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ABSTRACT: Propylene polymerization was carried out using an ansa-zirconocene pyr-
rolidide based catalytic system of racemic ethylene-1,2-bis(1-indenyl)zirconium dipyr-
rolidide [rac-(EBI)Zr(NC4H8)2 or (rac-1)] and methylaluminoxane (MAO) or a noncoor-
dinating anion. In situ generation of cationic alkylzirconium species was also investi-
gated by NMR-scale reactions of rac-1 and MAO, and rac-1, AlMe3, and [Ph3C]
[B(C6F5)4]. In the NMR-scale reaction using CD2Cl2 as a solvent, a small amount of
MAO ([Al]/[Zr] 5 30) was enough to completely activate rac-1 to give cationic methyl-
zirconium cations that can polymerize propylene. The resulting isotactic polypropylene
(iPP) isolated in this reaction showed a meso pentad value of 91.3%. In a similar
NMR-scale reaction rac-1 was stoichiometrically methylated by AlMe3 to give rac-
(EBI)ZrMe2, and the introduction of [Ph3C] [B(C6F5)4] into the reaction mixture
containing rac-(EBI)ZrMe2 led to in situ generation of cationic [rac-(EBI)Zr(m-
Me)2AlMe2]1 species that can polymerize propylene to give iPP showing a meso pentad
value of 94.7%. The catalyst system rac-1/MAO exhibited an increase of activity as the
[Al]/[Zr] ratio increased within an experimental range ([Al]/[Zr] 5 930–6511). The meso
pentad values of the resulting iPPs were in the range of 83.2–87.5%. The catalytic
activity showed a maximum (Rp 5 6.66 3 106 g PP/mol Zr h atm) when [Zr] was 84.9
3 1026 mol/L in the propylene polymerization according to the concentration of cata-
lyst. MAO-free polymerization of propylene was performed by a rac-1/AlR3/noncoordi-
nating anion catalytic system. The efficiency of AlR3 was decreased in the order of
AlMe3 (Rp 5 13.0 3 106 g PP/mol Zr h atm) . Al(i-Bu)3 (8.9 3 106) . AlPr3 (8.8
3 106) . Al(i-Bu)2H (8.4 3 106) . AlEt3 (8.4 3 106). The performance of the noncoor-
dinating anion as a cocatalyst was on the order of [HNMePh2][B(C6F5)4] (Rp 5 13.0
3 106 g PP/mol Zr h atm) . [HNMe2Ph][B(C6F5)4] (10.8 3 106) . [Ph3C][B(C6F5)4]
(8.4 3 106) . [HNEt2Ph][B(C6F5)4] (7.8 3 106). The properties of iPP were character-
ized by 13C-NMR, FTIR, DSC, GPC, and viscometry. © 1999 John Wiley & Sons, Inc. J Appl
Polym Sci 71: 875–885, 1999
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INTRODUCTION

Chiral group 4 ansa-metallocenes are the basis of
a new class of stereoselective olefin polymeriza-

tion catalysts.1 However, practical application of
ansa-metallocene catalysts has been hindered by
the fact that the racemic (rac) isomers required
for the stereospecific polymerization of a-olefin
are difficult to prepare. Current synthetic routes
of ansa-metallocenes based on salt elimination
reactions of MClx salts and bis-cyclopentadienyl
dianion reagents are inefficient and require te-
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dious separation and purification steps. Collins et
al. prepared the prototypical chiral ansa-metallo-
cene rac-(EBI)ZrCl2 [EBI, ethylene-1,2-bis(1-in-
denyl)] by reaction of ZrCl4(THF)2 and (EBI)Li2
and reported a low variable yield (30–50%).2

Grossman et al. employed (EBI)K2 and obtained
(EBI)ZrCl2 in a 70% yield with a rac/meso ratio of
2/1.3 In general the current syntheses of chiral
ansa-metallocenes produce the desired rac isomer
in 10–30% yield, and separation is not always
possible.

Recently Jordan and colleagues reported an
efficient synthesis method of ansa-metallocene
chCp2Zr(NR2)2 (chCp2Zr is the chiral ansa-metal-
locene framework) via an amine elimination
route.4 They prepared rac-(EBI)Zr(NMe2)2 by the
reaction of (EBI)H2 and Zr(NMe2)4 with a 90%
yield with a rac/meso ratio of 13/1.4b The ansa-
metallocene amide complexes were demonstrated
to be effective for the isospecific polymerization of
propylene by employing conventional coactivator
formulation.4c Diamond et al. extended the amine
elimination route to ansa-metallocene pyrrolidide
complex.4d By the reaction of (EBI)H2 with the
pyrrolidide complex Zr(NC4H8)4 they produced
rac-(EBI)Zr(NC4H8)2 with a 95% yield (rac/meso
of 6/1). This article describes a study of the pos-
sibility that the amide derivative rac-1 can be
used directly in catalyst formulations for pro-
pylene polymerization.

