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Preface 

The following PhD thesis consists of a survey about developments in Ziegler-Natta 

polymerization, the use of bis(alkyl) rare-earth-metal (half-)sandwich- and pincer complexes 

in polymerization reactions during 2015 to 2018, a summary of the main results, and the 

scientific papers published during this thesis.  

The work has been carried out at the Institut für Anorganische Chemie of the Eberhard Karls 

Universität Tübingen, Germany, during the period from September 2015 to July 2019 under 

the supervision of Prof. Dr. Reiner Anwander. In October and November 2018 I was 

afforded the opportunity to stay in the laboratory of Prof. Dr. Charlotte Williams  at Oxford 

University. There I was able to learn more about the polymerization of functional monomers.  

Parts of the thesis have been presented as posters at national and international conferences. 

The research conducted in this thesis has been funded by the Deutsche 

Forschungsgemeinschaft (DFG, AN238/14-2) and Bridgestone Japan. 
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Objective of the Thesis 

The main objective of this thesis is to access rare-earth-metal alkyl complexes. Fluorenyl and 

indenyl half-sandwich complexes provided new ancillary ligands for the application in 

isoprene polymerization Thereby the different influences of these precatalysts on the 

microstructure of the resulting polyisoprene can be identified. 

Furthermore, the synthesis of post metallocene alkyl complexes and their performance in 

isoprene polymerization shall be assessed.  

Chapter A of this thesis gives a brief overview of the historical development of Ziegler-Natta 

Catalysts, considering both homo- and heterogeneous catalytic system. This is followed by an 

overview of the synthesis of rare-earth-metal (half-)sandwich alkyl complexes and their 

application as polymerization catalysts from 2015 to 2018. Moreover, the thesis gives a brief 

overview on the synthesis of rare-earth-metal pincer alkyl complexes and their use in 

polymerization reactions from 2015 to 2018. 

Chapter B covers the main results of this thesis. In particular, the following aspects are 

emphasized:  

�ƒ Synthesis of (half-)sandwich rare-earth-metal alkyl complexes. 

�ƒ Synthesis of pincer rare-earth-metal alkyl complexes. 

�ƒ Activation reaction for isoprene polymerization. 

�ƒ Isoprene polymerization promoted by half-sandwich and rare-earth-metal pincer alkyl 

complexes. 
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zirconium catalyst (a1).[35] Due to the C2-symmetry of the catalyst, highly isotactic 

polypropylene is obtained. Considering the steric constraints, and the precoordination of the 

olefin, as depicted in Scheme 5, entry 1.), is preferred over the coordination as displayed in 

approach 2.). For comparison, a2 a Cs-symmetric complex (mirror plane within the molecule) 

affords highly syndiotactic polymers.[36] The switch of coordination site by the polymer chain, 

as shown in Scheme 5, approach 3.), is responsible for the high syndiotacticity of the polymer.  

 

Scheme 5. Control of tacticity by ansa-zirconocene catalysts, adopted from JANIAK .[37] 
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3 Rare-Earth-Metal (Half -)Sandwich (Bis)Alkyl Complexes  

In the quest for new catalysts in the coordination polymerization, the knowledge of titanium 

and zirconium was transferred to the rare-earth metals. The need of a metal alkyl group 

adjacent to a free coordination site changed the design of the complexes, due to the oxidation 

state of +3 for the lanthanides. Therefore, especially the half-sandwich complexes gained 

attention in polymerization reactions. The first rare-earth-metal half-sandwich complex 

Cp*La[CH(SiMe3)2]2(thf) was isolated in 1989.[53] The synthesis of (half-)sandwich 

complexes proceeds usually by salt metathesis or protonolysis reactions. Whereby the 

sequence of the different reaction steps can differ, as displayed in Scheme 6. The most widely 

used starting material is LnCl3. Applying a salt metathesis protocol using ACpR (A = alkali 

metal) the coordination of the CpR group can be achieved, yielding a bis(chloride) or bis(CpR) 

complexes. By a subsequent salt metathesis reaction with AR (R = alkyl, benzyl) the 

corresponding (half-)sandwich complex is obtained (Scheme 6, route II). This procedure was 

used for the synthesis of the first half-sandwich complex Cp*La[CH(SiMe3)2]2(thf)[53] or the 

synthesis of dibenzyl complexes (C5Me4SiMe3)Sc(CH2Ph)2(thf), 

(C5Me4SiMe3)Sc(CH2Ph)2(thf), and (C5Me5)Gd(CH2Ph)2(thf).[54,55] The full potential of this 

synthetis route is displayed in the synthesis of sandwich complexes, shown in Table 2. 

 

Scheme 6. General synthetis scheme of rare-earth-metal (half-)sandwich complexes. 
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Table 2. Synthesis of rare-earth-metal sandwich complexes according to route II. 

 

 

Y,[56] La,[57] Nd,[57,58] 

Sm,[57] Lu[57] 

C5Me5 

Y[56] 
C5H4(CMe3),                   

1,3-Me2C5H3, C5HMe4 

 

Lu[59] 

 

C5H5 

 

 

 

Y,[60,61] Ce,[62] Nd,[61] Sm[61] 
C5Me5 

Y,[63] Nd,[63] Sm[63] C5Me4Et 

 

 

Yb[64] 
CH3 

Lu[59] 

 

CH3, C2H5, C4H9, C(CH3)3, 

CH2C(CH3)3, CH2C6H5 

 

Sc,[65] Y,[65] Gd,[65] Dy,[65] 

Ho,[65] Er,[65] Tm,[65] Yb[65] 
C5H5 
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Table 3. Synthesis of half-sandwich complexes according to route I.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Sc 

 

C5H5,[74] C5Me5,[74] C5H4Me,[74] 

C5HMe4,[74] C5Me4SiMe3,[74,75]
 

C5Me4SiMe2Ph,[76] 

C5Me4(SiMe2C6F5),[77]              

1,3-(SiMe3)2C5H3
[78] 

 

Y,[75,79] Gd,[75] 

Tb,[75] Dy,[75] 

Ho,[75] Er,[75] 

Tm,[75] Yb,[75] 

Lu[75,80] 

 

C5Me4SiMe3 

 

Sc 

 

IndR: R1=SiMe3, R2 = R3 = R4 = R5 

= H; R1 = R3 = SiMe3, R2 = R4 = 

R5= H; R1 = SiMe3, R2= Me, R3 = 

R4 = R5= H; R1 = SiMe3, R3 = Me, 

R2 = R4 = R5 = H; R1 = SiMe2H, 

R2 = R3 = R4 = R5 = H; R1 = R3 = 

SiMe3, R2 = Me, R4 =R5 = H.[81] 

FluR: R4 = R5 = H; R4 = tBu, R5 = 

H; R4 = H, R5 = SiMe3, R4 = tBu, 

R5 = SiMe3.[82] 

Y,[75] Dy,[75] 

Lu[75,83] 

IndR: R1 = R3 = SiMe3, R2 = R4 = 

R5= H. 
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Table 3 continued. Synthesis of half-sandwich complexes according to route I.  

 

 

Sc 

 

C5Me5,[84] C5Me4H,[85] 

C5Me4SiMe3
[85] 

 

Y 

 

C5Me5,[84] C5Me4H,[84] 

C5Me4SiMe3,[84] C5Me4Et,[84] 

C5(4-nBu-C6H4)5
[86] 

 

La,[73] Ce, Pr, 

Nd, Sm 

 

C5Me4(SiMe3) 
[75] 

 

Dy, Nd, Tm 

 

C5(4-nBu-C6H4)5 
[86] 

 

 

La, Nd 

 

C5Me5,[87] C5Me4H,[88] 

C5Me4SiMe3,[89]                         

1,3-(SiMe3)2C5H3,[89]               

1,2,4-(CMe3)3C5H2
[89] 

 

Sm 

 

C5HMe4,[88] C5Me4SiMe3,[89]      

1,3-(SiMe3)2C5H3,[89]             

1,2,4-(CMe3)3C5H2
[89] 

 

Y, Lu 

 

C5Me5,[87] C5HMe4,[88] 

C5Me4SiMe3,[89]                        

1,3-(SiMe3)2C5H3
[89] 
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Figure 3. Half-sandwich complexes active as precatalysts in polymerization reactions. 
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Figure 4. (Co-)polymers obtained by polymerization with half-sandwich complexes. 
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Figure 7. Lanthanidocene complexes employed in polymerization reactions. 

 

Figure 8. Polymers obtained by lanthanidocene complexes. 
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4 Pincer Complexes 

In the area of post-metallocene polymerization catalysis, pincer complexes received 

increasing attention due to the versatile properties of the latter. For instance, the avoidance of 

ate-complex formation, dimerization or solvent coordination is combined with the great 

variability in steric and electronic properties.[135]  

Associated with the continuous progress in the synthesis of new rare-earth-metal catalysts, 

pincer complexes are also primarily accessed via salt metathesis and protonolysis reactions. 

For comparison, the synthesis strategies of (half-)sandwich complexes are shown in Scheme 

6. Generally, there are five important approaches, which have already been successfully 

applied for the synthesis of different rare-earth-metal pincer complexes (Scheme 12). These 

strategies are applied considering actor and spectator ligands. 

The salt metathesis protocol (Scheme 12) was used in 1988 for an early example of a rare-

earth-metal pincer complex.[136] Herein, yttrium(III) chloride was treated with two equivalents 

of LiN(SiMe2CH2PMe2)2. This route is not restricted to rare-earth-metal chlorides, but can 

also be used for the heavier halides[137] or pseudohalides.[138] The popularity of this route 

originates in the simple starting material and the versatility of the resulting halogenide 

complexes.  

The amine- or alcohol elimination route is a protonolysis reaction of a rare-earth-metal amido 

or alkoxy complex respectively (Scheme 12). MASHIMA , for example, applied successfully the 

amine elimination route for the synthesis of yttrium pincer complexes.[139] The advantage is 

the volatile side product HN(SiMe3)2 that can be easily removed under reduced pressure. For 

the alcohol elimination, as for example ARNOLD showed, more acidic ligands were 

required.[140] However, a major drawback might be that the resulting alcohol cannot be 

removed under reduced pressure. For both elimination routes the conversion of the ligand into 

an alkali metal salt, as it is necessary for the salt metathesis reaction, is not required.  

The alkane elimination is another elegant protonolysis reaction for the synthesis of pincer 

complexes (Scheme 12). Herein, usually rare-earth-metal alkyl complexes are protonated by a 

protic pincer ligand. ANWANDER for example, used Ln(CH2SiMe3)3 in combination with an 

amine functionalized pincer ligand to liberate neosilyl and the desired pincer complex.[141] 

Thus synthesis route requires a highly reactive rare-earth-metal alkyl complex but on the 
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Figure 10. Rare-earth-metal pincer complexes studied in polymerization reactions. 
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The diversity of pincer ligands is reflected in the diversity of monomers they can polymerize. 

As already shown pincer complexes are suitable for olefin and 1,3-diene polymerization, but 

also suitable for the polymerization of functionalized monomers. The polymerization of rac-

lactide (P47) was successful with complexes a52 and a53 under mild conditions. These 

complexes were able to polymerize rac-lactide without any addition of an alcohol, yet 

reactivity increases upon addition of isopropanol.[150] 

Complex a60 activated by cocatalyst A and TIBA was used for the polymerization of 3-

methylenecyclopentene (MCP) (P46). The polymerization yielded pure 1,4-poly(3-

methylenecyclopentene). However, due to the steric influence of the pincer ligand, the 

reaction rates lag behind in comparison to half-sandwich complexes.[151]  

The metalated yttrium catalyst a60 was also successfully applied for the polymerization of 3-

methylenehepta-1,6-diene (MHD) (P44) and the copolymerization of MHD and isoprene 

(P45). It was possible to polymerize MHD in a living way, accomplishing high cis-content 

(99%). Due to the living character it was also possible to obtain copolymers with isoprene as 

block- or random-copolymer. By variations of the monomer feeding ratio, the isoprene 

content could be varied over a wide range.[152] 
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B Summary of the Main Results 
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membered ring of the fluorenyl moiety (Figure S1). The synthesis of LiIndR complexes was 

accomplished by lithiation of HIndR with n-BuLi. 

