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’ INTRODUCTION

Design of efficient molecular catalysts for precise olefin
polymerization attracts considerable attention in the field of
organometallic chemistry, catalysis, and of polymer che-
mistry.1-7 Half-titanocenes containing anionic donor ligands
of type, Cp0TiX2(Y) (Cp0 = cyclopentadienyl group, X = halo-
gen, alkyl, Y = aryloxo, ketimide, phosphinimide etc.), exempli-
fied in Chart 1, are promising candidates,5,7-10,12 especially in
terms of syntheses of new polymers by ethylene copolymeriza-
tions as demonstrated by using the aryloxo and the ketimide
analogues.5b,c,8-11 We already demonstrated that efficient cata-
lyst for the desired ethylene copolymerizations with styrene,8,9

norbornene (NBE)10,11 or other cyclic olefins12 can be tuned by
the ligand modifications (Cp0, Y). It was also demonstrated that
the anionic donor ligand strongly affects the comonomer in-
corporation and the copolymerization behavior.5b,c,8-10 It was
also suggested that the NBE incorporation by Cp0TiCl2(Y0) (Y0

= NdCtBu2, O-2,6-
iPr2C6H3) -MAO catalyst systems was

related to the calculated coordination energy to the cationic
titanium(IV) alkyl species after ethylene insertion.10b,c There-
fore, exploring the role of anionic donor ligand should be
important for designing the efficient catalysts for precise olefin
copolymerization directed toward synthesis of new polymers by
incorporation of new comonomers that cannot be achieved by
the conventional catalysts.5c,9b,12a

We recently reported that half-titanocenes containing η2-
pyrazolato ligands, Cp0TiCl2(3,5-R2C3HN2) (1a-d, 2a-c)
[Cp0 = Cp (1), Cp* (2); R = H (a), Me (b), iPr (c), Ph (d)],
exhibited from moderate to high catalytic activities for ethylene
polymerization in the presence of methylaluminoxane (MAO)
cocatalyst affording polymers with unimodal molecular weight
distributions,13 whereas the resultant polymers by half-titano-
cenes containing pyrrolides, Cp0TiCl2(Y) [Cp0 = Cp, Cp*; Y =
C4H4N, 2,5-Me2C4H2N, 2,4-Me2C4H2N, 2,4-Me2-3-EtC4HN],
conducted under the same conditions possessed bimodal mo-
lecular weight distributions (Scheme 1).14 These results suggest
that the pyrazolato analogues should be more effective than the
pyrrolide analogues in terms of stability in the polymerization.
Since, as described above, the ligand modification plays an
important role for the desired (co)polymerizations, we thus
focused on the pyrazolato analogue and explored in more details.15

In this paper, we wish to present our explored results in
ethylene polymerization, syndiospecific styrene polymerization,
and copolymerization of ethylene with 1-hexene, styrene, NBE
using various (cyclopentadienyl)(pyrazolato)titanium(IV)
dichloride complexes, Cp0TiCl2(3,5-R2C3HN2) (1a-d, 2a-c,
3a-c) [Cp0 = Cp (1), Cp* (2), tert-BuC5H4 (3); R = H (a), Me
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ABSTRACT: A series of half-titanocenes containing pyrazolato ligands,
Cp0TiCl2(3,5-R2C3HN2) (1a-d, 2a-c, 3a-c) [Cp0 = Cp (1), Cp* (2),
tert-BuC5H4 (tert-BuCp, 3); R =H (a), Me (b), iPr (c), Ph (d)], have been
employed as the catalyst precursors for ethylene polymerization, syndios-
pecific styrene polymerization, and copolymerization of ethylene with
1-hexene, styrene, and norbornene (NBE) in the presence of MAO
cocatalyst. The Cp* analogues, especially 2a,b, exhibited high catalytic
activities for ethylene polymerization affording the polymer with unimodal
molecular weight distributions, whereas the Cp analogue (especially 1b,c)
and the tert-BuCp analogues (3a-c) exhibited high catalytic activities for
syndiospecific styrene polymerization. The ethylene/styrene copolymer-
ization using the tert-BuCp-diisopropyl analogue (3c) -MAO catalyst system proceeds in a living manner, irrespective of the
styrene concentration employed (in toluene at 25 �C), and the same system exhibited relatively high catalytic activity for the
ethylene/NBE copolymerization with highly efficient NBE incorporation.
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(b), iPr (c), Ph (d)], in the presence of MAO (Scheme 2).
Through this research, we wish to demonstrate that precise
tuning of the ligand substituents plays an essential role for the
desired copolymerization with better comonomer incorporation
as well as for the better control in this catalysis.

’RESULTS AND DISCUSSION

1. Syntheses of Cp0-Pyrazolato Titanium(IV) Dichloride
Complexes and Their Structural Analyses. A series of tert-

BuCp analogues, (tert-BuC5H4)TiCl2(3,5-R2C3HN2) (3a-c),
could be prepared from the trichloride analogue, (tert-
BuC5H4)TiCl3, according to the previous report (Scheme 3)
for syntheses of the Cp (1a-d) and the Cp* analogues (2a-c),
and the complexes were identified by NMR spectra and ele-
mental analysis. As described below, structures for complexes 3b,
cwere determined by X-ray crystallography.16We focused on the
tert-BuCp in this study, because the tert-BuCp-aryloxo analo-
gue, (tert-BuC5H4)TiCl2(O-2,6-

iPr2C3HN2), exhibited better
both styrene and norbornene incorporations in the ethylene
copolymerizations.9a,b,10a,10b

Yellow (3b) or orange (3c) microcrystals that are suitable for
X-ray crystallographic analyses were grown from the chilled
CH2Cl2 solution (-30 �C) layered by n-hexane, and suitable
yellow or orange microcrystals of CpTiCl2(3,5-

iPr2C3HN2)
(1c), CpTiCl2(3,5-Ph2C3HN2) (1d), and Cp*TiCl2(3,5-

iPr2-
C3HN2) (2c), that were not determined in the previous report,13

were also obtained under similar conditions. The structures of 1c,
d and 2c are shown in Figure 1, and the selected bond distances
and angles are summarized in Table 1;16 the structures of 3b,c are
shown in Figure 2, and the selected bond distances and angles are
summarized in Table 2.16

In all cases (1a-d, 2a-c, 3b,c), the pyrazolato ligands are
coordinated in η2-N,N0 fashion with relatively similar Ti-N
bond lengths [1.9895(14)-2.0366(19) Å], which are compar-
able with most of the reported Ti complexes bearing η2-N,N0-
coordinated pyrazolato ligands.13,17 As described previously,13

the Ti-N bond distances are significantly longer than those in
(1,3-Me2C5H3)TiCl2[N(2,6-Me2C6H3)(SiMe3)] [1.898(2)
Å],18 Cp*TiCl2[N(Me)(cyclohexyl)] [1.870(3) Å],19 and in
Cp*TiCl2(NdCPh2) [1.827 (2) Å],20 and the distances are
relatively close to the estimated value (2.02 Å) for a titanium-
nitrogen single bond according to Pauling’s covalent radii.21 The

Chart 1. Typical Reported Half-Titanocenes Effective for
Olefin Polymerization5

Scheme 1

Scheme 2

Scheme 3
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N-N distances [1.363(2)-1.396(4) Å] and the N(1)-Ti(1)-
N(2) bite angles [39.07(5)-40.56(12)�] in the pyrazolato
ligands are also similar to those in the other η2-N,N0-pyrazolato
titanium complexes.13,17 The coordination spheres around the Ti
possess an approximate tetrahedral geometry, if center of the
nitrogen-nitrogen bond in the pyrazolato ligand is considered as
a monodentate ligand. As a result of η2-N,N0-coordination of the
pyrazolato ligand, the Cl(1)-Ti-Cl(2) bond angles (in 1a-d,
2a-c, and 3b,c) were constrained [93.823(16)� (3b), 98.23(2)�
(3c)], although, as described below, the angle was affected by the
substituents in both Cp0 and the pyrazolato ligand. On the basis
of these results, these complexes would be considered as 14e
complexes (by 3e donation with the pyrazolato ligand) rather
than 16e complexes (by 5e donation).
Although both the bond distances and the angles are affected

by the substituents in both Cp0 and the pyrazolato ligand,
apparent trends as explained by electronic or steric influences

were not observed. For example, the Cl-Ti-Cl bond angle in
the Cp analogues increased in the order: 95.48(2)� (1a)13 <
96.15(3)� (1d) < 96.63(5)� (1b)13 < 97.735(19)� (1c), whereas
the angle in the Cp* analogues and the tert-BuCp analogues
increased in the order: 93.823(16)� (3b) < 95.51(3)� (2c) <
95.684(18)� (2a)13 < 97.24(3)� (2b)13 < 98.23(2) (3c). The
N(1)-N(2) bond distances (Å) in in the Cp analogues in-
creased in the order 1.363(2) (1a)13 < 1.372(3) (1d),
1.3763(18) (1c) < 1.396(4) (1b)13, whereas the distance in
the Cp* analogues and the tert-BuCp analogues increased in the
order 1.3679(18) (2a)13 < 1.370(2) (3c), 1.3744(18) (3b),
1.375(3) (2c) < 1.381(5) (2b)13. Although we explored the
differences or trends by comparison of these data (bond angles
and distances) on the basis of the crystallographic analysis results,
the reason for the observed difference can be only assumed as the
result of combination of both electronic and steric effect.