EXPERIMENTAL

Measurements
1H- and 13C-NMR spectra of compounds and poly-
mers were recorded on a Bruker WM-300 spec-
trometer using tetramethylsilane as an internal
standard. Samples for 13C-NMR spectra were pre-
pared by dissolving 50 mg of polymer in 0.5 mL of
C6D6/1,2,4-trichlorobenzene (1/5) and measuring
at 120°C. IR spectra were obtained with an ATI
Mattson Genesis Series FTIR. Samples were pre-
pared for IR examination by mixing polymer pow-
der with KBr, and the meso pentad value of
polypropylene (PP) was calculated by comparing
the absorption ratio A998/A973 according to the
equation shown below5:

A998 /A9735(0.86410.004)[mmmm]10.10 (1)

The molecular weight and its distribution (Mw/
Mn) were determined by GPC on a Waters 150-C

at 135°C in 1,2-dichlorobenzene with a data pro-
cessor equipped with polystyrene gel columns.
Melting and crystallization curves were recorded
with a DuPont differential scanning calorimeter
(model 910) at a 10°C/min rate. The results of the
second scan are reported to eliminate differences
in sample history. The intrinsic viscosity of the
polymers was determined in decalin at 135°C us-
ing an Ubbelohde viscometer, and values of Mv
were calculated by the equation

@h# 5 10 2 4@Mv#
0.8 (2)

developed for monodisperse PP fractions.6

General Procedures

All reactions were performed under a purified
argon atmosphere using standard glove box and
Schlenk techniques. Polymerization grade pro-
pylene (Yukong Co., Korea) was purified by pass-
ing it through columns of Fisher RIDOX catalyst
and a 5-Å molecular sieve 13 times. Alkyl alumi-
nums (AlMe3, AlEt3, AlPr3, Al(i-Bu)3, and Al(i-
Bu)2H) were obtained from Aldrich and used
without purification. ZrCl4, LiNMe2, (EBI)H2,
and pyrrolidine were purchased from Aldrich.
Methylaluminoxane (MAO) was obtained from
Albemarle as a 10% solution in toluene, which
contained 1.85 wt % AlMe3 and 8.15 wt % MAO
(4.49 wt % total Al). Solvents were distilled from
Na and benzophenone and stored over molecular
sieves (4 Å). Zr(NMe2)4 and Zr(NC4H8)4 were pre-
pared according to the literature procedures.4

Various anionic complexes {[HNMe2Ph][B(C6F5)4],
[HNMePh2][B(C6F5)4], [Ph3C] [B(C6F5)4], and
[HNEt2Ph][B(C6F5)4]} were also prepared by lit-
erature procedures.4,7,8

Synthesis of rac-(EBI)Zr(NC4H8)2(rac-1)

The rac-1 was synthesized by the reaction of
(EBI)H2 with the pyrrolidide complex Zr(NC4H8)4
in m-xylene at 140°C (7 h) and recrystallized from
Et2O.4c 1H-NMR (CD2Cl2): d 7.70 (d, J 5 9 Hz,
2 H, indenyl), 7.39 (d, J 5 8 Hz, 2 H, indenyl),
7.02 (pseudo t, 2 H, indenyl), 6.83 (pseudo t, 2 H,
indenyl), 6.33 (d, J 5 3 Hz, 2 H, C5 indenyl),
6.10 (d, J 5 3 Hz, 2 H, C5 indenyl), 3.68 (m, 2 H,
CH2), 3.45 (m, 2 H, CH2), 3.08 (m, 4 H, NCH2),
2.74 (m, 4 H, NCH2), 1.34 (m, 4 H, NCH2CH2),
1.15 (m, 4 H, NCH2CH2).

NMR-Scale Reaction of rac-1 and MAO

An NMR tube was charged with MAO (74 mg,
which is composed of 8.15 wt % MAO and 1.85 wt
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% AlMe3, 1.34 mmol total Al) dissolved in toluene
as a 10 wt % solution, and then rac-1 (20 mg,
0.041 mmol) was introduced into the NMR tube.
The [Al]/[Zr] ratio of this reaction mixture was
expected to be about 30. The color of the homoge-
neous solution changed immediately from red to
orange. Toluene was removed under a vacuum
(1026 mmHg) for 24 h, and then 0.5 mL of CD2Cl2
was added for the NMR analysis. The tube was
maintained at 23°C and monitored periodically by
1H-NMR. The 1H-NMR (CD2Cl2) of the chemical
species in the reaction mixture is as follows: rac-
(EBI)ZrMe1: d 8.01 (d, J 5 9 Hz, 2 H, indenyl),
7.64 (d, J 5 8 Hz, 2 H, indenyl), 7.58 (pseudo t,
2 H, indenyl), 7.40 (pseudo t, 2 H, indenyl), 6.54
(d, J 5 3 Hz, 2 H, C5 indenyl), 6.51 (d, J 5 3
Hz, 2 H, C5 indenyl), 3.90 (m, 4 H, CH2), 20.64 (s,
3 H, ZrOCH3); Al2Me5(NC4H8): d 2.90 (m, 4 H,
NCH2), 1.71 (m, 4 H, NCH2CH2), 20.56 (br s, 15
H). MAO could not be interpreted, and all free
Al2Me6 (d 2 0.29, s) contained in the MAO was
transformed to Al2Me5(NC4H8).

