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Single-Site Organochromium Catalysts: Synthesis,
Characterisation by Paramagnetic NMR and Olefin
Polymerisation

Markus Enders

Summary: Chromium(lll)-complexes with monoanionic spectator ligands allow the
preparation of highly active catalysts for ethylene polymerisation. We summarize the
synthesis and NMR-spectroscopic investigations of precatalysts with quinolyl-func-
tionalised Cp-ligands. These complexes have advantageous properties. For spectro-
scopic investigations the rigidity of the ligand framework helps to identify the
species present in solution as fewer conformers are possible. For the application as
polymerisation catalysts the high stability of the activated catalyst is important. We
obtained meaningful analytical data by paramagnetic NMR, combined with DFT-
calculation of the spin-density. These and other investigations lead to the conclusion,
that the active species is a cationic chromium(lll)alkyl complex. However, at present
we have not enough information about the exact structure of this species in the

Introduction

Chromium based catalysts play a significant
role in coordination polymerisation of a-
olefins. Heterogeneous silica-supported
systems, like the Phillips!!! or Union
Carbide!”! catalysts, are among the most
important catalysts for the production of
polyethylene. The Phillips-catalyst show
several important differences compared
to Ziegler-Natta-type heterogeneous (e.g.
MgCl,/TiCl4/AlR3) or many homogenous
single-site catalysts (e.g. Zirconocene/
MAO). Some characteristics of the Phil-
lips-system are:"®! a) an oxidic support is
necessary, b) no co-catalyst is required, as
the ethylene itself activates the catalytic
centres (induction period), ¢) the catalyst is
able to trimerize the a-olefin, d) hydrogen
does not lead to a significant effect on the
molecular weight distribution of the poly-
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absence of coordinating solvent molecules.
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mer, e¢) the oxidation state of most
chromium centres in the active catalyst is
+2, f) different catalytically active sites are
present (multi-site catalyst).

Several molecular, single-site chromium
catalysts have been developed, but only a
few systems have chromium(II)-centres.[*!
In this context it is surprising that nearly all
molecular chromium polymerisation cata-
lysts bear the metal in the oxidation state +3.
Several ligand types have been used, which
can be categorised in the following way:

1. neutral tridentate donor ligands which
coordinate a) facially (e.g. 1°7); b) meridion-
ally (e.g. 2!!); 2. monoanionic chelate ligands
which are sufficiently large for the protection
of a CrX,-fragment (X=halogen atom)
realised as a) donorfunctionlised Cp-ligands
(3" or as b) bidentade or tridentate ligands
with one anionic donor atom like the steri-
cally demanding phenoxy-imine system 418,

Dianionic chelate ligands are less favour-
able as only one reactive, anionic substituent
could remain in neutral chromium(III)-
complexes. If the monoaninic spectator
ligand is not demanding enough, undesired
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Examples of chromium(lil)complexes which lead to highly active ethylene polymerisation catalysts.

complexes with two such ligands may form.
Therefore donorfunctionlised Cp-ligands
are ideally suited for the development of
improved Cr(III)-catalysts. It has been
shown before, that half sandwich Cr(III)-
compounds which are coordinated by an
additional nitrogen donor exhibit high
polymerisation activities for ethylene, some
of them are also capable of copolymerizing
ethylene with higher a-olefins.[’l However,
many of the systems described, decompose
slowly after activation or are unstable
during polymerisations at high temperatures
(>80°C), which is important for industrial
applications. In order to increase the
stability of Cr(III) half sandwich com-
pounds, quinolyl or N,N-dimethylanilinyl
functionalised  cyclopentadienyl ligands
have been introduced by us. These ligands
have an ideal, rigid geometry for the
formation of half sandwich compounds.
Consequently stable chromium(IIT)com-
plexes have been obtained and used as
precatalysts for olefin polymerisation.

Ligand and Complex Synthesis

We used several standard and newly devel-
oped routes for the synthesis of cyclopenta-
dienyl-ligands functionalised with aromatic
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Figure 2.
Synthesis of quinolylcylcopentadienes.
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substituents and a neutral N-donor func-
tion.'’! The main synthetic method for
quinolylcyclopentadienes (7) is the addition
of 8-lithioquinoline (5) to substituted cyclo-
pentenones or indanones (Figure 2). The
reactions are successful when at least the R*-
substituent is different from H. In derivative
H7a a C-H-N-hydrogen bridge is present in
solution and in the solid state. For all
derivatives studied the isomer H7b is the
thermodynamic product. Analogous synth-
eses have been performed for Cp-ligands
substituted with o-N,N-dimethylaniline (see
complex 16 in Figure 4).

