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Introduction

The correlation between the nature of single-site catalytic
systems based on Group 4 metal complexes and the proper-
ties of the resulting polymers has been well-established over
the last few decades.[1–10] In particular, the structure–proper-
ty relationship between the coordination geometry of the
catalyst precursors and the stereoregularity of polypropy-
lene in propylene polymerization has attracted great atten-
tion owing to the various opportunities to tailor the micro-

structure and thereby the physical properties of polypropy-
lenes.[11] Through proper manipulation of the catalyst struc-
ture, highly isotactic and syndiotactic polypropylenes can
now be easily accessible from ansa-metallocene catalysts
with a fixed geometry of C2 and Cs symmetries, respective-
ly.[9–16]

Less focus, however, has been placed on unbridged metal-
locenes owing to their aspecific nature in propylene poly-
merization. Nonetheless, several unbridged metallocene cat-
alyst systems that exhibit stereospecific polymerization of
propylene have been achieved through variation of the cy-
clopentadienyl ligand. For example, Erker et al. showed that
catalysts with a bulky ligand can induce isospecific polymeri-
zation at a relatively low polymerization temperature (I ;
Scheme 1),[17–20] and Waymouth and co-workers demonstrat-
ed that geometry switching between rac-like and meso-like
isomers of [(2-PhInd)2ZrCl2] systems (II ; Scheme 1) leads to
the formation of isotactic–atactic stereoblock polypropy-
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lene,[21–30] which was recently re-interpreted by Busico et al.
that cation–anion “interlocking” is responsible for the ste-
reocontrol.[31,32] Razavi and Atwood also reported that
bis(1-methylfluorenyl)zirconium dichloride can produce iso-
tactic polypropylene with an [mmmm] methyl pentad con-
tent of 83% at temperatures of around 60 8C.[33] All these
findings are based on the introduction of hindered ligand ro-
tation in the catalyst structure during the course of isospecif-
ic propylene insertion.

When the industrial significance of the production of iso-
tactic polypropylene and the merit of synthetically easy ac-
cessibility are considered, it is still of great interest to devel-
op unbridged metallocene catalytic systems capable of in-
ducing isospecific polymerization of propylene. In this
regard, our group recently disclosed a novel synthetic strat-
egy for the synthesis of isotactic polypropylene by using var-
ious para-Lewis base substituted unbridged zirconocenes in
combination with methylaluminoxane (MAO) cocatalyst
(III ; Scheme 1).[34,35] It was revealed that the interaction of
Lewis acidic sites in [Me-MAO]� with Lewis basic atoms of
functionalized unbridged zirconocene cations prevents rapid
ligand rotation, thus leading to the formation in situ of rigid
C2-symmetric-like cation–anion ion pairs for isospecific
polymerization. We also found that the amount of the iso-
tactic portion of the resulting polypropylene is affected by
the strength of the Lewis acid–base interactions.[35] Although
the foregoing findings indicate that such Lewis acid–base in-
teraction is primarily responsible for the isospecific propaga-
tion of propylene, it would be intriguing to investigate the
optimum functionalization on the phenyl ring in terms of
the position and the number of functional groups to achieve
higher isospecificity, as well as to maximize the amount of
the isotactic portion, from which detailed aspects of the ste-
reocontrol occurring in the given class of unbridged metallo-
cene systems would be understood.

To this end, we prepared new derivatives of general for-
mula [1-(En-Ph)-3,4-Me2C5H2]2ZrCl2 (E=NMe2, OMe; n=

1, 2), in which the Lewis basic group E was singly or doubly
introduced at the ortho or meta position of the phenyl ring,
and their propylene-polymerization behavior was examined.
Finally, to elucidate experimentally our proposition that
rigid rac-like cationic active species generated in situ are re-
sponsible for the isospecificity, the propylene-polymerization
properties of a half-functionalized unbridged zirconocene
were also investigated.

Results and Discussion

Synthesis and Characterization

Synthetic routes to the ortho and meta Lewis base function-
alized ligands and the corresponding zirconocenes are de-
picted in Scheme 2. Reaction of Grignard reagents (for oO1

and mO1) or lithium salts (for mO2, oN1, mN1, and mN2)
of En-substituted bromobenzene (E=o- or m-NMe2 and
OMe; n=1, 2) with 1 equivalent of 3,4-dimethylcyclopent-2-
enone in THF followed by dehydration with p-TsOH or
HCl afforded the desired final ligands, 1-(En-Ph)-3,4-
Me2C5H3. For the preparation of the mN2 ligand, 1-Br-3,5-
(Me2N)2C6H3 was newly synthesized according to a modifi-
cation of the literature procedure[36] and employed as start-
ing material.

The synthesis of unbridged zirconocenes was achieved by
the transmetalation of lithium salts of the ligands with
0.5 equivalent of [ZrCl4 ACHTUNGTRENNUNG(thf)2] in toluene. All the zircono-
cenes were obtained as light-yellow solids in moderate
yields (40–50%). Any interference in the transmetalation
caused by the ortho or meta Lewis base functionalities was
not observed. To prepare a half-functionalized unbridged
zirconocene, on the other hand, we chose the zirconocene
[{1-(p-Me2NC6H4)-3,4-Me2C5H2}{1- ACHTUNGTRENNUNG(p-tolyl)-3,4-
Me2C5H2}ZrCl2] (ASZr), which bears mixed Cp (cyclopenta-
dienyl) ligands in which the NMe2 and Me groups are at-

Scheme 1.

Scheme 2. Synthesis of ortho and meta Lewis base functionalized un-
bridged zirconocenes. Reaction conditions: i) 3,4-Dimethylcyclopent-2-
enone/THF; ii) p-TsOH/CH2Cl2 or aq. HCl; iii) nBuLi/Et2O; iv) 1=2 ACHTUNGTRENNUNG[ZrCl4
ACHTUNGTRENNUNG(thf)2]/toluene.
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tached on the para position of each phenyl ring. The synthe-
sis of ASZr includes the initial preparation of [{1-(p-tolyl)-
3,4-Me2C5H2}ZrCl3]

[37,38] followed by treatment of it with
Li[1-(p-Me2NC6H4)-3,4-Me2C5H2]

[28,39] (Scheme 3).

