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ABSTRACT 

PALLADIUM CATALYSED OLIGOMERIZATION OF 1-ALKYNES 

by 

Ann Beal Hunt 

The oligomerization of 1-pentyne using palladium acetyl 

acetonate catalyst with various solvents and ligands was in¬ 

vestigated. An equimolar mixture of HOAc and Et N proved 
3 

to be a superior solvent. The major product observed in 

most cases was the dimer, 6-methylene-nona-^-yne, although 

both cis and trans-dec-^t-ene-6-yne were observed in most 

cases. Trimers were formed when phosphines were replaced 

with bldentate amines or phosphite ligands. A one to one 

mixture of PPh and (CH 0) P gave the highest yield of 

3 3 3 
oligomers with 6-methylene-nona-4-yne as the major product. 

No aromatics were formed with any of the reaction systems 

studied. 
19 

The general mechanism proposed, by Meriwether and 
15 

elaborated by Maitlis is in agreement with these results. 
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INTRODUCTION 

There has been considerable interest in the metal 

catalyzed oligomerization of acetylenes since Reppe's 

initial discovery in 19^8 that nickel catalysed the tetra- 
21 

merization of acetylene to cyclooctatetraene. 
20 

Odaira in 1966 observed the formation of conjugated 

trans-polyacetylene upon addition of PdCl to acetylene in 
2 

acetic acid. Small quantities of benzene, methane, ethy¬ 

lene, acetylene, vinyl acetate, and aromatic compounds were 

also produced. 
9 

Hagigara obtained a quantitative yield of 6-methylene- 

nona-^-yne from the dimerization of 1-pentyne with (Et) - 
2 

Zn(t-BuO) Cr catalyst. t-Butyl acetylene was also dimer- 

ized under these conditions to give solely 2,2,6,6-tetra- 

methyl-5-methylene-octa-3-yne. 

/V_ = _„ (tt)3zn»-Buo)tcr ^ A II = A 
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8 
Garwood prepared the trans-enyne shown below by add 

ition of 1-heptyne to acetic acid with a catalytic amount 

of cuprous oxide. 

A/V_=_ «... s /WWW 
  HOAC7 

'6 
A CrO -silica-alumina catalyst was used by Clark and 

3 
his coworkers to transform acetylene into benzene in 9055 

yield. Methyl acetylene gave 1,2,4-trimethyl benzene, 

propyl acetylene, and several other trialkyl benzenes. 
18 

Meriwether , using a nickel-carbonyl-phosphine cata¬ 

lyst, studied the oligomerization of monosubstituted acety¬ 

lenes. With this system both linear oligomers and aromatics 

were produced. Table I shows a portion of his results 

using Ni(CO) (PPh ) as catalyst, 
2 3 2 

He found that steric hindrance is a major factor in the 

oligomerization of 1-alkynes(Table I). When the size of the 

alkyl group is increased, aromatics decrease in yield. 

Thus linear products are favored. These are usually dimers 

and trimers rather than higher oligomers. Also, he found 

that more active acetylenes give, predominately, aromatic 

products(esters, ethers, ketones) and aryl acetylenes give 

more aromatic product than do alkynes. 
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TABLE I 

PRODUCT DISTRIBUTION PROM OLIGOMERIZATION OP 
18 

1-ALKYNES USING A Ni(CO) (PPh ) CATALYST 
 2 3.2  

REACTANTS PRODUCTS YIELD 

CH -CsCH linear dimers 4# 
3 linear trimers 15 

aromatics 30 

C H -C=CH linear dimers 2 
2 5 1,2,4 and 1,3,5 triethyl 

19.8 benzene and linear trimers 
linear trimers, tetramers, 
pentamers, and héxamers 17.4 

n-C H -CÎCH linear dimers 10.6 
3 7 linear dimers and aromatics 

1,2,4 and 1,3,5 tripropyl 
2.4 

benzene and linear trimers 31-3 
linear trimers 
linear trimers, tetramers, 

5.9 

pentamers, and hexamers 11.8 

n-C H -C=CH linear dimers 5.9 
4 9 linear and aromatic trimers 

trace of tetramers 
57 

n-C H -C=CH linear dimers 15 
5 11 linear and aromatic trimers 

trace of tetramers 
48 

C H -C=CH 
6 13 

linear dimers 28 
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The three possible dimeric isomers from monosubstituted 

acetylenes are illustrated below. Using spectroscopy, 

Meriwether was able to find I and trans II from 1-butyne, 

1-pentyne, and 1-heptyne. 

When monosubstituted acetylenes, such as 1-pentyne and 

1-heptyne, were trimerized, several combinations of trimers 

are possible. Meriwether's group, after hydrogenation, 

found R(CH )CHCH CHCH which must come from a linear array 
2 R 2R 3 

such as RC=CzCHC-CH (cis and trans). and R(CH )CH(CH ) R 
”R R 2 2 R 2 3 

which is derived from RC=CC=CHCH=CHR and RC=CCH-CCH=CHR. 
R R 

Meriwether was unable to distinquish the trimers by glc or 
-1 

ir. However, he did find a trans band at 970 cm in the 

ir of the trimers produced from 1-pentyne. 

The aromatic compounds found were substituted in the 

1,2,4 or 1,3,5 position. Curiously, none of the acetylenes 

investigated, including methyl acetylene, gave a tetrameric 

cyclic system, a cyclooctatetraene, as Reppe's synthesis 

with acetylene gave. Steric control is thought to be a 

major consideration in determining product structure during 

oligomerization. 



19 
Meriwether found no direct relationship between reac¬ 

tion rate and solvent polarity with the Ni(CO) (PPh ) 
2 3 2 

catalyst. The best yields of oligomer were found when ben¬ 

zene, acetonitrile, and methanol were used.as solvents. 

