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Catalytic activity in ethylene polymerization with single-site organochromium
complexes increases with number and donor strength of substituents. The new
systems allow the formation of ultrahigh molecular weight polyethylene with
highest productivity and high co-monomer incorporation. An almost linear
correlation between ligand donor strength and polymerization activity is
observed.
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Abstract

The donor strength of bifunctional pyridine-cyclopentadienyl ligands was altered systematically by the
introduction of donating groups in the para-position of the pyridine. In the resulting chromium
complexes an almost linear correlation between donor strength and the nitrogen-chromium distance
as well as the electronic absorption maximum is experimentally observed. The connection of electron-
donating groups in the ligand backbone leads to an efficient transfer of the electronic influences to the
catalytically active metal center without restricting it through steric effects. Therefore, catalytic olefin
polymerization activity, which is already very high for the previously studied catalysts, increase
considerably by attaching para-amino groups to the chelating pyridine or quinoline, respectively.
Combining electron rich indenyl ligands with para-amino substituted pyridines lead to the highest
catalytic activities observed so far for this class of organo chromium olefin polymerisation catalysts.
The resulting polymers are of ultra high molecular weight and the ability of the catalysts to incorporate
co-monomer is also very high.

Introduction

Donor functionalized cyclopentadienyl (cp) based chromium complexes such as compounds A — D
(Figure 1) are good pre-catalysts for ethylene polymerization.® The best catalyst properties in this
series have so far been obtained by use of aromatic donor groups where the N-donor is separated by
the five membered ring by a C, spacer (e.g. compounds C or D). Such systems are able to produce ultra
high molecular weight polyethylene (UHMWPE) with complex C being used in multi component
catalyst systems that are able to produce PE blends with high UHMWPE content.’!

Figure 1: Examples of chromium pre-catalysts with N-donor functionalized cyclopentadienyl ligands.

The catalytic properties depend on the ligand structure and the electronic environment they offer to
the metal center. The donor strength of the chelating ligand can be altered by introduction of electron
rich substituents at the N-donor (e.g. B) or at the five membered ring (e.g. alkyl groups in compounds
A, C and D respectively). Previous studies showed, that electron rich cyclopentadienyl or indenyl
ligands improve catalytic activity and the ability to incorporate a-olefins such as 1-hexene to the
polymer chain.!*2> 10 Therefore, we aimed to study the effect of the electron-donating ability of the
neutral N-donor ligand on the catalytic properties in a systematic way (Figure 2).

previous Work: this work:

Alkyl / Silyl substituents para-Amino Donor

Figure 2: Previous and actual work on the influence of substituents.
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It is well known that the basicity of aromatic donors such as pyridine has an influence on its
coordination behaviour, the metal-nitrogen bond length and the complex stability.*"*¥! The basicity is
therefore used as a measure of donor strength of the aromatic N-donors. The basicity of pyridine is
mostly effected by inductive (I) or mesomeric (M) effects. Electronegative substituents cause a
lowering of the basicity, due to —l-effect, while alkyl substituents (+I-effect) increase the electron
density in the pyridine ring and consequently the basicity. Nevertheless, alkyl donor groups play a
minor role compared to mesomeric effects caused by lone pairs conjugated to the pyridine nitrogen
atom. Substituents with lone pairs have the strongest influence if they are located in ortho or para
position, respectively. The Hammett constant o is often used to quantify the electron donating or
withdrawing ability of a certain substituent and correlates with pyridine basicity, which can be
quantified by the pK, value of the protonated form.[*>2 Figure 3 shows pyridine derivatives used in
this study together with their Hammett constant and pK, values from literature data.

2 0.54 0.0

/
G 2 0.2 -0.27 -0.83
para
pKa 5.3321 6.552" 9.47%
_ N— N—( _
CN N\ O NN/ O
\__/ / o d .
/ —
pKa 9.7%4 10.17%3 [al (al

Figure 3: Pyridine derivatives used for ligand synthesis together with Hammett constants and reported
pKa values of the corresponding acids. The donor strength increases from left to right.?> 2224 [a]: To
the best of our knowledge no experimental pK, value is available in literature.

