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Abstract

Homoleptic allyl complexes of divalent metals,"[,3-C;Hs(SiMes),]> (1, M=Cr; 2, M=Fe; 3, M=Ni; 4, M=Co) activated with
methylaluminoxane (MAQO) have been tested as catalysts for the polymerization of norbornene. Whereas the iron and cobalt systems wel
poorly active, both the nickel and chromium complexes were very productive and gave high molecular weight poly(norbornene)s, although
the polymers generated by Cr and Ni differed significantly in the degree of stereoregulatjty,382Z;Hz(SiMes),], polymerized ethylene
in the absence of any cocatalyst but, surprisingly, was deactivated by MAO, whéB¢&sFs); showed moderate activity at 2G under
1 bar of ethylene. NMR experiments suggest that fBJ; acts as a one-electron oxidant to generate thé (alyl),]* cation. Although
ethylene/norbornene copolymerizations were possible WRKCsFs)3, the activity was much lower than in ethylene homopolymerizations,
and only limited amounts of norbornene could be incorporated. The catalytic behavior of this Cr(ll) precursor contrasts sharply with that
of the Cr(IV) alkyl complex Cr(CHSiMe;), (5)/MAO which polymerizes ethylene but reacts with norbornene to give oligomers, mostly
trimers—pentamers. On the other harf®iNIAQO is highly active for ethylene/norbornene copolymerizations and gives high molecular weight
copolymers. Significantly, catalyst activity increases with increasing norbornene concentration. The copolymers show block-structure, anc
incorporated norbornene is present at the least as di-norbornene units, even at incorporation levels as low as 10 mol%. At higher norborner
concentrations, NNN sequences prevail.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction vinyl addition polymerization of norbornene results in a sat-
urated polymer which retains the bicyclic structural ]t
Bicyclo[2,2,1]hept-2-ene, better known as norbornene Polynorbornenes (PNBs) produced in this manner show high
(NB), can be homo-polymerized via three distinct pathways, chemical resistance, high optical transparency, a low dielec-
each leading to polymers with different structures and proper- tric constant and high glass transition temperatuiigsup
ties[1]. Of these three processes, the ring-opening metathesigo 370°C). Typically, complexes of nickel, cobalt, titanium,
polymerization (ROMP) has been most widely investigated zirconium and palladium have been employed for the vinyl
[2]; it generates a polymer with an unsaturated backbone andpolymerization of norbornend,5].
high solubility in a wide range of organic solvents. Cationic Ethylene—norbornene (E—N) copolymers were first ob-
and radical polymerizations result in low molecular weight tained with metallocene—methylaluminoxane based catalysts
oligomers with 2,7-connectivity of the monom@&j. Lastly, [6]. The resulting amorphous E—N copolymers are of great
interest owing to their transparency, high water vapor

* Corresponding author. Tel.: +44 1603 592044; fax: +44 1603 592044, Tesistance and biocompatibilif$,7]. This combination of
E-mail addressm.bochmann@uea.ac.uk (M. Bochmann). properties suggests potential applications in optics, such as
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compact disc coatings and also as pharmaceutical packaginginternally to the D-coupled®C resonances of the NMR sol-
The most widely reported ethylene—norbornene copolymer- vent. Fé., (2) [22] and Cr(CHSiMes)s (5) [23] were pre-
ization catalysts are metalloce[&8,9], half sandwich{10] pared according to published procedures. Norbornene was
or constrained geometry (CGC) based syst¢his-13] in stirred over molten potassium at 80 under nitrogen for 4 h
combination with MAO. With these catalysts, copolymers and distilled. Ethylene was dried by passing through a col-
with up to ca. 70mol% norbornene content have been umn of supported #0s, followed by a column of activated

described, although catalytic activity decreases with increas-4 A molecular sieves and finally a silicone oil bubbler con-
ing norbornene concentration. These catalysts show no ortaining EpAIO(CH,)7CHs.

only very low activity in norbornene homopolymerizations
[10,11b] , :

Despite the widespread use of heterogeneous chromiumz'z' Preparation of Cr[1,3-6Hs(SiMe)2] 2 (1)
catalysts for the polymerization of ethylene, for example the
Phillips proces§l4], only a limited number of homogeneous
chromium catalysts for ethylene polymerization have been
reported, almost exclusively based on bulky cyclopentadi-
enyl and chelating N- and O-donor liganfis—20] Only
one system for ethylene—norbornene copolymerization has
been described; Heitz et al. recently reported that the Cr(lll)
catalysts [CBCrMeCl], activated with MAO at OC af-
fords highly linear, high molecular weight polyethylene, with
activities in the range 1.4-4.7 kg PE (molChh~1bar?

