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Developments of rare earth metal catalysts for olefin polymerization
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Abstract

This review article describes recent developments in rare earth metal complexes as polymerization catalysts, focusing on the

polymerization of ethylene and a-olefins. Most of this kind of catalysts had been based on metallocene type complexes, and their

catalytic behaviors are surveyed. Advanced series of half-metallocene and non-Cp type catalyst systems are also summarized.
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1. Introduction

Rare earth metal complexes show unique reactivities

due to their intermediate characters between transition

metals and major group metals such as alkali and alka-

line earth metals. Rare earth metals have high energy d

orbitals, while their electron negativities are close to
those of lithium and magnesium. As a consequence,

M–C bonds are significantly polarized in rare earth

complexes. In view of polymerization catalysis, these

metals are potentially active for both coordination

polymerization and ionic polymerization. Actually,

block copolymerizations of olefins and polar monomers

have been realized by using rare earth catalysts. Result-

ing copolymers could potentially be utilized as unique
compatibilizers. Owning to those unique characteristics,

organo-rare earth complexes are of great interests not

only in the field of pure organometallic chemistry but

also as polymerization catalysts [1–5].

The application of rare earth metals to olefin polym-

erization catalysts started with metallocene type com-

plexes. The early studies revealed potential high

activity of rare earth metallocene complexes for ethyl-
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ene polymerization without cocatalysts. This is in sharp

contrast to the fact that Group 4 metallocene catalysts

require excess of cocatalysts such as methylaluminox-

ane (MAO). First block copolymerization of ethylene

with polar monomers was achieved by using metallo-

cene type rare earth complexes. Half metallocene type

rare earth complexes have also been studied in parallel
with metallocene type complexes. On the other hand,

rare earth complexes without cyclopentadienyl (Cp)

type ligands have been making a big progress in these

three or four years, several systems showed high activ-

ities comparable to those of Group 4 metallocene

catalysts.

In this article, we overview recent developments on

polymerization catalysts based on rare earth metal com-
plexes, especially focusing on the polymerization of

ethylene and a-olefins.
2. Bis(cyclopentadienyl) type complexes

Neutral metallocene type complexes of Group 3 met-

als revealed active homogeneous ethylene polymeriza-
tion catalysts. Representative results of the

polymerization of ethylene by rare earth complexes are

summarized in Table 1.

mailto:yuushou@hiroshima-u.ac.jp 


Table 1

Ethylene polymerization activity of metallocene type complexes of rare earth metals

Complexes Temperature (�C) Activitya Mn/10
3 Mw/Mn Tm (�C) References

[(C5H5)2ErMe]2 (1) 100 10.3 14 2.3 – [6]

[(C5H4Me)2ErMe]2 (2) 100 27.1 4.7 2.5 – [6]

[(C5H4SiMe3)2ErMe]2 (3) 100 82.3 1.5 2.5 – [6]

[(C5H4SiMe3)2YMe]2 (4) 100 16.6 2.1 2.1 – [6]

[(C5H4SiMe3)2YMe2AlMe2]2 (5) 100 23.8 1.7 1.5 – [6]

[(C5Me4Et)2YBun]2 (6) 100 42.3 6.8 2.7 – [6]

½Cp�2LaH�2 (7) 25 182000 680 2.03 – [7]

½Cp�2NdH�2 (8) 25 137000 590 1.81 – [7]

½Cp�2LuH�2 (9) 25 10000 96 1.37 – [7]

Cp�2LuMe (10) 50 6900 – – – [1]

Cp�2Ndðl-ClÞ2LiðOEt2Þ2 (11)/Bu2Mg (Mg/Nd = 20) 50 47000 – – – [18]

[Me2Si(C5Me4)2NdH]2 (12) 25 162 – – – [24]

[{Me2Si(C5H3SiMe3)2}2Sm2H2(THF)2] (16) 0–40 27 30–50 1.63–1.68 – [26]

C1-[Me2Si{C5H2(SiMe3)2}2]Sm{CH(SiMe3)2} (18) 23 30.8 99.6 1.84 – [27]

