with copper(r1) chloride has also 

CI 

C E C R  

CUCl R\ / 

c,/c=c\ R(C=C),R ---L 

been used for preparing dichloro and tetrachloro adducts of 2,4-hexadiyne-I ,6-diol 
and  its simple ethers16G. The tetrabromide (187) obtained from 2,4-hexadiyne-l,6-diol 
is of interest because it  can be obtained in optically activc forms as a consequence 
of the high barrier to rotation about the central carbon-carbon bond167* lG8. 

HOC\H, Br 
/ 

Br, /c=c Br 
HOCH,(C~C),CH,OH \ /  

Br ,c=c, 

1 ,.l-Addition ocburs in the low-temperature brornination of diarylbutadiynes. 
Thus, diphenylbutadiync yields the triene 188 of unspecified stereochemistry*G9, and 
di-p-tolylbutadiyne provides a mixture of cis(189a) and trans(189b) isomers*7o. 

Br 
-20 'C 

P h(CGC), P h P hC Br = C= C = CB r P h 

(1 88) 

Cyclization occurs during the reaction of I ,2-bis(phenylethynyl)bcnzene (190) with 
a wide variety of reagentsI7l; for cxample, reaction with bromine furnishes 192. 
Presumably, the intermediate vinyl cation 191 is attacked by Br- from the least 
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hindered direction as indicated in equation (21). 

Ph 
Ph h i C +  I 

Br' ' lwph - &Ph (21) 

Br Br P h  

The  rate of bromine addition to conjugated polyynes parallels that of nucleophilic 
additions, i.e. the rate increases with increasing number of triple bonds172. This is 
opposite to the trend found for typical electrophilic additions, and it has been 
postulated that bromination involves an initial nycleophilic attack by bromine 
(equation 22). Absence of chlorine incorporation in the product obtained by 
bromination of 2,4,6-octatriyne in the presence of benzyltriethylammonium chloride 
has been cited as evidence for this hypothesis"?. 

The  orientation of addition of iodine chloride t o  butadiyne*OZ7 however, corres- 
ponds to an electrophilic attack. A study of the kinetics of bromination of various 
mono- and dialkyl-substituted butadiynes has been interpreted in terms of an 
electrophilic rne~hanisml'~.  The observed rates increased with increasing inductive 
electron-releasing powcr of thc substituents. However, the effects are small, and 
under the conditions used (two-fold excess of hydrocarbon) it seems likely that 
significant polybromination occurredlo'. Marked catalysis by bromide ion was 

and interpreted in terms of electrophilic attack by bromine on a complex 
of acetylene with Br-: 

P Br-Br 
f' -cEEc- 

i 4 \  
Br- 

2. Hydrogen halides 
Addition of hydrogen halides to conjugated diynes occurs very slowly, and unlike 

the behaviour in halogen addition, the rate decreases with increasing number of 
triple bonds172. 2,4,6,8-Decatetrayne fails to react with HBr even under fairly drastic 
conditions. Because of the low rate of the initial addition, polyhalogenated products 
often predominate over monoadducts. 

Addition of HBr or HI to butadiyne in ether or pentane at  -40 "C in the presence 
of hydroquinone occurs with an mri-Markownikoff orientation giving cis-l-halo-l- 
butene-3-yne (193)l". With I73-pentadiyne, addition of HI occurs a t  the terminal 

-40°C H\ / H 
H ( C r C ) , H  + HX --+ ,c=C, 

X = B r , I  X' C S C H  

(193) 
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triple bond exclusively, 
orientations of addition, 

W. D. Huntsman 

although in this case products corresponding to both 
194 and 195, are obtained in the ratio 87 : 13. 

H(C-C),CH, + 

By using concentrated 

-40°C H\ / H 
H I  IF=c\ + CH,=CIC=CCH, 

C-CCH, (1951 . --, 
(1 94) 

aqueous solutions of hydrohalic acids in the presence of 
mercury( $or copper(1) halides, the oricntation of addition becomes predominantly 
or exclusively Markownikoff 17% 175. Thus 196 and 197 are formed in a 63 : 37 ratio 
from butadiyne, and the Markownikoff-type products 198 are  formed exclusively 
from 1,3-pentadiyne. 

1 IlWaq. 
H(CsC)zH Cullr p CH,=CBrC=CH+BrCH =CHC=CH 

(1 96) (1 97) 
liX(nq.) 

H(C=C),CH, CH,=CXC=CCH, 

(1 98) 

X = CI, Br, I 

Interpretatioil of the results for hydrogen halide addition is difficult. By analogy 
with alkene reactions therc has been a tendency to refer to the anti-Markownikoff 
additions as being free-radical reactions. However, in view of the unusually strong 
electron-withdrawing effects of the ethynyl and butadiynyl groups2B, the situation 
may be more complex with the acetylenic derivatives. It seems likely that the reversal 
of orientation brought about by copper( I) and mcrcury(1) salts involves interaction 
of the metal ions with alkyne linkagcs. 

3. Water 

Acid-catalysed hydration of conjugated diyncs is slower than that of simple 
alkynes, but still occurs under relatively mild conditions in the presence of sulphuric 
acid or especially sulphuric acid and mercury(ii) sulphate. Thus 2,3-butanedione 
(200) is obtaincd readily from butadiyne, without isolation of the internicdiate 
rnonohydration product, 3-butyn-2-one (199). 

0 00 
II I I  II 

(1 99) (200) 

H(C-C)zH %'+ > [CH,CC=CH] - CH,CCCH, 

Conjugated triynes react more slowly than the analogous diyncs, but 4,6-octadiyn- 
3-one (202) can be obtained from 2,4,6-octatriyne (201) by treatment with cold, 
concentrated sulphuric acid followed by watcPO.  Under the same conditions, only 
decomposition products and no simple hydration products are obtained from 
2,4,6,8-dccatetrayne (203). Interestingly, the severely hindered pentayne 204 can 
be heatcd with concentrated sulphuric acid for extcnded periods without suffering 
change"O. 

0 
II 

CH,(C=C),CH, CH,CHZC(C=C),CH, CH,(C=C),CH, t-Bu(CKC),Bu-f 

(201 1 (202) (203) (204) 
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Hydroboration followed by oxidation provides an indirect route for hydration of 

diynes and constitutes an efficient route to acetylenic ketones as demonstrated by 
the synthesis of 206 in 75% yield from diyne 205 176. 

0 

C. Reduction 

Partial cataiytic hydrogenation of polyynes to givc polyenes with cis configuration 
has been accomplished with a variety of substrates. Palladium catalysts, particularly 
the Lindlar catalyst1", are generally the most satisfactory. Side-reactions include 
over-hydrogenation, isomerization of cis to lrntis isomers and double-bond migration. 

Hydrogenation of skipped polyynes presents a severe test of the sclectivity of the 
reaction, and here the outcome seems to depend on the number of triple bonds178. 
Thus, reduction of 10,13-nonadecadiynoic acid (207) or its methyl ester using 
Lindlar's catalyst and a small amount of quinoline gives the cis,cis dienoic acid 
having a purity of 98-99%, the only impurities being 1% of the cis monoenoic acids 
and less than 0.3% of conjugated dienes. With 8,11,14-eicosatriynoic acid (208) the 
product contains 3-5% of over-hydrogenated products while 1-37; of the double 
bonds havc the trorts configuration; with 5,8,11,14-eicosatetraynoic acid (209) these 
amounts increase to 8-10"/, and 2-4% respectively. 

Other workers have reported that substantial amounts (cn. I(?%) of double-bond 
isomers are  formed even with the diynoic acid 210 l i 9 .  

C,H,, (C =CCH,),(CH,),CO,H C,H,, (C =CCH,),(CH,),CO,H 

(207) (208) 

C,H,,(C-CCH,),(CH,),CO,H C,H,,(C~CCH,),(CH,),CO,H 

(209) (210) 

Hydrogen adds exclusively t o  the terminal triple bond of monosubstituted 
conjugated diynes but the initially formed enynes react rapidly with hydrogen, and 
even froni the beginning, products of over-hydrogenation appeaP0*  Is1. After the 
absorption of one mole of hydrogen by 1,3-pentadiyne in the presence of Pd(CaCO,), 
the product contains 67% 1-penten-3-yne. No products have been detected which 
correspond to the initial addition of hydrogen to the internal triple bond. 

The  non-silylated triple bond in derivatives such as 211 is reduced preferentially18?, 
and because of the ease with which the alkynyl-silicon bond is cleaved, a route is 
made available for the selectivc reduction of the internal triple bond of polyynes 
which also contain terminal alkyne linkages. Desilylation can be accomplished with 
dilute bascIR3, silver n i t r a t P '  or fluoride salts185. An example which illustrates the 
sequence is the conversion of 211 to  212 in 53% 

(1) H,, Pd (BaSO.1 

,CECH ac:, H 

(2) Bu,NF. THF 
(C=C),SiMe, 

(21 1) H' ' 
a"" 

(21 2) 
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Conjugated diynes can be reduced to cis enynes by the well-known hydroboration- 
protonolysis sequence176. cis-5-Dodecen-7-yne (215) is obtained from the diyne 213 
in 76% yield as shown in equation (23). The orientation of addition of the disiamyl- 
borane was established by using CH,CO,D in the second step. Addition of a second 
mole of disiamylborane to  214 is very slow, but reduction t o  the &,cis diene can be 
accomplished by using dicyclohexylborane instead 176. 

Bu C=CBu Bu ,C=CBu 
Sia,BH \ / HOAc \ 

/c=C\ - ,c=c, (23) Bu(C-C),Bu 

(21 3) H BSia, H H 

(21 4) (215) 

Simple alkynes are not reduced by lithium aluminium hydride at  a significant rate, 
but polyynes with four or more conjugated triple bonds react readily under mild 
conditions112. Thus, the tetrayne 216 is reduced at  room temperature within a few 

f-BU(C~C),Bu-t f-Bu(C~C),CH=CHBU-t 

(216) (21 7) 

minutes and gives thc enetriyne 217 in good yield, while the pentayne 218 can be 
reduced t o  either 219 or 220 by varying the amount of hydride. 

t-BU(CEC),BU-f t-Bu(CEC),CH=CHBu-f f-BUCH=CH(C=C),CH=CHBU-f 

(21 8) (21 9) (220) 

D. Cyclonddition 

Conjugated diynes can function as dienophiles in Diels-Alder reactions, and 
adducts have been obtained in which one or both of the triple bonds participates. 
Most of the studies have involved the use of substituted cyclopentadienones, e.g. 
tetraphenylcyclopentadienone (‘tetracyclone’), which form adducts that undergo 
decarbonylation to give aromatic hydrocarbons. Butadiyne itself reacts with tetra- 
cyclone to give hexaphenylquaterphenyl (221) while diphenylbutadiyne gives the 
mono(222)- and di(223)-adduct lee. Bis(4-bipheny1yl)butadiyne gives the mono- 
adduct 224 lee. 

r - p h  

Ph Ph Ph Ph Ph Ph Ph Ph Ph 
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Diynes can also participate in 1,3-dipolar cycloadditions. The monoadduct 225 
is obtained when equimolar proportions of diazomethane and butadiyne are mixed 
and allowed to stand, while the diadduct 226 is obtained when a 2 : 1 ratio is 
usedloo. Addition of diazomethane to 1,3-pentadiyne occiirs principally at  the 
unsubstituted triple bond to  give 227 lol. The greater reactivity of the double bond 

b)\N c-cc HJ ' \  I \  
N 
I I 

H H 

N X N  

I 
H 

Oc=" I 

H 
(225) (226) (227) 

over the triple bonds in l-hexene-3,5-diyne is demonstrated by the formation of 228 
when the hydrocarbon reacts with a limited amount of benzonitrile oxide1D'; the 
terminal triple bond will participate in cycloaddition, however, as  evidenced by the 
formation of 229 when the reactants are mixed in 1 : 1 ratio. 

Ph PI? 

E.  Dimerization of Polyacetylenic Aldehydes 

Polyacetylene aldehydes undergo a curious dimerization with loss of carbon 
m o n o ~ i d e ~ " ~ - ~ ~ ~  . The reaction occurs spontaneously when conccntrated solutions 
of the aldehydes 230 are allowed to stand at  room temperature giving both 2 and E 
isomers of the dimeric aldehydes 231. p-Substituted 5-phenyl-2,4-pcntadiynals (232) 

PR(C=C),CHO - RC=CCH=C(C=C),R+CO 
I 

(230) (231) CHO 

R = Me, Pr, CH,C=C, Ph, PhC=C 

are more stable than the unsubstituted dcrivative and can be isolated as  crystalline 
solids. Thus, whereas dimerization of 232 (X = H) is complete in a few minutes a t  
room temperature, the corresponding reaction of the substitutcd derivatives occurs 
slowly in boiling benzene or toluene. 

(232) 

X=H, CH,, CI, Br, NO, 

F. Solid-state Polymerization 

Certain diacetylene derivatives undergo a remarkable polymerization reaction in 
the solid state under the influence of heat, ultraviolet light, X-rays or y lg7. 

The reaction involves I ,4-addition of the conjugated triple bonds and produces a 
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polymer in which the back-bone is a planar, polyconjugated system 234. The 
monomer molecules a re  aligned in the crystal in a ladder-like manner with the linear 
diyne system forming the rungs. The polymerization reaction involves tilting of 
successive molecules, and may proceed with almost n o  change in lattice parameters. 

S C - R  
\4 

n 
R-C=C-C f C-R 

/'* 

(233) . R-c~c-. .  

L 
R-CGC-C=C-R 

L 

R 

(a) R = PhNHCO,CH, 
(b) R = TsOCH? 

A single crystal of monomer becomes a nearly defect-free single crystal of the 
polymer198. The two most commonly used monomers are the phenylurethane and 
tosylate derivatives of 2,4-hexadiyne-l,6-diol, 233a and 233b, but the rcaction has 
been accomplished with a variety of symmetrical and unsymmetrical diacetylene 
derivatives19g. 

X-Ray analysis confirms the structure shown for the polymer, and the bond 
distances found for the chain indicate that B is the major contributing structure200. ?O1. 

Intense bands for C=C and C=C in the Ranian spectra also indicate that B is the 
major contributor, but the relatively low frcquencies for these vibrations as well as 
the linear correlation found between the two frequencies for various polymers 
suggest that A makes a significant contribution199. Both frequencies are found to 
increase with decreasing phase perfection. 

Dramatic changes occur in the appearance of the crystals during polymerization. 
When crystals of the monomer 233b, which are pale yellow, are heated to 50 "C the 
colour changes to red, then to black, and finally a goldcn mctallic lustre appears 
which is characteristic of the polymer. Absorption spectra recorded during the 
polymerization show that very long polymer chains are  present even at low conver- 
sions, and it appears that each initiation step leads almost instantaneously to a long 
polymer chain202. A gradual bathochromic shift during the polynicrization, which 
was originally believed t o  be caused by an increasc in chain length as the polymeriza- 
tion progressed, has becn shown to result from contraction of thc lattice during 
p o l y m e r i ~ a t i o n ~ ~ ~ .  The absence of a n  e.s.r. signal during or aftcr the polymerization 
of a single crystal of 231h suggests that the lengths of the polymer chains are 
comparable to the length of the crystal'"'. Weak paramagnetism has been observed 
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in polycrystalline samples of 234b, and has been interpreted in terms of the departure 
of polymer chains from an equilibrium conformation205. 

The ribbon-like fibrous polynicrs formed from 233b exhibit properties similar t o  
those of metallic and ceramic whiskers'06. The polymers are semiconductors and  
exhibit photoconductivity"'. SCF calculations indicate that polydiacetylenes have a 
nearly free-elcctron-like valence band and are best described as  wide band-gap 

A low-temperature splitting of some of the lines in the resonant Raman spectrum 
of 234b has been reported receritly'03. Dramatic changes in the frequency and  
intensity of the C=C and C=C bands of another polydiacetylene 234, 
R = EtNHCO,(CH,),, have been noted with changes in temperature as  the polymer 
passes through a phase transition210. 

Patents have been issued for the use of polydiacetylene derivatives as coloured 
photoresist films and electrophotographic print-out  material^?^^-^^^. 

G. Electrophilic Substitution 

Cleavage of thc alkynyl-metal bond in organometallic derivatives initiated by 
such agcnts as H+, Agi-, RCO+ and halogens may be considered formally as clectro- 
phi1 ic su bst i t 11 t ions. 

Cleavage of the alkynyl-metal bond by aqueous acids, as  represented by 
cquation (24), occurs under mild conditions when M is Ge, Sn or Pb. The kinetics 

(24) 

have been studied for thc cleavage of 235 in  aqueous methanolic perchloric acid 
where PI = 2 or 3 and Ar is a phenyl or monosubstituted phenyl ring214. The 
mechanism proposcd involves rate-determining protonation of the terminal 
acctylenic carbon followcd by rapid nucleophilic attack of solvent on germanium. 

u+ R (C C) n M R i  + H 2 0  > R(C=C),H+R;MOH 

+ 
Ar(C=C),,-,-C=CGeEt,+H,O+ - Ar(C=C)n-,-C=CHGeEt,+H,O 

(235) 
+ + 

Ar(C=C),-,-C=CHGeEt,+H,O - > Ar(C=C),H+Et,GeOH, 

The relative ratcs of cleavagc of Ph(C=C),,GcEt, were found to be 3100 (n = l), 
13 (PI = 2) and 1 (P I  = 3). The decrease in rate as ti is changed from 1 to 3, again 
illllstrative of decreasing susceptibility to elcctrophilic attack with increasing number 
of conjugated triplc bonds, is attributed to decreasing cffectiveness of the phenyl 
group in stabilizing the carboniiim ion as wcll as to thc electron-withdrawing 
inductive cffect of the additional alkynyl groups. 

Acid cleavagc of thc t in  and lead znalogues 236 also occiirs readily, kinetic studies 
showing the rate of reaction of the lead derivative to be approximately three times 
that of the t i n  dcrivativcg'. 

P h,M (C h 
(236) M = Sn, Pb 

The alkynyl-silicon bond is not clcavcd readily by protonic acids, but cleavage 
ca11 be accomplished by Ag+ under mild For example, treatment of 
237 with aqiieous cthanolic silver nitrate followcd by liberation of the free alkyne 
from the silvcr salt by aqueous KCN gave 238 in 80% yicld. 

PrC=CCH,C=CSiMe, > PrC=CCH,C=CH 

(237) (238) 
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Friedel-Crafts acylation of thc bis(trimet1iylsilyl)polyynes 239 results in cleavage 
of one of the trimethylsilyl groups giving 240 in good yields215. The trimethylsilyl 
group in 240 is cleaved by treatment with very mild base, e.g. aqueous borax, and 
the method constitutes a convenient synthesis of the acyl polyynes 241. Electron 
withdrawal by the acyl group in 240 prevents cleavage of the second trimethylsilyl 
group when excess acid chloride is used. 

0 0 
II on- II ILCOCI 

AlClJ 
Me,Si(C=C),SiMe, ----+ RC(C=C),,SiMe, - RC(C=C)"H 

(239) n = 2 , 4  (240) (241 1 

Butadiynyllithiuin (242) undergoes electrophilic attack by halogens a t  low 
temperatures giving nionohalobutadiynes 243 O1I8. 

h L i  Sz 
H(C=C),H H(C=C),Li > H(C=C),X 

(242) (243) X = CI, Br, I 

H. The Diyne Reaction 

Diynes in which the distance between the internal acetylenic carbons, (b) and  (c) 
in 244, is not greater lhan cn. 3.4 A react with certain transition metal compounds, 
particularly tris(triyhenylphosphine)rhodiuni(I) chloride, to give coinplcxes of type 

(244) (245) 

245. Thc nature of the skeleton joining the alkyne functions seems to  be unimportant 
and may include sp3- or sp2-hybridized carbon atoms as well as heteroatonis. The 
complexes 245 react with alkynes, halogcns, carbon monoxide, isonitriles, etc., to 
give a variety of carbocyclic and heterocyclic ring systems. These reactions, referred 
to as thc 'diyne reaction', have been studied extensively by Miiller and coworkers, 
and the studies have been reviewed r c c ~ n t l y ~ ~ ' .  Unless indicated otherwise, the 
examples cited below are taken from the review article. The generality of the 
reactions and the wide variety of complex products made available thereby make them 
of great value to thc synthetic organic chemist. 

The  complexes are prepared simply by heating the diyne with tris(tripheny1- 
phosphine)rhodiuni(i) chloride, abbreviated IlhL,CI, in an inert solvent. For  
example, the complex 246 is obtained in 98% yield by heating the rcactants in 
xylene for 30 inin. 

0 

C--C=C-Ph 

@J-$hL 2 c I 
RIi L,CI 

___f 

C-CEC-Ph 

0 
0 PI1 

a'' i l  

(246) 
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A new aromatic ring is created in one step when the complexes react with alkynes, 
as illustrated by the conversion of 246 to  the anthraquinone 247 in 68% yield upon 
reaction with 2-butyne. The reaction is very general for alkynes and fails only when 
the alkyne is severely hindered sterically or when a heteroatom is present which 
coordinates strongly with transition metals, e.g. groups containing phosphorus(1rx). 
Cycloalkynes, including strained cyloalkynes generated in siru from selenadiazoles, 
react with 246, but benzyne fails t o  react218. Reaction with oxygen, sulphur, selenium 
or tellurium gives the corresponding heterocycles 248 219, while reaction with carbon 

NC 
0 Ph 

monoxide, carried out  by bubbling the gas through a benzene solution of 246 at 
60 "C, gives the trione 249 in 60% yield. 2,6-Dimethylphenyl isocyanide reacts with 
246 to give the imine 250, and phenyl azide gives the nitrogen heterocycle 251, 
perhaps by way of phenylnitrene as a n  intermediate. Additional extensions of the 
reaction have appeared recently220-222. 

In  the presence of  dicarbonylbis(triphenylphosphine)nickel(O), the diyne 252 
reacts with rnonoalkynes to  give quinones 253223, and in the presence of nickel 
tetracarbonyl, 252 dimerizes to give 254 in 80% yield along with a small amount of 
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255, while 1,2,3,4-tetraphenylanthraquinone 253 (R = R'  = Ph) is obtained from 
the reaction of 252 with excess diphenylacetylene in the presence of this catalystzz4. 

1. Cyclotrimerization and Related Reactions 

Like simple alkynes, conjugated diynes undergo cyclotrimerization in the presence 
of transition metal catalysts, but whereas simple alkynes give symmetrically substi- 
tuted benzenes almost exclusively, diynes give symmetrical (256) and unsymmetrical 
(257) isomers in many cases'z5. *?'. Cobalt complexes such as [CO(CO)~I?H~,  
CO?(CO)~, Co,(CO),[R(C=C),Rl and (q5-C5H5)Co(CO),, and the rhodium complex, 
(q"-C5H5)Rh(CO),, give both 256 and 237. For example, with 2,?-hexadiyne and 

I (257) 
R 

(256) 

(q5-C5H5)Co(CO), in a 25 : 1 ratio at 120 "C, 256 (R = Me) and 257 (R = Me) are 
obtained in 21% and 47% yields, Interestingly, the catalyst 
Ni(CO),(PPh,), produces solely the unsymmetrical isomers 257 (R = Me, Ph) in 
high yield??'. 

I t  is seen that only one of the two alkyne linkages in each molecule takes part in 
the cyclization, and when R is larger than hydrogen, the remaining triple bond in the 
alkynyl substituents of 256 and 257 fails to participate in further reactions. The 
triethylnylbenzenes 256 (R = H) and 257 (R = H), however, react in the presence 
of the trimerization catalysts to give polymers, and consequently attempted cyclo- 
trimerization of butadiyne itself gives a polymeric productzz5. It is possible to obtain 
the simple triethylnyl benzenes indirectly from the  bis(trirnethylsily1) derivativeszc5. 

Dimers (259) and trirners (260) have been obtained from non-conjugated diynes 
in the presence of transition metal complexeszz8-~30. With q5--cyclopentadienylcobalt 

(259) 
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dicarbonyl catalysts, cpCo(cO),,  moderate yiclds of the trimcr 260 arc 
whereas with [CO(CO)&H~ a large amount of polymer and only a small yield of 
dimer are 

Triynes 261 in which the alkyne linkages are properly spaced can undergo intra- 
molecular ‘cyclotrimerization’ to aromatics 262 and 263 in the presence of Ziegler- 
type 

(CHz)n & (CH,)n 

y4m 
” =y (262) HC-C(CHz)nC~C(CHz) ,C~CH 

(261 1 

(263) 

The cooligomerization of diynes and simple alkynes provides a convenient route 
to  bicyclic derivatives, many of which would be very difficult to obtain by other 
routes’2Y. 2 3 0 ,  232, 233. In  the presence of CpCo(CO),, 1,Shexadiyne reacts with simple 
alkynes to give benzocyclobutene derivatives 264 23n, 233 . The formation of the 
bis(trimethylsily1) derivative 264 (R = R’ = SiMe,), the most highly strained 

.. 
(264) 

benzocyclobutene synthesized t o  date, is of special significance because of the ease 
with which thc trimethylsilyl groups can be replaced by reaction with electrophilic 
reagents. 

Indan (265, n = 3) and tetralin (265, n = 4) derivatives are obtained from 1,6- 
heptadiyne or 1,7-octadiyne with simple alkynes in thc presence of CpCo(CO),, and 
although the yields are  not high (14-50”/,) the products are easily obtained pure by 
column chr~matography?~? .  Thc  synthctic applications of thcsc cyclizations have 
been reviewed recently233t’. 

1. Prototropic and Related Rearrangements 

The prototropic rearrangements of conjugated diynes closely parallel those 
observed for simple alkynes, the principal differences being in the rates of reaction 
and the greater complexity of products made possible by the additional unsaturation. 
Migration of a triple bond from the terminal position toward the centre of the chain 
is widely observed with simple alkyncs, and similar behaviour has been reported 
for diynes. 

Conjugated diynes with a terminal triple bond give products in which the triple 
bonds remain conjugated as  illustrated by the isomerization of 1,3-hexadiyne to 
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2,4-hexadiyne and of 1,3-0ctadiyne to 2,4-octadiyne (equations 25 and 26)23.1. The 
isomeric diynes are obtained in 90-95% yield under conditions ranging from 0.1N 
ethanolic KOH a t  100 "C for 2 h to 2N ethanolic KOH at  room temperature for 
1 week. 

(25) C,H,(C=C),H - CH,(C=C),CH, 

(26) Bu(C=C),H - Pr(C=C),CH, 

Four types of intermediates may be postulated for these rearrangements, ciz. a 
tetraene, two dienynes and a skipped diacetylene, as  shown in Scheme P5. The 
available evidence indicates that the interconversions occur by a carbanionic 
mechanism. Substantial build-up of intermediates is not observed in most of these 
reactions, and the relative importance of the routes has not been established. 

KOH 

KOH 

RCH,(CrC),H RCH=C=C=C=CH, 3 R(CfC),CH, 

RCH=C=CHCECH e- RCrCCH=C=CH, 

RCECCH,C=CH 

SCHEME 8 

Bushby and Whitham carried out a thorough study of the isomerization of 
2,4-heptadiynoic acid (266) t o  3,5-heptadiynoic acid (268), and from kinetic and 
spectroscopic data  were able t o  show that the principal pathway for the isomerization 
involves the intermediate tetraenoic acid 267236. 

C,H,(C=C),CO,H CH,CH=C=C=C=CHCO,H CH,(C=C),CH,CO,H 

(266) (267) (268) 

Equilibration of the heptadiynoic acids gives an equilibrium mixture containing 
96% 268 and 4% 266, a ratio comparable t o  that found for 3- and 2-pentynoic acids. 
Unlike the pentynoic acids, however, significant amounts of allenic isomers were not 
detected in the 268-266 equilibrium mixture. The appearance of a shoulder a t  
290-295 nni in the U.V. spectrum during the early stages of isomerization of 266 may 
be taken as  evidence for the intermediacy of 267. 

Attachment of two alkynyl groups t o  a CH, group confers an  unusually high 
acidity o n  the protons, and as a consequence 1 ,4-diynes undergo base-catalysed 
rearrangement under very mild conditions. Thus, l-phenyl-l,4-pentadiyne (269) 
gives l-phenyl-l,3-pentadiyne (271) in good yield upon treatment with ethanolic 

PhC=CCH,C=CH - PhC=CCH=C=CH, - Ph(C=C),CH, 

(269) (270) (271 1 

alkali a t  room temperatures0. The reaction occurs in two stages, the first being 
approximately 3 times as fast as the second, and it is possible t o  isolate 270 by 
quenching the reaction when the concentration of 270 reaches a maximum. 
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An interesting variation of this rearrangement appears when the diynol 272 is 
treated with basez3'. Ketone 274 is obtained, apparently by way of the intermediate 
allenol 273. 

OH OH 
I I 

P h C =C CH C =C P h - [ P h CH =C =CC =C P h] 
(272) (273) 0 

II 

(274) 
- PhCH=CHCC=CPh 

1,5-Diynes require somewhat more vigorous conditions for isomerization than 
1,4-diynes. Thus, 1,5-hexadiyne is stable to sodium ethoxide in ethanol o r  0 . 0 3 ~  
potassium t-butoxide in r-butyl alcohol at room temperature, but isomerization is 
effected at higher temperatures or by the use of a higher concentration of potassium 
f - b u t o ~ i d e ? ~ ~ .  The reaction is complex, but many of the intricacies have been un- 
ravelled, and the relationships are depicted in Scheme 9121, 23y. 

(279) 
I (281) 

4 
M e - = d  .-> Me-=-=- - Me 

(282) (283) 

SCHEME 9. Basc-catalysed isomerization of 1,5-hexsdiync. 

cis- and fraiwl,3-Hexadien-5-yne (277 and 278) are formed as major products, 
along with small amounts of 2,4-hexadiyne (283), when 275 is heated with potassium 
r-butoxide in t-butyl alcohol or ethanolic sodium ethoxide. In addition a small 
amount of 1,2,4,5-hexatetraene (280) was present in the reaction mixture involving 
sodium ethoxide. 1 ,ZHexadien-Syne (276) the product expected from the first 
isomerization step was not detected, but this is understandable because i t  was denion- 
strated in separate experiments that 276 isonierizes much faster than the starting 
diyne. When 276 is treated with 1-BuOK/r-BuOH at room temperature, reaction is 
immediate, producing a mixture of the dienynes 277 and 278; on thc other hand, 
when NaOEt is used, 280 is the exclusive product?". 

1,2,4,5-Hexatetraene (280) is stable to ethanolic NaOEt at room temperature, but 
reacts at  65 "C to give 277, 278 and 283 in the ratio 21 : 22 : 31. Thus 280 occupies 
a key position in the scheme relating the various COHO isomers, but it  is argucd that 
the rearrangement of 276 may lead directly to 277 and 278 and does not  have to  
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proceed by way of 280 The same hybrid anion 284 can be fornied from both 276 
and 280. Furthermore, if the major pathway for conversion of 275 to 277 and 278 
involved 280, then one would anticipate that 2,4-hexadiyne (283) would be formed in 
major amounts, rather than in the trace amounts actually observed. 

I (284) \ 

Another possible route for the formation of 283, by way of 279 and 280, was 
investigated. When 279 was treated with i-BuOK/r-BuOH it reacted immediately 
and gave 283 as the sole product, but 282 was obtained along with 283 under milder 
conditions (0-02M NaOEt/EtOH). 

Benzene was obtained in low yield as the sole non-polymeric product when 
275, 276 or a mixture of 277 and 278 was heated at  165 "C with f-BuOK in diglyme. 
The  cyclizalion is base-catalysed as shown by the fact that benzene was not formed 
when a mixture of 277 and 278 was heated at  165 "C in diglyrnc alone. 

Tetraethynylethane derivatives 285 isoinerize in the presence of 1-BuOKlr-BuOH 
a t  40 "C to give 286 and 287 239. 

(285) (286) (287) 

When 1,6-heptadiyne (288) is heated with I-BuOK/r-BuOH, toluene (294) and 
rmns-1,3-heptadien-5-yne (292) arc the major products'?'. Hopf discovered that 
smooth isomerization to 292 and 294 occurs only when frcslily sublimed f-BuOK is 
used, and through the use of aged, less active base he was able to isolate and identify 
the intermediates 289, 290 and 293, and to show that the cis-dicn-yne 293 is the 
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Bispropargyl ethers, sulphides and ainines undergo an interesting variety of base- 
catalysed cycloaddition and dimerization reactions. The primary products obtained 
from 295 by treatment with r-BuOK in T H F  for a short period of time have been 
shown to be 296 ?.I1. If the reactions are carried ou t  under more vigorous conditions 
or for longer periods of time, further prototropic rearrangement to the naphthalene 
derivatives 297 occurs. The findings are explained by an initial rearrangement to the 

r G - P P h  
X 
Le -  Ph 

(295) 

X 2 0,  S ,  NMe 

xrJQQ '--- x* 
Ph Ph H 

(297) (296) 

bisallene, which then cyciizes by a diradical pathway, or perhaps by a concerted 
[2  + 2 + 21 cycloaddition. Subsequent prototropic rearrangement gives the products 
296, as  indicated. Support for this mechanism is provided by studies of the un- 
substituted and r-butyl-substituted derivatives 298 241. With these derivatives 

/==-R 

X /-=--R L G - R  -[?=;-.I - [ 41 
(298) 

R = H , t - B u  

J \  X = 0, S ,  NMe 

X ox I \ xaR R 

(300) R R  

(299) 

22 
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cyclization involving the benzene ring is not possible and products resulting from 
dinierization (299) or ring closure (300) of the diradical are  obtained instead. 

The product of reaction of the bromodiyne 301 with sodium sulphide is the 
thienocyclobutene 303, and it has been proposed that this product is formed from the 
initial thioether 302 by the same type of sequence as that proposed for the formation 
of 300 ?I2. 

f-Bu t-Bu 

t-Bu 

Y I 

A difference in the behaviour of bispropargyl ethers 304 appears when butyl- 
lithium is used a s  the1 baseZa3. Here a [2,3] sigmatropic rearrangement of the inter- 
mediate carbanion 305 occurs giving the alcohols 306. 

(304) 
R = H, Me, SiMe, 

(305) 

An interesting rearrangement occurs during the alkaline decomposition of 
quaternary salts of Mannich bases derived from diacetylenes*g2. ?.I4* 245. When it is 
heated with KOH, the salt 307 gives 1-hexene-3,s-diyne (309) in high yield, presum- 
ably by initial 1,6-elimination followed by rearrangement of the pentaene 308. 

+ KOH 
CH,(C=C),CH,N(Me)Et,I- - [CH,=C=C=C=C=CH,] 

(3071 (308) 

1 
CH,=CH(C=C),H 

(309) 
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When the alkadiynyl chain contains more than seven carbons, mixtures of ene- 
diynes are obtained. 

In  the case of aryl-substituted derivatives 310, the use of KOH or r-BuOK as base 
produces 311 whereas NaNH, gives 312 246. 

+ 
ArCH,(C=C),CH,N(Me)Et,I- Ar(C=C),CH=CH, ArCH=CH(C=C),H 

(310) (31 1) (312) 

K. Thermal Rearrangement 

1,5-Hexadiyne rearranges a t  elevated temperatures (220-400 "C) to give 3,4- 
bismethylenecyclobutene (315) in nearly quantitative yields24'. 249. The reaction 
involves a slow [3,3] sigmatropic rearrangement to  the bisallene 314, followed by 

rapid cyclization. 1,2,4,5-Hexatetraene (314) has been synthesized and shown to 
rearrange to  315 a t  a rate much faster than the rearrangement of 313 240. The re- 
arrangement of 313 is first order with rate constant given by 

k (s-l) = 2-59 x loll exp ( -  34 400/RT). 

The A factor is unusually small for a reaction in which a single internal rotation is 
frozen out in the transition state, but this has been accounted for in terms OF the 
unusually large moment of inertia for rotation about the central carbon-carbon 
bond2". 

When 313 is subjected t o  very high temperatures (400-600 "C) additional products, 
principally benzene and fulvene, begin to appearZ5l. These have been shown t o  be 
secondary products which arise as a result of the reversibility of the cyclization step 
leading to 315, and thc different modes of cyclization which are accessible to 314 at 
the elevated temperaturesz52. 

Substituted bismethylenecyclobutenes 317 are obtained by rearrangement of 
derivatives 316 in which the acetylenic hydrogens of 1,5-hexadiyne are replaced by 

simple alkyl groups248, ?53-Zs7 ,  CF, 258, Me,Si 2jg, Br *8O, CO,Me and CN 250, 258. 259. 

The reactivity is decreased substantially by alkyl substitution as illustrated by the 
relative rates 137 : 37 : 1 For 1,5-hexadiyne, 1,5-heptadiyne and 2,6-0ctadiyne~~8. The 
rearrangement proceeds normally when one hydrogen is replaced by 1-butyl or tri- 
methylsilyl, but fails with the bis(trirnethylsily1) derivative 310 (R1 = R2 = Me&) 258. 
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Studies with molecules carrying substituents on the interior carbons have demon- 
strated that conrotation occurs preferentially in the cyclization step, in agreement with 
orbital symmetry 258, Thus, (Z,E)-3,4-bisethylidenecyclobutene 
(319, R = Me) is obtained from meso-3,4-dimethyl-l,5-hexadiyne (318, R = Me), 
while the E,E (321, R = Me) and Z,Z isomers (322, R = Me) are obtained from the 
racemic diyne 320 (R = CH3). At lower temperatures (220 "C) 321 and 322 are formed 

in nearly equal amounts (55 : 45) under kinetic control. At  higher temperatures, 
however, thermodynamic control prevails and 321 becomes the predominant 

The trimethylsilyl (TMS) ether of the meso glycol 318 (R = OTMS) 
rearranges at 375 "C giving a product consisting of 99% 319 (R = OTMS) and 1% 
322 (R = OTMS), whi:e the product from the racemic diyne 320 (R = OTMS) at 
310°C consists of 49% 321 (R = OTMS), 51% 322 (R = OTMS) and 1% 319 
(R = OTMS). The stereospecificity of these reactions decreases significantly as the 
temperature is raised, but one of the most interesting features is the preference for the 
Z,Z isomer 322 (R = OTMS) over the E,E isomer 321 (R = OTMS) under 
conditions where thermodynamic control is expected to prevail261. 

Rearrangement of 1,5-hexadiyn-3-01 gives the aldehyde 323 and phenolzG2. With 
the diol 324, however, the intermediate enol 325 tautomerizes instead of cyclizing 
and the acyclic diketone 326 is obtained. 

OH 0 

8 

0 0 
I1 II 

__f CH,C(CH =CH),CCH, 
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Rearrangemcnt also occurs with molecules in which the ethynyl groups are 
attached to three- and four-membered rings. Both ris- and tratw-l,2-diethynyl- 
cyclopropane (327. X = CH,) give 328 (X = CH2), the trcrns isomer requiring a 
significantly higher temperature than the ciszG3, 264. The product molecules are 
formed in a highly excited vibrational state, and when the reaction is carried out a t  
low pressures, 329 and 330 are also formed by rearrangement of 328 in the excited 
state. 

(327) (328) (429) (330) 
X = CH,, 0, S 

Rearrangement of cis- and traris-l,2-diethylnyloxirane (327, X = 0) occurs under 
mild conditions giving 328 (X = O)2G5, but with the sulphur analogue 327 (X = S) 
only the cis isomer rearranges to  328 (X = S)2Ge; the trans isomer undergoes de- 
sulphurization on heating and gives 3-hexene-1,S-diyne. 

1 ,ZDihydropentalene (335) (95%) and a small amount (2.5%) of bicyclo[4.2.0]- 
octa-l,5,7-triene (334) are formed upon pyrolysis of cis-l,2-diethylnylcyclobutane 
(333)2G7. The fragmentation product, 1 -buten-3-yne (332) is the major component 
(52%) of thc pyrolysate from trons-l,2-diethylnylcyclobutane (331), but the re- 
arrangement products 335 and 334 are also formed to the extent of 42% and 4.5%, 
respectively. These products are accounted for as  illustrated in Scheme loz6'. 

The cis-dialkynylcyclobutene 336 undergoes the customary conrotatory ring 
opening a t  80 "C giving 337 2G8, but in the case of the  trans isomer 338, the initial 
product (339) rccyclizes, giving thc benzocyclobutadiene derivative 340 The 
formation of 340 from 338 is complete within a few minutes at  110 "C, whereas 

iii 
I 
Ph 

(337) 
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its dimerization, which yields 341, is relatively slow at this temperature. Consequently, 
it is possible to isolate and characterize 340 268. 

(341 1 

Comparable behaviour has been observed with 343, the unsubstituted analogue 
of 339. When the bis(trimethylsily1) derivative 342 is hydrolysed with dilute base, 
the product obtained is the benzocyclobutadiene dimer 344 presumably formed by 
the pathway indicatedZ7O. 

(34 4) 

The tricyclic derivative containing two cyclobutadiene rings 346 is obtained as a 
blue, high-melting solid in nearly quantitative yield by heating 345 in boiling 
~ylene*~I.  
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The rearrangement that occurs when thioethers of type 347 are heated in the 
presence of secondary amines provides an interesting analogy to 1 ,S-diyne~~'~.  The 
products are  349, 350 and 351, and it is postulated that these arise by the reaction of 
the amine with the thioketene 348, which, in turn, is formed by a [3,3] sigmatropic 
rearrangement of 347 272. 

R:NH 

R2 R' 
\ /  

CH,=C=CCH CSN R: 
(349) 

CH,=CHC=CCSNR: 
I I  
R2 R' 

(350) 

Rapid equilibration between 352 and 354 occurs at  200 "C, presumably via the 
benzenediyl (p-benzyne) intermediate 353 273. The intermediate 353 has a sufficiently 

long life-time to permit reaction with a variety of trapping reagents. The benzenoid 
analogue 355 of 352 does not change when i t  IS heated in boiling benzene or DMF274. 

(355) 

I ,8-Bis(phenylethyny1)naphthalene (356), with parallel triple bonds, undergoes 
[2 +2  + 21 cycloaddition with intramolecular hydrogen migration to give 357 274-278, 

and similar behaviour is found for the analogue with crossed triple bonds (558), 
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which furnishes 359. These same products are obtained by photochemical rearrange- 
ments, although small amounts of azulenic isomers and dimers are also formed 
from 356. 

L. Photochemistry 

When they are irradiated in hydrogen-donor solvents, conjugated diynes act as 
hydrogen acceptors and are reduced to conjugated e n ~ n e s ~ ~ ~ .  Complex mixtures are 
obtained as a result of the fact that free radicals are formed from both the diyne and 
a solvent moclcule in the initial hydrogen abstraction step. Thus irradiation of 
5,7-dodecadiyne in pcntane gives the reduction product, cis- and rrans-5-dodecen-7- 
yne, along with branched-chain decanes formed by dimerization of pentyl radicals, 
and addition products, CI7H30, of a molecule of pentane to the diyne. Large amounts 
of polymeric material are also formed. 

Cyclopropane derivatives 361 are obtained by irradiation of derivatives 360 278. 

While the reaction does occur when ti = 1 (R = Ph), i t  proceeds much more readily 

I 

I 
R(C-C) .CH=CH-C -CI 

with molecules containing two or three alkyne linkages. A mixture of stereoisomers 
363 and 364 is obtained from 362, and, in general, low stereoselectivity is observed. 

h I. CI + CC' c( CEC), P h (CrC) ,  P h Ph(CrC),CH=CH-CH,CI 

Ultraviolet irradiation of dialkynylbenzenes produces polymers along with small 
amounts of dimers. The dimer fraction consists of azulenes and, in some cases, 
naphthalenes. The product distribution in the dimer fraction depends on the relative 
orientation of the alkynyl groups as well as  the substituents on the alkynyl groups and 
on  the ring. o-Diethynylbenzene (365) produces azulenes 366 and 367 ?'O, while 
p-diethynylbenzene yields 368 and 369 280. These products can be accounted for in 
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terms of the mechanism originally proposed for the photodimerization of diphenyl- 
acetyleneza1. The cyclobutadiene derivative 370, forrncd by a (,,2,+ ,,23) head-to-head 

\\\ 

P 

cycloaddition, rearranges to the bicyclobutane derivative 371. Cleavage of bonds a 
and c in 371 provides 366, 367 and 368. Formation of 369 can be accounted for in 
terms of an initial head-to-tail dinicrization followed by a sequence of stcps similar 
to those above280. 

R @%?A R R / R 
(370) (371) 

Irradiation of pbis(phenylcthyi1yl)benzene (372) givcs one azulene derivative 373 
and a naphthalene derivative 374. Formation of 374 can be accountcd for in terms of 
a bicyclobutane intermediate similar to 371. Cleavage of bonds corresponding to c 
and  e in 371 and subscquent hydrogen migration would lead to  374 
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Behaviour similar to that of 365 is observed with o-dipropynylbenzene (375) and 
1,2-bis(phenylethynyl)cyclohexene (376). but o-bis(arylethyny1)benzenes (377) show 
different b e h a v i o ~ r ~ ~ ” .  28% 283 . o-Bis(pheny1ethynyl)benzene (377, Ar = Ph) gives a 

(375) (376) (377) 

green azulenic type dimer called ‘verdene’, but unlike the dimers described previously, 
chemical and spectroscopic evidence points to  the absence of alkyne linkages, and 
the ‘ring-closed’ structure 378 (Ar = Ph) has been assigned to verdene. Similar 
behaviour has been notcd for other diary1 derivatives (377: Ar = p-NCCBHQ, 
p-BrC,H., and 2,6-F2C61-13), and the corresponding structures 378 were assigned to 

Ar (379) 
Ar Ph 

(378) (380) 

the photoproducts. The assignments were made with reservations, however, 
because the same kind of chemical and spectroscopic evidence points toward an 
analogous ‘ring-closed’ structure (380) for ‘tetramethylverdene’, the photodimer 
of 379, but X-ray analysis shows the structure to be 381 284. 
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1. INTRODUCTION 

Although the compound known today as dehydroniatricaria ester (1) was obtained 
crystalline froni essential oils as long ago as 1826’, thc first correct structure 
assignment for a natural acetylene, tariric acid (octadec-6-ynoic acid), a component 
of thc secd fat of the Simarubaceae Picrarnnia tar-iri DC., was published in 1902 2. 

The elucidation of the structure of lachnophylluni ester (2)  from thc Compositae 
Laci~riophyllum gossipiriirtn Bge. appeared in 1935 and was followed from 1941 
onwards by thosc of several acetylenes from Compositae species headed by matricaria 

CH,(C=C),-CH~CH-CO,CH, (1 1 

CH,(CH,),(C=C),-CH%H -CO,CH, (2) 

CH,CHC=CH-(C=C),-CH%CH-CO,CH, (3) 

t = trans, c = cis 

ester [3)4 to bring the number of known natural acetylenes by 1950 to cn. 10. From 
then onwards their numbers increased rapidly, mainly by the contributions from 
the schools of Sijrensen, Bohlmann and Jones, so that by 1976 over 700 were known. 
(The early history of natural acetylene research has been described in some detail 
by Sorensen’” and Bu’Lock“.) 

Acetylenes are widespread in Nature. Although the majority occur in 15 out of the 
600 or so higher plant families and in Basidiomycete fungi, they also occur in algae, 
microbial cultures and even in an animal. The most comprehensive treatment of 
natural acetylene chemistry is to be found in a book by Bohlmann, Burkhardt and 

62 1 

The Chemistty of The Carbon-Carbon Triple Bond 
Edited by Saul Patai 

Copyright 0 1978 by John Wiley & Sons. Ltd. All rights reserved. 
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Zderoc. Recently discovered natural acetylenes appear in the Clleniical Sociefy 
Specialist Reports 011 Aliphatic Ctiet~iistry for the years 1972 and 1973 and will 
presumably figure in fuiure editions. The prc-1966 era of natural acetylene chemistry 
is covered comprehensively by two reviews in Germans and the pre-1964 period in a 
review in English5. A number of shorter articles have also appeared, one recently 
covering exclusively the non-polyacetylenic acetylenes". A table of fungal poly- 
acetylenes is also availablelo. 

II. CLASSIFICATION O F  NATURAL ACETYLENES 

The majority of natural acetylenes known today are polyacetylenes. This name 
encompasses what now appears to  be a biogenetically uniform group of secondary 
metabolites, usually not strictly poly-ynesll (c.g. the esters 2 and 3), which originate 
from oleic acid and are found in the roots and the aerial parts of plants and in fungi. 
In  what follows, aspccts of their cbemistry are discussed prefaced by a survey of 
natural acetylenes of different origin. 

From the seed fats of a few tree families (e.g. Simarubaceae, Santalaceae, 
Olacaceae) were isolated several C18 and C,, fatty acids with differently-situated 
triple bonds, of which tariric acid and the acid 4 are examples5. These acids originate 

CH,(CH,),CH =CH-(C=C),(CH,),CO,H (4) 

by a pathway which seems to differ from that leading to the polyacetylenes. Of a 
different order of significance is crepenynic acid (5), the major fatty acid in the seed 

C H,( C H,) C = C C H, C H = C H (C H ,), C 0, H (5) 

fat of Crepis foef idn (Compositae)l?. This acid is of crucial importance in poly- 
acety!,-:y biogenesis; its presence was proved in some fungal mycelia and is assumed 
in tissues of polyacetylehe-producing organisms. 

Almost certainly derived from fatty acids are the seed constituents of some 
Lauraceae like the C, ,  ethynyl trio1 6 from the avocado pear9 and the laurencin 

HC=C(CH,),,CH(OH)CH,CH(OH)CHzOH (6) 

(7)-iike bromine-containing oxygen heterocycles from red seaweeds9. The recently 
increased activity in the analysis of constituents from marine organisms is likely 
further to enlarge the number of laurencin-like compoundsD3. 

/(=J...?AC C-CH,CH=CH-C=CH 1 

I 
Br 

Ei H 
(7) 

Carbon-carbon triple bonds are cropping up in ever-increasing numbers in 
established classes of natural products like the carotenoids, terpenes, amino acids 
and, niost recently, alkaloids: 8, 10 and 11 are typical representatives3. 

The end groups of acetylenic carotenoids like alloxanthin (8), found in algae and 
marine organisms, are structurally related to  the end groups of fucoxanthin (9), 
the most abundant natural ~a ro teno id '~ .  The allene and acetylene bonds are known 
to  be biogenetically linked in polyacetylenes and the same seems likely to apply to 
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(9) 

HC=CCH(OH)CH,CH(NH,)CO,H 

(11) 0 m C = C H  Me (1 0) 

carotenoids. Acetylenic carotenoids might thus be even more widespread than we 
are aware of today. 

Histrionicotoxin. one of the spiropiperidine alkaloids from the skin of the 
Colombian frog Drndrobates 1iistrionicid4, containing two cis-but-3-en-I-yne 
groups, is the first acetylenic alkaloid and also the first acetylene of animal origin. 
(The acid 12, present in the secretion of the soldier beetle, Clrnidiognatus /econtd5, 

CH,CHC=CH -( C ~C),(CH,),CO,H (12) 

and acetylenic carotenoids in the mussel Mytilits editlisls almost certainly originate 
from the plant diet of these organisms.) 

Cellocidin (13) and siccaine (14) are representatives of non-polyacetylenic microbial 
metabolites. The  growth conditions for these acetylene-producing microorganisms 

are often difficult to reproduce and the reported occurrence of some microbial 
acetylenes is not easy to  confirm9* 17. 

111. POLYACETYLE N E S  

A. Distribution and Detection 

About 85% of the known polyacetylenes were isolated from the roots and aerial 
parts of higher plants (up to a few grams per kilogram dry tissue). They are common 
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in two major families, thc Umbelliferae and the largest family of flowering plants, 
the Compositae, in which they occur in all 13 tribes, but especially in the Helinnfheae, 
Atithemidenc and Cynereae. They are fairly widespread amongst the Campanulaceae 
and Araliaceae and have been found sporadically in several other plant families. 
Basidiomycete species produce the remaining 15% of known polyacetylenes, mostly 
in cultures (up to 60 mg per litre). Mycelia are a poor source though polyacetylenes 
have been isolated18 from sporophores of wild fungi. 

Polyacetylenes are readily detected in crude tissue or culture extracts when 
chromophorcs with the unique and intense ultraviolet absorption are present (from 
-[C=CI2-CH=CH- or -[C=C]2-CO- to longer chroniophores; cf- the 
spectra recorded on crude ether extracts from the roots of two Dnklia hybrids in 
Figure 1-the recognizable maxima due to the main components are indicated in 

1.5 

lu 1.0 

0 . 5  

I I I 

250 300 350 

~m,, nm 

FIGURE 1. Ultraviolet absorption of crudc ethcr extracts from roots of two Dahlia hybrids. 

each case). The ultraviolet absorptions of compounds with atypical chromophores 
like carlina oxide (15) (An,3x 250 nm, E 18 are much more diflicult to  recognize 
whilst the convenient detection of minor constituents with just one, two or even 
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three triple bonds as chromophores has been hitherto impossible; it might be 
accomplished in the future with the help of laser Raman spectroscopy. 

B. Polyacetylene Structures 

Polyacetylenes comprise a wide range of combinations of differing chain lengths 
(Co-C18), degrees of unsaturation [(CH=CH),-(C=C),-(CH=CH),, for ex- 
ample, a = 1, b = 2 and c = 2 and a = 0, b = 5 and c = 11, and with a considerable 
number of functional groups and cyclic systems in varying relationship to the 
chromophore. 

The number of possible combinations is enormous; it accounts for the large 
number of polyacetylcnes found, and suggests that even larger numbers are likely to  
be encountered. Some combinations are favoured, some are more frequent in 
higher plants or exclusive to them, others are more prone to  occur in fungi. The 
crepenynate pathway (see below) from oleate envisages the same initial stages for 
both plant and fungal polyacetylenes. The much larger number of polyacetylenes 
found in higher plants than in fungi must therefore reflect the higher organization 
of the former and the opportunity for secondary transformations of common 
precursors in the different tissues and species. Fungal polyace!ylenes are demonstrab!y 
the products of the stress conditions under which the cultures are made to grow. 
The smaller number of variants are most likely due partly to the more primitive 
organisms involved and their similar response to dietary deficiencies and partly to  
their excretion into the culture medium where oxidation and chain shortening appear 
to be Favoured. Somc structural differences between polyacetylenes from higher 
plants and fungi are depicted in Table 1. Formulae 1, 2, 3, 12 and 16-41 illustrate 

TABLE 1. Some structural differences between plant and fungal polyacetylenes 

Plants Fungi 

Chain lengths CD-18 CO-,., 
(Major groups) (c13, c14, c17) (C8-11) 

Allenes Rare Frequent 
0-Heterocycles (incl. cpoxides) Many Rare 
Benzenoid compounds Many None 
S- Corn p ounds Many Few 
Acetates Many None 
Free COIH Rare Many 

some of the structural features and permutations found in natural polyacetylenes 
(16-30 are plant polyacetylenes and 31-41 fungal polyacetylenes). The structural 
formulae are drawn so as  to indicate actual or probable biogenetic relationship to  
oleic acid CH3(CH2),CHC=CH(CH2),CO,H. 
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CH,CH,CH+CH-CEC-co -@HLCH-CO,Me 

CH,(C=C),-CH =CH, 

CH,(C=C).-CH=CHCH(CI)CH,OAc 

CH,CH'=CH-(C=C),-CHt=CHCH(OH)CHZOH 

CHJC SC)~-  C,H, 

CH,(CrC),-CH a 
a CH,(CGC),CH, 

Me0,d b M e  

CH,CZCCH, w 0 

CH,(CEC),-C-CH-(CEC),-CH-CH-CH2 
I 

CH,SO, 

CH,S 
I 

CH,C=CH-CrC-CH 

H0,C-(C =C),CH,CHC=CH (CH,),CO,H 

CH,(C=C),CH(OH)CH(OH)CH(OH)CH,OH (2S, 3S, 4s) 

HC=C-CEC-CH=C=CH-CH~=CH-CH'=CHCHCH~CO,H 

HC~CCH,(C~C),-CHe=CHCH,CO,H 

CH,(C=C),-CH'=CHCH,OH 

HOzC-(C~C),(CH~),COzH 

H(C=C),-CH=C=CHCH,CH,OH 

(27) 
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(38) 

(39) 

NC-(C~C),-CH'=CH-CO,H (40) 

(41 1 H(C=C),H 

A large number of polyacetylenes have retained obviously straight-chain structures 
and are  readily recognized by their typical ultraviolet absorptions (e.g. 1,2,3,20,22, 
31, 32, etc.). 

In a considerable number of polyacetylenes the straight chains have been converted 
into both homo- and heterocyclic structures. I n  some, like the benzenoid 23, the 
tetrahydropyran 18, the spiroketal24 and frutescin (25), the polyacetylene structure 
is still clearly recognizable though not always detectable in the ultraviolet spectrum 
(e.g. frutescin, 25 It is more difficult to  recognize the 
relationship of compounds like carlina oxide (15)21, capillarin (26)?', or the dithienyl 
28 23, in which most of the original chromophore participates in the ring formation, 
with the straight-chain polyacetylenes. Some exotic structures l ike a dithioZ4 or 
thiethanoneZ5 ring and epoxysulphoneZG (cf. 27) containing polyacetylenes have 
also been encountered. No nitrogen heterocyclic examples have so far been discovered. 

14. Natural acetylenes 

CH,CH,CH(OH)(C=C),CH(OH)CH,OH (2R, 7s) 

HOCH,(C=C),-CONH, 

and the spiroketal 24 

C. Structural Elucidation and Synthesis 

Spectra are today crucial in structure elucidation on account of the small amounts 
of material usually available and the poor stability of many polyacetylenes in the 
condensed phase. The ultraviolet spectra, notable for the typical sharp finc structures 
associated with many poly-yne and poly-yn-ene chromophores (c.f the chromophore 
allocation in Figure 1 ; tables for typical poly-yn-ene maxima existG. often determine 
the unsaturated part of the molecules. A few unequivocal chemical reactions like the 
manganese dioxide and periodate oxidations for allylic/propargylic alcohols and 
acetylenic/ethylenic a,P-glycols, respectively, along with the associated bathochromic 
shifts o f  the ultraviolet maxima, provide additional informatioii about the groups 
attached to the chromophore. Fo r  the non-acetylenic parts of the molecules 
'H n.m.r. has been of the greatest help. In the infrared even the usually weak 
-C=C- stretching band becomes very strong indeed in yn-ones of the falcarinone 
(16)?' and wyerone (19)28 types and can even serve for their detection. The use of 
13C n.1n.r. has not yet been used in the structure determination of natural poly- 
acetylenes283. Mass spectra often enable the determination of the molecular formulae 
of polyacetylenes (they a re  notoriously awkward to combust) and also give some 
typical fragmentation patterns. By contrast one cannot but admirc the discovery 
of the structure of lachnophyllum ester (3)3 on the basis of the correct interpretation 
of its molccular refractivity and the information obtained from a few incisive 
chemical reactions; albeit with amounts of material a thousand times greater than 
those used today in polyacetylene research. 

Many reactions familiar to acetylene and polyene chemistry have been used in the 
synthesis of natural polyacetylenes. The longer poly-yn-ene chains are usually 
unstable and the tendency is to form them as late as possible in the fabrication of the 
molecules. Generally, terminal fragments are prepared first by taking advantage of 
such simple acctylenes and  diacetylenes as are commercially available or relatively 
easily synthesized29. Two reactions are  then predominantly used to join these 
fragments: the Cadiot-Chodkiewicz- which permits the asymmetric 
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linking of terminal acetylenes and the Wittig reaction31 which permits the intro- 
duction of a double bond into the conjugated system. The application of these two 
reactions is illustrated in the synthesis of the chiral fungal metabolite 4232 in 
Scheme 1. 

C I  
Me,SiCGC-CH=CHR 

( 1 )  Chromatography 
(2) AgNOJKCN 1 I 

CH,(CH,),CrC-C=CBr + HC-C-CH=CHR 

CuCI; NH,OH, HCI; EtNH, 1 
CH,(CH,),CEC-C-C-C-C-CH~HR 

/H- 

OH 
I 

CH,(CH~),C=C- C ~ C - C = C  - C H ~ H - C - C H , O H  
I 

H 

SCHEME 1. Synthesis of the chiral fungal metabolite 42 from Fistitliria pnllida cultures. 

D. Biogenesis 

The  currently accepted hypothesis for the biogenesis of polyacetylenes, first 
and experimentally supported3’ by Bu’Lock, involves primarily the 

desaturation of the distal half of the oleate chain (C-10-C-18) via the a-en-byne 
system of crepenynic acid (5) (Scheme 2). The other types of transformations 
adumbrated include chain shortening, usually by the classical Q- or F-oxidations of 
fatty acids at  the proximal end, rcarrangernent and/or oxidation of the skipped 
system, extension of the chromophore, w-oxidation a t  C-18 and chain shortening 
at  the distal end by deformyiation o r  decarboxylation, functionalization, cyclization 
(e.g. thiophen from -C=C-C=C-, furan from -C=C-CH=CHCHOH-), 
etc., in sequences which may be peculiar to both metabolite and organism and 
which lead to the great variety of structures encountered in Nature and illustrated 
by the examples in this chapter. As has already been stressed above, a greater number 
of these transformations is encountered in plants than in fungi. 
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CH,(CH,),CH A C  H(CH,) ,CO,R 

i 
CH,(C H,),CH&C HCH,CH&C H(C H,)jCO2R 

CH,(CH,),C=CCH,CH~CH(CH,),CO,R (5) 

CH,(CH,),CH=CH--C=CCH,CH~CH(CH,)~CO,R (43) 

*# I / (38) 

c H,(cH,),c- c - c -CCH,CH A c H(C H,),CO,R (44) 

1 
(34) CH,CH=CH-C=C-C=CCH,CH~CH(CH,),CO,R (45) 

CH,C=C- c -c- C-CCH,CH~CH(CH,),CO,R (46) 

F)oxidalion,;,’’ *. 2 x  ?-oxidation 

SCHEME 2. Proposcd pallways for some plant and fungal polyacetyfenes on the basis of 
biosynthetic cxperiments. 

Biosynthetic experiments with likely precursors in  plants and fungal cultures are 
the main source of our knowledge of the pathways involved. In fungal cultures 
biosynthetic experiments are easier and give higher incorporations than those with 
; h t s ,  but with fungal cultures, as  with other  microorganism^^^, a variety of 
alternative sequences may be available. Thus the fungus Clitocybe rhizopliorn 
incorporates all the precursors listed in Scheme 3 with similar efficiencies (1 *5-4x)3G 
and the experiments carried out so far give littlc information about  the stage (CIS 
or Clo) a t  which, and the means by which, oxygen is introduced at  C-7 of the trio1 38. 
On thc other hand, some rather unique metabolites like diatrctyne 2 (40)37 (C-9-C-16 
of oleate) and drosophilin C (34)33 (C-S-C-18) appear to be formed by very specific 
processes, a t  least in the ultimate stages of their biogenesis. For example, the C,, 
diyne skipped-ene ester 41 is incorporated into drosophilin C but the corresponding 
17,lg-dehydro analogue is not38. Desaturation a t  C-17 and C-18 and chain shortening 
might be linked processes as  was demonstrated in the case of matricaria ester (3) (see 
below). 
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CH3CH,CH,C~C-C~CCH,CHc==CH(CHz),CO2CH3 

CH,CH,CH,C~C-C~C-CH'=CHCO,CH, 

CH3CH,CO-C~C-C~CCH,CHc=CH(CH,),CO2CH3 

CHJCH,CO-C~C-C~C-CHf=CH-COzCH3 

CH3CH,CH(OH)C~C-C~CCH,CHC=CHc=CH(CHz),CO~CH3 

CHJCH,CH(OH)C~C-C~C-CHI=CH-C0,CH-COzCH3 

SCHEME 3. Possiblc C,, and Cl0 precursors incorporated (1.5-4%) by cultures of thc fungus 
Clitocybe rhizoplroru into CH,CH,CH(OH)(C=C),CH(OH)CH,OH (38). 

In  most biosynthctic experiments with plants great specificity has been observed 
throughout the pathway and sequences leading to individual metabolites could be 
envisaged with a high degree of certainty. Chain shortening of the CIS triyne 
skipped-cne 46 was thus found to occur by either 

( i )  onc a- and two @-oxidations (in that order) to a C,3 triyne skipped-ene 
intermediate which is converted in Clrrysaritkernunt frirrrtescems L. into benzenoid 
acetylenes39. .'O (e.g. 25 and 29) and in C. jlrosculosum L. into thespiroketal24 38,  

or 
(i i)  two F-oxidations to a C,,, triyne skipped-cne intermediate which in Corepsis 

lnriceolntn L. yields phenylheptatriyne (23)391 41. Pathways leading to the 
benzenes have been proposed, and that for 23 probably involves the hydroxy 
keto-estcr 47 41. 

(47) 

Another example of the specificity encountered in plants is found in the difference 
between the pathways leading to CH,C=CR and CH,CH=CHR polyacetylenes. 
Unlike the case of dehydromatricaria ester (1) for which 46 and the C18 triynene 
keto ester 48 are precursors4?, the C18 enediyne skipped-ene ester 45 (Scheme 2) is 

(48) 

not incorporated into matricaria ester (3). Since the esters 44 and 49 are incorporated, 
the 8-ene formation of matricaria ester appears to occur offer rcarrangement and 
oxidation and is linkcd to the chain-shortening process.42 

C H J( C C) - C H =C H - C 0 (C H,) ,C O,R 

CH,(CH,),(C~C),-CH=CH-CO(CH,),CO,R 

(49) 

N o  real evidence exists concerning the in vivo formation of the carbon-carbon 
triple bond but dehydrogenation uin cis double bonds was favoured spe~u la t ive ly~~  
and appears probable on account of the similar incorporations observed for linoleate 
and crepcnynatc (5)37, 43 and the better incorporations of 1 4 4 s -  than 14-traris- 
dehydrocrepenynate (43) into several fungal metabolites (e.g. 35, 35, 40)41. Bio- 
synthetic cxperiments with leaf homogenates of Clrr,ysanf/rettinm f/oscrr/osrrn~~~ 
indicate that the enzymes required for the desaturation of oleic acid are located 
within the chloroplasts whilst the final oxidation of the CI3 triyiie skipped-enc 
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intermediate and the cyclization to  the spiroketal 24 were effected by extracellular 
enzymes. 

For the biosynthetic experiments mentioned a considerable number of potential 
precursors specifically labelled with 14C and 3H have been synthesized, e.g. 
References 39-41, 46. 

E. Ph ysiologicul Properties 

No obvious physiological role can be allocated to polyacetylenes in the organisms 
which produce them. They have been detected very early in the life of plants, e.g. 
ene-tetrayn-ene polyacetylenes in Dahlia seedlingsa7 and the ketone 19 in broad 
bean (Vicio faba L.) seedlings2e. The ketone 19 may act as a systemic fungicide in the 
seedlings and later in the grown plant; attack by pathogenic fungi causes a several 
hundred-fold increase of its concentration in the leaves48. Similarly, a twenty-fold 
increase in the concentration of the diol22 occurs in safflower (Curthamits tirictoriurn 
L.) on infection with pathogenic fungi4D. Acetylenic ketones in general appear to be 
fungicidal ; another and an  outstanding example is capillin (29) (first isolated from 
the Compositae Artemisia capilloris T h ~ n b . ~ ~ )  which is active against fungi of the 
skin, cf: Reference 51. Nematocidal activity is shown by the dithienyl 28 from 
Tagetes species, cf: Reference 51. 

Several polyacetylenes are known to be generally toxic. Thus the plant extract 
used by the natives of the Lower Amazon Basin as fish poison on their arrow heads 
contains the tetrahydropyran alcohol 18 as active principles2 (it also occurs in 
dahliass3), whilst the high toxicity of the water hemlock (Cicuta uirosa L.) is due to 
cicutoxin (17)s4. 

The first fungal polyacetylenes like mycomycin (33)5s and agrocybin (39)ss were 
detected and isolated on  account of their antibiotic properties; however, their 
comparative instability precluded any practical application. 

An extensive review article on synthetic and  natural acetylenes as  potential drugs 
is availables1. 

F. Taxonomical Implications 

The relatively easy detection of small amounts of polyacetylenes makes them an 
obvious choice for chemical-taxonomical investigations, and SOrensens7 and 
Bohlmann6 have both discussed in detail possible implications of the distribution 
of polyacetylenes. The  occurrence of related polyacetylenes restricted to individual 
plant families or tribes can be illustrated by a few of the C14 polyacetylenes identified 
so far only in species of the Campanulaceae family5B (Scheme 4). 

HOCH,C H LC H -(c-c),-cH-LcH 

H o c H,C H Lc H -(c = c),- c H c H c H (0 H)(C H , ),c H, o H 

CH,=CHCH(OH)(C-C) , -CH~H 

CH,=CHCH(OH)(C=C),-CH~HCH(OH)(CH,),CH,OH 
SCHEME 4. Polyacetylenes from Campanulaceae specics. 
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1. INTRODUCTION 

Essentially thesame methods of synthesis ofopen-chain acetylenes had been adopted for 
the preparation of cyclic acetylenes, e.g. cyclopentadecyne (1) and cyclohcptadecyne 
(2) were obtained by the reaction of potassium hydroxide with the corrcsponding 
1 -bromo-cycloalkenes'. 

(1) n 7 15 
(2) n 7 17 

e 
Similarly cyclododecyne (4) was synthesized from I ,2-dichlorocyclododecane (3)?. 

Civetone (7), a natural perfume of animal origin, was prepared by partial reduction 
followed by acid hydrolysis of the ketal of the cycloheptadecyne derivative 6 obtained 
by dehydrobromination of the dibromo ketal 5 3. 

However, cyclic acetylenes had been regarded as a special group of compounds 
accessible only with difficulty until recent developments of acetylene chemistry, when 
a wide variety of cyclic compounds were prepared and their properties extensively 
studied. 

The four carbon atoms (-CH,-C=C-CH,-) in a disubstitutcd acetylene are 
linear, owing to the sp hybridization of the acetylenic carbon atoms. Consequently, 
incorporation of the linkage in a small or a medium-sized ring system niay cause a 
remarkable ring strain. Hence comparison of the physical and chemical properties 
of strained cyclic acetylenes with those of open-chain analogues is an interesting 
problem. The straight and rigid acetylenic bond may exert a prominent restriction 
on the conformation of cyclic acetylenes, and in some of these the triple bond seems 
to be held rigidly in a spatial position proximate to other groups in the cyclic system, 
thus offering model substances for the study of transannular interactions. Finally, 
the studies on fully conjugated cyclic polyenpolyynes (dehydroannulenes) are 
interesting, especially in connection with their aromaticity or antiaromaticity. 

This chapter is concerned with the above-mentioned three probleins of general 
interest, because transannular phenomena are the siibjcct of a separate chapter. 
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I I .  SHORT-LIFE CYCLIC ACETYLENES 

A. Ring Strain and Reactivity 

Inspection of molecular models reveals that cyclononyne should be slightly 
strained, while all smaller cycloalkynes should be strongly strained. In fact up to the 
present time, cycloheptyne is the smallest cycloalkyne to  have been isolated4. 
Since the reactivity of medium-sized cycloalkynes increases with decreasing ring size 
(see Section HI), one may expect the formation of smaller cycloalkynes as  highly 
reactive reaction intermediates. 

0. Evidence for their Intermediacy 

1,2-Dibromocyclohexene (8) yields 11 and  12 on treatment with magnesium5. 
This result can be best explained by assuming the formation of cyclohexyne (9) and 
dimerization thereof to give cyclobutadiene (10). Addition of 9 to 10 and dimerization 
of 10 should give 11 and 12, respectively. However, the formation of 11 and 12 cannot 

---’ Mr, [ 011 

be regarded as a n  unequivocal proof for the intervention of (9). Several alternative 
pathways leading to  the same products have been suggested by Krebss. Thus, for 
example, 10 could be formed by stepwise elimination of bromine from two moleculcs 
of 8. 

Br Br 

21 qBr + Mg + MgBr, 

23 
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Trapping reactions and isotopic labelling have been used to exclude the above and 
related mechanisms and to confirm the occurrence of cycloalkynes in a similar 
manner a s  in benzyne research. 

The reaction of 1,2-dibromocycloalkenes (13) with magnesium in the presence of 
1,3-diphenylbenzo[c]furan (16) affords a cycloalkyne adduct (17)7. Also, the mercuric 
oxide oxidation of bishydrazone, which has been used extensively in the preparation 
of open-chains* and or large cyclic  acetylene^*^-^^, is adapted for small 
ring bishydrazones (18)18. Treatment of 18 with mercuric oxide in the presence of 
16 or of phenyl azide results in the adducts, 17 and 19, respectively. It seems 

n = 7  
n = 6  
n = 5  

CJ-4 
(1 9) 

reasonable to assume that cycloalkynes are involved in these trapping reactions, 
even though alternative pathways are possib1el9. The diphenylbenzo[c]furan adducts 
(17) of cyclohexyne and cyclopentyne are obtained by the reaction of the corre- 
sponding bromomethylenecycloalkanes (20, I I  = 6 and 5 ) * O .  Oxidation of the 
aminotriazole derivatives (21) with lead tetraacctate at - 76 "C in the presence of 
tetracyclone (22) also gives adducts 23 Lithiotosylaminotriazoles (24) gives the 
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s me adducts (23) by photolysis in the presence of tetracycIonezZ. The yields f the 
adducts of the above-mentioned trapping reactions are summarized in Table 1. 

TABLE 1. Yields of cycloalkyne adducts. I: Grignard reaction; 11: oxidation of 
bishydrazone; 111: base elimination of bromomethylene derivative; IV:  oxida- 

tion of aminotriazole; V: photolysis of tosylaminotriazole anion 

Diphenyl benzofuran Tetracyclone 
adduct (%) adduct (%) 

Cycloalkyne I" IIb IIIG IVd Vd 

Cycloheptyne 64 26 93 56 - 
Cyclohexyne 50.5 7 35 88 54 
Cyclopent y ne 2.1 0.5 12 - - 

a Reference 7. 
Reference 18. 
Reference 20. 
Reference 21. 
Reference 22. 

Decrease of the yields of adducts in various trapping reactions with decreasing ring 
size offers further support for the intermediate occurrence of cycloalkynes, since if 
the trapping reagent were to add to the intermediate precursor of the cycloalkyne, 
for instance25or26,suchasignificantdifferencein product yield would not be expected. 

C-Br 

C-MgBr 
(cHz)"-2 I1 

(25) (26) 

The observed trend can be accounted for  in two different ways'; the smaller cyclo- 
alkynes may be formed in lower yields owing to the more rapid decomposition of 
their precursors, or the yields of all cycloalkynes may be about the same, but, owing 
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t o  their increased instability, the smaller and highly strained ones may tend to take 
part  in side-reactions, such as polymerization or hydrogen abstraction. 

Trapping is usually a strong indication for the intermediacy of cycloalkyne, but 
adducts may be formed without their intermediate occurrence. Thus, the reaction of 
1,2-dibromocyclobutene (27)23 and 1,2-bromoacenaphthylene (29)?' with magnesium 
yielded the corresponding cycloalkyne adducts, 28 and 30, in 8% and 4% yield, 
respectively. However, i t  was shown that the reactions proceeded via addition of 
16 to  27 and 29 followed by bromine elimination by magnesium to  give 28 and 30. 

The reaction of phenyllithium with 1-chlorocyclohexene (31)25-27 and l-chloro- 
cyclopentene (34)27* 2n gives 1-phenylcyclohexene (33) and 1-phenylcyclopentene (36), 
respectively. Roberts and his coworkers studied these two reactions with lJC-labelled 

l-chlorocycloalkcnes20-28. A mixture (1 : 1) of 31a and 31b labelled with 14C in the 
positions denoted by an asterisk was treated with phenyllithium in ether a t  150 "C. 
Benzoic acid obtained by oxidative degradation of the resulting 1-phenylcyclohexene 
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showed 23% of the specific activity of the starting material. Similarly, l-chloro- 
~yclopentene-l- '~C (34) afforded rearranged product (36c, 14.9%) together with the 
expected 36a (48.9%) and 36b (3602%) showing that partial equilibration took place 
under the reaction conditions. A direct nucleophilic substitution of chlorine by 
phenyllithium is excluded by these results. The observed l4C distribution can be 
explained by intervention of cyclohexyne (32) (the calculated specific activity of 
benzoic acid is 25%) and cyclopentyne (35). However, intermediacy of cyclic allenes 
such as 1,2-~yclohexadiene (38) and 1 ,2-cycloheptadiene cannot be excluded, because 
the formation of 38 2o and 40 30 from the corresponding 1-bromocycloalkenes (37 
and  39) o n  treatment with potassium I-butoxide has been confirmed by trapping 
reactions. The  observed 14C distribution in the 1-phenylcyclopentene (36) can be 
explained by intermediate occurrence of 1,2-~yclopentadiene provided that half of 
the phenyllithium adds t o  the middle and the other half to the ends of the allenic 

(38) (39) 

*&H5 ~ &w 

(41 (42) 

linkage, and the lithi0-3-phenylcyclopentene-2-~~C (41) formed rearranges to  l-lithio- 
2-phenyl~yclopentene-l-~~C (42). However, it was found that 2-chloro-3-methyl- 
cyclohexene (43) and 2-chloro-3-methylcyclopentene (44) gave the corresponding 
phenylcycloalkenes on treatment with phenyllithium, whereas the isomeric chlorides 
(45 and 46), posscssing no  olefinic hydrogens, yielded no phenylcycloalkenes under 
the same reaction condi t ion~~l .  Furthermore, the deuterium content in l-phenyl- 
cyclopentene (36) obtained by the reaction of 1 -chlorocyclopentene-2,5,5-d3 (47) 
with phenyllithium was found lo be 1-54 (methylenc) and 0.14 (olcfinic) by n.m.r. 
spectroscopy, while no change of deuterium content was observed in the unreacted 
473a. These results clearly indicate that the main pathway for the formation of 
1 -phenylcyclopentene does not contain a cycloallene intermediate. 

(43) (44) (45) (46) (47) 

Another alternative mechanism to cycloalkyne formation in trapping reactions is 
the  addition of the trapping reagent to  the cycloalkyne precursor followed by  an 
elimination. 

Owing t o  the rapid decomposition of the intermediate precursor of the unstable 
cycloalkyne, such as 26 or 27, kinetic investigations to confirm the intermediacy of 
cyclic acetylenes could not be performed. However, 1 -lithio-2-bromocyclopentcne 
(48) was found to be fairly stable at room tenipcrature. The kinetic measurements 
indicate that 48 loses lithium bromide in a first-order reaction (k  = 2 x s-l at  
20 "C in ether), and the Arrhenilis energy of activation for this reaction was estimatcd 
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to  be 30 kcal/mole 33, 34. When lithium chloride was added to a decomposing solution 
of 48, 1-chlorocyclopentene (34) was isolated indicating the reaction is reversible3'. 
The fact that an addition of 1,3-diphenylbenzo[c]furan (16) does not increase 
the rate of lithium bromide elimination from (48) proves the generation of cyclo- 
pentyne (35). 

Li a o\ + LiBr 
Br 

The fact that the rate of dehydrobromination by potassium 1-butoxide from 
49 35, 50 and 51 3G is not affected by the addition of trapping agent indicates the 
intervention of the corresponding cycloalkyne, although the possibility of addition 
of 1-potassio-2-bromoalkene to the trapping agent cannot be excluded, if the forma- 
tion of the potassio derivative is the rate-determining step. 

The relative stabilities of cycloheptyne and cyclohexyne generated from 1 -amino- 
4,5-cycloalkeno-l,2,3-triazoles (21) and lead tetraacetateZ1 were investigated. After 
the nitrogen evolution, which occurred instantaneously o n  addition of lead tetra- 
acetate, had ceased, the trapping reagent was added after different time intervals 
to the reaction mixture, and yields of adduct (23) were determined. The results 

TABLE 2. The yields of adducts 23 

Temperature Time Yields of 
n ("0 (min) adducts 23 

6 
6 
6 

- 25 
- 25 
- 76 
- 76 
- 76 
- 76 

- 76 
-110 
-110 

1 
15 
2 

10 
60 

180 

2 
3 

1s 

3.4 
0.6 

74 
68 
49 
35 

0.6 
3 -8 
2.1 

summarized in Table 2 clearly show that the stability of cycloalkyne decreases 
markedly with decreasing ring size. The half-life of cyclohcptyne was estimated to 
be about 1 h at - 75 "C, while that of cyclohexyne was only a few seconds at - 1 I0 "C. 
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Competitive addition of phenyllithium and lithium piperidide to cyclooctyne, 
cycloheptyne, cyclohexyne and cyclopentyne has been studied in order to  gain 
infornation on the relative stabilities of cyclic  acetylene^^^. 

All attempts to find evidence for the intervention of cyclobutyne have failed u p  
to the present datez3. 28, 38 and cyclopentyne is the smallest cycloalkyne whose 
intermediacy has been firmly proved. 

C. Reactions 

1. Polar addition 

Nucleophilic additions to the acetylenic bond in various short-life cyclic acetylenes 
including optically active derivativesd4 have been extensively studiedz0* 38-44. The 
formation of 1,2-di-broniocycloheptcne was also observed in the bromine oxidation 
of the aminotriazole derivative 21 (n = 7)?l. 

2. Cycloaddition 

As previously mentioned, short-life cycloalkynes add to reactive dienes such as 
1,3-diphenylbenzo[c]furan (16) and tetracyclone t o  give Diels-Alder-type adducts, 
and the reaction has frequently been used to establish the intermediacy of short-life 
cyclic acetylenes. The addition reactions have found synthetic  application^^^^ 45, 48,  48 .  

The addition of 1 -diethylaminobutadiene t o  cycloalkynes provides an interesting 
synthetic route for benzo annelation.''. Intervention of dehydrobullvalene was also 
confirmed by the formation of Dick-Alder-type ad duct^^^. At present only azides 
are used as 1,3 dipoles in  the addition reaction with short-life cycloalkynes18B 351 61. 

3. lsomerization and oligomerization 

Isomerization of stable cycloalkynes to  the isomeric cyclic allenes under basic 
conditions indicates that the equilibrium shifts towards allene with decreasing ring 
sizess3. The  observed trend suggests that the short-life cycloallenes should be morc 
stable than the corresponding cycloalkynes. The formation of short-life cycloallenes 
has been proved by the structures of the dimers and the trapping products?O, 30,  s3, 54. 

Short-life cycloalkynes appear to form cyclobutadienes by dimerization in the 
absence of trapping reagent. Although the resulting cyclobutadienes have neither 
been isolated nor trappcd, the structures of oligomeric products may be conveniently 
interpreted by assuming the dimerization of the short-life cycloalkyne to  a cyclo- 
butadiene in the first Addition of short-life cycloalkynes to the buta- 
dienes". 58 give rise to the trimers5# 5 5 ,  Dimerization of the cyclobutadiene t o  
form the tctramer of the original cycloalkyne has also been 56. The 
formation of hexamers of cycloheptyne has been reported?'. Thermal decomposition 
of cycloheptenocyclopropenone at 250 "C gives only a t r i m e P  suggesting that only 
a t  low temperatures can sufficient cyclobutadiene accumulate to  allow formation of 
hexamer. 