 

Figure S1: Solid-state structure of KFluSi. 

 

The synthesis of half-sandwich complexes FluRLn(AlMe4)2/IndRLn(AlMe4)2 and sandwich 

complexes (FluR)2Ln(AlMe4)/(IndR)2Ln(AlMe4) was accomplished by the reaction of 

Ln(AlMe4)3 with KFluR or LiIndR, obtaining K/Li(AlMe 4) as a coproduct. Depending on the 

steric influence of the ligand and more importantly on the size of the rare-earth metal center, 

either the half-sandwich or the sandwich complex was formed.  

In Scheme S1 the fluorenyl (half-)sandwich complexes are compiled, obtained as major or 

minor product with respect to the ionic radii of the rare-earth metal center and the steric 

demand of the fluorenyl ligand. Lanthanum as the largest rare-earth metal formed selectively 

the respective half-sandwich complex with the envisaged fluorenyls. The steric demand of the 

fluorenyl had no impact on the reactivity of the La-alkylaluminate. For comparison, the 

medium-sized yttrium congener afforded the half-sandwich complex only by coordination of 

a sterically demanding fluorenyl. Therefore, two tert-butyl groups at the fluorenyl ligand were 

introduced, to afford FlutBuY(AlMe4)2 (Scheme S1). The introduction of a trimethylsilyl group 

at the fluorenyl ligand resulted in such a strong steric shielding that beside yttrium, also 

lutetium with the smallest ionic radius in the lanthanide series could be isolated as a half-

sandwich complex. Therefore, the combination of rare-earth metal and fluorenyl ligand had to 

be complementary to result in half-sandwich complexes, otherwise reaction mixtures of half-

sandwich and sandwich complexes were formed.  
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Scheme S1: Synthesis of fluorenyl (half-)sandwich complexes and the corresponding yields. 

 

The coordination chemistry of rare-earth-metal indenyls was examined in another study. 

Noteworthy, the substitution pattern of the indenyl ligands with regard to the steric demand 

enabled only the isolation of sandwich complexes for lutetium, while the selective formation 

of the half-sandwich complexes was observed for lanthanum (Scheme S2). In accord with this 

finding, the middle-sized yttrium formed mixtures of sandwich and half-sandwich complexes.  
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angle of 178°. The introduction of a tert-butyl group instead of an ethyl moiety increased the 

steric strain between the substituent and the aromatic six-membered ring, resulting in a torsion 

angle of 130°. 

 

Scheme S3: Different conformations of indenyl sandwich complexes 4aLu, 5aLu, and 6aLu. Lutetium center and 

AlMe4 moiety are omitted for clarity.  

 

The sandwich complex 7aLu showed special behavior. Due to the trimethylsilyl substituent at 

C1, the ligand is prochiral. Therefore, two isomers could be detected by 1H NMR 

spectroscopy. Depending on which of the enantiotopic sites (re- or si-site) the indenyl ligand 

reacts, either the racemic complex (re/re or si/si-coordination) or the meso isomer (re/si-

coordination) were formed (Scheme S4). The meso:rac ratio was 9:1 while only the crystal 

structure of the meso-isomer could be isolated. 

 

Scheme S4: Symmetry of meso- and rac-7aLu. 
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detected. Reaction of FluSiY(AlMe4)2 with D led to the formation of dimeric or higher 

aggregated clusters (Scheme S6). 

 

 

Scheme S6: Synthesis of yttrium chloride dimers and clusters using FluSiY(AlMe 4)2 and Me2AlCl.  

 

In our studies the pincer-type complexes and moreover, the indenyl- and fluorenyl half-

sandwich complexes show excellent activities in the isoprene polymerization upon activation 

with borate or borane activators ([Ph3C][(BC6F5)4] (A), [PhNMe2H][B(C6F5)4] (B), and 

B(C6F5)3 (C)). Selected polymerization results are compiled in Table S1. 
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Scheme S7: Activation mechanism for fluorenyl rare-earth-metal half-sandwich complexes. 

 

Since the FluSi ligand was inert toward this unusual ligand abstraction and the entire Ln metal 

size range could be obtained as half-sandwich complexes, the impact of the ionic radii of the 

rare-earth metal on the microstructure of the polymer has been examined. Herein, the central 

metal has a significant influence on the cis-1,4- and trans-1,4-content of the polymer. The 

isoprene polymerization with the binary system FluSiLa(AlMe4)2/B, gave polyisoprene with a 

high trans-1,4-content of 80.0% and 9.6% cis-1,4-content (Table S1, entry 3). By decreasing 

the ionic radius of the rare earth metal, also the trans-1,4-content decreased while the cis-1,4-

content increased (Table S1, entry 3-6). 

For indenyl half-sandwich complexes this trend could not be determined since it was not 

possible to obtain half-sandwich complexes with different rare-earth metals. But it has been 

tested if the system fulfills the requirements of a living polymerization. Therefore, different 

amounts of isoprene have been polymerized with IndLa(AlMe4)2 activated by cocatalyst A 
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ligands indicate the impact on the polymerization performance: complexes II La and II Nd were 

active, while I  was inactive for isoprene polymerization upon activation with D or E. 

 

Scheme C2: Reaction of I , II Ln with Me2AlCl.  

The microstructure of the polyisoprene obtained by II Ln bears similarity to polymers received 

from precatalysts Ln(AlMe4)3. Therefore, another activation mechanism for II Ln is also 

possible. A ligand abstraction as observed for fluorenyl half-sandwich complexes (Chapter B 

3) offers also an explanation for the observed activity in the isoprene polymerization. 
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Experimental 

General procedures. All manipulations were performed with rigorous exclusion of air and water, using standard 
Schlenk, high-vacuum, and glovebox techniques (MBraun UNIlab-pro-dp; < 0.5 ppm O2, < 0.5 ppm H2O). Toluene and 
n-hexane were purified by using Grubbs-type columns (MBraun SPS, solvent purification system) and stored inside a 
glovebox. [D8] thf and [D6]benzene were purchased from Aldrich, degassed and dried over NaK for 24 h, filtered, and 
stored inside a glovebox. [Ph3C][B(C6F5)4] (A), [PhNMe2H][B(C6F5)4] (B), and B(C6F5)3 (C) were obtained from Boulder 
Scientific Company and used without further purification. 3,5-dimethylpyrazole and 3,5-di-tert-butylpyrazole, 
trioctylaluminum, and isoprene were obtained from Sigma Aldrich. Isoprene was dried over trioctylaluminum and distilled 
prior to use. Homoleptic Ln(AlMe4)3 (Ln = La, Nd) were prepared according to literature procedures.[155] NMR spectra 
were recorded on a Bruker AVBII+400 (1H: 400.11 MHz; 13C: 100.61 MHz) spectrometer. 1H and 13C NMR resonances 
are referenced to internal solvent resonances and reported in parts per million relative to tetramethylsilane (TMS). 
Coupling constants are given in Hz. Elemental analyses were performed on an Elementar Vario Micro Cube. IR spectra 
were recorded on a NICOLET 6700 FTIR spectrometer with a DRIFT cell (KBr window). Size exclusion chromatography 
(SEC) was performed on a Viscotek GPCmax apparatus and a model TDA 302 triple detector array. Sample solutions 
(1.0 mg polymer per mL thf) were filtered through a 0.45 µm syringe filter prior to injection. The flow rate was mL/min. 
�G�Q���G�F�� �D�Q�G�� �G�$���G�F�� �G�D�W�D�� �Z�H�U�H�� �G�H�W�H�U�P�L�Q�H�G�� �E�\�� �P�H�D�Q�V�� �R�I�� �W�K�H�� �L�Q�W�H�J�U�D�W�H�G�� �2�P�Q�L�6�H�F�Œ�� �V�R�I�W�Z�D�U�H���� �7�K�H�� �P�L�F�U�R�V�Wructure of the 
polyisoprenes was determined on a Bruker AVBII+400 and Bruker DRX250 spectrometer in [D]chloroform at ambient 
temperature. Glass transition temperature (Tg) of the polyisoprenes were determined on a Perkin-Elmer DSC 8000 with 
heating rates of 20 K/min and cooling rates of 60 K/min. 
 
Synthesis of [(Me2pz)La(AlMe4)2]2 (IILa) 
A toluene solution (1.2 mL) of Me2pzH (60.0 mg, 0.625 mmol) was added to a solution (1.2 mL) of La(AlMe4)3 (250 mg, 
0.625 mmol) in n-hexane. The mixture was stirred for one minute. Afterwards the precipitated product was centrifuged 
off to afford [(Me2pz)La(AlMe4)2]2 as a white powder (174 mg, 57%). Colorless single crystals suitable for X-ray 
crystallography were grown from a saturated toluene solution at -35 °C. 1H NMR (C6D6 400 MHz, 300 �.�������/��� ��-0.22 (s, 24 
H, Al(Me)4), 2.02 (s, 6 H, Me2pz), 5.53 (s, 1 H, Me2pz) ppm. 13C NMR spectra were not obtained due to the low solubility 
of I. IR (DRIFT): �� = 3107 (w), 2925 (s), 2891 (s), 2818 (w), 2791 (w), 1506 (s), 1418 (w), 1400 (m), 1384 (w), 1373 (w), 
1203 (s), 1182 (vs), 1035 (w), 1004 (w), 855 (w), 734 (m), 727 (vs), 721 (vs), 715 (vs), 707 (s), 698 (vs), 691 (vs), 679 
(vs), 663 (m), 655 (w), 645 (w), 638 (w), 628 (w), 603 (s), 594 (m), 586 (s), 571 (s), 563 (vs), 547 (s) cm-1. Elemental 
analysis calcd. (%) for C26H62Al4N4La2 (816.55 g mol-1): C 38.24, H 7.65, N 6.86; found: C 38.38, H 7.55, N 6.86. 
 
Synthesis of [(Me2pz)Nd(AlMe4)2]2 (IINd) 
A toluene solution of Me2pzH (1.2 mL) (150 mg, 0.156 mmol) was added to a solution (1.2 mL) of Nd(AlMe4)3 (63.4 mg, 
0.156 mmol) in n-hexane. The mixture was shaken, and a colorless precipitate formed. The mixture was filtered and 
stored at -35 °C to afford blue single crystals of [(Me2pz)Nd(AlMe4)2]2 suitable for X-ray crystallography (47.5 mg, 70%). 
The crystals were washed with n-hexane and dried in vacuo. 1H NMR (C6D6, 400 MHz, 300 K): �/ = -1.92 (s, 1 H, Me2pz), 
1.90 (s, 6 H, Me2pz), 10.31 (s, 1 H), 14.0 (br s, 24 H, Al(Me)4) ppm. IR (DRIFT): �� = 3114 (vw), 2927 (m), 2889 (m), 2822 
(w), 1518 (s), 1507 (s), 1267 (w), 1204 (m), 1186 (s), 1148 (vw), 1037 (vw), 1000 (w), 945 (w), 829 (w), 714 (vs), 696 
(vs), 569 (s), 545 (m) cm-1. Elemental analysis calcd. (%) for C26H62Al4N4Nd2 (827.21 g mol-1): C 37.75, H 7.56, N 6.77; 
found: C 37.74, H 7.52, N 6.59. 
 
