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Summary

Metallocene/methylaluminoxane and single componeiftl)Pchtalysts are compared to
methylaluminoxane activated Ni and Pd-catalysts for the vinylpolymerisation of
norbornene. Ni(ll), Ni(0) and Pd(Il)-comounds were found to be orders of magnitude
more active than metallocenes and produce polymers of much higher molecular weights
Polymerisation kinetics for these systems have been studied in detail and reflected higl
initial activity followed by significant catalystedctivation. Based on NMR-spectroscopy
and WAXS five types of polynorbornenes have been identified and structures are
proposed.

Introduction

Transition metal catalysts may polymerise norbornene by ring opening metathesis
(ROMP) or by addition to the double bond (vinyl polymerisation). Group 4 metallocenes

in combination with methylaluminoxane promote the vinylpolymerisation (1) as well as

L,PdX, catalysts (2) which even tolerate functional groups or water as the reaction
medium. Recently Risse (3) , Novak (4) and Goodall et al. (5) described a new class o
catalysts based on Ni- and Pd-allyl compounds for the vinylpolymerisation of norbornene
and derivatives.

- D — —

ROMP Vinylpolymerisation

In context with their invention we have studied the polymerisation of norbornene by
Ni(I1)- and Pd(ll)-salts in combination with methylalunoixane (mao) as a cocatalyst (6)
and compared their catalytic performance to those of metallocene/mao and mao free Pc
catalysts.
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Experimental Part

Ni- and Pd-compounds used were commercial samples, while biscyclopentadienyl
zirconium dichloride (CgzrCl,), rac-ethylenebis(1,1'indenyl) zirconium dichloride (rac-
[CH,(Ind),]ZrCl,), rac-ethylenebis(4,4',5,5',6,6",7,7’-tetrahydro-1,1'-indenyl) zirconium
dichloride (rac-CH,(H,Ind),)ZrCl,), rac and meso-dimethylsilyl(1,1’-indenyl) zirconium
dichloride (rac- and meso- rac-[M#(Ind),]ZrCl,), Isopropylidene(cyclopentadienyl)(9-
flourenyl) zirconium dichloride (IM£(Cp)(Flu)]ZrCl), and Diphenyl
methylidene(cyclopentadienyl)(9-fluorenyl) zirconium dichloride ,{Rp)(Flu)]ZrCl,

were prepared according to tlierature (7). Mao was purchased from Witco and used as
a solid after removal of toluene and volatile trimethylaluminium. All manipulations were
carried out in an Ar-atmosphere using Schlenk-techniques. All polymerisations were
conducted in a total volume of 50ml and the polymers were isolated by precipitation from
Ethanol and filtrathn. Polymers were dried in a vacuum oven &C60ntil no more loss

of weight is observed. Kinetics were determined from the yield of parallel runs quenched
at different times.

Molecular weights and molecular weight distributions were measured by GPC°at ih35
trichlorobenzene. CPMAS-spectra were measured atClOfulse angle 90 relaxation
delay 3s using a Bruker MSL 300. WAXS was measured using a Siemens D500.

Results

The Ni/ and Pd/mao catalysts were found to be orders of magnitude more active than thi
well known metallocene/mao and mao free Pd-catalysts. Due to the large difference of the
activities it was not possible to compare the catalysts at the same catalyst concentratior
and times of polymerisain. Condtions were chosen in order to keep the monomer
conversion below 10% and to keep the system isotherm (with the highly active Ni- and
Pd-catalysts higher catalyst concentrations lead to significant increase of the temperature
Besides the Ni(ll)-salts, Nacac) and Ni(2-ethylhexanoatg)(COD)Ni(0) was found to
generate an active catalysts in combination with mao. A direct comparison shows
Pd(acac)mao-system to be much more active than the Ni(gdoaad catalysts. While all
Ni-catalysts produce polymers which are totally soluble in toluene Pd catalysis led to
instantanous preciptation of the polymer. It is also possible to increase the productivity of
(CH,CN),PdCl, and (CHCN),Pd(BF), by adding methylaluminoxane. The major
disadvantage of these catalysts is the low solubility of the catalyst precursors in solvent
like toluene.

In case of soluble polymers molecular weights and molecular weight distributions have
been determined by means of gpc and viscosity measurements. The polymers generat
by Ni-catalysts feature much higher molecular weights than those from metallocene/mac
systems, while the narrow molecular weight distribution indicates a single active species.
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For the new catalysts Ni(2-ethylhexanogtd)i(acac) and Pd(acag)polymerisation
kinetics have been studied in detail. Plotting conversion vensigssshows that the three
catalysts show a rather high initial activity followed by a rapid decrease.
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Fig.1: Kinetics of the norbornene polymerisation at 22°C. All experiments were
conducted using 150mg mao and 0.1 mol norbornene in toluene (total volume
50ml). (LJ) 5+10° mol/I Ni(acac),, (M) 5¢10° mol/l Ni(2-ethylhexanoate),, (O) 210
¢ mol/l Pd(acac),.

Although the rate profiles ardnsilar, Ni(acac) is found to be more active than Ni(2-
ethylhexanoate) The difference of the two catalysts systems is also reflected if additional
catalyst (5» 10 mol) is added after 19.5h of polymerisation. While in case of Ni(acac)
conversion did not significantly change within the next 2 hours for Ni(2-ethylhexanoate)
it increased from 28 to 40%. In order to study the activation in more detail the Al/Ni ratio
has been changed by varying the Ni concentration at a constant Al concentration and vic
versa. While the rate of the Ni(acgdo)ao catalysed polymerisation of norbornene was
found to be first order, the problem of deactivation Ni(2-ethylhexandatedflected in a
mutual reaction order of four with respect to Ni and the fact that, contrary to the Nj(acac)
system, at a given Ni-concentration the activity is not enhanced by increasing the Al/Ni
ratio above 10 000.