Treatment of 5§ with the non-substi-
tuted cyclopentenone 6 (R' — R*=H)
does not lead to satisfactory results as side
reactions like deprotonation of 6 and
polymerisation of the formed cyclopenta-
diene dominate. Therefore 8-lithioquino-
line (5) has been added to cobaltocenium
iodide. The cobaltocenium cation [(n’-
CsHs),Co)]" can be described as a com-
plex between the unstable CsHs-cation
and a neutral CpCo-fragment. From this
description it is obvious, that anionic C-
nucleophiles add to the formally positive
CsHs-ring and a neutral n4—b0und CsHsR-
ligand is formed (Figure 3). The new

H7a H7b
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Addition reaction to [Cp2Co]+-salts and liberation of the ligand H8.

cyclopentadiene H8 can then be liberated
by oxidation with FeCl;. Without coordi-
nation to the cobalt, H8 is thermally
unstable, so it has to be transformed at
low temperatures into its stable alkali
metal salt M8 (M =Na or K).

The formation of the desired chromium
complexes is straightforward: The respec-
tive ligand precursors are deprotonated by
lithiumalkyls or favourably by sodium- or
potassium hydride. Succeedingly chrom-
iumtrihalide salt is added and under
elimination of the alkali halide the com-

R1 R1T_M+

2

Figure 4.

[CrXa(THF)5]

plexes form in moderate to good yields.
Depending on the solubility of the complex,
the separation and purification is easy but
sometimes problematic.

For the synthesis of 15 we treated
[CrCLMe(THF);]™! with the potassium
salt K17 and obtained a mixture of
the desired compound together with the
dichloro-derivate 13. The product mixture
is maintained after crystallisation (proven
by a single-crystal X-ray analysis where the
CH;-group is statistically replaced by Cl-
atoms).

Synthesis of chromium(lil)complexes with rigid, N-functionlised Cp-ligands and molecular formulas of the

complexes 9-16.
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Figure 5.
Reaction of K17 with [CrCl,Me(THF),].

NMR-Studies with Paramagnetic
Organochromium Complexes
NMR-spectroscopy is a powerful tool for
the investigation of catalyst/cocatalyst com-
binations in the presence of the reactive
substrates. With diamagnetic catalyst/co-
catalyst systems, NMR studies have led to a
detailed knowledge of initiation, propaga-
tion and termination steps of the polymer-
ization process.'”l In the case of
chromium(III)-based compounds the para-
magnetic character leads to strong shifts
and broadening of the NMR signals."! In
addition, the assignment of the experimen-
tal NMR shifts to nuclei of the known
compound is not always possible. These
NMR-properties have led to the belief that
NMR spectroscopy is less useful for the
characterization of paramagnetic com-
pounds. Therefore, the literature often do
not report NMR shifts of such molecules
although it is often quite easy to obtain their
'"H-NMR spectra.[14]

In many cases, the catalysts have to be
activated with a cocatalyst, so that signifi-
cant overlap of the NMR-signals of the
catalyst and the cocatalyst has to be
avoided. Therefore these investigations
are generally carried out with non standard
activating agents and/or isotopically
marked systems. If methylaluminoxane
(MAO) is used for the activation, at least
50 equivalents of Al per catalyst molecule
are necessary. Thus, the normal window for
'"H-NMR is dominated by the excess of
cocatalyst. In these cases, paramagnetic
systems are advantageous for NMR studies,
as the NMR-signals are dispersed over a
larger region and therefore overlap with the
signals of diamagnetic species (like for
example the co-catalyst) is less important.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The unpaired electrons lead to electron
spin polarization of the surrounding elec-
trons which themselves shield or deshield
the nuclear spins. Consequently the NMR
signals of the nuclei are shifted to higher or
lower frequencies, depending whether the
spin density is positive or negative. This
allows the observation of well-resolved
signals wide apart from the normal ‘“dia-
magnetic region”. For some paramagnetic
chromium complexes, systematic NMR-
investigations were carried out, mainly by
the group of Kohler. From these studies on
and bimetallic complexes, the
authors obtained spin density maps of
several molecules, assignments and inter-
pretations of 'H- and C-NMR data.
However, up to now it is difficult and
sometimes even impossible to predict
paramagnetic shifts of organometallic com-
pounds.

