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The conformationally dynamic unbridged metallocene (2-PhEx@), (1-Cl) was activated with
methylaluminoxane (MAO), modified methylaluminoxane (MMAO), and AJIEPh] 1 [B(CeFs)4] . The
following ion pairs were characterized Byl and**C NMR: [(2-PhInd}Zr(u-Me),AlMe;] " [Me-MAO] ~

(1), [(2-PhindyZr(u-Me),AlMe] *[B(CeFs)a]~ (IIl

Y, [(2-Phind}Zr(u-Me),AlMe'Bu]*[Me-MAQ] -

(I meisw), [(2-Phind}Zr(u-Me),Al'Buy] [Me-MAO] ~ (Il iguisu), and [(2-PhindZrMe™--Me-MAO] (IV).

In the temperature range50 to 20°C, the rotation of indenyl ligands of complexidls, 11l ', andlll yeigy

is faster than the evaluated rate of propylene insertion, wheredH fars, the rate of indenyl ligand
rotation is comparable to or slower than the rate of propylene insertion. The okl pais, demonstrates

the fundamental possibility of the existence of intermediates with the “locked” conformation of 2-Phind
ligands in1-CI/MAO or 1-CI/MMAO systems. For the catalytic systetCI/MAQO, both outer sphere

ion pairlll and inner sphere ion paly are present in the reaction solution at high [A/[Zr] ratios.

For the catalytic systeri-CI/MMAO, the concentration of inner sphere ion pairs of typeis much
smaller (below the NMR detection limit), and only outer sphere ion phirgis, andlll iguis, are observed.

Introduction

The so-called “oscillating” catalysts (bis(2-Ar-indenyl)zir-

counterions. For some counterions, their association with [(2-
Ar-indenyl»ZrP]* leads to a locked conformation (the ligand
rotation is restricted), leading to long isotactic sequences.

conocenes), which produce elastomeric polypropylenes, are an  Tq provide more evidence for the accessible isomers and their

intriguing class of olefin polymerization catalys$ts. Apparently,

conformational dynamics, direct observation of the active species

formation of stereoblock elastomeric plastics is a result of the yoyld be highly informative. However, detection of the
dynamic character of the active species, the cation of generalyrgpagating species [(2-Ar-indemy@yP]* (P = polymeryl) is

formula [(2-Ar-indenyl}ZrP]" (Ar = aryl; P= polymeryl)1—*

complicated by rapid chain transfer gfidhydride eliminatior?.

According to the hypothesis of Waymouth, the active species Nevertheless, one can expect that the important information on

“oscillates” between arac-like” (isotactic-selective) and a
“meselike” (nonstereoselective) conformation at a frequency

the dynamics of cationic intermediates could be derived from
the study of the conformational behavior of the initiating active

intermediate between those of monomer insertion and chaingpecies of the type [(2-Ar-indenyBrMe]*. Recently, the

transfer:-25 Alternatively, Busico has proposed that the achiral

conformationally dynamic unbridged metallocene bis(2-phe-

meseisomer can be disregarded as a source o_f the ataCtiC_nylindenyl)dimethylzirconium (2-PhingIrMe, (1-Me) has been
stereosequences, and the generation of isotactic and atactigctivated with trispentafluorophenylborane (BF€)s) or trityl

stereosequences is a result of the interconversion of alaical

isomers at a rate competitive with propylene inserfiéior one

of the rac-isomers, the rate of indenyl ring rotation is faster
than propylene insertion (atactic block is formed); for another
rac-isomer, this rotation is slower than propylene insertion
(isotactic block is formed). The key point of this hypothesis is
the assumption that isomers differ by the nature of the
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tetrakispentafluorophenylborate ([f]"[B(CeFs)4] ™) to yield

ion pairs [(2-Phind)zrMe]*[MeB(CsFs)s]~ (2a) and [(2-

Phind}ZrMe]"[B(CeFs)4] ~ (2b), respectively. NMR analysis of

metallocene cations @aand2b provides no evidence that the

association of the anions with the (2-PhiptfMe™ cations leads

to locked conformations at temperatures abevi °C >
However, in the case of MAO as activator, ion pairs different

from 2a and 2b are expected: heterobinuclear ion pair [(2-

Phind}Zr(u-Me),AlMe ;] F[Me-MAO]~ (lll ) and contact ion

pair [(2-Phind)ZrMet---Me-MAO~] (IV).679 It is important
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Figure 1. ™H NMR spectra ofl-Cl (a) and1-CI/MAO samples

