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Organometallic polymerization catalysts

SUMMARY

A study has been made of the polymerization of styrene ini-
tiated by vanadium based Ziegler-Natta catalysts, the most
active of which was formed from VOCIB/AlEtl 5C1y 5, the most

active also for the copolymerization of ethylene and propy-
lene.

A dilatometric study of the polymerization, using a device
that could be filled rapidly, showed that there were three
stages during the polymerization, two of which involved poly-
merization and the other depolymerization. It is likely that
each stage was catalysed by a different vanadium complex.

The decay in the rate of polymerization observed during the
initial polymerization stage was correlated with a decrease
in the rate of polymerization that occurred with increasing
pre-mixing time, when the vanadium and aluminium compounds
were pre-mixed. The depolymerization that occurred during
the second stage of the reaction was correlated with the abi-
lity of catalysts formed by reacting ‘\TOCl3 with AlEtl 5011.5

to depolymerize polystyrene. No plausible thermodynamic
reasons could be proposed for this depolymerization process.

The kinetic study of the polymerization showed that increas-
ing the concentration of AlEtl 5011 5 at constant VOCl3 con-

centration caused an increase in the rate of polymerization.
It is likely that increasing the concentration of
AlEtl 5Cll 5 did not lead to an increase in the number of ac-

tive sites, but the increased rate of polymerization was

caused by activation of the monomer towards polymerization oy
the formation of a rr complex between the monomer and the alum-
inium compound. At constant concentration of AlEtl 5011 5 the

rate of polymerization decreased with increasing concentration
of VOClB.

UV/visible spectroscopy showed that a number of active species
were present during the polymerization.

Kezgords

Styrene, polymerization, vanadium-aluminium catalysts.
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CHAPTER 1
1.1 INTRODUCTION

In 1949, Ziegler and co-workers ( 1,2,3 ) discovered that the
reaction of aluminium hydride and ethylene took place in a
stepwise manner to yield aluminium triethyl (AlEt3) which was
able to react with additional ethylene to form higher alkyls
o; aluminium. The initial formation of AlEt3 occurred between
60-80°C but the subsequent insertion of ethylene into the
Al-C bond took place at a reasonable rate only above 100°C.

AlH; + 3CHy === CH, —> Al (C,Hg), (1)
Shortly afterwards Ziegler at al ( '+2»3 ) reported that
AlR3 undergoes the following reaction with olefins, lknown as
the Aufbau reaction:

(02H4)n 02H5
Al ((Z!2H5)3 + MCH, = CH, &= Al — (02H4)p 02H5 (2)
NCERE Col5

where (n + p + q) = m
The growth of this polyethylene alkyl chain was limited be-
cause of the spontaneous dissociation of the aluminium-
carbon bond to give AlH3 and a terminally unsaturated poly-
ethylene:

CoHg (G H,)n— al—(C,H;) '(02H4); CH=CH, + al-H

(3)

where al = 1/3 Al
Ale, the product of the above reaction, immediately reacted
with another mole of ethylene to initiate a new chain.,
Ziegler observed (4,5 ) that when the reaction of aluminium
triethyl and ethylene was carried out in an autoclave in

which traces of colloidal nickel were present, butene-l was
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obtained in high yield, i.e.
P
CHzCH, - al + CH;CH,CH=CH, (4)

Following the discovery of the activity of nickel as a
catalyst in reactions of ethylene with aluminium alkyls, a
systematic investigation was undertaken by Ziegler and his
co-workers (5-7 ) who found that cobalt and platinum were
active in this manner. However, in an experiment carried

out with zirconium acetylaéetonate (7 ) as cocatalyst a
great mass of polyethylene was obtained.

After the disclosure of the details of Ziegler's work, G.
Natta and co-workers disclosed (8,9) that the polymers ob-
tained with these catalysts were not only of a high molecular
weight, but were also sterically differentiated, a previously
unknown phenomenon. Natta, using catalytic systems of the
type disclosed by Ziegler, was able to show that the poly-
mers of alkyl and aryl monosubstituted ethylenes, e.g.
propylene, l-butene and styrene, were stereoregular. A
systematic determination of the conformation and configuration
of these crystalline polyd -olefins led Natta to define three
steric arrangements of the polymer chain. These were
atactic, isotactic (10 ), and syndiotactic (11 ).