Figure 1. Ortep drawings for CpTiCl2(3,5-
iPr2C3HN2) (1c, left), CpTiCl2(3,5-Ph2C3HN2) (1d, middle), and Cp*TiCl2(3,5-

iPr2C3HN2) (2c, right).
Thermal ellipsoids are drawn at 50% probability level, and H atoms were omitted for clarity. The structural analysis reports including CIF files are shown
in the Supporting Information.16

Table 1. Selected Bond Distances (Å) and Angles (deg) for CpTiCl2(C3H3N2) (1a),
13 CpTiCl2(3,5-Me2C3HN2) (1b),

13

CpTiCl2(3,5-
iPr2C3HN2) (1c), CpTiCl2(3,5-Ph2C3HN2) (1d), and Cp*TiCl2(3,5-

iPr2C3HN2) (2c).
a

Cp0;R Cp; H (1a)13 Cp; Me (1b)13 Cp; iPr (1c) Cp; Ph (1d) Cp*; iPr2 (2c)

Bond Distances (Å)

Ti(1)-Cl(1), Ti(1)-Cl(2) 2.3018(7), 2.2904(7) 2.2760(16), 2.3146(10) 2.3093(5), 2.2763(4) 2.2895(8), 2.2867(8) 2.3153(8), 2.2857(8)

Ti(1)-N(1), Ti(1)-N(2) 2.023(2), 2.0159(19) 2.022(3), 2.007(3) 2.0021(13), 2.0106(12) 2.020(2), 2.012(2) 2.028(2), 2.0366(19)

Ti(1)-C(1), Ti(1)-C(3) 2.330(2), 2.333(4) 2.332(5), 2.321(7) 2.3423(15), 2.3494(15) 2.356(6), 2.347(5) 2.360(3), 2.384(3)

N(1)-N(2) 1.363(2) 1.396(4) 1.3763(18) 1.372(3) 1.375(3)

N(1)-C(6), N(2)-C(8) 1.341(3), 1.385(4) 1.335(4), 1.335(5) 1.343(2), 1.3372(19) 1.347(3), 1.347(3) N(1)-C(11) 1.344(3),

N(2)-C(13) 1.339(3)

C(6)-C(7), C(7)-C(8) 1.385(4), 1.336(3) 1.407(5), 1.373(4) 1.393(2), 1.404(2) 1.400(4), 1.399(3) C(11)-C(12) 1.392(4),

C(12)-C(13) 1.401(4)

Bond Angles (deg)

Cl(1)-Ti(1)-Cl(2) 95.48(2) 96.63(5) 97.735(19) 96.15(3) 95.51(3)

N(1)-Ti(1)-N(2) 39.07(5) 40.56(12) 40.12(5) 39.78(8) 39.54(8)

Cl(1)-Ti(1)-N(1),

Cl(1)-Ti(1)-N(2)

92.25(4), 123.40(5) 93.93(11), 120.86(11) 90.51(4), 127.48(3) 93.59(7), 123.18(7) 93.53(6), 126.04(6)

Cl(2)-Ti(1)-N(1),

Cl(2)-Ti(1)-N(2)

121.03(6), 91.65(6) 125.65(9), 90.35(8) 117.16(4), 93.61(4) 123.92(6), 91.81(6) 121.19(6), 92.72(6)

aThe structure reports including CIF file are shown in the Supporting Information.16
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2. Ethylene Polymerization and Ethylene/1-Hexene Co-
polymerization Using Cp0-Pyrazolato Titanium(IV) Dichlor-
ide Complexes-MAOCatalyst Systems. Ethylene polymeriza-
tions using Cp0TiCl2(3,5-R2C3HN2) [1a-d, 2a-c, 3a-c; Cp0 =
Cp (1), Cp* (2), tert-BuC5H4 (3); R =H (a), Me (b), iPr (c), Ph
(d)] were conducted in toluene at 25 �C in the presence ofMAO.
MAO white solid (d-MAO) prepared by removing AlMe3 and
toluene from the commercially available samples (PMAO-S, 6.8
wt % in toluene, Tosoh Finechem Co.) was chosen in this study,
because it was effective in the preparation of high molecular
weight ethylene/R-olefin copolymers with unimodal molecular

weight distributions when the Cp*TiCl2(O-2,6-
iPr2C6H3) was

used as the catalyst precursor.22 Table 3 summarized the results
using 3a-c-MAO catalyst systems under various Al/Ti molar
ratios. Since the polymerization data by 1a-d, 2a-c-MAO
catalyst systems in the previous report13 were collected under a
certain Al/Ti molar ratio (2.0 or 3.0 mmol without full
optimization), the polymerizations under various Al/Ti molar
ratios were also conducted in this study (Figure 3).23

The catalytic activity in ethylene polymerization using
3a-c - MAO catalyst systems (under optimized Al/Ti
molar ratio) increased in the order: 490 kg-PE/mol-Ti 3 h

Figure 2. Ortep drawings for (tert-BuC5H4)TiCl2(3,5-Me2C3HN2) (3b, left) and (tert-BuC5H4)TiCl2(3,5-
iPr2C3HN2) (3c, right). Thermal ellipsoids

are drawn at 50% probability level, and H atoms were omitted for clarity. The structural analysis reports including CIF files are shown in the Supporting
Information.16

Table 2. Selected Bond Distances (Å) and Angles (deg) for (tert-BuC5H4)TiCl2(3,5-Me2C3HN2) (3b) and
(tert-BuC5H4)TiCl2(3,5-

iPr2C3HN2) (3c).
a

(tert-BuC5H4)TiCl2(3,5-Me2C3HN2) (3b) (tert-BuC5H4)TiCl2(3,5-
iPr2C3HN2) (3c)

Bond Distances (Å)

Ti(1)-Cl(1), Ti(1)-Cl(2) 2.3053(4), 2.3051(4) 2.2979(6), 2.2902(6)

Ti(1)-N(1), Ti(1)-N(2) 2.0031(14), 1.9895(14) 2.0269(16), 2.0077(16)

Ti(1)-C(1) 2.4186(14) 2.4337(18)

Ti(1)-C(2), Ti(1)-C(3) 2.3783(16), 2.3418(16) 2.370(2), 2.315(2)

N(1)-N(2) 1.3744(18) 1.370(2)

N(1)-C(10), N(2)-C(12) 1.347(2), 1.336(2) 1.344(2), 1.339(2)

C(10)-C(11), C(11)-C(12) 1.396(2), 1.390(2) 1.397(2), 1.396(3)

Bond Angles (�)
Cl(1)-Ti(1)-Cl(2) 93.823(16) 98.23(2)

N(1)-Ti(1)-N(2) 40.27(5) 39.70(6)

Cl(1)-Ti(1)-N(1), Cl(1)-Ti(1)-N(2) 92.22(3), 124.09(4) 91.27(5), 123.39(5)