(b, ¢): Al:Zr = 10 (b), Al:Zr = 100 (c) (L-CI] = 0.02 M (a),

[1-Cl] = 0.04 M (b), 1-CI] = 8 x 1073 M (c), toluenesds, 20°C).
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Figure 2. H NMR spectra of the.-CI/MAO sample at 20C (a)
and 50°C (b) ([1-Cl] = 8 x 1073 M, Al:Zr =100, toluenedy).

to study the conformational behaviorldf andlV . It was shown
previously thatl-Me and (2-PhindyrCl, (1-Cl), when activated
with modified MAO (MMAO) containing isobutylaluminum
groups, yielded higher tacticity polypropylenes tHaMe and
1-Cl activated by MAO (containing only methylaluminum
groups)!© It is interesting to compare the conformational
behavior of cationic intermediates formed upon activation of
1-Cl with MAO and MMAQO. In this work, we have undertaken
aH and3C NMR study of ion pairs formed in the catalytic
systems1-CI/MAO, 1-CI/MMAO, and 1-Cl/AlMe3/[CPhg]*-
[B(CeFs)4]~ in order to evaluate the possibility of the formation
of intermediates with a locked conformation of the 2-Phind
ligands.

Results and Discussion

Catalytic Systems 1CI/MAO and 1-Cl/AlMe 3/[PhsC]*-
[B(C4Fs)4]~. The'H NMR spectrum ofL-Cl exhibits a singlet
(4H) atd ~6.4 ppm for the cyclopentadienyl (Cp) protons in
the temperature range50 to 50°C (Figure 1a). This observa-
tion is consistent with the known rapid rotation of the indenyl
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bis[2-(3,5-ditert-butylphenyl)indenyl]dimethylzirconium, in-
denyl ligands rotate at a rate of 94 700 it —78 °C.1

The addition of a relatively small amount of MAO ([AMAo/
[Zr] = 10) to the solution ofl-Cl in toluene leads mainly to
the monomethylation of the starting complex with the formation
of complex (2-Phind¥rCIMe (1-ClMe). At 20 °C this complex
exhibits two signals for the Cp protons@®6.19 (d, 2H,Jqn =
1.7 Hz) and 6.11 (d, 2H]yy = 1.7 Hz) due to nonequivalence
of n°-ligands, and a signal 8t—0.57 (s, 3H) for Zr-CH protons
(Figure 1b, Table 132 1-CIMe was prepared quantitatively
situ upon interaction ofL.-Cl with a 10-fold excess of AlMg
In the temperature range50 to 50°C, the positions of two Cp
signals of thel-ClMe only slightly change. In the case of the
locked conformation of ligands, four peaks for the Cp protons
of 1-CIMe should be observed. Thus, rapid rotation of indenyl
ligands takes place in compléxCIMe in the temperature range
considered.

Noteworthy, besides the peaks ®fCIMe, the 'H NMR
spectrum of Figure 1b exhibits weaker peaks of compleat
0 6.29 (d, 2H,Jyy = 1.6 Hz) and 5.94 (d, 2HJyy = 1.6 Hz)
for the Cp protons and a signal @t—0.53 (s, 3H) for Zr-CH
protons.ll was not observed upon interaction HfCl with
AlMejs. Interaction of zirconocenes £ZrMe;) with MAO at
low [Al] mao/[Zr] ratios is known to give homobinuclear ion
pairs [LoZrMe(u-Me)L,ZrMe] [Me-MAO] .67 For the catalytic
system CpTiClo/MAO at low [Al]mao/[Ti] ratios, homobi-
nuclear ion pairs of the type [GpiMe(u-Cl)Cp,TiCl] f[Me-
MAO]~ (Il 1), [Cp:TiMe(u-Cl)Cp,TiMe] "[Me-MAO] ~ (Il ), and
[CpzTiMe(u-Me)Cp:TiMe] F[Me-MAO] ~ (Il 3) can be observed.
On the basis of relative integral intensities of Cp and ZrsCH
peaks,ll could be assigned to the ion pair [(2-PhisgiMe-
(u-Cl)(2-Phind}ZrMe][Me-MAO] ~. Further studies are needed
to verify this assumption.