In many cases the Fermi contact inter-
actions dominate the isotropic shifts experi-
enced by NMR active nuclei. Thus,
calculations of Fermi contact coupling
constants based on ab initio and density
functional methods have been reported in
order to predict the hyperfine shifts. The
theoretical studies have mainly focused on
small organic paramagnetic systems,!”!
whereas the application to transition
metal-based systems have been accom-
plished only recently by a few groups.!*®!
Organochromium complexes previously
studied by NMR have up to five different
'"H-NMR signals, complexes 9 and 13 have
already eight and 10-12 up to eleven 'H-
NMR signals (Figure 4). However, due to
the rigidity of these complexes, static
molecular structures obtained by DFT-
calculations represent well the species

mono-
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present in solution. This is a big advantage
when using the technique described below.

In Figure 6 the '"H-NMR of 13 is shown
as an example (upper spectrum). Six
resonances outside the ‘‘diamagnetic
region” are observed together with a
verybroad and weak signal around —80
ppm. The eighth signal of 13 lies in the
diamagnetic region and is hidden by
residual solvent signals and diamagnetic
impurities. Integration allows the assign-
ment of the signals at +28 and —41 ppm to
the methyl groups at the Cp-ring (six H-
atoms compared to one H-atom for the
other signals). At a first sight, the chemical
shifts of the methyl groups with negative
and positive signs are not expected, as the
number of bonds between the H-atoms and
the Cr*"-centre are identical and therefore
the signs of the spin densities should also be
the same. However, a similar behaviour was
reported for octamethyldiphosphachromo-
cene, where the phosphorous atoms lead to
a lower symmetry.m] In complex 13, the
coordination of the quinoline moiety to the
chromium centre leads to the fixation of

the Cp-ring orientation relative to the
orbitals of the CrCl,-fragment. This
allows for the alternation of spin-density
in the m>-bonded ring. The signals in the
heterocyclic part of the quinoline are
at similar positions as reported by Kohler
for dichlorocyclopentadienyl-pyridinechro-
mium(IIT)."**) The assignments are con-
sistent with the typical feature of the Fermi-
contact shift: the sign changes with the
number of bonds between the paramag-
netic centre and the observed nucleus.!")
For an odd number of bonds, a negative
spin density and therefore a negative cont-
act shift is expected, whereas for an even
number of bonds the inverse signs should
be observed. In our case, the H>-hydrogen
atom at the quinoline is close to the metal
so that both, dipole-dipole interaction and
Fermi-contact shift contribute to the che-
mical shift and line broadening. The line
broadening associated to the dipolar shift is
proportional to r~°, (r = distance between
the paramagnetic centre and the nucleus
under study). This fact leads a very broad
signal at —78 ppm for the hydrogen atom of

HE

Figure 6.

'H-NMR spectra of 13 (top) and a 3:1 mixture of 15 and 13 (bottom). The dotted lines connect signals of 13, while
the dashed lines point to corresponding signals in 15. Asterisks show the signals of the four inequivalent CH,-

groups in 15.
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the quinoline closest to the metal (H? signal
only visible after amplification of the
spectrum).

Theoretical Prediction of Paramagnetic 'H-
NMR Chemical Shifts

The chemical shift in paramagnetic com-
pounds is a sum of diamagnetic and
paramagnetic contributions (8,ps = d4;2 + 8-
dpara)- The paramagnetic shift, Sp,,, is
the sum of the Fermi-contact and the
dipolar contribution (8para = dcon + ddip)-
The Fermi-contact shift is directly propor-
tional to the contact spin density, pag, at
each nucleus. For the chromium com-
pounds investigated, S=3/2 so that the
relationship between the Fermi-contact
shift (in ppm) and the contact spin density
(atomic units per ppm) can be expressed as:

8con = 2.0051 - 10° p,,g 1)

A rough estimation of the dipolar
contribution to the chemical shift shows,
that only H? which is sufficiently close to the
metal centre could have significant dipolar
shifts. Depending on the magnetic axis
present in the compounds studied, this
contribution lies in the range between
—11.7 and +23.4 ppm and is even for this
position much less important than the
Fermi-contact contribution (—85 ppm for
H?). For all other H-atoms the maximum
dipolar contribution is calculated in the
range from —3 to +6 ppm.I®!

