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Process for preparing high-reactivity isobutene homo- or copolymers
Description

The present invention relates to a novel process for preparing high-reactivity isobutene homo-
or copolymers with a content of terminal vinylidene double bonds per polyisobutene chain end
of at least 70 mol%. The present invention further relates to novel isobutene polymers.

In contrast to so-called low-reactivity polymers, high-reactivity isobutene homo- or copolymers
are understood to mean those polyisobutenes which comprise a high content of terminal ethyle-
nic double bonds (a-double bonds) and other reactive double bonds, such as B-double bonds,
susceptible to subsequent reactions, such as Alder-Ene-reaction with maleic acid anhydride,
specifically in practice usually of at least 60, preferably at least 70 and very preferably at least
75 mol%, based on the individual chain ends of the polyisobutene macromolecules. In the con-
text of the present application, vinylidene groups are understood to mean those terminal ethyle-
nic double bonds whose position in the polyisobutene macromolecule is described by the gen-

eral formula
polymerk

i.e. the double bond is present in an a position in the polymer chain. "Polymer” represents the
polyisobutene radical shortened by one isobutene unit. The vinylidene groups exhibit the high-
est reactivity in many types of reactions, for example in the thermal addition onto sterically de-
manding reactants such as maleic anhydride, whereas a double bond further toward the interior
of the macromolecules in most cases exhibits lower reactivity, if any, in functionalization reac-
tions. The uses of high-reactivity polyisobutenes include use as intermediates for preparing ad-
ditives for lubricants and fuels, as described, for example, in DE-A 27 02 604.

It has additionally been known for some time that the Lewis acid aluminum trichloride can also
be used as a polymerization catalyst for isobutene, for example from High Polymers, volume
XXIV (part 2), p. 713-733 (editor: Edward C. Leonard), J. Wiley & Sons publishers, New York,
1971.

In the literature article "Novel initiating system based on AICl; etherate for quasiliving cationic
polymerization of styrene" in Polymer Bulletin Vol. 52, p. 227-234 (2004), Sergei V. Kostjuk et
al. describe a catalyst system composed of 2-phenyl-2-propanol and an aluminum trichloride/di-
n-butyl ether complex for polymerization of styrene. Polymerization of isobutene with a complex
of AICI; and dibutylether to highly reactive polyisobutene was described in Sergei V. Kostjuk et
al., Macromolecules 2010, 43, 5503-5507.

Dmitriy . Shiman, Irina V. Vasilenko, Sergei V. Kostjuk, Journal of Polymer Science, Part A:
Polymer Chemistry 2014, 52, 2386-2393 disclose the preparation of polyisobutene polymers by
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polymerizing isobutene in the presence of an alkylaluminum halogenide an ether complex as a
polymerization catalyst.

WO 18/015306 discloses a process for preparing high-reactivity isobutene homo- or copolymers
in which certain Lewis Acids are used together with at least one donor and at least one ionic
liquid.

Examples for such ionic liquids disclosed in WO 18/015306 are inter alia phosphor-containing
compounds in which the cation is a permanent quaternary phosphonium salt.

It is, however, a disadvantage of such ionic liquids that they are expensive to prepare and dra-
matically attenuate the reactivity of the Lewis Acid used.

In Kostjuk et al., Polym. Chem., 2016, 7, 5615 — 5619 and Polymer, 145 (2018) 382-390 it is
further pointed out that ionic liquids as catalyst for isobutene polymerization require quite long
reaction time in order to achieve medium to high conversion of the monomers. Figure 2 shows a
diagram taken from the latter document in which conversion of isobutene and exo-selectivity of
the reaction in the presence of [emim]CI-AICIz (1), [emim]CI-FeCls (2), and [emim]CI-GaCls (3)
are shown vs the reaction time.

CN 102399308 A (machine translation) discloses a cationic polymerization in emulsion of isobu-
tene as monomer using aluminium trichloride and triphenyl phosphinoxide as catalyst. Sorbitol
monooleate is used as an emulsifier in the polymerization mixture.

No information on double bond content is given, only polyisobutene with a high molecular
weight of 240,000 is obtained.

It was an object of the present invention to provide a process for preparing high-reactivity isobu-
tene homo- or copolymers with an increased content of terminal vinylidene double bonds (o-
double bonds) as well as B-double bonds per polyisobutene chain end of at least 60 mol% in
acceptable yields and high reaction rates. The catalyst system should at the same time have
sufficient activity and service life, the preparation thereof should be easy. It was further an ob-
ject of the present invention to develop a catalyst system which leads to high conversion and
keeps the selectivity of the reactive double bonds, especially the a-double bonds even at high
conversion.

The object was achieved by a process for preparing high-reactivity isobutene homo- or copoly-
mers with a content of a-double bonds and 3-double bonds (in sum) per polyisobutene chain
end of at least 60, preferably at least 70 and very preferably at least 75 mol%, which comprises
polymerizing isobutene or an isobutene-comprising monomer mixture in the presence of at least
one Lewis Acid effective as a polymerization catalyst, selected from the group consisting of an
aluminum trihalide-donor complex, an alkylaluminum halide-donor complex, an iron trihalide-
donor complex, a gallium trihalide-donor complex, a titanium tetrahalide-donor complex, a zinc
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dihalide-donor complex, a tin dihalide-donor complex, a tin tetrahalide-donor complex, and a
boron trihalide-donor complex, said complex comprising, as the donor, a mixture of

at least one organic compound (II) comprising at least one oxygen or nitrogen atom with
at least one lone electron pair, preferably comprising at least one oxygen atom with at
least one lone electron pair, very preferably selected from the group consisting of organic
compounds with at least one ether function, organic compounds with at least one carbox-
ylic ester function, organic compounds with at least one aldehyde function, organic com-
pounds with at least one keto function, and organic compounds with at least one nitrogen
containing heterocyclic ring, and

at least one phosphorus-containing compound of formula (1)

or formula (la)

P(OR")(OR?)(OR?®)

or formula (Ib)

P(OR")(OR?)(OR3)(OR#)(OR?®)

in which

X1, X2, and X3 independently of another are oxygen, sulphur or a single bond, preferably
oxygen or a single bond, and very preferably a single bond, and

R, R2, R?, R4, and R® independently of another are an organic residue with up to 20 car-
bon atoms,

with the proviso that the complex formed from the at least one Lewis Acid and the at least

one phosphorus-containing compound of formula () or (Ia) or (Ib) has a melting point of
not more than 60 °C, preferably not more than 40 °C, and especially not more than 20 °C.

R1, R, R3, R4, and R® are each, independently of one another, C1—Cgo-alkyl, C2-Cgo-alkyl inter-

rupted by one or more oxygen and/or sulphur atoms and/or one or more substituted or unsubsti-
tuted imino groups, Cs—C12-aryl, Cs—Ci2-cycloalkyl or a five- or six-membered, oxygen-, nitrogen-
and/or sulphur-containing heterocycle or two of them together form an unsaturated, saturated or
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aromatic ring which may be interrupted by one or more oxygen and/or sulphur atoms and/or one
or more substituted or unsubstituted imino groups, where the radicals mentioned may each be
substituted by functional groups, aryl, alkyl, aryloxy, alkyloxy, halogen, heteroatoms and/or het-
erocyclesSince the complex formed from the at least one Lewis Acid and the at least one phos-
phorus-containing compound of formula (1) or (la) or (Ib) is liquid under these conditions it is
also referred to as "Liquid Coordination Complex" or "LCC".

J. M. Hogg, L. C. Brown, K. Matuszek, P. Latos, A. Chrobok and M. Swadzba-Kwasny, Dalton
Transaction, 2017, 46, 11561 report the successful synthesis and liquid state at the room tem-
perature for complexes formed from tri-n-octylphosphine oxide with AICI; respectively TiCl,.
However, only Diels-Alder reactions of these complexes are disclosed, polymerization of isobu-
tene is not rendered obvious.

In these definitions

C+—Cgo-alkyl which may be substituted by functional groups, aryl, alkyl, aryloxy, alkyloxy, halo-
gen, heteroatoms and/or heterocycles is, for example, methyl, ethyl, propyl, isopropyl, n-butyl,
sec-butyl, tert-butyl, pentyl, hexyl, heptyl, octyl, 2-ethylhexyl, 2,4,4-trimethylpentyl, decyl, do-
decyl, tetradecyl, heptadecyl, octadecyl, eicosyl, 1,1-dimethylpropyl, 1,1-dimethylbutyl, 1,1,3,3-
tetramethylbutyl, benzyl, 1-phenylethyl, 2-phenylethyl, a,a-dimethylbenzyl, benzhydryl, p-tolyl-
methyl, 1-(p-butylphenyl)ethyl, p-chlorobenzyl, 2,4-dichlorobenzyl, p-methoxybenzyl, m-ethoxy-
benzyl, 2-cyanoethyl, 2-cyanopropyl, 2-methoxycarbonylethyl, 2-ethoxycarbonylethyl, 2-butoxy-
carbonylpropyl, 1,2-di-(methoxycarbonyl)ethyl, 2-methoxyethyl, 2-ethoxyethyl, 2-butoxyethyl,
diethoxymethyl, diethoxyethyl, 1,3-dioxolan-2-yl, 1,3-dioxan-2-yl, 2-methyl-1,3-dioxolan-2-yl,
4-methyl-1,3-dioxolan-2-yl, 2-isopropoxyethyl, 2-butoxypropyl, 2-octyloxyethyl, chloromethyl,
2-chloroethyl, trichloromethyl, trifluoromethyl, 1,1-dimethyl-2-chloroethyl, 2-methoxyisopropyl,
2-ethoxyethyl, butylthiomethyl, 2-dodecylthioethyl, 2-phenylthioethyl, 2,2,2-trifluoroethyl, 2-hy-
droxyethyl, 2-hydroxypropyl, 3-hydroxypropyl, 4-hydroxybutyl, 6-hydroxyhexyl, 2-aminoethyl, 2-
aminopropyl, 3-aminopropyl, 4-aminobutyl, 6-aminohexyl, 2-methylaminoethyl, 2-methyl-
aminopropyl, 3-methylaminopropyl, 4-methylaminobutyl, 6-methylaminohexyl, 2-dimethyl-amino-
ethyl, 2-dimethylaminopropyl, 3-dimethylaminopropyl, 4-dimethylaminobutyl, 6-dimethylamino-
hexyl, 2-hydroxy-2,2-dimethylethyl, 2-phenoxyethyl, 2-phenoxypropyl, 3-phenoxypropyl, 4-phe-
noxybutyl, 6-phenoxyhexyl, 2-methoxyethyl, 2-methoxypropyl, 3-methoxypropyl, 4-methoxy-
butyl, 6-methoxyhexyl, 2-ethoxyethyl, 2-ethoxypropyl, 3-ethoxypropyl, 4-ethoxybutyl or
6-ethoxyhexyl, and

Co—Cgyo-alkyl interrupted by one or more oxygen and/or sulphur atoms and/or one or more sub-
stituted or unsubstituted imino groups is, for example, 5-hydroxy-3-oxa-pentyl, 8-hydroxy-3,6-di-
oxaoctyl, 11-hydroxy-3,6,9-trioxaundecyl, 7-hydroxy-4-oxaheptyl, 11-hydroxy-4,8-dioxaundecyl,
15-hydroxy-4,8,12-trioxapentadecyl, 9-hydroxy-5-oxanonyl, 14-hydroxy-5,10-oxatetradecyl, 5-
methoxy-3-oxapentyl, 8-methoxy-3,6-dioxaoctyl, 11-methoxy-3,6,9-trioxaundecyl, 7-methoxy-4-
oxaheptyl, 11-methoxy-4,8-dioxa-undecyl, 15-methoxy-4,8,12-trioxapentadecyl, 9-methoxy-5-
oxanonyl, 14-methoxy-5,10-oxatetradecyl, 5-ethoxy-3-oxapentyl, 8-ethoxy-3,6-dioxaoctyl, 11-
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ethoxy-3,6,9-trioxaundecyl, 7-ethoxy-4-oxaheptyl, 11-ethoxy-4,8-dioxaundecyl, 15-ethoxy-
4,8,12-trioxapentadecyl, 9-ethoxy-5-oxanonyl or 14-ethoxy-5,10-oxatetradecyl.

If two radicals form a ring, they can together be 1,3-propylene, 1,4-butylene, 1,5-pentylene, 2-
oxa-1,3-propylene, 1-oxa-1,3-propylene, 2-oxa-1,3-propylene, 1-oxa-1,3-propenylene, 1-aza-
1,3-propenylene, 1-C+-C4-alkyl-1-aza-1,3-propenylene, 1,4-buta-1,3-dienylene, 1-aza-1,4-buta-
1,3-dienylene or 2-aza-1,4-buta-1,3-dienylene.

The number of oxygen and/or sulphur atoms and/or imino groups is not subject to any re-
strictions. In general, there will be no more than 5 in the radical, preferably no more than 4 and
very particularly preferably no more than 3.

Furthermore, there is generally at least one carbon atom, preferably at least two carbon atoms,
between any two heteroatoms.

Substituted and unsubstituted imino groups can be, for example, imino, methylimino, isopropy-
limino, n-butylimino or tert-butylimino.