In conditions approaching those of real polymerization
([AI] mao/[Zr] > 100), heterobinuclear ion pair [(2-Phind)-
(u-Me)AlMe ] F[Me-MAQ] ~ (lIl ) and contact ion pair [(2-
Phind}pzZrMe*---Me-MAO~] (IV) became the predominant
species in solution (Figures 1c and 2). The proportionllof
increases with the increase of the [@p/[Zr] ratio, and at
[Al] mao/[Zr] ~ 500, complexlll prevailed in the reaction
solution. ThelH NMR spectrum oflll (tolueneds, 20 °C)
displays a singlet (4H) at 6.39 for the Cp protons and singlets
at 6 —0.58 (6H) and—0.97 (6H) for Al-Me and Zr-Me-Al
protons, respectively (Figure 1c, Table 1). THRE NMR
spectrum oflll exhibits a sharp peak of the Zr-Me-Al carbon
ato 41.20 ('cy = 113 Hz) (see Supporting Information). The
IH NMR spectrum oflll is similar to that of [(2-PhIng)r(u-
Me),AlMe ] T[B(CeFs)4] ~ (11l ') prepared by interaction d-Cl
with AlMe3/[PhsC]T[B(CeFs)a]~ ([Zr]:[Al]:[B] = 1:50:1.2) in
tolueneds at 20°C (Table 1). In the temperature rang®0 to
50 °C, no decoalescence of the resonanceBloandlll ' Cp
protons was observed. We conclude that indenyl ligandB of
andlll ' rapidly rotate in the temperature rang®0 to 50°C.

In contrast to the outer sphere ion pldiir exhibiting relatively
sharp and well-observed NMR signals, th¢ and13C NMR
resonances of the contact ion pidrare broadened due to direct
interaction of (2-PhindgrMe* with nonuniform [Me-MAOQOJ
counterions (Figure 2). At 28C, IV exhibits broadened signals
from Cp protons at about 6.1 and 5.9 and broadened signals

ligands in this temperature range. Even for the bulkier precatalystfrom zr-CHs protons at abou$ —1.4 and—1.9 (Figure 2a).
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Table 1. SelectedH NMR Chemical Shifts (ppm, 20 °C, tolueneds) for Complexes Formed upon Activation of (2-Phind}ZrCl ,
and rac-Me;Si(Ind),ZrCl , with MAO and AlMe 3/[CPh3] " [B(CeFs)4] ™

no. species Cp Zr-Me u-Me Al-Me
1 (2-Phind)ZrCl, (1-Cl) 6.37
2 (2-Phind)zrCIMe (1-CIMe) 6.1%, 6.17 —-0.57
3 [(2-Phind)ZrMe(u-Cl)(2-Phind)yZrMe]*[Me-MAO] ~ (Il ) 6.29,5.94 -0.53
4 [(2-PhInd)Zr(u-Me),AlMe]*[Me-MAO] ~ (IIl ) 6.39 —0.97 —-0.58
5 [(2-PhInd)Zr(u-Me),AlMe 2] *[B(CsFs)a] ~ (Il ") 6.45 -1.01 —0.67
6 [(2-Phind)ZrMe*+--Me-MAO] (IV )¢ 6.1,5.9 1.6, —1.9
7 [rac-MezSi(IndyZr(u-Me),AlMe ] [Me-MAO] ~ 6.27,5.14 —1.28 —0.62
8 [rac-MezSi(Ind)Zr(u-Me),AlMe 5] *[B(CeFs)al - 6.10, 5.00 -1.39 —-0.72
9 [rac-Me;Si(IndyZrMe*+-*Me-MAO~]d 5.8,5.2 -1.6

2 Doublet withJuw = 1.7 Hz.Doublet withJuw = 1.6 Hz.°Respectivé*C peak ofu-Me carbons is at 41.20 (§ich = 113 Hz).9Broad signals®Avi,
2 30 Hz.'Doublet with Jyy = 2.8 Hz.9Doublet with Jyy = 3.0 Hz."Av1p &~ 20 Hz.'Avyp &~ 45 Hz.iAvys &~ 60 Hz.

