
A

d
f
f
c
o
©

K

C

1

s

1
d

Journal of Molecular Catalysis A: Chemical 267 (2007) 1–29

Review

Nonbridged half-metallocenes containing anionic ancillary donor ligands:
New promising candidates as catalysts for precise olefin polymerization

Kotohiro Nomura ∗, Jingyu Liu, Sudhakar Padmanabhan, Boonyarach Kitiyanan
Graduate School of Materials Science, Nara Institute of Science and Technology, 8916-5 Takayama, Ikoma, Nara 630-0101, Japan

Received 26 September 2006; received in revised form 27 October 2006; accepted 1 November 2006
Available online 10 November 2006

bstract

Recent examples for synthesis of group 4 transition metal (Ti, Zr, Hf) complexes, especially nonbridged half-metallocenes containing anionic
onor ligands of the type, Cp′MX2(L) (Cp′ = cyclopentadienyl group; M = Ti, Zr, Hf; X = halogen, alkyl etc.; L = anionic donor ligands), as catalysts
or precise olefin polymerization have been reviewed. It has been revealed that these complex catalysts displayed unique characteristics especially

or ethylene copolymerizations and some examples are known to produce new polyolefins that cannot be prepared by ordinary catalysts such as
lassical Ziegler–Natta, metallocenes. Modification of both cyclopentadienyl fragment and anionic ancillary donor ligands are the key for precise
lefin (co)polymerization.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Polyolefin has been one of the most important commercial
ynthetic polymers in our daily life, and the market capacity

∗ Corresponding author. Tel.: +81 743 72 6041; fax: +81 743 72 6049.
E-mail address: nomurak@ms.naist.jp (K. Nomura).

i
p
c
w
o
l
u
a

381-1169/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2006.11.006
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

s still increasing even in the conventional polyolefins such as
olyethylene (HDPE, LLDPE), polypropylene (PP). Recently,
onsiderable attention has been paid to produce new polyolefins
ith specified function such as optical materials by COC (cyclic
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
lefin copolymer), alternatives for poly(vinyl chloride) by ethy-
ene/styrene copolymer and others. This is also due to that the
se of polyolefins should be considered (especially from the
spect of contribution in the reduction of undesirable by-product
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Scheme 1. Explanative drawings that bridged metallocenes show better
comonomer incorporations than unbridged metallocenes in ethylene/�-olefin
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nd/or waste), because the recycling should be easier than the
ther specified polymers and the monomer synthesis step should
e shorter than the other functionalized monomers. It is highly
elieved that the design of efficient transition metal complex cat-
lysts that precisely control olefin coordination polymerization
s the key for evolution of new polyolefins that have never been
repared by conventional catalysts. Therefore, research concern-
ng design of efficient transition metal complex catalysts for
ontrolled precise olefin polymerization have attracted consid-
rable attention not only in the field of catalysis, organometallic
hemistry, but also in the field of polymer chemistry [1–9].
ecent progress in the newly designed catalysts has offered

he new possibility for evolution of new polymers, as described
elow [1–9].

It has been highly believed that the important key issues
or a successful design of an efficient transition metal catalyst
or ethylene (co)polymerizations are as follows: (a) catalytic
ctivity, (b) molecular weight and molecular weight distri-
ution, (c) comonomer (e.g. �-olefin, styrene, cyclic olefins,
tc.) incorporation, (d) others such as branching (short, long),
tructure/performance relationship. In particular, the catalysts
xhibiting both better comonomer incorporations and remark-
ble catalytic activities are potentially important, because new
olymers would be prepared by the copolymerization with new
onomers (like so called traditionally unreactive comonomer

n transition metal catalyzed coordination polymerization) in
ost cases. It has been reported that bridged (ansa) metallocene-

ype complexes show better comonomer incorporation than the
onbridged (unbridged) analogues in ethylene/�-olefin copoly-
erization [1], although both steric and electronic factors were

ffected toward the catalytic activity and molecular weight for
esultant polymers in ethylene polymerization by substituted zir-
onocenes [10]. The fact has been explained as that the bridged
etallocenes possess rather large coordination space compared

o the nonbridged analogues, allowing better accessibility for

rather) bulky �-olefins (Scheme 1) [1–4,11–12].

It has been well known that the linked amido-cyclopen-
adienyl titanium complex catalysts, so called “constrained
eometry catalyst (CGC)”, showed efficient comonomer incor-

c
s
b
c

Scheme 2. Linked (amido)(cyclopentadienyl)titanium co
opolymerization due to the more open space for coordination of bulky
omonomer [1].

oration (Scheme 2) [4–5,13]. This complex was designed
ccording to the analogous scandium complex reported by
ercaw et al. [14], and the reason for better comonomer

ncorporation has been explained as that the bridge constrains
ore open Cp Ti N bond angle offering better comonomer

ncorporation by allowing improved accessibility for (rather)
ulky �-olefin comonomers [4–5]. As summarized in Table 1
15,16], the efficiency in �-olefin in ethylene/�-olefin copoly-
erization can be evaluated by rE values (rE = kEE/kEO,
= ethylene, O = 1-octene, etc.) in the copolymerization of ethy-

ene with �-olefin such as 1-hexene, 1-octene, and the rE value
ecreases in the order: Cp2ZrCl2 � rac-Me2Si[benz(e)Ind]2
rCl2 > [Me2Si(C5Me4)(NtBu)]TiCl2. These facts clearly sup-
ort the above assumption that “the bridge constrains more open
oordination sphere for bulky �-olefins,” although recent results
uggested that coordination sphere is not the exclusive factor for
he better comonomer incorporation [17–19]. The rE values were
ependent upon the polymerization temperature, whereas the
E · rO values were ca. 1.0, indicating that these copolymeriza-
ion proceed in a random manner (or comonomer incorporations
ere random) [1–5,19].
Recently, nonbridged half-metallocene type group 4 tran-

ition metal complexes of the type, Cp′M(L)X2 (Cp′ =

yclopentadienyl group; M = Ti, Zr, Hf; L = anionic ligand
uch as OAr, NR2, N CR2, N PR3, etc.; X = halogen, alkyl),
ecome one of the promising candidates for new efficient
atalysts for precise olefin polymerization [20–24]. This is

mplex, constrained geometry catalyst (CGC) [13].
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Table 1
Typical rE and rO values in ethylene/1-octene copolymerization using various group 4 transition metal catalystsa

Complexes Temperature (◦C) rE rO rE · rO

Cp2ZrCl2b 40 32.8 0.05 1.17
rac-Me2Si(Ind)2ZrCl2b 40 18.9 0.014 0.27
rac-Me2Si(Benz[e]Ind)2ZrCl2b 40 10.7 0.076 0.81
rac-Me2Si(2-MeBenz[e]Ind)2ZrCl2b 40 10.1 0.118 1.2
rac-Me2Si(2-MeBenz[e]Ind)2ZrCl2c 40 8.16 0.14 1.14
[Me2Si(C5Me4)(NtBu)]TiCl2b 40 4.1 0.29 1.19
rac-Me2Si(2-MeBenz[e]Ind)2ZrCl2c 0 4.71 0.22 1.06
rac-Me2Si(2-MeBenz[e]Ind)2ZrCl2c 20 6.45 0.18 1.14
rac-Me2Si(2-MeBenz[e]Ind)2ZrCl2c 40 8.16 0.14 1.14
rac-Me2Si(2-MeBenz[e]Ind)2ZrCl2c 60 10.61 0.1 1.11

a Conditions: in toluene, rE × rO = 4[EE][OO]/[EO]2, rE = kEE/kEO = [O]0/[E]0 × 2[EE]/[EO + OE], rO = kOO/kOE = [E]0/[O]0 × 2[OO]/[EO + OE] ([E]0, [O]0: ini-
t
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etc., Scheme 5), became one of the promising candidates as the
efficient catalysts [20–24], because this type of complex cata-
lysts displayed unique characteristics as the catalysts producing
ial monomer concentration).
b Cited from Ref. [15].
c Cited from Ref. [16].

ecause, as described below, that this type of complex cata-
yst has exhibited unique characteristics especially for ethylene
co)polymerizations affording new polymers that have never
een prepared by conventional Zigler–Natta catalysts, by ordi-
ary metallocene type [1–4] and/or by so-called ‘constrained
eometry’ (linked Cp-amide) type catalysts [4–5]. The other
easons are that the synthesis is not so complicated (relatively
hort synthetic steps with relatively high yield), and the ligand
odification (sterically and/or electronically) should be eas-

er especially than the ordinary bridged half-metallocene type
omplexes. Moreover, due to the efforts in early studies for
rganometallic chemistry of bis(amide) complexes of the type
R2N)2MX2 [25], or chelate bis(amide) complexes [26–27],
any studies have been reported for design and synthesis of

o called “non-metallocene type” transition metal complexes as
atalysts for olefin polymerization [6]. In this article, group 4
alf-metallocenes containing anionic ancillary donor ligands of
ype, Cp′M(L)X2, as new promising candidates as efficient cat-
lysts for precise olefin polymerizations including our results
ave been reviewed.

. Nonbridged half-metallocenes

As described above, the linked (amide)(cyclopentadienyl)
itanium complex of type, [Me2Si(C5Me4)(NtBu)]TiCl2 (CGC),
xhibits both high catalytic activities and efficient comonomer
ncorporations for ethylene/�-olefin and ethylene/styrene
opolymerizations [4–5,13]. The resultant copolymers pos-
essed uniform comonomer distribution with relatively high
olecular weights with unique microstructures (long chain

ranching etc.) [4–5]. In contrast, it has also been known
hat nonbridged half-titanocenes such as Cp*Ti(OMe)3
Cp* = C5Me5) exhibits remarkable catalytic activity for syn-
iospecific styrene polymerization (Scheme 3) [28]. Moreover,
p*TiMe3 was also known to exhibit catalytic activities for
oth ethylene polymerization and styrene polymerization in the

resence of MAO or B(C6F5)3, and the resultant polystyrene
ossessed both atactic (via cationic mechanism) and syndiotac-
ic (via coordination insertion mechanism) stereo regularity and
he ratios were dependent upon the polymerization temperature S
29–31]; this catalyst also polymerizes isobutene not via coor-
ination insertion mechanism but via carbocationic mechanism
Scheme 4). No reports concerning efficient olefin polymeriza-
ion catalysts with this type had thus been reported [32,33].

We reported in 1998 that the half-titanocenes contain-
ng an aryloxo ligand of the type, Cp′TiCl2(OAr) (Cp′ =
yclopentadienyl group; OAr = aryloxo group), exhibited not
nly notable catalytic activities for olefin polymerization
20,21,34], but also for efficient 1-butene incorporation in
thylene/1-butene copolymerization [21]. Later, we reported
hat these complexes also showed significant catalytic activities
or syndiospecific styrene polymerization [35], whereas ordi-
ary olefin polymerization catalysts such as metallocenes, linked
alf-titanocenes showed low (or negligible) catalytic activities
or styrene polymerization, as shown in Scheme 3. Recently,
alf-metallocene type group 4 transition metal complexes con-
aining anionic donor ligand of the type, Cp′M(L)X2 (M = Ti,
r, Hf; L = OAr, NR2, N PR3, N CR2, etc.; X = halogen, alkyl,
cheme 3. Typical characteristics for olefin (styrene) polymerization catalysts.
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Scheme 4. Polymerization of isobutene initiated

ew polymers that had never been prepared by conventional
igler–Natta catalysts, by ordinary metallocene type [1–4]
nd/or so-called ‘constrained geometry’ type catalysts [4–5].

We demonstrated that the half-titanocenes containing an ary-
oxo ligand of the type, Cp′TiCl2(OAr) (OAr = aryloxy group),
isplayed the unique characteristics especially for copoly-
erization of ethylene with �-olefin [36], styrene [35a,37],

orbornene [38], and revealed that an efficient catalyst for
esired polymerization can be simply modified by replacement
f the cyclopentadienyl fragment, Cp′. More recently, we had
hown that efficient copolymerizations of ethylene with cyclo-
exene (CHE) [39], 2-methyl-1-pentene (2M1P) [40], and with
inylcyclohexane [41] had been achieved as the first exam-
les by using these complex catalysts. Moreover, these catalysts
howed favored repeated 1,2-insertion in polymerization of 1,5-
exadiene, affording polymers containing olefins in the side
hain with uniform distribution [42].

Selected examples for nonbridged half-metallocenes con-
aining anionic donor ligands, Cp′M(L)X2, are summarized
n Schemes 6 [20,21,35,37,38,43–64] and Scheme 7 [65–80].

any examples were known for synthesis of this type of
omplexes and for use as olefin polymerization catalysts, espe-

ially for ethylene polymerization. Some examples were known
o exhibit remarkable activities for ethylene polymerization,
r isospecific living polymerization of �-olefins, as described
elow.

cheme 5. Design for nonbridged half-titanocenes containing anionic donor
igands as the precise olefin polymerization catalysts.

p
[

d
r
v
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T
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*TiMe2(�-Me)B(C6F5)3 reported by Baird [29].

