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Abstract

Recent examples for synthesis of group 4 transition metal (Ti, Zr, Hf) complexes, especially nonbridged half-metallocenes containing anionic
donor ligands of the type, Cp’"MX,(L) (Cp’ = cyclopentadienyl group; M = Ti, Zr, Hf; X = halogen, alkyl etc.; L = anionic donor ligands), as catalysts
for precise olefin polymerization have been reviewed. It has been revealed that these complex catalysts displayed unique characteristics especially
for ethylene copolymerizations and some examples are known to produce new polyolefins that cannot be prepared by ordinary catalysts such as
classical Ziegler—Natta, metallocenes. Modification of both cyclopentadienyl fragment and anionic ancillary donor ligands are the key for precise
olefin (co)polymerization.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction is still increasing even in the conventional polyolefins such as

polyethylene (HDPE, LLDPE), polypropylene (PP). Recently,

Polyolefin has been one of the most important commercial considerable attention has been paid to produce new polyolefins
synthetic polymers in our daily life, and the market capacity with specified function such as optical materials by COC (cyclic
olefin copolymer), alternatives for poly(vinyl chloride) by ethy-

lene/styrene copolymer and others. This is also due to that the
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and/or waste), because the recycling should be easier than the
other specified polymers and the monomer synthesis step should
be shorter than the other functionalized monomers. It is highly
believed that the design of efficient transition metal complex cat-
alysts that precisely control olefin coordination polymerization
is the key for evolution of new polyolefins that have never been
prepared by conventional catalysts. Therefore, research concern-
ing design of efficient transition metal complex catalysts for
controlled precise olefin polymerization have attracted consid-
erable attention not only in the field of catalysis, organometallic
chemistry, but also in the field of polymer chemistry [1-9].
Recent progress in the newly designed catalysts has offered
the new possibility for evolution of new polymers, as described
below [1-9].

It has been highly believed that the important key issues
for a successful design of an efficient transition metal catalyst
for ethylene (co)polymerizations are as follows: (a) catalytic
activity, (b) molecular weight and molecular weight distri-
bution, (c) comonomer (e.g. a-olefin, styrene, cyclic olefins,
etc.) incorporation, (d) others such as branching (short, long),
structure/performance relationship. In particular, the catalysts
exhibiting both better comonomer incorporations and remark-
able catalytic activities are potentially important, because new
polymers would be prepared by the copolymerization with new
monomers (like so called traditionally unreactive comonomer
in transition metal catalyzed coordination polymerization) in
most cases. It has been reported that bridged (ansa) metallocene-
type complexes show better comonomer incorporation than the
nonbridged (unbridged) analogues in ethylene/a-olefin copoly-
merization [1], although both steric and electronic factors were
affected toward the catalytic activity and molecular weight for
resultant polymers in ethylene polymerization by substituted zir-
conocenes [10]. The fact has been explained as that the bridged
metallocenes possess rather large coordination space compared
to the nonbridged analogues, allowing better accessibility for
(rather) bulky a-olefins (Scheme 1) [1-4,11-12].

It has been well known that the linked amido-cyclopen-
tadienyl titanium complex catalysts, so called “constrained
geometry catalyst (CGC)”, showed efficient comonomer incor-
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Scheme 1. Explanative drawings that bridged metallocenes show better
comonomer incorporations than unbridged metallocenes in ethylene/oa-olefin
copolymerization due to the more open space for coordination of bulky
comonomer [1].

poration (Scheme 2) [4-5,13]. This complex was designed
according to the analogous scandium complex reported by
Bercaw et al. [14], and the reason for better comonomer
incorporation has been explained as that the bridge constrains
more open Cp—Ti—N bond angle offering better comonomer
incorporation by allowing improved accessibility for (rather)
bulky a-olefin comonomers [4-5]. As summarized in Table 1
[15,16], the efficiency in a-olefin in ethylene/a-olefin copoly-
merization can be evaluated by rg values (rg=kgg/kro,
E =ethylene, O = 1-octene, etc.) in the copolymerization of ethy-
lene with a-olefin such as 1-hexene, 1-octene, and the rg value
decreases in the order: Cp,ZrCl, >> rac-Me,Si[benz(e)Ind],
ZrClp > [Me;Si(CsMeyg)(N'Bu)]TiCl,. These facts clearly sup-
port the above assumption that “the bridge constrains more open
coordination sphere for bulky a-olefins,” although recent results
suggested that coordination sphere is not the exclusive factor for
the better comonomer incorporation [ 17-19]. The rg values were
dependent upon the polymerization temperature, whereas the
rg - ro values were ca. 1.0, indicating that these copolymeriza-
tion proceed in a random manner (or comonomer incorporations
were random) [1-5,19].

Recently, nonbridged half-metallocene type group 4 tran-
sition metal complexes of the type, Cp’M(L)X, (Cp'=
cyclopentadienyl group; M=Ti, Zr, Hf; L=anionic ligand
such as OAr, NR,, N=CR,, N=PR3, etc.; X =halogen, alkyl),
become one of the promising candidates for new efficient
catalysts for precise olefin polymerization [20-24]. This is
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Scheme 2. Linked (amido)(cyclopentadienyl)titanium complex, constrained geometry catalyst (CGC) [13].
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Table 1

Typical rg and rg values in ethylene/1-octene copolymerization using various group 4 transition metal catalysts®

Complexes Temperature (°C) rE ro rE - 1O
Cp2ZrCl,° 40 32.8 0.05 1.17
rac-Me,Si(Ind), ZrCl,° 40 18.9 0.014 0.27
rac-Me, Si(Benz[e]Ind), ZrCl," 40 10.7 0.076 0.81
rac-Me,Si(2-MeBenz[e]Ind), ZrCl,P 40 10.1 0.118 1.2
rac-Me; Si(2-MeBenz[e]Ind), ZrCl,¢ 40 8.16 0.14 1.14
[Me;, Si(CsMey)(N'Bu)]TiCl," 40 4.1 0.29 1.19
rac-Me, Si(2-MeBenz[e]Ind),ZrCl»* 0 4.71 0.22 1.06
rac-Me, Si(2-MeBenz[e]Ind), ZrCl, ¢ 20 6.45 0.18 1.14
rac-Me;Si(2-MeBenz[e]Ind), ZrCl,¢ 40 8.16 0.14 1.14
rac-Me, Si(2-MeBenz[e]Ind), ZrCl, ¢ 60 10.61 0.1 1.11

2 Conditions: in toluene, rg x ro =4[EE][OO/[EO]?, rg = kgg/kgo = [0lo/[Elo x 2[EEV[EO + OE], ro = koo/kog = [Elo/[0]p x 2[O0)/[EO + OE] ([El, [O]o: ini-

tial monomer concentration).
b Cited from Ref. [15].
¢ Cited from Ref. [16].

because, as described below, that this type of complex cata-
lyst has exhibited unique characteristics especially for ethylene
(co)polymerizations affording new polymers that have never
been prepared by conventional Zigler—Natta catalysts, by ordi-
nary metallocene type [1-4] and/or by so-called ‘constrained
geometry’ (linked Cp-amide) type catalysts [4-5]. The other
reasons are that the synthesis is not so complicated (relatively
short synthetic steps with relatively high yield), and the ligand
modification (sterically and/or electronically) should be eas-
ier especially than the ordinary bridged half-metallocene type
complexes. Moreover, due to the efforts in early studies for
organometallic chemistry of bis(amide) complexes of the type
(RoN)>,MX; [25], or chelate bis(amide) complexes [26-27],
many studies have been reported for design and synthesis of
so called “non-metallocene type” transition metal complexes as
catalysts for olefin polymerization [6]. In this article, group 4
half-metallocenes containing anionic ancillary donor ligands of
type, Cp’M(L)X>, as new promising candidates as efficient cat-
alysts for precise olefin polymerizations including our results
have been reviewed.

2. Nonbridged half-metallocenes

As described above, the linked (amide)(cyclopentadienyl)
titanium complex of type, [Me;Si(CsMe4)(N'Bu)]TiCl, (CGC),
exhibits both high catalytic activities and efficient comonomer
incorporations for ethylene/a-olefin and ethylene/styrene
copolymerizations [4-5,13]. The resultant copolymers pos-
sessed uniform comonomer distribution with relatively high
molecular weights with unique microstructures (long chain
branching etc.) [4-5]. In contrast, it has also been known
that nonbridged half-titanocenes such as Cp Ti(OMe)s
(Cp* =Cs5Mes) exhibits remarkable catalytic activity for syn-
diospecific styrene polymerization (Scheme 3) [28]. Moreover,
Cp TiMe3 was also known to exhibit catalytic activities for
both ethylene polymerization and styrene polymerization in the
presence of MAO or B(C¢Fs)3, and the resultant polystyrene
possessed both atactic (via cationic mechanism) and syndiotac-
tic (via coordination insertion mechanism) stereo regularity and
the ratios were dependent upon the polymerization temperature

[29-31]; this catalyst also polymerizes isobutene not via coor-
dination insertion mechanism but via carbocationic mechanism
(Scheme 4). No reports concerning efficient olefin polymeriza-
tion catalysts with this type had thus been reported [32,33].

We reported in 1998 that the half-titanocenes contain-
ing an aryloxo ligand of the type, Cp'TiCly(OAr) (Cp'=
cyclopentadienyl group; OAr=aryloxo group), exhibited not
only notable catalytic activities for olefin polymerization
[20,21,34], but also for efficient 1-butene incorporation in
ethylene/1-butene copolymerization [21]. Later, we reported
that these complexes also showed significant catalytic activities
for syndiospecific styrene polymerization [35], whereas ordi-
nary olefin polymerization catalysts such as metallocenes, linked
half-titanocenes showed low (or negligible) catalytic activities
for styrene polymerization, as shown in Scheme 3. Recently,
half-metallocene type group 4 transition metal complexes con-
taining anionic donor ligand of the type, Cp’'M(L)X,; (M =Ti,
Zr, Hf; L =0Ar, NR,, N=PR3, N=CRj, etc.; X =halogen, alkyl,
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
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Scheme 3. Typical characteristics for olefin (styrene) polymerization catalysts.
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Scheme 4. Polymerization of isobutene initiated by Cp*TiMey (p-Me)B(CgFs)3 reported by Baird [29].

new polymers that had never been prepared by conventional
Zigler—Natta catalysts, by ordinary metallocene type [1-4]
and/or so-called ‘constrained geometry’ type catalysts [4—5].

We demonstrated that the half-titanocenes containing an ary-
loxo ligand of the type, Cp'TiCl,(OAr) (OAr=aryloxy group),
displayed the unique characteristics especially for copoly-
merization of ethylene with a-olefin [36], styrene [35a,37],
norbornene [38], and revealed that an efficient catalyst for
desired polymerization can be simply modified by replacement
of the cyclopentadienyl fragment, Cp’. More recently, we had
shown that efficient copolymerizations of ethylene with cyclo-
hexene (CHE) [39], 2-methyl-1-pentene (2M1P) [40], and with
vinylcyclohexane [41] had been achieved as the first exam-
ples by using these complex catalysts. Moreover, these catalysts
showed favored repeated 1,2-insertion in polymerization of 1,5-
hexadiene, affording polymers containing olefins in the side
chain with uniform distribution [42].

Selected examples for nonbridged half-metallocenes con-
taining anionic donor ligands, Cp'M(L)X,, are summarized
in Schemes 6 [20,21,35,37,38,43—64] and Scheme 7 [65-80].
Many examples were known for synthesis of this type of
complexes and for use as olefin polymerization catalysts, espe-
cially for ethylene polymerization. Some examples were known
to exhibit remarkable activities for ethylene polymerization,
or isospecific living polymerization of a-olefins, as described
below.

Basic Concept: Catalyst Design
1) Nonbridged complexes
Cp'M(L)X,

L = Anionic ancillary donor ligand
Easy to prepare various Cp' & L derivatives

2) High catalytic activity
3) Control of monomer reactivity

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

2.1. Olefin polymerization by half-titanocenes containing
aryloxo ligands

It has been known that the ligand modification is very
important in order for metal catalyzed olefin polymerization to
proceed with remarkable catalytic activities. For example, as
shown in Scheme 8, both substituents on cyclopentadienyl and
aryloxo groups affected the catalytic activity for ethylene poly-
merization [20,21]. Cp TiCl,(0-2,6-'ProC¢H3) (1a) exhibited
notable activities, and the activity by Cp’TiC12(0-2,6-iPr2 CeH3)
increased in the order: Cp'=Cp”>> 1,3-'Bu,CsHz>1,3-
Me,;CsHs, ‘BuCsHy >> Cp. This seems the similar observation
for syndiospecific styrene polymerization using a series of
Cp/'Ti(OMe)s complexes [28c—e¢], and the similar explanation
that the stabilization of the active site by more electron-donating
substituents is important for the high activity can be thus
assumed. On the other hand, as also shown in Scheme 8, the
steric bulk of phenoxy ligand containing substituents in the 2,6-
position should be very important for exhibiting the high activity.
We assumed that the steric bulk of aryloxo ligand stabilized the
catalytically active species under the polymerization conditions
in the presence of cocatalyst (to protect the probable accom-
panied reaction with Al alkyls, dissociation of the aryloxide)
[20,21].