C1-[Me2Si{C5H2(SiMe3)2}2]Y{CH(SiMe3)2} (21) 23 186 331 1.65 – [27]

rac-[Me2Si{C5H2(SiMe3)(Bu
t)}2]Sm(THF)2 (24) 23 139 360 1.60 – [32]

rac-[Me2Si{C5H2(SiMe3)2}2]Sm(THF) (25) 23 30.2 131 3.54 – [32]

C1-[Me2Si{C5H2(SiMe3)2}2]Sm(THF)3 (26) 23 15.7 1000 1.60 – [32]

meso-{(Me2Si)(Me2SiOSiMe2)(C5H2Bu
t)2}Sm(THF)2 (27) 23 470 47.3 3.49 – [32]

C2v-[Ph2Si{C5H2(SiMe3)2}2]Sm(THF) (28) 23 104 160 1.84 – [32]

C2v-{(Me2SiOSiMe2)2(C5H2Bu
t)2}Sm(THF)2 (29) 23 0.13 429 3.04 – [32]

a Activity: kg(mol of catalyst)�1 h�1 atm�1.
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2.1. Trivalent complexes

Trivalent metallocene complexes of rare earth metals

(Scheme 1) are relatively stable, and therefore they are

explored at first. In an early study of metallocenes 1–6,

sterically less bulky complexes having unsubstituted or

mono(methyl)cyclopentadienyl ligands are thermally un-

stable, their life time for ethylene polymerization are less
than 100 min at 100 �C [6]. The use of bulky ligands such

as C5Me4Et and C5Me5 (Cp*) provides relatively therma-

lly stable and highly active ethylene polymerization cata-
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lysts of rare earth metals [7–13]. The activities of bis-Cp*

hydride complexes are in the order of La (7) � Nd

(8) � Lu (9) [7,14], with increasing metal size the activi-

ties tend to increase. The early lanthanidemetallocene hy-

drides are more active than those of homogeneous Group

4 metallocene catalysts at the initial stage of the polymer-

ization. A lutetium hydride complex, Cp�
2LuH (10)

polymerizes ethylene to produce polyethylene with nar-
row molecular weight distribution (Mw/Mn = 1.37) [7].

In contrast to the polymerization of ethylene, the

reaction of Cp�
2LnR (Ln = rare earth metal; R = alkyl,
e3

AlMe2 Y CH2CH2CH2CH3
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L
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H) with propylene gives no polypropylene but affords an

allyl complex, Cp�
2Lnðg3-allylÞ, via r-bond metathesis

reaction [7,14]. One molecule of propylene inserts into

Lu–Me bond of Cp�
2LuMe to form a corresponding iso-

butylene complex, Cp�
2LuðCH2CHMe2Þ [1]. The succes-

sive insertion of propylene is three orders of magnitude
slower than the first insertion. An yttrium complex,

[(C5H4Me)2YH(THF)]2, reacts with ethylene and pro-

pylene to give (C5H4Me)2YR(THF) (R = ethyl, n-pro-

pyl) without polymerization [15]. A hydridoscandium

complex, Cp�
2ScH, also polymerizes ethylene, but does

not polymerize propylene and isobutene [16]. Bis{1,3-

bis(trimethylsilyl)cyclopentadienyl} complexes show

similar activity with that of the corresponding Cp* com-
plexes [17].

Although bis-Cp* type complexes of lanthanide ele-

ments are highly active for ethylene polymerization,

the active species are still thermally unstable. A solution

to this problem is the use of multi-component catalyst

system. A chloride complex, Cp�
2Ndðl-ClÞ2LiðOEt2Þ2

(11), can be activated with alkylating reagents to form

alkyl species in situ [18]. Dialkylmagneseum such as
Bu2Mg is the most useful activator. When 20 equiv. of