Investigations of the temperature dependence of the conversion showed a rather linee
decrease of conversion for the Ni(2-ethylhenangaytem while the Ni(acactatalyst
showed a small increase of conversion between -20 ait@l &d a plateau above 8D
Pd(acac)shows an optimum activity abaut 30C and a significant decrease of activity

at lower and higher temperatures.
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Fig.2: Temperature dependece of the activity of the Ni- and Pd/mao catalysts. All
experiments were conducted using 150mg mao and 0.1 mol norbornene in toluene
(total volume 50ml). (O0) 510° mol/l Ni(acac),, (M) 5¢10° mol/l Ni(2-
ethylhexanoate),, (O) 1+10° mol/l Pd(acac),.

Polymerisation by Ni(acaginao in different solvents shows that more polar solvents like
1,2-dichloroethane enhance the reaction significantly (again the catalyst concentration ha
to be lowered in order to work isotherm), while the rate profile did not change. In contrast
the polymerisation in hexane resulted in polymer precipitation and the system is totally
inactive after a few minutes.
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Fig.3: Kinetics of the norbornene polymerisation using Ni(acac),/mao in different
solvents at 22°C. All experiments were conducted using 150mg mao and 0.1 mol
norbornene in a total volume of 50ml. (CJ) 5¢10° mol/l Ni(acac), in toluene,
(®)1.25+10° mol/l Ni(acac), in 1,2-dichloroethane, (4) 5+10° mol/ Ni(acac), in
hexane.
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Generally polynorbornenes may be grouped into those soluble in toluene and those
precipitating during the polymerisation. WAXS afid@-CPMAS investigations as well as
high temperature high resolutioic-NMR investigations of the soluble polymers confirm

the different structures of the polymers and enable a further classification. CPMAS-
investigations showed 3 basic types of spectra:

CPMAS-TypeI:

spectrum of a polynorbornene
produced by Ni(acac),/mao at 22°C
in toluene

70 60 50 40 30 20

CPMAS Type II:

spectrum of the crystalline poly-
norbornene produced by
rac-[Me,Si(Ind)]ZrCl,/mao at 22°C
in toluene

70 60 50 40 30 20

CPMAS-Type I1II:
spectrum of polynorbornene produced

by Pd(acac),/mao
at 22°C in toluene

70 60 50 40 30 20
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For CPMAS-type | (and the closely related type II) assignements have been madé before
while type Il represents a new class ofypmrbornene. Among the soluble polymers the
products generated by the three Ni-catalysts show no significant differences in their
WAXS and “C-NMR spectra. [Mg(Cp)(Flu)]ZrCl, and [PhC(Cp)(Flu)]ZrCl in
combination with mao also yield soluble polymers showing CPMAS spectra almost
identical (CPMAS-type 1) to those of the Ni-products and only small differences may be
found by comparison of the WAXS and th€-NMR spectra in solution. We have
previously investigated the microstructure of norbornene oligomers produced by
[Me,C(Cp)(Flu)]ZrCl/mao and deduced a erythrodisyndiotactic microstructure of low
stereoregularity for the polymer. Therefor we also propose a microstructure of low
disyndiotacticity for the products generated by the Ni-catalysts.

rr-triad mm-triad mr-triad

Fig.4: Stereochemistry of the 3 triads of an erythroditactic polynorbornene

CpZrCl/mao is another catalyst producing a soluble polynorbornene again the CPMAS
is similar to the ones describeldowe (type 1), but there is a significant difference in the
WAXS and the high resolutio®C-NMR spectra. Again based on oligomerisation
experiments a microstructure containing rather no rr-triads has bepospd for this
polymer (the polymerstructure is placed between heterotactic and isotactic).

Among the insoluble polymers three subtypes are found: ragSjlfied),)ZrCl, is the

only catalyst producing a semicrylitae polymer (CPMAS-type II) as reflected by the

WAXS. Based on our
oligomerisation  experiments an
erythrodiisotactic microstructure is
proposed.

The products made by the Pd-
catalysts, rac-[(,(IndH,),]1ZrCl.,
and meso-[Mgi(Ind),]ZrCl, show
an increased number of resonance
in the CPMAS spectra which may be
interpreted in terms of significant
changes of the microstructure
(CPMAS-type Ill). These changes
are most probably caused by
crosslinks.

We were able to isolate a pentamel
from a lvdroolicomerisation of
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norbornene catalyzed by rac;H(IndH,),]ZrCl, and the X-ray structure shows a
trisubstituted norbornene unit. All norbornene-norbornene linkages show a meso
arrangement of the monomer units.

WAXS as well as the intensity distribution of the CPMAS show a difference between the
products generated by the Pd-catalysts and the meso metallocene. While WAXS of the
“Pd-products” are imilar to the ones dund for the more or less ,isotactic“-working
metallocenes rac-[M8i(Ind),]ZrCl, and CgzrCl,, the one of the polymer produced by
meso-[MeSi(Ind)]ZrCl, corresponds to the ,atactic* polynorbornenes produced by the
Ni-catalysts and [[C(Cp)(Flu)]ZrCl/mao (R=Me,Ph). Therefore we propose and atactic,
crosslinked structure for the polynorbornene generated by the meso-metallocene and a
diisotactic,crosslinked structure for the ones from Pd-catalysts.
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