It was thus claimed that the combination of transition metal
compounds of groups IV to VILI of the periodic table with
hydrides or alkyls of a metal in groups I to IV gave rise to
catalysts which were capable of stereospecifically polymer-
izinge - olefins at low temperatures and pressures to cry-
stallizable stereoisomeric polymers. These complex catalysts
are now referred to as Ziegler-Natta catalysts.

Of the transition-metal catalysts, the most important are

the halides, subhalides and oxyhalides of titanium, vanadium,

zirconium and chromium, but compounds of iron, cobalt, scan-
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dium, nickel, molybdenum, tungsten and chromium have been found
to have catalytic activity. The halides have been the most
commonly used compounds, but other groups, e.g. alkoxyl,
phenyl, acetylacetonyl and cyclopentadienyl, may be associated
to the transition metal. The main group of four transition
elements that have proved most effective as the basis of poly-
merization catalysts are those originally classified by Natta
(12,13) on the basis of the tendency of the metals to lose
electrons as determined by the work function and the ionizat-
ion potential. The most important organometallic compounds
that have been employed include alkali-metal alkyls, alkyls,
alkyl hydrides and alkyl halides of aluminium, lithium -
aluminium alkyls, the alkyls of zinec, tin, lead, cadmium and
beryllium and Grignard reagents. Natta (14 ) considered

that the more highly electro positive elements of groups I to
IV, i.e. those having small ion radii, e.g. lithium, bery-
1lium, magnesium, zinc and aluminium are the more active co-
catalysts.

Common examples of Ziegler-Natta catalysts are shown in

Table 1 (1).

Table 1 (1) - Common examples of Ziegler-Natta
Catalysts
Metal Alkyl Transition Metal
Compound

Heterogeneous

AlEt3 _ TiCl4

AlEt,C1 TiCl3

A1R3 V013

ZnEt, V014
Homogeneous

AlEt201 VCl4 or VOCl3

AlBr3+Sn (06H5)4 VCl4 or VOCl3

Al (CHz), (CgHe), TiCl,

2 EIgAe |
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1.2 IMPORTANCE OF THE PHYSICAL STATE OF THE CATALYST

The present studies are concerned with a homogeneous Ziegler-
Natta system, it is thus worthwhile considering a comparison
of the applications of homogeneous and heterogeneous cata-
lysts. The physical state of the catalyst may be important
in a number of ways.

1. ' Ro¥ mény monomers, the particular stereoregulation that
takes place during polymerization depends on the crystalline
state of the catalysts. The preparation of isotactic poij—dr
olefins has been observed with heterogeneous Ziegler-Natta
catalysts (10 ), whereas the formation of some highly syndio-
tactic polymers, eg. polypropylene (15 ) and polybutene-l

(16 ) seemed only to be possible with homogeneous catalysts.
2., Boor (17 ) stated that the copolymerization of ethylene
and propylene yielded mainly random copolymers when soluble
or colloidally dispersed catalysts such as AlEtzcl——VO(OEt)
012 were used, whereas block copolymers were formed by heter-
ogeneous catalysts, (e.g. AlEt3-T1013).

3« Theoretically in soluble catalysts, if every atom acted
as an active site, soluble catalysts would be theoretically
more efficient than heterogeneous catalysts. In fact Carrick
(18 ) reported that a three component catalyst system
ECSH5)4Sn - ?014 - AlBr3] was a very efficient catalyst for
the polymerization of ethylene at concentrations of the
vanadium salt of 5 x 155 moles litrgl. Heterogeneous cata-
lyst concentrations 500 times greater than this would be
needed to obtain the same rates of polymerization. Howeﬁer,
not every soluble catalyst is highly active (19 ) and this is
possibly because complex formation occurs in solution and
very few of the complexes formed are capable of acting as

active polymerization sites (20 ).
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The physical state of the polymer is also very important.
When a solid polymer is formed by a heterogeneous catalyst
system, the catalyst may become embedded in the polymer mass
thus greatly reducing the number of active sites accessible
for polymerization. For this reason it will be convenient
to discuss the two types of catalyst separately.