In order to explore the reason why both Cp* and 2,6-
diisopropylphenoxy ligand in la are prerequisite for the
remarkable activity in ethylene polymerization, we prepared
various Cp and aryloxide analogues and determined the
structures by X-ray crystallography [20,21,81]. As shown in
Table 2, the bond angle (173.0°) of Ti—O—C (phenoxy) for
Cp TiCl,(0-2,6-'ProCgH3) (1a), which was the most effective
catalyst precursor, is significantly different from those for the
other Cp derivatives, Cp'TiCl,(0-2,6-'ProC¢H3) (Cp’ =Cp, 1,3-
"BuyCsH3, 163.0-163.1 °©), we thus assumed that both Cp* and
the diisopropyl group sterically force the more open Ti—O—C
bond angle, which leads to more O — Ti 7 donation into Ti; this
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Scheme 6. Selected examples for nonbridged half-metallocene type group 4 complexes as olefin polymerization catalysts.

along with the more electron donating Cp” (as compared with
Cp, 'BuCp, Me,Cp) stabilizes the active species, leading to the
higher activity [20,21].

Table 3 summarizes selected results for bond dis-
tances and angles in the various Cp -aryloxide analogues,
Cp*TiCIQ(OAr) [81-84]. It should be noted that the bond angles
of Ti—O—C (phenyl) the 2,6-diisopropylphenoxy analogues,
(173.0, 174.6° for Ar=2,6-"Pr,CgH3, 2,6-'Prr-4-'BuCgH,,
respectively) were larger than those in the other Cp” deriva-
tives (155.5-162.3°) except Cp*TiC12(O-2,6-Ph2—3,5-’Bu2C6H)
(176.9°) [84]. Although we assumed above [20,21] that both
Cp* and diisopropyl group ‘sterically’ force the more open
Ti—O—C bond angle, the bond angle for the di-fert-butyl ana-

logue was small (155.5°). The similar large bond angle was
observed in Cp*TiClz(O-2,6-Ph2-3,5-’Bu2C6H) whereas the
value in Cp*TiC12(O—2,6—Ph2C6H3) was rather small (160.6°).
These results might suggest that the unique bond angle would
be dependent upon the ligand set employed, and it is thus
suggested that the unique bond angles in Ti—O—C (phenyl)
were affected by substituents in both cyclopentadienyl and
aryloxo ligands. 1-Hexene polymerization catalyzed by vari-
ous Cp TiCl,(OAr)-MAO catalyst systems were explored and
the phenoxide complexes possessing ‘Pr group in 2,6-position
exhibited exceptionally high catalytic activities as assumed from
the above results (Table 4). The results suggest that the unique
bond angles in Ti—O—C (phenyl) affect the high catalytic activity
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Table 2
Selected bond distances and angles for Cp'TiCl,(O-2,6-"PryCsH3) [21]

Compound Cp’ Cp 1,3-'Bu,CsHj Cp”

Bond distances (A)
Ti(1)—CI(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)—0O(1) 1.760(4) 1.773(3) 1.772(3)

Bond angles (°)
CI(1)—Ti—Cl1(2) 104.23(7) 103.46(3) 103.45(5)
CI(1)—Ti—0(1) 102.53(9) 103.62(6) 99.1(2)
Cl(2)—Ti—0(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)

by more O — Ti 7 donation into the titanium, leading to stabilize
the catalytically active species for exhibiting the higher catalytic
activity.

Since the unique bond angle in Ti—O—C (phenyl) seems
to be originated from the ligand set (Cp” and 2,6-diisopro-
pylphenoxy), we prepared and determined the structures
Cp Ti(X)(Y)(0-2,6-"Pry-4-R'C¢Hy) (X, Y=CI, Cl, Me, Me,
Me, CF3S03, R’=H or ‘Bu) by X-ray crystallography [81,85].
The selected bond angles and distances are summarized in
Table 5 and structures for Cp*TiMez(O—2,6—iPr2C6H3) and
Cp “TiMe(CF3S03)(0-2,6-'PryCgH3) are shown in Fig. 1 [85].
Although no significant differences in the bond distances were
observed among these complexes, the bond angles in X—Ti—Y
were influenced by the anionic ligands (X, Y), probably due to
the increased steric bulk of Me, CF3SO3 ligands compared to Cl.
It should be noted that the bond angles in Ti—O—C (phenyl) were
somewhat large in all cases (166.2-174.6°), clearly suggesting
that both Cp” and the 2,6-diisopropyl-substituted aryloxo ligand
form the unique bond angle, leading to more O — Ti 7 donation
into the titanium.

The observed catalytic activity was extremely low if
B(C¢Fs5)3 was used as the cocatalyst for 1-hexene polymeriza-
tion in the presence of Cp”TiMe, (0-2,6-'ProC¢H3) (1b)-Al'Bus

Table 4
I-Hexene polymerization by Cp”TiCly(0-2,6-R'5-4-R?CsH,)-MAO catalyst
systems [81]*

R!,R? Yield (mg) Activity® M, (x107%) My /M€
Me, H 40 240 142 1.66
Me, Me 58 348 132 1.66
Pr, H 445 2670 46.1 1.42
Pr, '‘Bu 448 2690 26.1 1.8

‘Bu, H 26 156 23.7 1.93
"Bu, Me 36 216 284 1.63

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

b Activity in kg polymer/mol Ti h.

¢ GPC data in THF vs. polystyrene standards.

catalyst system, although the significant catalytic activity was
observed if [Ph3C][B(CgFs)4] was used in place of B(CgFs)3
[85]. The polymerization took place in a quasi living manner
with remarkably high catalyst efficiency even at —30 °C, when
both [Ph3C][B(CeFs)4] and AI'Bus were used as cocatalysts
under the optimized conditions. The resultant poly(1-hexene)
possessed high molecular weight with narrow molecular weight
distribution (M, = 1.87 x 100, My /M, = 1.27) [86]. The reaction
of 1b with B(CgFs)3 in toluene-dg afforded decomposed com-
pound, Cp*Ti(CgF5)[CH,B(CgF5)2](0-2,6-'PryCsH3), (and/or
intermediates) even at —70°C, whereas no decomposition
was observed if the reaction of 1b was employed with
[Ph3C][B(C¢F5)4] [85]. The species generated from the reaction
consumed 1-hexene exclusively even at —30 °C, suggesting that
the generated cationic Ti(IV) species play arole in this catalysis.
These results well explained the effect of borate cocatalysts in
the 1-hexene polymerization.

Rothwell et al. also prepared CpTiMe,(OAr) complex con-
taining ortho-naphthylphenoxide ligand [84], and addition of
B(CgFs)3 in benzene gave thermally unstable cationic complex,
CpTiMe[(-Me)B(C¢F5)3](OAr) (2), which then gradually
decomposed at ambient temperature to afford the neutral species,

Table 3

Selected bond distances and angles for Cp*TiCIQ (0-2,6-R»-4-R'CeH>) [81]

R, R Me, H? Me, Me® iPr, HC Pr, ‘Bud "Bu, HP Ph, HY Ph, 3,5-'Bu,®

Bond distances (A)
Ti(1)—CI(1) 2.273(6) 2.262(2) 2.305(2) 2.268(1) 2.2674(10) 2.2693(13) 2.258(1)
Ti(1)—C(1) in Cp 2.329(3) 2.344(6) 2.367(7) 2.345(4) 2.359(4) 2.355(4) 2.340(3)
Ti(1)—C(2) in Cp 2.341(2) 2.389(7) 2.345(7) 2.417(4) 2.375(3) 2.348(4) 2.369(3)
Ti(1)—C(3) in Cp 2.398(2) 2.374(7) 2.368(7) 2.399(4) 2.370(3) 2.377(4) 2.420(3)
Ti(1)—O(1) 1.785(2) 1.781(4) 1.772(3) 1.779(3) 1.804(2) 1.811(3) 1.804(2)

Bond angles (°)
CI(1)—Ti—CI(2) 103.3(2) 103.2(1) 103.45(5) 103.68(5) 98.10(4) 98.70(5) 100.44(4)
CI(1)—Ti—O(1) 101.7(1) 102.0(1) 99.1(2) 102.73(10) 103.22(6) 104.33(10) 103.68(7)
CI(2)—Ti—O(1) 101.7(1) 101.6(1) 104.1(2) 101.83(10) 103.22(6) 105.20(10) 104.34(7)
Ti—O—C(6) in phenyl 162.3(2) 162.1(4) 173.0(3) 174.6(3) 155.5(2) 160.6(3) 176.90(19)

@ Cited from Ref. [82].
b Cited from Ref. [81].
¢ Cited from Ref. [21].
d Cited from Ref. [83].
¢ Cited from Ref. [84].
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Fig. 1. Structures for Cp*TiMe;(0-2,6-'PryCgH3) (left) and Cp”TiMe(CF3S03)(0-2,6-'PryCgH3) (right) [85].

8

Table 5

Selected bond distances and angles for Cp*Ti(X)(Y)(O-2,6-'Pr,CsH3) [81]

Compound/R’ H? H® Hb

XY Cl, Cl1 Me, Me Me, CF;S03

Bond angles (°)
Ti(1)—CI(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)—0O(1) 1.772(3) 1.790(2) 1.778(4)

Bond distances (A)
X—Ti—Y 103.45(5) 99.8(1)¢ 97.4(3)
X—Ti—0O(1), X=ClorCinMe  99.1(2) 101.9(1)¢ 102.1(2)¢
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)

& Cp"TiCly(0-2,6-'PryCgH3) cited from Refs. [20,21].
b Cp*TiMe(Y)(0-2,6-'Pr,CsH3) (Y =Me, CF3S03) cited from Ref. [85].

¢ Me—Ti—Me bond angle.
4 Me—Ti—O in CF3S0;3 bond angle.
¢ O(1)—Ti—C in Me bond angle.

&

Ti<Me
Ar'o

B(CeFs)3

Ph

OAr' = OQ or O

Ph

é \ +‘-\M

A 'o/Ti‘ g
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R

R

R = Me (a), Ph (d)

CpTi(CeF5)[CH;B(CgF5)2](OAr) (3), followed by methane
elimination (Scheme 9) [84].

2.2. Olefin polymerization by half-titanocenes containing
various anionic ancillary donor ligands

Roesky et al. reported the synthesis of both Cp’-amide
complexes 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-'Pr,CsH3)(SiMe3)N1;MX; in 1996 [44]. They attempted
ethylene polymerization in the presence of MAO, and found that
the half-metallocene analogue would be more suited than the
bis(anilide) analogues as the polymerization catalysts (Table 6).
In addition, Zr complexes exhibited higher catalytic activities
than the related Hf complexes, but the significant differences
could not be observed between chlorides and fluorides, although
they expected the improvement of the activity with fluoride as
they could observe in the syndiospecific styrene polymerization
with Cp/TiX3-MAO catalysts [28g]. No data concerning molec-
ular weights and molecular weight distributions for the resultant
polyethylene were given.

-MeH @\

e—B(CgFs); |—— . \CH,B(CgFs),
e 6 5)3 T"Cst 65

A'O/
™3

R
Bu

Bu
R' = phenyl (b), naphtyl (c)

Scheme 9. Reaction of Cp'TiMe,(OAr) with B(CgFs)3 [84].
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Table 6

Ethylene .polymerization with Cp*MXg [N(2,6-'ProCgH3)(SiMe3)],
MX;[N(2,6-"Pr,CeH3)(SiMes)][,-MAO catalyst systems [44]*

Complex Al/MP Activity®
Cp"ZrCl,[N(2,6-'PryCH3)(SiMe3)] 3000 476
Cp”HIfF,[N(2,6-'Pr,CsHj3)(SiMe3)] 1000 6
Cp"ZrF»[N(2,6-ProCsH3)(SiMe3)] 3000 293
Cp”HIfF,[N(2,6-'Pr,CsHj3)(SiMe3)] 1000 2

ZI‘C12 [N(2,6—iP1‘2C()H3)(SiMe3)]2 1000 13
HfCl,[N(2,6-"Pr,CsH3)(SiMe3)] 1000 Trace
ZI‘F2 [N(2,6—iPr2C6H3)(SiM63)]2 1000 9
HfF,[N(2,6-'Pr,CH3)(SiMe3 )] 1000 Trace

2 Reaction conditions: toluene 100 mL, ethylene 1 atm, 30 min, 250 mL scale
autoclave.

b Molar ratio of AI/M.

