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Abstract

Using 13C, 1H and 19F NMR spectroscopy, formation of cationic species was studied in ternary systems (SBI)ZrX2/AlBui
3/

[CPh3][B(C6F5)4], where X = Cl, Me [(SBI) = rac-Me2Si(Ind)2]. In the first system (X = Cl), the ion pair [(SBI)Zr(l-Cl)2Zr(SBI)]-
[B(C6F5)4]2 (IV) predominates at low Al/Zr ratios (Al/Zr < 10), whereas at higher Al/Zr ratios (P20) in the absence of monomer mainly
[(SBI)Zr(l-H)(l-C4H7)AlBui

2] [B(C6F5)4] (V) is formed. The binuclear complex [(SBI)Zr(l-Cl)2Zr(SBI)][B(C6F5)4]2 has been character-
ized crystallographically. Species V is also formed in the system X = Me at high Al/Zr ratios. In the presence of AlBui

3, IV displays activ-
ity in propylene polymerization and is the most likely precursor of the polymerizing species. Consistent mechanisms have been proposed
for the reactions in these catalytic systems.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Mixtures of triisobutyl aluminum (TIBA) and cation
generating agents are widely used as co-catalysts in ternary
systems for olefin polymerizations based on group IV
metallocene complexes [1–9]. In some cases these TIBA-
based activator systems are capable of increasing catalyst
activities by 1–2 orders of magnitude compared to methyl-
alumoxane (MAO) activation [10–13]. It is now generally
accepted that the active species in metallocene-based cata-
lysts are electron-deficient alkyl complexes [LL’MR+]
(where R = alkyl) paired with weakly coordinating count-

eranions, and it is thought that TIBA serves to generate
a highly reactive metal alkyl species [14–18]. On the other
hand, TIBA is known to be in equilibrium with HAlBui

2

which could act as a hydride source [19], and the precise
nature of the reaction products of TIBA with metallocenes
under catalytic conditions is unknown.

Recently, Götz and co-workers have reported an NMR
investigation of the products of successive reaction of
Cp2ZrCl2 and Ph2C(Cp)(Flu)ZrCl2 with AliBu3 and [PhN-
Me2H][B(C6F5)4] at elevated temperature (60 �C) [20]. They
found the surprising formation of hydrido-bridged Zr–Al
binuclear species, although some intermediates could only
be tentatively identified. In view of our earlier studies of
the kinetics of the high-activity catalysts (SBI)ZrX2/TIBA/
[CPh3][B(C6F5)4] (SBI = rac-Me2Si(Ind)2, X = Cl or Me)
[18,21] we were therefore interested in elucidating the role
of TIBA under these conditions. In this paper, 1H, 13C
and 19F NMR spectroscopic study of this system is
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presented, and several types of cationic zirconium species
have been detected and characterized.

2. Results and discussion

2.1. The system (SBI)ZrCl2/AlBui
3/[CPh3][B(C6F5)4]

Reaction of (SBI)ZrCl2 (I) with AlBui
3 at room temper-

ature in an Al/Zr ratio of 2:1 in toluene lead to a mixture of
I and (SBI)ZrClBui (II) (I/II ratio 2.3:1). At Al/Zr = 5:1,
90% conversion to II was the case (see Section 4). No other
species (i.e. Zr hydrides, etc.) rather than I and II were
observed in the mixture. The identity of II was confirmed
by independent synthesis via reaction of I with iBuMgCl
in toluene at 0–10 �C (see Section 4). An orange solid
was formed almost quantitatively (Scheme 1). The complex
is unstable in toluene and decays within hours at room tem-
perature at Al/Zr = 5:1.