II I .  MEDl U M-RI NG ACETYLENES 

Medium-ring acetylenes (8- to 1 1-membered) with one triple bond are isolable 
compounds. Eight- and ten-membered cyclic acetylenes containing more than one 
unsaturated bond have been prepared and isolated. Isolable substituted cyclo- 
hcptyne derivatives will also be discussed in this section. 
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A. Physical Properties 

The enthalpies of hydrogenation of some medium-ring acetylenes to the corre- 
sponding cycloalkanes are summarized in Table 3 G8, G7. I t  has been suggested that 
the result for cyclooctyne (69.1 kcal/mole) may be somewhat in error. Cyclooctyne, 

TABLE 3. Enthalpies of hydrogenation of 
cycloalkynes at 25 "C 

Cycloalkyne 

Cyclooctyne 
Cyclonon yne 
Cyclodecyne 
Cycloundecyne 
Cyclododecyne 
4-Octyne 
1,8-CycIotctradecadiyne 

A H  
(kcal/niole) 

69.1 
61.9 
56.5 
57.2 
61-7 
62.8 

125.4 

in spite of careful purification, took up only about 90% of the theoretical amount of 
hydrogen. I t  is suspected that the cyclooctyne was partially polymerized in the 
calorimeterss. Considerable strain in cyclooctyne is reflected in the high A H  value. 
The A H  value for cyclononyne is about the same as  for 4-octyne or cyclododecyne, 
but is 4-6 kcal/rnole higher than the value for cyclodecyne and cycloundecyne. 
Since considerable Pitzer strain and transannular hydrogen interaction have been 
shown to be present in medium-ring cycloalkanes by nieasurements of heats of 
 omb bust ion^^-^^ and X-ray analyses73, the low AH values for cyclodecyne and 
cycloundecyne can probably be ascribed to the increase of Pitzer strain and hydrogen 
interaction in the hydrogenation products, cyclodecane and cycloundecane. 

Medium-ring cycloalkynes arc in  equilibrium with the corresponding cyclic 
allenes in various basic media. The composition of the equilibrium mixture at 
100 "C in  t-butanol using potassium t-butoxide as a base is shown in Table 4 52. 

TABLE 4. The equilibrium composition 
of cycloalkyne-cycloallene mixtures 

% Cycloalkyne 
Cycloalkync in the mixturc 

Cycloundecyne 74 
Cyclodecyne 35 
Cycl on onyne 7 

The data show that the allene becomes more stable than the acetylene as the ring size 
decreases. This fact seems to be attributable to the Baeyer strain, since in an allene 
linkage only three carbons must be in a straight alignment compared to four in an 
acetylene. 

The medium-ring acetylenes show typical C=C stretching vibrationl0-l5. 7 4  at 
cn. 2210 cm-'. The fairly strong band in cyclooctync in the same region suggests 
that an angle strain at the triplc bond would render the C=C rtretching vibration 
more unsymmetric. This fact indicates that, in spite of an  appreciable strain, the  
essential character of acetylenic bond is preserved in cyclooctyne, 
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The n.m.r. spectrum of 4,4,7,7-tetramethylcyclooctyne (52) a t  room temperature 
shows only three signals corresponding to the a-methylene groups, the methyl 
groups and the regular methylene groups. The expected splitting of the three signals 
can be observed a t  -70 "C. From the coalescence temperature ( -  56 "C)  of the 
two methyl signals, AF* = 11.8 k 0.5 kcal/mole was calculated for the averaging 
process. The n.m.r. spectral behaviour of 52 indicates that the bond angles at the 
acetylenic bond are considerably bent, rendering flexibility t o  the eight-membered 
ring76. 

Me 
M e  

6. Iso!able Seven-membered Acetylenes 

I .  3,3,6,6-Tetramethyl- I -thiacycloheptyne 

As stated in the preceding section, the intcrmediacy of cycloheptyne has been 
proved unequivocally by trapping reactions and kinetic studies. However, the 
isolation of the parent cycloheptyne7". could not be achieved, presumably owing to 
rapid addition reactions to the highly reactive acetylenic bond even in diluted 

Krebs and coworkers have synthesized 3,3,6,6-tetramethyl-1-thiacycloheptyne 
(55)78. The thiacycloheptanedione (53) derived from the corresponding acyloin was 
convertcd into the bishydrazone (54). Oxidation of 54 with mercury(i1) oxide gave 
55 in 5.5"/, yield together with the cis-olefin (56, 6.9%). In the absence of oxygen 

solutions7, 18. 21, 22, 32, 35, 37, I S .  4G, 19'2, G4, 77 

(53) (54) (55) (56) 

the cycloheptyne (55) could be kept at  - 80 "C without dccomposition for several 
days. Also no di- or oligomerization reaction of 55 could be observed even a t  
140 "C. Diphenylbenzo[c]furan (16) gave 57 by reaction with 55. However, tetra- 
cyclone yielded no adduct. Isocyanides react with 55 to give cyclopropene derivatives 
(58)79. It  is to be noted that the n.m.r. spectrum indicates the high conformational 

,o 

(58) 
(a) R = p-O,NC,H, 

(c) R = cyclohexyl 
(b) R := C,H, 
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mobility of 55 a t  room temperature in spite of the presence of a considerable ring 
strain7s. The fact that the seven-membered cyclic acetylene (55) can be isolated is 
attributable to  a suppression of intermolecular reactions by the steric hindrance of 
the gern-dimethyl groups a t  the positions adjacent to the strained and reactive 
acetylenic bond. Interestingly, a stable cyclobutadiene derivative (59) has been 
obtainedso by treatment of 55 with [(C,H,CN),PdCI,] in THF. The reaction of 
the complex 59 with ethylene-bis(diphenyIphosphane), (CBH5),PCH2CH,P(C6H5)2, 
yielded the cyclobutadiene derivative (GO) as  yellowish crystals. The cyclobutadiene 
60, which can be regarded as a tetra-2-butyl-cyclobutadiene derivative, was found to 
be sensitive to oxygen, and  a furan derivative (61) was isolated from the oxygenated 
products. 

PdCI, 
(59) 

2. 3,3,7,7-Tetrarnethylcycloheptyne 
The synthesis of 3,3,7,7-tetramethylcycloheptyne (64), a carbocyclic analogue of 

55, has also been performeds1. The bishydrazone (63) derived from tetramethyl- 
cycloheptane-l,2-dione (62)83 was oxidized with lead tetraacetate and 64 was obtained 
together with 65, 66, 67 and 68. The last compound (68) is a dimer of 64 with 

(64) 25% (65) 2-3% 
+ 

unidentified structure. It was found that 64 has higher reactivity than the thia 
analogue (55). The cycloheptyne 64 reacts with phenyl azide, diphenylbenzofuran (16) 
and p-nitro-phenylisocyanide to give the corresponding 1 : 1 adducts, (69), (70) and 
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(71), respectively. The dimer 72 was obtained within 1 h on standing from neat 64. 
Treatment of 64 with carbon disulphide yielded the 2 : 2 adduct (73). The rate of 
dimerization of 64 was found to  be 107-10R times slower than that of cycloheptyne. 
From this result, the enthalpy of activation of 64 for dimerization was estimated 
to  be 9-10 kcal/mol higher than that of cycloheptynesl. 

C. Eight-membered Acetylenes 

I. Cyclooctyne 

Cyclooctyne (75) can be prepared according to  the usual methods of synthesis of 
acetylenic compounds. For instance, oxidation of the bishydrazone of cyclooctane- 
1,2-dione (74)10-1sn or  debromination of I ,2-dibromocyclooctene (76) with 
magne~ ium’~  o r  the photolysis of the anion of I-tosylamino-1,2,3-triazole derivative 
(77P3 gave cyclooctyne (75). 
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Cyclooctyne, being considerably strained, shows a high reactivity to various 
reagents such as  and butyllithium7* 84, and its Diels-Alder reactions occur 
under milder conditions than with unstrained acetylenes7. 

On treatment with aqueous silver nitrate it forms a stable crystalline complex (78), 
from which 75 can be recovered almost quantitatively by addition of ammonia7G. 
Anhydrous nickel(r1) bromide converts cyclooctyne into the trimer (79) with a 
quantitative yieldsG. However, when the reaction was carried out in the presence of a 
trace of water, the dinieric cyclobutadiene-nickel bromide complex (80) was obtained 
in 9.4% yield, together with 79 (Q5%)RG. The spectroscopic properties of 80 showed 
close similarity with those of the tetramethylcyclobutadiene-nickel chloride 
cornplexs7. 

81. 

The reaction of 75 with nickel tetracarbonyl gives the cyclopentadienone-nickel 
complex (81), thermal decomposition of which yields the cyclopentadienone 82 8G. 

2. !,5-Cyclooctadiyne 
During the course of studies on butatriene, 1,5-cyclooctadiyne (83) was isolated 

as colourless crystalss8. I t  decomposed at  105 "C and was found to  be stable at  0 "C 
under an  inert atmosphere. Cyclooctane was obtained quantitatively on catalytic 
hydrogenation of 83. Ozonolysis of 83 gave succinic acid as a sole product. 

The lH- and 13C-n.ni.r. spectra of 83 exhibit signals at  6 2.62 (CDCI,), and S 20.2 (t) 
(J = 140 Hz) and S5.S  ( s )  p.p.m., respectively. The photoelectron spectrum of 83 
shows three overlapped bands in the region of 9.0 to 10-0 eV in addition to a band 
at 10.1 eV. The splitting of the 7; band has been ascribed to splitting of the degenerate 
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5; molecular orbitals by ring strainHg. The preliminary results of X-ray crystal 
structure analysis of 83 show that the molecule has a centre of symmetry and holds 
a high planarity. 

3. Benzo derivatives 

It  was anticipated that 5,6-didehydro-l1,12-dihydrodibenzo[u.e]cyclooctene (85). 
having a large ring strain, should be less stable than cyclooctyne. However, S5 
obtained from the dibromo compound 84 on treatment with potassium t-butoxide 
and n-methylpiperidine was found to be 85a could be kept without 

Br Br 

(84) (85) 

decomposition for a few days at room temperature, and 85b showed no  change for 
three years. In spite of its unusual stability, 85b reacts on heating with azides, cyclo- 
pentadiene and piperidine t o  give the corresponding adducts, 86, 87 and 88, 

(a) R =- H; (b) R = OCH, 

N 

ciR' 
(86) (87) (88) 

R' = C,H,, CH,, COOC,H,, CHZCOOCZHS 

respectively. The tetramethoxy derivative (83b) gives the known dibenzocyclo- 
octadiene (89)01 and cyclooctatriene derivatives on catalytic hydrogenationgu. 
The bathochromic shift of the electronic spectrum of 85b, which is similar to  that of 
diphenylacetylene, was ascribed to the bending of the triple bondg0. 

(89) (90) 

Recently 85a has been prepared by a diffcrcnt routeD2. Dibenzocyclooctadienone 
(91) is converted into the semicarbazone (92), which gives the selenadiazole derivative 
(93) on treatment with selenium dioxide. Thermolysis of 93 yields 85a as crystals 
stable a t  room temperature. The lH-n.m.r. spectrum of 85a indicates the con- 
formational stability of the eight-membered ring, in contrast to the conformationally 
mobile 4,4,7,7-tetramethyIcyclooctyne (95) [coalescence temperature: - 56 "C 
(60 MHz), - 3 0  "C (220 MHZ)]'~. The selenadiazole 93 givcs the adduct 94 on 
heating with tetracyclonP. 
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H,N .CO - H N, ,N* 
Se N 

4 

(91 ) (92) (93) 

The isolation of 1,s-cyclooctadiyne (83)88 gave a strong impulse to the studies on 
eight-membered acetylenes containing more than one unsaturated bond in the 
cyclic system. Dehydrobromination of the tetrabromide 97, prepared from sym- 
dibenzocyclooctatetraene (96) with an excess of potassium t-butoxide at room 
temperature, gives sym-dibenzo-l,S-cyclooctadiene-3,7-diyne (98) as pale yellow 
crystals, which decomposes at  cn. 110 "C. The diacetylene 98 is comparatively 
stable, although some decomposition is observed aftcr two days on standing at 
room temperature exposed to light and air. The structure of 98 was confirmed by 

/ - \ / \ 
- 
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the i.r., n.m.r. and mass spectral data, and by smooth hydrogcnation to dibenzo- 
cyclooctadiene (101)03. Alternatively, treatment of 9.7 with DBN leads to a mixture 
of dibrornides, 99 and 100. Further dehydrobroniination of the mixture with 
potassium f-butoxide yields 98 93. X-ray structure analysis revealed that, in the 
crystalline state, this has a substantially planar eight-membered rings4. Bromination 
of 96 with one  mole of bromine gives the known 10205. Treatment of 102 with 
potassium t-butoxide gives sym-dibenzo-l,3,5-cyclooctatrien-7-yne (103) as golden 
yellow crystals, which decompose at  ca. 85 "C 03. Treatment with 1,s-diazabicyclo- 
[3.4.0]non-Sene gives 104, which, on further dehydrobroniination with potassium 
t-butoxide, yields 103 03. The monoacetylene 103 is very unstable, and the crystals 
decompose after a few minutes on standing a t  room temperature. Catalytic partial 
and full hydrogenation of 103 give 96 and 101, respectively". 

Treatment of (103) in THF-d, with potassium mirror at -20 "C gives a deep 
green solution of the dipotassium salt of the dianion 105 03. 

5,1O-Dibromobenzocyclooctatetraene (106) was obtained from the photobromi- 
nation product of biphenylene". A solution of 106 in THF was treated with potassium 
t-butoxide for  30s at room temperature to  give the diacetylene 107 as  a yellow 
liquid, which decomposed in a few minutes a t  0 "C. The  diacetylene 107 exhibits an 
electronic spectrum closely related to that of thc dibenzo analogue (98j. The bis 
adducts, 108 and 109 *', are obtained by the reactions with diphenylbenzofuran (16) 
and tetracyclone, respectivelyQ6. Because the eight-membered ring in 98 has been 
proved to hold an almost planar structureg.*, 103 and 107 also presumably contain a 
planar conjugated eight-membered ring. In fact, 98, 103 and 107 show complex 
electronic spectra, indicating the presence of highly conjugated systems, as  compared 
with the simple spectrum of the non-planar 96. The high-field shift of the signals of 
both aromatic and olefinic protons of 98 and 103 and the olefinic signal of 107 in 
their lH-n.m.r. spectra seem to reflect the effect of induction of paramagnetic ring 
current in the planar 8 x  electron systems*. On the contrary, the olefinic and a part 
of the benzenoid proton signals of 105, which is a ~ O T C  electron system, were observed 
a t  a lower field than those of 96 despite the presence of two negative charges. The 
dianion 105 clearly sustains a diamagnetic ring current, and the lH-n.m.r. spectrum 
closely resembles that of the corresponding dianion of 96 98. 

For lH-n.m.r. spectra of [4n]- and [ 4 r i + 2 ] ~ i  electron systems, see Section V. 
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Br 

.Ph 

Ph 

D. Ten-membered Acetylenes 

1,2-~yclodecanedione (110) with mercury(I1) 7.1. 

Cyclodecyne (1 11) has been prepared by the oxidation of the bis-hydrazone of 

Open-chain acetylenes yield pure trans alkenes on reduction with alkali metal in 
liquid ammonia. However, reduction of cyclodecyne (111) with sodium in liquid 
ammonia led to a mixture of cis- (112, > 90%) and Irons-cyclodecene (113, > 4.D/,'D. loo. 

The formation of the cis isomer (112) was attributed to  the reduction of 1,2-cyclo- 
decadiene (114) formed by a rapid isomerization of the starting cycloalkyne, while 
the formation of the trans isomer (113) was ascribed to the direct reduction of 111. 

It is t o  be noted that cyclododecyne, under the same conditions, gavc a mixture of 
cis and trans isomers with the latter being the major component9g, while cyclononynell 
yielded only trnns isomer. Since (see Table 4) the cycloalkyne-cycloallene equilibria 
under basic conditions shift to the allene side with decreasing ring sizc, these results 
indicate that the isomerization of cycloalkyne and the reduction of cycloallene 
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should be fast compared to the reduction of the cycloalkyne. Larger cycloalkynes 
behave like an  open-chain acetylene, e.g. cyclotetradecyne yields only trmts- 
cyclotetradecene”. 

Various ten-membered acetylenes containing more than one unsaturation have 
been prepared. The reaction of bis(chloromethy1) ether with acetylenediniagnesium 
bromide gave 1,6-dicxa-3,8-cyclodecadiyne (115) in cn. 2% yield together with 
trioxacyclopentadecatriyne (116, cn. OSo/,)‘o’~ lo?. A chair conformation (117) has 
been proposed for 115 on the basis of the X-ray diffraction datalo2. 

0, \ CH,-C=C-CH, 

Oxidative coupling of l,S,g-decatriyne (118)Io3 with copper(r1) acetate in pyridine1Oq 
gave a mixture of 121a and 121b in addition to the cyclic dimer 120. Thc former 
compounds (121a and 121b) arose from the addition of acetic acid to the unstable 
cyclic monomer, 1,3,7-cyclodecatriyne (l19)lo5. Hydrogenation of the enol acetate 
mixture over platinum catalyst gave cyclodecanol and bicyclic hydrocarbons 
formed by a transannular cyclizationlOs. 

r=-7 1 1 1  

-----’ [[=y -+ 
(7 

L-d + 4  
(1 18) 

(1 19) 
(120) 

ICH,COOH 
V 

(1214  (121b) 

All-cis-l,6-dichloro-l,3,6,8-cyclodecatetraene (123) and all-cis-l,6,6-trichloro- 
1,3,S-~yclodecatriene (124) were obtained by the reaction of cis,cis-3,8-cyclodeca- 
diene-l,6-dione (122) with phosphorus pentachlorideIoG. Treatment of 123 with 
lithium diisopropylamide led to all-cis-l-chloro-l,3,8-cyclodecatrien-6-yne (125) and 
naphthalene (126). The same products (125 and 126) were obtained by a similar 



654 M. Nakagawa 

treatment of 124 lo’. Thc ten-membered cyclic acetylene 125 is an unstable colourless 
liquid, being completely decomposed after standing for 16 h in the neat state or in a 
sol ution’O’. 

’ CI (1 25) (1 26) CI CI 
(1 23) (124) 

When a mixture of 9,lO-epoxy-I-decalone (127) and p-toluenesulphonylhydrazine 
in ethanol was kept a t  50 “C for 2 h, 5-cyclodecyn-I-one (128) was obtained in a 
yield of 50% lo8. This fragmentation reaction has been used for the preparation of 
4-cyclopentadecyn-1 -one1O9. 

ti N=N-SO,C,H P & - [ d A - S Q C 7 H 2  @ 
(1 27) 

Qkk 
0 

(1 28) 

IV. LARGE-RING ACETYLENES 

A. Synthesis 

Macrocyclic acetylenes containing one  acetylenic linkage have been prepared by 
the oxidation of bishydrazones of macrocyclic 1,2-diones1. lo* l i .  This method has 
been used for the synthesis of 1,7-~yclododecadiyne starting from cyclododecyn- 
1 ,2-dione110. 

In 1961, Wotizlll- and DalexJ2 independently reported the new syntheses of non- 
conjugated cyclic polyynes. When a,o-dibromides are treated with a mixture of 
sodium acetylide and disodium acetylide in liquid ammonia, cyclic diynes (129) are  
obtained together with the linear polyynes (130). Sodium acetylide, being a chain 
terminator, prevents the formation of large amounts of linear polyynes. 1,8-Cyclo- 
tetradecadiyne (129, n = 5 )  and the 22-membered dioxadiyne (131) were obtained 
by this method. 
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Br(CH,),Br + NaC-CH + NaCrCNa 

- (CH,), (CH,), + HCGC 

(1 30) 

r=7 
L& 

(129) 

655 

The reaction of a,w-dibromoalkanes with mono- or disodioalkadiynes was also 
used to give the same products”‘. Dale”? used essentially the same two-step reaction. 
The generalized reaction can be expressed as follows : 

Cyclic non-conjugated diynes and tetraynes containing 1 1-26 carbon atoms and 
cyclic tetraynes having two conjugated diyne units in the range of 16-26 carbon 
atoms have been prepared by this reaction sequence1”. 

Formation of diphenyldiacetylene by the oxidation of the copper(1) salt of 
phenylacetylene was observed by Glaser over a century ago*l3. The modern refine- 
ment of the reaction involves shaking an ethynyl compound with an  aqueous 

2C,H,C=CCu > C,H,C=CC=CC,H, 

copper(1) chloride-ammonium chloride solution in an atmosphere of oxygen (the 
so-called Glaser reaction). More recently oxidation of an ethynyl compound with 
copper(r1) acetate in pyridine has been When the Glaser coupling 
reaction is applied to  a,w-diethynyl compounds (134, n = 3, 4 or 3, cyclic dimers 
(135, iz = 3, 4 or 5 )  are formed in addition to linear oligomers (136)11.1-118. 
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The oxidative coupling of 134 by means of copper(i1) acetate in pyridine, which 
can be performed under homogeneous high dilution conditions, produced a wide 
variety of cyclic oligomers, ranging from monomer (137) to  hexamer (141)lo4* 11% 120. 

(134) 

iii 
I 

iii 
I 

The severely strained cyclic dimer of 15hexadiyne (135, n = 2) was not obtained 
under either Eglinton's or the regular Glaser conditions, while the Glaser coupling 
of 1,6-heptadiyne (134, n = 3)'18, 1,7-octadiyne (134, 11 = ,)]lo and 1,8-nonadiyne 
(134, n = 5)llY gave the cyclic dimers (135) together with the higher oligomers. 
However, the Glaser coupling of 1,Shexadiyne (134, n = 2) carried out in the 
presence of a large amount of benzene afforded the cyclic dimer (136, n = 2) in the 
solution, but attempts to  isolate it in a pure state failed owing to its instabilityl2l* l22. 

A wide variety of macrocyclic polyacetylenes has been prepared by the oxidative 
coupling and converted into dehydroannulenes, which will be discussed in Section V. 

B. Properties 

I. Conformation 

The influence of triple bonds on the conformation of large-ring acetylenes is 
reflected in the melting points. Cycloalkadiyne (142, x = 1) and cycloalkatetrayne 
(142, x = 2) show a significant alternation of melting points (Figure 1)73, l12. Since 
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14-, 18-, 22- and 26-membered rings can exist in strainless conformations containing 
only staggered bonds, while this is not possible for 12-, 16-, 20- and 24-membered 
rings, the melting point alternation can be reasonably ascribed to the difference of 
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FIGURE 1. Alternation of melting points of the cycloalkadiynes (142, x = 1) and the 
cycloalkatetraynes (142, x = 2)"?. Reproduced by permission of the Chemical Society. 

conformation. An analogous alternation of melting points has been observed in a 
series of o,p-bridged cyclic tolans (144) which were synthesized by the Fritsch- 
Buttenberg-Wiechell rearrangement of the cyclic intermediate (143) prepared 
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according to  the following reaction sequence:lz3 

t 

As shown in Figure 2, the even-membered ring compounds (144, n = 8, 10 or 12) 
show much higher melting points than those of the odd-membered acetylenes (144, 
it = 7, 9 or 11). This fact indicates that the molecular geometry of 144 is dependent 
not only on the length of the bridging chain, but also on whether the number of the 
methylene groups is odd or even. 

2. Strained systems 

Because a diacetylenic linkage has a linear alignment of six carbon atoms 
(C-C=C-C=C-C), incorporation of the linkage in a monocyclic system may, 
a t  least in some cascs. cause a distortion or a bending of the linear alignment, which 
should result in a change of physical properties. 

Misumi and his coworkers have prepared 1,3-~yclotetradecadiyne (145) and 
1,3-cyclotridecadiyne (146) by Eglinton's oxidative coupling under high dilution 
conditions of the corresponding a,o-diynes".*. 1,3-Tridecadiyne (146), the smallest 
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FIGURE 2. Alternation of melting points of o,p‘-bridged cyclic tolans (144)lz3. Reproduced 
by permission of the Chemical Society of Japan. 

monocyclic conjugated diacetylene known so far, was found to  be an unstable 
compound in contrast to the stable 145. Examination of molecular models reveals 
that 145 is strain-free, whereas 146 is a highly strained molecule. As illustrated in 
Figure 3, the strainless 145 exhibited an electronic spectrum with a distinct vibrational 

fine structure, while the strained 146 gave a structureless absorption curve without 
significant difference between the position of absorption maxima. The observed 
anomaly of the spectrum of 146 can be reasonably attributed to the restricted 
vibration and the distortion of the diacetylenic linkage in 146. 

The effects of twist or bending of diphenyldiacetylene chroniophore systems on 
the electronic spectra have been studied in detail. o,o’-Bridged polymethylene ether 
derivatives of diphenyldiacetylene (147)lz5 and p,p’-bridged analogues (148)12G have 
been prepared by Eglinton’s oxidative coupling of the corresponding a,o-diethynyl 
compounds under high dilution conditions. 

p,p’-Bridged cyclic tolans (149)lz7 and o,p’-bridged cyclic tolans (144)128 were 
synthesized by the Fritsch-Buttenberg-Wiechell rearrangement of the corresponding 
1 ,I-bis(hydroxyphenyl)haloethylene polymethylene ether derivatives. 

The electronic spectra of these cyclic acetylenes show characteristic features of 
diphenyldiacetylene and diphenylacetylene chromophores. However, they also 
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FIGURE 3. Electronic spectra of the cycloalkadiynes 145 and 146 in cyclohexanc1?4. * Owing 
to the instability of 146, thc spectrum was measured with a solution of unknown concen- 

tration. Reproduced by permission of the Chcniical Society of Japan. 

exhibit an  interesting change with variation in the length of the bridging chain.12o 
The locations of the longest wavelength absorption maxima (Amax) and the absorption 
intensities ( E )  of 147, 148 and 149 are summarized in Table 5 togethcr with those of 
the open-chain reference compounds. Features of the molecular geometry as revealed 
by examination of the molecular models are also given. 

(147) / I  - 3, 4, 5, 6 (148) /I A 13, 14, 15, 18 

(149) n -: 11, 12, 13, 14, 18 (144) 7, 8, 9, 10, 11, 12 

The hyperchromism of the longest wavelcngth absorption bands observed in the 
higher homologues of 147, 148 and 149 as compared with the E values of the 
respective open-chain analogues can be rcasonably ascribed to the enhanced 
coplanarity of the two phenyl groups as a result of the ring formation. The fact tliat 
the maximum E values arc attained in 147 (tz = 5 ) ,  148 (n = 15) and 149 (ti = 13) is 
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consistent with the above-mentioned argument, because these molecules are strain- 
free and hold rigid and planar structures due to the presence of a bridging chain of 
adequate length. However, marked decrease of the absorption intensities is observed 
with the decrease of chain length. The significant hypochromism of the longest 
wavelength bands in the lower homologues of 147, 148 and 149 should, therefore, 
be attributed to the increase of the ring strain. 

TABLE 5. Molecular geometry and electronic spectral data of cyclic 
diphenyldiacetylenes and cyclic tolans 

Compound Molecular geometry A,,, (nm) E x 10-2 

147,n = 3 Highly strained 337 159 
147, IJ = 4 Strained, rigid 353 I99 
147, ti  = 5 Rigid, planar, strain-free 353 365 

o,o'-Dimethoxydiphenyldiacetylene 349 286 

148, IZ = 13 Highly straincd, rigid, non-planar 345.5 367 
148, IJ = 14 Strained, rigid, non-planar 344 425 
148, IZ = 15 Strain-frce, rigid, planar 343.5 514 
148, I I  = 18 strain-free, planar 342.5 465 
p,p'-Di-ri-butoxydiphenyldiacetylene 340.5 407 

147, n = 6 Slightly flexible, strain-free 349 336 

149, I I  = 1 1  Highly strained, rigid, non-planar 318 334 

149, I I  = 13 Strain-free. rigid, planar 317 443 

149, 11 = 18 Strain-free, flexiblc 315 355 

149, IJ = I?. Highly strained, rigid 317 369 

149, 11 = 14 Strain-frec, rigid, planar 316 426 

p,p'-Di-ir-butoxytolan 313 319 

In the case of 144, the decrease of chain length should increase the twisting of the 
two phenyl groups, i.e. the molecular model of 144 ( 1 2  = 7) shows that the interplanar 
angle of the two phenyl groups should be almost rectangular. Therefore, the hypo- 
chroniism observed in 144 should be regarded as  the superposition of the effect of 
ring strain and the effect of twisting of the two phenyl groups. 

With regard to the effect of ringstrain on  the location of A,,,, the above-mentioned 
four series of cyclic acetylenes. 147. 148, 149 and 144, show striking contrast. In  the 
case of 149 and 148, the increase of ring strain results in bathochromic shifts of the 
longest wavelength bands (A,,,,,). On the contrary, decrease in ring size exerts hypso- 
chromic effects on the A,,,, of 147 and of 144. The hypsochromism observed in 144 
cannot be ascribed only to the increase of ring strain, because thc twisting of the two 
phenyl groups should also result in the increase of the transition energy of the 
longest wavelength bands of 144. However, the difference in the spectral behaviour 
between the  o,o' series (147) and the p,p' series (148 and 149) seems t o  be attributable 
to thc difference i n  the mode of ring strain in these two series of cyclic acetylenes. 
The strained molecules of 147 are hcld in planar conformation regardless of the 
magnitude of the ring strain as illustrated in Figure 4. The diacetylenic linkage in 
147 ( 1 1  = 3) seems to  be forced to bend significantly due to the short bridging chain, 
but thc two phenyl nuclei should still be held in a coplanar position. Consequently, 
the p orbitals which contribute to the conjugation of the cntire chromophore system 
are also held in ;I parallcl position independent of the magnitude of the ring strain. 
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In the p,p' series (148 and 149), as shown in Figure 4, the two benzene nuclei 
should deviate from the coplanar position according to  the increase in ring strain. 
Therefore, the p orbitals in the strained members of 148 and 149, which contribute 
to  the conjugation of the entire chromophore system, should deviate from the 
parallel position. 

C,O* Series p,p' Series 

FIGURE 4. Schematic illustration of thc p orbitals in the  strained o,o'-bridged and 
p,p'-bridgcd diphenyldiacetylenes (147 2nd 148) (R = -(3(CH2)n0-)*2e. Reproduced by 

permission of the Chemical Society of Japan. 

On the basis of this consideration, it was assumed that the increase in energy of 
the ground state of the strained molecule of the o,o' series (147) should be smaller 
than that of the p,p' series (148 and 149), whereas the increase in energy of its 
excited state should be larger than or almost the same as that of the p.p' series 
(148 and 149). Consequently, a s  illustrated in Figure 5 ,  the transition energy (AE') 

Excited 

Ground 

--=t -r= Excited 

1 Ground __.---- 

Strain-free Strained Strain -free Strained 

A€ c A€' AE' 

(0) ( b )  

FIGURE 5. Transition encrgics of (a) o,o'-bridged and (b)p,p'-bridged diphenyldiacetylencs129. 
Reproduced by permission of the Chemical Society of Japan. 

of the strained o,o'-bridged molecule (147) becomes larger than that of the strain- 
free molecule (&). Conversely, the transition energy (AE') of the strained p,p'- 
bridged molecule (148 and 149) becomes smaller than that of the strainless molecule 
(AE) ,  i.e. the incrcase of ring strain in the p,p' series and in the o,o' series should 
result in bathochromic and hypsochromic shifts, respectively'". 
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V. D E H Y  D R O A N  N U LENES 
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A. Dehydroannulenes 

1. Synthesis 

Oxidative coupling of 1 ,Shexadiyne (150) with copper(I1) acetate in pyridine 
yielded a mixture of the cyclic trimer 151, the tetramer 152, the pentamer 153 and 
the hexamer 154 in addition to  other ~ o m p o u n d s ~ ~ ~ ~  lZo* I3O. The cyclic trimer 151 

+ 

gave fully conjugated 18-membered hexaentriyne, trisdehydro[l8]annulene, isomer I 
(155) in SO% yield on  treatment with potassium 2-butoxide in t-butanol at  90 "C for 
30 niin13'. lo2. A more careful examination of the rearranged products revealed that 
they contained isomer 11, a geometrical isomer of 155 and the tetrakisdehydro- 
[18]annulene, a dehydrogenated product of 155 133. Partial hydrogenation of 155 
yielded the [18]annulene (156) in cn. 30% yield13a. 135. The success of the synthesis 

of the fully conjugated macrocyc!ic systems, 155 and 156, reported by Sondheimer 
i n  195913', was an important milestone in the history of non-benzcncid aromatic 
chcmistry. 
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The prototropic rearrangement of the cyclic tetramer 152, the pentamer 153 and 
the hexamer 154 on treatment with potassium 1-butoxide gave the tetrakis- 
dehydro[Ml- (157)135, the pentakisdehydro[30]- (159)*35 and the hexakisdehydro[36]- 
(161) a n n ~ l e n e s ' ~ ~ .  Catalytic half-reduction of the triple bonds in 157 and 159 gave 
[24]annulene (158) and [30]annulene (160), respectively*35, although their con- 
figurations were not firmly established. 

(152) -+ 

(153) -+ 

(154) -+ 

-> 

Treatment of 1,5,9-decatriyne (162) with copper(I1) acetate in pyridine yielded the 
20-membered cyclic dimer 163 and the 30-membered cyclic trirner 166136. The 
bisdehydro[20]annulene 164 and the trisdehydro[3O]annulene 167 were obtained by 
the prototropic rearrangement from 163 and 166, respectively. Half-reduction of 
the dehydroannulenes (164 and 167) yielded 1201- (165) and [301- (160) annulenes, 

Combining the oxidative coupling reaction of a,o-diethynyl compounds to give 
cyclic poly-ynes with the base-induced prototropic rearrangement of the cyclic 
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polyenpoly-ynes, Sondheimer and his coworkers have synthesized a wide variety of 
dehydroannulenes. 

1 1 1  
C 
H 

2. Aromaticity and antiaromaticity 

Although no  generally accepted definition of aromaticity exists a compound is 
considered to be aromatic if i t  possesses a large (negative) resonance energy which is 
apparently the consequence of x-electron delocalization in the ground state of the 
molecule. Therefore, determination of heats of hydrogenation or combustion is the 
most direct criterion for aromaticity. Other criteria are diminished bond alternation 
in the conjugated cyclic system and the presence of a magnetically induced 
diamagnetic ring current*. Consequently, X-ray structure analysis and n.m.r. spectro- 
scopy are  also important tools for testing the aromaticity of a compound. The 
Huckel molecular orbital method (HMO) predicts aromaticity for the annulenes 
with (4n+2);s  electrons in the ring, provided that the molecules hold planar or 
near-planar configuration (Hiickel's rule)137. The measurements of lH-n.m.r. spectra 
performed on [18]annulene (156) and trisdchydro[l8]annulene (155) gave dramatic 
results.l.iO. As shown in Table 6,  the intra-annular (inner) protons of [18]annulene 

TABLE 6. 60 MHz 'H-n.m.r. parameters of [18]annulene (156) and trisdehydro[l S]annulene 
(155) (7 value) 

Compound Inner protons Outer protons Solvent Temperature ("C) 
- 

[18]Annulene 12.20 0.97 THF-d, 0 
Trisdehydro[ 1 S]annulene, 8.26 2.98, 244 CDCl, 60 
Isomer I (155) 2-44 

* The terms 'diatropic' and 'paratropic' have been proposed by Professor F. Sondheimer 
for the molecules showing the effect of dia- or paramagnetic ring current in the n.m.r. 
spectrum, and molecules showing no ring current effect are named 'atropic'; cf: Acc. 
Clreni. Res., 5, 81 (1972). 
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(156) exhibit signals a t  an extremely high field, whereas the outer protons resonate 
a t  a much lower field than the usual vinyl protons. This result clearly shows that 
[18]annulene (156) (n = 4 in Huckel's rule), sustains a diamagnetic ring current in 
an applied external magnetic field, i.e. the protons situated inside the ring are  
strongly shielded, whereas the protons situated outside the ring are deshielded by the 
secondary magnetic field produced by the diamagnetic ring current in the annulene 
ring. The same 'H-n.m.r. spectral trcad was observed in the spectrum of the 
trisdehydro[l8]annulene (155). The inner protons in 155 resonate a t  a much higher 
field than the outer protons. This fact indicates that a fairly strong diamagnetic 
ring current is induced in the conjugated 18-membered ring containing three 
acetylenic bonds; that is, the sp-hybridized acetylenic carbon atoms offer their 
p electrons in the orbitals perpendicular to the molecular plane for the formation of 
a delocalized x-molecular orbital. As expected, dehydroannulenes have a higher 
conformational stability than the corresponding annulenes. The lH-n.m.r. spectra of 
trisdehydro[l8]annulene isomer I (155) were found to be almost temperature- 
independent up  to 150 "C, whereas the coalescence temperature of the spectrum 
of [18]annulene (156) was found to be 30 "C, thus indicating a higher conformational 
mobility of the latter Also, the coalescence temperature of the 
'H-n.m.r. spectrum of [14]annulene (168) was reported to be -30 "C, while the 
corresponding tris-1'2. lA3, bis-13'* 142 and monodehydr0[14]annulenes~~~~ 13** 139, u2 
gave non-mobile spectra. 

Formation of substituted products by electrophilic reactions is one of the 
characteristics of benzenoid compounds. It has been shown that a few dehydro- 
[4n +2]annulenes afford substituted annulenes under strictly limited reaction 
conditions. Monodehydro[l4]annulene, on treatment a t  room temperature with 
ccpper(1r) nitrate-acetic anhydride, oleum-dioxane and subsequent methylation 
and acetic anhydride-borontrifluoride etherate, yielded monosubstituted products, 
169a, 169b and 169c, respectively. The electrophilic reactions must have resulted 
in substitution of one of the outer protons, but the exact point of attack has not been 
determined l.l '. 

(a) R = NO, 
(b) R = SO,CH, 
( c )  R = COCH, 
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It has been found that 155 can be converted into 3-nitro-l,3,7-trisdehydro- 
[18]annulene (170) on brief treatment with copper(x1) nitrate in acetic anhydride 
at  room temperat~re. ' "~ The nionoacetyl derivative of 155 was also preparedl.'s. 

Recent quantum-mechanical theory of induced ring currents in fully conjugated 
monocyclic molecules has shown that paramagnetic ring currents should be induced 
in planar or near-planar 4nx systems, in contrast t o  diamagnetic ring currents in 
(4n+ 2)x  system^^^^-'^^. Consequently, in a 4nx system, the lH-n.m.r. signals of the 
protons outside the ring should be displaced to high, and those inside to low, field. 

Treatment of a solution of cyclododecatetrayne (132, tz = 2) with potassium 
r-butoxide a t  room temperature gave 1 ,S-bisdehydro[12]annulene (171)lZ2 and 
I ,5,9-trisdehydro[ 12lannulene (172)149, which is produced by dehydrogenation and 
prototropic rearrangement in a basic medium. The  'H-n.m.r. spectrum of 171 
measured a t  +37 "C exhibits signads a t  T 2-73 (H3, HG), 5.32 (H.', H5), 4.82 (octet, 
H2, He) and - 1 e l  8 (quartet, H1, Ha) 148. The lowest field quartet was assigned to the pro- 
tons attached to the t y n s  double bond (Hl, Ha), which rapidly interchanges the outer 
and inner positions, and the quartet represents an average of the true positions of the 
inner H1 and outer H8 protons. Xn this case, cooling to  - 80 "C did not result in the 
'non-mobile' structure, only a certain down-field shift (- 1.55) and broadening of 
the quartet being apparent. 

(171) 

Br 

r A .Br HZ Br 

Hexabromocyclododecane (174) prepared by the bromination of cyclododecatriene 
(173) was treated with a limited amount of sodium ethoxide t o  give tribromocyclo- 
dodecatriene (175). The hexabromide 176 was prepared on  treatment of 175 with 
NBS. The dehydrobromination of 176 with four equivalents of sodium ethoxide 
yielded S-bromo-1,9-bisdehydro[l2]annulene (177)lS0. Treatment of 176 with an  
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excess of sodium ethoxide gave 1,5,9-trisdehydro[l2]annulene (172)'"'. Owing to the 
presence of a bulky bromine atom on the 1r.on.Y double bond, conformational 
interconversion of 177 is not possible. In fact, the lH-n.m.r. spectrum a t  room 
temperature exhibits the inner proton (HI) signal at  T - 6.4. Since local anisotropy 
effects of the two triple bonds, if operative, cause an upfield shift147, the fact that the 
inner proton (HI) resonates a t  such a low field should be attributed to the strong 
deshielding effect of the paramagnetic ring current induced in the nearly planar 
12n electron system. 

1,3,7,9,13,15-Hexakisdehydro[18]annulene (178), a [41z+ 2]dehydroannulene 
having a similar geometry to  1,5,9-trisdehydro[lZ]annulene (172), has been synthe- 
sized according to  the following sequence of 

(178) 

The IH-n.m.r. spectrum of 172 shows a singlet at  T 5-55 Is0, whereas a singlet 
at T 2-95 is observed in 178 158. Although the possibility cannot be excluded that the 
high-field signal of 172 is due to  local anisotropy, the fact that the protons in 178 
exhibit a signal at  a much lower field provides strong evidence for the existence of a 
diamagnetic ring current in 178 and a paramagnetic ring current in 172. The 
comparison of the IH-n.m.r. spectrum of 172 with that of 178 seems to give a 
conclusive decision in the controversy on the presence of induced ring currents153". 

3. Dehydroannulenones 

If we take into account the polarization of the carbonyl group, a dehydro- 
annulenone, a fully conjugated cyclic polyenepolyyne ketone containing (412 + 3) 
ring members, should represent a (412 + 2) T; electron system and be aromatic. 
Conversely, a dehydro[4n + 1 ]annulenone should represent a 41m electron system 
and be non-aromatic. 

1,2-Diethynylcyclohexene (180) prepared from 179 via four steps was converted 
into the mono-Grignard derivative. The reaction of the latter with ethyl formatc 
led to 181, which on  oxidative coupling and subsequent oxidation of the resulting 
13-membered cyclic alcohol with manganese(1v) oxide yielded the  tetrakisdehydro- 
[13]annulenone 182 l5.I. If there is an appreciable contribution from the polarized 
structure 183, it should sustain a Paramagnetic ring current in an external magnetic 
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field. Since 182 contains no protons attached directly to  the 13-membered ring, no 
definite evidence could be obtained from the 'H-n.m.r. spectrum. However, the 
rather high field signal of allylic methylene protons seemed to be attributable to  the 
shielding effect of paramagnetic ring current in 182 ls4. 

The attempts to prepare the parent tetrakisdehydro[ 13]annulenone, via the 
oxidative coupling of 184, failed, and it would seem that the instability of the highly 

strained 13-membered cyclic alcohol is to  biarne1". For this reason the non- 
conjugated 17-membered cyclic ketone 185 has been synthesized according to the 
route outlined lsa: 

OH 

24 
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Prototropic rearrangement of 185 with potassium r-butoxide in undistilled THF 
a t  a low temperature yielded tetrakisdehydro[l7]annulenenone (187) formed by the 
loss of four hydrogen atoms, instead of the expected bisdehydro[l7]annulenone 
(186)15s. The reaction carried out under similar conditions in freshly distilled THF 
resulted in trisdehydro[l7]annulenones, 188 lS7 and 189 155, with the loss of two 
hydrogen atoms. As shown below in the formulae, the 'H-n.m.r. spectra clearly 
indicate the paratropicity of these dehydro[l7]annulenones, 187, 188 and 189. 

(1 86) (1 87) (1 88) (1 89) 
N.ni.r .  specfra. Inner  H: 7 . -0.31 - 0~5O-- 0.1 0 -0.10-0.42 

Outer H :  5 - 3.88-4.87 3.53-4.84 3.75-5.05 

The  bisdehydro[l3]annulenone 191 and bisdehydro[l7]annulenone 193 have been 
prepared by the oxidative coupling of the a,w-diethynyl compounds obtained by 
the condensation of the aldehydes, 190 and 192 with acetone, and subsequent 
oxidation of the resulting cyclic Only the 17-membered cyclic ketone 
193 was found t o  be paratropic. The atropicity of 191 seems to be attributable to the 
poor planarity of the highly strained 13-membered ring. 

0 

A diatropic tetrakisdehydro[l S]annulenone (196) has been prepared by the route 
outlined as follows:'59 
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OH 

CUCI-NH,CI-0, .1 

(194) R = H 
(195) R = CH, 

The reaction of methyllithium with 194 yielded 195, a reference compound for 
'H-n.m.r. spectroscopy. The 'H-n.m.r. data indicate that the dehydro[l Slannulenone 
196 is diatropic and, as expected, the diatropicity is enhanced by protonation of the 
carbonyl group. 

Two geometrical isomers of the bisdehydro[l Slannulenone, 198 and 199, have 
been synthesized by oxid.ative coupling of 197 lG0. Neither 198 nor 199 showed any 

0 

_ _ _ _ _ _ - _ - _ - - - - - -  -_= - -  
(198) 

N.ni.r. spectrum 

I n n e r  H: 7 = 9*16(d) 

Outer H: 7 = 0.37(dd) 

-4- 

9.76(d) 
9.88(d) 

1.45(dd) 
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indication of the presence of a diamagnetic ring current. However, the 'H-n.m.r. 
spectrum measured in deuterio-trifluoroacetic acid revealed that both 198 and 199 
gave the strongly diatropic cation 200. The finding that the dehydro[l Slannulenone 
196 is aromatic is in contrast to  the apparent lack of aromaticity of lower [4n +3]- 
annulenones, such as troponelG1. Sondheimer has pointed out  that further studies 
are clearly necessary in order to resolve this apparent discrepancy, and that discrimi- 
nation of aromatic and non-aromatic compounds by the first-order coupling 
constants of the olefinic proton n.m.r. resonances is not possible, because in each of 
the lH-n.m,r. spectra of 187, 195 and 196, H' was a doublet (J  = 16 Hz), H2 a 
double doublet (J  = 16, 12 Hz), H3 a double doublet ( J  = 12, 10 Hz) and HS a 
doublet (1 = 10 H z y 5 .  

Whether an annulenedione shows some quinonoid character is a very interesting, 
but not fully explored. problem. 

Recently, some tetrakisdehydro[l8]annulenediones (201-204) have been synthe- 
sized1s2* 163. The electrochemical reduction of 201, 203 and 204 clearly indicates 
that these annulenediones are indeed quinones derived from the aromatic tetra- 
kisdehydro[l8]ann~Iene~~'. 

iii ill 
I I 

Me U O  
(203) 

iii iii 
I I 

0 

4. Dehydroheteroannulenes 

In view of the highly aromatic nature of some heterocyclic compounds, the 
synthesis and properties of macrocyclic conjugated systems containing one or more 
hetero atoms, heteroannulenes, are of considerable interest. However, the IH-n.m.r. 
spectra of N-ethoxycarbonylaza[13]ann~Iene~~~, 0xa[l7]annulene'~~ and N-ethoxy- 
~arbonylaza[l7]annulene'~', which can be regarded as [14]x, [ I  8]x and [181x 
electron systems, respectively, revealed little, if any, diamagnetic ring current. This 
may be due to the non-planar structure of these heteroannulene rings caused by the 
steric interaction of the inner protons, and the diminished difference in energy between 
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the localized and  delocalized forms owing to the presence of relatively strongly 
electron-withdrawing groups*68. 

Considering this situation Becby and Sondheimer have carried out the first 
synthesis of a bisdehydroaza[l7]annulene having a methylene bridging chainlG9. 

The di-trans isomer 206 was isolated from the products of the reaction of 190 
with the bisphosphonium salt 205 in the presence of lithium ethoxide. The rea c t’ ion 
of 207 (obtained by the oxidative coupling of 206, with dimethyl sulphate followed 
by reduction with sodium hydrosulphite) yielded the cyclic compound, containing the 
dihydropyridine nucleus, 208a. Lithium aluminium hydride reduction of 207 yielded 

CU’ - 
PY 

I 
R 

I 

(208) (a) R Me, (c) R =: COOEt 
(b) R .- H, (d) R - COMe 

208b. Treatment of 208b with ethyl chlorocarbonatc or acetyl chloride afforded 208c 
or  208d, respectively. The reaction of 207 with an  excess of alkyllithium (RLi) gave 
a 1,6addition product (209) which yielded 210a-d 170 or 211a-c 171 on treatment with 
methyl iodide o r  sodium bicarbonate solution, respectively. The dihydropyridine 
derivatives 211a-c were readily converted into the salts 212a-c by the reaction with 
potassium m i r r ~ r ” ~ .  

As expected, the bisdehydroazar 17lannulenes 208a-d proved to be diatropic. 
The  magnitude of ring current was found to decrease with increasing elcctro- 
negativity of the N substituent (a>  b>c>d)169. In accordance with the above 
observation, a niuch stronger diatropicity was found for 212. The lH-n.m.r. spectral 
behaviour of alkyl protons disposed within the cavity of the x electron cloud in 
210 and 212 clearly showed that the shielding effect decreases with the increase 
of distance of the  protons from the plane of the annulene ring17o. 171 (Table 7). 
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(a) R == CH,", (b)  R CHzn.CH,P 
(c) R -7 CH,n.CH,fi*CH,? 
(d) R = CHza.CHz/7.CHz:'.CH,J 

(212) (a) R = H 
(b) R = CH," 
(c) R = CH,a CH,F 

TABLE 7. *H-N.m.r. parameters of Hd and the protons of alkyl groups in 
210a-d and 212b-c (T values) 

Compound H" H" Ha HY H6 

- - 210a 9.49 10.52 - 
210b 9.41 10.14 10.14 c - 
210c 9.40 10.09 9.75 9.75 - 
210d ca. 9.4 10.1 1 9.81 CU. 9.4 ca. 9.5 
212b 13.47 12.41 - 
212c 13.28 11.83 11.24 - - 

Using the vinylogous aldehyde 192 in the place of 190 in the preparation of 208c, 
bisdehydroaza[2l]annulene (213) has been synthesized'73. The effect of the dia- 
magnetic ring current was clearly observed in the 'H-n.m.r. spectrum of 213 which 
is a 22ri electron system, but the diatropicity was found to  be less than that of the 
18x system, 208c. 

- - 
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COOC,H, 
I 

(21 3) 

The methylene-bridged bisdehydroaza[l9]annulene (215), a heterorrin - llannulene 
with 4nx electrons, has been synthesized'?. Comparison of the 'H-n.m.r. spectrum 
of 215 with that of the open-chain analogue 214 indicates that 215 is a paratropic 
20x electron system just as carbocyclic [4n]annuIenes1?'. 

COOC,H, COOC,H, 
I I 

- -  --- - -  * (21 5) 

(214) 

Starting from the aldehyde 192 and the bisphosphonium bromide, Br-Ph,P+CH2- 
SCH2P+Ph,Br-, bisdehydrothia[l7]annulenes 216. 217 and 218 and their oxidation 
products 219, 220, 221 and 222 have been prepared176. A weak diatropicity was 

(216) X S 
(219) X SO 
(220) x so, 

(217) X S 
(221) x so, 

(218) X L. S 
(222) x - so* 
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found in 217, but the sulphone 220 showed a weak paratropi~i ty’~~.  Since, rather 
surprisingly, only the all-trans-biscyclohexene-annelated bisdehydro[l7]annulene 
217 was diatropic, a n d  only the di-cis-sulphone 220 was pa ra t r~p ic”~ ,  the synthesis 
of dimethylbisdehydrothia[l7]annulenes was carried out according to  the following 
~ c h e m e ” ~  : 

+ 
CH,PP h,CI- 

s’ \ CH,PPh,CI- 4- + L  C H, 

+ 

4 (224a) CH3 2H, 

(224b) 

The all-tr-ans-sulphide 223 was found to  be clearly diatropic having a mobile 
trans double bond as  evidenced by the high field signals of I P  and Hb in the lH-n.m.r. 
spectrum. The di-cis sulphide 224 also appeared to be diatropic, as  indicated by the 
low-field position of the methyl proton resonance, but the chemical shifts of the 
olefinic protons suggest the conformational mobility of this molecule (i.e. 224a 
and  b). The spectrum a t  - 75 “C showed the presence of about 45% of the symmetrical 
conformer 224a. T h e  ‘frozen’ spectrum confirms that 224 is diatropic, and un- 
doubtedly also the biscyclohexene-annelated derivative 216 is considered to  be 
diatropic but conformationally mobile. The all-tmm-sulphone 225 was found to be 
atropic, whereas the di-cis sulphone 226 was clearly paratropic. This fact parallels 
the observations that the annelated sulphone 221 is atropic and thc di-cis isomer 



15. Cyclic acetylenes 611 

220 is p a r a t r ~ p i c ' ~ ~ ,  and indicates that the di-cis isomcrs, 220 and 226 can adopt a 
more planar conformation. 

Starting from 3-methyl-2-penten-4-ynal and the bisphosphonium chloride, 
CI-Ph3P+CH,XCH2P+Ph3CI-, dimethylbisdehydrooxa[l3]annulenes 227 and 228, 
and dimethylbisdehydrothia[l3]annulenes 229 and 230, the corresponding sulphones, 
231 and 232 and the sulphoxide, 233 have been synthesized.17' Using the resonances 
of the 'fixed' HC and the methyl protons as the ring current probe, it was shown that 
the oxa[l3]annulene 227 is a t  most weakly diatropic, the sulphide 229 is definitely 
diatropic, and the sulphone 231 is clearly atropic. That the signals of both Ha and 
Hb in the lH-n.m.r. spectrum of the diatropic sulphide 229 shifted to  higher field as 
compared to the acyclic model 234 was explained by the contribution of the rotamer 
235 and/or 236, since in a diatropic molecule the shielding effect on an  inner proton 
far exceeds the deshielding effect on an outer proton. The coalescence temperature 
of H0 and Hb in 229 was found to be about - 90 "C. The cis,trans isomers, 228, 
230 and 232 were found to  be atropic, presumably due to  their less planar structure 

(227) X = 0 
(229) X = S 
(231) X = SO2 
(233) X = SO 

(228) X :. 0 
(230) X : S 
(232) X = SO, 

compared to the di-trans analogues, 227, 229 and 231. The bisdehydrothia[lS]- 
annulenes 237 and 238 and bisdehydrooxa[ 1 Slannulene 239 have been synthesized 
by the Wittig reaction of the corresponding bisphosphorane (Ph3P=CHXCH=PPh3) 
with a 1 : 1 mixture of the corresponding cnyne aldehyde and dienyne aldeh~del-'~. 
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The lH-n.m.r. spectra of 237 and 238 d o  not indicate any conformational mobility, 
in contrast to bisdehydrothia[ 131- (227)l” and [17]annulenes (223 and 2N)17s. 
It was found that the sulphides 237 and 238 are  clearly paratropic 1 6 ~  electron 
systems. The lH-n.m.r. spectrum of mono-cis-bisdehydrooxa[l Slannulene (239) 
shows that it is atropic; molecular models suggest that 239, unlike all-trans 
analogues (237 and 238), cannot be planar. 

The methylene-bridged bisdehydrooxa- (240) and thia- (Ula ,b)  [I 7]annulenes, 
which were found to be diatropic, have been prepared according to  the following 
reaction sequence 

b J 8 J 

(241) (a) R = H 
(b) R = C,H, 

Oxidation of 241a, b with two molar equivalents of m-chloroperbenzoic acid 
afforded the sulphones 242a and b. When 241a, b was oxidized with one molar 
equivalent of the same peracid, anti and syn isomers of the sulphone, 243 and 244 

0 

(242) (a) R = H 
(b) R = C,H, 
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were obtained (Figure 6)180. The sulphones 242a, b were found to be clearly paratropic 
in contrast to the diatropic sulphides U l a ,  b. The stereoisomeric sulphides 243 and 
244 show remarkably different lH-n.m.r. and electronic spectra. The spectrum of 

c,H 3 

anti SYn 

FIGURE 6. Anti and syn sulphoxides 243 and 244. 

the syn isomer 244 is very similar to that of the sulphone 242b showing para- 
tropicity in the lH-n.m.r. spectrum. On the other hand, the 'H-n.m.r. spectrum 
shows that the anfi isomer 243 is atropic, and also the electronic spectrum is quite 
different from that of 244. Considering the favourable disposition of the 2p orbital 
of the axial sulphoxide oxygen in the syn isomer 244 for overlap with the x 
perimeter, the possibility that the syn isomer 244 is a paratropic 'Mobius' 18x 
electron system was suggested 180. 

Up to now, no pyridine-type dehydroheteroannulene has been synthesized*. 

5. Dehydroannulene anions and cations 

The addition of one or two electrons to [4n+ 11- or [4n]annulene should result in 
an aromatic anion or dianion having [4n+2]  x electrons. 

The alcohol 245, obtained by the sodium borohydride reduction of trisdehydro- 
[17]annulenone 188, was converted into the methyl ether 246. Treatment of 246 with 

(245) R = H 
(246) R = CH, 

(247) 
Nn1.r. spectrum 

Inner  H :  7 = 18.54-19.09 
Outer H: 7 = -0.47-2.16 

methyllithium in THF-d8 at a low temperature gave a dark blue solution of the 
lithium salt of 247lS7. The anion, being an 18x electron system, was found to be 
strongly diatropic as shown by the data under the structure. Similarly, the atropic 
biscyclohexene-annelated bisdehydro[l3]annulenone 191 could be converted into 
the strongly diatropic bisdehydro[l3]annulenyl 248 181. This result indicates that 
the anion 248 holds higher planarity than 191. 

The sole instance of a pyridine-type non-benzenoid heteroaromatic systcm is Irons- 
1,3,15,16-tetramethyl-2-azadihydropyrene, a peripheral 14;r electron system, prepared by 
V. Boekelbeide, J.  Am. Chem. Soc., 92, 3684 (1970). 
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OCH, 
I 

The bisdehydro[l Zlannulene 171 12* and the trisdehydro[ 1 Zlannulene 172 14B gave 
the corresponding diatropic dianions (249 and 250) on treatment with potassium182. 
Although, as already mentioned, 171 shows high conformational mobility, the 

/=y N.m.r. spectra 

Outer H J.:- **.I Inner (171) -----+. 
7 = 16.88 7 = 2.03-2.47 

3.31-4.01 
._ .--- 

(249) 

(250) 

anion (249) was found to be conformationally stable giving almost temperature- 
independent lH-n.m.r. spectra in the range of - 35 "C to +30 "C. The higher 
conformational stability and planarity of the annulenyl anion as compared with the 
corresponding neutral annulene have been generally observed, e.g. [16]annulene 
having an extremely high conformational mobility183 gives a planar and conforma- 
tionally stable dianionla4. 

The  extremely unstable octakisdehydro[24]annulene 251 yielded the dianion 
253 via the radical anion 252 on treatment with potassium mirror185. The  e.s.r. 

(251) 7 3.85 

.1 

4- 
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spectrum of the radical anion 252 was found to be consistent with the planar sym- 
metrical structure. Thc coincident position of the lH-n.m.r. signals of 251 and 253 
is attributed to the balance betwcen the deshielding effect of the diamagnetic ring 
current and the shielding due to the excess of electron density, as has previously been 
observed for cyclooctatetraenc and its diaiiionlEG. 

Cations derived from [4n + 3lannulcnes can be expected to be aromatic [4rz + 21 i t  
electron systems like the cyclopropenium ( t i  = 0) lo’ and tropylium (n = 1) cationslE8. 

Treatment of the alcohols 254 and 256, obtained by reduction of the bisdehydro- 
[15]annulenones 19s and 199 lel, with trifluoroacetic acid gave the strongly diatropic 
bisdehydro[l4]annulenium cation (255)lEo. The diatropicity of 255 was found to  be 
stronger than that of the protonated species (200) of the annulenones 198 and 199. 

, + ,# 

(198) - 
--____- - -  - _  --- - -  - -  
(255) 

N.m.r. spectrum 

Inner H: 7 = 13.13 

Outer H: 7 = 0.13 

(254) 

13.91 

-0.31 

B. ‘Acetylene-cumulene’ Dehydroannulenes 

1. Gisdehydr0[4n+2]annulenes 

Oxidative coupling of rrans,frans-4,1O-tetradecadien-l,7,13-triyne (257) and 
subsequent prototropic rearrangement of the coupling products yielded mainly the 
geometrical isomers of  monodehydro[ 14lannulene (258 and 259)141 and a by- 
product, 1,8-bisdehydro[l4]annulene (260)190, Formation of 260 indicates that 
dehydrogenation occurs under the basic conditions of prototropic rearrangement. 
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The 'H-n.m.r. spectrum of 260 exhibits signals due to the inner protons a t  T 15.48 
(HC, t) and to the outer protons at  T 1-46 (Ha, d)  and 0.36 (Hb, q) indicating the 
induction of a strong diamagnetic ring current139. The compound 260 was found to be 
quite stable in the solid state or in solution and gave electrophilic substitution 
products as summarized in the following scheme'.',' : 

The highly aromatic nature of 260 was further supported by the X-ray structure 
determination191. The molecule has a centre of symmetry and is planar. Apart from 
the C(sp)-C(sp) linkage, the C-C bond lengths are about the same as in benzene. 
The absence of bond alternation indicates a high degree of =-electron delocalization. 
Consequently, the compound is better represented by a symmetrical formula 260c, 
being a resonance hybrid of the KekulC structures 260a and 260b. 

(260c) 

Thus, 260, containing a formal acetylenic and a formal cumulenic linkage in the 
conjugated system, holds a unique position among dehydroannulenes containing 
only acetylenic linkages, in which no equivalent resonance structures can be drawn. 
Symmetrical 'acetylene-cumulene' dehydroannulenes seem to  be a good tool for 
the study of the aromaticity of macrocyclic conjugated systems. An efficient method 
for their synthesis has been developed by Nakagawa and his ~ o w o r k e r s ' ~ ~ .  

The cis-3-substituted-2-penten-4-ynal(262) predominantly formed by anionotropic 
rearrangement of 261 193 gave, on aldol condensation with methyl ketones, the diyne 
ketone 263. When a solution of the latter in THF was slowly added t o  a suspension 
of finely powdered potassium hydroxide in liquid ammonia, a mixture of the 
diastereomers of the cyclic glycol 264 was obtained. Treatment of 264 in benzene c)r 
ether with tin(1r) chloride dihydrate in concentrated hydrochloric acid gave the 
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tetrasubstituted 1,8-bisdehydro[l4]annulenes 265a-c 18-1, which were found to be 
stable and to form charge-transfer complexes with 2,4,7-trinitrofluorenone (Table 8). 

R' 
(265) 

(a) R = R' = t -Bu 
(b) R = Ph,  R' = I-BU 
( c )  R = R' = Ph 

(265b) 

The 'H-n.m.r. spectra summarized in Table 8 indicate that the bisdehydro[l4]- 
annulenes, 265a-c are strongly diatropic. The electronic spectra of 265a-c consist 
of three main absorption bands clearly showing features characteristic of [4n + 21- 
annulenes. Remarkable bathochromic shifts of the electronic spectra were observed 
with increase in number of phenyl groups (Table 8). 
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TABLE 8. Properties of tetrasubstituted bisdehydrot 14]annulenes 265a-c and their parent 
compound 260 

Charge-transfer 
complex 

Longest lH-n.m.r. T value (annulene: 
Colour of  wavelength trinitrofluorene) 

Compound crystals ~ n w +  Outer H Inner H 

260 Red 586 (2900)O 1-46 15.48 - 
26% Red 590 (922)c 0-58 14.39d 1 : l  
265b Brown violet 623 (1640)e 0.12 1 3.42d 1 : l  
265c Violet 658 (2S20)c 0.06 1 2.56d 2 :  1 

a In isooctane. 
In CDCI,. 
In THF. 
In THF-d,. 

The di-t-butyldiphenylbisdehydro[l4]annulene 265b can be regarded as a ‘para’ 
isomer of diphenylbisdehydro[ 13lannulene corresponding to p-terphenyl. The 
‘ortho’ (266) and ‘meta’ (267) isomers corresponding to 0- and nz-terphenyls, 
respectively, were synthesized by the reaction sequence outlined be1owlo5: 

t-B Y C  H (0 Et)2 

111 R 
Li 

t-BU, T C H O  / 

R”COCH, *- 
- u7-xR” 

R UR, OH R LJ OH R‘ 

lKT liq. NH, 

t-Bur+R” __f 

R JJR, R UR, 
‘ortho’ isomer (266) R = t-Bu OH 

R’ : R” = Ph 
‘nieta’ isomer (267) R”  = t-Bu 

R = R ’ =  Ph 



15. Cyclic acetylenes 685 

The positional isomers (265, 266 and 672) showed rather similar electronic and 
lH-n.m.r. spectra, and the appreciable differences known for 0-, IIZ- and p-terphenyls 
could not be observed. The dimethoxy derivative of the 'porn' isomer (268) was 
prepared by the reaction sequencc outlined below :lo5 

OMe 

f-Bu*ph 
/ CHO 

Ill 
-I- CH,OCH,COPh + 

111 

I 
(262a) 

I 

The dimethoxybisdehydro[ 14lannulene 268 was also found to be strongly 
diatropic and an intensification of the longest wavelength band (637 nm, E 4540) 
was observed as compared with that of 265b (624 nm, E 1640), 266 (624 nni, E 1800) 
and 267 (624nm, E 1270). At first glance, this result seems to  suggest that the 
direction of polarization OF the  longest wavelength band is perpendicular to the 
axis which bisects the molecule through the mid-points of C(sp) -C(sp~  linkages. 
However, measurements of the fluorescence excitation spectra of tetra-t-butyl- 
bisdehydro[l4]annulene 265a a n d  the 'puru' isomer 265b, the polarized reflection 
spectrum of a single crystal of tetra-r-butylbisdehydro[ 1 Slannulene 282 and 
theoretical calculations have been performed by Tanaka and coworkers19G. The  
nature of electronic transitions a n d  the direction of polarization are firmly established 
o n  the basis of these investigations. As shown in Figure 7, the longest wavelength 

t 
FIGURE 7. Direction of polarization of bisdehydro[14]annulenc. 
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band (1) is 'Lb spccies and the direction of polarization is parallel to  the axis, the 
medium wavelength band (11) is species having perpendicular polarization and 
the short wavelength band (HI) consists of parallel polarized 'Bb species and 
perpendicular polarized IB;, species. 

3-Acetyl-7,10,14-tri-~-butyl-l,8-bisdehydro[l4]annulene (269) was obtained on 
treatment of tetra-t-butylbisdehydro[l4]annulene (265a) with acetic anhydride in 
the presence of zinc chloride at 140 "C for 30 s lo'. The structure of 269 has been 
confirmed by a stepwise synthesislg7. The acetyl derivative (269) showed a strong 
diatropicity. 

MeCO,, 

Ac.0 mBu-t 
(265a) -t 2 I1 CI; 

f - B U  L,/JLBL,-/ 
(269) 

3-Carboxy-7,10,14-tri-r-butyl-l,8-bisdehydro[l4]annulene (274) has been synthe- 
sized in order t o  determine the pKL valuelD7. The product of the aldol condensation 
of t-butylpentenynal(262a) with pyruvic acid was converted into the methyl ester 270. 
The ethynyldiene ketone 271 lB8 was treated with lithium diethylamide zt a low 
temperature to give the lithio derivative of 271. The reaction of the lithio derivative 
with 270 gave 272a, which was converted into the methoxy methyl ester (272b) on 
treatment with dimethyl sulphate. Treatment of 272b with potassium hydroxide in 
liquid ammonia yielded the cyclic glycol 273. The reduction of 273 with tin(rr) 

f - B u w C O O R  + 

0 t-BU ' ' Bu-t ---+ 111 
(270) (271 1 R = Me 

(272a) R = H 
(272b) R : Me 

chloride dihydrate and hydrogen chloride gave the strongly diatropic carboxy- 
bisdehydro[l4]annulcne 274. The pK; value of 274 was determined to be 5-92 ? 0.1 1 
(at 18 "C) by the spectrophotometric method. The pK: values of benzoic and pam- 
t-butylbenzoic acids were found to  be 5-55 f 0.04 and 5-64 0.07, respectively. 
Since acetylene and allene carboxylic acids were found to  be much stronger acids than 
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the corresponding ethylenic or saturated carboxylic acids (e.g. CH,C=CCH,COOH : 
3.60; CH2=CHC=CCH,COOH: 3.37; CH,=C=CHCOOH: 3.69)19B, the fact 
that the dissociation of the carboxyannulene 274 is much smaller than those of 
acetylenic and allenic acids and is similar to those of benzoic and substituted benzoic 
acids can be regarded as  a reflection of highly delocalized x-electron system in the 
1,8-bisdehydro[14]annulene ring. 

The cyclic glycol 273 gave 7,10,14-f-butyl-3-methoxy-1,8-bisdehydro[l4]annulene 
(275) by decarboxylative aromatization on treatment with hydrogen chloride200. 

The higher analogue of 265a, tetra-t-butylbisdehydro[l8]annulene (282), has been 
synthesized201. The reaction of the acetal 276 derived from 262a with ethyl vinyl 
ether in the presence of borontrifluoride etherateZo2 yielded the ethoxy acetal 278, 
which could be converted into the dienyne aldehyde 279 203. The trienyne ketone 
280 obtained by the aldol condensation of 279 with p inaco10nc~~~ was treated with 
potassium hydroxide in liquid ammonia. The 18-membered cyclic glycol 281, which 
could be separated into two stereoisomers, gave reddish violet crystals of tetra-l- 
butylbisdehydro[l8]annulene (282) in a high yield on treatment with tin(r1) chloride 
dihydrate in ether saturated with hydrogen chloride. The  dehydroannulene 282 was 
found to  be strongly diatropic having a high conformational stability as rcvealed by 
the essentially temperature-independent lH-n.m.r. spectra. 



688 M. Nakagawa 

Thc bond lengths and angles in 282 determined by X-ray structure analysis are 
shown in Figure g204. The molecule is nearly planar and the polyene part consisting 
of twelve carbon atoms with six formal double bonds shows almost no bond 
alternation (average bond length 1.387 A). The lengths of the formal acetylenic 
linkage (=C-C-C-C=) and the formal curnulenic linkage (=C=C=C=C=) 

FIGURE 8. Bond lengths and angles of the bisdehydro[l8]annuIene 282 ?04. Reproduced by 
permission of Pergamon Press. 
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are found to be the same. These results indicate that 282 has a highly delocalized 
18it electron system and is better represented by the symmetrical formula 283. 

In  an analogous reaction sequence, di-i-butyldiphenyl- (284) and tetraphenyl- 
(285) bisdehydr0[18]annulenes~~~ have been prepared and proved to be strongly 
diatropic. 

t-BL4mB"-f - - - - - - - - - - - - - R m  Ph 

f-Bu BtI-f P I1 UR 
(283) (284) R = I-Bu 

(285) R = Ph 

The tetraenyne ketone 286 was prepared according to the route outlined 
below :*06 

t-B '=C H(0 Et), f - B U ~ C H ( O E t ) ,  

Ill 
I 

SiMe, 

-+ 111 
I 

SiMe, 

t - B u v C  H 0 f - B u m C  H(OEt), 

Ill t Ill 
I 

SiMe, 
I 

SiMe, 

The pentacnyne ketone 287 has been synthesized by a similar reactionzo7. The 
hexaenyne ketone 288 has been obtained by the condensation of trimethylsilyl 
derivative of 262a with crotonaldehyde followed by aldol condensation with 
pinacoloneZo8. 

Treatment of the polyenyne ketones 286, 287 and 289 with potassium hydroxide 
in liquid ammonia, and subsequent reduction of the resulting cyclic glycols with 
tin(r1) chloride and hydrogen chloride, yielded tetra-t-butylbisdehydro[22]- (289)?0°, 
-[26]- (290)207 and [30]- (291)208 annulenes as highly coloured crystals. Thus, a series 
of bisdehydro[4n+ 2lannulenes ranging froni 14x t o  30;r electron systems (265a, 
282, 289, 290 and 291) have been obtained. 

The bisdehydro[4n + 2lannulenes 289, 290 and 291 were found to be diatropic 
retaining the conformation shown by the formulae, e.g. the lH-n.m.r. spectra of the 
bisdehydro[22]annulene 289 measured a t  36 "C and 70 "C showed almost no  
temperature dependencyzo6. This result shows high conformational stability of 
'acetylene-cumulene' dehydroannulenes, because the coalescence temperature of 
the lH-n.m.r. spectrum of [22]annulene has been reported to be about 20 "C 209. 



The results of the X-ray structure analysis of289 210 showed an interesting difference 
from that of 282 ?04; i.e. as shown in Figure 9, the linkage C10-C11-C12-C13 has 
more cumulenic features than the linkage C?-C1-C22-C21, which showed enhanced 
acetylenic features, and also the bonds Cl0-C3 and C13-C14 adjacent to the more 
cumulenic linkage were found to be longcr than the bonds C2-C3 and Cz1-CZo 
adjacent to the more acetylenic linkage, as  expected from the valence-bond structure. 
These results indicate an increased bond alternation in the 221; electron system (289) 
compared to the 18x analogue (282). 

I t  has been predicted theoretically that planar [4n + 2lannulcnes will be aromatic 
up t o  [22]annulene, but that [26]annulene will no longer be aromatic211. The findings 
that rnonodehydr0[22]annulene~~?, [ 2 2 ] a n n ~ l e n e ~ ~ ~  and tetra-f-butylbisdehydro- 
[22]annulene (289)?OC are diatropic are  consistent with the theoretical prediction. 
Trisdehydro[26]annulene (292F3* and monodehydro[26]annulene (293)214* prepared 

by Sondheimer were found to be atropic and diatropic, respectively, showing that 
the atropicity of 292 is due to the perturbation of the thrce acetylenic linkages, which 
causes the alternate bond structure to be energetically preferred to the delocalized 
system. A much more intense diatropicity found in the bisdehydro[26]annulene 290 

The possible configurations (292 and 293) which are consistent with the ratio of inner 
and outer proton signals are shown. 
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FIGURE 9. Bond lengths and angles of the, bisdehydro[22]annulcne 289 210. Reproduced 
permission of Pergamon Press. 
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indicates an important role of equivalent valence-bond structures for the delocali- 
zation of 7i electrons in macrocyclic systems. 

The preparation of the diatropic bisdehydro[30]annulene 291 indicates that the 
upper limit of aromaticity of [4n+2]annulene, at  least on the basis of magnetic 
criteria, should lie above the 30-membered ring. 

Considering the rather high conformational stability of the series of ‘acetylene- 
cumulene’ bisdehydro[4n + 2]annulenes, i t  seems reasonable to  assume that the 
bisdehydroannulenes have approximately the same planarity and essentially the 
same gometry.  Therefore, this series of bisdehydroannulenes makes it possible to  
study the effect of ring size on the delocalization of a [4n+2] ~i electron system. 
The differences in chemical shifts between the signals of the inner protons ( ~ i )  and 
the lowest field signal of the outer protons (-rO), which are always located a t  the 
position nearest to the centre of the molecule, is summarized in Table 9. The chemical 

TABLE 9. The magnitude of chemical shifts of tetra-t-butylbisdehydro- 
[4n + 2lannulenes 

Inner protons Outer protons Chemical shift 
[4l1+ 21 71 70 T, - ro 

~ 4 1  14.44 0.68 13.76 
[I81 13.42 0-13 13-29 

r261 8.05 1-77 6.28 
[301 6-5 2.5 4.0 

P21 10.83 0.84 9-99 

shift of the protons in aromatic compounds caused by the diamagnetic ring current 
is considered to be approximately proportional to the product of intensity of the 
ring current ( J ) ,  the area of the molecule ( S )  and the inverse cube distance of the 
protons from the centre of the molecule (Ra) ?15. On the assumption that the distance 
( R )  is constant and  independent of the variation of ring size, it has been shown that 
the (7,- .-,/S) values decrease monotonously with the illcrease in ring sizelDZ in 
accordance with the theoretical ld7, cl ?lG. 217. 

2. Tetrakisdehydro[4n+2]annulenes 

Tetrakisdehydro[l 8lannulenes 297 containing a diacetylene and a hexapentaene 
unit in the conjugated system have been synthesized. The diketone 294 obtained in 
a n  almost quantitative yield by the oxidative coupling of 263 was converted into the 
bis-cthynyl diol 295 by a lithium acetylide-ethylenediamine complex”’* in organic 
solvent. Oxidative coupling of 295 resulted in the 18-membered cyclic glycol 296, 
which could usually be separated into meso and racernic diastercoisomers. Treatment 
of 296 with tin(rr) chloride dihydrate in concentrated hydrochloric acid or in ether 
saturated with hydrogen chloride yielded the highly coloured tetrasubstituted 
tetrakisdehydro[l8]annulenes 297. These, as summarized in Table 10, bearing 
various substituent groups were found to be strongly diatropic. The tetramethyl- 
(297a) and the dimethyl- (297b)diphenyl derivatives showed essentially temperature- 
independent lH-n.m.r. spectra indicating the high conformational stability of the 
‘acetylenc-cumulenc’ dehydroannulcne skeleton. 

The ‘H-n.m.r. spectra of 297a-f indicate that they have a highly delocalized 
18x electron system. Consequently, the formal diacetylene and hexapentaene units 
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incorporated in the aromatic annulene ring should be identical just as the formal 
double and single bonds in the Kekule formula of benzene. 

RmR' - 
(263) 

- I  + I  

111 Ill 
I 1 

R UR, HO 

(296) 

TABLE 10. 'H-n.ni.r. parameters of tetrakisdehydro[l8]annuIenes (297) (7 values) 

Compound R R' H" Hb He Me t-Bu Reference 

297a Me MC 0.34 15.24 1.42 - 219 
297b Me Ph 0.12 0.54 14-20 6.56 - 220, 222 
297c Ph I'll - 0.3 1 13.19 - - 221. 222 
297d p-MeO-Ph p-MeO-Ph - 0.04 13.00 - - 223 
297e t-Bu Ph -00-40 -0.01 13.90 - 7.93 224 
2971 t-BU I-BU 0.02 14.92 - 7.89 220, 225 

The isomeric 18-membered cyclic glycols 298 and 299 were converted into di-t- 
butyldiphenylbisdehydro[l8]annulencs, 300 and 301??.'. They showed the same 
decomposition point (189.0-191.0 "C) and gave superimposable i.r. spectra, as well 
as  identical electronic and IH-n.rn.r. spectra. Hence, the diacetylene and the hexa- 
pentaene linkages are identical as  a result of a high degree of T;-electron delocalization, 
although the possibility of a fast bond shift in 300 and 301 cannot be excluded 
(I priori. However, the argon laser Raman spcctra of 300 and 301 exhibit a single 
absorption due to the stretching vibration of the C(sp)-C(sp) bond at  2080 cm-I 
showing the idcntity of diacetylenic and cumulenic linkages224b. 

I n  an analogous reaction sequence, tetra-r-butyl- and tetraphenyltetrakisdehydro- 
[22]annulenes, 302 296 and 303 227, have been prepared. These are unstable and their 
n.rn.r. spectra show fairly strong diatropicity. 

The  temperature-independent. lH-n.m.r. spectra of 302 indicate the rigid nature of 
the molec~ilar framework of 'acetylene-cumulene' dehydroannulenes. The IH-n.m.r. 
spectrum of nionodehydr0[22]annulenc~~~ exhibits signals of outer protons at  7 
1-55-3.75 and those of inner protons at  7 6.55-9-30. A much. stronger diatropicity 
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Ho Ph 

f - B u m  111 111 

I I - 

I-Bu 
HO 

... 

f - B u m P h  111 I I  

'H-N.ni.r. spectra (5 values) 
H' HJ H? t -Bu 

(302) R = I - B U  0.09d -0.4t 13.71 7.88s 

(303 R = PI1 -0.72d -0.79t 12.801 
(J = 13) (J = 13) (J = 13) 

( J  = 14) (J = 14) (J = 14) 

found in 302 as  compared with that of mo1iodehydro[22]-annuIene~~~, in spite of the 
presence of four equivalents of acetylenic bonds, strongly indicates again the import- 
a n t  role of the degenerate valence-bond structures for =-electron delocalization. 
The electronic spectrum of 302 was found to  be closely related to that of 289. 

3. Trisdehydro[4n]annulenes 

'Acetylene-cumulene' dehydro[4n]annulenes offer a tool for the study of anti- 
aromaticity in view of the high conformational stability and the strong diatropicity 
of the [4n + 21 counterparts. 

The reaction of the lithio derivative of the diethyl acetal of the polyenynal 304 
with the polyenyne ketone 305 followed by acid hydrolysis gave the hydroxyaldehyde 
306. The ethynyl ketone 307 obtained by the a-Idol condensation of 306 with 
pinacolone was ethynylated2l8 to give 308. Oxidative coupling of 308 yielded the 
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cyclic glycols (309, n = 1, 2 or 3), which in turn yielded the tetra-f-butyltris- 
dehydro[l61- (310)"', -1201- (311)22@, and -1241- (312)230 annulenes. The high 
conformational stabilities of 310,311 and 312 have been revealed by their essentially 

f-Buf'CH(OEt), 

+--+ 

f -Bu  

(4 (b) 
(310) n = 1 ;  (311) n = 2; (312) n = 3 

temperature-independent 'H-n.m.r. spectra. It has been found that 310,311 and 312 
are strongly paratropic showing the inner proton signals at extremely low field and 
those of the outer protons a t  high field. The averaged chemical shifts of outer (T~) 
and inner protons (q) are recorded in Table 12. 

Because (310), (311) and (312) should have similar geometries and planarities, the 
difference in chemical shifts between the outer and inner protons ( T ~ -  q), which 
can be regarded as an approximate measure of the intensity of the ring current, can 
be reasonably compared. As shown in Table 11, a marked decrease in (~~-7,) 
values with increase in ring size was observed. It has been predicted theoretically 
that polyolefinic character of both [4n + 21- and [4n]annulenes should increase with 
increase in ring ?lo. The results shown in Table 11 offer experimental verifi- 
cation of the prediction for [4n]annulenes. 

The 13C chemical shifts of sp-hybridized carbon atoms in the paratropic tris- 
dehydro[l6]- (310), -[20]- (311), and diatropic tetra-f-butylbisdehydro[l4]- (265a) 
and -[18]- (282) annulenes are summarized in Table 1222@. The bisdehydr0[4n+21- 
annulenes give signals ascribable to  sp-hybridized carbons at  an intermediate field 
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between the region of acetylenic (65-90 ~ . p . m . ) ~ ~ l ,  232 and cumulenic carbons (ca. 
150 p . ~ . r n . ) ~ ~ ~ ,  indicating the presence of a highly delocalized [4n+2] electron 
system, whereas the trisdehydro[4n]annulenes (310 and 311) exhibit two groups of 
signals, which are attributable to acetylenic and cumulenic carbon atoms. Appearance 

TABLE 11. Chemical shifts of outer and inner protons of trisdchydro- 
[4rr]annulenes (CDCI3, 36 "C, T values) 

[4nJ Outer 1-1 (T,,) Inner H ( ~ i )  ( T 0 - q )  

310 [I61 5.83 -7.10 12.93 

312 ~ 4 1  5-30 - 1.80 7.10 
31 1 POI 5.61 - 3.78 9.39 

TABLE 12. 13C chemical shifts of sp-hybridized carbons in CDCI, 

Trisdehydro[4n]annulene, - 20 "C Bisdehydrot4n + 2]annulene, 36 "C 

[16]- 86.6, 90.5 153.3 
[20]- 85.2, 86.5 148.3 

[14]- 116.7 
[18]- 115.7 

of two signals in the acetylenic carbon region seems to be ascribable t o  the outside 
and internal carbons in the diacetylenic bond, thus suggesting that the alternate bond 
structures containing a butatriene and a diacetylene are predominant in the tris- 
dehydro[4n]annulenes (310, 311 and presumably 312). The observed coupling 
constants (J = 11 and 15 Hz) in the 'H-n.m.r. spectra of 310, 311 and 312 are 
consistent with the alternate bond structures. 

