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Abstract

Using 1H- and 13C-NMR spectroscopies, cationic intermediates formed by activation of L2ZrCl2 with methylaluminoxane (MAO)

in toluene were monitored at Al/Zr ratios from 50 to 1000 (L2 are various cyclopentadienyl (Cp), indenyl (Ind) and fluorenyl (Flu)

ligands). The following catalysts were studied: (Cp-R)2ZrCl2 (R�/Me, 1,2-Me2, 1,2,3-Me3, 1,2,4-Me3, Me4, Me5, n -Bu, t -Bu), rac-

ethanediyl(Ind)2ZrCl2, rac-Me2Si(Ind)2ZrCl2, rac-Me2Si(1-Ind-2-Me)2ZrCl2, rac-ethanediyl(1-Ind-4,5,6,7-H4)2ZrCl2, (Ind-2-

Me)2ZrCl2, Me2C(Cp)(Flu)ZrCl2, Me2C(Cp-3-Me)(Flu)ZrCl2 and Me2Si(Flu)2ZrCl2. Correlations between spectroscopic and

ethene polymerization data for catalysts (Cp-R)2ZrCl2/MAO (R�/H, Me, 1,2-Me2, 1,2,3-Me3, 1,2,4-Me3, Me4, Me5, n -Bu, t -Bu)

and rac-Me2Si(Ind)2ZrCl2 were established. The catalysts (Cp-R)2ZrCl2/AlMe3/CPh3
�B(C6F5)4

� (R�/Me, 1,2-Me2, 1,2,3-Me3,

1,2,4-Me3, Me4, n -Bu, t -Bu) were also studied for comparison of spectroscopic and polymerization data with MAO-based systems.

Complexes of type (Cp-R)2ZrMe�1/Me�-Al�/MAO (IV) with different [Me-MAO]� counteranions have been identified in the

(Cp-R)2ZrCl2/MAO (R�/n -Bu, t -Bu) systems at low Al/Zr ratios (50�/200). At Al/Zr ratios of 500�/1000, the complex [L2Zr(m-

Me)2AlMe2]�[Me-MAO]� (III) dominates in all MAO-based reaction systems studied. Ethene polymerization activity strongly

depends on the Al/Zr ratio (Al/Zr�/200�/1000) for the systems (Cp-R)2ZrCl2/MAO (R�/H, Me, n -Bu, t -Bu), while it is virtually

constant in the same range of Al/Zr ratios for the catalytic systems (Cp-R)2ZrCl2/MAO (R�/1,2-Me2, 1,2,3-Me3, 1,2,4-Me3, Me4)

and rac-Me2Si(Ind)2ZrCl2/MAO. The data obtained are interpreted on assumption that complex III is the main precursor of the

active centers of polymerization in MAO-based systems.
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1. Introduction

Spectroscopic monitoring of the cationic intermedi-

ates formed upon activation of metallocenes with

methylaluminoxane (MAO) and correlation of their

concentration with polymerization activity is crucial

for the elucidation of the reaction mechanisms [1�/5].

Recent NMR studies [6,7] have provided important

information on the structures of ‘cation-like’ intermedi-

ates formed upon activation of Cp2ZrMe2 with MAO in

toluene. It was shown that complexes Cp2MeZr-Me0/

Al�/MAO (I) and [Cp2ZrMe(m-Me)Cp2ZrMe]�[Me-

MAO]� (II) dominate in reaction solution at low Al/

Zr ratios (20�/50), whereas [Cp2Zr(m-Me)2AlMe2]�[Me-
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MAO]� (III) and Cp2ZrMe�1/Me�-Al�/MAO (IV)

are the major species at high Al/Zr ratios (200�/4000). It

has been proposed [7] that complexes [Cp2Zr(m-Me)2Al-

Me2]�[Me-MAO]� (III) and Cp2ZrMe�1/Me�-Al�/

MAO (IV) were the precursors of the active centers of

polymerization. Recently, a scheme of the formation of

active centers upon interaction of complex III with

olefins has been proposed on the basis of quantum-

chemical DFT calculations [8].

It is well-known that the substituents in the ligands of

a zirconocene complex affect its polymerization activity

[9�/14]. However, there are no NMR data on the
intermediates formed in the catalytic systems L2ZrCl2/

MAO, where L2 are various substituted cyclopentadie-

nyl, indenyl or fluorenyl ligands. Such data are available

only for CPh3
�B(C6F5)4

�-based systems [15,16]. So, it is

important to characterize the zirconium species formed

by various zirconocenes activation with MAO and to

elucidate the effect of substituents and Al/Zr ratio on the

concentration of species III and IV, and polymerization
activity.

In this work, we have undertaken a 1H- and 13C-

NMR spectroscopic study of the cationic intermediates

formed upon activation of L2ZrCl2 with MAO at

various Al/Zr ratios. The following catalysts were

studied: (Cp-R)2ZrCl2 (R�/Me, 1,2-Me2, 1,2,3-Me3,

1,2,4-Me3, Me4, Me5, n-Bu, t-Bu), rac-ethanediyl

(Ind)2ZrCl2, rac-Me2Si(Ind)2ZrCl2, rac-Me2Si(1-Ind-2-
Me)2ZrCl2, rac-ethanediyl(1-Ind-4,5,6,7-H4)2ZrCl2,

(Ind-2-Me)2ZrCl2, Me2C(Cp)(Flu)ZrCl2, Me2C(Cp-3-

Me)(Flu)ZrCl2 and Me2Si(Flu)2ZrCl2. Correlations be-

tween spectroscopic and ethene polymerization data for

catalysts (Cp-R)2ZrCl2/MAO (R�/H, Me, 1,2-Me2,

1,2,3-Me3, 1,2,4-Me3, Me4, Me5, n -Bu, t-Bu) and rac-

Me2Si(Ind)2ZrCl2/MAO were observed. The catalysts

(Cp-R)2ZrCl2/AlMe3/CPh3
�B(C6F5)4

� (R�/Me, 1,2-
Me2, 1,2,3-Me3, 1,2,4-Me3, Me4, n -Bu, t-Bu) were also

studied for comparison of spectroscopic and polymer-

ization data with MAO-based systems.

2. Experimental

2.1. Materials

Toluene and toluene-d8 (CD3C6D5) were dried over

molecular sieves (4 Å), purified by refluxing over sodium

metal and distillation in dry argon. The distilled solvents

were degassed in vacuo and then stored and handled in

vacuo. All experiments were carried out in sealed high-

vacuum systems using break seal techniques to avoid

undesired contact with the atmosphere.