Table 2. SelectedtH NMR Chemical Shifts, 9, for Complexes Formed upon Activation of (2-Phind}ZrCl ; with MMAO in
Toluene-ds and rac-Me,Si(Ind)ZrCl ; with MAO/AI 'Bug in Benzeneds

no. species T,°C Cp u-Me Al-Me
1 [(2-PhInd}Zr(u-Me),AlMe'Bu]*[Me-MAO] ~ (Il wveisu) —10 6.43,6.31 —0.95,—-1.08 —0.53
0 6.45, 6.33 —0.92,-1.05 —0.53
10 6.47,6.35 —0.90,—1.03 —0.54
20 6.49, 6.37 —0.88,—1.00 —0.54
2 [(2-Phind}Zr(u-Me)Al'Buy] F[Me-MAO] ~ (Il iguisu) -10 6.38,6.32 —1.00
0 6.40, 6.37 —0.98
10 6.40 —0.95
20 6.42 —0.93
3 [rac-Me;Si(Ind)yZr(u-Me),AlMe'Bu] [Me-MAQ] ¢ 20 6.35, 6.18 —1.23,-1.37 —0.55
5.15, 5.05
4 [rac-MeSi(Ind)Zr(u-Me)Al'Buy] F[Me-MAQO] ¢ 20 6.33 —1.28
5.17

aDistance between peaks is about 9.0 P2istance between peaks is about 6.5 My, ~ 8 Hz. 9Avy» &~ 7 Hz. ®NMR data from ref 16.

Such a complex picture shows that spetiésvith various [Me- shown that with increasing [Mus)/Zr ratio from 14 to 100
MAO] - counterions displays resonances with different chemical ([Al] mao/[Zr] ~ 600) first ion pairs [(SBI)Zig-Me),AlMe ] *-
shifts and the exchange of various [Me-MAQjounterions in [Me-MAO]~ and [(SBI)Zrj-Me),AlMe'Bu]*[Me-MAO] ~ then

IV is slow on the NMR time scale. Several distinct types of ion pairs [(SBI)Zr¢-Me).AIMe'Bu]*[Me-MAO] ~ and [(SBI)-
[Me-MAQ] ~ anions in contact with a zirconocenium cation were  Zr(u-Me),Al'Bu,] "[Me-MAO] ~ became the predominant spe-
recently observed b¥C NMR in the catalytic system (Me€l,),- cies in solution (Table 2% They have also shown that the
ZrMe/MAO. 13 With the increase of temperature up to 8D, NMR signals assigned in ref 15 to ion pair [(SBI)#Z#(
the signal of Cp protons d¥ ato 6.1 ppm noticeably increases  Me),AIMe'Bu]*[Me-MAO] ~ actually belong to ion pair [(SBI)-
at the expense of that @t 5.9 (Figure 2b). It is tempting to  Zr(u-Me),Al'Buy] "[Me-MAQO] ~. These results helped us to
ascribe this effect to increased mobility of indenyl ligands with assign theH NMR peaks of similar heterobinuclear ion pairs
increasing temperature. However, other explanations are pos-n the 1-CI/MMAO system.

sible. One of them is the change of the nature of [Me-MAQ] It was found that at relatively low [Afluao/Zr ratios of 30
counterions. It was shown previously that the size of oligomeric 70 ([zf] = 8 x 103 M), mainly monomethylated complex
molecules of MAQ reversibly decreases with increasing tem- 1.c|Me is present in the reaction solution. With the increase
peraturél.4 ThUS, forlv (aS well as foill )there is no evidence of the [Al]MMAOlzr ratioy the concentration of mixed heterobi-
in favor of the locked conformation of indenyl ligands in the  nyclear ion pairs [(2-Phingr(u-Me),AlMe Bu]*[Me-MAO] -
temperature range 50 to 50°C. (I veigu) and [(2-Phind)Zr(u-Me)Al Bug] {[Me-MAO] ~ (IlI-

As mentioned above, the replacement of MAO by MMAO  g;gy) increased’ Figure 3 shows théH NMR spectra of the
as activator results in the increase of the tacticity of polypro- catalytic systeni-CI/MMAO in tolueneds at various temper-
pylenes produced with-Me and 1-Cl catalysts'® Thus, it is atures ([Zr]= 6 x 1073 M, [Al] mmao/[Zr] = 200). Resonances
reasonable to search the intermediates with locked conformationof Cp and Zr-Me-Al protons ofil weigy andlll igyisy are marked

of 2-Phind ligands in.-CI/MMAO system. in Figure 3. Their spectral parameters are collected in Table 2
Catalytic System 1-CI/MMAO. Recently, on the basis of in comparison with those for similar species in the (SBI)4(Cl

the analysis of théH NMR spectra of the (SBI)ZrGIMMAO MAO/AI'Buz system'® Besides the!H NMR resonances of

system (SBIE= rac-Me,Si(Ind),), we have assumed that when Il meiu and Il jguisu, the *H NMR spectra of Figure 3 show