Synthesis of [(tBu2pz)Nd(AlMe4)2]2 (I) 
Nd(AlMe4)3 (80.5 mg, 0.199 mmol) was dissolved in toluene (1.2 mL), and a toluene solution (1.2 mL) of tBu2pzH 
(36.0 mg, 0.199 mmol) was added dropwise under vigorous stirring. After one hour the sample was evaporated to 
dryness in vacuo to afford a pale blue powder. The solid was dissolved in n-hexane, and crystallization under reduced 
pressure, gave large pale blue needles of [(tBu2pz)Nd(AlMe4)2]2, the supernatant was then discarded. The crystals were 
further dried in vacuo to afford a microcrystalline powder (80.6 g, 81%). 1H NMR (C6D6, 400 MHz, 300 K): �/ = -0.21 (s), 
0.67 (s), 1.26 (s), 3.30 (br s), 4.63 (br s), 10.27 (br s), 24.76 ppm (br s) ppm. IR (DRIFT): �� = 2964 (s), 2917 (s), 2882 
(s), 2784 (m), 1537 (vw), 1515 (m), 1484 (vw), 1460 (m), 1442 (m), 1417 (w), 1392 (vw), 1362 (m), 1309 (vw), 1293 
(vw), 1255 (m), 1204 (s), 1198 (s), 1094 (vw), 1070 (vw), 1031 (m), 978 (w), 816 (w), 810 (w), 775 (w), 767 (vw), 723 (s), 
715 (s), 708 (vs), 704 (vs), 698 (vs), 685 (vs), 685 (s), 677 (m), 661 (m), 638 (w), 624 (m) cm-1. Elemental analysis calcd. 
(%) for C19H43Al2N2Nd (497.76 g mol-1): C 45.84, H 8.71, N 5.63; found: C 46.27, H 9.02, N 4.80.  
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Fluorenyl Half-Sandwich Bis(tetramethylaluminate) Complexes of
the Rare-Earth Metals: Synthesis, Structure, and Isoprene
Polymerization
Dominic Diether, Konstantin Tyulyunov, Ca!cilia Maichle-Mo!ssmer, and Reiner Anwander*

Institut fu!r Anorganische Chemie, Eberhard Karls Universita!t Tu!bingen, Auf der Morgenstelle 18, 72076 Tu!bingen, Germany
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ABSTRACT:Aiming at half-sandwich complexes of the type
(FluR)Ln(AlMe4)2, homoleptic tetramethylaluminates Ln-
(AlMe4)3 (Ln = Y, La, Nd, and Lu) were treated with equimolar
amounts of R-substituted potassium! uorenyls. The salt meta-
thesis reaction of La(AlMe4)3 with K(Flu) (Flu = ! uorenyl =
C13H9) and K(FlutBu) (FlutBu = di(tert-butyl) ! uorenyl)
selectively gave the desired half-sandwich complexes (FluR)La-
(AlMe4)2. The corresponding reactions of Y(AlMe4)3 with K(Flu)/K(FlutBu) and Lu(AlMe4)3 with K(FlutBu) gave mixtures of
half-sandwich and sandwich complexes, while treatment of Lu(AlMe4)3 with K(Flu) produced only the lutetocene complex
(Flu)2Lu(AlMe4). Sterically more demanding 1-trimethylsilyl! uorenyl (FluSi) allowed for the isolation of half-sandwich
complexes for the entire Ln(III) size range (Ln = La, Nd, Y, and Lu), in crystalline yields up to 94%. Upon activation with
routinely employed borate or borane activators [Ph3C][B(C6F5)4], [PhNMe2H][B(C 6F5)4], and B(C6F5)3, highly active
initiators for isoprene polymerization were obtained. The catalyst activity as well as molecular weight (distribution) and
stereoregularity of the obtained polyisoprenes are governed by the rare-earth metal size,! uorenyl ligand, and cocatalyst: highest
activity for La/FluSi/[Ph3C][B(C6F5)4], lowestMw/ Mn = 1.11 for La/Flu/[PhNMe2H][B(C 6F5)4], maximumtrans-1,4 selectivity
= 85% for La/FlutBu/[PhNMe2H][B(C 6F5)4], maximumcis-1,4 selectivity = 78% for Lu/FluSi/[Ph3C][B(C6F5)4]. The
formations of the active species were investigated by NMR spectroscopy revealing not only established cationization pathways
but also ! uorenyl abstraction in lanthanum complexes (Flu)La(AlMe4)2 and (FlutBu)La(AlMe4)2 by trityl borate
[Ph3C][B(C6F5)4]. The reaction of half-sandwich complexes (FluR)Ln(AlMe4)2 with equimolar amounts of Me2AlCl did not
give access to catalytically active species. Crystallization of binary mixtures (FluSi)Y(AlMe4)2/Me2AlCl in distinct molar ratios of
1:1 and 1:1.7 yielded complexes [(FluSi)Y(AlMe4)( ! -Cl)]2 and (FluSi)6Y6Cl12, respectively.

! INTRODUCTION
Man-made stereoregular polyisoprene (ªsynthetic rubberº) is of
ever increasing importance, and its sustainable fabrication poses
a challenging task for industrial and academic research alike.1! 6

Depending on their microstructure, polyisoprenes show
di" erent physical, mechanical, and chemical properties.7! 9

This is re! ected most compellingly in their range of
applications, sincecis-1,4 polyisoprene is used as tire raw
material, whereas thetrans-1,4 stereoisomer is applied in
orthopedic medicine.10 Natural 1,4-cis-polyisoprene can be
obtained from the sap ofHevea brasiliensis(cis-1,4-content
>99%;Mn " 2 ! 106 g mol! 1),11 whereas thePalaquium gutta
tree produces all-transpolyisoprene (trans-1,4-content >99%;
Mn = 1.4! 1.72! 105 g mol! 1).11,12 In contrast, natural 3,4- and
1,2-polyisoprenes seem nonexistent, but their arti#cial synthesis
is as challenging.13 Their potential application in more
sophisticated copolymer materials has been emphasized.14,15

As the increasing demand for polyisoprene cannot be satis#ed
by natural resources alone (the most promising alternative to
rubber trees is dandelion caoutchouc),16,17 it is essential to
develop catalytic systems for the production of high perform-
ance isoprene homo- and copolymers. Today, some catalytic
systems produce polymers with microstructures almost as

selective as nature does.18! 22 Additionally, few catalyst systems
are known which allow for a switch of the microstructure,
depending on the metal center, ancillary ligand, and
cocatalyst(s) applied.23! 25

Coordinative 1,3-diene polymerization has developed into a
lucrative market for rare-earth metal (Ln)-based catalysts,
which are arguably the most e$ cient initiators concerning joint
activity and selectivity issues.1,2,5,26 Regarding this, the
ubiquitous cyclopentadienyl (Cp) ligand has played a pivotal
role in synthesizing the#rst single-component catalysts.26! 28

The polymerization performance has been assessed for various
subsets of Cp derivatives, including half-sandwich,19,22,29! 31

(ansa-)metallocene,32! 34 or constrained geometry complexes.35

Far less attention has been paid to! uorenyl derivatives,
possibly because of the favorable occurrence of haptotropic
rearrangements ("5-to-"6) or ("5-to-"3-to-" 1).36,37 However,
such haptotropic shifts might considerably a" ect the appear-
ance of the initiating species and hence the stereoregularity of
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the polymer. Successfully employed Ln-! uorenyl polymer-
ization precatalysts comprise mainlyansa-metallocene (mono-
mers: ethylene, styrene, ethylene/styrene, methyl methacrylate,
and lactones)38! 44 and constrained geometry complexes
(monomers: isoprene, ethylene, ethylene/1-hexene, ethylene/
1-octene, and methyl methacrylate).45! 51 Li and co-workers
have described the synthesis of archetypal! uorenyl half-
sandwich complexes (FluR)Ln(CH2SiMe3)2(THF)x (I, Chart
1) for the smaller-sized rare-earth metal centers scandium,

yttrium, and lutetium52,53 and employed as polymerization
precatalyst (homopolymerization: isoprene, ethylene, styrene,
and 1,3-cyclohexadiene; copolymerization: isoprene/ethylene,
isoprene/1,3-cyclohexadiene, styrene/1,3-cyclohexadiene, and
ethylene/styrene).52! 55 Highly relevant for the present study,
Kai and co-workers reported on the reactivity of divalent
(FluSi)2Sm(THF)2

56,57 toward trimethylaluminum TMA and
triethylaluminum TEA, a" ording heteroaluminato ligands and
the ! uorenyl ligand experiencing a" 5-to-"6 haptotropic shift
(II , Chart 1).56

Herein we report on the synthesis and comprehensive
characterization of a series of rare-earth metal! uorenyl half-
sandwich complexes, and assess their performance in the
polymerization of isoprene. This study is an extension of our
previously introduced bis(tetramethylaluminate) li-
brary.22,29! 31,35,58,59

! RESULTS AND DISCUSSION
Synthesis of Ln(III) Fluorenyl Half-Sandwich Com-

plexes. Although the protonolysis protocol applying Ln-
(AlMe4)3 and C5Me5H (Cp*H) a" orded the corresponding
half-sandwich complexes Cp*Ln(AlMe4)2 in high yield,29 such
treatment was not as straightforward for the synthesis of the
! uorenyl half-sandwich complexes under study. The reactions
of La(AlMe4)3 with ! uorene (Flu), di(tert-butyl) ! uorene

(FlutBu), and trimethylsilyl! uorene (FluSi) indicated only slow
formation of the desired mono! uorenyl derivatives, and no
reaction at all occurred with Lu(AlMe4)3. In contrast, the salt
metathesis protocol60 employing equimolar amounts of La-
(AlMe4)3 and K(Flu) or K(FlutBu) at ambient temperature
resulted in the e$ cient formation of the corresponding half-
sandwich complexes (Flu)La(AlMe4)2 (1La) and (FlutBu)La-
(AlMe4)2 (2La), respectively (Scheme 1). Rather unexpectedly,
the reaction of Lu(AlMe4)3, featuring the considerably smaller
lutetium center, with 1 equiv of K(Flu) selectively gave the
sandwich complex (Flu)2Lu(AlMe4) (1aLu), independent of the
molar ratio of the reagents. The salt metathesis reaction of
Lu(AlMe4)3 with the sterically more demanding K(FlutBu)
resulted in a mixture of half-sandwich (FlutBu)Lu(AlMe4)2 (2Lu)
and sandwich complexes (FlutBu)2Lu(AlMe4) (2aLu). A similar
behavior was observed for the midsized yttrium center giving
mixtures of (Flu)Y(AlMe4)2 (1Y, 21% conversion) and
(Flu)2Y(AlMe4) (1aY, 48%), as well as (FlutBu)Y(AlMe4)2
(2Y, 70%) and (FlutBu)2Y(AlMe4) (2aY, 16%).

While the yield of half-sandwich complex2Y was substantial
enough to allow for its isolation and full characterization, the
individual components of the half-sandwich/metallocene
mixtures1Y/ 1aY and2Lu/ 2aLu could not be obtained in pure
form. The overall reaction behavior clearly indicates that larger
rare-earth metal cations like La(III) favor the formation of half-
sandwich complexes (at least for ligands Flu and FlutBu). In
contrast, the smaller rare-earth metal cations like Lu(III) give
preferably the respective bis(! uorenyl) derivatives. In case of
the sterically more demanding ligand FluSi, selective formation
of the half-sandwich complexes becomes feasible for the entire
Ln3+ size range (Scheme 1). All half-sandwich complexes are
stable toward ligand scrambling with decomposition taking
place only at elevated temperatures.

NMR Spectroscopy of Ln(III) Fluorenyl Half-Sandwich
Complexes. The 1H NMR spectra of the half-sandwich
complexes revealed all similar features. The [AlMe4] ligands
show one singlet in the range of! 0.40 to! 0.60 ppm, indicative
of highly! uxional methyl groups.