The solid-state structures of selected complexes oZrN1,
mZrN1, oZrO1, mZrO2, and ASZr were determined by X-
ray diffraction studies. Single crystals suitable for X-ray
structural determination were obtained by cooling solutions
of CH2Cl2/n-hexane or diethyl ether/n-hexane to �20 8C.
The molecular structures are shown in Figure 1, and
Tables 1 and 2 summarize the detailed crystallographic data
and selected interatomic distances and angles, respectively.
The oZrN1, mZrN1, and mZrO2 complexes crystallize in
the space group P1̄, whereas oZrO1 and ASZr crystallize in
the space groups P21/c and P21/n, respectively. Interestingly,
only the C2-symmetric rac-like isomers were seen in the
asymmetric units of all the structures, as similarly observed
in the para-functionalized unbridged zirconocenes reported
previously.[34, 35] Whereas the Zr�Cl and Zr�Cg (ring cent-
roid) bond lengths/distances and the Cl1-Zr-Cl2 and Cg1-Zr-
Cg2 angles are nearly similar to those of the related un-
bridged zirconocenes,[28,40, 41] including the para-functional-

ized zirconocenes, the meta-functionalized dimethoxy com-
plex mZrO2 showed the smallest Cl1-Zr-Cl2 and the largest
Cg1-Zr-Cg2 angle among the series of functionalized zirco-
nocenes. Notably, the dihedral angle between the Cp and
phenyl rings is affected by the position and the number of
the functional group: 1) the angle decreases in the order
ortho-, meta-, and para-functionalized zirconocenes with
monosubstitution (oZrN1 and oZrO1 vs. mZrN1 vs. ASZr);
2) the NMe2-functionalized zirconocene forms a larger angle
than the OMe-functionalized one (oZrN1 vs. oZrO1); and
3) the greater the substitution, the larger the resulting angle
(mZrO2 vs. mZrN1). These features are consistent with the
steric effect between the Cp and phenyl rings, which may in-
terfere with the electronic conjugation capable of leading to
planar geometry in the ligand fragment.

Propylene Polymerization

Bis-Type Functionalized Zirconocenes

Propylene polymerization with all the zirconocenes oZrN1,
oZrO1, mZrN1, mZrO1, mZrN2, mZrO2, and ASZr were
carried out at various temperatures under MAO activation
at atmospheric monomer pressure. The meta-functionalized
zirconocenes produced polypropylenes with moderate to
low activities, whereas the ortho analogues did not result in
any polymerization under the given conditions, probably
owing to the large steric hindrance of the ortho substituents
(Table 3). The activities of the meta-functionalized zircono-
cenes were lower than those of the corresponding para-func-
tionalized ones [{1-(E-Ph)-3,4-Me2C5H2}2ZrCl2] (E=p-NMe2

(pZrN1), p-OMe (pZrO1)),[34, 35] which indicates that propyl-
ene-insertion reactions are retarded by steric effect from the
meta substituents on the phenyl ring. Among the meta-func-

tionalized zirconocenes, the
OMe-substituted zirconocenes
were more active than the
NMe2-substituted ones at all
temperatures. Consistent with
these results is the observation
that the difunctionalized
mZrN2 produced negligible
amounts of polypropylene
under the given conditions,
whereas mZrO2 exhibited
moderate activity comparable
to that of the monosubstituted
mZrO1.

The crude polypropylenes
obtained with the meta-func-
tionalized zirconocenes
mZrN1, mZrO1, and mZrO2
displayed broad molecular-
weight distributions (MWD,
Mw/Mn) ranging from 3.7 to
14.1, which indicates the in-
volvement of multicatalytic

Scheme 3. Synthesis of a half-functionalized unbridged zirconocene. Re-
action conditions: i) nBuLi/Et2O, Me3SiCl/THF, ZrCl4/n-heptane; ii) Li[1-
(p-Me2NC6H4)-3,4-Me2C5H2]/toluene.

Figure 1. Crystal structures of oZrN1, mZrN1, oZrO1, mZrO2, and ASZr (35% ellipsoid probability). H
atoms and solvent molecules are omitted for clarity.
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active species in the meta-functionalized zirconocene/MAO
catalyst systems. Although the MWD values from mZrN1
were in a relatively narrow range of around 4 at all tempera-
tures, the multimodality was clearly seen for the polymers
from the OMe-functionalized mZrO1 and mZrO2 with a de-
creased MWD value at high temperature. For example, the
GPC (gel-permeation chromatography) curves for the poly-
mers obtained with mZrO2 are shown in Figure 2. Despite
inactivity in propylene polymerization, ethylene polymeri-
zation with the difunctionalized mZrN2 was further investi-
gated at relatively high temperature to see if the multicata-
lytic active species can be formed in situ. The results show
that mZrN2 did produce high-molecular-weight polyethy-
lene with a broad MWD, thus confirming the generation of
the multicatalytic active species upon MAO activation

(Table 3, runs 19 and 20). In agreement with the GPC re-
sults, DSC (differential scanning calorimetry) diagrams of
the polymers from mZrN1, mZrO1, and mZrO2 exhibited
multimelting transitions with a maximum Tm value ranging
from 129 to 159 8C, which indicates the formation of a mix-
ture of polypropylenes of different crystallinity. Although
the Tm value gradually deceased as the reaction temperature
increased, the apparent melting transition of the polypropy-
lene produced at 70 8C reflects the formation of crystalline
polypropylene even at high temperature.

The selected crude-polymer samples were further fractio-
nated by stepwise solvent extraction into three portions: di-
ethyl ether soluble, diethyl ether insoluble and n-heptane-
soluble, and diethyl ether insoluble and n-heptane-insoluble
portions. As reported earlier,[42] these portions correspond
to atactic-like, moderately isotactic, and highly isotactic
polypropylene, respectively. The methyl regions of the
13C NMR spectra for the n-heptane-insoluble portions ob-
tained with mZrN1, mZrO1, and mZrO2 at 25 8C exclusive-
ly show the peak attributable to the [mmmm] methyl pentad
sequence, in conjunction with very small peaks for the ster-
eoerrors originating from the site-controlled mechanism that
matches with the ratio [mmmr]/ACHTUNGTRENNUNG[mmrr]/ACHTUNGTRENNUNG[mrrm]�2:2:1
(Figure 3).[12,43] Most remarkably, the calculated [mmmm]
values reached around 90%, which is as high as those ob-
tained with the para-functionalized zirconocenes and the
well-known isospecfic, C2-symmetric catalysts.[12] This result
indicates that the meta-functionalized zirconocenes are able
to induce isospecific polymerization of propylene in combi-

Table 1. Crystallographic data and parameters for oZrN1, mZrN1, oZrO1, mZrO2, and ASZr.