NMR-Scale Reaction of rac-1, Al2Me6, and
[Ph3C][B(C6F5)4]

The rac-1 (20 mg, 0.041 mmol) was dissolved in
CD2Cl2 (0.5 mL) at room temperature to give a
red solution. Two equivalents of Al2Me6 (12 mg,
0.083 mmol) was then added to the NMR tube.
The color of the solution mixture immediately
turned to orange and conversion to rac-(EBI)-
ZrMe2 was complete with no sign of isomeriza-
tion. The 1H-NMR (CD2Cl2) of the chemical spe-
cies in the reaction mixture follows: rac-(EBI)-
ZrMe2: 7.48 (d, J 5 9 Hz, 2 H, indenyl), 7.42 (d,
J 5 8 Hz, 2 H, indenyl), 7.19 (pseudo t, 2 H,
indenyl), 7.06 (pseudo t, 2 H, indenyl), 6.54 (d, J
5 3 Hz, 2 H, C5 indenyl), 6.00 (d, J 5 3 Hz, 2
H, C5 indenyl), 3.35 (m, 2 H, CH2), 3.19 (m, 2 H,
CH2), 21.43 (s, 6 H, ZrOCH3); Al2Me5(NC4H8): d
2.90 (m, 4 H, NCH2), 1.71 (m, 4 H, NCH2CH2),
20.56 (br s, 15 H). The [Ph3C][B(C6F5)4] (38 mg,
0.041 mmol) was introduced to this reaction mix-
ture (rac-1/Al2Me6 5 1/2) at room temperature.
The color of the resulting solution mixture im-
mediately changed from orange to light yellow.
In this reaction [rac-(EBI)Zr(m-Me)2AlMe2]1 the
adduct of the base-free rac-(EBI)ZrMe1 cation
and AlMe3 was generated as a stochiometric
yield.9 The 1H-NMR (CD2Cl2) of [rac-(EBI)Zr(m-
Me)2AlMe2]1is d 7.89 (d, J 5 9 Hz, 2 H, inde-
nyl), 7.59 (d, J 5 8 Hz, 2 H, indenyl), 7.33
(pseudo t, 2 H, indenyl), 6.45 (d, J 5 3 Hz, 2 H,

C5 indenyl), 6.20 (d, J 5 3 Hz, 2 H, C5 indenyl),
4.06 (s, 4 H, CH2), 20.62 (s, 6 H, m-CH3), 20.58
(s, 6 H, AlOCH3); the 7.00 to 7.38 ppm region was
partially obscured by Ph3CMe.

NMR-Scale Polymerization of Propylene

To the resulting reaction mixtures obtained
above, rac-1/30 MAO containing in situ generated
cationic [rac-(EBI)ZrMe]1[MAO]2 species and
rac-1/2 Al2Me6/[Ph3C][B(C6F5)4] containing cat-
ionic [rac-(EBI)Zr(m-Me)2AlMe2]1[B(C6F5)4]2 spe-
cies, 0.5 mL of liquid propylene was added at
278°C. The temperature of the NMR tube was
slowly increased to room temperature. The solid
isotactic PP (iPP) precipitated in this procedure
was washed with ethanol and dried under a vac-
uum for the analysis.

Polymerization of Propylene

Propylene polymerizations were performed in a
250-mL round-bottom flask equipped with a mag-
netic stirrer and a thermometer. In a dry box the
reactor was charged with toluene (80 mL) and a
prescribed amount of MAO. The reactor was im-
mersed in a constant temperature bath previ-
ously set to the desired temperature. When the
reactor temperature had equilibrated to the bath
temperature, propylene was introduced into the
reactor after removing the argon gas under a vac-
uum. When no more absorption of propylene into
toluene was observed, a prescribed amount of
metallocene catalyst dissolved in toluene was in-
jected into the reactor and then the polymeriza-
tion was started. The polymerization rate was
determined at every 0.01 s from the rate of con-
sumption and was measured by a hot-wire flow-
meter (model 5850 D, Brooks Instrument Div.)
connected to a personal computer through an an-
alog to digital converter. When anionic compound
was used as a cocatalyst instead of MAO, a pre-
scribed amount of alkyl aluminum reagent and
metallocene catalyst was added to the toluene.
Injecting the anionic compound into the reactor
started the polymerization.

RESULTS AND DISCUSSION

NMR-Scale Reaction and Polymerization of rac-1

Catalysts derived from ansa-metallocene have
been studied extensively for the stereoselective
polymerization of propylene and other olefins.1
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The active species in these catalysts are
chCp2Zr(R)1 cations, which are generated by al-
kylation and ionization of neutral metallocene
precursors.1,7,8,9 Standard activation procedures
include (i) treatment of chCp2ZrX2 (X 5 Cl, R, OR)
with excess MAO; (ii) reaction of the chCp2ZrR2
complex with ammonium salts {e.g., [HNMe2Ph]
[B(C6F5)4], [HNMePh2][B(C6F5)4], [HNEt2Ph]
[B(C6F5)4]}, alkyl abstract reagents {e.g., [Ph3C]
[B(C6F5)4], [B(C6F5)3]}, or oxidizing agents (e.g.,
Ag1, Cp2Fe1); or (iii) in situ alkylation of
chCp2ZrX2 complexes with AlR3 or other reagents
followed by ionization as in (ii). In NMR-scale
reactions the ansa-metallocene bis-dimethylam-
ide compounds rac-(EBI)Zr(NMe2)2 and rac-
(SBI)Zr(NMe2)2 [SBI, Me2Si(1-indenyl)2] were
shown to be completely activated by 40 equiv of
MAO or by 1 equiv of noncoordinating anions such
as [HNMe2Ph][B(C6F5)4], [HNMePh2][B(C6F5)4],
[Ph3C][B(C6F5)4], and [HNEt2Ph][B(C6F5)4].10,11