L2ZrCl2 and (Cp-n -Bu)2ZrMe2 samples purchased
from Boulder Scientific Co. were used without further

purification as solutions in toluene-d8 ([Zr]�/0.05�/

0.00005 M).

MAO samples were prepared from commercial MAO

(Witco) by removal of the solvent and free AlMe3 in

vacuo at 20 8C. The solid product obtained (polymeric

MAO with total Al content of 40 wt.% and Al as
residual AlMe3 ca. 5 wt.%) was used for the preparation

of the samples.

AlMe3 was purchased from Witco and used as

solutions in toluene-d8 (0.1�/0.02 M).

2.2. Preparation of L2ZrCl2/MAO and L2ZrCl2/AlMe3/

CPh3
�B(C6F5)4

� samples for NMR investigation

Calculated quantities of L2ZrCl2 solution (in toluene
for 13C and in toluene-d8 for 1H measurements) and

MAO or AlMe3/CPh3
�B(C6F5)4

� were combined under

vacuum in NMR tubes (5 and 10 mm) and the tubes

were sealed off from the vacuum line. The data on Al

and Zr concentrations and Al/Zr ratios of the samples

prepared are given.

2.3. NMR measurements

1H spectra were recorded using pulsed FT-NMR

technique on Bruker DPX-250 (at 250.13 MHz) and

DPX-400 NMR (at 400.13 MHz) spectrometers in

cylindrical 5 mm glass sample tubes. 13C spectra were

recorded at 100.614 MHz, using pulsed FT-NMR

technique, on a Bruker MSL-400 NMR spectrometer

in cylindrical 10 mm glass sample tubes. Operating
conditions: sweep width, 25 kHz (13C) and 5 kHz (1H);

spectrum accumulation frequency used, 0.2 Hz (1H) and

0.2�/0.02 Hz (13C); number of transients, 1000�/10 000

(13C) and 100�/10 000 (1H); 458 pulse at 10 ms (13C) and

10�/208 pulse at 1�/2 ms (1H). The data were accumulated

with 16�/32K data points in the time domain. Chemical

shifts were measured in ppm, with positive values in the

low-field direction. For calculations of 1H and 13C
chemical shifts, the resonance of the CD2H group of

the toluene solvent was taken as 2.09 ppm (1H) and that

of the CD3 group as 22.1 ppm (13C).

2.4. 1H-NMR spectra of L2ZrCl2 and L2ZrClMe

For the assignment of the 1H-NMR peaks of zirco-

nium species formed in the (Cp-R)2ZrCl2/MAO systems,
1H-NMR spectra of (Cp-R)2ZrCl2, (Cp-R)2ZrClMe and

[(Cp-R)2Zr(m-Me)2AlMe2]�[B(C6F5)4]� (R�/Me, 1,2-

Me2, 1,2,3-Me3, 1,2,4-Me3, Me4, t -Bu, n-Bu) were

recorded. Complexes (Cp-R)2ZrClMe were prepared in

situ via reaction of (Cp-R)2ZrCl2 with AlMe3 in toluene-

d8 at 20 8C (Al/Zr�/50). 1H-NMR spectra of the

resulting solutions exhibit peaks of the initial zircono-

cene dichloride and those of the monomethylated
product (Table 1). Cationic complexes [(Cp-R)2Zr(m-

Me)2AlMe2]�[B(C6F5)4]� were prepared in situ via the

reaction of (Cp-R)2ZrCl2 with AlMe3/CPh3
�B(C6F5)4

�
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in toluene-d8 in a ratio of 1:50:1 at 20 8C. In this case,

only the stable complexes [(Cp-R)2Zr(m-

Me)2AlMe2]�[B(C6F5)4]� (R�/Me, 1,2-Me2, 1,2,3-

Me3, 1,2,4-Me3, Me4, t-Bu, n -Bu) are observed in the

reaction solution. Their NMR parameters are presented

below in the corresponding sections. For the assignment

of the 1H-NMR peaks of [L2Zr(m-Me)2AlMe2]�[Me-

MAO]�, where L2 are various indenyl and fluorenyl
ligands, corresponding NMR spectra were compared

with those for complexes [L2Zr(m-Me)2AlMe2]�[B-

(C6F5)4]� and [L2Hf(m-Me)2AlMe2]�[B(C6F5)4]� avail-

able in the literature [15].

2.5. Ethylene polymerization

2.5.1. (Cp-R)2ZrCl2/MAO systems

The 1-l reactor was evacuated at 70 8C, cooled to

20 8C and charged with 150 ml of toluene solution

containing calculated quantities of (Cp-R)2ZrCl2 and

MAO. The zirconocene concentration in the reactor was
1.5�/10�5 M. After the polymerization temperature

had stabilized (70 8C), ethylene was introduced into the

reactor (2 or 5 atm). During the polymerization time (15

min), ethylene pressure and temperature were main-

tained constant. The experimental unit was equipped

with automatic computer-controlled system for ethylene

feed, recording the ethylene consumption and providing

the kinetic curve output both in the form of a table and
as a graph. Catalysts initial activities (see Tables 2�/5)

were calculated from the ethylene consumption for the

first 5 min of polymerization.

2.5.2. (Cp-R)2ZrCl2/AlMe3/CPh3
�B(C6F5)4

� systems

Polymerization runs were performed in a 0.2-l reactor.
The reactor was evacuated at 70 8C and cooled to 20 8C.

Toluene solutions containing calculated quantities of

(Cp-R)2ZrCl2 and AlMe3 were mixed under vacuum

with a toluene solution of CPh3
�B(C6F5)4

� and imme-

diately introduced into the reactor (total volume: 70 ml;

zirconocene concentration in the reactor: 1.4�/10�5 M;

components molar ratio of Zr:AlMe3:B�/1:100:1).

Then, the polymerization temperature (50 8C) and

ethylene pressure (3 atm) were adjusted and kept

constant during the polymerization time (15 min).

Catalysts’ initial activities (see Table 8) were calculated
from the ethylene consumption for the first 5 min of

polymerization.

3. Results and discussion

3.1. Spectroscopic and polymerization studies of the

catalytic systems (Cp-R)2ZrCl2/MAO (R�/Me, n-Bu,

t -Bu)

In order to elucidate the effect of the structure of alkyl

substituent on the concentration of species III and IV,
and polymerization activity, the catalytic systems (Cp-

R)2ZrCl2/MAO (Me, n-Bu, t-Bu) were studied at

various Al/Zr ratios. We begin the analysis of experi-

mental data with the system (Cp-n -Bu)2ZrCl2/MAO,

since for this system the most detailed spectroscopic

data were obtained.

