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(57) Abstract: Catalyst system, the catalyst system comprising (i) at least one

R’I

R? Ar,

R3
R4

Mt1X
R5

metallocene complex of formula (I), (I) wherein Mt1 is Hf, X is a sigma-donor

ligand, RI, RZ, R are the same or different from each other and can be hydro-
gen or a saturated linear or branched C;-Cyg alkyl, whereby the alkyl group
can optionally contain up to 2 heteroatoms belonging to groups 14-16 of the

periodic table, or R' and R? or R? and R? can form a ring having 4 to 6 C-

atoms and 1 to 3 double bonds, R* and R® are the same or different from each
other and can be saturated linear or branched C;-Cyg alkyl, Cs5-C1g aryl, Cs-
Cyo alkylaryl or Cg-Cyg arylalkyl groups, which can optionally contain up to

2 heteroatoms belonging to groups 14-16 of the periodic table, n can be 1 to
5, Ar is a C4-Cog-aryl or -heteroarylgroup, which can be unsubstituted or sub-
stituted by 1 to 5 linear or branched C;- Cy¢ alkyl group(s), and (ii) a boron
containing cocatalyst.
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Borate-activated metallocene catalysts

The present invention is related to a new catalyst system, which is especially able to produce
polyethylene copolymers in a high temperature solution polymerization process. The new
catalyst system comprises a specifically substituted, bridged hafnocene catalyst complex,
comprising a cyclopentadienyl (Cp) ligand, a fluorenyl (Flu) ligand and a covalent bridge
connecting the two ligands, along with a boron based cocatalyst. This combination remarkably
gives rise to catalyst systems with an improved balance of comonomer incorporation ability

and molecular weight capability.

Metallocene catalysts have been used to manufacture polyolefins for many years. Countless
academic and patent publications describe the use of these catalysts in olefin polymerization.
Metallocene catalysts are now used industrially and polypropylenes as well as polyethylenes
are often produced using cyclopentadienyl based catalyst systems with different substitution

patterns.

Several of these metallocene catalysts have been described for the use in solution

polymerization for producing polyethylene homo- or copolymers.

For example WO 2000024792 describes a catalyst system comprising a hafnocene catalyst
complex derived from A) a biscyclopentadienyl hafnium organometallic compound having i) at
least one unsubstituted cyclopentadienyl ligand or aromatic fused-ring substituted
cyclopentadienyl ligand not having additional substituents on said ligand, ii) one substituted or
unsubstituted, aromatic fused-ring substituted cyclopentadienyl ligand, and iii) a covalent
bridge connecting the two cyclopentadienyl ligands.

This bridge can be a single carbon substituted with two aryl groups, each of these aryl groups
being substituted with a C4 - C20 hydrocarbyl or hydrocarbylsilyl group, whereby at least one of
these substituents is a linear Cs or greater substituent.

In addition the catalyst system comprises an activating cocatalyst, which is preferably a

precursor ionic compound comprising a halogenated tetraaryl-substituted Group 13 anion.

Also US 20060161013 is related to bridged Cp-Flu metallocene complexes. The C-based
bridges shown in the Examples are substituted methylene bridges, whereby the substituents
are the same (e.g. dimethyl, diphenyl, dibenzyl, dicyclohexyl etc.) or are linked together to form

aring (e.g. cyclohexylidene).
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EP 1768990 describes the synthesis of Cp-Flu metallocene complexes of Zr or Hf, in which
the Flu-ligand is substituted in position 2 and 7. Both substituents on the bridge are aliphatic

groups, whereby one can be an alkenyl.

US 2003092925 describes bridged Cp-Flu metallocene complexes wherein the C-based
bridge is substituted by a terminally unsaturated hydrocarbyl substituent and by an aryl group
and the Flu ligand is preferably unsubstituted. The complexes were used together with an
aluminoxane cocatalyst or aluminium alkyl compound as cocatalyst in relative low temperature

bulk or slurry polymerization.

Several researchers (literatures 1 to 5) studied the effect of ligand structure on ethylene

copolymerization with various Cp-Flu metallocenes.

1. A. Yano, M. Sone, S. Hasegawa, M. Sato, A. Akimoto, Macromol. Chem. Phys. 1999, 200,
933.

2. A.Yano, S. Hasegawa, T. Kaneko, M. Sone, M. Sato, A. Akimoto, Macromol. Chem. Phys.
1999, 200, 1542.

3. A. Yano, M. Sone, S. Yamada, S. Hasegawa, M. Sato, A. Akimoto, Journal of Molecular
Catalysis A: Chemical 2000, 156, 133.

4. S. Hasegawa, M. Sone, M. Tanabiki, M. Sato, A. Yano, Journal of Polymer Science: Part A:

Polymer Chemistry 2000, 38, 4641.
5. Q. Yang, M. D. Jensen, and M. P. McDaniel Macromolecules 2010, 43, 8836.

In none of the above cited literatures and patents the simultaneous increase of molecular
weight capability and comonomer incorporation ability of the catalyst system is mentioned.

Furthermore the above cited literatures and patents do not address the possible influence of a
higher polymerization temperature on the catalyst performance of a hafnium complex with an

alkenyl group on the bridge, in combination with a boron based activator.

However, for a process for producing ethylene copolymers to be efficient, it is important that
the catalyst system used has to fulfil a set of very strict requirements. Comonomer
incorporation ability for higher comonomers (comonomer reactivity), catalyst molecular weight
capability (lowest achievable melt index for a given polymer density, monomer concentration
and polymerization temperature) and catalyst thermal stability must ensure the production of
copolymers with density down to ~ 0.850 g/cm®and a melt index Ml, (190°C, 2.16kg) down to
~0.3 g/10 min with high productivity (in order to get a maximum of polyethylene produced with
as low amount of catalyst as possible). This requires a reactivity ratio Cao/C> of at least 0.1
(AO = alpha-olefin).
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Although a lot of work has been done in the field of metallocene catalysts, there still remains
a need to find new catalyst systems being suitable for ethylene copolymerization, which are
able to produce polymers with desired properties and which have improved balance of

comonomer incorporation ability and molecular weight capability.

As a consequence, the inventors set out to develop a new catalyst system having superior
polymerization behaviour than the above mentioned polymerization catalyst systems with

respect to comonomer incorporation ability and molecular weight capability.

The present inventors have now found a new class of olefin polymerization catalyst systems,
which is able to solve the problems disclosed above. In particular, the invention combines the

use of special metallocene complexes with a boron based cocatalyst.

Summary of Invention
Thus, viewed from one aspect the invention relates to a catalyst system, whereby the catalyst

system comprises

(i at least one metallocene complex of formula (I)
1
R R Ar,
- Mt1X,
R* RS
(1)
wherein
Mt1 is Hf,

X is a sigma-donor ligand,

R', R?, R3 are the same or different from each other and can be hydrogen or a saturated
linear or branched C+-C1o alkyl, whereby the alkyl group can optionally contain up to 2
heteroatoms belonging to groups 14-16 of the periodic table, or R'and R? or R? and R®

can form a ring having 4 to 6 C-atoms and 1 to 3 double bonds,
R* and R® are the same or different from each other and can be saturated linear or
branched C+-C1o alkyl, Cs-C1o aryl, Cs-C20 alkylaryl or Ce-C2o arylalkyl groups, which can

optionally contain up to 2 heteroatoms belonging to groups 14-16,

n can be 1 to 5,
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Ar is a Ce-Coo-aryl or —heteroarylgroup, which can be unsubstituted or substituted by 1

to 5 linear or branched C+- C1o alkyl group(s),

and

(i) a boron containing cocatalyst.

Viewed from another aspect the invention provides the use of such catalyst systems for

producing ethylene copolymers in a high temperature solution process.

Viewed from a further aspect the invention provides a process for the preparation of an
ethylene copolymer comprising polymerizing ethylene and a Ca4-10 alpha-olefin comonomer in
a high temperature solution process at a temperature greater than 100°C in the presence of a
catalyst comprising:

(i) at least the metallocene complex of formula (I) as defined above and

(i) a boron containing cocatalyst.

Viewed from yet a further aspect the invention provides an ethylene copolymer made by a

process as hereinbefore defined.

Detailed Description of the Invention

Metallocene Complex
The single site metallocene complex, especially the complexes defined by the formula (1)
specified in the present invention, are asymmetrical, meaning that the two ligands forming the

metallocene complex are different.

The invention can be effected with a metallocene complex of formula (1)

R’I

R Ar,
e ME1X
R4 RS
(1)
wherein
Mt1 is Hf,

X is a sigma-donor ligand,
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R', R?, R? are the same or different from each other and can be hydrogen or a saturated linear
or branched C+-C1o alkyl, whereby the alkyl group can optionally contain up to 2 heteroatoms
belonging to groups 14-16 of the periodic table, or R and R? or R? and R3 can form a ring

having 4 to 6 C-atoms and 1 to 3 double bonds,

R* and R?® are the same or different from each other and can be saturated linear or branched
C1-C1o alkyl, Cs-C1o aryl, Ce-Coo alkylaryl or Ce-Czo arylalkyl groups, which can optionally

contain up to 2 heteroatoms belonging to groups 14-16,
n can be 1to 5,

Ar is a Ce-Coo-aryl or —heteroarylgroup, which can be unsubstituted or substituted by 1 to 5

linear or branched C+- C1o alkyl group(s).

The invention can also be effected with a mixture of the metallocene complex of formula (1) as
defined above with a metallocene complex of formula (1)
1
R? R Ar,
Mt2X
R3 2

R4 RS
(I

wherein Mt2 is Zr, R to R% and Ar are defined as for complex of formula (1), provided that the

mixture contains more than 50% by moles of the complex of Formula | with Mt1 being Hf.

In the formulas (I and ") each X, which may be the same or different, is a sigma-donor ligand,
preferably a hydrogen atom, a halogen atom, a R®, OR®, 0SO,CF3;, OCOR?, SR®, NR®; or PR?;
group, wherein R8 is a linear or branched, cyclic or acyclic C1+-Cao-alkyl, C2-Cao-alkenyl, C-Cao-
alkynyl, Ce-Coo-aryl, Cs-Cxo-alkylaryl or C7-Cxo-arylalkyl radical, optionally containing up to 2
heteroatoms belonging to groups 14-16, or is SiR%, SiHR®; or SiH,R5. R® is preferably Ci.¢-
alkyl, phenyl or benzyl group.

The term halogen includes fluoro, chloro, bromo and iodo groups, preferably chloro groups.
The term heteroatoms belonging to groups 14-16 of the periodic table includes for example Si,
N, O or S.

More preferably each X is independently a halogen atom or a R® or OR® group, whereby R® is

a Cqe-alkyl, phenyl or benzyl group.



10

15

20

25

30

35

WO 2018/178152 PCT/EP2018/057922

Even more preferred X is Ci4-alkyl or a benzyl group, most preferably X is methyl. Preferably

both X groups are the same.

R', R?, R? are the same or different from each other and can be hydrogen or a saturated linear
or branched C+-C1o alkyl, whereby the alkyl group can optionally contain up to 2 heteroatoms
belonging to groups 14-16 of the periodic table, or R and R? or R? and R3 can form a ring
having 3 to 8 C-atoms and 1 to 3 double bonds.

Such rings include for example cyclopentenyl or phenyl.

The term heteroatoms belonging to groups 14-16 of the periodic table includes for example Si,
N, OorS.

Preferably R', R?, R® are the same or different from each other and can be hydrogen, a
saturated linear or branched C+-Cs alkyl group, whereby the alkyl group does not contain any
heteroatoms belonging to groups 14-16, or R' is hydrogen and R? and R® form a ring having 5

to 6 C-atoms and 1 to 3 double bonds.

More preferably R', R2, R® are the same or different from each other and can be hydrogen, a
saturated linear or branched C4-C4 alkyl, whereby the alkyl group does not contain any
heteroatoms belonging to groups 14-16 or R' is hydrogen and R? and R® form a ring having 6

C-atoms and 3 double bonds. In this case the ring is a phenyl ring.

Most preferably R, R?, R® are the same and are all hydrogen or R' is hydrogen and R? and R®

form a ring having 6 C-atoms and 3 double bonds , i.e. a phenyl ring.

R* and R?® are the same or different from each other and can be saturated linear or branched
C1-C1o alkyl, Cs-C1o aryl, Ce-Coo alkylaryl or Ce-Czo arylalkyl groups, which can optionally
contain up to 2 heteroatoms belonging to groups 14-16 of the periodic table, like Si, N, O or S.

Ce-C20 alkylaryl group is meant to be a Cs-C1o aryl group which is substituted by one or more
alkyl groups which may be the same or different, whereby the number of C-atoms in the alkyl

group substituents is in a range which leads to Cs-C2 alkylaryl groups.

Preferably R* and R® are the same or different from each other and can be a saturated linear
or branched C4-C1o alkyl or Cs-Cio aryl group, whereby the groups do not contain any

heteroatoms belonging to groups 14-16 of the periodic table.
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More preferably R* and R® are the same or different from each other and can be a saturated
linear or branched C4-Cs alkyl or phenyl, whereby the groups do not contain any heteroatoms

belonging to groups 14-16 of the periodic table.

