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Highly isospecific propylene polymerization was achieved
by bis(phenoxy-imine) Zr and Hf complexes combined with
iBu3Al/Ph3CB(C6F5)4. Microstructural analyses of the isotactic
polymers suggested that the polymerization probably proceeds
via a site-control mechanism with a 1,2-insertion of propylene.
Among the complexes examined, Hf complex 2 produced the
highest tacticity polypropylene ([mmmm] 96.8%, Tm 165.1 �C)
that is comparable to that made by the best heterogeneous Zie-
gler–Natta catalysts.

The development of homogeneous olefin polymerization
catalysts based on well-defined coordination complexes has pro-
vided extraordinary opportunities to synthesize polymers with
precisely controlled structures and to study polymerization path-
ways at the molecular level.1 For example, new complexes have
been prepared that allow highly stereospecific polymerization
and a rational interpretation of the polymerization mechanisms.
Although highly isospecific and syndiospecific propylene poly-
merizations have been achieved by explicitly designed molecu-
lar catalysts,2 there is still considerable interest in the develop-
ment of catalysts for the controlled polymerization of
propylene due to the current importance and the great possibili-
ties of polypropylenes (PPs). In particular, high stereoregularity
of PPs is crucial for practical applications.

As disclosed in our patents3 and in a series of subsequent pa-
pers,4,5 we have developed bis(phenoxy-imine) early transition
metal complexes (named FI Catalysts) for olefin polymerization,
which display unique polymerization behavior. For instance, on
activation with MAO, Ti–FI Catalysts can carry out highly syn-
diospecific, in some cases, living propylene polymerization via a
chain-end control mechanism with an unusual 2,1 propylene in-
sertion5a,b whereas Zr– and Hf–FI Catalysts polymerize propyl-
ene via a 1,2-insertion mechanism to afford atactic to slightly
syndiotactic PPs.5c Conversely, in combination with iBu3Al/
Ph3CB(C6F5)4, Ti–FI Catalysts form ultra-high molecular
weight atactic PPs while Zr– and Hf–FI Catalysts produce fairly
isotactic PPs via a site-control mechanism.5d Therefore, propyl-
ene polymerization behavior of FI Catalysts has been a topic of
great interest in recent years.6,7 Herein, we describe ligand mod-
ifications that the isospecificity of Zr– and Hf–FI Catalysts to be
dramatically enhanced from 55.7 to 96.9% of mmmm pentad.

Zr– and Hf–FI Catalysts 1–4 (Chart 1) were synthesized us-
ing a method similar to that described in our previous papers.5b,d

Propylene polymerizations with 1–4 were investigated using
iBu3Al/Ph3CB(C6F5)4 as a cocatalyst at 25

�C under atmospher-
ic pressure.8 The polymerization results are summarized in
Table 1. PPs obtained from FI Catalysts 1–4 appear visually to
be mixtures, which consist of sticky amorphous and crystalline

polymers. The GPC curves of these polymers display unimodal
to multimodal molecular weight distributions, which are in stark
contrast to sharp unimodal peaks of PPs arising from FI Cata-
lysts 5 and 65d under the same conditions. In DSC studies, the
polymers obtained show very high peak melting temperatures
(Tm) of 154.9–164.8

�C, indicative of the formation of highly
stereoregular polymers. We previously showed that the imine-
functionality of FI Catalysts can be reduced by iBu3Al (and/or
its contaminant iBu2AlH) to amine-donors with concomitant for-
mation of isobutene, leading to bis(pheonxy-amine) complexes
having iBu2Al on the imine-nitrogen as a catalytically active
species.4b The multimodal behavior observed for the present cat-
alyst systems may be due to the incomplete reduction of the
imine-functionality and/or the presence of several catalytically
active species arising from the different binding geometries of
the ligands.

To obtain polymers in sufficient quantities for microstruc-
tural analyses, the catalyst concentration was doubled. The PPs
obtained with complexes 1–4 (denoted as PP-1–4, hereafter) ex-
hibit broad molecular weight distributions similar to those ob-
tained with the lower catalysts concentration and can be divided
into two portions by extraction with boiling hexane. The remain-
ing crystalline polymers (hexane-insoluble parts: PP-1, 65wt %;
PP-2, 86wt %; PP-3, 18wt %; PP-4, 7 wt %) have relatively nar-
row molecular weight distributions (Mw/Mn: 2.1,Mw 172� 103
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1: M = Zr, R1 = Cyclohexyl, R2 = Adamantyl, R3 = Methyl
2: M = Hf, R1 = Cyclohexyl, R2 = Adamantyl, R3 = Methyl
3: M = Zr, R1 = Phenyl, R2 = Adamantyl, R3 = Methyl
4: M = Hf, R1 = Phenyl, R2 = Adamantyl, R3 = Methyl
5: M = Zr, R1 = Phenyl, R2 = t-Butyl,  R3 = H
6: M = Hf, R1 = Phenyl, R2 = t-Butyl,  R3 = H

Chart 1. FI Catalysts employed in propylene polymerization.

