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ABSTRACT 

Piperylene concentrate is a complex mixture of 5- carbon 

unsaturated hydr ocar bons obtained as by-products when naptha or 

gas oils are cracked . The major component in this mixture is 

1,3-pentadiene. 

The cyclodimerization of 1,3-pent adiene in piperylene 

concentrate by using a nickel catalyst was studied. Various types 

of ligands were used in the preparation of tbe nickel catalyst. 

The e feet of each ligand on activity of the catalyst in dimeriza­

tion of diene, on conversion, and on yield of reaction were 

in estigated . The effect of react i on conditions, such as temper­

ature, pressure, and r eacti on t ime, on converslon of monomer, 

yield of dimer, and select i vity of catalyst were determined. 

The activity of catal yst on dimerization of pure 1,3-penta­

diene and isoprene also wer e studied. 

Production of vari ous by-products during cyclodimerization 

of 1, 3- pentadiene in piperylene concentrate mixture was a major 

problem in separation of dimer from these by-products. 



ACKNOWLEDGEMENTS 

The author wishes to express his appreciation to Dr. Guy 

Mattson for his personal guidance and patience during the course 

of this project ; and to Dr. Chris A. Clausen, Dr. Graeme 1. Baker, 

and Dr . John T. Gupton for their suggestions and encouragement 

leading to the completion of this work. 

iii 



CONTENTS 

Introduction 1 

Uses of Various Components in the Piperylene 
Concentrate 3 

1,3-Pentadiene 3 

Cyclopentene 5 

Isoprene 7 

Cyclopentadiene 7 

Oligomerization and Co-Digomerization of 1,3-Dienes 7 

Cyclodimerization of 1,3-Butadiene 10 

Cyc1otrimerization of Butadiene 11 

Cyclic Oligomerization of Substituted 1,3-Dienes 13 

Cyc1otrimerization of Substituted 1,3-Dienes 14 

Cyc1odimerization of Substituted 1,3-Dienes 16 

Thermodynamics 22 

Experimental 25 

Synthesis of Tris- ortho-biphenyl Phosphite 31 

Preparation of Catalyst 34 

Cyc1odimerization of 1,3-Pentadiene 35 

Separation of Unreacted Starting Materials From 
Products 36 

Separation of Isomers of Dimer 37 

Results and Discussion 39 

Mechanism of Catalyst Formation 39 

Cyclodimerization by Ni-Lig With Triphenyl 
Phosphine as Ligand 41 

Cyclodimerization With Ni-Lig (Lig = Triphenyl 
Phosphite) 42 

Cyclodimerization With Ni-Lig (Lig = Tri- and 
Diphenyl Phosphite) 43 

iv 



CONTENTS (cont.) 

Page 

Cyclodimerization With Ni-Lig Catalyst Where 
Ligand = (C6H

5
-2-C6H4o) 

3
P 50 

Cyclodimerization of 1,3-Pentadiene 99% 55 

echanistic Considerations and Effect of Ligand 
on Activity and Selectivity of Catalyst 58 

Conclusions 64 

Reference 66 

v 



LIST OF TABLES 

Table Title Page 

I Typical Composition of Piperylene Concentrate 2 

II Physical Properties of 1,3-Pentadiene Polymers 4 

III Catalyst Systems for Polymerization of Cyclo-
pentene 7 

IV Cyclodimerization of Butadiene With Nickel-
Ligand Catalysts 12 

V The Cyclodimerization of ~ethyl-Substituted 
1 3-Dienes 17 

I Thermochemical Data For 5-Carbon Unsaturated 
Compounds 23 

VII Physical Properties of Dimers 24 

VIII Specifications of Reagents and Instruments For 
Synthesis and Analysis 26 

IX Approximate Retention Times for Components In 
Piperylene Concentrate On Steel Column 28 

X Specification of Glass Columns Used For Analysis 
of Oligomers 30 

XI Retention Times of Oligomers on OV-1 Glass 
Columns 32 

XII The Data For Cyclodimerization With Ni- Lig = 1: 1 42 

XIII Data of Cyclodimerization of Diene With Ni- Lig = 
1:1 Catalyst (Ligand= Triphenyl Phosphate) 44 

XIV Cyclodimerization of Piperylene Concentrate and 
Isoprene With Ni-Lig (Ligand = Di- and Triphenyl 
Phosphite ) 48 

XV Cyclodimerization of Piperylene Concentrate and 
· Conversion of Other Components 49 

vi 



Table 

XVI 

XVII 

XVIII 

IX 

XXI 

LIST OF TABLES (cont.) 

Title Page 

Results of Cyclodimerization With 
(C6H

5
-2-C6H4o)

3
P as Ligand in Ni-Lig Catalyst 53 

Comparison of Various Ligands and Their Effect 
On Yield 54 

Effect of Ni-(C 6H
5

- ortho-c6H4o) P on Piperylene 
Concentrate 56 

Cyclodimerization of Pure 1,3-Pentadiene With 
Ni- Lig= 1:1 (Ligand= (C6H

5
o)

3
P or 

(C6H
5

-2-C6H4o)
3
P 57 

Effect of Ligand in Ni-Lig Catalyst on Rate 
and Yield of Products 59 

Position of CH~-Group in Phenyl Group of Phosphite 
and Its Relati~nship With Rate and Conversion 60 

vii 



Figure 

l 

2 

3 

4 

5 

6 

7 

LIST OF FIGURES 

Title Page 

Various synthetic routes from piperylene. 6 

General reactions for dimerization and 
codimerization . 15 

Effect of reaction time on yield and conversion 
(Ligand = c6H

5
o)

3
P) . 45 

Effect of temperature of reaction on conversion 
(Ligand = (C 6H

5
o)

3
P) . 46 

Effect of reaction time on conversion and yield. 51 

Effect of temperature of reaction on conversion 
and yield . 52 

1echanism of dimer formation. 63 

viii 



INTRODUCTION 

Tremendous amounts of ethylene and propylene are produced each 

year by thermal cracking of condensate from natural gas1 . However, 

due to decreasing production of natural gas, there is a trend towards 

the use of heavier napthas and gas oils as cracking stock. 

Due to the large amounts of ethane in the lighter gases, 

relatively small amounts of by-products are formed on the thermal 

crac g. When the heavier napthas and gas oils are cracked, large 

aunts of by- products are produced . The objective of this project 

as to investigate potential uses for a by-product stream consisting 

of a ixture of 5- carbon unsaturated hydrocarbons. 1,3-Pentadiene 

i the major component of this mixture which is known as piperylene 

concentrate . A typical composite of piperylene concentrate is 

shown in Table I. 

The composition of piperylene concentrate is not constant, 

and depends on the conditions of cracking employed. The more 

severe the cracking conditions are, the greater the diene content. 

The total production of piperylene concentrate from cracking 

of napthas and oil gases has been estimated to be approximately 

2 five million tons per year . 

Despite the large volume piperylene concentrate produced 

each year, few commercial uses have been developed. A large 

amount of piperylene concentrate is being used as fuel for furnaces. 

A few types of plastisizers and softening agents for resins have 



TABLE I 

Typi cal Composition of Piperylene Concentrate 

Component 

2-methyl - 1- butene 

2-methyl- 2- butene 

cyclopentane 

isoprene 

cyclopentene 

trans- 1,3-pentadiene 

cis-1,3- pentadiene 

cyclopentadiene 

Remainders* 

Welght Percent 

1.3 

10.1 

1.8 

0.57 

27.5 

34.0 

20.0 

1.0 

3.8 

* consists mainly of G to 6 unsaturated hydrocarbons, 

benzene, dicyclopentadi~ene , and other heavy materials. 

2 
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been obtained by processes using piperylene concentrate as starting 

material, but the impurities in piperylene concentrate impair the 

quality of various products that may be obtained. 

It has been the specific objective of this project to cyclo-

dimerize the conjugated 1,3-dienes which are present in piperylene 

concentrate including trans- and cis-1,3-pentadiene (major) and 

isoprene (minor). The boiling points of isoprene and 1,3-pentadiene 

are 37 and 42°C respectively, whereas the boiling points of dimer 

t imer are 176 and 260°C respectively. Therefore, the dimer and 

trimer could be separated from the remainder (unreacted components) 

by a simple distillation . 

arious Components in the Piperylene Concentrate 

A number of uses of potential commercial importance have been 

reported for the various components in piperylene concentrate. A 

practical means of separating these components would therefore 

markedly increase the value of this by-product stream. 