(at 3bar) (CF=CsHs, CsMes, Ind, Flu), as well as nor-
bornene/ethylene copolymers. The crystallinity of PNB was
comparatively low but said to increase with the bulkiness of
the Cp ligand$21].

The use of sterically demanding silyl substituents has
recently allowed the isolation of the first monomeric ) ) )
homoleptic bisfr-allyl)metal(ll) complexes Qr, (1) and 2.3. Preparation of Ni[1,3-gH3(SiMe&)2] 2 (3)

Fel, (2) (L =1,3-GH3(SiMes)2) [22]. Despite the low ) )

formal electron count, these complexes are thermally stable A Solution of K[1,3-GHa(SiMes)z] (5.00g, 22.3 mmol)

at room temperature and can be purified by sublimation atin tetrahydrofuran (40mL) was added dropwise to solu-
65°C/10-2mmHg. Although some effort to explore the tion of Ni(acac) (2.60 g, 10.1 mmol) also m_tetrahydrofuran
chemistry of these complexes with donor ligands such as (60mL) at—78°C. The dark colored solution was allowed
PMe; and PP has been made, no polymerization chemistry to warm to room temperature, at which time the lsolut|on
has yet been reported. We report here the behavior ofhad become dark red.Afterafgrther 16 h, the voIangs were
this Cr(ll) catalyst precursor in ethylene and norbornene removed in vacuo and the resldue Was.extracted Wlth 'Ilght
polymerizations. The results provide an interesting contrast P&troleum (100 mL). Evaporation of volatiles leftan oil which
with the Cr(IV) system Cr(ChiSiMes)a/MAO which shows slowly crystalllzed_on standing. The product was obtalneq as
good activity both for ethylene and norbornene homopoly- Orange crystals, yield 1.78 g (41.2%) and was characterized

Inavariation of the published proced(iP2], a suspension
of CrCl; (2.20g, 17.9 mmol) in tetrahydrofuran (120 mL)
was treated with portions of solid K[1,3383(SiMe3)]
(8.00 g, 35.6 mmol) over 15min. The grey CsGissolved
slowly, and after stirring for 16 h the solution had become
deep red-orange, with a large quantity of precipitate. The
volatiles were removed in vacuo. Extraction of the residue
with light petroleum (3x 40 mL), and removal of the volatiles
afforded the title compound as a deep red-orange powder,
yield 5.67 g (74.9%). ThéH NMR spectrum ofLin benzene-
ds could not be assigned owing to the paramagnetic nature of
the complex. However the following signals were observed:
IH NMR (benzene-g 20°C): § 53.7 (br s, 6H), 9.04 (br s,
9H), 1.35 (br s, 3H).

merizations, as well as for E-N copolymerizations. by single-crystal X-ray diffraction. The structure is reported
elsewherg24].

2. Experimental 2.4. Preparation of Co[1,3-¢H3(SiMes)2] 2 (4)

2.1. General procedures A solution of K[1,3-GH3(SiMe3)2] (7.02 g, 31.3 mmol)

in diethyl ether (50 mL) was added dropwise to suspen-

All manipulations were performed under an atmosphere sion of Co(acag) (3.36 g, 9.43 mmol) also in diethyl ether
of dry nitrogen using standard Schlenk line techniques. Sol- (100 mL) at —78°C. The reaction was allowed to warm
vents were distilled under nitrogen from sodium (toluene), slowly to room temperature, during which time the color
sodium benzophenone (tetrahydrofuran), sodium—potassiunmchanged from green to orange, until all the Co(agdgd
alloy (light petroleum, bp 40-6QC). Deuterated solvents dissolved. The volatiles were removed in vacuo and the re-
were degassed by several freeze-thaw cycles and storedulting orange powder was extracted with light petroleum
over 4A molecular sieves. NMR spectra were recorded on a (100 mL). The extract was concentrated to ca. 5mL placed
Bruker DPX300 spectrometéid NMR spectra (300.1 MHz)  at—30°C to give4 as orange crystals, yield 1.33 g (32.8%).
were referenced to residual solvent protons of the deuteratedAnal. Calcd. for GgH42Si;Co: C, 50.30; H, 9.85. Found: C,
solventused3C NMR spectra (282.2 MHz) were referenced  50.50; H, 9.88%. The identity of the product was confirmed
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by X-ray diffraction analysis which is reported elsewhere 2.8. Reaction of Cr(CbSiMe;)4 with B(GsFs)3
[24].
To an NMR tube containing Cr(Ci$iMes3)s (14 mg,
2.5. Reaction of Cr[1,3-§H3(SiMes)2] » with AlMes 0.035 mmol) and B(gFs)3 (18 mg, 0.035 mmol) was added
(1:10) benzene-g (0.5mL). The solution was very dark pur-
ple. The'H NMR spectrum showed signals of unreacted

