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Rare Earth Polymerization Catalysts Supported by Bulky Aminopyridinato Ligands
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The coordination and polymerization chemistry of molecular rare earth catalysts stabilized by bulky aminopyridinato (= Ap) ligands are reviewed. The selective synthesis of dialkyls allows the generation of rare earth alkyl hydride clusters and the generation of organo rare earth cations. These cations are able to catalyze polyethylene chain growing at aluminum and are able to polymerize isoprene stereoselectively. Complexes of the type [ApLn(thf) m X 2 ] (X = Cl, Br; m = 2, 3) allow controlled ring opening polymerization of ε-caprolactone in the presence of NaBH 4 . α,ω-Dihydroxytelechelic polymers are obtained. Bis-Ap alkyl complexes undergo C-H activation of one of the methyl groups of the Ap ligand. The rates of this activation reaction depend strongly from the nature of the "leaving" ligand and the radius of the rare earth ion that mediates C-H activation.

Introduction

Aminopyridatinato (= Ap) ligands, 1 deprotonated 2-aminopyridines that coordinate in a strained η 2 binding mode, 2 are amido type ligands that have received a lot of attention within the last decade. Meanwhile stable complexes for nearly all transition metals could be synthesized emphasizing the very general applicability of the ligand class. 3 Rather close related ligands are amidinates, guanidinates, and NacNac ligands (Scheme 1).
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Scheme 1. Aminopyridinates (top, left) and the closely related amidinates (top, right), guanidinates (bottom, left), and NacNac ligands (bottom, right). R and R' denote substituents like alkyl, aryl, and alkylsilyl moieties.

The coordination chemistry of the aminopyridinato ligands is summarized until 2003. 1 The ligands used until then were mainly rather low regarding their steric bulk and not very well suited to stabilize highly reactive neutral or cationic organo rare earth 4 complexes. In consequence, new types of aminopyridinato ligands that incorporate a number of 2,6dialkylphenyl substituents on the ligand backbone were developed. 5 The ligand periphery can be readily modified and these very bulky ligands should be utilized in probing key issues in amido lanthanoid and early transition metal catalysts such as deleterious ligand redistribution reactions (as have commonly thwarted lanthanide amide chemistry) and active site monomerdimer pre-equilibria. The ligands are synthesized in a two step procedure -first, a nickel complex catalyzed Grignard (Kumada-type) coupling reaction, followed by Pd catalyzed aryl amination chemistry (Scheme 2). In consequence, it was thought these ligands might be ideal to stabilize highly reactive rare earth complexes which could also be useful polymerization catalysts. Especially interesting could be the fine tuning opportunity of the catalysts selectivity and activity by using the 17 rare earth ions available with only (slightly) different ionic radii and characteristics resulting from these differences.

In this review the state of the art of rare earth polymerization catalysts stabilized by bulky aminopyridinato ligands is summarized.

Synthesis and Structure of Mono-Ap Halide Complexes

The steric bulk of the Ap* ligand allows the selective synthesis of mono-Ap complexes even for the early lanthanoids. For instance, the salt metathesis reaction between the potassium salt of Ap*-H and NdCl 3 gives [Ap*Nd(thf) 2 Cl 2 ] 2 in about 50 % isolated yield of greenish lightblue crystals (Scheme 4). 6 Interestingly, the reaction of a 2 to 1 ratio of Ap*K to NdCl 3 did result in the formation of the same compound. [Ap*La(thf) 3 Br 2 ] is accessible selectively via salt elimination as well. A comparison of the structure of this dibromide with a closely related amidinate [Am*La(thf) 3 Br 2 ] (Am*-H = N,Nbis- (2,6-diisopropylphenyl)-benzamidine) which was synthesized the same way revealed a similar overall primary coordination site bulkiness for both ligands and distinct differences regarding this bulkiness for different directions. A better shielding of the second coordination sphere was observed for the aminopyridinate. 7 Interestingly, if a aminopyridinato ligand with a slightly smaller steric demand namely Ap+ {Ap+-H = (2,6-diisopropylphenyl)- [6-(2,6dimethylphenyl)pyridin-2-yl]-amine} the salt elimination reaction of the potassium salt of Ap+-H leads with NdCl 3 selectively to bis-Ap complexes (Scheme 5). 6 Page 5 of 67

Wiley-VCH ZAAC

The activation of C-H bonds and especially the activation of inert alkyls by transition metal or lanthanoid complexes is of a general interest due to its relevance for the functionalization of organic molecules. 8 Complexes of the rare earth metals are strong Lewis acids which may attack the electron density of C-H bonds, thus forming agostic 9 interactions and activate C-H bonds. It was even shown that methane could be activated by lanthanocene complexes such as [Cp* 2 LuCH 3 ]. 10 In consequence, intermolecular alkyl group C-H activation of spectator ligands of lanthanoid complexes has been observed for a variety of ligands, for instance, for methyl groups of the Cp* ligand 11 as well as for alkyl groups of ligands in non-metallocene lanthanoid complexes. 12 The reaction [Ap+K] with YCl 3 proceeds selectively as the reaction with NdCl It was thought that this type of C-H activation should also proceed for the lanthanoids and due to their difference in size (ionic radii) one should see distinct differences in the rate of this reaction. Some general conclusions how the size of the lanthanoid ion influences the rate of a reaction (here a C-H activation reaction which importance was given briefly at the beginning of this chapter) might be drawn. The following observations have been made. 14 [Ap+ 2 Sc(thf)CH 2 SiMe 3 ]: The Sc alkyl is very stable and doesn't show any detectable decomposition when its C 6 D 6 solution was monitored for several weeks. If it is reacted with PhSiH 3 no conversion neither hydride formation nor C-H activation is observed. C-H activation of the alkyl already proceeds to fast to isolate it.

Alkylation and Hydride Formation of the Mono-Ap Complexes

The selective formation of mono-Ap dihalide complexes if the Ap* ligand is used 6 (Scheme 4) may also allow to synthesize dialkys selectively. Two routes can be employed: salt metathesis 15 and alkane elimination, 16 as shown for Y and Lu (Scheme 7). Alkane elimination is highly efficient and affords very good yield of the dialkyls.

Unfortunately, it is difficult to isolate the starting material for the early lanthanoids. Salt metathesis can be employed throughout the whole series but usually affords lower yields. Molecular rare earth metal hydrides are a fascinating class of compounds that posses a variety of unique structural and chemical properties. 17 Assembly of trinuclear tetrahydride rare earth ate species {[Cp2LnH]3H}{Li(thf)4} was reported already in the early 1980s. 18 The first
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Wiley-VCH ZAAC "mono(cyclopentadienyl) dihydrido" complexes were reported in 1999 19 and the area started blooming in 2001. 20 Meanwhile structural data obtained via neutron diffraction gave a very reliable picture of the H atom positions in these molecules. 21 The hydride alkyl clusters formed by the reaction of mono-Ap stabilized dialkyls had been unique at this time. Usually, pure hydride clusters are formed. 17 The molecular structure of [(Ap*Y) 3 (µ 2 -H) 3 (µ 3 -H) 2 (CH 2 SiMe 3 )(thf) 2 )] is shown in Figure 2. 60.512 (8), N(1A)-Y(1A)-N(2A) 56.70 (8), N(1B)-Y(1B)-N(2B) 56.64 (7), N(1C)-Y(1C)-N(2C) 56.40 (7).

