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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 ‘Frce 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 SAUL PATAI 
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The Chemistry of Functional Groups 
Preface to the series 

The series ‘The Chemistry of Functional Groups’ is planned to cover in each volume 
all aspects of the chemistry of one of the important functional groups in organic 
chemistry. The emphasis is laid o n  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 fhe Ether Lirikuge 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 in easily and generally available secondary or 
tertiary sources, such as Chemical Reviews, Quarterly Reviews, Organic Reactions, 
various ‘Advances’ and ‘Progress’ series as well as textbooks (i.e. in books which are 
usually found in the chemical libraries of universities and research institutes) should 
not, as a rule, be repeated in detail, unless it is necessary for the balanced treatment 
of the subject. Therefore each of the authors is asked nof to give an encyclopaedic 
coverage of his subject, but to concentrate on the most important recent develop- 
ments and mainly on material that has not been adequately covered by reviews or 
other secondary sources by the time of writing of the chapter, and to address himself 
to a reader who is assumed to be at a fairly advanced post-graduate level. 

With these restrictions, it is realized that no plan can be devised for a volume that 
would give a complete coverage of the subject with 110 overlap between chapters, 
while at the same time preserving the readability of the text. The Editor set himself 
the goal of attaining reasonable coverage with moderate overlap, with a minimum of 
cross-references between the chapters of each volume. In this manner, sufficient 
frcedom is given to each author to produce readable quasi-monographic chapters. 

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

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

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

(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 
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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.g. a chapter on ‘Thioketones’ is included in the volume The Cliemistry 
of the Carbotiyl Groiip, and a chapter o n  ‘Ketenes’ is included in the volume TIIe 
Clietnistry of Alketies). 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 Chetnistry of the Ether Litikage, or 
‘Tetraaminoethylenes’ in The Cliemistry of the Atnitio Groiip. 

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 a t  all. In  order t o  overcome this 
problem a t  least to some extent, it was decided to publish certain volumes in several 
parts, without giving consideration to the originally planned logical order of the 
chapters. If after the appearance of the originally planned parts of a volume it is 
found that either owing to  non-delivery of chapters, or to new developments in  the 
subject, sufficient material has accumulated for publication of a supplementary 
volume, containing material on related functional groups, this will be done as soon 
as possible. 

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

The Chemistry of Alkeiies ( t  wo voliinies) 
The Cliemisiry of the Carboiiyl Groiip (two voliimes) 
The Chemistry of tke Ether Liiikage 
The Chemistry of the Atnitio Groiip 
The Chemistry of the Nitro atid Nitroso Gsoiip (two parts) 
The Chemistry of Carboxylic Acids and Esters 
The Chemistry of the Carbon-Nitrogen Doiible Botid 
The Chetnistry of the Cyatro Groiip 
The Chemistry of Atnides 
The Chemistry of the Hydroxyl Groiip (tlvo parts) 
The Chemistry of the Azido Groiip 
The Chetnistry of Acyl Halides 
The Chetnistry of the Carbon-Halogeti Botid ( t  wo parts) 
The Chemistry of Qriitiotioid Cotnpoiitids (tlvo parts) 
The Chemistry of the Thiol Groiip (two ports) 
The Cliemis try of Atniditres atid Imidates 
The Chemistry of the Hydrazo, Azo mid Azoxy Groups 
The Chemistry of Cyatiaies atid their Thio Derivatives 
The Chemistry of Diazoiiiiirn atid Diazo Groips 
The Chetnistry of the Carboti-Corbori Triple Bond (t,cjo parts) 
Siippletnetit A: The Cliemistry of Doiible-botided Fiitictiotral Groups (tlvo parts) 
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Titles in press: 
The Chemistry of Keteries, Allenes and Related Compounds 
Supplement B: The Cliemistry of Acid Derivatives 

The Chemistry of Cumulenes atid Heterocumulenes 
The Cliemistry of Orgarrometallic Comporrrids 
The Chemistry of Srrlphur-containing Compoirnds 
Sicpplement C:  The Chemistry of Triple-bonded Functiotial Groups 
Supplement D: The Chemistry of Halides and Pseudo-halides 
Supplement E: The Chemistry of --NH,, -OH, and -SH Groups arid their 

Derivatives 

Future volumes planned include: 

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, lei alone continued, 
without the support of many persons. First and foremost among these is Dr Arnold 
Weissberger, whose reassurance and trust encouraged me to tackle this task, and who 
continues to  help and advise me. The efficient and patient cooperation of several 
staff-members of the Publisher also rendered me invaluable aid (but unfortunately 
their code of ethics does not allow me to thank them by name). Many of my friends 
and colleagues in Israel and overseas helped me in the solution of various major 
and minor matters, and my thanks are due to all of them, especially to Professor 
Z. Rappoport. Carrying out such a long-range project would be quite impossible 
without 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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1. INTRODUCTION 

The presence of a triple bond in a molecule gives i t  many peculiar chemical and 
physicochemical properties. This chapter is devoted to a description of the general 
and theoretical aspects of thc acetylenic linkage, with the aim of providing a basic 
background to the understanding of its properties and reactivity. 

Our survey includes essentially results that have become available very recently. 
In some cases, this choice was a must, since some investigation techniques, such as 
for example photoelectron spectroscopy or the X-ray crystal structure analysis of 
acetylenc-metal complexes, have developed in  a substantial way only in the past 
decade. Also theoretical studies have in very recent times received a strong impulse. 
For the more traditional techniques of approach to the study of molecular structure 
and reactivity, the subject of acetylene chemistry has been covered prior t o  1970 in a 
number of reviews, in which exhaustive surveys of early data can be found. In any 
case, data of special importance, although not new, have been included when essential 
to  our  discussion. 
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The valence molecular orbitals of acetylenes are outlined in Section IT, since they 
are referred to in many cases when they are  needed to explain molecular properties. 
To obtain them, use is made of the Extended Hiickel Theory, which is known to  be 
a straightforward way of calculating qualitatively good valence molecular orbitals. 
The results of more sophisticated quantum-mechanical calculations are reviewed in 
a separate section. Also in Section IT, structural data are discussed in connection 
with the accuracy of the various diffraction techniques. 

Section I11 on energetics contains an account of the molecular mechanics method, 
which has been shown to  provide reliable thermodynamic information on organic 
compounds. The  section on ionization potentials has been linked to the recent out- 
burst of photoelectron spectroscopy data. In Section IV accounts of infrared and 
n.m.r. data have been compiled to give tabulations of vibrational frequencies, force 
constants, chemical shifts and coupling constants. A special section has been devoted 
to  spectroscopic and X-ray investigations on  acetylene in the solid state, including 
n.m.r. results on  molecular motions in the crystal. 

Section V on  the interaction of acetylenes with transition metal atoms is opened 
by a survey of crystal structure data  on  the complexes, since these are thought t o  give 
a basic idea of the geometry of the interactions. A discussion of the various argu- 
ments used in describing the bonding follows. The importance of this subject can 
hard!y be overemphasized, since it provides a key to the understanding of the metal- 
adsorbate interactions in olefin and acetylene adsorption on  catalysts. The experi- 
mental and computational results obtained in this field, one of the most prominent 
in chemical research, have been reviewed for the part concerning more specifically 
acetylene. 

I I .  GENERAL STRUCTURAL FEATURES 

A. The Molecular Orbitals of the Acetylenes 

D. A n  elementary picture of acetylene 

The essential structure of a carbon-carbon triple bond can be explained by putting 
together two sp hybridized carbon atoms, (see Figure la). A G bond is then formed; 

(C) 

FIGURE 1. A simple picture of the electronic structure of acetylene. 
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two sp hybrids are unused, one at  each side, while the unmixed p u  and p .  orbitals of 
each atom are paired to form two x bonds. These two perpendicular x bonds, in 
turn, overlap to give a cylindrically symmetric cloud, as shown in Figure lb .  
Q Bonding with hydrogen in acetylene, or with substituents in acetylene derivatives, 
is provided by the two lobes of the sp hybrids that emerge on each side, as shown 
in Figure Ic. Even from this oversimplified picture, the delocalization of the x 
electrons, and the linearity of the acetylenic grouping, can easily be explained. 

2. The molecular orbitals of acetylene 

The 2s and the three 2p orbitals of the carbon atom, and the Is orbital of hydrogen, 
can be used as  a starting point in the construction of semilocalized molecular 
orbitals for a CH group. Two sp hybrids centred on carbon can be obtained, and 
these are shown in Figure 2(a). One of them mixes with the hydrogen 1s orbital in 
a bonding and antibonding manner, while the other remains unchanged, as shown in 
Figure 2(b). The two p orbitals that mix with neither the 2s orbital of carbon nor the 

( d  1 
FIGURE 2. Successive orbital delocalizations to form the semilocalized molecular orbitals of 

the CH group. See text for further explanations. 

1s orbital of hydrogen will be called p u  and pz ,  and are shown in Figure 2(c). A 
further delocalization, that will prove useful in the construction of the molecular 
orbitals of acetylene, is shown in Figure 2(d). 

By mixing the molecular orbitals of two CH fragments, $,-#5, the molccular 
orbita!s of acetylene can be drawn. A and B label the orbitals of the two CH groups 
that join to  give the acetylene molecule: 

(CH)A+(CH)D - G H ,  
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The complete interaction diagram is given in Figure 3. The energies shown in this 
figure result from Extended Huckel calculations, as explained below. 
An excellent three-dimensional pictorial view of the molecular orbitals of acety- 

lene is available'. 

T T  Y '  = 1% 
-13.56 

0 cc 3% 
- 25.49 

U 2 0" CH 

- 19.57 

0- 2% - 27.09 

FIGURE 3. The molecular orbitals of acetylene. Energy values (eV) as resulting from EHT 
calculations. 

3. Substituent effects: Extended Huckel calculations 

The Extended Huckel Theory2 (EHT) gives a qualitatively correct approach to the 
shapes and energies of the molecular orbitals of organic compounds. 'The effect of a 
substituent carrying a p orbital on the 5i system of acetylene is schematized in 
Figure 4(a); the amount of stabilization of the in-phase combination, and of 
destabilization of the out-of-phase one, depends on the amount of overlap between 
the two systems (which in turn depends on geometry) and on the initial separation 
of the interacting levels. EHT can provide an approach to the calculation of these 
effects; some examples are given below. The parameters used in the calculations 
are standard and the geometries are obtained from the structural data 
reported in the next section, except for the triple bond length, which is kept 
constant at 1.20A and the acetylenic C-H bond length which is kept constant 
at  1.05 A. 

a. Halogeno deriuatiues. Table 1 gives some results for the level shifts due to 
interaction with the substituent, as obtained by EHT. In the case of fluorine, there 
is a large separation between the 5i orbitals of acetylene and the p orbital of the 
heteroatom. In the case of chlorine, it is the larger C-X bond distance that prevents 
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a large stabilization. However, coupling with the low-lying p orbital of fluorine 
brings the x levels of fluoroacetylene below the highest a-type orbital, which is the 
HOMO (Highest Occupied Molecular Orbital) for this compound. 

FIGURE 4. (a) Interaction of the ir system of acetylene (left) with a p  orbital. (b) The 7c orbitals 
of CH, (right) interacting with the is system of acetylene. 

TABLE 1. Molecular orbital energy levels for compounds HCz-CX as 
obtained from EHT (ev). xi, s;;, xi.  as in Figure 4 

6 .  Methylaceryleiie. The '7c' orbitals of the methyl group, which can be written 
as in Figure 4(b)l, interact with the ir system of acetylene in the usual way (Figure 4b). 
This can be described as the MO picture of hyperconjugation. 

c. Nitrogemcontaining derivatives. Inspection of the s;-type MOs of amino- 
acetylene is interesting (Figure Sa). The bonding interaction of one p orbital of 
nitrogen with the two hydrogens of the amino group prevents further coupling with 
the s; system of acetylene, while the other ir-type orbital of the amino group (a pure 
p orbital) can couple with one x MO of acetylene. 
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The case of cyanoacetylene is more complex. The interaction between the x 
systems of the C=C and C s N  moieties results in the scheme shown in Figure 5b. 
The analogy with the x MOs of butadiene is evident. 

C- C- NH, 

C - C  - C  - N  

FIGURE 5. (a) Interaction of the x orbitals of acetylene with an amino group. The lowest MO 
is almost pure c NH,. (b) The interaction of the TF systems of C=C and C=N. Each MO 

shown has a degenerate partner in a perpendicular plane. 

d. Acetyienscarboxylic acid and phcrtylncetylene. These compounds are important 
also in view of the use of the corresponding disubstituted derivatives as ligands in 
complexes of transition metals. The x MOs of the carboxylic acid can be analysed 
by considering the m MOs of the COO part (Figure 6a), the well-known ally1 x MOs. 
Of these, only x3 has an energy close enough to  that of the x system of acetylene 
to interact with it. The diagram is shown in Figure 6b. One x MO of acetylene 
remains unperturbed for symmetry reasons. 

The best way to analyse the TC system of phenylacetylene is to consider the benzene 
ring as made up of two trimethynyl moieties, whose lowest-lying x orbital is the 
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/ u  c - c - c c ,  
0 

( b )  

FIGURE 6. (a) The ~i MOs of the ally1 (or COO or C3H3) group. (b) The x system of 
acetylenecarboxylic acid. 
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ally] orbital x1 (Figure 6a). These two moieties and the x system of acetylene interact 
in the usual way, with a + + + combination, a +0- combination, and a + - + 
combination. The benzene 7t MO with a node on the atom to which the acetylene is 
linked remains unchanged. The complete scheme is given in Figure 7. 

x; x:= 

X ;" 

x,+ x,+ = 

FIGURE 7. The occupied ~i MOs of phenylacetylene. 

4. The HC=C fragments 

The molecular orbitals of the acetylene fragments are shown in Figure 8. The 
large destabilization of the GCC orbital is evident. This orbital is doubly occupied in 

0- cc 

FIGURE 8. The occupied MOs of the CCH fragment. 

the negative ion, singly occupied in the radical, and empty in the positive ion. This 
makes the substantial differences in the C-C o-bond overlap populations of these 
compounds (see next section). 
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5. Eond overlap populations and charges 

The EHT Mulliken bond overlap populations5 are reported in Table 2, along with 
the acetylenic carbon atom charges. The relative strengths of the CC and c-x 
bonds, as  a function of the x-electron-attracting or -releasing power of the sub- 
stituent, are well exemplified. Thus, the order of decreasing x population of the 
C=C bond : 

M. Simonetta and A. Gavezzotti 

X = H >CH,>CI> NH,> F> C,H,> COOH> CN 

is on the whole the reverse order of decreasing x population of the C-X bond: 

X = CN > COOH > C,H,> NH,> F >  CI > CH,> H 

TABLE 2. Mulliken bond overlap populations bij) and charges (qi, electrons) 
for substituted acetylenes and acetylene fragments. The results refer to 

standard EHT calculations 

H-C=C-X 
4 2 1 3  

Pl2 P13 

X G ,L Q 7 t  91 q 2  - 

H 0.919 1.010 0.811 - -0.13 -0.13 
F 0.903 0.984 0.505 0.053 -0.42 1-0.76 
C1 0.895 0.990 0.521 0.045 -0.21 +0.28 
CN 0.917 0.921 0.818 0.208 +0.10 +0.02 
NH, 0.909 0.987 0.673 0.057 -0.31 +0.31 
COOH 0.916 0.969 0.805 0.095 -0.04 -0.04 
C6H, 0.918 0.974 0.799 0.092 -0.26 +0.02 

0.918 1.001 0.787 0.030 -0.30 +0.05 + 0.759 1.010 - - +0.55 +0.18 
CH3 

- 0.925 1.010 - - -0.11 -1.00 
0.842 1.010 - - -0.23 +0.02 

0. X-ray and Electron Diffraction Structural Data  

1. Simple alkynes 

In  the following sections, an account of recent structural data  o n  the acetylenes 
will be given. The  dimensions of the parent hydrocarbon have been measured by 
use of high-resolution i.r. and Raman data (values in A): 

C-H 1.0605f0.0003 (Reference 6) or 1~06215~0~00017 (Reference 7) 

C=C 1 -2033f0.0002 (Reference 6) or 1~20257~0~00009  (Reference 7) 

A comprehensive review8 of the triple bond length in compounds of the type 
R C z C R ' ,  R and R' being hydrogen, methyl o r  halogen, gives an  average of 1.204 A. 
Recent evidence concerns the compounds shown below, whose numbering refers to 
entries in Table 3: 
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OH 

HC=CCH,S(O)-OSn(CH,), 

(5) 

C F3C =C C F, (CH3),-X-C=C-Y HOGCCH,C=CH 

(6) (7) X = C, Y = H (11) 

(8) X = Si, Y = H 

(9) X = Si, Y = CI P(C=CH), 

(90) X = Gel Y = CI (1 2) 

CH3 CH3 
I 1 

CH,C=CCH, 

(13) 

CH,-C-C~C-C-CH, 
I 1 

OH OH 

(1 4) 

TABLE 3. Bond lengths (A) in simple alkynes as determined by 
electron diffraction (ED), neutron diffraction (ND) or X-ray 

diffraction. Compound numbering as given in text 

Compound C-C= C=C Method Reference 

1.416 
1-48 
1 -44 
1.478 
1.498 

- 
- 
1.453 
1.455 

1.467 
1.479 

- 

1.212 
1.194" 
1*180b 
1.131 
1-18 
1-16 
1 -204 
1.210 
1 -200 
1.210 
1.215 
1.179 
1.175 
1.16-1.18 
1.213 
1.203 

ED 
ND 

X-ray 
X-ray 
X-ray 
ED 
ED 
ED 
ED 
ED 
X-rayc 

X-ray 
ED 
X-rayd 

17 
9 

10 
1 1  
12 
13 
14 
14 
14 
14 
15 

16 
17 
18 

~ ~~ 

a Isotropic refinement. 
Anisotropic refinement. 
Two molecules in the asymmetric unit. 

d A t  110K. 
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2. Alkynes with triple bonds conjugated with double bonds 

a. Conjiigation with C=O. A considerable body of evidence has been recently 
collected about carbonyl derivatives of acetylenes. The data are reported in Table 4, 
whose entries refer to the compounds given below: 

M. Siinonetta and A. Gavezzotti 

CH,C=CC-OH HO-CCsCC-OH 
I I  II II 
0 0 0  

(1 5) (1 6) (17) 

H+ -O-CC=CC-O- X +  (18) X = K HCECC-OH 
II  

(19) X = Rb 0 
(20) X = Na (22) 

I I  II  
0 0  

(21) X = NH, 

TABLE 4. Bond lengths (A) in alkynes with vicinal C=O groups. 
Compound numbering as given in text 

Compound C=C =C-CO Method Keference 

1.441 

1.458 
1.467 
1.466 
1 *468 
1.470 
1.466 
1.453 

X-ray" 

X-ray 
X-ray 
X-ray 
X-ray 
X-ray 
X-ray 
E D + M W C  

19 

20 
21 
22 
23 
24 
25 
26 

a Two crystalline forms. 
Average of the values from two data sets. 
E D + M W  = electron diffraction combined with microwave 
spectra. 

b. Conjugation with C=C. Some recent available data are given in Table 5 ,  whose 
entries refer t o  the compounds given below: 

H,C=CH-CECH 

(25) 
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TABLE 5. Bond lengths (A) in alkynes with vicinal C=C bonds. 
Compound numbering as given in text 

13 

Compound C=C =C-C= Method Reference 

(23) 1.188 1 -444 X-ray 27 
(24) 1.191 1 4 4 2  X-ray 28 
(25) 1.215 1.434 ED 26, 29 
(26) 1.21 1-46 X-ray 30 

A shortening of the C(sp)-C(sp2) bond is observed with respect to the C(sp)-C(sp3) 
bond in methyl-substituted acetylenes (1.46 A)8. The correlation between bond 
length and bond order in these and other compounds will be discussed further in 
Section II.B.5. If the table of EHT bond overlap populations is considered (Table 2), 
i t  can be seen that the C-C I;-overlap populations are substantially larger in con- 
jugated acetylenes than in simple alkynes or  halogen-substituted alkynes. 

3. Poly-ynes 

(see Table 6): 
Some structural determinations of members of this family have recently appeared 

HCEC-CGCH 

(29) 

(32) 

TABLE 6. Bond lengths (A) in poly-ynes. Compound numbering as given in text 
~ _ _ _ _ _ _ _  ~~ 

Compound C-C= C=C =C-C= Method Reference 

1.434 1.201 1.371 X-ray 31 
32 

(27) 
1.43O 1.19" 1-39 X-ray 
- 1.217 1.383 ED 33 

(28) 

- 1 -224 1.385 ED 34 
(29) 

1.465 1.1 89 1.380 X-ray 35 
(32) 1.461 1.180 1.380 X-ray 36 
(31) 
(30) 

1.476 1.186 

a Average value. 
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4. Cyclic alkynes 

The simplest known compounds of the cycloalkyne series a re  cyclohexyne and 
cycloheptyne, which can be captured by complexation with PtO 37- These interesting 
compounds will be further discussed in Section V, which is devoted to  interaction 
with transition metal atoms, since their geometry is significantly altered by com- 
plexation. Other available data on the structures of cycloalkynes are given in Table 7. 

M. Simonetta and A. Gavezzotti 

TABLE 7. Structural data on cycloalkynes. Compound numbers as given in text 

Bond length (A) Bond angle (") 

Compound C=C C-C= c-c=c Method Reference 

(33) 1.197" 1.443O 156" X-ray 38 

(34) 1.185" 1.45ga 159" X-ray 40 
1*212c 1.463c 1 59c X-ray 41 

(35) 1.232 1.459 159 ED 42 

1 .204b 1 *444b 1 56b X-ray 39 

Cyclohexyned 1.297 1.489 127 X-ray 37 
Cycloheptyned 1.283 1.480 139 X-ray 37 

" Room temperature. 
At -160 "C. 
At - 170 "C. 
In Pto complexes. 

5. 'Conjugation' of carbon-carbon triple and double bonds 

Table 8 reports the results of a series of very accurate ED bond-length deter- 
minations carried out by Kuchitsu and coworkers. The trends in bond length are  

TABLE 8. Bond lengths (To), in A, from accurate 
ED determinations, to illustrate the efl'ect of 
conjugation of triple and double bonds. Com- 

pound numbering as given in text 

Compound =C-C c=c 

(1) - 1.212f0.001 
(13) 1.467 5 0.001 1.21 3 f 0.001 
(25) 1.434 a 0.003 1.21 5 f 0.003 
(29) 1 -383 0.00 1 1.2 17 +_ 0.00 1 

significant, since all the data have been collected under analogous experimental 
conditions. The triple bond lengthening and the single bond shortening upon 
conjugation are evident, and have been intuitively explained in terms of the effects 
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of conjugation and hyperconjugation on bond lengths1’. However, a calculation of 
the localization of the x-electronic charge density of the triple bondq3 gave the 
somewhat striking result that 40 per cent of this density is outside the C-C inter- 
nuclear region. This accounts in a straightforward way for the shortening of the 
single bond adjacent to  the triple bond, since this x charge density plays a definite 
role in the bonding; therefore, an  explanation of the marked conjugation effect 
seen in Table 8 might be found in this result. Another simple and useful bond index 
has been given by calculations based on  maximization of overlap between adjacent 
hybridized orbitals“. Some results obtained by this method are given in Table 9. 

TABLE 9. Relationships between overlap, hybridization, bond lengths 
and bond dissociation energies 

=C-C bonds 

spn-spm bonda Bond 
c-c length 

Compound overlapa ?I I t 1  (A) 

CH,-C=CH 0.71 84 1-18 3.01 1 *46 
CH,=CH-C=CH 0.7370 1.20 2.23 1.434 
CHsC-CsCH 0.7889 1-15 1.15 1-383 

C-H bonds 

Bond Bond 
length energy 

Overlapa n for sp”-Ha (A) (kcal/mole)* 

HCECH 0.7686 1-30 1.058 128 
0.741 2 2.18 1.093 - 
- - 1.085 103 CH2=CH, 

C,Hs 

Reference 45. 
I, Reference 44 kcal/mole. 

6. Determination of the  triple bond length by diffraction methods 

I t  can be seen from the data in Table 10 that the triple bond length, as  measured by 
room-temperature X-ray diffraction, is systematically shorter than as measured by 
electron diffraction, for which the ru distances have been considered, since they are 

TABLE 10. Averages of the room-temperaturc 
C=C bond length values reported in Tables 

3-7 for X-ray and ED determinations 

X-ray average ED average 

Table 3 1.171 1 -209 
Table 4 1-182 1.21 1 
Table 5 1.196 1-21 5 
Table 6 1.189 1.22 1 
Table 7 1.191 1.232 



16 M. Simonetta and A. Gavezzotti 

a direct measure of bond length in thermal equilibrium46. The X-ray determinations 
apparently suffer in a particular way from inadequacies of the scattering and thermal 
motion model30. 4 p ,  probably because of the substantial electron density far from the 
atomic centres. Thus, in very accurate X-ray structural determinations, the residual 
electronic densities on the bonds, as determined by difference Fourier syntheses, are  
large on single bonds, smaller on double bonds, and may become negative on triple 

47.  In general, the more the molecular electron density differs from the sum 
of the separate, spherically symmetric atoms, the more the X-ray atomic scattering 
factors are inadequate to describe it, and errors in bond lengths and electron density 
syntheses are likely to occur, due also to unrealistic thermal parameters used t o  
compensate for this inadequacy. I t  is probably true that, if accurate geometries are  
needed, low-temperature determinations are  a must for alkynes. The low-temperature 
bond lengths shown in Tables 3 and 7 are significantly longer than the average of the 
room-temperature determinations, the difference being greater than the usual rigid- 
body thermal libration corrections. 

The negative residuals of electron density along the triple bond are, however, 
observed even a t  low t e m p e r a t ~ r e ~ ~ .  An explanation can perhaps be attempted in 
terms of the previously mentioned results on  the distribution of the x-electron cloud 
in acetylene43; however, the comparison of theoretical and experimental (X-ray) 
electron densities needs to be made with care. It has been shown for acetyleneae that 
a dynamical correction, based on the librational analysis of the X-ray results, can be 
applied to the calculated electronic densities; even with this correction, the observed 
difference densities along the triple bond are still below the calculated value.4e The  
discrepancy has been ascribed to  systematic errors arising from the use of non- 
bonded atoms, and refinement using high-order reflections is rec~rnmended'~.  
Therefore, the conclusion that low-temperature X-ray measurements are needed is 
again reached. 

7. Acetylenic versus allenic structures 

The equilibrium : 
C-C=C-CH=C - C=C=C=CH-C 

has been shown to  be shifted to the left by crystal structure analysis of the com- 
pounds 36 and 37 (see Table 11): 

Et Et R I I CI -.-".-.$ e 
c=c ... c l ~ ~ > C ~ C - c H = C  CI IN \ N O C ,  R 

R 
I 

Et 
I 

Et 
(36) (37) 

TABLE 11. Structural data (A) on the poly-yncallene equilibrium. 
Compound numbering as given in text 

~~ ~~~ ~ 

Compound C-C= C=C =C-C C=C Reference 

(3aa 1.394 1.212 1.376 1.386 50 
(37) 1.42 1.21 1.41 1.36 51 

~ ~~ 

a Average standard deviation 0.006 A. 
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An analysis of the EHT molecular orbital shapes and energies of methylacetylene 
and allene reveals some clues. Allenes are known t o  have twisted The  
experimental energy difference between propyne and allene is 2.1 kcal/m01e~~. The 
6-type MOs of propyne, planar allene and twisted allene are very similar in shape 
and energy; therefore, the discussion will be restricted to  the highest-lying MOs of 
these three compounds (Figure 9). While in propyne and twisted allene they are  

-11.20 
P 

12.94 

U - 13.90 

( 0 )  ( b )  ( C )  

FIGURE 9. The highest-occupied MOs of (a) propyne, (b) planar allene, (c) twisted allene. 
For the last compound, the orbital shown has a degenerate counterpart obtained by 90" 

rotation around the C-C-C axis. 

out-of-phase combinations of bonding xcc and CH, or  CH2 orbitals, in planar 
allene they are the first two of the usual combinations of three p orbitals (see 
Figure 6a). In particular, the very high-lying non-bonding HOMO of planar allene 
shifts the balance towards the twisted isomer. The  balance between propyne and 
twisted allene is struck by the lower destabilization of the out-of-phase x~c-CH, 
combination with respect to  the irccCH, one. The sums of the Mulliken bond 
overlap populations of the two carbon-carbon bonds in the three compounds 
follow the same trends as the energies: the values are 2-737, 2.694 and 2-522 electrons 
for the overlap populations, and -285.16, -284-31 and -282.55 eV for the 
energies, referring to propyne, twisted allene and  planar allene respectively. All 
these results agree with the observed preference for the acetylenic structure. 

TABLE 12. Microwavc data on bond lengths and dipole moments in substitutcd 
acetylenes (X-C=C-Y) 

Bond length (A) 

X Y X-C C=C C-Y p(D) Reference 
~ ~ 

I CN 1.985 1.207 1-370 4.59 
Br CN 1.786 1.204 1.370 3.88 
c1 CN 1.625 1-209 1-369 3-38 
H CN 1.058 1.205 1.378 3.60 
c1 Rr 1.628 1.209 1.790 0.15 
CI I 1.627 - 1.989 0.30 
c1 C s C H  - - - 0.20 
Cyclopropyl H 1.466 1.189 - 0.89 
i-Pr H 1495 - - 0.72 
BF, H 1.513 1.206 1.058 1.87 

54 
54 
54 
54 
55 
55 
55 
56 
57 
58 



18 

C. Microwave Data  on the Structure of some Acetylenic Derivatives 

In  view of the nature of the microwave experiment, and of the different accuracies 
of the determinations, with respect to the ED and X-ray structural data, the infor- 
mation that comes from analysis of the MW spectra of some acetylenic compounds 
is given separately in Table 12. It should be remembered that many of these data  are 
obtained by assuming other structural parameters to  be fixed, o r  are simply tentative 
parameters in the fitting of the rotational spectra. An important molecular constant 
that can be derived from MW data is the dipole moment, some values of which are 
given in Table 12. 

M. Simonetta and A. Gavezzotti 

Ill. ENERGETICS 

A. Conformationai Analysis by the Force Field Method 

1. Scope of the method 

The calculation of the structures of organic molecules was pioneered by the groups 
of H e n d r i c k ~ o n ~ ~ ,  Allingerso and B a r t e P .  The method has improved since, and a 
recent paperG2 summarizes the status of the technique. 

The backbone concepts of computational conformational analysis are as follows. 
The strain energy in a given molecule is commonly written as  a sum of bond stretch, 
angle bend, torsional and non-bonded interaction contributions. The possibility of 
evaluating the first two terms depends on the availability of spectroscopic force 
constants, to  be used in harmonic approximations to the corresponding energies. 
Torsional potentials require a knowledge of barrier heights, and non-bonded inter- 
action potentials of different forms have been proposed on the basis of various 
c ~ i t e r i a ~ ~ - ~ ~ .  Of course, the strain energy needs to be minimized with respect t o  the 
degrees of freedom cf  the molecule. A strategy in the calibration of force fields is a 
systematic search for fit of a number of known properties (heats of formation, 
geometries and vibrational frequenciesa3). If the calculation of heats of formation is 
required, in addition to  the strain energy parameters it is customary t o  introduce a 
set of heat of formation parameters, which account for the standard energy contents 
of certain atom groupings or  of certain bonds. 

Calculations of the kind just described can provide in principle all the required 
information on a given molecule, without even having to synthesize it. In addition, 
energy differences between conformational isomers can be calculated and  equilibrium 
mixtures obtained, and, in certain cases, even heats of reaction can be computed. 

2. The force field for alkynes 

The necessary parts of a force field for a given class of compounds must include 
force constants and a ‘strainless’ set of internal coordinates, torsion barriers, non- 
bonded energy functions and heat of formation parameters. F o r  alkynes, they have 
been obtained recentlys4, using the contributions to  the force field for the non- 
acetylenic parts of the molecule from earlier workss. As an example of the possible 
uses of the method, some results will be briefly reviewed. 

The compounds considered were acetylene, propyne, 1 -butyne, 2-butyne, 1- 
pentyne, 3-methyl-1 -butyne, the seven-, eight-, nine- and ten-membered cyclic 
alkynes, I ,8-cgclotetradecadiyne and various ethynylcyclohexanes. Besides the 
geometries, which agree substantially with the available experimental data, Some 
interesting thermodynamic values were obtained. The rotational barriers in 1-butyne 
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and 2-butyne were calculated to  be 2-84 and 0.0 kcal/mole respectively. The energy 
difference between the trans and gauche forms of 1-pentyne was 0.24 kcal/mole, 
which gives at 25 "C an equilibrium mixture of 57% gauche. The equatorial form of 
ethynylcyclohexane is favoured over the axial form by 0.50 kcal/mole, in good 
agreement with the available experimental value of 0.41 kcal/mole. 

A visualization of the strain imposed on the linear C-C=C-C group by the 
ring structure in cycloalkynes is their heat of hydrogenation to the corresponding 
cycloalkanes. This is a measure of the difference in strain bctween the two classes of 
compounds. Table 13 reports some representative values. 

TAULE 13. Heats of hydrogenation and strain energy 
(kcal/mole) in cycloalkynesG4 

Ring Calculated Experimental Strain 
size AH(hydrog.) AW(hydrog.) energy 

7 87.3 - 3 1 .OS 
8 72.3 69 20.76 
9 65.4 61.9 16.37 
10 58.8 56.6 9.90 

For cyclooctyne an  ED structure determination is available. The ED data have 
been interpreted by a lengthening of bond distances, rather than by opening of bond 
angles, to  relieve the strain. The calculated structure prefers shorter bond lengths 
and wider bond angles, in agreement with the general principle that bond stretching 
is harder than angle bending. I t  is proposed therefore that a structure nearer to  the 
calculated one might fit the ED data equally well, since it is usually difficult to 
determine uniquely the structure of such a large molecule by this method. 

3. The calculation of vibrational frequencies and thermodynamic 
properties by the force field method 

Minimization of the strain energy involves, if a Raphson-Newton-type minimiza- 
tion procedure is used, the solution of the system of linear equations 

FX = - D  

where F is the matrix of the second derivatives of the energy with respect to a chosen 
set of coordinates, x is the displacement vector that leads to the mininium and D is 
the vector of the first derivatives of the energy. The matrix F contains the informa- 
tion needed to  obtain the vibrational frequencies of the molecule. In fact, solution 
of the secular equation 

det(F-Ih) = 0 

gives the normal coordinates and harmonic frequencies of the moleculeGG. The 
calculation of the second derivatives of the energy is much easier with respect to 
internal rather than Cartesian coordinates, while the molecular description is easier 
in Cartesian coordinates. A convenient way of  transforming between the two CO- 

ordinate sets has been givenG7. Given the vibrational frequencies and moments of 
inertia, statistical mechanics allows the calculation of the thermodynamic functions 
by standard formulaeG8. In  principle, therefore, the vibrational frequencies and 
thermodynamic functions of all alkynes could be calculated by the described force 

2 
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field. Alternatively, the thermodynamic functions can be calculated using the 
experimental data on the fundamental vibration frequencies. Some examples of this 
kind of calculation will be given in the section devoted to  infrared spectra. 

0. Experimental Data  

1. Heats of formation 

A tabulation of the experimental heats of formation for alkynes, along with the 
ones calculated by the force field method for many compounds for  which there are  
no  available experimental determinations, is given in Table 146.1, together with a few 
other enthalpy data. 

TABLE 14. Heats of formation (kcal/mole) of some alkynes. Data 
from Refcrence 64 unless otherwise stated 

Experimental Calculated Strain 
Compound A H !  AH! energy 

Acct ylenc 
Propyne 
I-Butyne 
2-Butyne 
1-Pentync 
3-Methyl-1-butyne 
Cycloheptyne 
Cyclooctyne 
Cyclononyne 
Cyclodecyne 
Fluoroacetylene 
Chloroacetylene 
Dichloroacetylene 
HC=C radical 
1,5-Cyclooctadiync 

54.3 
44.4 
39.5 
34.7 
34.5 
32.6 

- 
25.Sa 
61 a 

470 
1 30b 
120c 

54.2 
44.0 
39.5 
34.6 
34.3 
33.2 
59.3 
43.4 
33.5 
21.4 

0.0 
0.0 
0-75 
0.8 1 
0.90 
1 -40 

31.1 
20.8 
16.4 
9-9 

- 
3OC 

a Reference 69. 
I, Reference 44. 

Reference 41. 

2. Bond dissociation energies 

By mass spectrometry studies, the heats of dissociation of the C=C bond in some 
alkynes have been derived, and by using the heats of formation of the radicals, when 
available, some heats of formation have also been obtaineda0. The  C-H bond 
dissociation energy in acetylene has also been determineddd. All these values are  
given in Table 15. 

3. Rotational isomerism and barriers to rotation 

A number of barriers to internal rotation and of energy differences between 
isomers have been determined by a variety of methods for alkynes. Some results a re  
reported in the following. 
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TABLE 15. Bond dissociation energies (kcal/mole) 
in acetylenes and some reference compounds 

21 

C=C bond C-H bond 
Compound diss. energya diss. energyb 

HC=CH 
FC=CH 
CIC= CH 
BrCSCH 
CIC=CCl 
BrCECBr 
CIC= CBr 
CIC= CI 
BrCECI 
CH,-CH3 
CH2=CH, 

230 
178 
166 
202 
125 
155 
150 
173 
174 - 
- 

128 
- 

- 
- 
- 
98 

103 

O Reference 69. 
Reference 44. 

a. Compounds of general formula X-C=C-Y.  Table 16 gives the data with 
self-explanatory headings. 

TABLE 16. Rotational isomerism and barriers to rotation, E (cal/mole), in compounds 
x-c=c-Y 

X Y Type of barrier E Method Reference 
~~~ ~ ~~~~ 

CH3 CH3 Methyl rotation 
Methyl rotation 
Methyl rotation 

Si H3 CH3 Methyl rotation 
OH OH cis-gauche 
CF3 CH3 Methyl rotation 
Ph Ph Phenyl rotation 
C,H,F CsH,F Phenyl rotation 

5.0-7.3 
5-6 
11Q 
3.3 

1760-2450 
3.8 

400-700 
1500-1 200 

ab initio MO 
SCF-MO 
MW 
ab initio MO 
ab initio MO 
ab initio MO 
CNDO-INDO 
CNDO-INDO 

~~ 

70 
71 
72 
70 
70 
70 
73 
73 

a Upper limit. 

6. Compoitnds of general formula Y-CH2-X-C=CH. For these compounds, 
the following nomenclature will be adopted: 

V, ,CCH 
H..;c-x 

H 

y, ".)C'-x 

'CCH H 

V 
I\ 

H 
H..iC-X, 

CCH 

cis gauche trans 

Table 15 gives the information available on this kind of rotational isomerism. 
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c .  Conzpoiinds of general fortmila X-O-CH2-C=CH. For these compounds, 
a nomenclature analogous to that adopted in the preceding section is used. The data  
are given in Table 18. 

TABLE 18. Rotational isomerism and rotational barriers (kcal/mole) in acetylenic compounds 
of formula as shown 

x-0 

Most stable A E  between 
X isomer Barrier isomers Method Reference 

C H O  !runs !ratis-gartciia 0.50 ab itiiiio MO 78 

79 
0.9 1 

2.38 
1.r. gairciie Methyl rotation - CH, 

C. Molecular Orbital Energies and Ionization Potentials 

I. Photoelectron, X-ray and ESCA molecular spectroscopy 

When a molecule is excited by a photon of energy lrv, appropriate for a n  electron 
to be ejected to give a radical cation, the kinetic energy of the ejected electron and the 
ionization energy, I, are related by  

hv = If Ekln 

This equation is the basis of the technique of electron spectroscopy; for an intro- 
ductory survey see Reference 80. T h e  energy of the incident photon sets an upper 
limit to the I that can be measured. If a helium(1) discharge lamp is used 
(Av = 21-21 eV) only valence orbitals can be affected. If the inner levels are to be 
excited, harder radiation must be used. ESCA (Electron Spectroscopy for Chemical 
Analysis) techniques have been developed for this purposes1. Besides this obvious 
limitation, the choice of the source is also critical because the cross-section for 
photoemission varies sharply with the energy of the impinging radiationsa. There- 
fore, a spectrum of X-ray sources is being used, including M g K a  (1253*6eV), 
ZrM 5 (151.4 eV). In principle, a particle accelerator could provide electrons of all 
the desired energies. 

The measured ionization energies are correlated, by Koopman’s theorem, to  the 
SCF orbital energies of the molecule. Experiment can therefore be a check to  the 
calculations, and calculations can help the experimentalist in the band assignment 
stage. 

2. Experimental valence MO energies 

a. Acelylene. The molccular orbitals of acetylene are  shown in Figure 3. Only the 
three uppermost occupied MOs can be ionized by He(1) photons. The 2~~ orbital 
energy was determined using MgK a-radiation, but a simultaneous detection of all 
the four ionization potential was only possible by ultra-soft X-rays: Table 19 gives 
the data obtained by the various sources. 
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TABLE 19. Energy levels (eV) of acetylene as determined 
by electron and X-ray spectroscopy 

Levela He(II)C MgK ad ZrM I;. 

- 23.6 23 *5 23.5 
2a, 18.42 18.7 18.5 18.8 

- - 16.8 
- 11.4 

16.44 
lx, 11.40 

2% 

3% - 

For the symbols used, see Figure 3. 
Reference 83. 

C Reference 84. 
Reference 85. 

e Reference 82; values relative to that of lx,, assumed 
to be equal to that of the first column, He(I). 

TABLE 20. Energy levels (eV) in substituted acetylenes (X-C=C-Y); stability increases 
from left to right 

X Y El E2 E3 4 Reference 

CH3 
C2HLi 
n-Pr 
n-Bu 
t-Bu 
CH3 
C2H.5 

CZH, 
f-Bu 

n-Pr 
f-Bu 
1-Bu 
CH=CH2 
CH=CH2 
C=CH 
C=CH 
C=CCH3 
F 
c1 
Br 
I 
Cl 
Br 
I 
Br 
I 
I 

10.36 
10.18 
10.10 
10.07 
9.92 
9.56 
9.44 
9.28 
9.32 
9-26 
9-18 
9.05 
9.64 
9.06 
10.17 
9.50 
8-60 
11.26" 
10.63 
10.24 
9.73 
10.09 
9.67 
9.03 
9.98 
9.44 
9.34 

13.91 
12.07 
11.35 
10.99 
11.37 
13-44 
11-88 
11-04 
11-78 
11.16 
10.95 
10.88 
10.63 
9.86 
12.62 
11.55 
10.63 
lgb 
14.08 
12.93 
11.96 
13.44 
12.1 1 
10.63 
12.54 
11.48 
11.24 

14-93 
15-18 
13-61 
11-84 
13-41 

12-87 
13.19 
14.85 
11.95 
11-80 
14-47 
12.04 
11.48 

12.89 
12.10 
17-8 
16.76 
15.99 
14.86 
14.45 
13.31 
12-17 
14.08 
13-85 
13.03 

- 

- 

86 
86 

15.34 86 
12.89 86 
14-73 86 

86 
13.43 86 
14.53 86 

86 
13.46 86 
14.51 86 

86 
13.2 87 
12.8 87 

88 
88 
88 
89 

18-1 89 
17.6 89 
17.4 89 
16.76 90 
15.64 90 
14-22 90 
16.07 90 
14.88 90 
14.71 90 

- 
- 

- 

- 

- 

- 
- 
- 
- 

a a Level. 
~i Level. 
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6. Acetylene derivatives. A great deal of information on the energy levels of 
acetylene derivatives is available. The uppermost occupied levels, with the exception 
of fluoroacetylene, are invariably -li-type orbitals, whose shapes can easily be deter- 
mined by use of simple interaction diagrams like those shown in Figures 4-7. 
Table 20 contains some experimental ionization energies. Reference 86 gives the 
data for many more alkyl derivatives of acetylene, and a correlation with Taft’s 
o* constant. 

3. Experimental data on core energy levels 

In  the case of acetylene, the innermost level carries the Is electrons of the carbon 
atoms. In general, the binding energies of these innermost electrons are sensitive to 
variations of valence electron densities due to different bonding effects in different 
molecular environments; thus, chemical shifts relative to some reference substance 
can be measured, and correlated to  chemically important concepts such as bond 
strengths, bond polarization and inductive effects. 

Some data on the core electron energies in acetylenic compounds are shown in 
Table 21, together with the data for some important reference molecules. 

TABLE 21. Core electron energies (eV) in 
acetylenes and some reference compounds 

Ionization 
Compound potential Reference 

H-C=C-H 291.2 85 
CF,Cs C- H 292.2 91 
CF,C= CCF, 292-7 91 
CH,C=C- H 290.7 91 
CH,C=CCH, 290.1 91 

290.8 85 
290-7 85 

CH, 
CH,=CH, 

4. Calculations 

The fact that orbital energies can be readily obtained from PE spectra via Koop- 
man’s theorem makes the match between theory and experiment a very close one. 
Quite a number of MO approximations of various degrees of sophistication have 
been made to  predict photoelectron spectra of organic molecules, and an exhaustive 
survey of these calculations would be tedious. The following account is intended to 
give some representative examples. 

Simple Hiickel methods have been used for the ha loge no acetylene^^^. The  b-ir 
level crossing in fluoroacetylene is qualitatively accounted for evcn by EHT (see 
Section IT.A.3.n). Similar methods (ZDO-MO) have been used for the halogeno- 
acetylenesss* CNDO, MINDO, I N D O  and SPlNDO have been tested on butenyne 
derivativesB7, and the conclusion was reached that only the last one is reliable. 
The FGO method has been used for the calculation of the PE spectrum of acetylenes3 
and for the calculation of the inner levelsoJ. In the case of ESCA chemical shifts, 
correlations have been found with valence electron densityg5 and with the calculated 
energy difference between neutral molecule and cationeG. 
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A major problem in the comparison of observed and calculated energy levels is 
that of relaxation effects. For instance, the trend in the methyl- and trifluoromethyl- 
substituted acetylenes (see Table 21) seems to account very well for their respective 
electron-donating and electron-withdrawing powers which are  well established. I t  
has been pointed out, however, that relaxation effects make a significant contribution 
to  shifts in apparent binding energies, and hinder the detection of substituent 
effects". Only calculations with a model that explicitly included relaxation effects 
proved to  be successfulg1. The same problem has been tackled by Green's functions 
calculationsg7 and by the Transition Potential Methodo8 for acetylenes. 

5. x-Level splitting in cycloalkynes 

The degeneracy of the ir levels of acetylene is swept out by bending. Cycloalkynes 
offer the ideal substrate to test this assertion. Figure 10 shows that the splitting can 

-0.00 - 

-9.12 - 

\ 

/ 

= - 0.90 

FIGURE 10. The x levels of cyclic acetylenes as observed by PE spectroscopyo9. The splitting 
due to bending is shown. 

be observed in the PE spectrum of a cycloheptyne derivativeg9 in which the bend is 
34" loo, while in the corresponding eight-membered ring it is too small to  be observed. 
I t  has been shown, in fact, that a cis bend smaller than 20" produces a splitting as  
small as 0.2 eVIO1. 

6. Inferences combining experimental data and semiempirical 
M O  methods 

An excellent example of the combined use of Koopman's theorem, of localized 
bond orbitals and semiempirical SCF-MO calculations in the assignment and dis- 
cussion of He(1) photoelectron spectra has been givenlo? for a wide variety of 
acetylenic compounds, including polyacetylenes, poly-ynes, aromatic acetylenes, 
acetylenes conjugated with double bonds, and acetylene-substituted cyclopropanes 
and oxyrans; such topics as conjugation and c-x mixing, spin-orbit coupling (in an  
iodo derivative), and free rotation in divinylacetylene are discussed, and pictorial 
representations of the relevant molecular orbitals are given, in an  impressive demon- 
stration of the accuracy of the molecular representation that can be obtained by the 
interaction of PE spectroscopy and MO arguments. 
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IV. I.R., U.V. A N D  N.M.R. DATA 

A. 1 3 .  Data and Molecular Vibrations 

1. The symmetry coordinates of acetylene 

Acetylene is a linear molecule whose point group is Dmh. I t  has seven degrees of 
freedom; the symmetry properties of an appropriate set of normal coordinates are 
easily found by simple reasoning. As can be seen from Figure 11, which illustrates 

ff P 

FIGURE 11. (a) Symmetry propertics of a set of seven normal coordinates for acetylene. Both 
El, and El, are doubly degenerate. (b) Valence coordinates that are also symmetry 

coordinates for acetylene. 

the normal coordinates of acetylene, there are two degenerate pairs. Five valence 
coordinates are therefore needed to describe the vibrations of acetylene; Figure 1 I(b) 
shows a set of five valence coordinates that already represent a set of symmetry 
coordinateslo3. 

2. Data on the molecular vibrations of acetylenes 

A fundamental contribution has been made to the study of the molecular vibra- 
tions of acetylene itself, using an anharmonic force field including cubic and quartic 
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force constantslo.l. Very recently, new calculations were performed along the same 
lines105, with a refinement of some results. 

The halogenoacetylenes have been much studied by infrared spectroscopy106-108. 
Fundamental frequencies and force constants have been obtained, and thermo- 
dynamic functions have been calculated from them. The  force field of the trans-bent 
excited state of acetylene has also been investigatedlo9. Among the other acetylenic 
compounds, recent data are available on the halogenated diacetylenesl10 and the 
compound P(C=CH), ll1. Some data on all thc above-mentioned compounds are 
given in Tables 22-24. 

TABLE 22. Sclected data on fundamental vibration frequencies (cni-') 
of acetylene and diacetylene derivatives 

x-C=C-Y 

P= U-C 
X Y stretch Other frequencics Reference 

CI 
C1 
Br 
CI 
Br 
I 
H 
H 
H 
I-I 
H 
H 

Br 
I 
I 
CI 

2223 
2191 
21 66 
2234 
2185 
2118 
2225 
21 10 
2085 
2060 
2061 
21 10 

923 
886 
782 
988 
832 
720 
- 

389 
276 
222 
477 
267 
190 
- 
- 
- 
- 
- 
- 

326 
325 
304 
333 
31 1 
296 
- 

152 
135 
122 
172 
137 
I10 

108 
108 
108 
108 
108 
108 
118 
118 
118 
107 
1 1 1  
120 

Asyrn. C=C Sym. C=C 
X stretch stretch Referencc 

C1 2252 207 1 119 
Br 2237 2095 119 
I 221 1 2060 119 

Correlation of stretching frequencies and forcc constants with substituent effects 
is an often elusive task. Instead, the intensity of the C=C stretching band has been 
shown to correlate with the conjugative resonance parameter cjr fo i  a very large 
number of monosubstituted acety1enes1l2, disubstituted acetylenes*13 and aryl- 
acetylenes114. In  these works, after an exhaustive tabulation of newly determined 
literature, and calculated (by semiempirical MO methods) intensity data, linear 
correlations were found with o$, and the effects of a wide variety of substituents were 
thoroughly discussed. 



1. General and theoretical aspects of the acetylenic compounds 

TABLE 23. Force constants (mdyn/A) for the vibrations of some acetylenes 
and diacetylenes 

29 

x-C=C-Y 

X Y F(C=C) F(C-Y) Reference 

H H  15.953 6.391 104 
H F  16.4 1 8.22 107 
H Cl 15.35 5.36 107 
H Br 15.15 4.60 107 
H I  15-13 3.07 107 

c1 c1 16.49 5.1 6 106 
Br Br 13.47 4-25 106 
1 1  12.79 3.41 106 
H H  6.56O 4*58a 109 

120 H CHO 15.40 - 

H P(C,H), 14.90 3-56-3065 11 1  

H-CEC-CEC-X 

X F,(C=C) F,(C=C) F(C-C) F(C-X) Reference 
~~~~~~~~~~~~~~~ 

CI 15.97 14.1 1 7.20 5.19 110 
Br 15.97 14.1 1 7.20 4.53 110 
I 15-97 14.1 1 7.20 3.59 110 

a Excited state. 

TABLE 24. Calculated thermodynamic functions (cal/dcg mole) 
of acetylenes (X-C=C-Y) at 300 K 

x Y (HO-H,O)/T so C: Reference 

H 
c1 
Br 
I 
Br 
Br 
I 
H 
H 

I 
c1 
CI 
c1 
Br 
I 
I 
H 
Ha 

10.05 
11.73 
12.09 
12.5 1 
12.62 
12.93 
13.21 
8.032 
8.41 

62.88 
65.10 
69-3 1 
71.10 
71.01 
74.53 
75.18 
48.004 
52.29 

13.69 
15-65 
15.99 
16-31 
16.45 
16-66 
16.86 
10.539 
9.75 

107 
106 
106 
106 
106 
106 
106 
109 
109 

a Excited state. 

3. MO and related calculations on the force constants of acetylene 

In principle, any method that can give a value for the energy of a molecule as  a 
function of the atomic positions allows the calculation of the force constants of the 
molecular vibrations. In the case of the molecular mechanics method outlined in the 
preceding sections, one cannot get much more than values related to  the ones that 
have been built into the force field used. S e m i e m p i r i ~ a l ~ ~ ~  and a6 initio1l0 methods, 
on the contrary, have been used to obtain estimates of the force constants for the 
vibrations of acetylcne ; the same has been done by Green's functions  calculation^^^'. 
Some typical results are shown in Table 25. 
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TABLE 25. Results of calculations on the force constants 
of acetylene (values in mdyn/A) 

F(C=C) F(C-H) Method Reference 

35.46 12.77 INDO 115 
17.08 6.28 MIND 0/2 115 
16.29 5.85 Green's 117 

18.02 6.977 A b  initio 116 
15.953 6.391 Experimental 104 

functions 

value 

B. Electronic Spectra 

1. Simple acetylenes 
In the analysis of their electronic spectra, much attention has been paid to  the 

identification of Rydberg series in acetylenes. Recent evidence has been collected on 
the spectrum of acetylene itself (see Reference 121, and references therein, and 
Reference 122); for chloroacetylene, two transitions have been identified above 
2000 8, leading to non-linear transition states, while below that wavelength a number 
of Rydberg transitions, leading to  linear transition states, were detected123. The  same 
features, more diffuse and shifted slightly to the red, have been detected in bromo- 
acetylene12'. The spectrum of iodoacetylene was investigated in the region 30 000- 
90 000 cm-' 125; for this molecule too excitations of bending modes during the 
transitions were detected, so that several excited states should be non-linear. 
Rydberg series were also identified for this compound. 

Calculations were performed on  the Rydberg series of acetylene, the molecule 
being a t  the same time a very simple and very interesting one. Varicus methods 
have been used, from simple model potential120 to  more complex quantum- 
mechanical methods1*'. A summary of the known Rydberg series of acetylene, 
diacetylene and triacetylene has been given128 (see Table 26). 

TABLE 26. Rydberg series in acetylene, diacety- 
lene and triacetylene (as collected in Reference 
128). T,,, TA and so on are the energies of the nth 

term in k K  

HC=CH 

T,, = 91.95-R/(n-0*06)2 n = 3, ..., 10, ... 
TA = 91.95-R/(1~-0*47)~ 
T," = 91.95-R/(1~-0.08)~ 

t I  = 3, ..., 10, ... 
I I  = 3. ..., 6, ... 

T," = 91*95-RR/(n-0.51)2 11 = 3, 4, ... 

HC=C-C=CH 

T, = 82.11-R/(n-1.0)2 n = 4, 5, 6, ... 
I1 = 3, 4, 5, ... TA = 82.1 1 - R / ( t ~ - 0 . 5 ) ~  

HCGC-CEC-CGCH 

T,  = 76-71 - R/(1~-0.81)' 11 = 4, 5, 6 
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2. The red shift arising from conjugation of triple bonds 

The known data128 on the red shifts observed on going from diacetylene to 
triacetylene and tetraacetylene are shown in Table 27. It can be seen that the batho- 
chromic effects are very similar to the one observed in the corresponding polyene 
series. Also given in Table 27 are the results obtained on the spectra of the 
compounds12e-130: 

.(CGC), 

TABLE 27. Bathochromic shifts in the longest-wavelength band for some poly-ynes and for 
the linear polyenes. Energies of thc transition in eV. The data in columns 2 to 6 of this table 

have been taken from References 128, 129, 130, 130 and 131 respectively 

9,9’-Dianthryl- 1,l‘-Dinaphthyl- 2,2’-Dinaphthyl- 
n H(C=C),H poly-ynes poly-ynes poly-ynes H(CH=CH),H 

- - 3.45 3.69 - 1 
2 5.0 2-61 3.3 1 3.47 5-71 
3 4.1 2-57 3.12 3.23 4.63 
4 3.6 2.51 2.94 3.00 4.08 
5 3 -2 2.44 2.74 2-79 3-71 
6 - 2-37 2.59 2.62 3-41 

3. Calculations of the spectra and conformational studies 

An early method of calculation of the electronic spectra of acetylenes was based 
on a modified PPP technique using VESCF orbitals132. The agreement with observa- 
tion was good if triply excited configurations were included in the configuration 
interaction procedure. SCF-MO-CI methods of various complexity have been used 
to calculate, for  example, the spectra of phenyla~etylene’~~ and of some acetylenic 
derivatives of ~ h e n a n t h r e n e l ~ ~ .  

A traditional use of electronic spectra is the prediction of conformations, with 
particular emphasis on the conditions of maximum overlap (minimum distortion 
from parallelism) of adjacent p orbitals. Into this line of investigation fall the studies 
of spatial interaction between triple bonds in the comp~unds- ’~~, :  

R = H, Ar, Me 
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An example of inferences on molecular structure derived from analysis of the U.V. 
spectra is the case of the following series of molecules136 : 

A complex interplay of conformational effects is at work here, including the 
coplanarity of the rings, the linearity of the acetylenic linkages, and the length of the 
aliphatic chain. I t  is found that in series I and I1 a decrease of n (that is, the increase 
in ring strain) brings about a bathochromic shift in the longest-wavelength band, 
whereas in series I11 and IV a decrease of n brings about a hypsochromic shift. 
Examination of models shows that in the I and I1 series the benzene rings lose 
coplanarity on increasing the ring strain, while this is not so in the I11 and I V  series. 
The energy of the ground state in the first two series is therefore increased more 
than in the last two by reducing the size of the ring. The band shifts can be explained 
by the fact that the increase of the energy of the first excited state on  reducing the 
size of the ring is greater in the 111 and I V  than in the I and I1 series. 

TABLE 28. Acetylenic proton chemical shifts 

H(C=C),-Xa 

X =  H F C1 Br I CH3 
I#  = 1 2.01 1.63 1-94 2.21 2.23 1.88 
I1 = 2 2.06 - 2.00 1-99 1.89 1.97 

X = CH, OH C1 Br I CN OCH, 
1.76 2.33 240 2.33 2.19 2.15 2.28 

HCEC-x(C6H,), 
____ ~~~ ~ 

x =  c Si Ge Sn 

X =  N P 
I1 = 3 2.54 2.32 2-51 2.32 

I1 = 2 2.71 3.07 

a 6 (p.p.m.) relative to TMS in deuterochloroform at - 50 0C1380. 
6 (p.p.m.) relative to TMS in carbon tetra~hloride~~'. 
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C. N.m.r. Spectra 

1. Experimental values 

An extensive tabulation with critical examination of earlier and newly acquired 
n.m.r. data on over sixty compounds of formula HCECX, together with their 
saturated counterparts CH3CH2X, has appearedI3'. The data include proton, l3C 
and 31P chemical shifts, and coupling constants. X is alkyl, halogenoalkyl, CF3, 
vinyl, aryl, acyl, carbethoxy, CN, silane, germane or stannane, N-alkylamino, ether 
or thioether linkage, and a variety of othcr Se-, P- and As-containing groups. The 
topics discussed on the basis of these data include charge shifts from and to the 
triple bond, shielding of the atoms attached to the C,, carbon, hybridization and 
inductive and mesomeric effects. The shifts of acetylenic protons in simple acety- 
l e n e ~ ' ~ ~  and d i a ~ e t y l e n e s l ~ ~  have also been recently recorded. A choice of significant 
data is given in Table 28. 

2. Calculations 

The increasing availability and popularity of MO methods are expanding its 
influence in the field of magnetic resonance also. A wide variety of quantuni- 
mechanical methods have been used to reproduce the essential molccular properties 
for n.m.r., that is, the shielding constants, and hence the chemical shifts, and the 
coupling constants. For acetylenes, some examples of works along these lines are 
in References 139-144. Some selected results are reported in Table 29. Table 30 
reports the results of an ab initio calculation of the 13C chemical shifts in fluoro- 
acetyleneP5. 

TABLE 29. Coupling constants in acetylenes (Hz) 
~ ~ ~ ~ ~ ~ ~ ~~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~~ 

H-Ha 

Calc. Obs. J" Ju 

Acet ylcnc 3.31-2.52 9.5 2.8 6.7 
Diacetylene 0.95-1-39 2.2 1.3 0.9 

0.4 0.0 Triacetylene 0.32 - 

13C-H 

Calc. 

NEMO SCF CNDO EHT Obs. 

HC=-CHb 277 301 171 169 249 
- 277.5 HC=CFC - - - 
- 270 HC=CCIC - - - 

26 1 HC=CBrC 
- 255 HC= CIc 

- - - - 
- - - 

13C-13C 

HC=CHD 29 1 195 61 - 172 

Reference 140. 
Reference 142. 
Reference 146. 
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TABLE 30. 13C chemical shifts in fluoroacetylcnes and acetylene. 
6 values in p.p.ni. relative to rnethaneld5 

Compound Obs. Calc. 

HCECH -776.0 -75.2 
* 

FCECH -90.8 -82.5 
* 

F C e C H  -16.3 -26.9 

D. Solid-state Properties 

Various spectroscopic techniques are of valuable aid in the elucidation of solid- 
state properties, and can in some cases substitute or integrate the results of X-ray 
crystal-structure analysis. 1.r. and Raman techniques give information on the site 
symmetry, the number of molecules in the cell, and in favourable cases even on the 
space group and the crystal structure. N.m.r., through line-broadening studies, can 
give information about the activation energy, and sometimes about the exact 
nature, of molecular motions that occur in the solid. Some examples of application 
of spectroscopic techniques to  the study of solid-state properties will be given in the 
following section for acetylene. 

1. Symmetry and properties of acetylene crystals 

Acetylene is known to exhibit two crystalline phases, with a transition tempera- 
ture of 133 K. The high-temperature phase is cubic, space group Pa3"', with 
2 = 4. The structure is isomorphous with that of N2 and C02. The low-temperature 
phase was recognized years ago to have molecules a t  a site of symmetry CZh (by 
infrared148. 14D and RamanlS0 studies). A great deal was known about this phase by 
making use of spectroscopic results only; the orientation of the molecule with 
respect to  crystal axes was successfully predicted'". Recently, the structure of 
dideuteroacetylene a t  4.2 K was studied by neutron diffractionD, and confirmed t o  
belong to  space group Acam. Figure 12(a) shows the two crystal structures of 
acetylene; it can easily be seen that a very simple tilting motion correlates the 
orientations of the molecules in the two phases. 

The high-temperature phasc exhibits a reorientational motion, as  was inferred 
from the disappearance of sharp crystalline features in the i.r. spectrum near the 
transition temperaturelJ8. The activation energy (8.0 k 0.5 kcal/mole) was also 
determined by n.m.r. second monicnt measurements as a function of temperature; 
the very low entropy of fusion (4.7 e.u.) classifies acetylene as an almost plastic 

The  reorientational freedom remains also in the low-temperature phase, 
with an activation energy barrier of 3.3 0.5 kcal/mole, and the non-bonded energy 
contribution to the reorientational barrier was calculated by means of non-bonded 
interaction potentials151a. However, quadrupole interaction terms are  important, 
and have been included in a more refined calculation of the lattice energy of acety- 
lenelS2, in which the relative importance of the various energetic contributions in 
determining the crystal structures of the two phases are examined. 

The cell parameters of the low-temperature phase of dideuteroacetylene have been 
determined a t  three different temperatures; these are included in Table 31. 
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Pa3 

( a )  

Acam 

8. .... 

%.. ...* 

( C )  
( b )  

FIGURE 2. (a) Schematic representation of t..e structure of the two crysta. phases of 
acetylene. Shaded molecules are ++. (b) The crystal structure of diiodoacetylene. (c) The 

relative orientation of the molecules in (b), showing the x interactions. 

TABLE 31. Crystal data for acetylene and diiodoacetylene 

Cell edges (A) 
Space Vcell 

Compound group 2 T ( K )  a b c (A3) Ref. 

C2HZ Acam 4 4.2 6.193 (3) 6.005 (3) 5.551 (3) 2064 9 
(low-temp. 77 6.214 (4) 6,018 (4) 5.615 (4) 210.0 154 
phase) 109 6.235 (4) 6.047 (4) 5.676 (4) 214.0 155 

231.5 147 - - GHZ Pa3 4 156 6.14 
(high-temp. 
phase) 

GI, P42/n 8 - 15.68 - 4.3 1057 153 
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2. The crystal structure of diiodoacetylene"' 

The molecular packing in diiodoacetylene is different from that of acetylene, and 
this fact reflects the basic difference in packing forces. The molecular orientations 
and molecular distances in the diiodoacetylene crystal are determined by a x-type 
donor-acceptor interaction between iodine atoms and triple bonds of adjacent 
molecules. A general view of the packing is shown in Figure 12(b) while Figure 12(c) 
shows the mutual orientation of the molecules to  allow donor-acceptor interactions. 
An hypothetical arrangement of the molecules parallcl to each other has been shown 
to result in a structure 10% more dense; in this case the need for close packing is 
outweighed by the energetic gain due to the x interactions. Crystal data for diiodo- 
acetylene are also given in Table 3 1. 

M. Simoiietta and A. Gavezzotti 

V. INTERACTION WITH TRANSITION METAL ATOMS 

A. X-ray Structural Data on Complexes 

1. General remarks 

With the availability of automated diffractometers and of fast and economic 
computer routines, the amount of information on the once prohibitively large 
complexes of organic molecules with transition metal atoms has considcrably 
increased. The interest in the complexes of olefins and acetylenes is also increasing, 
because of some important implications connected with the chemical bonding 
theories which can also throw light on the problem of chemisorption. 

The following section will be devoted to the tabulation of X-ray results on acety- 
lene complexes of transition metal atoms that have become available since 1970; an 
effort towards completeness of the survey has been made. Earlier data have been 
sparingly introduced, when of particular interest. It should be kept in mind, when 
examining the data in the following section, that X-ray bond length data involving 
light atoms suffer from considerable inaccuracy when heavy atoms are present, 
due to  the positional uncertainties arising from the large difference in scattering 
power between carbon and metal atoms. An estimated standard deviation of 0.02 A 
is to  be considered an  optimistic average for C=C bond lengths, for instance. 
C-C==C bond angles are usually affected by estimated standard deviations of the 
order of a few degrees. Therefore, chemically, significant bond angle variations are 
often ten times the estimated standard deviation, while this is more seldom so for 
bond length variations. 

2. Tabulation of X-ray data 

Figures 13 and 14 give sketches of the various geomctrical arrangements in 
acetylene-metal linkages. In connection with the figures, Tables 32-34 give the full 
formulae of the complexes, and the structural data. Among these is the imporfafit 
parameter, 6 : 

Tables 35 and 36 give some averages of the values reported in Tables 32-24. The 
interpretation of individual trends is not straightforward, since, in principle, the 
structure of the acetylene-metal linkage can depend on such heterogeneous factors 
as  the oxidation state of the metal, the nature of the substituents on the acetylenic 
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FIGURE 14. Acetylide compounds with transition metals. The numbering refers to entries in 
Tables 32-34. The circlcs represent metal atoms. 
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TABLE 34. Structural data for acetylide compounds with transition metals. Compound 
numbering as in Figures 13 and 14 

Bond length (A) 

Metal- 
Compound C=C acetylene 

(80) (C,H,)(Fe(CO),(C=CPh) 1.201 1.920 

(82) Pt(CN)(C=CCN)(PPh,), 1,24 1-96 
(83) [CH,=C(Me)C-C],P((PPh,), 1.18 2.024 
(84) (C5H5),UC=CPh 1.25 2-33 

(74) Cu4Tr,(PPh,),(C=CPh)8 1.226 2.044" 

(77) [(C,H,)Fc(CO),(C=CPh)CuCl], 1 *234 1.906b 

(81) PtCi(C= CPh)( PPhEt,), 1-18 1.98 

(85) Mn(CO),(C=CPPh,)Br 1.216 1.981 

(76) Fe,(CO),(C=CPh)(PPh,) 1.232 1.89 1 

(78) (t-BuC=C)Ru,(CO), 1 *29 1.99 
(79) RhAg,(C- CC,jF5),(PPh,), 1.21 2.02c 
(86) IrCl(CO)(PPh,)2(B,oC,H11)(B,,C,H,3d 1 *25 2.04 

Reference 

194 
195 
196 
197 
198 
199 
188 
190 
191 
192 
193 
200 

Ir-C distance. 
Fe-C distance. 
Rh-C distance. 
Adduct of IrCI(CO)(PPh,), with ethynyldicarbadodecaborane. 

TABLE 36. Average molecular parameters for 6- 
bonded acetylide-metal complexes. Covalent 
radii are calculated assuming a constant carbon 

radius of 0.6 A 

Bond lengths (A) Metal covalent 
radius 

Metal C=C C-Metal (A) 

Ir 1 a24 2.042 1 442 
Fe 1-22 1 -906 1 *306 
Ru 1.29 1.99 1.39 
Rh 1.21 2.02 1 a42 
Pt 1 -20 1.99 1 *39 
U 1.25 2.33 1.73 
Mn 1.22 1-98 1 1.381 

molecule, the overall geometry of the coordination sphere of the metal, including 
steric interactions with other ligands, and crystal packing forces. A t  least one feature 
can be identified with confidence, however: the acetylencmetal bond in PtO com- 
plexes is stronger than in PtII complexes, as can be inferred from the longer C=C 
bond, the shorter metal-C distance, and the higher value of the back-bend angle, 6. 
These experimental facts will be discussed again with respect to their theoretical 
implications in the next section. 
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B. Acetylene-metal Bonding Theories 

1. General remarks 

The nature of the acetylene-metal bond can be described in a number of ways, and 
is in general considered to be basically similar to  the olefin-metal interaction. A 
simple three-centre bond formalism can be usedlG1; the relative strengths of the bond 
can be discussed in terms of the amount of interaction between the metal orbitals 
and the acetylene x and x* orbitals, which in turn depends on their relative energies'". 
Semiempirical MO methods can be used to  obtain the molecular orbitals of the 
complex, and thus to  see directly which orbitals interact with which, and to what 
extent. This has been done for some platinum complexes, and hybrid orbitals 
mainly responsible for bonding have been shaped out using the relative weights of 
the various atomic orbitals in the bonding molecular orbitalsZo2. The concepts of 
donation and back-donation of electrons between acetylene and metal are often 
invoked to  describe the bond, and can be quantified by MO electronic distribution 
studieszo3. All the subjects mentioned so far, along with older bond theories, have 
been reviewed2O4. 

An often-used experimental criterion of acetylenemetal bond strength is the 
variation in C=C stretching frequency from the uncoordinated to the coordinated 
ligand (see for instance Reference 164). The significance of these trends has been 
questionedle4, as this variation seems to  depend on the interaction of various 
factors; the similarity of the spectrum of complexed acetylene to  that of excited 
acetylene has however been demonstratedzo5, and a normal coordinate analysis of a 
cobalt complex of acetylene yielded force constants nearly equal to those of acetylene 
in an excited statezoo. 

A currently considered view invokes back-donation of electrons from filled metal 
dorbitals to empty acetylene x* orbitals to  account for the lower bond strength in the 
d8 Pt" complexes with respect to dl0 PtO complexes, in which the metal has more 
electrons available for back-donation. This occupancy of ?F* orbitals makes acetylene 
assume a conformation similar to that of its first excited state, which is known to  
be a trans-bent O n  the contrary, the relative stabilities of the cis- and trans- 
bent conformations as electrons are transferred from x to  x* orbitals have been 
calculated by CNDOZo8; the former is favoured at  high values of the back-bend 
angle. In the same work, the forces opposing these two bending movements in the 
presence of the metal a tom have been estimated on the basis of orbital symmetry 
arguments alone, and the results are in agreement with the systematically observed 
cis-bent conformation of the acetylene ligand in platinum complexes. Furthermore, 
a calculation of the energy of the complex20e 

M. Simonetta and A. Gavezzotti 

H'C 

HHC 
lII---Pt 

as a function of 8 yielded a minimum near 35", in good agreement with observation. 

2. E H T  MO view of acetylen+metal bonding 

a. ?F Bonding. Approximate MO methods can give a pictorial view of chemical 
bonding by allowing qualitative drawings of the relevant molecular orbitals. The 
EHT method has been used extensively t o  study coordination of olefinszlo and other 
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1igandsz1l. 212, and is proving useful in the study of acetylene-metal linkages213. 
In principle, a metal atom could use its ns, (n- 1)d and np or (n+ I)p AOs (n being 
the principal quantum nurnher) for interaction with acetylene. The main interest 

t' 

6 

- I  

T + d  - 
HCCH Metal 

FIGURE 15. Qualitative acetylene-metal orbital interaction diagram, as obtained by 
symmetry and EHT calculations. The signs, -i- or -, refer only to bonding or antibonding 

orbital combinations respectively. 

lies however in the interaction of the d orbitals with the 5i and ~ i *  orbitals of acety- 
lene. An interaction diagram is shown in Figure 15; s and p orbitals are known to  
give minor contributions. In particular, the 6s orbital of platinum does not contribute 
to acetylene bonding202; EHT studies213, while partially confirming this view, show 
also that 5p orbitals of platinum do not change in a significant manner the picture 
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of the bonding, being almost completely unaffected by the proximity of the ligand; 
6p orbitals also mix only sparingly in the relevant occupied MOs of the complex, 
but their contribution can be important. 

Looking a t  Figure 15, the strength of the bond depends on many factors, the most 
important of which are  (i) the relative energies of the it and i5* and d orbitals, which 
control the amount of acetylenic or metal character of the combinations, and (ii) the 
number of electrons of the metal, which controls the number of bonding and anti- 
bonding orbitals that  are t o  be occupied in the complex. Since by shortening the 
metal-acetylene distance the bonding MOs are stabilized, and the antibonding ones 
are destabilized, the equilibrium distance depends on a balance of these factors. In  
considering point (ii), the electronic demands of the other ligands that can be 
present in the complex must also be considered; in this respect, it should be remem- 
bered that the formal oxidation number of the metal is often no more than pure 
abstraction. 

Distortion of acetylene from its linear conformation modifies the directional 
properties of the it and it* orbitals as shown in Figure 16. The overlap with the d,, 

FIGURE 16. Back-bending of acetykne: q, and 7: orbitals unchanged, ~ i ,  and x: orbitals 
distorted to sp2-like orbitals. Cartesian axes as in Figure 15. 

orbital is reduced in x', but the antibonding interaction with the out-of-phase x*'-d 
combination is also reduced. These repulsions increase much faster than attraction 
due to  positive overlap decreases, so this might be a concurrent or alternative way of 
accounting for the observcd back-bending in acetylene complexes. The effect is 
particularly evident in electron-rich metals, such as PtO. Figure 17 shows the EHT 
results for the energy variations of the various MOs so far mentioned, and Figure 18 
shows the total energy curves for acetylene approaching Pt. Inspection of these 
figures quantifies some of the concepts so far discussed. 

6. Acetylide G Bonding. The discussion of metal-acetylide bonding starts from the 
molecular orbitals of the acetylide moiety (see Section II.A.4). I t  should be noted 
that the valence s and p orbitals of the metal are often out of reach of the acetylide 
G orbitals, their energies being too high or too low for interaction to occur. Figure 19 
shows a molecular orbital interaction diagram for this bonding, as  obtained by 
symmetry and by E H T  calculations. 

The data in Table 36, while showing a substantially unaltered C=C bond length 
011 changing the metal a tom (all the values for this bond length in Table 36 are equal 
within the experimental uncertainties), show a clear trend in the carbon-metal 
distance: 

U > I r  > R h > Ru > Pt =- Mn > Fe 

An increase in the metal covalcnt radius roughly parallel to increasing metal atomic 
weight is therefore apparent, if a constant covalent radius for carbon is accepted. 
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C. Chemisorption 

1. Introduction 

Few research fields have received as much attention in the past few years as 
chemisorption of gases on metal surfaces, because of its importance in catalytic 
processes. Besides the more traditional experimental methods, new spectroscopic 
techniques are now being widely used, that is, Low Energy Electron Diffraction 
(LEED), Auger and photoelectron spectroscopy, with both U.V. sources (UPS) and 
X-ray sources (XPS). An exhaustive and critical review of the capabilities of all 
these techniques in the investigation of surface phenomena can be found in 
Reference 214 and in references therein. Other methods of analysis include i.r., 
Field Electron Microscopy (FEM) and flash filament spectroscopy. At the same 
time, calculations on  the energetics and geometry of adsorption have been performed 
by a variety of methods, including CFSO-BEBOz15, EHT2I3* *lo, and LEPS 
PO tent iaI2l7. 

2. General bonding models for acetylene 

Acetylene seems to  be one of the molecules that most readily interacts with 
-tals. Two models for the bonding were first thought to  be likely (M = metal): 

H -C_C - I4 
M’ M 

. .  H-C=C-H 
/ \  

M M 

(1) (11) 

However, depending on a variety of experimental conditions (temperature, pres- 
sure, exposure time, nature of the metal surface) partial dissociation of acetylene 
was observed, for instance, by i.r. analysis on  silica-supported nickel and 
platinumZ1*~ ?19, t o  give structures of the type: 

A bond number of two has been reported for acetylene on nickel by saturation 
magnetization and structures like I, 111 and I V  were considered 
likely. 

On silica-supported cobalt, an i.r. band at  1690 cm-l was assigned to  a carbon- 
carbon double bond stretching”?’ ; the value compares well with those obtained in 
some back-bent acetylene complexes. The band was found to be similar, but more 
intense, to  that obtained by adsorption of ethylene itself. Comparison of the U.V. 
spectra of olefins and acetylene adsorbed on points towards a general 
similarity in the type of bonding for the two classes of compounds. The acetylide- 
type bonding model (111) seems to be revealed in the adsorption on silica-supported 
cobalt, by assignment of a C-H stretching band221. On the contrary, on tungsten, 
flash-filament s p e c t r o s ~ o p y ~ ~ 3  and FEM’”’ studies postulate ci bonding (structure I). 
By the same technique, work function measurements have been made on 
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It is not questioned, if a horizontal arrangement of the adsorbate molecules on the 
surface is accepted, that the bonding involves interaction of the x-type orbitals of 
acetylene with the d orbitals of the metal. The various possible adsorption models 
on low Miller index surfaces of nickel have been discussed in terms of the directions 
of the emergent metal orbitals22G. A direct measure of the implied orbital level shifts 
can in principle be given by photoelectron spectroscopy. An elegant study of these 
level shifts in the case of benzene, ethylene and acetylene on nickel has been carried 
out22a. The sc-level shifts were reported to be 0.9, 1.2 and 1-5 eV for ethylene, 
benzene and acetylene respectively, and the chemisorption energies were calculated 
to  be 1.0, 1-7 and 4-2 eV respectively. These data reflect the relative strengths of the 
molecule-metal bond. 

3. Chemisorption on metal single crystals 

A useful technique that can in principle give direct information on the structure 
of the chemisorbed species is LEED, by which the diffraction patterns arising from 
surface layers can be observed. Information about the two-dimensional surface 
lattice can be obtained from these patterns, and information about the structure of 

( b )  

FIGURE 20. (a) Possible models to account for the appearance of a C(2 x 2) LEED pattern 
upon adsorption of acetylene on Pt(100). Circles represent metal atoms, black dots represent 
lattice points. (b) Possible model for dissociative chemisorption of acetylene on Pt(ll1). 

Large black dots represent carbon atoms, smaller dots hydrogen atoms. 

the adsorbate can be obtained by studying the intensity data as a function of the 
energy of the impinging radiation or of the scattering angle. A brief account of some 
important results obtained by this method will be given below. 

A model for adsorption of acetylene and ethylene on Pt(100) was proposed some 
years ago??’, based on the appearance of a C(2 x 2) pattern. In Figure 20(a), the 
black dots represent lattice points for the array of absorbate molecules, whose 
actual structure is unknown. Detailed models were later proposed which matched 
with both these lattice dimensions and the steric requirements of the chemisorbed 
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molecules, for both Pt(100) and Pt(l11) single crystalszz8; helium atomic beam 
scattering studies were also usedzz9. The adsorption of small molecules on metals 
has been considered by various research g r o ~ p s ~ ~ ~ - ~ ~ ? ;  the dissociative adsorption of 
ethylene to give acetylenic species has been reported on Ni(100)231 and Pt(l1 ly3?. 
Figure 20(b) shows a possible model for this last case. CFSO-BEBO calculations 
on the problem have been The interactions and coexistence of various 
ethylenic and acetylenic species on the same metal were investigated by studies of the 
displacement, by an acetylene molecular beam, of species from a lW-ethylene- 
covered Pd film234. Further discussion of the correlations between the adsorption of 
ethylene and acetylene, together with new experimental results, on Ni(100), have 
been given235; the final fate of both adsorbates, in the long run, seems to be a 
carbonaceous overlayer with the symmetry of the plane group P4g. 

FIGURE 21. The two more likely arrangements of acetylene on Pt(ll1) according to LEED 
intensity analysis230. Circles represent platinum atoms, black dots carbon atoms. 

The final elucidation of a surface structure requires the analysis not only of the 
LEED pattern, but also of the intensity data. The interpretation of the scattering 
curves as a function of the incident energy can be made by some diffraction model, 
which in turn contains the information about the structure of the adsorbate; the 
fit of calculation to experiment leads to the solution of the structure. The first such 
determination to be reported is that of acetylene on Pt(l1 The distance of the 
acetylene molecule from the surface is 1.95f0.1 A, and the preferred orientation 
of the molecule with respect to the underlying metal surface is shown in Figure 21. 

MO methods are beginning to be applied in this field also; simple and relatively 
cheap formulations, such as EHT, seem to be most promising213. It is hoped that a 
simple model, in which the bonding to the surface is studied by EHT and the inter- 
actions between adsorbate molecules are accounted for by pairwise non-bonded 
potential energy sums, can bc useful in the understanding of the adsorption of 
acetylene and other simple bydrocarbons on metals. 

VI. QUANTUM-MECHANICAL CALCULATIONS 

Due to its fundamental role in chemistry as thc parent of all compounds with a 
carbon-carbon triple bond, and to its relative simplicity, acetylene has been the 
subject of an impressive number of quantum-mechanical calculations: theoretical 
methods covering a wide range of sophistication have been used. A few of these 
papers have already been mentioned (References 53, 116, 122, 127, 207) mostly in 
connection with the interpretation of spectra of various kinds. It is impossible to 
mention here all the work that has appeared in the literature even only in the past 
few years. We shall rcstrict ourselvcs to some of the most significant results. The 
EHT theory has been used in the study of the energy change relatcd to cis-bending 
and to cis-trnris isomerization"". The CNDO method has been applied to the study 
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of electron populations in the ground state23*; the charge separation was too high. 
More reasonable values have been obtained with an ab initio calculation at  the 
STO-3G level23D. The effect of basis enlargement and of inclusion of polarization 
orbitals in SCF calculation has also been evaluated, and an energy of - 76.81700 a.u. 
was obtainedZ4O. This energy value can be compared with that obtained in a previous 
Hartree-Fock calculation241, E = - 76.8483 a.u. a t  the experimental geometry, and 
with a most recent result, in which electron correlation is included to  give an energy 
value of - 77.12012 a.u. again at  the experimental geometry24z. This time the coupled 
electron pair approximation (CEPA) based on pair natural orbitals (PNO) was 

A T;-electron theory of acetylene has been developed to be applied to the 
study of electronic Besides excited states, the acetylene anion and 
cation have been investigated, the main object being an understanding of electronic 
reorganization following excitation or i o n i z a t i ~ n ~ ~ ' ~ .  A rich extended basis set 
proved to be necessary2"G. The electron reorganization is particularly strong after a 
core ionization2". The change in geometry that goes with excitation can be inter- 
preted on the basis of the Hellman-Feynman An instructive comparative 
examination of molecular orbitals in the series C,, C2H2, CzH4, CzHB has been 
a c c ~ m p l i s h e d ~ ~ ~ ~ .  

The ab initio valence bond (VB) methodzso has been used to calculate the photo- 
electron spectrum of acetylene. Theoretical and experimental results are shown in 
Table 37251. 

TABLE 37. VB results and experimental vertical ionization 
potentials for acetylene (eV)=l 

Ionic 
IVB Ierp. state 

11-40 11.4 X 
17.18 16.7 A 
19-33 18.6 B 

C 20.1 0 - 
26.60 23-4 D 

E 26.67 - 
F 27.29 - 

a xVB = E?; - Ev;lecule. 

A related interesting species is C2H. Calculations for the energy and geometry 
have been performed both in the restricted and unrestricted Hartree-Fock approxi- 
mationzs2, and with the inclusion of an estimated correlation energyzs3. 

Among the many studies on the reactivity of acetylenes, are an investigation of the 
mechanism of the nucleophilic substitution reaction in alkyl- and arylhalogeno- 
acetylenes by means of an EHT treatment3, an nb initio study of the rearrangement 
of vinylidenecarbene to acetylene and difluorovinylidene to difluoroacetylene254, and 
an investigation of the stability and geometry of hydrogen-bonded C2Hz-HF and 
C,H2--H20z55 by molecular orbital theory at  STP-3G and ST04-31 G level. 
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1. INTRODUCTION 

I n  this chapter we shall examine a variety of structures of formula XC=CY where 
X and Y are groups which act as probes in elucidating the structural behaviour of 
the C=C bond. In order to  be effective, X and Y must necessarily be simple so 
that our primary interest will not be masked by them. As a result, the compounds 
are all volatile and lend themselves to study by the spectroscopic and/or electron 
diffraction techniques. 

Usually it is not possible to  meet the ultimate objective of determining the 
structure in terms of the equilibrium atomic positions’ because the required 
observations cannot be made in the absence of vibrational effects. The fact that 
these vibrational effects enter the two techniques in different ways2. (rotational/ 
vibrational interactions in spectroscopy and root-mean-square amplitudes in 
electron diffraction) results in interatomic distances which are not exactly the same. 
Although it is now possible to  combine the two methods by making appropriate 
vibrational corrections3, most of the structures we rely on have not been arrived at  
in this way. 

In the spectroscopic technique‘ the grounci-state rotational constants are observed, 
usuaily for as many isotopically substituted molecules as possible. If the number of 
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constants exceeds the number of geometrical parameters, the so-called ro structure 
can be obtained directly. If not, certain bond lengths and/or angles are assumed. 
The diffculty with this structure is that different combinations of isotopic data 
lead to different bond lengths since, for example, the shape of the bottom of the 
potential energy curve affects a C-D bond differently than a C-H bond, their ampli- 
tudes of vibration being different. This lack of uniqueness can be overcome by the 
stepwise substitution method, in which the atomic coordinates are obtained from the 
changes in rotational constants. I n  that case, the substitution or r, structure is 
obtained. Usually, not all substitutions arc possible and some of the distances are  
determined by substitution and the rest are then determined as ros. Except for C-H 
bond lengths where ro(C-H) - ro(C-D) is about 0.01 A, the difference between 
r,, and ro is usually small. An r, bond length is usually about 0.005 A larger than the 
cquilibrium bond lengths. In  most cases considered here, only r, bond lcngths were 
reported. 

O, successful determination of a structure 
depends on resolution of the molecular component of the total scattercd intensity 
into the contributions of each of the interatomic distances. The Fourier transform 
of the molecular intensity consists of a series of Gaussian-like peaks, one for each 
equivalent set of interatomic distances. The observed distance is the centre of 
gravity position of a peak in the radial distribution, r, [or rg(l)]. The thermal 
average distance, r, [or rB(0)] is related to r, by 

(1 1 
where I is the root-mean-square amplitude of vibration. In order to be consistent, 
all electron diffraction structurcs quoted here have been given on the r, basis. 

The exact relationship between r, and r, cannot be defined; however, the r., 
distances are usually about 0.01 A longer than r,. I n  the face of this difficulty, the 
suggestion of Yokozeki and Bauer' was adopted, that  is, to compare the differences 
between bond lengths in the sample molecule with those of a reference molecule 
determined by the same technique. 

In  keeping with the practice of this series, no attempt has been made to present 
an encyclopaedic collection of all the known structural cxamplcs, and a fcw older 
references have been omitted as a result. With due apologies, the reader is referred 
to the several recent reviewss-ll from which many of the references were taken. 
The reviews of the carbon-carbon bond distanccs by KuchitsuI1 and the dynamic 
structures of fluorocarbons by Yokozeki and Bauer' are particularly well detailed. 

With two exceptions (propynal and vinylacetylene) all the niolecules considered 
have a linear XCECY spine with angles only occurring in thc X and Y groups. 
Also, with the exception of the conjugated molecules, the simplicity of most of the 
molecules was such that detailed discussions of their structures secmed unprofitable. 
Consequently, the approach of treating each bond type separately was adopted. 

In the electron diffraction technique1* 

r, = r, - 12/ra 

II. T H E  C=C BOND 
The effect on the C=C bond length of substituting another group for hydrogen is 
shown by the bond lengths presented in Table 1. As an index of the substituent 
effect, the estimated group e lec t r~negat iv i t ies~~ are included in the table. 

Substitution of onc hydrogen atom by another a tom or group shortens the C=C 
bond and this shortening of the bond is greatest for the niost electronegative groups, 
F and CF,. Disubstitution by the CF, groups does not cause any further C=C 
shortening, but may actually cause a slight lengthening compared t o  CF3C=CH, 
although the two avaikble structure deterniinations conflict on this point. 
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The substitution of a methyl group for hydrogen has more than just a polarizing 
effect on C=C. Disubstitution of CH, actually produces a longer C=C bond than 
in CH,C=CH by about 0.0035 A. The same effect is exhibited by CH,C=CCI in 
which the C=C bond is 0.003 A longer than in HCeCCI. In contrast, disubstitution 
by CF, has little effect as noted above. 

Molecular orbital calculations (CND0)34* 35 for these molecules carried in this 
laboratory predict a longer C=C bond in CH,C=CCH, than in CH,C=CH and 
that the C-C bonds should be the same length (see Table 2), although the agree- 
ment with the experimental bond lengths is not good. In the dimethyl compound 
there is a decrease in both ts and x electron density compared to CH,C=CH. Also, 
the C=C bond is quite polar in the latter compound. Thus, thc difference in bond 
length may be tied to  both these factors. 

111. T H E  Ca-C BOND 

The single bond between the acetylenic carbon atom C, and an  adjacent carbon 
atom is shorter than the ethane bond. The magnitude of the difference can be seen 
from the typical bond lengths given in Table 2. 

The average C,-C(H,) bond length is 1.458 (rs) or 1.469 (rR) which is 0.065 A 
shorter than in ethane. Substitution of one of the methyl hydrogens by chlorine 
apparently has no effect, but substitution by methyl groups lengthens the G - C  
bond. The C,,-C, (secondary) and C,-CC, (tertiary) bond lengths are somewhat 
uncertain, but the average value, 1.495 (rs) or 1.500 (rR), is longer than G-CP by 
about 0.03 A and shorter than the neopentane bond (1.541 A) by 0.04 A. A similar 
difference is found in the C,-C(F,) bond which averages -0.046 A shorter in 
CF,C=CH and CF,C=CCF, than in CF3CH3 [1*514(14)A]. The C,,-CC, bond 
length in (CH,),CC=CCl is 0.073 A shorter than in neopentane. 

The C-C bond lengths in CH,C=CH, (CH,),CC==CCI and (CH,),C have been 
discussed by Beagley, Brown and Monaghan" who considered the merits of various 
hybridization schemes versus the trio of hypotheses-hybridization, conjugation 
and hyperconjugation. They concluded that conjugation and hyperconjugation 
were much more important than hybridization in determining the C-C bond 
length. Molecular orbital calculations (CND0)34* 35 carried ou t  in this laboratory 
for CH,C=CH and (CH,),CC=CH predicted that the C,-Cc, bond would be 
longer than C,-Cc, by 0.024 A which is quite close to the observed difference. The 
calculated charge distributions 

I 
-C- 

H 
i . 1 4  I,, + 8  - 1 1 1  + 6 2  - 9  l . + Z O  I i . 3  t 6  -131 +63 

H -C -C=C-H and H-C-C-C-C-H 

H 
I 
H 

- 9  I 
-C- 

I 
suggest that there is very little change in the C=CH moiety and that the major 
reason for the difference in bond length is the deficiency of electron density around 
the tertiary carbon atom. The shift of electron density from the carbon core to the 
hydrogen atom is accompanied by a shift of less than 1" from tetrahedral angles a t  
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Cb which is consistent with the above authors' claim that hybridization plays a 
minor role compared to electron delocalization effects. Steric strain is probably 
ano!her factor which lengthens the C,-Ct bond since the reactivity of (CH,),CCl 
is related to relief of steric strain by the formation of the planar carbonium ion 
(CHJ3C+- 

IV. CONJUGATED CSC A N D  C-C BONDS 

The subject of conjugation i n  aliphatic molecules has recently been reviewed by 
Kuchitsu". In conjugated systems which incorporate C=C bonds the usual trends 
are observcd. The C-C bonds are shorter than normal while the C=C bonds a re  
slightly lengthened. The C=C and C-C bond lengths for several conjugated 
molecules are presented in Table 3. 

TABLE 3. The effect of conjugation on the bond lengths in systems incorporating 
the C=C bond 

c=c (A) c-c (A) 

Molecule Reference 

HC=CC=CH 
CH,=CHC=CH 
O=CHC=CH 
CIC=CC=CH 
BrC=CC=CH 
CIC=CC=N 
BrC=CC=N 
IC=CC=N 
N=CC=N 

- 
1.207" 

1.209 
I .204 
1.207 

- 

1.2176 (6) 
1.215 (1) 
1.211 (2) 
- 

1.223 (4)" 

- 1.3837 (8) 
- 1.434 (1) 
- 1.453 (1) 

- 1.385 (5) 
1.378 - 

1.369 - 
1.369 - 
1.370 - 
- 1.3925 (9) 

50 
51 
52 
24 
53 
54 
54 
54 
55 

The average value of the two C=C bonds. 

I t  has been known for a long time that the length of a C-C bond is approximatcly 
linearly related to the number of atoms bonded to the two carbon atoms+" On the 
basis of new and very accurate structure determinations, many of them combining 
the spectroscopic and clectron diffraction techniques, Kuchitsu and coworkers have 
found that the C-C bond length (rK) is accurately given by the formula 

r(n) = 1.285 + 0.0533n - 0.0020n2 
where 11 is the number of atoms adjoining the bond. The worst agreement was 
obtained for C-C in vinylacetylenc, for which the calculated value was 0.007 A 
too low. The above formula does not work for single bonds between carbon atoms 
that are multiple-bonded to heteroatoms. The C-C bonds in propynal and cyanogen 
are respectively 0.01 9 8, and 0.0058 8, longer than in the isoelectronic hydrocarbons, 
vinylacetylene and diacctylene. 

These bond lengthcnings are possibly related t o  the tendency of the more 
electronegative atom t o  draw electrons to itself which would inhibit electron 
delocalization into the adjacent C-C bond. In propynal, rehybridization of the 
doubly bonded carbon atom may also be a factor. 

A most interesting facet of the propynal and vinylacetylene structures is that the 
HC=C:, spine is bent at  C,, away from the C=O and C=CH2 bonds by about 2" 
in the frntis direction. This deformation appears to be due to  repulsion between the 
multiple bonds. 
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V. B O N D S  BETWEEN C, A N D  ATOMS O T H E R  THAN CARBON 

A. C,--H 
The Ca-H bond length has been well determined by the spectroscopic method 

and has an average value of 1.056 (1) 8, ( rs)  in CH,C=CH, (CH,),CHC=CH and 
(CH,),CC=CH. The bond length in acetylene has been determined by combined 
use of the two techniques', (infrared spectroscopy and electron diffraction) to be 
1.078 (2) 8, (rg). The bond length (rg) appears to be slightly longer in HC=N 
i1.084 (1) A] lo, propynal [1.085 (6) A], vinylacetylene 11.094 (10) A] and diacetylene 
[1.094 (10) A]. On the r, basis, acetylene has the shortest known C-H bond, which 
is 0.025 8, shorter than in ethylene and 0.033 8, shorter than in ethanea5. 

6. C,-CI 
A number of examples of the C,-Cl bond length have been reported but the 

observed variations in bond length are comparable with the uncertainty limits. 
Reported values of the bond length vary from 1.624 A (rs) in ClC=CC=CH to 
1.632 ( 5 )  8, in ClCSCH 22. The average I$ bond length based on CIC=CH *?, 

ClC=CCH, ?,, CIC=CCF, 43, ClC=CI CIC=CBr 2.t, ClC=CC=CH 2J, 

C l C = C C r N  5.1 and CIC=N ?? is 1.629 8, with a spread of +_ 0.005 A. The r, bond 
length average based on (CH,),CC=CCl 42, CH,CICECCl 40, (CH,),SiC=CCl O8 

and (CH,),GeC=CCIa8 is 1-634A with a spread of +O.OOSA. These average 
Ca-Ccl bond lengths are 0.15 A shorter than in CH,CI lG. 

c. C,--F 

Only two examples of this bond length have been reported. In FC=CH and 
FC=N the bond lengths (yo) are 1.275 8, and 1.260 A respectively?*. The reason for 
the shorter bond in FCEN is attributed to enhanccment of fluorine back-bonding 
due to polarization of the carbon atom by nitrogen. 

D. C,-6r 
Recent, very accurate, determinations of this bond length in BrCSCCl 

[1-790 (5)l by microwave spectroscopy and BrCGCCECH [lo792 (S)] 53 by 
electron diffraction indicate that the r, and r, values are essentially equal for this 
bond. The average of the above bond lengths and values from BI-C=CCH,~~, 
BrCSN 22 and BrC=CC=N 6.1 is 1.789 A, which is 0.149 8, shorter than in niethyl 
bromide (1.939 8,) lo. 

E. C,-I 
The average bond length based on IC=CH", IC=Nz2, IC=CCH356 and 

IC=CCI 24 is 1.990 8, with a spread of -C 0.004 8, which is 0.15 8, shorter than in 
methyl iodide (2.134 A) le. 

F. C,-Ssi and C,-Ge 
In SiH,C=CH 17, (CH,),SiC=CH 48 and (CH,),SiC=CCl the C,-Si bond 

lengths are 1.826, 1-825 and 1.825 A respectively. I n  contrast, the C;,-Ge bond 
length in GeH,C=CH [I0896 (1) A] l8 is much shorter than in (CH,),GeC=CCl 
[leg32 (7) A] 18 which is a similar effect to that observed in the carbon analogues. 
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G. C,,-0- and Ca-S- 

The I$ molecular structures of CH,OC=CH ?O# and CH,SC=CH lo have some 
additional features not found in the other molecules. 

As expected, thc C,-0- bond length (1.313 A) is short compared to CH30CH3 
[1.416 (3) A] 58, but the adjacent bond -0-C(H3) (1.434 A) is longer. The angle a t  
oxygen (113.3") is slightly greater than in (CH&O (111.5"). The barrier t o  rota- 
tion of the methyl group (1440 cal/mole) is smaller than in (CH&O (2720 cal/mole) 
but greater than in CH,OH (1070 cal/mole). The axis of the methyl group is 
tilted towards the oxygen by 5", which is larger than the observed tilt in (CH&O 
(2.5 "). 

The structure of CH,SC=CH follows the same pattern. The C,-S and 
-S-C(H,) bond lengths are 1.685 (5) A and 1-813 (2) A respectively, with an 
angle between them of 99.9". The methyl group axis is tilted towards sulphur by 
2.5". The bond and angle in (CH,),S 59 are 1.802 (2) A and 98.9" with a 2.5" methyl 
tilt. The barrier to rotation (1745 cal/mole) is less than in (CH,),S (2132 cal/mole) 
but more than in CH3SH (1270 cal/mole). 

H. C,-B 

The only examplc of this bond length is found in BF,C=CH, where it is 
1.513 (5) A. This is shortcr by about 0.06 A than the C-B bonds in B(CH3), 
[la578 (1) A, rg] Go and BF,CH3 (1-60f 0.03 A) G1. 

1. Discussion 

The average C,-X bond lengths and some example force constants (taken from 
CH=CX and CH,X where X = H, F, C1, Br, I) are given for comparison in Table 4. 
Evidently, the hybridization of the carbon atom is not alone responsible for the 
observed bond shortening since the C,,-X bond tends to be shortened and stiffened 
more, compared to C(H3)-X when X is a more electronegative group. Nevertheless, 
polarization is not the only other factor involved in the bonding, as  evidenced by 
the G-F bond which actually shortens less than the other C,-halogen bonds and 
the smallcr variations in CJ-C bond lengths which appear to  be related to electron 
delocalization as discussed earlicr. 

Analysis of the nuclear quadrupole coupling constantse5 of ethyl chloride, vinyl 
chloride and chloroacetylene indicates that the 7i overlap population in G-Cl 
may be considerable (Pa = 1.213). NQR studies of the series (CH,),ZC=CX 
(Z = C, Si, Ge, Sn) indicate that this x electron delocalization is enhanced slightly 
when Z has unfilled d orbitalss7. 

VI. SUMMARY AND CONCLUSIONS 

The effect of substituting an  electronegative substituent for one of the hydrogen 
atoms is to  shorten the C=C bond. Substitution of the second hydrogen atom by a 
methyl group causes the C=C bond to  lengthen. In  conjugated systems, the C=C 
bond is lengthened slightly, while the C-C bonds are shortened. When one or 
more of the carbon atoms is multiple-bonded to  a heteroatom, the C-C bond is 
lengthened, compared to the isoelectronic hydrocarbon. C,-X bonds are shorter 
than the corresponding bonds in ethylenic and methyl compounds due to the change 
in hybridization of the carbon atom. electron delocalization and polarization. 
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The future belongs to those who prepare for it.-Ralph Waldo Emerson 

1. I N T R O D U C T I O N  

I have searched IUPAC's annual Birlletin of Thrmocltemistry and Thermodynamics' 
back to 1969, when three comprehensive reviews of this subject were published by 
Cox and Pilcher2, Stull, Westrum and Sinke3, and Benson and coworkers". However, 
I found only three rel 'eren~es~-~ that were relevant t o  the thermochemical quantities 
in which I am interested, namely, the standard molar heat of formation, entropy 
and heat capacity a t  298.15 K (25 "C) of neutral species, mainly for the ideal gas 
state. The three references were all on the heat of formation of the acetylenic or 
ethenyl radical and are discussed below. The remainder of the review is concerned 
with estimation of the thermochemical properties of acetylenes. 

The nomenclature used here is that recommended by IUPAC8, except that, for 
the sake of brevity, the terms denoting molar, gas and temperature are omitted from 
the thermochemical symbols. In addition the term denoting standard (superscript Q) 
is replaced by superscript zero, and the heat of formation is denoted by AHf. These 
last two changes are in keeping with current p r a ~ t i c e ~ - ~ .  Since the unit of energy 
recommended by IUPAC is the joule, all heats of formation will be in units of 
kJ/mol, followed by the value in the previously accepted unit, kcal/mol. 

II. T H E  S T R E N G T H  O F  T H E  C A R B O N - H Y D R O G E N  B O N D S  
IN E T H Y N E  

The strength of the carbon-hydrogen bond in ethyne, Do(HC2-H) is given by the 
heat of the bond-breaking reactione: 

HC,H = HC,+H (1 1 

(2) Do(H C,-H) = AHO(I)  = AH:( HC,)+AH,"(H)-AH,"(HC,H) 
69 
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Similarly, the strength of the carbon-hydrogen bond in the ethynyl radical is given 
by the heat of the bond-breaking reactions : 

HC, = C,+H (3) 

(4) 

Thus the sum of the strengths of the two carbon-hydrogen bonds is independent 
of the heat of formation of HC,: 

(5) 

The heats of formation of both the hydrogen atomlo and the ethyne molecule2 
are  well known. The sum of the strengths of the two carbon-hydrogen bonds in 
ethyne depends thcrefore on the value for the heat of formation of the C, molecule. 
The value for the heat of formation of C2 that was recommended by JANAF'O in 
1969 is 836.8 f 3.8 kJ/mol (200 rf: 0.9 kcal/mol). That for the hydrogen atomlo is 
217.775 rf: 0.004 kJ/mol (52-100 f 0.001 kcal/mol) and for ethyne, is 227.14 f 
0.79 kJ/mol (57.34 rf: 0.1 9 kcal/mol). From equation (3, the sum of the strengths 
of the two carbon-hydrogen bonds is 1045.3 f 3.9 kJ/niol(250.1 f 0.9 kcal/mol). 

In  1970, Williams and Smith5 listed the thermochemical properties of the C2H 
radicals during a review of the oxidation of ethyne. For the heat of formation of 
C2H they rccomrnended the value of 476.5 k- 29.3 kJ/mol (1 14 f 7 kcal/mol) selected 
in 1967 by JANAF'O. 

In  1972, Wyatt and Staffords used a mass spectrometer combined with a furnace 
to  measure the equilibrium partial pressure of CzH produced by the reaction of  
ethyne with graphite. They obtained a value of 543 k 20 kJ/mol(130 4 5 kcal/mol) 
for the heat of formation of C2H. This value is 66.5 kJ/mol(l6 kcal/mol) higher 
than that listed by JANAF. However, the new 'high' result was soon confirmed by 
Okabe and Dibeler', who used what they considered to be a less accurate photo- 
ionization method to  obtain a value of 530f4  kJ/mol (127 f 1 kcal/mol) for the 
heat of formation of C2H at  0 kelvin. JANAFlO had calculated the heat of formation 
of C,H at  0 kelvin to  be 3.3 kJ/mol (0.8 kcal/mol) less than its value at  298 K. 
Although JANAF's absolute values for the heats of formation of C,H at  the two 
temperatures may be in error, the difference is likely to be accurate. The heat of  
formation a t  298 K of C,H from Dibeler and Okabe's work is thcrefore 
533 +_ 4 kJ/mol (128 k 1 kcal/mol) which is in excellent agreement with Wyatt and 
Stafford's value of 543 k 20 kJ/mol (13Ok 5 kcal/mol). I have therefore selected a 
weighted average of thc two results, 540 f 20 kJ/mol(129 k 5 kcal/mol), for the 
heat of formation of the C,H radical. 

From equation (2), from values for the heat of formation of HC,H and H 
mentioned earlier, and from the value for the heat of formation of C,H selected 
above, the strength of the first carbon-hydrogen bond in ethyne is 531 f 20 kJ/mol 
(127 f 5 kcal/mol). From this value and the sum of thc strengths of the two carbon- 
hydrogen bonds derived above, 1045.3 & 3.9 kJ/mol (250-1 * 0.9 kcal/mol), the 
strength of the second carbon-hydrogen bond in ethyne, that is, the strength of the 
carbon-hydrogen bond in the ethynyl radical, is 514 * 20 kJ/mol(l23 c 5 kcal/mol). 

Do(H-CC,) = AH0@) = AH,O(C,)fAHi(H)-AH,D(HC,) 

DO(HC2-H) + Do(H-CJ = AHo(l)+AH(3) = AHi(C,) +2AH,(H)-AHi(HC2H) 

111. ESTIMATION O F  T H E  T H E R M O C H E M I C A L  PROPERTIES OF 
ACETYLENES 

Benson and Bussll laid the foundation for using additivity methods to estimate the 
heats of formation, entropies and heat capacities a t  298 K of organic compounds, 
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including acetylenes, in the ideal gas state. The two simplest methods, atom and 
bond additivity, are often sufficient for estiniating entropies and heat capacities of 
ideal gases. 

In  1969, I extended the principles of additivity to  the estimation of the heat 
capacities of organic liquids including but-2-yne 12. For liquids, atom and bond 
additivity is not accurate enough, and group additivity is necessary to reproduce 
data  to  within experimental accuracy. Luria and B e n ~ o n ' ~  recently extended group 
additivity for liquid alkynes to  but-1-yne and but-2-yne as a function of temperature 
between 150 K and 280 K for but-1-yne, and between 250 K and 290 K for but-2-yne. 
The  group values allow the estimation of the heat capacity between 150 K and 
290 K of liquid alkynes containing the structural fragments 

I I I I 

I I I I 
-C-CH,-C=CH -C-CH,-C=C-CH, -C-CH2-CsC-CH2-C- 

Returning to  the consideration of ideal gases, the group values for estimating the 
thermochemical properties of acetylenes first derived by Benson and Buss1' were 
revised and extended by Benson and coworkers4 in 1969. Table 1 compares 
the observed values for the heats of formation of some acetylenes with some 
values estimated using the group values derived by Benson and coworkers4 and 
with one additional value of 123.60 kJ/mol (29.57 kcal/mol) for the new group 
ct- Ct. 

