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The growth of polyolefin chains in zirconocene-based catalyst
systems is generally agreed to occur by olefin insertion into the
Zr-polymer bond of a reaction complex of the type [Cpx

2Zr-
polymer(olefin)]+ A-, where Cpx

2 is a pair of annulated, substituted,
and/or bridged C5-ring ligands and A- a weakly coordinating anion.1

Much less certain, however, is the nature of the resting state(s) in
“working” catalyst systems, i.e. of those species, which comprise
major parts of the total catalyst content. Probable catalyst resting
states are contact ion pairs of the type [Cpx

2Zr-polymer+ · · ·A-],
observed by Landis and co-workers in catalyst systems activated
by B(C6F5)3 at -40 °C,2 or zirconocene-polymeryl cations, [Cpx

2Zr-
polymer]+, proposed by Bochmann and co-workers to be sufficiently
stabilized by an agostic Zr-alkyl bond to relegate the anion A- to
outer-sphere association.3

Cationic species with a reduced propensity for further olefin
insertion, carrying at their Zr center e.g. a regioirregular monomer
unit4 or an allyl-ended polymer chain,5 have likewise been proposed
to represent abundant species in “working” catalysts. Little
experimental evidence is available however with regard to the
species actually arising as resting states in polymerization catalysts
at or above ambient temperature and in the presence of a large
olefin excess, in particular in catalyst systems activated, as it is
most frequently done, by methylalumoxane (MAO).

(SBI)ZrMe2/MAO mixtures without added olefin show in their
1H NMR spectra in C6D6 solution the signals of the cationic AlMe3

adduct [(SBI)Zr(µ-Me)2AlMe2]+ (Scheme 1A) and broad features
of the ion pair [(SBI)ZrMe+ · · ·MeMAO-],6 both of which are
present in comparable amounts under these conditions (Figure 1,
Table 1).7 When 1-hexene is added to such a solution in a ratio of
[hexene]/[Zr] ) 1000, one observes, together with a rapid polymer-
ization of hexene (t1/2 ≈ 5 min), a similarly rapid diminution of the
signals of the cation [(SBI)Zr(µ-Me)2AlMe2]+ to ∼30% of their
previous intensity. Later, these signals increase in size again, reaching
ca. 80% of their previous intensity after ∼1 h (Figures 1 and 2a).

Together with the diminution of the [(SBI)Zr(µ-Me)2AlMe2]+

signals, a new set of signals is growing in, with C5-H ligand signals
at a slightly lower and a Zr(µ-Me)Al signal at a slightly higher

field than that of the respective [(SBI)Zr(µ-Me)2AlMe2]+ signals
(Figure 1, Table 1).8 As judged by the integrals of its C5-H ligand
and Zr(µ-Me) signals, this species contains only a single µ-Me
group. Based on this observation and on the general similarity of
its NMR characteristics to those of [(SBI)Zr(µ-Me)2AlMe2]+, we
propose for this species a formula [(SBI)Zr(µ-R)(µ-Me)AlMe2]+,
where R is a polyhexyl chain. Chain-carrying AlMe3 adducts of
this type have been suspected before to arise during olefin
polymerization catalysis6b,9 but have escaped detection up to now.
Our assignment is supported by the following observations.

While the size of the signals of [(SBI)Zr(µ-R)(µ-Me)AlMe2]+

is rather independent of residual hexene concentration in the range
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Scheme 1

Figure 1. 1H NMR spectra of an (SBI)ZrMe2/MAO solution before addition
of 1-hexene (top trace) and 5 to 92 min after addition of 1-hexene (C6D6,
300 K, [Zr]tot ) 0.6 mM; [hexene]init/[Zr] ) 1000; [Al]MAO/[Zr] ) 960);
ligand C5-H region (left) and Zr-CH3 region (right); signals due to
[(SBI)ZrMe+ · · ·MeMAO-] (a), to [(SBI)Zr(µ-Me)2AlMe2]+ (b), and to
[(SBI)Zr(µ-R)(µ-Me)AlMe2]+ (c).

Table 1. 1H NMR Signals of Cationic (SBI)Zr Complexesa

C6-
H

C5-
H(3)

C5-
H(2) Meterm µ-Me

[(SBI)ZrMe+ · · ·MeMAO-]b 5.7-
6.0

5.1-
5.2

-1.6
(br)

[(SBI)Zr(µ-Me)2AlMe2]+b,c 6.71d 6.13e 4.98e -0.65 -1.39f

[(SBI)Zr(µ-R)-
(µ-Me)AlMe2]+c

6.55d 6.39e

6.38e
4.91e,h

5.26e
n.o. -1.53g

[(SBI)Zr(µ-CH2SiMe3)-
(µ-Me)AlMe2]+c,i

6.52d

6.73d
6.08e

6.58e
5.16e

5.17e
-0.63
-0.80

-1.37g

a C6D6, 300 K, 400 MHz, δ in ppm. b Reference 6c. c MeMAO- as
counteranion. d Pseudotriplets with JHH 7.6-8.0 Hz. e Doublets with JHH

