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I. Introduction

The dimerization of alkenes is an important method
for the production of higher olefins which find extensive
application as industrial intermediates. In addition,
these reactions serve as good model systems for the
study of the reactivity and characterization of metal-
carbon bonds. The stimulus in this direction was pro-
vided by the pioneering studies of Ziegler in the early
1950s. He explored the use of organoaluminum com-
pounds in the selective dimerization of alkenes. Ever
since, workers'~1%% in this area have investigated many
novel catalytic systems based on transition-metal com-
plexes. In this present review a comprehensive study
of the dimerization of ethylene and propylene by
transition-metal complexes has been attempted. The
literature up to December 1984 is covered. However,
dimerization reactions catalyzed by alkali-metal salts
are excluded from the present discussions.

II. Mechanisms

Three types of mechanisms are reported® for the
dimerization of olefins.

A. Degenerated Polymerization

The three important steps involved in this mecha-
nism are (1) initiation reaction (formation of an acti-
vated complex), (2) insertion of a monomer into the
activated complex, and (3) transfer reaction (deactiva-
tion of chain).
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Coordination of the olefin at the metal hydride center
and subsequent insertion of the carbon—carbon double
bond of the coordinated olefin into the metal-hydride
bond can be related to the initial step of a classical
polymerization. The metal-carbon bond, formed in this
way, inserts a second monomer molecule previously
coordinated into the same metal center (the propaga-
tion step). The dimer is formed by a $-hydride ab-
straction, a common cleavage reaction of transition-
metal-carbon bonds.!! The 3-hydrogen of the alkyl
group attached to the metal is transferred to the latter
with formation of the metal hydride, and the organic
residue leaves the metal center as a vinylic olefin.!? The
ease of 3-hydrogen abstraction depends on the metal,
its valency state, and the ligand environment. The
metals on the extreme end of the transition series are
prone to $-hydrogen abstraction easily from an attached
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alkyl group. The complexes based on these metals are
good catalysts for the dimerization of olefins.
Selectivity to dimerization is related to the ratio of
the rate of $-elimination to the rate of insertion or in
other words, to the ratio of the rate of chain transfer
to the rate of propagation. The temperature does not
seem to influence the ratio. Steric course of insertion
is sometimes ambiguous. The factors that are vital in
deciding the products are not clearly understood.
Metal-hydrogen and metal-carbon bonds react with
olefins either like hydride ions and carbanions or like
protons and carbonium ions (eq 1). The factors influ-
encing the a/b ratio are yet to be ascertained. It may
depend on the nature of olefins, the complex involved,

and the temperature.
M—CHy—CH —CH3
M—R + CHy=CH~— CHy CHs TR
Ty on— CHR
(R= Hor ALKYL)

The influence of the ligand on the strength of met-
al—carbon bond and on the course of the reaction is well
explained by Olive and Olive.!® It is known that the
growth step starting from a configuration in which a
monomer is coordinated to a transition metal proceeds
via a polar, four-center transition state. There is kinetic
evidence that both chain growth and g-hydrogen
transfer reactions start from the same configuration.!'?
A polar, six-centered transition state including a mo-
nomer, a-carbon, 8-carbon, and one 8-H of the growing
chain attached to the same metal center leading to
B-hydrogen abstraction is suggested. This is supported
by ligand effect. Electron-withdrawing ligands with-
draw electron density from the metal, thus increasing
the positive charge. This polarizes the adjacent bonds
including the 8-hydrogen, enabling the inclusion of the
B-hydrogen into the polar, six-centered transition state
(Scheme I). Donor ligands, on the other hand, reduce
the positive charge on the metal. Polarization of the
adjacent bond is less intensive and hence reaches only
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SCHEME 1. Chain Growth and 3-Hydrogen Transfer from
a Metal Alkyl Olefin Complex
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SCHEME I1. Catalytic Cycle Based on the 8-Hydrogen
Transfer Route (M = Ni, Rh)
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the a-carbon, thus favoring the four-centered transition
state. Hence the chain growth is favored. Therefore
the ligands can control the nature of reactions.

The catalytic cycle for the dimerization of ethylene

based on this mechanism is depicted in Scheme IL.}

B. Concerted Coupling

This proceeds by the stepwise addition of monomers
to the metal followed by the formation of carbon—car-
bon bonds in a2 multicentered bond process (eq 2). In

HaC H
N 2
M ;)\CH2 / \ \CH

—M + |

CH t2)
\7 2 \ / /CHZ

CH? H3C

the case of monoolefins it has been formally represented
as an activation of the hydrogen—carbon bond followed
by coupling (eq 3). In a subsequent proposal the hy-

R— CH =CH --~-H
v —
[iH = (H2 R {3)
R " "
*activation” coupling

R—-EH=CH—?H—CH3

drogen abstraction is represented as an oxidative ad-
dition on the metal followed by a reductive elimination
and then coupling of the attached elements on a coor-
dinated monomer.’® The catalysts that follow this route
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SCHEME II1. Computer-Derived Pathway Starting with
MLH and Two Ethylene Molecules
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SCHEME IV. Computer-Derived Pathway Starting from
Metal Alkyl Complex 1
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have generally no isomerizing activity and exhibit high
selectivity to the dimer product.

C. Reductive Dimerization

Hydrogen pressure or presence of hydrogen donors
or reducing agents can facilitate the dimerization re-
action. The products formed are dihydro dimers.

The following hypotheses have been suggested for the
mechanisms of these reactions. (1) Hydrogen may act
as a chain-transfer agent by hydrogenolysis of the
metal-carbon bond when $-elimination is not favored

(eq 4). (2) Hydrogen may generate or regenerate a
7 7
M—CHy—CH-R *+ Hy ——=M—H + CHj—CH—R’ "

M=M + Hy—2M- H 5)

hydride after coupling of two alkyl groups (eq 5). The
insertion steps of olefins into metal-hydrogen or met-
al-carbon bonds are of the same type as depicted in the
preceding mechanisms.

Computer-derived pathways for the formation of
butenes from the dimerization of ethylene using various
organometallic systems are shown in Schemes III and
IV.Ié 2 and 3 show the formation of free butenes
whereas 4 indicates the computer did not find the
formation of free olefins.
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111. Catalytic Dimerization of Ethylene Using
Transition-Metal Complexes

A large number of dimerization catalysts for alkenes,
differing in the composition of the products and in the
reaction conditions, have been described.? Many pa-
pers!’3! on the mechanism of this reaction under the
influence of the homogeneous and gel-immobilized
catalysts® have appeared.

Among the group la elements the alkali-metal com-
pounds like Na,0, K,CO3, and Na,COj, are very versa-
tile dimerization catalysts. Many industrial processes
are available on the basis of these catalysts.

A. Group 11 (IB) Eiements

There are two reports®®3 on the dimerization (up to
100%) of ethylene in the presence of a catalyst con-
sisting of Et,AlCl or EtAICl, and CuAlCl, or CuyCl, or
AgAICl,. These catalysts have higher activities at
moderate temperatures and pressures compared with
those of Friedel-Crafts catalysts.

B. Group 12 (1IB) Elements

The only known catalyst for the dimerization of
ethylene from this group of elements is ZnAl,Cl. 3334
The cocatalysts employed are Et,AlC] and EtAICl,.

C. Group 13 (IIIA) Elements

Aluminum alkyls and related aluminum compounds
are well-known catalysts for the dimerization of
ethylene. The catalytic potential is a consequence of
the readiness with which a trivalent aluminum atom
forms electron-deficient or so-called “half” bonds. The
kinetics of the homogeneous dimerization of ethylene
into 1-butene catalyzed by triethylaluminum in the gas
phase has been studied in Teflon-coated reactors at
temperatures ranging between 160 and 230 °C.% The
catalyst is recovered quantitatively from the product
mixture. The homogeneous reaction mechanism is
summarized in eq 6. The rate-controlling step is the

[alEts], T 2R
AlEty +CH, === Et, AlIBJ")

EfAIBY == Et,AIH + +Butene

jem—

Et7AIH + CzHg___‘AlEia 16

addition of ethylene to AlEt; to form n-butyldiethyl-
aluminum. The detailed mechanism involves the es-
tablishment of a preequilibrium between AlEt; and
ethylene to form a AlEt,;-C,H, complex prior to the
formation of the four-center cyclic transition state 5.%6-3

o
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The observed Arrhenius factor of ~1052 L-mol™ s is
consistent with a molecule-molecule interaction.
Moreover, this low value shows that the formation of
a loose w-complex cannot be rate determining but the
subsequent step leading to formation of a polar, four-
centered transition state becomes rate controlling.
Formation of the w-complex is substantiated by IR and
NMR observations.

It is claimed that very high yields of pure 1-butene
are obtained at low conversions of ethylene.?**? Thus
it is possible to dimerize ethylene to 1-butene to the
extent of 10% and use the resulting mixture for the
production of LLDPE copolymer.*! At higher conver-
sions of ethylene (>20%) appreciable amounts of Cg
and Cg alkenes are produced along with 1-butene.*’

D. Group 14 (IVA) Elements

PbAl,Cly with Et,AlCl or EtAlCl, is reported as a
catalyst for the dimerization of ethylene.3®34

E. Group 4 (IVB) Elements
1. Titanium

Titanium compounds, especially halides in conjunc-
tion with aluminum compounds known to be good
catalysts for polymerization of ethylene, give dimers by
minor changes in the constituents of the catalytic
mixture or experimental conditions. A mixture of ti-
tanium esters and trialkylaluminum produces 1-butene
from ethylene.*

Zhukov and co-workers*® have reported optimum
conditions for the dimerization of ethylene using tita-
nium alkoxides. Ethylene was dissolved under 2.75 atm
pressure in heptane containing 5 g/L of Ti(0-n-Bu),
and 20 g/L of AlEt; and kept for 6-8 h at 60 °C. The
resulting solution yielded 99.5% pure 1-butene. A co-
polymer of 1-butene with ethylene was also formed
during this method. Another report*® claims that the
dimerization of ethylene is favored with a ratio of
AIR;/Ti(OR), < 10. The dimerization selectivity is high
(90%); a major part of the dimers formed is 1-butene
with a small amount of 2-butenes. This means that the
catalyst system is not a very isomerizing one, and it
behaves like triethylaluminum alone, except for the fact
that the experimental conditions are much less severe.
The physicochemical aspects of the catalyst system
have been investigated in detail 4’53

Belov and his group® have observed the formation
of polymers at high pressures of ethylene with titanium
alkoxide-trialkylaluminum systems. Operation at low
temperatures (ranging from 10 to 40 °C) increases the
activity. However, this involves difficulties regarding
the problem of heat removal. Use of low-boiling sol-
vents like ethyl chloride and diethyl ether are preferable
because they facilitate heat removal, isolation of 1-
butene, and rectification of the solvent. Modifiers like
organic esters of orthophosphoric acid, diphenylamine,
and phenothiazine have been used. The inclusion of
these compounds in amounts of 0.1-1 mol/mol of al-
kylaluminum leads to certain reduction in polymer
formation associated with certain loss of activity of the
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SCHEME V. Dimerization of Ethylene on Bimetallic
Titanium-Aluminum Complex
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SCHEME VI. Generation of Active Catalyst from the
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SCHEME VII. Cossee’s Mechanism for Dimerization of
Ethylene by Ti(OCH,;),~Al(C,H;),
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SCHEME VIII. Generation of Bititanium Centers from the
Ti(OR),-Al(C,H;); System
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catalyst. Modification of the catalyst Ti(OR),—AlIR4 by
additions of oxygen allows a 10-20% increase in the
yield of 1-butene with simultaneous enhancement of the
process selectivity. The quantity of oxygen in the re-
action vessel is varied within 0.2:1 to 2:1 with regard to
the quantity of alkylaluminum present therein.