a. Heterogeneous Catalysts

The heterogeneous catalyst consists of the soluble
metal alkyl, e.g. AlEt201 and the insoluble transition metal
salt, e.g. TiCl3. When these two components are mixed, the
active centres are formed on the (TiClB) crystal surface.
Natta and co-workers proposed that the isotactic-type stereo
regulation was closely dependent on the nature of the crystal
surface of the solid component of the catalyst (10 )+ The
use of a compound in which the titanium or vanadium is
initially in a lower valency state Ti(111), V(111l) was found
by Natta and co-workers (21 ) to give more isotactically
specific catalysts than did those containing soluble transi-
tion metal salts in a higher valence state, €+ TiCl4, VCl4.
However one catalyst (NbClB/AlEt3) was known in which the
transition metal component was in its highest valency state
and could form a stereoregulating catalyst for the polymeriza-
tion of propylene.

(i) Composition and structure of titanium trichloride

TiCl3 has been widely used as the transition metal salt compo=-
nent of a Ziegler-Natta catalyst. It is therefore appropriate
to consider here the structural and compositional character-
istics of the titanium subhalides. Structural analyses of
T1013 were undertaken by Natta and co-worker (22- 24) who
showed that TiCl3 exists in four major structural modifica-
tionsof, ¥, and pwhich are violet and P which is brown-black.
The form, may be prepared by the reduction of 'T_"iCl4 with

hydrogen above 500° and with aluminium above 250°C (25-26 ).
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The ¥form, whose crystal structure was described by Natta
(235 ), was obtained by heating the B variety above 150°C or by
reducing TiCl4 with an organo aluminium compound between 150°
and 200°C (23 ). The and ¥ layer modifications were shown
to have similar structures, differing only in the mode of
packing of the layers. In the« form the sequence of layers is
such that a hexagonal packing of the chlorine ions is achieved
whereas in the ¥ form, the succession of layers produces com-
pact cubic packing of the anions. The$ variety was obtained
either by prolbnged grinding of the< or ¥ forms or by grinding
aluminium chloride with==<—TiCl3 (24 ),
The Bmodification was formed by the reaction of TiCl, with an
organoaluminium compounds at ambient temperature (26 ), By

distilling TiCl, slowly into Et,A1Cl, large crystals of P -TiCl

2 i)
could be formed (27 ). The methods of synthesis and structures
of the resultant materials is shown in table 1 (2).

The preparation of TiCl3 usually leads to a mixed salt TiCl3
1/3 A1013 but the presence of AlCl3 was not found to influence
the stereo-regulating abilities of4 ,¥ and § ’IJiCl3 in % -o0lefin
polymerizations (28 )., However in the case of the Pmodifica-
tion AlCl3 free'P-TiGl3 (29 ), when combined with AlEtzcl, was
less active and less stereospecific for propylene polymeriza-
tion than was the Alcl3— containing preparation (30 ),

(ii) Location of sites on the crystal surfaces

It is generally agreed that the polymerization takes place on
the edges or lateral faces, but not on the basal faces, of the
crystalline TiCls (¢1y 31-35), Hargitay, Rodriguez and Miotta
concluded this on the basis of optical microscopy measurements
on the ethylene polymerization using sublimed TiCl3 crystals