Compared to the Cp* congeners, these signals are shifted
up#eld (e.g., (C5Me4SiMe3)Lu(AlMe4)2, # = ! 0.14 ppm),
indicating electron-richer [AlMe4] groups.29 The aromatic
protons of the! uorenyl ligands could be assigned by1H! 13C
HSQC and1H! 1H COSY NMR experiments (Figures S3 and
S4: ! uorenyl protons at positions C3! C12, 7.95! 6.97 ppm;
C1 position: 6.20! 6.34 ppm). Due to the NMR active yttrium
nucleus, the [AlMe4] peak appeared as a doublet with coupling
constants of 2.2 Hz (2Y) and 2.3 Hz (3Y). This is a well-known

Chart 1. Selected Ln Fluorenyl Complexes

Scheme 1. Synthesis of Donor-Free Rare-Earth Metal Mixed Fluorenyl/Hydrocarbyl Complexes according to a Salt Metathesis
Protocol
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feature of yttrium tris(tetratmethylaluminate) or cyclopenta-
dienyl half-sandwich complexes.29,61 Such high mobility of the
[AlMe4] ligands is not observed in sandwich complex1aLu,
revealing separate signals for the terminal and bridging methyl
protons at! 0.52 and! 1.70 ppm. It is noteworthy that an
additional coupling could be observed between yttrium and the
proton at position C1 of the FlutBu ligand (2JHY = 2.4 Hz;2Y).
Moreover, a rare1JCY coupling of 2.7 and 4.8 Hz was detected
involving C1 in2Y and 3Y, respectively. The signi#cant
di" erence in coupling constants between2Y and3Y indicates
distinct electronic environments, mainly caused by the
trimethylsilyl substituent of the FluSi ligand.

X-ray Structure Analyses of Ln(III) Fluorenyl Half-
Sandwich Complexes.All isolated half-sandwich complexes
were examined by X-ray crystallography. Single crystals were
obtained from saturatedn-hexane solutions at! 40 "C. The
molecular structures of (Flu)La(AlMe4)2 (1La), (FlutBu)Y-
(AlMe4)2 (2Y), and (FluSi)Lu(AlMe4)2 (3Lu) are shown
representatively inFigure 1; those of complexes2La, 3Y, and
3Nd are isostructural and depicted in the Supporting
Information (Figures S17, S18, and S19). Selected bond
lengths for all half-sandwich complexes are given inTable 1. All
! uorenyl half-sandwich complexes display the structural motif,
previously detected in cyclopentadienyl-supported bis-
(tetramethylaluminate) complexes.29,62,63

The Ln(III) metal centers are coordinated by the! uorenyl
ligands via the 5-membered ring in a distorted" 5-fashion. For
example, tilting of the! uorenyl ligand in complex3Lu results in
Lu! C bond lengths of 2.515(2) (C1) and 2.734(2) (C7) as
well as 2.750(2) ! (C8). The Ln! C1 bond lengths (stated for
complexes3) decrease in the order La (2.732(2)) > Nd
(2.6562(15)) > Y (2.574(2)) > Lu (2.515(2) !) in accordance
with the decreasing ionic radii of the Ln(III) centers. Most
typically, one [AlMe4] ligand adopts a nondistorted (planar)" 2

coordination mode, while the second appears bent to an extent,
depending on the size of the metal center and the
stereoelectronic features of the! uorenyl ligand. As detected
previously such bending of the tetramethylaluminato ligand is
most pronounced for the lanthanum complexes, forming
additional Ln---CH3 contacts as close as 3.045(4) ! (C16,
1La).13,43Characteristically, these additional interactions involve
an elongation of the adjacent Ln! CH3 bonds (1La: La! C14/
C15 2.767(4)/2.816(4) !; cf., undistorted: La! C18/C19
2.664(5)/2.678(4) !).

Interestingly, the asymmetric unit of the silyl-substituted
! uorenyl complex3La contains two distinct molecules: a
monomeric unit similar to those discussed above (Figure 2,
La1) and a dimeric arrangement (Figure 2, La2/La2!). The
lanthanum centers of the latter dimeric molecule are connected
asymmetrically by two aluminato ligands in a! :" 1," 2 fashion.
Here, steric saturation of the lanthanum centers is achieved by
an additional elongated La---CH3 "1 contact (C38, 2.976(2) !)
involving the bridging [AlMe4] ligand. The planes spanned by
C39! La2! C40 and C35! La2! C36 are twisted to each other
con#ning an angle of 80.2", likely due to the coordination of
the additional methyl group (C38). The same structural motif
has already been described for complex (C5Me4H)La-
(AlMe4)2.

30

Comparing lanthanum! uorenyl half-sandwich complexes
1La, 2La, and3La, it is worth mentioning that the Flu ligand is
located more distant from the lanthanum center (La1! Ct
2.581 !) than the FlutBu (La1! Ct 2.556 !) or the FluSi ligands
(La1! Ct 2.552 !). As stated above the La-! uorenyl bonding
also a" ects the La1---C16 distance of the bent [AlMe4] unit,
since it is signi#cantly longer in3La (3.297(2) !) compared to
1La (3.045(4) !) and2La (3.071(3) !).

X-ray Structure Analyses of Lutetocene Complex
(Flu)2Lu(AlMe4) and the Bis(THF) Adduct of K(FluSi). In
the solid state, sandwich complex1aLu revealed a staggered
conformation of the! uorenyl ligands (Figure 3), spanning an
angle of 51.4". This is in good agreement with the 49.2"
reported for Cp2Yb(AlMe4).

64The [AlMe4] ligand adopts an" 2

coordination mode, routinely observed for lanthanidocene
tetramethylaluminate complexes.64 The lutetium methyl
distances of Lu1! C28 2.489(5) ! and Lu1! C27 2.502(5) !
are in the expected range.65

On one occasion, we could harvest single crystals of K(FluSi)
from a saturated THF solution. Herein, the potassium centers
are sandwiched by two trimethylsilyl! uorenyl moieties
involving "6-coordination of the six-membered arene rings
(Figure 4). Each FluSi ligand bridges two potassium centers, in
this way building up a polymeric zig-zag chain. Two THF
molecules complete the distorted tetrahedral coordination
geometry of the potassium centers. Analogous structural motifs
are known fromtert-butyl- and hypersilyl-! uorenyl derivatives
of potassium.66,67

Polymerization of Isoprene and Active Species.
Previous studies revealed that half-sandwich complexes (CpR)-

Figure 1.Molecular structures of (Flu)La(AlMe4)2 (1La, left), (FlutBu)Y(AlMe4)2 (2Y, middle), and (FluSi)Lu(AlMe4)2 (3Lu, right); complexes2La,
3Y, and3Nd are isostructural (Figures S17, S18, and S19). Hydrogen atoms are omitted for clarity. Atomic displacement parameters are set at the 50%
probability level. Selected bond lengths are given inTable 1.
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Ln(AlMe4)2 (Ln = La, Nd, and Y) are e$ cient precatalysts for
the polymerization of isoprene.22,29,30 Thus, the! uorenyl half-
sandwich complexes1La, 2La, and3Ln were further examined in
the polymerization of isoprene. As a standard procedure, eachT
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Figure 2.Molecular structure of (FluSi)La(AlMe4)2 (3La). Hydrogen
atoms are omitted for clarity. Atomic displacement parameters are set
at the 50% probability level. Selected bond lengths [!] not listed in
Table 1: La2! C22 2.7324(19), La2! C23 2.8235(19), La2! C28
2.957(2), La2! C29 2.969(2), La2! C34 2.845(2), La2! C35 2.870(2),
La2! C36 2.812(2), La2!! C38 2.976(2), La2! C39 2.708(2), La2!
C40 2.671(2).

Figure 3.Molecular structure of (Flu)2Lu(AlMe4) (1aLu). Hydrogen
atoms are omitted for clarity. Atomic displacement parameters are set
at the 50% probability level. Selected bond lengths [!]: Lu1! C1
2.504(3), Lu1! C2 2.607(4), Lu1! C7 2.727(4), Lu1! C8 2.748(5),
Lu1! C13 2.624(4), Lu1! C14 2.558(3), Lu1! C15 2.641(4), Lu1!
C20 2.677(4), Lu1! C21 2.680(4), Lu1! C26 2.641(4), Lu1! C27
2.502(5), Lu1! C28 2.489(5), Lu1! Al1 3.0017(14).

Figure 4. Section of the molecular structure of K(FluSi)(THF) 2.
Hydrogen atoms are omitted for clarity. One out of two independent
zig-zag chains is depicted. Atomic displacement parameters are set at
the 50% probability level. Selected bond lengths [!] and angles [deg]:
K1! O1 2.654(2), K1! Ct1 2.867, O1! K1! O1! 73.36(10), Ct1! K1!
Ct1! 129.41, K2! O2 2.611(2), K2! Ct2 2.851, O2! K2! O2!
81.41(11), Ct2! K2! Ct2! 129.86.
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! uorenyl half-sandwich complex was activated/cationized with
! uorinated borate or borane cocatalysts (A = [Ph3C][B-
(C6F5)4]; B = [PhNMe2H][B(C 6F5)4]; C = B(C6F5)3) prior to
testing for the homopolymerization of isoprene. The polymer-
ization results are summarized inTable 2. To probe whether
the active species correspond to those observed for cyclo-
pentadienyl-supported catalysts,22 we examined the most
e$ cient equimolar precatalyst/cocatalyst mixtures by NMR
spectroscopy. The most enlightening spectra were obtained for
the reactions of lanthanum complexes1La, 2La, and3La with
cocatalystsA andB (Scheme 2, Figures S31! S34).

Treatment of3La featuring the sterically most demanding
! uorenyl ligand (SiMe3-shielded C1 atom) withA and B
proceeded as expected via methyl group abstraction and

protonolysis, respectively, involving one tetramethylaluminato
ligand. Particularly, the reaction of3La with B gave a clean
activation product, whereasA produced two additional minor
side products, according to the1H and 19F NMR spectra. In
contrast, the reaction of complexes (Flu)La(AlMe4)2 (1La) and
(FlutBu)La(AlMe4)2 (2La), exhibiting the shortest La---C1
distances, withA resulted in! uorenyl abstraction and
formation of trityl-substituted! uorene. The solid-state
structure of CPh3FlutBu is shown inFigure S21. Concomitantly,
the formation of a cationic bis(tetramethylaluminate) species is
suggested, similar to the active species obtained when
homoleptic La(AlMe4)3 is treated withA. Similarªancillaryº
ligand abstractions via cocatalystA were described previously
for the indenyl sandwich complex (2-Me-Ind)2Sc[N(SiMe3)2]
and Ln(III) indenyl half-sandwich complexes (1-SiMe3-Ind)-
Ln(CH2SiMe3)2(THF) (Ln = Sc and Lu).68,69 The distinct
(and envisaged) reactivity of complex3La compared to1La and
2La can be explained by the steric shielding of the! uorenyl C1-
position by the SiMe3-group.

The protonolysis reaction of1La and2La with B (not shown
in Scheme 2) mainly follows the reaction pathway depicted for
3La (involving formation of methane and dimethyl aniline
adduct AlMe3(NPhMe2)), but the generation of! uorene (as a
result of! uorenyl protonolysis) was detected as a minor side
product as well. This means that binary systems1La/ B and2La/
B should contain at least two di" erent catalytic species.

E! ect of the Fluorenyl Substitution Pattern in
Lanthanum Initiators. As proposed by the above NMR
spectroscopic study abstraction of the! uorenyl (Flu) and
di(tert-butyl)-! uorenyl (FlutBu) ligands by cocatalystA gave
initiators showing similar performance as the binary system
La(AlMe4)3/ A (Table 2, entries 1, 4, and 7). In general, all
catalytic species gave molecular weight distributionsMw/ Mn
narrower than 2.0, reaching minimum values for the sterically
least hindered! uorenyl ligands (e.g., entry 2:Mw/ Mn = 1.11).
The highesttrans-1,4-contents were obtained for the sterically
most demanding FluSi ligand.