Furthermore,

functional groups can be carboxy, carboxamide, hydroxy, di(C-Cs-alkyl)amino, C+-C4-
alkyloxycarbonyl, cyano or C4-Cs-alkyloxy,

Cs—C12-aryl which may be substituted by functional groups, aryl, alkyl, aryloxy, alkyloxy, halo-
gen, heteroatoms and/or heterocycles is, for example, phenyl, tolyl, xylyl, a-naphthyl, B-naph-
thyl, 4-diphenylyl, chlorophenyl, dichlorophenyl, trichlorophenyl, difluorophenyl, methylphenyl,
dimethylphenyl, trimethylphenyl, ethylphenyl, diethylphenyl, isopropylphenyl, tert-butylphenyl,
dodecylphenyl, methoxyphenyl, dimethoxyphenyl, ethoxyphenyl, hexyloxyphenyl, methylnaph-
thyl, isopropylnaphthyl, chloronaphthyl, ethoxynaphthyl, 2,6-dimethylphenyl, 2,4,6-trimethylphe-
nyl, 2,6-dimethoxyphenyl, 2,6-dichlorophenyl, 4-bromophenyl, 2- or 4-nitrophenyl, 2,4- or 2,6-di-
nitrophenyl, 4-dimethylaminophenyl, 4-acetylphenyl, methoxyethylphenyl or ethoxymethyl-
phenyl,

Cs—C12-cycloalkyl which may be substituted by functional groups, aryl, alkyl, aryloxy, alkyloxy,
halogen, heteroatoms and/or heterocycles is, for example, cyclopentyl, cyclohexyl, cyclooctyl,
cyclododecyl, methylcyclopentyl, dimethylcyclopentyl, methylcyclohexyl, dimethylcyclohexyl,
diethylcyclohexyl, butylcyclohexyl, methoxycyclohexyl, dimethoxycyclohexyl, diethoxycyclohex-
yl, butylthiocyclohexyl, chlorocyclohexyl, dichlorocyclohexyl, dichlorocyclopentyl or a saturated
or unsaturated bicyclic system such as norbornyl or norbornenyl,

a five- or six-membered, oxygen-, nitrogen- and/or sulphur-containing heterocycle is, for exam-
ple, furyl, thienyl, pyrryl, pyridyl, indolyl, benzoxazolyl, dioxolyl, dioxyl, benzimidazolyl, benzothi-
azolyl, dimethylpyridyl, methylquinolyl, dimethylpyrryl, methoxyfuryl, dimethoxypyridyl, difluoro-

pyridyl, methylthienyl, isopropylthienyl or tert-butylthienyl and
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C1 to Cs-alkyl is, for example, methyl, ethyl, propyl, isopropyl, n-butyl, sec-butyl or tert-butyl.

The residues R' to R?® are preferably C,-Cis-alkyl or Cs-C12-aryl, more preferably Cs-Cis-alkyl or
Cs-Ciz-aryl, and even more preferably Cs-Cs-alkyl or Ce-aryl.

The residues R' to R® may be saturated or unsaturated, preferably saturated.
The residues R' to R® as well as X4, X2, and X3 may each be the same or different, in one em-
bodiment of the present invention they are each the same.

Preferred residues R to R® do not bear any heteroatoms other than carbon of hydrogen.

Preferred compounds of formula (1) or (la) or (Ib) are tri-n-hexylphosphine oxide, tri-r+octylphos-
phine oxide (PsgsQ), tri iso-nonyl phosphine oxide, tri-n-decylphosphine oxide, tri-n-dodecyl-
phosphine oxide, tri iso-tridecyl phosphine oxide, tri-n-tetradecylphosphine oxide, tri iso-
heptadecyl phosphine oxide, triphenylphosphine oxide (PPh30), tritolylphosphine oxide, trinaph-
tylphosphine oxide, phosphorous acid tri (n-butyl) ester, phosphorous acid tri (n-hexyl) ester,
phosphorous acid tri (2-ethylhexyl) ester, phosphorous acid tri (n-octyl) ester, phosphorous acid
tri (2-propylheptyl) ester, phosphorous acid tri (n-decyl) ester, phosphorous acid tri (n-dodecyl)
ester, phosphorous acid tri (n-tetradecyl) ester, phosphorous acid tri (n-hexadecyl) ester,
tri-ethylphosphite , tri-n-butylphosphite, tri-n-hexylphosphite, tri-n-octylphosphite, tri iso-nonyl
phosphite, tri-n-decylphosphite, tri-n-dodecylphosphite, tri iso-tridecyl phosphite, tri-n-tetradecyl-
phosphite, tri iso-heptadecyl phosphite, triphenylphosphite, penta(ethoxy)phosphorane, pen-
ta(n-butyloxy)phosphorane, penta(hexyloxy)phosphorane, penta(n-octyloxy)phosphorane, pen-
ta(2-ethylhexyloxy)phosphorane, and penta(phenoxy)phosphorane.

Furthermore active are the corresponding phosphinites (P(OR')R2;), phosphonites (P(OR1);R?2),
and phosphonates (OP(OR")2R?), such as diethyl phenyl phosphinite, di-n-butyl phenyl phos-
phinite, di(2-ethylhexyl) phenyl phosphinite, ethyl diphenyl phosphonite, n-butyl diphenyl phos-
phonite, (2-ethylhexyl) diphenyl phosphonite, diethyl phenyl phosphonate, di-n-butyl phenyl
phosphonate, and di(2-ethylhexyl) phenyl phosphonate.

In the case of the phosphorous acid esters the alcohol component may be a mixture of fatty
acid alcohols derived from fatty acid mixtures which are obtainable industrially from the work-up
of natural, vegetable or animal fats and oils, particularly preferably from linseed oil, coconut oil,
palm kernel oil, palm oil, soy oil, peanut oil, cocoa butter, shea butter, cottonseed oil, maize oil,
sunflower oil, rapeseed oil or castor oil, very particularly preferably from linseed oil, palm oil, soy
oil, peanut oil, cocoa butter, shea butter, cottonseed oil, maize oil, sunflower oil, rapeseed oil or
castor oil.

Another object of the present invention are an iron trihalide-donor complexes consisting of at
least one iron trihalide,
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- optionally at least one organic compound (Il) comprising at least one oxygen or nitrogen

atom with at least one lone electron pair, preferably comprising at least one oxygen atom
with at least one lone electron pair, very preferably selected from the group consisting of

organic compounds with at least one ether function, organic compounds with at least one
carboxylic ester function, organic compounds with at least one aldehyde function, organic
compounds with at least one keto function, and organic compounds with at least one ni-

trogen containing heterocyclic ring, and

- at least one phosphorus-containing compound of formula (1)

or formula (la)
P(OR")(OR2)(OR?)

or formula (Ib)
P(OR")(OR2)(OR?)(OR4)(ORS)
in which

X1, X2, and X3 independently of another are oxygen, sulphur or a single bond, preferably
oxygen or a single bond, and very preferably a single bond, and

R1, R?, R?, R4, and R’ independently of another are an organic residue with up to 20 car-
bon atoms.

In one preferred embodiment of this object of the invention the compound (Il) is present.

A further embodiment of this object of the invention are iron trihalide-donor complexes in which
the complex formed from the at least one iron trihalide and the at least one phosphorus-
containing compound of formula (1) or (1a) or (Ib) have a melting point of not more than 60 °C,
preferably not more than 40 °C, and especially not more than 20 °C.

In a further embodiment of this object of the invention the molar ratio of iron trihalide, compound
of formula (II) and compound of formula (1) or (Ia) or (Ib) in such iron trihalide-donor complexes
is generally from 1 : 0to 10 : 0.1 to 10, preferably from 1 : 0.1 to 10 : 0.2 to 5, more preferably
from1:0.2t05:0.3t0 3.
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Another object of the present invention is the use of such iron trihalide-donor complexes as a
catalyst for the polymerisation of unsaturated monomers, preferably for the cationic polymerisa-
tion of unsaturated monomers, more preferably of ethylenically unsaturated monomers, even
more preferably of alkenes, and especially for isobutene-containing monomer mixtures.

Another especially preferred object of the present invention are boron trihalide-donor complexes
consisting of at least one boron trihalide,

- optionally at least one organic compound (II) comprising at least one oxygen or nitrogen
atom with at least one lone electron pair, preferably comprising at least one oxygen atom with at
least one lone electron pair, very preferably selected from the group consisting of organic com-
pounds with at least one ether function, organic compounds with at least one carboxylic ester
function, organic compounds with at least one aldehyde function, organic compounds with at
least one keto function, and organic compounds with at least one nitrogen containing heterocy-
clic ring, and

- at least one phosphorus-containing compound of formula (1)

or formula (la)

P(OR")(OR?)(OR?®)

or formula (Ib)

P(OR")(OR?)(OR?)(OR#)(OR?®)

in which

X1, X2, and X3 independently of another are oxygen, sulphur or a single bond, preferably oxygen
or a single bond, and very preferably a single bond, and

R1, R2, R?, R%, and R’ independently of another are an organic residue with up to 20 carbon

atoms.

In one embodiment of this object of the invention the compound (l1) is present.
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A further embodiment of this object of the invention are boron trihalide-donor complexes in
which the complex formed from the at least one boron trihalide and the at least one phospho-
rus-containing compound of formula (1) or (la) or (Ib) have a melting point of not more than 60
°C, preferably not more than 40 °C, and especially not more than 20 °C.

In a further embodiment of this object of the invention the molar ratio of boron trihalide, com-
pound of formula (I1) and compound of formula (1) or (1a) or (Ib) in such boron trihalide-donor
complexes is generally from 1 : 0to 10: 0.1 to 10, preferably from 1 : 0.1 to 10 : 0.2 to 5, more
preferably from 1:0.2t05:0.3 to 3.

Another object of the present invention is the use of such boron trihalide-donor complexes as a
catalyst for the polymerisation of unsaturated monomers, preferably for the cationic polymerisa-
tion of unsaturated monomers, more preferably of ethylenically unsaturated monomers, even
more preferably of alkenes, and especially for isobutene-containing monomer mixtures.

Another object of the present invention are metal halide-donor complexes consisting of

- at least one metal halide, selected from the group consisting of aluminum trihalide, alkyl-
aluminum halide, gallium trihalide, titanium tetrahalide, zinc dihalide, tin dihalide, tin tetra-
halide, and boron trihalide,

- at least one organic compound (II) comprising at least one oxygen or nitrogen atom with
at least one lone electron pair, preferably comprising at least one oxygen atom with at
least one lone electron pair, very preferably selected from the group consisting of organic
compounds with at least one ether function, organic compounds with at least one carbox-
ylic ester function, organic compounds with at least one aldehyde function, organic com-
pounds with at least one keto function, and organic compounds with at least one nitrogen
containing heterocyclic ring, and

- at least one phosphorus-containing compound of formula (1)

or formula (la)
P(OR")(OR2)(OR?)

or formula (Ib)
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P(OR")(OR?)(OR?)(OR*)(OR?®)

in which

X1, X2, and X3 independently of another are oxygen, sulphur or a single bond, pref-
erably oxygen or a single bond, and very preferably a single bond, and

R, R2, R?, R4, and R® independently of another are an organic residue with up to 20
carbon atoms.

The metal halide is preferably selected from the group consisting of aluminum trihalide, alkyl-
aluminum halide, titanium tetrahalide, tin tetrahalide, and boron trihalide, more preferably se-
lected from the group consisting of aluminum trihalide, alkylaluminum halide, titanium tetrahal-
ide, and boron trihalide, even more preferably selected from the group consisting of aluminum
trinalide, alkylaluminum halide, and boron trihalide, and especially the metal halide is aluminum
trinalide or even aluminum trichloride.

A further embodiment of this object of the invention are such metal halide-donor complexes in
which the complex formed from the at least one metal halide and the at least one phosphorus-
containing compound of formula (1) or (Ia) or (Ib) have a melting point of not more than 60 °C,

preferably not more than 40 °C, and especially not more than 20 °C.

In a further embodiment of this object of the invention the molar ratio of such metal halide, com-
pound of formula (I1) and compound of formula (1) or (Ia) or (Ib) in such metal halide-donor com-
plexes is generally from 1: 0 to 10 : 0.1 to 10, preferably from 1: 0.1 to 10 : 0.2 to 5, more pref-
erably from 1:0.2t05:0.3to 3.

Another object of the present invention is the use of such metal halide-donor complexes as a
catalyst for the polymerisation of unsaturated monomers, preferably for the cationic polymerisa-
tion of unsaturated monomers, more preferably of ethylenically unsaturated monomers, even
more preferably of alkenes, and especially for isobutene-containing monomer mixtures.

Isobutene homopolymers are understood in the context of the present invention to mean those
polymers which, based on the polymer, are formed from isobutene to an extent of at least

98 mol%, preferably to an extent of at least 99 mol%. Accordingly, isobutene copolymers are
understood to mean those polymers which comprise less than 2 mol%, preferably less than 1
mol%, very preferably less than 0.7 mol% and especially less than 0.5 mol% of copolymerized
monomers other than isobutene, for example isoprene or linear butenes, preferably 1-butene,
cis-2-butene, and trans-2-butene.

In the context of the present invention, the following definitions apply to generically defined radi-
cals:
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A Cs- to Cs-alkyl radical is a linear or branched alkyl radical having 1 to 8 carbon atoms. Exam-
ples thereof are methyl, ethyl, n-propyl, isopropyl, n-butyl, 2-butyl, isobutyl, tert-butyl, pentyl, 1-
methylbutyl, 2-methylbutyl, 3-methylbutyl, 2,2-dimethyl-propyl, 1-ethylpropyl, n-hexyl, 1,1-
dimethylpropyl, 1,2-dimethylpropyl, 1-methylpentyl, 2-methylpentyl, 3-methylpentyl, 4-
methylpentyl, 1,1-dimethylbutyl, 1,2-dimethylbutyl, 1,3-dimethylbutyl, 2,2-dimethylbutyl, 2,3-
dimethylbutyl, 3,3-dimethylbutyl, 1-ethylbutyl, 2-ethylbutyl, 1,1,2-trimethylpropyl, 1,2,2-
trimethylpropyl, 1-ethyl-1-methylpropyl, 1-ethyl-2-methylpropyl, n-heptyl, n-octyl and the consti-
tutional isomers thereof, such as 2-ethylhexyl. Such Cs- to Cs-alkyl radicals may to a small ex-
tent also comprise heteroatoms such as oxygen, nitrogen or halogen atoms, for example chlo-
rine, and/or aprotic functional groups, for example carboxyl ester groups, cyano groups or nitro
groups.

A C1- to Cyo-alkyl radical is a linear or branched alkyl radical having 1 to 20 carbon atoms. Ex-
amples thereof are the abovementioned C1- to Cs-alkyl radicals, and additionally n-nonyl,
isononyl, n-decyl, 2-propylheptyl, n-undecyl, n-dodecyl, n-tridecyl, isotridecyl, n-tetradecyl, n-
hexadecyl, n-octadecyl and n-eicosyl. Such C+- to Cyp-alkyl radicals may to a small extent also
comprise heteroatoms such as oxygen, nitrogen or halogen atoms, for example chlorine, and/or
aprotic functional groups, for example carboxyl ester groups, cyano groups or nitro groups.

A Cs- to Cs-cycloalkyl radical is a saturated cyclic radical which may comprise alkyl side chains.
Examples thereof are cyclopentyl, 2- or 3-methylcyclopentyl, 2,3-, 2,4- or 2,5-dimethylcyclo-
pentyl, cyclohexyl, 2-, 3- or 4-methylcyclohexyl, 2,3-, 2,4-, 2,5-, 2,6-, 3,4-, 3,5- or 3,6-dimethyl-
cyclohexyl, cycloheptyl, 2-, 3- or 4-methylcycloheptyl, cyclooctyl, 2-, 3-, 4- or 5-methylcyclooctyl.
Such Cs- to Ce-cycloalkyl radicals may to a small extent also comprise heteroatoms such as
oxygen, nitrogen or halogen atoms, for example chlorine, and/or aprotic functional groups, for
example carboxyl ester groups, cyano groups or nitro groups.