(SBI)ZrCl, is reacted with MMAO, the mixed heterobinuclear two broad and intense peaks in the Cp region that could be
cation [(SBI)Zr-Me),AIMe'Bu]™ is formed, together with its ~ assigned to neutral complex (2-PhisghiCIR, where R is
methyl congener [(SBI)Zi-Me),AlMe;] 2> Then, on the basis

of the detailed'H and *3C NMR study of (SBI)ZrC}YMAO/ (15) Bryliakov, K. P.; Semikolenova, N. V.; Panchenko, V. N.; Zakharov,
Al'Bug system in benzends, Babushkin and Brintzinger have ?3/-29-; Brintzinger, H.-H.; Talsi, E. PMacromol. Chem. Phy2006 207,
(16) Babushkin, D. E.; Brintzinger H.-iChem=—Eur. J. 2007, accepted.
(13) Babushkin, D. E.; Naundorf, C.; Brintzinger, H.-Balton Trans. (17) For simplicity, we use the same notation of the counter anion [Me-
2006 4539. MAO] - for MAO- and MMAO-based systems. Apparently, for these two
(14) Babushkin, D. E.; Semikolenova, N. V.; Panchenko, V. N.; Sobolev, systems, the counter anions are different. The counter anion incorporates
A. P.; Zakharov, V. A.; Talsi, E. PMacromol. Chem. Physl997 198 only Me groups in the case of MAO and both Me dBdi groups in the

3845. case of MMAO.
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Figure 3. 'H NMR spectra of the.-CI/MMAO sample at differing
temperatures:—10 °C (a), 0°C (b), +10 °C (c), +20 °C (d) ([1-
Cl] =6 x 103 M, Al:Zr = 200, toluenedg).

iBu or Me. The ligand R of (2-PhIngZrCIR exchanges rapidly
(on the NMR time scale) at room temperature. The relative
concentration of (2-PhingZrCIR decreased with an increase
of the [Allmmao/[Zr] ratio up to 400.

It is very important thatll ig,ig, €xhibits two peaks from Cp

protons at low temperatures (Figures 3a, b) that coalesce al
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IIIﬂhﬁBu

slow rotation
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of indenyl ligands
Figure 4. Proposed structures ¢l yeigy andlll igyiy-

of indenyl ligands
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Magnetic field (G)
igure 5. EPR spectrum of th&-CI/MMAO sample recorded 2 h

F
tafter mixing of reagents at 2T ([1-Cl] =6 x 103 M, Al:Zr =

higher temperatures (Figures 3c,d, Table 2). The distancegg, toluenedy).

between unperturbed Cp peakslbfig,ig, at low temperature

is about 10 Hz. To fulfill the conditions of rapid exchange, the
characteristic time of indenyl ligand rotation should be about
1072s at 20°C. This time is comparable with the characteristic
time of propylene insertion (18 to 1073 s) 11 Thus, Il igyigy iS

the first example of an intermediate with restricted rotation of
indenyl ligands at room temperature found for the “oscillating”
catalyst!® For less sterically hindered intermedidiieyeigu, NO

species upon interaction with MMAO f& h atroom temper-
ature. The nature of these species is still unclear.