THF and glacial acetic acid gave low yields, possibly due 

to their strong coordinating properties or destruction of 

the catalyst. Water was found to inhibit the reaction. 
23 

Schrauzer reported slightly different results when 

he used Ni(AcAc) to oligomerize acetylene. With this sy- 
2 

stem polar solvents seemed to serve as ligands. Thus, 

tetrahydrofuran was a better solvent system than benzene. 

Other solvents, such as water and pyridine, were too strong¬ 

ly solvating and made it difficult for the acetylene to dis¬ 

place the cluster of solvent molecules surrounding the 

catalyst. 
Both of these results show, however, no relationship 

between the reaction itself and the solvent. Therefore 

the mechanism probably is not one consisting of simple 

charged species(anions and cations). 
23 

Schrauzer , in the course of his study, discovered 

that cyclooctratetraene was produced from acetylene with 

Ni(AcAc) . If PPh , an electron donor, were added, only 
2 3 

benzene was formed. He thought the PPh was acting as a 
3 

blocking agent at the coordination site. When n-butyl 

phosphine, which is also a strongfr-donor, was used trimers 

were found instead of tetramers. Lastly he tried pyridine, 

a very weak fy-donor, which proved to be the least effective 
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in preventing formation of the cyclooctatetraene. 

H Nf(ACAc) 
(l I 

H = H - Nl(AtAC) s. / \\ 
PPh3 ' W/ 

11 

Kritskaya in 1966 wrote an article explaining the 

effect of PPh and other fh-donors on reaction yields and 
3 

mechanism. Palladium has an octahedral configuration which 

has an energy diagram as illustrated below: 

SCHEME OF ENERGY LEVELS FOR THE d ORBITALS 

OF AN OCTAHEDRAL CONFIGURATION 

A 

ill dx2-y2 

JÜUL. dxz dyz ▼ 
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However palladium(II) has a square planar configuration 

which has a distorted energy diagram: 

LEVELS FOR THE d ORBITALS OF 

PLANAR CONFIGURATION 

dX^-if2 

t_ 
AE 

dxy Ï 

JLU~ 

dz2 

Kritskaya took the viewpoint that a (T-bond between the 

metal and acetylene was achieved during the reaction and 

that it was an important factor in determining yield. The 

stability of a<r-bond depends upon the energy difference 
2 2 2 2 

between dx -y and dxy. The dx -y orbital, which is non¬ 

bonding, is of high enough energy to transfer electrons to 

the antibonding orbitals of the hydrocarbon ligand, thus 

destabilizing any cr-bond formation. However, if all of the 

metal electrons remain in the'dxy or lower energy levels, 

the electron transfer is to the bonding orbitals of the 

hydrocarbon. 

The fr orbitals of the phenyl group on triphenyl phos¬ 

phine overlap the metal’s dxy, dxz, and dyz orbitals and, in 

effect, lower all of tfhese levels and increase the energy 

difference, a process called backbonding. By taking elec- 

SCHEME OF ENERGY 

A SQUARE 

Jxz 
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trons from the metal through backbonding, ©"bonding is 

enhanced between the metal and the ligands(acetylene and 

PPh ). 
3 
The instability associated with the covalent deriva¬ 

tives of transition metals is due to the insufficient over¬ 

lap of the completed 3d,4s, and 4p orbitals of the metal, 

due to their small size, with the ft orbitals of the ligands. 

It follows that the heavier transition metals would have 

more stable ©"-bonds and thus be more inert, because of more 

overlap. Nickel catalysts then should be more reactive, in 

other words, should have less^ stable (T-bonds, than palla¬ 

dium and, in turn, palladium should be more reactive then 

platinum. 

In summary, ft donors, such as PPh , have been shown to 
3 

hinder the oligomerization of acetylene to the tetramer, 

yet they should aid the overall yield of oligomers. 
19 

In 1962 Meriwether proposed a mechanism for the 

reaction of 1-alkynes with his nickel-carbonyl-phosphine 

complex(Scheme I). A vacant dxy orbital is available in the 

system for backbonding with the ft orbitals of PPh thus 
3 

making the cr-bond of (B) likely. This dxy orbital is also 

capable of bonding with the ft orbitals of acetylene mole¬ 

cules as illustrated. An interesting feature is the forma¬ 

tion of a metal hydride in (B). An Increasing number of 
10 

stable palladium-hydride complexes have been found. A few 

examples that have been isolated are listed. 
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PALLADIUM HYDRIDE COMPLEXES 

t-HPdCl(PEt ) mpt. 84°C T =23.6 
3 2 

HPdCKPPr ) “T =2*1.6 
3 2 

HPdCl(P(C H ) ) T'*2i|.4 
6 5 3 2 

t-HPdBr(PEt ) mpt. 91°C 7~*22.5 
3 2 

As substitution on the phosphorus atom becomes more 

electron withdrawing, the protonation of ML complex becomes 
2*1 + k 

easier. However the HML or HML complexes are unstable. 
3 

If the substitution is electron releasing, as in the above 

cases, stable metal hydrides can be formed. Metal hydrides 

are identified by a large positive chemical shift to a 

higher field in the proton magnetic resonance spectrum. 

Hydrogen atoms have a strong trans effect, therefore 

labilizing ligand exchange, an essential part of the mech- 
19 

anism. According to Meriwether the rate determining 

steps must involve a transfer of hydrogen, cleavage, and 

formation of a new nickel-carbon bond. Therefore the (P) 

to (G) step is thought to be the rate determining.one. It is 

also irreversible as exchange‘does not occur between acety¬ 

lenic and ethylenic hydrogens. This mechanism only need be 

slightly altered for the formation of cyclic oligomers 
7 

(Scheme II) as formulated by Dietl . 