.1. Olefin polymerization by half-titanocenes containing
ryloxo ligands

It has been known that the ligand modification is very
mportant in order for metal catalyzed olefin polymerization to
roceed with remarkable catalytic activities. For example, as
hown in Scheme 8, both substituents on cyclopentadienyl and
ryloxo groups affected the catalytic activity for ethylene poly-
erization [20,21]. Cp*TiCl2(O-2,6-iPr2C6H3) (1a) exhibited

otable activities, and the activity by Cp′TiCl2(O-2,6-iPr2C6H3)
ncreased in the order: Cp′ = Cp* � 1,3-tBu2C5H3 > 1,3-

e2C5H3, tBuC5H4 � Cp. This seems the similar observation
or syndiospecific styrene polymerization using a series of
p′Ti(OMe)3 complexes [28c–e], and the similar explanation

hat the stabilization of the active site by more electron-donating
ubstituents is important for the high activity can be thus
ssumed. On the other hand, as also shown in Scheme 8, the
teric bulk of phenoxy ligand containing substituents in the 2,6-
osition should be very important for exhibiting the high activity.
e assumed that the steric bulk of aryloxo ligand stabilized the

atalytically active species under the polymerization conditions
n the presence of cocatalyst (to protect the probable accom-
anied reaction with Al alkyls, dissociation of the aryloxide)
20,21].

In order to explore the reason why both Cp* and 2,6-
iisopropylphenoxy ligand in 1a are prerequisite for the
emarkable activity in ethylene polymerization, we prepared
arious Cp and aryloxide analogues and determined the
tructures by X-ray crystallography [20,21,81]. As shown in
able 2, the bond angle (173.0◦) of Ti O C (phenoxy) for
p*TiCl2(O-2,6-iPr2C6H3) (1a), which was the most effective
atalyst precursor, is significantly different from those for the

ther Cp derivatives, Cp′TiCl2(O-2,6-iPr2C6H3) (Cp′ = Cp, 1,3-
Bu2C5H3, 163.0–163.1 ◦), we thus assumed that both Cp* and
he diisopropyl group sterically force the more open Ti O C
ond angle, which leads to more O → Ti � donation into Ti; this
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Scheme 6. Selected examples for nonbridged half-metallo

long with the more electron donating Cp* (as compared with
p, tBuCp, Me2Cp) stabilizes the active species, leading to the
igher activity [20,21].

Table 3 summarizes selected results for bond dis-
ances and angles in the various Cp*-aryloxide analogues,
p*TiCl2(OAr) [81–84]. It should be noted that the bond angles
f Ti O C (phenyl) the 2,6-diisopropylphenoxy analogues,
173.0, 174.6◦ for Ar = 2,6-iPr2C6H3, 2,6-iPr2-4-tBuC6H2,
espectively) were larger than those in the other Cp* deriva-

ives (155.5–162.3◦) except Cp*TiCl2(O-2,6-Ph2-3,5-tBu2C6H)
176.9◦) [84]. Although we assumed above [20,21] that both
p* and diisopropyl group ‘sterically’ force the more open
i O C bond angle, the bond angle for the di-tert-butyl ana-

t
e
t
b

ype group 4 complexes as olefin polymerization catalysts.

ogue was small (155.5◦). The similar large bond angle was
bserved in Cp*TiCl2(O-2,6-Ph2-3,5-tBu2C6H) whereas the
alue in Cp*TiCl2(O-2,6-Ph2C6H3) was rather small (160.6◦).
hese results might suggest that the unique bond angle would
e dependent upon the ligand set employed, and it is thus
uggested that the unique bond angles in Ti O C (phenyl)
ere affected by substituents in both cyclopentadienyl and

ryloxo ligands. 1-Hexene polymerization catalyzed by vari-
us Cp*TiCl2(OAr)–MAO catalyst systems were explored and

he phenoxide complexes possessing iPr group in 2,6-position
xhibited exceptionally high catalytic activities as assumed from
he above results (Table 4). The results suggest that the unique
ond angles in Ti O C (phenyl) affect the high catalytic activity
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Scheme 7. More recent examples for nonbridged half-metallocene type group 4 complexes as olefin polymerization catalysts.

Scheme 8. Effect of substituents on cyclopentadienyl and aryloxide ligands in ethylene polymerization (ethylene 4 atm, 60 ◦C, 1 h) [20,21].
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Table 2
Selected bond distances and angles for Cp′TiCl2(O-2,6-iPr2C6H3) [21]

Compound Cp′ Cp 1,3-tBu2C5H3 Cp*

Bond distances (Å)
Ti(1) Cl(1) 2.262(1) 2.2553(8) 2.305(2)
Ti(1) C(1) in Cp 2.282(8) 2.379(3) 2.367(7)
Ti(1) C(2) in Cp 2.299(5) 2.378(3) 2.345(7)
Ti(1) C(3) in Cp 2.325(5) 2.410(2) 2.368(7)
Ti(1) O(1) 1.760(4) 1.773(3) 1.772(3)

Bond angles (◦)
Cl(1) Ti Cl(2) 104.23(7) 103.46(3) 103.45(5)
Cl(1) Ti O(1) 102.53(9) 103.62(6) 99.1(2)
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Table 4
1-Hexene polymerization by Cp*TiCl2(O-2,6-R1

2-4-R2C6H2)–MAO catalyst
systems [81]a

R1, R2 Yield (mg) Activityb Mn
c (×10−4) Mw/Mn

c

Me, H 40 240 14.2 1.66
Me, Me 58 348 13.2 1.66
iPr, H 445 2670 46.1 1.42
iPr, tBu 448 2690 26.1 1.8
tBu, H 26 156 23.7 1.93
tBu, Me 36 216 28.4 1.63

a Polymerization conditions: 1-hexene 10 mL, n-hexane 10 mL, catalyst
0.5 �mol (complex 2.0 �mol/mL toluene), MAO (prepared by removing toluene
and AlMe3) 3.0 mmol, 25 ◦C, 20 min.

c
o
[
w
b
u
p
d
o
p
i
w
[
c
t
T
t

T
S

R

B

B

Cl(2) Ti O(1) 102.53(9) 98.57(6) 104.1(2)
Ti O C(6) in phenyl 163.0(4) 163.1(2) 173.0(3)

y more O → Ti � donation into the titanium, leading to stabilize
he catalytically active species for exhibiting the higher catalytic
ctivity.

Since the unique bond angle in Ti O C (phenyl) seems
o be originated from the ligand set (Cp* and 2,6-diisopro-
ylphenoxy), we prepared and determined the structures
p*Ti(X)(Y)(O-2,6-iPr2-4-R′C6H2) (X, Y = Cl, Cl, Me, Me,
e, CF3SO3, R′ = H or tBu) by X-ray crystallography [81,85].

he selected bond angles and distances are summarized in
able 5 and structures for Cp*TiMe2(O-2,6-iPr2C6H3) and
p*TiMe(CF3SO3)(O-2,6-iPr2C6H3) are shown in Fig. 1 [85].
lthough no significant differences in the bond distances were
bserved among these complexes, the bond angles in X Ti Y
ere influenced by the anionic ligands (X, Y), probably due to

he increased steric bulk of Me, CF3SO3 ligands compared to Cl.
t should be noted that the bond angles in Ti O C (phenyl) were
omewhat large in all cases (166.2–174.6◦), clearly suggesting
hat both Cp* and the 2,6-diisopropyl-substituted aryloxo ligand
orm the unique bond angle, leading to more O → Ti � donation

nto the titanium.

The observed catalytic activity was extremely low if
(C6F5)3 was used as the cocatalyst for 1-hexene polymeriza-

ion in the presence of Cp*TiMe2(O-2,6-iPr2C6H3) (1b)–AliBu3

t
B
C
d

able 3
elected bond distances and angles for Cp*TiCl2(O-2,6-R2-4-R′C6H2) [81]

, R′ Me, Ha Me, Meb iPr, Hc

ond distances (Å)
Ti(1) Cl(1) 2.273(6) 2.262(2) 2.305(2)
Ti(1) C(1) in Cp 2.329(3) 2.344(6) 2.367(7)
Ti(1) C(2) in Cp 2.341(2) 2.389(7) 2.345(7)
Ti(1) C(3) in Cp 2.398(2) 2.374(7) 2.368(7)
Ti(1) O(1) 1.785(2) 1.781(4) 1.772(3)

ond angles (◦)
Cl(1) Ti Cl(2) 103.3(2) 103.2(1) 103.45(5)
Cl(1) Ti O(1) 101.7(1) 102.0(1) 99.1(2)
Cl(2) Ti O(1) 101.7(1) 101.6(1) 104.1(2)
Ti O C(6) in phenyl 162.3(2) 162.1(4) 173.0(3)

a Cited from Ref. [82].
b Cited from Ref. [81].
c Cited from Ref. [21].
d Cited from Ref. [83].
e Cited from Ref. [84].
b Activity in kg polymer/mol Ti h.
c GPC data in THF vs. polystyrene standards.

atalyst system, although the significant catalytic activity was
bserved if [Ph3C][B(C6F5)4] was used in place of B(C6F5)3
85]. The polymerization took place in a quasi living manner
ith remarkably high catalyst efficiency even at −30 ◦C, when
oth [Ph3C][B(C6F5)4] and AliBu3 were used as cocatalysts
nder the optimized conditions. The resultant poly(1-hexene)
ossessed high molecular weight with narrow molecular weight
istribution (Mn = 1.87 × 106, Mw/Mn = 1.27) [86]. The reaction
f 1b with B(C6F5)3 in toluene-d8 afforded decomposed com-
ound, Cp*Ti(C6F5)[CH2B(C6F5)2](O-2,6-iPr2C6H3), (and/or
ntermediates) even at −70 ◦C, whereas no decomposition
as observed if the reaction of 1b was employed with

Ph3C][B(C6F5)4] [85]. The species generated from the reaction
onsumed 1-hexene exclusively even at −30 ◦C, suggesting that
he generated cationic Ti(IV) species play a role in this catalysis.
hese results well explained the effect of borate cocatalysts in

he 1-hexene polymerization.
Rothwell et al. also prepared CpTiMe2(OAr) complex con-
aining ortho-naphthylphenoxide ligand [84], and addition of
(C6F5)3 in benzene gave thermally unstable cationic complex,
pTiMe[(�-Me)B(C6F5)3](OAr) (2), which then gradually
ecomposed at ambient temperature to afford the neutral species,

iPr, tBud tBu, Hb Ph, Hd Ph, 3,5-tBu2
e

2.268(1) 2.2674(10) 2.2693(13) 2.258(1)
2.345(4) 2.359(4) 2.355(4) 2.340(3)
2.417(4) 2.375(3) 2.348(4) 2.369(3)
2.399(4) 2.370(3) 2.377(4) 2.420(3)
1.779(3) 1.804(2) 1.811(3) 1.804(2)

103.68(5) 98.10(4) 98.70(5) 100.44(4)
102.73(10) 103.22(6) 104.33(10) 103.68(7)
101.83(10) 103.22(6) 105.20(10) 104.34(7)
174.6(3) 155.5(2) 160.6(3) 176.90(19)
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Fig. 1. Structures for Cp*TiMe2(O-2,6-iPr2C6H3) (left) an

Table 5
Selected bond distances and angles for Cp*Ti(X)(Y)(O-2,6-iPr2C6H3) [81]

Compound/R′ Ha Hb Hb

X, Y Cl, Cl Me, Me Me, CF3SO3

Bond angles (◦)
Ti(1) Cl(1) or C in Me 2.305(2) 2.101(3) 2.093(8)
Ti(1) C(1) in Cp 2.367(7) 2.338(3) 2.346(6)
Ti(1) C(2) in Cp 2.345(7) 2.350(2) 2.377(6)
Ti(1) C(3) in Cp 2.368(7) 2.374(2) 2.353(6)
Ti(1) O(1) 1.772(3) 1.790(2) 1.778(4)

Bond distances (Å)
X Ti Y 103.45(5) 99.8(1)c 97.4(3)d

X Ti O(1), X = Cl or C in Me 99.1(2) 101.9(1)e 102.1(2)e

Y Ti O(1) 104.1(2) 102.9(1) 106.6(2)
Ti O C in phenyl 173.0(3) 168.7(1) 166.2(4)

a Cp*TiCl2(O-2,6-iPr2C6H3) cited from Refs. [20,21].
b Cp*TiMe(Y)(O-2,6-iPr2C6H3) (Y = Me, CF3SO3) cited from Ref. [85].
c Me Ti Me bond angle.
d Me Ti O in CF3SO3 bond angle.

C
e

2
v

c
(
[
e
t
b
I
t
c
t
they could observe in the syndiospecific styrene polymerization
e O(1) Ti C in Me bond angle. w
u
p

Scheme 9. Reaction of Cp′TiMe2
d Cp*TiMe(CF3SO3)(O-2,6-iPr2C6H3) (right) [85].

pTi(C6F5)[CH2B(C6F5)2](OAr) (3), followed by methane
limination (Scheme 9) [84].