An NMR tube containing 20mg ofL (0.047mmol)  Cr(CHzSiMes)s, and the''B and *>F NMR spectra were
in 0.5mL benzenegiwas treated with AlMg (0.05mL,  identicaltothose of B(6Fs)s. 'HNMR (benzene-g 20°C):
0.038 g, 0.52 mmol). The color of the solution remained deep ‘1310-28 (m's, 8H, EI2SiMes), —2.27 (br s, 36H, Cl|29|S|Me3).
red. ThelH NMR spectrum showed the same features as = B NMR (benzene-g 20°C): 5 65.1 (B(GFs)3). ~“F NMR
the spectrum ofl in benzene-gland a large single peak at (toluene-g, 20°C): § —129.5 (m, 6Fo-F), —148.5 (m, 3F,
—0.35 ppm can be assigned to Alyj¢hus indicating thatno ~ P-F), —161.3 (m, 6Fm-F).
reaction had occurred.

2.9. Reaction of Cr(CbBiMes)4 with AlMes (1:12)
2.6. Reaction of Cr[1,3-6H3(SiMe;)2] 2 with ELAICI
(1:10) An NMR tube containing Cr(CbBiMes)s (17 mg,
0.042 mmol) in benzenesd0.5 mL) was treated with AlMg
An NMR tube containing 20mg o1 (0.047 mmol) in (0.05mL, 0.038g, 0.52 mmol). The color of the solution re-
0.5mL benzenedl was treated with BAICI (0.06 mL, mained deep purple. TRél NMR spectrum showed the same
0.057 g, 0.47 mmol). The color of the solution immediately features as the spectrum of Cr(€5Mes)4 in benzene-gl
faded to pale pink and a large amount of precipitate formed. and a large single peak &t-0.37 can be assigned to Ale
It was not possible to obtain’dd NMR spectrum from this  thus indicating that no reaction had occurred.
sample, owing to problems with shimming. After allowing
the precipitate to settle, the supernatant was transferred by _ ) )
syringe to another NMR tube. THel NMR spectrum of this ~ 2-10- Reaction of Cr(CgBiMes)4 with ERLAICI (1:13)
solution showed clear signs of an aluminum complex bearing o )
the 1,3-GH3(SiMes), ligand, with a triplet at 8.37 ppm and An NMR tube containing Cr(CbSiMes)s (14mg,
a doublet at 3.74 ppmiiy = 17.1 Hz) assigned to the allyl 0.035mmol) in benzenesd (0.5mL) was treated with

protons[25]. The SiMe protons were obscured by the large ERAICI (0.05mL, 0.057g, 0.47mmol). The color of the
AICH,CHj signals, and the reaction product could not be solution remained deep purple, although some precipitate
definitively identified. was observed. TheH NMR spectrum showed the presence

of unreacted Cr(CbBiMes)s and ERAICI with small
shoulders on the ethyl signals and a small peak-a0.53
suggesting that some degree of ligand exchange had occurred
between the complexe$H NMR (benzene-g 20°C): §

To an NMR tube containing (12 mg, 0.028 mmol) and 1.12 (br m, 80H, AICHCHs), 0.22 (br m, S9H, Al®1,CH;
v and CrH,SiMe3), —2.31 (br s, 36H, CHSiMe3).
B(CsFs5)3 (15 mg, 0.029 mmol) was added 0.5 mL toluere-d 2SiMes) ( HSiMes)

(0.5mL). A brown solution formed and some dark colored

precipitate was seen. TH&l NMR spectrum did not con-  2.11. Polymerization details

tain the signals associated withrather a new set of signals

assigned to the [Gd,3-GsH3(SiMe3)2}2]* cation were ob- Norbornene polymerizations were carried out as follows.
served. Thé!B NMR spectrum had a broad signal&65.1 The monomer was transferred into the reactor vessel, toluene
owing to some unreacted B§Es)s, and a small signal &t and MAO were added. The catalyst precursor as a solution
—17.8 due to [B(GFs)4] ~. This signal grew in intensity with  in toluene was then injected via syringe. The reaction was
time. The broad signal assigned to unreactedgB¢33 had terminated by the addition of methanol (ca. 2mL). The
a prominent shoulder, suggesting a peak at aréus@ The poly(norbornene) (PNB) was precipitated into acidified
19 NMR spectrum contained resonances of g€z and methanol (200 mL), filtered and dried at 80 to constant
[B(CeF5)4] ~, as well as a significant further set of signals at weight.