The first active species formed in both mechanisms is 

the 1:1 fT-acetylene palladium(II) complex which is strongly 

activated towards nucleophilic attack. Therefore els in- 
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SCHEME I 

/to 
3 ^Nl 

Ph.r ^CO 
+ R—CSC—H ;=± 

-2CO 

Ph^ 
,/R 

Ph,P 
-*N,J 

''R 

Ai-Tf-COMPlEX 

^N,^C=C-H K-C=C-H% 

PH/ 
4 V fast 

J& O’ —COMPLEX 

Ph3pJy ppfc, 
NI 

^ t^EC-R 
R-CÏC-H 
(H) (R) 

C.rf- COMPLEX 

I 

P^N|-
P 1,3 R^C-Hs Ph3P.i/PPh3 

^CH(R) 
XCR(H) 

I 
C 
III c 

I 
R 

J IH 

c 
I 
R 

H 

H 

^Ph3Px',/lrr,,3 PPh- 
..Nf^ 

H-C^C-RII 
1 CR 

I FCH 
III 
c 
I 
R 

slow 

\ /" 

,c-eN.- CSC -R 

PllgP^ ^ 
^Nk 

PHgP^ 

C*C ~R 

trlmers 
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SCHEME II 

\ 1 

-C=C- 4. - Pd-Cl ——* -pd-CI ^=r—^ 
1 -c4c- 

ATT-COMPLEX 

I 
t - Pd-Cl 

I 0 
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sertIon, or more probably<T-bond migration, is easily ac- 
15 

complished. 
23 

Schrauzer has pointed out that thefT'-complex serves 

to activate the acetylene. In other words, the acetylenic 

carbons are in an sp configuration. With the formation of 
2 

alF'-complex more p character is asserted and an sp bira¬ 

dical (thus aor-bond) is easily created. And again a 

transition from afT-complex to a O'-complex is effected. 

However the bond to the metal is not strong enough to 

prevent cyclization of the hydrocarbon chain. 

There are five major factors which determine the sta¬ 

bility of atr-bond between a metal and a ligand. The first 

determinate is the valency state of the metal. The metal 

must have enough electrons to cross from the dxy, dyz, and 

dxz orbitals to form aO’-bond, but yet it must not fill the 
2 2 

dx -y orbital creating a potential antibonding situation. 

Secondly, the nature of the ligands is of great impor¬ 

tance as stressed earlier. If a ligand is capable of back- 

bonding it will aid the formation of a C'-bond between the 

metal and acetylenic group. 

The electronegativities of the metal-ligand system and 

the CT -bound group are important in stabilizing thecr-bond. 

The electronegativity influences the flow of electrons a— 

round theCT-bond. Thus any influence that will block anti¬ 

bonding orbitals from being filled is beneficial. 

Lastly, steric factors exhibit large control over the 

stability of the system.. Thus sterically demanding sub- 
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stiuents inhibit the formation of O’-complexes and hence o 

ligomerization. 
11 

Kritskaya determined the feasibility of Tf to(T-com¬ 

plex transitions by the sequence shown in Scheme III. 

SCHEME III 

V 
eo Jo CHfH=CHj 

CCH. 

CO CO w2 

/T 

- H- 

f H 

V 
/ 

Fe 
/ | 
CO 1 

/CH3 
CH 

CO C'HS 

CHjC^CH 3 
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22 
In 1973 Poe provided evidence for a O'-bùtadiene in¬ 

termediate as shown in Scheme IV. Both systems shown below 

produced identical products. Hence acr-enyne intermediate 

is feasible for the proposed mechanism for the formation of 

enynes from 1-alkynes. 

X. CH3o2c - 

SCHEME IV 

CO2CH3 PdtPhCNlCI 2^-2- 

Yd. 
TKACAC) 

Ü R-co2Me 

ii. 

GH3 CH3 

R 
 ^R 

PdV Br-pC/=\, 
0=C R 

R NOCH3 

—    T- 

(T-butadienyj complex 

Br 
Up to this point, Meriwether's original proposed mech- 
19 

anism has been consistent with all considerations. 
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RESULTS AND DISCUSSION 

This study was conducted with the goal of developing 

systems which are catalytically active for the production 

of enynes from 1-alkynes without formation of the usual 

trimeric benzene derivatives. A superior catalyst for the 

acetylene-^enyne transformation was generated in situ from 

palladium acetylacetonate, hereafter abbreviated as Pd- 

(AcAc) , and PPh . Pd(AcAc) is a diamagnetic, square 
2 3 2 

planar compound with a weak ligand field. Thus a rapid 

ligand exchange and a moderate catalytic activity are char¬ 

acteristic of it. 

The initial phase of the work centered around the 

search for good solvents for the Pd(AcAc) -PPh catalyst. 

Some solvents which were investigated were tetrahydrofuran, 

triethylamine, acetic acid and triethylamine/acetic acid 

(1:1). All oligomerizations were carried out with 1-pen- 

tyne. The relative concentrations of 1-pentyne, Pd(AcAc) , 

Dimers are the predominant products and in most cases 

all of the three possible dimeric products, A,B, and CCas 

illustrated) ..were obtained. Aromatic products were not ob 

2 3 

2 
and PPh were held constant 

3 
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served. This result contrasts with previous work with 1- 
8*15*18,20,23 

alkynes using nickel and palladium catalysts. 

A_JL=^\ hhy 
Hi 
!> 

A B C 

The isolated dimer, 6-methylene-nona-^-yne (A) was 

identified by glc retention time and muclear magnetic re¬ 

sonance. NMR data for (A) is recorded below:8 1.08(t,6H), 

1.59(m,iIH), 2.2(M,4H), and 5«lMd,2H). The glc retention 

time is 110 sec. 

Authentic samples of the linear dimers were prepared 
8 

using the identical procedure described by Garwood for 

the synthesis of trans-dec-4-ene-6-yne from 1-pentyne. In 

my hands both the cis and trans isomers and 4,6-decadiyne 

were produced. 

!> 
3.5% 16.5% 5.7% 
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NMR data for (B) and (C) are recorded below: (B): S 

1.09 ( t, 6H), 1.5(m,l»H),2.2(m,HH), and 5.07-5.8(m,2H,J*llHz.) 