Cl(2)-Ti(1)-N(1), Cl(2)-Ti(1)-N(2) 120.95(3), 91.85(4) 120.73(4), 90.78(5)
aThe structure repots including CIF file are shown in the Supporting Information.16
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(3b) < 1070 (3c) < 1610 (3a). These results suggest that the
activity was affected by substituent in the pyrazolato ligand.
The resultant polymers by 3a,b possessed low molecular
weights with unimodal distributions in most cases (runs 1-
10,Mn = 5780-13500), whereas the resultant polymer by 3c
under the optimized conditions possessed relatively high
molecular weight with unimodal distribution (run 11, Mn =
5.46 � 105, Mw/Mn = 1.85).
The selected polymerization results by 1a-d, 2a-c, 3a-c

under the optimized conditions are summarized in Table 4. The
catalytic activities were affected by the cyclopentadienyl fragment
(Cp0), and the Cp* analogues (2a-c, activity: 3060-9600 kg-
PE/mol-Ti 3 h, runs 27-30) exhibited higher catalytic activities
than the Cp analogues (1a-d, activity: 1200-1700 kg-PE/mol-
Ti 3 h) and the tert-BuCp analogues (490-1610 kg-PE/mol-
Ti 3 h). Moreover, the molecular weights in the resultant poly-
mers were also affected by the Cp0 employed; the Mn values in
the resultant PE by 1a-dwere higher than those by 2a-c, 3a-c.
In terms of both the activity and theMn value in the resultant PE,
the Cp* analogues, especially 2a,b, seem to be suited for the
ethylene polymerization.
Table 5 summarized results for ethylene/1-hexene copolym-

erization by Cp0TiCl2(3,5-R2C3HN2) (1a-d, 2a-c, 3a-c) -
MAO catalyst systems under the optimized Al/Ti molar ratios
(conducted for the ethylene polymerization).24 Although the
Cp* analogues (2a-c) exhibited high catalytic activities for the
ethylene polymerization (runs 27-30, Table 4), the activities
drastically decreased when the polymerizations were conducted
in the presence of 1-hexene (runs 35-37). The activities by the

Cp (1a-d) and the tert-BuCp analogues (3a,b) were also lower
than those in the ethylene polymerization. In contrast, the
activity in the copolymerization by the tert-BuCp-diisopropyl
analogue (3c) was relatively close to that in the ethylene
polymerization; the resultant polymer contained 1-hexene with
relatively high molecular weight as well as with unimodal
molecular weight distribution.24

The resultant polymers prepared by the Cp analogues (1a-d)
and the Cp* analogues (2b,c) except 2a possessed broad
molecular weight distributions, suggesting that several catalyti-
cally active species would be generated under these conditions.
The resultant polymers prepared by 2a, 3a possessed low
molecular weights with unimodal molecular weight distributions
(runs 35, 38) as well as with moderate 1-hexene contents (15.5,
15.7 mol %). On the basis of microstructure analyses in the
poly(ethylene-co-1-hexene)s prepared by 2a, 3a, 3c-MAO
catalyst systems (Table 6, estimated by the 13C NMR spectra),24

it is clear that these copolymerizations proceeded in a random
manner (1-hexene incorporations were random in these cat-
alyzes) due to that the rE 3 rH values were close to 1. The rE values
by 2a, 3a were 11.7,11.6, respectively, and the values were much
larger that those by the Cp*-aryloxo analogue (2.70)25 and the
Cp0-ketimide analogues (4.5).26 Moreover, the rE value by 3c in
the copolymerization was 22.7, and the values was larger than
those by the ordinary linked zirconocenes [rE = 8.2-18.9 by
linked bis(indenyl)zirconium complexes in ethylene/1-octene
copolymerization].27 These results thus suggest that the present
catalysts showed less efficient 1-hexene incorporations, although

Table 3. Ethylene Polymerization by (tert-Bu-C5H4)TiCl2-
(3,5-R2C3HN2) [R = H (a), Me (b), iPr (c)] - MAO Catalyst
Systemsa

run

complex

(μmol)

MAO/

mmol

yield/

mg activityb Mn
c� 10-3 Mw/Mn

c

1 3a (1.0) 1.0 82 490 10.4 2.28

2 3a (1.0) 2.0 114 680 13.5 2.20

3 3a (1.0) 3.0 128 770 12.5 2.10

4 3a (1.0) 4.0 268 1610 12.3 2.00

5 3a (1.0) 5.0 91 550 9.52 2.45

6 3b (1.0) 1.0 45 270 6.25 5.30d

7 3b (1.0) 2.0 72 430 5.78 3.94

8 3b (1.0) 3.0 81 490 6.94 3.37

9 3b (1.0) 4.0 65 390 8.64 2.74

10 3b (1.0) 5.0 64 380 5.82 4.16

11 3c (1.0) 1.0 179 1070 546 1.85

12 3c (1.0) 2.0 133 800 473 1.67

3.20 3.65

13 3c (1.0) 3.0 131 800 499 1.54

5.71 2.63

14 3c (1.0) 4.0 124 740 418 1.70

7.92 2.00

15 3c (1.0) 5.0 126 760 410 1.57

6.37 2.30
a Polymerization conditions: toluene 30 mL, ethylene 6 atm, d-MAO
(prepared by removing toluene and AlMe3 from ordinary MAO), 25 �C,
10 min. bActivity = kg-polymer/mol-Ti 3 h.

cGPC data in o-dichloro-
benzene vs polystyrene standards. dHighmolecular weight shoulder was
observed in small amount in the GPC trace.

Figure 3. Effect of Al/Ti molar ratios toward the catalytic activity in
ethylene polymerization catalyzed by Cp*TiCl2(3,5-R2C3HN2) (1a-
d), Cp*TiCl2(3,5-R2C3HN2) (2a-c) [R = H (a), Me (b), iPr (c), Ph
(d)] in the presence of d-MAO (ethylene 6 atm in toluene, 25 �C, 10
min). Detailed data are shown in the Supporting Information.23
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the rE values were affected by the ligand sets employed. The
results also indicate that precise modifications of both Cp0 and
the pyrazolato ligands are important for the copolymerization to
proceed with uniform catalytically active species as well as with
moderate comonomer incorporation.
3. Syndiospecific Styrene Polymerization and Ethylene/

Styrene Copolymerization Using Cp0-Pyrazolato Titanium-
(IV) Dichloride Complexes-MAO Catalyst Systems. We pre-
viously demonstrated in the Cp0-aryloxo,9a Cp0-amide, and the

phenoxy-imine15n analogues that efficient catalyst precursors
for the syndiospecific styrene polymerization can be tuned from
the efficient catalyst precursors for the ethylene polymerization
by modification of the cyclopentadienyl fragment. For example,
Cp*TiCl2(O-2,6-

iPr2C6H3) is the effective catalyst precursor for
the ethylene polymerization, whereas (tert-BuC5H4)TiCl2(O-
2,6-iPr2C6H3) is the effective catalyst precursor for the syndios-
pecific styrene polymerization.9a We thus conducted styrene
polymerization using a series of Cp0-pyrazolato analogues
(1a-d, 2a-c, 3a-c) in the presence of MAO (at 25 �C), and
the results conducted under certain Al/Ti molar ratios (shown in
Table 4) are summarized in Table 7.
As demonstrated previously,9a,15n,19 both the Cp and the tert-

BuCp analogues (runs 41-44, 48-50) showed higher catalytic
activities than the Cp* analogues (runs 45-47), affording
syndiotactic polymers with almost perfect tacticity.24 The fact
clearly supports that unique characteristics by using the non-
bridged half-titanocenes of this type, as described above, can also
be observed in the present catalysts. The resultant polymers
possessed relatively high molecular weights with unimodal
molecular weight distributions in all cases, suggesting that these
polymerizations proceeded with uniform catalytically active
species. The activities were also affected by the pyrazolato
substituent; the placement of methyl or isopropyl group (1b,
3a,b) seems effective for exhibiting the high activity.
On the basis of the above homopolymerization results, the

(co)polymerizations using a series of Cp0-pyrazolato analogues
(1a-d, 2a-c, 3a-c) were conducted under ethylene pressure,
and the results are summarized in Table 8. Although these
complexes afforded syndiotactic polystyrene with unimodal
distributions, unfortunately, the resultant polymers prepared by
the Cp analogues (1a-d) and the Cp* analogues (2a-c) were a
mixture of polyethylene (PE) and syndiotactic polystyrene
(SPS) or PE confirmed by both NMR spectra and the DSC
thermograms after careful fractional separation of all polymer
samples.24 The ratios of PE and SPS were highly dependent upon
the initial molar ratios of monomers (ethylene, styrene).28