Low Valent Lanthanoid Aminopyridinates

Due to the selective formation of mono-or bis-Ap complexes for the three valent rare earth atoms depending from the steric demand of the Ap ligands a similar selectivity was expected for the two valent lanthanoids. Lanthanoids which a rather stable in the two valent oxidation The "direct reaction" between lanthanoid metal and bulky aminopyridines is an effective and simple way to synthesize truly homoleptic aminopyridinates of Yb. The used "direct reaction" synthetic method 23 is especially valuable for homoleptic lanthanoid organoamides and phenolates 24 and has recently been extended to analogous alkaline earth complexes. 25 conditions did not result in polymers. These results are not surprising since up to then it had been challenging to establish homopolymerization of CL with rare earth halide complex in a highly controlled fashion. 34,35,36 The search for potential impurities did not give an explanation why the La complex initiates but the Lu complex does not. In presence of NaBH . 

a [Initiator] 0 = [Ap*La(thf) 3 Br 2 ] 0 ; [Ap*Lu(thf) 2 Cl 2 ] 0 or [[Ap*Yb(thf) 2 I] 2 ] 0 ; in absence of NaBH 4 , [ε-CL] 0 /[BH 4 ] 0 =[ε-CL] 0 /[Initiator] 0 ; b Calculated from 1 H NMR analysis; c Calculated with n M (theo) = [ε-CL] 0 /[BH 4 ] 0 x

Coordinative Chain Transfer Polymerization (CCTP) of Ethylene

Introduction

The polymerization of ethylene especially in the low molecular weight range can be established in a highly controlled fashion by a chain growing process on a main group metal or zinc which is catalyzed by an organo transition metal or lanthanide complex -Coordinative Chain Transfer Polymerization (CCTP, Scheme 12). 37 Chain growing takes place via ethylene insertion into the transition metal or lanthanide [M 1 ] carbon bond. The fast transferred chains "rest" at the main group or zinc centre [M 2 ] where chain termination processes like ß-H transfer/elimination are of low significance.

[M 1 ] PE [M 1 ] PE + [M 2 ] [M 1 ] [M 2 ] PE R R -[M 2 ] PE [M 1 ] R [M 1 ] R ethylene ethylene [M 1 ] [M 2 ] PE R Scheme 12. CCTP.
Such a strategy appeared in the patent literature in the early 90s. A variety of metallocene based catalyst systems which catalyzed chain growing at Al alkyls were described. 38 The first highly controlled catalyst system (rare earth/magnesium based) was introduced a few years later. 39 Meanwhile a variety of catalysts that undergo CCTP is known. 37,38,39,40,42,44,55 The equilibrium between chain transfer state (CTS) and chain growing state (CGS) is the basis of such a polymerization protocol and determines the overall productivity (Scheme 13). The Page 16 of 67
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Scheme 13. Basic CCTP equilibrium: left: chain transfer state (CTS); right: chain growing state (CGS), M = transition metal or lanthanide, MGM = main group metal or Zn, not necessarily three valent).

The Ap Organoyttrium Cation Aluminum Catalyst System

We had studied the polymerization of ethylene using organoyttrium cations 41 as catalysts.

These cations can be generated by following the procedure shown in Scheme 14. 42 If Ap* is used to generate the organoyttrium cation catalyst the activity is the highest and for Ap + and Ap -(both ligands contain the inverse substitution pattern and the steric bulk could be considered as similar-Scheme 15) similar but lower activities were observed. Temperature dependence studies of the organoyttrium catalyzed ethylene polymerization using the Ap* ligand revealed that the molecular weight increases with the reaction temperature. Furthermore, unusual small polydispersities down to 1.3 (Mw/Mn) were observed. It was concluded that a CCTP scenario between Y and TIBAO (triisobutylalumoxane) could be an explanation. 42 Secondly, a time depending growth of the polymer chain was observed. Polymer samples taken from one run (80 °C and 5 bar) were indicative of a increase of the molecular weight with the polymerization time (Figure 5). Variation of the Aluminum Alkyl and of the Supporting Ligand and

Synthesis of Functionalized PE

High control in ethylene polymerization was observed for the Ap*Y catalyst system in combination with TIBAO. 42 The question arose: are other alumoxanes or aluminum alkyls able to promote CCTP as well? As shown in Table 6 the organoyttrium cation catalyzed chain growing on aluminum is not limited to TIBAO themselves, but can be carried out with a variety of aluminum alkyls.

However, the use of partially hydrolyzed Al-alkyls seems to have a strong beneficial effect on the ethylene polymerization activity. This behaviour could be explained by a stronger coordination of the aluminum trialkyls at the organoyttrium cation compared to the less electron rich alumoxanes. Consequently, the equilibrium between the CGS and the CTS is shifted towards the CTS. This goes along with a lower concentration of CGS and with a lower Selected polymerization results are shown in Table 7. They are indicative of CCTP in all cases. The Am* based catalyst system is the most productive one in the presence of Al alkyls like triisobutylaluminum (= TIBA). This catalyst system is also very productive in combination with other aluminum alkyls like triethylaluminum. The N-heterocyclic carbene precursor (Scheme 17, right bottom) is soluble only at temperatures above 90 °C and could be the basis of a recyclable ligand or catalyst complex.

Cooling down to room temperature should allow precipitating the ligand/catalyst and reusing them.

Isoprene Polymerization Mediated by Rare Earth Aminopyridinates

Isoprene polymerization catalyzed by organolanthanoid cations has gained a lot of attention after the initial reports were published by two groups simultaneously. 47 >99%, mmmm > 99 %). In addition, it was observed, that the amidinate complex switches the stereoselectivity drastically from 3,4-isospecific to cis-1,4-selective by addition of AlMe 3 .

Furthermore, half-sandwich complexes of the type [(C 5 Me 5 )Ln(AlMe 4 ) 2 ] (Ln = Y, La, Nd), are (after activation) highly active catalysts for the living trans-1,4-selective (up to 99.5%) polymerization of isoprene. 48b Although 3,4-polyisoprene is used as an important component of high-performance rubber for example in tires, 52 the number of 3,4-selective catalyst systems is smaller in contrast to systems which yield high cis-1,4-polyisoprene (natural rubber). 48d,49e,50,53,54 In analogy to the synthesis of organoyttrium cations (Scheme 14) proceeds the synthesis of organoscandium cations. Ap ligand stabilized dialkyls are accessible in high yield from alkyl and benzyl precursors (Scheme 18). 
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Introduction

Aminopyridatinato (= Ap) ligands, 1 deprotonated 2-aminopyridines that coordinate in a strained η 2 binding mode, 2 are amido type ligands that have received a lot of attention within the last decade. Meanwhile stable complexes for nearly all transition metals could be synthesized emphasizing the very general applicability of the ligand class. 3 Rather close related ligands are amidinates, guanidinates, and NacNac ligands (Scheme 1).
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Scheme 1. Aminopyridinates (top, left) and the closely related amidinates (top, right), guanidinates (bottom, left), and NacNac ligands (bottom, right). R and R' denote substituents like alkyl, aryl, and alkylsilyl moieties.

The coordination chemistry of the aminopyridinato ligands is summarized until 2003. 1 The ligands used until then were mainly rather low regarding their steric bulk and not very well suited to stabilize highly reactive neutral or cationic organo rare earth 4 complexes. In consequence, new types of aminopyridinato ligands that incorporate a number of 2,6dialkylphenyl substituents on the ligand backbone were developed. 5 The ligand periphery can be readily modified and these very bulky ligands should be utilized in probing key issues in amido lanthanoid and early transition metal catalysts such as deleterious ligand redistribution reactions (as have commonly thwarted lanthanide amide chemistry) and active site monomerdimer pre-equilibria. The ligands are synthesized in a two step procedure -first, a nickel complex catalyzed Grignard (Kumada-type) coupling reaction, followed by Pd catalyzed aryl amination chemistry (Scheme 2).
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Scheme 2. Synthesis of very bulky aminopyridines (R, R' and R'' = alkyl substituents).

