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Abstract

Homoleptic allyl complexes of divalent metals, MII [1,3-C3H3(SiMe3)2]2 (1, M = Cr; 2, M = Fe; 3, M = Ni; 4, M = Co) activated with
methylaluminoxane (MAO) have been tested as catalysts for the polymerization of norbornene. Whereas the iron and cobalt systems were
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oorly active, both the nickel and chromium complexes were very productive and gave high molecular weight poly(norbornene)s
he polymers generated by Cr and Ni differed significantly in the degree of stereoregularity. CrII [1,3-C3H3(SiMe3)2]2 polymerized ethylen
n the absence of any cocatalyst but, surprisingly, was deactivated by MAO, whereas1/B(C6F5)3 showed moderate activity at 20◦C under
bar of ethylene. NMR experiments suggest that B(C6F5)3 acts as a one-electron oxidant to generate the [CrIII (allyl)2]+ cation. Although
thylene/norbornene copolymerizations were possible with1/B(C6F5)3, the activity was much lower than in ethylene homopolymerizat
nd only limited amounts of norbornene could be incorporated. The catalytic behavior of this Cr(II) precursor contrasts sharply
f the Cr(IV) alkyl complex Cr(CH2SiMe3)4 (5)/MAO which polymerizes ethylene but reacts with norbornene to give oligomers, m

rimers–pentamers. On the other hand, (5)/MAO is highly active for ethylene/norbornene copolymerizations and gives high molecular
opolymers. Significantly, catalyst activity increases with increasing norbornene concentration. The copolymers show block-stru
ncorporated norbornene is present at the least as di-norbornene units, even at incorporation levels as low as 10 mol%. At higher
oncentrations, NNN sequences prevail.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Bicyclo[2,2,1]hept-2-ene, better known as norbornene
NB), can be homo-polymerized via three distinct pathways,
ach leading to polymers with different structures and proper-

ies[1]. Of these three processes, the ring-opening metathesis
olymerization (ROMP) has been most widely investigated

2]; it generates a polymer with an unsaturated backbone and
igh solubility in a wide range of organic solvents. Cationic
nd radical polymerizations result in low molecular weight
ligomers with 2,7-connectivity of the monomer[3]. Lastly,

∗ Corresponding author. Tel.: +44 1603 592044; fax: +44 1603 592044.
E-mail address:m.bochmann@uea.ac.uk (M. Bochmann).

vinyl addition polymerization of norbornene results in a
urated polymer which retains the bicyclic structural unit[4].
Polynorbornenes (PNBs) produced in this manner show
chemical resistance, high optical transparency, a low di
tric constant and high glass transition temperatures (Tg up
to 370◦C). Typically, complexes of nickel, cobalt, titaniu
zirconium and palladium have been employed for the v
polymerization of norbornene[1,5].

Ethylene–norbornene (E–N) copolymers were first
tained with metallocene–methylaluminoxane based cata
[6]. The resulting amorphous E–N copolymers are of g
interest owing to their transparency, high water va
resistance and biocompatibility[6,7]. This combination o
properties suggests potential applications in optics, su
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compact disc coatings and also as pharmaceutical packaging.
The most widely reported ethylene–norbornene copolymer-
ization catalysts are metallocene[6,8,9], half sandwich[10]
or constrained geometry (CGC) based systems[11–13], in
combination with MAO. With these catalysts, copolymers
with up to ca. 70 mol% norbornene content have been
described, although catalytic activity decreases with increas-
ing norbornene concentration. These catalysts show no or
only very low activity in norbornene homopolymerizations
[10,11b].

Despite the widespread use of heterogeneous chromium
catalysts for the polymerization of ethylene, for example the
Phillips process[14], 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 ligands[15–20]. Only
one system for ethylene–norbornene copolymerization has
been described; Heitz et al. recently reported that the Cr(III)
catalysts [CpRCrMeCl]2 activated with MAO at 0◦C af-
fords highly linear, high molecular weight polyethylene, with
activities in the range 1.4–4.7 kg PE (mol Cr)−1 h−1 bar−1

(at 3 bar) (CpR = C5H5, C5Me5, 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 ligands[21].

The use of sterically demanding silyl substituents has
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internally to the D-coupled13C resonances of the NMR sol-
vent. FeL2 (2) [22] and Cr(CH2SiMe3)4 (5) [23] were pre-
pared according to published procedures. Norbornene was
stirred over molten potassium at 80◦C under nitrogen for 4 h
and distilled. Ethylene was dried by passing through a col-
umn of supported P2O5, followed by a column of activated
4Å molecular sieves and finally a silicone oil bubbler con-
taining Et2AlO(CH2)7CH3.

2.2. Preparation of Cr[1,3-C3H3(SiMe3)2]2 (1)

In a variation of the published procedure[22], a suspension
of CrCl2 (2.20 g, 17.9 mmol) in tetrahydrofuran (120 mL)
was treated with portions of solid K[1,3-C3H3(SiMe3)2]
(8.00 g, 35.6 mmol) over 15 min. The grey CrCl2 dissolved
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 (3× 40 mL), and removal of the volatiles
afforded the title compound as a deep red-orange powder,
yield 5.67 g (74.9%). The1H NMR spectrum of1 in benzene-
d6 could not be assigned owing to the paramagnetic nature of
the complex. However the following signals were observed:
1H NMR (benzene-d6, 20◦C): δ 53.7 (br s, 6H), 9.04 (br s,
9H), 1.35 (br s, 3H).
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ecently allowed the isolation of the first monome
omoleptic bis(�-allyl)metal(II) complexes CrL2 (1) and
eL2 (2) (L = 1,3-C3H3(SiMe3)2) [22]. Despite the low

ormal electron count, these complexes are thermally s
t room temperature and can be purified by sublimatio
5◦C/10−2 mm Hg. Although some effort to explore t
hemistry of these complexes with donor ligands suc
Me3 and PPh3 has been made, no polymerization chemi
as yet been reported. We report here the behavio

his Cr(II) catalyst precursor in ethylene and norborn
olymerizations. The results provide an interesting con
ith the Cr(IV) system Cr(CH2SiMe3)4/MAO which shows
ood activity both for ethylene and norbornene homop
erizations, as well as for E–N copolymerizations.