Compounds oZrN1 mZrN1 oZrO1 mZrO2 ASZr

Formula C30H36Cl2N2Zr (C30H36Cl2N2Zr)2 C28H30Cl2O2Zr C30H34Cl2O4Zr C29H33Cl2NZr
Formula weight 586.73 1173.46 560.64 620.69 557.68
Crystal system triclinic triclinic monoclinic triclinic monoclinic
Space group Pl̄ P1̄ P21/c P1̄ P21/n
a [Q] 9.3442(19) 12.9660(7) 11.2537(4) 9.1088(18) 13.5258(13)
b [Q] 10.547(2) 15.3702(9) 13.7928(5) 12.204(2) 14.0667(17)
c [Q] 15.361(3) 16.0674(8) 20.4420(8) 13.872(3) 14.1561(16)
a [8] 78.33(3) 62.796(2) 90.00 95.43(3) 90.00
b [8] 77.58(3) 85.956(2) 95.451(2) 102.21(3) 105.055(8)
g [8] 71.93(3) 87.752(2) 90.00 108.12(3) 90.00
V [Q3] 1390.5(5) 2840.7(3) 3158.7(2) 1411.0(5) 2600.9(5)
Z 2 2 4 2 4
1calcd [g cm�3] 1.401 1.372 1.179 1.461 1.424
m [mm�1] 0.609 0.596 0.536 0.613 0.646
F ACHTUNGTRENNUNG(000) 608 1216 1152 640 1152
T [K] 130(2) 130(2) 130(2) 130(2) 130(2)
q range [8] 2.05–34.89 1.43–35.45 1.82–30.81 1.52–31.50 1.86–20.87
hkl range �15!14, �16!16,

�24!20
�21!15, �25!25,
�25!26

�16!16, �14!19,
�29!27

�13!13, �16!17,
�20!20

�13!13, �14!14,
�14!14

Measured reflns 33833 39651 41795 37739 16470
Unique reflns (Rint) 10978 (0.0566) 22966 (0.0480) 9801 (0.0762) 8883 (0.0513) 2732 (0.1626)
Reflns used for re-
finement

10978 22966 9801 8883 2732

Refined parameters 324 648 378 342 305
R1[a] (I>2s(I)) 0.0420 0.0447 0.0530 0.0349 0.0421
wR2[b] (all data) 0.1194 0.1218 0.1366 0.1136 0.1266
GOF on F2 1.005 1.006 1.025 1.009 1.056
1fin (max/min) [eQ�3] 0.980, �1.365 0.787, �0.552 0.527, �0.712 0.549, �0.947 0.386, �0.391

[a] R1=� j jFo j� jFc j j /� jFo j . [b] wR2= {[�w ACHTUNGTRENNUNG(Fo
2�Fc

2)2]/[�w ACHTUNGTRENNUNG(Fo
2)2]}

1=2 .

Table 2. Selected bond lengths/distances [Q] and angles [8] for oZrN1,
mZrN1, oZrO1, mZrO2, and ASZr.

Compounds oZrN1 mZrN1 oZrO1 mZrO2 ASZr

Zr�Cl1 2.4437(10) 2.4528(6) 2.4498(8) 2.4459(8) 2.456(2)
Zr�Cl2 2.4377(10) 2.4478(6) 2.4439(8) 2.4436(9) 2.446(2)
Zr�Cg1[a] 2.2227(11) 2.2225(10) 2.2116(12) 2.2257(11) 2.218(4)[b]

Zr�Cg2[a] 2.2227(10) 2.2219(10) 2.2130(14) 2.2194(12) 2.230(4)

Cl1-Zr-Cl2 96.12(3) 96.90(2) 95.65(3) 95.51(3) 96.43(9)
Cg1-Zr-Cg2 131.87(5) 131.24(4) 129.96(5) 132.75(5) 130.19(14)
Cp1-Ph1[c] 45.09(13) 12.71(13) 20.95(16) 13.82(12) 5.1(4)
Cp2-Ph2[c] 21.94(13) 19.01(13) 18.1(4) 29.49(13) 7.0(4)

[a] Cg=centroid of Cp ring. [b] The Cp ring bearing a p-NMe2 group.
[c] Dihedral angles between the planes.
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nation with MAO cocatalyst. The formation of highly isotac-
tic polypropylene is also consistent with the observation of
high Tm values of the crude polypropylene as described
above.

The amount of the n-heptane-insoluble portion of poly-
mer decreased with increasing reaction temperature, where-
as those of the diethyl ether soluble and n-heptane-soluble
portions increased, which indicates that the thermal equili-
bria between active species responsible for each extracted
portion are largely affected by temperature. Among the
meta-functionalized zirconocenes, mZrO2 afforded the larg-
est amount of the n-heptane-insoluble portion at all temper-
atures. In particular, the n-heptane-insoluble portion from
mZrO2 comprised 82 wt% of the crude polypropylene ob-
tained at 25 8C, thus reflecting the prevailing isotactic propa-

gation of propylene in the polymerization. This amount is
even larger than those from the para-functionalized zircono-
cenes (pZrN1 and pZrO1) reported previously under the
same reaction conditions.[34,35] mZrO2 also gave rise to an
appreciable amount of the highly isotactic portion (29 wt%)
at 70 8C, whereas mZrO1 gave hardly any (�0 wt%). These
results suggest that the difunctionalization by OMe groups
at the meta position of the phenyl ring is much in favor of
the formation in situ of rigid C2-symmetric-like cation–anion
ion pairs of the type [rac-L2ZrP]+

ACHTUNGTRENNUNG[Me-MAO]� for isospecific
propagation, and the resulting ion pair is effectively main-
tained during the polymerization even at elevated tempera-
ture. The increased chance of Lewis acid–base interactions

Table 3. Propylene polymerization data with bis-type functionalized zirconocenes and ASZr.[a]

Run Catalyst tp Tp Activity
ACHTUNGTRENNUNG[(kg PP)/

Mw
[b]

S10�3
Mw/Mn

[b] Tm
[c] Diethyl ether

soluble
Diethyl ether insoluble/
n-heptane soluble

Diethyl ether insoluble/
n-heptane insoluble

[h] [8C] ACHTUNGTRENNUNG((mol Zr)hbar)] [8C] ACHTUNGTRENNUNG[wt%] ACHTUNGTRENNUNG[wt%] ACHTUNGTRENNUNG[wt%] ACHTUNGTRENNUNG[mmmm][d]

1 oZrN1 2 25, 50 trace
2 mZrN1 2 0 2 201 4.05 156.2 n.d. n.d. n.d.
3 2 25 35 12 3.69 150.0 28 38 34 0.90
4 2 50 29 157 4.10 139.5 42 24 18
5 2 70 4 207 4.43 133.8 n.d. n.d. n.d.
6 mZrN2 2 25, 50 trace
7 oZrO1 2 25, 50 trace
8 mZrO1 2 0 9 223 4.23 159.3 n.d. n.d. n.d.
9 2 25 52 57 10.0 152.1 15 38 47 0.91

10 2 50 192 183 14.1 144.4 27 48 25
11 2 70 104 195 4.15 129.3 47 53 0
12 mZrO2 4 0 18 101 9.37 155.7 n.d. n.d. n.d.
13 2 25 69 51 8.09 155.0 9 9 82 0.87
14 2 50 126 36 8.18 146.6 25 14 61
15 2 70 117 14 4.75 134.6 26 45 29
16 ASZr 2 0 1046 72 2.13 n.o. 93 7 0
17 1 25 1846 28 2.85 n.o. 98 2 0
18 1 50 1196 4 2.08 n.o. 100 0 0
19[e] mZrN2 0.5 50 170 386 12.4 135.0
20[e] 1 70 292 304 11.5 133.4

[a] Polymerization conditions: P(propylene)=1 bar, [Zr]=5.0 mmol, cocatalyst=MAO, [Al]/[Zr]=1000, solvent=50 mL toluene. [b] Determined by
GPC. [c] Determined by DSC. [d] Determined by 13C NMR spectroscopy. [e] Ethylene polymerization: PACHTUNGTRENNUNG(ethylene)=1 bar. PP=polypropylene, n.d.=
not determined, n.o.=not observed.