Table 2. Polymerization of Isoprene by Fluorenyl Half-Sandwich Complexes

entrya precatalyst cocatalystb yield [%] trans-1,4-c cis-1,4-c 3,4-c Mn (! 104)d Mw/ Mn
d Tg [ "C]e

1 (Flu)La(AlMe4)2 (1La) A 93 49.4 46.6 4.1 4.3 1.21 ! 61.3
2 (Flu)La(AlMe4)2 (1La) B 92 78.7 15.3 6.0 6.0 1.11 ! 64.0
3 (Flu)La(AlMe4)2 (1La) C 78 61.2 36.0 2.8 22.6 1.24 ! 65.7
4 (FlutBu)La(AlMe4)2 (2La) A 94 52.1 44.0 3.9 5.3 1.20 ! 64.1
5 (FlutBu)La(AlMe4)2 (2La) B 93 85.1 10.7 4.2 5.4 1.12 ! 63.1
6 (FlutBu)La(AlMe4)2 (2La) C 91 32.0 62.0 6.0 17.1 1.29 ! 62.4
770 La(AlMe4)3 A >99 51.4 46.3 2.3 5.0 1.29
8 (FluSi)La(AlMe4)2 (3La) A >99 74.3 16.3 9.4 4.8 1.27 ! 65.5
9 (FluSi)La(AlMe4)2 (3La) B 98 80.0 9.6 10.4 4.9 1.17 ! 63.7
10 (FluSi)La(AlMe4)2 (3La) C 84 56.7 26.7 16.6 14.2 1.42 ! 60.4
11 (FluSi)Nd(AlMe4)2 (3Nd) A 93 44.8 38.1 17.1 5.1 1.28 ! 56.8
12 (FluSi)Nd(AlMe4)2 (3Nd) B 96 54.1 25.9 20.0 5.4 1.13 ! 55.3
13 (FluSi)Nd(AlMe4)2 (3Nd) C 94 37.4 38.3 24.3 8.1 1.42 ! 55.7
14 (FluSi)Y(AlMe4)2 (3Y) A 88 23.5 56.5 20.0 9.8 1.57 ! 53.0
15 (FluSi)Y(AlMe4)2 (3Y) B 94 18.3 48.7 33.0 9.0 1.41 ! 42.5
16 (FluSi)Y(AlMe4)2 (3Y) C 23 26.7 62.2 11.1 1.8 1.95 ! 58.9
17 (FluSi)Lu(AlMe4)2 (3Lu) A 88 17.7 78.2 4.1 9.4 1.67 ! 62.0
18 (FluSi)Lu(AlMe4)2 (3Lu) B 89 11.5 72.9 15.6 8.0 1.47 ! 55.0
19 (FluSi)Lu(AlMe4)2 (3Lu) C 91 18.0 75.4 6.6 5.4 1.95 ! 64.4

aGeneral polymerization procedure: 0.02 mmol of precatalyst, 8 mL of toluene, 20 mmol of isoprene, 1 h, 40"C. bA = [Ph3C][B(C6F5)4]; B =
[C6H5NMe2H][B(C 6F5)4]; C = B(C6F5)3; catalyst preformation: 30 min.cDetermined by1H and13C NMR spectroscopy in CDCl3.

dDetermined by
GPC against polystyrene standards.eDetermined by DSC at 20 K/min.

Scheme 2. Active Species Obtained from Lanthanum
Complexes 1La, 2La, and 3La with Cocatalysts A and B, as
Proposed by NMR Spectroscopy
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E! ect of the Rare-Earth Metal Center in Complexes
(FluSi)Ln(AlMe4)2 (3). First, the lanthanum-derived catalytic
species displayed the highest activity (yield >99% after 1 h,
entry 8), in accordance with a maximum steric unsaturation of
the La(III) center. Second, decreasing metal size resulted in
higher valuesMw/ Mn for all tested cocatalysts (e.g.,A: entries 8,
11, 14, and 17). This behavior might originate from (a)
competing chain transfer reactions (due to the decreasing
activity of the catalyst system), (b) proneness of complexes
derived from smaller rare-earth metal centers to engage in
ligand redistribution under these conditions, and/or (c)
fundamental changes in the relative rates of termination versus
propagation. Next, changing the metal from lanthanum over
neodymium and yttrium to lutetium increased thecis-1,4
content from 9.6% (entry 9) over 25.9% (entry 12) and 48.7%
(entry 15) to 72.9% (entry 18). Correspondingly, the highest
trans-1,4-content of 80.0% was observed for lanthanum
complex3La (c.f., cocatalystB: entries 18, 15, 12, and 9).
Generally, this behavior was observed for all tested cocatalysts,
with the larger rare-earth metals producing mainlytrans-1,4-
polyisoprene (maximum 80%), and the smaller ones giving
access to highercis-1-4 content (maximum 78.2%, entry 17).
These#ndings are in good agreement with the polymerization
performance of the cyclopentadienyl-supported half-sandwich
complexes (C5Me4H)Ln(AlMe4)2, (C5Me5)Ln(AlMe4)2,
(C5Me4SiMe3)Ln(AlMe4)2, [1,3-(Me3Si)2C5H3]Ln(AlMe4)2,
and [1,2,4-(Me3C)3C5H2]Ln(AlMe4)2, revealing the best
performance for (C5Me5)La(AlMe4)2/ C (trans-1,4 content:
99.5%,Mw/ Mn = 1.18).29

E! ect of the Cocatalyst. For lanthanum complexes1La,
2La, and3La, cocatalystA a" orded the highest polymer yields
while C provided comparatively lower yields. Generally,
cocatalystB produced polymers with lowercis-1,4 content,
but the smallestMw/ Mn values (entries 2, 5, 9, 12, 15, 18).
Furthermore, the catalysts obtained in the presence ofC
displayed low e$ ciency (molecular weights as high asMn =
22.6 ! 104; entry 3; catalyst e$ ciency = 30.1%) and gave
polymers with comparatively broaderMw/ Mn (entries 3, 6, 10,
13, 16, and 19). Comparatively higher molecular weights were
also observed for the binary systems composed of yttrium and
lutetium half-sandwich complexes when combined with
cocatalystA (entries 14 and 17) andB (entries 15 and 18).
Activation of complex3La with cocatalystB led to a higher
trans-1,4-content (entry 9) compared to those obtained with
the use ofA (entry 8) andC (entry 10). In contrast, activation
of complexes3Y or 3Lu with B produced polymers with lower
trans-1,4 contents (entries 15 and 18) compared to that of the
activation withA (entries 14 and 17) orC (entries 16 and 19).
For further comparison, the catalytic system (Flu)Sc-
(CH2SiMe3)2(THF)/ C/Al iBu3 reported by Li et al. produced
polyisoprenes with highcis-1,4 (up to 93%) but notrans-1,4
content.55

Reactivity of Ln(III) Fluorenyl Half-Sandwich Com-
plexes toward Dimethylaluminum Chloride. It has been
shown that activation of homoleptic Ln(AlMe4)3with chlorinat-
ing reagents such as Me2AlCl (D) gives highlycis-selective
catalyst systems,18 while the same reaction with cyclo-
pentadienyl-supported bis(tetramethylaluminate) complexes
produces discrete chloro-bridged half-sandwich complexes,
which are inactive.29 Given the! uorenyl abstraction observed
when treating complexes (Flu)La(AlMe4)2 (1La) or (FlutBu)-
La(AlMe4)2 (2La) with cocatalystA, we wondered whether an
active catalyst would form by treating the! uorenyl-supported

bis(tetramethylaluminate) complexes withD, via! uorenyl/Cl
interchange. However, like the cyclopentadienyl derivatives,
equimolar mixtures of complexes1La (or 2La) and D did not
initiate the polymerization of isoprene. Particularly, binary
system3Y/ D gave access to partly and fully AlMe4/Cl-
exchanged crystalline products4Y and 5Y (Scheme 3), the

structural features of which are discussed brie! y in the
following. Small amounts of colorless single crystals of
complexes [(FluSi)Y(AlMe4)( ! -Cl)]2 (4Y) and (FluSi)6Y6Cl12
(5Y) could be harvested from the reactions mixtures upon
storing for several days at ambient temperature (Figures 5and
6). The very low yields of crystalline4Y and5Y did not allow for
further characterization.

The dimeric arrangement of complex4Y with formally 7-
coordinate yttrium centers is similar to that of previously
reported [((Me3Si)2C5H3)Y(AlMe4)Cl] 2.

29 Compared to pre-
cursor3Y, the tilting of the! uorenyl ligand toward the yttrium
center is even more pronounced, as re! ected by shorter Y1!
C1/C13 bond lengths of 2.5768(3) and 2.6012(3) !,
respectively, along with an elongation of the Y1! C7 bond to
2.7211(3) !. The bridging Y! Cl bond lengths appear slightly
asymmetric (Y1! Cl1 2.6554(3) ! and Y1! Cl1! 2.6878(3) !),

Scheme 3. Reactivity of Complex (FluSi)Y(AlMe4)2 toward
Dimethylaluminum Chloride (D)

Figure 5. Molecular structure of [(FluSi)Y(AlMe4)( ! -Cl)]2 (4Y).
Hydrogen atoms are omitted for clarity. Atomic displacement
parameters are set at the 50% probability level. Selected bond lengths
[!]: Y1 ! C1 2.5768(3), Y1! C2 2.6961(3), Y1! C7 2.7211(3), Y1! C8
2.6588(3), Y1! C13 2.6012(3), Y1! C17 2.4751(3), Y1! C18
2.5833(3), Y1! Cl1 2.6554(3), Y1! Cl1! 2.6878(3).
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matching those of previously reported [((Me3Si)2C5H3)Y-
(AlMe4)Cl] 2.

29 Remarkably, the tetramethylaluminato bonding
is highly asymmetric, as evidenced by Y1! C17/18 bond
lengths of 2.4751(3) and 2.5833(3) !, di" ering by more than
0.1 !. It is noteworthy that the shorter Y1! C17 bond is located
trans to the bridging chloro ligand. Such an asymmetry was
neither detected in precursor3Y nor in the corresponding
cyclopentadienyl half-sandwich [((Me3Si)2C5H3)Y(AlMe4)-
Cl]2.

29

The hexametallic cluster (FluSi)6Y6Cl12 (5Y) obtained from
the 1.7 equiv reaction (Figure 6), crystallized in the trigonal
space groupR3c. The molecular structure features two six-
membered rings of alternating yttrium and chlorine atoms
which are interconnected by additional three Y! Cl! Y linkages
(Y1! Cl4 2.6642(10) and Y2! Cl4 2.6239(10) !, Y1! Cl4! Y2
127.65(4)").

The upper ring spanned by Y1, Cl2, and their symmetry-
related positions (Y1! Cl2 2.6710(10) !) is almost planar
(Cl2! Y1! Cl2! 142.51(3)"). This is caused by two! 3-bridging
chloro caps (Y1! Cl1 2.7678(9) ! and Y1! Cl3 2.9115(10) !),
accomplishing a hexagonal bipyramidal unit. In contrast, the
lower ring spanned by Y2 and Cl5 shows a chairlike structure
(Y2! Cl5 2.6472(10) !, Cl5! Y2! Cl5! 128.14(4)"), which is
implied by only one! 3-bridging chloro cap (Y2! Cl6 2.7741(8)
!). Due to the high symmetry of the cluster the angle Cl1!
Cl3! Cl6 is 179.98(7)". The coordination sphere of each
yttrium is completed by a FluSi ligand, resulting in 7- and 8-
coordinate metal centers. The structural motif of5Y is new, but
comparable structures with two hexagonal bipyramidal units
b r i d g e d b y t w o c h l o r o l i g a n d s a r e k n o w n :
[ { (Me 2C5H 3) 3Nd3( ! 2-Cl)3( ! 3-Cl )2} { ! 2-Cl } ] 2 and
[{(C 5Me4CH2CH2NMe2AlEt3)2-(C5Me4CH2CH2NMe2)-
Ln3(! 2-Cl)3(! 3-Cl)2}{ ! 2-Cl}]2.