It has been shown that Hammett constants of para-substituents in pyridine-based ligands correlate to
electrochemical data of corresponding metal complexes. Para-substituted pyridines with increased
basicity are used as ligands or as part of a more complex ligand structure in catalytically active metal
complexes.?>3¥ Depending on the catalysed reaction the increased donor ability of the pyridine can
have a significant influence on the catalytic behaviour of these complexes and in some cases catalytic
activity is increased.[2>26: 31, 34]

The effect of the basicity of aromatic N-donors on the catalytic behaviour of corresponding chromium
polymerisation catalysts has not yet been investigated systematically. To the best of our knowledge
very electron rich donor ligands like dimethylaminopyridine (DMAP) have been used in olefin
polymerization catalysts in only one example, a hafnium based catalyst described in a recent patent.3°
The starting point for the work presented here are chromium based pre-catalysts like compounds C
and D (figure 1) which already show an excellent polymerization behaviour for the production of
UHMW-PE. We present the synthesis of a series of new chelating ligands, which keep the so far
successful ligand core (i.e. anionic Cs ring, C, spacer and neutral, sp> N donor atom). However, the
donor strength of the N donor was increased stepwise by introduction of electron rich substituents.
The influence of the donor strength on structural and electronic properties of the pre-catalysts is
evaluated.
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Results

Synthesis of new ligands and complexes. A systematic modification of the donor strength
of pyridines or quinolines is possible by introducing substituents at the 4-position of the heterocycle
(para relative to N atom). By choosing the 4-position, the influence of the substituent is mainly of an
electronic nature, since the catalytic center is in a distal position. Due to the fact, that 4-substituted
pyridines are readily available and pyridines can be easily combined with indenes, we focused on
pyridine functionalized indenyl ligands (Scheme 1). In addition to that, we synthesized quinolyl based
indenyl ligands and quinolyl based cp-ligands as well.

The standard procedure to obtain suitable ligands is the lithiation of a 2-methyl-pyridine or an 8-
bromoquinoline derivative with n-BuLi in situ and the subsequent reaction with an indanone or
cyclopentenone. Water elimination from the resulting alcohol yields the corresponding protio-ligand,
which can be further functionalized with a SiMes; group through subsequent deprotonation and
addition of SiMesCl (Scheme 1). With this procedure we synthesized pyridine-based ligands L1 - L13
and quinoline based ligands L14 — L17 as summarized in Table 1.

Li R! rt 130 min, i 1. LDA
- 2.HCl, 1h 2. SiMe,Cl
2 _—

;§j forR, =H
[ >:N (/\\> Ns
N o 7\ A A

PR wY g

Donor: Py Quin 9-A X: TMG DIMI R Ind IndR Thio

Scheme 1: Standard procedure for the synthesis of donor functionalized cp and indenyl! ligands L1 —
L17. For synthetic details see Supporting Information.
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L Donor X R! R? R3
L1 Py CFs Ind H SiMes
L2 Py H Ind H SiMes
L3 Py Bu Ind H SiMes
L4 Py OMe Ind H SiMes
L5 Py NMe: Ind H SiMes
L6 Py DIMI Ind H SiMes
L7 Py H Ind® H SiMes
L8 Py pyrrolidine Ind® H SiMes
L9 Py pyrrolidine Thio H SiMes
L10 Py NMe: Ind H -
L11 Py pyrrolidine Ind H -
L12 Py T™G Ind H -
L13 9-Az - Ind H -
L14 Quin pyrrolidine Ind H -
L15 Quin T™MG Ind H -
L16 Quin pyrrolidine CHs CH3 -
L17 Quin pyrrolidine CH3 H SiMes

Table 1: Combination of different substituents leading to protio ligands L1 —L17.
TMG = tetramethylguanidine, DIMI = dimethylimidazolidine-imine.

In order to incorporate dimethylaniline as an electron-rich and bulky substituent on the indene or cp
part, we used a different synthetic route: A cyclopentenone or an indanone derivative is reacted with
N,N-dimethylanilline-4-magnesiumbromide leading to donor substituted cyclopentadiene or indene
derivatives. Lithiation with n-BulLi and reaction with a suitable 2-(chloromethyl)pyridine gives the

protio ligands L18 and L19, respectively. (Scheme 2).

R

&

CN \_/
R~ m

.
L18:45 %

R

®

~ s
A
L19: 38 %

N/

Scheme 2: Synthetic procedure for the ligands L18 and L19 with an N,N-dimethylaniline group.