C. Annelated Dehydroannulenes 

The properties of annulenes annelated with a 61; ring system are  of considerable 
interest with respect to the participation of benzenoid x electrons in the macrocyclic 
T;-electron system. In the field of dehydroannulenes, a wide variety of annelated 
derivatives, such as 313 2331 234, 314 234, 315 235, 316 235, 317 235, 318 236, 319 23G, 
320 237n have been synthesized. However, the effect of induced 
ring current could not be observed in these annelated dehydroannulenes. 

321 23D and 322 

(31 3) 
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(318) 

(31 7) 

(320) 11 = 1 ,  2 

Bisdehydro[l4]annuleno[c]furans (323 and 324), 14x-electron analogues of 
isobenzofuran, have been synthesized according to the following schemezJ1 : 

+ 

+ 

+ 2 ~ C H I P P h 3 B r -  

+ 
OHC CHO fiPh,PCH, CH,PPh,CI- 

1 

--- - -  
(323) 
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The annelated annulenes 323 and 324 were found to  be more weakly diatropic 
than isobenzofuran. Benzo-annelated bisdehydro[l4]annulenes, 315 and 326 have 
been prepared by a similar reaction sequence, and found to be moderately and 
weakly diatropic, re~pect ively~ '~.  Recently, analogous thiophene and furan deriva- 
tives, 327 and 328 have been prepared243. Comparison of the 'H-n.m.r. spectra with 

(328) Z := S 
(329) Z = 0 

that of the reference substance 330, which was obtained by the reaction of maleic 
anhydride with 323, revealed that the decrease of diamagnetic ring current is in the 
order 330 > 329 =- 328 > 325 > 327 -N 324. 

In order to  get information on the effect of annelation of a 6~ ring onto macro- 
cyclic 4n7r systems, annelated monodehydro[l2]annulenes, 333-336 have been 
synthesized using 327 or 328 as  a starting materialzJ4. The reference compound 337 
was prepared by the reaction of 334 with maleic anhydride. I t  was found that the 
degree of paratropicity decreased in the sequence 337 > 336 > 335 =- 333 -331. This 
is the same order as found for the reduction of diatropicity in the annelated bis- 
dehydro[l4]annulenes, 324, 325, 327, 328 and 329. 

Thus, annelation of one 6x ring onto a dehydro[4n]- o r  dehydro[4n+ 2lannulene 
ring strongly suppresses the tropicity of the macrocyclic ring as compared with that 
of the corresponding non-annelated dehydroannulene. However, an interestingly 
strong diatropicity was found in annelated dehydroanniilenes fused with two aromatic 
rings. 

Treatment of the cyclic glycol 339, obtained by dimerization of 338, with tin(rr) 
chloride in THF saturated with hydrogen chloride gave an extremely air-sensitive 
deep blue-violet solutionz4'. Similarly, the non-annelated bis(dihydronaphth0) (341) 
and the annelated dihydronaphtho-naphtho (342) analogues have been obtained as  
stable compounds like di-r-butyldiphenylbisdehydro[l4]annulene (265b)245. 

The fact that the extremely unstable blue-violet solution gives an electronic 
spectrum closely related with those of 265a, 341 and 342 indicates the formation 
of dinaphtho-annelated bisdehydro[l4]annulene (340) in the solution. The lH-n.m.r. 
spectrum of 340 can be obtained using a solution prepared with THF-d8 and  
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R R <=-> 
CH3 CH3 

(331) R = CHO 
(332) R = CH,P"Ph,Br- 

(333) R = S (335) 
(334) R =: 0 
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deuterium chloride. Surprisingly, the unstable bis-annelated dehydroannulene 340 
shows a strong diatropicity just as do  the stable non-annelated analogues, 265a and 
339 (Table 13). O n  the other hand, an appreciable suppression of the diatropicity 
was observed in the mononaphtho derivative 342 as indicated by the n.m.r data. 

TABLE 13. IH-n.rn.r. parameters of dinaphthobisdehydro[ 14]annulene (340) and 
reference compounds 265b and 341 (T value) 

T (265b)O (341)b (340)= 

HO' 
HO 
Hi 
t-Bu 8.02 (s) 8.01 (s) 7.89 (s) 
~ 1 - 7 ~  12.95 12.99 13.67 

0.12 (d), J = 13.5 
0.47 (d), J = 13.5 

13.42 (t), J = 13.5 
0.48 (d), J = 14.0 

13.47 (d), J = 14.0 
-0.22 (d), J = 15.0 
13.45 (d), J = 15.0 

a CDCI,, 36 "C. 
* THF-d,, -55 "C. 

THF-d,, -54 "C. 

The benzo-tri-t-butyl derivative 343 240, red crystals, and the benzonaphtho 
derivative 344 247, stable only in solution, have also been prepared. 

Comparison of the ~ i -~ , -va lues  for 342 and 343 reveals that the annelation of 
one benzene ring suppresses more strongly the diamagnetic ring current in the 
14-membered ring than the annelation of one naphthalene nucleus. An appreciable 
intensification of the diatropicity was observed in the benzonaphtho derivative 344. 
However, the q-~,-value for 344 was found to be smaller than that for the fully 
symmetrical dinaphtho derivative 340. 
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(345) --: 
T , - T ~  = 8.42, -50 'C .i = 11.90, -51 'C 

(343) (344) 

The electronic spectrum indicates the formation of dibenzo-di-r-butylbisdehydro- 
[14]annulene (343, but the IH-n.m.r. spectrum could not be obtained owing to the 
extreme .instability, although a strong diatropicity was anti~ipated?~' .  

The synthesis and properties of the annelated bisdehydro[l8]annulenes, 346 248 

and 347 249, together with the non-annelated bisdehydroannulene 348 248 have been 

t-Bu J-(y-J / 

t - B u  T = 7.89 

(347) 

H0 

reported. The mononaphtho derivative 346, as indicated a t  the bottom of the 
formula, was found to be clearly diatropic, although the -ri- .r,,-value is smaller than 
that of the 14~-analogue (342). Although the formation of the dinaphtho derivative 
347 was confirmed by the electronic spectrum, a clear lH-n.m.r. spectrum could not 
be obtained owing to the instability. However, the fact that a singlet ascribable to  the 
r-butyl protons could be observed a t  a fairly low field (7 7.89, in THF-d8, at  - 80 "C) 
seems to  suggest the induction of a strong diamagnetic ring current in 347. 

25 



702 M. Nakagawa 

The preparation of annelated tetrakisdehydro[l8]annulenes 349 and 350 and the 
reference dehydroannulene 351 afforded further insight into the x-electron delocali- 
zation in annelated a n n u l e n e ~ ~ ~ ~ .  When a dihydronaphthalene nucleus in 351 was 
replaced by naphthalene to form the annelated dehydroannulene 350, an appreciable 
suppression of diatropicity in 350 was observed. Further replacement of the dihydro- 
naphthalene by naphthalene to give the dinaphtho-annelated derivative 349 
resulted in a further suppression of the diatropicity in contrast to the increase of 
diamagnetic ring current in the case of transition from 342 to 340 and from 343 
to 341. 

111 II 

~ B . 4  

Ti-To = 13.75 

(351 1 

The ~~--.r,-vaIue can be regarded as a n  approximate measure of x-elect on 
delocalization in annelated annulene rings. The above-mentioned results obtained 
on conformationally stable annelated ‘acetylene-cumulene’ dehydroannulenes seem 
to give the following conclusions : 

( i )  Annelation of one or more 6x electron rings onto a [4n+Z]annulene ring 
decreases progressively the diatropicity of the annulene ring provided that 
the condition in ( i i )  is not fulfilled. 

(ii) Annelation with two 6x electron rings at positions which make it possible to 
write equivalent KekulC structures does not suppress the diatropicity of the 
annulene ring. 

(iii) The degree of suppression of diamagnetic ring current in the annelated 
annulene ring is proportional to the resonance energy of the 6x electron 
system which is lost by the participation of two x electrons in the macrocyclic 
ring (benzenoid to o-quinonoid). 
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(iu) The degree of reduction of diamagnetic ring current in the annulene ring is 
inversely proportional to the magnitude of resonance energy or that of 
diatropicity of the parent dehydroannulene ring. 

Significant suppression of tropicity of bisdehydroannulenones by annelation with 
one or two benzene nuclei has been r e p ~ r t e d * ~ ~ - * ~ ~ .  

D. Dehydroannulenoonnulenes 

In benzenoid chemistry condensed systems such as naphthalene and anthracene 
have been well known. However, condensed systems of aromatic annulenes corre- 
sponding to  naphthalene remained unknown until quite recently. 

An annulenoannulene (359) consisting of two bisdehydro[l4]annulenes bas been 
synthesized by Sondheimer and Crespzs8. Bisdehydro[l4]annuleno[c]furan (324) was 
treated with lead tetraacetate, and the resulting diacetate 352 was hydrolysed to 
give the diol (353), a potential dialdehyde. The reaction of carbethoxymethylene- 
triphenylphosphorane with 353 yielded the diester 354. The diol (359, obtained by 
the reduction of 354, was oxidized to give the dialdehyde (356). The reaction of the 
Grignard derivative of 3-bromo-1-butyne with 356 gave a diastereoisomeric mixture 
of the diol357. Oxidative coupling of 357 yielded the bicyclic glycol 358 as a mixture 
of diastereomers. Dehydration of the crude 358 via the dimesylate gave the tetrakis- 
dehydro[l4]annuleno[l4]annulene (359) as dark red-brown prisms. The lH-n.m.r. 

R 

H,C zR CHi 

(354) R = COOC,H, 
(355) R = CH,OH 
(356) R = CHO 

HlC # CH, HoxoH H,C - - CH, Ho-&oH H,C - - CH, 

H,C 

- - 
- t - t - 

- - - - - - 

- -  --- \ =-= - -  I - -  - -  -- - -  
c H, 

(357) 
CH, H,C C H, H,C 

(359) (358) 

spectrum of the annulenoannulene 359 exhibits signals of Ha, Hb, HC and methyl 
protons at 7 6-18, 2.13, 2-69 and 7.52, respectively, indicating that the annuleno- 
annulene is diatropic. The diatropicity of 359 was found to be stronger than those 
of the annelated analogues 324 and 335 and to  be less than those of the bisdehydro- 
[14]annulene derivatives 354, 355 and 356. 

At the same time, the synthesis of a condensed system consisting of two ‘acetylene- 
cumulene’ tetrakisdehydro[ 18lannulenes has been reported by Nakagawa and his 
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The methyl ketone 360 obtained by the condensation of acetone with 3-f-butyl-2- 
penten-4-ynal (26La) was oxidatively coupled to give the diketone 361. The a,o- 
diethynyl compound 362 obtained by the condensation of 361 with 262a was 
oxidized by Eglinton's procedure. The 26-membered cyclic diketone 363, thus 
obtained, was ethynylated218 to give a mixture of 364a and 364b. Coupling of the 
high-melting isomer (364a) yielded the bicyclic glycol 365 which with tin(xr) chloride 
and ether saturated with hydrogen chloride gave 5,10,18,23-tetra-r-butyl-6,8,19,- 
21,27,29-hexakisdehydro[l2.12.4][18lannuleno[l8lannulene (366) as stable dark- 
green crystals. The electronic spectrum of 366 consists of three main absorption 
bands clearly showing features characteristic of [4n + 2lannulenes. The 'H-n.m.r. 
spectrum of 366 exhibits inner proton (H") signals a t  T 12.85 (dd) (J = 13-14), outer 
proton (Ha and HC) signals a t  T -0.64 (d) (J = 14) and T -0.06 (J = 13) and the 
t-butyl proton signal a t  T 7.8 1 (s), respectively, thus indicating a strong diatropicity 
of the annulenoannulene 366. 

An analogous annulenoannulene (377) consisting of two bisdehydro[ 14lannulenes 
has been synthesized by Akiyama, Iyoda and N a k a g a ~ a * ~ " .  

The ethynyl ketone 368 was prepared by the aldol condensation of 262a with 
367. Treatment of 368 with diethyllithium amide followed by the reaction with 
trimethylsilyl chloride gave 369. The ethynyl alcohol (370) obtained on treatment 
of 369 with lithium acetylide in THFzsg  reaction with diluted sulphuric acid gave 
the aldehyde 371. The dimethyl acetal (372) derived from 371 was converted into the 
lithio derivative 373. The reaction of 373 with 369 followed by an  acid treatment 
yielded the dialdehyde 374. The reaction of the carbanion derived from diethyl 
3,3-dimethyl-2-oxo-butanephosphonate, f-BuCOCH,(O)P(OEt),, with the dialdehyde 
374 gave the diketone 375 in a high yield. Treatment of the diketone 375 with 
potassium hydroxide in liquid ammonia without removal of the protective groups 
gave a mixture of diastereoisomers of the 22-membered cyclic glycol 376. Reduction 
of the cyclic glycol 376 gave the annulenoannulene 377, 5,8,16,19-tetra-r-butyl- 
6,17,23-trisdehydro[10.10.2][14]annuIeno[14]annulene, as stable reddish-purple 
crystals. 

The electronic spectrum of 377 was found to  be closely related to that of 265a 
except for a bathochromic shift and a hyperchromisni in (376). The 'H-n.m.r. 
spectrum reveals that 377 is strongly diatropic showing the inner proton (H") 
signals a t  T 12.85 (dd) (J = 13, 14) and those of the outer protons a t  T -0-16(d) 
(Ha, J = 14) and a t  7 0.39 (d) (HC, J = 13). The signal of the I-butyl protons was 
observed at T 7.99 (s). 

Thus, two kinds of strongly diatropic annulenoannulenes (366 and 377) have been 
obtained. Consequently, whether 366 and 377 are perturbed [26]- and [22]annulenes 
or  annulenoannulenes consisting of two 18;s and 14x electron systems becomes an 
interesting problem. As shown in Tablc 10, the magnitude of the diamagnetic ring 
current as estimated approximately by the TI - To-values decreases with the increase 
of ring size of 'acetylene-cumulene' bisdehydro[4n + 2]annulcnes. The same trend 
has been observed in the 'H-n.m.r. spectra of tetra-f-butyltetrakisdehydro[l8]- 
(2971) and tetra-/-butyltetrakisdehydro[22]- (302) annulene. The observed Ti - T ~ -  

values for 365 (AT = 12-91 and 13.49) and for 376 (AT = 12.46 and 13.01) seem to 
be too large, if 366 and 377 are perturbed peripheral [26]x and [22]r; electron systems 
being resonance hybrids of (365b++365c) and (376b<-+376c). The increase in Ti- T ~ -  

value of 377 cannot be ascribed to an enhanced planarity caused by bridging between 
the 1- and 12-positions with an acetylenic linkage, because tetra-t-butylbisdehydro- 
[22]annulene (289) shows essentially temperature-independent lH-n.m.r. spectra, and 
a highly planar structure of 289 has been shown by the X-ray structure analysis 
(Figure 9). The electronic spectrum of 377 shows a considerable hypsochromic shift 
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(364b) 

(366a) 

J 
111 111 I I  111 111 

I 
I l l  

I 
I l l  

ii II - 
I1 

I 
lil Ill 
I 

(366b) (366c) 
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t - B u T C H O  + Me-S-Bu-f t - B u ~ s - - B u - t  

f-BunCH=y -1 

111 
X 

+ 
111 0 
(262a) (367) (368) X = H 

(369) X = SiMe, 

SiMe, 111 $1 f -  Bu e S - 6 U - f  

(371) X = H, Y = 0 

(373) X = Li, Y = (OMe), 
(372) X = H, Y = (OMe), 111 111 

SiMe, 
(370) 

-1 
t - B u F P H O  SiMe, 

111 
Me,Si 

OHC / / / Bu-t 

(375) 

LJ 
(374) 

as compared with that of 289, although the periphery of 377 is the same 22x 
electron system. The 13C-n.m.r. spectrum of 377 showed signals due to  sp-hybridized 
carbon atoms at 102.3 and 119.8 p.p.m. (TMS as an internal standard). The chemical 
shifts of these signals indicate that all the sp-hybridized carbon atoms in 377 have 
a hybrid character of an acetylene and a cumulene. 

The electronic and n.m.r. spectral behaviour of 366 and 377 strongly suggests 
that these annulenoannulenes are higher analogues of naphthalene being resonance 
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hybrids of valence-bond structures (366acr366b-366c) and (377a-377b-377~), 
which may be better represented by the symmetrical formulae, 366d and 377d, 
respectively. 

5. 
6. 

7. 
8. 
9. 

10. 

11. 
12. 
13. 

14. 
15. 
16. 
17. 
18. 
19. 

20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 

28. 
29. 
30. 
31. 
32. 

BU-t 
Bu-f 

Bu-l 

Bu-t 
(366d) 
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1. I N T R O D U C T I O N  

Proximity effects between functional groups in thc same molecule frequently render 
the properties of the molecule unusual. A well-known example concerns proximity 
interactions of acetylenic bonds. Thus, internally hydrogen-bonded o-hydroxy- 
phenylacetylene is more volatile (b.p. 75 OC/lS mni) than its methoxy derivative 
(b.p. 90 OC/lS mm), which is reminiscent of the effect of the hydrogen bond in 
o-ni trophenol. 

In this brief chapter it is difficult to refer to all pcrtinent studies relating to  
proximity interactions of triple bonds. We shall therefore concentrate particularly 
on recent studies of physical and chcmical properties influenccd by intramolecular 
si-x interactions between triple bonds or between a triple bond and other un- 
saturated systems. 

11. PROXIMITY INTERACTIONS IN SPECTRAL B E H A V I O U R  

A large number of cyclic acetylenes' have been synthesized to investigate the 
proximity interactions between two triple boiids or between a triple bond and other 
unsaturated systems. Such transannular proximity interactions have been observed 
in some cyclic acctylenes of medium ring size. However, no appreciable evidence of 
the interaction was detected in the electronic spectra of diacctylenes 1 2, 2 and 3 3, 
where two triple bonds are closely fixed and conjugated to a large chroniophore 
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such as naphthalene, even though the triple bonds are within van der Waals' radii 
of -2.9 4- or - 3.0 A G. 

(1 1 (2) 

(a) R = H ( n  = 3,4) 
(b) R = CH, 
( c )  R = C,H, 

A. Electronic Absorption Spectra 
5 lo, 6 11-13, 7 and 8 14-18, 

were prepared in order to examine the proximity interaction of triple bonds. However, 
no precise evidence was observed in their electronic spectra, owing to the consider- 
ably high energy requirements of the transition of the monoacetylene chromophore. 

A number of relatively simple cyclic acetylenes, 4 ' 8  

+=c\ CH=CH :$::J;: X L c = c J  CCEC3 PGC\ 
L C G C '  

( C H A  ( C W n  

(6) (718 
(a) X = 0 8 1 -  12 

(b) X = S ,  SO, SO," 
(5) 

(b) X = H, Y = OCH,' 
( c )  X = CO,C,H,, Y = H" 

Y (4) 

(a) n = 2' (a) X = H, Y = OH9 
(b) n = 4' 

Dialkyl 1,3-diacetylenes usually absorb in the ultraviolet region, Amax 226, 239 
and 253 nm. Of a series of cyclic tetraacetylenes (S), two higher homologues, 8c and 
8d, show absorption spectra similar to that of acyclic compounds, whereas the 
trimethylene homologue (8b) demonstrates strikingly different features in its 
absorption spectrum: ( i )  a red shift of 9 nm and (ii) appearance of a new band at  
246 nm. This is attributed to the marked transannular electronic interaction in 8b, in 

(9) 
(a) X = H, Y = OCOCH, 
(b) X, Y = CH,= 

which the two 1,3-diacetylenic units are very close to each other, whereas there is no 
appreciable evidence of such interaction in the higher homologues where the 1,3- 
diacetylene units are far apart15. Similar bathochromic shifts due to proximity 
interactions were observed in the spectra of the extremely unstable dimethylene 
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homologue (8a) and two derivatives of the trimethylene homologue [9a 
(Amsr 226, 238, 246 (sh), 263 nm in CH,OH) and 9b le]. 

The interaction between a triple bond and an aromatic ring was first studied with 
paracyclophynes 20, but only ambiguous evidence was observed in their 
spectrals. The first positive evidence for such a transannular interaction was shown 
in the spectra of naphthalenophapolyynes (ll)21. Here all the absorption bands appear 
at  the same positions, but their intensities in the cyclic nionomer l l a  are markedly 
decreased as compared with the intensities per unit chromophore of the cyclic dimer 
l l b  and trimer l l c .  This hypochromism of l l a  was explained in terms of a dispersion 

(1 0) 
(a) n = 3 
(b) n = 4 

CH~OCH~C=C- 

(11) 

(a) n = 1 
(b) n = 2 
( c )  n = 3 

force interaction between the closely situated two chromophores as seen in the 
structure l l a  and found to be in good agreement with the values calculated accord- 
ing to Tinoco and Rhodeszl. The interaction between diphenylacetylene and p-xylene 
was examined with a few composite cyclic compounds containing the diphenyl- 
acetylene moietyz2. 

A series of [nlparacyclophadiynes or [rn.n]paracyclophadiynes (12) with different 
numbers of methylenes was prepared for the study of the transannular electronic 
interaction between a diacetylene unit and a benzene ringz3. The absorption spectra 
of 12 show features which are obvious when compared with that of a reference 
compound 15c (Figure 1):  (i) disappearance of vibrational fine structures with 
decrease of the methylene number, (ii) bathochromic shift of the longest wavelength 
bands and (i i i)  appearance of a new band at  233 nm for 12c and at 227 nm for 12d, 

(1 2) 
(a) m = 2, n = 3 
(b) m = 2, n = 4 
( c )  m = 3, n = 3 
(d) m = 3, n = 4 
(e) m = 4, n = 4 
(f)  m = 5, n = 5 

respectively. These new bands are attributed to transannular x--TF interactions between 
the two chrornophores rather than to molecular strainzm. Later the new band of 12c 
was associated with an intramolecular charge transfer from the benzene ring to the 
diacetylene group on the basis of theoretical calculations and crystalline spectral 
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rneasurement~~~.  The exact molecular structure of the highly strained 12c was 
determined by X-ray crystallographic analysis as shown in Figure 2 26. The figure 
demonstrates a geometry which is favourable for the electronic interaction between 
the two chromophores as well as for strong bending and close fixing, within van der 
Waals’ radii, of both chromophores. A strainless homologue (12e) exhibited a 

1(15c) 

X ,  nm 

I I I I I I I I I  

200 240 280 320 

FIGURE 1. Electronic spectra of [rn.n]paracyclophadiynes (12) and 15c. The intensities of 
15c are reduced to the value per unit chromophore, i.e. 4 2 .  The curves are displaced upward 
successively by 0.5 log E units from the curve immediately below, except the qualitative 

spectrum (*) of 12a. 

hyperchromic effect similar t o  the case of l l a  238. I n  the two highly strained cyclo- 
phadiynes, 12a e8b and 13 28, spectral information about the transannular interaction 
could not be detected because of their instability. Moreover, cyclophadiynes (14) and 
cyclophatetraynes (15) show a distinct feature in their electronic spectra (Figure 3). 
Thus clear, enhanced fine structures with spacings of about 2100 cm-l were observed 
in the longer wavelength region of the strained diyne 14a and the strainless tetrayne 
15b compared with that of a reference compound, but 14b showed a normal spectrum. 
The appearance of these fine structures may be ascribed mainly to local excitation 
of the diacetylene chromophore rather than to  z--x interaction of the two chromo- 
phoresZ4. Similar but relatively weak fine structures were also observed in the 
spectrum of the severely strained cyclophadiyne 16 24. On the other hand, two 
anthracenophadiynes, 17 27 and 18 28, showed no remarkable spectral features 
compared with the correspoiiding acyclic compounds. 
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Two diacetylene-bridged triptycenes, 19 and 20, were prepared in order to  study 
the insertion effect of the diacetylene group on the circular electronic interaction 
of their parent compound, triptycene. Compared with the corresponding dirnethyl- 
triptycenes, 19 shows a red-shift of the longest wavelength maximum by 10 nm, 
whereas there is no sign of the band-shift in the 1,4-bridged 20. These results may be 

,-.. ’ .  

200 230 260 290 

X,nm 

FIGURE 3. Absorption spectra of 14a (-), 14b (- - -) and bis(5-pentyny1)durene (. * - .) 
in cyclohexane, 15a (- - - -) in THF and 15b (- - - *) in dioxane. The intensities of 15 

are reduced to the  value per unit chromophore, i.e. 4 2 .  

explained by the interaction among at least three x-electronic systems, that is, 
benzene-diacetylene-benzene for 19 and by the interaction localized in the para- 
cyclophadiyne moiety for 20, re~pectively~l. A consideration of the projections of 
the molecular models (Figure 4) is suggestive of the difference in the ‘short-circuiting 
effect’ caused by the inserted diacetylene group in the two bridged triptycenes. 
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Ic=c-c=c' I 
c~c-c*'c (CH,)n CH, CH3 (CH,)n w YP CH, CH, 

(1 3) (1 4) 
(a) n = 3 
(b) n = 4 

a 

(1 5) 
(a) R = CH,, n = 2 
(b) R = CH,, n = 3 
( c )  R = H, n = 4 

719 

C 
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(0) (b)  
FIGURE 4. Projection of two bridged triptycenes; (a) for 19 and (b) for 20. 

B. Charge Transfer Spectra of Tetracyanoethylene Complexes 

The absorption spectra of the charge transfer complexes of 1 ,3-diacetylenes were 
recently measured. Table 1 shows maxima of one-to-one tetracyanoethylene (TCNE) 
complexes of dialkyl-l,3-diacetylene and related compounds32b. The cyclic tetrayne 
(8b)-TCNE complex shows a normal absorption spectrum regardless of the closed, 
parallel conformation of the two diacetylene groups in 8b. This is in striking contrast 

TABLE 1. Absorption maxima of tetracyanoethylene complexes 
with 1,3-diacetylenes and alkynes in niethylene chloride 

Acet ylene h*,a, (nm) 

(8) (ti = 3) 428 
(8) (n = 4, 9, 10) 423 
1,3-CycIotridecadiyne 43 1 
1,3-Cyclotet radecadiyne 430 
5,7-Dodecadiync 
5-Decyne 
3-Octyne 367 

424 ( K  = 7.0, E = 1100)' 
370 ( K  = 3.9, E = 500)' 

a K and E were determined by Benesi-Nildebrand plots. 

to  the marked transannular interaction between the two diacetylene groups in the 
electronic spectrum of 8b itselfI5. This fact seems to indicate that in the TCNE 
complex the proximity effect of the two diacetylene groups, or, in other words, the 
transannular x-elcctronic donation from the non-complexed diacetylene group to  
the complexed onc, is not significant32b. 

The one-to-one TCNE complexes of a series of [ni.n]paracyclophadiynes (12), 
where ni and ti  are  the numbers of methylene groups inserted between the benzene and 
diacetylene groups, were investigated for the z-x transannular interaction between 
the diacetylene and an aromatic ring (Table 2). Each of thesc complexes shows a n  
absorption maximum in thc narrow rcgion of 425-431 nm, except for the 12c 
( n z  = ti = 3) complex which exhibits a distinct additional maximum at 555 nm 32. 
Curve analyses of these spectra indicated that the spectrum of the l l d  complex also 
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TABLE 2. Absorption maxima of tetracyanoethylene 
complexes with [m.n]paracyclophadiynes (12) in 

methylene chloride 

721 

~~ 

[m.rr] Paracyclophad i yne 

12 (nt = n = 3) 

12 (m = n = 4) 
12 (nz = I1 = 5 )  

12 (812 = 2, tJ = 4) 
12 (nJ = 3, 11 = 4) 

Amax (nmIa 

427 (425) 555 (555) 
430 (402) (470) 
431 (415) (510) 
429 (410) (480) 
426 (410) 1480) 

a Amax in parenthescs is thc absorption maximum 
resolved by a curve resolver. 

contained an additional maximum near 510 nm and those of the 12b, 12e and 12f 
complexes a t  470-480 nm. Compared with the theoretically well-established spectrum 
of the p-xylene-TCNE complex3o, the longer wavelength maxima of the 12r- and 
12d-TCNE complexes are probably associated with a parallel structure (21) where 
transannular x-electron transfer from the diacetylene group toward the complexing 
benzene ring may be favoured. On the other hand, such a transannular electron 
transfer is improbable in the case of a perpendicular structure (22) and a diacetylene- 
site complex (23) because of unfavourable x-orbital A crystalline 2 : 1 
TCNE complex of l l e  was isolated32b and found to  be a molecular structure (24) 
where the TCNE molecule was sandwiched between two benzene rings33. 

NC, 5 ,CN 

NC CN 
,c=c, 

NC, ,CN 

NCACN 

1 

NC 

NC 
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C. Carbon- 13 Nuclear Magnetic Resonance Spectra 

information about acetylenic sp-carbon participation in proximity interactions. 

S. Misumi and T. Kaneda 

Carbon-1 3 resonance spectroscopy is an  excellent tool for obtaining direct 

The sp-carbons of 4a are deshielded by 14.5 p.p.m. from the chemical shift 
(81.3 ~ . p . r n . ) ~ ~  of those of cyclotridecyne. This remarkable effect has been ascribed 
to partial olefinic character of the triple bonds caused by large molecular deforma- 
tion?. In fact the cis-olefinic configuration has recently been confirmed by X-ray 
structure analysis of 25 '. As to the chemical shifts of acetylenic sp-carbons in cyclic 
tetraacetylenes, both of  the inner and outer sp-carbons of 8b are deshielded by cn. 
3 p.p.m. relative to the corresponding carbons of acyclic diacetylenes (Figure 5).  

77.0 
I l l  Ill 67,9 

n 
Ill I l l  78.3 

I I 67.7 

(I 79.2 
Ill Ill 

' 76.7 
I I 
Ill Ill Ill Ill 

I I 69'9 

I '  66.4 
I 

FIGURE 5.  Carbon-13 chemical shifts of cyclic tetraacetylenes (8), 6 (TMS) 34. 

For larger rings, 8c and 8d,  the differences in chemical shifts of sp-carbons are about 
1 p.p.m. The larger deshielding of the sp-carbons of 8b can be explained in terms of 
the  diamagnetic anisotropy effect of the transannularly positioned diacetylene group, 
which was estimated by Roberts and in addition to  the ring strain effect. 

Similarly, the deshielding shifts of sp-carbons are found with paracyclophadiyne 
(12c) and anthracenophadiyne (17a) in spite of the strong shielding effect due to the 
transannular aromatic ring. These facts clearly demonstrate that rehybridization 
of the sp-carbons arising from their molecular strain is far more effective than the 
anisotropy effect of the aromatic rings on carbon-13 chemical shifts. Weak but clear 
r ing current effects of benzcnoid aromatic nuclei on carbon-13 shifts of sp-carbons 
were found by comparison of sp-carbon chemical shifts in each pair of rigid, 12c and 
17a, and strainless, 12e and 17b, cyclophadiynes (Figure 6)35. 

D. Photoelectron Spectra 

T h e  photoelectron spectra of cyclic diacetylenes, 4a and 6a and a reference 
compound, cyclooctyne were measured in order to study the proximity interaction 
of acetylenic bonds3G. The  observed values of the lowest vertical ionization potentials 
were in the order 6a > 4a > cyclooctyne. The photoelectron bands were assigned by 
scmiempirical calculations, MIND0/2 and SPINDO, using X-ray crystallographical 
data ,  and their relative sequcnce and positions were explained in terms of through- 
bond and through-space interactions betwcen x and Q orbitals. 
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30.6 28.4 25.4n 

(12e)  (17b) 
FIGURE 6.  Carbon-13 chemical shifts of cyclophadiynes, 6 (TMS). 

111. P R O X I M I T Y  INTERACTIONS IN C H E M I C A L  REACTIONS 

Many ring systems have been prepared by cycloaddition of acetylenic compounds, 
following concerted or multi-step intra- or intermolecular reaction mechanisms. In- 
particular, the placing in close proximity of triple bonds or a triple bond and another 
unsaturated system, such that intramolecular cycloaddition might lead to four-seven- 
membered rings, would seem of interest. This section deals with transannular 
carbon-carbon bond formation of triple bonds in acyclic and cyclic systems. 

A. Triple Bond-Triple Bond Interactions 

I. Acyclic acetylenes 

Since the appearance of the theoretical consideration3’ that the formation of 
tetrahedrane from two acetylenes would be a photochemically allowed process, a 
number of papers dealing with attempted syntheses of tetrahedranes have been 
published. I t  was reported that 2,2’-bis(phenylethynyl)biphenyl(26) was transformed 
thermally and photochemically into an isomeric hydrocarbon, for which a tetra- 
hedrane (27) or  a cyclobutadiene (28) structure would be possible38. Actually, the 
structure of the hydrocarbon was confirmed to be 9-phenyl-l,2 : 3,4-dibenzo- 
anthracene (29) derived from transannular bond formation3e. 

Irradiation of the closely fixed diacetylene (30), which seemed to  provide a greater 
possibility of formation of a tetrahedrane (31), gave unchanged 30 in almost 
quantitative yield40, whereas 2,2’-diethynylbiphenyl (32) afforded the dibromide 34 
as the result of an unexpected intramolecular carbon-carbon bond formation when 
hydrogen bromide in acetic acid was added4I. 
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f C6H5 C6H, 

or 

An azulene (36) having two intramolecularly crossing ethynyl groups was obtained 
together with its isomer (37) on irradiation of o-diethynylbenzene (35) and no 
further photochemical reaction was observedq2. On the other hand, o-bisphenyl- 
ethynylbenzene (38) gave an azulenophenalene system, verdene (39), on irradiationq3. 
The mechanism of the formation of 39 was considered as a result of further cyclo- 
addition of two triple bonds crossed in an intermediate azulene derivative (40). This 
photochemical reaction is reminiscent of the Buchi reaction44 in which diphenyl- 
acetylene yields an azulene system. 



16. Proximity interactions of acetylenes 725 
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HC--Ca 

hi .  
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1,8-Bis(phenylethynyI)naphthalene (41), whose spectra (u.v. and ix.) showed no 
appreciable interaction between the two parallel, close triple gave both 
thermally and photochemically 7-phenylbenzo[k]fluoranthene (42) in good yields, 

S. Misumi and T. Kaneda 

C H  C H  
I 6  I 6  
c c A o r h v  
111 111 - c c  

Q 
C6H5 \ /. & c6Hg) 

i.e. 80% and 87%, on irradiation in 'skellysolve B' and cyclohexane, respectively; 
quantitative yields were obtained under reflux with pyridine or acetic anhydride45* 46. 

In the case of 1,8-bis(2',4',6'-trimethylphenylethynyl)naphthalene, in which the 
orrho methyl groups hindered the isomerizatim to the fluoranthene system, a deep 
green azulenic compound (43) was obtained in 8.5% yield under similar irradiative 
conditions46b. The mechanism by which 41 is converted to 42 is not clear and some 
attempts to isolate intermediates have as yet been unsuccessful. 

(43) 

On treatment with electrophilic reagents such as bromine and hydrogen bromide, 
38 gave diphenylbenzofulvenes (45) through transannular bond formation between 
proximate triple bonds (44)47, whereas addition of bromine to 41 yielded the 

C H CBr CBrC6H5 9-f 
C6H5 \ / 

86H5 
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acenaphthene derivative (46), possibly by a 1 ,Ctransannular process involving 47 4eb; 
46 is conversely debrominated by magnesium to the original compound 41. Similar 
transannular bond formation involving triple bonds was found in the bromination 
of the triacetylenic compound 48 to  yield 49 which afforded a diketone (50) on 
hydrolysisaed. 

Br Br 

Br Br 

0 

The diethynyl compounds 26,38 and 41 showed a different type of ring closure on 
thermal decomposition of their tetrachloroplatinate complexes to give the 3- 
phenylbenzofulvene derivatives 51, 52 and 53, respectivelyag* 53 was also 
quantitatively obtained by treatment of 41 with mercuric acetate in acetic acid- 
sulphuric acida6. 

A number of diethynyl compounds (54), where two triple bonds are conjugated 
with a carbonyl group and/or an aromatic ring, were transformed to polycyclic 
compounds (56) via transition metal complexes (59, especially those of rhodium". 

x = s,o 
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2. Cyclic acetylenes 

Base-catalysed prototropic rearrangements of cyclic polyacetylenes have often 
been used to synthesize annulene and dehydroannulene systems. In such reactions, 
transannular carbon-carbon bond formation between proximate triple bonds 
occasionally takes place to give polycyclic compounds. Treatment with a base of 
cyclic polyacetylenes 57 and 59 gave benzenoid aromatic compounds 58 and 61, 
with the desired dehydro[l6] and [18]annulenes, respectivelys2. 

S. Misumi and T. Kaneda 

r = - G l  

KOH-C,H,OH 4- - -  - i =-50% ’ 

(59) (60) (61 1 

Similarly, biphenylene (63) was obtained in ca. 7% yield, from treatment of the 
thermally unstable tetrayne 8a with potassium f-butoxide, probably by transannular 
bond formation between the triple bonds closely placed in the intermediate 62 14- 53. 

Refluxing of the cyclic tetrayne disulphonate 64 with 7% potassium hydroxide in 
aqueous methanol gave a mixture of three benzazulenes 66,67 and 68, by cyclization 
of the intermediate 65, which could be isolated under milder conditions by extraction 
with strong acids from the organic solvent in a similar manner to a ~ u l e n e ~ ~ .  

70/ KOH - -  6-3 L 
/ =  (64) 

(65) 15-20% 

OCH, 

__+ 

(66) -34% (67) -9% (68) -5% 
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It is well known that the transannular carbon-carbon bond formation is often 

induced in catalytic hydrogenation of severely strained cyclic acetylenes where triple 
bonds are closely placed to each other. Hydrogenation of the highly strained 
tetrayne (69) with 10% Pd-C gave the polycyclic compounds, 70 and 71, in addition 
to the expected hexadecahydro compound (50% yield)s5. On the other hand, Birch 
reduction of 69 gave another perhydro product (72) in good yield56b. From a 
similarly constructed tetrayne (73) a polycyclic compound (74) was obtained by 
catalytic hydrogenation over platinurnbe. 

/ (71) 38% 

(69) 

CXDm 
(72) 

Q:-:D 3pg2 (yy=Q 
(74) 

0 _ -  
(73) 

Catalytic hydrogenation of the diacetylene 65 gave a benzazulene (66) when 
interrupted after a few minutes of hydrogenation, while longer treatment resulted in 
formation of a mixture of 75, 76 and 77 54. 

(77) 

In the preparation of cyclic acetylenes from acyclic ones by the usual coupling 
methods, formation of unexpected isomeric compounds was often observed and has 
been considered to be caused by proximity interactions between the triple bonds 
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Cu salt 

y z z  

CECH 

CECH 
+ 

+ 

w * 0 0  
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closely placed to each other. The Eglinton oxidative c o u ~ l i n g ~ ~ ~  of diethynyl- 
biphenyl (32) gave triphenanthro-tridehydro[l2]annulene (79) in place of expected 
triply-crossed hexayne (78)41b. 

Coupling of 8-iodo-1-naphthylacetylene (80) according to the Castro method57a 
afforded two polycyclic compounds, zethrene (83) and decacyclene (84), which 
would be derived from intramolecular cyclization of the intermediates, 81 and 82, 
respectivelys7. All other attempts to prepare 81, e.g. the Castro coupling of la with 
l,S-diiodonaphthalene, led to 83 and its derivatives because of the extreme proximity 
of the two parallel triple bonds, within van der Waals’ radii58. 

The oxidative coupling of the dipropargylamine 85 according to the Hay methodse 
resulted in a one-step synthesis of the 1,5,9-tridehydro[12]annulene derivative 87 Go. 

Since normal oxidative coupling of 1,6-heptadiyne yields its cyclic trimerel, the 
formation of the annulene is very interesting and is explained by valence isomeriza- 
tiori of triple bonds brought close together due to the geminal methyl groups in 86. 

M e Y C E C H  CUCI, 0, 

H \CECH pyridine 

Me Me 

H 

_j 72 I, 
(87) 

The cyclic diacetylene 5,6,11,12-tetradehydrotetrabenzo[a,c,g,i]cyclododecahexa- 
ene 89 is particularly interesting for its two triple bonds are closely fixed and cross 
each other, and the four sp-carbons occupy the apices of an expected tetrahedrane 
(90). In view of this, 89 was synthesized from bis(2-bromopheny1)acetylene (88) by 

metalation with n-butyllithium followed by treatment with anhydrous cupric 
chloridee2. Nevertheless, according to the intense Raman absorption band of 
vC=_c at 2220 cm-l, the compound obtained shows the character of triple bonds and 
not of a tetrahedrane. However, there is an interesting problem regarding the 
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chirality of the molecule. The possibility exists of a novel rearrangement between 
89a and 89b through an intermediate tetrahedrane (90). Although such a racemiza- 
tion has not been observed so far, a transannular carbon-carbon bond formation 
was recently found in the addition of bromine and hydrobromic acid to 89 63. 

XY ~ X = Y = Br, 39% 
X = H, Y = Br, 72% 

An attractive transformation of cyclic diacetylenes (4) to cyclobutadienes (92) 
was attempted considering the proximity interaction, but it has been unsuccessful so 
far. However, transition metal complexes such as the x-cyclopentadienyl cobalt 

c o(C 0) z c o  

(93) 

(94) 

complex 94 were obtained as stable derivatives by refluxing 4 with an equimolar 
amount of x-cyclopentadienyl cobalt dicarbonyl (93F6’. The yields are strongly 
dependent on the ring size of 4: 86% for m = n = 4, 2% for m = n = 5.  

5. Triple Bond-Aromatic Ring Interactions 

phadiyne or [rn.n]paracyclophadiyne 
In the course of a study concerning charge transfer complexes of [nlparacyclo- 

with tetracyanoethylene (TCNE), it was 

m b n  Yield (%) 
2 3  - 
2 4 76 
3 3 73 
3 4 34 
4 4  0 
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found that a novel multicycloaddition took place thermally among the three iso!ated, 
unsaturated systems. The structure (95) of the products was clearly confirmed by 
spectral analyses and the formation was proposed to be a 1,3-mode cycloaddition 
(Figure 7)68. NO such cycloaddition reaction was observed for 12 with rn = n = 4 or 

11,3 mode 1 '34 mode 
2,3 mode 1 

FIGURE 7. Cycloaddition modes of TCNE to [3.3]paracyclophadiyne. 

more methylene numbers, while the highly strained cyclophadiyne (16) reacted 
smoothly with TCNE even at room temperature to  give 96 G8. We first thought that  

TCNE 

room temp. 

they were intriguing examples of a thermally allowed [z4s + x2a + lr2s + d a ]  
pericyclic process, provided that these mu1 ticycloadditions proceeded in a concerted 
manner. However, the mechanism of these reactions has recently been explained by 
molecular orbital theory, that is, in terms of three-system interaction among the 
H O M O  of the benzene ring, the HOMO of the diyne group and the LUMO of  
TCNE as shown in Figure 8 71, in which highly electron-deficient TCNE allows the 
HOMO-HOMO interaction between the diyne group and the benzene ring to 
contribute to stabilization and bond formation between them. 

26 



734 S. Misumi and T. Kaneda 

HOMO 

HOMO 

FIGURE 8. The three-system interaction orbital set for multicycloaddition of [3.3]paracyclo- 
phadiyne with TCNE. 

I n  the case of the 1,4-anthracenophadiyne 18, TCNE was exclusively added to the 
9 and 10 positions of the anthracene ring to give quantitative yield of an adduct (97)28. 
When the adduct 97 was refluxed in tetrachloroethane, an isomeric one-to-one 
adduct (98) was obtained in 38% yield, probably via a retro Diels-Alder process 

NC*CN 

(97) 

(98) 

followed by the above-mentioned pericyclic reaction. Another anthracenophadiyne 
(17a) also gave a pericyclic adduct with TCNE. This compound gave a novel 
photochemical reaction on irradiation in benzene69, yielding a unique photodimer. 
the [4]radiallene derivative (loo), in quantitative yield. Moreover, irradiation of 17a 
in a large excess of furan or cyclopentadiene afforded quantitative yields of the 
multi-cycloadducts (lO2)Oe. The mechanism in the photochemical dimerization and 
cycloadditions of 17a is an interesting problem. Extensive studies of these  reaction^'^ 
recently demonstrated the extremely strained butatriene 99 to be the most likely 
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intermediate in these photo-induced reactions on the basis of the following results: 
(i)  all the reactions are independent of the concentration of the starting material 
(17a), ( i i )  the intermediate (99) is yielded on repeated irradiation of 17a in glycerol- 
ethanol (1 : 1) matrix at  low temperature and reverts quantitatively to the starting 

@ (99) 

c__+ 
quant. 
yield 

quant. I 
yield 

v 
(102) (X = CH,, 0) 

nn 

uu 
material by irradiation with shorter wavelength light and (iii) the intermediate (99) 
in the same matrix gave its dimer (100) on warming up to room temperature without 
irradiation. 

Consequently, it is concluded that the photochemical dimerization proceeds by a 
two-step mechanism involving [x4s + x4s] and [x2s + x2sJ processes and not by the 
one-step process of [x4s + x2a + x2a + x4s + x2a + x2a] as shown in 101. 
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1. GENERAL INTRODUCTION 

The isolated carbon-carbon triple bond is not easily reduced cathodically or oxidized 
anodically. Appropriate substitution can lower the potentials required for addition 
or removal of an electron but even so electron transfer usually occurs at potentials 
a t  which further electrochemical oxidation or reduction of products is likely. 

A. Ease of Reduction 

For reduction, relevant data from polarographic and cyclic voltammetric experi- 
ments are summarized in Tables 1 and 2, respectively. For the results in Table 1 the 
variety of solvents and reference electrodes used makes comparisons difficult. I t  is 
clear, however, that even with the activation of a phenyl substituent (entries 6,7,9-14) 
reduction occurs at very cathodic potentials. In this context it is worth noting that 
in aprotic solvents at ca. - 3 V (us. S.C.E.) it becomes difficult to distinguish between 
direct electron transfer to the alkyne and the production of the cathode of solvated 
electrons. Under the latter conditions the indirect electroreductionse show many of 
the characteristics of dissolving metal reductions (see Section 1I.B). Even at  extreme 
cathodic potentials it is not clear that an electron is added to the triple bond; the 
e.s.r. spectra of the radical anions of dimesitylacelylene and (2,4,6,2',4',6'-hexa-t- 
buty1diphenyl)acetylene have been interpreted in terms of equal distribution of the 
odd electron in the aromatic rings4. 
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TABLE 1. Polarographic data for reduction of alkynes 

Reference Solvent- 
Compound - Eg (V) electrode electrolyte Reference 

(1) HC=CC02CH3 
(2) HC=CC02H 

(3) ~ I - G H ~ C E C C O C H ~  

(4) n-GH,CsCCO,CH3 

( 5 )  n-GH7C=CC0,Li 

(6) PhCECH 

(7) PhCECPh 

(8) trans-PhCH=CH Ph 

% 

k 

(12) PhC=C(CH,),CH3 

(13) PhC=C(CH,),CI 

(14) PhC=C(CH,),Br 

1.35 
1 a45 

1 -99 

2.26 

2.3 1 

1.97 

1.69 

2.48 

1.64 

2.70 

2-75 

2.93 

2.65 

1.88 

1.77 

S.C.E. 
S.C.E. 

S.C.E. 

S.C.E. 

S.C.E. 

Hg pool 

Hg pool 

S.C.E. 

Hg pool 

HZO-KCI 
HZO-KCI-HCI 

(1 o-' M) 

DMF-BU~NBF~ 
(O-SM) 

(0 .5M)  

(0.5M) 

(0 .16~)  

(0.26~) 

ethane-Bu4NC104 

D MF-Bu~NBF~ 

D MF-Bu~NBF~ 

DMF-Bu~NI 

D MF-Bu~NI 

1 ,ZDimethoxy- 

(0.1 M) 

DMF-Bu~NI 
(0.16~) 

S.C.E. 1.2-Dimethoxy- 
et hane-Bu4NC104 
(0.1 M) 

S.C.E. 1 ,ZDimethoxy- 
et hane-Bu4NC104 
(0.1 M) 

S.C.E. 1,2-Dimethoxy- 
e thane-B u4N CI O4 
( O . l M )  

S.C.E. DMF-Bu~NCIO~ 
( 0 . 0 5 M )  

(0.1 M) 

(0.1M) 

Cd/CdCl, DMF-Bu~NCIO~ 

Cd/CdCI, D M F-BU~NCIO~ 

(2.35). S.C.E. DMF-Bu~NCIO~ 
2.60, 2.80 (0'05M) 

1 
1 

2 

2 

2 

3 

3 

4 

3 

4 

4 

4 
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Conjugation between the triple bond and the carbonyl function lowers the 
reduction potential considerably whereas alkyl substitution makes reduction more 
difficult (entries 1-5). A comparison between the half-wave potentials for reduction 
of PhCECPh (1.69 V, us. Hg pool) and rrans-PhCH=CHPh (1.65 V) substantiates 
the fact that, at least for this case, a likely product of reduction is more vulnerable to 
electroreduction than the starting material. In practice electrolyses in protic media 
aimed at producing alkene from alkyne usually proceed to give alkane. 

For reduction of PhC=C(CH,),X (X = CI, Br; entries 13, 14) the relatively low 
half-wave potentials relate, for the bromide, to cathodic cleavage of the carbon- 
bromine bond, but for the chloride it is likely that the radical anion of the alkyne is 
produced, which allows nucleophilic intramolecular displacement of chloride (see 
Section 1I.A). 

Cyclic voltammetric results arc available’ for a few compounds only (Table 2), 
but the general conclusions based on polarography are confirmed. In each case 
the reductions are of activated alkynes and are irreversible, i.e. a fast chemical 
reaction follows electron transfer. It is also significant that, again, an acetylene 
(PhC=CCO,Me, entry 7) is less easily reduced than the corresponding alkene 
(tratzs-PhCH=CHC02Me, entry 8), which would be the first-formed product of 
cathodic hydrogenation. 

5. Mechanism of Electroreduction 

The mechanism of cathodic hydrogenation, which requires a proton donor, is 
most probably that given in Scheme 1; the reduction potentials are in the order 
E2 c El - E3 c E,. This mechanism is analogous with that well established for the 
cathodic hydrogenation of carbonyls and polycyclic hydrocarbonss, and activated 

I €r+ I 
Hf -4 en €1 + -  

R C H = ~ R  RCH=CR --+ RCH=CHR 
1 

RCH,CH,R 

SCHEME 1 

alkenes’O. For hindercd alkynes (Table 1, entries 9, 10) reversible one-electron 
reduction to the radical anions has bcen observed4 and in those cases the radical 
anions arc stable at room temperature. Dianions are formed at considerably greater 
cathodic potentials than are the radical anions (e.g. - 1.96 V (Hg pool), cf. - 1.69 V 
for PhC=CPh3). Reduction of diphenylacetylene in DMF, at high currcnt density 
and therefore probably at the second wave, gives in the presence of carbon dioxide 
products that have been rationalized in terms of trapping of the dianion3 (Section 
II.A, Scheme 4). 

An alternative mode of reduction involves hydrogenation by cathodically generated 
hydrogen with the metal electrode surface acting as a hydrogenation catalyst. These 
reactions have been well reviewed’l but are discussed briefly in Section 1I.B. 
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C. Ease of Oxidation 

For the electrochemical oxidation and reduction of alkynes and alkenes an 
analogy may be drawn with their relative reactivities towards electrophilic and 
nucleophilic attack. Alkynes are the more easily attacked by nucleophiles and are 
slightly easier t o  reduce. Alkynes are, however, much less prone to electrophilic 
attack than alkenes and are correspondingly more difficult to oxidize electro- 
chemically. 

Electron transfer to an anode involves the removal of an electron from the highest 
occupied molecular orbital and, in the absence of solvent, the ease of this process is 
reflected in the first ionization potential (1.P.). Electrochemical oxidation must 
perforce involve a solvent but despite this complication there is a remarkably linear 
empirical relationshipI2 between gas-phase ionization potentials and oxidation half- 
wave potentials (Ei) referred to the Ag/Ag+ electrode in acetonitrile. For a consider- 
able number and range of organic compounds the best linear plot of El us. I.P. 
obeys the equation, Eh = 0.92(I.P.) - 6-20. Using this equation and experimental or 
calculated I.P. values culled from the literature, Ei values for a number of alkenes 
and alkynes have been calculated and displayed in Table 3. The calculated Eh values 

TABLE 3. Ionization potentials (I.P.) and oxidation half-wave potentials (Eh) 

I.P. (eV) 
Ei (V) 

Compound Calc.I3 Exp.la (Ca1c.O; us. Ag/Ag+, MeCN)la 

t-BuCECBu-t 
Cyclohexene 
CH,CH=CHCH, 
CH3C=CCH3 
CH3CH2CH=CHa 
CH~CH~CSCH 
CH,C=CH 
CH2=CH2 
HC=CH 

7-98 
- 
- 
9.28 

10.14 
10.35 

11-41 

- 

- 

- 
8.95 
9-13 

9.58 
10.18 
10.36 
10.51 
11.41 

- 

1.14 
2-03 (1.98) 

2-34 
2.61 (2.78) 
3.17 
3-33 
3.47 (2.90) 
4.30 

2.20 (2.21) 

a Values calculated according to El = 0.92(I.P.) - 6.20; figures in parentheses are 
values quoted in Reference 12. 

cannot be relied upon and clearly the equation used does not hold well for the higher 
values. However, the pattern is clear; oxidation of alkynes is difficult and probably 
occurs at potentials beyond those at which solvents and dectrolytes usually oxidize 
(ca. 3.0 V us. Ag/Ag+). Substitution by alkyl groups is expected to lower the oxidation 
potentials considerably but this has not yet been tested experimentally. 

There are few reported examples of preparatively significant electrochemical 
oxidations of acetylenes and it is doubtful whether any of them involve initial electron 
transfer from the triple bond. The few significant examples are discussed in Section 
111. 

I I .  CATHODIC REDUCTION 

Electrochemical methods often provide clean and efficient alternatives to conventional 
synthetic procedures. One such area which has been explored is the cathodic 
reduction of acetylenes and this section attempts to summarize the results of 
experiments using various electrolysis conditions. 
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There are two methods of electrochemically reducing acetylenes, namely, direct 
charge transfer to  the triple bond from the cathode and the electrolytic generation 
of an intermediate which attacks the acetylene. The first method (direct reduction) 
has the advantage that mechanistic studies using, for example, cyclic voltammetry 
and coulometry can be carried out, while the second method (indirect reduction) 
appears to offer more scope for product control and has been more extensively 
investigated. 

A. Direct Reduction 

Direct reduction of acetylenes requires the use of aprotic solvents or cathodes of 
high hydrogen overvoltage, for example, Hg or Pb. Isolated triple bonds, like 
isolated double bonds, reduce beyond the accessible potential range of the more 
common electrolytic solvents*. Electrolytic reduction is therefore confined to 
activated acetylenic compounds, that is, those containing double bonds or electron- 
withdrawing substituents conjugated with the triple bond. House and coworkersZ 
have formulated empirical rules for estimating the reduction potentials of  z,P- 
unsaturated carbonyl compounds including a,P-acetylenic carbonyl compounds. 
The general feature of direct reductions is the complete saturation of the triple bond 
and representative examples are given in Table 4. 

The reduction mechanism of diphenylacetylene has been variously interpreted. 
Laitinen and Wawzonekl", using aqueous dioxane, proposed protonation via the 
dianion 1 following a slow electron transfer to the anion radical (Scheme 2). 

P h C S C P h f e  7 P h k=E P h 

Phk=CPhfe  - Phe=CPh (1) 

PhC=EPh+2H,O - PhCH=CHPh+20H- 

PhCH=CHPh 2e. 2 8 2 0  5 PhCH,CH,Ph 

SCHEME 2 

Wawzonek and Wearing3 in a later study using D M F  proposed a similar 
mechanism but with the formation of the anion radical involving slow electron 
transfer. Surprisingly, the polarographic data gave no  evidence for slow electron 
transfer and, indeed, reversible behaviour of this compound has recently been 
observed'' in T H F  using cyclic voltammetry. Sioda and coworkers1B observed two 
waves for diphenyl acetylene in D M F ;  the first corresponded to  the transfer of three 
electrons, the second to one electron. The mechanism was formulated as involving 
the protonation of anion radicals in an ECECE (Electron transfer, Chemical 
reaction, Electron transfer, etc.) process (Scheme 3) and this seems to  be quite 
reasofiable in view of the electron affinity of the radical relative to that of the 
acetylene. 

The electrolysis of diphenyl acetylene3 in the presence of CO, gave both 
diphenylmaleic anhydride and diphenylfumaric acid and these products were cited 
as evidence for dianion formation. The results, however, can easily fit an anion 
radical mechanism (Scheme 4). 

Benzene has recently found use for voltamrnetryl6 and bccause of its large electroactive 
range and inertness may provide a medium for mechanistic studies, although the high 
resistance of the solvent precludes preparative experiments. 
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PhC=CPh Pht=CPh H+ Phd=CHPh 

E+ Phe=CHPh PhC=CHPh ___+ PhCH=CHPh 

PhCH=CHPh --&+ PheH-CHPh & PhEH-eHPh 

PhCH-EHPh - PhCH,CH,Ph ,€I+ 

SCHEME 3 

Phd=CPh+CO, - Phk=CPh 
I 
co; 

Phd=CPh+e - PhC=CPh 
I I 
co; co; 

co; 
I 

PhC=CPh+-CO, - PhC=CPh 
I 
co; 

I 
co; 

SCHEME 4 

Moore and Peters6 have observed an interesting rearrangement reaction during 
the electrolysis of 1-phenyl-1-hexyne in D M F  at a H g  cathode. When the acetylene 
was reduced at concentrations of less than 2 m ~ ,  I-phenylhexane was formed by the 
usual 4e process ; however, at higher concentrations (2-1 OmM) the acetylene under- 
went an isomerization to 1-phenyl-1 ,2-hexadiene (2). This allene, being readily 
reduced, was converted initially into a mixture of alkenes and finally into 1- 
phenylhexane (Scheme 5).  

PhCd!Bu-n 
PhC=CBu-n & Phk=CBu-n - Phk=CHBu-n 

+ 
n+ 

Ph C =CBu-n + P h CH =C =CH Pr-n t [ P h e  =C =CH Pr-n t--, P h C =CCH Pr-n] 

e H+ 
PhCH=kH=CHPr-n b PhCH=CHBu-n (cis and trans) 

4- 

PhCH,CH =CH Pr-n (frans) 
ze, 2Ef 

PhCH,CH,Bu-n < 

SCHEME 5 
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The reduction of acetylene dicarboxylic acidlo (or its monoethyl ester) leads t o  an 
interesting hydrodimerization reaction (Scheme 6). 

e. H +  
HO,CC=CCO,H > HO,C~=CHCO,H -co?_ HO,C~=CH, 

2l? 

?If + 
PHO,Ck=CH, - HO,CC=CH, ~ > HO,CCCH, 

HO,CC=CH, HO,CCCH, 
II 1 

2e 
HO,CCCH, HO,CCH(CH,)CH(CH,)CO,H 

II 
HO,CCCH, 

SCHEME 6 

a,P-Acetylenic carbonyl compounds undergo several cathodic reactions the nature 
of which depend on the p H  of the electrolyte. In an early study of the  reduction of 
phenylbenzoylacetylene, Prkvost and coworkers20 suggested the following dimeri- 
zation processes (Scheme 7). The potential difference (Ez - El) for the formation 
of saturated us. unsaturated ketones was ca. 0.4 V over the p H  range 1.3-8.6. 

[ P hy=CHCOP h I 
I 

2Y 
e, H +  

PhCGCCOPh. E ,  > Phk=CHCOPh 

SCHEME 7 

This system was reinvestigated for the pH range 2-12 by Degrand and  coworkers?l. 
They formulated a more complex reduction mechanism, the ultimate products 
depending on the electrode potential and solution pH. The first step in the reduction 
of phenylbenzoylacetylene or its 3,4-dimethoxy derivative probably involves the 
formation of acrylophenones which were further reduced either to the electroinactive 
acetylenic alcohols or to chalcones which underwent further reduction to the 
saturated alcohols. Scheme 8 summarizes the pathways believed to be involved. 

It is noteworthy that the products from the above reaction are modified" if a 
silicon atom is incorporated in the position a to the triple bond (Scheme 9). The 
reaction appears to  have general applicability, as a,P-unsaturated alcohols were 
obtainedz2 when the phenyl group was replaced by Me, CH=CH2 or C=CCH=CH2. 

The electroreductive cyclization of some acetylenic halides in D M F  has been 
reported5 by Moore and Peters. 6-Bromo-I-phenyl-1 -hexyne (3) gavc three 
polarographic waves a t  - 2.35 V, - 2.60 V and - 2.80 V (us. S.C.E.). The  first wave 
was correlated with C-Br fission (it-hexyl bromide was reduced at -22-29 V) while 
the two remaining waves corresponded to triple bond reduction (1 -phenyl-I-hexyne 
gave waves at  - 2-65 V and - 2.88 V)*. The electrolysis reaction mixture contained 
both five- and six-membered carbocycles as well as straight-chain reduction products 

* In another, similar, investigation only one reduction wave was reported6 for l-phenyl- 
1-hexyne in DMF solution. 
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(Table 4). The formation of the six-membered ring compounds is unique to the 
electrochemical method. since chemical reduction of the acetylenic halide by, for 
example, butyllithium yields solely benzylidene cyclopentane (4). It was suggested6 

e, ti' 2c 2H' 
> ArC(0H)-C--CAr ArC(0H)-CH-CHAr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A r C O C r C A r  

I Ar  = Ph or 3,4-(CH,O),C,H, 

3e ,  3H 
ArC(OH)=CHCH,Ar 

e, H +  I 1 base 

J. 

A r  COCH, CH, A r 

2e, 2H + 

V 

ArCH(OH)C=CAr ArCH(OH)CH,CH,Ar 

SCHEME 8 

ze 2H+ 
Me,SiCH=CHCOPh A Me,SiCH=CHCH(OH)Ph 

ze, zH+ 
Me,SiC=CCOPh pH 8.0 > 

SCHEME 9 

that the electrode played an important role in the cyclization process either by the 
formation of organomercury intermediates or by the creation, for the adsorbed 
radical, of a different environment from that of the homogeneous cyclization process. 
Scheme 10 was proposed for the formation of the five-membered carbocycles. 

First wave ( - 2.40 V ) ; C-Br cleavage 

e. - B r -  [H ' l  
PhCGC(CH,),Br ---+ PhCrC(CH,)', w PhC-CBu-n 

(3) ro port Ion at l o  n 

PhCEC(CH,),CH=CH, + PhC=C B u - ~  
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Second and third waves ( - 2.60 V, - 2.80 V);  triple bond redirction 

PhC=C(CH,),Br -& Phk=C(CH,),Br (or dianion) 

(3) 

/ (4) 

SCHEME 10 

B. Indirect Reduction 

As described previously, indirect reductions involve the generation of a reagent 
which reacts with the acetylene. The most common reagent is hydrogen although 
considerable interest has been shown in dissolving metal (solvated electron) 
reductions. Table 5 presents some examples of indirect reductions. Reductions 

TABLE 5 .  Indirect reduction of acetylenes 

Compound 

PhC=CH 
PhCSCPh 
n-PrC= CPr-n 

Me2(CH= C)COH 
Et,C(OH)C=CH 

Me,SiC=CPh 
CH=CH 

Electrode/solvent 

Spongy Ni/lO% H,SO, 
Spongy Ni/lO% H,SO, 
Spongy Ni/EtOH, H,S04 
Pt/LiCl, MeNH, 

Ni/alkaline soh. 
Cu/Ag alloy/NaOH, 

Pt/LiC1, MeNH, 
Cr( 11) CI,/H CI 

EtOH 

Products (%) Reference 

PhEt, PhCH=CH, 30 
cis-P hC H= CH Ph (80) 30 
cis4-octene (80) 30 
tram-4-octene (47) 26 
cis-4-octene (1) 
Me,(CH,=CH)COH (80-90) 25 
Et,C(OH)CH=CH, (80) 31 

PhC=CH (47), PhEt (38) 27 
CH,=CH, (90) 28 

using aqueous acid or alkaline solutions involve hydrogen production at low 
overvoltage cathodes (Pt, Ni or Co) and acetylenic compounds are reduced in a 
manner analogous to catalytic hydrogmations. Thus isolated triple bonds can be 
reduced to give the cis alkene, for non-terminal acetylenes (cf. direct reduction). 
An interesting device has been described by Lee and C a s h m ~ r e * ~  for carrying out 
highly selective and. stereospecific hydrogenations. The substrate, e.g. but-2-yn- 
1,4-diol, is circulated inside a Au/Pd alloy tube whilst hydrogen is cathodically 
evolved on  the outside of the tube. Catalytic reduction takes place following diffusion 
of hydrogen into the alloy. In the example cited, the cis alkene is obtained exclusively. 
Cathodic hydrogenations usually result. however, in mixtures of both the alkene and 
alkane and although advantage can be taken of the different rates of hydrogenation of 
the acetylenic and olefinic bonds on the Pt group metals2', Ag or C u  cathodes are 
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the metals of choice for selective reduction to alkenes. The reduction pathway on 
these metals (or Cu/Ag alloys) may involve formation of organometallic inter- 
mediates, for example, LebedevaZs observed the formation of an organocopper 
compound during the reduction of dimethylethynyl methanol a t  a copper cathode. 
The mechanism of reduction has not been carefully investigated, however, and these 
compounds may only be side-products; it is worth remembering that with reduction 
at  mercury cathodes small quantities of organomercury compounds are often found. 

Solvated electron reductions are performed by electrolysin;: a solution of LiCl and 
the acetylene in a basic solvent, for example, MeNH, or  HMPA. In  the absence of 
substrate a deep blue colour develops around the cathode which apparently contains 
Li+ bound to a negatively charged solvent complex. This blue complex reacts 
almost as  rapidly as  it is formed when a reducible substrate is present. Reduction 
under these conditions does not differ in principle from that which occurs with 
alkali metals in liquid ammonia8. Benkeser and T i n c h e P  found the following 
results for the indirect reduction of alkyl and aryl acetylenes in a MeNH,/LiCl 
electrolyte: 

Dialkyl acetylenes - trans olefins. 

Non-conjugated aromatic acetylenes ___z aromatic olefins (trans for non-terminal). 

Conjugated aromatic acetylenes - alkylbenzenes. 

The stereochemical outcome is consistent with the reductions proceeding in bulk 
solution, remote from the electrode. 

The  same w o r k e d 7  have also reported the cathodic reduction of an acetylenic 
silicon compound. (Phenylethyny1)trimethylsilane underwent C-Si cleavage when 
reduced at  a Pt cathode in a MeNH,/LiCl electrolyte (Scheme 11). It is interesting 

PhC=CSiMe, a [PhC=CSiMe,]' - PhC=C+Me,Si 

I 

4e 4n+ 
PhCH,CH, PhC=CH 

38% 47% 

SCHEME 11 

to note that the initial reaction did not involve the reduction of the acetylenic bond; 
however, if isopropyl alcohoi was added to  the electrolyte, C-Si cleavage was 
suppressed and complete reduction of the triple bond took place (Scheme 12). 
It seems likely that under these conditions rapid protonation of the anion radical 
was responsible for the change in mechanism. 

i-PrOfI 3e. 3n+ 
[PhC=CSiMe,]' N Phe=CHSiMe, N PhCH,CH,SiMe, 

31 % 
SCHEME 12 

Chromium(r1) chloridec8 has been suggested as an effective and selective reducing 
agent for  acetylenic bonds and one which may be produced it1 sitir a t  a cathode. 
Thus acetylene is reduced to ethylene with 90% current efficiency (Scheme 13). 
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Since the Cr(ri) compound can easily be regenerated by electrochemical reduction, 
the method has beer! explored as a possibly useful industrial reaction. A major 
difficulty with the process, however, which is a factor against commercial exploi- 
tation, was found to be the slow rate of reaction between the Cr(Ii) chloride and 
the acetylene. As a laboratory method it is of interest provided that acid-sensitive 
substrates, for example acetylenic 

2CrCI,+CzHz+2HCI - 2CrCI,+C,H, 

SCHEME 13 

are avoided. 

111. ANODIC OXIDATION 

The anodic oxidation of acetylene at a gold anode and in aqueous solution has 
been studied in great detai133*34. In the presence of H2S04, Na,SO, or NaOH, 
acetylene was partially oxidized at  353 K to give polymers and carbon dioxide. 
For well-behaved electrochemical reactions the empirical relationship between 
electrode potential (E) and current density (i) is of the form E = a f b l o g i  where 
a and b are constants characteristic of a given reaction. In the case of acetylene 
oxidation in aqueous solution a discontinuity was observed34 in the plots of E us. log i 
(Tafel curve) which indicates a change of mechanism as anode potential increases. 
Under the conditions for the partial oxidation of acetylene to carbon dioxide the 
predominant electrode reaction was oxygen evolution following OH- + OH' + e; 
it must be concluded therefore that decomposition of the acetylene is via radical 
attack and not via electron transfer from the triple bond. 

PhCECPh [PhC=CPh]; ____* PhC(OH)=ePh 
OII- -0 

> PhCOCH(0H)Ph -e, OII-  

-c, OAc- I 
z PhCOCH(0Ac)Ph 

-e, OH- 
P h C (0 A c) = 6 P h 

(5) 
-e, Ohc- 

-e, OH- 
A 

1 
P h C( 0 Ac) =C( 0 A c) P h P h C(0H) 0 A c e (  0 A C) P h 

-c, OAc- 1 -c, OAc- i 
-e OH- 

P h C (0 A c), e( 0 A c) P h d P h C (0 Ac),C 0 Ac( 0 H) P h 

-c, OAc- I 
PhC(OAc),C(OAc),Ph - PhC(OAc),COPh - PhCOCOPh 

(6) 

SCHEME 14 
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The only other alkyne the anodic oxidation of which has been studied in detail is 
diphenylacetylene. Again i t  is difficult to  be certain about the mechanism involved; 
the phenyl group and the triple bond may be electroactive but, because of the 
conjugation between them, it is probably more rigorous to  consider electron transfer 
from the molecule as a whole. The relevant oxidation potential is apparently 2 V 
(us. S.C.E.), the potential employed for anodic ~ y a n a t i o n ~ ~ .  

Benzoin acetate (5) and  the keto diacetate (6) are the major products (according to  
gas chromatographic analysis) of oxidation36 of diphenylacetylene at a carbon anode 
and in acetic acid containing sodium acetate. The keto-diacetate is readily converted 
into benzil. Under these conditions acetate ion would be oxidized a t  6 2 - 2 V  (US. 

S.C.E.) and, because diphenylacetylene is preferentially oxidized, it is likely that 
the aromatic compound is discharged, as for  cyanation, a t  ca. 2-OV. From the 
figures given in Table 3 i t  seems unlikely that localized oxidation of the triple bond 
is taking place even though it is the triple bond which is acetoxylated. The probable 
mechanism of formation of the products is indicated in Scheme 14. 

I n  contrast, anodic cyanation of diphenylacetylene occurs exclusively a t  the 
aromatic ring and the triple bond remains intact35 ; 4-cyanodiphenylacetyl~ric is 
formed in 60% yield. The  reaction was run a t  2 V (us. S.C.E.) for 3-9 F mol-l using 
a platinum anode in methanol containing sodium cyanide. Anodic cyanation results 
in preferred attack at t he  aromatic nucleus in other systems; toluene, mesitylene 
and hexamethylbenzene give nuclear substitution and little side-chain cyanation 
under similar in  contrast with the corresponding acetoxylation or 
methoxylation reactions. 
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3. 
4. 
5. 
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1. INTRODUCTION 

Due to the comparatively large measure of unsaturation inherent in the carbon- 
carbon triple bonds, compounds containing them are extremely valuable synthetic 
intermediates, which can readily be converted to other products. There is therefore 
great significance in the development of methods of formation and introduction 
of this multiple bond into organic structures. These methods have been extensively 
reviewed in the past three decades in books and reviews1. The chemistry and synthesis 
of special groups of acetylenic compounds have also been amply reviewed in recent 
years2. Brandsma’s book3 is a practical handbook detailing numerous laboratory 
procedures which lead to acetylenes and to  compounds related to them. It also 
describes the handling of alkali metal amides in liquid ammonia, and should be on 
the shelf of every chemist interested in acetylenes. 

The classical method of formation of the triple bond is by elimination of a stable 
entity from a more saturated structure. In the past the major elimination route has 
involved the removal of hydrogen halide molecules, i.e. dehydrohalogenation. In 
recent years organic chemists have imaginatively and ingeniously constructed more 
complex structures from which other stable moieties could be eliminated, mainly 
thermally, to furnish acetylenes. These newer methods should still be investigated as 
t o  the extent of their applicability and should encourage the planning of even more 
sophisticated elimination procedures, operating under mild conditions in the presence 
of sensitive groups contained in the substrates. They should also suppress the 
concurrent formation of allenes and conjugated dienes, which accompany many 
elimination reactions. 

Besides the generation of the triple bond by elimination, the ethynyl and alkynyl 
groups can be introduced into existing substrates by substitution, mainly by nucleo- 
philic substitution. A final section in this chapter treats the protection of the C-H 
bond of terminal acetylenes and of the triple bond itself. Work published in the past 
decade is stressed. The patent literature has not been consulted but numerous patent 
references will be found in References 1g,h and 4. The coupling of acetylenic 
compounds (Glaser coupling and Cadiot-Chodkiewicz coupling) as well as the 
preparation of acetylenes by prototropic rearrangement are not covered as they 
may well be treated elsewhere in this volume. The coverage in this chapter extends 
until approximately the middle of the year 1976. 
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II. ACETYLENES BY ELIMINATION REACTIONS 

Elimination can formally start from saturated compounds (equations 1 and 2)  or 
from unsaturated substrates (equations 3 and 4). As pointed out, dehydrohalogena- 
tion has been until now the major route of elimination. However, other moieties 

have been eliminated, particularly in recent years. These include acids, bases, 
halogens, alcohols and mercaptans, CO,  COz, SOz, Ph,PO, and above all molecular 
nitrogen. 

A. Dehydrohalogenations 

Hydrogen halide eliminations take place from 1,l- and 1,2-dihaIoalkanes (equa- 
tions 5 and 6) ,  as well as from vinyl halides (equations 7 and 8). Dehydrohalogenation 

-2HX 
(5). p-Elimination: -CHXCHX - j -CEC- 

(6) 
-2HX 

?-Elimination: -CHzCXz- - -C=C- 

(7) 
'-HX 

p-Elimination: -CH=CX- j - - c ~ c -  

(8) 
z-Elimination: \ c=CHX- -HX - C E c -  

/ 

according to equation (8) involves a rearrangement and is treated separately in 
Section II.A.9. 1,n-Eliminations are also observed and some of them are shown at  
appropriate locations. To  effect the elimination the substrate is treated with a base. 
A variety of weaker and stronger bases have been used for this purpose and the 
material reviewed is to a large extent classified according to the bases used. The 
most popular bases have been until now sodium amide in liquid ammonia and 
potassium hydroxide and a1 koxides in alcoholic solvents. In recent years, however, 
other bases have been introduced as dehydrohalogenating agents, such as quaternary 
ammonium hydroxides (Section II.A.6) and fluoride ions (Section II.A.7). The 
right combination of base, solvent and temperature is of utmost significance in 
selective, partial or total elimination of hydrogen halide, as is convincingly illustrated 
in Scheme 1 5 .  This sequence of reactions demonstrates several generalizations : 
( i )  that the elimination of a molecule of hydrogen halide from a 1,2-dihaloalkane 
is faster than from a vinyl halide, the latter demanding a stronger base (f-BuOK in 
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(1) f-BuOK in I-BuOH-dioxane, room temperature, 18h 
(2) f-BuOK in t-BuOH-dioxane, reflux, 15 min 
(3) f-BuOK in PhH, reflux, 3h 
(4) I-BuOK in PhH, reflux, 4h 
(5) NaNH, in liquid NH, 

SCHEME 1 

benzene us t-BuOK in t-BuOK-dioxane); (ii) that trans elimination from vinyl 
halides is much more favoured than cis elimination; and (iii) that sodium amide in 
liquid ammonia is a much more efficient eliminating agent, operating under milder 
conditions than oxygen bases. Further examples which emphasize the stepwise 
dehydrohalogenation of 1 ,Zdihaloalkanes by sequential utilization of weaker and 
stronger bases involve the preparation of phenylpropargyl aldehyde (equation 9)", 

Ph CH =CH CH 0 Br2 > PhCHBrCHBiCHO - + PhCH=CBrCHO 
KzCO3, AcOH 

PhC=CCH(OEt), 
HC(OEt1.s KOH, abs. EtOH 

r e n u  ' - PhCH=CBrCH(OEt), 

PhCECCHO (9) 

1,8-diethynylnaphthalene (Scheme 2)', and sym-dibenzo-l,5-cyclooctadiene-3,7- 
diyne and sym-dibenzo-l,3,5-cyclooctatrien-7-yne (Scheme 3)8. If the hydrogen of 

dll. HzSOc 

I-BuOK, boiling 

or I-BuOK in THF, 
-12" C to r.t. 

1-BuOK 

I-BuOH-dioxane, r.t. 

28% 79% 

64% 61 % 
SCHEME 2 

the hydrogen halide to be eliminated is made more acidic by electronegative 
substituents, elimination will take place even with an aqueous base (equations 10 
and 11 lo)>. 
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Br 
I-BUOK 
THF, r.t. 

I-BuOK. THF 

r.t. 

Br Br 

0-0 boiling PhH 

DBN = 1,5-diazobicyclo[4.3.01 non-5-ene 

SCHEME 3 

10% aq. KOH o-NCC,H,CHBrCHBrCO,H o-NCC,H,C=CCO,H 
+ aq NaOH + 
X- X- 

R'R*N(CH,CH=CCIMe), -> R'R*N(CH,C=CMe), 

Elimination of hydrogen halide from trifluoromethyldihaloalkanes by potassium 
hydroxide to yield acetylenes is found to proceed faster with the bromo and iodo 
compounds than with the chloro compounds. Hydrogen fluoride is not eliminated 
at a1P. 

The mechanism and stereochemsitry of dehydrohalogenations from vinyl halides 
have been extensively reviewed**12. It should however be pointed out that the 
effects of particular bases and solvents and of temperature cannot always be pre- 
dicted with confidence as to rate of reaction and product distribution (acetylene, 
allene, diene)13. Therefore a variety of combinations of base, solvent and reaction 
conditions should be tried in order to obtain satisfactory results. 

1. Starting materials 

vic-Dihaloalkanes are generally obtained by bromination of the appropriate 
olefinla, and gem-dihaloalkanes are obtained by chlorination of aldehydes and 
ketones with phosphorus pentachloride, which occasionally also yields a mixture 
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containing the corresponding monochloroalkenel.'b. c. Recently terminal gem- 
dihalides have been obtained in 95-98% yields by a reaction between a halide and 
vinyl bromide (equation 12)14d. The vinyl halides are generally obtained by a Wittig 

(1 2) 

reaction of a phosphorane with an aldehyde or ketone'", or by partial dehydrohalo- 
genation of dihaloalkanes (see, for example, Schemes 1-3). 

R' RzR3CCH,CH CI Br 
AlCli R'RzR3CCI+BrCH=CH, --zoto -lee; 

2. Oxygen bases 

The bases used include alkali metal carbonates (Na,CO,, K,CO,), alkali metal 
hydroxides (NaOH, KOH), and alkali metal alkoxides, such as EtONa and r-BuOK. 
They are generally used in excess and in high concentration. Of these KOK has been 
in the past one of the most popular, and it was used either in a refluxing solution or 
in the molten state. 

A drawback of these bases is that in the preparation of terminal aliphatic acetyl- 
enes they may cause, at  the high temperatures used (100-200 "C), partial prototropic 
rearrangement to  the 2-alkynes via the intermediate allenes, as illustrated in 
equation (1 3)15. Hence, these dehydrohalogenation reagents are preferably used to  

KOH. HOCH,CH,OH 
Me,CHCH,CHCI, Me,CHCECH + Me,C=C=CH, 

170'C 

40% 29% (13) 

1 NaNH, .  isooctanc I 
~- 

170°C 

prepare arylacetylenes. The thermodynamic equilibrium generally favours the more 
stable disubstituted acetylene over the terminal acetylene*" and since the elimination 
is generally carried out in solution under true equilibrium conditions and a t  higher 
temperatures, the isomerization is facilitated. The shift of the equilibrium in the 
opposite direction, i.e. towards the I-alkyne, in eliminations by sodium amide in 
liquid ammonia, will be discussed in Section II.A.3. 

The triple bond, being more electrophilic than the double bond, is more 
susceptible to  attack by strong nucleophiles. Hence, it might in the presence of a 
base in an  alcohol add a molecule of the latter to yield a vinyl ether and thus its own 
yield would be decreased, as illustrated in equation (14), where only the vinyl ether 

(1 4) PhCHBrCHBrC0,Et > PhC(OEt)=CHCO,Et EtONa, EtOH 

(1 1 
is formed as  major product1'. However, in the case of elimination from the corres- 
ponding acid, the alkyne is obtained in 7 7 4 1 %  yield (equation 15) because the 

PhCHBrCHBrC0,H reDur > PhC=CCO,H 

carboxylate ion formed diminishes the electrophilicity of the triple bond1*. One way 
to overcome this drawback is by the use of a base without solvent (e.g equation 16)lg. 

(1 5) 
ROE, nreon 

KOH 
PhCH=CHBr PhC=CH 

67% 
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A more ingenious route involves the dehydrobromination of ester 1 in a benzene 
solution containing a catalytic amount of ethanol and using sodium hydride as base. 
The ethoxide ion, being a stronger base in benzene than in ethanol, deprotonates the 
substrate and is converted to ethanol. As a result much less ethoxide is available for 
addition to the triple bond, thus affording the ethyl phenylpropiolate and the ethyl 
P-ethoxycinnamate in ca. 56% and 27% yield, respe~t ively~~.  

Dehydrohalogenation by oxygen bases from vinyl halides proceeds readily by 
trans elimination via an E2-type of mechanism. cis-Elimination is sluggish or does 
not occur at all. Thus trans elimination from bromovinyl ethers 2 (R = alkyl) 
furnishes the acetylenes 3 in a fast reaction in about 90% yield, whereas elimination 
from 4 (R = alkyl) is very sluggish and yields a mixture of the acetylene 3 and 
allene 5 (equations 17 and 18)21. Similar observations were shown in Schemes 1 and 

Br OR 
\ /  MeCrCOR 

\ .I /c=C 

Me H (3) 

(4) 

2. The cis isomer of the vinyl bromide 6 yields the corresponding acetylene 7 by a 
fast trans elimination, whereas the rrans isomer does not react at all (equation 19)z2. 