Addition of [CPh3][B(C6F5)4] to (SBI)ZrClBui formed
in situ at room temperature rapidly produces a blue or
green-blue oily residue as the lower phase, which contains
the target ionic compounds, and a clear supernatant which
contains TIBA, HCPh3 and isobutene. NMR spectra were
run either directly on the oily liquid, or 20 vol% of a polar
solvent (i.e. 1,2-difluorobenzene or 1,2-dichlorobenzene)
was added to the samples to obtain a homogeneous solu-
tion. Two zirconium species were detected in the NMR
spectra of the oily phase, their ratio depending on the Al/
Zr ratio used.

At low Al/Zr ratios (5–10) a new zirconium species IV
was detected as a major product. In principle, under these
conditions one might expect the formation of a cationic
methallyl complex [(SBI)Zr(g3-CH2CMeCH2)][B(C6F5)4]
similar to those described previously [22,23]. However, no
spectroscopic evidence for the formation of such species
was obtained. Compound IV displays two characteristic
doublets for the cyclopentadienyl protons of the SBI ligand
in the 1H spectra, at d 5.39 and 6.42 (with the corresponding
13C peaks at d 121.6 and 122.6, Fig. 1), and a single reso-
nance for Si–Me groups at d 0.84. Apparently, IV is an ionic
product with [B(C6F5)4]� as counter-anion (19F NMR: d
�133.3, �163.9, �167.7) (cf. [22,23]), its cationic part dis-
playing C2-symmetry. No coordination of the anion to Zr
was observed in the 19F NMR spectra. The C5 part of IV

is also characterized by a single 13C peak at d 88.2 (2C,
assigned to Si–C(Cp) carbons on the basis of long range
C,H-correlated spectra). Based on these spectral data, and
taking into account the documented capability of cyclopen-

tadienyl zirconium derivatives to form bis(l-chloro) bridged
dications [24,25], IV could be identified as [(SBI)Zr-
(l-Cl)2Zr(SBI)][B(C6F5)4]2 ion pair. No spectroscopic evi-
dence for the formation of meso- and rac-like diastereomers
(as in the case of [{(SBI)ZrMe}2(l-Me)][B(C6F5)4] for
example [26]) was obtained. Apparently, one of the diaste-
reomers strictly prevails in our case. On the basis of the spec-
troscopic and literature data [20], a possible route for the
formation of IV was derived (Scheme 2).

The formation of IV can be explained by b-hydride
abstraction by CPhþ3 from II, presumably to give the labile
cation [(SBI)Zr(Cl)–CH2C(+)(CH3)2], followed by loss of
isobutene and generation of IV. The NMR spectra showed
that IV does not react with isobutene when the latter is
present in the sample. By contrast, injection of 10 mL of
propylene gas into the NMR sample containing a slightly
pre-cooled solution of complex IV with residual TIBA
(see Section 4) showed fast (within seconds) gas consump-
tion, followed by the formation of solid polymer in the
upper part of the sample (13C: d 46.4 (CH2), 27.8 (CH),
22.0 (CH3)).

To corroborate our assignment of the species IV, we
prepared it independently. Taking into account the well
documented tendency of [CPh3][B(C6F5)4] to abstract a
methyl-anion from methylated metal complexes, one could
expect the reaction of (SBI)ZrClMe with [CPh3][B(C6F5)4]
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Scheme 1. Preparation of complex II.

ppm

-3 -2 -1 01234 5 6 

a

b

c

Cp-H 

Cp-H 

Cp-H 

Zr-CH2- 

Zr

C

H
Al

CH3

CH2
H2C

Zr-H-Al

toluene 
(suppressed)

Zr-CHH- 

isobutene 
*

*

* 

species II

species IV

species V

Fig. 1. 1H NMR spectra (20 �C) of the systems (SBI)ZrCl2/TIBA = 1:5,
toluene (a), (SBI)ZrCl2/TIBA/[CPh3][(C6F5)4] = 1:5:1, toluene/1,2-dichlo-
robenzene (b), sample (b) after 30 min stirring with extra 25-fold excess of
TIBA (c). Asterisks mark impurities in TIBA.
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