Figure 2. GPC curves for the polypropylenes obtained with mZrO2 at 0,
25, 50, and 70 8C (Table 3, runs 12–15, respectively).

Figure 3. 13C NMR spectra of the n-heptane-insoluble portions of the pol-
ypropylenes obtained with mZrN1, mZrO1, and mZrO2 at 25 8C
(Table 3, runs 3, 9, and 13, respectively).
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from two functional groups on the phenyl ring is probably
responsible for this feature. The OMe-substituted mZrO1
produced more n-heptane-insoluble portion than the more
Lewis basic, NMe2-substituted mZrN1 (Table 3, runs 3 vs. 9
and 4 vs. 10), although the difference was not large. This ob-
servation is somewhat contrary to the previous result ob-
tained with para-functionalized zirconocene systems, in
which the amount of the isotactic portion decreased in the
order of decreasing Lewis basicity of the functional group,
that is, NMe2>OMe>SMe.[35] This result might be ascribed
to the increased steric hindrance between the functional
groups and the MAO anion possibly due to the narrower in-
teraction space for the meta-functionalized zirconocenes
than the para ones, which could thus affect the Lewis acid–
base interactions required for the formation of C2-symmet-
ric-like ion pairs. mZrO1, which bears a small OMe group
with two O ACHTUNGTRENNUNG(sp3) lone-pair electrons, appears not to be affect-
ed by steric hindrance, thus rendering it suitable for attain-
ing such interactions, unlike mZrN1, which probably suffers
from steric hindrance due to a relatively bulky NMe2 group.
In fact, the isotactic portions obtained with mZrO1 were of
quite similar amounts to those with the para-OMe-function-
alized zirconocene (pZrO1) at various temperatures under
atmospheric monomer pressure.[35] Furthermore, this steric
consideration associated with the formation of rac-like ion
pairs is in parallel with the activity trends, such as the inferi-
or activity of mZrN1 relative to mZrO1 and the inactivity of
mZrN2, which probably result from the interference of the
noninteracting, free meta-NMe2 group with the insertion of
propylene monomer. Another explanation for the less iso-
tactic portion with mZrN1 might be due to the improper
conformational orientation of the meta-NMe2 group for ach-
ieving effective interaction with the bulky MAO anion. For
effective interaction, the lone-pair electrons of the nitrogen
atom should point toward a more open rear end, which may
require the ligands to be slightly rotated. As a result, this
could lead to structural change of the C2-symmetric-like
active species responsible for the isospecific propagation of
propylene, thus producing an increase in the lower-tacticity
portions.

Half-Functionalized Zirconocene (ASZr)

To elucidate experimentally our proposition that rigid rac-
like cationic active species generated in situ are the origin
for the observed high isospecificity, the propylene-polymeri-
zation behavior of a half-functionalized unbridged zircono-
cene, ASZr, was explored at various temperatures (Table 3).
The ASZr/MAO catalytic system showed increased activity
relative to the meta- and para-functionalized bis-type zirco-
nocenes, but produced polypropylene of which molecular
weight was quite low and decreased with increasing temper-
ature (Table 3, runs 16–18). Most interestingly, the crude
polypropylene exhibited a narrow MWD of around 2 with a
unimodal feature, which suggests that this catalytic system
consists almost entirely of a single-active-site catalyst
(Figure 4). Furthermore, the stepwise solvent extraction and
the 13C NMR spectra reveal that the crude polypropylene

produced at 0 8C contained 93 wt% of diethyl ether soluble
([mmmm]�14%) and 7 wt% of n-heptane-soluble
([mmmm]�32%) portions, whereas the polymers obtained
at 25 and 50 8C were composed almost entirely of diethyl
ether soluble portions. The [mmmm] value of the n-hep-
tane-soluble portion implies the formation of slightly iso-
rich polypropylene from ASZr/MAO, which could also be
indicative of the presence of Lewis acid–base interaction be-
tween the cationic active species from ASZr and the MAO
anion, which can induce hindered ligand rotation. However,
this isotacticity is still lower than that obtained with the re-
lated para-functionalized zirconocene pZrN1, which afford-
ed 53–67% of the [mmmm] values for the n-heptane-soluble
portion at various temperatures. As the n-heptane-soluble
portion could include low-molecular-weight but highly iso-
tactic polypropylene, DSC analysis was used for further in-
vestigation. Although the DSC diagram shows essentially no
melting transition for the crude polymer, inspection of the
n-heptane-soluble portion revealed a very broad, weak melt-
ing transition ranging from around 60 to 140 8C without any
indication of distinct high-melting peaks. This result is some-
what different from the high-melting peaks at around 150 8C
observed for the n-heptane-soluble portion from pZrN1.
Overall, it can be said that ASZr/MAO produces nearly
atactic polypropylenes. The low-molecular-weight polymers
from ASZr are also in good agreement with the formation
of low-tacticity polypropylene, as similarly observed for
para-SMe-functionalized zirconocene.[35]

These findings indicate that when the heteroatom is func-
tionalized only at one side of the ligands, the resulting cata-
lytic active species are not able to induce isospecific propa-
gation of propylene. In other words, the Lewis acid–base in-
teraction between one ligand of zirconocene and the MAO
anion is not sufficient to prevent the ligands from rapidly ro-
tating in solution; thus, it is hardly capable of leading to the
C2-symmetric-like active species required for isospecific
propagation. Therefore, these results support our proposi-
tion that the generation in situ of rigid rac-like cation–anion
ion pairs of the type [rac-L2ZrP]+

ACHTUNGTRENNUNG[Me-MAO]� through
Lewis acid–base interactions between the functional groups

Figure 4. GPC curves for the polypropylenes obtained with ASZr at 0,
25, and 50 8C (Table 3, runs 16–18, respectively).
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and [Me-MAO]� is responsible for isospecific propylene
polymerization with the given class of functionalized un-
bridged zirconocenes (IS ; Scheme 4). Furthermore, it could
also be suggested that each of the active species in the ther-
mal equilibria is involved in the propagation of propylene
with different stereospecificity, that is, isotactic, iso-rich, and
atactic propagation, respectively (Scheme 4).