8§ —134.2,—147.4 and-165.6 which are as yet unidentified. Ethylene polymerizations were carried out in a 500 mL
1H NMR (toluene-@, 20°C): § 6.19 (br m, 1H, allyl), 5.46  round-bottomed flask charged with toluene (50 mL), MAO
(br, 1H, allyl), 3.92 (br, 1H, allyl), 0.03 (s, 18H, SiME The (5 mmol) under 1 bar of ethylene. For copolymerizations, the
unidentified product is characterized by the following spec- required amount of norbornene was added at this stage. The
troscopic parametersB NMR (toluene-@, 20°C) § 60.0. precatalyst was injected as a solution in toluene. The poly-
19 NMR (toluene-g, 20°C): 6 —134.2 (m, 2Fp-F),—147.4 merizations were terminated by the injection of methanol (ca.
(m, 1F,p-F), —165.6 (m, 2Fm-F). 2mL) and worked up as described.

2.7. Reaction of Cr[1,3-¢H3(SiMe&3)2] 2 with B(GsFs)3
(1:2)
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3. Results and discussion

The synthesis of the metal allyl complexes is depicted
in Scheme 1As described by Hanusa and co-workgt2],
the chromium(ll) and iron(ll) allyl complexe$ and2 are
readily obtained from the metal dichlorides and 2 equiv. of
K[1,3-C3H3(SiMe3)2] as a dark red solid and orange crys-
tals, respectively. The nickel compl@was prepared from
Ni(acack and 2 equiv. of K[1,3-GH3(SiMe3)7] in tetrahy-
drofuran. The complex was obtained from the reaction as an
orange oil which crystallized on standing at room tempera-
ture. The cobalt complekwas prepared from Co(aca@nd
3equiv. K[1,3-GH3(SiMe3)] in diethyl ether and formed
orange crystals from a very concentrated solution in light
petroleum at-30°C. The single-crystal X-ray structures of

91

for the allylic protons at 6.19, 5.46 and 3.92 and one for
the silyl methyl protons a& 0.03. Thel®F NMR spectrum
showed resonances due to excessgB()s as well as peaks

at § —134.2, —147.4 and—165.6, while the!'B NMR
spectrum had a signal at65 with a prominent shoulder at
approximately 60 ppm. The identity of this major product is
as yet unknown. The data suggest a one-electron oxidation
of 1to generate the [Cr(allyl]* cation, with the concurrent
formation of the tris(pentafluorophenyl)borane radical anion,
[B(CsFs)3]® . B(CgFs)3 has been shown to provide a one-
electron oxidation of an2-vinyl molybdenum complex, and

it is also reported that an azazirconacyclobutene undergoes
a one electron oxidation in the presence of this borane,
although in both cases the radical anion could not be detected
[26]. The EPR and UV spectra of the radical anion have been

3 and4 have been determined and are reported elsewhererecorded following the reaction of Cp€o and B(GFs)3

[24].
The elucidation of the organometallic chemistry involved

[27]. The radical anion [B(gFs)3]*~ has been shown to
have a limited lifetime (about 5min at°@ in THF) [27],

in the polymerization chemistry discussed here is necessarilyand it seems likely that the unidentified product results from

complicated by the paramagnetism of the complexes. For
instance, théH NMR signals ofl are very broad and cannot

its decomposition. The [B(§Fs)4]~ anion is also formed
as a by-product, and thHéB and1°F NMR signals for the

be easily interpreted. Nevertheless, NMR scale reactions didanion increased in intensity with time. The formation of this

provide some useful information. The reactioriafith typ-
ical catalyst activators was investigated. The allyl complex
does not react with AIMgin benzene-glat room tempera-
ture, with the!H NMR spectrum showing only starting mate-
rials. There is however a rapid reactioriafith Et,AlCI, and
the deep red color of the solution fades to very pale orange,
with formation of a large quantity of a grey precipitate. It
proved impossible to obtain NMR spectra from this sample,
although thelH NMR spectrum of the clear supernatant
showed signs of an aluminum allyl species, with a triplet at
8 8.37 and a doublet & 3.74 Qyy =17.1Hz) assigned as
the allyl protons[25]. Apparently ligand exchange occurs
readily in this case, with formation of Al allyls and CeCl

Of most interest was the reaction dbfwith B(CgFs)3 in
toluene-@. The color of the reaction immediately changed
from the deep red df to brown. The'H NMR spectrum was
much simpler than that df, containing three discrete signals

Ni(acac), + 2 a5t

Co(acac); + 3 Lt

tetra(aryl)borate anion was also observed as a decomposition
product in the reaction of Cp€o and B(GFs)3 [27].