The dimerization carried out with a mixture of
ethylene-hydrogen with a hydrogen concentration of
5-95% by volume results in enhanced 1-butene for-
mation.5

It has been reported that with use of AlEt;—Ti(O-n-
Bu), the conversion to the dimer is maximum for a
Al/Ti ratio of 4:1. The activity can be increased by the
addition of triphenylphosphine or phenylacetylene.5657

Angelescu and co-workers®® propose the following
mechanism for the dimerization of ethylene on the
bimetallic titanium-aluminum complex (Scheme V).
Typical reaction conditions for the dimerization of
ethylene using titanium aryl oxide—Et;Al systems®® are
summarized in Table I.

Cossee® has proposed originally a mechanism for the
dimerization of ethylene by the Tl(OMe)4—AlEt3 system.
The generation of an active catalyst is glven in Scheme
VI. Even though the original catalyst 6 is depicted as
an octahedral complex, the self-consistent all-valence
electron molecular orbital calculation shows that the
most stable complex is a trigonal-bipyramidal one
(Scheme VII) with titanium ethyl at an intermediate
position between two octahedral sites.}%6%6! The same
theoretical study shows both chain propagation and
B-hydrogen transfer responsible for the alkene liberation
are favored decisively by the titanium d orbitals.

Belov and his group®2% have proposed formation of
intermediate complexes containing >Ti-CH,—CH,-Ti<
groups for the dimerization of ethylene by Ti(O-n-
Bu),-AlEt, system (Scheme VIII). These behave as
binuclear active centers (Scheme IX).%* The same
authors have reported that the formation of bititanium
ethylene-bridged complexes in the presence of AlMe,
are produced as a result of the recombination of car-
beniod intermediates (eq 7). Conversion of carbeniod

~ /ME

Ti NTio=
UG -—>/T| CHy + CHy
Me
2 >Ti=tHy —> 2T = thp=Chp=Ti 1)
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TABLE 1. Typical Reaction Conditions for the
Dimerization of Ethylene Using Titanium Aryl Oxide and
Triethylaluminum

Et;Al- Et;Al- Et,Al-

cat. Ti(OPh), Ti(OPhMe), Ti(OPhAm),
Al/Ti 3.0 3.0 5.0
solvent n-heptane n-heptane n-heptane
Ti salt {g) 0.2280 0.2770 0.429
pressure (kg/cm? g) 15 15 10
temperature (°C) 40 40 75
time (min) 40 40 60
product (g) 21.2 22.6 35.7
butenes (wt %)*® 91.5 91.3 80.2
hexenes (wt %) 5.6 5.7 17.1
polymer (wt %) 2.9 3.0 2.7
cat. activity (g of 85.1 74.4 67.1

1-butene/g of Ti salt)
aSelectivity to 1-butene is approximately 99%.

SCHEME IX. Dimerization of Ethylene on Bititanium
Centers
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species into metallacyclobutane and similar compounds
(7) are more facile®%® (eq 8) than the recombination of
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carbene species as shown in eq 7 by Belov and co-
workers. Thus the proposal is an unusual one and re-
quires further investigation.

Detailed reports®”~"’ on the kinetics and mechanism
of ethylene dimerization by the Ti(OR),~AIR; system
in various solvents are available. Different values of the
activation energy are reported.s®775

The two-component organometallic catalyst MeT-
iCl;-MeAICl,,’® which is distinct from other Ti-Al
systems, shows the following order of activity for the
dimerization of ethylene in organic solvents: chlori-
nated hydrocarbons > aromatic hydrocarbons > ali-
phatic hydrocarbons. It exists as 8 or 9. The selectivity
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SCHEME X. Dimerization of Ethylene on the Cationic
Part of Complex 9
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SCHEME XI. Dimerization of Ethylene via a
Titanacyclopentane Complex
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of the catalyst is poor in these solvents. The cationic
part of the complex coordinates with the olefin, and the
mechanism of the reaction is given in Scheme X.

Apart from the alkylaluminum compound employed
in previous investigations N,N-dialkylaminoalanes can
also be used as a cocatalyst.”® With N,N-dimethyl-
aminoalanes 95% selectivity to 1-butene is achieved.

Cyclopentadienyltitanium trichloride associated with
amalgams of alkali metals® dimerizes ethylene to 1-
butene.

Wreford and his co-workers®! have reported that (n-
C,H),;Ti(dmpe) [dmpe = 1,2-bis(dimethyl-
phosphino)ethane] catalyzes the dimerization of
ethylene. A mechanism involving formation of a me-
tallacyclopentane complex is proposed (Scheme XI).
This metallacyclopentane complex decomposes to give
1-butene. This is not necessarily by the §-elimination
sequence. Intermolecular hydrogen transfer and «-
elimination have been suggested as alternative decom-
position paths leading to 1-butene. The kinetics of the
reaction shows first-order dependence on the catalyst
and the olefin. Formation of a monoolefin complex is
the probable rate-determining step.

In Cossee’s mechanism, the stabilization of a titanium
d orbital by interaction with an empty antibonding
orbital of the alkene was suggested to be important for
catalytic activity. There is no theoretical evidence for
the d — =* back-donation.?? Belov’s binuclear active
centers are ambiguous in the light of the formation of
metallacyclobutane and similar compounds. The oxi-
dation number of titanium is important in these reac-
tions. Ti(III) is known to be involved in polymerization.
It has been pointed out??8 that the coordination of
olefin is favored when the metal is in a higher oxidation
state. Wreford and his co-worker’s proposal of a con-
certed coupling of two molecules of ethylene to a tita-
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nium atom affording a titanium(IV)-cyclopentane
species which then decomposes to 1-butene by 8-hy-
drogen transfer explains the high selectivity to the
formation of dimers. The presence of free H* or H-
species in the catalyst system is responsible for the
isomerization of dimers.%® The absence of any such
species ensures high selectivity to 1-butene and the
absence of isomerization to 2-butene.

2. Zirconium and Hafnium

A catalyst system consisting of Zr(benzyl),—Et;Al,Cl,
at 40-80 °C shows high activity toward dimerization
and oligomerization of ethylene.?’ (3-C,H¢),Zr(dmpe)
through the zirconacyclopentane intermediate converts
ethylene into 1-butene.?! There are patent reports®-28
on the use of Zr(OR),~R,AlX; . (R = Et, Buy; X =
halide) systems as catalysts between 0 and 100 °C for
the dimerization reaction. Zirconium alkyls are the
intermediates. They are more stable than the titanium
analogues, and hence they serve as suitable catalysts for
high-temperature investigations.

Du Pont® has patented the preparation of (dmpe)-
MH; (M = Zr, Hf) and their uses as catalysts for the
dimerization of ethylene.

The dimerization of ethylene induced by metalla-
cyclopentane (M = Zr, Hf) can be explained in terms
of 8-hydride elimination and reductive elimination
(Scheme XII).® n-Alkanes are formed by a competing
sequence starting with a further 8-hydride elimination
from 10, affording butadiene and the hydride complex
11. After hydrogenation of alkene present in the solu-
tion by the hydride complex 11, 13 is generated via 12.
The (olefin)metallocene complex 13 is trapped by the
butadiene formed in the reaction cycle with formation
of the catalytically inactive 14.

The complexes of IVB elements under optimum
conditions can serve as catalysts for the dimerization
and oligomerization of ethylene. It must be noted that
Ti(IV), Zr(IV), and Hf(IV) do not have any 3d, 4d, and
5d electrons, respectively, to coordinate strongly with
the olefin. One possibility is that the olefin behaves
simply as a weak base with a lone pair of electrons.
Consequently the alkene is only weakly bonded prob-
ably by overlap of s orbitals of the metal with the =
orbitals of the alkene.’’ This may be an important
requirement for catalysis as distinct from compound
formation. The weak coordination allows the olefins
to rotate to form a nonplanar transition state which is
conducive to catalytic reactions.

F. Group 5 (VB) Elements

1. Vanadium

The use of vanadium trichloride for the dimerization
of ethylene is patented.’> VCl; and isobutylaluminum
sequichloride at 60 °C and 3-atm pressure gives 1-
butene (7% ), trans-2-butene, (47% ), and cis-2-butene
(41%) along with hexenes (3%), octene (0.6%), and
higher boiling distillates (1.4%).
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SCHEME XII. Dimerization of Ethylene by a
Bis(cyclopentadienyl) Metallacyclopentane Complex (M =
Zr, Hf; Cp = »5-C;H;)
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SCHEME XIII. Proposed Mechanism for Ethylene
Dimerization by the Ta(CH,C[CH,];);(CHC[CH,],)-2P(CH,),
System
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2. Niobium

The preparation of PhNb(COD),?® and (dmpe),
NbH;% and their uses as catalysts for conversion of
ethylene to 1-butene have been reported in patents.

3. Tantalum

Schrock and co-workers have investigated the di-
merization of ethylene catalyzed by tantalacyclopentane
complexes.®9% The advantage of these complexes is
that the isomerization of primary product is negligible.
CpTaCl,(C Hg) at 40 psi of ethylene pressure gives
1-butene selectively (~3% 2-butenes).® On prolonged
reaction ethylene/1-butene codimers are formed by the
decomposition of mixed metallacycle. The authors have
observed” that Ta(CH,CMe,)3(CHCMe;) and 2 mol of
trimethylphosphine produce a homogeneous catalyst
which “rapidly” dimerizes ethylene selectively to 1-
butene. The rate constant of this reaction is reported
as approximately & ~ 107 s at 36 °C. The active
component is (C,Hy)Ta(C.H,), (PMejg), (15) which is
trigonal bipyramidal in geometry. The trimethyl-
phosphine ligands are axial, and ethylene ligands are
equatorial and perpendicular to the trigonal plane. The
mechanism for the dimerization reaction is shown in
Scheme XIII. A metallacyclopentane complex forms
when ethylene attacks 15 and one of the metallacycle
Ta~C(a) bonds is cleaved by a 8-hydrogen atom from
the butyl ligand to give 16. The alternative possibility,
viz., transfer from the metallacycle to the butyl and the
ethylene ligand should be slow. The rate-determining
step in this mechanism is 15 — 17. This kind of me-
tallacyclopentane mechanism is a plausible alternative
to insertion of ethylene into a metal-ethyl bond
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whenever such insertion is not expected to be fast
and/or when the metals in lower oxidation states are
formally oxidized by forming a metallacyclopentane
complex. The insertion mechanism can be viewed as
proceeding through two steps which include the for-
mation of a metallacyclopentane complex as shown in
eq 9.2 It is interesting to note that the analogous

H

[
(o=t o [ CoHe

H
N 191

K/M — [ Hg—M

niobium system fails to dimerize ethylene to 1-butene
because of its inability to form a metallacyclopentane
complex.

G. Group 6 (VIB) Elements

1. Chromium and Molybdenum

The chromium complexes CrCl;L; and CrCLLy(NO),
wherein the ligands L are pyridine and tri-n-butyl-
phosphine in conjunction with ethylaluminum di-
chloride effect simple dimerization of ethylene at 50
°C.99100101 A conversion of 4700 g of butenes per gram
of chromium complex is achieved with the catalyst
CrCl;(4-Etpy);. Butene fraction consists of 1-butene
(50%), trans-2-butene (32%), cis-2-butene (18% ), and
isobutylene (0.1%). Cr* or Cr?* species may be involved
in the reaction. Here chromium atoms are probably
associated with the organoaluminum halides to form
bridged chromium-halogen—-aluminum species.