( 33). Rodriguez, V. Looy and Gabant using electron micros-
copy to follow the initial polymerization of propylene on

smallA -TiCly crystals, concluded that polymer growth took



place at the lateral faces where the Ti atoms were directly
accessible for complexation by the olefin (35,36-40), Similar
conclusions were obtained by Arlman and Cossee who developed a
picture of the surface structure of crystalline TiC14 (32,34).
Arlman ( 32 ) developed a picture of the surface structure of
the crystalline transition metal chloride (i.e. TiCl,, TiClS)
from the principles of inorganic crystal chemistry. He pro-

i+3

posed that every T ion in the surface layer was five co-

ordinated with one chlorine vacancy at the edges of Ticlé to
ensure the electroneutrality of the crystal. Such vacancies
have been assumed to be active sites. Further the author
distinguished the several types of C1ion. Of the five chlo-
ride ions around each titanium ion arranged at five of the
six corners of an octahedron, three are deeply buried in the
interior of the crystal and associated also with a second
Ti+fon. Of the remaining two chloride ions one is also
attached to a second positive ion, the other is attached to
only the titanium ion considered. This situation is shown in

fig. I (1),

(iii) Changes in the physical state of catalyst

When AlEt3-==(-TiCI3 was used as a catalyst Natta and co-
workers noticed that during the initial polymerization period
the activity of the catalyst increased to a constant value
(21). It was suggested that under the mechanical action of
the growing polymer chains the loosely held aggregates were
broken up into smaller crystalline particles. The same forces
continued to cleave the smaller, whole crystalline particles
of thec<-T1013 modification into smalier particles. The
disintegration of the whole crystals was thought to take place
by cleavage along the loosely held Cl = Cl layers.

Natta and co-workers offered the following experimental
evidence:

1. The polymerization rate under steady-state
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conditions was seen to be almost independent
of the initial size of thea(-Ticl3 particles.
2. The adjustment period was dependent upon the
particle size of=i-TiCl3. The initial period,
characterized by an increasing rate of poly-
merization, was greatly reduced and modified
by bhanging the particle size.
3. The steady-state rate seemed to be unaffected
by a moderate amount of grinding.
4. The higher the steady-state rate the less the
time needed to reach it.
Vecchi and co-workers ( 41) reported that mechanical grinding
of Ticl3 increased its surface area and that the catalytic
activity was simultaneously increased.

(iv) The synthesis of T1013 by the reaction of titanium
(IV) chloride (TiCl4) with aluminium alkyl (A1R3l_

T.iCl4 was found to react with aluminium .alkyls ( 42,43) such
as AlEt3 to produce a brown black precipitate, a gas and
sometimes low molecular weight polymer. During this reac-
tion it was postulated that a series of alkyl-chlorine ex-
changes took place between the aluminium and titanium com-—
pounds to produce an alkyl TiClB. Various mechanisms have

been proposed for the production of the brown precipitate:

f ™ ey T £ M

11014 + AlutB > utrlu13 4 AlEt201 (5)
TiCl4 o AlEtgcl—-—:EtTiC].3 % AlEt012 (6)
TiC1l, + AlEtClz—-—:EtTiC].3 + A1C1, (7) |

Early workers in the field (44~ 50) suggested that the RTiCly
decomposed readily to a free radical that then underwent a
number of possible reactions ( 8- 14 ) to produce gaseous

products according to:

EtTiCl > ‘f401 C,rH* (8)

3
20,Hg* > CoH, + C,H (8)
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202H5. > n-C,H (10)

4710
202H9 > 202H4 + H, ol
2C,Hg, + CoH, > n-CgH,, (12)
C,Hg + RH (Solvent) » CoH + R (13)
CoHg + TiCl, » TiCly + C,HgC1 (14)

The exchange reactions ( 5-7 ) were thought to be ionic in
nature because Bestian and Clauss found ( 51 ) that the rate
of exchange was greater in polar than in non polar solvents.
An association complex between TiCl4 and alkylaluminium
compound was also proposed by Uelzmann ( 52 ) as the primarily
formed product. Dissociation of this complex created a tita-
nium cation and a complex aluminium anion such as:

Clg Et_g

I l

TiCl, + AlEt3 ,Cl—?iCl ?l—Et syt ([ 55 )