. Experimental

.1. General procedures

All manipulations were performed under an atmosp
f dry nitrogen using standard Schlenk line techniques.
ents were distilled under nitrogen from sodium (tolue
odium benzophenone (tetrahydrofuran), sodium–potas
lloy (light petroleum, bp 40–60◦C). Deuterated solven
ere degassed by several freeze–thaw cycles and s
ver 4Å molecular sieves. NMR spectra were recorded
ruker DPX300 spectrometer.1H NMR spectra (300.1 MHz
ere referenced to residual solvent protons of the deute
olvent used;13C NMR spectra (282.2 MHz) were referenc
.3. Preparation of Ni[1,3-C3H3(SiMe3)2]2 (3)

A solution of K[1,3-C3H3(SiMe3)2] (5.00 g, 22.3 mmol
n tetrahydrofuran (40 mL) was added dropwise to s
ion of Ni(acac)2 (2.60 g, 10.1 mmol) also in tetrahydrofur
60 mL) at−78◦C. The dark colored solution was allow
o warm to room temperature, at which time the solu
ad become dark red. After a further 16 h, the volatiles w
emoved in vacuo and the residue was extracted with
etroleum (100 mL). Evaporation of volatiles left an oil wh
lowly crystallized on standing. The product was obtaine
range crystals, yield 1.78 g (41.2%) and was characte
y single-crystal X-ray diffraction. The structure is repor
lsewhere[24].

.4. Preparation of Co[1,3-C3H3(SiMe3)2]2 (4)

A solution of K[1,3-C3H3(SiMe3)2] (7.02 g, 31.3 mmol
n diethyl ether (50 mL) was added dropwise to susp
ion of Co(acac)3 (3.36 g, 9.43 mmol) also in diethyl eth
100 mL) at −78◦C. The reaction was allowed to wa
lowly to room temperature, during which time the co
hanged from green to orange, until all the Co(acac)3 had
issolved. The volatiles were removed in vacuo and th
ulting orange powder was extracted with light petrole
100 mL). The extract was concentrated to ca. 5 mL pla
t−30◦C to give4 as orange crystals, yield 1.33 g (32.8
nal. Calcd. for C18H42Si4Co: C, 50.30; H, 9.85. Found:
0.50; H, 9.88%. The identity of the product was confirm
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by X-ray diffraction analysis which is reported elsewhere
[24].

2.5. Reaction of Cr[1,3-C3H3(SiMe3)2]2 with AlMe3
(1:10)

An NMR tube containing 20 mg of1 (0.047 mmol)
in 0.5 mL benzene-d6 was treated with AlMe3 (0.05 mL,
0.038 g, 0.52 mmol). The color of the solution remained deep
red. The1H NMR spectrum showed the same features as
the spectrum of1 in benzene-d6 and a large single peak at
−0.35 ppm can be assigned to AlMe3, thus indicating that no
reaction had occurred.

2.6. Reaction of Cr[1,3-C3H3(SiMe3)2]2 with Et2AlCl
(1:10)

An NMR tube containing 20 mg of1 (0.047 mmol) in
0.5 mL benzene-d6 was treated with Et2AlCl (0.06 mL,
0.057 g, 0.47 mmol). The color of the solution immediately
faded to pale pink and a large amount of precipitate formed.
It was not possible to obtain a1H NMR spectrum from this
sample, owing to problems with shimming. After allowing
the precipitate to settle, the supernatant was transferred by
syringe to another NMR tube. The1H NMR spectrum of this
s ring
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2.8. Reaction of Cr(CH2SiMe3)4 with B(C6F5)3

To an NMR tube containing Cr(CH2SiMe3)4 (14 mg,
0.035 mmol) and B(C6F5)3 (18 mg, 0.035 mmol) was added
benzene-d6 (0.5 mL). The solution was very dark pur-
ple. The1H NMR spectrum showed signals of unreacted
Cr(CH2SiMe3)4, and the11B and 19F NMR spectra were
identical to those of B(C6F5)3. 1H NMR (benzene-d6, 20◦C):
δ 0.28 (m s, 8H, CH2SiMe3), −2.27 (br s, 36H, CH2SiMe3).
11B NMR (benzene-d6, 20◦C): δ 65.1 (B(C6F5)3). 19F NMR
(toluene-d8, 20◦C): δ −129.5 (m, 6F,o-F), −148.5 (m, 3F,
p-F), −161.3 (m, 6F,m-F).

2.9. Reaction of Cr(CH2SiMe3)4 with AlMe3 (1:12)

An NMR tube containing Cr(CH2SiMe3)4 (17 mg,
0.042 mmol) in benzene-d6 (0.5 mL) was treated with AlMe3
(0.05 mL, 0.038 g, 0.52 mmol). The color of the solution re-
mained deep purple. The1H NMR spectrum showed the same
features as the spectrum of Cr(CH2SiMe3)4 in benzene-d6
and a large single peak atδ −0.37 can be assigned to AlMe3,
thus indicating that no reaction had occurred.