The bulkiest aminopyridine synthesized so far is N-( 2 In consequence, it was thought these ligands might be ideal to stabilize highly reactive rare earth complexes which could also be useful polymerization catalysts. Especially interesting could be the fine tuning opportunity of the catalysts selectivity and activity by using the 17 rare earth ions available with only (slightly) different ionic radii and characteristics resulting from these differences.

In this review the state of the art of rare earth polymerization catalysts stabilized by bulky aminopyridinato ligands is summarized.

Synthesis and Structure of Mono-Ap Halide Complexes

The steric bulk of the Ap* ligand allows the selective synthesis of mono-Ap complexes even for the early lanthanoids. For instance, the salt metathesis reaction between the potassium salt of Ap*-H and NdCl 3 gives [Ap*Nd(thf) 2 Cl 2 ] 2 in about 50 % isolated yield of greenish lightblue crystals (Scheme 4). 6 Interestingly, the reaction of a 2 to 1 ratio of Ap*K to NdCl 3 did result in the formation of the same compound. [Ap*La(thf) 3 Br 2 ] is accessible selectively via salt elimination as well. A comparison of the structure of this dibromide with a closely related amidinate [Am*La(thf) 3 Br 2 ] (Am*-H = N,Nbis-(2,6-diisopropylphenyl)-benzamidine) which was synthesized the same way revealed a similar overall primary coordination site bulkiness for both ligands and distinct differences regarding this bulkiness for different directions. A better shielding of the second coordination sphere was observed for the aminopyridinate. 7 Interestingly, if a aminopyridinato ligand with a slightly smaller steric demand namely Ap+ {Ap+-H = (2,6-diisopropylphenyl)- [6-(2,6dimethylphenyl)pyridin-2-yl]-amine} the salt elimination reaction of the potassium salt of Ap+-H leads with NdCl 3 selectively to bis-Ap complexes (Scheme 5). 6 It was thought that this type of C-H activation should also proceed for the lanthanoids and due to their difference in size (ionic radii) one should see distinct differences in the rate of this reaction. Some general conclusions how the size of the lanthanoid ion influences the rate of a reaction (here a C-H activation reaction which importance was given briefly at the beginning of this chapter) might be drawn. The following observations have been made. 14 [Ap+ 2 Sc(thf)CH 2 SiMe 3 ]: The Sc alkyl is very stable and doesn't show any detectable decomposition when its C 6 D 6 solution was monitored for several weeks. If it is reacted with PhSiH 3 no conversion neither hydride formation nor C-H activation is observed. C-H activation of the alkyl already proceeds to fast to isolate it.

Alkylation and Hydride Formation of the Mono-Ap Complexes

The selective formation of mono-Ap dihalide complexes if the Ap* ligand is used 6 (Scheme 4) may also allow to synthesize dialkys selectively. Two routes can be employed: salt metathesis 15 and alkane elimination, 16 as shown for Y and Lu (Scheme 7). Alkane elimination is highly efficient and affords very good yield of the dialkyls.

Unfortunately, it is difficult to isolate the starting material for the early lanthanoids. Salt metathesis can be employed throughout the whole series but usually affords lower yields. Molecular rare earth metal hydrides are a fascinating class of compounds that posses a variety of unique structural and chemical properties. 17 Assembly of trinuclear tetrahydride rare earth ate species {[Cp2LnH]3H}{Li(thf)4} was reported already in the early 1980s. 18 The first
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Wiley-VCH ZAAC "mono(cyclopentadienyl) dihydrido" complexes were reported in 1999 19 and the area started blooming in 2001. 20 Meanwhile structural data obtained via neutron diffraction gave a very reliable picture of the H atom positions in these molecules. 21 The hydride alkyl clusters formed by the reaction of mono-Ap stabilized dialkyls had been unique at this time. Usually, pure hydride clusters are formed. 17 The molecular structure of [(Ap*Y) 3 (µ 2 -H) 3 (µ 3 -H) 2 (CH 2 SiMe 3 )(thf) 2 )] is shown in Figure 2. 

Y(1C)-N(1C) 2.331(2), Y(1C)-C(33C) 2.402(3), Y(1C)-N(2C) 2.503(2), Y(1B)-Y(1A)-Y(1C)
60.512 (8), N(1A)-Y(1A)-N(2A) 56.70 (8), N(1B)-Y(1B)-N(2B) 56.64 (7), N(1C)-Y(1C)-N(2C) 56.40 (7).

Low Valent Lanthanoid Aminopyridinates

Due to the selective formation of mono-or bis-Ap complexes for the three valent rare earth atoms depending from the steric demand of the Ap ligands a similar selectivity was expected for the two valent lanthanoids. Lanthanoids which a rather stable in the two valent oxidation state like Eu, Yb and Sm allow for the selective synthesis of mono-Ap complexes (Scheme 9). 6,22 [ The "direct reaction" between lanthanoid metal and bulky aminopyridines is an effective and simple way to synthesize truly homoleptic aminopyridinates of Yb. The used "direct reaction" synthetic method 23 is especially valuable for homoleptic lanthanoid organoamides and phenolates 24 and has recently been extended to analogous alkaline earth complexes. 25 conditions did not result in polymers. These results are not surprising since up to then it had been challenging to establish homopolymerization of CL with rare earth halide complex in a highly controlled fashion. 34,35,36 The search for potential impurities did not give an explanation why the La complex initiates but the Lu complex does not. In presence of NaBH In presence of more than one equivalent of NaBH 4 per metal centre, the polymerization proceeds smoothly as well and it is quite controlled especially for Lu and La. The 

Coordinative Chain Transfer Polymerization (CCTP) of Ethylene

Introduction

The polymerization of ethylene especially in the low molecular weight range can be established in a highly controlled fashion by a chain growing process on a main group metal 

[M 1 ] PE [M 1 ] PE + [M 2 ] [M 1 ] [M 2 ] PE R R -[M 2 ] PE [M 1 ] R [M 1 ] R ethylene ethylene [M 1 ] [M 2 ] PE R Scheme 12. CCTP.
Such a strategy appeared in the patent literature in the early 90s. A variety of metallocene based catalyst systems which catalyzed chain growing at Al alkyls were described. 38 The first highly controlled catalyst system (rare earth/magnesium based) was introduced a few years later. 39 Meanwhile a variety of catalysts that undergo CCTP is known. 37,38,39,40,42,44,55 The equilibrium between chain transfer state (CTS) and chain growing state (CGS) is the basis of such a polymerization protocol and determines the overall productivity (Scheme 13). The ( 
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The Ap Organoyttrium Cation Aluminum Catalyst System

We had studied the polymerization of ethylene using organoyttrium cations 41 as catalysts.

These cations can be generated by following the procedure shown in Scheme 14. 42 Temperature dependence studies of the organoyttrium catalyzed ethylene polymerization using the Ap* ligand revealed that the molecular weight increases with the reaction temperature. Furthermore, unusual small polydispersities down to 1.3 (Mw/Mn) were observed. It was concluded that a CCTP scenario between Y and TIBAO (triisobutylalumoxane) could be an explanation. 42 A variety of experiments support this hypothesis. First, an increase of the Al to Y ration goes along with the formation of shorter polymer chains and all polymers contain an isopropyl endgroup steaming from TIBAO. Secondly, a time depending growth of the polymer chain was observed. Polymer samples taken from one run (80 °C and 5 bar) were indicative of a increase of the molecular weight with the polymerization time (Figure 5). Thirdly, if chain transfer is fast in relation to chain growing very narrowly distributed polymers should be observed. Optimization of the reaction conditions in this regard led to the synthesis of PE with a polydispersity Mw/Mn < 1.1 up to a molecular weight of 4000 g/mol (Table 5). 