Although the resultant polymers conducted by using 3a,b-
MAO catalyst systems were mixtures of PE and SPS or SPS,
the resultant polymers prepared by the tert-BuCp-diisopropyl
analogue (3c) were poly(ethylene-co-styrene)s exclusively with
relatively narrow molecular weight distributions (runs 67, 68,
Table 8). The fact clearly suggests that precise tuning of both Cp0

Table 4. Selected Data for Ethylene Polymerization by
Cp0TiCl2(3,5-R2C3HN2) [Cp0 = Cp (1), Cp* (2), tert-Bu-
C5H4 (3); R = H (a), Me (b), iPr (c), Ph (d)]-MAOCatalyst
Systemsa

run

complex

(μmol) MAO/mmol yield/mg activityb Mn
c � 10-3 Mw/Mn

c

16 1a (0.2) 2.0 16 480 insolubled

17e 1a (0.1) 2.0 9 540 1310 2.31

18 1a (0.2) 5.0 47 1400 insolubled

19 1b (0.1) 2.0 16 960 insolubled

20e 1b (0.1) 2.0 13 780 1240 2.29

21 1b (0.1) 4.0 29 1700 insolubled

22 1c (0.2) 2.0 24 720 insolubled

23e 1c (0.1) 2.0 14 840 974 3.07

3.6 2.04

24 1c (0.2) 4.0 43 1290 insolubled

25 1d (0.2) 2.0 30 900 insolubled

26e 1d (0.1) 2.0 20 1200 895 3.03

27 2a (0.1) 2.0 132 8000 49.6 1.67

28e 2a (0.1) 2.0 150 9000 35.2 2.17

29 2b (0.1) 2.0 160 9600 56.9 1.73

30 2c (0.1) 2.0 51 3060 36.6 8.15f

4 3a (1.0) 4.0 268 1610 12.3 2.00

8 3b (1.0) 3.0 81 490 6.94 3.37

11 3c (1.0) 1.0 179 1070 546 1.85
a Polymerization conditions: toluene 30 mL, ethylene 6 atm, d-MAO
(prepared by removing toluene and AlMe3 from ordinary MAO), 25 �C,
10 min. bActivity = kg-polymer/mol-Ti 3 h.

cGPC data in o-dichloro-
benzene vs polystyrene standards. d Insoluble for GPC measurement.
eCited from reference.13 fHigh molecular weight shoulder was observed
in small amount in the GPC trace.

Table 5. Copolymerization of Ethylene with 1-Hexene by Cp0TiCl2(3,5-R2C3HN2) [Cp0 = Cp (1), Cp* (2), tert-Bu-C5H4 (3); R =
H (a), Me (b), iPr (c), Ph (d)] -MAO Catalyst Systemsa

run complex (μmol) MAO/mmol yield/mg activityb Mn
c � 10-3 Mw/Mn

c contentd/ mol %

31 1a (2.5) 5.0 140 340 2.33 5.39

32 1b (2.5) 4.0 91 220 2.88 3.99

33 1c (2.5) 4.0 113 270 4.79 5.86

34 1d (2.5) 2.0 81 190 5.82 8.82

35 2a (1.0) 2.0 86 520 5.46 2.87 15.5

36 2b (1.0) 2.0 36 200 8.82 3.21

37 2c (1.0) 2.0 44 260 33.1 7.49

38 3a (2.5) 4.0 69 170 5.41 2.17 15.7

39 3b (2.5) 3.0 47 110 3.56 9.53e

40 3c (1.0) 1.0 229 1370 492 2.15 8.9
aConditions: toluene 25 mL, 1-hexene 5 mL, ethylene 6 atm, d-MAO (prepared by removing toluene and AlMe3 from ordinary MAO), 25 �C, 10 min.
bActivity = kg-polymer/mol-Ti 3 h.

cGPC data in o-dichlorobenzene vs polystyrene standards. d 1-Hexene content (mol %) estimated by 13C NMR
spectra.24 eHigh molecular weight shoulder was observed in small amount in the GPC trace.
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and pyrazolato substituent plays an important role for the
effective catalyst in this catalysis.
Table 9 summarizes results for ethylene/styrene copolymerization

using the tert-BuCp-diisopropyl analogue (3c) -MAO catalyst
system under various conditions. Importantly, the Mn values in-
creased over the time course as well as upon increasing the polymer
yields consistently with relatively narrow molecular weight distribu-
tions (Mw/Mn = 1.22-1.64). The activity initially decreased upon
increasing the styrene concentration (runs 67-70 vs 68-76) but
kept constant upon further increase (runs 77-79). The styrene
contents in the resultant copolymers were low (1.4-6.0mol %), but
the content increased upon increasing the styrene concentration.
Resonances ascribed to the isolated styrene incorporation were thus
observed in the 13C NMR spectra.24

As shown in Figure 4, the Mn values increased linearly upon
increasing the polymer yields in all cases, and, as described above,
the Mw/Mn values did not change significantly under these
conditions. The first order relationship between the Mn values
and the polymer yields clearly indicate that the degree of chain
transfer from Ti-alkyl to Al-alkyl was negligible and that the
copolymerization proceeded in a living manner, as demonstrated
by the Cp*TiCl2(NdCtBu2)-MAO catalyst system.9c,d Since
the resultant polymers prepared in both the ethylene polymeriza-
tion and the styrene polymerization possessed unimodal molec-
ular weight distributions with certain chain transfers (runs 11 and

50, Mw/Mn = 1.85, 2.05, respectively), also since resonances
corresponding to the styrene repeating units were not observed
in the resultant poly(ethylene-co-styrene)s, the facts thus suggest
that a certain degree of the styrene insertion inhibited the chain
transfer in this catalysis.9d

4. Ethylene/Norbornene Copolymerization Using Cp0-
Pyrazolato Titanium(IV) Dichloride Complexes-MAO Cata-
lyst Systems. It has been known that certain cyclic olefin
copolymers (COCs) are amorphous materials with a promising
combination of high transparency in the UV-vis region along
with humidity-, and heat-resistance (high glass transition tem-
perature, Tg).

29 The copolymerization of ethylene with cyclic
olefins, especially norbornene (NBE), seems promising, because
the desired properties (Tg, etc.) can be tuned by their composi-
tions (cyclic olefin contents etc.) as well as their microstruct-
ures.29,30 On the basis of our previous results,10,30 we explored
the ethylene/NBE copolymerization using the Cp0-pyrazolato
analogues (1a-d, 2a-c, 3a-c) in the presence of MAO (in
toluene at 25 �C). The results are summarized in Table 10.24,31

In contrast to the results in the copolymerization of 1-hexene,
styrene, these copolymerizations using the Cp analogues (1a-d)
and the tert-BuCp-diisopropyl analogue (3c), proceeded with
relatively high catalytic activities; apparent increases in the
activities upon the presence of NBE were observed by 1a,c,
and by 3c under these conditions (ethylene 5 atm, NBE 0.5
mmol/mL at 25 �C). However, the resultant polymers prepared
by 1b-d possessed relatively broad molecular weight distribu-
tions; the resultant polymers prepared by the Cp* analogues
(2a-c) also possessed broad molecular weight distributions
containing high molecular weight shoulders in their GPC traces.
In contrast, both 1a and 3c exhibited remarkable catalytic
activities, affording high molecular weight polymers with unim-
odal molecular weight distributions (runs 80, 89).
On the basis of the results shown in Table 10, the polymeriza-

tions using 1a,3c-MAO catalyst systems were conducted under
various conditions, and the results are summarized in Table 11.24

The catalytic activity by 1a increased upon increasing the initial
NBE concentration (run 90 vs run 80), but decreased at higher
NBE concentration (runs 91-92); the resultant copolymers
with low NBE contents possessed high molecular weights (runs
80, 90) but the Mn value decreased drastically upon increasing
the NBE content (runs 91, 92). The resultant copolymers
prepared by 1a possessed unimodal but rather broad molecular
weight distributions. On the basis of both the melting tempera-
tures (Tm) and the glass transition temperatures (Tg) in the
resultant copolymers,10,30,31 it seems likely that the resultant
polymers would be a mixture of two copolymers with different
compositions; an additional Tg curve was thus observed as a tiny