4
Cl Et

(TiC1l5)" (A1R5C1)"
Arlmann and Jong ( 48 ) found that in the system Al(CH3)3—
TiC‘l4 the methyl radicals reacted quantitatively with the
solvent, isooctans, at 80°C. The same system was investigated
by Cooper and Rose ( 53 ) who obtained identical results. How-
ever Beerman and Bestian ( 54 ) and de Vries ( 55 ) investigated
the decomposition of methyltitanium trichloride in hydrocarbon
solvent using different techniques and reached the conclusion
that no free alkyl radicals were formed.
An association complex between TiCl4 and (CH3)2A101 was pro-
posed by Rodriguez and Gabant ( 56 ) which had the following

structure:

cl ol
TiCl, + (CHz), A1l = |+3+ -
: ClL -Ti — C1l - A1 - C1 or
| |
CH, CHy
C r c1 I
t | ~ (16)
5 g ?59 T <
H
CHs | CHy ]



When AlEt3 or AlEt201 was reacted with Ticl4 by Eden and
Feilchenfeld ( 57 ) no ethylchloride was formed. These authors
postulated an intramolecular hydrogen abstraction via the

following transition state:

Iz 5 S
TiCl4 > A‘:,L T 02H5 S ——— Cls'l‘i..‘...A.‘.Cl....,_,_n..?]_ CHZ .ICHZ
Cals CoHg
Et

The product (ClzTi Cl-Al CH, - CH,) rapidly rearranged as
follows:
Pl
Cl A1 — Cl1 A1 C,H, (18)

o ‘

It was even suggested by the same authors that this species

was the active site for the poclymerization., This mechanism
found support from the results of ESR measurements which were
performed by Adema (58 ) who found that for the system
AlE‘tZCI—TiCI4 the curves for the polymerization of ethylene

and for the concentration of unpaired electrons versus time

were identical in shape. ILudlum and co-workers (43 ) mixed
decalin solutions of TiCl4 and AlEt3 in cyclohexane as solvent
at 80° and assumed that all ethyl radicals reacted with solvent,
resulting in'hydrogen abstraction.

Tepenitsuna and co-workers ( 59 ) studied the production of an
alkyl titanium halide by the reaction of AlEt3 with TiCl4,
which produced a complex of lower valency which was insoluble
in hydrocarbons. It was capable of adsorbing the alkyls of

aluminium, zinec, and beryllium to form unstable surface com-
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plexes with them. It was further shown that upon interaction
of the components, the solid phase obtained consisted
essentially of titanium and chlorine whilst the liquid phase
contained essentially aluminium and chlorine. Neither the pre-—
cipitate nor the liquid phase in itself promoted polymeriza-
tion of ethylene separately; however addition of AlEt3 to
the precibitate or of TiCl4 to the liquid phase produced ac-
tive catalysts for the polymerization.
Gray et al ( 60 ) used an IR investigation technique to s%udy
the reaction between TiCl4 and AlMe3 in the vapor phase at
six different reactant ratios. It was suggested that the
initial reaction at the equimolar reactant ratio was:

Me3Al - TiCl4____ﬁp Me,AlCl + MeTiGl3 (19)
At lower molar ratios, M92A101 also alkylated TiCl4 to some
degree by achieving an equilibrium state as -

Me,ALCL + TiCl4;==i MeA1012 - MeTiCl3 {20
It was suggested that even in the presense of excess AlMe3
complete alkylation of titanium was not obtained. Finally the
possibility of a disproportionation reaction for the MeTiCl3
was proposed such as:

2 MeTiCl3 — Me,TiCl, + TiCl4 { 23)
Eollar and co-workers ( 61 ) investigated TiCl4 - AlR3 system
to polymerize ethylene and concluded that the maximum poly-
merization rate occurred at a maximum concentration of triva-
lent titanium. It was proposed that the degree of reduction
of titanium was proportional to the temperature and the re-
duction progressed with increasing Al1/Ti molar ratio. They
further showed that the activity of the catalyst was signifi-
cantly affected by the aluminium alkyls in the liquid phase
and showed that it was possible to displace one type of alkyl
by another or to elute it from the adsorbed layer ( 62 ),
Schindler ( 63 ) investigated the catalyst system TiCl, or

TiCl3 in combination with AlEt3 and Et2AICl in the presence



of deuterium to polymerize ethylene. A H, D - exchange reac-
tion involving the P-hydrogen of the growing chain was found
to be characteristic for chain growth on Ti(1lV) sites. The
inactivity of Buli or EtZZn system in such exchange reaction
led to the proposal that the complex was bimetallic. It was
also proposed that the formation of —CHZD groups in the poly-
mer by a transfer reaction was a proof for chain growth on
Ti(11ll) sites. TFinally it was suggested that the occurrence
of an H-D exchange reaction, involving the monomer and £orma-
tion of deuterated ethanes, was assigned to the presence of
inactive titanium hydride sites, that formed at high catalyst
ratios.