In  selecting the observed values for Table 1, preference was given to Cox and 
Pilcher's selections when a choice had to be made. For  the last eight entries in 
Table 1 ,  heats of vaporization were estimated from the corresponding alkanes or 
alkenes by making small corrections for the unsaturation. For phcnylethyne, the 
heat of vaporization by this method is 44.72 kJ/mol (10.7 kcal/mol). Another 
method of estimating the heat of vaporization of phenylethyne is possible, using 
an empirical method developed by Benson and coworkers" and the known boiling 
point (143 O C ) 1 4 .  This method gives 45.95 kJ/mol (11.0 kcal/mol), in reasonable 
agreement with the other method. 

For both pent-3-ene-1 -yne and dec-3-ene-l-yne, the cis isomers were more stable 
than the tram isomers. This is in contrast to alkenes4 where the cis isomers are about 
4 kJ/niol (1 kcal/mol) less stable than the trans isomers. I t  is reasonable to suppose 
that the lack of hydrogen atoms on the acetylenic carbon atoms eliminates the 
possibility of hydrogen-hydrogen repulsion. Therefore no  cis correction was added 
for these compounds. 

Comparison cf the observed and estimated values in Table 1 shows that the 
agreement is within experimental error in all but two cases: ethyne and but-l-ene- 
3-yne. The difference between observed and estimated values for ethyne could be 
reduced by adjusting the value of the group Ct-H. However, this s e e m  contrived 
and I prefer t o  think that ethyne is showing some of the uniqueness often shown 
by the first member of the series. I n  the case of but-l-ene-3-yne, the difference 
between observed and estimated values is rather large and warrants further experi- 
mental investigation, which is outside the scope of this work. A heat of hydrogenation 
would d o  it. 

Two points should be made about the heat of formation of phenylethyne. Firstly, 
the group values selected by Benson and coworkers4 were obtained in the absence 
of experimental data from the assumptions (C13-c~) = (CU-C~) and (Ct-CB) = 
(Ct-Cd). The experimental data now available in Table 1 show how good these 
assumptions were. Secondly, there seems to be a destabilizing interaction of about 
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8 kJ/mol(2 kcal/mol) between the phenyl group and the acetylenic group as shown 
by comparing the differences in the heats of formation: 

PhCCH 327.7 kJ/mol (78.4 kcal/mol) 
PhCH2CH3 29.9 kJ/mol (7-2 kcal/mol) 

Difference = 297.8 kJ/mol (71.2 kcal/mol) 

CH3CCH 185.6 kJ/mol (44.4 kcal/mol) 
CH3CH2CH3 - 103.8 kJ/mol (-24.8 kcal/mol) 

~ ~ ~ ~~~~~~~ 

Difference = 289.4 kJ/mol (69.2 kcal/mol) 
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1. INTRODUCTION 

It has long been known that acetylenes are weakly acidic and that alkynyl protons 
can be replaced by metal ions to form metal acetylides. For example, both the 
protons of acetylene are replaced by cuprous or silver ions in aqueous ammonia. 

H-C=C-H+2M(NH3); - MCsCM+H,+2xNH3 (1 1 

Acetylides of metals from Groups I, IT, I11 and IV’ and from the transition metals2 
are known. Most have the same general properties, being hydrolysed easily and 
explosive when dry’. 3. Although both alkyl and alkenyl salts are  also stable, only 
the alkynyl salts are easily formed directly from the hydrocarbon, and the generally 
accepted order of acidity is alkynes > alkenes > alkanes. 

The order of acidity is often explained in terms of the percentage ‘s-characier’ 
of the hybrid orbital on the carbon atom. As this increases, the hybrid orbital is 
more tightly bound to  the carbon atom, and consequently the C-H bond becomes 
more polar with the hydrogen atom increasing in acidity. By the same reasoning 
the newly formed ‘lone pair’ of the anion should be most stable in the orbital with 
the highest ‘s-chara~ter’.~-~. Plots of both the estimated pK, valueso and the gas-phase 
acidities’, as computed by the ab initio molecular orbital method, against the ‘% 
s-character’ for small hydrocarbons are linear (Figure l), providing good evidence 
for this theory. 

There are several methods of assessing the relative strengths of weak acids in 
solution. Equilibrium measurements can provide pK, values from knowledge of the 
deprotonation of the acid as a function of H-, the Hammett acidity function for 
basic solutionsen O. This is not possible for the weakest carbon acids and the following 
equilibria have been examined by spectrophotometry, giving the relative stabilities 
of carbanions in inert solvents. 

(i) Organometallic salts (M = Li, Na) reacting with an  acid1°-15. 

AH+A’M AM+A‘H (2) 

(ii) Organolithium compounds with organic iodideP. 

RLi+R’I . ~ .  RI+R’Li (3) 

(iii) The metathetical reaction between dialkyl-, dialkenyl- and diarylmagnesium 

- 
and mercury compounds. 

R,Mg+R:Hg R:Mg+R,Hg (4 1 

Here the more stable czibanion associates with the more electropositive metal, 

(iv) Organosodiuni or t-butylammonium salts reacting with MgXz (X = Clod 
magnesium”. 

or  Cl) in dimethoxyethanels. 
mxt 

(5) 2R’M + M g X, .- 2M X+ R: Mg .; 2R’MgX 

These equilibria are measured directly by following the change in pH as recorded 
by a glass electrode. 

Relative carbanion stabilities have also been estimated by the irreversible reduction 
of organomcrcuric compounds at a dropping mercury electrodelg, by using the heat 
of deprotonation in dimethyl sulphoxideZ0 and by measuring the rate of exchange of 
deuterium or tritium with protons from the solvent. This last method provides 

- 
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'kinetic acidities' and these frequently differ from acidities obtained from equilibrium 
measurements"* 22. 

460 

-t" Q 351- 
-0 

25 

HCrCH 

-t" 
Q 

-0 

0 
2 30- 
E 

25 - 

25 37 5 50 
V0 5 - chorocter 

25 37 5 50 
V0 5 - chorocter 

FIGURE 1. Plot of estimated pK,, and computed acidities against '% s-character'. 

The strength of the hydrogen bond in the complex formed between a weak acid 

AH+B AH-B (6) 

However it is naive to  expect a close relationship to  exist betwcen hydrogen bonding 
and proton transfer13. In  the proton transfer reaction (equation 7) strong bonds 

and a base provides another measure of acidity: 

AH-**S+B.-H e, B+-H ...S+A-...S (7) 

are made and broken, neutral molecules often form a pair of ions and  the changes 
in solvation are enormous. By comparison the energetics of hydrogen bond formation 
are much smaller and there is no reason to  expect them to parallel those for proton 
transfer. 

and 
only the material relevant t o  the acidity of I-alkynes will be repeated here. More 
emphasis will be placed on recent work on acidities and on hydrogen bonding. 

Much of the earlier work on carbanions has been reviewed extensivelye* 



78 A. C. Hopkinson 

I I .  P R O T O N  TRANSFER 

A. Equilibrium Acidities 

The lack of easily accessible strong bases and the sensitivity of carbanions to 
traces of oxygen and adventitious moisture have hampered attempts at quantitative 
work on weak acids. 1-Alkynes are too weakly acidic to be deprotonated in solutions 
for  which H- values are available, and most quantitative measurements on  acetylenes 
have employed the competitive method of using two acids with an  insufficient 
amount of base (equation 2). Early measurements established phenylacetylene to be 
of similar acidity to indene and fluorene in diethyl etherll, and acetylene t o  be 
intermediate in acidity between fluorene and the less acidic aniline in ammonial5. 

Streitwieser, in a systematic evaluation of equilibrium constants (K) for carbon 
acids in cyclohexylamine*a. 27, 

CAW CAM1 
= [A'M] [AH] 

obtained PKa values of 23.20 and 25.48 for phenylacetylene and t-butylacetylene 
re~pectively'~. This acidity is anchored on a pKn value of 18.5 for 9-phenylfluorene7 
taken from acidity function data for aqueous sulpholaneZ8. Unfortunately this 
acidity function is referrcd to  a standard state of pure water and, as  Streitwieser's 
solvent is cyclohexylaniine, the thermodynamic validity of these pK,, values is 
questionable. Indeed there is good evidence that acidity functions for structurally 
different acids are different even in the same solventc9* 30, and it is therefore incorrect 
to compare the delocalized fluorenyl carbanions with acetylide ions in which the 
charge is much more localized. 

The problem of anchoring an acidity scale to the p H  range for a solvent in which 
very weak acids deprotonate has recently been solved by the use of dimethyl 
sulphoxide (DMSO) 29. This solvent has a high dielectric constant and consequently 
ion pairing is not  a problem, as in cyclohexylamine. The  deprotonation of relatively 
strong acids is measured potentiometrically and the acidity scale is then extended 
into more basic solutions by using indicator ratios (determined spectro- 
photometrically) : 

Using this procedure a thermodynamically rigorous set of pK:, values based on the 
standard state of pure DMSO can be obtained. For  accurate results the two acids 
used in the overlapping procedure should not differ from each other by more than 
1.5 pK, units and this can be arranged as a series of indicators spanning a wide pKa 
range is now available (Table 1)l4. 

On the DMSO scale phenylacetylene has a much larger PI(, than on the cyclo- 
hexylamine13 and  ether'l scales. This may arise from incorrect anchoring of the 
scales for the latter two solvents, although if this were true constant differences 
between the various solvents might be expected for all acids. In this context it is 
informative t o  examine the relative acidities of phenylacetylene and 9-phenyl- 
fluorene (Table 2). The difference in pK, between these two acids increases with the 
greater solvating power of the solvent and this can be explained in terms of 
~ o l v a t i o n l ~ . ~ ~ .  The  acetylide anion, which has the charge largely localizcd on a 
carbon atom, is quite effective at  solvating a metal cation, whereas the delocalized 
fluorenyl anion is much less effective in this respect. The effect then of the better 
solvent is to  stabilize the fluorenyl anion more than the phenylacetylide ion. 
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TABLE 1. Equilibrium acidities of carbon acids in DMSO and heats of 
deprotonation (kcal/mol) 

Carbon acid PKa a AH, (K+DMSYL-) b* 

9-Cyanofluorene 8.3 - 
9-Carboxy methylfluorene 10.3 - 
Malononitrile 11.1 - 
Nitroethane 16.7 - 
Nitromethane 17.2 - 
9-Phenylfluorene 17-9 - 24.1 
9-Methylfluorene 22.3 - 

Dibenzyl sulphone 23.9 - 
Ethyl phenyl ketone 24-4 - 
Acet o phenone 24.7 - 
1,3,3-Triphenylpropene 25.6 - 
Isopropyl phenyl ketone 26.3 - 
Acetone 26.5 - 
Diethyl ketone 27.1 - 
9-Phenylxant hene 27.9 - 
Phenylacetylcne 28.8 - 1 1  5 
Benzylmethyl sulphoxide 29.0 - 
Methylphenyl sulphone 29.0 - 
Biphenylyldiphenylmethane 29-4 - 
Triphenylmct hane 30.6 - 9.4 
Dimethyl sulphone 31.1 
Acetonitrile 31.3 - 

Fluorene 22.6 - 18.2 

- 

a Reference 14. 
Reference 20. 
K+DMSYL- is K+CHSCH,. the salt formed by reaction of 

II 
0 

potassium hydride with dimethyl sulphoxide. 