Bu2Mg was used, the catalyst system shows high and
Me2Si

Me2Si

Me2Si

O SmLnCH(SiMe3)2

SiMe3

SiMe3

Me3Si

Me2Si

SiMe3

19
meso18: Ln = Sm

21: Ln = Y
C1 symmetric

Si
Me2

SmSm
H

H

Me2
Si

16

SiMe3

SiMe3

Me3Si

Me3Si

MMe2Si LnLn
H

H
SiMe2

12: Ln = Nd
13: Ln = Sm
14: Ln = Lu

Scheme 2
constant activities for ethylene polymerization. Alkyl-

lithium such as n-BuLi can also activate 11 to show high

activity at the early stage of the polymerization, how-

ever, the activity rapidly decreases with time. Alkylal-

uminum such as Et3Al is not effective for activation of

11.
These metallocene type complexes can polymerize po-

lar monomers as well as ethylene, e.g. the polymeriza-

tion of methyl methacrylate (MMA) by Cp�
2LnR

affords highly syndiotactic poly(MMA) with narrow

molecular distributions [19,20], and living polymeriza-

tion of lactones are promoted by these complexes [21].

Thus, block copolymerization of ethylene with such po-

lar monomers was achieved by using these rare earth
complexes for the first time [22].

Although bulkyCp�
2LnR type complexes are highly ac-

tive for ethylene polymerization, they cannot polymerize

1-olefins (vide supra). A two component system,

Cp�
2Ndðl-ClÞ2LiðOEt2Þ2 (11)/BuEtMg, was reported to

polymerize styrene, but the reaction mechanism is yet

not clear [23]. In order to improve reactivities of rare earth

catalysts toward 1-olefins, a series of ansa-metallocene
type complexes have been studied (Scheme 2). Marks

and co-workers [24] reported the co-polymerization of
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ethylene with 1-hexene by using ansa-type complexes of

lanthanide metals (12–14). More recently, bulky alkyl

substituted ansa-type metallocene complexes of yttrium

were reported to exhibit high activity for the polymeriza-

tion of 1-hexene [2,11,25]. A chiral, C2-symmetric

ansa-metallocene complex of yttrium, [rac-Me2Si(C5H2-

SiMe3-2-Bu
t-4)2YH]2 (15), polymerizes propylene, 1-bu-

tene, 1-pentene, and 1-hexene slowly over a period of

several days at 25 �C to afford isotactic polymers with

modest molecular weight [11].

Hydrogenation of a similar samarium complex, rac-

Me2Si(C5H3SiMe3-3)2Sm{CH(SiMe3)2}(THF) afforded

a binuclear complex, [{Me2Si(C5H3SiMe3-3)2}2Sm2H2-

(THF)2] (16), in which the linked Cp ligands are bridg-
ing between two samarium atoms [26]. The complex 16

shows moderate activity for ethylene polymerization

and for copolymerization of ethylene with polar mono-

mers. A series of rac-, C1-, and meso complexes of

samarium and yttrium 17–22 was synthesized and only

the C1-complexes 18 and 21 showed ethylene polymeri-

zation activity [27]. In addition, the yttrium complex

22 polymerized a-olefins such as 1-pentene and 1-hexene
as well as ethylene. Although its activity was very low,

the poly(1-hexene) obtained at 0 �C had high molecular

weight (Mn = 64500) and narrow molecular weight dis-

tribution (Mw/Mn = 1.20). This type of ansa-metallocene

complexes were effective catalysts for the block copo-

lymerization of polar monomers not only with ethylene

but also with a-olefins [28].
A three component system based on a ansa-metallo-

cene complex, fMe2SiðC5H3SiMe3-3Þ2gNdCl=BuLi=
AlHBui

2, is an efficient catalyst for the copolymerization

of ethylene and butadiene [29]. The butadiene contents
Scheme 3
of the copolymers can be controlled in a range of 5–

63%, and the poly(butadiene) segments has 1,4-trans

structure. The resulting copolymers have an alternating

character. With increasing butadiene contents of the

copolymers, their melting points drop.

2.2. Divalent complexes

Several divalent lanthanide ions such as Sm2+, Eu2+,

and Yb2+ are stable and are reducing agents. The reduc-

ing powers of these divalent lanthanides are in an order

of Sm2+ > Yb2+ � Eu2+ [30]. Thus, Sm2+ is an espe-

cially strong reducing agent among them, and are poten-

tially active for olefin polymerization to initiate the
polymerization by bimetallic two electron reduction of

the monomer, in which the divalent metal center is oxi-

dized to trivalent.