The protio ligands were deprotonated with either n-BulLi, KH or lithium diisopropylamide (LDA) to form
the corresponding lithium salts in situ. It should be noted that deprotonation of silylated ligands L1-L9,
and L17 bearing an N-donor in the 4-position of the pyridine or quinoline, was only successful if LDA
was used as a base. The use of n-BulLi and especially KH lead to partial cleavage of the Cp-Si bond in
these cases. Salt metathesis with CrCls;(thf); gave the complexes 1 - 19 with yields from 30-80 %

(Scheme 3).
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s Ri 1.n.BuLi, KH, or LDA
Y H 2. CrCly(thf)s, thf, 11, 24 h

R,

X = CF3 H, Bu, OMe, NMe, X= H, pyrollidine X = NMe,, pyrrolidine, TMG
1 2 3 4 5 7 8 10 1 12
N—
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X= pyrrolidine, ™G
14 15

Scheme 3: Synthetic procedure and illustration of the new complexes 1 - 19. The complexes are grouped
by structural similarity. Complexes 18 and 19 showed the highest activity for indenyl and cp complexes
of this type so far.

Complex Characterization. The synthesized indenyl complexes have colours from green to
turquoise while cp complexes appear turquoise and deep blue. Most of the complexes are soluble in
dichloromethane, while they are less soluble in tetrahydrofurane or toluene. In general, the solubility
increases, when several alkyl or silyl substituents are present. Complexes 1-6 show a better solubility
than 10-13, while the CF; substituent leads to an exceptional good solubility. However, there are a
couple of exceptions to this trend as the complexes 8 and 13 are of an unexpected very poor solubility.
IH NMR spectra of the paramagnetic complexes are in accordance with the results of previous NMR
investigation of chromium complexes of that type.l! Single crystal structure determination was
successful for complexes 2, 4-6, 12 and 14-18 (Figures 5 and 6). X-ray quality crystals were generally
obtained by slow diffusion of pentane into a dichloromethane solution. Complex 8 was crystalized by
slowly cooling a saturated solution in chlorobenzene from 120 °C to room temperature.

A comparison of x-ray data of the new complexes and of previously published complexes 203¢!, 2112,
22857 and 231 (figure 4) shows, that the Cr-N distance shortens when electron donating groups are
installed at the 4 position of the aromatic donor. Complexes 1-6 can be directly compared with each
other, since they only differ in the 4-position of the pyridine. The experimental (2, 4-6) and calculated

This article is protected by copyright. All rights reserved.
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(1-6) Cr-N bond lengths show a correlation with the Hammett constant of the corresponding
substituent and the maximum of the electronic absorption spectra Amax (see table 2). Calculations were
done by DFT modelling, using the uB3LYP functional and a 6-311G basis set. The calculated bond
lengths in gaseous phase differ from the experimental values in the solid state but follow the same
trend. The Cr-N distances of complexes 7 to 19 are shortened in the same way compared to similar
complexes without a donating 4-substituent. Only the experimental Cr-N distances of 7 and 8 do not
follow this trend (they are equivalent within experimental errors).

If the donor strength at the five membered ring is increased, the interaction with the metal atom is
stronger so that the Cr-N distance becomes larger. This effect is visible by comparison of complexes 20
(Cr-N:2.1076(11) A, no substituents at the indenyl) with 2 (Cr-N: 2.1199(10) A, SiMes and CHs group at
indenyl).

Figure 5: Molecular structures as obtained from x-ray diffraction of complexes 2, 4, (top) 5, 6 (bottom,
from left to right). Blue: C, red: N, green: Cl, purple: Cr, beige: Si, orange: O. H atoms and solvent
molecules are omitted for clarity. Displacement ellipsoids are drawn with 50% probability. For details
of crystal structure analysis see Supporting Information.
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complex su?iic?;ﬁnt 4-substituent  Cr-N[A]exp. Cr-N[AJcalc 6,29  pKa  Amax
20 H, H H 2.1076(11) 2.13234 0 5.331200 682
1 Me, SiMes CF3 -2 2.15123 0.54 L 687
2 Me, SiMes H 2.1199(10) 2.13952 0 5.331201 689
3 Me, SiMes ‘Bu -2 2.12988 -0.2 L 692
4 Me, SiMes OMe 2.1008(11) 2.12507 -0.27 6.552% 695
5 Me, SiMes NMe; 2.079(2) 2.10981 -0.83 9.47%4 701
6 Me, SiMes DIMI 2.076(2) 2.10489 L L 702
18 dimetmlfénmne pyrrolidine é:gg?g;] 2.11156 b 9702 715

Table 2: Experimental and calculated Cr-N bond lengths together with the Hammett constant Opars, the
pKq values of the corresponding pyridine and the maximum of the electronic absorption spectra Amax.
Values in square brackets refer to a second independent molecule in the crystal.
DIMI = dimethylimidazolidine-imine. ?: No crystal could be obtained for 1 and 3. ”: No value was
available from literature. For details see SI.