¢ Activity in kg polymer/mol M h.

The observed catalytic activities for ethylene polymer-
izations with a series of Cp'TiCl;[N(2,6-Me;CgH3)(SiMe3)]
complexes at 25°C increased in the order: Cp'=Cp"
(902 kg PE/mol Tih) > 1,3-Me;CsHz (104), Cp (113) (Table 7)
[45]. These results suggest that the introduction of electron-
donating group increases the activity. The activity by the

Cp-Si'BuMe; analogue seemed somewhat higher than the Cp-
SiMe3 analogue under the same conditions, and this trend
is similar to that observed for ethylene (co)polymerization
with a series of [1,8-C19oHg(NR),2]TiCl; [R =SiMe3, Si'BuMe,,
Si‘Pr;]-MAO catalyst systems [26s,t,87]. The observed effect
in the anilide ligand for the activity would be thus explained by
an assumption that the stability of catalytically active species,
especially the stability of the N-alkylsilyl bond in the solution
under these reaction conditions, affected the catalytic activity
[45].

Cp TiCl(NMe;) exhibited moderate catalytic activity in
the presence of MAO (Table 8) [57], and the activity slightly
decreased if the ordinary MAO was used in place of MAO
prepared by removing AlMes. The activity further decreased
significantly at 50°C, and the decrease would be due to the
dissociation of amide ligand from the metal center by reac-
tion with AlMes. In contrast, Cp*TiClg[N(Me)Cy] exhibited
notable catalytic activity for ethylene polymerization [58], and
the activity apparently increased at lower concentration con-
ditions. The Me,Cp analogues also showed relatively high
catalytic activity for ethylene polymerization. The observed
results in Cp TiCl,[N(Me)Cy] suggest that the activity can be

Table 7

Ethylene polymerization by Cp'TiCl[N(2,6-Me;CgH3)(R)]-MAO catalyst systems (R = SiMes, Cp’ =Cp”", 1,3-Me,CsHs, Cp; R =Si'BuMe,, Cp’ = Cp) [44]*
Catalyst Cp’, R (umol) AVTI® Temperature (°C) Yield® (mg) Activityd My® (x10™%) My /M,®
Cp”, SiMe; (1.0) 3000 25 435 870 Insoluble’

Cp”, SiMe; (1.0) 5000 25 451 902 Insoluble’

Me,Cp, SiMe; (10.0) 500 25 518 104 0.19 2.00
Me,Cp, SiMe;s (10.0) 500 40 140 28 0.18 2.018
Cp, SiMe; (10.0) 500 25 567 (373) 113 34.2h 198

Cp, Si'BuMe; (10.0) 500 25 684 (477) 137 _

Cp, Si'BuMe; (10.0) 500 40 257(183) 51 28.41 96.1

? Polymerization conditions: toluene 30 mL, MAO (prepared by removing toluene and AlMe3), ethylene 6 atm, 30 min.

b Molar ratio of Al/Ti.

¢ In parantheses, the yield of low molecular weight oligomer oil (soluble in acidified ethanol and extracted with chloroform).

4" Activity = kg PE/mol Ti h.

¢ GPC data (acidified ethanol insoluble portion) in o-dichlorobenzene vs. polystyrene standard.

f Resultant PE was insoluble in hot o-dichlorobenzene.
¢ High molecular weight PE was also observed in a trace amount.
b Mixture of high and low molecular weight polymers.

i Bimodal molecular weight distribution consisted of My, =5.01 x 10%,2.19 x 103.

Table 8

Ligand effect in ethylene polymerization by Cp'TiCl,[NR!'R?] [Cp’=Cp” and R!, R?> =Me, Me, Me, Et, Me, Cy (Cy =cyclohexyl); Cp’ = 1,3-Me,CsHj3 and R!,

R?=Me,Cy, Cy, Cy]-MAO catalyst systems [58]*

Catalyst (wmol) Cp’; R!, R? Al cocatalyst AI/Ti® Temparature (°C) Activity (kg PE/mol Tih)
Cp"; Me, Me (2.0) MAO 1500 25 1600

Cp”; Me, Me (2.0) MAOQ® 1500 25 1430

Cp"; Me, Me (2.0) MAO® 1500 50 180

Cp”; Me, Et (2.0) MAO 1500 25 1680

Cp"; Me, Cy (1.0) MAO 3000 25 39809

Cp”; Me, Cy (0.5) MAO 6000 25 4540

1,3-Me,Cp; Me, Cy (1.0) MAO 3000 25 1520

1,3-Me,Cp; Cy, Cy (1.0) MAO 3000 25 2000

2 Polymerization conditions: toluene 30 mL, MAO (prepared by removing toluene and AlMe3) 3.0 mmol (Al), ethylene 6 atm, 10 min.

b Molar ratio of Al/Ti.
¢ Commercially available MAO (contains AlMe3) was used.

d GPC data in o-dichlorobenzene vs polystyrene standards: My, =1.65 x 10%, My /M, =2.88 and My, =6.79 x 10°, My,/M, = 1.99 (small amount).
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Table 9
Ethylene polymerization with CpMCl;[OCR;-(2-CsH4N)]-MAO catalyst sys-
tems [46]*

Complex M; R Activity® My (x107%) My/M,©
Ti; 'Pr 80 45.0 2.00
Ti; Ph 320 54.4 1.86
Zr; ‘Pr 430 56.7 2.17
Zr; 'Pr 710 86.2 3.44
Zr; Ph 370 65.8 1.74

# Reaction conditions: toluene 450 mL, ethylene 75 psig (5.1 atm), 30°C,
MAO (AI/M = 1000, molar ratio), 1000 mL scale autoclave.

b Activity in kg polymer/mol M h.

¢ GPC data in 1,2,4-trichlorobenzene vs. polyethylene standard.

tuned only by replacing of one methyl group on the amide lig-
and into cyclohexyl group. An assumption that introduction of
electron-donating substituents into the amide group increases the
activity can be thus considered, because the observed activity
was higher than that reported by Cp”TiCl[N(SiMe3)(2,6-
Me;CgH3)] under the same conditions (1080 kg PE/mol Tih)
[45]. The effect of increased steric bulk with cyclohexyl group
would also be considered, because the dissociation of amide
ligand by Al alkyls would be disturbed by the steric bulk of
cyclohexyl fragment.

Polymerization of ethylene by cyclopentadienyl-pyridylal-
koxide complex of type, CpMCI[OCR2(2-NCsHy)], was
reported by Doherty and Errington [46]. The results are sum-
marized in Table 9. Stable polymerization profiles with little evi-
dence for catalyst decay were observed under these conditions,
and the nature of R group affected the catalytic activity. The
activities observed here were relatively higher than that reported
by Chien and Rausch with [(CsMe4)(CHj3)2(NMe»)]TiCls
complex—MAQO catalyst system [28h,i], and a steric effect and/or
greater m-donation to the metal center by the oxygen atom in the
more electron-rich alkoxide complexes was thus assumed for the
improved catalytic activity.

Eisen et al. prepared bis(benzamidinato) titanium and zir-
conium complexes of the type, [PhC(NR)>]oMCl, M =Ti, Zr;
R =Pr, Cy), and [PhC(N'Pr),],ZrCl, showed moderate activ-
ity for ethylene polymerization in the presence of MAO [53].
Although they also prepared [PhC(NR),]Cp*MCl, (M =Ti, Zr;
R='Pr, Cy), but these complexes showed the lower activities

[53]. Sita et al. prepared various half-titanocenes containing
acetamidinato ligand of the type, Cp'TiMe;[NR!C(Me)NR?]
(R', R?=Cy,Cy, 'Bu2,6-Me,CgH3, ‘Bu, Et, ‘Bu, Pr,
"Bu, Cy), and examined the ethylene polymerization in
the presence of MAO [55b]. The observed activity by
CpTiMe; [NCyC(Me)NCy] was low [22 kg PE/mol Ti h, 25 °C,
1 atm of ethylene, in toluene, Al/Ti =80-90], and the activity
with Cp*TiMez[N’BuC(Me)N(2,6-MezC6H3)] was extremely
low (0.1 kg PE/mol Tih) [55b].

Zirconium complexes containing iminophosphonamide lig-
and of type, [RpyP(NR)21oMCly and CpZrCly[RP(NR'),],
were prepared by Collins et al. [54], and [PhyP{N(4-
MeCgHa)}212ZrCl, and CpZrCl[Et;P(NSiMes3)z] exhibited
high catalytic activity for ethylene polymerization even at
relatively high temperature (Table 10). On the other hand,
bis(iminophospnonamido)titanium(IV) complexes were about
50-100 time less active under these conditions. Although
the dimethyl complex was inactive for ethylene polymeriza-
tion in the presence of MAO under the same conditions,
notable increase in the activity was observed by the addition
of [Ph3C][B(CsFs)4] (5.30 x 103 kg PE/mol Zr h).

Stephan et al. focused on using sterically bulky phosphin-
imide ligand as the steric equivalent to cyclopentadienyl group
[47], because the bulky ligand would provide environment ster-
ically/electronically similar to cyclopentadienyl fragment as
previously noted by Dehnicke et al. [88]. They prepared series
of cyclopentadienyl-phophinimide titanium(IV) complexes of
type, Cp'Ti(NPR3)X>, and explored effect of the substituents on
both Cp’ and NPR3 groups for the catalytic activity in ethylene
polymerization (Table 11) [47a,d]. These complexes exhibited
remarkable activities for ethylene polymerization in the pres-
ence of MAO, and the activity improved with the combination
of borate compound, [Ph3C][B(CgFs)4]. Substituents on both
Cp’ and phosphinimide ligands play an essential role for exhibit-
ing the high activity, and use of N=PCy3 ligand was effective.
The tert-BuCp analogues were more suited than the Cp ana-
logues, suggesting that electron-donating substituents on Cp’
increase the catalytic activity. Analogous zirconium complexes
were also prepared, but these complexes showed low catalytic
activities for ethylene polymerization in the presence of MAO
[47c]. The activities by the zirconium analogues improved upon
the presence of [Ph3C][B(C¢F5)4] cocatalyst [47¢].

Table 10

Ethylene polymerization with Cp* MCL[R!P(NR2,),], [R12P(NR2,):1MCl, (M =Ti, Zr)-MAO catalyst systems [54]*

Complex Temperature (°C) Activityb (x1073) M,y°© (x10™%) My, IM,©
CpZrClL[EtaP{N(SiMe3)2 }] 50 660

CpZrCl,[Et, P{N(SiMe3)» }] 70 8900 9.3 2.45
[PhyP{N(p-tolyl), } 1,ZrCl, 50 7900 14.4 2.07
[PhoP{N(p-tolyl), } 1,ZrCl, 70 2500 7.9 3.55
[Phy P{N(p-tolyl), } 1, TiMe, 50 55 35 1.67
[PhoP{N(CH;Ph); } 1, TiMe, 50 101 2.9 2.02
[Phy P{N(p-tolyl), } 1,ZrMe, 50 6900 19 2.68
[thP{N(p—tOlyl)z}]zZrMez 70 2900

[PhyP{N(CH,Ph); }1,ZrMe, 70 2200 21.3 2.27

4 Reaction conditions: catalyst 10 wmol, toluene 500 mL, MAO (Al/M = 2000, molar ratio), ethylene 75 psi (5.1 atm).

b Activity in kg polymer/mol M h.
¢ GPC data vs. polyethylene standard.
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Table 11
Ethylene polymerization by Cp'TiX,(N=PR3) (Cp’ = Cp, tert-BuCp; X =Cl, Me; R =Cy, 'Pr, ‘Bu)—cocatalyst systems [47a]*
Complex Cocatalyst Activity® M€ (x10™%) My /My©
CpTiClL(N=PCy3) MAO 42 0.36 1.8
33.6 22
CpTiCl,(N=PPr3) MAO 49 1.87 2.8
579 2.4
CpTiCly(N=P'Bus) MAO 500 8.99 2.4
CpTiMe,(N=PCys3) Ph3CB(CgFs)a 231 13.5 2.8
CpTiMez (N=PiPr3) Ph3CB(C6F5 )4 225 16.4 34
CpTiMe, (N=P'Bu3) Ph3CB(CgFs)a 401 16.6 34
"BuCpTiCl,(N=PCys3) MAO 46 0.74 2.1
89.4 34
"BuCpTiCl,(N=P'Pr3) MAO 16 0.76 1.9
91 2.5
"BuCpTiCl,(N=P'Bus) MAO 881 6.54 2.4
"BuCpTiMe(N=PCy3) Ph3CB(CsFs)a 1807 31 7.5
"BuCpTiMe,(N=P'Pr3) Ph3CB(CgFs)a 1193 259 9.9
"BuCpTiMe, (N=P'Bu3) Ph3CB(CsFs)s 1296 32.1 12.3
"BuCpTiMe,(N=P'Buj) MAO 853 5.56 23
[Me2Si(CsMes)(N'Bu)]TiCl, MAO 630

2 Conditions: catalyst 0.01-0.03 mmol, toluene, ethylene 1 atm, 25 °C, 0.5-3 min, MAO (Al/Ti =500, molar ratio) or Ph3CB(CgFs)4 (B/Ti=2).

b Activity in kg polymer/mol Ti h.
¢ GPC data vs. polyethylene standard.