Divalent samarium complexes, Cp�
2Sm and

Cp�
2SmðTHFÞ2 (23), was reported to show high activity

for ethylene polymerization [14] to give polymers with

relatively low molecular weight. These complexes reacts

with 1-olefins to form stable p-allyl complexes [14,31].
Recently, a series of divalent ansa-type samarocene

complexes 24–29 was shown to catalyze not only homo-

polymerization of ethylene but also block copolymeriza-

tion of a-olefins and polar monomers (Scheme 3) [32]. In

the homopolymerization of ethylene, the activities of

these complexes were in order of meso 27 > rac

24 > C2v 28 > rac 25 > C1 26 � C2v 29. In sharp con-

trast of the high activity of meso 27 for ethylene polym-
erization, only the racemic complexes 24 and 25 were

active for a-olefin polymerizations among these com-

plexes. Although the activities of these complexes were
.
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rather low (�0.3 kg(mol of catalyst)�1 h�1), both com-

plexes gave highly isotactic polymers. The divalent rac

and meso complexes promoted ABA-type triblock copo-

lymerization of ethylene with polar monomers such as

MMA and e-caprolactone [33]. The rac complex 24

should enable triblock copolymerization of a-olefins
and polar monomers.
3. Mono(cyclopentadienyl) type complexes

Several half-metallocene type complexes have been

reported to show catalytic activities for olefin polymeri-

zation. Representative results of ethylene polymeriza-
tion are summarized in Table 2.

Cationic alkyl species of Group 4 metals having

linked Cp-amide type ligands, e.g. [(C5Me4SiMe2N-

But)Ti(alkyl)]+, are known for their excellent activity

and copolymerizability of olefins [34]. A series of Cp-

amide complexes of rare earth metals have also been

studied (Scheme 4). In contrast to the titanium catalysts,

the corresponding neutral Cp-amide type complexes of
scandium, [(C5Me4SiMe2NBut)ScH(PMe3)]2 (30),

polymerizes not only ethylene but also a-olefins such

as propylene, 1-butene, and 1-pentene, although its

activity is very low [12,35]. The corresponding yttrium

alkyl and hydride complexes, (C5Me4SiMe2NBut)Y-

(CH2SiMe3)(THF) (31) and [(C5Me4SiMe2NBut)YH-

(THF)]2 (32), also shows low activities for ethylene

polymerization to give linear polyethylene [36]. A n-hex-
yl derivative, [(C5Me4SiMe2NBut)Y(C6H13)(THF)]2
(33), are effective for styrene polymerization to give syn-

diotactic-enriched polymers with narrow molecular

weight distributions. A recent patent reported cationic

alkyl species of scandium having Cp-amine ligands,
Table 2

Ethylene polymerization activities of half-metallocene type complexes of rar

Complex Temperature (�C

{(C5Me4)SiMe2NBut}Y(H2SiMe3)(THF) (31) r.t.

[{(C5Me4)SiMe2NBut}YH(THF)]2 (32) r.t.