A chloro-bridged molybdenum complex, [(7-CzHg)-
Mo(r-allyl)Cl],,'%% with ethylaluminum dichloride cat-
alyzes the dimerization of ethylene in benzene medium
at 20 °C.

2. Tungsten

Wideman!® has reported a catalyst based on tung-
sten. The active catalyst is prepared by heating tung-
sten hexachloride and 2,6-dimethylaniline in a mini-
mum amount of chlorobenzene and subsequently
treating with diethylaluminum chloride. A conversion
of 176 000 mol of ethylene/mol of tungsten is achieved
in 1 h at 40 °C and 27 atm of ethylene pressure. The
yield of 1-butene is 92% in the process. An increase
in pressure from 27 to 34 atm resulted in the conversion
of 184000 mol of ethylene/mol of tungsten, thereby
achieving a better yield of 1-butene (98%) at a faster
rate.

H. Group 7 (V1IB) Elements

Manganese chloride, manganese malonate, and
manganese acetylacetonate!®* with organoaluminum
halides are reported to dimerize ethylene in chloro-
benzene solvent. The optimum aluminum to manga-
nese ratio is 3:1. At 45 atm of ethylene pressure and
80~85 °C, butenes consisting of 36.6% 1-butene, 42.2%
trans-2-butene, and 21.2% cis-2-butene are formed.

Pillai et al.

I. Group 8-10 (VIII) Elements
1. Iron

Ferrocene and ferrous chloride along with organo-
aluminum halides are known to convert ethylene to a
mixture of butenes at 1-20 atm and —10 to +50 °C.105106

2. Cobalt

In the case of cobalt and modified Ziegler systems
have limited activity toward ethylene dimerization.3%1%7
Cobalt(II) or Cobalt(IIl) and a reducing organometallic
compound system have been specially proposed for this
reaction. Tris(acetylacetonato)cobalt(III) and tri-
ethylaluminum convert ethylene at 30 °C into n-but-
enes with a selectivity of 99.5%.1% The products consist
of a mixture of 95% 2-butenes and 5% 1-butene. The
molar ratio of AlR3/Co must be between 2 and 5 as
beyond that the activity decreases. On the other hand,
the addition of triphenylphosphine decreases the rate
of reaction.

(Dinitrogen)hydridotris(triphenylphosphine)cobalt(I)
has also been used to dimerize ethylene.! Here, the
dimerization of ethylene takes place at room tempera-
ture without the use of a Lewis acid. Ethylene con-
version decreases with time, presumably due to partial
decomposition of the catalyst. However, this decom-
position is slow at 0 °C. A mechanism is proposed in
which the olefin is first inserted between the cobalt-
hydride bond and then a second molecule of the olefin
is inserted between the cobalt-alkyl bond. Displace-
ment of the dimer by the olefin regenerates the cyclic
process.

The dimerization of ethylene is selectively catalyzed
by halotris(triphenylphosphine)cobalt(I) in halobenzene
containing boron trifluoride etherate.!!%1!! The catalytic
activity is significantly affected by the solvent, bro-
mobenzene being the most effective. The rate of
ethylene absorption decreases in the order bromo-
benzene > iodobenzene > o-dichlorobenzene > chloro-
benzene > o-chlorotoluene. The optimum ratio of bo-
ron to cobalt for the boron trifluoride etherate—bro-
motris(triphenylphosphine)cobalt(I) system is 1. This
suggests a strong 1:1 interaction between the two com-
ponents (eq 10). Lewis acids other than aluminum

+ -
CeBr{PPhgly + BF3.0Ety) —= |Co(PPhy) Bf3.Br
33 2 3’3 3 {10)

chloride and boron trifluoride etherate show no di-
merization activity with cobalt complexes. Addition of
triphenylphosphine and water stops the dimerization
almost completely.

Speier has reported the kinetics and mechanism of
the dimerization of ethylene using bis[(ethylene)tris-
(triphenylphosphine)cobalt] as a catalyst.!'>!13 The
predominant product is trans-2-butene (63%). The
mechanism is given in Scheme XIV. Converion of 18
to 19 is the rate-determining step in this mechanism.

3. Nickel

Nickel-based catalyst systems constitute one of the
important catalysts for olefin dimerization because it
is the only metal which can control the mode of linking
of olefins. Its specific activity is high, and it is one of
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SCHEME XI1IV. Dimerization of Ethylene by
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the less expensive of the transition elements. Because
of these advantages much research has gone into the
study of nickel-catalyzed dimerization.!14-140

The discovery of the “nickel effect” represents the
starting point for the development of the Ziegler cata-
lysts.*! A basis for the elucidation of the effect was
provided by studies on the reduction of nickel com-
pounds by organoaluminum compounds, the existence
of nickel hydrides, and the interactions between nick-
el(0) and Lewis acids as well as organic compounds of
main-group metals. Formation of multicenter bonding
systems like 17a involving trialkylaluminum compounds

Na

and nickel atoms has been demonstrated from these
studies. These systems further react with coordinated
ethylene molecules in a concerted manner to give but-
enes.

The first reports of the dimerization of alkenes by
nickel complexes have been published almost simulta-
neously in West Germany,'4?43 France,!** and
USSR.145146 Ewers has used a highly active homoge-
neous catalyst prepared by treating Ni(acac),, Ni(n-
allyl),, or Ni(w-allyl)Cl with dialyklaluminum chloride
in a toluene medium. A paper by Wilke and co-work-
ers'*” describes the dimerization of ethylene under the
influence of (w-allyl)nickel chloride in conjunction with
Lewis acids and tertiary phosphines. The allyl group
does not participate in the reactions.!*® It is neither
displaced as in cyclooligomerization nor inserted as in
polymerization but found on the nickel at the end of
the reaction. Its role is probably that of a stabilizer of
certain electronic states. Chauvin and co-workers!4?
have used the Ni(acac),~EtAlCl, system effectively for
the dimerization of ethylene.

An important feature of nickel-catalyzed dimerization
is that the Lewis acid is not necessarily a reducing agent
when the nickel is bonded to less than two “hard” an-
ions (“bare” nickel, (w-allyl)nickel halide, etc.) and is
a reducer when the bivalent nickel is bonded to two
“hard” anions (NiCl,, Ni(acac),, etc.). It may be pointed
out that Et,Al(OEt) is a weak Lewis acid, and hence the
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SCHEME XV. Nickelocene-Catalyzed Dimerization of
Ethylene
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SCHEME XVI.
(n*-Cyclopentenyl)(n®-cyclopentadienyl)nickel-catalyzed
Dimerization of Ethylene
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system Ni(acac),~Et,Al{OEt) is less active. But in the
system NiCl,-~PR;-AICl; the phosphine can play the
role of a reducing agent.

The catalytic species formed “in situ” by the reaction
of Ni(Il) with Rg ,Al,X, are generally more active.
Many attempts have been made to isolate intermedi-
ates.!*%1% Experimental observations are in agreement
with the following ionic structure!®! (Ln-Ni-H)*A-,
where A~ is a noncomplexing anion derived from a
Lewis acid. The L may be one of the following: (a) the
monomer or the dimer product, (b) a solvent molecule,
(c) a component added to the catalyst system like a
phosphine, or (d) any compound having a heteroatom
which is capable of coordinating with the nickel.

It has been possible to dimerize ethylene by nickel
in the absence of a Lewis acid. Butenes are formed by
heating nickelocene to 200 °C in the presence of
ethylene.!®? In this process homolytic decomposition
of nickelocene produces excited nickel atoms which
catalyze dimerization. This is similar to heterogeneous
catalysis. In order to explain the nickelocene-catalyzed
dimerization of ethylene, Tsutsui®® has proposed a
three-step mechanism (Scheme XV).

(n%-CsH)Ni(n®-C;H,)1% is a highly active unicompo-
nent catalyst for the conversion of ethylene to n-butenes
and n-hexenes at 145-150 °C. At high conversions of
ethylene (70-90%) the dimeric product (80-86% yield)
contains a high percentage (82-90%) of 1-butene. The
cyclopentadienyl group remains bonded to the nickel
during catalysis while cyclopentenyl group is labile. A
possible mode of activation is the reversible elimination
of cyclopentadiene from (°-C;H;)Ni(#*-C;H,) to gen-
erate (w-cyclopentadienyl)nickel hydride (Scheme XVI)
as a catalytically active intermediate.
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SCHEME XVII. Dimerization of Ethylene Catalyzed by
Nickelacyclopentane Phosphine Complexes
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Ozaki and co-workers!®? have reported dimerization
of ethylene catalyzed by bis(triphenylphosphine)(pen-
tachlorophenyl)chloronickel(II) activated with silver
salts like AgClO, or AgBF,. The activity is enhanced
by adding a catalytic amount of PPh, (PPh3 /AgClOy4
< 1). An excess of PPh; (PPh3/AgClO, < 2) stops
ethylene dimerization. Separate runs show that AgNO,,
NaClO,, and NaBF, do not activate the catalyst. En-
hancement of the activity of the complex by a catalytic
amount of PPh; may be attributable to an increase in
the solubility of AgClO,. Contrary to the PPhy complex,
the phenyldimethylphosphine complex is much less
active for ethylene dimerization.

(CgHs)Ni(PPhy),Br gives a maximum activity for
ethylene dimerization when the molar ratio of added
AgClO, to the complex reaches 2.1% 3P NMR study
of the reaction between AgClO, and the complex reveals
that the variation in dimerization activity becomes
parallel with the concentration of (C¢Hs)Ni(PPhy)ClO,
formed in the reaction. The coordinatively unsaturated
state of the complex will be one of the reasons for its
catalytic activity. The role of AgClO, is to remove of
halogen and PPh; from the original complex although
excessive removal of ligands results in the formation of
an inactive complex.

Nickel phosphine metallacyclopentanes especially

tris(triphenylphosphine)tetramethylenenickel (I) cata- .

lyze the production of cyclobutene and 1-butene from
ethylene.'® The course of the reaction is depicted in
Scheme XVIIL

The oligomerization of ethylene with a heterogeneous
catalyst of a polystyrylnickel phosphorous ligand com-
plex is carried out, and the result is compared with that
of the oligomerization of ethylene with a homogeneous
catalyst of Ni(acac),—Et;Al,Cl;—phosphorous ligand.!5
When PPh; is used as a phosphorous ligand, the ho-
mogeneous catalyst gives a considerable amount of
trimer together with the dimer but the heterogeneous
polystyrylnickel catalyst yields only butenes with
mainly 1-butene. The results are discussed in terms of
the steric and electronic effect of a phosphorous ligand
and the steric effect of the catalyst support (i.e., poly-
styryl chain).

Ni(PPh;), anchored on brominated polystyrene on
activation by BF3;OEt, exhibits high dimerization
catalytic activity for ethylene.!5” The catalyst is reused
without loss of activity.

Despite the instability of the catalytic system at low
temperature a kinetic study has been carried out in the
case of NiCl,(tetramethylcyclobutadiene)-EtAlCl,—P-

Piliai et al.