1,3-Pentadiene 

1,3-Pentadiene has been of recent interest because of its use 

in the preparation of novel polymer structures3' 4 

A comprehensive review of 1,3-pentadiene polymers by Petrov 

and Genusov discusses preparation, physical and chemical properties 

through 19555. 

In the polymerization of 1,3-pentadiene several pure polymeric 

structures are possible because there are two sites in the monomer 

that may give rise to stereoisomers, i.e., the polymers are 
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ditactic6' 7. The conjugated double bond system may give rise to 

1,4; 3,4; or 1,2 addition, and the asymmetric carbon atom bearing 

the side methyl group be either isotactic or syndiotactic. Thus, 

there are four possible 1,4 addition stereoisomeric polypentadienes: 

the isotactic and syndiotactic cis-1,4-(a) and (b), and a similar 

trans- 1, 4 pair . 

H H 
I I 

H /C=C 

H C-C 
2 / 

CH3 

H H 
I I 

CH3/C==C 

H c-c H c~ 
2 / 2 

H 

(a) Syndiotactic cis-1,4- poly-1,3-pentadiene 

(b) Isotactic cis-1,4-poly-1,3-pentadiene 

Physical properties of these polymers are shown in Table II. 

TABLE II 

Physical Properties of 1,3-Pentadiene Polymers 

tran - 1,4-isotactic 

cis-1 4-syndiotactic 

cis-1 4-isotactic 

m.p. 

96 

37-53 

44 

With the homogeneous catalysts of alkylaluminum chloride and 



cobalt acetylacetonate only the trans monomer polymerizes and does 

so to form the syndiotactic cis-1,4-polypentadiene3, 4,B,9. 

5 

Besides its use in the preparation of polymers, a most inter-

esting potential for commercial application for piperylene is the 

development of catalytic routes to c6, c8, c10, c12 member ring 

compounds10, (Figure 1) . These materials offer a new series of 

fundamental starting materials for organic synthesis. They may be 

converted to dicarboxylic acids or lactams known to be valuable 

starting materials for plastics, polyamides, and polyesters. 

Although the dimer and trimer of 1,3-butadiene, 1,5-cyclo-

octadiene (COD) and 1,5,9- cyclododecatriene (CDT) are commercially 

available only the trimer of 1,3- pentadiene 1,5,9-trimethyl-cyclo-

dodeca-1,5,9-triene is a commercial product. 

Cyclopentene 

Cyclopentene is one of the major components in piperylene 

concentrate . The primary mechanism for the polymerization of cyclo-

pentene is by ring openings. The opening of a cycloolefin gives an 

unsaturated structural unit, which may have a cis or trans config-

t . 3,11,12 ura 1on . 

n 
( -CH=::CH- ( CH2 )- CH2- )n 

Physical properties and catalyst systems for polymerization of cyclo-

pentene are shown in Table III. 
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i 
~ 

:;:;.. 
or 

~ 
~ 

I \ 
)=C N 

Figure 1. Various synthetic routes from piperylene. 



TABLE III 

13 14 Catalyst Systems for Polymerization of Cyclopentene ' 

[ - CH=CH- (CH ) -] -CH-CH-
Temp. of 2 n 

7 

Catallst S~stem Polymer Trans Cis (c()n Structure 

TiC14- l(C2H5)
3 -30 97 3 0 crystal-

line 

~~c1 6- 1 ( c2H
5

) 
3 

-30 90 10 0 crystal-
line 

oc15- l(C2H5)
3 

-30 99 0 crystal-
line 

Isoprene 

Various catalyst systems have been used for polymerization of 

isoprene. The structure of polyisoprene is dependent upon the ratio 

of catalyst components, the reaction temperature, and solvent. 

Polymerization of isoprene with Ziegler Natta catalysts, 

A1R3 + TiC13 (or TiC14 VC1
3

, vc14, etc.) gives cis-1, 4- and cis-3, 4-

polyisoprene depending what catalyst is used6. 

Cyclopentadiene 

The polymerization of cyclopentadiene with triisobutylaluminum 

titanium tetrachloride catalyst system is reported to yield poly­

cyclopentadiene with 1,4-structure15 . The versatile reactivity of 

an active methylene group and double bond conjugation. 

Oligomerization and Co-Digomerization of 1,3-Dienes 

The discovery in 1952 by K. Ziegler and his co-workers that 

ethylene reacts with triethyl aluminum in the presence of nickel to 
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. 16-22 produce 1- butene has had great lmportance . 

In 1949 it had been discovered that long-chain aluminum-~lkyls 

could be produced by the repeated insertion of ethylene molecules 

into the Al-C bond. This growth reaction terminated, however, after 

the statistical insertion of approximately 100 molecules. 

Al-CH2- cH
3 

+ CH2=CH2 --+ Al- CH2CH2CH2CH
3 

Al-CH2CH2 (cH2CH2)nCH2CH
3

--:;,. Al-H + CH2=CH(CH2cH2)nCH2CH
3 

Al-H + CH =CH ~ Al- CH - CH 2 2 2 3 

t the end of a long series of experiments a new and initially 

un elcomed effect suddenly made its appearance: termination occurred 

after one insertion step and 1-butene was produced practically 

quantitatively23 . A search for the origin of this phenomenon showed 

that it was associated with traces of nickel salts present in the 

autoclave, which was made of chrom-nickel steel and, in contrast to 

normal practice had been cleaned with nitric acid. This effect 

became known as the trnickel effect.n 

As it was suspected that metalic co-catalysts may have caused 

premature chain termination in the original insertion reactions, a 

systematic study of the effect of other transition metals was 

undertaken and resulted, in the Fall of 1953, in the discovery of 

the Ziegler catalysts and the low-pressure polymerization of ethylene. 



The remarkable ability of certain complexes derived from 

nickel carbonyl to oligomerize acetylenic compounds to cycloocta­

tetraene was first discovered by Reppe and Schweckendick24 . This 

eight membered ring synthesis, and also the preparation of cyclic 

products from strained olefins (e .g., bicycloheptatriene) and 

acrylonitrile have been adequately reviewed elsewhere25. 

9 

As early as 1954, Reed26 , 27 had shown that butadiene reacts in 

the presence of nickel containing catalysts to produce cis,cis-1,5-

c clooctadiene. The catalyst employed was the so-called "Reppe-type 

Catalyst " (Lig) 2 i(C0) 2; where ligand = phosphine orphosphite, 

hich was previously activated with acetylene. Among others, Reppe 

himself had shown that this catalyst system was able to convert 

ubstituted olefins to six membered ring compounds. 

A thorough investigation of the catalytic properties of nickel 

in its lower valency states could only be undertaken after a re­

search group at Mlllheim in West Germany had succeeded in isolating 

carbonyl-free nickel catalysts containing a stoichiometric ratio of 

metal to ligand. The extremely active catalyst containing zero-

valent nickel may be prepared very easily using the method discovered 

by Wilke et a1. 28 , whereby nickel acetylacetonate is reduced with an 

org~oaluminum compound (e.g., diethyl aluminum ethoxide or triethyl­

aluminum) in the presence of a suitable ligand - phosphite, phos­

phines and oligo-olefins (e.g., 1,5-cyclooctadiene and 1,5,9-cyclo­

dodecatriene) have been shown particularly effective. In the absence, 

or with a deficiency, of such stabilizing ligands the reduction of 
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nicke l-acetylacetonate leads to the precipitation of metallic 

nickel. Phosphites and phosphines serve as the electron donating 

ligands . 

As yet no oligomerization or co-oligomerization products of 

butadiene have been commercially produced by processes using nickel-

containing catalysts: 1,5,9-cyclodecatriene is synthesized using 

titanium-based catal ysts and 1,5-cyclooctadiene is not manufactured 

on a large scale . The s ituation in the latter case, and in the case 

of imethyl- 1 5- cyclooctadiene, however, may change with the develop-

ment of new synthesis of polymers based on the metathesis of cyclo­

olefins29 . 