2.10. Reaction of Cr(CH2SiMe3)4 with Et2AlCl (1:13)
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olution showed clear signs of an aluminum complex bea
he 1,3-C3H3(SiMe3)2 ligand, with a triplet at 8.37 ppm an

doublet at 3.74 ppm (JHH = 17.1 Hz) assigned to the al
rotons[25]. The SiMe3 protons were obscured by the la
lCH2CH3 signals, and the reaction product could no
efinitively identified.

.7. Reaction of Cr[1,3-C3H3(SiMe3)2]2 with B(C6F5)3
1:1)

To an NMR tube containing1 (12 mg, 0.028 mmol) an
(C6F5)3 (15 mg, 0.029 mmol) was added 0.5 mL toluene8

0.5 mL). A brown solution formed and some dark colo
recipitate was seen. The1H NMR spectrum did not con

ain the signals associated with1; rather a new set of signa
ssigned to the [Cr{1,3-C3H3(SiMe3)2}2]+ cation were ob
erved. The11B NMR spectrum had a broad signal asδ 65.1
wing to some unreacted B(C6F5)3, and a small signal atδ
17.8 due to [B(C6F5)4]−. This signal grew in intensity wit

ime. The broad signal assigned to unreacted B(C6F5)3 had
prominent shoulder, suggesting a peak at aroundδ 60. The

9F NMR spectrum contained resonances of B(C6F5)3 and
B(C6F5)4]−, as well as a significant further set of signal
−134.2,−147.4 and−165.6 which are as yet unidentifie
H NMR (toluene-d8, 20◦C): δ 6.19 (br m, 1H, allyl), 5.4
br, 1H, allyl), 3.92 (br, 1H, allyl), 0.03 (s, 18H, SiMe3). The
nidentified product is characterized by the following sp

roscopic parameters:11B NMR (toluene-d8, 20◦C) δ 60.0.
9F NMR (toluene-d8, 20◦C):δ −134.2 (m, 2F,o-F),−147.4
m, 1F,p-F), −165.6 (m, 2F,m-F).
An NMR tube containing Cr(CH2SiMe3)4 (14 mg,
.035 mmol) in benzene-d6 (0.5 mL) was treated wit
t2AlCl (0.05 mL, 0.057 g, 0.47 mmol). The color of t
olution remained deep purple, although some precip
as observed. The1H NMR spectrum showed the presen
f unreacted Cr(CH2SiMe3)4 and Et2AlCl with small
houlders on the ethyl signals and a small peak atδ −0.53
uggesting that some degree of ligand exchange had oc
etween the complexes.1H NMR (benzene-d6, 20◦C): δ

.12 (br m, 80H, AlCH2CH3), 0.22 (br m, 59H, AlCH2CH3
nd CrCH2SiMe3), −2.31 (br s, 36H, CH2SiMe3).

.11. Polymerization details

Norbornene polymerizations were carried out as follo
he monomer was transferred into the reactor vessel, to
nd MAO were added. The catalyst precursor as a sol

n toluene was then injected via syringe. The reaction
erminated by the addition of methanol (ca. 2 mL).
oly(norbornene) (PNB) was precipitated into acidi
ethanol (200 mL), filtered and dried at 50◦C to constan
eight.
Ethylene polymerizations were carried out in a 500

ound-bottomed flask charged with toluene (50 mL), M
5 mmol) under 1 bar of ethylene. For copolymerizations
equired amount of norbornene was added at this stage
recatalyst was injected as a solution in toluene. The p
erizations were terminated by the injection of methano
mL) and worked up as described.
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3. Results and discussion

The synthesis of the metal allyl complexes is depicted
in Scheme 1. As described by Hanusa and co-workers[22],
the chromium(II) and iron(II) allyl complexes1 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 complex3 was prepared from
Ni(acac)2 and 2 equiv. of K[1,3-C3H3(SiMe3)2] in tetrahy-
drofuran. The complex was obtained from the reaction as an
orange oil which crystallized on standing at room tempera-
ture. The cobalt complex4 was prepared from Co(acac)3 and
3 equiv. K[1,3-C3H3(SiMe3)2] 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
3 and 4 have been determined and are reported elsewhere
[24].

The elucidation of the organometallic chemistry involved
in the polymerization chemistry discussed here is necessarily
complicated by the paramagnetism of the complexes. For
instance, the1H NMR signals of1 are very broad and cannot
be easily interpreted. Nevertheless, NMR scale reactions did
provide some useful information. The reaction of1 with typ-
ical catalyst activators was investigated. The allyl complex
does not react with AlMe3 in benzene-d6 at room tempera-
ture, with the1H NMR spectrum showing only starting mate-
r
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for the allylic protons atδ 6.19, 5.46 and 3.92 and one for
the silyl methyl protons atδ 0.03. The19F NMR spectrum
showed resonances due to excess B(C6F5)3 as well as peaks
at δ −134.2, −147.4 and−165.6, while the11B NMR
spectrum had a signal atδ 65 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 1 to generate the [Cr(allyl)2]+ cation, with the concurrent
formation of the tris(pentafluorophenyl)borane radical anion,
[B(C6F5)3]•−. B(C6F5)3 has been shown to provide a one-
electron oxidation of an�2-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
recorded following the reaction of Cp*2Co and B(C6F5)3
[27]. The radical anion [B(C6F5)3]•− has been shown to
have a limited lifetime (about 5 min at 0◦C in THF) [27],
and it seems likely that the unidentified product results from
its decomposition. The [B(C6F5)4]− anion is also formed
as a by-product, and the11B and19F NMR signals for the
anion increased in intensity with time. The formation of this
tetra(aryl)borate anion was also observed as a decomposition
product in the reaction of Cp*2Co and B(C6F5)3 [27].