A Cs- to Cyo-aryl radical or a Cs- to Ciz-aryl radical is preferably optionally substituted phenyl,
optionally substituted naphthyl, optionally substituted anthracenyl or optionally substituted phe-
nanthrenyl. Such aryl radicals may be a 1 to 5 aprotic substituents or aprotic functional groups,
for example Cs- to Cs-alkyl, C- to Cs-haloalkyl such as C+- to Cg-chloroalkyl or C+- to Ce-
fluoroalkyl, halogens such as chlorine or fluorine, nitro, cyano or phenyl. Examples of such aryl
radicals are phenyl, naphthyl, biphenyl, anthracenyl, phenanthrenyl, tolyl, nitrophenyl, chloro-
phenyl, dichlorophenyl, pentafluorophenyl, pentachlorophenyl, (trifluoromethyl)phenyl, bis(tri-
fluoromethyl)phenyl, (trichloro)methylphenyl and bis(trichloromethyl)phenyl.

A C7- to Cyo-arylalkyl radical or a Cs- to Cyz-arylalkyl radical is preferably optionally substituted
C1- to C4-alkylphenyl such as benzyl, o-, m- or p-methylbenzyl, 1- or 2-phenylethyl, 1-, 2- or 3-
phenylpropyl or 1-, 2-, 3- or 4-phenylbutyl, optionally substituted C+- to Cs-alkylnaphthyl such as
naphthylmethyl, optionally substituted C+- to Cs-alkylanthracenyl such as anthracenylmethyl, or
optionally substituted C+- to C4-alkylphenanthrenyl such as phenanthrenylmethyl. Such arylalkyl
radicals may bear 1 to 5 aprotic substituents or aprotic functional groups, especially on the aryl
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moiety, for example C+- to Cs-alkyl, C+- to Cs-haloalkyl such as C+- to Cs-chloroalkyl or C+- to
Ce-fluoroalkyl, halogen such as chlorine or fluorine, nitro or phenyl.

A suitable aluminum trihalide is especially aluminum trifluoride, aluminum trichloride or alumi-
num tribromide, preferably aluminum trichloride.

A useful alkylaluminum halide is especially a mono(C+- to Cs-alkyl)aluminum dihalide or a di(C+-
to Cy4-alkyl)aluminum monohalide, for example methylaluminum dichloride, ethylaluminum di-
chloride, iso-butylaluminum dichloride, dimethylaluminum chloride or diethylaluminum chloride,
diiso-butylaluminum chloride, preferably ethylaluminum dichloride, iso-butylaluminum dichloride,
diethylaluminum chloride or diiso-butylaluminum chloride and very preferably ethylaluminum
dichloride and iso-butylaluminum dichloride.

Especially suitable iron trihalides are iron trifluoride, iron trichloride or iron tribromide, preferably
iron trichloride.

Especially suitable gallium trihalides are gallium trifluoride, gallium trichloride or gallium tribro-
mide, preferably gallium trichloride.

Especially suitable titanium tetrahalides are titanium tetrafluorides, titanium tetrachlorides or
titanium tetrabromides, preferably titanium tetrachlorides.

Especially suitable zinc dihalides are zinc difluorides, zinc dichlorides, or zinc dibromides, pref-
erably zinc dichlorides.

Especially suitable tin dihalides are tin difluorides, tin dichlorides, or tin dibromides, preferably
tin dichlorides.

Especially suitable tin tetrahalides are tin tetrafluorides, tin tetrachlorides, or tin tetrabromides,
preferably tin tetrachlorides.

Especially suitable boron trihalides are boron trifluoride, boron trichloride, and boron tribromide,
preferably boron trifluoride and boron trichloride, and more preferably boron trifluoride.

Among these Lewis Acids, aluminum trihalides, alkylaluminum halides, iron trihalides, titanium
tetrahalides, and boron trihalides are preferred.

Very preferred are aluminum trihalides, alkylaluminum halides, iron trihalides, and boron trihal-
ides, particularly preferred are aluminum trihalides, especially aluminium trichloride.

In a preferred embodiment, isobutene or an isobutene-comprising monomer mixture is polymer-
ized in the presence of an alkyl aluminum dichloride-donor complex or an dialkyl aluminum chlo-
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ride-donor complex effective as a polymerization catalyst, very preferably in the presence of an
aluminum trichloride-donor complex or an iron trichloride-donor complex.

The molar ratio of Lewis Acid to compound of formula (1) or (la) or (Ib) is generally from 1 : 0.1
to 10, preferably from 1 : 0.2 to 5, more preferably from 1 : 0.3 to 3, even more preferably from 1
: 0.4 to 2, and especially from 1 : 0.5 to 1, with the above-mentioned proviso that the complex
formed from the at least one Lewis Acid and the at least one phosphorus-containing compound
of formula (1) or (Ia) or (Ib) has a melting point of not more than 60 °C, preferably not more than
40 °C, and especially not more than 20 °C.

It is an inevitable aspect of the present invention that the complex formed from the at least one
Lewis Acid and the at least one phosphorus-containing compound of formula (1) or (la) or (Ib)
has a melting point of not more than 60 °C, preferably not more than 40 °C, and especially not
more than 20 °C, preferably of not more than 10 °C, and more preferably of not more than 0 °C
(determined by Differential Scanning Calorimetry at a heating rate of 5 °C/min in the range of -
20 °C to 150 °C).

According to the invention the aluminum trihalide-donor complex or alkylaluminum halide-donor

complex or the iron trihalide-donor complex or the gallium trihalide-donor complex or the titani-

um tetrahalide-donor complex or the zinc dihalide-donor complex or the tin dihalide-donor com-

plex or the tin tetrahalide-donor complex or the boron trihalide-donor complex effective as a

polymerization catalyst comprises, as the donor, a mixture of

- at least one organic compound (II) comprising at least one oxygen or nitrogen atom with
at least one lone electron pair, preferably comprising at least one oxygen atom with at
least one lone electron pair, very preferably selected from the group consisting of organic
compounds with at least one ether function, organic compounds with at least one carbox-
ylic ester function, organic compounds with at least one aldehyde function, organic com-
pounds with at least one keto function, and organic compounds with at least one nitrogen
containing heterocyclic ring

- with at least one compound of formula (1) or (la) or (Ib), as defined above,
with the proviso that the complex formed from the at least one Lewis Acid and the at least
one phosphorus-containing compound of formula (1) or (Ia) or (Ib) has a melting point of
not more than 60 °C, preferably not more than 40 °C, and especially not more than 20 °C.

Compounds of formula (1) are preferred over compounds of formula (la) or (Ib).

Compounds (II) comprise at least one oxygen and/or nitrogen atom with at least one lone elec-
tron pair, preferably at least one oxygen atom with at least one lone electron pair and very pref-
erably are selected from the group consisting of organic compounds with at least one ether
function, organic compounds with at least one carboxylic ester function, organic compounds
with at least one aldehyde function, organic compounds with at least one keto function, and
organic compounds with at least one nitrogen containing heterocyclic ring.
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Solely oxygen containing compounds (l1) are preferred over nitrogen-containing compounds (Il).

Preferably compound (ll) is selected from the group consisting of organic compounds with at
least one ether function, organic compounds with at least one carboxylic ester function and or-
ganic compounds with at least one keto function, more preferably selected from the group con-
sisting of organic compounds with at least one ether function and organic compounds with at
least one carboxylic ester function, very preferably compounds (Il) are organic compounds with
at least one ether function, and especially organic compounds with exactly one ether function.

Compounds with at least one ether function are also understood to mean acetals and hemiace-
tals. The ether compound may comprise one or more ether functions, e.g. one, two, three, four
or even more ether functions, preferably one or two ether functions and very preferably one
ether function.

The mixture of donors may comprise one, two, three, four or even more different compounds
(I, preferably compounds with at least one ether function, preferably one or two different com-
pounds and very preferably one compound.

In a preferred embodiment of the present invention, an aluminum trihalide-donor complex or an

alkylaluminum halide complex, or an iron trihalide-donor complex, or a gallium trihalide-donor

complex or a titanium tetrahalide-donor complex or a zinc dihalide-donor complex or a tin dihal-

ide-donor complex or the tin tetrahalide-donor complex or the boron trihalide-donor complex,

very preferably an aluminum trihalide-donor complex or an iron trihalide-donor complex or a

boron trihalide-donor complex and especially an aluminum trihalide-donor complex is used,

which comprises, as the donor, a mixture of

- at least one dihydrocarbyl ether the general formula R8-O-R? in which the variables R® and
R® are each independently C+- to Cyo-alkyl radicals, preferably C+- to Cg alkyl radicals es-
pecially C+- to C4 alkyl radicals, C+- to Cyo-haloalkyl radicals, preferably C+- to Cs haloalkyl
radicals especially C+- to C4 haloalkyl radicals, Cs- to Cs-cycloalkyl radicals, preferably Cs-
to Ce-cycloalkyl radicals, Ce- to Cop-aryl radicals, especially Ce- to C12 aryl radicals, Cs- to
Cao-haloaryl radicals, especially Cs- to C+2 haloaryl radicals, or Cs- to Cae-arylalkyl radicals,
especially Cs- to Cqz-arylalkyl radicals. Preference is given to C+- to C4 alkyl radicals, C+-
to C4 haloalkyl radicals, Cs- to C12 aryl radicals, and C7- to Cyz-arylalkyl radicals with

- at least one compound of formula (1) or (1a) or (Ib),
with the proviso that the complex formed from the at least one Lewis Acid and the at least
one phosphorus-containing compound of formula (1) or (1a) or (Ib) has a melting point of
not more than 60 °C, preferably not more than 40 °C, and especially not more than 20 °C.

Haloalkyl and haloaryl mean preferably chloroalkyl or bromoalkyl and chloroaryl or bromoaryl,
very preferably chloroalkyl and chloroaryl. Especially preferred are w-haloalkyl radicals.

Preferred examples are chloromethyl, 1-chloroeth-1-yl, 2-chloroeth-1-yl, 2-chloroprop-1-yl, 2-
chloroprop-2-yl, 3-chloroprop-1-yl, and 4-chlorobut-1-yl.
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Preferred examples for chloroaryl are 2-chlorophenyl, 3-chlorophenyl, and 4-chlorophenyl.

The dihydrocarbyl ethers mentioned may be open-chain or cyclic, where the two variables R®
and R? in the case of the cyclic ethers may join to form a ring, where such rings may also com-
prise two or three ether oxygen atoms. Examples of such open-chain and cyclic dihydrocarbyl
ethers are dimethyl ether, chloromethyl methyl ether, bis (chloromethyl) ether, diethyl ether,
chloromethyl ethyl ether, 2-chloroethyl ethyl ether (CEE), bis (2-chloroethyl) ether (CE), di-n-
propyl ether, diisopropyl ether, di-n-butyl ether, di-sec-butyl ether, diisobutyl ether, di-n-pentyl
ether, di-n-hexyl ether, di-n-heptyl ether, di-n-octyl ether, di-(2-ethylhexyl) ether, methyl n-butyl
ether, methyl sec-butyl ether, methyl isobutyl ether, methyl tert-butyl ether, ethyl n-butyl ether,
ethyl sec-butyl ether, ethyl isobutyl ether, ethyl tert-butyl ether, n-propyl-n-butyl ether, n-propyl
sec-butyl ether, n-propyl isobutyl ether, n-propyl tert-butyl ether, isopropyl n-butyl ether, isopro-
pyl sec-butyl ether, isopropyl isobutyl ether, isopropyl tert-butyl ether, methyl n-hexyl ether, me-
thyl n-octyl ether, methyl 2-ethylhexyl ether, ethyl n-hexyl ether, ethyl n-octyl ether, ethyl 2-
ethylhexyl ether, n-butyl n-octyl ether, n-butyl 2-ethylhexyl ether, tetrahydrofuran, tetrahydropy-
ran, 1,2-, 1,3- and 1,4-dioxane, dicyclohexyl ether, diphenyl ether, alkyl aryl ethers, such as ani-
sole and phenetole, ditolyl ether, dixylyl ether and dibenzyl ether.

Furthermore, difunctional ethers such as dialkoxybenzenes, preferably dimethoxybenzenes,
very preferably veratrol, and ethylene glycol dialkylethers, preferably ethylene glycol di-
methylether and ethylene glycol diethylether, are preferred.

Among the dihydrocarbyl ethers mentioned, diethyl ether, 2-chloroethyl ethyl ether, diisopropyl
ether, di-n-butyl ether and diphenyl ether have been found to be particularly advantageous as
donors for the aluminum trihalide-donor complexes or the alkylaluminum halide complexes or
the iron trihalide-donor complexes or the gallium trihalide-donor complex or the titanium tetra-
halide-donor complex or the zinc dihalide-donor complex or the tin dihalide-donor complex or
the tin tetrahalide-donor complex or the boron trihalide-donor complex, very preferably the alu-
minum trihalide-donor complexes or iron trihalide-donor complexes or boron trihalide-donor
complex and especially the aluminum trihalide-donor complexes.

In a peferred embodiment dihydrocarbyl ethers with at least one secondary or tertiary dihydro-
carbyl group are preferred over dihydrocarbyl groups with primary groups only. Ethers with pri-
mary dihydrocarbyl groups are those ethers in which both dihydrocarbyl groups are bound to
the ether functional group with a primary carbon atom, whereas ethers with at least one sec-
ondary or tertary dihydrocarbyl group are those ethers in which at least one dihydrocarbyl group
is bound to the ether functional group with a secondary or tertiary carbon atom.

For the sake of clarity, e.g. diisobutyl ether is deemed to be an ether with primary dihydrocarbyl
groups, since the secondary carbon atom of the isobutyl group is not bound to the oxygen of the
functional ether group but the hydrocarbyl group is bound via a primary carbon atom.
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Preferred examples for ethers with primary dihydrocarbyl groups are diethyl ether, di-n-butyl
ether, and di-n-propyl ether.

Preferred examples for ethers with at least one secondary or tertary dihydrocarbyl group are
diisopropyl ether, methyl tert-butyl ether, ethyl tert-butyl ether, and anisole.