Most preferably R* and R® are the same and are a saturated linear or branched C.-Cs alkyl.

n can be 1 to 5, preferably nis 2 to 4.

Ar is a Ce-Coo-aryl or -heteroarylgroup, which can be unsubstituted or substituted by 1 to 5

linear or branched C+- C1o alkyl group(s).

Preferably Ar is a Ce-Cio-aryl or -heteroarylgroup, which can be unsubstituted or substituted

by one linear or branched Cs- Cs alkyl group.

More preferably Ar is an unsubstituted Ce-C1o-aryl group, most preferably Ar is phenyl.

If a mixture of complexes of formula (I) and formula (I") is used it is preferred that the

substituents R" to R® and Ar are the same for both complexes.

Specific examples of complexes of formula (1) are
(phenyl)(but-3-en-1-yl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-yhhafnium
dimethyl,
(phenyl)(but-3-en-1-yl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-yhhafnium
dibenzyl,
(phenyl)(but-3-en-1-yl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-yhhafnium
dichloride,
(phenyl)(4-penten-1-yl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluorenyl)hafnium
dimethyl,
(phenyl)(4-penten-1-yl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluorenyl)hafnium
dibenzyl,
(phenyl)(4-penten-1-yl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluorenyl)hafnium
dichloride,
(phenyl)(5-hexen-1-yl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-yhhafnium
dimethyl,
(phenyl)(5-hexen-1-yl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-yhhafnium
dibenzyl,



10

15

20

25

30

35

WO 2018/178152 PCT/EP2018/057922

(phenyl)(5-hexen-1-yl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-yl)hafnium
dichloride,
(phenyl)(3-phenylpropyl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-yhhafnium
dichlorid,
(phenyl)(3-phenylpropyl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-yhhafnium
dimethyl,
(phenyl)(3-phenylpropyl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-yhhafnium
dibenzyl,

and the corresponding zirconium analogues of formula (I°).

Even more preferred are the dimethyl-complexes of formula (1) and (17).

Most preferable only complexes of formula (l) are used.

Cocatalyst
To form an active catalytic species it is normally necessary to employ a cocatalyst as is well

known in the art. The present invention requires the use of a boron containing cocatalyst.

Boron based cocatalysts of interest include boron compounds containing a borate 3" ion, i.e.
borate compounds. These compounds generally contain an anion of formula:

(2)sB~ (1)
where Z is an optionally substituted phenyl derivative, said substituent being a halo-C1.s-alkyl
or halo group. Preferred options are fluoro or trifluoromethyl. Most preferably, the phenyl
group is perfluorinated.
Such ionic cocatalysts preferably contain a non-coordinating anion such as

tetrakis(pentafluorophenyl)borate.

Suitable counterions are protonated amine or aniline derivatives, carbenium ions or
phosphonium ions. These may have the general formula (lll), (IV) or (V):

NQ4" (lll) or CQs" (IV) or PQ4" (V)
where Q is independently H, Cis-alkyl, Cs.s-cycloalkyl, phenyl-Cie-alkylene- or optionally
substituted phenyl (Ph). Optional substituents may be C1-6-alkyl, halo or nitro. There may be
one or more than one such substituent. Preferred substituted Ph groups include therefore
para-substituted phenyl, preferably tolyl or dimethylphenyl.
If it is necessary that at least one Q group in (lll) and (V) is H, then preferred compounds are
those of formula:

NHQs" (V1) or PHQs" (VII)
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Preferred phenyl-C1¢-alkyl- groups include benzyl.

Suitable counterions therefore include: methylammonium, anilinium, dimethylammonium,
diethylammonium, N-methylanilinium, diphenylammonium, N,N-dimethylanilinium,
trimethylammonium, triethylammonium, tri-n-butylammonium, methyldiphenylammonium, p-
bromo-N,N- dimethylanilinium or p-nitro-N,N-dimethylanilinium, especially dimethylammonium

or N,N-dimethylanilinium. The use of pyridinium as an ion is a further option.

As Carbenium ion especially triphenylmethylcarbenium (“trityl”) or tritolylcarbenium is used.

Phosphonium ions of interest include triphenylphosphonium, triethylphosphonium,
diphenylphosphonium, triimethylphenyl)phosphonium and tri(dimethylphenyl)phosphonium.

A more preferred counterion is trityl (CPhs") or analogues thereof in which the Ph group is
functionalised to carry one or more alkyl groups. Highly preferred borates of use in the

invention therefore comprise the tetrakis(pentafluorophenyl)borate ion.

Preferred ionic compounds which can be used according to the present invention include:
tributylammoniumtetra(pentafluorophenyl)borate,
tributylammoniumtetra(trifluoromethylphenyl)borate,
tributylammoniumtetra-(4-fluorophenyl)borate,
N,N-dimethylcyclohexylammoniumtetrakis-(pentafluorophenyl)borate,
N,N-dimethylbenzylammoniumtetrakis(pentafluorophenyl)borate,
N,N-dimethylaniliniumtetrakis(pentafluorophenyl)borate,

N,N- di(propyl)ammoniumtetrakis(pentafluorophenyl)borate,
di(cyclohexyl)ammoniumtetrakis(pentafluorophenyl)borate,

triphenylcarbeniumtetrakis(pentafluorophenyl)borate,

More preferred borates are triphenylcarbeniumtetrakis(pentafluorophenyl) borate,
N,N- dimethylcyclohexylammoniumtetrakis(pentafluorophenyl)borate,
N,N- dimethylbenzylammoniumtetrakis(pentafluorophenyl)borate or

N,N-dimethylaniliniumtetrakis(pentafluorophenyl)borate.

Even more preferred borates are triphenylcarbeniumtetrakis(pentafluorophenyl) borate and
N,N-dimethylaniliniumtetrakis(pentafluorophenyl)borate.
N,N-dimethylaniliniumtetrakis(pentafluorophenyl)borate is most preferred.

Suitable amounts of cocatalyst will be well known to the skilled man.
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It is further possible to add an aluminium alkyl compound. Suitable aluminium alkyl compounds
are compounds of the formula (IX) AIRs with R being a linear or branched C>-Cg-alkyl group.
Preferred aluminium alkyl compounds are triethylaluminium, tri-isobutylaluminium, tri-

isohexylaluminium, tri-n-octylaluminium and tri-isooctylaluminium.

As is known to any art skilled person, the Cp-Flu complexes need to be the alkylated
derivatives (e.g. X2 is dimethyl) in order to be able to react with the boron containing cocatalyst.
Thus if the complexes are originally the di-halo derivatives or other non-alkyl derivatives, they
need to be pre-alkylated by reaction with an alkylating organometallic compound such as Li-

alkyls, Mg-alkyls or aluminium-alkyls. Pre-alkylation procedures are well known in the art.

The molar ratio of boron to the metal ion of the metallocene may be in the range 0.5:1 to 10:1
mol/mol, preferably 1:1 to 10:1, especially 1:1 to 5:1 mol/mol.
Even more preferred is a molar ratio of boron to the metal ion of the metallocene from 1:1 to

less than 2:1 mol/mol, e.g. from 1:1 to 1.8:1 or 1:1 to 1.5:1.

The metallocene complex of the present invention is preferably used in combination with the
cocatalyst(s) as a catalyst system for the polymerization of ethylene and Ca4-10 alpha-olefin

comonomer in a high temperature solution polymerization process.

The catalyst system of the invention may be used as a homogeneous catalyst or
heterogeneous catalyst, preferably as homogeneous catalyst system.

Homogeneous or non-supported catalyst systems, suitable for the present invention can be
prepared in solution, for example in an hydrocarbon solvent like hexane, cyclohexane,
heptane, light naphta or toluene, by contacting the metallocene of formula (1) or a mixture of
metallocene of formula (1) and (I") (as a solid or as a solution) with the boron containing
cocatalyst(s), for example a borane or a borate salt as slurry in a hydrocarbon diluent or
previously dissolved in an aromatic solvent, or preferably can be formed by sequentially adding

the catalyst components directly into the polymerization reactor.

Polymer

The polymer to be produced using the catalyst system of the invention is a copolymer of
ethylene and a Cas-10 alpha-olefin comonomer, like 1-butene, 1-hexene, 4-methyl-1-pentene,
1-octene etc. Preferably 1-butene, 1-hexene or 1-octene and more preferably 1-octene is used

as comonomer.

10
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The comonomer content in such a polymer may be up to 45 wt%, preferably between 1 to 40

wt%, more preferably 1.5 to 35 wt% and even more preferably 2 to 25 wt%.

The density (measured according to ISO 1183-187) of the polymers is in the range of 0.850
g/cm? to below 0.920 g/cm?®, preferably in the range of 0.850 g/cm? to 0.915 g/cm?® and more
preferably in the range of 0.850 g/cm? to 0.910 g/cm3.

Mw/Mn value of the polymers of the invention is less than 5, e.g. in the range of 2.0 to 4.5.
The melting points (measured with DSC according to 1ISO 11357-3:1999) of the polymers to
be produced are below 130°C, preferably below 120°C, more preferably below 110°C and
most preferably below 100°C.

Polymerization

The catalyst system of the present invention is preferably used to produce the above defined
ethylene copolymers in a high temperature solution polymerization process at temperatures
higher than 100°C.

In view of this invention such process is essentially based on polymerizing the monomer and
a suitable comonomer in a hydrocarbon solvent, being liquid under the polymerization
conditions and in which the resulting polymer is soluble. The polymerization is carried out at a
temperature above the melting point of the polymer, as a result of which a polymer solution is
obtained. This solution is flashed in order to separate the polymer from the unreacted monomer
and the solvent. The solvent is then recovered and recycled in the process.

A solution polymerization process is known for its short reactor residence times (compared to
Gas-phase or slurry processes) allowing thus, very fast grade transitions and significant

flexibility in producing a wide product range in a short production cycle.

According to the present invention the used solution polymerization process is a high
temperature solution polymerization process, using a polymerization temperature of higher
than 100°C. Preferably the polymerization temperature is at least 110°C, more preferably at

least 150°C. The polymerization temperature can be up to 250°C.
The pressure in the reactor depends on the temperature, on one hand, and the type and the

amount of the comonomer, on the other hand. The pressure is suitably from 50 to 300 bar,

preferably from 60 to 250 bar and more preferably from 70 to 200 bar.
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The hydrocarbon solvent used is preferably a Cs-12 hydrocarbon which may be unsubstituted
or substituted by C1-4 alkyl groups, such as pentane, methyl pentane, hexane, heptane, octane,
cyclohexane, methylcyclohexane and hydrogenated naphtha. More preferably unsubstituted

Cs-10-hydrocarbon solvents are used.

Advantage

The new catalyst systems, comprising component (i) and (ii) can be advantageously used for
ethylene copolymerization in high temperature solution polymerization process.

The catalyst systems according to the present invention show improved balance of
comonomer incorporation ability and molecular weight capability, if used for ethylene
copolymerization in high temperature solution polymerization process.

The catalyst systems according to the present invention show a reactivity ratio Cao/C> of at
least 0.1 (AO = Ca-10 alpha-olefin comonomer) in a high temperature solution polymerization

process.

Applications

The polymers made by the catalyst system of the invention are useful in all kind of end articles
such as pipes, films (cast or blown films), fibers, moulded articles (e.g. injection moulded, blow

moulded, rotomoulded articles), extrusion coatings and so on.

The invention will now be illustrated by reference to the following non-limiting examples
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Methods

DSC

Temperature modulated DSC experiments were performed in a TA Instruments Q2000 DSC
operated in modulated mode and calibrated with indium, tin and zinc according to ISO 11357-
1. Circa 5 mg of the sample were placed in an aluminium pan. The temperature was initially
raised to 180°C and afterwards lowered to -88°C at 10°C/min as in standard DSC. Afterwards
the temperature was raised by a temperature modulated scan with heating rate of 2°C/min
modulated of 0.32°C every 60 seconds. The glass transition temperature was measured from
the reversible heat flow thermogram as the inversion point at transition.

When the polymer composition has been estimated by Tg(DSC), the following correlation has
been used: C8(wt%)=(Tg(°C) + 19.16)/-1.059

Zr and Hf determination (ICP-method)

The elementary analysis of a catalyst was performed by taking a solid sample of mass, M,
cooling over dry ice. Samples were diluted up to a known volume, V, by dissolving in nitric acid
(HNOs3, 65 %, 5 % of V) and freshly deionised (DI) water (5 % of V). The solution was then
added to hydrofluoric acid (HF, 40 %, 3 % of V), diluted with DI water up to the final volume,
V, and left to stabilise for two hours.