.2. Olefin polymerization by half-titanocenes containing
arious anionic ancillary donor ligands

Roesky et al. reported the synthesis of both Cp′-amide
omplexes of the type, Cp*MX2[N(2,6-iPr2C6H3)(SiMe3)]
M = Zr, Hf; X = F, Cl) and bis(amide) complexes of the type,
(2,6-iPr2C6H3)(SiMe3)N]2MX2 in 1996 [44]. They attempted
thylene polymerization in the presence of MAO, and found that
he half-metallocene analogue would be more suited than the
is(anilide) analogues as the polymerization catalysts (Table 6).
n addition, Zr complexes exhibited higher catalytic activities
han the related Hf complexes, but the significant differences
ould not be observed between chlorides and fluorides, although
hey expected the improvement of the activity with fluoride as
ith Cp′TiX3–MAO catalysts [28g]. No data concerning molec-
lar weights and molecular weight distributions for the resultant
olyethylene were given.

(OAr) with B(C6F5)3 [84].
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Table 6
Ethylene polymerization with Cp*MX2[N(2,6-iPr2C6H3)(SiMe3)],
MX2[N(2,6-iPr2C6H3)(SiMe3)]2–MAO catalyst systems [44]a

Complex Al/Mb Activityc

Cp*ZrCl2[N(2,6-iPr2C6H3)(SiMe3)] 3000 476
Cp*HfF2[N(2,6-iPr2C6H3)(SiMe3)] 1000 6
Cp*ZrF2[N(2,6-iPr2C6H3)(SiMe3)] 3000 293
Cp*HfF2[N(2,6-iPr2C6H3)(SiMe3)] 1000 2
ZrCl2[N(2,6-iPr2C6H3)(SiMe3)]2 1000 13
HfCl2[N(2,6-iPr2C6H3)(SiMe3)]2 1000 Trace
ZrF2[N(2,6-iPr2C6H3)(SiMe3)]2 1000 9
HfF2[N(2,6-iPr2C6H3)(SiMe3)]2 1000 Trace

a Reaction conditions: toluene 100 mL, ethylene 1 atm, 30 min, 250 mL scale
a

i
c
(
[
d
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E
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utoclave.
b Molar ratio of Al/M.
c Activity in kg polymer/mol M h.

The observed catalytic activities for ethylene polymer-
zations with a series of Cp′TiCl2[N(2,6-Me2C6H3)(SiMe3)]

omplexes at 25 ◦C increased in the order: Cp′ = Cp*

902 kg PE/mol Ti h) > 1,3-Me2C5H3 (104), Cp (113) (Table 7)
45]. These results suggest that the introduction of electron-
onating group increases the activity. The activity by the

t
d
c
r

able 7
thylene polymerization by Cp′TiCl2[N(2,6-Me2C6H3)(R)]–MAO catalyst systems (

atalyst Cp′, R (�mol) Al/Tib Temperature (◦C) Y

p*, SiMe3 (1.0) 3000 25 4
p*, SiMe3 (1.0) 5000 25 4
e2Cp, SiMe3 (10.0) 500 25 5
e2Cp, SiMe3 (10.0) 500 40 1
p, SiMe3 (10.0) 500 25 5
p, SitBuMe2 (10.0) 500 25 6
p, SitBuMe2 (10.0) 500 40 2

a Polymerization conditions: toluene 30 mL, MAO (prepared by removing toluene
b Molar ratio of Al/Ti.
c In parantheses, the yield of low molecular weight oligomer oil (soluble in acidifie
d Activity = kg PE/mol Ti h.
e GPC data (acidified ethanol insoluble portion) in o-dichlorobenzene vs. polystyre
f Resultant PE was insoluble in hot o-dichlorobenzene.
g High molecular weight PE was also observed in a trace amount.
h Mixture of high and low molecular weight polymers.
i Bimodal molecular weight distribution consisted of Mw = 5.01 × 105, 2.19 × 103.

able 8
igand effect in ethylene polymerization by Cp′TiCl2[NR1R2] [Cp′ = Cp* and R1, R
2 = Me,Cy, Cy, Cy]–MAO catalyst systems [58]a

atalyst (�mol) Cp’; R1, R2 Al cocatalyst Al/Tib

p*; Me, Me (2.0) MAO 1500
p*; Me, Me (2.0) MAOc 1500
p*; Me, Me (2.0) MAOc 1500
p*; Me, Et (2.0) MAO 1500
p*; Me, Cy (1.0) MAO 3000
p*; Me, Cy (0.5) MAO 6000
,3-Me2Cp; Me, Cy (1.0) MAO 3000
,3-Me2Cp; Cy, Cy (1.0) MAO 3000

a Polymerization conditions: toluene 30 mL, MAO (prepared by removing toluene
b Molar ratio of Al/Ti.
c Commercially available MAO (contains AlMe3) was used.
d GPC data in o-dichlorobenzene vs polystyrene standards: Mw = 1.65 × 104, Mw/M
talysis A: Chemical 267 (2007) 1–29 9

p-SitBuMe2 analogue seemed somewhat higher than the Cp-
iMe3 analogue under the same conditions, and this trend

s similar to that observed for ethylene (co)polymerization
ith a series of [1,8-C10H6(NR)2]TiCl2 [R = SiMe3, SitBuMe2,
iiPr3]–MAO catalyst systems [26s,t,87]. The observed effect

n the anilide ligand for the activity would be thus explained by
n assumption that the stability of catalytically active species,
specially the stability of the N-alkylsilyl bond in the solution
nder these reaction conditions, affected the catalytic activity
45].

Cp*TiCl2(NMe2) exhibited moderate catalytic activity in
he presence of MAO (Table 8) [57], and the activity slightly
ecreased if the ordinary MAO was used in place of MAO
repared by removing AlMe3. The activity further decreased
ignificantly at 50 ◦C, and the decrease would be due to the
issociation of amide ligand from the metal center by reac-
ion with AlMe3. In contrast, Cp*TiCl2[N(Me)Cy] exhibited
otable catalytic activity for ethylene polymerization [58], and

he activity apparently increased at lower concentration con-
itions. The Me2Cp analogues also showed relatively high
atalytic activity for ethylene polymerization. The observed
esults in Cp*TiCl2[N(Me)Cy] suggest that the activity can be

R = SiMe3, Cp′ = Cp*, 1,3-Me2C5H3, Cp; R = SitBuMe2, Cp′ = Cp) [44]a

ieldc (mg) Activityd Mw
e (×10−4) Mw/Mn

e

35 870 Insolublef

51 902 Insolublef

18 104 0.19 2.00
40 28 0.18 2.01g

67 (373) 113 34.2h 198
84 (477) 137
57 (183) 51 28.4i 96.1

and AlMe3), ethylene 6 atm, 30 min.

d ethanol and extracted with chloroform).

ne standard.

2 = Me, Me, Me, Et, Me, Cy (Cy = cyclohexyl); Cp′ = 1,3-Me2C5H3 and R1,

Temparature (◦C) Activity (kg PE/mol Ti h)

25 1600
25 1430
50 180
25 1680
25 3980d

25 4540
25 1520
25 2000

and AlMe3) 3.0 mmol (Al), ethylene 6 atm, 10 min.

n = 2.88 and Mw = 6.79 × 105, Mw/Mn = 1.99 (small amount).
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Table 9
Ethylene polymerization with CpMCl2[OCR2-(2-C5H4N)]–MAO catalyst sys-
tems [46]a

Complex M; R Activityb Mw
c (×10−4) Mw/Mn

c

Ti; iPr 80 45.0 2.00
Ti; Ph 320 54.4 1.86
Zr; iPr 430 56.7 2.17
Zr; iPr 710 86.2 3.44
Zr; Ph 370 65.8 1.74

a Reaction conditions: toluene 450 mL, ethylene 75 psig (5.1 atm), 30 ◦C,
M
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AO (Al/M = 1000, molar ratio), 1000 mL scale autoclave.
b Activity in kg polymer/mol M h.
c GPC data in 1,2,4-trichlorobenzene vs. polyethylene standard.

uned only by replacing of one methyl group on the amide lig-
nd into cyclohexyl group. An assumption that introduction of
lectron-donating substituents into the amide group increases the
ctivity can be thus considered, because the observed activity
as higher than that reported by Cp*TiCl2[N(SiMe3)(2,6-
e2C6H3)] under the same conditions (1080 kg PE/mol Ti h)

45]. The effect of increased steric bulk with cyclohexyl group
ould also be considered, because the dissociation of amide

igand by Al alkyls would be disturbed by the steric bulk of
yclohexyl fragment.

Polymerization of ethylene by cyclopentadienyl-pyridylal-
oxide complex of type, CpMCl2[OCR2(2-NC5H4)], was
eported by Doherty and Errington [46]. The results are sum-
arized in Table 9. Stable polymerization profiles with little evi-

ence for catalyst decay were observed under these conditions,
nd the nature of R group affected the catalytic activity. The
ctivities observed here were relatively higher than that reported
y Chien and Rausch with [(C5Me4)(CH2)2(NMe2)]TiCl3
omplex–MAO catalyst system [28h,i], and a steric effect and/or
reater �-donation to the metal center by the oxygen atom in the
ore electron-rich alkoxide complexes was thus assumed for the

mproved catalytic activity.
Eisen et al. prepared bis(benzamidinato) titanium and zir-

onium complexes of the type, [PhC(NR)2]2MCl2 (M = Ti, Zr;
i i
= Pr, Cy), and [PhC(N Pr)2]2ZrCl2 showed moderate activ-

ty for ethylene polymerization in the presence of MAO [53].
lthough they also prepared [PhC(NR)2]Cp*MCl2 (M = Ti, Zr;
= iPr, Cy), but these complexes showed the lower activities

w
a
[
t

able 10
thylene polymerization with Cp*MCl2[R1

2P(NR2
2)2], [R1

2P(NR2
2)2]2MCl2, (M =

omplex Temperature (◦C)

pZrCl2[Et2P{N(SiMe3)2}] 50
pZrCl2[Et2P{N(SiMe3)2}] 70

Ph2P{N(p-tolyl)2}]2ZrCl2 50
Ph2P{N(p-tolyl)2}]2ZrCl2 70
Ph2P{N(p-tolyl)2}]2TiMe2 50
Ph2P{N(CH2Ph)2}]2TiMe2 50
Ph2P{N(p-tolyl)2}]2ZrMe2 50
Ph2P{N(p-tolyl)2}]2ZrMe2 70
Ph2P{N(CH2Ph)2}]2ZrMe2 70

a Reaction conditions: catalyst 10 �mol, toluene 500 mL, MAO (Al/M = 2000, mol
b Activity in kg polymer/mol M h.
c GPC data vs. polyethylene standard.
talysis A: Chemical 267 (2007) 1–29

53]. Sita et al. prepared various half-titanocenes containing
cetamidinato ligand of the type, Cp′TiMe2[NR1C(Me)NR2]
R1, R2 = Cy,Cy, tBu,2,6-Me2C6H3, tBu, Et, tBu, iPr,
Bu, Cy), and examined the ethylene polymerization in
he presence of MAO [55b]. The observed activity by
p*TiMe2[NCyC(Me)NCy] was low [22 kg PE/mol Ti h, 25 ◦C,
atm of ethylene, in toluene, Al/Ti = 80–90], and the activity
ith Cp*TiMe2[NtBuC(Me)N(2,6-Me2C6H3)] was extremely

ow (0.1 kg PE/mol Ti h) [55b].
Zirconium complexes containing iminophosphonamide lig-

nd of type, [R2P(NR′)2]2MCl2 and CpZrCl2[RP(NR′)2],
ere prepared by Collins et al. [54], and [Ph2P{N(4-
eC6H4)}2]2ZrCl2 and CpZrCl2[Et2P(NSiMe3)2] exhibited

igh catalytic activity for ethylene polymerization even at
elatively high temperature (Table 10). On the other hand,
is(iminophospnonamido)titanium(IV) complexes were about
0–100 time less active under these conditions. Although
he dimethyl complex was inactive for ethylene polymeriza-
ion in the presence of MAO under the same conditions,
otable increase in the activity was observed by the addition
f [Ph3C][B(C6F5)4] (5.30 × 103 kg PE/mol Zr h).

Stephan et al. focused on using sterically bulky phosphin-
mide ligand as the steric equivalent to cyclopentadienyl group
47], because the bulky ligand would provide environment ster-
cally/electronically similar to cyclopentadienyl fragment as
reviously noted by Dehnicke et al. [88]. They prepared series
f cyclopentadienyl-phophinimide titanium(IV) complexes of
ype, Cp′Ti(NPR3)X2, and explored effect of the substituents on
oth Cp′ and NPR3 groups for the catalytic activity in ethylene
olymerization (Table 11) [47a,d]. These complexes exhibited
emarkable activities for ethylene polymerization in the pres-
nce of MAO, and the activity improved with the combination
f borate compound, [Ph3C][B(C6F5)4]. Substituents on both
p′ and phosphinimide ligands play an essential role for exhibit-

ng the high activity, and use of N PCy3 ligand was effective.
he tert-BuCp analogues were more suited than the Cp ana-

ogues, suggesting that electron-donating substituents on Cp′
ncrease the catalytic activity. Analogous zirconium complexes

ere also prepared, but these complexes showed low catalytic

ctivities for ethylene polymerization in the presence of MAO
47c]. The activities by the zirconium analogues improved upon
he presence of [Ph3C][B(C6F5)4] cocatalyst [47e].