In addition, particularly advantageous dihydrocarbyl ethers as donors for the aluminum trihalide-
donor complexes or the alkylaluminum halide complexes, have been found to be those in which
the donor compound has a total carbon number of 3 to 16, preferably of 4 to 16, especially of 4
to 12, in particular of 4 to 8.

In another preferred embodiment halide-substituted ethers are preferred in combination with
aluminum halide-donor complex or iron halide-donor complex or boron halide-donor complex.

Organic compounds with at least one carboxylic ester function are preferably hydrocarbyl car-
boxylates of the general formula R1°-COOR?*! in which the variables R'® and R are each inde-
pendently C+- to Cx-alkyl radicals, especially C+- to Cs alkyl radicals, Cs- to Cs-cycloalkyl radi-
cals, Cs- to Cyp-aryl radicals, especially Cs- to Cy2 aryl radicals, or C;7- to Cyo-arylalkyl radicals,
especially C7- to Cqz-arylalkyl radicals.

Examples of the hydrocarbyl carboxylates mentioned are methyl formate, ethyl formate, n-pro-
pyl formate, isopropyl formate, n-butyl formate, sec-butyl formate, isobutyl formate, tert-butyl
formate, methyl acetate, ethyl acetate, n-propyl acetate, isopropyl acetate, n-butyl acetate, sec-
butyl acetate, isobutyl acetate, tert-butyl acetate, methyl propionate, ethyl propionate, n-propyl
propionate, isopropyl propionate, n-butyl propionate, sec-butyl propionate, isobutyl propionate,
tert-butyl propionate, methyl butyrate, ethyl butyrate, n-propyl butyrate, isopropyl butyrate, n-bu-
tyl butyrate, sec-butyl butyrate, isobutyl butyrate, tert-butyl butyrate, methyl cyclohexanecarbox-
ylate, ethyl cyclohexanecarboxylate, n-propyl cyclohexanecarboxylate, isopropyl cyclohexane-
carboxylate, n-butyl cyclohexanecarboxylate, sec-butyl cyclohexanecarboxylate, isobutyl cyclo-
hexanecarboxylate, tert-butyl cyclohexanecarboxylate, methyl benzoate, ethyl benzoate, n-pro-
pyl benzoate, isopropyl benzoate, n-butyl benzoate, sec-butyl benzoate, isobutyl benzoate, tert-
butyl benzoate, methyl phenylacetate, ethyl phenylacetate, n-propyl phenylacetate, isopropyl
phenylacetate, n-butyl phenylacetate, sec-butyl phenylacetate, isobutyl phenylacetate and tert-
butyl phenylacetate. Among the hydrocarbyl carboxylates mentioned, ethyl acetate has been
found to be particularly advantageous as a donor for the complexes.

In addition, particularly advantageous hydrocarbyl carboxylates as donors, have been found to
be those in which the donor compound has a total carbon number of 3 to 16, preferably of 4 to
16, especially of 4 to 12, in particular of 4 to 8, preference is given in particular to those having a
total of 3 to 10 and especially 4 to 6 carbon atoms.

Organic compounds with at least one aldehyde function, preferably exactly one aldehyde func-
tion and organic compounds with at least one keto function, preferably exactly one keto function
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typically have from 1 to 20, preferably from 2 to 10 carbon atoms. Functional groups other than
the carbonyl group are preferably absent.

Preferred organic compounds with at least one aldehyde function are those of formula R1°-CHO,
in which R1% has the above-mentioned meaning, very preferably are selected from the group
consisting of formaldehyde, acetaldehyde, propionaldehyde, n-butyraldehyde, isobutyraldehyde,
and benzaldehyde.

Preferred organic compounds with at least one keto function are those of formula R'0-(C=0)-
R", in which R and R'! have the above-mentioned meaning, very preferably are selected from
the group consisting of acetone, methyl ethyl ketone, diethyl ketone, methyl isobutyl ketone,
cyclohexanone, acetophenone, and benzophenone. Greatest preference is given to acetone.

Organic compounds with at least one nitrogen containing heterocyclic ring are preferably satu-
rated, partly unsaturated or unsaturated nitrogen-containing five-membered or six-membered
heterocyclic rings which comprises one, two or three ring nitrogen atoms and may have one or
two further ring heteroatoms from the group of oxygen and sulphur and/or hydrocarbyl radicals,
especially C+- to C4-alkyl radicals and/or phenyl, and/or functional groups or heteroatoms as
substituents, especially fluorine, chlorine, bromine, nitro and/or cyano, for example pyrrolidine,
pyrrole, imidazole, 1,2,3- or 1,2,4-triazole, oxazole, thiazole, piperidine, pyrazane, pyrazole,
pyridazine, pyrimidine, pyrazine, 1,2,3-, 1,2,4- or 1,2,5-triazine, 1,2,5-oxathiazine, 2H-1,3,5-
thiadiazine or morpholine.

However, a very particularly suitable nitrogen-containing basic compound of this kind is pyridine
or a derivative of pyridine (especially a mono-, di- or tri-C+- to C4-alkyl-substituted pyridine) such
as 2-, 3-, or 4-methylpyridine (picolines), 2,3-, 2,4-, 2,5-, 2,6-, 3,4-, 3,5- or 3,6-dimethylpyridine
(lutidines), 2,4,6-trimethylpyridine (collidine), 2-, 3,- or 4-tert-butylpyridine, 2-tert-butyl-6-methyl-
pyridine, 2,4-, 2,5-, 2,6- or 3,5-di-tert-butylpyridine or else 2-, 3,- or 4-phenylpyridine.

The molar ratio of the donor compounds (calculated as the sum of compound (Il), preferably
sum of ethers plus the sum of compounds of formula (I) or (la) or (Ib) in the mixture) mentioned
to the aluminum trihalide or to the alkylaluminum halide or to the iron trihalide or to the gallium
trihalide or to the titanium tetrahalide or to the zinc dihalide or to the tin dihalide or to the tin tet-
rahalide or to the boron trihalide, in the donor complex generally varies within the range from
0.4:1 to 2.0:1, especially from 0.5:1 to 1.8:1, in particular 0.7:1 to 1.6:1; in most cases it is 0.9:1
to 1.5:1. However, it is also possible to work with a greater excess of the donor compounds,
often up to a 10-fold and especially 3-fold molar excess; the excess amount of donor com-
pounds then additionally acts as a solvent or diluent.

The molar ratio of compound (I), preferably the ether compounds (calculated as the sum of
compounds (I1) respectively the sum of ethers) to the compounds of formula (1) or (la) or (Ib)
(calculated as the sum of compounds of formula (1) or (l1a) or (Ib)) in the mixture generally varies
from 0.1:1 to 1:0.1, preferably from 0.2:1 to 1:0.2, very preferably from 0.25:1 to 1:0.5, more
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preferably from 0.3:1 to 1:0.66, especially from 0.3:1 to 1:1, and even from 0.35:1to 1:1. In a
preferable embodiment the compounds (ll) respectively the ethers are present in an equimolar
molar ratio.

The molar ratio of the Lewis Acid mentioned, preferably the aluminum trihalide or alkylaluminum
halide mentioned to the isobutene monomer used in the case of homopolymerization of isobu-
tene, or to the total amount of the polymerizable monomers used in the case of copolymeriza-
tion of isobutene, based on each individual functional site of the Lewis Acid mentioned, prefera-
bly the aluminum trihalide or alkylaluminum halide, is generally from 0.001:1 to 0.2:1, preferably
0.002:1 to 0.1:1, very preferably 0.003:1 to 0.08:1, especially 0.005:1 to 0.05:1, and in particular
0.007:1 t0 0.03:1.

Typically, the Lewis Acid-donor complex, preferably the aluminum trihalide-donor complex or
the alkylaluminum halide complex, especially the alkyl aluminum dichloride-donor complex or
dialkyl aluminum chloride-donor complex, is prepared separately prior to the polymerization
from the respective metal halides, preferably the aluminum trihalide or the alkylaluminum halide,
especially from anhydrous alkyl aluminum dichloride or an dialkyl aluminum chloride, and the
donor compound, and is then - usually dissolved in an inert solvent such as a halogenated hy-
drocarbon, for example dichloromethane, or more preferably in unhalogenated hydrocarbons -
added to the polymerization medium. However, in a less preferred embodiment the complex
can also be prepared in situ prior to the polymerization.

It is an advantage of the present invention that the complexes of the Lewis Acid and the com-
pound of formula (1) or (Ia) or (Ib) are liquid and, therefore, are easily applicable to the reaction
medium.

It is a further advantage of the complexes of the Lewis Acid and the compound of formula (1) or
(la) or (Ib) compared with complexes of a Lewis Acid with ionic liquids that they are much easier
to produce by simply mixing Lewis Acid and the compound of formula (1) or (Ia) or (Ib) and the
reactivity of the complexes can be varied in a wide range by adjusting the ratio of Lewis Acid
and the compound of formula (1) or (l1a) or (Ib).

In case the polymerization catalyst is not fully soluble in the solvent used it may be advanta-
geous to disperse the polymerization catalyst in the inert solvent, e.g. by vigorously stirring the
dispersion. The dispersing can be effected in any apparatus suitable for dispersing. Shaking
apparatuses such as for example from Skandex may be mentioned by way of example or for
example in ultrasonic apparatuses, high pressure homogenizers, 2-, 3-, 4- or 5-roll mills, mini-
mills, Henschel mixers, shaking mills, Ang mills, gear mills, bead mills, wet mills, sand mills,
attritors, colloid mills, ultrasonic homogenizers, with Ultra Turrax stirrer and in particular by
grinding, for example in 2-, 3-, 4- or 5-roll mills, minimills, shaking mills, Ang mills, gear mills,
bead mills, wet mills, sand mills, colloid mills, ball mills, specifically stirred ball mills.
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In a preferred embodiment ultrasonication of the Lewis Acid-donor complex, preferably the alu-
mium trihalide-donor complex or the alkylaluminum halide complex, or iron trihalide-donor com-
plexes or boron halide-donor complex in an inert solvent prior to polymerization helps to im-
prove polymerization conversion.

In a preferred embodiment of the present invention, the polymerization is performed with addi-
tional use of a mono- or polyfunctional, especially mono-, di- or trifunctional, initiator which is
selected from organic hydroxyl compounds, organic halogen compounds and water. It is also
possible to use mixtures of the initiators mentioned, for example mixtures of two or more organ-
ic hydroxyl compounds, mixtures of two or more organic halogen compounds, mixtures of one
or more organic hydroxyl compounds and one or more organic halogen compounds, mixtures of
one or more organic hydroxyl compounds and water, or mixtures of one or more organic halo-
gen compounds and water. The initiator may be mono-, di- or polyfunctional, i.e. one, two or
more hydroxyl groups or halogen atoms, which start the polymerization reaction, may be pre-
sent in the initiator molecule. In the case of di- or polyfunctional initiators, telechelic isobutene
polymers with two or more, especially two or three, polyisobutene chain ends are typically ob-
tained.

Organic hydroxyl compounds which have only one hydroxyl group in the molecule and are suit-
able as monofunctional initiators include especially alcohols and phenols, in particular those of
the general formula R'2-OH, in which R'2 denotes C+- to Cyp-alkyl radicals, especially C+- to Cs-
alkyl radicals, Cs- to Cs-cycloalkyl radicals, Ce- to Cyo-aryl radicals, especially Cgs- to Ciz-aryl
radicals, or C7- to Cyo-arylalkyl radicals, especially C7- to Cyz-arylalkyl radicals. In addition, the
R'2 radicals may also comprise mixtures of the abovementioned structures and/or have other
functional groups than those already mentioned, for example a keto function, a nitroxide or a
carboxyl group, and/or heterocyclic structural elements.

Typical examples of such organic monohydroxyl compounds are methanol, ethanol, n-propanol,
isopropanol, n-butanol, sec-butanol, isobutanol, tert-butanol, n-pentanol, n-hexanol, n-heptanol,
n-octanol, 2-ethylhexanol, cyclohexanol, phenol, p-methoxyphenol, o-, m- and p-cresol, benzyl
alcohol, p-methoxybenzyl alcohol, 1- and 2-phenylethanol, 1- and 2-(p-methoxyphenyl)ethanol,
1-, 2- and 3-phenyl-1-propanol, 1-, 2- and 3-(p-methoxyphenyl)-1-propanol, 1- and 2-phenyl-2-
propanol, 1- and 2-(p-methoxyphenyl)-2-propanol, 1-, 2-, 3- and 4-phenyl-1-butanol, 1-, 2-, 3-
and 4-(p-methoxyphenyl)-1-butanol, 1-, 2-, 3- and 4-phenyl-2-butanol, 1-, 2-, 3- and 4-(p-me-
thoxyphenyl)-2-butanol, 9-methyl-9H-fluoren-9-ol, 1,1-diphenylethanol, 1,1-diphenyl-2-propyn-1-
ol, 1,1-diphenylpropanol, 4-(1-hydroxy-1-phenylethyl)benzonitrile, cyclopropyldiphenylmethanol,
1-hydroxy-1,1-diphenylpropan-2-one, benzilic acid, 9-phenyl-9-fluorenol, triphenylmethanol,
diphenyl(4-pyridinyl)methanol, alpha,alpha-diphenyl-2-pyridinemethanol, 4-methoxytrityl alcohol
(especially polymer-bound as a solid phase), alpha-tert-butyl-4-chloro-4’-methylbenzhydrol, cy-
clohexyldiphenylmethanol, alpha-(p-tolyl)-benzhydrol, 1,1,2-triphenylethanol, alpha,alpha-
diphenyl-2-pyridineethanol, alpha,alpha-4-pyridylbenzhydrol N-oxide, 2-fluorotriphenylmethanol,
triphenylpropargyl alcohol, 4-[(diphenyl)hydroxymethyllbenzonitrile, 1-(2,6-dimethoxyphenyl)-2-
methyl-1-phenyl-1-propanol, 1,1,2-triphenylpropan-1-ol and p-anisaldehyde carbinol.
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Organic hydroxyl compounds which have two hydroxyl groups in the molecule and are suitable
as bifunctional initiators are especially dihydric alcohols or diols having a total carbon number of
2 to 30, especially of 3 to 24, in particular of 4 to 20, and bisphenols having a total carbon num-
ber of 6 to 30, especially of 8 to 24, in particular of 10 to 20, for example ethylene glycol, 1,2-
and 1,3-propylene glycol, 1,4-butylene glycol, 1,6-hexylene glycol, 1,2-, 1,3- or 1,4-bis(1-
hydroxy-1-methylethyl)benzene (o-, m- or p-dicumyl alcohol), bisphenol A, 9,10-di-hydro-9,10-
dimethyl-9,10-anthracenediol, 1,1-diphenylbutane-1,4-diol, 2-hydroxytriphenylcarbinol and 9-[2-
(hydroxymethyl)phenyl]-9-fluorenol.