Conclusions

A series of ortho or meta Lewis base functionalized unbridg-
ed zirconocenes was prepared, and their catalytic properties
toward propylene polymerization were investigated under
MAO activation at atmospheric monomer pressure. Where-
as the ortho-functionalized complexes did not give rise to
polymerization, the meta-functionalized complexes pro-
duced mixtures of polymers that comprise amorphous, mod-
erately isotactic, and highly isotactic portions, whose weight
ratios were dependent on the reaction temperature. Among
the meta-functionalized zirconocenes, the di-OMe-substitut-
ed mZrO2 afforded the largest amount of the isotactic por-
tion (82 wt% of the crude polymer), with an [mmmm]
methyl pentad value of around 90% at 25 8C. In contrast,
the observation of nearly amorphous polypropylene by the
half-functionalized unbridged zirconocene ASZr is suppor-
tive of the proposition that the generation in situ of rigid
rac-like ion pairs of the type [rac-L2ZrP]+

ACHTUNGTRENNUNG[Me-MAO]�

through Lewis acid–base interactions between the functional
groups and [Me-MAO]� is responsible for isospecific propyl-
ene polymerization with the given class of functionalized un-
bridged zirconocenes. These results further indicate that the
formation of such ion pairs can be favored by difunctionali-
zation at the meta position of the phenyl ring with OMe
groups.

Experimental Section

General Considerations

All operations were performed under nitrogen gas by using standard
Schlenk and glovebox techniques. Anhydrous toluene, CH2Cl2, THF,

Et2O, n-heptane, and n-hexane (Al-
drich) were purified by passing
through an activated alumina column.
All solvents were stored over activat-
ed molecular sieves (5 Q, Yakuri Pure
Chemicals Co.). Chemicals were used
without further purification after pur-
chase from Aldrich (2-bromo-N,N-di-
methylaniline, 3-bromo-N,N-dimethy-
laniline, 2-methoxyphenylmagnesium
bromide, 3-methoxyphenylmagnesium
bromide (1.0m solution in THF), 1-
bromo-3,5-dimethoxybenzene, nBuLi
(2.5m solution in n-hexane), p-TsOH,
Me3SiCl) and Strem (ZrCl4, [ZrCl4
ACHTUNGTRENNUNG(thf)2]). 3,4-Dimethylcyclopent-2-
enone,[44] 1-Br-3,5-(H2N)2C6H3,

[45] 1-
(p-Me2NC6H4)-3,4-Me2C5H3,

[34] and 1-
(p-CH3C6H4)-3,4-Me2C5H3

[37] were
prepared according to the literature procedures. CDCl3 was dried over
activated molecular sieves (5 Q) and used after vacuum transfer to a
Schlenk tube equipped with a J. Young valve. MAO was used as a solid
obtained by evaporation of the solvent from a solution of PMAO (pure
methylaluminoxane; Chemtura, 30T) in toluene. Polymerization-grade
propylene monomer from Honam Petrochemical Corporation was used
after purification by passing through Labclear and Oxiclear filters. 1H
and 13C NMR spectra of compounds were recorded on a Bruker
Avance 400 spectrometer at ambient temperature. All chemical shifts (d)
are reported in ppm with reference to the residual peaks of CDCl3 for
proton (d=7.24 ppm) and carbon (d=77.0 ppm). Elemental analysis and
HR EI-MS were performed on an EA 1110-FISONS instrument (CE In-
struments) and a VG Auto Spec spectrometer, respectively, at KAIST.

Syntheses

1-(o-Me2NC6H4)-3,4-Me2C5H3 (oN1): nBuLi (1 equiv, 8.0 mL) was added
to a solution of 2-bromo-N,N-dimethylaniline (4.00 g, 20 mmol) in Et2O
(50 mL) at 0 8C. After the mixture was stirred for 2 h at room tempera-
ture, it was cooled to �78 8C, and then a solution of 3,4-dimethylcyclo-
pent-2-enone (1 equiv, 2.20 g, 20 mmol) in THF (20 mL) was slowly
added by cannula. The reaction mixture was allowed to warm slowly to
room temperature and stirred overnight. The resulting brownish solution
was treated with water (10 mL) followed by concentrated HCl (20 mL).
Next, the aqueous layer was isolated and washed with Et2O (50 mL). The
separated aqueous portion was neutralized by treatment with 10% aque-
ous NaOH. The solution was extracted with Et2O (2S50 mL), and the
combined organic portions were dried over MgSO4. Filtration followed
by evaporation of solvent afforded an oily residue. Purification by
column chromatography (silica gel, EtOAc/n-hexane=1:10) gave oN1
(1.38 g, 32%) as a pale-yellow oil. 1H NMR (400.13 MHz, CDCl3): d=

7.27 (d, J=7.6Hz, 1H), 7.12 (t, J=7.3Hz, 1H), 7.01 (d, J=8.0Hz, 1H),
6.93 (t, J=7.4Hz, 1H), 6.71 (s, 1H), 3.36 (s, 2H), 2.65 (s, 6H), 1.96 (s,
3H), 1.89 ppm (s, 3H); 13C{1H} NMR (100.62 MHz, CDCl3): d =151.3,
142.3, 135.5, 135.2, 134.5, 131.0, 129.2, 126.8, 122.1, 118.4, 46.7, 43.8, 13.3,
12.6 ppm; HRMS (EI): m/z calcd for C15H19N: 213.1518; found: 213.1505.

1-(m-Me2NC6H4)-3,4-Me2C5H3 (mN1): A procedure analogous to that for
oN1 was employed with 3-bromo-N,N-dimethylaniline (4.00 g, 20 mmol)
to afford mN1 (1.27 g, 30%) as a light-yellow solid. 1H NMR
(400.13 MHz, CDCl3): d =7.17 (t, J=8.0Hz, 1H), 6.86–6.83 (m, 2H), 6.64
(s, 1H), 6.59 (d, J=9.4Hz, 1H), 3.28 (s, 2H), 2.96 (s, 6H), 1.98 (s, 3H),
1.90 ppm (s, 3H); 13C{1H} NMR (100.62 MHz, CDCl3): d=150.9, 143.3,
137.1, 135.5, 135.4, 131.4, 129.1, 113.7, 111.0, 108.9, 45.4, 40.7, 13.4,
12.6 ppm; HRMS (EI): m/z calcd for C15H19N: 213.1518; found: 213.1514.

1-Br-3,5-(Me2N)2C6H3: A modified literature procedure was employed.[36]

p-Formaldehyde (1.80 g, 60 mmol) was added to a stirred solution of 5-
bromo-m-phenylenediamine (2.80 g, 15 mmol) in acetonitrile (30ml) at
0 8C. The reaction mixture was allowed to warm slowly to room tempera-
ture and stirred for 3 min. Four portions of sodium cyanoborohydride
(3.00 g total, 48 mmol) was added to the reaction mixture over 40 min,

Scheme 4. Proposed thermal equilibria and the propagation of propylene with the possible active species from
para or meta Lewis base (E=NMe2, OMe) functionalized unbridged zirconocenes upon MAO activation.
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and the mixture was stirred for a further 25 min. Glacial acetic acid was
added dropwise until the solution became neutral. Stirring was continued
for 45 min with the occasional addition of acetic acid to keep the pH neu-
tral. The solvent was evaporated, and 2n aqueous KOH was added until
the solution was of pH�9. This solution was extracted with EtOAc (3S
50 mL), and the combined organic portions were dried over MgSO4, fil-
tered, and evaporated to dryness, which afforded an oily residue. Purifi-
cation by column chromatography (silica gel, EtOAc/n-hexane=1:9)
gave 1-Br-3,5-(Me2N)2C6H3 (0.40 g, 11%) as an ivory solid. 1H NMR
(400.13 MHz, CDCl3): d=6.26 (d, J=2.1Hz, 2H), 5.88 (s, 1H), 2.90 ppm
(s, 12H); 13C{1H} NMR (100.62 MHz,CDCl3): d=152.3, 124.0, 104.9, 95.4,
40.6 ppm; HRMS (EI): m/z calcd for C10H15N2Br: 242.0419; found:
242.0415.