Similar NMR-scale reactions were carried out
with a rac-1 compound that has much bulkier
pyrrolidide ligands. By reacting 1 equiv of rac-1
with 30 equiv of MAO, which is composed of 81.5
wt % MAO and 18.5 wt % AlMe3 in CD2Cl2 sol-
vent, the ansa-metallocene pyrrolidide complex
was completely activated to give cationic rac-
(EBI)ZrMe1 species. MAO must activate the met-
allocene by forming the metallocene alkyl com-
plex if the metallocene is not introduced into the
reaction system as the alkyl complex. MAO pur-
portedly methylates Cp2MCl2 by a transmetalla-
tion mechanism involving bridging halides.12

However, the functions of MAO are complicated
by the presence of variable amounts of free AlMe3,
which cannot be removed during preparation, as
well as the uncertainty about the structure and
the composition of MAO. In the present system
free AlMe3 seemed to be a principal reagent to
remove pyrrolidide ligand and replace it with a
methyl group. In the NMR-scale reaction it can be
observed that all the AlMe3 contained in the MAO
is transformed to form the bridging pyrrolidide
compound Al2Me5(NC4H8) as shown in reaction
(3), and there is no signal indicating the presence
of free Al2Me6.

rac-(EBI)Zr(NC4H8)2 1 2 Al2Me63

rac-(EBI)ZrMe2 1 2 Al2Me5(NC4H8) (3)

MAO is proposed to remove one of the methyl
ligands from rac-(EBI)ZrMe2 to provide a coordi-
natively unsaturated complex and stabilize the

resulting cationic complex by functioning as a
noncoordinating anion.

Reaction (3) can be directly demonstrated by
the reaction of rac-1 and 2 equiv of Al2Me6 in
CD2Cl2 solvent. In this reaction rac-1 is immedi-
ately converted to rac-(EBI)ZrMe2 as a stoichio-
metic NMR yield. Addition of 1 equiv of noncoor-
dinating anion, [Ph3C][B(C6F5)4], to the resulting
reaction mixture (rac-1/2 Al2Me6) containing rac-
(EBI)ZrMe2 leads to in situ generation of cationic
[rac-(EBI)Zr(m-Me)2AlMe2]1 species, the adduct
of the base-free rac-(EBI)ZrMe1 cation, and
AlMe3 which was previously identified by Boch-
mann and Lancaster as the principal component
in the mixture of these species.9 This reaction also
proceeded as a stoichiometric yield. In similar
sequential reactions using [HNMePh2][B(C6F5)4]
as an anionic compound, the same cationic spe-
cies, [rac-(EBI)Zr(m-Me)2AlMe2]1, can be gener-
ated as a stoichiometric yield. In this case the
resonances of the cationic species are broadened.
To be active for the polymerization of propylene
the [rac-(EBI)Zr(m-Me)2AlMe2]1 cation presum-
ably undergoes loss or displacement of AlMe3,
ultimately leading to [rac-(EBI)ZrMe]1 or [rac-
(EBI)Zr(Me)(propene)]1 species.

From the NMR-scale polymerization carried out
at 278°C by introducing 0.5 mL of liquid propylene
into the NMR tube containing the rac-1/30 MAO
mixture or rac-1/2 Al2Me6/[Ph3C][B(C6F5)4] mix-
ture, we could isolate solid iPPs showing a meso
pentad value of 91.3 or 94.7%, respectively.

Effect of MAO Concentration

The catalytic activity of the metallocene com-
pound is strongly dependent upon the amount of
MAO used for activation. Figure 1 shows the rate
profiles of propylene polymerizations obtained by
the rac-1/MAO catalyst system. For all polymer-
izations, there is only a simple rapid rise to a
maximum rate (Rp,max), followed by a moderate
decay. This simple kinetic behavior is similar to
those found for other metallocene dichloride/MAO
catalyzed ethylene polymerizations13,14 and for
propylene polymerization.15 In the propylene
polymerization initiated by the rac-(EBI)ZrCl2/
MAO system the activity increases sigmoidally
with MAO concentration in a wide range of [Al]/
[Zr] ratios ([Al]/[Zr] 5 350–100,000).15 The met-
allocene pyrrolidide/MAO system shows activity
similar to that of the rac-(EBI)ZrCl2/MAO sys-
tem. At a low [Al]/[Zr] ratio ([Al]/[Zr] , 1000) the
catalytic activity was very low, but the activity
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increased monotonically with a higher [Al]/[Zr]
ratio within an experimental range (Fig. 2). There
was a short induction period at a low [Al]/[Zr]
ratio, but the induction period was shortened at
high [Al]/[Zr] ratios. These results demonstrate
that it takes some time to form active sites with a
low concentration of MAO.

An NMR-scale polymerization showed that a
very small amount of MAO ([Al]/[Zr] 5 30) is
needed to activate rac-1 in a CD2Cl2 solvent.
However, the rac-1/MAO system did not show any
activity at a low [Al]/[Zr] ratio (e.g., [Al]/[Zr]
5 300). The reason is uncertain why an excess
amount of MAO is required for the activation of
rac-1 in the lab-scale polymerization of propylene
using toluene as a solvent. A considerable amount
of MAO can act as a scavenger for the removal of
impurities such as moisture. When a toluene so-
lution of Cp2ZrCl2 is treated with MAO, a fast
ligand exchange takes place, producing primarily
Cp2Zr(Me)(Cl); and the use of excess MAO pro-
duces Cp2ZrMe2.16 However, these systems only
become catalytically active when [Al]/[Zr] ratios
of higher than 200 are used. The way in which
excess MAO induces this activity has been stud-
ied in detail, mainly by spectroscopic means.16,17

It is now recognized that either methyl or chloride
abstraction by Al centers in the MAO takes place.