Organic halogen compounds which have one halogen atom in the molecule and are suitable as
monofunctional initiators are in particular compounds of the general formula R'3-Hal in which
Hal is a halogen atom selected from fluorine, iodine and especially chlorine and bromine, and
R denotes C+- to Cao-alkyl radicals, especially C+- to Cs-alkyl radicals, Cs- to Ces-cycloalkyl radi-
cals or Cs- to Cyo-arylalkyl radicals, especially Cs- to Cqz-arylalkyl radicals. In addition, the R13
radicals may also comprise mixtures of the abovementioned structures and/or have other func-
tional groups than those already mentioned, for example a keto function, a nitroxide or a car-
boxyl group, and/or heterocyclic structural elements.

Typical examples of such monohalogen compounds are methyl chloride, methyl bromide, ethyl
chloride, ethyl bromide, 1-chloropropane, 1-bromopropane, 2-chloropropane, 2-bromopropane,
1-chlorobutane, 1-bromobutane, sec-butyl chloride, sec-butyl bromide, isobutyl chloride, isobutyl
bromide, tert-butyl chloride, tert-butyl bromide, 1-chloropentane, 1-bromopentane, 1-chloro-
hexane, 1-bromohexane, 1-chloroheptane, 1-bromoheptane, 1-chlorooctane, 1-bromooctane, 1-
chloro-2-ethylhexane, 1-bromo-2-ethylhexane, cyclohexyl chloride, cyclohexyl bromide, benzyl
chloride, benzyl bromide, 1-phenyl-1-chloroethane, 1-phenyl-1-bromoethane, 1-phenyl-2-chloro-
ethane, 1-phenyl-2-bromoethane, 1-phenyl-1-chloropropane, 1-phenyl-1-bromopropane, 1-phe-
nyl-2-chloropropane, 1-phenyl-2-bromopropane, 2-phenyl-2-chloropropane, 2-phenyl-2-bromo-
propane, 1-phenyl-3-chloropropane, 1-phenyl-3-bromopropane, 1-phenyl-1-chlorobutane, 1-
phenyl-1-bromobutane, 1-phenyl-2-chlorobutane, 1-phenyl-2-bromobutane, 1-phenyl-3-chloro-
butane, 1-phenyl-3-bromobutane, 1-phenyl-4-chlorobutane, 1-phenyl-4-bromobutane, 2-phenyl-
1-chlorobutane, 2-phenyl-1-bromobutane, 2-phenyl-2-chlorobutane, 2-phenyl-2-bromobutane,
2-phenyl-3-chlorobutane, 2-phenyl-3-bromobutane, 2-phenyl-4-chlorobutane and 2-phenyl-4-
bromobutane.

Organic halogen compounds which have two halogen atoms in the molecule and are suitable as
difunctional initiators are, for example, 1,3-bis(1-bromo-1-methylethyl)benzene, 1,3-bis(2-chloro-
2-propyl)benzene (1,3-dicumyl chloride) and 1,4-bis(2-chloro-2-propyl)benzene (1,4-dicumyl
chloride).

The initiator is more preferably selected from organic hydroxyl compounds in which one or more
hydroxyl groups are each bonded to an sp3-hybridized carbon atom, organic halogen
compounds, in which one or more halogen atoms are each bonded to an sp3-hybridized carbon
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atom, and water. Among these, preference is given in particular to an initiator selected from
organic hydroxyl compounds in which one or more hydroxyl groups are each bonded to an sp3-
hybridized carbon atom.

In the case of the organic halogen compounds as initiators, particular preference is further given
to those in which the one or more halogen atoms are each bonded to a secondary or especially
to a tertiary sp3-hybridized carbon atom.

Preference is given in particular to initiators which may bear, on such an sp?*-hydridized carbon
atom, in addition to the hydroxyl group, the R'2, R®™® and R radicals, which are each inde-
pendently hydrogen, C+- to Cyo-alkyl, Cs- to Cs-cycloalkyl, Cs- to Cyo-aryl, C7- to Cx-alkylaryl or
phenyl, where any aromatic ring may also bear one or more, preferably one or two, C+- to Cy4-
alkyl, C+- to Cs-alkoxy, C+- to Cs-hydroxyalkyl or Cs- to Cs-haloalkyl radicals as substituents,
where not more than one of the variables R'2, R'® and R is hydrogen and at least one of the
variables R12, R®® and R is phenyl which may also bear one or more, preferably one or two,
C1- to Cs-alkyl, C4- to Cs-alkoxy, C+- to C4-hydroxyalkyl or C4- to C4-haloalkyl radicals as substit-
uents.

For the present invention, very particular preference is given to initiators selected from water,
methanol, ethanol, 1-phenylethanol, 1-(p-methoxyphenyl)ethanol, n-propanol, isopropanol, 2-
phenyl-2-propanol (cumene), n-butanol, isobutanol, sec.-butanol, tert-butanol, 1-phenyl-1-
chloroethane, 2-phenyl-2-chloropropane (cumyl chloride), tert-butyl chloride and 1,3- or 1,4-
bis(1-hydroxy-1-methylethyl)benzene. Among these, preference is given in particular to initiators
selected from water, methanol, ethanol, 1-phenylethanol, 1-(p-methoxyphenyl)ethanol, n-pro-
panol, isopropanol, 2-phenyl-2-propanol (cumene), n-butanol, isobutanol, sec.-butanol, tert-
butanol, 1-phenyl-1-chloroethane and 1,3- or 1,4-bis(1-hydroxy-1-methylethyl)benzene.

The molar ratio of the initiators mentioned to the isobutene monomer used in the case of homo-
polymerization of isobutene, or to the total amount of the polymerizable monomers used in the
case of copolymerization of isobutene, based on each individual functional site of the initiator, is
generally from 0.0005:1 to 0.1:1, especially 0.001:1 to 0.075:1, in particular 0.0025:1 to 0.05:1.
When water is used as the sole initiator or in combination with organic hydroxyl compounds
and/or organic halogen compounds as further initiators, the molar ratio of water to the isobutene
monomer used in the case of homopolymerization of isobutene, or to the total amount of the
polymerizable monomers used in the case of copolymerization of isobutene, is especially from
0.0001:1 to 0.1:1, in particular 0.0002:1 to 0.05:1, preferably 0.0008:1 to 0.04:1, and very pref-
erably in particular 0.001:1 to 0.03:1.

In a preferred embodiment the amount of initiator in the monomer mixture is not more than 10
wt%, preferably not more than 7.5 wt%, more preferably not more than 5 wt%, even more pref-
erably not more than 3 wt%, and especially not more than 2 wt%.
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If water is used as the sole initiator or in combination with organic hydroxyl compounds the
amount of initiator in the monomer mixture is not more than 3.2 wt%, preferably not more than
2.5 wt%, more preferably not more than 2 wt%, even more preferably not more than 1.5 wt%,
and especially not more than 1 wt%.

A proportion of the initiator molecules added as organic hydroxyl or halogen compounds is in-

corporated into the polymer chains. The proportion (lesr) of polymer chains which are started by
such an incorporated organic initiator molecule may be up to 100%, and is generally 5 to 90%.
The remaining polymer chains arise either from water originating from traces of moisture as an
initiator molecule, or from chain transfer reactions.

In a further preferred embodiment of the present invention, the polymerization is performed in
the presence of 0.01 to 10 mmol, especially of 0.05 to 5.0 mmol, in particular of 0.1 to 1.0 mmol,
based in each case on 1 mol of isobutene monomer used in the case of homopolymerization of
isobutene, or on 1 mol of the total amount of the polymerizable monomers used in the case of
copolymerization of isobutene, of a nitrogen-containing basic compound.

Such a nitrogen-containing basic compound used may be an aliphatic, cycloaliphatic or aro-
matic amine of the general formula R4-NR'5R', or else ammonia, in which the variables R4,
R1% and R'6 are each independently hydrogen, C+- to Cxo-alkyl radicals, especially C+- to Cs-alkyl
radicals, Cs- to Cg-cycloalkyl radicals, Cs- to Coo-aryl radicals, especially Cs- to Cyz-aryl radicals,
or Cr- to Cy-arylalkyl radicals, especially C7- to Cqz-arylalkyl radicals. When none of these vari-
ables is hydrogen, the amine is a tertiary amine. When one of these variables is hydrogen, the
amine is a secondary amine. When two of these variables is hydrogen, the amine is a primary
amine. When all these variables are hydrogen, the amine is ammonia.

Typical examples of such amines of the general formula R'*-NR'5R'¢ are methylamine, ethyla-
mine, n-propylamine, isopropylamine, n-butylamine, tert-butylamine, sec-butylamine, isobutyl-
amine, tert-amylamine, n-hexylamine, n-heptylamine, n-octylamine, 2-ethylhexylamine, cyclo-
pentylamine, cyclohexylamine, aniline, dimethylamine, diethylamine, di-n-propylamine, diiso-
propylamine, di-n-butylamine, di-tert-butylamine, di-sec-butylamine, diisobutylamine, di-tert-
amylamine, di-n-hexylamine, di-n-heptylamine, di-n-octylamine, di-(2-ethylhexyl)amine, dicyclo-
pentylamine, dicyclohexylamine, diphenylamine, trimethylamine, triethylamine, tri-n-propyl-
amine, tri-isopropylamine, tri-n-butylamine, tri-tert-butylamine, tri-sec-butylamine, tri-isobutyl-
amine, tri-tert-amylamine, tri-n-hexylamine, tri-n-heptylamine, tri-n-octylamine, tri-(2-ethylhexyl)-
amine, tricyclopentylamine, tricyclohexylamine, triphenylamine, dimethylethylamine, methyl-n-
butylamine, N-methyl-N-phenylamine, N,N-dimethyl-N-phenylamine, N-methyl-N,N-
diphenylamine or N-methyl-N-ethyl-N-n-butylamine.

In addition, such a nitrogen-containing basic compound used may also be a compound having a
plurality of, especially having two or three, nitrogen atoms and having 2 to 20 carbon atoms,

where these nitrogens may each independently bear hydrogen atoms or aliphatic, cycloaliphatic
or aromatic substituents. Examples of such polyamines are 1,2-ethylenediamine, 1,3-propylene-
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diamine, 1,4-butylenediamine, diethylenetriamine, N-methyl-1,2-ethylenediamine, N,N-dimethyl-
1,2-ethylenediamine, N,N’-dimethyl-1,2-ethylenediamine or N,N-dimethyl-1,3-propylenediamine.

However, a suitable nitrogen-containing basic compound of this kind is especially a saturated,
partly unsaturated or unsaturated nitrogen-containing five-membered or six-membered hetero-
cyclic ring which comprises one, two or three ring nitrogen atoms and may have one or two fur-
ther ring heteroatoms from the group of oxygen and sulphur and/or hydrocarbyl radicals, espe-
cially Cs- to Cy4-alkyl radicals and/or phenyl, and/or functional groups or heteroatoms as substit-
uents, especially fluorine, chlorine, bromine, nitro and/or cyano, for example pyrrolidine, pyrrole,
imidazole, 1,2,3- or 1,2,4-triazole, oxazole, thiazole, piperidine, pyrazane, pyrazole, pyridazine,
pyrimidine, pyrazine, 1,2,3-, 1,2,4- or 1,2,5-triazine, 1,2,5-oxathiazine, 2H-1,3,5-thiadiazine or
morpholine.

However, a very particularly suitable nitrogen-containing basic compound of this kind is pyridine
or a derivative of pyridine (especially a mono-, di- or tri-C+- to Cs-alkyl-substituted pyridine) such
as 2-, 3-, or 4-methylpyridine (picolines), 2,3-, 2,4-, 2,5-, 2,6-, 3,4-, 3,5- or 3,6-dimethylpyridine
(lutidines), 2,4,6-trimethylpyridine (collidine), 2-, 3,- or 4-tert-butylpyridine, 2-tert-butyl-6-methyl-
pyridine, 2,4-, 2,5-, 2,6- or 3,5-di-tert-butylpyridine or else 2-, 3,- or 4-phenylpyridine.

It is possible to use a single nitrogen-containing basic compound or mixtures of such nitrogen-
containing basic compounds.

For the use of isobutene or of an isobutene-comprising monomer mixture as the monomer to be
polymerized, suitable isobutene sources are both pure isobutene and isobutenic C4 hydrocar-
bon streams, for example C4 raffinates, especially "raffinate 1", C4 cuts from isobutane dehydro-
genation, C4 cuts from steam crackers and from FCC crackers (fluid catalyzed cracking), pro-
vided that they have been substantially freed of 1,3-butadiene present therein. A C4 hydrocar-
bon stream from an FCC refinery unit is also known as "b/b" stream. Further suitable isobutenic
C4 hydrocarbon streams are, for example, the product stream of a propylene-isobutane cooxida-
tion or the product stream from a metathesis unit, which are generally used after customary pu-
rification and/or concentration. Suitable C4 hydrocarbon streams generally comprise less than
500 ppm, preferably less than 200 ppm, of butadiene. The presence of 1-butene and of cis- and
trans-2-butene is substantially uncritical. Typically, the isobutene concentration in the C4 hydro-
carbon streams mentioned is in the range from 40 to 60% by weight. For instance, raffinate 1
generally consists essentially of 30 to 50% by weight of isobutene, 10 to 50% by weight of 1-
butene, 10 to 40% by weight of cis- and trans-2-butene, and 2 to 35% by weight of butanes; in
the polymerization process according to the invention, the unbranched butenes in the raffinate 1
generally behave virtually inertly, and only the isobutene is polymerized.

In a preferred embodiment, the monomer source used for the polymerization is a technical Cs4
hydrocarbon stream with an isobutene content of 1 to 100% by weight, especially of 1 to 99%
by weight, in particular of 1 to 90% by weight, more preferably of 30 to 60% by weight,
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especially a raffinate 1 stream, a b/b stream from an FCC refinery unit, a product stream from a
propylene-isobutane cooxidation or a product stream from a metathesis unit.