Variation of the Aluminum Alkyl and of the Supporting Ligand and

Synthesis of Functionalized PE

High control in ethylene polymerization was observed for the Ap*Y catalyst system in combination with TIBAO. 42 The question arose: are other alumoxanes or aluminum alkyls able to promote CCTP as well? As shown in Table 6 the organoyttrium cation catalyzed chain growing on aluminum is not limited to TIBAO themselves, but can be carried out with a variety of aluminum alkyls.

However, the use of partially hydrolyzed Al-alkyls seems to have a strong beneficial effect on the ethylene polymerization activity. This behaviour could be explained by a stronger coordination of the aluminum trialkyls at the organoyttrium cation compared to the less electron rich alumoxanes. Consequently, the equilibrium between the CGS and the CTS is shifted towards the CTS. This goes along with a lower concentration of CGS and with a lower Selected polymerization results are shown in Table 7. They are indicative of CCTP in all cases. The Am* based catalyst system is the most productive one in the presence of Al alkyls like triisobutylaluminum (= TIBA). This catalyst system is also very productive in combination with other aluminum alkyls like triethylaluminum. Al terminated PE can undergo an oxidation reaction with O 2 which leads to alkoxides that can be hydrolysed to form alcohols. 45 These alcohols can be converted into a variety of functionalized PE materials as shown in Scheme 17. 44,46 The N-heterocyclic carbene precursor (Scheme 17, right bottom) is soluble only at temperatures above 90 °C and could be the basis of a recyclable ligand or catalyst complex.

Cooling down to room temperature should allow precipitating the ligand/catalyst and reusing them.

Isoprene Polymerization Mediated by Rare Earth Aminopyridinates

Isoprene polymerization catalyzed by organolanthanoid cations has gained a lot of attention after the initial reports were published by two groups simultaneously. 47 >99%, mmmm > 99 %). In addition, it was observed, that the amidinate complex switches the stereoselectivity drastically from 3,4-isospecific to cis-1,4-selective by addition of AlMe 3 .

Furthermore, half-sandwich complexes of the type [(C 5 Me 5 )Ln(AlMe 4 ) 2 ] (Ln = Y, La, Nd), are (after activation) highly active catalysts for the living trans-1,4-selective (up to 99.5%) polymerization of isoprene. 48b Although 3,4-polyisoprene is used as an important component of high-performance rubber for example in tires, 52 the number of 3,4-selective catalyst systems is smaller in contrast to systems which yield high cis-1,4-polyisoprene (natural rubber). 48d,49e,50,53,54 In analogy to the synthesis of organoyttrium cations (Scheme 14) proceeds the synthesis of organoscandium cations. Ap ligand stabilized dialkyls are accessible in high yield from alkyl and benzyl precursors (Scheme 18). 

Conclusions

Rare earth atoms stabilized by bulky aminopyridinato ligands are a versatile class of polymerization catalysts. The tailoring of the steric bulk of the Ap ligand in combination with the choice of 17 similar (in terms of the general reactivity) but distinct differently (in terms of the ionic radii) rare earth atoms allows a fine tuning of the catalyst activity and selectivity. Some preliminary proof of principle studies have been carried out. The potential of this (polymerization) catalyst class is large but largely unexplored.
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 3 Scheme 4) towards an Bis-Ap complex [Ap+ 2 Y(thf)Cl]. It can be alkylated with [LiCH 2 SiMe 3 ] to give rise to the corresponding monoalkyl [Ap+ 2 Y(thf)CH 2 SiMe 3 ] (molecular structure Figure 1 left).
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 16 Figure 1. C-H activation of one of the methyl groups of Ap+ in [Ap+ 2 Y(thf)CH 2 SiMe 3 ].

[Ap+ 2

 2 Lu(thf)CH 2 SiMe 3 ]: The alkyl converts very slowly at room temperature towards the C-H activation product. Stirring of the Lu alkyl in toluene with PhSiH 3 for three days at room temperature allowed the isolation of its C-H activation product in 60 % yield. [Ap+ 2 Ln(thf)CH 2 SiMe 3 ] (Ln = Nd, La): In contrast to Sc and Lu the alkylation of the chloro complexes [Ap+ 2 Ln(thf)Cl] of the larger lanthanoid ions La and Nd with one equivalent of [LiCH 2 SiMe 3 ] did not yield the desired alkyl complexes [Ap+ 2 Ln(thf)CH 2 SiMe 3 ] and led directly to the intramolecular C-H bond activated products in isolated yields of around 60%.

Scheme 7 .

 7 Scheme 7. Synthesis of mono-Ap dialkyls (Ln = Lu and Y).

Scheme 8 .

 8 Scheme 8. Synthesis of polynuclear hydride alkyl compounds.

Figure 2 .

 2 Figure 2. Molecular structure of [(Ap*Y) 3 (µ 2 -H) 3 (µ 3 -H) 2 (CH 2 SiMe 3 )(thf) 2 )]. The iPr groups of the Ap* ligands are omitted. Selected bond lengths [Å] and angles [º]: Y(1A)-N(1A) 2.323(2), Y(1A)-N(2A) 2.459(2), Y(1A)-Y(1B) 3.4408(4), Y(1A) -Y(1C) 3.5158(4), Y(1B)-N(1B) 2.307(2), Y(1B)-O(1B) 2.3510(19), Y(1B)-N(2B) 2.477(2), Y(1B)-Y(1C) 3.5058(4), Y(1C)-N(1C) 2.331(2), Y(1C)-C(33C) 2.402(3), Y(1C)-N(2C) 2.503(2), Y(1B)-Y(1A)-Y(1C)
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 26 Scheme 10. Synthesis of [Ap 3 Yb] and [Ap+ 2 Yb].

Figure 3 .

 3 Figure 3. Solid state structure of [Ap+ 2 Yb] showing an intermolecular agostic interactions (Yb1…C17 2.981(2) Å and Yb1…H17 distances 2.56(3) Å).

  Scheme 11. Controlled ROP of CL by Ap rare earth complexes the presence of NaBH 4 to give α,ω-dihydroxytelechelic polymers.

  114 x conversion; d SEC values of precipitated polymer samples corrected with the coefficient 0.56; e Molar mass distribution calculated from SEC chromatogram traces; f Molar masses determined by NMR. In presence of more than one equivalent of NaBH 4 per metal centre, the polymerization proceeds smoothly as well and it is quite controlled especially for Lu and La. The experimental molar masses n M SEC and n M NMR give similar values and they are often in quite close agreement with the theoretical values ( n M theo ). NMR analyses of the polymers recovered from the reactions done in the presence of NaBH 4 showed the formation of α,ωdihydroxytelechelic PCL. 33 These results are indicative of a Ln-BH 4 bond which becomes the active site of the polymerization. It is interesting to mention that it was not possible to isolate the resulting borohydride compound from the reaction of [Ap*La(thf) 3 Br 2 ] or [Ap*Lu(thf) 2 Cl 2 ] with NaBH 4 or KBH 4 . Due to the formation of α,ω-dihydroxytelechelic PCL a metal-alkoxide intermediate, where the HBH 3 end group reduces the α-carbonyl function is likely to be the initiating species ([Ln]-{O(CH 2 ) 5 CH 2 OBH x }). After the termination reaction, both the Ln-O and the -CH 2 OBH x extremities are hydrolyzed into hydroxyl chain ends giving rise to a polymer that can be formulated as [HO(CH 2 ) 5 C(O){O(CH 2 ) 5 C(O)} n-2 O(CH 2 ) 6 OH], HO-PCL-OH.