Ti, Zr)–MAO catalyst systems [54]a

Activityb (×10−3) Mn
c (×10−4) Mw/Mn

c

660
8900 9.3 2.45
7900 14.4 2.07
2500 7.9 3.55

55 3.5 1.67
101 2.9 2.02

6900 19 2.68
2900
2200 21.3 2.27

ar ratio), ethylene 75 psi (5.1 atm).
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Table 11
Ethylene polymerization by Cp′TiX2(N PR3) (Cp′ = Cp, tert-BuCp; X = Cl, Me; R = Cy, iPr, tBu)–cocatalyst systems [47a]a

Complex Cocatalyst Activityb Mw
c (×10−4) Mw/Mn

c

CpTiCl2(N PCy3) MAO 42 0.36 1.8
33.6 2.2

CpTiCl2(N PiPr3) MAO 49 1.87 2.8
57.9 2.4

CpTiCl2(N PtBu3) MAO 500 8.99 2.4
CpTiMe2(N PCy3) Ph3CB(C6F5)4 231 13.5 2.8
CpTiMe2(N PiPr3) Ph3CB(C6F5)4 225 16.4 3.4
CpTiMe2(N PtBu3) Ph3CB(C6F5)4 401 16.6 3.4

tBuCpTiCl2(N PCy3) MAO 46 0.74 2.1
89.4 3.4

tBuCpTiCl2(N PiPr3) MAO 16 0.76 1.9
91 2.5

tBuCpTiCl2(N PtBu3) MAO 881 6.54 2.4
tBuCpTiMe2(N PCy3) Ph3CB(C6F5)4 1807 31 7.5
tBuCpTiMe2(N PiPr3) Ph3CB(C6F5)4 1193 25.9 9.9
tBuCpTiMe2(N PtBu3) Ph3CB(C6F5)4 1296 32.1 12.3
tBuCpTiMe2(N PtBu3) MAO 853 5.56 2.3
[Me2Si(C5Me4)(NtBu)]TiCl2 MAO 630

a ◦ min, M
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Conditions: catalyst 0.01–0.03 mmol, toluene, ethylene 1 atm, 25 C, 0.5–3
b Activity in kg polymer/mol Ti h.
c GPC data vs. polyethylene standard.

Remarkably active, non-metallocene type titanium(IV) cat-
lyst, (tBu3P N)2TiMe2, had been developed by Stephan et
l. [47b] by replacing the cyclopentadienyl group into the
hophinimide ligand according to the above strategy (Table 12).
he observed activity would be the same as that by CGC,

Me2Si(C5Me4)(NtBu)]TiMe2, under both high pressure and
igh temperature [160 ◦C, 1500 psi (102 atm)] conditions.

DFT calculations of the mechanism of polymerization for
he series of catalyst models derived from CpTiMe2(N PR3)
R = Me, NH2, H, Cl, F) demonstrated the critical role of ion
airing in determining the overall barrier to polymerization, and
uggested that the ligands that incorporate electron-donating
ubstituents would reduce the barrier [47f]. The tris-amido-
hosphinimide analogues, Cp′TiX2[N P(NR2)3] (X = Cl, Me),
howed notable catalytic activities upon the presence of borate-
ased activators (Table 13), and the activity increased upon
ncreasing the steric bulk. Optimization of steric bulk and

lectronic characteristics to facilitate ion-pair separation and
rolonged catalyst lifetime were thus achieved, affording a read-
ly accessible and easily varied family of highly active catalysts.

t
m
t

able 12
thylene polymerization with (tBu3P N)2TiMe2–borate catalyst systems [47b]a

omplex (�mol) Activator Ethylene

tBu3P N)2TiMe2 (12.1) Ph3CB(C6F5)4 1 atm
tBu3P N)2TiMe2 (2.31) Ph3CB(C6F5)4 1500 psi
tBu3P N)2TiMe2 (0.58) Ph3CB(C6F5)4 1500 psi
Me2Si(C5Me4)(NtBu)]TiMe2 (2.31) Ph3CB(C6F5)4 1500 psi

a Reaction conditions: cyclohexane, 1–3 min, ethylene 1 atm or 1500 psi (102 atm).
b Activity in kg polymer/mol Ti h.
c GPC data vs. polyethylene standards.
AO (Al/Ti = 500, molar ratio) or Ph3CB(C6F5)4 (B/Ti = 2).

Generally, the substituents on Cp′ affect the catalytic activ-
ty [20,21,28c–e], because, as described above, the stabilization
f the catalytically active species can be achieved by more
lectron donation through the cyclopentadienyl fragmnent.
n contrast, no significant differences in the activities for
thylene polymerization using Cp′TiCl2(N CtBu2) [Cp′ = Cp,
ert-BuC5H4, Cp*] were observed (Table 14) [51a]. The activ-
ties by CpTiCl2(N CR2) were, however, strongly influenced
y the substituents in the ketimide ligands (Table 15) [49],
nd these results clearly indicate that modification of the
nionic ancillary donor ligands plays crucial role for exhibit-
ng the high catalytic activitiy. Although distinct differences
n the catalytic activities for ethylene polymerization with a
eries of the Cp′TiCl2(N CtBu2) were seen, the activities in
he 1-hexene polymerizations were highly dependent upon the
yclopentadienyl fragment employed, as shown in Table 16.
he polymerization by the Cp analogue, CpTiCl (N CtBu ),
2 2

ook place efficiently, and a first order relationship between the
onomer concentration and the reaction rate was seen based on

ime-course plots versus ln[M]/[M]0, strongly suggesting that

Temparature (◦C) Activityb Mw
c (×10−4) Mw/Mn

c

25 1,166
160 18,950
160 62,310 7.75 1.9
160 16,130 13.5 2.5
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Table 13
Polymerization testing of precatalysts, Cp′TiX2[NP(NR1R2)3] [47f]a

Precatalyst (�mol L−1) Cocatalyst Time (min) Activityb Mn
c (×10−4) Mw/Mn

c

CpTiCl2[N P(NMe2)3] (100) MAO 30 2.4 25.71 2.08
CpTiCl2[N P(NEt2)3] (100) MAO 30 26 12.99 3.57
CpTiCl2[N P{N(Me)iPr}3] (50) MAO 30 13 39.1 8.91
CpTiCl2[N P{N(Et)Ph}3] (50) MAO 30 150 13.55 4.61
Cp*TiCl2[N P(NMe2)3] (100) MAO 30 21 82.6 1.72
Cp*TiCl2[N P(NEt2)3] (100) MAO 30 39 9.01 1.65
Cp*TiCl2[N P{N(Me)iPr}3] (50) MAO 30 56 12.78 2.76
Cp*TiCl2[N P{N(Et)Ph}3] (50) MAO 30 200 12.61 4.02
CpTiMe2[N P(NMe2)3] (4) AliBu3/B(C6F5)3 10 2,200 31.5 2.05
CpTiMe2[N P(NEt2)3] (4) AliBu3/B(C6F5)3 10 3,500 39.4 1.91
CpTiMe2[N P(NPr2)3] (4) AliBu3/B(C6F5)3 10 5,500
CpTiMe2[N P(NBu2)3] (4) AliBu3/B(C6F5)3 10 3,600
CpTiMe2[N P{N(Me)iPr}3] (4) AliBu3/B(C6F5)3 10 3,600 38.86 1.85
CpTiMe2[N P{N(Et)Ph}3] (4) AliBu3/B(C6F5)3 10 4,200 43.25 1.92
Cp*TiMe2[N P(NMe2)3] (10) AliBu3/B(C6F5)3 10 1,200
Cp*TiMe2[N P(NMe2)3] (4) AliBu3/B(C6F5)3 10 4,200 14.08 4.92
Cp*TiMe2[N P(NEt2)3] (10) AliBu3/B(C6F5)3 10 2,000
Cp*TiMe2[N P(NEt2)3] (4) AliBu3/B(C6F5)3 10 4,700
Cp*TiMe2[N P(NPr2)3] (4) AliBu3/B(C6F5)3 10 10,000
Cp*TiMe2[N P(NBu2)3] (4) AliBu3/B(C6F5)3 10 6,100
Cp*TiMe2[N P{N(Me)iPr}3] (10) AliBu3/B(C6F5)3 10 2,100
Cp*TiMe2[N P{N(Me)iPr}3] (4) AliBu3/B(C6F5)3 10 4,900 28.81 2.14
Cp*TiMe2[N P{N(Et)Ph}3] (10) AliBu3/B(C6F5)3 10 2,300
Cp*TiMe2[N P{N(Et)Ph}3] (4) AliBu3/B(C6F5)3 10 4,200 32.46 2.03
Cp*TiMe2[N PiPr3](10) AliBu3/B(C6F5)3 10 1,600
Cp*TiMe2[N PiPr3] (4) AliBu3/B(C6F5)3 10 5,200 49.34 2.05
CpTiMe2[N PtBu3] (10) AliBu3/B(C6F5)3 10 2,900
CpTiMe2[N PtBu3] (4) AliBu3/B(C6F5)3 10 5,600 43.78 1.8
Cp2ZrMe2 (10) AliBu3/B(C6F5)3 10 3,500
Cp2ZrMe2 (4) AliBu3/B(C6F5)3 10 16,000 17.5 1.89

a Polymerization conditions: ethylene 2 atm at 30 ◦C, toluene 600 mL, stir rate = 1000 rpm, 500 equivalent of MAO, 2 equivalent of B(C6F5)3; 20 equivalent of
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liBu3.
b Activity in kg PE/mol Ti h atm.
c GPC data in o-dichlorobenzene.

he apparent decrease is due to the decrease in the 1-hexene
oncentration not due to the deactivation of catalytically active
pecies. As described below, although it is not clear enough to

xplain, and predict the effect of substituent on Cp′ toward the
esired polymerization, it is at least suggested that both Cp′ and
nionic donor ligand play an essential role for exhibiting the
emarkable catalytic activities.

n
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t

able 14
igand effect in ethylene polymerization by Cp′TiCl2(N CtBu2) (Cp′ = Cp, tBuC5H

p′ Al/Tib (×10−3) Ethylene (atm) Polymer

p 10 4 317
p 15 4 445
p 15 6 737

BuC5H4 10 4 379
BuC5H4 15 4 477
p* 10 4 443
p* 15 4 552

ndenyl 10 4 248
ndenyl 15 4 255

a Conditions: complex 0.2 �mol, toluene 40 mL, MAO white solid, 40 ◦C, 10 min.
b Molar ratio of Al/Ti.
c Activity in kg PE/mol Ti h.
d GPC data in o-dichlorobenzene vs. polystyrene standards.
Kretschmer and Hessen reported that half-titanocenes con-
aining 1,3-bis(xylyl)iminoimidazolidide ligand, CpTi(CH2
h)2[N C[{N(2,6-Me2C6H3)–CH2}2]] (Scheme 6), exhibited

otable catalytic activities for ethylene polymerization in the
resence of B(C6F5)3 cocatalyst [56]. As shown in Table 17, they
mphasized that the catalyst showed higher catalytic activities
han the CpTi(CH2Ph)2(NPtBu3) under the same conditions (in

4, Cp*, indenyl)–MAO catalyst systems [51a]a

(yield/mg) Activityc Mw
d (×10−5) Mw/Mn

d

9,500 9.85 1.9
13,400 9.66 1.9
22,100 9.84 1.9
11,400 12.6 2.0
14,300 9.9 2.1
13,300 11.6 2.1
16,600 10.4 2.2

7,400 5.59 2.2
7,700 5.61 2.1
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Table 15
Ethylene polymerization with Cp′TiX2(N CR2) [Cp′ = Cp, C5Me5, indenyl,
C4Me4P; R = tBu, NMe2, etc.]–MAO catalyst systemsa

Complexes Polymer
(yield/g)

Activity (kg PE/mol Ti
(or Zr) h)

CpTiCl2(N CtBu2) 5.08 668
CpTiCl2[N C(NMe2)] 0.81 107
CpTiMe2[N CPh(Me)] 0.84 111
(C5Me5)TiCl2(N CtBu2) 6.26 824
(Ind)TiCl2(N CtBu2) 13.02 1713
(C5Me4P)TiCl2(N CtBu2) 2.63 346
Ph2C(Flu)(Cp)ZrCl2 5.64 742
Cp2ZrCl2 20.18 2655

Slurry polymerization results [49].
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Table 18
Ethylene polymerization by Cp*TiCl2[N(tBu)PPh2]–AliBu3–[Ph3C][B(C6F5)4]
catalyst system [71]a

Temparature
(◦C)

Al/Ti/Bb Yield
(mg)

Activityc Mv

(×10−4)

20 2000 (MAO)d 80 64 7.8
20 1980/1/2 352 1564 60.1
20 150/1/1 151 671 33.1
20 150/1/2 383 1702 76.6
50 150/1/2 257 1142 48.9
70 150/1/2 213 947 33.0
20 200/1/2 566 2516 81.1

a Conditions: Ti 2.7 �mol, ethylene 1 atm, toluene 50 mL, 5 min.
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a Conditions: catalyst 15.2 �mol, cyclohexane 300 mL, MAO (PMAO-IP),
l/M = 500, ethylene 10 psig (0.68 atm), 35 ◦C, 30 min.

he presence of partially hydrolyzed AliBu3, TIBAO). No poly-
erization results in the presence of MAO were introduced in

he text [56].
Many additional attempts have been made to improve the

ctivities by modification of the anionic ancillary donor ligands
s shown in Scheme 7 (more recent examples). Zhang et al.