SCHEME XVIII. Dimerization of Ethylene under the
Influence of Rhodium Chloride in Alcoholic Hydrogen
Chloride Solutions (S = CI, H,0, or Solvent)
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(n-Bu); for the dimerization of ethylene.!® The reaction
is second order with respect to monomer and first order
with respect to nickel but is of a complex order with
respect to aluminum compounds. The overall activa-
tion energy lies between 7 and 9 kcal/mol. Kinetics of
ethylene dimerization in the presence of heterogenized
(w-allyl)nickel complexes is also investigated.!®®

4. Ruthenium

RuCl; in methanol medium is reported to be a di-
merization catalyst for ethylene but with poor selec-
tivity and activity.!®® When RuCl; is heated with
500-800 atm of ethylene at 130 °C for 10 h, 2-butenes
are formed along with hexenes, octenes, and higher
olefins,161

5. Rhodium

Rhodium chloride is active in the dimerization of
ethylene at 30-50 °C.1%

Cramer!®? has made a detailed study of the dimeri-
zation of ethylene under the influence of rhodium
chloride in alcoholic hydrochloric acid solutions and
proposed the mechanism as shown in Scheme XVTIII.
Activation of catalyst occurs by the reaction between
RhCl; and ethylene with formation of a complex anion
(20) of univalent rhodium with two ethylene ligands
the insertion of a coordinated ethylene at the l‘hOdl-
um-—carbon o-bond (the rate-determining step) gives the
butyl complex 22. This is rapidly converted into a
complex, 23, from which a molecule of butene is re-
placed by ethylene regenerating the starting complex
20. The solvent molecules are introduced into the re-
action pathway in order to satisfy the coordination
numbers of Rh(I) and Rh(III).

However, Schrock and co-workers?” have proposed
that the crucial intermediate in Cramer’s ethylene di-
merization system could be a metallacyclopentane
complex and the butyl complex is formed as a result of
its protonation (eq 11). The rate of dimerization of

- . -
H
Rh CHy CHp CH [
ECI3(C2HL) CHy CH2 C 2CH2] ot [Cl3¢2HA)Rh(CLH9)S:]”_.m)

d[(4Hg) | k [czmlrrﬁ CI"I{RA)
dt .- PSS | V]
ethylene is described by Cramer162 by eq 12. It is also
possible to dimerize ethylene by a nonionic reaction
using (m-C;H)Rh(C,H,), as a catalyst, but the reaction
is not fast.
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Keii and Okura have studied the kinetics of ethylene
dimerization with rhodium catalysts such as RhCl; and
Cl,Rhy(C,H,),.163 The rate of butene formation in the
presence of RhCl; is represented by eq 13.

2
kKp“C
R = — where
1+kp'
C = concentration of catalyst _ _ ___ ______... {13}
p = Ethylene pressure

k,K =Constants

EHMO calculations for the dimerization of ethylene
on Rh* and Rh3* ions have been carried out.!®* In all
stages of reaction Rh3" exhibits greater catalytic activity
than Rht.

Rhodium chloride supported on silica gel is found to
be more active than the homogeneous catalyst for
ethylene dimerization.!6%%6 Ag in the homogeneous
catalyst hydrogen chloride remarkably enhanced the
catalytic activity. 1-Butene formed in initial stage is
isomerized to 2-butene. The dimerization activity per
unit weight of catalyst increases in the order silica gel
supported > silica—alumina supported > alumina sup-
ported.

The active rhodium species of the supported catalysts
is the surface compound 24 formed from rhodium
chloride and the surface silanol according to eq 14.
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The high dimerization activity is due to the ligand
effect of Si-O- on rhodium. Activation energy for the
dimerization is calculated as 7 kcal/mol which is about
half of that obtained by using the homogeneous cata-
lysts.

[Rh(SnCl;),Cl,]* immobilized on AV-17-8 anion-ex-
change resin is highly active, stable, and selective cat-
alyst for the dimerization of ethylene to cis- and
trans-2-butenes in acidic media.’®” A mathematical
model is derived to describe the process in terms of the
ethylene pressure, temperature, and reaction time. The
optimum yield of butenes is 88%. A cis/trans ratio of
1:2.7 is obtained after 6 h at 75 °C and 42 atm of
ethylene.

6. Palladium

Use of palladium complexes in ethylene dimerization
is less prevalent presumably because of its low activity
and high cost.

Palladium chloride dimerizes ethylene at 20-70 °C
and 1-40 atm to yield butenes with 90% selectivity.16®
It has been suggested that this compound initiates the
dimerization in the presence of hydrogen chloride by
a mechanism (Scheme XIX) analogous to that of
Friedel-Crafts catalysis.

The dimerization of ethylene into n-butenes by
means of tetrachlorobis(ethylene)dipalladium in non-
hydroxylic media (benzene or dioxane) has been at-
tempted.!'®® Other palladium salts (fluoride, bromide,
iodide, nitrate) tested in the dimerization of olefins do
not form complexes of the type (C;H,),Pd,X,. Palla-
dium cyanide dimerizes ethylene twice as slowly as
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SCHEME XIX. Dimerization of Ethylene Catalyzed by
PdCl; in the Presence of Hydrogen Chloride
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PdCl, probably on account of deactivation of the cat-
alyst by a polyethylene deposit formed along with the
dimer.5

The solvents used in these dimerization reactions
dictate the activity of the catalysts. Besides benzene
and dioxane, acetic acid,'®®!"° halogenated hydro-
carbons, 68170172 pitro derivatives,1’%17! gulfones, tetra-
hydrofuran, ethyl acetate, phenol, dimethylformamide,
hydroquinone, catechol, benzyl alcohol, salicyclic acid,
anisole, and acetone'” have been used. On solvents like
benzene and chlorohydrocarbons and in highly polar
solvents like dimethyl sulfoxide and dimethylform-
amide dimerization does not occur. The reaction pro-
ceeds smoothly in solvents containing oxygen atoms.
The dissociative solvents like phenol and acetic acid
show high solvent effects. In carboxylic acids the rate
of dimerization decreases with an increase in pK,. Use
of deuterated acetic acid as a solvent shows that the
dissociated anion is taking part in the reaction. The
rate of reaction follows the order weakly dissociative
solvent > dissociative solvent > nondissociative solvent.

An important contribution to the mechanism
{Scheme XX) of the dimerization by palladium is due
to Ketley and co-workers.!’®!"! According to them in
the first step solvents like ethanol acting as weak lig-
ands or additives will cause the opening of the chloride
bridges of the Kharasch complex 25 resulting in the
formation of complex 26 under a positive pressure of
ethylene. Now complex 26 can undergo geometric
isomerization bringing the two ethylene molecules into
position next to each other. The detailed mechanism
of the conversion of 27 to 28 is far from clear, no evi-
dence having been obtained of an intermediate metal
hydride. Ketley and his co-workers have postulated the
transient formation of a Pd—H species. This can arise
from a vinylic hydrogen abstraction by the metal (27
— 29 — 28).
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SCHEME XXI, (7-Arene)PdAl,Cl, L,-catalyzed
Dimerization of Ethylene
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The dimerization of ethylene by Pd(BzCN),Cl, has
been reported by Barlow and Bryant.!”® Dimerization
and the accompanied isotopic exchange of ethylene
have been studied with Pd(BzCN),Cl, in benzene.!”
Both the reactions take place after an induction period,
the extent of which is reduced by the presence of a
hydrogen releasing olefin such as 3-methyl-1-butene.
The kinetics of dimerization is first order in ethylene,
and the rate does not immediately respond to change
in ethylene pressure. The reaction product is exclu-
sively butenes with a composition of 1-butene (4%),
cis-2-butene (36%), and trans-2-butene (60%) which
is close to the value corresponding to the equilibrium
of isomerization.

(n-Arene)PdAl,Cl,_, (arene = benzene, toluene, p-
xylene, m = 1, n = 4; arene = benzene, m = 2, n = 7)
catalyzes the dimerization of ethylene (85-90%) at
room temperature.l’> The suggested mechanism
(Scheme XXI) for this reaction involves the substitution
of one arene unit by ethylene followed by coupling of
two ethylene molecules. The evolution of 30 can be
supported to proceed through a hydride transfer process
(31) producing butene and, in the presence of ethylene,
again 32.

Palladium chloride supported on silica gel and v-
alumina are active for the dimerization of ethylene.!’®
PdCl,(Me,S0),1 71" and K*PdCl;"(Me,SO) on KSH-2
silica gel'™ catalyze ethylene dimerization. The yield
of dimer and selectivity are high with use of 0.1% di-
methyl sulfoxide complex precipitated from acetone at
90 °C and with 0.3% ionic complex precipitated from
chlorobenzene at 100 °C.

7. Iridium and Platinum

IrCl; in alcohol medium is capable of dimerizing
ethylene to 95-99% 2-butene and 1-5% 1-butene.!6!

Pt(PPh,), supported on heterogenized polystyrene!®
or p-chlorostyrene—-diviynlbenzene copolymers along
with BF3OEt, in hexane medium dimerizes ethylene
to a mixture of butenes.

Table II summarizes the available published and
patent literature. Some representative kinetic data for
the dimerization of ethylene are also summarized in
Table ITI.

Pillai et al.

1V. Catalytic Dimerization of Propylene Using
Transition-Metal Complexes

The versatality of the dimerization of propylene is
very much evident from the fact that the products in-
dividually or a mixture of them find extensive appli-
cations. The dimerization of ethylene essentially in-
volves the addition of a C—H bond of one olefin mole-
cule across the double bond of a second one. On the
other hand, in the dimerization of propylene four
products can be possible if only the vinylic C-H bonds
are considered, two products involving a C-H bond of
the methylene carbon and another two products in-
volving a C-H bond of the methine carbon. The major
products of dimerization are n-hexenes, 4-methyl-
pentenes, 2-methylpentenes, and 2,3-dimethylbutenes.
The selectivity of the products depends upon the metal,
the ligands, and the mode of activation of the olefin.

Pilot scale as well as industrial scale (IFP dimersol
process) dimerization of propylene using organometallic
catalysts have been reported.?*35! The product com-
positions, mechanisms, and reaction conditions of this
reaction are discussed together with the various ho-

mogeneous and supported metal complex cata-
lysts.32118,140,352-361

A. Group 11 (IB) and 12 (11B) Elements

CuAICl, and Cu,Cl, in the presence of Et,AIC1% in
isooctane medium catalyzes the dimerization of pro-
pylene at atmospheric pressure to give trans-4-
methyl-2-pentene (30.4%), hexenes (27.4%), and 2-
methyl-2-pentene (29.9% ) as major products and cis-
4-methyl-2-pentene (4.5%), 2-methylpentane (1.3%),
4-methyl-1-pentene (1%), and 2-methyl-1-pentene
(0.6%) as minor products. AgAlCl, and ZnAl,Cl; with
EtAICl, or Et,AICl is also used for conversion of pro-
pylene to trans-4-methyl-2-pentene and 2-methyl-2-
pentene.

B. Group 13 (II1A) Elements

1. Boron

A patent report®? is available on the dimerization of
propylene in presence of BBug~MR,,_,,H,, (M = Al, Ga,
In, Be, Mg, Zn; R = monovalent hydrocarbon radical;
n= valence of metal; m = 0-3) at 195-200 °C. Orga-
noborane promotes the isomerization of the product to
an a-olefin which is stabilized by shifting an alkyl group
to form selectively 2-methyl-1-pentene.