3.1. Norbornene homopolymerizations

Nickel(ll) complexes are well known as excellent nor-
bornene polymerization catalysts, typically when activated
with methylaluminoxane (MAQO)28]. As can be seen in
Table 1 3/MAO at an Al/Ni ratio of 100 at 20C afforded
PNB in high conversions over a relatively short time period.
The polymer obtained was amorphous and moderately sol-
uble in trichlorobenzene. NMR and IR analysis confirmed
that it was formed exclusively by vinyl polymerizati§eQ].
Increasing the monomer/Ni ratio from 400:1 to 2100:1 in-
creased the PNB molecular weight frod, = 583,000 to
1,260,000, with little increase in polydispersi, / My, from
1.9t0 2.2. Afive-fold increase in the monomer/Ni ratio led to

1,M=Cr;
2, M=Fe;
3, M =Ni;
4, M=Co

Scheme 1.
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Table 1

Norbornene homopolymerization with Cr, Fe, Co and Ni catalysts

Entry Catalyst Catgmol) MAO (mmol) NB(g) Time (min) Polymeryield (g) Conversion (%) My MpP My/M,°
1 3 50 5 1.9 10 1.77 92 583000 313000 1.9
2 3 10 0.5 2.0 20 1.09 K8 1260000 582000 2.2
3 2 50 2.5 2.0 960 0.025 2 309000 29400 10.6
4 1 50 5 1.9 30 1.90 100 nd nd nd
5 1 25 2.5 1.9 30 1.65 88 nd nd nd

6 1 10 1 2.0 30 1.13 56 nd nd nd

7 4 30 3 2.0 180 0.011 .8 nd nd nd

8 5 50 5 1.95 10 1.345 60 500 290 1.7

9 5 25 2.5 1.92 15 0.581 38 470 280 1.7

a Conditions: metal 5 10~ mol, toluene (20 mL), 26C, MAO activator.
b Determined by GPC relative to polystyrene standards.

a doubling of the molecular weight. The initiation efficiency is readily synthesized from CrgilTHF)s and 4 equiv. of
of this system was low, however (e.g. only 11% for entry 1, MesSiCH,MgCl in tetrahydrofurari23].
based upon a calculatéd, of 37,600). Cr(CH,;SiMes)4 in benzene-gldoes not react with either
Neither of the iron and cobalt allyld and4 treated with AlMe3s or B(CsFs)3; in both cases the NMR spectraH|
MAO under the same conditions afforded an active catalyst, 1'B and1°F) are essentially identical to those of the starting
with only traces of polymeric material being produced materials. However, with BEAICI there was some evidence
in each case. By contrast, the Cr(ll) compl&xactivated of ligand exchange, with a precipitate formed in the NMR
with MAO was found to exhibit high activity, comparable tube. ThelH NMR spectrum had signals for both starting
to that of the nickel complex. Thus a mixture ¥MAO materials, although the ethyl signals obBICI had shoul-
(50wmol Cr, Al/Cr=100) and 400equiv. of norbornene ders suggesting that another compound was also present. It
at 20°C gave complete conversion in 30 mifaple J. In appears that Cr(CkBiMes)4 reacts with EtAICI or MAO
contrast to the PNB produced with the nickel catalyst, the under ligand exchange, as an entry to catalyst activation.
chromium-derived PNB was totally insoluble in organic Consistent with this observation, a mixture bfand
solvents; this precluded molecular weight determinations MAO readily reacted with norbornene, with high conver-
and NMR analysis. However, IR studies showed the absencesion (Table 1 entries 8 and 9). However, in contrast to
of bands at 1680-1620 cth, indicative of a fully saturated  the polymer produced from, the product obtained with
polymer, and confirmed that the polymer was produced 5/MAO was soluble in 1,1,2,2-tetrachlorethangasd 1,2,4-
by vinyl polymerization. By contrastl/B(CsFs)3 did not trichlorobenzene and was found to consist of NB oligomers,
homopolymerize norbornene, so that it seems likely that mostly trimers—pentamers. There was no evidence of un-
polymerization is dependent on the formation of a-Ke saturated end group$H NMR); however, NMR and mass
bond capable of inserting norbornene. spectrometric evidence showed that the oligomers contained
As mentioned in Sectionl, norbornene polymer-  methyl end-groups and must thus have arisen by norbornene
ization with half-sandwich chromium(lll) catalysts of insertion into C-Me bonds, followed by rapid transfer to
the type [CFCrMeCI,/MAO has been reported, where aluminum Scheme 2
CpR =substituted cyclopentadienyl, indenyl or fluorenyl
[29]. In that case the authors suggested that the stereoreg3.2. Ethylene polymerizations and E/N
ularity and crystallinity of the polymer increased with steric copolymerizations
demand of the Cp ligands, from 0 to 30%. In the case of
L/AlMe3 there is evidence for at least partial exchange of the  Cr[1,3-GHz(SiMes);]2 (1) was found to polymerize
allyl ligands, as discussed above, to give presumably steri-ethylene in the absence of any cocatalyst, albeit with mod-
cally much less encumbered species. The formation of highly est activity Table 2 entry 1). Surprisingly, when MAO was
crystalline PNB from such a catalyst was therefore surprising. added, the catalytic activity was drastically reduced, and only
We were interested in comparing the behavior of the traces of polymer were obtained.,BtCl was also found
Cr(ll) catalyst precursor with other oxidation states of to reduce the activity. In both these cases it seems likely
chromium, such as the Cr(IV) complex Cr(g6iMe3)4 (5) that allyl transfer to aluminum may lead to deactivation. By