Especially when a raffinate 1 stream is used as the isobutene source, the use of water as the
sole initiator or as a further initiator has been found to be useful, in particular when polymeriza-
tion is effected at temperatures of -20°C to +30°C, especially of 0°C to +20°C. At temperatures
of -20°C to +30°C, especially of 0°C to +20°C, when a raffinate 1 stream is used as the isobu-
tene source, it is, however, also possible to dispense with the use of an initiator.

The isobutenic monomer mixture mentioned may comprise small amounts of contaminants such
as water, carboxylic acids or mineral acids, without there being any critical yield or selectivity
losses. It is appropriate to prevent enrichment of these impurities by removing such harmful
substances from the isobutenic monomer mixture, for example by adsorption on solid adsor-
bents such as activated carbon, molecular sieves or ion exchangers.

It is also possible to convert monomer mixtures of isobutene or of the isobutenic hydrocarbon
mixture with olefinically unsaturated monomers copolymerizable with isobutene. When mono-
mer mixtures of isobutene are to be copolymerized with suitable comonomers, the monomer
mixture preferably comprises at least 5% by weight, more preferably at least 10% by weight and
especially at least 20% by weight of isobutene, and preferably at most 95% by weight, more
preferably at most 90% by weight and especially at most 80% by weight of comonomers.

Useful copolymerizable monomers include: vinylaromatics such as styrene and
a-methylstyrene, C+- to Cs-alkylstyrenes such as 2-, 3- and 4-methylstyrene, and 4-tert-butylsty-
rene, halostyrenes such as 2-, 3- or 4-chlorostyrene,

and isoolefins having 5 to 10 carbon atoms, such as 2-methylbutene-1, 2-methylpentene-1, 2-
methylhexene-1, 2-ethylpentene-1, 2-ethylhexene-1 and 2-propylheptene-1. Further useful
comonomers include olefins which have a silyl group, such as 1-trimethoxysilylethene, 1-
(trimethoxysilyl)propene, 1-(trimethoxysilyl)-2-methylpropene-2, 1-[tri{methoxyethoxy)-
silyllethene, 1-[tri(methoxyethoxy)silyl]propene, and 1-[trilmethoxyethoxy)silyl]-2-methylpro-
pene-2. In addition - depending on the polymerization conditions — useful comonomers also in-
clude isoprene, 1-butene and cis- and trans-2-butene.

When the process according to the invention is to be used to prepare copolymers, the process
can be configured so as to preferentially form random polymers or to preferentially form block
copolymers. To prepare block copolymers, for example, the different monomers can be supplied
successively to the polymerization reaction, in which case the second comonomer is especially
not added until the first comonomer is already at least partly polymerized. In this manner, di-
block, triblock and higher block copolymers are obtainable, which, according to the sequence of
monomer addition, have a block of one or the other comonomer as a terminal block. In some
cases, however, block copolymers also form when all comonomers are supplied to the polymer-
ization reaction simultaneously, but one of them polymerizes significantly more rapidly than the
other(s). This is the case especially when isobutene and a vinylaromatic compound, especially
styrene, are copolymerized in the process according to the invention. This preferably forms
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block copolymers with a terminal polystyrene block. This is attributable to the fact that the vi-
nylaromatic compound, especially styrene, polymerizes significantly more slowly than isobu-
tene.

The polymerization can be effected either continuously or batchwise. Continuous processes can
be performed in analogy to known prior art processes for continuous polymerization of isobu-
tene in the presence of boron trifluoride-based catalysts in the liquid phase.

The process according to the invention is suitable either for performance at low temperatures,
e.g. at -90°C to 0°C, or at higher temperatures, i.e. at at least 0°C, e.g. at 0°C to +30°C or at
0°C to +50°C. The polymerization in the process according to the invention is, however, prefer-
ably performed at relatively low temperatures, generally at -70°C to -10°C, especially at -60°C to
-15°C.

When the polymerization in the process according to the invention is effected at or above the
boiling temperature of the monomer or monomer mixture to be polymerized, it is preferably per-
formed in pressure vessels, for example in autoclaves or in pressure reactors.

According to the invention the polymerization is carried out as a polymerization in bulk or in so-
lution.

The polymerization in the process according to the invention is preferably performed in the
presence of an inert diluent. The inert diluent used should be suitable for reducing the increase
in the viscosity of the reaction solution which generally occurs during the polymerization reac-
tion to such an extent that the removal of the heat of reaction which evolves can be ensured.
Suitable diluents are those solvents or solvent mixtures which are inert toward the reagents
used. Suitable diluents are, for example, aliphatic hydrocarbons such as n-butane, n-pentane,
n-hexane, n-heptane, n-octane and isooctane, cycloaliphatic hydrocarbons such as cyclopen-
tane and cyclohexane, aromatic hydrocarbons such as benzene, toluene and the xylenes, and
halogenated hydrocarbons, especially halogenated aliphatic hydrocarbons, such as methyl
chloride, dichloromethane and trichloromethane (chloroform), 1,1-dichloroethane, 1,2-dichloro-
ethane, trichloroethane and 1-chlorobutane, and also halogenated aromatic hydrocarbons and
alkylaromatics halogenated in the alkyl side chains, such as chlorobenzene, monofluoro-
methylbenzene, difluoromethylbenzene and trifluoromethylbenzene, and mixtures of the afore-
mentioned diluents. The diluents used, or the constituents used in the solvent mixtures men-
tioned, are also the inert components of isobutenic C4 hydrocarbon streams. A non-halogenated
solvent is preferred over the list of halogenated solvents.

The inventive polymerization may be performed in a halogenated hydrocarbon, especially in a
halogenated aliphatic hydrocarbon, or in a mixture of halogenated hydrocarbons, especially of
halogenated aliphatic hydrocarbons, or in a mixture of at least one halogenated hydrocarbon,
especially a halogenated aliphatic hydrocarbon, and at least one aliphatic, cycloaliphatic or ar-
omatic hydrocarbon as an inert diluent, for example a mixture of dichloromethane and n-
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hexane, typically in a volume ratio of 10:90 to 90:10, especially of 50:50 to 85:15. Prior to use,
the diluents are preferably freed of impurities such as water, carboxylic acids or mineral acids,
for example by adsorption on solid adsorbents such as activated carbon, molecular sieves or
ion exchangers.

In a preferred embodiment, the inventive polymerization is performed in halogen-free aliphatic
or especially halogen-free aromatic hydrocarbons, especially toluene. For this embodiment,
water in combination with the organic hydroxyl compounds mentioned and/or the organic halo-
gen compounds mentioned, or especially as the sole initiator, have been found to be particularly
advantageous.

In another preferred embodiment, the inventive polymerization is performed in halogen-free ali-
phatic or cycloaliphatic, preferably aliphatic hydrocarbons, especially hexane, pentane, heptane,
cyclohexane, cyclopentane, and mixtures comprising them.

The polymerization in the process according to the invention is preferably performed under sub-
stantially aprotic and especially under substantially anhydrous reaction conditions. Substantially
aprotic and substantially anhydrous reaction conditions are understood to mean that, respec-
tively, the content of protic impurities and the water content in the reaction mixture are less than
50 ppm and especially less than 5 ppm. In general, the feedstocks will therefore be dried before
use by physical and/or chemical measures. More particularly, it has been found to be useful to
admix the aliphatic or cycloaliphatic hydrocarbons used as solvents, after customary prepurifica-
tion and predrying with an organometallic compound, for example an organolithium, organo-
magnesium or organoaluminum compound, in an amount which is sufficient to substantially re-
move the water traces from the solvent. The solvent thus treated is then preferably condensed
directly into the reaction vessel. It is also possible to proceed in a similar manner with the mon-
omers to be polymerized, especially with isobutene or with the isobutenic mixtures. Drying with
other customary desiccants such as molecular sieves or predried oxides such as aluminum ox-
ide, silicon dioxide, calcium oxide or barium oxide is also suitable. The halogenated solvents for
which drying with metals such as sodium or potassium or with metal alkyls is not an option are
freed of water or water traces with desiccants suitable for that purpose, for example with calci-
um chloride, phosphorus pentoxide or molecular sieves. It is also possible in an analogous
manner to dry those feedstocks for which treatment with metal alkyls is likewise not an option,
for example vinylaromatic compounds. Even if some or all of the initiator used is water, residual
moisture should preferably be very substantially or completely removed from solvents and mon-
omers by drying prior to reaction, in order to be able to use the water initiator in a controlled,
specified amount, as a result of which greater process control and reproducibility of the results
are obtained.

The polymerization of the isobutene or of the isobutenic starting material generally proceeds
spontaneously when the Lewis Acid-donor complex, preferably the aluminum trihalide-donor
complex or the alkylaluminum halide complex, especially the alkyl aluminum dichloride-donor
complex or dialkyl aluminum chloride-donor complex, is contacted with the isobutene or the iso-
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butenic monomer mixture at the desired reaction temperature. The procedure here may be to
initially charge the monomers, optionally in the diluent, to bring it to reaction temperature and
then to add the Lewis Acid-donor complex, preferably the aluminum trihalide-donor complex or
the alkylaluminum halide complex, especially the alkyl aluminum dichloride-donor complex or
dialkyl aluminum chloride-donor complex. The procedure may also be to initially charge the
Lewis Acid-donor complex, preferably the aluminum trihalide-donor complex or the alkylalumi-
num halide complex, especially the alkyl aluminum dichloride-donor complex or dialkyl alumi-
num chloride-donor complex, optionally in the diluent, and then to add the monomers. In that
case, the start of polymerization is considered to be that time at which all reactants are present
in the reaction vessel.

To prepare isobutene copolymers, the procedure may be to initially charge the monomers, op-
tionally in the diluent, and then to add the Lewis Acid-donor complex, preferably the aluminum
trinalide-donor complex or the alkylaluminum halide complex, especially the alkyl aluminum di-
chloride-donor complex or dialkyl aluminum chloride-donor complex. The reaction temperature
can be established before or after the addition of the Lewis Acid-donor complex, preferably the
aluminum trihalide-donor complex or the alkylaluminum halide complex, especially of the alkyl
aluminum dichloride-donor complex or dialkyl aluminum chloride-donor complex. The procedure
may also be first to initially charge only one of the monomers, optionally in the diluent, then to
add the Lewis Acid-donor complex, preferably the aluminum trihalide-donor complex or the al-
kylaluminum halide complex, especially the alkyl aluminum dichloride-donor complex or dialkyl
aluminum chloride-donor complex, and to add the further monomer(s) only after a certain time,
for example when at least 60%, at least 80% or at least 90% of the monomer has been convert-
ed. Alternatively, the Lewis Acid-donor complex, preferably the aluminum trihalide-donor com-
plex or the alkylaluminum halide complex, especially the alkyl aluminum dichloride-donor com-
plex or dialkyl aluminum chloride-donor complex, can be initially charged, optionally in the dilu-
ent, then the monomers can be added simultaneously or successively, and then the desired
reaction temperature can be established. In that case, the start of polymerization is considered
to be that time at which the Lewis Acid-donor complex, preferably the aluminum trihalide-donor
complex or the alkylaluminum halide complex, especially the alkyl aluminum dichloride-donor
complex or dialkyl aluminum chloride-donor complex, and at least one of the monomers are
present in the reaction vessel.

In addition to the batchwise procedure described here, the polymerization in the process ac-
cording to the invention can also be configured as a continuous process. In this case, the feed-
stocks, i.e. the monomer(s) to be polymerized, optionally the diluent and optionally the Lewis
Acid-donor complex, preferably the aluminum trihalide-donor complex or the alkylaluminum hal-
ide complex, especially the alkyl aluminum dichloride-donor complex or dialkyl aluminum chlo-
ride-donor complex, are supplied continuously to the polymerization reaction, and reaction
product is withdrawn continuously, such that more or less steady-state polymerization condi-
tions are established in the reactor. The monomer(s) to be polymerized can be supplied as
such, diluted with a diluent or solvent, or as a monomer-containing hydrocarbon stream.
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The Lewis Acid-donor complex, preferably the aluminum trihalide-donor complex effective as a
polymerization catalyst or the alkylaluminum halide complex, especially alkyl aluminum dichlo-
ride-donor complex or dialkyl aluminum chloride-donor complex, is generally present in dis-
solved, dispersed or suspended form in the polymerization medium. Supporting of the Lewis
Acid-donor complex, preferably of the aluminum trihalide-donor complex or of the alkylaluminum
halide complex, especially of alkyl aluminum dichloride-donor complex or dialkyl aluminum chlo-
ride-donor complex, on customary support materials is also possible. Suitable reactor types for
the polymerization process of the present invention are typically stirred tank reactors, loop reac-
tors and tubular reactors, but also fluidized bed reactors, stirred tank reactors with or without
solvent, fluid bed reactors, continuous fixed bed reactors and batchwise fixed bed reactors
(batchwise mode).

In the process according to the invention, the aluminum trihalide-donor complex effective as a
polymerization catalyst or the alkylaluminum halide complex, or the iron trihalide-donor com-
plex, or the gallium trihalide-donor complex, or the titanium tetrahalide-donor complex, or the
zinc dihalide-donor complex, or the tin dihalide-donor complex, or the tin tetrahalide-donor com-
plex or the boron trihalide-donor complex, especially the alkyl aluminum dichloride-donor com-
plex or dialkyl aluminum chloride-donor complex, is generally used in such an amount that

the molar ratio of the metal in the Lewis Acid donor complex, preferably the aluminum in the
aluminum trihalide-donor complex or alkylaluminum halide complex, especially in the alkyl alu-
minum dichloride-donor complex or dialkyl aluminum chloride-donor complex, to isobutene in
the case of homopolymerization of isobutene, or to the total amount of the polymerizable mon-
omers used in the case of copolymerization of isobutene, is in the range from 1:5 to 1:5000,
preferably from 1:10 to 1:5000, especially 1:15 to 1:1000, in particular 1:20 to 1:250.

In a preferred embodiment of the present invention the reaction conditions are chosen that the
conversion of the monomers is at least 80%, preferably at least 85%, and more preferably at
least 90%.

Itis an advantage of the present invention that the complexes according to the present inven-
tion exhibit a high selectivity for polymers with terminal ethylenic double bonds (a-double bonds)
and other reactive double bonds, such as B-double bonds, preferably terminal ethylenic double
bonds (a-double bonds) even at such high conversion. It is often observed that the selectivity
especially to a-double bonds decreases once the conversion of the monomers exceeds the
above-mentioned values. It can also be observed that the amount of reactive double bonds,
especially a-double bonds formed in the course of the reaction decline at high conversions. It is
an advantage of the complexes according to the present invention that the high selectivity is
kept at high conversions resp. that the reactive double bonds formed deteriorate to a less extent
than for other catalysts.