* t
eported that Cp TiCl2[N( Bu)PPh2] showed moderate catalytic
ctivities for ethylene polymerization in the presence of borate
ocatalyst under optimized conditions, but the activity in the
resence of MAO cocatalyst showed low activity (Table 18) [71].

a
b
r
p

able 16
-Hexene polymerization by Cp′TiCl2(N CtBu2) (Cp′ = Cp, tBuC5H4, Cp*, indenyl

p′ (�mol) MAO (mmol)
(Al/Ti × 10−2)b

Time
(min)

Polymer
(yield/mg)

p (0.25) 2.0 (80.0) 5 782
p (0.25) 2.0 (80.0) 10 985
p (0.25) 2.0 (80.0) 20 1403
p (0.25) 3.0 (120) 20 1380

BuC5H4 (2.5) 2.0 (8.00) 20 1094
BuC5H4 (2.5) 3.0 (12.0) 20 1036
p* (2.5) 2.0 (8.00) 20 474
p* (2.5) 3.0 (12.0) 20 449

ndenyl (0.25) 2.0 (8.00) 20 994
ndenyl (0.25) 3.0 (12.0) 20 1060

a Conditions: complex in toluene 0.5 mL, 1-hexene 10 mL, 25 ◦C, MAO white solid
b Molar ratio of Al/Ti.
c Activity in kg polymer/mol Ti h.
d GPC data in THF vs. polystyrene standards.

able 17
thylene polymerization with CpTi(CH2Ph)2(L)–cocatalyst systems [56]a

Cocatalyst Act

C[N(CH2)5]2 B(C6F5)3 37
C[N(CH2)5]2 B(C6F5)3/TIBAO 3
C[N(CH2)2(2,6-Me2C6H3)2] B(C6F5)3 89
C[N(CH2)2(2,6-Me2C6H3)2] B(C6F5)3/TIBAO 160
CtBu2 B(C6F5)3 35
PtBu3 B(C6F5)3 84
PtBu3 B(C6F5)3/TIBAO 112

a Conditions: Ti 10 �mol, Al/B/Ti = 20/1.1/1.0 (molar ratio), ethylene 5 bar, 80 ◦C,
b GPC data vs. polystyrene standards.
b Molar ratio.
c Activity in kg PE/mol Ti h.
d MAO was used.

se of bulky alkoxide ligands in place of aryloxides was also
xplored, and Hierro et al. prepared CpTiCl2(OR) (R = OAdam,
Ment, OBorn, etc.) by reaction of CpTiCl3 with bulky alcohol

uch as 1-adamantanol (AdamOH), (1R, 2S,5R)-menthol (Men-
OH), (1S-endo)-borneol (BornOH), in the presence of NEt3
76]. However, the observed catalytic activities were low in all
ases, suggesting that this approach may not be suited to find

n efficient catalyst. Related approaches were taken recently,
ut some manuscripts only introduced styrene polymerization
esults without description of the ethylene polymerization results
robably due to the low activities. Another approach in this topic

)–MAO catalyst systems [51a,b]a

Activityc TON (×10−3) Mw
d (×10−4) Mw/Mn

d

37500 37.2 60.0 1.6
23600 46.9 59.5 1.6
16800 66.8 61.7 1.6
16600 65.7 55.2 1.8
1310 5.21 28.5 1.7
1240 4.93 29.6 1.6
569 2.26 13.0 1.6
539 2.14 12.0 1.6

11900 47.2 28.1 1.7
12700 50.4 26.6 1.7

(prepared by removing toluene and AlMe3 from ordinary MAO), 25 ◦C, 20 min.

ivity (kg PE/mol Ti h bar) Mw
b (×10−5) Mw/Mn

b

6 4.06 1.9
2 5.83 1.7
6 3.61 1.9
0 6.63 2.2
3 5.43 1.9
8 5.18 2.2
8 7.17 2.1

15 min, toluene 210 or 260 mL.
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Scheme 10. Examples for synthesis of multinuclear half-titanocenes.

Scheme 11. Reaction of CpTiMe2(OAr) with B(C6F5)3 in toluene (OAr = O-4,6-tBu2-2-naphthyl-C6H2) [93].
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s to use dimeric, supported on dendrimer as shown in Scheme 10
89–92]. These approaches would introduce new possibilities in
his research field.

.3. Some chemistry related to olefin polymerization using
alf-titanocenes

As described above, addition of B(C6F5)3 into a benzene
olution containing CpTiMe2(OAr) complex containing ortho-
aphthylphenoxide ligand prepared by Rothwell et al. gave
hermally unstable cationic complex (2), then decomposed
t ambient temperature affording the neutral species (3) by
ethane elimination (Scheme 9) [84]. Toluene-d8 solutions con-

aining 2 [Ar = 2,6-Ph2-3,5-Me2C6H (a), 4,6-tBu2-2-PhC6H2
b), 4,6-tBu2-2-naphthyl-C6H2 (c), 2,3,5,6-Ph4C6H (d)] elim-
nated methane at a rate which was temperature dependent
o afford the corresponding neutral species 3 monitored by
H NMR spectra [93]. Related reactivity was been observed
or the decomposition of other cationic methyl compounds of
he group 4 metals where [MeB(C6F5)3]− anions are present,
nd in a particularly important mechanistic study, it was con-
luded that the reaction occurs via a �-bond metathesis pathway
50a], reported by Piers et al. as described below. In the 1H
MR spectra of the neutral species derived from 2a–b, d, a

ingle set of Cp and aryloxide resonances was present along
ith well-resolved, diastereotopic Ti–CH2–B protons. In con-

rast, two sets of sharp NMR signals are present in the case
f [CpTiMe(OAr)]+[MeB(C6F5)]− containing the chiral o-(1-
aphthyl) ligand (3c), due to a 70:30 mixture of the two possible
iastereomers (Scheme 11). The fact that exchange of these
somers was slow on the NMR time scale at ambient temper-
ture confirmed that naphthyl rotation could not account for the
bserved fluxionality in 2c. A kinetic study showed a first order
ecomposition of 2d over approximately 4 halflives (the rate
onstant of 7.62 × 10−4 s−1 at 25.0 ◦C, t1/2 = 15 min) [93].

The further research revealed that Me/C6F5 exchange
ffording CpTiMe(C6F5)(OAr) took place in the reaction of

pTiMe2(OAr) with B(C6F5)3 if the reactions were employed
ith relatively small aryloxide ligands (Ar = 2,6-iPr2C6H3, 2,6-

Bu2C6H3), whereas 2c decomposed to afford 3c accompanied
y formation of methane (Scheme 12) [94]. As described above,

i
i
l
b

Scheme 13. Reaction of Cp*TiMe2[N CtBu(
cheme 12. Two possible passways for reaction of CpTiMe2(OAr) with
(C6F5)3 [94].

he reaction of Cp*TiMe2(O-2,6-iPr2C6H3) (1b) with B(C6F5)3
n toluene-d8 afforded Cp*Ti(C6F5)[CH2B(C6F5)2](O-2,6-
Pr2C6H3) (and/or intermediates) even at −70 ◦C [85]. The
eaction pathway [methane elimination or Me/C6F5 exchange]
ould be thus highly dependent upon the steric/electronic nature
f both cyclopentadienyl and anionic donor ligands employed.

The detailed studies for methane elimination mechanism
f (cyclopentadienyl)(ketimide)titanium(IV) complex of the
ype, Cp′TiMe2[N CtBu(R)] [Cp′ = Cp, Cp*, C5Me4(SiMe3);

= tBu, Me, CH2SiMe3] was made by Piers et al. [50]. They iso-
ated cationic species 5 and fully identified by 1H, 13C, 19F and
1B NMR as well as by elemental analysis (Scheme 13). Based
n the result of deuterium labeling crossover experiment with
(C6F5)3 using a mixture of dimethyl (4) and deutrated dimethyl

d6-4) complexes, they showed that the reaction proceeded via
ntramolecular pathway for methane elimination because no
crambling of the methyl group to produce isotopomers were
bserved. Only CH4 and CD4 were detected by 1H and 2H NMR,

f the above solution was allowed to decompose, strongly imply-
ng an intramolecular pathway for methane elimination. The
atter pathway was also confirmed by kinetic studies carried out
y monitoring the reaction using 1H NMR in toluene-d8.

R)] (R = Me, tBu) with B(C6F5)3 [50a].
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Scheme 14. Reaction of Cp′TiMe2(N CtB

The methane elimination process for ion pair of 5 affording
was proved to proceed via �-bond metathetical elimina-

ion of methane from a contact ion pair. The possibility
or borane dissociation and/or ion-pair dissociation could be
xcluded, because only SiMe4 was formed from the cationic
pecies, [Cp*Ti(CH2SiMe3)(N CtBu2)]+[MeB(C6F5)3]−, that
ere generated exclusively by the reaction of Cp*TiMe
CH2SiMe3)(N CtBu2) with B(C6F5)3 [50a]. The mechanism
rom 5 to 6 could be thus explained by 1) �-bond metathesis of 5
ffording zwitter ionic intermediate, [Ti+–CH2–−B(C6F5)3], 2)
hen C6F5 transfer affording final product, 6 (Scheme 13) [50a].

p
i
i
(

Scheme 15. Formation of cationic s
ith 0.5 equiv. of [Ph3C][B(C6F5)4] [50b].

The reaction of 4 with 0.5 equivalent of [Ph3C][B(C6F5)4] in
romobenzene-d5 at −25 ◦C gave binuclear �-methyl mono-
ationic species, 7, with 1:1 mixture of rac/meso form
Scheme 14). Upon warming the reaction mixture upto room
emperature gave another monocationic species, {[Cp(L)Ti]2(�-
H2)(�-CH3)}+[B(C6F5)4]− (8) exclusively [50b]. While the

oss of methane from rac/meso 7 (Cp′ = Cp* and C5Me4SiMe3)

roceeded with >95% diastereoselectivity to rac 8 dominat-
ng, the dimers were formed as a mixture of diastereomers
n the Cp compounds, presumably with rac 8 dominating
rac/meso = 7/3), suggesting a thermodynamic control was oper-

pecies derived from 10 [95a].
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tion at the metal center for olefin coordination observed by 11c
[55e].

The methyl scrambling between monocationic species
(11a) and the other monocationic species (15) was occurred

Table 19
1-Hexene polymerization by half-zirconocene containing various amidinate lig-
ands, [Cp*ZrMe{N(R1)C(R3)N(R2)}]+ [55e]a

R1; R2; R3 Yield (%) Mn
b Mw/Mn

b

tBu; Et; Me (11a) 95 19,800 1.03
tBu; Et; H (11b) 45 20,100 1.59
tBu; Et; Ph (11c) 90 19,300 1.02
tBu; Et; tBu (11d) Inactive
Scheme 16. Isospecific living polymerization of 1-hexene, 1,5-h

ting. In addition, dissociation of dimer took was very slow
s confirmed by deuterium labeling crossover experiment.
ethane loss likely proceeds via �-bond metathesis involving
C H bond of the bridging methyl group, in a reaction similar

o that observed in 5. The equilibration of the resulting diastere-
mers should be possible since then the intermediate 9 should be
ble to undergo epimerization at titanium and/or rotation about
he Ti CH2

+ bond (Scheme 14) [50b].
As described below, half-zirconocene containing acetamid-

nate ligand (10) initiates isospecific living polymerization
f 1-hexene [55a], and the same complex also initiates liv-
ng cyclopolymerization of 1,5-hexadiene [55c]. Monocationic
ethyl species, Cp*ZrMe[tBuNC(Me)NEt][B(C6F5)4] (11a)

ould be isolated, and was fully characterized as the Et2O adduct,
f Cp*ZrMe2[NtBuC(Me)NEt] (10) was treated with 1 equiv-
lent of [PhNMe2H][B(C6F5)4] in PhCl at −10 ◦C upon the
resence of Et2O in trace amount (Scheme 15) [93a]. Moreover,
icationic dimeric �-CH3, �-CH3 complex (12 could also be
solated after several days, if the reaction was performed with-
ut E2O (Lewis base). Monocationic, dimeric �-CH2, �-CH3
omplex of 13 could also be isolated upon warming the reac-
ion mixture containing 11a to room temperature. An increase
n the acidity of the bridging methyl groups that occur upon
ormation of 12a might induce deprotonation by the PhNMe2
that remains after demethylation of the dimethyl species) to
fford 13. In this sense, similar deprotonation of dimers formed
rom propagating species could represent a terminating event
uring polymerization. Formation of the dimer (12) suggested
hat the similar dimers might play a role as the propagating
pecies in metal catalyzed olefin polymerization system. This
pecies possessed bridging agostic interactions that would be
upposed to lower the barriers for steps involved in both prop-
gation and termination. In addition, the dimers of propagating
pecies would also serves as dormant, stable, resting states in
he polymerization system.