2. Aluminum

The dimerization of propylene by alkylaluminum
proceeds via carbanion intermediate.'®* In the reaction
between propylene and Al-i-Pr; initially an unstable
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alkylaluminum compound is formed3® (eq 15). This
then reacts with propylene according to eq 16.

cna-mzcnzm/

\* G CHZ-—CHz—-lI:Hz

CH3-CH—CH2AI< 1)

CHy— CHy—CHy

-
CH3—CH—CH-AIT + CaHg

ty=th—Chy ¢ CHy- CHa— CHp—aI{
1161

CH3— C= CHp

If the propylene dimer 2-methyl-1-pentene is taken
out of the reaction mixture, the mechanism of the
process becomes catalytic and a small amount of the
alkylaluminum compound will be sufficient to dimerize
the propylene.?6-3¢3 I the dimerization of propylene
at high temperatures and pressures using a AlPr; cat-
alyst it is reported that the integrated contact number
K, is the most convenient and reliable control param-
eter for the automatic process control.?® It determines
both the selectivity of the process and the degrees of
conversion. Calculations and experimental data show
that optimum process conditions are achieved at K, ~
2-4.

Schmidt and co-workers“65 have reported the effect
of organoaluminum compounds on the catalytic prop-
erties of complex cafalysts used in the dimerization of
propylene. The seléctivity for the process is strongly
dependent on temperature, pressure, and contact
time.362:366-368 Tn g continuous process of the dimeri-
zation of propylene at 200 atm with AlEt; activation it
is observed that the yield of dimer increases with tem-
perature.®® Studies on the dimerization kinetics®%5"!
have shown that the reaction order with respect to
propylene is close to unity. Activation energies of 11.757
and 14 kcal'mol!3! have been reported.

The Ziegler dimerization of propylene is used as the
first stage in'the production of isoprene from propyl-
ene,62366-368372 The Goodyear Tire and Rubber Co.,
which produces 2-methyl-1-pentene on an industrial
scale, has carried out extensive research on the use of
a propylene dimer as a starting material in the indus-
trial synthesis of isoprene.?”

C. Group 14 (IVA) Elements

There is a patent3? on PbAl,Clg-EtAICl, or Et,AICI
catalyzed dimerization of propylene to trans-4-
methyl-2-pentene and n-hexenes. Higher activities at
moderate temperatures and pressures are observed
when compared with other Friedel-Crafts catalysts.

D. Group 4 (IVB) Elements

1. Titanium

Propylene dimerization has been achieved* by using
an AIR;-Ti(OR), system with an AIR;/Ti(OR), ratio
< 10. Ti(acac)(OR)3;, where R = butyl or 1sopropyl with
AlEt;3™ at 60 °C under 8.5 atm of propylene gives 4-
methyl 1-pentene (43%), 4-methyl-2-pentene (1.6%),
n-hexene (9%), and 2-heXene (46.4%). (n-C,Hg),Ti-

Chemical Reviews, 1986, Vol. 86, No. 2 365

SCHEME XXII. Dimerization of Propylene Catalyzed by
(n-C,H,);Ti(dmpe)

\/\/
/\ PN

Ti—H

l

(dmpe) catalyzes the dimerization of propylene to 2,3-
dimethyl-1-butene, suggesting metallacycle formation
(Scheme XXII) as an intermediate in the reaction.®!

The dimerization of propylene occurs as a side reac-
tion during propylene polymerization using titanium
trichloride catalyst.?”® Several possible mechanisms of
dimer formation are discussed. In the presence of a
commercial catalyst dimer formation is 50-100 times
higher than that in the presence of microspherical TiCl,
catalyst obtained in the laboratory by reduction of
TiCl,.

2. Zirconium

(n-C,Hg).Zr(dmpe)® dimerizes propylene to 2,3-di-
methyl-1-butene by a process similar to the titanium
analogue. A process for the conversion of propylene to
C¢ and higher a-olefins by (w-allyl)ZrBr; and (ben-
zyl)ZrBr; in the presence and absence of Et,AlCI or
EtAICl, has been reported.®3? Zirconium(IV) acetyl-
acetonate with Et;Al,Cl; and PPh; or PBuy; at 65 °C
catalyzes the dimerization of propylene.’’® Molar ratios
of monophosphine to zirconium of about 1-10:1 and
Lewis acid to zirconium of 1-40:1 are preferred. Use
of multifunctional phosphines such as a 1,2-bis(di-
phenylphosphmo)gthane in place of the umdentate
phosphine in the catalyst composition shows no cata-
lytic activity for the dimerization of propylene. Apart
from zirconium(IV) acetylacetonate zirconium salts of
cyclic and aromatic carboxylic acids like zirconium cy-
clohexene carboxylate, zirconium phenylacetate, zirco-
nium benzoate, and zirconium phthalates can be used.

E. Group 5 (VB) Elements

1. Niobium

There is a patent on the RR!,R2NbA,, (R = cyclo-
pentadienyl: R! = benzyl; n = 0, 1; R? = Me,CCH,
PhCH; A = halogen; m =1, 2)-YR3 (Y = N, P, AS, Sb,
Bi; R3 = alkyl, aryl) catalyzed dimerization of propylene
in decane medium.3”

2. Tantalum

B8,8’-Disubstituted and «,8’-disubstituted tantala-
cyclopentane complexes are intermediates in the se-
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Dimerization of Ethylene and Propylene

SCHEME XXIII. Formation of ht and tt Propylene Dimers
from Tantalacyclopentane Complexes

Me Me
TC( == P — 7 Me
Me H Me

Me Me

l Fast

\

(tt dimer)
Me Me
Me

Me Me
H
. I -
Ta -— Ta -— Me
Me Me
l Fast

Me

{ht dimer)
# Me

lective catalytic dimerization of propylene to a mixture
of tail to tail (tt) and head to tail (ht) dimers™ (eq 17).

CH2 CH3CH= CHy 3
M| — (o
CH — CHy -CH3CH = CHy M or)
CH3
; CH3 / CH (17)
Mz{7 = (5-Mesg) Tallz ‘;J\ MC[
CH3 / CH;

IEH;

The investigators of the above work have also ob-
served that (n5-C5H5)CIZT.EJHZCHMeCHMngHZ is the

crucial intermediate in the catalytic dimerization of
propylene to largely 2,3-dimethyl-1-butene. Unfortu-
nately this catalyst system becomes inactive after ~20
turnovers, possibly because Ta(5®-CsH;)Cly(C3Hg) which
must be formed as intermediate is unstable at 25 °C.3

Deuterium labeling studies show that each tantala-
cyclopentane ring contracts to the tt or ht dimer.% An
alkenyl hydride complex is an intermediate in each
pathway (Scheme XXIII). It forms reversibly from the
tantalacyclopentane complex. The rate of the ring
contraction step may be kinetically important, and
decomposition of the tantalacyclopentane complex is
fast relative to the rate at which it forms its alkenyl
hydride precursor. In the second pathway the §-hy-
drogen abstraction can lead to 33 and subsequently to
an a,a,o’-trisubstituted metallacycle (eq 18).

CH3

€Hy

Tu/j\ _ Ta
H CH3
H
33 3

C CH3 (18)

This is much more sterically crowded than the a,8-
disubstituted metallacycle given in the original path-
way. This choice is applicable only to ,8'-disubstituted
metallacyclopentane rings since the 8,8-disubstituted
metallacyclopentane must collapse to the much more
crowded «,a,8-trimethyltantalacyclopentane complex.
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F. Group 6 (VIB) Elements
1. Chromium

Cl'Cl3(py)3, CrCl3(4-Etpy)3, and [CrCls(PBu;;)g]Z com-
plexes have been used as catalysts®*'%! for the dimeri-
zation of propylene. In addition to dimers, trimers and
tetramers are formed. The Cg4 fraction is composed
mainly of 2-methylpentene (69%) and n-hexenes (31%).
EtAICl, is used as the cocatalyst in these systems.

2. Tungsten

Treatment of WCl; with aniline (ligand) and
Et;ALCl, gives HWCl:-H;NPh which on reaction with
propylene is converted into a series of reaction inter-
mediates.’™% The order in which the reagents are
combined is important to the reaction. As the Al/W
ratio decreases, the proportion of dimerization also
decreases., WCl; or WBr; heated at 132 °C with aniline
in conjugation with EtAICl, is also used as a catalyst
for the dimerization of propylene at 60 °C.2" Con-
version of propylene is 39%, and selectivity for Cq
olefins is 98% with this method.

Additives like phenols,?! carboxylic acid esters,3? and
diketones®®® with the WCl;-PhNH,-Et,;Al,Cl; system
influence the conversion and selectivity of dimerization
of propylene considerably. 2,3-Dimethyl-1-butene and
2-methyl-1-pentene are the major products in all these
reactions. A WClg/additive mole ratio of 1:1 is em-
ployed. The WCl,—~OHCzH,COOCH,! gystem gives
94% conversion and 99% selectivity to hexenes. On the
other hand, the WCl;-C¢H;CH,OH system produces
77% conversion and 90% selectivity to dimers.382

G. Group 7 (VIIB) Elements

There is a patent report®® on a manganese-based
metal complex as a catalyst for the dimerization of
propylene. When AICl; is added to MnCl,, it forms a
1:1 complex initially. Here AlICl; acts as a Lewis acid.
If AlPr; and propylene are added to this, 2- and 4-
methyl-2-pentenes and 2-hexenes are formed. Activity
of the catalyst increases with an increase in complex
concentration.

H. Group 8-10 (VIII) Elements
1. Iron

The FeCl;-AlCl; (1:1) system with AlPr; cocatalyst
is a good catalyst for propylene dimerization. It has
higher activity than the MnCl,~AlCl;~AlPr; system.3
The Fe(acac);—(i-Bu),AlC] system is also known to
catalyze the dimerization of propylene.?® The dimer-
ization of propylene to 2-methyl-2-pentene in heptane,
toluene, or chloroform solvents in the presence of the
tricomponent system Fe(acac), (where n = 2, 3)-
Et,AlCl-1,5-cyclooctadiene has also been patented.?

2. Cobalt
The two-component cobalt catalyst such as CoCly—

Et,AlCl with methylene chloride has high activity for
propylene dimerization. The following types of catalyst
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SCHEME XXIV. H(N;)CoL; (Where L = Tertiary
Phosphine) Catalyzed Dimerization of Propylene
H Ny Coly
C3Hg

CH3CH TCHZ —- C3HqColy

HCol3
(3Hg

e
N e CH3CH = CHy
Me

| (3H7 ol
C3Hy— (= (H, 307
HCol 3

N &

(C3H7) ((3Hg ) Col3

systems have also been used:®’ CoX,—AlRg; CoX—AlX,
and related systems; CoX,-AlX~AlR; (R = alkyl; X =
halogen). Many of these systems have very high ac-
tivities. The transition-metal salts give >95% selec-
tivity to dimerization in some cases. The dimer prod-
ucts are similar in all cases and consist of 30% hexenes
and 70% methylpentenes. Selectivity to n-hexenes is
increased to 50% at 150 °C. It is presumed that cat-
ionic catalysis is involved.

The CoCl,-AlCl; (1:1) complex system with AlPr; is
effective for homogeneous dimerization of propylene.
It has higher activity compared to the MnCl,—AlICl;-
AlPr; and FeCly-AlICl;—AlPr; systems.38

HCo(N,)(PPhy), has been used to dimerize propyl-
ene.!” 2.-Methyl-1-pentene is the main product. The
addition of 3 mol of tri-n-butylphosphine/mol of cobalt
complex considerably reduced the dimerization rate. A
mechanism as shown in Scheme XXIV is proposed.