3.1.1. (Cp-n-Bu)2ZrCl2/MAO

The formation of complexes III, IV and other

zirconium species present in the catalytic system studied

at various Al/Zr ratios was monitored by recording the

corresponding 1H-NMR resonances of their Cp rings

(Fig. 1). The assignment of 1H-NMR resonances of III

was made by comparison with those observed for [(Cp-
n -Bu)2Zr(m-Me)2AlMe2]�[B(C6F5)4]� (Table 2). The
1H-NMR chemical shifts of the hydrogen atoms of the

Cp rings of the latter complex (two pseudotriplets at

Table 1
1H-NMR signals of complexes (Cp-R)2ZrCl2 and (Cp-R)2ZrClMe (R�/Me, 1,2-Me2, 1,2,3-Me3, 1,2,4-Me3, Me4, n -Bu, t -Bu)

Species Cp Cp-Me Zr-Me

(Cp-Me)2ZrCl2 5.71 (tq, 4), JHH�/2.6 and 0.5 Hz; 5.61 (t, 4), JHH�/2.6 Hz 2.09 (s, 6)

(Cp-n -Bu)2ZrCl2 5.72 (t, 4), 5.85 (t, 4), JHH�/2.6 Hz

(Cp-n -Bu)2ZrMe2 5.51 (t, 4), 5.72 (t, 4), JHH�/2.6 Hz �/0.15 (s, 6)

(Cp-t -Bu)2ZrCl2 5.76 (t, 4), 6.05 (t, 4), JHH�/2.7 Hz

(Cp-1,2-Me2)2ZrCl2 5.57 (d, 4), JHH�/2.9 Hz; 5.45 (t, 2), JHH�/2.9 Hz 1.94 (s, 12)

(Cp-1,2,3-Me3)2ZrCl2 5.31 (s, 4) 1.88 (s, 12), 1.90 (s, 6)

(Cp-1,2,4-Me3)2ZrCl2 5.58 (s, 4) 1.87 (s, 6), 1.83 (s, 12)

(Cp-Me4)2ZrCl2 5.26 (s, 2) 1.94 (s, 12), 1.70 (s, 12)

(Cp-Me5)2ZrCl2 1.74 (s, 30)

(Cp-Me)2ZrClMe 5.65 (t, 4), 5.48 (m, 4), JHH�/2.7 Hz 1.96 (s, 6) 0.31 (s, 3)

(Cp-n -Bu)2ZrClMe 5.55 (m, 4), 5.75 (m, 4) 0.38 (s, 3)

(Cp-t -Bu)2ZrClMe 5.50 (m, 4), 5.87 (m, 4) 0.51 (s, 3)

(Cp-1,2,3-Me3)2ZrClMe 5.22 (d, 2), 4.99 (d, 2), JHH�/2.7 Hz 1.76 (s, 12), 1.88 (s, 6) �/0.04 (s, 3)

(Cp-1,2,4-Me3)2ZrClMe 5.36 (d, 2), 5.40 (d, 2), JHH�/2.7 Hz 1.74 (s, 12), 1.80 (s, 6) 0.21 (s, 3)
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d�/5.62 and 5.68, JHH�/2.6 Hz) were close to those of

III formed in the system (Cp-n -Bu)ZrCl2/MAO (d�/

5.56 and 5.62, JHH�/2.6 Hz) (Fig. 1a, Table 2).

The 1H-NMR spectrum in the range of Cp hydrogen

atoms of the system (Cp-n -Bu)2ZrCl2/MAO ([(Cp-n -

Bu)2ZrCl2]�/0.01 M, Al/Zr�/50) in toluene displays

peaks of complex III, whereas several signals denoted by

symbols IV1, IV2 and IV3 (Fig. 1a) are assigned to

various types of complexes IV. The 1H-NMR spectrum

of the related dimethyl zirconocene system (Cp-n -

Bu)2ZrMe2/MAO ([(Cp-n -Bu)2ZrMe2]�/0.01 M, Al/

Zr�/60) exhibits two sharp pseudotriplets originating

from III (d�/5.66, t and 5.68, t, JHH�/2.5 Hz) and

several broad signals originating from complexes IV1,

IV2 and IV3 at 6.05, 5.93 and 5.85 ppm, respectively.

The 13C-NMR spectrum of the sample in Fig. 1a

exhibits sharp peaks at 116.47 and 115.87 ppm from

complex III and several broad peaks from complexes

IV1, IV2 and IV3 in the range 112�/114 ppm. Since the

same signals have been observed also in the 13C-NMR

spectrum of the system (Cp-n-Bu)2ZrMe2/MAO at [(Cp-

n -Bu)2ZrMe2]�/0.01 M, Al/Zr�/60, similar complexes

III and IV are likely to be present in the systems (Cp-n -

Bu)2ZrMe2/MAO and (Cp-n-Bu)2ZrCl2/MAO. For

complex II observed for the (Cp-n -Bu)2ZrMe2/MAO

system at Al/Zr�/10, sharp peaks of Cp carbons at

112.8 and 112.7 ppm were detected.

In contrast to the (Cp-n-Bu)2ZrCl2/MAO system,

only one broad resonance has been detected for the

Cp rings of IV in the 1H- and 13C-NMR spectra of the

Cp2ZrCl2/MAO system [7]. Thus, substitution of the Cp

ligands allows the resonances of complexes IV with

differing counteranions of the type [Me-MAO]� to be

observed separately. Recently, experimental evidences in

favor of formation of [Me-MAO]� anions with different

Lewis basicities in Cp2ZrMe2/MAO system were pre-

sented [17].

The sample with the same Al/Zr ratio as in Fig. 1a but

with lower concentration of zirconocene ([(Cp-n-

Bu)2ZrCl2]�/0.001 M) displays broad, poorly defined

signals (Fig. 1b). In the sample of Fig. 1b, the peak of

complex III is relatively small. This demonstrates that

dilution of such a reaction system may disfavor forma-

tion of III due to a decrease in the concentration of

Al2Me6. The intense broad peak at 5.76 ppm (Fig. 2b)

was tentatively assigned to Cp hydrogen atoms of the

monomethylated complex (Cp-n -Bu)2ZrMeCl (see Ta-

ble 1).