Although MAO undoubtedly acts to methylate
metallocene, to scavenge impurities, and to act as
a Lewis acid for anion abstraction from the metal-
alkyl molecule, which generates an electrophilic
species, these cannot explain the need for an ex-
cess amount of MAO for the activation.

To investigate the function of MAO a non-
coordinating anion [Ph3C][B(C6F5)4] was used for
the activation of rac-1 together with MAO. [Ph3C]
[B(C6F5)4] was also introduced into the polymer-
ization medium consisting of rac-1 and MAO
([Al]/[Zr] 5 300), which showed no activity for the
propylene polymerization. Figure 3 shows that
the rate of polymerization sharply increased by
injecting 1 equiv [Ph3C][B(C6F5)4] into the cata-
lytic system after 15 and 30 min of polymerization
by rac-1/MAO ([Al]/[Zr] 5 300). In fact, 300 equiv
of Al should be an excess amount of cocatalyst if
we consider the results of previous NMR-scale
reactions of rac-1 and MAO in which 30 equiv of
Al were enough to completely activate rac-1. If we
assume that the cationic metallocene methyls are
generated by a low concentration of MAO (e.g.,
[Al]/[Zr] 5 300) and the cationic sites are not
stabilized, the anion can attack the metallocene
cation nucleophillically, which is the most com-
mon termination process in classical cationic
polymerization. The sharp increase of activity
right after the introduction of [Ph3C][B(C6F5)4]
demonstrates that the anionic species [B(C6F5)4]2

can easily attack and stabilize the cationic active

Figure 2 Rp versus time plot and Rp,max versus time
plot of the data in Figure 1.

Figure 1 Rp versus time of propylene polymeriza-
tions catalyzed by the rac-1/MAO system with [Zr]
5 42.5 mM, 80 mL of toluene, P 5 1.3 atm, 30°C
temperature, and [Al]/[Zr] of (a) 930, (b) 1860, (c) 2790,
(d) 4651, and (e) 6511.
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sites instead of MAO. As a result, it may be said
that rac-(EBI)ZrMe1 species can be generated by
the reaction of rac-1 and a small amount of MAO,
but the catalytic species are not stable enough to
protect the attack by the anion and to prevent
catalyst deactivation by the bimolecular process
between two metallocenes. In a propylene poly-
merization by the rac-1/MAO system, MAO not
only produces the cation but also stabilizes the
anion. An excess amount of MAO is needed for the
stabilization of the anion, even if the exact mech-
anism of stabilization remains uncertain. The
lower maximum activity reached by injecting
[Ph3C][B(C6F5)4] after 30 min of polymerization
than that obtained by injecting [Ph3C][B(C6F5)4]
after 15 min shows that unstable active species
generated by using a small amount of MAO are
gradually converted to inactive species by the de-
activation, such as the bimolecular process be-
tween two metallocene molecules.

Effect of Metallocene Concentration

In a conventional Ziegler–Natta catalyst the
activity of olefin polymerization is linearly
proportional to the catalyst concentration: Rp
5 kp[C*][M], where Rp is the rate of polymer-

ization, kp is the rate constant of propagation,
[C*] is the concentration of active sites, and [M]
is the concentration of olefin monomer. The pro-
pylene polymerization was examined in toluene
at 30°C under a variation of the metallocene
concentration ranging from 21.3 to 148.8 mM.
The [Al]/[Zr] ratio was kept constant at 1860.
Figure 4 shows the polymerization rate depen-
dent on the metallocene concentration at a con-
stant [Al]/[Zr] ratio, and Figure 5 summarizes
the average polymerization rate (Rp) versus [Zr]
and the maximum polymerization rate (Rp,max)
versus [Zr] relationships. Even if short induc-
tion periods appeared at low [Zr], all polymer-
izations showed similar rate curves (i.e., the
kinetic profile is a simple increase to a maxi-
mum rate within 6 min, followed by rate decay).
As shown in Figure 5, Rp and Rp,max both in-
crease exponentially at the low concentration of
metallocene ranging from [Zr] 5 21.3 to 85.2
mM but decrease linearly above [Zr] 5 85.2 mM.
The decrease of activity at high [Zr] was prob-
ably due to the acceleration of deactivation by
that bimolecular processes between two metal-
locene molecules through either reductive elim-
ination of PP chains18 or oxidative coupling that
generates a hydrocarbon bridge between two
zirconium atoms.15

Figure 4 Rp versus time of propylene polymeriza-
tions catalyzed by the rac-1/MAO system with [Al]/[Zr]
5 1860, 80 mL of toluene, P 5 1.3 atm, 30°C temper-
ature, and at a [Zr] of (a) 21.3 mM, (b) 42.5 mM, (c) 63.6
mM, (d) 84.9 mM, (e) 106.1 mM, (f) 127.3 mM, and (g)
148.5 mM.

Figure 3 Rp versus time of propylene polymeriza-
tions catalyzed by the rac-1/MAO system with [Zr]
5 42.5 mM, 80 mL of toluene, P 5 1.3 atm, 30°C
temperature, and [Al]/[Zr] of (a) 300. An amount of 42.5
mM of [HNMePh2][B(C6F5)4] was injected after (b) 15
min and (c) 30 min of polymerization.
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The decrease of catalytic activity with the in-
crease of metallocene concentration was demon-
strated by many reports. Chien and Wang13 re-
ported that polymerization activity is propor-
tional to [Zr]20.77 for the polymerization of
ethylene with the Cp2ZrCl2/MAO system. Fischer
and Mulhaupt19 found a similar situation for pro-
pylene polymerization with the same catalytic
system. On the other hand, the activity increased
monotonically with [Zr] in the case of ethylene
polymerization with bis-h5-(neomentyl cyclopen-
tadienyl)ZrCl2/MAO.20 Therefore, the relation-
ship between activity and catalyst concentration
should be determined for each catalyst system.