.4. Isospecific living polymerization of α-olefins and the
elated chemistry

Half-zirconocene containing acetamidinate ligand (10) initi-
tes isospecific living polymerization of 1-hexene [55a], and the

ame complex also initiated living cyclopolymerization of 1,5-
exadiene [55c] (Scheme 16). The Cp analogoue (14) prepared
lso initiated isospecific living polymerization of vinylcyclohex-
ne [55d]. The 1-hexene polymerization afforded high molecular

i

−

iene by “exposed” zirconium acetamidinate complexes [55a,c].

eight isotactic (mmmm >95%) polymers with narrow molec-
lar weight distribution (Mn = 69544, Mw/Mn = 1.10), and the
inear plots between Mn and conversion of 1-hexene without
hanging Mw/Mn values were obtained. Moreover, the resul-
ant polymer possessed narrow molecular weight distribution
y additional 1-hexene after consumption of previous monomer
called post polymerization), and these facts strongly indicated
hat the polymerization took place in a living manner. The ori-
in of high isospecificity by 10/[B(C6F5)4] should be due to that
ite-isomerization after olefin insertion must occur more rapidly
han olefin complexation and propagation [55a].

Effect of substituent on the amidinate ligands toward the
ctivity, stereospecificity, as well as the living character was
xplored in the 1-hexene polymerization with the various half-
irconocenes, [Cp*ZrMe{N(R1)C(R3)N(R2)}]+, as shown in
able 19 [55e]. Although the living polymerization character
as observed in the polymerization by 11c (only R3 was replaced

rom Me to Ph), significant loss of the stereoregularity was con-
rmed by the 13C NMR spectrum. The tert-Bu analogue (11d)
id not show the catalytic activity, and the polymerization did
ot proceed in a living manner with loss of the stereo control if
1b was used in place of 11a. A distinct Goldilocks effect was
hus observed where fine balance between nonliving character
nd no activity is controlled by the steric bulk of the distal amid-
nate substitutent. The loss of stereo control should be due to
he two different mechanisms depending upon the steric bulk of
he distal amidinate substitutent: a low barrier to metal-centered
pimerization observed by 11b, and a lack of steric discrimina-
Pr; iPr; H (11e) 98 25,100 1.23

a Conditions: Zr 2.5 �mol, 200 equivalent of 1-hexene, chlorobenzene at
10 ◦C for 2 h.
b GPC data in THF vs. polystyrene standards.
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Scheme 17. Rapid scrambling of the methyl group bet

Scheme 17), and the result clearly indicate that rapid transfer
f a highly ‘stereoregular’ alkyl (polymer) chain to a ‘nonstere-
specific’ propagating center via methyl-polymeryl exchange
as present [95b]. These would provide the new strategy for syn-

hesis of well-defined stereoblock polymers in a living manner
95b].

Polymerization of 1-hexene with 10 with 0.5 equivalent
f [PhNMe2H][B(C6F5)4] at −10 ◦C afforded isotactic-rich
oly(1-hexene) (mm = 25%), whereas the polymerization with
.0 equivalent of borate afforded isotactic poly(1-hexene) as
eported [55a]. A process of degenerative transfer involving
apid and reversible alkyl group exchange between cationic
active) zirconium propagating centers and neutral (dor-
ant) methyl, polymeryl Zr end groups was thus considered

s the mechanism in this living polymerization system as
hown in Scheme 18 [95c]. Facile metal centered epimer-
zation of dormant species was thus responsible for loss of
tereo-control during propagation that produces isotactic-rich
aterials, whereas the pure isotactic polymer was obtained
f the degenerative transfer process was not present (molar
atio of borate/Zr > 1). The stereoblock material, atactic-
oly(1-hexene)-b-isotactic-poly(1-octene), was thus prepared
ccording to the procedure shown in Scheme 19 based

e
o
(
p

cheme 18. Degenerative transfer living polymerization involving rapid and revers
enters and neutral (dormant) methyl, polymeryl zirconium species [95c].
11a and 15 via dimeric intermediates (12, 12′) [95b].

n the above facts. The successful realization of a stere-
specific chloride degenerative transfer living Ziegler-Natta
olymerization process that provides isotactic polyolefins
f narrow polydispersity could be thus achieved if the
p*ZrCl(isobutyl)[NtBuC(Me)NEt] was employed in place of

he dimethyl analogue [95d].

.5. Modification of ligands for syndiospecific styrene
olymerization

As described above (shown in Scheme 3), ordinary Ziegler-
atta catalysts, metallocenes, linked half-titanocenes like

Me2Si(C5Me4)(NtBu)]TiCl2 (CGC), exhibit high catalytic
ctivities for olefin polymerization [4,5,13]. However, these
atalysts generally show extremely low (or negligible) cat-
lytic activities for styrene polymerization [13d,96]. In contrast,
t is well known that half-titanocenes such as Cp*Ti(OMe)3,
p′TiCl3, Cp′TiF3 exhibit remarkable catalytic activity for

yndiospecific styrene polymerization (Scheme 3) [28]. How-

ver, these complexes are not efficient catalyst precursors for
lefin polymerization. The facts might suggest that basic design
catalytically active species, oxidation state) between olefin
olymerization and styrene polymerization should be different.

ible methyl group exchange between cationic (active) zirconium propagating
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Scheme 19. Synthesis of stereoblo

In contrast, the efficient catalyst for syndiospecific styrene
olymerization by (aryloxo)(cyclopentadienyl)titanium com-
lex catalysts, can be modified from the efficient catalyst
or olefin polymerization only by modification of substitutent
n Cp′ (Scheme 20); (1,3-Me2C5H3)TiCl2(O-2,6-iPr2C6H3)
nd (tBuC5H4)TiCl2(O-2,6-iPr2C6H3) exhibited high catalytic
ctivities for styrene polymerization affording high molecular
eight syndiotactic polystyrene exclusively [35]. This displayed
ne of the most unique characteristics for using this type of
omplexes as the olefin polymerization catalysts.

(tBuC5H4)TiCl2(OAr) exhibited moderate catalytic activity
or syndiospecific styrene polymerization at 25 ◦C when both
PhMe2NH][B(C6F5)4] and a mixture of AliBu3/Al(n-C8H17)3
ere used as the cocatalyst, and the activities with a series
f (1,3-Me2C5H3)TiCl2(OAr) highly depended on the aryloxo
igand used [97]. The fact is an interesting contrast to the
eported facts by Baird et al. that the reaction of Cp*TiMe3 with
(C6F5)3 in hexane/toluene mixed solvent gave Cp*TiMe2(�-
e)B(C6F5)3 which initiated polymerization of isobutene, vinyl
thers, N-vinylcarbazole [29,30,98], and they demonstrated that
hese polymerization took place not by coordination/migration
olymerization mechanism but by carbocationic polymerization
echanism. In addition, the styrene polymerization in n-hexane

cheme 20. Modification of efficient catalyst between olefin and syndiospecific
tyrene polymerization [35a].

O
N
[
t

S
p

polymer in a living manner [95c].

r in bulk gave syndiotactic polystyrene in good yields contain-
ng atactic polymer, whereas the ratio of s-PS/a-PS depended
n polymerization temperature if the polymerization was per-
ormed in toluene.

Although role of the anionic ancillary ligand (aryloxo, amide,
nilide) should be negligible according to the assumption that
ationic Ti(III), [Cp′Ti(R)(styrene)]+ (R = polymer, alkyl chain)
lays an essential role for the syndiospecific styrene poly-
erization [28,99], the electronic and/or steric nature of the

nionic ancillary donor ligand affected the catalytic activity
n the above styrene polymerization [35,97], as Tomotsu at
demitsu also insisted the possibility that neutral Ti(III) species,
Cp′Ti(L)(R)(styrene)] (L = anionic donor ligand), plays an
mportant role as the catalytically active species (Scheme 21)
28d–e].

Effect of both the cyclopentadienyl and the anionic
onor ligands in syndiospecific styrene polymerization with a
eries of half-titanocenes of the type, Cp′TiCl2(L) [Cp′ = Cp,
,3-Me2C5H3, 1,2,4-Me3C5H2, Cp*; L = OPh, O-4-MeC6H4,

i t
-2,6-Me2C6H3, O-2,6- Pr2C6H3, O-2,6- Bu2C6H3, NMeCy,
(2,6-Me2C6H3)(SiMe3)], N CtBu2] in the presence of MAO

35b,51a]. As shown in Table 20 and Fig. 2, the catalytic activi-
ies for syndiospecific styrene polymerization with a series of

cheme 21. Proposed two catalytically active species for syndiospecific styrene
olymerization by half-titanocenes [28d,e].
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Table 20
Effect of aryloxide ligand in styrene polymerization by Cp*TiCl2(X)–MAO catalyst systems [35b,51a]a

X Temparature (◦C) Activityb Mw
c (×10−4) Mw/Mn

c

Cl (2.0) 40 320 36.2 2.3
Cl (2.0) 55 1640 33.2 2.3
Cl (2.0) 70 1970 24.8 2.5
Cl (2.0) 85 3280 17.5 2.2
O-2,6-iPr2C6H3 (2.0) 40 285 26.8 2.6
O-2,6-iPr2C6H3 (2.0) 55 1640 53.1 2.5
O-2,6-iPr2C6H3 (2.0) 70 3600 49.0 2.2
O-2,6-iPr2C6H3 (2.0) 85 4290 32.3 2.2
OC6H5 (2.0) 40 733 55.1 2.2
OC6H5 (2.0) 55 1600 55.1 2.0
OC6H5 (2.0) 70 4170 54.3 2.0
OC6H5 (2.0) 85 6390 47.8 2.1
O-4-MeC6H4 (2.0) 40 757 30.4 2.8
O-4-MeC6H4 (2.0) 55 1560 28.7 2.3
O-4-MeC6H4 (2.0) 70 3750 26.7 2.4
O-4-MeC6H4 (2.0) 85 6020 24.2 2.3
O-2,6-Me2C6H3 (2.0) 40 1020 30.1 2.3
O-2,6-Me2C6H3 (2.0) 55 4090 29.6 2.0
O-2,6-Me2C6H3 (2.0) 70 9200 28.0 2.1
O-2,6-Me2C6H3 (2.0) 85 12400 20.7 2.1
O-2,6-tBu2C6H3 (2.0) 40 75 11.0 1.9
O-2,6-tBu2C6H3 (2.0) 55 279 11.4 2.1
O-2,6-tBu2C6H3 (2.0) 70 1780 20.5 2.3
O-2,6-tBu2C6H3 (2.0) 85 5690 23.1 2.2
N CtBu2

d 25 22.6 13.1 2.2
N CtBu2 (0.4)d 40 245 5.1 1.6
N CtBu2 (0.4)d 60 740 5.6 1.4
N CtBu2 (0.4)d 80 1790 5.5 1.4

a Conditions: catalyst 2.0 �mol styrene/toluene = 10/20 mL, MAO white solid 3.0 mmol (Al/Ti = 1500, molar ratio), 10 min.
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b Activity in kg s-PS/mol Ti h.
c GPC data in o-dichlorobenzene vs. polystyrene standard.
d Styrene/toluene = 1/10 mL, 30 min.

p*TiCl2(L) were dependent upon the anionic donor ligand
mployed. The catalytic activities increased at higher tem-
erature, and the molecular weights for resultant syndiotactic

olystyrenes were dependent upon the anionic donor ligand
mployed. As also shown in Table 21, the catalytic activities with
series of the tert-BuCp analogues were also dependent upon the
nionic donor ligand [81,51a], and, as described above, the activ-

ig. 2. Temperature dependence toward catalytic activity for syndiospecific
tyrene polymerization catalyzed by Cp*TiCl2(L) (L = Cl, O-2,6-iPr2C6H3, O-
,6-Me2C6H3, O-2,6-tBu2C6H3)–MAO catalyst systems (shown in Table 20)
35b].
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ties with (1,3-Me2C5H3)TiCl2(OAr)–[PhMe2NH][B(C6F5)4]
atalysts in the presence of AliBu3/Al(n-C8H17)3 were highly
epended on the aryloxo ligand used [97]. The role of the anionic
onor ligand, like the aryloxide ligand, toward both the catalytic

ctivity and the Mw values of polystyrene was thus observed
rrespective of kind of cocatalyst employed [35b]. Although it
as been invoked that cationic Ti(III) plays an essential role for
yndiospecific styrene polymerization, the role of anionic donor

able 21
ffect of aryloxide ligand for styrene polymerization by (tBuC5H4)TiCl2(L)–
AO catalyst systems [81,51a]a