{(C5Me4)SiMe2NPh}Sm(THF) (34) 25

fðC5Me4ÞSiMe2PðC6H2Bu
t
3-2; 4; 6ÞSmðTHFÞ ð36Þ 25

{Cp*Y(OC6H3Bu
t-2,6)(l-H)}2 (38) 25

Cp*La{CH(SiMe3)2}2(THF) (39) 25

½Cp�SmðOC6H2Bu
t
3-2; 6-Me-4ÞCp�KðTHFÞ2�n ð40Þ 25

½Cp�SmðOC6H3Pr
i
2-2; 6ÞCp�KðTHFÞ�n ð410Þ 25

½Cp�SmðSC6H2Pr
i
3-2; 4; 6ÞCp�KðTHFÞ�n ð420Þ 25

½Cp�SmðNHC6H2Bu
t
3-2; 4; 6ÞCp�KðTHFÞ2�n ð43Þ 25

[Cp*Sm{N(SiMe3)2}Cp*K(THF)2]n (44) 25

½Cp�SmðTHFÞðPHC6H2Bu
t
3-2; 4; 6ÞKðTHFÞCp��n ð46Þ 25

Cp*Sm{N(SiMe3)2}Cp*Na(THF) (47) 25

[Cp*Sm{CH(SiMe3)2}Cp*K(THF)2]n (49) 25

[Cp*Sm(SiH3)(THF)Cp*K(THF)]n (52) 25

[Cp*Eu(SiH3)(THF)Cp*K(THF)]n (53) 25

[Cp*Yb(SiH3)(THF)Cp*K(THF)]n (54) 25

a Activity: kg(mol of catalyst)�1 h�1 atm�1.
[(C5Me4CH2CH2NMe2)Sc(alkyl)]
+, are effective for cat-

alytic olefin polymerization [37]. A divalent samarium

complex with a linked Cp-amide type ligand, {(C5Me4)-

SiMe2NPh}Sm(THF) (34), shows moderate activity for

ethylene polymerization to yield polyethylene with high

molecular weight and narrow molecular weight distribu-
tion, while the corresponding ytterbium(II) complex 35

is inactive [38]. The corresponding linked Cp-phosphido

complex, fðC5Me4ÞSiMe2PðC6H2Bu
t
3-2; 4; 6ÞSmðTHFÞ

(36), is less active than 34 but produces extremely high

molecular weight polyethylene [39].

An aryloxo(hydrido) complex of yttrium,

{Cp*Y(OC6H3Bu
t-2,6)(l-H)}2 (38) (Scheme 5), shows

very low activity for ethylene polymerization [40]. A
dialkyllanthanum complex, Cp*La{CH(SiMe3)2}2-

(THF) (39) (Scheme 5), shows moderate activity for eth-

ylene polymerization [41]. It is notable that the resulting

polyethylene has significantly narrow molecular weight

distribution and the molecular weight of the polymer in-

creases with time, indicating living character of the

polymerization system. The complex 39 is also active

for the polymerizations of styrene, MMA, hexyl isocya-
nate, and acrylonitrile. Block copolymerization of ethyl-

ene and MMA can be promoted by 39 as is the case of

metallocene complexes.

Recently, unique divalent lanthanide complexes hav-

ing Cp*M (M = K, Na) as a neutral ligand have been re-

ported. In this series of complexes, Cp*M can be

regarded as a leaving group, and thus those complexes

can be categorized into mono-Cp type catalysts (Scheme
6). The reaction of Cp�

2LnðTHFÞ2 (Ln = Sm, Yb) with

KER (ER = aryloxide, thiolate, amide, and phosphide)

in THF affords a series of polymeric divalent lanthanide

complexes, [Cp*Ln(THF)x(ER)Cp*K(THF)y]n (40–46)

[42]. The use of sodium amide instead of potassium
e earth metals for ethylene polymerization

) Activitya Mn/10
3 Mw/Mn Tm (�C) References

0.21 – – 136 [36]

0.08 – – 136 [36]

44.8 726 1.58 – [38]

13.6 >4000 – – [39]

0.34 12 10.8 – [40]

23.4 145 1.28 – [41]

194 434 2.22 – [42]

120 330 2.49 – [42]

119 580 1.79 – [42]

57.6 497 2.90 – [42]

22.0 3099 2.83 – [42]

163 818 1.64 – [42]

46.0 865 2.30 – [42]

264 1400 1.62 – [43]

94 113 3.51 – [43]

75 390 1.94 – [43]

9 108 3.39 – [43]
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amide gave discrete complexes, Cp*Ln{N(SiMe3)2}Cp*-

Na(THF)3 (Ln = Sm (47), Yb (48)). These samarium

complexes show moderate activities for the polymeriza-

tion of ethylene, in contrast to the low activity of a neu-
tral mono-Cp* aryloxoyttrium hydride complex (38)

[40]. The activities are higher than Cp�
2SmðTHFÞ2 indi-

cating that Cp*M (M = K, Na) are better leaving group

than THF. The ytterbium complexes do not polymerize

ethylene due to their low reducing power. These samar-

ium complexes are also active for the polymerization of

styrene, while Cp�
2SmðTHFÞ2 is inactive for styrene

polymerization. Furthermore, these complexes enable
the block copolymerization of ethylene with styrene.