Tight ion pairs of the typdV were not observed in the
catalytic systeml-CI/MMAO. Similarly, species of the type
IV did not arise in the catalytic system (SBI)ZsBIMAO. 16
Thus, concentration of tight ion pairs is much lower for the
1-CI/MMAO system than for thé-CI/MAO analogue. An EPR-

decoa!e;cence Of. Cp peaks at'low te'mperatu.re was observedspin probe study has shown that the oligomeric molecules of
For this intermediate, the rotation of indenyl ligands remains \i1nmAO are bulkier than oligomeric molecules of MAB The

fast even at-30 °C (Figures 3 and 4).
The coalescence of Cp peakslbfiguisy is reversible: when
the sample of Figure 3d was cooled again-td0 °C, the

observed spectrum closely resembled that of Figure 3a. The only

difference was the slightly lower intensity of thd NMR peaks.
This is caused by the decrease of the concentration of Zr(IV)
species due to partial reduction of Zr(1V) to Zr(lll). In Figure
5 one can see the EPR spectrum recdr@ié after onset of the
reaction of1-Cl with MMAO at room temperature ([ZrfF 6 x

1073 M, [Al] mmao/[Zr] = 200). The major peak af = 1.968
and the minor one @ = 1.983 are in the typical range reported
for zirconium(lll) specied?2°The integration shows that up to
40% of the starting Zr(IV) complex is converted into Zr(lll)

(18) Very recently, the restricted rotation of ligands af@0was reported
for unbridged amine-functionalized zirconocene pPMe;NCeHa)-3,4-
Me,CsH].ZrMe; activated with MAO. Kim, S. K.; Kim, H. K.; Lee, M.
H.; Yoon, S. W.; Do, Y.Angew. Chem., Int. EQ2006 45, 6163.

(29) Fryzuk, M. D.; Jafarpour, L.; Rettig, S. Organometallics1999
18, 4050.

(20) Williams, G. M.; Schwartz, JI. Am. Chem. S0d.982 104, 1122.

bulkiness of MMAO could prevent the tight contact of the [Me-
MAO] ™ counterion with zirconium and thus disfavor formation
of ion pairs of the typdV .

Our polymerization study confirms the higher tacticity of
polypropylene produced by the-CI/MMAO system than by
the 1-CI/MAO analogue, previously reported by Waymouth and
co-workerst® The polymers produced by th&-CI/MMAO
system display higher isotacticity ((mmmns 30% by 13C
NMR) than those produced by theCI/MAO system ([mmmm]
= 18%) (Table 3).

Mechanism of the “Oscillating Catalysts” Performance.

As mentioned, rotation of indenyl ligands in the active
intermediate should be slow as compared to the rate of propylene
insertion for the formation of long isotactic stereosequences.
In this work we have shown that restricted indenyl ligand
rotation could be observed for the mixed heterobinuclear ion
pair Il jguisu. The proposed active intermediate of theCl/
MAO system seems to be the ion pair [(2-PhizdP]t[Me-
MAO]~ (V) with the vacant coordination site of zirconium
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Table 3. Propylene Polymerizations with (2-PhInd)}ZrClI ;2

entry activator PP yield, g productivky  [mmmmp
1 MAO 3.1 25.8 18
2 MMAO 2.7 22.5 30

a Polymerization conditions: [ZrF 13.5umol/L, 150 mL of toluene,
P(GHe) = 6 bar, polymerization temperature 3@, time 10 min,
Almao:Zr = 2500.°In kg of PP/(mol of Zr bar min)¢ Determined by:3C
NMR.

occupied by AlMg or [Me-MAO]~. Waymouth et al. have
obtained practically amorphous polypropylene with the€l/
MAO system rich in “free” AlMe.2* Thus, specie¥ with a
vacant coordination site of zirconium occupied by AiMzEn

be responsible for the atactic stereosequences, and spécies
with a vacant coordination site occupied by [Me-MAOfr

Lyakin et al.

from Aldrich. Methylaluminoxane (MAQO) was obtained from
Crompton GmbH (Bergkamen) as a toluene solution (total Al
concentration 1.8 M, Al as AlMg0.5 M). MMAO (MAO, modified
with TIBA) was purchased from AKZO as a heptane solution (total
Al content 7.1 wt %).

1H and13C NMR spectra were recorded at 250.130 and 62.89
MHz, on a Bruker DPX-250 MHz NMR spectrometer. Typical
operating conditions fofH NMR measurements: spectral width
5 kHz; spectrum accumulation frequency (b2 Hz; number
of transients 3264; ca. 30 pulse at 2us. Typical operating
conditions for’3C NMR measurements: spectral width 20 kHz;
spectrum accumulation frequency @1 Hz; 100-2000 tran-
sients; 45 pulse at 5us. 13C,'H-correlations were established by
using standard Bruker HXCOBI pulse programs. For calculations
of 'H and!3C chemical shifts, the resonances of the methyl group
of the tolueneds solvent were taken as 2.09 and 20.40 ppm,

the isotactic stereosequences. This is possible if the indenyl egpectively.