Table 6. Monomer Sequence Distributions of Poly(ethylene-co-1-hexene)s Prepared by Copolymerization of Ethylene (E) with
1-Hexene (H) by Cp0TiCl2(3,5-R2C3HN2) [Cp0 = Cp* (2), tert-Bu-C5H4 (3); R = H (a), iPr (c)] -MAO Catalyst Systemsa

triad sequence distributionc (%) dyadd

run complex contentb/ mol % EEE EEH þ HEE HEH EHE HHE þ EHH HHH EE EH þ HE HH rE 3 rH
e rE

f rH
f

35 2a 15.5 61.3 21 2.2 11.2 4.3 - 71.8 26.1 2.1 0.90 11.7 0.077

38 3a 15.7 61.3 20.6 2.4 11.2 4.5 - 71.5 26.2 2.3 0.94 11.6 0.081

40 3c 8.9 77.6 12.1 1.4 7.5 1.4 - 83.7 15.6 0.7 0.98 22.7 0.043
a For detailed polymerization conditions, see Table 5. b 1-Hexene content (mol %) estimated by 13C NMR spectra.24 c Estimated by 13C NMR spectra.
d [EE] = [EEE] þ 1/2[EEH þ HEE], [EH] = [HEH] þ [EHE] þ 1/2{[EEH þ HEE] þ [HHE þ EHH]}, [HH] = [HHH] þ 1/2[HHE þ EHH].
e rE 3 rH = 4[EE][HH]/[EHþHE].2 f rE = {[H]0/[E]0}� 2[EE]/[EHþHE], rH = {[E]0/[H]0}� 2[HH]/[EHþHE], [E]0 and [H]0 are the initial
monomer concentrations.

Table 7. Syndiospecific Styrene Polymerization by
Cp0TiCl2(3,5-R2C3HN2) [Cp0 = Cp (1), Cp* (2), tBuCp (3);
R = H (a), Me (b), iPr (c), Ph (d)] -MAO Catalyst Systemsa

run

complex

(μmol)

MAO/

mmol

yieldb/

mg activityc Mn
d� 10-4

Mw/

Mn
d

41 1a (0.3) 5.0 72 1440 2.55 2.06

42 1b (0.3) 4.0 158 3160 1.65 2.19

43 1c (0.3) 4.0 126 2520 1.99 1.98

44 1d (0.3) 2.0 90 1780 2.60 1.85

45 2a (0.5) 2.0 83 990 4.29 1.96

46 2b (0.5) 2.0 85 1020 2.54 1.88

47 2c (0.5) 2.0 107 1280 1.98 1.98

48 3a (0.2) 4.0 108 3240 4.20 2.01

49 3b (0.2) 3.0 113 3390 4.77 1.90

50 3c (0.2) 1.0 74 2220 4.25 2.05
a Polymerization conditions: complex in toluene 1.0 mL, styrene 10 mL,
d-MAO (prepared by removing toluene and AlMe3 from ordinary
MAO), 25 �C, 10 min. b Polymer yield based on acetone insoluble
fraction. cActivity = kg-SPS/mol-Ti 3 h.

dGPC data in o-dichlorobenzene
vs polystyrene standards.
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trace in the DSC thermograms of the resultant copolymers
prepared by 1a under high NBE concentrations (runs
91,92).24 In contrast, it should be noted that the resultant
copolymers prepared by 3c possessed high molecular weights
with unimodal molecular weight distributions; the DSC
thermograms clearly indicate that the resultant polymer
possessed uniform compositions and the Tg value increased
linearly upon increasing the NBE content.24 Therefore, the
tert-BuCp-diisopropyl analogue (3c) is the most suited as
the catalyst precursor for exhibiting high catalytic activity
with efficient NBE incorporation.

Figure 5 shows selected 13C NMR spectra (in 1,2,4-trichlor-
ebenzene-C6D6 at 110 �C) for poly(ethylene-co-NBE)s prepared
by 3c-MAO catalyst system.24,10a,10b,31 The resultant polymers
with relatively high NBE contents (runs 89,95) possessed reso-
nances ascribed to both alternating and two NBE repeat units, and
the ratio of the latter resonances increased in the copolymer with
higher NBE content; resonances ascribed to three NBE repeat
units (35 ppmetc.) were also observed in the copolymerswith high
NBE contents (runs 95,96). Since 3c affordedNBE homopolymer
in the absence of ethylene (run 97), these results suggest that it is
possible for 3c to prepare the copolymer with high NBE content.

Table 8. Copolymerization of Ethylene with Styrene byCp0TiCl2(3,5-R2C3HN2) [Cp0 =Cp (1), Cp* (2),
tBuCp (3); R =H (a),Me

(b), iPr (c), Ph (d)] -MAO Catalyst Systemsa

run

complex

(μmol)

styrene/

mL

MAO/

mmol

yieldb/

mg activityc
THF soluble

contentd/ wt %

THF insoluble

contentd/ wt % Tm
e/ �C

composition

(%)f Mn
g � 10-4

Mw/

Mn
g

51 1a (1.0) 5 5.0 42 250 trace >99 128.3 PE 1.89 2.4

52 1a (4.0) 10 5.0 249 370 >99 trace 121.2, 258.8 PE (3);SPS (97) 7.08 2.33

53 1b (1.0) 5 4.0 66 400 trace >99 128 PE 1.66 2.72

54 1b (4.0) 10 4.0 214 320 >99 trace 118.9, 258.0 PE (1); SPS (99) 6.74 2.35

55 1c (1.0) 5 4.0 45 270 trace >99 128.5 PE 1.96 2.53

56 1c (8.0) 10 4.0 77 60 >99 trace 122.0, 258.0 PE (9); SPS (91) 3.52 1.90

57 1d (1.0) 5 2.0 31 190 trace >99 127.0, 260.3 PE (95); SPS (5) 4.01 1.97

58 1d (8.0) 10 2.0 257 190 >99 trace 120.9, 257.8 PE (3); SPS (97) 6.89 2.5

59 2a (2.0) 5 2.0 54 160 trace >99 125.5 PE (or E-S) 0.78 2.34

60 2a (4.0) 10 2.0 53 80 >99 trace 103.0, 266.2 PE or E-S (17); SPS (83) 6.33 2.29

61 2c (4.0) 5 2.0 53 80 trace >99 125.2 PE (or E-S) 1.28 2.79

62 2c (6.0) 10 2.0 22 20 >99 trace 108.9, 265.3 PE or E-S (39); SPS (61) 5.11 2.21

63 3a (6.0) 5 4.0 50 50 >99 trace 124.8, 265.9 PE (1); SPS (99) 1.37 2.47

64 3a (10) 10 4.0 282 170 >99 trace 266.4 SPS 2.95 2.13

65 3b (6.0) 5 3.0 16 20 >99 trace 114.0, 264.1 PE or E-S (6); SPS (94) 2.09 1.86

66 3b (10) 10 3.0 44 30 >99 trace 266.8 SPS 3.48 1.86

67 3c (1.0) 5 1.0 33 200 >99 trace 117.1 E-S 9.61 1.46

68 3c (2.0) 10 1.0 13 40 >99 trace 107.9 E-S 3.72 1.34
aConditions: tolueneþ styrene total 30 mL, ethylene 4 atm, d-MAO (prepared by removing toluene and AlMe3 from ordinary MAO), 25 �C, 10 min.
b Polymer yield based on acetone insoluble fraction. cActivity = kg-polymer/mol-Ti 3 h.

dRatios on the basis of a mixture of PE, SPS, and copolymer.
(THF soluble or insoluble fraction). eMelting temperature (Tm) by DSC thermograms of the polymers as the acetone insoluble fractions (mixture of
THF soluble/insoluble fractions). fRatios estimated by 13C NMR spectra. gGPC data in o-dichlorobenzene vs polystyrene standards.