MAO-Free Cocatalyst Systems:
Effect of Alkyl Aluminum

The first well-defined zirconocene MAO-free cat-
alyst systems capable of polymerizing propylene
and higher a-olefins at high rates were obtained
by Hlatky and coworkers and Marks et al.21,22

through the use of the poorly coordinating anion
perfluorinated tetraphenylborate as the cocata-
lyst. In general metallocene alkyl compounds are
utilized to generate cationic metallocene alkyls by
the reaction with noncoordinative anions. Al-
though cationic metallocene alkyl compounds can
yield catalyst systems of very high activity, these
systems can be deactivated easily. The addition of

AlMe3 or AlEt3 has been shown to stabilize the
metallocene catalyst system.23

Propylene was polymerized by in situ gener-
ated cationic zirconocene species by reacting rac-1
(42.5 mmol/L), [HNMePh2][B(C6F5)4] (42.5 mM),
and 4.5 mM of alkyl aluminum in 80 mL of tolu-
ene. The [Al]/[Zr] ratio of these systems was 106.
For a successful generation of alkyl zirconocene
cations rac-1 was first reacted with alkyl alumi-
num and then with [HNMePh2][B(C6F5)4]. Figure
6 shows the rate curves of propylene polymeriza-
tion obtained by using different alkyl aluminums
such as AlMe3, AlEt3, AlPr3, Al(i-Bu)3, and Al(i-
Bu)2H. The rates of propylene polymerization
were simply increased to maximum rates and
then decayed slowly, except for Al(i-Bu)2H that
showed a constant-rate profile. The rate decay
decreased in the order AlMe3 . AlEt3 . AlPr3
. Al(i-Bu)3; the reverse order was true for the
induction period. It is interesting to note that
there was a 13-min induction period with Al(i-
Bu)3, but there was no induction period with Al(i-
Bu)2H. By the reaction with Al(i-Bu)2H, rac-1
seemed to be converted to metallocene dihydride,
rac-(EBI)ZrH2. The metallocene dihydride reacts
readily with propylene monomer to afford rac-
(EBI)Zr(CH2CH2CH3)2.24

Figure 6 Rp versus time of propylene polymerizations
catalyzed by the rac-1/AlR3/[HNMePh2][B(C6F5)4] sys-
tem with [Al]/[Zr] 5 106, 80 mL of toluene, P 5 1.3 atm,
30°C temperature, [Zr] 5 42.5 mM, and (a) AlEt3, (b)
Al(i-Bu)2H, (c) AlPr3, (d) Al(i-Bu)3, and (e) AlMe3.

Figure 5 Rp versus time plot and Rp,max versus time
plot of the data in Figure 4.
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rac-(EBI)Zr(NC4H8)2 1 2 Al~i-Bu)2H3

rac-(EBI)ZrH2 1 2 Al~i-Bu)2(NC4H8) (4)

rac-(EBI)ZrH2 1 2 CH2ACHCH33

rac-(EBI)Zr(CH2CH2CH3)2 (5)

The resulting rac-(EBI)Zr(CH2CH2CH3)2 com-
pound forms active species, [rac-(EBI)Zr-
(CH2CH2CH3)]1, upon addition of noncoordinat-
ing anionic species. The short induction period
demonstrates that the above reactions proceed
very quickly. The detailed NMR-scale reactions
between ansa-metallocene amide compounds and
Al(i-Bu)3 or Al(i-Bu)2H will be published else-
where.25

The average rate of polymerization carried out
at 30°C for 1 h in the presence of the same amount
of AlR3 ([Al]/[Zr] 5 106) decreased in the order
AlMe3 (13.0 3 106 g PP/mol Zr h atm) . Al(i-Bu)3
(8.9 3 106) . AlPr3 (8.8 3 106) . Al(i-Bu)2H (8.4
3 106) . AlEt3 (8.4 3 106). The amount of AlR3
also had a great influence on the catalytic activity
of the rac-1/AlR3/[HNMePh2][B(C6F5)4] system,26

so this order activity can be changed according to
the amount of AlR3. In summary, the above poly-
merization results demonstrate that the cationic
zirconocene species are successfully generated in
situ by reacting rac-1 with common alkyl alumi-
nums followed by [HNMePh2][B(C6F5)4] as shown
in Scheme 1. In this method the alkyl aluminum
also functions to scavenge impurities contained in
the polymerization systems.