(1 9) 
NaOH, aq. diosane 

> HCECCH~NHBU-~  CHBrzCHCH,NHBu-n 77 'C 
(6) (7) 

By contrast, elimination from both isomers using sodium amide in liquid ammonia 
proceeds smoothly to yield the acetylene 7 22. In the case of the P-bromovinyl 
ketones 8 both irons and cis elimination proceed in good yields from the respective 
isomers, but trans elimination is faster by one order of magnitude (equation 20)23. 

(20) 

The kinetics of dehydrohalogenation from the configurational isomers of vinyl 
halides have been determined for numerous reactions. Thus cis-p-nitro-P-bromo- 
styrene in the presence of ethanolic NaOH is converted quantitatively by trans 
elimination to p-nitrophenylacetylene within a few minutes (equation 21), whereas 
the trans isomer hardly reacts at  all in that short time. However, the latter affords 
1 ,l-diethoxy-2-p-nitrophenylethane in high yield when kept under the above 
conditions for 20 days (equation 22). The mechanism of the latter reaction could not 

K&03, aq. MeOH 
r.t. 

i-PrC=CCOMe i- PrC 6 r =C H C 0 Me 
(8) (cis and trans) 
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be elucidated but it was found that the formation of the acetylene from the cis- 
haloolefin (by trans elimination) was 2300 times as rapid as the formation of the 
acetal from the trans haloolefina4. Schemes 4 2s and 5 lSb illustrate that trans elimina- 
tion is faster than cis or a-elimination, but that the relative rates of reaction are 
solvent- and base-dependent. Additional data are found in Banthorpe's bookz6. 

n-Pr Br 
\ I  /c=c\ k l  t n-prCECPr-n 

H Pr-n 

Br 
H\ /c=c\ / " > n-PrCH=C=CHEt 

n-Pr P r-n 
k , / k ,  - 44; k,/k,- 1500; k, /k , -7  X 10' 

Base = MeONa-MeOH-DMSO 

SCHEME 4 

Ph CI 
\ /  

,/==C\ 

kcir 
Ph 

PhCECPh  
p!: / Ph K 
HF=c\~I 2 

H ph\ / kwms k c i s  ka 
EtOH (97 "C) 2x10' 100 1 /C'C\ 

Ph CI f-BuOH (95°C) . 3000 600 1 

DMSO (19-C) 250 40 1 
5H DMSO-I-BuOH (25°C) 10' 6x10' I 

Base = 1-BuOK 

SCHEME 5 

Numerous papers of recent years indicate that the mechanisms of dehydrohalo- 
genation of vinyl halides are mainly of the =-type, but that other mechanisms may 
also compete. Dehydrochlorination of vinyl chlorides with MeONa or EtONa in the 
corresponding alcohols is shown to proceed by an E2 mechanism2'. In the case of the 
cis- and trans-P-chloro-4-nitrostyrenes elimination with methanolic MeONa com- 
petes favourably with substitution only in the cis isomer. The primary isotope effect, 
kH/kn is about 1.6-2.2 and there is no H, D exchange, which points to an E?-like 
mechanism with a large carbanionic character2B. Similar isotope effect studies have 
shown that elimination from cis-fbhalostyrenes in a series of bases (MeO- in MeOH 
to r-BuO- in t-BuOH) involves a variable E2 mechanism2". On the other hand, 
studies based on H , D  exchange, isotope effects, order of reaction and relative 
reaction rates in elimination from cis- and trans-chlorostyrenes with alkali metal 
allcoxides have been taken as evidence for three competing mechanisms, namely, E2, 
ElcB, and ElcB-HBA 30. Bordwell has concluded that in the elimination of HBr 
from cis-1 ,Zdichloroethylene a reversible anion mechanism, (ElcB)x, is involved 
(equation 23)31. Very recently an E2 mechanism with an  ElcB-like transition state 
has been inferred from a Hammett correlation, i.e. in the case of elimination from 
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H 
- / slow 

H 
H\ / . 

MeO- + ,C=C, ~ MeOH + /C=C, ---+ [BrCECH] + Br- 

Br Br Br Br (23) 

para-substituted methyl P-chlorocinnamates by MeONa and EtONa in their 
respective 

a. Alkali metal carbonates. Generally these relatively weak bases can only induce 
dehydrohalogenation from 1 ,Zdihaloalkanes to the corresponding vinyl halides, as 
illustrated in equation (9)s (Section 1I.A) or in equation (24)33. By contrast, elimina- 
tion from P-bromo a$-unsaturated ketones with K2C03 in aqueous MeOH 
proceeds smoothly to yield a,a-acetylenic ketones (see equation 20)23. 

CHBrCHBrC0,H CH=CHBr C=CH 

b. Alkali metal hydroxides. Use of these bases without solvent has the advantage 
of preventing alcohol addition to the formed acetylene (Section II.A.2). In fact many 
types of functionalized acetylenes have been obtained by distilling them out of the 
mixtures of their halogenated precursors with KOH pellets at temperatures between 
150 and 200 "C. In this manner were obtained arylacetylenes (equation 16)1°, 
1-alkynyl ethers (equation 25)2La. 34, 1-alkynyl thioethers (equation 26)35, l-nitro- 
acetylenes (equation 27)36 and highly fluorinated alkylacetylenes (equation 2Q3'. 

PhNEh, PhH powdered KOH MeCHBrCHBrOEt reaur > MeCBr=CHOEt MeC=COEt (25) 

(26) 
KOH 

EtSCH=CHBr EtSC=CH 

KOH I-BuCECNO, (27) N204+Iz, ether 
I-BUC =CH ' t-BuCI=CHNO, ~ o o o c , o . l m ~  

cis and frans 94% 

(28) 
powdered KOH 

RfCHBrCH BrPh dIati,latlon , R,C=CPh Br2 , RfCH=CHPh 
SO-SO% 

Many more dehydrohalogenations are, however, being carried out in aqueous or 
alcoholic solution under reflux. Under these conditions the reaction is particularly 
suitable for the preparation of acetylenes which will not prototropically isomerize, 
such as arylacetylenes. The following examples illustrate the large number of 
structural types which can be converted to acetylenes while surviving the strong 
reaction conditions (equations 9, 29-35). A facile conversion of aryl ketones and 

(Ref. 38) (29) MeCCI=CHCH,OH MeC=CCH,OH 
nq. NnOH 

40% 
PClS NnOH n b  EtOH 

> PhCH=CCIMe PhC=CMe 

overall yield 

reflux PhCH,COMe 

74% 

(Ref. 39) (30) 
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93% 

F O M e  M e  
I 

Et,N, H,NNH, , /fiNHzI,, Et,N, /fi='lef. 4,) 
EtOH, reflux 

HO 

(32) 
KOH, EtOH reflux 1 

C E C H  

Me(CH,),CH=CH(CH,),CO,Me '" f Me(CH,),CHBrCHBr(CH,),CO,Me 

> Me(CH,),C=C(CH,),CO,H (Ref. 42) (33) 
(1) KOH-n-C&I,lOH, 150 'C  

(2)  HCI 
3242% 

(Ref. 43) (34) 
KOH, IIOCH2CH2OH 

HC =CCH =CH, 

4348% 

HC=CC=CH (Ref. 44) (35) 

C'CH2CH=CC'Me n-tutu1 Cellosolve, 185-170 -ti 

aq. KOH, dloxane 
reflux 

CICH,C=CCH,CI 

60% 

a,P-unsaturated aryl ketones to arylacetylenes which involves the use of the 
Vilsmeyer complex is shown in equation (36)45. 

A r CO M e + [ M e,N C H Cl] + P 0, CI; ___+ [A rC C I =C H C H =N M e,] + P 0, CI; 

(36) 

In spite of the examples cited above, it  has been reported that occasionally only 
one mole of hydrogen halide is eliminated under the above reaction conditions 
(equation 37)48. 

Me(CH,),CHBrCH,Br reaur > Me( CH,),C Br=CH,+ Me( CH,),C H =CH Br (37) 

6% aq. NaOH, dioxnne 
00 'C 

> ArC=CH H20 > ArCCI=CHCHO 

64-98% 

KOH, EtOH 

cis and trans 
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It is interesting to  compare yields of an acetylene obtained from the same 
precursor under different reaction conditions (Scheme 6)47. It  is found that dehydro- 
halogenation in solution is more efficient and that alkoxides are superior to 

MeCOBu-t 

t-BuOK, DJISO, 
<40 "c I 

1-BuCSCH 

95% 

SCHEME 6 

hydroxides as bases. Improvements in yields can bc achieved by using the alkali 
metal hydroxides in dipolar aprotic solvents such as DMSO, in which they are  much 
stronger bases. They can then readily dehydrohalogenate gem- and uic-dihaloalkanes 
a t  130-160 "C to furnish the acetylenes in high yield. Dichloroalkanes react some- 
what more slowly than the dibromides, and the temperature may be lowered when 
alkoxides replace JtOH or  NaOH. r-Butylacetylene is thus obtained in 91% yield 
(equation 38)'". 

(38) 
KOH DMSO t-BuCH,CHCIBr t-BuC=CH 

91 % 

c.  Alkali metal nlkoxides. These bases have proved to be efficient in dehydro- 
halogenating both hindered acyclic and strained cyclic systems as already illustrated 
in Schemes 1-3 and 6 .  As indicated in Section II.A.2.b this efficiency is enhanced by 
using the alkoxides in aprotic dipolar solvents. Further examples are given in 
equations (39)-(41). The utilization of i-BuOK in the synthesis of I-butoxyacetylenes 

I-BuOK. DMSO 

20 c ,  5 s  
(Ref .  49) 

(40) 

67% 

27 
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[t.COMe 

f-BuOK, DMSO 
b C C I , M e  - r.t. (>-c=cn + P C C I = C H ,  + I ) c C C I M e  

34% <3% -= 3% 

(Ref. 14c) 

(41 1 

in which the free base serves as a dehydrohalogenating agent as well as a nucleophile 
is exemplified in equation (42)60. 

2 eq. :-BuOK PhCH=CCIF - PhCsCOBu-t 
ca. 50% 

3. Alkali metal amides 

Of the alkali metal amides sodium amide is more frequently used than any other 
amide. In the past it was used in mineral oil at  elevated temperatures (equation 43)61 

NnNH2, mineral oil 

170 'C 
n-C,H,,CCI,Me (43) 

but at present it is most widely used in liquid ammonia at  its boiling point (- 33 "C) 
or below. I t  is a powerful elimination agent in that solvent operating under mild 
conditions. Sodium amide in liquid ammonia may also be used in an autoclave at 
room temperature undei high pressure. I t  is desirable to prepare the sodium amide 
directly from sodium in the liquid ammonia3 and to use three equivalents of it in the 
preparation of terminal acetylenes from dihaloalkanes, in order to precipitate the 
sodium acetylide and thus avoid possible prototropic isomerization (equation 44). 

RCHXCH2X+3NaNH, c__+ RC=CNa+2NaX+3NH3 (44) 

The acetylide so formed can be directly alkylated to an internal acetylene without 
work-up. A further advantage of dehydrohalogenation of vinyl halides with NaNH, 
in liquid ammonia or in a dipolar aprotic solvent (e.g DMSO) is that both the cis 
and trans haloolefins furnish the acetylene, in contrast t o  reaction with oxygen 
bases?, (see Section II.A.2, equation 19). Bromoolefins 9 and cis-10 are converted to 

n-C,H,,CBr=CH, n-C,H,,CH=CHBr 

(9) (10) 

1-decyne in 45 min on treatment with sodium amide in DMSO at 65-70 O C ,  whereas 
trans-10 requires 9 h 46. 

I t  was pointed out in Section II.A.2 that under true equilibrium conditions, as in 
dehydrohalogenation by alkali metal hydroxides and alkoxides in aqueous or 
alcoholic solution, the terminal acetylenes formed may prototropically isoriierize to 
the more stable internal acetylenes. On dehydrohalogenation with NaNH, in liquid 
ammonia the terminal acetylenes which are formed are precipitated as their sodium 
salts and thus the equilibrium is shifted and no isomerization takes place. Likewise 
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no isomerization was observed when internal acetylenes were prepared by dehydro- 
halogenation with NaNH, in liquid ammonia, although occasionally one compound 
or another was reported to yield isomerized products62. It has recently been shown 
that on dehydrohalogenation with NaNH, in DMSO the terminal acetylene formed 
isomerizes only very slowly to the internal acetylene. Under these conditions the 
sodium acetylides are soluble and they can under the existing equilibrium conditions 
isomerize to the more stable internal acetylenes. The following example (equation 45) 

NaNH,,  DMSO 
RCH,CrCH 
72-94% 

RCH,CHBrCH,Br (45) 
[ IJaNH,, DMSO RC.cMe 

high yields 65-70 ' c ,  30h 

R = n-C,HI,, n-C,,H,, to C,,H,, 

illustrates how either a terminal or internal acetylene can be obtained preparatively 
pure and in high yield from the same precursor by utilizing shorter or longer reaction 
times46. This method works well for 1on;Z-chain alkynes which are either inaccessible 
or accessible in low yields only on dehydrohalogenation with NaNH, in liquid 
ammonia at high temperature in an autoclave, conditions which promote isomeriza- 
tion. Another example where NaNH, causes isomerization only at high temperature 
is given in equation (46)". As is shown in equations (47)-(53), many important 

94% 73% 
(46) 

(Ref. 54) (47) XuNII,, liq. N n s  CICH,CH=CHCH,CI > HC=CCH=CH, 

84% 

(Refs. 44 and 55) (48) 

CICH,(C=C),CH,CI xlbxn~, llq. NH3 > H(C=C),H (Ref. 56) (49) 

XnNIl,, Ilq. NEIj CICH,C=CCH,CI > HC=CC=CH 
78-92% 

NuNII~, 119. NH3 RCHCI(C=C),CHCIR > R(C=C),+,R 

R = 9-anthryl, 
n = 1,2,4 

(Ref. 57) (50) 

> CH,BrCHBrCH,CH,CHBrCH,Br 2 q. Br2 
CH,=CHCH,CH,CH=CH, 

NnNH2, liq. NH3 
> HC=CCH,CH,C=CH (Ref. 58) (51) 

56% 

> CH,BrCHBrCH,CH,CH=CH, 1 eq. Brz 
CH,=CHCH,CH,CH=CH, 

> HC=CCH,CH,CH=CH,+HC=CCH=CHEt (Ref. 59) (52) NaNHz, liq. NH3 

65% 8% 
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CH,=CHCH,CH,CH =CH CH,CH,CH =CH, 

(1). 3 q Urz 
(2). NahHz, liq. NH3 

> HC=CCH,CH,C=CCH,CH,C=CH (Ref. 60) (53) 

25% 

acetylenic intermediates may be smoothly prepared in high yield and practically 
without isomerization by dehydrohalogenation with NaNW, in liquid ammonia. I n  
the case of vinylacetylene and diacetylene yields are much higher than on dehydro- 
halogenation with KOH (Section II.A.2.b). 

A variety of functionalized acetylenes have been obtained by dehydrohalogenation 
with NaNH, in liquid ammonia with the functions remaining intact, as illustrated in 
several examples (equations 54-56). Stearolic acids1 and 2-butyn-l-olGZ were obtained 

73% 

78% 

NaNH,, Iiq. NH, 
(Ref. 65) 

(56) *C H 
63% 

in 52-62% and 75-85% yields, respectively, as  compared with substantially lower 
yields on dehydrohalogenation with KOH (see Section II.A.2. b). I-Alkynyl ethers 
and thioethers were obtained by non-stereoselective dehydrohalogenation from 
2-halovinyl ethers and dihalothioethers with NaNH, in liquid ammonia3‘. 36. Many 
of these compounds are not accessible by elimination with KOH because of their 
thermal lability (see, however, Section II.A.2.b). 

It has already been pointed out in this section that DMSO is superior to  liquid 
ammonia as a reaction medium for dehydrohalogenation by NaNH2. Another such 
polar aprotic solvent is HMPT. It furnishes good yields of acetylenes a t  room 
temperature (equations 57-58). 

Lithium amide in liquid ammonia has been as successful as sodium amide in 
inducing dehydrohalogenation of dihaloalkyl ethers and halovinyl ethers to 1 - 
alkynyl etherses. Lithium dialkylamides have also found use in the preparation of 
aryl- and alkylacetylenes in high yieldsG9, and of protected acetylenic sugars70. They 
have also been utilized for  concurrent eiimination and substitution in the synthesis 
of ynamines’l, obtained in 30-40% overall yield from the corresponding aldehydes 
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48% 
NaNH,, HMPT 

Et,NCH,CBr=CH, r.t. Et,NCH,C=CH (Ref. 67) 

73% (58) 

via fluoroolefins (equation 59)72. Mixtures of ynamines and ketene N,N-acetals 
(1,l-bisdialkylaminoalkenes) which can be separated by distillation were obtained 

RCEIO 
CICF,CO,Na+Ph,P - Ph,P=CF, - RCH=CF, 

LLNEb 
ether 

z RCECNEt, (59) 

by dehydrohalogenation of a-halogenoiminium salts with lithium dialkylamides in 
ether (equation 60)73. The starting iminium salts are readily available from carbox- 
amides and pho~gene'~. 

LINH2 
R1C=CNR2, (60) 

COCl* 
R'CH,CONR: P [R'CH,CCI=NR:]+CI- ether > 

4. Organometallic compounds 

Organolithiurn compounds RLi (R = Me, Et, n-Bu, Ph) are excellent dehydrohalo- 
genating agents of vinyl halides in ether or  THF solution under very mild conditions 
a t  temperatures below 0 "C. In a first step the acidic geminal hydrogen is replaced by 
lithium in a slow step to give an alkenyllithium which can be isolated at low 
temperature. In a second fast step lithium halide is eliminated to furnish an acetylene 
(equation 61). Two equivalents of alkyllithium are needed according to this equation. 

(61 1 RCH=CHCI RCH=CCILi --H'B, RC=CLi 

Isotope effect studies indicate that the reaction proceeds by an  E2cB mechani~rn'~. In  
contrast to eliminations by oxygen bases and NaNH,, eliminations by alkyllithium 
reagents are about 8 times faster with the rrarzs than with the cis i~omer '~ .  

The unstable acetylene 11 is obtained by dehydrohalogenation of the appropriate 
vinyl halide with BuLi (equation 62)". A series of mono- and dihaloacetylenes are 
similarly obtained in low to moderate yields on using PhLi in ether at 0 "C (e.g. 

RILi RlLi 

~ H - C H C I  n-BuLi, ether , 6 C r C H  

r.l. + Ph,P=CHCI -+ 

cis and t rans (11) (62) 

(yHO 
equation 63)78. Both Corey (Scheme 7):O and VilliCras (Scheme S)80~GBb and their 
coworkers have utilized 1 ,I-dihaloalkenes, which are obtained from aldehydes, in 
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PhLi. ether PhLi ;" C1:;cBr (63) 
CICH=CHCI [CICECH] ---+ CIC=CLi 

cis C l C E C I  
36% 

the preparation of acetylenic hydrocarbons and acids, by dehydrohalogenation with 
BuLi in ether or THF. Corey has prepared by this route the protected acetylenic 

R'C=CH 
HzO 

8&95% 

R'CECR2 
R'C-CLi E! 80-95% 

2 eq. fi-BuLi, 
Ph,P THF 

R T H O  + CBr. > RICH=CBr, --78 'c, ' 
80-90% 

RC=CCO,H 
82-90% 

SCHEME 7 

CiCHCl Me SiCl n-BuLi I-> R'CH(OLi)CHCI, R'CH(OSiMe,)CHCI, R'CH=CCI, 

R'CHO -4 n-BuLi, ether-THF 
R 'CGCH 

R ' C r C H  
57-94% 

4545% 

LiCCl P(O)(OEt) 2 eq. n-BuLi 

'THF-ether THF-ether 
R'CH=CCI, - R'CGCLi 

8595% 

R'CfCR* 
I R'X , 

76433% 
SCHEME 8 

alcohol 12 from the protected a-hydroxyaldehyde 13, in 62% overall yield, the (9- 
antipode of the alcohol being a valuable intermediate in the synthesis of prosta- 
g l a n d i n ~ ~ ~ .  Acetylenic hydrocarbons and acids are obtained in similar fashion from 

H C 3 C C H ( OT H P) n- C, H 1, n- C, H ,I C H (0 T H P) C H 0 
(1 2) (13) 

1 ,l-dichloro-2-fluoroalkenes (Scheme 9)s1. When the haloolefinic substrates arc 
l-fluoro-2-arylalkenes, dehydrohalogenation with alkyl- and phenyllithium yields 

R C E C H  
4478% 

RC=CCO,H 
7244% 

CF,-CCI, 2 cq. n-BuLi 
RLi or  RMgBr ' RCF=CCI, ether, - so.c* RC=CLi 

SCHEME 9 
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mixtures of acetylenes and substituted olefins, their ratio depending on the alkyl- 
lithium reagent used (equation 64)82. Dehydrohalogenation of 1,2-dichlorovinyl 

(64) ArCHECHF - ArC=CH+ArCH=CHR 

ethers and thioethers with BuLi yields 1-alkynyl ethers and thioethers, 
re~pectively~~. 35. 

m i  

5. Metal hydrides 

Sodium hydride is an effective dehydrohalogenating agent only in a strongly 
activating solvent, such as DMSO or HMPT. In the latter solvent sodium hydride 
converts P-bromostyrene to phenylacetylene in 78% yield after 20 h at  3540 "C, 
and is thus comparable in efficiency to NaNH, in HMPT (Section II.A.3)s7. It has 
been shown in Section II.A.3 that dehydrohalogenation of 1,2-dibromoalkanes with 
NaNH, in DMSO gives good yields of the corresponding I-alkynes, although only 
after 9 h at 65-70 "C 48. By contrast, treatment of the dibromoalkanes with the 
methylsulphinyl carbanion (generated from NaH and DMSO) gives excellent yields 
of the alkynes after 1 h at  room temperature. Furthermore, prolonged reaction with 
NaNH,-DMSO gives the pure 2-alkynes, whereas with the methylsulphinyl 
carbanion a t  room temperature no further reaction takes place; at 65-75 "C however, 
mixtures of the 2- and 3-alkynes are formedqs. 

6. Organic bases and quaternary ammonium hydroxides 

Amines are generally too weak to effect a double dehydrohalogenation from 
dihaloalkanes. If, however, the hydrogens are made highly acidic by electronegative 
groups, elimination does take place (e.g. equation 65)83. Recently it has been found 

PhCOC=CCOPh (65) 
Et&, PhH 

PhCOCHBrCHBrCOPh reOur, ~ 1: 
rneso 82-95% 

that arylacetylenes can be obtained in 30-50% yields in a one-pot elimination 
procedure on heating a mixture of an aryl ketone, phosphorus pcntachloride and 
pyridine in anhydrous benzene. The acetylenes formed are, however, admixed with 
vinyl chlorides, which are known to undergo elimination only under more vigorous 
conditionsa4. 

Quaternary ammonium hydroxides are strong bases comparable to NaOH and 
KOH. Recently one of them, benzyltrimethylammoniuni hydroxide (Triton B), has 
proved to be a very efficient dehydrohalogenation agent. Thus a 40% methanolic 
solution of Triton B in benzene affords higher yields of acetylenes than acloholic 
KOH or NaNHz (e.g. equations 66 and 67)a5. In  a continuation of this work it has 
been found that the method is not only applicable to acetylenic hydrocarbons, but 

(66) 
Triton B, PhH 

p- C IC,H ,C ECH 

45-50% 
p-CIC,H,CCI,Me+p-CIC,H,CCI=CH, '70% ' 

(67) 
TritonB PhEI 

10 'C 
CCI,=CCICH=CBr, A CCI,=CCIC=CBr 

65-70% 
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also to acetals and esters, and above all to a-acetylenic ketones, which are obtained 
in 30-60% yields (e .g  equation 6W6. 

CBr,=CCICH=CBrCOMe --30'cto --lo'c CBr2=CCIC=CCOMe (68) 
Triton D, Ph€I-C&CIz 

51 % 

7. Fluorides 

It has recently been observed that the fluoride ion can promote elimination from 
vinyl halides to yield acetylenes. Thus Et,NF in MeCN a t  25 "C converts compounds 
14 to acetylenes 15 in 60-97% yields, whereas compounds 16 (R = H) under the 
same conditions do not react at all; compounds 16 (R = Me) afford the allenes 17 

p-NO,CbH, /x 
\ p-N0,CbH,C3CR 

(15) 
,c= c\R 

(1 4) 

P-NOzCbH, ,R 
\ 

H X 

(1 6) 

p- N O,CbH,C H=C=C H, 

(17) 

/c=c\ 

R = H, Me; X = CI, Br 

(R = Me) in 3048% yields. With K F  in DMSO even higher yields are obtained. 
Thus acetylenes 15 are obtained in 50-94% yields from 14 at 80-120 "C, whereas 
allenes 17 (R = Me) arc obtained from 15 (R = Me) in 70-93% yields at 100 "C. 
Use of K F  in the prcsence of a crown ether increases the rate of elimination. The 
above results make the fluoride ion an effective elimination agent for the preparation 
of acetylenes from vinyl halides in which the hydrogen and halogen are trans- 
relateds7. 

8. Photolysis 

Aromatic vinyl halides have been recently observed to undergo photochemical 
dehydrohalogenation to acetylenes and by-products as illustrated in equation (69) 
and the adjoining table8* (see also Section II.A.9.d). 

2537 8 
PhCX=CHPh PhCGCPh + PhCH=CHPh + 

cis or f r m s  (1 9) cis and t rans 

(21 1 
(1 8) (20) 

Yield (%) 

18, X 19 trans-20 cis-20 21 

- trotis, C1 63 16 9 
tmtis, Br 30 13 18 10 
cis, CI 57 IS I0 
cis, Br 25 14 19 8 

- 
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9. The Fritsch-Buttenberg-Wiechell rearrangement 

This route to acetylenes involves an a-elimination and a migration of an aryl 
group in a 1,1 -diaryl-2-haloethylene (equation 70)'". The reaction also proceeds 
when the hydrogen atom is replaced by a carboxyl group, or the halogen by an 

amino group. It also takes place when the substrates are 1 ,l-diaryl-2,2-dihalo- 
ethylenes (elimination is then induced by RLi) or I-alkyl-l-aryl-2-haloethylenes, but 
does not take place with 1 ,l-diaikyl-2-haloethylenes. It is induced by the conven- 
tional bases discussed before and also photolytically. Reactivity is in the order 
Br>I%CCI 83. Yields vary according to the substituents on the aryl groups; electron- 
donating groups in the p a r a  position increase them]", whereas electron-withdrawing 
groups give substitution of the halogen by base". Evidence has accumulated that the 
rearrangement does not involve a carbene but rather a highly stereoselective or even 
stereospecific migration of the aryl group trans to  the halogen in the first-formed 
carbanion 22 (e.g. equation 71)". 7 5 .  However, recent work has also implicated 
carbenes as the reactive intermediate (see Section II.A.9.a)". 

p-BrC,H, 

C=C< - Ph"C=CC,H,Br-p (71) l -BuOK, 1-6uOH '1. 

p-BrC,H, H 
\I 1 c=c' 

\ 
Ph' Br Ph' Br 

(22) 

a. Oxygen bases. I t  should be stated at the outset that rearrangement with oxygcn 
bases may take several hours whcreas with NaNH, in liquid ammonia the reaction 
may be completed in a few minutes (see Section II.A.9.b). Molten KOH prevents 
the competing substitution reaction by alcoholic solvents which leads to vinyl 
ethersg3. Various symmetric and asymmetric 2,2-di-p-alkoxyphenylvinyl chlorides 
and bromides are converted to the corresponding acetylenes in 90-950/, yields by 
heating them under reflux for 5 h with sodium 2-hydroxyethoxide in ethylene 
glycols.1. Similarly, refluxing 2-p-broniophenyl-2-phenylvinyl bromidc for 3 days with 
t-BuOK in t-BuOH affords p-bromophenylphcnylacetylene in 83% yield". 

The method has found some use in the gencration and trapping of strained cyclo- 
alkynes (equation 72)'%. Stable cycloalkynes are also obtained, but the rearrange- 
ment is accompanied by compcting side-rcactions, which drastically reduce the 
yields of the cyclic acetylenes, as  illustrated for bromoniethylenecyclooctane 

Ph 

n = 4, 12.3% 
n = 5, 35% 



774 David A. Ben-Efraim 

(equation 73). Bromomcthylenecyclodecane and bromomethylenecyclododecane 
suffer similar fates". Even acyclic vinyl bromides give mixtures of acetylenes and 
other products (e.g. equation 74)92. These results have been explained by way of 
generation of alkylidenecarbenes (see Section II.A.9)D2. 

I-BuOK 

200-240 "C 

9% 25% 40% 

(73) + 

27% 

Et 

I-BuOK 
C=CHBr - n-BuCrCEt + n-C,H,,CECMe + 2 allenes + €: 
/ 1 

Me n- Bu 42% 

ca. 30% 

(74) 

b. Alkali metal atnides. As already indicated, these bases in liquid ammonia and 
in ether solvents are superior to oxygen bases and furnish the acetylenes in much 
higher yields. Thus 1,1 -diaryl-2-chloro- and bromoethylenes with KNH, in liquid 
ammonia yield substituted diphenylacetylenes in 7 6 9 0 %  yieldsg6. Similarly, treat- 
ment of 2,2-diphenylvinyl bromide with NaNH, in I-IMPT at room temperature 
(2 h) and a t  45 "C (2 h) gives diphenylacetylene in 80% yield, but treatment of 
2-methyl-2-phenylvinyl bromide under the same conditions gives only moderate 
yields of niethylphenyla~etylene~~. 

c. Orgmometallic conipotmds. Organolithium compounds induce the rearrange- 
ment of 1,l-diarylvinyl chlorides, dichlorides and dibromides in ether solution to the 
corresponding acetylenes under mild conditions. 1, l  -Diarylvinyl bromides, on the 
other hand, undergo a competing reaction as  well, namely, exchange of halogen by 
lithium. Thus, whereas 1 , l  -diphenylvinyl chloride with BuLi in ether a t  - 35 "C 
gives diphenylacetylene in 55% yield, the corresponding bromo compound gives 
diphcnylacetylene in 23% yie!d only, as wcll as 30% of P,P-diphenylacrylic acid on 
 arbo on at ion^^. Kobrich and Trapp have shown that many of the 2,2-diaryl-l-halo-l- 
lithioalkanes which are intermediates in the FBW rearrangement can be prepared a t  
low temperatures and converted quantitatively to the acetylenes when warmed up to  
room tcmperatureoa. 75. Refluxing l,l-diaryl-2,2-dichloroalkenes with MeLi in ether 
has furnished the corresponding acctylenes in 74-91 % yieldsDg. Dicyclopropyl- 
acetylenc is obtained in S3% yield from 2,2-dicyclopropylchloroethylene on treat- 
ment with EuLi in  THF at room temperatureloo; p,p'- and o,p'-bridged cyclic 
diphenylacetylenes are preparcd by a FBW rearrangement (e.g. equation 75)'". 
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=CCI, 
BuLi, ether - 

-11 “C . + = C o y  I (75) 

d. Miscellaneoics. It has recently been reported that the FBW rearrangement can be 
induced photolytically as illustrated in equation (76)R8. FBW-like rearrangements 

Ph,C=CHX eEer > PhC=CPh+ Ph,C=CH,+Ph,C=CHCH =CPh2 (76) 

(23) (24) (2% 

Yield (%) 

C1 25 28 10 
Br 23 34 10 
I 19 51 6 

leading to acetylenes have also bcen observed with substrates in which the hydrogen 
and halogen atoms are replaced by other substituents, as shown in equations 
(7 7 H 8  0). 

Ar = R = Ph, X = H, Y = NH, 

Me,CHCH,ONO, PhH, reflux 
PhCECPh (Ref. 102) 

62% (77) 

Ar Y 
\ /  

,F=c\ X 

Ar = R = Ph. X = CI or Br, Y = C0,Ag or CO,K 

1 
5 PhCECPh 

52% 
I 

Ar = R = Ph, X = H, Y = N=NTs 

90°C (PhH) or 25 “C (CHCI,) 
t PhCECPh + 

85-90% 

+ co, 
(Ref. 103) 

(78) 
TsH 

(Ref. 104) 

(79) 

7590% (80) 

(Ref. 105) 
R = CN. X = NH,. Y = H 

t ArCECCN 
n-BuONO, PhH, reflux 

B. Elimination of ‘Acids’ other than Hydrogen Halides 

1. Elimination of alcohols 

Alkoxyacetylenes are obtained by alcohol and hydrogen halide elimination from 
dialkylacetals of a-chloroaldehydes, induced by NaNH, in liquid ammonia (equation 
81)lo6. 4-Pentyn-1-01 is obtained in similar fashion (equation 82)lo7. 
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C,CH,CH(ORl), 3 eq. XiXl??, liq. NI13 R' Ilr + NaC=COR' - RzC=COR1 (81) 

50-70% 

3 eq .  N a N H , .  Iiq. NH, 
HC-C(CH,),OH 

8576 

2. Elirninatioil of thiols and sulphides 

Ynamines are obtained by thiol elimination from ketene S,N-acetals (l-alkylthio-l- 
dialkylaminoalkenes) in 4@-50% yields o n  treatment with LiNEt, at  20 "C or with 
NaNH, in boiling piperidine, or by leading them over solid NaNH, a t  150-165 "C. 
I n  the first two procedures the formed ynamines are fractionally distilled from the 
reaction mixture (equation S3)73. When elimination is effected with KNH2 in HMPT, 
aqueous work-up leads to the hydration of the ynamine. Therefore, I ,Zdibromo- 
ethane is added to the reaction mixture. I t  functions as a proton donor for the 

R'CH=C(SR)NR: R'CECNR: (83) 

LTB2, HXPT lIrCI12CB2Ur 
C H, =C(S Bu) N Me, > KCECNMe, - HC=CNMe, 

55% 

+ H C = C H + H,C =C H 6 r (84) 

potassium salt of the ynamine, which after liberation is distilled in vacuum (equation 
84)lo8. In very similar fashion ynamines are obtained in 10-90% yields from thio- 
acetamides 26 on elimination with NaNHz in boiling xylene (equation 85). With 26, 

R'CH,CSNR: - [R'CH=C(SNa)NR:] R'C=CNR: (85) 

(26) (27) 

R = H or alkyl, the thiolate salts 27 are formed but no elimination takes place 
because of the low acidity of the hydrogenlog. Dialkylsulphide elimination from 
dialkylsulphonium methyl sulphates of P-oxocarboxylic acids*lo3 proceeds readily 
with aqueous alkali a t  0 "C to furnish predominantly high yields of alkynoic esters 
(equation 86)"O". Very recently intramolecular thiol eliminations (i.e. ring openings) 

> [ArC(SMeR)=CHCO,Et]+MeSO; 
JlC?SO, 

A r C (S R) , C H , C 0, Et 

aq. nlknli 

n ' C  
> ArC=CCO,Et (86) 

from di- or trialkyl-3-thienyllithium gave after alkylation alkylthiovinylacetylenes 
in 50-90% yields (equation 87)"-. The corresponding alkylselen~vinylacetylenes~~~~ 
and macrocyclic alkylthiovinylacetyleneslllc were similarly obtained. 

PhLi or MeLi , R2 uLi __t R2 P C - C R ' S  2 C E C R '  

R'- R' ellicr 

X Li XR' (87) 
R' R' 

X = S, Se 



18. The preparation of acetylenes and their protection 777 

3. Elimination of sulphonic acids'O 

When the anions of these acids are good leaving groups, elimination from their 
enol esters can be readily induced by comparatively weak bases. This is the case for 
P-bromobenzenesulphonates and triflates. Thus decarboxylative elimination from 
enol sulphonates 28 furnishes good yields of 2-alkynoic acids (equation 88), when R 

NaOII, q. diorune 

o r l i )  TsOH 
> R'C=CCO,H (88) 

(2)  aq. K;aUCO, 

is vinyl. aryl, 2-furyl,2-thienyl or cyclopropyl; aryl groups with electron-withdrawing 
groups hinder the b. Overall yields were raised when the enol sulphonates 
were prepared by sulphonation with sulphonic anhydrides instead of sulphonyl 
chlorides112C. Deuterium labelling has shown that triflate elimination from enol 
triflates 29 (equation 89) proceeds by oc-elimination by way of an unsaturated 

Me,SiCI, DMF 
> R' R'C=CHOSiMe, 

reflux 
R'R'CHCHO 

(1) hleLi, diglyme 

R' RzC=C + R'R'C=CH( Of- Bu) 
,c = c 

(89) 
I - 6 1 1  0 K 

R'R2C=C HOTf 

(29) R' and R' = H, Pr ;  PII. PI); Ph. Me 

carbene, and not by an  E2 P-e l i rn ina t i~nl l~~.  In fact, enol triflates 29 afford on basic 
elimination with t-BuOK in an  olefinic solvent at 0 "C either cyclopropanes and vinyl 
ethers or acetylenes, in good yields, depending on the substituents (equation 89)l13". 
Triflate elimination also givcs t-butylacetylene in 90% yield, starting from pinacolone 
(equation 

(CP,SO*)QO upritlitie 
> CH,=C(t-Bu)OTf -> i!-BuC=CH 

GO "c t-BuCOMe 

4. Elimination of phosphoric acids'O 

Elimination of dialkyl phosphates from enol phosphates 30 (equation 91) with 
NaNH, in liquid ammonia proceeds readily and  in high yields. Acetylenes are 
obtained when R1 is an aryl group (equation 91); however, when R' is benzyl or 
methyl, allenes are the reaction products"$. 

(Et0)~1'tOlC1 > R'C(ONa)=CHR2 > R'C=CHR2 EtONa 
R' CO CH,R2 

I 
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5. Elimination of trialkyltin hydrides 

The formal elimination of trialkyltin hydrides from enol systems has been very 
recently devised by Corey and Wollenberg to prepare terminal acetylenes (equation 
92)lI5 and to introduce the ethynyl group into the (%position of or,p-unsaturated 
ketones. As equation (93) shows this may lead to the introduction of an ethynyl 
group into an angular position115. The preparation of the reagent 31 has been 
descri bed1lb. 

n-Bu,Sn 
\ /H Pb(OAc),, MeCN /c=c\ RX 

n-Bu,Sn 
_j 

\ /  

, F = C \  Li H R 

(31 1 
+ n-Bu,Sn 

\ 

/ 
CH-C< ] AcO- --+ [(AcO),PbCH=CHR] .I RCECH 

R (AcO),P b 

n-Bu,Sn H ] Li+ 
C u CGC Pr-n 

(31) + n-Pr CECCir ----+ 

0 a, 
93% 

H 
Pb(0Ac) 

0 Q , H  64% 

\ 
H/c=c' SnBu,-n 

I l l  
CH 

C. Hofmann Eliminations 

The Hofmann degradation of quaternary ammonium hydroxides, which has been 
used in the preparation of olefins has also been occasionally applied to the synthesis 
of acetylenes, as shown in equations (94)-(96). Quaternarized enamines are also used 

(Ref. 117) (95) 
40% NnOE 

MeCHCH=CHCHMe distillntio; MeCW=CHC=CMe 

I I 85% 
+NMe, +NMe, 

Br- Br- 

KN&, liq. NII3 
PhC=CHPh > PhCSCPh (Ref. 118) (96) 

I 
-kNMe3 

1- 

51 % 
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(equation 96). Recent work has shown, however, that with quaternarized enamines, 
treatment with base may either lead to the acetylene or to the ketone form which the 
enamine was obtained, depending on the secondary arnine used to  prepare the 
enamine (equation 97). Thus the enamine prepared from deoxybenzoin and 
pyrrolidine gave, after methylat ion and reflux with aqueous KOH, diphcnylacetylene 

R'COCH,R2 - RIC(NRZ)=CHRz - R'C(NMeR:)=CHRz 
R:NH MCX + 

X- 

on - R'C=CR2 (97) 
A 

in 86% yield. When 3,3,4,4-tetramethylpyrrolidine was used, no acetylene was 
formed, and up  to  40% deoxybenzoin was recovered, since the bulky tetramethyl- 
pyrrolidine prevented a tram elimination. Also the methylated pyrrolidine enamine 
from 1,3-diphenylacetone afforded on treatment with base 32% of the starting 
ketone and 25% of 1,3-diphenyIallene. Thus it can be concluded that the method has 
only limited usefulness11g. 

D. Dehalogenations 

Dehalogenation of tetrahaloalkanes and dihaloalkenes has been effected in the 
past mainly by zinc and organolithium compounds and occasionally with magnesium 
and sodium. The solvents used in the dehalogenation should not be basic. The 
dehalogenation proceeds by trans elimination. Defluorination does not take place 
under the reaction conditions. Since the substrates to be dehalogenated are generally 
obtained by halogenation of acetylenes, the method cannot claim broad application. 
Equations (98) and (99) show several more recent examples of dehalogenation with 

(1) nr2, -40 'C 

( 2 )  ~ s ,  ~ h y  > HC=C(CH,),C=CH C H 6 r, C B r =C H C H = C B rC H B r2 

33% 
ZII EtOH 
.-Z HC=CCH=CHC=CH (Ref. 120) (93) 

mainly frans 
57% 

(Ref. 121) (99) 
Zn du3t. AcLO CF,CCI =CCI CF, rellur > CF,C=CCF, 

63% 

zinc dust. The  dehalogenation of 1,1,2-trichloro-2-pentafluorophenylethylene with 
zinc in ethanol or in DMF, or with magnesium powder, affords mainly pentafluoro- 
phenylacetylene with small amounts of other products122. Fluoroacetylene is obtained 
in 82% yield on dehalogenation of l-fluoro-l,2-dichloroethylene with magnesium in 
THF under refl~x12~. Low-strained cycloalkynes (C5-C,) are generated from the 
1,2-dibromocycloalkenes with magnesium in THF under reflux and trapped as their 
2,5-diphenyl-3,4-benzofurane adductslZ4. 

Alkyl- or aryllithium compounds also occasionally induce dehalogenation with 
concommitant substitution (e.g. equation Ynamines are similarly prepared on  

z eq. PhLi PhCBr=CCIF > PhCECPh 

70% 
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dechlorination of the corresponding dialkylamino-l,2-dichloroalkene~~~~. In like 
manner treatment of geni-dihalocyclopropanes 32 with excess McLi in ether affords 
exclusively acetylenes, when R1 = Ph, R? = Me and R3 = H, mixtures of an acetylene 
and an allene, when R1 = H, R2 = Me or Ph  and R3 = H, and exclusively allenes, 
when R1 = H and RZ = R3 = Mc (equation 101). Longer reaction times and lower 
temperatures promote the formation of the acetylenes12G. 

excess 

ether 

R 1 . . x . R '  A MeLi R' PhMeCCGCR' + R'PhC=C=CR'R' (101) 

Ph R3 

(32) 

Electrolytic dechlorination of aromatic and heteroaromatic perchloroalkenes 
affords acetylenes (e.g. equation 102). The best conditions involve the use of a spongy 
lead cathode in methanol-dimethoxycthane. Yields of overreduced compounds are 

CI CI 

CI CI  

CH=CICI, + 
CI CI  CI CI CI  CI 

77% low yields 

minimized by working under nearly neutral or slightly acidic cis- and 
tvans-l,2-Dichloro-3-benzenesulphonylpropenes are also electrolytically dechlorin- 
ated in D M S O  at a niercury cathode to furnish 3-benzenesulphonylpropyne and 
3-benzenesulphonyl-l,2-propadiene in 53 and 35% yiclds, 

E. Deoxygenations 

Deoxygenation of cr-dikctones can be effected by triethyl phosphite to furnish 
acetylenes and triethyl phosphatc (equation 103). Either one equivalent of the 
a-diketone is treated with 2 equivalents of triethyl phosphite at  215 "C to furnish 
diaryl- or alkylarylacetylenes in 24-60% yields, or the 1 : 1 adducts 33 of the a- 
diketones and (EtO),P are treated with excess reagcnt at  215 "C to afford the above 
acctylenes in 54-S 1 % yiclds129. The reaction apparently involves a disubstituted 
kctene, since diphenylketene gives with (EtO),P a 1 : 1 adduct which on pyrolysis 
furnishes diphenylacetylcne in 40% yield (equation 1O3)l3O. Several diacetylenes of 
types 34 and 33 have been prepared in this manner131. 
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R'COCOR' i- (EtO),P 

( 3 4  (35) 

X = nil, CH,, 0, S 

F. Elimination of Triphenylphosphine Oxide 

The elimination of the stable Ph,PO from enol phosphonium salts 36 can be 
induced thermally to  yield acetylenes. The phosphonium salts are readily prepared on 
acylation of phosphoranes (equation 104). The pyrolysis of 36 is effective provided 
that neither R1 nor R2 is hydrogen, and that R1 or RZ is phenyl or acyl, or the 

Ph,P=CHR'fRzCOX or (R2C0)20 ___j Ph,P=CR'COR2 

A <- R'C=CR2 - R'C=CR2+Ph,P0 (104) 
, I I  

Ph,P+ 0- 
(36) 

equivalent (e.g. CN). Thus pyrolysis of a series of acylphosphoranes at 280°C 
(10 mm) furnishes acetylenic hydrocarbons and 2-alkynoic esters and nitriles in 
moderate to high yields; yields are improved in the presence of bases1,*. Other 
2-alkynoic esters133 and conjugated d i a~e ty l enes '~~  can be similarly prepared in high 
and low yields, respectively. Acetylenic ketones are also obtained in high yields 
(equation 105)135, as  are diarylacetylenes, where the aryl groups are polycyclic rings, 

P h, P =CH C 0 R' + ( R2 C O),O - P h ,P =C( C 0 R') (C 0 R ') 

> R1C=CCORz+R'COC=CR2 (105) 
?x+zaO "C (0.01 min) 

70-90% 

such as anthryl and p l~enan th ry l l~~ .  I t  has recently been reported that organotin 
halides promote thc room temperature elimination of Ph,PO from acyltriphenyl- 
phosphoranes to yield functionally substituted  acetylene^'^'. 

G. Eliminations of CO, SO, and Related Species 

Thermal extrusion a t  150 "C of carbon monoxide from bis(trichloroviny1)-cyclo- 
propenone gives bis(trichloroviny1)acetylene in 94% yield138. Flash-vacuum pyrolysis 
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of aryl-substituted isopropylidene benzylidenemalonates at 550-600 "C gives 
arylacetylenes in 6498% yields (equation 1 O6)I3O. Labelling experiments indicate 
that the pyrolysis proceeds via a benzylidenecarbene interniediate140. 

oc-0 oc-0 

oc-0 oc-0 
ArCHO + H,C ' g:: ___f ArCH=C x: 

\ \ 

J. 
ArCGCH i- CO + CO, + Me,CO 

The Bamberg-Backlund rearrangement of a,a-dichlorodibenzyl sulphones leads 
to diarylthiiren 1,l-dioxides. The rearrangement is clean when induced by triethylene- 
diamine (TED) in DMSO at ambient temperatures and furnishes the thiiren 1, l -  
dioxides in over 90% yields. The latter on thermal decomposition eliminate sulphur 
dioxide and afford diarylacetylenes in over 90% yields (equation 107)141. Recently it 
has been found that a,a-dichlorodibenzyl sulphides can be directly converted into 
diarylacetylenes in 62-93% yields by refluxing them with r-BuOK in T H F  

TED DMSO A 
ArCH,SO,CCI,Ar Ar-=-Ar - Arc-CAr (107) 

\ /  
SO, 

Dialkyl- and diarylacetylenes have been recently obtained in low yields (2535%) 
on treating thiocarbamates with (EtO),P. The starting materials were obtained from 
esters or a-diketones (e4uation 108)143. 

S 

H. Elimination of Molecular Nitrogen 

Molecular nitrogen, being z very stable species, is readily eliminated thermally 
from systems in which the two nitrogen atoms are bonded to each other. This type of 
elimination has the advantage of suppressing the formation of isomcric allenes and 
dienes, which are an accompanying feature of dehydrohalogenations and other 
eliminations. Of particular interest are the systems which have been developed in 
recent years by Eschenmoser and his coworkers, and which on heating liberate 
molecular nitrogen to yield acetylenes (Section II.H.10). 
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1. Eliminations from monohydrazones 

Oxidation of hydrazones of benzyl ketones with mercurous trifluoroacetate in 
refluxing ether or in dioxane at  40-50 "C induces the elimination of nitrogen and 
formation of acetylenes in moderate yields (equation 109). Oxygenated solvents which 

ArCH,CR=NNH,+2(CF,C0,),Hg2 - ArC=CR+4[CF,CO,H.~Et,Ol+4Hg+N2 

(1 09) 

form addition products with CF,CO,H must be used to prevent addition of the acid 
to the acetylene. When R = Ph or alkyl, yields amount to 60L- 10%. Azines are the 
main by-products and their formation can be suppressed by adding the hydrazone 
solution dropwise to  a slurry of the mercurous 

ether 

2. Eliminations from dihydrazones 

1 ,ZDihydrazones (readily available from 1 ,Zdiketones) yield acetylenes on 
oxidation with a variety of oxidizing agents (equation 110). The method is applicable 
to aliphatic, alicyclic and aromatic dihydrazones. Recently it has been successfully 
applied in the preparation of cycloalkynes. 

RC(=NNHJC(=NNH,)+O, - RC=CR+PN,+PH,C (1 10) 

Oxidation of benziI dihydrazone with yellow mercuric oxide in iefluxing benzene 
gives diphenylacetylene in 67-73% yield145. Recently an effective and mild oxidizing 
agent has been developed, namely, molecular oxygen in pyridine solution, with CuCl 
as catalyst, and operating a t  room temperature. Under these conditions diphenyl- 
acetylene is obtained in 97% yield and 4-octyne in 89% yield. This reagent is superior 
not only to HgO, but also to  CF3C02Ag and Pb(OAc), 148. Silver trifluoroacetate is 
also superior to HgO and it gives diarylacetylenes in 7045% yields on oxidation at 
room temperature in alcohol or acetonitrile in the presence of triethylaminelq7. 

CyclodecynelA8 and cyc10nonyne~~~ have been obtained from the corresponding 
cyclic dihydrazones on oxidation with HgO in refluxing benzene or toluene in 36 and 
25% yields, respectively. The lower cycloalkynes (C8-C,) can only be trapped as 
adducts on their generation from their corresponding cyclic dihydrazones by oxida- 
tion with HgO in benzene, albeit in decreasing yields as the size of the ring is 
lowered (40, 26, 7, 0.5% of adduct)'". Other products are also formed in these 
oxidationsls0P lS1. 4,4,7,7-Tetramethylcyclooctyne 15* and 3,3,7,7-tetramethylcyclo- 
heptynelS3 which are thermally stable are obtained from the corresponding 

9 

6047% 3-1 0% 5-1 0% 

(111) 

2-5% / 

5-1 5% 
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dihydrazones by Pb(OAc), oxidation, in 28 and 25% yields, respectively. 3,3,6,6- 
Tetramethyl-1 -thiacycloheptyne can be isolated from the corresponding dihydrazone 
in 5% yield on oxidation with Ag,O in T H F  The  yield is raised to 60-67% by 
carrying out the oxidation a t  a lower temperature in CH2C12 with Pb(OAc),, which is 
a more efficient oxidizing agent. Other products can also be isolated (equation 11 

3. Eli minations from 3-nitroso-2-oxazolidones 

Earlier work has shown that 5,5-disubstituted 3-nitroso-2-oxazolidones on 
treatment with aqueous KOH a t  room temperature give acetylenes when both 
substituents are aryl groups (e.g. Ph, Ph, 100% yield); aldehydes, when both of them 
are alkyl groups (e.g. Me, Me, 80% yield), and when one is an alkyl group and the 
other an  aryl group, a mixture of the acetylene and a ketone is obtained (e.g. Me, Ph, 
74 and 16% yields, respectively) (equation 1 12)'". A change of reagent to n-butylamine 

R'CSCR' + N, + CO, + H 2 0  and/or R'R'CHCHO + R'CH,CORz (112) 

in ether a t  room temperature brings about a quantitative yicld of arylacetylenes from 
5,5-diaryl-, 5,s-arylalkyl- and 5-arylnitrosoo~azolidones~~~. The same reagent gives a 
78% yield of 3,5-di-t-b~tylphenylacetylene~~~, and MeONa gives a 79% yield of 
2-ethynylthi0phene'~~ from the corresponding nitrosooxazolidones. 

The mechanism of this reaction has been formerly discussed in terms of a vinyl 
carbonium ionlsGa. It  has been recently shown, however, that the reaction proceeds by 
a mechanism involving competition between vinyl carbonium ions and carbenes. 
This conclusion has been based upon the observations that on  treatment of the 
nitrosooxazolidones with aqueous-niethanolic KOH or with EtOLi in  cyclohexene 
solution, yields of acetylenes 37 increase, and those of vinyl ethers 38 and alkylidene- 
bicycloheptanes 39 decrease, as R changes from methyl to cyclopropyl to phenyl 
(equation 11 3 and adjoining tableYG0. 

KOH, MeOH-H,O 
--A c-C,H,C=CR + R( c-C,H,)C=CHOMe 

R 

Me 16 44 
c-CSH, 52 21 64 13 
PI1 90 0 \ 84 0 



18. The preparation of acetylenes and their protection 785 

4. Eliminations from 2-pyrazolin-5-ones 

Alkaline decomposition of 4,4-dihalopyrazolinones with aqueous alkali at 0-10 "C 
affords 2-alkynoic acids in good yields. The starting materials are obtained from the 
corresponding (3-keto esters as illustrated in equation (1 14). Phenylpropiolic acid 

RCOCH,CO,Et 

and tetrolic acid are obtained in ca. 75% yields161. Long-chain alkynoic acids are 
similarly obtainedlG2. Under the above conditions, 5-alkyl- and 5-aryl-5-halo- 
pyrazolinones give cis-trans mixtures of 2-alkenoic acids1G1b* lG2, 163. 

More recently 3-alkyl- and 3-aryl-5-pyrazolinones have been converted to  2- 
alkynoic esters by treatment with 2 equivalents of TI(N03)3 in MeOH under short 
reflux, or by direct treatment of the precursors of the pyrazolinones, namely, of the 
P-keto esters in methanolic solution, first with hydrazine and then with TI(N03)3 
(equation 115). Yields amounting to  67-95% are the same for the two 

R (OzNOlzTI 
TI(NOJ, m: - WNO,), 

O N  H = o G L H  H ___ 

--f 

O N  H 
(115) 

o&T[ 9 RC=CCO,Me 

0, N 0 lzq 

5. Eliminations from I -tosylam ino- I ,2,3-triazole an ions 

On photolysis in dioxane or aaucous dioxane these anions liberate two equivalents 
of molecular nitrogen and yield acetylenes according to equation (1 16). Diphenyl- 
acetylene is obtained in 85% yield and cycloalkynes (C,-C,) are trapped in 5477% 

R' R' NNHTs 

R2 NNHTs 

KOH, HOCH,CH,OH > I i N  * R'CrCR' + 2N, 4- Ts- 
A 

(1 16) R' I -  
x 

TsN 

166. The starting materials are readily available from the corresponding 
1,2-bistosylhydra~ones~~~. It has recently been shown that the latter can be directly 
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photolysed in aqueous-methanolic NaOH to give cycloalkynes in good yields, 
starting from cycloalkanones (equation 1 17)le7. 

SeO, dioxane-H,O 1 
Yields, n = 8, 36% 

15, 55% 
12, 53% 

6. Eliminations from substituted 5-halo-I H-tetrazoles 

Substituted tetrazoles 40 (X = halogen, NJ, NH2, OH) liberate nitrogen on 
heating a t  110-200 "C without solvent, or in an aromatic solvent, and furnish 
acetylenes in 1681% yields, depending on R' and RZ (equation 118). A FBW-type of 
rearrangement might be involvedlG8. 

7. Eliminations from 1,2,3-selenodiazoles 

Semicarbazones of aliphatic and aromatic aldehydes and ketones are convertcd to 
1,2,3-selenodiazoles 41 on oxidation with SeO, 168, and on pyrolysis these afford 
alkynes in predominantly high yields (equation 1 19)170. R1 and R2 can be H, alkyl and 

160 "c 
N - R'C=CR' + N, -t Se 

vacuum 
distillation 

R'C-H,CR2=NNHCONH, 
AcOH 

(119) R' 

(41 1 

aryl, and R' can also be CN and COzEt. The lowest stable cycloalkyne, cyclooctyne, 
was similarly prepared by pyrolysis at 170-220 "C in 55% yield171 and cyclododecyne 
was obtained in 90% yield171b. The lower cycloalkynes C5 to CH were trapped in 0,6, 
29 and 5 1 % yields, Non-conjugated diacetylene~l~~, alkynoic acids and 

and acetylenic steroids and polycyclic aromatic hydrocarbons were also 
obtained174. 
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8. Eliminations from I,2,3-thiadiazoles 

4-Alkyl- or 4-aryl-l,2,3-thiadiazoles 42 which are unsubstituted at position 5 ,  and 
are obtainable from methyl ketones (equation 1?,0), undergo ring cleavage on 
treatment with strong bases, such as organolithium compounds, at - 60 "C, and 

R' 

afford alkali metal alkynethiolates which can be subsequently alkylated to alkynyl 
thioethers (equation 120)176. These are obtained in good to high yields. By contrast, it 
has been found that, under the same conditions, a 5-substituted thiadiazole, namely 
4,5-diphenyl- 1,2,3-thiadiazole, gives diphenylacetylene in 78% yield17s. 

9. Eliminations from vinylamines 

Deamination of a,substituted-~-2-(5-nitrofuryl)vinylamines 43 (R = substituted 
Ph, 1-naphthyl, 2-furyl) with isoamyl nitrite in dioxane at 80 "C gives P-2-(5-nitro- 
fury1)acetylenes 44 in good yields177. 

I 0. E I i m i nat ions with concurrent fragmentation (Eschen moser's 
method) 

In 1967 Eschenmoser and his coworkers devised an ingenious structure (45) from 
which molecular nitrogen was readily evolved involving neighbouring group 
participation from groups A and/or B. The ultimate result of this process was the 
formation of a carbon-carbon triple bond. The material which follows is classified 
according to the groups A and B used. The equations which follow should not be 
construed to imply statements of mechanism, but should rather serve as an illumina- 
tion of the processes involved. These equations will start with a detailed version of 
the diazo structure 45 and the various precursors of the diazo group wil! be pointed 

N- 

II 
i+ 

R2ABCCR' 

out. The precursors used have been tosylhydrazones, aminoaziridine hydrazones or 
the diazo compounds themselves. The diazo compounds were generated in situ from 
thcse precursors, affording under the reaction conditions the acetylenes concurrent 
with nitrogen elimination. The precursors were obtained from aldehydes and ketones 
on treatment with the corresponding reagents. 
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a. Epoxy groups. Eschenmoser's original system utilized the opening of an epoxy 
group as a leaving group178, and the reaction can be portrayed as shown in equation 
(121). The diazo precursor was a tosylnydrazone. In this it was found that the 

best preparative procedure is to treat the a-epoxyketone with 1-01 equivalents 
TsNHNH, in CH,Cl,-AcOH (1 : 1) for 36 h at - 24 "C, 2 h at  0 "C and 4 h at room 
temperature. In this manner the cycloalkynone 46 (R = H) was obtained in 8 0 4 5 %  
yield and was hydrogenated to cyclopentadecanone (exaltone) (47; R = H) (equation 
122). Racemic muscone (47; R = Me) was similarly obtained. Eschenmoser and his 

(47) 

coworkers demonstrated the utility and applicability of the method by synthesizing 
over 20 acyclic and cyclic acetylenic aldehydes and ketones, including steroidal 
systems17sb* 179. Other authors have similarly applied the method to yield acyclic, 
cyclic and steroidal alkynones180. Replacement of the epoxy group by a fury1 group 
proved as efficient and the tosylhydrazones of the corresponding a-fury1 ketones and 
aldehydes afforded cis- and rrans-2-alken-4-ynals and alkenynones (equation 1 23)181. 

Eschenmoser and his coworkers then went on to introduce other diazo precursors. 
Two of them were 2-phenylaminoaziridine and trans-2,3-diphenylaminoa~iridine~~~. 
The aminoaziridine hydrazones (48) of a-epoxyketones decompose thermally and 
afford acetylenes in higher yields than the tosylhydrazones'". Furthermore, only 
inert and volatile by-products are formed and the reaction takes place purely 
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thermally in a neutral medium. Thus Shexynal, obtained by this route in 60-66% 
yield183* ls4, could not be obtained from the tosylhydrazone180b. Another variation 

R’ Ph 

N 
I 
N 

d 

R5 = H or Ph 

(48) 

uses oximes of a$-epoxyketones to generate the diazo group. The epoxyketones were 
treated with hydroxylamine-0-sulphonic acid in alkaline solution a t  room tem- 
perature and afforded good yields of steroidal alkynones185. 

b. Hydroxy, carboxylate, rnesylate andfluoride groups. Another modification of the 
Eschenmoser method involves the title groups as  leaving groups (equation 124). 

R z  H 

(49) 

R’ = H, F, O k c ,  OBZ, OMS 

Thus treatment of the tosylhydrazones of benzoin and its acetate and benzoate with 
alkoxides in protic or aprotic solvents affords increasing yields of diphenylacetylene 
(OH 13%, OAc 94%, OBz 98%) and decreasing yields of desoxybenzoin (OH 72%. 
OAc 3%, OBz O%)186. 20-0x0-2 1 -fluoro- and -mesyloxypregnenes are similarly 
converted via their tosylhydrazones to prcgnen-20-yne~’~~. When R1 in 49 is an 
electron-withdrawing group, such as PhCO or CO,Et, a-acylacetylenes are obtained 
in a single step from the unesterified a-diazo-P-hydroxycarbonyl compounds18s as 
illustrated in equation (125)Is9. Very closely related is the one-step conversion of non- 
enolizable aldehydes and ketones to their homologous alkynes. When their mixtures 

R‘C=CCOR2 (125) R’CH0+N,CHCOR2 ---+ R‘CH(OH)CCORZ JIeCN-EhO’ 
KO11 131.’3-ctliernte 

II 
N2 

with trimethylsilyldiazomethane or with dimethylphosphonodiazomethane are 
treated with n-BuLi in T H F  a t  -78 “C, alkynes arc obtained. Thus benzophenone 
affords diphenylacetylene in 80% yield. Enolizable ketones give only low yields of 
acetyleneslso. The method has been applied in the preparation of acetylenic sugars 
from aldehydosugars in about 20% yields1s1. 

c. Cyclopropyl groups. The opening of a cyclopropyl group serves here as a 
leaving group in still another version of Eschenmoser’s method (equation 126). 
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Treatment of tosylhydrazones of tricyclic a-cycloketones with MeONa in MeOH a t  
40 "C o r  at room temperature gives moderate yields of cycloalkynones, occasionally 
intermixed with the corresponding allenes (e.g. equation 127)lS2, 

ca. 70% 

111. ACETYLENES BY S U B S T I T U T I O N  R E A C T I O N S  

Only alkylations of acetylenes (equation 128) are  covered in this section, whereas the 
addition reactions of acetylenes to carbonyl compounds are not. Alkylation of a 
terminal acetylene is effected by the reaction of an alkyl or aryl halide with the 

R'C=CM+R2X - R'C=CR2+MX (128) 

acetylide ion of the terminal acetylene. The  acetylides are used as alkali metal 
acetylides, alkynylmagnesium halides (Grignard reagents), as acetylides of aluminium 
and copper or as complexed species with palladium and boron. 

A. Alkali Metal Acetylides 

The acetylide ion is a strongly basic and nucleophilic species which can induce 
nucleophilic substitution a t  positive carbon centres. Acetylene is readily converted by 
sodium amide in liquid ammonia t o  sodium acetylide. In the past alkylations were 
predominantly carried out in liquid ammonia. The alkylation of alkylacetylenes and 
arylacetylenes is carried out in similar fashion to that of acetylene. Nucleophilic 
substitution reactions of the alkali metal acetylides are limited t o  primary halides 
which are  not branched in the P-position. Primary halides branched in the P-position 
as  well as  secondary and tertiary halides undergo elimination to  olefins by the 
NaNH,. The rate of reaction with halides is in the order 1 > Br> C1, but bromides are 
generally preferred. In the case of a,o-chloroiodoalkanes and cc,o-bromoiodoalkanes, 
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metathesis a t  the iodo terminus is regios~ecific'~~. Symmetrical dialkylacetylene a re  
directly prepared from the disodium salt of acetylene and two equivalents of halide, 
whereas unsymmetrical dialkylacetylenes are similarly obtained by adding first one 
halide and then the second one. Yields are in the order of 50-90% (C3-Clo alkynes). 
1-Hexyne is obtained in 70-77% yield from sodium acetylide and n-butyl bromide in 
liquid ammonia1s4. Because of the lower solubility of the higher halides in liquid 
ammonia their reaction with acetylides can still be carried out in liquid ammonia a t  
higher tcmpcratures and pressures in an  autoclave. Aryl halides do not alkylate 
acetylides in liquid ammonia. Alkyl and aryl sulphates and sulphonates are more 
reactive than halides but their reactions are limited to  the lower homologues. 
Alkylation of a mixture of cis- and Irans-l,3-hexadien-5-ynes with methyl iodide in 
liquid ammonia furnishes the same cis-trans ratio of 1,3-heptadien-5-yneslB5. 
Sodium acetylides react with alkyl halides in liquid ammonia to furnish complex 
mixtures of mono-, di- and tri-alkylation products (Scheme 10)'". Many of the 
products can be isolated by preparative gas chromatography and identified by n.m.r. 

t 
I "t.6 

R 

t c - 7  + 
T 

R--3 
X J= 

RC-CNa 

1 
d= - R - E  

/ 

/ 

SCHEME I0 

Lithium acetylide is best prepared from acetylene and LiNHz in liquid amm~nia '~ ' .  
Lithium acetylides are  more soluble in liquid ammonia than sodium acetylides and 
therefore give higher yields (SO-SO%) on reaction with higher halides. trans-ZAlken- 
4-ynols have been generally obtained on alkylation of sodium acetylides with 
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epichlorohydrin in liquid ammonia, n o  cis product being formedlB8, apparently 
because the cis-alkenynol formed cyclization products198b. However, it has recently 
been found that a mixture of cis-trans-2-penten-4-ynols (1 : 1) (47% yield) can be 
obtained by using lithium acetylide instead of sodium acetylide, the cis isomer being 
isolated in 15% yield by careful fractional d i ~ t i l l a t i o n ~ ~ ~ .  The different result is 
apparently due to the lesser tendency of the lithium salt of the cis alcohol to undergo 
cyclization t o  2-methylfurane because of its greater covalent character compared to 
that of the sodium salt. 

Lithium acetylide stabilized as its ethylenediamine complex200 is a very effective 
reagent in reactions with alkyl halideszo1. DMSO is found to  be the best polar 
solvent for its use (80-90% yields) but DMF is also satisfactory. These solvents have 
the advantage that the use of the inconvenient liquid ammonia is avoided. The reac- 
tion with iodo- and bromoalkanes requires lower temperatures (8 "C) than with 
chloroalkanes (25-35 "C). No internal alkynes or 1,Zdienes are formedzo1. The 
lithium acetylide complex has also been i sed  in the preparation of fluoroalkynes in 
DMSO (e.g equation 129)202. 

(1 29) 
DNSO 

F(CH,),CI+ LiC=CH.EDA F(CH,),C=CH 

92% 

In recent years many alkylations have been carried out with lithium acetylides in 
polar solvents other than liquid ammonia. I t  has only occasionally been reported that 
monoalkali metal acetylides have yielded the isomerized 2-alkynes in addition to 
I-alkynes. It has been found that alkylation of HC=CLi (prepared in liquid 
ammonia) in HMPT or HMPT-THF with primary alkyl bromides affords increasing 
amounts of 2-alkynes with increase in the ratio of L i C S C H  : RBr. Thus n-dodecyl 
bromide in HMPT-THF at the ratio LiC=CH : n-C,,H?,Br 3.46, 6.09 and 10.4 gives 
the following percentages of 1-tetradecyne and 2-tetradecyne respectively: 88, 12; 73, 
27; 32, 68. It  may be inferred that with the more basic sodium and potassium 
acetylides the amount of 2-alkynes may bc even higher at  the same ratio of acetylide 
and halideco3. Most lithium acetylides arc now being prepared from organolithium 
compounds. Equation (1 30) illustrates a double alkylation of propyneCo'. The 

a eq. RuLi, herme-ether 
TJEDA 

fvleC=CH 
BuUr 

LiCH,C=CLi - Bu CH,C=CLi 

I1Br > BuCH,C=CR (130) 

3040% 

efficiency of HMPT or of HMPT-THF as solvents in alkylation of lithium acetylides 
(prepared from the terminal acetylene and BuLi) has been demonstrated in the case 
of medium and long-chain halides and a,o-dihalides which give on reaction a t  0 "C 
or at room temperature high yields of I-alkynes and ~x,o-dialkynes'~~. Acetylenic 
acids are similarly obtained by two routes, using HMPT and lithium acetylides 
(prepared from MeLi) (equation 13 Strained cyclic and macrocyclic acetylenes 

\ 
Me(CH,),CrCH + Br(CH,)yCO,H 

h 
Me (C H,) C E C  (CH,),CO,H (1 31 ) 

/l 

Me(CH,),Br + HCEC(CH,),CO,H ' 
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(equations 132-1 34) a s  well as alkynyl-1-thiophosphonates (equation 135) arc 
obtained in similar fashion. The  sodium and lithium salts of MeSOCH, in DMSO 
are used to  obtain acetylides of terminal acetylenes, and on reaction with alkyl 

c 
C 

L(CHz)n--I 

+ - 1 1 1  111 (1 32) 
BuLi, THF-HMPT C 

C (Ref. 207) 
r.t. 

HC-C(CH,),CECH 

111 111 
CY> 

1 1 1  111 

(Ref. 208) & + XCH,YCH,X ether-THF (133) 

Yields Y = CH, 8% 

0 18% 
(CH,), 8% 

(Ref. 210) (135) n-nllLi CIPISI l O H ~ l 2  
R'CECH RC=CLi - R1C=CP(S)(ORZ), 

T ll I.'-hexnll: r.t. 

halides, sulphates or long-chain alkyl bromides, they give high yields of alkylation 
productsz1'. Sodium acetylides have also been alkylated by alkyl bromides, sulphates 
and sulphonates in xylene21m, xyIene-DMF2123, DMF2lzb and THF-HMPT212C, to  
give alkylacetylenes in high yield. 

Finally, i t  is important to stress the significance of carrying out alkylation 
experiments under a variety of conditions until satisfactory results are obtained. The 
situation is precisely the same as with elimination reactions, and in particular as with 
dehydrohalogenations. The following example is instructive. Scheme 1 1 shows that 
under four different reaction conditions no  satisfactory conversions of steroid 50 
to the acetylenic steroid 51 can be achieved. I t  is seen that the chlorosteroid 50 
(x = Cl) is a major by-product. I t  is therefore essential to remove competing 
chloride ions before the metalated acetylide can react with 50 (X = OTs). The 
reaction is therefore carried out in dioxane where LiCl is precipitated as a LiCI- 
dioxane complex, furnishing 51 in 90% yieldzL3. 
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(51) 55-65% 
+(SO) (X = CI), major by-product 

No 

(50) 

' reaction 

(X = CI) 

T X = O T s  o r 1  
M = Li  
HMPT + hexane 

X = OTS, M = M g C l  

various solvents \ 

X = O T S ,  M = M g C l  / 
+ H M P T  (cosolvent) 

'solvent  

(50) 

X = O T s  
M = M g B r  
solvent + 
HMPT 
(cosolvent) 

(50) (X = Br), major 

1 

M+-CrCCMe,OTHP 

X = O T s  
M = Li  
dioxane 

I 
OMe 

(51) 90% 
SCHEME 11 

B. Alkynylmagnesium Halides (Grignard Reagents) 

Alkynylmagnesiurn halides are less basic than the alkali metal acetylides and 
therefore can be applied to sensitive alkyiating agents. In contrast to the alkali 
metal acetylides they do not react with saturated primary halides. On the other hand, 
they do react with allylic, propargylic and benzylic halides, but only in the presence of 
cuprous chloride catalysts. They also react with a-haloethers (e.g. equation 1 36):14. 

(1 36) 
r-7 
LGJ 

0 
P h H  

PO(CH,CI), + 2BrMg-MgBr __f 0 

2% 

With vinyl halides they react in the presence of cobaltous salts, affording low yields of 
alkylation products21S. Although unreactive towards saturated alkyl halides, they are 
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alkylated by alkyl sulphates, tosylates and mesylates21s. The alkynyl Grignard 
reagents are generally prepared by reaction of the 1-alkyne with an alkylmagnesium 
halide, such as EtMgBr, in electron-donating solvents, such as ether, THF and higher 
ethers (equation 137). Occasionally diethyl ether is replaced in the Grignard solution 
by methylene chloride. 

RC=CH+EtMgBr - RC=CMgBr+EtH t (1 37) 

The case of ethynylmonomagnesium halide (52) and acetylenebismagnesium 
halide (53) deserves special comment. Reaction of acetylene with EtMgBr in ether 
proceeds to 53 (equation 138) because of the latter’s insolubility in that solvent, and 

THF 
HC=CH+BrMgC=CMgBr 7 2HC=CMgBr (1 38) 

(53) (52) 

thus 52 cannot practically be obtained. I t  has however been found that 53 is soluble 
in THF, and therefore in this solvent on reverse addition (i.e. slow addition of 
EtMgBr in THF to a solution containing an excess of acetylene in THF) an equi- 
librium mixture is obtained, containing about 85% of the mono Grignard reagent 
52 217. 

A large number of ‘skipped’ systems, 1,4-enynes and 1,4-diynes, have been 
prepared by the reaction of alkynylmagnesium halides with ally1 and propargyl 
halides, as illustrated in equations (139)-(144). Several of these products have 
served in the preparation of annulenes. These reactions are carried out in THF 
solution close to reflux temperature and in the presence of CUCl as catalyst. 

HC=CCH,Br+BrMgC=CH - HC=CCH,C=CH (Ref. 218) (139) 

ca. 70% 

BrCH,C=CCH28r+BrMgC=CH - HC=C(CH,C=C),H (Ref. 218) (140) 

Yields, IZ = 2, 18% 
4, 4% 
6, 1.4% 

HC=CCH,Br+BrMgC=CPh - HC=CCH,C=CPh (Ref. 219) (141) 
54-75% 

trans-BrCH,CH =CHCH,Br+ BrMgC =CH - H C=CCH,CHL CH CH,C =CH 

25% 

+ H C = C C H , C H ~ H C H , C = C C H , C H ~ H C H , C E C H  

+HC=CCH,CH=CHCH,C=CCH,CH~HCH,C=CCH,CH~CHCH,C=CH 

10% 
t 

2% 
(Ref. 220) (142) 

cis-CICH,CH=CHCH,CI+BrMgC=CH ____+ HC=CCH,CHLCHCH,C=CH 
(Ref. 221) (143) 
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Of other classes of acetylenic compounds which have been prepared recently by 
alkylation, 1-alkynylphosphonates should be mentioned. They are prepared in 
moderate yields from alkynylmagnesium halides and dialkyl or diary1 phosphoro- 
chloridates in ether at room temperature (equation 145)223. 

R ' C =CMg B r f C I P (0) (0 R2), - R ' C =C P( 0) (0 Rz), (145) 

One of the drawbacks of this alkylation method is that under the strongly basic 
conditions alkylation of alkali metal acetylides and alkynyl Grignard reagents with 
tertiary alkyl halides and sulphonates leads to dehydrohalogenations. Since tertiary 
carbocations are stable under weakly basic or non-basic conditions, and as certain 
trisubstituted aluminium compounds not only accelerate formation of carbocations 
from halides, but also convert the anion residues to much weaker bases, it seemed 
feasibie to investigate the coupling between trialkynylalanes (readily obtainable from 
the corresponding alkynyllithiums and anhydrous AlCI,) and tertiary alkyl halides. 
In fact this reaction (equation 146) afforded high yields of disubstituted alkynes (e.g. 
equations 147 and 148)224. 

(146) 
CHzCI? 

00 c r 3R'C=CR2 3R'X+(R2C=C),AI 

X = CI, Br, sulphonate 

3 t-BuCI + ( O C - C ) ,  Al d 31-BuC-C 

90% 

96% 

C. Copper Acetylides 

Copper acetylides225s la are alkylated by saturated alkyl halides and by ally1 and 
propargyl halides. In addition, they are alkylated by vinyl and aryl halides, and in 
this respect they are superior to alkali metal acetylides and to alkynylmagnesium 
halides. They also undergo acylation by acyl chlorides. I n  1963 Castro and coworkers 
reported the preparation of diarylacetylenes in good yields by treating aryl iodides 
with cuprous acetylides in refluxing pyridine under a nitrogen atmosphere (equation 
149). Under these conditions aryl iodides bearing orrho nucleophilic substituents 
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were converted exclusively to the corresponding heterocyclic compounds in high 
yields (equation 1 50)226. Several aspects of the stereochemistry and kinetics of 
cuprous acetylide substitutions have been discussed226d. 

+ CUC-CR ---+ (1 50) 

X = 0, NH, CO, 

Since the monocuprous acetylide of acetylene is unknown, the preparation of 
terminal acetylenes by this method has become possible only after the development 
of cuprous acetylides containing readily removable substituents. Two examples are 
illustrated in equations (1 51) and (1 52)227. Polyfluorophenylacetylenes were similarly 

(1) mrldine, reflux 4N NaOIl 
PhI+CuC=CCH(OEt), (2)  El+ z- PhCECCHO 5 0 ' ~ -  PhC=CH (151) 

(1) DYrfdhC,  rcflUX Xi02 PhCICCHO PhI+CuC=CCH,OTHP (2, zN LIIso, * PhC=CCH,OH PhH, r.t.> 

70% 

2N NnOII - PhCECH (152) 
60 'c 

87% 

Examples of the coupling of cuprous acetylides with vinyl halides 
(equation 1 53)228, ally1 halides (equation 154)228, and propargyl halides (equation 

as well as their acylation (equations 156231 and 157232) demonstrate the 

(1 53) 
DhIF or pyridlne 

PhC=CCu+CHI=CHCI PhC=CCH=CHCI 
40-100 "c 

90% 

cU+, h-2C03, HMPT 
n-C,H,,C=CCH,CH=CH, (154) n-C,H,,C=CCu+BrCH,CH=CH, llO*C.8 h 

70% 

MeCH(OH)C=CCu+MeCHCIC=CH - 5096aq'N5 MeCH(OH)C=CCH=C=CHMe (155) 

(1 56) 
n-C6H11COCI Me,Si C =C Cu > Me,SiC=CCOC,H,,-n CuI, t-BuOLi 

Me,SiC=CH TBP F 

62% 

(1 57) 
ether, LiI ~-BuCECCU+~-BUCOCI r.t. > n-BuCECCOBU-n 

96% 

utility of the method. The Castro coupling has been instrumental in the preparation 
of benzoannulenes and related macrocydes, as is shown in equations (158) and (159). 

2a 
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I 

C 

b- 

iii 
c c u  

I 

pyridine, N, 
120°C 

c = c c u  
pyridine 

reflux ' 

8% 

I 
Ill 

I 
111 

(Ref. 233) 

(1 58) 

( R e f .  234) 

(1 59) 

4.6% 

It has been shown that instead of using cuprous acetylides, aryl and heterocyclic 
halides can alkylate terminal alkyl- and arylacetylenes directly by heating the 
reactants in D M F  or pyridine in the presence of K,CO, and Cu powder to give 
acetylenes in high yields ( e .g  equation 1 60)235. 

88% 

D. Palladium Complexes 

Very recently the alkylation of terminal acetylenes by vinyl, aryl and heterocyclic 
halides was induced by Pd complexes under mild conditions. Use of palladium 
triphenylphosphine, Pd(PPh& and a base, such as MeONa in D M F  a t  50-100 "C, 
gave high yields of disubstituted acetylenes (e.g. equation 161)236. Other catalysts 

(1 61 1 Pd(PPh,),, DMF 
PhC =CP h 

5 0 %  ' P hC =CH + P h I  

95% 

used were diacetatobis(triphenylphosphine), (Ph,P)2Pd(OAc),, in the presence of an 
amine at 100 "C (cg. equation 1 6 2 y 7 ,  and bis(tripheny1phosphine)palladium 
dichloride, (Ph3P)2PdC12, in the presence of CuI in Et,NH at room temperature (e.g. 
equation 1 63)238. 



18. The preparation of acetylenes and their protection 799 

> p-NO,C,H,CECBU-t (162) 
1 Ph3P)zPd 1 O h C ) z ,  EhN 

100 ' C  

tPh~PIzPdClz, CUI 

p-NO,C,H,Br+f-BuC=CH 

(1 63) CH,=CHBrfPhC=CH E5h', r.t. > PhC=CCH=CH, 

91 % 
E. Boraneo 

Recently H. C. Brown and coworkers have developed a new convenient and general 
synthesis of acetylenes via the reaction of iodine with 1 -alkynyltrialkylborates 54 
(equation 164). The reaction of iodine with 54 takes place under very mild conditions 
a t  low temperatures and involves a migration of an alkyl group. In contrast to the 

R'C=CH A R'CSCLi Li+[R:k=CR'] 
n-BuLi THF R:B 

(54) 

> R'C=CR*+R:BI+LiI (164) 1 2  

-78 'C to r.t. 

alkylation of alkali metal acetylides which proceeds only with primary alkyl groups, 
introduction of primary, secondary and tertiary alkyl groups and aryl groups takes 
place smoothly, and yields are close to  quantitative23e. The  conversion of 54 to an  
internal- acetylene is also effected by methylsulphinyl chloride, which first yields a 
P-methanesulphinylvinylborane 55, followed by cis elimination to  the acetylene 
(equation 165)240. Yields are  lower ( 5 5 4 2 % )  as compared to  the above method. I t  
has also been observed in this reaction that the migration of alkyl groups is not 
selective, as illustrated in equation (1 66)240. Symmetric internal acetylenes cannot be 

(54) 

Li + 

MeSOCl r.t. I 
n-C,H1,C~CC,Hll-~ + U C = C C , H , , - n  + Me,CHCMe,C=CC,H,,-n 

Ratio of products = 38 : 50 : 12 

obtained from dilithium acetylide by the route of equation (164), but are obtained in 
48-86% yields on reaction of lithium 2-chIoroethynyltrialkylborates with iodine 
(equation 167)241. 

JleLi, ether H3B 1 2  RC=CR 

(167) 
C I C H ~ C H C I  osc  > LiCsCCl -> r.t. Li+[R$C=CCI] -78 ' C  
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It  has been found that monosubstituted acetylenes can be obtained by Brown's 
method (equation 164) only when lithium acetylide is replaced by the lithium 
acetylide-ethylenediamine complex. High yields of terminal alkyl and cycloalkyl- 
acetylenes are obtained. I t  has also been demonstrated that the migration of an 
alkyl group proceeds with retention of configuration, as shown in equation (168)242. 