Gyclodimerization of 1 3- Butadiene 

As a result of investigations on the thermal oligomerization 

of butadiene a number of cyclic hydrocarbons which are difficult 

to obtain by other methods, such as 1-vinyl-3-cyclohexene and 

1 5- cyclooctadi ene can now be easily prepared. These products are 

accompanied , according to Reed26, by small quantities of 1,3,7-

octatriene formed by open-chain linkage of two butadiene molecules. 

Although the cyclic hydrocarbons are formed from butadiene in a 

remarkably simple manner, the reaction conditions and the yield 

m~ke t he ther mal oligomerization of butadiene unsuitable for large 

scale synthesis30 . 

The dimerization of butadiene to cyclooctadiene in the 

presence of nickel catalyst was first described briefly by Foster31. 

Shortly afterwards, Reed dimerized butadiene with the catalyst 
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used by Reppe et al. for the cyclization of acetylene. 1,5-Cyclo­

octadiene was obtained in 30%-40% yield when nickel carbonyl phos-

phines and nickel carbonyl phosphites were used. 

Wilke32 , finally succeeded in showing that nickel catalysts 

containing no carbonyl groups are indeed the most active catalyst, 

and the catalysts are poisoned by carbon monoxide. He used com-

ple. es of nickel(O) which were obtained by reduction of nickel 

salts .it metal alkyls in the presence of electron donor ligands. 

The reduction of nickel(II) in the presence of butadiene as 

the only a ailable ligand (i.e., naked nickel- a nickel complex 

from hich all the bonded ligands are easily displaced by buta-

diene) produces a catalyst which is able to trimerize butadiene to 

a mixture of 1,5,9-cyclododecatriene isomers38 . 

The cyclotrimerization reaction described above can be 

converted into a cyclodimerization reaction by blocking one of the 

vacant coordination positions around the nickel atom26 ,30,32. 

Phosphines and phosphites in the ligand-to-nickel ratio of 1:1 

have been found to be particularly effective. 

The main products of the complete conversion of butadiene 

(e.g. at 80°C and atmospheric pressure) are cyclooctadiene (COD) 

and. VCH (vinyl cyclohexene ). The ratio of COD to VCH is dependent 

on the ligand attached to the nickel atom (Table IV). 

Cyclotrimerization of Butadiene 

In 1956, Wilke discovered that certain Ziegler Natta catalysts 

containing titanium bring about the ready cyclotrimerization of 



TABLE IV 

Cyclodimerization of Butadiene With Nickel-Ligand Catalysts34 

% of Product 

VCHp 

COD 

CDT 

> 012 

Gm . butad1ene/gm 

(2) = P(C6Hll)3 

( 3 ) = p ( C 6H5 ) 3 

(4) = P(OC6H
5

)
3 

(1) 

5.8 

17.3 

60 .4 

14 .1 

i/br 20 

( 5) = P( oc6H
5

) 
2 

( O-C 6H4 -O-C6H
5

) 

(6) = P(O-C6H4-o-c6H
5

)
3 

(2) 

39.6 

41.1 

14.4 

4.8 

35 

(3) (4) (5) (6) 

26.8 7.4 5.8 3.1 

64.3 81.1 88.4 96.5 

6.0 9.2 4.4 0.2 

2.8 2.3 2.4 0.2 

180 100 190 780 

12 
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butadiene to give high yield of trans,trans,cis -1,5,9-cyclododeca-

triene . The titanium catalyst is very selective and extremely 

active. 

Ligand- free zero valent nickel can also cyclotrimerize 

butadiene to 1,5,9-cyclododecatriene (CDT) . A "ligand-free" zero 

valent nickel catalyst is defined as a system in which the only 

ligan s associated with the metal are organic groups readily 

displaced by the reactant . 

of Substituted 1,3-Dienes 

Extension of the study of cyclization reactions to substituted 

butadiene was restricted to methyl substituted species for the 

follo in reasons35 : 

(a) the starting materials (isoprene, cis- and trans-pipery-

lene) are available in large amounts; 

(b) the stereochemistry of the reaction products would pro-

vide insight on the reaction mechanism; and 

(c) the configuration of products could be relatively easily 

determined by gas chromatography, and the usual physical 

and chemical methods. 

The method used by Heimbach et a1. 34 to identify the various 

. f d t h t d. . s l 36 ' 37' 38 
1~omers orme , warran s a s or 1gress1on. evera groups 

have made use of the fact that by using a deficiency of methylene 

groups (generated by irradiation of diazomethane), insertion occurs, 

to give the corresponding methyl compound, to an extent which 

reflects quite accurately the number and ratio of the different types 
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of C-H groups present in the molecule. The products are therefore, 

relatively easy to identify by gas chromatography. Furthermore, the 

number of products from the dimerization of methyl-substituted 

butadiene is restricted. General reactions for cyclic dimerization 

and codimerization of substituted 1,3-butadiene are shown in 

Figure 2. 

Cyclotrimerization of Substituted 1,3-Dienes 

The cyclotrimerization of 1,3-dienes other than butadiene has 

received re atively little attention. The study of cyclotrimeriza­

tion of substituted 1,3-dienes alone has apparently been limited to 

isoprene and piperylene29. 

Isoprene is not cyclotrimerized by the rrligand-free" zero 

valent catalysts . However, use of the "nickel-ligandtt catalyst 

results in both cyclic dimerization and trimerization. The trimeric 

product has been shown to consist mainly of 1,5,9-trimethyl-CDT (4); 

1 5 10-trimethy1-CDT (2); and the linear famessene (3). 

(1) (2) ( 3) 

The distribution of the products is controlled by the ligand 

atta0hed to the nickel. 



R R 
R R 

2 )--LR + 

R 

R R 

R = CH 
3 

R R 

)--LR 
R R 

R 

+ 

Figure 2. General reactions for dimerization and 
codimerization. 
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Cycl i c trimerization of 1,3-pentadiene has been reported39 , 

us ing a tit anium tetra-n-butoxide Ti(n-oc4H
9

)4 and diethyl- aluminum 

chloride Al(C2H
5

)2Cl in benzene under nitrogen atmosphere. The 

main pr oduct of this process is 1,5,9-trimethyl- 1,5,9- cyclododeca-

triene that i s commerically available in 98% mixture of isomers. 

Cyclodimerizat i on of Substitutad 1,3-Dienes 

The cyclodimerization reaction has been extended to include 

i - and trans- piperylene, isoprene, 2,3-dimethyl-butadiene, 1,3-

he .. adiene 1,3 5- hexatriene, and chloroprene. The codimerization 

of butadiene ith a substit uted 1,3-diene (e.g., piperylene) or 

~o differently subst itut ed 1,3-dienes has also been studied29 . 

1ost of the ser ious investigations have been carried out with 

a i - P(oc6H4- or t ho-c6H
5

)
3 

catalyst that is conveniently prepared by 

adding one equival ent of the phosphite to bis-(cyclooctadiene)-

nickel . In general, the substituted 1,3-dienes react far less 

r eadil y than butadiene itself. This is illustrated in Table V for 

the methyl substituted 1,3-dienes. 

The products from the cyclodimerization reaction usually 

consists of a mixture of substituted divinylcyclobutane (DVCB), COD, 

VCH derivatives, e.g., 4-8, derived from isoprene. 

4 5 6 7 8 
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TABLE V 

The Cyclodimerizati on of l-fethyl-Substituted 1,3-Dienesa 

Rate c6 Ring c8 Ring 

1, 3- Diene gm dim/ gm Ni/br % % 

Butadi ene 220 2.3 97.2 

Piper 1ene 31 5.3 90.9 

I oprene 14 34. 8 55.1 

2 3- Dimethy1butadi ene 0. 6 86 . 3 6.1 

2, - Hexa iene 0 

a - Fro Refs . 27 , 29 
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The distribution of the products, as well as their structure, depends 

on both the reaction conditions and the nature of the substituents. 

From the cyclodimerization of cis-piperylene all four possible 

isomers of dimethylcyclooctadiene, 9-12, may be isolated. The trans 

isomer, however gives principally 10 and 1140 . 