The observed picture is simplified when the Al/Zr

ratio is increased. Complex III becomes the predomi-

Table 2
1H-NMR signals of [(Cp-R)2Zr(m-Me)2AlMe2]�[B(C6F5)4]� and [(Cp-R)2Zr(m-Me)2AlMe2]�[Me-MAO]� (III) complexes (R�/H, Me, n -Bu, t -Bu)

Species Cp m-Me Al-Me

[Cp2Zr(m-Me)2AlMe2]�[Me-MAO]� 5.50 (s, 10) �/0.27 (s, 6) �/0.58 (s, 6)

[(Cp-Me)2Zr(m-Me)2AlMe2]�[Me-MAO]� 5.38 a NF NF

[(Cp-n -Bu)2Zr(m-Me)2AlMe2]�[Me-MAO]� 5.56 (t, 4), 5.62(t, 4), JHH�/2.6 Hz �/0.23 (s, 6) �/0.54 (s, 6)

[(Cp-t -Bu)2Zr(m-Me)2AlMe2]�[Me-MAO]� 5.59 (t, 4), 6.00 (t, 4), JHH�/2.6 Hz NF NF

[Cp2Zr(m-Me)2AlMe2]�[B(C6F5)4]� 5.44 (s, 10) �/0.40 (s, 6) �/0.73 (s, 6)

[(Cp-Me)2Zr(m-Me)2AlMe2]�[B(C6F5)4]� 5.37 (t, 4), 5.46 (t, 4), JHH�/2.6 Hz �/0.19 (s, 6) �/0.70 (s, 6)

[(Cp-n -Bu)2Zr(m-Me)2AlMe2]�[B(C6F5)4]� 5.62 (t, 4), 5.68 (t, 4), JHH�/2.6 Hz �/0.21 (s, 6) �/0.61 (s, 6)

[(Cp-t -Bu)2Zr(m-Me)2AlMe2]�[B(C6F5)4]� 5.54 (t, 4), 6.04 (t, 4), JHH�/2.6 Hz �/0.18 (s, 6) �/0.47 (s, 6)

NF, not found.
a Broad singlet (Dn1/2�/6 Hz).

Table 3

Ethylene polymerization over (Cp-R)2ZrCl2/MAO catalysts (R�/H, Me, n -Bu, t -Bu)

R Al(MAO)/Zr C2H4 pressure (atm) Polyethylene (PE) yield a Initial activity b (kg of PE per mol Zr min atm C2H4)

g kg of PE per mol of Zr

H 200 2 7.7 3850 255
Me 200 5 5.2 2600 60
n -Bu 200 2 0.7 350 35
t -Bu 200 5 0.1 50 �/

H 1000 2 17.1 8550 610
Me 1000 2 14.3 7150 320
n -Bu 1000 2 23.4 11700 460
t -Bu 1000 5 7.5 3750 92

a PE yield per 15 min.
b Initial activity calculated from the PE yield per 5 min.
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nant species at the higher Al/Zr ratios (Figs. 1d and e).

Two pseudotriplets are characteristics of the Cp hydro-

gen atoms of III (Fig. 1a). The distance between these

pseudotriplets decreases with diminishing zirconocene

concentration. No significant difference assignable to

the presence of different [Me-MAO]� anions at differ-

ent Al/Zr ratios could be detected in the 1H-NMR

spectra of the outer-sphere ion pair III.

The Al/Zr ratios in samples of Figs. 1b�/e were

changed by the decrease in the amount of (Cp-n -

Bu)2ZrCl2 at constant concentration of MAO. We

have also made experiments at constant concentration

of (Cp-n-Bu)2ZrCl2, while Al/Zr ratio was changed by

varying the amount of MAO. In this case, complex III

also dominated at high Al/Zr ratios. However, in

contrast to the samples in Figs. 1b�/e, pseudotriplets

corresponding to III resolved nicely (Fig. 2). In the first

case (Fig. 1), toluene-d8 solution of solid MAO was

stored several days at room temperature before pre-

paration of samples; in the second case (Fig. 2),

appropriate amount of solid MAO was added into the

solution of (Cp-n -Bu)2ZrCl2 in d8-toluene just before

recording the NMR spectra. Thus, in order to obtain

well-resolved NMR spectra of III, prolonged storing of

toluene solutions of solid MAO should be avoided.

The polymerization data show that the catalytic

system (Cp-n -Bu)2ZrCl2/MAO is virtually inactive at

Al/Zr ratios lower than 200. Polymerization activity at

an Al/Zr ratio of 1000 is higher by a factor of 13 than

that at Al/Zr�/200 (Table 3). According to the NMR

experiments, the concentration of species III increases at

the expense of species IV with the increase of Al/Zr

ratio. Despite the concentration of zirconocene under

conditions of polymerization experiment is by 1�/2 order

of magnitude lower, it is natural to expect that the

portion of III in polymerization experiment will also

Table 4
1H-NMR signals of [(Cp-R)2Zr(m-Me)2AlMe2]�[Me-MAO]� (III) and [(Cp-R)2Zr(m-Me)2AlMe2]�[B(C6F5)4]� complexes (R�/1,2-Me2, 1,2,3-Me3,

1,2,4-Me3, Me4)

Species Cp Cp-Me m-Me Al-Me

[(Cp-1,2-Me2)2Zr(m-Me)2AlMe2]�[Me-MAO]� 5.57 (d, 4), 5.45 (t, 2), JHH�/2.9 Hz 1.49 (s, 12) NF �/0.64 (s, 6)

[(Cp-1,2,3-Me3)2Zr(m-Me)2AlMe2]�[Me-MAO]� 5.36 (s, 4) 1.40 (s, 12), 1.53 (s, 6) �/0.51 (s, 6) �/0.62 (s, 6)

[(Cp-1,2,4-Me3)2Zr(m-Me)2AlMe2]�[Me-MAO]� 5.42 (s, 4) 1.42 (s, 12), 1.46 (s, 6) �/0.50 (s, 6) �/0.61 (s, 6)

[(Cp-Me4)2Zr(m-Me)2AlMe2]�[Me-MAO]� 5.54 (s, 2) 1.38 (s, 12), 1.49 (s, 12) �/0.59 (s, 6) �/0.62 (s, 6)

[(Cp-1,2-Me2)2Zr(m-Me)2AlMe2]�[B(C6F5)4]� 5.40 (d, 4), 5.29 (t, 2), JHH�/2.9 Hz �/0.48 (s, 6) �/0.70 (s, 6)

[(Cp-1,2,3-Me3)2Zr(m-Me)2AlMe2]�[B(C6F5)4]� 5.26 (s, 4) 1.48 (s, 12), 1.53 (s, 6) NF �/0.70 (s, 6)

[(Cp-1,2,4-Me3)2Zr(m-Me)2AlMe2]�[B(C6F5)4]� 5.37 (s, 4) 1.38 (s, 12), 1.53 (s, 6) NF �/0.66 (s, 6)

[(Cp-Me4)2Zr(m-Me)2AlMe2]�[B(C6F5)4]� 5.37 (s, 2) 1.39 (s, 12), 1.49 (s, 12) NF �/0.44 (s, 6)

NF, not found.