  CTS is essentially responsible for a very fast intra-[exchange of dashed and solid lines within the CTS (Scheme 12)] and intermolecular [exchange of MGM(R)(R'')(R'') units of the CTS] chain transfer. The CGS accomplishes the growing of a single chain. To achieve high control the chain transfer has to be faster than chain growing to avoid multiple insertions. If an excess of MGM(R)(R'')(R'') is present and if other chain termination processes like β-H transfer/elimination could be suppressed for the CGS a chain growing of all chains of all MGM(R)(R'')(R'') molecules with nearly the same rate is observed (MGM = main group metal, or Zn). Consequently, a very narrowly distributed MGM terminated PE material is observed.

Scheme 14 .

 14 Scheme 14. Synthesis and molecular structure of {[Ap*Y(thf) 3 CH 2 SiMe 3 ] + [B(C 6 F 5 ) 4 ] -}. The anion is simplified. Two independent cations per asymmetric unit were found; selected bond parameters [Å, °] averaged: Y-N1 2.302(3), Y-N2 2.421(3), Y-C 2.382(4), N1-Y-N2 57.41(11) Y-C-Si 143.8 (2).

Figure 4 . 1 H

 41 Figure 4. 1 H NMR spectra (C 2 D 2 Cl 4 , 120°C) of PE. The inset shows the signal of the methyl groups of the isopropyl endgroup.

Scheme 16 .

 16 Scheme 16. Structure of Am*-H (right) and Gu*-H (left).
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 4617 Scheme 17. Modifications of OH-terminated PE.

  Rare earth complexes of the type [(L)LnR 2 (D)] (R = CH 2 SiMe 3 , AlMe 4 , o-CH 2 C 6 H 4 NMe 2 , µ 3 -C 3 H 5 , D = thf) where L is a cyclopentadienyl 48 or an anionic N-ligand, 49,50 are known to mediate isoprene polymerization. 51 [{Me 2 Si(C 5 Me 4 )-(PHCy)}YCH 2 SiMe 3 ] 2 (Cy = cyclohexyl) 47b or [(PhC(NC 6 H 4 iPr 2 -2,6) 2 )Y(o-CH 2 C 6 H 4 NMe 2 ) 2 ] 50 were shown, in the combination with [Ph 3 C][B(C 6 F 5 ) 4 ], to polymerize with very high regio-and stereoselectivities (3,4-selectivity:

Scheme 19 . 55 Conclusions

 1955 Scheme 19. Synthesis of organo scandium cations.

Scheme 3 .

 3 Scheme 3. Description of the steric demand of deprotonated Ap*-H in comparison to Cp*.

Scheme 4 .

 4 Scheme 4. Synthesis of [Ap*Nd(thf) 2 Cl 2 ] 2 .

Scheme 5 .

 5 Scheme 5. Synthesis of [Ap+ 2 Nd(thf)Cl].

Figure 1 . 3 (Scheme 6 .

 136 Figure 1. C-H activation of one of the methyl groups of Ap+ in [Ap+ 2 Y(thf)CH 2 SiMe 3 ].

[Ap+ 2

 2 Lu(thf)CH 2 SiMe 3 ]: The alkyl converts very slowly at room temperature towards the C-H activation product. Stirring of the Lu alkyl in toluene with PhSiH 3 for three days at room temperature allowed the isolation of its C-H activation product in 60 % yield. [Ap+ 2 Ln(thf)CH 2 SiMe 3 ] (Ln = Nd, La): In contrast to Sc and Lu the alkylation of the chloro complexes [Ap+ 2 Ln(thf)Cl] of the larger lanthanoid ions La and Nd with one equivalent of [LiCH 2 SiMe 3 ] did not yield the desired alkyl complexes [Ap+ 2 Ln(thf)CH 2 SiMe 3 ] and led directly to the intramolecular C-H bond activated products in isolated yields of around 60%.

Scheme 7 .

 7 Scheme 7. Synthesis of mono-Ap dialkyls (Ln = Lu and Y).

Scheme 8 .

 8 Scheme 8. Synthesis of polynuclear hydride alkyl compounds.

Figure 2 .

 2 Figure 2. Molecular structure of [(Ap*Y) 3 (µ 2 -H) 3 (µ 3 -H) 2 (CH 2 SiMe 3 )(thf) 2 )]. The iPr groups of the Ap* ligands are omitted. Selected bond lengths [Å] and angles [º]: Y(1A)-N(1A) 2.323(2), Y(1A)-N(2A) 2.459(2), Y(1A)-Y(1B) 3.4408(4), Y(1A) -Y(1C) 3.5158(4), Y(1B)-N(1B) 2.307(2), Y(1B)-O(1B) 2.3510(19), Y(1B)-N(2B) 2.477(2), Y(1B)-Y(1C) 3.5058(4),

  Scheme 9. Synthesis of [Ap*Ln(thf) 2 I] 2 (Ln = Sm, Yb, Eu).

  Scheme 10. Synthesis of [Ap 3 Yb] and [Ap+ 2 Yb].

Figure 3 .

 3 Figure 3. Solid state structure of [Ap+ 2 Yb] showing an intermolecular agostic interactions (Yb1…C17 2.981(2) Å and Yb1…H17 distances 2.56(3) Å).

a

  [Initiator] 0 = [Ap*La(thf) 3 Br 2 ] 0 ; [Ap*Lu(thf) 2 Cl 2 ] 0 or [[Ap*Yb(thf) 2 I] 2 ] 0 ; in absence of NaBH 4 , [ε-CL] 0 /[BH 4 ] 0 =[ε-CL] 0 /[Initiator] 0 ; b Calculated from 1 H NMR analysis; c Calculated with n M (theo) = [ε-CL] 0 /[BH 4 ] 0 x 114 x conversion; d SEC values of precipitated polymer samples corrected with the coefficient 0.56; e Molar mass distribution calculated from SEC chromatogram traces; f Molar masses determined by NMR.

  experimental molar masses n M SEC and n M NMR give similar values and they are often in quite close agreement with the theoretical values ( n M theo ). NMR analyses of the polymers recovered from the reactions done in the presence of NaBH 4 showed the formation of α,ωdihydroxytelechelic PCL. 33 These results are indicative of a Ln-BH 4 bond which becomes the active site of the polymerization. It is interesting to mention that it was not possible to isolate the resulting borohydride compound from the reaction of [Ap*La(thf) 3 Br 2 ] or [Ap*Lu(thf) 2 Cl 2 ] with NaBH 4 or KBH 4 . Due to the formation of α,ω-dihydroxytelechelic PCL a metal-alkoxide intermediate, where the HBH 3 end group reduces the α-carbonyl function is likely to be the initiating species ([Ln]-{O(CH 2 ) 5 CH 2 OBH x }). After the termination reaction, both the Ln-O and the -CH 2 OBH x extremities are hydrolyzed into hydroxyl chain ends giving rise to a polymer that can be formulated as [HO(CH 2 ) 5 C(O){O(CH 2 ) 5 C(O)} n-2 O(CH 2 ) 6 OH], HO-PCL-OH.

  CTS is essentially responsible for a very fast intra-[exchange of dashed and solid lines within the CTS (Scheme 12)] and intermolecular [exchange of MGM(R)(R'')(R'') units of the CTS] chain transfer. The CGS accomplishes the growing of a single chain. To achieve high control the chain transfer has to be faster than chain growing to avoid multiple insertions. If an excess of MGM(R)(R'')(R'') is present and if other chain termination processes like β-H transfer/elimination could be suppressed for the CGS a chain growing of all chains of all MGM(R)(R'')(R'') molecules with nearly the same rate is observed (MGM = main group metal, or Zn). Consequently, a very narrowly distributed MGM terminated PE material is observed.