9 10 11 12 

Zvesh et al . 41 , 42 , have patented a process for cyclodimeriza-

tion of l 3- butadiene isoprene, piperylene with a catalyst system 

con i ting essentially of the reduction product obtained by mixing 

(a) a nickel compound selected from the group consisting of nickel 

bromide nickel acetate and nickel acetylacetonate; (b) a triaryl 

phosphite selected from the group consisting of triphenylphosphite, 

tri-p-tolyl-phosphite, tri-o-tolyl-phosphite containing from 5-10% 

by ~eight of diaryl phosphite selected from the group consisting of 

diphenyl phosphite, and phenyl-p-tolyl phosphite; (c) a reducing 

agent selected from the group consisting of alkali metal hydrides, 

sodium hydride, lithium hydride and sodium borohydride; and (d) a 

catalyst forming diluent selected from TRF, diglyme, and dioxane. 

The cyclodimerization reaction was carried out at l50°C and 250 psi 

for two hours. 

Dzhemilene et al. 43, used Ni(acac) 2-(Ph0) 3P-Et2NAlEt2 in PhMe 

for catalytic cyclodimerization of piperylene. This process gave 



mixtures of 6 and 8 membered cyclic compounds. The optimum yield 

of cis- 3,4, and cis- and trans-3,7-dimethyl-1,5-cyclooctadiene 

(15 :85 ratio) was 77% and obtained after four hours at 120°C. 

19 

Dzhemilene et a1 . 44, used Ni(acac) 2, Et
2
Al and (Ph0)

3
P in Ph

2
0 

or THF for cyclodimerization of isoprene. The products were 13-18. 

Me 
Me 

Me-0-Me 

e CH C (: CH
2

)Me Me 
CH

2 15 
13 14 16 

The major product in this process was dimethyl-1,5-cyclooctadiene 

( 18) . 

1,3-Dienes are cyclodimerized at 0-200°C over catalysts 

obtained by a reaction at 100-400°0 of a divalent Ni compound, 

PR
3

, P(OR)
3

, P(NR2
)
3 

(R = alkyl or aryl group) and an alkali or 

alkali earth metal amide in the presence of the diene
45

. 

Tolstikov et a1. 46 , prepared 1,5-dimethyl-1,5-cyclooctadiene 



20 

by cyclic dimerization of piperylene in the presence of a homogen-

eous catalyst containing Ni(acac) 2 , a P(OR)
3 

modifier, and AlR
3 

(R = 3-methyl heptadienyl, cyclohexenylethyl; and AlR
3 

= perhydro­

al umo phenolene in Ph20 at 80-150°C. 

isono et a1 . 48 , cyc1odimerized isoprene to 1,5- and 2,5-

dimethyl- 1 5- cyclooct adiene with a Co(III) or Fe(III) acetylacet-

onate and a bidendate el ec t ron donor and Et2Al. No reaction was 

observed hen Ph
3

P was used as electron donor. P(OPh)
3

, tri-o-

tolylp osphite gave only pol ymer. The most selective catalyst 

fas found to be Fe(III) or Co (III) (acac)
3 

and 2,2'-dipyridyl. 

In addition to dimethyl-COD they identified other isomers: 

(a) 1-methyl- 4- isopr openyl-1-cyclohexene, 

(b) 2- methy1- 4-isopropenyl-1-cyc1ohexene, 

(c) 1 4- dimethyl-4-viny1-l-cyclohexene (dimethyl VCH) and 

( ) 2 4-dimethyl-4-vinyl-1-cyclohexene (dimethyl VCH). 

Paushkin et a1. 4? studied the cyclodimerization of butadiene, 

isoprene and pipery1ene. The cyclodimerization of butadiene was 

carried out in a furnace reactor at 420-480°C and volume space vel-

ocity 33-100/hour. The products were analyzed by gas chromatograph. 

Vinyl-cyclohexene (VCH) was the major product with 47% yield. From 

cyclodimerization of isoprene, the following were identified: 

(a) 1-methyl-4-isopropylcyclohex-6-ene 

(b) 1,3-dimethyl-4-vinyl-cyclohex-6-ene 

(c) l-methyl-3-isopropylcyc1ohex-6-ene 

(d) 1,3-dimethyl-3-vinylcyclohex-6-ene 

(major product) 
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(e) 2,5-dimethyl-1,5-cyclooctadiene 

(f) 2,6-dimethyl-1,5-cyclooctadiene (major product) 

The reaction carried out in a quartz tube at 530-550° and volume 

space 150-200/hour with a maximum yield of 40%. For dimerization 

of 1 3-pentadiene they used a mixture of 34% cis and 66% trans. The 

reaction was carried out at 150- 260° for 1-4 hours. The maximum 

yield 73% based on feed, was obtained from runs made at 260° for 

1. 5 hours . The following products ~ere identified: 

(a) 1,3- imethyl- 2-vinylcyclohex-5-ene 

(b) 1,2- dimethyl-3-vinylcyclohex-5-ene 

(c) l-methyl- 2-propenylcyclohex- 5-ene 

(d) 1- ethyl- 3-propenylcyclohex- 5-ene 

(e) 3,4-dimethyl- 1,5-cyclooctadiene 

(f) 3,6-dimethyl-1,5-cyclooctadiene 

Shimaev et a1. 49 , studied the catalytic cyclodimerization of 

piperylene . They found that conversion of 1,3-pentadiene and 

selectivity of product formation depends on which isomer of 1,3-

pentadiene was in the starting material. If cis was present, 3,4-

and 3,7-dimethyl-1,5-cyclooctadiene with substituents in the axial 

position were formed. From trans-1,3-pentadiene, dimers with the 

substituents in the equatorial position were obtained. The 

catalyst system has been reported to consist of Ni(acac) 2 and 

P(OC6H4- Ph-ortho)
3 

and Bu
3
Al at 100°C. 

In this project, a catalyst system consisting of Ni(acac) 2, 

triphenyl phosphite, and diphenylphosphite and a reducing agent, 
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sodium borohydride , was used to cyclodimerize 1,3-pentadiene. The 

maximum conversion of 1,3-pentadiene using this catalyst system 

at 350° and 500 ps i was 97% with ~68% yield based on 1,3-pentadiene 

charged . The effect of different ligands on selectivity of di­

met yl- COD also was studied . 

Thermodynamics 

There are no thermochemical data available for the dimers and 

trimers of 1 3- pentadiene and isoprene except HF 298 for two 

eri ti es of VCH . However, the thermochemical data for various 

co ponents of piperylene concentrate are given in Table VI. 

The various physical properties of dimers of isoprene and 

piper lene that have been reported in literature is not complete. 

So e data for boiling points and refractive indices are shown in 

Table VII . 
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EXPERIMENTAL 

A number of runs, utilizing liquid phase reaction at elevated 

pressure and temperature were performed to investigate the cyclo­

oligomerization of piperylene and isoprene. 

The piperyl ene concentrate, isoprene 99+% and piperylene 99% 

(mixture of ci s and trans) have been used as starting materials for 

this project . A t ypical composition of piperylene concentrate is 

presente in Table I . The specification of reagents and instruments 

u e or jnthesis and analysis are shown in Table VIII . 

The co ponents of the starting materials and products were 

analyzed on a Perkin- Elmer Sigma I Gas Chromatographic System 

e uipped with flame ionization (F.I.D.) and thermal conductivity 

(T . C. D. ) detectors. This system integrates the area under each 

peak compares each peak area to the total peak area, and calculates 

the weight percent of each component using a programmed response 

factor . 

The column for analysis of the piperylene concentrate consisted 

of a ten f oot section of one-eighth inch thin wall stainless steel 

tubing packed with 20 weight percent sebaconitrile on 80~90 mesh acid 

washed (AW) Anakrom C22 followed by a 20 foot section of one-eighth 

inch thin wall stainless steel tubing, packed with 15 weight percent 

bis-(2-methoxyethyl) adipate on 60-80 mesh chromosorb white non-acid 

washed (NAW) . 

The starting materials and unreacted starting materials (after 

separation from high boiling point fraction by distillation) were 



Reagents: 

TABLE VIII 

Specification of Reagents and Instruments For 
Synthesis and Analysis 

26 

- Anhydrous Ethyl Ether - Mallinckrodt, 0.01% H2o, ACS reagent grade 

Benzene - Fisher Scientific Company, ACS reagent grade 

itrogen - Airco, Inc. 