1-{3,5-(Me2N)2C6H3}-3,4-Me2C5H3 (mN2): A procedure analogous to that
for oN1 was employed with 1-bromo-3,5-(N,N,N’,N’-tetramethyldiamino)-
benzene (1.21 g, 5 mmol) to afford mN2 (0.53 g, 41%) as a light-yellow
solid. 1H NMR (400.13 MHz, CDCl3): d=6.62 (s, 1H), 6.33 (d, J=2.0Hz,
2H), 6.01 (s, 1H), 3.28 (s, 2H), 2.95 (d, 12H), 1.97 (s, 3H), 1.90 ppm (s,
3H); 13C{1H} NMR (100.62 MHz, CDCl3): d =151.8, 144.1, 137.5, 135.2,
131.1, 99.9, 96.9, 45.6, 41.0, 13.4, 12.6 ppm; HRMS (EI): m/z calcd for
C17H24N2: 256.1940; found: 256.1952.

1-(o-MeOC6H4)-3,4-Me2C5H3 (oO1): A solution of 3,4-dimethylcyclo-
pent-2-enone (2.20 g, 20 mmol) in THF (20 mL) was added slowly to a
solution of 2-methoxyphenylmagnesium bromide (1.0m in THF) in THF
(20 mL) by cannula at �78 8C. The reaction mixture was allowed to
warm slowly to room temperature and stirred overnight. The resulting
orange solution was treated with saturated aqueous NH4Cl (50 mL) to
stop the reaction. Next, the organic portion was separated, and the aque-
ous layer was further extracted with Et2O (50 mL). The combined organ-
ic portions were dried over MgSO4, filtered, and evaporated to dryness
to afford a light-orange oily product. The crude product was redissolved
in CH2Cl2 (30 mL), and then a catalytic amount of p-TsOH (�0.1 g) was
added as solid to the solution at room temperature, followed by stirring
for about 60 min. Evaporation of the solvent and purification by column
chromatography (silica gel, EtOAc/hexane=1:10) afforded oO1 (1.20 g,
30%) as an ivory solid. 1H NMR (400.13 MHz, CDCl3): d=7.38 (d, J=

7.5Hz, 1H), 7.12 (t, J=7.7Hz, 1H), 6.92–6.87 (m, 3H), 3.88 (s, 3H), 3.35
(s, 2H), 1.97 (s, 3H), 1.90 ppm (s, 3H); 13C{1H} NMR (100.62 MHz,
CDCl3): d =156.7, 139.0, 135.8, 135.6, 135.5, 127.6, 126.7, 125.6, 120.5,
111.0, 55.2, 47.4, 13.3, 12.6 ppm; HRMS (EI): m/z calcd for C14H16O:
200.1201; found: 200.1223.

1-(m-MeOC6H4)-3,4-Me2C5H3 (mO1): A procedure analogous to that for
oO1 was employed with 3-methoxyphenylmagnesium bromide (1.0m in
THF, 20 mL), which afforded mO1 (1.00 g, 25%) as a pale-yellow oil.
1H NMR (400.13 MHz, CDCl3): d=7.18 (t, J=7.9Hz, 1H), 7.03 (d, J=

7.7Hz, 1H), 6.96 (t, J=1.7Hz, 1H), 6.69 (dd, J=8.1, 2.5Hz, 1H), 6.64 (s,
1H), 3.80 (s, 3H), 3.24 (s, 2H), 1.96 (s, 3H), 1.88 ppm (s, 3H);
13C{1H} NMR (100.62 MHz, CDCl3): d=159.8, 142.3, 137.8, 136.1, 135.5,
132.1, 129.4, 117.3, 111.4, 110.2, 55.2, 45.3, 13.4, 12.6 ppm; HRMS (EI):
m/z calcd for C14H16O: 200.1201; found: 200.1208.

1-{3,5-(MeO)2C6H3}-3,4-Me2C5H3 (mO2): A solution of 1-bromo-3,5-di-
methoxybenzene (4.34 g, 20 mmol) in Et2O (20 mL) was treated with
nBuLi (1 equiv, 8.0 mL) at 0 8C. After the mixture was stirred for 2 h at
room temperature, a solution of 3,4-dimethylcyclopent-2-enone (1 equiv,
2.20 g, 20 mmol) in THF (20 mL) was slowly added by cannula at �78 8C.
The reaction mixture was allowed to warm slowly to room temperature
and stirred overnight. Further workup and dehydration were carried out
in a manner analogous to the procedure for oO1. Recrystallization from
ethanol at �20 8C afforded mO2 (1.32 g, 33%). 1H NMR (400.13 MHz,
CDCl3): d=6.64 (s, 1H), 6.59 (d, J=2.2Hz, 2H), 6.28 (t, J=2.1Hz, 1H),
3.79 (s, 6H), 3.23 (s, 2H), 1.96 (s, 3H), 1.88 ppm (s, 3H); 13C{1H} NMR
(100.62 MHz, CDCl3): d=160.9, 142.3, 138.3, 136.2, 135.4, 132.4, 102.8,
98.3, 55.3, 45.4, 13.4, 12.6 ppm; HRMS (EI): m/z calcd for C15H18O2:
230.1307; found: 230.1297.

[{1-(o-Me2NC6H4)-3,4-Me2C5H2}2ZrCl2] (oZrN1): A solution of oN1
(0.853 g, 4.0 mmol) in Et2O (20 mL) was treated with nBuLi (1 equiv,
1.6 mL) at �78 8C. The reaction mixture was allowed to warm to room
temperature and stirred for 4 h. The resulting reaction mixture was

evaporated to dryness, and the lithium salt of oN1 was combined with
[ZrCl4ACHTUNGTRENNUNG(thf)2] (0.5 equiv, 0.755 g, 2 mmol). Toluene (30 mL) was then in-
troduced into the solid mixture at �78 8C. After the reaction mixture was
allowed to warm to room temperature, it was stirred at 60 8C overnight.
The yellow reaction mixture was filtered through a celite pad, and the fil-
trate was evaporated to dryness. Washing with n-hexane followed by
drying in vacuo afforded oZrN1 (0.616 g, 52%). Single crystals suitable
for X-ray diffraction were grown from CH2Cl2/n-hexane at �20 8C.
1H NMR (400.13 MHz, CDCl3): d=7.45 (d, J=7.8Hz, 2H), 7.18–7.02 (m,
4H), 7.00 (t, J=7.3Hz, 2H), 6.68 (s, 4H), 2.62 (s, 12H), 1.71 ppm (s,
12H); 13C{1H} NMR (100.62 MHz, CDCl3): d=151.4, 130.0, 127.8, 127.6,
126.6, 122.9, 121.7, 119.0, 118.6, 44.5, 13.2 ppm; elemental analysis: calcd
for C30H36Cl2N2Zr: C 61.41, H 6.18, N 4.77; found: C 60.46, H 6.23, N
4.70.