Remarkably active, non-metallocene type titanium(IV) cat-
alyst, (‘BusP=N),TiMe,, had been developed by Stephan et
al. [47b] by replacing the cyclopentadienyl group into the
phophinimide ligand according to the above strategy (Table 12).
The observed activity would be the same as that by CGC,
[Me;»Si(CsMe4)(N'Bu)]TiMe;, under both high pressure and
high temperature [160 °C, 1500 psi (102 atm)] conditions.

DFT calculations of the mechanism of polymerization for
the series of catalyst models derived from CpTiMe,(N=PR3)
(R=Me, NH;, H, Cl, F) demonstrated the critical role of ion
pairing in determining the overall barrier to polymerization, and
suggested that the ligands that incorporate electron-donating
substituents would reduce the barrier [47f]. The tris-amido-
phosphinimide analogues, Cp’TiX,[N=P(NR;)3] (X =Cl, Me),
showed notable catalytic activities upon the presence of borate-
based activators (Table 13), and the activity increased upon
increasing the steric bulk. Optimization of steric bulk and
electronic characteristics to facilitate ion-pair separation and
prolonged catalyst lifetime were thus achieved, affording a read-
ily accessible and easily varied family of highly active catalysts.

Generally, the substituents on Cp’ affect the catalytic activ-
ity [20,21,28c—e], because, as described above, the stabilization
of the catalytically active species can be achieved by more
electron donation through the cyclopentadienyl fragmnent.
In contrast, no significant differences in the activities for
ethylene polymerization using Cp'TiCl,(N=C'Bu;,) [Cp’=Cp,
tert-BuCsHy, Cp*] were observed (Table 14) [51a]. The activ-
ities by CpTiCl,(N=CR,) were, however, strongly influenced
by the substituents in the ketimide ligands (Table 15) [49],
and these results clearly indicate that modification of the
anionic ancillary donor ligands plays crucial role for exhibit-
ing the high catalytic activitiy. Although distinct differences
in the catalytic activities for ethylene polymerization with a
series of the Cp'TiClo(N=C'Bu,) were seen, the activities in
the 1-hexene polymerizations were highly dependent upon the
cyclopentadienyl fragment employed, as shown in Table 16.
The polymerization by the Cp analogue, CpTiCl,(N=C'Buy),
took place efficiently, and a first order relationship between the
monomer concentration and the reaction rate was seen based on
time-course plots versus In[M]/[M]y, strongly suggesting that

Table 12

Ethylene polymerization with (‘BusP=N),TiMe,-borate catalyst systems [47b]*

Complex (pmol) Activator Ethylene Temparature (°C) Activity® M€ (x10™%) My, IM,©
('BuzP=N),TiMe, (12.1) Ph3CB(CgFs)4 1 atm 25 1,166

('BuzP=N),TiMe, (2.31) Ph3CB(CgFs)4 1500 psi 160 18,950

('BuzP=N),TiMe, (0.58) Ph3CB(CgFs)4 1500 psi 160 62,310 7.75 1.9
[Me,Si(CsMey)(N'Bu)TiMe, (2.31) Ph3CB(CgFs)4 1500 psi 160 16,130 13.5 2.5

# Reaction conditions: cyclohexane, 1-3 min, ethylene 1 atm or 1500 psi (102 atm).

b Activity in kg polymer/mol Ti h.
¢ GPC data vs. polyethylene standards.
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Table 13

Polymerization testing of precatalysts, Cp'TiXy [NP(NR!R?)3] [47f]*

Precatalyst (wmol L™1) Cocatalyst Time (min) Activity? M, (x107%) My /My©
CpTiCl,[N=P(NMe)] (100) MAO 30 2.4 25.71 2.08
CpTiCly[N=P(NEt,)3] (100) MAO 30 26 12.99 3.57
CpTiCla[N=P{N(Me)'Pr}3] (50) MAO 30 13 39.1 8.91
CpTiClo[N=P{N(Et)Ph}3] (50) MAO 30 150 13.55 4.61
Cp"TiClo[N=P(NMe,)3] (100) MAO 30 21 82.6 1.72
Cp"TiClh[N=P(NEt,)3] (100) MAO 30 39 9.01 1.65
Cp TiCL[N=P{N(Me)'Pr}3] (50) MAO 30 56 12.78 2.76
Cp TiClL[N=P{N(Et)Ph}3] (50) MAO 30 200 12.61 4.02
CpTiMe; [N=P(NMe,)3] (4) Al'Bu3/B(CgFs)3 10 2,200 31.5 2.05
CpTiMe, [N=P(NEt,)3] (4) Al'Bus/B(CgFs)s 10 3,500 39.4 1.91
CpTiMe;[N=P(NPr,)3] (4) Al'Bu3/B(CgFs)3 10 5,500

CpTiMCz[N=P(NBu2)3] (4) AliBU3/B(C6F5)3 10 3,600

CpTiMe, [N=P{N(Me)'Pr}3] (4) Al'Bu3/B(CgFs)3 10 3,600 38.86 1.85
CpTiMe, [N=P{N(Et)Ph}3] (4) Al'Bus/B(CgFs)s 10 4,200 43.25 1.92
Cp"TiMe,[N=P(NMe;)3] (10) Al'Bu3/B(CgFs)3 10 1,200

Cp"TiMe, [N=P(NMe;,)3] (4) Al'Bus/B(CgFs); 10 4,200 14.08 4.92
Cp"TiMe,[N=P(NEt,)3] (10) Al'Bu3/B(CgFs)3 10 2,000

Cp"TiMe, [N=P(NEt;)3] (4) Al'Bus/B(CgFs)s 10 4,700

Cp"TiMe, [N=P(NPr,)3] (4) Al'Bu3/B(CgFs)3 10 10,000

Cp"TiMe, [N=P(NBuy)3] (4) Al'Bus/B(CgFs); 10 6,100

Cp"TiMe, [N=P{N(Me)Pr}3] (10) Al'Bu3/B(CgFs)3 10 2,100

Cp”TiMe, [N=P{N(Me)'Pr}3] (4) Al'Bu3/B(CgFs)3 10 4,900 28.81 2.14
Cp"TiMe, [N=P{N(Et)Ph}3] (10) Al'Bu3/B(CgFs)3 10 2,300

Cp"TiMe, [N=P{N(Et)Ph}3] (4) Al'Bus/B(CgFs); 10 4,200 32.46 2.03
Cp TiMe, [N=P'Pr3](10) Al'Bu3/B(CgFs)3 10 1,600

Cp”TiMe, [N=P'Pr3] (4) Al'Bu3/B(CgFs)3 10 5,200 49.34 2.05
CpTiMe, [N=P'Bus] (10) Al'Bu3/B(CgFs)3 10 2,900

CpTiMe;[N=P'Bu3] (4) Al'Bus/B(CgFs); 10 5,600 43.78 1.8
Cp2ZtMe; (10) Al'Buz/B(CgFs)3 10 3,500

CpaZtMe; (4) Al'Bus/B(CgFs)s 10 16,000 17.5 1.89

2 Polymerization conditions: ethylene 2 atm at 30 °C, toluene 600 mL, stir rate = 1000 rpm, 500 equivalent of MAO, 2 equivalent of B(CgFs)3; 20 equivalent of

Al'Bu;.
b Activity in kg PE/mol Ti h atm.
¢ GPC data in o-dichlorobenzene.

the apparent decrease is due to the decrease in the 1-hexene
concentration not due to the deactivation of catalytically active
species. As described below, although it is not clear enough to
explain, and predict the effect of substituent on Cp’ toward the
desired polymerization, it is at least suggested that both Cp’ and
anionic donor ligand play an essential role for exhibiting the
remarkable catalytic activities.

Kretschmer and Hessen reported that half-titanocenes con-
taining 1,3-bis(xylyl)iminoimidazolidide ligand, CpTi(CH>
Ph)» [N=C[{N(2,6-Me2CsH3)-CH3 }2]] (Scheme 6), exhibited
notable catalytic activities for ethylene polymerization in the
presence of B(C¢Fs)3 cocatalyst [56]. As shown in Table 17, they
emphasized that the catalyst showed higher catalytic activities
than the CpTi(CH,Ph),(NP'Buj) under the same conditions (in

Table 14

Ligand effect in ethylene polymerization by Cp'TiClo(N=C'Bu,) (Cp’ =Cp, ‘BuCsHy, Cp”, indenyl)-MAO catalyst systems [51a]*

Cp/ AUTI® (x1073) Ethylene (atm) Polymer (yield/mg) Activity® My9 (x1075) My /M4
Cp 10 4 317 9,500 9.85 1.9
Cp 15 4 445 13,400 9.66 1.9
Cp 15 6 737 22,100 9.84 1.9
"BuCsHy 10 4 379 11,400 12.6 2.0
"BuCsHy 15 4 477 14,300 9.9 2.1
Cp” 10 4 443 13,300 11.6 2.1
Cp” 15 4 552 16,600 104 2.2
Indenyl 10 4 248 7,400 5.59 2.2
Indenyl 15 4 255 7,700 5.61 2.1

2 Conditions: complex 0.2 wmol, toluene 40 mL, MAO white solid, 40 °C, 10 min.

5 Molar ratio of Al/Ti.
¢ Activity in kg PE/mol Tih.
4 GPC data in o-dichlorobenzene vs. polystyrene standards.
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Table 15
Ethylene polymerization with Cp'TiX(N=CR;) [Cp’ =Cp, CsMes, indenyl,
C4Me4P; R="Bu, NMe,, etc.]-MAO catalyst systems®

Table 18
Ethylene polymerization by Cp*TiCIZ [N(‘Bu)PPh, ]-Al'Buz—[Ph3C][B(Cg¢F5)4]
catalyst system [71]*

Complexes Polymer Activity (kg PE/mol Ti Temparature Al/Ti/B® Yield Activity® M,
(yield/g) (or Zr)h) (°C) (mg) (x107%)

CpTiCl,(N=C'Buy) 5.08 668 20 2000 (MAO)¢ 80 64 7.8
CpTiCl[N=C(NMe,)] 0.81 107 20 1980/1/2 352 1564 60.1
CpTiMe,[N=CPh(Me)] 0.84 111 20 150/1/1 151 671 33.1
(C5Mes)TiClo(N=C"Buy) 6.26 824 20 150/1/2 383 1702 76.6
(Ind)TiCl,(N=C'Buy) 13.02 1713 50 150/1/2 257 1142 48.9
(CsMeyP)TiCl,(N=C'Buy) 2.63 346 70 150/1/2 213 947 33.0
Phy C(Flu)(Cp)ZrCl, 5.64 742 20 200/1/2 566 2516 81.1
Cp2ZrCl, 20.18 2655

Slurry polymerization results [49].
2 Conditions: catalyst 15.2 wmol, cyclohexane 300 mL, MAO (PMAO-IP),
Al/M =500, ethylene 10 psig (0.68 atm), 35 °C, 30 min.

the presence of partially hydrolyzed Al'Buz, TIBAO). No poly-
merization results in the presence of MAO were introduced in
the text [56].

Many additional attempts have been made to improve the
activities by modification of the anionic ancillary donor ligands
as shown in Scheme 7 (more recent examples). Zhang et al.
reported that Cp*TiCIZ [N(‘Bu)PPh;] showed moderate catalytic
activities for ethylene polymerization in the presence of borate
cocatalyst under optimized conditions, but the activity in the
presence of MAO cocatalyst showed low activity (Table 18) [71].

2 Conditions: Ti 2.7 pmol, ethylene 1 atm, toluene 50 mL, 5 min.
b Molar ratio.

¢ Activity in kg PE/mol Ti h.