  Scheme 13. Basic CCTP equilibrium: left: chain transfer state (CTS); right: chain growing state (CGS), M = transition metal or lanthanide, MGM = main group metal or Zn, not necessarily three valent).

Scheme 14 .

 14 Scheme 14. Synthesis and molecular structure of {[Ap*Y(thf) 3 CH 2 SiMe 3 ] + [B(C 6 F 5 ) 4 ] -}. The anion is simplified. Two independent cations per asymmetric unit were found; selected bond parameters [Å, °] averaged: Y-N1 2.302(3), Y-N2 2.421(3), Y-C 2.382(4), N1-Y-N2 57.41(11) Y-C-Si 143.8 (2).

Figure 4 . 1 H

 41 Figure 4. 1 H NMR spectra (C 2 D 2 Cl 4 , 120°C) of PE. The inset shows the signal of the methyl groups of the isopropyl endgroup.

Figure 5 .

 5 Figure 5. Time depended increase of the molecular weight of the polymers as determined by SEC.

Scheme 16 .

 16 Scheme 16. Structure of Am*-H (right) and Gu*-H (left).

  catalyst (R = CH 2 SiMe 3 ), ammonium borate: [R 2 N(CH 3 )H] + [B(C 6 F 5 ) 4 ] -(R = C 16 H 33-C 18 H 37 ), Y/B = 1/1.1, 260 ml toluene, pressure: 5 bar, time: 15 min. 353K. b 100 eq TIBA. c 150 eq TIBA.

Scheme 17 .

 17 Scheme 17. Modifications of OH-terminated PE.

  Rare earth complexes of the type [(L)LnR 2 (D)] (R = CH 2 SiMe 3 , AlMe 4 , o-CH 2 C 6 H 4 NMe 2 , µ 3 -C 3 H 5 , D = thf) where L is a cyclopentadienyl 48 or an anionic N-ligand, 49,50 are known to mediate isoprene polymerization. 51 [{Me 2 Si(C 5 Me 4 )-(PHCy)}YCH 2 SiMe 3 ] 2 (Cy = cyclohexyl) 47b or [(PhC(NC 6 H 4 iPr 2 -2,6) 2 )Y(o-CH 2 C 6 H 4 NMe 2 ) 2 ] 50 were shown, in the combination with [Ph 3 C][B(C 6 F 5 ) 4 ], to polymerize with very high regio-and stereoselectivities (3,4-selectivity:

Scheme 19 .

 19 Scheme 18. Synthesis of scandium aminopyridinates.
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  namely five coordinate [Ap+ 2 Yb(thf)] and six coordinate [Ap 2 Yb(thf) 2 ].

26 Di-and Trivalent Rare Earth Aminopyridinates as Initiators in the Ring-Opening Polymerization Reactions of ε-Caprolactone

  

	Ring-opening polymerization (ROP) is a potent synthetic tool for the synthesis of specific
	well-defined high molar mass polyesters 27 and rare earth initiated coordination-insertion ROP
	has attracted considerable interest. 28 Research activities on the design of more elaborated and
	most often more sophisticated rare earth complexes have enabled impressive progress in both
	the organic catalysis and polymerization chemistry. Much effort nowadays are driven by
	environmental concerns, getting more and more into the scope of green chemistry and
	biocompatibility concepts. 29 Homoleptic trisborohydride rare earth complexes,
	[Ln(BH 3 ) 3 (thf) 3 ] 30 (Ln = lanthanide) are efficient initiators for the ring-opening
	polymerization of ε-caprolactone (CL), such borohydride initiators have subsequently been
	extended to organometallic derivatives such as [Sm(C 5 Me 5 ) 2 (thf)] for the polymerization of
	lactones. 31 Furthermore, rare earth complexes involving aminopyridinato ligands of low steric
	demand have been synthesized and evaluated in polymerization of CL with the hope to
	improve the control of the polymerization process and a linear relation between the monomer
	to intiator ratio and the molecular weight of the polymer was observed. 32 Ring-opening
	polymerization of ε-caprolactone initiated by complexes like [Ap*La(thf) 3 Br 2 ] or
	[Ap*Yb(thf) 2 I] 2 in the presence of NaBH 4 allowing the preparation, in a controlled process
	and in a short reaction time, of α,ω-dihydroxytelechelic polymers with high molar mass ( n M
	up to 50 000) and moderate molar mass distributions (1.3 < w M / n M < 1.6). 33

Table 2 ,

 2 and Table3.

	4 the

Table 1 .

 1 Polymerization of ε-CL in THF at 23°C over 4 hours using [Ap*La(thf) 3 Br 2 ].

	a [Initiator] 0 = [Ap*La(thf) 3 Br 2 ] 0 ; [Ap*Lu(thf) 2 Cl 2 ] 0 or [[Ap*Yb(thf) 2 I] 2 ] 0 ; in absence of NaBH 4 , [ε-CL] 0 /[BH 4 ] 0
	=[ε-CL] 0 /[Initiator] 0 ; b Calculated from 1 H NMR analysis; c Calculated with n M (theo) = [ε-CL] 0 /[BH 4 ] 0 x 114 x
	conversion; d SEC values of precipitated polymer samples corrected with the coefficient 0.56; e Molar mass
	distribution calculated from SEC chromatogram traces; f Molar masses determined by NMR.

Table 2 .

 2 Polymerization of ε-CL in THF at 23°C over 4 hours using [Ap*Yb(thf) 2 I] 2 .

	a [Initiator] 0 = [Ap*La(thf) 3 Br 2 ] 0 ; [Ap*Lu(thf) 2 Cl 2 ] 0 or [[Ap*Yb(thf) 2 I] 2 ] 0 ; in absence of NaBH 4 , [ε-CL] 0 /[BH 4 ] 0

=[ε-CL] 0 /[Initiator] 0 ; b Calculated from 1 H NMR analysis; c Calculated with

  

	n M (theo) = [ε-CL] 0 /[BH 4 ] 0 x 114 x
	conversion; d SEC values of precipitated polymer samples corrected with the coefficient 0.56; e Molar mass
	distribution calculated from SEC chromatogram traces; f Molar masses determined by NMR.

n M theo c (g.mol -1 ) n M SEC d (g.mol -1 ) n M NMR f (g.mol -1 ) w M / n M

  

										e
	0	7.6	0	410.2	54	85	5 200	167 600	-	1.4
	0	3.8	0	410.2	108	90	11 100	168 600	-	1.5
	1.0	9.6	9.3	1 002	108	99	12 200	16 000	18 900	1.3
	1.0	8.9	8.8	1002	114	98	12 700	15 700	19 000	1.3
	2.0	5.4	10.0	4 500	450	99	50 800	46 300	45 600	1.5
	3.0	2.5	7.9	722.0	91	97	10 050	17 000	15 700	1.4

[NaBH 4 ] 0 /[Initiator] 0 [Initiator] 0 a (mmol.L -1 ) [BH 4 ] 0 (mmol.L -1 ) [ε-CL] 0 (mmol.L -1 ) [ε-CL] 0 / [BH 4 ] 0 a Monomer Conv. b (%) n M theo c (g.mol -1 ) n M SEC d (g.mol -1 ) n M NMR f (g.mol -1 ) w M / n M

  

										e
	0	4.2	0	410.2	98	85	9 500	121 700	-	1.7
	0	2.1	0	410.2	195	75	16 700	128 200	-	1.7
	2.1	4.8	9.9	1 120	113	98	12 600	34 500	29 000	1.6
	2.0	3.2	6.6	1 120	170	98	19 000	47 500	35 000	1.6
	4.0	4.2	16.9	1 002	59	98	6 600	13 000	22 000	1.5
	4.0	4.2	16.9	2 000	118	98	13 200	23 000	28 500	1.5
	4.0	2.5	9.5	5 400	568	98	63 400	43 600	45 600	1.6

Table 3 .