Cp�
2LnðTHFÞ2 (Ln = Sm, Eu, Yb) also react with

KCH(SiMe3)2 in THF to afford divalent alkyl com-

plexes, [Cp*Ln{CH(SiMe3)2}Cp*K(THF)2]n (Ln = Sm

(49), Eu (50), Yb (51)) [43]. The samarium complex 49

shows high activity for the polymerization of ethylene

and styrene. The polymerization should initiate through

one electron transfer from Sm2+ to the monomer. The
corresponding europium and ytterbium complexes are

almost inactive due to their low reducing power. In con-
trast, all the three analogous silyl complexes of divalent

lanthanides, [Cp*Ln(SiH3)(THF)Cp*K(THF)]n (Ln =

Sm (52), Eu (53), Yb (54)), showed high activities for

the polymerization of ethylene and styrene [43]. In these
systems, the polymerization could be initiated by migra-

tory addition of the SiH3 to the monomer.
4. Cp-free complexes

Although Cp-free rare earth catalysts for olefin

polymerization had been very few until year 2000, highly
active Cp-free catalysts have been developing in these

three or four years (Table 3, Scheme 7).

Early examples of Cp-free rare earth catalysts for

ethylene polymerization are tris(pyrazolyl)borate com-

plexes [44]. A series of tris(3,5-dimethyl-1-pyrazolyl)

borohydride (TpMe) complexes of yttrium was synthe-

sized and found to show activity for ethylene polymeri-

zation. Dialkyl complexes, TpMeYR2(THF) (R = Ph,
CH2SiMe3) were isolated from the reaction of

TpMeYCl2(THF) (55) with two equiv. of RLi. The 55/



Table 3

Ethylene polymerization activities of rare earth metal complexes without Cp-type ligands

Complex Temperature (�C) Activitya Mn/10
3 Mw/Mn Tm (�C) Reference

TpMeYCl2(THF) (55)/2RLi

R = Me 25 0.02 – – 142.3 [44]

R = Ph 25 0.63 100 2.50 142.3 [44]

R = CMe3 25 1.1 1200 4.14 142.3 [44]

R = CH2SiMe3 25 0.08 – – 142.3 [44]

R = CH2SiMe3 + H2 25 5.1 1900 15.86 142.3 [44]

½Nd3ðl3-OButÞ2ðl2-OButÞ3ðOButÞ4ðTHFÞ2� ð56Þ=Mgðn-hexÞ2 0 10 30 2.3 139 [45]

½N ;N 0-Pri2-tacn-N
00-ðCH2Þ2NBut �YðCH2SiMe3Þ2 ð57Þ=½PhNMe2H�½BðC6F5Þ4�

b 80 1790 98 6.0 – [47]

½N ;N 0-Me2-tacn-N 00-ðCH2Þ2NBut �YðCH2SiMe3Þ2 ð58Þ=½PhNMe2H�½BðC6F 5Þ4�
b 30 960 – – – [47]

ðCalix[6]areneÞNd=AlBui3 80 3.3 931c – 135.5 [48]

(Nacnac)ScMe2 (59)/PMAO-IP 50 59 942 1.98 – [49]

(Nacnac)ScMe2 (59)/B(C6F5)3 50 1.5 618 1.7 – [49]

(Me3[9]aneN3)Sc(CH2SiMe3)3 (62)/B(C6F5)3 33 240 353 bimodal – [51]

(Me3[9]aneN3)Y(CH2SiMe3)3 (63)/B(C6F5)3 33 10 1180 bimodal – [51]

{HC(Me2pz)3}Sc(CH2SiMe3)3 (64)/B(C6F5)3 33 290 192 bimodal – [51]