The analysis was run at room temperature using a Thermo Elemental iCAP 6300 Inductively
Coupled Plasma — Optical Emission Spectrometer (ICP-OES) which was calibrated using a
blank (a solution of 5 % HNOs3, 3 % HF in DI water), and 6 standards of 0.5 ppm, 1 ppm, 10
ppm, 50 ppm, 100 ppm and 300 ppm of Al, with 0.5 ppm, 1 ppm, 5 ppm, 20 ppm, 50 ppm and
100 ppm of Hf and Zr in solutions of 5 % HNO3, 3 % HF in DI water.

Immediately before analysis the calibration is ‘resloped’ using the blank and 100 ppm Al, 50
ppm Hf, Zr standard, a quality control sample (20 ppm Al, 5 ppm Hf, Zr in a solution of 5 %
HNO3, 3 % HF in DI water) is run to confirm the reslope. The QC sample is also run after every
5th sample and at the end of a scheduled analysis set.

The content of hafnium was monitored using the 282.022 nm and 339.980 nm lines and the
content for zirconium using 339.198 nm line. The content of aluminium was monitored via the
167.079 nm line, when Al concentration in ICP sample was between 0-10 ppm (calibrated only
to 100 ppm) and via the 396.152 nm line for Al concentrations above 10 ppm.

The reported values are an average of three successive aliquots taken from the same sample
and are related back to the original catalyst by inputting the original mass of sample and the

dilution volume into the software.
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Quantification of comonomer content by NMR spectroscopy

Quantitative nuclear-magnetic resonance (NMR) spectroscopy was used to quantify the

comonomer content of the polymers.

Quantitative "*C{'H} NMR spectra recorded in the molten-state using a Bruker Advance I
500 NMR spectrometer operating at 500.13 and 125.76 MHz for 'H and *C respectively. All
spectra were recorded using a *C optimised 7 mm magic-angle spinning (MAS) probe-head
at 150°C using nitrogen gas for all pneumatics. Approximately 200 mg of material was
packed into a 7 mm outer diameter zirconia MAS rotor and spun at 4 kHz. This setup was
chosen primarily for the high sensitivity needed for rapid identification and accurate
quantification.["M2HB4 Standard single-pulse excitation was employed utilising the transient
NOE at short recycle delays of 3s PH'l and the RS-HEPT decoupling scheme. A total of
1024 (1k) transients were acquired per spectrum. This setup was chosen due to its high

sensitivity towards low comonomer contents.

Quantitative "*C{'H} NMR spectra were processed, integrated and quantitative properties
determined using custom spectral analysis automation programs. All chemical shifts are

internally referenced to the bulk methylene signal (5+) at 30.00 ppm.&!

Characteristic signals corresponding to the incorporation of 1-octene were observed
BLELOLMLI2I gnd all comonomer contents calculated with respect to all other monomers
present in the polymer.

Characteristic signals resulting from isolated 1-octene incorporation i.e. EEOEE comonomer
sequences, were observed. Isolated 1-octene incorporation was quantified using the integral
of the signal at 38.32 ppm. This integral is assigned to the unresolved signals corresponding
to both «B6 and «B6B6 sites of isolated (EEOEE) and isolated double non-consecutive

(EEOEOEE) 1-octene sequences respectively. To compensate for the influence of the two
+B6B6 sites the integral of the BB6B6 site at 24.7 ppm is used:

O = l,ge+.pBeBs - 2 * lppBeBs

Characteristic signals resulting from consecutive 1-octene incorporation, i.e. EEOOEE
comonomer sequences, were also observed. Such consecutive 1-octene incorporation was
gquantified using the integral of the signal at 40.48 ppm assigned to the caB6B6 sites

accounting for the number of reporting sites per comonomer:
00 =2 * luupsBs

Characteristic signals resulting from isolated non-consecutive 1-octene incorporation, i.e.
EEOEOEE comonomer sequences, were also observed. Such isolated non-consecutive 1-
octene incorporation was quantified using the integral of the signal at 24.7 ppm assigned to

the BBB6B6 sites accounting for the number of reporting sites per comonomer:
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OEO =2 * Igpsns

Characteristic signals resulting from isolated triple-consecutive 1-octene incorporation, i.e.
EEOOOEE comonomer sequences, were also observed. Such isolated triple-consecutive 1-
octene incorporation was quantified using the integral of the signal at 41.2 ppm assigned to

the aayB6B6B6 sites accounting for the number of reporting sites per comonomer:
00O = 3/2 * laayrerss

With no other signals indicative of other comonomer sequences observed the total 1-octene
comonomer content was calculated based solely on the amount of isolated (EEOEE),
isolated double-consecutive (EEOOEE), isolated non-consecutive (EEOEOEE) and isolated
triple-consecutive (EEOOOEE) 1-octene comonomer sequences:

Ototat = O + OO0 + OEO + OO0

Characteristic signals resulting from saturated end-groups were observed. Such saturated
end-groups were quantified using the average integral of the two resolved signals at 22.84
and 32.23 ppm. The 22.84 ppm integral is assigned to the unresolved signals corresponding
to both 2B6 and 2S sites of 1-octene and the saturated chain end respectively. The 32.23
ppm integral is assigned to the unresolved signals corresponding to both 3B6 and 3S sites of
1-octene and the saturated chain end respectively. To compensate for the influence of the

2B6 and 3B6 1-octene sites the total 1-octene content is used:

S =(1/2)*( l2s+2Bs + l3s+386 - 2*Ototal)

The ethylene comonomer content was quantified using the integral of the bulk methylene
(bulk) signals at 30.00 ppm. This integral included the y and 4B6 sites from 1-octene as well
as the &' sites. The total ethylene comonomer content was calculated based on the bulk
integral and compensating for the observed 1-octene sequences and end-groups:

Etotar = (1/2)*[ lpuk + 2*O + 100 + 3*OEQO + 0*O00 + 3*S ]

It should be noted that compensation of the bulk integral for the presence of isolated triple-
incorporation (EEOOQOEE) 1-octene sequences is not required as the number of under and
over accounted ethylene units is equal.

The total mole fraction of 1-octene in the polymer was then calculated as:

fO = ( Ototal / ( Etotal + Ototal )

The total comonomer incorporation of 1-octene in weight percent was calculated from the
mole fraction in the standard manner:

O [Wt%] = 100 * (fO * 112.21)/ ( (fO * 112.21) + ((140) * 28.05) )
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HT-SEC: Molecular weight averages, molecular weight distribution, and polydispersity index
(Mn, MW, I\/IW/I\/IFI)

Molecular weight averages (Mw, Mn), Molecular weight distribution (MWD) and its broadness,
described by polydispersity index, PDI= Mw/Mn (wherein Mn is the number average molecular
weight and Mw is the weight average molecular weight) of the polymer were determined by
high temperature size exclusion chromatography (HT-SEC) on a Polymer Laboratories PLXT-
20 Rapid GPC Polymer Analysis System (including pump, refractive index detector and
viscosity detector) at 160°C with 3 PLgel Olexis (300 x 7.5 mm, Polymer Laboratories) columns
in series. 1,2,4-Trichlorobenzene containing butylated hydroxytoluene (0.5 g/L) and Irganox
1010 (20 mg/L) was used as eluent at a flow rate of 1.0 mL/min. The molecular weights were
calculated with respect to polyethylene standards (Polymer Laboratories, Mp = 5.310 up to Mp
= 1.510.000 g/mol). A Polymer Laboratories PL XT-220 robotic sample handling system was
used as autosampler. The concentration of the samples was between 2 and 4 mg polymer /
mL of TCB.

Determination of the relative comonomer reactivity ratio R

Ethylene concentration in liquid phase can be considered constant since total pressure is kept
constant by feeding ethylene during polymerization. The Cao/C> ratio, e.g. the Cg/C; ratio in

solution at the end of the polymerization is calculated by subtracting the amount of comonomer,
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e.g. octene incorporated in the polymer from the measured composition of the latter (Y%wt
comonomer, e.g.1-octene)

The reactivity ratio, R, for each catalyst is then calculated as:

R= [(Ca/C2)pall/ [(Cs/C2)average in liquid phase]

where (Cs/C2) average in liquid phase IS Calculated as ((Cs/C2)final +(Cs/C2)feca)/2

Chemicals
Triphenylcarbeniumtetrakis(pentafluorophenyl)borate (TB) (alternative name trityl tetrakis-
(pentafluorophenyl)borate) (CAS 136040-19-2) was purchased from Acros (tritylBF20).

N,N-Dimethylanilinium Tetrakis(pentafluorophenyl)borate (AB) (CAS 118612-00-3) was

purchased from Boulder.

1-octene as co-monomer (99%, Sigma Aldrich) was dried over molecular sieves and degassed

with nitrogen before use.

Isopar-E  (from ExxonMobil, iso alkanes C7-10, CAS No: 90622-56-3, ) purchased from
Brenntag was purified passing it subsequently through two columns containing (i) BTS-catalyst
(Cu), to remove oxygen, and (ii) molecular sieves 3A as drying agent and Selexsorb CD

(BASF) to remove polar impurities.

Chemicals used for catalyst complex synthesis:

HfCls, <1(mol)% Zr (Strem Chemicals), 9H-fluorene (Acros), 2.5 M "BuLi in hexanes
(Chemetall), KH (Aldrich), 1-bromobutane (Acros), benzophenone (Acros), 1,2-dibromoethane
(Acros), chlorotrimethylsilane (Acros), 2-bromo-2-methylpropionyl bromide (Acros), ethyl
benzoylacetate (Aldrich), allyl bromide (Acros), 4-bromobut-1-ene (Aldrich), 1,4-
diphenylbutan-1-one (ABCR), TsOH (Aldrich), triethylamine (Acros), methyl iodide (Merck),
THF (Merck), hexane (Merck), ethyl acetate (Merck), diethyl ether (Merck), dichloromethane
(Merck), toluene (Merck), methanol (Merck), dimethylsulfoxide (Merck), silica gel 60, 40-63 um
(Merck), 8 M HCI (Merck), Na;SO4 (Akzo Nobel), KoCOs (Merck), AICls (Merck), NaBH4
(Aldrich), Na;COs (Merck), CuCN (Merck), NaHCOs; (Merck), bromine (Merck) and KOH

(Merck) were used as received.

Toluene and hexane for organometallic synthesis as well as CDCIz (Deutero GmbH) for NMR
measurements of air and moisture sensitive compounds were dried over molecular sieves 4A
(Acros).

THF and ether for organometallic synthesis were distilled over benzophenone ketyl.
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Cyclopentadienyllithium was prepared from cyclopentadiene obtained from dicyclopentadiene
(Acros) and butyllithium in hexanes according to a literature procedure [Den Besten, R.;
Harderm S.; Brandsma, L. J. Organomet. Chem. 1990, 385, 153].

Cyclopentadienylmagnesium bromide was prepared from cyclopentadiene obtained from
dicyclopentadiene (Acros) and methylmagnesium bromide in ether (Aldrich) as described in
[Stille, J. R.; Grubbs, R. H. J. Org. Chem 1989, 54, 434].

1-Phenylhept-6-en-1-one was prepared from 5-bromo-1-pentene (Aldrich), acetophenone
(Merck), N,N-dimethylhydrazine (Aldrich) and lithium diisopropylamide (Aldrich) according to
the literature procedure [Motiwala, H. F.; Giilgeze, B., Aubé, J. J. Org. Chem. 2012, 77, 7005].

2,7-Di-tert-butylfluorene was obtained from 9H-fluorene and 2,6-di-tert-butyl-p-cresole
(Aldrich) as described in [Kajigaeshi, S.; Kadowaki, T.; Nishida, A.; Fujisaki, S.; Noguchi, M.
Synthesis 1984, 335]

Catalyst Preparation Examples
Complex 1 (C-1): (Phenyl)(5-hexen-1-yl)methylene(cyclopentadienyl)(2,7-di-tert-
butylfluoren-9-yl) hafnium dimethyl

Step 1:
1-Phenyl-1-( hex-5-en-1-yl)-1-cyclopentadienyi-1-(2, 7-di-tert-butylfluorenyl)methane

()
T

\
To a solution of 10.59 g (38.04 mmol) of 2,7-di-tert-butylfluorene in 125 ml of THF cooled to

—78°C, 15.2 ml (36.5 mmol) of 2.5 M "BuLi in hexanes was added in one portion. This mixture

1. "BuLi, THF

was stirred overnight at room temperature. The resulting light-orange solution was cooled to
-30°C, and a solution of 9.46 g (40.03 mmol, 1.05 eq) of 6-phenyl-6-(hex-5-en-1-yl)fulvene in
125 ml of THF was added in one portion. After stirring overnight at room temperature the dark-
red reaction mixture was cooled in an ice-bath and then quenched with 10% HCI to a slightly
acidic pH. The resulting orange mixture was diluted with 400 ml of water and extracted with
300 ml of diethyl ether. The organic layer was separated, and the aqueous one was extracted
with 150 ml of dichloromethane. The combined organic extract was dried over Na,SO4 and

filtered through a pad of silica gel 60 (40-63 um) which was additionally washed by 2x50 ml of
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dichloromethane. Removal of the solvents under vacuum gave an orange oil which was
dissolved in 125 ml of n-hexane. Crystals precipitated from this solution overnight at -30°C
were collected and dried in vacuum. This procedure gave 14.61 g (75%) of a slightly yellow
solid of the title product as a mixture of isomers.