Sodium Hydride - 50% dispersion in mineral oil, Aldrich Chemical Co. 

o ium Borohydride - 98+%, Aldrich Chemical Co. 

Triphe yl phospnite - 97%, Aldrich Chemical Co. 

- Diphenyl phosphite - Aldrich Chemical Co. 

ickel acetylacetonate - 99%, Aldrich Chemical Co. 

cetyl acetonote (ACAC) - Strem Chem1cal, Inc. 

Pnenol - Laboratory grade, Fisher Scientific Co. 

Tetrahydrofuran (THF) - Stabilized, Mallinckrodt Co. 

ortho-phenylphenol - practical grade, Eastman 

para-phenylphenol - practical grade, Eastman 

Pho phorous trichloride - Baker reagent 

Pyridine - Analysed reagents, ACS reagent grade, McB 

Isoprene - 99+%, Gold Label, Aldrich Chemical Co. 
0 0 

olecular Sieve 3A - Linde 3A, 1/16" pellets, Alfa Products 

1,5,9-Trimethyl-cyclodedeca-1,5,9-triene - 98% mixture of isomers, 
Aldrich Chemical Co. 

Isopropyl alcohol - Spectra ACS, Eastman 

1,3-Pentadiene 99% - mixture of cis and trans, Dow Chemical Co. 

Piperylene Concentrate - Dow Chemical Co. 

Cyclopentene - Baker reagent grade 

Cyclopentane - J.T. Baker Chemical Co. 

2-methyl-1-butene - practical, Eastman 

2-methyl-2-butene - practical, Eastman 



Instruments : 

TABLE VIII (cont . ) 

Specification of Reagents and Instruments For 
Synthesis and Analysis 

- Adiabatic Annular Teflon Spinning Band Distillation Column, 
ester/Fauster Manufacturing Corp. 

Pressure Reaction Apparatus, Series 4500, Parr Instrument Co . 

Infra ed Spectrometer -Perkin Elmer 457, Grating Infrared Spec­
trap t meter 

elting Point Apparatus - Thomas Hoover Capillary Melting Point 
pp r tus 

1R - arian T-60, NMR Spectrometer System 

Si a I Gas Chromatographic System, Perkin Elmer 

Refracto eter - Bausch and Lomb refractometer with bath and 
ci culator 

27 



analyzed isothermally at 60°C with a helium flow rate of 25 ml per 

minute . The injection temperature was set at 75°C and the flame 

ionization detector zones 1 and 2, at 250° and 150°C respectively. 

These conditions were held until all major peaks eluted, usually 

a ter 26 inutes . 

The response factors employed were from literature values52 . 

T ese val es were all approximately 1.0. The retention times of 

various componen s of piperylene concentrate on this column are 

gi en in T ble IX . 

TABLE IX 

Approximate Retention Times for Components In 
Piperylene Concentrate On Steel Column 

28 

Component Retention Time, minutes 

2- ethyl-1-Butene 9.66 

2- ethyl- 2-Butene 11.11 

Cyclopentane 12.56 

Isoprene 14.76 

Cyclopentene 15.85 

trans-1 3- Pentadiene 17.84 

cis-1 3-Pentadiene 19.33 

Cyclopentadiene 22.48 

The column used for analysis of low boiling point materials 

(i. e . piperylene, isoprene, etc.) tended to load up with heavy 
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molecules after prolonged use. Therefore, the column was purged 

with high flow rate of carrier gas (helium) usually 50-60 ml per 

minute at 90-100°C. The maximum temperature for the column is 

between 100-ll0°C. 

It as necessary to check the retention times of components 

on the column periodically. For this purpose, a standard sample 

of trans- 1 3- pentadiene 99% was used without distillation. The 

amp e or cyclopentane, cyclopentene, 2-methyl-1-butene and 2-

methyl- 2- butene were used af t er distillation. 

For analys i s and identification of dimers and trimers of pip­

e ylene and isoprene , i t was necessary to find a column having 

enough resolution for various unreact ed piperylene concentrate com­

ponents and oligomers. Four glass columns were examined for this 

pur pose . The specifications of these columns are given in Table X. 

Glass column OV-1 was found to hc~e the best resolution for 

isomers of dimer and trimer, but not for components of piperylene 

concentrate. The retention times of these low boiling point compon­

ents were between 0.60 to 0.80 minute with only two overlapped peaks 

for all eight components in piperylene concentrate. 

The reaction products containing dimers, trimers, unreacted 

co~ponents and by-products were analyzed with OV-1 column using a 

programmed temperature. Initial oven temperature was set on 50oC 

for two minutes and increased with a rate of 5° per minute to a final 

temperature of 160°C. The total time of program was 34 minutes. 

Injection temperature was set on 260° and temperature of detector 
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zones (F.I.D.) 1 and 2, on 250° and 150°C respectively. Flow rate 

of helium (carrier gas) was 15 ml per minute. 

Since no isomers of the dimer were commercially available, 

some runs were made to synthesize these isomers. The isomers 

ynthesized were separated by an adiabatic annular teflon spinning 

ban di stillat ion column. The refractive indices of different 

actions wer e measured by refractometer at 20°C and used along 

ith at of infr a-red spect ra for identification of fractions 

collecte at if er ent t emperatures. 

Tne only oli gomer commercially available is a trimer of 1,3-

pe tadiene 1, 5,9- t r imet hyl-1 5,9-cyclododecatriene that is a 98% 

mixture of isomer s . The response factors of dimers and trimers 

er e measured but because the isomers were not pure, the results 

er e confus ing . Therefore, response factor 1.00 was used for all 

components . The approximate retention times for oligomers are 

sho in Table XI. 

Synthesis of Tris-ortho-biphenylphosphite53-56 (o-c6H5-c6H4-o) 3P 

Into a one liter three-necked flask equipped with mechanical 

stirrer, Friedrich condenser and additional funnel, was placed 

55.105 grams (0.5 mol) ortho-phenylphenol dissolved in 50 ml anhy­

drous diethyl ether and 39.55 grams (0.5 mol) dry pyridine. 22.88 

grams (1/6 mol) phosphorous trichloride was dissolved in 50 ml 

anhydrous diethyl ether and cooled in ice and water mixture and 

then transferred to the additional funnel. 

The three-necked flask was placed in an ice water bath. While 



TABLE XI 

Retention Times of Oligomers on OV-1 Glass Columns 

Component 

Dimethy1- 1,5- COD 

Dimethyl-1,5-COD 

Dimethyl-VCH 

Dimethyl-VCH 

ethyl- 2-propeny1cyc1ohexene 

Methyl- l - propenylcyc1ohexene 

1 5 9-Trimethyl-1,5,9-CDT 

Retention Time 
(minutes) 

7.30 

7.80 

8.00 

8.50 

9.13 

9.40 

21.16 

20.10 

25.61 

32 
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stirring the mixture in the flask, the phosphorous trichloride 

solution was added dropwise. All of the phosphorous trichloride 

solution was added to the flask in 30 minutes. The mixture was 

stirred for two more hours to complete the reaction, and then the 

hite pyridine hydrochloride salt was separated by filtration. 

The precipitate was washed with diethyl ether. The ether 

solution was transferred to a 500 ml flask and was connected to a 

rot r acuum evaporator . The diethyl ether and unreacted pyridine 

a evaporated at 25 mm Hg and 50- 60°0 . The residue in the flask, 

after evaporation of solvent, was a pale-yellow high viscous liquid. 

For crystallization of triester, several solvents were examined. 

The viscous li uid was finally dissolved in 25 ml boiling isopropyl 

alcohol and allowed to stand for two days for crystallization. 

The white crystals were collected and dried in a vacuum 

dessicator . The melting point of the crystals was 75°C. For 

recrystallization, the crystals were dissolved in 25 ml hot isopropyl 

alcohol and after two days the crystals were collected and dried 

in the same manner . The melting point of crystals was 83-85°0. 

The melting point and boiling point of tris-ortho-biphenyl phosphite 

has been reported as 95° and 340~C, respectively56 , 57 . The reaction 

sequence for triester synthesis is shown below. 