Table 1. Propylene polymerization with FI Catalysts 1–6 using
iBu3Al/Ph3CB(C6F5)4 as a cocatalyst

FI Cat Activitya Tm/
�C Mw=10

-3b Mw/Mn
b

1 38 163.3 200 4.72c

2 62 164.8 530 14.6c

3 24.7 154.9 607 18.4d

4 638 160.1 1453 2.99
5e 94 103.5 209 2.42
6e 76 123.8 412 2.15

Conditions: reaction time, 20min; temperature, 25 �C; tol-
uene 250mL; propylene, 0.1MPa (100 L/h); complex,
0.005mmol; iBu3Al, 0.15mmol; Ph3CB(C6F5)4, 0.01mmol.
aIn kg/mol-Mh. bMeasured by GPC using polystyrene cali-
bration. cBimodal distribution. dMultimodal distribution.
eSee Ref. 5d.
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for PP-1; 3.5, 346� 103 for PP-2; 3.8, 1306� 103 for PP-3; 4.7,
2554� 103 for PP-4) and Tm of 154.9–165.1 �C. The 13C NMR
analyses of these hexane-insoluble stereoregular polymers from
PP-1 and PP-2 revealed that FI Catalysts 1 and 2 afforded highly
isotactic PPs whose isotacticities reached to [mmmm] 96.9% for
PP-1 and 96.8% for PP-2 (Figure 1). The Tm (165.1 �C) and the
isospecificity ([mmmm] 96.8%) obtained with Hf–FI Catalyst 2
represent some of the highest values for isotactic PPs ever syn-
thesized.2 The data in Table 1 suggest that the higher steric con-
gestion near the polymerization center results in the formation of
higher tacticity polymers. The integration of each pentad signal
indicates that a site-control mechanism would be operative as is
observed for PP-5 and PP-6 although deviations from the expect-
ed statistics are sometimes significant because of the small quan-
tities of stereoirregular sequences which lead to poor signal-to-
noise ratio.

To investigate chain-end structures, which may provide in-
formation on regiochemistry of chain propagation, low molecu-
lar weight polymer was synthesized with FI Catalyst 1 using H2

as a chain transfer agent. Interestingly, highly isotactic polymer
was selectively produced in this case probably because the other
less stereospecific species were deactivated or transformed to
highly stereospecific species in the presence of H2. This result
may provide insight into the structure of the desired active spe-
cies and mechanism for this highly stereoselective reaction. The
low Mw PP (Mw 17211, Mw/Mn 1.91) formed with 1/iBu3Al/
Ph3CB(C6F5)4/H2 contains three chain-end structures (13C
NMR analysis), i.e., n-propyl (46%), isobutyl (47%), and n-butyl
(6%). Inversion structures, which were observed in the isotactic
PP produced in the absence of H2 (0.1%), could not be detected.
Under the assumption that an occasional 2,1-insertion makes the
subsequent monomer insertion slow and is followed exclusively
by hydrogen chain transfer, it is concluded that 1,2-enchainment
is the regular monomer insertion mode resulting in n-propyl and
isobutyl groups as initiation and termination chain-ends, respec-
tively, and n-butyl groups are termination chain-ends resulting
from occasional regioerrors. Since the amount of inversion units
of the PPs produced with Hf–FI Catalyst 2 (in the absence of H2)
was below the 13C NMR detection level, we could not determine
the insertion mode for 2 by this method. However, we assume
that the propylene polymerization with 2 proceeds via a 1,2-in-
sertion mechanism based on the similarity between Zr– and Hf–
FI Catalysts.5c,d

In summary, we have demonstrated that highly isotactic
PPs with extremely high Tms (Tm 165.1 �C) can be produced
by Zr– and Hf–FI Catalysts upon activation with iBu3Al/
Ph3CB(C6F5)4. These results are remarkable in view of the tre-
mendous technological significance of high Tm isotactic PPs.
The isospecific polymerization presumably proceeds via a site-
control mechanism with 1,2-monomer enchainment. The sus-
ceptibility of the imine-functionality towards reduction by
iBu3Al (and/or its contaminant iBu2AlH) seems crucial to the
high yield of highly isotactic PPs. The results presented herein
together with our previous reports3–5 indicate that FI Catalysts
are capable of producing PP architectures ranging from atactic,
highly syndiotactic to highly isotactic by the variation of the cen-
tral metal, ligand structure and the cocatalyst.

Dr. M. Mullins is thanked for invaluable discussions and
suggestions.
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Figure 1. 13C NMR spectra of the methyl pentad regions for the
isotactic PPs: a) hexane insoluble part, PP-1; b) hexane insoluble
part, PP-2.
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