T A n L E  2. Comparison of pKa values for 9-phenylfluorene and phenylacetylene in 
different solvents 

~~~~~ ~ ~ ~ ~ 

Diethylethera Cyclohexylamineb Dimethyl sulphoxideC 
Compound ( E  = 4.3) ( E  = 5.4) ( E  = 49) 

9-Phenylfluorene 21 
Phenylacetylene 21 

18.49 
23.2 

17.9 
28.8 

a Reference 11. 
Reference 13. 
Reference 14. 

The apparent increase in the PKa of phenylacetylene then arises partly f rom 
incorrect anchoring of the scales in ether and cyclohexylamine and also from 
comparing anions which are structurally very different. 

Thermochernistry is another method which promises to  provide accurate PKa 
values for carbanions in DMSO. There is an excellent correlation between the 
heat of protonation of weak bases in fluorosulphuric acid with pK]3H+ for an 
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extensive series of structurally different bases23, and a similar relationship has been 
found between AHD, the heat of deprotonation of acids in DMSO, and their P k  
values as  measured in this solvent20. AHD values are available for only four of 
Bordwell's indicatorP, but these compounds span 13 pK units and a plot of AHD 
against pKa is again linear (Figure 2). 

-10 

-15 

2" 
a 

-20 

-25 

I I I 1 1 I I 

18 20 22 24 26 28 30 

PKO 

FIGURE 2. Plot of AHD. the heat of deprotonation in DMSO, against the experimental pK,. 

5. Kinetic Acidities 

Kinetic data on the deprotonation of carbon acids are much easier to  obtain 
than for equilibria, but correlation with the latter is often complicated by ion 
pairingI3, internal returnG. l6 and by Brnrnsted coefficients greater than unity or less 
than zero31. Kinetic studies on 1-alkynes using a variety of techniques, including 
isotopic exchange detected by infrared32 or counting r a d i o a c t i ~ i t y ~ ~ - ~ ~  and p.m.r. 
line broadening36* 37, have established that the reaction is first order in alkyne and 
is subject to general base catalysis. 

The results of an extensive study of the rates of deprotonation of alkynes, 
catalysed by triethylamine in dirnethyl formamide/deutcrium oxide solutions, are 
given in Table 332. Deprotonation of phenylacetylene is only slightly faster than 
that of acetylene, suggesting that they are of similar acidity. Alkyl groups decrease 
the acidity, in keeping with their electron-withdrawing properties, and for a limited 
number of compounds a plot of logk against a* is linear3'. All the substituents, 
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except the lnethoxy group, in the phenylacetylenes are electron withdrawing and 
these produce the expected increase in acidity. The methoxy group has no effect on 
the rate of deprotonation, the ethynyl substituent exhibits an unusually large 
inductive effect, and the whole series of phenylacetylenes does not fit on  a Hammett 
plot. 

TABLE 3. Relative rate for proton exchange catalysed by Et,N in DMF/D,O 32 

R-CsCH d RC=C-D XCeH4CsCH XCeH4CECD 

Rate, relative to Rate, relative to 
R R = phenyl X X = H  

Phenyl 1 .o Hydrogen 1 -0 
Hydrogen 0.73 m-Fluoro 7.7 
/r-Butyl 0.058 p-Fluoro 1 *5 
4-Chlorobutyl 0.033 nz-Trifluorornet hyl 5.2 
Methoxy 2.0 p-Trifluorornethyl 3.3 

p-Chloro 4.8 
p-Bromo 2.1 
p-Methoxy 1 *o 
p-Ethynyl 13.8 

Triphenylsilyl 68 tn-Chloro 28 

The large enhancement in the rate of deprotonation produced by the triphenyl- 
silyl substituent is attributed to  d,, + p n  i n t e r a c t i ~ n ~ ~ .  The rates of detritiation of 
R3XC=CT, where R is alkyl and X is-carbon, silicon or germanium, are again 
much larger for compounds containing the metalloid atoms, but the reverse situation 
occurs for compounds R,XCH,C=CT (Table 4)35. These rates are consistent with 

TABLE 4. Rates of detritiation of R,XC=CH in methanol/ 

MqSi 65.9 Me,CCH, 6.97 
Et3Si 35.7 Me,SiCH, 3.58 
Et,Ge 31.9 Et,SiCH, 2-40 
Me,C 8.93 Et,GeCH, 1-65 

the metalloid atoms stabilizing the transition state for carbanion formation by 
accepting x electron density into the vacant d orbitals, but behaving as stronger 
electron donors than carbon when an extra methylene group prevents them from 
conjugating with the triple bond. 

Throughout these kinetic studies it was assumed that the rate-detcrrnining step 
is the abstraction of the acetylenic proton by the base and that thc transition state 
lies close to the products, acetylide ion and protonated base3?* 33, 35* ,'. 

A Brernsted coefficient @) of 1.1 1 k 0.04 for the detritiation of phenylacetylene 
catalysed by thirteen amines3.'. is consistent with conipplete proton transfer before 
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the rate-determining transition state. However, primary isotope effects ( k n l k ~ )  of 
0.95 k 0.09 and 1.2 0.5, for hydroxide ion and N-methylimidazole-catalysed 
reactions respectively, are essentially unity and show that proton transfer does not 
occur in the rate-determining step. The following series of equilibria have been 
invoked to explain these observations: 

PhCKCT+B PhC=CT*-B PhC=C-.-TB+ 1 1 5;Ennininr: (10) 

PhC=CH+B PhC=CH*..B - .- PhCrC- - . -HB+ 

Here the rate-determining step involves replacement of one protonated base in the 
hydrogen-bonded ion pair by another, a process occurring either by diffusion or, 
if B contains additional protons, by rotation of a new hydrogen into a hydrogen- 
bonding position. 

Anomalously, phenylacetylene reacts slowly, by a factor of lo", with hydroxyl 
ion3* and in this respect behaves like other carbon acids, and not like 'normal 
Eigen acids', whose deprotonation by hydroxyl ion is diff~sion-controllcd~~~ 
Chloroform is the only carbon acid to behave 'normally'"o, and Kresge and Lin3* 
suggest that this results from the stronger hydrogen-bonding power of chloroforni. 
Isolation of a hydroxyl ion from aqueous solution in order to form the hydrogen- 
bonded encounter complex requires considerable energy and comparison of hydroxyl 
ion with other bases, which are already hydrogen bonded to the acetylenic hydrogen, 
therefore produces 'anomalous' behaviour. 

Nitroethane is more acidic than phenylacetylene by 12.1 pK units (Table I ) ,  
but it deprotonates 50-500 times slower, providing an excellent example of the 
dangers in assessing equilibrium acidities from kinetic data for structurally very 
different acidsz6. This unexpected reversal of relative rates is attributed to a large 
activation energy for the nitroethane which is required to effect the necessary 
geometric rearrangement in order to delocalize the negative charge onto the oxygen 
atoms of the developing anion. 

A further example of how kinetic and equilibrium acidities are in disagreement 
is provided by the reaction of Grignard reagents with carbon acids". In this reaction 

RMgX+RH - RH+R'MgX (11) 

(equation 1 I )  phenylacetylene reacts - 300 times faster than fluorene, despite the 
fact that it is 6-2 pK units less acidiP. Also I-octyne reacts about four times faster 
than phenylacetylene with Grignard reagents, but deprotonates much more slowly32 
showing that kinetic acidities as measured by two different reactions are not 
consistent. 

C. Gas-phase Acidities 

The acidities of molecules in solution are largely dictated by solvation. The 
numerical value of pK, is dependent on the solvent chosen as standard state and, 
more importantly, ApK,, the change in PKa for an acid on transferring it from one 
solvent system to another, varies for different classes of compounds. It is therefore 
desirable to construct an acidity scale which is independent of solvent and there 
have recently been several studies on the intrinsic acidities of small organic molecules 
in the gas phaseaZ-l5. 
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In the initial study on acetylenes, using ion cyclotron resonance (i.c.r.) 
relative gas-phase acidities were estimated by observing the 

preferred direction of reaction between an anion and a Lewis acid. I n  this way the 
following order of acidity was established: acetylene> 1-hexyne> propyne> water. 

More recently quantitative measurements of the equilibria between various 
1 -alkynes have been obtained from pulsed ion cyclotron resonance experiments 
(Table 5)4J. Here the order of acidity for  different R groups in RC=CH is 

TABLE 5. Equilibrium constants at 298 K for gas-phase proton transfef14 

Reaction Kw AG:,, (kcal/mol) 

CH,C=C-+ GkH7C=CH 10.07 3-0.5 -14+0*1  .- GH7C=C-+CH,C=CH 

-- HC=C-+GH,C=CH 

%- (CH,),CC=C-+ &H7C=CH 

C,H7C=C-+ YC=CH 10~0+0~5 - 1.4 f 0.1 

GH?C=C- + (CH&CC= CH 4.3 f 0.5 -0-9fO.1 
h 

hydrogen =- f-butyl> propyl> methyl. All alkyl groups therefore decrease the 
acidity of I-alkynes, with the larger more polarizable substituents having the 
smallest effect. The same order of substituent effects occurs in the gas-phase 
deprotonation of alcohols and amines, although in these series the parent molecules, 
water and ammonia, are  the least acidica2* 45. 

The gas-phase acidities of acetylene and propyne have also been measured by the 
flowing afterglow technique as part of a study designed to  establish a scale of 
intrinsic acidities45. There is a systematic difference of about 10 kcal/mol in these 
results compared with the i.c.r. work (Table 6), a consequence of using different 

TABLE 6. Gas-phase acidities for Brsnsted acids 

ActBB (kcal/mol) for RH e- R--!-H+ 

Acid Flowing afterglow" Ion cyclotron resonanceb 

CH~NH, 
H, 
C,H,NH~ 

H2O 
(CH3)ZNH 

CHsOH 
CH3C=CH 
H2C=C=CH2 
C2H50H 
GH,C=CH 
(CH,),CC= CH 
(CH,),CHOH 
HC=CH 

396.1 f 0.7 
395.7 ? 0.7 
394.2 f 0.5 
391.7 f 0.7 
389.2 f 0.6 
384-1 f 0.4 
38 1-6 i- 0.7 
38 1.6 kO.9 
381-4f 0.8 
378.5 f 0.8 
- 
- 

376.9 +_ 0.8 
376.8 f 0.6 

- 
- 
- 
- 
- 

370.3 f 1-05 
369.7k 1.25 

3 68 -4 f 0.95 
368.3 f 1-05 
367.4+ 1.15 

- 

- 
- 

Reference 45. 
Reference 44. 

4 
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reactions to establish absolute values for the acidities (i.c.r. uses ACPps for protonation 
of F-, the flowing afterglow uses AC:,, for protonation of H- and OH-). Despite 
these absolute differences there is relatively good agreement between the A(AG%d 
values for the alcohols and also for the only pair of 1-alkynes common to both 
scales. 

D. Acidities from Molecular Orbital Calculations 

Ab initio molecular orbital theory has been very successful in calculating proton 
affinities for a wide variety of m01ecules~~-~~.  The proton has an energy of zero on 
the quantum-mechanical scale, and only wave functions for the molecule and its 
conjugate acid need be calculated. Both these species have the same number of 
electron pairs, a situation which minimizes thz correlation energy differences, and 
accurate protonation energies can therefore be obtained from Hartree-Fock 
calculations without using the computationally much more expensive configuration 
interaction method. 

Similar arguments apply to the deprotonation of Brernsted acids but here, however, 
there are two additional complicating factors. Calculations on anions occasionally 
produce positive energies for the highest occupied molecular orbital, a physically 
unreasonable situation, and the Gaussian functions or Slater atomic orbitals used 
as the basis set in the construction of molecular orbitals are usually optimized for 
neutral atoms and do not adequately describe charged species. This basis set 
deficiency applies to conjugate acids also, but is particularly serious for anions as 
the latter is now described by fewer basis functions than the neutral acid with 
which it is being compared. Fortunately Radomd9 has shown that even the minimal 
STO-3G basis set reliably predicts the relative acidities of organic acids and that 
optimization of orbital exponents in the molecules and anions improves the 
absolute value of the computed acidity but does not significantly change the relative 
acidities. 

An inifio molecular orbital calculations on a series of small hydrocarbonsSo give 
computed energies for the reaction 

R H  - R-+H+ (1 2) 

for acetylene, allene, ethylene, ethane and methane of 404, 414, 440, 458 and 
459 kcal/mol respectively. This sequence is in agreement with general chemical 
observation both for the gas and solution phases. 

Data from three ab initio studies on the deprotonation of 1-alkynes are given in 
Table 7. As is usual in this type of calculation the computed acidities are higher 
than the experimental ones, but as the size of the basis set increases the computed 
values converge monotonically on the experimental values. The two different 
acidities computed with the 4-31G basis set for acetylene and propyne are the 
result of different geometries, one being assumed"D and the other optimizedso. The 
acidities quoted for the hypothetical amino- and hydroxyacetylenes are for removal 
of the acetylcnic proton and not for the more acidic hydrogens on the heteroatoms. 

The alkyl groups all decrease the acidity of the alkynes but the larger ones are 
less destabilizing than the methyl group, in good agreement with the gas-phase 
results (Table 6). The amino group also decreases the acidity but the hydroxy 
group is sufficiently electronegative to cause a slight increase. 

Metal acetylides contain CI-, formed by removal of both protons from acetylene. 
Dinegative ions are dificult to produce in the gas phase but the heat of formation 
of this ion has been estimated to be 222 kcal/mol by use of a thermochemical cycle 
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TABLE 7. Computed acidities (kcal/mol) for RC=CH 

Computed acidity 
Experimental 

R STO-3G' 4-3 1 G 10s6p; 4" acidityd 
~~ ~~ 

496.6 
499.6 
498.8 
498.0 
497.2 

~ ~ ~~ 

410.0', 40306~ 39106~ 384.6 
415.4'. 409.3b - 389.0 

- - 4 1 4.0a 
- - - 

a Reference 49. 
Reference 50. 
Reference 5 1. 
Reference 45. 

using lattice energiess2. Combining this with the heats of formation of the proton and 

C,H, - C:-+2H+ (1 3) 

acetylene yields an enthalpy of 898 kcal/mol for equation (13). Ab initio calculationss3 
give the bond length of CE- (1.297 A) to be considerably longer than that of acetylene 
(1.206 A) s4, but the computed enthalpy of 939 kcal/mol 51 is in reasonable agreement 
with experiment. 

E. lnterconversion of Allene and Propyne 

The presence of the strongly electron-withdrawing alkyne group adjacent to  a 
methyl group greatly enhances the acidity of the methyl protons. Removal of one 
of these protons by strong base (alcoholic KOH for example) creates a mesomeric 
carbanion, and protonation at the other terminal carbon atom results in con- 
version of the alkyne into an allene, thereby effecting a 1,3-prototropic shift. The 

proton added in the second step is usually provided by the solvent, but when the 
appropriate base (triethylenediamine in DMSO/r-butanol) is used for 1,3,3-triphenyl- 
propyne the reaction is largely in t r am~lecu la r~~  s s p  The proton, although formally 
attached to  the base, is obviously still hydrogen-bonded to the carbanion and a 
suprafacial 1,3-prototropic migration, normally symmetry-forbidden, occurs. This 
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rearrangement is synthetically useful, but has been the topic of a recent review" 
and will therefore not be discussed further here. 

.. 
P h +,,. L 
P h'- 

C-CeC-Ph H, 
,,C-C-C-Ph + 6 - 
Ph 

Ph" 1 
I 

B 
/ 
H 

Ph. 

J. 

?+ 
,H. 

'Ph 

p h #,,, /H ,c=c=c, 
Ph Ph 

We have used ab iiritio molecular orbital calculations using the 4-31G basis set 
in the Gaussian 70 programs8 to study the interconversion of the allenyl and propynyl 
anions14. Molecular geometries were optimized for both anions and for an inter- 
mediate (1) in which all bond lengths and angles except those for the migrating 

H 

hydrogen were initially taken to be an average of those in the two optimized 
structures, in an attempt to construct a point on the reaction profile. The migrating 
hydrogen was assumed to remain in the plane and the angle q5 was kept constant 
(to prevent formation of one of the more stable anions) during a subsequent 
geometry optimization of the bond lengths. This rather crude procedure gave a 
point on the reaction coordinate 88 kcal/mol above the less stable of the anions 
(allenyl), thereby giving a rnitiimuni possible value for the activation energy for 
intramolecular 1,3-hydrogen migration (Figure 3). 

Other structures in which the migrating hydrogen atom is taken out of plane 
were found to be much less stable and it is therefore clear that the barrier to internal 
migration in the isolnted anion is much too large to be a feasible process at  room 
temperature. 

The methyl group of propyne is computed to be less acidic than the acetylenic 
proton by 15.2 kcal/mol, but the resulting anion is simply a vibrationally excited 
state of the allenyl anion which will quickly revert to the ground state (Figure 4). 
Addition of a proton then gives allene and therefore this overall process of 
deprotonation followed by reprotonation at  the other terminal carbon atom has 
a much lower activation energy than the intramolecular migration required for the 
more stable propynyl anion. 
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FIGURE 3. Computed profile for the interconversion of the propynyl and allcnyl anions. 
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FIGUI~E 4. Computed profile for the interconversion of CH,CCH- ions. 
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111. HYDROGEN BONDING 

1-Alkynes behave both as proton donors towards Lewis bases (2) and as bases with 
Brransted acids (3). Hydrogen-bonding interactions of this type produce increases 

I 
y 9' 

R-CEC- H-.- 0=C, 
R" R - C ~ C - H  

in the C-H (2) and 0-H (3) bond lengths of the acids and these result in changes 
in both the infrared stretching frequencies of these bonds and the proton magnetic 
resonance. These spectral data are easy to  obtain experimentally but unfortunately 
it is usually difficult to  interpret the results, as part of the change in the spcctrum is 
usually caused by changes in the solvent. 

Before examining the acid-base properties of alkynes as  deduccd from hydrogen- 
bonding studies, it is informative to summarize the current views on using hydrogen- 
bonding data as a criterion for proton transferz3* s% O0. The majority of recent work 
has involved protonation of weak bases but there are  good indications20 that 
deprotonation of weak acids will behave similarly. 

Detailed studies of the correlation of pKa and AH,, the heat of ionization of 
organic bases in fluorosulphuric acid, with Av, the infrared frequency shift caused 
by hydrogen bonding with an acid, and AHf,  the heat of hydrogen-bond formation 
have met with only very limited E U C C ~ S S ~ ~ .  Plots of AHf against AHi show no general 
relationship, but for classes of structurally similar compounds a series of parallel 
lines is obtained. This type of behaviour is found for the closely related plots of 
AGf against AG' 02, and for PKn against Av 60-67. I t  is therefore clear that AV 
should only be used as a guide to  relative pK, values when the spectral data are for 
structurally similar compounds associated with the same donor or  acceptor. 

For the proton transfer reaction pKn correlates with AH,,  both for protonation 
and deprotonation reactions, but for the hydrogen-bonded complex the relationship 
between Av and AHr is less s a t i s f a~ to ry~~ l  61. Badger and Bauer6* had originally 
suggested that on hydrogen-bond formation this infrared shift Av should bc directly 
proportional to  the hydrogen-bond enthalpy (AHf), but for many years experimental 
values of the latter were too inaccurate to test this relationships9. The association 
of a series of phenols with N,N-dimethylacetamide in carbon tetrachloride was the 
first system to be studied suficiently accurately and the following linear relation- 
ship was foundes: 

(1 4) 

However, from the more recent systematic studies on a wide range of bases it is 
now clear that there is no  general equation of this type but that for a limited number 
of structurally similar acids or bases linear relationships do occasionally occur. 

AHf (kcal/mol) = 0 - 0 1 3 A ~ , , - ~  (cm-I) + 3-08 

A.  I-Alkynes as Proton Donors in Hydrogen Bonding 

The high ~ o l u b i l i t y ~ ~ ,  large heats of ~ o l u t i o n ' ~  and deviations from Raoult's 
law'l. 72 for solutions of I-alkyncs in basic organic solvents provided the first 
evidence that 1 -alkynes were sufficiently acidic to form hydrogen-bonded complexes. 
This was subsequently confirmed by the high retention times in the gas-phase 
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chromatography of 1-alkynes on basic c01umns’~ and this technique has been used 
to estimate the strength of the hydrogen bonds74. Direct spectral evidence was first 
provided by the decrease in the intensity of the infrared carbon-hydrogen stretching 
frequency vc--II for the acetylenic hydrogen around 3300 cm-l and the simultaneous 
appearance of a new broader band at slightly lower frequency when the 1-alkyne 
was mixed with a Lewis acid (Figure 5)73- 7G-83. 

FIGURE 5. Infrared spectrum of acetylene (0 .032~)  (a) in pure CCI,, and (b) in CCl, con- 
taining acetone (2.1 7 ~ ) .  After Crcswell and Barrow83b. 

1. Infrared studies 

West and KraihanzeP examined the infrared spectra of a large series of 1-alkynes 
hydrogen bonded to  N,N-dimethylacetamide, N,N-dimethylformamide and 
dimethoxyethane in carbon tetrachloride solution. Their data (Table 8) show that 
electronegative substituents in the 1-alkynes produce larger Avc-n than for those 
containing alkyl groups and are therefore stronger proton donors. However, using 
hvC-,  as  a criterion of acidity, methoxyacetylene is only weakly acidic, despite 
the large 01 of the methoxyl group, indicating that there is considerable 7r donation 
from the oxygen. Similar results to  these were found for 1-alkyne-diethylether 
complexes73, although in this work ether rather than an inert solvent was used. 

There have been several attempts to  obtain more quantitative equilibrium data 
from the infrared mea~uremen t s~~-~’ .  As v c-= for both the ‘free’ acid (AH) and the 
complex (AH-B) overlap, it is usual to  use the integrated absorption intensity A 
for both bands. Brand, Eglinton and Tyre lP  examined the variation of A as a 
function of the mole fraction of base, xu, for benzoylacetylene with a variety of 
aromatic bases in cyclohexane. The mole fraction equilibrium constant, 
KN = MA~.. . ~ / M A ~ . x ~  in which M stands for molality, is obtained from the 
eauation 

A,\H can be measured independently and KN and AI\H ...B are obtained by plotting 
xB/ (A  - Aan) against XB. Measurement of ICx at  different temperatures yields A H f ,  
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TABLE 8. Frequcncy shifts for 1-alkynes RC=CHai 

R 

II-C,H, 
IZ-CSH~~ 

c6 H5 

n-CsH13 

BrCH, 
ClCH, 
CHSO 
COOCZHS 
CN 

vC-= (cni-') 

3314 
3314 
3314 
3314 
3313 
3314 
3328 
3306 
3304 

Avc-H (cm-'> 

DMAC DMFd DMEe 

74 61 36 
74 GI 
72 59 - 
91 78 62, 72f 
94 82 64 
94 83 - 
81 

- 

- - 
123 - 84, 104f 

- 153' - 

Reference 81. 
All bases 2M, alkynes 0.6-0.8~ in DMA, and GDME 0.06- 

N,N-dimethylacctarnide. 
N,N-dimethylformamide. 
Dimethoxycthane. 

0.08~ in DMF. 

f Alkynes dissolved in pure base. 

the enthalpy of the association reaction, froni a plot of In K against 1/T. This 
method requires two assumptions about A,,, and Adn...B, the validity of which 
have not been checked for this system. These are (i) A A ~  and Aan..n are unchanged 
in cyclohexane and benzene (and the other solvents) and in mixtures of these solvents; 
(ii) AAH and do  not vary with increases in temperature. Both these are 
probably invalide7 so it is difficult to  assess the absolute value of the results in 
Table 9 although the relative order of basicities should be correct. 

TABLE 9. Equilibrium data for association of bcnzoylacetylene and PhCECH 
with bases in cyclohexanes4 

% Association - A H ,  
Donor Base KN (25 "C) (su = 1) (kcal/rnol) 

~ 

PhCOC=CH Benzene 0.6 38 3.9 
Toluene 1.4 58 5.4 
p-Xylene 2.4 71 5.9 
Mesit ylenc 3.0 75 

PhC=CH n-Butyl ether 0.76 43 - 

- 
n-Butyl ethcr 1.8 64 6.4 

For the benzoylacetylene-aromatic base complexes both the equilibrium 
constants and the enthalpies increase with the number of alkyl groups, implying 
that the basicity has increased, in keeping with the electron-donating properties of 
alkyl groups. Also the enthalpies are considerably larger than those produced by 
other 1 - a l k y n e ~ ~ ~ - ~ ~ ,  confirming that these two aromatic acetylenes are  more acidic. 
However, the results are in poor agreement with p.rt1.r. results on the same systemsRJ, 
and it is dimcult to  decide whether the errors are due t o  the assumptions about 

and AAn ...B or to  errors in the p.m.r. work produced by anisotropic effects 
of the aromatic solvents. 
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The associations of both 1-heptyne and I-octyne with a variety of Lewis bases in 
inert solvents are listed in Table 1085-87. The data, taken from the work of three 
different groups, are not entirely consistent, although all the enthalpies of formation, 
even for complexes with the strong bases trimethylamine and pyridine, are small, 

TABLE 10. Equilibrium constants, enthalpies and entropies for hydrogen bond formation 
of I-heptyne and I-octyne 

K(25 "C) -AH! - AS0 
Baselsolvent (litre/mol) (kcal/mol) (cal/deg mol) Reference 

~ ~~ 

I-Heptytre 
Acetoneln-he pt ane 
Acetonelcarbon tetrachloride 
Dimethyl sulphoxide/ 

carbon tetrachloride 
Trimethylamineln-heptane 
Acetone/l ,Zdifluorotetra- 

chloroet hane 
Acetone/ hexane 
Acetone/decane 
Acet o ne/cy cl o hexa ne 
Acetone/carbon tetrachloride 
Acetone/tetrachloroethylene 
Acetone/carbon disulphide 

0.30 
0.17 
0.28 

0.068 
0.29 

0.45 
0.43 
0.44 
0.32 
0-28 
0.28 

0*93+0*11 
0.41 + 0.07 
0.47 f 0.06 

2.41 f 0.08 
- 

1-Octyne 
Acetone/carbon tetrachloride 0.14 1 *5 
Acetonitrile/carbon tetrachloride 0.1 6 1.8 
Pyridinelcarbon tetrachloride 0.21 2.0 

5.52 f 0.38 
4-93 f 0.25 
4.13L-0.21 

13.7 k0.3 - 

87 
87 
87 

87 
85 

85 
85 
85 
85 
85 
85 

86 
86 
86 

- 
- 
- 

showing these 1-alkynes to  be very weak acids. The equilibrium constants provided 
by one groups5 for 1-heptyne and acetone are systematically larger ( - 5 6 9 0 % )  
than those in the other worke7. Also AH; for the different I-alkynes associating with 
acetone in carbon tetrachloride are considerably different and intuitively this seems 
to be incorrect. This latter discrepancy could be caused by failure to correct for the 
considerable changes in the peak height molar absorption coefficient with changes 
in temperatures7 in the work on I-octyness, but as few experimental details are given 
it is difficult to assess the reliability of this work. The overall lack of agreement 
between the results of different workers is a common feature of work on  weak 
complexesss. 

It is now clear that there is no  general correlation between the change in the 
infrared stretching frequency, AvC-=, of an  acid on hydrogen bond formation and 
the pKa of the basez3. Nevertheless Av is still a reasonable indicator of the ability 
of  the base to  accept a proton and there have been extensive studies of relative 
basicities by this method. Phenol and methanol are the usual proton donors but 
phenylacetylene, although it is less acidic and therefore has a smaller Av, has also 
been used extensivelys0. 8g-93. 

There are some inconsistencies when using this method, different acids occasionally 
producing different sequences for a series of basesg0* !'l. For acids RXH and R'YH, 
the correlation between AvX-= and Avy-n is itidepetident of the type of base only 
when X = Y. However when X#Y,  then plots of the infrared frequency changes 
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are still linear, but there is a different slope for hydrogen bonding to each hetero- 
atom”. Thus phenol and methanol always give the same relative basicities for bases, 
but comparison of phenylacetylene with methanol shows that with the carbon acid 
the basicities of oxygen compounds are enhanced relative to those for hydrogen- 
bond formation at nitrogen. 

2. N.m.r. studies 

Proton exchange bctween a 1-alkyne, A H  and a base, XB (equation 16), is fast 
on the n.m.r. time-scale and therefore produces only one peak intermediate between 
those of the pure 1-alkyne and the complex. Formation of the hydrogen bond 
exposes the acetylenic proton to a strong electric field from the electronegative 

(1 6) 

heteroatom X and this inhibits diamagnetic circulations around the hydrogen atom, 
thereby causing the resonance to be shifted to lower applied fieldss3. This, however, 
is not the only factor producing changes in the chemical shifts, and the magnetic 
anisotropy of the solvent or base often produces an upfield making it 
difficult to assess the exact magnitude of the shift caused by hydrogen bonding. 

Qualitatively chemical shifts for acetylenic protons are found to move downfield 
in non-aromatic basic solvents and there are several examples of this change in 6 
correlating with Av, the change in the infrared”* 97. However, quantitative data on 
the equilibrium described by equation (1 6) are always tedious to obtain and often 
dificult to interpret. 

For the equilibrium described in equation (16), assuming all alkyne and base 
molecules are participating in the equilibrium, the observed chemical shift, $bs 
is given by 

where 6 ~ n  and G ~ a x n  are the chemical shifts of the acetylenic proton in the ‘free’ 
AH and the complex AH-XB, and CAH and C~HXI,  are the equilibrium con- 
centrations in mole fractionso8. Also 

and combining (17) and (18) produces the equation 

C&d8AHXB - 6 o b d  (l 9) 
$bs - S A ~  K C ~ ( ~ A H X B  - ~ A E I )  ~ A H X B  - ~ A E I  C ~ ( ~ A H X B  - 6 ~ n ) ’  

One of the conditions of using equation (19) is that SAH is independent of the 
concentration of AH and as this is usually not true for 1-alkynesDD, it is necessary 
to refer all chemical shifts to infinite dilution of the 1-alkyne. Under this particular 
condition the last term disappears and the equation becomes equivalent to that of 
KetelaarlOO. This was used in some of the earlier work to obtain equilibrium data 
from n.m.r.y.*p lo’, but in these instances the conditions of infinite dilution were not 
satisfied. 

At infinite dilution a plot of {l/(aob8- 6An))  (CAE + 0) against 1/Cg0 gives values 
of both K and ~ A I I X B  and values for these quantities are given in Table 11. Results 

+ * +  1 - - 1 



4. Acidity, hydrogen bonding and complex formation 93 

for (CIH 4 0) and ( C ~ H  = 0.1 mole fraction) are quite different, showing the 
importance of extrapolating to infinite dilution. 

TABLE 11. N.m.r. and i.r. data for association of ethers with phenylacetylene in 
carbon tetrachloride at 33.5 "C O8 

Diethyl ether 
2-Chloroethyl ethyl ether 
Bis-2-chloroethyl ether 
Diisopropyl ether 
Di-n-butyl ether 
Di-ri-hexyl ether 
Tetrahydrofuran 
2-Methylhydrofuran 
Tetrahydropyrari 
Diethyl sulphide 
Tetrahydrothiophen 

0.43 
0.39 
0-55 
0.69 
0.60 
0.5 1 
0.21 
0.27 
0.23 
0.07 
0.06 

240.0 
247.6 
235.1 
212.0 
200.0 
196.6 
368.9 
322.1 
320.2 
422.2 
592.0 

0.51 
0.9 1 
0.63 
0.8 1 
1.12 
1.14 
0-32 
0.4 1 
0.35 
0.40 
0.14 

238.6 
21 5.6 
231.1 
21 1.2 
193.2 
189.8 
317.7 
283.6 
284.3 
23 1.9 
359.6 

0.32 
0.78 
0.82 
0.66 
0.93 
2.19 
0.48 
0.30 
0.71 
0.10 
0-20 - 

a Kin  mole fraction units. 

In order to  have some confidence in the equilibrium constants for the association 
it is important that both the infrared and n.m.r. techniques should give the same 
values. The results of an infrared study using an equation similar t o  (19), but 
replacing the 6s with As, the molar absorptivities102, gave the values listed in the 
last column of Table 11. Correlations between the two sets of data are disappointing 
(correlation coefficient 0.86), but illustrate a typical situation when dealing with 
weak complexes. In this particular instance the difference was attributed to  solvation 
effects but perhaps a better explanation is that there is insufficient complex present 
to obtain accurate results103. The uncertainty in the equilibrium constant, AK/K,  
varies with S, the saturation fraction {(concentration of complex)/(original con- 
centration of acid)}, and reliable values of K are only obtainable for S = 0.2 + 0.8 loJ, 

a condition not met by these ether complexes. 
Using the n.m.r. method described above, the enthalpies of hydrogen-bond 

formation, AHf, for propyne and phenylacetylene associating with the strong base 
hexamethylphosphoramide (HMPA), were found to be -2-69 kcal/mol lo5 and 
- 3.7 kcal/mol loo respectively. 

6. Alkynes as Proton Acceptors in Hydrogen Bonding 

As previously discussed the basicities of weak bases are often inferred from the 
changes they produce in the infrared stretching frequencies of the 0 - H  bond of 
methanol or phenol, or in the =C-H bond of phenylacetylene. Using the decrease 
in YOH of phenol, the order of basicity of unsaturated hydrocarbons is alkynes> 
alkenes> 1,3-dienes = a l l e n e ~ * ~ ~ ~  lo8 (Table 12). This is consistent with kinetic data 
on the relative rates of hydration where the rate-determining step is proton 
t r a n ~ f e r ' ~ ~ - ~ ~ '  and the alkynes are the more reactive (unlike other electrophilic 
addition reactions)l12. 
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The most striking feature of the data on the various substituted alkynes in Table 
12b is the much larger Avon values for the non-terminal alkynes as opposed t o  the 
1-alkynes, showing the former to  be much more basic. The two Avo= values for the 

TABLE 12a. Comparison of the hydrogen acceptor properties of 
unsaturated hydrocarbons using YO= of phenolb 

Base AVO= (cm-l) 
~ ~~ 

CBHG 47c 
RCH=CH-CH=CHz 51 
RCH=C=CH, 52 
RCH=CH, 65 
RC=CH 90 

TABLE 12b. Comparison of the hydrogen acceptor properties of alkynes 
(RCeCR’) using v o ~  of phenol 

Base Avo€[ (cm-9 

R R Reference 81 Reference 108 - Aifi (kcal/m01)~ 

90 
90 
90 
41, 80 
41 
32 

133 
138 
132 
137 

137 
- 

42, 80 
44, 108 

78-5 
81.0 
83.0 
35, 67 

- 
11 6.5 
115.0 
120.0 
1185 
- 

33.5, 71.5 

1-52 
1;5 6 
1.62 
0.90, 1.64 

- 
2.1 6 
2.15 
2.56 
2.42 

0.93, 1.66 
- 

a Reference 108. 
Reference 107. 
Reference 59. 

aromatic acetylenes are attributed to two different interactions, the one responsible 
for the smaller Avo= is associated with the aromatic ring and  the other, which is 
similar to the shift in phenol-alkene complexes, is believed to be associated with 
the component of the triple bond in the same plane as the benzene ringlo*. In the 
I-alkynes the propargyl halides produce much smaller changes in than the 
alkyl-substituted compounds and this is consistent with the electron-withdrawing 
substituents decreasing the availability of the x electrons required for complex 
formation. Another possibility, however, is that hydrogen bonding from the phenol 
occurs to  the halogens and not to the triple bondao. 
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There is considerable difference in the two sets of Avon values of the alkynes in 
Table 12b. In all the spectra, bands for the ‘free’ and ‘complexed’ alkynes overlap 
and in the more recent data108 these were resolved into their components and, 
assuming Beers law, used to evaluate equilibrium constants. The  AH^ values were 
again obtained from the variation of the equilibrium constants with temperature. 

The data  in Table 12 provide an opportunity t o  test the Badger-Bauer relation- 
shipa8 between AVO= and AH,., the enthalpy of hydrogen bond formation. The plot 
(Figure 6) shows considerable scatter and is not improved by removing the two 

2.! 

Av, cm” 

FIGURE 6. Plot of AH,, the heat of hydrogen bond formation, against Av, the shift in the 
infrared stretching frequency of the 0 - H  bond of phenol. (1) Aromatic complex of 
diphenylacetylene, (2) aromatic complex of phenylacetylene, (3) a1 kyne complex of phenyl- 
acetylene, (4) alkyne complex of diphenylacctylene, ( 5 )  I-hexyne, (6) I-heptyne, (7) 1-octyne, 

(8) 2-octyne, (9) 3-hexyne, (10) 4-decyne and (11) 3-octyne. 

points with the lowest Avo= on the grounds that they are for complexing with the 
aromatic part of the molecule. Furthermore, the inclusion of data on allenes, 
obtained by the same methods as the alkyne data, leads to even more scatter (and 
gives a poorer correlation alone). As in previous work on basesz3, it is therefore clear 
that for alkynes, although AHf tends to  increase with AVO=, it is not possible to  
obtain accurate values of the former by simply measuring the latter. 
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C. Intermolecular Association of I-Alkynes 

The existence of both a proton acceptor and a proton donor in the same molecule 
raises the possibility that, in the absence of other stronger acids and donors, 

R 

(4) 

1-alkynes may either form intramolecular hydrogen bonds113. 114 or  associate to  
form complexes of type 4. This intermolecular type of interaction is observed in 
solutions of concentrations greater than l~ and produces a broader peak in V C - K  

of the acetylenic proton a t  slightly lower frequency (12-14 cm-l for 1-alkynes and 
22 cm-l for phenyla~ety lene)~~~ 84. The concentration dependence of the band 
easily distinguishes it from hot bands, which also appear a t  lower frequency than 
the fundamental115. The magnitude of the shift in simple 1-alkynes shows the 
interaction to  be weak and association is incomplete in all simple 1-alkynes. 

1 -Alkynes containing other basic substituents (e.g. ketone, ester, alcohol groups) 
form stronger intermolecular hydrogen bonds73. For example, 3-butyne-2-one is 
fully associated in the pure liquid, but there is no association in the gas phasellG. 
AvC-=, taken as  the difference between the ‘free’ and associated species (both in 
solution) is 44 cm-l. This is slightly less (by 10-20 cm-l) than the change produced 
by ketones on the corresponding infrared band of phenylacetylenesO. 

Benzoylacetylene (PhCOCSCH) is strongly acidic and also contains a basic 
ketone group. X-ray studiesll’ on o-bromobenzoyl- and o-chlorobenzoylacetylene 
show the existence of hydrogen bonds in the crystals also. As viewed from the 
short n axis of the crystals, the molecules form long zig-zag chains, with the oxygen 
of the carbonyl group pointing towards an acetylenic hydrogen (Figure 7). The 

:I JQ c1 JQ 

FIGURE 7. Arrangement of o-chlorobcnzoylacetylenc molecules in crystal. 
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C - H - 0  distance in the chloro compound is 3.212 8, and, allowing for a normal 
ethynyl C-H distance of 1.06 A, this means that the oxygen-hydrogen distance is 
only 2.15 A. The van der Waals’ contact distance of oxygen and hydrogen is 2.6 A, 
so clearly there is considerable interaction between these atoms in the crystal. 

D. Heterosubstituted-I-alkynes 

Kinetic evidence for d,, +p,, interaction in molecules R3XC=CH, where X is Si or 
Ge, has already been outlined in the section on kinetic acidities. Replacement of 
carbon (X = C) by other elements from Group IV reduces the stretching frequencies 
of the triple bond (v z 2120 cm-’) and the carbon-hydrogen bond (v z 3315 cm-l) by 
approximately 100 and 20cm-l re~pectively’~~”. l18. Only about half this decrease is 
attributable to  the increase in mass and the remainder results from weakening of the 
triple bond by donation of electron density from the x orbitals to the vacant dorbitals 
on the ‘ileteroatom1lB. As the overall effect of the heteroatom is to produce a slight 
positive charge on the alkynyl group, this should result in the proton being more 
acidic and the triple bond less basic. This hypothesis has been tested and shown to be 
correct by examining (a) AvC-=, the change in the infrared stretching frequencies of 
these 1-alkynes as caused by association with dimethylformamide, and (b) AVO=, the 
corresponding change for phenoP .  

E .  Theory of Hydrogen Bonding 

The theory of hydrogen bonding has recently been extensively studied using the 
ab Qitio molecular orbital methodlZ0. The donor and acceptor properties of acetylene 
have been briefly examined in Complexes 5, 6 and 7. The relative orientations of 

the two molecules in each complex were optimized and hydrogen bond energies 
of 2.7 (5)lZ1, 3.2 12* and 1 . 1  lZ2 (both for 6) and 0.80 (7)lZ2 (kcal/mol) were obtained. 
In the iz-bonded complexes the preferred direction of attack is towards the centre 
of the carbon-carbon bond and the heteroatoms are relatively long distances 
( N 3.5 A) from the triple bond. Similar findings have come from CNDO/2 studieslz3. 

IV. M E T A L  C O M P L E X E S  

Acetylenes react with transition metal ions both as Bronsted acids and bases. The 
chemistry of the a c e t y l i d e ~ ~ ~ ~ - ’ ~ ~  was briefly discussed in the acidity section and, apart 
from the replacement of active halogen atoms by acetylide ion13G-139 (equation 20) 

RC =CCu + BrC=CR‘ > RC=C-C=CR+CuBr (20) 

or the coupling of acetylenes in the presence of cuprous ion‘40, is of little interest to 
organic chemists. 

The x complexes (8) and their insertion products (9) are intermediates in several 
important metal-catalysed reactions, e.g. oligomerization (linear and cyclic1”’), 
carbonylation142, reduction143, hydration144 and thermally forbidden  reaction^'^^-^^^. 
Transition metal ions also stabilize transient organic species like cyclobutadienes148 
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(8) (9) 
and a l k o x y c a r b e n ~ s ~ ~ ~  derived from alkynes and radically change the reactivities 
of triple bonds towards the Friedel-Crafts reactionlS0 and nucleophilic attacklS1. 
All these reactions will be considered in more detail but first we shall examine the 
properties of some of the complexes which can be isolated. Thcse have been the 
subject of several reviews152-1s0 and the earlier work will be given scant coverage here. 

A. Structure of the Complexes 

The infrared stretching frequency of the triple bond of alkynes, normally about 
2130 cm-l in free alkynes, shifts to between 1500 cm-I and 2000 cm-' on complex 
formation with transition metal ions1o1a* ls2. This suggests that the triple bond has 
increased in length and X-ray structures confirm this. Infrared and X-ray data for 
three different classes of platinum complexes illustrate this poilit (Table 13). 

TAULB 13. Infrared and X-ray data on platinum-alkyne complexes (values for uncompleted 
alkynes are in parcntheses) 

C= C bond 
length in Bend-back 

Complex AvCEc (cni-l) complex (A) angle (degrees) Reference 

525 1.255 (1.22)O 39.9 161a 

156 

.62 

1.22 (1.21)b 

y.22) 

12 170a 

175 

a Reference 16 1 b. 
Reference 170b. 

The PtO complex in Table 13 is characteristic of many other such complexes161-1s0, 
the infrared frequency shift, AvcEc, being over 400 cm-l. The alkyne lies in theplane 
of the other ligands and has a longer bond length (by 0.035 A) and is cis bent. 

The second class of complexes are 4-coordinate, with the alkyne bond perpen- 
dicular to  the coordination plane170-173. Avcrc is small and both the bond length 
and 'bend-back' angle are close to those of the original alkyne, showing the alkyne 
to be less altered in this type of ~omplex"~. 
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The third complex can be considered to  be either a 5-coordinate Pt" complex or 
a 6-co:)rdinate Pt'" complex. The infrared and X-ray data175 show the alkyne to 
have undergone considerable structural change, suggesting that the 6-coordinate 
description is the better. However, the n.m.r. coupling constants, *J (Pt-CH,), are  
intermediate between those for other 4-coordinate Pt" and 6-coordinate Pt'" 
complexes and therefore favour the 5-coordinate Pt" d e s ~ r i p t i o n l ~ ~ .  

The data in Table 13 indicate the wide variation in geometry possible for alkynes 
complexed to  the same transition metal. However, all are  cis bent and, as  the excited 
states of acetylene are also bent (the first excited state is trans bent), this has led 
to  the suggestion that the alkyne in the complex is similar to  the IA,, excited state 
of a~etylene"~. 

The usual explanation of bonding in metal-alkyne complexes is in terms of 
donation of electrons from the .rr, orbital of the alkyne to  a vacant metal hybrid 
orbital and back donation from a filled d orbital of the metal to the xo antibonding 
orbital on the a l k y n ~ ' ~ ~ ~  170. In terms of the alkyne removal of some electron density 
from a bonding orbital and donation into a n  antibonding one both decrease the 
bonding of the hydrocarbon, and should therefore result in an  increased bond length. 

0, d UU 

u Bonding r Bonding 

FIGURE 8. Orbitals involved in interaction between metal and acetylenes. 

This model has been used extensively and has been extended to include a orbitals 
from the alkyne180. In the complex the alkyne is cis bent and therefore belongs to the 
CZh point group and not the Droh group of the parent alkyne. This removes the 
parity and the orbitals which were formerly uu and xu can now mix, as can the G,, 

and 5ig orbitals (Figure 8). CNDO/2 calculations show that the back-donation from 
the me!A involves both the xu and a,, orbitals about equally, but donation to the 
metal is stili predominantly from the 7i, orbital. 

Donation from the metal to  the antibonding orbitals on the alkyne is apparently 
the most important factor in determining the stability of the complex. Alkynes with 
the strongly electron-withdrawing trifluoromethyl (CFJ and carboalkoxy (COOR) 
groups are referred to as 5i acids and these form the most stable complexes, particu- 
larly with the most nucleophilic transition metal ions. Ions with higher oxidation 
states are less nucleophilic as are all the ions of the early transition metal ions, and 
here back-donation is either more difficult or impossible and the only stable alkyne 
complexes are ones containing bulky groups. 
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6. Formation and Stabilities of Trunsition Metal  Complexes 

1. Titanium, zirconium and hafnium 

x-Acetylene complexes of metals of the titanium triad have been postulated as 
intermediates in the ethylation of y- and a-hydroxyacetylenes by Ziegler catalysts"' 
and in the cis insertion of acetylenes into the metal-zirconium bondlS2, and one 
titanium complex has been isolated. Diphenylacetylene reacts with (~'-CE.H~)~- 
Ti(CO)z in heptane at room temperature to give yellow crystals of 10 which are 

Ph 

stable indefinitely under an inert atmospherelS3. In solution, however, 10 slowly 
disproportionates into (q5-C,H,),Ti(CO), and the titanocyclopentadiene, 11'841 la'. 

2. Vanadium, niobium and tantalum 

1-Alkynes are polymerized (mainly to cyclic trimers with some oligomers) by 
vanadocene18Gn, ( Y ~ - C ~ H ~ ) ~ V ,  but photolysis in the presence of (q5-C5H5)V(CO), 
yields complexes of type 12 (R = n-Bu, f-Bu, n-Pr)laGb. An unusual feature of this 

Q .... c 0R 
,v:.,. ill 
co c,H 

oc I ... 

reaction is the replacement of two carbon monoxide ligands by only one alkyne, 
implying that the alkyne is a 4x-electron donor. Similar behaviour is found when 
both diphenylacetylene, as shown in Scheme ll5I, and PhC=CM(Ph)3 (M = Si, 
Ge or Sn)Ie9 react with this vanadium complex. Further photolysis of 13 (Scheme 1) 
results in replacement of another carbon monoxide ligand to give 14 and this reacts 
further, the exact reaction depending on the metal. Crystallographic structure 
determinations show 15 to contain a metal-metal double bondlag and 16 to have 
both cyclobutadiene* and diphenylacetylene IigandPO and not hexaphenylbenzene, 
as suggested by its decomposition product. 

Niobium and tantalum complexes in which the metal is formally tripositive have 
recently been synthesized from (Y) 'K!~H~)~MH~ (where M = N b  or Ta)19*1 ID2. These 
hydridoalkyne complexes (17) (Scheme 2) are unusual, alkynes normally undergoing 
a facile insertion reaction to form the a-alkenyl complex. Insertion is accomplished 
by addition of a ligand capable of accepting electrons from the metal (H+ or CO), 

* Several complexes containing cyclobutadienyl ligands have been isolated and many 
others are postulated as intermediates. X-ray structure determinations on these complexes 
show the cyclobutadienyl ligand to be square (see Section IV.C.3 for further details). 
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Ph 

Ph @ : h P h  

‘Ph / \ Ph 
oc co 

hie ,MyCO + PhCECPh 
oc I co oc’ I co co 

Ph 

PhC-CPh hu M = V  /=CPh 100‘ 

Ph 

1ho. t  

Ph 

Ph 

(15) 

Ph 

Ph 

PhCECPh M = Nb 

/(14) 

\ 
P h  

P h w  Ph 

Ph Ph 

/heat 

P h  

SCHEME 1 
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R' 

benzene 
under reflux 

R' 

SCHEME 2 

but with the electron-donating phosphine ligands there is no reaction. Acidification 
of 17, the more stable iodo complex (18) or the a-alkenyl complex (19) all result in 
almost quantitative yields of the cis-alkene. However, the alkylation of 17 with 
CH30S0,F produces only methane and 19 is alkylated at the P-vinylic carbon and 
not at  the carbon attached to the metal. 

3. Chromium, molybdenum and tungsten 

Few acetylene complexes of chromium are known, although they are postulated 
as intermediates in the cyclopolymerization1D3-197 of acetylenes and in the formation 
of tetraphenylcyclopentadienone1D8. 

Complexes with the general formula (Arene)Cr(CO),(RC=CR') have been 
isolated from the photolysis of (Arene)Cr(CO), in the presence of acetylenes. These 
vary markedly in stability, the most stable having Arene = hexamethylbenzcne and 
R' = R = phenyllD9. 

Molybdenum is one of the metals present in Azotobacter vinelaiidii nitro- 
genase200- "l, an enzyme which reduces many substrates, including l-alkynes2002~ 203. 

This discovery has resulted in much interest in similar chemical systems and reduction 
of similar substrates has been achieved with a mixture of Mo", cysteine or thioglycerol 
and a reducing agcnt204-212. The unsaturated molecule is believed to form a complex 
with a monomeric Mo'" 201n 211* ?13 or, more likely, Mo"' ion214, but this intermediate 
is too transient to be detected. 

Molybdenum and tungsten only form acetylene complexes which can be isolated 
in their lower oxidation states ( + 2  or  0). Several of these complexes contain both 
carbon monoxide and acetylene ligands and, in general, there is little tendency for 
these to form cyclic ketones or oligomers. 

Both molybdenum and tungsten form complexes with one, two or three acetylene 
ligands around the metal and also form bridged species. 
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a. Three-acetylene coinplexes. Hexafluoro-Zbutyne reacts differently from other 
acetylenes with 20, displacing all the carbon monoxide. Complexes 21215 and 22198 

( MeCN 1, M KO), 

F,CC = CC F, 
(M = Mo, W) (M,= W, R = Ph, Et, Me) 

RC=cR J (20) \ 
(RCGCR),W(CO) (F,CCECCF,),M(NCMe) 

(21 1 (22) 

are diamagnetic and have three equivalent acetylene ligands although they have to 
contribute ten electrons to the metal in order to satisfy the inert gas configuration. 
An X-ray study2le on the diphenylacetylene-tungsten complex (23) showed it to 

(23) 

belong to the C,, point group, having a C, axis along 0-C-W, and the three 
acetylenes tilted away from the axis (by 13"). 

The six 5i orbitals of the acetylene molecules belong to the irreducible representa- 
tions a,, a, and e (twice) in C,, and, as there is no metal orbital belonging to the uz 
representation, then only ten of the twelve ~i electrons are available for bondingz1". 
The inert gas electronic configuration is then achieved by acquiring another CO or 
CH,CN ligand. 

b. Two-acetylene complexes. Displacement of carbon monoxide from (q5-C5H5)- 
MX(CO), (where M = Mo, W; X = C1, Br, Iz1*-2zo, or SCF,, SC,F5 221, 22z) yields 
24 and 25 (Scheme 3) depending on the substituent on the acetylene. Assuming 
the acetylenes to be two-electron donors, then the metals in both 24 and 25 are 
electron deficient (1 6-electron species) and 24 almost quantitatively adds triphenyl- 
phosphine or reacts with excess acetylene to form duroquinone (R = CHJ or the 
cyclopentadienone (R = CF,) complexes. The diphenylacetylene complex (25j can 
be oxidized to a f 4  oxidation state and also forms a 'mixed acetylene' 
complex (27) by reaction with 2-butyne. 

The acetylenes in 25 are less tightly bound than in 24 and can be replaced by other 
butynes or isonitrilesaZ4. i-Butylisonitrile also adds to  24 (R = CF,) to form an 
18-electron system which then slowly reacts with another molecule of the isonitrile 
to give an ~-i-butyltetrakis~tri~uoromethyl)cyclopentadienimine~~~. 

Molybdenum carbonyls react with diphenylacetylene under more rigorous 
conditions (heating to 80 and 160 "C) to form the tetraphenylcyclobutadiene 
complexes 28 and 2922G. Other dinuclear molybdenum complexes (30) (R = R' = H 
and R = H, R' = Ph) have been synthesized recentlyzz7 from (q5-C6H5)2M~z(CO).I, 
a compound with a metal-metal triple bond. On the basis of spectral data, 30 was 
assigned a tetrahedrane-type structure for the two carbon atoms of the acetylene 
and the two metal atoms. 
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,M(CO), + R C E C R  
Q 

d 
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C. Monoacetylene complexes. Monoacetylene complexes (32) of both molybdenum 
and tungsten are formed from 31 by ( i )  treatment of the hydride with diphenyl- 
acetylene, with simultaneous reduction of another molecule of the acetylene into 
cis-stilbeneZz8* 220 (other acetylenes, with R = CF, or COOMe, insert into the 

(i) 
( i i )  X = C O ; h u  
(iii) X = CI,; Na/Hg reduction 

X = H,; R = Ph 

RC-CR 

(31) (32) 

metal-hydrogen bond), (i i)  photolysis of the carbonyl (M = M0y30 and (iii) 
reduction of the dichloride with a sodium/mercury amalgarnz3l. Complex 32 is of 
some synthetic value as addition of hydrogen chloride produces pure cis-olefin and 
a Mo'" dichloride. 

The bis(dithioph0sphinate) complex (33) has the unusual property of reversibly 
adding one molecule of carbon monoxide or triphenylphosphine but exchanging 
one carbon monoxide molecule with an acetylene to form 34 (R = R' = H, Ph, 
COOMe, or several combinations of these subs t i t uen t~ )~~~ .  

i-Pr 
/ oc S-P-i-Pr 

\ /  1 
oc S-P-i-Pr 

RC-CR' s-Mo-s ___, \ I  1 

/ \  

P 
/ \  

OC-Mo-S 
/ / i =... 

i-Pr-P-S * 

i-Pr 1 
R 

s s  \ /  / CHCLR' 

N.m.r. spectra of the terminal acetylenes in 34 all have acetylenic protons 
12-13 p.p.m. downjield from TMS, compared with 2.3 p.p.m. in free acetylene and 
7.68 p.p.m. in (+C6H5)2Mo(C,Hz) (3SZ3O. Another unusual feature of the complexes 
34 is the absence of any peak in the infrared spectrum in the region normally associ- 
ated with the carbon-carbon stretching of acetylenes in transition metal complexes 
(35 has a C=C stretching peak at 1613 cm-l). 

The spectral data on 34 are interpreted in terms of a delocalized 2x  aromatic 
structure (36) formed by donation of all the 4x electrons of the acetylene to the metal. 

This is consistent with the Mo(CO)[S,P(i-Pr),], core being a coordinatively un- 
saturated 1Celectron species. Conversely the Mo(q5-C5Hs>, core in 35 is a 16-electron 
system and the acetylene is only required to donate 2x electrons, resulting in the 
more olefinic structure 37. 
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Comparison of the n.m.r. data on these two molybdenum complexes with CYC~O-  

propene (olefinic protons 7.01 p.p.m.)", and the cyclopropyl cation (1 1.2 p.P.m.)23J 
reinforces the argument for structures 36 and 37. 

4. Manganese and rhenium 

Acetylene complexes of manganese are stabilized by cyclopentadienyl ligands and 
complexes (38) (R = CF,, Ph, or COOMe) are formed by replacement of carbon 
monoxide by acetylenes during p h o t o l y s i ~ ~ ~ ~ - ~ ~ ~ .  Under the same conditions the 

terminal hydrogen of phenylacetylene migrates and two complexes (39 and 40) 
containing phenylvinylidene ligands have been isolated238. 

Stable x-acetylene complexes of rhenium are formed by replacing two chloride 
ions from ReCI, and (Ph3P)ReCI, with one acetylene239. Under similar conditions 
acetylenes insert into the metal-hydrogen bond of (rl5-CSHJpReH to give the 
cis-vinyl compound2.10* 2J1. 

5. Iron, ruthenium and osmium 

Of all the transition metals, those of the iron triad form the widest variety of 
acetylene complexes. These often include more than one metal atom and have 
acetylenes in bridging positions, connected to two or more metal atoms. 

Mononuclear complexes are known for iron [41, R = t-Bu or Si(CH3)3]242, 
ruthenium (42, X = C1; Y = NO; R = CF3)*.13 and osmium (42, X = Y = CO; 

R = H, CF3)2J4. Cationic osmium complexes are also known (42, X = CO; Y = NO; 
R = H, Ph or COOMe)2.15. 
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The reaction betwecn iron carbonyls and acetylenes has been extensively investi- 
gated242. Oligomerization of the acetylene and insertion of carbon monoxide both 
occur very easily and it is only possible to isolate complexes of type 41 which have 
very bulky substituents. Dinuclear complexes of the types 43, 44 and 45 also 

t -Bu  

I t -Bu  F,C /cF3 
CRR CPC' . .  . .  \ 

CO), Fy +e (co), /"=7 
. .  (CO) F -SRFe(CO), 

' 
. .  

(CO 1, F e g /  

,C+ 
Y \ R  t -Bu  I I CF, 

t-BU c F, Fe 
(CO). 
(43) (44). (45) 

containing bulky substituents (R = Ph, 2-Bu) can be isolated in the reaction of 
acetylenes with Fe,(CO), and Fe,(CO),, respectively. The structure of 43 has been 
determined by X-rays24s. 

In  the reaction of Fe,(CO),, with di(r-butyl) acetylene a different dimer, 44, is 
also formed in relatively high yield (42%)24s. This molecule is unusually stable, 
subliming in air a t  175 "C. The iron-iron bond is very short (2.215 A) and, as the 
molecule is diamagnetic, this is believed to be indicative of a double bond between 
the iron atoms. All four carbon monoxide molecules and the two iron atoms are 
coplanar and the unsaturated carbons of the two acetylene molecules define another 
plane perpendicular to the first one. 

There is also another type of dinuclear iron-acetylene complex, 4 P 7 ,  in which 
there is no metal-metal bond2". Here the iron and sulphur atoms form a cluster, 
and both the substituents on the sulphur are in the axial position in the crystal. 

Recently there has been considerable interest in the reactions of the trinuclear 
dodecacarbonyls M3(C0),, (where M is Fe, Ru or O S ) ~ , ~ ~ ,  250. These molecules, the 
smallest cluster compounds, contain three metal-metal bonds and their metal cores 
therefore crudely approximate metal surfaces. Their reactions have been studied 
extensively in an attempt to understand the chemisorption of unsaturated organic 
molecules on metal surfaces, an important step in heterogeneous catalysis. 

When heated with acetylenes these M3(CO),z molecules form a large number of 
compounds including the simple alkyne complexes 46251-253 and 47251. 2521 254* 255, 

R 
I 

I 
R 

(47) 

metallocyclopentadiene, metallocyclohexadienone, hexasubstituted benzenes and 
many complexes containing quinone, cyclopentadienone, cycloheptatrienone and 
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cyclobutadiene ligands2,iz* 251-255. The iron cluster is easily broken and the majority of 
the organic compounds are synthesized with only this metal. The ruthenium and 
osmium clusters tend to remain intact, in keeping with the general rule that metal- 
metal bond strengths increase with the atomic weight of the metalzs0. The ruthenium 
compound reacts under milder conditions and, in the early stages of the reaction, 
carbon monoxide molecules are substituted by acetylenes to  give (RC=CR),Ru,- 
(CO), and (RC=CR),Ru,(CO),,, along with 46 and 47z5z, 256. 

The high temperatures required for these reactions cause extensive decomposition, 
particularly for the osmium complexes253. However, the dihydro compound 
H20s3(CO)lo reacts a t  room temperature in hexane t o  give almost quantitative yields 
of the vinyl compound 48 (Scheme 4)257-259. At 70 "C, the diphenylacetylene derivative 
reduces another molecule of the acetylene to cis-stilbenc, and is oxidized to 49, 
which in turn adds a further molecule of acetylene to  yield osmiacyclopentadiene 
and then benzenes250. 

In the absence of additional acetylene, heating 48 eliminates carbon monoxide and 
with the diphenylacetylene derivative complex 50 is formed. This type of comp!ex is 
also formed when olcjins react with M3(CO)12 at  high temperature260-26z. When R' 
is hydrogen in 48, this atom migrates and the vinylidene-bridged compound 51 is 
formed. This again is produced from the reaction of terminal olefins with Os,(CO),,. 

At higher temperatures both H30~3(C0)10 and O S ~ ( C O ) ~ ~  react with acetylenes to 
give 52. The structure of this molecule is not  known but its infrared spectrum shows 
the presence of bridging carbonyl groups, a n  unusual feature for  an osmium cluster 
compound, and two possible structures 52a and 52b are given in Scheme 4253v 258. 

53 is produced from 52 by heating, and also by removal of H2 by excess acetylene 
from 48. 

Heating OS,(CO),~ and  triphenylphosphine under reflux in toluene produccs nine 
compounds, one of which Os,(CO),(PPh,),(C,H,) contains a benzyne fragment 
attached to the osmium cluster via a five-centre four-electron bond263. This type of 
stabilized benzyne complex also occurs in the products of the reactions of osmium 
dodecacarbonyl v/ith a rs ineP '  and aryl compounds (including benzene)z65. The 
generality of this reaction clearly shows that the Os,(C,H,) framework (54) is an 
inherently stable structure. 

In summary these reactions of the osmium cluster show that, given the appropriate 
ligands, H2 may be easily lost or gained from the cluster, that the hydride ligand 
easily migrates around the cluster and that unsaturated organic molecules may either 
lose or gain H2 from such systems. 

6. Cobalt, rhodium and iridium 

Mononuclear cobalt complexes containing acetylenes are rare, but can be formed 
in carefully controlled conditions266. Compound 55 is stable in air as a solid but 
decomposes in solution. A further molccule of acetylene adds easily to give a 
cobaltacyclopentadiene, 56, an intermediate in the synthesis of heterocyclic 
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 molecule^^^^^ 2G8 and a catalyst for the copolymerization of acetylenes with 
acrylonitrile2Gg. 

i-PrMgBr RC-CH‘ 
,ci - 

R 
PhC=CPh ’ Ph,P **. 

‘,Ph R 
(55) (56) 

There are two common complexes containing unreacted alkynes, CO,(CO)~- 
(RC=CR’), 57 and CO~(CO)~~(RC=CR’), 58.* The structures and reactivities of 
1 hese molecules have recently been extensively reviewed*58 and will not be discussed 
here. 

R R 
\ /  R 

I 

‘co 

I 
R 

(57) (58) 

Mononuclear rhodium complexes are excellent catalysts for polymerization of 
acetylenes and have proved difficult to isolate. 4-Coordinate Rh’ complexes (59, 

(Ph,P),RhCI c. (Ph,P),RhCI+Ph,P 

RCECRI 

(P h, P) ,R h (RC =C R) CI 
I 

(59) 

R = CF, or  Ph), stabilized by phosphine ligands, have been isolated27o. ?71 and 
small amounts of 5-coordinate complexes (60, R = COOMe or CN) are formcd 
by addition of acetylenes to traris-(PPh,),RhCI(C0)?7?. 273. 

(60) 

Despite the remarkable stability of Co,(CO)G(RC=CR) no corresponding 
rhodium compound is known. This is probably due to the instability of the starting 
material Rh2(CO)8, even under high pressures of carbon monoxide?’.’. However 
Rh2(PFJ8 reacts with disubstituted acetylenes (both alkyl and aryl) to produce 

* In thc structure for 58 two CO moleculcs have bcen omitted from the cobalt atom at 
the rear for the sake of clarity. 
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Rh,(PF,),(RC=CR)275 which has a similar to  the cobalt complex 57. 
The corresponding rhodium-phenylacetylene complex is a n  excellent catalyst, 
forming linear polymers with average molecular weights of around 10,000 277. 

The reaction of Rh2(PF3), with di-f-butylacetylene forms a similar complex, 61, 
but with one fewer PF3 This compound is diamagnetic and the structure 
therefore requires a double bond. In  pentane at  room temperature another molecule 
of PF3 adds to  form the usual M,(ligand),(acetylene) complex. 

(61 1 (62) 

Another dinuclear rhodium-acetylene complex, 62, is formed from hexafluoro-2- 
butyne and (q5-C6H5)Rh(C0), 279. An X-ray structure determination has shown 
that this complex, unlike the other acetylene-bridged dinuclear compounds, has the 
acetylene in  the same plane as the rhodium atoms280. 

Ph 
I 
C\ 

OC \ , k - P h  

OC~:~~Rh-RhinioCO 

c 1 'PPh, 
Ph' *c 

I 
Ph 

(63) 

A dinuclear rhodium complex, 63, in which the acetylenes are nor bridging, is 
formed when diphenylacetylene, triphenylphosphine and Rh,(CO),, are heated 
together*,l. Small amounts of trinuclear rhodium and iridium complexes, 64 and 
65282, are formed when diphenylacetylene reacts with (q5-CsH5)M(CO), (where 
M = Ir or Rh). The structure of 65 was assigned by comparison with the analogous 
iron complex (46)ZAg. 

Ph Ph Ph p\h / 

(65) 

Mononuclear complexes of Ir' are  common and, like the complexes of the nucleo- 
philic metals of the nickel triad, they are stabilized by electron-withdrawing groups 
on the acetylene. However, unlike in platinum chemistry, complexes which contain 
five ligands are the most common. 
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4-Coordinate complexes are synthesized by addition of acetylenes (R = COOMe, 
COPh, Ph) to the nitrogen complex, 66272. There is a large decrease in VC,C (about 
400cm-') on complex formation and this suggests that 67 is best described as a 
5-coordinate trigonal bipyramid complex. 

PP h, C/R 
I .... : 

cl-lr:: ill I .-.. 
CI' 'PPh, PPh,'\R 

(66) (67) 

Ph,P NGN 
Ir \ /  RC-CR 

The square planar trans-(PPh,)21r(CO)C1 complex28', 68 (Scheme 5), has formally 
only 16 electrons around the metal atom. This compound adds a fifth ligand like 
carbon monoxide, ethylene or acetylene, and often this reaction is 

COOEt 
I 
C 
111 
C 

Ir 
0C'L:PP h, 

(72) 

Ph,P..- I ..-H 

A 

HC==CCOOEt I 

1 NaCIO,, acetone, CO + 

(71 1 
SCHEME 5 

Addition of acetylenes containing electron-withdrawing groups (R = COOMe 272, 

CN 273 ,  CF, 283) produces complex 69. Again there is a large decrease in vCEc on 
complex formation and these compounds are probably best represented as 
6-coordinate. The triphenylphosphine ligands in 69 are assumed to be trans, as 
usual, although the tetracyanoethylene analogue of this complex was found to have 
the triphenylphosphine ligands cis to each other in the same plane as the 01efin~~J. 
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Compound 68 is also the starting point for the synthesis of the cationic complexes 
70ZB6 and 712s6, and reacts with terminal acetylenes by oxidative addition, forming 
the 6-coordinate Ir”’ complex 72272. 

At low temperatures acetylenes (R = CF, 287* 288, CN 273, COOEt 288) insert into 
the iridium-hydrogen bond of IrH(CO)(PPh,), to give the 5-coordinate vinyl 
complex, 73. At higher temperatures, in the presence of excess acetylene, the unusual 

R 

o-vinyl-x-acetylene complex (74) is formed. X-ray studies on  this complex (R = CN) 
showed the phosphines to  be in the usual rrnns configuration and the structure to be 
roughly trigonal bipyramidalZB8”. The  x-coordinated triple bond is in the trigonal 
plane and its length (1.29 A) is the same as that in the dicyanovinyl group, suggesting 
that the complex is best considered as  6-coordinate. 

The structure with the acetylene (a strong x acceptor) in the equatorial plane of the 
trigonal bipyramid is consistent with a recent theoretical treatment on 5-coordinate 
de  Another iridium complex, 75, formed when chIoro(cycloocta-l,5diene)- 
iridium’ dimer reacts with hexafluoro-2-butyne in etherzo1, is also consistent with this 
theory. This complex has both the acetylene and one olefin bond in the trigonal plane, 
with the other olefin bond being constrained to  an apical position. An unusual 
feature of this molecule is that i t  is the first complex to  be prepared with unconnected 
acetylene and olefin ligands around the same ion. 

(75) 

The reaction of nitrosyltris(tripheny1phosphine)iridium with hexafluoro-2-butyne 
gives an  unusual dinuclear iridium complex, 76, in which the iridium retains its 
square planar configuration and there is no metal-metal bondzD2. 

7. Nickel, palladium and platinum 

Complexes of metals of the nickel triad are excellent catalysts for oligomerization 
of acetylenes and isolation of the intermediate complexes is consequently d i f i ~ u l t ~ ~ ~ .  
Nevertheless many stable monomeric Mo and M” complexes containing x-bonded 
acetylenes are k n o ~ n ~ ~ . ~ ,  with the platinum ones being easiest to  isolate and the 
nickel ones the most difficult. Mo complexes of =-acidic acetylencs stabilized by 
phosphine ligands with bulky substituents are the most common. These are stabilized 
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by the considerable back-donation (d-2 x* )  from the metal and it has been estimated 
from ESCA measurements that as much as 0.7 of an electron is back-donated2". 

Bridged M' complexes, 77, in which the acetylene ligand bonds with two metal 
atoms are known for nicke12966-209 and p a I l a d i ~ r n ~ ~ ~ ~  301. No acetylene complexes of 
MIv ions have been reported, although the 5-coordinate Pt" complexes could be 
considered to be 6-coordinate PtIV complexes. 

R 

R 
(77) 

a. Zerovalent complexes. Nickel complexes, 78, have been synthesized by (i) 
replacement of an olefin in a complex by an ,03, (ii) addition of diphenyl- 
acetylene to 'Ni(t-BuNC),' ,O4, 305 and ( i i i )  addition of ligands (L = PPh,, r-BuNC, 
CO, 1,2-diphenyIphosphinoethane, cycloocta-1,s-diene) to the nickel cluster com- 
pound Ni,(CO),(CF,C=CCF,), ,OG. Formation of this cluster compound is of 
interest as it involves a transient dicarbonyl complex (78, M = Ni, L = CO), along 
with hexakistrifluoromethylbenzene. Addition of cyclooctatetrene to the cluster 
compound produces Ni3(CO),(C8H8j(CF3C2CF3), 79, and an X-ray structure 

room temperature 

Ni,(CO),(F,CC=CCF,), 

(79) 

determination has shown this to have the nickel atoms in an isoscelcs triangle 
sandwiched between the cyclooctatetrene and the acetylene. The cyclooctatetrene 
ring is planar., and is almost coplanar with the nickel atoms (separation between 
the planes is 0.08 A). In  solution this molecule exhibits unusual fluxional behaviour, 
having only a singlet in the lH n.m.r. even at -90". 

Acetylene complexes of palladium are synthesized by displacing either two 
triphenylphosphine ligands from (Ph,P),Pd 16% ,02* ,07 or fumaronitrile from a PdO 
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phosphine complex3o8. 309, or by reduction of a Pd" complex1G9. A recent modification 
of the first method, treating the bis(dibenzy1ideneacetone) palladium(0) complex 
[Pd(dba),] 310 with tertiary phosphines and then with the acetylene, is particularly 
s u c c e s ~ f u l ~ ~ ~ .  312. 

The more numerous platinum complexes are usually made by addition of an 
acetylene to cis-dichlorobis(tripheny1phosphine)platinum in the presence of a reducing 
agent, usually hydrazine169s 302, 313. They can also be synthesized by displacement of 
triphenylphosphine ligands from (PPh,),Pt and (PPh,),Pt by acetylenes3'.'. 318. 

Unstable organic ligands are often stabilized by complexing with metal ions. 
Cyclooctyne is the smallest cyclic acetylene isolated but both cyclohexyne and 
cycloheptyne complexes of PtO, 80, have been prepared in good yield from the 
1 ,2-dibromocycloolefins31s. 

(80) 

Both these compounds are stable in air and the cycloheptynyl ligand cannot be 
displaced by other ligands. The cyclohexynyl complex is much less stable in the 
presence of weak protic acids like nitromethane, water, methanol and acetone3IGb. 
Oxidative addition of water, followed by insertion of the cyclohexyne into the 
Pt-H bond, results in the non-ionic hydroxy Pt" complex, 81. 

5 
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Attempts to  isolate a platinum-stabilized benzyne by heating 1,2,3-benzo- 
thiadiazole-1 , I  -dioxide in the presence of (PPh,),Pt have all been unsuccessfu1317-319. 
However, the production of 2,6,11-substituted triphenylenes in yields of up to  40% 
is taken to be evidence for the intermediacy of the benzyne complex. 

b. Diualenf complexes. Divalent nickel complexes containing sc-acetylene ligands 
undergo insertion reactions and polymerize acetylenes too efficiently to permit their 
isolation. Palladium complexes are also very reactive but bulky substituents on  the 
acetylenes slow the oligomerization and one compound, the chlorine-bridged dimer 
[(t-BuC=CBu-t)PdC12],, has been prepared320. 

Neutral complexes PtCI,(RC=CR)(amine) are formed by addition of the amine 
to a solution of Pt,Cl,(RC=CR), in 322, and anionic 4-coordinate Pt" 
complexes are formed by displacement of either the chloride ion from tetrachloro- 
 lat tin at el'^ or ethylene from Zeise's salt. 

K,PtCI,+RC=CR - K[PtCI,(RC=CR)]+KCI 

Cationic Pt" complexes, 82 (Scheme 6), are formed by removal of chloride ion 
from trans-Pt(Cl)(CH,)L, (83) in the presence of dialkyl- or diarylacetylenes14D* 3239 324. 

H3C' 'L 
(82) + 

[Pt {RC=C(OCH,)R) L,] PF6- 

[Pt (RC=C(CH,)R) 

(85) 

L L I  

Aprotic s o y  H3c'(83)'L 
C F,C -CC F, 

CH3 
I - 

\ I  c L 

c F3 '1 = PhPMe, or AsMe,) CI 

SCHEME 6 

Stronger sc-acids under the same conditioiis in alcohol as solverit produce the 
trans-vinyl ethers, 841"1 and in aprotic solvents insert into the methyl-platinum 
bond to  give the cis-vinyl complexes, 85149s 325. 

In  the absence of silver ion and a t  room temperature hcxafluoro-2-butyne simply 
adds onto 83 to give a 5-coordinate Pt" complex, 8632G* ,?'. At higher temperatures 
the acetylene inserts into the methyl-platinum bond, giving the cis-vinyl 4-coordinate 
complex, 87328. 



4. Acidity, hydrogen bonding and coniplcx formation 117 

Stable 5-coordinate Pt" compiexesliG. 32n, containing a wide variety of acetylenes 
including terminal and alkyl- and aryl-substituted acetylenes, are stabilized by a 
tridentate ligand, the  tripyrazolylborate anion (88). After removal of a chloride 
ion from Pt(CH,)CI(x-I ,5-C8H,.J, the cyclooctadiene becomes labile and can be 
replaced by the tripyrazolylborate anion. This 4-coordinate Pt" complex readily 
reacts with acetylenes to produce 88. 

c. Strrrctitre of /lie ncetyler~e in  he complex. In both the 3- and 4-coordinate 
complexes the metal does no t  have the 18-electron configuration required for the 
inert gas structure, unless the acetylenic ligand acts as a 4-electron donor. As 
discussed in the bonding section in the 3-coordinate complexes the acetylene is in 
the same plane as the other ligands and is considerably perturbed as shown by the 
large increase in the carbon-carbon distance, the change in vcEC, the l H  n.m.r. of 
RC=CH, and the deviation from linearity of the substituents. All these data are 
consistent with the hydrocarbon in the complex being intermediate between an 
acetylene and an  olefin. 

The 4-coordinate Pt" complexes have the acetylcne perpendicirlnr to the plane of 
coordination. X-ray and infrared data show there to bc little change in the acetylene 
and the metal ion in these complexes is consequently closer to  a 16-electron system. 
This electron deficiency permits an increase in the coordination number by addition 
of a further acetylene, and results in oligonierization. 

8. Copper, silver and gold 

Copper complexes are particularly important in organic synthesis126. 330. The 
addition of 'ate' complexes (e.g. R,CuLi) to alkynes is used extensively in the stereo- 
selective synthesis of trisubstituted a l k e n e ~ ~ ~ ~ - ~ ~ ~ ,  the oxidative coupling of two 
1-alkynes is catalysed by cuprous ion14o, and, in a similar reaction, l-halogeno- 
acetylenes couple with alkynylcopper salts, eliminating cuprous h a I i d e ~ l ~ ~ - l ~ ~ .  

The 1-alkynylcoppcr salts, 89, are much niore stable than alkyl- and arylcopper 
complexes, hydrochloric acid at elevated temperatures being required for hydrolysis 
(except when R = H, CH3, CU)'*~. 

Most monoacctylides of copper, silver and gold are polymeric, the smallest ones 
being tetramers of Au' (90)12y0 135. Several mixed acetylides, in which copper and 
silver are x-bonded to other metal atoms (e.g. R h  and Re  133) and cluster 
compounds containing bridging acctylide l igandPG, are also known. 

x-Alkyne complexes of copper are also polymeric. CuCI(2-butyne) is a tetramer 
consisting of puckered Cu,CI, with a 2-butyne molecule attached to each copper 
atom, and CuCl(hepta-l,6-diyne) has Cu-C1-Cu chains cross-linked by ~i bonding 
to  the termini of the diyneSSR'. 

Ir 
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f-Bu 
I 

A u  I 
I A u  

I 
f-Bu 

(901 

Gold catalyses the hydrogenation of 2-butyne to 2-butene, the cis isomer being 
the predominant A x-acetylenic complex of gold is presumably an 
intermediate in this reaction, although only a few mono- and dinuclear complexes 
are  isolable. Dialkylacetylenes (R = Me, Et) and diphenylacetylene react with AuCI 
to form (RC=CR)AuCI 33'J, and cyclooctyne forms the stable complex (cyclo- 
octyne),MBr (where M = Au, CuY40. 

Hexafluoro-2-butyne and CH3AuPR3 d o  not form a sr-acetylenic complex, and 
insertion of the alkyne into the gold-methyl bond, one of the two processes which 
occur a t  elevated temperatures, involves an unusual mechanism. Initially one of the 
gold atoms is oxidized to Ad1 ' ,  giving the unsymmetrical complex 91 and this then 

Me PMe, 
\ /  

FJ, p\ F,C CF, 
c F3 
I 
C 

C F,C /c\ AuPMe, Me 'AuPMe, I 
c F, 

C Me ether, \ 1 111 + 2MeAuPN.e, - I1 /c=c 

(92) 

acetone 

F,C\ ,AuPMe, 

'A u P M e, 

C 

(91) \ 
I I  -+ C2H6 

(93) 
F, C 

decomposes into either the methyl insertion product 92 o r  undergoes reductive 
elimination to give 933.11-3.'5. 

The dinuclear Au"' compIexes 94 and 95 are formed when an excess of AuCI, 
reacts with 2-butyne, but when the alkyne is in excess, then (RC=CR),Au,CI,, 96, 

Me, ,Me 

cTc 

,c=c, ,c=c, 
Me Me Me Me 
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is formcd. In  this complex both alkynes are attached to  the same gold ion which has 
been reduced to Au' 34G. 

C .  Other Complexes 

I .  Oligornerization 

Pyrolysis of acetylene produces benzene and other hydrocarbons, but the yield is 
low and of little synthetic value. Consequently the discovery by Reppe317 that 
oligomerization of acetylene to cyclooctatctrene (70% yield) occurs under relatively 
mild conditions in the presence of Nil' salts stimulated an  enormous interest in 
transition metals as  catalysts for oligomerization. 

Modification of the Ni" catalyst by introduction of an equimolar amount of the 
powerful ligand triphenylphosphine completely prevents formation of cycloocta- 
tetrene, and only benzenes are f ~ r m e d ~ . l ~ - ~ ~ ~ .  Carbon monoxide has a similar 
inhibiting effect351 and 1-alkynes are polymerized in the presence of phosphine 
nickel carbonyls to mixtures of aromatic trimers (1,2,4- and 1,3,5-substituted 
benzenes) and  linear  polymer^^^^-^^'. 

Subsequently the oligomerization of alkynes has been studied extensively and the 
structures of most of the intermediates elucidated. T h e  Pd"-catalysed reactions have 
proved to be the most amenable to study and a s  this topic has been reviewed 
r e ~ e n t l y l ~ ~ ~  355, the mechanism of the oligomerization (Scheme 7) is presented without 
the evidence for the intermediates. 

The reaction consists of a scries of cis insertions of coordinated acetylenes into a 
Pd-CI or a Pd-vinyl bond. The relative rates of these reactions depend upon the 
bulk of the substituents R and R' of the acetylene, and  in the case R = R' = t-butyl 
no  insertion occurs. For R = t-butyl and R' = phenyl appreciable amounts of the 
cyclobutadiene are formed, and for smaller substituents (R = R' = methyl, tri- 
fluoromethyl, carboxymethyl or hydrogen) then trimerization occurs. 

For the metals of the nickel triad the Mn-catalysed oligomerization reaction 
involves oxidation of the metal to M". The mcchanism postulated for 1-alkynes 
involves formation of a M"(acetylide)(hydride) c o r n p l ~ x ~ ~ ~  and, with the non-terminal 
alkynes, a metallocyclopcntadiene, (97), is formed. Polymeric complexes of this 
type (R = COOMe) are formed for Pt and Pd, with the slightly more stable platinum 
complex having been observed by Both thcse complexes catalyse the 
formation of hexacarbomethoxybenzene. They are much lcss stablc than those of the 
cobalt triadgG7* 2 i 2 n  2 i R ,  2 8 7 9  358-3G1, but the nicchanism of their formation is believed t o  
be the same. Nuclcophilic attack by the clectron-rich nietal Mo on an electrophilic 
acetylene produces an initial x complex. This ring then opens to become a dipolar 
species, and is coniplexed by another acctylenc which subsequently inserts into the 
metal-vinyl bond. Finally, ring closure produces the nietallocyclopentadicne. 

The subsequent steps in the trimerization are less well investigated, but a 'bent- 
benzene' complex, 98, is produced when hexafluoro-2-butyne reacts with bis(l,5- 
cyclooctadiene) nickc13GGj. Similar rhodium(1) and  indium(1) complexes are  
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known3G0-3G9 and as these release benzene derivatives on heating, it has been 
postulated that the metallocyclopentadienes are converted into ‘bent benzenes’ and 
these yield the trirner. 

R 

M ( 0 )  + ‘OR R R 

R 

2. Metallo-ring compounds 

Acetylenes react with transition metal ions to  form 3-, 5- and 7-membered rings 
(99, 100 and 101). The 3-membered rings have already been discussed extensively 
and the 5-membered mononuclear derivatives of metals from the cobalt and nickel 

triads are intermediates in oligomerization reactions. Mononuclear metallocyclo- 
pentadienes are also known for ironza2, ruthenium37o, titanium, zirconium and 
hafnium183. lB5. Dinuclcar nietallocyclopentadiene complexes of metals from the 
iron (102)z’2. 371-374 and cobalt (103)281p 3 7 ~ - 3 7 8  triads are also numerous. 
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These metallocyclopentadiefies can be used t o  synthesize a wide variety of hetero- 
cyclic molecules. The metal atoms of ferra-, rhoda- and cobaltacyclopentadiene 
complexes are replaced by S, Se, N R  and PPh, yielding 5-membered hetero- 
c y c l i c ~ ~ ~ ~ *  370* 380. Cobaltacyclopentadienes also react with acetylenes and olefins to  
give benzenes and 1,3-he~adienes~~' ,  and give 6-membered heterocyclics, pyridines, 
1 ,2-dithiopyrones and N-methyl-2-thiopyridones when reacted with nitriles, carbon 
disulphide and methylisothiocyanate re~pectively~~' .  The  polymeric palladocyclo- 
pentadiene reacts with oxygen to give furan311. 

Reaction of Ni(CF,C=CCF,)(AsPhMe,), with excess of hexafluoro-Zbutyne 
produces complex 1043s2. This has a cis-trans-cis arrangement for the triene, as 

(1 04) 

established by an X-ray structure303. The analogous platinum compound is also 
formed382. Ring expansion of the 1,2,-~pbonded arene complex 105 produces the 
all-cis isomer 106, and this structure has been confirmed by ~ r y s t a l l o g r a p h y ~ ~ ~ .  
Attempts to convert 106 into 104 have been unsuccessful. 

f-BuNC 

3. Cyclobutadienyl ligands 

The moiecular orbitals of cyclobutadiene (square form) are of appropriate 
symmetry to  interact with the orbitals of transition metal atoms, both for coordi- 
nation and back-dona t i~n~~ ' .  Hence, despite the instability of the 'free' anti-aromatic 
cyclobutadiene, this molecule is stable in complexes, and a large number have been 
synthesized from acetylenes. The complexed cyclobutadiene exhibits aromatic 
behaviour, undergoing a variety of electrophilic substitution reactions. 

This field is still being actively researchedRs5 but as there has been a recent review148 
it will not be further discussed here. 

4. Reaction with carbonyls 

Much of the early work on the reactions of acetylenes with transition metals 
employed carbonyl complexes. Often these ligands combine together t o  produce 
ketones, quinones or  lactones and some of thc complexes isolated are given in 
Figure 9. The chemistry of the iron compounds has been 2~12i 386-388 but 
more recently many of their ruthenium2"* 252 and 265 analogues have been 
isolated. 

Metals of the chromium, manganese and particularly thc cobalt triads form some 
similar complexes to those of iron and produce cyclopentadienones and benzo- 
q ~ i n o n e s ~ ' ~ ~  38'J-391. The mechanism of these reactions has been reviewed recentlyla2. 
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FIGURE 9. Compounds formed in reaction of acetylenes with metal carbonyls. 

Compound (114), formed from Co,(CO),(R’C=CR) and carbon monoxide under 
pressure3D2* 333, decomposes to form cis- and tr~ns-dilactones~”~. Reduction of the 
trans isomer (R = Me, R’ = H) yields 2,6-dimethylsuberic acid3”. 

115 is a Ti-ally1 complex formed when alkylcobalt tetracarbonyls react with 
acetylenes in the presence of carbon monoxide. The acetylene is believed to insert 
into a mctal-acyl bond, followed by carbon monoxide insertion and then 
c y c l i z a t i ~ n ~ ~ ~ .  When X is an activating group (e .g  nitrile or ester), treatment with 
base results in elimination of a pentadienolactone. 

5. Vinyl 
Acetylenes insert into metal-hydrogen bonds to produce vinyl complexes, with 

cis stereochemistry about the double bond182. l 9 2 ,  2311 232. 397. The metals of the nickel 
triad have been studied extensively308 and the particular example of platinum is used 
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in Scheme 8. The 5-coordinate Pt" complex with the x-coordinated acetylene is 
believed to be a common intermediate in the formation of the vinyl complex from 

H, /PPh, 
Pt 4- RCGCR 

X 
Ph P ...cNR PW, / 'it,..; 

/ I -.. ill ' - H\ /Pt\pph, 

Ph,P' 'X 
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/ \  

R / Ph,P x c , ~  
PhP, ...c' R R 

Fx ,p c... ill 
c,R 

Ph,P 

R R  
\ /  

H C=C RHC=CHR + PtX, - Ph,P, I / \ 
H 

X/ Tt\ P P h, 
X 

SCHEME 8 

both the hydrido Pt" and the 3-coordinate PtO complexes. Excess mineral acid 
converts the vinyl complex, via oxidative addition to the 6-coordinate Pt'" complex, 
into olefin (usually with the cis stereochemistry retained) and PdCI, 30g402. 

6. Macrocyclic diynes 
Macrocyclic diynes react with Fe(CO),, Fe,(C0),2, (YJ~-C,H,)CO(CO), and 

(q6-C,H,)Rh(CO), to form tricyclic cyclobutadienes (Scheme 9)403407. In the iron 

/=\ 
\J 

(CHdrn (CHz)n + M(CO), 

or 6 
6 

rn = 4 , n  = 4 o r 5  

SCHEME 9 
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carbonyl reactions the product depends on the ring size, the smaller rings yielding 
the binuclear ferracyclopentadiene and tricyclic cyclopentadienyliron carbonyl 
compounds. These are all products of intramolecular transannular cyclization 
reactions and the postulated reaction sequence is given in Scheme 9. There is some 
evidence for the conversion of metallocyclopentadienes into cyclobutadienes, but 
the formation of the tricyclic cyclopentadiene, requiring a 1 ,Zhydrogen migration 
and loss of one hydrogen atom, is more unusual. 

In contrast to  the above, reaction of alkadiynes with [(q5-C5H5)Ni(C0)J2 and 
with Co,(CO), produces tetranuclear complexes containing one diyne moleculeqo8, 
with each triple bond bridging a metal-metal bond, as found in the co,(Co)o- 
(RC=CR) complexes. 

7. Alkoxycarbenes 

Removal of the chloride ion from trans-PtCl(CH,)L2, where L is PMe,Ph or  
AsMe,, by AgPF, in the presence of terminal acetylenes and alcohols leads to the 
formation of alkoxycarbene complexes, 117 (Scheme 400* 410. Similarly the 

/' -\ 

(116) ( X =  M d  
ASf'F,/RC=CH 

PhMe,P X 

+ 

PMe,Ph 
\ /  

Pt 
/ \  

tiNc=c 

PhMe,P X 

SCHEME 10 

acetylide complexes (118) react with protic acids having non-nucleophilic anions 
(e.g. PF,) to  form alkoxycarbenesZ1'. More nucleophilic anions, like chloride, result 
in displacement of the acetylide anion in methanol, but in tetrahydrofuran hydrogen 
chloride adds to  give a mixture of cis- and trans-chlorovinyl complexes (119). 
Vinyl halides are normally unreactive in s o l v ~ l y s i s ~ ~ ~ ,  but 119 immediately forms 
the alkoxycarbene cation on dissolving in methan01"~. 
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All experimental data point to  a a-vinyl cation (120) being the common inter- 
mediate in formation of the carbene. For example, replacement of the chloride ion 
of 116 by an alkyne yields a transient it-complex which can then undergo a hydride 
shift to  produce 120. Nucleophilic attack by the methanol then yields the alkoxy- 
carbene. An alternative mechanism, in which the x-complex adds the alcohol to 

form a x-vinyl complex, was discounted when the latter type of complex was found 
to be stable a t  80 OC305. 

The nickel analogue of 118 (X = C,CI,) reacts with perchloric acid in alcohols to 
form a stable alkoxycarbene nickel complex414, and the iridium complex (121) is 
formed by removal of a trans iodide ion with silver hexaphosphat~ '~~* 41G. 

+ 
Me Me 

Pt 
Me,,,, I ,,,,PMe,Ph L,, I ,co [ Cl'jl :"' .L 1 [PF.]- PhMe,P'k,,.CF, 

H,C' *O 
I 1 

MeOk 'Me 

it-Acetylene complexes of Pt'" are too unstable to isolate, but evidence for their 
existence as transients is provided by the formation of the cyclic alkoxycarbene 122 
in the reaction of PtMc,(CF,)I(PMe,Ph), with AgPFs in the presence of 
3-butyne-1-01 417. 

show the carbene carbon of the complexed alkoxycarbenes 
to  have a comparable amount of positive charge to that on the central carbon of 
CR; (where R is alkyl)"22. Infrared'23. 424, photoelectron425 and Mossbauer42B 
spectroscopy all show the alkoxycarbenc ligands to be strong a-donors, but there 
is some disagreement as to whether they are strong or weak it-acceptors. All these 
physical data are therefore consistent with the alkoxycarbenes being better repre- 
sented by structure 123, in which there is a metal-stabilized carbonium ion. However, 

13C n.m.r. 

the nickel complex exists as two geometric isomers, cis and trurzs, about the carbon- 
oxygen bond, showing that therc is considerable charge delocalization onto the 
oxygen414. 
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Recently the a-x-acetylide ligand in 124 has been found t o  react with trialkyl- and 
triarylphosphites t o  give the ylide carbene 12S2’. An X-ray structure determination 

Ph 
I 4- 

C (EtO),P Ph (EtO),P Ph 

1 . L  

\ -/ 

(E10)3Pb (C 0) , FeK-/ Fe(CO), - (CO), Fe,? Fe (CO) , 
P 
/ \  

P P 
/ \  / \  

Ph Ph Ph Ph Ph Ph 

(124) (125) (1 26) 

showed the two-carbon bridge t o  have appreciable double-bond character (C-C 
is 1.34 A), suggesting that the molecule is better represented as the phosophonium 
betaine 126. 
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1. INTRODUCTION 

The analytical chemistry of acetylene and  acetylenic compounds has been reviewed 
by many This chapter therefore does not include much material, especially 
procedural details, that is readily accessible in these sources. It does attempt to give, 
however, a balanced account of the most important methods for the qualitative 
and quantitative analysis of acetylenic compounds. Mass spectrometry is not 
treated here, a separate chapter being devoted to this method of structure elucidation. 

A considerable fraction of the analytical literature on alkynes deals with the 
analysis of acetylene itself, often as a minor or trace constituent in gaseous mixtures. 
This work is probably not of wide interest to  organic chemists. The  emphasis in 
this chapter is on substituted acetylenes. The  analysis of these compounds is important 
because of the occurrence of the carbon-carbon triple bond in many industrial 
chemicals, natural products, pesticides and drug molecules. 

137 

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

Copyright 0 1978 by John Wiley & Sons. Ltd. All rights reserved. 



138 K. A. Connors 

II. DETECTION AND IDENTIFICATION 

A. Chemical Methods 

Alkynes decolourize bromine and permanganate, but these tests are not very 
useful since alkenes give the same responses. Acetylene and monosubstituted 
acetylenes give a characteristic test with the Ilosvay reagent9, an ammoniacal 
cuprous solution. Equation (1) shows the reaction with acetylene. The procedure 
given is that of Feigl'O. 

HC=CH+2Cu++2NH3 - CuC=CCu+2NH: (1 ) 

Reugerrts. (1) Dissolve 1-5 g of cupric chloride and 3 g of ammonium chloride in 
20 ml of concentrated ammonium hydroxide, then dilute to  50 ml with water. 
(2) Dissolve 5 g of hydroxylamine hydrochloride in 50 ml of water. To use, mix 
1 volume of solution (1) and 2 volumes of solution (2). 

Procediire. Add one drop of sample solution to one drop of mixed reagent 
solution in a spot plate. A brown-violet colour or red-brown precipitate indicates the 
presence of an acetylenic compound. The limit of detection is 1 pg of acetylene. 

Acetylene forms complex silver salts, and Feigl'O describes a test based on reaction 
with silver chromate according to equation (2). 

4Ag ++CrO:-+C,H, - Ag,C2.Ag,Cr0,+2H+ (2) 

Monosubstituted acetylenes can be converted to mercuric acetylides (equation 3), 
which are crystalline derivatives suitable for characterization. Miillere lists melting 
points for some of these derivatives. 

PRC=CH+K,HgI,+PKOH - (RC2),Hg+4KI+2H,0 (3) 

Kharasch and Assony" describe the formation of crystalline derivatives of some 
symmetrical alkynes upon treatment with 2,4-dinitrobenzenesulphenyl chloride, as 
in equation (4) (Ar = 2,4-dinitrophenyl). 

RC=CR+ArSCI - RC(CI)=CR(SAr) (4) 

A fairly general scheme for the detection and characterization of alkynes, 
developed by Sharefkin and Boghosian12, is based on hydration to form ketones, 
which are detected by means of classical carbonyl reagents. The reaction is carried 
out  in methanol solution with a catalyst mixture of mercuric oxide and boron 
trifluoride, the initial product being a ketal, which is hydrolysed to  the ketone. 
Equation ( 5 )  shows the overall hydration process. The detection test is carried out by 

treating a methanol solution of the sample compound with catalyst mixture. Half 
an hour later, aqueous potassium carbonate is added to hydrolyse the ketal. Then a 
2,4-dinitrophenylhydrazine reagent is added. A yellow to orange precipitate of the 
slightly soluble 2,4-dinitrophenylhydrazone constitutes a positive test, which is 
strengthened with the observation of a blood-red colour when the hydrazone is 
treated with alkali. 
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Reagents. (1) The catalyst suspension is prepared as follows for each test: to a 
three-inch test tube add  100 mg of red mercuric oxide, 10 mg of trichloroacetic acid, 
0.25 ml of methanol and 0.15 ml of boron trifluoride etherate. Warm the mixture in 
a water bath at 50-60 "C for 1 minute prior to use. (2) Suspend 10 g of 2,4-dinitro- 
phenylhydrazine in 850 ml of methanol, add 170 ml of concentrated hydrochloric 
acid and store in a brown bottle. 

Procediire. Dissolve about 60 mg of sample compound in 2 ml of methanol in a 
three-inch test tube. Add the warmed catalyst suspension. After half an  hour, add 
3 ml of an  aqueous 10% potassium carbonate solution, and centrifuge. Add the 
2,4-dinitrophenylhydrazine reagent until the solution is acid. A yellow to orange 
precipitate indicates that  a ketone is present. Confirm this by making a small portion 
of the liquid alkaline with 2~ methanolic potassium hydroxide; a blood-red colour 
is a positive test. 

The sample should be tested with the 2,4-dinitrophenylhydrazine reagent before 
treatment with the catalyst in order to rule out the presence of carbonyl compounds. 

TABLE 1. Response of alkynes to 2.4-dinitrophenylhydrazine test before and after hydration12 

Alkyne 
Before 

hydration 
After 

hydration Alkyne 
Before 

hydration 
After 

hydration 

1 -Pentyne 
1 -Hexyne 
2 -Hex y n e 
3-Hexyne 
1-Heptyne 
1-Octyne 
2-Octyne 
4-Octyne 
1-Nonyne 
2-Nonyne 
3-Nonyne 
4-Nonyne 
1-Decyne 
2-Decync 
3-Decyne 
4-Decyne 
5-Decyne 
I-Undecyne 
1-Dodecyne 
Diphenyl- 

acetylene 
Phenyl- 

acetylene 

+ + + + + + 
+ 
+ 
+ 
+ 
+ 
+ + + + + + + + 
+ 
+ 

Methylphenylacet ylene 
5- Methyl- 1 -hexync 
Methyl p-nitrophenyl- 

Methyl m-nitrop henyl- 

Methyl p-chlorophenyl- 

Methyl p-methylphenyl- 

p-Chlorophenylpropiolic 

Phenylpropiolic acid 
Acetylenedicarboxylic 

Dimethylacetylene 

Methyl butynol 
Methylpentynol 
Et hynylcyclohexanol 
Diphenylhexynol 
Dimethylhexynol 
Phenyl butynol 

propiolate 

propiolate 

propiolate 

propiolate 

acid 

acid 

dicarboxylic acid 

+ 
+ 

+ 
+ 
+ 
+ 
+ 

The combination of a negative response before hydration and a positive response 
after hydration is good evidence for a n  alkyne. Alkencs give a negative hydration 
test. Table 1 shows the  results of the 2,4-dinitrophenylhydrazine test before and after 
hydration for  many alkynes12. The positive results for methylbutynol and ethynyl- 
cyclohexanol were attributed to  a Rupe rearrangement giving a,?-unsaturated 
carbonyls in the acid test medium. The nitro-substituted propiolates were the only 
alkynes to give negative tests after hydration. The lower limit of detection (of 
1-pentyne) with this technique is about 6 mg. 
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Characterization of alkynes via hydration and isolation of 2,4-dinitrophenyl- 
hydrazones o r  semicarbazones is most successful for terminal or  symmetrical 
alkynes, which yield only a single ketone. Hydration of unsymmetrical alkynes 
yields a mixture of ketonesI2. Combination of this technique with chromatographic 
separation of the products would appear to be an  effective approach to  the locali- 
zation of carbon-carbon triple bonds. Spencer and coworkers13 combined ozonolysis 
and  gas chromatography t o  locate multiple bonds in alkynes and in ene-ynes. 
Ozonolysis in methanol yielded methyl esters as  major products and acids as  minor 
products; thus 4-decyne gave methyl butyrate and methyl caproate. Ozonolysls- 
GLC analysis of methyl octadec-9-en-12-ynate gave the products shown in 
equation (6). 

CH,(CH,),CO,Me (21 %) 
CH,(CHz),COzH (7.6%) 

> MeO,CCH,CHO (7.8%) (6) 
OHC(CH,),CO,Me (26%) I MeO,C(CHz),CO,Me (27%) 

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

Additional properties with some utility for identification include melting and 
boiling points3, solubilities3, partition coefficients"' and acidities15. 

B. Ultraviolet Spectroscopy 
Isolated carbon-carbon triple bonds can give rise to strong absorption a t  wave- 

lengths below 200 nm, but produce only weak, diffuse bands in the usual ultraviolet 
rang@. Among the compounds that have been studied are acetylene'', methyl- 
acetylenelB, 1-butynelD, I-octyne and 2-octyne20, 3,3-diniethyIb~t- l -yne~~,  silyl- 
acetylene and trimethylsilylacetylene'". Ultraviolet spectroscopy is not useful for 
the identification of the alkyne function in monoacetylencs. 

Conjugated acetylenes, especially polyacetylenes, display very characteristic 
ultraviolet absorption that is useful for detection and structural analysis. The 
intensity of absorption by some of these compounds can be extremely high, with 
molar absorptivities of the order lo5 I/mole cm. The  typical pattern in poly- 
acetylene spectra consists of two areas of absorption, a group of long wavelength 
bands having weak to  medium intensity, and a short wavelength group showing 
strong to extremely strong absorption. Within each group vibrational fine structure 
is usually seen, often very sharp bands separated by nearly identical frequency 
spacings. The  positions of absorption depend upon the number of conjugated bonds 
(as would be expected on the basis of the analogous polyene spectra) and upon 
other functional groups. 

These regularities can be seen in Table 2, which gives spectral data for the 
dimethylpolyacetylenes Me(C=C),Me (n  = 2-6)21-2.'. The data (AIIIRS, log E,,,:,,) arc 
presented with the authors' assignments of band A as  the longest wavelength 
transition of the medium-intensity group and band L as  the longest wavelength 
transition of the high-intensity group. Plots of (h,llDS)2 against 11 are linear for the 
A and L bandsz4. The  frequency spacings are about 2300 cm-' for the bands in the 
A-E group, and about 2100 cm-' in  the L-P group; thesc spacings are essentially 
independent of 11.  It  has been noted that these values correspond well with thc triple- 
bond stretching frequency in the infrared"'. 

Table 3 gives data on the effects of substitution in diacetylcnes on the wavelengths 
and  intensities of absorption. Small bathochroniic shifts are  seen for most substi- 
tutions. The intensity of absorption ifi the phenyl-substituted compounds indicates 
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TABLE 2. Ultraviolet absorption properties of dimethylpolyacetylenes, Me(C=C),Me 
~~ 

High-intensity bands Medium-intensity bands 

n P  0 N M L E D c B A Reference 

219 
(2-48) 

239 253 
(2.02) (2.1 1) 

286 
(2.1 5) 

325 
(2.36) 

- 

- 

- 

227 
(2.57) 

268 
(2.30) 

306 
(2.26) 

348 
(2.32) 

236 

28 6 
(2.30) 

328 
(2.26) 

374 
(2.18) 

(2.52) 
250 21 
(2.20) 

306 22 
(2.08) 

3 54 23 

394 24 
(2.08) 

24 

(2.02) 

- 

- - (207 - 3 -  

4 -  205 215 226 234 

5 215 224 234 247 261 

6 231 242 255 269 284 

(> 5.13) 

(4.39) (4.96) (5.30) (5.45) 

(4.00) (4.46) (4.98) (5.39) (5.55) 

(4-24) (4.67) (5.1 1) (5.50) (5.65) 

In ethanol. 
b Absorption maxima in nm; intcnsitics as log (parentheses). Wavelengths rounded to 

closest nm. 

TABLE 3. Ultraviolet absorption propertiesa* (A,,,, log a-3 of diacetylenes 
R ' C ~  CCE C R ~  

Absorption band 

R' R2 D C B A 

214G 
- 

224c 
227 
(2.57) 

2 W  
237 
(2.59) 
238 
(2.53) 
238 
(2.47) 
240 
(2.59) 
239 
(2.62) 
244 
(2.64) 
248 
(3-1 1) 
245 
(3.01) 
249 
(3.35) 

2 4 7  
249 
(2.32) 
25 1 
(2.32) 
25 1 
(2.30) 
254 
(2.38) 
253 
(2.36) 
258 
(2.41) 
26 1 
(2.96) 
258 
(2.95) 
26 1 
(3-22) 

H 
Me 

Hd 
H 

228 
(2.47) 

Et H 

H 

Bu 

230 
(2.47) 
228 
(2-64) 
228 
(2.62) 
232 
(2.61) 

Bu 

Bu 

CH,OH H 

CH,OH 

CH P h( 0 H) 

22 1 
(2.47) 
- 

CH,OH 

CHPh(0H) 

CMePh(0H) 

From Reference 21 unless noted. 
In ethanol unless noted. 
Intensities not reported. 
Reference 25; in n-pentane : 2,2-dimethylbutane (3 : 8). 
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a roughly constant contribution to E by each phenyl group. The  intensities in these 
aromatic diacetylenic glycols have been discussed in terms of hyperconjugative 
resonancez1. 26. 

The series of diphenylpolyacetylenes Ph(C=C),Ph (Table 4) displays the same 
characteristics as the aliphatic polyacetylenes (Table 2), modified by the spectral 
properties of the aromatic rings in conjugation with the poly-yne chain2'-*'. The 

TABLE 4. Ultraviolet absorption pro- 
perties (A,,, log emnJ of diphenyl- 

polyacetylenes, Ph(C=C),,Ph 

Absorption banda# 

D C B A I1 

- 3 

4 318 
(4.44) 

- 5 C  

6 361d 
(4.40) 

(4.52) 
8' 39Sd 

278 

288 
(4.34) 

312 
(4.36) 

342 
(4.53) 

368 

392 
(4.24) 

430 
(4.09) 

288 

306 

330 
(4.48) 

367 
(453) 

397 

424 
(4.25) 

466 
(3.98) 

(4.49) 

296 

327 
(4.44) 

358 
(4.3 1) 

397 

43 1 

460 

509 
(3.65) 

(4.33) 

(3.94) 

a From Reference 27 except as noted. 
In ethanol except as notcd. A,,, 

rounded to nearest nm; intensities (in 
parentheses) expressed as log 

From Refcrence 28 (in methanol). 
Inflection. 
In ethyl acetate. 

long wavelength bands are increased in intensity by one to two orders of magnitude, 
but they are  still well resolved with frequency spacings of 2100 cni (for IZ = 2) 
decreasing t o  1850 cm-l (for n = 8). The  short wavelength absorption displays 
fine structure as  in  the aliphatic series L-P bandsz8. 

Poly-ynenes also reveal the spectral patterns characteristic of poly-ynes, the 
locations of the band maxima depending not only on the number of conjugated 
double and triple bonds, but also on their permutation. The  intensities of the A-D 
(longer wavelength) group are greater in poly-ynenes than in poly-ynes containing 
the same number of multiple bonds, whereas the L-P (shorter wavelength) intensities 
are  smaller. Bohlmann, Burkhardt and Zdero' have summarized much data on these 
compounds. These authors also prescnt spectra of poly-ynes and poly-ynenes 
containing other groups, such as carbonyls and heterocycles, conjugatcd with the 
unsaturated chain. Such modifications of the molecules can alter the spectrum 



5. Detcction and determination of alkynes 143 

drastically, in some cases reducing or eliminating the vibrational fine structure that 
is so characteristic of the simpler polyacetylenes. This behaviour is also observed in 
a series of hexenynoic acids and their methyl esters30. Hexa-2,4-diynoic acid, 
CH,C=CC=CCOOH, shows the characteristic vibrational fine structure in the 
long wavelength (A-E) grouping, whereas all of the possible conjugated hexenynoic 
acids show broad absorption with no clear resolution into individual bands in this 
same region. 

Table 5 shows the effects of ionization on the ultraviolet spectra of some acetylenic 
acids30. For  each band, ionization results in a blue shift and a decrease in intensity. 

TABLE 5. Effect of ionization on absorption properties of some acetylenic 
acids30 

Mediuma 

0.2 N H,SO., 0.2N NaOH 

Acid X“,,?. (nm) log =mnx 

MeC= CCH= CHCO,Hb 254 4.19 
MeCH=CHC=CCO,H” 249 4-10 
MeC=CC=CCO,H 235 3-32 

247 3-56 
260 3.66 
276 3.49 

Xmax (nm) log Enlax 

247 4.26 
244 4-06 
232 3-26 
244 3.40 
256 3.41 
272 3.26 

a In 76% ethanol. 
trans Xsomcr. 

C .  Infrared Spectroscopy 

Infrared spectroscopy is a useful confirmatory tool in alkyne studies, though it is 
not sufficiently informative to be the primary means of structure determination. The 
most characteristic absorption regions, and the corresponding assignments, are 
listed in Table 6. For reviews of this subject see Sheppard and Simpson31, BelIamy3* 

TABLE 6. Vibrational assignments for alkynes 

Frcquency range (cm-’) Vibrational mode 

3300-3380 =C-H stretching 
210b2260 C=C stretching 
610-680 =C-H bending 

and S ~ y m a n s k i ~ ~ n ~ ~ .  More specific comments will be organized in terms of the 
vibrational modes. 

1. =C-H stretching 

Absorption by this vibration can obviously occur only in terminal acetylenes 
RC=CH. The frequency is insensitive to the nature of R, but quite sensitive to  the 
physical state35; thus v(=CH) is 3310-3320cm-l for a wide range of terminal 
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acetylenes in CCI, solution. Methylacetylene shows 3380 cm-l in the vapour state31, 
but 3320 cm-l in CC14 solution3&. Vinylacetylene, CH,=CHC=CH, absorbs at 
3325 cm-l (vapour) and butadienylacetylene, CH2=CHCH=CHC=CH, a t  
3346 cm-l (vapour); divinylacetylene, CH2=CHC=CCH=CH2, however, shows 
no  absorption in this region36, illustrating the utility of this band for the detection 
of terminal acetylenes. This band is of medium to strong intensity. 

2. C=C stretching 

For terminal acetylenes RC=CH, this band falls31. 351 37 in the range 2100- 
2140 cm-l; for disubstituted acetylenes R1C=CR2 the frequency is higher38- 39 a t  
2200-2270 cm-'. Some cyclic acetylenes40 absorb near 2205 cm-l. The intensity is 
highly variable. It might be expected that terminal alkynes would show the strongest 
absorption, with symmetrical disubstituted acetylenes having the weakest infrared 
absorption in this region (because of their symmetry); this behaviour is often 
observed3?, but even in terminal acetylenes the band may be weak3&. Conjugated poly- 
acetylenes absorb strongly39. In a series of diphenylp~lyacetylenes~~, Ph(C=C),Ph, 
this absorption appeared a t  2200cm-', the intensity increasing with n; for n = 6 
the band became a doublet a t  2180 and 2166 cm-l. This vibration is strong in the 
Raman spectrum even when it is weak in the infrared, so infrared and Raman 
spectroscopy complement each other usefully for alkyne identifi~ation~l. 3a. 

3. =C--H bending 

These strong bands, v (=C-H), in the spectra of terminal acetylenes appear at 
610-680 cm-l; with some compounds two bands are seen31. 35. An overtone (2v) 
may appear a t  1200-1400cm-1; for many compounds the overtone is in the fre- 
quency range 1220-1260 cm-'. The intensities of the v and 2v bands are strong in the 
infrared; in the Raman spectra u is weak to  medium. The Raman intensity of 2v 
has been described as weak31 to strong35. 

4. Other  vibrations 

For 16 dialkylacetylene~~~ a weak but well-defined band was observed at  1142- 
1148 cm-l. A series of bands in the regions 1070-1116 cm-l and 1250-1270 cm-l 
appears to depend upon the number of methylene groups adjacent to  the triple bond, 
that is, on  the values of n and m in CH,(CH,),C=CH and CH3(CH2),,C=C(CH2),,- 
CH,. A strong band a t  1325-1336cm-l was assigned to =C-CH2 wagging3'. 
The 1100-1200 cm-l region is useful for the differentiation of the seriesq1 
CH3(CH2),(C=CCH2),,X, where X = Br or OH,  m = 1, 2 o r  3 and n = 1-6. 
Propargyl halide absorption in the 1100-1200 cm-l region depends on the identity 
of the halogen, the frequency decreasing in the order C1, Br, 139; assignments have 
been made for propargyl halidesa2. 

Bands characteristic of conjugated acetylenic acids and esters have been identified 
in the 740-760cm-' region30. Methyl esters C=CCO,Me have a band of medium 
intensity a t  740-750 cm-l; the corresponding acids absorb more weakly at  
742-757 cm-l. 

D. Nuclear Magnetic Resonance 

1. Proton n.m.r. 

The chemical shift (6 in p.p.m. relative to tetramethylsilane) for the acetylenic 
proton in terminal acctylenes is about 2 p.p.m. Although variations in R in the 
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series RC=CH lead to significant and useful variations in  6, the range of these 
variations is not great considering the profound structural alterations that have 
been made. For the series H(C=C),H these chemical shifts have been reported35 
(6 in CDCI, a t  -50°C): n = 1, 6 = 2-01; n = 2, 6 = 2-06; n = 3, 6 = 2-14; 
IZ = 4 ,  6 = 2.14. Table 7 gives chemical shifts for the terminal acetylenic proton, 

TABLE 7. Chemical shifts of acetylenic proton in 
RC= CH 43 

H 1-80 CH,OCH, 2.37 
II-CAH~ 1.79 CH,OC(CH& 2.33 
!1-C4H9 1.73 CGH50CH, 2.01 
n-C5H11 1 *75 (C2HSO)tCH 2.39 
CICH? 2-40 O=CH 1 *89 
BrCH, 2.33 CGH5 2.93 
HOCH, 2-33 CH,=CH 2.92 
HOC(CH,), 2.28 

a P.p.m. in CC14. 

measured in carbon t e t r a ~ h l o r i d e ~ ~ ,  for some monosubstituted acetylenes. Table 8 
summarizes chemical shift data for additional monosubstituted acetylenes plus 
some disubstituted and  conjugated acetylenes‘”. Similar results were found for this 

TABLE 8. Chemical shifts of substituted acetylenesa$ 

Structure x =  I Br C1 F CHI 

XC=CH 2-23 2.21 1.94 1-63 1.88 
XC=CC=CH 1.89 1.99 2.00 - 1.97 
XC=CCH, 2.06 1-88 1.84 - 1-80 

1 -94 XC= CC=CCH3 2.00 1.96 1-95 - 

a From Reference 44. 
* 6 in CDCI, at -50  “C. 

series RC=CH (6 extrapolated to infinite dilution in cyclohexane or TMS)18: 
R = Me&, 6 = 1-79; R = H,Si, 6 = 2-19; R = Me,Si, 6 = 2.11; R = (EtO),Si, 
6 = 2-04. Notice, from Table 8, the similarity of 6 for the methyl protons RC=CCH, 
to the acetylenic proton RC=CH; in fact it has been founda4 that the methyl and 
acetylenic protons in CH,C=CH have coincidentally identical chemical shifts, and 
the same coincidence of 6 is reported for CH,C=CC=CH. Despite such limitations, 
proton magnetic resonance offers an extremely powerful means for structure 
elucidation of acetylenes, especially in combination with ultraviolet and infrared 
spectroscopy7. 

The similarity of chemical shift values for methine. methylene and methyl protons 
to  those for acetylenic protons nxans  that the acetylenic proton may be difficult to 
identify when observed by n.m.r. in typical ‘inert’ solvcnts such as carbon tetra- 
chloride or chloroform. The  chemical shift of acetylenic hydrogen has, however, 
been observcd to bc quite sensitive to  the solvent’3. Relative to 6 values in the 
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inert solvents, it is found that aromatic solvents (except for those with highly polar 
substituents) produce upfield shifts, whereas solvents capable of acting as hydrogen 
bond acceptors produce downfield shifts. Kreevoy, Charman and V i t ~ a r d ~ ~  have 
reported that the chemical shifts for many of the compounds listed in Table 7 are 
about 1.0 p.p.m. downfield (higher 6 )  in pyridine compared with their values in CCl,. 
This effect is sufficient, for many substances, to  remove the acetylenic resonance from 
the vicinity of methine and methylene resonances, and thus to enable its detection. 
The solvent effect on 6 is correlated with its effect on the =C-H stretching fre- 
quency near 330C cm-l in the infrareda3. 47, and has been ascribed to  solute-solvent 
association by hydrogen bonding. 

Hatton and Richardsd5 have observed that coupling constants are  2-0-2.2 Hz in 
the series R,CHC=CH, whereas in propargyl derivatives, RCH,C=CH, J is 
2.5-2.7 Hz. Other data43 support this distinction between the two types of substi- 
tution; thus propargyl halides have J values of 2.6-2.8 Hz 47. Coupling constants 
are essentially independent of 48. Snyder aFd Robertsag have observed 
long-range spin-spin coupling in conjugated diacetylenes and a triacetylene. The 
coupling constant in acetylene itself is 9.1 Hz so. 

2. Carbon-13 n.m.r. 

13C chemical shifts for acetylenic compounds promise to be extremely valuable 
for structure elucidation. Acetylenic carbon resonances occur intermediate to  those 
of saturated and olefinic carbon (see Table 9). (Throughout this section, 13C chemical 

TABLE 9. 13C chemical shift ranges for alkane, 
alkene and alkyne carbons 

Carbon hybridization 6 range (p.p.m.) 

SP 0-60 
SP2 80-145 
SP 65-90 

shifts, 6, are expressed in p.p.m. relative to TMS.) Acetylene itself has 
6 = 73.2 p.p.m.". Lauterbur5? and Levy and Nelson53 have discussed 13C n.m.r. of 
acetylenic compounds. Table 10 gives chemical shifts for some monoacetylenes. 

TABLE 10. 13C chemical shifts for acetylenic carbonsa 

Compound =CH =CR Reference 

51 HC=CH 73.2 - 
HC=CCH,CH, 68.2 85.9 54 
CH3C=CCH3 - 74.8 54 
PhC=CH 78.5 84.8 54 
PhCECPh - 89.7 51 

a 6 in p.p.m. relative to TMS. 

In terminal acetylenes RC=CH, the resonance for the substituted carbon appears 
downfield from the terminal carbon. 
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The effect of the triple bond on the resonances of nearby carbon atoms is nicely 
shown by the data of Dorman, Jautelat and Robertsss on the four linear octynes 
(Table 11). The most obvious feature is the displacement of resonances of carbon 

TABLE 11. I3C chemical shifts for octynesa* 

Compound 6 values 

1-Octyne 68.9 5 84.4 18.8 29.2 29.1 32.0 23.1 14.3 
2-Octyne 3.0 75.2 79.2 19.1 29.5 31.7 22.8 14.1 
3-Octyne 13.7 12.7 81.5 79.3 18.5 31.9 22.4 14.6 
4-Octyne 13.5 23.1 20.1 80.1 =- 80.1 20-1 23.1 13.5 

a From Reference 5 5 ;  6 in p.p.m, relative to TMS, measured in dioxane solution. 
Chemical shifts based on TMS reference calculated from literatures5 CS,-referenced 

values by equation 8 ~ ~ s  = 193.7-6~~,. 

located adjacent to  the acetylenic carbons by 10-15 p.p.m. upfield (compared with 
the corresponding carbons in saturated hydrocarbons). Typical methylene 13C 
resonances occur at 29-32 p.p.m., as  seen for carbons 4, 5 and 6 in 1-octyne, 5 and 6 
in 2-octyne and 6 in 3-octyne. The methylene adjacent to a methyl group is expected 
to  have 6 = 22-24, and the typical methyl resonance in saturated hydrocarbons is 
13-15 p.p.m. All of these values are shifted upfield by an adjacent triple bond. The 
effect on an a-methyl group is to place its resonance close to that of the reference 
TMSs4. This pattern of chemical shifts may be usefully diagnostic of the methyl- 
acetylene group, CH,C=C (see 2-octyne in Table 11). Smaller effects on carbons a and y to the triple bond have been analysedss, and have been used to  assign the 
acetylenic carbon shifts in 3-octyne. 

Little information is available on chemical shifts in branched alkynes, although 
linear alkynes with heteroatom substituents have been studied". Charrier, Dorman 
and Roberts have reported the 

One-bond I3C-IH coupling constantss7 are about 250 Hz in acetylenes, and one- 
bond carbon-carbon (sp-sp) coupling constants58 are about 150-190 Hz; for both 
of these quantities the vaiues for acetylenes are quite large. 

n.m.r. spectra of some cyclic alkynes". 

E. Chromatography 

1. Thin-layer and paper chromatography 

Alkynes have been chromatographed on paper and on thin-layer plates. Schulte, 
Ahrens and SprengersD used both techniques and reported R, values for diphenyl- 
acetylene, diphenylbutadiene and some conjugated ene-ynes. Ethanol-water (7 : 3) 
was the solvent for paper chromatography and petroleum ether (60 OC)-ether 
mixture (8 : 2) was one of the solvents used for TLC on silica gel G. The zones were 
detected with a reagent of dicobalt octacarbonyl, which yields acetylenic dicobalt 
hexacarbonyls in a general reaction for alkynesGO: 

RC-CR 
R C E C R  + Co,(CO), II II 

(C O),C 0 - c 0 (CO), 

The structure shown for the product was postulated by Wotiz and coworkersG0. 
6 
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Schulte and R u c k e P  chromatographed many polyacetylenes of plant origin on 
silica gel G platcs. The detection reagent was a 5% solution of 4-(4'-nitrobenzy1)- 
pyridine in acetone. The plate was sprayed with this solution, dried, sprayed again 
and finally sprayed with 1 0 - 5 ~  NaOH. A positive reaction is given by a large 
number of terminal and disubstituted mono- and polyacetylenes. Some acetylenic 
compounds give negative reactions, and the responsc to the test is apparently not 
simply related to  the structure of the acetylenic compound. The colour-forming 
reaction is presumably an alkylation of the pyridine nitrogens2. 

Lams3 has reported that better separation is achieved in the thin-layer chromato- 
graphy of polyacetylenes of plant origin on silica gel impregnated with 10% caffeine 
than on  silica gel or alumina alone. 

2. Gas chromatography 
The separation of acetylenic compounds by gas Chromatography has been reviewed 

by Rutledgel and by Miocque and Blanc-GueneeG4. Most of the reported separations 
are of lower molecular weight hydrocarbon mixtures, including alkanes, alkenes and 
alkynes. This is an effective means for identifying alkynes in mixtures if authentic 
specimens are available for comparative purposes. 

Gas-solid chromatography has been carried out on carbon blackG5* OG and on 
aluminac7. s8. The retention times of hydrocarbons, and cven the order of elution, 
are dependent upon the extent of deactivation of the aluminaGo. io .  

Gas-liquid chromatography has been more widely used. Many liquid phases have 
been 72, among them P,P'-o~ydipropionitrile~~~ i p ,  tritolylphospliateilo 73, 

Apiezon L7l* 73, propylene carbonate", d i m e t h y l s ~ l p h o l a n e ~ ~ ~  75, Tween 80 76 and 
p~lydimethylsiloxane~~. Craig and Fowler7J separated acetylene, methylacetylene, 
1-butyne, l-butene-3-yne, 2-butyne, 2-methyl-1-butene-3-yne and 1,3-butadiyne on 
a propylene carbonate column a t  25 "C. Carson and LegeiB separated 22 hydro- 
carbons, including six alkynes, in isoprene feed streams by using, in a three-section 
column, these liquid packings (in the order given) : di-n-propyl tetrachlorophthalate, 
n-methylformamide, bis[2-(2-methoxyethoxy)ethyl] ether. 

Alkynes are usually more strongly retained on gas chromatographic columns than 
are other hydrocarbons of comparable molecular weights or boiling points. Some 