4 MAO was used.

Use of bulky alkoxide ligands in place of aryloxides was also
explored, and Hierro et al. prepared CpTiCl,(OR) (R=0Adam,
OMent, OBorn, etc.) by reaction of CpTiCls with bulky alcohol
such as 1-adamantanol (AdamOH), (1R, 2S,5R)-menthol (Men-
tOH), (1S-endo)-borneol (BornOH), in the presence of NEt3
[76]. However, the observed catalytic activities were low in all
cases, suggesting that this approach may not be suited to find
an efficient catalyst. Related approaches were taken recently,
but some manuscripts only introduced styrene polymerization
results without description of the ethylene polymerization results
probably due to the low activities. Another approach in this topic

Table 16
1-Hexene polymerization by Cp'TiCl,(N=C'Bu,) (Cp’ = Cp, ‘BuCsHy, Cp”, indenyl)-MAO catalyst systems [51a,b]*
Cp’ (pmol) MAO (mmol) Time Polymer Activity® TON (x1073) My (x107%) My/M,¢
(AI/Ti x 1072)P (min) (yield/mg)
Cp (0.25) 2.0 (80.0) 5 782 37500 37.2 60.0 1.6
Cp (0.25) 2.0 (80.0) 10 985 23600 46.9 59.5 1.6
Cp (0.25) 2.0 (80.0) 20 1403 16800 66.8 61.7 1.6
Cp (0.25) 3.0 (120) 20 1380 16600 65.7 55.2 1.8
"BuCsH, (2.5) 2.0 (8.00) 20 1094 1310 5.21 28.5 1.7
‘BuCsHy (2.5) 3.0 (12.0) 20 1036 1240 4.93 29.6 1.6
Cp" (2.5) 2.0 (8.00) 20 474 569 2.26 13.0 1.6
Cp” (2.5) 3.0 (12.0) 20 449 539 2.14 12.0 1.6
Indenyl (0.25) 2.0 (8.00) 20 994 11900 472 28.1 1.7
Indenyl (0.25) 3.0 (12.0) 20 1060 12700 50.4 26.6 1.7

2 Conditions: complex in toluene 0.5 mL, 1-hexene 10 mL, 25 °C, MAO white solid (prepared by removing toluene and AlMe3 from ordinary MAO), 25 °C, 20 min.

® Molar ratio of AI/Ti.
¢ Activity in kg polymer/mol Ti h.
4 GPC data in THF vs. polystyrene standards.

Table 17

Ethylene polymerization with CpTi(CH,Ph),(L)—cocatalyst systems [56]*

L Cocatalyst Activity (kg PE/mol Ti h bar) M,P (x1079) My /M,
N=C[N(CH2)s]> B(C6Fs)3 376 4.06 1.9
N=C[N(CH2)s]2 B(CsFs)3/TIBAO 32 5.83 1.7
N=C[N(CH3)2(2,6-Me>CsH3):] B(C6Fs)3 896 3.61 1.9
N=C[N(CH2)2(2,6-Me,>CsH3):] B(CsFs5)3/TIBAO 1600 6.63 22
N=C'Bu, B(CeFs)3 353 5.43 1.9
N=P'Bus B(CgFs)3 848 5.18 22
N=P'Bus B(CgFs)3/TIBAO 1128 7.17 2.1

2 Conditions: Ti 10 wmol, Al/B/Ti=20/1.1/1.0 (molar ratio), ethylene 5 bar, 80 °C, 15 min, toluene 210 or 260 mL.

Y GPC data vs. polystyrene standards.
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is to use dimeric, supported on dendrimer as shown in Scheme 10
[89-92]. These approaches would introduce new possibilities in
this research field.

2.3. Some chemistry related to olefin polymerization using
half-titanocenes

As described above, addition of B(CgF5)3 into a benzene
solution containing CpTiMe;(OAr) complex containing ortho-
naphthylphenoxide ligand prepared by Rothwell et al. gave
thermally unstable cationic complex (2), then decomposed
at ambient temperature affording the neutral species (3) by
methane elimination (Scheme 9) [84]. Toluene-dg solutions con-
taining 2 [Ar=2,6-Ph,-3,5-Me;CgH (a), 4,6-'Buy-2-PhCgH)
(b), 4,6-'Buy-2-naphthyl-C¢H; (¢), 2,3,5,6-PhsCgH (d)] elim-
inated methane at a rate which was temperature dependent
to afford the corresponding neutral species 3 monitored by
'H NMR spectra [93]. Related reactivity was been observed
for the decomposition of other cationic methyl compounds of
the group 4 metals where [MeB(CgF5)3]™ anions are present,
and in a particularly important mechanistic study, it was con-
cluded that the reaction occurs via a o-bond metathesis pathway
[50a], reported by Piers et al. as described below. In the 'H
NMR spectra of the neutral species derived from 2a-b, d, a
single set of Cp and aryloxide resonances was present along
with well-resolved, diastereotopic Ti—-CH;—-B protons. In con-
trast, two sets of sharp NMR signals are present in the case
of [CpTiMe(OAr)]*[MeB(CgFs)]~ containing the chiral o-(1-
naphthyl) ligand (3c¢), due to a 70:30 mixture of the two possible
diastereomers (Scheme 11). The fact that exchange of these
isomers was slow on the NMR time scale at ambient temper-
ature confirmed that naphthyl rotation could not account for the
observed fluxionality in 2¢. A kinetic study showed a first order
decomposition of 2d over approximately 4 halflives (the rate
constant of 7.62 x 10™*s™! at 25.0°C, t;/2 = 15 min) [93].

The further research revealed that Me/CgFs exchange
affording CpTiMe(CgF5)(OAr) took place in the reaction of
CpTiMe, (OAr) with B(CgF5)s if the reactions were employed
with relatively small aryloxide ligands (Ar= 2,6-'Pr,CgHs, 2,6-
"BuyCgH3), whereas 2¢ decomposed to afford 3¢ accompanied
by formation of methane (Scheme 12) [94]. As described above,

i -.wMe
‘Me

_B(CeFs)s %Me “B(CeFs)s 21

1 BCFsk ®\Me B(CoFs)s
AMoMe ™
ArO” Y,
Me rO
MeBV -CHy
"\'\CAeF / \g:2 B(CeFs)2
ArO O +
‘ \CeFs T| \CeFs
Ti<Ve ‘CHz B(CgFs)2

ad Ar = 2,6-Pr,CqHa,

O
t Ar = 2,3,5,6-Ph,CgH
2,6- BUQCGHQ,

Scheme 12. Two possible passways for reaction of CpTiMe;(OAr) with
B(CgFs)3 [94].

the reaction of Cp”TiMe,(0-2,6-"Pr,CgH3) (1b) with B(Cg¢Fs)3
in toluene-dg afforded Cp*Ti(C6F5)[CHZB(C6F5)2](0-2,6-
Pr,C¢H3) (and/or intermediates) even at —70°C [85]. The
reaction pathway [methane elimination or Me/C¢F5 exchange]
would be thus highly dependent upon the steric/electronic nature
of both cyclopentadienyl and anionic donor ligands employed.

The detailed studies for methane elimination mechanism
of (cyclopentadienyl)(ketimide)titanium(IV) complex of the
type, Cp'TiMe,[N=C'Bu(R)] [Cp’=Cp, Cp*, CsMe4(SiMe3);
R ='Bu, Me, CH,SiMe3 ] was made by Piers et al. [50]. They iso-
lated cationic species 5 and fully identified by 'H, 13C, 1°F and
"B NMR as well as by elemental analysis (Scheme 13). Based
on the result of deuterium labeling crossover experiment with
B(CgFs)3 using a mixture of dimethyl (4) and deutrated dimethyl
(de-4) complexes, they showed that the reaction proceeded via
intramolecular pathway for methane elimination because no
scrambling of the methyl group to produce isotopomers were
observed. Only CH4 and CDy4 were detected by 'H and >H NMR,
if the above solution was allowed to decompose, strongly imply-
ing an intramolecular pathway for methane elimination. The
latter pathway was also confirmed by kinetic studies carried out
by monitoring the reaction using 'H NMR in toluene-ds.

i CoF
toluene / ‘C?'|2%(CGF5)2
-78 °C N
tBu- C Bu- C Bu-C 6
R R Bu, Me etc. R R

J

] CgF 5 transfer

) -CHy ;TT
N CB(CeFs)s s-bond N EB(CeFs)3
Bu-c. HH metathesis | ‘Bu-C
R R

Scheme 13. Reaction of Cp*TiMe; [N=C'Bu(R)] (R = Me, 'Bu) with B(C¢Fs)3 [50a].
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Scheme 14. Reaction of Cp'TiMey(N=C'Bu,) with 0.5 equiv. of [Ph3C][B(C¢Fs)4] [50b].

The methane elimination process for ion pair of § affording
6 was proved to proceed via o-bond metathetical elimina-
tion of methane from a contact ion pair. The possibility
for borane dissociation and/or ion-pair dissociation could be
excluded, because only SiMes was formed from the cationic
species, [Cp*Ti(CHZSiMe3)(N=C’Bu2)]+[MeB(C6F5)3]_, that
were generated exclusively by the reaction of Cp TiMe
(CH,SiMe;3)(N=C'Bu,) with B(Cg¢Fs)3 [50a]. The mechanism
from 5 to 6 could be thus explained by 1) o-bond metathesis of §
affording zwitter ionic intermediate, [Ti*—CHy——B(CgFs)3], 2)
then CgFs5 transfer affording final product, 6 (Scheme 13) [50a].

The reaction of 4 with 0.5 equivalent of [Ph3C][B(CgFs)4] in
bromobenzene-ds at —25°C gave binuclear p-methyl mono-
cationic species, 7, with 1:1 mixture of rac/meso form
(Scheme 14). Upon warming the reaction mixture upto room
temperature gave another monocationic species, {[Cp(L)Ti]o (-
CH,)(n-CH3) }[B(C6F5)a]™ (8) exclusively [50b]. While the
loss of methane from rac/meso 7 (Cp’ = Cp* and CsMe4SiMe3)
proceeded with >95% diastereoselectivity to rac 8 dominat-
ing, the dimers were formed as a mixture of diastereomers
in the Cp compounds, presumably with rac 8 dominating
(rac/meso =11/3), suggesting a thermodynamic control was oper-
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Scheme 15. Formation of cationic species derived from 10 [95a].
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Scheme 16. Isospecific living polymerization of 1-hexene, 1,5-hexadiene by “exposed” zirconium acetamidinate complexes [55a,c].

ating. In addition, dissociation of dimer took was very slow
as confirmed by deuterium labeling crossover experiment.
Methane loss likely proceeds via o-bond metathesis involving
a C—H bond of the bridging methyl group, in a reaction similar
to that observed in 5. The equilibration of the resulting diastere-
omers should be possible since then the intermediate 9 should be
able to undergo epimerization at titanium and/or rotation about
the Ti—~CH,* bond (Scheme 14) [50b].

As described below, half-zirconocene containing acetamid-
inate ligand (10) initiates isospecific living polymerization
of 1-hexene [55a], and the same complex also initiates liv-
ing cyclopolymerization of 1,5-hexadiene [55c]. Monocationic
methyl species, Cp*ZrMe[tBuNC(Me)NEt] [B(CgFs)4] (11a)
could be isolated, and was fully characterized as the Et, O adduct,
if Cp*ZrMez [N'BuC(Me)NEt] (10) was treated with 1 equiv-
alent of [PhNMe,H][B(CgF5)4] in PhCl at —10°C upon the
presence of Et; O in trace amount (Scheme 15) [93a]. Moreover,
dicationic dimeric w-CH3, p-CH3 complex (12 could also be
isolated after several days, if the reaction was performed with-
out E>O (Lewis base). Monocationic, dimeric u-CHy, w-CHj
complex of 13 could also be isolated upon warming the reac-
tion mixture containing 11a to room temperature. An increase
in the acidity of the bridging methyl groups that occur upon
formation of 12a might induce deprotonation by the PhNMe,
(that remains after demethylation of the dimethyl species) to
afford 13. In this sense, similar deprotonation of dimers formed
from propagating species could represent a terminating event
during polymerization. Formation of the dimer (12) suggested
that the similar dimers might play a role as the propagating
species in metal catalyzed olefin polymerization system. This
species possessed bridging agostic interactions that would be
supposed to lower the barriers for steps involved in both prop-
agation and termination. In addition, the dimers of propagating
species would also serves as dormant, stable, resting states in
the polymerization system.