(C): 6 1.0(t, 6H), l,32(m,*tH), 2.0(m,4H), and 5.0-6.1(m,2H 

J=21Hz.). All gas liquid phase chromatography comparisions 

were run on a six foot by 1/k inch column packed with 20$ 

SE-30 on chromasorb P(80/100 mesh) operated at l80°C with 

hélium as carrier gas (flow rate at 150 ml./min.). (B) has 

a glc retention time of 130 sec. and (C) , 165 sec. NMR 

data for 4,6-decadiyne are recorded as follows: $ 1.0(t,6H), 

1.52(m,lJH), and 2.l4(m,iJH); glc retention time: l80 sec. 

Data for several representative runs are shown in 

Table II. 

In most cases the pale yellow reaction mixture grad¬ 

ually turned reddish brown, then to deep brown-black by the 

end of an hour. None of the reactions, even in a pressure 

bomb, proved to be explosive. 

The tetrahydrofuran was dried over ^A molecular sieves 

and distilled from sodium with benzophenone. Owing to the 

volatility of 1-penytne, a pressure bomb was employed. 

Nitrogen was bubbled through the solvent. Using THF the 

longer reaction time yielded the most dimer. Although the 

major products are dimers of 1-alkynes, the formation of 

nonvolatile residue indicates the production of some higher 

oligomers. 
19 

The proposed mechanism indicates a transfer of two 

electron pairs before oligomerization occurs. One of these 

is to the incoming acetylene. These electrons will be at- 
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TABLE XI 

REPRESENTATIVE EXAMPLES OF SOLVENT RUNS 

[1-pen.] [cat.] [lig.] solv. 
time * 
temp. /KC-10'sfres] 

THF Pd(AcAc) PPh 

run i .029m. .0006m. 
2 3 
.001m. 50ml. 65°,.5hr.  

run 5 .088 .0014 .003 50 110°,12hr. 1% 2.4g 

run 2 .029 .0006 .001 50 65° ,48hr. 15*.4.3g^ 

run 3 .029 .0006 .001 50 
RT,9dys. 
70°,lhr. 17.5 3,2. 

Et N 
3 

run 6 .029 .0005 .0009 50 112°,12hr. -1,45 

run 3 .088 .0015 .003 70 112°,12hr.4.6 4.55 

run 5 .088 .0015 .003 40 110°,l6hr.  5.14 

run 4 .058 .001 .002 30 
65-105° 
42hr. 5.7 3.68 

HOAc 

run 3 .029 .001 .001 50 112°,lhr. 6.5 0.4 

run 2 .088 .0015 .003 100 112°,10hr. 7.7 2.57 

Pd(OAc) 

run 20 .0147 
2 

.001   .029 80°,lhr. 0.11 

run 22 .0147 .001   .029 95°i12hr. 24 0.18 

run 21 .0147 .001   .029 95° ,24hr. 7 0.58 

(continued on next page) 



TABLE II (contO 

[1-pen. ] [cat.] CUK.3 solv. 
time « 
temp. ?C-10,s[res] 

Et N/HOAc Pd(AcAc) 
3 

run 4 .0l47m. 
2 

•001mm. .001mm. .0147m • 70° i3* 5hr.ll/?0*08g 

run 1 .0147 .001 .001 .0147 90°,2hr. 25 0.08 

run 2 .0147 .001 .001 .0147 90°,3*5hr.20 0.08 

run 3 .0147 .001 .001 .0147 90° »5hr. 25 0.13 

run 5 .0147 .001 .001 .0147 95°,24hr. 1 0.33 

•based on [1-pentyne] 
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tracted to the site of least resistance, an alkyl group can 

more easily accept an electron pair than a hydrogen. Be¬ 

cause of this the methylene dimer would be expected to be 

predominate. : «. 

17.5% 
PdfccAc), 
PPH3 

^^4 
A li_ = _A + AAj + 

III * 

!> 
81.8% 12.1% 6.1% 

The lowest yields of dimers were observed with tri¬ 

ethyl amine as solvent,purified by distillation over CaH. 

After H2 hours at 85-105°C only 5.755 of the 1-pentyne was 

converted to dimers. Always more than a stoichiometric 

amount of residue is produced-solvent may have been incor¬ 

porated. The products were dimers: 6-methylene-nona-4-yne, 

62,5$; cls-dec-4-ene-6-yne,13»9%; and trans-dec-^-ene-S-yne, 

23.6JS, 



21 

/^=-H 

5.7% 
Pd(AcAc)2 
PPh, 
ll3r? 

/SJL-S-A 4 

62.5% 13.«% 23.6% 

The use of acetic acid as solvent provides the most 

interesting results. The reaction conditions are critical 

with the best yield being obtained in 12 hours at 95°C with 

a 24$ yield of dimer: methylene dimer, 86. 85?; els isomer, 

7.25?; trans isomer, 6j?; and several small surrounding peaks 

in the glc. The catalyst used here was not Pd(AcAC) , but 
2 

Pd(OAc) , in the majority of cases. Only in two cases-runs 
2 

2 and3- was Pd(AcAc) used, with low conversion of starting 
2 

material resulting. Polymerization of the products occurs 

readily as evidenced by reactions 22 and 21 where after 12 

and 24 hours, 135? and 585? respectively of the starting ma¬ 

terial is converted to residue, whil-: dimer decreases from 

24J5 to 75?. 
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A = 

86.8% 

2 4% 
Pd (OAC)2 

HOAC 

A_1L = _7\ + /V% + AA/ 
r 

v 

6.0% 7.2 % ^ 

The most efficient solvent system tested was a one to 

one mixture of Et N and HOAc. The greatest conversion (37?) 
3 

occurs at 90°C for 5 hours yielding 2b% dimeric product. 

The peak concentration of dimer is maintained for several 

hours before polymerization begins (Table II). 

A — _ 

25% 
Pd(AcAc)2 

PPh3 

HOAC/Et3N 

88 % 

i- 
AA/ 

2 .1% 
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It is significant that each solvent system is asso¬ 

ciated with a selectivity toward ô-methylene-nona-^J-yne. 