Activityb Mn
c×10−4 Mw/Mn

c

-2,6-Me2C6H3 1370 5.3 2.05
-2,4,6-Me3C6H2 534 5.9 1.91
-2,6-iPr2C6H3 1370 5.7 2.05
-2,6-iPr2-4-tBuC6H2 2680 5.2 2.18
-2,6-tBu2C6H3 258 5.1 2.01
-2,6-tBu2-4-MeC6H2 54 4.6 1.98

CtBu2
d 8 10.6 1.9

yndiotactic polystyrene as acetone insoluble fraction.
a Conditions: catalyst 1.0 �mol, styrene/toluene = 5/9 mL, MAO 3.0 mmol

Al/Ti = 3000), 10 min at 25 ◦C.
b Activity in kg s-PS/mol Ti h.
c GPC data in THF vs. polystyrene standards.
d Ti 10.0 �mol, styrene/toluene = 1/10 mL, 30 min.
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Table 22
Ethylene/1-hexene copolymerization of by Cp*TiCl2(O-2,6-iPr2C6H3) (1a)– and [Me2Si(C5Me4)(NtBu)]TiCl2 (16)–MAO catalyst systems [36]a

Complex (�mol) Ethylene (atm) 1-Hexene (conc.)b Activityc (×10−3) 1-Hexened (mol%) Mw
e (×10−5) Mw/Mn

f

1a (0.07) 5 1.45 179 43.5 3.17 1.77
1a (0.08) 5 0.73 83.2 28.7 3.82 1.80
1a (0.07) 7 1.45 263 38.0 3.37 1.87
1a (0.10) 7 1.09 120 36.0 3.34 1.73
1a (0.08) 7 0.73 103 24.6 4.55 1.98
16 (0.65) 5 1.45 5.01 60.0 4.05 1.77
16 (0.60) 5 0.73 9.49 30.0 7.45 2.05
16 (0.65) 7 1.45 6.96 39.4 8.80 2.21
16 (0.60) 7 0.73 14.6 23.7 11.9 2.30

a Reaction conditions: toluene + 1-hexene total 55 mL, MAO white solid (prepared by removing toluene and AlMe3) 2.00–3.00 mmol (by 1a) or 2.75–3.25 mmol
(by 16), 4–6 min, 40 ◦C, 100 mL scale autoclave.

b 1-Hexene concentration, mmol/ml.
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c Activity in kg polymer/mol Ti h.
d 1-Hexene content in copolymer estimated by 13C NMR spectra.
e GPC data in o-dichlorobenzene vs. polystyrene standards.

igands towards both the activity and the molecular weight is
lso present in this systems. Although the origin for this effect
ight not be perfectly clear at this moment, these facts do not

eny the possibility that a neutral Ti(III) or a cationic Ti(IV)
pecies also plays a role for this polymerization with this unique
atalyst system, as described below.

. Some ethylene copolymerizations by nonbridged
alf-titanocenes

.1. Ethylene/α-olefin copolymerization

Cp*TiCl2(O-2,6-iPr2C6H3) (1a) exhibited a remarkable cat-
lytic activity for ethylene/1-hexene copolymerization under
ptimal conditions, and that the activity was much higher
han [Me2Si(C5Me4)(NtBu)]TiCl2 (CGC, 16) in the presence
f MAO (Table 22) [36]. The resultant copolymers by 1a,
ossessed relatively high 1-hexene contents (24.6–43.5 mol%)

hat were of the same level as those obtained by CGC [36].
he Mw values for resultant copolymers prepared by 1a

Mw = 3.17–4.55 × 105) were lower than those prepared by
GC (Mw = 4.05–11.9 × 105), but possessed relatively high

e
e
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able 23
onomer sequence distribution of poly(ethylene-co-1-hexene)s prepared by Cp*TiCl2

ystems [36]a

omplex Ethylene
(atm)

1-Hexene
(conc.b)

1-Hexenec

(mol%)
Triad sequence distributiond

EEE EEH + HEE HEH

a 7 1.45 38.0 17.3 30.4 14.3
a 5 0.73 28.7 31.1 31.3 8.9
a 7 0.73 24.6 40.0 29.6 5.8
6 7 1.45 39.4 23.3 28.6 8.7
6 5 0.73 30.0 35.5 28.6 5.9
6 7 0.73 23.7 45.3 27.2 3.8

a Detailed polymerization conditions, see Table 22.
b Initial 1-hexene concentration (mmol/mL).
c 1-Hexene content in copolymer determined by 13C NMR spectra.
d Calculated by 13C NMR spectra.
e [EE] = [EEE] + 1/2[EEH + HEE], [EH] = [HEH] + [EHE] + 1/2{[EEH + HEE] + [H
f rE × rH = 4[EE][HH]/[EH + HE]2.
olecular weights, unimodal molecular weight distributions
Mw/Mn = 1.77–1.98). Table 23 summarizes triad sequence dis-
ributions (monomer sequences) and dyads in the resultant
opolymers estimated by 13C NMR spectra [100]. It is clear that
he percentages for HHE + EHH as well as HH sequences in the
opolymers by 1a were lower than those by 16; rE · rH values by
a were 0.29–0.31, indicating that the copolymerization does not
roceed in a random manner (comonomer incorporations does
ot proceed in a random manner). Generally, the copolymer-
zation by ordinary metallocenes, linked half-titanocenes like
GC proceed in a random manner, as exemplified by CGC

rE × rH = 0.96–1.01, Table 23), and we thus assumed that the
act presented here by 1a should be one of the unique char-
cteristics for using nonbridged half-titanocenes in ethylene
opolymerizations.

As shown in Table 24, the 1-hexene content in the resultant
opolymer prepared by Cp′TiCl2O-2,6-iPr2C6H3) [Cp′ = Cp*

1a), tBu2C5H3 (17), tBuC5H4 (18)] depended upon the Cp′

mployed [36]. The tBuCp analogue (18) exhibited the high-
st level of 1-hexene incorporation among these complexes,
ndicating that the nature of Cp′ affects the relative rate of

onomer coordination or insertion. Triad sequence distributions

(O-2,6-iPr2C6H3) (1a)– and [Me2Si(C5Me4)(NtBu)]TiCl2 (16)–MAO catalyst

(%) Dyadse rE · rH
f

EHE HHE + EHH HHH EE EH + HE HH

22.5 14.0 1.5 32.4 59.0 8.5 0.31
21.5 6.8 0.4 46.8 49.5 3.7 0.29
19.4 4.6 0.6 55.1 42.5 2.4 0.29
14.3 20.0 5.1 37.6 47.4 15.0 1.01
14.2 14.4 1.4 49.8 41.6 8.6 0.99
13.8 9.4 0.5 58.9 35.9 5.2 0.96

HE + EHH]}, [HH] = [HHH] + 1/2[HHE + EHH].
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Table 24
Ethylene/1-hexene copolymerization by Cp′TiCl2(O-2,6-iPr2C6H3) and [Me2Si(C5Me4)(NtBu)]TiCl2 (16)–MAO catalyst systems [Cp′ = Cp* (1a), 1,3-tBu2C5H3

(17), and tBuC5H4 (18)] [36]a

Complex (�mol) Al/Tib (×10−3) Ethylene (atm) 1-Hexene (conc.c) Activityd 1-Hexenee (mol%) Mw
f (×10−5) Mw/Mn

f

1a (0.08) 25 5 0.73 83,200 28.7 3.82 1.80
16 (0.60) 5.0 5 0.73 9,490 30.0 7.45 2.05
17 (0.30) 9.0 5 0.73 11,300 27.1 1.97 1.82
18 (0.60) 5.0 5 0.73 6,410 32.0 1.14 1.99
1a (0.08) 25 7 0.73 10,300 24.6 4.55 1.98
17 (0.45) 6.5 7 1.45 6,850 33.9 1.24 1.78
18 (0.60) 3.3 7 0.73 14,200 26.9 1.27 1.60

a Reaction conditions: toluene + 1-hexene, total 55 mL, MAO white solid (prepared by removing toluene and AlMe3), time, 5–8 min, 100 mL scale autoclave.
b Molar ratio of Al/Ti.
c 1-Hexene concentration mmol/mL.
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Activity in kg polymer/mol Ti h.
e 1-Hexene content in copolymer estimated by 13C NMR spectra.
f GPC in o-dichlorobenzene vs polystyrene standard.

monomer sequences) in the resultant copolymers estimated
y 13C NMR spectra [98], and the monomer reactivity ratios
101] are summarized in Table 25. The distributions showed
hat the contents of EHE and HHE + EHH sequences and the
esultant rE × rH values (rE and rH are the monomer reactiv-
ty ratios of ethylene and 1-hexene, respectively) by 1a, 17, 18
re significantly different from that by CGC (16) under the same
onditions. The monomer reactivity ratios by CGC are consistent
ith those reported previously [4,15], and the values was larger

han those obtained by 1a, 18. Moreover, rE, rH, and rE·rH values
y 1a were not strongly affected either by the reaction temper-
ture or by the Al/Ti molar ratio under the present conditions
rE × rH = 0.28–0.32, rE = 2.29–2.70, rH = 0.11–0.13, 15–50 ◦C
nd Al/Ti = 30,000–50,000) [36b]. Also noteworthy is that the
equence distributions as well as their rE, rH, values in the
opolymerizations were strongly affected by the substituent on
p′. These observations are significantly different from those

bserved in copolymerizations by ordinary metallocene cata-
ysts, and we thus assume that these are one of the unique
haracteristics for using nonbridged half-titanocenes for olefin
co)polymerizations.
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able 25
elected monomer sequence distirbutions of poly(ethylene-co-1-hexene)s prepared
18)] and [Me2Si(C5Me4)(NtBu)]TiCl2 (16)–MAO catalyst systems [36]a

at. 1-Hexeneb

(mol%)
Triad sequence distributionc (%)

EEE EEH + HEE HEH EHE HHE + EH

a 28.7 31.1 31.3 8.9 21.5 6.8
a 24.6 40.0 29.6 5.8 19.4 4.6
7 33.9 26.0 29.7 10.4 20.5 12.0
7 27.1 34.6 31.2 7.1 18.4 7.8
8 32.0 27.6 31.4 9.0 20.1 10.9
8 26.9 35.9 31.1 6.2 19.2 7.3
6 30.0 35.5 28.6 5.9 14.2 14.4

a For detailed polymerization conditions, see Table 24.
b 1-Hexene content in copolymer determined by 13C NMR spectra.
c Determined by 13C NMR spectra.
d [EE] = [EEE] + 1/2[EEH + HEE], [EH] = [HEH] + [EHE] + 1/2{[EEH + HEE] + [H
e rE × rH = 4[EE][HH]/[EH + HE]2.
f rE = [H]0/[E]0 × 2[EE]/[EH + HE], rH = [E]0/[H]0 × 2[HH]/[EH + HE], [E]0 and [
.2. Copolymerization of ethylene with styrene

It has been well known that ethylene/styrene copolymer-
zation by ordinary half-sandwich complex such as Cp′TiX3
X = Cl, OMe, CH2Ph, etc.) afforded a mixture of polyethylene,
yndiotactic polystyrene and poly(ethyelene-co-styrene) [102].

oreover, the observed activities were low and both the selec-
ivity of product and the activity were highly depended upon
ocatalyst used as well as pretreatment conditions (Scheme 3).
he facts were believed to be due to that the active species
etween ethylene and styrene polymerizations are different. In
ontrast, the copolymerization by [Me2Si(C5Me4)(NtBu)]TiCl2
CGC) afforded poly(ethylene-co-styrene) exclusively, but
tyrene head-to-tail repeat units were not observed and synthesis
f the copolymer with high styrene contents was thus seemed
ifficult [103].

In contrast, we reported recently that the ethylene/styrene

opolymerization by (aryloxo)(cyclopentadienyl)titanium com-
lexes took place efficiently, affording poly(ethylene-co-
tyrene)s exclusively without by-producing polyethylene and/or
yndiotactic polystyrene (Scheme 22), and these complexes

by Cp′TiCl2(O-2,6-iPr2C6H3) [Cp′ = Cp* (1a), 1,3-tBu2C5H3 (17), tBuC5H4

Dyadd rE · rH
e rE

f rH
f

H HHH EE EH + HE HH

0.4 46.8 49.5 3.7 0.28 2.70 0.10
0.6 55.1 42.5 2.4 0.29 2.64 0.11
1.4 40.9 51.7 7.4 0.45 3.23 0.14
0.9 50.3 45.0 4.8 0.48 3.19 0.15
1.0 43.3 50.2 6.5 0.45 2.46 0.18
0.4 51.4 44.6 4.0 0.41 2.35 0.18
1.4 49.8 41.6 8.6 0.99 3.42 0.29

HE + EHH]}, [HH] = [HHH] + 1/2[HHE + EHH].