2.4. Isospecific living polymerization of a-olefins and the
related chemistry

Half-zirconocene containing acetamidinate ligand (10) initi-
ates isospecific living polymerization of 1-hexene [55a], and the
same complex also initiated living cyclopolymerization of 1,5-
hexadiene [55¢] (Scheme 16). The Cp analogoue (14) prepared
also initiated isospecific living polymerization of vinylcyclohex-
ane [55d]. The 1-hexene polymerization afforded high molecular

weight isotactic (mmmm >95%) polymers with narrow molec-
ular weight distribution (M, =69544, M/M;=1.10), and the
linear plots between M), and conversion of 1-hexene without
changing M,/M, values were obtained. Moreover, the resul-
tant polymer possessed narrow molecular weight distribution
by additional 1-hexene after consumption of previous monomer
(called post polymerization), and these facts strongly indicated
that the polymerization took place in a living manner. The ori-
gin of high isospecificity by 10/[B(CgF5)4] should be due to that
site-isomerization after olefin insertion must occur more rapidly
than olefin complexation and propagation [55a].

Effect of substituent on the amidinate ligands toward the
activity, stereospecificity, as well as the living character was
explored in the 1-hexene polymerization with the various half-
zirconocenes, [Cp“ZrMe{N(R)C(R*)N(R?)}]*, as shown in
Table 19 [55e]. Although the living polymerization character
was observed in the polymerization by 11¢ (only R was replaced
from Me to Ph), significant loss of the stereoregularity was con-
firmed by the 13C NMR spectrum. The tert-Bu analogue (11d)
did not show the catalytic activity, and the polymerization did
not proceed in a living manner with loss of the stereo control if
11b was used in place of 11a. A distinct Goldilocks effect was
thus observed where fine balance between nonliving character
and no activity is controlled by the steric bulk of the distal amid-
inate substitutent. The loss of stereo control should be due to
the two different mechanisms depending upon the steric bulk of
the distal amidinate substitutent: a low barrier to metal-centered
epimerization observed by 11b, and a lack of steric discrimina-
tion at the metal center for olefin coordination observed by 11¢
[55¢e].

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*ZtMe{NRHCR*NR?)}* [55¢]*

R!;R% R? Yield (%) M,° My, /M,P
"Bu; Et; Me (11a) 95 19,800 1.03
"Bu; Et; H (11b) 45 20,100 1.59
"Bu; Et; Ph (11c) 90 19,300 1.02
'Bu; Et; ‘Bu (11d) Inactive

Pr; 'Pr; H (11e) 98 25,100 1.23

# Conditions: Zr 2.5 pwmol, 200 equivalent of 1-hexene, chlorobenzene at
—10°C for 2h.
b GPC data in THF vs. polystyrene standards.
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(Scheme 17), and the result clearly indicate that rapid transfer
of a highly ‘stereoregular’ alkyl (polymer) chain to a ‘nonstere-
ospecific’ propagating center via methyl-polymeryl exchange
was present [95b]. These would provide the new strategy for syn-
thesis of well-defined stereoblock polymers in a living manner
[95b].

Polymerization of 1-hexene with 10 with 0.5 equivalent
of [PhNMe,H][B(CgFs)4] at —10°C afforded isotactic-rich
poly(1-hexene) (mm=25%), whereas the polymerization with
1.0 equivalent of borate afforded isotactic poly(1-hexene) as
reported [55a]. A process of degenerative transfer involving
rapid and reversible alkyl group exchange between cationic
(active) zirconium propagating centers and neutral (dor-
mant) methyl, polymeryl Zr end groups was thus considered
as the mechanism in this living polymerization system as
shown in Scheme 18 [95c]. Facile metal centered epimer-
ization of dormant species was thus responsible for loss of
stereo-control during propagation that produces isotactic-rich
materials, whereas the pure isotactic polymer was obtained
if the degenerative transfer process was not present (molar
ratio of borate/Zr>1). The stereoblock material, atactic-
poly(1-hexene)-b-isotactic-poly(1-octene), was thus prepared
according to the procedure shown in Scheme 19 based

on the above facts. The successful realization of a stere-
ospecific chloride degenerative transfer living Ziegler-Natta
polymerization process that provides isotactic polyolefins
of narrow polydispersity could be thus achieved if the
Cp“ZrCl(isobutyl)[N‘BuC(Me)NEt] was employed in place of
the dimethyl analogue [95d].

2.5. Modification of ligands for syndiospecific styrene
polymerization

As described above (shown in Scheme 3), ordinary Ziegler-
Natta catalysts, metallocenes, linked half-titanocenes like
[Me;Si(CsMeg)(N'Bu)]TiCl, (CGC), exhibit high catalytic
activities for olefin polymerization [4,5,13]. However, these
catalysts generally show extremely low (or negligible) cat-
alytic activities for styrene polymerization [13d,96]. In contrast,
it is well known that half-titanocenes such as Cp*Ti(OMe)3,
Cp'TiCls, Cp'TiF; exhibit remarkable catalytic activity for
syndiospecific styrene polymerization (Scheme 3) [28]. How-
ever, these complexes are not efficient catalyst precursors for
olefin polymerization. The facts might suggest that basic design
(catalytically active species, oxidation state) between olefin
polymerization and styrene polymerization should be different.

11a

k
M [ZPi . + [ZMe]-P, = ZMel-P, + M [Zi]-P;
[Zr-P}-Me-[Zr-P]*
Kp Intermediate
i 1@
S)
B(CgF
Meu..zlr.-\Me 1 Mve (CeFs)a
/ \ AN
%NYN_\

Scheme 18. Degenerative transfer living polymerization involving rapid and reversible methyl group exchange between cationic (active) zirconium propagating

centers and neutral (dormant) methyl, polymeryl zirconium species [95c].
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10 + 0.5 equiv. borate _+ Me
100 equiv. ZZ > r
quiv. = PhCI-10 °C "
mixture of 10 and 11a

degenerative transfer accompanied

M, = 12400 (GPC)
My/M, = 1.04

Me"‘er' \Me er. \Me
7/ \ / \
o [0
10

1) 1 equiv. of borate
2) 100 equiv. 1-octene
mono cationic species 11a present

no degenerative transfer

®
B(CeFs5)4

borate:
[PhNMe,H][B(CgF 5)4]

11a

Scheme 19. Synthesis of stereoblock copolymer in a living manner [95c].

In contrast, the efficient catalyst for syndiospecific styrene
polymerization by (aryloxo)(cyclopentadienyl)titanium com-
plex catalysts, can be modified from the efficient catalyst
for olefin polymerization only by modification of substitutent
on Cp’ (Scheme 20); (1,3-Me>CsH3)TiCly(0O-2,6-"ProCeH3)
and (‘BuCsH4)TiCl,(0-2,6-"ProCgH3) exhibited high catalytic
activities for styrene polymerization affording high molecular
weight syndiotactic polystyrene exclusively [35]. This displayed
one of the most unique characteristics for using this type of
complexes as the olefin polymerization catalysts.

("BuCsHy)TiCl(OAr) exhibited moderate catalytic activity
for syndiospecific styrene polymerization at 25 °C when both
[PhMe,NH][B(CsFs)4] and a mixture of Al'Bus/Al(n-CsHy7)3
were used as the cocatalyst, and the activities with a series
of (1,3-Me>CsH3)TiCl,(OAr) highly depended on the aryloxo
ligand used [97]. The fact is an interesting contrast to the
reported facts by Baird et al. that the reaction of Cp*TiMe3 with
B(CgFs)3 in hexane/toluene mixed solvent gave Cp TiMes (-
Me)B(CgF5)3 which initiated polymerization of isobutene, vinyl
ethers, N-vinylcarbazole [29,30,98], and they demonstrated that
these polymerization took place not by coordination/migration
polymerization mechanism but by carbocationic polymerization
mechanism. In addition, the styrene polymerization in n-hexane

Efficient Catalyst for
Styrene Polymerization

Efficient Catalyst for
Ethylene Polymerization

Scheme 20. Modification of efficient catalyst between olefin and syndiospecific
styrene polymerization [35a].

or in bulk gave syndiotactic polystyrene in good yields contain-
ing atactic polymer, whereas the ratio of s-PS/a-PS depended
on polymerization temperature if the polymerization was per-
formed in toluene.

Although role of the anionic ancillary ligand (aryloxo, amide,
anilide) should be negligible according to the assumption that
cationic Ti(IIT), [Cp'Ti(R)(styrene)]* (R = polymer, alkyl chain)
plays an essential role for the syndiospecific styrene poly-
merization [28,99], the electronic and/or steric nature of the
anionic ancillary donor ligand affected the catalytic activity
in the above styrene polymerization [35,97], as Tomotsu at
Idemitsu also insisted the possibility that neutral Ti(III) species,
[CP'Ti(L)(R)(styrene)] (L =anionic donor ligand), plays an
important role as the catalytically active species (Scheme 21)
[28d—e].

Effect of both the cyclopentadienyl and the anionic
donor ligands in syndiospecific styrene polymerization with a
series of half-titanocenes of the type, Cp'TiCly(L) [Cp’ =Cp,
1,3-Me;CsH3, 1,2,4-MesCsHy, Cp*; L=0Ph, O-4-MeCgHy,
0-2,6-M62C6H3, O-2,6—iPr2C6H3, O-2,6-’Bu2C6H3, NMeCy,
N(2,6-Me>CH3)(SiMe3)], N=C'Buy] in the presence of MAO
[35b,51a]. As shown in Table 20 and Fig. 2, the catalytic activi-
ties for syndiospecific styrene polymerization with a series of

con
p\ﬂ—|

L = anionic donor
ligand

Neutral Ti(Ill)

Cationic Ti(IIl)

Scheme 21. Proposed two catalytically active species for syndiospecific styrene
polymerization by half-titanocenes [28d,e].
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Table 20

Effect of aryloxide ligand in styrene polymerization by Cp”TiCl,(X)-MAO catalyst systems [35b,51a]*

X Temparature (°C) Activity? My (x10™%) My /My©
Cl1(2.0) 40 320 36.2 23
Cl1(2.0) 55 1640 332 2.3
Cl1(2.0) 70 1970 24.8 2.5
Cl1(2.0) 85 3280 17.5 22
0-2,6-Pr,C¢H;3 (2.0) 40 285 26.8 2.6
0-2,6-"Pr,CHj (2.0) 55 1640 53.1 2.5
0-2,6-Pr,CsH;3 (2.0) 70 3600 49.0 22
0-2,6-"Pr,CHj (2.0) 85 4290 32.3 22
OCgHs (2.0) 40 733 55.1 22
OCgHs (2.0) 55 1600 55.1 2.0
OCsHs (2.0) 70 4170 54.3 2.0
OCgHs (2.0) 85 6390 47.8 2.1
0-4-MeCgHy4 (2.0) 40 757 30.4 2.8
0-4-MeCgHy (2.0) 55 1560 28.7 2.3
0-4-MeCgHy4 (2.0) 70 3750 26.7 2.4
0-4-MeCgHy (2.0) 85 6020 24.2 2.3
0-2,6-Me,CgH3 (2.0) 40 1020 30.1 2.3
0-2,6-Me,CgHs3 (2.0) 55 4090 29.6 2.0
0-2,6-Me,CgH3z (2.0) 70 9200 28.0 2.1
0-2,6-Me,CeH3 (2.0) 85 12400 20.7 2.1
0-2,6-'Bu;CgHj (2.0) 40 75 11.0 1.9
0-2,6-'BuCsHs (2.0) 55 279 114 2.1
0-2,6-'Bu;CgHj (2.0) 70 1780 20.5 23
0-2,6-'BuCgHs (2.0) 85 5690 23.1 22
N=C'Bu,¢ 25 22.6 13.1 22
N=C'Bu, (0.4)¢ 40 245 5.1 1.6
N=C'Bu; (0.4) 60 740 5.6 14
N=C'Bu, (0.4)¢ 80 1790 55 1.4

2 Conditions: catalyst 2.0 pmol styrene/toluene = 10/20 mL, MAO white solid 3.0 mmol (Al/Ti = 1500, molar ratio), 10 min.

b Activity in kg s-PS/mol Ti h.
¢ GPC data in o-dichlorobenzene vs. polystyrene standard.
d Styrene/toluene = 1/10 mL, 30 min.