Table 9. Ethylene/Styrene Copolymerization by (tert-BuC5H4)TiCl2(3,5-
iPr2C3HN2) (3c) -MAO Catalyst Systema

run complex (μmol) styrene/mL time/min yieldb/mg activityc Mn
d � 10-4 Mw/Mn

d Tm
e/�C contentf/mol %

67 1.0 5 10 33 200 9.61 1.46 117.1 1.4

69 1.0 5 20 69 210 13.8 1.46

70 1.0 5 30 97 190 18.1 1.64 116.0 1.4

68 2.0 10 10 13 40 3.72 1.34 107.9 4.1

71 2.0 10 15 23 50 5.14 1.35

72 2.0 10 20 29 40 5.71 1.36

73 2.0 10 25 35 40 6.69 1.35

74 2.0 10 30 42 40 7.50 1.38 105.8 4.4

75 2.0 10 35 50 40 8.35 1.38

76 2.0 10 40 66 50 9.80 1.32

77 4.0 15 10 36 50 3.21 1.42 104.5 5.3

78 4.0 15 20 51 40 4.58 1.30

79 4.0 15 30 73 40 7.35 1.22 100.3 6.0
aConditions: tolueneþ styrene total 30 mL, ethylene 4 atm, 25 �C, d-MAO (prepared by removing toluene and AlMe3 from ordinaryMAO) 1.0 mmol.
b Polymer yield based on acetone insoluble and THF soluble fractions. cActivity = kg-polymer/mol-Ti 3 h.

dGPC data in o-dichlorobenzene vs
polystyrene standards. eMelting temperature by DSC thermograms. f Styrene content (mol %) estimated by 1H NMR spectra.24
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Figure 6 shows plots of NBE contents in the copolymers vs initial
monomer molar ratios, [E]0/[NBE]0 (E = ethylene, NBE =
norbornene), in the copolymerization using (tert-BuC5-
H4)TiCl2(3,5-

iPr2C3HN2) (3c) -MAO catalyst system. The data
by CpTiCl2(NdCtBu2) (Cp-Ket), which showed the most effi-
cient NBE incorporation among various half-titanocenes,10c and by
[Me2Si(C5Me4)(N

tBu)]TiCl2 (CGC)
10a are also added for com-

parison. Note that 3c showed the better NBE incorporation than the
Cp-ketimide analogue as well as CGC under these conditions.
Although the catalytic activities by 3c (ex. 3470 kg-polymer/mol-
Ti 3 h, ethylene 5 atm,NBE 1.0M, run 95) were not so high as that by
the Cp-ketimide analogue (activity =40200 kg-polymer/mol-Ti 3 h,
ethylene 4 atm,NBE1.0Mat 25 �C), the facts clearly indicate that3c
is one of the promising candidate as the efficient catalysts in the
ethylene/NBE copolymerization in terms of efficient NBE incor-
poration. The facts also indicate that the efficient catalyst precursor-
(s) for the desired copolymerization can be tuned by the precise
ligand modifications (substituents on both Cp0 and the anionic
donor ligand). We believe that the fact observed here is one of the
unique characteristics for using this type of complexes, nonbridged
half-titanocenes, as the catalyst for olefin polymerization.

’CONCLUDING REMARK

A series of half-titanocenes containing pyrazolato ligands,
Cp0TiCl2(3,5-R2C3HN2) (1a-d, 2a-c, 3a-c) [Cp0 = Cp (1),
Cp* (2), tert-BuC5H4 (3); R = H (a), Me (b), iPr (c), Ph (d)],
have been employed as the catalyst precursors for ethylene
polymerization, syndiospecific styrene polymerization, and co-
polymerization of ethylene with 1-hexene, styrene and with
norbornene (NBE) in the presence of MAO cocatalyst. The
results through this study are summarized as follows.
(1) A series of half-titanocenes containing pyrazolato ligands

(1a-d, 2a-c, 3a-c), especially 3a-c, have been pre-
pared and identified. On the basis of X-ray crystallo-
graphic analyses, it was revealed that the pyrazolato
ligands are coordinated in η2-N,N0 fashion with relatively
similar Ti-N bond lengths and that both the bond
distances and the angles are influenced by the ligand
substituents (Cp0 and pyrazolato).

(2) These complexes exhibited from moderate to high cata-
lytic activity for ethylene polymerization; the Cp* analo-
gues, especially 2a,b, exhibited high catalytic activities
(8000-9600 kg-PE/mol-Ti 3 h, ethylene 6 atm in toluene

Figure 4. Plots of Mn, Mw/Mn vs polymer yields in ethylene/styrene
copolymerization by (tert-BuC5H4)TiCl2(3,5-

iPr2C3HN2) (3c) -
MAO catalyst system (ethylene 4 atm, 25 �C). Conditions: styrene/
toluene =5.0/25.0 mL ((, )), 10.0/20.0 mL (b, O), 15.0/15.0 mL
(9, 0). Detailed results are shown in Table 9.

Table 10. CopolymerizationofEthylenewithNorbornene(NBE)
by Cp0TiCl2(3,5-R2C3HN2) [Cp0 = Cp (1), Cp* (2), tBuCp (3);
R = H (a), Me (b), iPr (c), Ph (d)] -MAO Catalyst Systemsa

run

complex

(μmol)

MAO/

mmol

yield/

mg activityb Mn
c � 10-4 Mw/Mn

c

80 1a (0.15) 5.0 153 6120 82.8 2.77

81 1b (0.3) 4.0 90 1800 71.9 3.59

82 1c (0.3) 4.0 181 3620 77.2 3.53

83 1d (0.3) 2.0 156 3120 76.8 3.54

84 2a (0.5) 2.0 150 1810 3.74 4.56d

85 2b (1.0) 2.0 144 860 3.39 5.09d

86 2c (1.0) 2.0 181 1090 3.24 5.82d

87 3a (2.5) 4.0 149 360 - -
88 3b (2.5) 3.0 69 110 - -
89 3c (0.25) 1.0 215 5170 126 2.32

aConditions: toluene 30 mL, NBE 0.5 mmol/mL, d-MAO (prepared by
removing toluene and AlMe3 from ordinary MAO), ethylene 5 atm, 25
�C, 10 min. bActivity = kg-polymer/mol-Ti 3 h.

cGPC data in o-
dichlorobenzene vs polystyrene standards. dHigh molecular weight
shoulder was observed in small amount in the GPC trace.

Table 11. Copolymerization of Ethylene with Norbornene (NBE) by CpTiCl2(3,5-C3H3N2) (1a), (tert-BuC5H4)TiCl2-
(3,5-iPr2C3HN2) (3c) -MAO Catalyst Systemsa

run complex (μmol) NBE/mol/L ethylene/atm MAO/mmol yield/mg activityb Mn
c � 10-4 Mw/Mn

c Tg (Tm)
d/�C contente/mol %

90 1a (0.3) 0.1 5 5.0 88 1760 91.9 2.41 36.6 (119.8)

80 1a (0.15) 0.5 5 5.0 153 6120 82.8 2.77 43.8 (108.6) 25.5

91 1a (0.3) 1.0 5 5.0 142 2840 5.44 1.67 130.3 42.6

92 1a (1.0) 0.5 2 5.0 42 250 1.58 2.33 160.5 50.4

93 3c (0.5) 0.1 5 1.0 184 2210 158 1.71 -6.7 (57.9) 11.3

89 3c (0.25) 0.5 5 1.0 215 5170 126 2.32 87 37.2

94 3c (0.25) 0.75 5 1.0 182 4370 83.3 2.39 104.6 40.6

95 3c (0.25) 1.0 5 1.0 145 3470 89.2 2.63 117.6 43.9

96 3c (1.0) 0.5 2 1.0 186 1120 53.8 2.57 145.1 50.1

97f 3c (1.0) 0.5 0 1.0 14 10 100
aConditions: toluene 30 mL, d-MAO (prepared by removing toluene and AlMe3 from ordinary MAO), 25 �C, 10 min. bActivity = kg-polymer/mol-
Ti 3 h.

cGPC data in o-dichlorobenzene vs polystyrene standards. dGlass transition (or melting) temperature by DSC thermograms. eComonomer
content estimated by 13C NMR spectra. fTime 60 min.
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at 25 �C) affording the polymer with unimodal molecular
weight distributions. However, the activities decreased
upon the presence of 1-hexene, except in the copolymer-
ization by 3c. The ethylene/1-hexene copolymerizations
by 2a,3a,c-MAO catalyst systems afforded the copoly-
mers with unimodal molecular weight distributions, but
the 1-hexene incorporations were not so efficient as those
by the Cp0-aryloxo analogues, exemplified as Cp*TiCl2-
(O-2,6-iPr2C6H3),

25 and the Cp0-ketimide analogues,
exemplified as CpTiCl2(NdCtBu2).