All complexes were characterized by UV-vis absorption spectroscopy in dichloromethane solution. The
wavelength of the absorption maximum in the visible region (Amax) increases with the electron donating
ability of the pyridine in complexes 1-6. The absorption maximum shifts from 688 nm (1) to 702 nm
(6), if substitution is changed from CF; to 1,3-diimethylimidazolidin-2-imine respectively (table 2). A
plot of uv-vis spectra demonstating this effect is presented in figures S1.1 and S1.2 (see Supporting
Information). The correlation of calculated Cr-N distance, o and Amax is presented in figure 7. Even the
catalytic activity of these complexes reflects this trend to some extent.

All other complexes (7-19) show a similar behaviour: An increased donor strength of the N-donor
ligand leads to a shift of the absorption bands to lower energies (table S1, supporting information) and
the colour of the complexes shifts from green (7, 20, 21, 23, C: no 4-substituent) to turquoise (8, 10-
13, 14, 15)or blue (9, 16, 17, 4-amino substituent). Complex 18 and 19 have a bright green colour due
to some additional strong absorption band around 400 nm caused by the dimethylaniline substituent.
Changing the substituents at the para-amino group has practically no effect on the colour, Amax and Cr-
N bond length (e.g. 5 versus -6 and 10 versus 11, 12 or 13).

Not only the donor ability of the pyridine influences Amax but also the donating ability of the five-
membered ring: If a methyl and a SiMe; substituent (2) is present, Amax increases from 682 nm (no
substituents, 20) to 689 nm (2, table 2). The strong electron donating dimethylaniline substituent has
an even larger effect, as it shifts Amax from 702 nm (6) to 715 nm (18, table 2).

This demonstrates that the electron donating ability of both, the N-donor and the five-membered ring
is able alter the energies of the frontier molecular orbitals in a regular, almost additive manner. With
these findings in mind, we then evaluated the influence of the ligand donor strength to the olefin
polymerization behaviour of the resulting single-site chromium catalysts.

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal 10.1002/chem.202101586

Figure 6: Molecular structures of complexes, 8, 9, 12, 14 (upper line, from left to right) and 15— 18
(lower line, from left to right). Blue: C, red: N, green: Cl, purple: Cr, brown: Si, yellow: S. H atoms and
solvent molecules are omitted for clarity. Only one of two independent molecules is shown for
complexes 17 and 18. Displacement ellipsoids are drawn with 50% probability. For details of the crystal
structure analysis see the Supporting Information.

Ethylene homo and copolymerization. The new complexes were tested in ethylene
homopolymerization and ethylene/1-hexene copolymerization experiments. In order to compare the
catalytic behaviour as a function of the ligand structure we, used standardized conditions (see
description of tables 3 and 4). We focused on the influence of the electron donating groups and
therefore used corresponding complexes without additional para N-donor (7, 22) and the catalysts
described above such as C, 20, 21 and 23 as references. We only performed experiments with catalysts
supported on SiO, with a view to the potential use of the new complexes in multicomponent systems.®
8 The pre-catalysts were activated with MAO and supported with the incipient wetness method.3®
The polyethylenes (PE) obtained were characterized with differential scanning calorimetry (DSC),
viscositmetry and *H NMR spectroscopy (for the co polymers). The molecular weight was determined
from the intrinsic viscosity. The 1-hexene content was measured with *H-NMR spectroscopy.

For a better comparison of the catalytic behaviour, the complexes were grouped according to
structural similarity. In this way it is possible to ascribe the observed effects to specific ligand
structures. The results of the homo- and co-polymerization experiments are given in tables 3 and 4.
The grey bars separate the different groups of complexes.