special effects, which may be very useful for identification, have becn described. 
For  example, hydrogen bonding from terminal acetylenes RC=CH to liquid 
phases possessing H-bond acceptor groups has been postulated to  account for a 
reversal of elution order of a monosubstituted and disubstituted a~ety lene '~ ;  on 
Apiezon L, which is non-basic, 1-octyne elutes before 4-octyne, but on  Carbowax 
600, which contains ethylenoxy groups, the retention order is reversed. Acetylenic 
H-bond energies have been studied gas chromat~graphica l ly~~.  

A form of subtractive chromatography can be used to distinguish between niono- 
substituted and disubstituted acetylenes. With a dimethylsulpholane column 
A r ~ n i t a g e ~ ~  separated 28 hydrocarbons, including (in the order eluted a t  35 "C) 
acetylene, methylacetylene, 1-butyne, isopropylacetylene, 2-butyne, isopropenyl- 
acetylene and 2-pentyne. O n  a benzyl cyanide/silver nitrate column only 2-butyne 
2nd 2-pentyne eluted; the terminal acetylenes reacted with silver and were retaincd 
on the column. 

111. QUANTITATIVE ANALYSIS 
A. Chemical Methods 

MiilleP has rccently given a thorough review of chemical methods for thc deternii- 
nation of alkynes, so the present description is brief and selective. Besides the 
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methods discussed below, alkynes have bcen determined by hydrogenation, by 
halogen addition and by measurement of active hydrogen. Tiedge and Caskey3 
describe cheniical assay methods for some important industrial acetylenic compounds. 

1. Reaction with cuprous salts 

Many modifications of the original Ilosvay reagento have been proposed. The 
key reaction is the formation of a copper acetylide upon treatment of acetylene or a 
monosubstituted acetylene with a cuprous salt (see equation 1). The Ilosvay reagent 
consists of a cupric salt, hydroxylamine to function as a reducing agent for the CU(II) 
and a buffer to control the reduction potential of the hydroxylamine. Siggial 
describes a titrimetric method using cuprous chloride in pyridine as the reagent; the 
analysis is completed by titrating the acid produced (equation 8). Most of the 

2RC=CH+Cu,CI, - 2RC=CCu+2HCI (8) 

published analytical methods based on copper reagents deal with the determination 
of low concentrations of acetylene in air or other gases. The acetylene is absorbed 
from the sample gas, for example on a silica gel columns0 or in acetone solutions1, 
it is reacted with Ilosvay reagent, and a coloured sol of cuprous acetylide is measured 
spectrophotometrically. Control of the cupric reduction step and stabilization of the 
sol are required in a reliable method. Hobart, Bjork and Katzsl used an acetate 
buffer (instead of the usual ammoniacal solution) and gelatin to achieve a preparation 
that is stable for three days. Hughes and Gordenso developed a field test for acetylene 
in air at the 10 p.p.b. to 10 p.p.m. level by adsorbing the acetylene on a silica gel 
column, treating the column with Ilosvay reagent, and comparing the depth of 
colour produced with standards. 

2. Reaction with silver salts 

Terminal acetylenes react with silver salts, producing 1 mole of acid for each 
mole of acetylenic hydrogen, as shown by equation (9). The silver acetylide forms 
complcxes with additional silver nitrate (not indicated in equation 9). Most analytical 

RC=CH+AgNO, - RC=CAg+HNO, (9) 

methods based on equation (9) involve a titrimetric finish, the acid produced upon 
treatment of the sample with excess silver salt being titrated with standard base. 
These methods provide a very satisfactory, and nearly general, approach to the 
determination of purity of acetylenic compounds of structure RC=CH. Table 12 
lists the reagents used in many of these titrimetric procedures. Two of the methods 
will be given in detail. 

The method of Barnes and Molininiss is unusual in that it uses a very large excess 
of the silver salt (nitrate or perchlorate). This excess of silver ion forms a complex 
with the silver acetylide, which is thereby solubilized, and the titration end-point 
is readily detected in the homogeneous solution. 

Reagent solution. Prepare a 2.0 to 3 . 5 ~  aqueous solution of either silver nitrate or 
silver perchlorate. 

Procedio.~ (for liquid or solid samples). To  40 ml of reagent solution contained in 
a 250ml Erlenmeyer flask add 3 4  drops of methyl purple indicator solution. 
Neutralize with 0 . 1 ~  acid or alkali. Add the weighed sample, containing 2.0-3.5 meq 
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of acetylenic hydrogen, to the flask, and titrate the liberated acid with @IN NaOH 
to  the green colour (viewed by transmitted light). 

The method was successfully applied to acetylenes of varied structure, including 
hydrocarbon 1-alkynes, many acetylenic alcohols, propiolic acid and some acetylenic 

TABLE 12. Titrimetric silver methods for monosubstituted acctylencs 

Silver salt Solvent Titrant Indicator Reference 

EtOH 
MeOH 
EtOH 
H20 
Pyridine 
H20 
HzO 
HzO 
MeOH 
MeOH 

NaOH 
NaOH 
NaOH 
NaOH 
NaOH 
NaOH 
NaOH 
NaOH 
TRISa 
TRISa 

Methyl red/methylene blue 
Methyl rcd/methylene blue 
Thymolphthalein 
Methyl purple 
Thymolpht halein 
Methyl red/mcthylene blue 
Phenolphthalein 
Methyl purple 
Thymol bluejalphazurine 
Martius yellow/methyl violet 

82 
83 
84 
85 
86 
87 
88 
85 
89 
90 

a Tris(hydroxymethy1)aminomet hane. 

arnines. Halides and aldehydes did not interfere if present in small amounts (though 
of course some silver is consumed by precipitation of silver halides). The indicator 
end-point is sharper if the indicator concentration is not too high; other indicators 
have also been used. Kienistedt and Miillers7 modified the method to determine some 
highly branched acetylenes; their principal modifications were to allow 30-60 min 
reaction time before titration of the acid, and to use potentiometric dctection of the 
end-point. 

The following method of Barness9 uses a non-aqueous titration. Tris(hydroxy- 
methy1)aminomethane (TRIS, THAM) is available in high purity. 

Reagents. (1) 1~ Silver perchlorate solution. Dissolve 104 g of anhydrous AgClO, 
in anhydrous methanol and dilute to 500 ml with methanol; store in a polyethylene 
bottle. (2) 0 - l ~  TRIS. Dissolve 12-15 g of TRIS in methanol to make 1000 ml. 
Standardize by diluting 40 ml with 200 ml of water and titrating with standard 
aqueous acid to a methyl purple end-point. (3) Indicator solution. Dissolve 100 mg 
of thymol blue and 25 mg of alphazurine in 100 ml of methanol. Prepare fresh 
weekly. 

Procedure. Add three drops of indicator solution to 10 ml of the 1~ silver 
perchlorate solution in a 50 ml beaker. Neutralize any free acid with 0 . 1 ~  TRIS to 
a green colour. To a 250 rnl Erlenmeyer flask containing 5-10 drops of indicator 
solution, add the weighed sample containing 1-3 meq of acetylenic hydrogen. Add 
the neutralized silver perchlorate to the Erlenmeyer flask and titrate to a permanent 
green colour with 0 . 1 ~  TRIS. Alternatively a potentiometric titration may be carried 
out. 

This method gives results comparable with those obtained with the aqueous 
procedure. If the sample contains acid or basic components, prior neutralization 
can be carried out. Gutterson and Maso have adapted the method to the semimicro 
scale, about 0.1 meq of acetylenic compound being taken for the analysis. 
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The official assay of ethchlorvynol (1-chloro-3-ethyl-l-penten-4-yn-3-ol) illustrates 
the use of a silver nitrate method for purity determinationQ1. This assay employs a 
hydroalcoholic solvent and a methyl red/methylene blue mixed indicator. 

As the above discussion indicates, most methods based upon equation (9) 
measure the acid produced. Smith and Baileyo2 have developed techniques for 
measuring either the silver acetylide produced or the unreactcd silver; both 
approaches use atomic absorption spectroscopy to determine the silver content. 

3. Reaction with mercuric salts 

Analytical methods for alkynes based on reactions with mercuric salts have used 
gasometric, titrimetric and gravimetric finishess; several reagents and reactions have 
been employed. A spectrophotometric method introduced by Siggia and StahlD3 
provides a means for determining low concentrations of many acetylenic com- 
pounds, both terminal and disubstituted. 

Reagent. Dissolve 20 g of mercuric acetate in 1 litre of acetic acid. 

Procedure. Transfer a sample containing 1-10 mg of acetylenic compound to  a 
50 ml volumetric flask, add 25.0 ml of mercuric acetate reagent solution and dilute 
to  volume with acetic acid. After 30 minutes, measure the.absorbance against a 
reagent blank, a t  a wavelength determined by scanning the spectrum. Prepare a 
standard curve by subjecting solutions of known concentrations to the same 
treatment. 

For many acetylenic compounds the analytical wavelengths were in the range 
280-320 nm, with molar absorptivities of 350-31 80. The spectral enhancement was 
attributed to the formation of a complex. Absorption maxima were observed for 
acetylenic alcohols, ethers and esters, whereas acetylenic hydrocarbons showed only 
shoulders in this wavelength region. Terminal acetylenic hydrocarbons, but not 
disubstituted acetylenic hydrocarbons, could be determined. A large excess of olefin 
does not interfere, though a higher concentration of mercuric acetate may be needed 
for such samples. 

4. Hydration 

Several methods have been based on the hydration of acetylenic compounds t o  
form carbonyls. One of these methods uses equation (9, in which the alkyne 
is converted to a dimethylketal, which is hydrolysed to  the ketone. The ketone is 
distilled into hydroxylamine hydrochloride, and the liberated hydrochloric acid is 
titrated". Siggiag5 catalysed the hydration with mercuric sulphate in sulphuric acid, 
and determined the product carbonyls by the titrimetric hydroxylamine method. 
Scoggins and Price9c used Siggia's catalytic hydration and then formed 2,4-dinitro- 
phenylhydrazones, which were extracted and measured spectrophotometrically. 
These hydration methods are useful in being applicable to  both disubstituted and 
monosubstituted acetylenes. 

6. Spectroscopic Methods 

Ultraviolet spectroscopy is a simple analytical approach to the determination of 
polyacetylenes. Section I1.B provides ample data to guide the development of such 
analyses. Because of the marked fine structure and the sharpness of the absorption 
bands for many conjugated acetylenes, i t  is advisable to  determine the calibration 
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curve and to  measure sample solutions a t  the same wavelength setting of the spectro- 
photometer, in order to avoid error resulting from resetting the wavelength scale. 
Ultraviolet spectroscopy can be unusually sensitive for the determination of these 
compounds because of their extraordinarily large absorptivities. 

Infrared spectrcscopy has been used to determine acetylene a t  trace levels in 
g a s e ~ ~ ’ - ~ ~ .  Tiedge and Caskey3 describe the infrared determination of ethoxyacetylene. 

Mixtures of acetylenic drugs have been measured by proton magnetic resonance 
spectroscopyloO. 

C. Gas Chromotography 

Gas chromatography is an obvious choice for the determination of alkynes. 
Section II.E.2 describes some of the columns that have been used, and the com- 
pounds that have been separated. 

Gas chromatography may be used to determine impurities in commercial 
acetylene3. Most G C  applications, however, have been for the detection and determi- 
nation of acetylene as an impurity or trace constituent in other gases. A few of these 
applications include the analysis of ethylene101-104, propylenelo5, ethanelos, fluoro- 
ethylene’O’, anaesthetic gaseslo3, airloD-lI2, hydrogen ch1oride1l3 and breathing 
oxygen114. Mixtures of permanent gases and CI-C2 hydrocarbons, including acetylene, 
can be analysed by GP6-*17.  For  example, a column of Porapaks N and R ( I  : 1) 
resolves acetylene, ethylene, ethane and carbon dioxide; lighter gases are separated 
o n  Linde 5A molecular sieve116. 

For the determination of substituted acetylenes gas-liquid chromatography is 
generally applicable. A wide variety of liquid phases has been successfully used. 
A method for 1-butene-3-yne in C4 hydrocarbons118 is illustrative of the use of 
gas-liquid chromatography for alkyne determinations. The column was 10 ft x in 
stainless steel packed with p,$’-oxydipropionitrile on Chromosorb P (12 g of liquid 
phase per 3 0 g  of solid support). The column and ffame ionization detector 
temperatures were both 40 “ C ,  the helium carrier gas flow rate was 70 cc/min, and 
thc sample size was 0.05 ml of gas mixture. Table 13 gives the retention times with 

TABLE 13. Retention times of alkynes in C, hydrocarbon mixturea# 

Compound Retention time Compound Retention time 
(min) (min) 

(Air) 0.80 cis-2-Bu tene 2.12 
Propane 0.97 1,3-Butadiene 2.68 
Propene + isobutane 1 a09 1,2-Butadienc 2.91 
n-Butane 1.23 1-Butyne 5.64 
I-Butene + isobutene 1-66 1 -Butene-3-yne 7.58 
rrons-2-Butene 1.86 2-Butyne 9.82 

a From Reference 118. 
See text for operating conditions. 

these operating conditions. The resolution of the alkynes is greater than needed for 
analysis. Quantitative analysis of I-butene-3-yne (by relative peak areas) showed 
acceptable accuracy (recoveries of 97-102%) and precision (relative standard 
deviations of 48%) a t  concentration leveis of 40-500 p.p.m. 
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Similar separations ar.d analyses have been reported for other mixtures. For 
example, Carson and  Lege78 separated six alkynes from a mixture of 22 hydrocarbons 
using three columns in series. Moore  a n d  Wardllg studied the equilibration o f  
cyclic allenes a n d  acetylenes by GLC with a wide variety of liquid phases. Dubrin,  
MacKay a n d  Wolfgang120 separated low molecular weight alkynes and allenes. 

High-pressure liquid chromatography should prove t o  be a powerful means for  
determining alkynes in mixtures; conjugated polyacetylenes, because of their 
intense absorption in the  ultraviolet region, will be detectable at very low levels. 
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1. INTRODUCTION 

Interest in the nature of the triple bond was the driving force for the relatively large 
number of measurements of appearance potentials and  other ionization properties 
reported for simple acetylenes. On the other hand, the limited choice of acetylenic 
compounds seems to  be the reason for  the relatively smaller interest in their 
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fragmentation processes on ionization. Mass spectrometry has been used in 
structure determination of numerous natural and other acetylenic compounds but 
in many cases molecular weight was the only information derived. Some interesting 
rearrangement processes have been discovered and investigated in acetylenes, mainly 
in those containing additional unsaturation. Both the physicochemical and the 
organic aspects of the chemistry of ionized acetylenes will be reviewed in this chapter. 

II. IONIZATION METHODS 

The most common ionization method is electron impact ionization. However, while 
it is characterized by its relative ease of operation, other methods have their 
advantages. Photoionization, for example, is particularly suited for the determination 
of onset energies (ionization and appearance potentials), due to the high energy 
resolution achievable. Only those methods which have been employed in the gas- 
phase ionization of acetylenes will be reviewed. 

A. Photoionization of Acetylenes 

Acetylene was one of the first molecules to be studied by the powerful technique 
of photoionization mass ~pectrometryl-~. Photoionization efficiency curves were 
obtained for the C,Ht ion of acetvlene. A staircase-like structure was observed near 
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threshold comprising four steps, at well-defined intervals of 0 . 2 3  eV (Figure 1). 

The electronic configuration of acetylene in its ground state is: 

( G g  1s~)' ( G ,  I&)' (2Gg)* ( 2 C ~ ) ' ( 3 G g ) '  (in")', '2; 
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Expulsion of one of the outer 17ru orbital electrons leads to the ionization potential 
at 11-40 eV. The ion in its electronic ground state is still linear, but the C-C bond 
is extended relative to that in neutral C2H2. The ionization process is a vertical 
Franck-Condon-type transition. Since the minima of the potential surface for the 
neutral and for the ionized molecule are displaced, one with respect to the other, 
the Frank-Condon region encompasses transitions from the ground vibrational 
state of the molecule to several vibrational levels of the ion. The energy difference 
between neighbouring steps in the photoionization efficiency curve (0-23 eV or 
1855 cm-') (Figure 1) corresponds very closely to vz, the C-C stretching vibration, 
as known from excited electronic states of acetylene. Theoretical calculations were 
carried out to reproduce the experimentally observed relative transition probabilities 
as a function of energy, by computing Franck-Condon factors for CzHz and CzD2 4*  '. 

Figure 1 covers the energy region close to the threshold. At higher energies5 one 
observes additional features in the photoionization efficiency curve of acetylene 
(Figure 2), namely broad autoionization maxima around 13.5 and 15 eV. These 
mask any possibility of observing the onset for the second ionization potential of 
acetylene, due to the loss of an electron from the 3~~ orbital, known from photo- 
electron spectroscopyo to be located at 16.36 eV. The onset of CzH+ at 17.22 eV 
is discussed separately in Section 111. 

Energy, eV 
11-37 11.48 11.59 11.70 11.81 1 1.92 

I 1 I I I 

L -I 

Wavelength, A 
FIGURE 3. Onset region for C,H:(C,H,) obtained by photoionization at 0.5 A resolutions. 

One of the earlier studies of acetylene by photoionization' reported on the sharp 
autoionization structure superimposed on the first step due to the 0-0 transition 
of direct ionization. This was latere confirmed and an additional structure was 
observed superimposed on the second step (Figure 3). The data were obtained at 
11 8 K with 0.5 A resolution. 

The peaks which are superimposed on the staircase structure are due to super- 
excited neutral states of the acetylene molecule, which autoionize. They were 
identified" and shown to belong to Rydberg series which converge to the o = 1 and 
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u = 2 vibrational states of the C,Ht ion. Comparison of these results with those 
obtained for H, shows that in the latter case a staircase structure due to direct 
ionization is completely absent, the ionization being dominated by autoionizati~n~. 
If this were the case for C2H2 the onset of u = 1 or u = 2 would not have been 
observed, since the autoionization structure would have joined in smoothly with 
the onset for the excited vibrational states. Since this is not the case, obviously an 
alternative route is open for the disappearance of the superexcited states, which 
robs intensity from the ionization-namely predissociation into neutral fragments 
competes effectively with autoionization (see also Reference 10). 

B. Electron Impact 

Several workers have looked for the fine structure in the C,H, electron impact 
ionization efficiency curve, covering either a broad energy rangell. n or a n  energy 
region close to the thre~hoIdl~-*~. The data obtained are much less reliable than 
those from photoionization. The methods employed in order to obtain a sharp 
electron energy distribution are: RPD (Retarding Potential Difference), EDD 
(Energy Distribution Difference) and electrostatic energy selector. The last method16 
is probably the most reliable. By taking the first derivative of the ionization efficiency 
curve for acetylene15 (Figure 4) the vibrational structure was observed and the 

I I I I I I 

I 00 I 

11.2 11.4 11.6 11.8 

Electron energy (eV) 

FIGURE 4. First derivative electron impact ionization eficiency curve for C,H$(C,H,) 
near onset15. 

relative transition probabilities, 0 -> 0 and 0 -+ 1, were in very good agreement with 
photoionization and photoelectron spectroscopy results. The conclusion was that 
ionization of CzHz by electron impact near the threshold is not basically different 
from ionization by photon impact and that the Franck-Condon principle is obeyed. 
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The decomposition of acetylenes under electron impact ionization will be discussed 
at greater length in Section VI. Electron impact ionization produces, in addition to 
positive ions, also negative ions. The negative ion mass spectrum of acetylene was 
studied many years agols; H- and C2H- were observed. Additional ions, C-, CH- 
and Cg, were observed in more recent studies17~18. These ions are formed from 
acetylene by dissociative electron capture, as well as by ion-pair processes. Selected 
values of appearance potentials are given in Table 1. 

TABLE 1 .  Appearance potentials (AP) of negative ions from acetylene 

Ion AP(eV) Proposed process Reference 

H- 7.6+0.3 C,H,+e + C,H+H-+kinetic energy 17 
C- 13.2 f- 0.4 17 
CH- 22-1 rf: 0.3 GH, + e + CH- + C++ H 18 
C, 7 .6k0 .2  C,H,+c + C,+2H 17, 18 
C,H- 2-8 0.2 C,H2 +e + GH-+ H 17,18 

C. Charge Exchange and Chemical lonization 

The dissociation of acetylene molecule ions formed in charge exchange collisions 
with positive ions was studied18 in a double mass spectrometer of the perpendicular 
type. In an experiment of this kind, incident ions A+ are produced and mass-selected 
in the first stage of the double mass spectrometer. They are accelerated to a desired 
translational energy and allowed to enter a collision chamber, where they react with 
the neutral (in the present case, C,H,) molecules: 

A++C,H, - A+C,H$ 

C,H: - fragment ions 

The product ions (C,Ht and its fragments) are mass-analysed in the second-stage 
mass spectrometer and their currents measured. The relative intensities thus obtained 
form a mass spectrum. 

TABLE 2. Acetylene mass spectra obtained in charge exchange experiments 

Percentage product ions 

Incident ion ni/e = 26 25 24 13 12 

- - Xe+ 99.5 0.3 0.3 
Arf 92.7 7.3 
Ne+ 8-1 77.1 3.3 9.9 1.8 
He+ 5.8 15.8 61.7 16.7 - 

- - - 

Thirty different ions A+ were allowed to react with C2H2 18. Some representative 
mass spectra, obtained with rare-gas ions, are shown in Table 2. These spectra 
demonstrate the generally known trend that as more energy is transferred in the 
charge exchange process, one obtains more fragmentation. Xe+ transfers the least 
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amount of energy, He+ the highest; this is expressed in the quantity termed recombi- 
nation energy (R.E.), i.e. that amount of energy which is released when the ion A+ 
recombines with an electron. 

R.E.(Xe+) = I.P.(Xe), R.E.(He+) = I.P.(He) 

l.P.(Xe)<I.P.(He). 

The results of such dissociative charge exchange experiments are  normally 
expressed in a set of breakdown curves, each curve showing percentage intensity 
of a certain product ion as a function of the energy transferred in the original 
charge exchange ionization. N o  such presentation of the results was done in the 
acetylene case, as  no  consistent results were obtained. However, a very striking 
behaviour was observed for the total charge transfer cross-section (Figure 5 ) ;  while 

Fragment 2 L  
c2+ - - > 

A 
Fragment  1 3  

C H+ oc * 

Fragment  1 2  
C+ d - * 

FIGURE 5. Relative cross-sections for charge transfer and dissociative charge transfer 
reactions from the ions indicated to acetylene; abscissa shows the  rccoinbination energy 

of the incident ion13. 

rising quickly above the threshold to a high maximum, i t  drops to zero again between - 12.5 eV and - 15.5 eV. A second broader maximum appears above 16 eV. 
Apparently, no ionic states can be reached in  the gap between the ground and first 
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excited electronic state of C,H$, the threshold for which is now known from photo- 
electron spectroscopy to be 16.3 eV. The Franck-Condon factors for such transitions 
are vanishingly small and the charge exchange cross-section drops to practically 
zero. Any upward breaks in the photoionization or electron impact ionization 
efficiency curves in the energy range 12-5-15-5 eV (see Sections 1I.A and II.B, 
dealing with these topics) are obviously due to autoionization and not to onsets of 
new states by direct ionization. Thus Lindholm and  coworker^'^ were the first to 
identify correctly the approximate location of the second ionization potential of 
acetylene, which corresponds to  expulsion of one of the 36, orbital electrons. 

The results concerning total cross-sections for charge exchange were laterz0 verified, 
using a n  in-line tandem mass spectrometer (see Table 3). 

TABLE 3. Total cross-sections for charge exchange of rare gas ions 
with acetylene 

Cross-section (arbitrary units) 

Rcactant ion Perpendicular tandema In-line tandemb 

Xcf 1 -4 1.4 
Kr+ 0.02 0.001 
Ar+ 0.7 0.26 

Reference 19. 
Reference 20. 

OthersB* have studied the effect of the translational energy of the reactant ion on 
dissociative charge transfer reactions of acetylene (see also Section VI1.A on positive 
ion-molecule reactions). 

Chemical ionization is one of the 'soft' ionization methods, by which relatively 
small and controllable amounts of internal energy are transferred in the ionization 
process. Charge exchange is also one form of chemical ionization. The more common 
form uses methane as the reactant gas. A number of acetylenes have been studied 
by this method?'. 

D. Chemiionization 

When electronically excited neutral particles interact with ground-state species 
they can cause ionization-so-called chemiionization. Two processes are distinguish- 
able, as exemplified for the Ar*-C2Hz pair : (1) associative ionization (frequently 

Ar*+C,H, - ArC,H:+e (1 1 

Ar*+C,H, - C,H:+Ar+e (2) 

called the Hornbeck-Mo1narz3 process) and (2) Penning ionizationB4. The excited 
neutral particles (atoms or molecules) are usually produced by electron impact. 
Fairly long-lived metastable states are involved. In  the rare gases the reactive species 
are largely the lowest metastable states 3Pz and 3P0 ranging in energy from 8.3 eV 
(Xe) to 19.8 eV (He)25. The experimental methods employed range from beam 
techniques to single-source measurements. 

Associative ionization has been observed for Ar* z6-28, Xe* 29, Hg* 30 and H: 
with acetylene, the product of the liitter reaction tieing CzH:. Penning ionization 
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has been observed for  Ne*, Ar*, Kr', N: and H: 31 with acetylene. N o  fragmen- 
tation was observed for any of these systems except for a small amount of C,H+ (7%) 
in the case of Ne*. Considerably more fragmentation is observed for the Penning 
ionization of acetylene3z by singlet and triplet metastables of He. C,H, was among 
:he polyatornic molecules to detect long-lived excited states of H, and N? via 
Penning ionization. Of special interest is the chemiionization observed in pure 
acetylene, where C,H: and C,H: are observed at energies well below the ionization 
potential of acetylene3J presumably via: 

Associative ionization and Penning ionization have been observed for various 
excited species with propynez7* 31. With Ne*, C3H: and C,H: fragments are observed 
in addition to the parent C3H: ionz7. 

The above results were all obtained in conjunction with a mass spectrometer. 
Alternatively, Penning ionization clectron spectroscopy may be employed and has 
yielded information concerning ionization potentials of polyatomic molecules, 
including a~etylene,~.  

I 11. APPEARANCE POTENTIALS AND TH ERM OCH EM ICAL 
MEASUREMENTS 

The ionization potentials of several acetylenes are given in Table 4. Additional 
values may be found in  the original papers, referred to in Table 4 and Reference 36. 
The most reliable values are those obtained either by the photoionization (PI) or 
by the photoelectron spectroscopy (PES) methods. 

Some of the earlier mass-spectrometric determinations of thermodynamic data 
were carried out by electron impact measurements on a c e t y l ~ n e s ~ ~ - ~ ~ .  More accurate 
determinations were obtained later on, by the technique of photoionization mass 
spectrometry5* 408 41. 

We shall concentrate on the following important thcrmochemical values where 
AHFo denotes the standard heat of formation at  0 K and Do denotes bond energy 
at  0 K: 

AHF,(C,H), AH,O,(C,H +), D,(C,H-H) and AHf(C,H:) 

obtained from appearance potential measurements. Additional values may be found 
in Reference 36. 

The appearance potential (A.P.) of C,Hf from acetylene via 

C,H,+hu - C,H++H+e 

is A.P.ZBB s(C2H+)c,~, = 17.22 eV 5. Extrapolation of low-temperature (130 K) data 
to 0 K yic1dP A.P.o K(C2H+)C,H, = 17-36 k 0.01 eV. This last value in conjunction 
with .!IH:o(C,H2) = 2-36 k 0.01 eV and h H f o ( H )  = 2.2389 eV has led to an accurate 
determination of the standard heat of formation a t  0 K of C,H+: 

AH;,(C,H,)+A.P.(C,H +)c,H. = AH;,(C,H+)+AH&(H) 

2.36 + 17.36 = AH;,(C,H +) + 2,2389 
Therefore 

AH,O,(C,H+) = 17*47&0*01 eV 
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TABLE 4. Ionization potentials (I.P.) of some acetylenes 

Molecule I.P. (eV) Methoda Reference 

C2H2 1 1.398 & 0.005 PI 8 

C H ~ C E C C H ~  9.9+0-1 vc 37 

CH,C=CCI 9.940.1 vc  37 
CH,C=CBr 10.1 40.1 vc 37 

HC= CC= CH 10.17 +0*01 PES 6 
CH,C=CH 10.36 & 0.01 PI 38b 

C2HSC=CH 10.1 8 +_ 0.01 PI 38c 

C,H,C= CH 8.81 5 2 0005 PI 38c 
N=CC=CH 1 1-64 +_ 0.01 PI 40b 
C,H,C=CGH, 8-85 4 0.05 SL 38d 
N=CC=CC=N 11.81 +0-01 PES G 
H--(C=Q-H 9.50 & 0.01 PES 38e 
H-(C= C)2- C1 9-72 i- 0.02 PES 38f 
CH,=CH-C=CH 9.63 PES 38g 
CH,-(C= C)2CH3 8.91 PES 38e 
CH= CCH2CH2C=CH 9.9kO.1 SL 38h 

NS 38i 

a PI = photoionization; PES = photoelectron spectroscopy; VC = 
electron impact by the vanishing current method; SL = electron 
impact by the semi-log plot method ; NS = unspecified electron 
impact method. 

The  heat of formation of C2H was derived from the bond dissociation energy 
D,(C,H-CN) in cyanoacetylene and the appearance potential of C2H+ from that 
molecule employing the previously determined value for AHt0,(C2H+) 

The appearance potential of C2H+ from cyanoacetylene via 

C,HCN+hv - C,H++CN 

is A.P., K(C,H+)C,HCX = 18.19 f 0.04 eV. The  bond dissociation energy of C2HCN 
was determined separatelyq0 to be Do(C2H-CN) d 6.21 ? 0.04 eV. 

= Do( C,H - CN) +AH:,( C,H +) -AH:o( CZH) 

18.19 = 6.21 + 17.47 -AH,00(C2H) 

Therefore 
AHFo(C,H) = 5604~0.04 eV = 127&1 kcallmole 

The  ionization energy of the ethynyl radical is thereforeq0: 

I.P.(C,H+) = 17.47-5.50 = 11.97f0.05 eV. 

From AHfo(C2H), AHf,(H) and AH;,(C,H,) one obtains40: 

D,(C,H-H) = 5.38f0.05 eV = 124&1 kcal/mole 
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The ionization potential of the propargyl (C,H,-) radical has been determinedQ2 

to be I.P. (HC=C-CH,.) = 8.68 eV; the experimental method employed uses an 
electron energy selector giving an electron beam having an energy dispersion of 
0.07V at half-maximum. AH&oo K(HC=C-CH,-) = 80.7 kcal/mole, according to 
an independent determination of an activation energy for a gas-phase dissociation 
reaction". ThusQ2, from 

AH,(HC=C-CH:) = AHf(HC=C-CH,-)+I.P.(HC=C-CH,.) = 281 kcal/mole 

one obtains the heat of formation of the propargyl cation. 
Table 5 gives appearance potentials of the (C,H:) ion from a series of acetylenes, 

adapted from Reference 42. Only photoionization or high-resolution electron impact 
data are included. The preferred NBS value for AHf0(C3H$) is 255 k ~ a l / m o l e ~ ~ ,  in 

TABLE 5. C,H$ ion, appearance potentials and heats of formation 

Process A.P. (V) AHp(GH;) (kcal/mole) 

CH,C=CH + GH,f + H 11.55a 258.7 
1 l.60b 259.8 

CH3CH2C5CH -+ G1-I: + CH3 10.84b 255.5 
CH,C=CCH, + GH,f+CH, 1 1.04b 255.5 

~~ 

a Reference 41. 
Reference 42. 

excellent agreement with Lossing's data42. Since this heat of formation is about 
25 kcal/niole lower than that of the propargyl cation, Lossing concludes that an ion 
of a different structure is formed by dissociative ionization, namely the cyclopropenyl 
cation: 

HC-CH $?y 
CH 

Theoretical MO  calculation^^^ substantiate this conclusion. 
Additional values for appearance potentials of ions (CH;, C,Hi) from acetylenes, 

as well as translational energy measurements of such ions, have been employed to 
determine the heats of formation of the ethynyl and propargyl radicalsQ5 as 
1.30 kcal/mole and 82 kcal/mole, respectively, in good agreement with the values 
quoted above. 

IV. T H E O R E T I C A L  T R E A T M E N T S  A N D  F U N D A M E N T A L  
ASPECTS O F  F R A G M E N T A T I O N  PROCESSES OF SIMPLE 

ACETYLENES 

Attempts have been made at a theoretical treatment of fragmentation processes of 
simple acetylenes. One can distinguish between two alternative approaches to the 
fragmentation of small polyatomic ions: (i) statistical theories, e.g. the Quasi 
Equilibrium Theory (QET, Sections C and E); (ii) Direct predissociations from 
excited electronic states using correlatjon diagrams (Section D). Both types of 
approach were used for acetylenes and the degree of success of each was evaluated 
in the light of agreement or disagreement with experimental results concerning 
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isotope effects (Section A), ‘metastable’ ions (Section B) and reaction rate constants 
(Section E). 

The fragmentations of more complex acetylenes, which are normally not easily 
amenable to theoretical treatments, will be discussed in greater detail in Sections V 
and VI. 

A. H-D Isotope Effects 

1. CzHz and C ~ H I (  ionization yields 

The photoionization yield r ]  (the probability that photon absorption produces 
ionization) is greater4G for C2D2 than for C2H2 and greater for C3D4 than for C3H4. 
This is dueq7 to preionization processes; when a neutral excited state is produced 
above the onset energy for ionization, it can either autoionize or dissociate into 
neutral fragments. The two processes, autoionization and dissociation, are in 
competition. The first is presumably insensitive to isotope substitution, but the 
second is slower for the heavier isotope molecule, the net result being an increased 
ionization for the heavicr isotope molecule. 

The ionization potentials for the light and heavy isotope molecules are slightly 
differente, being 11 -395 f 0.005 eV for CsHa and 11.404 f 0.005 eV for C2D2. The 
difference is consistent with vibrational zero-point energy differences. The average 
C-C stretching (Y,) vibrational interval in the ion is 0.227 eV for C2Hz and 0.21 eV 
for C,DZ8. The appearance potential of C,H+ from CzHz is somewhat lower5 than 
that of C,D+ from C,D, (17-22 eV us. 17.34 eV) again in a manner consistent with 
zero-point energy differences. 

2. CZHZ fragmentation 

A comparison of the mass spectra of C2H2, C2HD and C2D2, obtained by electron 
impact of 70 Velectronsd8* do  reveals several interesting isotope effects. Most significant 
is the so-called ‘11’ effect: in C,HD the apriori probabilities of removing H and D 
are equal, but the observed ratio C,D+/C,H+ is nearly 2. 

0. Collision-induced and Unimolecular ‘Metastable’ Transitions 

Collision-induced  dissociation^^^, as well as u n i m o l e ~ u l a r ~ ~ ~  61 ‘metastable’ 
transitions, are observed in the mass spectrum of acetylene. The following reactions: 

> C,H++H (5) 

C:+H (6) 

m* 

m* 

C*H: 

C,H + 

demonstrate unimolecular ‘metastables’ in both C2H2 and C,D,. 

C. Quasi Equilibrium Theory (QET) 

QET was applied5, to the fragmentation of acetylene, using an accurate enumera- 
tion of states. Agreement between calculated and observed isotope effects was good. It 
was concluded that the QET provides a satisfactory account of the main phenomena 
which determine the decomposition pattern. The basic assumption was that all 
fragmentation was the result of vibrationally excited acetylene ions in their electronic 
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ground state. Calculationss* of minimum rate constants for reaction ( 5 )  based on the 
QET imply a borderline situation for production of observable ‘metastable’ 
transitions. 

D. P redissociation by Electronic Transition 

The idea that all fragmentations in acetylene are the result of vibrationally 
excited acetylene ions in their electronic ground state was questioneds1. It became 
clear from photoionization experiments (Section 1I.A) that direct vertical ionization 
to the acetylene ion electronic ground state produces ions with only a small amount 
of vibrational excitation and that the fragmentation threshold for the formation of 
CzH+ occurred well above the threshold of the .C; excited state of C2H:. It was 
suggested even quite early ons3 that the accessible electronic states in the reactant 
molecular ion separate into at  least two non-interacting groups which lead to 
experimentally distinguishable fragmentation processes. 

The adiabatic correlations between linear acetylene ion states and CoH+ product 
states were discussed6q and it was pointed out that the CzH: ion ground state 
does not correlate with the fragment ground states. It was suggested that, at least 
near the threshold, fragmentation might occur by the predissociation of the zE: 
excited state through a 4E; state, which would correlate with ground-state products. 
Attempts have been made to explain H-D isotope effects49, collision-induced 
dissociations and ‘metastable’ transitions in acetylene on the basis of such an 
electronic predissociation rather than by the QET. 

It is now becoming evident in other cases (e.g. HPCO 85, CH, GG) that ‘metastable’ 
transitions in small molecules do not necessarily result from the onset of the normal 
fragmentation reaction, as one might expect from the QET, but occur at an entirely 
different energy range, suggesting again predissociations from excited electronic 
states of the ion or preionization of an excited state of the neutral molecule, followed 
by dissociation. 

E. Fragmentations in the Series of Isomeric C, H,+ lons 

The series of C,H, isomers have very similar mass spectra (see also Section V), 
with the principal difference being in the intensity of the parent ion. The rate 
coefficient for the dissociation via 

C,H: - C,H:+CH, (7) 

was determined experimentally for energy-selected C4H; ions by the method of 
photoion-photoelectron coincidence (PIPECO) spectro~copy~~.  All the isomers 
studied demonstrated the same dependence of the rate constant of reaction (7), 
k7(E),  upon the internal energy E. 

Vestal5* has discussed the dissociation of C4H, isomers in t e r m  of competing 
isomerizations and dissociations. Isomerization proceeds through a low activation 
energy ‘tight’ activated complex configuration, while dissociation proceeds through 
a high activation energy ‘loose’ activated complex configuration. Extensions of 
these ideas were employcd in more recent calculations of the rate coefficient for 
reaction (7)”. The calculated rate coefficients were compared with the experimental 
valuess7. Agreement between the QET calculation and experiment was achieved by 
assuming a potential surface which includes a stable 2-methylcyclopropenium ion 
as an intermediate in reaction (7). 
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V. LOCATION O F  T H E  TRIPLE BOND BY MASS 
SPECTROMETRY 

The reliable application of mass spectrometry to  structure determination requires 
retention of the original structure of the molecule in the molecular ion prior to 
fragmentation. It has been shown that olefins d o  not fulfil this condition, exhibiting 
extensive double bond  migration^^^-^^. Early investigations of the fragmentation of 
several linear 1-alkynes indicated that in this group of compounds hydrogen 
migrations occur prior to some bond cleavages and rearrangement processes88* G3. 

These findings together with attempted correlation studies of homologues5 and 
isomersG4 resulted in the conclusion that there seems t o  be no simple correlation 
between the mass spectra of homologous acetylenesG5 and that it is difficult to  
distinguish between 

I n  a more recent thorough study, mass spectra of the four isomeric linear nonynes 
and of other higher alkynes were compared66. The  conclusion of this study, which 
also involved extensive deuterium labelling, is that identity of the individual alkynes 
is retained t o  a great extent under electron impact, although bond migration occurs 
prior to the formation of some fragments. Data presented in this work suggest that 
identification of some acetylenes is possible by comparison of their mass spectra, 
but no general decomposition processes have been found which would enable 
structure determination of an  unknown isomer. 

The investigation of higher linear alkynes revealed fragmentation processes which 
are specific to isomers differing in the position of the triple bond when the alkyl 
group attached to i t  has at least seven carbon atoms6’. Terminal alkyl acetylenes are 
characterized by fragment ions of m/e 82 and 96, which further decompose by the 
loss of a methyl radical. The formation of these ions is suggested to  take place by a 
two-hydrogen migration, as  shown in Scheme 1. Dialkyl acetylenes exhibit ions 

n = 1 o r 2  

SCHEME 1 

shifted by an  appropriate mass number. Deuterium labelling shows that these 
processes are not preceded by hydrogen migrations. These processes are suggested as 
a probe for t h e  location of the triple bond in long-chain alkynes. 

The above suggestion could be tested on the reported spectrum of 2-methyl- 
octadec-7-yne 63, in which prominent, even mass peaks appcared a t  m/e 194 and 180, 
accompanied by odd mass peaks at  m/e 179 and 165 which may correspond to the 
subsequent losses of methyl radicals. A possible mechanism for the formation of the 
above ions is shown in Scheme 2. 

Because of the problems in structure determination of acetylenes by mass spectro- 
metry it was suggested that a chemical modification should be used prior to the 
mass spectral analysis. Acetylenic compounds react with ethylene glycol yielding 
two ethylene ketals (one for symmetrical alkyncs). The mixture is introduced into 
the mass spectrometer, where the main fragmentations occur by the cleavage of bonds 
adjacent to thc dioxolane ring (see Scheme 3). The m/e values of the most abundant 
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fragment ions can be used for the deduction of the position of the triple bond. 
This technique has been also applied t o  acetylenic fatty acids69. 

(1 1 
n = 1 o r 2  

m =2or1 

n = 1; m/e 180 
n = 2 ;  m/e 194 

SCHEME 2 

n n 
I I 

0, ,o RC=CR' __7t 6, ,o + 
R-C-CH, R' RCH,-C-R' 

c 

SCHEME 3 

VI. DECOMPOSITION OF ACETYLENES UNDER ELECTRON 
I M PACT 

A. C--H Bond Cleavages 

The loss of a hydrogen atom from the molecular ion results in low abundance ions, 
which are, however, more abundant than the molecular ions in terminal alkynes. 
The  nature of this fragmentation has been studied by deuterium labelling38* 63, 6G. 

The comparison of the mass spectra of CH,C=CH and CD,C=CH shows that 
extensive migration of the hydrogen atoms takes place prior to the loss of H-, 
which occurs on a statistical bas iP .  Roughly similar results were obtained for 
higher terminal 06. 

Random hydrogen losses have also been reported in arylacetylenes. p-Tolyl-2-d- 
acetylene (2) loses both H and D from the molecular ion70. I-Phenyl-3-d3-propyne 
(3) exhibits 100% H/D randomization7o* 71. 

(2) (3) 

O n  the other hand, the loss of Ha occurs without any prior hydrogen scrambling 
between the two rings in (4)". 
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Both hydrogen and deuterium were lost in the case of 1,6-d2-1,5-hexadiyne (5)73. 

The authors assume that hydrogen scrambling precedes this fragmentation, the 

(5) 

deuterium isotope cfTect being k n / k ~  = 2-3. An interesting aspect of this fragmen- 
tation is its unusually low rate. Despite the relatively low activation energy of the 
process, most of the fragmentation takes place at  times greater than 1 ps, as is 
evident from a coniparison of the mass spectrum obtained from a double-focusing 
mass spectrometer with that from an ion cyclotron resonance spectrometer 
(Figure 6). 

B. C-C Bond Cleavages 
The most abundant ions in the mass spectra of alkynes have the composition 

CoH2a-3, corresponding to the loss of alkyl radicals from the molecular ions83; 8% 74. 

There seems to be neither homologue relationship nor triple-bond position effect on 
the size of these ions. Thus the m/e 67 ion is of the highest abundance in both 
1-pentyne and 1-hexyne corresponding to the loss of H* and CHI- respectively. The 
most abundant ion appears at m/e 81 for 1-heptyne, I-octyne and 1-nonyne, which 
corresponds to the loss of methyl, ethyl and propyl radicals respectivelyo3* G8. All 
the three non-terminal nonynes exhibit an m/e 95 ion as the most abundant fragment, 
independent of the position of the triple bondG0. 

Deuterium-labelling studies show that the formation of the most abundant 
CaH2a-3 ions is preceded by a high degree of H/D scrambling in the case of the lower 
1-alkynes (pentyne-o~tyne)~~. In the case of 1-nonyne only about 10% hydrogen 
scrambling is observed in the formation of the m/e 81 ion, which is shifted to m/e 83 
to about 90% in the 3,3-d,, 4,4-d2 and 5,5-d2 analoguess8. 

No scrambling precedes the formation of the ni/e 95 [M-CzH5]+ ions from 
1-, 3- and 4-nonynes. In the latter two isomers these ions are formed by the loss of 
an ethyl radical from both ends of the molecule. The cleavage of the bond adjacent 
to the triple bond (a cleavage) is preferred to the cleavage of the remote bond in the 
case of 3-nonyne. A similar preference for fi cleavage was observed for the loss of 
an ethyl radical from 4-nonyneGG. C2HS- may be also ejected from both ends of 
2-nonyne, but in this case a triple bond migration must precede the loss of C,H,* 
involving C-1. A deuterium-labelling study indicates movement of the site of 
unsaturation prior to the formation of about 20% of the ions of mass 95Gs. Cyclic 
structures have been postulated for those ions formed by loss of C2H5* remote 
from the triple bond in 1-, 2- and 3-nonynes (see Scheme 4). 

D-C~C-CH,CH,-C~C-D 

HC r C - ( C  H,),-CH,CH, +Q > 
1-nonyne 

IM-C2H,IC tripleabond CH,aC~C-(CH,),-CH,CH, b .  b +b a/b-1 ; 4 

migration 

[M-CC,H,IC a CH,CH,~C~C--(CH,),-CH,CH, b - b - a/b-3; 1 

SCHEME 4 
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Loss of methyl radicals leads to relatively less abundant [M-CH,]+ ions. The 
deuterium-labelling investigation of isomeric nonynes and decynes shows quanti- 
tative shifts indicating that no hydrogen scrambling precedes this C-C bond 
cleavage. Here again methyl radicals from both ends of the molecule may be ejected. 
Cyclic structures have been suggested for ions formed by the loss of CH,. which is 
remote from the triple bond6G. 

Ions corresponding to the loss of heavier radicals such as C,H,* and C4HB. are 
formed by more than one process, and their genesis involves partial hydrogen 
scrambling6'j. 

Alkyl ions (CaH2a+l) of relatively low abundance are generated by a p cleavage of 
I-alkynes. The formation of these [M-C3H3]+ ions is not preceded by H/D 
scrambling in deuterated analogues6,. Lower CaH2,+1 ions may be formed by 
multistep processes, which include randomization of the hydrogensG3. 

The above results indicate that there is no significant preference for a P cleavage 
in alkynes. This conclusion is supported by mass spectral data reported for other 
alkynessOs GG-68* 76. An interesting case of such a preference is provided by the isomeric 
a- and P-acetylenic alcohols 6-9 (Scheme 5)7e. The P-acetylenic alcohols 8 and 9 
undergo a P cleavage (which is a to the hydroxyl group) giving rise to the most 
abundant [M-C3H3]+ ions. These ions are absent in the mass spectra of the isomers 
6 and 7 which prefer to undergo an alternative cleavage of another C-C bond a 

OH 
II 

CH,-C- 
I 

CH,- C-CEC-CH, rnle 59 CH,- C-CH,CSCH 

+ 

O H  
CH3 \ I 

OH 
I 
I I 
CH, 

(6) 
!I 

CH,-C-CC-C-CH, 

rnle 83 

CEC-CH, CH,CECH 

C-CCH, CECCH, 

m / e  95 

SCHEME 5 

to the hydroxyl group. The resulting rille 53 (for 6) and 95 (for 7, involving a hydrogen 
migration, see Scheme 5 )  ions are of highest abundance in the mass spectra of these 
compounds, but practically absent in those of 8 and g7'j. 
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It is interesting to note that in this respect allenic alcohols (10) are similar to the 
(3-acetylenic alcohols 8 and g70. Ions formed by the loss of a propargyl radical are 
also most abundant in the mass spectra of alcohols 11-1S7'. 

R'  RS 

I 
OH 100% 

(11) R' = R' = R3 = R4 = H 

(12) 

(13) 

(14) 

(15) 

R' = Rz = R3 = H; 

R' = R2 = H; 

R2 = R3 = R4 = H; 

R' = R2 = R5 = CH,; 

R' = CH, 

R3 = R' = CH, 

R' = CH, 

R4 = H 

SCHEME 6 

Scission of a C-C bond (3 to the triple bond also leads to the formation of the 
most abundant ion in the case of amine 16. In amines 17 and others, in which the 
formation of a similar ion would require an a cleavage, an alternative loss of a 
methyl radical takes place (Scheme 7)78. 

CH,CH, CH,CH, 

CH,CH, CH,CH, 

\ \ 
/ N-CH,-CH,C=CH 4 ,N=CH, 

(1 6) CM- C,H,If 1 00% 

CH,-CH, 
\ + 

N-CH,CrCH CH,=N-CH,CECH 
R/ R 

(17) [M-CH,]+ 100% 

R = H,C,H, 

SCHEME 7 

A p cleavage gives also rise to the most abundant ion in the highly substituted 
1,Sdiyne (18)'O. On the other hand, in conjugated polyacetylenes cleavage between 
the triple bonds (a cleavage) is unfavourablesO. Even in 1 ,bdiaryl-1,3-diynes, in 

1 1  
(C H,) ,C - C = C - C - C - C =C - C( C H,) , 

I I  
[M/21+ 

(1 8) 
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which few other possible fragmentations exist, the rupture of the bond between the 
two triple bonds yields relatively low abundance ionss1. The molecular ions are 
most abundant in this group of compoundss1. u Cleavage to  the triple bond is 
also disfavoured in alkynyl ketones 19, which decompose mainly by the loss of the 
group o n  the other side of the carbonyle2. Decarbonylation is a n  additional important 
process in this group of compoundse2. 

RC=CCOR' A RC=CCO+ 

[M-CO]'+ 

C. Rearrangements Involving Hydrogen Migrations 

Alkynes exhibit moderate to  low intensity peaks in their mass spectra, which 
correspond to the loss of olefin molecules from the molecular ions [M-28]'+, 
[M-42]'+, [M-56]'+ etc. These ions are usually described as the products of a 
McLafferty rearrangement, which may be preceded by the migration of the triple 
bonde3. For example, the elimination of ethylene from 2-nonyne is suggested to 
take place after the rearrangement of the triple bond to position 4 in the molecular 
ion (see Scheme 8)Gs. Deuterium labelling of 4-nonyne a t  various positions shows 

SCHEME 8 

that both sides of the molecular ion are involved in the elimination of C2H4, 
indicating a triple bond migration even in this ion. Evidence for scrambling is also 
present in the deuterium-labelling data, but exact calculation of the effects is difficult 
because of overlap of even- and odd-mass fragmentssG. 

Metastable transitions show that a second McLafferty rearrangement may also 
take place as formulated in Scheme 9. The m/e 54 ion formed by this process is of the 
highest abundance in the mass spectrum of 5-decyneGsv 83. 

McLaflerty 

[A'kynel'+ F G z G G s  Ck 

*+ FH2 H 2nd McLaffert; &I 
-Y rearrangement 

mie 54 

SCHEME 9 

Branching at  the position Q. to  the triple bond has a highly simplifying effect on  
the mass spectrum when there is a secondary hydrogen situatcd a t  the y position. 
Thus in 2-methyloct-3-yne (20) and 2,2-dimethyloct-3-yne (21) all the fragmentation 
processes are largely suppressed in favour of a McLafferty rearrangement (see 
Scheme The corresponding tn/e 82 and 96 ions are of highest abundance in the 
mass spectra of 20 and 21, respectively, at 12eV. At higher ionizing energies the 



6. Mass spectrometry of acetylenes 177 

CH,-Y-R CH3 1” 
CH, 

(20) R = H 
(21) R = CH, 

R = H, mle 82 
R = CH,, m/e 96 

SCHEME 10 

most abundant ions correspond to the loss of a methyl radical from the products of 
the McLafTerty rearrangement (ni/e 67 and 8 1 respectively)66. 

Fragmentations involving hydrogen migrations from remote methylene groups 
have been previously described for long-chain alkynes in Section V (Schemes 1 and 2).  
These processes are specific to  the various isonieric alkyncs, and have been suggested 
as a probe for triple bond 

McLafferty rearrangement with or without triple bond migration is suggested as  
the mechanism for the generation of the abundant ions in the mass spectra of the 
methyl esters of acetylenic acids 2 P .  Molecules corresponding to alkenes CI--1H21-2 
and CI-2H21-., are lost from the molecular ion of 22a, where I = 8. When 1 c 8  
(22b, c ,  d, g,  h, i) only one alkenc C1--1H21-2 is ejected by a McLafferty rearrangement 
not preceded by a triple bond migration. The elimination of the elements of two 
unsaturated estcrs C,-lH2,-3C02CH3 and Cn-2H2n--IC02CH3 from 22f, j and k 

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

(22) 

I = 8 ,  m = 1 ,  n = 7  
I = 7 ,  m = 1 ,  n = 4  
I = 4 ,  m = 1 ,  n = 3  
I = 7 ,  m = l ,  n = 2  
I = l ,  m = 1 ,  n = 7  
I = O ,  m = 1 ,  n = 8  
I = 5 ,  m = l ,  n = O  
I = 4 ,  m = l ,  n = O  
I = 3 ,  m = l ,  n = O  
I = 3 ,  m = 2 ,  n = l O  
I = l ,  m = 3 ,  n =10 

(n  > 8) is explained by a McLafferty rearrangement with and without bond migration 
involving t h e  ester-group-containing part of the molecule. No migration precedes 
this rearrangement in 22a and 22e (12 = 7), and no McLafferty rearrangement is 
reported for 22b and 22c ( 1 1 s 4 ) ~ ~ .  The requirement of a long chain in the above 
results indicates that these processes may be more complicated. They may involve 
hydrogen migration to  the triple bond from remote methylene groups in a way 
similar to the rearrangements of long-chain alkynesG7 shown in Section V (Scheme 1). 

Migrations of hydrogen atoms from oxygen to  the triple bond have also been 
observed under electron impact. Fragment A (Scheme 1 I ) ,  formed from alcohols 
11-15 by the loss of the substituted vinyl group, eliminates an allene moiety by a 
mechanism which is siniilar to the McLafferty rearrangement77. Similarly allene 
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SCHEME 11 

climination from [M-R1]+ and [M-R2]+ is suggested to take place by a hydrogen 
migration in the cyclic intermediate B7'. 

The identity of the migrating hydrogen has been established in both cases by 
deuterium labelling''. Other hydrogen migrations involving a hydroxyl group have 
been sugge~ ted '~~  84. It should be noted that similar pericyclic cleavages of P-hydroxy- 
acetylenes to allenes and carbonylic compounds occur under thermal conditionss5~ eG. 

D. Skeletal Rearrangements 

Interesting skeletal rearrangement processes occur under electron impact in 
polyacetylenic compounds. Aplin and Safes7 noted that the mass spectra of ene-diyne- 
dienes 23-26 and triyne-dienes 27 and 28 are similar below m/c 115 to those of 1- and 
2-methylnaphthalenes. They suggest that cyclization to a benztropylium m/e 141 
ion takes place (hydrogen transfers are involved in 27 and 28), followed by 
consecutive elimination of acetylenes, as found for the corresponding CI1H: ion 
formed by the loss of a hydrogen atom from 1- and 2-methylnaphthalenes (Scheme 
12). C1,H$ ions are also formed from compounds 29-32, but to these a linear 
structure has been assignede,** 

CH,CH=CH(C=C),(CH=CH),R 

(23) R = CH,OH 
(24) R = CHO 
(25) R = (CH,),OH 
(26) R = CH=CH, 

CH,(C=C),(CH=CH),R -% 
(*-C,H, 
" -C2H, (27) R = CH,OH 

(28) R = (CH,),OH 41 m/e 89 . > m/e 63 

SCHEME 12 

(29) CH,CH,(CH=CH),(C=C),CH=CHCH,OH 
(30) C H,C H = CH (C E C),CH = C H C H,C H, 
(31) CH,CH=CH(C-C),(CH=CH),CH,CH, 

(32) 
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Similarity of fragmentation patterns suggests also the occurrence of cyclization 
processes in lower polyacetylenes. Thus it has been suggested that compounds 33 
and 34 undergo cyclization giving rise to the rn/e 115 ion which is also formed from 
indene (Scheme 13)87. Analogously the fragmentation of the phenyl-substituted 

CH,CH=CH(GC),CH=CHCH,OH 

(33) 

CH,(CrC)aCH=CHCH,OH 

(34) 

SCHEME 13 

m/e 115 

diynes 35-37 below m/e 128 resembles that of naphthalene, again suggesting 
cyclization to  a common intermediate (Scheme 14)e7. 

(35) R = CH=CHCH,OH 
(36) R = CHOHCHOHCH,OH 
(37) R = CHOHCHOHCH, 

.L 
mle 77 

SCHEME 14 

l-Chloro-5-phenylpent-2-ene-4-yne (38) gives rise to  a CllH: ion (m/e 141), which 
exhibits a fragmentation pattern similar to  that of the Cl1H; ion obtained from 
1- and 2-chloromethylnaphthalenes under electron impactes. Substance 38 labelled by 

CH,CI 

-CI. P 

C,H,C-CCH=CHCH,CI 7 C,,HZ 

SCHEME 15 

13C at C-1 showed a similar distribution of the label in the C0H$ ion to  that found 
in the mass spectra of 1- and 2-chloromethylnaphthalenes labelled by I3C at the 
0: positions. A similar result was also obtained in a more extensive deuterium- 
labelling study, leading t o  the conclusion that the CoHt ion is formed through a 
common CllH$ intermediate ion from the three compoundsso. The benztropylium 
structure of this common C,,H: ion is further supported by its appearance potential 
measurements, which yielded identical (within experimental error) enthalpies of 
formation : 254 kcal/mole when formed frcm 1-chloromethylnaphthalene, 250 kcal/ 
mole from 2-chloromethylnaphthalene and 256 kcal/mole from 3V0. Semiempirical 

I 
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calculations of enthalpies of formation of hypothetical structures show that the 
CllH$ ion cannot have an open-chain structure, and it is best represented as a 
benztropylium iono0. 

Appearance potential measurements also suggest a common structure for the 
CoH: ions formed from 1-phenyl-1-propyne (39), 5-phenylpent-2-ene-4-yne-1-01 
(40), o-ethynyltoluene (41) and indene (42)”. In this case, however, the semiempirical 
calculations suggest that the CeH7 ion has an ethynyltropylium or a phenylcyclo- 
propenyl structureoo (see Scheme 16) rather than a fused structure related to indene, 

as suggested previously for compounds 33 and 34”. Deuterium labelling shows that 
39 undergoes a total hydrogen scrambling in the molecular ion prior to the formation 
of the CeH: ion71. The authors suggest a linear structure for the fragmenting 
molecular ion, which may reversibly recyclize7’. p-Ethynyltoluene (43) also undergoes 
total randomization of the hydrogen atoms prior to the formation of the CeH: 
ions70. A nine-membered cyclic structure is suggested for the CBHT ion in this casei0. 

Appearance potential measurements further suggest that the CoHr1 ions formed 
by the loss of a chlorine atom from the molecular ions of 44 and 45 have the same 
structure as those formed from aromatic CeHliCl isomers (see Scheme 17)91. 
Comparison of the enthalpy of formation of this ion with values calculated for various 
possible structures excludes an open-chain structure. There is no possibility of 
deciding from these data whether this ion has an ethyltropylium, dimethyltropylium, 
ethylbenzyl or dimethylbenzyl structuree1. 

The mass spectrum of hept-2,4-diene-6-yne-I-ol (46) is virtually identical to that 
of benzyl alcohol, again suggesting a rearrangement to a tropylium ion structure 
under electron impact.*? This suggestion is supported by a deuterium-labelling 
study, in which total randomization of hydrogens has been observed in the C,H$ 
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SCHEME 17 

ion prior to its decomposition to C,Hf for both 46 labelled at C-1 and a-d, benzyl 
alcohol (74% and 69%, respectively, of label retention in the C6HZ ion, 71.4% 
calculated for total randomization)32. 13C-labelling shows, however, that the C,H$ 
ions formed from 47 only partially cyclize to the tropylium structure at 70eV. 

HC=C(CH=CH),CH,CI 
i, t 

(47) 

In  the C,H$ ion 61% of I3C is retained while 71.4% would be required for total 
randomizationo3. The extent of the cyclization is a function of the life-time and the 
internal energy of the ions. At - 15 eV the cyclization seems to be complete (70 a 2% 
label retention)". Thermochemical measurements also show that the C,H$ ion 
formed from 47 has a cyclic structure at  the threshold (AHF(C,H$) = 215 kcal/mole 
when formed from benzyl chloride and 21 1 kcal/mole from 47)94. 

Thermochemical measurements show that identical ions may also be formed from 
open-chain polyacetylenic compounds and their cyclic isomers. Thus oct-3,s-diene- 
1,7-diyne (48) and phenylacetylene (49) give rise to CeH$ ions which have identical 
enthalpies of formation (31 3 and 31 5 kcal/mole respecti~ely)~~. Comparison with 
calculated AH! values again suggests a cyclic structure for the CeHC iono4. An 
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HCrC-(CH-CH),-CECH 

(49) 

eight-membered ring structure has been suggested for the molecular ion of phenyl- 
acetylene C8H;+ which loses acetylene under electron impact based on H/D 
scrambling data',. On the other hand, C,,Hi formed by the loss of H* from the 
moiecular ions of phenylbutynes 50-52 have structures different from the CloH$ 
ion obtained from dihydronaphthalene (53) and methylindene (54) (Scheme 19)04. 

CH,C-CCH, C,,H$ 

(51 1 9 AH: = 254-256 kcal/mole 

CH,CH,C'-CH 

(52) 

a C,,H$ 

(53) 
/ AH: = 228-9 kcal/mole 

(54) 
SCHEME 19 

The enthalpy values indicate that the C,,H$ ions formed from 50-52 do  not cyclize. 
C,,H;+ ions are identical in all the five compounds 50-54, but they may have either 
an acyclic or a cyclic naphthalene structure. The decision depends on the question 
as to whether these ions are formed by the elimination of H2 from the molecular ions 

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

SCHEME 20 
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or by a consecutive loss of two hydrogen atoms. An open-chain structure has been 
suggested for the C,,H: ions formed from both 6-phenyIhex-3,5-diene-l-yne and 
biphenyle5. Deuterium- and 13C-labelling shows that the CIIH: ion formed from 
5-phenyl-pent-2-ene-4-yne-1-01 (55) under electron impact does not have the 

C,H,C=C--CH=CH-CH,OH 

(55) 

benztropylium structure, a s  it differs in label retention of its fragmentation product 
ion CeH$ from the corresponding ion formed from 1- and 2-naphthyl methanolse6. 
This contrasts the behaviour of the corresponding chloride 38. Appearance potential 
measurements show that the loss of H* leads to different C7H70+ ions in hept-2,4- 
diene-6-yne-1-01 (46) and in benzyl alcohole4. The enthalpies of formation are 
139 and 171 kcal/mole respectively, indicating that the acetylenic compound 46 
does not undergo cyclization. This again contrasts the behaviour of the corresponding 
chloride 47. Different behaviour has also been noted between other pairs of acetylenic 
and aromatic alcohols 56-61, and it has been ascribed to  the easy isomerizations in 
the open-chain compoundse7. 

HC =C-( CH =CH),-CH 0 H CZH, C,H,CHOHC,H, 

(56) (57) 

CzH,C~C-(CH=CH),-CHzOH p-C,H,C,H,CH,OH 

(58) (59) 

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

(60) (61 1 

Mass spectra of I ,5-, 2,4-, 1,4- and 1,3-hexadiynes (62, 63, 64 and 65 respectively) 
and of hexa-1,3-diene-5-yne (66) have been of particular interest since these 
compounds are linear isomers of benzene. An early comparison of the mass spectra 
of 62-66 with that of benzene, including metastable transitions and appearance 

HC=C(CH,),C=CH CH,C=C-C=CCH, HC=C-CH,C=C-CH, 

(62) (63) (W 

(65) (66) 

HC=C--C=C-CH,CH, H,C=CH-CH=CH-C=CH 

potential measurements of the major fragment ions, led to the conclusion that these 
compounds decompose under electron or photon impact through a common 
intermediate iono8. It is suggested that this common ion has an  acyclic structure 
which seems to  be identical with 66. The extent of H / D  scrambling in the frag- 
mentation of 1,s-hexadiyne-1 ,6-d2 was measured using defocused metastable ions73. 
The results show that the hydrogen atoms are completely scrambled prior to the 
losses of CH,., C2Hz and C3H3-, which the authors see as supporting the suggestion 
that the substituent scarnbling in benzene may occur via an  acyclic structure. 

While decomposing benzene ions may isomerize to an  open-chain structure 
prior t o  dissociation, the question may be raised as to  whether those C6Hi ions 
from benzene, which do not have enough energy to decompose, retain their cyclic 
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structure. A comparison between the behaviour of non-decomposing CoH$ ions 
from benzene and various linear C,H, isomers has been carried out along three 
alternative routes: collision-induced dissociation (CID) mass spectragg* loo, charge 
strippingloo and ion-molecule reactionslO1 by ion cyclotron resonance [ICR) 
spectrometry. The first of these, CID, involves collision of high translational energy 
ions with neutral molecules. As a result of the collision, part of the relative kinetic 
energy is converted to internal energy of the ion, upon which some ions decompose. 
A fragmentation pattern (the so-called CID mass spectrum) is obtained, which is 
characteristic of the ion structure. I n  the second of the above-mentioned methods 
for ion structure determination (charge stripping), ions of high translational energy 
allowed to  collide with neutral molecules become doubly ionized. The cross-section 
for such a process can be determined. As in the case of CID, the ions sampled by 
this technique are those which are stable to unimolecular fragmentation, but while 
CID samples preferentially higher energy ions, charge stripping involves a more 
uniform over the range of ion internal energies, which under normal 
conditions do not lead to dissociation. Thus CID experimentslOo gave very similar 
results for benzene, I ,5-hexadiyne (62) and 2,4-hexadiyne (63), indicating similar 
structures for those CGH: ions which have almost enough internal energy to dissociate. 
Charge stripping showed striking differenceslOO for CGH$ ions formed from these 
three molecules, indicating that there exist a t  least two different forms of these ions 
which d o  not have enough internal energy to dissociate. 

The third method for ion structure determination (ion-molecule reactions using 
ICR spectrometry) is based upon the idea that ions having different structures will 
lead to different chemical reactions with various neutral molecules. It was foundlO1 
that CsH6 radical cations produced from various acyclic isomers of benzene, 
1,3-hexadiene-S-yne (66), 1,5-hexadiyne (62), 2,4-hexadiyne (63) and 1,6hexadiyne 
(a), exhibit totally different bimolecular chemistry t o  CGHG radical cations from 
benzene or other aromatic molecules. For example, C,H: ions from benzene react 
with 2-propyl iodide to produce an ion of m/e 121 (Scheme 21). 

SCIIEME 21 

None of the acyclic isomers gives the m/e 121 product. Instead a series of internal 
reactions occur. For example, ionized 1,3-hexadiene-5-yne reacts with its neutral 
precursor to form C,H:, C8H,f, C,H:, C,H,f, CloH:, C,,H$, C1,H:. On the other 
hand, ionized benzene is inert with neutral 1,3-hexadiene-S-yne. In  addition, all 
of the acyclic C,H, isomers produce CGHi ions which react with 1,3-butadiene to  
give C8HT, CgH; and CloH:,. Once again, ionized benzene shows none of this 
chemistry. The conclusion from the ICR experiments is similar to that from the 
charge stripping experiments; namely, at least two different structures exist for the 
non-decomposing CGH; ions, ionized benzene retaining its ring-closed form. 



6. Mass spectrometry of acetylenes 185 

E. Miscellaneous 

Alkoxyl and alkyl migrations are suggested a s  playing a role in the fragmentation 
processes of some acetylene derivatives under electron impact. Thus a methyl group 
migration by a six-membered cyclic transition state is suggested to  precede the loss of 
a formyl radical from the molecular ion of 67 (see Scheme 22)84. The most abundant 

I 
CH,-CH=CH-CsC-C=CH 

[M-CHO]+ t CH, 2 1' 
d 'H 

SCHEME 22 

ion in the 70 eV mass spectrum of 22d at  m/e 84 is suggested as being formed by a 
McLafferty rearrangement followed by a methoxyl group migration in the allenic 
intermediate C (Scheme 23)83. The latter step is reminiscent of a McLafferty rearrange- 
ment in which the methoxyl group migrates instead of hydrogen. I t  is interesting 

-> 

( C )  
SCHEME 23 

1" CH,=C-CH = CH, 
I 

OMe 

mle a4 

to note that this migration is not observed in other esters (22) having more or no  
methylene groups between the triple bond and the carbomethoxyl groups3. 

Elimination of water from diols 68 and 69 takes place mainly with the participation 
of both hydroxylic hydrogens (more than 90%, as  shown by deuterium labelling)1o2. 
Similarly in diols 70 and 71 elimination of H,O from the [M-R']+ ion (and from 
[M-R2]+ in the case of 71) involves both hydroxylic hydrogen atoms quantitatively 
(98-99%)lo2. 

(68) R' = R2 = H 

(70) R' = R2 = CH, 
(71) R' = CH,; RZ = CH, 

R2 RZ 
I I (69) R' = H; R2 = C,H, R'-C-C~C-CGC-C-R' 
I I 
OH OH 

An analogous interaction between the two functional groups located on the two 
sides of an acetylene or diacetylene moiety despite the large ground-state distance 
between themlos is found in the trimethylsilyl ethers 72 and 731°4. 
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The m/s 147 ion containing two silicon atoms is of significant abundance in the 
mass spectra of both compounds, although considerably lower for 73 (Scheme 24)lo4. 

-1- 
(C H, l3 S i 0 C H AC=C), C H,O S i (C H,) , (C H ,I2 S i=OC H,(CX),C H 2O S i (C H 3)3  

(72) n = 1 
(73) n = 2 

m/e 97 

100% 

/ I  only for (73) 

+ 
(CHJ,Si=O-Si(CH,), 

/ '0 m l e  147 
(CHAS i 

SCHEME 24 

The dimethyl- and trimethyl-silyl groups supposedly migrate towards the triple bonds 
in  the [M-CH3]+ ion formed from 73, leading to  the consecutive expulsion of 
two molecules of formaldehyde (Scheme 24)lo4. A long-range hydrogen transfer 
across a triple bond is also postulated as  the mechanism for the ejection of tetra- 
hydropyrrol from the molecular ion of 74 (Scheme 2S)lo5. The identity of the 
migrating hydrogen atom is confirmed by deuterium labelling105. 

SCHEME 25 

Mass spectral data have been reported for a large number of acetylenic compounds 
such as acetylenic dialkylphosphonates106, homo- and hetero-cyclic  acetylene^^^^-^^^, 
organometallicsllO-llG, natural  acetylene^^^^-'^^ and  other^*^"-'^^. 

VII. I O N - M O L E C U  LE R E A C T I O N S  

The field of ion-molecule reactions in the gas phase has played an increasingly 
important role in recent years. This is due  to three major c o n t r i b u t i ~ n s l ~ ~ :  (i) 
improvement of our  understanding of those experimental situations where ions 
are  to  be found; (ii) particular contributions to chemical kinetics; (iii) applications 
in chemical analysis through development of chemical ionization techniques. Both 
positive and negative ion-molecule reactions have been studied for acetylenes. 
These studies will be reviewed in the present section (see also Section 1I.C). 

A. Positive Ion-Molecule Reactions 

Ion-molecule reactions of acetylene have been the subjcct of a great many studies. 
The  earlier W O ~ ~ S ~ ~ ~ - ~ ~ ~  used ordinary ion sources and relatively low source 
pressures. More elaborate methods were later used, including high-pressure mass 
~ p e c t r o r n e t r y ~ ~ ~ - ~ ~ " ,  tandem mass spectr~metry"~.  18, drift mode ICR spectroscopy14s, 
trapped-ion mass s p e c t r ~ m e t r y ~ " ~  147 and photoionization mass spectrometry"". 149. 
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One of the striking features of these studies is the complexity of the reaction 
scheme of this relatively simple molecule. Extensive ionic polymerization occurs at  
high pressures through long chains of very rapid consecutive and competitive 
ion-molecule react ions. 

The major reactions of the primary ions involve formation of C,H: and C,Hf 
via reactions @)-(lo): 

(8) 

The branching ratio of C,HZ : C,HZ for acetylene ions in their ground electronic 
state (nil)  is 0-47+0.05. Acetylene ions in their excited state (or1) react quite 
differentIy143-145s lS0, the C,H,f product being absent and another secondary ion 
appearing at relatively low intensity, via 

C,H:"+C,H, ___+ C,H:+C,H (11) 

The major tertiary ions observed a t  either relatively high source p r e s ~ u r e s ~ ~ ~ - ~ ~ ~  or  
at long reaction times1,? were C6H: and C,H: which arise via 

C,H:+C,H, ____f C6H: (1 2) 

C,H:+C,H, - C,H: (1 3) 

Figure 7(a) reproduceslq2 characteristic dependencies of fractional intensities of 
several prominent ions on the pressure of acetylene in the source chamber of a mass 

0.60 

0.50 

.- 3 0.40 
lA 
c 
0 
c 

0 c 
0 

V 

c 

'- - 0.30 
.- 
c 

0 0.2c 
L k  

0. I c 

0.oc 00 
Source pressure, microns 

(a )  

FIGURE 7. Fractional intensities of ions as function of acetylene p re s s~rc l~~ .  (a) Prominent 
ions. 
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FIGURE 8. Fractional intensities of ions from acetylene (logarithmic scale) as function of 
time (zero time corresponds to the formation of ions by a short ionizing pulse)147. 

TABLE 6. Disappearance rate constants of acetylene 

React ant Rate constant 
ion (10-B cm3 molecule-ls-l) Reference 

C,H+ 2.45 
1 *47 
1.41 
1.15 
1.52 
1 *33 
1.23 - 0.085 
0.7 1 

C,H$ 0.23 
0.1 

C4H: - 0.036 

GH,+ 

146 
147 
146 
147 
151 
148 
152 
147 
151 
147 
146 
147 

The above discussion relates to ion-molecule reactions following ionization in 
pure acetylene. In addition, mixtures of acetylene with other gases were studied, 
e.g. with H, Is1, CHI 14.1* ls3, C,Ho and SiH, ls5# lS0. Other studies involve reactions 
of various incident ions with acetylene, resulting in charge exchange, dissociative 
charge exchange or in a variety of proper ion-molecule reactions. Incident ions 
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others1D* Is0. 

mixture, the following reactions take placeIs3: 

C. Lifshitz and A. Mandelbaum 
employed include: rare-gas ions1% lS0, 157-158 , H i  160, 161 CH: 163, 162, C+ 1630 and 

9 

When CH, is the major constituent and acetylene the minor one in  a CH,-C2H2 

C,H,'"+H, (major) (14a) 

C,H,+ t CH, (minor) (14b) 

c,H,'++ CH,* (14c) 

C,H,+ + H, (minor) ( 1  5a)  

C,H,+ + CH,* (major) (1 5b) 

CH,+ + C,H, (C,H,+)* 

C,H,' -t- C,H, (C,H,-')* 

The excited intermediates formed, C3H: and C,H;C, either are stabilized by collision 
with CH, or  dissociate as shown. 

The formation of loose collision complexes with relatively long lifetimes are  a 
fairly general phenomenon for unsaturated systems. In pure acetylene, C,Hf is 
believed to  be an intermediate in the formation of C,H: and C,H$ (reactions 8 
and 9). I n  photoionization experiments the reactant C2H: vibrational state may be 
selected. The branching ratio C,H; : C4H: was observedIqB to decrease from 
u = 0 to u = 1  of stretching vibration in C.Ht. Both processes (8) and (9) are 
exothermic; however, relative to CoH: more energy is necessary for (8) than for (9) 
(its 'activation energy' is higher). As more energy is invested in the C,H: intermediate 
(in the form of vibration of the C,H: reactant), the simple bond breakage becomes 
the more probable reaction on  statistical grounds (it has a higher frequency factor) 
in qualitative agreement with the predictions of a Quasi Equilibrium Theory (QET) 
treatment1". 

Additional evidence for long-lived intermediates has been obtained from the 
hydrogen-deuterium scrambling observed when some of the reactant molecules were 

la,'. This is characteristic for condensation products. However, other 
experiments dealing mainly with proton transfer reactions, c.g. reaction (14b) or 

H:+C,H, - H,+C,H: (1 6) 

(16), show no  isotopic scrambling; e.g. the product of the reaction of D: with C,H2 
is solely C2H2D+lso. Any intermediate formed is too short-lived to  allow isotopic 
scrambling to occur. As higher polymers are formed in condensation reactions, 
'sticky' collision complexes are formed which need no further collision stabilization 
(e.g. reaction 12). 

The effect of vibrational energy on reaction cross-sections was studied in some 
of these 161 while that of translational energy was studied in others1s8* lG3. 

Photoionization, which allows accurate selection of thc vibrational state of C,H$, 

TABLE 7. Relative reaction cross-section for reaction (17) as 
a function of the number of quanta of excitation in the 

acetylene ion carbonsarbon stretching mode u2 

v2 0 1 2 
Relative cross-section 7 . 5 k  1.0 45L-5 9 0 5  15 
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was ~ m p l o y e d l ~ ~  to study the effect of vibrational energy on the cross-section of the 
slightly (1 kcal/mole) endothermic reaction (17). The results are shown in Table 7. 
The dependence observcd is as  expected for endothermic reactions. 

The reaction between argon cations and acetylene was studied by varying the 
Ar+ kinetic energy'". The  results are shown in Figure 9. As is now well known to  

1.0 
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0.05 G 

u 0.01 

c 
0 ._ 
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In 
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Energy, eV 

FIGURE 9. Cross-sections far the formation of ions indicated from the reaction of argon 
cations (At+) with acetylene. The abscissa shows the translational energy of incident Ar+ in 

the laboratory (LAB) and centre of mass (CM) systems*58. 

be common behaviour, the cross-section for the exothermic reaction (1 8) drops 

Ar++C,H, - Ar+C,H: (1 8) 

with increasing relative translational energylO. Those for the endothermic dissociative 
charge exchange products via (19), increase with increasing energy and show fairly 

Ar++C,H, - C,H+, CH+, C + ,  C: (1 9) 

well-defined thresholds in the centre-of-mass system corresponding closely to 
their endothermicities. 
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Ion-molecule reactions were also studied in the propyne system163b. From 
deuterium-labelling studies, it has been shown that condensation products are formed 
by decomposition of an ‘intimate’ complex in which extensive hydrogen-deuterium 
scrambling occurs, while hydrogen transfer products are formed from a ‘loose’ 
complex in which no isotopic exchange occurs. The propyne ion reacts more rapidly 
with propyne mcilecules than does the allene ion with allene molecules, possibly on 
account of it having a finite dipole momenP4. 

B. Negative Ion-Molecule Reactions 

Acetylene does not capture electrons to produce the negative molecule-ion and 
its electron affinity is negative. However, a C,H; ion is observed when 0- reacts 
with ethylene, CzHp 165-1G7. 

I t  has been shownlB6 by isotopic labelling studies of the reaction: 

C,H,+O- ___ > C,H;+H,O (20) 

that the two hydrogen atoms are abstracted from the same carbon so that the 
negative ion is CH,C-, rather than CHCH-. 

Reactions of negative ions with acetylene have been the subject of several 
interesting studies. These include reactions of 0- ionslG5* l6O, 163-171, OH- ions172, 
C1- ions1BB. 173, S -  and SH- 173 and various polyatomic anions174. 

In  addition to the ion-molecule reactions (21)-(24) the system (C2H, + 0-) 
demonstrates the associative detachment reaction channel (25) which is unique for 

C,H,+O- - C,H-+OH (21 1 

C,OH-+H (22) - OH-+C,H (23) - C;+H,O (24) - C,H,O+e (25) 

interactions of neutral molecules with negative ions and cannot take place for 
positive ion interactions. Since no ionic products are obtained in reaction (25) none 
are detected by ordinary mass spectrometric methods and special techniques have 
to be employed to observe this reaction170. 171. A compilation of rate constants for 
this reaction system is given in Table 8. 

TABLE 8. Rate constants for reaction of 0- with C2H, 

Rate constant k (cm3 molecule-l s-l x 10-lo) 

Ref. Ref. Ref. Ref. Ref. 
Reaction 165 166 169 170 171 
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Reactions of negative ions from acetylene such as C-, C, and C2H- with various 
neutral molecules were also 1.75. Of particular interest is the C2H- ion 
because of its importance in hydrocarbon Thus, besides its reactions, a 
study was made of its therrn~chemistryl~~. The equilibrium constant for the reaction 

OH-+C,H, S C,H-+H,O (26) 

was determined and from it 

AH;P08~(C,H-) = 71.5fl.1 kcal/mole 

was calculated. This is the most accurate determination of the heat of formation of 
this two other determinations being in close agreement; one1'. la based on 
the A.P. of C2H- from C2H, (Table 1) and the other173 based on the threshold for 
the endothermic reaction: 

S-+C,H, - C,H-+HS (27) 

Coupled with AHfO(C2H) = 127 f 1 k ~ a l / m o l e ~ ~ "  (see Section 111) one obtains172 
from AHP(C,H-) a value for the electron affinity of the C2H radical: 

E.A.(C,H) = 2.550.1 eV 

The threshold for photodetachment of electrons from C,H- is 3.73 eV lP7, i.e. 

The C, ion is also of importance17o in fuel-rich hydrocarbon flames. It reacts 
considerably higher than the electron affinity of the C2H radical. 

with oxygen1"* 175 via 

C;+O, ___+ C,O,+e, k = 2.1 xlo-" cm3 molecule-' s-' (28) 

The electron affinity of C, is estimated from appearance potential measurements1a 
to be E.A.(C,) = 3.3 k 0.2 eV. The photodetachment threshold is 3-54 eV 177. 

Reactions of several carbanions with oxygen were studied178. Among others the 
propynyl anion reacts in a slow process to yield C2HO- and a neutral fragment, 
presumably formaldehyde: 

HC=C-CH;+O, - HCsC-O-+H,C=O (29) 

Rate constants were measured174 for the forward and backward proton transfer 
reactions: 

A-+BH p B-+AH (30) 

This allowed the construction of an acidity scale of Brnnsted acids in the gzs phase. 
including C2H,. Thus CH&N is a stronger acid than C,H, and the latter is a stronger 
acid than CH,OH. 
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1. INTRODUCTION 

Acetylenes occupy a central place in synthetic organic chemistry because of their 
availability and the great versatility of their transformations. Much of the recent 
interest in acetylenes involves additions to the triple bond, which frequently result 
in specifically substituted olefins. Because of the acidity of the alkynyl and propargyl 
hydrogens (and hence the availability of the corresponding metal derivatives), 
acetylenes have also been widely used in carbon-chain extension reactions. Synthetic 
applications of acetylenes were reviewed in 1955 by Raphael'. More recent books on 
various aspects of the chemistry of acetylenes are listed in References 2-5; other 
books which include reactions of acetylenes of interest to synthetic organic chemists 
are listed in References 6-13. 

This review is concerned with selected reactions of acetylenes which have use or 
potential use in organic synthesis. The literature of acetylene chemistry is vast. 
Useful reactions which have been discussed elsewhere and will not be further discussed 
here include the following: 

(1) Reductions of acetylenes to cis olefins by catalytic h y d r o g e n a t i ~ n ' ~ - ~ ~  or  by 
diimide?', and to t ram olefins by dissolving metalsl8I 2os 22. P-2 nickel has recently 
been found to be a useful hydrogenation catalyst for the reduction of internal 
acetylenes to cis oIefinsZ3~ ? . I .  

(2) Oxidations of acetylenes to dike tone^^^-^^. 
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(3) Conversions of acetylenes to a I l e n e ~ " ~ - ~ ~  (see also Section II.G.4) and to 

isomeric acetylenes30. 32, 331 36.37. 

(4) Thermal rearrangements of acetylenes. Claisen and Cope rearrangements3*. 38 

and intramolecular -ene 40 involving acetylenes arc included in recent 
reviews. 

( 5 )  Diels-Alder and 1,3-dipolar cycloaddilion reactions of  acetylene^^^^ An 
interesting recent application to  organic synthesis is the use of isoxazoles (from 
1,3-dipolar cycloadditions of acetylenes with nitrile oxides) in the synthesis of 
corphins and corrins (relating to  vitamin B12)13. a4. 

( 6 )  Coupling reactions of a c e t ~ l e n e s ~ ~ j - ~ ~  have been especially important in the 
synthesis of annulenesSo. 

(7) Reactions of metal acetylides?. 5 ,  51-53, particularly with ketones to form 
propargylic alcohols, and with alkyl halides to  form alkylated acetylenes, are well 
known. Aluminium acetylides have been found to be especially useful for opening 
epoxides (used in the synthesis of prostaglandinss4* 55 and sesquiterpenesSG. 57), for 
conjugate additions to a,@-unsaturated ketones (if a cisoid conformation of the 
enone is possible)", and in reactions with tertiary alkyl halides and secondary 
alkyl methanesulphonates (to produce tertiary and secondary alkyl  acetylene^)^^. 
Reactions of copper acetylides with acid chlorides are useful for preparing a,p- 
acetylenic ketones.G0. G1 See also Section VI. 

(8) Selective reactions of acetylenes and protecting groups for acetylenes. 
Ozonolysis was found to cleave selectively a vinyl group to an  aldehyde in the 
presence of an internal triple bondG2. Protecting groups for the acetylenic C-H 
bondG3 and for the triple bondG4 have been reviewed. The triniethylsilyl group has 
been widely used recently for protecting the acctylenic C-H bond47-.1g* 67* 611 65 (see 
also Section VI). Protection of triple bonds in the presence of double bonds, and 
double bonds in the presence of triple bonds, can be achieved by selective complexa- 
tion with organometallic reagents. Dicobalt octacarbonyl reacts with triple bonds in 
the presence of double bondsGG. The resulting CO,(CO), complexes are stable to 
diborane (followed by protonolysis or oxidation), to diimide and to Friedel-Crafts 
conditionsGG. G7. (They have been found to  poison common hydrogenation catalysts 
however.) The triple bonds are easily regenerated by treatment with ferric nitrate6G 
or ceric ainmonium nitrates7. Carbon-carbon double bonds can be protected as  
CSH5Fe(CO): complexes in the presence of triple bondsGR. Double bonds thus 
protected are  stable to catalytic hydrogenation, to Br, in CH,CI, and to Hg(OAc),, 
and  are easily regenerated by Nal in acetone. 

(9) Miscellaneous uses of acetylenes. Alkynyl groups serve as inert ligands in 
reactions of organocuprate reagents. Mixed alkyl(alkynyl)cuprate reagents selectively 
transfer the alkyl group i n  conjugate additions to  enones, making possible the use of 
precious alkyl groups. Mixed alkenyl(alkyny1)cuprate reagents similarly transfer the 
alkenyl 

The ethynyl group has been used as a 'skinny ethyl' to improve the stcreoselectivity 
of the Claisen rearrangement'O. 

(10) Acetylene equivalents have been devised for reactions in which acetylene 
itself does not participate well. Conjugate addition of an ethynyl group to an enone, 
especially a cyclic enone, cannot be accomplished by standard methods. Corey has 
shown that the vinyltin moiety can be introduced in a conjugate addition reaction 
and easily converted to an ethynyl group (reaction 

Acetylene is not a good dienophile in the Diels-Alder reaction. Compounds 1 
alid 2, which are better dienophiles, serve as  acetylene equivalents in that their 
Diels-Alder adducts can be transformed to the adducts expected from acetylene 
i t ~ e l f ' ~ .  

". 
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I I .  H Y D R 0 M ETALATI 0 N A N  D CARB 0 M ETALATI 0 N 
A. General Remarks 

A number of metal* hydride derivatives have been demonstrated t o  add the 
elements of metal and hydrogen (hydrometalation) across carbon-carbon triple 
bonds (and other multiple bonds); the resulting alkenylmetallic compounds have 
found much use in organic synthesis. Hydroboration and hydroalumination of 
triple bonds have had many synthetic applications. Recent w x k  indicates that 
hydrosilylation, hydrostannation and hydrozirconation will also be of considerable 
importance in organic synthesis. Applications of hydrometalation of triple bonds 
with other metal hydrides are likely to be d e v e l ~ p e d ~ ~ .  

With the exception of hydrostannation, these hydrometalations typically take 
place in a stereoselective syrt manner. Although the stereochemistry of hydro- 
alumination is normally sytz, nnti stereochemistry has been reported in reactions 
of propargylic alcoholates with diisobutylaluminium hydride, and  in reactions of a 
number of alkynes with aluminium ‘ate’ complexes, Li(R,AIH) and LiAIH,. 
Hydrostannations have been shown to  take place in  an anfi manner, although 
cis-fratis isomerization frequently takes place. 

I n  these hydromctalations, the  metal moiety usually adds preferentially to the 
least hindered end of the triple bond. With the exception of hydrosilylation, in which 
mixtures are formcd, terminal acetylenes undergo essentially regiospecific hydro- 
metalation. The  regioselectivity with unsymmetrical internal acetylenes is lower, 
although hydrozirconation, under equilibrating conditions, exhibits a remarkable 
degree of regioselectivity. (Regioselectivities of hydroboration, hydroalumination 
and hydrozirconation are compared in Table 1 in Section II.B.1.a.) 

Carbometalation reactions of triple bonds have also been used to  generate alkenyl- 
metallic compounds. The  addition of organocopper reagents t o  triple bonds is 
achieving importance in synthetic chemistry. Additions of other carbon-metal 
(for example aluminium, zinc77 and, to a very limited extent, boron) species have 
also been investigated. A few examples of metal-promoted carbonylations are 
included in this section. 

The alkenylmetallic intermediates from these reactions vary from highly reactive 
compounds which are usually generated it1 sit14 and used shortly afterwards (i.e. 
alkenylalanes) to very stable compounds which can bc distilled and stored (i.e. 
a1 kenylsilanes). 

* The term ‘metal’ is uscd looscly to include elements such as boron and silicon. 
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Many of these compounds (or the intermediates derived from reactions with 
alkyllithium reagents) have been shown to react with electrophiles with retention of 
configuration at the double bond, and have therefore been used as alkenyl transfer 
agents, e.g. for the synthesis of specifically substituted alkenes. Mechanisms 
involving addition-elimination or electrophilic substitution at the alkenyl carbon 
have been postulated for these reactions. Much of the chemistry of the alkenylboranes 
(via the derived alkenylborates) is unique, and involves migration of a group from 
the boron to  the adjacent alkenyl carbon, resulting in a number of new carbon- 
carbon bond-forming reactions. Alkynylborates undergo similar reactions and are 
therefore included in this section. Some possible reasons for the differences in the 
chemistry of the organoboron and organoaluminium compounds havc been 
discussed by N e g i ~ h i ’ ~ ~  7g. 

Transformations of one alkenyl metal compound to another are  sometimes 
possible. Thus, alkenylboranes, which do not generally serve as alkenyl transfer 
reagents, can be converted to  alkenylmercury compoundse0* for which a number 
of alkenyl transfer reactions are being developed (frequently in conjunction with 
palladium salts)8z-e4. 

B. Boron 

1. Generation of alkenylboranes, alkeneboronic esters and the derived 
borates 

a. Hydroboration of nlkyties*. Alkenylboranes and alkeneboronic esters are 
commonly generated by hydroboration of alkynes. Diborane [(BH&] and substituted 
boranes (RBH2 and R2BH) were first shown by Brown and Zweifel to  add across 
carbon-carbon triple bonds in a stereoselective syn fashion to generate alkenyl- 
boranes”* D1. Hydroboration of alkynes and the reactions of the resulting alkenyl- 
boranes have since become an active area of research. Substituted boranes used 

dBR; R’-= RZBH + /_/BR’ Rl-=-El R:BH 

R’ R’ R’ 

for the hydroboration of alkynes include dicyclohexylborane, disiamylborane 
[bis(3-methyl-2-butyI)borane, Sia,BH], thexylborane (2,3-dimethyl-2-butylborane) 
and thexylmonoalkylboranes, 9-BBN (9-borabicyclo-[3.3.1]nonane), catecholborane, 
monochloroborane and dichloroborane. 

N B H 2  

T hexyl borane 
Sia2BH 

B H  

0’ 

Catecholborane 
9-BBN 

* For general reviews which include synthetic uses of the hydroboration of alkynes, see 
References 85-89. 
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The regioselectivity of the hydroboration of unsymmetrical acetylenes is governed 
mostly by steric effects as shown in Table 1. For  comparison, regioselectivities 
observed in some reactions with other hydrometalation reagents (DIBAL, Section 

TABLE 1. Regioselectivity of alkyne hydrometalation 

Percentage of isomer A with various hydrometalation reagents 

Alkyne 
R1--C=C-R2 (BH3),0 TB* DCBC Sia,BHa CE8# CIBHZ0 R,AIHf (Zr)Ho 

I Z - B U C ~  CH 
IZ-GH&=CH 
t-BuCz CH 

PhC=CH 
n-PrC= CMe 
n-BuC= CMe 
i-PrC= CMe 
cyc-C,H1,C= CMe 
t-BuCeCMe 

PhCECMe 

- 
- 
60 

75 
74 
79 
26 

- 

- - 
>95 >95 

>95 >95 
61 67 

81 92 
78 92 
97 97 
57 71 

- - 

- - 
- 
61 

93 
91 
97 
81 

- 

> 98 93 95 - 
- - - - 

- - 101 98 
91 14 
60 - - 69 (91)h 

- - 

- 67 

92 - 75 
95 - 85 >98 
73 27 22' - 

- - 
- - 84 ( > 98)h - 

- 

a Reference 92. 
Thexylborane; Reference 92. 
Dicyclohexylborane; Reference 92. 
Catecholborane; References 93 and 94. 
Reference 95. 

f Diisobutylaluminium hydride (DIBAL); Refercnce 96. 
0 Cp,Zr(H)CI; References 75, 76 and 98. 

After equilibration in the presence of excess Cp,Zr(H)CI. 
22% at 70 "C, 18% at 50 "C; References 96 and 97. 

II.C, and Cp,Zr(H)Cl, Cp  = q5-C5H8, Section 1I.F) are included. Hydroborations 
of terminal alkynes with substituted boranes yield almost exclusively the alkenyl- 
boranes having the boron on the terminal carbon. Hydroborations of internal 
alkynes with substituted boranes yield mixtures of regioisomeric alkenylboranes 
with the boron preferentially at the less sterically hindered carbon. The rcactions 
frequently take place with suficient regiospecificity to bc synthetically useful*. 
(Use of diborane is less satisfactory. Reactions with terminal alkynes result in 
dihydroborated products; reactions with internal alkynes result in regioisomcric 
mixturesUo, sl.) 

Substitution of an  alkynyl hydrogen, a competing pathway in the hydroalumination 
of the more acidic alkynes (e.g. phenylacetylene and conjugated enynes having a 

* For further details on the rcgiospecificity of liydroboration of alkynes using substituted 
boranes, see the following references : catccholborane (Rcfcrcnces 93, 94) ; monochloro- 
borane (References 95, 99); dichloroborane (References 100, 101); disianiylborane 
(References 92, 102); dicyclohexylborane and thexylborane (Reference 92). 
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terminal triple bond) (see Section II.C.l.a), does not seem to be a significant problem 
in hydroborat ion reactionsD2-D4. 

Hydroboration reactions of alkynes can, in principle, be carried out in the presence 
of many functional groups*, and have been successfully carried out in the presence 
of halideD4* '04-'08, esterloD-ll', THP etherl13, l14 and f-butyldimethylsilyl ether115 
groups. The regiospecificity can be affected by the presence of a nearby functional 
group (see Section II.B.2.e). Enynes can frequently be selectively hydroboratcd at 
the triple bond"* log* 116* ll'; however, a terminal double bond (vinyl group) sometimes 
compctes with a triple bond for the hydroborating reagentD2. Conjugated diynes can 
be mono- or dihydroboratedlo2. Monohydroborations of unsymmetrical conjugated 
diynes produce mixtures of alkenylboranes; however, symmetrical conjugated 
diynes yield a single alkenylborane having the boron attached a t  the internal position 
of the double bond. These intermediates have been used for the synthesis of 
conjugated cis enynes (see Section II.B.2.b) and a$-acetylenic ketones (see Section 
11.B.2.~)'~~. 

The choice of hydroboration reagent obviously depends upon the synthetic use 
intended for the alkenylboranc (see Section II.B.2). However, several general remarks 
(in addition to  those concerning regioselectivity) can be made comparing hydro- 
boration reagents. A variety of dialkylboranest have been used to  prepare dialkyl- 
alkenylboranes. Dicyclohexylborane was reported to be preferable to disiamyl- 
borane in a sluggish hydroborationlo2. 9-BBN has so far been little used in mono- 
hydroboration rcactions115 (for use in dihydroboration reactions, see Section II.B.3). 

Thexylborane is a hindered monoalkylborane which can be used for the sequential 
monohydroboration of two different unsaturated Reactions of 
thexylborane with a wide variety of olefins yield thexylmonoalkylboranes; mono- 
hydroborations of alkynes with thexylmonoalkylboranes proceed well to produce 
thexylmonoalkylalkenylboranes. Reactions of thexylborane with monosubstituted 
terminal olefins yield mixtures of thexylmonoalkyl- and thexyldialkylb~ranes~~~~ lz3. 

Similarly, reactions of thexylborane with terminal alkynes are reported to  produce 
only poor yields of thexylmonoalkenylboranes*05. 

Many reactions of alkenylboranes involve migration of one carbon ligand from 
boron to an adjacent carbon (via alkenylborate intermediates) (Section II.B.2.e) ; 
the group which remains on  the boron is ultimately wasted. Thexylborane, catechol- 
borane and monochloroborane are useful precursors to  alkenylboron compounds 
having one or two non-migrating ligands. The thexyl group does not usually migrate 
competitively with less bulky carbon ligandslo3 (for exceptions, see References 
118-122); oxygen ligands do not generally migrate competitively with carbon 
ligands (Sections iI.B.2.d and II.B.2.e), and chlorine was shown not to  migrate 
competitively with an alkenyl group (Section II.B.2.e). 

Dialkylalkenylboranes, from hydroboration of alkynes with dialkylboranes, are 
air-sensitive and are usually generated in situ and uscd shortly afterwards. Dialkenyl- 
chloroboranes and alkenyldichloroboranes, from hydroboration of alkynes with 
monochloroboraneD5~ and dichloroborane*OO* lol, respectively, can be isolated by 
distillation, but decompose upon storage. Alkeneboronic esters, from hydroboration 
of alkynes with catecholboraneD3~ 04, are stable compounds which can be distilled. 

* For listings of the relative rcactivities or various functional groups toward diborane and 
toward disiatiiylborane, see Reference 88; for relative reactivities toward thexylborane, see 
Reference 103. For a discussion of the use of protecting groups in the hydroboration 
reaction, see Refcrence 88. 
i Dialkylboranes can bc generated by hydroboration of some olefins with diborane 

(Reference 8s. p. 86) or by hydroboration of some olefins with a hindered monoalkylborane 
such as thexylborane. 
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Moreover, they can be easily hydrolysed to alkeneboronic acids which are frequently 
crystalline; hence a high degree of purification should be possible. 

b. Orher methods for the geiieratioii of alkeiiylboroii comporriids. In addition to 
hydroboration of alkynes, several other methods for the generation of alkenyl- 
boranes and alkeneboronic esters have been developed. Some rearrangements of 
alkenylboranes from hydroboration of functionalized alkynes generate new alkenyi- 
boranes (Section II.B.2.e) ; hydride-induced rearrangement of alkenylboranes derived 
from 1-haloalkynes yields cis alkenylboranes, cis R’CH=CHBR& the opposite 
stereoisomers of those obtained in the hydroboration of terminal a lkyne~’~~ .  
Alkenylboranes are also generated in many of the electrophile-induced rearrange- 
ments of alkynylborates (Section II.B.5); of particular interest is the gencration of 
Markownikoff alkenylboranes, R(R2B)C=CH2 (the opposite regioisomers of those 
obtained in the hydroboration of terminal alkynes), by rearrangement of alkynyl- 
borates derivcd from acetylene*25. 

Additional methods for the preparation of alkeneboronic esters include oxidation 
of alkenylboranes (Sections II.B.2.d and II.B.2.e), and reactions of lithium bis- 
(ethylenedioxyboryl)methide with aldehydes126-1z8. 

The boron ‘ate’ complexes (borates) of alkenylboranes and of alkeneboronic 
esters are usually generated by the addition of nucleophiles to boranes or boronic 
esters respectively; they have also been generated by the addition of alkenyllithium 
reagents to trialkylboranes or to  alkaneboronic esters, respectively (Section II.B.2.e). 

- 

/ABR2 Z- R JRZZ 
R 

2. Reactions of alkenylboranes, alkeneboronic esters and the derived 
borates 

a. Introduction. Reactions of alkenylboranes which have found use in organic 
synthesis include the following: (i) protonolysis to form alkenes (Section II.B.2.b); 
(ii) oxidation to form aldehydes and ketones (Section II.B.2.c); (iii) (if a leaving 
group is present on a P-carbon) p-elimination of boron and the leaving group to 
form allencs and cumulenes (included in Sections II.B.2.e and II.B.5) and acetylenes 
(included in Section II.B.5); (iv) addition to the double bond followed by p-elimination 
-used to form alkenyl halides (Section II.B.2.d); (v) coordination of a nucleophile 
with the boron to form alkenylborates (RiB-CR?=CR;--+ ZR:B--CR2=CRi), 
intermediates which undergo a variety of novel carbon-carbon bond-forming 
rearrangement reactions (Section II.B.2.e); (vi) removal of a y-hydrogen with a 
hindered base to form boron-stabilized carbanions (most non-hindered bascs 
coordinate with the boron, i.e. v). These anions can react with electrophiles at the 
carbons a or y to boron as shown in Scheme 1. Oxidation or protonation of the 
resulting boranes yields a variety of chain-extended 

Alkeneboronic estersu3. o.l *, dialkenylchloroboranesy5~ yg and alkenyldichloro- 
boraneslOO have been shown to undergo protonolysis and oxidation rcactions to 

* For reviews which include some of the chemistry of alkencboronic esters, see References 
126 and 131. Scc also Rcfcrcnce 94 and references cited therein for reactions of thesc 
compounds. 

is- 
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SCHEME 1 

form olefins and carbonyl compounds. In  other reactions, the chemistry of these 
compounds is sometimes quite different from that of dialkylalkenylboranes, as 
chlorine and oxygen ligands show little or no tendency to migrate compared to 
carbon in the above-mentioned rearrangement reactions of the derived borates. 
They have been used in reactions where no migration (Section II.B.2.d) or selective 
migration (Section II.B.2.e) was desired. Other reactions of these compounds 
include the preparation of alkeneboronic acids and esters from alkenyldichloro- 
boraneslo0* lol. 

Reactions of alkenylmetallics with electrophiles to produce olefins with retention 
of configuration at the double bond, commonly observed with alkenylaluminium 
compounds (Section II.C.3), are rarely seen with alkenylboron compounds; 
exceptions are protonolysis (Section II.B.2.b) and some halogenations (Section 
II.B.2.d). However, the following reaction sequence was recently reported (reaction 
2)130 (see Section 1I.C.l.a for a similar transformation carried out via hydroalumi- 
nation). Although this sequence was successful in some cases when only one equiva- 
lent of methyllithium was employed, better results were obtained when two 

equivalents of methyllithium were used, sometimes with added cuprous iodide. 
The reactive intermediates were suggested to be alkenylborate, alkenyllithium and 
alkenylcopper reagents, respectively. 

b. Profonolysis to form olkenes. Alkenylboron compounds undergo protonolysis 
with carboxylic acids with retention of configuration at the double bond to yield 
a l k e n e ~ ~ ~ - ~ ~ .  Thus, hydroboration-protonolysis of terminal alkynes produces 
I-alkenes and of internal alkynes produces cis alkenes. The yields are generally good 
and the stereochemical purity is high. The reaction sequence (using a deuterated 
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borane or acetic acid-d,) can also be used for the preparation of specifically 
deuterated alkenesse* e 2 9  13?. 

Various substituted alkenes have been prepared by hydroboration-protonolysis. 
Conjugated dienes have been prepared from enynesg2s 10e, ,lo and from diyneslo2, 
and cis enynes from symmetrical diyneslo2. Hydroboration-protonolysis of function- 
alized alkynes R-C=C-Z has produced cis alkenes R-CH=CH-Z where 
Z = I Br lo4, C0,R ll0, CH2C1108, CH20Et 13,, CI-I,OH(OAC)~~~ and SIR, 134* 135. 

Dicyclohexylborane, disiamylborane and thexylborane are commonly used for the 
hydroboration; acetic acid is most commonly used for the protonolysis. Other 
protonolysis conditions have been reported and should increase the versatility of 
the reaction. In a comparison of several carboxylic acids, protonolysis of a series 
of methoxythexylalkenylboranes (which were surprisingly unreactive) was achieved 
with acetic acid (overnight to 24 hours reflux), propionic acid (several hours reflux) 
and isobutyric acid (1-2 hours r e f l u ~ ) ’ ~ ~ .  In the synthesis of a prostaglandin model 
compound, a methoxythexylalkenylborane underwent protonolysis with acetic 
acid/methanol/aqueous Ag(NH3),N03; a THP group in the molecule survived 
these conditions113. Protonolysis (with retention of configuration) has also been 
achieved by conversion of the alkenylborane to the borate with butyllithium, 
followed by treatment with aqueous sodium hydroxide130. 

Many reactions of alkynylborates generate alkenylboranes; protonolysis has 
resulted in new olefin syntheses (Section II.B.5). 

c.  Oxidation to form aldehydes arid ketones. Oxidation of alkenylboron compounds 
with alkaline hydrogen peroxide produces carbonyl compoundseO~ Thus hydro- 
boration-oxidation of terminal alkynes yields aldehydes and of internal alkynes 
yields ketones. Since the hydroboration reactions of internal alkynes can take place 
with a high degree of regiospecificity, this reaction sequence can be used for the 
synthesis of unsymmetrical ketonesQ2. Hydroboration-oxidation was used to 
synthesize aldehyde intermediates in total syntheses, for example of a-~antalol’~’ 
and (3-santalol (see reaction 3)11’, and has been used to prepare a-keto esters from 
a,a-acetylenic esters”O, and a,P-acetylenic ketones from symmetrical diyneslo2. 

(1) Sia,BH 

&% (2) oxidation (61%) ’&,cHo (3) 

Many reactions of alkynylborates generate alkenylboranes; oxidation with 
alkaline hydrogen peroxide has resulted in new ketone syntheses (Section II.B.5). 

d. Halogetiatioti to form alketiyl halides. Reactions of alkenylboranes (derived 
from terminal alkynes and disiamylborane) with bromine result in addition to the 
double bond to form dibromides. Treatment of the dibromides with sodium hydroxide 
produces cis alkenyl bromides in high via a r ~ f i ’ ~ ~  @-elimination (bromo- 
deboronation); heating the dibromides in carbon tetrachloride produces trans 
alkenyl bromides via syti (3-elimination (reaction 4)138. The stereochemical results 
are reversed with the alkenylborane derived from phenylacetylene. 
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Sia,BH / _ / s s i a z  Bra , Br BSia2 (4) R-= 
R R H Br 

R = alkyl + /dBr 
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Attempts to extend this reaction to the preparation of alkenyl iodides have resulted 
in rearrangements114 (see Section II.B.2.e). However, oxidation of dialkylalkenyl- 
boranes with Me,NO Il8 to alkeneboronic esters (compounds which generally d o  
not undergo these rearrangements) (see also Section II.B.2.e), followed by iodination 
in the presence of sodium hydroxide, has produced alkenyl iodides, which have been 
used in prostaglandin Il5. 

Since alkeneboronic esters can now be readily prepared by hydroborations with 
catecholborane (see Section It.B.l .a), a more efficient synthesis of tram alkenyl 
iodides has been developed (reaction 5)1.'0 (and has been used in prostaglandin 

> 99% trans 

~ynthes is )~~ ' .  The boronic acids are used as the catechol moiety interferes with the 
iodination. Iodination of boronic acids derived from internal alkynes takes another 
course14D. 

Bromination of alkeneboronic esters derived from terminal or internal alkynes 
produces alkenyl bromides with inversion of configuration at  the double bond 
(reaction 6)ld2, 143. Brornination of alkeneboronic acids in the presence of sodium 
methoxide produces a-bromoacetals (reaction 7 F .  

' 0  0 N:gH' R /--7 Br 

99% cis 
R 

I 

e. Rearratigenierrts formitig new carbon-carbon bonds. A1 kenylboranes (via the 
derived borates) undergo a number of carbon-carbon bond-forming reactions 
involving 1,2-migration of one of the groups on boron to the a-carbon of another 
group (if the a-carbon has a leaving group, or if a n  clectron-deficient centre is 
generated at the a-carbon by an  external electrophile)*. Hydridelz4, alkyl and alkenyl 

* 1,2-Migration of organoborate intermediates having a leaving group (or elcctron- 
deficient centre) at an a-atom seems to be a common mechanistic theme in organoboron 
chemistry; similar rearrangements are observed in the reactions of alkynylborates (see 
Section II.B.5). For a discussion of the mechanism of these rearrangements in the contcxt 
of other reactions in organoboron chemistry, sec Reference 145. See also Refcrences 78 and 
79 for rcviews on organoborates. 
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groups have been reported to migrate in these reactions. In the cases studied, 
retention of configuration of the migrating group has been observed10s. lo'* 111-113* 

118* 11% lZ3* la6-ls1. Bulky alkyl groups such as thexyl and siamyl frequently d o  not 
migrate in preference to  other carbon ligands, and oxygen ligands (e.g. in borate 
esters) and chlorine do  not appear to migrate (Sections II.B.2.d and II.B.2.e). When 
organic products are desired, the boron is most commonly removed from the 
rearrangement products by protonolysis, oxidation or p-elimination reactions. 

( i )  Use of unfunctionalized alkynes. Zweifel reported in 1967 that treatment of 
dialkylalkenylboranes (from hydroboration of terminal (or internal) alkynes with 
dialkylboranes) with iodine in the presence of sodium hydroxide results in the 
formation of cis (or trisubstituted) olefins8eD lS2. This reaction, sometimes called the 
Zweifel olefin synthesis, constitutes the formal trans addition of R-H across an 
alkyne. The alkyl group (R) may be derived from any alkene which can be converted 
to a dialkylborane. 

The reaction is believed to proceed via rearrangement of an organoborate anion 
followed by stereospecific p-elimination (deiodoboronation) (see reaction 8). The 

stereochemistry can be rationalized by assuming inversion of configuration a t  the 
migration terminus, and anti elimination (see also Section II.B.2.d) of boron and 
iodine; retention of configuration of the migrating group has been demon~tra ted '~~.  

The stereochemistry of the sequence has been reversed by trea.ting the dialkyl- 
alkenylborane with cyanogen bromide (in place of iodine and sodium hydroxide); 
under these conditions, the p-elimination is believed to take a syn pathway14'. 

R R2 

Attempted utilization of thexylmonoalkylalkenylboranes in the Zweifel olefin 
synthesis resulted in significant amounts of thexyl migrationll'. However, the use of 
alkoxy groups as n~i1-ri~i~i;tiing ligands on boron has been successful, making 
possible the use of precious alkyl migrating groups: rearrangement of alkenyl- 
Sorates gcncratcd by addition of a n  alkenyllithium to an alkaneboronic ester119 (or 
of an alkyllithium to an  alkeneboronic l.9 resulted in good yields of pure 
olefinsllo. 

The Zweifel olefin synthesis has been extended to a d iem synthesis by use of 
thexyldislkenylboranes (reaction 9)llS. Thexyl migration competed with alkenyl 
migration unless the thexyl group was first oxidized to an  alkoxy group with tri- 
methylamine oxide. The use of chlorine as a non-migrating ligand was therefore 
explored, resulting in excellent yields of the product dienes (reaction [The 
intermediate dialkenylchloroboranes could also be converted to dienes of different 
stereochemistry in high yields by methylcopper-induced coupling (reaction 1 1)lS3.] 
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Other rearrangement reactions of alkenylborates derived from alkenylboranes 
are shown above. Reactions (12)149, (13)lS1 and (14)lS0 involve alkenyl migration; 
the boron is replaced stereospecifically by a methy1l5l (via a n  a l l y l b ~ r a n e ' ~ ~ )  and 
by an  N-alkyl amide The rearrangements observed in reactions of alkenyl- 
borates (generated from vinyllithium and trialkylboranes) with epoxides (reaction 

and aldehydes (reaction 16)lS5 are similar to the rearrangements observed in 
the corresponding reactions of alkynylborates (see Section 1I.B.S). Reactions of 
alkenylboranes with HCl are reported to  cause protonolysis (reaction 18)14e* 156 or 
rearrangement (reaction 17)15" depending upon the structure of the alkenylborane. 
To induce rearrangement in cases where olefin formation was observed, the alkenyl- 
boranes were first converted to  the borates with methyllithium (reaction 19)lU8. A 
surprising dehydroboration has been reported in some reactions of alkenylborates 
with HCl 

( i i )  Use of functionalized alkynes. Hydroboration of functionalized alkynes has 
been used to  generate alkenylboraaes having a potential leaving group on  the 
a-carbon for use in carbon-carbon bond-forming migration reactions. 

Treatment of 1-haloalkynes with dialkylboranes results in regiospecific ( > 95%) 
addition cf boron at the carbon bearing the ha1ogenlo4~ loS. ( 4 s  mentioned earlier, 
protonolysis of the resulting a-haloalkenylboranes yields cis alkenyl halides.) When 
treated with sodium methoxide or sodium hydroxide (to generate alkenylborate 
anions), 1,2-migration occurs to  generate a (presumed) metlioxyalkylalkenylborane; 
protonolysis yields trans olefins in high isomeric purity and good yields (reaction 
2O)"* lo4. The reaction proceeds with inversion of configuration at the migration 

and with alkylating agentslS7. 

R'- E - B r RZBH > dBR: ___+ NaOMe /=( R2 MeCO,H, /JR2 (20) 
R' Br R' BR2 R' 

I 
OMe 

terminus and with retention of configuration of the migrating group14G (see also 
Section II.B.2.e). Use of a variety of thexylmonoalkylboranes for the hydroboration 
resulted in thexylmonoalkylalkenylboranes; sodium methoxide-induced migration 
(followed by protonolysis) produced trans alkenes derived from alkyl migration 
0nlyi13*123. Thus, the use of precious alkyl groups is possible, and the reaction 
sequence has been applied to an approach to  prostaglandin-type syste~nsl'~. 

Since the rearrangement product is an alkenylborane, a number of other trans- 
formations (in addition to protonolysis to form olefins) are possible. Alkaline 
hydrogen peroxide oxidations have been used to  synthesize ketoneslo4 ; sodium 
hydroxide-iodine induced rearrangements (Section II.B.2.e) have been used to  
synthesize trisubstituted olefins (use of a cyclic borane in this case resulted in 
alkylidene cycl~alkenes) '~~.  Rearrangements induced by lithium triethylborohydride 
or potassium tri-s-butylborohydride resulted in hydride migration to produce cis 
alkenylboraneslZ4 (the opposite stereoisomers of the alkenylboranes formed by 
hydroboration of terminal alkynes); treatment of a cis dialkylalkenylborane with 
sodium hydroxide-iodine yielded a rrurzs olefin in high yield and isomeric purity124. 
An alkenyl group can migrate in these reactions; applications to the synthesis of 

dienes (reaction 2I)lo5, a,p-unsaturated ketones (reaction 22)loS and 1,2,3-butatrienes 
(reaction 23)lo6 are shown below. In  these rearrangements, thexyl migration was not 
seriously competitive with alkenyl migration. 

The  synthetic transformations which have been carried out via hydroboration of 
1-haloalkynes are summarized in Scheme 2. 
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(Ref. 107) 
CI (1) MeLi 
L= ___f 

(2) MeC0,H 

=7 
R 

CI 

' F R  CI 
, MeC0,H 

R'- -CH(OEt), 

OEt 

(Ref. 108) 

M/ /N;N (Ref. 133) 
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Addition of a dialkylborane to an alkyne substituted in the propargylic position 
frequently produces a high predominance of one of the two possible regioisomeric 
alkenylboranes. Depending on the substitution pattern, rearrangements of the 
derived alkenylborates and p-eliminations have been used to prepare chain-extended 
compounds and allenes, respectively. These and other synthetic uses of hydroboration 
of propargylic compounds are illustrated above. For examples of the hydroboration 
of propargylic ethers, see References 113-1 15. 

3. Dihydroboration of alkynes 

Treatment of terminal alkynes with two equivalents of a dialkylborane generates 
l , l -dibor~alkanes*~~;  further treatment with n-butyllithium generates intermediates 
which have been used in the synthetic transformations shown in Scheme 3. Similar 

(1) El& 
(2) oxidation > -I' dR:] ArC0,H , 

R' 
\ R3CO , 

\ 

\ 

/" (Refs .  
161, 

R' OH 

r C o z H  (Ref. 

flcR' (Ref. 

R' 

R' 

(Ref. 

162) 

159) 

163) 

160) 

SCHEME 3 

transformations have been carried out with 1,l-dialuminoalkanes (Section II.C.4). 
Use of the cyclic boranes 9-BBN and 3,6-dimethylborepane in the a!kylation- 
oxidation reaction results in greater ease of product isolation, since two equivalents 
of a high-boiling diol rather than four equivalents of a lower-boiling alcohol are 
formed as a by-productls2. 

1 ,I-Diboron compounds generated from terminal alkynes having a leaving 
group in the propargylic or homopropargylic position have been used in cyclization 
reactions (reactions 24 and 25)lS4* ls5. 

TsO 4::; (2) (1) NaOH MeLi , do" (25) 

TsO 65% 

(B) = 9-BBNyl 
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4. Reactions of alkynes with triorganoboranes 

Trialkylboranes have been added to  acetylenic ketones (reaction 26)IG6 and 
epoxides (reaction 27)lG7 in a reaction which is believed to proceed via radical 
intermediates, providing syntheses of a,P-unsaturated ketones and allenic alcohols 
respectively. The unsaturated ketones are mixtures of double-bond isomers. How- 
ever, since trialkylboranes also add to unsaturated ketones, these reactions can be 
used for the synthesis of P,P-disubstituted ketones having two different P-substituents 
(reaction 26)lGo. 

Paul F. Hudrlik and Anne M. Hudrlik 

Addition reactions of tris(ally1ic)boranes to alkynes and other unsaturated systems 
have recently been reviewedlG8P 169. 

5. Reactions of alkynylborates 

In 1965, Binger and Koster reported that reactions of trialkylalkynylborates with 
acids or with alkylating agents resulted in rearrangements to a lkenylb~ranesl~~* 171. 

These reactions have since been extended to a large number of electrophiles (see 
Table 2). Reactions of alkynylborates are included in two recent reviews by 
Negi~hi?~. 79. 

The proposed mechanism involves addition of the electrophile to the alkynyl 
carbon P to boron and 1,2-migration of an alkyl group from boron to the a-carbon. 
Similar mechanisms have been proposed for some of the reactions of alkenylborates 
with electrophiles (Section II.B.2.e)78. 79. As with alkenylborates, retention of 
configuration of the migrating group has been observed in the cases studied173* lsDp l*O,  

and bulky groups on boron such as thexyl or siamyl do  not usually migrate in 