26

(3) Both the Cp analogue (especially 1b,c) and the tert-BuCp
analogues (3a-c) exhibited high catalytic activities for
syndiospecific styrene polymerization, and the facts in-
dicate that the efficient catalyst precursors for the ethy-
lene polymerization can be tuned for the efficient catalyst
precursors for the syndiospecific styrene polymerization
by simple replacement of the cyclopentadienyl fragment,
as previously demonstrated by the Cp-aryloxo,9a amide,19

and phenoxy-imine15n analogues.
(4) The ethylene/styrene copolymerization using the tert-

BuCp-diisopropyl analogue (3c) -MAO catalyst sys-
tem proceeds in a living manner, irrespective of the
styrene concentration employed (in toluene at 25 �C).
Although the styrene incorporation is no so efficient as
that in the Cp*-ketimide analogues,9c,d the present
results are still one of the limited examples in the
successful living copolymerization. It was suggest that a
certain degree of the styrene insertion inhibited the chain
transfer in this catalysis.9d

(5) The tert-BuCp-diisopropyl analogue (3c) -MAO cata-
lyst system exhibited relatively high catalytic activity for
the ethylene/NBE copolymerization with efficient NBE
incorporation, affording high molecular weight copoly-
mers with unimodal molecular weight distributions. The

efficiency in the NBE incorporation by 3c is higher than
that by theCp-ketimide analogue, CpTiCl2(NdCtBu2),

10c

and it is thus clear that 3c is one of the promising catalyst
precursors for the copolymerization, especially in terms of
efficient NBE incorporation.

These results clearly suggest that the Cp0-pyrazolato analo-
gues presented here are one of the good catalyst precursors for
the ethylene (co)polymerization. Moreover, it is also demon-
strated that the precise ligand modifications of both cyclopenta-
dienyl fragment and the anionic donor ligand (substuents in the
pyrazolato ligand) are the key for the successful (co)polymeriza-
tion with remarkable catalytic activity as well as with efficient
comonomer incorporation. As emphasized previously,5b,c this is
one of the unique characteristics for using nonbridged half-
titanocenes as the catalyst for olefin polymerization, and we
believe that the facts introduced here should be important for
designing the more efficient catalyst for the precise olefin
polymerization. We are exploring the more efficient catalysts
by modification of the anionic donor ligands and we hope that we
will establish the origin of the ligand effect for the efficient
comonomer incorporation in the near future.

’EXPERIMENTAL SECTION

General Procedures. All experiments were carried out under a
nitrogen atmosphere in a VacuumAtmospheres drybox unless otherwise
specified. All chemicals used were of reagent grade and were purified by
the standard purification procedures. Anhydrous grade tetrahydrofuran,
diethyl ether, n-hexane, dichloromethane, and toluene (Kanto Chemical
Co., Inc.) were transferred into bottles containing molecular sieves
(mixture of 3 Å 1/16 and 4 Å 1/8, and 13X 1/16) under a nitrogen
stream in the drybox andwere used without further purification. Reagent
grade pyrazole, 3,5-dimethylpyrazole, 3,5-diisopropylpyrazole, 3,5-di-
phenylpyrazole were purchased from Wako Pure Chemical Ind., Ltd.,
and were used as received. (tert-BuC5H4)TiCl3 was prepared according
to our previous report.22b CpTiCl2(3,5-R2C3HN2) [1a-d; R = H (a),
Me (b), iPr (c), Ph (d)], Cp*TiCl2(3,5-R2C3HN2) (2a-c) were also
prepared according to our previous report.13 Li(C3H3N2), Li(3,5-Me2-
C3HN2), Li(3,5-

iPr2-C3HN2) were prepared according to our previous
report.13 Ethylene for polymerization was of polymerization grade
(purity >99.9%, Sumitomo Seika Co., Ltd.) and was used as received.

Figure 6. Plots of NBE content in poly(ethylene-co-NBE)s vs molar
ratios of the initial concentration, [NBE]0/[E]0, in ethylene/NBE
copolymerization by (tert-BuC5H4)TiCl2(3,5-

iPr2C3HN2) (3c) -
MAO catalyst system. Detailed results are shown in Table 11, and the
data by CpTiCl2(NdCtBu2) (Cp-Ket),10c [Me2Si(C5Me4)(N

tBu)]-
TiCl2 (CGC)

10a are cited from our previous reports.

Figure 5. 13CNMR spectra in the poly(ethylene-co-NBE)s prepared by
3c-MAO catalyst system (in 1,2,4-trichlorobenzene/C6D6 at 110 �C,
Table 11). Conditions: NBE 0.5 M in toluene, MAO 1.0 mmol, 25 �C,
10 min, (a) ethylene 5 atm (3c, 0.25 μmol, run 89); (b) ethylene 2 atm
(3c, 1.0 μmol, run 95).
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Elemental analyses were performed by using a PE2400II Series (Perkin-
Elmer Co.).

All 1H and 13C NMR spectra were recorded on a JEOL JNMLA400
spectrometer (399.65 MHz, 1H; 100.40 MHz, 13C). All deuterated
NMR solvents were stored over molecular sieves under a nitrogen
atmosphere, and all chemical shifts are given in ppm and are referenced
to residual solvent peaks. Molecular weights and molecular weight
distributions for the polyethylene samples were measured by gel
permeation chromatography (Tosoh HLC-8121GPC/HT) using a
RI-8022 detector (for high temperature, Tosoh Co.) with a polystyrene
gel column (TSK gel GMHHR-H HT � 2, 30 cm �7.8 mm i.d.),
ranging from <102 to <2.8 � 108 MW) at 140 �C using o-dichlor-
obenzene containing 0.05% w/v 2,6-di-tert-butyl-p-cresol. The molecu-
lar weight was calculated by a standard procedure based on the
calibration with standard polystyrene samples.
Synthesis of (tert-BuC5H4)TiCl2(C3H3N2) (3a). Into an Et2O solution

(10 mL) containing (tert-BuC5H4)TiCl3 (274 mg, 1.0 mmol), Li-
(C3H3N2) (85 mg, 1.15 mmol)13 was added at-30 �C. The reaction
mixture was stirred for 16 h at 25 �C followed by addition of a small
amount of CH2Cl2 (0.5 mL). The reaction mixture was filtered
through a Celite pad using a glass filter. The filtercake was washed
with Et2O, and the combined filtrate and the washings were taken to
dryness under reduced pressure to give a solid red residue. The
residue was dissolved in a minimum amount of CH2Cl2 and layered
with hexane. The chilled solution (-30 �C) afforded red microcrys-
tals. Yield: 77 mg (25%). 1H NMR (C6D6): δ 1.00 (s, 9H, tert-Bu),
6.06 (t, 2H, J = 1.75 Hz, tert-BuC5H4), 6.20 (t, 2H, J = 1.75 Hz, tert-
BuC5H4), 6.30 (s, 1H, NCHCH), 7.22 (s, 1H, NCHCH). 13C NMR
(C6D6): δ 30.9 (tert-Bu), 34.1 (tert-Bu), 119.3, 119.6, 120.9, 121.2,

150.8. Anal. Calcd for C12H16Cl2N2Ti: C, 46.94; H, 5.25; N, 9.12.
Found: C, 47.27; H, 5.49; N, 9.06.

(tert-BuC5H4)TiCl2(3,5-Me2-C3HN2) (3b). The synthetic procedure of
2 was the same as that for 1 except that lithium salt of 3,5-dimethylpyr-
azole (118 mg, 1.15 mmol) was used in place of Li(C3H3N2). Yield: 136
mg (41%). 1H NMR (CDCl3): δ 1.01 (s, 9H, tert-Bu), 2.02 (s, 6H,Me),
5.97 (s, 1H, NCCH), 6.18 (t, 2H, J = 1.75 Hz, tert-BuC5H4), 6.32 (t, 2H,
J = 1.75 Hz, tert-BuC5H4).

13C NMR (CDCl3): δ 12.6 (Me), 30.9 (tert-
Bu), 33.9 (tert-Bu), 118.8, 119.7, 120.5, 147.0, 149.9. Anal. Calcd for
C14H20Cl2N2Ti: C, 50.18; H, 6.02; N, 8.36. Found: C, 50.57; H, 6.10;
N, 8.32.