Further extension of the method has led to a 'one-pot' procedure for the synthesis 
of symmetrical and unsymmetrical conjugated diynes in 60-70% yields, as  shown in 
Scheme l P 3 .  The bulky 1,Zdimethylpropyl group has proved to  possess a low 

T H P  MeOH, T H F  

25'~ B H,.S M e, +2M e2 C =C H Me - 
0-25 'C 

(Me& H C H M e) 6 H 

LiCECR* T H F  

-78 "C 
(Me, C H C H Me) B 0 Me Li + [ ( M e2 C H C H Me),( 0 M e)B C = C R '1 

BF3.0Eb,  T H F  

-78-25'c ' 
LiC=CR*, THP 

-78'C ' ( M e, C H C H M e), B C = C R l 

Jz, T H F  
Li+[(Me,CHCHMe),(C=CR2)k=CR1] -78 'C R1C=CC=CR2 

SCHEME 12 

migratory aptitude relative to the alkynyl group and thus made the synthesis of 
conjugated diynes possible. A related reaction leading only to  symmetrical conjugated 
diynes has also exploited the low migratory aptitude of the 1,Zdimethylpropyl group, 
as well as that of the cyclohexyl group, furnishing diynes in 7&90% yields (equation 
169)244. Primary alkyl groups are unsuitable since they show competitive migration 

R* C r CC =CR2 
(1 69) < R' C-C R2 

RiBX + 2 LiCfCR' Li+[ R:E(C=CR2),] 

R' = Me,CHCHMe 
or cyclohexyl 

with respect to the alkynyl groups. The almost exclusive migration of the alkynyl 
group us the 1,2-dimethylpropyl group has also proved useful in the synthesis of 
conjugated trans-enynes. Migration is highly stereoselective, furnishing the frans- 
enyne in over 99% isomeric purity and in 60-74% yields (equation 170)245. 

IIC=CR1. TIIP LICECR?, THF 
(M e,C H C H M e),B C H I C H R 

-5O'C ' O'C ' (M e,C H C H M e),B H 

Li+[(Me,CHCHMe),(C=CR*)kHACHR'] -78-25 12 oz R ~ C = C C H ~ H R ~  (170) 
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IV. M I S C E L L A N E O U S  M E T H O D S  

y, 6-Acetylenic aldehydes have been obtained in 40-54% yields from alkenyl allenyl 
sulphides by a thermal [3,3]-sigmatropic rearrangement at  125-1 35 "C, carried out in 
HzO-DMSO in the presence of calcium carbonate (equation 171)24s. 

801 

R'C- S R'C 0 
1 111 II  

C CR3 (171) I I  CaCD,, H,O-DMSO ' c"3 C$R3 

R1$& CHR' RICH -C H R' 

V. P R O T E C T I O N  OF T H E  C-H A N D  C=C B O N D S  OF 
ACETYLENES 

Both the C-H and the C=C bonds may require protection. The C-H bond in 
acetylenes is relatively highly acidic and may become involved in organometallic 
reactions taking place in other parts of the molecule. The C=C bond is evidently 
susceptible t o  addition reactions and therefore may need protection. Acetylenes, and 
in particular terminal acetylenes, are susceptible to polymerization, which may be 
inhibited by protection. 

A. Protection of the C--H Bond 

The protection of the acetylenic C-H bond has recently been reviewedz4'. This 
reference contains a table of protecting groups, their stabilities under oxidative 
coupling and metalation conditions and the conditions for their removal. 

In  section II1.C the use of an acetal and of a tetrahydropyranyl ether in the 
protection of monocuprous acetylide has been demonstrated (equations 151 and 152). 
However, the major and most popular mode of protection of the acetylenic C-H 
bond involves trialkylsilyl groups, mainly the trimethylsilyl and the triethylsilyl 
groups. These groups, as the bulky t-butyl group, can also inhibit the polymerization 
of unstable conjugated polyynes prepared in their presence. The protected acetylenes 
are stable to a variety of reaction conditions as detailed in this section, but can be 
readily cleaved by methanolic alkali, by precipitation with AgN03 and regeneration 
with KCN, and by n-Bu,NF or KF.2H20. They are generally prepared by converting 
the terminal acetylene to  its Grignard derivative, followed by reaction with a 
trialkylsilyl halide (equation 172). 

R:SiCI 
RIC=CH+EtMgBr - R'CECMgBr - R'C=CSiR: (172) 

The utility of the trialkylsilyl group for several reactions is demonstrated in the 
following. Internal triple bonds are selectively hydrogenated by a Lindlar catalyst to a 
double bond in the presence of a protected triple bond (equation 173)248. A Grignard 
reaction can take place in the presence of a protected triple bond (equation 174)249. 

(1) II?, Pd-Bas04 

Me,SiC=CCH=CMeCH,C=CCH,CMe=CHC=CSiMe, (2 )  Akrah'O3, s c d  

H C =C C H =C M eC H,CH C H C H,C M e =C H C= CH (1 73) 
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HO,CC,H,CGCSiMe, lI Me,Si C,H,CGCSiMe, 

(1 74) 

Me,SiCI 

BrC,H,CrCSiMe, - BrMgC-CSiMe, 

mefa or para compounds 

Alkylations of different types are effected without damage to a protected triple bond 
(equations 175-177). 

(Ref. 250) 

(1 75) 

AgNO,, KCN 
(CH,) 2 C G  CSi Me, 

Et,SiC-CLi + Et,SiCEC 

‘QF 
F F 

F F F  

1 NaOH, aq. MeOH 
(Ref. 251) 

(1 76) 

TIIF ICGCSiMe 
ArMgX+CuBr - ArCu w3 ArC=CSiMe, 

dll. oq. alkalt - ArC=CH (Ref.252) (177) 

The trialkylsilyl group has been very useful in the preparation of unsubstituted 
polyynes by the Hay modification of the Glaser oxidative coupling of terminal 
acetyleneszs3. Thus hexadecaoctayne is obtained by the sequence shown in equation 
(17QZs4. This example also shows that partial cleavage of the protecting group is 
possible under mild conditions. An additional advantage of the trialkylsilyl group in 
the synthesis of conjugated polyynes is that its introduction shifts both the high and 
medium intensity U.V. bands of polyynes bathochromically and it thus permits all 
steps of the synthetic sequence to be followed quantitatively even in dilute 
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H(C=C),MgBr+Et,SiBr - H(C=C),SiEt, M ~ C O ,  o? P Et,Si( C -C),SiEt, 

803 
CuCl, TMEDA 

N NaOR, McOH-hexane 
2 1  'C, 80 B 

CUCI, ThlEDA, 0 2  ' Et,Si(C=C),H ether; Et,Si(C=C),SiEt, 
hlezCO 

o.lN NaOH, MeCJH-DCtdeUm ether 
1 7  'C, 0.75 min 

> H(C=C).H 

s o l u t i ~ n ~ ~ ~ ~ ~  b. Protection by triethylsilyl and triethylgermyl groups in the Cadiot- 
Chodkiewicz couplings of arylacetylenes has also proved useful as illustrated in 
equation (179)2548e bs 255. 

Wiot-chodkicwicz KOH, nq. McOH 
ArC=CH+BrC=CSiEt, > Ar(C=C),SiEt, 

BKCECSIES aq. NAOH 
Ar(C=C),SiEt, > Ar(C=C),H (179) 

Ar(CEC)2H MiotChodkiewic: 

Ar = mesityl 

The preparation of Wittig reagents of compounds containing trialkylsilyl-protected 
acetylenic groups and their condensation with carbonyl compounds also proceeds 
smoothly. This is illustrated by the intermediate steps of the synthesis of a C18-acid 
containing a I-en-4-yne unit (equation 1 8!l)250. A similar example involves several 
steps in a synthesis of the insect juvenile hormonezs7. Conjugated trans-enynes are 
similarly obtained via a protected Wittig reagentzs8. 

Ph,P, EtOH 
Me,SiC=CCH,CH,OH (Ph0)3*Me1; Me,SiC=CCH,CH,I renus > 

IC=CCH,CHz CH(CH,),CO,Me 

Further examples of the utility of the trialkylsilyl group in the protection of 
terminal acetylenes are shown in reactions with hydrazine, halogenating agents and 
organometallic reagents (equations 181-1 83). 

ArCO(CrC),SiMe, 

A r  - (Ref. 259) 1:~- CGC s i Me, 

1 
A C E C H  'N H 

(1 81 1 

NaOH, aq. MeOH 

H,NNH,.HCI 

A r  

H 

Me3SiC1 (11 EtJOBr 
H (C = C),C H,O Si Me, > M e,Si (C =C),C H,OS i M e3 

N H3 
H(C=C),CH,OH 

SOCln or PBrs 
> Me,Si(C=C),CH,X zN HCI - M e,S i ( C = C), C H , 0 H 

(Ref. 260) (182) LII 
x = c 1  
- Me,Si(C=C),CH,I 

X = CI or Br 



804 David A. Ben-Efrairn 

Co,(CO),+ RCECSiMe, - Co,(CO),[RC=CSi!vle,] 

R = Me, CF,, Ph 

> Co,(CO),[RC=CH] (Ref. 261) (183) 
NnOH, H20-MeOH 

r.t. 

B. Protection ofthe C=C Bond 

The carbon-carbon triple bond, as the double bond, is susceptible to many of the 
common addition reactions, and in some cases, such as reduction, hydroboration and 
acid-catalysed hydration, it is even more reactive than the double bond. An efficient 
protecting group for the triple bond has been developed only recently. Stirring 
dicobalt octacarbonyl with an alkyne at room temperature furnishes stable complexes 
of the alkyne in 70-90% yields. Double bonds in the protected acetylenic compound 
cannot be catalytically hydrogenated but reduction takes place with diimide or 
BH,-AcOH. Also hydroboration proceeds exclusively at the double bonds and 
protected vinylacetylenes are hydrated with strong acid at  the double bond. Cleavage 
is carried out by oxidative degradation of the complex with Fe(N03)3.9H20 in 95% 
EtOH. Several examples are shown in equations (1 84)-(186)2G2. 
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1. INTRODUCTION 

A. Scope 

Nucleophilic attacks on alkynes (A) is a broad subject, some of which will be 
discussed here. We have divided our material somewhat arbitrarily into additions 
(equation 1) and substitutions (equation 2). Our intent is to compile illustrative 
examples, to delineate mechanistic features and to evaluate both aspects critically. 

E+ R'C=CR+Nu- - R'NuC=CRE 

(A) 

R-C=CX+NU- ___+ R-C=CNU+X- (2) 

Besides processes (1) and (2) ,  the reader should be aware that nucleophilic attacks 
on alkynes are treated in other chapters of this book, dealing with rearrangements, 
cyclizations, polyacetylenes, cyclic acetylenes and perhaps others. A number of 
publications overlap with ours in different ways and at different levels*-4. They treat : 
individual alkynes or families5-?, e.g. acetylene, diacetyleness, acetylene dicarboxylic 
esters9. lo, haloacetylenes4, alkynyl ethers and thioethersll$ 12, ynamines13, fluoro- 
alkynesl4. 15, ethynyl ketpneP, nitr~alkynesl~,  etc. ; synthetic targets, e.g. pyrazolesls, 
H-l ,2,3-tria~oles~~, isothiazoles20, indolizines21, etc. ; reagents, e.g. nitrones2z, 
lithium aluminium h ~ d r i d e ~ ~ ,  heterocyclic N-oxides24p 25, azomethine yIidsZ5, 2G, 

tertiary phosphorus miscellaneous dipolar nu~leophi les~~.  28, etc. The 
reader will appreciate that all of these constitute alternate entries into our subject. 
We shall attempt to pick up the material a t  the latest major survey and bring it up 

to  the present (spring, 1976). In effect, broad introductions and background to both 
additions'. and  substitution^^^ are already at  hand. In this survey our selections of 
factual data cover a variety of subtopics and provide a unique and useful data base. 
I n  some, the entries constitute a fraction of a large body of research; in others, 
subjects which have not been adequately reviewed, e.g. electron transfer to alkynes or 
rate data for process (2), will be considered in detail. In any case, the breadth and 
diversity of the subject area preclude any claim that we have seen every relevant 
publication. Certainly, we cannot include all we have seen. Nevertheless, this is 
probably the most ambitious attempt to pull together and systematize this area of 
acetylene chemistry. 

In deciding on the boundaries of our subject we have to make several difficult 
decisions. Acetylene to allene conversions are usually excluded : although certain 
nucleophilic reductions are retained, other Sh.2' attacks29. 30 (equation 3) and base- 
catalysed isomerizations (equation 4) are 33. We do not seek out 'concealed' 

THF F,CCECCF, + Re(C0); - F,C=C=C(CF,)Re(CO), 
-78 "C (3) 
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or inadvertent additions to alkynes. These may arise whenever an alkyne is generated 
and consumed in the course of some other intended reaction (equations 5 and 
6)33-36. 

Z- or E-MeCI=CHCN EtoHl-’ MeCrCCN 

+ EtS- J. 
E-MeC(SEt)=CHCN 

KOH 
HCfCH + RSSR Z-RSCH=CHSR 

RSSRN (HC-CSR + RS-) 

1 
HCGC- 

In the case of the attacks of neutral molecules on alkynes, nucleophilic attack is 
often difficult to distinguish from molecular cycloaddition or electrophilic initiation. 
Reaction (7) is typical of many which could equally as well be formulated as beginn- 
ing with a dipolar cycloaddition or an acyclic zwitterion: ‘Detailed mechanism of 
these cycloaddition-elimination reactions remains to be explored.. .’37. 

R R 
I I H  

MeyNyNH THF, xc-cx 0 OC’ [“ey(yNTd --MeCN_ ’IsMNHR (7) 

N-S X N  
R = Me, Et SO-SO% 
X = PhCO, COOMe 

We have included certain reductions, e.g. hydride or electron transfer, but not 
others (equation 8) in which the nucleophilic component is absent or ambiguous?. 

2Cr2+ +2H + + -C=C- c___, 2Cr3 + + -H C=CH- (8) 

Although some reactions of organometallics, e.g. ‘RMgBr’, ‘CuH’, R,SnH, with 
alkynes are admitted, it is often unclear whether one can even apply a term such as 
‘nucleophile’ to these aggregated species38* 38. Likewise, if a ligand in an organo- 
metallic compound is (or can be represented as) an alkyne, we have sought those in 
which the triple bond is being attacked, that is, equation (9)40, rather than equation 
(10)~’. Clearly, some of our decisions to include or to exclude are not wholly 
satisfactory. 

CI,Pd(Ph,PCH,COCFa)Ph,POH 
H,O/EtOH/CH,Cl, 

CIzPd(PhzPCsCCFa)z temp. 

Ph. Ph 

[frans-Pt(CH,)L,RCCR]+ PF; 
As+l’F,- 

-Arc1 ’ trans-PtCI(CH,)L+ RC=CR’ 

> [Pt(CR=C(OCH,)R’)L,]+PF; (10) hleOII -CHI 
___3 
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Going beyond equations (1) and (2), a nucleophilic attack on an  alkyne may be one 
step in a coirpled sequence. The first intermediates, anion (V-), zwitterion (+V-) or 
radical anion (A’) are valuable synthons which may continue on in cyclization, 

polymerization, rearrangement, etc. Although it is doubtful that the alkylation of 
equation (1 1) could have been predicted42, we regard the deliberate addition of a 

> H,C=CHOCH=CHMe (11) 
HnO-Ne2SO MezSO 

(H,C=CHOCH=CH-) 2HC=CH KOH,13O0% 

third reagent, a coelectrophile which can capture V-, +V- or A’, as one of the more 
interesting developments in synthetic acetylene chemistry. Here, we shall not, in 
general, follow a sequence beyond the first isolated products. By this limitation we 
necessarily lose much that is properly included under ‘acetylene chemistry’ or a t  least 
the raison d’bfre of a synthesis that depends on an acetylene. 

I I .  REACTIVITY A N D  ORIENTATION 

Recent observations bearing on reactivity have usually been scattered and of uneven 
quality. We can add very few kinetic data on additions (equation 1) to  those of a 
previous review’; on the other hand, kinetic data for substitutions (equation 2) are  
available. Studies of substituent, steric and solvent effects, which influence nucleo- 
philicity and electrophilicity orders as well as stereoselectivity, are limited and 
usually qualirative. For  these reasons, we shall treat some of the large issues in this 
section and pick others up later in the context of specific nucleophiles. 

There are two distinct selectivities: configurational selectivity relates to syn us. anti 
addition; regio (or clirectio) selectivity is concerned with 1-Nu-, 2-E+ us. 1-E+, 2-Nu- 
addition. The resulting orientations will be labelled ‘specific’ (0 or  100%) when one 
product or  process is exclusivc; otherwise they may range from highly selective to 
non-selective (> 0 or  < 100%)’~ .I3. A reaction will be termed stereoconvergent if the 
same composition of product isomers is obtained on two or  more reaction paths. 

A. Comparison of Alkynes and Alkenes 

At infrequent intervals, different chemists have juxtaposed properties of alkynes 
and alkenes. The purpose, of course, was to enrich their understanding of both 
fa mi lie^^.^^-^'. In  so doing, a number of misconceptions of alkyne us. alkene 
reactivity were clarified. The major conclusion that evolved was simple: nucleopliiles 
react faster with alkyires than with alkenes; electrophiles (inclimding radicals) react 
slower with nlkynes flinri ,villi alkenes. Since new kinds of data  are available, we 
believe that the comparisons are especially illuminating now. 

The idea that an sp carbon is more electronegative than an sp2 carbon is familiar. 
This notion can be made quantitative by examining several ionization energies. In 
Scheme 1, the figures are enthalpies of reaction, AH: ,  in kcal/mol which were 
obtained or calculated from AH:,  2e80 52-58. 
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H,CCH,+ 
-160 HCGCH H,C=CH, H+ t 

817 

HC=CH+ H,C=CH+ H,C=CH,+ 

SCHEME 1 

\ / Note that AHrS for proton addition to -C=C- us. ,C=C, differ by only 9 kcall 
mol. From a slightly different point of view, the trend in AH,s of equation (12) 

R-CI - R++CI (1 2) 

R C,H C,H, Ph C,H, 

AH,(kcal/mol) 367 288 286 275 

reinforces the idea that it is more difficult to form positive ions from acetylene than 
it is from ethylene. While these processes amount to models for charge transfer, 
solvolysis and electrophilic attack, they do, of course, apply only in the gas phase. 

Similar models lead to the conclusion that radicals are more difficult to form by 
dissociation from acetylene than from ethylenes7; but the tendency to add to these x 
systems is about equal (Scheme 2). 

--H H 
H C E C H  -dl H,C=CH*- -lo5 t H,C=CH, 

--H 132 -HI-40 

H,CCH,* 
1. 

HC-C. 
SCHEME 2 

Since some gas-phase values for the affinity of these systems for electrons or other 
negative ions are lacking, analogous schemes for the corresponding anions are still 
incomplete. Preliminary vertical affinities, EA(C?H,) = - 1.78 -1- 0.1, EA(C,H,) = 
- 2.9 and EA(C,H,) > 1.27 eV 66-p 03, as well as 
a useful order of proton affinities, PA(X- )  of C2H; > NH, > H 2 0  > CoH2, have 
become availableG3. Therefore, we can only give estimates of AH, for two important 
processes (equations 13 and 14) in which 1*27> EA(C,H,)>EA(C,H,) eV. On the 

0.2 eV bB, EA(C2H) = 2-50 f 0.1 eo, 

basis of the left- and right-hand pairs of processes in equations (13) and (14), one 
could draw completely opposite vicws of the rcactivities of sp and spz systems! 
However, the appropriate comparison for nucleophile (H-) addition is found in the 
right hand pair. 

Though they are less ‘fundamental’, measures of E A  in solution may be more 
helpful in dealing with solution phenomena. Potentiometric determinations in the 
solvent hexamcthylphosphoramide (HMPT) gives an ‘inverted’ order of EA, i.e. 
0.34 for trans-stilbene and 0.27 for diphenylacetylene relative to 0.0 eV for biphenyl ; 
polarographic determinations of Eb for these compounds in aqueous dioxane yield 
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similar resultsa4. On the other hand, Eis for n-PrC=CCOOMe (-2.26) and 
MeCH=CHCOOMe (-2.33) in volts DS. SCE in dimethylformamide (DMF) are 
in the 'normal' order65, but differ by a mere 1.6 kcal/mol. It should be noted that 
while the energy gap in E A  for gaseous C2H us. C2H3 is - 1.2, that for gaseous C,H, 
us. C2H4 is - - 1 . 1  eV. Whether both specific substituent and solvent effects have 
contributed or not in the parent molecules is unclear, but it is apparent that the EA 
difference in solution can become negligible. 

We shall catalogue very briefly some experimentally and theoretically derived 
properties, nearly all of which point to the alkyne or alkynyl being more electro- 
negative than the alkene or alkenyl. These are: acidity (K, M) for HC=CCOOH 
(1.6 x lo-,) and H,C=CHCOOH (5.7 x 10-5)66; dipole moments ( p ,  Debye) for 
CH3C=CH (0.75) and CH3CH=CH2 (0.35)a7; cathodic reduction waves (& V) 
for (HC=C), (-2.33) and (H,C=CH), ( -2.63)68; h w n  (Hz) for C2Hz (250) 
and C2H, (157)69, ? O ;  ionic character of carbon to lithium bonding PA) for MeCZCLi 
(38) and H,C=CHLi (30)71; group electronegativities h) for C2H (3.3) and CZH3 
(2.9)69; Taft a * s  for C,H (0.25) and CZH3 (0.09)72; Hammett ups for P h C E C  (0.12, 
0.19) and PhCH=CH (- 0.1 1 ,  - 0-05)73. Electron distributions calculated by an 
approximate MO theory are given in Figure 1 04. On the basis of their greater charge 

H H 
-630 630 \ -300 /  

/"=% H-CSC-H 

H H15 

FIGURE 1. CND0/2 charge distributions in units of electrons. 

density in the ground state, one might predict that alkynes would resist attacks both 
by electrons and by nucleophiles more strongly than do alkenes. That the latter 
prediction, at least, is usually reversed indicates that transition-state factors pre- 
dominate, i.e. formation of sp2 is relatively more favourable than formation of sp3 
anions (see equations 13 and 14). 

Turning to kinetic comparisons of their electrophilicity, we find alkynes more 
reactive than alkenes, e.g. in nucleophilic additions of a l k ~ x i d e ~ ~ .  75, a~nine '~.  76, 

thiolate?'. i s  and hydrideZ3, or substitutions of halide, e.g. by amines, thiolates, 
phosphines, e t ~ . ~  (see also Section 1V.B. 1). The gas-phase processes (equations 15-18) 

(1 5) O-+C,H, - OH-+C,H 

(1 6) 0-+C,H, - OH-+C,H, 

(1 7 )  0-+C,H, - C,H,O+e 

(1 8) 0-+C,H, - C,H,O+e 

are unusual in the present context, but their rate constants (cc/molecule s x lolo) 
conform beautifully to the notion that nucleophiles react more readily with alkynes 
than with alkene~'~. 

3.5 

0.0 

17 

4.4 
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We expect the reactions complementary to equations (1) and (2), namely electro- 
philic attacks, to be faster for alkenes than for alkynes. Thus, reactivity ratios (rll 
and rZ2) for corresponding alkynes and alkenes (PhCECH, PhCH=CH. and 
BuC=CH, BuCH=CH,) in radical copolymerizations favour the alkene over the 
alkyneao. Electrophilic additions of Br,, Cl,, ArSCl and H,O+ to alkenes are usually 
much faster than those to a l k y n e ~ ~ ~ .  However, k(C=C)/k(C=C) can vary from loe 
to tl for the different electrophilic processes and by lob for one process (Br, 
addition) when the solvent is changed from H,O to H O A C ~ ~ .  This unexpected trend 
in reactivity continues undiminished in the rates of acid-catalysed hydration 

20,000 *l. These latter effects of substituent, electrophile and medium on rate 
processes are huge-they invert the ‘normal’ order! 

Looking back at the data, we find AHr = 9 less favourable for addition of Hf and 
probably t20 kcal/mol more favourable for addition of H- to CzHz as compared 
with CzH4. However, equilibrium figures are deceptive. We have seen that significant 
substituent and solvation effects can reduce the energy gap. In respect to electro- 
philic rates, this occurs in k(C=C) > k(C=C), although this order is admittedly 
unusual. As for nucleophilic attacks, cathodic reductions may occasionajly turn out 
to be exceptional; otherwise, the order, k(C=C) > k(C=C), seems to be followed. A 
revised statement of alkyne-alkene reactivity now reads : nucleophiles react faster 
with alkynes; radicals react faster with alkenes; polar electrophiles usually react faster 
with alkenes. 

k(EtOC=CH)/k(EtOCH=CH,) = 180 and k(>NC=CH)/k(,NCH=CH,) \ =- 

0. Anti vs. Syn Selectivity 

Scheme 3 provides a useful framework within which nucleophilic substitution and 
addition may be discussed. In this scheme we give only one of the possible substitu- 
tion mechanisms (Section I V  has others) and disregard post-isomerization of the 

s R X E +  R - 
Nu- + E+ .- 

Nu E Nu 

SCHEME 3 

products, a complication which can usually be checked independently. If the vinyl 
anions are stereostable, as is often the case, overall exchange involves a syn(s )  
association of Nu- and anti  (a) dissociation of X, or a association of Nu- and s 
dissociation of X: in either sequence there is one s step. Thus, V i  and V, are formed 
competitively. On the other hand, addition, unlike exchange, may be (but need not 
be) anti stereospecific. In this unified scheme, the recognition of syn steps is not only 
interesting, but is essential for the understanding of stereoselectivity of additions 
which consume and eliminations which produce multiple bonds. 
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Michael's rules of trans additions were rediscovered and restated for alkynes 
(equation 1) in the 1950s by several groups1# 43. Yet there is nothing forbidden about 
syn additions. Indeed, we shall presently describe conditions under which they become 
favoured and even exclusive. 

Qualitative bonding arguments have been produced to rationalize the anti 
preference4s* 83. Following Fukui's prescription for acyclic additions to alkenes, we 
separate the Q and x bonding in acetylene (Figure 2)82. During addition the change in 

0 0  
H-C-C-H Q o  

/" 
H /c-c 

( c) (dl 

FIGURE 2. Orbital mixing and anti selectivity. (a) LU u orbital; (b) HO x orbital; (c) A 0  
mixing (+), nuclear direction (+); (d) anti direction. 

hybridization may be regarded as an interaction of the lowest unoccupied (LU) Q 

orbital (a) with the highest occupied (HO) ~i orbital (b). Clearly, the in-plane direction 
of bending which facilitates optimum orbital mixing is anti, as in (c) and (d). 

As far as we can determine, no one has computed the energies along the reaction 
coordinates from RC=CX to Vi us. V; in Scheme 3. An ab initio SCF calculation 
does indicate the following relative energies for C,H, : 

c=c 
0.27 eV 0 eV 

["\ (H-C=C--H)- 

-1.4 eV 

The fact that the trans anion is favoured may be interpreted as support for anti 
nucleophilic addition. 

A rule of anfi (or syn) selectivity poses an interesting and heretofore unsuspected 
difficulty. CNDO :alculations on vinyl anions indicate the following relative 
energiese5 : 

€["\-i F 

Each one of the above species may be regarded as the result of nucleophilic attack by 
H- or F- on the appropriate alkyne. If rates and stabilities are coupled, then anti 
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addition would be favoured for one and syn addition would be favoured for the other; 
moreover, these specificities interchange depending on  which alkyne is the substrate. 
We anticipate that calculations of the energies along the two reaction coordinates 
from RCECX to V, vs. V, in Scheme 3 would not, in general, alter these relation- 
ships. The concept of a universal anri (or syn) preference is subverted by these 
energy considerations. 

Favoured anri addition can be ‘saved’, once it is realized that it is a ‘rule’ that may 
be limited to  polar solvents. In Figure 3 we have drawn activated complexes for the 
alternative routes for a charged and uncharged Nu : the central bond is half-formed 
and the separation of charge has proceeded half-way. The  arcs indicate the approach 
distance of a solvent molecule. In a polar solvent, more effective solvation and more 
facile charge separation provide the necessary rationale for anti addition in (b) us. (a). 
In  (d) the preference is less obvious, since built-in solvation is pitted against external 
solvation. In non-polar solvents Nu- is more likely to be paired with Ef and now syn 
addition (a) may become more favourable. Likewise built-in solvation in (c) shouid 
favour the neutral Nu.  By allowing the solvation energy to vary with the system and 
by making this a major factor, one may find the syn or the anti process or both. 

There is no  doubt that the solvent plays an important role in process (1). It seems 
to  be accepted that ‘activation energy for charge separation should be reduced with 
increasing polarity’ ’9 Various nucleophiles, e.g. SCN-, I-, MeO-, amines, etc., 
do, in fact, react faster in polar than in non-polar solvents’s Eliminations, the 
microscopic reverse of additions, take the syn path more often in non-polar or 
associating solventss2. All of this is supportive of the idea that polar solvents favour 
anti attack, other things being equal. 

What we have just proposed is admittedly a working hypothesis whose limitations 
must be specified. Certainly, there are exceptions. The highest rates are usually, but 
not inevitably, found in the most polar solvents: in the addition of ethanol to 
diacetylene the rates are in the order k(dioxaneethano1) > k(ethano1) > k(ethano1- 
he~tane)~’ .  The highest antilsyn addition ratios are usually, but not  inevitably found 
in the most polar solvents: in equation (19), the fraction of 2 isomer in the product 

p-O,NC,H,C~CCOOEt+c-(CH,),NH - c-(CH,)4NC(p-O2NC6H,)=CHCOOEt 
(1 9) 

falls in the order CDCI, (0-8), MeCN (0.66), (CD,),SO (rapid isomerization) and 
PhH (-20)”. It  will become apparent presently that other factors besides the 
solvent influence syn-anti ratios. Unfortunately, we know of no systematic studies in 
which the solvent effect on stereoselectivity has been essentially isolated and studied. 

Now, we return to  Scheme 3 to consider V, and V;, whose stability may determine 
the stereochemical outcome of a nucleophilic attack. Based on  elimination and 
hydrogen exchange data, an  estimate of the barrier to isomerization (Vi) k 30 kcal/mol 
was givcn for HCBr=CBr-gJ. I t  has been reported the base-catalysed D for H 

Ph(2- Br C,H4)C= CHCN 

(1 1 
(a)  c i s ,  (b) trans 

(2) (a) R = CN 
(b) R = COPh 

exchange of (1) at 30  “C and (2a) at temperatures > 50 “C occurs essentially without 
isomerizationg5~ DG. However, isomerization rates may begin to approach exchange 



T
 

v1
 

w
 

\ 
’* 

(d
) 

Nu
2 

is
 

Nu
” 

\\ 
i*
 

N
u2

 

FI
GU

RE
 

3.
 A

ct
iv

at
ed

 c
om

pl
ex

es
 fo

r 
sy

n 
us

. a
nr

i n
uc

le
op

hi
lic

 a
tt

ac
k.

 T
he

 n
uc

le
op

hi
le

 (N
u)

 is
 a

ni
on

ic
 in

 (a
) a

nd
 (b

) a
nd

 n
eu

tr
al

 i
n 

(c
) a

nd
 (d

). 
T

he
 a

rr
ow

s 
in

di
ca

te
 th

e 
al

ig
nm

en
t o

f 
th

e 
gr

ow
in

g 
or

bi
ta

l o
r 

th
e 

di
re

ct
io

n 
fr

om
 w

hi
ch

 s
ol

ve
nt

 o
r 

E
+

 m
ig

ht
 b

e 
ap

pr
oa

ch
in

g.
 D

is
ta

nc
es

 (A
): 

C
=

C
 
1.
27
; 
R-
C 

1.
49

; 
C-
X,
 C
-N
u 

1-
35

, T
he

 a
rc

s 
in

di
ca

te
 v

an
 d

er
 W

aa
ls’

 r
ad

ii 
(A

): 
X
,
 N

u 
1.

5;
 R
 2
.0
; C
 1.
7.
 



823 19. Nucleophilic attacks on acetylenes 

rates, as in 2b 06, or MeCNR,=CHCN O'. Judging by numerous data for the iso- 
electronic imines, high 6 s  are entirely reasonableo8. Certainly, theoretical calculations 
support this iaeaB9-101. Moreover, V- with electron-withdrawing substituents 
(R = N,, 0-, Hal, CF,) should have relatively high K, while those in which the 
charge is delocalized should have relatively low KgB-lol. It turns out that those 
substituents which would be likely to lower 6, i.e. COR, SOZR, NOz, Ar, CN, are 
important activating groups for alkynes in process (1). 

In Scheme 4 we have expanded Scheme 3 to accommodate a substituent, RCO, 
which can delocalize the charge. Although 1,4-addition to a ketoalkyne is not a new 

/ 

Nu- + R'CrCCOp 

Nu 
.L 

&i 
NkcoR, Nu )=-...R -,o- . \ 

R' R' R' COR 

1 1 1 
Nu Nu 

R' H R' COR 

(pH) 

SCHEME 4 

concept, the identification of a n  enol adduct, MeC(OH)=C=CHSMe, by low 
temperature p.m.r. provides concrete support for Scheme 4 lo,. If 6 --f 0, or the 
allenic intermediate (P-) forms directly, or the electrophile attacks (coordinates 
with) oxygen, then a stereoconvergent product becomes probable. Incidentally, 
this scheme allows for 2 and E products without the necessity of their post-isomeriz- 
ation; it may be easily expanded, however, to include acid or  base catalysis of the 
isomerization103. 

Conditions favourable to the formation of P- in Scheme 4 are worth considering. 
Truce gives an interesting set of data for equation (20) in which this matter is probed 

(20) HC=CY+p-CH,C,H,S- Na+ - p-CH,C,H,SCH =CHY 

(Table l)lo4. The activating groups Y were chosen to show increasing delocalization 
according to the ratio a ~ / a ~ .  I t  was established that the products were kinetically 
controlled1o4. In view of low % Z at equilibrium we are inclined to believe that here 
protonation of V- is competitive with the formation of P-, which gives both isomers. 

One is often compelled to monitor both the rate of protonation and interconversion 
of V- by the stereoselectivity (% Z); but now the mechanistic 'explanations' may 
become convoluted. In equations (19) and (21), for example, a polar solvent favours 
greater deviation from anri addition, Thus, in equation (21) the % 2 decreases in the 
order CC14 (81), PhH (80), Et,O (74), MezSO (,,)lo,. Considering borh solvent polarity 
and the stability of the anion, we must revise our working hypothesis: when f'i is 

M e O a  
0 'C  
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TABLE 1. Selectivity in reaction (20) lop 

Conversion Kinetic Equilibrium 
Y (%) % Z ,  0 ° C  % Z ,  50°C 

CN 100 100 33 
p-C?H?SO, 65 100 0 
POZN C E H ~  98 100 0 
MeOOC - 95 92 22 
HzNOC 97 87 23 
MeCO 93 82 22 

high, a polar solvent favours anti addition; when 6 is low, a polar solvent should 
promote stereoconvergence. 

MeCGCSO,C,H,CH,-p + [=NH -+ MeC(NC,H,-c)=CHSO,C,H,CH,-p (21) 

The effect of increasing the temperature on the stereochemistry resulting from 
Scheme 4 almost invariably leads to less selectivityEs, l o 5 8  lo6. For equation (22) under 

MeC-CSOEt + [=NH % bNC(Me)=CHSOEt (22) 

kinetic control in benzene, Truce found the trend ("C, % Z): -4 "C, 66; -25 "C, 40; 
-54  "C, 22; the increase in % E was associated with the equilibration of V1 and 
VZEE. On the other hand, in the systems of equation (23), the almost inevitable 

EtOH 
RCOC=CH+RSH - R'COCH=CHSR 

appearance of a small proportion of syn addition at low temperature and the trend 
towards stereoconvergence a t  higher temperatures, may be associated with partition- 
ing of P- or PH in Scheme 41°2* l o s s  loE. 

is low, relatively rapid capture of V- by an electrophile 
could yield high selectivity. That is, the availability and rate of delivery of an electro- 
phile are important. Intertwined with these factors is the question of external us. 
internal delivery of Ef to  the anion'. Again we simplify by associating rapid transfer 
of E+ with external-anti and internal-syn, other things being equal. Different types of 
potential internal delivery are illustrated in Figure 4. Cullen found only anti addition 
in the system given by (3) and concluded that rapid proton transfer from external 
Me,AsH occurred107. In (4-6) are represented three of a wide variety of organo- 
metallic aggregates whose initial attack may be nucleophilic (these are  often difficult 
to  distinguish from electrophilic, molecular or radical processes, and may in fact be a 
mixed sequence of several of these)lo8-'lo. Of necessity, tight ion pairs or polymer 
aggregates seem to generate syn selectivity and this appears to apply in 4 and 5. O n  
the other hand, the internal coordinating 0 and N groups in 6 mediate an  anfi 
reactionl10 which is similar to  a class of lithium aluminium hydride reductions which 
we shall discuss in detail later. 

Numerous studies of amine nucleophiles have been made. If the zwitterion 7 picks 
up an external H+, it may yield the anti adduct. If the proton is transferred internally 
from nitrogen the syn adduct will be produced. If +P- is formed first then both syn 

We have seen that even if 
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and anti adducts can be produced. Product stability is a critical factor here and 
manifests itself especially when internal hydrogen bonds confer stabilization as in 
8 1, 97. 

F3C 1% Ph I:’ Y 
%&- w . .  

&- .. Bu . . . . .Li+ R ....... &MgX 
+k 

Me,AsH CF, 

(4) (5 )  (3) 

X 
\ 
Mg-R 

M ed.’ ( R j  -c- R-- -0  

-54- - -““R‘ L= 
R:N 

\ 
H R’ 

- y N M c 2  

R-MS 
‘2 

( 6 )  

(7) (8) (R = H; R Z 13) 

M e o o c ~ c o o M e  -N + M e O O c ~ c o o M e  -N + 

“ScR‘ “GCR, 
(9) (10) 

FIGURE 4. Stereoselectivity and anti us. syn delivery of E+. 

A simple case of internal syn delivery appears to have been found in 9 in which the 
2-Me00CC(NMe2)=C(C00Me)SePh is the exclusive initial product in CHCI, at 
-27 ”C ll1. What should be a n  analogous example in 10 turns into 62”/, Z-  
MeOOCC(NMe,)=C(COOMe)GeMe, (and 38% E)  whether or not ether is used as a 
solvent in the temperature range -70 to 20 “C; here it is assumed that +P- f o r m ,  
equilibrates and ‘waits’ until another mole of germylamine completes the reaction112. 

There are two factors which we term ‘specific’ because they depend critically on the 
system. The first is hydrogen-bonding stabilization of the product1. Structures such as 
8 with R=H in Figure 4 possess sufficient internal hydrogen bonding so that these 
may become more stable than their geometric isomers-here anri addition would be 
favoured1# b i .  The availability of intermolecular hydrogen bonding could reverse this 
trend: this appears to account for the predominance of €-RNHCH=CHCHO in the 
condensed state and in solutionll’. Typically, product stability is subject to conven- 
tional polar and bulk effects, which would exert their influence most directly in  P 
rather than V- when R f H in 8 of Scheme 4. 

Sincz an a lkyne  \ysttm is so ‘open’, i t  is perhaps surprising that stenc efiects have 
been nCJtt;d both in the rc,yio and syn-unfi senses. The former will h discussed in 
another :>‘x-ti(Jn. I n  eyuation (24), for example, the % Z  isomer formed under 
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k(alkyl)l14. The bulk of the nucleophile bears on process (25) in the following way 
(R, kre1, Z / E ) :  H, 1,4/5; Me, 0*1,2/3 ; n-Pr, 0.06, 0/l1l6. Since kinetic control applies, 
it was suggested that isomerization of one or more intermediates (V- or P-) is 
involved116. 

.R 

Omitting the two ‘specific’ factors, we have mapped in Figure 5 the stereochemical 
possibilities based on the three ‘general’ factors mentioned earlier. Consider them in 
turn from left to right. In the ideal cases the upper and lower paths are stereospecific, 

Solvent Anion Proton Stereoc hemistry 
polarity barrier availability of product 

FIGURE 5. Syn us. anti additions to alkynes. 

while the middle paths will probably be stereoselective, at best. Both ‘pure’ anti and 
syn processes are possible! For the present, this rationale must be regarded as a 
working hypothesis. Even if other factors are absent, which is not usually the case, 
the tentative character of this hypothesis should be kept in mind. 
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C. Regioselectivity 

1. Substitution effects 

827 

The orientation of nucleophilic attacks in equation (1) is usually regulated by the 
substituents on the alkyne. As a guide, molecular orbital (MO) charge distributions 
for several mono- and disubstituted acetylenes are given in Figure 6 74* l l6~  ll?. Where 

48 5 -117 64 
H3C-CEC-H 

-28 9 -55 74 
NC-C=C-H 

I ?  8 -143 63 

(H,C),C--CEC-H 

20 -38 - 5 2  7 0  
OHC-CEC-H 

9 -81 -3 79 
F3C-CEC-H 

61 -1G -30 30 -106 69 ?I -28 ’ 24 4 -105 Gl -37 142 -182 77 
H,C-CEC-CSC--H H,-C=C-CEC-H HO-CSC-H 

I 
H 2o 

20 93 -182 GO -136 201 -157 92 -132 152 -86 66 
(CH,),N-C=C-H F-CEC-H F-CEC-CH, 

+3 +lo0 -130 +27 
H2N-CSC-CHO 

FIGURE 6. Charge densities (qo+qn) x 103 in electrons74* u7. 

possible, we compare the regioselectivity that is predicted from these static CNDO/2 
calculations with experimental data. Certainly, a more reliable MO treatment would 
include the nucleophile and examine the entire reaction surface. 

In our discussion, C, will refer to the acetylenic carbon attached to the substituent 
of higher priority; the other carbon is C,. Priority assignments are made in the same 
manner as for R, S and E, Z specifications. 

a. Terminal acetylenes. In methylacetylene, C, attack is predicted (Figure 6) and 
this, in fact, is observed (equation 26)Il8. Here and in equation (27), nucleophilic 

(26) CH,C=CH+C,H,O- f CH,C(OC,H,)=CH, 

PhSO,CH,C=CH+PhSH - PhSO,CH,C(SPh)=CH, (27) 

GHsOn 

addition in a terminal alkylacetylene follows the Markownikoff rule*1B. The charge 
density calculations given for I-butylacetylene in Figure 6 indicate that the t-butyl 
group is an a-director. Thiolates and alkoxides, however, produce substantial 
amounts of C, product (equation 28)ll8,lzo. Although there was a tendency to 

t-BuC=CH+RX-Na+ - t-BuC(XR)=CH,+f-BuCH=CXR (28) 

R = alkyl; X = 0, S 

minimize steric factors previously1, the findings given in Table 2 are obviously due to 
such an effect. With a sufficiently bulky nucleophile, even methylacetylene undergoes 
C, attack. 
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TABLE 2. Percentage of anri-Markownikoff product formed in the reaction of alkynes, 
RCECH, with alkoxides, RO-, and thiolates, RS- 11% m 

~ ~~ 

% anti-Markownikoff product formed with various RO- (RS-) 

R R = CH3 GH, ~ I - G H ,  i-GH, n-C4Hg i-CIHg t-CaHg 

(CHJaC 22 (39) 24 (46) 28 (46) -a (52) 35 (48) 51 (54) -' (92) 
CH3 0 0 0 3 0 -0 27 

The unfi-Markownikoff products that predominate with thiols and terminal 
alkynols in the presence of oxygenlZ1 or trace amounts of lithiurnlz2 niuy result from 
the incursion of radical or radical-ion mechanisms (equations 29 and 30). In fact, 

PhSH+HOCH,C=CH - HOCH,CH=CHSPh+HOCH,C(SPh)=CH, (29) 
KOH 

75% 25% 

L1 
(CH,),COHC=CH+C,H,SH HIPT- (CH,),COHCH=CHSC,H, 

70% 

+(CH,),COHC(SC,H,)=CH, (30) 

30% 

thiolates usually produce a higher percentage of anti-Markownikoff product than 
alkoxides of comparable size, a difference. which is consistent with their greater 
proclivity to form radicals. 

In  contrast to methylacetylene, the CND0/2 calculations for trifluoromethyl- 
acetylene indicate that the CF3 group is a P-director (Figure 6). Supporting evidence 
comes from equation (3 1) in which the C, product  predominate^'^^. 

C&O - 
z CF,CH=CHOCH,+CF,C(OCH,)=CH, (31) CF,C=CH+ CH,OH 

9 8 . 5 ~ ~  1'5% 

The MO data for cyano-, formyl- and ethynylacetylene (Figure 6) fail to indicate 
the correct positional isomer. Instead of C, attack, Cp or Michael addition products 
are the rule for these terminal alkynes (equations 32-34). Of course, when nucleo- 
philic attachment occurs at Cp, the substituents are capable of stabilizing incipient 

NCC=CH+Nu - NCCH=CHNu (Refs. 104,124) (32) 

NU = RS-, RO-, RRNH 

OCHC=CH+PhNH, - OCHCH=CHNHPh (Ref. 125) (33) 

HC=CCH=CHOC,H,NH, (Ref. 126) (34) 
dioxnnc 

(HC=C),+HOGH,NHz 
(0, m or PI 

negative charge on C, by inductive and/or resonance effects. Other examples of 
alkynes which behave similarly are given throughout this chapter. 
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Russian workers have observed that alkyldiynes are attacked on the terminal 
carbon (equation 35)'. lZ7. Avoidance of the acetylcnic carbon adjacent to the nicthpl 

MeC=CC=CH+n-C,H,,+,OH KOH > PJeC=CCH=CHOC,H,,+,-n (35) 
diosone, 100 "C 

n = 1-5 7540% 

group is puzzling as this carbon is not particularly sterically hindered. CNDO/2 
calculations (Figure 6) reveal i t  to be more elcctrophilic than the tcrminal carbon; 
attack a t  this site would lead to  a resonance-stabilized transition state. 

Fo r  vinylacetylene the static CND0/2 data given in Figurc 6 indicate that the two 
internal carbons are more electrophilic than the terminal ones; but terminal attack is 
presumably favoured because this lcads to transition states which are resonance- 
stabilized'. '. The confusing issue in the additions to vinylacetylene is the variability 
in the point of entry with changes in nucleophile and solvcnt, e.g. thiols attack 
primarily at the terminal sp carbon12S. while alkoxides, phosphides and amides 
prefer the terminal spZ carbon13o. Attack on the internal sp carbon may occur when 
the vinylacetylene contains special ~ubs t i t uen t s '~~ ,  e.g. cquation (36). Perhaps these 
matters would be clarified if equilibrium and rate studies were performed. 

(36) 
P I l S l I ~  

Me,NCH=CHC=CH > M e,N C H =CH C( =N P h)  M e 

b. Terminal heteroacctyleries. Estimates of the dircctive powers of oxygen in 
tcrminal ethynyl ethers and nitrogen in tcrminal ethynyl amines arc given in Figure 6. 
These calculations point to nuclcophilic orientation on C,. Equations (37) and (38) 

> EtOC(Nu)=CH, (Refs. 11, 132-134) (37) 
H' 

Nu = (RO),PO'-, R,N-, RO-, RS-, (RO),P 

EtOC =CH+ Nu 

R,NC=CH+H,O ----+ R,NCOCH, (Refs. 135,136) 

R = Me, Et 

are  in accord with the prediction. With N,N-bistrifluoroniethylethynyl amine, 
however, a surprising amount of competition is shown (cquation 39)137. The C,  

(C F,),N C =C H + CH,O - (39) 
CLIJOII 

(C F,),N C( 0 C H,) =C H, + (C FJ,N C H =CH 0 C H, 

56% 28% 

product would be expected if onc considcrs ground-state polarization of the ynamine, 
while the Cp product might be anticipated if there is transition-statc stabilization. 
The  unusual attack on C p  leads to a transition state in which the negative charge of 
C, is stabilized by the inductive effect of thc bistrifluoroniethylan~iiio group. 

In  contrast to thc major course of addition in ethynyl cthers, the predominant 
mode in ethynyl thioethers is nucleophilic attachment to Cp, as in equation 
(40)11. 1 3 8 ~  138. Arens accounted for such dimerences in orientation by proposing that 

> EtSCH=CHNu 1,:to€I 
EtSC=CH+ Nu 

NU = C,H,S-, C,H,O-, (CH,O),PO-, (C,H,O),P (40) 

main-row elements in conjugation with thc triple bond act as donors (as in Ila);  
29 
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heteroatoms below the main-row elements act as acceptors (as in llb)". Whether 
d-orbital participation or some other rationalization is the facts are that 

-? -0 X-C=C-H s+ 6 -  
0- X-C=C-H 

6- 6+ 
(lla) (X = N, 0, F) (11 b) (X = P, S, CI, Br, etc.) 

atoms in the second and higher periods promote the formation of a-anions by C, 
entry of the nucleophile. 

c. Disubstituted acetylenes. Acetylenes with regiosynergistic groups are comprised 
of an a- and a @-director and those with regioantagonistic groups incorporate either 
two a- or two @-directors. Regiosynergism is illustrated in (41-44) equations. 

I-BuC=CNO,+NuH ___+ f-BuCNu=CHNO, (Ref. 17) (41 1 

(MeC=C),CO+NuH - (MeC(Nu) = CH),CO (Ref. 141) (42) 

NU = RO, RNH 

MeOH 
(F,C),NC==CCF,+MeO- - (F,C),NC(OMe)=CHCF, 

96% 

+(F,C),NCH=C(OMe)CF, (Ref. 142) (43) 

4% 

Et,NC=CCN+(H,C=CHCH2),NH - Et,NCN(CH,CH=CH,),=CHCN (Ref. 124) 

(44) 

We shall consider process (45) in some detail because it illustrates that even in 
alkynes containing electronically reinforcing groups, orientation can be regulated by 

R = H, Me, OMe (45) 

factors other than electronic ones143. The pertinent data for this reaction are given in 
Tables 3 an6 4. On the basis of the ground-state electronic information supplied in 
Figure 6 for H,NC=CCHO, the predicted site of attack is C,. Transition-state 
theory also indicates a definite bias for C, attack (compare models 12a-c). The 
alkoxides, in fact, yield no Cp products. The amine systems, however, show wide 
variations to the extent that attack on Co may be favoured. 

Me,NC =CCO R+ Nu H - Me,N C( N u) =CH COR+ Me,N CH =C( Nu)CO R 

(1 2 4  (1 2 b) ( 1 W  

The trends in Table 3 may in part be explained by steric effects, for the CHO 
group (R=H) is smaller in size than the Me,N function and consequently C, is 
sterically more accessible than C,. The substituents Me,N and COOMe are of 
comparable bulk and only the Michael (C,) product is obtained. The increasing 
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amount of anti-Michael product in the order for R of M e 0 4  Me -c H corresponds to  
an  increase in the Cp channel. Moreover, the Cp product should become more 
prevalent as the bulk of the amine becomes larger. This reasoning seems to be valid 
provided that the comparison is made within the same type of amine. Amine size also 
accounts for the difference between methyl and isopropyl amine for R=H and partly 
explains the data among the secondary amines and this alkyne. 

TABLE 3. Regioselection in additions of amines and alcohols, NuH, to alkynes, 
M+NC=CCOR, in tetrahydrofuran at 37 "C (equation 45)lU 

Product (%) 

R Nu Me,NCNu=CHCOR M%NCH=CNuCOR 

H NHc 
i-PrNH 
MeNH 
Et,N 
Me,N 

MeO- 
EtO- 

C6HlON 
c - G H ~ N  

Me i-PrNH 
MeNH 
Et,N 
Me,N 
C5HlON 
c - G H ~ N  
MeO- 
EtO- 

OMe All 

12 
34 

70 
86 
92 

100 
100 
100 

C? JL. 

74 
76 
89 
94 - 98 

100 
100 
100 

100 

88 
66 
48 
30 
14 
8 
0 
0 
0 

26 
24 
11 
6 

-2 
0 
0 
0 

0 

TABLE 4. The effect of solvent on the regioselectivity of amine additions to 
Me,NC=CCHO (equation 45)143 

Product (%) 

Amine Solvent Me,NCNu=CHCHO Me,NCH=CNuCHO 

Et,NH PhH 43 
THF 70 
MeCN 85 

i-PrNH, PhH 24 
THF 34 
MeCN 70 

57 
30 
15 

76 
66 
30 

The most curious feature of the additions is the switch from predominant Cp 
attack with ammonia to  attack on C, and Cp with primary amines and then to  
predoniinant C,  attack with secondary amines and alcohols. There seems to  be n o  
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reason to suspect that the electronic character of the substituents would change as the 
type of amine is varied. Certainly, steric factors cannot account for this turnover 
since the secondary amines which are largest in size should produce the greatest 
amount of Cp attack. Therefore, it seems necessary to  bring in additional factors. 

Species 12a-c are general models for precursor transition states for primary 
amines as nucleophiles. Each is subject to  medium effects and may be involved in 
intra- and intermolecular hydrogen bonding144. In  the less polar solvents, the amines 
will be strongly associated : hence, their steric requirements may be relatively high. 
There will also be relatively more hydrogen bonding with the substrate and therefore 
more congestion at  C,  in the low polarity solvents. This may account for the dominant 
product (Table 3) and for the fact that the primary gives more Cp product than the 
secondary amine in Table 4. Of the forms with internal hydrogen bonds, the six- 
membered cycle (12b) is likely to be favoured over the smaller ring ( 1 2 ~ ) ~ " " .  Since this 
effect is aligned with the expected electronic factor, that is, in favour of 'normal' C, 
attack, it is dificult to identify in these systems; but it does seem to  be present in 
certain syn-(R,NH) and anti-preferred (RNH2) additions to acetylene dicarboxylic 
esters (ROOCC=CCOOR)*. 

An understanding of orientation in alkynes containing regioantagonistic sub- 
stituents requires some knowledge about the relative directing powers of the sub- 
stituents. The strength of an a-director is related to  its electronegativity. The expected 
order F> 0 > N > C (alkyl) is supported by CNDO/2 calculations (Figure 6). But 
because of preparative difficulties and perhaps the reactive character of alkynes 
containing two highly electronegative groups, there is insufficient experimental 
evidence to test these expectations. In equations (46) and  (47), it is the more highly 

C H,C H (OH) C H,CO, C, H, OH - C H3 C H 0 H ) C C 0 C, HI ---> 
HzO 

MeCGCN(Et), + &NS02C7H7-~ ---+ 

NEt, 

electronegative group which determines the orientation'ln Equations (48)-(SO) 
are further examples of additions1G. laG* 147 in which the rcgioselectivities are in 
accord with the G- values of the substituents1a8. 

PhCOCGCC0,Me + RNH, - - - ->  

PhC-CPO(Ph), + NaCH(COOEt), --.---> 

P t i  CO C H= C( N H R) CO, Me (48) 

(EtOOC),CHC(Ph)=CHPO(Ph), (49) 

The acetylene in equation (9) contains CF3 and Ph,P groups whose G- values are 
0.65 and 0.26, respectively. For  the 'free' Ph2PC=CCF3, these data ca!l for a mode of 
attack opposite to that observed. By coordinating the diphenylphosphino group with 
palladium, the normal polarization is reversed, probably due to strong phosphorus 
to  palladium back-bonding. Thus, coordination with a substituent or an acetylene 
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may have important synthetic utility, especially when a reversal of the normal 
regioselectivity is desired. 

In reaction (51) it might be expected that nucleophilic attack would occur a t  
Cp'". Instead, the base-catalysed addition gives an equal mixture of C, and C p  

CGCS0,Me + RS- DMF t Y o C ( S R ) = C H S O , M e  

CH=C(SR)SO,Me ye 
products when Y = H. The  ability of the phenyl group to  stabilize negative charge 
and to make Cp less sterically accessible may account for the unexpected amciunt of 
attack on Ca. By introducing Y = NO2 or CH3SO2 on the phenyl group and using a 
bulky nucleophile (tr-BUSH), the course of the reaction is steered exclusively t o  C,. 

We come now t o  two regioantagonistic alkyne systems in which the changes in 
product composition are often bewildering, if not inexplicable. In  equation (52) 

Et,P( 0) C H =C( N u)S fvl e + Et,P( 0) C( N u) =C HSM e (52) 

Nu = MeO, EtS, Me,N 

XuH 
Et,P(O) C =CSMe - 

Nu = Me,N 

charged nucleophiles (MeO-, EtS-) attack only C, ls0. Dimethylamine, however, gave 
products in the ratio CJCp = 20/1, when one equivalent a t  20 "C in HMPT, and 5/1 
when an  excess at - 10 "C was usedlS0. 

As for equation (53), typical data  are shown in Table 5lS1. Here some observations 
are: pyrollidine in ethanol at 36 "C adds to the ester of phenylpropiolic acid in CCI. 

X-R-C=CCOY+R'R'NH - X-RCH=C(NR'R')COY 

+ X-RC(NR'R')=CHCOY (53) 

CB 

5 h, while i t  takes co. 5 d for comparable (100%) reaction with the amide; the amines 
favour Cp entry, a s  proton availability and solvcnt polarity increase and the reaction 
temperature decreases; electron-withdrawing groups (X) increase anti-Michael or C,  
additionsg3. While some rationalization of trends in the abovc systems appears 
feasible, the drastic reversals in the Cs/C, ratio do not  fit neatly into our  current 
cat egories. 

Some years ago the syri-orrri sclectivities in amine additions werc confusing-they 
arc now largely understood! We believe t h a t  our undcrstanding of the regio- 
selectivities of aminc additions is still primitive. It appears that we may have over- 
rated the diffcrences in the electronic effccts exerted by substitiients on the alkyne. It 
is also probable t h a t  we d o  not appreciate thc extcnt to which the ncutral aniine and 
the substituents intcract directly-this influence on orientation was mentioned ycars 
ago by Arens in regard to  additions to RCOCrCSR' We are inclined to  believe 
that systematic expcrimcnts in highly polar solvents in which ainine associations were 
eliminated would be most useful in establishing 'base' substituent effects and 'base' 
regioselectivities. 
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TABLE 5. Solvent effects on regioselectivity in the additions of pyrollidine and n-propylamine 
to 2-furyl- and phenyl-propiolic acid derivatives, X- R-C=CCOY (equation 53)93,161 

- 

Product (%) 

X R Y Amine Solvent ca c, 
2-Fuwl 

2-Fury1 

2-Fury1 

2-Fury1 

Phenyl 

Phenyl 

Phenyl 

Phenyl 

EtOH 11 
MeCN 47 
Et,O 88 

EtOH 5 
MeCN 13 
EtpO 23 

EtOH 55 
MeCN 92 
Et20 100 

EtOH 19 
CHCIB 72 
EtZO 87 

EtOH 0 
MeNO, 8 
Et20 28 

EtOH 14 
MeCN 48 
Et20 92 

EtOH 87 
MeCN 97 
Et20 100 

EtOH 0 
CHCII 20 
Et,O 42 

89 
53 
12 

95 
87 
77 

45 
8 
0 

79 
28 
13 

100 
92 
72 

86 
52 

8 

13 
3 
0 

100 
80 
58 

d. I-Huloulkynes. Regioselectivities in I-halo-1-alkynes are  examined separately, 
because of their importance in substitution reactions (see Section IV) and because 
they have three centres susceptible to  nucleophilic attack : halogen (X), terminal 
carbon (C,) and internal carbon (Cp). 1-Haloalkynes are triphilic (13)3. Occasionally, 

\ 
H 
I 1 

R'- C-CGCX R'-C = C - c G c - x  9 .  
R-C=C-X 

1 1 1  I I I  
( 1 3 4  ( 1 3 ~  (13d 

three-site attack occurs in one system, i.e. methoxide ion and bromo- or chloro- 
phenylacetylene in methanol1". Other examples are given in Table 6 in which the 
effects of substituent, nucleophile and solvent on regioselectivity are illustrated. 
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We defer (Section IV) a discussion of the mechanisms of process (2). Suffice to  say 
that we have usually deduced the point of attack from the nature of the products, i.e. 
C,  adduct, C, adduct and terminal alkyne. The latter arises from an ion-molecule 
pair as in cquation (54) where the coproduct (NuX) may undergo subsequent reaction 

lI+ (b) RC=CH+NuX RC=CX+Nu- - (RCsC XNu) 
(a) 

1 
(c) Nu- (54) 1 

Nu,+X- 

according to step ( c )~~ . ’  (see also Table 6). The reader should note that secondary 
products (or their equivalents) of halogen abstraction, i.e. RC=CH and RCOMe, 
will also differ froni thosc of addition to carbon, i.e. RC=CX and RCH2COOH. 

It is well known that the halogen in haloalkynes may be ‘positive’:44 hence the 
expected order for nucleophilic assault on halogen is I > Br > Cl> F 3. J, lS5. Support 
for this order was dcmonstrated in the switch in major product in equation (55)166. 

OH - 
PhCGCX 

x - -  CI - PhCH,COOH 

x i  -- PhCECH 

(55) 

At one extreme, positive iodiiie is the exclusivc site of attack in RC=CI, regardless 
of the type of nucleophilic reagent and the character of the R group. At  the other 
extreme is fluorine: its high electronegativity must render it indifferent to most 
nucleophilic attack. Indeed, the removal of positive fluorine strains credulity. In any  
case, the MO results of Figurc 6 reveal that C, is the most electrophilic centre in 
fluoroacetylenes. Experimentally, it is found that regiospecific attack occurs on this 
carbon regardless of the nature of the nucleophilc and the R substituent (Table 6) .  

I1 is in chloro- and bromoacetylcnes particularly that sp carbon (C,,Cg) and  
halogen conipctc for thc nucleophile (Table 6). HSAB theory has been uscd to  
rationalize the variations in the sitc of attack with changes i n  the  nucleophile155. 
Bromine and chlorine are considered to be ‘softcr’ elcctrophilic centres than sp 
carbon. As the softness of the nucleophilc increases thcrc is an  incrcasing amount of 
attack on these halogen ccntrcs, e.g. MeS- gives 92% attack on bromine, whilc hard 
MeO- produces only 5% attack on bromine in p h e n y l b r o r n o a ~ e t y l e n e ~ ~ ~ ,  soft S2- 
gives 33% attack on chlorine while hard OH- attacks only sp carbon in l-chloro-2-(2- 
thienyl) acctylene (Table 6 ) I G 5 .  

Attack on halogcn also secms to be dependent on the basicity of the nucleophile. 
For instance, tributylphosphine produces substantially more halogen abstraction 
from bl-omo- and chlorophenylacctylene than the lcss basic triphenylphosphine (Table 
6)167- Is”. (This result secms to contradict the HSAB prediction.) Similarly, thc more 
basic diethylphosphite anion has a greater prefcrence for halogen in phenylhalo- 
acetylencs than thc less basic t r ie t I iylpho~phite~~*~ lSo. In these examples the com- 
parisons have to be made for thc pairs, 14 cs. 15 and 16 us. 17. The changes in 
preferred modes of at tack have not bcen explained convincingly. 

When elcctron-withdrawing groups are present in a haloalkync, there is less 
halogen abstraction than in halides with alkyl (electron-donating) substituents: 
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P(OR),+ + \ /  + \ /  
PPhf 

-CrC XPO(OR), C_=C 
\ 

X (1 6)  X 
(1 5) (17) 

\ 
-crC XPBU, C=C 

(14) 

phenylbromoacetylene gives mainly phenylacetic acid and some phenylacetylene 
with hydroxide while I-bromo-1 -undecyne with this base yields 60% I-undecyne and 
only 15% undecanoic acid (Table 6)156, lS0; l-bromo-3,3,3-trifluoropropyne under- 
goes addition while I-bromopropyne sustains halogen attack with sulphur nucleo- 
phileslG1* le2. These results have been ‘explained’ by comparing the stabilities of the 
vinyl and acetylenic carbanions derived from the h a l o a l k y n e ~ ~ ~ ~ .  

The competition for the nucleophile between sp carbon and halogen can also 
depend upon the solvent in a major way. The late development of process (2) may in 
part be attributed to the unfavourable solvents that were used1. In a protic medium 
halogen abstraction not only becomes visible but appears to be promoted, e.g. for 
PhC=CBr+(EtO),P 158n lG3 and other examples of Table 6. In qualitative terms, 
the proton-solvent should favour ion-ion and ion-molecule pairs (14 and 16) over 
the larger species 15 and 17 in which the charge is more dispersed. Theoretical 
calculations (EHMO) tend to support this rationalization’“. 

Another contest in bromo- and chloroalkynes is that between C, and C p .  Bromo- 
and chloroethyne obey Arens’ rule: nucleophilic attacks in these acetylenes occur on 
Cp. Predictably, bromo- and chloroalkylacetylenes with regiosynergistic groups 
undergo Cp attack. Even when there are unfavourable steric effects, Viehe demon- 
strated that Cp orientation takes place in the reaction of thiophenoxide and chloro-t- 
b~tylacetylene’~~. C, comes under attack when R is an  electron-withdrawing group 
and/or can delocalize incipient negative charge on C p  by resonance (Table 6). 

To complete this section, we‘note that the possibility of other (remote) attacks, as 
in 13b and 13c, have been mentioned in connection with equation (4). They are 
particularly important in alkylhaloalkynes, e.g. equation (56)32. A propargylic 

(R‘CO C H = C =C:) 

1 1  R,NH 
I R’COCH=C(NR,)CH,NR, 

RO-. ROH [ R‘COCH,CH,COOR 
R‘COCH,C=CBr 

l r  
(RCCCH= C=CHBr) 

hydrogen is potentially mobile; whether its removal leads to a carbene or an allene, 
substitution according to equation (2) becomes improbablelGB. This accounts for 
some of the difficulties or ‘failures’ of equation (2) and the importance of taking 
regioselectivity factors into account when syntheses are planned. 

2. Ring size 

Regioselectivity in a ring closure b y  internal nucleophilic attack is often puzzling. 
While the substituent appears to make the difference in equation (57) a similar 
reaction of a diethynylketone with aryl amines leads to both 5- and 6-rings, i.e. 
0x0-A2-pyrrolines and pyridone~l~l. 178, The question that arises most frequently 
here is illustrated by the choice given in equation (58) .  
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e 0 

Baldwin has formulated rules for ring closure in a systematic mannerlsO. For 
digonal systems these are: (i) 3- and 4-exo-dig, disfavoured; (ii) 5- to 7-exo-dig, 
favoured; (iii) 3 to 7-endo-dig, favoured. In his terminology the choice in equation 
(58) is between 5-exo-dig and 6-endo-dig. On the basis of his survey Baldwin concludes 
that endo-ring closures a t  digonal carbon predominate. For the possibilities we 
encountered most often, namely, 5- to 7-rings, we find that first-row nucleophilic 
sites, e.g. 0, N, C, favour 5-exo-dig and 6-exo-dig closures. These will be illustrated 
here and in later sections. 

Besides the regioselectivity preferences discussed previously, additional factors 
appear to bear on the closure process itself. The question of exo us. endo double 
bonds has been studied. For  a variety of 2 groups which ranged from H to COOEt, 
K(endo/exo) = 2-240 for equation (59) and 1 1 4 0 4 2  for equation (60) at 25 "C lS1. 

Z /=a=/-(-J Z 

Z 43 =za 
(59) 

To highlight the combined factors of ring size and endo-exo double bonds, we have 
assembled heats of formation in Figure 7 (data are scanty)64. On thermochemical 
grounds we see that endo-6 should be favoured over exo-5 and exo-6 should be 

- 90.3 - 

FIGURE 7. Ring size and AH! at 298 K for liquid compounds. 
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favoured over endo-7 (Figure 7). Another significant factor appears to be geminal us. 
uicinal electronegative atoms in the product : here the former arrangement is favoured 
in dioxolane and rn-dioxanc over p-dioxane (Figure 7). Finally, there are stereo- 
electronic factors; presumably, the ends of the potential ring must be able to 
approach bonding distailce and  to  align the orbitals favourablyle0. In Figure 8 we 

FIGURE 8. Scale diagram for alternate cyclizations to 5- us. 6-membered heterocyclics. 
The starting compound is MeC= CCH2CH,CH2X- or MeC=CCH,CH=CHX-, where 
Xis 0 or S. Distances (A) arc: C=C 1.2, C=C 1-34, C-C 1.54, =C-C 1.46. =C-C 1-53, 
C-0 1.43, C-S 1.82. Angles are 180. 120 and 110" as required. Closure distances to 
(a) us. (b) are indicated by the broken lines. For X = 0, closure distances are: (a) 1.8, 
(b) 1.9, (c) 1.9, (d) 2.05. For X = S, closure distances are: (a) 1.8, (b) 1.7, (c) 1.9, (d) 1.8. 

give a scale diagram in which the end-to-end distances may be seen. Note that first- 
row elements, C, N, 0, are closer to bonding distance for a 5-ring, while heavier 
elements such as S are close enough for both 5- and 6-cyclization. These factors and 
perhaps others affect the type of ring closure, but, as is often the case, kinetic and 
equilibrium control are not necessarily parallel. 

It has been known for a long time that 5-rings are favoured kinetically: the relative 
rates for closure of o-bromoalkylamines a t  25 "C to form 5, 6- and 7-membered 
rings are 5 x lo*, 800 and 1 respectively; lnctonization of the anions of bromo acids 
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displays a similar trendls2. In equations (61)-(66) we list a number of typical exzmples 
illustrating this preference in the context of process (1). In several we indicate also 
the route or intermediate that was no/ taken. In  all cases a 5- us. 6- alternative exists, 
although the critical step does not always involve an alkyne, e.g. equation (63) and 

(Ref. 131) (i!) 
Ph H 

H \+/ 
+ pi;$D not -b N \ ~ ~  ] __f PhQ [ I- 

(H CEC), 
+ 

P hN HN H, 

(Ref. 183) (62) 

0 

(Ref. 184) (63) 

HC=CCI 

+ 
MeCHOHCH,CH,OH 

EtOH 

(Ref. 185) (64) 

(Ref. 186) (65) H.S. NaOH 
MeOH 

H(CEC),CMe,OH 

Ref. (187) (66) 

perhaps (62). In equation (63) in which the geminal stability factor and Markownikoff 
regioselectivity are aligned, the formation of the 5-ring is easily rationalized. In other 
cases the simple dimensional factor may be overriding. What is quite obvious is that 
thermodynamic stabilities connected with ring size or exo-ciido double bonds seem 
to  be irrelevant here. 

Equations (67) and (68) give examples of exclusive 6-ring formation. The examples 
may not be ‘fair’, since the internal S or P direct to the p-carbon, presumably by 
stabilizing charge most effectively in the 6-ring (see species 11). Note, however, that in 
equation (57), both anti-Michael 5- and Michael 6-rings form. 
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S 

R ' R  

/ \ Na,Se, 

4 +, CH,OH' 

J. I. Dickstein and S. I. Miller 

His\*,R] ___, 1'1 (Ref. 188) (67) 

R Se- R S e  R 

Bu-t 

PhPH, + (MeC-C),PBu-t LiNH, NH, IllMe (Ref. 189) (68) 

Me 
Ph 

As will be indicated later, 7-rings can be made from alkynes. However, the carb- 
anion process of (69) is a rare example in which competition between 6- and 7-ring 
closure is present-only the 6-ring forms1e0. 

A C o z M e  Me,SO,25'C ~ 

Me(CrC), K+ -0Bu-l  

(C=C),Me u 

15% > 50% 

Ring aromaticity (and antiaromaticity) presumably influence the selectivity of 
closure. The construction of certain heterocycles, e.g. pyrazoles, isoxazoles, etc., may 
be rationalized in this way (equation 70). Indeed, it may bz the driving force which 

selects one of several tautomers to complete a closure, e.g. equation (61). It was also 
suggested when process (71) was discovered, but the point of view changed when 
evidence for a non-planar cyclohexadiene was obtainedlg1. 

1 

Ph,P-CECMe 

+ + 
BrCH,COP h 

Ph Ph 

W L - P h  
O d  

Ph 
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I 11. N UCLEOPHI LIC ADDITI 0 N S  

A. Electrochemical Reduction 

This is the first of several kinds of nucleophilic attack by an electron (e) on an 
alkync. Here we discuss briefly two aspects of cathodic reduction, namely, polaro- 
graphic measurements and controlled-potential ~ y n t h e s e s ~ ~ ~ .  Since the scale and the 
conditions often differ, the reader should be prepared for occasional apparent 
discrepancies resulting from the two approaches. 

I t  is generally considered that alkylacetylenes are inert while others, especially with 
conjugative substituents, are active in polarographic reduction. That is, the support- 
ing electrolyte and/or the solvent are usually reduced in preference to an alkyl- 
acetylene. I t  has been estimated that, relative to the standard calomel electrode 
(SCE), E, < - 3.1 for cyclononyne, 5-decyne, 1-hexyne, 3-hexyne and 2,2,5,5- 
tetramethylhexyne and E& 2: - 3.0 for ethyne, where the supporting electrolyte 
(n-Bu,N+BF; in DMF) is already reduced at - 2.9 to - 3.0 V lg3. However, condi- 
tions for the polarographic reduction of simple alkynes have been found, e.g. 
dimethylacetylene in methanol containing 0 . 1 ~  (n-Bu),NCl with Ag,AgCl as the 
reference electrode1e4. By contrast, ethynyl, vinyl, carbonyl and phenyl substituents 
at the triple bond facilitate e l ec t ro reduc t i~n~~~ .  These broad trends are illustrated in 
Table 7 and the preparative applications are given in Table 8. 

In  a polarographic measurement one may, in favourable cases, determine the 
potentials, reversibility and electron equivalents for a given cathodic process. When 
combined with an analysis of products, these usually provide insights into the gross 
mechanism of reduction. By using E* data (Table 7) as limits, one can arrange 
reductions in which some group may be altered cleanly before the triple bond is 
touched, or uice versa. At the same time, Eb data comprise an approximate electro- 
philicity scale of alkynes towards ‘cathodic’ electrons, that is, a sort of solution 
electron affinityloB. The practical and theoretical uses of these data appear in several 
places in this chapter. 

Cathodic reduction mechanisms follow several patterns, depending on the alkyne, 
the medium, the supporting electrolyte, the properties of the cathode and the 
applied p0tentiall8~~ lo7* lea On a spongy nickel electrode in 95% ethanol and sulphuric 
acid, a number of alkyl- and arylalkynes are reduced in good yields in a process which 
resembles, but is not identical with, catalytic hydrogenation-alkenes are not reduced 
under these conditions1e8. In no sense does the presumed mechanism (equation 72) 
appear to involve nucleophilic attacks. 

(n) H++e - HA,, 

In the second mechanism an electron makes its way from the cathode as eath to a 
substratezo0. Although the detailed roles of the participating species [reactant(s), 
product(s), solvent, electrolyte and electrode] are often unknown, the general 
outline of the reduction is reasonably well established (equation 73)lg7, lg8. The 
greatest uncertainty hinges on the timing of proton us. electron delivery to the 
radical anion, i.e. steps (b) us. (c). A similar ambiguity arises if a reagent other than 
the proton competes with earn lg7* zol. 
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eCItil e m h  

DMF PhCGCPh A Phk=cPh DMF ’ PhC=CPh 

(74) P hk=C(P h)CO, P he= C( P h) C (P h) =c P h (PhCH,), 

co&?$ Ph Ph 

E- -OOC( P h)C=C P IiCOO- + (PhCH,CHPh), 
0 

Unambiguous evidence for the cathodic generation of the radical ions from 
certain alkynes (equation 75) was obtained by measuring thcir c.s.r. spectra?02. 
Other workers have generated both radical anions and dianions (equation 75) by 

ArCSCAr ‘  Ark=CAr‘ e\ ArC=CAr’ (75) 

electron transfer from metals or other carbanions and have measured their spectral 
(e.s.r., u.v.-visible, n.m.r.) proper tic^?^^. 2oJ. For this reason, support for the cathodic 
generation of the radical anion of diphenylacetylenc, at least, is unequivocal. For a 
wider group of arylalkynes an oxidation-reduction cycle developed by oscillopolaro- 
graphy was a graphic indication that the first step in equations (74) and (75) is often 
reversi bIe202. 

Conventional polarographic measurements are usually less definitive-one-, two-, 
three- or four-electron transfers have been associated with the first cathodic wave of 
various acetylenes (Table 7). In the case of diphenylacetylene, sevcral polarographic 
studies still d o  not permit a clear choice between a one- or  a two-electron first 
wave101.201-203. As for the dianions of equation (75). it is probable that they are 
present in some cathodic processes. Since the evidence for them generally depends on 
the interpretation of polarographic and product data, their intermediacy is less 
certain. 

For acetylenes with a n  K-H, a third mechanism, isornerization to the allene ontat 
the cathode, may be important. This process may be initiated by a base, ecatlr, radical 
anion, etc., and the rcduction may then proceed from the allene. The schcme in 
equation (76) is intended to represent this niechanism at a heterogeneous surface-an 
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TABLE 7. Polarographic half-wave potentials of alkynes, RC=CR', at ca. 25 "C a 

845 

R Solventb -Eh, Vc ( 1 1 ) ~  Reference R 

H 
11-BU 
n-Bu 
Ph 
2,4,6-(t-B~),C,H, 
Ph 
PI1 
2,4,6-(Me),CoHz 
2,4,6-( r-B u),C, H, 

2-( 2-CsHd N) 
1-( I-HOC,HJ 

5-(2-MeC5H,N) 

n-Pr 
n-Pr 
n-Pr 
EtOOC 
EtOOC 
Ph 
Ph 
Ph 
p-CICGHI 
p-CIC,HI 
I~I-CI C, HA 
p-MeOC,H, 

Ph 
p-MeC,H,S02 

Br-Ph,PCH,+ 
Me,CCI 
Ph 

P-O,NC,H, 

p-McC, HdSOZCH2 

H 
H 
11-Bu 
H 
H 
1 t - B ~  
Ph 
2,4,6-( Me)sCBHz 
2.4,6-(t-Bu),CjHZ 
H 
H 
l-(l-CaHiJ 
COMe 
COOMe 
COOLi 
COOH 
COOEt 
COOH 
COOEt 
COOEt 
COOMe 
COOEt 
COOEt 
COOEt 
COOEt 
SiMe3 
Me 
H 
H 
H 
(CH,),Br 

(CI-IZXCI 
3,4-(McO),CgH,CO Ph 
Me,Si COMe 
H CHO 
MeSO, H 
PhCO Ph 
PI1 CHO 
PhCO COP11 

DMF ( 3.0) 193 
DMF (3 3.0) 193 
DMF (23.0) 193 

G 2-7 (1 or 2) 203 
DMF 2-65 ( I ) ,  2.88 (1) 210,211* 
G 2.48. - 3.08 203 

DMF 2.37 (4)' 201 * 

G 
G 
92% M 
92% M 
M 
DMF 
DMF 
DMF 
W, pH 2-51 
W, pH 2.5' 
10% E, pH 2.5' 
30% E, pH 7' 
20% E 
25% Eg 
20% E 
20% E 
20% E 
20% E 
DMF 
M 
M 
M 
D M F  
DMF 

DMF 

20% E 
E-W 

E-W 
E-W 
E 
20% Me,COi 
DMF 

2*70'(1) ~ 203 
2.93 (1) 203 
2.06 213 
1.72 213 
1 -948. 194* 
1.99 (- 1) 214 
2.26 (- 1) 214 
2-31 (-1) 214 
0.8 (- 3) 207* 
0.57 ( N  2), 0.75 (2) 
1.2, 1.4 206* 
1-32, 1.63 206* 
1.257, 1.613 208 
1.194 ( I ) ,  1.613 (2) 209* 
1.215, 1.568 208 
1.271, 1.558 208 
1.274, 1.619 208 
0.212, 0.469, 1.1 13 208 
2.00c 216 
1*46", 2-04 205* 
1*32", 2.08 205 
1-34 205* 
1-53 (l)"~ h,  2-22. 217* 
2-35 (1)'. ", 2.60 (2)8, 212 

1-77 (1)'~ ', 2.0Y 211 
Va ria bld 218*, 220 
1.230 (2), 1.532 221*, 5 ,6  

1.1 1 (2), 1.79 (2) 
1-06', 1-62' 
0.6f~ A, 0.78f. h 225,222 
0-92 (I)", 1.58 (1)" 219 

207*, 215 

2.806 

0.98 (2)', 1.16 222* 
223* 
224,2 18a 

This table extends (with less detail) the comprehensive compilation of Refercnce 192. 
Experimental details should be sought in the original paper. Additional examples and/or 
leading references are indicated by the asterisk in the last column. 

bThe solvents are: DMF, HCON(CH3)a; G ,  (CH30CH2)2; M, CH30H; E, C2H,0H; .~ 

W, H,O. 
Thc working electrode is mercury and the reference is the standard calcmel electrode 

(SCE), unless othcrwise indicated. 
The probable number of electrons transferred. 
The reference is not SCE. 
Value is dependent on pH. 

0 Value is dependent on the supporting electrolyte. 
Ir This wave involves a function other than the triple bond such as Br, RSO,, etc. ' At 16.2 "C, pH 2. 
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example will be given presently. Of course, the picture is simpler, if base-catalysed 
isomerization can be distinguished from the electrochemical process. Polarographic 
waves for about a dozen compounds of the type ArSO,CH,C=CH, ArSO,C=CMe, 
HC=CCH,PPh:Br-, etc. a t  pH -9 have been attributed to the isomeric allenes, 
which are formed before reduction beginszo5. 

TABLE 8. Cathodic reduction of alkynes, R C s C R ,  on a preparative scalea 

R R Solvent 

n-Bu 

Ph 
Ph 
Ph 

tl-Bu 

Ph 
HOCH, 
HOCH, 
Ph 
PhCH, 
PhC=CCO 
Ph 
HOOC 
HOOC 
HOOC 
EtOOC 
Ph 

Ph 

tr-Bu 
Ph 
Ph 
Me,CBr 
PhCO 
PI1 

H 
Et 
H 
Me 
n-Bu 
Ph 
H 
CH,OH 
CH,OH 
COEt 
Ph 
CHO 
COOH 
COOH 
COOMe 
COOEt 
COOH 

COOEt ' 

(CHJ,Br 
(CH,),Br 
(CHACI 
H 
Me 
CHO 

~~ 

tz-PrOH 
CH,NH2, LiClc 
M/W 911 
M/W 911 
D M F  
M 
M 
W 

M 
M 
E/W 119 
M 
W, HCI 
W, HCI 
W, HCI 
E/W 119 

E/W 119 

D M F  
D M F  
D M F  
D M F  

M/W 911 

30% E 
E 

Products (yield, %) Reference 

n-BuCH=CH, (60) 194 

PhCzH, (38). PhCECH (40) 194 
PhGH,-tr (50) 194 

(PhCHJ2 (40), PIICECPh (40) 194 
HOCH,CH=CH, (62) 194 
HOCH,CH=CHCH,OH (82) 194 
Ph(CH,),CH,OH (70) 194 
Ph(CH,),CHOH Mc (50) 194 
(PhCH,CH,),CO (64) 194 
PhC=CCH,OH (- 55) 206 
(HOOCCH2)2(70) 194* 
roc-(HOOCCHCH,),(60) 207 
roc-(HOOCCHCH,), 207 
E-EtOOCCH=CHCOOEt (92) 207 
E-PhCH=CHCOOH, 206' 

E-PhCH=CHCOOEt, 206* 

n-BuCH=CHEt (50%; Z / E  = 49) 226 

PhCBHlj-tl, PhCH=C=CHC,H,-tt 21 1 

PliCH2CH2COOH 

PhCH,CH2COOEt 
n-GOH22, 1-mbutylcyclohexcne 212 
PhCsCBu-tI, PhC,jHl,-n 212* 
Benzylidenecyclopentane (8 1) 21 1 

PhCH=CHCH,OH (20-30) 222 

(Me,C=C= CH),H g 217 
PIiCOPr-iz (35) 218b* 

This table extends thc compilation of Rcfercnces 198 and 195. The cathodc was mercury. 
except as indicated, Additional examples are indicated by thc asterisk in the last coluinn. 