3.1. Norbornene homopolymerizations
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ials. There is however a rapid reaction of1with Et2AlCl, and
he deep red color of the solution fades to very pale ora
ith formation of a large quantity of a grey precipitate
roved impossible to obtain NMR spectra from this sam
lthough the1H NMR spectrum of the clear supernat
howed signs of an aluminum allyl species, with a triple
8.37 and a doublet atδ 3.74 (JHH = 17.1 Hz) assigned a

he allyl protons[25]. Apparently ligand exchange occu
eadily in this case, with formation of Al allyls and CrCl2.

Of most interest was the reaction of1 with B(C6F5)3 in
oluene-d8. The color of the reaction immediately chang
rom the deep red of1 to brown. The1H NMR spectrum wa
uch simpler than that of1, containing three discrete sign

Sc
Nickel(II) complexes are well known as excellent n
ornene polymerization catalysts, typically when activ
ith methylaluminoxane (MAO)[28]. As can be seen
able 1, 3/MAO at an Al/Ni ratio of 100 at 20◦C afforded
NB in high conversions over a relatively short time per
he polymer obtained was amorphous and moderately
ble in trichlorobenzene. NMR and IR analysis confirm

hat it was formed exclusively by vinyl polymerization[29].
ncreasing the monomer/Ni ratio from 400:1 to 2100:1
reased the PNB molecular weight from̄Mw = 583,000 to
,260,000, with little increase in polydispersitȳMw/M̄n from
.9 to 2.2. A five-fold increase in the monomer/Ni ratio le

1.
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Table 1
Norbornene homopolymerization with Cr, Fe, Co and Ni catalystsa

Entry Catalyst Cat (�mol) MAO (mmol) NB (g) Time (min) Polymer yield (g) Conversion (%) Mw
b Mn

b Mw/Mn
b

1 3 50 5 1.9 10 1.77 93.2 583000 313000 1.9
2 3 10 0.5 2.0 20 1.09 54.5 1260000 582000 2.2
3 2 50 2.5 2.0 960 0.025 1.2 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 86.8 nd nd nd
6 1 10 1 2.0 30 1.13 56.5 nd nd nd
7 4 30 3 2.0 180 0.011 0.6 nd nd nd
8 5 50 5 1.95 10 1.345 69.0 500 290 1.7
9 5 25 2.5 1.92 15 0.581 30.3 470 280 1.7

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

a doubling of the molecular weight. The initiation efficiency
of this system was low, however (e.g. only 11% for entry 1,
based upon a calculated̄Mn of 37,600).

Neither of the iron and cobalt allyls2 and4 treated with
MAO under the same conditions afforded an active catalyst,
with only traces of polymeric material being produced
in each case. By contrast, the Cr(II) complex1 activated
with MAO was found to exhibit high activity, comparable
to that of the nickel complex. Thus a mixture of1/MAO
(50�mol Cr, Al/Cr = 100) and 400 equiv. of norbornene
at 20◦C gave complete conversion in 30 min (Table 1). In
contrast to the PNB produced with the nickel catalyst, the
chromium-derived PNB was totally insoluble in organic
solvents; this precluded molecular weight determinations
and NMR analysis. However, IR studies showed the absence
of bands at 1680–1620 cm−1, indicative of a fully saturated
polymer, and confirmed that the polymer was produced
by vinyl polymerization. By contrast,1/B(C6F5)3 did not
homopolymerize norbornene, so that it seems likely that
polymerization is dependent on the formation of a CrMe
bond capable of inserting norbornene.

As mentioned in Section1, norbornene polymer-
ization with half-sandwich chromium(III) catalysts of
the type [CpRCrMeCl]2/MAO has been reported, where
CpR = substituted cyclopentadienyl, indenyl or fluorenyl
[29]. In that case the authors suggested that the stereoreg-
u ric
d e of
1 f the
a steri-
c ighly
c sing.

the
C of
c

is readily synthesized from CrCl3(THF)3 and 4 equiv. of
Me3SiCH2MgCl in tetrahydrofuran[23].

Cr(CH2SiMe3)4 in benzene-d6 does not react with either
AlMe3 or B(C6F5)3; in both cases the NMR spectra (1H,
11B and19F) are essentially identical to those of the starting
materials. However, with Et2AlCl there was some evidence
of ligand exchange, with a precipitate formed in the NMR
tube. The1H NMR spectrum had signals for both starting
materials, although the ethyl signals of Et2AlCl had shoul-
ders suggesting that another compound was also present. It
appears that Cr(CH2SiMe3)4 reacts with Et2AlCl or MAO
under ligand exchange, as an entry to catalyst activation.

Consistent with this observation, a mixture of5 and
MAO readily reacted with norbornene, with high conver-
sion (Table 1, entries 8 and 9). However, in contrast to
the polymer produced from1, the product obtained with
5/MAO was soluble in 1,1,2,2-tetrachlorethane-d2 and 1,2,4-
trichlorobenzene and was found to consist of NB oligomers,
mostly trimers–pentamers. There was no evidence of un-
saturated end groups (1H NMR); however, NMR and mass
spectrometric evidence showed that the oligomers contained
methyl end-groups and must thus have arisen by norbornene
insertion into Cr Me bonds, followed by rapid transfer to
aluminum (Scheme 2).