[Cr] H

Cr(CH,SiMe
(CH, 3)4 B Me Me

Scheme 2.
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Table 2
Ethylene homopolymerizations wit Cr(ll) and Cr(IV) catalyst precursors
Entry Catalyst Cocatalyst Time (min) Polymer yield (g) ActiViity My © Muw/Mp©
1 1 - 60 0.032 630 nd nd
2 1 B(CsFs)s 60 0.557 1110 739000 52
3 1 2ERLAICI 60 0.016 320 nd nd
4 1 MAO 60 Traces - - -
5 5 MAO 30 0.025 100 418000 31
6 5 MAO 60 0.059 118 475000 14
a Conditions: Cr 5.0< 10-° mol, MAO/Cr =100, ethylene pressure 1 bar, 50 mL toluen&,20
b Ing PE motth1bar?l.
¢ Determined by GPC relative to polystyrene standards.
contrast, treatind. with B(CgFs)3 resulted in much higher § 70,
ethylene polymerization a(_:tivityTebIe 2 entry 2). As_ dis- _ ‘§ 604 .
cussed above, NMR experiments suggested that this reaction 8 |
involves a one electron oxidation of Cr(ll) by B{Es)3, with 8 2 4ol *
the formation of the [Cr(allyh]* cation which is presumably =3 54 N
responsible for the observed activity. c E 20
Cr(CHzSiMes)4/MAQO was also active for ethylene poly- g 5
merization Table 2 entries 5-6). The polyethylene was 'g ] *
: ; ; 0 . : . : . . ;
found to possess high molecular weight but a broad polydis- 2 0 005 01 015 02 025 03 035

persity. This was in good agreement with the reported pro-
ductivity of Cr(CH,SiMes)4 when activated with 2 equiv. of
AlCl3 (1.1x 103 g PE (mol Cryth~1bar 1) [23b].

Both the Cr(ll) allyl and the Cr(1V) alkyl systems were
tested for ethylene—norbornene copolymerizations. The
polymerizations were conducted under one bar ethylene,
with varying starting concentrations of NB. As had been
found for ethylene homopolymerizations, the addition of
ethylene to the norbornene polymerization catalytAO
led to deactivation. With the borane systeB(CgFs)3
the activity was much reduced, with only small quantities
of polymer obtained, regardless of the initial concentra-
tion of norbornene. The polymer was shown to contain
only limited levels of incorporated norbornene, up to
11 mol%.

In contrast to the behavior of Cr(ll) allyl precursors,
the activity of 5/MAO was not depressed by ethylene, and
good E—N copolymerization activities were observed. Un-
like group 4 metallocene catalysts, the activity of this Cr
system actuallyncreasedwith increasing NB feed, and at
higher [NB] (e.g. 0.32 mol 1) the activity exceeded that of
ethylene homopolymerizations with this catalyst by almost
one order of magnitude. The level of norbornene incorpo-
ration could be varied within wide limits, depending on the
initial NB feed concentration, with incorporation levels rang-
ing from 8 to 60% being produced from [N8bf between
0.11 and 0.32 mol t1 (Fig. 1).