Anal. calc. for CaoHae: C, 90.99; H, 9.01. Found: C, 91.14; H, 9.07.

"H NMR (CDCl3): 6 7.57-6.95 (m, 11H), 6.34-5.59 (m, 4H), 4.98-4.70 (m, 3H), 2.93-2.55 (m,
2H), 2.49-2.15 (m, 2H), 2.04-1.80 (m, 2H), 1.46-0.91 (m, 22H).

Step  2:  (Phenyl)(5-hexen-1-yl)methylene(cyclopentadienyl)(2, 7-di-tert-butylfluoren-9-yl)

hafnium dichloride

1. "BuLi, Et,O
Ph ' 2. HfCl,

\

To a solution of 14.61 g (28.38 mmol) of 1-phenyl-1-(hex-5-en-1-yl)-1-cyclopentadienyl-1-(2,7-
di-tert-butylfluorenyl)methane in 300 ml of ether, cooled to —-50°C, 22.7 ml (56.8 mmol) of 2.5
M "BuLi in hexanes was added in one portion. This mixture was stirred for 5 h at room
temperature. The resulting reddish solution was cooled to -50°C, and 9.09 g (28.38 mmol) of
HfCls was added. The formed mixture was stirred for 24 h at room temperature and then
evaporated to dryness. The residue was stirred with 200 ml of warm toluene, and the formed
suspension was filtered through a glass frit (G4). The filtrate was evaporated to ca. 30 ml, and
70 ml of n-hexane was added. Yellow crystalline solid precipitated overnight at -30°C was
collected and dried in vacuum. This procedure gave 12.9 g (60%) of the target complex.
Anal. calc. for CaoH4ClLHf: C, 61.46; H, 5.82. Found: C, 61.59; H, 6.00.

'H NMR (CDCls): 6 8.01 (d, J = 9.1 Hz, 1H),.7.96 (d, J = 8.9 Hz, 1H), 7.83 (dm, J = 7.7 Hz,
1H), 7.69 (m, 1H), 7.66-7.59 (m, 2H), 7.59-7.52 (m, 1H), 7.5 (dd, J = 8.9 Hz, J = 1.4 Hz, 1H),
7.45-7.38 (m, 2H), 6.35-6.31 (m, 1H), 6.22-6.18 (m, 1H), 6.13 (s, 1H), 5.81-5.69 (m, 2H), 5.55-
5.51 (m, 1H), 4.94 (dm, J=17.2 Hz, 1H), 4.89 (dm, J=10.2 Hz, 1H), 3.13-2.99 (m, 1H), 2.82-
2.67 (m, 1H), 2.15-1.95 (m, 2H), 1.66-1.45 (m, 4H), 1.40 (s, 9H), 0.99 (s, 9H). *C{'"H} NMR
(CDCls,): 6 152.19, 149.61, 143.26, 138.38, 130.52, 128.51, 128.33, 127.24, 127.08, 124.22,
124.18, 124.02, 123.52, 122.63, 120.25, 119.87, 119.67, 118.84, 117.81, 116.62, 114.65,
114.52, 99.66, 77.77, 53.68, 41.16, 35.44, 34.87, 33.80, 31.13, 30.53, 29.45, 23.64.
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Step 3:_(Phenyl)(5-hexen-1-yl)methylene(cyclopentadienyl) (2, 7-di-tert-butylfluoren-9-yi)
hafnium dimethyl!

MeMgBr

PhMe - Et,0

To a solution of 7.1 g (9.32 mmol) of [1-(n*-cyclopentadien-1-yl)-1-(n°-2,7-di-tert-
butylfluorenyl)-1-(hex-5-en-1-yl)-1-phenylmethanelhafnium dichloride in a mixture of 90 ml of
toluene and 50 ml of ether 13.0 ml (27.43 mmol) of 2.11 M MeMgBr in ether was added. The
resulting mixture was refluxed for 30 min and then evaporated to ca. 40 ml. The obtained
solution was heated to 80-90°C and filtered while hot through glass frit (G4) to remove insoluble
magnesium salts. The filter cake was additionally washed with 2x20 ml of toluene. The
combined filtrate was evaporated to ca. 20 ml. This solution was heated again to 80-90°C and
filtered while hot through glass frit (G4). The mother liquor was evaporated to dryness, and the
residue was dissolved in 30 ml of hexane. Yellow powder precipitated from this solution
overnight at —30°C was collected and dried in vacuum. This procedure gave 3.20 g of pure
(phenyl)(5-hexen-1-yl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-yl) hafnium
dimethyl. In the same way, but using smaller volumes of hexane (ca. 20 ml and 5 ml), another
two portions (1.18 g and 0.57 g) of the desired complex were obtained. So, the total yield of
(phenyl)(5-hexen-1-yl)methylene  (cyclopentadienyl)(2,7-di-tert-butylfluoren-9-yl)  hafnium
dimethyl was 4.95 g (74%).

Anal. calc. for C41HsoHf: C, 68.27; H, 6.99. Found: C, 68.44; H, 7.21.

"H NMR (CDCls): & 8.08 (d, J = 8.9 Hz, 1H), 7.99 (d, J = 8.6 Hz, 1H), 7.81 (dm, J = 7.8 Hz,
1H), 7.62-7.57 (m, 2H), 7.51 (dd, J = 8.9 Hz, J = 1.2 Hz, 1H), 7.50-7.44 (m, 1H), 7.39-7.30 (m,
3H), 6.28-6.21 (m, 1H), 6.15-6.08 (m, 1H), 6.03 (s, 1H), 5.74 (ddt, J = 17.1 Hz, J = 10.3 Hz, J
= 6.6 Hz, 1H), 5.64-5.59 (m, 1H), 5.35-5.28 (m, 1H), 4.92 (dm, J = 17.2 Hz, 1H), 4.87 (dm, J =
10.0 Hz, 1H), 2.94-2.79 (m, 1H), 2.63-2.48 (m, 1H), 2.11-1.92 (m, 2H), 1.60-1.41 (m, 4H), 1.38
(s, 9H), 0.97 (s, 9H), -1.76 (s, 3H), -1.90 (s, 3H). C{'H} NMR (CDCls,): & 150.29, 147.84,
144.27, 138.66, 130.71, 128.09, 127.97, 127.25, 126.67, 124.53, 123.78, 122.91, 122.76,
121.05, 120.67, 119.15, 117.55, 116.38, 115.88, 114.43, 112.91, 111.14, 109.56, 100.99,
100.60, 76.51, 53.51, 41.07, 38.18, 37.42, 35.36, 34.77, 33.88, 31.38, 30.77, 29.61, 23.79.
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Complex 2 (C-2): (Phenyl)(3-buten-1-yl)methylene(cyclopentadienyl)(2,7-di-tert-
butylfluoren-9-yl) hafnium dimethyl

Step 1:1-Phenylpent-4-en-1-one

Method A
COOEt EtONa, EtOH ~
2. KOH, H,0

To a solution of sodium ethoxide, obtained from 7.9 g (343.6 mmol) of sodium metal
and 235 ml of dry ethanol, 67.27 g (350 mmol) of ethyl benzoyl acetate was added. The formed
mixture was stirred for 15 min, and then 42.37 g (350 mmol) of allyl bromide was added
dropwise at such a rate to maintain a temperature below 40°C. The resulting mixture was
refluxed for 3 h and then cooled to room temperature. A solution of 37 g of KOH in 120 ml of
water was added. The resulting light-orange homogeneous mixture was refluxed for 5 h
leading eventually to biphasic system. After cooling to room temperature, the reaction mixture
was carefully treated with 4 M HCI to slightly acidic pH (Caution! Strong gas evolution!). The
resulting mixture was diluted with 700 ml of water and then extracted with 3x200 ml of ether.
The combined ethereal extract was washed with a solution of 30 g of KOH in 300 ml of water,
dried over K2COs3, passed through a short pad of silica gel 60 (40-63 um), and then evaporated
to dryness. The residue was distilled in vacuum to give 41.58 g (74%,; purity ca. 95%) of 1-
phenylpent-4-en-1-one, b.p. 73-81°C/6 mm Hg.

Method B
,‘\, 1. LDA, THF
N~ o}
2. gy |
> /
3. HzO*

To a solution of lithium diisopropylamide (prepared from a solution of 27.83 g (275.0
mmol) of diisopropylamine in 400 ml of THF and 110 ml (275.0 mmol) of 2.5 M "BuLi in hexanes
at —78°C) a solution of 40.56 g (250 mmol) of acetophenone N,N-dimethylhydrazone in 60 ml
of THF was added over 30 min at 0°C. This mixture was stirred for 4 h at 0°C, then cooled to
-78°C, and a solution of 36.3 g (300 mmol) of 3-bromoprop-1-ene in 45 ml of THF was added
over 30 min. The reaction was slowly warmed to room temperature and then stirred overnight
at this temperature. The resulting solution was evaporated to dryness in vacuum, and the
residue was diluted with 400 ml of ether. This solution cooled to 0°C (an ice-bath) was treated

with an ice-cold solution of 120 ml of 96% sulfuric acid in 900 ml of water for 30 min. After
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stirring this mixture for 30 min at room temperature, the organic layer was separated, and the
aqueous one was extracted with 2x200 ml of ether. The combined organic extract was washed
with 2x200 ml of water, dried over Na;SO4 and concentrated under a reduced pressure. The
product was isolated by flash-chromatography on silica gel 60 (40-63 pm; eluent: hexane-ethyl
acetate= 97:3, vol.). This procedure gave 40.5 g (ca. 100%) of 1-phenylpent-4-en-1-one as a

colorless liquid.
Anal. calc. for C44H+20: C, 82.46; H, 7.55. Found: C, 82.70; H, 7.63.

'H NMR (CDCls): & 7.99-7.91 (m, 2H), 7.56-7.51 (m, 1H), 7.47-7.40 (m, 2H), 5.90 (ddt, J = 17.0
Hz, J = 10.2 Hz, J = 6.5 Hz, 1H), 5.08 (ddt, J = 17.0 Hz, J = 1.6 Hz, J = 1.6 Hz, 1H), 5.00 (ddt,
J=10.2 Hz, J= 1.6 Hz, J = 1.6 Hz, 1H), 3.05 (t, J = 7.4 Hz, 2H), 2.53-2.45 (m, 2H). 3C{'H}
NMR (CDCls): & 199.15, 137.16, 136.81, 132.83, 128.43, 127.86, 115.12, 37.57, 27.99

Step 2: 6-Phenyl-6-(but-3-en-1-yl)fulvene

B. CpH, EtONa, THF (95%, ca. 75% purity)

A. CpH, EtONa, EtOH (93%, ca. 75% purity) /( \\/
0

\ C. CpMgBr, THF (51%, ca. 95% purity) \
/

=

\j

Method A

To a solution of sodium ethoxide obtained from 3.42 g (148.8 mmol) of sodium metal
and 120 ml of dry ethanol, 23.7 g (147.9 mmol) of 1-phenylpent-4-en-1-one, obtained
according to method A in step 1, was added. The formed mixture was cooled to 0°C, and then
25 ml of freshly cracked cyclopenta-1,3-diene was added dropwise over 40 min. The resulting
mixture was stirred at room temperature for 4 h. The red reaction mixture was poured into 200
ml of water, and the formed mixture was extracted with 3x100 ml of n-hexane. The combined
organic extract was dried over anhydrous K>COs and then evaporated to dryness to give a red
oily liquid. Crude product was purified by flash chromatography on silica gel 60 (300 ml, 40-63
um; eluent: hexane/EtOAc = 30/1, vol.) to give 29.17 g (93%, ca.75% purity) of 6-phenyl-6-

(but-3-en-1-ylfulvene as a red oily liquid.
Method B

To a cooled to 0°C solution of 10.2 g (149.9 mmol) of sodium ethoxide in 100 ml of
THF, 23.5 g (146.7 mmol) of 1-phenylpent-4-en-1-one, obtained according to method A in step
1, was added. Then, 25 ml of freshly cracked cyclopenta-1,3-diene was added dropwise over
40 min. The resulting mixture was stirred at room temperature for 4 h. To the dark-red reaction
mixture 5 ml of water was added, and the resulting mixture was passed through a short pad of
silica gel 60 (40-63 um). The filtrate was dried over anhydrous K>COs3 and then evaporated to
dryness to give a red oily liquid. Crude product was purified by flash chromatography on silica
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gel 60 (300 ml, 40-63 um; eluent: hexane/ethyl acetate = 30/1, vol.) to give 29.78 g (95%,
ca.75% purity) of 6-phenyl-6-(but-3-en-1-yl)fulvene as a red oily liquid.