Table 5

Ethylene polymerization over (Cp-R)2ZrCl2/MAO catalysts

R Al(MAO)/Zr C2H4 pressure (atm) PE yield a Initial activity b (kg of PE per mol Zr min atm C2H4)

g kg of PE per mol of Zr

H 200 2 7.7 3850 255

Me 200 5 5.2 2600 60

1,2-Me2 200 2 13.0 6500 470

1,2,3-Me3 200 5 10.0 5000 102

1,2,4-Me3 200 5 13.9 6950 134

Me4 200 5 17.1 8550 190

Me5 200 5 11.5 5750 145

Me2Si(Ind)2 200 2 15.6 7800 420

H 1000 2 17.1 8550 610

Me 1000 2 14.3 7150 320

1,2-Me2 1000 2 19.0 9500 520

1,2,3-Me3 1000 5 8.6 4300 115

1,2,4-Me3 1000 2 8.7 4350 232

Me4 1000 2 11.6 5800 300

Me5 1000 2 14.1 7050 445

Me2Si(Ind)2 1000 2 16.0 8000 450

a PE yield per 15 min.
b Initial activity calculated from the PE yield per 5 min.
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increase with the growth of Al/Zr ratio. Thus, we assign

the increase in catalytic activity of (Cp-n -Bu)2ZrCl2/

MAO system with the increment of Al/Zr ratio mainly

to the increase of concentrations of species of type III.

3.1.2. (Cp-t-Bu)2ZrCl2/MAO

Like for the case of R�/n -Bu, the zirconocene species

present in these reaction systems at various Al/Zr ratios

were monitored mainly by 1H-NMR spectroscopy (Fig.

3, Table 2). At Al/Zr�/50, the initial complex (Cp-t-

Bu)2ZrCl2 and the monomethylated complex (Cp-t -
Bu)2ZrClMe are the major species, while the concentra-

tions of complexes III and IV are low (Fig. 3a). The

ratio of the zirconium complexes of the sample in Fig.

3a did not vary substantially within a day at room

temperature.

At Al/Zr�/200, the 1H-NMR spectrum of the system

(Cp-t-Bu)2ZrCl2/MAO displays the intense peaks of

complex III (R�/t-Bu) with partially resolved spin�/

spin splitting JHH�/2.6 Hz. The remaining signals

marked as IV1, IV2 and IV3 were assigned to complexes

of type IV. The H,H-COSY spectra displayed no

Fig. 1. 1H-NMR spectra (in the range of Cp hydrogen atoms, at

20 8C) of the system (Cp-n -Bu)2ZrCl2/MAO at Al/Zr ratios of 50 (a),

50 (b), 200 (c), 600 (d) and 1000 (e). Sample (a): [MAO]�/1.5 M, [(Cp-

n -Bu)2ZrCl2]�/3�/10�2 M; samples (b)�/(e): [MAO]�/0.5 M; [(Cp-n -

Bu)2ZrCl2]�/10�2 M (b), 2.5�/10�3 M (c), 8�/10�4 M (d) and 5�/

10�4 M (e).

Fig. 2. 1H-NMR spectra (in the range of Cp hydrogen atoms) of the

system (Cp-n -Bu)2ZrCl2/MAO at Al/Zr ratios of 50 (a), 200 (b) and

600 (c). [(Cp-n -Bu)2ZrCl2]�/10�3 M (b); [MAO]�/0.05 M (a), 0.2 M

(b) and 0.6 M (c).

Fig. 3. 1H-NMR spectra (in the range of Cp hydrogen atoms, at

20 8C) of the system (Cp-t -Bu)2ZrCl2/MAO at Al/Zr ratios of 50 (a),

200 (b), 600 (c) and 1000 (d). [MAO]�/0.5 M; [(Cp-t -Bu)2ZrCl2]�/

10�2 M (a), 2.5�/10�3 M (b), 8�/10�4 M (c) and 5�/10�4 M (d).
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correlation between the signals of IV1 and IV2. These

signals are thus likely to originate from distinct com-

plexes.

Further increase of the Al/Zr ratio up to 600�/1000
causes a drop in concentrations of complexes IV such

that complex III is now predominantly present (Figs. 3c

and d). This result differs from that for Cp2ZrMe2/

MAO system where complexes III and IV were present

in comparable concentrations even at Al/Zr ratio of

1000 [7]. Probably, the bulky t -Bu substituents disfavor

the anion�/cation contacts in complex IV, and thus

formation of species III with outer-sphere counterion
becomes preferable. Practically, all starting complex

(Cp-t-Bu)2ZrCl2 converts into species III upon interac-

tion with MAO at Al/Zr ratio higher than 500.

As for R�/n-Bu, the presence of different counter-

anions in III (R�/t-Bu) does not give rise to any

significant differences in the 1H-NMR spectra of III

(Figs. 3b�/d). Apparently, 1H-NMR spectra of III are

not as sensitive to variations in the nature of their [Me-
MAO]� counteranions as the 1H-NMR spectra of the

ion pair IV, since in III the perturbing [Me-MAO]�

anion is only in outer-sphere contact to the coordina-

tively saturated zirconocene cation. Besides, [Me-

MAO]� anions can rapidly exchange between various

species III, and thus the cationic part of III displays one

sharp NMR pattern.

As for R�/n-Bu, the polymerization activity of the
(Cp-t-Bu)2ZrCl2/MAO system at Al/Zr ratio of 1000 is

much higher than that at Al/Zr�/200 (Table 3). The

data in Table 3 would thus indicate that outer-sphere

ion pairs of the type III (or their polymeryl homologs)

are the immediate precursors for the crucial alkyl

zirconocene olefin cations required for polymer growth.

3.1.3. (Cp-Me)2ZrCl2/MAO

Fig. 4 shows 1H-NMR spectra (range of Cp hydrogen

atoms) of the catalytic system (Cp-Me)2ZrCl2/MAO. It

is seen that at Al/Zr�/50 only very broad peaks are

observed. None of them can be attributed to complex III

(Fig. 4b). With the increase of Al/Zr ratio, the relative

intensity of the resonance of complex III grows (Fig. 4c).