Acidic solutions tend to increase the yield of 6-methylene- 

nona-^-yne while basic solutions afford a more random pro¬ 

duct distribution with a high polymer yield. Solvent pol¬ 

arity may contribute to the catalytic rate, however, it is 

more likely that acetic acid aids in ligand exchange through 

the metal hydride. 
15,19 

Earlier mechanisms proposed for related systems, 

in order to account for the observed dimers, 6-methylene- 

nona-^l-yne, cis-dec-4-ene-6-yne, and trans-dec-4-ene-6-yne, 

and their distributions, seem to need alteration. The 

methylene dimer is predominant in all solvents. In acidic 

solvents, where double bond isomerization readily occurs, 

the trans isomer is in greater yield. 
15 

If els insertion were the sole mode of oligomeriza¬ 

tion, the trans dimer, in acidic solution, should be the 

only linear dimer observed. However, this is not the case, 

els and trans isomers are observed. Isomerization could 

not account for the els isomer for two reasons. Acidic 

solutions do not aid isomerization and the els isomer is not 

energetically favorable compared to the trans isomer. 

Therefore the els product should originate at the insertion 

step. The observed results are puzzling as to mechanism. 

Perhaps an orthogonal insertion could account for the for¬ 

mation of the cis dimer. 
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The effect of various ligands, including phosphines, 

phosphites, and amines, on product distribution was also 

investigated. Results of several typical runs are illus¬ 

trated in Table III. 

No aromatic products were detected under any condition, 

although trimers were observed in addition to the dimers 

discussed earlier. 

The three predominant trimers were isolated and spec¬ 

troscopically analyzed. NMR data is as follows: Trimer 1: 

S 0.7-1. l(q,9H), 1.2-1.8(m,6H), 1.8-2.4(m,6H), 4. 7-6.15 

(q,2H), and 5.3-3.3(m,lH); Trimer 2: S 0.7-l.l(q,9H), 

l.l-1.6(m,6H), 1.7(s,3H), 1.8-2.4(m,6H), 2.6(s,lH), and 

it.7-6.Km,1H) ; Trimer 3: & 0.7-1.2(m), 1.2-1.9(m),2.0-2.i» 
-1. 

(m), and it. 1-5.9(m). IR data follows: Trimer,.1: 3095cm , 
-1 -1 -1 -1 -1 

3030cm , 2220cm , 1760cm , l6l0cm , and 880cm ; 
-1 -1 -1 

Trimer 2: 3010cm , and 1635cm ; Trimer 3: 3040cm 

UV data follows: Trimer 1: 265nm. €=28,402; Trimer 2: 

250nm. €=26,300; Trimer 3: 252 €=36,280. Mass spectral 

data indicated a parent ion of 204 for Trimer 1, 2Q6 for 

Trimer 2, and possibly 204, 207, or 236 for Trimer 3* 

Trimer 1 with a glc retention time of 9 minutes is thought 

to be 6-propyl-8-methylene-undeca-cis-6i-ene-4-yne. Trimer 

2 has a retention time of 10 minutes and Trimer 3, 14 mint 

utes. The structures of these two trimers can not be de¬ 

termined until their elemental compositions are' determined. 
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TABLE III 

LIGAND SYSTEMS 

ligand 2 hrs. 12 hrs. 24 hrs. run IV 

(n-C H ) P 
9 3 

,06g. residue 1 viac   

(n-C H ) P 
8 17 3 

.10g res. 

.06g prod. 

4b hrs. 
.15g res. 
.10g prod 

PPh 
3 

.08g res. 
,25g prod. 

.33g res. 
,02g prod. 

(CH 0) P 
3 3 

.20g res. .59g res. 
.21g prod. 

3 hrs. 
.09g res. 
,09g prod 

(PhO) P 
3 

.10g res. .l8g res. 
,02g prod. 

(o-PhC H 0) P 
6 4 3 

.12g res. ,12g res. 
.04g prod. 

PPh /(CH 0) P 
3 3 3 

.02g res. ,28g res. 
. 12g prod. 

. 33g res. 
•34g prod. 

20 hrs. 
,29g res. 
,20g prod 

pyridine 
.08g res. 
.Olg prod. 

piperidine 
,02g res. 

2,4,6'trimethyl 
pyridine 

,.llg res. 
.Olg prod. 

ethylene 
diamine(E.D.) ,07g prod. 

.46g res. 

.l4g prod. 
N,N,N*,N * - 
T.M.E.D. 

.12g res. 
,08g prod. 

17 hrs. .23g res 
.20g prod. 

PPh /E.D. 
.Olg res. .13g res. 

3 
None 

.Olg res. ,05g res. 
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TABLE IV 

LIGAND SYSTEMS 

methylene trans cls trimers 
dimer dimer dimer 

(n-C H ) P 
** 9 3 

(n-C H ) P 71.3355 10.75$  1-17.9$ 
8 17 3  

PPh 
3 

88 2.1 9.9 

(CH 0) P 
3 3 

24.5 30.9 2.8 1-41.8 

(PhO) P 
3 

2.9 13.2 4.4 1,1-79.5 

(o-PhC H 0) P 
6 il 3 

28 -21- unidentified-51 

PPh /(CH 0) P 
3 3 3 

85 -15- 

pyridine major 

piperidine 
2,4,6 trimethyl 
pyridine 40.5 5*1.1 5.*» 
ethylene 
diamine 3-29;unidentified-64 mm “ 
N,N,N',N ' - 
T.M.E.D. 52.5   13.12 1-18.8; 2-1.9; 3-15.6 

PPh /E.D. 
3 

None 
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Phosphines, as a group, were considered first. When 

one compares (C H ) P to PPh noticeable differences are 
8 17 3 3 

observed. The time required for the formation of product 

is much longer for (C H ) P than for PPh . And more trimer 
8 17 3 3 

products, mainly 1, are observed with (C H ) P , in fact, 
8 17 3 

at least 1J times more. One reason for this difference 

might be that PPh is a better 7T electron donor and streng- 
3 

thens the metal-acetylene O'-bond through backbonding, pre¬ 

venting, to a degree, trimerization. n-Butyl phosphine, 

with no recovered yield of products, has even less steric 

requirements and less backbonding ability for oligomeriza-.' 

tion of the 1-alkynes. The initial addition of 1-pentyne 

could form a very weak CT -bond with the palladium and then 

be released again before oligomerization can occur. If 

one refers to the reference concerning stable metal-hydride 
10 

complexes , it is stated that PPh is required to stabilize 
3 

the metal hydride and, in extention, the acetylene complex. 