To stop the reaction, the reaction mixture is preferably deactivated, for example by adding a
protic compound, especially by adding water, alcohols such as methanol, ethanol, n-propanol
and isopropanol or mixtures thereof with water, or by adding an aqueous base, for example an
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aqueous solution of an alkali metal or alkaline earth metal hydroxide such as sodium hydroxide,
potassium hydroxide, magnesium hydroxide or calcium hydroxide, an alkali metal or alkaline
earth metal carbonate such as sodium, potassium, magnesium or calcium carbonate, or an al-
kali metal or alkaline earth metal hydrogencarbonate such as sodium, potassium, magnesium or
calcium hydrogencarbonate.

The process according to the invention serves to prepare high-reactivity isobutene homo- or
copolymers with a content of terminal vinylidene double bonds (a-double bonds) and other reac-
tive double bonds, such as B-double bonds per polyisobutene chain end of at least 60, prefera-
bly at least 70 and very preferably at least 75 mol%. More particularly, it also serves to prepare
high-reactivity isobutene copolymers which are formed from isobutene and at least one vinylar-
omatic monomer, especially styrene, and have a content of terminal vinylidene double bonds
(a-double bonds) and other reactive double bonds, such as B-double bonds per polyisobutene
chain end of at least 60, preferably at least 70 mol%, preferably of at least 75 mol%. To prepare
such copolymers of isobutene and at least one vinylaromatic monomer, especially styrene, iso-
butene or an isobutenic hydrocarbon cut is copolymerized with the at least one vinylaromatic
monomer in a weight ratio of isobutene to vinylaromatic of 5:95 to 95:5, especially of 30:70 to
70:30.

The high-reactivity isobutene homo- or copolymers prepared by the process according to the
invention and specifically the isobutene homopolymers preferably have a polydispersity (PDI =
Mw/Mp) of 1.05 to less than 3.5, preferably of 1.05 to less than 3.0, preferably of 1.05 to less
than 2.5, preferably of 1.05 to 2.3, more preferably of 1.05 to 2.0 and especially of 1.1 to 1.85.
Typical PDI values in the case of an optimal process regime are 1.2 to 1.7.

The high-reactivity isobutene homo- or copolymers prepared by the process according to the
invention preferably possess a number-average molecular weight M, (determined by gel per-
meation chromatography) of preferably of 500 to 100 000, even more preferably of 500 to 25
000 and especially of 500 to 5000. Isobutene homopolymers even more preferably possess a
number-average molecular weight M, of 500 to 10 000 and especially of 500 to 5000, for exam-
ple of about 1000 or of about 2300.

Some of the isobutene polymers which have terminal vinylidene double bonds and also com-
prise incorporated initiator molecules and occur as the predominant proportion in the isobutene
homopolymers prepared in accordance with the invention are novel compounds. The present
invention therefore also provides isobutene polymers of the general formula Il

an)
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in which

R, R'® and R'® are each independently hydrogen, C+- to Cg-alkyl, Cs- to Cs-cycloalkyl, Cs- to
Caoaryl, Cs- to Cyo-alkylaryl or phenyl, where any aromatic ring may also bear one or more Cy-
to Cas-alkyl- or C¢- to Cs-alkoxy radicals or moieties of the general formula IV

(V)

as substituents, where not more than one of the variables R'7, R'® or R'? is hydrogen and at
least one of the variables R, R'® or R is phenyl which may also bear one or more C+- to Cs-
alkyl- or C+- to Cs-alkoxy radicals or moieties of the general formula Il as substituents, and

n is a number from 9 to 4500, preferably 9 to 180, especially 9 to 100, in particular 12 to 50.

In a preferred embodiment, R'7, R'8 and R'® are each independently hydrogen, C+- to Cs-alkyl,
especially methyl, ethyl, n-propyl, isopropyl, n-butyl, isobutyl, sec.-butyl or tert-butyl, or phenyl
which may also bear one or two C+- to Cs-alkyl- or C+- to Cs-alkoxy radicals or moieties of the
general formula Il as substituents, where not more than one of the variables R'7, R'8 and R is
hydrogen and at least one of the variables R'7, R'® and R'? is phenyl which may also bear one
or two Cs- to C4-alkyl or Cs- to Cs-alkoxy radicals or moieties of the general formula Il as substit-
uents, and n is a number from 9 to 4500, preferably 9 to 180, especially 9 to 90, in particular 15
to 45.

The process according to the invention successfully polymerizes isobutene or isobutene-
comprising monomer mixtures under cationic conditions with satisfactory to high conversions of
generally 20 to 100%, especially 35 to 90%, in short reaction times of generally 5 to 120
minutes, especially 30 to 120 minutes, to give high-reactivity isobutene homo- or copolymers
with a content of a- and B-double bonds per polyisobutene chain end of at least 60, preferably at
least 70 and very preferably at least 75 mol%.

Itis an advantage of the process according to the present invention that a mixture of at least
one organic compound (Il), preferably at least one organic compound with at least one ether
function and at least one compound of the general formula (I) or (Ia) or (Ib) as donors yield a
product with a high content of a- and B-double bonds per polyisobutene chain end compared
with the same reaction carried out in the presence of a compound of the general formula (I) or
(la) or (Ib) as a donor alone under comparable reaction conditions.

It is further an advantage of the present invention that the complex formed from Lewis Acid and
compound of formula (1) or (Ia) or (Ib) is liquid and, hence, can be handled easily.
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Furthermore, the complex according to the invention can be produced easier than ionic liquids
as disclosed in the prior art, since, Lewis Acid and compound of formula (1) or (la) or (Ib) just
need to be mixed in the ratio desired, whilst the ionic liquid needs to be chemically reacted and
purified. It is further possible to adjust the reactivity of the complex formed from Lewis Acid and
compound of formula (1) or (Ia) or (Ib) and the at least one organic compound (Il) by simply vary-
ing their molar ratios in the complex.

The examples which follow are intended to illustrate the present invention in detail without re-
stricting it.

Materials

Isobutylene ("IB", Aldrich, 99,99%) was dried in the gaseous state by passing through the La-
boratory Gas Drying Unit. /+Hexane (Sigma-Aldrich, >95%) and CH.Cl, (Sigma-Aldrich,
>99.5%) were treated with sulphuric acid, washed with aqueous sodium bicarbonate, dried over
CaCl; and distilled twice from CaHz under an inert atmosphere. BF3 (BASF, >99%) was used in
the gaseous state without further purification. Diisopropyl ether (Pr.O, Fluka, >98.5%) was dis-
tilled from CaHz under an inert atmosphere. 2-chloroethyl ethyl ether (CEE, Aldrich, 99%) and
bis(2-chloroethyl) ether (CE, Aldrich, >99%) were distilled under reduced pressure from CaHs.
Ethyl acetate (EtOAc, Aldrich, 99.8%) was refluxed and distilled over P,Os under an inert at-
mosphere. Tri-roctylphosphine oxide (PgssO, Acros Organics, 99%), triphenylphosphine oxide
(PPh3O, Acros Organics, 99%) were dried in vacuum during 5 h before use. AICI; (Aldrich,
99.999%), FeCls (Sigma—Aldrich, >97%), CDCl; (Euriso-top®), ethanol (Sigma-Aldrich, >96%),
tetrahydrofuran (anhydrous, Sigma-Aldrich, >99.9%), were used as received. TiCl,s (Sigma-
Aldrich, 99.9%) was distilled over copper chips at 51-562°C and 40 mmHg.

Instrumentation

Size exclusion chromatography (SEC) was performed on an Ultimate 3000 Thermo Scientific
apparatus with Agilent PLgel 5pm MIXED-C (300x7.5 mm) and one precolumn (PL gel 5um
guard 50x7.5 mm) thermostated at 30 °C. The detection was achieved by differential refractom-
eter (RI) as well as diode array detector (UV). Tetrahydrofuran (THF) was eluted at a flow rate
of 1.0 mL/min. The calculation of molecular weight and polydispersity B was carried out using
polystyrene standards (Polymer Labs, Germany). 'TH NMR (500 MHz) spectra were recorded in
CDCls at 25 °C on a Bruker AC-500 spectrometer calibrated relative to the residual solvent res-
onance. UV-Vis absorption spectra were recorded using a SM2203 (Solar) spectrofluorimeter.

Catalysts preparation

Liquid coordination complexes were synthesized by simple mixing of required amounts of dry
phosphorus-containing electron donor and corresponding anhydrous Lewis acid under

argon atmosphere according to procedure reported in F. Coleman, G. Srinivasan and M.
Swadzba-Kwasny, Angew. Chem., 2013, 52, 12582. Then, the mixture was stirred during 0.5-5
hours at the temperature range between 30°C and 80°C.
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The synthesis of PggsO—-AICIz LCC (x(AICIz) = 0.6) was performed as following: 0.52 g of AICl;
was added to the 1 g of PggsO under argon atmosphere. Then, the reaction mixture was stirred
at 40°C until it becomes homogeneous (1 hour).

The synthesis of PggsO—-FeCl; LCC (y(FeCls) = 0.6) includes following: 0.63 g of FeClz was add-
ed to the 1 g of PsssO under argon atmosphere. Then, the reaction mixture was stirred at 50°C
until the complete dissolving of phosphine (0.5 hour).

The synthesis of PggsOx0.67AICls donor-acceptor complex was performed as following: 3 mL of
dry CH2Cl; was added to a mixture of 0.52 g of AICI; and 1 g of PsssO under argon atmosphere.
Then, the reaction mixture was stirred at room temperature until it becomes homogeneous (0.5
h).

The synthesis of PggsOx0.67FeClz donor-acceptor complex was performed as following: 3 mL of
dry CH.Cl, was added to mixture of 0.63 g of FeCls and 1 g of PggsO under argon atmosphere.
Then the reaction mixture was stirred at room temperature until the complete dissolving of Psss
(0.5 h).

The synthesis of PggsOx0.58BF3 donor-acceptor complex was performed as following: 11,3 mL
of dry CH2Cl; was added to 4 g of PggsO under argon atmosphere. The reaction mixture was
purged with gaseous BF3 under inert conditions at =20 °C until the desired ratio of PgssO to BF3
was reached.

Polymerization procedures

The polymerization reactions were carried out in glass tubes equipped with a cold finger con-
denser under argon atmosphere at temperatures from 0 °C to 20 °C. As an example of a typical
procedure, polymerization was initiated by adding of isobutylene (2.86 g, 5.1x10-2 mol) to a mix-
ture of a total volume 5 mL consisting of 0.11 mL of solution of diisopropyl ether in r+hexane(1
M), 0.11 mL of PsgsO—FeCls (x(FeCI3) = 0.6) and r+hexane (4.8 mL). The reaction mixture was
stirred during 3-5 min before the monomer addition. After a predetermined time, ca. 2 mL of
aqueous ammonia (25%) was poured into the glass reactor to terminate the polymerization. The
guenched reaction mixture was diluted by /+hexane, centrifuged to separate the traces of LCC
from polymer solution and finally precipitated into cold ethanol. The solvent evaporated under
reduced pressure to give the product polymer, which then dried in vacuum (< 60 °C). Monomer
conversions were determined gravimetrically.

The PIB end groups content was determined by 'TH NMR spectroscopy (for a typical TH NMR
spectrum see Figure 1). The signals of protons of exo-olefin end group (b, b’) appeared at 4.64
and 4.85 ppm, while endo-olefin end group (d) at 5.15 ppm. The signals of protons of ## (e) and
tetra-substituted (g) olefinic end groups are appeared at 5.15 and 2.84 ppm, whereas the sig-
nals of protons of CH> (I) and CHs (k) groups belong to chlorine-terminated end group are locat-
ed at 1.96 and 1.68 ppm, respectively. The small signal at 4.80 ppm correspond to protons of
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coupled PIB chains (m). The content of exo-olefin end groups was calculated according to the
following equation:
exo (%) = |[(b+b’)/2)/I[k/6+(b+b’+n)/2+d+e+g] (Figure 1).

In the context of the present invention the term "exo" refers to terminal ethylenic double bonds,
vinylidene groups or a-double bonds, as shown in the formula on page 1. These terms are
used synonymously throughout the text.

The term "Total vinylidene" means the terminal ethylenic double bonds referred to as exo above

and additionally double bonds located internally at the polymer backbone as shown in the fol-
lowing formula:

The terms "endo" and "trisubstituted" refer to 3-double bonds, as shown in the formulae in Fig-
ure 1 in the second line. These terms are used synonymously throughout the text.

Furthermore "tetrasubstituted" structural elements can be found as shown in the formula in Fig-
ure 1 at the top right. Furthermore, a chlorinated polyisobutene (PIBCI) was found.