See footnote b of Table 7. 
Pt cathode. 

Conccrning stereoselectivity, it is not surprising that anti reductions predominate'Bq, 
since rrom are usually more stable than cis isomers (Table 8). This is likely to  hold if 
any of the radicallanion species in equation (73) are free of ihe cathodel". Obviously, 
the cathode may be involved with the substrate and affect the selectivity, e.g. in 
equation (77)19'. 

2e zO[+ 
ROCH,C=CCH,OR ROCH,CH=CHCH,OR (77) 

R = H, 1 0 0 ~ o E  

R = Ac, 60% E, 40% Z 



19. Nucleophilic attacks on acetylenes 847 

We conclude this section with a look at two types of reduction. The scheme of 
equation (78) condenses reactions of certain carboxyalkynes, among which there are 

RCH,CH,COOR 
213, zH+ > RCH=CHCOOR 

213,zH + RC=CCOOR 

G 
(RCH,CHCOOR), or (ROOCCH,CHR), 

considerable variations. For several compounds, e.g. PhC=CCOOH, EtOOCCE 
CCOOEt, etc6l. zo6# 207, Ei decreases with pH, and one may consider that proton 
transfer is part of the rate-determining process. For others, e.g. ArC=CCOOEt, one- 
or two-electron transfer to  the alkyne is pH-independent and one may deduce that 
proton transfers are fast208. 

The E, of the one-electron wave indicated in equation (78) may fall between the 
other two in the case of PhC=CCOOH or essentially coincide with the first one in 
HOOCCECCOOR (R = H, Me); under controlled hydrolysis the respective 
products are the alkene, the dimer, (PhCHCH,COOH),, and a decarboxylated 
reduced product, ~UC-(ROOCCHCH~)~ 61# z o 6 ~  z07. Apart from the p-NO2 compound, 
Krishnamurthy found that the typical polarography of XC,H,C=CCOOEt in 20% 
ethanol consists of a pH-independent two-electron wave followed by a pH-dependent 
two-electron wavezo8. This contrasts with the compounds mentioned previously, all 
of which have pH-dependent Ebs. A rather different dimension was uncovered by 
Missan and coworkers : although m-CIC,H,C=CCOOEt shows the ‘normal’ two 
two-electron waves, these merge at the lower E* when the supporting electrolyte, 
Me,N+CI-, is changed to n-Bu,N+Cl-; this effect was tentatively ascribed to 
adsorption of the alkylammonium ions on the cathodelS7* 
Our second example concerns the cathodic reductions of 6-X-I-phenyl-1-hexynes 

in D M F  z10-21z. 1-Phenyl-1-hexyne (> 0 . 0 0 2 ~ )  first isomerizes to l-phenyl-1,2- 
hexadiene which is reduced in steps, or (<O-O02M) is reduced in one 4e-step to 
I-phenylhexane211. At the higher concentrations, a radical anion could be detected by 
cyclic voltametry (100 V/s-l), although the usual measurements indicate irreversi- 
bility210. Here the concentration dependence is attributed to competition between 
further reduction (low M) and isomerization (high M) of the starting material. 

For 6-chloro-1-phenyl-I-hexyne (X = C1, =- 0.002~) ,  isomerization to the allene 
is promoted at  the cathode and subsequent stepwise reduction (equation 79) to  three 

PhCrC(CH,),CI -% Phe=c(CH,),CI _cI-\ pPh 
cathode 1 

P hCH=C=C H(CH,)&I a P he H- C=C H(CH,),C I 

I -a- (79) 

major and ca. seven minor products is observed (- 1.75 V). At low concentrations 
(2-5 x 1 0 - 4 ~ ) ,  this hexyne shows waves of Eh = - 1.77 and -2.05 V; controlled 
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electrolysis at  - 1-75 V indicates that no  allene, but benzilidenecyclopentane (8 1 %) 
and at  least seven other products are formed. When X = Br or I, the most facile 
cathodic process becomes removal of halogen (for Br, EA = -2.35 V) to produce 
1-phenyl-1-hexyne, which is then reduced in its characteristic 212. 

0. Electron Transfer 

Chemical, as opposed to cathodic, delivery of electrons to the triple bond has been 
accomplished in various ways. The conventional anfi-selective reductions of alkynes 
by dissolved metals is still important?"', but new reagents and solvents have widened 
the scope of nucleophilic reductions (Table 9). Indeed, an understanding of the 
mechanistic options has made for greater flexibility: different initiation and entry/ 
departure of participants is now possible. 

Clean metallic mirrors (Na, K, etc.) in aprotic solvents are especially useful for 
producing anions whose spectra or reactivities may be measurcd (equation 
80)04, 204, 216, 226-2336 . Whether the electron leaps from the metal surface directly or 

(804 PhCZC-Bu-t+K' PhCCBu-t', K +  

M+solvent - M&l,-l-esolv (80b) 

travels through the solvent may be difficult to distinguish in many cases. In others, 
solutions of alkali and alkaline earth metals in ammonia, amines, ethers, hexamethyl- 
phosphortriamide, etc., are known and do, in fact, store solvated electrons (equation 
80b). The 'structure' of the solvated electron is probably variable, from an electron in 
a solvent sheath, perhaps exH,, to  a solvated ion, e.g. [((Mc,)N),PO]&~,~ or 
(HC=CCOOEt)iE, 6 * ,  232, 233. Since the standard electrode potentials of esolv are  
Eo(H20,  25 "C) = 2-55 V and Eo(NH3, - 36 "C) = 1-89 V 2 3 i ,  238 and its reactivity is 
high, such solutions are powerful reducing media (Table 9)c41 237. 

Ions and ion clusters may also donate electrons to the triple bond. Typical of aryl 
mono- and dianions are those of naphthalene and biphenyl (equation 81)G11 235. Not 

Ar', Na++PhCCPh', Na+ yL 2Na+, PhCCPhz-+Ar (81 ) 

so typical is the finding that KCNS or KI interact with MeOOCC=CCOOMe and 
HCsCOOR in DMF to give paramagnetic species; if the formation of a radical 
anion is valid, this would appear to be one of the simplcst methods of generating 
it239. 

At  first glance it appears that other reductants of alkyncs such as Cr(I1) might also 
function by nuclcophilic electron transfer. In  fact, an electrophilic process appears to  
be inv~ lvcd '~ .  On the other hand, there is some evidence that 'CuH' does start with 
electron transfer (equation 82)?.'O. The fact that the Z isonicr is the major product 

TII F 
-70 'c 

RC=CR' 

1- 

[LiAIH(OCH,), + CuBr] 
p ? O  

Z-RC D= C H R' 

suggcsts predominant intramolecular control and delivery on one side of the face 
of the alkyne by the copper cluster. 
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All of the above processes may be formally represented by Scheme 5 with the 

proviso that M C i  or MC, the 'covalent' representation, stands for contact ions as / 

M. 
R C E C R  - 

R' 
R\ / 

.F=C\ M 

R\ 

./c=c\ R' 

Ft 
R\ - /c=c\ 
H R' 

I t  
R' 

R\ / 
H/c=c 

IH' 

M 
.1 

H R 
R\ / /c=c, 

lH+ 
H 

R' 

R\ / 

H'c=c \ 

R 
~ R\ / 

/=C\, H H 

R' 
/c=c, R\ / 

H' 

SCHEME 5 

well as polymeric aggregates (equation 83)64, IB3. That these species coexist is afirmed 

by fairly detailed information about a few acetylenic mono- and dianions (equation 
84), namely, E,, ionization energy, lifetime, configuration, spectra (e.s.r., u.v.- 
visible), solubility and state of aggregationG4. Some of the physica! data are included 
in Table 9. 

PhCCPh*-, 2Na+ 
Na. THF PhCCPh', Na+ <-Eo; 

PhCECPh <--780c 

, green red 

A/ (84) 

(PhCCPh):-, 2Na+ 
Df 

E-PhCH=CDPh PhCHCPh- 
red 

Most of the electron attacks eventually lead to arzri addition of hydrogcn to the 
triple bond. Therefore, it has oftcn been assumed that a trans dianion is a necessary 
intermediate. Because both free dianions and dimetal adducts may be isolated or 
detected, either or both may be important in different systems. 

In equation (S4), for example, we note that these ions lead quite independent lives 
and that the monoreduced anion, which is rclatively stable at -25 "C, is the 
immediate precursor of' the trrrm-stilbene2?8. Likewise, r-butylphenylacetylene leads 
to r-BuCCPh', PhC=CHBu-f, PhCHCH,Bu-t, PhCH,CHBu-t, four dimers, as well 
as r-BuCCPh2- 236. Furthermore, the reduction potentials of alkylacetylenes (see 
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Table 7) are probably lower than those for a solution of sodium, which is -2.96 V 
(us. SCE a t  28 "C) in hexamethylphosphoramide or cu. - 2.3 V in ammonia (- 33 "C); 
reduction presumably occurs because both Na+, emlv and/or Na' add to the triple 
bond in such cases193. 

The necessity for involving metalated species is seen in a pretty case of specificities: 
Levin and coworkers observed that protonation (MeOH) of a slurry of reddish 
PhCCPh2-, 2Lif a t  - 77 "C gives cis-stilbcne while protonation of THF solutions of 
this material or of the disodium salt yields the more accessible trans-stilbene20J. 
Under somewhat different conditions, both analogous and different species, 
PhCCPh', Mf, PhCCPh2-, 2M+, (PhCH2)2 and cis,cis-(PhCH=CPh), have been 
prepared from P h C E C P h  2oJ. 

241. Note the different products 
for E t C E C E t  and P h C I C P h  in Table 9 produced under different conditions. Now, 
Scheme 5 was devised to provide a broad rationale for diverse results in both named 
(Birch, Benkeser, Normant) and unnamed reductions. One learns that the presence of 
acids, i.e. NH: in Na-NH, or  t-BuOH in Na-HMPT, and low reaction temperatures 
favour nilti 2278 241, 242. Proton donors usua!ly preclude alkyne-allene 
rearrangement (equation 73) and/or rearrangement to terminal alkynes (acetylides) 
presumably by intercepting newly formed radical anions or  metalated species1g3* 2J3. 

But if these intermediates do form, they appear to equilibrate rapidly in solution, 
favouring the more stable trans (in equation 85) and cis products (in equation 
86)le3* 2JJ. I n  the absence of strong proton donors and a t  low temperatures, dimeriza- 
tion of the stabilized (aryl) radical ion may be competitive with formation of 

EtCH=CHEt E/Z = 411 (85) 

The practice of selective reduction is still an 

Nn, 10 "C Z- Et C C I = C H Et 
HhI TH 8 

/=y 
H' 

l-bromo-l,5-cyclononadiene f (H,C), (CH,), 1,5-cyclononadiene (86) 

the alkyne dianion (Table 9). Although the complexity of Scheme 5 is not much 
diminished, i t  appears that dianions, dimetalated forms and possibly cis radical 
anions are not likely to be present in typical synthetic reductions. 

The radical anion appears to be a key intermediate in the overall mechanism. 
Stork and succeeding workers have applied this t o  useful intramolecular ring 
closures in which Li/NH, or Na+, Ar' have initiated the reaction probably a t  
carbonyl (equation 87)2.15, E4G. Typically, 5- rather than 6-membered rings are formed, 

Na/NH, 

trans& or cis& L J  cis,cis 

v! 

111 'w: HO cy: HO 

40% 607, 
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although the latter does Further, the A,B rings of the product are cis in 
about 10 examples; the syn-onti ratio across the triple bond varies (when suitable 
labelling substituents are  present) with the metal (Na, K, Li), the solvent (THF, DME) 
and the temperature and appears to  be determined by the interconversions of the 
cyclic radical anions of the type indicated in equation (87)246. 

C. Hydride Attack 

In  a comprehensive survey, main group hydrides of aluminium and possibly tin 
were regarded as reagents which could add H- to an alkyneZs4. (‘CuH’ is treated as 
an electron donor in equation 82.) Thus, R,AIH 265, R,BH 266, R,GeH 284, LiAIHh 
Ni[(MeCO),CHJ, 267, etc., which are or appear to be non-nucleophilic, are barred. 
Tin hydrides, which often engage in radical processes, may, however, deliver H- to  an  
alkynelp 3 8 1  2G.1* 2G8. Obviously, conventional catalytic reductions and the curious 
reductions of C2H2 by dispersed Fe 268 or by powdered metals (Cr, Fe, Zn) (equation 
88) do  not appear to be appropriate herez7O. Essentially, this leaves us with lithium 

n-PrOH-H,O n-C6H~, (CH,),COOMe E-n-C,H,,CH=CHC’-C(CH,),COOMe Zn, 87 “c 
(88) 

T=/ 
aluminium hydride (LAH) and some of its modified forms [LiAL(OR),H] as donors 
of H-. 

In  a thorough review, Pizey has covered the reactions of LiAIH4 up to  about 
197OZ3. While it appears that most alkynes can be reduced, the presence of a-OH, 

-OR, -COOR, etc. facilitates the process, e.g., equation (89). Kinetic data in 
Table 10 illustrate this activation and, incidentally, indicate how simple and con- 
venient this reduction can be271. In Table 10 the first three compounds provide data 
for a rudimentary Hanimett plot: p z 1.4, that is, electron-withdrawing substituents 
011 the ring increase the rate. The remaining entries show a fall-off in rate as  the O H  
group becomes more distant from the triple bond: a p-OH and even a y-OH appear 
to be ratc-enhancing compared with no OH From Bohlmann’s data, some of 
which are in Tablc 10, one can deduce the following order of activating substituents on 
the triple bond: PhC=C> MeC=C%Ph> RCH=CH and HOCH,>HO(CH,),> 
HO(CH,), In a 4-phenylbut-3-yn-l-ol, the two substituents arc not sufficiently 
activating to provide a measurable rate at  20 “C.  

The mechanisms appropriatc to thc nortnal and cr-activated processes are illus- 
tratcd in equations (90) and (91)2i2-27J. In these equations the transfer of H- from 
LAH is regarded as rate-determining. The special role of an  a-group, which can 
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TABLE 10. The reduction reaction in ether at 20 "C 
of equimolar lithium aluminium hydride and 

acetylenic alcohol (M = 7.55 x 271 

t i  (min) 

32 
5 
1.1 

0.022 
7 

392 

m 

co 

a THP is 2-tetrahydropyranyl. 

THF (filtered) '-QH D,O ~ PhCD=CHMe 
(€ /Z  > 994/0.2) 

PhCrCMe LAHI-: PhMo (unfiltered) r:H:I (901 

Hyo ' .PhCH=CHMe 
M = Li+, etc. - -111 "C 

M H  (€/Z = 5/28) 
+ 

P h C,H,-n 

OH 
PhC=C< 

LAH ether 1 
P h C G C q  

0 
H --A1 

/ - \  

68% 

D-A\ \-/ 1-1 
O-+ THF (b.p.) 

'AD ' PhCGC--(c OA'\ d 
E - P h C H = C D q  

>98% oH F%j + PhCH=CH--I( (91 1 
+ 

OAl, OH 
(€ /Z  = 3/1) 

coordinate with aluminium, is indicated in equation (91). For  I-heptyn-3-01, a t  least, 
the rate of reduction does not increase once the stoichiometric amount of LAH has 
been added; this is consistent with observed formation of an A1 t o  ynol complex 
followed by slow intramolecular H- transfer273. The organometallic complex seems 
to survive right to the final work-up stage in which H, I or AcO 257 may be introduced 
(Table 1 1). In  an interesting case of complete reduction (equation 92), protonation of 
an intermediate containing a carbon-metal double bond has been proposed275. 

H,O , (92) 
i-Pr 

i-Pr 

LAD OH 

i -P r  
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The labelling, LAH then D,O or LAD then HzO, establishes the points of hydride 
attack, metalation and proton-metal interchange. What does not easily lend itself to 
simplified mechanistic description are the effects of additives on LAH, e.g. AICl, 
or  MOR, which appear to alter-often invert-expected stereo- and regio- 
selectivi  tie^^^^-^^^. 

Although there are precedents for regioselectivity, rationalization of the results is 
often lacking. In equation (go), for example, the phenyl group obviously controls the 
direction of H- entry272. Again, anti reductions of RCECSMe with LAH in T H F  
are regiospecific, hydride entering a to MeS when R = Ph and p to MeS when 
R = a l k ~ l , ~ .  However, one set of reducing conditions may yield low selectivity while 

another may be specific (equations 93 and 94)277* 27g. Where an a-OAlf complex is - H,O M e ~ D  

H CHDOEt 
4 

\ 
-Al- CHDOEt 
/ 

\ 

/ 
-Al- CH(OEt), 

MeC=CCH(OEt)* 
+ 

LiAlD, 

35% 

(93) 

(1) (a) LAH/AICI, 60/1; (b) I, 
(2) (a) LAH/NaOMe 1/2; (b) I, 

65% 

:)+* I 

H CH,OH 
(94) 

R H 

I CH,OH 
*H* 

possible, it does appear that H- usitally enters at the nearest acetylenic carbon, e.g. 
equations (93) and (95)27'. 

(95) 

The stereoselectivity in equations (90) and (91) indicates, albeit in oversimplified 
form, the possible difference in syn and anti reductions. Process (90) is stereospecific 
in THF-only the E-alkene is produced; in toluene, both alkenes and the alkane are 
produced (see Tablc l l ) z72 .  Process (91) is highly selective, yielding 98% of the 
E-alkene in THF but yielding some of the 2-alkene, i.e. E/Z  = 3/1, in etherz7,. Our 
interpretation of these results is that in the more polar solvent, THF, in which LAH 
is probably somewhat dissociated'64, normal ionic addition occurs; a coordinating 
metal ion (if any) and a final proton come in atzti from the medium-hence the ionic 
representation. In the less polar solvents, ether and toluene, H- and then metal (M) 
are delivered syn from associated LAH to one side of the alkyne-hence the 
aggregate representation. 

(1) LAH 

( 2 )  D20 
n-C,H,-C=CCH,OH - E- and/or Z-n-C,H,CD=CHCH,OH 
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The correlation of these mechanisms with solvent polarity (Lewis basicity) is 
strongly supported by a study of the solvent effect (% E )  on the E/Z product ratio of 
equation (95) at 25 " C :  dioxane (1001, THF (loo), THF+AlCI,  (IOO), 2,s-dimethyl- 
tetrahydrofuran ( 5 9 ,  Et20  (60), E t 2 0  + AlCl, (60), (i-Pr),O (25)274. The addition of a 
crown ether raised the yield in i-Pr,O to 70% E, presumably by facilitating dissocia- 
tion and the ionic route; a drop in reaction temperature to -25 "C lowered the yield 
in Et,O to  45% E, presumably by facilitating association and the aggregate routez74. 

I t  is worth noting that LAH reduction of alkynes is only partly function-selective 
(Table 11). Generally, the alkene products o r  isolated carbon double bonds in the 
molecule are not reduced. On the other hand, carbonyl- or hydroxyl-related functions, 
e.g. ester, OAc, alkyl halide, acetal, etc., tend to end up as -OH or -OR, e.g. 
equation (93)2'8. 

Another diversion is to  allenes by reductive 'displacement', often an SN2' reaction 
in which an  a-function is changed. These allene syntheses, of which there are many 
examples, come in two main forms. Equations (96) and (97) are variants of an overall 

OH 

OS0,R 
P 

S N ~ '  reaction in which the leaving group may be halogen, RCOO, RO or 

In  equation (96), H- entry and RO- departure are 1,3-syn, in accord with theore- 
tical predictions and some experimental precedents280. Reaction (97) may proceed 
via an intermediate analogous to those written for equation (93); there is 1,Zanri 
addition followed by intramolecular elimination, giving an overall anti entry/ 

R3N 205, 276, 280-283. 

departure. 
The second route to  allenes is from enynes (equation 98)7b* 2G1n 2 8 2 n  Variations 

in the placement of the electronegative group, the triple and double bonds as well as 

RCH=C=CHCH,CH,OH (98) 
(1) LIAIE14, ether 

R'C=CCH=CHCH,OTHP ( a )  HC,, 38'c > 

THP = 2-tetrahydropyranyl R = n-C1,H23 (63%) 

R' = MeCH=CH(CH,), (81%) 

in their structural environment have been examined, e.g. equation (99). Among these 
are examples in which the hydride may be delivered either to the double or the triple 
[>ond282, 284 
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II 

L A H ,  (99) 

threo (63%) 
erythro (37%) 

D. Halide 

As indicated in Table 3 of the previous review', most halide attacks required 
highly activated alkynes and were usually associated with kinetic studies of addition 
(equation 100). The vinyl anion intermediate (V-) then reacts rapidly with a protic 

R'C =C R + X - > R'XC=CR- & R'XC=CRE (1 00) 

(A) (V-) 

A (V-) w X(R'C=CR); X(R'C=CR); + + X(RC=CR), 

lE+ lE+ lE+ 
acid or some other electrophile. In this manner, HX (X = CI, Br, I) and CIz have been 
added across the triple bond (Table 12). In the newer developments, V- has been 
recognized as a potential nucleophile and has been captured in novel and useful ways. 
Much of the work in this area is represented in Table 12. 

The Kiev group is still one of the few providing kinetic data on nucleophilic 
addition to alkynese7. 200-303. Their general rate law (equation 101) is adaptable to 

- d[Al/dt = (k3+k3[E1) [A] [X-I (101) 

several situations (A is the alkyne, X- is halide ion and E is an electrophile, e.g. 
halogen or H+)ss. In other sections we cite analogous work with X- = AcO- or 
SCN- and E = another acetylene. In practice, equation (101) usually has to be 
modified, e.g. for non-polar solvents, when the participants are involved in complexa- 
tion, equilibria, elc.e7* One of these variants is discussed in connection with 
AcO- 304. 

An example of equation (101) with X- = I- and E = HI was found for methanol- 
D M F  solutions; both second- and third-order terms were retainedss. Dvorko's 
group also found that when X- = C1-, a weak nucleophile, the formation of V- in 
equation (100) was slow and subsequent protonation was fast, leading to second- 
order kinetics (k3 -O)8s. when X- = I- or SCN-, the formation of V- was often 
fast and the protonation slow, leading to third-order kinetics (k2 = O)300. Examples of 
solvent effects superimposed on the basic rate laws are found in Figure gee, and even 
more complex effects are found when chlorobenzene, toluene, chlorobenzene-THF 
mixtures, etc. were useds7* 

The promotion of polymerization of certain alkynes by nucleophiles is another 
Kiev contribution of the late 1960s: polypropiolanhydride of molecular weight 
12000 could be produced3o4; elsewhere (see Section 1II.F) are mentioned other 
anions that promote both trimerization and polymerization of methyl p r o p i ~ l a t e ~ ~ ~ .  
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In the same period, fluorine chemists discovered such processes independently and 
have also been able to obtain both low and high molecular weight products. First, 

0 

20 

40 
c .- 
E 

60 
\ 

80 

fC.C 

120 

I I I I I I I 

I I I I I I I 

0 2 4 6 8 1 0 1 2  

D M F , m o l / l .  

FIGURE 9. The effect of added dimethylformamide on the rates of addition of HX to 
MeOOCCECCOOMe in thc presence of 0 . 5 ~  added ArCOOH: ft is a quarter-life, Q is 
quinoline. The rate data derive from equation (101)8s. Curve 1 : I-(KI), PhCOOH in MeOH 
at 40 "C. Curve 2 :  I-(HI), 2,4-(02N)2CGH3COOH in MeOH at 40 "C. Curve 3 :  CI-(QHCI), 
PhCOOH in 2-PrOH at 50 "C. Curve 4:  I-(QHI), 2,4-(02N),CGH3COOH in 2-PrOH at 

40 "C. Curve 5 :  CNS-(HCNS), 2,4-(0,N),CGH3COOH in 2-PrOH at 20 "C. 

there was the surprising (at the time) addition of equation (102)30G. Hexafluorobut-2- 
yne (A) is a strong electrophile and polymerizes in stages according t o  equation 
(100); up  to three vinyl anions were trapped and the products isolated in subsequent 

AgF, CH,CN 
F,CC=CCF, r.t., 36 h ' F,CC F =CC F, Ag 

F,CCF= CHC F, (1 02) 
Y A  

(A) 

CH,CN 

4 trans 

F(F,CC=CCF,),E < A, F,CCF=CCF,- 

( V - )  

work. Here an electrophile (E) such as pentafluorobenzonitrile, pentafluoropyridine, 
tetrafluoropyridazine and tetrafluoropyrimidine competes successfully with V- for 
one or more of the anions (equations 103 and 104)307-310. 

As indicated in Table 12, the application of process (100) is straightforward; what 
seems to be needed is an  active or electrophilic alkyne and usually, but not in- 
evitably, an  aprotic medium. It  is probable that phase transfer and/or crown ether 
catalysis will broaden the utility of this reaction. 



19. Nucleophilic attacks on acetylenes 

F 

86 1 

F CsF.11O'C 
F,CCF=C(C F,)C5F4N-3 + 

(CH,),SO,' 
transjcis = 4 

F, C z  F3 4- 3-N C, F,( F,CC= C C F3), F 

F 

E. Oxygen 

1. Acyclic additions 

Perhaps the most important applications of equation (1) involve C,H, and alcohols 
in Reppe ~ i n y l a t i o n ~ ~ ~ ~  315. !t is not surprising, therefore, that such systems and their 
products have been studied repeatedly'* % 8 ,  31G-318. For accessibility, ease of 
reaction and synthetic exploration, however, the acetylenedicarboxylic esters have 
been the favourite e l ec t roph i l e~~~  lo. 

Elsewhere in this chapter we have used oxygen nucleophilic processes to illustrate 
stereoselectivity (Sections 1I.B and II.C), coelectrophiles (Section LA), etc. and shall 
not repeat these here. The literature of oxygen nucleophile attacks on alkynes 
inciudes trends in substituent effects but the data are often qualitative and usually 
scattered. Numerous examples indicate that the reactions of alkoxides with CzH2 are 
relatively slow and that most substituents facilitate the addition (Tables 13 and 14): 

TABLE 13. Rate data for the addition of oxygen nucleophiles to alkynes 

Alkyne 
Temp. k A H *  

RO- SolventO ("C) ( M - ~ s - ~ )  (kcal/mol) AS* Ref. 

327 HC=CH KOH EtOH -155 - 

50.0 5.5 x 24.9 0 91 (HCEC)~ EtO- EtOH 
(HC= C), EtO- E/H 50.0 3.7 x 15.7 -30 91 

153 PhCECCI MeO- MeOH 78 1 x 
PhC=CH MeO- MeOH 126 3 - 7 ~ 1 0 - ~  28.5 - 8  328 

305 MeOOCC=CCOOMe LiOAc DMF" 100 - 2 ~  lo4' - - 

- 36 
(HCEC)~ EtO- E/D 50.0 9.3 x 10-3 25.2 1 91 

- - 

~~ ~ ~ ~ 

E = EtOH, D = dioxane, H = n-heptanc. 
b HOAc is present. 
0 This k = k'[LiOAc]/[HOAc]. 
30 
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of these, electron-withdrawing substituents, e.g. CI5C6, CF3, RCO, RC=C, etc. are 
most effective (Table 3; equations 43 and 105)'. lo* l4, Is. For example, the relative 
rates of addition of MeOH in T H F  at 37 "C are given for R in Me,NC=CCOR as 
H%-Me> OMe 143. In fact, with a strong activating substituent, the addition may 
become a complication in the synthesis of an alkyne (equation 105)310. Finally, the 

(m-CF,C,H,C=CH) m-CF,C,H,CH=CHOEt (1 05) 

reader should recall that a dipolar aprotic solvent can enhance the reactivity of 
alkoxide, e.g. RO-+ArC=CCl in DMSO or HMPT us. ROH (see Section IV.B.1) 
or EtO-+(HC=C), in dioxane (Table 13)91. 

Alkynes may be reactive because they are strained; this arises in connection with 
cycloalkynes (equation 106)320 which are dealt with in another chapter of this 

EOH 

volume. However, normal steric factors are apparent in more typical situations. 
The changing regioselectivity in the addition of ROH (R = t-Bu, Me) to R'C=CH 
(R' = alkyl) has been taken up in relation to Table 2. Note the influence of electronic 
and steric effects in equation (107) where f-BuOH is unreactive under the conditions 

MeONa Me";/= + MeSeq 

MeSeCEC-CH=CH, MeOH ' 
120 "C OMe Me0 (1 07) 

1 part 2 parts 

given and i-PrOH and i-BuOH give adducts at the 3- and 4-carbons. As for syn us. 
anti selectivity, a study of process (108) indicated that exclusive anfi addition prevails 

+ HH (108) 

for p-BrC6H40H in Me,CO and MeCN321. It is not just that the fumarate is more 
stable, since the amount of fumarate in other solvents does drop: PhH (80%), THF 
(65%) and dioxane (35%)321. Slower proton delivery may account for the isomeriza- 
tion of V- prior to product formation. In this process, steric effects become evident 
in the orfho-substituted phenols in which the fumarate is the dominant but not 
exclusive product: o-Me (7973, o-(i-Pr) (73%) and 2,6-CI, (49%)75. 310. 

Diethynylketones appear to follow the chemistry set out in equation (109). The 
relative amounts of mono- or diadduct and y-pyrone may, however, vary with 
reagents (and perhaps the presence of water and acid). While thiolates give compar- 
able products, H2S (from thiourea), surprisingly, produces a thiocycl~pentenone~~~. 

A r O  

MeOOC COOMe 

ArOH A O M C  O0 
35 ' C  

K,CO,' 
+ 

MeOOC C=CCOOMe MeOOC H 

(RC-C),CO 

R , O I i ~ , O  - 

(109) 
R'O(R)C=CHCOC=CR + (R'O(R)C=CH),CO + 

R 
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Examples of furan synthesis by carbon attack from diacyl sulphonium methylides 
a re  given elsewhere (see Section III.H)322. Here we illustrate an unusual pattern in 
which the cyclic diacyl sulphonium methylide appears to  lead with 0-, e.g. equation 
(I i0)322. 

EtOOCCSXOOEt 
180 "C + v 

0 + 4 O O E  
EtOOC 

-0 
\ 

e 

'CO-COOEt 

83% 

- 0' 

Hydroxylarnines are also binucleophiles with respect to a l k y n e ~ ~ ~ ~ .  Nitrogen attack 
is usually favouredlO* 324* 325, although oxygen attack is also found (equation 11 l)323. 
The conditions in equation (1 11) are sufficiently mild that Winterfeldt's isomerization 

p-C,H,SO,CGCR H, Ph P-C,H,SO,CH,CR=I~(R~)O- 

(111) 
R 7. Me, Ph -I= Z-p-C ,H ,SO,C H= C( R) ON H R' 

+ 
R ' N H O H  

R' = t-BU 

(equation 112) is improbable324. Again, oxygen attack on alkyne seems certain to  
give one of the products of process (1 13)32s. 

Me00CC-CCOOMe i- Et,NOH 

84% ether, 0 "C J 
MeOOC COOMe 

-t EtN 
ether 

0 
M e O O c ~ c o o M e  Et,Nf _3 

'0- 
\ \ 

NEt, 

M e  

0- 

-IoMe H,NOH.HCI, 

H,O, 6&70 "C Me R-= 

R = H, Me 

2. Cyclic adducts 
I t  is intended that the heterocyclic compounds that are collected here should 

derive from products of process (1). Those of interest are variations of equation (1) 
which lead to  cyclic products in at least two steps rather than from cycloadditions. As 
was evident in the last section, both acyclic and cyclic examples are often conveniently 
discussed together. Only a few representatives of the possible structures, i.e. with 
different combination of atoms of oxygen, sulphur, nitrogen, etc., can be mentioned. 

Furan and related cycles (methylenetetrahydrofuran, methylenedihydrofuran) are 
usually formed in preference to pyrans from alkynes (Table 15)6a. 347-340. Processes 
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(114) and (115) are typical; the authors give no indication of the role of CuSO, in 
equation (1 15), a reagent which is no: usually used in such c y c l i ~ a t i o n ~ ~ ~ .  

R'c'c>R~H Me,SO R' + R,GR2 (Ref. 347) (114) 

R' R' R3 

Me,NCH,C~CCMe=CHCH,OH K O ,  cuso, pH7, cc NMe, (1 15) 

Numerous variations on the reactions of o-substituted phenols with alkynes have 
been attempted (equations 116, 117; Table 15)'l lo. Although amines are normally 

COOMe 

0-C=CHCOOMe 

(116) R = Me, H Z, E 
a O O M e  , R 

' ' COOMe 

PhC'CPPhcBr- 

+ b.p. 
THF/CHCI, 

b.p. 
o-HOC,H,NH PPh,+Br- o-H,NC,H,OH 

more nucleophilic than alcohols (see Section III.G), oxygen appears to lead the 
attack in equation (34). This is contrary to what appears to be similar additions in 
equations (1 17)14' and (1 18)351. 

PhCOCrCCOOMe 

1- ether/MeOH, b.p. a:x \ COPh (118) 

0- C,H,( N H,)OH 

69% 

:,3-Dioxo rings may arise in several ways. In equation (119) the chloro group 
directs to C-2 and the second oxygen follows thc firstlea. This geminal addition is 

R-0 CI 
RCHOH HC=CCI , / t/ 

(C H, In- 0 
I KOH, 120' C 

(CH2)noH N,(20 atm) 

R = H, Me; n = 1 , 2  



19. Nucleophilic attacks on acetylenes 869 
found repeatedly3l4# 3311 3451 362. A less usual route to  dioxoles is given in equation 
(120)353. Bottini and Maroski treat the complex problem of ring formation from 
propargyloxyethanols (equation 121) in some detaiPS4. In  Table 16 are given some 
trends in their data covering substituents, base and solvent. I t  is interesting that high 
yields of the 7-membered ring (19) are obtained and that the methylenedioxole is 
essentially absent. In  the light of this paper, predictions of regioselectivity in ring 
closure should be made cautiously and with suitable q ~ a l i f i c a t i o n s ~ ~ ~ .  

) L G \ O M e  
HO + - j j O M e  

54% 
Iw.c~:pcHo O x 0  

/ 
[ -o+o+--$] 

RCECCHOCHCHOH R' I R2 I 1  R' ---+ "yx; + E x R a  

R' R2 
R' 

(1 9) (1 8) 

R' R2 R' 
I I I  

RCH=C=COCHCHOH --+ 

R2 R' 
I I  

RCH,CECOCHCHOH 

(a) R = R' = R' = R3 = H 
(b) R' = Ra = M e ,  R = R2 = H 
( c )  R = R' = H, R'R' = (CH,), 

RY:<R R' 
+ 

TABLE 16. Products from the reactions of propargyloxyethanols, 
HC=CCH(R1)OCH(R2)CH(OH)R3, with base (equation 121)3j4 

Compoundsa 
18-2 1 Medium (h, "C) 

KOH, H,O (12, b.p.1 
KOH, H,O (12, b.p.) 
KOH. H,O (12, b.p.) 
KOH, Me,SO (0-7, 100) 
KOH, Me,SO (0.1, 100) 
KOH, Me,SO (12, 100) 
KOH, t-BLlOH (12, 100) 
KOH, I-BuOH (12, 100) 
KOH, t-BuOH (12, 100) 

Composition (%) 

(18) (19) (20) (21) 

54 36 44 20 - 
72 87 12 < 1  < 1  
52 < I  -95 c1 -5 
33 4 7 18 71 
80 32 7 23 38 

35 - 65 78 
61 5 8 65 22 
58 35 7 25 33 

48 - 52 61 

Yield (%) 

- 

- 

"(a) R1 = R2 = R3 = H ;  (b) R1 = R3 = Me, R2 = H; (c) R1 = H, RZR3 = (cH,),. 
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I t  is generally considered that nitrones and alkynes react by cycloaddition (rather 
than process 1)10-325. Since the distinction is usually difficult to prove and some 
acyclic products are found, we include some examples (equations 122 and 123)325: 
presumably, the anion of hydroxamic acid leads the attack356. Similarly, forced 

MeoocYc:oMe 
/N-o- 

Me 

MeOOCC=CCOOMe --I I 55% , 
PhH. 0 'C 

MeOOC COOMe 

" y Y  H COOMe 

MeOOC 

Me MeOOC COOMe 
I 

h4 e 00 Cw N c  0- I 

+ 
HC=CCOOMe 

roo~:','m,~ ' q C 0 O M e  + Me-N, X N - M e  (123) 

COOMe COOMe 

29% 30% 
D C=C C H,N (N 0) CON D, 

MeOD NaOMe 
V CD,CH,COOMe 

+ (124) 

DCH,CD,COOMe 

DC-CCH,N=NO- - 
cyclization of diazotates of the type in equation (124) during (following) the expulsion 
of nitrogen leads to rearranged p r o d u c t P .  A related case may be that of the nitrile 
oxides in which 0- attack is found in a potential route to the corrins (equation 125)357. 

The attacks of heterocyclic N-oxides, e.g. of pyridine, quinoline, isoquinoline, 
phenanthridine, etc., on activated alkynes (RC=CR': R = R' = COOMe; 
R = Ph, R '  = COOEt; R = Ph, R' = CN) pose similar problemsz4* 335. An acyclic 
intermediate has been postulated but is rarely detected. Some of the possibilities are 
illustrated in equation (1 26)33s. If the open intermediate is formed, then the paths to 
the ylid and the 2-substituted quinoline in equation (126) seem simple enough, but 
several possible mechanisms can lead to the 3-substituted productsz4. Other workers 
regard the reaction of the nitrone (or azomethine oxide) with alkyne as simple 
cycloadditionsZ1B 23 which yield 2,3-dihydro-l ,2-oxazoles; since these are oiten 
unstable, only decomposition products may be found (equation 127Y2. The construc- 
tion of the indolizine skeleton initiated by a similar process has been reviewed (equa- 
tion 128)?l. 
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1 a 4- PhCECCN + ‘N-OC(Ph)=C(CN)- [I + 

0 a 
NC *O- 

Ph 
6.5% 3 +0 

I 
0- 

R‘C=CR -1 
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F. Sulphur 

Some reactions of CNS- with alkynes appear. to be atypical of sulphur nucleo- 
philes. Dvorko and Shilov observed that when solutions of KCNS (or KI) are mixed 
with electrophilic acetylenes in D M F  at 60-80 "C an e.p.r. signal begins to grow inzag. 
The signal intensity is greater for KSCN than KI and the relative growth rate 
decreases in the series MeOOCC=CCOOMe (2000), (HC=CCO),O (30), 
HC=CCOOMe (1) and PhC=CCOOR (0). No e.p.r. signal could be found when 
protic solvents were used. It was suggested that electron transfer occurs : 

J. I. Dickstein and S. I. Miller 

A+CNS- ---- A:+CNS- (1 29) 

The fact that polymerization of the acetylene diester was also observed is consistent 
with this initiating reaction. To date, we know of no other laboratory which has 
noted electron transfer to an alkyne under such mild conditions. 

Along with a few other salts (K+X- with X = CN, I, Br, Cl, OAc), KSCN pro- 
motes the polymerization of propiolanhydride (equation 1 30)304. With methyl 

MeOOC, 
HC-CCOOMe 

+ 

X(CH=C(COOMe))nH 

propiolate the 1 : 1 adduct is favoured at 60 "C in the presence of HOAc, the trimer 
is favoured at 100 "C and the yield of black polymer rises sharply at temperatures 
above 100 "Cao5. Moreover, KSCN is much faster than KOAc, while KOPh and 
KSPh give only the 1 : 1 adduct. It appears probable that at  least some of these 
cases involve radical anions of the type in equation (129)305. 

The Kiev group has often used thiocyanate to study the theory of nucleophilic 
additions (equation 131)8s1 238~ 300, 301* 304* 305. As is the case with halide attacks, 

(1 31 1 R C  =CCOOR+ CNS - A R'C(SCN) =CH COO R 

versions of a two-term rate law with second- and third-order contributions usually 
apply (equation 101). The second-order term is presumed to become dominant when 
the rate of proton transfer to V- is very much more rapid than its rate of formation, 
a situation which is more important for C1- then SCN- additionss7* 8 8 e  300* 301. 

Although reaction (131) is usually faster the more polar the solvent, e.g. D M F  in 
it-PrOH sa, the solvent effects studied were often complicated by variable ion pairing, 
association of HX and probably many other 'factors' (see Section II.B)87e 8 8 p  

It is probable that a precise picture is attainable only for the more polar solvents. 
Since thiol additions may be initiated readily by radicals this is always a complica- 

tion to process (1). In the absence of controlled reaction conditions, the resulting 
regio and/or syrt-anti selectivity as well as the reactivity could differ from what one 
expects from nucleophilic attack. For example, the usually reactive acetylene- 
dicarboxylic ester reacts more slowly with F,C,SH than does PhCSCR (R = H or 

HX 
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Ph); one would have to conclude that radical additions are involved in these 
systems37’. Likewise, the additions of the type in equation (132) may be radical, 

(1 32) 
110°C (EtO),P(;j)SH + R C r C H  -> (EtO),P(S)SCR=CH, 
peroxide 

[~D-c F,CCrC(CH,),SMe 

(133) 7 <o-c + F , C Y  

F,CCGCCHzCH=CH, 

SMe MeOH. base 

since the regioselectivity is ‘wrong’ for R = pheny1372. No speculation on the 
mechanism of equation (133) is necessary, since the radical (upper) and polar (lower) 
branches are clear from the reaction conditions373. 

The simple nucleophilic additions of thiolates (equation 1) have been noted 
previously’. and are updated in Table 17. Although post-isomerization is often 
facile, the anti product can usually be obtained (see Section 1I.B). For example, 
ketoalkynes, in which Vi for V- is low, yield anfi adducts in alcohols in which 
protons are abundant and tend to yield isomer mixtures in HMPT and Me,SO in 
which P- is stabilized with respect to V- (Scheme 4) and proton delivery is slowGa. 
The conditions for these reactions range from forcing to facile, depending, of course, 
on the presence of activating substituents. (Engineering data on the vinylation of 
thiols and industrial uses of the products have been described in detai1314.) There is an 
impressive enhancement in the rate of reaction of alkanethiols with the usually 
sluggish C,H, when an aprotic solvent is used (equation 134)374. 

I I M P T  or DMSO 
C,H,+RSH-I-KOH - RSCH=CH, 

Kinetic data for process (135) in CDCI, a t  0 “C were used to  establish the following 
trends: for R’, k(COMe)>k(COOEt)%k(CONHEt); for R, k(H)  : &(Me) : k(n- 
Pr) = 1 : 0.1 : 0-6, when R‘ = CONHMe; anti addition dominates when R’  is 
amide, syn addition dominates when R’ is ketone, and anti is only slightly favoured 
when R’ is ester1I6. 

Russian workers have devoted much attention to conjugated acetylenes. With 
respect t o  regioselectivity, nucleophiles appear t o  favour unhindered sites (equation 
136)5. 344; and in a fair competition in an enyne, the thiolate attacks the triple bond 
(equation 137)375, 376. 

R - H  PhCrCCH=CHSCIH,,-n 

(1 36) n-C.Ht,SH 
PhCECCGCR MeOH -+I R = Mc,COH PhCH=CS(C,H,,-n)CH=CHC(OH)Me, 

E-PhCH=CHCOC=CPh+p-C,H,S-Na+ 
MeOH - E,Z-PhCH=CHCOCH=C(Ph)SC,H,-p (137) 



TA
BL
E 17
 A

dd
iti

on
s 
of
 s

ul
ph

ur
 n

uc
le

op
hi

le
s t

o 
al

ky
ne

s,
 R

C
=C

R
' 

00
 2
 

Pr
od

uc
t(

$ 
(y

ie
ld

, %
)d

 
R

ef
er

en
ce

 
R

 
R

' 
N

u-
 

M
ed

iu
m

 (t
em

p.
, "

C
) 

E
tO

O
C

 

M
e 

Ph
 

P
h H
 

H
 

5-
(2

-R
C

,- 
H

2S
e)

C
0 

C
PO

(P
h)

 
M

eC
- 

M
eC

O
 

H
 

H
 

M
eO

O
C

 
n-

Bu
 

H
 

(2
-C

,H
B

S)
C

O
 

2-
B

U
 

H
 

M
e 

H
 

H
 

(n
-B

u)
zP

(O
) 

E
-P

hC
H

= 
C

H
C

O
 

H
 

C
O

O
E

t 

SC
=C

M
e 

C
O

G
H

,O
M

e-
p 

S
0,

M
e 

C
O

M
e 

H
 

R'
 M
e 

H
 

S0
,E

t 
H

 
C

O
O

M
e 

H
 

C
O

O
M

e 
H

 
c1
 

C
H

9P
Ph

t,B
r-

 
c

o
c

=
d

M
e

 
C

O
N

H
E

t 
C

O
O

E
t 

H
 

P
h H
 

SC
N

- 

N
a2

S2
 

M
eS

H
 

M
eS

H
 

E
tS

H
 

C
C

lC
eH

4S
H

 

A
rS

H
 

Ph
SH

 
Ph

S-
N

a+
 

(H
2N

)2
C

S 
(Z

th
io

ne
) 

C
,F

,S
-L

i+
 

E
tS

-N
a+

 
p-

M
eG

H
,S

H
 

(n
-B

uO
)Z

P(
S)

SH
 

O
-H

Z
N

C
~

H
~

S
H

 

SC
(N

H
32

 

2-
Pr

O
H

, 
0

.5
~

 
(O

zN
)2

C
6H

SC
O

O
H

 
(2

0)
 

M
eO

H
 

E
t3

N
,M

eO
H

 (r
.t.

) 
E

tO
-N

a+
, 

E
tO

H
/D

M
F

 
1 
: 

1 
(r

.t.
) 

M
eO

H
 (0

) 
f-

B
uO

-K
+,

 t
-B

uO
H

, 
py

ro
ga

llo
l, 
10
 a

tm
 

-
 

N
H

,/M
eO

H
 (

- 
33
) 

T
ri

to
n 

B
 b,

 C
D

30
H

 

T
ri

to
n 

B
 b,

 E
tO

H
 (

- 
10
) 

K
O

H
, 

H
M

P
T

 (2
0)

 
M

eO
H

 (b
.p

.)
 

(1
 10

) 
M

eO
H

 (b
.p

.) 
M

eO
H

, E
t,N

 (
20

) 
E

tO
H

 (
10
0)
 

M
eC

N
 (r

.t.
) 

D
M

F
 (r

.t.
) 

(-
 7

5)
 

C
D

C
lB

 (0
) 

T
H

F
 ( -

 70
) 

N
H

3 
(-

 3
3)
 

M
eO

-N
a+

, 
M

eO
H

 (r
.t.

) 

k 
30
1,
30
8,
88
 

2,
6-
Di
rn
et
hy
l-
l,
Cd
it
hi
in
 (5

5)
 

38
1*
, 3
82
* 

(A
rC

O
C

H
=C

Ph
),

S 
(Z
, Z
 =

 2
0,

 E
, Z
 =

 6
2)

 
38
3*
, 3
85
 

Z
-P

hC
SM

e=
C

H
SO

,M
e 
(14
), 

14
9*
, 1
04
 

E
-P

hC
H

 =
 C

( S
 M

e)
SO

,M
e(

SO
), 

E
-P

hC
SM

e=
C

H
SM

e 
(3
6)
 

I-
( 

A
rS

C
H

=C
H

C
O

M
e 

(Z
/E

 =
 8
2/
18
) 

10
4*
 

Y
 

13
 -. 

(H
,C

=C
H

SC
H

,),
 

31
8*
 

5-
(2

-R
C

4H
2S

e)
C

O
C

H
=C

R
1S

R
2 (
23
-9
2)
 

2,
6-
Di
me
th
yl
-4
-0
~0
-4
-p
he
ny
1-
1,
4-
 

th
ia

ph
os

ph
or

in
 (
69
) 

M
eS

C
H

=C
=C

M
e(

O
H

) 

2-
M

eS
C

H
=C

H
SO

,E
t 

(8
3)
 

E
tS

C
H

=C
H

 (
85

) 
Z-
(4
-C
lC
eH
,S
)C
CO
OM
e=
CH
CO
OM
e (
59
) 

(2
-B

uO
),P

(S
)S

C
(B

u-
n)

=C
H

2 
(7
8)
 

(4
-I
,2
-C
ON
H2
)~
H,
SC
H=
CO
OM
e(
77
) 

1-
(2
-T
hi
en
y1
)-
3-
ph
en
yl
th
io
pr
op
en
on
e 

2-
M

et
hy

lb
en

zo
th

ia
zo

le
 (6

2)
 

2,
6-

D
im

et
 hy

l-
4H

-t
hi

ap
yr

an
-4

-o
ne

 

G
F,

SC
H

=C
H

C
O

O
E

t 
(-

 8
0

,Z
/E

 =
 7
/1
) 

Z
-(

n-
B

u)
,P

(O
)C

H
=C

H
SE

t 
(8
2)
 

E,
 Z

-P
hC

H
=C

H
C

O
C

H
=C

(P
h)

SC
,H

v-
p 

Ph
SC

(B
u-

f)
=C

C
lH

 (
76

,Z
/E

 =
 9
3/
7)
 

E
-(

2-
C

bH
,N

)S
C

H
=C

H
C

O
N

H
E

t 
(8
7)
 

39
8*
 

18
8*
 

10
2*
, 4
00
*,
 

10
5*
 

40
1*
, 1
04
* 

37
4*
 

38
0*
 

37
2*

, 3
76
 

31
8*
 

40
2*

 
16

5 
40

3,
36

8*
 

14
1 

11
 5*
, 4

04
* 

37
9*
 

33
8 

18
5 

(H
,C

=C
H

)Z
S 

(8
3)
 

38
4*
, 4

0
9

 



Ph
C

O
 

H
 

H
O

C
M

e,
 

P
hC

H
O

H
 

H
 

M
e,

C
(O

H
) 

H
 

C
F3

 
P

hC
=

C
 

C
F3

 
M

%
C

(O
H

) 

M
e 

M
ez

C
(N

H
J 

Ph
C

O
 

H
 

H
 

C
=

C
H

 
M

eS
H

 

H
 

N
a2

S2
 

C
=C

C
(O

H
)M

e,
 

H
,S

 
C

H
O

H
Ph

 
Ph

SH
 

C
(O

H
)M

e,
 

Ph
SH

 

H
 

(i
-B

us
), 

C
l 

E
tS

- 
H

 
n-

B
us

- 
C

H
,C

H
=C

H
, 

E
tS

-N
a+

 
H

 
E

tS
H

 

C
O

O
M

e 
(H

2N
),C

S 

N
E

t2
 

H
C

=C
C

H
2S

H
 

H
 

Ph
SH

 
Ph

 
Ph

C
H

zS
H

 
H

 
Et

O
C

SZ
B

U
-Jt

 
N

a
o

 
-
 

T
ri

to
n 

B
 

M
eO

H
 (

- 
10

) 

M
oi

st
 D

M
SO

 (1
00

) 

N
aO

H
, M

eO
H

 (6
0)

 
K

O
H

 (r
.t.

) 
H

,O
, 

H
+

 (r
.t.

) 
K

O
H

 (1
 70

) 

K
O

H
, 

12
 a

tm
 (1

20
) 

E
tO

-N
a+

, 
E

tO
H

 
K

O
H

, 
M

eO
H

 (7
0)

 
M

eO
H

 (
c
 0)

 
L

i, 
H

M
PT

 (r
.t.

) 

B
as

e 

E
t,N

, 
M

eO
H

 (r
.t.

) 
M

e,
SO

/H
,O

, 
K

O
H

 (1
35

) 
S,

 C
Se

, 
or

 S
e,

 C
S,

, 

-
 E
t,O

 (
ra

t.)
 

Ph
C

O
C

H
,C

(S
M

e)
,C

H
=C

H
SM

e 
(7

0,
 

H
zC

=C
H

SC
H

=C
H

SC
H

=C
H

2 
(1

0,
 

2,
5-
di
[2
-(
2-
Hy
dr
ox
yp
ro
py
l)
] 

th
io

ph
en

e 
(5
0)
 

Ph
C

H
(O

H
)C

(S
Ph

)=
C

H
C

H
(O

H
)P

h 
(3

0)
 

Z-
M

eO
O

C
C

H
=C

H
SC

(N
H

,):
C

I-
, 

k 
M

e,
C

(O
H

)C
(S

Ph
)=

C
H

C
(O

H
)M

e,
 

Z
/E

 =
 4

/1
) 

Z
/E

 =
 4

1/
53

) 

Z
-i

-B
uS

C
H

=C
H

SB
u-

i 
(9

0)
 

E
tS

C
C

l=
C

H
C

F3
 

Ph
C

=C
C

H
=C

H
SB

u-
n 

(7
5)

 
C

F3
C

H
,C

(S
E

t)
=C

H
C

H
=C

H
2 

( N
 
85

) 
M

e,
C

(O
H

)C
H

=C
H

SE
t 

(7
0)

. 

M
eC

H
=C

(N
E

t2
)S

C
H

,C
=C

H
 

Z
-M

e,
C

(N
H

2)
C

H
=C

H
SP

h 
(6
5)
 

B
uS

C
H

=C
H

,, 
E

tS
C

H
=C

H
, 

2-
T

hi
o(

or
 s

el
en

o)
-1

93
-d

ith
ia

(o
r se

1e
na

)- 

M
qC

(O
H

)C
SE

t=
C

H
, 

(3
0)

 

Z
-P

hC
H

$C
Ph

=C
H

C
O

Ph
 

(8
5)
 

cy
cl

op
en

te
ne

 

37
5*

, 3
76

* 

40
6 

18
6,

40
7*

 
40

8*
 

40
9,

38
6*

 
10

6*
, 4

10
*, 

12
1*

 
5,

40
9 

41
1*

 
34

4*
 

37
3*

 
12

2 

41
2*

 
6a

, 3
39

* 
41

3*
 

41
4*

 
39

0*
 

a 
A

dd
iti

on
al

 e
xa

m
pl

es
 o

f 
a 

si
m

ila
r 

ty
pe

 a
nd

 l
ea

di
ng

 r
ef

er
en

ce
s 

ar
e 

in
di

ca
te

d 
by

 a
n 

as
te

ri
sk

 in
 t

he
 la

st
 c

ol
um

n.
 

Ph
C

H
,N

M
ei

O
H

-.
 

H
C

=C
N

a+
. 

k 
in

di
ca

te
s 

th
at

 r
at

e 
da

ta
 a

re
 a

va
ila

bl
e.

 



876 J. I. Dickstein and S. I. Miller 

In those instances in which two nucleophilic sites compete for the acetylenic 
carbon, RS- usually wins over RO- or RNH?. As indicated in Table 17, the usual 
synthetic technique is to generate a thiolate by means of the alkoxide. When the 
nucleophile is bifunctional, thiolate usually leads (equation 1 38)ld7. It does, in fact, 

RCECR' 
f s - x:x,". Or :x;IR' (1 39) 

HXHsH J V . e  s R 

make an important difference in some products, particularly when the real goal is to 
carry the reaction through to the heterocyclic, say in process (139). 

Acetylenes provide a convenient starting point for the syntheses of several hetero- 
cycles. The patterns in ring closure vary somewhat so that structural assignments 
have to be made critically. The similar result in equations (138) and (140)368 differs 

(140) 

P h C- CCN 
+ _ _ f -  

O-HZNC~H~SH 

from that in equation (141Y7'. The cyclization in equation (142) did have the 
potential of forming a 7-membered ring but took the standard course37B. In a few 

I4 H 
ROOCCSCCOOR 

+ 
o-HZNC,H,SH 

Major product Minor product 

R' nSH CONHR' R ~ ~ ~ c o ~ ~ e  (142) 

examples the fact that cyclizations occur a t  all is perhaps surprising (equations 143 
and Certainly, process (143) is analogous to equation (104) discussed in 
Section 1II.D but the oxidative cyclization in equation (144) is n0ve1~~0. Since both 
fumaric and maleic esters were detected in the product mixture, it appears that 

--+ ArSCR1=CHCOOMe - \ +  
R'CECCOOMe 

FJCC'-CCF, F. 
- 70°C + T U C  ' 



19. Nucleophilic attacks on acetylenes 877 

ArSH 

COOMe ~ ~ s ~ c o o M l  -3 Z-ArSCCOOMe=CHCOOMe 

1 (144) 

COGNle 

MeOOCC=CCOOMe accepts H- from the anion Dictured in equation (144). In- 
cidentally, the reaction goes more sIowly when R is electron-withdrawing (R = CI, 
NO,) and gives benzo[b]thiophene for R = H, Me, C1 (not NO,), when R’ = Me 
and H in R‘OOCC=CCOOR’ 380. 

The formation of thiophenes from conjugated diacetylenes and H,S (or its 
equivalent) is fairly standard1# 5. Cyclization in the skipped diacetylene is also 
becoming familiar (equation 146)”~ 1881 381. 382. 

’ H O A r L O H  
H,S (Me,CH(OH)CEC), 

S 

0 Ph 
\J 

(t-BuCEC),P(O) Ph MeOH NalSy % Jrrk (Ref. 381) (146) 

Thiourea, diphenylthiourea and ammonium dithiocarbamate are often simply 
masked versions of W,S in single (equation 147)383-385 and double additions 
(equation 148)’“s 17*. Although acyclic thiourea intermediates have sometimes been 

+ Z, Z-(NCCH=CR)zS (Ref. 385) (147) RCxCCN. EIOH (b.p.) 

R = Ph, Me, H, 

(MeCfC),CO + (H,N),C=S __f (148) 

noted, they were not ~haracterized”~. It does seem to be possible to capture the 
first adduct of acetylene mono- and dicarboxylic acids and their esters or proceed to 
the thiazine without losing ammonia (equation 149)3851 380. Preformed acetylenic 
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Z-MeOOCCH=CHSC(NH2); CI- 
HC-CCOOMe 

thioamides are, of course, analogous to intermediates in the above reaction and 
might be expected to behave in similar ways: 

S <+ NH,, KOBu-1 Et,O ;t aN41: (Ref .  387b) (151) 
Et,N 

38% 

An interesting example which may also fall into this group is given in equation (152); 
the published mechanism is rather different and more complex38e. 

Dithiocarboxylic acids and related compounds yield both acyclic and cyclic 
adducts. A number of reactions of the type given in equation (153)389, which may 
continue on to tetrathiaful~alenes~~~, have been regarded as cycloadditions. Never- 
theless equation (153) may be initiated, as equations (154)-(156) seem to be, by 
nucleophilic attacks. 

HCECCOOH 
THF 

+ 2GZ HODC<>P(Bu-n), 
(n-Bu),F CS; S 

MeCOCECPh 
53% Ph 

L 

(1 53) 

(Ref .  391) (154) 

(Ref. 392) (155) 

25% 24% 
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EtONa, 45°C /T-- r=- 
(Ref. 393) (1 56) 

77% 

Processes such as equation (157) have been effected in boiling CC14 or xylene; the 
alkyne is usually activated with R and R3 = COOMe or COPh 384-3e7. Although their 

mechanisms could involve initial nucleophilic attack, these reactions have been 
regarded as dipolar cycloadditions and will not be considered further. 

G. Nitrogen 

In their various forms nitrogen nucleophiles probably comprise the largest family 
of reagents in process ( 1 ) l ~  lo* 314. Although C,H, and amines constitute sluggish 
systems, modern practice makes possible the formation of a large array of vinylation 
productss# 314# 415* 416, one of which is given in equation (158)58, lls. Even omitting this 
chemistry, we have had to compress our material considerably. 

92% 

I. Mechanistic data 

Consider reaction (159) which has been studied in depth. With morpholine, the 
process is f m t  order in alkyne and first order in amine in ethanol : A H  * = 9.7 kcal/ 

PhCO C ECPh + R,NH ____* Ph CO CH =C( N R,) Ph (1 59) 

mol and AS* = - 36 e.u. at 20 "C 224. In an aprotic solvent, dioxane, the reaction is 
first order in alkyne but second order in amine: A H *  = 4.0 kcal/mol and AS* = 
- 59 e.u. at 20 "C; the addition of triethylamine retards the reaction and methanol 
increases the rateq1". Specifically, with piperidine in equation (1 59), the effects on 
k ( M - ~  s-l, 30 "C) are: C,Hl, (2.67), C,H, (4.43), f-BuOH (14.4)0°. These observations 
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and the high AS* led Korshunov and coworkers to propose cyclic transition states of 
the type 

These polymolecular forms are presumably most appropriate for the aprotic solvents. 
They illustrate well the notion that polar solvents with high proton availability 
increase the rates of addition. 

The effect of solvent polarity on rates has been delineated for equation (45) in 
which R = H and Nu = c-C2H4N 89. First the specific rate constant increased as the 
aziridine concentration increased, when the solvent was benzene. Then a fair 
proportionality between k and ET, a measure of solvent polarity, was demonstrated. 

Returning to process (159), large variations in the structures of the reactants and 
the solvents indicate that rates of addition also correlate roughly with amine base 
strength. Vereshchagin gives lifetimes (t) for PhCOCECH in n-BuOH with primary 
and secondary amines (p& ~ 4 - 6 )  of 30-700 min, anilines (pKb- 10) of 4000- 
6400 min and Ph,NH (pKb- 13) of S 10' min l14. The quantitative data cover a 
smaller range"'. 418: for eight amines in 95% ethanol (Table 18), Korshunov finds a 
reasonable correlation with steric parameters 

TABLE 18. Addition of amines to PhCOCSCPh 1143 418 

k ( M - ~  s-l) 
at 20.8 "C in EtOH 

k ( M - ~  s-I) 
at 30 "C in C,H, pK,, 

C-C6H,,NH2 
O(CH,CH2)2N H 
(Me,CHCH2CH,),NH 
Et,NH 

(HOCH,CH2),NH 
(CH2=CHCH,),NH 
(Me,CHCH,),NH 

(n-Bu),NH 

c-C~H~NH 

15-4 
5.5 
4.7 
4.23 
4.0 
1-80 
1-72 
1.19 - 

11 -22 
5-36 

10.93 
11.3 
8.88 
9.29 

10.50 

- 

- 

4.43 
0.79 

0.2 1 
0-116 

- 

- 
0.205 

The importance of both electronic and steric factors is borne out by the reactions 
of piperidine in equation (159) at 30 "C in benzene (k, M-' s-l): PhCOCZCPh 
(4-4), PhCOCECBu-n (1.9), PhCOCsCBu-t (0-012), MeCOCSCPh (l.l5)ll4. If the 
steric requirements are made constant, as in a series of anilines in process (159) in 
95% ethanol, the resulting rate data yield a satisfactory Brnnsted plot and Hammett 
correlations: 2.0.93 and p = -(2-12 to 2.18) in the range 20-50 O C 4 l 0 .  Further 
structure-reactivity variations were made with morpholine as nucleophile and 
XC,H,C=CCOC6H,Y as electrophile: in 95% ethanol, the Hammett p = 1.13 to 0.97 
for the X series and 1.42 to 1-20 for the Y series from 20-50 "C 4201 421; in t-BuOH at 
40 "C, these p values are 1.2 and 1.6 respectively"22. Our interpretation of these near- 
equal p-values is that there is considerable (> 50%) delocalization of negative charge 
into the carbonyl centre in the activated complexes of reaction (159). 



19. Nucleophilic attacks on acetylenes 881 

Relative rates of additions to Me,NC=CCOR also indicate an interplay of steric 
and polar effects (equation 45). With aziridine in THF at 37 "C, the relative second 
order rates are k(H) 14.5, k(Me) 1.9 and k(0Me) 1: the trend is consistent with a 
polar effect. It will be recalled, however, that regioselectivity in these ynamines was 
governed by both steric and polar effects (Tables 3-5, see Section II.B,C). Indeed, 
the relative rates for amine additions to Me,NC=CCOOMe are Me,NH (24), 

piperidine (17), MeNH, (8), E N H  (2*2), i-PrNH, (1.5), Et,NH (1) and NH, 
( - 0.1)89.143. 

2. Additions 
Because typical additions have already been treated, we merely point out here that 

Table 19 provides further acyclic products. Likewise, Table 20 catalogues the 
formation of some heterocyclic families. What follows, therefore, are several 
nitrogen examples which are in some sense special. 

Tertiary amines are known to interact with activated alkynes. Presumably a 
zwitterion of the type analogous to 9,lO or 15 forms first'. Although the chemistry of 
such zwitterions from aliphatic amines has not yet been greatly developed, their 
reactions are theoretically interesting and should become synthetically useful. 
Trapping of the zwitterion with H+ or CO, seems straightforward', but occasionally 
the adduct loses the amine so that its mediating role is invisible (equation 160)334. 

E-EtOOCCrCCH= CHCOOEt 

(E-EtOOCCH=CH),O (1 60) 
inert l i t t le H,O 

solvenl 
much H,O ---E E-Et,N C H= C H COO - 

HC-CCOOEt 

+ 
Et,N 

Just as a secondary amine can transfer its proton internally once the zwitterion has 
formed (7), so too can tertiary amines deliver suitable groups. In Table 19 are 
examples of SnR,, GeR, and SbR, making 1,3-shifts from nitrogen analogous to 
those of SPh and SePh in equation (161)Il1. Process (162) is again similar to (161) 

R'O 0 C C =C C 0 0 R +  Me,N X - (1 61 ) Z- R O  0 C C (N M e,) =C XC 0 0 R 

X = SePh, SPh 

in that the tertiary nitrogen initiates the addition and a group attached to it 'departs', 
breaking the aziridine ringdz3. A related (vinylogous) example is found in equation 
(1 63)'24. 

N-Et PhH P h C O Y  COPh (1 62) 

Me<AH f 2hCOCECCOPh N 
Et' '"&Me 

RC H,C R3=NN HMe 

R'CE c RL 

xylene + b.p. 

(163) 
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889 19. Nucleophilic attacks on acetylenes 

The reactions of tertiary imino nitrogen and activated alkynes (equation 164) have 
received a great deal of attention’* ’* lo. Again there are possibilities in the zwitterion 

Y 

for internal, e.g. at Q, or external attacks. These are implicit in several syntheses in 
Table 20 of pyridines, quinolizines, indolizines, pyrimidines, etc. and are illustrated 
in equations 165-167. A variety of bicyclic heterocyclics have been prepared from a 

\ /  
N 

Me,C=NN Me, I + COOMe KJ COOMe MeOOC 
COOMe 

+ 
MeOOCC ECCOOMe 

\ /  
N 

+ ~ ‘ ~ c ~ o ~ e  

COOMe 

(Ref. 425) (165) 

- MeCN (QN=+CHPh f 
r.t. COOMe ,O + 

(Ref. 426) (166) MeOOCCGCCOOMe COOMe 

+ I..._ 

COOMe 
2MeoOCC-CCOOMe 

/ \H+, CH,OH COOMe 
L 

COOMe COOMe /her COOMe 
COOMe 

COOMe 

H‘, (0) h + \ N /  W C O O M e  

COOMe 
OOMe H+\ 

‘ ’ COOMe 
H COOMe COOMe do (Ref. 21) (167) 

COOMe ) 

kOOMe 

1,3-binucleophile of the type in equation (168)427-430. It appears that either the primary 
or nuclear (possibly tertiary) nitrogen may attack the triple bond. Similar reactions of 
3-arnino-s-triazo1e4*B, 5-arninotetrazole429, 1-arninoisoq~inoline~~~, etc. are given in 
Table 20. 

The sensitivity of the zwitterion in these reactions is seen in equation (169) in 
which the favoured product depends on the medium: in anhydrous methanol a yield 
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38% 50% 

(1 69) a -  COOMe 

MeOOC ‘ COOMe 

MeOOCC=CCOOMe 
MeOOC 

-0 C C =C COO Me 

COOMe 

COOMe 
___j 

of 5% of the tricyclic (upper path) and 0% of the bicyclic (lower path) product are 
obtained; in water/methanol 1/6, 0% of the tricyclic and 85% of the bicyclic product 
are obtained431. 

Ylids form an interesting group. Beginning with diverse ‘imido-onium’ sites, their 

\+ - \+ - \ +  - \+ - 
-N-N, 0 -P-N, 0 7As-N. / S-N, 

anionic nitrogen may initiate several reaction sequences. The ylid of equation (170) 
is one of a family of heterocyclics which adds simply to an alkyne (Table 19)432. O n  

Ph PPh,+ 
Ph -N 

F , N  + HC=CCooEt (1) (2) ElOH, H,O, b.p. b.p. Ph,PO + 73% IN‘NCH=CHCOOEt / 

CiS (1 73) 
N-N 

the other hand, minor ‘adjustments’ may follow initial attack, providing a x system is 
accessible. These include loss of a stable molecule, Ph,S in equation (171)433, proton 
(group) transfer (equation 1 72)435 or rearrangement (equation 173)435438. With 
activated alkynes the sulphonium imidoylides yield 1,2-adducts first, which in turn 

+ -  
Ph2S-NH + 

__+ [ p h c o ~  ] - p h ~ S ~ h C o ~ p h  (171) 

N - 0  +,N-O/ Ph 
Ph,S P hCOCGCCOP h 



a +Y COOMe 

“N A C O O E t  

+ (175) 
HCECCOOEt 

COOEt 

Jcx 
9 
-N &coo M e 

@NA,oo,e 

In Section 1II.E we noted that alkynes may be attacked by hydroxylamines at 
oxygen or nitrogen and illustrated nitrone formation in equation (111). The possi- 
bility of rearrangement of the nitrogen and oxygen products was also indicated. 
Here we give an exampIe of the former (equation 176)442. By comparison, isoxazole 
formation from keto alkynes is routine (equation 177)343. 
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COOMe 

0 - N  
P h U C M  e,O H (1 77) 

95% EtOH PhCOCfCC(Me,)OH + H,NOH b.p. 

The notion of activating a reagent before reaction and removing the activating 
group later has received little attention in respect to equation (1). Barring fairly 
drastic surgery, the product is usually saddled with its activating group (RCO, 
ROCO, NO2, RS02, etc.). Therefore, some novel exceptions should be noted: in 
equations (178)-(180), the removal of the activating groups is either spontaneous or 

+ RCECCN -MeCN O* a N P R  (Ref. 368) (178) 
XH X 

+ PhCGCPPh+Br- X - =  NH, 0, S 
- Ph,PMe + Br-' 

X H  X (Ref. 147) (179) 

N=N 
OH- * I ,FPh (Ref. 432) (180) 

readily effected from the first product. This synthetic principle of actiuate-react- 
renioue is a familiar notion in molecular cycloadditions and others which are or may 
be 1 ,3-dipoIarZ5, e.g. equations (7) and (1 8 1)443. 

NaN, 
PhCECPPh'Br- m* 

HN- 

(Et 0), POC G C  Me 
( Et Oh P 0CN 

(1 81 1 + -co,* 
Me - 0 

p & h  / 

0--N_ 

H. Carbon 

Carbanions (C-) do not react readily with unactivated alkynes. Thus most 
carbanionic or carbon acid (CH) additions possess some facilitating feature, be it an 
activating substituent, solvent, coordination site, catalyst, etc'. Among all of the 
nucleophilic sites, carbon provides the greatest mechanistic variety. Inevitably, this 
often takes one to an ill-defined border region between unequivocal additions 
according to equation (1) and distinctly non-nucleophilic additions. Our plan is to 
treat carbon acids and organometallics, then pick up methylides and dipolar species, 
in all cases continuing as long as the carbanionic character appears to dominate the 
reagent which attacks the alkyne. 
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We note again that allenic species frequently intrude in this chemistry. Abstrac- 
tion of the propargylic proton, e.g. BuLi+R'C=CCH,0R5'3, or attacks on a 
conjugated enyne or diyne, e.g. EtCaX+ KC=C-CH=CH2 544, which lead to  tbe 
anion of equation (182), will be excluded. In one  of our examples (equation 183), 

\ NU- -Y-  \ / 
/ C(Y)-CEC- I> /C=C=CNu -t Y- 

c-c=c- - 1- \ 

/ 

L [/ \ . . . . .. .. . . . . . . . . . c=c-c=c- 

S- 

M~C-CCH,' (Me, C D CS:C H= C= C D Me) 

the path of deuterium from reactant to medium t o  product precludes the propargyl 
anion as an intermediate393. Othcrwise, attacks on the triple bond which produce 
allenes (SN') will usually be omitted. 

Anions from the stronger carbon acids are accessible and give expected products 
(see Table 22, p. 897). Invariably, the alkyne carries an activating substituent. Cyclic 
products form when possible (the additions of the azallyl anions of equation (184) 

Ph 1. .\ Ph - 
Ph Ph 

\ I  

* p h a  (184) 

H 

Ph--I(N&ph Li'PhCHNCHPh Ph,CNCH,Li + 

P h C r C P h  ' 73% 43% 
Ph H 

are perhaps better regarded as cyc1oadditions"'j). There are 2 fair number of examples 
in which a second molc of alkync behaves as a coelectrophile (equation 185)546. Some 

R'CH,COR 

+ 
PHC-CCOOEt 

NaH 
(CHI 0 Me): 

COOEt 
R' = 1-H,C,N,, R = Ph; R' = Ph, R = H or Ph 

of these 'typical' features are indicated in the syntheses of heterocyclics in equations 
(186)547 and (187)548, although such examples often involve enamine or amine 
attacks (see below). With respect to regioclosure, the absencc of a cyclohexadienone 
product in equation (1 88) indicates that exo-dig has won over endo-dig 179. 

This preference is confirmed in the base-catalysed cyclizations of equation (69) and 
of HC=C(CH,),CH(COOEt), G.lo; on the other hand, the exo-dig to endo-dig ratio 
is 1/1.4 in equation (189)5.10. 

Carbon nucleophiles from organometallics containing Li, Mg, Ca, Zn and Cu are 
undoubtedly delivered from associated species. By writing them as  RLi, RMgX, etc. 
we are, of course, indicating the simplest of the associated forms which might 
better be represented as R,Li,.(solvent),, etc. In some cases, a t  least, there is no 

31 
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Me 

MeOOC 

COOMe 
W C O O M e  

MeOOC COOMe 
-1 (186) 

Y 
MeOOC 

HCeCCOOMe, I& (CH=CHCOOMe), 1 

COOMe 
0 

2% 

(RC=C),CO + - &y + R + R  COOEt (188) 

Y 
R = Ph; Y = COMe 

Na+CH(COO Et)Y - R C r C  0 0 
R = Me, n-Bu; Y = COOEt 
R = Me, Y = CN 
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question that an anionic intermediate has been produced, e.g. equation (1 90). The 
added amine in equation (190) may promote the reaction by coordinating Li and 

hexane 1 
t-BuLi k phCD=C(Ph)Bu-f + PhC~cPh( l .79D in ring) 

E/Z = 74/12 14% 

thereby reduce the size of polymeric aggregates and/or ‘liberate’ the carbanion108. A 
similar role may be assigned to a site within the alkyne molecule, as in equation 
(191)550. It must be admitted that all of these are ad hoc rationalizations: confronted 

Ph Bu-t~ 

0 

COY// 
77% 

Li.. .o- 
PhCECCH,OH Et,O, --3O’C , f h c  

(MC~NCH,), + 
n-BuLi 

2.5 equiv. ~ - B u  

H X  

E-PhCH=C(CH,OH)Bu-n 

with a ‘new’ complex in equation (192), one might be hard pressed to predict the 
syn specificity of the first (Grignard) product and its probable fate in the work-upSs1. 

P hCZCP h 
(Ph,P),N iCI 

I 

Ei,O. b.p. T 

h4; ‘I 
100% 

Me f.4 gB r 

Ph 
PhH PhCMe=CDPh + PhCHDCPh=CH, W P h  

Z / E  = 51/17 32% (1 92) 
DzO 

r, 
MgBr 

I t  has been pointed out in connection with 4-6 that selectivities are variable. 
Organolithiums appear to favour syn addition, e.g. equation (190); when internal 
coordination is available, e.g. equation (191), the anti adducts are preferred. The 
latter effect appears to prevail for Grignard reagents too (see Table 22, equation 
193)11095521653. That is, an intermediate such as that pictured in equation (191) is 

MeC‘-CCH,CH,OH 

(1 93) 

Me H + M\e_/CHzCHzoH R H  
Me R 

43% 10% 2% 
R = CH,=CHCH, 
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formed and is ‘held’ until it is destroyed by acid, e.g. D,O. When the binding site is 
moved one atom further from the triple bond, the anfi preference applies, although 
the reaction does become selective rather than r e g i o s p e c i f i ~ ~ ~ ~ .  

Organozincs have been added to a variety of alkynes (Table 21 and 22). Terminal 
alkynes tend to  give branched mono- and diadducts (equation 194)G54, although 
‘linear’ products are not excluded (equations 195 and 196)6660 6s8. The special 

CH,=C(CH,OH)R + CH,C(CH,OH)R, (194) 
20 “C, 3h HC=CCH,OH RZnBr * 

(R = allyl) 74% 4% 

HCECCH,R 
+ 

3 B rZ n C (M e)( C 00 Et), 

- Ha0 , / C C c O O E t  + R y C O O E t  (195) 
R COOEt COOEt 

RCEC(CH,).NEt, + 
3C H,= C H C HJn Br 

THF r.t. > / $ ,(CH,)” + ‘ p ( C H 2 I n  I ‘ N(Et)z  

(W, ‘branched’ 

(196) 

‘linear’ 

character of the terminal alkynes is seen in the regioselective products of process (196) 
given in Table 21. Trapping evidence indicates that the terminal alkyne actually 
forms the intermediate (BrZn)2C=C(CH2CH=CH2)CH2N(Et)2, when R‘ = H in 

TABLE 21. Products of addition of H,C=CH,CH,ZnBr to alkynes RC=C(CH,).NEt, 
in tetrahydrofuran at reflux temperaturc according to equation (196)%O 

R‘ 
Time 

n (h) Yield ‘Linear’ (%) ‘Branched’ (A) 
H 
H 
H 
H 
Me 
Me 
Me 
Me 

1 23 
2 23 
3 46 
4 46 
1 96 
2 23 
3 46 
4 46 

70 
60 
16 
25 
trace 
65 
25 
trace 

0 100 
0 100 

28 72 
0 100 

100 0 
100 0 

- - 

- - 

BuCECH 
THF 

-k 3 h (b.p.1’ 
P R Z n B r  

/ 
R Z n  / 

1 
5 

R----Zn 

Fi 

-zn : R or -=- 
. .  

R-Zn- 

~ ~~ ~~ 

equation (196)65G. (It would be simple to  check for mono- and dizinc intermediates in 
equation 197554.) Surprisingly, these additions are facile not only with many a- and 

BuCR,Me + BuCR =CH, + 
BuCR’=CH, 

R = MeCH=CHCH2- 

8% 23% 

(1 97) 34% 
d 

R‘ = IvleCH-CH=CH, 
I 
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p-acetylenic alcohols, ethers and amines but  also with a l k y l a ~ e t y l e n e s ~ ~ ~ .  With 
suitable reagents ring syntheses become possible, e.g. equation (1 98)856* 557. 

MeCHOHC=CH 

-1- + 
3 Et 00 C C (C N )Me ( Z n B r ) 

Although the mechanism of organozinc additions has been considered, only its 
coarse features are as yet apparent. As is the casc with Grignards, e.g. 6,  we believe 
that a strong electrophilic component is present-this seems to  be particularly im- 
portant with compounds such as I-hexyne in which the qualitative rates of addition 
of one or two organozincs are roughly similar (equation 197)55.*. 560.  It  is (I propos to 
mention that zinc (cadmium, mercury) salts promote additions t o  alkynes and that 
organolithiums and -magnesiums do  not add easily to  simple alkenes'. Stereo- 
chemical studies in the additions of equation (199) yield convergcnt products, a result 

/ / 
n = 2 '  H,C=C=CH(CH,),N\ 

\ 
n =2,3 

/ (199) 

1 
H,C=CHCH,ZnBr + MeC=C(CH,),N 

/ 

Me\_/(CHz)"N\ 

H,C=C H-CHz (C Hz In N, 
+ 

H,C=CHCH, H 
>=( 

Me H 

33% 67% 

which is consistent with equilibrium control of precursors to the products. Whether 
this involves final adducts containing ZnBr or 'first' complexes which lead to  inter- 
or intramolecular attacks, that is, 22 us. 23, has not been clarified556. 

In  the past few years, organocoppers have probably become the most useful of the 
organometallics with respect to addition to a l k y n e ~ ~ ~ ~ .  869. They include compounds 
which are insolublc (RCu),, or soluble (R,CuLi),,, (RCuMgX,), and which have 
been used in small (catalytic) or large (>equivalent) amounts in the presence of 
potential copper ligands such a s  CI-, Br-, P(OR),, etc. Understandably, these 
reagents cover a fair range of reactivity and selectivity: additions are usually pre- 
dominantly syn and the acetylene substitucnts may be H, alkyl, aryl, COOH, COOR, 
CONH2, SR, SOR", S02R", CH(OR)2, CH,OR, PRs. 
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The conjugate additions of organocoppers to a,P-unsaturated carbonyl com- 
pounds, among them alkynes, have been r e v i c ~ e d ~ 5 ~ .  These generally show a syrz 
preference and are  directed in the Michael sense (equation 20O)jG0. Similar alkyl 

MeCECCOOMe 
THF 

COOME 
\ /  

(1) (2) n-BuCu sec-BuOH " T C O O M e  

R (3) MeOH ' (200) 
I 

t 
-10 'C' 

C H2=C H C u C L  

additions take place with terminal alkynes, e.g. equation (201)jG1; here too coupling 
reactions may become important competing processes (equation 202)jG'. 5G3. One of 

(201 1 
Et20, Mxnr, 

n-BuC=CH+n-BuCu -15"c > (n-Bu),C=CH, 

85% 

PhCGCH 

+ 
MeCu 

Et,O, 0 :c -I 
L 

L Me 2 

10% 

the more complex cases is given in equation (203) where the kinds of products from 
addition, coupling and disproportionation depend on the solvent composition 
( ~ e n t a n e - e t h e r ) ~ ~ ~ .  

B u,C u Li 

PhC-C(CH,),Bu f PhC-C(CH,),H -t PhC"-C(CH,),CH=CH, 
-1% - 5% - 3% 

I t  must be emphasized that the conditions for carrying out organocoppcr additions 
must be optimized for the alkynes involvcd. The yiclds and selectivities in process 
(201), for example, depend cn  the  presence of MgX,; other variables such as solvent, 
added ligands, temperature and structure of both major reagcnts have been 
examinedsG1. Although these conditions can be manipuiated SO that the addition 
may be followed by further couplings of the organocoppcr, as in eqi iat io i i  (204), 
these often become competitive with additions (equations 202, 205 and 206)5G5. 

Et 

B u C r C H  + EtCu-MgBr, o,,lo .c 
Et 

75% 

Bu 
(2C.l) 
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Br 

Br,Mg,Cu 

+-OMe -15 BuCu, ‘C, Et,O/C,H,, MgBr, < + ” !  (206) 

OMe OMe 
25% 27% 

The mechanism(s) of organocopper reactions are by no means settledE5~ s591 5GE. 