H]0 are the initial monomer concentrations.
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cheme 22. Copolymerization of ethylene with styrene catalyzed by Cp′TiCl2
tyrene)s with high styrene contents in a random manner [37].

howed more efficient styrene incorporation than CGC.
Table 26) [35a,37]. The resultant copolymers possessed rela-
ively high molecular weights with unimodal molecular weight
istributions, and the copolymers possessed a single composi-
ion confirmed by sole Tg peaks in the DSC thermograms, cross
ractionation chromatography (CFC), and by GPC attached with
T-IR (GPC/FT-IR) [37]. Fig. 3 shows typical 13C NMR spectra
methylene and methine region) of the copolymers (THF sol-
ble fraction) prepared by [Me2Si(C5Me4)(NtBu)]TiCl2 (left)
r (1,3-Me2C5H3)TiCl2(O-2,6-iPr2C6H3) (right)–MAO cata-
yst systems (methylene and methine region, THF soluble
raction). In addition to the resonances at δ = 34.3 and 35.1 ppm,
hich are attributed to S�� (tail-to-tail coupling of styrene
nit or head-to-head bridged by an intervening ethylene unit,

ES), the resonances at δ = 40.7–41.0 ppm (T��, three styrene
nit connected to head-to-tail coupling) and 43.1–45 ppm (S��

nd T��, two styrene unit connected to head-to-tail coupling)
ere observed [37]. This is an especially interesting contrast

m
a
i
s

able 26
thylene/styrene copolymerization by Cp′TiCl2(OAr) (Cp′ = 1,3-Me2C5H3, 1,2,3-Me3

ystems [37]a

omplexes Styrene (mL) Activityb TH

Co

1,3-Me2C5H3)TiCl2(OAr) 3 3670 97
1,3-Me2C5H3)TiCl2(OAr) 5 4280 98
1,3-Me2C5H3)TiCl2(OAr) 10 4140 98
1,2,3-Me3C5H2)TiCl2(OAr) 3 4100 99
1,2,3-Me3C5H2)TiCl2(OAr) 5 3070 98
1,2,3-Me3C5H2)TiCl2(OAr) 10 2720 97
Me2Si(C5Me4)(NtBu)]TiCl2 (16) 10 5630 99

a Reaction conditions: catalyst 1.0 �mol (2 �mol/mL toluene), ethylene 4 atm, total
atio), 25 ◦C, 10 min.
b Activity (kg polymer/mol Ti h), polymer yield in acetone insoluble fraction.
c Percentage of content in copolymer based on polymer obtained.
d GPC data in o-dichlorobenzene vs. polystyrene standard.
e Styrene content (mol%) in copolymer by 1H NMR (C2D2Cl4).
6-iPr2C6H3)–MAO catalyst systems: exclusive synthesis of poly(ethylene-co-

ith that prepared by [Me2Si(C5Me4)(NtBu)]TiCl2 based cat-
lyst. The styrene content in the copolymer increased upon
ncreasing the initial styrene concentration in the reaction mix-
ure, and in one case, the styrene content up to 73.6 mol%
ould be thus attained, and the substituent on cyclopentadi-
nyl group affected the catalytic activity, styrene incorporation,
nd regioselectivity of styrene insertion [37]. It was thus
oncluded that Cp′TiCl2(OAr) exhibited unique characteris-
ics for copolymerization of ethylene with styrene, affording
oly(ethylene-co-styrene)s exclusively.

Ethylene/styrene copolymerization by Cp*TiCl2(N CtBu2)
ook place in a living manner in the presence of MAO cocatalyst,
lthough the homopolymerization of ethylene nor styrene did not
roceed in a living manner [51c]. Both cyclopentadienyl frag-

ent (Cp′) and anionic donor ligand (L) in Cp′TiCl2(L) directly

ffect toward the copolymerization behavior, the catalytic activ-
ties as well as the styrene incorporation; only the above set
howed the living copolymerization [51d]. No styrene repeating

C5H2; OAr = O-2,6-iPr2C6H3) or [Me2Si(C5Me4)(NtBu)]TiCl2–MAO catalyst

F Soluble (E/S copolymer)

ntentc (wt.%) Mw
d (×10−4) Mw/Mn

d Styrene (mol%)e

.1 6.4 1.8 32.3

.2 6.0 2.1 38.5

.2 3.7 1.6 49.0

.1 17.0 1.6 26.0

.3 11.0 1.7 38.8

.8 6.6 1.6 51.2

.6 18.0 1.8 32.7

volume of toluene and styrene = 30 mL, MAO white solid (Al/Ti = 2000, molar
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iPr2C6H3) and CpTiCl2(N CtBu2), and the microstructures thus
possessed a mixture of NBE repeat units (including dyads, tri-
ads) in addition to the alternating, isolated NBE sequences. The
observed results are unique contrast with those prepared by ordi-
ig. 3. 13C NMR spectra (in CDCl3 at 60 ◦C) of poly(ethylene-co-styrene)
Pr2C6H3)–MAO catalyst systems (methylene and methine region, THF soluble

nits were observed in the resultant poly(ethylene-co-styrene)s,
ssuming that a certain degree of the styrene insertion inhibit
he degree of chain transfer in this catalysis.

.3. Copolymerization of ethylene with cyclic olefin

Cyclic olefin copolymers (COC) like poly(ethylene-co-
orbornene)s attract considerable attention as amorphous
aterials with a promising combination of high transparency

n the UV–vis region and humidity as well as thermal resistance
high glass transition temperature, Tg) [104]. It is known that
oth bridged zirconocenes and linked half-titanocenes showed
igh catalytic activities for ethylene/norbornene (NBE) copoly-
erization [38,105–108]. However, successful examples for the

fficient synthesis of random, high molecular weight copoly-
ers with high NBE contents (>50 mol%), which possess high

g (>150 ◦C), have been limited. This is not only because both
he activity and molecular weights for the copolymer gener-
lly decrease upon increasing the NBE contents (as described
elow), but also because the microstructure in the copoly-
er possessed few NBE repeat units and contained alternating

thylene-NBE sequences in addition to the isolated NBE units
ue to the difficulty for repeated insertion of NBE.

CpTiCl2(N CtBu2) exhibits both remarkable catalytic
ctivity and efficient norbornene (NBE) incorporation for ethy-

ene/NBE copolymerization in the presence of MAO (activities
1,500–90,000 kg polymer/mol Ti h, ethylene 2 atm), affording
oly(ethylene-co-NBE)s with both high molecular weights
Mn = 3.23–4.44 × 105, Mw/Mn = 2.00–2.09) and high NBE con-

S
c

ared by [Me2Si(C5Me4)(NtBu)]TiCl2 (left) or (1,3-Me2C5H3)TiCl2(O-2,6-
ion).

ents (58.8–73.5 mol%), and the activity increased at higher
emperature. Both the activities and the NBE incorporations
n the copolymerization by Cp′TiCl2(X) [X = N CtBu2 and
p′ = Cp, Cp*; X = O-2,6-iPr2C6H3 and Cp′ = Cp, Cp* and

ndenyl] were highly influenced by both Cp′ and X employed
Scheme 23), and the polymerization behaviors were differ-
nt from ordinary metallocenes, [Me2Si(C5Me4)(NtBu)]TiCl2
Table 27) [109]. 13C NMR spectra for poly(ethylene-co-
BE)s showed that resonances ascribed to NBE dyads were
bserved for the copolymers prepared by (indenyl)TiCl2(O-2,6-
cheme 23. Ethylene/norbornene copolymerization catalyzed by half-titano-
enes [38,109].



K. Nomura et al. / Journal of Molecular Catalysis A: Chemical 267 (2007) 1–29 25

Table 27
Copolymerization of ethylene with norbornene (NBE) by Cp′TiCl2(X) [X = O-2,6-iPr2C6H3 and Cp′ = indenyl, Cp*; X = N CtBu2 and Cp′ = Cp*, Cp],
[Me2Si(indenyl)2]ZrCl2, [Me2Si(C5Me4)(NtBu)]TiCl2–MAO catalyst systems [109]a

Complexes (�mol) NBE concentrationb Activityc Mn
d (×10−4) Mw/Mn

d NBEe (mol%)

(Indenyl)TiCl2(O-2,6-iPr2C6H3) (0.2) – 6960 22.5 1.88 –
(Indenyl)TiCl2(O-2,6-iPr2C6H3) (0.2) 0.2 10500 14.6 1.56 14.0
(Indenyl)TiCl2(O-2,6-iPr2C6H3) (0.5) 1.0 2300 5.9 1.82 35.2
Cp*TiCl2(O-2,6-iPr2C6H3) (0.2) – 8400 65.2 1.90 –
Cp*TiCl2(O-2,6-iPr2C6H3) (0.2) 0.2 6540 57.9 1.61 8.2
Cp*TiCl2(O-2,6-iPr2C6H3) (0.2) 1.0 2640 29.6 1.46 21.7
Cp*TiCl2(N CtBu2) (0.05) – 19680 42.2 2.45 –
Cp*TiCl2(N CtBu2) (0.05) 0.2 31700 52.3 2.47 12.7
Cp*TiCl2(N CtBu2) (0.05) 1.0 22200 97.0 2.04 20.3
CpTiCl2(N CtBu2) (0.1) – 5880 45.2 2.30 –
CpTiCl2(N CtBu2) (0.02) 0.2 21600 70.6 1.85 17.8
CpTiCl2(N CtBu2) (0.02) 1.0 40200 71.9 2.92 40.7
[Me2Si(indenyl)2]ZrCl2 (0.10) 0.2 28860 23.1 2.02 10.8
[Me2Si(indenyl)2]ZrCl2 (0.10) 1.0 4860 22.9 2.37 29.5
[Me2Si(C5Me4)(NtBu)]TiCl2 (0.50) 0.2 2460 21.1 1.88 9.6
[Me2Si(C5Me4)(NtBu)]TiCl2 (0.50) 1.0 2000 12.8 2.15 26.5

a Conditions: toluene + NBE total 50 mL, ethylene 4 atm, 25 ◦C, 10 min, MAO white solid (prepared by removing AlMe3, toluene from PMAO) 3.0 mmol.
b NBE concentration charged (mmol/mL).
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c Activity in kg polymer/mol Ti h.
d GPC data in o-dichlorobenzene vs. polystyrene standards.
e NBE content (mol%) estimated by 13C NMR spectra.

ary metallocenes as well as by [Me2Si(C5Me4)(NtBu)]TiCl2,
nd this may be suited as an appropriate explanation for observed
ifference in the NBE incorporation.

Cyclohexene (CHE) has been incorporated into the polymer
hain in ethylene/CHE copolymerization by Cp′TiCl2(O-
,6-iPr2C6H3)–MAO catalysts [39]. Effect of substituent in
yclopentadienyl fragment was found to be very important
or the CHE incorporation; both the tert-BuCp and 1,2,4-Me3
p analogues showed the efficient CHE incorporation whereas
egligible amount of CHE incorporation was observed by

oth the indenyl, the Cp* analogue under the same condi-
ions. Cp-ketimide analogue, CpTiCl2(N CtBu2), zirconocene
ike Cp2ZrCl2, linked half-titanocene like [Me2Si(C5Me4)
NtBu)]TiCl2 did not show any CHE incorporations under the

cheme 24. Effect of ligands between ethylene/cyclohexene [39] and ethy-
ene/norbornene [109] copolymerizations.
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u
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d
d
f
C
p
i
b
p
i
p

A

f
m

ame conditions, unique characteristics for using this type of
atalyst precursor for the present copolymerization have thus
een emphasized. Unique contrast that effective catalyst pre-
ursor (ligand set) for ethylene/norbornene copolymerization
as different from that for ethylene/CHE copolymerization

Scheme 24). Although the exact reason is not clear at
his moment, we believe that coordination energy into the
ationic species may influence the efficient comonomer incor-
oration as seen in the ethylene/norbornene copolymerization
38b,109].

. Summary and outlook

As introduced above, nonbridged half-metallocenes contain-
ng anionic donor ligand of the type, Cp′(L)MX2, displayed
nique characteristics that are different from those especially
y ordinary catalysts. Modifications of both the cyclopenta-
ienyl fragment and anionic donor ligands (kind of anionic
onor ligand, and the substitutents) were thus very important
or the success. We recently found that our original catalyst,
p′TiCl2(OAr), produced new polyolefins that had not been
repared by the conventional catalysts. Since several interest-
ng and important findings that should be very important from
oth academic and industrial viewpoints have been appeared,
articular attention should be thus paid to explore the possibil-
ty for preparing precise polyolefin materials by using controlled
olymerization technique.
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