This observation is only true for the transition metals of 

the lower left hand side of the periodic table. As one 

shifts towards the upper right portion of the table CO 

seems to stablize the metal hydride complexes. My results 

are compatible with Kaesz's conclusions regarding the 

nickel triad metals. 

When phosphites, electron withdrawing ligands, were 

used moderate yields of trimers and the trans dimer were 

formed. Thus methyl phosphite, after 2^i hours, had a 21% 

yield based on 1-pentyne. The composition of the mixture 
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Is: trimer ^L-Ml. 855 , trans dimer-30.9?» methylene dimer- 

2H.5%* This phosphite probably increases the rate of forma¬ 

tion of metal hydride and its subsequent release. As the 

electron withdrawing properties of the phosphites increase, 

hence increasing their propensity to form<r-bonds, the yield 

of trimers Increases as evidenced by the reaction products 

obtained with phenyl phosphite. Despite the lower yield, a 

large portion (79.5$) of the observed products were trimers 

(1,2, and unidentified). With (o-PhC H 0) P the total yield 

6 U 3 
is reduced, probably a consequence of steric hindrance. 

When (CH 0) P and PPh are combined a higher yield of 

3 3 3 
product is observed. Greater than 85Æ of the total yield is 

6-methylene-nona-it-yne with no trimer formation. Perhaps 

the phosphite Increases the rate of addition of hydride and 

then the phosphine stabilizes the system more than if only 

(CH 0) P were present. An optimum reaction condition could 

3 3 
exist here with the methyl phosphite being trans to the 

hydride and the triphenyl phosphine, trans to the acetylene. 

When ethylene diamine and N,N,N',N'-tetramethyl ethy¬ 

lene diamine are used as ligands high yields of trimers are 

observed. With ethylene diamine a 14$ yield of products, 

9355 being unidentified trimers, were observed. With N,N,N'i 

N'-tetramethyl ethylene diamine an overall yield of 20% 

(52.5/&-6-methylene-nona-Jl-yne, l8.855-trimer.l_, 1.955-trimer1 .. 

2, and 15.555-trimer 3) was observed. It is possible that 

the electron donating effect of the bidentate amines had 

some influence on the metal hydride formation. All of the 
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other amines gave poor results even though one of them, 

piperidine, is a stronger base (electron donating for cr-bond 

formation). The fact that ethylene diamine and N,N,N,,N’- 

tetramethyl ethylene diamine are bidentate seems to be an 

important factor in the reaction. 

All of these results seem to concur with the mechanism 
18,19 14,15, 

proposed by Meriwether and elaborated by Maitlis 
22 

except for the puzzling formation of the els dimer of 

the alkyne, 1-pentyne. 
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OTHER INVESTIGATIONS 

Several approaches to the theoretically interesting 

hydrocarbon heptafulvene were investigated. _One relied on 

the recently reported 7-methylene-bicyclo[l| ,1,0] oct-2-ene 

as a point of departure. However attempts to selectively 

brominate this material as shown in the scheme below were 

unsuccessful. 
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Other unsuccessful approaches are adumbrated below 

without special comment. It is now felt that the dichloro- 

,-A MaHH A_=V\ Pll/C 
» 

AAA/ wcci.v 
TIBACr 

KOtBUv 
DM SO ' 

AAZ-— cope^. 



KOtBlU 
DMSO * o air ' :x> 

o -Hi 
KOtBU' ■P 

p KOtBUv 
DMSO' 'P 

“ o= 
 > o 

o 
Dr 

NBS v 

hv * b D 1 

P) KOtBUv 
DMSO' xO 

KOtBUv 
DMSO * 

> 

HCCi^v 
KOtB|| ' 

KOtBUv 
DMSO ' 



33 

carbene adduct of 1,4-cycloheptadiene would be the precursor 

of choice. The lack of suitable syntheses of the 1,4-cyclo- 

heptadiene discouraged further work in this area. 
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EXPERIMENTAL 

General: Infared spectra were recorded on a Beckman IR-8 

spectrometer. NMR spectra were recorded In CCI on a Varlan 
M 

A-56/60-A or a Perkin-Elmer R-12 spectrometer. All results 

are reported in S values downfield from TMS. Glc analyses 

were performed on an Autoprep Model A-700 gas chromatograph 

with a thermal conductivity detector using a 6 ft by 1/M in 

column packed with 20% SE-30 on Chromosorb P (non-acid 

washed 80/100 mesh) and operated at 180°C with helium as the 

carrier gas (flow rate was 150 ml/min). A Cary-17 was used 

to record UV spectra. Mass spectra were obtained with a 

double focusing C.E.C. 21-110B mass spectrometer (Matlauch- 

Herzog design). All yields were calculated from glc and 

nmr data. 