MAO-Free Cocatalyst Systems:
Effect of Anionic Compounds

Propylene was polymerized by in situ generated
cationic zirconocene species by reacting rac-1
(42.5 mM) with AlMe3 (1 mM) and then with
42.5 mM of a noncoordinating anion such as
[HNMe2Ph][B(C6F5)4], [HNMePh2][B(C6F5)4],
[Ph3C][B(C6F5)4], or [HNEt2Ph][B(C6F5)4]. The

kinetic profiles of propylene polymerization by
these catalytic systems are shown in Figure 7.
The rate profiles obtained by the rac-1/MAO sys-
tem [Fig. 7(a)] and rac-1/AlMe3/MAO system [Fig.
7(b)] are also included for comparison. There are
only 1 to 2 min of induction periods in all rate
profiles and the rates reach a maximum within a
short period of polymerization. The performance
of the noncoordinating anions as cocatalysts is in
the order [HNMePh2][B(C6F5)4] (Rp,1 h 5 13.0
3 106 g PP/mol Zr h atm) . [HNMe2Ph][B(C6F5)4]
(10.8 3 106) . [Ph3C][B(C6F5)4] (8.4 3 106)
. [HNEt2Ph][B(C6F5)4] (7.8 3 106). The catalytic
systems using the anionic compound as a cocata-
lyst show much higher activity than that using
MAO (Rp,1 h 5 2.8 3 106 g PP/mol Zr h atm). By
adding AlMe3 before activating rac-1 directly by
MAO, the activity increased twofold. In the pro-
pylene polymerizations by the rac-(EBI)ZrCl2/
MAO system and the rac-ethylene-bis(4,5,6,7-tet-
rahydro-1-indenyl)ZrCl2/MAO system, the cata-
lytic activities were lowered with the addition of
AlMe3.15

Scheme 1 Generation of cationic zirconocene species.

Figure 7 Rp versus time of propylene polymeriza-
tions catalyzed by the rac-1/AlMe3/anionic compound
system with [Al]/[Zr] 5 106, 80 mL of toluene, P 5 1.3
atm, 30°C temperature, [Zr] 5 42.5 mM, and 42.5 mM of
(c) [Ph3C][B(C6F5)4], (d) [HNEt2Ph][B(C6F5)4], (e)
[HNMe2Ph][B(C6F5)4], and (f) [HNMePh2][B(C6F5)4].
Curve (a) is the same as Figure 1(b) and, curve (b) was
obtained at the same conditions as curve (a) except that
AlMe3 ([Al]/[Zr] 5 106) was added before activating
rac-1 directly with MAO ([Al]/[Zr] 5 1860).
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Characterization of iPP

Table I summarizes the properties of iPP ob-
tained with the rac-1/MAO catalyst system. The
intrinsic viscosities of the polymers decrease
monotonically as the [Al]/[Zr] ratio increase, be-
cause chain transfer by the alkylation of MAO is
activated at a high concentration of MAO. In so-
lution polymerization the molecular weight of the
polymer produced is inversely dependent on the
metallocene concentration. This is the case for the
present catalytic system. The intrinsic viscosities
of the polymers decrease as the concentration of
metallocene increases. This may be due to the
bimolecular reversible deactivation of the cationic
metallocene sites observed by Fischer and Mul-
haupt.19 Supporting evidence for the effect of met-
allocene concentration on the molecular weight is
presented in the review article by Kaminsky et
al.27 who reported that increasing the metallo-
cene concentration in the polymerization of eth-
ylene28 is one method to lower the molecular
weight of the resulting polyethylene. In addition,
an article23 on the polymerization of propylene
reported that there was an inverse dependence of
molecular weight on the metallocene concentra-
tion when rac-(EBI)HfCl2/MAO was used as the
catalyst for the polymerization. The iPPs ob-
tained by the rac-1/MAO system are character-
ized by a narrow molecular weight distribution.
As shown in Table I the Mw/Mn values of all
polymers investigated in this study were in the
range of 1.8 to 1.9. This range of Mw/Mn value of
iPP was also obtained with various ansa-metallo-
cene dichloride systems.27 The narrow molecular
weight distribution is indicative of uniform active

species present in the polymerization system. Ta-
ble I shows that the melting temperature (Tm) is
almost independent of the [Al]/[Zr] ratio and [Zr],
and the DHf value varies from 51 to 70 kJ/mol.
The melting points and the crystallinities of iPPs
are similar to those obtained with the rac-
(EBI)ZrCl2/MAO system20 and are well below
those of conventional Ziegler–Natta iPPs.

As the [Al]/[Zr] ratio increases, the [mmmm]
value increases slightly. The MAO surrounding
the cationic metallocene sites can affect the ste-
reoselectivity of the catalyst. Chen and Razavi
reported that lowering [MAO] resulted in an iPP
containing lowered populations of the homosteric
sequences [mm] and [mmmm] with the rac-
(EBI)ZrCl2/MAO system.20 The [mmmm] value
of iPP prepared by changing [Zr] is independent
of the concentration of metallocene as shown in
Table I.

Table II summarizes the properties of iPP ob-
tained with MAO-free catalytic systems. The
[mmmm] values and the melting points of iPPs
prepared with MAO-free catalytic systems show
levels similar to those of iPPs prepared with the
rac-1/MAO system, even if the former systems
show much higher activity than the latter system.
When a bulky AlR3 such as Al(i-Bu)2H or Al(i-
Bu)3 is used as an alkylating reagent for rac-1,
the resulting iPPs show lower [mmmm] values of
74.3 and 82.0%, respectively. When AlM3 is used
as an alkylating reagent the [mmmm] value of
iPP obtained by changing the noncoordinating
anions is in the range of 85.8 to 87.6%. These
results demonstrate that the type of R in rac-
(EBI)ZrR2 that is generated in situ by reacting

Table I Properties of iPP Obtained with rac-(EBI)Zr(NC4H8)2/MAO Catalyst Systems

Run No.
[Zr] 3 106

(mol/L) [Al]/[Zr]

Rp 3 10 2 6

(g PP/mol Zr
h atm)

[mmmm] (%)