Method C

To a solution of 41.0 g (255.9 mmol) of 1-phenylpent-4-en-1-one, obtained according
to method B in step 1, in 100 ml of THF, cooled in an ice-bath, a solution of 55.0 g (324.9
mmol, 1.27 equiv.) of cyclopentadienyl magnesium bromide in 300 ml of THF was added
dropwise. The resulting mixture was refluxed for 3 h, then stirred overnight at room
temperature, finally, cooled in an ice-bath and quenched with 10% HCI to pH~5-6. This mixture
was extracted with 4x250 ml of hexane, and the combined organic extract was dried over
Na>S0O4. Removal of the solvent under vacuum gave a dark-red oil. The product was isolated
by flash-chromatography on silica gel 60 (40-63 um; eluent: hexane-ethyl acetate = 100:1,
vol.). This procedure gave 26.98 g (51%, ca.95% purity) of 6-phenyl-6-(but-3-en-1-yl)fulvene

as a red oily liquid.
Anal. calc. for CigH+e: C, 92.26; H, 7.74. Found: C, 92.39; H, 7.88.

"H NMR (CDCls): 6 7.40-7.30 (m, 5H), 6.62 (ddd, J = 5.3 Hz, J = 2.0 Hz, J = 1.5 Hz,
1H), 6.56 (ddd, J = 5.3 Hz, J=2.0 Hz, J= 1.5 Hz, 1H), 6.47 (ddd, J=5.3 Hz, J=2.0Hz, J =
1.5 Hz, 1H), 6.10 (ddd, J=5.3 Hz, J= 2.0 Hz, J = 1.5 Hz, 1H), 5.76 (ddt, J=17.0 Hz, J=10.3
Hz, J =6.6 Hz, 1H), 5.00-4.91 (m, 2H), 2.99 (t, J= 7.7 Hz, 2H), 2.20-2.12 (m, 2H).

Step  3:___ (Phenyl)(3-buten-1-yl)methylene(cyclopentadienyl) (2, 7-di-tert-butylfluoren-9-yl)

hafnium dichloride

Method A

1. "BuLi, THF

1. "BuLi, E,0 O
Ph 2. HiCl, @O

(
)
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To a solution of 14.07 g (50.53 mmol) of 2,7-di-tert-butylfluorene in 200 ml of THF
cooled to -50°C, 20.2 ml (50.5 mmol) of 2.5 M "BulLi in hexanes was added in one portion.
This mixture was stirred overnight at room temperature, then cooled to —-50°C, and a solution
of 11.55 g (65.45 mmol) of 6-phenyl-6-(but-3-en-1-yl)fulvene, obtained according to method C
in step 2, in 200 ml of THF was added in one portion. After stirring overnight at room
temperature the formed dark-red reaction mixture was cooled in an ice-bath and then
quenched with a solution of 5 ml of 12 M HCI in 200 ml of water to pH~5-6. The resulting yellow
mixture was extracted with 400 ml of dichloromethane. The organic layer was separated, and
the aqueous one was extracted with 150 ml of dichloromethane. The combined organic extract
was dried over Na>SO4 and then filtered through a pad of silica gel 60 (40-63 um) which was
additionally washed by 2x50 ml of dichloromethane. Removal of the solvents under vacuum
gave an orange oil which was dried in vacuo to afford 25.7 g of 1-phenyl-1-(but-3-en-1-yl)-1-
cyclopentadienyl-1-(2,7-di-tert-butylfluorenyl)methane which was further used without an
additional purification. To a yellowish solution of 13.78 g (28.31 mmol) of 1-phenyl-1-(but-3-
en-1-yl)-1-cyclopentadienyl-1-(2,7-di-tert-butylfluorenyl)methane in 170 ml of ether cooled to
—78°C, 22.7 ml (66.8 mmol) of 2.5 M "BuLi in hexanes was added in one portion. This mixture
was stirred for 5 h at room temperature. To the resulting orange suspension cooled to -50°C
9.07 g (28.32 mmol) of HfCls was added. The formed mixture was stirred for 24 h at room
temperature and then evaporated to dryness. The residue was stirred with 200 ml of warm
toluene, and the formed suspension was filtered through a glass frit (G4). The filtrate was
evaporated to ca. 20 ml, the orange solid precipitated from this solution was filtered off (G3),
washed with 3x10 ml of a mixture of toluene and hexane (1:2, vol.), and then dried in vacuum.
This procedure gave 8.7 g (42%) of (phenyl)(3-buten-1-yl)methylene(cyclopentadienyl)(2,7-di-
tert-butylfluoren-9-yl) hafnium dichloride.
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Method B

1. "BuLi, Et,0

) -
O =~ ~ 38
3. "BuLi, Et,0 O
4. HfCly @
50%

To a solution of 13.92 g (50.0 mmol) of 2,7-di-tert-butylfluorene in 200 ml of ether,
cooled to —50°C, 20.6 ml (50.0 mmol) of 2.43 M "BuLi in hexanes was added in one portion.
This mixture was stirred for 4 h at room temperature. The resulting orange solution was cooled
to -50°C, and 11.09 g (53.2 mmol) of 6-phenyl-6-(but-3-en-1-yl)fulvene, obtained according to
method C in step 2, was added in one portion. After stirring overnight at room temperature the
orange reaction mixture was cooled to -50°C, and then 20.6 ml (50.0 mmol) of 2.43 M "BuLi
in hexanes was added in one portion. This mixture was stirred for 6 h at room temperature.
The resulting dark-red solution with a significant amount of brick red precipitate was cooled to
-50°C, and 16.02 g (50.02 mmol) of HfCls was added. The formed mixture was stirred for 24
h at room temperature. Orange precipitate was filtered, heated with 250 ml of toluene, filtered
again from LiCl, and mother liquor was evaporated almost to dryness. 50 ml of n-hexane was
added to the residue and the precipitated orange powder was filtered off (G3) and dried in
vacuum. This procedure gave 16.7 g of (phenyl)(3-buten-1-
yhmethylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-yl) hafnium dichloride. The ethereal
mother liquor (from the reaction mixture) was evaporated almost to dryness, and the residue
was triturated with 25 ml of n-hexane. Orange precipitate was filtered off (G3) to give 3.5 g of
the target complex. Thus, the total yield of (phenyl)(3-buten-1-
yh)methylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-yl) hafnium dichloride isolated in this
synthesis was 20.2 g (55%).

Anal. calc. for Cs7H4oClLHf: C, 60.54; H, 5.49. Found: C, 60.32; H, 5.66.

'H NMR (CDCls): § 8.02 (d, J = 8.9 Hz, 1H), 7.96 (d, J = 8.9 Hz, 1H), 7.85 (dm, J = 7.6 Hz,
1H), 7.69 (s, 1H), 7.66-7.61 (m, 2H), 7.61-7.54 (m, 1H), 7.51 (dd, J = 8.9 Hz, J = 1.5 Hz, 1H),
7.46-7.38 (m, 2H), 6.36-6.32 (m, 1H), 6.23-6.19 (m, 1H), 6.15 (s, 1H), 5.99-5.86 (m, 1H), 5.81-
5.77 (m, 1H), 5.55-5.51 (m, 1H), 5.11 (dd, J = 17.2 Hz, J = 1.5 Hz, 1H), 5.06 (dd, J = 10.3 Hz,
J= 1.5 Hz, 1H), 3.29-3.19 (m, 1H), 2.81-2.70 (m, 1H), 2.43-2.26 (m, 2H), 1.38 (s, 9H), 0.99 (s,
9H). 3C{'H} NMR (CDCls,): 5 152.39, 149.63, 142.90, 137.61, 130.60, 128.68, 128.29, 127.40,
127.07, 124.33, 124.16, 124.05, 123.55, 122.49, 120.18, 119.86, 119.65, 118.84 (two
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resonances), 117.77,116.65, 115.23, 114.34, 99.61, 99.57, 77.31, 53.42, 39.89, 35.49, 34.87,
31.14, 30.52, 28.27.

Step  4:__ (Phenyl)(3-buten-1-yl)methylene(cyclopentadienyl) (2, 7-di-tert-butylfluoren-9-yl)
hafnium dimethyl

e T

HfCl, PhMe - Et,0 HfMe,
Py PR

To a soluton of 367 g (6.0 mmol) of (phenyl)(3-buten-1-

yl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-yl) hafnium dichloride, obtained
according to method A in step 3, in a mixture of 50 ml of toluene and 50 ml of ether 7.0 ml
(14.77 mmol) of 2.11 M MeMgBr in ether was added. The resulting mixture was refluxed for
30 min and then evaporated to ca. 25 ml. The obtained solution was heated to 80-90°C, and
the obtained suspension was filtered while hot through glass frit (G3) to remove insoluble
magnesium salts. The filter cake was additionally washed with 2x20 ml of toluene. The
combined filtrate was evaporated almost to dryness, and 20 ml of hexane was added to the
residue. The resulting mixture was filtered once again through a glass frit (G4). The mother
liquor was evaporated to dryness, and the residue was dissolved in 7 ml of hexane. Yellow
powder precipitated from this solution overnight at —40°C was collected and dried in vacuum.
This procedure gave 3.18 g (92%) of pure (phenyl)(3-buten-1-yl)methylene(cyclopentadienyl)
(2,7-di-tert-butylfluoren-9-yl) hafnium dimethyl complex.

Anal. calc. for CsgeHseHf: C, 67.57; H, 6.69. Found: C, 67.82; H, 6.85.

'H NMR (CDCls): & 8.08 (d, J = 8.9 Hz, 1H), 8.00 (d, J = 8.9 Hz, 1H), 7.83 (dm, J = 7.9 Hz,
1H), 7.63-7.56 (m, 2H), 7.53-7.45 (m, 2H), 7.39-7.31 (m, 3H), 6.28-6.22 (m, 1H), 6.14-6.10 (m,
1H), 6.05 (s, 1H), 5.95-5.83 (m, 1H), 5.67-5.62 (m, 1H), 5.34-5.29 (m, 1H), 5.07 (dd, J = 17.2
Hz, J = 1.5 Hz, 1H), 5.01 (dd, J = 10.2 Hz, J = 1.5 Hz, 1H), 3.12-2.98 (m, 1H), 2.62-2.49 (m,
1H), 2.33-2.15 (m, 2H), 1.37 (s, 9H), 0.98 (s, 9H), -1.76 (s, 3H), -1.90 (s, 3H). *C{'H} NMR
(CDCls,): & 150.44, 147.83, 143.87, 138.19, 130.77, 128.26, 127.92, 127.20, 126.82, 124.38,
123.76, 122.94, 122.66, 121.16, 120.70, 119.09, 117.45, 116.37, 115.88, 114.73, 112.91,
111.16, 109.34, 100.91, 100.51, 75.97, 53.23, 39.73, 38.29, 37.49, 35.39, 34.76, 31.39, 30.75,
28.39.
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Complex 3 (C-3): (Phenyl)(pent-4-en-1-yl)methylene(cyclopentadienyl)(2,7-di-tert-
butylfluoren-9-yl)hafnium dimethyl

Step 1. 1-Phenylhex-5-en-1-one

COOEt

/

EtONa, EtOH

t

2. KOH, H,0

To a solution of sodium ethoxide, obtained from 5.75 g (0.25 mol) of sodium metal and
175 ml of dry ethanol, 48.05 g (0.25 mol) of ethyl benzoyl acetate was added. The formed
mixture was stirred for 10 min, then 42.5 g (314.8 mmol) of 4-bromobut-1-ene was added, and
the resulting mixture was refluxed for 5 h. Further on, the reaction mixture was cooled to room
temperature, and a solution of 37 g of KOH in 120 ml of water was added. The resulting mixture
was refluxed for 5 h. After cooling to room temperature, the reaction mixture was carefully
treated with 4 M HCI to slightly acidic pH (Caution! Strong gas evolution!). The resulting mixture
was diluted with 700 ml of water and extracted with 3x250 ml of ether. The combined ethereal
extract was washed with a solution of 20 g of KOH in 200 ml of water, dried over K2COs, passed
through a short pad of silica gel 60 (40-63 pm), and then evaporated to dryness. The residue
was distilled in vacuum to give 25.91 g (60%,; purity ca. 95%) of 1-phenylhex-5-en-1-one, b.p.
95-105°C/6 mm Hg.

'H NMR (CDCls): & 8.00-7.90 (m, 2H), 7.58-7.50 (m, 1H), 7.50-7.39 (m, 2H), 5.82 (ddt,
J=17.1Hz, J = 10.2 Hz, J = 6.7 Hz, 1H), 5.05 (dm, J = 17.1 Hz, 1H), 4.99 (dm, J = 10.2 Hz,
1H), 2.97 (t, J = 7.3 Hz, 2H), 2.16 (td, J = 7.3 Hz, J = 6.7 Hz, 2H), 1.85 (quin, J = 7.3 Hz, 2H).
13C{'H} NMR (CDCls): 6 200.09, 137.98, 137.01, 132.82, 128.47, 127.94, 115.20, 37.61, 33.11,
23.23.