The determination of the spin-density
distribution by quantum-chemical methods
allows the calculation of the contact shift
(8con) and hence the interpretation of
observed NMR-shifts. After validation of
the model by comparing calculated shifts
with experimental values, NMR-shifts of
new compounds or reaction intermediates
can be predicted. As several chromium(III)-
complexes with similar, well defined geo-
metries are available, the theoretical model
could be well validated. In order to get
satisfactory results, it was necessary to
calculate the minimum energy structures
on a relatively high level of theory
(UB3LYP/6-311G(d)). Difficulties arise for

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the positions where several rotational iso-
mers are present in solution which is true for
the CHj-groups. For these groups it is
necessary to take the average of corrected,
angular dependent spin-densities by using
the formula: p,s =B COSz(cp) Pap(cale) The
best results are obtained with a B-value of
1.0. The calculated spin-densities correlate
very well when a constant of proportionality
between p,g and S, Of 1.8862 - 10° is used
(instead of the theoretical value in formula
(1), see above). A comparison of the
experimental and the calculated values of
different quinolyl-Cp-chromium complexes
is given in Figure 7. It can be seen, that the
values correlate well, and that prediction of
chemical shifts is possible. This correlation
indicates that the NMR hyperfine shifts are
dominated by the Fermi contact shift.

The methodology has led to a complete
assignment of the experimental '"H-NMR-
shifts in the complexes 8 -16. Deviations
between the calculated NMR-shifts, based
on the calculated spin densities and the
experimental NMR data could result from
dipolar shift contributions. These differ-
ences can be used to gauge the contribution
of dipolar shift to the overall shift. As
shown in Figure 6, the "H-NMR-spectrum
of the methyl-chloro complex 15 was
compared with the spectrum of the dichloro
derivative 13. The resonances are wider
apart from the diamagnetic region than
those of 13. This fact can be explained by
the calculated contact spin densities of the
geometry-optimised molecule. For all
hydrogen atoms, the absolute value of the
contact spin density at the nuclei is larger
than in 13. The values are particularly
different at the methyl groups. The spin
densities at the hydrogens of the CpCHjs-
groups located at position trans relative to
the Cr-CHj-group, is very high so that a
strongly shifted NMR resonance should
result. Indeed, this is the case for one CHs-
group in the 'H-NMR of 15 (observed
168 ppm, predicted 146 ppm, see Figure 6).

Polymerisation Results
The complexes 9-14, 16 and several other

derivatives are precursors for highly active
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Calculated contact spin density |, . (au x 10%)
—

Figure 7.

Experimental paramagnetic shift, é ... {ppm}

Paramagnetic shift vs. contact spin density at hydrogen atoms in complexes 1 - 8 calculated with UB3LYP/6-

3ng(d).

polymerisation catalysts for ethylene.[lg]
Higher «-olefins are polymerised as
well but with much lower catalytic activity.
All compounds need a co-catalyst, which
is able to alkylate the metal as well as
to abstract an anionic ligand. For this
purpose methylaluminoxanes (MAQ) are
ideal. We monitored the activation process
by paramagnetic NMR-, EPR- and UV-
vis-spectroscopy. General observations are:

Activation of Catalyst

MAO was used for activation. After
addition of 50 equivalents of Al per
chromium atom, the activation is complete.
We have no evidence from spectroscopy,
that more MAO changes the catalytic
species. The colour of the solution changes
from blue or green (depending on the
derivative used) to pink-violet upon addi-
tion of the co-catalyst. A combination of
alkylating agent and a proton source with a
weakly coordinating anion (e.g. R,Mg/N,N-
dimethylalinium-BArF) is also a successful
co-catalyst.[zol

Solubility of the Active Catalyst

The activated catalyst is soluble in toluene
to a small extent. The solubility is sufficient
for homogeneous catalyst solutions in

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

typical polymerisation experiments (cata-
lyst concentration < 107> mol/l). Consid-
erably higher concentrations lead to
precipitation of the active catalyst as an
intensely coloured violet, viscous oil. This
oil is well soluble in polar solvents like THF
or o-diflourobenzene.