THF was distilled from sodium-benzophenone ketyl 

immediately before use. Et N was dried over KOH and dis- 
3 

tilled from CaH . Glacial HOAc was dried over CuSO » 
2 M 

Dimerization of l-pentyne in THF using a Pd(AcAc) -PPh 
2 3 

catalyst. Palladium acetylacetonate(0,1922g.; 0.0006m.) and 

triphenylphosphine(0,2902g.; 0.001m.) were dissolved in 

50ml. of nitrogen purged THF. Upon addition of 2g.(0.029m.) 

of l-pentyne the solution became pale yellow and after a 

few minutes of heating at 65°C became black. The reaction 

mixture was then allowed to cool and washed with distilled 

water and petroleum ether. Vacuum distillation at reduced 

pressure gave a mixture of dimers, bpt. 55-60°C/5.5mm., 
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which were shown by gas chromatography to be 6-methylene- 

nona-4-yne, cls-dec-4-ene-6-yne» and trans-dec-4-ene-6-yne. 

(1) 6-methylene-nona-4-yne: nmr(CCl ) & 1.08(t,6H), 
4 

l*59(m,4H), 2.2(m,4H), 5.l4(d,2H); mass spectrum m/e 
+ 

168(M ); glc retention time 110 sec.; yield lk.3%. Nmr 

spectrum in appendix. 

(2) cls-dec-4-ene-6-yne: nmr(CCl ) 8 1.09(t,6H), 
k 

1.5(m,4H), 2.2(m,4H), 5.07-5.8(m,2H,J=llHz.); glc reten¬ 

tion time 130sec.; yield 2.125?. Nmr spectrum in appendix. 

(3) trans-dec-4-ene-6-yne: nmr(CCl )8 1.09(t,6H), 
4 

1.32(m,4H), 2.9(m,4H), 5.0-6.l(m,2H,J*21Hz.); glc reten¬ 

tion time 165 sec.; yield 1.065?. Nmr spectrum in appen¬ 

dix. 

Dimerization of 1-pentyne in Et N using a Pd(AcAc) -PPh 
3 2 3 

catalyst. Palladium acetylacetonate(0.3050g., 0.001m.) 

and triphenylphosphine(0.584g., 0.002m.) were added to 30 

ml. of nitrogen purged Et N. Initially the solution was a 
3 

pale yellow, upon addition of l-pentyne(4g.,0.058m.) it ' 

turned pale orange. Within two or three minutes the reac*- 

tion mixture was red-black. For 42 hours the mixture was 

held between 90° and 100°C. An acetone-soluble red pre¬ 

cipitate plated out on the pressure bomb. Work-up consisted 

of washing with water and petroleum ether. The ether layer 

was dried over Na SO and vacuum distilled at 5.5mm.; 6- 
2 4 

methylene-nona-4-yne(3.65?), cis-dec-4-ene-6-yne(0.795?), 

trans-dec-4-ene-6-yne(l. 3^5?). 
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Dimerization of 1-pentyne In HOAc using a Pd(AcAc) -PPh 
2 3 

catalyst. Palladium acetylacetonate(0.l690g., 0.0005m.) 

and triphenylphosphine(0.292g., 0.001m.) were added to 50ml. 

of degassed glacial acetic acid. 1-Pentyne(2,0g.,0,029m.) 

was added and the solution heated at 110°C for 5 hours. 

After cooling, the reaction mixture was washed with water 

and petroleum ether and dried over Na SO . Products were 
2 H 

isolated after vacuum distillation at 5.5mm.; 6-methylene- 

nona-4-yne(6.7$)> cis-dec-4-ene-6-yne(0.55%), trans-dec-4- 

ene-6-yne(0.46#). 

Dimerization of 1-pentyne in HOAc using a Pd(OAc) catalyst. 
2 

Palladium acetate(0.002g., 0.001mm.) was added to degassed 

glacial acetic acid(1.68g., 0.0294m.). The reaction mix¬ 

ture became yellow when l-penytne(lg., 0.0147m.) was added 

but rapidly turned dark. It was heated for 12 hours at 95°. 

Water and hexane were used as wash solvents and Na SO for 
2 4 

drying. Products were isolated after vacuum distillation 

at 5.5mm. ; 6-methylene-nona-4-yne(20.8$), cls-dec-4-ene- 

6-yne(1.73$)» trans-dec-4-ene-6-yne(1.44%). 

Dimerization of 1-pentyne in Et N/HOAc using a Pd(AcAc) - 
3 T~ 

PPh catalyst. Palladium acetylacetonate(0.0003g., 0.001mm) 
3 

and triphenylphosphine(0.0002g., 0.001mm.) were added to 

glacial acetic acid(0.84g.,0,0l47m.\ and Et N(1.48g., . 
3 

O.Ol47m.) in a nitrogen atmosphere. After 5 hours at 95°C 

the reaction mixture was washed with water, HaHGJO , and 
3 

hexane: and dried over Na SO . The products were vacuum 
2 4 
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distilled at 55°/5.5mm. ; 6-methylene-nona-4-yne(21.125?), 

cls-dec-4-ene-6-yne(0.53SQ, trans-dec-4-ene-6-yne(0.53%). 

Dimerization of 1-pentyne using Cu 0» According the method 
8 2 

of Garner , Cu 0(0.21g.; O.OOl47m.) was added to 11; ml. 6f 
2 

boiling glacial acetic acid (118°C). 1-Pentyne(lg., 

0.0l47m.) then was added and refluxed for 20 min. in a 50 ml 

3-necked-round bottom flask. An addition funnel was used 

for the addition of 1-pentyne. A work-up with water and 

hexane followed. The organic layer was dried over Na SO . 
2 4 

The products were vacuum distilled at 55-60°C/ 5.5mm.; 

cls-dec-4-ene-6-yne(3>5%),trans-dec-4-ene-6-yne(16.5%), and 

4,6-decadiyne(5*77%). Spectral methods were employed for 

the identification of 6-decadiyne; nmr(CCl ) S 1.0(t,6H), 
1.52(m,4H), 2.4(m,4H); ' glc retention time 180 sec.. Nmr 

spectrum in appendix. 

EFFECT OF VARIOUS OTHER LIGANDS ON PRODUCT COMPOSITION 

These reactions were run as outlined below. 0.003g. 