Step 2: 6-Phenyl-6-(pent-4-en-1-yl)fulvene

I
o) 1. CsHsMgBr, THF ~

| 2 H,0* - |

/

To a solution of 17.4 g (100 mmol) of 1-phenylhex-5-en-1-one in 40 ml of THF cooled
in an ice-bath a solution of 20.3 g (120 mmol, 1.2 equiv.) of cyclopentadienylmagnesium
bromide in 120 ml of THF was added dropwise. The resulting mixture was refluxed for 3 h,
then stirred overnight at room temperature, finally, cooled in an ice-bath and quenched with
10% HCI to pH~5-6. This mixture was extracted with 3x150 ml of hexane, and the combined

organic extract was dried over Na,SO4. Removal of the solvent under vacuum gave a dark-red
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oil. The product was isolated by flash-chromatography on silica gel 60 (40-63 pm; eluent:
hexane-ethyl acetate = 100:1, vol.). This procedure gave 10.23 g (46%) of 6-phenyl-6-(pent-

4-en-1-ylhfulvene as a red oil.
Anal. calc. for C47H4s: C, 91.84; H, 8.16. Found: C, 92.11; H, 8.35.

'H NMR (CDCls): & 7.41-7.29 (m, 5H), 6.62 (ddd, J = 5.3 Hz, J = 1.9 Hz, J = 1.5 Hz,
1H), 6.56 (ddd, J = 5.3 Hz, J = 1.9 Hz, J = 1.5 Hz, 1H), 6.47 (ddd, J=5.3 Hz, J= 1.9 Hz, J =
1.5 Hz, 1H), 6.10 (ddd, J = 5.3 Hz, J = 1.9 Hz, J = 1.5 Hz, 1H), 5.73 (ddt, J = 17.1 Hz, J = 10.3
Hz, J = 6.7 Hz, 1H), 5.01-4.90 (m, 2H), 2.92 (t, J = 7.7 Hz, 2H), 2.09-2.00 (m, 2H), 1.52 (quin,
J = 7.7 Hz, 2H). 8C{'"H} NMR (CDCls): 5 154.28, 143.47, 140.68, 138.01, 131.83, 131.46,
129.43, 128.05, 127.79, 123.83, 120.93, 115.01, 35.57, 33.37, 28.63.

Step 3: (Phenyl)(pent-4-en-1-yl)methylene(cyclopentadienyl) (2, 7-di-tert-butylifluoren-9-

yl)hafnium dichloride

1. "BuLi, Et,0

$

2.
S
3. "BulLi

4. HfCl,

To a solution of 12.81 g (46.01 mmol) of 2,7-di-tert-butylfluorene in 250 ml of ether
cooled to -50°C 19 ml (46.17 mmol) of 2.43 M "BuLi in hexanes was added in one portion.
This mixture was stirred overnight at room temperature. The resulting orange solution was
cooled to -50°C, and a solution of 10.23 g (46.01 mmol) of 6-phenyl-6-(pent-4-en-1-yl)fulvene
in 150 ml of ether was added in one portion. After stirring overnight at room temperature the
dark-red reaction mixture was cooled to —-50°C, and 19 ml (46.17 mmol) of 2.43 M "BulLi in
hexanes was added in one portion. This mixture was stirred overnight at room temperature.
The resulting dark-red solution with a significant amount of brick red precipitate was cooled to
-50°C, and 14.74 g (46.02 mmol) of HfCls was added. The formed mixture was stirred for 24
h at room temperature, then it was evaporated to dryness, and the residue was treated with
100 ml of hot toluene. This mixture was filtered while hot through glass frit (G4), and the filtrate
was evaporated to dryness. The residue was triturated with 100 ml of n-hexane, the
precipitated orange powder was filtered off (G3) and then dried in vacuum. This procedure
gave 10.1 g of (phenyl)(pent-4-en-1-yl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-
yhhafnium dichloride. The mother liquor was evaporated to ca. 50 ml, the precipitated orange

solid was filtered off and then dried in vacuum. This procedure gave extra 3.82 g of target
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complex. Thus, the total yield of (phenyl)(pent-4-en-1-yl)methylene(cyclopentadienyl)(2,7-di-
tert-butylfluoren-9-yl)hafnium dichloride isolated in this synthesis was 13.92 g (40%).

Anal. calc. for CasH4ClLHf: C, 61.01; H, 5.66. Found: C, 61.14; H, 5.82.

'H NMR (CDCls): & 8.01 (d, J = 8.9 Hz, 1H), 7.95 (d, J = 8.9 Hz, 1H), 7.83 (br.d, J = 7.7 Hz,
1H), 7.73 (s, 1H), 7.67-7.59 (m, 2H), 7.59-7.52 (m, 1H), 7.49 (d, J = 8.8 Hz, 1H), 7.45-7.38 (m,
2H), 6.34 (br.s, 1H), 6.21 (br.s, 1H), 6.10 (s, 1H), 5.86-5.70 (m, 2H), 5.55 (br.s, 1H), 5.05 (br.d,
J=17.1 Hz, 1H), 5.00 (br.d, J = 10.3 Hz, 1H), 3.01-2.87 (m, 2H), 2.34-2.21 (m, 1H), 2.19-2.06
(m, 1H), 1.75-1.48 (m, 2H), 1.39 (s, 9H), 0.98 (s, 9H). *C{'H} NMR (CDCla,): & 152.19, 149.66,
143.23, 138.17, 130.20, 128.67, 128.37, 127.26, 127.15, 124.21, 124.05, 123.52, 122.64,
120.26, 119.89, 119.57, 118.89, 118.81, 117.98, 116.72, 115.46, 114.15, 99.74, 99.68, 53.64,
40.32, 35.44, 34.86, 34.02, 31.13, 30.52, 23.41.

Step 4: (Phenyl)(pent-4-en-1-yl)methylene(cyclopentadienyl) (2, 7-di-tert-butylifluoren-9-

yl)hafnium dimethyl!

O@)‘ MeMgBr

HfC|2 PhMe - Et20
PR

To a soluton of 524 g (7.0 mmol) of (phenyl)(pent-4-en-1-

AN

yl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-yl)hafnium dichloride in a mixture of
50 ml of toluene and 15 ml of ether, 10 ml (27 mmol) of 2.7 M MeMgBr in ether was added.
The resulting mixture was stirred overnight at room temperature. Most of ether was distilled
off, and the resulting mixture was filtered through glass frit (G4) to remove insoluble
magnesium salts. The filtrate was evaporated almost to dryness, the residue was dissolved in
30 ml of n-hexane, the formed suspension was filtered through glass frit (G3), and the mother
liquor was evaporated to ca. 10 ml. Yellow powder precipitated from this solution overnight at
-30°C was collected and dried in vacuum. This procedure gave 1.17 g of (phenyl)(pent-4-en-
1-yl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-yl)hafnium dimethyl. The mother
liquor was evaporated to ca. 5 ml. Yellow powder precipitated from this solution overnight at
—-30°C was collected and dried in vacuum to give extra 1.03 g of the target complex. Thus, the
total yield of (phenyl)(pent-4-en-1-yl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-
yhhafnium dimethyl isolated in this synthesis was 2.21 g (44%). The analogous synthesis
starting from 8.65 g of (phenyl)(pent-4-en-1-yl)methylene(cyclopentadienyl)(2,7-di-tert-
butylfluoren-9-yl)hafnium dichloride afforded (phenyl)(pent-4-en-1-
yh)methylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-yl)hafnium dimethyl in 64% vyield.
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Anal. calc. for C4HsoHf: C, 67.92; H, 6.84. Found: C, 67.84; H, 6.99.

'H NMR (CDCls): & 8.08 (d, J = 8.9 Hz, 1H), 7.99 (d, J = 8.8 Hz, 1H), 7.81 (dm , J = 7.7 Hz,
1H), 7.64-7.57 (m, 2H), 7.53-7.44 (m, 2H), 7.39-7.31 (m, 3H), 6.27-6.23 (m, 1H), 6.14-6.10 (m,
1H), 6.00 (br.d, J = 0.8 Hz, 1H), 5.76 (ddt, J = 17.1 Hz, J = 10.1 Hz, J= 6.8 Hz, 1H), 5.63-5.57
(m, 1H), 5.36-5.30 (m, 1H), 5.01 (dm, J = 17.1 Hz, 1H), 4.96 (dm, J = 10.1 Hz, 1H), 2.82-2.67
(m, 2H), 2.28-2.16 (m, 1H), 2.13-2.01 (m, 1H), 1.66-1.40 (m, 2H), 1.38 (s, 9H), 0.97 (s, 9H), -
1.77 (s, 3H), -1.91 (s, 3H). C{'"H} NMR (CDCls,): & 150.24, 147.84, 144.25, 138.51, 130.42,
128.29, 127.96, 127.31, 126.68, 124.56, 123.76, 122.90, 122.77, 121.04, 120.67, 119.05,
117.69, 116.37, 115.86, 115.08, 112.90, 111.16, 109.23, 101.03, 100.63, 76.68, 53.46, 40.31,
38.15, 37.43, 35.35, 34.76, 34.19, 31.40, 30.76, 23.52.

Complex 4 (C-4): (Phenyl)(pent-4-en-1-yl)methylene(cyclopentadienyl)(2,7-di-tert-
butylfluoren-9-yl)hafnium dimethyl

Step 1: 6-Phenyl-6-(3-phenylpropyl)fulvene
~_
CpH
EtONa, EtOH B O

To a solution of sodium ethoxide obtained from 1.15 g (50 mmol) of sodium metal and
40 ml of dry ethanol 50 ml of THF was added followed by 11.2 g (49.9 mmol) of 1,4-
diphenylbutan-1-one (ABCR, 98%). The formed dark-red solution was cooled to 0°C, and then

8.4 ml of freshly cracked cyclopenta-1,3-diene was added dropwise over 15 min. The resulting

mixture was stirred at room temperature for 4 h. The reaction mixture was poured into 500 ml
of water, and the formed mixture was extracted with 150 ml of dichloromethane. The organic
layer was separated, and the aqueous phase was extracted with 2 x 75 ml of dichloromethane.
The combined organic extract was dried over anhydrous K>COs and then evaporated to
dryness to give a dark-red oily liquid. This crude product was purified by flash chromatography
on silica gel 60 (300 ml, 40-63 um; eluent: hexane/ethyl acetate = 100/1, vol.) to give 7.89 g
(58%) of 6-phenyl-6-(3-phenylpropyl)fulvene as a light orange liquid.

Anal. calc. for C1Hzo: C, 92.60; H, 7.40. Found: C, 92.79; H, 7.60.

"H NMR (CDCls, 400 MHz, 27°C): & 7.42-7.29 (m, 5H), 7.27-7.19 (m, 2H), 7.19-7.12 (m, 1H),
7.11-7.04 (m, 2H), 6.58-6.53 (m, 2H), 6.47 (ddd, J = 5.2 Hz, J = 1.5 Hz, J = 1.5 Hz, 1H), 6.11
(ddd, J = 5.2 Hz, J = 1.5 Hz, J = 1.5 Hz, 1H), 2.94 (t, J = 7.7 Hz, 2H), 2.60 (t, J = 7.7 Hz, 2H),
1.75 (quin, J = 7.7 Hz, 2H). 3C{'H} NMR (CDCls,): & 154.18, 143.52, 141.71, 140.56, 131.89,
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131.53, 129.45, 128.34, 128.26, 128.12, 127.84, 125.80, 123.86, 120.89, 35.69, 35.54,
30.99.

Step 2: [1-(n°-Cyclopentadien-1-yl)-1-(n°-2, 7-di-tert-butylifluorenyl)-1-(3-phenylpropyl)-1-

phenylmethane]hafnium dichloride

1. "BuLi, Et,0
O

) |

2

3. "BuLi
4. HfCl,

To a solution of 8.07 g (28.98 mmol) of 2,7-di-tert-butylfluorene in 200 ml of ether cooled
to -50°C 12 ml (29.16 mmol) of 2.43 M "BuLi in hexanes was added in one portion. This mixture
was stirred overnight at room temperature. The resulting orange solution was cooled to -50°C,
and a solution of 7.89 g (28.97 mmol) of 6-phenyl-6-(3-phenylpropyl)fulvene in 25 ml of ether
was added in one portion. After stirring for 5 h at room temperature the orange reaction mixture
was cooled to -50°C, and 11.9 ml (28.92 mmol) of 2.43 M "BuLi in hexanes was added in one
portion. This mixture was stirred overnight at room temperature. The resulting orange solution
with a significant amount of orange precipitate was cooled to -50°C, and 9.28 g (28.97 mmol)
of HfCl4 was added. The formed mixture was stirred for 24 h at room temperature and then
evaporated to ca. 100 ml. The formed orange precipitate was filtered off (G3), heated with 70
ml of toluene, filtered again from LiCl, the and mother liquor was evaporated to ca. 10 ml. Red
crystals precipitated overnight at room temperature were filtered off (G3) and then dried in
vacuum. This procedure gave 7.56 g of [1-(n°-cyclopentadien-1-yl)-1-(n°-2,7-di-tert-
butylfluorenyl)-1-(3-phenylpropyl)-1-phenylmethane]-hafnium dichloride. The mother liquor
was combined with the ethereal mother liquor (from evaporated reaction mixture), the resulting
mixture was evaporated almost to dryness, and the residue was triturated with 60 ml of n-
hexane. The formed orange precipitate was filtered off (G3) to give 3.71 g of the target
complex. Thus, the total yield of [1-(n°-cyclopentadien-1-yl)-1-(n°-2,7-di-tert-butylfluorenyl)-1-
(3-phenylpropyl)-1-phenylmeth-ane]hafnium dichloride isolated in this synthesis was 11.27 g
(49%).