Cp'TiCly(L) were dependent upon the anionic donor ligand
employed. The catalytic activities increased at higher tem-
perature, and the molecular weights for resultant syndiotactic
polystyrenes were dependent upon the anionic donor ligand
employed. As also shown in Table 21, the catalytic activities with
aseries of the tert-BuCp analogues were also dependent upon the
anionic donor ligand [81,51a], and, as described above, the activ-

14000

Cp*TiCly(L)
12000}

10000+
8000+

6000

Activity/ kg-sPS/mol-Tih

4000+

2000+

AR Rt R Y

0

40 55 70 8
Temp./ °C

a

Fig. 2. Temperature dependence toward catalytic activity for syndiospecific
styrene polymerization catalyzed by Cp* TiCly(L) (L=Cl, 0-2,6-'Pr,C¢Hs, O-
2,6-Me,CgH3, 0-2,6-"Bu;CeHz)-MAO catalyst systems (shown in Table 20)
[35b].

ities with (1,3-Me;CsH3)TiCla(OAr)-[PhMe;NH][B(CeFs)4]
catalysts in the presence of Al'Busz/Al(n-CgH;7)3 were highly
depended on the aryloxo ligand used [97]. The role of the anionic
donor ligand, like the aryloxide ligand, toward both the catalytic
activity and the My, values of polystyrene was thus observed
irrespective of kind of cocatalyst employed [35b]. Although it
has been invoked that cationic Ti(III) plays an essential role for
syndiospecific styrene polymerization, the role of anionic donor

Table 21
Effect of aryloxide ligand for styrene polymerization by (‘BuCsHy)TiCly(L)—
MAO catalyst systems [81,51a]*

L Activity® M,Sx1074 My /M€
0-2,6-Me,CgH3 1370 5.3 2.05
0-2,4,6-Me3CgH, 534 5.9 1.91
0-2,6-'Pr,CsH3 1370 5.7 2.05
0-2,6-"Pry-4-'"BuCgH» 2680 5.2 2.18
0-2,6-'Bu,CeH3 258 5.1 2.01
0-2,6-'Buy-4-MeCgH, 54 4.6 1.98
N=C'Bu¢ 8 10.6 1.9

Syndiotactic polystyrene as acetone insoluble fraction.

* Conditions: catalyst 1.0 pmol, styrene/toluene=5/9 mL, MAO 3.0 mmol
(AV/Ti=3000), 10 min at 25 °C.

b Activity in kg s-PS/mol Ti h.

¢ GPC data in THF vs. polystyrene standards.

477 10.0 wmol, styrene/toluene = 1/10 mL, 30 min.
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Table 22

Ethylene/1-hexene copolymerization of by Cp* TiCly(0-2,6-'PryCsH3) (1a)— and [Me;Si(CsMe)(N'Bu)]TiCl, (16)-MAO catalyst systems [36]2

Complex (mol) Ethylene (atm) 1-Hexene (conc.)’ Activity® (x1073) 1-Hexene! (mol%) My® (x1077) My /M,
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 6.96 394 8.80 2.21
16 (0.60) 7 0.73 14.6 23.7 11.9 2.30

4 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 |-Hexene concentration, mmol/ml.
¢ Activity in kg polymer/mol Ti h.
d'1-Hexene content in copolymer estimated by '>*C NMR spectra.
¢ GPC data in o-dichlorobenzene vs. polystyrene standards.

ligands towards both the activity and the molecular weight is
also present in this systems. Although the origin for this effect
might not be perfectly clear at this moment, these facts do not
deny the possibility that a neutral Ti(II) or a cationic Ti(IV)
species also plays a role for this polymerization with this unique
catalyst system, as described below.

3. Some ethylene copolymerizations by nonbridged
half-titanocenes

3.1. Ethylene/a-olefin copolymerization

Cp*TiC12(0-2,6—iPr2C6H3) (1a) exhibited a remarkable cat-
alytic activity for ethylene/1-hexene copolymerization under
optimal conditions, and that the activity was much higher
than [Me,Si(CsMe4)(N'Bu)]TiCl, (CGC, 16) in the presence
of MAO (Table 22) [36]. The resultant copolymers by 1la,
possessed relatively high 1-hexene contents (24.6-43.5 mol%)
that were of the same level as those obtained by CGC [36].
The M, values for resultant copolymers prepared by 1la
(My =3.17-4.55 x 107) were lower than those prepared by
CGC (My,=4.05-11.9 x 10°), but possessed relatively high

Table 23

molecular weights, unimodal molecular weight distributions
(M /My =1.77-1.98). Table 23 summarizes triad sequence dis-
tributions (monomer sequences) and dyads in the resultant
copolymers estimated by 1>C NMR spectra [100]. It is clear that
the percentages for HHE + EHH as well as HH sequences in the
copolymers by 1a were lower than those by 16; rg - rg values by
lawere0.29-0.31, indicating that the copolymerization does not
proceed in a random manner (comonomer incorporations does
not proceed in a random manner). Generally, the copolymer-
ization by ordinary metallocenes, linked half-titanocenes like
CGC proceed in a random manner, as exemplified by CGC
(rg x ruy=0.96-1.01, Table 23), and we thus assumed that the
fact presented here by la should be one of the unique char-
acteristics for using nonbridged half-titanocenes in ethylene
copolymerizations.

As shown in Table 24, the 1-hexene content in the resultant
copolymer prepared by Cp'TiCl,0-2,6-ProCgH3) [Cp’=Cp”
(1a), "BuyCsHz (17), ‘BuCsHy4 (18)] depended upon the Cp’
employed [36]. The ‘BuCp analogue (18) exhibited the high-
est level of 1-hexene incorporation among these complexes,
indicating that the nature of Cp’ affects the relative rate of
monomer coordination or insertion. Triad sequence distributions

Monomer sequence distribution of poly(ethylene-co-1-hexene)s prepared by Cp*TiClz(O—2,6—’Pr2C6H3) (1a)- and [Me; Si(CsMe4)(N'Bu)]TiCl, (16)-MAO catalyst

systems [36]*

Complex  Ethylene 1-Hexene 1-Hexene® Triad sequence distribution? (%) Dyads® rg-ra’
(atm) (conc.?) (mol%)
EEE EEH+HEE HEH EHE HHE+EHH HHH EE EH+HE HH
la 7 1.45 38.0 173 304 14.3 225 14.0 1.5 324 59.0 85 031
1a 5 0.73 28.7 31.1 313 8.9 21.5 6.8 0.4 46.8 495 37 029
la 7 0.73 24.6 40.0 296 5.8 19.4 4.6 0.6 55.1 425 24 029
16 7 1.45 39.4 233  28.6 8.7 14.3 20.0 5.1 37.6 474 150 1.01
16 5 0.73 30.0 355 286 59 14.2 14.4 1.4 49.8 416 8.6 099
16 7 0.73 23.7 453 272 3.8 13.8 9.4 0.5 589 359 52 096

2 Detailed polymerization conditions, see Table 22.

b Initial 1-hexene concentration (mmol/mL).

¢ 1-Hexene content in copolymer determined by 1>C NMR spectra.
d Calculated by '3C NMR spectra.

e. [EE]=[EEE] + 1/2[EEH + HEE], [EH] = [HEH] + [EHE] + 1/2{[EEH + HEE] + [HHE + EHH] }, [HH] = [HHH] + 1/2[HHE + EHH].

f g x ry =4[EE][HH]/[EH + HE]?.
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Table 24

Ethylene/1-hexene copolymerization by Cp'TiCly(0-2,6-"ProCgH3) and [Me;Si(CsMes)(N'Bu)]TiCl, (16)-MAO catalyst systems [Cp’ =Cp” (1a), 1,3-'BuyCsHs

(17), and ‘BuCsHy (18)] [36]*

Complex (pmol) AVTI® (x1073) Ethylene (atm) 1-Hexene (conc.€) Activityd 1-Hexene® (mol%) Myt (x1079) My /Mt
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 6,850 339 1.24 1.78
18 (0.60) 33 7 0.73 14,200 26.9 1.27 1.60

2 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.

® Molar ratio of AUTi.

¢ 1-Hexene concentration mmol/mL.

4" Activity in kg polymer/mol Ti h.

© ]-Hexene content in copolymer estimated by '3C NMR spectra.
f GPC in o-dichlorobenzene vs polystyrene standard.

(monomer sequences) in the resultant copolymers estimated
by '3C NMR spectra [98], and the monomer reactivity ratios
[101] are summarized in Table 25. The distributions showed
that the contents of EHE and HHE + EHH sequences and the
resultant rg X rg values (rg and rg are the monomer reactiv-
ity ratios of ethylene and 1-hexene, respectively) by 1a, 17, 18
are significantly different from that by CGC (16) under the same
conditions. The monomer reactivity ratios by CGC are consistent
with those reported previously [4,15], and the values was larger
than those obtained by 1a, 18. Moreover, rg, ry, and rg-rg values
by 1a were not strongly affected either by the reaction temper-
ature or by the Al/Ti molar ratio under the present conditions
(rg x ry=0.28-0.32, rg =2.29-2.70, ry =0.11-0.13, 15-50°C
and Al/Ti=30,000-50,000) [36b]. Also noteworthy is that the
sequence distributions as well as their rg, ry, values in the
copolymerizations were strongly affected by the substituent on
Cp’. These observations are significantly different from those
observed in copolymerizations by ordinary metallocene cata-
lysts, and we thus assume that these are one of the unique
characteristics for using nonbridged half-titanocenes for olefin
(co)polymerizations.

Table 25

3.2. Copolymerization of ethylene with styrene

It has been well known that ethylene/styrene copolymer-
ization by ordinary half-sandwich complex such as Cp'TiX3
(X=Cl, OMe, CH,Ph, etc.) afforded a mixture of polyethylene,
syndiotactic polystyrene and poly(ethyelene-co-styrene) [102].
Moreover, the observed activities were low and both the selec-
tivity of product and the activity were highly depended upon
cocatalyst used as well as pretreatment conditions (Scheme 3).
The facts were believed to be due to that the active species
between ethylene and styrene polymerizations are different. In
contrast, the copolymerization by [Me;Si(CsMe4)(N'Bu)]TiCl,
(CGC) afforded poly(ethylene-co-styrene) exclusively, but
styrene head-to-tail repeat units were not observed and synthesis
of the copolymer with high styrene contents was thus seemed
difficult [103].

In contrast, we reported recently that the ethylene/styrene
copolymerization by (aryloxo)(cyclopentadienyl)titanium com-
plexes took place efficiently, affording poly(ethylene-co-
styrene)s exclusively without by-producing polyethylene and/or
syndiotactic polystyrene (Scheme 22), and these complexes

Selected monomer sequence distirbutions of poly(ethylene-co-1-hexene)s prepared by Cp/TiCly(0-2,6-'Pr,CgH3) [Cp’ = Cp* (1a), 1,3-'BuyCsH3 (17), 'BuCsHy

(18)] and [Me;Si(CsMe4)(N'Bu)]TiCl, (16)-MAO catalyst systems [36]*

Cat. 1-Hexene? Triad sequence distribution® (%) Dyad“l rg - rg° ref raf
mol%
( %) EEE EEH + HEE HEH EHE HHE + EHH HHH EE EH+HE HH

la 28.7 31.1 31.3 8.9 21.5 6.8 0.4 46.8 49.5 3.7 0.28 2.70 0.10
la 24.6 40.0 29.6 5.8 19.4 4.6 0.6 55.1 425 24 0.29 2.64 0.11
17 339 26.0 29.7 10.4 20.5 12.0 14 40.9 51.7 7.4 0.45 3.23 0.14
17 27.1 34.6 31.2 7.1 18.4 7.8 0.9 50.3 45.0 4.8 0.48 3.19 0.15
18 32.0 27.6 31.4 9.0 20.1 10.9 1.0 433 50.2 6.5 0.45 2.46 0.18
18 26.9 35.9 31.1 6.2 19.2 7.3 0.4 51.4 44.6 4.0 0.41 2.35 0.18
16 30.0 355 28.6 5.9 14.2 14.4 14 49.8 41.6 8.6 0.99 3.42 0.29

2 For detailed polymerization conditions, see Table 24.
b 1-Hexene content in copolymer determined by '*C NMR spectra.
¢ Determined by '*C NMR spectra.

d [EE] = [EEE] + 1/2[EEH + HEE], [EH] = [HEH] + [EHE] + 1/2{ [EEH + HEE] + [HHE + EHH]}, [HH] = [HHH] + 1/2[HHE + EHH].