Homopolymerization results. All tested catalysts produced PE close to or in the UHMW range at
ambient pressure. The results of hompolymerization experiments show, that the introduction of an
additional donor in the 4-position of the pyridine or quinoline generally increases catalytic activity and
leads to higher molecular weights. The Mv produced by reference catalyst 20 is just beneath 1 Mio.
g/mol, while the catalytic activity is 2700 g/(mmol bar h). Similar catalysts with more electron rich
ligand systems produce twice as long PE chains approximately. Depending on the donor and the overall
ligand structure, this effect is more or less remarkable. If complexes 10-13 with an additional 4-amino
group are compared with the unsubstituted reference 20, the catalytic activity and the produced
molecular weight doubles approximately (table 3, exp. 1-5). The effect of the additional methyl group
alone is expected to be rather small.’ It should be noted that complex 13, that has the most electron
rich pyridine, produced less PE than its analogues. This may be due to the very poor solubility of the
pre-catalyst which hampers the catalyst activation procedure. The additional SiMes group is able to
increase catalytic activity and molecular weight as well. This effect becomes apparent by comparison
of 2 with 20 (table 3, exp. 7).

A comparison of complexes 1 -6, where only the substituent at the pyridine part is different, shows
that the ligand donor strength not only correlates with the Cr-N bond length and the light absorption
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maximum (Amax) (vide supra) but also with catalytic activity. The electron withdrawing CF; group in
complex 1 reduces the activity, while electron donating groups increase activity. Nitrogen donors have
a greater impact on the activity than ‘Bu or OMe, which follows the same trend as the Cr-N bond length
and donor strength of the pyridine (table 2 and figure 7).

The good correlation as presented in figure 7 is surprising, as catalytic activity in olefin polymerization
depends on many parameters. On the other hand, the electronic effects of the pyridine substituents
are efficiently transmitted to the active catalyst centre without changing the steric environment in the
first coordination sphere. Therefore, the dependence of catalyst activity on ligand donor strength
should be decoupled from other effects. Interactions between the Lewis basic nitrogen atoms of the
distal donors and Lewis acidic aluminium sites in MAO may also be a factor influencing the catalyst
behaviour. However, we have no experimental evidence for such interactions in the active catalyst.
We assume that aluminium alkyls preferably bind to the surface of the polar support material.

3 4 5 6
5 Bu OMe NMe, DIMI
5900 °19° 704
154 i
5200 E)él [
L 700
4600 .
14 —
[ €
© -696 €
bQ /E L %
0.5 ; [e02 _F
] ] [
0 E/E - 688
/ - 684
054 W -
T

2.I15 2.14 2.I13 2.I12 211 21
[T activity [g/(mmol-bar-h)] Cr-N distance (calc.) [A]
Figure 7: Plot of the calculated Cr-N distance vs. Hammett constant o and the maximum of absorption
spectra Amax Of complexes 1, 2, 3, 4, 5, 6 (from left to right). Corresponding catalytic activities are given
as coloured bars. No o-value for 6 was available in literature. DIMI = dimethylimidazolidine-imine.

As previously reported sterically demanding and more electron rich indenyl ligands like in complex D
can improve catalytic properties as well.®! Therefore we combined this indenyl moiety with para-
pyrrolidinylpyridine to obtain complex 8, that showed a catalytic activity even further increased
compared to its less substituted analogue 7 (table 3, exp. 12, 13).

A similar change in activity by additional para-N-donors is observed for the other groups of catalysts
like indenyl-quinolyl complexes (21, 14, 15), cp complexes (C, 16, 17) and thiophene fused cp complex
9 as well. The positive effects of donor substituents at the pyridine and indenyl or cp moiety regarding
the catalytic activity seem to be additive to some extent. In line with this observation, the highest
activity was obtained when two electron donating dialkylamino groups were installed at the ligand:
One at the pyridine and a second as a N,N-dimethylaniline substituent at the five membered ring
(complexes 18, 19). The activity of 18 and 19 are among the highest for indenyl and cp-chromium
complexes we observed so far. In addition, Mv produced by cp complex 19 is dramatically higher than
that of the SiMejs derivative 9. We attribute these positive effects to a combination of a good electron
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donating ability and the steric bulkiness of the aniline substituent. The rigid structure of the aniline
group prevents coordination of the NMe; group to the metal center. An additional explanation for the
preferential catalytic behaviour of 18 and 19 may come from interactions between the distant NMe;
group and the MAO counter ion, which may lead to a more naked active species, as MAO is kept away
from the metal center.[39-4%