Anal. calc. for C42H44ClLHf: C, 63.20; H, 5.56. Found: C, 63.38; H, 5.59.
"H NMR (CDCl3): 6 7.98 (d, J = 8.9 Hz, 1H), 7.93 (d, J = 8.9 Hz, 1H), 7.85 (d, J = 7.3 Hz, 1H),
7.67 (s, 1H), 7.61 (d, J = 8.5 Hz, 2H), 7.59-7.52 (m, 1H), 7.48 (d, J = 8.5 Hz, 1H), 7.45-7.36

(m, 2H), 7.30-7.21 (m, 2H), 7.21-7.03 (m, 3H), 6.29 (s, 1H), 6.19 (s, 1H), 6.08 (s, 1H), 5.58-
5.51 (m, 2H), 3.06-2.80 (m, 3H), 2.69-2.36 (m, 1H), 1.99-1.85 (m, 1H), 1.85-1.71 (m, 1H),
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1.38 (s, 9H), 0.97 (s, 9H). *C{'H} NMR (CDCls,): 6 152.11, 149.61, 143.18, 141.56, 130.186,
128.74, 128.46, 128.32, 127.26, 127.17, 126.01, 124.15, 124.02, 123.45, 122.56, 120.24,
119.84, 119.53, 118.84, 118.72, 117.84, 116.65, 114.07, 99.69, 99.56, 77.90, 53.61, 40.15,
35.89, 35.39, 34.83, 31.19, 30.51, 25.91

Step 3: [1-(n°-Cyclopentadien-1-yl)-1-(n°-2, 7-di-tert-butylfluorenyl)-1-(3-phenylpropyl)-1-
phenylmethanelhafnium dimethyl

MeMgBr
PhMe - Et,0

To a solution of 3.7 g (5.0 mmol) of [1-(n°-cyclopentadien-1-yl)-1-(n°-2,7-di-tert-
butylfluorenyl)-1-(3-phenylpropyl)-1-phenylmethane]hafnium dichloride in a mixture of 40 ml of
toluene and 30 ml of ether 7.0 ml (18.9 mmol) of 2.7 M MeMgBr in ether was added. The
resulting mixture was refluxed for 30 min and then evaporated to ca. 30 ml. The obtained
solution was heated to 80-90°C and filtered while hot through glass frit (G3) to remove insoluble
magnesium salts. The filter cake was additionally washed with 10 ml of warm toluene. The
combined filtrate was evaporated to ca. 15 ml, heated to 80-90°C, and then filtered while hot
through glass frit (G3). The mother liquor was evaporated to ca. 10 ml, and then 10 ml of n-
hexane was added. Yellow powder precipitated from this solution overnight at room
temperature was collected and dried in vacuum. This procedure gave 2.11 g (60%) of pure [1-
(n°-cyclopentadien-1-yl)-1-(n°-2,7-di-tert-butylfluorenyl) -1-(3-phenylpropyl)-1-
phenylmethanelhafnium dimethyl.

Anal. calc. for CuHsoHf: C, 69.78; H, 6.65. Found: C, 69.86; H, 6.83.

'H NMR (CDCls): & 8.07 (d, J = 8.7 Hz, 1H), 7.98 (d, J = 8.7 Hz, 1H), 7.82 (dm, J = 7.7 Hz,
1H), 7.62-7.54 (m, 2H), 7.53-7.44 (m, 2H), 7.39-7.29 (m, 3H), 7.27-7.19 (m, 2H), 7.19-7.08
(m, 3H), 6.24-6.19 (m, 1H), 6.13-6.08 (m, 1H), 5.99 (br.d, J = 0.9 Hz, 1H), 5.48-5.41 (m, 1H),
5.34-5.30 (m, 1H), 2.89-2.76 (m, 2H), 2.71 (td, J = 13 Hz, J = 4.3 Hz, 1H), 2.58 (dt, J = 14
Hz, J = 8.0 Hz, 1H), 1.91-1.76 (m, 1H), 1.76-1.62 (m, 1H), 1.37 (s, 9H), 0.96 (s, 9H), -1.80 (s,
3H), -1.92 (s, 3H). 13C{'H} NMR (CDCls,): & 150.24, 147.86, 144.20, 141.95, 30.42, 128.36,
127.97, 127.34, 126.72, 125.83, 124.50, 123.76, 122.88, 122.77, 121.03, 120.69, 119.06,
117.57, 116.38, 115.86, 112.87, 111.16, 109.13, 101.02, 100.60, 53.47, 40.26, 38.14, 37.45,
36.10, 35.33, 34.76, 31.46, 30.77, 25.96
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Complex for Comparison (CC-1)

(Phenyl)(hex-5-en-1-yl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-yl)

zirconium dimethyl

Step 1:_1-Phenyl-1-(hex-5-en-1-yl)-1-cyclopentadienyl-1-(2, 7-di-tert-butylfluorenyl)methane

1. "BuLi, THF

To a solution of 13.92 g (50.0 mmol) of 2,7-di-tert-butylfluorene in 170 ml of THF cooled
to —78°C 20.0 ml (50.0 mmol) of 2.5 M "BuLi in hexanes was added in one portion. This mixture
was stirred overnight at room temperature. The resulting light-orange solution was cooled to
-50°C, and a solution of 12.44 g (52.6 mmol, 1.05 eq) of 6-phenyl-6-(hex-5-en-1-yl)fulvene in
170 ml of THF was added in one portion. After stirring overnight at room temperature the dark-
red reaction mixture was cooled in an ice-bath and then quenched with 10% HCI to a slightly
acidic pH. The resulting orange mixture was diluted with 400 ml of water and extracted with
500 ml of diethyl ether. The organic layer was separated, and the aqueous one was extracted
with 150 ml of dichloromethane. The combined organic extract was dried over Na,SO4 and
filtered through a pad of silica gel 60 (40-63 um) which was additionally washed by 2x50 ml of
dichloromethane. Removal of the solvents under vacuum gave semicrystalline yellow mass
which was triturated with 50 ml of n-hexane, filtered off and dried in vacuo to afford 16.62 g of
1-phenyl-1-(hex-5-en-1-yl)-1-cyclopentadienyl-1-(2,7-di-fert-butylfluorenyl)methane as a white
solid. The mother liquor was evaporated to dryness, and the residue was dissolved in 100 ml
of hot n-hexane. Solid precipitated from this solution overnight at -30°C was filtered off,
washed with 30 ml of cold n-hexane, and dried in vacuo. This procedure gave 7.82 g of a
slightly yellow solid of the title product as a mixture of isomers. Thus, the total yield of 1-phenyl-
1-(hex-5-en-1-yl)-1-cyclopentadienyl-1-(2,7-di-tert-butylfluorenyl)methane isolated in this
synthesis was 24.44 g (94.8%).

Anal. calc. for CsgHass: C, 90.99; H, 9.01. Found: C, 91.15; H, 9.20.

'H NMR (CDCls): & 7.57-6.95 (m, 11H), 6.34-5.59 (m, 4H), 4.98-4.70 (m, 3H), 2.93-2.55 (m,
2H), 2.49-2.15 (m, 2H), 2.04-1.80 (m, 2H), 1.46-0.91 (m, 22H).
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Step  2:___ (Phenyl)(5-hexen-1-yl)methylene(cyclopentadienyl) (2, 7-di-tert-butylfluoren-9-yl)

zirconium dichloride

1. "BuLi, Et,0
Ph ' 2. ZrCly

\

To a solution of 16.51 g (32.07 mmol) of 1-phenyl-1-(hex-5-en-1-yl)-1-cyclopentadienyl-
1-(2,7-di-tert-butylfluorenyl)methane in 300 ml of ether, cooled to -50°C, 25.7 ml (64.25 mmol)
of 2.5 M "BuLi in hexanes was added in one portion. This mixture was stirred overnight at room
temperature. The resulting yellow solution with yellow precipitate was cooled to -50°C, and
7.48 g (32.1 mmol) of ZrCls was added. The resulting mixture was stirred for 24 h at room
temperature and then evaporated to dryness. The residue was stirred with 150 ml of warm
toluene, and the formed suspension was filtered through a glass frit (G4). The filtrate was
evaporated to ca. 40 ml, and 70 ml of n-hexane was added. Red solid precipitated overnight
at -30°C was collected and dried in vacuum. This procedure gave 19.7 g (91%) of (Phenyl)(5-
hexen-1-yl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-yl) zirconium dichloride as 1

to 1 solvate with toluene.
Anal. calc. for CseH44ClZr*C7Hs: C, 72.03; H, 6.83. Found: C, 72.24; H, 7.09.

'H NMR (CDCls): & 8.04 (d, J = 8.7 Hz, 1H), 7.98 (d, J = 8.7 Hz, 1H), 7.82 (dm, J = 7.7
Hz, 1H), 7.67 (s, 1H), 7.66 (dd, J = 9.4 Hz, J = 1.4 Hz, 1H), 7.64-7.60 (m, 1H), 7.59-7.51 (m,
2H), 7.44-7.38 (m, 2H), 6.41-6.37 (m, 1H), 6.28-6.24 (m, 1H), 6.09 (m, 1H), 5.84-5.80 (m, 1H),
5.80-5.68 (m, 1H), 5.59-5.55 (m, 1H), 4.97-4.86 (m, 2H), 3.10-2.97 (m, 1H), 2.82-2.69 (m, 1H),
2.15-1.96 (m, 2H), 1.64-1.44 (m, 4H), 1.39 (s, 9H), 0.98 (s, 9H). 3C{'H} NMR (CDCls,): &
152.50, 149.95, 143.09, 138.34, 130.47, 128.56, 128.36, 127.26, 127.09, 124.58, 124.32,
124.29, 123.84, 123.63, 121.45, 121.38, 120.51, 120.03, 119.77, 118.32, 117.64, 114.67,
111.87, 102.14, 77.73, 53.80, 40.88, 35.48, 34.90, 33.76, 31.11, 30.50, 29.43, 23.57.
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Step  3:  (Phenyl)(hex-5-en-1-yl)methylene(cyclopentadienyl) (2, 7-di-tert-butylfluoren-9-yl)

zirconium dimethy!

MeMgBr

t

PhMe - Et,0

To a soluton of 337 g (499 mmol) of (phenyl)(hex-5-en-1-
yh)methylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-yl) zirconium dichloride in a mixture
of 50 ml of toluene and 25 ml of ether, 7.0 ml (14.77 mmol) of 2.11 M MeMgBr in ether was
added. The resulting mixture was refluxed for 30 min and then evaporated to ca. 25 ml. The
obtained suspension was heated to 80-90°C and filtered while hot through glass frit (G3) to
remove insoluble magnesium salts. The filter cake was additionally washed with 2x15 ml of
toluene. The combined filtrate was evaporated to ca. 10 ml. The obtained solution was heated
again to 80-90°C and filtered while hot through glass frit (G3). The mother liquor was
evaporated to dryness, and the residue was dissolved in 12 ml of n-hexane. Yellow powder
precipitated from this solution overnight at —-40°C was collected and dried in vacuum. This
procedure gave 1.68 g (563.1%) of pure (phenyl)(hex-5-en-1-
yhmethylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-yl) zirconium dimethyl.

Anal. calc. for C41HsoZr: C, 77.66; H, 7.95. Found: C, 77.62; H, 8.19.

'H NMR (CDCls): & 8.10 (d, J = 8.6 Hz, 1H), 8.00 (d, J = 8.9 Hz, 1H), 7.79 (dm, J = 7.9 Hz,
1H), 7.61-7.54 (m, 2H), 7.52 (dd, J = 8.9 Hz, J = 1.2 Hz, 1H), 7.50-7.44 (m, 1H), 7.37 (dd, J =
8.9 Hz, J = 1.6 Hz, 1H), 7.35-7.30 (m, 2H), 6.35-6.29 (m, 1H), 6.22-6.15 (m, 1H), 5.97 (s, 1H),
5.80-5.63 (m, 2H), 5.36-5.30 (m, 1H), 4.92 (dm, J = 17.2 Hz, 1H), 4.87 (dm, J = 10.0 Hz, 1H),
2.89-2.74 (m, 1H), 2.60-2.45 (m, 1H), 2.11-1.92 (m, 2H), 1.58-1.39 (m, 4H), 1.38 (s, 9H), 0.97
(s, 9H), -1.57 (s, 3H), -1.71 (s, 3H). *C{'"H} NMR (CDCls,): & 150.24, 147.86, 144.21, 138.65,
130.62, 128.09, 127.96, 127.22, 126.63, 125.03, 123.57, 123.27, 122.78, 121.01, 120.57,
119.42,117.91,117.31,117.09, 114.42, 113.10, 111.42, 106.37, 102.02, 101.49, 74.70, 53.59,
40.88, 35.35, 34.77, 33.86, 32.24, 31.55, 31.43, 30.80, 29.60, 23.70.