3 > 
~ 
~,.T;J + 

N + HCl-
0-H + PC13 + 
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Infr ar ed spect r a of tris-ortho-biphenyl phosphate, pyridine and 

ortho- phenyl phenol were used to determine the purity of triester and 

its structure . The I. R. spectra of trialkyl and triaryl phosphite 

exhibits a moder ately br oad band near 1030 cm-l which has been asso-

ciat ed wi th P- 0- C linkage . Although there is a general agreement 

that a band near 1000 cm- l i s char acteristic of the P-0-C structure, 

t er e is some divergence of opinion on t he point5S,59. 

The I .. spectra of ortho- phenyl phenol showed an absorption 

in 3590 em for 0- H stretch in phenol . The I .R. spectra of tris-

or tho- bip enyl phosphite did not show any absorption above the 

- 1 3100 c C- H stret ch band . 

P eoaration of Catalyst 

( ) Triphenyl phosphite System: 

A mixture of 5.14 grams (0. 02 mol) nickel acetylacetonate, 

24 . 8 gr ams (0 . 08 mol) of t riphenyl phosphite containing 8 weight 

percent diphenylphosphite and 5 weight percent phenol, and 50 ml 
0 

of THF (dried over 3A mo lecular sieve), were placed in a 250 ml 

flask equipped with a magnetic stirrer and a reflux condenser. 

Finally 1. 52 grams sodium borohydride was added. The flask was 

heated by a heating mantle and stirring started. The reflux of 

the mixture continued f or 4-5 hours at 65-68°C under a stream of 

nitrogen to prevent oxidation. The dark brown-black slurry material 

was cool ed and the flask was purged with nitrogen and stoppered. 

(B) Tris-ortho-biphenyl phosphite System 

A mixture of 5.14 grams (0.02 mol) nickel acetylacetonate, 
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10.6 tris-o-biphenyl phosphite (0.02 mol), 2.0 gram NaH (0.04 mol), 

and 35 ml THF were mixed and refluxed with the same process described 

above, and the brown-green colored mixture was sealed under nitrogen 

and stoppered . 

(C) Triphenyl phosphine System 

A mixture of 5.14 grams (0.02 mol) nickel acetylacetonate, 

.6 gram (0 . 02 mol) triphenylphosphine, 2 gram (0.04 mol) NaH 

an 35 1 THF were mixed and refluxed with the same procedure 

describe above and the dark brown- black mixture was sealed under 

nitrogen and stoppered . 

(D) Tris-o-biphenyl phosphite System 

A suspension mixture of 5.14 gram (0.02 mol) ni.ckel acetyl­

acetonate 10 gram (0.02 mol) tris-o-biphenyl phosphite, and 3 gram 

(0 . 08 mol) sodium amide, NaNH2 50%, in benzene was prepared. The 

suspension \.J"as kept in a stoppered bottle under nitrogen. 

Cyclodimerization of 1,3-Pentadiene 

The pressure reactor used for all djllerization reactions was 

a model 4500 Parr pressure reaction apparatus. The body of the 

reactor is made of type-316 stainless steel, a molybdenum stabilized, 

austenitic chromium-nickel steel which is resistant to corrosive 

ch~micals . The reactor is equipped with a 2000 psi gauge, 3 needle 

valves, and a safety pressure relief. To facilitate the charge and 

discharge of material in the reactor, a special Pyrex glass liner 

was used which is resistant to high temperature and pressure. The 

reactor is also equipped with an internal thermocouple connected to 
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an automatic temperature controller. 

Two grams (2 millimole Ni) of catalyst mixture was placed in 

the reactor along with 72 grams of cold piperylene concentrate 

(- 50°0). The reactor was purged with nitrogen for two minutes. The 

temperature controller was set on 150°0. The thermocouple on the 

reactor was calibrated with a 0. 1°0 thermometer using boiling water 

as a reference . The stirrmg started and after 30 minutes the pres-

sure in the reactor reached 220 psi (at 150°0) . Because of the 

epot e mic nature of the reaction, the temperature and pressure of 

the reactor exceeded the set point and reached 175°0 and 350-400 psi. 

After two hours, the reactor was cooled to 0°C using an ice and 

water bath . The pressure in the reactor was released by opening the 

outlet needle valve. The reactor head was removed and the materials, 

including liquid and catalyst residue were transferred to a pre-

weighed cylinder . The possible loss of material was determined by 

calculating the difference in weight of materials charged and 

discharged. A portion of this liquid was used for analysis and 

identification of products by gas chromatography after filtration 

through 44-Whatm.an filter paper. 

Separation of Unreacted Starting Materials From Products 

Twenty ml of filtered liquid was placed in a 50 ml pot of the 
. 

distillation apparatus. The low boiling point components were 

separated at pot temperature 70°0 and head 38-50°0. The volume of 

distillate was determined and used for calculation of conversions 

along with its analysis on gas chromatography. 



37 

Separation of Isomers of Dimer 

Because the boiling points of the isomers of the dimer are 

very close - differing by only 3°C - the adiabatic annular spinning 

band column was used as the distillation apparatus. 

The adiabatic annular spinning band distillation system is one 

of the most effective distillation apparatus. It consists of a 

rotary spiral band (Teflon), which acts as the packing. The rotary 

s iral offers the advantages of low hold-up, low pressure drop, high 

efficie cy, high through-put and a low tendency to flood. A stirrer 

on the bottom of the band helps increase boil-up so that less heat is 

e uired in the pot lessening the chance of thermal decomposition. 

T e still is acuum jacketed and silvered making it adiabatic. 

After stripping off unreacted materials, the high boiling 

point fraction was placed in a pot of spinning band distillation 

apparatus . The pot temperature control was set on midrange, band 

rotation on 100% (7200 rpm), and reflux ratio on total reflux. The 

system was operated at total reflux for two hours to reach equilibrium. 

The pot and head thermocouples were previously calibrated with an 

external thermocouple . The reflux ratio was changed to 20:1 when the 

temperature of the head reached 150°C. The heat input to the pot was 

adjusted to achieve a rate of 16-20 drops /minute from blue tip in 

the bottom of the condenser. Under these conditions, fractions were 

collected at 159°, 162°, 167°, 170°, 172°, 174°, and 176oc. 

The refractive index of each fraction was determined at 20°C 

and compared with data from literature. In most fractions, the data 



were consistent, and differences for some fractions were assigned 

to the impurities in them . I.R. spectra of fractions were used to 

study the structure of the fractions. 
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Using the technique described above, fractions were collected 

at 25- 47 mm Rg vacuum, and at head temperatures from 75° to 94°C. 



RESULTS AND DISCUSSION 

If the 1,3-pentadiene in piperylene concentrate could be 

selectively cyclodimerized to high boiling point dimers, it could 

be separated from the other components in the piperylene concentrate 

by di tillation. The main objective of this project was to evaluate 

nickel cat lyst systems to cyclodimerize 1,3-pentadiene, while 

minimum catalytic affect on the other components of 

piperylene concentrate . 

The catalyst systems used in this project were based on 

nickel (0) with various phosphites and phosphines as ligands in 

various i:ligand molar ratios . 

Piperylene concentrate, pure 99+% isoprene and pure 1,3-penta-

diene 99 (mixture of 66% trans and 34% cis isomers) were used as 

starting materials . 

1echanism of Catalyst Formation 

The nickel (+2) compound, nickel acetylacetonate, was reduced 

by a reducing agent (sodium borohydride or sodium hydride) generating 

nickel (0), which then reacts with electron donor ligands to give a 

donor-acceptor Ni-ligand complex that has been used as a catalyst 

f l d . . t• t• 60 or eye o 1merlza lon reac lons . 

Trialkyl and triaryl phosphites and phosphines are all good 

donors toward d-group transition metals. A characteristic feature 

of d-group transition metals is their ability to form complexes of 

neutral CO and basic molecules such as phosphines and phosphites
61

. 
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In many of these complexes, the metal atoms are in low-positive or 

zero formal oxidation states. It is a characteristic of these 

ligands that they can stabilize low oxidation states. The stabili-

zation could be the result of Lewis acid-Lewis base interaction in 

hich the nickel (0) is regarded as a Lewis base. This property is 

associated ith the fact that these ligands have lone electron 

pairs . The configuration of nickel in the outer shell is 3d8,4s2, 

and or phosphorous is 3s2,3p3. Therefore, two lone electron pairs 

can tr sfer to a nickel atom . 

i ++ + 2e --7 i ( 0) E0 = -0.24 volt 

= Ni-Ligand 

The electron donating character of phosphites and phosphines depends 

on an inductive and steric effect (steric hindrance) of aryl and 

phenyl substituted aryl groups . 