(0.001mm) of Pd(AcAc) , 0.001mm. of ligand, 1.48g.(O.Ol47m.) 
2 

of Et N, and 0.84g.(0.0147m.)' of HOAc were combined in a 
3 

pressure bomb and with stirring thoroughly purged with 

nitrogen. After several minutes lg.(O.Ol47m.) of 1-pentyne 

was added and the bomb sealed. The reaction was then heated 

at 95°C for the appropriate time. Data are tabulated in 

Table II(page 18). After work-up the products were vacuum 

distilled. At 5*5mm. of pressure the dimers of 1-pentyne 
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distilled at 60°C and the trimers , at 80-115°C. Further 

separation was accomplished via the 2055 SE-30 gas chroma¬ 

tography column described earlier. 

(n-C H ) P. After 24 hours 0.13&* of residue remained. It 
4 9~3~ 

was not possible to isolate the normal dimers and trimers. 

A broad absorption was observed in the nmr(CCl ) of the 
4 

residue from S 0.6 to 2.6. 

(n-C H ) P. After 46 hours .10g. (10J5‘ yield) of dimers 
8 17 3 

and trimers were formed. Of this 0.10 grams, 71*33% was 

6-methylene-nona-4-yne, 10.7555 was trans-dec-4-ene-6-yne, 

and 17 * 955 trimer 1. .15g. of residue remained. A strong 

peak at & 4.7 appeared in the mmr(CCl ) spectrum of the 
4 

residue in addition to a multiplet between S 0.5 and 2.5,. 

Trimer 1 has the following spectral properties: nmr(CCl ) 
4 

8 0.7(q»9H), 1.2-1.8(m,6H), 1.8-2.4(m,6H), 4.7-6.15*9,2H), 
-1 -1 -1 

and 5.3-5.5(m,lH); ir(neat) 3095cm , 3030cm , 2220cm , 
-1 -1 -1 -1 

1760cm , 1680cm , 1610cm , and 880cm ; mass spectrum 
+ 

m/e 204(M ); uv(cyclohexane) 265 nm. C =28,402; glc 

retention time 9 minutes. 

PPh . Maximum dimer yield was obtained after only 2 hours, 
3 

polymerization becomes a major problem after 5 hours of 

heating. ,25g.(25/5 yield) of dimers were isolat ed-8855 being 

the methylene dimer, 9.955 , the els isomer, and 2.1/5, the 

trans isomer. Less than 1.055 of the products was trimer 1. 

0.08g. of residue remained. 
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(CH ) P. After 24 hours 0.21g. (2156 yield) of dimers and 
3 3 

trimers were isolated. 24.55? of this was the methylene 

dimer, 2.8$, the els dimer, 30.95?» the trans dimer, and 

4l.8$, trimer 1. 

(PhO) P. After 24 hours 0.02g. of products were isolated. 
3 

2.9$ was the methylene dimer, 4.4$ was the els dimer, 13*2$ 

was the trans dimer, and 79.5$ was composed of trimers 1 and 

2. 0.l8g. of residue remained with an nmr(CCl ) absorption 
4 

at & 0.6-2.6. Trimer 2 has the following spectral pro¬ 

perties: nmr(CCl ) S 0.7-1.l(q,9H), l.l-1.6(m,6H), 1.7 
4 

(s,3H), 1.8-2.4(m,6H), 2.6(S,1H), and 4.7-6.1(m,lH); ir 
-1 -1 + 

(neat) 3010cm , and 1635cm ; mass spectrum m/e 206(M ); 

uv(cyclohexane) 250 nm. £=26,300; glc retention time 10 

minutes. 

(o-PhC H 0) P. After 24 hours 0.04g.(4.0$ yield) of pro- 
S"T» 3~ 

ducts were isolated; 21$ was the cis and trans dimers, 28$ 

was the methylene dimer, and 51$ was unidentified trimers. 

The nmr(CCl ) of the mixture contained absorptions at S 7.05 
4 

and 0.6 to 2.6, both of which were multiplets. 

PPh /Ch 0) P. After 24 hours 0.33g.(33$ yield) of dimers 
3 3 3 

were isolated. Greater than 85$ of these was the methylene 

dimer. The approximate per cents of cis and trans dimer 

could not be estimated. 0.3^g. of residue remained. A total 

of 67$ conversion was observed with this ligand system. No 

trimers were observed. 

Pyridine. After 2 hours less than 1.0$ dimers were observed 



with the main dimer being methylene. 0.08g. of residue 

remained. 

Piperidine. Only 0.02g. of residue remained after 2 hours. 

No dimers or trimers were seen. 

2,4t6-Trlmethyl pyridine. After 2 hours less than 1.0$ 

products were observed. However all dimers were in evidence 

with 40.5$ as the methylene dimer, 5*4$, the els dimer, and 

54.1$, the trans dimer. O.llg. of residue remained. 

Ethylene diamine. After 24 hours 0.l4g.(l4$) of products 

were distilled. 6.5$ was the trans dimer, 64.5$ was uniden¬ 

tified trimer, and 29.0$ was trimer 3» 0.46g of residue re¬ 

mained. Trimer 3 has the following spectral properties: 

nmr(CCI ) S 0.7-1.2(m), 1.2-1.9(m), 2.0-2.4(m), and 4.1- 
4 -1 

5.9(m); ir(neat) 3040cm ; mass spectrum m/e may be 204, 
+ 

207, or 236(M ); uv(cyclohexane) 252nm. € =36,280; 

glc retention time 15 minutes. 

N, N,N',N*-tetramethyl ethylene diamine. After 17 hours 

O. 205g.(20.5$) of product was observed: methylene dimer, 

52.5$; els dimer, 13.12$; trimer*1, 18.75$; trimer 2, 1.9$; 

and trimer 3» 15.63$. 0.23g. of residue remained. 

PPh /Ethylene diamine. After 24 hours 0.13g. of residue re- 
3 

mained. There was no evidence for dimers or trimers. 

No ligand. After 24 hours 0.05g. of residue remained. No 

evidence for dimers or trimers was present. 
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