Stability of the Catalyst

Decomposition of the catalyst into an
inactive form is always accompanied by a
disappearance of the typical pink colour of
the active system. Therefore the stability can
be monitored easily by following this colour
change but also by EPR-spectroscopy. In
addition we have tested the polymerisation
activity of systems at high temperatures and
after a delay of several days. In the absence
of air, humidity or reactive solvents, the
active catalysts are stable for at least
one week at room temperature or one hour
in boiling toluene. Some derivatives can be
transformed back to the precatalyst by
addition of acidified water and extraction
with dichloromethane.

Structure of the Active Catalyst

We have determined the magnetic
moments in solution and the temperature
dependence of the paramagnetic NMR-

www.ms-journal.de
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Figure 8.

'H-NMR-spectrum of 13 and MAO (50 eq. Al) in d®-THF.

shifts. These measurements give us infor-
mation about the nuclearity of the mole-
cules in solution, as aggregation should lead
to different magnetic suszeptibilities and to
deviations from the temperature behaviour
described by the Curie-law. As expected,
all precatalysts are monomeric in solution.
The activated catalyst is also monomer
when a donor solvent like THF is present.
The question whether the activated com-
plexes aggregate in non-coordinating sol-
vents cannot be answered at this stage. A
paramagnetic '"H-NMR of a catalyst solu-
tion in d®-THF is shown in Figure 8. The

mE

N—=Cr=—THF
\
Me

Figure 9.
Model for the activated catalyst in the presence of
coordinating THF-solvent.

-20 -40 -6 0 -80

observed signals are consistent with a
cationic chromium(IIT)complex and a coor-
dinated THF-molecule. This has been
confirmed by calculation of the spin-density
distribution for the model compound
shown in Figure 9.

Catalytic Activity

The activity in ethylene polymerisation was
measured by running polymerisation exp-
eriments at temperatures between 25 °C and
100°C in toluene solution for 30 min and
weighing the produced polyethylene. In
addition the ethylene gas consumption was
monitored with a mass flow meter. The
activity decreases only slightly during poly-
merisation. In a typical run, the gas flow
after 30 minutes is about 2/3 of the gas flow
in the first 5 minutes (for technical reasons
we cannot measure the activity in the first
minute of the polymerisation). This behav-
iour comes from the gradual inclusion of the
active centres in the produced polymer and
is consistent with the described stability of

=> increasing catalytic activity in the polymerisation of ethylene =

Figure 10.

Activity sequence for selected catalyst precursors after activation with MAO.
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the active form of the catalyst. At atmo-
spheric pressure and room temperature,
catalyst activities lie between 1200 and
2500 Kg product per mol catalyst per hour.
At higher pressure much higher activities
are observed as the concentration of ethyl-
ene in the toluene solvent is much higher
and there are fewer limitations due to slow
gas diffusion. At 5 bar ethylene pressure for
example the pressure normalised activities
lie around 5000 kg(PE) mol !(cat) bar ~1.
The substitution pattern of the spectator
ligand influences the catalytic activity in the
following way: Substituents in the 2-postion
of the quinoline lower the activity consider-
ably. Substituents at the Cp-ring increase
the activity. For comparison we determined
the activity in ethylene polymerisation
with the catalyst CsHsZrCl,/MAO. The
sequence from lower to higher activities
for selected examples is shown in Figure 10.

Conclusion

Molecular chromium complexes are promis-
ing candidates for industrially applicable
single-site polymerization catalysts. The
systems described in this report profit from
high stability and the spectroscopic investi-
gations profit form the rigid and therefore
well defined geometries of the compounds.
The investigation of catalytically active
species by NMR-techniques has to be
combined with quantum chemical calcula-
tions. This technique leads to a better
understanding of homogeneous paramag-
netic chromium catalysts. At this stage it is
difficult to predict the effects of the ligand
framework on the catalyst characteristics and
on the properties of polymer produced.
Therefore more information about the
elemental steps in the olefin formation have
to be obtained in future.
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