Rishina and co-workers ( 64 ) studied the product of the reac-
tion between TiCl, and A1R,C1 and concluded that oligomeriza-
tion of propylene by this system at ratios of Al:7i<1:1

was not the result of formation of free radicals. It was shown
that in toluene the solvent took part in the formation of the
catalyst. In the oligomerization in toluene the solvent took
part as a chain transfer agent and this involved alkylation of

the toluene as follows:

TiCl4 + AlEtECl —_ TiCl3Et + AlEtCl2 (22")
CH :
T101302H5 +@3 —_— T1013.0H2 H 02H6 (23 )

The oligomerization of olefins, reviewed by Olive,( 65) has
been postulated to involve ? ~hydrogen abstraction from the
alkyl chain in the termination reaction, thus forming a double
bond between the first two carbons of the chain while bréaking

the Ti=¥X=C boEd. It can be illustrated as:

=
Mﬁ-—- CH2 - CH R—MH + CH2 = CH - R
o o (24 )
CH,

M- CH2 - CH3

Metal hydrides can subsequently produce an alkyl group able

- . . 1 - . . -I of
to continue the kinetic chain. he stability of the metal



alkyl bond towardp ~hydrogen abstraction depends on metal,

its valency and on ligand environment. Having obtained an
experimental second order rate for the reduction of Ti(1lV) to
Ti(111) the authors assumed the reaction was bimolecular,
with.P-hydrcgen transfer from one Ti unit to the otﬁer. It was
followed by donation of the hydrogen atom to the alkyl group
of the second titanium unit which resulted in liberation of

ethane and ethylene as follows:

CH, - CH; - &
i /? £32T1(111) + CyHg + C,H, (25)
Ti Ti
———

H*-:P——CHZ

2
The low activation energy of the F—hydrogen abstraction pro-
cess led the author to propose that the growing chain was
highly polarized by the transition metal even in the ground

state.
i@ g

| | (26)
Mo ol g

It was suggested that a six-centre, bicyclic highly polar

transition state could account for the unusual activation para-

meters:
=, @
HQC; ‘CHz
CH2‘=CH2 @: E o H20—0H3 2
Ti- CHz-CHQ-R —3> T1 T W = Ti + CH2.= CHR
H,C! ____ICH-R

The propagation step was assumed to proceed via a normal four

centre transition state:

©) @
Hzc;“ -—._-‘_CHz ?Hz_ ?Hz
CH — [ 3 = =
2 NS L @ ! e = Ti CH,— CH, — R. (28)
Ti—CH,—CH,—R Ti N T CH,— CH, —R



(V) The cocatalyst component of a Ziegler-Natta catalyst

The cocatalyst in a Ziegler-Natta catalyst system is normally
a trialkyl aluminium or alkyl aluminium chloride. These com-
pounds exist as dimers at ambient temperature, such as:

OH4

» ~

Wi ok A

it CH,
/ "CH5~ \

Wherein the two alkyl groups act as bridges between the

(29)

aluminium centres. In such compounds the A1—0H3—Al bond is
formed by the overlap or three atomic orbitals to produce a
molecular orbital that encompasses all three centres. N.M.R.
evidence for the rapid exchange of bridging and terminal
methyls has been shown.