The 13C NMR spectra of ethylene—norbornene copoly-
mers can be very complex, due to the presence of two
stereogenic carbon atoms per norbornene uig. (2), the
possibility of isomers with exo and endo connectivity, and the
formation of blocks of varying lengths, e.g.—ENE—, -ENNE—,
—ENNNE- moieties[1]. The main structural features of
E-N copolymers produced with titanium and zirconium
metallocene catalysts have been assig@dd b,12b,30-32]

Initial [NB]e / mol L-1

Fig. 1. NB incorporation levels (mol%) as a function of initial NB feed
concentration [NB] in E-N copolymerizations witB/MAQ.

When E-N copolymers contain either alternating units
or isolated norbornene units, the spectra are comparatively
simple, with a perfectly alternating structure featuring
only five peaks. Indeed, E-N copolymers produced with
“constrained-geometry” titanium catalysts contain almost
exclusively isolated norbornene units and show only traces of
—ENNE- norbornene diad41]. The copolymers produced
with the Cr(Il) catalystl/B(CsFs)3 showed these charac-
teristics (sedrig. 3) and in this respect are similar to the
copolymers produced using [E@rMeCI],/MAO, where at
low incorporation levels (up to 35%) mainly alternating or
isolated norbornene units were foufad b]. By contrast, the
copolymers produced witty MAO all contained norbornene
blocks, even at low levels of norbornene incorporation.

Thel3C NMR spectrum of the copolymer generated from
5/MAO (Al/Cr=1000) with [NB]o=0.32mol L1 (Table 3
entry 7) is shown irfrig. 4. The signals were assigned in com-
parison with the spectra of norbornene-rich E-N copolymers
obtained with ansa-zirconoceng-32] The three signal

Fig. 2. Section of an ethylene—norbornene copolymer with the labeling of
the norbornene unit.
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Fig. 3. 13C NMR spectrum of an ethylene—norbornene copolymer prepared(CsFs)3; 20°C, 1 bar ethylene, [NB]=0.11 mol L-1; NB incorporation
6.0 mol%.

groups for carbon atoms C1-C4 and C7 (k& 2) rang- The two copolymers with the lowest NB content showed
ing from 6 32-50 show complex splitting and indicate the molecular weights of ca. 200,000, with comparatively nar-
presence of at least diblock units. This is confirmed by the row polydispersities (for example entry 44, =220,000,
presence of a signal a28.3, which has been assigned as My /Mp=4.1). The polydispersity increased significantly
characteristic of -NN— units by comparison with the spectra at higher norbornene incorporation levels; this is not least
of norbornene dimers and trimejklb]. The small signals  due to facile polymer precipitation during reactions with
betweers 34 and 41.5 and also betwe&A3 and 47 are in-  higher [NB). The GPC traces for these two polymer samples

dicative of -NNN- sequences. showed bimodal distributions.

Table 3

Ethylene—norbornene copolymerizatidns

Entry Catalyst Cocatalyst [NBJ(molL™1)  Time(min) Polymer  Activity®  Norborne My, @ Mpd My/Mpd
yield (g) incorp® (mol%)

1 1 MAO 0.21 25 Traces - - - - -

2 1 B(CsFs)3 0.11 60 0.020 400 .6 684000 15100 45

3 1 B(CsFs)3 0.33 60 0.036 720 11 744000 8120 92

4 5 MAO 0.11 60 0.083 1660 .8 220000 53100 4

5 5 MAO 0.21 60 0.419 8380 32 190000 39100 94

6 5 MAO 0.27 60 0.265 5300 47 618000 41500 15

7 5 MAO 0.32 60 0.475 9500 60 205000 7950 26

a Conditions: Cr 5.0< 10> mol, Al/Cr =100, ethylene pressure 1 bar, 50 mL toluene,0
b In g polymer motth~1bar ™,

¢ Determined by analysis of tHéC NMR spectra in 1,1,2,2-tetrachloroethaneati 110°C.
d Determined by GPC relative to polystyrene standards.
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Fig. 4. 13C NMR spectrum of an ethylene—norbornene copolymer. Cataly$hO (Al/Cr=1000); 20°C, 1 bar ethylene, [NB]=0.32 mol L1; norbornene
content of the copolymer 60 mol%.