Two pseudotriplets, which can be expected for Cp
protons of complex III, are not resolved and only one

broadened peak is observed, whereas the related ion pair

[(Cp-Me)2Zr(m-Me)2AlMe2]�[B(C6F5)4]� displays two

pseudotriplets (Table 2). The origin of the exchange

process leading to this effect is still unclear. For all other

zirconocenes studied in this work, well-resolved 1H-

NMR spectra of III could be obtained.

The polymerization activity of the (Cp-Me)2ZrCl2/
MAO system at an Al/Zr ratio of 1000 is higher by a

factor of 5 than that at an Al/Zr ratio of 200. This

increase of activity is noticeably lower than that for R�/

n -Bu and t-Bu but is rather close to the corresponding

increase for R�/H (Table 3).

To summarize the results of this chapter, one can

conclude that, for (Cp-R)2ZrCl2/MAO systems (R�/

Me, n -Bu, t -Bu), the relative concentration of III grows
with increasing Al/Zr ratios. In the case of R�/t-Bu,

only complex III is observed in the reaction solution at

an Al/Zr ratio of more than 500. Probably, the bulky t-

Bu substituents disfavor the anion�/cation contacts in

complex IV and thus formation of species III with outer-

sphere counterion becomes preferable. Complexes IV

(R�/Me, n-Bu, t -Bu) with different [Me-MAO]� coun-

teranions can display distinct 1H- and 13C-NMR peaks,
whereas NMR spectra of III are not as sensitive to

variations in the nature of their [Me-MAO]� counter-

anions. Polymerization activity for R�/t -Bu is notice-

ably lower than for R�/n-Bu and Me, probably due to a

negative effect of the bulkiness of R.

3.2. Spectroscopic and polymerization study of the

catalytic systems (Cp-R)2ZrCl2/MAO (R�/Me, 1,2-

Me2, 1,2,3-Me3, 1,2,4-Me3, Me4)

In order to elucidate the effect of the number of

methyl substituents on the relative concentration of

species III and IV, and on the polymerization activity,

spectroscopic and polymerization data for catalytic

systems (Cp-R)2ZrCl2/MAO (R�/Me, 1,2-Me2, 1,2,3-

Me3, 1,2,4-Me3, Me4) were compared at various Al/Zr

ratios. More detailed experimental data were obtained
for the (Cp-1,2,3-Me3)2ZrCl2/MAO system.

The 1H-NMR spectrum of the system (Cp-1,2,3-

Me3)2ZrCl2/MAO at Al/Zr�/50 (in the range of Cp

hydrogen atoms) exhibits the signal of complex III (R�/

1,2,3-Me3) and several weaker signals (Fig. 5a, Table 4).

None of these can be assigned to the monomethylated

complex (Cp-1,2,3-Me3)2ZrClMe (Table 1). A H,H-

COSY spectrum shows that the two sharp doublets at
5.60 and 5.01 ppm in Fig. 3a belong to one and the same

still unidentified complex. The remaining broad signals

can be assigned to complexes IV (R�/1,2,3-Me3).

Fig. 4. 1H-NMR spectra (in the range of Cp hydrogen atoms, at

20 8C) of the system (Cp-Me)2ZrCl2/MAO: before addition of MAO

(a); at Al/Zr ratios of 50 (b) and 600 (c). [(Cp-t -Bu)2ZrCl2]�/10�3 M;

[MAO]�/5�/10�2 M (b) and 0.6 M (c).
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In contrast to the systems (Cp-R)2ZrCl2/MAO (R�/

Me, n -Bu, t-Bu), complex III dominates in the system

(Cp-1,2,3-Me3)2ZrCl2/MAO even at an Al/Zr ratio of

50. At higher Al/Zr ratios (Figs. 5c and d), complex III is

the only one observable in the reaction solution, as was

the case also for R�/t-Bu. Again in distinction to the

systems (Cp-R)2ZrCl2/MAO (R�/Me, n -Bu, t-Bu), the

polymerization activity of the system (Cp-1,2,3-

Me3)2ZrCl2/MAO was constant in the range of Al/Zr

ratios 200�/1000 (Table 5).

Complex III (R�/1,2,3-Me3) appears to be stabilized

relative to the contact ion pair IV by the more highly

substituted Cp ligands. To elucidate the effect of Me

substituents on the relative concentrations of complexes

III and IV, 1H-NMR spectra of the catalytic systems

(Cp-R)2ZrCl2/MAO (R�/Me, 1,2-Me2, 1,2,3-Me3,

1,2,4-Me3, Me4) were compared at the same zirconocene

concentrations and Al/Zr ratios. As an example, Fig. 6

shows 1H-NMR spectra (the range of Cp hydrogen

atoms) of (Cp-R)2ZrCl2/MAO systems (R�/Me, 1,2-

Me2, 1,2,4-Me3, Me4; [(Cp-R)2ZrCl2]�/0.001 M; Al/

Zr�/200). It is seen that in the case of R�/Me and 1,2-

Me2, broad signals of complexes IV are present in the

reaction solution at Al/Zr of 200, whereas in the case of

R�/1,2,4-Me3 and Me4, only the sharp peaks of

complexes III are observed. Thus, three or four Me

substituents in a Cp ring stabilize III relative to IV in

(Cp-R)2ZrCl2/MAO systems.

According to 1H-NMR spectroscopic data, only

complex III is present in the catalytic systems (Cp-

R)2ZrCl2/MAO (R�/1,2,3-Me3, 1,2,4-Me3, Me4) at Al/

Zr�/200. Thus, one should expect that their catalytic

activity should be close at Al/Zr of 200 and 1000, since

the starting complex entirely converts into active species

III even at Al/Zr of 200. Indeed, the polymerization data

for (Cp-Rn)2ZrCl2/MAO (R�/1,2,3-Me3, 1,2,4-Me3,

Me4) systems at Al/Zr�/200 and 1000 (Table 5) show

that with the growth of Al/Zr ratios from 200 to 1000

the activities of these systems are almost constant.

For the catalytic systems (Cp-R)2ZrCl2/MAO (R�/H,

Me, 1,2-Me2, n -Bu, t-Bu), besides the sharp peaks of III,

broad signals of complexes IV are observed in the 1H-

NMR spectra of the reaction solutions at Al/Zr of 200.

Thus, one can expect that the activity of these systems

would go up with the increase of Al/Zr ratio due to a

decrease of the concentration of complexes IV and a

corresponding increase of that of the more active

complex III. This prediction is valid for R�/H, Me, n-

Bu, t-Bu (Table 3). However, the activity of the (Cp-1,2-

Me2)2ZrCl2/MAO system is almost the same at Al/Zr of

200 and 1000 (Table 5). Probably, in this particular case

the activities of species III and IV are comparable.