competition with less hindered groups172* 17% ls0, lu1* lg2 (exceptions : References 121, 
122). 

The product alkenylboranes can in principle undergo any of the reactions of 
alkenylboranes discussed in Section II.B.2, and have been used most commonly for 
the synthesis of ketones (via oxidation) and olefins (via protonolysis) (see Table 2). 

Alkynylborates are readily prepared by reaction of the lithium salt of 
acetylenelZ5* lsJ* lsD or of a terminal alkynelg3 with an organoborane, and are generally 
used k sifu. (Methods for the preparation of alkynylborates are included in 
Reference 78.) Thus, the overall transformation in these rearrangements converts a 
terminal alkyne to a ketone or olefin with formation of one or two new carbon- 
carbon bonds (Scheme 4). 

In the transformation to ketones, alkynylborates can be viewed as enolate anion 
equivalents78* 7g* 174. In the transformation to olefins, alkynylborates serve as alkenyl 
anion equivalents. The olefins are sometimes E-Z mixtures, although the stereo- 
chemistry is frequently a function of the particular conditions and reagents used 
(Table 2) and in some cases stereochemically pure olefins are formed. The presence 
of the bulky thexyl group on boron in some cases has been found to make the 
migration more stereo~pecific'~'~ 17% ls0. 
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Electrophile -2 References 

H+ -H 

R-X (R = alkyl, ally], -R 
benzyl; X = leaving group) 

0 0 
II II 

Br-CH,C-Y -CH,C-Y 

Br-CH&=CH - C H 2 C s  CH 

1-CH,CN -CCH2CN 

(Y = Me, Ph, OEt) 

GN aN + McCOCl 

QOMr .. . 

FC(CO), O H  
I 

-CH,CHR 

CI - CH,OMe -CH20Me 
+ 

CH,=N Me, 

Et,BCI 

Me,SiCl 

R,PCI 

Bu,SnCI 

Et,AICI 

PhSCl 

PhSeCl 

-CH,NMe, 

-SiMe, 

-SnBu, 

-BEt, 

-PR, 

--A1Etzd 

-SPhd 

-SePh 

125, 170, 171, 
172". 173,174 
170,133,174, 
17Sb, 176, 177b, 
178b 

179, 180b 

180b 
180b 

17Sb, 181 

182 

183", 184", 
18Sa* 
177", 178b 

178b, 186 
170" 
171,178,187" 
178", 188O 
151" 
151 
151 
151a 

0 Z and R? predominantly trans. 
b Z and RS predominantly cis. 
c Froduct after removal of Fe. 
d Presunied intermediate. 
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zHo /' R' R2 

SCHEME 4 

In other transformations, the boron of the product alkenylboranes has been 
replaced by one of the alkyl groups on the 1738 lo6, via the Zweifel olefin 
synthesis (Section II.B.2.e), or  by a methyllS1, via the MeSCH,Li reagentlq0. Several 
transformations of an alkynylborate are shown in Scheme 5161. 

+ 
Li [Bu---iEt,l 

Bu,SnCI 1 
Bu Et 

52% 

Bu do Et 

88% 

SCHEME 5 

If the electrophile used is such that Z (see the reaction of Table 2) is a potential 
leaving group, p-elimination in the alkenylborane can be effected to form an acetylene 
(reaction 28)lZ1* 1221 180* lor; this is an alkyne extension of the Zweifel olefin synthesis. 

Aryl groups and primary and secondary alkyl groups can be introduced onto an 
acetylene in this manner and the reaction has been used in the preparation of a 
prostaglandin side-chainlg5. The use of alkenyl migrating groups has resulted in 
syntheses of translo' and cislZ4 enynes; the use of alkynyl migrating groups has resulted 
in symrnetricallo2 and unsymmetrical106 diynes. 

Miscellaneous synthetic reactions of alkynylborates are shown below. 
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(Ref. 197) 

BRz MeC0,H - ' --=\ (Ref. 190) BR, __f ==( 
R R 

I 
0 
I1 

(Refs. 198-200) 
~i -=-ER: (1) CH,CCI 

(2) oxidation 

R' R' 

0 2  

- (1) excess HCI 
R'-E-BR: - 

R' OH (2) oxidation (Ref. 156) 

C. Aluminium * 
1. Generation of alkenylalanes 

a. Hydroalumination of alkynes with dialkylalumittium hydrides. Alkenylalanes 
are usually generated by hydroalumination of alkynes. Wilke and Muller first 
demonstrated that dialkylaluminium hydrides add across terminal and internal 
(carbon-substituted) acetylenes in a stereoselective sytt mannerz02--?06. Eisch has 
shown that the reaction is catalysed by nickel saltszoG, although many hytlroalumi- 
nations proceed readily and in good yields without catalysis. With terminal alkynes, 
the reaction proceeds to place the aluminium at the terminal carbone% 203, 204 

producing tram alkenylalanes. With unsymmetrical, internal (carbon-substituted) 

alkynes, hydroalumination with diisobutylaluminium hydride (DIBAL) produces 
mixtures of regioisomers : with dialkylacetylenes, the aluminium is placed prefer- 
entially on the less sterically hindered carbonDG; with aryl-alkyl acetylenes, the 
aluminium is placed preferentially on the carbon bearing the aryl groupg7. For a 
comparison of the regioselectivities of the reactions of DIBAL and other metal 
hydrides with several alkynes, see Table 1, Section 1I.B.l.a. The alkenylalanes formed 
in these reactions are air-sensitive, and are usually generated fi i  siiu and used shortly 
afterwards; reactions of alkenylalanes are listed in Section II.C.3. 

DIBAL reacts with many different functional groups201. 207. Reaction with double 
bonds is considerably slower than with triple bonds; I-octyne is selectively hydro- 
aluminated in the presence of l-hexene208. 

Enynes can frequently be selectively hydroaluminated at  the triple bondes* 208-z11. 

With conjugated enynes having a terminal triple bond, substitution of the alkynyl 
hydrogen competes with hydro alum in at ion"^ Although substitution is a very 

* For general reviews which include the synthetic uses of organoaluminium compounds, 
see References 79 and 201. 
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minor side-reaction in the hydroalumination of most l-alkyneses, it becomes more 
significant as the acidity of the  alkyne hydrogen increases21m. With phenylacetylene, 
about 30% substitution accompanies hydroalumination211. However, in these 
cases, if the reaction mixtures are treated with electrophilic reagents [e.g. (CN), on 
the derived alanate, see Section II.C.31, moderate yields of olefinic products can be 
isolated (reactions 29 and 30)200. 

DIBAL 

Al(i-Bu) 
1 

o""i-Bu)2+ (y' 
80 : 20 

I 
62% 

Substitution is the predominant reaction of terminal alkynes with dialkyl- 
aluminium hydrides in triethylamine213. This has been used synthetically to generate 
alkynylalanes. (Mono)hydroalumination reactions are generally carried out in 
hydrocarbon solvents. The effects of solvent on the hydroalumination of alkynes 
are summarized in Reference 208. 

To circumvent the problem of substitution, Eisch has studied the use of the 
trimethylsilyl protecting 211q The reactions of trimethylsilyl acetylenes 
with DIBAL in ether solvents or in the presence of tertiary amines result in syn 
hydroalumination, but in the absence of ethers or amines, the initially formed Z 
adducts rapidly isomerize to the more stable E adducts. In each case the reaction is 
regiospecific (aluminium placed on carbon bearing silicon). Protonolysis of these 
alkenylalane intermediates yields cis or trans alkenylsilanes, while alkylations of the 
derived alanates (see Section II.C.3) yield more highly substituted alkenylsilanes 
(reactions 31 and 32)215* ?IG. (See Section II.B.2.a for a similar transformation carried 
out via hydroboration. Synthetic uses of alkenylsilanes are discussed in Section 
11. D.2.) 

Eisch has studied the hydroalumination of a variety of other heteroatom- 
substituted alkynes with DIBAL and has found that the choice of heteroatom has 
a very large effect upon the stereospecificity and regiospecificity of the reaction and 
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DIBAL (1) MeLi j' R ~ ~ Z U ) ~  (2) R'X ' 

R'-=-SiMe, 

Al (i-6 u), 
DIBAL (1) MeLi I, R' S i M e ,  (2) R'X ' 

the extent to which alternate reaction pathways compete 

R' /SiMe3 R2 

(32) 
R' S i M e ,  

[i.e. diene formation (see 
Section II.C.1 .b), substitution of the -heteroatomI2li* 217. -The conversions shown 
below (reactions 33-35)217 are of particular interest since few methods for the 
stereoselective synthesis of most types of heteroatom-substituted olefins exist. 

Ph-- -NMe,  d /""" 
Ph 

P h - - - S E t  - -+n  
Ph SEt 

E 3 " ~ O E t  
Bu-E-OEt 

(33) 

(34). 

(35) 

Both syn and anti addition of DIBAL to protected (or complexed) propargyl 
alcohols of general structure R1CH(OR2)C=CH (intermediates in a number of 
prostaglandin syntheses) have been The stereochemistry appears 
to depend on the particular protecting group usedzz1* 222. 

Hydroalumination of the lithium salt of a propargyl alcohol with DIBAL was 
reported by Corey to proceed in an anti manner, and with complete regiospecificity 
to yield, after iodination of the alkenylaluminium intermediate (see Section II.C.3), 
an alkenyl iodide (reaction 36)223. This transformation has been used in syntheses of 

o r - s a n t a l ~ l ~ ~ ~  and of a-methylene-y-lactones22". In contrast, use of the LiAlH4/AICl3 
reagent (see Section II.C.2.b) for this transformation produced the alkenyl iodide 
contaminated with the oijpositc iegioisomer. 

b. Carboahiination of alkynes. Carboalumination of alkynes has been used to a 
limited extent to generate alkenylalanes. Wilke and Miiller have shown that tri- 
alkylalanes add to acetylene in a syn manner to produce cis alkenylalanes (reaction 
37)204* 205. Although this reaction complements the hydroalumination of terminal 
alkynes (which generates tram alkenylalanes) it has so far received limited 

2zG. 

R AIR, 
H--E-H -I- R,AI __+ (37) 



222 Paul F. Hudrlik and Anne M. Hudrlik 

In  the reactions of terminal alkynes with trialkyl- (and triaryl-)alanes, carbo- 
alumination takes place to only a small extent, while substitution of the alkynyl 
hydrogen appears to  be the major process; under some conditions, alkynylalanes 
can be obtained in good yields (reaction 38)227-230. Although some early reviews 

RI-=- - H + R:AI + R‘-=--AIR: (38) 

suggested that additions of trialkylalanes to  terminal alkynes yield alkenyl- 
alanes2lzb* ?31, these assertions do  not appear to be substantiated. The influence of 
polar and steric factors on the regioselectivity of the carboalumination reactions 
of internal alkynes has been studied by Eischo7* 2329  233. 

Alkenyldialkylalanes (generated by hydroalumination of alkynes) add the alkenyl 
and  aluminium groups across carbon-carbon triple bonds. Thus, treatment of 
internal alkynes with DIBAL in a 2 : 1 molar ratio* generates dienylalanes 
(Scheme 6)204 t. Hydrolysis (see Section II.C.3) produces tetrasubstituted dienes in 

>: (i- B u) * 
DIBAL 4Alsi-Bu)2 , 

Et-E-Et - 
E t - E - E t  

Et Et Et Et 

Et Et Et Et 

X C N  

Et Et Et Et 

63% 78% 

SCHEME 6 

good yields and high (99-100%) isomeric purities118* 204; reaction of a derived alanate 
with cyanogen (see Section II.C.3) produced a dienenitrile20B (see Scheme 6); many 
of the other reactions of alkenylalanes discussed in Section II.C.3 could in principle 
be similarly used to prepare a variety of substituted dienes. Attempts to add alkenyl- 
dialkylalanes to terminal alkynes resulted in substitution of the alkynyl hydrogenz34. 

2. Generation of alkenylalanates 

a. Gerieral tnethods. Alkenylaluminium ‘ate’ complexes (alkenylalanates) are 
usually generated from alkenylalanes by reaction with alkyllithium reagents (see 
reaction 39)235. Alkenylalanates have also bccn generated from alkenyllithium 
reagents, by reaction with trialkylalanes (reaction 41)222 and from (internal) alkynes, 
by reactions with the aluminium ‘ate’ complexes Li(R,AlH) (reaction 40)23s or 
lithium aluminium hydride (Section II.C.2.b). Reactions of alkynes with the ‘ate’ 
complexcs rcsult in ariti hydroalumination, and are therefore complementary to  
reactions with DIBAL (followed by an alkyllithium) which result in syn hydro- 
alumination. [Reactions of terminal alkyncs with either lithium aluminium hydride 

* With high molar ratios of alkyne to DIBAL, hexasubstituted benzenes are formedzo4. 
t This can be a very minor sidc-reaction in the (mono)hydroalumination of carbon- 

substituted internal alkyncsDG8 u7; i t  can be a significant reactien in the attempted (mono) 
hydroalumination of heteroatom-substituted alkynes211n 217. 
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or Li(R,AlH) result in substitution of the alkynyl hydrogen, producing alkynyl- 
a l a n e ~ ~ ~ ' .  238.] 

A I li- B u L 

A I M e (i- B u), 

b. Use of lithium aluminium hydride. Treatment of internal alkynes with lithium 
aluminium hydride in ether solvents at high (1 17-1 50 "C) temperatures followed 
by hydrolytic work-up results in the formation of trans a l k e n e ~ ~ ~ ~ ,  presumably via 
hydroalumination of the triple bond followed by protonation. The reaction with 
propargylic alcohols (or compounds which are reduced to propargylic alcohols) to 
produce tram allylic alcohols is a much more facile reaction which has received some 
synthetic use240-242. The mechanism of the reaction has been investigatedz4,. The 
trans stereochemistry of these reductions is dependent on the presence of a 
sufficiently basic solvent (i.e. THF or d i o ~ a n e ) ~ ~ ~ .  243. 

Although the alkenylalanate intermediates could in principle undergo any of the 
reactions discussed in Section II.C.3, only protonation and iodination reactions have 
been reported. The regioselectivity of the reaction of propargylic alcohols of structure 
RC=CCH,OH with lithium aluminium hydride (determined by iodination and/or 

I 
SCHEME 7 

deuterolysis of the alanate intermediates) was found to depend upon the reaction 
conditions; under the usual conditions, mixtures of regioisomers are formed2q4. 
Corey has found conditions for obtaining either regioisomer (Scheme 7) and has 
used these reactions in syntheses of farnesolZqJ, Cecropia juvenile hormonezq5* 240, 
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and d,l-sireninz4'. Sometimes the opposite regioisomer is also formed in the 
LiAlH,/AlCl, reactionZz3~ 247 * and the regioselectivity of the reaction is dependent 
on the structure of the propargylic Using deuterium labelling, Djerassi has 
shown that reaction of lithium aluminium hydride with propargylic alcohols of 
structure RCH(OH)C=CH yields only the regioisomer in which the aluminium is 
associated with the terminal carbon; the regioselectivity is not altered by the addition 
of AlCI, 243. 

3. Reactions of alkenylalanes and alkenylalanates"~ 201 

Alkenylalanes and alkenylalanates react with a variety of electrophilic reagents 
with retention of configuration at  the double bond to give specifically substituted 
olefins. The alanates have frequently been reported to afford better results than the 
alanes. In the usual procedure, the alane is generated by hydroalumination of an 
alkyne with DIBAL and, where necessary, converted to the alanate by reaction with 
a n  alkyllithium. [The isomeric alanate is generated (from internal acetylenes) by 
hydroalumination with Li(R,AlH).] In the overall conversion, H and a n  atom or 
group (2) derived from the electrophile are added across a carbon-carbon triple 
bond in a stereoselective manner (see Scheme 8). A list of transformations which 

RI-=-RZ __3 DIBAL electrophile ~ 

\ R' R2 

electrophile+ 

R' kR: R' Z 

SCHEME 8 

have been carried out in this manner is shown in Table 3. Many of the reactions 
with electrophiles should be applicable to alkenylalanes and alanates generated in 
other ways as well. 

The protonolysis of alkenylalanes and alanates with water, acids and alcohols 
generally proceeds in high yields, and has been used to prepare cis and trans alkenes 
(Table 3). The reported use of acetyl acetone for protonolysis of alkenylalanes under 
non-hydrolytic conditions should increase the versatility of the reactionZ5l. Specifically 
deuterated alkenes have been prepared by reaction of dialkylaluminium hydrides or 
deuterides with alkynes, followed by hydrolysis or deuterolysisZo3- 250. 

The reactions of alkenylalanes with iodine (and to a lesser extent bromine) have 
found considerable use in the synthesis of tram alkenyl halides (reactions with 
chlorine yield cis-rrans mixtures252), and have been used in a number of prostaglandin 
syntheses218-220# 253. 

* A completely regiospecific alternative to the LiA.lH,/AICI, reaction, using DIBAL, has 
been developed by Corey (see Section 1I.C.I .a)z23. 
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TABLE 3. Reactions of alkenylaluminium compounds with electrophiles 

225 

Z 
R-G 

A and B C 
(1) R2AIH (1) Li[(i-Bu),MeAIH] 
(2) (MeLi or BuLi)O 
(3) Electrophile (3) Hydrolysis 
(4) Hydrolysis 

(2) Electrophile 

References for reactions with reagents 

Electrop hile -Z  A B C 

0 0  
II II 

CH3CCH,CCH, 

Br2 
I,b 

RCHO (and 
paraformaldehyde) 

0 
II 

RCR 

(CN), 

/ELR 
0 
II 

R'CH=CR2-CR3 

R-Xd (R = alkyl, allyl, 
benzyl; X = leaving 
SOUP) 

C1- CH,OMe 

--H (D) 96,203, 204, 
226,250 

-H 25 1 

-Br 226,252 

-1 143,218-220, 
226,252,253 

-C02H 226,235,254 

OH 
I 

-CHR 226,235,255, 
256 

OH 
I 

.- CR2 255 

-CN 209 

OH 
I 

- CH2-CHR 257,258 

0 
II 

-CHR'CHR2-CR3 141,221,222, 
259,260 

-R 26 1 

-CH,OMe 26 1 

96,97.202-204, 
226,248,249 

25 1 

226,252 

226,252 

226,235,254 

226,235 

- 
209 

236 

- 
- 
236 

236 

236 

- 
209 

- 

- 

- 

- 

a This step, which generates the alanate, was omitted in some of the reactions; it is 
generally omitted in the protonolysis and halogenation reactions. 

See also References 223 and 224. 
Both 1,2-141~ 2~ and l,4-la1* 260 additions of alkenylalanes to unsaturated ketones have 

been reported. 1,4-Addition seems to be favoured by low reaction temperatures1'I1 and by 
the ability of the unsaturated ketone to adopt a cisoid conformationzo0. 

d See also References 215 and 216. 
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Conjugate additions of alkenylalanes141 and alanates221D z2z* z59 to cyclopentenones 
have been used in the synthesis of prostaglandins and prostaglandin model 
compounds. 

In  addition to the reactions shown in Table 3, alkenylalanes (generated by hydro- 
alumination of alkynes) have been converted, with preservation of double-bond 
geometry, into carbon-substituted olefins by several transition metal-induced 
coupling reactions. Thus treatment of terminal or internal alkenylalanes with 
cuprous chloride yields isomerically pure 1,3-dienes (reaction 42)234. Cuprous 

73% 

chloride also induces cross-coupling between alkenylalanes and some allylic halideszez 
(a formally analogous transformation to that of alkenylalanates and allylic halides, 
see Table 3). Nickel complexes have been used to induce coupling of terminal 
alkenylalanes with aryl halidesze3 and with alkenyl halideszG4. 

Terminal alkenylalanes can also serve as precursors to stereochemically pure 
cyclopropanes. Cyclopropanation with methylene bromide/zinc-copper couple 
followed by hydrolysis, iodination or bromination of the resulting cyclopropylalane 
produces alkyl cyclopropanes or zrans-1-halo-2-alkylcyclopropanes (reaction 43)286. 

Z = H, Br, I 

4. Dihydroalumination of alkynes 

Treatment of terminal alkynes with two equivalents of DIBAL generates 1,l-di- 
aluminoalkanesz04; further treatment with alkyllithium reagents produces inter- 
mediates which have been drawn as shown in Scheme g2'j6. Several interesting synthetic 
transformations have been carried out on these intermediates (Scheme 9)zGa. Similar 
transformations have been carried out with 1 ,I-diboroalkanes (Section II.B.3). 

BuLi / * [ B d ; ( i - B u ) ]  Bu Al(i-Bu), 

2 DIBAL 
B u - E  - 

Bu A C O Z H  CO,H Bu 2 Bu AM' OH Bu rJMe 
SCHEME 9 
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Dihydroalumination of an enyne followed by intramolecular cyclization (carbo- 
alumination) has been used to synthesize a cyclopentane (reaction 44)?08; mono- 
hydroalumination of an alkynylalane similarly produced a cyclopentene (reaction 
4 5 )  208. 

D. Silicon 

I .  Preparation of al kenylsilanes 

a. Hydrosilylatiori of alkynes. Many alkenylsilanes have been prepared by the 
hydrosilylation of a l k y n e ~ ~ ~ ~ - ' ~ ~ .  The reaction is generally carried out in the presence 
of a catalyst; chloroplatinic acid has been most commonly used. A variety of silanes 
(silicon hydrides) have been used, most commonly Et,SiH, Me,CISiH, MeC1,SiH and 
C1,SiH. (For synthetic purposes, the chlorosilanes resulting from hydrosilylations 
with the latter three compounds are normally converted t o  Me,Si compounds by 
treatment with a methyl Grignard reagent.) 

Silicon hydrides react with many functional groups2G7-209~ z84. Hydrosilylations of 
alkynes have been successfully carried out in the presence of ether, tertiary amine, 
halide, hydroxyl, ester and nitrile groups"". 278* Enynes usually undergo 
preferential hydrosilylation at the triple bondzG9. 

Chloroplatinic acid-catalysed hydrosilylations of alkynes proceed with high 
stereoselectivity but poor regioselectivity. The addition of Si-H has been shown to 
be cleanly syn with both and internal"4 acetylenes. With terminal 
acetylenes, the predominant product is the (tram) alkenylsilane having the silicon 
bonded to the terminal carbon atom270-273* 280, 283. Initially this was believed to be 
the exclusive product, but later investigation showed that 10-20% of the branched 

major minor 

isomer (2-silyl-1-alkene) is also f ~ r r n e d ~ ' " ~ ~ ~ .  The amount of the branched isomer is 
a function of the silane and of the alkyne. With terminal alkynes substituted with 
electronegative groups (e.g. ClCH,C=CH), the branched isomer is sometimes the 
major 27s. 

6 .  Other methods for the preparation of alkct1ylsilarres. In addition to the hydro- 
silylation of alkynes, the following methods have been used for the preparation of 
alkenylsilanes. ( i )  Reactions of alkenylmetallic reagents with silylating agents such 
as Me,SiC1267, (see also Sections II.B.5 and II.E.2). (ii) Carbon-carbon 282n 285s 
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bond-forming reactions with preformed alkenylsilane moieties, especially alkylations 
sf :r imc:hyls i lylvinyl l i t l i~~~~R2~ 280-280. (iii) Condensations of carbonyl compounds 
with organometallic reagents such as bis(trimethylsilyl)methyllithiumzs7~ (iu) 
Catalytic hydrogenation of alkynylsilanes280. 291. (u )  Hydrometalation (hydro- 
boration130, 134, 135 or hydroalumination21L 214-216 ) of alkynylsilanes followed by 
protonolysis or alkylation (see Sections II.B.2.a and II.C.l .a). Trimethylsilyl- 
propargyl alcohol (Me,SiC=CCH,OH) has been reduced to the trans allylic alcohol 
with LiAlH, 282 (see also Section IL.C.2.b). 

2. Reactions of alkenylsilanes 

a. General remarks. Carbon-silicon bonds are in general less reactive than bonds 
from carbon to other metals or metalloids. Thus, alkenylsilanes are considerably 
more stablc than the other alkenylmetallic reagents discussed in this chapter. 
Alkenylsilanes can be isolated and distilled, and are stable to bases, mild acids, 
reducing agents and many organometallic reagents. However, they undergo a number 
of synthetically useful transformations on treatment with suitable acidic, electro- 
philic or oxidizing reagents. Alkenylsilanes should therefore be a useful form of 
latent functionality in multi-step organic syntheses. 

6. Electrophilic substitiitioir reactions. With acidic or electrophilic reagents, 
alkenylsilanes undergo reactions in which silicon is replaced by a variety of groups, 
frequently with retention of double-bond configuration. With protonic acids, 
alkenylsilanes are stereospecifically converted to 01efins~~~.  2831 289* 202 (for example, see 
reaction 46280). With acyl halides, Friedel-Crafts acylations yield a,@-unsaturated 

S i M e ,  S i M e ,  

soc’z , R A C I  HCI , R A C I  Re Et,O CHCI, 
OH 

0 
S i M e ,  

MeCOCl 
AICI, ’ 
(77%) 

(47) 

ketonesz85* 
specifically converted to alkenyl halides by the routes shown in Scheme 

organosilicon compounds) have been reviewed295. 

(for example, see reaction 47285). Alkenylsilanes have been stereo- 

Electrophilic substitution reactions of alkcnylsilanes (and other unsaturated 

c. Soluorno.criratioi~-~fe~~ercr~~~tion. Solvomercuration-demercuration reactions 
of alkenylsilanes have been shown to proceed regiospecifically (but not stereo- 
specifically) to producc @-hydroxysilanes or @-a1 koxysilanes2yo. Although no synthetic 
applications of this reaction have yet appeared, i t  is of potential synthetic interest 
because P-hydroxysilanes can be readily oxidized to P-ketosilanes, compounds which 
have been hydrolysed to ketones and converted to alkylated olefins2B51 287-300 (- 1.e. see 
Scheme 11). 

d. Reactioirs of cx,~-epos~vsiloiies. Alkenysilanes are readily epoxidized by peracid. 
The resulting cr,F-epoxysilanes undergo transformations to either of two regio- 
isomeric carbonyl compoundPo* 2s1* 2s7* 288* 285, 3”1 and to carbon or heteroatom- 
substituted ole fin^'^^. 302 (Scheme 12). 

294. 
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Ph SiMe, Br. Ph Br 
\=/ w (Ref. 294; 

(Ref. 134) 

CF,COO H 
(Ref. 134) 

Bu SiMe, AgOCOCF, 
\=/ 

MeOH 

x = C1(75%) 
X = Br (80%) 

(Ref. 134) 

SCHEME 10 

(Ref. 296) 

~ W ~ O H  "+ 

_3 

R2 SiMe, 

SCHEME 11 
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MgEr, O w s i M e 3  ___, 
i Me, (Ref. 301) 

R OSiMe, __+ 

R (Ref. 301) 

O F  R 

/CHO 
R 

= R'35 

Z = Br, OMe, OAc, NHAcJo2 

SCHEME 12 

E. Tin 

1. Preparation of alkenylstannanes 

(Some other methods which have been used to prepare alkenylstannanes are listed 
in References 304, 307 and 308.) Van der Kerk first demonstrated that organotin 
hydrides add across carbon-carbon triple bonds300. Both polar and radical pathways 
are believed to take place, the polar process being favoured by the use of polar 
solvents and by the presence of electron-withdrawing substituents on the triple bond, 
and the radical process being favoured by a non-polar reaction medium and by the 
use of a radical source as c a t a l y ~ t ~ ~ ~ ~  305. The product alkenylstannanes are usually 
isolable by distillation. 

Hydrostannation of terminal alkynes (except those substituted with a strongly 
electron-withdrawing group) generally proceeds to  place the tin moiety pre- 
dominantly or exclusively on the terminal carbon, in what is thought to be primarily 
a radical process. The use of a radical source such as azobisisobutyronitrile (AIBN) 
as catalyst is believed to improve the regiospe~ificity~~~, and has also been reported 
(in the hydrostannation of HCsCSnBu, with Bu,SnH)?l t o  improve the repro- 
ducibility of the reaction. In the hydrostannation of terminal or internal alkynes 
having an electron-withdrawing substituent on the triple bond, the product mixture 
contains a sizeable portion of the aikenylstannane having the tin moiety on the carbon 

Alkenylstannanes are commonly prepared by hydrostannation of 
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bearing the electron-withdrawing substituent ; hydrostannation of cyanoacetylene 
produced exclusively this isomer310. I n  this case the reaction is believed to take a 
polar course. Small amounts of the alternate regioisomer were obtained when a 
radical initiator and a non-polar solvent were used310. 

Et,Sn 

t85y-J ' Bu Bu SnEt, Bu 
+ )= (Ref. 310) 

E1,SnH 
B u - E  

66% 31 % 

Bu,SnH 

AIBN 
Bu,Sn- 

(88%) Bu3Sn 

Et,Sn 

NC 
>= E1,SnH 

NC-= 
(100%) ' 

3% 

(Ref .  71) 

(Ref. 310) 

Cis-trans mixtures of alkenylstannanes are frequently isolated from hydro- 
stannation reactions of alkynes; quite pure (usually rrans) alkenylstannanes have 
been isolated in some cases71* ", 28G* 310-314. In  the hydrostannation of several terminal 
alkynes, the product composition was determined a t  different temperatures and/or 
times. The cis isomer was found t o  predominate a t  low temperatures or  short 
reaction times; the tram isomer predominated a t  higher temperatures or longer 

314* 315. Stannyl radicals have been shown to  catalyse cis-trans isomerization 
of the alkenylstannanes316. 

Organotin hydrides are known to  react with many functional groups303-30G. 317* 318. 

Reactions with olefins are reported to  be slower than with the corresponding 
alkynes309. Treatment of conjugated enynes with Et3SnH resulted predominantly in 
addition to  the triple 320. 

2. Reactions of alkenyI~tannanes~~~- 3071 3 0 8 ~  318 

Seyferth has demonstrated that treatment of alkenylstannanes with alkyllithium 
reagents generates the corresponding alkenyllithiums stereospecifically with retention 
of c o n f i g u r a t i ~ n ~ ~ ~ - ~ ~ ~ .  Such alkenyllithium reagents, or the derived cuprates, have 

, co, 288,322, 324 been reacted with a variety of electrophiles [Me3SiC1 288, 322-324 9 

BrCH,CH,Br (to give the alkenyl bromide)28G, PhCH03"* 324, alkyl halides7l. 314, 

conjugated en one^?^^ 314] to  produce stereochemically pure olefins. Thus, alkenyl- 
stannanes can serve as precursors to alkenyl nucleophiles. Applications to organic 
synthesis include the nucleophilic introduction of a trotis allylic alcohol unit3l4# a 
homoallylic alcohol unit (as a cis-trans mixture)325, a tram vinylsilane groupz86, and 
a fratis vinyltin group71 (used as a precursor to a n  ethynyl group, see Section I). Some 
of these are shown in Scheme 13. 

Alkenylstannanes have also been converted t o  alkenyl bromides by treatment 
with bromine or with N-b romosu~c in imide~~~  32G-328. The preparation of a trails 
alkenyl bromide from a trans alkenylstannane has been reported?'. A major 
limitation to  the use of alkenylstannanes in organic synthesis is the sometimes ]OW 

stereoselectivity of the hydrostannatien reaction. 
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84% 

(1) BuLi Z 
4 Z = Br, SiMe,, CO,H, Bu 

Me,Si 
Me,Si /SnBu3 (2) reagent, 

SCHEME 13 

F. Zirconium 

Alkenylzirconium compounds have been prepared by the hydrozirconation of 
acetylenes with Cp2Zr(H)C1 (Cp = -q5-CsH5) 3289 330. (Hydrozirconation reactions 
have been recently r e v i e ~ e d ~ " ~ ~ . )  The reaction has been shown to proceed in a 
stereoselective syrt manner to place the zirconium at the least hindered carbon of 
the triple bond. With terminal alkynes, the reaction is essentially regiospecific; with 
internal (dialkyl) alkynes, the regioselectivity is lower. However, in the presence of 
excess Cp,Zr(H)Cl, isornerization takes place. The composition of the resulting 
mixture shows a higher degree of regioselectivity than is obtained in other types of 
hydrornetalation reactions (see Table 1, Section 1I.B.l.a); the syrz stereoselectivity 
is 76* 98. 

Carbon-carbon double bonds and a number of functional groups are known to 
react with Cp2Zr(H)C175* 7G. Reactions with alkynes are 70-100 times faster than 
with structurally analogous alkenesg8. Several common protecting groups (trialkyl- 
silyl ethers, acetals and ketals, and oxazolines) have been found to be stable to 
hydrozirconation conditions75* 

Hydrozirconation with Cp,Zr(H)Cl or Cp,Zr(D)CI, followed by protonolysis or 
deuterolysis, has been used for the preparation of specifically deuterated alkenePO. 
Treatment of alkenylzirconium compounds with N-bromosuccinimide (NBS) or 
N-chlorosuccinimide (NCS) results in good yields of alkenyl bromides or chlorides 
with preservation of double-bond geometry (reaction 48)75* 78* 88. Treatment of an 
alkenylzirconium compound with two equivalents of methyllithium was shown to 

isomer 

(Zr) = Cp,ZrCI 
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yield an alkenyllithi~m~'". The high regioselectivity of the hydrozirconation reaction 
of acetylenes suggests that these reactions will find much application in organic 
synthesis. 

G. Copper 

1. Introduction 

Organocopper(1) reagents (e.g. RCu, R,CuLi) add across triple bonds, frequently 
in a stereoselective syn manner; the resulting alkenylcopper intermediates undergo a 
variety of reactions with retention of double-bond geometry, resulting in syntheses 
of stereochemically pure di-, tri, and tetrasubstituted olefins. Reactions of organo- 
copper reagents have been reviewedGg* 331-333. 

The organocopper reagentsGD* 331-333 have been most commonly prepared from oiie 
equivalent of an organolithium or Grignard reagent with one equivalent of a copper(1) 
salt (designated RCu), or from two equivalents of an organolithium or Grignard 
reagent with one equivalent of a copper(]) salt (designated R,CuLi or R,CuMgX); 
and also from one equivalent of a heterocopper species Het-Cu (Het = 2-BuO, 
PhS, etc.) and one equivalent of an organolithium reagent [designated H e t ( R ) c ~ L i ] ~ ~ ~ .  
These designations are used for convenience; the exact nature of the reacting species 
is not generally established in the reactions of organocopper reagents. Organocopper 
reagents are frequently used in the presence of the halide salts resulting from their 
preparation, although halide-free preparations are known. The presence of the 
halide salt is sometimes noted in the designation of the reagent (e.g. RCu,MgX2), 
especially if it has been shown to affect the rcactivity. Organocopper reagents are 
sometimes used in the presence of additives such as phosphines, phosphites, sulphides 
and amines; the resulting complexes frequently have increased solubility and 
stability. 

2. Generation of alkenylcopper intermediates* 

n. Use of unactivated aikynes. Normant has found that the organocopper reagents 
RCu,MgX, add to unactivated terminal alkynes in a stereoselective syir manner with 
the copper becoming associated with the terminal carbonGS* 335* 336. The reaction is 
most successful with straight-chain alkynes and with primary and homoallyl copper 
reagents33G. The resulting alkenylcopper intermediates, which are not isolated, have 
been converted to a variety of specifically substituted olefins with retention of 
double-bond configuration by protonolysis or d e u t e r o l y ~ i s ~ ~ ~ - ~ ~ ~  and by a number of 
other reactions (see Section 11.G.3). 

The regioselectivity of the addition of the RCu,MgX, reagents to terminal alkynes 
is affected by the presence of heteroatom substituents at the p r ~ p a r g y l i c ~ ~ ~  and 
homopropargylic338 positions in the alkync. Mixtures of products are frequently 
obtained; coordination of the heteroatom with the copper moiety has been suggested 
to explain the formation of products derived from alkenylcopper intermediates 

* For simplicity, alkenylcoppcr intermediates, whatever their mode of generation, will 

be written as 
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having copper at the internal carbon338. Formation of these regioisomers has been 
suppressed by the use of more highly coordinating solvents (i.e. T H F  or THF- 
HMPA rather than Et20)se8 340 or by the use of a bulky protecting Use of 
the bulky trimethylsilyl ether is illustrated in reaction (49), which proceeds with 

81 % 

complete regiospecificity and which was used to synthesize a precursor to the terpene 
m y r ~ e n e ~ ~ ~ .  

Addition of the organocopper reagents RCu,MgX, to propargylic ethers in diethyl 
ether proceeds with high regiospecificity to place the copper at the internal carbon. 
The intermediate alkenylcopper reagents collapse to form allenes above N -40 "C, 
but can be used for the synthesis of trisubstituted olefins when the temDerature is 
controlled (Scheme 14)337. (When the 

BuCu, MgX, 

Et,O 
CH,OMe - -- - 

addition is carried out in THF, the opposite 

\== 
CH,OMe 

reagent 

B U  

CH,OMe 

SCHEME 14 

regioisomer is obtained with 93% regioselectivityce.) In contrast, addition of the 
organocopper reagents RCu,MgX2 to propargylic thioethers proceeds to place the 
copper moiety on the terminal carbon (97-98% regioselectivity) in both ether and 
THFBe. 

The R,CuLi reagents usually abstract a proton from terminal alkynesce; however, 
R,CuLi and Het(R)CuLi reagents have been shown to add to acetylene341 and to 
propargylic acetals (reaction 50)342 in a stereoselective syrz manner. The regio- and 

R' c H. Me Het(R')CuLi l?' CH(( 

stereoselectivity of additions of organocopper reagents and other organometallic 
reagents to propargylic alcohols is dependent on the nature of the reactants and 
reaction conditions337. 3.13. Undcr some conditions, good yields of products of anti 
addition are obtained (reaction 51)3'3. 

Unactivated internal alkynes have not generally been reported to undergo regio- 
specific addition of organocopper reagents, although a regiospecific addition to a 
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( 1 )  m M g B r  Me 
’ q’ (51 1 Me-s-CH,OH 

CUI 
(2) H,O+ CH,OH 

(80%) 

propargylic acetal has been reported342 (see reaction 50), and a regiospecific intra- 
molecular addition to a phenyl-substituted triple bond is kn0wn~~4  (see Section V). 

Reaction of ethoxyacetylene with the RCu,MgX, reagents (reaction 52)345 proceeds 
in an analogous manner to reactions of unsubstituted 1-alkynes. (Contrast the 

RCU, MgX, [ Rw(cu)] reagent , R Z  
(Section 

EtC) ILG.3) 

R Z  
EtO-= _____f 

Et 

(52) 

orientation with 1-alkynyl sulphides, Section II.G.2.b.) The alkenylcopper inter- 
mediates have been converted to stereochemically pure enol ethers and substituted 
ketones (see Section II.G.3). 

6 .  Use of acfivated alkyrzes. The reactions of organolithium or Grignard reagents 
in the presence of varying amounts of copper salts to activated acetylenes are well 
known332. The regioselectivity of the reactions is such that the metal (copper) 
becomes associated with the carbon bearing the activating group; mixtures of 
stereoisomers are sometimes formed. In 1969, C ~ r e y ~ ~ ~  and SiddaIP’ reported that 
additions of organocopper(1) reagents to acetylenic esters at low temperatures 
occurred in a highly stereoselective syn manner. Since that time, various organo- 
copper([) reagents (i.e. RCu, R,CuMgX, R,CuLi) have been added in a stereo- 
selective sytz manner to a number of activated alkynes (Rl-CsC-G; G = SR2, 
S(0)R2, S02R2, CO2RC and CONR?,). (The regioselectivity of the additions is 
maintained with both terminal and internal alkynes.) The resulting alkenylcopper 
intermediates have been converted to a variety of olefins with retention of con- 
figuration of the double bond by protonolysis (see Table 4) and, in a few cases, by 
other reactions as well (see Section II.G.3). 

In  the additions of organocopper reagents to a,@-acetylenic sulphides (Table 4), 
the regioselectivity in all cases is such that the copper becomes associated with the 
carbon bearing the sulphur heteroatom, in contrast to the regioselectivity observed 
with ethoxyacetylene (Section II.G.2.a). Thus, sulphur acts as an activating group 
whereas oxygen does not. 

The additions of organocopper reagents to acetylenic esters have received wide 
use, particularly in the synthesis of insect hormones and pheromones and related 
compounds35?. 354-35G, 35% 35D. Reactions of Me,CuLi with acetylenic esters result in 
syrz addition of Me and H across the triple bond (reaction 53); m f i  addition can be 
achieved by a two-step sequence (rcaction 54)360. Additions of organocopper reagents 
t o  acetylenic 3 5 7 ~  3G1 and acetylenic ketonesns3 are known; the very high 
syn stereoselectivity obtained with acetylenic esters has not been achieved. 

(1) MeJuLi Me 
R-=-CO,Me - >=\ 

R C0,Me (2) H J O  
(53) 

(54) 
P hSH/PhS Na MeMgI 

R R-G-CO,Et CUI 

p h s ~ c o z E t  

R 
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TABLE 4. Reactions of activated alkynes with organocopper reagents 

Alkyne Copper reagent Refercnces 
~ ~~~ 

R1C=CSMe5 RiCu MgX 348 
RIC=CSMe RgCuLi 349 
RIC=CSEtC R2Cu.MgX2d 345 
RICE CS(0)Rc R2Cu"* f 349,350 
R1C=CS02RC e, g 350,351 

R1C=CCONR2 RiCuLi and R2Cu 352 
R1C=CC02R h 346,347,352-359 

R1 = H, alkyl, alkenyl, alkynyl, aryl. 
I, R2 = alkyl, aryl. 

R1 = H, alkyl. 
R2 = alkyl. 

* R2 = alkyl, alkenyl, aryl. 
f Prepared from Grigx~ard~~O or organolithium350 reagents. The 

use of Mc2CuLi resulted in predominant sytr addition350. The 
use of Bu2CuLi350 or RMgXag resulted in reaction with the 
sulphoxide group. 

0 Stereoselective syn addition has been achieved with 
several organocopper reagentss0* Rcagents prepared from 
R2MgX+ 3CuBr have been found to yield a very high percentage 
of syn additions1. Use of an RiCuLi reagent resulted pre- 
dominantly in the product of atrfi addition350. 

Organocopper reagents RECuLi and R2Cu (R2 = alkenyF, 

(sometimes in the prescnce of solubilizing ligands) have been 
added to a large number of acetylenic esters, including those for 
which R' = H, alkyl and aryl. 

alky1346. 3.17, 350-357, alIy1353, homoallyl347n 3% 353, 358 and alleny1359) 

3. Reactions of alkenylcopper intermediates 

Alkenylcopper intermediates, generated from the addition of organocopper(1) 
reagents to acetylenes, have been demonstrated to  undergo a number of reactions 
(in addition to  protonolysis) to  yield specifically substituted olefins (see Table 5).  
Many of these reactions were developed by Normant using the intermediates from 
the addition of the RCu,MgX, reagents to  unactivated terminal aIkyneP. 

Alkylation, with ally1 bromide, of the alkenylcopper intermediates prepared from 
Ph-CZC-SMe and R,CuLi or R2CuMgX reagents yielded the normal (i.e. see 
Table 5 )  C-alkylated product. However, alkylation of these intermediates with 

R R 

Ph Ph 

('"1 Me1 
(55) 

R,CuMgX 
Ph--'--SMe - [.:vsMe] d )===( 

methyl iodide was reported to produce cis cumulenes (reaction 55)3G9. Attempted 
oxidative coupling of the alkenylcopper intermediate resulting from addition of 
RCu,MgX, to ethoxyacetylene resulted in loss of EtOCu 3.15. 
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TABLE 5. Reactions of alkenylcopper compounds prepared from alkynes 

Precursor 
Reagent - Z  alkynea 

12 -1b RC=CH, HC=CH 
- 

HC=CHC 
EtOCECH 
HCECSEt 
HC=CCH,OMe 
HC= CCH(OEt),C 
RC=CCO,RC* 

HgBr,; BrJpyridine -Br* RC=CH, HC=CH 

A( N - 10 "C), 0, HC RC=CH, HC=CH 

COZ - CO,H 

PhNCO -CONHPh 
R-X(R = alkyl, allyl, -R* 

benzyl, CH,OMe, CH,OEt, 
CH,SMe; X = leaving 
group) 

X 
1 

(X = leaving group) 
RCH-OCH,CH,CI; BuLi -CH(OH)R 

-CH,CH,OH A 
RCECX, TMEDA (X = -C=CR 

HC=CCO,Et - CH=CHCO,Et 
halogen) 

H C= CSEt 
HC=CCH,OMe 
RC=CH, HC=CH 
HC=CHC 
EtOC=CH 
HC=CSEt 
HC=CCH,OMe 
RC=CH 
RCsCH,  HC=CH 

EtOCECHf 

MeC= CCH(OMC),~ 

RC=CH 

HC=CHC 

RC=CH, HC=CH 

HC=CHC 
HC= CCH(OEt),C 

References 

335,338,339 
341 
345 
345 
337 
342 
346 
362 

335,336,339 

345 
337 
338,364,365 
34 1 
345 
345 
337 
364,365 
335,338,339,366 

345 

342 

339,367 

34 1 

368 

341 
342 

a Alkenylcopper intcrmediatcs were generated by treatment of the alkyne with RCu,MgX, 
reagents unlcss otherwise indicated. 

See also Reference 344 and Section V. 
Alkenylcopper intermediates were generated by treatment of the alkyne with 

Other reactions of alkenylcopper intermediates derived from a,$acetylenic esters are 

See also Reference 363. 
The ketone, product of hydrolysis, was isolated. 

Het(R)CuLi and/or R,CuLi reagents. 

mentioned in References 346 and 347. 
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4. Reactions of organocopper reagents which result in allenes 

Reactions of propargylic acetates3"* 370-375, bromideP7, 377* 378, 

t o s y l a t e ~ ~ ' ~ ,  a ~ e t a l s ~ ' ~ *  3.12 and e p o x i d e ~ ~ ~ ~ ~  381 with organocopper(1) reagents (and 
with Grignard reagents in the presence of copper salts) have produced allenes. I n  
the reaction of propargylic ethers with RCu,MgX, reagents, an alkenylcopper was 
demonstrated to be an  intermediate337 (Section 11.G.2.a). CrabbC has developed the 
reaction of R,CuLi reagents with propargylic acetates into a general allene synthesis 
in which ~ n a l k y l a t e d ~ ' ~ .  374 as well as alkylated allenes can be formed (Scheme 15). 

Paul F. Hudrlik and Anne M. Hudrlik 

R3 

R' R2 

OAc 
I R?CuLi Rl-=- CR: -* 

-10' 

\ 
R2 

(2) LiAIH, R' R2 
-15" 

SCHEME 1s 

Allenes have also been formed by the reactions of other organometallic reagents 
with various propargylic corn pound^^^^ 35* 382-3s5. 

H. Carbonylation Reactions of Acetylenes 

The carbonylation of acetylenes, using various transition metal catalysts and 
yielding a variety of products, is discussed in a number of  review^^^^-^^^. A trans- 
formation which has received recent interest in organic synthesis is the addition of 
the elements of formic acid (H-COOH) and derivatives across the triple bondR954oS. 
This can be accomplished under a variety of conditions using nickel carbonyl, o r  
carbon monoxide with a catalyst (usually a Group VIII metal salt). The addition 
generally takes place with Markownikoff orientation, to give a-substituted acrylic 
acids from terminal acetylenes. 

H02C 

R 
R - E  + >= 

A systematic study of the scope of the reaction using nickel carbonyl has been 
carried out by Jones and ~ o w o r k e r s ~ ~ ~ - ~ ~ ~ .  The addition was found to take place with 
syn s t c r ~ o c h e n i i s t r y ~ ~ ~ ;  the orientation with unsymmetrical internal acetylenes has 
been ~ t u d i e d " ~ ~ ~ ~ ~ ~ .  The  reaction can bc carried out in the presence of several 
functional groups; however, propargylic chlorides yield allenic acids388. An appli- 
cation to the total synthesis of nerol is shown in reaction (56)lo1. 

Nerol 
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Reactions of acetylenic alcohols with nickel carbonyl have been applied to the 

synthesis of u-methylene lac tone^^^^^ 403, a-Methylene-y-butyrolactones have been 
prepared more efficiently by carbonylations of acetylenic alcohols with carbon 
monoxide in the presence of palladium  chloride"^ 40G (reaction 57)'O6. 

7. Applications of acetylenes in organic synthesis 

111. ADDITION REACTIONS OF H+Z- TO ACETYLENES 

A. Introduction 

A large number of acidic compounds, HZ (including water, alcohols, amines, 
amides, thiols, carboxylic acids, sulphonic acids and hydrogen halides), have been 
found to add across unactivated carbon-carbon triple bonds in the presence of a 
variety of catalysts407413. (Addition reactions of activated acetylenes have been 
r e v i e ~ e d ~ l ~ - ~ l ?  and will not be discussed here.) Many of these reactions have been 
studied with mechanistic rather than synthetic  objective^^^^-^^^. The  addition of 
water t o  acetylenes t o  form ketones (hydration, see Section III.B.1) has found 
considerable synthetic use. 

The preparation of vinyl derivatives by additions to acetylene itself (i.e. vinylation) 
has been of some commercial importance, especially the synthesis of vinyl chloride 
from addition of hydrogen chloride to acetylcne (catalysed principally by mercuric 

Similarly, processes for the production of vinyl esters, vinyl ethers and 
some vinylamine derivatives from acetylene have been developed (employing a 
variety of catalysts)'*12. 413e 418-434. The high temperatures and/or pressures used in 
some of these reactions have made them difficult to adapt to the laboratory. 

The preparation of alkenyl derivatives by additions to higher acetylenes is less 
common. Additions of strong acids (i.e. sulphonic acids, hydrogen halides) to  
acetylenes have usually been carried out without catalysts (see Sections 1II.F and 
1II.G). Additions of weaker acids have frequently been carried out in the presence of 
mercuric salts (see Sections III.C, 1II.E and III.F)4255. One method uses a catalytic 
amount of mercuric salt in the presence of a strong acid (for example, see Scheme 16). 

M e 0  
McOH 

R R 

M e 0  >= ----,jy-+ MeO+ 

SCHEME 16 

A second method (solvomercuration-demercuration), used for the preparation of 
acid-sensitive alkenyl derivatives, uses a stoichiometric equivalent of mercuric salt 
(forming a P-substitutcd alkenylmercurial) followed by reduction with alkaline 
sodium borohydride (see Scheme 1 6)"?G"38. 
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Acid- and mercuric-ion-promoted additions to acetylenes generally take place with 
Markownikoff orientation, c.g. terminal acetylenes yield methyl ketones or 2-substi- 
tuted I-alkenes. The stereochemistry of these reactions is dependent on the substrates 
and conditions42D. Products of arifi addition have been isolated from the addition of 
halogen acids to a number of acetylenes; mixtures consisting of predominantly the 
syrz adduct have been isolated from halogen acid additions to some aryl-substituted 
acetylenes (see Section 1II.G). Cis-/rans mixtures have been isolated from additions 
of several oxy-acids (see Section 1II.F). 

The stereochemistry of the mercuric-ion-promoted reactions has generally not 
been investigated. However, reactions of mercuric salts with several alkynes have 
been reported to give products @-substituted alkenylmercurials) of arzfi addition: 
Hg(OAc), with diincthylacetylene820 430-532,  HgC12 with 431, propargylic 
alcohols and amineP ,  431, and a,P-acetylenic ketones, esters and acids8?. 431. Products 
of syii addition were also obtained from the reactions of Hg(OAc), with dirnethyl- 
acetylene and of HgCl, with acetylene, using different conditions (e.g. higher reaction 
temperatures and/or longer t i n ~ e s ) ' ~ ~ ~  432. The  product of syri addition has also been 
reported for the reaction of Hg(OAc), with diphenylacetylenes2. 431. Since a number 
of unsubstituted alkenylmercurials (and, in some cases, /?-functionalized alkenyl- 
mercurials as well) have been shown to undergo reactions in which the mercury is 
replaced by various atoms or groups with preservation of double-bond geometry82-8J, 
mercuric salt additions to alkynes (and solvomercurations) may provide a route to a 
variety of specifically substituted alkenes (e.g. reaction 58)83. 

Thalliurn(rrr) salts have recently been shown to undergo some reactions similar to 
those of mercuric salts. They promote hydrationJ33* 434 (and under somewhat 
different conditions, oxidation28) of triple bonds, and have been demonstrated to 
promote amine additions as well4?'. P-Acetoxyalkenylthallium compounds have been 
isolated from additions of Tl(OAc), to a few terminal434, alkyl p h e n ~ l ' ~ ~  and  dialkyl 
 acetylene^"^. The products were assigned the E configuration (resulting from ariti 
addition); addition to dimethylacetylene yielded an  E-Z P-Acetoxy- 
alkenylthallium compounds have been shown to undergo several reactions involving 
replacement of thallium with retention of configuration a t  the double bond435. 

0. Hydration: Conversion of Acetylenes to Aldehydes and Ketones 

1. Mercur ic  salt-catalysed hydrations 

Hydration with aqueous acid in the presence of mercury salts is the niost commonly 
used method for converting acetylenes to  carbonyl corn pound^^^^-^'^^. Hydrations of 
terminal acctylenes almost invariably yield methyl  ketone^"^-*'^;^ (e.g. reactions 
59442-447 and 604.18). The orientation of hydration of internal acctylenes depends 
primarily on the electronic effect of the substituents attached to the triplc bond. 
Internal acetylenes having either electron-donating groups (RO-, Ph-), which can 
strongly stabilize an adjacent positive charge, or electron-withdrawing groups 
(-CN, -CO,R, etc.), frequently give one product (e.g. reactions 61 and 62),1371 438. 

Groups not directly attached to the carbon-carbon triple bond can also have a 
directing effect (e.g. reactions 634.'8 and 64450). 
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Ph-G-R __+ 

R-G-CO,Me - 
R =  --L. 

241 

(59) 

The orientation of hydration of internal acetylenes can be strongly influenced by 
neighbouring group participation. Stork and Borch found that y,6- and 8,~- 
acetylenic ketones undergo regiospecific hydration to give exclusively 1,4- and 
1,5-diketones, respectively (reaction 65)451, 452. 

n =2,3 

The hydration reaction allows an acetylene to serve as a latent carbonyl unit in 
organic synthesis as shown in reactions (66)-(69)44* 463456. 

C0,Et 

@% A m0 CI,CCO,H 
D O  (Ref. 453) 

(66) 0 MeOH (73%) 
(75%) 
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0 
(Refs. 455, 456) (69) 

2. Rearrangements of ethynylcarbinols 

Ethynylcarbinols can be converted to three different types of carbonyl compounds 
as illustrated in reactions (70)-(72). Hydration (reaction 70) has been accomplished 
in high yield with aqueous or alcoholic acid in the presence of mercury 
~ a l t s ~ ~ ~ ~  438* 4 4 2 ~ 4 4  (or with a sulphonated polystyrene resin impregnated with mercury 

(3) 

L--.+ 0"""" \ 

salts)"4 547. Both Rupe (reac1.m 71) and Meyer-Schuster (reaction 72) rearrange- 
ments take place when alkynyl carbinols are treated with acids in the absence of 
mercury 467-pG0. The relative proportions of the two types of products are 
dependent upon the structure of the acetylene. Tertiary ethynyl carbinols having a- 
hydrogens (e.g. 3) generally undergo only the Rupe rearrangement3*. 4451 4581 4591 461-465; 

however, Meyer-Schuster products can be obtained by one of the sequences shown in 
Scheme 17. 
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(Refs. 466-468) Ag'  

- HOAc ' >=ToAc 

(Refs. 469-471) 
1 

-h 
SR CHO 

OH r P 
(R,SiO),VO f (Refs. 472-476) 

SCHEME 17 

3. Other methods for the conversion of acetylenes to aldehydes and 
ketones 

Terminal acetylenes can be converted to  methyl ketones (or internal acetylenes to  
ketones) by mercury salt-catalysed hydration (Section III.B.1) ; terminal acetylenes 
have also been converted to methyl ketones by treatment with N-bromoacetamide 
(forming a dibromoketone)* followed by zinc (reaction 73)477. 

AcO AcO AcO 

(73) 
NBA - 

HOAc 
NaOAc 

Br HOAc 

Terminal acetylenes can be converted to aldehydes (or internal acetylenes to  
ketones) by any of the following three methods: (i) hydroboration and oxidation 
(reaction 74) (see Section II.B.2.c) ; (ii) thiol addition and hydrolysis (reaction 75) 
(see Sections III.B.2 and 1II.D) ; (iii) hydrosilylation, epoxidation and hydrolysis 
(reaction 76) (see Section II.D.2.d). 

r C H 0  
R 

R 

* When such dibromoketones werc treated with methanolic base, an interesting re- 
arrangement took place to givc cis unsaturated esters.478 

NBS 
R MeOH , R C0,Me 
L E  -> w E1,N 

CHBr, HOAc 
NaOAc 

9 
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C. Addition of Amines 

Paul F. Hudrlik and Anne M. Hudrlik 

Addition reactions of amines with acetylenes have been found to yield a variety 
of 420-422, 42J, 405, 478-482. In  many cases enamines have been postulated 
as intermediates, but they have generally not been isolated. Solvomercuration- 
demercuration (see also Section 1II.A) of 1-octyne using aziridine gave the enamine 
(in low yield) (reaction 77)420; use of pyrrolidine gave the saturated amine (reaction 

78)426. Solvomercuration-demercuration of phenylacetylene using N-alkylanilines 
produced enamines (reaction 79)127. (Use of anilines produced imines.) 

R, ,Ph 

Ph 

Hg(OAc), NaBH. 

PhNHR NaOH i P h - E  - (79) 

D. Addition of Thiols 

Acetylenes can be converted to alkenyl sulphides by free-radical or ionic addition 
of thiols4I2. 4 L 0 4 2 2 ~  4604711 483-487. Terminal acetylenes yield terminal alkenyl sulphides 
(as cis-trans mixtures). The major synthetic use of this reaction has been in the 
conversion of terminal acetylenes to aldehydes, for example, in the Meyer-Schuster 
rearrangement (see Section III.B.2). 

E. Addition of Alcohols 
420-423, 4 2 5 p  498 have 

been used to synthesize both ketals and enol ethers. Use of catalytic amounts of 
mercuric salts and BF3- Et,O in alcohols has produced ketals in good 480-491. 

This reaction, in conjunction with mass spectra of the derived ketals, has been used 
to determine triple-bond location492. Solvomercuration-demercuration (see also 
Section 1II.A) of terminal acetylenes in alcohols has produced enol ethers (reactions 

and 81 428). The absence of double-bond migration in this reaction was 
demonst rated42G. 

Mercuric salt promoted additions of alcohols to 

OMe 

(80) 
-E (1) Hg(OAc), 

MeOH 
(2) NaBH, 

NaOH OMe 
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Enol ethers have also been prepared from acetylene and from some substituted 
acetylenes (especially those substituted with electron-withdrawing groups) by 
treatment with alcoholic base at high temperatures. The rearrangement of alkyl 
acetylenes under these conditions is a limit to the utility of this p r o c e s ~ ' ~ ~ ~  412v 423* 493. 

F. Addition of Carboxylic Acids ond other Oxy-acids 

alkynes is well known (reactions 82 and 83)420-422* 
The preparation of alkenyl esters (enol esters) by addition of carboxylic acids to 

404* 486. Usually mercuric salts 

in the presence of BF3 or other acids are used as catalysts. The absence of double-bond 
migration was demonstrated for the conversion of terminal acetylenes to enol 
acetates (i.e. reaction 82)42G. The stereochemistry and the possibility of double-bond 
migration in the conversion of internal acetylenes to enol 497 have not 
yet been investigated. (The product of anti addition was reported to be the major 
product in the Hg(OAc),-promoted addition of HOAc to PhCsCCH, 498.) 

Additions of carboxylic acids to heteroatom-substituted alkynes, e.g. ethoxy- 
acetylene, have been usrd to prepare ketene derivatives (reaction 84)49Q1 

Additions of the stronger carboxylic acids (e.g. CF3C0,H, CCl,CO,H) and 
of sulphonic acids508-51s to alkynes have frequently been carried out without catalysts. 
Thus, good yields of enol esters (as cis-tram mixtures) have been produced from 
the additions of CF3C0,H to intcrnal acetylenesj0.'v 6 o o ;  however, similar additions 
to  terminal acetylenes have generally proceeded with poor yieldsso5, The use of 
mercuric salt catalysis was found to improve considerably the yield in the addition 
of CF3C02H to phenylacety1ene5O2. 

Additions of trifluoroacctic acid to terminal or internal alkynes in which 1,4- 
neighbouring group participation by halogen is possible result in good yields of 
isomerically pure alkenyl lialides504-507~ 514 (e.g. reactions 8S500 and 8G514). When 

- CF,CO,H f +OCOCF, (85) 

(68%) 
91% trans 

-=kc' 
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one such reaction (reaction 87) was carried out in the presence of a mercuric salt, 
halogen migration was suppressed and the enol trifluoroacetate was isolated in 66% 
yieldsoG. 

Enolate anions can be generated from alkenyl acetates by treatment with methyl- 
lithiumG15, and from alkenyltrifluoroacetates by treatment with lithium diiso- 
p r o p y l a m i d ~ ~ ~ ~ - ~ ~ ~ .  Thus position-specific enolates of unsymmetrical ketones are  
potentially available from terminal acetylenes, and from other acetylenes from 
which isonierically pure enol esters can be prepared. 

Additions of CF,SO,H to both terminal and internal acetylenes produce alkenyl 
triflates which can be isolated in good yieId508-512. Double-bond migration was 
observed under some conditions but could be avoided if excess CF,SO,H was 
carefully neutralized a t  0 "C. From internal acetylenes, the alkenyl triflates were 
formed as mixtures of cis and fratis isomersfio*. jog* 512. 

Terminal and internal acetylenes react rapidly with FS0,H a t  - 120 "C (in 
S0,ClF) or -78 "C (in SO,) to give alkenyl f l u ~ r o s u l p h a t e s ~ ~ ~ .  The n.m.r. of the 
reaction mixtures indicated that the products were formed as mixtures of cis and 
fratis isomers without double-bond migration. 

G. Addition of Hydrogen Halides 

Much mechanistic and stereocheniical work has been carried out on  the additions 
of hydrogen halides HX (X = Cl, Br, I) t o  alkynes410* 411, 4 2 9 ~  487* 488, 519-s31. Although 
in some cases alkenyl halides have been formed in good yields, further addition of 
HX to  give dihaloalkanes sometimes O C C U ~ S ~ ~ ~ ~  821* 52.1, 525,  and the optimum conditions 
for producing alkenyl halides frequently have not been defined. When alkenyl 
halides are needed for synthetic purposes, other methods of preparation are usually 
used (see Sections II.B.2.d, II.C.3, II.D.2.b, II.F, I1I.F and 1V.A). 

Ionic addition, generally observed with HCl and HI,  takes place according to  
Markownikoff's rule, yielding predominantly 2-halo-1-alkenes from terminal 

Both ionic and radical pathways are observed 
in HBr additions; 1-bromo-1-alkenes are produced in the radical s20-522~ 525. 

The radical pathway has been shown to be favoured by the use of radical initiators 
(i.e.  peroxide^)^^^-":"^ 52s; the ionic process by the use of radical inhibitors (i.e. 
hydroquinone) and by the use of a catalyst such as HgBr, and other Lewis 
acids52o* 521, G2.1* 52s, 528. The products of ionic addition, 2-bromo-l-alkenes, have also 
been prepared by a n  alternate process involving radical addition of HBr to a 
1-trimethylsilyl-1-alkyne (reaction 88)532. 

acetyleneS429, 498, 820, 521, 523-625, 527, 630. 

___, (88) 
R-E-SiMe, HBr [ 'kSiMe3 ] 

R R 

With alkylacctylenes, the stereochemistry of HX addition is normally pre- 
don,inantly a,lf ,429, 497, 526-527, 529, 530 . For the addition of HCI to 3-hexyne in acetic 
acid, Fahey and Lee found that thc aiifi stereoselectivity could be considerably 
enhanced by adding Mc,N+Cl- to the reaction mixtureag7~ 52G, 627 (reaction 89). I n  the 
radical addition of HBr to propyne, the product of cititi addition (cis-1-bromopropene) 

Et CI 

Me,N.+CI- Et 
w HCI 

HOAc 
Et-E-Et  
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can be isolatedsz1; however, isomerization t o  cis-trans mixtures has also been 
observed in such reactions521~ 52% 526. 

Some reactions of aryl-substituted acetylenes have resulted predominantly in 
syn addition408. s271 53l. The rate and stereoselectivity (predominant syii addition as 
determined by deuterium labelling) of the addition of HBr to p-methoxyphenyl- 
acetylene was found to  be enhanced by the use of HgBr, as a 

IV. FRIEDEL-CRAFTS TYPE ACYLATIONS A N D  ALKYLATIONS 
OF ACETYLENES 

A. Acylations of Acetylenes 

Friedel-Crafts acylations of acetylene and substituted acetylenes are well known 
(for reviews, see References 410, 41 1 and 533-536). With terminal acetylenes, only 
one of the two possible structural isomers is observed, that in which the acyl group 
has added to the end of the triple bond (expected for the addition of RCO+). 
Acylations with carboxylic acid chlorides (usually in the presence of AIC13) yield 
P-chlorovinyl  ketone^^^^-^^^. Although only the irurrs isomer is obtained from 
acetylene itself s41, mixtures of stereoisomers have been observed with a dialkyl- 
acetylene (reaction 90)544. 

r=7 A f & h + A h +  - (90) 0 - PhCOCl 

AICI, 
CH,CI, 

80% 12% 
-40' 

8% 

@-Halovinyl ketones are useful precursors to unsaturated aldehydes by the 
reactions shown in Scheme 18. 

R ' L C I  

\ (1) R'MaX 

Ri-CHO 

(Refs. 539, 542) 

R' L C " 0  

f (Ref. 538) 

(Refs. 545, 546) 

@-Halovinyl ketones have also been used in the synthesis of prostaglandin side- 
chains by the two methods shown in reactions (91)s13 and (92)l14. 547, s48. 

0 
X . . . R  

" K -  
O 0 %T 

CI Bu 
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When acetylenes are acylated with aromatic acid halides5"~ 849 or acrylic acid 
halides550, the initially formed fLhaloviny1 ketones can undergo further cyclization 
to give indenones or cyclopentenones. 

Acylations of terminal acetylenes with a carboxylic acid in trifluoroacetic anhydride 
(reaction 93)551, or preferably with acyl fluoroborates in nitroalkane solvents 
(reaction 94)5521 853, provide routes to 173-dike!ones. 

Some of the limitations of the latter method (employing RCO+RFy) have been 
investigated. When non-nucleophilic solvents (e.g CH,Cl,) are employed, further 
reactions can ensue, leading to cyclopentenones (if R in RCOBF, is acyclic)554 or to 
P-fluoroketones (if R is ~yclic)~"". 

Shatzmiller and Eschenmoser have reported a novel reaction of terminal 
acetylenes with a-chloronitrones in the presence of AgBF, in which unsaturated 
ketones are formed in high yields (reaction 95)550. 

One example of an intramolecular acylation of an acetylene has been reported 
(reaction 96)"'. The attempted preparation of 5- or 7-membered ring diketones by 
this route was unsuccessful. 

0 

B. Cationic Cyclizations of Acetylenes 

Some irrrermolecular Friedel-Crafts alkylations of acetylenes are known"O* 411* 531. 

Znrramolecular alkylations (cationic cyclizations) have proved very useful for the 
synthesis of ring systems. Such cyclizations can take place to either carbon of the 
triple bond as shown in reactions (97) and (98). 
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The following discussion will be organized according to the number of carbon 
atoms ( 1 1 )  between the acetylenic bond and the cationic centre. These reactions have 
been particularly well investigated where 11 = 1 and 12 = 3. 

1. n = I (3- or 4-membered ring 

Hanack and coworkers have studied the solvolyses of homopropargyl derivatives 
in some detailso3. 558-504. Trifluoroacetic acid solvolyses of primary homopropargyl 
sulphonates yield predominantly 4-membered ring products (i.e. reaction 98); 
c y c l o b u t a n ~ n e ~ ~ ~  and 2-alkyl c y ~ l o b u t a n o n e s ~ ~ ~ ~  5G2, 5G4 can thus be prepared. When 
catalytic amounts of mercuric acetate are present, 3-membered ring products 
(e.g. alkyl cyclopropyl ketones) are p r e d o n ~ i n a n t ~ ~ ~ .  5G2. These products are probably 
formed from enol esters generated by initial mercury-catalysed additions (e.g. of 
HCOOH or CF3C02H) to the triple bondso3# 562* sG5. 

CF,CO,H Rb/OC0CF3 >Rmo 
R-=L 

CF,CO, 
WX 

d d O m  R 

2. n = 2 (4- or 5-membered ring product) 

These reactions do not appear to have been investigated in any detail. In two 
cases557* 5G7, it was statcd that solvolysis of compounds with IZ = 2 did not give 
cyclized products. 

3. n = 3 (5- or 6-membered ring product)61s-s18~ 557n GG7-s95 

Many examples of such reactions are known. With terminal acetylenes, 6-membered 
rings are formed (i.e. reaction 98); with non-terminal acetylenes, 5-membered rings 
generally predominate (i.e. reaction 97). 

Lansbury and 672 and Johnson and were the first to 
demonstrate the applicability of such cyclization reactions to the synthesis of 
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(Refs .  568, 570) CF,CO,H 

R O  
QOTs 

111 
R = CF,CO and T s  

OTs 1 
C F C o H  

RO + R O Q  

m i n o r  m a j o r  
R = CF,CO and T s  

I 

111 n -  OBs 111 I OAc + p  AcO 
I 

Ph Ph Ph 

(Ref .  570) 

(Ref .  567) 

64% 36% 

complex molecules. Lansbury and coworkers investigated the cyclizations of mono- 
cyclic and bicyclic acetylenic alcohols as  a potential route to  bi- and tricyclic 

572. The bicyclic compounds 4-6 underwent acid-catalysed cyclizations 
in high yield, with excusive 5-membered ring formation. In  the cyclizations of 4, the 

H. @+ .. 

major product major product 
f rom (4) f r o m  (51, (6) 

(after desulphurizat ion)  

isomer having the trans ring fusion predominated. In the cyclizations of the related 
sulphide (5) and sulphoxide (6) (followed by desulphurization), the major product 
had the cis ring fusion572. 

Johnson and coworkers have investigated acetylenic bond participation in olefinic 
c y c l i ~ a t i o n s ~ ~ ~ ~ ~ ~ ~  586, and have devcloped novel total syntheses of steroids using 
cationic cyclization to internal alkynes to form the 5-membered D-ring. The example 
shown in Scheme 19 illustrates two important features of these cyclization reactions: 
(1) I n  cyclizations to  non-terminal carbon-carbon triple bonds, high yields of 
5-membered ring products can be obtained with suitable experimental conditions. 
This result is of particular significance since analogous cyclizations to carbon- 
carbon double bonds generally form 6-membered rings. (2) The highly reactive 
vinyl cation which is generated in the cyclization can be trapped by a number of 
reagents, including HCOOH s73, CH,CN 573, ethylene carbonate 5 7 4 s  57G, nitro- 

s78, SnCl, in CHaC12 5s1, benzenesE1 and 01efins"~* 5R1, leading in many 
cases ultimately to compounds having functionality characteristic of naturally 
occurring steroids. 
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Conditions Product Reference 

HCOOH, pentane, 25 "C 
CF3COzH, CH3CN, -30 "C 
CF,CO,H, EtNOz, -78 "C ( 8 ) O  (80% yield) 577 

(7a) ( Z  = OCHO) (> 90% yield) 
(7b) (Z = NHAc) (almost quantitative) 

573 
573 

SnCI,, CH,Clp (7d) (Z = Cl) 58 1 
SnCI,, PhH (7e) (Z = Ph) 58 1 
CF3C0,H, CH,=CHCH,Pr-i (7f) (Z = CH,CHCH,Pr-i) 58 1 

I 
OCOCF3 

+ 
a Compound 8 is presumably formed by rearrangement of 7c (Z = ONOEt). 

ON=CHCH, 

[(Wl - &do 
(8) 

SCHEME 19 

The key steps in the application of these cyclizat.ans to  the synthes., of pro- 
g e ~ t e r o n e ~ ' ~ .  testosterone benzoatesi8 and 11 a-hydroxyprogester~ne~~~ (a useful 
precursor to  cortisone) are shown in Scheme 20. 

Ireland and coworkers have utilized the cat ionic cyclizations of terminal acetylenes 
(which generally yield 6-membered ring products) in the synthesis of the pentacyclic 
triterpenes s h i ~ n o n e ~ ~ ~ ~  01' and friedelins18, in the manner shown in Scheme 21. I n  
each case, the acetylene (10) is generated in a fragmentation reactions8i starting 
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- : i O i E 2 H  (71 %) d o d o  I b h 

O H  (Ref. 574) 

OH 

f Progesterone 

0 

(Ref. 576) 
CF CO H - 
-25’ 
(65%) 

(1) CCI,CO,H 
i-PrNO, 

(2) LiAIH. 

(1) MeLi - 
(2) CF,CO,Ii 

(3) KOH 
CF,CH,OH 

H,O 
(2935%) 

OCOPh 

(Ref. 578) 
0 

4 
I 

0 do 

Testosterone 
benzoate 

(Ref. 580) 

1 lm-Hydroxyprogesterone 

SCHEME 20 
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H,O + (77%)’” 
(460/.)”* 

(3) Na,CO, 

(67% from 
(60% froin 11)518 

(11) 

H,O + 

(92% from 

SCHEME 21 

with the enone 9. This reaction sequence is a highly imaginative method for the 
conjugate addition of a methyl group to the enone, with the formation of a f rom 
ring junction and the generation of a precursor to a specific enolate. The overall 
process was reported to be considerably more eficient than conventional methods 
(Me,CuLi ; Et,AI, HCN) for accomplishing the same transformation. 

Baldwin and Tornesch have reported an elegant synthesis of cyclosativene which 
involves a cationic cyclization of an acetylene as the key step (reaction 99)5e2. 

Cyclosativene 

(yJ-(yJ 0 
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There are several reports of transannular acetylenic bond participation in 
10-membered rings583-sss. Products having a decalin (bicyclo[4.4.0]decane) ring 
system usually predominate (reactions 10Ws3-s8s and l O l s S 3 ,  585). 

4. n = 4 (6- or 7-membered ring product) 

Aside from the reactions with transannular participation in 10-membered rings 
discussed above (reactions 100 and lo]), these reactions d o  not appear to have been 
investigated. In one case55", an  intramolecular acylation reaction where n = 4 was 
reported t o  yield no cyclized product. 

5. n = 5 (7- or &membered ring product) 

Johnson and coworkers have investigated the reactions of such compounds as a 
potential route t o  perhydroazulenes. When they discovered tha t  the initially formed 
vinyl cation was undergoing a further cyclization to give a tricyclic system, they 
incorporated this reaction into a short, highly ingenious total synthesis of longifolene 
(Scheme 22)586. 

I 
Ill 

75% Longifolene 

SCHEME 22 

V. ANIONIC AND ORGANOMETALLIC CYCLIZATIONS 
INVOLVING ACETYLENES 

Since 1953, a number of cyclizations of acetylenic compounds have been reported 
which involve carbanions or organometallic compounds as  intermediateszo8* 34,1. 588-508. 

Although few synthetic applications are yet known, these reactions are of interest 
to the synthetic organic chemist as a potential method for preparing carbocyclic 
rings, particularly 5- and 6-niembered rings with an  exocyclic methylene group. 
As a rule, only the snialler of the two conceivable rings is formed in these cyclizations 
(one exception: Reference 591), in contrast to the cationic cyclizations (Section 
IV.B), where sometimes the larger of the two possible rings is formed. 

Cyclizations involving stabilized carbanions have been little explored5ss-5e0. Some 
examples are shown below (reactions I O P 8  and 103500). So far, only 5-membered 
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rings have been formed, and attempts to form 4- and 6-membered rings have been 
u n s u ~ c e s s f u l ~ ~ ~ ~  

C0,Et 
C0,Et NaOEt 

EIOH ' C0,Et 
C02Et 

Cyclizations of various organonietallic compounds have been more actively 
344n 501-598. In  most cases, a 5-membered ring is formed (e.g. reaction 

104)594. Although attempts to  form 3-memberedsN6, 4-memberedSgB and 6-membereds0a 
rings in such reactions have generally not been successful, Crandall and coworkers 
found that 4- and 6-membered rings (but not 7-membered rings) could be formed in 
the cyclizations of some organocuprate reagents (reaction 105)34". The resulting 
alkenylcuprate reagent (in the case of the 5-membered ring) was trapped with a 
number of electrophilic reagents (reaction 106)314. 

Yield (%) in (105) when n = 
X 3 4 5 6 

- - Br 79 79 
1 - 91 58 0 

Z = Me, allyl, Br, I 

A reaction which is similar in some respects to the cyclizations discussed above 
is  the reductive cyclization of acetylenic ketones with metal-ammonia reagents to 
give methylene-cycl~alkanols~~~~ 599-c02, first reported by Stork and coworkers in 
196YgD. The mechanism of these reactions is presently felt to involve initial electron 
donation to the carbonyl group followed by cyclization to the triple bonds7?* 
Although 5-membered rings have been most commonly formed, 6-membered rings 
can also be prepared in good yields 583,c02. Sodium naphthalenideoo2 has recently 
been found to be superior to  metal-ammonia reagents. This reaction has been applied 
t o  the construction of the gibberellin C,D-ring system509, Ool. 
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(Ref. 599) 

M e 0  

sodium @' naphthalenide THF 

111 0 
I 
D n R = H (69%) 

R = Me (42%) 

sodium 
naphthalenide 

+J o w  THF 
(89%) 

(Ref. 602) 

(Ref. 602) 

VI. C A R B O N  CHAl N - E X T E N S I O  N R E A C T I O N S  
The ease with which acetylenic groups can be added (in either a nucleophilic or 
electrophilic manner) to other nio1eculesGo3 has led to a number of applications in 
carbon chain-extension reactions*. Many of these involve reactions of metal 
acetylidcs, reactions of metalated propargyl derivatives, or alkylations with propargyl 
halides. Some examples of these and other homologation reactions using acetylenes 
are shown in reactions (107)-( 122). 

Rcactiorrs of metal acetjdicies. Reactions of simple metal acetylides with organic 
compounds have been reviewed?. 5 *  51-53, Reactions of metal derivatives of 
ethoxyacetylene with carbonyl compounds yield intermediates which can be trans- 
formed to either unsaturated aldehydes (reaction 1 1  2) or unsaturatcd esters (reaction 
1 13), with overall two-carbon chain-e~tension~?~ 610v Ol1. (The same unsaturated 
aldehydes can be obtained from Meyer-Schuster rearrangements, sce reaction 110 
and Section III.B.2.) A wide variety of functionalized metal acetylides have been 
used for the nucleophilic introduction of a three-carbon chain (see reaction 

The propargylic alcohols which result from the addition of metal acetylides to 
aldehydes and ketones can undergo several useful rearrangements. Rupe and Meyer- 
Schuster rcarrangeincnts (see reactions 107 and 110 and Section III.B.2) yield 
unsaturated ketones and aldehydes with overall two-carbon homologation of the 
starting carbonyl compound. Claisen rearrangements of enol ethers preparcd from 
such propargyl alcohols yield a,p-y,&unsaturated ketones with overall addition of a 
five-carbon chain t o  the starting carbonyl compound (see reaction 1 22)610, an  
improvement over thc classical Kimel-Carroll reaction32* 619 which accomplishes 
the same transformation. 

Reactions of metalated propargyl derivatives. Reactions of propargyl anions can 
in principle give either acetylenic or allenic products; the ratio depends o n  the 
substituents o n  the propargylic system and on the dkylating agcnt. A variety of 

* Carbon chain-extension reactions are rcvicwed in Rcfcrences 604-607. The iisc of 
ynamines in organic synthesis, including applications to carbon chain-extension reactions, 
have been reccntly reviewedoos* 

1 1  6)247, 605, 016-619. 
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synthetically useful reactions involving substituted propargyl anions have been 
2451 350, 620-637 (e.g. reactions 11 7-121). I n  these reactions, trimethylsilyl 

groups have been frequently used, both a s  protecting groups for acetylenic hydrogen 
and for the purpose of influencing the product distribution o r  facilitating product 

Alkylatioiis witti propargylic halides. Propargylic halides undergo facile reactions 
with n u c l e ~ p h i l e s ~ ~ ~ ~  038-640, and have been used to  alkylate enarninesQs5~ 456 and 
stabilized ester en01ates~~. 4 4 1  4531 641. Attempts to alkylate simple ketone enolates with 
propargyl bromide resulted in low yields of alkylated product (believed to be due to  
base-induced decomposition of the propargyl bromide) ; alkylation of such enolates 
with trimethylsilylpropargyl bromide was more successfulGo1* 642. The acetylenic 
products resulting from alkylations with propargylic halides can easily be hydrated 
to give methyl ketones (see Section III.B.l); thus propargylic halides can serve as 
latent ketones in organic synthesis (i.e. reaction 108). 

isolation223, 246, 620, 621, 02.1-030, 634, 635. 

New carbon chaiii functionalized at C-1 

New carbon cliaiti fuiictioiialized at C-2 

0' , 0': . r H O  

(Section IIf.B.2) 
(110) 

(2) ArC0,H R-CHO (Ref. 280) 

(111) 

(1) H, 

m 
SiMe, 

RCHO il" 
R e, 

' CHo (112) 
(Refs. 32, 606, 0" 61 0, 61 1 )  

(yo , o o l - o E t  (1)  H, , 
(2) H,O+ 

(173) 
\ H,O+ ~ r o T E t  

(Refs. 32, 606, 610, 611) 
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RCOCI 2:;; RLc, ++ K C H O  (Section1V.A) (114) R \  

(R) = alkyl or hydrogen 

0 

CHO (Ref. 643) (115) 
++ R% 

A 
R *, RCOCI ___+ 

SiMe, 

New carbon chain functionalized at C-3 

0 
R X +  + R&CO,Et (Ref. 631) 

New carbon chain functionalized at C-4 

(1) LiCH,C=CLi 
k r= -CH,OH (Ref. 636) (120) 

Bu 
(2) CHzO 

BuBr 

R X  /-E--CO,H (Ref. 633) (121) 
R 

(Ref. 619) (122) 
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1. INTRODUCTION 

Ionic additions to carbon-carbon triple bonds have been known and used in organic 
chemistry for many years. They can occur by either an  electrophilic or nucleophilic 
mechanism, unlike the ionic additions to unactivated carbon-carbon double bonds 
which occur predominantly in a n  electrophilic manner’. An electrophilic addition to 
an  alkyne occurs when the carbon-carbon triple bond is attacked by a reagent 
containing a polar or polarizable bond which is broken during the addition in such 
a way that the acetylenic carbon atoms acquire a partial positive charge in the 
rate-determining transition state. 
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Using this definition, an  electrophilic mechanism can be invoked for an addition 
reaction if  electron-donating substituents on the alkyne accelerate the reaction and 
electron-withdrawing substituents retard the rate of addition. This criterion is the 
primary one used to choose the addenda in this chapter. Unfortunately such 
structure-reactivity data are unavailable for some addition reactions. Therefore it 
is necessary to  adopt a second criterion based upon electrophilic additions to 
alkenes. If a reagent is a n  electrophile towards a carbonxarbon double bond, it is 
assumed to be an  electrophile towards a carbon-carbon triple bond. 

Using these criteria, the addition to  alkynes of halogcns, pseudo- and inter- 
halogens, organic peracids, organic and mineral acids, water, boron- and aluminiuni- 
containing compounds, carbonium ions, sulphenyl halides, selenenyl halides, 
selenium trichlorides and mercuric and thallium salts wiil be discussed. The additions 
of these electrophiles will be examined in detail with the aim of establishing how the 
alkyne structure and reaction conditions affect the rate of addition as well as the 
regiochemistry? and stereochemistry of t h e  addition product(s). From the available 
data, an attempt will be made to place the mechanism of the addition into its proper 
category. Neither the addition reactions catalysed by metal ions, nor the additions 
to  diacetylcnes are included in this chapter, since a number of reviews have appeared 
on these  subject^^-^. 

The mechanism of electrophilic addition reactions may be classified according to  
whether the addition products are formed by a one-step process or whether a cationic 
intermediate is formed on  the reaction coordinate between reagents and products. 

The simplest one-step mechanism is a molecular addition in which the transition 
state contains both the electrophile and the alkyne (equation 1). Using the notation 
of Ingold'O, this is one example of an  Adc 2 (addition, electrophilic, bimolecular) 
mechanism. Such a mechanism is symmetry forbidden'l. 

Anothcr single-step mechanism is one in which the two parts of the electrophile 
are derived from different molecules. The rate-determining transition state for this 
mechanism contains the alkyne and two moleculcs of electrophile and consequently 
this is one example of a n  I?& 3 (addition, electrophilic, termolecular) mechanism 
(equation 2). In  both the one-step A& 2 and A& 3 mechanisms, the one transition 
state is both rate-determining and product-determining. 

An important mcchanisni for reactions in solution is the formation of a cationic 
intermediate, inaking the overall addition a multi-step process. Nucleophilic attack 
on the cationic intermediate completes the addition reaction. In the simplest case 
this mechanism involves two steps. As a result, it is possible that the rate- 
determining and product-deterniining steps are different. Thus if the cationic inter- 
mediate is formed in a slow step, the transition state leading to  this intermediate is 
then the rate-determining one. This transition state can contain the alkyne and one, 
two or more molecules of the electrophile. If the rate-determining transition state 
contains two molecules (one alkyne and one elcctrophile), the mechanism is A& 2 
(equation 3), while if it contains three molecules (one alkyne and two electrophiles), 
the mechanism is AdE 3 (equation 5). Rapid capture of the intermediate by a nucleo- 
phile is the product-determining step and this transition state is the product- 
determining one (equation 4). Since the two transition states have different structures, 
the polar and steric influence of substitucnts may affect each dificrently. 

If the cationic intermediate is formed rapidly and reversibly, then a subsequent 
step will be the slow or  rate-determining step. In the simplest case of a two-step 
mechanism, the second step becomes the slow step and it is both rate- and product- 
determining. Rate-determining attack on the cationic intermediate can involve either 
the nucleophilic part of the electrophilic reagent or a second molecule of electrophile. 
The former case is still an  A d ~ 2  mechanism (cquation 6 )  but the latter is an A d ~ 3  
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mechanism (equation 7). Another variant of ihis mechanism is rale-determining 
attack on  the cationic intermediate by higher molecular aggregates. 

The addition of unsymmetrical electrophiles to unsymmetrical alkynes can result 
in the formation of isomeric products. The terminology used in discussing these 
isomers formed in electrophilic addition reactions is illustrated in Scheme 1. The 

SCHEME 1 

addition of EY to a n  unsymmetrical alkyne can form four stereoisomeric products, 
14. We can identify each isomer if first we define E as the electrophilic portion of 
EY and we stipulate that R' is more electron-donating than R2. Isomers 1 and 3 
in which E is attached to C2 are called the Markownikoff adducts, while 2 and 4 in 
which E is attached to  C1 are called the anfi-Markownikoff adducts. This is a n  
extension of the original MarkownikofP designation. For alkyl-substituted alkenes 
and alkynes a more general designation of orientation can be made in terms of 
Taft's inductive substituent constants o* 13. Thus the Markownikoff isomer is that 
one in which the more electrophilic part of the electrophile is attached to the carbon 
atom whose sum of Taft's constants (z a*) is the more positive. According to this 
designation the following are isomeric Markownikoff and anti-Markownikoff 
adducts. 

Markownikoff Orientation anti-Markownikoff Orientation 

C, H,C= CC H, 
I I  

CI H 

CH,C=CH 
I I  

CI SCH, 

C H C=CCH, 

H CI 

CH,C=CH 
I I  

CH,S CI 

2 5 1  I 

The stereochemistry of the alkenes formed as products is most easily and clearly 
designated by the (E) and (Z) nomenclature1*. Thus if the atomic number of the 
substituents E and Y is greater than six and R1 and R2 are carbon-containing 
substituents, 1 and 2 are the (Z) Markownikoff and (Z) anti-Markownikoff isomers 
respectively, while 3 and 4 are the (E) Markownikoff and (E) anri-Markownikoff 
isomers. 
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Following the terminology of Hassner2 the predominant formation of either 
adduct with Markownikoff or  airti-Markownikoff orientation would be the result of 
regioselective electrophilic addition. Exclusive formation of either isomer would 
indicate regiospecific addition. Markownikoff and aitti-Markownikoff isomers are 
called regioisomers. 

Addition of EY to an alkyne can occur in two ways. S y t i  addition occurs when the 
two parts of the electrophile E and Y are added to the same side of a plane containing 
the two carbon atoms of the carbon-carbon triple bond. A n ~ i  addition occurs when 
the two parts are added t o  the opposite sides of the triple bond (Figure 1). The 
adducts 1 and 2 are the result of syn addition to an  alkyne, while 3 and 4 result 
from artti addition. 

E Y  E 

FIGURE 1 .  (a) Sytz and (b) atrfi addition to a carbon-carbon triplc bond. 

The next step in the sophistication of the description of the mechanism of an 
electrophilic addition reaction requires some details of the structure of the cationic 
intermediates and transition states involved in the reaction. Such descriptions lead 
to  certain conclusions regarding the stereochemistry and regiochemistry of the 
addition product(s). Let us examine this aspect of the mechanisms given in equations 
(1 147). 

In  the single-step A& 2 mechanism, sjvt addition occurs. Consequently the 
products would be the results of stereospecific addition while the nature of the 
substituents on the triple bond would determine the regiochemistry of the addition. 

In  the case of the single-step Adx 3 mechanism, sytz or airti addition can occur as  
illustrated in Figure 2. Depending upon the relative energies of these two transition 
states, the addition can be either sjw or attti stereospecific. It is even possible that 
non-stereospecific addition could occur, if the two transition states are of comparable 
energies. 

( b) 

FIGURE 2. (a) Syri and (b) airti addition by an A d ~ 3  mcchanism. 

The stereochemistry of the products formed by additions involving a multi-step 
AdE 2 or AdE 3 mechanism depends very much upon the structure of the product- 
determining transition state, which in turn depends upon the structure of the 
cationic intermediate immediately preceding it. If this intermediate has an open 
carbonium ion structure 5 or 6, nucleophilic attack at either side is possible with the 
result that both syir and aitti addition products are expected. This is illustrated in 
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Figure 3. Often, however, certain polar, steric or conformational features of the 
molecule make nucleophilic attack at one side of the carbonium ion more favourable, 
resulting in preferential syiz or m i  addition. In general, additions involving open 
ions such as 5 are completely regiospecific. The carbon to which the electrophile 
bonds depends upon the relative stability of the two ions 5 and 6. Addition occurs 
to form the more stable carbonium ion. 

R2 

E 
' _ ~ f  (1) and (3) 

+ 
R'-C=C, 

E y  (5) 

FIGURE 3. Stereochemistry of addition by an A d ~ 2  mechanism involving an open ion. 

If the intermediate has a bridged structure such as 7, nucleophilic attack can occur 
only on the side opposite to the electrophile. Such backside attack is analogous to the 
SN 2 mechanism and consequently the product is formed by anti stereospecific 
addition as illustrated in Figure 4. The additions are usually non-regiospecific since 
attack by the nucleophile can occur at either carbon of the bridged intermediate. 
Again polar, steric and conformational effects may make attack at one carbon more 
favourable resulting in a regioselective addition. 

R'CGCR2 + EY 

+E 

. T t  
/ \  

R'C=CR2 

a b  
(7) 

FIGURE 4. Stereochemistry of addition by an A d ~ 2  mechanism involving a bridged ion. 

In order to place a particular addition reaction into one of the mechanistic 
categories, it is necessary to have experimental data about the effect of alkyne 
structure upon the rate of addition and the stereochemistry and regiochemistry of 
the product(s). By studying the rate of addition and the effect of alkyne structure 
upon the rate, we learn not only the molecularity of the reaction but also the effect 
of substituents upon the rate-determining transition state. In conjunction with the 
rate data, a study of the effect of alkyne structure upon product stereo- and regio- 
chemistry provides information about the structure of the product-determining 
transition state. If products of rearrangement are formed, they provide good evidence 
of a multi-step mcchanisrn involving an open carbonium ion. 

As more experimental evidence is obtained, it becomes increasingly clear that the 
mechanistic classification adopted here is an oversimplification. In many addition 
reactions, molecular complexes may be formed rapidly and reversibly between the 
alkyne and the electrophile. Sometimes several cationic intermediates may be 
involved in the reaction, each leading to a different product. Ion pairs also can be 
important particularly in weakly ionizing solvents. While these features tend to 
complicate the mechanism, they do not invalidate the original classification since it 
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focuses attention upon the important features of the mechanism, the molecularity 
of the rate-determining step, the structures of any cationic intermediates and the 
structures of the product- and rate-determining steps. 

Let us now examine in detail the specific rcactions of electrophiles with alkynes. 

I I .  HYDROGEN HALIDES, CARBOXYLIC ACIDS AND 
ACID-CATALYSED HY DRAT1 0 N 

Acids such as hydrogen halides and carboxylic acids add to alkynes to form vinyl 
compounds (8) (equation 8). Diadducts (9)15 and rearranged products16 can some- 
times be obtained by subsequent reaction. 

HC=CH+HX - HXC=CH,+HX - X,CHCH, (8) 

X = CI, Br, RC0,- (8) (9) 

The addition of hydrogen chloride to alkynes in acetic acid has been studied by 
Fahey*', who has presented evidence for two distinct mechanisnisl6. The first is an 
AdE 2 mechanism which involves a slow protonation of the alkyne to form a vinyl 
cation-chloride ion ion-pair intermediate (10) which collapses to a mixture composed 
of vinyl chlorides and acetates (equation 9). The rate of addition is overall second 

H 
(9) 

\ /  

\ 
c=c 

ci- H 
slow + HOAc / 

-C=C- + HCI - -C=C/ __f ,C=c, -I- 
AcO' 

\ 

(1 0) 

order, first order in both alkyne and hydrogen chloride. The ratio of chloride to 
acetoxy products is not influenced by the concentration of hydrogen chloride or 
added chloride salt. Addition of 0.2M chloride salt causes a small (less than threefold) 
rate increase. These results have been explained by proposing that the ion-pair 
intermediate (10) collapses rapidly to a product mixture determined solely by the 
structure of the ion pair. The composition of the external reaction solution has 
little influence on the product distribution. The effect of chloride salt upon the rate 
is due to a salt effect upon the rate of formation of the ion pair (10). The reaction 
of hydrogen chloride and phenyacetylene in acetic acid occurs exclusively by such 
a n  A& 2 mechanism to form predominantly products of syn addition of hydrogen 
chloride. 

Other alkynes exhibit different behaviour under the same reaction conditions. 
Thus the ratio of vinyl chlorides to vinyl acetatcs obtained from 3-hexyne varies 
with the hydrogen chloride concentration. The addition of chloride salts causes an 
increase ( i )  in thc ratio of chloride to acctate products, (ii) in the rate of addition 
which suggests catalysis by chloride ion and (iii) in the amount of product formed 
by atrti stereospecific addition. These observations have been interpreted in terms of 
an A& 3 mechanism which is formally the reverse of an E2 elimination (equation 10). 

11 
products 
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The effect of alkyne structure upon the relative rates of addition of hydrogen 
chloride in acetic acid by either mechanism has been determined by Fahey15. The 
results are summarized in Figure 5 .  The arrows indicate the position of proton 

A& 3 mechanism 1 5 0.1 1 - 
1 1 1 1  

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

Ad, 2 mechanism 

AdE 3 mechanism < l o  
1 

t 
C,H,C=CH 

AdE 2 mechanism 800 

t t t t  
1 - 0.05 <om1 20 

0.2 
1 

(CH,),CC=CH 

FIGURE 5. Relative rates of addition of hydrogen chloride by Ads2 and A d ~ 3  mechanisms. 
Arrows indicate position of proton attack. 

attack. The relative rates of addition by an AdE2 mechanism vary by a factor of 
about lo4. Substitution of alkyl groups by a phenyl at  the incipient cationic carbon 
results in a rate increase of several hundred, which indicates that the polar effect of 
the substituent is important. This is clearly consistent with a mechanism involving a 
vinyl cation. The relative rates of addition by a n  A d ~ 3  mechanism vary by less 
than lo2. In  contrast to the A d ~ 2  mechanism, substitution of alkyl groups by a 
phenyl a t  the incipient cationic carbon results in a rate decrease. Clearly the 3 
transition state does not closely resemble a vinyl cation intermediate. Steric effects 
d o  not exert a strong influence upon the product composition. For  example, addition 
t o  2-hexyne by an  AdE 3 mechanism gives essentially equal amounts of anti products 
by attack at  carbons 2 and 3 indicating that methyl and n-propyl groups show no 
differentiating effect. 

The important differences in regio- and stereospecificity in additions by A& 2 
and AdE 3 mechanisms are well illustrated by the addition to 1-phenylpropyne. 
At  low hydrogen chloride concentrations and in the absence of added chloride salt, 
addition via the A d ~ 2  mechanism occurs with proton attack a t  carbon 2 a t  least 
200 times more rapid than attack at carbon 1 to  form the sy/i hydrogen chloride 
adduct as the major product. At chloride salt concentrations greater than 0 - 5 ~  anti 
stereospecific MarkownikofF (l la) and anti-Markownikoff ( l lb )  adducts account for 
more than half of the total products formed. These results indicate that the balance 

between addition by ..4d~, 2 and Ad, 3 mechanisms appears to be delicate so that 
changes in icactant simcture or reaction conditions can cause a shift from one 
mechanism to the other as the major pathway for the reaction. 

Clear evidence for this view is available from the addition of hydrogen chloride to 
3,3-dimethyl-l-butyne (t-butylacetylene). The substantial effect of chloride salt upon 
the addition in acetic acid indicates that reaction occurs primarily via competing 
AdE 3 addition of hydrogen chloride and acetic acid. I n  the absence of solvent, 
substantial amounts of products (3040%) formed by methyl migration are found 
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(equation l l ) I 8 .  Such a result is consistent with addition by means of an AdE 2 
mechanism involving a vinyl cation intermediate. 

CI CI 
I I HCI 

(CHJ,CCsCH CH,=CC(CHJ,+CH,CC(CHJ3+(CH,),CC(CH,), 
I I I 

CI CI CI 

CH, 
I 

CICH,CHC(CH,), 
I 

Ci 

(11) 

The addition of hydrogen bromide to a-anisyl-P-deuterioacetylene (12) in several 
solvents of low dielectric constant gives a mixture of (E)-  and (2)-a-bromo-p- 
deuterio-4-methoxystyrene (equation 1 2)IB. In  general, a slight preference for syn 

D H 

0 An H 

/ 
/c=c, (1 2) 

Br\ / 
AnC=CD + HBr -+ ,C=C 

\ 
An 

E Z 
(1 2) 

An = 4-CH,0C6H,- 

addition is found in solvents of low dielectric constant. Selected data are given in 
Table 1. In contrast to the results of FaheyI5, the addition of halide salts or Lewis 
acid catalyst generally results in an  increase of products formed by syn addition. 
An A& 2 mechanism involving concurrent formation of both ion pairs and free2' 
vinyl cations is proposedlB. 

It  has been observed that the steric bulk of the substituents in the p positions of the 
vinyl cation has an influence upon the product stereochemi~try~~* 22. The data are 
given in Table 2 23. As the size of the substituent on the p position increases in size, 
the proportion of the thermodynamically less stable (E) isomer increases. This 
result is consistent with chloride ion attack on the least hindered side of the vinyl 
cation. Similarly syri addition of hydrogen bromide to a$-dianisylacetylene has been 
o bservedZ4. 

The addition of hydrogen bromide to compounds containing two suitably 
situated triple bonds results in the formation of polycyclic products. For example, 
the addition of hydrogen bromide to  1325 and 142s results in the formation of 15 and 
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TABLE 1. Addition of hydrogen chloride and hydrogen bromide to arylacetylenes 

Added Reaction 
Alkyne Solvent Acid salt T("C) time (h) (E):Q Reference 

AnC=CD5 Neat 
CHJN 
CH,CN 
HOAc 
CH,CI, 
CH2C12 
CH,Cl2 
CH,CI, 
CHCI, 
CHCI, 
CCI, 
CCI, 
C6H6 
Petroleum 

ether 
Petroleum 

ether 
Hexane 

CH2CI2 
HOAc 
CH,N02 
Sulpholane 
Sulpholanc 

CBH,C=CD CHZCI, 

HBr 
HBr 
HBr 
HBr 
HBr 
HBr 
HCI 
HCI 
HBr 
HBr 
HBr 
HBr 
HBr 
HBr 

HCI 

HBr 
HCI 
HCI 
HCL 
H CI 
HCI 
HCI 

Et,NBr 

ZnClz 

ZnCI, 

ZnC1, 

- 

- 
- 

25 
20 
20 
20 
20 
20 
0 
0 
0 
0 
0 

- 20 
20 

0 

0 

20 54 : 46 
1 63 : 37 
1 63 : 37 
0-25 50:  50 
1 52 : 48 
1 63 : 37 
3 56 : 44 
3 66 : 34 
1 56 : 44 
2.25 7 0 :  30 
1 52 : 48 
2 7 0  : 30 
1 55 : 45 
1.5 5 5 :  45 

3 66 : 34 

2 60 : 40 
- 65 : 35 

70 : 30 
- 60 : 40 
- 55 : 45 - 75 : 25 
- 50 : 50 

- 

19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 

19 

19 
20 
20 
20 
20 
20 
20 

a An = 4-CH,0C,H4--. 

TABLE 2. Stercochernistry of products of addition of hydrogen 
chloride to alkylphenylacetylencs (C,H,C=CR)O 23 

C1 kJ\ ,C& H\ / /c=c\ 
c1 

\ n/C=C C,H, R 
R 

D 70 
Me 70 
Et 80 
i-Pr 95 
t-Bu 100 

30 
30  
20 

5 

a In CH,CI, at 40 "C with added ZnCI,. 

16 respectively (equation 13). In contrast, hydrogen bromide and hydrogen iodide 
add to 17 without ring formation2?. The stereocliemistry of 18 is not established. 

The addition of hydrogen chloride, hydrogen bromide and hydrogen iodide to 
propiolic acid in water has been studied by Bowdenz8. The reaction follows second- 
ordcr kinetics; it is first order in both propiolic acid and halide ion and is dependent 
upon the acidity of the medium. The addition is predominantly atiti to  give (2)-3- 
halogenoacrylic acid (19) (equation 14). Both the rate of addition and the 
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D r  

(17) (1 8) 

selectivity giving anti addition products increase with the nucleophilicity of the 
halide ion in water, i.e. I-> Br-> C1-. The results are explained by two mechanistic 
pathways. The major one involves anti addition via a pre-equilibrium protonation 

CO,H 

H 

x\ / 
HC=CCO,H + HX ,C=C 

\ 
!i 

(1 9) 

of the carboxylic acid group followed by a rate-determining rrucleophilic attack. 
The syrz addition occurs by either a stereospecific ion-pair/molecular hydrogen 
halide or pre-equilibrium protonation to form a vinyl cation followed by nucleophilic 
attack. A similar dual mechanistic scheme is proposed for predominantly anti 
additions of hydrogen chloride, hydrogen bromide and hydrogen iodide to tetrolic, 
acetylenedicarboxylic and a series of substituted phenylpropiolic acidsz9. 

The rate of addition of trifluoroacetic acid to alkynes has been studied by 
Peterson30. The pseudo first-order rate constants are given in Table 3. The addition 
of trifluoroacetic acid t o  3-hexyne occurs non-stereospecifically to give equal 

TABLE 3. Rates of addition of trifluoroacetic acid to alkynes at 60 "C 30 

k x loo 
Alkynea 6-9 kAlksb Reference 

~~ 

CH3(CH2)3C=CH 
CH,(CH2)&=CCH3 

CICH2(CH2),C= CH 
CH30CH2(CH,),C=CH 

CF3C0,CH2(CH2),C= CH 

BrCH,(CH&,C= CH 
ICH2(CH2l2C=CH 

ICH,( CH2),C= CCH, 

GHSC=CCzHB 

CH,CO~CHZ(CH~)~CZCH 

NCCH,(CHZ),CsCH 
FCHZ(CH,)pC= CH 

CICH,(CH2)2C= CCH3 

269 
297 
565 

106 
77.6 

11.4 
4.48 
3-60 

15.9 
114 
217 
258 
826 

- 
3.4 
6-5 

- 
0.25 
4-3 
6.1 
5.8 

14 

30 
30 
30 
30 
30 
30 
30 
30 
31 
31 
31 
31 
31 

a Addition carried out in presence of 0.125h4 sodium trifluoroacetate. 
See text. 

amounts of (E)-  and (2)-3-hexen-3-yl trifluoroacetates (equation 15) plus a small 
amount of hexaethylbenzene. The result suggests addition by an A& 2 mechanism. 
However, the addition to 5-halo-1-pentynes and 6-halo-2-hexynes occurs with 
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+ 
C J  C,H5)6 

1,4-halogen shift (equation 16) to form predominantly the product of orrri addition 
of H and X (20). Based upon deviations from the line defined by non-participating 
substituents in a Hammett-Taft plot of log kn/ky versus q, it is concluded31 that 

XCH,CH,CH,CrCR CF,CO,CH,CH,C\H, H 
CF CO H 

(1 6) 
/ /c=c\ 

X = I, Br, CI and F X R 
(20) 

the halogen shift occurs in the rate-determining transition state. The amount of 
participation can be quantitatively evaluated in terms of the ratio k ~ / k s ;  where kA 
is the rate constant for the reaction proceeding with halogen shift and ks that for 
the normal addition of trifluoroacetic acid to the triple bond. The values of kA/ks 
are given in Table 3. Judged by the ka/ks ratios, I, C1 and Br exhibit similar abilities 
for 1,6participation. These rate accelerations and the observation that the addition 
of deuterated trifluoroacetic acid to 5-halo-I-pentyne occurs three to five times more 
slowly than the corresponding addition of the protio-acid indicate that C-H and 
C-halogen bond formation must be synchronous. 

A further study of the addition of trifluoroacetic acid to alkynes has been carried 
out by Schleyer3?. The pseudo first-order rates of addition and the product compo- 
sition for the addition to alkynes 21, 22 and 23 are given in Table 4. The fact that 

MeCGCMe EtCECEt n-PrCSCPr-n CH,=C=CHMe 

(21 1 (22) (23) (24) 

1 ,Zbutadiene (24) and 21 give essentially identical ( Z ) / ( E )  ratio of trifluoroacetates 
at three temperatures leads to the conclusion that a common vinyl cation inter- 
mediate, probably formed by an 2 mechanism, is involved in the addition to 
both substrates. Surprisingly the major trifluoroacetate product is the (2) isomer 
formed by anti addition. This observation has precedent in the additions of hydrogen 
chloride to 2433 and the trapping by CO of the vinyl cation formed from 21 in 
FSO3H/SbFS3". This effect seems to be unique to methyl since the ( Z ) / ( E )  ratio 
decreases from 3.31 for 21, to 0.91 for 22 and 0.77 for 23 at 75.4 "C. Explanations 
based on thermodynamic product control, hydrogen bridging or preferred elimination 
to acetylene by the ( E )  product have all been rejected. An explanation based upon 
steric attraction35 has been proposed to account for the effect of the methyl group on 
product stereocheniistry. As the size of the alkyl group increases, the amount of 
product formed by anti addition decreases in accord with previous results. Pre- 
dominantly syz (74%) addition of trifluoromethanesulphonic acid to 1-hexyne was 
found. 

Predominant or exclusive sytr addition of lluorosulphuric acid (FS03H) to 
2-butynoic acid, propynoic acid and phenylpropionic acid has been o b s e r ~ e d ~ ~ ~  37. 

This highly stereospecific addition has been attributed to the subsequent isomerization 
of the initially formed products to the ( E )  isomer (25) in which electronic repulsions 
are minimized. 
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.OH cx' 
R\ ,C=C, / \ OH+ 

F0,SO H 
(25) 

The addition of fluorosulphuric acid to alkynes in SOPCIF at  - 120 "C forms 
alkenyl fluorosulphates (26) as the primary products (equation 1 7)3e. Addition of 
deuterio fluorosulphuric acid to the terminal alkynes propyne, 1-butyne and 1-hexyne 
is predominantly syrz. The ( Z ) / ( E )  product is 4.0 in each case. The addition to 

HC=CH+FSO,H ___+ CH,=CHOSO,F (1 7) 

(26) 

2-butync is predominantly anti, ( Z ) / ( E )  ratio = 6-75. These results are similar to 
those found for the additions of trifluoroacetic acid3? and trifluoromethanesulphonic 
acid3s. However, in fluorosulphuric acid 2-butyne forms the cyclobutenyl cation, 
27, as well as the normal adduct. Under identical conditions, 3-hexyne reacts to 
give both (Z)- and (E)-alkenyl fiuorosulphates in the ratio 0.95. No cyclobutenyl 

cations or other products are detected. In the presence of a mole equivalent of 
pyridinium fluorosulphate, 3-hexyne reacts with fluorosulphuric acid in S02CIF at 
-78 "C to form a slight excess of the (Z) isomer, (Z) / (E)  ratio = 1-5. In contrast 
1-phenylpropyne reacts with fluorosulphuric acid in S02CIF at - 120 or -78 "C to 
give exclusive formation of the cyclobutenyl cation, 28. Similar rcsults have been 
reported for additions to diphenylethyne and 3,3-dimethyl-l-phenyl-l-butyne 39-41. 

For both terminal and internal alkynes, halogen substitution lowers the reactivity. 
For example 1,4-dichloro-2-butyne does not react in S02ClF at 0 "C. However, in 
neat fluorosulphuric acid at 0 "C predominant anti addition occurs. 

An Ad, 2 mechanism involving three intermediates: a vinyl cation-FSO; ion 
pair, a free" vinyl cation and a hydrogen-bridged cation has been proposed by 
Olah30 to explain the addition of fluorosulphuric acid to alkynes in S0,ClF. 
According to this mechanistic scheme initial irreversible protonation of terminal 
alkynes occurs to form an open vinyl cation-FSO; ion pair which subsequcntly 
collapses to syrz product 60X of the time. The rcmaining 40% of the vinyl cations 
escape the solvent cage to form freez1 vinyl cations which react with nucleophiles 
non-stereospecifically. Vinyl cations such as those formed from phenyl-substituted 
alkynes would be sufficiently stable to react predominantly via freez1 vinyl cations. 

The predominantly arzti addition to 2-butyne and 1,4-dichlorobutyne-2 is explained 
by invoking the initial formation of a hydrogen bridged cation FSO, ion pair which 
can subsequently collapse to an opcn vinyl cation. Preferred anti addition is proposed 
to occur by nucleophilic attack on the hydrogen bridged cation. However, it should 
be noted that the reaction conditions arc different for the two alkynes. Addition to 
2-butyne occurs instantaneously with fluorosulphuric acid in SOaCIF at - 120 "C. 
Under these conditions 1,4-dichlorobutyne-2 is inert. Therefore comparison between 
the two is risky. It appears that there is something unusual about acid additions to 
2-butyne. Whether this difference is due to the presence of hydrogen bridged cations 
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as suggested by Olah or steric attraction as suggested by Schleyer must await further 
experimental results. 

Numerous calculations have been carried out to determine the relative stabilities of 
the non-classical bridged (29) and the classical linear (30) vinyl cation. The most 
recent results on the parent system C2Hf using ab ijiifio calculations which include 

c 

H\ + 

H/c=c-H 
(30) 

an accurate evaluation of correlation effects through extensive configuration inter- 
action lead to the following chemical predictions: ‘(i) The two structures, both 
corresponding to minima on the potential energy surface, have the same energy to 
within 1-2 kcal/mol, the bridged structure probably having the lower energy. 
(i i)  Molecular conformations along the lowest energy path for rearrangement from 
linear to bridged structures are planar. (iii) The barrier to rearrangement is small, 
less than 1-3 kcal/mol’ d2. Calculations on substituted acetylenes predict that the 
classical vinyl cation is the more stable 43. 

The hydration of alkynes requires a catalyst, either a metal salt or an acid. The 
initial product is an enol which rapidly rearranges to a ketonc. 

H 

This fast ketonization precludes the study of the stereochemistry of the addition. 
The mechanism of acid-catalysed hydration involves rate-determining proton 

transfer to the alkyne to form a vinyl cation (31) (equation 18). The experimental 
data on which this mechanism is based are summarized in the recent reviews by 
Stangq4 and Modenads. This mechanism is similar to that proposed for the acid- 
catalysed hydration of alkenes’. 

OH 0 

Salts of mercury, silver, copper and many other elements catalyse the addition of 
water to alkynes. This subject has recently been revieweddG* 47. The hetcrogeneous 
metal-catalysed additions of hydrogen halides and carboxylic acids are important 
methods of preparing vinyl halides and vinyl carboxylates. Rutledgeas has reviewed 
the subject. 

111. BORON-CONTAINING COMPOUNDS 

Borane (BH,) reacts with alkynes to form adducts whose structures depend upon 
the nature of thc alkyne. Internal alkynes react with the calculated quantity of borane 
to form trivinylboranes (32). Under the same reaction conditions, terminal alkynes 
undergo dihydroboration. 
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SC,H,C"-CC,H, + BH, ,c=c B 

3 

(32) 
Monohydroboration can be easily achieved by reacting alkynes with monoalkyl 

or dialkylboranes (equation 19). The adducts are formed by stereospecific syri 

R' 
R; H,c=c, YH\ ,c=c\H / 

RBH, + R'CECH --+ 

? 
k 

R; / 
R" 

H/c=c\ 6% 
R,BH + R'CrCR" 4 

addition. The most common hydroboration reagents are disiamylborane [bis(3- 
methyl-2-butyl)borane], dicyclohexylborane, catecholborane (1,3,2-benzodioxa- 
borole) (33) and thexylborane (2,3-dimethyl-2-butylborane). Since the reactions of 
these reagents with alkenes and alkynes have been r e v i e ~ e d ~ ~ - ~ ~ ,  only the most 
recent results will be discussed. a;:.-. 

(33) 

The addition of monochloroborane diethyl etherate (BH,Cl.OEt,) to alkynes has 
been reporteflD to form dialkenylchloroboranes (34) by syn addition. The adducts 
are readily isolated and can be easily converted into the corresponding dienes, 
alkenes and carbonyl compounds. 

R. 

(34) 

Regioselective addition of dialkylboranes to alkynes is usually observed with 
unsymmetrically substituted alkynes. The data for the addition of catecholborane54 
and BH2CI.0Et263 to several alkynes are given in Table 5.  In general the major 
product is the one with the boron attached to the less sterically hindered carbon. 
As expected, the major product of addition to 1-alkynes is the one with boron on 
the terminal carbon. For internal alkynes the major product also depends upon the 
hydroborating agent. For example, the reaction of I-phenylpropyne and catechol- 
borane forms as the major product the regioisomer with boron bonded to the carbon 
adjacent the phenyl ring. However, in the reaction with monochloroborane diethyl 
etherate, this isomer is the minor product. 

The directive effect of a methoxy group in the hydroboration of alkynes by 
dicyclohexylborane has been reporteds5. The presence of a methoxy group increases 
the amount of boron attack at the unsaturated carbon nearest the methoxy group. 
The magnitude of the directive effect increases the closer the methoxy group is to 



8. Electrophilic additions to carbon-carbon triple bonds 

TABLE 5.  Product regiochemistry of nionohydroboration of alkyness3* S4 

29 1 

R' 

H 

\ /  
B 

Reference R\ / 
\ /c=c\ 

B 
R R' Reagent T("C) 

R' / 

CBa 
CB" 
CB" 
CB" 
BH,CI.OEt, 
BH2Cl.0Et2 
BH2Cl.0Et2 
BH2Cl.0Et, 

70 
70  
70  
70  
0 
0 
0 
0 

60 
92 
27 
95 
95 
98 
14 
73 

40 54 
8 54 

73 54 
5 54 
5 53 
2 53 

26 53 
27 53 

CB = catecholborane. 

the triple bond. However, when the substituent is adjacent to the triple bond, 
steric effects become significant. 

Vinyl boranes are useful synthetic intermediates. From them it is possible to 
prepare a l k e n e ~ ~ ~ ,  a l l e n e ~ ~ ~ ,  aldehydess0 and ketoness0. Recently further examples of 
the synthetic utility of vinylboranes have appeared. 

The reaction of two equivalents of disiamylborane with acetylenic acetals, followed 
by oxidation of the resultant vinyl borane with alkaline hydrogen peroxide, forms 
the keto ether 35 (equation 20). Reaction of the intermediate vinylborane with 
glacial acetic acid forms the cis-allylic ether 3650. 

RCH,CCH,OC,H, 
II [W t \ P l  0 

(20) 
RC-CCH(OC,H,), (2) (35) (') .?I?&/ 

CH,OC,H, --Gp R;c,c, / 

H H 
(36) 

Either (E)-  or (2)-3-alkylpropenoic acids can be prepared from the vinylborane 
(37) formed by the reaction of thexylalkylborane with ethyl propiolate (equation 
21)67. Reaction of 37 with bromine followed by heating forms the E isomer. However, 

H R\ / 

\ 
H/c=c CO,C,Hs 

(€1 
B r , g / l  

H Th\ /R 

ThBRH + HCECCO,C,H, + B\ /c=C\ / 

Th = thexyl H COzCzHs 
(37) 
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treatment of 37 with bromine a t  -78 "C followed by addition of sodium ethoxide 
a t  this temperature results in the formation of the Z isomer. 

Vinylboranes have also been used to prepare 1,2,3-butatricne derivatives58 while 
bis[(R)-2-methylbutyl] borane has been used to preparc optically active cis- and 
trans-3-methyl-5-dccene G9. 

Little is known about the mechanism of hydroboration of alkynes. For alkenes a 
four-centre transition state has been proposeds1. An early transition state has been 
suggested in a n  attempt to  circumvent the expected high orbital symmetry barrier 
to  such syii additionsG0. 

Haloboranes such as BCI,, BT, and BBr, react with alkynes to  form 2-haloalkenyl- 
boranes which are  the precursors of divinyl products which in turn are precursors of 
trivinylboranes (equation 22). The addition is regio- and stereoselectivc. Again the 

RC=CH \ 

boron adds predominantly to  the least hindered carbon while oilti addition occurs 
to phenylacetylene'j'. Little is known about the mechanism of this addition of halo- 
boranes to  alkynes. 

IV. ALUM1 NIUM-CONTAINING COMPOUNDS 
The addition of the aluminium-hydrogen bond to carbon-carbon unsaturated bonds, 
called hydralumination, is the pivotal reaction for the prcparation of aluminium 
alkyls o n  a large scaleGs. For synthctic or mechanistic studies diisobutylaluminium 
hydride (38), a pure, hydrocarbon-soluble, well-defined trinierG3, is prcferred to  
aluminium hydride. The latter reagent, when pure, is polymeric and insolubleG4 and 
the products of addition tend to coniplexss and undergo redistribution reactionsG2. 

The kinetically controlled product of the reaction of 38 with disubstituted alkynes, 
either neat or in hydrocarbon solvent below 55 "C, is the product of syii addition 
(39) (equation 23)GG. When the substituents on the alkyiie are alkyl or aryl groups, 

R' 
R-CEC-R' 4- (i-Bu),AIH + R\ ,c=c, / (23) 

(38) H' 'A I (i- 6 u), 
(39) 

the E adduct (39) is the major product (> 95%)07. At higher temperatures increasing 
amounts of products of reductive dimerization (40) and cyclotrimcrization (41) are  
found after hydrolytic workupG8. The reaction of 38 with terminal alkynes can 

R' R' 
\ I  

R-C, /"-R 
R' RJ+R R 

g-c\ 
H H  
(40). 

R' 

(41 1 
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yield both the hydralurnination adduct (42) as well as the substitution product (43) 
(equation 24)O% 88. 

H 
+ R-CrCAl(i-Bu), (24) 

R\ 1 RCECH + (i-Bu),AIH v 
\ 

H"=' Al(i-Bu), (43) 

(42) 
The adducts are useful synthetic intermediates. They can (i) be hydrolysed t o  

give alkenes6G* 88, (ii) be carbonated withG3 or without70 complexation with rnethyl- 
lithium t o  form substituted acrylic acids, (iii) react with halogens to form vinyl 
halides7l. 72 and (iv) react with ~ y a n o g e n ? ~  and unsaturated  hydrocarbon^'^. These 
reactions a re  summarized in Scheme 2. 

R\  R' 

R' x R\ / 
--% /c=c 

R' 
(CN) R\ / 

R' 

\. /c=c R\ / /c=c 
H C=N H 'AI(~-c,HJ~ H x \ 

R' R\ / 

H/c=c\ CO,H 

SCHEME 2 

The nature of the substituents on the alkyne has a great effect upon the regio- 
chemistry of addition of diisobutylaluiiiinium hydride. The data are presented in 
Table 675. The regiospecificity of the addition was established by the hydrolytic 
cleavage of the carbon aluminium bond in D,O which occurs with retention of 
configuratiorPG* 07. Hydralurnination of 3,3-dirnetliyl-l-phcnylbutyne-l and l-phenyl- 
propyne is regiospecific forming products in which the aluminium is bonded a to  
the phenyl ring. With the silyl and germyl derivatives and phenylacetylene, regio- 
specific products are also formed, except that in these products the aluminium is 
bonded p t o  the plienyl ring. Hydralumination of the phosphorus derivative on the 
other hand is regioselective while cleavage of the C-R bond occurs exclusively 
with the tin and brorno compound and partially (29%) with phenylacetylene. 

Hydralurnination of the silyl and germyl derivatives differs also in that the products 
are formed by oriti addition. Careful examination of these reactions has revealed 
that the initial product, formed by syz addition, rapidly isomerizes to  the anti 
product (equation 25)7ti. Addition of one equivalent of the Lewis base, N-rncthyl- 
pyrrolidine, traps the syn addition product. 

CqHs /Si(CH,), 
slow 

(i-Bu),AIH -I- C,H,CrCSi(CH,), ' ""=' \ Al(i-Bu), 
(25) 

CqHs /Al(i-Bu), 

H Si(CH,), 

fast , /c=c\ 
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The rate of reaction of diisobutylaluminium hydride with 4-octyneG7p 7 7  and 
trimethyl (phenylethynyl) ~ i l a n e ? ~  in hexane in the temperature range - 10 to + 70 "C 
was determined by the method of initial rates. This method involves plotting the 
reaction rate uersus time and extrapolating to zero time. This procedure avoids the 
complexities of hydride association equilibria encountered as the reaction proceeds 
to completion. The hydralumination reaction was found to  obey a four-thirds order 
rate law; first order in alkyne and one-third order in the hydride. This latter fact 
indicates that monomeric hydride is involved in the rate-determining transition 
state. The kinetic deuterium isotope effect, k N - ~ / k . \ l - ~ ,  was found to be 1.68 
(30 "C) for 4-octyne and 1.71 (- 5.2 "C) for trimethyl (phenylethynyl) silane. 

The effect of alkyne structure upon the rate of hydralumination was determined by 
either a competitive technique or the method of initial rates. The data are given 
in Table 7. No correlation of the rates with substituent constants by means of the 

TABLE 7. Relative rates of hydralumination of alkyncsi3 

C,jH,CE CCG& 35 1 .oo 
4-CH3C,HaCsCC,jH,CH3-4 50 1.52 
C,H,C=CCH, 35 1.16 
n-PrC=CPr-nd 35 6.26 
CyCIO-CtjH1 I C E  CCH3 35 8.22 
P I - B u C ~  CBu-n 35 6.92 
C,H,C=CBu-n 35 27.8 

I I - C ~ H ~ ~ C G  CH 10 115 
I ~ - C B H , ~ C ~ C H  10 117 
C,H5C= CSi(CH3)3d 10 43 1 
t-BuC=CBu-td 10 151 
C G H ~ C ~ C S C H & H ~ ~  35 24.6 
C,HSCsCAI(C6H5)2d 20 185b 

CGH5C= CH 35 11.8 

C,H5C= CN(CH3)2d -20 19oooc 

a In hexane except where noted. 
Benzene solvent. 
Cyclopentane solvent. 
Rates determined by method of initial rates. 