(tert-BuC5H4)TiCl2(3,5-
iPr2C3HN2) (3c). The synthetic procedure of 3

was the same as that for 1 except that lithium 3,5-diispropylpyrazolato
(182 mg, 1.15 mmol) was used in place of Li(C3H3N2). Yield: 136 mg
(35%). 1HNMR (CDCl3): δ 1.15 (s, 9H, tert-Bu), 1.21 (d, 12H, J = 4.25
Hz,Me), 2.86 (sep, 2H, J = 4.25 Hz, CHMe2), 6.08 (t, 2H, J = 1.75 Hz,
tert-BuC5H4), 6.26 (s, 1H, NCCH), 6.36 (t, 2H, J = 1.75 Hz, tert-
BuC5H4).

13C NMR (CDCl3): δ 23.0 (CHMe2), 28.0 (CHMe2), 31.0
(tert-BuC5H4), 34.2 (tert-BuC5H4), 114.9, 119.1, 119.6, 150.4, 157.6.
Anal. Calcd for C18H28Cl2N2Ti: C, 55.26; H, 7.21; N, 7.16. Found: C,
55.72; H, 7.66; N, 7.17.
Crystallographic Analysis. Yellow or orange block microcrystals

which are suited for the crystallographic analysis were grown from the
chilled CH2Cl2 solution layered by n-hexane (-30 �C). All measure-
ments were made on a Rigaku RAXIS-RAPID Imaging Plate diffract-
ometer with graphite monochromated Mo KR radiation. The selected
crystal collection parameters are listed in Table 12, and the detailed
results were described in the reports in the Supporting Information. All
structures were solved by direct methods32 and expanded using Fourier

Table 12. Crystal Data and Collection Parameters of CpTiCl2(3,5-
iPr2C3HN2) (1c), CpTiCl2(3,5-Ph2C3HN2) (1d), Cp*TiCl2-

(3,5-iPr2C3HN2) (2c), (tert-BuC5H4)TiCl2(3,5-Me2C3HN2) (3b), (tert-BuC5H4)TiCl2(3,5-
iPr2C3HN2) (3c)

1c 1da 2cb 3b 3c

formula C14H20N2Cl2Ti C20H11Cl2N2Ti C19H26Cl2N2Ti C14H20N2Cl2Ti C18H28N2Cl2Ti

formula weight 335.13 398.13 401.23 335.13 391.24

crystal color, habit yellow, block orange, block orange, block yellow, block orange, block

crystal size (mm) 0.28 � 0.20 � 0.14 0.25 � 0.15 � 0.10 0.20 � 0.12 � 0.10 0.10 � 0.10 � 0.03 0.12 � 0.10 � 0.07

crystal system monoclinic orthorhombic monoclinic triclinic monoclinic

space group P21/c (no. 14) Pbca (no. 61) P21/c (no. 14) P-1 (no. 2) C2/c (no. 15)

a (Å) 12.4924(2) 14.6060(3) 6.6940(3) 6.6559(4) 30.9170(8)

b (Å) 15.1082(3) 12.1974(3) 17.8966(7) 10.1468(5) 10.5621(3)

c (Å) 25.6216(5) 20.7330(4) 17.2184(7) 11.8754(6) 12.0811(3)

R (deg) 88.7370(15)

β (deg) 96.8486(7) 93.321(2) 83.4290(16) 92.5986(9)

γ (deg) 79.4303(15)

V (Å3) 4801.25(15) 3693.7(2) 2059.3(2) 783.22(7) 3941.00(18)

Z value 12 8 4 2 8

Dcalcd (g/cm
3) 1.391 1.432 1.294 1.421 1.319

F000 2088.00 1608.00 840.00 348.00 1648.00

temp (K) 123 123 123 123 123

μ(Mo KR) (cm-1) 8.567 7.561 6.777 8.753 7.061

no. of reflections measured 38 819 28 278 16 689 6448 14 607

no. of observations (I > 2.00σ(I)) 8747 3362 3734 2844 3594

no. of variables 515 221 235 173 209

R1 (I > 2.00σ(I)) 0.0256 0.0382 0.0346 0.0247 0.0283

wR2 (I > 2.00σ(I)) 0.0660 0. 1054 0.1039 0.0701 0.0748

goodness of fit 1.050 1.051 1.099 1.126 1.097
a For analysis of 1d, five hydrogen atoms on the cyclopentadienyl ligand were eliminated due to partially disordered carbons in the cyclopentadienyl
ligand (probably due to rapid rotation). b For analysis of 2c, four hydrogen atom on the isopropyl group (C16 and C14) were eliminated due to a
disordered methyl carbon (probably due to flexible nature). The structure reports including CIF files are shonw in the Supporting Information.16
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techniques,33 and the non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were included but not refined. All calculations were
performed using the Crystal Structure34 crystallographic software pack-
age except for refinement, which was performed using SHELXL-97.35

Detailed analysis data including the collection parameters, CIF files, and
the structure reports are shown in the Supporting Information. Five
hydrogen atoms in the cyclopentadienyl ligand in 1dwere not placed on
the analysis due to disordered carbons on the Cp; four hydrogen atoms
in the isopropyl group were not placed in the analysis of 2c due to a
disordered methyl carbon in an isopropyl group in the pyrazolato ligand.
Ethylene Polymerization. Ethylene polymerizations were con-

ducted in toluene by using a 100 mL scale autoclave. Solvent (29.0 mL)
and prescribed amount of MAO white solid, prepared by removing
toluene and AlMe3 from commercially available MAO (PMAO-S,
Tosoh Finechem Co.), were charged into the autoclave in the drybox,
and the apparatus was placed under ethylene atmosphere (1 atm). After
the addition of a toluene solution (1.0 mL) containing a prescribed
amount of complex via a syringe, the reaction apparatus was pressurized
to 5 atm (total 6 atm), and the mixture was stirred magnetically for 10
min. After the above procedure, ethylene was purged, and the mixture
was then poured into MeOH (150 mL) containing HCl (10 mL). The
resultant polymer was collected on a filter paper by filtration and was
adequately washed with MeOH and then dried in vacuo.
Syndiospecific Polymerization of Styrene. Styrene (10 mL)

and the prescribed amount of MAO solid were added into the round-
bottom flask in the drybox at room temperature (25 �C). A toluene
solution (1.0 mL) containing prescribed amount of complex was then
added into the autoclave, and the mixture was magnetically stirred for 10
min. The mixture was then taken out from the drybox, and was quickly
terminated by adding EtOH (ca. 3 mL). The mixture was then poured
into EtOH (50 mL) containing HCl (5 mL). The resultant polymer was
collected on a filter paper by filtration, and was adequately washed with
EtOH, and was then dried in vacuo. According to the previous report,9a

the resultant polymer mixture was separated into two fractions, and
atactic polystyrene prepared only by MAO itself was extracted with
acetone; syndiotactic polystyrene prepared by titanium complexes-
MAO catalyst was isolated as the acetone insoluble fraction.
Copolymerization of Ethylene with 1-Hexene, Styrene,

Norbornene. Experimental procedures for the copolymerization of ethy-
lene with norbornene were the same as those for the ethylene polymerization
described above except that prescribed amount of norbornene was added into
an autoclave. Experimental procedures for the ethylene/1-hexene and ethy-
lene/styrene copolymerizations were the same as those for the ethylene
polymerizations except that a prescribed amount of 1-hexene or styrene was
charged and the total volume of toluene and 1-hexene was set to 30 mL.

According to the previous report,9 the resultant polymer mixture in
the ethylene/styrene copolymerization might be separated into three
fractions, and atactic polystyrene which was prepared only by MAO was
extracted with acetone. Poly(ethylene-co-styrene) was extracted with
tetrahydrofuran (THF), and polyethylene and/or syndiotactic polystyr-
ene which were the byproduct in this reaction was separated as THF
insoluble fraction. The basic experimental procedure is as follows:

The polymer sample obtained in the copolymerization experiment
was added into a round-bottom flask containing acetone equipped with a
reflux condenser, and the mixture was refluxed for 6 h to separate
acetone soluble and insoluble fraction. The acetone insoluble fraction
was then dried in vacuo, and was added into a round-bottom flask
containing THF equipped with a reflux condenser, and the mixture was
refluxed for 6 h to separate THF soluble and insoluble fractions.
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