Aluminium alkyls of the general formula A1R3, wherein R is a
straight chain alkyl group, normally exist in hydrocarbon

solvent as the dimer, whereas other trialkyl aluminium com-

pounds of the structure Al (CHZCRZR')3 where R' can be alkyl

or aryl are monomeric, e.g. ?H3 and dialkyl
Al - (CH,~CE )5
| o
aluminium hydrides are timeric.
sz',,.__ H
o ""'Al = \\
Eeos &
\ Al—R, (30)
Al /
s R
Ry

In general, electron-deficient molecules act as strong Lewis
acids and react rapidly with electron donors. A substantial
review of the properties of aluminium alkyls has recently been

published ( 66),
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b, Homogeneous Catalysts

In 1955 a number of workers ( 19,20,67 - 70 ) reported that

the reaction between aluminium alkyls and bis(eyclopentadienyl)
titanium dichloride (szTiCIZ) gave rise to soluble products
that polymerized ethylene. In aromatic solvent a fast reaction
took placg between these compounds to produce a dark red com-
plex which gradually changed to green and finally to deep blue,
The initial red complex was diamagnetic probably with bridg-
ing groups between the two metals. Reduction then occurred by
elimination of ethane and ethylene to give eventually a blue
titanium complex ( 19,20, 71 - 74),

The reaction end product could be isolated in the form of
general composition Cp2T1012A1x2 wherein X = chlorine or

alkyl group, depending on the composition of the alkyl alumi-

nium cohpounds. Such as -

Cp c1 C.H Cp o1l C,H

R s N N A RED

1 ol //Ti Al

b

Cp \Cl/ \0255 Cp \01/ \01
Cp Gl cl
DA L
o B Al

Cp// \\Cl// \\Cl

Henrici-Olive and 0Olive ( 75 ) used electron spin resonance
evidence and suggested that the diethyl complex was also

formed in this reaction and was then converted to the monoethyl
derivative.,

With AlEt3 reduction was considerably faster giving the diethyl
complex ( 20,67, 72- 74 ), while EtA1C1l, reduced Cp,TiCl, some-
what more slowly to the tetrachloro compound ( 72-73 ), Reduc-
tion of Cp2T1012 by AlEt3 was almost complete in one hour,
whereas with EtAlCl2 reduction took one thousand hours. The
rate for Et,A1C1 fell between the two ( 65,75 ).
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Henrici-Olive and 0livé ( 76~ 78 ) combined a kinetic study
of the polymerization of ethylene with ESR and magnetic sus-
ceptibility measurements to relate catalyst activity, and
configuration of complex and oxidation state of Ti atom in the
Cp2T1012 - AlEt012 and szTiEtCI - AlEt012 catalyst systems.
They concluded that active centres were quadrivalent, because
the rate of polymerization decreased at the same rate as Ti(1V)

was reduced to Ti(1ll). The proposed complex model was:

Cp
Cl=—1——h
R\ : l - complex for

C‘,'zl'iClR— AlR Cl

The activity of these systems resides in the presence of a
complex molecule having an alkylated Ti(1lV) and alkylated Al
species linked with by chlorine bridge bonds.

The reactions that could occur when Cp2T1012 and E'l:AlCl2 are

brought together are shown below:

coTicL
-etAlcblketalct,

GG LBt S
Ti" Al
C/ “'“Cl"o \ (3)

p Cl Cl
Et Cl CI-AICI3J|.*A1CI3 CREt /. LBt
cg & Cl Cp G

Using this scheme and also electron paramagnetic resonance
and kinetic data the authors proposed ( 75:79 ) that the
active site required a titanium-ethylated species in an

octahedral environment that was depicted by the following



complex formation reaction:

G
& S =
= I AIEECL /Alf:‘
a

Cl

——— i aat i —

i.e. Complex (5 ) was the active catalyst. The Ti atom was in
an octa hedral state with one vacant site that was available
for the coordination of ethylene. The bridged Al-alkyl caused
a destabilisation of Ti-alkyl bond thus rendering it active for
polymerization. The reduction Ti(1V)—>Ti(11l) in these
systems, involved the irreversible change from octahedral to
tetrahedral symmetry commensurate with loss of the catalytic
activity.