The kinetics of homogeneous propylene dimerization
with HCO(Nz) (PPh3)3388 or CO(NQ)(PPh3)3389 as CatalyStS
under mild conditions can be described by eq 19, where

k3 KyKplCol[C3Hg)
[PPh3 ] + Ky+Kq Kl C3Hgl (19}

K,, K;, and K, are all constants. The following acti-
vation parameters are reported for the dimerization
reaction: AE, = 22.9 keal'mol™!, AH* = 22.3 kcal-mol,
and AS* = 13 cal'mol K™, The Co(acac),—(i-Bu), AlCI
system catalyzes the dimerization of propylene to give
methyl-substituted pentenes.3®

3. Nickel

The predominant literature!323%0-3% on the propylene
dimerization is based on the nature of the activity of
complex organometallic catalysts based on nickel com-
pounds and the effects of ligand attached to the nickel
on the selectivity of the process.

The IFP Dimersol process {Dimersol G) for the sin-
gle-stage dimerization of propylene yields hexenes
present in high octane gasoline.?>3% The process takes
place under rigorously controlled conditions at reduced
pressures and ambient temperature in the presence of
catalytic amounts of a nickel and aluminum alkyl com-
plex which is immediately destroyed in an NH;-H,0
system on completion of the dimerization.

Catalysts based on (w-allyl)nickel halide are report-
ed!432# 1o be used for the dimerization of propylene on
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a laboratory scale as well as pilot plant scale at the Max
Planck Institute, West Germany. (z-Allyl)nickel halides
with various cocatalysts like AICI,,13107.149246 (],
MoCl;, VOCl,, and WC1;30:107.149246 gpe gctive for the
formation of n-hexenes, 2-methylpentenes, and 2,3-di-
methylbutenes from propylene. When these catalysts
are modified by adding tertiary phosphines, the di-
merization of propylene can be diverted depending on
the phosphines used3 to give either 2-methylpentenes
or 2,3-dimethylbutenes. These products are precursors
of isoprene and 2,3-dimethylbutadiene, respectively.
The mixture of them can be used as motor fuel con-
stituents. The Lurgi-Ruhrgas Co. has set up an in-
dustrial plant for the dimerization of propylene having
a capacity of about 100000 ton/year.24

It has been suggested that the activity of complex
Ziegler catalysts toward the dimerization of alkenes!®’
arises from the formation of complex hydrides, for ex-
ample, HNiCl, coordinated to the alkylaluminum hal-
ide. The study of the influence of phosphines on pro-
pylene dimerization has been studied extensive-
ly.149.397-400 T the series of PPhg to P(i-Pr), the yield
of n-hexenes decreases gradually from 21.6 to 1.8%
according to the order PPhy > Ph,P(CH,);PPh, >
Ph,PCH,Ph > Ph,P(i-Pr) > Ph,PCH,PPh, > PMe, >
PEt; > P(n-Bu); > P(CH,Ph); > P(NEt,); > Cy,PPCy,
> PCY,; > P(i-Pri),. However, the yield of 2,3-di-
methylbutenes increases up to 67.9% in the above se-
ries. Still higher yields of 2,3-dimethylbutenes are
achieved by using phosphines with tert-butyl groups.
However, with the introduction of two tert-butyl groups
in combination with one isopropyl group in the phos-
phine the yield of 2,3-dimethylbutenes drops to 29.1%.
There are two effects operating, namely, inductive effect
of the group “R” attached to the phosphorous and the
steric hindrance of the bulky tert-butyl groups. Better
insight into the nature of the effect of phosphines on
the catalytic reaction can be obtained when the mech-
anism and composition of dimers are taken into ac-
count.

The possible routes leading to the formation of dif-
ferent dimers are shown in Scheme XXV, A square-
planar nickel hydride complex*! is suggested as the
catalytic species. In the first step the nickel hydride
catalyst adds across the double bond of propylene to
give two intermediates, namely, a propy! nickel and an
isopropyl nickel complex. Both of these intermediates
can react further with propylene by insertion of the
double bond into the nickel-carbon bond resulting in
formation of four more intermediates. 3-Elimination
of nickel hydride from these intermediates produces the
possible products of propylene dimerization, namely,
4-methyl-1-pentene, cis- and trans-4-methyl-2-pentene,
2,3-dimethyl-1-butene, n-hexene, 2-hexenes, and 2-
methyl-1-pentene. Terminal unbranched olefins are
rapidly isomerized under the influence of catalyst by
a process of repeated nickel hydride addition and
elimination to the internal olefins. Therefore under
ordinary reaction conditions the yield of 4-methyl-1-
pentene is low.

The influence of phosphines on the direction of ad-
dition of nickel hydride or nickel alkyl to propylene is
debatable. If it is assumed that the isopropyl nickel
complex and the propyl nickel complex have the same
reactivity toward propylene, the direction of addition
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SCHEME XXV. Possible Routes Leading to Different Propylene Dimers in Presence of Nickel Complex
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in the first reaction step (%) in the scheme is given by
the ratio
Ni — Cz
Ni—C;
4-methyl-2-pentene + 2,3-dimethyl-1-butene +
2,3-dimethyl-2-butene) /{% (hexenes +
2-methyl-1-pentene)}

= % (4-methyl-1-pentene +

Similarly the average direction of addition in the second
step is given by the ratio

Nl"’Cg

———= = % (4-methyl-1-pentene +

Nl - C]_

4-methyl-2-pentene + hexenes)/
{% (2,3-dimethyl-1-butene +

2,3-dimethyl-2-butene + 2-methyl-1-pentene)}

To obtain these ratios for different phosphines, it is
necessary to avoid the isomerization of 2-methyl-1-
pentene and 4-methyl-2-pentene. With strongly basic
phosphines, the rate of isomerization as well as di-
merization decreases in the order PMe; > PPh; > PEt;,
> PCyg > (i-Pr)P(t-Bu),. The isomerization can be
suppressed at low conversion.

The amount of higher oligomers formed during the
dimerization of propylene is also influenced by the
nature of the phosphines. Their yield increases with
the basicity of phosphines. Also the propylene dimers
obtained with basic phosphines are isomerized only to
a slight extent.

The dimerization of propylene on a (x-C3;H;)NiBr-
(PCy,)*® in the presence of EtAICl, proceeds with a
turnover number of 60 at 75 °C and 230 at -55 °C.
Extrapolated to 25 °C this gives a turnover number of
60000 which is comparable to the activity of catalase.
At higher conversions the catalyst has diminished ac-
tivity. The product formed include 10-15% higher
olefins, 18% 4-methyl-1-pentene, 1-3% cis-4-methyl-
2-pentene, 76% 2,3-dimethyl-1-butene, and 4% 2-
methyl-1-pentene as well as traces of other isomers.

With the [7-crotyl)NiCl],—TiCl, catalyst system the
activation energy for the dimerization of propylene is

observed to be 15.2 kcal/mol.**® The kinetics and
product distribution for this and several other (x-al-
lyl)nickel catalysts have been determined with PPh; as
a proton acceptor: the yield of 2-methyl-2-pentene
varies from ~13% to 56.5%.

There are reports?*44% on the dimerization of pro-
pylene catalyzed by heterogenized (w-allyl)nickel hal-
ides. Polymer-anchored =-allylic nickel complexes
similar to nonsupported complexes are found to be
effective catalysts for propylene dimerization after ac-
tivation with a Lewis acid such as EtAICl, (molar ratio
of Al/Ni = 15.5). Using a cross-linked resin as a support
the dimerization can be performed continuously since
the catalytic centers remain active for a long time
without any further addition of aluminum cocatalyst.
The release of metals during this reaction is low. The
reactions are carried out either in bulk propylene or in
chlorobenzene solution. The conversion reaches 35%
at room temperature. The product has the composition
of 2% dimethylbutenes, 67% methylpentenes, and 31%
hexenes. Hexene content obtained with polymer-an-
chored nickel catalysts is higher than those observed
with the (w-allyl)nickel triphenylphosphine complex
with EtAICl,. The drawback of the polymer-anchored
catalyst is that it loses 40% of its initial metal content
after the reaction.

Ni(acac);—Et,Al(OEt)%" at 40 °C dimerizes propylene
selectively to linear olefins, preferred solvents being
ethers like diglyme. The optimum Al/Ni ratio is found
to vary with different aluminum alkyls like AlEt;,
Et,Al(OEt), and EtAl(OEt),. With AlMe; and
Me,Al(OEt) the optimum activity is observed at Al/Ni
= 2:1. Maximum productivity is achieved between 20
and 40 °C. Investigation of the reaction with various
B-diketones reveals that the nickel complex of di-
benzoylmethane shows an improvement over nickel
acetylacetonate on a molar basis. For this complex the
optimum Al/Ni ratio is 1:1 for the AlMe; cocatalyst.
Linear dimerization activity is also observed with alkyl
compounds of lithium, boron, and magnesium. Of these
the highest activity is observed by using BEt;.

Ni(acac),(i-Bu), AICl is reported to catalyze the di-
merization of propylene to yield a mixture of dimers.
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The dimer yield per unit weight of Ni(acac), is im-
proved by a factor of 5-8 when the homogeneous cat-
alyst is replaced by Ni(acac), on a solid carrier like
Al,Og, Si0,, or K,CO;. The catalytic activity of Ni-
(acac), with Et,AlCI, Et,Al,Cl,;, EtAlBr,, and EtAICl,
are also observed.3®

Thermodynamic constants have been calculated for
12 dimerization reactions of propylene at 5, 25, 127, and
227 °C, and the equilibrium composition*® of the di-
merization products at these temperatures has been
determined. The influence of various phosphine ad-
ditives in the Ni{acac),—(i-Bu),AlCl catalyst system on
the composition of dimerization products has been in-
vestigated and a dimerization scheme presented.

The same reaction is studied*” in the presence of gel
like catalytic systems (GCS) containing Ni(acac), and
RAIX,. The activity of GCS in heptane, 2,2,4-tri-
methylpentane, and propylene dimers remains constant
for hundreds of hours.

The activity of nickel salts supported on Al,O; or SiO,
in combination with the (i-Bu),AlCl cocatalyst toward
propylene dimerization decreases in the order*!? Ni-
(acac)y > NiCl, > NiBr, > Ni(NOj), > NiSO,.

In the dimerization of propylene with a 1:45:16 Ni/
Al/P mole ratio for the Ni(acac),—Et;Al,Cl;-PPh; sys-
tem raising the reaction temperature from -50 to 40 °C
decreases the yield of 2-methylpentenes.‘!! The yield
of 2,3-dimethylbutenes increases, and the yield of
hexenes remains constant. An increase in the P/Ni
ratio from O to 8 at Al/Ni ratio of 45 is associated with
decrease of hexenes and increase of 2,3-dimethyl-
butenes.

The effect of reaction parameters like catalyst con-
centration, temperature, and pressure on the selectivity
of the dimerization of propylene in the presence of the
catalytic system Ni(acac),—(i-Bu),AlCI-L (L. = PPh,,
PCys;, or (Me;C),PBr) has been studied.*!? The isom-
erizing activity of phosphorous ligands is PPh; > cat-
alyst without L. > PCy; > (MeyC),PBr. An increase in
the pressure decreases the isomerization and increases
the dimer yield. Optimum dimer yield is obtained at
temperature from -10 to 20 °C. At low catalyst con-
centration in the presence of (Me;sC),PBr 23% of
thermodynamically unstable 4-methyl-1-pentene is ob-
tained. Compounds like P(OR); are recommended as
modifiers for the above system in place of PPh,.#!3

The nature of the phosphorus ligand in the Ni-
(acac),—Et;Al,Cli-PR; catalyst!4?4%! on the dimerization
of propylene in toluene is studied. The electronic effect
of substituents in triarylphosphine P(PhX), (X = p-Cl,
p-H, p-Me, p-OMe, 0-Me, etc.) on dimer distribution
is measured. The catalytic activity decreases in the
series p-Cl > p-H > 0-Me =~ p-Me > p-AC > p-Et >
p-Bu. Both the basicity and molecular bulkiness of the
phosphines favor formation of 2,3-dimethylbutenes
rather than hexenes or 2-methylpentenes.