 3 Polymerization of ε-CL in THF at 23°C over 4 hours using [Ap*Lu(thf) 2 Cl 2 ]

Table 4 .

 4 Ethylene polymerization activity depending from the steric bulk of the Ap ligand.

	ligand	m Pol.	activity	M w	M w /M n
		[g]	[kg PE mol Kat	-1 h -1 bar -1 ]	[gmol -1 ]
	Ap*	13.4	1072		66500 a	3.2
	Ap +	5.0	400		46100 a (10800 b ) 4.3 (1.5)
	Ap -	5.4	432		263900 a (16300 b ) 28.8 (2.4)

a bimodal. b M w of the main fraction (>90 %)

It is very likely that the reduced steric bulk of Ap+ and Ap-does not lead selectively to mono Ap dialkyl complexes under the conditions used to generate the cations for polymerization studies. This hypothesis is supported by the observation that salt metathesis reactions with

[Ap+K] gave rise to complexes of the type [Ap+ 2 Ln(thf)Cl].

6 

Table 5 .

 5 Optimization of the reaction conditions towards low polydispersity using the Ap*Y based catalyst system.

	Page 19 of 67					ZAAC
					time [min]	M w [gmol -1 ]	M w /M n
					5 (∆) 540	1.08
					10 ( ) 650	1.17
					15 ( ) 870	1.16
	1.90	2.28	2.66	3.04	3.42	3.80
			Log(Mw)			
	Figure 5. Time depended increase of the molecular weight of the polymers as determined by	Deleted: nce
	SEC.					
	Thirdly, if chain transfer is fast in relation to chain growing very narrowly distributed
	polymers should be observed. Optimization of the reaction conditions in this regard led to the
						Wiley-VCH

Higher molecular weights can not be obtained with a polydispersity of around 1.1 because polymers start to precipitate during polymerization and chain transfer is disturbed.

Temporarily a bimodal distribution is observed (polymer in solution and polymer that is precipitated). After all polymer is precipitated a monomodal distribution is observed again which is slightly broader but sill indicative of a controlled process (last run Table

5

).

Since synthesis of the trisalkyl precursors (from which the Ap dialkyls and the organo cations that undergo CCTP are generated) is challenging, especially for the early lanthanoids, better accessible precursors were searched for. A series of aminopyridinate stabilized rare earth amide complexes were synthesized and characterized. The bulky aminopyridines Ap*-H and Ap --H were introduced via amine elimination reaction with [Ln(thf) 2 {N(SiHMe 2 ) 2 } 3 ] (Ln = Y, La) to obtain the corresponding mono aminopyridinates. Unfortunately, these complexes are not able to undergo CCTP with ethylene in the presence of aluminum alkyls as the corresponding dialkyl complexes do. Investigations of the reactions of the rare earth aminopyridinate complexes with triethylaluminum or diisobutylaluminumhydride reveal a fast transfer of the aminopyridinato ligand to aluminum. The products of this transfer reaction are aminopyridinate stabilized aluminum dialkyls.

43 

Table 6 .

 6 CCTP with the Ap* Y organo cation catalyst -influence of the aluminum alkyl.

	Al-alkyl	Al/Y	m pol.	activity	M w	M w /M n
		[mol/mol]	[g]	[kg PE mol Kat -1 h -1 bar -1 ] [gmol -1 ]	
	TOA	100	0.5	40	n.d.	n.d.
	TIBA	100	0.9	80	n.d.	n.d.
	TIBA a	100	4.3	129	2660	1.2
	TOAO	100	1.9	152	2580	1.1
	TIBAO	100	2.1	168	1460	1.05
	TPPAO	50	1.9	152	2770	1.2

Ap*Y(thf)CH 2 SiMe 3 ) 2 ]:10 µmol, ammonium borate: [R 2 N(CH 3 )H] + [B(C 6 F 5 ) 4 ] -(R = C 16 H 31 -C 18 H 35 ), Y/B = 1/1.1, pressure: 5 bar, time: 15 min. a 100°C, 10bar, 20 min.

Table 7 .

 7 Ethylene polymerization a comparison of a Y aminopyridinate, a amidinate and a

	guanidinate.				
	precatalyst	m Pol.	activity	M w	M w /M n
		[g]	[kg PE mol Kat	-1 h -1 bar -1 ]	[g/mol]

H

  Scheme 18. Synthesis of scandium aminopyridinates. The dialkyl and dibenzyl complexes shown in Scheme 18 can be activated with borates like [Ph 3 C][B(C 6 F 5 ) 4 ] and [C 6 H 5 NHMe 2 ][B(C 6 H 5 ) 4 ] to form organo cations (Scheme 19).

+ [C 6 H 5 NHMe 2 ][B(C 6 H 5

Table 2 ,

 2 4 the polymerization initiated by [Ap*La(thf) 3 Br 2 ], [Ap*Yb(thf) 2 I] 2 , and [Ap*Lu(thf) 2 Cl 2 ] give polymers with interesting features. Selected polymerization results are shown inTable 1, and Table 3.

Table 1 .

 1 Polymerization of ε-CL in THF at 23°C over 4 hours using [Ap*La(thf) 3 Br 2 ]. [Initiator] 0 = [Ap*La(thf) 3 Br 2 ] 0 ; [Ap*Lu(thf) 2 Cl 2 ] 0 or [[Ap*Yb(thf) 2 I] 2 ] 0 ; in absence of NaBH 4 , [ε-CL] 0 /[BH 4 ] 0 Calculated from 1 H NMR analysis; c Calculated with n M (theo) = [ε-CL] 0 /[BH 4 ] 0 x 114 x conversion; d SEC values of precipitated polymer samples corrected with the coefficient 0.56;

a =[ε-CL] 0 /[Initiator] 0 ; b e Molar mass distribution calculated from SEC chromatogram traces; f Molar masses determined by NMR.

Table 2 .

 2 Polymerization of ε-CL in THF at 23°C over 4 hours using [Ap*Yb(thf) 2 I] 2 .

NaBH 4 ] 0 /[Initiator] 0 [Initiator] 0 a (mmol.L -1 ) [BH 4 ] 0 (mmol.L -1 ) [ε-CL] 0 (mmol.L -1 ) [ε-CL] 0 / [BH 4 ] 0 a Monomer Conv. b (%) n M theo c (g.mol -1 ) n M SEC d (g.mol -1 ) n M NMR f (g.mol -1 )

  

									n M NMR (g.mol -1 ) f	w M / n M	e
	0	7.6	0	410.2	54	85	5 200	167 600	-	1.4
	0	3.8	0	410.2	108	90	11 100	168 600	-	1.5
	1.0	9.6	9.3	1 002	108	99	12 200	16 000	18 900	1.3
	1.0	8.9	8.8	1002	114	98	12 700	15 700	19 000	1.3
	2.0	5.4	10.0	4 500	450	99	50 800	46 300	45 600	1.5
	3.0	2.5	7.9	722.0	91	97	10 050	17 000	15 700	1.4
	[w M / n M	e
	0	4.2	0	410.2	98	85	9 500	121 700	-	1.7
	0	2.1	0	410.2	195	75	16 700	128 200	-	1.7
	2.1	4.8	9.9	1 120	113	98	12 600	34 500	29 000	1.6
	2.0	3.2	6.6	1 120	170	98	19 000	47 500	35 000	1.6
	4.0	4.2	16.9	1 002	59	98	6 600	13 000	22 000	1.5
	4.0	4.2	16.9	2 000	118	98	13 200	23 000	28 500	1.5
	4.0	2.5	9.5	5 400	568	98	63 400	43 600	45 600	1.6

Table 3 .