Taft equation was found. The general trend of the effect of substitucnts upon the 
rate is consistent with an electrophilic addition. However, a number of unusual 
relative reactivities are evident. Monosubstituted alkynes react 10 to 20 times faster 
than disubstituted alkynes while alkynes with a-branched substituents are more 
reactive. 

A mechanism consistent with the available data is shown in Scheme 3. A fast 
trimer-monomer hydride equilibrium is followed by the slow addition of the 
monomer to the alkyne. Once formed, the adduct can undergo two reactions; an 
E to  Z isomerization (equation 26) and complexation with diisobutylaluminium 
hydride (equation 27)77*80. It is this latter reaction which is the cause of the pro- 
nounced rate retardation encountered as the hydralumination of alkynes proceeds to 
complet ions1. 

On the basis of the effect of alkyne structure on the rate and the small deuterium 
isotope effect, it has been argueds0 that the rate-determining transition state must 
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[(i-Bu),AIH], =2 3(i-Bu),AIH 

R 
slow R\ / 

(i-Bu),AIH+ RCECR __+ /c=c 

L R\ / - /c=C 

\ 
H Al(i-Bu)Z 

Al(i-Bu), 

R 

R 
R\ / ,c=c 

\ K 
H A I (i- B u), H 

R 

A I (i- B u), 
+ (i-Bu),AIH 

R\ / 

/c=c \ 
H 

SCHEME 3 

+ (i-Bu),AIH (27) 1 R 
R\ / ,c=c \ 

H Al(i-Bu), 

occur early along the reaction coordinate. A structure resembling the T complex 
44 has been sugge~ted'~.  

RG* 1 'H 
R 

(44) 

A carbon-aluminium bond can be added to a carbon-carbon triple bond as well. 
This reaction, which is called carbalumination, requires more vigorous conditions 
than hydralumination. For example, the addition of triphenylaluminium to  3,3- 
dimethyl-1-phenyl-butyne-1 requires prolonged heating at  90-100 "C while hydra- 
lumination with diisobutylaluminium hydride occurs smoothly at 50 "C 82. 

The original work of Wilke and MullerGG with symmetrically substituted acetylenes 
established that carbalumination, like hydralumination, forms products by syn 
stereospecific addition. However, the regiospecificity of the addition is sensitive to 
both polar and steric factors. For  example, 1-phenylpropyne adds triphenyl- 
aluminium to form 45 in greater than 95% yield, while 46 is the only product 
detected in the addition to  3,3-dimethyl-1-phenylbutyne-1 (equation 28). 

H3C\ / C6H5 

\ 
CH,C=CC,H, + (C,H,),AI --+ /c=C 

C6H5 Ai(C6H5)2 
(45) 

(28) 
c<H5 /A1(C6H5)2 

\ 
~-BuC-CC,H~ + (C,H,),AI '- f /c=C 

CbH, Bu-f 

(46) 

The addition of triphenylaluminium t o  a number of para-substituted diphenyl- 
acetylenes forms the two regioisomers 47 and 48, whose proportions depend upon 
the polar nature of the substituent (equation 29)s3. The data are given in Table 8. 

ZcqH4 ,!!6H5 ZCtH4 ,LHs 
+ /C = c, (29) ZC6H4C=CC,H, + AI(C,H,), + /C=C \ 

C,H5 AI(Cc.Hs)* (C6H5),AI C6H5 

(47) (48) 
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With electron-donating substituents 47 is favoured, while 48 is favoured with 
electron-withdrawing substituents. Such a result is in accord with an  electrophilic 
addition reaction. 

TABLE 8. Rclativc percentages of regioisomers from the reaction 
of triphenylaluminium and para-substitutcd diphcnylacetyleness3 

79.3b 
58.7 
56.4 
48.5 
40-5 

~ 

20.7 
41.3 
43-6 
51-5 8 

59.5 

a Obtained by hydrolysis of reaction mixture. 
Mixture of ( E )  and ( Z )  isomers. 47 isomerizes to (Z) isomcr 

after initial syti addition. 

Terminal alkynes do  not undergo carbalumination; rather metallation of the 
acetylenic hydrogen occurs (equation 30)848 85. The reaction of acetylene and 

C,H,C=CH+(C6H,),AI - C,H,C=CAI(C,H,), (30) 

tribenzylaluminiurn in benzene is reported to yield, after hydrolysis, toluene, 
2-vinyltoluene, 2,6-divinyltoluene and 1,3-ditolyl-l-butene as well as the 1,2 adduct 
ally1 benzeneYG. 

The rate of addition of triphenylaluminium to a number of pnra-substituted 
diphenylacetylenes has been measured by EischS7. The addition was found to follow 
a three-halves order rate law; first order in alkyne and one-half order in triphenyl- 
aluminium. The  reaction has a p value of -0.6. These results suggest a mechanism 
involving a rapid pre-equilibrium between dimeric triphenylaluminium and its 
monomer, followed by the  rate-limiting reaction of triphenylaluminium monomer 
with the alkync. On the basis of the similarities between the proportions of the two 
regioisomers (which is a n  intramolecular measure of the relative rates of attack a t  
the two acetylenic carbons) and the intermolecular relative rates. it is concluded 
that the product-determining transition state resembles 49. This 

c 6 v 5  +/c6H5 c 6 y 5  &+/C6H5 

c=c cec 
C 6 H 5 - - - A l a  1 / 

C6H5 
(49) 

transition state is 

formed from the x complex 50 whose formation is rate-determining. Support for 
such a x complex is provided by the crystal structure of the diphcnyl (phenylethynyl) 
aluminium dimeras. The importance of i~ complexes in carboalumination reactions 
has becn reviewed by EischsY. 
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V. CARBONIUM IONS 
Alkyl halides, alcohols and acyl halides have all been added to alkynes under 
conditions in which carbonium ions are formed. For example, alcohols dissolved in 
concentrated sulphuric acid, acyl chloride-aluminium chloride and alkyl halide-zinc 
halide complexes all add to alkynes. Many of these reactions have proved to be 
useful syntheticallyeO~ 

The addition of adamantyl cation to acetylene has been studied by a number of 
~ o r k e r s ~ ~ - ~ ~  who found that the product composition depends upon the experimental 
conditions. In  98% sulphuric acid, adamantanol-1 reacts with acetylene to give a 
90% yield of 1-adamantyl aldehyde (51) and 10% of the homoketone 52 (equation 
31)e6. The relative percentage of 52 in the product composition increases as the a OH + HC=CH ma CH,CHO +s3,) 

(51 1 
90% 

strength of the sulphuric acid used is decreased. In contrast adamantyl bromide 
reacts with acetylene in sulphuric acid more slowly and forms methyl adamantyl 
ketone (53) as the major product with a small amount of 52". Kell and McQuillineS 
have proposed the mechanism shown in Scheme 4 to explain these results. 

a ! C  H, 

(53) 

The decrease in the relative amount of 51 formed as the strength of the sulphuric 
acid used decreases is taken as an indication that 51 originatcs from the reaction of 
the first-formed cation (54) with sulphuric acid. Upon quenching, 51 is formed. 
When the reaction is carried out in D2S04, 51 is formed with two deuterium atoms 
on the methylene carbon. Thus both methylene protons of 51 are derived from the 

+ 
Ad+ + HCECH + AdCH=CH 

% (52) (53) C- AdCH=CHOSO,H AdC=CH2 
+ 

(5& 

(56) 

A d  = 
lt 

(51) t- AdCH,CH(OSO,H), 

SCHEME 4 

acid medium. Rearrangement of ion 55 leads to the formation of 52. Carbonium 
ion 55 does not appear to be the prccursor of 53, because continuing the reaction 
for several hours leads to the formation of 53 at the expense of 51 while the amount 
of 52 remains constant. Thus it seems that 53 is formed by a slow rearrangement of 
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56. Still unresolved are the details of this rearrangement and the formation of 52 
from 55. 

The addition of carbonium ions, generated in strong acid solutions, to alkynes can 
be used to form ketones. For example, adamantanol-1 has been added to pentyne-1 
and octyne-1 in sulphuric acid (equation 32). However, phenylacetylene is hydrated aoH + R C G C H  --+ H S O ,  g L P  CCH,R (32) 

R = n-C3H, and I F C ~ H , ~  

too rapidly to give a satisfactory yield of the adducto5. The adamantyl cation, 
formed froin adamantyl bromide in concentrated sulphuric acid, adds to  prop-Zyl 
alcohol to form the homoadamantyl methyl ketone 57 (equation 33)O6. 

(57) 
Alkyl halides, which can form stabilized carbonium ions, add slowly to alkynes in 

boiling methylene chloride with Lewis acids, such as zinc halide, as catalysts 
(equation 34)"~ O7-loo. The addition is regiospecific, forming products of Markownikoff 

orientation. The stereochemistry of the addition depends upon the structure of the 
alkyl halide as well as the substituents on the alkyne. The data are presented in 
Table 9. In  general, the products are formed by stereoselective arrri addition. The sole 

TABLE 9. Stereochemistry of products formed by addition of alkyl halides to phenyl- 
 acetylene^^^ 

x 
(:b) 

R'\ $6Hj "I\ / 
Alkyne 

Alkyl halide (R'X) R2C=CC6H5 c=c, (0, '  / o  ) /c=c\ 
R' X R* R'/ X RZ C6H5 

- 100 
100 - t-Bu CI H 

t-Bu CI CH, 
Et t-Bu Cl 

t-Bu CI 1 -Pr trace 
t-Bu C1 I-BU none 
t-Bu CI CsH5 95 5 
t-Bu Br H 
t-Bu Br CH, 
t-Bu Br Et 

CsH 5 c  €4 2 

(CGH,),CH C1 

95 5 
- 
- 

- 100 
100 - 
90 10 

CI H 80 20 
Cl C,H5 15 85 
Br H 80 20 
c1 C,H6CH2 50 50 

10 
10 

C6H5CH2 

C6H5CH2 

C6H5CD2 
90 H 

(CoH5),CH Br H 90 
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exception is the addition of benzyl chloride to diphenylacetylene where the major 
product is formed by syri addition. 

Other products are often formed in the addition reaction as well as the adduct. 
For example, the addition of benzyl chloride to diphenylacetylene forms substantial 
amounts of indene derivatives (equation 35)89, while the corresponding addition of 

C6H5 C,Hs 
ZnCI, \ /  

C,H,CH,CI + C,H,C-CC,H, - ,c=c, (35) 
C,H,C/H, ‘Cl 

+ 

diphenylmethyl chloride forms only the indene derivatives. Another side-product is 
the addition to the alkyne of hydrogen halide, formed by the dehydrohalogenation 
of t-butyl halide under the reaction conditionsloO. As the steric bulk of the substituents 
on the alkyne increases, more product of hydrogen halide addition is formed. 

A two-step bimolecular mechanism involving a vinyl cation intermediate has been 
proposed by MelloniZ3 to account for the results (equation 36). The Markownikoff 
orientation is in accord with an ionic reaction in which the electrophilic species is 

( E )  and/or ( Z )  

formed by the action of the Lewis acid on the alkyl halide. The fact that products of 
addition to alkynes could not be obtained with primary or secondary halides indicates 
that a carbonium ion is the electrophile. The formation of cyclic products is again in 
agreement with a cationic intermediate. 

Since no kinetic data are available, no conclusions regarding the structure of the 
rate-determining transition state can be reached. However, the product compositions 
permit an evaluation of the steric factors in the product-determining transition state. 
The configuration of the major 1 : 1 adduct is always the one with the two 
bulkiest groups cis to each other. Because the less thermodynamically stable isomer 
is formed preferentially, the products are formed under kinetic control. Furthermore, 
the product stereochemistry can be explained only if attack by the nucleophile 
occurs from the less hindered side of the cation. Consequently steric hindrance 
between the nucleophile and the groups in the p position of the linear vinyl cation 
determines which will be the preferred direction of attack. A similar explanation has 
been advanced to explain the sterochemistry of the products of hydrogen halide 
addition (see Section 11). 

Because of the importance of steric factors in the product-determining transition 
state, the stereochemistry of addition can change depending upon the relative sizes 
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of the alkyl portion of the alkyl halide and the substituents on the alkyne. An example 
of this is evident from the data in Table 9. Benzyl chloride adds to diphenylacetylene 
predominantly syii whereas r-butyl chloride forms products by predominant aiiti 
addition. This apparent contradiction can be resolved by examining the steric 
requirements of the groups in the vinyl cation formed by addition of benzyl 
chloride (58) and t-butyl chloride (59) to diphenylacetylene. The steric bulk of the 
groups clearly decreases in the order t-butyl> phenyl> benzyl. Consequently the 

CSH, + c6\H5 $ 
\ 
/ C=C-C,H, ,C=CC,H, 

C,H,CH, '? f-BU 
(58) (59) 

benzyl side is more accessible in 58 resulting in predominant syiz addition, whereas 
the phenyl side of 59 is more accessible which results in anti addition. 

Mel10ni~~ has been able to generate the same intermediate ion by two different 
methods as shown in equation (37). Thus the addition of t-butyl chloride (R = t-Bu, 

(37) 
+ /  

RX + C,H,CrCH C,H,C=C, HX + C,H5C-CR 

x = c ] )  to phenylacetylene and the addition of hydrogen chloride to 3,3-diinethyl-l- 
phenylbutyne-1 should give the same product composition if a common intermediate 
is involved. The product compositions for several such pairs of reactions are given 
in Table 10. The formation of nearly the same isonier distribution from both 

R 

H 

TABLE 10. Addition of hydrogen halides and alkyl halides to alkylphenyla~etylenes~~ 

Product composition (%)" 

c, k15 12 CG H5 1-1 

Reactants R x x  I? X R 

\ /  \ / ,c=c\ /c=c\ 

- RX+C6H5C=CHb I-BU c1 100 
HX+CGH~C=CR~ I-BU c1 100 
RX+ C6H5C= CH" I-BtI Br 100 
HX + C6H5CECRC I-BU Br 100 

RX+CGHSCsCHb CG Hr, CH2 c1 80 20 
HX+ CBH6C=CRb CGH5CH2 c1 85 15 

RX+ C,,H5C=CHb (C6H5)2CH c1 90 10 
HX+C6H5C=CRb (C,Hr,)zCH Cl 95 

- 
- 
- 

Br 80 20 
90 10 

5 
Br 90 10 - 9s - 2  

RX+C,H5CSCHG CGH5CHZ 
HX+ C,H,C=CRC C,Hr,CH, Br 

RX + C~HSC= CH" (C6H5)2CH 
HX+ CGH~CECR" (CI3HS)ZCH Br 

a Determined by n.ni.r.; estimated error <5%. 
In  presence of 0.1 mole anhydrous ZnCI,. 
In presence of 0.1 mole anhydrous ZnBr,. 
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addition reactions is a strong indication of a common intermediate and product- 
determining step. In  these additions, it seems that the structure of the intermediate 
determines the stereochemistry of the reaction regardless of the electrophilic species 
involved in its formation. 

While steric effects seem to dominate in the product-determining transition states 
of the addition reactions in Table 10, more subtle and less well understood differences 
have been observed between carbonium ion and hydrogen halide additions to alkynes. 
The addition of labelled benzyl chloride to 1,3-diphenylpropyne gives a statistical 
distribution of (Z) and (E) isomers 60 (equation 38). In contrast the addition of 
hydrogen chloride to labelled phenylacetylene under the same reaction conditions 

ZnCI, C6HSC\DZ 

,c=c \ 

C6HSC\H2 /c' (60)-(Z) 

C6H,CD,CI + C6H,CH,CECC6H, + 

C~HSCH, C6H5 (38) 

,c=c, 
CsHsCD, CsHs 

(60) -(El 
gives more (E)-a-chlorostyrene than the (Z) isomer (2.3 : 1; see Section 11). If a 
free symmetrically substituted vinyl cation were involved in both reactions, equal 
amounts of the (E) and (Z) isomer should be formed in each reaction. Attempts to 
explain the difference have included intervention of syrt addition of hydrogen halide 
and tighter syrt-oriented ion pairs in hydrogen halide addition. However, insufficient 
data are available to support either explanation. 

The addition of acid chloride-AlC1, complexes to alkynes forms (3-chlorovinyl 
ketones as the major p r o d ~ c t s ~ ~ ~ - ~ ~ ~ .  Addition of aroyl chloride-AlC1, complexes 
yield indenones as side-products. For example, the reaction of equimolar amounts 
of benzoyl chloride-AlCI, complex to hexyne-3 in dichloromethane solution is 
instantaneous and quantitative at room temperature to form the (E) and (Z) 
isomeric (3-chlorovinyl ketones 61, and 2,3-diethylindenone (62) as products of 

CsHsC\O ,CzHs 
/c=c\ 

C,H, CI 

+ 
(61)-(E) (80%) 

C6HsC\0 /Cl 
(39) 

AICI, 

\ 
CsHsCOCI + C,H,CGCC,H, CH,CI, > c=c 

C h  CZHS 

0 
(62) (8%) 

kinetic control (equation 39)loa. The major products of the addition of propionyl 
chloride, acetyl chloride, benzoyl chloride and p-methoxybenzoyl chloride to 
2-butyne and 3-hexyne are those of anti addition. Placing electron-withdrawing 
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substituents on the acid chloride reduces the amount of anti addition indicating that 
the polar effect of the 

Acyl triflates can also be added to alkynes. The major products are p-ketovinyl 
triflates and indenones are an  additional product when aroyl triflates are added 
(equation 4O)lo3. In general, more indenones are formed in the reaction with benzoyl 

substituent is important in the product-determining step. 

C 6 H 5 C \ 0  / CZH, 

/c=c \ 
CzH, OSOzCF, 

50% 
+ 

C,H,C\O /OSO,CF, 

CJ-4 CZH, 
25% 

C6H,COS0,CF, i- C,H,C‘-CC,H, --+ ,c=c \ (40). 

+ 

25% 

triflate than with the benzoyl chloride-AICI, complex. This as well as the increase in 
the percentage of (2) isomer is probably due to the poorer nucleophilicity of the 
triflate anion. 

The formation of indenones is good evidence for a vinyl cation intermediate. 
Further evidence is the observation that a 1,Zmethyl shift occurs in the addition 
of 3,5-dimethoxybenzoyl chloride-AICI, complex to 4,4-dimethyl-2-pentyne to form 
a small amount of the cyclic product 63. Addition of the benzoyl chloride-A1C13 

(63) 

complex to  alkynes usually forms the product with Markownikoff orientation. 
The exception is in the case of 4,4-dimethyl-2-pentyne where non-regiospecific 
addition occurs to form the three P-chlorovinyl ketones 64, 65 and 66 in addition to 
the indenones. 

C H, C\H, F O G H s  

/c=c \ 
c’\ / 

/c=C\ 
t -Bu CH, 

\ /  

1-Bu COC,H, C1 611-i 
J=C\ COC,H, 

(64) (65) (66) 

The formation of cyclobutenyl compounds and polymeric material in many 
electrophilic additions to alkynes (see Sections I1 and X) indicates that under certain 
conditions the vinyl cation intermediate can add to any unreacted alkyne in the 
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reaction mixture (equation 41). The formation of these cyclobutenyl compounds may 
be an example of a symmetry-allowed r2 s+ r2 a process104. While this process has 
been treated theoretica1lylo5- loo, no detailed study of the reaction has been reported. 

x, +/CHI 

/c=c\ 
CH,C-C . 

I 1  

CH, / CH3 CH3 (41) 
CH,C=CCH, + X+ + CH,C=C\ + ' + CH,C-CCH, 

polymer 
X \ 

Electrophilic additions to carbon-carbon triple bonds may also be viewed as the 
attack by the triple bond on a nucleophilic centre. An example of such a reaction is 
the participation of the triple bond in the solvolysis of homopropargyl derivatives 
to form compounds containing three- and four-membered rings (equation 42). 
These reactions have been reviewed in detail previously and will not be discussed 
furtherlo'. 

VI. ORGANIC PERACIDS 

The oxidation of alkynes with peracids is a complex reaction. The product 
composition depends greatly upon the nature of the peracid and the solvent polarity 
and acidity. For example, the reaction of phenylacetylene and trifluoroperacetic acid 
in methylene chloride solution with sodium hydrogen phosphate gives a 25% yield 
of benzoic acid and a 38% yield of phenylacetic acid whereas the perbenzoic acid 
oxidation of phenylacetylene in chloroform gives the five products indicated in 
equation (43)lo8. Several of the products are the result of secondary reactions of the 

C,H,CH,CO,C,H,+C,H,CH~CO,CH, 
C.HI,CO,II 

C6H5C=CH cHc,, ' 
+ C,H,CHO+ C6H,C0,H + C,H,CO,CH, (43) 

peracid with the initially formed products. This fact makes kinetic studies difficult. 
However, it has been found that when t h c  alkyne/peracid ratio is 5 : 1 or greater 
the stoichiometry of the alkyne to peracid in the reaction is 1 : 1 lo9. Under these 
conditions, the reactions follow a second-order rate law: first order in both peracid 
and alkyne. The kinetics of the reaction of perbenzoic acid with phenyl-substituted 
plienylacetylene in benzene at 25 "C was studied by Ogata'IO. Under conditions of 
second-order kinetics a p (versus o+) of - 1-30 was obtained establishing the electro- 
philic nature of the reaction. The oxidation of alkynes by peracids is much slower 
than alkenes. For examplc, the epoxidation of conjugated acctylenic olefins forms 
v.-acetylenic epoxides cleanly (equation 44)lll from which allenic alcohols can be 
prepared1'?# l13. 

RCO,H 
HCEC-CH=CH, -' /"\ 

HC- C- CH -CH, (44) 
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Changing the solvent to one capable of hydrogen bonding causes a decrease in 
the rate of oxidation of alkynes. Identical solvent effects have been found for the 
reaction of peracids with alkenes and alkynes. In  fact a quantitative correlation 
exists between the logarithmic rate of 4-octyne oxidation by 4-chloroperbenzoic acid 
and those of the epoxidation of cyclohexene by perbenzoic acid, both in a series of 
solvents of diverse naturelo9. This linear free-energy relationship has a slope of one 
indicating that the role of solvent in the two reactions is identical and the only 
solvent-solute interactions are those involving the peracid. 

Assuming that the solvation energies of 4-octyne and cyclohexene are small and 
essentially the same, the rate-determining transition states for the oxidation of 
4-octyne and cyclohexene must be very similar. Since the currently accepted mecha- 
nism for the epoxidation of alkenes involves a three-membered rate-determining 
transition statella, these data strongly suggest an oxirene-like rate-determining 
transition state for oxidation of alkynes leading to an oxirene (67) as the first 
intermediate (equation 45). 

Oxirenes have been frequently proposed as transient intermediates in the peracid 
oxidation of iilkynes. In fact the product composition has been rationalized in terms 
of such an intermediate. Several examples are given in the review by Swern which 
summarizes the literature prior to 1971115. The oxirene can be oxidized further to the 
dioxabicyclo derivative (68) whose existence has been proposed on the basis of 
product studies (equation 46). 

(68) 

However, recent work has suggested that 67 and 68 may not be the intermediates 
from which the products are derived116. Oxirenes are potentially 477 anti-aromatic 
systems117 and consequently could easily rearrange to form an oxocarbene 69 
(equation 47). Evidence for such an intermediate in the peracid oxidation of alkynes 
has been presented by Ciabattoni and coworkers116. The peracid oxidation of 

(67) (69) 

di-t-butylacetylene and the decomposition of the structurally related a-diazoketone 
(70) give the same product composition within experimental error (equation 48). 
Since a-diazoketones are known to decompose to oxocarbenes, this strongly 
suggests that oxocarbenes are intermediates prior to the product-determining step 
in the peracid oxidation of acyclic alkynes. 

However, differences are found in the proportions of products formed from the 
peracid oxidation of cycloalkynes and the decomposition of 2-diazo-cyclo- 
alkanones118. This difference may be due to the more rigid nature of the cyclic 
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molecules which provides more chance for intramolecular reactions. However, the 
concurrent operation of two or more mechanistic pathways in the reaction of either 
or both the cycloalkyne oxidation and 2-diazocycloalkanone decomposition could 
not be excluded by the authors118. 

(CH,),CC=CC(CH,) , 
\ 

4-CIC;H.CO,H 1 
0 CHJ 
II 1 

(CHJ,CCCH-C(CHj), + (CH,),CC C=C (CH,), 
\ /  II 
CH, 0 

93+ 1% 7&1% 

The meagre data available on the mechanism of the peracid oxidation of alkynes 
suggest that the rate-determining and product-determining transition states may be 
quite different in structure. 

VII. SULPHENYL HALIDES 

Sulphenyl halides (71) react with alkynes to form P-halovinyl sulphides (72) as 
products (equation 49). Rearranged or solvent-incorporated products are rarely 
found. Under the usual conditions of addition, 72 does not react further with 

,C=C \ 
RSX + -CEC- 
(71 1 SR 

(72) 

(49) 

sulphenyl halides. The halogen of the sulphenyl halide is usually chlorine, sometimes 
bromine but rarely iodine or fluorinells while R of 71 is usually an alkyl or aryl 
group. The most commonly used arenesulphenyl chlorides are 2,4-dinitrobenzene-, 
4-chlorobenzene-, 4-toluene- and benzenesulphenyl chloride while methanesulphenyl 
chloride is the most commonly used alkanesulphenyl chloride. Additions to alkynes 
have been reported also with pentafluorobenzeaesulphenyl chloride120. 

The rate law is overall second order in a number of solvents; first order in both 
alkyne and sulphenyl haIide1z1-i23. The rate of addition is strongly affected by solvent; 
more polar solvents increase the rate. For example, the rate of addition of 4-toluene- 
sulphenyl chloride to 1-butyne is 845 times faster in chloroform than in carbon 
tetrachloride. 

The effect of alkyne structure upon the rates of addition of arenesulphenyl 
chloride is illustrated by the data in Table 11 which were obtained by direct kinetic 
experiments. There is a good agreement among the data from the different studies. 
From these data, it is clear that the substitution of one hydrogen on acetylene by 
an alkyl group leads to  a rate enhancement of several hundred. Replacement of 
both hydrogens leads to further rate enhancement. The rate constants for the 
addition of 4-chlorobenzenesulphenyl chloride to alkyl-substituted acetylenes in 
1,1,2,2-tetrachloroethane follow the simple Taft equation with a value of - 4.47 for 
p* lZ4. The rate constants for three compounds, all containing t-butyl groups, lie 
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off the line. Correlations with the simple Taft equation implies that for methyl, 
ethyl and isopropyl groups, only their polar effects are important in the rate- 
determining transition state. Steric effects become important only when the 
substituent is r-butyl. 

TABLE 11. Effect of alkyne structure on the rate of addition of arenesulphenyl chlorides 

Alkyne Sulphenyl chloride Solvent T("C) k, ( M - ~  s-l) Reference 

HC=CH 
HC=CH 
CH,C=CH 
EtC=CH 
EtC=CH 
i-PrCZCH 
n-PrC= CH 
/-BUC=CH 
It-BUCE CH 
//-BuCE CH 

CH,C=CCH, 
EtC= CCH, 
i-PrCECCH, 
1-BuCECCH, 

EtCSCEt 
EtC=CEt 
EtCSCEt 
r-BuCECBu-t 

~ - B u C ~ C C H ,  

C,H5C=CH 
C, H5C= CH 
C,H5C= CH 

C,,H5C= CCH, 
C,,H5C= CEt 
C,H5C= CEt 

C ~ H ~ C E C C H ~  
CeHSCzCCH, 

4-Toluene 
4-Chlorobenzene 
4-Chlorobenzenc 
4-Toluene 
4-Chlorobenzene 
4-Chlorobenzene 
4-Chlorobenzene 
4-Chlorobenzene 
4-Chlorobenzene 
2,4-Dini trobenzene 

4-Chlorobenzene 
4-Chloro benzene 
4-Chlorobenzene 
4-Clilorobenzene 
2,4-Dinitrobenzene 
4-Toluene 
2,4-Dini trobenzene 
4-Chloro benzene 
4-Chlorobenzene 

4-Chlorobenzene 
2,4-Dini trobenzene 
2,4-Dinitrobenzene 
4-Clilorobenzene 
2,4-Dini trobenzene 
2,4-Dini t robenzcne 
4-Chlorobcnzcne 
4-Chlorobenzene 

Ethyl acetate 
TCE" 
TCE 
Ethyl acetate 
TCE 
TCE 
TCE 
TCE 
TCE 
Acetic acid 

TCE 
TCE 
TCE 
TCE 
Acetic acid 
Ethyl acetate 
Acetic acid 
TCE 
TCE 

TCE 
Acetic acid 
Acctic acid 
TCE 
Chloroform 
Acetic acid 
TCE 
TCE 

25 3 . 5 ~  
25 2.31 x lo-, 
25 0.424 f 0.002 

25 0-993 f 0.002 
25 1*52+0.04 
25 0.9 12 0.002 
25 1.07,+0~01 
25 0.961 + 0.003 
34.9 4.90 x 10-o 

25 75.9k0.4 
25 132+1 
25 137k1 
25 31-8 
35 1 . 3 7 ~  lo-, 
25 0-728 

25 233+1 
25 0.329 f 0.003 

25 0.625 f 0.001 

25 9.59~10-3 

45 2.99 x 10-3 

55 8.98 x 10-5 
45 3.09~10-5 
25 9.11 k0.03 
50.98 1.2 x lo-' 
30 8.1 x 
25 17.8f0.1 
25 0,268 f 0.002 

123 
124 
124 
123 
124 
124 
124 
124 
1 24 
127 

124 
124 
124 
124 
127 
123 
121 
124 
124 

125 
121 
127 
125 
122 
127 
125 
125 

a TCE = 1,1,2,2-tetrachloroethane. 

Hammett p values of - 1.3 and - 1.8 (ucrsus a+) have been obtained for the 
addition of 4-toluenesulphenyl chloride to  a series of substituted tolanes in chloro- 
form and ethyl acetate respectivelylZG while a value of -1.46 for p (versus 0)  was 
obtained for the addition of 2,4-dinitrobenzenesulphenyl chloride to several ring- 
substituted I-pl~enylpropynes~?~.  The latter data correlate better with u+ to give a 
value of - 1-35 for plZ5. These data, as well as  those given in Table 11, clearly 
establish the electrophilic nature of the addition of arenesulphenyl chlorides to  
a1 k y nes. 

The effect of substituents on the ring of the arenesulphenyl chloride on the rate of 
addition is illustrated in Table 12. The  substituents have little effect except for  the 
2-nitro substituent which greatly depresses the rate. 

1 1  
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TABLE 12. Rates of addition of substitutcd 
benzenesulphenyl chlorides to tolane in chloro- 
form and I-butyne in ethyl acetate at 25 "C 

~ ~~~ 

Tolane12G 1 -ButyneIt3 
k2 x 103 k, x lo2 

Substituent (h f - l s - l )  (M-' S-l) 

4-OCH3 
4-CH3 
H 
4-C1 
3-CI 
4 -N02  
2-N02 
2,4-di-N02 

170 
190 
159 
77 
- 

6.9 
- 
- 

0.49 
0.94 
1 .I 
1.48 
1.38 
I .06 
0.038 
0.026 

The A& 2 mechanism shown in Scheme 5 has been proposed for this lZ8. 

The first step (equation 50) involves formation of a thiirenium ion (73), which under- 
goes attack by chloride ion in the second step (equation 51). Recently the thiirenium 

i? 

(73) 
R 
I ArS\ / 

/ \  S+ + CI- ----+ ,c=c \ (51 1 7=c\ CI 

SCHEME 5 

ion (74) has been prepared by the addition of dimethylthiomethylsulphonium 
hexachloroantimonate to  2-butyne in liquid sulphur dioxide (equation 52)129. The 
'H and 1 3 C  n.m.r. spectral data are consistent with a bridged thiirenium ion rather 

CH, 
I 
S +  

(52) 
+ / \  

(CH,S),SCH, + CH,C-CCH, __f CH,C=CCH, + CH,SSCH, 

SbCI,- (74) 

than an  open vinyl cation. These results are in accord with theoretical calculations. 
Non-empirical SCF-MO wave functions were computed for the two limiting 
structures of C2H3S+, the open ion (75) and the thiirenium ion (76), with full geometry 

H 

+ ,S-H 
H-C=C 

(75) 

\ 
H 

I 
S+ 
/ \  

H H 

,c=c 
\ 
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optimization using thrce diffcrent atomic orbital basis setPo. The bridged structure 
(76) was found to be 1-14 kcal/tnol more stable than 75 depending upon the basis sct. 

Strong evidence for the two-step mechanism in Scheme 5 is provided by the 
observation that virtually the same proportion of P-phenylthiovinyl chlorides, 77 
and 78, is obtained from both the addition of benzenesulphenyl chloride to 4-tolyl- 
phenylacetylene and the rcaction of hydrogen chloride with the P-phenylthiovinyl 
esters, 79 and 80 (Scheinc 6)I3l. This result means that both the addition reaction 

SCHEME 6 

and the nucleophilic substitution involve a common intermediate. The fact that the 
two unsaturated carbon atoms lose their identity on going to products indicates that 
the intermediate (81) has a bridged structure. Furthermore, the reaction of 81 in 
the presence of di-4-tolylacetylene leads to products of intermolecular transfer 
of the PhS group from 81 to the di-4-tolylacctylene. A similar reaction has been 
observed in the case of P-chloroalkyl 4-chlorophenyl ~u lph ides l~~ .  These transfers 
are best explained by a nucleophilic attack of chloride ion at the sulphur atom of the 
bridged ion to form the sulphenyl chloride which can then react with any unsaturated 
carbon-carbon bond present (equation 53). 

Ar 
I 4- c 

A cumulative effect is found on the rate of addition as the hydrogens on acetylene 
are progressively substituted by methyl and ethyl groups. Thus the substitution of 
one hydrogen of acetylene by a methyl group causes a rate increase of 183. Replacing 
the second hydrogen by another methyl group results in a further increase of 179. 
Consequently the rate of addition to 2-butyne is (181)*; the effect of the methyl 
groups on the rate is cumulative as illustrated in Table 13 lZ4. A similar effect is 
observed for ethyl groups. One ethyl group increases the rate by 429 while two 
ethyl groups increase the rate by (316)2. No such cumulative effect is found as the 
hydrogens are substituted by f-butyl groups since both polar and steric effects are 
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TABLE 13. Cumulative effect of methyl and ethyl groups on the addition of arenesulphenyl 
chlorides 

Methyl- Ethyl- 
substituted substituted 

series krel 124 series krel 12' krcl ''' 
HC=CH 1.0 HC=CH 1.0 1 -0 
HC=CCH3 183 HC=CEt 429 274 
CH3C~CCH3 3.29~ lo4 = (181)' EtCECEt 1.00~ 105 = (316)2 2.08 x loQ = (144)2 

important. In the case of the methyl and ethyl groups where polar effects predominate 
a cumulative effect is consistent with a bridged structure for the rate-determining 
transition s:ate. A similar cumulative effect has been observed for the addition of 
4-chlorobenzenesulphenyl chloride to  a series of methyl-substituted e thylene~ '~~.  

In accord with the mechanism in Scheme 5,  the products are formed by ant i  
stereospecific but non-regiospecific addition. The reaction of 4-toluenesulphenyl 
chloride with acetylene in ethyl acetate has been shown to occur by anti stereospecific 
addition134 as does the addition of benzenesulphenyl chloride to c h l ~ r o a c e t y l e n e ~ ~ ~ .  
However, 2,4-dinitrobenzenesulphenyl chloride reacts with acetylene only in the 
presence of aluminium chloride as catalyst to  form 1,2,3-triphenylazulene as well as 
the expected a d d u ~ t ' ~ ~ .  

The regiochemistry of addition depends greatly upon the structure of the alkyne 
as indicated by the data given in Table 14. The observation that the products of 

TABLE 14. Kinetically controlled product distribution for the addition of 4-chlorobenzene- 
sulphenyl chloride to unsymmetrical alkynes in 1,1,2,2-tetra~hloroethane~~~~ 125 

Product compositiona 

R' 
\ R\ / c=c, R /  ,c=c \ /c=c, 

C1 R c1 SAr ArS R' ArS/ C1 

SAr R\ R' 
/ /c=c\ 

R R (2)-Mb (E)-AMb (2)-AM 

CH3 
Et 
i-Pr 

n-Pr 
f-Bu 

n-Bu 

Et 
i-Pr 
I-Bu 

H 
H 
H 
H 
H 
H 

14 
10 
27 
0 
16 
20 

60 
48 
12 

100 
61 
51 

0 
0 
5 c  

0 
0 
0 

86 
90 
73 
100 
84 
80 

40 
52 
76 

0 
33 
49 

0 
0 
I= 

0 
0 
0 

~~ ~ ~ ~ ~ ~ ~~~~ 

a Ar = 4-ClC6H4. 
M = Markownikoff isomer is the one in which the chlorine is bonded to the carbon 

atom whose Taft inductive substituent constant, o*, is the more negative AM = anti- 
Markownikoff isomer. 

Probably formed by isomerization of (E)-M and (E)-AM products; see Reference 140. 
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addition to  terminal alkyl-substituted acetylenes are predominantly those with 
anri-Markownikoff orientation clearly indicates that the alkyl groups exert a strong 
steric effect in the product-determining transition state. The regiochemistry of the 
products of addition to the unsyminetrically dialkyl-substituted acetylenes is 
consistent with such steric control. Thus as the size of the substituent increases from 
ethyl t o  isopropyl to  r-butyl, the amount of product with Markownikoff orientation 
decreases. 

The effect of alkyl groups on  product regiochemistry is generally more pronounced 
in the addition to  alkynes than in the addition to  similarly substituted alkenesI3’. 
Examination of the product-determining transition states for both reactions, 
illustrated in Figure 6, provides an explanation. In  the product-determining transition 

Ar 
As+ 
:. \ 

R -.C=C 
\ cis- H 

Ar  
\,s+ 

Q R 

Ar 

Ar 
\ ss+ 

CP+ (b) 
(a) 

FIGURE 6. The product-determining transition states for addition to (a) alkynes, (b) alkenes. 

state for addition to  the alkynes (Figure 6a), the carbon of the substituent, the 
thiirenium ring and the chloride ion all lie in the same plane. In  contrast, the sub- 
stituents on  the thiiranium ion are above and below the plane containing the chloride 
ion and the thiiranium ring (Figure 6b). Consequently the steric hindrance between 
the entering chloride ion and the alkyl substituent is greater in the product-determi- 
ning transition state for addition to alkynes than for ethylenes. 

Such steric effects d o  not seem to be as important as  polar effects in the product- 
determining transition state for addition to phenyl-substituted acetylenes since the 
adducts with Markownikoff orientation are preferred. The arrti stereospecific and 
regiospecific addition to  phenylacetylene suggests that the polar effect of the phenyl 
ring is the dominant factor resulting in an  unsymmetrical structure for the product- 
determining transition state. However, as the acetylenic hydrogen of phenylacetylene 
is substituted by methyl and ethyl groups the addition becomes regioselective. Thus 
i t  seems that the structure of the intermediate becomes more symmetrical, with the 
result that eventually both steric and polar effects become important in the product- 
determining transition state. 

Solvents strongly affect the regiochemistry of the addition as  indicated by the 
data in Table 15. Substituents in the para position of the arenesulphenyl chloride 
have little or no  effect on the product regiochemistry. The effect of solvent on the 
orientation cannot be related to  the dielectric constant of the medium. Rather there 
is a parallel between the increasing acidity of the solvent and the increasing amounts 
of product with Markownikoff orientation. Accordingly, when the addition in 
ethyl acetate is carried out in the presence of added strong acids, such as hydro- 
chloric and trifluoroacetic, a shift in the product orientation from anri-Markownikoff 
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TABLE 15. Effect of solvent upon regiochemistry of products of addition of arenesulphenyl 
chlorides to alkynes 

~ 

Arenesulphenyl AMa M a  
Alkyne chloride Solvent (%I (x) Reference 

1-Butyne 

Phenylacet ylene 

Phenylacetylene 

Anisyl phenyl 
acetylene 

4-Chlorophenyl 
phcnylacet ylene 

3-Chlorophenyl 
phenylacet ylene 

f-Bu ty lacetylene 
r-Bu t ylacet ylene 

4-Nit robenzene 

4-Ni trobenzene 

4-Tolucne 

4-Toluene 

4-Toluene 

4-Toluene 

4-Toluene 
4-Toluene 

Ethyl acetate 
Acetic acid 
Ethyl acetate 
Chloroform 
Acetic acid 
Acetonitrile 
Ethyl acetate 
Chloroform 
Acetic acid 
Ethyl acetate 

Ethyl acetate 

Ethyl acetate 

Ethyl acetate 
Acetic acid 

I00 
100 
85 
65 
20 
67 

100 
65 
29 
- 

45 

80 

1 OOb 
95 * 

- 
- 
15 
35 
80 
33 

35 
71 

100 

55 

20 

- 

- 
5 

138 
138 
138 
138 
138 
138 
138 
138 
138 
139 

139 

139 

140 
140 

a AM = anti-Markownikoff; M = Markownikoff. 
Predominantly anti addition product. Syn product believed formed by rapid isomeriza- 

tion. 

to  Markownikoff is observed140. ‘These results have been explained in terms of a 
common intermediate which leads via internal collapse t o  the AM product or via 
dissociation into chloride and organic ions to  the M products.’ 141 Similar solvent 
effects upon the addition of 4-chlorobenzenesulphenyl chloride to cis- and trans-l- 
phenylpropene have been observed142. 

The mechanism in Scheme 5 involving one intermediate and two transition states 
is the simplest. If we regard the reaction of arenesulphenyl chloride with alkynes as a 
nucleophilic substitution reaction at sulphur rather than the usual electrophilic 
addition reaction, we are led to  the conclusion that the mechanism in Scheme 5 
is only one of several possibilities. Two mechanisms which have been proposed 
for nucleophilic displacements a t  sulphur are shown in Scheme 7. There is no  

I 
C 
111 + ArSCl 

I c,+ CI- ‘C’ 
ll,S-Ar 1 

Ar 
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cxperimental support for a mechanism involving dissociation of the sulphenyl halide 
to  a sulphcnium ion (RS+) l 1 3 .  Path (a), which is the sulphur analogue of the SN 2 
mechanism, leads to a single intermediate and is equal to equation (50) in Scheme 5. 
Path (b) involves formation of a tetravalent sulphur intermediate (82) which may 
ionize to the thiireniuni ion or may proceed directly to products. There is no experi- 
mental evidence t o  support 82 as an  interniediatc in the  addition of sulphenyl 
halides to acetylcne. Rather the lack of any effect o n  thc  rate of addition by ring 
substituents of the arcnesulphenyl chloride are reminiscent of those found for the 
SN 2 displacement of substituted benzyl  derivative^'^^. Froni the data, albeit meagre, 
path (a) scems t o  be preferred. The effect of solvents upon the product composition 
suggcsts that ion pairs may be important in the addition in which case Scheme 7 is an  
ovcrsimplification. Clearly more work remains to be done in this area. 

From the kinctics and product studies, i t  is clear that substituents bonded to  the 
acetylenic carbon have different effects upon the ratcs than on the product compo- 
sition of addition of arcnesulphenyl halides to alkynes. In  t h e  rate-determining 
transition state the effect of all substitucnts except t-butyl is predominantly polar. 
In  the product-determining transition state however, thc effect is more difIicult to 
analyse since solvent acidity as well as  the polar and steric nature of the substituent 
is important. 

VIII. SELENl UM-CONTAI NI N G  COMPOUNDS 

A. Divolent Selenium Compounds 

Electrophilic divalcnt selenium compounds have the general structure RSeX 
where X can be a halogen (e .g  chlorine or bromine), trifluoroacetate or an anion 
such as  hexafluorophosphate or antinionate while R is usually a n  aryl or alkyl group. 
The products of addition to alkynes are the p-substituted vinyl aryl selenides (83) 
(equation 54). Under thc usual reaction conditions, the electrophile does not add 
to 83. 

RSeX+-C=C- - -RSeC=CX- (54) 

The addition of areneselenenyl halides to alkynes has received the most attention. 
The stereochemistry of this addition seems to depend upon the solvent. Based upon 
a comparison of the calculated and experimental dipole moments of the adducts, it 
was concluded by Kataeva, Kataev and M a n n a f ~ v " ~  that the products of syri 
addition are formed by the addition of benzeneselenenyl chloride to acetylene, 
phenylacetylene and tolane in ethyl acetate. This SJW stereospecific addition is 
contrary to the arzti stereospecific addition observed for the addition of arenesulphenyl 
halides to alkynes (see Section VII) and the observation by Montanari1"5 of the 
ariti addition of benzeneselenenyl bromide to acetylene in ethyl acetate. In acetic 
acid, methylene chloride and dimethylformamide, orzti addition of benzeneselenenyl 
chloride and bromide to a number of alkynes has been reportedl'ls, lq7. Arifi addition 
was assumed for the reaction of benzeneselcnenyl trifluoroacetate with phenyl- 
acetylene in benzene'". 

The rate law for the addition of benzeneselenenyl chloride to 1-hexyne, 4-octyne 
and 5-decyne in ethyl acetate was found to be overall third order; first order in 
alkyne and second order in benzencselenenyl chloride'". In contrast, the rate law 
in methylene chloride as solvent is overall second order;  first order in both alkyne 
and benzeneselenenyl chloride'". Under these conditions, the effect of alkyne 
structure upon the rate of addition is illustrated by the data given in Table 16150. 

(83) 
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From the rate data in Table 16, it is clear that substitution of one hydrogen on 
acetylene by an  alkyl group ]cads to  a rate enhancement of between 10 and 30. 
Replacement of both hydrogens leads to further rate enhancements. These substituent 
effects are consistent with an electrophilic addition reaction. 

TABLE 16. Bimolecular rate constants for the 
addition of benzeneselencnyl chloride to a series 

of alkynes in methylene chloride at 25 "C 

HC=CH 
CH,C=CH 
EtC=CH 
n-PrC=CH 

i-PrC= CH 

CH3C=CCH3 
EtC= CCH, 
i-PrC= CCH3 
EtC= CEt 

wBuCECH 

t-BuC=CH 

0.0089 
0.177 
0.255 
0.0827 
0.0973 
0.153 
0.0088 
0.754 
1 a73 
2-33 
3 -49 

1 
19.9 
28-6 

9.3 
10.9 
17.2 

1 
84 

196 
26 1 
392 

The rate constants in Table 16 correlate with the simple Taft equation t o  give a 
value of -2-09 for p*. The only one of the 11 alkynes which lies far off the line 
(Figure 7) contains a f-butyl group. Such a relationship implies that for all sub- 
stituents, except t-butyl, polar effects are dominant in the rate-determining transition 
state. 

The reaction of benzeneselenenyl chloride with alkyl-substituted acetylenes in 
methylene chloride forms p r d u c t s  of ant i  stereospecific and non-regiospecific 
addition150. The data are given in Table 17. Thc steric bulk of the substituents on 

TABLE 17. Kinetically-controlled product distribution for the addition 
of benzeneselenenyl chloride to unsyinrnetrical alkynes in mcthylene 

chloride 

Alkyne 

CH,C=CH 
EtC=CH 
n-PrCSCH 

i-PrCECH 

CH,C=CEt 
CH,C=CPr-i 

~ z - B u C ~  CH 

I-BuCE CH 

Composition (%) 

(,+Ma (Z)-M" (E)-AMU (Z)-AMa 

20 0 80 0 
18 0 82 0 
16 0 84 0 
15 0 85 0 
8 0 92 0 
3 0 97 0 

47 0 53 0 
32 0 68 0 

M = Markownikoff; AM = anti-Markownikoff. 

the alkyne seems to determine the product regiochemistry. Thus as the size of the 
substituent increases from ethyl to isopropyl to 1-butyl, the percentage of product 
with Markownikoff orientation decreases. 



8. Electrophilic additions to carbon-carbon triple bonds 315 

*o 5( 

( 

-0.5( 

log k; 

- 1 .OI 

-1 5 

-2 0 

o C,H, C= CC2H, 

I -  C,H,CI CCH, 

oCH,C=CH 
i-C,H,C=CH 0 

n - C, HgC E C H o 

o /=C,tigC-CH 0 HCr CH 
-0 30 , ?  0 ,A L* 0 50 10 

FIGURE 7. Plot of log k, versus 2 a* for the addition of benzeneselenenyl chloride to 
alkyl-substituted acetylenes in rnethylene chloride at 25 "C. 

The difference in the effect of alkyl substituents on the rate and product compo- 
sition strongly suggests that the mechanism involves a t  least two steps with one 
intermediate. A mechanism consistent with the data is shown in Scheme 8. Since 

SeC,H, R\ / 
C,H,Se R' 

\ /  
se + CI- - . .  ...... 

\ 
R R' R/'='\ + /c=c R' 
,C=C 

CI CI \ 

SCHEME 8 
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the same step cannot be both rate- and product-determining, it is suggested that the 
first step is rate-determining while the second is product-determining. Because the 
products are  formed in an anti stereospecific and non-regiospecific manner, a 
selenirenium ion (84) is postulatcd as  the structure of the intermediate prior to  the 
product-determining step. Recently the spectral propertics of such an ion have been 
rep~r ted '~ ' .  Such a proposal means that the product-determining transition state 
must have a bridgcd sclenirenium-ion-like structure. 

There are many similaritics bctwcen the addition of areneselenenyl and arene- 
sulphenyl chlorides to alkynes. In both cases, the rate law is second order, and the 
polar effect of alkyl substituents predominates in the rate-determining step. There 
are differences however. The effect of alkyl substituents on the rate is greater for 
the addition of 4-chlorobenzenesulphenyl chloride than for benzeneselenenyl 
chloride. Also the effect of substituting identical groups on the triple bonds on the 
rate of addition of benzeneselenenyl chloride is not cumulative as is the case for 
addition of the sulphur compound (see data in Table 16). Thus the relative rate of 
addition to 2-butyne 84 is less than the relative rate of addition to  propyne squared 
(1909~  = 396). Such a cumulative effect of substituents has been used as a criterion 
for establishing an  elcctrophilic addition mechanism involving a bridged rate- 
determining transition state'". 

These differences suggest that structure 84 may not be the first-formed intermediate. 
I t  is possible that the addition may involve an  addition-elimination mechanism 

Ar CI 
\ /  
Se 
/ \  

/"=% 
(85) 

(path b, Scheme 7, Section VII) forming a tetracovalent selenium intermediate (85), 
whose saturated analogue has been r ~ p o r t e d ' ~ ~ .  Thus arenesulphenyl and arene- 
selenenyl chlorides may add to  alkynes in methylene chloride by distinctly different 
mechanisms. Further experimental evidence is needed to  confirm this view, as well 
as  to establish how the solvent affects the kinetics and stereochemistry of the addition. 

B. Methylselenium Trichloride 

Of the three alkylselenium trichlorides, RSeCI,, which have been reported1j3* 154 

only methylselenium trichloride is stable. Ethylselenium trichloride may be prepared 
in situ while isopropylselenium trichloride, although apparently formed in situ, 
immediately decomposcs to give isopropyl chloride and sclenium tetrachloride. 
Methylselenium trichloride is reported to exist in two formslS4; one soluble in 
methylene chloride, the other insoluble. The major difference seems to  be that the 
soluble form, hereafter referred to a s  the P form, is dimcric in solution while the 
a form is believed to  be monomeric. 

Preliminary rcsults indicate that p-methylselenium trichloride reacts rapidly with 
alkynes t o  form P-chlorovinylniethyl selenide chlorides (86) as products (equation 
55)155. The  effect of alkyne structure upon the product regio- and stereochemistry 

-C=C-+P-CH,SeCI, ----+ -ClC=C(CH3SeC12)- (55) 
(86) 

are given in Table IS. Additions to the monosubstituted alkynes are in all cases both 
non-regio- and non-stereospecific. In contrast, additions to the disubstituted alkynes 
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are formed generally in an atifi stereoselective manner. In the case of 2-butyne and 
2-pentyne reaction occurs by an airti stereospecific addition. Under conditions of 
kinetic control the reactions are generally regioselective in the Markownikoff sense. 

The complexity of the product stereochemistry given in Table 18 suggests a 
complex reaction mechanism; perhaps one involving two or more competing 
pathways. Clearly the product composition cannot be explained by invoking either 
discrete vinyl cations or bridged ions. More data, particularly kinetic data, are 
needed. 

IX. ELECTROPHILIC ORGANOMETALLIC COMPOUNDS 

A. Mercury-containing Compounds 

Although mercuric salts have been used to catalyse the addition of water, alcohols 
and carboxylic acids to alkynes, little is known about the mechanistic details of 
these reactions. Under appropriate conditions, mercury-containing intermediates 
can be isolated. Since the last revicw on the subject no kinetic data have been 
reportedlSo. 

The limited data on the stereochemistry of mercuric salt additions to alkyne 
indicate that solvent, temperature, the anion of the mercuric salt and alkyne structure 
are all important. Acetylene is reported to form a quantitative yield of the tram 
adduct in the reaction with HgCI, in aqueous hydrochloric acidLs7. Acetoxy- 
mercuration of diphenylacetylene with mercuric acetate forms only the cis a d d u c P ;  
while 2-butyne forms both the cis and tratrs adducts, their ratios depending upon 
the temperature'". 

The acetoxymercuration of a series of alkylphenylacetylenes (87) with mercuric 
acetate in acetic acid at  55-60 "C forms products of oriti stereospecific but non- 
regiospecific addition (equation 56)lG0. Under the reaction conditions formation of 
oxidation products such as ketones and ester was negligible. As the carbon chain 

(56) 
%H5 OAC (1) Hg(OAc),, HOAc c 6 v 5  /HgCI 

c=c, + "  /c=c, 
C6H5CECR (2) aq. KCi 

(87) AcO/ R ClHg R 

(88) (89) 

R Ratio 88 : 89 
CH3 3.0 
C2H5 5.0 

n-C,H, 16.5 
n-C3H, 11.0 

length increases, the isomer ratio 88 : 89 increases markedly as indicated in equation 
(56). Such a steric effect by unbranched chains is unusual. 

While mercurinium ions have been postulated by several authors1s0. lG1 to explain 
the results, the data are insufficient to support such a conclusion. Clearly more data 
are needed before the mechanism can be described in detail. 

B. Thallium-containing Compounds 

Thalliuni(ir~) salts, like mercuric salts, catalyse the oxidationlU2 and the hydrationlG3 
of alkynes. The thallium-containing adducts, believed to be intermediates in these 
reactions, have only reccntly been isolated. Both UemuralG.' and SharmalG5 
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independently succeeded in isolating the adducts of the addition of thallium(ii~) 
acetate to alkynes. 

Sharma found that both 2-butyne and 3-hexyne react with 1 mole equivalent 
of thallium(ir~) acetate sesquihydrate in glacial acetic acid containing 4.5 mole 
equivalents of acetic anhydride to  form the 1 : 1 adduct, 90 (equation 57)165. The 
addition to 2-butyne is non-stereospecific forming both the ( E )  and (2) isomers 
while addition to  3-hexyne forms only the ( E )  isomer. 

I I  
T I (OAC)~+-C~C-  (AcO)C=C[TI(OAc).J (57) 

Uernura found that the reaction of thallium(rrr) acetate to a series of alkylphenyl- 
acetylenes in acetic acid a t  50-75 "C for 1-3 h occurred by stereospecific anfiaddition. 
However, the addition was non-regiospecific. Products of both Markownikoff and 
anti-Markownikoff orientation were formed (equation 58)lG4. The yield of adducts 

(90) 

C6HS OAC 
(58) 

TI(OAc), ca\Hs \ /  C6H , G C R  c=c\ + /c=c\ 
AcO/ R (OAc),TI R 

(91 1 (92) 

R Ratio 91 : 92 
CHJ 2.5-2.8 
Et 1 *8 
n-Pr 1.9 
n-Bu 1.9 

as well as the regioselectivity decreases as the steric bulk of the alkyl group increases. 
Diphenylacetylene and 3,3-dimethyl-1 -phenylbutyne-1 d o  not form adducts even 
under more drastic conditions. 

The replacement of the thallium group in the adducts by a number of other 
substituents is a synthetically useful reaction. These reactions, which are known to  
occur with the oxythallates of alkeneslGC, lG7 and arylthallium compoundslG8* lG9, 

have been extended to the adducts 91 and 92 170. The reactions are summarized in 
Scheme 9. Protodethallation occurs in refluxing acetic acid while halogeno- and 

c.\H5 /Cl 
,c=c 

\ 
AcO C H, 

CH,CN 
C6HS H 
\ /  

\ A \ 

c6\Hs /Tl(OAc), 
HOAc 

-? KC' 

* /c=c c=c 
AcO/ CH, AcO c H, 

'6:s /CN cuxN KB$;:& c x  c p  /I 

\ 
c=c 

CH, c=c, AcO/ CH, 
c6\H5 ,Br 

c=c 
\ 

AcO/ 

AcO/ CHJ 
SCHEME 9 
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cyano-dethallation occurs by reaction with the corresponding copper(1) or copper(i1) 
salt in acetonitrile. All the reactions occur with retention of a1ker.e configuration. 

As in the case of the addition of mercuric salts to alkynes, there are insunicient 
data to permit mechanistic conclusions. 

X. HALOGENS 
A. Fluorine 

The addition of fluorine to alkynes forms the tetrafluoro adduct as the major 
fluorine-containing product. For example, the addition of molecular fluorine to 
tolane (93a), I-phenylpropyne-1 (93b) and phenylacetylene (93c) at - 78 "C in 
CCI,F as solvent forms the tctrafluoro compounds 94a, 94b and 94c respectively 
(equation 59)171. The use of less than stoichiometric amounts of fluorine does not 

OCH, OCH, 
0 I 

(93) 
(a) R = C,H, 
(b) R = CH, 
(c) R = H 

I I 
C,H,CF,CF,R+ C,H,CFCF,R+C,H,CCF,R 

I 
OCH, 

(94) (95) (96) 

23% 57% 20% 
19% 50% 31 % 
13% 35% 52% 

(59) 

result in thc formation of the difluoro adduct; only the tetrafluoro adduct and 
unreacted alkyne are found. Thus the difluoroalkene is more reactive than the 
original alkyne. When methanol is used as solvent, gem-fluoro ethcrs 95 and dimethyl 
ketals 96 are found as products as well as the tetrafluoride 94. The percentages of 
each are given in equation (59). The structures of the solvent-incorporated products 
are a strong indication of the polar character of the fluorinating reagent. A mecha- 
nism involving an open carbonium ion has been proposed to account for the data171. 

Xenon difluoride adds fluorine to alkynes as well as to a l k e n e ~ l ~ ~ ~  17,. The reaction 
of xenon difluoride with I-phenylacetylenes, 93a, 93b and 97, in methylene chloride 
at 25 "C with anhydrous hydrogen fluoridc as catalyst, also yields only the tetrafluoro 
adduct (equation 60)lP2. Again use of less than the stoichiometric amount of xenon 

IIF 
C,H5C=CR+2XeF, C,H,CF,CF,R 

(97) (R = n-C,H,) 

difluoride forms only the tetrafluoroadduct and unreacted alkyne. Phenylacctylene 
does not react with xenon difluoride to form the expected tetrafluoro adduct; only 
polymeric material is formed. In the absence of anhydrous hydrofluoric acid as 
catalyst, the fluorine addition is very slow. 

Non-empirical SCF-MO molecular wave functions have been computed for the 
two limiting structures of C2H2F+, the open fluorovinyl cation (98) or the bridged 
ion (99), with full geometry optimization using double-zeta quality atomic orbital 

F F+ 
/ \  + /  

H-C=C\ 

H 
H. :="\ 

H 
(99) 

F+ 
/ \  

H 
:="\ 
H 

(99) 
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basis sets'?'. The open fluorovinyl cation was found to be about 31 kcal/mol more 
stable than the bridged ion. No comparison between theoretical and experimental 
results can be made since neither the stereochemistry of the product nor thc rate 
law of the addition have been determined. 

The available data on the addition of fluorine to alkynes are so sparse that few 
mechanistic conclusions can be reached. 

0. Chlorine 

Chlorine adds to  alkynes to form the expected dichloro adducts (100). In  the 
presence of added nucleophiles or nucleophilic solvents (HOS), addition of chlorine 
often forms mixed products as well as chloroacetylenes (101) (equation 61)1751 

HOS -C=C-+CI, - ClC=CCl- + -ClC=C(OS)-+ -CIC=C- (61) 

(1 00) (1 01 1 
The rate law for the addition of chlorine to alkynes in acetic acid is second order 

overall, first order in both alkyne and chlorine177. The rate constants for chlorination 
of a number of alkynes are given in Table 19. From the data it is clear that electron- 
withdrawing substituents depress the rate while alkyl groups accelerate the rate in 
keeping with an electrophilic addition. The rates of chlorination of the ring- 
substituted phenylacetylenes give a Hammett correlation (versus o+) with a value 
of -4.31 for p 

TABLE 19. Rate of addition of chlorinc to 
alkynes in acetic acid at 25 "C 177 

Alkyne k2 ( M - ~  s-l) 

10.6 k 0.2 
1 8 3 t l  
14.9f0.1 
4.1 5 f 0.2 
2.8 1 If: 0.01 

30.3 f 0.5 
(1 -49 & 0.03) x 1 0-2 
5.06 f 0.02 
2.60 f 0.01 

(3.25 k 0.02) x 10-3 

The simplest mechanism consistent with all the experimental data is an A&2 
mechanism involving a cationic intermediate (102) (equation 62). An open structure 

HC=CH+CI, - [C,H,CI]+CI- - CIHC=CHCI (62) 

(1 02) 

can be assigned to the intermediate (102), based upon the formation of non-stereo- 
specific dichloro adducts but regiospecific Markownikoff solvent incorporated 
products. The data are given in Table 20. A slight preference for syz addition is 
shown in  the formation of the dichloro adducts while miti addition is preferred in 
the formation of the solvent-incorporated products. This behaviour is similar t o  
that found in the chlorination of phenyl-substituted a l k e n e ~ ' ~ ~ ~  For alkenes, a 
mechanism involving a tight open carboniuni-ion chloride-ion ion pair has been 
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TABLE 20. Products of addition of chlorine to arylalkynes in acetic acid 
at 25 "C 17' 

Product composition (%) 
~ ~~~ 

Dichlorides Chloroacetates" 
Chloro- 

Alkyne alkyne (El (z)  (a Q 

CoHbC=CH 11.5 14.9 40.3 20.3 l 3 . 0  
4-CH3C6H,CsCH 16.9 30.5 37.3 10.2 5.1 
c6 H,CE CCH, - 33.3 39.2 27.5 

a Markownikoff orientation. 

postulated to  account for the regio- and stereochemistry of the products. The 
preliminary data on chlorination of alkynes can be interpreted in terms of a similar 
mechanistic scheme. 

On the basis of molecular orbital calculations, the P-chlorovinyl cation (103) is 
predic!ec! to be more stable than the bridged ic:: (104) by about 12 kcal/mol lea. 
The relative energies were obtained from non-empirical SCF-MO molecular wave 
functions using double-zeta quality atomic orbital bases sets with full geometry 
optimization. These results are  in accord with the known experimental data. 

CI 

H 

+ /  
H-C=C, 

CI+ 
/ \  

H H 
,C=C 

\ 

(1 03) (1 04) 

The chlorination of alkynes has also been carried out with metal chlorides. For 
example, acetylene reacts with cupric chloride in methanol a t  55 "C to form tri- and 
tetrachloroethyleneslel. The dihaloalkenes are the Droduct of the reaction of cumic 
chloride with- alkylphenylacetylenes (105) (equaiion 

LiCl C6\H, ,CI 
.C=C, C,H,CrCR 1- CuCI, d 

63)Ie2. In  the presence- of 

CGHs /R 

CI CI 
(a 

+ ;c=c, (63) 

lithium chloride, the (E) isomer is favoured in all cases except for the chlorination 
of 3,3-dimethyl-l-phenylbutyne as illustrated in Table 21. While the reaction proceeds 
even in the absence of lithium chloride, the yield and the selectivity were found to  be 
lower in the chlorination of 1-phenylpropyne. The product composition is insensitive 
t o  radical scavengers. Prolonged reaction times improve the yields of dichloro 
adducts but d o  not change the isomer ratio indicating that the products are probably 
those of kinetic control. An ionic mechanism involving a copper salt complex has 
been proposed to account for the product stereochemistry. 

Antimony pentachloride also reacts with alkylphenylacetylenes to form dichloro- 
alkene adductsle3. In  this case syrz addition to form the (2) isomer is preferred as 
indicated by the data in Table 22. A mechanism involving a concerted or a near- 
concerted molecular addition of antimony pentachloride or its dimer to  the triple 
bond has been suggested. 
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TABLE 21. Product composition of the chlorination of alkylphenylacetylenes by CuCI, 
at 82 "C 

Alkyne 
Molar ratio 

CuCl,/al kyne 

40 
40 
40" 
40 
40 
40 
40 
40 

Reaction 
time (h) Yield (%) 

24 95 
24 94 
24 68 
24 94 
48 93 
48 93 
48 95 
48 95 

~~ - 

Product composition (%) 

(El  ( Z )  

94 6 
98 2 
91 9 
95 5 
94 6 
93 7 
80 20 
21 79 

a LiCl was not added. 

Molybdenum(v) chloride reacts with 4-octyne and 2-pentyne in methylene 
chloride at  room temperature t o  form the (Z)-dichloroalkene adducts in approxi- 
mately 40% yieldla'. Tungsten hexachloride is another transition metal chloride that 
shows reactivity as a chlorinating agent. Chlorination by metal halides appears to be 
useful synthetically because highly stereoselective dichloroalkenes can be prepared. 
However, i t  is not clear if these are truly electrophilic addition reactions. 

TABLE 22. Product composition of the chlorination of alkylphenylalkynes by 
SbCI, at  25 "C la3 

Product composition (%) 
Molar ratio 

Alkyne SbCl,/alkyne Yield (A) (El  ( Z )  

C. Bromine 

While the dibromo adducts (106) are usually formed as adducts, bromination 
carried out in nucleophilic solvents often results in the formation of solvent- 
incorporated products (107) (equation 64). Bromoalkynes (108) are sometimes 
formed in the  bromination of terminal acetylenes. 

-C=C-+Br, - -BrC=CBr-+-SOC=CBr-+-C=C-Br (64) 
nos 

(106) (107) (108) 

Depending upon the reaction conditions, the rate law for the ionic bromination 
of alkynes contains all or part of equation (65)la5. In  acetic acid as solvent, a t  low 

-d[Br21 = k,[Br,] [A]+k3[Br,12 [A]+kj[Br,] [Br-] [A]; [A] = [Alkyne] (65) 
dt  
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bromine concentration (less than 3 x 10-OM) and in the absence of bromine ion, 
only the first term in equation (65) makes a significant contribution to thc observed 
rate. At a bromine concentration of approximately 1 x ~ O - * M  both the k, and k, 
terms contribute to the overall rate equation. In the presence of added bromide ion 
the third term becomes important. 

Under conditions where overall second-order kinetics are followed, Pincock and 
YatesLa5 have studied the effect of alkyne structure on the rate of bromination. 
Their data are given in Table 23. The rates for the ring-substituted phenylacetylenes 

TABLE 23. Second-order rate constants 
of bromination of alkynes in acetic 

acid at 25 "C 185 

k, x lo3 
Alkync (M-' S-I) 

iZ-Bu C= CH 
t-BuC=CH 
EtC=CEt 

CBH5C=CH 
C G H ~ C S C C H ~  

4-CH,CGHdC=CH 
4-FC6HaCs CH 
3-CH,CcH,C= CH 
4-CICGHdCsCH 
4-BrCGH4C= CII 

0.1 74 5 0.0 1 1 
0.285+0.013 
5.84 f 0.10 
2-46 f 0.06 
4.33 k 0.06 
247 f 8 
11.3 f 0.3 
4-33 5 0.06 
1-54 If: 0.1 6 
1.13f0.03 

are correlated well with u+ values and give a p value of -5.17. These data clearly 
establish that the bromination of phenylacetylenes in acetic acid is an electrophilic 
reaction. 

The product composition in the absence of salts is given in Table 24. For the 
phenylacetylene derivatives, the non-stereospecific formation of dibromo adducts as 
well as regiospecific solvent-incorporated products with Markownikoff orientation 

TABLE 24. Product distribution for the bromination of alkynes in acetic acid at 25 "C lS5 

Products 

Alkync 1\ R' R I3 I' 
(RC= C R )  

LiBr 

_ _  
\ /  ,c=c\ \ /  ,c=c\ I<(OAc\- ~~~ ~ 

R R (M) RC=CBr 

19 

14 
< 0.5 
44 
19 

- 42 
> 99 
59 
97 
56 
81 
72O 

> 99 
> 99 
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clearly indicates that a vinyl cation is formed which reacts rapidly with either 
bromidc ion or solvent acetic acid. The products of bromination of the alkylacetylenes 
are quite different from those for the phenylacetylenes. For both 3-hexyne and 
I-hexyne only ( E )  dibromides are formed as products in agreement with previous 
results for other a lkyla~etylenes~~~.  

The rate and product data for addition to phenylacetylenes are consistent with an 
AdE 2 mechanism involving a vinyl cation intermediate (109) as shown in Scheme 10. 
In non-dissociating solvents like acetic acid, the product stereochemistry may well 

R R 
Y .  

C,H,-C= 
Brl , 1 ...... Br 1 + /  / 

C,H,CSCR HOAc -+ C,H,C=C, Br-, C,H,C(Br)=C\ 
Br 8- Br Br 

R 

Br 

C,H,C(OAc)=C\ / 

SCHEME 10 

depend upon the intervention of a number of different ion pairs. The scheme 
suggested is similar to the one proposed for the bromination of styrenes185. However, 
the evidence supporting such a scheme is meagre. 

The ariti stereospecific products formed by the bromination of alkylacetylenes 
suggest that the intermediate in these cases has a cyclic ‘bromonium’ ion-like 
structure (110). 

B rf 
/ \  

,C=C 
\ 

(110) 

Products of stereospecific anti addition are formed even with phenylacetylenes 
when the bromination is carried out in the presence of added bromide ion. The data 
are given in Table 24. An examination of the kinetics under these conditions leads to 
an understanding of the role of the bromide ion. By measuring the rates of bromi- 
nation at different bromide ion concentrations, i t  is possible to obtain the rate 
constant kj in equation (65). The data in acetic acid185, methanol187 and methanol- 
water187 8rc given in Table 25. The ratio kj[Br-]/k, is a measure of products formed 
by the two paths: bromide ion catalysis (kj[Br-1) and molecular bromination (k,). 
Based upon the magnitude of this ratio, it is clear that the reaction is being dominated 
by different kinetic processes and molecular bromination is in general only a minor 
contributor. It is therefore not surprising that the product stereochemistry changes 
in the presence of added bromide ion. 

Two mechanisms have been proposed to explain the kj term of equation (65). 
One is an electrophilic attack by tribromide ion, while the other is a bromide ion 
catalysed proccss. Based upon the marked decrease in bronioacetate and the increase 
in allfi dibromide products it was suggested185 that the bromination of phenyl- 
acetylenes in the presence of bromide ions involves a broinide ion catalysed A& 3 
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mechanism proceeding through a transition state like 111. An alternative mechanism 
of nucleophilic attack by bromide ion on  a ~i complex would give the same results 
and cannot be ruled out. Dubois has also concluded that the bromination of 
alkynes in the presence of bromide ion occurs by a bromide ion catalysed 
mechani~m'~'. 

7,- 
C,H, &+ .Br...Br 

B i  

\ .._..: 
' \  
C=C 

R 
(111) 

It is possible that these mechanisms are all related as illustrated in Scheme 11. 
In this mechanism a ?i complex is formed which can undergo a number of reactions. 
I t  can be attacked by a nucleophile to  form products by aii/i stereospecific addition 
(path a). I t  can open to form a vinyl cation (path b) or a bridged ion (path c) 
depending upon the relative stabilities of the ions. While it has been proposed that 
a x complex is on the reaction path prior to  the rate-determining step188, the evidence 
for its existence is not overwhelming. Clearly more data are needed to  test this 
scheme. 

Nu 
\ /  

Br Br 
\ /  + /C=c\ /c=C \ 

so\ / 

/ 
/c=c, 

Br 

Br y 
Br so\ , Br 

N A  
B rz 

\ 
2 -&c/ H O S ,  /c=c\ + ,c=c -C=C- + Br, - -cfc- \ 

Br 

Br\ / 
Br- /c=c\ 

Br 

so, / 

/c=c \ 
Br 

SCHEME 11 

D. Iodine 

Berliner has studied the addition of iodine to acetylenic carboxylic acids and their 
anions in aqueous solutionslsB* 190. The major product of iodination of sodium 
phenylpropiolate is a,P-diiodocinnamic acid, believed to  be the (E) Small 
amounts of a,p,p-triiodostyrene were also isolated. The proportions of products 
depend upon the concentration of iodide ion. A t  low concentrations more tri- 
iodostyrene is formed. 

The rate of the addition is first order with respect to both sodium phenylpropiolate 
and stoichiometric iodine and the experimental rate law is 

-d[I,],/dr = k,b,[CGHSC~CC02Nal[I,lt 
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in which [I& represents the total titratable iodine. By following the rate a t  various 
added iodide concentrations, it was found that kohs is composed of three terms as 
shown in equation (66) where Kl represents the dissociation constant of the triiodide 

ion. At relatively low iodide ion concentrations (1-5 x 1 0 - 3 ~ )  all three terms 
contribute significantly to  the reaction. At the lowest iodide concentration studied 
(7.5 x lo-") the third term is preponderant and contributes 67.5% of the total. At 
high iodide ion concentration (0.02-0-1~), only the first term is important and the 
rate is indepcndent of iodidc ion concentration (Kl + [I-] z [I-]). 

Attempts have been made to  interpret mechanistically each term in equation (66).  
At high iodide ion concentration, three mechanisms fit the rate law. The  first is an 
A& 3 mechanism similar to that proposed for bromination proceeding through a 
transition state like 112. A second possibility, kinetically indistinguishable from t h e  

S- 
?...Iz s+.  . . : 

C,H,C=CCO,- 

first, involves electrophilic attack by triiodide ion with a transition state like 113. 
The third possibility involves reversible complexing between the alkyne and iodine 
followed by rate-determining attack by external iodide. The  available data do not 
distinguish particularly well between the three possibilities. Based upon the absence 
of keto acids as products, the authors favour the iodide ion catalysed iodination 
mechanism (112). 

An AdE 2 mechanism involving rate-determining attack of free iodine is the most 
straightforward mechanism for the second term in equation (66). Two mechanistic 
possibilities were considered for the third term. The first is a slow reaction of a 
hydrated iodine cation followed by fast attack of water or iodidc ion o n  the inter- 
mediate. The second involves a fast equilibrium between iodine and the phenyl- 
propiolate anion followed by rate-determining attack by water or decomposition of 
the intermediate to triiodostyrene. 'The positive iodine mechanism is preferred 
because it is hard t o  see why the reaction of the vinyl cation with water should be 
rate-limiting, and why the presumably unstable and very reactive intermediate 
should not immediately be captured by the nucleophile before it returns to 
reactants.' lBD 

Clearly the mechanism of iodine addition to sodium phenylpropiolate is very 
complicated and many other mechanisms or variants of the proposed mechanisms 
can be formulated. One interesting variant of the iodide ion catalysed mechanism 
(112) is the possibility that bond making a t  the two acetylenic carbon atoms may 
not be completely synchronous. Thus the mechanism couid be either electrophilic or 
nucleophilic, depending upon which bond is formed first. The  rate of addition to the 
phenylpropiolate anion is faster than to phenylpropiolic acid which indicates that 
in this case the electrophilic componcnt of the reaction predominates. 

Similar mcchanisms have been postulated for the iodination of propiolic acid'". 
The major product is (E)-2,3-diiodoacrylic acid. The  rate follows the rate law given 
in equation (67). The first term corresponds to the rate-determining attack of iodine. 

(67) -d[I 1 = k,[CH=CCO,H] [I,] + k,[CH=CCO,H] [I,] [I-] 
dt  
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Jn the absence of iodide ion the rate of iodination of sodium propiolate is slightly 
faster than that of the acid. If i t  is assumed that the reaction under these conditions 
is the k2 process, thcn the addition is electrophilic. 

The same three mechanisms considered for the first term in equations (66) can be 
used to interpret the second term of equation (67). The kinetics of the reaction do 
not perinit a distinction between them, and the chemical evidence is not overwhelming 
i n  favour of any onc mechanism. It is found that propiolic acid reacts faster than 
its anion and faster than tetrolic acid (CH,C=CCO,H). Such an order of reactivity 
indicatcs that the addition is nucleophilic. However, the propiolate anion reacts 
slower than tctrolatc anion which is the electrophilic order. Therefore, the addition 
is not clearly electrophilic or nucleophilic. ‘The most attractive mechanism is a 
termolecular, but not synchronous one. I n  the reaction of the acids, bond making 
to the nucleophile may precede the attachment of the electrophile in the transition 
state, and the carbon would attain some carbanion character without fully developing 
a carbanion. This accords with the well docuniented susceptibility of the triple bond 
toward nucleophilic reagcnts and the great nucleophilicity of iodide ion. In the 
reaction of t h e  anions the attack of the electrophile could run ahead of the 
attachment of the nucleopliile.’~90 

Evidence for this mechanism is providcd by the study of the iodination of 
substituted sodium phenylpropiolates at  high iodide concentrationSlD1. Under these 
conditions the terrnolecular term contributes over 90% to the total rate. The data 
for the eXect of substituents upon the rate are given in Table 26. While the overall 

TABLE 26. Rates of iodination of substituted 
sodium phenylpropiolateslO1 

kohs x lo3 
Substituent ( M - ~  s-l) 

~~ 

4-OCH3 
4-CH3 
3-CH3 
H 
3-OCHa 
4-C1 
4-Br 
3-Br 
3-Cl 
3-NO2 
4-NO8 

25.6 
3.10 
1.75 
1.30 
1.15 
1 . 1 1  
0.979 
0.701 
0.685 
0.385 
0.3 10 

differences in rates are not large, the trend is consistent with an electrophilic reaction. 
The 4-methoxy compound is the fastest and the 4-nitro the slowest. However, a 
Harnmett plot against cither (T or O+ is non-linear. Such a result is an indication of a 
change in mechanism. ‘Although the reactions are termolecular, the transition states 
are assumed to be slightly different for each compound, depending upon the sub- 
stituents. Thc relative extent of bond formation between the substrate and the 
elcctropliilic iodine and the nucleophilic iodide ion has proceeded to a different 
degree for cach of the compounds. When the substituent is strongly electron- 
donating bonding of the substrate to the electrophile predominates over that to the 
electrophile and the transition state will have a considerable amount of carbonium 
ion character, which is aided by the substituent. When the substituent is electron 
attracting, the bonding of the nucleophile to the triple bond will have progressed 
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further than bonding to the electrophile, and this is aided by the nitro group. The 
various transition states will have varying extents of electrophilic and nucleophilic 
bond formation, although kinetically all are third order.'1e1 

This termolecular, aithough not completely synchrous, mechanism provides a 
more satisfactory explanation than the kinetically equivalent alternatives. 

The reaction of tolan at  50 "C in the dark with a mixture of iodine and peracetic 
acid in acetic acid forms stereospecifically (E)-a-iodo-a'-acetoxystilbene which is 
oxidized by peracetic acid to form benzillg2. By using a 2 : 1 : 1 ratio of tolan : 
iodine : peracetic acid, (E)-a-iodo-a'-acetoxystilbene is the major product. The rate 
of consumption of peracetic acid and/or iodine in the reaction of tolan with a 
mixture of iodine and peracetic acid is almost the same as that in the reaction of 
peracetic acid and iodine alone. Such a result strongly suggests that the slow step 
of the mechanism is the formation of acetyl hypoiodite (114) which is the electro- 
phile (equation 68). The isolation of methyl iodide and carbon dioxide from the 

slow 
1, + CHSCOZH + CHSCOSH __f 2CHSCOzI + HZO 

(1 14) 
(68) 

fast I\ /c6H5 
C,H,C=CC,H, + CH,CO,I ---+ ,C=C, 

C,H, OCOCH, 

reaction mixture formed via decarboxylation of acetyl hypoiodite is evidence for 
its existence in the reaction mixture. The evidence that 114 is the electrophile rests 
on the suggestion that acetyl hypobromite (CH,COBr) is the electrophile in the 
bromoacetoxylation of diphenylacetylenes with N-bromosuccinimide in aqueous 
acetic acidlB3. 

XI. HALOGEN-LIKE COMPOUNDS 

A. Interhulogens 
The variation in electronegativity among the halogens makes possible the combi- 

nation of one halogen with another to form an interesting series of compounds 
known as the interhalogens. Of the various possible combinations of binary inter- 
halogens only CIF, ICI and IBr appear to be well-defined corn pound^^^^-^^'. Chlorine 
monofluoride may be prepared by the reaction of fluorine with chlorine at  
220-250 "C 188-200 or the reaction of chlorine trifluoride with chlorine at 250- 
350 "C 201* 202. Similarly ICI and IBr are prepared, in general, from equimolar 
mixtures of the parent halogens. 

Bromine monofluoride, prepared in situ from the reaction of anhydrous hydrogen 
fluoride and N-bromoacetamide, can be added to 1 -hexyne, 3-hexyne, 1 ,Cdichloro- 
2-butyne and phenylacetylene to form bromofluoroalkenes (equation 69)?03. In  no 

H F+ CH3CONHBr+-C=C- ___+ -CF=CBr- (69) 

case is the addition of a second molecule of BrF observed. In the case of terminal 
alkynes, the addition forms products with Markownikoff orientation (equation 70). 

C,H,C=CH+HF+CH,CONHBr - C,H,CF=CHBr (70) 

When electron-withdrawing substituents are bonded to the triple bond no reaction 
occurs. For example, no reaction is observed with CH,OC(CF,),C=CH or 
CH,OC(CF,),C=CCl. This result is consistent with an electrophilic addition. 
The principal products are formed by anti addition. For example 1-hexyne forms 
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95% of the ( E )  and 5% of the (2) isomer. The product composition changes slowly 
over a period of months to form finally 40% of the ( E )  and 60% of the (Z) isomer. 
This indicates that the initial products are formed under kinetic control. While 
products of stereospecific anti addition are found for phenylacetylene and 1,4- 
dichloro-2-butyne, 3-hexyne forms a mixture containing 78% of the (E) and 22% of 
the (Z) isomer. 

Attempts to use a silver fluoride-bromide method to generate bromine mono- 
fluoride proved unsuccessfulz0'. Only a trace of the bromine monofluoride addition 
product was obtained. The major product was 115, probably formed uiu the alkyne- 
silver salt followed by its reaction with bromine (equation 71). Under similar 
conditions 3-hexyne formed only 3,4-dibromo-3-hexene as product. 

(71 1 

The addition of BrCI and ICI to ethyl but-3-ynoate in acetic acid occurs stereo- 
and regiospecifically to form the (E) Markownikoff adducts, 116a and 116b (equation 
72)zo5. N o  products of solvent incorporation are found even in the presence of added 

CH,CN 
n-BuC=CH +AgF+ Br, > n-BuC=CBr 

(1 15) 

CHECCH,CO,C,H, 

acetate ion. The addition of 

CH,CO,C,H, x \  / 
+ XCI + ,c=c, (72) 

H CI 
(116) 

(a) X = I 
(b) X = Br 

IBr occurs non-reniospecifically forminn both the 
(E) Markownikoff and (E) anti Markownikoff adduck. However, it is not clear if 
these are products of kinetic or thermodynamic control. The kinetics of the addition 
of ICI was examined briefly. The data fit the rate law shown in equation (73). 

d[tC1l - k,[alkyne] [LCI]? + k,[alkyne] [IC1I3 dt  
(73) 

The stereo- and regiochemistry of the products of the addition of the interhalogens 
BrCI, ICI and IBr to ethyl but-3-ynoate suggest that a bridged ion intermediate may 
exist prior to the product-determining step205. However. more data are needed to 
confirm this proposal. 

B. Pseudohalogens 
Pseudohalogen is a general term given to a compound, such as a halogen isocyanate 
(XNCO), halogen azide (XN,). halogen nitrate (XNO,) or halogen thiocyanate 
(XSCN), which resembles the halogen in its behaviour. Among the many examples 
of these compounds, few have been added to alkynes. 

Iodine isocyanate is prepared by the reaction of silver cyanate and iodine in 
diethyl ether or tetrahydrofuran. When phenylacetylene is added to a preformed 
solution of INCO, addition takes place20G. The product was not isolated but hydro- 
chloric acid work up yielded acetophenone. This result indicates that the addition of 
INCO to phenylacetylene forms the Markownikoff adduct, 117 (equation 74). 
Tolan, 4-octyne and 2-octyne also form adducts but not stearolic acidzo7. 

C,H,C=CH+INCO - C,H,C=CHI HCI > C,H,COCH, (74) 
I 
NCO 

(1 17) 
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The addition of iodine azide to 1-phenyl-propyne (118) and phenyl (l-hydroxy- 
cyclopentyl) ethyne (119) forms products 120 and 121 respectively (equation 75)208. 
The regiochemistry of 120 and 121 is opposite to that normally found for the 

IN, + C,H,CECR C,H,CI=C(N,)R 

(75) 
(118) R = CH, 

(119) R = 

(120) R = CH, 

(121) R = 
O ' O H  D O H  

products of addition of acids and arenesulfenyl chlorides to phenylacetylenes (see 
Sections I1 and VII). These findings have led Hassner to propose the three-member 
iodoniurn ion, 122, as  an  intermediate in this addition. 

&h7----CH3 t----f C,H,C=C-CH, / .: 6+  

I 
6+ + 

TABLE 27. A comparison of the rates of 

Electrophile H C s C H  H,C=CH, ko/k, a C6H5C=CH C6H,CH=CHz ko/k, 

Hydration in 
aqueous acid 
solutions 
[kohs (S-'>l 

[kobs (s-')] 
CF3COBH 

CH,CO,H' 

in TCE 
'I-CICGH~SCI 

[kobs (MI'  s-91 
C6H$kCl In 

CH2C12 
[kobs (M-' S-')] 

Cl, in 

Br, in 

acetic acid 
[kobs (M-' S-'>I 

acetic acid 
[kobs b 1 - l  s-'11 

Br, in 
methanol 

- 83 x lo-, bo 

3.1 x 10-3 ce 

1.89 x 10-3 do 

- - 
2.82 x lo4 ' 0.334' 

1 o c  - 

1-14 x 104 4.33 x 10-3 6 

0.55bC 
0.6Y' 
0.65d' 

- 

- 
186 

1 x 103 

720 

2.6 x 103 

- 

[k, (M-' S-')] 

kolkn koledkncctulene.  
* Extrapolated to an cquivalent acidity in aqueous HCIO, and H,SO,/HOAc. 

48.7% aq. HBS04. 
47% aq. H2S04 with 3% methanol. 
Rcference 210. 
Rcference 133. 

0 Reference 124. 
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This ion in which the double bond and the phenyl ring are conjugated is stabilized 

by the inductive effect of the substituents. Since a methyl group is better able to 
stabilize a positive charge by purely inductive effects than a phenyl group, nucleo- 
philic attack occurs at the P carbon. A similar explanation is advanced to explain 
the product 123, of opposite regiochemistry, formed by the addition of iodine 
azide t o  brornophenylethyne (equation 76)209. 

C,H,C=CBr+IN, ___+ C,H,C(N,)=CIBr (76) 

(1 23) 
However, a mechanism involving the cyclic ion 122 is inconsistcnt with the 

non-stereospecific addition of INCO t o  1-phenylpropyne. A 1 : 2 mixture of 
stereoisomers was found. 

XII. COMPARISON OF ELECTROPHILIC ADDITIONS TO 
ALKENES AND ALKYNES 

At first glance electrophilic additions to alkenes and alkynes appear very similar. 
However, a more careful examination reveals a number of differences. To examine 
the similarities and  differences, let us compare the relative reactivities, stcreo- and 
regiochemistry of electrophilic additions t o  alkenes and alkynes. 

The rates of addition to selected alkenes and alkynes are  given in Table 27. The 
data were selected for four types of compounds: the parent compounds, acetylene 

electroohilic additions to alkynes and alkenes 

jl-BuCECH jt-BUCH=CH, ko/k, EtCECEt (E)-EtCHXCHEt ko/k, a 

5.35 x 10-5 be 1.94 x lo4 b r  3.6 2.26 x 1 0 - 3  = 3.75 x 10-4 c 16.6 

9.73 x 10-2 679' 6.9 x lo3 3-49'' 1390' 4 x  102 

1.45 x lo-' 7.67 x 103 5.3 x lo5 5.0 >lee - 105 
1-74 x 10-4 e 3 I .7' 1.8 x 105 5434 x 10-3 0 1.96 x lo3 3.4 x 105 

- - - 0.62"' 5.12 x 10' 'I 8.25 x 10" 

* Referencc 150. 
' Rcference 2 1 1. ' Refcrence 212. 
I: Refcrence 213. 

Reference 214. Comparison between dipropylacctylene and 4-nonene. 
Refcrence 215. 
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and ethylene; phenyl-substituted compounds, phenylacetylene and styrene; com- 
pounds containing internally situated unsaturated carbon-carbon bonds, 3-hexyne 
and (E)-3-hexene; and finally compounds containing terminally situated unsaturated 
carbon-carbon bonds, 1 -hexyne and 1-hexene. Unfortunately data are  not available 
for all compounds and all electrophiles. However, i t  is possible t o  reach certain 
tentative conclusions based upon these data. 

There is little difference between the rates of hydration of alkenes and alkynes. 
On the other hand, the rates of addition of bromine and chlorine in acetic acid and 
benzeneselenenyl chloride in methylene chloride are all much faster with alkenes 
than alkynes. The ratio k0/ka for the addition of 4-chlorobenzenesulphenyl chloride 
is the most variable. I t  is large for the parent compounds and decreases steadily with 
substitution. This decline in the ratio ko/ka is due t o  a larger effect of substituents on 
the rate of addition to alkynes than alkenes. A similar but smaller effect is evident 
for the addition of benzeneselenenyl chloride. For bromination, the ratio ko/k,, 
remains constant for the alkyl substituents but decreases when phenyl is the sub- 
stituent. The effect of substituents on  the rate of brornination seems to  be slightly 
greater for alkynes than alkenes. This effect is also evident from the p values obtained 
from the rates of addition to substituted phenylacetylenes and styrenes given in 
Table 28. A similar effect of substituents on alkenes and alkynes has been noted for 
brornination in methanol and methanol water2lS. 

TABLE 28. Comparison of p values for additions to substituted styrene and phenylacetylenes 

Electrophile Substrate Solvent P Reference 

HzO-H2S04 
HzO-HzS04 
HOAc 
HOAc 
HOAc 
HOAc 
HOAc 
HOAc 

- 3.84 216 
- 3.27 217 
- 4.3 177 
- 3.2 179 
- 5.17 185 
-4.82 (kz) 218 
- 1.35 127 
- 1 *90 219 

For three of the four pairs of compounds listed in Table 28, the value of p is more 
negative for the alkyne. Only in the case of the addition of 2,4-dinitrobenzene- 
sulphenyl chloride is the reverse found. This seems strange in view of the observation 
that alkyl substituents have a larger effect on the rate of addition of arenesulphenyl 
chlorides to alkynes than alkenes. It has been suggested that this anomaly is due to 
the structure of the intermediate thiirenium ion in which the double bond of the 
thiireniuni ring is conjugated with the phenyl ring127 (a structure similar to 122). 
However, this suggestion has recently been q ~ e s t i o n e d ' ~ ~ .  

The Harnrnett p values in Table 28 are difficult to interprct. They certainly d o  not 
follow the known bridging abilities of the heteroatoms ( S >  B r > C l S H )  for either 
the alkyne or alkene series. It appears doubtful that  the absolute magnitude of p 
can be used as a measure of charge development a t  the benzylic carbon atom in 
the rate-determining transition state. 

One of the problems with comparing the ratios k,/k, for the various electrophiles 
in Table 27 is that the solvent is a variable. Solvent has a great effect upon the ko/k, 
ratio a s  shown by thc data for bromination in Table 29. As the solvent polarity 
increases the ratio ko//ia decreascs. In fact the relationship between relative reactivity 
and solvent polarity is linear. Thus the large differences in energy between the 
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positively charged intcrniediates formed from alkenes and alkynes, expected from 
gas-phase results and observed in weakly polar solvents, completely disappear in 
aqueous solution. This suggests that the rate-determining transition state occurs 
earlier for electrophilic additions in strongly polar solvents or that the effect of 
solvents is more pronounced on  the additions to alkynes. 

TABLE 29. Effect of solvent on relative rates of 
bromination of phenylacetylene and styrene210 

Solvent R" kolk, 

2590 HOAc - 

50% CHSOH-HZO 8.0 17.2 
30% CH3OH-H,O 1.7 2.3 
H2O 067 (0.61)b 0.63 (0*54)b 

CHBOH 102 1 02 

Product ratio of styrene to phenylacetylene. 
Reaction carried out in presence of excess silver 

c Calculated from Ingold-Shaw equation [J .  
nitrate. 

C h m .  SOC., 2918 (1927)l. 

Relative reactivities can also be determined by comparing the experimental 
conditions needed to carry out a particular addition reaction. An example is the 
carbalumination of alkynes and alkenes220. Ethylene undergoes carbalumination 
by triethylaluminium at 150 "C while acetylene reacts more rapidly in the range 
40-60 "C. Substituents enhance this difference in reactivity. Diphenylacetylene 
reacts with triphenylaluminium in 4 h in refluxing mesitylene (ca. 175 "C). After 
40 h a t  the same temperature (Z)-stilbene does not react and it reacts only slowly 
when heated with neat triphenylaluminium. The ( E )  isomer is inert to triphenyl- 
aluminium even when heated to  200 "C. Here is a clear-cut case of an electrophilic 
addition reaction in which a given alkyne is more reactive than the similarly 
substituted alkene. 

Hydroboration with c a t e ~ h o l b o r a n e ~ ~  is another example of a n  addition reaction 
in which alkynes are more reactive than alkenes. Thus catecholborane and 1-decene 
react to  form a 90% yield of product in 8 h a t  68 "C. However, only 4 h at 68 "C 
are needed to obtain a similar yield with 1-hexyne. 

A rough indication of the relative reactivities can be obtained from additions to 
compounds containing both carbon-carbon double and triple bonds. For example, 
the bromination of 2-hepten-S-yn-4-one forms products of exclusive addition to the 
double bond as expected from the data in Table 27. However, hydrogen bromide adds 
exclusively to the triple bond. This apparently anomalous result points out  one of 
the dangers of using these types of data to establish relative reactivities. The addition 
of hydrogen bromide to acetylenic acids and ketones occurs by a nucleophilic 
mechanism. Thus care must be taken to ensure that the mechanism has not changed 
when making such a comparison. This is particularly true for alkynes, since both 
nucleophilic and electrophilic additions readily occur. 

In  general the stereochemistry of electrophilic additions is the same for either 
alkenes o r  alkynes. Thus the additions of mineral and carboxylic acids all occur 
non-stereospecifically to both alkynes and alkenes. For the addition of chlorine 
and bromine, the product stereochemistry depends upon the structure of the sub- 
strate. With alkyl substituents stereospecific anti addition occurs, while for phenyl 



336 George H. Schniid 

substituents non-stereospecific addition occurs. Sulphenyl and selenenyl halides 
form products by arrti stereospecific additions while hydroboration, hydralumination 
and carbaluinination form products by syri stereospecific additions. For the other 
electrophiles there are insufficient data to make a comparison. 

For addition reactions in which regioisomers can be formed, there seen1 to be a 
few ininor differences between alkynes and alkenes. For the addition of arene- 
sulphenyl and selenenyl chlorides, the effect of substituents is more pronounced 
in the regiochemistry of addition to  alkynes than to similarly substituted alkenes1241 13'. 

An explanation for this observation is given in Section VII. Despite the use of 
diffcrent hydroborating reagents, the effect of substituents on the regiochemistry of 
the products of hydroboration is about the same for both alkynes and alkenes. The 
directive effcct in the hydroboration of terminal alkynes with monochloroborane 
diethyl etherate is less than that observed with the hydroboration of alkenes with 
this reagents3* 221. 

On the basis of the limited data available, the gross features of the mechanisms 
of addition to alkynes ere similar to those of the additions to alkenes. Thus the 
mechanisms of acid-catalysed hydration and additions of hydrogen halides and 
carboxylic acids all involve rate-determining proton transfer to either the alkyne or 
the alkene. The mechanism of arenesulphenyl chloride addition involves bridged 
rate- and product-determining transition states for both alkynes and alkenes. 
Similar open and bridged product- and rate-determining transition states have been 
proposed in the mechanisms for chlorination and bromination of alkynes and 
alkenes. For  carbalumination, a 5;-complex intermediate is proposed for both 
alkenes and alkynes. However, its formation is proposed to be rate-determining for 
alkynes, while its decomposition is rate-determining for alkenes2?0. 

From the data presented in this review, it is clear that alkynes are  not always less 
reactive than alkenes towards electrophilic additions. Clearly the nature of the 
electrophile, the solvent and the structures of the alkyne and alkene all affect the 
relative reactivities. Except for this difference in reactivity, the behaviour of alkenes 
and alkynes towards electrophilic reagents is very similar. Based upon the limited 
data currently available we can conclude that the major features of the mechanisms 
of electrophilic additions to  alkynes and alkenes are also very similar. While small 
differences have been observed in a few cases, the relative reactivity poses the major 
unanswered question. Why is the instability of vinyl cations relative to  their saturated 
analogues so manifest in solvolytic reactions yet so variable in its effect on electro- 
philic additions? Clearly much work remains to be done to answer this question. 
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1. INTRODUCTION 

Metalation is the exchange of a hydrogen and a metal atom between two molecules 
(equation 1) or two fragments of a molecule. This reaction has been known since the 

R'H+RzM - R'M+RzH (1 1 
beginning of this century and was very extensively studied in the thirties, forties and 
fifties. 

Despite these studies propargylic metalation was not known until the middle of 
the sixties and was not treated in the two principal monographs on acetylene 
chemistry, those of Raphaell and Viehe*. The subject of propargylic metalation was 
not represented in monographs dealing with the syntheses and reactions of 
 acetylene^^-^ or with the formation and reactions of organometallic c o m p o ~ n d s ~ ~ ~ .  
Only a very recent book on organolithium compoundse has briefly discussed this 
reaction. 

This lack of information on propargylic metalation was very strange, since 
numerous base-catalysed rearrangements of acetylenes are assumed to proceed via 
anions formed by abstraction of a proton from a propargylic position and a number 
of reviews on this subject have been p~b l i shed~-~* .  Moreover, propargylic organo- 
metallic compounds have been known for a long time6-*, but have been prepared 
from metals and propargyl halides. This last reaction was sometimes a very reluctant 
one and in other cases led to dimerizations, due to coupling between the propargylic 
halide and the organometallic compound. 

I I .  METALATION* 

Metalation at propargylic positions of acetylenes carrying an additional activator 
such as triphenyl~ilyl'~ or a l k y l t h i ~ ' ~  groups was reported in the first part of the 

* The structures of the organometallics in this section are not necessarily the correct 
ones. They reflect the structure of the starting materials and the mode of reaction of the 
organometallic compounds. For a discussion of these structures see the next section. 
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sixties (equations 2 and 3). Later Arens and coworkers15 reported that alkylthio- 
allenes also gave organometallic compounds on  metalation; these products reacted 
in a similar manner to those obtained from propargylic inetalation (equation 4). 

Ph,SiCECMe + PhLi + Ph,SiC-CCH,Li (2) 
Liq. NH, 

R'CH,CrCSEt 4- NaNH, > [RICH-CGCSEt C-, R'CH=C=CSEtl- Na+ 

I R'X 
J. 

SEt 
(3) 

/ 

\ 
R'CH=C=C 

R2 

+ 
R'CH=C=CHSEt + BuLi [R'CH=C=CSEtILi 

(4) 
S Et 

C(OH)R,2 

/ 

\ 
R'CH=C=C 

-=Ao 

The first propargylic metalation was achieved on the terminal acetylenes 1-butyne 
(equation 5)16 and propyne (equation 6)". Is. Strangely enough, this metalation took 

BuLl BuLI 
EtCECH EtCSCLi MeCHLiCECLi 

(1 1 
COOH 
I 

MeCHCH,CH,COOH (5) 

4BuL1 IlerSiCl MeC=CH C,Li, THF > (Me,Si),C=C =C(SiMe,), 

(2) (3) 
+(Me,Si),CH-CECSiMe, (6) 

place after the exchange of the acetyIenic proton for a Iithium atom, and therefore 
on  a species that alrcady carried a charge in the organic moiety. 

Eberly and Adams'O characterized 1,3-dilithio-l-butyne (l), the product of 
metalation of 1-butyne, by a reaction with carbon dioxide and subsequent hydro- 
genation, which led to 2-methylglutaric acid (equation 5) .  They also showed that 
dimetalation of methylallene with butyllithium gave 1 (equation 7), since carbona- 
tion and hydrogenation yiclded 2-methylglutaric acid. 

(4) 

MeCH=C=CH,+2 BuLi - MeCHLiCSCLi 

MeCH(COOH)CH,CH,COOH 

The important feature of West's resuIts17 was that three protons were removed from 
the same carbon ofpropyne and replaced by lithium atoms yielding 2. West followed 
the metalation by measuring the amount of butane evolved from BuLi during the 
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reaction and found that it attained 3.85 equivalents. He then characterized the 
products by their reaction with trimethylchlorosilane in THF, which led to a mixture 
of tetrakis(triniethylsily1)allene (3) and tris(trimethylsily1)propyne (4). The last 
compound was assumed to be formed by proton abstraction from the solvent; it 
was metalated with butyllithium and on subsequent treatment with trimethylchloro- 
silane gave 3. West also found” that I-butyne could be metalated with r-butyllithium 
to yield a trilithiated compound (equation 8), which on reaction with trimethyl- 
chlorosilane (7) gave the trisilylated acetylene (5)  and allene (6). 

MeCH,CGCH + 3t-BuLi -+ MeCLi,C--’CLi 

Me,Si SiMe, (8) 
\ / 

Me C(S i Me,),C=CS i Me, + / C%=C, 
(5) Me SiMe, 

(6) 

It is important to stress the identity between the terminal acetylene metalated at  
the propargylic position and the product of metalation of the corresponding 
terminal allene a t  a trigonal atom. The identical products obtained by dimetalation 
of 1-butyne and methylallene have already been mentioned. Such a relation was 
shown previously to exist in the case of monornetalated compounds, namely the 
Grignard reagents derived from propargyl bromide and bromoallenel”zl. It was 
shown more recentlyzz that dimetalated compounds derived from allene or propyne 
yielded on reaction with trimethylchlorosilane the same products and mainly 9 
(equation 9). However, monometalation of propyne gave on derivatization with 7 a 

CH2=C=CH,+2BuLi - CH,LiCTCLi MeC=CH+2BuLi (9) 

(M e,S i),C =C =C(Si Me,),+ Me,Si C H,C =CSiMe,+ (Me,Si),CH - C =CSi Me, 

(1 2) (9) (10) 
+(Me,Si),C=C=CHSiMe, 

different product to allene, since no propargylic metalation occurred (equations 10 
and 11) in the first case. 

(1 0) 

(11) 

(7) 
CH,C=CH+BuLi - CH,C=CLi CH,C=CSiMe, 

+Me,SiCH,C=CH (11) 

The results obtainedzz in the dilithiation of propyne indicate that the scheme 
proposed by Westla for the steps in the polymetalation of propyne (equation 12) 
should be slightly changed and instead of 13 one should assume 8 or its allenic 
analogue CHz=C=CLiz (14) as an intermediate. 

MeC=CH - MeC=CLi - CHLi=C=CHLi 
(13) - Li,C=C=CHLi > Li,C=C=CLi2 (12) 
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The lithiation of internal  acetylene^?^-^^ was reported after that of the terminal 
ones. Mulvaney and  coworker^^^ have reported that, on metalation with butyllithium 
and subsequent reaction with D,O, I-phenylpropyne is isomerized and three 
deuterium atoms are introduced in the molecule (equation 13). It was concluded 
that a trilithiuni derivative was formed during the metalation. 

JIrO 
PhC=CMe+3 BuLi ----+ [PhC=CCLi,] , PhCD,C=CD (13) 

A11 the acetylenes reported up to this point had one propargylic position only. The 
question was, wherc would the second nietalat ion take place, whcn two propargylic 
positions were available: a t  the samc position from where the first proton was 
abstracted o r  at  the other propargylic position. A priori considerations of electro- 
static repulsions could have led to the conclusion that, both for kinetic and thernio- 
dynamic reasons, metalation at  the other position would be favoured. 

The Jerusalem group2’. 25 has studied the metalation in ether of long-chain fatty 
alcohols and  ethers containing triple bonds in the chain, thus having two propargylic 
positions. The products of metalation were treated with dry-ice to yield a mixture 
of mono and  dicarboxylic acids. Analysis of the results has shown that the abstrac- 
tion of the first proton occurs on either of the two propargylic positions, but the 
second proton is always abstracted from the same carbon from which the first one 
was removed (equation 14). I t  was also shown?j that the abstraction of the second 
proton does not take place during the reaction with carbon dioxide. 

RCH,C =CCH,R’ - 
R C H,C = C C H Li R‘+ R C H L i C =C C H, R’ -//+ R C H L i C = C C H Li R‘ (1 4) 

1 I 
RCH,C=CCLi,R’ + RCLi,C=CCH,R’ 

The distinction by chemical means between a polymetalation with a subsequent 
reaction of  the polymetalated product with several niolecules of an electrophile 
(equation 1 9 ,  and the other possibility, involving several consccutive two-step 

RC=CCH,R’ RC =C H Li R’ > RC=CCLi,R‘ - (15) 
BoLI , BnLi ?E - RC=CCE,R+RCE,C=CR‘+RCE=C=CER’ 

(15) (1 6 )  (17) 
BuLi , I.: RC=CCH,R RCECCHLiR‘ ___ > R C = C C H ER’ + RC E = C = C H R’ 

(1 6) 
> (15)+(16)+(17) 

BnL1 , E RC =CC ELI R’+ RC E =C =C Li R‘ 

reactions of monometalation and reaction with electrophile (equation 16), is very 
difficult. Some metalations are very fast and their rates are sometimes comparable 
to those of the reaction of carbanions with triniethylchlorosilane (7) or  evcn with 
water. Metalations that are competitive with silylation2G* *’ or with protonation28B. 
are  known. A distinction between the mechanisms given in equations (15) and (16) 
is nevertheless not impossible by chemical means. This distinction can be made by 
observing the influence of several factors, such as duration of metalation, excess of 
metalating agent, dilution of the nietalated product solution before the addition of 
the electrophile, on the relative yield of the mono- and disubstituted products. It is 
clear, for example, that the ratio of the mono- to the disubstituted products according 
to the mechanism of equation (16) will not be influenced by the duration of metala- 
tion, but the excess of metalating agent wi l l  strongly affect it. 
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Nevertheless, it is preferable t o  be able to observe directly the products of metala- 
tion, before their reaction with the electrophiles. The first propargylic lithium 
derivatives studied by p.m.r. (proton magnetic resonance) were those derived from 
the 1,Cenynes (18a-f). Metalation of 18 with butyllithium in THF was very fast 
and gave consecutively the mono- (19) and dilithio (20) derivativesz8. 30. The presence 
of the double bond enables one to sense the changes in charge distribution in the 
organic moiety, particularly in 20 where no  protons are present on the propargylic 

R1C=CCHLiCR2=CHR' R1C=CCLi,CR2=CHR3 

(19) (20) 
(1 8) 

(a) R1 = Ph, R2 = R' = H 
(b) R' = Ph, R' = CH,, R' = H 

(d) R' = Me'C, RZ = CH,, R3 = H 
(e) R' = Ph, R' = H, R3 = CH, 

( c )  R' = Ph, R' = H, R' = Ph ( f )  R' = R' = Ph, R' = H 

group including the two carbons of the triple bond. Table 1 gives the p.m.r. data 
of a number of enynes (18), their mono- (19) and dilithium (20) derivatives and 
Figure 1 shows the p.m.r. spectra of 19a and 20a. 

A . '  ' 0 . -  

3.0 4.0 5.0 6.0 7.0 r 
FIGURE 1. P.m.r. spectra3' of a solution formed by addition at -90 "C of 100 mg of 18a 
to 1 ml of 3.0~ butyllithiurn in deuterated ether (F = formal, the concentration of butyl- 
lithium, assuming that it is monomeric). The spectra were recorded at 38 "C; (a )  3 min 
after the addition of I8a (monoanion 19a); (h) 30 min after the addition of 18a; (c) 120 min 
after the addition of 18a (dianion 30a). Reproduced by permission of Pergamon Press. 
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Conversion of 18 to the monolithium derivative 19 shifts the propargylic proton 
slightly downfield as a result of two opposing effects-the downfield shift caused by 
the conversion of a tetrahedral carbon to a trigonal one and an upfield shift due to 
the introduction of a negative charge on this c a r b ~ n ~ ~ n ~ ~ .  The terminal olefinic 
protons (at the 5-position of the chain) are shifted upfield, since a part of the charge 
is delocalized to this position. These shifts were expected. However, two unexpected 
features were observed in the conversion of the monolithium (19) to the dilithium 
(20) derivatives30. 31. (i) The protons on the terminal olefinic carbon were expected 
to shift upfield due to the introduction of an additional charge, but a dowfielci 
shift occurred. (ii) The groups at the 4-position (adjacent to the propargylic one) 
were shifted strongly downfield. This shift was much more pronounced than in the 
conversion of 18 to 19, where a similar process occurred, i.e. the introduction of one 
negative charge. Both shifts can be seen clearly in Figure P, where the olefinic 

I I I I 

30 40 50 60 T 

FIGURE 2. P.m.r. spectra32 in deuterated ether. (a) 19c; (b) 20c. 

proton near the phenyl group (odd-numbered carbon) in 19c at 6 = 5-49 p.p.m. 
was shifted to 6.04 p.p.m. in 20c. At the same time a shift occurred of the neigh- 
bouring proton (on the even-numbered carbon) to a position (7.78 p.p.m.) below 
the aromatic signal. These effects have been interpreted3O~ 31 to be a result of a charge 
withdrawal from the double bond, when an additional charge is introduced into the 
system, instead of the expected greater charge delocalization. Such an effcct could 
only be a result of a stabilization of an electronic system of 8, electrons on the three- 
carbon propargylic system, which was not observed when only 65i electrons were 
present in this system. The authors have discarded the possibility of attributing these 
shifts to anisotropy effects, since in the three possible structures of 20a (see next 
section for a discussion of structures) namely A, B and C, the phenyl group is too 
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H 

far from the terminal olefinic carbon and the lithium atom in A and B should 
discriminate strongly between the two protons of this group, but no such discrimina- 
tion was observed. An agreemenP between the chemical shift of protons of terminal 
methylenes in delocalized acyclic carbanions and charges calculated by the omega 
technique was found. 

The  gradual transformation of 19 into 20 was also observed by U.V. s p e c t r o s ~ o p y ~ ~  
(Figures 3-5). The mono1i;hirim derivative 19a has a band a t  399 nm ( E  = 10 000) 

400 450 500 

mC1 
FIGURE 3. Absorption spectrag'* on mctalation of 18a at 25 "C in ether. The first recorded 
trace is that of 19a. Initial concentrations: 18a = 8-8 x 1 0 - 5 ~ ,  butyllithiurn = 0.053~. 

Reproduced by permission of Pergamon Press. 
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and is converted by excess butyllithium into 20a absorbing a t  426 nni ( E  = 9000). 
Similarly 19c with a maximum of absorption a t  474 nrn ( E  = 42 000) is converted 
into 20c having this maximum at 503 nm ( E  = 33 000). However, the strongest band 

0.0 

0-2 

Q, 
0 c 0.4 
0 

0 
2 0.6 
-e 
a 

0.8 

1.0 

mP 
FIGURE 4. Absorption spectra34 on metalation of 18c in ether at 25 "C. Initial concentrations: 
18c = 225 x lo-%, butyllithium = 0.053~. Reproduced by permission of Pergamon Press. 

400 450 500 550 

mP 
R ~ U R E  5. Absorption spectra34 on metalation of 18f in ether at 25 "C. Initial concentrations: 
182 = 6.9 x 1 0 - 6 ~ ,  butyllithium = 0.053~. Reproduced by permission of Pergamon Press. 
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cf the dilithium compound 20f is only at 374 nm ( E  = 13 000), whereas 19f absorbs 
at  431 nm ( E  = 16 000) (Figure 5). It seems that there is a very weak band for 20f at  
higher wavelength since an isosbestic point, additional to  that between 374 and 
431 nm, if sound at  wavelength higher than 431 nm (Figure 5). All the dilithium 
derivatives (20) have a lower extinction than the corresponding monolithium 
compounds (19). 

Chemical reactivity seem to  support a larger charge on the terminal olefinic 
carbon in the monolithium (19) than in the dilithium derivative (20), since 19 reacts 
with trimethylchlorosilane or with a proton3S at this position in addition to  the 
propargylic position to yield 21 and 22, but 20 does not react a t  this position, and 
the two silyl groups enter the three-carbon propargylic segment to give the allenic 
product, 23. However, methyl bromide reacted twice on the same carbon of the 
propargylic group to yield the acetylene, 24. 

(19) + (7) - R' C =CCH (Si Me,) CR2 =CH R3+ R' C =C - CH =CR2 - CH R'Si M e, (1 7) 

(21 1 (22) 

(20) + (7) ___+ R' C (S i M e,) =C =C( S i M e,) CR' =C H R3 (1 8) 

(23) 

The p.m.r. of the lithium compounds derived from I-phenylpropyne (25) was 
in~es t iga t ed~~ .  The reaction of equivalent ainounts of 1-phenylpropyne and butyl- 
lithium (equation 20) yielded a solution containing the starting material and its 

PPhCrCMe + 2BuLi --f PhC=CMe + PhCrCCHLi, 

PhCH(SiMe,)C-CSiMe, (26) 

(27) 
, BuLiexcess (7) > PhCGCCLi, _+ PhC(SiMe,)=C=C(SiMe,), 

(28) (29) 

dilithium derivative (26), as shown by the p.m.r. spectrum3G (Figure 6 )  and by the 
formation3G of the disilyl dcrivative (27) on treatinent with trimethylchlorosilane (7). 
This result showed that cither the second step of metalation leading to 26 was much 
faster than the first one or that a very fast disproportionation of two molecules of 
the monolithium derivative of 25 took place. Either of these processes pointed to 
a large stabilization of the dilithiani derivative relative to the monolithium one. 
Metalation of 25 with an excess of butyllithium led to the trilithiated derivative 
(28), showing in its p.m.r. spectrum no protons in the side-chain, and yielding the 
trisilyl derivative (29) on treatment with 7. 

The proton in the side-chain of 26 has a chemical shift of 2.96 p.p.m. A different 
absorption line3G (6 = 3.3 p.p.m.) (Figure 6) was obtained for the dilithium deriva- 
tive (31) of 3-phenylpropync (30). However, each of the compounds 26 and 31 gave 

(7) 
PhCH,C=CH+P BuLi - [PhCH-C=C]Li, - (27) (21) 

(30) (31 1 
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I I 
I I I 
I I 

6-0 7- 0 8.0 T 

FIGURE 6. P.m.r. spectra30 of the reaction products of (a) 8.7 mmol of 25 with 8.7 mmol of 
butyllithium in ether-d,,, (1 .6~ ) ;  (b) 8.7 nimol of 30 with 17.4 mmol of butyllithiuin in 
ether-d,, (1.6~) after 5 niin at 25 "C; (c )  as (6), but aftcr 15 niin. Reproduccd by peiinission 

of Pcrgamon Press. 

the same disilyl derivative (27) on reaction with 7. Phenylallene (32) gave on rcaction 
with b ~ t y l l i t h i u m ~ ~  the same dilithium compound (26) as that obtained from 25 and 
the same disilyl derivative (27) (equation 22). 

PhCH=C=CH,+PBuLi - (26) ___ (7) > (27) (22) 
(32) 

I-Phenylbutyne (33) can also be rapidly dimetalated3'# 33 with butyllithium 
(equation 23), and a p.m.r. spectrum showing simultaneously 33, and its monolithium 

nuLi 
PhCECCHLiMe Ph C =CCLi,Me (23) 

DuLi 
PhC=CCH,Me 

(33) (34) (35) 

(34) and dilithium (35) derivatives can be seen in Figure 7. The formation of 35, 
when 33 was still present in the reaction mixture, showed that the rate of the second 
step of metalation was comparable to  that of the first one. 34 reacted with electro- 
ph i l eP  to  give allenic and acetylenic products (equation 24), but 35 yielded allenic 
products exclusively (equation 25). 
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1 L I I I 
4.0 3.0 2.0 1-0 

FIGURZ 3 .  P.m.r. spectrum3? of the leaction prcducts c;f 33 -iti:k batyllithium (1 : 1) in 
ether-dlo, 35 min after mixing. (a) Methylene signal of 33; (b) and (c) methyl and methine 

signals of 34; ( d )  methyl signal of 35; (e) butyllithium and butane. 

A series of monosubstituted acetylenes (36) was dimetalated30 with butyllithium in 
ether (equation 26). After the abstraction of the acetylenic proton, a propargylic 
proton was removed to give 37. Notably, even in 37a, the second proton was 
abstracted from the propargylic rather than from the benzylic position, despite the 
charge on  the acetylenic group introduced after the first step of the reaction. 

/-> PhC(Me)=C=CHMe + PhC=CCHMe, 

a PhCD=C=CHMe ,= PhCD=C=CDMe 

6, p. p. m. .. 

MeBr 

(34) PhC(SiMe,)=C=CHMe + PhCECCH(SiMe,)Me (24) 

(35) A PhC(CH,)=C=CHMe (25) 
Me,SiCI 
L--+ PhC(SiMe,)= C=C(SiMe,)Me 

BuLi BuLi D O  RCH,CeCH RCH,C-CLi __+ RCHLiCECLi a RCHD-CGCD 

RCHMeC-CSiMe, RCH(SiMe,)C=CSiMe, 
(a) R = PhCH,; (b) R = CH,CH,; (c )  R = CHJCH,),. 
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Disubstituted acetylenes were also metalated with butyllithium in ether3e. Thus 
2-butyne gave a precipitate with butyllithium in ether, but in THF a solution of the 
monolithiated product (38) was formed, which was analysed by p.m.r. (Figure 8). 

(b) 

M 

8, P P.m. 
2.5 2.0 

FIGURE 8.  P.m.r. spectrum39 of 38 in THF-d8; (a) and (b) are the rnethylene and methyl 
group signals respectively and (c) belongs to butyne. Reproduced by permission of Pergamon 

Press. 

An interesting coupling constant of 3 Hz between the protons across five bonds was 
observed. Reaction of 38 with dry-ice gave a n  allenic and an acetylenic acid 
(equation 27). Other 2-alkynes studied have undergone a rearrangement on metala- 
tion (see section on rearrangements). When the double bond is located further from 
the end of the molecule, as in, for example, 3-hexyne (equation 28), the metalation is 

> MeC(COOH)=C=CH, BuLi cot MeCZCMe > MeC=CCH,Li 
(38) +MeC=CCH,COOH (27) 

MeCH,CD=C=CHCMe MeCH,C=CCH,Me 
(39) (28) 

slower, since in that case the propargylic group is a methylene and not a methyl. The 
p.m.r. spectrum of 39 is recorded in Figure 9, with the methine proton at 3.42 p.p.m., 
the adjoining methyl as a doublet at 1.62 p.p.m. and the methylene as an octet 
at  2.16 p.p.m. 

A conjugated internal diacetylene, 2,4-hexadiyne, was rapidly polymetalatedqO 
with butyllithium or even methyllithium (equation 29). The reaction could be 
carried out in ether or hexane. Only the mono- (40) and trilithium (41) derivatives 
could be observed by p.m.r. (Figure 10) and also by their reaction with 7. 40 showed 

DtO > MeCH,C=CCHLiMe BuLi 

LiC H,CrCC=CCLi, 
(42) 
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( C )  

I-1- ~ ~. 1 . .  , 1 1 1  

4.0 3.0 2.0 T 

FIGURE 9. P.m.r. ~pec trunP of 39 in THF-d,; (a) methine; (b)  niethylenc; ( c )  methyl next 
to the methine group. Reproduced by permission of Pergarnon Prcss. 

6, p.p.m. 

FIGURE 10. P.m.r. spectrum3' of the reaction products of 2.4-hexadiyne with methyllithiurn 
in ether-d,,. (a) Methyl signal of 2,4-hexadiyne; (6) and (c) methyl and mcthylene signals 

of 40; ( d )  methyl signal of 41. 
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the methylene signal as a quartet at 2.73 p.p.m. and the methyl as a triplet a t  
1.86 p.p.m. with a remarkable coupling constant across seven bonds of 1 Hz. The 
methyl protons of 41 appeared as a singlet a t  8 = 0.13 p.p.m. This upfield shift of 
the methyl on trilithiation is perhaps due to  a lone pair in an  sp orbital with an axis 
colinear with all the C-C bonds. Here again all the protons were abstracted from 
the same methyl group, leaving the other propargylic methyl untouched. Long 
metalation with butyllithiuin in T H F  led to  the tetralithiatcd product (42). The 
lithium derivatives were converted into the silylated products 43,44 and 45 (equation 
30). The trisilylcumulene (46) was also obtained from 41 when the metalation was 
performed with methyllithium in ether. However, Priester and West assigned to 49 
the following structure'OL 

Me SiMe, 

Me,Si C=S i Me, 

\ / /c=c=c \ 

(7) 

(7) 

(40) - MeC=CC=CCH,SiMe, 

(41) - MeC~CC(SiMe,)=C=C(SiMe,),+MeC(SiMe,)=C=C=C=C(SiMe,), (30) 

(43) 

(4) (46) 
(7) 

(42) - Me,SiCH,C(SiMe,)=C=C(SiMe,)C=CSiMe, 
(45) 

Similar results have been obtaineddo in the metalation of 2,4-octadiyne with 
butyllithium or methyllithium in ether (equation 31). The trilithiated derivative (47) 

(31 1 MeCH,CH,C=CC=CMe - MeCH,CH,C=CC=CCLi, 
BuLi 

I (47) 

MeCH,CH,C=CC(SiMe,)=C=C(SiMe,), 
(48) 

BuLi (7) . PhCrCC=CMe --+ PhCECCGCCLi, + PhCrCC(SiMe,)=C=C(SiMe3)2 
MeLi 1 (49) 

PhC=CCH=CMe, 

BuLi , 
MeCH,C=CC=CCH,Me ,~liF 

M e C H Li C = C C = C C H Li M e + Me C H L i C = C C = C C L i,M e (33) 
(51 1 (52) 

(51 1 
(7) 

(7) 

Me CH =C = C (Si M e,) C (Si M e,) =C =C H M e 
(53) 

(34) 

(35) 

was obtained even aftcr short reaction periods and yielded on treatment with 
trimethylchlorosilane the trisilyl derivative (48). 

(52) - MeC(SiMe,)=C=C(SiMe,)C=CSiMe, 
(54) 
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The selectivity of the metalation a t  the methyl group was very high, as in the case 
of 2-hexyne, since no  products resulting from the metalation at  the methylene 
group were found. 

l-Phenylpenta-l,3-diyne was also trimetalated40 with butyllithium in ether, but 
the product (49) was largely polymerized on treatment with water. Treatment of 49 
with 7 gave less polymerization and a fair yield of 50. Metalation of phenylpentadiyne 
with methyllithium also yielded a product of addition to a triple bond (equation 32). 

Metalation of octa-3,5-diyne with butyllithium in THF took a different course4o 
to  that of the previously mentioned diacetylenes (equation 33). The absence of a 
propargylic niethyl group slows down the metalation and leads to a dimetalated 
product (51) in which one proton has been abstracted from each propargylic 
methylene. The trilithiated product (52) was also obtained. These compounds gave 
53 and 54 on  treatment with trimethylchlorosilane (equations 34 and 35). However, 
the reaction of octa-3,Sdiyne with butyllithium in hexane or ether did not give 
metalation but an addition of butyllithium to a triple bond (equation 36). Subsequent 
treatment with 7 yielded 55. 

Me C H, C = C C L i =C (C H, M e) B u BuLI MeCH,C =CC =CC H,Me 
herane > 

(7) 
MeCH,C=CC(SiMe,)=C(CH,Me)Bu (36) 

(55) 

A conjugated diacetylene with a terminal triple bond, 1,3-pentadiyne, has been 
converted41 with butyllithium in butane in the presence of TMEDA to the per- 
lithiated C5Li.I (56). This compound yielded, on treatment with dimethyl sulphate 

BuLi MeC=CC=CH Tm,,,A> C,Li, 

(56) 

so*coJr,; 
THB MeC=CC=CCMe,+MeC=CCMe,C=CMe 

(57) (58) 

+Me,C=C=C(Me)C=CMe (37) 
(59) 

(7) 
TII  (56) > (M e,S i),C =C =C( S i M e,) C =CS i M e, 

(60) 

(M e,G e),C =C =C(GeM e,) C =CGeMe,+ Me,GeC =CC =CC( Ge Me,), (39) 

in THF, three products, 57, 58 and 59, resulting from an attack at  different positions 
of the perlithiated pentadiyne (equation 37). Reaction of 56 with 7 gave the tetrasilyl 
derivative 60 (equation 38). Treatment of 56 with trimethylchlorogermane yielded, 
in addition to  the expected 1,1,3,5-tetrakis(trimethylgermyl)-l,2-pentadien-4-yne 
(61), the 1,5,5,5-tetrakis(trimethylgermyl)-l,3-pentadiyne (62) with three germyl 