3.2. Ethylene polymerizations and E/N
c

e
e od-
e s
a only
t
t ikely
t By

heme
larity and crystallinity of the polymer increased with ste
emand of the Cp ligands, from 0 to 30%. In the cas
/AlMe3 there is evidence for at least partial exchange o
llyl ligands, as discussed above, to give presumably
ally much less encumbered species. The formation of h
rystalline PNB from such a catalyst was therefore surpri

We were interested in comparing the behavior of
r(II) catalyst precursor with other oxidation states
hromium, such as the Cr(IV) complex Cr(CH2SiMe3)4 (5)

Sc
opolymerizations

Cr[1,3-C3H3(SiMe3)2]2 (1) was found to polymeriz
thylene in the absence of any cocatalyst, albeit with m
st activity (Table 2, entry 1). Surprisingly, when MAO wa
dded, the catalytic activity was drastically reduced, and

races of polymer were obtained. Et2AlCl was also found
o reduce the activity. In both these cases it seems l
hat allyl transfer to aluminum may lead to deactivation.

2.
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Table 2
Ethylene homopolymerizations wit Cr(II) and Cr(IV) catalyst precursorsa

Entry Catalyst Cocatalyst Time (min) Polymer yield (g) Activityb Mw
c Mw/Mn

c

1 1 – 60 0.032 630 nd nd
2 1 B(C6F5)3 60 0.557 1110 739000 52
3 1 2Et2AlCl 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× 10−5 mol, MAO/Cr = 100, ethylene pressure 1 bar, 50 mL toluene, 20◦C.
b In g PE mol−1 h−1 bar−1.
c Determined by GPC relative to polystyrene standards.

contrast, treating1 with B(C6F5)3 resulted in much higher
ethylene polymerization activity (Table 2, entry 2). As dis-
cussed above, NMR experiments suggested that this reaction
involves a one electron oxidation of Cr(II) by B(C6F5)3, with
the formation of the [Cr(allyl)2]+ cation which is presumably
responsible for the observed activity.

Cr(CH2SiMe3)4/MAO was also active for ethylene poly-
merization (Table 2, entries 5–6). The polyethylene was
found to possess high molecular weight but a broad polydis-
persity. This was in good agreement with the reported pro-
ductivity of Cr(CH2SiMe3)4 when activated with 2 equiv. of
AlCl3 (1.1× 103 g PE (mol Cr)−1 h−1 bar−1) [23b].

Both the Cr(II) allyl and the Cr(IV) 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 catalyst1/MAO
led to deactivation. With the borane system1/B(C6F5)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(II) allyl precursors,
the activity of5/MAO was not depressed by ethylene, and
g Un-
l Cr
s at
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Fig. 1. NB incorporation levels (mol%) as a function of initial NB feed
concentration [NB]0 in E–N copolymerizations with5/MAO.

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 diads[11]. The copolymers produced
with the Cr(II) catalyst1/B(C6F5)3 showed these charac-
teristics (seeFig. 3) and in this respect are similar to the
copolymers produced using [CpRCrMeCl]2/MAO, where at
low incorporation levels (up to 35%) mainly alternating or
isolated norbornene units were found[21b]. By contrast, the
copolymers produced with5/MAO all contained norbornene
blocks, even at low levels of norbornene incorporation.

The13C NMR spectrum of the copolymer generated from
5/MAO (Al/Cr = 1000) with [NB]0 = 0.32 mol L−1 (Table 3
entry 7) is shown inFig. 4. The signals were assigned in com-
parison with the spectra of norbornene-rich E–N copolymers
obtained with ansa-zirconocenes[30–32]. The three signal

F ng of
t

ood E–N copolymerization activities were observed.
ike group 4 metallocene catalysts, the activity of this
ystem actuallyincreasedwith increasing NB feed, and
igher [NB] (e.g. 0.32 mol L−1) the activity exceeded that
thylene homopolymerizations with this catalyst by alm
ne order of magnitude. The level of norbornene inco
ation could be varied within wide limits, depending on
nitial NB feed concentration, with incorporation levels ra
ng from 8 to 60% being produced from [NB]0 of between
.11 and 0.32 mol L−1 (Fig. 1).

The 13C NMR spectra of ethylene–norbornene cop
ers can be very complex, due to the presence of

tereogenic carbon atoms per norbornene unit (Fig. 2), the
ossibility of isomers with exo and endo connectivity, and

ormation of blocks of varying lengths, e.g.–ENE–, –ENN
ENNNE– moieties[1]. The main structural features
–N copolymers produced with titanium and zirconi
etallocene catalysts have been assigned[8,11b,12b,30–32.
ig. 2. Section of an ethylene–norbornene copolymer with the labeli
he norbornene unit.
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Fig. 3. 13C NMR spectrum of an ethylene–norbornene copolymer prepared with1/B(C6F5)3; 20◦C, 1 bar ethylene, [NB]0 = 0.11 mol L−1; NB incorporation
6.0 mol%.

groups for carbon atoms C1–C4 and C7 (seeFig. 2) rang-
ing from δ 32–50 show complex splitting and indicate the
presence of at least diblock units. This is confirmed by the
presence of a signal atδ 28.3, which has been assigned as
characteristic of –NN– units by comparison with the spectra
of norbornene dimers and trimers[11b]. The small signals
betweenδ 34 and 41.5 and also betweenδ 43 and 47 are in-
dicative of –NNN– sequences.

The two copolymers with the lowest NB content showed
molecular weights of ca. 200,000, with comparatively nar-
row polydispersities (for example entry 4,̄Mw = 220,000,
M̄w/M̄n = 4.1). The polydispersity increased significantly
at higher norbornene incorporation levels; this is not least
due to facile polymer precipitation during reactions with
higher [NB]0. The GPC traces for these two polymer samples
showed bimodal distributions.