The exchange of equation (207) has been discussed as an oxidative addition followed 

Liz Cu, M e,+ M eI  - Li,Cu Me,I+ C,H, (207) 

by a reductive eliminationsEs8. Basically different mechanisms, namely, nucleophile us. 
electron transfer, have been considered for additions of LiCuR, to unsaturated 
carbonyl compoundsG5. In our view, it is not at all certain that a single term applies to 
the copper reagents or indeed whether such a label is even useful. However they are 
represented, e.g. RCu, R,CuLi, etc., the structures of the organocoppers are probably 
polymeric, e.g. tetramers or higherss8. Structural evidence for R4Cu2Li, in solution 
has been considered to favour an almost planar (24) over a tetrahedral (25) metal 
skeletonss6”. As a class, the ethynylcoppers are particularly interesting in that X-ray 

I 
c 

Li-R-Cu 
I I 
R R - c=c 4 u.. . I l l  

C 
I 

I I 
Cu-R-Li 

(26) 
Li-R 

(24) (25) 

and i.r. spectroscopic data indicate that the copper atom interacts (coordinates) with 
the triple bonds of other monomeric units (2QSs8. If analogous coordination occurs 
in the additionsE1, one would like to know whether CU(I) is an electron donor, or 
acceptor or both in the activated complex. 

Organocopper reactions can be highly stereoselective both with respect to the 
configuration of R (from R C U ) ~ ~ ~  and the substrate, be it alkyne or diene (equation 
200). On this basis, we excludefree anions, radicals or cations during the addition. 
[Our chief concern here is with addition ; coupling mechanisms which may complete 
several processes such as equation (204) will not be considered.] Now, Me,CuLi 
appears to be less basic (towards toluene) and less nucleophilic than MeLi (towards 
RCOR ’)s59. On the other hand, the mixed organometallics, Me,CuLi or Me,CuMgX, 
usually add much more cleanly and rapidly than organolithiums and -magnesiums 
add to triple bonds. While organocoppers and alkynes usually yield adducts of the 
‘correct’ rcgioselectivity for nucleophiles and electrophiles-this perhaps justifies our 
inclusion of these reactions--the details and timing of the transfer are not clear. 



19. Nucleophilic attacks on acetylenes 903 
Within the polymer aggregate these may be electrophilic attack (* is + in 27), 
oxidative addition (* is - in 27), nucleophilic attack (* is - in 28), 1,2-cyclo- 
addition (29, 30) and for dienes, 1,Ccycloaddition (31), etc. 

5=C I I I  C=$ C=C . .  -cU...-R I \ .:,. * 
Li - &. . . R -CUR -CUR 

I I I 
(29) (30) (31 1 (27) (28) 

We have implied that the high syn selectivity in alkynes requires relatively tight 
association or bonding from beginning to end, whether the participants are covalent, 
ion pair, radicaloid, etc. By ‘participants’ we mean the four reaction centres pictured 
in 27 to 30. Other ligands to copper, e.g. Br or (EtO),P, may be labile and are 
effectively replaced by the triple bond as the addition occurs5eGb. At higher tempera- 
tures, when syn selectivity often decreaseP’, one would have to allow the copper 
adduct to dissociate, isomerize and recombine. 

Ylids of various types, e.g. FN-C,, YP-C,, ,S-C , etc., may also provide 
anionic carbon. Mechanistically these may be simple versions of equation (1) 
(equations 208-210). 

\ +  -/ \ +  -/ \+ -/ 

\ 

4- 

+ y e2 BF,- (Ref. 568) (208) 

PhC-CSMef BF,- 

+ 
Et,S + 

Et &HCN CN 

EtOOCC=CCOOEt (Ref. 569) (209) 

PhCGCCOOEt 

(Ref. 570) (21 0) 
~ D,O PhC=CHCOOEt + I +  + -CD- S (0) Me, 

Me,S(O)-CH, 

In equation (21 I), we see the potential choice (or ambiguity) between addition as in 
equation (1) and cycloadditions71. While one cannot regard a cyclic product as a 
proof of cycloaddition, one might, for purposes of convenience or simplicity and the 

MeCN 

o d -  E (C N ) C 0 0 E t 

+ + 
MeOOCC GCCOOMe 

CN COOEt 

’ N ‘ COOMe 

G b C O O M e  1 
t -  

C,H,N-C(CN)C(COOMe)=C(COOMe)COOEt 
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absence of other evidence, adopt this criterion. We ' have included several cyclic 
products in equations (212)-(215) and in Table 22 to emphasize the point that there 

H,CCI,/MeC N + Me00CC-CCOOMe 

MeOOC COOMe MeOOC COOMe MeOOC 
60% 3% 2% 

~J.---coPh (Ref. 573) 
C i - C H C O P h  HC-CCOOEt - 

Me ' 6OOEt 
"-!I 
/ 

Me 

qi- c(C N)C 00 Me 

(Ref. 574) 

COOMe Me00CC-CCOOMe 

MeOOC 

N--C(COOEt), + 
II Me,NCOH (r.1.) ' N 

MeOOCC=CCOOMe $? COOMe Et 

N /  (Ref. 426) 0 COOMe 

is a mechanistic issue here which is usually unsettled. On the other hand, it must be 
conceded that there is compelling evidence that certain zwitterions, e.g. 32-36, are 

dipolarophiles which normally enter into cycloadditions with simultaneous cyclo- 
elimination of a stable molecule such as COz, COS, PhNCO, e t ~ . , ~ ~ ~ - ~ ~ ~  e.g. 
equalion (21 6). 

CI 
COOMe 

P h C H2N\\ N-0  -co, ' PhC';j,N/iCOOMe 
(Ref. 581) (216) + T o -  MeOOCC=CCOOMe 
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Enamines, enol ethers and related compounds again encompass one-site nucleo- 
philes and two-site dipolarophiles. Where the adducts are acyclic or where a co- 
clectrophile is invoivcd these appear to be examples of equation (1). In equations 
(217)-(219), the paths to the major products seem straightforward. While a competing 

COOMe 
E - f -  E uN= C HOM e 

Me00CC-CCOOMe 

\ COOMe 

50% t-Eu-N COOMe 
+ ---+ (Ref. 582) (217) 

COOMe 

MeOOC 

COOMe 
HC-COOMe 

(Refs. 583, 548) (218) 
MeOOCCH, 

COOMe 

COOMe 

MeoocQ COOMe 

COOMe 

or 
+ Me0 

17Y/ (Ref. 584) (219) 
CCOOMe 
I l l  
CCOOMe 

COOMe 

P O O M e  COOMe 

COOMe 

Me0 0 Me0 0 

I2+2] cycloaddition had to be considered in equation (219), this appears to be the 
major path in equations (220) and (221). Process (222) may be initiated by nucleo- 
philic attack to give the first product which undergoes a further cy~loadditionl~. It is 
probable, therefore, that there will be examples in which one or both mechanisms are 
present without, however, allowing one to choose between them, e.g. equation 
(223)587. 

At first glance, reaction (224) seems to be similar to the enol ether additionssBB, 
although one could well have expected oxygen transfer processes, e.g. equation (1 10) 
or (126) to take precedence. That is, the crp-product of cycloaddition or the cor- 
responding acyclic zwitterion is unexpected, but each is readily related to the final 



906 5. 1. Dickstein and S. I. Miller 

-I- MeOOCCGCCOOMe 

Y = NMe,, PhH, -15 ' C  or Y = OMe, PhMe. b.p. 

COOMe 

Y = N M e  

Y 

MeOOC I-' COOMe 

m N c 5 H 1 0 - c  N Q 

(Ref.585) (220) OQ- COOMe 

COOMe Me,N 

c-C,H ,,N 

COMe I --+ QCOMe + qcooMe 
(Ref. 586) (221) + c-C,HioN 

COMe HC=CCOOMe MeOOC - 
26% 68% 

-+=-NO, +,o- CNO 

i ___, 
CONMe, -+ =- N M e2 

30 "C ' + 
Me00CC-CCOOMe MeOOC COOMe 

32% 

COOMe COCMe COOMe 

m R  not mR 
4 Pa 

(R = COOMe, COMe, OEt, CH,CI) 

1% (223) 

product. The more plausible pa-cycloadduct or its acyclic isomers are not easily 
related to the isolated product. We regard the mechanism of (224) as a curious 
unsettled matter. 

Although isonitriles (and CO) are electron donors both as bases and nucleophiles, 
these properties are more in evidence in transition metal than in organic reactions. 
Admittedly, isonitriles often react as carbenes; but there are  additions to activated 
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alkynes in which the most plausible beginning is with RNC as a nucleophile, 
e.g. equations (225)-(227)s88. Several groups have postulated that the betaine, 

-N=C-C=C-, forms and that attacks by elecrrophiles, nucleophiles, dipolaro- 
philes, etc. then follow. Clearly, the ensuing possibilities are numerous and they are 
often complex as has been demonstrated in the l i t e r a t ~ r e ~ ~ ~ - ~ ~ ~ .  

+ I  

OEt CF, 

+ PhNC= C(CF,)CH(CF,)OEt (Ref. 590) (225) 
P h , N V  

F,CCrCCF, 

+ EtOH 

PhNC c F3 28% 
52% 

2,6- Me,C,H,N C MeOOC COOMe 

Me00CC-CCOOMe + + MeOOC V C O O M e  
N 

Ar  

COOMe 

+ 
COOMe 

Ar 
(Ref. 5911 (226) . .  

COOMe 

t-BuNC 

(Ref. 592) (227) 

1-BUNC 
+ ----+ 

M e 0 0  C C r  C COO Me 
COOMe 

1. Miscellaneous Nucleophiles 

Because there are fewer of them we have collected all the remaining nucleophiles in 
Table 23. These turn out to be ‘heavy’ atoms. Normally, these elements have widely 
different chemistries. It is interesting that their hydrides, or the anions formed from 
them, i.e. Et,GeLi, Et,SnNa, [C,H,Fe(CO),]Na, RSe-, RTe-, R2P-, (RO)?PO-, 
HMn(CO),, HRh(CO)(PPh,), and Me,AsH behave conventionally: a 1 : 1 adduct 
forms (equations 228-233) and, if the possibility exists, ring closure may follow 

PhC=CH PhCH=CHGeEt, 

(Ref. 624) (228) PhH + 
Et,GeLi EtaG+ Et,GeC(Ph)=CHGeEt, 

x - 0  
H,C=C(OEt)SnEt, + Et,SnCGCOEt 

Z-Et,SnCH=CH.SEt 
(Refs. 625 and 626) (229) 

HCECXEt 

+ 
Et,SnNa x - s  

x rn s x  Na,X, MeOH 
R = I-Bu, X = S, Se, Te 

a 

’ (Ref. 382) 

S / - 7 P h  (Ref. 627) 
PhXHt, NH,LiNH, 

u X = A s ,  P 
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H,C=C(OEt )PO(OMe), 

Z-(MeO),P(O)CH=C!-IS3 

x -7 0 

(Refs. 133 and 139) (231) Mc HC’-CXEt + (h‘leO),PO- 

THF HC=CCF, + Re(CO),- --+ Z-(CO),ReCH=CHCF, (Ref. 30) (232) 

HRh(CO)(PPh,), 
+ t 

ether tr.t.) 
Rh(CO)(DPh,)i ether (r,l,) 

R .- CF, ‘R --: Ph,  COOR’ 
RCGCR (Ref. 628) (233). 

“M 
H R  

HHRhCO( P PI),) 

F,C CF, 

(equation 230)’. The mechanisms of addition of neutral hydride rather than anion, 
as in the exaniples of As, Mn and Rh, are, in fact, not obvious. While anti selectivity 
is indicative, kinetic and D-labelling studies (3) in the case of Me,AsH provide strong 
support for process ( l ) I o 7 .  Examples of ‘normal’ regio- and arifi-selectivity are found 
in equations (229) and (23 1 ) 6 2 5 p  626. The ‘undesired’ acetylenic product in equation 
(229) probably results from a competing one-electron transfer, since Et,Sn, is a 
coproduct. 

Our remaining discussion is concerned chiefly with tertiary phosphorus and 
similar nucleophiles. Although the products are often complex-1 : 1, 2 : 1 ,  1 : 2, 
2 : 2 and 3 : 2 adducts have been foundZ7-we believe that the initial steps are 
straightforward. Evidently an ylid (+V-) forms readily as in equation (234)G29* G30. 

RJP< , R2 
R’CrCR? + R,P + ,c=c 

R’ 
(+V- )  

(234) 

The reactive ylid may then undergo electrophilic (Hf, Hg2+, C02 ,  RC=CR‘) or 
nucleophilic [R,P, (R0)3P, RO-] attack and/or rearrangement (equation 235). Note 
the amazing variety of products which arise in equations (235-240) from formally 
similar ylids. 

(i-PrO),P(O)C(OMe)=C(Me)HgCI (235) 
+ IKUCI~ 

[(i- P rO),P C (0 Me) = C M e- ] 

[P h,fpC(P h) =ECOPh] 

Trr > 

I320 

(Ref. 631) 

> PhCH=CHCOPh (236) 
(Refs. 632 and 629) 

UeOH 
[ P h,P + C (C 0 0 Me) =c C 0 0 Me] -*-+ P h,P =C( C 0 0 Me) C H (0 M e )  C 0 0 M e  (237) 

(Ref. 630) 
+ 

(238) 
C‘H3CX [Bu,P+C(Ph)=C=PPh,, Br-1 l(u,p i 3ujPC(Ph)=CHPBu;, 2Br- 

(Ref. 30) 

+ ( >k0)31’ 
[ (bl e 0), P C (C 0 0 Me) = C 0 0 M el ____ - [ (M eO), P (0) (M eO 0 C) M e C12 

(239) 
(Ref. 27) 
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(240) 
-4. (HOCHzh Ph,PCH=CC,H,NOz-4 7 PhzP(0)PhCHCHzC,H,NOz-4 

(Ref. 633) 

The reactions of the initial ylid vary depending on the stability of the product(s) 
and the coreactants-compare equation (237) with equation (241)'. 27* 630. If a 

(Ph,P=CCOOMe+, 

(241) 

Z- P h C H = C (0 Me) C 00 Me 

+ 
Ph,PCR=CCOOMe 

complex structure is produced and then identified-the latter seems to be the most 
challenging problem-one can usually provide a mechanism for its formation. The 
paths to (37)-(39), for example, seem simple enoughz7# 634. In equation (242) we give 

MeOOC COOMe MeOOC COOMe 

Ph,P OMe MeOOC 
/ \  

Ph Ph 

(39) 

0 
(38) 

R 
(37) R = CN 

Ph COOMe 

p h a p h  MeOOCC=CCOOM( 

P 
I 

Ph 

COOMe 

(242) 
COOMe 

the structure of a 1 : 2 adduct which was proposed by the second research group to 
study the reaction635. Since it is complex, it would be reassuring to have an X-ray 
detcrmination to validate this ipteresting structure. 

IV. NUCLEOPHILIC SUBSTITUTIONS 

A. Introduction 

Nucleophilic substitution reactions with aliphaticGa4, c a r b ~ n y l ~ ~ ~ ,  aromatic64o and 
v i n y l i ~ ~ ~ ~  substrates were well developed, before a single example of process (2) was 
observed. This latc beginning with the most unsaturated centre, acetylenic carbon, 
was by no means due to a lack of effort. For about sevcnty years after the first 
recorded failure in 1892648, attempts to find an acetylenic substitution product were 
generally unsuccessful4. l 6 O ,  G p g .  The resistance to substitution at an acetylenic carbon 
appeared to be demonstrated in a study of relative reactivities of various organic 
chlorides towards sodium iodide in absolute acetone at 60 "C: PhCOCHzCl (1 x lo5), 
PhC=CCH,Cl (780), PhCOCl (700), n-BuC1 (1 .O), PhCECCI (0)050. Nevertheless, if 
one allows an organometallic reagent to be the 'nucleophile', then Ott must be 
credited with the first example of equation (2)G51: 

CIC=CCI+Na+-CEt(COOEt), ___+ CIC=CCEt(COOEt), (243) 
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In 1962 several groups published successful syntheses with conventional nucleo- 
philes652-GS7, e.g. equation (244)'jS2. Surprisingly, a haloalkyne could be more reactive 

than a haloalkane: with p-C7H,S- in D M F  at -25 "C, k(PhC=CCl)/k(tz-BuCl) 1: 

60 c27. To date, process (2) has been used to prepare either for the first time or most 
directly several important acetylenic families, e.g. ynamines13, ethersoSB, thioethersGs9, 
phosphonium 

If controversy over the mechanism of a reaction may be taken as  a measure of its 
importance, then process (2) has attained considerable status. In this section we shall 
consider the mechanistic data and proposals and synthetic facts of process (2). 
Since the latter subject was last reviewed in 196g4, our  emphasis will be on the more 
recent synthetic findings. We shall give a more detailed description of the mechanistic 
aspects of process (2) than the brief account published in 19763. 

G54, phosphinesGS3 and p h o s p h i t e ~ ~ ~ ~ ~  665*  eGo. 

B. Kinetics and Mechanism 

1. Rate data 

A listing of alkyne-nucleophile systems whose substitution kinetics have been 
studicd is given in Table 24 for each of these systems. Rate constants and enthalpies 
and entropies of activation, if available, are tabulated. In order to compare the 
reactivity of haloalkynes with other organic halides we have also included in Table 24 
related rate data for vinylic, aromatic and alkyl halides. 

Several features of this table stand out. All of the acetylenic systems exhibit second- 
order kinetics, first order in nucleophile and first order in haloalkyne. When a 
haloalkyne is couplcd with a neutral nucleophile, a large negativc value for AS* is 
observed. This is consistent with other molecule-molecule reactions in which ions 
are Among comparable halounsaturates, the reactivity order is alkynyl S- 
alkenyl> aryl. Only when the vinyl and aryl halides are substituted with strongly 
activating groups can they match the reactivity of unsubstituted alkynyl halides. In 
some instances, the reactivity of a haloacetylene is even greater than a haloalkane. 
Certainly, these data should dispel any impression that 1-halo-] -alkynes need be 
inert towards nucleophilic substitution. 

We shall also use element effects (Table 25)  and p-values (Table 26) as diagnostic 
probes for mechanism. Here, too, we have compiled data for other organic series so 
that comparisons can be made between these systems and haloalkynes. More 
specific use of the data in Tables 24-26 togcther with regioselectivity material in 
Section 1I.C.l.d and Table 6 will be made in the following section. 

2. Mechanisms 

Of the sevcn mcchanisms to be mentioncd for process (2), we can evaluate three in 
fair dctail. Two others are  admittedly hypothetical. Only recently recognized, the last 
two are probably widely applicablc but still poorly characterized. 

a. Carbatlion ititcrtnedinres. In Scction 1I.C. 1 .d we cited evidence for nucleophilic 
attack o n  RC=CX at X, C, and C,g (see 13). By considcring one or other of these 
centres as thc principal site of attack, three different groups proposed three different 
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TABLE 26. Hammett p-values for nucleophilic attack on alkynes and related unsaturated 
halides 

Temp. Site of 
Reaction Solvent ("C) p attacko Reference 

m,p-YC,H,C=CBr + C,H,S- MeOH 26 1.15 Br 155 
p-YCoH4C=CBr+ t-C,H,S- MeOH 26 1-25 Br 155 
p-YC6H4C=CBr +p-C,H,S- DMF - 25 3.9 c, 164 
p-Y C6 H4Cr  CCI 3- p-cH,S-  DMF - 25 3.4 c, 164 
(p-YC6H4),C=CHX * + p-C,H,S- D M F  24 2.2c c, 680,68 1 
p-Y(2-OsNC6HJCI + C6HsS- MeOH 35 5.1 c, 682 

p-YC6H4C=CBr+ (C,Hs0)3P THF 25 -2.0 Br, C, 159 
p-YC,H,C=CT+ OH- MeOH/H,O 1/4 25 0.77 T 683 
p-YC6H4C=CH+OH-+BrO- H 2 0  25 0.76 H 1 74 
(p-YCeH4),C=CHXd + C,M,O- EtOH 50 2.1c c, 668 
p-Y(2-0,NC6H3)Xd i- C5HloNH Various 25 >4 C, 646 

~ -YC~HQC"CC~+ (C,HsO),P THF 25 -2.3 C, I59 

a C, refers to the carbon containing the halogen. 
* X = F, C1. 

p-Values were corrected for the two phenyl groups. 
X = C1, Br. 

R\ /c=c- 
X 

\ Nu 

SCHEME 6 
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channels for proccss (2) as laid out  in Scheme 6 .  Attack at  X, C, and CB results in the 
formation of carbanions 40,41 and 42, respectively. Evidence for these species comes 
from experiments in which proton traps (solvent, nucleophile or alkyne) are present, 
i.e. steps (0, (d and (h) (see Table 6 for examples of such experiments). Of course, it 
can only be assumed that one or other of these carbanion intermediates lies on the 
reaction pathway to  the displacement product. In  the absence of diversionary 
reagents, steps (b), ( 4  and (f) are followed and the substitution product is formed. 
The three mechanisms are kinetically indistinguishable, since each could obey 
second-order kinetics. 

The first mechanism assigned to  process (2) was proposed by the IIT (Illinois 
Institute of Technology) group (1 962)652. The principal target for nucleophilic attack 
is C, of the haloalkyne. The substitution product arises via an association-dissocia- 
tion sequence, steps (c) and (d) of Scheme 6 .  These steps are analogous to those 
given in the replacement mechanism of other unsaturated halides, e.g. vinylsq7, 
carbonylGJ5 and aromatic halides6.I0. The pattern of reactivity, F > C1- Br> I, for 
these halounsaturates (Table 25) is expected to hold with the haloacetylenes provided 
the first step of the mechanism is rate-determining. 

Several other lines of evidence support the JIT mechanism. First, the carbanion 
(alkenide) intermediate is real-it turns up in other reactions. Without it how would 
one rationalize most of the standard anti additions to  alkynes exemplified by 
equation (1) ? Then, base-induced deprotonations of alkenes, which have been 
demonstrated by proton labelling, lead directly to this aniong4* 135, G84. In  Scheme 3 
(see Section 1I.B) we showed how addition (equation I), substitution (equation 2)  
and elimination may be mechanistically interrelated by this anion. Later we shall 
show that for certain systems, product distributions, element effects and Hammett 
p-values are  in accord with the IIT pathway. 

An early challenge to the IIT mechanism came from ArensX5'. I t  seemed important 
to emphasize that 'nucleophilic substitution at  atoms other than carbon may occur 
especially whcn rather stable carbanions can be expelled'. Besides the illustrations 
given in Table 6, the haloalkyne synthesis1 and its revcrsion (equation 245) which 
involve attacks on hydrogen and halogen are examples supporiing his contention4* 174. 

Steps (a) and (b) of Scheme 6 constitute the Arens mechanism. Therefore, equation 
(244) was siniply a case of attack on CI in which the ion-molecule (PhCSC-  CISC,- 
H7-p) was the kcy intermediate. Attack of acetylide on the sulphur of the sulphenyl 
chloride leads t o  the product given in equation (244). Support for this step is the 
well-known reaction of sulphenyl chloride with carbanions to yield s ~ l p l i i d e s ~ ~ ~ .  The 
disulphides which sometimes turn up  in the haloalkyne-thiolate processes (see Table 
6 )  are easily explained by the sulphenyl halide reacting with the thiolates. 

A nice denionstration of the Arcns process and its several consequences emerged 
from a clever experiment". R lCSCBr ,  R'C=CH and RS- wcre dissolved in D M F ;  
after a fcw minutes at - 35 "C RIC=CH, R T s C H  and RSSR could be isolated; a t  
- 10 "C both products RIC=CSR and R2C=CSR were found. Steps (246)-(250) 

R'C=CBr+RS- -- R'C=C-+RSBr (246) 

R'C=C-+RSBr ___+ R'C=CSR (247) 

RS-+RSBr - RSSR (248) 

R'C=C-+RSSR - R2C=CSR (249) 
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presumably apply here. Analogues of these steps are also required to rationalize 
processes such as equations (25 1)36 and (252)686, which might seem obscure. 

(251 1 KOH 
110-120 "C 

HC=CH+(i-Bu),S - i-BuSCH=CHSBu-i, Z/E>l 

bleOH HIC=CIH+MeO- - (HCsCI)  - IC=CI+C,H, (252) 

In  contrast to the IIT mechanism, the element effect on the Arens path is expected 
to be k(I)>k(Br)>k(CI) as is also the case with Sh.2 reactions of alkyl halides 
(Table 25)641. This reactivity order has been observed in the reactions of 1-halo-2-(2- 
thieny1)acetylenes with sulphides and thiolatcs in methan~l-water '~~ in which the 
C-X bond is presumably broken in the rate-determining step by attack on halogen 
(see Section 1I.C.l.d). In both sN2 and halogen abstraction reactions, the magnitude 
of the element effect is quite large (Table 25). 

The third carbanion mechanism for process (2) was proposed by Viehe4. While it 
may well be the most interesting, it is !he least established by precedent and example. 
Here, C, is the principal site of nucleophilic attack in RC=CX (see Table 6 for 
examples), except when X = F or when attack on X is facile. In this mechanism, the 
substitution product forms uia carbanion 42 in which Nu slides from C, over to C, 
with ejection of X-, i.e. steps (e) and (f) of Scheme 6. Viehe labels this an onium 
rearrangement through species 43 and 44 in equation (253). As precedent for this 

unusual transformation there is the Fritsch-Buttenberg-Wiechell (FBW) re- 
arrangement (equation 254)687 and a few model reactions (e.g. equation 255)688. By 

(255) 
LlNRz 

(R, N),C =C H C I > R,NC=CNR, 

process (256), Viehe demonstrated that even r-butylchloroacetylene is attacked by 
nucleophiles at Cp (see Section II.C.1 .d)lG5. Next, he rearranged the adduct from this 

> t-BuC=CSC6H, (256) 

Z,E-f-BuC(SC6H,)=CHCI 

t-BuCGCCI + C,H,S- 

chloroalkyne and thiophenol to the same acetylenic thioether as obtained from 
r-butylchloroacetylene and thiophenoxide in DMF. Therefore, Viehe concluded that 
the same carbanion intermediate, f-BuC(SC,H,>=CCI, is formed in both branches of 
equation (256). Once generated, the anion rearranges to the acetylenic thioether via 
the sequence given in equation (253). It is interesting that the FBW process, a 
rearrangement-elimination, and its reverse are competitive with normal 1,2-addition 
in equation (257)'Oj. 

Although model reactions such as equation (255) and the upper branch of equation 
(256) are pictured as occurring by intramolecular rearrangements, there is the 
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KOH, bretso 

PhCsCPh+(HtN)zCS 1 2 ~ 1 4 0  ec > PhCOCH,Ph+(Ph,C=CH),S (257) 

10% 16.5% ::+:: 
PhCZCPh 

48% 

distinct possibility that these processes are due instead to intermolecular paths. The 
conditions employed in thcse processes are similar to those which lead to elimina- 
tion"# 689, e.g. : 

KNHE 
(258) Me,N(n-BuS)C=CH, _r Me,NC=CH+n-Bus- 

NH3 

In equation (256), haloacetylene and nucleophile could be eliminated and these 
could form the substitution products by addition4imination steps, the IIT mechan- 
ism or the Arens process. By using LiNR; as a base in equation (255) and looking for 
two ynamines, or by adding ArSH to reaction (256) and looking for two thioether 
products, one can seek evidence of the elimination process. Until such tests are 
performed, the applicability of the Viehe substitution mechanism remains uncertain. 

For some time we have recommended that the prudent approach in this field is to 
consider any new system within the framework of Scheme 6.  One should, in fact, also 
consider the mechanisms to be discussed following this section. Several systems 
involving different nucleophiles are discussed in detail to illustrate the 'flexible' 
approach. 

In the reaction of methoxide ion with bromo- and chlorophenylacetylene in 
methanol (equation 259)lS3, the initially detectable products result from the three- 
site attack (13) of methoxide ion on the phenylhaloalkyne. Graphic evidence for the 

MeOH 
PhC=CX+MeO-Na+ PhC=COMe+PhC=CH 

+ PhCH=CXOMe+ PhCOMe=CHX (259) 

three competing modes, i.e. attack on X, C,  and C,, is given in the time-products 
profile (Figure 10). To  assign the initial points of attack, note the rates of growth of 
the several products (Table 27). Since the ethynyl ether forms faster than most of the 
other products and all of these are relatively stable under the reaction conditions, 
none of them is considered to be a plausible precursor to the ethynyl ether. W e  
consider this to be strong evidence for three independent channels to the observed 
products. 

Neither the Viehe nor the Arens routes to the ethynyl ether are plausible for this 
system. The 1-phenyl-1-methoxy-Zhaloalkenes of equation (259), for example, may 
be recovered intact when treated in MeOH with 4M NaOMe at 155 "CIs3. Though 
these conditions are presumably suitable for the generation of Cp or C, vinyl anions, 
no onium process (equation 253) Seems to have occurred. Further, it seems improb- 
able that phenylacetylide could be a precursor of the ethynylether (Arens mechanism), 
since this ion abstracts protons from protic solvents (k E ~ O ~ M - ~  s-' at 25 "c in 
water)Ge0 and halogen from hypohalite (OX-) [k(Cl) = 2-3 x 1 0 - 4 ~ - 2  s-l at 25 "c in 

l''. Thus, the possibility that there is an Arens ion-molecule intermediate, 
which can survive long enough in methanol to rearrange and form the alkynyl ether 



920 J. I. Dickstein and S. I. Miller 

by attack on oxygen, appears to be highly improbable. Besides, sodium phenyl- 
acetylide is known to attack chlorine in ethyl hypochlorite to give chlorophenyl- 
acetylene and not  ethylphenylethynyl etheres2. 

FIGURE 10. Reaction of PhC==CCI (0.313~) with NaOMe ( 1 . 9 5 ~ )  in methanol at 78 "C. 

TABLE 27. Rate constants ( M - ~ s - ~  x lo4) for the systcms PhCECX-CH30Na 
in methanol at 75 "C 153 

Processa k(C1) k(Br) k(Cl)/k(Br) 

PhC=CX kd 1.63 1-03 1 *6 

E-PhCH=CXOCH, kr 1.03 0.34 3.0 
PhC=CH kr 0.02 0.05 0.4 

Z-PhCOCN3=CHX kf 0.004 0.1 1 0.036 

PhC=COCH3 kt 0-60 0-5 1 1.2 

C, (total) kf 1 -63 0.S5 1.9 

a Rate constants for disappearance (kd) and formation (kf) of the species 
are given. 

Another reason to  support the I IT  mechanism and discount the other two routes 
to the ethynyl ether is the element effect observed in the formation of this product, 
k(Cl)/k(Br) = 1.2 (Table 27). Attacks at  X or C, do, in fact, yield element effects c 1 
while attack at C, gives a value > 1. 

Turning to a second case, the Arbuzov reaction of substituted phenylbromo- and 
phenylchloroacetylene with triethylphosphite in THF, we have used the parts of 
Scheme 6 applicable to attack at  C, and X (equation 260)15s. Rate data for this 
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(ArCECP(0Et): X-)  
(471 

P(OEt),+ 
/ 

921 

X = CI, Br (ArCEC- +XP(OEt),) EtOH (d) > A r C r C H  

(46) 

system are given in Table 24. Since quasi-phosphonium salts of the type generated in 
Arbuzov reactions are  known to react rapidly with weak nucleophilesss3, it is assumed 
that the ejection of diethyl phenylethynylphosphonate from its quasi-salt, 47, is a 
fast process, i.e. kr is large. The reactivity comparison of phenylchloro- and phenyl- 
bromoacetylene toward triethylphosphite is k(Cl)/k(Br) = 1-3, entirely consistent 
with a bond-making rate-determining step. On the other hand, when halogen attack 
is observed with a phosphite, e.g. 1 -hal0-3-methyl-butyn-3-01 with sodium diethyl- 
phosphite, k(Cl)/k(Br) < 16Go. 

Hammett p-values were found to  be 2.3 and 2.0 a t  25 "C for the arylchloro- and 
arylbromoethynes, respectively, with triethylphosphite. It has been noted that for 
related reactions there is a decrease in the reaction constant, p, as the distance 
between the reaction centre and aromatic ring increasesos4* G9s : 

Ar-Z-Y-X- 

t P t  
Judging from the p-values of the related systems listed in Table 26, a p-value of 2 2  
indicates attack at  C, while a p-value of cn. 1 is a sign of abstraction from an alkyne, 
e.g. P h C S C T  with hydroxideGa3 o r  p-YC,H,C=CBr with C2H,S- in MeOH (Table 
26)lS5. 

If p and k(Cl)/k(Br) were the only mechanistic tests performed on the ArCGCX- 
(Et0)3P-THF systems, then it would have been concluded that substitution occurs 
via intermediate 45. The addition of ethanol to the phenylchloroacetylene reaction 
produced n o  phenylacetylene, confirming the supposition that steps (a) (rate- 
determining), (c) and (f) occur in the process (equation 260). When phenylbrorno- 
acetylene was treated with triethylphosphite in THF with added ethanol, phenyl- 
acetylene was produced. This fact indicates that step (b) of equation (260) occurs in 
the phenylbromoacetylene reaction. 

To determine whether phenylbrornoacetylene follows step (b) exclusively or  
whether step (a) competes, the product ratios (PR) of diethylphenylethynylphos- 
phonate to  phenylacetylene have been studied. For  reaction (260), the PR is given by 
equation (261 a). This relation is valid provided that the steady-state assumption 

+ 
; [ROH] = [MeOH] 

[PhCECPR; X-] 
[ P h C =CHI 

P R  = 

(261 a) 

(261 b) 
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applies to intermediates (45)-(47). A plot of PR us. l/[EtOH] for the phenylbromo- 
acetylene-triethylphosphite reaction in THF-EtOH was linear and had a n  intercept 
of G0.25 and a slope of CU. 6. If attack by triethylphosphite on the bromine of 
phenylbromoacetylene is exclusive, i.e. k, = 0 or the above plot has a zero intercept, 
then only the first term on the right-hand side of equation (261a) is retained. In this 
PR equation, the slope which is cu. 6 is represented by ke/kd. This means that proton 
transfer (step d) is slower than step (e) which involves rearrangement and collapse 
of ion pair 46. Such a situation is highly improbable since the rate of proton transfer 
to the phenylacetylide ion is extremely fast (see above)ee0. Step (a) must compete 
with step (b), i.e. ka # O! Phenylbromoacetylene with triethylphosphite uses both (a) 
and (b) as parallel rate-determining steps to form diethyl phenylethynylphosphonate. 

Mechanistic problems similar to those we have just described were also found in 
the study of bromo- and chlorophenylacetylene with tributyl- and triphenylphosphine 
in D M F  (equation 262)15’. Rate data for the production of the ethynylphosphonium 

PhCGCX P hC=CPR$ X - 
+ (-a) y? (49) 

.1 

[PhCEC- +XPR,] 

X = CI, Br 
R = n-Bu, Ph 

(48) 

(d) MeOH 

PhCGCH 

salts are given in Table 24. In comparison to the other phosphine reactions, the A H *  
and AS* of the tributylphosphine-phenylbromoacetylene reaction are unusually 
low. These results were taken as an indication that the mechanism of this system 
differed from the other haloalkyne-phosphine processes. Another clue to a mechan- 
istic change came from element effect data (Table 25). For the phenylbromoacetylene- 
tributylphosphine system, the element effect [k(Cl)/k(Br) = 1/3*7] parallels those of 
processes in which the carbon-halogen bond is broken in the rate-determining step, 
e.g. sN2 on carbon or halogen. The other haloalkyne-phosphine systems exhibit 
element effects, k(Cl)/k(Br) > 1, which are like those of other unsaturated organic 
halides. While the other systems in DMF-MeOH produced MeX, R,PO, PhC=CH 
and the substitution product 49, tributylphosphine with phenylbromoacetylene gave 
all of the above products except the last one. It is unlikely that these results could be 
attributed to differences in the partitioning of 48 with changes in structure. Based on 
nucleophilic substitution rates of other halophosphorus compoundsGSo, the ion-pair 
derived from the bromoalkyne should be diverted to the substitution product more 
rapidly than that formed from the chloroalkyne. These arguments lead to the con- 
clusion that step (e) of equation (262) is insignificant for all systems except when 
[MeOH] --f 0. 

Additional insight into the mechanisms of these systems was gained by determining 
their product ratios. As we have indicated above, k, = 0 and thus only the second 
term on the right-hand side of equation (261b) need be considered. For phenylbromo- 
acetylene with tributylphosphine, ka = 0, since none of the substitution product was 
formed when methanol was present (PR = 0). For the other systems, k, # 0 since the 
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observed PR values are significant. In summary, phenylbromoacetylene with 
tributylphosphine takes only one path to 49, that is, steps (b) (rate-determining) and 
(e) in equation (262); the other systems form the substitution product bya mechanism 
which has both steps(a) and (b) of equation (262) as competitive and rate-determining. 

The two branches of Scheme 6 which were initially considered in the reaction of 
triethylenediamine (TED) with bromo- and chlorophenylacetylene in MeCN 
(equation 263) were those which were initiated by attacks at X and C, (see Table 24 

n 
PhCECX + 2 N x N  

LJ 
TED 

(50) 

for rate data)se6. These mechanistic choices seemed consistent with the observed 
element effect (Table 25) and the fact that phenylacetylene along with SO were 
formed when methanol was added to the system. Although the latter result is 
compelling evidence for attack on halogen, it is improbable that the ion-pair which is 
generated in this process is a precursor to 50. The formation of the ynamine 50 via 
ion-pair 51 presumably requires backside attack of the acetylide ion on nitrogen. 
Since the nitrogen in 51 is a bridgehead atom, such a process cannot take place. 
Because the bicyclic ring is opened in these reactions, another possible arrangement 

- 
PhCEC XN-N P h C E c  

7 (52) (7 +A 
+n 

PhC% XN\N 

(51) 

W “yy (a (53) 

for the ion pair is 52. Backside attack could take place by having 52 rearrange to 53 
within the solvent cage. However, formation of 52 seems unlikely because it requires 
that TED molecules penetrate the solvent cage in preference to the smaller and more 
abundant methanol molecules. Moreover, the phenylacetylide ion would probably 
move from the N-X centre to the new charged site. With all of this movement, the 
acetylide could hardly survive in the presence of a proton source to give 50. All of this 
suggests that halogen abstraction 2nd the formation of an ion-pair is a dead-end 
process. For equation (2633 the only branch of Scheme 6 that is applicable is the one 
which involves C, attack (IIT mechanism). 

In the last three studies (equations 260, 262 and 263) that we have discussed, the 
Viehe mechanism was not considered because there was no evidence to show that 
attack occurs on Cp of the haloalkynes. In the case of bromoacetylene with triethyl- 
amine in DMF173, this mechanism cannot be excluded a priori, the more so since 
bromoacetylene is known to orient nucleophiles to the p-carbon (see Section II.C.1 .d). 
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Rate data for this system are given in Table 24 and a general mechanistic scheme is 
shown in equation (264). 

H C r C B r  Br 
(a) + 

Et,N 

4 t 

Consider the Viehe mechanism, i.e. steps (c), (f), (i) and (j) of equation (264); the 
problem with this route is that it does not reach product 54. This is because triethyl- 
amine is a stronger base (nucleophile) than 55 and hence the direction shown in 
equation (264), namely 54 --f 55, is preferred rather than 55 + 54. Attack on bromine 
(Arens mechanism) is not shown in the above scheme because n o  acetylene was 
produced. If the ion-pair [HCSC-  BrNEt:] had formed, it  would almost certainly 
have yielded acetylene in the presence of the proton source, HCECBr .  

Two mechanisms which cannot be ruled out involve intermediate 56. This species 
could shed bromide ion (step d) to give a carbene which then could go on to produce 
54 by a 1,Zhydride shift (step e). The anti-dehydrobromination of 56 (step g),  
followed by proton uptake (step h), also leads to 54. The third mechanistic alternative 
which cannot be discounted involves steps a and b (IIT mechanism). 

reinvestigated this system in D M F  and found that k(Cl)/k(Br) = 3.1 and that the 
Harnmett p-values for chloro- and bromopheny1,acetylene were 3.41 and 3.94, 
respectively. Moreover, when 1 M ethanol was added to this system n o  phenylacetylene 
was produced. These results are in agreement with the mechanism that was suggested 
first, i.e. the IIT mechanism. 

We close this section with a final comnient on equation (244). A 'neutral' 

b. ReactiLiity. Reactivities of haloalkynes in equation (2) were often comparable 
with those of alkyl halides and exceeded those of vinyl and aryl halides: alkynyl+ 
alkenyl >aryl (Table 24). This ranking of unsaturated halides is attributed to  the 
acetylenic carbon having the greatest s-character and hence the greatest electro- 
philicity so that k(sp) =- k(sp2) > k(ary1). 

Although most of our information about substituent effects on RC=CX in 
process (2) comes fiom qualitative experiments (Table 6) ,  there are quantitative data 
for X = Ci, Br, I (Tables 24 and 25). Because of the very limitcd number of 
 example^^^^^ there is no information on how R and X affect the reactivity of a 
haloalkyne when Cp is the exclusive nucleophilic target. We have noted previously 
that where C,  is attacked, the reactivity increases as  the electronegativity of X 
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increases (see Section 1I.C.l.d). When X is the primary site of attack, abstraction 
becomes more facile as the electronegativiry of X diminishes. Whether attack is a t  C, 
or X, the reactivity of RCECX is enhanced as the electron-withdrawing ability of R 
increases. This is understandable, since in either case incipient anions are  formed in 
the transition state. A second issue is stereochemical. If otzti association and dissocia- 
tion are  favoured in solution in the sense of Scheme 3, the IIT intermediate V, must 
isomerize to  V F  to facilitate departure of X (see Section 1I.B). Groups such as aryl or 
carbonyl delocalize the negative charge, lower the barrier (6) and enhance reactivity. 
Alkyl groups, if anything, retard substitution. Thus, alkyl- a re  often weaker electro- 
philes than arylhaloacetylenes. For exampleGG5, phenylbromoethyne with triethylene- 
diamine in ether a t  25 "C affords an 85% yield of the substitution product in several 
days; 2'-(3-chloro-l,I-dimethyl-2-propynyloxy)tetrahydropyran with this nucleo- 
phile in ether requires cu. 1 month at  35 "C to produce a 40% yield of the displace- 
ment product. Worse than being slow, too often alkyl-C=CX have a predilection 
for avoiding the substitution process (2), since nucleophilic attacks on X, Cp or 
propargylic hydrogen (13a) usually lead to  other products (see also Section II.C.2.d). 

Except for one report, there have been no systematic studies on how the rate of 
process (2) is affected by the character of the nucleophile. In the reaction of l-halo-2- 
(2-thieny1)acetylenes with alkyl thiolates in MeOH-H,O, it was established that the 
rate of halogen attack increases as the basicity of the thiolate increases. Specifically, a 
good Taft correlation with p* E - 1.7 was ~ b t a i n e d l " ~ .  

There are some general indications that in a series of nucleophiles of the same 
type, basicity is also an important factor when C, is under attack: phenylbromo- 
acetylene in D M F  yields the substitution product with PhS- at -30 "C and with 

Whether one looks at  C, or X attack, the data given in Table 24 suggest that 
polarizability or the softness factor is important in determining nucleophilicity. 
Phosphorus nucleophiles appear to be more reactive than structurally similar 
nitrogen nucleophiles, e.g. with chlorophenylacetylene, k(Bu,P, DMF)/k(TED, 
MeCN) = 260 at 30 "C ls7, 685.  As compared with oxygen, sulphur compounds are 
more potent nucleophiles in MeOH, e.g. with PhC=CBr, k(EtS-)/k(MeO-)> 5 x 
103 153, lG5, but it is diflicult to generalize from these specific instances. However, 
judging from thc trend in reactivity with PhC=CBr in the series Ph3P%Ph,Sb- 
Ph3Bi-0 and from the miscellaneous data mentioned, one might tentatiuely 
conclude that the changing factors of proton basicity and polarizability yield the 
highest rates a t  P and S .  

Verploegh and coworkers have attempted to be more critical. Using a variety of 
nucleophiles with 1 -iodo or 1 -bromo-(2-thienyl)acetylene they have shown that good 
correlations may be obtained with the oxibase scale of Edwards, log k(Nu)/k(H,O) = 
aE+ PH. Both polarizability ( E )  and basicity (N)-related terms enhance the rateles. 

Finally, we shall consider the effect of the solvent o n  process (2). As expected, the 
rates of ion-molecule examples of equation (2) are greater in aprotic than in protic 
solvents (see also Section 1I.C.I .d). For instance, P h C Z C O M e  forms from NaOCH, 
and PhC=CCI in DMSO a t  25 "C at roughly the same rate that i t  forms in MeOH 
a t  80 "C lS3, 65E. A similar comparison can be made for the reaction of PhCECBr 
with p-CiHiS-  at - 25 "C:  k~, (Mc0H)  N_ lo-' us. kc,(DMF) -2 x lo-%-' S-' in 
which the point of attack in PhCECBr is indicated155. IG4. Sincc PhCSCSAr is not 
produced in methanol, kc,(MeOH) < I O - O M - ~  s-l. Hence there is a rate factor of at 
/east 10' favouring C, attack in D M F  over MeOH. 

Despite basic differences in their mechanisms, it is nevertheless instruc:ive to 
compare the effect of solvent on sp3 with sp sites. We compare the PhCECBr- 
p-C7H7S- system given above with n-BuBr-PhS- rcaction. The  rate factor for the sp3 

CIsCGS- a t  CU. 100 "C 

32 
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system at -25 "C is k(DMF)/k(MeOH) = lo4 Og6. It would appear that as large as 
rate enhancements are for sp3, they are even larger for sp systems. We believe this 
must be ascribed to differential solvation favouring the sp-activated complex, 
solvation energy which accrues to the 'softer' species in the more polarizable aprotic 
solvent as compared to the more compact sp3 activated complex. This differential 
solvation appears to amount to a rate factor of at least lo2. 

There is another somewhat puzzling differential effect relating to attack at the 
sites C, us. X in process (2). As mentioned above, k,,/kc, appears to increase as the 
solvent becomes more protic. This is evident, for example, in the reactions of (EtO),P 
or Ph3P with haloalkynes in alcohol-THF  mixture^'^^^ 168n lE3. It  would appear that 
species 41 (Scheme 6) is not as well solvated as species 40 in a protic solvent. It should 
be noted, however, that Simpson and Burt have studied thc variation of products in 
similar systems, e.g. (EtO),P-PhC=CCl, and found a maximum in [PhC=CH] and 
a minimum in PhC=CPO(OEt), between 0 and 5~ added ethanoPES. 

c. &l.  Gas-phase heats of reaction given in Section 1I.A show that the ethynyl 
cation is by far the most difficult to form from the parent hydrocarbon. In contrast to 
vinyl cations, it is impossible for ethynyl carbocations to have stabilizing groups on 
the carbon bearing the positive charge. All of this indicates that ethynyl cations may 
be inaccessible. So far, no one has dared to consider even the fleeting existence of 
these species in solution. However, attempts have been made to generate ethynyl 
cations in solution (equations 265 and 266)689-701. Although the type of chemistry 
shown in equation (267) 'works' for suitably activated alky1702 and vinyl ha1ides7Os, 

Agf 4- PhCECBr I f c j  P h C r C f  (265) 

&4+ PhC=C+ - P h C r C P h  

?--, (RC=CN,+) + RC=C+ + N, (266) 

SbF,. PhH 

Ph 

X = Br, CI, Ph 

0 

it failed for ethynyl halide. Instead of forming the phenylethynyl cation and trapping 
it with benzene in equation (267), thiophene oxides were obtained7"l. I t  may be that 
antimony pentafluoride has insufficient 'pulling power' on a halogen linked to an 
sp carbon to promote ionization and/or the triple bond effectively competes for this 
Lewis acid. This latter suggestion is supported by the fact that X need not be a 
halogen for the lower branch of equation (267) to occur. If the ethynyl cation is to be 
prepared in solution, then some other approach is obviously required. 

d. SN~. Transition state 57, which is an analogy to that of the Walden inversion, has 
justifiably been called, 'patently absurd' 173. The arrangement in transition state 58 

(57; (SQ 

appears to be more reasonable. In fact, one-step nucleophilic substitution involving 
front-side attack and retention of configuration has recently been considered70,' and 
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rejected for a l k e n e ~ ~ ~ ~ .  Although absolute arguments cannot be presented, there are a 
number of objections to such a one-step process taking place in acetylenic substrates: 
there are few examples of nucleophilic displacement at other unsaturated centres 
which proceed by a single step; species 58 appears to be geometrically close to the 
vinyl anion which is normally at a potential minimum on the energy s u r f a ~ e ~ ~ ~ ~  ' O 0 .  

e. Aggregate. In reactions such as (268) and (269), the nucleophiles are probably 
polymeric ~pecies7~1. ' 0 7 .  We place these processes in a category of mechanisms which 

PhC=CX+CuCN - FhC=CCN (268) 

(269) 

is termed 'aggregate'. We mean by this that the rate-determining step involves an ion 
pair, dimer or higher clusters along with RCECX. Indeed, for most organometallic 
processes, e.g. equations (243) and (270)s5,1, aggregate mechanisms probably pre- 
dominate over those given in Scheme 6. .4lthough organometallic coupling processes 

CUCI t-Bu C =CBr+ H C =C CMe,OH t- Bu (C =C),CMe,OH 

are synthetically useful (see next section) and may involve a variety of metals, e.g. 
Li, Na, Mg, Cu, Sn, relatively little is known about their mechanisms. Undoubtedly, 
these are likely to be varied and complex. 

Consider one aggregate process, the Cadiot-Chodkiewicz reaction708. A terminal 
alkyne and iodo-, bromo- or chloroacetylene are coupled in the presence of CU(I) 
and an amine, as illustrated in equation (269). (Variations from this recipe yield 
Glaser, Straus and Eglinton couplings7oB.) Studies on the coupling of Me,C(OH)C= 
CCl with Me,C(OH)C=CH in aqueous methanol in the presence of NH,OH and 
EtNH, indicate that the reaction is first order in copper species [CuCI],, first order 
in chloroalkyne, first order in amine and of uncertain order in terminal a1kyne7O9. 
The rates (uo) clearly indicate that, more important than simply neutralizing HCI, 
the amine probably coordinates with the copper (vo, p K ) :  MeNH, (13.5, 10.6), 
i-PrNHz (2.8, 10.6), t-Bu (0.25, 10,4), Et,NH (0.13, I]) ,  C,H,N (0.7, 5.2), Et3N 
(0, 10.7). Under conditions favourable to dissociation of [Cu(H,NEt),X],, that is, 
high dilution, the coupling is retarded709. In addition, bromoalkynes react much 
faster than chloroalkynes and water-soluble alkynes react more rapidly than hydro- 
phobic compounds, e.q. PhCSCH. To couple the latter, one must go to solvents in 
which the R C s C C u  dissolves, e.g. Me,SO, (Me,N)3P0 or morpholine710. 

On the basis of these observations and the known structures of a few polynuclear 
copper complexes, we suppose that C u C s C R  is a part of a soluble complex, e.g. 
structure 26 55s. The coordination number of the copper is probably 4 and the ligands 
(L) may be amine, alkyne, etc. In the coupling reaction, the slow step is the release or 
transfer of X- from carbon. These spcculations lead to something like the pro- 
gression in equation (271). 

J 
- L R' 
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f. Radical anion (SRN). The seventh mechanism for process (2) involves radical 
anion intermediates. Its steps, which are presented in Scheme 7, have been adapted 

RC=C>C+Nu- ___* RC=CX-+Nu' 
. 

RC=CX- ___j RC=C'+X- 

RC=C'+Nu- - RCECNU- 

RC=CNU~+RC=CX - RC=CNU+RC=CX: 

(Nu = nucleophile) 

SCHEME 7 

from other systems7"* 71a. This mechanism has been recognized in nucleophilic 
substitutions at aromatic711 and at vinylic carbon It was suggested as a 
possibility by VerploeghlG5 but Glaser coupling (equation 272)888 and equation 

(RC=C), (272) 
a+, 0 2 ,  2RC=CH ILVH2 

02, PhH 
PhC=CH+R,NH+Cu(OAc),.H,O o'c P h C =C N R,+ (Ph C =Q2 (273) 

(273)713 seem to be more definite examples of SnN. Eventually, process (274) was 
deliberately developed according to Scheme 7712. 

PhC=CI+NH,SPh NIi3, -33 'C PhC=CSPh+PhC=CH+(PhS), (274) 

An important feature of Scheme 7 is the presence of radicals. In equation (273) 
they were generated in a redox process; in equation (274) they were produced by 
photons. Once formed, radicals may couple with the wrong partners, as is evident in 
both equations (273) and (274). Indeed, whenever process (2) is attempted and 
'wrong' couplings turn up, one should consider the possibility that radicals were 
formed. Although simple halogen metal interchange may have occurred in equations 
(275)'14 and (276)71G, it is conceivable that the S1tN mechanism applied. 

(275) 
DMIF 

PhC=CBr+Na+CH(CO,Et), - [(EtO,C),CH], 

(276) 
K o n  

PhC=CCI+Ph,CH, (PhC=C), 

Glaser coupling has found many applications708. As for other 'heterocouplings' 
the wide utility of Scheme 7 for synthesis has yet to be developed. The chief obstacle 
seems to be the preference for self-coupling of ethynyl radicals. 

C. Synthesis 

Synthetic applications of process (2) are given in Table 28. This compilation is 
intended to be representative rather than exhaustive; examples of process (2) prior 
to 1968 can be found in Viehe's excellent bookq. lnstead of surveying each class of 
nucleophile found in Table 28, we shall limit our discussion to  some of the complica- 
tions and successful strategies associated with process (2). In this manner, we hope to 
provide the reader with insight concerning the scope and limitations of this reaction. 
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Difficulties arise when process (2) is carried out in the presence of mobile protons. 
This stems from the fact that carbanionic intermediates such as those shown in 
Scheme 6 are the precursors to the substitution product. Interception of these 
intermediates by proton traps may prevent the formation of the desired product or at 
least diminish its yield. Moreover, process (2) proceeds more rapidly in the presence 
of an aprotic solvent than a protic solvent. This is well illustrated in the synthesis of 
ethynyl ethersGs8. When methanol is used as the solvent in equation (277), the 

PhC=CCI+RO- - PhC=COR+CI- 

R = Me, Et, i-Pr, t-Bu 

(277) 

substitution product could not be isolated (Table 6). On the other hand, substantial 
quantities of the ethynylethers were obtained when the synthesis was conducted in 
an aprotic solvent (Me,SO, HMPT). 

Yields of the substitution product are also suppressed when the available proton is 
a part of the alkyne structure. The alkynes used in equation (278)168 (upper branch) 

Me,CCECH 
I 
OPO(OEt), 

(278) 
Me,CCECX 

I + (EtO),PO- 
OR 

X = Br, CI 
OR 

and reaction (279)63G contain a ‘built-in’ trap for the carbanion intermediates. Some 
other complications which arise when the acetylene has a mobile proton are shown by 
equations (280)G59 and (281)71c. One solution to this problem is to replace the 
troublesome proton in the alkyne with a blocking group. In several cases where this 

HC=CBr+p-C,H,S- - (C=CSC,H,-p) 

HC=CBr I 
9-GH7S- p-C,H,SC=CSC,H,-p c--- BrC=CSC,H,-p 

Me 1 Me \ 
I 

I 
OH 

EtCC=CBr+C,H,,N - 
- EtCOMe+(HC=CNC,H,,) 

4 
MeCONC,H,,+other products 



19. Nucleophilic attacks on acetylenes 935 
tactic was employed, successful syntheses were achieved, e.g. equations (278) (lower 
branch), (282)"' and (283)715. 

Id e,Si C =CCl+ (M e O), P - M e,Si C = C P (0) (0 Me), 

I N 2 2  (282) 

H C =C P( 0) (0 Me), 

Hg(C=CCI),+Ph,CCN - Hg(C=CCPh,CN), (283) 
A different kind of problem is caused by protons on the n u ~ l e o p h i l e ~ ~ ~ .  In equation 

(284), tautomerization accounts for the failure to isolate the substitution product718. 

(NCC=CNH,) - CH,(CN), (284) 

Another side-reaction of process (2) is due to the susceptibility of the substitution 
product t o  undergo attack by the nucleophile, e.g. equations (285)715 and (286)lS4. 

NH3 NCC=CCI 

KOH + PhCECCI DMSO, (PhCsCFI) + (PhCH-C(FI), (285) 

FIH 

DMF 
ArC=CXfpC,H,S- - ArC=CSC,H,-p 

(286) 

These undesirable reactions are facilitated by excess nucleophile and proton 
availability. 

Some of the difficulties in obtaining a substitution product may be due to its 
inherent instability. The apparent order of chemical stability, RC=CF < RC= 
COR c RC=CNR -= RC=CCR,, coincides with the decreasing electronegativity of 
the substituent attached to the electronegative sp carbon4. The ease of electrophilic, 
nucleophilic and radical additions to the triple bond as well as isolation difficulties 
will be expected to follow the order, R C s C F  > RC=COR> RC=CNR, > 
RCsCCR,.  Equations (287)-(289) are examples of some of these complicating side- 

i X = Br, CI 

ArC(SC,H,-p)=CHSC,H,-p 

reactions11. 1% G'36, 710, 720. 

3 t C f C F  - 
H '/H,O 

RC-COR' RCH,CO,R' (288) 

RCrCNR;, , RCH,CONR; (289) 

The chance of success of process (2) appears to be enhanced when the alkyne 
contains a leaving group which is both a powerful activator of the triple bond and a 
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C, director, regardless of the grouping at the other terminal position of the acetylenic 
function. Ideally such groups should obviate orientation and reactivity problems 
found in alkyl and unsubstituted acetylenes, prevent metal-halogen exchange 
processes from occurring and possibly allow for conditions mild enough for the 
survival of most heteroacetylenic products. Triflates, sulphonates and acetates might 
serve in this capacity but acetylenes substituted with these groups are unknown. 
Fluorides might appear to be ideal but they are not easily prepared and they react in 
other ways (e.g. equation 287). One way to circumvent some of these prc:iblems is to 
generate highly reactive RCECX in sifu. In some cases products may be obtained 
in high yields, even with fluoroalkylalkynes, which are unobtainable with chloro- 
acetylenes, e.g. Table 28 and equation (29O)lc9. When fluorine is present in an 
alkylacetylene, high yields of the substitution product are obtained (Table 28). 

PLiNMe, 
t-BuCCI= CH F [L-BuCECF] - t-BuCrCNMe, 

An alkoxy group is another leaving group which is capable of overcoming the 
deactivating and directing influences of the alkyl substituent (Table 28). The dis- 
advantage with alkoxy groups is that they seem to require strong bases as nucleo- 
philes to replace them (equations 291-293)’l. la5. However, ethynyl ethers are 

RC=COR’+ Li NR: ___* RC=CNR:+ Li OR’ (291 1 

RCtCOR+LiR: - RC=CR”+LiOR (292) 

R’C=COCH,+HAIR, - R‘C=CH+CH,OAIR, (293) 

availablell. Since it is not yet clear what limits there may be on the leaving ability of 
alkoxides, these ethers deserve wider testing as possible substrates in equation (2). 

The phenyliodonium group is a special group which may be displaced from an 
acetylenic carbon by nucleophilic attack312. Unfortunately, onium leaving 

0- 0 

0 0 

PhCrCCl  + P h I  

P h C r C I P  h+CI- 4:; 
NaBF, P h C C I=CH I P h+ BF,- 

promote Cp 4 3 ~ ,  721, e.g. equation (296), and may attract direct attack on 
the positive heteroatom, with the resulting loss of the ethynyl group167~i22, e.g. 
equation (297). If the scope of process (2) is to be expanded then alkynes with leaving 
groups other than those we have mentioned need to be designed and investigated. 

For various reasons touched on previously, bromo- and chloroalkylacetylenes have 
proven to be poor substrates for process (2). Alkyl groups are not activating sub- 
stituents and the propargylic proton, halogen or Cp are usually more attractive to the 
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Ph Pti 

nucleophile than the C, site (equations 56, 278 and 281 and Tables 6 and 28)32* 311, 4G3. 

It is conceivable, however, that if halogen abstraction can be favoured, for example 
with RCsCI,  and if strictly aprotic conditions prevail, the Arens substitution path 
(Scheme 6) might predominate as in equation (278) (lower branch). Halide ion, which 
is a coproduct, might have to be removed in some way, since it may begin to compete 
as a halogen abstractor1??. Undoubtedly there are a few ‘inadvertent’ examples in 
which the preceding methodology is illustrated, but the one (equations 247-249) 
originating with the Arens group is perhaps the best. 

It is worth special mention that until recently there have been few examples in 
which carbanions have been successfully used in process (2)3q 13. Organoalkali 
reagents derived from carbon acids frequently enter competing side-reactions such as 
metal-halogen exchange or induce radical processes (SnN). Such reactions may 
cause the formation of the ‘wrong’ product or at  least limit the yield of the ‘right’ 
one, e.g. (275)”” and (276)’15. These kinds of problems are accentuated with acetylenic 
iodides and bromides, attenuated with chlorides and non-existent with fluorides 
(see Section II.C.l .d). A few successful syntheses have been achieved with organo- 
alkali metal reagents derived from highly stabilized carbanions and phenylchloro- 
acetylene3* ?15 : 

(298) PhC=CCl+Ph,CH PhCECCPh, KOH 

P hC=CCI+ P h,C(CN)Na P hC=CC(CN)P h, (299) 

The number of examples where Grignard reagents have been successfully used in 
process (2) is also small, e.g.723 

(300) 
HblPT 

C,H,C=CBr+n-C,H,,MgBr C,H,C=CC,H,, 

55% 

The most effective carbon nucleophiles in process (2) appear to be organo- 
copper reagents. Table 28 lists several examples of organocopper ‘nucleophiles’ 
coupling with alkynyl halides. Such reagents can be used in conjunction wiih 
functional groups (e.g. OH, COOH) where Grignard and organoalkali compounds 
would not survive, e.g.724* 

(351) H,C(OH)C=CBr+MeC=CCu - H,C(OH)(C=C),Me 
Pyrldlnc 

> 2-H02CC6H4C0,CH,(C=C),Bu-t EtNHe 
2-H0,CC,H4C02CH,C=CCu+f-BuC=CBr 

(302) 

Another advantage of organocopper compounds is that unlike other organometallic 
reagents, they couple reasonably well with alkylhaloacetylenes, e.g. equations (302) 
and (303)2g6. Furthermore, iodoalkynes, which generally fail to give the desired 
product with other organometallic reagents4* lGSb, condense with organocopper 

n-BuC(Et)=CHCu+n-BUCECI ___+ n-BuC(Et)=CHCECBU-n (303) 

77% 



938 J. I. Dickstein and S. I. Miller 

compounds in good yields, e.g. equations (303) and (304)725. Clearly, organocopper 
reagents constitute a breakthrough in the synthesis of carbon-carbon bonds: further 
work should enlarge their range and versatility in process (2). 

PhCu+Me,SiC=CI __ic Me,SiC=CPh 

64% 
(3041 

In  this section we have touched on synthetic applications of equation (2) and 
associated problems. Compared to  process (l), the substitution (equation 2) is in its 
infancy. There is obviously room for improved understanding on the mechanistic 
front, especially of the aggregate and SRN processes. The enhanced and specific 
nucleophilicities brought out  by crown ethers and phase-transfer conditions have yet 
to be applied synthetically. Thus, there is ample reason to  predict substantial 
development of process (2) in the near future. 

Acknowledgement is made to  the donors of the Petroleum Research Fund, 
administered by the American Chemical Society, for current support of our research. 
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I .  INTRODUCTION 

Preparations of labelled acetylenes have been compiled first in Murray and Williams’ 
work‘ and then in a paper relating to  some deuterated compounds?, but they have 
not been the subject of a recent review. Excellent publications by Shatenshtein3 and 
Thomass are more general, but no  review has been uniquely dedicated to labelled 
acetylenes. In  this chapter we have tried to classify the different ways of preparing 
labelled acetylenes, emphasizing particularly the recent ones (‘the isomerization- 
exchange’ method for instance). We have selected the preparations of some of the 
simplest compounds which are often used as starting products for the preparation of 
more sophisticated acetylenes. We shall complete this part by briefly considering the 
different methods generally used in determining the extent of labelling and isotopic 
effects. 

The main use of isotopically labelled compounds is in spectrometry (i.r., u.v., 
n.m.r., microwave,...). We have reported a few examples of such studies relative to 
acetylenes, principally those oriented towards structure determination. However, 
chemists are more intcrested in using labelled compounds to investigate reaction 
mechanisms. It is obvious that knowledge of the labelled state (labelled positions and 
percentage of labelling) provides vital information for determining complicated 
mechanisnis, the starting products being well-known labelled compounds. Another 
possibility is the comparison of reaction rates, e.g. the study of kinetic isotope 
effects. We have added to these a third one, based on the determination of the 
structure of species strongly held on a surface, which may be reaction intermediates. 
Here, the labelled compounds are used, as we shall show, to determine the precise 
structure of the species. On the other hand, we have not dealt with different studies 
using labelled acetylenes as starting materials or as intermediates in preparations of 
more complex labelled molecules. 

I I .  PREPARATION 

A. Acetylenes Containing the DC= C or T C r  C Group 

1. The DC=C group 

a. Hydrolysis. Hydrolysis by D,O of alkaline salts of I-alkynes is a method very 
often used. In the case of the sodium salt, prepared from sodamide in liquid 
ammonia, it has been shown that the yield is about 8S7A5, but the isotopic purity 
does not exceed more than 95% 5 p  G, even if traces of ammonia are exactly neutralized 
by deuterated phosphoric acidg. Hydrolysis of lithium salt has been used with success 
to prepare, for instance, C,H,C=CD and CH,(CH,),C=CD a with high isotopic 
purity, the lithium salt being obtained from phenyllithium or n-butyllithium a. To 
avoid the formation of polylithium compounds, i t  is necessary to employ the same 
quantities of 1-alkyne and n-butyllithium. Otherwise, as shown by Eberly and 
Adams’O, dilithiated alkynes may be formed and so, after hydrolysis, the deuterium 
content of the final compound may be higher than expected. 

Hydrolysis of alkynylmagnesium bromides with D20 has been used to prepare 
CH,CH?C=CD 11, DC=CCH20H(D)  and CH,(CH,),C=CD 13. The yield is not 
very high (< 70%). Ronianet and Wojtkowiaks, testing the method, obtained a 
slightly higher yield but found a deuterium content of only 95%. On the other hand, 
reaction of deuteriochloric acid, DCI, with the mercury derivative of propyne gave 
1-propyne(D-I) of niuch better purity”. 

Acetylene(Dz) has been prepared on numerous occasions from calcium carbide 
and DzO1. Generally it is necessary to  enrich the acetylene obtained by repeated 
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exchanges with alkaline heavy water. However, it has becn shown that CzD2 with 
99.1-99*5% isotopic abundance may be prepared directly, without additional 
exchanges, if commercial calcium carbide is broken up in dry air and baked a t  
650 "C for 2 days15. The author believes that C?D, of higher abundance would be 
obtained if the carbide was baked for an even longer period. Chemical impurities are  
often present; it is not necessary to remove them if the acetylene is used in a later 
step. If not, the C,D, must be purified, for instance by means of gas chromatography 
or trap-to-trap distillationlo. 

H C s C D  of 90% isotopic purity has recently been prepared from pure mono- 
lithium acetylenide and acetic acid, CI-I,CCOD 17: 

n-C4 H9LI CH3C001) 
HC=CH --60"c > HCECLi A HCECD 

If a purer compound is needed, HC=CD may be separated from C,H, and C,D, 
by gas chroniatography18. The best results are  obtained with triethylamine supported 
on  60/80 mesh Chromosorb P at -75 "C, employing hclium as a carrier gas. After 
three runs, the product contains 1.3% of C,H, and less than 1% of C2D2. C,HD, 
stored a t  room tenipcrature over mercury, is stable t o  disproportionation for several 
weeks a t  least. 

6.  Zsolopic excliniige. Due to the s-bond character of the acetylenic C-H bond, 
the acid strength of acetylenes is notable [pK(C,H,) - 251'~ I9 and there is exchange of 
acetylenic hydrogen with D,O in the presence of a base. The exchange is rather 
slow': 5h of thorough stirring are necessary for cquilibrium to be reached. At rooni 
temperature, contrary to higher temperatures, the triple bond is stable (see Section 
II.B.3). Using 0.25 mole of D 2 0  for 0.12 mole of I-alkyne and 0.20 g of sodium, it 
was found that, after three exchanges, the isotopic purity was >9S%; after four 
exchanges, it \vas >99%. This seems to be the preferred method for the  preparation 
of I-alkynes (D-1). However, a larger aniount of heavy water is consumed in this 
preparation than in prcparations involving hydrolysis. 

Samples of DC=CCH,X (X = CI, Br) were prepared by passing HC=CCH,X 
through a preparative gas-liquid chromatographic column packed with Chromosorb 
W (30-60 mesh) coated with 157; E 20 M and 10% KOH whic!i had been pretreated 
with deuterium oxide?O. Deuterium-exchanged samples of go:/, purity were collected 
in a trap. The same tcchnique has been used to preparc DC=CCH,0D21. Since 
exchange between acetylenic hydrogen and D 2 0  occurs under basic conditions, there 
is no =CH --i =CD substitution when HC=CCl-I,OH or  HC=CCOOH are mixed 
with D,O (HC=CCH,OD or  HC=CCOOD are obtained). To prepare DC= 
CCOOH, the pH of a solution of sodium propiolate dissolved in D,O was adjtlsted 
to 12 by adding a few drops of a solution of sodium dcuteroxide in D,O. After 
standing for 2 days and removing the heavy water, the residue was dissolved in H 2 0 ,  
then cooled. A few drops of concentrated hydrochloric acid were added and D C s  
CCOOH was extracted with ether". 

2. The TC=C group 

Both methods involving hydrolysis or exchangc have been used. C2T2 has been 
prepared by the reaction of T,O and C,Cn ?3 o r  C2Li, 2 1 .  I t  was found that polymeriza- 
tion of C2T, occurred at the rate of about 2572 per day. Some phenylacetylenes were 
tritiated by treating the arylethynylmagncsium broinide with T,O 2i. On the other 
liand, the exchange method has becn used to preparc tritiutcd propargyl halides", 
using a weak alkalinc mixture of tritiated watcr (- 50 mc/ml) and alcoholic alkali. 



960 

B. General M ethodr of Preparing Other Deuterated or Tritiated Alkynes 

1. Hydrolysis of inorganic carbides 

As pointed out above (Section II.A.l.a), CzD2 may be prepared from calcium 
carbide and D20. The method is also applicable to propyne; propyne(D,) may be 
obtained from magnesium carbide, C3Mg1 and DzO ". Magnesium carbide is 
prepared by passing pentane (or butane) vapour over magnesium a t  650 "C z. I t  has 
been found that by raising the temperature to 740 "C the yield of carbide increases 
from 25 to  90% 15. Hydrolysis with D,O is possible directly in the reaction ovenz7 and 
this renders the preparation easier. The isotope content of CD,C=CD is not less 
than 9 9 x 2 .  However, there is some allene(D,) admixed with it. The  reaction is 
exothermic, and the higher the temperature of hydrolysis, the greater the amount of 
allene in the product (this amount becomes appreciable if the hydrolysis temperature 
is higher than 150 "C 27). Therefore, the method is suitable if perdeuterated propyne 
is used in a later step in which allene(D,) is eliminated. If not, it is necessary to 
purify it, either by precipitation of the silver acetylide-silver nitrate complex and 
regeneration of propyne (by treatment of the complex with aqueous sodium cyanide 
or with ammonium thiocyanate) or via the mercury salt. 

Some attempts have been made to prepare deuterated alkynes from their lithium 
salts. I t  has been shown that polylithiated 1-alkynes bearing a-hydrogen atoms are 
readily prepared using alkyllithiums. For instance, propyne reacts with n-butyl- 
lithium in hexane to form the tetralithium compound, C3Li4, perhaps mixed with 
some C,Li,H 28. Hydrolysis with DzO of this compound would lead to perdeuterated 
propyne, but certainly admixed with some deuterated allene. I t  has been reported 
that when one mole of 1-phenylpropyne is treated with six moles of n-butyllithium in 
hexane under reflux, followed by addition of D20 to the reaction mixture, isomeriza- 
tion takes place and deuterated 3-phenylpropyne is obtainedzD. Its n.m.r. spectrum 
shows no  aliphatic protons, and deuterium analysis reveals the presence of 3.22 atoms 
of deuterium/molecule. The authors suggest that the product is essentially C6H5- 
CDzC=CD, probably admixed with a small amount of C,H,DCD,C=CD. In the 
same way, from 1,3-pentadiyne, three isomers ( I  ,3-pentadiyne, 1,4-pentadiyne and 
1,2-pentadien-4-yne) were obtained30; they are mainly tetradeuterated but they are 
not isotopically pure. Hence it appears that hydrolysis by D,O of polylithiated 
alkynes is a difficult method to apply to the preparation of specifically deuterated 
acetylenes. 

J. C. Lavalley and J .  Saussey 

2. Reaction of alkyl halides or alkynyl halides with alkaline acetylides 

The reaction between sodium acetylide and alkyl halides in liquid ammonia is the 
most general method of preparing substituted acetylenes. It has very often been used 
to prepare labelled alkynes,. Appropriately labelled alkyl halides have to be prepared 
first (a review of the preparation of the most common ones has already been given2), 
but more and more are now commercially available. The yield of the condensation in 
liquid ammonia is about 75% and, under experimental conditions, no isotopic 
exchange has been found; the isotopic purity of the final alkynes is the same as that 
of the starting alkyl halides. 

A majority of labelled acetylenes have been prepared according to this method as, 
for instance, HC=CCD, ", HC=CCD,CH,, HC=CCH2CD3, HC=CCH,CH2D, 
HC=CCHDCH,D, HC=CCHDCD,H. HC=CCD2CD1H, HC=CCD,CD,, H c =  
CCDzH 31 and HC=CCT2(CH2),CH3 33. 

A variant of this type of synthesis is the reaction between CD3C=CNa and RX in 
liquid ammonia to prepare compounds with the CD3C=C- group. This method is 
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less expensive than the one involving the use of perdeuterated methyl halide, as  
CD,CrCD may be prepared from C,Mg, and D,O. CD,CSCCH,~" and CD,C= 
CC2H5 35 have also been obtained according to this process. 

Salts other than the sodium one may be used: CH,C=CCD, has been prepared by 
reaction between ICD, and CH,C=CLi 36 (made from propyne and n-butyllithium 
in hexane). The yield is excellcnt (88%) but the isotopic purity of the final product is 
not  very high: there was about 1-3% of 2-butyne(DB) (presumably originating in 
acetylene present in the starting propyne) in the final product CD,C=CCH,. The 
Grignard salt C,H,C=CMgBr has been used to prepare (C,H,),CDC=CC,H, 37. 

Generally it is the cuprous salt which is employed to  prepare diarylacetylenes; a 
series of deuterated diphenylacetylenes have been prepared from iodobenzene(D,) 
and  the cuprous derivative of several phenyla~etylenes~~.  Chodkiewicz's method39 
also involves the cuprous salt for the preparation of a-diyne; this method has 
recently been used to  make CD,C==CC=CCD, .'O (from CD,C=CBr and 
CD,C-CD), CH,C=CC=CCD, I 0  and CD,C=CC=CH al. Concerning the latter, 
it is not possible to  use acetylene itself but its carbinol form, HC=CC(OH)(CH,),, 
which necessitates a further thermal decompositionJ1. The carbinol obtained, 
CD,C=CC=CC(OH)(CH,),, is a good product for storing since 1,3-diynes are not 
very stable, even at low temperature. N o  isotopic dilution has been observed when 
the cuprous salt is involved. 

3. lsomerization and isomerization-exchange methods 

For a long time'?, it has been known that there is rearrangement of 1-alkynes t o  
2-alkynes under basic conditions (for instance by alcoholic potassium hydroxide or 
powdered potassium hydroxide) a t  - 175 "C. It has been shown that in fact a n  
equilibrium mixture is obtained4R. I t  contains isomeric compounds, mainly the 
starting I-alkyne and isomeric I ,2-alkadiene and 2-alkyne, but the latter, more 
stable from thermodynamic considerations, is predominant. Therefore the method 
could be used to prepare 2-alkynes from corrcsponding 1-alkynes. The reverse 
reaction is possible : disubstituted acetylenes can be converted to sodium derivatives 
of 1-alkynes by sodium.'.' or ~odamide . '~ .  I-Alkynes are rccovered by hydrolysis. We 
have tried to apply both reactions to prepare acctylenes deutcrated in defined 
positions with high isotopic purity. 

n. 2-Alkyne --r 1-alkyne isomer.izntiod6. Isomerization of CH,(CH,),C=CCD, 
(prepared from CD,C-CD) under the effect of an cxcess of sodamide in heptane a t  
150 "C, followed by hydrolysis, gives CH,(CH,),CD,C=CH. However, from the 
n.ni.r. spectrum analysis, it appears that the deuterium purity is only 70%, which 
indicates deuterium exchanges with NH, hydrogen atoms during the propargylic 
rearrangement. Anothcr experiment, using CD,CD,C=CCH, (made from CD,- 
CD,Br and NaC=CCH,, 99% isotopic purity) as a starting compound, leads t o  
CD,CD,CH,C=CH. Mowevcr, the isotopic purity of the methyl group is 92%, the 
nicthylene purity bcing only 88%. Wc can explain this result by the intermediate 
formation of CD3CD=C=CHCH3. a synimctrical product if isotopic effects are  
excepted, leading to a variety of deuterated 1-pentynes. We conclude that the 
isomerization method involving NH,Na gives impure deuterated compounds 
(except of course if perdeuterated 2-alkynes and NDaNa are used), and cannot be 
applied to preparc specifically labelled acetylcnes. 

On the other hand, iisc of sodium as an isomerization agent gives isotopically pure 
l-alkynes. Starting from CD,CD,C=CCH, and an excess of sodium in heptane a t  
130 " c ,  we obtaincd isotopicillly piire (99%) CD,CD,CH,C=CH. Unfortunately the 
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yield was rather low ( -2O%), which was mainly due t o  a partial reduction of the 
triple bond to a double one  (formation of sodium 1-alkynide involves the evolution of 
hydrogen). Another difficulty was the destruction of sodium excess before hydrolysis 
(we did this by transforming the excess into sodium amide in liquid ammoniaab). We 
conclude that the poor yield and the difficulties inherent in thc use of sodium lilnit 
the utilization of this method, which could however be useful in some particular 
cases, since a t  130"C, n o  isotopic dilution is obscrved. An attempt a t  a higher 
temperature (170 "C) showed that the CD, group was partly exchanged. 

b. 1 -A/kyne + 2-alkyne isonierizntion. Base-catalysed rearrangement of acetylenes 
is prototropicq7. We suspected that thc use of deuterium reservoirs, the most conimon 
and inexpensive being deuterium oxide, could induce an  H --t D exchange between 
the hydrogen atoms of the hydrocarbon and the deuterium atoms of the reservoir 
during the isomerization proccss and so lead to partially deuterated compounds. We 
undertook this study, using NaOD or LiOD (from Na o r  Li in D 2 0 )  in heavy water 
as isomerization agents. We indeed found that a mixture of deuterated Zbutynes was 
obtained by shaking 1-butync and LiOD in D 2 0  a t  180 "C for 3 dayst8. In  fact a 
mixture of three isomers (94% 2-butync, 4.5% 1,2-butadiene and 1.5% 1-butyne) 
was obtained. The overall yield was -75%. Attempts at  higher temperatures lead to  
lower yields due to the formation of 2-butanone. Repeated 'isomerization-exchange' 
reactions give well-deuterated compounds; 2-butyne is separated from its isomers by 
gas chromatography only after the last exchangc. After four exchanges, the isotopic 
purity of CD,C=CCD, is close to 99.5%. This is certainly the most convenient 
method of preparing 2-butyne(D6). Thc same rcsults are obtained if 2-butyne itsclf is 
the starting product. The  only difference is in the isotopic composition of the 
different compounds present at the beginning of the reaction. 

Thc same reactions, involving propync and I-pentync, arc in  process of investiga- 
tion. From the first attempts, it appears that after three exchanges CD,CsCD of 
high isotopic purity is formed, but containing allene(D,) and also acetonc(D,); this 
could indicate that a lower temperature than 170 "C  would be more convcnicnt to 
avoid acetone formation. From 1 -pentyne, i t  appcars that only CH,CH,C=CCD, is 
formed. However, in this case, the isotopic puriLy is not very high. Further exchanges 
increase the purity, but i t  is then difficult to dctcrmine whether small quantitics of 
deuterium are present in the inethylene group. Ncvertheless, i t  appcars that the 
method gives good rcsults in the cases of 2-butyne and propync and that i t  could be 
convenient to prepare compounds tritiatcd in thc CH,C=C group from the cor- 
responding 1-alkynes and T,O. 

C. "C- or ''C-lobelled Acetylenes 

Hydrolysis of labellcd acetylides (made from labelled BaCO,, o r  CO,) has been 
used to prepare I3C- or lJC-labelled acetylenes. For instance, molc quantities of 
acetylene (%,) havc rccently been obtained, according to  the reactionsio: 

2 ~3coZ+10 Li 6'o "' Liz 13C,+4 LizO 

Li, "C,+2 H,O - Y , H Z + 2  LiOH 

The yield of labcllcd acetylene is 90-1 00%. A variant, using labellcd barium carbonate 
and cxccss of barium 10 tnakc labellcd BaC,, then hydrolysis, has been used to 
prepare T , H ,  and 13CC,H, ; I .  The isotopic yicld is cxcellent i f  all traces of paraflin 
h a w  becn reniovcd from the barium nictaljl. 
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Substituted labelled acetylenes, such as CH3l3C=l3CH 62, can be prepared from 

labelled sodium acetylide and the alkyl halide in liquid ammonia, following the 
general method (see Section II.B.2). The dehydrohalogenation method is however 
preferable for the preparation of labelled phenylacetylene C6H613C=CH, from either 
C,H5 13CH=CHBr G3 or CsH5 l3CC1=CH2 54. Renaud and LeitchS5 have discussed the 
different means of dehydrobromination of C,K,CHBrl3CH2Br and find that plienyl- 
acetylene might best be obtained in good yield (- 90%) by dehydrobromination with 
a n  excess of  sodamide in anhydrous ether (vr tetrahydrofuran) in the presence of 
traces of ammonia. 

13CH,C=CH has been prepared from l3CCH,I and sodium acetylide". Myers and 
S~hmid t -B leek~~ ,  rather than employ a similar method to make l'CH&=CH, 
preferred to use the lithium acetylide complexed with 1,2-ethanediamine and 
'TH,I. After purification, the yield is only 20%. Some other labelled acetylenes 
have been prepared by the usual methods: for instance, C6H5C~13C13CH 3 ,  65 

HC=CWOOH,  HC=C14CH20H and HC=C14CH2Br 57.  

D. Selected Methods of Preparing Common Labelled Acetylenes 

From the various studies reported above, it appears that the best methods of 
preparing specifically labelled acetylenes vary from one compound to another. The 
preferred methods are presented in Table 1. 