[{1-(m-Me2NC6H4)-3,4-Me2C5H2}2ZrCl2] (mZrN1): A procedure analo-
gous to that for oZrN1 with an mN1 ligand was employed, which resulted
in bright-yellow crystals of mZrN1 (0.567 g, 48%). Single crystals were
grown from Et2O/n-hexane at �20 8C. 1H NMR (400.13 MHz, CDCl3):
d=7.29 (t, J=8.0Hz, 2H), 6.81 (d, J=7.7Hz, 2H), 6.77 (s, 2H), 6.66 (d,
J=8.3Hz, 2H), 6.21 (s, 4H), 3.00 (s, 12H), 1.82 ppm (s, 12H);
13C{1H} NMR (100.62 MHz, CDCl3): d=151.1, 134.3, 129.7, 128.0, 123.5,
116.6, 113.5, 111.6, 109.6, 40.6, 13.3 ppm; elemental analysis: calcd for
C30H36Cl2N2Zr: C 61.41, H 6.18, N 4.77; found: C 62.04, H 6.37, N 4.77.

[{1- ACHTUNGTRENNUNG(3,5- ACHTUNGTRENNUNG(Me2N)2C6H3)-3,4-Me2C5H2}2ZrCl2] (mZrN2): By following the
above procedure for oZrN1 with mN2 (0.513 g, 2.0 mmol), mZrN2
(0.321 g, 48%) was obtained as a light-yellow solid. 1H NMR
(400.13 MHz, CDCl3): d=6.26 (s, 4H), 6.25 (d, J=2.2Hz, 4H), 6.00 (s,
2H), 2.98 (s, 24H), 1.85 ppm (s, 12H); 13C{1H} NMR (100.62 MHz,
CDCl3): d 152.1, 134.8, 127.7, 124.5, 116.9, 100.0, 96.6, 40.8, 13.4 ppm; ele-
mental analysis: calcd for C34H46Cl2N4Zr: C 60.69, H 6.89, N 8.33; found:
C 60.45, H 6.80, N 8.66.

[{1-(o-MeOC6H4)-3,4-Me2C5H2}2ZrCl2] (oZrO1): By following the above
procedure for oZrN1 with oO1 (0.801 g, 4.0 mmol), oZrO1 (0.504 g,
45%) was obtained as yellow crystals. Single crystals were grown from
CH2Cl2/n-hexane at �20 8C. 1H NMR (400.13 MHz, CDCl3): d=7.36 (dd,
J=7.9, 1.7Hz, 2H), 7.26 (d, J=8.9Hz, 2H), 7.01–6.97 (m, 4H), 6.40 (s,
4H), 3.91 (s, 6H), 1.83 ppm (s, 12H); 13C{1H} NMR (100.62 MHz,
CDCl3): d =155.7, 128.4, 128.3, 127.8, 122.4, 120.8, 119.8, 118.1, 111.3,
55.1, 13.2 ppm; elemental analysis: calcd for C28H30Cl2O2Zr: C 59.98, H
5.39; found: C 59.97, H 5.64.

[{1-(m-MeOC6H4)-3,4-Me2C5H2}2ZrCl2] (mZrO1): A procedure analogous
to that for oZrN1 was employed with mO1 (0.801 g, 4.0 mmol), which re-
sulted in mZrO1 (0.519 g, 46%) as a light-yellow solid after washing with
Et2O (10 mL) and n-hexane (10 mL) followed by drying under vacuum.
1H NMR (400.13 MHz, CDCl3): d=7.35 (t, J=8.0Hz, 2H), 7.05 (d, J=

8.1Hz, 2H), 6.98 (t, J=2.3Hz, 2H), 6.82 (dd, J=8.2, 2.6Hz, 2H), 6.22 (s,
4H), 3.85 (s, 6H), 1.79 ppm (s, 12H); 13C{1H} NMR (100.62 MHz,
CDCl3): d =160.2, 134.8, 130.2, 128.3, 122.1, 117.6, 116.4, 113.0, 110.8,
55.3, 13.2 ppm; elemental analysis: calcd for C28H30Cl2O2Zr: C 59.98, H
5.39; found: C 60.59, H 5.62.

[{1- ACHTUNGTRENNUNG(2,4- ACHTUNGTRENNUNG(MeO)2C6H3)-3,4-Me2C5H2}2ZrCl2] (mZrO2): A procedure analo-
gous to that for oZrN1 was employed with mO2 (0.921 g, 4.0 mmol),
which afforded mZrO2 (0.447 g, 36%) as a yellow solid. Single crystals
suitable for X-ray structural determination were obtained by cooling a
solution of mZrO2 in Et2O/n-hexane at �20 8C. 1H NMR (400.13 MHz,
CDCl3): d=6.59 (d, J=2.2Hz, 4H), 6.39 (t, J=2.1Hz, 2H), 6.19 (s, 4H),
3.83 (s, 12H), 1.85 ppm (s, 12H); 13C{1H} NMR (100.62 MHz, CDCl3):
d=161.4, 135.5, 128.3, 122.3, 116.7, 103.5, 99.4, 55.4, 13.3 ppm; elemental
analysis: calcd for C30H34Cl2O4Zr: C 58.05, H 5.52; found: C 58.61, H
5.66.

[{1-(p-Me2NC6H4)-3,4-Me2C5H2}{1- ACHTUNGTRENNUNG(p-tolyl)-3,4-Me2C5H2}ZrCl2] (ASZr):
A solution of 1-(p-tolyl)-3,4-Me2C5H3 (0.369 g, 2.0 mmol) in Et2O
(20 mL) was treated with nBuLi (1 equiv, 0.8 mL) at �78 8C. The reaction
mixture was allowed to warm to room temperature and stirred for 4 h.
The resulting lithium salt was subsequently treated with excess Me3SiCl
(3.0 equiv, 0.76 mL) in THF at 0 8C. After the reaction mixture was
warmed to room temperature, it was further stirred overnight. The result-
ing reaction mixture was evaporated to dryness and extracted with n-
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hexane (30 mL). Drying in vacuo afforded 1-(p-tolyl)-3,4-Me2C5H2SiMe3