Complex elemental analysis (ICP method):

Complex Hf (mol%) Zr (mol%)
C1 99.62 0.38
C2 99.68 0.32
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b) Polymerization procedure

Polymerization tests have been performed in 125mL reactors equipped with a bottom valve,
at 160°C and different C8/C2 weight ratios in the liquid phase. Different catalyst loadings have
been tested to find the optimal amount to guarantee almost constant temperature and pressure
during the 10 minutes of polymerization. TEA (7x102 mol/kg in Isopar E) has been used as the

scavenger for all the experiments.

e Aclivation procedure

Two different borate activators have been tested, trityl tetrakis(pentafluorophenyl)borate (TB)
for Inventive Example |IE-3 and N,N-dimethylanilinium tetrakis(pentafluorophenyl) borate (AB)
for all others experiments. In all cases a B/Hf molar ratio of 1.25 has been used. The complex
and the activator were dissolved separately in 4 mL of toluene. The borate solution was then
injected in the reactor feeding line followed by the complex solution and the two were let in

contact for few seconds before the injection into the reactor by nitrogen overpressure.

e Polymerization procedure

The reactor was filled with the desired amount (57-73 mL of solvent (isopar E), see Table 1),
scavenger (0.035 mmol TEA) and 1-octene. Solvent and monomers amounts were chosen to

have an initial liquid volume at the polymerization conditions of 80mL.

The reactor was then heated up and carefully pressurised with ethylene (25-28 bar-g). When
conditions were stable, the ethylene pressure was adjusted to 30 bar-g and the mixture was

allowed to stir at 750 rpm during 10 minutes in order to determine the residual ethylene uptake.

After this time the catalyst (dissolved with 4mL of toluene) and the cocatalyst (also dissolved
with 4 mL toluene) were combined in the injection line and immediately injected in the reactor
by nitrogen overpressure. Pressure was then kept constant by feeding ethylene and after 10
minutes polymerization was quenched by adding a killing agent in large molar excess with
respect to the transition metal complex (CO2). Immediately after, the reactor was vented, the
temperature was decreased and the vessel was opened. The solution was discharged in an
aluminium pan containing few milligrams (~500 ppm related to the copolymer produced) of
Irganox 1076. The pan was then placed under a well-ventilated fume hood until the volatiles
were evaporated. The collected residual material was analysed by HT-SEC and DSC

according to the methods reported in the polymer characterisation paragraph.
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Table 1: C2/C8 copolymerization results
Inventive Examples IE1 — IE5 and Comparative Example CE1
cs Average C8in Reactivity
Ex Complex isopar E feed Productivity C8/C2 ratio | polymer ratio HT-SEC
in solution | (NMRor Tg) | C8/C2
. kg PE/Qeat 0 Mw
unit ml ml in 10 min wt/wt Yowt kDa PDI
IE1 C1 73 7 18.5 1.3 24 7(NMR) 0.23 98 3.1
IE2 C2 68 8 23.0 1.8 25.4(NMR) 0.19 172 3.2
IE3 C2 68 8 14.6 1.8 21.9(Tg) 0.16 157 2.8
IE4 C3 68 8 53.3 1.7 26.1 (NMR) 0.21 112 3.0
IE5 C4 68 8 35.2 1.8 25.3(NMR) 0.19 154 3.4
CE1 CC1 57 23 170.4 5.0 19.8(NMR) 0.05 47 2.4

For all Examples Cocatalyst AB was used, except for IE3, were TB was used as cocatalyst.

Table 1 shows that, despite the higher activity of the zirconium complex:

a)

b)

The hafnium complexes according to the invention have much higher comonomer

reactivity compared to zirconium analogues

The hafnium complexes have much higher molecular weight capability compared to

zirconium analogues, even for copolymers with higher octene content (lower density)

That is, the hafnium complexes have overall a better performance than their zirconium

analogues for the production of low density, high molecular weight C2/alpha-olefin (preferably

octene) copolymers.
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Claims:

1. Catalyst system, whereby the catalyst system comprises

10

15

20

25

30

(i at least one metallocene complex of formula (I)
1
R? R Ar,
o Mt1X,
R* RS
(1)
wherein
Mt1 is Hf,

X is a sigma-donor ligand,

R', R?, R3 are the same or different from each other and can be hydrogen or a saturated
linear or branched C+-C1o alkyl, whereby the alkyl group can optionally contain up to 2
heteroatoms belonging to groups 14-16 of the periodic table, or R'and R? or R? and R®

can form a ring having 4 to 6 C-atoms and 1 to 3 double bonds,

R* and R® are the same or different from each other and can be saturated linear or
branched C+-C1o alkyl, Cs-C1o aryl, Cs-C20 alkylaryl or Ce-C2o arylalkyl groups, which can
optionally contain up to 2 heteroatoms belonging to groups 14-16 of the periodic table,

n can be 1to 5,

Ar is a Ce-Coo-aryl or —heteroarylgroup, which can be unsubstituted or substituted by 1

to 5 linear or branched C+- C1o alkyl group(s),

and

(i) a boron containing cocatalyst.

2. Catalyst system according to claim 1, wherein the catalyst system comprises a mixture of

the metallocene complex of formula (I) as defined in claim 1 with a metallocene complex

of formula (I°)

R’
R? Ar :

RS Mt2X,
R4 R®
(I
38
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wherein Mt2 is Zr, R' to R® and Ar are defined as for complex of formula (1), provided
that the mixture contains more than 50% by moles of the complex of Formula | with Mt1
being Hf.

3. Catalyst system according to claim 1 or 2, wherein in the formula (1)

Mt1 is Hf,

X is independently a hydrogen atom, a halogen atom, a R%, OR®, OSO,CF3, OCORS,
SRS, NR®; or PR®, group wherein R® is a linear or branched, cyclic or acyclic, C1-Czo-
alkyl, C>-Cyo-alkenyl, Cx-Co-alkynyl, Ce-Coo-aryl, Cs-Coo-alkylaryl or Cz-Cye-arylalkyl
radical, optionally containing up to 2 heteroatoms belonging to groups 14-16 of the
periodic table or is SiR®;, SiHR®; or SiH2RS,

R', R?, R? are the same or different from each other and can be hydrogen or a saturated
linear or branched C1-Cs alkyl, whereby the alkyl group does not contain any heteroatom
belonging to groups 14-16 of the periodic table or R' is hydrogen and R? and R® form a
ring having 5 to 6 C-atoms and 1 to 3 double bonds,

R* and R® are the same or different from each other and can be a saturated linear or
branched C+-C1o alkyl or Cs-C1o aryl, whereby the groups do not contain any heteroatom

belonging to groups 14-16 of the periodic table,

Ar is a Cs-C1o-aryl or -heteroarylgroup, which can be unsubstituted or substituted by one

linear or branched C+- Cs alkyl group,

and nis 2 to 4.

4. Catalyst system according to claim 3, wherein in the formula (I)

Mt1 is Hf,

X is independently a halogen atom or a R® or OR® group, whereby R® is a Cy.s-alkyl,

phenyl or benzyl group

R', R?, R? are the same or different from each other and can be hydrogen, a saturated

linear or branched C+-Cs alkyl, whereby the alkyl group does not contain any heteroatom
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belonging to groups 14-16 of the periodic table, or R is hydrogen and R? and R® form a

ring having 6 C-atoms and 3 double bonds,

R* and R® are the same or different from each other and can be a saturated linear or
branched C+-Ce alkyl or phenyl, whereby the groups do not contain any heteroatoms
belonging to groups 14-16 of the periodic table,

Ar is an unsubstituted Ce-C1o-aryl group and n is 2 to 4.

5. Catalyst system according to claim 4, wherein in the formula (I)

Mt1 is Hf,

X is independently a C+-Cy-alkyl or a benzyl group,

R', R?, R® are the same and are all hydrogen or R' is hydrogen and R? and R® form a

ring having 6 C-atoms and 3 double bonds,

R* and R® are the same and are a saturated linear or branched C»-Cs alkyl,

nis 2 to 4 and Ar is phenyl.

6. Catalyst system according to anyone of the preceding claims, wherein the metallocene

complex of formula (1) is selected from the group comprising
(phenyl)(but-3-en-1-yl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-yhhafnium
dimethyl,
(phenyl)(but-3-en-1-yl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-yhhafnium
dibenzyl,
(phenyl)(but-3-en-1-yl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-yhhafnium
dichloride,
(phenyl)(4-penten-1-yl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluorenyl)hafnium
dimethyl,
(phenyl)(4-penten-1-yl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluorenyl)hafnium
dibenzyl,
(phenyl)(4-penten-1-yl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluorenylhafnium
dichloride,
(phenyl)(5-hexen-1-yl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-yhhafnium
dimethyl,
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(phenyl)(5-hexen-1-yl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-yhhafnium
dibenzyl,
(phenyl)(5-hexen-1-yl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-yhhafnium
dichloride,
(phenyl)(3-phenylpropyl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-yhhafnium
dimethyl,
(phenyl)(3-phenylpropyl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-yhhafnium
dibenzyl,
(pheny)(3-phenylpropyl)methylene(cyclopentadienyl)(2,7-di-tert-butylfluoren-9-yhhafnium
dichloride,

and which is optionally mixed with the corresponding metallocene complex of formula (1),
wherein Mt2 is Zr, provided that the mixture contains more than 50% by moles of the

complex of Formula | with Mt1 being Hf.

. Catalyst system according to any of preceding claims, whereby the catalyst system is a

homogeneous or non-supported catalyst systems, which can be prepared in solution, by
contacting the metallocene complex of Formula (I) or a mixture of the metallocene complex
of formula (1) as defined in claim 1 with a metallocene complex of formula (1) as defined in
claim 2, provided that the mixture contains more than 50% by moles of the complex of
Formula | with Mt1 being Hf, as a solid or as a solution, with the boron containing cocatalyst
in a hydrocarbon diluent or previously dissolved in an aromatic solvent, or which can be
formed by sequentially adding the catalyst components directly into the polymerization

reactor.

. A catalyst system as claimed in any preceding claim wherein said boron containing

cocatalyst comprises an anion of formula:
(2)sB~ (1)
where Z is an optionally substituted phenyl derivative, said substituent being a halo-C1.6-

alkyl or halo group.

9. A catalyst system as claimed in claim 8, wherein the boron containing cocatalyst is a borate

selected from the group comprising
triphenylcarbeniumtetrakis(pentafluorophenyl) borate,
N,N-dimethylcyclohexylammoniumtetrakis(pentafluorophenyl)borate,
N,N- dimethylbenzylammoniumtetrakis(pentafluorophenyl)borate or

N,N-dimethylaniliniumtetrakis(pentafluorophenyl)borate.
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10. A catalyst system as claimed in any of the preceding claim, wherein the system shows a
reactivity ratio Cao/C> of at least 0.1, wherein AO is Cas-10 alpha-olefin comonomer, in a

high temperature solution process for producing ethylene copolymers.

11. Use of a catalyst system as defined in claim 1 to 10 in a high temperature solution process
at a temperature greater than 100°C for polymerizing ethylene and a C4.10 alpha-olefin

comonomer.

12. Process for the preparation of an ethylene copolymer comprising polymerizing ethylene
and a Cas-10 alpha-olefin comonomer in a high temperature solution process at a
temperature greater than 100°C in the presence of a catalyst comprising:

(i a metallocene complex of formula (1) as defined in any of preceding claims 1,
3 to 10 or a mixture of a metallocene complex of formula (1) and a
metallocene complex of formula (") as defined in claim 2 and

(i) a boron containing cocatalyst.

13. Process according to claim 12, wherein the polymerization is performed
a) at a polymerization temperature of at least 110°C,
b) a pressure in the range of 50 to 300 bar and
¢) in a hydrocarbon solvent selected from the group of Cs-12-hydrocarbons, which may be
unsubstituted or substituted by C1-4 alkyl group and being liquid under the above defined

polymerization conditions.

14. Ethylene copolymer obtained by a polymerization process according to claim 12 or 13,
wherein the ethylene is a copolymer of ethylene and a Cs-10 alpha-olefin comonomer,
having
(i) a comonomer content of up to 45 wt%,

(i) a density (measured according to ISO 1183-187) in the range of 0.850 g/cm? to below
0.920 g/cm?,

(iii) Mw/Mn value in the range of 2.0 to 4.5, preferably in the range of 2.5 to 4.5 and

(iv) @ melting point (measured with DSC according to ISO 11357-3:1999) below 110°C.
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