Table 3: Results of ethylene homopolymerization experiments

exp.# complex activity® mass [g] [ dltl/bg] Mv* [A;g"i Tm [°C] crist.9[%]
1 20 2700 2.7 9.25 917 276 124 134 42.9
2 10 5100 5.1 171 2214000 151 138 52.2
3 11 5500 5.5 15.4 1895000 132 137 45.7
4 12 5200 5.2 18.7 2507000 143 135 49.5
5 13 4600 4.6 18.3 2427000 139 137 48.1
6 1 4100 4.1 13.6 1588000 136 137 471
7 2 4500 4.5 20.7 2903000 129 134 44.6
8 3 4600 4.6 18.6 2496 000 142 135 49.1
9 4 5200 5.2 16.4 2070000 139 134 47.8
10 5 5900 5.9 12.6 1422000 135 137 46.7
11 6 6100 6.1 20.4 2841000 131 135 453
12 7 5200 5.2 14.9 1806 000 134 136 46.4
13 8 6500 6.5 11.4 1236 000 142 136 491
14 22 4000 4.0 9.83 1001000 146 137 50.5
15 9 5400 54 10.8 1148000 155 136 53.6
16 21 2700 2.7 15.3 1888 000 112 136 38.9
17 14 5400 5.4 18.4 2443000 140 135 48.4
18 15 5700 5.7 24.0 3590000 127 135 43.9
19 Cc 3500 3.5 10.3 1076 000 147 136 50.9
20 16 4100 4.1 12.3 1383000 156 137 54.0
21 17 4500 4.5 121 1338000 156 136 54.0
22 18 6900 6.9 20.8 2911000 139 135 48.1
23 19 6000 6.0 20.2 2796 000 159 135 55.0

Reaction conditions: 40 °C, 1 bar ethylene pressure, 30 min, 100 mL n-heptane, solid support: SiO2, 1 mmol
Triisobutylaluminum, 2 pmol [Cr], 2 mmol MAO, a = g PE mmol*h?*bar?, b: intrinsic viscosity, ¢: Mv calculated
with Mark-Houwink equation from intrinsic viscosity with K = 6.2 - 10~*dL - g~* o *¥ = 0.7, d: crystallinity of

PE.
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Copolymerisation results. Copolymerization experiments were carried out under the same conditions
as the homo polymerizations but with additional 1-hexene in the reaction vessel. For comparison of
co-monomer incorporation ability of the catalysts, it is sufficient to use only small amounts of co-
monomer. Therefore, we used 2 ml of 1-hexene per 100 ml of n-heptane as standard concentration.
In general, the overall ligand effects on the catalytic activity are the same as for the homo
polymerization experiments: Electron donating groups at the ligand structure give enhanced activities,
especially 4-N-donors at the pyridine or quinoline and the SiMes; or N,N-dimethylaniline group at the
indenyl or cp moiety. Nevertheless, the activity and molecular weights decrease when co-monomer is
present. For catalysts 18 and 19 a strong comonomer effect®? can be observed, which gives them the
highest activities of all performed experiments (table 4, exp. 45-48). In general, the molecular weight
strongly depends on the amount of incorporated co-monomer.

The co-monomer incorporation behaviour is also affected by the ligand structure. The electron
donating para-substituents are able to increase 1-hexene content in all cases except the cp-quinolyl
complexes 16 and 17 (exp. 42-44). This effect is rather strong for complexes 10-13, which incorporate
10 % 1-hexene, while complexes 1-9, 14 and 15 give a 1-hexene content of 7-9 %. In addition to the
highest activities the complexes 18 and 19 also gave the best co-monomer incorporation of 18 % and
13 % respectively (exp. 45 & 48). Experiments with complex 18 and increased co-monomer
concentration gave polymers with 1-hexene content of up to 60 % (exp. 46 & 47). The highest activity
was observed when 7.5 ml of 1-hexene were used per 100 ml of n-heptane, while it decreased when
20 ml were used. The DSC measurements of the latter polymer (exp. 47) did not show any specific
melting point, which indicates a high level of amorphousness.