Examples
Example 1: Formation of Liquid Complexes

The following combinations of phosphorus containing electron donors according to formula (II)
with Lewis acids were briefly tested in terms of possibility to prepare LCCs:

Table 1

Lewis acid | yx(LA) PsssO PPh3:O

AICl3 0.6 yellow liquid viscous black liquid
dark-brown liquid with

FeCls 0.6 the finely dispersed pre- | black solid
cipitate

TiCla 0.6 viscous bright yellow orange solid
liquid

The liquid complexes listed in Table 1 were further investigated in the polymerization of isobu-
tene.
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According to the general procedure outlined above isobutylene was polymerized in the pres-

ence of PPh;O-AICI: as catalyst in n-hexane. Further to the conditions mentioned in Table 2 the
polymerization was carried out as follows:
Mole fraction x(AICI3) = 0.6; [IB] = 5.2 M; T = 0°C; reaction time = 30 min.
[LCC] Ether conv. End group distribution (%)
run Mn(g molt) D ,
mM (mM) (%) exo  endo+tri tetra  PIBClI  coupled
10 22 - 81 1300 77 5 6 28 0 0
iPrz0
2 22 (1:2) 32 2300 51 11 55 340 0
3 33 I(T?)O 89 1000 51 5 66 29 5 0
4 33 iPrO (22) 30 4900 32 36 35 27 2 0
CE
5 33 100 5000 33 57 24 18 1 0
(22)
CEE
6 33 95 1400 21 70 15 9 0 6
(22)
b time = 10 min.
Example 3
According to the general procedure outlined above isobutylene was polymerized in the pres-
ence of PggsO-AICI; as catalyst in n-hexane. Further to the conditions mentioned in Table 3 the
polymerization was carried out as follows:

Mole fraction x(AICls) = 0.6; [IB] = 5.2 M; [PgssO-AICls] = 44 mM; [ether] = 11 mM; time = 30 min

conv. End group distribution (%)
run ether T,°C Mn (g mol-1) b -

(%) exo  endo+iri fefra  PIBCI coupled
1p - 0 72 5200 40 O 68 32 0 0
2b iPr:O 0 15 3600 27 71 1 1 27 0
3 iPr:O 0 37 6500 3.1 48 25 13 14 0
4 iPr:O 10 44 6000 32 23 42 19 16 0
5 iPr.O 20 84 3600 23 2 69 30 0 0
6 CEE 0 40 5000 39 67 1 1 27 0
7 CEE 10 46 4200 29 67 25 13 14 0
8 CEE 20 56 2000 35 65 23 11 1 0
9 CE 0 100 6900 22 81 0 0 19 0
b

Example 4

[PggsO-AICI3] = 22 mM.
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According to the general procedure outlined above isobutylene was polymerized in the pres-
ence of PggsO-FeCls as catalyst in n-hexane at 0 °C. Further to the conditions mentioned in Ta-
ble 4 the polymerization was carried out as follows:

Mole fraction x(FeCls) = 0.6; [PsssO-FeCls] = 22 mM; [IB] = 5.2 M

un [R:O] [R20] Time conv. Mp 5 End group distribution (%)
[LCC] (min) (%) (g mol-) exo endo+tri  lefra PIBCl  coupled
1 - - 20 90 1800 7.0 25 35 36 0
2 iPr.O 1 20 26 2100 28 9 3 3 3 0
3 iPr.O  0.66 20 52 1400 23 97 2 0 0 1
4 iPr,O 0.5 20 100 1500 21 9 3 1 0 5
5 CEE 0.5 15 100 1000 22 80 10 4 0 6
6 CE 0.5 10 100 1300 31 M 29 24 0 6
Example 5

To have a deeper insight into the polymerization mechanism, the kinetics of isobutylene
polymerization with the PsgsO-FeClafiPr;0 initiating system at [[Pro0]/[PsssO—FeCls] = 0.5 was
briefly investigated.

The result was shown in Figure 3.

It can easily be seen that the reaction according to the invention yields much higher conversion
rates than the reaction with [emim]CI-FeCls (2) according to Polymer, 145 (2018) 382-390,
shown in Figure 2.

The complex PggsO-FeCls/iProO does not only leads to higher conversion of isobutene in shorter
time than the system [emim]CI-FeCls.

Simultaneously, the exo-selectivity at a certain conversion is higher for the complexes according
to the invention than for those used for the reaction according to Figure 2.

Example 6

The polymerization reaction was carried out in steel vessel equipped with a cold finger conden-
ser under inert atmosphere at -20 °C. Polymerization was initiated by adding of isobutylene
(25.20 g, 45.0x1072 mol) to a mixture of a total volume 150.02 mL consisting of 0.02 mL of
MeOH, 10.00 mL of PgssO-BF3 (x(BF3) = 0.58) and r+hexane (140.00 mL). After 1 h, 5 mL of
MeOH was poured into the steel vessel to terminate the polymerization. The quenched reaction
mixture was diluted by /+hexane and washed 3 times with MeOH. The solvent was evaporated
under reduced pressure at 190 °C to give the product polymer. Monomer conversion was de-
termined gravimetrically.
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conv. End group distribution (%)
run Mn (g mol-) b -
(%) exo  endo+tri tetra coupled

1 86 920 1.2 35 60 4 1
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Claims

A bulk- or solution polymerisation process for preparing high-reactivity isobutene homo- or
copolymers with a number-average molecular weight M, (determined by gel permeation
chromatography) of preferably of 500 to 100 000 and a content of a-double bonds and -
double bonds (in sum) per polyisobutene chain end of at least 60 mol%, which comprises
polymerizing isobutene or an isobutene-comprising monomer mixture in the presence of
at least one Lewis Acid effective as a polymerization catalyst, selected from the group
consisting of an aluminum trihalide-donor complex, an alkylaluminum halide-donor com-
plex, an iron trihalide-donor complex, a gallium trihalide-donor complex, a titanium tetra-
halide-donor complex, a zinc dihalide-donor complex, a tin dihalide-donor complex, a tin
tetrahalide-donor complex, and a boron trihalide-donor complex, said complex comprising,
as the donor, a mixture of
- at least one organic compound (II) comprising at least one oxygen or nitrogen atom
with at least one lone electron pair, preferably comprising at least one oxygen atom
with at least one lone electron pair, very preferably selected from the group consist-
ing of organic compounds with at least one ether function, organic compounds with
at least one carboxylic ester function, organic compounds with at least one aldehyde
function, organic compounds with at least one keto function, and organic com-
pounds with at least one nitrogen containing heterocyclic ring, and
- at least one phosphorus-containing compound of formula (1)

or formula (la)

P(OR")(OR?)(OR?)

or formula (Ib)

P(OR")(OR2)(OR?)(OR4)(ORS)

in which

X1, X2, and Xz independently of another are oxygen, sulphur or a single bond, pref-
erably oxygen or a single bond, and very preferably a single bond, and
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R1, R2, R?, R4, and R® independently of another are an organic residue with up to 20
carbon atoms,

with the proviso that the complex formed from the at least one Lewis Acid and the at
least one phosphorus-containing compound of formula (1) or (Ia) or (Ib) has a melt-
ing point of not more than 60 °C, preferably not more than 40 °C, and especially not
more than 20 °C.

A process according to claim 1, wherein Xj, Xz, and X3 each are a single bond

A process according to claim 1 or 2, wherein R to R® each are C,-Cys-alkyl or Cs-Cy2-aryl.

A process according to claim 1, wherein the compound for formula (l1) is selected from the
group consisting of tri-n-hexylphosphine oxide, tri-n-octylphosphine oxide, tri iso-nonyl
phosphine oxide, tri-n-decylphosphine oxide, tri-n-dodecylphosphine oxide, tri iso-tridecyl
phosphine oxide, tri-n-tetradecylphosphine oxide, tri iso-heptadecyl phosphine oxide, tri-
phenylphosphine oxide, tritolylphosphine oxide, trinaphtylphosphine oxide, phosphorous
acid tri (n-butyl) ester, phosphorous acid tri (n-hexyl) ester, phosphorous acid tri (2-
ethylhexyl) ester, phosphorous acid tri (n-octyl) ester, phosphorous acid tri (2-
propylheptyl) ester, phosphorous acid tri (n-decyl) ester, phosphorous acid tri (n-dodecyl)
ester, phosphorous acid tri (n-tetradecyl) ester, phosphorous acid tri (n-hexadecyl) ester,
tri-ethylphosphite, tri-n-butylphosphite, tri-n-hexylphosphite, tri-n-octylphosphite, tri iso-
nonyl phosphite, tri-n-decylphosphite, tri-n-dodecylphosphite, tri iso-tridecyl phosphite, tri-
n-tetradecylphosphite, tri iso-heptadecyl phosphite, triphenylphosphite, pen-
ta(ethoxy)phosphorane, penta(n-butyloxy)phosphorane, penta(hexyloxy)phosphorane,
penta(n-octyloxy)phosphorane, penta(2-ethylhexyloxy)phosphorane, and pen-
ta(phenoxy)phosphorane.

The process according to any of the preceeding claims, wherein isobutene or an isobu-
tene-comprising monomer mixture is polymerized in the presence of an aluminum trihal-
ide-donor complex, an alkylaluminum halide-donor complex or an iron trihalide-donor
complex.

The process according to any the claims 1 to 4, wherein isobutene or an isobutene-
comprising monomer mixture is polymerized in the presence an iron-trinalide donor com-
plex effective as a polymerization catalyst.

The process according to any of the preceeding claims, wherein the molar ratio of Lewis
Acid to compound of formula (1) is from 1 : 0.1 to 10.

The process according to any of the preceeding claims, wherein the at least one organic
compound (Il) is selected from the group consisting of organic compounds with at least
one ether function, organic compounds with at least one carboxylic ester function, organic
compounds with at least one aldehyde function, and organic compounds with at least one
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keto function.

The process according to any of the claims 1 to 7, wherein the Lewis Acid-donor complex,
preferably the aluminum trihalide-donor complex or alkylaluminum halide-donor complex
or iron-trihalide donor complex comprises as compound (Il) at least one organic com-
pound with at least one ether function is a dihydrocarbyl ether of the general formula R8-
0O-R? in which the variables R® and R are each independently C+- to Cyo-alkyl radicals, C+-
to Cao-haloalkyl radicals, Cs- to Ce-cycloalkyl radicals, Ce- to Coo-aryl radicals, Cs- to Coo-
haloaryl radicals, or C7- to Cxe-arylalkyl radicals is used.

The process according to any of the claims 1 to 7, wherein the at least one organic com-
pound with at least one ether function is selected from the group consisting of diethyl
ether, di-n-butyl ether, di-isopropyl ether, and di-n-propyl ether, bis(2-chloroethyl) ether
and 2-chloroethyl ethyl ether.

The process according to any of the preceeding claims, wherein the molar ratio of the
aluminum trihalide or alkylaluminum halide to the isobutene monomer used in the case of
homopolymerization of isobutene, or to the total amount of the polymerizable monomers
used in the case of copolymerization of isobutene, based on each individual functional site
of the aluminum trihalide or alkylaluminum halide, is from 0.001:1 to 0.2:1.

The process according to any of the preceeding claims, wherein the polymerization is per-
formed with additional use of a mono- or polyfunctional initiator which is selected from or-
ganic hydroxyl compounds in which one or more hydroxyl groups are each bonded to an
sp3-hybridized carbon atom, organic halogen compounds in which one or more halogen
atoms are each bonded to an sp3-hybridized carbon atom and water.

The process according to claim 12, wherein the initiator is selected from water, methanol,
ethanol, 1-phenylethanol, 1-(p-methoxyphenyl)ethanol, n-propanol, isopropanol, 2-phenyl-
2-propanol, n-butanol, isobutanol, sec.-butanol, tert-butanol, 1-phenyl-1-chloroethane, 2-
phenyl-2-chloropropane, tert-butyl chloride and 1,3- or 1,4-bis(1-hydroxy-1-
methylethyl)benzene.

The process according to claim 12 or 13, wherein the molar ratio of the initiators men-
tioned to the isobutene monomer used in the case of homopolymerization of isobutene, or
to the total amount of the polymerizable monomers used in the case of copolymerization
of isobutene, based on each individual functional site of the initiator, is from 0.0005:1 to
0.1:1, or when water is used as the sole initiator or in combination with organic hydroxyl
compounds and/or organic halogen compounds as further initiators, the molar ratio of wa-
ter to the isobutene monomer used in the case of homopolymerization of isobutene, or to
the total amount of the polymerizable monomers used in the case of copolymerization of
isobutene, is from 0.0001:1 to 0.1:1.
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15. The process according to any of the preceding claims, wherein the polymerization is per-
formed at a temperature of -90°C to +30°C.

16. Iron trihalide-donor complexes consisting of at least one iron trihalide,

optionally at least one organic compound (ll) comprising at least one oxygen or nitro-
gen atom with at least one lone electron pair, preferably comprising at least one oxy-

gen atom with at least one lone electron pair, very preferably selected from the group
consisting of organic compounds with at least one ether function, organic compounds
with at least one carboxylic ester function, organic compounds with at least one alde-
hyde function, organic compounds with at least one keto function, and organic com-

pounds with at least one nitrogen containing heterocyclic ring, and

at least one phosphorus-containing compound of formula (1)

or formula (la)

P(OR")(OR?)(OR?)

or formula (Ib)

P(OR")(OR2)(OR?)(OR%)(ORS)

in which

X1, X2, and Xs independently of another are oxygen, sulphur or a single bond, prefera-
bly oxygen or a single bond, and very preferably a single bond, and

R1, R2, R?, R4, and R® independently of another are an organic residue with up to 20
carbon atoms,

wherein the complex formed from the at least one iron trihalide and the at least one
phosphorus-containing compound of formula (1) or (Ia) or (Ib) have a melting point of
not more than 60 °C.

17. Boron trihalide-donor complexes consisting of at least one boron trihalide,
- optionally at least one organic compound (II) comprising at least one oxygen or nitrogen
atom with at least one lone electron pair, preferably comprising at least one oxygen atom
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with at least one lone electron pair, very preferably selected from the group consisting of

organic compounds with at least one ether function, organic compounds with at least one
carboxylic ester function, organic compounds with at least one aldehyde function, organic
compounds with at least one keto function, and organic compounds with at least one ni-

trogen containing heterocyclic ring, and

- at least one phosphorus-containing compound of formula (1)

or formula (la)

P(OR")(OR%)(OR?)

or formula (Ib)

P(OR")(OR?)(OR®)(OR?*)(OR?)

in which

X1, X2, and X3 independently of another are oxygen, sulphur or a single bond, preferably
oxygen or a single bond, and very preferably a single bond, and

R1, R2, R3, R4, and R®% independently of another are an organic residue with up to 20 car-
bon atoms,

wherein the complex formed from the at least one boron trihalide and the at least one
phosphorus-containing compound of formula (1) or (Ia) or (Ib) have a melting point of not
more than 60 °C.

Metal halide-donor complexes consisting of

- atleast one metal halide, selected from the group consisting of aluminum trihalide, al-
kylaluminum halide, gallium trihalide, titanium tetrahalide, zinc dihalide, tin dihalide, tin
tetrahalide, and boron trihalide,

- atleast one organic compound (II) comprising at least one oxygen or nitrogen atom
with at least one lone electron pair, preferably comprising at least one oxygen atom
with at least one lone electron pair, very preferably selected from the group consisting
of organic compounds with at least one ether function, organic compounds with at
least one carboxylic ester function, organic compounds with at least one aldehyde
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function, organic compounds with at least one keto function, and organic compounds
with at least one nitrogen containing heterocyclic ring, and
- atleast one phosphorus-containing compound of formula (I)

or formula (la)

P(OR")(OR?)(OR?)
10
or formula (Ib)

P(OR")(OR?)(OR?)(OR*)(OR®)

15 in which
X1, X2, and X3 independently of another are oxygen, sulphur or a single bond, prefera-
bly oxygen or a single bond, and very preferably a single bond, and

R1, R2, R?, R4, and R’ independently of another are an organic residue with up to 20
20 carbon atoms.