Table 3
Ethylene–norbornene copolymerizationsa

Entry Catalyst Cocatalyst [NB]0 (mol L−1) Time (min) Polymer
yield (g)

Activityb Norborne
incorp.c (mol%)

Mw
d Mn

d Mw/Mn
d

1 1 MAO 0.21 25 Traces – – – – –
2 1 B(C6F5)3 0.11 60 0.020 400 6.0 684000 15100 45
3 1 B(C6F5)3 0.33 60 0.036 720 11 744000 8120 92
4 5 MAO 0.11 60 0.083 1660 8.0 220000 53100 4.1
5 5 MAO 0.21 60 0.419 8380 32 190000 39100 4.9
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× 10−5 mol, Al/Cr = 100, ethylene pressure 1 bar, 50 mL toluene, 20◦C.
b In g polymer mol−1 h−1 bar−1.
c Determined by analysis of the13C NMR spectra in 1,1,2,2-tetrachloroethane-d2 at 110◦C.
d Determined by GPC relative to polystyrene standards.
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Fig. 4. 13C NMR spectrum of an ethylene–norbornene copolymer. Catalyst5/MAO (Al/Cr = 1000); 20◦C, 1 bar ethylene, [NB]0 = 0.32 mol L−1; norbornene
content of the copolymer 60 mol%.

The block structure of these copolymers was confirmed
by the determining the reactivity ratios for ethylene and
norbornene,rE andrN, by means of13C {1H} NMR spec-
troscopy. Measurements were taken over the (admittedly
limited) compositional range. Data were analyzed assuming
a first-order Markovian model. Although the determination
of the copolymer compositions proved difficult at high
norbornene incorporation (>40 mol%), there was good
agreement between the Fineman–Ross and Kelen–Tüdös
methods, givingrE ≈ 10, rN ≈ 2.5, andrErN ≈ 25.

The disparity between the behavior of the two sys-
tems 1/MAO and 1/B(C6F5)3 is striking. The reluctance
of 1/B(C6F5)3 to homopolymerize norbornene explains
the lower activities encountered in ethylene–norbornene
copolymerization. With this catalyst, multiple NB insertions
are evidently disfavored, as no ENNE units were found in
these copolymers. With the Cr(IV) system5/MAO, no such
problems were encountered, and even at low comonomer en-
chainment levels multiblock norbornene units were observed.

3.3. Heterogeneous polymerization with Cr(L1)2 on
silica

One approach to the modelling of Phillips catalysts
has been the preparation of silica immobilized chromium
alkyl complexes via the reaction of chromium alkyls

and partially dehydroxylated silica[33]. For example
tetrakis(neopentyl)chromium(IV) reacts with the hydroxy
groups of amorphous silica (dehydroxylated at 200◦C)
to give a bis(neopentyl)chromium(IV) surface complex
[33b,33c]. We were interested in the effect of heterogeniza-
tion on the Cr(II) precursor1.

A sample of silica (Vulkasil® S, with a surface area of
175± 20 m2/g) was partially dehydroxylated at 500◦C for
3 h. It has been estimated that under these conditions only
isolated silanol groups remain, with an average surface con-
centration of between 5.5 and 1 nm−2 [34]. The supported
catalyst was prepared by suspending a portion of this sil-
ica (typically 0.3–0.4 g) in a light petroleum solution of1
(0.084 g, 200�mol) for 30 min. During this time the dark red
color of the solution transferred onto to the solids, so that on
settling the supernatant was colorless. The solids were dried
in vacuo, giving a pale red powder. The filtrate was shown
to contain 1,3-C3H4(SiMe3)2, formed from the reaction with
surface-OH.

The results of ethylene and ethylene–norbornene polymer-
ization trials with the supported complex are assembled in
Table 4. Polymerizations were carried out at 7 bar and 60◦C.
In the absence of an aluminum cocatalyst no polymer was
obtained under these conditions. With MAO at Al/Cr = 1000
or with 10 equiv. of Et2AlCl, polyethylene was produced
with an activity of∼4.8× 103 g (mol Cr)−1 h−1 bar−1. This
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Table 4
Ethylene polymerization with1 supported on silicaa

Entry Silica (g) Cocatalyst [NB]0

(mol L−1)
Time
(min)

Polymer
yield (g)

Activityb Norborne
incorp.c (mol%)

Mw
d Mn

d Mw/Mn
d

1 0.380 MAO 0 50 5.77 34600 – 818000 94700 8.6
2 0.345 Et2AlCl 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× 10−4 mol, ethylene pressure 7 bar, 300 mL toluene, 20◦C.
b In g PE mol−1 h−1 bar−1.
c Determined by analysis of the13C NMR spectra in 1,1,2,2-tetrachloroethane-d2 at 110◦C.
d Determined by GPC relative to polystyrene standards.

figure is low compared to supported chromium(III) alkyl
complexes, for example Cr[CH(SiMe3)2]3 on silica showed
an activity of 4.5× 106 g (mol Cr)−1 h−1 bar−1 at 100◦C
and 14 bar[33f]. The low activity of the current system may
be due to a less facile insertion into the chromium allyl bond,
or it may reflect the lower activity of a chromium(II) catalyst
[35]. An attempted ethylene–norbornene copolymeriza-
tion ([NB]0 = 6.4 mmol L−1) did produce some polymer,
although13C NMR analysis in 1,1,2,2-tetrachloroethane-d2
did not show any norbornene units, suggesting that if any in-
corporation had occurred, it was below the level of detection.
The polyethylene was found to be of high molecular weight,
with a broad polydispersity. The polyethylene produced with
Et2AlCl as cocatalyst had very similar characteristics.