Further studies are needed to verify this assumption.

Despite this exception, complex III seems to be the main

precursor of the active centers of polymerization for the

catalytic systems studied. The data obtained for the

Fig. 5. 1H-NMR spectra (in the range of Cp hydrogen atoms, at

20 8C) of the system (Cp-1,2,3-Me3)2ZrCl2/MAO in toluene-d8 at

various Al/Zr ratios: 50 (a), 200 (b), 600 (c) and 1000 (d). [MAO]�/0.5

M; [(Cp-1,2,3-Me3)2ZrCl2]�/10�2 M (a), 2.5�/10�3 M (b), 8�/10�4

M (c) and 5�/10�4 M (d).
Fig. 6. 1H-NMR spectra of (Cp-R)2ZrCl2/MAO systems in toluene (at

20 8C, Al/Zr�/200, [(Cp-R)2ZrCl2]�/10�3 M): R�/Me (a), R�/1,2-

Me2 (b), R�/1,2,4-Me3 (c) and R�/Me4 (d).
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systems (Cp-R)2ZrCl2/MAO correlate with those for the

highly active catalytic systems (Cp-R)2ZrCl2/AlMe3/

CPh3
�B(C6F5)4

� (Table 6). In the latter, 1H-NMR
spectroscopy indicates the presence of only the inter-

mediates [(Cp-R)2ZrMe(m-Me)2AlMe2]�[B(C6F5)4]�

containing the same cations as those in the intermediates

III in the MAO-based systems, thus confirming the role

of complex III as the precursor of the crucial catalyst

species.

In conclusion, three or four Me substituents in a Cp

ring stabilize III relative to IV in (Cp-R)2ZrCl2/MAO
systems (III dominates in reaction solution even at Al/Zr

of 50�/100). As a result, the polymerization activity of

(Cp-Rn)2ZrCl2/MAO systems (R�/1,2,3-Me3, 1,2,4-

Me3, Me4) is virtually constant in the range of Al/Zr

ratios 200�/1000.

3.3. Spectroscopic study of L2ZrCl2/MAO systems (L2

are various indenyl and fluorenyl ligands)

In order to exceed spectroscopic monitoring of active

species of polymerization to more complex and practi-

cally attractive zirconocene catalysts, catalytic systems

L2ZrCl2/MAO (L2 are various indenyl and fluorenyl

ligands) were studied.

The analysis of 1H-NMR spectra of the L2ZrCl2/

MAO systems shows that for all catalysts studied

(L2ZrCl2�/rac-ethanediyl(Ind)2ZrCl2, rac-Me2-
Si(Ind)2ZrCl2, rac-Me2Si(1-Ind-2-Me)2ZrCl2, rac-etha-

nediyl(1-Ind-4,5,6,7-H4)2ZrCl2, (Ind-2-Me)2ZrCl2,

Me2C(Cp)(Flu)ZrCl2, Me2C(Cp-3-Me)(Flu)ZrCl2, Me2-

Si(Flu)2ZrCl2), broad resonances of IV were not de-

tected at all or were observed only at low Al/Zr ratios

(50�/100), whereas only the ‘cation-like’ complex

[L2Zr(m-Me)2AlMe2]�[Me-MAO]� (III) was observed

in the reaction solution at Al/Zr ratios of 200�/500.
Probably, the substituents and bulkiness of the ligands

disfavor the anion�/cation contacts in complex IV due to

steric or electronic effects. Complexes III exhibit sharp

1H-NMR resonances (Dq1/2�/0.5 Hz) that simplify their

detection even in the presence of large excess of MAO.

As an example, the 1H-NMR spectrum of complex III

observed in the system rac-ethanediyl(Ind)2ZrCl2/MAO

at an Al/Zr ratio of 300 is presented in Fig. 7. A spin�/

spin coupling constant of 0.7 Hz is resolved for one of

the Ind-C5 protons of III. Complexes III are stable for

weeks at 20 8C in the samples studied. The 1H-NMR

parameters of ‘cation-like’ species III for the systems

investigated are collected in Tables 7 and 8 in compar-

ison with the data available for the corresponding

complexes [L2Zr(m-Me)2AlMe2]�[B(C6F5)4]� and

[L2Hf(m-Me)2AlMe2]�[B(C6F5)4]�, detected in

CPh3
�B(C6F5)4

�-based systems [15]. It is seen that,

despite the nonuniformity of their [Me-MAO]� coun-

terions, the cationic parts of complexes III can be

characterized by 1H-NMR spectroscopy equally well

as for related complexes in reaction systems based on

CPh3
�B(C6F5)4

�.

Ethylene polymerization data were obtained only for

the system rac-Me2Si(Ind)2ZrCl2/MAO (Table 5). As

can be expected, the polymerization activity of this

system was constant at Al/Zr ratios of 200�/1000, since

Table 6

Ethylene polymerization over (Cp-R)2ZrCl2/AlMe3/[Ph3C][B(C6F5)3] catalysts (Zr:Al:B�/1:100:1)

Zirconocene PE yield Initial activity (kg PE per mol Zr min atm)

g kg PE per mol Zr

Cp2ZrCl2 0.70 700 28.0

(Cp-Me)2ZrCl2 0.61 610 30.7

(Cp-1,2-Me2)2ZrCl2 0.60 600 30.0

(Cp-1,2,3-Me3)2ZrCl2 0.75 750 30.0

(Cp-1,2,4-Me3)2ZrCl2 0.93 930 42.0

(Cp-Me4)2ZrCl2 0.84 840 37.3

(Cp-Me5)2ZrCl2 1.95 1950 100.0

(Cp-t -Bu)2ZrCl2 0.93 930 42.0

(Cp-n -Bu)2ZrCl2 1.65 1650 70.0

Me2Si(Ind)2ZrCl2 3.72 3720 200.7

Polymerization conditions: T�/50 8C, C2H4 pressure�/3 atm, in toluene for 15 min, [Zr]�/1.4�/10�5 M.

Fig. 7. 1H-NMR spectrum of [ethanediyl(Ind)2Zr(m-Me)2Al-

Me2]�[Me-MAO]� in toluene at 20 8C ([Zr]�/3�/10�3 M, Al/Zr�/

300).
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the starting complex is entirely converted to the active

species III even at an Al/Zr ratio of 100.