During the preparation of the catalyst it was evident that the 

order of addition of catalyst components is very important and will 

determine the activity of the catalyst. The reducing agent should 

be added last when the nickel (+2) compound and ligand are 

available as a homogeneous mixture in the solvent (TEF). The 

addition of a reducing agent in the absence of ligand results in the 

formation of metallic nickel as a precipitate which has no catalytic 

activity for cyclodimerization of 1,3-pentadiene. The activity of 
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these catalysts also depends on the purity of the reagents used and 

the procedure of weighing and refluxing the mixture. Preparation 

of the catalysts in a glove box (dry box) under argon or nitrogen 

pressure is recommended. Extreme cleanliness is also required 

because of the sens itivity of phosphites and reducing agents to 

oxygen moisture carbon monoxide, and other unknown poisons. 

The data in this report are best understood with the following 

efinition : 

l) conver ion - the difference in weights of component 

charged to reactor and discharged from reactor, divided by the 

former all ultiplied by 100; 

2) yield of dimer based on monomer charged - weight of dimer 

in the discharge divided by the weight of monomer in the charge, 

all multiplied by 100; 

3) yield of dimer based on monomer converted - weight of 

dimer in the discharge divided by the weight of monomer converted, 

all multiplied by 100. 

Cyclodimerization by Ni-Lig With Triphenyl phosphine as Ligand 

The result of cyclodimerization in piperylene concentrate 

with a catalyst system consisted of Ni-Lig = 1:1 with triphenyl 

phosphine (C6H
5

)
3
P as ligand, is shown in Table XII. The reaction 

of cyclodi.merization was carried out at 150°C and 220 psi under 

nitrogen atmosphere. Two millimole nickel was used per 100 gram 

1,3-pentadiene as catalyst. 



TABLE XII 

The Data For Cyclodimerization With Ni-Lig = 1:1 

Component Conversion (%) 

2-methyl-1-butene 18 . 6 

2-methyl-2-butene 20 . 7 

cyclopentane 33 . 7 

isoprene 31.5 

cyclopentene 20 . 62 

trans - 1,3-pentadiene 27 . 07 

ci -1 3-pentadiene 28 .1 

cyc1opentadiene 78.81 

The results show t hat the cataJ;y;st ,~ystem consisting of 

tripheny1 phosphine as ligand is not s~elective for cis- and trans -

42 

1 3-penta iene . The undesired conversion of 2-methy1- 2-butene, etc., 

are high. The conversion of cyclopentadiene is even greater than 

conversion of 1,3-pentadiene . The products of these side reactions 

are unknown . The yield of dimer based on 1,3-pentadiene charged was 

17% and the yield of dimer based on convert ed 1,3-pentadiene was 

60.12 . This means that nearly 40% of conver ted 1 3-pentadi ene has 

converted to by-products . This is evident in the gas chromatogram 

of the final product. 

Cyclodimerization With Ni - Lig Catal ys t (Lig . = Triphenyl Phosphite) 

The cyc1odimerization of piperylene concentrate and pure 



isoprene were studied using a catalyst system which consisted of 

Ni- Lig = 1:1, with Lig = triphenyl phosphite. The data for cyclo­

dimerization of piperylene concentrate and pure isoprene are shown 

in Table XIII . 
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The conversion of 1,3- pentadiene (cis and trans) at 80°C and 

150 psi (#23), is less than at 150°C and 220 psi. The table shows 

that the conversion of diene and yield of dimer increases as time of 

eact·on increases from two hours to 10 hours. The yield of dimer 

ase on con er~ed diene also increases at the same time. The 

cyclo · erization of isoprene 99+% shows a high conversion but the 

yield of dimer is poor . The reason is that most of the isoprene 

ha been con erted to a polymer . Polymer usually is a major 

by-product of cyclodimerization of pure isoprene. 

The conversions of other components of piperylene concentrate 

in these reactions also increases with increasing temperature of 

reaction and reaction time. These undesired side reactions reduce 

the yield of dimer . The effect of temperature of reaction on 

conversion and time of reaction on conversion and yield using 

triphenyl phosphite as ligand are shown in Figures 3 and 4. 

Cyclodimerization with Ni-Lig (Lig = Tri- and Diphenyl phosphite) 

The cyclodimerization of pure isoprene, pure 1,3-pentadiene, 

and piperylene concentrate was studied with a catalyst system 

which consisted of Ni-Lig= 2:1 with triphenyl phosphite and diphenyl 

phosphite as ligand . The amount of diphenyl phosphite was 5 weight 
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percent of diphenyl and triphenyl phosphite mixture, and 5 weight 

percent of phenol was also added. Diphenyl phosphite and phenol 

seems to activate the ligand and stabilize the Ni-Lig bond. The 

results for this study are shown in TabJes XIV and XV. 

In most cases, the conversion of trans-1,3-pentadiene is 

higher than conversion of the cis isomer. Both conversion and 

ield in these reactions are highly dependent on the temperature 

d pressure of the reaction . The time of reaction is also an 

important factor in the cyclodimerization process. 

The maximum conversion of cis- and trans-1,3-pentadiene was 

in 350°C and 500 psi (run #32) . The yield of dimer at these 

conditions was maximum - 66% but the yield of dimer based on the 

1 3- pentadiene converted was 68% in this case. The time required 

to approach this conversion and yield was 50 minutes. One of the 

reason that the yield of dimer based on 1,3-pentadiene converted 

47 

is only 68% is that the side reactions at this temperature and 

pressure decreases the yield by formation of a series of by-products. 

Thj.s is confirmed by studying the G. C. chromatogram for this run, 

which shows alot of by-products with different boiling points. 

Table XV shows the conversion of components of piperylene concentrate 

other than dienes. The conversion of these side reactions was over 

40% in the case of cyclopentene and cyclopentane. The conversion 

of isoprene (run #36) was 70% and the yield of dimer was only 25%, 

with a formation of polymer. The effect of reaction time on 

conversion of cis- and trans-1,3-pentadiene and isoprene, and on 
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yield of dimer is shown in Figure 5. It is evident that the yield 

of dimer and conversion of dienes are dependent on the reaction time. 

The conversion of isomers of 1,3-pentadiene and isoprene as shown in 

Figure 5 are in the order : 

isoprene > trans- 1, 3- pentadiene > cis-1, 3-pen tadiene 

T e effect of temperature on conversion and yield is shown in 

Figure 6 The conversion of 2-methyl-2-butene, cyc lopentane, 

and cyclopentene show these components are more sensitive to reaction 

tempe ature t an cyclopentadiene and 2- methyl-1-butene. 

Cyclo i erization ith Ni- Lig Catalyst Where Ligand = Cc6H5-2-C6H4o) 3P 

The results of cyclodimerization of 1,3-pentadiene in piperylene 

co centrate with a catalyst system consisting of Ni-.Lig= 1:1 using 

(C6H5-2-C6H4o)
3
P as ligand, is shown in Table XVI. The results of 

these cyclodimerization reactions can be compared with results of 

cyclodimerization with Ni-triphenyl phosphite and Ni-tri- and diphenyl 

phosphite system. These data are shown in Table XVII. Comparison 

of yield of dimer, based on 1, 3-pentadiene converted, shows that using 

tris- ortho- biphenyl phosphite as ligand in Ni-Lig catalyst system 

increases conversion, yield, and has a higher selectivity toward dimer 

formation, especially dimethylcyclooctadiene. The reason for this 

higher selectivity may be the steric effect of the bulky-a-phenyl 

groups . This will be discussed below in mechanistic considerations. 