(0.51 g, 99%) as an ivory solid. 1H NMR (400.13 MHz, CDCl3): d =7.19
(d, J=8.0Hz, 2H), 7.05 (d, J=8.1Hz, 2H), 6.51 (s, 1H), 3.65 (s, 1H),
2.30 (s, 3H), 2.00 (s, 3H), 1.91 (s, 3H), �0.23 ppm (t, 9H); 13C{1H} NMR
(100.62 MHz, CDCl3): d=144.6, 137.1, 135.4, 135.0, 134.7, 129.8, 128.8,
126.3, 53.5, 21.1, 14.6, 12.5, �2.0 ppm. Next, a slurry of ZrCl4 (0.420 g,
1.80 mmol) in n-heptane was added to a solution of 1-(p-tolyl)-3,4-
Me2C5H2SiMe3 (0.50 g, 1.94 mmol) in n-heptane (10 mL) by cannula at
�78 8C. After the reaction mixture was warmed to room temperature, it
was stirred overnight. Washing with n-hexane (2S10 mL) followed by
drying in vacuo afforded [{1-(p-tolyl)-3,4-Me2C5H2}ZrCl3] (0.57 g, 83%)
as a yellow-brown solid. 1H NMR (400.13 MHz, CDCl3): d 7.49 (d, J=

8.1Hz, 2H), 7.20 (d, J=7.9Hz, 2H), 6.76 (s, 2H), 2.36 (s, 3H), 2.34 (s,
6H). The obtained solid was combined with the lithium salt of 1-(p-
Me2NC6H4)-3,4-Me2C5H3 (0.32 g, 1.5 mmol) in a dry box. Toluene
(20 mL) was then introduced to the solid mixture at �78 8C. After the re-
action mixture was allowed to warm to room temperature, it was heated
to 60 8C and stirred at this temperature overnight. The reaction mixture
was filtered through a celite pad, and the filtrate was evaporated to dry-
ness. Washing with n-hexane followed by drying in vacuo afforded ASZr
(0.616 g, 52%). Single crystals were grown from CH2Cl2/n-hexane at
�20 8C. 1H NMR (400.13 MHz, CDCl3): d =7.37–7.32 (m, 4H), 7.23 (d,
J=7.6Hz, 2H), 6.77 (d, J=8.8Hz, 2H), 6.21 (s, 2H), 6.13 (s, 2H), 3.00 (s,
6H), 2.38 (s, 3H), 1.79 (s, 6H), 1.75 ppm (s, 6H); 13C{1H} NMR
(100.62 MHz, CDCl3): d=149.8, 137.0, 130.7, 129.7, 127.8, 127.3, 126.3,
125.1, 124.2, 122.5, 121.6, 115.8, 114.7, 112.6, 40.5, 21.2, 13.2, 13.1 ppm; el-
emental analysis: calcd for C29H33Cl2NZr: C 62.45, H 5.96, N 2.51; found:
C 62.06, H 6.05, N 2.77.

X-ray Structure Determination

Crystallographic measurement was performed by using a Bruker
Apex II-CCD area detector diffractometer with graphite-monochromated
MoKa radiation (l =0.71073 Q). A specimen of suitable size and quality
was selected and mounted onto a glass capillary. Structures were solved
by direct methods, and all non-hydrogen atoms were subjected to aniso-
tropic refinement by full-matrix least squares on F2 with the SHELXTL/
PC package. Hydrogen atoms were placed at their geometrically calculat-
ed positions and refined as riding on the corresponding carbon atoms
with isotropic thermal parameters. Detailed crystallographic data for
oZrN1, mZrN1, oZrO1, mZrO2, and ASZr are given in Table 1. CCDC-
689731 (oZrN1), -689732 (mZrN1), -689733 (oZrO1), -689734 (mZrO2),
and -689735 (ASZr) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre at www.ccdc.cam.ac.uk/data_re-
quest/cif.

Propylene Polymerization

Freshly distilled toluene (48 mL) was transferred into a well-degassed
250-mL glass reactor charged with preweighed s-MAO (solid MAO;
[Al]/[Zr]=1000), and the temperature was adjusted by using an external
bath. After saturation of propylene monomer at 1 bar with vigorous stir-
ring for 30 min, polymerization was started by the injection of a solution
of catalyst (5.0 mmol of Zr) in toluene (2.0 mL). All the polymerization
reactions were quenched by the injection of acidified ethanol (10% HCl
in EtOH; 5 mL) after the desired reaction time (tp). The resulting poly-
propylenes were further precipitated by addition of acidified EtOH
(200 mL). After the mixture was stirred for 1–2 h, the polypropylenes
were collected by filtration or decantation of the solution (in the case of
a sticky polymer) and washed with EtOH several times. The resulting
polypropylenes were dried in a vacuum oven at 80 8C to constant weight.

Ethylene Polymerization

Ethylene polymerization with mZrN2 was performed analogously at
1 bar ethylene pressure under MAO activation ([Al]/[Zr]=1000).

Polymer Extraction

Solvent extraction of all the polypropylenes was carried out by using a
Soxhlet extractor. A preweighed sample of polypropylene was first ex-

tracted with boiling Et2O (100 mL) for 12 h. The residue was then ex-
tracted with boiling n-heptane (100 mL) for another 12 h. Evaporation of
the resulting solutions by a rotary evaporator afforded diethyl ether solu-
ble and diethyl ether insoluble/n-heptane-soluble portions of polypropy-
lene, respectively. The obtained portions and the remaining residue (di-
ethyl ether insoluble/n-heptane-insoluble portion) were finally dried
under vacuum at 80 8C to constant weight.

Polymer Analysis

13C NMR spectra of the polypropylenes were recorded on a Bruker
Avance 400 (13C: 100.62 MHz) spectrometer for the diethyl ether soluble
and diethyl ether insoluble/n-heptane-soluble portions at 100 8C and on a
Bruker AMAX 500 (13C: 125.77 MHz) spectrometer for the n-heptane-in-
soluble portions at 120 8C with a pulse angle of 908, an acquisition time
of 2 s, and a relaxation delay of 8 s. The samples were dissolved in
1,1,2,2,-[D2]tetrachloroethane to form a 10 wt% solution (�90 mg/
0.5 mL) in 5-mm tubes. All the measurements were performed after com-
plete dissolution by warming (for the diethyl ether soluble and diethyl
ether insoluble/n-heptane-soluble portions) or preheating (for the n-hep-
tane-insoluble portions) to about 110 8C in an oil bath. The chemical shift
of the residual peak of the solvent (d =74.1 ppm) was used as an internal
standard. Peak assignments and the determination of methyl pentad se-
quence distributions were made according to the reported literature.[12]

The molecular weights (Mw) and MWDs (Mw/Mn) of the polypropylenes
were determined by GPC (Polymer Laboratories PL-GPC 220, 140 8C) in
1,2,4-trichlorobenzene with standard polystyrenes as a reference. The
melting temperatures (Tm) of the polypropylenes were measured by DSC
(TA Instruments 2910 MDSC) at a heating rate of 10 8Cmin�1. Any ther-
mal history in the polymers was eliminated by first heating the samples
to 180 8C at 20 8Cmin�1, cooling to 30 8C at 20 8Cmin�1, and then record-
ing the second DSC scan from 30 to 180 8C.
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