35,71

! CONCLUSION
The selective formation of half-sandwich complexes of the type
(FluR)Ln(AlMe4)2 via salt metathesis protocols, applying
Ln(AlMe4)3 and K(FluR), is governed by the rare-earth metal
size and sterics of the! uorenyl ligand. Rather unexpectedly, the
largest rare-earth metal center lanthanum favors half-sandwich
complexes for both nonsubstituted (Flu), 6-ring-substituted
(FlutBu) and 5-ring-substituted! uorenyl ligands (FluSi). For the
sterically less demanding Flu and FlutBu ligands, the smaller-
sized rare-earth metal centers yttrium and lutetium give either
mixtures of half-sandwich/sandwich complexes or in case of
Lu(AlMe4)3/K(Flu) only the lutetocene complex (Flu)2Lu-
(AlMe4). Crucially, the 5-ring-substituted! uorenyl ligand FluSi

(ªC1-protectedº) provides the highest immediate shielding of
the Ln(III) center, allowing for the high-yield synthesis of
(FluSi)Ln(AlMe4)2 for the entire Ln(III) size range (Ln = La,
Nd, Y, and Lu). Important structural features of such
monomeric half-sandwich complexes comprise tilted! uorenyl
ligands (asymmetric"5-coordination) and distinct tetramethy-
laluminato coordination.

Like the cyclopentadienyl congeners, the! uorenyl half-
sandwich complexes display e$ cient catalysts for isoprene
polymerization when pretreated with per! uorinated borates or
borane activators. C1-unprotected! uorenyl ligands can be
easily abstracted by trityl borate [Ph3C][B(C6F5)4], as
evidenced for complexes (Flu)La(AlMe4)2 and (FlutBu)La-
(AlMe4)2 by NMR spectroscopy. This cationization pathway is
distinct from that observed for cyclopentadienyl derivatives and
has direct implications for the polymerization reaction. Choice
of the rare-earth metal (size),! uorenyl ligand, and cocatalyst
a" ects decisively the catalytic activity and microstructure of the
polyisoprenes. Generally, the larger rare-earth metals are more
e$ cient and produce mainlytrans-1,4-polyisoprene (maximum
85%), while the smaller ones give access to highercis-1,4-
contents (maximum 78%). Finally, like in the case of the
cyclopentadienyl congeners, equimolar reactions of (FluR)Ln-
(AlMe4)2 with Me2AlCl did not produce catalytically active
species but a" orded the crystalline AlMe4/Cl interchange
products [(FluSi)Y(AlMe4)( ! -Cl)]2 and (FluSi)6Y6Cl12.

! EXPERIMENTAL SECTION
General Procedures.All manipulations were performed with

rigorous exclusion of air and water, using standard Schlenk, high-
vacuum, and glovebox techniques (MBraun UNIlab-pro-dp; < 0.5 ppm
of O2, < 0.5 ppm of H2O). Toluene andn-hexane were puri#ed by
using Grubbs columns (MBraun SPS, solvent purifaction system) and
stored inside a glovebox. [D8]thf and [D6]benzene were purchased
from Aldrich, degassed and dried over NaK for 24 h,#ltered, and
stored inside a glovebox. Fluorene was purchased from Merck and
used as received. 2,7-Di-tert-butyl! uorene and KH were obtained from
abcr. KH was washed several times withn-hexane prior to use.
[Ph3C][B(C6F5)4], [PhNMe2H][B(C 6F5)4], and B(C6F5)3 were
obtained from Boulder Scienti#c Company and used without further
puri#cation. Dimethylaluminum chloride, trioctylaluminum, and
isoprene were obtained from Sigma-Aldrich. Isoprene was dried over
trioctylaluminum and distilled prior to use. Homoleptic Ln(AlMe4)3
(Ln = Y, La, Nd, and Lu) were prepared according to literature
procedures.72 K(Flu), K(FlutBu),73 and K(FluSi)74 were prepared
according to slightly modi#ed literature procedures. NMR spectra
were recorded on a Bruker AVBII+400 (1H: 400.11 MHz;13C: 100.61
MHz) spectrometer.1H and 13C shifts are referenced to internal
solvent resonances and reported in parts per million relative to
tetramethylsilane (TMS). Coupling constants are given in Hz.
Elemental analyses were performed on an ElementarVario Micro
Cube. IR spectra were recorded on a NICOLET 6700 FTIR

Figure 6.Molecular structure of (FluSi)6Y6Cl12 (5Y). Hydrogen atoms
are omitted for clarity. Carbon and silicon atoms are shown with
reduced radii in ball and stick representation. All other atoms are
shown with atomic displacement parameters set at the 50% probability
level. Selected bond lengths [!] and angles [deg]: Y1! Cl1 2.7678(9),
Y1! Cl2 2.6710(10), Y1! Cl3 2.9115(10), Y1! Cl4 2.6642(10), Y2!
Cl4 2.6239(10), Y2! Cl5 2.6472(10), Y2! Cl6 2.7741(8), Cl2! Y1!
Cl2! 142.51(3), Y1! Cl4! Y2 127.65(4), Cl5! Y2! Cl5! 128.14(4),
Cl1! Cl3! Cl6 179.98(7).
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spectrometer with a DRIFT cell (KBr window). Size exclusion
chromatography (SEC) was performed on a Viscotek GPCmax
consists of a GPCmax apparatus and a model TDA 302 triple detector
array. Sample solutions (1.0 mg polymer per mL thf) were#ltered
through a 0.45! m syringe#lter prior injection. The! ow rate was 1
mL/min dn/dc and dA/dc data were determined by means of the
integrated OmniSec software. The microstructure of the polyisoprenes
was determined on a Bruker AVBII+400 spectrometer in [D]-
chloroform at ambient temperatures. Glass transition temperatures of
the polyisoprenes (Tg) were recorded on a Perkin! Elmer DSC 8000,
calibrated with cyclohexane and indium standards, and scanning from
! 100"C up to +100"C with heating rates of 20 K/min and cooling
rates of 60 K/min in N2 atmosphere.

Synthesis of (Flu)La(AlMe4)2 (1La). La(AlMe4)3 (50 mg, 0.13
mmol) was dissolved in toluene (5 mL), and K(Flu) (26 mg, 0.13
mmol) was slowly added under vigorous stirring. After stirring the
reaction mixture for 5 h at 40"C, the suspension was#ltered, and the
solvent was removed in vacuo to give1La as a solid. Crystalline1La was
obtained from a saturatedn-hexane solution at! 35 "C (50 mg, 0.11
mmol, 84%).1H NMR (400 MHz, [D6]benzene, 26"C): # = 7.90 (dq,
3JHH = 8.2 Hz,4JHH = 0.9 Hz, 2 H, 6/9FluH), 7.37 (dt,3JHH = 8.4 Hz,
4JHH = 1.0 Hz, 2 H, 3/12FluH), 7.10 (ddd,3JHH = 8.3 Hz,3JHH = 6.9
Hz, 4JHH = 1.2 Hz, 2 H, 4/11FluH), 7.00 (ddd,3JHH = 8.1 Hz,3JHH =
6.9 Hz,4JHH = 1.1 Hz, 2 H, 5/10FluH), 6.28 (t,4JHH = 0.8 Hz, 1 H,
1FluH), ! 0.53 (s, 24 H, AlMe4) ppm. 13C{1H} NMR (101 MHz,
[D6]benzene, 26"C): # = 135.0 (s, 2/13Flu), 127.8 (s, 4/11Flu),
124.2 (s, 6/9Flu), 123.27 (s, 7/8Flu), 122.1 (s, 3/12Flu), 121.1 (s, 5/
10Flu), 91.3 (s, 1Flu), 3.4 (br s, AlMe4) ppm. IR (DRIFT):$"= 3059
(vw), 3041 (vw), 2923 (w), 2888 (w), 2829 (vw), 2783 (vw), 1939
(vw), 1910 (vw), 1887 (vw), 1819 (vw), 1791 (vw), 1702 (vw), 1592
(vw), 1504 (vw), 1473 (w), 1445 (w), 1430 (w), 1329 (w), 1282
(vw), 1220 (w), 1200 (w), 1185 (m), 1147 (vw), 1116 (vw), 1006
(vw), 986 (vw), 943 (vw), 823 (vw), 754 (s), 725 (vs), 716 (vs), 703
(vs), 692 (vs), 586 (m), 570 (s), 535 (m), 516 (m), 484 (w), 475 (w),
433 (m), 424 (w) cm! 1. Elemental analysis of crystalline1La, calcd for
C21H33Al2La (478.63): C 52.73, H 6.95; found: C 52.55, H 6.97.

Synthesis of (FlutBu)La(AlMe4)2 (2La). La(AlMe4)3 (50 mg, 0.13
mmol) was dissolved in toluene (5 mL), and K(FlutBu) (40 mg, 0.13
mmol) was slowly added under vigorous stirring. After stirring the
reaction mixture for 5 h at 40"C, the suspension was#ltered, and the
solvent was removed in vacuo to give2La as a solid. Crystalline2La was
obtained from a saturatedn-hexane solution at! 35 "C (69 mg, 0.12
mmol, 93%).1H NMR (400 MHz, [D6]benzene, 26"C): # = 7.95 (d,
3JHH = 8.7 Hz, 2 H, 6/9FluH), 7.50! 7.56 (m, 2 H, 3/12FluH), 7.20
(dd, 3JHH = 8.7 Hz,4JHH = 1.7 Hz, 2 H, 5/10FluH), 6.34 (s, 1 H,
1FluH), 1.31 (s, 18 H, Flu-CMe3), ! 0.52 (s, 24 H, AlMe4) ppm.
13C{1H} NMR (101 MHz, [D6]benzene, 26"C): # = 150.8(s, 4/
11Flu), 135.4 (s, 7/8Flu), 123.9 (s, 6/9Flu), 121.2 (s, 2/13Flu), 120.3
(s, 5/10Flu), 117.4 (s, 3/12Flu), 91.6 (s, 1Flu), 35.6 (s, Flu-CMe3),
31.7 (s, Flu-CMe3), 3.2 (brs, AlMe4) ppm. IR (DRIFT):$"= 3074
(vw), 2963 (m), 2903 (w), 2883 (w), 2785 (vw), 1904 (vw), 1758
(vw), 1594 (w), 1522 (vw), 1481 (w), 1460 (vw), 1440(w), 1423 (w),
1394 (vw), 1363 (w), 1340 (vw), 1309 (vw), 1262 (w), 1202 (w),
1183 (m), 1137 (vw), 1086 (vw), 1023 (vw), 987 (vw), 954 (vw), 924
(vw), 908 (vw), 880 (w), 812 (m), 719 (vs), 689 (vs), 656 (s), 569
(s), 538 (m), 476 (m), 445 (vw), 411 (w) cm! 1. Elemental analysis of
crystalline2La, calcd for C29H49Al2La (590.58): C 58.98, H 8.36;
found: C 58.53, H 8.39. Although these results are outside the range
viewed as establishing analytical purity (C:! 0.45%), they are provided
to illustrate the best values obtained to date.