As in the case of using triphenyl phosphite as ligand, this 

catalyst system was used to study the effect of reaction time and 
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temperature on conversion and yield. The data for this study are 

depicted in Table XVI . Both conversion and yield of reaction are 

dependent on time and temperature of reaction. 
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The effect of Ni-tris-ortho-biphenyl phosphite on components 

of piperylene concentrate (other than dienes) was studied by using 

pure components as starting materials . The data for this study is 

sho1.·m in Table XVIII . The nature of products from the conversion of 

pure co ponents is not kno1ill but the G.C. chromatogram shows that 

t ese have igh boiling points and different retention times. 

Co parison of results of these reactions with conversion of the same 

co ponent in piperylene concentrate shows that the conversion in pure 

st te is much less than conversion in mixture (i.e. piperylene concen­

trate). Therefore , it is possible to assume that in the presence of 

nickel catalyst the components of piperylene concentrate undergo a 

se ies of reactions with relatively high boiling point products, but 

the nature of these reactions and products is not known. 

Cyclodimerization of 1,3-Pentadiene 99% 

In this section, the cyclodimerization of 1,3-pentadiene 99% 

with a catalyst system consisting of Ni-Lig=l:l with triphenyl 

phosphite and tri- ortho-biphenyl phosphite as ligand was studied. 

In the case of triphenyl phosphite, diphenyl phosphite (5%) and 

phenol (5%) were also used as stabilizers for ligand. The results 

of these reactions are shown in Table XIX. 

The results of cyclodimerization of 1,3-pentadiene (pure 99%) 

shows the relationship between temperature of reaction and conversion 
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of diene and yield of dimer. The conversion of trans isomer is 

higher than cis isomer. The yield of dimer based on 1,3-pentadiene 

converted, shows a better conversion of diene to dimer. One reason 

is that there are not any impurities to react with 1,3-pentadiene to 

form by- products and decrease the yield. 

Mechanistic Considerations and Effect of Ligand on Activity and 

Selecti ity of Catalyst 

Rei back et al . studied the effect of different ligands in 

i-Lig = :1 cat lyst in the rate and composition of products of 

buta iene . The data for this study are shown in Table XX. According 

to the report, maximum rates of conversion are obtained with a 

nickel-ligand ratio of 1:1. The yield of cyclooctadiene and ratio 

to vinylcyclohexene is ligand dependent and it can be seen that both 

electronic and steric effects are involved. Tris-ortho-biphenyl 

phosphite has the maximum rate of conversion in known phosphites and 

phosphines . The yields of cyclooctadiene (butadiene as monomer) and 

dimethylcyclooctadiene (1,3-pentadiene as monomer) also maximize 

yield using (c6H
5
-ortho-C6H4o)

3
P as the ligand. Replacing the phenyl 

group in P(oc6H4- ortho-c6H5)
3 

with a methyl group in the ortho 

position, decreased the rate of conversion and yield of cycloctadiene 

by 400 grams c4H6/g. Ni hr. and 4% respectively. Changing the position 

of the methyl group on the benzene ring from ortho to meta and para 

decreases the rate and yield of reaction. This is shown in Table XXI. 

Steric effects are important to the activity of Ni-Lig catalyst. 

Therefore, the high steric hindrance of the phenyl group in 
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TABLE XX 

Effect of Ligand in Ni-Lig Catalyst On 
Rate and Yield of Products 

Rate Products 
Ligand g c4H6/g Ni/br COD VCH CDT 

1) P(OC6H4- or t ho- C6H5)3 780 96 3.1 0.2 

2) P(oc6H4-ortho- CH3)3 400 92 3.7 1.4 

3) P(OC0H - eta- CH
3

)
3 

110 74 8.1 10.8 

4) P(OC6H4-para- CH3)3 70 73 8.8 9.7 

5) P(OC6H5)3 
100 81 7.4 9.2 

6) P(C5H6)3 180 64 21 6 

7) P(cycl o-C6H11 )3 35 41 40 14 
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(c6H
5
-ortho- C6H4o)

3
P can account for its greater activity. ~1ethy1 

and phenyl groups in meta and para positions have only electronic 
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effects in the ligand and their corresponding activity in catalysis 

is less than for the ortho position. 

Both product analysis and the study of model compounds have 

been used to investigate the mechanism of cyclodimerization of 

1 3-pentad ·ene and isoprene11 Valuable information on the 

detailed cour e of the reaction has been obtained by determining 

t e te eochemi try of the products11, 16 . Two intermediate complexes 

have been isolated, derived from isoprene, and cis-piperylene during 

the cyclodimerization process of related diene by Ni-Lig catalyst 

(19 20) . The structures of these complexes have been confirmed by 

x- ra studies34 , 35 . 

19 

Intermediate Derived from Isoprene 

....~ ... 
" . " ( f 

(cyclo-C6H11 ) 3~ 
Ni 

20 

Intermediate Derived from 
cis-1,3-Pentadiene 

The cyclodimerization of 1,3-pentadiene using a "nickel-ligand" 

catalyst is believed to occur in a step-wise manner: two pentadiene 

molecules react at a nickel atom to form a TI-allyl-C8-nickel-ligand 

intermediate (eg . 21-23), which reacts further through the corres-

pending bis-a-allyl form (eg. 24,25) to give the cyclic products. 
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Dimethyl cyclooctadiene originated from 25, dimethyl vinyl cyclo­

hexene from 26, and divinyl dimethyl cyclobutane from 24. The 

overall mechanism is shown in Figure 6. The distribution of the 

pr oducts is determined by the concentration and reactivity of 

these intermedi ates which, in turn, i s inf luenced by the reac t i on 

conditions and the steric effect and el ect ronic properties of the 

ligand . It has been understood that maximum conversion to dimethyl 

cyclooctadiene requires the presence of a ligand having low 

b sicity and high steric requirements11. However , i t has been 

shovn tha~ trans- 1,3-pentadiene dimerizes much more readily than 

•t . . 62 1 S Cl lSO er 
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~ 
Ni-Lig 

1
. / lg 
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l-Ni-Lig 

Lig-Ni 
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Figure 7. Mechanism of dimer formation. 



CONCLUSIONS 

The results obtained in this study lead to the following 

conclusions : 

(1) The isomers of 1,3-pentadiene and isoprene can be 

separated from the other components in the pipery1ene concentrate 

throug the conversion of 1,3-pentadiene and isoprene to high 

boiling point dimers and separation of these dimers by distillation. 

(2) In the preparation of catalysts, the order of addition 

of reagents is very important and reducing agent should be added 

last . 

(3) Since the catalyst is nickel in the zero valent oxidation 

state it is oxidized and poisoned readily by oxygen and carbon 

mono ide in the air . Therefore, the preparation, and the transfer 

to reactor vessel should be carried out with care. 

(4) If this project is continued, it is suggested that the 

preparation of the catalysts and charging of the reactor be carried 

out in a dry box to prevent oxidation and poisoning of catalyst. 

(5) The optimum amount of catalyst required is found to be 

2-2 .5 millimole nickel per 100 g diene charged to the reactor. 

(6) The ratio of ligand to nickel could be 1:1 to 6:1, but 

the optimum ratio is 1:1. 

(7) Both conversion and yield of reaction are dependent on 

the time and temperature of reaction. At 80°C the conversj_on and 

yield are minimum and increase to maximum at 350°C. 
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(8) The conversion of trans-1,3-pentadiene is higher than 

the cis isomer. 

(9) The nickel catalyst has no appreciable effect on the 

components of piperylene concentrate other than 1,3-pentadiene 

and isoprene when used in pure form and under the same reaction 

conditions, but in the mixture, they undergo unknown reactions to 

orm a series of by- products . The conversion of these components 

is dependent on reaction temperature and other reaction conditions. 

( 0) The conversion of isomers of 1,3-pentadiene and isoprene 

are in the following order : 

isoprene > trans- 1,3-pentadiene > cis-1,3-pentadiene 

(11) The tris- ortho-biphenyl phosphite ligand has highest 

selectivity towards dimer formation and increases the rate and 

yield of reaction under the same reaction conditions. 

(12) l1ixtures of triphenyl and diphenyl phosphite, when used 

as a ligand, give better results than pure triphenyl phosphite. 

(13) The separation of dimers with various boiling points 

from 158° to 176°C from the by-products originated from other 

components of piperylene concentrate requires an efficient 

fractional distillation system. 
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