Propylene dimerization in toluene over a 1:8:3 Ni-
(acac);~PPhs—Et;ALCl, catalyst3¥44 is second order in
propylene and second order in catalyst. The thermo-
dynamic parameters have been calculated for the cat-
alyzed and uncatalyzed gas-phase reactions. The above
catalyst system shows higher activity?*!® at 10 °C than
at 26 °C in the isomerization of 2-methyl-1-pentene.
This suggests that the catalytic species is thermally
unstable even at 26 °C. Very low temperatures of —50
to =20 °C have been employed to prevent deactivation
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of the catalyst. The kinetics of the dimerization is
carried out in a static system containing propylene of
comparatively high concentrations (propylene/Ni molar
ratio = 240-2400). The rate law is given by

d[CeH,,]

o = RINi[C;H)

k = 1010-1¢(-13000/RT)yy) 5]-1.1.g"1

The rate law is different from that given by Hoja-
bri,3%34! based on data at high temperatures. This is
because of the measurement of the rate by an integral
method without taking into account the deactivation
of the catalyst. Activation parameters have been
evaluated as E, = 13.0 kcal/mol, k& = 7.98 X 1073 mol 7,
L-s™t at —40 °C, AH* = 12.5 keal /mol at —40 °C (8.95),
AS* = -13.8 cal-mol k™! at —40 °C (0). The values in
the parentheses are obtained by Hojabari at 30 °C.
Insertion of propylene into the propyl nickel complex
is taken to be the rate-determining step of the mecha-
nism proposed.

The structure and yield of the propylene dimerization
products have been studied as a function of the catalyst
composition and solvent.’® The highest yield is ob-
tained in toluene with a relative molar composition of
Ni(acac),~AlEt;-PPhy;-BF3.:OEt, as 2:1:4:35. It corre-
sponds to the B/Ni molar ratio of 15. At a B/Ni molar
ratio of <5 the system is catalytically inactive. When
BF;-OEt, is preconditioned in anhydrous toluene for a
few days, then the optimal ratio decreases. At the op-
timum catalyst composition the yield is the highest in
toluene, then in benzene, and much lower in chloro-
benzene, yet the relative distribution of products in
toluene and chlorobenzene is closer than that in benz-
ene. The Bronsted acid activates the catalyst con-
taining nickel(0).

Complexes of Ni(acac),(COD) and Ni(acac),(C,Hyg)
supported on polystyrene containing PEt,, P(i-Bu),,
P(OEt),, P(NEt,),, and PCl,. AICl; along with Et,AlC],
EtAICl,, or (i-Bu),AlCl activators catalyze the dimeri-
zation of propylene giving 1300-1700 g of dimers/h/g
of nickel.?'” The catalysts are stable for >1000 h in
alkane solvent. The precise dimer composition depends
on the catalyst components, solvent, and temperature.

Nickel oleate with Al,R,_.Cl, (x = 2, 3, or 4) brings
about the dimerization of propylene.107.145146 Ni(Q,C
Ci5Hsp)s-Bu,AICI-L (L = dibenzo-18-crown-6, poly-
ethylene glycol 2000, X(CH,CH,0),CH,CH,X where X
= piperidino, PhS, or PhO) containing a 50:1 ratio of
Al/Ni catalyzes the reaction at 0-10 °C and 1 atm.
Using crown ethers and polyethylene glycol ligands with
the complex, <90% selectivity for methylpentenes can
be achieved.1®

Ni(O,CR); (R is undefined)-(i-Bu), AlCl-piperidine
or —morpholine systems are also known to dimerize
propylene. Conversion of propylene is the highest
(80~-85%) with piperidine as the additive.*'®

Study of the dimerization of propylene in the pres-
ence of phosphine complexes of nickel(0) is availa-
ble.420’421 The Ni(PPh3)4"A1Br3 or ‘Alcla, Ni(PPh3)4"
BF;0Et,, 242 and Ni(PPhj),~Et,AlCl or ~Et;Al,Cl;***
systems are a few of them. Addition of HF to a Ni-
(PPhj),—BF, catalyst system for propylene dimerization
up to a Ni/HF ratio of 1:1 significantly increases the
rate. Analogous results*?® have been obtained upon the
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addition of HF and H,SO, into the Ni(PPh,),~BF3-OEt,
catalytic system. The composition of the propylene
dimers is hardly affected by the introduction of
Bronsted acid into the catalytic system. The order of
addition of these acids has a significant effect on the
yield of hexenes. If HF is added to the Ni(PPhy), so-
lution before the Lewis acid, the yield of hexenes is
doubled. There is also a report on the dimerization of
propylene catalyzed by Ni(PPh;), in conjunction with
CF,CO,H. 426427

A polystyrylnickel complex prepared by the oxidative
addition34% of brominated polystyrene to Ni(PPh;),
and activated with BF3OEt, and a catalytic amount of
water acts as an efficient catalyst for the dimerization
of propylene at room temperature and atmospheric
pressure. Solvents like n-hexane, toluene, benzene,
methylene chloride, and chlorobenzene increase the rate
of reaction. One role of the solvent is to swell the matrix
polymer to allow access of the substrate olefin to the
interior of the polymer gel. Some dipole-dipole inter-
action between the nickel site, the olefin, and the sol-
vent molecule may be prevailing so that competitive
coordination of the olefin and the solvent to the nickel
site may be possible. The effect of temperature shows
that the rate of the dimerization reaction decreases with
an increase in temperature while selective formation of
methylpentenes increases up to 90% at 40 °C. 2-
Methyl-2-pentene is the major Cq olefinic product.

Ni(PPhg),(C,H,) in conjunction with CF;CO,H or
H,S80,%%6 catalyzes the dimerization of propylene. Ni-
(i-PPr;)(C,H,), and Ni(i-PPry),(C,H,) with BF,-OEt,'2
also convert propylene into dimers. Treating the same
complexes with AlBr; or HCI gives complexes which
dimerize propylene. However, the bis(ethylene) com-
plex with TiCl, or WCl, gives rise to trans Cg products
from propylene.'?® Ni(i-PPr;)(C;Hg), reacts with BF
at low temperatures like -78 °C. During this reaction
coordinated propylene is dimerized selectively to 2,3-
dimethyl-1-butene*?® (eq 20).

CHy CH3
CH =ty (H=C(Hp; *BF3 ——=
Tl CH3 CH3
PR3 CHy—CH = C = CH,
iy (20)
R3P---Ni--- BF3

This observation leads to the conclusion that pro-
pylene ligands in the starting complex are coordinated
rigidly in a “methyl to methyl” orientation and are not
capable of free rotation relative to the coordination axis
at —78 °C. The final adducts are active catalysts of
olefin dimerizations.

Addition of AICl; in chlorobenzene solution to Ni-
(CO)2(PPhy), results in removal of two triphenyl-
phosphine ligands and produces an active nickel cata-
lyst for propylene dimerization.**® With BF,-OEt, also
the same carbonyl complex can convert propylene into
dimers.*?® The activity of various cocatalysts decreases
in the order NbF; > SbF; > TaF; > BF;-:0Et, > AIC],
> InBr;. The surprising fact is that even in the pres-
ence of a hundredfold excess of Lewis acid no free acid
remains in the medium possibly because the Friedel-
Crafts behavior of these compounds may be suppressed
by trace amounts of nickel.
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Ni[P(OPh)3}, with AICl; or AlBr,;*! Ni[P-
(OEt)3]4,426’432’433 and Ni(CO)z[P(OPh)S] 2430 are also
active for the conversion of propylene to C¢ and sub-
stituted C; olefins. Ni(C,H,)[P(OCsH,R)s]; (R = 0-Me,
0-OMe) are the most active.4%

Studies of the dimerization of propylene in the
presence of catalytic systems based on phosphine com-
plexes of nickel(I) are reported.*?04?! Formation of
active complexes containing alkylaluminum compounds
like AlEt; Et,AlICl, and Et;ALCl; with NiCl(PPh,),
have been observed for propylene dimerization.4?
Ni(PPh;),Cl or NiCl(PPhg), and the BF3OEt, system
is also efficient for the conversion of propylene to di-
mers. Addition of Bronsted acids increase the catalytic
activity.

Nickel(II) phosphine complexes like NiCl,(PPh;),
and NlClz(PBU3)2 with RG_,,AIgClx (x = 2, 3, or 4) form
active complexes for the dimerization of propylene. The
degree of isomerization of propylene dimers** to 2,3-
dimethyl-1-butene and -2-butene during propylene
dimerization in the presence of NiCly(PCys),—(i-
Bu),AlCl increases in the order of solvents C;ZH;CH; <
m-Br,CsH, < C¢H;Br < 0-Cl,C;H,. Halogenated hy-
drocarbons participate in the regeneration of the cata-
lytic complexes and also allow secondary cationic oli-
gomerization of propylene.

The 1:2 HNiCl and P(i-Pr); complex with Et;Al,Cl,'%
is reported to catalyze the dimerization of propylene.
Et;Al,Cl; apart from participating in the formation of
active catalytic species maintain an adequate concen-
tration of HNiCl. Apart from the catalytic conversion
of propylene into linear dimers tris(triphenyl-
phosphine)tetramethylenenickel(II) can produce cyclo
dimers by oxidation of the complex prepared from the
olefin,1451%0

The dimerization of propylene by means of the
NiCl,L-EtAlICl,-0.5PBu; (L = tetramethylcyclo-
butadiene) complex!%%:301:435 ig fagter in chlorobenzene
than in benzene. The rate of the reaction also depends
upon the nature of Lewis acid. Moreover the ratio of
the rate of isomerization to dimerization increases with
the dielectric constant of solvents. So when unisom-
erized dimers are wanted, the dimerization is better
conducted without a solvent (eq 21).

(mpph3)3m©

(1 0y

(H3—CH = CHp
48 %

+ 2-hexene

2% 121)

A selective dimerization of propylene to 2,3-di-
methylbutene*3 catalyzed by R, P[(i-Pr;P)NiCl,] with
Et;Al,Cl; in a toluene medium is reported. 2- and 4-
methyl-1-pentene are the other products. The in-
creasing temperature (—20 to +20 °C) leads to the for-
mation of C, olefins at the expense of 4-methyl-1-
pentene. This suggests a secondary codimerization of
the product olefin with propylene. Most of the olefins
are the thermodynamically less favored «-olefins indi-
cating the absence of double-bond isomerization under
these conditions. The Al/Ni ratio, although having a
pronounced effect on reaction rate and yield at low
values, has no influence on the catalyst selectivity.
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Different cocatalysts such as RyAl,Cl, or R,AlCl, pro-
duce a comparable catalyst with a somewhat decreased
activity. The high rates of reaction in nonpolar solvents
make the presence of ionic intermediates unlikely. Use
of other solvents such as benzene or chlorobenzene do
not produce any major change in the product compo-
sition. The active species 34 and 35 are formed by the
reaction of the monomer with a coordinated nickel
hydride.