Shilov supposed ( 80 ) that the Cp,TiRC1.A1RC1, complex to be

in equilibrium with positive ions containing E%;anium:
—-E?pzmi%j +  [are1]

It was found that after the addition of Cp2T1012, the electrical

szTiRC%A%lRCIZ

conductivity of a benzene solution of dimethyl aluminium chlo-
ride increased by several fold because the szTiGHBCl.AlCHjclz
complex dissociated into ions. The electrodialysis of a
szTiCH3Cl.AlCH3012 complex in dichloroethane showed that the
number of titanium ions that migrated through a membrane to
the cathode chamber was approximately 40% of the total ion
current (81 ), Therefore more of positive ions contain the Ti
atom in the szTiCH3Cl AlCH :? complex solution. Electro-
dialysis of the Cp2T10H3Gl AlCH3012 complex ( 82 ) showed that
the labelled 5%3 appearig together with titanium in the
cathodic chamber. The CH3/Ti ratio was close to unity which
confirmed the dissociation of complex (A) according to the
above equation.

EPR was used to study the systems: VCl4 - A1R3, VOCl3 - AlR3
( 83) Cp,VC1, + AlRz, AIR,Cl, A1C1,R (84 ), All the results
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obtained could be summarized in the following way.
The formation of complexes of transition metal compounds took
place by reduction by the aluminium compounds and subsequently
interaction of the alkyls or alkyl halides of aluminium with
the derivatives of vanadium (V) and vanadium (1V) by way of
donor acceptor or electron deficient bonds,
Zefirova (74 ) investigated the kinetics of the reaction of
Cp2T1012 - AlEtZCI system and suggested that the reductiop
rate determining step was the decomposition of a dialkyl

titanium derivative.

8 Et
P\\‘ . "
Ti
.- = L0 f
P ot

—___-anzTi - CZHS + CzHé
0]

The reaction proceeded as an intramolecular disproportionation

through a five-membred cyclic complex.
R e _fﬁz
Ti q
L \R",

Amass ( 85) reported the reaction between dichloro-biscyclopen-

tadienyltitanium (CpgTiClz) and aluminiumtriethyl (AlEt3).

The reaction was carried out in the presence of excess AlEt

@

Because n-heptane is a good solvent for AlEt3 but poor sclwvent
for Cp2T1012. Keeping the ratio Al:Ti lower than 3:1 the
reaction was accompanied by the production of an intense blue
solution and also with the evolution of a ethane and ethylene
gas mixture; a blue solid with melting point 126-38°C was
obtained. Solution of complex in heptane gave a single line
ESR spectrum. The complex designated which is identical with

that isolated by Natta ( 67) as structure I.

op c1 Bt
- /
oy SR Al

BT Y TR b e
On addition of AlR3 solution in to toluene to the Cp2T1012

solution up to molar ratio Al:Ti 1:1 the orange solution of



Cp2T1012 progressively turned red. This reaction was followed
spectrophotometrically and a general shift in the absorption
band to a lower wavelength was observed. After distilling off
the solvent an orange solid was obtained.

The decanted red supernatant liquor was only weakly paramagne-
tiec. Accordingly the author proposed that the complex had
structure'(ll).

The catalytic activity for the polymerization of styrene and
UV spectrum of complexes the author suggested the following
reaction scheme and structure of complex:

cP\Ti o1 g _Et
cP/ | Net gt
c1
(11)

Since tri (n-alkyl) aluminium compounds are normally dimeric in
solution, the monomeric form of AlE‘b3 is electron deficient

and could form complexes with electron rich compounds.

Further reaction of Opzﬂ.‘iCl2 with AlR3 to a molar ratio of 3:1
was observed spectrophometrically and by ESR and concluded

that the complex contained the unpaired electron of Ti(111)
which came from the reduction of complex (11) by A1R3. During
the reaction a colour change from red to green was accompanied
by the evolution of ethane and ethylene. The author suggested

that the complex had a structure:

Cp
i TiC1l

o

(111)

Cp

The author concluded from the polymerization of styrene
initiated by the complexes (1, 11, 111). In their rate-
conversion characteristic they were very similar, the order

dependences of initial rates were different. He proposed that