4. Conclusions

Both Ni(II) and Cr(II) allyl complexes in combination
with MAO give active catalysts for the polymerization of
norbornene. While this is not unexpected for nickel, the
chromium system represents, to our knowledge, only the sec-
ond norbornene polymerization catalyst with this metal, and
the first example of a Cr(II) complex. There was a pronounced
dependence of activity on the metal oxidation state: the
Cr(II) system1/MAO was active for norbornene homopoly-
m d in
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a
f –N
c wer
a ion,
a mer
s er-
i
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m
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By contrast, the chromium(IV) complex Cr(CH2SiMe3)4/
MAO shows good activities for ethylene homopolymeriza-
tion and norbornene oligomerization, as well as for E–N
copolymerizations. The level of norbornene incorporated in
the polymer can be varied over a wider range than is possible
with group 4 catalysts, and norbornene incorporation levels
of 8–60 mol% were obtained from initial norbornene con-
centrations of 0.11–0.32 mol L−1. In contrast to metallocene
catalysts, the activity of this chromium catalyst rises with
increasing norbornene concentration. There is a tendency to-
wards the formation of oligo(norbornene) block structures;
thus even at low incorporation levels there was little evidence
for isolated norbornene units, and NN or higher units predom-
inate. At higher norbornene incorporation levels the polymer
microstructure was consistent with the formation of mainly
NNN blocks.

Acknowledgments

This work was supported by the European Commission
(contract HPRN-CT2000-00004) and the Engineering and
Physical Sciences Research Council.

References

93.
tion,

A1

m.

, J.

Ed.

997)

m.,

. 76

G.
hart,

ol.
erization but inactive for ethylene polymerization, an
he presence of ethylene the norbornene polymerization
lso suppressed. However the system1/B(C6F5)3 was active

or ethylene polymerization but not for norbornene. In E
opolymerization experiments with this catalyst much lo
ctivity was found than for ethylene homopolymerizat
nd it seems likely that insertion of a norbornene mono
ignificantly hinders further monomer insertion. NMR exp
ments suggest that the reaction of CrII [1,3-C3H3(SiMe3)2]2
ith B(C6F5)3 proceeds via a one electron oxidation of
etal to give the [Cr{1,3-C3H3(SiMe3)2}2]+ cation, with

he concurrent formation of the [B(C6F5)3]•− radical anion
Although an active heterogeneous ethylene polyme

ion catalyst could be prepared by reacting a solutio
r[1,3-C3H3(SiMe3)2]2 in light petroleum with dehydrox
lated silica, the catalyst was not active in the absenc
ither Et2AlCl or MAO as cocatalysts, and the activity do
ot reach the values seen for other systems prepared
r(III) or Cr(IV) alkyls and silica.
[1] C. Janiak, P.G. Lassahn, J. Mol. Catal. A: Chem. 166 (2001) 1
[2] K.J. Ivin, J.C. Mol, Olefin Metathesis and Metathesis Polymeriza

Academic Press, San Diego, 1997, p. 407.
[3] (a) J.P. Kennedy, H.S. Makowski, J. Macromol. Sci. Chem.

(1967) 345;
(b) N.G. Gaylord, B.M. Mandal, M. Martan, J. Polym. Sci., Poly
Lett. Ed. 14 (1976) 555;
(c) N.G. Gaylord, A.B. Deshpande, B.M. Mandal, M. Martan
Macromol. Sci. Chem. A11 (1977) 1053;
(d) N.G. Gaylord, A.B. Deshpande, J. Polym. Sci., Polym. Lett.
14 (1976) 613.

[4] (a) S. Rush, A. Reinmuth, W. Risse, Macromolecules 30 (1
7375;
(b) L. Goodall, L.H. McIntosh III, L.F. Rhodes, Macromol. Che
Macromol. Symp. 89 (1995) 421;
(c) N. Seehof, C. Mehler, S. Breunig, W. Risse, J. Mol. Catal
(1992) 219.

[5] C. Karafilidis, H. Hermann, A. Rufinska, B. Gabor, R.J. Mynott,
Breitenbruch, C. Weidenthaler, J. Rust, W. Joppek, M.S. Brook
W. Thiel, G. Fink, Angew. Chem. Int. Ed. 43 (2004) 2444.

[6] (a) W. Kaminsky, A. Bark, M. Arndt, Macromol. Chem., Macrom
Symp. 47 (1991) 83;



T.J. Woodman et al. / Journal of Molecular Catalysis A: Chemical 235 (2005) 88–97 97

(b) H. Cherdron, M.J. Brekner, F. Osan, Angew. Macromol. Chem.
223 (1994) 121;
(c) M.J. Brekner, F. Osan, J. Rohrmann, M. Antberg, US Patent
5 324 801 (1994) (Hoechst AG).

[7] (a) W. Kaminsky, Adv. Catal. 46 (2001) 89;
(b) W. Kaminsky, I. Beulich, M. Arndt-Rosenau, Macromol. Symp.
173 (2001) 211.

[8] (a) R.A. Wendt, G. Fink, J. Mol. Catal. Part A: Chem. 203 (2003)
101;
(b) R.A. Wendt, R. Mynott, G. Fink, Macromol. Chem. Phys. 203
(2002) 2531.