Mv 3 10 2 4 Mw 3 10 2 4 Mw/Mn

Tm

(°C)
DHf

(J/g)By NMR By IR

Figure 1(a) 42.5 930 0.08 83.2 83.8 2.07 — — 135.3 51.3
Figure 1(b) 42.5 1860 1.27 86.6 84.8 2.02 2.38 1.9 134.9 54.6
Figure 1(c) 42.5 2790 2.84 — 85.1 1.85 — — 135.6 58.0
Figure 1(d) 42.5 4651 4.23 86.7 85.2 1.74 — — 137.8 51.3
Figure 1(e) 42.5 6511 6.98 87.5 85.5 1.69 1.84 1.8 134.0 51.1
Figure 4(a) 21.3 1860 0.36 86.2 87.3 2.27 — — 134.7 70.7
Figure 4(c) 63.6 1860 3.43 — 83.8 1.82 — — 136.8 54.6
Figure 4(d) 84.9 1860 6.66 — 85.3 1.80 2.09 1.9 134.8 59.6
Figure 4(e) 106.1 1860 4.80 85.6 84.6 1.69 — — 133.4 64.3
Figure 4(f) 127.3 1860 3.65 — 87.7 1.64 — — 133.6 69.6
Figure 4(g) 148.5 1860 1.51 87.0 86.4 1.49 — — 133.5 57.2

Polymerization conditions are given in the corresponding figures shown in the run no.
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rac-1 with AlR3 influences on catalytic activity
and stereospecificity very much in the present
catalytic system. It has been shown in an NMR-
scale polymerization of propylene that in situ gen-
erated active species by the reaction of rac-1,
AlM3, and various types of noncoordinating an-
ions have the same structure.4c The Mv values of
iPPs obtained by MAO-free catalytic systems are
higher than those of iPPs by the rac-1/MAO sys-
tem, but they are still characterized by low val-
ues. As shown in Table II, the Mw/Mn values of all
polymers obtained by MAO-free systems are in
the range of 1.9 to 2.3, indicating that the active
species are also uniform in the polymerization
system.

CONCLUSION

The ansa-zirconocene pyrrolidide compound rac-1
was activated for propylene polymerization with a
small amount of MAO ([Al]/[Zr] 5 30) in an NMR-
scale reaction using CD2Cl2 as the solvent. In a
similar NMR-scale reaction the rac-1 was stoichio-
metrically methylated by AlMe3 to give rac-
(EBI)ZrMe2, and the introduction of [Ph3C]
[B(C6F5)4] into the reaction mixture containing
rac-(EBI)ZrMe2 led to in situ generation of cat-
ionic [rac-(EBI)Zr(m-Me)2AlMe2]1 species that
can polymerize propylene to give an iPP with a
meso pentad value of 94.7%.

In the lab-scale polymerization of propylene
the rac-1/MAO catalyst system exhibited an in-
crease of activity as [Al]/[Zr] ratio increased
within an experimental range ([Al]/[Zr] 5 930–
6511). The rac-1/MAO system did not show any
activity with a low concentration of MAO ([Al]/
[Zr] 5 300); however, the addition of [Ph3C]
[B(C6F5)4] to the catalytic system during polymer-
ization initiated polymerization. The meso pentad
values of the iPPs obtained by the rac-1/MAO
system were in the range of 83.2 to 87.5%. The
catalytic activity was sensitive to the concentra-
tion of zirconocene. The activity was maximum
(Rp 5 6.66 3 106 g PP/mol Zr h atm) when the
[Zr] was 84.9 3 1026 mol/L. The properties of iPP
such as [mmmm], Tm, and Mw/Mn were not sen-
sitive to the [Al]/[Zr] ratio and [Zr]. The molecular
weight of iPP decreased as the [Al]/[Zr] ratio and
[Zr] increased.

The catalytic activity of the MAO-free catalytic
system rac-1/AlR3/noncoordinating anion was much
higher than that of the rac-1/MAO system and wasT
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sensitive to the type of AlR3 and the type of nonco-
ordinating anion. When the same amount of AlR3
([Al]/[Zr] 5 106) was used as an alkylating reagent,
the activity decreased in the order AlMe3 (Rp
5 13.0 3 106 g PP/mol Zr h atm) . Al(i-Bu)3 (8.9
3 106) . AlPr3 (8.8 3 106) . Al(i-Bu)2H (8.4 3 106)
. AlEt3 (8.4 3 106) in the rac-1/AlR3/[HNMePh2]
[B(C6F5)4] system and decreased in the order
[HNMePh2][B(C6F5)4] (Rp 5 13.0 3 106 g PP/mol
Zr h atm) . [HNMe2Ph][B(C6F5)4] (10.8 3 106)
. [Ph3C][B(C6F5)4] (8.4 3 106) . [HNEt2Ph]
[B(C6F5)4] (7.8 3 106) in the rac-1/AlMe3/noncoordi-
nating anion system. The iPP properties such Tm,
molecular weight, and Mw/Mn were not sensitive to
the type of AlR3 and the type of noncoordinating
anion. When bulky alkylaluminums such as Al(i-
Bu)2H or Al(i-Bu)3 were used as an alkylating re-
agent for rac-1, the resulting iPPs showed lower
[mmmm] values than when AlMe3, AlEt3, or AlPr3
were used.

Thanks are due to Miss Ghil-Nam Hwang for perform-
ing some polymerization runs and collecting viscomet-
ric data and to Dr. Mi-Sook Won at the Korea Basic
Science Institute (Pusan Branch) for analyzing (13C-
NMR) so many polymer samples.
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