groups on the same carbon, apparently due to  the lower steric requirements of the 
trimethylgermyl group compared to the trimethylsilyl group (equation 39). 

Two triple bonds separated by more than one methylene group were metalated 
independently'O, e.g. 1,6-heptadiyne yielded with butyllithium in ether the tri- and 
tetralithiated derivatives, which were converted by 7 t o  the corresponding silyl 
derivatives, 63 and 64. 

Me.GcC1 
(56) THF ' 

(61) (62) 
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The acceleration of metalation of the conjugated diynes relative to that of 

monoacetylenes could be ascribed both to the inductive and resonance effects that 
the second triple bond exerts on the reaction. The u* 41* 43, urn 44-  45 and up 4 4 1  46 values 
of the ethynyl group were found to be 1.43, 0.205 and 0.233 respectively. 

RULi 
HC=C(CH,),C =CH > LiC=CCHLiCH,CHLiC=CLi 

M e,S i C C C H (S i M e,) C H ?C H (S i Me,) C -C S i M e, 

(63) 

f LiC=CCH,CH,CHLiC=CLi 

1(71 (40) 

Me,SiC=CCH,CH,CH(SiMe,)C=CSiMe, 
(64) 

A good example of polymetalation of cyclic compounds with two internal non- 
conjugated triple bonds was provided recently3’. 4G. 1,8-Cyclotetradecadiyne (65) 
was dimetalated with butyllithium in THF to a dilithium derivative (66) in such a 
way that both protons were abstracted from the same propargylic carbon. This result 
confirms the generalization formulated p r e v i o ~ s l y ~ ~ ~  30,  31 that there is a strong 
discrimination in favour of the abstraction of the second proton from the same carbon 

(65) 

+ 

(CHz),, 
CLi, 
I 
C 
Ill 
C 

C’ 
Ill 
C 
I 

LiHC, 
(CH*): 

+ 

,cc HZ)b, 

C CLiz 
Ill I 
C 
I ii 

LiF, C 
(cH2)b’ 

\ 
(CH214, (CHZ), 

CSiMe, Me,SiC’ CSiMe, 
I 1  
C 

It II 
C 

C’ 
111 
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from which the first was removed rather than from the other propargylic carbon. 
Moreover, the second metalation step prefers such a proton abstraction to a removal 
of a first proton from a propargylic position of another triple bond. Longer metala- 
tion times or metalation of 65 with butyllithium in hexane in the presence of TMEDA 
led to the trilithiated (67) and tetralithiated (68) derivatives. A strong positional 
selectivity in the third and fourth metalation steps is therefore observcd, since in 
these reactions proton abstraction from a carbon separated by four methylcnes from 
the propargylic system containing two charges is preferred to that separated by 
three methylenes. The lithiated compounds, 66, 67 and 68, gave with 7 the silyl 
derivatives, 69, 70 and 71. The propargylic segments containing two lithium atoms 
gave allenic products and that with one lithium atom yiclded an acetylcne. Protona- 
tion gave somewhat different results since 66 gave an allene-acetylene, but 67 and 68 
gave a diallene. 

Dimetalation of an acetylene by the removal of one proton from each propargylic 
position is not impossible. It takes place when therc is one proton only available a t  
each position. Thus, dicycl~propylacetylene~~ yielded the dilithiated product 72 
(equation 41). Derivatives of tetra(t-butylethiny1)ethane (73) can be nionolithiated 
with one mole of phenyl l i thi~rn~~ to 74. Elimination of lithium hydridc from 74 led 

c 
/ \  

c*c B u -t 
& 

f-BuC 

to  the tetra(t-butylethiny1)ethylene. Excess phenyllithium dilithiated 73 to 75 and 
protonation of this compound gave 3,4-bis(t-butylethinyl)-l,6-bis(t-butyl)hexa-1,5- 
diyn-3-ene (equation 42). 

Organosodium reagents in hydrocarbons have been used for mctalationZ4, but 
their use is not widespread, probably because of handling difficulties. Sodium amide 
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in ammonia'" has been uscd in the case of activated compounds where isomerization 
was not exwcted. 

Ethylmagnesium brornidel9 was used for the metalation of allenyl magnesium 

(43) 

bromide to the dimetalated allene, 76. 

CH,=C=CHMgBr+EtMgBr - CH,=C=C(MgBr), 

(76) 

111. STRUCTURE 

The first study of the structure of an  acetylene mononictalated zt  the propargylic 
position was carried out by the Prkvost g r o u p .  Prkvost and his c o w ~ r k e r s ' ~ ~  2o have 
shown that the Grignard reagent obtained from propargyl bromide has in  ether an 
i.r. absorption band at  lSS0 cm-' and a n  allenic structure (77) was attributed to this 

ne Are: HC=CCH,Br CH,=C=CHMgBr - CH,=C=CHBr (44) 

compound. The saiiie allenyl Grignard reagent was obtained from allenyl bromide's. 
A similar structure was assigned to  analogous organozinc and -aluminium com- 
pounds since they showed similar i.r. bands a t  1880 and 1905 cm-', respectively. I t  
was found more reccntly18. ?? that the lithium derivative obtained by monometalation 
of allenc showcd a similar band at  5-30pni in hexane solution and has therefore the 
allenic structure. An allenic structure for the Grignard reagent obtained from 
propargyl bromide was also assigned o n  the strength of the p.m.r. spectrum40. 

Di-, tri- and tctralithium derivatives of propyne in hexane solulion were considered 
to have allenic structures17. l8 on the strength of their i.r. absorption bands a t  1790, 
1770 and 1675 cm-' respectivcly. However, an  acetylenic structure (78) was recently 

BrMgCH,C=CMgBr 

(77) 

(78) 

assigncd50 to the compound that was considered previously to have the allenic 
structure, 76, since its i.r. spectrum showcd a band at  1959 cm-', whcreas a band a t  
lower wavelength than for allenylmagnesiuni bromide (1 787 cm-I) was expected 
for 76. 

Several outstanding features have been observed during the second or third step 
in the propargylic polymetalation of acetylenes: (i) The selectivity?'* 25* 31 leading to 
the abstraction of the second and then third proton from the same carbon atom was 
observed despite the expected electrostatic repulsion in such a case. This occured not 
only when a second propargylic position was a ~ a i l a b l e ~ ' ~  25. 31 a t  the same triple 
bond, but even when such a position was present on  another acetylenic 4G, 

Conjugated or unconjugated to the first one. (ii) The rate of the second or third step 
of m e t a l a t i ~ n ~ ~ ,  .lo was sometinics fastcr than that of the first one, and no metalation 
of the starting acetylene by the di- or trilithium derivative was observed, pointing to 
a greater stability of the polymetalated relative to the monometalated compound. 
(iii) A downfield shift in the p.ni.r. spectrum of the p r o t o n ~ ~ ~ n ~ ~  of a double bond 
conjugated t o  propargyllithiuni compounds or of the protons of a conjugated 
phenyl group was observed on their transformation into dilithium derivatives and 
this was interpreted as a sign of an  unusual charge withdrawal from the conjugated 
groups when an  additional charge was introduced into the molecule. 
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All these effects have been ascribed to the stability of the compound polylithiated 
a t  the same propargylic position30. 311 34, 40 and were thought to reflect the stability 
due to the di- and trianions more than to  the formation of (I bonds to several 
lithium atoms. Such a propargylic dianion has two possible structures: (ij an 
allenic, bent structure (79);* ( i i )  one having not only the three carbon atoms of the 
propargylic segment but also the two atoms linked to this segment in a linear 

I- /"B-O;.j- iR1 ()--., c...' ()-; c-.-' (-)--., ' 

6KR co ct, 4-R' 
arrangement (80). A structure such as 80 is an extended acetylene or a sesqui- 
acetylene30. It has 8r electrons in two perpendicular 3p orbital systems. If one of the 
R groups linked to  such a system is a hydrogen atom, it can be easily abstracted by a 
base, as can a proton linked t o  an  acetylenic carbon. 

Linear structures composed of three atoms and containing 8 ~ i  electrons are known 
to  be stable. Thus CO, is stabilized relative to  CO. Ionic structures, such as NCS-, 
NCO-, N;, are also very stable. Similarly, other dilithium compounds, derivatives 
of dianions, were found to  be formed easily, e.g. a,a-dilithionitrilessl (81). The 
dimetalation of a bis-isonitrile leadss2 to the gem-dilithium (82) rather than to the 
a,a'-dilithium derivative (83). I t  can be predicted that the knowns3 monolithium 
derivative of diazomethane (84) should undergo metalation to  85. 

RCLi,CN CNCH,CH,CLi,NC CNCHLiCH,CN,CHLiNC CHLiN, CLi,N, 

(81 1 (82) (83) (84) (85: 

by the CNDO method 
and it was found that the sesquiacetylenic arrangement (80) (R' = R2 = H) was 
slightly more stable than the allenic one (79) (R' = R2 = H). The structure of the 
dilithium derivative of this dianion and particularly the location of the lithium was 
also calculateds4 by the same method. The allenic structure (86) was found to be 

The structure of the propargylic dianion was 

(864 

far less stable than the acetylenic one. Moreover, the lithium atoms were best 
located over the central atom in two perpendicular planes containing the three 
carbon atoms and one of the lithium atoms (86a). 

A calculation of several possible structures for tetralithiopropyne C,Li, by an ab 
itritio molecular orbital method (STO-3G) has shown5s that the allenic structure (87) 
is the least stable and the approximately sesquiacetylenic structure (91) is the most 
stable. Although this last structure is not yet fully optimized, the difference in 
energy between 91 and the other structures is very high. There is a slight deformation 
in 90 from the ideal sesquiacetylenic structure, since the C-C-C angless is only 
165" instead of 180", probably to ensure a better overlap of the carbon with lithium 

* The circles in 79 represent p orbitals perpendicular to the plane of the paper. 
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orbitals. The Li-C-Li angles5 is 95", similar to that found in 86a. The relative 
energies for the structures 87, 88, 89, 90 and 91 are (in kcal/mole) 0.0, -1.4, 
- 17-9, -20.3 and - 30.8 respectively. 

I Li Li 

(91) c2, 

The high stability of the fully metalated propyne relative to other permetalated 
compounds is supported from pyrolytic reactions. When pentane and hydrogen were 
passed over magnesium at 700 "C, C3Mg, was formeds6. The same compound was 
formeds6 a t  600 "C from bis(bromomagnesium)acetylene. Similarly C,Li, was 
preponderantly formeds7 from lithium and pentane at  600 "C. These two compounds 
yielded propyne on treatment with waters6. s7 and were therefore ionic carbides. 

1.r. spectra of solutions of acetylenes polylithiated at  a propargylic position 
showed that the structure of these compounds in solution depended on  the solvent 
(Table 2)s8. A strong allenic band was observed in hydrocarbon solutions, but in 

TABLE 2. 1.r. spectra of some lithiatcd acetylcne~~~ 

1.r. absorption bandsa 
Compound (cm-I) Solvcnt 

(26) 
(26) 
(26) 
(28) 
(28) 
(34) 
(35) 
(35) 
[PhC=CCHPh]Li 
[PhC= CCPhlLi, 
[PhC=CCPh]Li2 
[PhC=CCPh]Li2 

1895 (s) 
2080 (m), 1895 
2045 (m) 
1800 
2045 
1870 
1795 
1795, 2000, 2040 (m) 
1870 
1790 
1790, 2050 
2075 

~~ ~ 

Hcxane or ether 
THF 
HMPT 
Hexane or ether 
HMPT 
Hcxane or ether 
Hexane or cther 
Hexane+TMEDA 
Hexanc or ethcr 
Hexane 
Ether 
TMEDA 

~ ~~ 

' (S) = Strong, (m) = medium. 

strongly coordinating solvents, such as THF or  hexamethylphosphortrianiide 
(HMPT) this band disappeared and a medium-sized band at -2050 cm-l, ascribed 
to an  acetylenic structure, appeared. In  less strongly coordinating solvents, such as 
ether, both bands were present. I t  seems that association via lithium atoms in 
hydrocarbon solution favoured the allenic structure. Breaking down of the aggre- 
gates by a solvent coordinating to lithium probably formed monomers, having the  
sesquiacetylenic structure 86a. This process takes also place in hexane solution in the 
presence of TMEDA. 
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trilithiated (86c) acetylenes. 
Different structures have bcen proposed recently by Westsa3 for  the di- (86b) and 

The degree of association of the propargylic lithium derivatives in various 
solutions is not known. Organolithium compounds exist generally as hexamersSg in 
hydrocarbon solutions as  tetramers (in the case of saturated alkyls) in ethers, or as  
species of lesser association including monomers in coordinating solvents, when the 
charge in the organic moiety is delocalized by resonance with unsaturated groups. 
There is no direct evidence for association of propargyllithium derivatives, but there 
are a number of facts which point to  association with other lithium compounds. 
Additionlo of butyllithium to a solution of 1 in hexane precipitates a 1 : 1 complex 
of the two compounds. The course of deuteration of 35 d e p e n c i ~ ~ ~  on the presence 
or absence of excess butyllithium in the solution; in the first case the allene (92) and 
in the second case the isomeric alkyne (93) is obtained ($quation 45). The relative 

(45) PhCD,C=CMe A (35) PhCD=C=CDMe 

rates of the first and second step of metalation can be changed by a change of 
metalating agenP.  Whereas treatment of 33 with butyllithium always led to 34 
containing a large amount of 35, metalation with methyllithium in ether gave 34 
alone, and this also occurred when this metalation was accelerated by the addition 
of THF 38. Similarly, monometalation of 25 was achieved with methyllithium. 
Moreover, silylation of 26 obtained with excess methyllithium yielded in addition to 
27 a n  additional disilyl product (94)38, that was not obtained from metalation of 25 

(1) RuLi 
(2) Da0 ’ 

(93) (32) 

P h C =C C H (S i M eJZ RC,H,C=CCH, 

(94) (95) 

to 26 with excess of b ~ t y l l i t h i u m ~ ~ .  Different products have also been obtained on 
silylation of 41 (equation 30), obtained by treatment of 2,4-hexadiyne with excess 
butyllithium on one side or  methyllithium on the other. 41 and 38 precipitated from 
an  ether ~ o l u t i o n ~ ~ ~ ~ ~ ,  when no  excess of metalating agent was present. All these 
effects prove the formation of mixed aggregates from propargylic and alkyllithium 
compounds and in some cases between propargylic lithium compounds and alkynes. 
The formation of mixed complexes of sodium acetylides and alkynes has been 
proved previouslyGo, as  well as  that of aggregates from different alkyllithium 
corn pound^^^^ G1. 

A monometalation of 25 was achieved with butyllithiumG8 that seems to  contradict 
our previous results30. I t  seems to us that the reason for this discrepancy was the 
use of butyllithium containing lithium bromides2, which led to  mixed aggregateP. 

The rates of monometalat ion of arylmethylacetylenes (95) have been measured in 
ether solution, using a n  excess of b ~ t y l l i t h i u m ~ ~ ~  04. The pseudo first-order rate 
constants gave a p value of 1.3 indicating moderate delocalization into the aromatic 
ring of the negative charge developed a t  the propargylic carbon during the 
metalation. Thc observed rate constants (sec-’) a t  initial concentration 1 . 7 ~  of 
butyllithium and 0.3~ of the substrate and at  25°C were for various substituents 
R: p-H 10-9, p-OMe 3.1, p-Me 4.7, m-Me 4.7, o-Me 5.3, p-C1 16.6, rn-C1 19.5. It is 
of interest that the rclative rates of mono- and dimetalation were not the same for 
all derivatives of 95; the second step of metalation was faster than the first for the 
para substituents p-H, p-OMe and p-Me, but the opposite was true for all the other 
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substituents. The electronic effects do not influence in the same way the two steps 
of metalation. This might be due to different energetics in complex formation with 
butyllithium in the two steps. 

The p value of 1-3  found for the monometalationG4 is similar to that found for 
cthynylic proton abstraction in arylacetylenesG5, where direct conjugation of the 
phenyl with the breaking =C-H bond is not available and only an indirect effect 
via the x electrons of the acetylenic group or an inductive effect can be exerted. A 
high value of p (4.0) due to a direct stabilization has been obtainedGG for the exchange 
of the benzylic proton in toluene, and a p value of 2-2-3-0 has been observeds7 for 
the metalation of diphenylarylmethanes, where the three phenyl groups without 
substituents strongly stabilize the anion. 

Pseudo first-order rate constants for monometalation of alkylphenylacetylenes 
(96) were determinedG8 in ether at  0°C using butyllithiuni. A correlation of their 

P hC =CCH R'R2 

(96) 

log k against Taft cr* (polar) constants was found to be linear. When both R1 and 
R3 were alkyl groups their combined effect was well reprcseiited when the sum of 
their individual sigma values was uscd. The p* value was found to be 1.89, indicating 
a moderate carbanionic character in the transition state. This value is larger than in 
the phenyl-substituted compounds (95), suggesting that the activation is primarily 
due to the ethynyl group. 

I t  is of interest that the reaction order of the monometalation of 95 was 0.5 in 
butyllithium. This suggests that the dimer is the metalating agents7 (equation 46). 

fast 
> ArCrCCH,Li k Arc-CCH,Li.BuLi 

(46) 

I t  is possible that a complex between the propargyllithium compound and butyl- 
lithium is formed directly in the metalation. Another possibility is that the first step 
of the reaction is the formation in a fast equilibrium of a complex between the 
acetylene and dinieric butyllithium (equation 47). 

ArC=CCH,+(BuLi), 4 ArC=CCH,.(BuLi),+(BuLi), 

(BuLi), P(BuLi),; ArCfCCH, -I- (BuLi), 

or 

slow (47) 
ArC=CCH,.(BuLi), ArC=CCH,Li.BuLi 

IV. MECHANISM O F  REACTIONS 

The reaction of electrophiles (E) with the compounds obtained by propargylic 
metalation can lead either to allenic or acctylenic products or to both. The simplest 
explanation for this dual reactivity pattern would be to consider these nietalated 
compounds as resonance hybrids of propargylic and allenic anions (97) (equation 
48). I t  is known, however, that the propargylic monolithium and monomagnesium 

[R1C=CCHR2 - R1C=C=CHR2] (97) 

(48) .I 
R'C=CCHER' + R'CE=C=CHR* 

derivatives have an allenic structure. The dimetalated derivatives in hydrocarbon 
and ethyl ether solution also seem to form aggregates composed of allenic 
structuress8. 
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It  is not known whether the allenyl-alkali metal bond is ionic or covalent. The 
allcnyl-magnesium bond is generally considered to be covalent and  in this respect 
it would be similar to  the allyl-magnesium bondlo* for which a dynamic 
equilibrium exists (equation 49) between two isomers 98 and 99 (M = MgBr) in 

RCH=CHCH,M RCHMCH=CH, 

(98) (99) 

(49) 

ether solutions. The isonier 99 (M = MgX) has not been observed directly and only 
indirect evidence supports its existence. Allylic lithium and sodium compounds are 
generally considered to be 74, but the interaction of the metal atom with the 
primary end of the allylic system is larger than with the other end, and its extent 
depends on the metal, particularly in  hydrocarbon solvents. It seems that this  inter- 
action can make the reactivity of the  alkaline derivatives regio- and even stereo- 
specific, and a parallel behaviour is often observed in the reactions of the covalent 
allylic magnesiuiii and the ionic lithium and sodium compounds. 

The monomeric propargyl metal derivatives can therefore be written (equation 50) 
as a dynamic equilibrium between the allenyl (100) and-propargyl (101) compounds, 

though no 101 can be detected directly by physical methods. The  C-M bond is 
either ionic or covalent but the metal is located a t  the carbon indicated. The  
question as to what product, allenic or propargylic, will be obtained from acetylenes 
di- or trimetalated at  the propargylic position depends essentially on  thc course of 
reaction cf the monometalated compound, or their last intermediate in the reaction 
with electrophiles. However, the first position t o  be attacked in a polymetalated 
alkyne might be different to that in a monometalated one. 

I t  is too early to correlate definitively the course of reaction with the structure of 
the propargylic alkali derivatives, but there is more information o n  the propargylic 
magnesium compounds and those of the third and fourth group of elements. I n  
many cases the course of reaction of lithium derivatives is similar to that of the 
other organometallic compounds. 

Earlier studiesl' have shown that the reaction of allenyl Grignard reagents with 
carbonyl compounds give preponderantly honiopropargylic alcohols with a smaller 
amount of hoinoallenic alcohols (equation 51). An SEi '  or S E ~ '  (cyclic) mechanism 

CH,-C-CH 

I 
R,C=+ MgX R,C- OMgX 

CH,=C=CHMgX + R,C=O 

.1 (1 02) (51 1 
C H,C=C HC(0 H)R, 

CH,-C-CH 
(minor) I 

R,CO H 
(major) 

(according to the nomenclature of Abraham75) with a cyclic six-membered transition 
state (102) was assumed in this reaction, since the attack of the clectrophile was 
concomitant with the rearrangement of the allenic to an  acetylenic structure. 

However, the SJ;~' (cyclic) mechanism also accepted previoxsly for the reactions 
with rearrangement of ally1 Grignard reagents (98) (M = MgX) and other allylic 
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organonietallics was recently challenged, and a non-cyclic Sx2‘ mechanism [SX2’ 
(open), according to the nomenclature of Ab~aham‘~]  was put forward in~tead?~-~S.  
This mechanism was also considered t o  be valid in the reactions of allyl Grignard 
reagents containing a large group a t  the secondary allylic position with bulky 
ketones, when no  apparent rearrangement took place7D. The reaction in such cases 
was supposed to take place via the isomeric Grignard reagent (99) present in a fast 

equilibrium with (98). On the other hand, the addition of allylic Grignard reagents 
t o  a simple non-activated double bondsD took place by a cyclic six-membered 
transition state, des igna t~d’~  SE~‘ (cyclic). Neopentylallyllithiuni, which was shown 
by p.m.r. to have the lithium atom bonded to the terminal carbons1 in hydrocarbon 
solution, underwent protonation without rearrangement a t  the terminal carbons1 
[SE2 (open) or S ~ i l .  Allylic Grignard reagents have been found to undergo protona- 
tion with rearrangements”, 83. Later studies have shown that the position of 
protonation of these compounds depends strongly on  the conditions of the 
reactions‘. Allylic tin compoundss5 are also protonated by a n  SET mechanism. 

More conclusive results were obtained with organometallic compounds which 
can exist in each of the isomeric forms, allenic and propargylic, and which undergo 
the rearrangement from one isomer to the other relatively slowly and thus permit 
the study of the regioselectivity of electrophilic reactions of each of them separately. 
The  kinetics of protonolysis of substituted allenyl tin derivativesso has been studied 
in methanol solution and the rate constants for this reaction have been found to be 
higher than those for the protonolyses of the corresponding allyl tin derivatives. 
Allenes and acetylenes have been obtained in the protonolysis of the allenyl tin 
compounds and these reactions have been interpreted as proceeding by an S152 and 
SE2’ mechanism respectively. I t  was not concluded whether the S1J reaction was an 
&2’ (open) or an  S12.2’ (cyclic). The possibility of a dynamic equilibrium between the 
allenic and propargylic tin compounds was not discussed in this workse. 

The reaction of chloral with allenic and propargylic tin con~poundsS7 in CCll gave 
tin esters of homopropargyl (equation 53) and homoallenyl (equation 54) alcohols 

R,SnCHR1C=CR2+CCI,CH0 - R’CH=C=CR2C(OSnR,)CCI, (53) 

R,SnCR2=C=CHR1+CCI,CH0 - R2C=CCHR1CH(OSnR,)CCI, (54) 

respectively, showing that both reactions proceeded in these conditions with 
rearrangements7. The authors preferred a n  Sx2‘ (cyclic) rather than an SET (open) 
mechanism in view of the highly negative entropy of activation for this reaction. 
The  authors felt, however, that this mechanism cannot be generalized without 
further study since the solvent (CCI,) used was not a good solvating agent for ions. 
In isomerizing solvents both products were obtained from each of the starting tin 
compounds. I t  was shown lateras that in some solvents the equilibration between the 
allerjic and propargyllic tin compounds (equation 5 5 )  was very fast and that some 

R,SnCH,C=CH ’ R,SnCH=C=CH, 

R,SnCH,C=CCH, <’ R,SnC(CH,) =C=CH2 
(55) 

carbonyl compounds catalysed this isomerization, which then became much faster 
than the reaction with the carbony1 compound. The straight-chain isomers were 
generally preferred in the equilibrium (55). 
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Allenylboronates were found to react with aldehydes and some ketones with 
rearrangementso (equation 56) to  yield propargylic borates. However, in this reaction 

R' CH =C =CH B(0 Bu),+ R'CH =O ___f (56) RzCH [OB(O Bu),]CH R' C =CH 

R'CH=C=CHB(OBu),+R:C=O - R:CH[OB(OBu),]CHR'C=CH 

+R'CH =C=CHCR:[OB(OBU),] (57) 

most ketones yielded a mixture of propargylic and allenic products (equation 57). 
The coursc of reaction was interpreted as  proceeding by two competitive processes, 
one SE~' with rearrangement to an acetylene, and the other by an  S~32 or SEi mecha- 
nism with attack on the carbon linked to boron, yielding the allene. The allenic 
product obtained was not a result of a prototropic rearrangement. It was argued 
that the allenic products were not obtained from propargylic boronates (101) 
[M = B(OBu),] formed by a n  intramolecular rearrangement of the allenic boronates, 
since no  such isomerization was observed to take place. However, this can hardly be 
a proof of the absence of very small quantities of 101 since neither the reaction nor 
the equilibration starting with 101 [M = B(OBu),] was studied. A a-ally1 dynamic 
rearrangement (equation 49, M = BR2) was reported for allylic boron compounds90. 

The reaction of ethyl acetate with the allenyl Grignard reagent deuterated in the 
methine group was studiedQ1 (equation 58) and the substitution of magnesium was 
found t o  proceed preponderantly with rearrangemcnt. The allenic ketone (104) was 
a product of a prototropic rearrangement of 103, but 105 was considered to  be a 
product of a direct substitution ('retention') without rearrangement (SE2 or SEi). 

CH,C=CDMgBr+MeCOOEt - 
MeCOCH,C=CD (32yo)+MeCOCH=C=CHD (56%) 

(1 03) (1 04) 

+ M eC 0 C D =C =C H, (4%) + Me C 0 C H =C =C H, (8%) (58) 

The influence of several factors on the ratio of SE2' and Sx2 substitutions in the 
reaction of allenylmetal derivativese2 with di-i-propyl ketone was investigated 
(equation 59). The  proportion of the 'retention' alcohol (109) increased with the 
solvating power of the solvent, with the diminishing of the electrophilic charactcr 
of the carbonyl group and with the nature of the metallic group in the series of metal 
derivatives with M equal to RAlBrcMgBr<ZnBr<CdBr.  The ratio of the 
acetylcnic tc allenic products changed in favour of the last whcn 110 with M = ZnBr, 
R = H was used instead of that with R = IMe, pointing to more 'retention' in the 
case of R = H. 

(1 05) (1 06) 

RCH=C=CHM+i-Pr,C=O ---+ i-Pr,C(OH)CHRC=CH 
(110) (1 07) 

+ i- Pr,C(O H) C R =C =C H, + i- Pr,C( 0 H) CH =C =C H Me (59) 

Similar effects have been observed in the reaction of 110 with aldiminess3 
(equation 60). A mixturc of acetylenic and allenic amines was obtained. The 

(1 08) (1 09) 

CH,=C=CHM+R'CH=NR' - R'CH(NHR2)CH,C=CH 

+R'CH(NHR')CH=C=CH, (60) 

content of the allenic compound in the product increascd in the sequence 
M = RAlBr<MgBr<ZnBr and was 10-30%. A n  interesting difference in the 
regioselectivity of the reaction of imines with substituted allenylzinc bromides, 
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depending o n  the position of the alkyl substituents2P c3, was observed; linear 
compounds (111) yielded predominantly acetylenes (equation 61) but branched 

RCH=C=CHZnBr+R'CH=NRZ -> 
(111) 

R'CH(NHR2) CH =C=CHR+ R'CH(NH R') CHRC =CH (61) 
(mi n or) 

C H, =C =C RZn B r  + R' C H =N R2 --> 
(m a j o r) 

(1 12) 
R' CH (N H Rz) CH,C =CR + R' CH (N H R2) CR =C =CH, 

(mi n or) (major )  
(62) 

ones (112) gave preferentially allenes (equatior. 62). The composition of the product 
of these reactions changede4 somewhat with the duration of the reaction and led to 
a larger proportion of the more stable linear product. The possibility that this effect 
was due to the reversibility of the reaction was consideredg2, but it seemed that this 
reversibility could not account for the whole of the allenic product. 

The steric course of the condensation of aldehydes with substituted allenyl 
Grignard compoundsg5 was investigated. More threo than erythro products were 
formed in this reaction with aliphatic carbonyl compounds. It was concluded that 
the steric course of the reaction could be explained by an SE~'  (open) mechanism (113) 

(113) 
and not an SE~' (cyclic) one. Only limited stereoselectivity was observed. A similar 
conclusion was reachedD6 for the reaction of vinylallenylmagnesium halides with 
carbonyl compounds and for the interesting condensation (equation 63) of aldehydesD7 
with the lithium derivative (114) (M = Li) obtained by metalation of propargyl 
ethers. 

R'CHO 
R' 

R'CrCCH,OR2 !&!=!+ 'C=C=C'. --+ R'CH(OH)CH(OR')C=CR' (63) 
\ 

H 
(1 14) 

M' 

The regioselectivity was increasedD7 when the lithium compound was transformed 
into a zinc derivative (114) (M = ZnBr). An opposite steric courseo8 was taken in the 
reaction of 114 (M = ZnBr) with the unreactive ketones isoandrosterone and tram- 
dehydroandrosterone. This result was rationalized by the assumption that these 
ketones reacted with the propargylmetal isomer of 114. However, this is not a 
necessary assumption and it is enough to postulate that the arrangement of the 
ketones relative to 114 is not parallel as in 113 but antiparallel (115) to make the 
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chelation by zinc between the two oxygen atoms possible. This bridging by ZnBr is 
a driving force for this difficult reaction with the ketones (Rs and RL are  the small 
and large groups respectively). 

The  reaction of allenylmagnesium halides with tin halides yieldedg9 predominantly 
propargylic tin compounds (equation 64). but a similar reaction with borate estersloO 
gave allenic boronates with alkyl-substituted Grignard reagents (equation 65) and  

R2 R' 
R%nX + 'C=Cr=C"' -+ R2C-CCHR'SnR3 + R3SnCR2=C=CHR' (64) 

H (major) (minor) \ 
XMS/ 

C=C=CH, 
Et\ 

(65) / 
EtC(MgBr)=C=CH, + B(OMe,) + (MeO),B 

PhC(MgBr)=C=CH, + B(OMe), PhC=CCH,B(OMe), (66) 

propargylic ones with phenyl-substituted allenylmagnesium halides (equation 66) .  
The course of this reaction was not due to a prototropic rearrangement, but a 
1,3-boron migration was not excluded by the authorsloo. 

Summarizing the  results of the various investigations, it can be concluded that the 
main reaction path of the reactions of allenylmetal compounds is via an SE2' 
mechanism leading t o  acetylenic products. The SE~' (closed) (102) was preferred in  
some casesly. 87 and in  other ~ t u d i e s ~ ~ - ~ ~  an SE2' (open) transition state (113) was 
assumed. I t  snould be pointed out that 113 is not necessarily an  open transition state. 
If the positions of H and MgBr are interchanged, e.g. by attack of the ketone on the 
other face of the double bond of the allene, a cyclic transition state would be 
conceivable. Only 115 is a genuine SET (open) mechanism irrespective of the direc- 
tion of the attack. 

The  main unresolved question is that of the mechanism of allene formation. A 
base-catalysed proton migration in the acetylenic products was found t o  account t o  
only a small degree for the  allene formation. Moreover, only one allenic product 
of the possible two was obtained. This could be the result of a direct substitution 
('retention') by an SEI' or s ~ 2  mechanism or of a formation by the SE~' mechanism 
from the propargylic organometallic compound; thus 101 is supposed t o  be in a 
dynamic fast equilibrium with the allenic isomer (100). It  is difficult t o  give a definitive 
decision, but the last hypothesis is attractive since it gives a uniform mechanistic 
picture for the reactions of this class of compounds. In  addition, many experimental 
facts support this hypothesis. This common S132' mechanism for allenic and  
propargyllic metal derivatives is observed in the case of the tin compounds, where 
both classes are stable enough to be studied separately. Some effects observed in the  
reactions of the allenylmetal compounds are best explained by their reaction via 
their propargylic isomer in dynamic equilibrium with them. Firstly, the amount 
of the allenic product of the reaction increased when the organometallic compound 
was less reactive, and when the  ketone was more bulky or  less e l e c t r ~ p h i l i c ~ ~ - ~ ~ ~  lol. 

A slower reaction permits higher selectivity and the rate measurements on  t in 
compounds have shown that the propargylmetal compounds were more reactive 
than the allenylmetal derivatives. Secondly, it was found in the reaction of allenylzinc 
compounds with imines, that compounds of the type 100 yielded more allenic 
products than those of the type 110 ( M  = ZnBr). It is very rcasonable t o  assume that  
a larger proportion of 100 is converted in the equilibrium to 101 than of  110 to  its 
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corresponding propargyl derivative (110a), since 101 has the negative chargc 
located mostly on a. primary carbon whereas in llOa this charge has to be put on a 

(110) 7 RCHMC=CH 
(110a) 

secondary carbon; the equilibrium 100 101 gave therefore more a!lenic products 
by the s E 2 '  mechanism that 110 2 110a. Various and conflicting arguments have 
been put forward in favour of or against the intervention of propargylmetal com- 
pounds (101) in the reactions of 100 with electrophiles. These include the low 
reactivity of 101 or conversely the low reactivity of 100. However, some conclusions 
could be drawn from the relative reactivities of the various tin ~ o n i p o u n d s ~ ~ - ~ ~ ,  
where propargyl derivatives reacted faster than their allenyl counterparts. One can 
assume a similar pattern of reactivity for the propargylic and allenic derivatives of 
other metals and therefore 101 and llOa would be more reactive than 100 and 110 
respectiveiy. Moreover 100 and 101 (M = SnR,) have been founds5* sG to be more 
reactive than corresponding allylic derivatives. The allylic tin compounds themselves 
have been found to bc lo7 tirncs more reactive than alkylmetal compounds, e.g. in 
the reaction with iodinelo2. It is therefore possible that 101 could be active in 
conditions where alkylmetal compounds do not react and when the reactivity of 100 
is lowered for electronic or steric reasons. 

lo4 with 
electrophiles was found to account in several reactions for the change in the 
composition of the products. This reversibility by itself does not answer the question 
of the mechanism of the competing reaction. 

The intervention of free ions or various kinds of ion pairs cannot be eliminated in 
many of these reactions, particularly in the case of the derivatives of alkali metals. 

Very few kinetic studies have been carried out on these reactions and more 
detailed knowledge on their mechanism is lacking. 

The reversibility of the reaction of the allenylmctal compounds"* 

V. REARRANGEMENTS 

The observation that dimetalation of benzylacetylene, on the one hand, and of 
I-phenylpropyne or phenylallene, on the other, with subsequent reaction with 
trimethylchlorosilane gave the same disilylated product (27) led to the conclusion3o 
that a rearrangement had taken place in one of the compounds. This rearrangement 
could have taken place in the mono- or dilithium compounds, in the disilyl derivative 
or during the reaction with the  electrophile, i.e. in the nionolithiuni-monosilyl 
intermediate. The identification of two different dilithium derivatives derived 
respectively from 1-phenylpropyne and ben~ylacetylene~~ eliminated the possibility 
of rearrangement in the mono- or dilithium compounds and confirmed the structure 
of the obtained derivatives as 26 and 31 respectively. The disilyl derivative 27 was 
not obtained by a rearrangement of the isomeric38 compound 94 since both 
compounds 27 and 94 have been isolated and found to be stable under the conditions 
of the reaction. The conclusion was reached that the rearrangement had to occur 
in the monolithium derivative obtained after 26 had reacted once only with the 
electrophile. 

The rearrangement involved a !,3-niigration of a proton and could have occurred 
either by an intramolecular mechanism or by a two-step process, involving proton 
abstraction followed by proton addition. The first mechanism was the correct one, 
since the rearrangement occurred with a series of different ele~trophiles~~* 
including acidified water, and the migration in such a case involved not less and 
not more than one proton. 

I ?  
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The  question of the position of the first attack by an electrophile on the bidentate 
delocalized propargylic dilithium compound (26) was solvcd by utilizing the different 
rates in the first and second step of the reaction with electrophiles. Reaction of 26 
with one mole of electrophile and then with another electrophile gave a productlo5 
in which the first electrophile was linked to the benzylic carbon. The course of the 
reaction consisted therefore (equation 67) of an  electrophilic attack of El followed 

first by a rearrangement and then by a reaction with a second electrophile. El and E? 
were either the same, e.g. trimethylchlorosilane, water, D,O of methyl bromide 
which led to the products 27, 30, 119 and 120 rcspectively, or dincrent, e.g. 

PhCHDC=CD PhCHMeCGCMe PhCHMeCECD PhCHMeCECSiMe, 

(1 19) (1 20) (1 21 1 (1 22) 

PhCMe,=CSiMe, PhCECCD, PhCECCDLi, PhCHDSCH 

(1 23) (1 24) (1 25) (1 26) 

El = MeBr, E2 = H,O led to  121, El = MeBr, E? = Me,SiCI led to 122. The 
trilithiophenylpropyne, 28, was alkylated twice at the benzylic position when treated 
with methyl bromidelo5 and the subsequent reaction with triniethylchlorosilane 
yielded 123. 

The intrarnolecularity of the rearrangement 116 --t 117 was confirmed by treatment 
of the dilithium derivative 129, obtained from 124, with watcr, which gave the 
product of rnigrat ioP of one deuterium atom (126). 

A different kind of 1,3-hydrogen shift was observed during the ~ i i e t a l a t i o n ~ ~  of 
aliphatic 2-alkynes (127). The reaction with butyllithium in ether with these com- 
pounds was much slower than that of 25, and the alkylpropargylic monolithium 
derivative (128) was a longer living species than in the case of aryl-substituted ones. 
Two 1,3-proton migrations took place i n  this derivative (equation GS) which led to the 

BuLi 
RCECCH, + RC-CCH,Li RCLi=C=CH, 

(1 27) (1 28) y m i c p i a n  

(68) 

[RCH=C=CHLi 72 RCHLiC=CH] 

RCHLiC-CLi t- BuLi RCH,C-CLi ( 1 2 X  , ,d -migra t ion  

(131) (130) H 

terminal acetylide 130. The latter underwent an  additional inetalation to give 131. 
These reactions have been carried out with 2-pentyiie (127, R = Et), 2-hexyne (127, 
R = Pr) and 2-octyne [127, R = Me(CH?),]. The  obtained dilithium derivatives (131) 
reacted ~e lec t ive ly~~  in the first step a t  the propargylic position and in the second step 
at the tcrminal carbon (equation 69). These results are similar to those obtained in the 
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reaction of electrophiles with 26. The reasons for our rejection of the niechanism 
according to cquation (67) for the metalation of aliphatic alkynes are the following: 
( i )  The diinetalation of 1- and 2-pentyne led to identical dilitliiuni derivatives (131, 
R = Et) with p.ni.r. spectra supporting this structure39 (a methine proton appears 

(1)  MeBr (2) H,O 

(1) MeBr  (2) D,O 

(1) MeBr (2) Me,SiCI 

2 Mc,SiCI 

RCHMeCGCH 

t RCHMeCrCD 

(69) RCHMeC=CSiMe, 

RC H( Si M e,)C-CSi Me, 

(131) r, 
D,O L RCHDC-CD 

a t  6 = 2-16 p.p.ni. as a triplet). (ii) Thc development of the products of metalation 
depending on  its duration had shown that the next product after the formation of 
128 was 130 and subsequently 131. No dilithiated derivative was formed directly 
froni 128. The  lithium compounds 128, 130 and 131 have been characterized as 
their silylated derivatives 132, 133 and 134 re~pectively~~q 3D. No derivative corres- 
ponding t o  129 was isolated. This compound is probably rearranged rapidly into 130. 

RC=CCH,SiMe, RCH,C=CSiMe, RCH(SiMe,)C=CSiMe, 

(1 32) (133) (134) 

1,3-Sigmatropic proton shifts are considcred to  be forbidden by the orbital 
symmetry rules1OC. These rules have already bcen discussed in the case of allylic 
systems. Allene has been considered a Mobius s y ~ t c i n ~ ~ ~  and a 1,3-shift would 
perhaps Ire allowed. However, such migrations have not bcen observed in allenes. 
I t  seems that the reason why such a shift is allowed in allenyl-propargyl systems is 
that a migration of hydrogen and lithium takes place simultaneously. Simultaneous 
migrations of two groups have been studied and called a dyotropic reactionlog. The 
transition state in our case could be visualized as involving a migration of hydrogen 
with retention and of lithium with inversion (135), and this is an allowed process1os. 
The  allenic-propargylic metal rearrangcrnent does not involve a hydrogen but only 
a lithium migration, probably with invcrsionS4 on  lithium (136). This dynamic 
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equilibrium is very fast compared to the preceding one, since a C-H covalent bond 
is not broken in the transition state 136, but is partially broken in 135. 

\ .' 

Several detailed mechanisms additional to a Mobius-like one for a migration of 
hydrogen alone, e.g. 137, can be conceived for the other 1,3-hydrogen shift found, 
(116 --f 117), (equation 67). A simultaneous hydrogen and lithium migration in the 
rearrangement 116 -+ 117 could involve the propargylic isomer (140) of 116. One 

H 

t i  / 
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possibility is a transition state 138, where the hydrogen, lithium and three carbon 
atoms are in one  plane and only one set of three p orbitals is involved. Another 
possibility is a transition state (139) involving the migration of the hydrogen in a 
plane containing the three carbons and perpendicular to the plane containing the 
same carbons and lithium. Such a migration requires a rotation of the PhCH group 
by 90" and seems therefore less probable. 

VI. SOME SYNTHETIC APPLICATIONS 

The preceding sections contain information on the formation and  reactions of the 
acetylenes metalated a t  propargylic positions. In this section, some additional 
reactions are reported. 

Propargyl tetrahydropyranyl (THP) ethers have been metaiatedlOo with butyl- 
lithium to  136 and protonated t o  give the allene and the starting material. The 
allenes were hydrolysed to unsaturated aldehydes (equation 70). 

UllLi 
C,H,,C=CCH,OTHP - C,H,,CLi=C=CHOTHP 

(136) 

(70) 
?&O C,H,,CH=C=CHOTHP 

I 
C,H,,CH=CHCHO 

A l k y l a t i o ~ i ~ ~ ~  of a metalated propargylic ether yielded a n  alkylated allene 
(equation 71), which was metalated again and reacted with a different electrophile 

C,H, ,CLi =C=CHOCH, 

C,H,,CR'=C=CHOCH, 

nuLi  ~ 

RIS , 
C,H,,C=CCH,OMe 

C,H,,CR=C=CLiOCH, 
nu12 , 
I P S  ~ 

C,H,,CR'=C=CR2OCH, 

C,HIICR'=CHCORz 
U'O 

to  yield a disubstituted allcne. These allenes have been hydrolysed to ketones. 
Stereospecific condensation0' of metalated propargylic ethers with aldehydes was 
established (equation 63). A similar condensationo7 was carried ou t  with propargylic 
amines (equation 72). 

R'C=CCH,NR: A 1vcno 
R' CLi =C =CH N R: R' C =CCH (N R:)CH(OH) R' 

(72) 

Dinietalated phenyl-substituted propargylic ethers were attacked by electrophiles 
selectively first a t  the position away from the alkoxy substituent and then near to 
this position. Symmetrical and mixed disubstituted allenic ethers have been obtained 
in this way (equation 73)l". 

Propargylic diethers clirninated an  ethoxide group after two steps of metalation. 
Alkylation of the lithiated cumulenes112 formed in this reaction (equation 74) gave 
alkoxycuniulenes. A similar reaction113 took place with dithioethers (equation 75). 
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PhC=CCH,OCH, A PhCLi=C=CLiOCH, 

P h CR' =C =CLi OCH, 
JI:O ' PhCR'=CHCHO R'X - 

IRZX 

P h C R' = C =C R2 0 C Ha 

(73) 

> R'CH=C=C=CLiOR I3uLI R0CHR'-C =CCH,OR 
(74) 

R'CH=C=C=CMeOR nrer > 

nu1 I 
RSCH,-C=CCH,SR 4 RSLi+CH,=C=C=CLiSR 

€ I 2 0  (75) 
> CH,=C=C=CHSR+CH,=CHCECSR 

l-Thion1ethyl-3-melhoxypropyne was metalated with lithium diisopropylaniide114 
and alkylatcd (equation 76). Selective hydrolysis of the substituted allene obtained 

MeSCGCCH,OMe MeSCLi=C=CHOMe * MeSCR=C=CHOMe 
i-Pr,NLi RX 

HgCI,. / MeOH p + , % O  (76) 

R C 0 C H C H (0 M e l2 MeSCH=CHCHO 

gave either the 3-ketoaldehyde or the thioenol ether. A similar reaction with a 
propargylic acetal (equation 77)lI5 gave thiosubstituted unsaturated esters. 

Acetylenic ynaniines"O have been metaIated117 and then alkylatcd at the propargylic 
position (equation 78). 

MeSC=CCH(OEt), MeSCLi=C=C(OEt), A MeSCR=C=C(OEt), 
EtrNLi R S  - MeSCR=CHCOOEt (77) 

(78) 

Propyne was silylated at the ethynylic position, then nictalated and alkylated 

MeCECSiMe - l3riLi LiCH,CCSiMe, R S  , RCH,C=CSiMe, (79) 

Conjugated enynes have been prepared from propargylic phosphoranes and 

BuLi , RX 
MeC=CNR, - LiCH,C=CNR, > RCH,C=CNR, 

yielding a silylated terminal llD (equation 79). 

aldehydeslZ0 (equation SO). 
H 

H CrCSiMe, 

R\ / 
/c=c\ (80) 

The selective attack of elcctrophiles on the dilithium derivatives of terminal 
aIkyneP1 40. lo5 found previously was worked out as a synthetic procedurelal for 
the preparation of terminal and unsymmetrically substituted dialkylacetylenes 
(equation 81). 

RCH,C=CH - [R-CHII-C~CJLi, - z RR'CH-CECLi ---+ RR'CHCECR' 

(81 1 

RCHOt BrPh,PCH,C-CSiMe, Ph,P=CHCrCSiMe, - 

BuLl It' x n2x 
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T h e  full potential of metalation a t  propargylic positions and of the  reactions of 
the metalated derivatives h a s  not yet been exploited. This is particularly true for 
the polymetalated compounds.  I t  seems that  the near future may bring many 
additional contributions in this field. 
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1. I N T R O D U C T I O N  

Several reviews dealing with various aspects of rearrangement of acetylenic 
compounds have appeared in recent years14; consequently a full coverage of the 
literature is not intended and  although earlier work has been included, this chapter 
will deal mainly with recent studies. 

11. PROTOTROPIC REARRANGEMENTS 

The prototropic acetylene-allene rearrangement, the first step in the rz-alkyne- 
11 + 1-alkyne isomerization, is generally promoted by bases: 

R'--CEC-CH,-R 7 R-CH=C=CH-R R'-CH,-CrC-R 
381 
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This rearrangerncnt involves a 1-3 proton shift and can occur, in basic medium, as 
long as there is at  least one hydrogen attached to a carbon atom next to the triple 
bond or to  a carbon atom of the allene structure. However, some allene-acetylene 
isomerizations promoted by acidic reagents have been recently reported0. The 
rearrangement takes place in various solvents such as hydrocarbons, alcohols, 
ethers, amines or even in absence of solvents. The  temperature effect on the 
rearrangement rate is great; the temperatures used range from room temperature to 
250 "C. ?ase catalysts are generally alkaline metal hydroxides in aqueous or  ethanolic 
medium; alkali metal alkoxides in alcohols and metal amides in liquid ammonia 
(under pressure) or in amines. The ease and the course of the rearrangement are 
dependent on  the strength and the concentration of the base. 

A. Hydrocarbons 

Favorskii first found that various 1 -alkynes isomerize into the corrcsponding 
2-alkynes when heated with alcoholic potassium hydroxide On heating 
disubstituted acetylenes with metallic sodium, the reverse process takes place, that 
is, they are converted into monosubstitutcd acetylenes'l. The postulation of an 
allenic intermediate in this process is supported by the rearrangement of 1 to  2, the 
subsequent formation of 2-alkyne being impossible in this case. Similarly the fact 
that t-butylacetylene is unchanged under comparable conditions also provides 
confirmation of this postulation. 

KOH-EtOII [lfO"C) 
(C H,) , C H C =C H (CH,),C=C=CH, 

(1 1 (2) 

Since these original reports the base-catalysed acetylene-allene rearrangement 
has attracted considerable intercst and comprehensive reviews on  the subject are 
now 

The most important contribution to a n  understanding of homogenous catalysis 
in solution came from Jacobs and coworkerslZ. They showed that treatment of 
1-pentyne, 2-pentyne or 1,2-pentadiene with 4N alcoholic potassium hydroxide 
solution a t  175 "C gave the same equilibrium mixture containing 1.3% of 1-, 3.5% 
of 1,2- and 92.5% of 2-. The other possible isomers, 1,3- and 2,3-pentadienes, were 
not formed and the authors concludcd that isoincrization involved only C-1 and C-2. 
The predominance of 2-alkyne in the equilibrium mixture reflects the greater 
thermodynamic stability of this isomer as compared with I-alkyne and might be 
duel3 to the greater stabilization of 2-alkyne due to 'hyperconjugation'. 

indicate that a terminal allene is of slightly 
lower energy than an isomeric terminal acetylene but that an  internal acetylene 
should be significantly lower in energy than an internal allenc. Thus, the six straight- 
chain isomers of pcntyne can be arranged in order of increasing stability as follows: 
I-pentyne < 1,2-pentadiene < 2,3-pentadiene c 2-pentyne < I ,Cpentadiene c I ,3-penta- 
diene. All acctylenes and allcnes have much higher energies than the isomeric 
unconjugated dienes, which, as is well known, are energy-rich as  compared with 
the conjugated dienes. The experimental results of isomerization of I-pentyne and 
2-pentyne obtained by Jacobs are at least in qualitative agreement with the thermo- 
chemical data. 

Similar studies dcaliiig with thc isomerization of hexynes, heptynes and octynes 
have becn made. Thus Wojtkowiak and coworkers1G. l i  havc reported that the 
treatment of 1-octyne, 2-octyne or I ,?-octadicne gave the same equilibrium mixture 
containing 0.2% of I-, 2.3% of 1,2- and 97.5% of 2- with no  formation of 

Published thermocheniical data'. l.*, 
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2,3-octadiene or  3-octyne. Starting from 3- or 4-octync, no triple bond migration 
was observed. On the contrary, in a study of isoincric heptyncs and heptadienes by 
Smadjal8, the following hydrocarbons listed in the  increasing order of stability 
wcre obtained : 1-heptyne < 1 ,Zheptadienc c 3,4-heptadiene < 2,3-heptadiene < 
3-heptyne<2-heptyne. So, the migration of a triple bond t o  C-3 and beyond is 
possible but only isomerizations between C-1 and C-2 are significant. 

Sodium amide brings about the acetylene-allene rearrangement at thc boiling 
point of ammonia. The  rearrangements are often too slow even when using high 
amide concentrations, but they are conveniently carried out under pressure at  room 
temperature19. For example, in t h e  isomerization of hexynes, the major product is 
2-hexyne which can be diminished in favour of I-hexyne when the rearrangement is 
carried out  in presence of higher molar quantities of sodium amide. I n  this medium, 
the conversion of 2-hexyne to the less stable 1-hexyne occurs because of the irrevers- 
ible removal by acetylide formation of 1-hexyne from the equilibrium mixture. 

However, to avoid the inconveniencc of using ammonia under pressure, Wotiz 
and coworkers’O have successfully substituted ethylenediamine for ammonia. So, 
all the normal hexynes are  rearranged to give the same mixture (at the same amide 
concentration) which consists of about 6% of I-, 80% of 2-, 11% of 3-, 3% of 2,3- 
and, surprisingly, no 1,2-hexadiene. The same authors have established that un- 
saturation moves along the chain in a stepwise fashion: thus 3-hexyne is derived 
from 2-hcxyne via 2,3-hexadiene. From the study of reactions carried out under 
comparable conditions, it appears that the  position of unsaturation has a large 
effect on  the rate of rearrangement. Since 1,2-hexadiene is converted extremely rapidly 
into hexyne, its absence in the mixtures is not surprising. 

Under the same conditions, 5-decyne is also rearranged into a mixture containing 
five new components, one of which is 1-decyne. If the  unsaturation movesealong the 
chain in a stepwise fashion, the presence of branching in internal acetylenes must 
prohibit the migration of the unsaturation into the terminal position. Indecd 
WotizZo has shown that the treatment of 3,10-dimethyIdodec-6-yne (3a) and 
4,1l-dimethyltetradec-7-yne (3b) with sodium arnide in ethylenediamine mainly 
gives two new allenic compounds (4 and 6) and one acetylenic compound (S), all 
with the unsaturation located between the two methyl branches. 

RCH,CH,C=CCH,CH,R 7 RCH,CH,CH=C=CHCH,R 

(3) (4) 

< ’ RCH,CH,CH,C=CCH,R (5) 

RCH,CH,CH,CH=C=CHR 

I I 
(a) R = CH,CH,CHCH, (b) R = CH,CH,CH,CHCH, 

The isornerizations of C-6 acetylenes and allenes, catalysed by r-BuOK in r-BuOH, 
have been recently reinvestigated by Carr and coworkersz1. The rates of isomerization 
are in the sequence: 1,2- > 1- S= 2,3- S 3-> 2-. The results combine to  give good evidence 
for  a stepwise isomerization: I-F?1,2-F?2-*2,3-e3-. 

The relatively slow rate of isomerization of 2- enables ‘equilibration’ between 
1-, 1,2- and 2- to be achieved, but it must be noted that 2,3- isonerizes much more 
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rapidly than 2-. Thus, although starting from 1-, isomerization appears to stop at  
2-, this cannot be taken to imply that more internal isomers such as 2,3- and 3- are 
not stable under the same conditions. 

The steDwise mechanism involves carbanion intermediates and is more properly 
written as- follows: 

CH=CCH,CH,CH,CH, CH=CCHCH,CH,CH, 

- 
CH,C=CCH,CH,CH, 

IT 
CH,C=CCH,CH,CH, 

++ ( 7 4  CH,=C=CCH,CH,CH, 

+-+ CH=C=CHCH,CH,CH, 

TI 
CH,=C=CHCH,CH,CH, 

CH,C=C=CHCH,CH, CH,C=CCHCH,CH, a 

+--+ CH,CH=C=~CH,CH, CH,CH=C=CHCH,CH, 

CH,CH,C=CCH,CH, 

I t  can be reasonably assumed that the deprotonation 'processes are slow and 
therefore are rate determining (compared with protonation). The observed rates of 
isomerization very roughly parallel thermodynamic instability in that the least stable 
isomers are seen to isomerize most rapidly and this could be assumed to  imply a 
more rapid carbanion formation from the least stable isomers. However, it must be 
recognized that the observed rate of isomerization may not depend simply on  the 
rate of deprotonation in the starting material. Thus, in the case of the slow isomer- 
ization of 2-hexyne, carbanion 7a is likely to  be formed more easily than carbanion 
7b, but since the negative charge in the inesomeric carbanion 7a would be pre- 
dominantly on C-1, protonation results in reformation of the starting material. 

Carr and coworkers22 have reinvestigated the hexyne-hexadiene isomerizations 
catalysed by sodium amide in liquid ammonia despite the reported stability of a 
closely related systemz0. They have also compared isomerizations promoted by this 
basic catalyst with rearrangements caused by solutions of 1-BuOK in r-BuOH. The 
rates of isomerization follow the sequence: 1,2- > 2,3-%3-> 2-. These results con- 
vincingly argue for a stepwise path: 

I-hexyne 1,P-hexadiene 2-hexyne 

7 2,3-hexadiene 7 3-hexyne 

Equilibration in this system is not possiblc since the formation of 1-hexyne is 
irreversible. The most noticeable difference is that the observed rate of isomerization 
of 2,3-hexadiene is considerably faster relative to  that of 3-hexyne with sodium 
amide than with potassium r-butoxide as catalyst. 

I t  is worth noting that, although the formation of I-hexyne is irreversible under 
these experimental conditions, it is not a major product of the initial isomerization of 
1 ,Zhexadiene or of 2-hexyne. Consequently the studies which have assumed that 
rearrangement of internal alkynes will be manifested by formation of large amounts 
of a 1-alkyne have concluded erroneously that no isornerization has 
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In the base-catalysed rearrangement of cycloundecyne, -decyne and -nonyne, 
Moore and  Ward" have shown that the percentage of allene increases with 
decreasing ring size. These results show the effects of ring strain o n  the position of 
the equilibrium: in the acetylenic compounds, four carbon atoms must be arranged 
in a straight line, b u t  in the allenic ones only three, with the rcsult that the allene 
is moreeasily accommodated in a small ring. On the other hand. i t  is amarcnt  that  the 
allene/acetylene ratios are considerably smaller in  NaNH,-NH, th& in I-BuOK- 
t-BU OH. 

The isomerization occurs easily in  the acetylenic compounds bearing phenyl 
substituents where the allenic rearrangement product has a conjugated system 
including the phenyl group2'-28. 

A1203 (acthated with NaOII) 
Ph,CH C =CPh > Ph,C=C=CHPh 

0. Substituted Acetylenic and AIIenic Derivatives 

Base rearrangement of acetylenic derivatives is represented by the general equation : 

Acetylene isomerizations being reversible, the expected result must always be to 
convert one isomer t o  a more stable one. The relative proportions of the acetylene- 
allene products are greatly dependent on  the structure of the initial acetylene and 
perhaps o n  the conditions under which the rearrangement takes place. 

The acetylene group is relatively electron deficient, consequently i t  is stabilized by 
adjacent electron-donating groups and  destabilized by adjacent electron-with- 
drawing groups. T h e  acetylene group may also be stabilized by conjugation. 
Numerous examples summarized by Bushby' show that the isomerization follows 
broadly speaking the expected pattern. However, in systenis where several effects are 
working in opposition, the net result is not always easy t o  predictzD* 30. 

The prototropic rearrangement of acetylenic derivatives generally occurs under 
milder conditions than those required for acetylenic hydrocarbons3'. In  the isomer- 
ization of 1-alkynes t o  2-alkynes the allene formation is the slow step. Once it is 
formed, it rapidly isomerizes to product and does not accumulate to  any appreciable 
extentc0. O n  the contrary, in most acetylenic derivatives, the allene is formed rapidly 
and is only slowly isomerized with the result that the isomerization can be stopped a t  
the allene stage. This type of behaviour is shown in systems containing COT z8,  32, 

NR2 331 35 and SR 31* 35. In other systems, for example the ones where Y is CO, Et 32, 
OR 35 or COR 30, the isomerization does not proceed appreciably beyond the allene 
stage. In this case, prototropic rearrangement may serve as  a good synthetic method. 

Another difference between the substituted acetylenes and the acetylenic hydro- 
carbons is the ease with which some of them, especially the oms with a COMe37 
or a CO; z s O  38s 3D in the  p position isornerize to conjugated dienes according to: 

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

We shall now discuss some examples of base-catalysed rearrangement involving 
monoacetylenic compounds bearing various functional groups. 

Acetylcnic alcohols are often isomerized by acids. However, in presence of bases, 
secondary aromatic alcohols (8) undergo a rearrangement into eneonc (9) which is 
cleft into aldehyde and  ketone4". Under similar conditions, primary aromatic 
P-acetylenic alcohols and  aliphatic secondary alcohols are not rearranged. 
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I 
Ar'C=CCHAr2 ___+ (Ar'CH=C=CAr*) - (AR'CH=CH-C-A?) 

OH OH 
I (KOII) 

___+ Ar'CHO+Ar*COCH, 

Tertiary alcohol (10) is converted into acetylene (ll)27.* 

A-CH,-CECC(OH)Ph, - A-CEC-CH,-C(OH)Ph, * 
(1 0 )  (11) 

The rearrangements of ethers, tliioethers, diethers and acetals have been intensely 
~ t u d i e d ~ l - ~ ~ .  Thc base-promoted isomerization occurs more readily with thioethers 
than with et 

Thc transformation of RCH,C=CXR' (X = 0, S )  into allenic compounds by 
means of potassium hydroxide is d i f i c ~ l t " ~ *  45. The conversion of 12 into 14 is brought 
about with sodium amide in liquid ammonia; in some cases compound 13 is detec- 
ted". Under the same conditions RCH,C=CSR' affords RCH=C=CHSR' 4 7 v  48. 

(12) (1 3) (1 4) 

The allenyl derivative 16 is obtained in  the rearrangement of 15 into 17 by nieans 
of sodium ethoxide, the first step of the conversion being much faster than the 
second 16 is the end-product when the a carbon of 15 bears an R substituent. 

CH=CCH,XR' ___+ CH,=C=CHXR' - CH,C=CXR' (X = S, Se, ... ) 

CH,-CsC-OR - (CH,=C=CH-OR) ____+ CH=C-CH,-OR 

(1 5) (1 6) (1 7) 

Homologues of 15 isonierize less readily to 1635. The isomerization of 
CH=CCH,OR' and of CH=CCH(R)OR' with I-BuOK in t-BuOH stops at the 
allene stage35* 4D. 

The treatment of RCH,CH,C=COR', RCH,C=CCH,OR' Go or CH,C=CCH- 
(R)SC2H551 with an excess of sodium amide in liquid ammonia gives rise to an 
elimination with formation of 1,3-enynes; cumulenes are involved as intermediates: 

R 

H 

n /  R R 

\ \? 
SEt SEt 

/ -7 -- / 
\ 

> CH,-C=C-CH -----+ CH=C=C=C CH,-C-C-CH - 
I - I '  

- 
CHGC-CH=CHR C-- C-C-CH=CHR f-- CH=C-c=CHR 

Ethers (and thioethers) (18) are isomerized into allenic derivatives (19) by 
t-BuOK in DMSO; further treatment of 19 gives carbonyl compoundsG?. 

P h -C= C -CH (R)O Et - P h - CH = C= C( R) OEt 

(18) (19) 
I.[+ - Ph-CH=CHCOR (R = H, alkyl, Ph, ...) 

* A = 9-nnthranyl. 
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Diethers (20), by treatment with catalytic amounts of f-BuOK in DMSO, are 

rearranged into 21 or 22 according to R and R' 63. On reaction with sodium amide 
they give a l k ~ x y e n e - y n e s ~ ~ ~  64. 

1 

R = H !  (CH,),C-O-CH=C=CH-CH(R')-OR' 

Acetylenic acetals (23) are rearranged into 24 by means of r-BuOK in DMSO, the 
acetylene group migrating away from the electron-withdrawing acetal groups5, 6G. 

Acetylenic thioacetals R-C=C-CH(SEt), are isomerized into unstable allenic 
thioacetals by the action of sodium ethoxide in liquid ammonia57. 

RC Hz -C SC - C H (0 Et), - R - C EC - C H, CH (0 E t)? 

(23) (24) 

Prototropic conversion of acetylenic acids has been intensely studied by Jones 
Thus 25 (and its ethyl ester) and 26 are rearranged into 27 by and 

potassium carbonate. 

H-CEC-CHZCOOH - CH,=C=CH-COOH ___+ CH,-C=C-COOH 

(25) (26) (27) 

Acetylenic acids 28 and 29 in which the triple bond is further removed from the 
carboxylic group undergo rearrangement in the presence of concentrated potassium 
hydroxide solutions with formation of either the corresponding allenic (30) and 
dienic (31) acid or the isomeric acetylenic acid (32)29. 

CH=CCH,CH,COOH - CH,=C=CHCH,COOH 
(28) (30) 

___+ CH,=CH-CH=CH-COOH 
(31 1 

CH=CCH,(CH,),COOH - CH,C=C(CH,),COOH (n = 2,3) 
(29) (32) 

In 30 the presence of the -COOH group facilitates the removal of a proton from 
the C-2 carbon of the penta-3,4-dienoate anion which results in the formation of 
penta-2,4-dienoic acid (31) rather than pent-3-ynoic acid (35). However, it is found 
that 33 and 34 are isomerized into 35 by use of a 9~ potassium hydroxide solution29, 
In this case, the acid (35) appears to be the more stabie isomer; the acetylene group 
is flanked by two electron-donating alkyl groups and this seems to provide a better 
stabilization than that gained by conjugation. 

CH,CH,CECCOOH 

(33) 3 CH,C'-CCH,COOH 

CH,CH=C =CHCOOH 1 (35) 

(34) 

Isonierizations in this five-carbon system have been recently reinvestigatcd30. 
Equilibrium between the three acid anions can be established in aqueous sodium 
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hydroxide solution ( 6 . 2 5 ~ )  at 65 “C. The equilibrium composition is: pent-2-ynoate 
(33) = 1.28%; penta-2,3-dienoate (34) = 16.5% and pent-3-ynoate (35) = 82.3%. 
The interconversion between 33 and 34 only occurs in strongly alkaline conditions 
under which the cquilibrium between 34 and 35 is rapidly established. 

The equilibrium constant for the reaction of methyl esters corresponding to 34 
and 35 is found to be close to unity30. Such a result represents a significant shift in 
favour of the allenic isomer compared with the corresponding sodium salts, and 
presumably reflects the superior ability of the -CO,Me group to conjugate more 
effectively with a double bond than does CO;. The methyl ester of 33 is not isomerized 
under the same conditions. 

a,F-Acetylenic acids possessing two y hydrogens rearrange rapidly to the 
a-a-y-allenic acids in the presence of sodium amide in liquid ammonia: so but-2-ynoic 
acid only gives buta-2,3-dienoic acid. However, C5-CB C C , ~  acids are further 
transformed into their p,y isomers : for example, pent-2-ynoic acid gives pent-3-ynoic 
acidG0. Other examples of rearrangement confirm the surprising stability of allenic 
a ~ i d s ~ ’ - ~ l .  

Allenic amines (36) are readily isomerized into 37 in ethereal solution in presence 
of metallic sodium72; on heating 36 in presence of a base, thc isomerization proceeds 
in the reverse direction (38)73. 

RR‘NCH,C=CCH, t-- RR‘NCH,CH=C=CH, - RR’NCH,CH,C=CH 

(38) (36) (37) 

Substituted pyridines bearing a terminal triple bond (39) are rearranged into 40 
by potassium hydroxide in etlian01’~. The yield strongly decreases when ti # 3 or 4. 

Various nitrogen heterocycles (41) substituted by a prop-2-ynyl group are isomer- 
ized into allenes (42) on a potassium amide catalyst. Ynamines (43) are only 
detected in two cases as niinor coniponents 34. 

RCH,C=CH pw RCH=C=CH, 7 RC=CCH, 

(41 1 (42) (43) 

R = pyrrol-1-yl, pyrazol-1-yl, imidazol-1-yl, indol-1-yl, carbazol-1-yl 

In  systems such as C2H50Na-C,H50H, KOH-THF, KOH-DMSO, 
r-BuOK-r-BuOH, allenamines (42) or ynamines (43) (where R = phenothiazin-1-yl, 
carbazol-1-yl, diphenylamino, N-methylphenylamino) are obtained by isomerization 
of corresponding compounds 41 depending on basic reagent, solvent, temperature 
and starting material75. 

Using potassium amide on alumina in benzene or hexane as a catalyst, 
N,N-dialkylprop-1-ynylamines (46) are obtained in large amounts from N,N- 
dialkylprop-2-ynylamines (44)33. The allenamine (45) is an intermediate in the 
isomerization and appears in large quantities during the early stages of the reaction. 
The method did not seem useful for the preparation of aliphatic ynainines with 
R# H. 
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The presence of a considerable amount of ynamine at  equilibrium can easily be 

explained. It is known that a disubstituted triple bond is more stable than a mono- 
substituted onc and the overlap between the electron pair on nitrogen and the triple 
bond also makes the ynamine more stable than the prop-2-ynylamine. 

RC=CCH,NRz 7 RCH=C=CHNR, ’ RCH,C=CNR, 

(44) (45) (46) 

Rz = Me,, E L  (CHz),, (CHz),, (CHz-CHJzO 

O n  treating the secondary aniines (47) with t-RuOK in t-BuOH, the corresponding 
u,p unsaturated aldiinines (49) are formed, very likely through unstable allenic 
intermediates (48)7G. 

CH=CCH,NHR (CH,=C=CHNHR) - CH,=CH-CH=NHR 

(47) (48) (49) 

I n  the sainc way, base-catalysed prototropic rearrangements take place with 
othcr a m i n e ~ ~ ~ - ~ ~  and with compounds containing functional groups such as  
ketonesRo-s2, diacidss4, s u l p h ~ n e s ~ ~ - ~ ~ ,  nitriles8e-90, phosphonateso1. 92, ylidesg3 and 
halogenated esters0’. 05.  

C. Mechanism of the Base-catalysed Acetylene-allene Rearrangement 

The scheme generally accepted for a base-catalysed acetylene-allene rearrangement 
is a carbanion mechanism similar to the one which takes place in other prototropic 
rearrangements. 

B-+-cH~-c=c- - BH+(-~H-C=C- c-----, -cH=c=c--) 

In the last few years, a great deal of inforniation has been obtained concerning the 
mechanism of the reaction80. 0G-08, more especially from kinetic 

Cram and coworkerP  havc investigated the intramolecular features of the 
rearrangement of 1,3,3-triphenylprop-l-yne, P1i2CHC=CPh. Intraniolecularity of 
88% is observed when this conipound is isomerized in DMSO-CH30H with 
triethylene dianiine as a base; with such a proton-deficient solvent, something like a 
‘conducted tour’lol is operative. When the reaction is carried out in CH,OK- 
CH,OH, the intraniolecularity sinks to 18%; in this case, the proton supplied in the 
second step mainly conies from the proton-rich solvent itself. 

An  outstanding problem, however, is the question as to whether, in any particular 
case, the rearrangenicnt of the acetylcne into the isomeric allene (or vice verso) 
involves an  intcrmcdiate carbanion or if the reaction can occur via a concerted 
mechanism in which a proton is donated from the solvent synchronously with the 
abstraction of a proton from the substrate by the base. 

With regard t o  this problem, Bushby and Whitham30 have studied the inter- 
conversion of anions derived from pent-2-ynoic (33), penta-2,3-dienoic <34) and 
pent-3-ynoic (35) acids (for the equilibrium composition, sce previous section). The 
solvent isotope effect kl(D20)/kl(HSO) for the conversion of 33 into 34 is found to 
be 1.4. For a mechanism involving a carbanion intermcdiate, the transition state 
may be represented as  in 50 and for processes of this type occurring by rate- 
determining transfer of a proton from carbon to  lyate ion values of solvent isotope 
effect greater than unity are expectedloP* lo3. 

- - -CH=C=CH-+B- 

89v loo. 
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(50) (51 1 
For a concerted mechanism involving a transition state such as 51, an OH (or 

OD) bond is broken in the rate-determining step. A lower rate in D20 compared to 
HnO should be expected. Therefore the conversion of 33 into 34 involves a carbanion 
as an  intermediate. Similarly the value of 1.6 for the solvent isotope effect for the 
conversion of 34 into 35 is consistent with the same intermediate. 

The evidence obtained when following the isomerization of 33 to 34 and of 34 
to 35 in D20 by n.m.r. shows that the carbanion (52) common to  33 and 34 
preferentially protonates to give 34. In  the same way, the  carbanion (53) intermediate 
between 34 and 35 preferentially gives 35 by protonation. In  agreement with the 
intermediate carbanion mechanism, it is established that pent-3-ynoate (35) 
incorporates deuterium a t  C-2 about 9.5 times faster than it undergoes isomerization 
to  the allene (34)30. Further evidence for the postulated mechanism is gained from 
the study of heptadiynoic acidslo4. 

+ A 
C H, C H - C = C - C 0,- C H,C = C z  C H - C 0, 

(52) (53) 

The carbanion mechanism has also been evidenced in the base-catalysed 
rearrangement of 1,3,3-triphenylpr0p-l-yne~~~. The reaction of this compound with 
hydroxide anion is confirmed to  be second order and the magnitude of the kinetic 
isotope effect clearly indicates that the ionization step is rate-determining. Acidity 
function-rate correlations, kinetic solvent isotope effects and Hammctt reaction 
constant values suggest that the transition state appears to be highly 'advanced' and 
consists of an  almost fully formed carbanion. 

On the basis of the relative amounts of deuterium incorporated in the I-hexyne 
and 3-hexyne reactions with deuterated ethylenediamine and rz-butyllithiurn, 
valuable information concerning the mechanism of the proton transfer in the 
propargylic rearrangement was secured1O0. This transfer takes place either by a 
concerted mechanism with the diamine anion in a nine-membered cyclic transition 
state (54) or  by an intermolecular proton abstraction and proton recapture 
according to  scheme 55. 

+ 5- \ ,C=C=C / + 6- 
\ 
0 
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D. Ene-ynes and Related Compounds 
391 

The rearrangement of 1,3-ene-ynes (56, 57, 58 and 59) and 'skipped' 1 ,Gene-ynes 

RICH,CH=C=C=CHRZ 7- 

(60 and 61) can occur in several ways according to the scheme below7. 

R'CH=CHCrCCH,R2 R'CH,C H=C HCECR' 

I! R' C H=C HC H=C=C H R2 

R'C=CCH,C H =C H R' 
R'C H = C HC H,C CR2 

(60) 

R'CH=C=CHCH=CHR' 

R'C-CCH=CHCH,R' 

1 
R'C H=C= c=CHCH,R2 

Ene-ynes can also be further rearranged into more stable conjugated trienesG9~107. 
For example, 3-hexen-1-yne (58a) (R' = H, R2 = CH,), by treatment with a 
solution of t-BuOK in DMSOIf-BuOH, gives 4-hexen-2-yne (59a) (R' = H, 
R2 = CH,) and finally, 1,3,5-hexatriene*07. Allene-ene (65) o r  cumulene (63) is not 
detected in the course of the reaction although 1,2,3-hexatriene (63a) (R1 = H, 
R2 = CH,) also gives 59a and then 1,3,5-hexatriene under the same conditions. By 
using potassium amide in liquid ammonia, the isomerization proceeds in the opposite 
direction; so ene-yne hydrocarbons, alcohols and ethers (59) are converted into 
581°8. 

Under the influence of sodium ethoxide in liquid ammonia, penta-4-en-2- 
ynylthioether (56b) (R1 = H, R2 = SCH,) and penta-1,2,4-trienylthioether (64b) 
(R' = H, R2 = SCH,) give penta-3-en-1-ynylthioether (57b) (R* = H, R2 = SCH,) 
which is apparently the most stable compoundlo9. However, the allcne-ene inter- 
mediate 64 is isolated in the isomerization of the corresponding C-6 thioether (57c) 
(R1 = CH,, R2 = SCH3)log and in the rearrangement of hex-5-en-3-ynoic acid 
(56d) (R' = H, R2 = C02H) promoted by aqueous potassium hydroxideg0. 

The same allene-ene intermediates (64) are  also obtained in the sodium amide 
isomerization of the C-5 and C-6 thioethers (56, 57; b and c). Numerous multi-step 
pathways can be drawn up ;  however, the presence of a considerable amount of 
cumulenic thioether 62b (R1 = H, R? = SCH,) during the early stages of the 
reaction suggests the scheme overleaf10Q. 

Allene-enes 64 and 65 are involved, among other possible intermediates, in the 
isomerization of 'skipped' ene-ynes. In  some cases, the rearrangement stops a t  the 
allene-ene stagello. Hydrocarbons (61e) (R' = H, R2 = H, CH,, C2H5, i-C9H7) 

(63) 
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eventually bearing a C3 alkyl group and compounds 61e [R2 = H, R1 = H, CH3, 
-(OH)C(CH,),, C2H6CHOH--; R1 = CH3, R2 = CzHbCHOH-] give 65 in good 
yield111, 112. 

R -CH,-CH=CH-C-C-SCH, 

-̂c -c R-CH,-CH=C-C=C-SCH, W R-CH,-CH=C=C=CH-SCH, 

- f  n 
R-CH=CH-CH=C=CHSCH, f-- R-CH-CH=C=C=CH-SCH, 

In  other instances, the allene-ene intermediates isolated or detected during the 
early stages of the reaction are further isonierized to 1,3-ene-ynes with an apparent 
shift either of the triple bond113 or of the double l15. So 1.4-ene-yne 61f 
[R, = H; =CHR2 = =C(CH,),] gives 65f or 59f (with triple bond migration) 
according to the base used113; compounds 60g [R1= H; R2 = C4Ho, CoHs, 
OHC(CH3)(C,H6), (CH,)(C2H,)C(OCH,)] are first rapidly isomerized to the allene- 
enes 64g, then more slowly to the conjugated ene-ynes 57g1l4~ l15. 

1,5-ene-ynes (66) are rearranged through allene-enes (67) to conjugated trienes 
(68) by means of 2-BuOK in I - B U O H ~ ~ ~ ~  l17. 

R'C=CCH,CH,CH=CHR - R'CH=C=CHCH,CH=CHR 

(66) (67) 

(68) 

- R'CH=CHCH=CHCH=CHR 

If several 1,5-ene-yne units (66) are included into a ring the same basic treatment 
can lead to the consequent formation of a completely conjugated polyene. This 
possibility has been recognized and intensely exploited, among other methods, by 
Sondheinier for the synthesis of annulenes118. 

Finally, compounds possessing the systems 69, 70, 71 and 72 undergo a base- 
catalysed rearrangement with aromatizationlo7* ll0. 

o C 3 C -  o C = C = C :  O C H - C E C -  

(69) (70) (71 1 

f\r(c H ~ ) ~  c H = c H - C=C- 

(n  = 0, 1, 2, 3 or 4) 

E .  Diucetylenes u nd Related Compounds 

Isomerizations of 1,3-diynes 73 (R = CO; 120, R = NPh2 76, R = SR 12') into the 
corresponding diynes, 74, closely parallel those of simple monoacetylenes. In 
the same way, 2,4-hexadiyne (74) (R = CH3) gives 1,3-hexadiyne (73) (R = CH,), the 
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reaction taking place in the opposite directiode2. However, compounds such as 
allene-ynes, skipped diynes or cumulated tetraenes-which are possible intermediates 
if the rearrangement proceeds in a stepwise fashion as simple monoacetylenes do- 
are not isolated or even detected. 

H-CEC-C~C-CH~R 7 CH,-CEC-CIC--R 

(73) (74) 
Hcpta-2,4-diynojc ecid (75) is isomerimd to hepla-3,C-diynojc acid (79) in aqueous 

sodium hydroxide solution. Under the same conditions, hepta-4,5-dien-2-ynoic acid 
(76), hepta-2,5-diynoic acid (77) and hepta-2,3-dien-5-ynoic acid (78), intermediates 
between 75 and 79, are also converted into 79 at rates progressively increasing in the 
given order. A detailed kinetic and spectroscopic studylo4 leads to the suggestion that 
the r.wjor, if' not the only, pathway from 75 to 79 involves the sequence: 
75 + A  --t 76 -> A --t 80 --tB --+ 79. The conversion of 77 to 79 might occur by the 
route: 77 --t C -+ 78 -+ B --f 79. 

CH,CH,C=CCrCCOz- 

(751 

'1 I .  

T 

1 

CH,~HC=CC=cCO~- 

CH,CH=C=C=C=cCOz- 

c ~ - l j c ~ = c = c c ~ c c o ,  

C H ,C H= C = C HC C C02- f--_ 
(76) 

CH,CH=C=C=C=CHCO, 

(80) 

c H , E= c= c H c = c c oZ- 

t Y 

CH,C'-CCH=C=CC02- 

5 I 

CH,CrCC=CCHzC02- 

(79) 

v l  

2 d ,c=cc =CCHC 0 ; 

1 
5 

CH,~=C=C=C=CH CO, 

C H,C=CC = C =CHCOT 

li 
CH,CECCH=C=CHCO, 

(78) 

CH,C=CCHIC=CC 0- 

(77) 

In presence of t-BuOK ..I I-BuOH, 1,3-diynes (Slay b) are isorn rized to conjugated 
tetraene 82, whik  8112 gives conjugated 1,fdiyne 83 under the same conditionsg7. 

In allene-yne 84 corresponding to Ma, b, the CH, group activated by the phenyl 
substituent is more acidic than the alIenic proton; the rearrangement proceeds 
through the diene-yne to the Conjugated tetraene (82). The striking difference 
observed in the isoxcrization of SIC appears to be the consequence of a steric effect. 
I n  Slc  the activation of benzylic protons is partially cancelled because they are 
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RCH,CH,C=CCGCC H,CH, R 
(81 1 

(Ma) R = C,H, 
(81b) R = o-, m-, p-CH,C,H, 
( 8 1 ~ )  R = 2,3,4,5-(CH,),C6H 

RCH=CHCH=CHCH=CHCH=CHR 

1 / (82) 

(RCH,CH=C=CHC=CCH,CH, R) 

RCECCECCHzCHZCH,CHzR 

(83) 
protected against the attack of the base by the o-methyl groups on R; isomerization 
of 84 gives 1,Cdiyne further rearranged into 83. 

C,H,C=CCH,C=CH - C4H,C=CCH=C=CH, - C,H,C=CC=CCH, 

(85) (86) (87) 
Other 'skipped' diynes are normally rearranged into more stable conjugated 

1,3-diyne~'~' presumably through allene-ynesg8; no firm evidence for the presence of 
cumulenic intermediates was obtained. 

Treatment of hexa-1,5-diyne (88) either with t-BuOK in t-BuOH or with KOH in 
EtOH initially gives rise to 89 in major amounts and to 90 in minor aniountslZ5. 

CH=CCH,CH,C=CH - CH,=CHCH=CHC=CH+CH,C=CCH2C=CH 

Allene-yne 86 has been isolated in the conversion of 85 to 87 lz3. 

(88) (89) (90) 

89 and 90 must be formed from independent paths since they are not inter- 
converted under any of the basic conditions. Other 1,5-diynes yield polyenynes'". 

CHEC-CH,-CH,-CECH 

(88) 

CH,-C~C-CH,-CGCH + CH,-C=C-CH=C=CH, 1 7 (90) (95) 

1 CH,=C=CH-CH,-CECH 

CH,=C=CH-CH=C=CH,+ CH,-C=C-CEC-CH, 
(91 1 \ 

(94) (96) 

(92) (cis) (93) ( t rans)  
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However, a more detailed study of the isomerizations of seven acyclic CeH, 

hydrocarbons has recently been publishedlZ7~ lZ8. On treatment with various bases, 
hexa-1 ,S-diyne (881, cis4921 and rrans-(93) hexa-l,3-dien-S-yne, hexa-l,2-dien-5-yne 
(911, hexa-1 A-diyne (901, hexa-1,2,4,5-tetraene (94) and hexa-1,2-dien-4-yne (95) 
undergo numerous isomerization reactions, among which the rearrangements of 88 
into 92,93 and 94, 88 into benzene (97),92 and 93 into 97, and 94 into 92,93 and 96 
are of particular importance. The reactions are summarized in the previous scheme. 

The rearrangement of hepta-1,6-diyne (98) with r-BuOK in r-BuOH proceeds less 
readily than those of the previously studied 1,4- or 1,s-diynes giving 99 and 100 by 
distinct pathwayslZ5. 

CH=CCH,CH,CH,C=CH - PhCH,+CH,=CHCH=CHC=CCH, 

(98) (39) (1 00) 

Further removed a,o-diynes 101 are  rearranged into conjugated polyenes by 
potassium amide on  alumina in light petroleum. The n.m.r. spectra show that the 
products formed during the early stage of the reaction are chiefly the dimethyl- 
alkadiynes 102 lZD. 

CH=C-(CH,)n--C=CH - > CH3-C=C-(CHJn-,C-C-CH3 

(1 01 1 (1 02) 

Finally, when macrocyclic alkadiynes (Clz-C20) are  treated with t-BuOK in 
DMSO, a triple bond migration takes place130. The intermediate allenic compounds 
are only present in small amounts and the distribution of isomeric diynes a t  the 
'equilibrium' corresponds to that expected by conformational considerations. 

F. Cyclizations Initiated by Base-catalysed Acetylene-Allene Rearrangement 

In  the previous section, it has been shown that 1,5- or 1,6-diynes can be isomerized 
in numerous ways including the formation of aromatic derivatives. 

Compounds with the general formula R1C=C(CH,),C=CR2 (ti  = 3,4 ,5 ,6 ,10;  
R' = H, CH3; R2 = H, CH3) (103) undergo cyclization into aromatic compounds 
105 when treated with I-BuOK in diglyrne131. 132. The proposed mechanism involves 
an initial rearrangement to  a conjugated allene-diene system (104) followed by 
either a cyclization using an  intramolecular Diels-Alder reaction (route A) or  an  
internal attack on the allene by a terminal carbanion (route B). However, it must be 
noted that the previously described cyclization of 1,s-hexadiyne into benzenelZ7 
cannot occur by Diels-Alder cyclization. 

Since the original report of this aromatization, a number of allied base-catalysed 
isomerizations have been rep0rtedl~3-1~~. In  the same way, substituted pyridines are 
formed in poor yield when some dipropynylamines are reacted with bases. For  
example, secondary amine 106 gives 3-ethylpyridine (107)'O. 

The treatment of di(phenylpropargy1)-methane (108a) with t-BuOK in f-BuOH 
gives phenylnaphtodihydroindene (llla)137. The cyclization could proceed in two 
different ways, through either a mono (109) or a di-allenic (110) intermediate. 

This cyclization has been extended to other diacetylenic derivatives with sulphur 
(108b), nitrogen (108c) and oxygen (lO8d) in place of the methylcne group with 
increased yields by more electronegative X groups137. 

Cyclic thiodiyne 112 gives a diallenic intermediate 113 which is further rearranged 
into the bicyclic compound 114 by a transannular reaction between the two allenic 
bonds138. 
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H 
\ 

I FR' CH,R' 

-C //"-"\ c, ,H - GR2 

\c=c 1 R' 
/ \  

(1 05) H 

I-BuOH I (A/ 

H 
/ R' 

H 
\ I  \ / 

C-CEC-R' c=c=c, 
+ -c 

I RZ 

\I 
H AC\ \\ ,C-?=C, / H  

,C-CEC-R2 

H .  I 
I 

I' 
"" 

CHF 
\ /  

P h -C H = C = C'H 

(110) 

(a) X = CH,; (b) X = S ;  ( c )  X = NCH,; (d) X = 0 

The transannular reaction is also observed in medium-size rings with two 
conjugated 1,3-diyne groups. So, 115 and 117 give 116 n9 and 118 I4O respectively. 

Numerous propargylammonium halides CH=C-CH2N+X- in which the 
nitrogen atom is a member of a ring undergo base-catalysed rearrangements giving 
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H 
/ I  

397 

f '  CH,C=CCH, CH=C=CH-CH 

\ 
CH,CECCH, CH=CyCH-CH, 

\ 1-BuOK \ s - s  
/ \ 1 /s -> 

s/ 

H CH,C=CCsCCH H 

\ / 
CH,C-CCrCCH, 

(1 17) 

CH,SO,OC I /  < I  COSO,CH, ------+ KOH in DMSO 613 
(1 18) 

fused ring systems through allenc intermediates: for example, 1-propargylpicolinium 
bromide (119) is cyclized to 2-methylindolizine (120) according to the following 
scheme'". 

I I C  
C H,- C E C H 

(119) 

Cyclizations also occur in acyclic propargylamine derivatives, N-alkyl-N- 
propargylcthanolamine (121) being converted into 3-alkyl-2-vinyloxazolidine (123) 
under basic conditions. The formation of 123 is explained by an  intramolecular 
nucleophilic addition on the allenic aminoalcohol (122) formed by the base- 
catalysed prototropic isomerization of 121 14?.. 

R 
I 

[+H> ' - 0 L H I  CH,=CH 0 

R R H 
I I NaOH in DMSO 

CHECCH,NCH,CH,OH CH,=C=CHNCH, 

(1 21 1 

Under similar conditions, P-hydroxyethyl propargyl ether (compound 121 in 
which the NR group is replaced by an  oxygen atom) is also rearranged into sevcral 
cyclic compounds including two oxygen a t o m P .  

G. Prototropic Rearrangement in Acidic Media  

The acetylene-allene rearrangement has been especially observed in acidic 
media during the chromic oxidation of propargylic  alcohol^^^^ 8 2 g  IQ31 l4.I,  in  
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p-acetylenic ketonese0* in propargylic derivatives containing lead or tin14G and as 
side-reactions in other  investigation^^^^-^^^. 

Recently straight-chain hexynes and hexadienes have been isomerized by the 
acidic catalysts HF/BF3, HF/PF5 or H,S04 in dry sulpholane8. The rates of isomer- 
ization fit well with thermodynamic stabilities and a searching study of the initial 
isonierization of pure acetylenes and allenes indicates a sequential reaction : 
1-hexynep 1,2-hexadiene~2-hexyneP2,3-hexadiene~3-hexyne. The rearrangement 
is well explained by an initial protonation giving vinyl cations151 and a subsequent 
deprotonation t o  acetylenes and allenes. 

F. ThCron, M. Verny and R. Vessiere 

+ 
CH=CCH,CH,CH,CH,+H + CH,=CCH,CH,CH,CH, - CH,=C=CHCH,CH,CH,+H+ 

111. REARRANGEMENTS INVOLVING ORGANOMETALLIC 
INTERMEDIATES 

This section will chiefly deal with reactions where acetylene-allene rearrangement 
occurs either during the formation of or in the subsequent reaction of organometallic 
derivatives. The reactions in which acetylenic or allenic compounds are isomerized 
when reacted with organometallic reagents are  dealt with in another section (IV.D.4). 

The formation and reaction of organometallic reagents derived from propargylic 
or allenic halides are represented by the scheme: 

I t  therefore appears that the rearrangement can take place in each of these two 
successive steps. 

Using a conventional method, Wurtz-type coupled hydrocarbons are formed in the 
reaction of propargyl halides with magnesium because of the high reactivity of such 
compounds152. However, under appropriate conditions3, primary as well as  secondary 
and tertiary propargylic bromides are converted into Grignard reagents and thence 
by carbonation into mixtures of allenic and acetylenic Propargylic and 
isomeric allenic halides generally give the same Grignard reagent which exhibits an  
infrared band corresponding to  an allenic s t r ~ c t u r e ~ ~ ~ - ~ ” .  

A theory concerning the formation of organometallic (Mg, Zn, Al) derivatives 
resulting from propargylic halides has been put forward by PrCvost and co\vorkersls8 
and GaudeniarlGo: The structure of an organometallic derivative should be dependent 
on both the sleric hindrance a t  the C-3 carbon atom and the difference between the 
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chargcs carried by the farthest C-3 and C-1 carbon atoms in the niesomeric 
car ba nioii ( 123). 

(1 23) 

The polarity always has a tendency t o  put the metal on the C-1 position but the 
steric hindrance can act either in the same direction or in the opposite one. So, i.r. 
or n.1n.r. spectroscopy assigns a n  allenic structure to organometallic derivatives 
derived from bromo compounds R-CHBr-C=CH. On the other hand, organo- 
metallic compounds corresponding to R-C=CH,Br would be an equilibrium 
mixture between the allenic and propargylic 

The  n.m.r. spectrum of Grignard reagent obtained from propargyl bromide 
I-D (124) only shows a singlet corresponding to the structure 1251G3. This result 
shows that allenylmagnesium bromide is formed by an attack at  the C-1 carbon 
atom with propargylic rearrangement according to (a) and not (b) which involves an  
attack at  the C-3 carbon atom followed by a prototropic shift giving 126 lG3. 

lG1* lG2. 

2 BrMy-CD=C=CH, 2 3  (125) 

B r CH,-CsCD 3 2 1  fill 
BrMg-CH,-CGCD -&-+ BrMgCH=C=CHD (126) 

3 3 2 1  (1 24) 2 1  

Organometallic derivatives undergo more or less marked transformations in the 
course of time. For example, allenylmagnesium bromide is partially isomerized into 
propargylniagnesium bromide when left for a long time at  room temperaturelo4. 
Recent shows that this Grignard reagent is a rapid equilibrium mixture of 
the propargylic and the allenic forms, the latter being widely preponderant and 
therefore the only one detected by spectroscopy. On the other hand, the same 
Grignard reagent is converted into propynylmagnesium bromide (127) under the 
influence of primary or secondary amines by the following two-step pathwaylG5. 

C H,-Cr C H 

C H,=C = C H, 

\ \ 

/ / 
( 1 )  CH2=C=CH-MyBr 1- N-H - + N-MgBr i- 

( a )  ) N - M ~ B ~  
/ 

A vinylallenic structure is attributed t o  organometallic compounds obtained from 
ha1ogeno-ene-yneslGG* lo’. 

The  standard reactions of saturated organometallic derivatives are also given 
starting from propargyl- and/or allenylmetal compounds. However, mixtures of 
allenic and acetylenic products (122) are almost always obtained, either because the 
metallic reagent itself consists of a mixture corresponding to allenic and propargylic 
structures or because the ‘pure’ metallic reagent undergoes a later condensation by 
two distinct pathways with retention or inversion. Consequently the conversion of 
propargylic or allenic halides into 122 can occur through one or two (or none) 
propargylic rearrangements. 
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A typical example-among many others-of this type of behaviour is related to the 
reactions of esters with allenylmagnesium bromide giving finally two tertiary 
alcohols (130 and 131) through acetylenic (128) and allenic (129) ketones which can 
bc isolated under definite experimental conditions168. 

R-CO-CH=C=CH, C H ,- C= C H 

HO CH=C=CH, 

/ + R-C R-cO,R, ( 1 )  CH,=C=CHMgBr (129) 
(2) H,O + I \  

R-CO-CH,-CGCH 
(1 30) 

(1 28) + 
C H ,-C E C  H 
/ 

I \  
R-C 

HO CH,-CECH 

(131) 

The formation of bis-allenyl tertiary alcohols should not be expected since mixed 
tertiary alcohols (i30) are the only ones obtained from the reaction of an allenic 
ketone with the same Grignard reagent169. 

The relative ratios of deuterated ketones resulting from the reaction of ethyl 
propionatc with deuterated allenylmagnesium bromide (125) are the folloiving 
oneslG3: 

C,H,-CO-CH,-C=CD 63% (132) 

C,H,-CO-CH=C=CH, 3% (135) 

The deuterium position in these ketonic products shows that (i) the acetylenic 
ketone 132 is formed with retropropargylic transposition of the metallic derivative; 
(ii) the allenic ketone 133 is derived from the previous P-acetylenic ketone 132 by 
means of a prototropic shift according to the mechanism proposed by Bertrandso; 
(iii) the allenic ketone 134 obtained in poor yield could arise either from a retention 
of the allenic Grignard reagent or from a retropropargylic transposition of the 
magnesium propargyl bromide present in the reagent165. 

The formation of the two ketones 138 and 139 only in the reaction of the ester 
136 with the allenic Grignard reagent 137 gives additional evidence in favour of the 
previous conclusions: the ketone of 'retention' is not formedlo3. 

CII,--CIl=C=ClI-lInUr (1371 
C3H7C0,Et > C,H,-CO-CH-C=CH+C,H7-CO-C=C=CH2 

I I 
c H3 CH3 

(138) (139) 

(136) 

Similar experiments making use of deuterated Grignard reagents show that the 
two tertiary alcohols 131, 130 are formed with retropropargylic transposition of the 
metallic derivative respectively from 132 or from the allenic ketone of retention 
134 170. For some years, it had bcen agreed that the retropropargylic transposition 
occurred by an S E i '  process involving a concerted cyclic transfer'"* 171. However, 
more recent studies lead to the conclusion that the features exhibited by this 

173 are best explained by the same &2' mechanism as that which 
takcs place with the allylic  derivative^'^^-'^^. 
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The structure and the reactions of a l ~ m i n i u m ’ ~ ~ - ~ ~ ~  and zinc173, le3-le8 derivatives 

Propargylic rearrangements also occur either during the formation or during the 
lQo, mercury182, metals 

roughly parallel those of the Grignard reagents and are not discussed here. 

further reactions of metallic derivatives including boronlG2I 
of group IVblS1-loG and arseniclG1. 

1V. A N I O N T R O P I C  REARRANGEMENTS 

In this section we shall describe rearrangement processes which involve the 
heterolysis of a C - X  bond (where X is an electronegative substituent) occurring 
either in the kinetic step or in any other. These processes may result in a simple 
isomerization or in a displacement of the X- anion. 

A. Acid-catalysed Rearrangement of Acetylenic Alcohols 

1. a-Acetylenic alcohols 

In various acidic media, a-ynols (140) undergo an isomerization to a-P-ethylenic 
carbonyl compounds (141), i.e. ketones (R3 = alkyl or aryl: Meyer-Schuster 
reaction), aldehydes (R3 = H) or carboxylic acid derivatives (R3 = Cl, Br, OEt, SEt): 

H +  R!, 
R’ \  ,C-CeC-R’ ,C=CH-CO-R’ 
R2 1 R2 

O H  
(140) (141) 

Under the same conditions, acetylenic alcohols 142 bearing a t  least one hydrogen 
atom at the C-4 position are converted to another type of a,@-ethylenic ketones 
(143), in addition to (or instead of) compounds 141 (Rupe reaction): 

O H  
(142) 

(143) 

Many examples of such reactions have been previously reviewed4* IQ7. It is generally 
agreed that reaction (1) involves a classical aniontropic shift, according to the 
following scheme: 

f?’ OH 

R2 R2 R2 R’ 

I t  has been shownl98, from the measurement of a+ coefficients in the acidic 
rearrangement of substratcs 144, that the formation of the propargyl cation is rate- 
determining. This cationic intermediate is occasionally subject t o  typical sigmatropic 
rearrangements (i.e. pinacol or Wagner-Meerwein rearrangements) leading to 
abnormal products. Such examples are given in Reference 197. 

H +  ’(+ \ + H,O \ / 
R’ 

C-CEC-R’ C=C=C-R’ - H” /C=C=C \ .* (141) 
(l4’) -HH,O’ , / 
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There is more controversy about the mechanism of the Rupe reaction. According 
to many authors, it proceeds through a dehydration-hydration sequence, involving 
enynes (145) as intermediates. Indeed enynes often arise as by-products in Rupe 
react ions. 

- H . O  \ I H,O 
(142) C=C-C=CH (1.43) 

(1 45) 
/ 

However, in a recent paper, Hasbrouck and Anderson-Kie~sling~~~ stated that : 
( i )  hydration of enynes (145) is much slower than formation of ketones (143) from 
ynols (142); ( i i )  the relative ratios of aldehyde (141), enyne (145) and ketone (143) 
are dependent on temperature and reaction time, the latter compound being the 
major final product. 

According to these results, it can be concluded that the acidic rearrangement of 
acetylenic alcohols involves several competing processes, occurring in a reversible- 
or  irreversible-manner, according to experimental conditions. 

2. p-Acetylenic alcohols 

The Rupe rearrangement, if considered as an elimination-addition sequence, can 
theoretically occur on starting from P-ynols (146). The isomerization of such com- 
pounds to a,P-ethylenic ketones (143) has effectively been observedzo0 ; occasionally 
P,y-ethylenic ketones (147) are also produced201. 

OH 

(1 46) 
(143) (1 47) 

3. Enynols 

conjugated system, leading to an a-cumulenic aldehyde202. 
In the case of compound 148, the OH group undergoes o 1,5 shift through the 

Me&-CGC-CH=CH-OMe + 
I 

OH 
(1 48) 

OMe 

OH 

/ 
Me2C=C=C=CH-CH 

\ 

1- MeOH 

Me2C=C=C=CH-CHO 

4. Acetylenic y-glycols 
It has been reportedzo3 that the normal products (150) of the Meyer-Schuster 

rearrangement of compounds 149 undergo, in acidic medium, a further isomerization 
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to tetrahydrofuran-3-one derivatives (151) : 

403 

\ 
C-CH, 

I 
0, A0 

C 
/ \  

HO 

\ / 
C-CSC-C, __f / I  

I 
HO 

/ I  
OH 

B. Rearrangements Catalysed by Metallic Salts 

1. lsomerization of propargyl esters by silver(x) salts 

The rearrangement of propargyl esters (152) to allenyl esters (153) has been 
achieved by the use of various catalysts, the most efficient of which is the silver(r) 
cation204-200 : 

A thorough mechanistic study by Schmid and coworkers210 states that this 
reaction consists of a charge-induced [3s, 3s] sigmatropic rearrangement, involving 
a x complex which arises from a fast pre-equilibrium between the Ag+ cation and 
the substrate: 

R' R' 

(1 52) 

R' 

11 s I ow  

R4 

(1 53) 

(R' = alkyl; Rz = R3 = H or  a lky l ;  R' = Me or p-O,NC,H,) 

The process is reversible, the position of the equilibrium being essentially 
dependent on steric factors. The reaction is, in theory, entirely stereospecific, when 
starting from propargyl esters of definite configuration. Unfortunately this feature 
is observed with difficulty2o8* 210, for the allenic isomers (153) undergo a very fast 
racemization (or epimerization) under the influence of Ag+ ions. 

14 
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epimers 155a and 155b from propargyl acetates 154a and 154b respectively: 

F. Theron, M. Verny and R. Vessikre 

However Swaminathan and coworkerszo6 were able to obtain separately the allenic 

:H 

(1 54a) (155a) 

H,-..OAc 

(154b) (155b) 

2. lsomerization of propargyl halides by copper(1) salts 

It is well known that copper(1) derivatives induce the rearrangement of propargyl 
halides to haloallenes, by a 1,3-shift of the halide anion (see References 4 and 8 and 
references therein) : 

The most widely used catalyst consists of a mixture of cuprous halide, ammonium 
halide and hydrogen halide in aqueous phase, the reaction then being conducted in a 
heterogeneous medium. The use of homogeneous systems (amino-copper(1) 
complexes in alcoholic or acetonic solutions) has becn preconized211. More recentIy2l2 
other types of catalysts have been used (amides in the presence of various metallic 
salts). 

The mechanism of reaction (3) has never been the subject of thorough studies; 
more particularly, no information is available about its stereospecificity. It is 
generally assumed that the reaction proceeds as in the latter case through an internal 
rearrangement of a x complex. From 1-chlorobut-2-yne and cuprous chloride, the 
production of an insoluble combination which leads, on heating, to 3-chlorobuta- 
1,2-diene supports the reality of such inter~nediates~l~: 

- 
CH,-C,C-CH, 

[ 1 4 CH,-C=C=CH, + -CiiCl, 
CI -Cu-----CI I 

CI 

C. Conversion of a-Acetylenic Alcohols into Haloallenes 

A number of reagents can be used for such transformations: they are reviewed in 
the following paragraphs. In  some cases, haloallenes arise only as transient products, 
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undergoing further transformations (rearrangement to 1,3-dienes, dimerization, 
polymerization, electrophilic addition, etc. . . .). 

The main reaction types described below have also been studied on starting from 
acetylenic y-glycols; the rearranged products are 2,3-dihalo-1,3-dienes : 

\ c-c=c-c \ / + \ F=CX-CX=C / 
/ ___+ c-c-c-c 

'A X 
\ I' 'I I \  

OH HO 

The general features of these reactions are very similar to those which are described 
below; they are therefore not discussed further. More details can be found in 
Jasiobedzki's work214. 

1. Halogen halides 

The interaction of hydrogen halides with an alcohol can be reasonably regarded 
as an &I-type process, able to produce, when starting from an a-ynol (140), the 
corresponding propargyl halide (156) as well as the isomeric haloallene (157)4# 8 o  : 

OH 

(156) (1 57) 

The product distribution is not necessarily that of the thermodynamic equilibrium 
between isomers 156 and 157, the former being likely to be favoured by a kinetically 
controlled reaction (see Section IV.D.l). 

When copper(1) halides are present, the haloallene 157 is usually the only product. 
This result was first explained as a consequence of the ready isomerization of the 
initially produced propargyl halide 156, according to equation (3). However, a study 
by Landor's group215-217 led to the conclusion that, in such conditions, haloallenes 
are generated from the starting ynol by a direct pathway, outlined as follows: 

fast - 
CuX + HX *L CuX, + H+ 

I H' 
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This reaction exhibits a degrce of stereospecificity comparable to that of the classic 
SNi’ process (equation 4): this feature constitutes the best evidence for such a process. 
For instance, starting from R( -)-3,4,4-trimethylpent-l-yn-3-01 (140: R1 = Me, 
R2 = t-Bu, R3 = H) ( [ o L ] ~ ’  = -0.70”). Landor and coworkers21G obtained a sample 
of the corresponding S (  +)-bromoallene ( [ o L ] ~  = + 31-08”). Moreover, this reaction 
affords a useful approach to  i~doallenes~~’.  I n  a similar way, the use of HBr, KCN 
and CuCN together converts a-acetylenic alcohols into cyanoallenes218. 

2. Sulphur (xv)derivatives 

The intramolecular decomposition of propargyl chlorosulphites (158) is one of the 
best ways of preparing chloroallenes21”~2E. The reaction scheme (SN~’ process) can 
be presented either as a concerted cyclic transfer or as an ion-pair mechanism (as 
concluded by Young and in the case of ally1 chlorosulphites). The main 

\ / , \ 
- c=c=c + so, 

CI 

characteristic of this process is its high degree of stereospecificity which gave one of 
the earlier approaches to optically active allenic compounds220* 225, as shown by the 
following example: 

H 

CI 

/ 

\ 

Me Me 
\ SOCI, \ 

f ,c=c=c 
I -6u  4-c=CH OH t -Bu  

Thionyl bromide has been rarely used. I t  is not very appropriate in the case 
of highly unsaturated systems, for it easily leads to bromine addition deriva- 

The intermediate sulphurous esters (i.e. sulphites (R0)$30 and halosulphites 
ROSOX) can sometimes be isolated224. 228, which allows a more thorough study of 
their reactivities. They are able to undergo bimolecular substitution processes, 
induced by HX or  best by X- anions (generated by the use of added amines, e.g. 
pyridine). In such reactions unrearranged products arise more frequently, although an 
SNY-type reaction is sometimes claimedZ20~ zZ9. 

The ease of these bimolecular interactions increases, with respect to the class of the 
starting alcohol, in the order tertiary < secondary < primary, whereas the intramolecu- 
lar reactivity of halosulphites follows the inverse sequence. Thus in the reactions 
of a-ynols with thionyl halides, the relative ratio of rearranged us. unrearranged 

tive~226, 248, 229. 
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products is dependent on both the structure of the starting material and the 
experimental procedure. 

The conversion of propargyl alcohols into fluoroallenes, achieved with SF, as the 
reagent, has been reported230 as involving a similar Ssi' pathway. However, the 
intermediate tetrafluorosulphites have never been detected, and information is 
lacking about the stereospecificity of this reaction : 

3. Phosphorus derivatives 

The reaction of phosphorus(ir1) halides with ethynylcarbinols leads, in principle, 
to propargyl phosphorous esters [(RO),P, (RO),PX or (RO)PX,]; the internal 
rearrangement of these intermediates into allene-phosphonates will be described in a 
later section (VI.B.1). 

The production of halides, more frequent when PBr, is used, is likely to take 
place from the same phosphorous esters. Whether this transformation is relevant to 
bimolecular or intramolecular interactions is a problem which has not been clearly 
resolved. In any case a number of rearranged or unrearranged halides could be 
obtained from ynols and phosphorus(iI1) halides (see references given in References 
8 and 197). 

In the course of the reaction of phosphorus(v) halides with K-acetylenic alcohols, 
the intermediate tetra halo phosphate^^^^^ 230, liable to be generated in a first stage, 
have never been detected. Their transformation into haloallenes shows no con- 
siderable ~tereospecificity~?~: thus the collapse of these combinations seems to be 
an SN1 rather than an Sxi'-type process. This inference is supported by the fact that 
reagents PX5 (and POX3) generally afford a higher proportion of unrearranged 
products than other classic reagents do: 

R-OH+PX, - > R-OPX,+HX 

products < R + + POX,+ X - 

Evidence for the intermediacy of the propargyl cation was found, in an isolated 
instance, in the fact that it could be trapped by benzene used as the solventzz6: 

CHEC-CMe-COOEt 4 CH=C=CMe-COOEt + other products 
I 
OH 

Finally, i t  is advisable to note the use of phosphonium halides, such as 
(phO)3P+-Br,Br- or (PhO),P+-Me,I-; the latter, when reacted with a-acetylenic 
alcohols, usually gives iodoallenes as well as iodoacetylenes in variable relative 
p r o p o r t i o n ~ ~ ~ l .  
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D. Substitution Processes Involving Propargyl Derivatives and their 
Allenic Isomers 

I. Solvolytic SN I processes. 

Under neutral or acidic conditions, tertiary propargyl halides undergo a fist-order 
hydrolysis, the product of which is the related acetylenic a l c o h 0 1 ~ ~ ~ ~  2330. 

The neutral solvolysis of trisubstituted haloallenes was recently examined by 
Schiavelli and coworkers234; from the solvent dependence and measurement of 
activation parameters, this reaction has been recognized as a typical S,l process, 
involving the mesomeric propargyl-allenyl cation 159. An a-acetylenic alcohol is 
usually the sole product of such  reaction^^^^^ 235. 

It may be concluded222 that the solvent attacks the carbocation (159) much faster 
in the propargyl than in the allenyl position; the a-acetylenic alcohol (140), product 
of kinetic control, is equilibrated with the isomeric a,P-ethylenic ketone (141) only 
under extreme conditions, which favour the reversibility of the whole process (see 
Meyer-Schuster rearrangements, Section 1V.A). 

However, these results may be modified by structural factors, especially when 
R1 and R" are sterically hindered : then the formation of ketone 141 (or of an allenic 
ether) can compete with that of the acetylenic 2s4: 

C-C-C-R' R\  

R'\ 

/ I  
ROH Rz OR 

R'\ 

R2/ 

R' 
/ 

__f C=CH-CO-R' (141) 
(R = H )  /c=c=c \ OR I R2 (159) - 

2. Substitution processes via carbenoid species 

In strong basic media, propargyl halides bearing an acetylenic hydrogen atom, and 
their allenic isomers, undergo a second-order solvolysis, for which the following 
scheme has been 233: 

R'\+- 

R /  
c-c-c- 
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A similar pathway has been suggested for the following reactions: 

NH \ 
\ 

YCH,-CH=C=CHBr ' > YCH,-CH-CECH (Y=:OH, ,N-,...) 
I 

/ \  N (Reference 237) 

\ 

/FrCH 
R c ( C O 0  Et), CR(COOEt), 

\ 
C= C =C H -C R(CO0 Et )* I / 

\ 

/7-c=CH 
X 

C=C=CHX 
\ 

/ 

(R = Me Et"O, HCONH ' "O)  

The products are mainly acetylenic in the case of systems which present little steric 
hindrance; the allenelacetylcne ratio is enhanced when either the substrate or the 
nucleophilic reagent is bulky. It has been suggested that this ratio may be higher than 
in reactions of the previous type (equation 5)241. 

That species 160 is an effective intermediate has been demonstrated by trapping 
this powerful electrophile with added ethylenic r e a g e n P ~  2 . r z :  

'-, 
\ /  \ /L c=c=c: + /c=c __f c=c=c,I \ 

/ \ / ,c, 
/ (1 60) 

Interesting duplication processes have occasionally been noticed242: 

C=C=C: + R,C-CC-C- __f R,C=C=C=C=C=CR, + AcO- R\ 
I 

R/ OAc 
(R : Ph or t-Bu) 

Similarly vinylidene-carbenes (160) can be generated from halo-1 a l k y n e ~ ~ ~ ~  and 
from halo-enynes2"" : 

R O  - 

BuO- 

R-CH,-C=C-Br > R-CH=C=C: - products 

R-CHX-CH=CH-C=CH - R-CH=CH-CH=C=C: ___+ products 

3. Other substitution processes 

The direct second-order substitution (called Sx2 or Sh.2'; see note towards the end 
of section IV.D.4b) must certainly be regarded as likely when starting from 
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acetylenic or  allenic substrates. I n  contrast with the previous processes (equations 
5 and 6), different results are to be expected depending on which isomer is used as 
the starting material. A typical example is given 

PhS- 
Me,CBr-C=CH Me,C(SPh)-C=CH+Me,C=C=CHSPh 

Me,C=C=CHBr - 0% 90% 

45% 55% 
PhS- 

Displacement by iodide anion is likely to  be of the same type, on  account of the 
character of this nucleophile and of the experimental procedure (NaI in anhydrous 
acetonic medium): 

I- 

I- 

Me,CBr-C=CH - Me,C=C=CHI (Reference 228) 

CICH,-CEC-COOEt - ICH,-C~C-COOEt+CH,=C=CI-COOEt 
(Reference 245) 

Other substitution reactions are more difficult to classify. The displacement of a 
halogen substituent by an amino group is regarded by Hennion and coworkers246 as 
involving an intermediate carbene. However, the following examples are not 
amenable to such an  interpretation: 

\ 
/ 

N - c H,-c H- C-C - C H, 0 R, 

(Reference 247) 

\ NH \ 

/ I 
N 

/ \  

N-CH,-CH=C=CBr-CH,OR ’ > 
/ 

\ 

C-C=C-CR=CH, 

Br N 

NH > \ C-cEC-cR=CH, + \ C=C=C=CR-CH,-N / 
\ 

/ I  / I  / \ 

/ \  
(Reference 248) 

The Michaelis-Arbusov reaction has been reported to yield allene-phosphonates 
from a-acetylenic halidesz4s: 

M e, C C I - C = C H + ( R 0) P - Me, C = C = C H - P 0 (0 R) + R C I 

Other examples of substitutions with rearrangement have been collected by 
TaylorB. 

4. Alkylation reactions 

a. Orgatiomagaesium reagents. The preparation of allenic hydrocarbons from 
Grignard reagents and propargyl halides is well known, and numerous examples 
have been reviewede. More recently this reaction allowed the synthesis of various 
tetrasubstituted allenes2soo. 251 : 

R’ 

R2 R 

R’\ / R’\ RMgX C-CEC-R’ 7 /C=C=C 

X 
\ RZ’ I 

In  the same way a-allenic halides are obtained from 1,4-dihalob~t-2-ynes~~~: 
RIWX 

XCH,-CsC-CH,X - CH,=C=C-CH,X 
I 
R 
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Secondary and tertiary a-allenic alcohols are synthesized in a similar fashion'53: 
41 1 

\ MeMgI \ 
C-CEC-CHOH-CH, C=C=CMe-CHOH-CH, 

OAc 
'I / 

OH 
\ McMgT \ I 

I 'I / 
C-CGC-CO-CH, - C=C=CMe-C-CH, 

OAc Me 

All of the above reactions usually give acetylenic by-products in various amounts. 
I n  contrast only an  allenic derivative is obtained in the following 

ElMgf3r - HO n y P h  

Et 

Finally an  extension to vinylogous systems is illustrated by the following examplez55: 

CH=C-CR1=CR2-CHCI-R3 - Me-CH=C=CR'-CRz=CHRJ 1\Ie>!nI 

The mechanistic course of these reactions is subject to some controversy; the 
existence of several distinct pathways seems to be very likely. The eventuality of a 
carbenoid intermediate (160) is limited to the cases when a hydrogen atom is borne 
o n  the triple bond. Although this possibility was claimed by some authorse, it has 
been ruled out in the case of propargyl bromidezsG. 

the interaction of a propargyl halide with 
a n  organomagnesium reagent results, in the first stage, in a complex 161. These 
authors state that the acetylene/allene ratio is enhanced when increasing the 
concentration of the reactants, which they explain by making the assumption that 
the alkyne 162 arises from an sN2 displacenient involving the complex 161 and a 
second molecule of RMgX, whercas the allene 163 is generated by an  internal 
collapse of 161 : 

According to Gelin and 
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Moreover it was found that the acetylene/allene ratio is increased by an increase 
in temperatureZ5‘~ 258R, and depends on the choice of the I t  is noteworthy 
that the preferred orientation in such reactions is close!y dependent on experimental 
factors: this feature is indicative of quite different pathways in the formation of 
isomers 162 and 163, with regard to both the kinetic order and the values of the 
activation parameters. Such a simple explanation as that which supposes an S ~ 2 4 ~ 2 ‘  
co.rnpetition cannot be considered. 

Rather similar conclusions were drawn by Gore and from a 
detailed study of the reaction of CH,MgI with propargyl acetates: the presumed 
intermediate is described as a complex (164) arising from an interaction between the 
acetate group and magnesium iodide (and not RMgI), produced by a disproportiona- 
tion of the Grignard reagent: 

2RMgI 7 R,Mg+MgI, 

The complex 164 would react by an SN1-like process to yield allenic products, i.e. 
not only the expected methylaliene (165) but also an iodoallene (166), the formation 
of the latter being favoured when excess MgIz is added. 

F. Thtron, M. Verny and R. Vessitre 

\ \c= c =C H M ~  

(1 65) 
MeMgI 

I 

I 

/7-c=cH 
O\ / MSI, C= 0 ..- M g 
/ \ 

(1 64) 

Me 

b. Orgatiolithiirm reagents. With regard to the ratio of rearrangement products, 
quite different results are generally obtained when compounds RLi, rather than 
RMgX, are used as alkylating reagents with a-acetylenic substrates. 

Thus, many reactions involving CH3Li or PhLi are reported to give higher 
proportions of allene (163) than do  the corresponding reactions with CH3MgX and 
PhMgX 2501 252b. The reverse was noticed when other reagents RLi (R = ethyl, 
propyl, n-butyl, n-pentyl, it-hexyl, n-octyl) were 

R’\ 
R’ 
\ RLi 

C-C=C-R’ _3 C-CEC-R’ 
R2’ I R?/ 1 

X R 

(1 62) (156) 

R R’\ / 

\ 
R’/C=C=C R’ 

(1 63) 

When haloallenes are reacted with organolithium compounds, acetylenic hydro- 
carbons are found to be the major 

This reaction is believed to involve an intermediate vinylidene-carbene (160); 
however, for the reaction of butyllithium with 1-bromoalkynes, which appeared to be 
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relevant to the same pathway, this explanation has been ruled 

\ BuLi \ 

/ / I  
CH- C E C B r  C - C E C H  

B U  

The production of allenic derivatives, when organolitliium compounds are reacted 
with propargyl ethers, is regarded as involving a n  addition-elimination 
sequence2G0. ?01* : 

R 

Y Y 

/ /R -R'O- \ 

\ \ 

\ RLi  \ 
(7) 

c-c-c-y -> c-c=c ___+ /c=c=c 
/ I  
OR' 

/ I  
0 R' 

When Y = OR", the same interrnedia.te (167) accounts for the competing formation, 
by loss of R"0-, of the acetylenic derivative 168: 

Nevertheless, equation (7) cannot explain the formation of unrearranged pioducts 
(162). In any case, n o  correlation seems to be found between the reactions of organo- 
lithium and organomagnesium compounds: in this respect, it is significant to note 
that, in one instance252b, the acetylene/allene ratio was found t o  decrease when 
raising either the temperature or the ratio of reagent RLi, in sharp contrast with the 
previous ~ b s e r v a t i o n s ~ ~ ~ ~  257* 25*8 relative to organomagnesium derivatives. Yet the 
conclusion remains that several processes, with very different characteristics, are 
likely t o  be competing. 

c. Organocoppcr(1) r'eugents. A few years ago, a review article was devoted to the 
uses of organocopper(1) reagents2b2. In  it references can be found t o  the reactions of 
copper(1) acetylides with propargyl and allcnyl halides, which provide a synthetic 
route t o  conjugated allenynes or  P-diynes. 

The reaction of dialkyl-lithiocuprates, R2CuLi (Gilman's reagents), with the same 
substrates gives allenic hydrocarbons, with the exclusion of their acetylenic 

?04. Similar results are obtained when propargyl tosylates are reacted 
with mixtures of Grignard compounds and copper(1) such mixtures 
behaving as organocopper reagents. 

The mechanistic scheme is outlined by Rona and CrabbeZG3 as an  addition- 
elimination process like equation (7). Despite the fact that the reaction is reported to 

*The actual process is presumed not to be essentially different from that which is 
designated as Sx2'; the only possible distinction concerns the lifetime of the intermediate 
carbanion 107. The designation as Sx2' is not well chosen, since the notation S s 2  is 
generally avoided in the case of direct second-order substitution at  an unsaturated carbon 
atom. However, we have kept these notations, which are used in most of the quoted literature. 
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be non-stereo~pecific~~~~ 266, Landor and coworkerszs4 suggest that it involves an 
intramolecular rearrangement of copper complexes: 

H 

R 

\ / 

/c=c=c \ 

However a different structure (169) of the reaction intermediate is postulated by 
Vermeer and coworkerP5: 

+ 

One might think that, if organocopper complexes were only involved as inter- 
mediates, their constitution was not yet well established. However, Landor's 

could isolate, from I-bromopropyn-3-01s and CuCN in DMF, definite 
combinations of rather complicated structure. 

Anyway, the actual reaction is used as an approach to a- and p-allenic 
alcohols268 : 

Y 

R 

\ RMgI + CuI \ / 

'I 
c=c=c, 
/ 

c- c= c- Y 

OR' 

(R = Me, Et; R'  = Me, tetrahydropyran-2-yl; Y = CH,OH, CHOH-Bu, CH,-CH,OH) 

a-allenic alcohols are also produced when a-acetylenic epoxides are reacted with 
R,CuLi 26D or RMgX+ CuI 270: 

I I  

I I 
- C r C t f  4 -C=C=C-C-OH 

R 0 

d. Otlier alkylatirig reagerits. Allenic hydrocarbons are obtained from the reaction 
of trialkyl-aluminium compounds with propargyl chloride271: 

CHzC-CH,CI+R,AI - CH,=C=CH,R (R = Et, Bu, i-Bu) 
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The conversion of a-acetylenic epoxides into a-allenic alcohols is achieved by the 
use of tr ialk~lboranes~~2: 

0 
b RCH=C=C-CH,OH / \  R,B 

I I 
CH SC-C-CH, 

(R = Et, cyclopentyl) 

The behaviour of these reagents is likely to be quite different from that of the 
previous organometallics. That the second reaction involves a radical mechanism is 
clearly indicated by the need to perform it in the presence of oxygen. 

As a transition to the following section, it may be noted that dialkylboranes do not 
behave towards propargyl halides as alkylating reagents, but induce an overall 
dehalogenation process273: 

Bu CH,CI 
R,BH \ / OH - 

H BR, 
Bu-CH=C=CH, BU-CEC-CH,CI /c=c \ 

5. Reduction processes 

The reduction of propargylic substrates has often been used to prepare allenic 
hydrocarbons; the classic procedures are the hydrolysis of organometallic derivatives, 
and the reduction with zinc-copper couples or with LiAlH4 (for a review article see 
reference 8). The use of the latter reagent has given rise to some recent development, 
to which what follows will be limited. 

The reduction of the isomers 170 and 171 with LiAlH4 results in a complete 
rearrangement, as shown by equation (8) where LiAlD4 is used274: 

C=C=CHD 
R: 
/ 

CX-CECH ___f 

R; 
/ 

R2 R2 

CD-C-CH 
R'\ 
/ 

C=C=CHX + 
R; 
/ 

R2 R2 

(171) 
(X = CI or Br; R' = R? = Me; or R' = H, R* = Pr) 

The nature of the leaving group has an influence on the rearrangement ratio 
which decreases when replacing the halogen substituent by a mesyl group: 

(9) 
\ LiAIH, \ \ 

/ / 'I 
C=C=CH, f CH-CGCH C - C r C H  

89% 1.1% OS0,Me 

An explanation was found by Crandail and when assuming that a 
preliminary coordination between the hydride reagent and the halogen atom leads 
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to a complex (172) from which the delivery of the hydride anion takes place in an 
intramolecular way : 

(1 72) 

When the leaving group is not propitious to such a coordination, the reaction takes 
place by a bimolecular process with lesser regiospecificity. 

Examinations have been made of the stereospecificity of such reactions. Thus the 