In summary, we observed that a stronger overall electron donating ability of the ligand lead to
improved polymerization properties. The catalytic activity is significantly increased when additional N-
donor substituents are present at the 4-position of the aromatic N-donor, whereas an N,N-
dimethylaniline substituent at the cp or indenyl moiety is able to increase activity and comonomer
incorporation as well.
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Table 4: Results of ethylene / 1-hexene copolymerization experiments

CHs/

exp. # complex Lh;:ﬁ ne activity® n}:]s s [ dlt,/bg] Mv¢ 10:0 1[-::)(;]':,e [A;g"i Tm [°C] c[;s]te
24 20 2 2000 20 822 835000 10.3 6.2 915 117 317
25 10 2 4400 44 268 156000 15.2 9.1 726 110 25.1
26 11 2 4500 45 746 675000 17.0 10 81.2 113 28.1
27 12 2 4300 4.3 824 778000 17.6 11 69.7 112 241
28 13 2 3900 39 7.64 698000 16.7 10 792 115 274
29 1 2 3500 3.5 9.81 997000 12.0 7.2 60.2 117 20.8
30 2 2 3700 3.7 9.02 885000 13.5 8.1 623 117 216
31 3 2 3500 3.5 810 758000 12.8 7.7 63.2 115 21.9
32 4 2 4400 44 6.87 600000 11.4 6.9 606 116 21.0
33 5 2 5400 54 7.06 624000 14.5 8.7 769 114 26.6
34 6 2 5500 55 10.8 1143000 12.8 7.7 81.3 117 28.1
35 7 2 4200 42 736 662000 13.6 8.2 70.8 119 245
36 8 2 6000 6.0 465 343000 14.0 8.4 114 121 397
37 22 2 4100 41 7.88 730000 11.3 6.8 93.0 115 322
38 9 2 5200 52 433 310000 13.2 8.0 97.5 117 337
39 21 2 2600 26 8.64 832000 10.8 6.5 90.3 113 313
40 14 2 3400 34 7.69 705000 14.7 8.8 69.5 113 24.1
41 15 2 3600 3.6 4.62 340000 15.5 9.3 66.8 113 231
42 C 2 2500 25 6.92 606000 10.7 6.4 918 119 318
43 16 2 4100 41 6.76 586000 9.30 5.6 116 123 40.0
44 17 2 3000 3.0 6.62 569000 6.75 4.1 104 123 361
45 18 2 7200 7.2 5.67 456000 30.0 18 57.8 112 20.0
46 18 7.5 7600 76 3.33 213000 63.3 38 555 107 1.92
47 18 20 6000 6.0 266 154000 101 61 1.56 = 0.54
48 19 2 6600 6.6 6.77 587000 22.0 13 723 114 25.0

Reaction conditions: 40 °C, 1 bar of ethylene, 30 min, 100 mL of n-heptane, 2 umol [Cr], 2 mmol MAO,
solid support: SiO,, co-monomer: 1-hexene, 1 mmol Triisobutylaluminum, a = g PE mmol*h?*bar?, b:
intrinsic viscosity, c: Mv calculated with Mark-Houwink equation from instrinsic viscosity with K =
6.2-107*dL- g™ o Y = 0.7, d: 1-hexene content determined by *H-NMR sectroscopy of PE in
tetrachloroethane at 120 °C, e: crystallinity of PE.
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Conclusion

We systematically altered the donor strength of pyridines and quinolines in donor functionalized
indenyl and cp ligands and synthesized the corresponding chromium complexes. The addition of
electron donating substituents at the para-position with respect to the coordinating N-atom increases
the donor strength of these ligands. This leads to shorter Cr-N distances, which itself show an almost
linear correlation with the corresponding Hammett constant and the electronic absorption maximum.

The complexes were tested in ethylene homopolymerization and ethylene/1-hexene copolymerisation
experiments after activation with MAO. Catalysts with para-amino groups showed significantly higher
catalytic activities compared to their less substituted analogues. The molecular weight of the produced
polymer chains is also increased in most cases and lies in the UHMWPE range. A dimethylaniline moiety
at the five membered ring proved to be favourable in terms of activity and comonomer incorporation.
Derivative 18 showed an activity in ethylene homopolymerization of 6.9 kg polymer per mmol of
catalyst at atmospheric pressure. In addition to that, the dimethylaniline group increase the
comonomer incorporation ability.

We demonstrated that catalytic activity is dependent on the electron donating power of the entire
chelating ligand system. The combination of electron rich indenyl or cp moieties and strong donating
aromatic N-donors gave the highest catalytic activities of this class of catalysts so far.
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