Synthesis of (FlutBu)Y(AlMe4)2 (2Y). Y(AlMe4)3 (50 mg, 0.14
mmol) was dissolved in toluene (5 mL), and K(FlutBu) (45 mg, 0.14
mmol) was slowly added under vigorous stirring. After stirring the
reaction mixture for 8 h at 40"C, the suspension was#ltered and the
solvent was removed in vacuo to give2Y as a solid. Crystalline2Y was
obtained from a saturatedn-hexane solution at! 35 "C (54 mg, 0.10
mmol, 70%).1H NMR (400 MHz, [D6]benzene, 26"C): # = 7.89 (dt,
3JHH = 8.8 Hz,4JHH = 0.9 Hz, 2 H, 6/10FluH), 7.54 (dd,4JHH = 1.8 Hz,
4JHH = 0.9 Hz, 2 H, 3/12FluH), 7.20 (dd,3JHH = 8.9 Hz,4JHH = 1.8 Hz,

2 H, 5/10FluH), 6.20 (q,4JHH = 0.8 Hz, 1 H, 1FluH), 1.30 (s, 18 H,
Flu-CMe3), ! 0.60 (d,2JYH = 2.2 Hz, 24 H, AlMe4) ppm. 13C{1H}
NMR (101 MHz, [D6]benzene, 26"C): # = 150.0 (s, 4/11Flu), 132.8
(s, 7/8Flu), 124.2 (s, 6/9Flu), 120.8 (s, 5/10Flu), 119.4 (s, 2/13Flu),
118.7 (s, 3/12Flu), 88.3 (d,1JCY = 2.7 Hz, 1Flu), 35.5 (s, Flu-CMe3),
31.6 (s, Flu-CMe3), ! 0.5 (br s, AlMe4) ppm. IR (DRIFT):$"= 3078
(vw), 2964 (s), 2899 (w), 2879 (w), 2824 (vw), 1906 (vw), 1764
(vw), 1596 (w), 1522 (vw), 1481 (w), 1461 (w), 1439 (w), 1424 (w),
1393 (vw), 1363 (w), 1344 (w), 1309 (vw), 1262 (w), 1235 (vw),
1212 (w), 1185 (m), 1138 (vw), 1087 (vw), 1023 (vw), 986 (vw), 955
(vw), 924 (vw), 908 (vw), 882 (w), 812 (s), 731 (vs), 721 (vs), 712
(vs), 702 (vs), 691 (vs), 654 (s), 600 (m), 593 (m), 580 (vs), 574
(vs), 562 (s), 555 (m), 546 (s), 521 (w), 475 (m), 450 (vw), 415 (vs),
405 (vw) cm! 1. Elemental analysis of crystalline2Y, calcd for
C29H49Al2Y (540.58): C 64.43, H 9.14; found: C 64.04, H 9.04.

Synthesis of (Flu)2Lu(AlMe4) (1aLu). Lu(AlMe4)3 (50 mg, 0.12
mmol) was dissolved in toluene (5 mL), and K(Flu) (46 mg, 0.24
mmol) was slowly added under vigorous stirring. After stirring the
reaction mixture for 8 h at 40"C, the suspension was#ltered, and the
solvent was removed in vacuo to give1aLu as a solid. Crystalline1aLu

was obtained from a saturatedn-hexane solution at! 35 "C (41 mg,
0.07 mmol, 60%).1H NMR (400 MHz, [D6]benzene, 26"C): # =
7.81! 7.87 (m, 4 H, 3/12FluH), 7.17! 7.20 (m, 4 H, 6/9FluH), 6.90!
6.97 (m, 8 H, 4/5/10/11FluH), 6.13 (s, 2 H, 1FluH),! 0.52 (s, 6 H,
AlMe2), ! 1.71 (s, 6 H, LuMe2AlMe2) ppm.13C{1H} NMR (101 MHz,
[D6]benzene, 26"C): # = 130.6 (s, 2/13Flu), 126.7 (s, 4/11Flu),
124.4 (s, 3/12Flu), 122.0 (s, 6/9Flu), 120.6 (s, 5/10Flu), 119.5 (s, 7/
8Flu), 84.1 (s, 1Flu), 14.9 (br s, AlMe4) ppm. IR (DRIFT):$"= 3088
(vw), 3076 (vw), 3054 (vw), 2938 (w), 2889 (vw), 2818 (vw), 1946
(vw), 1890 (vw), 1819 (vw), 1792 (vw), 1695 (vw), 1594 (w), 1508
(vw), 1473 (w), 1440 (w), 1331 (m), 1284 (vw), 1238 (w), 1223 (w),
1200 (m), 1188 (w), 1153 (vw), 1119 (vw), 999 (vw), 985 (vw), 943
(w), 875 (vw), 848 (w), 823 (w), 757 (vs), 743 (vs), 732 (vs), 726
(vs), 705 (vs), 624 (w), 590 (s), 563 (m), 497 (w), 480 (w), 439 (s),
422 (w) cm! 1. Elemental analysis of crystalline1aLu, calcd for
C30H30AlLu (592.52): C 60.81, H 5.10; found: C 60.75, H 5.03.

General Procedure for the Preparation of (FluSi)Ln(AlMe4)2
(3La, 3Nd, 3Y, and 3Lu). Ln(AlMe4)3 was dissolved in toluene (5 mL),
and an equimolar amount of K(FluSi) was slowly added under vigorous
stirring. After stirring the reaction mixture for 2 h at 40"C, the
suspension was#ltered and the solvent was removed in vacuo to give
3Ln as solids. Crystallization was accomplished from saturatedn-hexane
solutions at! 35"C to yield single crystals suitable for X-ray di" raction
analysis.

Synthesis of (FluSi)La(AlMe4)2 (3La). Following the procedure
described above, La(AlMe4)3 (200 mg, 0.50 mmol) and K(FluSi)
(138 mg, 0.50 mmol) yielded 259 mg of3La (0.47 mmol, 94%) as
yellow crystals.1H NMR (400 MHz, [D6]benzene, 26"C): # = 7.92
(d, 3JHH = 8.2 Hz, 2 H, 6/9FluH), 7.75 (d,3JHH = 8.4 Hz, 2 H, 3/
12FluH), 7.16! 7.22 (m, 2 H, 4/11FluH), 7.03! 7.09 (m, 2 H, 5/
10FluH), 0.41 (s, 9 H, SiMe3), ! 0.52 (s, 24 H, AlMe4) ppm.13C{1H}
NMR (101 MHz, [D6]benzene, 26"C): # = 141.6 (s, 2/13Flu), 128.5
(s, 4/11Flu), 128.3 (s, 7/8Flu), 124.5(s, 6/9Flu), 123.7 (s, 3/12Flu),
122.2 (s, 5/10Flu), 97.55 (s, 1Flu), 3.6 (br s, AlMe4), 2.4 (s, SiMe3)
ppm. IR (DRIFT):$"= 3079 (w), 3054 (w), 3040 (w), 2949 (m),
2934 (m), 2892 (m), 2833 (w), 2783 (w), 1941 (w), 1911 (vw), 1880
(vw), 1821 (vw), 1790 (vw), 1699 (vw), 1591 (w), 1531 (vw), 1506
(vw), 1497 (vw), 1470 (w), 1456 (m), 1433 (m), 1405 (m), 1328
(m), 1289 (w), 1277 (m), 1260 (w), 1248 (s), 1208 (s), 1186 (m),
1154 (m), 1122 (w), 1020 (m), 992 (w), 960 (s), 943 (w), 866 (s),
836 (vs), 801 (w), 763 (s), 754 (m), 740 (m), 732 (s), 713 (vs), 708
(vs), 699 (vs), 691 (vs), 639 (m), 625 (m), 615 (m), 584 (s), 576 (s),
557 (m), 550 (s), 537 (w), 519 (m), 509 (w), 493 (w), 480 (w), 472
(w), 444 (s), 434 (s), 429 (s), 412 (m), 405 (w) cm! 1. Elemental
analysis of crystalline3La, calcd for C24H41Al2SiLa (550.55): C 52.36,
H 7.51; found: C 51.89, H 7.46. Although these results are outside the
range viewed as establishing analytical purity (C:! 0.47%), they are
provided to illustrate the best values obtained to date.

Synthesis of (FluSi)Nd(AlMe4)2 (3Nd). Following the procedure
described above, Nd(AlMe4)3 (203 mg, 0.50 mmol) and K(FluSi) (138
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mg, 0.50 mmol) yielded 200 mg of3Nd (0.36 mmol, 72%) as green
crystals.1H NMR (400 MHz, [D6]benzene, 26"C): # = 10.23 (brs, 24
H, AlMe4), 8.13 (brs, 9 H, SiMe3), 7.46 (brs, 2 H, FluH), 1.79 (brs, 2
H, FluH), 1.56 (brs, 2 H, FluH),! 2.19 (brs, 2 H, FluH) ppm. IR
(DRIFT): $"= 3080 (vw), 3041 (vw), 2948 (w), 2934 (vw), 2891
(vw), 2826 (vw), 2788 (vw), 1943 (vw), 1913 (vw), 1883 (vw), 1823
(vw), 1791 (vw), 1591 (vw), 1531 (vw), 1505 (vw), 1470 (vw), 1456
(w), 1433 (m), 1406 (w), 1328 (w), 1304 (vw), 1290 (w), 1278 (m),
1260 (w), 1249 (s), 1207 (m), 1189 (m), 1155 (w), 1122 (vw), 1016
(vw), 993 (vw), 960 (m), 943 (vw), 866 (m), 852 (m), 835 (vs), 763
(s), 752 (m), 733 (s), 715 (vs), 702 (vs), 693 (vs), 625 (m), 613 (w),
582 (m), 568 (m), 552 (m), 519 (w), 499 (w), 471 (w), 440 (s), 431
(m), 414 (w) cm! 1. Elemental analysis of crystalline3Nd, calcd for
C24H41Al2SiNd (555.88): C 51.86, H 7.43; found: C 51.49, H 7.17.

Synthesis of (FluSi)Y(AlMe4)2 (3Y). Following the procedure
described above, Y(AlMe4)3 (175 mg, 0.50 mmol) and K(FluSi)
(138 mg, 0.50 mmol) yielded 185 mg of3Y (0.37 mmol, 74%) as
yellow crystals.1H NMR (400 MHz, [D6]benzene, 26"C): # = 7.95
(dq, 3JHH = 8.2 Hz,4JHH = 0.8 Hz, 2 H, 6/9FluH), 7.74 (dt,3JHH = 8.3
Hz, 4JHH = 1.0 Hz, 2 H, 3/12FluH), 7.09! 7.14 (m, 2 H, 4/11FluH),
7.03! 7.08 (m, 2 H, 5/10FluH), 0.38 (s, 9 H, SiMe3), ! 0.56 ppm (d,
2JYH = 2.3 Hz, 24 H, AlMe4).

13C{1H} NMR (101 MHz, [D6]benzene,
26"C): # = 138.5 (s, 2/13Flu), 128.0 (s, 4/11Flu), 126.9 (s, 7/8Flu),
125.2 (s, 6/9Flu), 124.9 (s, 3/12Flu), 122.5 (s, 5/10Flu), 93.3 (d,JCY
= 4.8, 1Flu), 2.3 (s, SiMe3), 1.4 (br s, AlMe4). IR (DRIFT): $"= 3077
(vw), 2949 (w), 2888 (w), 2822 (vw), 1945 (w), 1915 (vw), 1885
(vw), 1822 (vw), 1792 (vw), 1699 (vw), 1593 (vw), 1506 (vw), 1471
(vw), 1456 (w), 1435 (m), 1405 (w), 1329 (w), 1277 (m), 1249 (s),
1228 (w), 1208 (m), 1191 (m), 1156 (m), 1124 (vw), 1011 (vw), 991
(vw), 961 (m), 864 (m), 835 (vs), 763 (s), 714 (vs), 706 (vs), 697
(vs), 626 (m), 581 (s), 571 (s), 519 (w), 493 (m), 463 (m), 441 (vs),
415 (w) cm! 1. Elemental analysis of crystalline3Y, calcd for
C24H41Al2SiY (500.55): C 57.59, H 8.26; found: C 57.41, H 8.58.