[9] For copolymerizations of ethylene with functionalized norbornene
derivatives see for example;
(a) R. Goretzki, G. Fink, Macromol. Rapid Commun. 19 (1998) 511;
(b) R.A. Wendt, G. Fink, Macromol. Chem. Phys. 201 (2000) 1365;
(c) R.A. Wendt, G. Fink, Macromol. Chem. Phys. 203 (2002) 1071;
(d) R.A. Wendt, K. Angermund, V. Jensen, W. Thiel, G. Fink, Macro-
mol. Chem. Phys. 205 (2004) 308.

[10] K. Nomura, M. Tsubota, M. Fujiki, Macromolecules 39 (2003) 3797.
[11] (a) D. Ruchatz, G. Fink, Macromolecules 31 (1998) 4669;

(b) D. Ruchatz, G. Fink, Macromolecules 31 (1998) 4674;
(c) D. Ruchatz, G. Fink, Macromolecules 31 (1998) 4681;
(d) D. Ruchatz, G. Fink, Macromolecules 31 (1998) 4684.

[12] (a) A.L. McKnight, R.M. Waymouth, Chem. Rev. 98 (1998) 2587;
(b) A.L. McKnight, R.M. Waymouth, Macromolecules 32 (1999)
2816.

[13] K. Thorshaug, R. Mendichi, L. Boggioni, I. Tritto, S. Trinkle, C.
Friedrich, R. M̈ulhaupt, Macromolecules 35 (2002) 2903.

[14] J.P. Hogan, R.L. Banks, Phillips Petroleum US Patent 2 825 721
(1958).

[15] (a) G. Bhandari, Y. Kim, J.M. McFarland, A.L. Rheingold, K.H.

s 15

[ od,

. Ed.

hite,

.A.
ans.

hite,

om-

[ r-

[ 00)

[ ,

[ ics

[21] (a) U. Peuckert, W. Heitz, Macromol. Rapid Commun. 19 (1998)
159;
(b) U. Peuckert, W. Heitz, Macromol. Chem. Phys. 202 (2001)
1289.

[22] (a) J.D. Smith, T.P. Hanusa, V.G. Young Jr., J. Am. Chem. Soc. 123
(2001) 6455;
(b) C.N. Carlson, J.D. Smith, T.P. Hanusa, W.W. Brennessel, V.G.
Young Jr., J. Organomet. Chem. 683 (2003) 191.

[23] (a) W. Mowat, A. Shortland, G. Yagupsky, N.J. Hill, M. Yagupsky,
G. Wilkinson, J. Chem. Soc., Dalton Trans. (1972) 533;
(b) C. Schulzke, D. Enright, H. Sugiyama, G. LeBlanc, L.K. Thomp-
son, D.R. Wilson, R. Duchateau, Organometallics 21 (2002) 3810.

[24] M. Schormann, S. Garratt, M. Bochmann, Organometallics 24 (2005)
1718.

[25] T.J. Woodman, M. Schormann, M. Bochmann, Israel J. Chem. 42
(2002) 283.

[26] (a) C.J. Harlan, T. Hascall, E. Fujita, J.R. Norton, J. Am. Chem.
Soc. 121 (1999) 7274;
(b) C.J. Beddows, A.D. Burrows, N.G. Connelly, M. Green, J.M.
Lynam, T.J. Paget, Organometallics 20 (2001) 231.

[27] R.J. Kwaan, C.F. Harlan, J.R. Norton, Organometallics 20 (2001)
3818.

[28] (a) T.J. Denning, B.M. Novak, Macromolecules 26 (1973) 7089;
(b) F. Peruch, H. Cramail, A. Deffieux, Macromol. Chem. Phys. 199
(1998) 2221;
(c) C. Mast, M. Kreiger, K. Dehnicke, A. Greiner, Macromol. Rapid
Commun. 20 (1999) 232.

[29] T.F.A. Haselwander, W. Heitz, Macromol. Rapid Commun. 18 (1997)
689.

[30] (a) A. Provasoli, D.R. Ferro, I. Tritto, L. Boggioni, Macromolecules
32 (1999) 6697;

R.

chi,

[ 490;
nk,

[
[ em.

6;
oc.

oc.

00)

em.

35

[ em.

[ m.
Theopold, Organometallics 14 (1995) 738;
(b) P.A. White, J. Calabrese, K.H. Theopold, Organometallic
(1996) 5473;
(c) K.H. Theopold, Eur. J. Inorg. Chem. (1998) 15.

16] (a) M.P. Coles, C.I. Dalby, V.C. Gibson, W. Clegg, M.R. Elsego
J. Chem. Soc., Chem. Commun. (1995) 1709;
(b) G.J.P. Britovsek, V.C. Gibson, D.F. Wass, Angew. Chem. Int
Eng. 38 (1999) 428;
(c) V.C. Gibson, C. Newton, C. Redshaw, G.A. Solan, A.J.P. W
D.J. Williams, J. Chem. Soc., Dalton Trans. (1999) 827;
(d) V.C. Gibson, S. Mastroianni, C. Newton, C. Redshaw, G
Solan, A.J.P. White, D.J. Williams, J. Chem. Soc., Dalton Tr
(2000) 1969;
(e) V.C. Gibson, C. Newton, C. Redshaw, G.A. Solan, A.J.P. W
D.J. Williams, J. Chem. Soc., Dalton Trans. (2002) 4017;
(f) D.J. Jones, V.C. Gibson, S.M. Green, P.J. Maddox, Chem. C
mun. (2002) 1038.

17] A. Döhring, J. G̈ohre, P.W. Jolly, B. Kr̈uger, J. Rust, G.P.J. Ve
hovnik, Organometallics 19 (2000) 388.
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