 3 Polymerization of ε-CL in THF at 23°C over 4 hours using [Ap*Lu(thf) 2 Cl 2 ]. [Initiator] 0 = [Ap*La(thf) 3 Br 2 ] 0 ; [Ap*Lu(thf) 2 Cl 2 ] 0 or [[Ap*Yb(thf) 2 I] 2 ] 0 ; in absence of NaBH 4 , [ε-CL] 0 /[BH 4 ] 0 =[ε-CL] 0 /[Initiator] 0 ; b Calculated from 1 H NMR analysis; c Calculated with n M (theo) = [ε-CL] 0 /[BH 4 ] 0 x 114 x conversion; d SEC values of precipitated polymer samples corrected with the coefficient 0.56; e Molar mass distribution calculated from SEC chromatogram traces; f Molar masses determined by NMR.

a

  is catalyzed by an organo transition metal or lanthanide complex -Coordinative Chain Transfer Polymerization (CCTP, Scheme 12).37 Chain growing takes place via ethylene insertion into the transition metal or lanthanide [M 1 ] carbon bond. The fast transferred chains "rest" at the main group or zinc centre [M 2 ] where chain termination processes like ß-H transfer/elimination are of low significance.

	or zinc which								
							n M theo c (g.mol -1 )	n M SEC (g.mol -1 ) d	n M NMR (g.mol -1 ) f	w M / n M	e
	0	8.8	0	410.2	47	45	2 400	-	-	-
	0	4.8	0	410.2	85	33	3 200	-	-	-
	1.0	9.7	9.9	902.5	91	100	10 400	17 600	20 700	1.6
	1.1	6.1	6.6	902.4	137	98	15 300	16 400	12 500	1.5
	2.0	5.4	10.0	4 500	450	99	50 800	45 600	51 800	1.6

Table 4

 4 ).If Ap* is used to generate the organoyttrium cation catalyst the activity is the highest and for Ap + and Ap -(both ligands contain the inverse substitution pattern and the steric bulk could be considered as similar-Scheme 15) similar but lower activities were observed.

	N	
	N	H
	Scheme 15. Structure of Ap --H.

Table 4 .

 4 Ethylene polymerization activity depending from the steric bulk of the Ap ligand.It is very likely that the reduced steric bulk of Ap+ and Ap-does not lead selectively to mono Ap dialkyl complexes under the conditions used to generate the cations for polymerization studies. This hypothesis is supported by the observation that salt metathesis reactions with[Ap+K] gave rise to complexes of the type [Ap+ 2 Ln(thf)Cl].6 

	ligand	m Pol.	activity	M w	M w /M n
		[g]	[kg PE mol Kat	-1 h -1 bar -1 ]	[gmol -1 ]
	Ap*	13.4	1072		66500 a	3.2
	Ap +	5.0	400		46100 a (10800 b ) 4.3 (1.5)
	Ap -	5.4	432		263900 a (16300 b ) 28.8 (2.4)

a bimodal. b M w of the main fraction (>90 %)
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 5 Optimization of the reaction conditions towards low polydispersity using the Ap*Y based catalyst system.

	Al/Y	m pol.	activity	M w	M w /M n
	[mol/mol]	[g]	[kg PE mol cat	-1 h -1 bar -1 ]	[gmol -1 ]
	0	0	0		n.d.	n.d.
	50	4.7	376	3940	1.09
	100	2.1	168	1460	1.05
	20 a	10.1	808	15600	1.4
	Ammonium borate: [R 2 N(CH 3 )H] + [B(C 6 F 5 ) 4 ] -(R = C 16 H 31 -C 18 H 35 ), Y/B = 1/1.1. Aluminum alkyl: TIBAO.
	Pressure: 5 bar. Temperature: 80 °C. Time 15: min. a Temperature 100 °C.
	Since synthesis of the trisalkyl precursors (from which the Ap dialkyls and the organo cations
	that undergo CCTP are generated) is challenging, especially for the early lanthanoids, better
	accessible precursors were searched for. A series of aminopyridinate stabilized rare earth
	amide complexes were synthesized and characterized. The bulky aminopyridines Ap*-H and
	Ap --H were introduced via amine elimination reaction with [Ln(thf) 2 {N(SiHMe 2 ) 2 } 3 ] (Ln = Y,
	La) to obtain the corresponding mono aminopyridinates. Unfortunately, these complexes are
	not able to undergo CCTP with ethylene in the presence of aluminum alkyls as the
	corresponding dialkyl complexes do. Investigations of the reactions of the rare earth
	aminopyridinate complexes with triethylaluminum or diisobutylaluminumhydride reveal a
	fast transfer of the aminopyridinato ligand to aluminum. The products of this transfer reaction
	are aminopyridinate stabilized aluminum dialkyls. 43

Higher molecular weights can not be obtained with a polydispersity of around 1.1 because polymers start to precipitate during polymerization and chain transfer is disturbed.

Temporarily a bimodal distribution is observed (polymer in solution and polymer that is precipitated). After all polymer is precipitated a monomodal distribution is observed again which is slightly broader but sill indicative of a controlled process (last run Table

5

).

Table 6 .

 6 CCTP with the Ap* Y organo cation catalyst -influence of the aluminum alkyl.

	Al-alkyl	Al/Y	m pol.	activity	M w	M w /M n
		[mol/mol]	[g]	[kg PE mol Kat	-1 h -1 bar -1 ] [gmol -1 ]
	TOA	100	0.5	40		n.d.	n.d.
	TIBA	100	0.9	80		n.d.	n.d.
	TIBA a	100	4.3	129	2660	1.2
	TOAO	100	1.9	152	2580	1.1
	TIBAO	100	2.1	168	1460	1.05
	TPPAO	50	1.9	152	2770	1.2
	Ap*Y(thf)CH 2 SiMe 3 ) 2 ]:10 µmol, ammonium borate: [R 2 N(CH 3 )H] + [B(C 6 F 5 ) 4 ] -(R = C 16 H 31 -C 18 H 35 ), Y/B =
	1/1.1, pressure: 5 bar, time: 15 min.			

a 100°C, 10bar, 20 min.

Table 7 .

 7 Ethylene polymerization a comparison of a Y aminopyridinate, a amidinate and a

	guanidinate.				
	precatalyst	m Pol.	activity	M w	M w /M n

Wiley-VCH ZAAC

Acknowledgement

We thank the DFG for financial support within the SPP 1166 "Lanthanoid-specific functionalities in molecules and materials". I also like to thank all the talented coworkers that have worked in these projects for their inspiring input.

Acknowledgement

We thank the DFG for financial support within the SPP 1166 "Lanthanoid-specific functionalities in molecules and materials". I also like to thank all the talented coworkers that have worked in these projects for their inspiring input.

including research stays in Jena (Prof. D. Walther) und Stuttgart (Prof. H.-G. von Schnering) and received his PhD degree (organo nickel chemistry) under the supervision of Prof. J. Sieler (1989). During a DAAD postdoctoral research fellowship at MIT (1992/1993) with Prof. R. R. Schrock he became interested in N2 activation. After a period at the MPI für Kohlenforschung in Mülheim (1993/1994) he begun to study for his habilitation in the Max-Planck-Gesellschaft Group "Complex Catalysis" led by Prof. U. Rosenthal. The habilitation (amido metal chemistry) followed at the Universität Rostock in 1998. He worked as a group leader in the Institut für Organische Katalyseforschung Rostock (IfOK) for two years and then moved as a visiting scientist in