{HC(Me2pz)3}Y(CH2SiMe3)3 (65)/B(C6F5)3 33 0 – – – [51]

{PhC(NAr)2}Y(CH2SiMe3)2 (THF) (66)/[PhNMe2H][B(C6F5)4] 50 1040 430 1.2 – [57]

{PhC(NAr)2}Y(CH2SiMe3)2 (THF)2 (67)/[PhNMe2H][B(C6F5)4]/TIBAO 50 2670 361 2.1 – [57]

Y(CH2SiMe3)3(THF)2/[NMe2HPh][B(C6F5)4]/Al(CH2SiMe3)3 (68) 25 1840 111 2.9 138 [58]

a Activity: kg(mol of catalyst)�1 h�1 atm�1.
b tacn = triazacyclononane.
c Mv value.
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2LiR systems conduct the polymerization of ethylene

leading to linear high molecular weight polymers,

although their activities were rather low.

In 2000, a neodymium t-butoxide complex, [Nd3(l3-
OBut)2(l2-OBut)3(OBut)4(THF)2] (56), was reported to

show moderate activity for ethylene polymerization in

the presence of one equivalent of dialkylmagnesium in

toluene at 0 �C [45,46]. Progressive deactivation of the
catalyst system was observed above 20 �C. The resulting
polymers do not contain unsaturated end groups, indi-

cating pseudo living polymerization, although the

molecular weight distributions of the polymers are

rather broad. During the course of the polymerization,

polymer-like precipitate appears in the reaction mixture.

The precipitate is assumed to be a Nd-polyethylenyl

compound, which still has activity for further ethylene

polymerization and enables block copolymerization of
ethylene with MMA [46].
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As an analogue of CGC-type complexes of Group 4
metals, 1,4,7-triazacyclononane-amide complexes of yt-

trium, [N, N 0-R2-tacn-N
00-(CH2)2NBut]Y(CH2SiMe3)2

(57: R = Pri, 58: R = Me; tacn = triazacyclononane),

were synthesized [47]. These complexes show high activ-

ities for ethylene polymerization upon activation with

[PhNMe2H][B(C6F5)4].

Calixarene complexes of rare earth metals exhibit

moderate activity in the presence of AlBui
3, although

their structures are not clear [48].

A dimethylscandium complex having a bulky b-dike-
toiminato (Nacnac) ligand, (Nacnac)ScMe2 (59), reacts

with one equivalent of B(C6F5)3 to form a cationic

monomethyl complex, [(Nacnac)ScMe][MeB(C6F5)3],

whose structure has been determined by X-ray analysis

[49]. The corresponding 1:0.5 reaction of 59 with

B(C6F5)3 gave a l-methyl dimeric cation, while the 1:2
reaction afforded mononuclear dicationic complex. A

endo exo diastereomeric interconversion of 59 was ob-

served in solution. The complex 59 can also be activated

with [Ph3C][B(C6F5)4], or PMAO-IP (a kind of MAO

made by alcoholysis of AlMe3) to show high ethylene

polymerization activity.

Neutral trimethyl complexes having a triazacyclo-

nonane ligand, (Me3[9]aneN3)MMe3 (60: Ln = Sc, 61:
Ln = Y), are unreactive toward olefin insertion as it

is. In combination with ion-pair forming agents such

as B(C6F5)3 and [PhNMe2H][B(C6F5)4], the scandium
complex 60 polymerizes 1-pentene to give low molecu-
lar weight polymers [50]. The corresponding tris(tri-

methylsilylmethyl) complex 62 shows high activity for

ethylene polymerization [51]. The yttrium derivative

63 is much less active than 62. A cationic lanthanum

complex is highly active for cis-selective alkyne dimeri-

zation [52].

A neutral version of the anionic tris(pyrazolyl)borate

ligand, tris(pyrazolyl)methane, was adopted for trialkyl
complexes of rare earth metals, {HC(Me2pz)3}Ln(CH2-

SiMe3)3 (64: Ln = Sc, 65: Ln = Y) [51]. The scandium

complex 64 effectively catalyze ethylene polymerization

upon activation with B(C6F5)3, while the yttrium com-

plex 65 is almost inactive.