ligand rotation is fast in the first case and slow in the second
one. Apparently, steric restrictions for the indenyl ligand rotation
are smaller for AlMe than for [Me-MAO]J . For the insertion
of propylene, AlMg or [Me-MAQ]~ ligands inV should be

replaced by the monomer molecule. Then, the correspondingserved as a side reference, was placed into the second compartment

coordination site is again occupied by Allyler [Me-MAO]~
before the next insertion. The switch from atactic to isotactic
stereoblock formation occurs when Alilim V is replaced by
[Me-MAOQO] .

The concentration of inner sphere ion pdwsfor the 1-Cl/
MMAO system is lower than for th&-CI/MAO counterpart,

whereas the former system produces more isotactic polypro-
pylene than the latter one (Table 3). These data evidence

indirectly against the involvement of speciésvith inner sphere
coordination of [Me-MAOY in the formation of the long
isotactic stereosequences by the catalytic syste@fMMAO.

In the case of MMAO, ion pairs of the typé with vacant
coordination sites occupied by 'BuMe, and AIBu,Me can be

EPR spectra were measured on a Bruker ER-200D spectrometer
at 9.3 GHz, modulation frequency 100 kHz, modulation amplitude
1 G. Measurements were performed in glass tudes  mm). A
periclase crystal (MgO) with impurities of Mh and CPE*, which

of the dual cavity. EPR spectra were quantified by double
integration with TEMPO toluene solution as standard.
Preparation of MAO Samples. MAO samples used for NMR
studies were prepared from commercial MAO by removal of the
solvent and of most of the trimethylaluminum content in vacuo at
20°C for 2 h. Thus prepared dry polymeric MAO contained 40 wt
% of total Al and ca. 3 wt % of residual AIMe'3C-enriched MAO
(MAO-13C) was prepared by ligand exchange of 99%-enriched
AlMe; (30 mol % of total Me groups) and solid MAO (70 mol %
of total Me groups) in toluene solution followed by subsequent
removal of volatiles under vacuum at room temperature to give a
sample of MAO3C (65-70% 13C) with desired AlMg content
(polymeric MAO with total Al content of 40% and Al as residual
AlMe3 ca. 5 wt %). A more detailed description is presented in

responsible for the atactic and isotactic stereosequences, rejgf 7.

spectively. Further studies are needed to verify this model.

Conclusions

The study of conformational behavior of ion pairs formed
upon activation of “oscillating” catalyst (2-Phin@yCl, with
MAO, MMAO, and AlMe3/[PhsC]*[B(CsFs)4] ~ has shown that
for the ion pair [(2-Phindgr(u-Me),Al ' Buy] [Me-MAQ] ~ the
rate of indenyl ligand rotation at 20 is comparable with the

Propylene Polymerization Studies.Polymerization was per-
formed in a 1.0 L steel reactor, equipped with magnetic stirrer, a
water jacket for temperature control, and automatic computer-
controlled system for propylene feed.

(2-Phind}ZrCl;, (0.0011 g, 2.0x 107¢ mol) was introduced into
the autoclave in a vacuum-sealed glass ampule. The reactor was
evacuated at 80C, cooled to 20°C, and then charged with 150
mL of toluene solution containing the required amount of the
activator (MAO, MMAO). The reaction mixture was warmed to

rate of propylene insertion. This demonstrates the fundamental30 °C, saturated with propylene to a total pressure of 6 bar. The

possibility of the existence ofac-intermediates with the
restricted rotation of 2-arylindenyl ligands for the (2-ArlscfCl,/
MAO catalysts. The interconversion betwaag-intermediates
with locked and unlocked conformations of the indenyl ligands

reaction was started by breaking the ampule with the complex.
During the reaction time (10 min) propylene pressure, stirring speed,
and temperature were kept constant. After 10 min the reactor was
vented and the polymer was isolated by filtration and dried to

(the hypothesis of Busico) seems to be a plausible explanationconstant weight at ambient temperature.

of the “oscillating catalysts” performance.

Experimental Section

Toluene was dried over molecular sieves (4 A), purified by
refluxing over sodium metal, and distilled under dry nitrogen.
Tolueneds was dried over molecular sieves (4 A), degassed in
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