3.2-3.5 Hz. f Two µ-Me groups per zirconocene unit. g One µ-Me
group per zirconocene unit. h Observed during polymerization of
1-13C-1-hexene. i At 20 °C, further signals: Zr-CH2 -0.91 ppm (d,5.7
Hz), -3.54 ppm (d, 5.7 Hz), Me2Si 0.81 ppm (3H), 0.72 ppm (3H),
Me3Si -0.11 ppm (9H).
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of 100 > [hexene]resid > 40 mM, it decreases in parallel to the hexene
concentration in the range [hexene]resid < 25 mM, i.e. when the
[hexene]resid/[Zr] ratio falls below a value of ca. 40 (Figure 2B).
This hexene dependence of its steady-state concentration indicates
that the cation [(SBI)Zr(µ-R)(µ-Me)AlMe2]+ requires for its forma-
tion the concurrent consumption of hexene,10 in accord with the
view that it contains as its R component a polyhexyl chain.

Since heterobinuclear zirconocene cations with bridging R groups
other than R ) Me have rarely been described so far,6b we have
generated, by reaction of [(SBI)Zr-CH2SiMe3]+ B(C6F5)4

- with
10-30 equiv. AlMe3 or of (SBI)Zr(Me)CH2SiMe3 with MAO, the
cation [(SBI)Zr(µ-CH2SiMe3)(µ-Me)AlMe2]+ (Scheme 1C). This
model complex, which is converted by excess AlMe3 with t1/2 ≈
10 min to the cation [(SBI)Zr(µ-Me)2AlMe2]+, gives rise to Zr(µ-
Me)Al and C5-H NMR signals similar to those of the cation
[(SBI)Zr(µ-R)(µ-Me)AlMe2]+ (Table 1).11 While this similarity can
be taken as support for our structural assignment of the latter,
diastereotopic Zr-CH2 signals, apparent at -0.91 and -3.54 ppm
for [(SBI)Zr(µ-CH2SiMe3)(µ-Me)AlMe2]+, are not detectable for
[(SBI)Zr(µ-R)(µ-Me)AlMe2]+, due to their insufficient intensity.12

To provide unequivocal evidence for the presence of a Zr-CH2

junction in [(SBI)Zr(µ-R)(µ-Me)AlMe2]+, we have studied the
polymerization of 1-13C-1-hexene by the same catalyst system.
When 1-13C-1-hexene is added to an (SBI)ZrMe2/MAO solution,
one observes the appearance of two weak 13C signals. A first signal
at 80.6 ppm appears immediately and then decays rather fast, in
parallel to the 1H signal of [(SBI)Zr(µ-R)(µ-Me)AlMe2]+ at -1.55
ppm, while the second signal at 84.6 ppm appears after reaction
times of 10-15 min, continues to grow for ca. 30 min, and then
decays slowly over a period of several hours.

This latter signal is shown, by INEPT methods (s. Supporting
Information), to be due to a CH2 group with a JH,C coupling constant
of 149 Hz. Such a value is typical for Zr-bound allyl groups, as
documented by Landis and co-workers for catalyst systems activated
with Ph3C+ B(C6F5)4

-.5b Some species with allyl-ended polymer
chains, yet to be characterized in more detail, thus appear to arise
also in MAO-activated zirconocene catalysts.

The 13C signal at 80.6 ppm however, which is associated with
the cation [(SBI)Zr(µ-R)(µ-Me)AlMe2]+, is shown by its INEPT
signal to be due to a CH2 group with a JH,C coupling constant of
107 Hz (s. Supporting Information). The rather small coupling
constant of this signal as well as its chemical shift are entirely
consistent with its assignment to a Zr-bound CH2 group (cf.
Supporting Information)2,5b,13 and thus in accord with the notion
that this cation does indeed carry a polyhexyl chain.

The concentration changes of [(SBI)Zr(µ-Me)2AlMe2]+ and
[(SBI)Zr(µ-R)(µ-Me)AlMe2]+ are correlated in the sense that the

latter reaches its maximum at the same time (4-5 min), at which
the former goes through its minimum (Figure 2a). However, the
concentrations of all the species, observed by the NMR methods
described above, account in toto for less than half of the total
zirconocene concentration. Large parts of the catalyst content must
thus be present in the form of some species, which are not detected
by the NMR methods used.

While contact-ion pairs such as [(SBI)Zr-polymer+ · · ·MeMAO-]
might give rise to very broad signals, due to their nonuniformity,
and thus escape detection, further studies are clearly needed to
clarify the nature of any “NMR-silent” species and their roles in
the catalytic polymerization process. Our observation of a chain-
carrying cation and time-dependent concentration profiles for this
and other species during MAO-activated olefin polymerization
provides experimental access toward this goal.
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Figure 2. (a) Time-dependent concentration changes of the cations
[(SBI)Zr(µ-Me)2AlMe2]+ (A) and [(SBI)Zr(µ-R)(µ-Me)AlMe2]+ (B) and of
their sum; (b) concentration of the cation [(SBI)Zr(µ-R)(µ-Me)AlMe2]+ in
dependence of the residual hexene concentration; all relative to the total
zirconocene concentration. Reaction conditions same as those in Figure 1.
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