The block structure of these copolymers was confirmed and partially dehydroxylated silicd33]. For example
by the determining the reactivity ratios for ethylene and tetrakis(neopentyl)chromium(lV) reacts with the hydroxy
norbornenerg andry, by means of3C {*H} NMR spec- groups of amorphous silica (dehydroxylated at 20D
troscopy. Measurements were taken over the (admittedlyto give a bis(neopentyl)chromium(lV) surface complex
limited) compositional range. Data were analyzed assuming [33b,33c] We were interested in the effect of heterogeniza-
a first-order Markovian model. Although the determination tion on the Cr(ll) precursot.
of the copolymer compositions proved difficult at high A sample of silica (Vulkas? S, with a surface area of
norbornene incorporation (>40mol%), there was good 1754+ 20n?/g) was partially dehydroxylated at 50Q for
agreement between the Fineman—Ross and KelgésT 3 h. It has been estimated that under these conditions only
methods, givinge ~ 10,rn ~ 2.5, andrgry ~ 25. isolated silanol groups remain, with an average surface con-
The disparity between the behavior of the two sys- centration of between 5.5 and 1 nf[34]. The supported
tems YMAO and 1/B(CgFs)3 is striking. The reluctance  catalyst was prepared by suspending a portion of this sil-
of 1/B(CgFs5)3 to homopolymerize norbornene explains ica (typically 0.3—0.49) in a light petroleum solution bf
the lower activities encountered in ethylene—norbornene (0.084 g, 20Gumol) for 30 min. During this time the dark red
copolymerization. With this catalyst, multiple NB insertions color of the solution transferred onto to the solids, so that on
are evidently disfavored, as no ENNE units were found in settling the supernatant was colorless. The solids were dried
these copolymers. With the Cr(IV) systeésfMAO, no such in vacuo, giving a pale red powder. The filtrate was shown
problems were encountered, and even at low comonomer en+o contain 1,3-GH4(SiMe3)2, formed from the reaction with
chainment levels multiblock norbornene units were observed. surface-OH.
The results of ethylene and ethylene—norbornene polymer-
3.3. Heterogeneous polymerization with Cr@.on ization trials with the supported complex are assembled in
silica Table 4 Polymerizations were carried out at 7 bar and®0
In the absence of an aluminum cocatalyst no polymer was
One approach to the modelling of Phillips catalysts obtained under these conditions. With MAO at Al/Cr =1000
has been the preparation of silica immobilized chromium or with 10 equiv. of ESAICI, polyethylene was produced
alkyl complexes via the reaction of chromium alkyls with an activity of~4.8x 10% g (mol Cry*h—1bar . This
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Table 4

Ethylene polymerization withh supported on silica

Entry Silica (g) Cocatalyst [NB] Time Polymer Activity? Norborne My 9 Mpd My/Mpd
(molL™Y)  (min) yield (9) incorp® (mol%)

1 0.380 MAO 0 50 5.77 34600 - 818000 94700 68

2 0.345 E3AICI 0 50 5.65 33900 — 515000 40600 13

3 0.365 MAO 2.0 50 2.05 1000 0.0 889000 23900 37

a Conditions: Cr 2.0« 10~*mol, ethylene pressure 7 bar, 300 mL toluene}@0

b Ing PE motth-1bar?.

¢ Determined by analysis of tH€C NMR spectra in 1,1,2,2-tetrachloroethaneati 110°C.
d Determined by GPC relative to polystyrene standards.

figure is low compared to supported chromium(lll) alkyl By contrast, the chromium(1V) complex Cr(GHiMe3)4/
complexes, for example Cr[CH(SiMp]3 on silica showed MAO shows good activities for ethylene homopolymeriza-
an activity of 4.5x 10°g(molCry th~1bar® at 100°C tion and norbornene oligomerization, as well as for E-N

and 14 baf33f]. The low activity of the current system may copolymerizations. The level of norbornene incorporated in
be due to a less facile insertion into the chromium allyl bond, the polymer can be varied over a wider range than is possible
or it may reflect the lower activity of a chromium(ll) catalyst with group 4 catalysts, and norbornene incorporation levels
[35]. An attempted ethylene—norbornene copolymeriza- of 8—-60 mol% were obtained from initial norbornene con-
tion ([NB]o=6.4mmolL1) did produce some polymer, centrations of 0.11-0.32 molL. In contrast to metallocene
although3C NMR analysis in 1,1,2,2-tetrachloroethane-d catalysts, the activity of this chromium catalyst rises with
did not show any norbornene units, suggesting that if any in- increasing norbornene concentration. There is a tendency to-
corporation had occurred, it was below the level of detection. wards the formation of oligo(horbornene) block structures;
The polyethylene was found to be of high molecular weight, thus even at low incorporation levels there was little evidence
with a broad polydispersity. The polyethylene produced with forisolated norbornene units, and NN or higher units predom-
EtAICI as cocatalyst had very similar characteristics. inate. At higher norbornene incorporation levels the polymer
microstructure was consistent with the formation of mainly

NNN blocks.
4. Conclusions
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