TABLE 1. Prcferred methods of preparing some simple labelled acetylenesa 
~ ~~~~~~~ ~ ~ ~ ~ ~~~ ~ ~ ~ 

Compound Preferred method Refcrenccs Comments 

DC=CD 

RC=CD 

HC=CD 

*CzHZ 
C,H,*C=CH 

C2Ca+ D20 

RCsCH,  D,O exchange 

HC=CLi + CH,COOD 

C3Mg2 + DZO 
CD,C=CNa + RX 

CH3CHzC=CI-I, D,O 
'isomerization- 
exchange' 

*GLi2 + H 2 0  
Dehydrohalogenation 

15 

5 

17 

15 
2 

48 

49 
52-55 

Eventually followed by isotopic 
exchange' 

Basic conditions, 25 "C, four ex- 
changes are necessary 

Pure compound necessitates sepa- 
ration by gas chromatography18 

CD,=C=CD, is also present 
CD,C=CD is prepared from 

Basic conditions, 180 "C. four 
c3 Mg2 

exchanges are necessary 

*C2Li2 from *CO, 
- 

Other labelled acetylenes arc  generally prepared from labelled alkyl halides and 
sodium acetylide?. The following two methods seem to be quite specific: CD,CH,C= 
CCH, has been made2 from deuterated methyl iodide and BrMgCH,C=CCH, 
(Grignard-Wurtz method), in - 50% yield; (CH,),CDC=CH has been prepared i is 
follows5*: 

I,iAlD4 
(C HJ, C = C = C H 6 r > (CH,),CDC=CH 

This method is very convenient in the case of branched alkynes, and leads to almost 
chemically pure compounds". 
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111. ISOTOPE P U R I T Y  D E T E R M I N A T I O N  AND 
ISOTOPE EFFECTS 

Before using labelled acetylenes, it is necessary to  check their isotopic purity. I n  the 
following, we shall summarize some separation and spectrometric methods which 
are most often employed and also consider isotope effects. Since general accounts of 
isotope effects have already been given, for instance by HaleviS9 or Laszlo and 
Welvartso, and brought u p  to date by ThomasJ, in this chapter we shall mainly 
consider the effects related to  the presence of the triple bond. 

A. Gas Chromatography 

The separation of CzHD from C2D2 and C2H2 by gas chromatography has been 
reported as the only method allowing the preparation of C2HD with an isotopic 
purity of higher than 95%18. In our  laboratory, we have found that disubstituted 
acetylenes, differing only in their isotopic content, can also be separated by gas 
chromatography; squalane in a capillary column (length 100 m, temperature -20 "C) 
separates various deuterated 2-butynesJ8. The retention times decrease with increas- 
ing H --f D substitution, as already observed in the case of a mixture of deuterated 

5 

- 
FIGURE 1. Chromatogram of a reference mixture of seven different deuterated 2-pentynes 
(squalane in capillary column; length 100 m, tcmpcrature -20 "C). (1) CM,CH,C=CCH,, 
(2) CH,CD,C=CCH,, (3) CD,CH,C=CCH,, (4) CH,CH,C=CCD,, (5) CD3CD,C= 

CCH,, (6) CH3CD2C=CCD3. (7) CD,CDzC=CCD3. 

methanes on charcoal columnss1. Best results are obtained with deuterated 2- 
pentynes. Figure 1 shows the chromatogram of a reference mixture of seven different 
deuterated 2-pentynes2. One can see that the peaks are well rcsolved. Moreovcr, two 
very weak extra peaks appear, which.are due to  two other deuterated 2-pentynes 
(impurities of the main compounds). The isotope effect due to the CH3 +CD, 
substitution is different depending on whether the methyl group is in the a or the 

position in relation to  the triple bond, being larger in the CI. position. 
The application of these effects in the determination of the isotopic purity of 

disubstituted alkynes is obvious and we have used i t  to follow the H -> D exchange 
when we prcpared 2-butyne(D8Y*. The  method is very convenient since it does not 
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need any prior purification of the mixture of chemical isomers which are obtained, 
contrary t o  mass spectrometry which necessitates the previous elimination of 
1-butynes and 1,2-butadienes. Unfortunately, under the same conditions, attempts to  
separate various deuterated 1 -alkynes (such as e.g. propynes) failed. 

B. M a s s  Spectrometry 

Mass spectrometry is certainly the most common method of measuring the total 
amount of deuterium or contained in labelled compounds and of determining 
their isotopic distribution. For instance, Whitesides and E h m a n P  have determined 
the isotopic composition of CH,C=CCD, samples from intensity data (corrected to 
13C), the ionizing voltagc being taken such that the intensity of the M-1 peaks is 
negligible. However, as stated above, it is first necessary to separate chemical 
isomers which could be present, such as allene in propyne. This may be realized by 
coupling a gas chromatograph with the mass spectrometer. Further, when RC=CD 
compounds are  analysed, i t  is necessary io pay attention to  possible exchanges 
involving the acetylenic deuterium. It  has bcen found for instance that an unexpected 
result observed in CD,C=CD analysis6' is due to the exchange of the acetylenic 
deuterium with the water adsorbed on the gas injection system of the GC-MS or on 
the walls of the ion source of the mass spectrometcr. This gives rise to CD,C=CH 
and explains why an intense peak is found a t  m/e 43 and not, as expected, at  tnle 44. 

The  determination of the position of the deuterium atoms in the molecule by mass 
spectrometry is a difficult problem and it is necessary to take into account the 
possibilities of scrambling'. I t  has been shown, for instance, that in the l-phenyl- 
propyne(D,) case there is H / D  randomization in the molecular ion prior to fragmenta- 
tionG3. The same H/D scrambling was observed when SafeGJ studied the mass spectra 
of C,H,C=CD. He found too, when analysing the spectra of bromo- or chloro- 
phenylacetylenes, that 100% H/D scrambling occurred in the [M-XI+ ion prior to 
expulsion of the acetylenc fragment6'. The same phenomenon occurred when 
substituted diphenylacetylenes were analysed6j. Hence it is impossible to deduce the 
position of the deuterium atoms in the moleculzs from analysis of the fragment ions. 
It does not seem that such scramblings have been studied in the casc of aliphatic 
acetylenes. 

Important isotope effects have bcen observed by mass spectrometry; i t  was found, 
for instance, that in HC=CD, the breaking of the CH bond is 1.9 times more 
probable than the breaking of the C D  bond6G. Such eficcts are not peculiar to 
acetylene and have also been observed in the case of methane, ethylene and 
biphenylJ. 67. 

C. Icfrared Spectroscopy 

Infrared spectroscopy has not very often been used to check the deuterium purity 
of alkynes, with the exception of the case of compounds with thc C = C D  group. For 
these compounds a quantitative method, analogous to the one used to dctermine 
the deuterium content of deuterium oxide by n.m.r., has been describcd". Known 
quantities of the non-deuterated hydrocarbon RC= CH are successivcly added to the 
corresponding R C s C D  compound of unknown deuterium purity, and the trans- 
mittance of the v(=CH) or v(5CD) band is followed us. the added amounts of 
RC=CH. The  method is long but i t  does not require precise knowledgc of the 
coefficient of molar extinction, E ,  of the u(-CH) band. Its main advantage is the 
elimination of errors due to molecular associations. I t  is not applicable to  volatile 
compounds. 
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From the analysis of residual v(CH) bands of the deuterated methyl or methylene 
groups, it is possible to determine the nature of isotopic impurities. The comparison 
of their intensity to the ones relative to the pure compound indicates their percentage. 
So, from CD,HCHDC=CH spectrum analysis, we have found that a sample of 
CD,CD,C=CH contained 4% of 1-butyne(D4-3,4,4,4) and 6% of I-butyne(D,- 
3,3,4,4)6y. In the samc manner, we have found that the deuterium impurities of 
CD,CH,C=CH and CH3CD2C=CH were respectively CHD,CH,C=CH and 
CH,CHDC=CH The method is now used to determine the deuterium purity of 
propyne(D,) prepared by exchange in NaOD/D,O a t  high temperatures4o. The 
method is very convenient in this case since the bands due to allene do not overlap 
those of the propynes. 

D. Nuclear Magnetic Resonance Spectroscopy 

1. Proton magnetic resonance 

Lavalley, Thiault and Braillon70 have studied the possibility of estimating the 
deuterium content of an organic molecule by p.m.r. They give a survey of the 
theory and illustrate it by some examples relative to deuterated alkynes [CH,(CH,),- 
C=CD and CGHllC=CD], using an internal standard. They have found that the 
method requires a certain quantity of alkyne and that its precision is not very high 
(limited generally by the noise). However, the method does not necessitate any 
preliminary purification of samples and vcry often allows location of the positions of 
the deuterium atoms in the molecule. A good example is given by the analysis of 
spectra of 1,2-butadiencs which are formed during the 'isomerization-exchange' of 
I-butyne to 2-butyneZR. The presence of CH3CD=C=CD2, CH,CH=C=CD2, 
CH,CH=C=CHD and CD,CD=C=CH, is shown, which confirms the proposed 
mcchanism of isomerization. Unfortunately, the spectra of some 2-butynes, such as 
CH,C=CCHD, and CDaHC=CCH2D, are not  directly accessible and the method 
is not easily app!icable to 2-butynes. Another striking application of p.m.r. spectro- 
scopy is the determination of the purity of a 13C2H2 sample. This spectrum consists of 
the superposition of three spectra: the one-line spectrum of H1T=12CH, the eight- 
line spcctrum of H13C=1?CH (ABX system) and the ten-line spectrum of HI3C= 
I T C H  ( A A ' X X '  systcm). It was found that i t  contained about 1% Hl2C=l2CH, 
18% H13C=1TH and 8 1 % H13C=13CH ,I9. 

Lavalley"' studied the p.ni.r. spectra of several deuterated alkynes and observed 
the existence of isotope effects on chemical shifts (Table 2). It was found that 

( i)  oli(D) 2 Q(H) always occurs (the substitution causes upfield shifts), 
(ii) the effects arc additive, and 
(iii) their value depends upon the number of bonds between the substituted site 

and the hydrogcn atom, whose signal is observed. For one substitution, the 
cffect is : 

4 u  x loti = 0.01 5 (geminal effect) 

= 0.008 (vicinal effect) 

= 0.004 (distant effect, through four bonds, one of 
which is the triplc or,e) 

It seems that a correlation cxists between the value of the isotopic effect and the 
coupling constantGy. However, the distant efl'ect is smaller than expected in the case of' 
propargyl halides. This could perhaps bc explained by the presence of the elec!ro- 
ncgative atom, as was already postulated for other halides'l. 
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From these results it appears that the triple bond transmits isotope cffec!s on 
chemical shifts very well. This result has to be compared with the observed effect on  
the solvolysis rate7, of 4-chlor0-4-methyl-2-pen~yne(D,) and (D3-l , I  ,I). The rate 

TABLE 2. Isotope elfects on chemical shifts in some acetylenesG8 

Reference molecule Substituted niolccule (an(D)-an(H)] x loG 

- CH3CD,C=CH - CHD,CD,C=CI-I 0.031 k 0-01 

-3 CH CH,C=CH - CH,CD,C=CH 0.015 kO.003 
- CH,CH,C=CCH, - CH3CD2C= CCH, 0.017 k0.003 
CH3CH,C=CD - CD,CH,C=CH - 0.025 kO.003 
CH3CH2C=CCD3 - CD,S2C=CCH3 0.022 kO.003 

CD,HCDHC=CH - CD,HCD,C=CH - 0.0042 0.0008 
CDzHCDHC=CH - CD3CD,C=CH - 0.005 +- 0.0008 
CD,CH,C=CH - CD, HCDHC= C - I4 0.002 -1- 0.0007 
CD,CH,C=CH CD,CD,C=CH - 0.008 +- 0.001 7 

BrCH,C=CH - BrCH,C=CD - 0.001 k 0~0005 
CICH,C=CH - CICHZCsCD - 0.001 4 0.0005 

retardation, k H / k D  = 1.09, due to deuterium in the lattcr, is anothcr example of 
transmission of the effect across the triple bond. They both demonstrate that the 
deuterium substitution affects the electronic properties of the molecule and that the 
triple bond is a very efficient conductor of electronic effccts. 

2. I3C nuclear magnetic resonance 

Deuterium isotope effects on 13C chemical shifts are of a different magnitude to 
those on proton chemical shifts. We have used this property to  determine the 
deuterium content of 2-butynes prepared from the ‘isomerization-exchange’ 
methoda8. CH,, C_HDz, CH,D and CD3 group signris are easily located using the 
proton-decoupling technique (Figure?). However, due to the Overhauser effect, it is 
not possible to  deduce from the relative intensity of the peaks the proportion of the 
different groups. Using the same method, we found in the 2-pentyne case that the 
signal of the methylene 13C is single, which shows that there are no  deuterium atoms, 
or a very small quantity of them, present in the methylene grouptG. 

F rom Figure 2, we deduce that the isotope effect fcr  one H --f D substitution is 

[~l,c(D) - ~nc(H)] x I O6 = 0.22 

which has a value quite similar to those already observed73. A striking result, on the 
other hand, arises from an analysis of RC=CD rompoonds: the p deuterium isotope 
shift (+0.50 p.p.m.) is more than twice the a onc (+0.22 ~ .p .m. ) ’~ .  There is no doubt 
about this result: we have obtained the same result using a mixture of 1-pentyne(D,) 
and (D-1). Doddrell and Burfitt explain it by changcs in CEC bond length when 
acetylenic hydrogen is substituted by deuterium73. 
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H - 2- 
3 '  

4 '  I I I I I 

FIGURE 2. Proton-dccoupled I3C n.m.r. spectrum of a mixturc of deuterated 2-butynes 
prepared from I-butyne and D 2 0  (one 'isomerization-exchange' at IS0 "C). (1) =CCH, - 

group, (2) =CCH2D group, (3) =CCHD2 group, (4) =CCD, - group. 

IV. E X A M P L E S  OF USES O F  LABELLED A C E T Y L E N E S  

A. Spectroscopic Studies 

I t  appears that a large proportion of labcllcd acetylenes are prepared for use in 
molecular spectroscopy. In infrared spectroscopy for instance, it is well known that 
the substitution of hydrogen by deuterium changes the vibration frequencies of the 
bonds without changing the force constants. The assignment of the spectra of labelled 
(deuterated and 13C-labelled) compounds and normal molecules leads to the experi- 
mentally determined fundamentalsa1* and then specifies the force field. For instance, 
this has been used to determine the harmonic force field of methylacetylcne, taking 
into account corrections for anharmonicity which are unfortunately only approxi- 
mates2. Without these corrections, it was found that the anharmonic k(CD) force 
constants (calculated by ignoring anharmonicity) are significantly higher than for 
CH, when, for instance, normal coordinate analysis of acetylenes Cn_H2, C,HD and 
C2D2 has been carried I n  ultraviolet spectroscopy, labelled acetylenes are 
mainly used to analyse the fine structure of absorption systems''0. i G .  In  microwave 
spectroscopy, isotopically substituted molecules are used to determine the bond 
lengths and angles, with the aid for instance of Kraitchman's equations". 

A more recent method of determining CH bond lengths with accuracy has been 
developed by McKean and coworkers'8 in infrared spectroscopy, using 'isolated' CH 
frequencies, dcrived from the spectra of compounds in which every hydrogen atom is 
deuterated except one. The method, first used by LavalleyG8, demonstrates the 
asymmetry of the methyl group of I-butyne. Correlations between v(CH) frequencies 
and bond lengths and dissociation energies enable this kind of information to yield 
accurate values for the latter quantities. In  the case of dissociation energies, the 
method assumes no resonance stabilization of the radicals. In the 1-butyne case, from 
Y(CH) wave numbers of CHD,CD2C=CH and CD,CHDC=CH, it was found that 

r,CHH2 - = 1.095 A Di98 = 100.7 kcal/mole 

r,CHH - = 1.099 A DgB8 = 97-7 kcal/mole 

Another example relates to propargyl alcohol, which is mainly in the gartclte form 
in the gas phase79. Study of the HC=CCHDOH spectrumNo showed that the CH 
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bond trans to an OH bond is a little shorter ( h o w  0.005 A) than the other, trans to an 
oxygen lone pair. An application of ‘isolated’ C H  frequencies is the determination of 
molecular conformations. A good example is the study of the infrared spectrum of 
2-ethynyl-l,3-dioxolane(D,-4,4,5,5) The spectrum showed two v(CH) bands, 
situated a t  2863 and 2956 cm-l. We assigned them to isomers (1) and (2) respectively, 
taking into account the specific effect of oxygen lone pairs on the trans CH vibrator: 

H 
I 

HC 
(/ I  
C 
I 

(1 1 (2) 

From intensity considerations, isomer 2 predominates in the CC14 solution. On the 
other hand, isomer 1 is relatively more abundant in CD3CN than i n  CC14 solution. 
Thcse results agree with those obtained from n.m.r. analysisa2. 

B. Studies of Mechanism 

1. From the isotope composition of the products obtained 

a. Isomerization. We have used the isomerization of acetylenes to prepare 
deuterated acetylenes (see Section II.B.3). Analysis of the deuterium content of the 
different compounds which are formed, i.e. I-butynes, 1,2-butadienes and 2-butynes, 
is in accord with the mechanism proposed by Jacobs and  collaborator^'^ involving 
the rem6val of a proton by the base and rearrangement of the resultant carbanion. 

Cram and coworkers3’, using (C,H,),CDC=CC,H, to study the 1,3-intra- 
molecular proton transfer, found that the intraniolecularity ranged from 88% in 
dimethylsulphoxide-methanol-triethylencdiamine to 19% in methanol-potassium 
methoxide a t  30 “C. To explain the I ,3-intramolccular proton transfer they propose 
the ‘conducted tour’ mechanism. On the other hand, Wotiz and propose 
a concerted mechanism involving the [NHCHzCH,NI-12]- ion and the propargyl 
group in a nine-membered ring transition state in order to explain the relatively fast 
rearrangement occurring when 3-hexyne is mixed with a NH,Na/cthylenediamine 
solution. 

Isotopic labelling of the reactant and examination of the isotopic distribution in 
the products have been used to study whether the isomerization, CH,=C=CH, + 
CH3C=CH, in a single-pulse shock-tube is intramolecular or whether it proceeds via 
another mechanismG2. A 50-50 mixture of CH,=C=CH, and CD2=C=CD2 was 
shocked a t  1030-1220 K, the gas being highly diluted in argon. If the formed 
propynes are unscrambled, i.e. if only CH,C=CH and CD,C=CD arc present, the 
reaction is clearly intramolecular. On the othcr hand, if C3D313 and C3H3D are 
observed, either an  isotope exchangc reaction has occurred or thc reaction is not 
intramolecular. Taking account of the D --> H exchange between propyne(D,) and 
water in the  mass spectrometer, i t  was found that thc isomcrization is first order with 
respcct to allcnc. As only a few decomposition products were found (0.17% after 30% 
of the allene had isomerizcd) it is concluded that the following mechanism proceeds 
to  a large extentG‘: 

/HL 
CH,=C=CH, CH=C.-CH, ---+ HCSCCH, 
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6.  Metathesis. I t  has been found that metathesis of CH,(CH,),C=C14CH3 over 
MOO,-SiO, a t  350 "C leads to  labelled 2-butync and unlabclled 4-0ctyne". This 
suggests the following mechanism: 

*C 

*C 
- c-c=c-C* + PrCrCPr $: - * 2 *c-c-c-c-c-c 

Mo 

Over the same catalyst, propyne does not form products of metathesis but yields 
small quantities of cyclotrimerization products, one of them being 1,2,3-trimethyl- 
benzene (4%), which may indicate that a similar mechanism could occur. 

c. Cyclotrinierization. Whitesides and E h n i a n ~ i ~ ~  have carried out  a series of 
studies on cyclotrimerization by transition metal catalysts, using CH3C=CCD,. The 
idea was to determine whether 1 ,2,3-triniethyl-4,5,6-triniethy1(D3)-benzene (3) is a 
product of the reaction. If not, this excludes a cyclobutadiene intermediate (4), 

formed by dimerization of 2-butyne(Ds-1 , l , l ) .  The assumption has been made that 
the four ring carbon atoms and carbon-carbon bonds of the metal cyclobutadiene 
are chemically equivalent. With supplementary assumptions, particularly if 
deuterium kinetic isotope effects are neglcctcd, it was found that, within the limit of 
detection of the involved experimental procedure (- k 0.5%), no compound (3) is 
formed in the reactions involving triphcnyltris(tctrahydrofuran)chromium(IxI), 
dimesitylcobalt(iI), dicobalt octacarbonyl, bis(acrylonitrile)nickel(O) and the Ziegler 
catalyst TiCI, + (iso-C,H,),Al. These five catalysts represent the majority of the 
structural types commonly associated with transition metal reagents displaying 
activity in acetylene cyclotrimerization reactions. On the other hand, results involving 
the use of AIC13 as a catalyst indicate that an intermediate having the same effective 
symmetry as  a tetraniethylcyclobutadicne may be involved. The yield of (3) ob- 
tained from the cyclization catalysed by bis(benzonitrile)palladium(~~) dichloride 
is intermediate betwcen the two extremes. A similar study has been carried out  
with triphenyltris(tetrahydrofuran)chromiiiin(iiI) and CH,C=CCD, A free or 
metal-complexed tetramethylcyclobutadiene has been excluded as a n  intermediate 
in this reaction because it has been observed that 1 ,2-dimethyl-3,4-di(methy1-D3)- 
naplithalenc is not a product of the reaction. 

In  the same manner, reactions involving acetylene and acetylene(D,) have been 
studied". The catalyst system used was a Ziegler-Natta catalyst, tris(acety1aceto- 
nato)titanium(irI) and diethylaluniinium chloride. With C2H2, it leads to formation 
of benzene, a trace of ethylbenzene and a sinall amount of polyacetyleneYC. Reaction 
with C2D2 gives benzene(D,) and CCDjCH2CH3, which suggests that the ethyl group 
in the ethylbenzene is derived from thc catalyst system, or more cxactly from the 
active intermediate which contains the metal-ethyl bond. The deuterium position in 
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the deuterated benzenes, obtained from an  equimolar mixture of acetylene and 
acetylene(D,), has been investigated. The results suggest that the mechanism 
involving the cyclobutadiene intermediate may be discarded, as benzene(D2-l,4) and 
benzene(D,-l,2,4,5) are not formed. 

2. From kinetic i sotope  effects 

Deuterium substitution may give rise to important effects on the reaction kinetics. 
The maximum kinetic isotope effect is obtained when the bond is broken in the 
transition state (primary isotope effect). In reactions involving several stages, 
isotope effects can naturally be observed only if the bond to the isotope is broken in 
the rate-determining steps7. In this case, deuterium substitution would be expected to 
depress the reaction rate. We give below two examples relative to acetylenes, showing 
how the effect, k H / k D ,  may specify the reaction process or, on the contrary, allow the 
rejection of a possible mechanism. 

The  mechanism of 1,2.3,4-tetramethyInaphthalene formation from 2-butyne and 
triphenyltris(tetrahydrofurai1) chromium(ir1) has been clarified by using deu terated 
compoundse5. For instance, the reaction of (5) with 2-butyne leads to  a mixture of 
1,2,3,4-tetramethylnaphthalenes (6 and 7). The  iatio kn/kr, is 2.7 f. 0.1. This result, 

(5) 16) 17) 

added to that obtained by the reaction of 2-butyne with a mixture of triphenyl(D,)- 
and triphenyl(D,)tris(tetrahydro)chromium(iIi) (kn/kD = 0.97 k 0.02) discredits 
benzyne complexes as intermediates in the formation of final products”. 

Another example concerns the irimerization of acetylene over [(C8HJ3PI4Ni. This 
could be represented by the following scheme: 

However, a studys8 of the comparative kinetics of the transformation of C2H2 and 
C,D, over this catalyst showed that the rate of adsorption of acetylcnc is vcry much 
higher than the rate of adsorption of C,D, (kn//cn = 2.3). This effect implies the 
rupture of the H(D)-C bond in the process of isomerization, and confirms the first 
step of Meriwether’s schemesD: 

3. From t h e  structure of adsorbed species 

A way to  study reaction intermediates and therefore the reaction mechanisms is 
the determination by spectroscopy of the structure of adsorbed species formed on the 
surface of catalysts. The assumption is that the observed species take part in the 
chemical process which is being investigated. Infrared spectroscopy seems a powerful 
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technique of investigation of such structures and we report some recent results from 
our laboratory on this topic. It is necessary, however, to  take account of the occur- 
rence of species which are due to side-reactions. They seem to appear often and 
should first be characterized. Use of deuterated compounds make their determina- 
tion easier. The other species may be intermediates of the reaction studied. I t  is 
important to determine their structure exactly. Here again, use of labelled com- 
pounds, or more precisely the study of the shifts of the characteristic bands due to 
H + D substitution, is of great assistance. Examples are given below in relation to 
the adsorption of acetylenes on metal oxides. 

a. Efitnination of species dice lo side-reactions. Xnfrared study of adsorbed acetylenes 
on alumina showed that strongly held species are attached to the surface by the 
acetylenic end, giving rise to  RC= C-- Al(surface) speciess0. Moreover, on alumina, 
there is isomerization, which explains the nature of strongly held species given by 
2-butyne adsorbed on A1203 O1. A similar study with ZnO as the oxide did not take 
into account the possibility of the presence of a great deal of acetylenic R C s C -  
carbanion speciesso. Use of 3,3-dimethyl-l-butyne and 3,3-dimethyl-l-butyne(D-l) 
proved that this assumption was untrue. The spectra given by these particular two 
compounds, adsorbed on ZnO, give rise to strong bands which are closely similar if 
we except the shift of the band at 3300 cin-’ to  2460 cm-’ due to the formation of the 
OH(0D)  groups on the surface93. This proves that dissociative adsorption occurs 
with formation of (CH,),CC-C- Zn(surface) species. Moreover, use of (CH,),CC= 
CD allows us to assign the two bands observed between 2050 and 2150 cm-l to two 
kinds of ‘acetylide’ species. 

6. Study of fhe strrtcfure of ‘btermediate’ species. Contrary to the alumina case, for 
which no  species due to isomerization intermediates has been foundD0, Chang and 
Kokesg2 have shown on ZnO the formation of a propargyl species, which is a likely 
intermediate in the allene-methylacetylene isomerization reaction. It was important 
to define the structure of the species as accurately as possible, which we did by using 
deuterated  acetylene^^^. The two extreme resonance forms for these species derived 
from methyl acetylene are: 

-CH,C=CH and CH,=C=CH- 

(8) (9) 

Both of these imply a linear three-carbon skcleton, but different angular dispositions 
of the CH bonds, i.e. corresponding approximately to sp“ and sp hybridization of the 
terminal carbons in the first case, and 2 x s p 2  in the second case. lntermcdiate 
resonance forms such as 

~ - c H , ~ c ~ c H ~ -  

(10) 

are also possible, and the actual disposition taken up by the ion would be expected to 
depend on the details of the interaction (e.g. one-ended or not) between the carbanion 
and the surface zinc ion. Our choice between the various alternatives were based on 
frequency shifts due to I3 + D substitution on the characteristic band near 1850 cm-l. 
The frequencies are reported in Table 3. In the propyne case, the extreme structure (9) 
leads to  the expectation that substitution of the three CH bonds by CD should each 
lead to a lowcring of the asymmetrical u(C=C=C) frequency (in allene itself near 
1980 crn-l)”. In fact (Table 3), the substitution of only one CH bond by CD affects 
the frequency of the band in the 1900-1800 cm-l region. This latter observation is 
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supported qualitatively by the extreme structure (S), but the observed isotopic shift 
(- 30 cm-I) is much smaller than that observed" for the 'C=C' frequencies of the 
parent gas-phase molecules (133 cm-'). Hence a structure between (8) and (10) is to 
be preferred, with the CC bond to which the lone CH is attached retaining a relatively 
high bond order and the CH bond being a t  an angle between 120" and 1 SO" in relation 
to it. 

TABLE 3. Position (in cm-'-) of the bands near 
1850 cm-' for different acetylenes adsorbed on 

ZnO O3 

Acetylene Position of bands (cm-l) 

CH,C=CH 1880 (sh) a 

CH,C=CD (1880) (sh) 

CD,C=CH 1880 (sh) 

CD,C--=CD 1829 

CH,CH,C=CH 1880 
I865 

CD3CDpC=CD I ,  1880 
1839 

1865 

1834 (1865) 

1863 (1830) 

"sh = shoulder. 
I ,  Adsorbed on deuterated ZnO (containing -OD 

The intcnsity of the bands in brackets increases 
groups). 

with time; they are due to isotope exchanges. 

I t  may be noted that the order of appearance and intensities of the C L I .  1865 and 
1835 cm-I bands agree with the propargylic formulation. Initially, with CH,C=CD 
and CD,C=CH, the respective frequencies corresponding to the C g C D  or  
C=CH groups of the initially adsorbed molecule are observed. After a period of 
time the two bands are both present in the ratio expected if there is easy (but not 
instantancous) equilibrium between the three H or D atoms in the species. 

From comparison of frequencies and frequency shifts due to H + D substitution 
(Table 3) with ethylacetylenes i t  is deduced92 that two types of propargyl species are 
observed : 

[ H C = C= CH CH,] - [ C H,C= C -.- CH,] - 

As might be expected, the formcr species predominates at first when 1-butyne is 
the adsorbate and the latter when 2-butyne is the adsorbate. From the results with 
2,3-pentadiene it appears that, as is the case with the parent hydrocarbons, adsorbed 
species with an internal high-order CC bond seem t o  be the most stable. Finally, the 
fact that 2,4-dirnethyl-2,3-pentadiene docs not give strongly held species on ZnO is 
consistent with the overall conclusion that either a CH group 0: to C s C ,  or an 
allene-type CH group, is necessary if propargylic surface species are to be formed. 
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Since similar propargylic spectra are obtained, starting from isomeric substituted 
acetylenes and allenes, we conclude that this surface species does act as a catalytic 
intermediate. This clarifies the mechanism: isomerization apparently occurs via a 
1,3-hydrogen shift involving the propargyl species as an  intermediate. Chang and 
Kokes suggest three steps9? : the first represents dissociative adsorption, the second 
represents the surface rearrangement and the third represents readdition of the 
hydrogen atom and desorption of the product. However, we think that some further 
experiments are necessary before coming to  definite conclusions; without deuterated 
compounds such a study would have been almost impossible, as the main information 
o n  the  structure of the species was deduced from isotope shifts of characteristic 
bands. 
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Bisdehydro[l7~nnulenones 670 
Bisdehydro[l4]annulenothiophene 698 
Bisdchydro[ 13]annulenyl anion 679 
Bisdehydroaza[ 17lannulenes 673 
Bisdehydroaza[l9]annulencs 675 
Bisdehydroaza[2l]annulcnes 674 
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Bisdehy drooxa[l3lannulenes 677 
Bisdehydrooxa[l5lannulenes 677, 678 
Bisdehydrooxa[ 1 7lannulenes 678 
Bisdehydrothia[ 13]annulenes 677 
Bisdehydrothia[l7]annulenes 675, 676, 678 
Bis(dihydronaphtho)bisdehydro[ 141- 

annulene 700 
Bis(dihydronaphtho)bisdehydro[ 181- 

annulene 701 
Bis(dihydronaphtho)tetrakisdehydro[l8]- 

annulene 702 
Bis(5-pentyny1)durene 719 

electronic absorption spectra of 718 
o-Bisphenylethynylbenzene 724, 125 
2,2’-Bis(phenylethynyl)biphenyl 723, 724 
1,8-Bis(phenylethynyI)naphthalene 726 
1,8-Bis(2’,4‘,6’-trimethyIphenylethynyl)- 

naphthalene 726 
Bond dissociation energies in alkynes 

21 
Bond lengths, 

&-B 64 
c - B r  63-65 
C-C, formula for 62 
c=c. 

20, 

effect of conjugation on 62 
effect of substituting another group for 

hydrogen on 58, 59, 64 
G - C  60, 61 
G-Cl 63-65 
&-F 63-65 

&-H 63 

C,-0 64 
&-S 64 

&-Ge 63 

(2,-I 63-65 

&-Si 63 
in alkynes 11-13 
in polyynes 13 
S-C(HJ 64 

Bond migration 170, 176, 177 
Bond overlap populations for substituted 

acetylenes and acetylene fragments 
10 

acetylenes 799, 800 

alkynyl, reactions of 216-219 
dialkyldialkynyl, oxidative coupling of 

569 
Boron-containing compounds, addition of, 

to alkynes 289-292 
o-Bromobenzoylacetylene, hydrogen 

bonding in 96 
6-Bromo-l-phenyl-l-hexyne, electro- 

reductive cyclization of 747 
Bransted coefficient 80, 81 

phenylacetylene for 81 

Boranes, use of, in the preparation of 

Borates, 

Buchi reaction 724 
Buta-2,Zdienoic acid 388 
Butadiyne. 

photocycloaddition of 538 
photolysis of 525 

Butenynes, photocyclization of 527 
r-Butylacetylene 382 

addition of hydrogen chloride to 282 
pK, value for 78 

But-2-yn-1 ,4-diol 749 
1-Butyne 345 

photolysis of 525 
2-Butyne, 

photocycloaddition of 535, 544. 547 
photolysis of 525 
transition metal complexes of 

117, 118 
103, 104, 

2-Butyne-1-01 126 
3-Butyne-2-one, hydrogen bonding in 96 
But-2-ynoic acid, rearrangement of 388 

Cadiot-Chodkiewicz coupling 569, 570 

Campanulaceae, as polyacetylene source 
624, 631 

Capillariii 627 
Capillin 631 
Carbalumination, regiochemistry of 296, 

297 
Carbanion intermediates in nucleophilic 

substitutions 912, 916, 917, 934 
Carbanion mechanism 389 
Carbanions 851, 852 

in polyacetylene synthesis 627 

addition of, to alkynes 892-907 
electron transfer from 844 
in substitution reactions 937 

Carbenes, cycloaddition of, to alkyncs 

Carbenoid species 408, 409, 41 1 
Carbides, hydrolysis of, to prepare 

Carbometalation 202 

Carbon acids 76 

4 4 9 4 5  1 

deuterated alkynes 960 

carboalumination 221, 222 

acidities of, from molecular orbital 

addition of, to alkynes 893, 894, 897 
equilibrium acidities of 78, 79, 82 
gas-phase acidities of 82-84 
in substitution reactions 937 
kinetic acidities of 77, 80-82 

calcillations 84, 85 

Carbonates, as dehydrohalogenating 

Carbon-hydrogen bonds, strength of, in 

Carbonium.ions, addition of, to alkynes 

agents 763 

ethyne 69, 70 

298-304 
stereochemistry of 299-303 



Subject Index 1051 

Carbon-1 3 labelled acetylenes, 
Preparation of 962, 963 
purity dctermination of 966 
use of, 

in spectroscopic studies 968 
in the study of skeletal rearrangements 

179, 181, 183 
Carbon-14 labelled acetylenes, 

preparation of 962, 963 
use of, in mechanism studies 970 

Carbon monoxide, elimination of, in the 
preparation of acetylenes 781, 782 

Carbon-1 3 nuclear magnetic resonance 
spectroscopy 33, 34, 146, 147, 563, 
564, 722, 967, 968 

Carbonylation reactions of acetylenes 238, 
239 

Carbonyl compounds, acetylenic, 
electrolysis of 747 

Carbonyl ylides, cycloaddition of, to 
alkynes 468 

Carboxylate groups, as leaving groups in 
Eschenmoser's method 789 

Carboxylic acids, 
acetylenic, rearrangement of 387-391, 

393 
allenic 387, 388, 428 
preparation of, from acetylenic 

precursors 
238 

bisdehydro[l4]annulene 686 

215, 225, 226, 231, 236, 

3-Carboxy-7,lO. 14-tri-f-butyl-1,8- 

Carlina oxide 624, 627 
Carotenoids, acetylenic 622, 623 
Castro coupling 730, 731 
Catalytic hydrogenation 749 
Cathodic reduction 743-751, 819, 843-848 
Cellocidin 623 
Chain-extension reactions 256-258 
Characterization of alkynes 138-148 
Charge distributions for substituted 

acetylenes 823, 827-830 
Charge exchange reactions 

191 
Charges for carbon atoms of substituted 

acetylenes and acetylene fragments 
10 

162-1 64, 189, 

Charge stripping 184 
Chemical ionization 162-164, 186 
Chemical modification prior to mass 

spectral analysis 170 
Chemical shifts 32, 33, 92, 93, 144-147, 

561-564. 722 
isotope effects on 966-968 

on metal single crystals 
Chemisorption 47-49 

Chloroacetylene, nuclear quadrupole 
48, 49 

coupling constants of 64 

o-Chlorobenzoylacetylene, hydrogen 

1-Chlorobut-2-yne, rearrangement of 404 
6-Chloro-l-phenyl-l-hexyne, electro- 

reductive cyclization of 421 
Chromatography 147, 148, 152, 153 
A3 Chromenes 422 
Chromium(1r) chloride, as reduciag agent 

750, 751 
Cicutoxin 63 1 
Civetone, preparation of 636 
Claisen rearrangement 421-424 
Coelectrophiles 858, 861, 893, 911 

reacting with intermediates in 

bonding in 96 

nucleophilic attacks on acetylenes 
816 

spectra 184 
Collision-induced dissociation (CID) mass 

Collision-induced dissociations 169 
x Complexes 297, 327,403,404 
Compositae, as polyacetylene source 621, 

Conformational analysis 18-20 
Conjugated C=C and C-C bonds 62 
Cooligomerization, of diynes and simple 

Cope rearrangement 428430 
Copolymerizations, radical, reactivity 

624 

alkynes 601 

ratios for corresponding alkynes 
and alkenes 819 

Core electron energies in alkynes 25 
Crepenynate pathway in polyacetylene 

Crepenynic acid 622, 630 
in the biogenesis of polyacetylenes 628 

Crystal data, 
for acetylene 35 
for diiodoacetylene 35 

biogenesis 625 

Cumulene 391 
Cumulenes, preparation of 213, 236 
Cuprous salts, reaction with alkynes 
Cyanoallenes 406 
4-Cyanodiphenylacetylene 752 
Cyclic acetylenes 14, 186, 530 

dehydroannulenes 663-707 
large-ring 654-662 
medium-ring 643-654 
short-life 637-643 

photoelectron spectra of 722 
polymetalation of 359 
through-bond and through-space 

interactions between ii and u 
orbitals in 722 

149 

Cyclic diacetylenes, 

transformation of, to cyclobutadienes 732 

o,o'-bridged 659 
p,p'-bridged 659 

Cyclic diphenyldiacetylenes, 
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Cyclic tetraacetylenes 714 
carbon-13 chemical shifts of acetylenic 

sp-carbons in 722 
Cyclic tolans, 

o,p-bridged 657, 658 
o,p'-bridged 659 
p,p'-bridged 659 

Cyclic voltammetry of acetylenes 741 
Cyclizations 181, 183, 248-256, 504-517 

after addition of amines 508, 509 
in nuclcophilic attacks on acetylenes 

involving CH groups 507, 508 
involving NR groups 505-507 
involving OH groups 504, 505 
of diynes with heteroatoms 516 
of polyacetylenes 179 
with addition of amino heterocycles 509 
with two additions 514-516 
with two amino groups 510-513 

concerted one-step mcchanism for 

1,3-dipolar 460473, 489-491, 494-496 
giving fluorinated derivatives 473, 474 
Hammett correlations for 491, 496, 497 
in nucleophilic attacks on acetylenes 

non-concerted two-step mechanism for 

of polyacetylenes 594, 595 
of short-life cyclic acetylenes 643 
reactivity in 491497 
regioselectivity of 497-504 
theoretical study of 482-504 
with electron-deficient triple bonds 

with electron-rich triple bonds 457-460 

852, 853, 865-871, 876, 877 

Cycloadditions 201,449-504 

483491 

870, 871, 878, 879, 893, 904-907 

483491 

452456 

[x2  + r2] Cycloadditions 449460 
[x2  + x2  + 7 4  Cycloadditions 
[x4 + x2] Cycloadditions 460477 
[xo + x2]  Cycloadditions 477. 478 
[re + 7?] Cycloadditions 478 
[do + 731 Cycloadditions 479 
[x12 + x2] Cycloadditions 479 
[2 + 21 Cycloadditions, 

479, 480 

intramolecular 480, 48 1 
transition-state calculations for 486 

Cycloalkynccycloallene mixtures. 
equilibrium composition of 644 

Cycloalkynes-see Cyclic acetylenes 
Cyclobutadiene, formation from alkynes 

Cyclobutadienes, 
by metal complexes 107, 119 

formation from diynes by metal 

in transition metal complexes 
complexes 124 

104, 122 
97, 100, 

Cyclobutanes, preparation of 215 
Cyclobutanone, preparation of 249 
Cyclobutanones 418 
Cyclodecyne, 

base-catalysed rearrangemcnt of 385 
physical propcrties of 644 
preparation of 652 
reduction of 652 

5-Cyclodecyn-1-one 654 
Cyclododccyne, 

physical properties of 644 
preparation of 636 
reduction of 652 

Cycloheptatrienone, formation from 

Cycloheptyne, 
alkynes by metal complexcs 107,123 

in transition metal complexes 115 
stability of 642 

diphenylbenzo[c]furan adducts of 638 
in transition metal complexcs 115 
stability of 642 

base-catalysed rearrangement of 385 
physical properties of 644 

Cycl o hexy ne, 

Cyclononyne, 

Cyclooctadiyne, benzo derivatives of 

1 ,5-Cyclooctadiyne, 
649-652 

photolysis of 526 
preparation and properties of 648, 649 

Cyclooctatetrene 119 
Cyclooctyne, 

benzo derivatives of 649-652 
in transition metal complexcs 
photoelectron spectra of 722 
preparation of 647 
properties of 644, 648 

115, 118 

Cyclopentadecyne, preparation of 636 
Cyclopentadiene, cobalt complexes of 732 
Cyclopentadienoncs, formation from 

alkynes by metal cornplexcs 102, 
103, 107, 122, 123 

Cyclopentync 638 
Cyclophadiynes 719 

carbon-13 chemical shifts of 723 
electronic absorption spectra of 716, 

tet racyanoe thylene complexes of 73 3 

electronic absorption spectra of 716, 

Cyclopropanes, preparation of 215, 226 
Cyclopropyl groups, as leaving groups in 

Eschenmoser's method 789, 790 
Cyclopropyl ketones 418 
1.3-Cyclotetradecadiyne, 

718 

Cyclophatetraynes 71 9 

718 

charge transfer complexes of 720 
preparation and properties of 658-660 
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1,8-CycIotetradecadiyne, 

physical properties of 644 
synthesis of 654 

Cyclotetradecyne 653 
1,3-CycIotridecadiyne, charge transfer 

Cyclotridecyne 722 
Cyclotrimerization, 

complexes of 720 

by transition metal catalysts, mechanism 
study of 970, 971 

of polyacetylcnes 600, 601 

base-catalysed rearrangement of 385 
physical properties of 644 

Cycloundecyne, 

Dahlias, polyacetylenes from 624 
Decacyclene 730, 731 
4-Decyne, hydrogen acceptor properties of 

5-Decyne, 
94,95 

charge transfer complexes of 720 
rearrangement of 383 

Dehalogenation, as method of preparing 

Dehydroannulene anions and cations 

Dehydroannulenes 663-707 

acetylenes 779, 780 

679-681 

acetylene-cumulene 6 8 t 6 9 6  
identity of acetylene and cumulene 

bonds in 693 
annelated 696-703 
aromaticity and antiaromaticity of 

synthesis of 663-665, 728 
Dehydroannulenoannulenes 703-707 
Dehydroannulenones 668-672 
Dehydrohalogenation as method of 

starting materials for 759, 760 
Dehydroheteroannulenes 672-679 
Dehydromatricaria ester 621, 630 
Deoxygenation, as method of preparing 

acetylenes 780, 781 
Detection of alkynes 138-148 
Deuterium-labelled acetylenes, 

isotope effects in 168, 169 
location of the triple bond using 
preparation of 958-963 
purity determination of 964-968 
use of, 

in mechanism studies 969-974 
in spectroscopic studies 968, 969 
in the study of ion-molecule reactions 

190, 192 
in the study of the decomposition of 

acetylenes under electron impact 

665-668 

preparing acetylenes 757-775 

170, 171 

171-174, 176, 178-180, 182, 183, 
185, 186 - 

Diace tylenes, 
conjugated internal, polymetalation of 

formation of, by the pyrolysis of 

mass spectrometry of 175, 181, 183-186 
rearrangement of 392-396 
skipped 393, 334 
solid-state polymerization of 595-597 
terminal, coupling of, with allenic 

transition metal complexes of 

355 

methanc 576 

bromides 571 

125 
1,3-Diacetylcnes, 

charge transfer complexes of 720, 721 
dialkyl 714 
rearrangement of 392-394, 396 

Diacids, base-catalysed prototropic 
rearrangement of 389 

Dialkyl lithiocuprates 41 3 
Dialkylphosphonates, acetylenic 1 86 
N,N-Dialkylprop-1-ynylamines 388 
N,N-Dialkylprop-2-ynylamines 388 
1,2-Di( I-alkynyl)cyclobutanes 429 
Dianions, formation of, in electroreduction 

742 
Diatretyne 2 629 
Diazoalkanes, cycloaddition of, to alkynes 

Diazomethane, cycloaddition of, t o  alkynes 

Dibenzobisdehydro[l4]annulene 701 
Dibenzoylacetylene, transition metal 

complexes of 1 12 
Di(f-butyl)acetylene, transition metal 

complexes of 107, 116 
Di-f-butyldiphenylbisdehydro[ 14lannulene 

684 
Dicarboethoxyacetylene, transition metal 

complexes of 1 13 
Dicarbomethoxyacetylene, transition metal 

complexes of 104-106, 110. 112 
Dicobalt hexacarbonyls, acetylenic 147 
Dicyanoacetylene, transition metal 

110, ! 12, 1 13 
Diels-Alder reactions 473477, 512, 513 

117, 124, 

46Cl-463 

502 

complexes of 

correlation diagrams for 485, 488 
intramolecular 482 
regioselectivity of 503, 504 
retro 734 

Dienes, preparation of, from acetylenic 
precursors 208, 21&213, 226, 236, 
240 

Dienic acids 387 
Diethers, rearrangement of 386, 387 
1 -Diethylaminobutadiene 643 
Diethyl isobutenylpropargyl malonate, 

thermal rearrangement of 428 
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o-Diethynylbenzene 724, 725 
Diethynylbiphenyl, Eglinton oxidative 

coupling of 730, 731 
2,2'-Diethynylbiphenyl 723, 724 
1,2-Diethynylcyclopropanes, thermal 

rearrangement of 429 
Dihydrazones, elimination of molecular 

nitrogen from, in the preparation of 
acetylenes 783, 784 

Dihydroalumination 226, 227 
Dihydroboration 215 
Diiodoacetylene, crystal data for 35 
1,8-Diiodonaphthalene, Castro coupling of 

1,3-Dilithio- 1 -butyne 344 
Dimeriiation of polyacetylenic aldehydes 

Dimesitylacetylene, radical anions of 739 
Dimethylethynyl methanol, electroreduction 

Dimetalated compounds 344. 345, 

376 
position of the first attack by an  

electrophile on 372 
Di-n-methane rearrangement 527 
Dimethoxybisdehydro[l4]annulene 685 
Dimethyl acetylenedicarboxylare, 

3,1O-DimethyIdodec-6-yne, rearrangement 

Dimethylene cyclobutene derivatives 428 
3,3-Dimethylpent-4-yn-2-one, photolysis of 

4,l l-Dimethyltetradec-7-yne, 

Dinaphthobisdehydro[ 14lannulene 

Dinaphthobisdehydro[l8]annulene 701 
Dinaphthotetrakisdehydro[ 1 8lannulene 

702 
1,6-Dioxa-3,8-cycl odecadi yne 65 3 
Di phenylacetylene, 

730, 731 

595 

of 750 

347-354, 359, 360-363, 365, 373, 

photocycloaddition of 533, 538 

of 383 

526 

rearrangement of 383 

698-700 

anodic cyanation of 752 
anodic oxidation of 751, 752 
Buchi reaction of 724 
electroreduction of 742, 744, 746 
hydrogen acceptor properties of 94, 95 
photoaddition of 529 
photocycloaddition of 533, 539-541, 

543, 546, 548 
photodimerization of 539 
transition metal complexes of 100, 

103-106, 108-112, 114, 116, 118 
Diphenylbenzofulvenes 726 
1,3-Diphenylbenzo[c]furan 638 
Diphenylnitrilimine, cycloaddition of, to 

alkynes 502, 503 

Di(phenylpropargyl)methane, cyclization of 

1,3-Dipolar cycloadditions 460473 
Hammett correlations for 491 
intramolecular 481 
possible reaction intermediates for 489, 

regioselectivity of 498-503 
relative rates of, in alkenes and alkynes 

transition state calculations for 491 
1 ,CDipolar intermediates, in cycloadditions 

486 
Dipropargylamines, Hay coupling of 731 
Dithioethers 375 
1,3-Dithiolan-2-imines 472 
1,2-Dithiol-3-thiones 472 
1,3-Dithiol-2-thiones 472 
Diyne reaction 598-600 
Diynes-see Diacetylenes 
a,w-Diynes, rearrangement of 395 
5,7-Dodecadiyne, charge transfer complexes 

of 720 
Drosophilin C 629 
Dyotropic reaction 373 

Eglinton oxidative coupling 565, 567 
of diethynylbiphenyl 730. 731 

Electrochemical oxidation 751, 752 
ease of 743 

Electrochemistry of acetylenes 739-752 
Electron affinity 843 

Electron distributions, of alkynes and 

Electronegativities, group, estimated 58, 

Electronic excited states involved in alkyne 

Electronic spectra 30-32 
Electron transfer (non-electrochemical) to 

the triple bond 848-853, 872, 910 
Electrophiles 861, 900. 902 

395 

490 

494-496 

of C2H' radical 193 

alkenes 818 

59 

photochemistry 523, 524 

reaction of, with vinyl anion 
intermediates 858, 860 

Electrophilic addition reactions 275-336 
comparison of, to alkenes and alkynes 

mechanism of 276, 277 
regiochemistry of 278-280, 310-312 
stereochemistry of 278-280, 3 10-3 12 

Electrophilicity 843 
Electroreduction 843-848 

direct 744-749 
ease of 739-742 
indirect 739, 749-751 
mechanism of 742, 743 
stereoselectivity of 846 

333-336, 816, 819 
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Electroreductive cyclization 421 
Element effect for nucleophilic attack on 

Enamines, preparation of 221, 244 
Energy levels, 

of acetylene 23, 24 
of substituted acetylenes 24, 25 

Ene-ynes, 
1,3-ene-ynes 391, 392 
1,Cene-ynes 391 
1 ,S-ene-ynes 392 
rearrangement of 391, 392 
skipped 391 

halogen 837 

Enol esters, preparation of 230, 240, 245 
Enol ethers, preparation of 221, 230, 244 
Enthalpy of formation 20, 69-73 

of G H +  ion 166 
of C2H- ion 193 
of C7H@+ ion 183 
of C,H,f ion 181 
of C,,He+ ion 182 
of C1,He+ ion 179 
of hypothetical structures, semi-empirical 

calculations of 180 
of the propargyl cation 167 

Enthalpy of hydrogenation of cyclic 

Enynes, 
acetylenes 644 

conjugated 376 
1,4-enynes, lithium derivatives of 

preparation of 208, 217 
347-352 

Enynols 402 
Epoxides, a-acetylenic, conversion into 

a-allenic alcohols 414, 415 
Epoxy groups, as leaving groups in 

Eschenmoser’s method 788, 789 
Epoxysilanes 228, 243 
Equilibrium acidities, of carbon acids 

Eschenmoser’s method of preparing 
acetylenes (eliminations with 
concurrent fragmentation) 787-790 

78-80 

Esters, 
acetylenic 177, 185 
p-allenic 424 
allenyl 403, 427 
halogenated, base-catalysed prototropic 

rearrangement of 389 
preparation of, from acetylenic 

precursors 214, 236, 238, 243, 
25 7 

propargyl 403, 407, 427 

propargylic 375 
rearrangement of 386 

Ethers, 

Ethyl chloride, nuclear quadrupole 
coupling constants of 64 

Ethylene, correlation diagram of the 
thermally allowed [2a + 2s] 
dimerization of 485 

Ethyl propiolate, photoaddition of 528 
3-Ethylpyridine 395 
Ethyne-see Acetylene 
l-Ethynyl-2-vinylcyclopropane, 

rearrangement of 429 
Ex0 vs endo selectivity 839-841 
El2 product ratio, solvent effect on 

Fatty acids, acetylenic 171 
Fatty alcohols, long-chain, metalation of 

Fatty ethers, long-chain, metalation of 346 
Ferracyclopentadienes 125 
Fluoride groups, as leaving groups in 

Eschenmoser’s method 789 
Fluorides, as dehydrohalogenating agents 

772 
Fluoroallenes 407 
Force constants, 

857 

346 

G-X bonds for 64, 65 
of acetylenes 29 
of diacetylenes 29 

Force field for alkynes 
Friedel-Crafts acylations 247, 248 
Fritsch-Buttenberg-Wiechell 

Frontier molecular orbital (FMO) thcory 

18, 19 

rearrangement 773-775, 91 8 

484,485, 498 
and regioselectivity 500-503 

Frutescin 627 
Fucoxanthin 622 
Furan derivatives, additions to 474, 475 

Gas chromatography 148, 152, 153 
use of, in isotope purity determinations 

964, 965 
Gas-phase acidities of carbon acids 
Gilman’s reagents 413 
Glaser reaction 655 
y-Glycols, acetylenic, Meyer-Schuster 

rearrangement of 402 
Grignard reagents, 

82-84 

alkynyl, in the preparation of acetylenes 

1-alkynyl, coupling of, with propargyl 

propargylic and allenic 361. 366-368, 

reaction of, with acetylenes 895-900, 

794-796 

halides 571-573 

370, 398400 

937 

Half-wave potential (Eb) 851 
of somc alkenes and alkynes 743 
polarographic determination of 740, 

817, 843-845, 847 
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Halide-initiated attacks on alkynes 

Halides, 
858-861 

acetylenic 410 
electroreductive cyclization of 747 

alkenyl, preparation of 208, 209, 212, 
221, 223, 225, 229, 231, 232, 236, 
245, 246, 248 

allenic 398, 410 
propargyl 256, 398, 404, 408, 570- 

573 
1-Haloalkynes, nucleophilic attacks on, 

electron distribution in 831 
regioselectivity of 834-838 

Haloallenes 404-408, 412 
Halogcno-ene-ynes 399 
Halogens, addition of, to alkynes 320- 

330 
regiochemistry of 321, 322, 324 
stereochemistry of 321-325, 327, 330 

5-Halo-1 H-tetrazoles, substituted, 
elimination of molecular nitrogen 
from, in the preparation of 
acetylenes 786 

Hay oxidative coupling 565-567 
of dipropargylamines 731 

HID randomization (scrambling) 171, 
173, 182, 183. 190, 192 

Heat of deprotonation of acids 80 
Heat of formation-see Enthalpy of 

Hepta-2,3-dicn-5-ynoic acid, rearrangement 

Hepta-4,5-dien-2-ynoic acid, rearrangement 

Hepta-l,6-diyne, 

formation 

of 393 

of 393 

copper complcx of 117 
rearrangement of 395 

Hepta-2,4-diynoic acid, rearrangement of 
393 

Hepta-2,Sdiynoic acid, rearrangcment of 
393 

Hepta-3,5-diynoic acid 393 
Heptynes, 

1-heptyne, hydrogen bonding of 90, 91, 

isomerization of 382, 383 
94.95 

6-Heptyn-2-yl tosylates, solvolysis of 420 
(2,4,6,2’,4‘,6’-Hexa-f- bu tyldipheny1)- 

Hexadienes, 
acetylene, radical anions of 739 

1,2-hexadiene 384 
2,3-hexadiene 384 
isomerization of 398 

I-Iexa-I ,2-dicn-4-yne, rearrangcmcnt of 

Hexa-1,2-dien-S-ync, rearrangcment of 
395 

395 

Hexa-l,3-dicn-S-yne, rearrangement of 

Hexadiynes 183, 184 
1,3-hexadiyne 392 
1,4-hexadiyne 395 
1,s-hexadiyne 394, 395 

ICR mass spectra of 172, 173 
2,4-hexadiyne 392 

395 

Hexafluoro-2-butyne, transition metal 
complexes of 103-106, 110-1 13, 
116. 122 

Hexakisdehydro[ 18lannulenes 668 
Hexakisdehydro[36]annulenes 664 
Hexakisdehydro[l2.12.41[18lannuleno[l8]- 

annulenes 704, 705 
Hexakistrifluoromethylbenzene, formation 

from hexafluoro-2-butyne by nickel 
complex 114 

Hexasubstituted benzenes, formation from 
alkynes by metal complexes 107, 
119 

395 
Hexa-l,2,4,5-tetraene, rearrangement of 

1,3.5-Hexatriene 391 
Hexayne, triply-crossed 731 
3-Hexen-1 -yne, rearrangement of 39 1 
4-Hexen-2-yne 391 
Hex-5-en-3-ynoic acid, rearrangement of 

Hexynes, 
391 

1-hexyne 353, 384, 390 
deprotonation of 81 
gas-phase acidity of 83 
hydrogcn bonding of 90, 94, 95 
photoaddition of 529 
photocycloaddition of 534 

2-hexyne 383, 384, 390 
hydrogen acceptor properties of 94 

3-hexyne 384 
hydrogcn acceptor properties of 94, 

photocycloaddition of 534 
transition metal complexes of 

95 

11 8 
isomerization of 382-384, 390, 398 

Highest occupied molecular orbital 
(HOMO) 484, 485,492494, 496, 
498, 500-503 

Histrionicotoxin 623 
Hofmann eliminations 778, 779 
HOMO-HOMO interactions. in 

Homopropargylic rearrangements 417-41 9 
Hiickel calculations, extended 5-9 
Hiickel’s rule for annulencs 665 
Hydraluniination 202, 204, 21 9-221, 

tetracyanoethylcne complexes 733 

292-296 
regiochemistry of 293, 294 
stereochemistry of 292, 293 
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Hydration of acetylenes, 

to form aldehydes 242, 243 
to form ketones 240-242 

use of, in the  detection and 
determination of acetylenes 138, 
139, 151 

Hydrides, use of, in nucleophilic additions 

Hydroboration 202-206 
848, 853-858, 907, 908, 910 

regiochemistry of 290, 291 
stereochemistry of 290-292 

acetylenic, production of, by reaction of 
haloallenes with organolithium 
compounds 412 

allenic 410, 414, 415 
Hydrogen bonding 77, 82, 88-97 

from molecular orbitals 97 
infrared shift and  88-92 
n.m.r. spectra and  92 
self-association of 1-alkynes 96. 97 

Hydrocarbons, 

Hydrogen migration 

Hydrogen randomization (scrambling) 

Hydrogen transfer 178, 186 
Hydrosilylation 202, 227 
Hydrostannation 202. 230, 231 

170, 171, 174, 177, 
178 

171, 173, 174, 176, 180, 181 

Hydroxides as dchydrohalogenating agents 
7 6 3-7 65 

Hydroxyacetylenes 178 
Hydroxy groups, as leaving groups in 

p-Hydroxyethyl propargyl ether, 

o-Hydroxyphenylacetylene, 

Eschenmoser's method 789 

rearrangement of 397 

internally hydrogen-bonded 713 
photolysis of 530 

Hydrozirconation 202, 204, 232, 233 
Hypcrchromic effcct, in 

[rn.n]paracyclophadiynes 71 6 

Identification of acetylenes 138-148 
11T substitution mechanism 917, 918, 

Ilosvay reagent 138, 149 
Infrarsd spectra 27-30 

920-924 

of acetylenes in transition metal 
complexes 98. 99, 105 

of cornplexcs of alkoxycarbenes 126 
of propargylic lithium derivativcs 363 
use of, 

in isotopc purity determinations 965, 

in polyncctylcne structure elucidation 

in the detection and dctermination of 

966 

627 

acetylenes 143, 144, 152 

Interhalogens, addition of, to alkynes 
330. 331 

Intramolecular cyclizations 504-508 
Intramolecular cycloadditions 4 8 W 8 2  
lodoacetylenes 407 
lodoallenes, prcparation of 406, 407 
8-Iodo-l-naphthylacetylene, Castro 

coupling of 730, 731 
Ion cyclotron resonance (ICR) mass 

spectra 184, 186 
of 1,s-hexadiyne 172, 173 

Ionization efficiency curves, from elcctron 

Ionization energies, of alkynes and 

Ionization potentials 158, 165-167 

impact, for acetylene 161, 164 

alkenes 816, 817 

of acetylene 160, 164, 168 
of alkenes and alkynes 743 
of alkynes 23-26 
of the propargyl (C3H3') radical 

Ion-molecule reactions 164, 184 
negative 192, 193 
positive 186-1 92 

G H i  166 
C2H- 193 
C2H,+ 160 
C7H70f 183 
C8H,+ 181 

167 

Ions, 

CloHg+ 182 
C 1 l H g f  179 

Isonierization-see also Rearrangements, 
ti-alkyne-n + I-alkyne 381, 962 
of heptynes 382, 383 
of hexynes 382, 383 
of octynes 382, 383 

Isomerization and isomerization-exchange 
methods of preparing deuterated 
and tritiated alkynes 961, 962 

168, 169, 173, 964-968 Isotope effects 
Isotopic labelling, 

with carbon-13 

with carbon-14 962, 963, 970 
with deuterium 

with tritium 959;960, 962 

179, 181, 183, 962, 963, 
966, 968 

168-180, 183, 185, 186, 
190. 192, 958-974 

Kctals, preparation of 244 
Kctones, 

acetylenic 176 
y,E-acetylenic, synthesis of 426 
rearrnngerncnt of 389, 398 

p-allenic 421 
preparation of, from acetylenic 

precursors 208, 212, 216218, 225, 
229, 236, 240, 243, 247, 257 
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Kinetic acidities of carbon acids 77, 80-82 
from infrared spectra 80 
from n.m.r. spectra 80 
from radioactive tracers 80 
use of isotope effects 82 

Kinetic isotope effects, use of, in 
mechanism studies 971 

Lachnophyllum ester 621 
Largc-ring acetylenes 654-662 

conformation of 656-658 
strained 658-662 
synthesis of 654-656 

Lauraceae, acetylenes from 622 
Laurencin 622 
LiAIH,(OMc) 417 
Linoleic acid 630 
Liquid chromatography, high-pressure 

153 
Lithium aluminium hydride, use of, 

in the generation of alkenylalanates 223 
in the reduction of propargylic substrates 

41 7 

(LUMO) 484, 485,492494,496, 
498, 500-503 

Lowest unoccupied molecular orbital 

Manganese dioxide oxidation, in structure 

Markownikoff rule, 
elucidation of polyacetylenes 627 

in electrophilic additions to acetylenes 
282, 299, 311, 312, 317, 319, 321, 
322, 324, 330, 331 

definition of 278, 279 
in nucleophilic attacks on acetylenes 

827, 828 
Mass spectrometry 157-1 93 

of polyacetylencs 564 
use of, in isotope purity determinations 

965 
Matricaria cster 621, 629 
McLafferty rearrangcment 176, 177, 185 
Mechanism studies, use of labelled 

Medium-ring acetylenes 643-654 
acetylenes in 969-974 

eight-membered 647-652 
is6l;dblC Sevtn-fiemb’eiea i?4;ilj-i?47 
physical properties of 644 
ten-membered 652-654 

Mercuric salts, reaction with alkynes 
Mesylate groups, as leaving groups in 

Metalation 343-376 

151 

Eschenmoser’s method 789 

acceleration of 359 
independent. of two triple bonds 

separated by more than one 
methylene group 358 

rate of the second or third step of 361 

selectivity of 358, 360 
structure of products 361-365 
synthetic applications of 375, 376 

Metal carbonyl derivatives, oxidative 
coupling of 568, 569 

Metal hydrides, as dchydrohalogenating 
agents 771 

Metallocyclopentadienes 125 
Metallo-ring compounds 121, 123, 125 
‘Metastable’ ions 168 
‘Metastable’ transitions 
Methoxyacetylene, photocycloaddition of 

545, 546 
Methoxypropyne, photocycloaddition of 

545, 546 
Methyl group, barrier to rotation of 64 
2-Methylindolizine 397 
Methylselenium trichloride, addition of, to 

alkynes, regio- and  
stereochemistry of 316-318 

Meyer-Schuster rearrangement 242, 243, 
401, 402, 408 

Michaelis-Arbusov reaction 41 0 
anti-Michael products in reactions of 

168, 169. 176, 183 

acetylenes with nucleophiles 830, 
833 

Microorganisms, acctylenc-producing 623 
Migration, 

of alkyl groups 185 
of alkoxyl groups 185 
of bonds 170, 176, 177 
of hydrogen 170, 171, 174, 177, 178 

MIND0/2  calculations, in assignation of 
photoelectron bands of cyclic 
diacctylenes 722 

from 84, 85 
Molecular orbital calculations, acidities 

Molecular orbitals of acetylene 4, 5 
Monodehydro[ 14]annulenes 666 
Monodehydro[22]annulenes 693 
Monodchydro[26]annulenes 690 
Monodehydro[l2]annulenofuran 698, 693 
Monodehydro[l2]annulenothiophene 698, 

Monohydrazones, elimination of molccular 
699 

nitrogen from, in the preparation 
of acetylenes 783 

Monometalated compounds 347-353, 

Mossbauer spcctra, of complexcs of 

Mycomycin 63 1 

Naphthalenophapolyynes. transannular 
elcctronic interactions in 715 

Naphthobisdehydro[l8]annulene 701 
Naphthodihydronaphthobisdehydro[ 141- 

355, 356, 361, 363, 371-376 

alkoxycarbenes 126 

annulene 700 
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Naphthodihydronaphthotetrakisdehydro- 

Nitrile oxides, cycloaddition of, to alkynes 

Nitriles, 

[ 18lannulene 702 

464, 502 

base-catalysed prototropic 

preparation of 225 

to acetylenes 879-892 
solvent effect on 879, 880, 889, 890 
steric effect on 880 
to form acyclic adducts 879-884 
to form cyclic adducts 885-892 

3-Nitroso-2-oxazolidones, elimination of 

rearrangement of 389 

Nitrogen nucleophiles, addition of, 

to polyacetylenes 581-585 

molecular nitrogen from, in the 
preparation of acetylenes 784 

Nonynes 170, 176 
Nuclear magnetic resonance spec:ra 33 

and hydrogen bonding 92 
of acetylenes in transition metal 

of polyacetylenes 561-564 
of propargylic lithium derivatives 

use of, 

complexes 105, 117 

347-349, 352-356 

in isotope purity determinations 

in polyacetylene structure 

in the detection and determination of 

966-968 

elucidation 627 

acetylenes 144-147, 152 
Nucleophilic addition 843-91 1 

rate law for, solvent effect on 
Nucleophilic substitution 834-838, 

858, 860 

91 1-938 
element effects in 

mechanisms for 912, 916-928 
rate data for 912-914 
reactivity of 924-926 
synthetic applications of 928-938 

912, 915, 917, 922, 
923 

6-0ctyn-2-yl tosylates, solvolysis of 420 
Olacaceae, acetylenic acids from 622 
Oleic acid, as polyacetylene precursor 

622, 628 
Oligomerization, in transition metal 

complexes 97, 107, 119-121 
Organic bases, as dehydrohalogenating 

agents 771 
Organometallic compounds, 

addition of, t o  alkynes 318-320, 
895-898, 900-903 

regioselectivity of 318-320. 896. 902 
stereoselectivity of 318-320, 895, 896, 

900-903 
as dehydrohalogenating agents 769-771 
in substitution reactions 937 
mass spectra of 186 
organocopper(1) 233-238, 413, 900-903 
organolithium 344-365, 371-376, 412, 

organomagnesium 361, 366-370, 

organosodium 360 
propargylic and allenic 343-376, 

398-400 
Orientation of nucleophilic attacks on 

acetylenes 816,819-842, 936 
Oxathiazolinones, cycloaddition of, to 

alkynes 471 
Oxidation of acetylenes 200 
Oxidative coupling of acetylenes 565-569 

mechanism of 567, 568 
Oxy-Cope rearrangement 430 
Oxygen bases, as dehydrohalogenating 

agents 760-766 
Oxygen nucleophiles, addition of, 

regioselectivity of 869 
stereoselectivity of 861, 864 
to give acyclic products 861-865 
to give cyclic products 865-871 

to polyacetylenes 578, 579 
stereoselectivity of 578 

413. 769-771 

398-400, 410, 572, 573, 794-796, 
895-900, 937 

to acetylenes 861-871 

1,z-Octadiene 382 
Octakisdehydro[24]annulene dianion 680 
Octynes, 

isomerization of 382, 383 
1-octyne 382 

hydrogen bonding of 90, 91, 94, 95 
kinetic acidity of 82 

hydrogen acceptor properties of 94,95 

charne transfer comdexes of 720 

2-octyne 382 

3-octyne, 

hydrogen acceptor pioperties of 94,95 
, .  4-octyne, physical properties of 644 ~~ 

Palladium complexes, in the alkylation of 
terminal acetylenes 798, 799 

Paper chromatography 147, 148 
[3.3]Paracyclophadiyne, 

molecular geometries of 7 17 
tetracyanoethylene complexes of 733,734 

rehybridization of the sp-carbons of 722 
tetracyanoethylene complexes of 720, 

[m.n]Paracyclophadiynes 7 17 

721 
multicycloaddition in 732-734 

transannular electronic interactions in 
715. 716. 720 
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[nIParacyclophadiy nes, 
tetracyanoethylene complexes of, 

multicycloaddition in 732, 733 
transannular electronic interactions in 

715 
Paracyclophynes, transannular electronic 

interactions in 715 
Penning ionization 164, 165 
Pentacyclic triterpenes 251, 253 
1,2-Pentadiene 382 
1,3-Pentadiene 382 
1.4-Pentadiene 382 
2,3-Pentadiene 382 
Penta-2.3-dienoate 388 
Penta-2,3-dienoic acid 389 
Penta-2,Cdienoic acid 387 
Penta-3-en-1-ynylthiocther 391 
Penta-4-en-2-ynylthioether, rearrangement 

Pentakisdehydro[30]annulenes 664 
Penta-l,2,4-trienylthioether, rearrangement 

I-Pentyne, 

of 391 

of 391 

gas-phase acidity of 83 
rearrangement of 382 

2-Pentyne, rearrangement of 382 
Pent-2-ynoate 388 
Pent-3-ynoate 388 
Pent-2-ynoic acid 389 
Pent-3-ynoic acid 387-389 
Peracids. addition of, to alkynes 304-306 
Pericyclic processes, thermally allowed 

(x4s + z2a -t x2s + x2a] 733 
Periodate oxidation, in structure 

elucidation of polyacetylenes 627 
Perturbation Molecular Orbital theory 

(PMO) 491498, 503 
Phenylacetylenc, 

Srcnsted coefficient for 81 
dcprotonation of 78, 79, 82 
hydrogen bonding of 90. 93-96 
photoaddition of 532 
photocycloaddition of 548 
pK,, values for 78, 79. 82 
transition metal complexes of 106 

Phenyl azide, treziment of bishydrazones 
with mercuric oxide in the presence 
of 638 

7-Phenylbenzo[k]fluoranthene 726 
Phenyl benzoylacetylene, clectroreduction 

1-Phcnylbutyne. metalation of 353, 354, 

9-Phenyl-I ,2:3,4-dibenzoanthracene 723, 

(Phenylethynyl)trimethylsilane, C-Si 

I-Phenyl-1-hexyne, electrolysis of 746, 747 

of 747 

363, 364 

724 

cleavage of 750 

Phenylnaphthodihydroindene 395 
l-Phenylpenta-1,3-diyne, trimetalation of 

Phenyl propargyl ethers, Claisen 

I-Phenylpropyne, 

358 

rearrangement of 422 

addition of hydrogen chloride to, regio- 

disilyl derivatives of 352, 353 
lithium derivatives of 352, 353 

and stcreospecificity of 282 

Phenylvinylidene, formation from 1- 
alkynes in transition metal 
complexes 106 

43 1 

rearrangement of 389 

preparation of acetylenes 777 

407 

Phosphinites, alkynyl, rearrangement of 

Phosphonates, base-catalysed prototropic 

Phosphoric acids, elimination of, in the 

Phosphorus derivatives, rearrangement of 

Photoaddition 528-532 
of cycloalkynes 530 

Pho t ocycl oa ddi t ion 
Photoelectron spcctra 166 

5 3 3-548 

of complexes of alkoxycarbenes 126 
of polyacetylenes 564, 565 

Photofragmentation 524-526 
Photoionization 158-161, 164-169, 186. 

190 

164 

dehydrohalogcnation 772 

efficiency curves for acetylene 158-160, 

Photolysis, as a method of 

Photon impact 183 
Photooxidation 549 
Photopolymerization 531 
Photorearrangcment 526-528 
Pho:oi.educiioii 529 
Phototrimerization 537 
pKa values 76-80, 82, 88 

for phenylacetylene 78, 79, 82 
for r-butylacetylene 75 

for electrochemical reduction of nlkyncs 
Polarographic data 8 I7 

740, 843-845, 847 
Pol y acet y lenes, 

addition of halogcns to 589-591 
addition of hydrogen halides to 

addition of nucleophilic reagents to 

carbon-13 magnetic resonancc spectra of 

cyclization of 179 
cycloaddition of 594, 595 
cyclotrimerization of 600, 601 
electronic effects in 555 

591, 
592 

577-589 

563, 564, 627 
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electrophilic substitution in 597, 598 
gcometry of 555 
hydration of 592, 593 
infrarcd spectra of 627 
in the formation of heterocyclics 

mass spectra of 564 
natural 622-63 1 

585-589 

as systemic fungicides 631 
precursors of, I T -  and 3H-labellcd 

structural differences between plant 
63 1 

and fungal 625 
photochemistry of 612-614 
photoelectron spectra of 564. 565 
photosensitivity of 555 
proton magnctic resonance spectra of 

prototropic rcarrangement of 601 
Raman spectra of 625 
reduction of 593, 594 
skeletal rearrangement of 178 
stability of 554, 555 
synthesis of 565-577 
thermal rearrangenlent of 607-612 
ultraviolet spectra of 556-561, 624, 

vibrational spectra of 561 

solvation of 851 

of acetylenc diesters 872 
of acetylencs 110, 11 1 
of intermediates in nucleophilic attacks 

on acetylenes 816, 858, 860 

561-563, 627 

627 

Polymer aggregates 824, 895, 903 

Polymerization, 

Polymetalated compounds 355-363 
Polyynes--see Polyacetylenes 
‘Positivc’ halogen 835-837, 838, 921-925, 

Preparation of acetylenes, 
934, 937 

by elimination reactions 757-790 
by substitution reactions 790-800 
miscellaneous methods for 801 

Propargyl alcohols, 
coupling of 568 
rearrangemcnt of 397 

Propargyl ally1 ethcrs, rearrangement of 

Propargyl ally1 sulphides, rearrangement of 

Propargylaminc derivatives, acyclic, 

Propargylammonium halides, base- 

434 

434 

rea r ra n ge me n t of 3 9 7 

catalyscd prototropic rearrangement 
of 396 

Claisen reaction of 428 
Propargyl r*-bromoacctate, Reformatsky- 

Propargyl cations 167, 401 

Propargyl chlorosulphites, intramolecular 
decomposition of, to yield 
chloroallenes 406 

N-Propargyl enamines, rearrangement of 
427 

Propargyl esters, 
of phosphorus 407 
rearrangement of 403, 427 

Propargyl halides, 
coupling of, 

with I-alkynyl Grignard reagents 

with terminal alkynes 570, 571 
isomerization of 404 
reaction with magnesium to form 

Grignard reagents 398 
tertiary, hydrolysis of 408 
use of, in carbon chain-extension 

571-573 

reactions 256 
Propargylic lithium derivatives 344-366, 

369, 371-376 
association of 364 
infrared spectra of 363 
p.m.r. spectra of 347-349, 352-356 
rearrangement of 371-375 
structure of 361-365 
synthetic applications of 375, 376 
ultraviolet spectra of 350-352 

Propargylic metalation 343-376 
Propargylic metal derivatives 343-376 

mechanism of reaction of 365-371 
rearrangement of 371-375 

intramolecular mechanism for 371 
Propargyl phosphinites, rearrangement of 

431,432 
Propargyl phosphites, rearrangement of 

431, 432 
I-Propargylpicolinium bromide, 

cyclization of 397 
Propargyl sulphenates, rearrangement of 

432, 433 
Propargyl sulphinates, rearrangement of 

432, 433 
Propargyl sulphitcs, rearrangement of 

432, 433 
Propargyl sulphoxylates, rearrangcment of 

433 
Propargyl vinyl sulphides, rearrangement 

of 424, 435 
Propyne 123 

acidity from molccular orbital 
calculations 84, 85 

dilithiation of 345 
gas-phase acidity of 83 
hydrogen bonding in 93 
interconvcrsion to allene 85-87 
photoaddition of 53 1 
photolysis of 525 
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Prop-2-ynylphenyl sulphide, thermolysis of 

Propynyl vinyl ether derivatives, 

Prop-2-ynyl vinyl ethers, Claisen 

Protecting groups 201. 232 
Protection of the acetylenic C=C bond 

Protection of the acetylenic C-H bond 

Proton magnetic resonance spectroscopy 

1,3-Proton migration 371, 372 
Pseudohalogens, additior. of, to alkynes 

Pyrazoles, formation of, in cycloaddition 
reactions 460-463, 465467, 502, 
511, 512 

molecular nitrogen from, in the 
preparation of acetylenes 785 

425 

rearrangement of 424 

rearrangement of 421 

804 

801-804 

144-146, 152, 347-349, 352-356, 
561-563, 966,967 

33 1-333 

2-Pyrazolin-S-ones, elimination of 

Pyridines, 
cyclizations with 514, 515 
rearrangement of 388 
synthesis of, 

i n  cyclization reactions 395. 508 
in  cycloaddition reactions 475, 476 

Quantitative analysis 148-153 
Quantum-mechanical calculations 49, 50 
Quasi Equilibrium Theory (QET) 

167-169, 190 
calculation of rate constants from 

Quinones, formation from alkynes by 
169 

metal complexes 103, 107, 123 

[4]Radiallenes 734, 735 
Radical anion (SRN) mechanism for 

Radical anions, 
nucleophilic substitution 928-938 

as intermediates in nucleophilic attacks 
on acetylenes 816, 848, 852, 853, 
872 

formation of, in e!ectroreduction 739, 
742, 843, 844, 847 

of dimesitylacetylene 739 
Radical mechanism, for the reaction of 

Raman spectroscopy, in the detection of 

Rate constants, 

thiols and alkynes 828, 873 

polyacetylenes 625 

disappearance, of acetylene 188, 189 
fo r  addition of amines to alkynes 

879-881 

for addition of arenesulphenyl chlorides 
to alkynes 307, 308, 310 

for addition of benzeneselenenyl chloride 
to  alkynes 314, 315 

for addition of bromine to alkynes 324, 
326, 335 

for addition of chlorine to alkynes 321 
for addition of iodine to alkynes 329 
for addition of oxygen nucleophiles to 

for addition of trifluoroacetic acid to 

for electrophilic additions to alkynes 

alkynes 861 

alkynes 285, 287 

and alkenes, comparison of 332, 
333 

for hydralumination of alkynes 295 
for nucleophilic substitution reactions of 

alkynes 912-915, 920 
for reaction of 0- with acetylene 

comparison of, with alkynes and 

192 
Reactivity of nucleophiles 924-926, 936 

alkenes 816-819 

aniontropic 401417 
mass spectrometry and  158, 170, 

of ethynylcarbinols 242, 243 
of propargylic metal derivatives 

prototropic, base-catalysed, 

Rearrangements-see also Isomerization, 

176-1 86 

371-375, 398400 

acetylene-allene 381-398 
of cyclic polyacetylenes 728 
of polyacetylenes 601-607 

prototropic, in acidic media 
sigmatropic 403, 421-437 
triple bond participation with 416-420 

397, 398 

Reduction of acetylenes 200, 415417, 

electrochemical 739-751, 843-848 
843-858 

Reformatsky-Claisen reaction 428 
Regioselectivity, 

and frontier molecular orbital theory 

and perturbation method 497 
comparison of, in alkynes and alkenes 

of cycloadditions 497-504 
of Diels-Alder reactions 503, 504 
of 1,3-dipolar cycloadditions 498-503 
of e!zctrophilic additicns to acetylenes 

of nucleophilic attacks on acetylenes 

500-503 

333, 336, 503 

278-280, 310-312 

816, 825,827-842, 869, 872, 873, 
893, 896, 902, 910 

solvent effects on 831-834, 835 
steric effects on 
substituent effects on 827-838 

Regiosynergism 830, 832, 833, 838 

830, 831, 864, 881 
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Ring closure by nucleophilic attack 852, 

853, 865-871, 876-879, 885-893, 
904-907 

regioselectivity in 838-842, 869, 893 
Rotational barriers in alkynes 20-23 
Rupe rearrangement 242, 401. 402 

Santalaceae, acetylenic acids from 622 
Seaweeds, as source of bromoacetylenes 

Selenium-containing compounds, addition 

1,2,3-Selenodiazoles, elimination of 

622 

of, t o  alkynes 313-318 

molecular nitrogen from, in the 
preparation of acetylenes 786 

Sesquiacetylencs 362-364 
Short-circuiting effcct, in diacetylene- 

bridged triptycenes 71 8 
Short-life cyclic acetylenes 637-643 

cycloaddition of 643 
isomerization and oligomerization of 

polar addition of 643 
643 

Siccaine 623 
1,3-Sigmatropic proton shifts 373 
Sigmatropic rearrangements, 
[2,3], propargyl derivatives of 430-437 
[3,3], propargyl derivatives of 421-430 

Silver salts, reaction of, with alkynes 

Silyl derivatives of metalated compounds 

Simarubaccae, acetylenic acids from 622 
SE~ mechanism, for reactions of 

propargylic and allenic metal 
derivatives 368, 370 

propargylic and allenic metal 
derivatives 366, 400 

propargylic and allenic metal 
derivatives 368, 370 

s~2' mechanism, for reactions of 
propargylic and allenic metal 
derivatives 366-370, 400 

Sxi' mechanism, for the intramolecular 
decomposition of propargyl 
chlorosulphites 406, 407 

Ss1 mechanism, for nucleophilic 
substitution 926 

Sx2 mechanism, for nucleophilic 
substitution 926, 927 

Solvated electron reductions 739, 750 
Solvolysis reactions 417-421 
Solvomercuration 228, 239 
Spectrophotometric method of alkyne 

149-151 

344, 345, 352-354, 357-359, 
371-373, 376 

Sxi' mechanism, for reactions of 

Sx2 mechanism, for reactions of 

determination 151 

SPINDO calculations, in assignation of 

Stereoconvergence 816. 823, 824, 900 
Stereoselectivitv. 

photoelectron bands of cyclic 
diacetylenes 722 

comparison of, in alkynes and alkenes 
333. 335. 336 

of electrophiIic additions to acetylenes 

of electroreductioii 846 
of nucleophilic attacks on acetylenes 

278-280, 310-312 

816, 819-826, 846, 851-854, 861. 
872, 873, 895, 896, 900-903, 910, 
925 

solvent effects on 
856, 857, 864 

821-823, 825, 826, 

Stereospecific hydrogenation 749 
Steric effects, in nucleophilic attacks on 

Steroids, synthesis of 250 
Substituent effect, index of 58, 59 
Substitution processes, involving propargyl 

derivatives and their allenic isomers 
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