P L P L

\\\\N / \N///
i 3 C // :
H/ N \C \H
) /

C
N 35

P = Triisopropylphosphine L= Lewis acid complexed

hatide tigand

The nickel-butadiene complex deposited on PCls-
treated Al;O5 and activated with AlEty*" shows good
catalytic activity for the dimerization of propylene
giving predominantly 2-methyl-2-pentene in halogen-
ated hydrocarbons and 4-methyl-2-pentene in pentane.
The Ni/Al ratio of 1:200 is optimum for the above
conversions.

Diethyl(bipyridyl)nickel(II) activated as a catalyst*3®
for the propylene dimerization by the addition of a
Lewis acid such as EtAICl, or Et,AlCl] with an Al/Ni
ratio of 2—4 shows high catalytic activity in chlorinated
aromatic solvents only. However, aryl(bipyridyl)nickel
halide complexes activated by the addition of EtAICl,
do not require such chlorinated aromatic solvents in
order to exhibit high catalytic activity. o-Chlorodi-
phenyl(bipyridyl)nickel chloride shows highest catalytic
activity among the various aryl(bipyridyl)nickel halide
complexes tried. The coordination of 2,2-bipyridyl in
the active species is not clear.

The requirements for selectivity toward a particular
product isomer in the dimerization of propylene**® have
been investigated by using a square-planar nickel(II)
complex with a chelating Schiff base and similar ligands
and an alkylaluminum in the presence of a phosphorus
atom containing additives. Steric and electronic effects
are separated. The observed electronic preference for
the anti-Markovnikoff mode of reaction is discussed on
the basis of the Chatt model of olefin coordination
taking into account the unsymmetrical nature of the
propylene = and m* molecular orbitals.

By mixing Ni(CO),, various phosphines, and AIC]; in
a suitable solvent, catalysts that are active toward the
dimerization of propylene*® are formed. The maximum
activity is obtained with a phosphine/aluminum ratio
of 2. In a trigonally hybridized nickel (propylene),—
AlCl; complex formed, the coordinated AlCl; serves to
lower the electron density of the nickel, thereby faci-
litating the 7-bonding of two propylene molecules to the
central nickel atom. The complexed olefin moieties are
allowed to rotate freely around the metal-olefin bond
enabling them to attain sterically suitable orientation
which will allow the dimerization to proceed.

The two orientations favored are “transoid” and
“cisoid” geometries (Scheme XXVI). The dimerization
of the two coordinated propylene units can take place
through a concerted electronic rearrangement with a
concomitant hydride shift. The electronic rearrange-
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SCHEME XXVI1. The “Transoid” (a) and “Cisoid” b)
Orientations of the Nickel-Bis(propylene) ~Aluminum
Chloride Complex

ly) o
% 3
-~ -~-DOUBLE BOND IN PLANE OF PAPER--—-7\\
AlCiz=Ni AClge- Ni

[Sa5)
-~-=--DOUBLE BOND PERPENDICULAR T0----~ :2/
& PLANE OF PAPER.
<
fa) 1b)

SCHEME XXVII. Dimerization Mechanism for the
“T'ransoid” Orientation

AICly ~—Ni{ (3Hg I+ HEXENE-2

>

o &
<
*

ALCl3=~—Ni  C3Hg )7 + & ~METHYLPENTENE-2

ment can take place via metal d orbitals of suitable
symmetry. The mechanism for the two orientations are
shown in Schemes XXVII and XXVIIL

The NiCl,-AlCl; (1:1) complex in the presence of
AlPr; is an effective homogeneous dimerization catalyst
for propylene.3® Treating NiCl; on a solid carrier with
AlPr;, Et;AlLCl,, or (-Bu),AlCI gives a heterogeneous
dimerization catalyst of activity comparable to that of
the homogeneous catalyst. Catalysts prepared from
nickel poly(4-vinylpyridine) complexes'®” in an ethyl-
ene—propylene-norbornene polymer and alkyichloro-
aluminums also have been used for the dimerization of
propylene. These catalysts are stable over a wide tem-
perature range. Their activity increases with the in-
creasing ability of the solvent to swell the polymer.

4. Rhodium

RhCl;-3H,0 is reported as a propylene dimerization
catalyst in the presence of additives like alcohol’®! and
nitrobenzene.®®” RhyCly(SnCly), is effective at 50-70 °C
and 1.5-40 atm of propylene.®® However, addition of
2-3 mol/L of HCI decreases the pressure required and
increases the rate and selectivity of the reaction.

5. Palladium

PdCl, is used as a catalyst for the dimerization of
propylenel’13 in the presence of various solvents like

chloroform, dichloromethane, and anisole. In all cases
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SCHEME XXVIII. Dimerization Mechanism for the
“Cisoid” Orientation

AICLy=Ni { C3Hgly +2-METHYLPENTENE-1

&
%

Alllz=+Ni

AlCl3«-Ni{{3Hgly + 2,3-DIMETHYLBUTENE -1

high proportions (65-90%) of straight chain hexenes
are formed. However, in the presence of a cocatalyst
like EtAICl; and additives (PPh;, AsPh;, or SbPhj)
2-methylpentene is the predominant product.®® Pd-
(olefin)CL,'™ catalyzes the reaction to give 100% n-
hexene selectively. When Pd(BZCN)Cl, is used,
straight chain products are formed. This is associated
with the isomerization of olefin. A mechanism involving
a hydridopalladium(II) compound as the catalytically
active species is suggested.

A homogeneous catalyst solution made up of Pd-
(acac),, PRg, and EtAIC), in 1,2-dichloroethane*! di-
merizes propylene selectively up to 95% linear hexenes
although at relatively low reaction rate. Replacement
of the phosphine by a phosphite increases the rate but
considerably lowers the selectivity. The ratio of P/Pd
is critical (P/Pd = 2). At P/Pd = 5 no catalytic activity
is observed, presumably due to the blocking of free sites.
Relatively high ratios of Al/Pd are required, indicating
that the catalytic species is formed in an equilibrium
reaction. Activity is found for 5 < Al/Pd < 25 with an
optimum around 20. 36 is the proposed structure for
the active species where P is the phosphine.

I. Rare-Earth Elements
1. Cerium

There are two patents*2443 on the use of an acetyl-
acetonate complex of the first member of lanthanides
for propylene dimerization. According to them a mix-
ture of Ce(acac);, PPhg, and chlorobenzene is stirred at
24-29.5 °C. To this is added Et;Al,Cl,, and propylene
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is fed at higher (600 psi) and lower (<150 psi) pressures
and the mixture stirred to give the dimers. The yield
of dimers is less in the absence of PPh.

2. Thorium

Thorium nitrate on treatment with PPh; in chloro-
benzene solvent*4*%5 and subsequent mixing with
Et;Al,Cl; generates the active catalyst which can di-
merize propylene at 150-500 psi and at 115-120 °F to
give the dimerized products.

Table IV deals with the published and patent data
on the dimerization of propylene. Available kinetic data
are summarized in Table V.

V. Criterla for Catalytic Activity’

(A) Titanium metal based complexes are versatile
catalysts for the dimerization of olefins. Other com-
monly used catalysts have been based on the group VIII
elements. Of them Fe, Co, Ni, Ru, Rh, and Pd are
particularly active.

(B) For olefin activation it is necessary for the metal
to be sufficiently “soft” in nature. So elements of the
first transition series (Fe, Co, and Ni) are generally
active when bonded with less than two “hard” anions.
From higher oxidation states the necessary “reduction”
can be effected by a variety of alkyl derivatives of alu-
minum and magnesium or by other reducing agents.
Presence of a Lewis acid enhances the reducing power
of some derivatives. For elements of the second tran-
sition series the situation is complex because of their
“soft” character even in higher oxidation states. Re-
duction can also be achieved by means of other organic
compounds like hydroxylic solvents or the monomer
itself.

(C) The addition of “soft” ligands like phosphine may
provide better selectivity. Phosphines can also influ-
ence the mode of linkage of monomer to the metal.

(D) Addition of Lewis acids to a given catalytic sys-
tem results in either an increase of the reaction rate or
a profound modification of the course of the reaction.
The effect is specific for each metal and each type of
monomer. The explanations for the “Lewis acid effects”
are (1) the release of a free coordination site in the
transition metal, for example, by the dissociation of a
dimeric complex or the competition for anionic and
neutral ligands; (2) an increase in the positive charge
carried by the metal, and (3) the release of a proton.

(E) Solvents either promote the catalytic activity
owing to their reducing power or enhance the dimeri-
zation rate. The nature of the solvent is somewhat
critical. If it is too “soft”, it competes with the olefin
for coordination, and if it is too “hard”, it can neutralize
the needed Lewis acidity. In several cases the dimer-
ization rate increases with the dielectric constant of the
medium consistent with the nature of the ionic complex.

VI. Conclusions

A majority of the title reactions operate in the liquid
phase in the presence of a Ziegler-type catalytic system
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TABLE V. Representative Kinetic Data for the Dfmerization of Propylene*

cat, system . reactn condtns rate data (T, °C) remarks ref
CrCly(py)s—(C,H;5)AICI, chlorobenzene/cyclohexane, 1.5 g/(L-min) (50) data for similar chromium 99
100 psig, 1.5 h complex given
Co(Ny)(PPhy), benzene, 1 atm 1.92 X 1072 mol™! E, = 22.9 kcal/mol; 388
Lemin (10) AH* = 22.3 keal/mol;

Co(acac);—HAI(C,H;),-PPh, methyl-pentenes, 3 bar,
[PhyP]/[cat.] =1

AS* = 13 cal/(mol-K)

2.22 g/(L-min) (25) data for various [PhgP]/ 25

[cat.] ratios given

NiCl,-C Hg-Al(C,Hs); chlorobenzene, 15 atm, Al/Ni =2 140 g/min (35-40) 1

Ni[Hf(acac)]o—i-BuzAl toluene, Al/Ni = 4 1.7 g/ (L-min) (80) 50

(CgH5)NiBr(PPh;),—BF3 CH,Cl,, 1 atm, n-hexane, 1 atm 9.6 X 10°% g/min (0), data in various solvents 289
OEt,~H,;0 0.045 g/min (0)

Ni(SacSac)PEt,Cl- toluene, 6 h, chlorobenzene, 6 h 1.3 g/(Lsmin) (-15), rate data for similar 51
(CoH;),AICL 6.64 g/(L+min) (~15) nickel complexes given

Ni(acac)y—(C,H;)3Al,Cl;-PPhy toluene, 1 atm 6.75 X 102 mol™“Ls! (-20) E, = 13 kcal/mol 415

R'RyP[(RsP)NICL](R’ = benzyl; toluene, 860 mm, Al/Ni = 100 356.4 g/(L-min) data for various 436
R = isopropyl)-Et;AL,Cl; Al/Ni ratios

¢Calculated from data available in the literature.

consisting of a transition-metal derivative and an or- (19) G. Henrici-Olive and S. Olive, Angew. Chem., 82, 255 (1970);

ganoaluminum compound. Many mechanisms have
been proposed for the dimerization reaction. The most
notable among them are Cossee’s mechanism, Belov’s
proposal involving bititanium species, and Schrock’s
mechanisin involving metallacyclopentane. More in-
vestigations are in order to get a more decisive picture
on the dimerization course. The dimerization of pro-
pylene can be complex owing to the possibility of the
formation of many products depending on the nature
of insertion. It is also observed that apart from tran-
sition-metal-based catalysts, studies based on rare-earth
elements are scarse. Several industrial processes are
known for the dimerization of propylene: however, only
pilot plant studies are available for the conversion of
ethylene to linear dimers.

Registry No. Ethylene, 74-85-1; propylene, 115-07-1.
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