As an alternative of Cp ligands, the use of benzamidi-

nate ligands have been studied [53]. Several bis(benzami-

dinate) complexes of yttrium were reported to
polymerize lactide [54,55], but they are not active for

ethylene polymerization. The use of bulky ligands and

bulky alkyl groups enabled to synthesize mono(benz-

amidinate) complexes [56]. Bulky aryl-substituted amidi-

nate complexes of yttrium, {PhC(NAr)2}Y

(CH2SiMe3)2(THF)n ð66 : n ¼ 1; 67 : n ¼ 2; Ar ¼ C6H3

Pri2-2; 6Þ, can be prepared from the reaction of Y(CH2Si-

Me3)3(THF)2 with {PhC(NAr)2}H, in which the number
of the coordinated THF depends on the used solvent

[57]. The mono-THF adduct 66 is highly active for

ethylene polymerization in combination with
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[PhNMe2H][B(C6F5)4] to give polyethylene with narrow

molecular weight distribution. The molecular weights

and the yields of the polymers increases with time, indi-

cating living character of the polymerization system. In

contrast, the bis-THF adduct 67 is inactive under the

same reaction conditions, while 67 shows even higher
activities than 66 in the presence of TIBAO (triisobutyl

aluminoxane). The polymer obtained with 67/

[PhNMe2H][B(C6F5)4]/TIBAO had lower molecular

weight and broader molecular weight distribution than

those obtained with 66/[PhNMe2H][B(C6F5)4].

Tris(alkyl) rare earth complexes, Ln(CH2Si-

Me3)3(THF)2 (Ln = Tm, Er, Y, Ho, Dy, Tb), had been

reported to be effective as catalyst precursors for ethyl-
ene polymerization in combination with [NMe2HPh]

[B(C6F5)4] (B/Ln = 5) and alkylaluminum (Al/Y = 200)

[58]. The use of larger metal tended to show higher activ-

ities. The activities are also dependent on the kind of

alkylaluminum, and the highest activity was achieved

by using Y(CH2SiMe3)3(THF)2/[NMe2HPh][B(C6F5)4]/

Al(CH2SiMe3)3 (68). To get information about the ac-

tive species, some model reactions were performed.
The reaction of Y(CH2SiMe3)3(THF)2 with three equiv.

of [NMe2HPh][BPh4] in THF afforded a dicationic com-

plex, ½YðCH2SiMe3ÞðTHFÞ5�
2þ½BPh4��2 . When a yttrium

tris(aluminate), Y{(l-Me)2AlMe2}3, was treated with an

excess of [NMe2HPh][BPh4] in THF, a dicationic com-

plex, ½YMeðTHFÞ6�
2þ½BPh4��2 , was also isolated. The

reaction of Y(CH2SiMe3)3(THF)2 with equimolar

Al(CH2SiMe3)3 was found to form [Y(CH2SiMe3)2
(THF)x]

+[Al(CH2SiMe3)4]
�. When this monocationic

complex was activated with [NMe2HPh][B(C6F5)4],

similar activity with 68 was observed. From these obser-

vations, the active species in these systems were specu-

lated to be dicationic species, [Ln(CH2SiMe3)(solv)z]
2+.
5. Conclusion

Because of their high sensitivities to air and moisture,

bulky metallocene type rare earth complexes had been

mainly studied as olefin polymerization catalysts.

Now, research interests seem to be moving from metal-

locene complexes onto half metallocene and non-Cp

type complexes. One of keys to advance this sort of cat-

alysts could be a use of an appropriate cocatalyst. Par-
ticularly, a combination of di- or trialkyl complexes

with an ion pair-forming reagent such as

[NMe2HPh][B(C6F5)4] could be a good strategy. Moreo-

ver, rare earth catalysts are potentially active not only

for olefin polymerization but also for the polymerization

of polar monomers. Development of practical rare earth

catalysts for copolymerization of olefins with polar

monomers should make a big impact on chemical indus-
try, and we suppose it to be promising.
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