® g x rq =4[EE][HH]/[EH + HE]?.

f rg =[H]o/[E]lp x 2[EE)/[EH +HE], ryg = [E]o/[H]o x 2[HH}/[EH + HE], [E]o and [H]y are the initial monomer concentrations.
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Ethylene/styrene copolymerization by Cp’TiCl,(0O-2,6-Pr,C¢H,)

" cat./ MAO
s =

cat. = Cp'TiCly(O-2,6-Pr,CqHa)
Activity:
3000->4000 kg-polymer/mol-Ti-h

2-8 atm

Poly(ethylene- + PE, SPS + Atact-PS
co-styrene)

Exclusive Yield
M, = 4-18 x 104, M,/M, = 1.6-2.1, styrene < 73.6 mol%

Possible to prepare random copolymer

by MAO

trace amount
small amount

with high styrene content efficiently

\Ti“"‘Cl
Me,Si \N/ ~cl

| “tail-to-tail” and/or SES sequence

'8y No "head-to-tail” sequence

~

~ .
O/TIQ&:I O/TI\”’?I

Ph /W\/
Y\)\ L L
Ph S8 s

"head-to-tail” Ph  Ph
sequence SSs

"tail-to-tail "and/or
SES sequence

"tail-to-tail" and/or SES sequence
& "head-to-tail" sequence

Ph

Scheme 22. Copolymerization of ethylene with styrene catalyzed by Cp/TiCl,(0-2,6-'PrC¢H3)-MAO catalyst systems: exclusive synthesis of poly(ethylene-co-

styrene)s with high styrene contents in a random manner [37].

showed more efficient styrene incorporation than CGC.
(Table 26) [35a,37]. The resultant copolymers possessed rela-
tively high molecular weights with unimodal molecular weight
distributions, and the copolymers possessed a single composi-
tion confirmed by sole T, peaks in the DSC thermograms, cross
fractionation chromatography (CFC), and by GPC attached with
FT-IR (GPC/FT-IR) [37]. Fig. 3 shows typical '3C NMR spectra
(methylene and methine region) of the copolymers (THF sol-
uble fraction) prepared by [Me,Si(CsMe4)(N'Bu)]TiCl, (left)
or (1,3-Me,CsH3)TiCly(0-2,6-"Pr,CgH3) (right)-MAO cata-
lyst systems (methylene and methine region, THF soluble
fraction). In addition to the resonances at 6 =34.3 and 35.1 ppm,
which are attributed to Sqp (tail-to-tail coupling of styrene
unit or head-to-head bridged by an intervening ethylene unit,
SES), the resonances at §=40.7-41.0 ppm (Tgg, three styrene
unit connected to head-to-tail coupling) and 43.1-45 ppm (Sqa
and Tgs, two styrene unit connected to head-to-tail coupling)
were observed [37]. This is an especially interesting contrast

Table 26

with that prepared by [Me;Si(CsMe4)(N‘Bu)]TiCl, based cat-
alyst. The styrene content in the copolymer increased upon
increasing the initial styrene concentration in the reaction mix-
ture, and in one case, the styrene content up to 73.6 mol%
could be thus attained, and the substituent on cyclopentadi-
enyl group affected the catalytic activity, styrene incorporation,
and regioselectivity of styrene insertion [37]. It was thus
concluded that Cp’TiCly(OAr) exhibited unique characteris-
tics for copolymerization of ethylene with styrene, affording
poly(ethylene-co-styrene)s exclusively.

Ethylene/styrene copolymerization by Cp”TiCly(N=C'Bu,)
took place in a living manner in the presence of MAO cocatalyst,
although the homopolymerization of ethylene nor styrene did not
proceed in a living manner [51c]. Both cyclopentadienyl frag-
ment (Cp’) and anionic donor ligand (L) in Cp'TiCl,(L) directly
affect toward the copolymerization behavior, the catalytic activ-
ities as well as the styrene incorporation; only the above set
showed the living copolymerization [51d]. No styrene repeating

Ethylene/styrene copolymerization by Cp/ TiCl, (OAr) (Cp’ = 1,3-Me,CsHs, 1,2,3-Me3CsHy; OAr= 0-2,6-"Pr,CgH3) or [Me>Si(CsMey )(N'Bu) | TiCl,-MAO catalyst

systems [37]*

Complexes Styrene (mL) Activity® THF Soluble (E/S copolymer)
Content® (wt.%) My (x107% My /M4 Styrene (mol%)®©

(1,3-Me,CsH3)TiCl>(OAr) 3 3670 97.1 6.4 1.8 323
(1,3-Me>CsH3)TiClo(OAr) 5 4280 98.2 6.0 2.1 38.5
(1,3-Me,CsH3)TiCl>(OAr) 10 4140 98.2 3.7 1.6 49.0
(1,2,3-Me3CsHy) TiCl (OAr) 3 4100 99.1 17.0 1.6 26.0
(1,2,3-Me3CsH3)TiCl, (OAr) 5 3070 98.3 11.0 1.7 38.8
(1,2,3-Me3CsH) TiCl, (OAr) 10 2720 97.8 6.6 1.6 51.2
[Me;Si(CsMe4)(N'Bw)|TiCl, (16) 10 5630 99.6 18.0 1.8 327

4 Reaction conditions: catalyst 1.0 wmol (2 wmol/mL toluene), ethylene 4 atm, total volume of toluene and styrene = 30 mL, MAO white solid (Al/Ti =2000, molar

ratio), 25 °C, 10 min.
b Activity (kg polymer/mol Tih), polymer yield in acetone insoluble fraction.
¢ Percentage of content in copolymer based on polymer obtained.
4 GPC data in o-dichlorobenzene vs. polystyrene standard.
¢ Styrene content (mol%) in copolymer by 'H NMR (C,D,Cly).
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Fig. 3. 13C NMR spectra (in CDCl3 at 60°C) of poly(ethylene-co-styrene)s prepared by [Me;Si(CsMey)(N'Bu)]TiCly (left) or (1,3-MeyCsH3)TiCly(O-2,6-
Pr,C¢H3)-MAO catalyst systems (methylene and methine region, THF soluble fraction).

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

3.3. Copolymerization of ethylene with cyclic olefin

Cyclic olefin copolymers (COC) like poly(ethylene-co-
norbornene)s attract considerable attention as amorphous
materials with a promising combination of high transparency
in the UV-vis region and humidity as well as thermal resistance
(high glass transition temperature, T,) [104]. It is known that
both bridged zirconocenes and linked half-titanocenes showed
high catalytic activities for ethylene/norbornene (NBE) copoly-
merization [38,105-108]. However, successful examples for the
efficient synthesis of random, high molecular weight copoly-
mers with high NBE contents (>50 mol%), which possess high
T, (>150°C), have been limited. This is not only because both
the activity and molecular weights for the copolymer gener-
ally decrease upon increasing the NBE contents (as described
below), but also because the microstructure in the copoly-
mer possessed few NBE repeat units and contained alternating
ethylene-NBE sequences in addition to the isolated NBE units
due to the difficulty for repeated insertion of NBE.

CpTiCl,(N=C'Buy) exhibits both remarkable catalytic
activity and efficient norbornene (NBE) incorporation for ethy-
lene/NBE copolymerization in the presence of MAO (activities
31,500-90,000 kg polymer/mol Ti h, ethylene 2 atm), affording
poly(ethylene-co-NBE)s with both high molecular weights
(M, =3.23-4.44 x 10°, My, /M, = 2.00-2.09) and high NBE con-

tents (58.8-73.5mol%), and the activity increased at higher
temperature. Both the activities and the NBE incorporations
in the copolymerization by Cp/'TiCly(X) [X=N=C'Bu, and
Cp' =Cp, Cp"; X=0-2,6-Pr,CsH3 and Cp'=Cp, Cp" and
indenyl] were highly influenced by both Cp’ and X employed
(Scheme 23), and the polymerization behaviors were differ-
ent from ordinary metallocenes, [Me;Si(CsMe4)(N'Bu)]TiCly
(Table 27) [109]. '3C NMR spectra for poly(ethylene-co-
NBE)s showed that resonances ascribed to NBE dyads were
observed for the copolymers prepared by (indenyl)TiCl>(O-2,6-
iPr,CgH3) and CpTiCly(N=C’Bu,), 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-
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Scheme 23. Ethylene/norbornene copolymerization catalyzed by half-titano-
cenes [38,109].
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Table 27

Copolymerization of ethylene with norbornene (NBE) by Cp'TiCly(X) [X=0-2,6-PryC¢Hs and Cp’ =indenyl, Cp"; X=N=C'Bu, and Cp’'=Cp", Cpl,
[Me;Si(indenyl);]ZrCl,, [Me;Si(CsMe4)(N'Bu)]TiCl,-MAO catalyst systems [109]*

Complexes (pumol) NBE concentration® Activity® My9 (x107%) My /M8 NBE?® (mol%)
(Indenyl)TiC12(O-2,6—iPr2C()H3) 0.2) - 6960 22.5 1.88 -
(Indeny])TiClz(O-2,6-iPr2C6H3) 0.2) 0.2 10500 14.6 1.56 14.0
(Indenyl)TiC12(0-2,6—iPr2C()H3) 0.5) 1.0 2300 5.9 1.82 35.2
Cp*TiC12(0-2,6-i Pr,CgH3) (0.2) - 8400 65.2 1.90 -
Cp"TiCly(0-2,6-'PryCgH3) (0.2) 0.2 6540 57.9 1.61 8.2
Cp*TiC12(0-2,6-iPr2C6H3) 0.2) 1.0 2640 29.6 1.46 21.7
Cp*TiCIZ(N=C’Buz) (0.05) - 19680 42.2 2.45 -
Cp*TiClz(N=C’Bu2) (0.05) 0.2 31700 52.3 2.47 12.7
Cp*TiCIZ(N=C’Buz) (0.05) 1.0 22200 97.0 2.04 20.3
CpTiCl,(N=C'Buy) (0.1) - 5880 45.2 2.30 -
CpTiCl,(N=C'Bu,) (0.02) 0.2 21600 70.6 1.85 17.8
CpTiCl,(N=C'Buy) (0.02) 1.0 40200 71.9 2.92 40.7
[Me, Si(indenyl);]ZrCl, (0.10) 0.2 28860 23.1 2.02 10.8
[Me>Si(indenyl); ]ZrCl, (0.10) 1.0 4860 22.9 2.37 29.5
[Me,Si(CsMe4)(N'Bu)|TiCl, (0.50) 0.2 2460 21.1 1.88 9.6
[Me;Si(CsMe4)(N'Bu)|TiCl, (0.50) 1.0 2000 12.8 2.15 26.5

2 Conditions: toluene + NBE total 50 mL, ethylene 4 atm, 25 °C, 10 min, MAO white solid (prepared by removing AlMe3, toluene from PMAOQO) 3.0 mmol.

b NBE concentration charged (mmol/mL).

¢ Activity in kg polymer/mol Ti h.

4 GPC data in o-dichlorobenzene vs. polystyrene standards.
¢ NBE content (mol%) estimated by '3C NMR spectra.

nary metallocenes as well as by [Me,Si(CsMey)(N'Bu)]TiCly,
and this may be suited as an appropriate explanation for observed
difference in the NBE incorporation.

Cyclohexene (CHE) has been incorporated into the polymer
chain in ethylene/CHE copolymerization by Cp'TiCl,(O-
2,6-'Pr,CgH3)-MAO catalysts [39]. Effect of substituent in
cyclopentadienyl fragment was found to be very important
for the CHE incorporation; both the fert-BuCp and 1,2,4-Me3
Cp analogues showed the efficient CHE incorporation whereas
negligible amount of CHE incorporation was observed by
both the indenyl, the Cp* analogue under the same condi-
tions. Cp-ketimide analogue, CpTiCl,(N=C'Bu,), zirconocene
like Cp2ZrCly, linked half-titanocene like [MeySi(CsMey)
(N’Bu)]TiCl; did not show any CHE incorporations under the
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Scheme 24. Effect of ligands between ethylene/cyclohexene [39] and ethy-
lene/norbornene [109] copolymerizations.

same conditions, unique characteristics for using this type of
catalyst precursor for the present copolymerization have thus
been emphasized. Unique contrast that effective catalyst pre-
cursor (ligand set) for ethylene/norbornene copolymerization
was different from that for ethylene/CHE copolymerization
(Scheme 24). Although the exact reason is not clear at
this moment, we believe that coordination energy into the
cationic species may influence the efficient comonomer incor-
poration as seen in the ethylene/norbornene copolymerization
[38b,109].

4. Summary and outlook

As introduced above, nonbridged half-metallocenes contain-
ing anionic donor ligand of the type, Cp’(L)MX,, displayed
unique characteristics that are different from those especially
by ordinary catalysts. Modifications of both the cyclopenta-
dienyl fragment and anionic donor ligands (kind of anionic
donor ligand, and the substitutents) were thus very important
for the success. We recently found that our original catalyst,
Cp'TiCl,(OAr), produced new polyolefins that had not been
prepared by the conventional catalysts. Since several interest-
ing and important findings that should be very important from
both academic and industrial viewpoints have been appeared,
particular attention should be thus paid to explore the possibil-
ity for preparing precise polyolefin materials by using controlled
polymerization technique.
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