reduction of alcohol 173 and of the related acetate proceeds in a syn-stereospecific 
mannerZG6, 276. 

H-.. CH, 
I f  

LiAIH, > 

(1 73) 

On the other hand, a zrans-stereospecific process is reported when the sulphonate 174 
is reduced to the allenic hydrocarbon 175 270: 

These apparent discrepancies are not wholly unexpected on the basis of the 
previous results by Crandall and coworkers27.1. Thus when hydroxyl is the leaving 
group, it is likely that the formation of an aluniinic alcoholate (177) first occurs277: 

\ /  
Al 

H'-'O 

--C-c-L 

(177) 

An internal transfer of the hydride anion from an intermediate such as 177 or 172 is 
likely to be a syn-stereospecific process, whereas a bimolecular, rrans-stereoselective 
pathway would be preferred with substrates where the leaving group is unable to 
coordinate with the reagent (compare the concurrent formation of an acetylenic 
product in both equations 9 and 10). Another suggestion, made by Van Dijck and 
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coworkers26G, is that the stereochemistry depends on the fact that the ethynyl group 
is attached to either a cyclic skeleton or an acyclic one. Anyway this problem is not 
yet quite clear, and some discussion has arisen about it27e; it is obvious that further 
results are needed before drawing any general conclusions. 

An interesting approach to a-allenic alcohols is provided by reacting LiAIH4 with 
substrates as 178*, where the hydroxyl group assists the reductive displacement of the 
ether-oxide f u n c t i ~ n ~ ~ ~ - ~ ~ ~  : 

79) 

When T H F  rather than ether is used as the solvent, a further reaction takes place 
consisting of the reduction of the hydroxyl group with another rearrangementza2 : 

\ \ / 
/ C=C==-C/ \ + / C=CH-CH=C, 

H 

A competing process can occur, in which one of the allenic double bonds is 
saturated while the alcohol function is preserved: this is observed mainly when 
LiAIH4 is replaced with LiAlH,(OMe) 233: 

\ / \ / 
,C=C=C \ /  / C=CH-C\H 

c- _j C- 
I I 

O H  OH 

When starting from an enynol, the latter rcaction gives a p-allcnic a l c o h 0 1 ~ ~ ~ :  

This synthesis is partially asymmetrical when using reagents such as LiAIH,(OR)2 
where R is optically activezy5. 

V. TRIPLE BOND PARTICIPATION 

A. Homopropargylic Rearrangement 

A triple bond correctly placed with regard to a good leaving group can give rise 
to the phenomenon of participation; such is the case in solvolysis reactions of 
homopropargylic compounds. These reactions, which have been mainly studied by 

* Thp = tetrahydropyran-2-yl. 
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Hanack’s group280-280, may be considered as a special case of the addition of a 
carbonium ion to an acetylene bond. Also they furnish a valuable synthetic route 
for the preparation of C-3 and C-4 cyclic ketones. 

Primary honiopropargylic compounds (R = alkyl) (181) undergo solvolysis 
reactions in suitable solvents to give cyclopropyl ketones (186) and cyclo- 
butanones (187): 

The relative yields of cyclized products increase with decreasing nucleophilicity and 
increasing ionizing power of the solvent. The formation of cyclic ketones 186 and 
187 suggests a mechanism involving the intervention of vinyl cations 182 and 183. 
The fact that the cyclobutenyl trifluoroethyl ether 185 (R = CH3, Y = OCH,CF,) 
has been isolated in the products of the solvolysis of pent-3-yn-1-trifluoromethane- 
sulphonate (181) (R = CH3, X = OSO,CF,) in 2,2,2-trifluoroethanol provides good 
evidence for this mechanism290. Also the same product distribution observed in the 
formolysis of the tosylates 188 and 189 agrees with the hypothesis of an intermediate 
vinylic cationzg1: 

C H J-CG C - CH(CH,)CH,OTs d 

(1 88) 

b C O O H  

cYcHo CHJ 

8% 

C H,- . E = q  -> CH,-CrC-CH,-CH(OTs)CH, 

CH, (1 89) 
\ 

\ 
+ 4 

CH,-CGC-CH,-CH -CH, 

b C O O H  

C H ,- C-C- C H,-C H (0 C H 0)C H , 
89% 

Kinetic study of the formolysis of tosylates disubstituted at C-2 (190) shows that 
these compounds react more rapidly than their saturated  analogue^^^^^ 202. In these 
cases the triple bond-assisted ionization step proceeds with rearrangement to the 
formate ester (192). Addition of formic acid to the triple bond of 192 yields an enol 
formate (193) which is converted into the a,p-unsaturated ketone 194; the latter can 
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react with solvent to give a dihydropyrone (195)?01: 

CH3--C=C- C (CH,),-CH (OTs) R 

(190) 

(a) R = H; ( b )  R = CH, 

419 

R 

HCOOH HCOOH 
CH,-C - CHJ-C~C-CH-C(CH,),-OCOH _I_, 

I 'd H,C CH, R 

CH,-CH=C(OCHO)-CR=C(CH,), CH,-CH,-CO-CR=C(CH,), 

(193) (1 94) 

HCOOH 1 

Formolysis of 4-phenyl-3-butyn-I-yl brosylate (196) gives phenylcyclopropyl- 
ketone (197); the formation of this product does not result from direct triple bond 
participation, formic acid addition precedes the rearrangementzg3. 

HCOOH 
___j P h - C C - C H - C H ?O B s P h (0 C H 0) C = C H - C H C H *O 8 S 

(196) 

6. Remote Triple Bond Participation 

Several r e p ~ r t ~ ~ ~ ~ - ~ ~ ~  deal with the participation of a remote triple bond in the 
departure of the leaving group in solvolysis reactions. Thus 6-phenyl-5-hexyn-1-y1 
brosylate acetolyses to give 64% non-cyclized and 36% cyclized compoundszo4 : 

Ph-E J + w::" CH,COOH 

BSO AcO 
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Analysis of the reaction rates and of solvolysis products of 6-hcptyn-2-yl and 
6-octyn-2-yl tosylates shows that a triple bond participation also occurs in com- 
petition with normal solvolysis (SOH = : 

The percentage of cyclization products increases when the solvent is less nucleo- 
philic and more ionizing. Thus 6-octyn-2-yl tosylate gives 82% cyclized inaterial on 
formolysis and 100% on trifluoroacet~iysis~~~. Product distributions observed for the 
solvolysis of 6-octyn-2-yl tosylate have led Peterson and Kamat215 to reject the 
hypothesis of a vinylic cation intermediate in favour of a bridged ion: 

The reactions with remote triple bond participation have been found to be 
synthetically useful in generating the D-ring of 20 k e t o s t e r ~ i d s ~ ~ ~ - ~ ~ ~ .  

Transannular triple bond participation has been observed in solvolysis of 
6-substituted cyclodecynes; the reactions are highly stereoselective and give 
products containing the bicyclo c4.4.01 decane 3 0 0 :  

(a) X = OCOC,H,NO,-p 

\-> (d) H' or BF, (d)  C< - C=O 
X 
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In acetylenic molecules containing two available leaving groups the triple bond is 
potentially able to serve as a double 7i donor. However, the solvolysis of 6-dodecyne- 
2,l I-diyl ditosylate in acetic and trifluoroacetic acids gives only monocyclic products; 
the triple bond provides only one site of unsaturation capable of nucleophilic 'ic 

participation303: 

Remote triple bond participation is also involved in the cyclization of acetylenic 
radicals. Recently Peters and coworkers have reported the electroreductive 
cyclization of 6-chloro-l-phcnyl-l-hexyne~04. Because the reduction of the phenyl- 
activated carbon-carbon triple bond occurs more easily than that of the carbon- 
chloride moiety, this system undergoes a nucleophilic displacement involving 
intramolecular attack of an electrochemically generated radical anion on the terminal 
alkyl chloride site: 

These results are reminiscent of those observed by Crandall and Keyton305 in the 
reduction of 5-chloro-l-phenyl-l-pentyne by biphenyllithium in THF. 

VI. SIGMATROPIC REARRANGEMENTS 

A. [3,3] Sigmatropic Rearrangement of Propargyl Derivatives 

I. Claisen rearrangement 

The Claisen rearrangement of prop-2-ynyl vinyl ethers provides a general method 
for the synthesis of p-allenic aldehydes or ketones, especially when alkyl two 
substituents in the a position prevent a ready rearrangement of allenic carbonyl 
compounds into conjugated derivatives37, 30G-310: 

R' 0 

R2 R' RZ R' 

This reaction shows considerable ~tereospecif ic i ty~~~~ 312; thus the acetal 198 
formed in the reaction of (S)-but-3-yn-2-01 with 2-methylpropanal is converted into 
(R)-2,2-dimethylpeiita-3,4-dienal (199) on passing over silica at 210 "C. 

Landor3"' has suggested that these reactions proceed through a concerted [3,3] 
sigmatropic transformatior. although the Claisen transition state is sterically 
unfavourable. The synthesis of the naturally occurring antibiotic 200 achieved from 
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3-carboxyprop-2-ynyl vinyl ether (201)307 and the synthesis of pseudo ionone (202) 
by thermal isomerization of the propargyl vinyl ether 203 37 constitute two elegant 
applications of the Claisen rearrangement of prop-Zynyl vinyl ethers. 

Several reports deal with the Claisen rearrangement of phenyl propargyl 
e t h e r ~ ~ l ~ - ~ l ~ ;  the reaction generally gives A3 chromenes by cyclization of an 

(CH =C-CHMeO),CH-CH(Me), 

(s)-(i 98) 

CHO 
SiO, / 

,CH 
Me;' '0 

IM" HC-C-C. 210" c ;c=c=c I,Me + Me& 

-. H 

/- C02H 
CO,H 

TI 
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allenylphenol ; when the transposition is carried out in sulpholane in the presence 
of powdered potassium carbonate 2-methylbenzofuran derivatives (204) are 
formed3I6 : 

R 

(R = H) H 

The results reported by Zsindely and Schmid3I4 give evidence for a [3,3] sigmatropic 
rearrangement : 2,6-dimethylphenyl propargyl ether (205) and its derivatives 
(205a)-(205d) rearrange thermally to tricyclic ketones (206); the formation of 206 
can be explained only by a [3,3] sigmatropic transformation of ethers 205 into 
orrho-allenyldienones 207 which then undergo an intramolecular Diels-Alder 
addition: 

The allenic derivative which results from the [3,3] sigmatropic process has been 
isolated in the rearrangement of tomentin 1,l-dimethylpropargyl ether (208); the 
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reaction is regiospecific and gives only the allenic cyclohexadienone 209 317 : 

F. ThCron, M. Verny and R. Vessikre 

x. o *  

Me0 Me0 

The rearrangement of propynylvinyl ether derivatives has been reported by 
who haw prepared p-allenic amides by heating mixtures of Ficini and 

ynamines and propargylic alcohols: 

0 
4 

R2 C H = c = c ( R 1 ) - c H R - C, 

In  the same way p-allenic esters are obtained by heating mixtures of prop-Zynyl 
alcohols and ortho esters3I9 : 

R2 
I,R3 

R'-CEC-C R'- C=C- C 
\ 
0 

\ -EtOH 

/ 
0 -  
/ 

I 'OEt I OEt 
OEt OEt 

R2 
I ,R' 

R' C H ,C (0 Et) 3 

R"CH =C 
R'-C-C(OH)R'R'. 

R'-cH~- C, 

R' ' Rz 
/c=c=c \ / 

\ 
R'-CH R3 

COOEt 
\ 

2. Thio-Claisen rearrangement 

In the presence of pyridine, the rearrangement of propargyl vinyl sulphide gives 
2H-thi0pyran~~O. Pyridine is likely to catalyse the ring closure of the initially formed 
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p-allenic thione: 
425 

In the same way the propargylvinyl sulphide derivatives 21 0 rearrange at  elevated 
temperatures to form the allenic dithio esters 211 which can cyclize to either a 
2H-thiopyran derivative (212) or a substituted thiophene (213)"l: 

R2 R' 

The thermolysis of prop-Zynylphenyl sulphide (214) in quinoline solution at  
200 "C yields mainly two rearrangement products, 215 and 216; at higher tempera- 
tures 216 is completely consumed and the 2H-thiochromene (217) can be isolated322. 

protofropic 
rearrangement 

These data also suggest that the rearrangement of propargyl sulphide of hetero- 
cyclic nuclei observed by Makisumi and M u r a b a y a ~ h i ~ ~ ~  proceeds through an 
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allenyl sulphide intermediate arising from thiopropynilic isomerization (a, b, c 
route) : 

thio-Claisen 

(b) 

/ 

H 

However, the initial formation of a @-allenic thione is also possible (d, e route) and 
concerning this, an interesting result is reported by Bycroft and L a n d ~ n ~ * ~  : 
prop-Zynyl indolyl sulphide (218a) rearranges to the thione 219a. Thermolysis of 
218b gives the allene 219b. These data fit well with a [3,3] sigmatropic process. 

I 
CH, 

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

I 
CH, 

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

3. Allenyl thio-Claisen rearrangement 

Recently B r a n d ~ m a ~ ~ ~  has reported the [3,3] sigmatropic rearrangement of several 
1-alkenyl allenyl sulphides (220). This reaction, occurring under relatively mild 
conditions, provides a method of synthesis of y,bacetylenic aldehydes or ketones 
(221) : 

R’ R2 
I I 

R~CH=C-S-C=C=CHR’ 

(220) 

DMSO + H,O CaCO,; 125-35OC 

I I I I  
R’ R‘ 0 

1 
R’ I A. g I R2-C~C-CH-CH-C-R’  d R’CrC-CH-CH-C-RJ 4- H,S 

(221) 
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4. Nitrogen analogue of the acyclic Claisen rearrangement (amino- 
C I ai s en) 

Cresson32G-32s has recorded the quantitative rearrangement of the N-propargyl 
enamine 222 into the (3-allenic imine 223, but the reaction fails starting from 
substituted propargyl derivatives: 

CH, 
I 

CH, 
I 

IN>, - H ’ C C  ,.@ 

H’C 

(222) (223) 
Amino-Claisen rearrangement are more difficult than oxy-Claisen transformations; 

for instance in the system 224, the rearrangement involves only the oxygen atom327. 

(224  
The propargylene-ammonium compound 225 rearranges into the allenic 

derivative 226; thus hydrolysis of 225 a t  80 “C gives the dienal 227. 

5. Rearrangement of propargyl-esters 

We described in Section 1V.B the metal-catalysed rearrangement of propargyl 
carboxylatcs into the corresponding allenyl esters. These reactions show a n  analogy 
with the Claisen rearrangement and so can be classified within the sigmatropic [3,3] 
process. 

This type of transformation has also been observed in the absence of catalysis: 
the formation of 2-alkylidene-l,3-diones (228) or of a,P-unsaturated ketones (229) 
from the gas-phase pyrolysis of propargyl esters involves an allenyl ester intermediate 
which gives an  alkylidene dione by way of a 1,3-acyl shift; moreover, decarboxyl- 
ation can cventually give an  a,P-unsaturated ketone329* 3 3 0 :  

R’ 

d HCO-C-COR’ 
/ 

\ It 

R~CO-0 
\ 

R2 CR’R‘ 
/c=c=c C H E  C - C( R‘ R2 ) OCO R’ 4 

H 

(228) 

OH R’ 
I / 

\ 
> R’COCH=CR’R2 -+ RJ-C=C=C - 

(229) R2 
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6. Reformatsky-Claisen reaction 

Baldwin and Walker331 report the possibility of obtaining p-allenic acids from 
a-bromoesters of acetylenic alcohols : propargyl a-bromoacetate (230) reacts with 
zinc dust in refuxing benzene to  give 2,2-dimethylpenta-3,4-dienoic acid (231). This 
transformation is likely to involve a [3,3] sigmairopic rearrangement of the inter- 
mediate zinc enolate (232): 

F. Thtron, M. Vcrny and R. Vcssikre 

OZn Br JYr [3,3] y o  , X T Z H  PJ Zn ~ 

I -  '-* + C,H, 8 
(230) (232) (231 1 

7. Cope and oxy-Cope rearrangement 

a. Cope rearrangement. Some alkenynes and alkadiynes give rise to  an interesting 
thermal rearrangement which allows the preparation of various novel monocyclic 
and polycyclic compounds. 

1-alken-5-ynes (233) undergo a reversible Cope rearrangement a t  340 "C to give 
I72,5-alkatrienes (234) which, in turn, undergo cyclization to 3- and 4-methylene- 
cyclopentenes, 235 and 236 332: 

R 

(233) (234) (235) (236) 
(a) R = R' = H; (b) R : CH,, R'  = H ;  ( c )  R' = CH,, R = H 

However, the thermal rearrangement of diethyl isobutenylpropargyl malonate 
(237) only provides the allenic derivative 238 30G : V' - 0  270'C 

Et0,C C0,Et Et0,C C0,Et 

(237) (238) 

1,s-Alkadiynes (239) rearrange a t  250-300 "C t o  dimethylene cyclobutene 
derivatives (240)333-338 presumably via a diallene intermediate (241)340: 

(239) (241 1 (240) 

(a) R = R' = H; (b) R = CH,, R' = H; ( c )  R = C,H,, R' = H ;  
(d) R = LPr, R' = H; (e) R = R' = CH,; ( 1 )  R = R' = C,H,; 

(9) R := R' = Br 
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The reaction is stereospecific and involves a conrotatory process; thus the 

rearrangement of meso-3,4-dimethyl-l ,S-hexadiyne (242a) gives syn, anti-3,4- 
diethylidene cyclobutene (243a), while (d,l)-3,4-dimethyl-l,5-hexadiyne (244a) 
gives the anti, anti isomer (245a)333. 

In the same way meso-242b gives 99% of compound 243b while the raceniic 244b 
leads to the derivatives 246b (51%) and 245b (49%p9. Formation of 246b is note- 
worthy because it is the most sterically hindered compound and its formation 
involves a highly strained transition state: 

1 > (7 -H&R "Y+ - 
f l R  fl 

H H  

(242a) R = CH, 
(242b) R = OTnis (243a) R = CH, 

R R  R H 

(243b) R = OTnis 

(245a) R = CH, 
(245b) R = OTms 

1,2-Diethynylcyclopropanes (247) undergo a similar thermal transformation; 
bicyclo [3.2.0] hepta-l,4,6-trienes (248) are thus obtained338* 341. 

d(" R c8cH 3'0"c> P R 

(247) (248) 

(a) R = H;  (b) R =: CH, 

Recently DolbieP2 has reported the rearrangements of cis- and tr.ans-l-ethynyl-2- 
vinylcyclopropane (249). Cis-249 undergoes a rapid conversion into the diiner 250 
via a Cope rearrangement to 1,2,5-cycloheptatriene (251). 

(249) ( c i s )  (251 (250) 

At temperatures higher than 200 "C ~rms-249 is also converted quantitatively into 
dimer 250. 

The thcrmal rearrangement of rrans- and cis-l,2-di(l-alkynyl)cyclobutanes (252) 
has becn recently reported by Eisenhuth and Hopf3.13; gas-phase pyrolysis of thesc 
products mainly gives derivatives of 1,2-dihydropentalene (253) and of bicyclo 
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[4.2.0] octa-I ,5,7-triene (254). The results obtained with the methyl derivatives 252b 
and 252c indicate that in the first step of the reaction bisallenes (255) are formed by 
a [3,3] sigmatropic rearrangement and are subsequently isomerized into 253 and 254. 

(255) 

(253) 

(a) R' = R' = H; (b) R' = R' = CH,; ( c )  R' = CH,, RZ = H 

6.  Osy-Cope rcarrairgemcrrt. When a hexa-I-cne-5-yne system (256) bears a hydroxy 
group on  C-3, the Cope rearrangement leads t o  a n  enolic-allcnic product (257) 
which is isomerized into carbonyl derivatives 258, 259, 260; the latter are 
accompanied by the cleavage products 261 and 262 344-34G. The distribution of the 
various rearrangement products is dependcnt upon temperature, pressure and length 
of time in heated zone. 

R 

0 9  4- 

R 

I (a) R = H; (b) R = CH, 

B. [2,3] Sigmatropic Rearrangement of Propargyl Derivatives 

extensively during the last few years; it can be schematized as follows: 
The [2,3] sigmatropic rearrangement of propargylic systems has been studied 

\ /  C 
II  - C 

C A  

I 
-C-A 

I 1 1  

c) !! II 
/ \ / /  

FJ 
I 6 
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It concerns (i) propargyl phosphite and propargyl phosphinate rearrangement 
(A = 0, B = P) 92* 3,'7-355. (ii) Propargyl sulphenate, propargyl sulphinate or 
propargyl sulphite rearrangement [A = 0, B = SR, S(0)R and S(O)OR] 366-362. (iii) 
Wittig rearrangement of dipropargylic ethers (A = 0, B = C<)  363. (iv) Propargylic 

sulphonium ylid rearrangement (A = S-, B = C<)  3G4-3G0. ( 0 )  Propargylic 

ammonium ylid rearrangement (A = N(, B = C<)370-37z. 
From the mechanistic point of view these reactions are sigmatropic transformations 

with six electrons reminiscent of the [3,3] sigmatropic process. However, they 
generally proceed with a higher degree of facility and apparently the amount of 
energy necessary to bend the linear acetylene group in order to achieve the transition 
state geometry is not very important. 

+ 
+ 

I .  Propargyl phosphite and phosphinite rearrangement 

Boisselle and Meinhardt3'? were the first to report on the [2,3] sigmatropic 
rearrangement cf propargylic derivatives: propargyl phosphinites rearrange into 
allenyl phosphine oxides at room temperature presumably via a five-membered 
transition state: 

Similarly propargyl phosphites are isomerized to allenyl p h o s p h o n a t e ~ ~ ~ ~ .  34D. 

These reactions are easier than those with allylic analogues373; Mark348 suggests 
that the facility of the rearrangement is probably the result of the very favourable 
geometry of a planar transition state which cannot be constructed with allylic 
systems. The great reactivity of propargylic derivatives is confirmed by Huche and 
Cresson's relating to the rearrangement of enyne .phosphites or phos- 
phinites (263). The triple bond is the only one involved in the reaction: 

(X = Ph, OEt) 

The study of the rearrangement cjf alkynyl phosphinites obtained by the reaction 
of chlorophosphines with alkynyl camphanols (264) or alkynyl cyclohexanols (265) 
shows that the reaction is highly s tereospe~if ic~~~ : 

(264) [P(O)R, position : hornoendo] 
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(265) [P(OR,) position : homoexo] 

This property allows the determinsiion of the siereochemistry of tertiary CL- 

a l k y n o l ~ ~ ~ ~ *  353. 

The BoisellcMark rearrangement has been used for the preparation of halogeno- 
allenyl phosphine oxides or phosphonates RR’C=C=CXP(O)R; (R, R’ = H, alkyl, 
aryl; X = CI, Br; R = aryl, C1, OEt); the reaction is sometimes accompanied by a 
propargylic transposition involving the halogen atom354* 385. 

tC,II,).PCI 
RRC(OH)C=CBr base > 

___+ RR’C=C=CBrP(0)(C,H,),3.RR’BrC-C=C-P(O)(C6H5)~ 

CRRC(OP(C,H,),)C~CBr] 

2. Propargylic sulphinate, sulphenate and sulphite rearrangement 

gives rise to  allenyl sulphones and sulphoxides respectively35o : 
Thermal rearrangement of propargylic sulphinates (266) and sulphenates (267) 

R\ / 

,C=C=C \ 

I 

I -  
R‘- S -0 

II 
0 

R-C=C-C- 

R‘-S(O), 

(266) 

/ 
C=C=C, 

R\ 
I -  / 

I 
R-C ZEC- C - 

R’- S -0 R’-S(0) 

(267) 

The reaction proceeds at  room temperature with the sulphenic esters and at  slightly 
higher temperatures with the propargylic sulphinates. 

These isomerizations have been examined in some detail by Braverman and 
359 and Smith and Sterling3“. Braverman reports the rearrangement of 

the a-methyl, u-phenyl, a,a-dimethyl and a-ethyl-a-methylpropargyl benzene 
sulphinates. All thcse products are thermally isomerized to  allenyl sulphones in 
high yields, even in hydroxylic solvents; under these conditions titrinietric 
measurements show the absence of solvolysis. Kinetic studies using a-mono- 
substituted and a,a-disubstituted esters show that the rearrangement exhibits a 
relatively low sensibility to the effect of solvent ionizing power and s u b s t i t u e n t ~ ~ ~ ~ .  
All these results resemble those observed in the rearrangement of allylic arene 
s u l p h i ~ i a t e s ~ ~ ~  and are  consistent with a concerted [2,3] sigmatropic shift mechanism; 
they discount an ionic mechanism comparable with that involved in the rearrange- 
ment of b e n ~ h y d r y l ~ ‘ ~  and p - a n i ~ y l ~ ~ ~  arene sulphinates. 

Thc intervention of a concerted mechanism is confirmed by the work of Smith and 
Stirling35G; thcse authors report that y-deuteriopropargyl-p-toluene sulphinate 



10. Rearrangements involving acetylenes 433 

rearranges into a-deuterioallenyl-p-tolyl sulphone on heating in chlorobenzene at  
130 "C and that under similar conditions R( +)-a-methylpropargyl-p-toluene 
sulphinate rearranges to (-)-y-methylallenyl-p-tolyl sulphone. The absolute 
configuration of the latter predicted on the basis of a cyclic intramolecular mechanism 
agrees with that calculated from the polarizability sequence of substituents attached 
t o  the allenic system. 

An interesting application of this type of isomerization is the synthesis of 
diallenyl sulphones by a double [2,3] sigmatropic rearrangement of propargylic 
sulphoxylates (268)3s0 : 

CH=C-C(CH,),OH 

SCI, -7O'C I 

Recently Kellogg's has reported the first thermally induced rearrangement 
of a propargylic sulphite. The sulphite 269 obtained from 4,4-dimethyl-2-yne-l- 
pentanol undergoes a [2,3] sigmatropic shift to the sulphonate 270 which is cyclized 
in a bicyclic sultone (271): 

0 

(270) 

3. Propargylic anion [2,3] rearrangement (Wittig rearrangement) 

Propargylic anions obtained by metalation (with butyllithium, trimethylene- 
diamine) at - 80 O C  of dipropargylic ethers (272) rearrange to ene-allenylols (273). 
This [2,3] transposition is sometimes accompanied by a [1,2] rearrangement; the 
latter is favoured by temperature (a similar reaction was observed in the 
rearrangement of diallyl etherPG). 

The rearrangement is not observed when the P-carbon bears two methyl groups 
(R2 = R3 = CH,); in this situation steric crowding probably prevents lithiation of 
the propargylic carbon atom. 
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Under the same conditions the propargyl allyl ether 274a rearranges to the 
eneynol 275; but the reaction fails with the ether 274b 303. 

-=p - 
OH 

(275) 
BuLi. TMEDA, (T 
- 80 -c 

R = Me 
(274) 

(a) R = H; (b) R = CH, 

Recently analogous results have been reported by Kreiser and Wurziger3'' for the 
reaction of the propargyl allyl sulphide 276 with butyllithium in THF: 

4. Acetylenic sulphonium ylide rearrangement 

Propargylic sulphonium alkylides undergo a thermal [2,3] sigmatropic rearrange- 
ment to generate a-allenic sulphides. These reactions proceed with facility, generally 
by in siru methods; they are exemplified by the following equations: 

+,CHJ NaH 
R-C=C-CH,-S , Br- 

\ THF, 5 ' C  
CH, 

-b CH,- S-CH,-C(R)=C=CH, 

(Reference 364) (R = CH,, Ph) 
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- m.73 

CH,-S-CH, 

(Reference 365) 

Ph Ph-C-C - ’.-] -, =.=$CGC-Ph 

Ph-C=cJ 
sv 

(Reference 366) 

Ph\+ 
PhSCH,-C-C-R + N,C(CO,CH,), S-CH,-CrC-R 

(CH,CO,lTc/ 

R 

CH,OOC COOCH, 

(Reference 367) 

+ =-$SPh 

(R = C,H,, Bu) 

S-CH(R’)-CGCH __f I CH,N: R\+ [ H,CL 
R-S -CH(R’)-CECH -----+ 

CUCl 

R-S-CH,CH=C=CH-R‘ 

R‘ CH, 
I II 

--+ R-S -CH,-CH-C-CH=CH, 

\CH-R* 1 (Reference 368) 

/C H = C H, 
S -CH,-CH ’ [ R:+ W,N, 

CUCl 
H,C- 

(a) R = CH,, R’ = H ;  ( C )  R = C6H,, R‘ = CH,; 
(b) R = p-CIC,H,, R’ = H; (d) R = p-CIC,H,, R’ = CH, 
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ylides; thus allenic sulphonium ylides rearrange to P-acetylenic s ~ l p h i d e s ~ ~ ~ :  

F. Thkron, M. Verny and R. Vessitre 

A prototropic rearrangement can compete with the formation of propargylic 

CH, SCH, 
I I B- R-CH,-S-CH(R')-C=C-R",X- - R-CH-C(R")=C=CHR 
+ 

SCH, 
I I 

R-CH,-S-C(R')=C=CHR',X- ___+ R-CH--CH(R")-C=C-R 
f 

Competition between allylic and propargylic groups has been studied by Tereda 
and Kishida3'j4; the treatment of the propargyl ally1 sulphonium salt 277 with a base 
only gives 278 with a n  allylic rearrangement: 

/S-CH, 
€3- 

P h -C GC-C H 
\ 2+ S-CH, ----+ Ph-C-C--CH 

\ 
/ CH,-CH=CH, C H,=C H -C H, 

(277) (278) 

5. Acetylenic ammonium ylide rearrangement 

The rearrangement of acetylenic ammonium ylides has been reported by 
Sutherland and c o ~ o r k e r s ~ ~ O - ~ ~ ~ ;  these derivatives rearrange thermally into 
a-allenic amines. 

The mechanism of these reactions has been studied by Ollis, Sutherland and 
T h e b t a r a n ~ n t h ~ ~ ~ .  The treatment with base at 0 "C of the ammonium bromide 279 
gives a mixture of the allene 281 and the ylide 283. The simultaneous formation of 
these two derivatives indicates that the acetylenic ylide 280 could be transformed by 
two possible reaction pathways: (i) a concerted [2,3] sigmatropic rearrangement 
leading directly to the allene 281; (ii) an intramolecular cyclization giving first a 
betaine (282) which could then rearrange prototropically into the ylide 283 or 
undergo atzti elimination giving the allene 281 by an alternative pathway. 

(279) 
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Evidence for the pathway 280 --t 282 -+ 281 is obtained by examination of the 
effect of steric requirements in bicyclic The bicyclic quaternary salts 284 
and 285 easily rearrange to  give the allenes 286 and 287 respectively. This result 
shows that the steric requiicn-ients of bicyclic systems do not prevent the rearrange- 
ment; a non-concerted mechanism is therefore more likely than a [2,31 concerted 
sigmatropic process: 
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I. INTRODUCTION . 
11. CYCLOADDITION R~ACTIONS 

A. [x2+ i c 2 ]  Cycloadditions . 
1. Cycloadditions of carbenes . 
2. [2+2] -+ 4 Cycloadditions. . 

a. Cycloadditions with electron-deficient triple bonds 
b. Cycloadditions with electron-rich triple bonds 

B. [;r4+7i2] Cycloadditions . 

a. Diazoalkanes . 
b. Azides . 
c. Nitrile oxides . 
d. Azoniethine oxides . 
e. Azoniethine ylides . 
f. Azomethine imines . 
g. Carbonyl ylides . 
h. Azirnines . 
i. 1,3 Dipolcs with a sulphur atom . 

a. Cycloadditions giving fluorinated derivatives . 
b. Additions to furan derivatives . 
c. Synthesis of pyridines . 
d. Synthcsis of substituted benzenes . 
e. Other reactions . 

C. Other Cycloadditions . 

1. 1,3-Dipolar cycloadditions . 

2. Dick-Alder reactions . 

1. [ i ~ ~ + ~ i ~ ]  Cycloadditions . 
2. [zR + x2] Cycloadditions . 
3. [do + z2] Cycloadditions . 
4. [x12+x2] Cycloadditions . 
5. [ x 2 + x 2 + x 2 ]  Cycloadditions . 
6. Intramolecular cycloadditions . 

a. Intramolecular [2+ 21 cycloadditions . 
b. lntrarnolecular 1 ,3-dipolar cycloadditions . 
c. lntramolecular Diels-Aldcr cycloadditions . 

111 THEORETICAL STUDY OF CYCLOADDITIONS . 
A. Introduction . 
B. Mechanisiii of Cycloadditions . 

1. Nature of the problem . 
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2. Experimental criteria . 
a. Intermediates . 
b. Stereochemistry . 
c. Entropy and enthalpy of activation . 
d. Activation volume . 
e. Solvent effects . 

3. Theoretical criteria . 
a. Woodward-Hoffmann's rules . 
b. Transition state calculations. 

a. Theoretical considerations . 
b. Experimental criteria . 

5. Diels-Alder reactions . 
6. 1,3-Dipolar cycloadditions . 

4. [2+2] Cycloaddition reactions to the triple bond . 

a. Possible reaction intermediates . 
b. Hammctt correlations . 
c. Transition state calculations . 

C. Reactivity in Cycloadditions . 
1. Perturbation molecular orbital theory 
2. Reactivity . 

. 
a. Relative rates of 1,3-dipolar cycloaddition of alkenes and alkynes 
b. Hammett correlations . 

D. Regioselectivity of Cycloadditions . 

. 

1. Regioselectivity and perturbation method . 
2. Regioselectivity of 1,3-dipolar cycloadditions 

a. Calculations with all interactions . 
b. FMO theory and regioselectivity . 
c. Comparison of the regioselectivity of alkenes and alkynes . 

. 

3. Regioselectivity of Diels-Alder reactions . 
Iv. CYCLIZATION REACTIONS . 

A. Intramolecular Cyclizations . 
1. Cyclizations involving OH groups . 
2. Cyclizations involving NR groups . 
3. Cyclizations involving CH groups . 

1. Cyclizations after addition of amines . 
2. Cyclizations with addition of amino heterocycles. 
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1. INTRODUCTION 
Many cycloadditions and cyclizations involving triple bonds have been described. 
These two kinds of reactions have been reviewed up to 1968 by Viehe' and the 
1,3-dipolar cycloadditions to alkynes up to  1972 by Bastide and coworkers2. The 
principal new results obtained after the publication of these works are reported here. 
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II. CYCLOADDITION REACTIONS 
The cycloaddition reactions defined by Huisgen3 involve two unsaturated molecules 
which yield a ring without the elimination of a molecule. 

449 

C + 4 - C 1 3  
From theoretical considerations, the number of x electrons participating in the 

transition state of these reactions allows a better classification of cycloadditions 
than that obtained using the number of atoms participating in the ring. For the 
same number of x electrons, different rings may be obtained (Table 1). Other kinds 
of cycloaddition also exist: 1,4-dipolar cycloadditions, [xG + x21, [x8 + 7 4 ,  In''+ .t21 

and [x12 + x2] .  
TABLE 1. Different types of cycloaddition 

Number of Ring 
Reactants x electrons formed Designation 

~ ~~ ~~~ ~~ ~ ~~ 

a ;1 

111 + :c [n2 + 7721 IJIC Carbene addition b 

2+2 3 4 Addition of 
alkenes and alkynes 

a-c 
[ n 2  + 7 r 2 ]  11 I 

b b- d 

[ n 4  + 7r2] a-c II 'd 1,3-Dipolar cycloaddition 
b.e/ 

+ '%d 
b e 4  

Reactions involving triple bonds have been extensively studied recently. In the 
[x2 + x2] cycloadditions few new reactions of carbenes have been reported; whereas 
a great number of new 2 + 2 --t 4 reactions are described. There is much progress in 
the means of identification, in cases when the primary product rearranges to complex 
compounds due to the expansion of ynamine chcrnistry. In the [;r4+x2] cyclo- 
additions there are plenty of new results on 1,3-dipolar cycloadditions due to the 
great number of potential 1,3 dipoles which permits the synthesis of many new 
heterocycles. However, new reports on Diels-Alder cycloadditions are few, although 
theoretical treatment of all these reactions has increased. 

A. Lx2+ 2 1  Cycloadditions 
I .  Cycloadditions of carbenes 

Cycloadditions of carbenes to alkynes generally lead to cyclopropenes : 
R' R2 
\ /  

R c=c 
R'-C-C-R2 + :C' - \ /  

\ C 
R / \  

R R  
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Some examples of cycloadditions of carbenes generated by decomposition of 
diazoalkanes have been described in recent papers, such as  yielding cyclopropenes, 
the formation of spirocyclopropcnes from diazocyclopentadiene", 

@Nz \ 
h" > q: + R-CrC-CO,Me --+ *R C0,Me 

silylcyclopropenes from methyldiazoacetate and trimethylsilylacetyleneG, 

T si( Me)' 
A R-C=C-Si(Me), + N,CHCO,Me cu 

H C0,Me 

and monoalkyl cyclopropenes from functional diazoalkanesand terminal acetyleneso : 

h 10 
R-CECH + N,CHX * 

X = CO,Et, COMe, CN, Ph H X  

With an  a-phenyl group in the carbene, there is competition between the formation 
of a cyclopropene (1) and formation of an indene (2)': 

Ph P-(OMe), 
I t  
0 

(2) 

This reaction involves a diradical intermediate which can rearrange: 

The percentage of 1 and 2 depends o n  the nature of R1 and R2: if R1 and 
R2#H the reaction only gives 1; if R' = H and R2 = Ph the reaction gives more 2 
than 1; if R1 = H and R2 = Me the reaction givcs more 1 than 2. 
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If the reactions involve alkynes substituted by electron-attracting groups, the 
dipolar I ,3 cycloaddition is faster than the formation of carbene. When the carbene 
is generated from diphenyldiazomethane the formation of cyclopropene and of 
indene compete again in the same way; for instance, the major addition product 
reaction with terminal acetylenes is indene8: 

R 

PhzCNz + HCEC-R hs, 

major 

4 yR 
Ph Ph 
minor 

In  the reaction with dimethylacetylene the major product is the cyclopropene: 

Ph,C: + Me-CrC-Me + y + PhCH, +=+m 
Ph Ph Ph 

1.6% 73% 25.4% 

According to  Hendrick and coworkers8 this difference in reactivity is linked to 
steric factors. 

Unsaturated carbenes are novel reagents for the formation of cyclopropenes. A 
methylene cyclopropene (which is stable in solution only) is obtained by addition 
of methylene carbene to dimethylacetylenee: 

Me Me 

Y I-BuOK (Me),-C=CHOTf 4- Me-CrC-Me - > 

Me Me 

The carbene-like isocyanide reacts with ynamines and gives an iminocyclo- 
propene'O: 

Et 

Et N-Et 

Me-CEC-N / 1- : C = N e N O ,  4 M e p N 0 N 0 ,  
\ 

I 
Et 

2. [2+2] -> 4 Cycloadditions 

butadienes, but these primary products often rearrange. 
The addition of alkynes to double or triple bonds gives cyclobutenes or cyclo- 

I 

I 

The rearrangements occur by electrocyclic opening and recyclization or by 
rearrangement in a linear structure. 

Two kinds of triple bonds are used for these reactions: electron-deficient triple 
bonds (substituted by electron-withdrawing groups, e.g. COyR, CN, CF,) react with 

+ 111 - 
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electron-rich double bonds, while electron-rich triple bonds (substituted by 
electron-donating groups N(Et),, OEt, etc.) react with electron-deficient double 
bonds. 

a. Cycloadditions with electron-deficient triple bonds. These triple bonds react with 
the double bond of enamines or with polyunsaturated compounds. The first-stage 
product gives after rearrangement several sizes of ring. 

(i) Reactions leading to cyclobutenes. The products are in some cases stable 
enough to  be isolated. For example, the additions of dimethyl acetylenedicarboxylate 
to 1 ,4-dihydroquinoline, 1,4-dihydropyridine and aminobenzofuran give stable 
cyclobutenes: 

4- Me0,C-CrC-CO,Me 
I 
R' 

I 

R' 

(Reference 12) 

a -I- Me0,C-CGC-C0,Me 
I 
R I 

R 

i- Me0,C-CEC-CO,Me __f 

(RefeFence 13) 

Slight heating may give a ring-expanded product, but the cyclobutene is sometimes 
the more stable14: 

Me 
Me \ I  Me L y e  _.I Me CN 

( i i )  Reactions leading to six-membered rings. Cyclohexadiene is obtained by the 
addition of dimethyl acetylenedicarboxylate to aminoethoxypyran~'~ : 

Et 
I Et 

C 0,M e + CO,Me-C~C-CO,Me --f 

R Me 

Me 
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The mechanism of the reaction is represented by the following scheme: 

Me0,C-CEC-CO,Me ----+ A m 0 , M e  ~ ~ m 0 , M e  + 

A-CO,&O,Me N Rz 0 

+ 
C0,Me C0,Me 

\RzcCOzMe 
t- 

’ C0,Me C0,Me 

Another rearrangement of 3 is possible if A = Me, when the cyclobutene is formed : 

C0,Me 

A six-membered ring is also obtained by the addition of dimethyl acetylene- 
dicarboxylate to a n  aminothiophene. The seven-membered ring resulting from cyclo- 
butene ring opening undergoes loss of su1phurl-O: 

\ /  / 

* -+ / \ C0,Me 

’ C0,Me 

I C0,Me 
&O,Me 

R C  C0,Me 9 
I 
C 

I R 
C0,Me 

R 

In some cases the 1,4-dipolar intermediate is trapped and leads to a diaddition 
product17: 

C0,Me 

f-BU OR 
\ /  

\ t-Bu’ ’ C0,Me 
N=C -I- E-CEC-E + 

H 
E = C0,Me C0,Me 
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(iii) Reactions leading to seven-membered rings. If the addition of a triple bond 
is made to the double bond of a five-membered ring, the rearrangement product is a 
seven-membered ring. 

Indole and its derivatives give this kind of rearrangement, while in some cases the 
Michael addition is competitive: 

C0,Me Me0,C 

Q R z  + ~ ~ c o 2 M e  + a - p C 0 2 M e  

I C - [ l, R* N R2 R' I I 
C0,Me R' 

(Reference 18) 
C0,Me 

QC02Me 

I RZ 
R' 

i- HC=C-COzMe _L+ 

COMe 

COMe 

Aniinobenzothiophenes react with dimethyl acetylenedicarboxylate in a similar 
waylo : 

5' 70,Me. 

d 

I 
C0,Me 

In  the case of aminobenzofurans the primary product cyclobutene is more stable 
and can be isolated; heating is necessary to get the seven-membered ring13. 

( i v )  Reactions leading to eight-membered rings. In the reaction of a triple bond 
with a double bond of a six-membered ring the cyclobutene is often stable, but it is 
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possible, spontaneously or by heating, t o  obtain the eight-membered ringz0: 

I 

Ph 

Ph 

-1- Me0,C-CrC-CO,Me --+ m C O z M e  
C0,Me 

1 41 
R R 

R 
Another way of obtaining an  eight-membered ring is by the dimerization of the 

1,4-dipolar intermediate'': 

aoR + Me0,C-CGC-CO,Me ___+ El,:" 
h- 

Me0,C C0,Me 

Me0,C C0,Me 

R$=J>R 
Me0,C C0,Me 

(u) Cycloadditions to  allenes. When an alkyne adds to  an  allene, two reactions are 
competitive, (i) [2+2] cycloaddition which gives a cyclobutene and ( i i )  an 'ene 
reaction' which gives a triene. According to  the substituents of the alkynes and allenes 
either of the two reactions may preponderate. 

Thus, the reaction of 2-hexafluorobutyne with tetrafluoroallene and 3-methylbuta- 
1,Zdiene gives cyclobutenes, 

Me\ C=C=CH, + CF,-CEC--CF, 
Me 

JMe + Me% 
/ 

CF, CF, CF, CF, 
(Reference 22) 
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but the reaction with tetramethylallene yields mainly a trieneZ3: 

J. Bastide and 0. Henri-Rousseau 

C F J  
I 

C 
111 
C 
I 
c F, 

,c=c=c 

+ ___, 
Me Me 
\ / 

\ 
Me Me 

Me& F, 

c F, 
78% 

+ 

8% 

+ 

'1% 

The [2 + 21 cycloaddition and the 'ene reaction' involve the same diradical inter- 
mediate which rearranges differently depending on the nature of R2"; i.e. (i) 
rotation about Cz-C, and Cz-C4, (ii) rotation about Cl-Cz and C2-C4, (iii) 
hydrogen migration and (iv) concerted reaction. 

-7 Me,-C=C=C-R, + CF,- CGC - C F, 

Me R 
I I 

M e z c g R  M e R  Me C(R), 

CF, CF, CF, CF, 

The relative reactivity of the two double bonds of non-symmetric allenes is 
influenced by the substituents of both allene and acetylene; hexafluoro-Zbutyne, for 
instance, adds to the unsubstituted double bond of dirnethylallene, and dimethyl 
acetylenedicarboxylate to the substituted double bond of phenylcyclopropyl- 
alleneZ5: 

Me 

Me? 
>=.= + CF,-CGC-CF, -3 

Me 

Me 

C0,Me 

-= + MeO,C-CrC-CO,Me -+ Ph '+COZMe 



11. Cycloadditions and cyclizations involving triple bonds 457 

b. Cycloadditions with electron-rich triple bonds. This kind of cycloaddition mainly 

(i) Addition to alkenes substituted by functional groups. The addition of ynamines 
occurs with ynamines which add to activated and unsaturated bonds. 

to a,p-ethylenic ketones gives 2-amino pyransZB: 

The pyran may result, either from rearrangement of the primary product or from 
rearrangement of the intermediate if the reaction has occurred in two steps; the latter 
hypothesis seems more probable, since cyclobutene is obtained when hetero- 
cyclization is not possiblez7: 

Additions of aldehydes to ynamines may involve both the C=C and the C=O 
double bond. When the C=O bond reacts the primary product oxetane rearranges 
to a diene: 

R’ 

Et 

Et 

/ 
CON, 

Reactions of a,P-unsaturated esters with ynamines give generally y-pyrans; 
however, reactions involving methylacrylate lead to both y-pyrans and cyclobuteneZ8: 

Et 
/ 

Me 
Me 

0 

Et 

@ \Et 

-1 Et 

C0,Me N/ 

Me 
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1-halogenoacrylates (or I-halogenoa~rylonitrile)~~ : 
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Cyclobutenes are  the only products obtained by addition of ynamines to 

Et 

X 

Y 
Me-C-C-N(Et), i- )= -+ [ 

X = CI, Br; Y = CN, C02Et 

From the loss of stereospecificity of this reaction and strong solvent effects, a two- 
step mechanism has been proposed by Madsen and LawessonZ0 : 

M 

Reactions of ynamines with cyclopropene produce ring-expanded adducts30: 

R 

Ph 

+ 

/ R3 

Ph 9; 
R' R2 

(ii) Addition to  heterocumulenes. Reaction of carbon dioxide with ynamines 
gives ketenes, which add to another molecule of ynamine31 : 

R 
R I o*c' N/ \R 

I R-N 

R,N-C-C-Ph + O=C=O --+ 

R 

Ph Ph 
0 
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Addition of ynamines to ketenes may yield a cyclobutenone, an allene or a mixture 
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of these two c o r n p o ~ n d s ~ ~ :  

R' 
R: / 

\ /Et - ,C=C=C 

R' o//C-N\ 
Et 

(4) 
Et 

' (5) R' = Ph, Rz = Ph, N; - 
R l  = ph, R2 = Me -I Et 

R' = H, Rz = Ph, Me - ' (4 + 5) 
' (4) 

In  the addition of N-phenylketenimines to ynamines the intermediate cyclizes to  
an aromatic ring33: 

The formation of a mixture of monoaddition product and diaddition product in 
the reaction cf diphcnyl-N-methylketenimine with ynamine shows that the reaction 
takes placc through a I ,Cdipolar intermediate which is trapped by a second 
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molecule of a l k ~ n e ~ ~ :  
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Ph 
\ 
/C=C=N-Me 

Ph\ Me Ph 
+ I I + -/%N/ 

Et 
/ 

Me-C-C-N, 

Et \- c = c - yEt / 

p! 

Et 

B. [7t4 + x2] Cycloadditions 

The best known [x4 + x2] cycloadditions are those which give five-membered 
rings (1,3-dipolar cycloadditions) or six-membered rings (Diels-Alder cyclo- 
addit ions). 

1. 1,3-Dipolar cycloadditions 

These reactions have been extensively studied recently, since they are a good 
synthetic method for various heterocycles. They have recently been reviewed2. They 
are classified according to the 1,3 dipole which adds to the triple bond. 

a. Diazoalkanes. Cycloaddition of diazoalkanes to alkynes gives a pyraz01e~~ : 

R'-C=C-Rz + RCHN, 

Two isomers (6a and 6b) can be obtained in the additions of non-symmetric 
alkynes. This problem of regioselectivity is very important in 1,3-dipolar cyclo- 
addition. The ratio of 6a and 6b depends on R, R' and R2: When R1 = H the 
addition gives 6a except for R2 = OEt in which 6b is obtained35 and R2 = -C(OH)R2 
in which both isomers are obtained3G. 

Disubstituted acetylenes yield both isomers 6a and 6b in most cases. Triple bonds 
with electron-withdrawing substituents are more reactive than those with electron- 
releasing substituents. (No reaction occurs between diazomethane and the ynamine 
Me-C=C-NEt, in 5 days at a pressure of 4200 atm 37.) 
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( i )  Cycloaddition of metallated diazoalkanes. These reactions are very similar to 

those of other diazoalkanes: 

(Me),M 
(Mew,  

R' RN3c:::t 
CN, + EtO,C-C~C-CO,Et ___+ 

M Pb Si Sn Sn Sn 
R C0,Et H %(Me), C0,Et Si(Me), 
Ref. 38 39 39 39 39 

(i i)  Cycloadditions involving regioselectivity. Additions of diazomethane to 
propiolamide, chloropropiolamide and chloropropiolonitrile give only one 
pyrazole isomer40: 

CI-C'-C-Y + CH,N, 

Y = CN, CONH, 

Additions of substituted diazoalkanes to methyl p-nitrophenyl propiolate and 
benzoylphenylacetylene give two pyrazole isomers'l : 

X Y R 
p-NO, OEt Me 
p-NO, OEt Ph 
H Ph Me 
H Ph Ph 

24% 
30% 
60% 
62% 

76% 
70% 
40% 
38% 

Additions of diazomethane to  acetylenic heterocycles lead to either one or two 
isomers, according to  the nature of the h e t e r ~ c y c l e ~ ~ :  

(iii) Cycloadditions with sigmatropic transpositions. These reactions, which 
involve disubstituted diazoalkanes, have been extensively studied recently. Reaction 
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of ethyl 2-diazopropionate with dirnethyl acetylenedicarboxylate leads to  an  
intermediate pyrazolenine which rearranges into a pyrazole by heating": 

Me0,C C0,Me 
Me 

Me0,C-C-C-CO,Me + \ CN, --+ M e z N  4 

C6,Et Et0,C I 
C0,Et 

With diazoketones and  diazonitriles pyrazolenines are  not isolated since there is 
spontaneous rearrangement into p y r a ~ o l e s ~ ~  : 

C0,Me 

MeC? 

A l k y l  
R-CrC-R' + ,CN, - 

A l k y l  
I 
COMe 

With cyclic diazoketones bicyclo derivatives are 4 5 :  

This acyl migration occurs only when arornatization to a pyrazole is possible. The 
same kind of transposition can be observed with reactions of d i azophosphona te~~~  

and additions of diazocyclopentadiencs'": 
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(iu) Cycloadditions with enynes. In reactions with enynes there is competition 
betwcen cycloadditions to  the double and the triple bond, the ratio depending on 
the substituents. The additions of diazomethane to alkynylcycloalkenes take place 
on  both multiple bonds and the ratio is a function of the size of the ringIB: 

n = 3  
n = 4  
n = 5  

10% 
4% 

26% 

The substituents of diazoalkanes modify the relative reactivity of the two multiple 
bonds of 2-niethylbut-l-en-3-yneso: 

Me 

R \  
4- ,CN, ---+ + R’ R’ N=N 

6.  Arides. Cycloaddition of azides to alkynes gives triazoles. Generally two addi- 
tion isomers are obtained: 

The rate of addition of azides to  alkynes is accelerated by electron-donating and 
electron-withdrawing substituents of the triple bond. The study of these cyclo- 
additions has seen little development since 1973. 

Reaction of perfluorophenyl azide with phenylacetylene gives both addition 
isomers50, whereas phenyl azide with phenylperfluorohexylacetylene yields only one 
triazoleS1 : 

I=(’h + dPh 

‘kC 6F’ 

N* N/ c F, N N  C,F,N, + Ph-CrCH + 
C,F( ‘NY 

31 % 12% 

C,F,,-CGC-Ph + PhN, N N  
Ph’ ‘NP 
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give the 5-substituted isoxazoles: 
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c. Nitrile oxides. Additions of nitrile oxides to monosubstituted alkynes generally 

R' -CECH + R-CNO + 

except in the case of addition of mesityl nitrile oxide to methylpropiolate, where the 
ratio of 4-carbomethoxyisoxazole is greater than the ratio of 5-carbomethoxy- 
isoxazole5z: 

C0,Me C0,Me 

M e 3 C 6 H z c 0  + T C . H 2 M e 3  
Me,C,H,CNO + HCEC-CO,Me + 

O h  
28% 72% 

The cycloadditions of nitrileoxides have been reviewed in Grundmann and 
Griinanger's books3. The kinetics of addition of benzonitrile oxide to different 
alkynes were studied in relation to frontier orbital theorys4. Additions of many 
nitrile oxides to acetylenic esters are performed55* E . ~  in the same way as with other 
alkynesS7, and fulminic acid may be added to different acetyleneP. 

d. Azometf~itieoxides. 4-Isoxazolines are the products of the addition of 
azomethine oxides to alkynes, but sometimes the primary product rearranges: 

R' R' 

R'-CGC- R2 + R(R')C=N(O)R 4 

R' 
I R" 

Two isomers may be produced as, for example, in the interesting reactions studied 
by Houk and coworkers", who also showed that the regioselectivity of the additions 
of nitrones to methylpropriolate and to cyanoacetylene could be explained by the 
perturbation method : 

R' 5' 5' 

R R' Z 
Ph Me C0,Me 
H t-Bu C0,Me 
Ph Me CN 
H t-Bu CN 

42% 58% 
30% 
100% 

70% 

50% 50% 
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The reaction product of nitronic esters with benzoylacetylene rearranges into an 
aziridine giving two kinetically controlled N-methoxy aziridine invertomer~~” 

+ PhCO-CGCH + H\ ifo 
\ 

,C= N 
N C  OMe 

OMe 

H PhCO 

N + N 
1 1 
OMe OMe 

96% 4% 

e. Azomethiire ylides. Azomethine ylides react with the triple bond of alkynes and 
give 3-pyrrolines : 

These dipoles are unstable except when the dipolar C-N-C system belongs to a 
ring. However, Fleury and coworkersGo isolated a non-cyclic azomethine ylide in 
1975: 

Me0,C-C=C-CO,Me 1 
Q t t 2 M e  - 

Me0,C C0,Me 

f. Azometlrine imines. Reactions of azomethine imines with acetylenes give 
3-pyrazolines which generally lead spontaneously to pyrazoles by aromatization. 

R 3  R’ 
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( i )  Addition of azomethine imines. The dipolar structure of azoinethine imines is 
often included in heterocyclic ring. Addition of aminodiazanaphthalenes to 
dimethyl acetylenedicarboxylate (DMAC) leads to pyrazolesG1 : 

The primary adducts of reaction of I-alkylbenzimidazolium-3-imines to alkynes 
rearrange into pyrazoless2 : 

R 
I 
co 

I + 111 -’ 
I 
co 

1 
R 

5’ 

\ 
COR 
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Addition of polyazapentalenes to alkynes gives stable 3-pyrazolines; the Michael 
reaction is competitive with cycloadditionG3: 

H 

The 3-pyrazoline obtained by reaction of phtalazinones with dimethyl acetylene- 
dicaboxylate gives a secondary reaction by addition of another alkyne moleculea: 

(ii) Addition of sydnones and isosydnones. Sydnones and isosydnones react with 
acetylenes to give non-isolable primary adducts, which lead to pyrazoles by loss of 
carbon dioxide. I t  is interesting to  compare reactions of N-phenyl-C-methyl 
sydnone and isosydnone with phenylacetylene: 

M e  Me Ph 

-co, (Reference 66) 

N>ph -6 ph/N$OH 
+ Ph-CGCH 

Ph' 'N Ph' ' 
49% 24% 

The formation of 3-hydroxy-l,5-diphenylpyrazole is explained using the tautomeric 
form of isosydnone: 

16 



468 J. Bastide and 0. Henri-Rousseau 

Cycloadditions of sydnones give different results according to whether the reactions 
are thermal or photochemical. In the first case sydnones add to the triple bond 
giving primary products which then lose carbon dioxide, whereas in the other case 
sydnones lose carbon dioxide initially leading to non-isolable diphenylnitrilimine, 
which reacts with the acetylene to give pyrazole6’: 

L 

Ph 
+ kp + [Ph--N-NrC-ph] \ -co N -4 

N 
I 

Ph 

Ph 

I 
Ph 

Me0,C Ph 

Me0,C 

Ph 

g. Carborzyl ylides. The addition of mesoionic 1,3-oxathio-4-ones to alkynes leads 
to furan by cycloaddition of the carbonyl ylide 

0- 

MeO,C\ p h  

Ph-CEC-C0,Me 

Ph C0,Me 

Ph O R  -I- P h o R  

Ph 

A -cos 

49% 40% 

The reaction of anhydro-4-hydroxy-l,3-oxazolium hydroxide with acetylenes 
leads to both furan and primary addition productssg : 
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h. Azimines. The first reaction of cycloaddition of azimines to alkynes was 
described in 1968 by Huisgen and coworkersG5, but the development of these rcactions 
began in 1972701 ?l. The N-amide reacts exothermically with dimethyl acetylene- 
dicarboxylate to give azomethine imine; the first step of the reaction involves a 
1,3-dipolar cycloaddition of azimines : 

N 
'I + N,N- 

I 
C0,Et 

C0,Et 
I 
c + 111 
C 

I 
C0,Et 

C0,Et 

&O,Et 
N-N 

I 
C0,Et 

The secondary product is not necessarily of the same type but the first reaction is a 
1,3-dipolar cy~loaddition'~: 

N 
I I  
N t N -  

I 
CH,R 

+ 
C0,Me 
I 
C 
111 --+ 
C 
I 

C0,Me 

/ 

C0,Me C0,Me 
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The 1,3-dipolar azoxy structure of benzocinnoline N-oxides reacts in the same way 
to give azomethine yl ide~’~:  

N 
N,O- + 8 + 

70,Me 

c 
Ill 
C 

I 
C0,Me 

i. 1,3 dipoles with a sulphur atom. The classification of Huisgen is limited to the 
elements of the first period of the system, but other elements may be part of the 
active group of a 1,3 dipole. 

(i) Addition of benzonitrile sulphide. Benzonitrile sulphide, which may be obtained 
in three different ways, reacts with dimethyl acetylenedicarboxylate to  give 
thiazole 

Ph 

. k?& (Reference 74) 
N,S 

(Reference 76) 
N,N//N 

The same reaction is obtained with acetonitrile sulphide. With ethyl propiolate and 
benzonitrile sulphide two thiazole isomers are formed in equal amounts: 
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( i i )  Addition of oxathiazolinones. Cycloaddition of 1,3,2-oxathiazolinones to 
alkynes also gives thiazole but in this case the loss of carbon dioxide occurs after the 
add it ion77 : 

Ph + MeO,C-C~C-cO,Me --+ [;:gozM] 
S'/ + 

y2 
Me0,C C0,Me 

P h c N  

The addition of the same 1,3 dipole to methyl propiolato leads to two isomers, but 
in different ratios to those obtained from the addition of benzonitrile sulphide: 

C0,Me C0,Me 
U 

Ph X-N I + HCEC-CO,Me ----f Ph C N  i- P h G  
-r 

82% 18% 

(iii) Addition of thiazolinones. The additions of substituted anhydro-4-hydroxy- 
thiazolium hydroxides to alkynes lead to unstable adducts which rearrange differently 
according to the s u b s t i t u e n t ~ ~ ~ ~  ;O: 

R' 
I 

R' % - + -  R3-CEC-R3 ----f (7) 
R2 

R, R' = Ar; Rz = H; R3 = CO,Me, COPh -> (7) 
R, R', R2 = Ph; R3 = CO,Me, COPh, CF, + (8) 
R, R', Rz = Ph; R3 = CN + 7 (5%) + 8(95%) 

In  the corresponding reactions with alkenes primary adducts are isolated. Anhydro- 
2-aryl-5-hydroxy-3-methylthiazolium hydroxide reacts with alkynes to give pyrroles 
by loss of COS from the primary adductso: 

r 

- 
C 

R' 
I 

Me 
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Again the primary product of the corresponding reaction is isolated with alkenes. 
1,3-Dithiol-5-ones add to alkynes to give thiophenesal: 

)xR + R2-CC-C-R’ Rj-J + cos 
0- s R’ 

(iv) Additions of other sulphur-containing compounds. Addition of 1,2-dithiol-3- 
thione to dimethyl acetylenedicarboxylate leads to a mixture of monoaddition and 
diaddition productsa2: 

C0,Me Me0,C C0,Me 

s3 - lcoz C0,Me 

s-s C I +$:Me + 

R ! V S  + C 111 - 
I R’ 

C0,Me RZ R’ R2 
RZ 

An analogous 1,3 dipole with ethyl propiolate and ethyl phenylpropiolate gives only 
monoaddition productss3: 

C0,Me as + R-CEC-C0,Me __f 

R = H, Ph Ph Ph 

1,3-Dithiol-2-thiones also give cycloadditions with dimethyl acetylenedicarboxylate 
but with elimination of alkenes: 

+ Me0,C-CEC-CO,Me + Me ozcHcoz 
VS s 

sYs S 

Eastona3 thinks that this reaction, which involves the transfer of a trithiocarbonate 
group from a n  olefin to an acetylene, is a concerted cis elimination occurring via a 
bicyclic transition state such as: 

1,3-Dithiolan-2-imines give cycloadditions by the same processRJ : 
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In the addition of thiadiazolinethiones to alkynes a thiocyanate group is eliminated: 

R' R' 
/ 25 + R'SCN 

N--N + RZ-C=C-RI --> 

R & X S  S R' 

2. Diels-Alder reactions 
Diels-Alder reactions with alkynes are less known than those with alkencs. TWO 

Dienes react with alkynes to give 1,4-~yclohexadienes: 
reviews were published in 10G885 and 1969l. 

0: 111 + :> - 
I 

a. Cycloaciciitions givitigfiluorirrated derivatives. Either the dienes or the dienophiles 

(i) Fluorinated dienes. Perfluorotetramethylcyclopentadienone is a diene which 
may be fluorinated. 

reacts with acetylene at ambient temperaturesss: 

+ co 

C F, 
F'C F3c6 C F3 

F " ~ C 3  + H C r C H  _3 

F'C 

The primary product which is not isolated loses CO and gives tetrakistrifluoro- 
methylbenzene. In the addition of bis(trimethylsi1yl)acetylene to perfluorocyclo- 
pentadiene the primary product is isolables7 : 

Si(Me1, 

Si(Me1, 

F$F + (Me),Si-CrC-Si(Me), ___+ 

F 
F F 

(ii) Fluorinated dienophiles. Alkynes substituted by trifluoromethyl groups are 
good dienophiles for Diels-Alder reactions; for instance, perfluorotrimethyl 
ynamine adds easily to butadienes8: 

Perfluoro-2-butyne gives cycloaddition only with N-methylpyrrole, whereas other 
alkynes give with the same compound both cycloaddition and Michael addition 
productss9: 
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Addition to pyrrole of the same acetylene leads to diaddition products: 

J. Bastide and 0. Henri-Rousseau 

Q 
I 
H 
+ + ' F,C-Cr C-CF, 

Perfluoro-Zbutyne gives Diels-Alder reactions with heterocyclese0; the heteroatom 
of the aromatic ring is involved in one of the new Q bonds: 

6. Additions to furan derivatives. Diels-Alder reactions between dimethyl acetylene- 
dicarboxylate and two molecules of furan have been known for some time, but the 
ratio of different endo and exo adducts has only recently been describedQ1: 

2 0  + Me0,C-CrC-CO,Me 
0 

C0,Me 
6% 

C0,Me C0,Me 

( 9 4  (9b) 

With excess of furan the primary product reacts with a third furan molecule: 

0 + Me0,C-CC-C-C0,Me - (9a)+ (9b) + Meozcm 
Me0,C 

Cycloadditions of functional furans to  dimethyl acetylenedicarboxylate allow 
synthesis in poor yield of trisubstituted furans by hydrogenation and pyrolysis of 
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the primary producto2: 

CHO CHO ocH, + Me0,C-C=C-CO,Me ---+ 

MeO,C C0,Me 

O C H O  -t CH,=CH, 

23% 

A more convenient synthesis of these furans is the cycloaddition of alkynes to 
isoxazoles : 2) + Me0,C-CCC-CO,Me -+ &ozMe Nj c/ --PhCN, Me0,C ooEt C0,Me 

EtO 

Ph C0,Me 
(Reference 93) 

(Reference 94) pkJ -t HCEC-COR - -PhCN 

A propellane involving pnrticular isomerism is obtained by cycloaddition of 
dicyanoacetylene to a disubstituted furano5 : 

c. Synthesis of pyridines. The additions of 1-amino-2-azadienes to alkynes give 
pyridineso6 : 

Me 

P y L N '  + R-CrC-CO,Me 

\ R = H,CO,Me 

The reaction may also be performed with cyclic azadienes: 

/ 0~~"' + HCzC-CO,Me 
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The synthesis of pyridines by addition of diimines to dimethyl acetylenedicarboxy- 
late may proceed in the same fashion, assuming that the alkyne reacts with the 
tautomeric azadiene formB7: 

Ph-C=NR' 
I 

R2-CH 
I 

R'-C=NH 

Triazacyclohexadiene may be also obtained by Diels-Alder reactionsB8: 

\ \ /  C0,Me 
NHPh C0,Me 

I 'k 'CNA 

I I 

Ph H Ph 

N 'C HCO,M~ 

N, //N 
+ II  I 

N,N C0,Me C 

Me 

MeyNXco2Me N N  I I I  
N, ,N I 

' + 111 - 
C0,Me C' 

I 
Me Ph 

d. Synthesis of snbstituted benzenes. By secondary elimination of small stable 
molecules, such as carbon dioxide, or of atoms, Diels-Alder reactions of acetylenes 
with cyclic dienes may give aromatic rings. 

Benzene rings are obtained by addition of thiophenes to dicyanoacetyleneBB: 

8 + NC-CEC-CN 3 

R' R' 

R 4  

Similarly, additions of alkynes to 2-pyrones give hexasubstituted benzeneslOO by 
loss of carbon dioxide: 

R3&R' + RS-CEC--R' __f A 

R4 
+ l:$R' 

- co, 
0 R' R5 

R5 R6 
According to the nature of substituents either one or two isomers may be obtained. 
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e. Other reacrions. Some Diels-Alder reactions involving secondary reactions have 

been described: a cycloheptatriene is formed by addition of an ynamine to a 
diazadiene’Ol: 

C0,Me 

Two Diels-Alder reactions are involved in the addition of bicyclopentadiene to 
dimethyl acetylenedicarboxylateloZ* lo3: 

C0,Me 
I 

C 

I 
C0,Me C0,Me 42% .~ I 

C0,Me 

58% 

This reaction is an example of ‘domino Diels-Alder reaction’ which involves 
initial intermolecular [x4+ x Z ]  cycloaddition of a dienophile to a 1,3-diene moiety 
and subsequent involvement of the newly formed olefinic centre in an intramolecular 
[x4 + 7tZ ]  reaction and continuation of this sequence. 

C. Other Cycloadditions 
1. [ x 6 + x 2 ]  Cycloadditions 

acetylenes*04 : 
Azomethine imines may react, as 1,s dipoles involving 6x electrons, with 
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Phtalazinium ylide also gives 
d i c a r b o ~ y l a t e ~ ~ ~  : 

m!+ C0,Et 

0- C0,Et 
x 

[no + si2] cycloaddition with dimethyl acetylene- 

+ 
CO,Mo 
I 
C 
111 
C 
I 

C0,Me 

These cycloadditions are probably two-step reactions. 

2. [x8+x2]  Cycloadditions 

The reaction of indolizine with dimethyl acetylenedicarboxylate which had been 
described as a 1,3-dipolar cycloadditionlo0 may be also considered as a [n8+7t2] 
cycloaddition : 

Q - a + Me0,C-C-C-CO,Me - 
Me0,C C0,Me 

Similar reactions may lead to six-membered rings1OP : 

-t MeO,C-C~C-CO,Me ---+ V C 0 2 M e  

C0,Me 

Some other examples of [7i* + ii2] cycloadditions have been reported by 
Wood wardlo8 : 

C0,Me 

0 + Me0,C-C=C-CO,Me + 
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3. [do + x'] Cycloadditions 

acetylenedicarboxylate : 
4-H-Quinolizine derivatives give [xl0 + x*] cycloadditions with dimethyl 

CO,R -I- fdeO,C-C~C-CO,Me - Qo::eference 109) 

Me0,C 
C0,Me 'e CN + Me0,C-CGC-CO,Me 

p R ( R e f e r e n ; .  CN 110) 
NH Me0,C 

C0,Me 

4. [x" + x'] Cycloadditions 
Naphthotriazines react as 1 , I  1 dipoles with dimethyl acetylenedicarboxylate to 

give methyl acenaphto[5,6-de]triazine which follows from the primary adduct by 
loss of hydrogen104: 

R R I R 
", ' +  N/"N A+ & 4- Me0,C-CEC-CO,Me * Q+ Q 

9 
- - 

Me0,C C0,Me Me0,C C0,Me 

Naphthothiadiazine gives also 1,ll-dipolar cycloaddition to the triple bond: 

S 
N// \N 

+ Me0,C-CEC-CO,Me & Me0,C C0,Me 

The insensitivity of this reaction to solvent polarity is consistent with a concerted 
mechanism, in agreement with Woodward-Hoffmann rules. 

5. [x2 + si2 +x2] Cycloadditions 

these reactions are given here. 
Cycloadditions to a triple bond may involve thrce x systems. Some examples of 
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of ethylene"' or 2-butene112 with dirnethyl acetylenedicarboxylate: 

J. Bastide and 0. Henri-Rousseau 

( i )  Photochemical diadditions of double bonds to a triple bond occur in reactions 

Me0,C-CEC-C0,Me + 2CH,=CH, __+ I1  I' 

( i i )  Photochemical additions of two double bonds of the same molecule to a triple 
bond may occur, e.g. the addition of tolane to cycloocta-1 ,5-diene113: 

. 
Ph 

0 + Ph-C-C-Ph h I. 

(i i i)  Cycloaddition of phenylpyridylacetylene to naphthalene1l4: 

( iu )  Cycloaddition of a 1,Cdiene to an acetylene115: 

d R 

6. Intramolecular cycloadditions 

If two unsaturated bonds are present in the same molecule, intramolecular 
cycloadditions may occur. 

a. Intramolecirlar [2 + 21 cycloadditions. A bicyclo [4.1 .O] heptatriene is the inter- 
mediate in the photochemical reaction of a substituted diazoalkane with 
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bu tadiene1l8 

_._ H' 

b. hitramolecular 1,3-dipoIar cycloadditiotis. Both the 1,3 dipole and the triple 
bond may be on the same linear chain: 

0 II  ycJ 
XC,H,-fi -?Ec- C-O--(CH,),-C~CH __+ 

XC,H,-N 

(Reference 117) 

R'-C~C-C-O-C-CGN-O I1 + -  d O g o  (Reference 118) 

Both the 1,3 dipole and the triple bond may be linked to  the same phenyl ring. 

0 

RI / 
R2 

R2 R' 

Frequently used 1,3 dipoles are azides, nitrile oxides and nitrilimine: 

, 
O-CH,-C-CH 0-CH, 

Ref. 119 Ref. 120 Ref. 121 
X C N N 
Y N N N 
Z 0 N CR 

The two reacting groups may also be substituents on two different phenyl ringsllG : 

CHN, 6 - H  N 

__j 
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c .  Intramolecular Diels-Alder cycloadditions. An intramolecular Diels-Alder 
reaction is used in the stereospecific synthesis of the A and B rings of gibberellic 
acid122 : 

Dihydrobenzofurans are also obtained by a similar intramolecular cyclo- 

R-CEC-CH, M$ Me 

addition”W 124: 

\ 

/ 

\ 
Me R 

0 

CH-C-C-C-M, 

The reactivity, as in intermolecular Diels-Alder reactions, depends on the nature 
of the substituent, and under identical conditions when R = C02H, the yield is 
91%, while with R = Me, the yield is 19%. 

Some cycloadditions involving triple bonds have been adequately treated 
recently elsewhere: dimerization and trimerization of acetylenes125 ; reactions of 
triple bonds with coordinated c ~ m p o u n d s ’ ~ ~ - ~ ~ ~ ;  [a+ x ]  additions of silicon 
der i~at ives’~‘-~~~ ; 

R 

R 

and polar cycloadditions which were reviewed by Schmidt in 1973140. 

111. THEORETICAL STUDY OF CYCLOADDITIONS 

A. Introduction 

During the last ten years the experimental information on cycloadditions has been 
given strong foundations through theoretical studies such as the Woodward- 
Hoffmann ruleslo8, perturbation molecular orbital theory141 and transition state 
calculations. Many new experiments have been stimulated by these theoretical 
studies112. 

Cycloadditions involving alkenes are generally more often studied and hence 
better known’43 than those with alkynes and for this reason it will be useful to 
compare the reactions of these two types. 

The three most interesting problems in cycloadditions are mechanism, reactivity 
and regioselectivity. 

( i )  Mechanism. I n  cycloadditions two new a bonds are formed; are these formed 
simultaneously or one after the other? 

( i i )  Regioselectivity. If the two molecules participating in the cycloaddition are not 
symmetric, two orientations of addition are possible; what are the factors governing 
this orientation? 
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(iii) Reactivity. According to the substituents, the reaction rates of cycloadditions 
are very different; what are the factors which determine the rates? 

The answers to these three questions are now available, and the present section 
deals with this problem for the better known types of cycloadditions: the P f 2 I  
cycloadditions, the 1,3-dipoIar cycloadditions and the Diels-Alder reactions. 

B. Mechanism of Cycloadditions 

1- Nature of the problem 

Cycloaddition reactions involve the formation of two Q bonds, and several 
%rent mechanisms have been proposed for the step involved in the formation of . .. bonds. 
1 ' two bonds are formed simultaneously, the reaction takes place through a 

conct. we-step mechanism and there is only one maximum in the potential 
energy 3 (see figure la); in this mechanism the different degrees of non- 
synchronuty depend on the asymmetry of the reactants. 

If the two bonds are formed in two steps the reaction is non-concerted and 
the potential energy curve has two maxima (Figure lb).  

t t 

Reaction coordinate Reaction Coordinate 
(a) (b)  

FIGURE 1. Potential energy curves for (0) one-step and (b) two-step mechanisms of 
cycloaddition. 

The intermediate may be diradical or zwit ter ioi~ic~~~.  For a given type of cyclo- 
addition and using both experimental and theoretical criteria it is possible to 
distinguish between the one- and two-step mechanisms (Figure 2). 

FIGURE 2. One- and two-step mechanisms of cycloaddition. 

2. Experimental criteria 

a. Intermediates. The best criterion for a two-step mechanism is the detection of 
an intermediate corresponding to the formation of a primary G bond. This inter- 
mediate may be isolated or trapped by another compound. 

6. Stereochemistry. If the reaction is concerted, the stereochemistry of the 
reactants is retained. If the reaction is non-concerted, the stereochemistry of the 

17 
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reactants is generally lost since, in the intermediate, the rotation around the G bonds 
is faster than the ring closure; but in some cases the stereocheniistry may be retained 
even in non-concerted reactions. Hence, the loss of stereochemistry is absolute proof 
of a non-concerted mechanism, but retention of stereochemistry does not prove a 
concerted mechanism. 

This criterion is very useful in the study of cycloadditions involving double bonds, 
but it is less important for alkynes, since in most such cases no stereochemical factors 
exist. However, the reactions with the two reactants are very similar and the 
mechanism is probably the same. 

c.  Errtropy arid crtthalpy of activation. Concerted cycloadditions have low 
activation enthalpies and high negative activation entropies; multi-step cyclo- 
additions generally have positive activation entropies but some exceptions exist ; 
hence, while a positive activation entropy is proof of a non-concerted reaction, a high 
negative activation entropy is not proof of a concerted reaction. 

d. Activation volume. An activation volume different from the average volume 
decrease shows a multi-step reaction. An activation volume equal to the average 
volume decrease is obtained from one-step reactions and some two-step reactions. 

e. Solverrt efects.  A small solvent dependence agrees with a one-step mechanism 
or a diradical two-step mechanism. If a two-step zwitterionic mechanism is involved, 
the cycloaddition rate will be strongly influenced by solvent polarity; in this case the 
solvent dependence is a good criterion for a non-concerted reaction. 

3. Theoretical criteria 
Some theoretical methods are very useful in the determination of a cycloaddition 

mechanism. 

a. Wood,vard--Hoffmariri's Based upon orbital symmetry correlation, these 
predict whether a cycloaddition reaction will be concerted or non-concerted. The 
number of x electrons involved in this reaction allows the prediction, but it is also 
necessary to know whether the process is photochemical or thermal, and what is the 
geometry of approach of the two reactants. If the reaction takes place on the same 
face of both components the reaction is a suprafacial, suprafacial process (s+s); in 
the reverse case the reaction is a suprafacial, antarafacial process (s + a). 
I.;;"+ x2] Reactions, involving two unsaturated molecules such as acetylene or 

ethylene, are thermally allowed for the [2s + 2a] proccss and thermally forbidden for 
the [2s 4- 2sl process, and are photochemically forbidden for the [2s + 2a] process and 
photochemically allowed for the 12s + 2s] process. [x4 -t- x?] Reactions are thermally 
allowed and photochemically forbidden for the [4s + 2s] process. 

The same  prediction^^.'^ are obtained by frontier molecular orbital (FMO) 
lS0: a cycloaddition reaction will be concerted if the symmetry of the highest 

occupied molecular orbital (HOMO) of one compound is the same as the symmetry of 
the lowest unoccupied molecular orbital (LUMO) of the other, and vice versa. 

Figure 3 shows an example of symmetry-allowed reactions. 
The conclusions of this theory are generally made for double bonds but they are 

the same for triple bonds. 

6. Trarisitiorr state calculatiom. An interesting approach is the calculation of the 
energy hypersurface connecting reactants and products155, lhrough which the 
geometry of the transition state can be calculated and the mechanism of the reaction 
defined. 
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LUrvIO 

HOMO 

A 

. .  . *  
3; , .  * .  

13utndienc Ethylenc 
FIGURE 3. FMO correlation diagram of Diels-Alder reactions. 

4. [2+2] Cycloaddition reactions to the triple bond 
u. Tlieoreiicol cotisideratiom. The 7i2s + s 2 s  reactions are thermally symmetry 

forbidden and photochemically allowed in the Woodward-Hoffrnann sense. The 
[+a + x2s] reactions are thermally symmetry allowed and the correlation diagram 
of this process is shown in Figure 4. 

FIGURE 4. Correlation diagram of the thermally allowed 2a+2s dinierization of ethylene. 

Since this process is sterically disadvantageous, thermal [2 + 21 cycloadditions will 
generally be non-concerted, whereas Woodward and Hoffmann postulate that in the 
addition of ketenes or vinyl cations the reaction may bc concerted. A new bonding 
interaction appears between the HOMO of the double bond and the LUMO of the 
ketene. 

FIGURE 5. [2+2]  cycloadditions of ketencs to a doublc bond. Interaction between the 
HOMO of the double bond and the LUMO of the ketene. 

4 
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The same kind of interaction is also possible for the addition of a triple bond. 
Some transition state calculations about [2 + 21 cycloadditions have been 

performed. Dewar and K i r ~ h n e r ' ~ ~ ,  have proposed (from MIND0/3 calculations) 
that the dimerization of ethylene involves a stable biradical intermediate. A 
[x2s + +a] process is predicted by Sustmann for ketene cy~loaddi t ionl~~.  

The same [x2s+7t2a] process is the favourable one for the cycloaddition of vinyl 
cations to ethylene, allene and acetylene; using MIND0/2 calculations Gompper and 
c0workers1~~ have found that the intermediate 10b could be more stable than 10a. 

H 
I 

H\ + 
/C-/l- C- H 

H C  
I 
H 

H 
I 

In conclusion, according to  theoretical considerations, [7i2 + x2] cycloadditions 
occur through a stepwise mechanism, except for cycloadditions of heterocumulenes 
and vinyl cations which may be involved in a concerted [ X ~ S + T ~ ~ ~ ]  mechanism. 

b. Experimental criteria. Experimental criteria pertaining to the mechanism of 
[x2+ x2]  cycloadditions have been extensively studied by G ~ m p p e r ' ~ ~  and 
BarletPo for addition to double bonds. 

In thermal additions of alkynes to isolated double bonds, an intermediate may be 
trapped in some cases. Thus, in the addition of dimethyl acetylenedicarboxylate to a 
C=N double bond the 1,4-dipolar intermediate is trapped by a second molecule of 
alkyne". 

C0,Me [ H::F'oR 1, "13: C0,Me 0,Me 

H C0,Me I I-BU T C O , M e  t -Bu  'N ' C0,Me 

3 N+ 3 
OR I t-Bu 

\ /  
N=C, + 2111 

C0,Me C0,Me 

In the reaction of dicyanoacetylene with norbornadiene, a 1,Cdipolar inter- 
mediate has been postulated to explain the formation of 13 because the use of polar 
solvent enhances the formation of 13l"'. 

+ NC-C-C-CN 
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These intermediates are evidence for a two-step mechanism. The non-stereo- 

specificity and the strong solvent effect, observed by MadsenlS2 in the addition of 
ynamines to electrophilic alkenes, and the non-stereospecific addition of dimethyl 
acetylenedicarboxylate to E, 2, 1,3-~yclooctadiene~~~ are also in agreement with the 
two-step mechanism, 

( i )  Cycloaddition of triple bond to heterocumulenes : This is generally considered 
as a [x2s + x2a] concerted cycloaddition. The small solvent effects and the strong 
stereoselectivity of the addition of dimethylketene to ethoxyacetylene favour this 
mechanism1s4. However, Delaunois and G h o s e ~ ~ ~  postulate a 1,Cdipolar jnter- 
mediate in the addition of ynamine to ketene, and an intermediate of this typz is 
trapped in the addition of ynamine to diphenyl-N-~nethylketenimine~~. Therefore 
there is no conclusive evidence that the additions of heterocumulenes to alkynes are 
concerted. 

( i i )  Photochemical reactions. The stereospecificity of the photochemical dimeriza- 
tion of alkenes agrees with a concerted [z2s+n2s] mechanism allowed by the Wood- 
ward-Hoffmann rules. However, the addition of cis- and rrans-butene to dimethyl 
acetylenedicarboxylate is not stereospecific, and a diradical intermediate has been 
postulated by MajetP2: 

C0,Me 
I 

I 
Me C0,Me 

.1 

18.3% 3.7% 8% 

12% 9% 
54.5% 
23% 39% 

t 

Me C0,Me 
C0,Me 

intermediate suggested: Me02C*e M e 0 , C q e  

Me-. M e  

[2 + 23 photochemical cycloadditions are not necessarily concerted. 
(fii) Other criteria: According to Epiotis160, the substituents on the multiple bonds 

used in the [2+2] cycloadditions influence the mechanism of the reactions. His 
approach is based upon the study of regioselectivity by the perturbation method. 

Using a concerted model, a possible regiochemical mode of addition is predicted 
and then the same prediction is made with a diradical intermediate model. If the 
two predictions are different, comparison of the experhental results with the 
predictions allows one to determine the mechanism. 
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This regioselectivity criterion indicates that the [2 -i- 21 dimerizations of alkenes 
or  alkynes containing either electron-releasing or electron-withdrawing substituents 
are non-concerted while the dimerization of heterocumulenes occurs concertedly. 
In the case of alternant alkenes or alkynes the regioselectivity criterion cannot 
differentiate between a concerted and a non-concerted addition because both models 
used predict the same regiochemistry. 

5. Diels-Alder reactions 

Diels-Alder reactions are thermally allowed [x% + n2s] cycloadditions according 
to the Woodward-Hoffmann rules. The reactions with alkenes and alkynes have 
analogous correlation diagrams; the correlation diagram of cycloaddition of buta- 
diene to  acetylene is given in Figure 6. 

,- s 
A-* 

S-’ 

*- A 

.- S 
*. 

S+-l--. . . 

FIGURE 6. Correlation diagram of the Diels-Alder reaction between acetylene and butadiene. 

The mechanism of the Diels-Alder reaction has been extensively studied by 
Sauere6 who concluded that it is generally concerted for addition to a double bond. 
Diels-Alder reactions of alkenes and alkynes involve very similar experimental 
values for activation enthalpies, activation entropies, activation volumes and solvent 
effects; hence the same mechanism may be postulated for the two reactions. In the 
concerted mechanism the rates of formation of the two new bonds are not necessarily 
equal. 
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Theoretical calculations may be a ,q;god method for the determination of transition 
state geometry; however, the results of different calculations are not in agreement. 

Using an ab itiirio method, for the addition of butadiene to ethylene, Leroy and 
coworkers15' have calculated a symmetric transition state, where the two new G bonds 
have a length of 2-167A. For the same reaction, DewaP2 has obtained, by the 
semiempirical MIND0/3 method a very dissymmetric transition state. The 
transition state of addition of cyclobutadiene to acetylene calculated by the same 
method is also dissymmetric. 

There are several indications that Diels-Alder reactions do involve an  asymmetric 
transition state. Woodward and K a t ~ l ~ ~  have proposed from experimental considera- 
tions that Diels-Alder reactions occur by a dissymmetric pathway. According to 
McIver160, the transition state of all allowed cycloadditions (even with symmetric 
reactants) must be dissymmetric. A highly asymmetric transition state is postulated 
by Anh and to explain the regioselectivity of Diels-Alder reactions and 
by Epiotis150 to explain the regioselectivity of thermal semipolar [4+2] cyclo- 
additions; a more symmetiJlc one is predicted for non-polar [4+ 21 cycloadditions16e. 

I n  conclusion, Diels-Alder reactions are generally concerted, but the formation 
of the two new G bonds is not necessarily synchronous. 

6. I ,3-Di polar cycloaddi tions 

Correlation diagrams of 1,3-dipolar cycloadditions are very similar to those of 
Diels-Alder reactions; the diagram for the addition of a 1,3 dipole to acetylene 
given in Figure 7 is in agreement with a concerted mechanism using the Woodward- 
Hoffmann rules. 

A concerted mechanism for 1,3-dipolar cycloadditions has been postulated in 1963 
by Huisgen3. The difficulty in explaining the regioselectivity of this reaction by this 
mechanism has been interpreted by Firestonelo2 as evidence for a stepwise mechanism 
involving diradical intermediates. Recently, by thermochemical analysis and by 
explanation of the regioselectivity using the perturbation theory, Huisgen has shown 
that the diradical mechanism is not likelylG3. Some mechanistic investigations3 are 
also compatible with a concerted mechanism, since small activation enthalpies, 
large negative activation entropies and sniall effects of solvent polarity on reaction 
rates were obtained. 

I n  1,3-dipolar cycloadditions to  alkenes the stereochemistry of double bonds is 
conserved and there is strong proof of a concerted mechanism. WP_ be!ieve that :he 
mechanism is the same for addition to alkynes. 

a. Possible reaction intermediates: The addition of aryl nitrile oxides to aryl- 
acetylenes gives two compounds : the normal cycloaddition adduct and an acetylenic 
oximelO': 

H 
/ 

c -  
I I  Ar2-CECH + Ar'-CGN-O 3 

In the same way the addition of diarylnitrilimines105 or sugar nitri l imine~'~~ leads to 
both an acetylenic hydrazone and a cycloaddition adduct. 

The problem is to decide whether the oxime, or the hydrazone, is an intermediate 
in the cycloaddition. Battaglia and DondonP7 have shown that the formation of 
isoxazole by cyclization of the oxime is much slower than the isoxazole formation 
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FIGURE 7. Correlation diagram of 1,3-dipolar cycloaddition to acetylene. 

in the reaction conditions, hence the oxime cannot be an intermediate in the 
cycloaddition reaction. However, the oxime formation and the cyclization have the 
same activation parameters; Battaglia108 explains this result by postulating that the 
two reactions have the same transition state. Hammett correlations and isotope 
effects, studied by Beltrame and agree with this hypothesis, and these 
authors have proposed the following process for the two reactions 

+ -  
Ar-CzN-0 + Ar-CEC-H + 

i 

1_ 

Y 

1 
Ar A r  
/ 

\ 
Ar-C-C-C 

N-OH 
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A recent study by Dondoni and Barbaro170 has shown that the solvent effects are 
stronger for the oxime than for the isoxazole formation; this result excludes a 
similar intermediate for the two reactions. 

b. Hammett correlatiorrs. 1,3-Dipolar cycloadditions of different 1,3 dipoles to  
para-substituted arylacetylenes do  not generally give a linear correlation with 
Hammett contants. From a n  extensive study of these results Stephanl’l~ 17? has 
concluded that variations in the rates of bond formation depend on  the type of 
substituents. He thinks that in some cases the difference between the rate of forma- 
tion of the two new G bonds is large enough for a stepwise mechanism. 

c. Tramition state calculations: Some transition state calculations have been 
recently performed. The transition state for the addition of fulminic acid to  acetylene 
has been investigated by Beltranie and coworkersli3 using the CND0/2  method: a 
planar transition state is obtained with a length of about 2-5 A for the two new G 

bonds. 
The same transition state has been calculated by Poppinger17‘“ using a more accurate 

method. This ab  initio calculation has been carried out for the addition of fulminic 
acid to  acetylene and ethylene. A single maximum is obtained for the potential 
curves and the corresponding transition states a re  given in Figure 8. This theoretical 
result supports the concerted mechanism and the assumption that the machanisms 
of additions to alkenes and alkynes arc analogous. 

Acetylene 4- fulminic acid Ethylene i- rulniiiiic acid 

FIGURE 8. Transition stale of 1.3-dipolar cycloaddition calculated by an ab initio method174. 

This planar transition state does not fit Huisgen’s model3, which allows one to  
explain why the rates of cycloaddition of alkynes are  not larger that those of alkenes. 
This is explained by Poppinger by a very small conjugative stabilization of the 
transition state of alkyne addition since this transition state resembles reactants 
rather than products. Another transition state calculation175, using the ab initio 
method for the addition of diazomethane to ethylene, leads to analogous results: 
there is a single maximum in the potential curve, the five heavy atoms are in the 
Same plane, the two new G bonds are equal to  2.45 A and the transition state 
resembles the reactants. 

In  conclusion, no  evidencc of non-concerted 1,3-dipolar cycloaddition is obtained ; 
these reactions generally proceed by a non-synchronous one-step mechanism. 

C. R eoctivity in Cycloodditions 

recently been explained by the Perturbation Molecular Orbital theory (PMO). 
The problem of quantitative treatment of reactivity of cycloaddition reactions has 

I8  
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1. Perturbation molecular orbital theory 

Some years ago the applications of the PMO theory to chemical reactivity were 
reviewed by H e ~ n d o n l ? ~  and Hudson177. This method was first applied to organic 
chemistry by D e ~ a r ' ? ~  and was afterwards developed by F u k ~ i ~ ? ~ ,  la0 and 
Salem1a1. 

The basic idea of the PMO method is that one may calculate the energy change 
resulting from the mutual perturbing influence of one molecule upon another, by 
starting with molecular wave functions of isolated molecules. The second-order 
perturbation energies are relevant to reactivity. 

Let Ei and Ej  be the energies of two molecular orbitals (MO) di  and + j  where +i 
is a MO of a molecule R and bj is a MO of a molecule S. When the two molecules R 
and S interact, an interaction Hamiltonian between +i and +i mixes the two MOs; 
this mixing leads to  two new perturbed wave functions # and $*. The approximate 
energy E of these two functions is obtained by applying the variational theorem, 
which leads to a set of two simultaneous equations: 

J. Bastide and 0. Henri-Rousseau 

Ei- E Hij I = O  
lHij  E j - E  

Developing the secular determinant we obtain: 

whose solutions are 
E2-E(E,+Ej) -Hi j  = 0 

E = *{(Ei+ Ej) ~ ~ [ ( E i - E j ) 2 + 4 ( H i j ) 2 1 }  

If +i and are degenerate, Ei = Ei and E' = Ei+ Hi,, E = Ei - Hi,, hence 
El1) = Hii, where El1) is the first-order perturbation energy. 

If the perturbation Hij  is smaller than the difference between Ei and Ej  we have 
(E i -  Ei) s 4 H ;  and E' and E may be approximated by the following equations: 

and 

is the second-order perturbation energy. 
The total perturbation energy of the two interacting molecules is given by 

summing all the interactions between one MO of the first molecule and one of the 
second molecule. 

Because (E'+E") = (Ei+Ej) ,  the interactions between two occupied MOs lead 
to zero perturbation energy; the interactions between two vacant MOs cannot give 
a n  interaction energy and, then, the total second-order perturbation energy is equal 
to the sum of the interaction energies between the occupied MO of one molecule and 
the vacant MO of the other: 

w e .  occ. occ. vnc. H,?i 
E l 2 ) = 2 ( z  a j z + E  i I-) j Ei-Ej 

In cycloaddition reactions the energies of the Highest Occupied Molecular 
Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) are fairly 
close in energy, thus the interaction between the two types of orbitals may be 
predominant; the approximation of frontier orbitals has been introduced by Fukui. 
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Three types of relative position of HOMO and LUMO of two molecules R and S 
may be considered (Figure 9). For the reaction R+ S -> R- S 

if I EHO(R) - ELU(S) I c I EH0(S) - E L ~ ( R )  I R is nucleophilic and 

if I EHO(R) - ELU(S) [ > I Eno(S) - ELu(R) I R is electrophilic and 

if I EHO(R) - ELU(S) I = I Eno(S) - ELU(R) I R and S have radical character. 

S electrophilic; 

S nucleophilic; 

How may the positive second perturbation energy be related to negative 
transition state energy? To use the PMO method, it is necessary to make the assump- 
tion that for a series of studied reactions there is a constant destabilization energy 
but different stabilization energies. 

R S R S R S 

FIGURE 9. Graphical representation of IT(*), the second-order perturbation energy for the 
reactions of two molecules R and S. 

2. Reactivity 

The first studies of cycloaddition reactivity, by the PMO method were performed 
b y  Anh and ~ o w o r k e r s ~ ~ ~ ~  lSc and by S u ~ t r n a n n ' ~ ~ ~  lS4. 

In this approach, the stabilization is a function of the energy difference between 
the interacting orbitals, and the numerator Hi, of the perturbation equation is 
regarded as constant: 

E2' = K[E=o(R) - ELTJ(S)]-* + [EHO(S)  - ELIJ(R)]-' 

The introduction of substituents on a multiple bond modifies the values of En0 
and ELu. The effect of substituents is shown in Figure 10. 

X-C=CH Y-C-CH 

X = clectroii-\\~ithdra\\'ing group 
Y = electron-rclcasing group 

FIGURE 10. Effect of substituents on MO energies. 
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This modification explains qualitatively the variation of rates of Diels-Alder 
reactions and 173-dipolar cycloadditions. 

A more quantitative approach has been realized by S u ~ t m a n n * ~ ~  with the 
following approximations: 

(i) The HOMO and LUMO energies are decreased or  increased by the same shift 
x with the introduction of substituents, and the two differences EHO(R) -ELu(S) and 
EHO(S) - ELU(R) are equal for the unsubstituted compounds. 

J. Bastide and 0. Henri-Rousseau 

(ii) The PMO energy is given by El2’ = K [ ( D + x ) - l + ( D - x ) - ’ ] .  
The graphical representation of El2] is a superposition of two hyperbolae 

(Figure 11). If Eno(R) - ELU(S) is very different from Eno(S) - EI,u(R) the 
graphical representation becomes one hyperbola. 

I 

- x  - - + x  

FIGURE 11. Graphical representation of El2’. 

(iii) The rate of cycloaddition may be correlated to the difference between frontier 
orbitals. 

(iu) The HOMO energies are determined by photoelectron spectroscopy and the 
shift of the LUMO energies is assumed to be the same as that of the HOMO energies. 

Considering cycloaddition of phenyl azide to dipolarophiles, Sustmann has 
plotted the logarithms of the rate constants against the ionization potentials. The 
correlation obtained is given in Figure 12. The alkynes studied are  in good agreement 
with this correlation. A similar correlation has been proposed by HuisgenS4 for the 
cycloaddition of diphenylitrilimine and an analogous curve was obtained. 

Thus the increase in reactivity of these reactions by both electron-releasing and 
electron-withdrawing substituents has found a good explanation. 

a.  Relative rates of 1,bdipolar cycloaddition of alkcnes and ulkynes. Compounds 
bearing the same substituents on  double bonds or on  triple bonds have different 
rates of addition. Some results obtained by Huisgen3 are givcn in Table 2. 

The  ratio of the rate constants depends on the 1,3 dipoles and on the substituents 
at  the multiple bond. The PMO theory may explain these results. It is necessary to 

TABLE 2. Relative rates of addition of 1,3 dipoles to alkenes and alkynes 
(reproduced by permission of Vcrlag Chemie, Weinheim) 

~~ ~~ 

k(CH,=CH-Ph) X-(CH2=CH-C02R) 
k(HCEC-Ph) k( HC= C- C0,R) 1,3 dipoles 

4 . -  
Ph- C s  N- N - Ph 12.0 

Ph-CEN-0 9.2 
+ -  8.5 

5.7 
+ - 

(Ph),-C=N-N 1.2 0.67 
+ - 

Ph-N-NEN ol, 1 a4 0.95 
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1 I I t t I 

7 8 9 10 11 12 
I. eV 

FIGURE 12. Correlation of the logarithms of the rate constants for cycloaddition of phenyl 
azide with thc ionization potentials of the highest occupied molecular orbitals of substituted 

olefins (reproduced by permission of Verlag Chemie, Weinheim). 
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know the relative values of HOMO and LUMO energies for alkenes and alkynes. 
By photoelectron spectros~opy18~# la8  the HOMO energies of alkynes are found to be 
lower than thosc of the corresponding alkenes. The values of the LUMO energies of 
alkenes and alkynes are similar, according to Houk and c~workers'~". 

If the reaction is HOMO(dipolarophi1e) - LUMO(dipo1e) controlled, the alkyne 
must be less reactive than the alkene because the difference EnO>lO(dipohrophlle) - 
E L U M O , ~ ~ ~ ~ ~ )  is larger. Such reactions are involved in the additions of diphenyl- 
nitrilimine and benzonitrile oxide with which the rates of addition to styrene and 
methyl acrylate are faster than the rates of addition to phenylacetylene and methyl 
propiolate. The HOMO energies of dipolarophiles substituted by electron- 
withdrawing groups are lower than those of dipolarophiles substituted by conjugative 
groups, so the HOMO(dipo1e) - LU(dipolarophi1e) interaction is less favoured in 
this case, and the ratio /c(alkene)/k(alkyne) decreases. 

If the reaction is HOMO(dipo1e) - LUMO(dipo1arophile) controlled, then since 
the LUMO energies are similar, the rates of cycloadditions to alkenes and the 
corresponding alkynes are approximatively the same. The rates of cycloaddition of 
phenyl azide and diphenyldiazomethane are in agreement with these predictions. 
These correlations are represented in Figure 13. 

LU - alkenc 
. '. =--- L" alkync 

--..<* "--+ HO alkene 

.-+- HO alkync 

*'=+Ho Elcctron-rich 
Electron-deficient 1,3 Dipoles d i polarop hiles 

. -,-- -.- - alkene -.--- 
. 5 -  .- --. ~, . -._ - .  

-. --_i- 

.>* -. .- '. 
. . c _  

--. - ,  .. - .  .. .. - -. 
.. alkyne L' =::. 

.:..-- *,- 
. .* . .. . - - -  rr.  . .. ..-- alkenc HO s f - -**  ,.:. 'I 

'*. I alkyne HO *-.*-* 

dipolarophiles 

FIGURE 13. HOMO-LUMO interactions of 1,3-dipolar cycloadditions of alkenes and 
alkynes. 

6. Hammett correiatiotis. In several cases the rates of cycloaddition reactions do  not 
give a linear correlation with Hammett constants. The reaction of diazomethane with 
substituted phenylacetylenes gives two different linear correlations : one for o< 0 
with a p value of + 0.5 and one for u> 0 with a p value of + 2. This reaction is 
HOMO(dipo1e) - LUMO(a1kyne) controlled189 and the rate of cycloaddition may be 
related to the values of h E  = E ~ O ~ I O ( ~ l o z o n , e l h n n c )  - El,mIOfalkmle) .  These values 
calculated by the CNDO/2 method arc given in Table 3. The evolution of 
(AEx - AE=)/o values parallels that of conventional p values. 

For the addition of bcnzonitrile oxide to substituted phenylacetylenes, two h e a r  
correlations with o values are also obtained: one for o<O gives a negative p value 
and the other for o > O  a positive one. Depending on the substituents these reactions 
are either HOiMO(dipo1e) - LUMO(a1kyne) controlled or HOMO(a1kyne)- 
LUMO(dipo1e) controlled, because ETrO>Iofdipole) - E I . u ~ I O ~ ~ ~ ~ ~ ~ )  = AE, is smaller 
than EnO>iO(aikrue) - E J , u B I O ! ~ ~ ~ ~ ~ ~ ~ )  = bE, when X = C1, NO2 and because AEl is 
larger than AEz when X = M e 0  (Table 4). The values of AEx-AEln)/o are in 
good agreement with p values. 

The PMO theory gives a good explanation of Hammett correlations of 1,3-dipolar 
cycloadditions. This method has also been used by Sustmann to explain the linear 
correlation obtaincd for the addition of substituted phenyl azides to a ikene~ '~ '~ .  
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TABLE 3. Rate constants and orbital energies of the 
reaction of diazomethane with phenylacetylenes 

X- CGH,l- C-CH 

k D \ C H  
#" 

X-CC,H,-CC-CH + CHZN2 

H 

X lo4 x k A E  (a.u.) (AEx-AEH)la 

Me0 0.217 0.532 0.002 
H 0-275 0.526 0.0 
CI 0.7 15 0.474 0.022 
NO2 2.910 0.343 0.01 7 

TABLE 4. Rate constants and orbital cnergies of reactions of benzo- 
nitrile oxide to phenylacetylenes 

X-C,H,-CECH + Ph-CCNO A 

X 104 x k AEI AE2 (AEX-AElH/U) a 

Me0 224 0.555 0.505 - 0.9 
H 
c1 22.3 0.499 0.526 + 1.3 
NO2 42.9 0.460 0.571 + 0.9 

17.8 ' 0.529 0.540 - 

~~ 

a EX = E z ~ e 0 3  EICI, E I X O ~ .  

In  conclusion the different problems of cycloaddition reactivity, such as increasing 
reaction rates by both electron-releasing and electron-withdrawing groups, non- 
linear Hammett correlations, and relative reactivity of alkenes and alkynes may be 
solved by the PMO method, which also allows the resolution or the regioselectivity 
problem. 

D. Regioselectivity of Cycloadditions 

I. Regioselectivity and perturbation method 

When the reactants are unsymmetrical, two different isomers may be obtained in 
the cycloaddition. 

In order to solve the regioselectivity problem the numerator of the second-order 
perturbation formula must be developed. Using the LCAO method, MOs are 
defined by the set of coefficients corresponding to the different linear combinations 
of atom c orbitals: 

4i = 2 cs *r and 4, = 2 cjs 

where +i and 4, are MOs of molecules R and S, t,hr and 
and S ,  and cir and cis are coefficients of linear combination. 

The second-order perturbation energy is calculated by 

are AOs of molecules R 

E'2' = 2(Z r s  2 Cir Cj8 &s)"/(Ei-E,) 
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where prS is the resonance integral between AOt,.hr and AOt,.h,. In cycloaddition 
reactions, neglecting the interaction between atoms which are not bonded in the 
final product, the equation becomes for orientation I (see Figurc 14): 

(R) ( R) 

rnf . .  . .  
IrWs 

(S) ( S )  
Orientation I Orientation I I 

FIGURE 14. Orientations used for the equation for the second-order perturbation energy of 
cycloadditions. 

(2 )  - ~ ( C H O I ~ I  CLUIs) Bra+  c H O ( f )  cLU(u] f i t") '+ 2 ( ~ l J U ~ r l  CHO(s1 B r s +  cLU(Il CHO(u1 &ti)' 

EHOrlt ]  - EJSJISI EIIO(SI - ELUIRI E(1) - 
If fitu = pru and pra = pt8 the difference between the second perturbation energies 
of the two orientations is given by 

unocc. occ. occ. unocc. ' - c z )  (p:E c;~ - p z  C' ) 
Ei-Ej '" ) E1-EI1= L: Z+z  2 2((c" 

I 3  i j  

Making use of this PMO method the regioselectivity may be studied by two 
different approaches. In the first, the calculatior. includes all interactions between 
occupied and unoccupied orbitals of both reactants, and the orientation which has 
the largest perturbation energy is the predicted one. In  the second, only the FMOs 
of the reactants are considered, and generally one of the two interactions is preferred. 
The strength of each possible new bond is given by (cis ci, firs)" for a FMO interaction, 
and the orientation in which this term has the greatest value is predicted. 

In each case the interaction energy may be determined either on two or on  four 
centres. The regioselectivity problem has been studied by Herndon'OO, Inukailgl, 

Houklg5 and E ~ i o t i s l ~ ~  for Diels-Alder reactions, by Bastidelo*. lo3, 
H O U ~ ~ ~ ' ~  188 and HuisgenSs for 1,3-dipolar cycloadditions and by Epiotislss and 
AnhlOs for [2 + 21 reactions. 

2. Regioselectivity of I ,3-dipolar cycloadditions 

a. Calcirlaiions with all iriteractions. A linear relationship between differences of 
activation energies corresponding to  both orientations, and differences of perturba- 
tion energies is assumed: 

AGf -AGA = k(Ey'-Ef2I') = -RTlOg ( [ A ] / [ B ] )  

The constant k is different for each 1,3 dipole and is evaluated from the experimental 
results of one reaction of the serics giving the two orientations, and this value is 
then used for the other reactions of the series1g2. 

For the determination of k a reaction model must be chosen; this model is sym- 
metrical with a distance of 2.65 A for the separation between each of the two 
interacting pairs of atoms: 

x-Y-z 
2.65 \ b . 6 5  

\ 
H-CEC-H 
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These distances are in good agreement with the transition state calculated by 
Leroy''' and Poppingerl'", but greater than those calculated by the PMO method177. 
The predictions of this method may be easily compared with experimental results. 
Cycloadditions of six linear 1,3 dipoles to eleven alkynes have been studied using 
this rnethodlg2; calculated and experimental [I]/[II] ratios are given in Table 5. The 
predictions agree with experimental results; there are only four reactions where 
theoretical and experimental orientations aie different, and in these cases this poor 
agreement comes from a few hundred calories difference. The same method gives a 
good explanation of regioselectivity of 1,3-dipolar cycloaddition to a l k e n e ~ l ~ ~ .  

6. FMO theory and regioselecfioify. The use of FMO theory to solve the regio- 
selectivity problem of I ,3-dipolar cycloaddition has been independently introduced by 
Houk130 and by BastidelDi. This method is able to reveal the origin of the regio- 
selectivity, but is difficult to use with polysubstituted dipolarophiles. 

The examples of regioselectivity of 1,3-dipolar cycloadditions to alkynes treated 
in this section include additions of phenyl azide, diazomethane, fulminic acid, 
benzonitrile oxide and diphenyl nitrilimine to propyne, rnethoxyacetylene, phenyl- 
acetylene and methyl propiolate. 

The assumed transition state model is the same as that defined for calculations 
with all MO interactions; the f l  values are evaluated using overlap integrals calculated 
by Mulliken's approximationzo0; at  a distance of 2-65 A we have 

/32(CN)/pz(CC) = 0.442 and f12(CO)/fl?(CC) = 0.185 

The HOMO energies are derived from ionization potential data obtained from 
photoelectron spectroscopy using Koopman's theorem; the LUMO energies are 
evaluated by Houk's method using 7c -> ii* transition energieslS7. These values for 
alkynes and 1,3 dipoles are given in Table 6. 

TABLE 6. HOMO and LUMO energies of alkynes 
and 1,3 dipoles 

Me-C=CH 
EtO-CSCH 
Ph-CECH 
HCZC-C0,Me 
PhN, 

HCNO 
PhCNO 
PhCNzPh 

CHZN2 

Enohlo 

- 10.37 
-9.5 
- 8.82 
- 11.15 
- 8.73 
- 9.0 
- 10.8 
- 8.96 
- 7.5 

ELUhIO 

+ 1.80 
+ 2-3 
+ 1.30 
+ 0.30 
- 1.0 
+ 1.8 
- 0.7 
- 2-0 
- 0.5 

Based on more recent photoelectron spectrazo1* some EIIOMO values of 1,3 
dipoles me different from Houk's values. The FMO coefficients of alkynes and 1,3 
dipoles have becn calculated using the CND0/2 method (Table 7). 

T A B L E  7. FMO coefficients of alkynes 

HC=C-OEt HCEC-Me HCSC-Ph HC=C-C0,Me 

CIIOJlO 0.56 0.37 0.63 0.52 0.45 0.28 0.23 0.16 
0.67 0.71 0.59 0.52 0.37 0-19 0.50 0.29 CLEM0 
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The regioselectivity is a function of ( C P ) ~  which is contant for  an  atom of the 1,3 
dipole which adds to  a C-C multiple bond; the values of ( C P ) ~  are given in 
Table 8lo8. The preferred regioisomer is the one in which the largest terminal 
of the alkyne interacts with the largest value of ( C P ) ~  for the  preferred frontier 
orbital interaction. The latter is the one which has the smallest differences between 
EHOMO and ELUMO. 

TABLE 8. (CP)' Values of 1,3 dipoles 

Ph-N-N-N H2C-N-N HC-N-0 Ph-C-N-0 HC-N-NH 

HOMO 0.35 0.17 0.57 0.17 0.32 0.11 0.17 0.09 0.36 0.27 
LUMO 0.02 0.25 0.28 0.09 0.45 0.02 0.06 0.01 0.36 0.07 

~~ 

TABLE 9. A q  and values of 1,3-dipolar cycloadditions 

HC=C-MC 10.53 9.37 10.80 12.17 12.60 9.67 10.76 8.37 9-30 9-87 

HCEC-OEt 11.03 8.50 11.30 11.30 13.10 8.80 11.26 7.50 9-80 9.0 

HCEC-Ph 10.03 7.82 10.30 10.62 12.10 8.12 10.26 6.82 8.80 8.32 

(14) 

(15) 

(17) 

(10 
HC=C-CO,Me 9.03 10.15 9.30 12.95 11.10 10.45 9.26 9.15 7-80 10.65 

Table 9 shows the differences = E B O . ? I O L d i D o l e ) - E ~ ~ O ( a l k m e )  and = 

( i )  Reactions of phenyl azide. Two isomeric triazoles (18a and 18b) may be 
~lIOMO(alh-yne) - ELUiUO(dipole1. 

obtained : 
R R 

PhN, + RCGCH )=\ + h 
N N  N\ ,N\ 

Ph' 'NQ N Ph 

The additions of phenyl azide to  14, 15 and 16 (Table 9) a re  LU-controlled and 
the isomer 18a is predicted (R = Me, OEt and Ph respectively). This is in agreement 
with the experimental results for the reactions of 14 and 15, but 16 gives 18a and 18b 
in similar amounts. The (Pc)' values of HOMO(azide) differ more from each other 
than the LUMO(azide) ones; because the coefficients of HOMO(phenylacety1ene) 
and LUMO(phenylacety1ene) are  analogous the interaction HO(pheny1 azide) - 
LU(pheny1acetylene) cannot be neglected. The addition of phenyl azide to 17 is 
HO-controlled and the isomer 18b (R = C02Me) is predicted in agreement with the 
experimental result. 
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two isomers 19a and 19b, and is HO-controlled: 

J. Bastidc and 0. Henri-Rousseau 

(ii) Reactions of diazomethane. The addition of diazoniethane to  alkynes yields 

ND + QN 
CH,N, + RC=CH + 

- ,  
H H 
(1 9 4  (19b) 

This interaction favours the formation of 19a (R = Me, Ph and C0,Me 
respectively) for the reactions of 14, 16 and 17 and the formation of 19b (R = OEt) 
for the reaction of 15. AQ and As, are equal but the difference of (c/?), is larger in 
HOMO than in LUMO. 

(iii) Reactions of fulminic acid and benzonitrile oxide. Two isoxazole isomers 20a 
and 20b may be formed by addition of nitrile oxides to  alkynes: 

R' R' 

'$R + R e '  
RCNO + R'C-CH + 

(20a) (20b) 

These reactions are LU-controlled for additions to  14, 15 and 16 and the isomer 
20a (R' = Me, OEt and Ph  respectively) is predicted in agreement with experimental 
results. In  the case of the addition to  17 the HO(dipo1e)-LU(a1kyne) interaction is 
not negligible, but in our model it also favours the isomer 20a. In  Houk's 
C6/?eo of HOMO is larger than c$Ec and then the interaction HOMO(dipo1e) 
LU(a1kyne) favours isomer 20b. When this interaction beconics more important the 
yield of 20b increases (Table 10). However, we believe that this model is not 
reasonable. 

TABLE 10. Ratio of 20b/20a (R' = C0,Me) for the 
addition of nitrile oxides (RCNO) to 17 

H - 10.8 16/84 
Ph - 8.96 28/72 
M%(Cd%)- - 8.35 72/28 

a Reference 201. 

An alternative model, which gives good predictions, may be found in the transition 
state calculated by P ~ p p i n g e r l ~ ~ .  The C-0 bond is shorter than the C-C bond; 
with this dissymmetric model the relative values of c6/?Eo and C:/?Ec of HOMO are 
in agreement with Houk's values, for the reasonable distance of 2-3-2.6 A. 

(iu) Reactions with diphenylnitrilimine: The addition of diphenylnitrilimine to  
alkynes may give two pyrazoles 21a and 21b: 

R R 

Ph-CN,-Ph + RC-CH - Ph' '-ph 'N 
$- p I , G N \ , h  

(21 a) (21 b) 
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The two interactions are equivalent for the addition to 14, 15 and 16, but the 
differences between the values of ( C B ) ~  arc greater in LUMO than in HOMO; the 
regioselectivity is LU-controllcd. For the addition to 17 the non-selective 
HO(dipo1e)-LU(a1kyne) interaction must not be neglected and explains the formation 
of a small amount of 21b. 

c. Comparison of rhe r'egioselcctioity of aiketies and aikyttes. Some differences have 
been found between the regioselectivity of alkenes and the corresponding alkynes; 
in some cases the regioselectivity is larger for the reactions of alkenes than for the 
reactions of alkynes or conversely. This phenomenom may be explained by the 
PMO theory; HoukS2 has shown that thc difference in regioselectivity for addition 
of nitrones to electron-deficient alkenes and alkynes is related to the difference in 
energy of alkyne and alkyne HOMO. The difference of regioselectivity between 
reactions of diazoalkanes with disubstituted alkenes and alkynes is explained by 
Bastide and coworkers, making use of an additivity method based on PMO 
theory". 201. 

3. Regioselectivity of Diels-Alder reactions 
The regioselectivity of Diels-Alder reactions with alkynes has been little studied. 

The same problem with alkenes has been solved by PMO theory; using PMO 
calculations with all interactions, HerndonI9O and InukailO1 have made predictions 
in agreement with experiment. Using the FMO approximation, Anh104 and HouklOS 
have explained the orientation of Diels-Alder reactions by the HOMO(diene)- 
LU MO(dienophi1e) interaction. 

Because the difference between the C, and C ,  coefficients of 1-substituted dienes 
is very small, AlstonZo4 has invoked the secondary orbital interactions between the 
C, and C3 positions of the diene and the substituents of the dienophile, to explain the 
regioselectivity of Diels-Alder reactions. Some results of Diels-Alder reactions with 
alkynes are given in Scheme 1. 

+ HCEC-CO,Et R2& R2&C02Et 

C0,Et 

ARl 
(1) R1 = Me, R2 = H - 100% (Ref. 1) 
(2) R' = H, R? = M e  100% (Ref. 205) - 

CO,Et C02Et 

i R-C=CH - >g & R 
(3) R = C0,Et 49% 50% (Ref. 206) 
(4) R = PI? 77% 23% 
(5) R = M e  24% 76% 

SCHEME 1. Regioselectivity of Diels-Alder reactions. 

The regioselectivity is HOMO(diene)-LU(a1kyne) controlled. The coefficients of 
the diene determincd by Alston20" using INDO calculations are: 

M\" 

M e  0,531 0.534 0.614 0.506 0,460 0,483 
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The predicted orientation of reaction (1) and (2) agrees with the experiments. 
Because the determination of terminal coefficients of dienes substituted a t  the 
1-position by electron-withdrawing groups is equivocal, the predictions for 
reactions (3), (4) and (5)  are difficult; but the small difference between the two 
coefficients agrees with the non-regioselective additions, obtained experimentally. 

IV. CYCLlZATlON REACTIONS 

These reactions may be either intramolecular 

or intermolecular involving addition of a substrate and further cyclization: 

Intermediates are not necessarily isolated. 

results. 
These reactions are reviewed in Viehe's book and we shall report some new 

A. Intramolecular Cyclizations 

Functional groups attached to the triple bond of alkynes may react with this 
triple bond, giving a ring compound. Reactions are presented according to the 
nature of the functional group. 

I .  Cyclizations involving O H  groups 

Acetylenic glycols cyclize to dihydrofurans or furans in the presence of base207: 

R-CEC-CH-CH-R' 

Y I 1  OH - R d R 1  + R O R '  I \  
(22) (23) 

R, R1 = H ,  alkyl; Y - OH, OR', NR: 

The ratio 22/23 obtained depends on R,R1 and Y ;  the reaction mechanism may be: 

R-CGC-CH-CH-R1 B-, R-CEC-CH-CH-R' - 
Y OH Y 0- 
I I  t I I  t 
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A kinetic study points to an  intermediate involving a Na+ ionzo8: 

R-EC-C.H-Y 

In the presence of a carboxylic hydroxyl group it is possible to obtain y-hydroxy- 
pyrones; for example, the acid-catalysed cyclization of a-(P,P dichlorovinylic) 
ketones gives, through unsaturated acid intermediates, pyronesZoB : 

If the hydroxyl group involved is the enolic form of a diketone, y-pyrone is also 
obtained2l0 : 

A ’ Ji)LR Ph-CrC-CO-CH,-COR 

Ph 

This type of cyclization is used for the synthesis of (t ) munduserone211: 

+ 

OMe OMe 
0 

OMe OMe 

2. Cyclizations involving N R  groups 

catalysis or by a biological process in the soi1212: 
Cyclization of the herbicidal N-propynyl benzamide takes place either by basic 

C I  CI  

’ 0 

O t - N H - Y - C E C H  Me Me I 
O H - ’  &$;, 

C I  CI 
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by reaction of the other one with the amino group2l3: 
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In the cyclization of diyne aniines, hydration of the central triple bond is followed 

R 

Acetylenic amino alcohols give with aqueous bases a cyclic quaternary ammonium 
hydroxide214 : 

Et Et Et Et Et Et 
Et 

H ’ Et \ /  \ /  \ /  

111 \ I j :N ’  ““p OH- H2cp I- 

M e  M e  M e  
OH ‘HZ OH OH OH 

M e A  /CH2 

Neutralization by hydroiodic acid gives stable iodides which can be isolated. The 
nature of the reaction changes with increasing length of the aliphatic chain216: 

OH 
\ I 

/ I 
N - (C H, ) ,, - c - c =C H 

M e  

OH 
\ I 

N-(C H, ) ,, - C -M e 
/ I 

CH, 
C’ 

4 
C 
/ 

H 

n = l  

n = 3  

\ /  

M e  
OH 

n = 4 :  no cyclization 

M e  

n = 3 :  no cyclization 

Steric factors could explain these results. 
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The thermal cyclization of acetylenic amino alcohols is differenP1 217 : 

OH 

Et HO Me 

O N  
Me I 

Et 

The length of the aliphatic chain is also very important in the cyclization of amino 
acetylenes21e : 

QCH, / \  

& i -Pr  i - P r  
i-Pr 
\ 

i-Pr 

3. Cyclizations involving C H  groups 

reviewed recentlyz1" : 

N-(CH,),-C=CH 
/ % 

no cyclization 

Thermocyclizations of E acetylenic ketones which lead to cyclopentenes have been L& A + & + &  
85% 15% 

Ring-functionalized propellanes are obtained by an interesting double thermo- 
cyclization of 3,3-dialkynyl~ycloalkanones~~~ : 

5% 
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If the ketone (or ester or amide) has an a double bond cyclization is easyzz1: 

X = CH,, 0, N-Me 

The base-induced cyclizations of diethy1-4-oxa-6-heptyne-1,l dicarboxylate give 
a mixture of six- and seven-membered ringszz2: 

Et0,CQ - 1 

,CO,Et Me 

+ N a O G  
HCEC-CH,O-CH,-CH,-CH \ EtOH 

C0,Et 

E t o z c ~ o  1.4 

With halo-1-phenyl-1-alkynes, lithium dialkylcuprate catalyses the c y c l i z a t i ~ n ~ ~ ~ :  

ph\ /H ph\ C /R 

> 25 + ?\ + Ph-C=C-(CH,),-R 
R,CuLi 

P h-CEC- (CH,), X 
n = 3, 4, 5 (CH,), (CHz)n 

+ Ph-CEC-(CH,),-H + Ph-C~C-(CH,),-,-CH=CHz 

B. Cyclizations with Addition to Triple Bonds 

In  the first step of these cyclizations a compound is added either to functional 
groups connected to the acetylenes or to the triple bond itself; the cyclization of this 
intermediate then follows. 

1. Cyclizations after addition of  amines 

Additions of amines to diynes lead to p y r i d i n e ~ ~ ~ ~  : 

With a cyanoenyne, an iminodihydropyridine is : 

Ye 

Me 
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When the addition involves a dicarbomethoxydiyne, an adduct of bicyclization 
is isolated. The following mechanism was proposedzzE: 

CONHMe CONHMe 
N 

M e /  

E-CO,Et 

C E-CO,Et 
+ MeNH, -+ 

Triaminobenzene 
dicarboxylateeZ7: 

CH,CONHMe q-Jo Me tq N CONHMe 
,NH 0 

Me Me' 
yields a tricyclization adduct with dimethyl acetylene- 

3 Me0,C-CEC-CO,Me * &;" 
Me0,C 

0 ' C0,Me 

2. Cyclizations with addition of amino heterocycles 

cyclization : 
Additions of amino heterocycles to acetylenic esters may yield two isomers by 

R 

(244 
The most important results are listed in table 11. 

TABLE 11.  The percentages of isomers 24a and 24b obtained on addition of 
amino heterocycles to acetylenic esters 

X Y R % 24a % 24b Reference 

CH S H,Me,Ph 100 228 
C4H4 S H 100 229 
C4H4 0 H 4- 229 
CR Se H 100 230 
CR Se C02Et 100 230 
N S H , C02 Me 100 230 
N Se H 100 230 
N 0 H,CO,Me + 100 23 1 



510 J. Bastide and 0. Henri-Rousseau 

An intermediate is isolated in one case231: 

If :he intracyclic nitrogen is more nucleophilic than that of the amino group, the 
reaction gives 24b, whereas if it is less nucleophilic, the reaction gives (24a) 
The same kind of cyclization has been described with six-membered heterocycles232: 

Indoles give tricyclic adductP3: 

3. Cyclizations with two amino groups 

hydrazones. Coispeau and Elguero have reviewed the first reaction23s. 

diazacycloheptadiene re~pectively?~~: 

The most important reactions of this group are those involving hydrazines or 

Additions of hydrazine and 1,Zdiaminoethane to diynes lead to pyrazole and 

CH,R 

’ C N  
N H , - N H ,  

R HCGC-CGCH 

\ I 
H 

Me 
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A related reaction takes place between guanidine and glyco~ylpropiolate~~~ : 

H 
I 

Tsoa + H2N NH, TsO J C0,Et 
I 

NH __+ II 
,c, 

O x 0  

O x 0  

Reactions of 1-alkyl- or 1-arylhydrazines with acetylenic ketones give isomeric 
pyrazoles according to the nature of the substituent~~~’: 

R2 Fi2 
The same reaction with 1 ,Zdisubstituted hydrazines, under acidic conditions, gives 
a pyrazolium salP7:  

R-CEC-C-R’ + RZ-NH-NH--H3 
Hf  

dt 

HC=C-CO,Me + Ph-NH-NH, ___+ 

N, 9 

R ‘N’ ‘RZ 

I 
R= 

From the addition of hydrazine to acetylenic esters, 2-pyrazoline-5-ones are 
obtained237 : 

HO 

I 
Ph 

Additions of 1 ,l-dimethylhydrazine to  mono- and disubstituted acetylenes may 
yield two different compounds238: 

Me0,C 
B&% Me Go R 

Me 

Me 

\ 

/ 
R-CrC-CO,Me -I- N-NH, --f R ’i- N- 

Me Me p:H / \  --q 

N’ 
I 
Me 
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vinylhydrazone intermediates may be isolated in some cases23s : 
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Reaction of methylhydrazones of ketones with acetylenic esters gives pyrroles; 

RCH, 
\ C=N-N-C=CH-R' 

RCH, 

/ I I  
\C=N-NH-Me i- R'-C-C-R2 4 
/ -  

R e. Me R' 

R R2 
\ /  

HC-CH 
/ \  

C-R' 

I 
Me 

R 8 R' f- R'-C \\ N N II 
I I  
H Me 

I I 
Me H 

Mixtures of pyrazoles and pyrazolines are obtained by addition of phenyl- 
hydrazones of ketones to dimethyl acetylenedicarboxylate240: 

Ph Ph, 4 N \  ,H Ph, ,N, 0 C 
" +.MeO,C-C-C-CO,Me __+ / AN,ph 

Me02C C0,Me 

I \ R . - -  R H 

Ph Pho' ! 
Me0,C 'C0,Me H 

I Ph 

ph Me02C C0,Me 

L /  

M eO,C-' 
H C0,Me 

N-Arylhydrazones of aldehydes give a more complicated reaction with acetylenic 
both the addition of the phenylhydrazone of propanal ufider acidic 

conditions and the thermal addition of the same compounds give a mixture of eight 
compounds. The formation of these compounds is shown in Scheme 2242. If the 
pyrazoline is obtained by a nucleophilic addition the pyrazoles may be the result of a 
[2 + 2 + 21 cycloaddition or of a Diels-Alder reaction. 

dr 



a a 

c, I jf 
z 
I I. 

I 

r .. 

Y W 

I 

r z 

a 

I w  

I 
n 
c 

W 
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4. Cyclizations with two additions 

These additions of heterocyclic compounds have been reviewed by A c h e s ~ n ~ ~ ~ ;  
the adducts of these reactions are very complex and their identifications became easier 
only with the development of novel physical and chemical methods. 

a. Cyclizatioiis with pyridiiies. Reaction of pyridine with methyl propiolate gives a 
mixture of inolizine and a tricyclic compound*44. 

J. Bastide and 0. Henri-Rousseau 

CH,CO,Me 
CH,CO,Me 

-I- HCEC-C0,Me --+ C0,Me + QcozMe 
\ / N  - 

C0,Me 12% 
78% 

s) 
Results of the reactions of pyridines with acetylenic esters and ketones vary 

according to the nature of substituents. With dimethyl acetylenedicarboxylate 
three compounds are obtained which may be interpreted using the following 

The ratios of 33,34 and 35 depend on the nature of R. 

R 

E E  

R %E E E  

/ (34) 
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With acetylacetylene and ethyl 2-pyridylacetatc, both mono- and diaddition 

1 1 .  Cycloadditions and cyclizations involving triple bonds 

products are formedzaG : 

CO, E t  

+ HCrC-COMe + 
COMe 

CH,COMe 

t 

a C H 2 -  COzEt 

I 

C0,Et J’ 

-3 
COMe 

H 

Reaction of methyl propiolate with ethyl 2-pyridylacetate is very similar, whereas 
that with acetylpyridine is different leading to a pyrrolo [2,1 ,S-cdI indoli~ine*~’ : 

acoMe + HCrC-CO,Me -+ 

Me 

Me 
1 

H+ 
CO,Me HCEC-C0,Me 

C0,Me 

Me J 

CO, M e 60, Me 

b. Cjvlizatiotu with benzothicrzole. Reaction of dimethyl acetylenedicarboxylate 
with benzothiazole was claimed to give different results according to different 
authors. 
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a d d ~ c t , ~ ~  : 
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McKillop has shown that the reaction conditions determine the structure of the 

E 

When anhydrous methanol is used as solvent, only 36 is isolated24s, whereas when 
ordinary methanol is used both 36 and 37 are obtained250. 

5. Cyclizations of diynes with heteroatoms 

Heteroatornic molecules such as H2S, Na,S, Na2Se, Na,Te, PhPH,, PhAsH, 
react with non-conjugated diynes to give 1,4-cyclic dienes. Reaction of hydrogen 
sulphide with phosphorous-containing diynes leads to a thiaphospha-cyclo- 
hexadienezS1 : 

,+' r: '*, 4- H,S __j 

R' R' 
R' 

Similar reactions may be carried out with H,Se, H,Te, H,O and EtNH,. In the same 
way, dialkyl sulphides react with some compounds: 

X = S,Se,  Te P 

(Reference 252) 

(Reference 253) 

I 
X = P , A s  Ph 



11. Cycloadditions and cyclizations involving triple bonds 517 

Sometimes there is competition between the formation of a five-membered and a 
six-membered ringzs4* 255. 
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