We also tried to monitor the concentration of III

directly in the course of 1-hexene polymerization by rac-

Me2Si(Ind)2ZrCl2/MAO. In particular, 1-hexene was

added at �/25 8C to an NMR tube containing only

species III as a catalyst ([rac-Me2Si(Ind)2ZrCl2]�/0.001

M, Al/Zr�/100, [1-hexene]�/0.01 M). Upon warming

the sample to 10 8C, 1H-NMR spectra indicate that 1-

hexene is converted to the corresponding polymer with a

characteristic time of 5 min. However, the 1H-NMR

peaks of III remained unchanged. Thus, the conditions

of this experiment are not suitable for detection of

polymeryl homologs of III. Probably, AlMe3 present in

excess rapidly displaces polymeryl ligands to restore III.

Nevertheless, this experiment shows that a catalytic

system, which contains only species III as a catalyst, is

able to polymerize 1-hexene.

In conclusion, the analysis of 1H-NMR spectra of the

L2ZrCl2/MAO systems, where L2 are various indenyl

and fluorenyl ligands, shows that for all catalysts

studied, broad resonances of IV were not detected at

all or were observed only at low Al/Zr ratios (50�/100),

whereas only the ‘cation-like’ complex [L2Zr(m-Me)2Al-

Me2]�[Me-MAO]� (III) was observed in the reaction

solution at Al/Zr ratios of 200�/500. Despite the non-

uniformity of their [Me-MAO]� counterions, the catio-

nic parts of complexes III can be characterized by 1H-

NMR spectroscopy equally well as for related com-

plexes in reaction systems based on CPh3
�B(C6F5)4

�.

Table 7
1H-NMR signals of complexes [rac-R1(Ind-R)2Zr(m-Me)2AlMe2]�[Me-MAO]� and [rac-R1(Ind)2Zr(m-Me)2AlMe2]�[B(C6F5)4]� (R�/H, 2-Me;

R1�/none, �/C2H4�/, �/SiMe2�/)

Species Ind-C5 �/C2H4�/ �/SiMe2�/ m-Me Al-Me

[rac-ethanediyl(Ind)2Zr(m-

Me)2AlMe2]�[B(C6F5)4]� a

6.44 (dd, 2), J�/3.3 and 0.7 Hz; 6.20

(d, 2), J�/3.3 Hz

4.04 (s, 4) �/0.58 (s, 6) �/0.63 (s, 6)

[rac-Me2Si(Ind)2Zr(m-

Me)2AlMe2]�[B(C6F5)4]� a

6.92 (d, 2), J�/3.3 Hz; 5.91 (d, 2),

J�/3.3 Hz

1.29 (s, 6) �/0.61 (s, 6) �/0.81 (s, 6)

[rac-ethanediyl(Ind)2Zr(m-Me)2Al-

Me2]�[Me-MAO]� b

5.61 (dd, 2), J�/3.3 and 0.7 Hz; 5.26

(d, 2), J�/3.3 Hz

3.22 (s, 4) �/0.75 (s, 6) �/1.22 (s, 6)

[rac-Me2Si(Ind)2Zr(m-Me)2AlMe2]�[Me-

MAO]� b

6.16 (d, 2), J�/3.3 Hz; 5.03 (d, 2),

J�/3.3 Hz

0.85 (s, 6) �/0.65 (s, 6) �/1.35 (s, 6)

[rac-Me2Si(1-Ind-2-Me)2Zr(m-Me)2Al-

Me2]�[Me-MAO]� b,c

5.86 (s, 2) 0.9 (s, 6) �/0.65 (s, 6) �/1.39 (s, 6)

[(2-Me-Ind)2Zr(m-Me)2AlMe2]�[Me-

MAO]� b,d

5.80 (s, 4) �/0.53 (s, 6) �/1.1 (s, 6)

[rac-ethanediyl(1-Ind-4,5,6,7-H4)2Zr(m-

Me)2AlMe2]�[Me-MAO]�
5.48 (d, 2), J�/2.9 Hz; 4.76 (d, 2),

J�/2.9 Hz

2.84 (m, 2), 2.57

(m, 2)

�/0.26 (s, 6) �/0.62 (s, 6)

a In CD2Cl2 at 20 8C [15].
b In toluene-d8 at 20 8C.
c 2-Me peak at 1.53 (s, 6).
d 2-Me peak at 1.82 (s, 6).

Table 8
1H-NMR signals of complexes [Me2C(Cp)(Flu)Hf(m-Me)2AlMe2]�[B(C6F5)4]�, [Me2C(Cp-R)(Flu)Zr(m-Me)2AlMe2]�[Me-MAO]� and [Me2-

Si(Flu)2Zr(m-Me)2AlMe2]�[Me-MAO]� (R�/H, 3-Me)

Species Flu C5 �/CMe2�/ m-Me Al-Me

[Me2C(Cp)(Flu)Hf(m-
Me)2AlMe2]�[B(C6F5)4]� a

8.22 (d, 2), J�/8.58 Hz; 7.96
(d, 2), J�/8.91 Hz; 7.75
(t, 2), J�/8.58 Hz; 7.34 (t, 2),
J�/8.91 Hz

6.32 (t, 2), J�/2.6 Hz;
5.58 (t, 2), J�/2.6 Hz

2.49 (s, 6) �/0.57 (s, 6) �/0.72 (s, 3), �/0.63 (s, 3)

[Me2C(Cp)(Flu)Zr(m-Me)2Al-
Me2]�[Me-MAO]�

7.52 (d, 2), J�/8.5 Hz; 7.28
(t, 2), J�/8.5 Hz; 7.01 (t, 2),
J�/8.5 Hz b

5.60 (t, 2), J�/2.6 Hz;
4.68 (t, 2), J�/2.6 Hz

1.89 (s, 6) �/0.76 (s, 6) �/1.51 (s, 6)

[Me2C(3-Me-Cp)(Flu)Zr(m-
Me)2AlMe2]�[Me-MAO]� c

7.57 (t, 2), J�/8.5 Hz b 5.55 (t, 2), J�/2.6 Hz;
5.31 (t, 1), J�/2.6 Hz

1.86 (s, 6) �/0.71 (s, 6) �/1.73 (s, 3), �/1.57 (s, 3)

[Me2Si(Flu)2Zr(m-Me)2Al-
Me2]�[Me-MAO]� d

6.65 (t, 4), J�/8 Hz b �/0.72 (s, 6) �/2.46 (s, 6)

a [15].
b Masked by the signal of toluene.
c Peak of 3-Me at 1.92 (s, 6).
d Peak of Me2Si at 1.37 (s, 6).
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