Synthesis of (FluSi)Lu(AlMe4)2 (3Lu). Following the procedure
described above, Lu(AlMe4)3 (218 mg, 0.50 mmol) and K(FluSi)
(138 mg, 0.50 mmol) yielded 241 mg of3Lu (0.41 mmol, 82%) as
yellow crystals.1H NMR (400 MHz, [D6]benzene, 26"C): # = 7.91!
7.95 (m, 2 H, 6/9FluH), 7.75! 7.78 (m, 2 H, 3/12FluH), 7.04! 7.12
(m, 4 H, 4/5/10/11FluH), 0.38 (s, 9 H, SiMe3), ! 0.40 (s, 24 H,
AlMe4) ppm. 13C{1H} NMR (101 MHz, [D6]benzene, 26"C): # =
138.1 (s, 2/13Flu), 127.9 (s, 4/11Flu), 126.5 (s, 7/8Flu), 125.1 (s, 6/
9Flu), 125.0 (s, 3/12Flu), 122.5 (s, 5/10Flu), 91.3 (s, 1Flu), 2.9 (br s,
AlMe4), 2.3 (s, SiMe3). IR (DRIFT): $"= 3081 (w), 3041 (w), 2948
(m), 2884 (m), 2820 (w), 1945 (w), 1915 (w), 1885 (w), 1822 (w),
1791 (w), 1699 (w), 1593 (w), 1539 (vw), 1531 (w), 1506 (w), 1470
(w), 1456 (m), 1434 (s), 1405 (m), 1361 (w), 1329 (m), 1305 (w),
1288 (m), 1276 (s), 1260 (m), 1248 (vs), 1233 (s), 1208 (s), 1192
(s), 1155 (m), 1124 (w), 1014 (w), 990 (w), 961 (s), 945 (w), 863
(s), 834 (vs), 763 (vs), 752 (s), 739 (s), 715 (vs), 709 (vs), 696 (vs),
649 (m), 625 (s), 601 (m), 594 (m), 581 (s), 571 (s), 558 (s), 531
(m), 519 (m), 482 (s), 468 (m), 460 (m), 454 (m), 441 (vs), 418 (m),
403 (w) cm! 1. Elemental analysis of crystalline3Lu, calcd for
C24H41Al2SiLu (586.61): C 49.14, H 7.05; found: C 49.16, H 7.13.

Synthesis of [(FluSi)Y(AlMe4)Cl]2 (4Y). To an-hexane solution of
(FluSi)Y(AlMe4)2 (25 mg, 0.05 mmol) was added a solution of
Me2AlCl (4.5! L, 6 mg, 0.05 mmol) inn-hexane at! 35 "C without
stirring. After 2 days, a small amount of yellow crystals had formed
which were subjected to an X-ray di" raction experiment.

Synthesis of (FluSi)6Y6Cl12 (5Y). To a n-hexane solution of
(FluSi)Y(AlMe4)2 (25 mg, 0.05 mmol) was added a solution of
Me2AlCl (8 ! L, 10 mg, 0.09 mmol) inn-hexane at! 35 "C without
stirring. After 1 week, a small amount of colorless crystals had formed
which were subjected to an X-ray di" raction experiment.

Polymerization of Isoprene. Exemplarily, the polymerization
procedure is described for entry 1 ofTable 2. [Ph3C][B(C6F5)4]
(cocatalystA) (18.22 mg, 0.02 mmol) was added to a solution of1La

(9.56 mg, 0.02 mmol) in toluene (8 mL). The mixture was aged at
ambient temperature for 30 min. Then, isoprene (1.36 g, 20 mmol)
was added and the polymerization carried out at 40"C for 1 h. The
reaction was terminated by pouring the polymerization mixture into 25

mL of methanol containing 0.1% (w/w) 2,6-di-tert-butyl-4-methyl-
phenol as a stabilizer. The polymer was washed with methanol and
dried under vacuum at ambient temperature to constant weight.

Crystallography. Crystals from all half-sandwich complexes
suitable for X-ray crystallography were grown by standard techniques
from saturatedn-hexane solutions at! 40 "C. Crystalline1aLu was
obtained from a saturatedn-hexane solution at! 35 "C. [K(FluSi)-
(THF)2] n was crystallized from THF and 1-CPh3-FlutBu from di! uoro
benzene at! 40 "C. Single crystals were selected inside a glovebox,
coated with Parabar 10312 (previously known as Paratone N,
Hampton Research) or per! ourinated ether and#xed on a microloop.
Data were collected on a Bruker APEX DUO instrument equipped
with an I! S microfocus sealed tube and QUAZAR optics for Mo K%
radiation (& = 0.71073 !). The data collection strategy was
determined using COSMO75 employing' and ( scans. Raw data
were processed using APEX76 and SAINT;77 corrections for
absorption e" ects were applied using SADABS.78 Data for [K(FluSi)-
(THF)2] n and 1-CPh3-FlutBu were processed using APEX376 software
package.1La and1aLu were re#ned as twins, and TWINABS79was used
for absorption correction. The structures were solved by direct
methods and re#ned against all data by full-matrix least-squares
methods onF2 using SHELXTL80 and Shelxle.81 All graphics were
produced employing ORTEP-382 and POV-Ray.83
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Figure S1.  1H NMR spectrum (400 MHz) of (Flu)La(AlMe4)2 (1
La) in C6D6 at 26 ¡C. 

#

#

Figure S2.  13C{1H}  NMR spectrum (101 MHz) of (Flu)La(AlMe4)2 (1
La) in C6D6 at 26 ¡C.  
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Figure S3.  1H13C-HSQC NMR spectrum (400/101 MHz) of (Flu)La(AlMe4)2 (1
La) in C6D6 at 26 ¡C. 

#

#

#

#

Figure S4.  1H1H-COSY NMR spectrum (400/400 MHz) of (Flu)La(AlMe4)2 (1
La) in C6D6 at 26 ¡C. 
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Figure S5.  1H NMR spectrum (400 MHz) of (FlutBu)La(AlMe4)2 (2
La) in C6D6 at 26 ¡C. 

#

 

Figure S6.  13C{1H}  NMR spectrum (101 MHz) of (FlutBu)La(AlMe4)2 (2
La) in C6D6 at 26 ¡C. 

#  
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Figure S7.  1H NMR spectrum (400 MHz) of (FluSi)La(AlMe4)2 (3
La) in C6D6 at 26 ¡C. 

#

#

Figure S8.  13C{1H} spectrum (101 MHz) of (FluSi)La(AlMe4)2 (3
La) in C6D6 at 26 ¡C.  
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Figure S9.  1H NMR spectrum (400 MHz) of (FluSi)Y(AlMe4)2 (3
Y) in C6D6 at 26 ¡C. 

#

#

Figure S10.  13C{1H}  NMR spectrum (101 MHz) of (FluSi)Y(AlMe4)2 (3
Y) in C6D6 at 26 ¡C. 
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Figure S11.  1H NMR spectrum (400 MHz) of (FlutBu)Y(AlMe4)2 (2
Y) in C6D6 at 26 ¡C. 

#

#

Figure S12.  13C{1H} NMR spectrum (101 MHz) of (FlutBu)Y(AlMe4)2 (2
Y) in C6D6 at 26 ¡C.  
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Figure S13.  1H NMR spectrum (400 MHz) of (FluSi)Lu(AlMe4)2 (3
Lu) in C6D6 at 26 ¡C. 

#

#

Figure S14.  13C{1H} spectrum (101 MHz) of (FluSi)Lu(AlMe4)2 (3
Lu) in C6D6 at 26 ¡C.  
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Figure S15.  1H NMR spectrum (400 MHz) of (Flu)2Lu(AlMe4) (1aLu) in C6D6 at 26 ¡C. Residual toluene marked with #. 

#

#

Figure S16.  13C{1H} spectrum (101 MHz) of (Flu)2Lu(AlMe4) (1aLu) in C6D6 at 26 ¡C.  
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Figure S17.  Molecular structure of (FlutBu)La(AlMe4)2 (2
La).#Hydrogen atoms are omitted for clarity. The asymmetric unit 

contains two independent molecules. The second molecule is omitted for clarity. Atomic displacement parameters set at the 
50% probability level. Selected bond lengths [•] and angles [¡]: La1ÐC1 2.686(2), La1ÐC2 2.800(2), La1ÐC7 2.935(2), La1Ð
C8 2.942(2), La1ÐC13 2.796(2), La1ÐC14 2.808(3), La1ÐC15 2.785(3), C14-La1-C15 71.76(8), La1áááC16 3.071(3), La1Ð
C18 2.696(2), La1ÐC19 2.675(2), C18-La1-C19 79.82(7), LaáááAl1 2.9878(8), La1áááAl2 3.2325(8). 

 

#

Figure S18.  Molecular structure of (FluSi)Y(AlMe 4)2 (3
Y). Hydrogen atoms are omitted for clarity. Atomic displacement 

parameters set at the 50% probability level. Selected bond lengths [•] and angles [¡]: Y1ÐC1 2.5741(16), Y1ÐC2 2.6570(15), 
Y1ÐC7 2.7780(15), Y1ÐC8 2.7898(15), Y1ÐC13 2.6730(16), Y1ÐC14 2.632(2), Y1ÐC15 2.6021(19), C14-Y1-C15 79.00(7), 
Y1áááC16 3.429(2), Y1ÐC18 2.5244(19), Y1ÐC19 2.527(2), C18-Y1-C19 83.87(6), Y1áááAl1 2.9473(7), YáááAl2 3.0789(6). 
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Figure S19.  Molecular structure of (FluSi)Nd(AlMe4)2 (3
Nd). Hydrogen atoms are omitted for clarity. Atomic displacement 

parameters set at 50% probability level. Selected bond lengths [•] and angles [¡]: Nd1ÐC1 2.6562(15), Nd1ÐC2 2.7354(15), 
Nd1ÐC7 2.8579(15), Nd1ÐC8 2.8720(15), Nd1ÐC13 2.7499(15), Nd1ÐC14 2.7036(19), Nd1ÐC15 2.6720(19), C14-Nd1-C15 
76.93(6), Nd1áááC16 3.2688(19), Nd1ÐC18 2.6058(18), Nd1ÐC19 2.6080(17), C18-Nd1-C19 81.41(6), Nd1áááAl1 3.1605(5), 
NdáááAl2 2.9830(5). 

#

#

Figure S20.  Section of the molecular structure of [K(FluSi)(THF)2]n. Hydrogen atoms are omitted for clarity. Atomic 
displacement parameters set at 50% probability level. Selected bond lengths [•] and angles [¡]: K1ÐO1 2.654(2), K1ÐCt1 
2.867, O1-K1-O1' 73.36(10), Ct1-K1-Ct1' 129.41, K2ÐO2 2.611(2), K2ÐCt2 2.851, O2-K2-O2' 81.41(11), Ct2-K2-Ct2' 
129.86, K3ÐO3 2.643(2), K3ÐCt3 2.847, O3-K3-O3' 102.40(9), Ct3-K3-Ct3' 131.54, K4ÐO4 2.624(2), K4ÐCt4 2.813, O4-
K4-O4' 96.00(10), Ct4-K4-Ct4' 129.46. 
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Figure S21.  Molecular structure of 1-CPh3-FlutBu. Hydrogen atoms are omitted for clarity. Atomic displacement parameters 
set at the 50% probability level. Selected bond lengths [•] and angles [¡]: C1ÐC2 1.532(2), C1ÐC13 1.534(2), C1ÐC22 
1.588(2), C2ÐC7 1.402(2), C7ÐC8 1.468(2), C8ÐC13 1.399(2), C22ÐC29 1.555(2), C13-C1-C22 114.37(12). 
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# #
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Table S1.  Crystallographic data for compounds 1La, 2La, 3La, and 3Lu 

 1La 2La 3La 3Lu 

     
CCDC number 1562938 1562942 1562943 1562939 

formula C21H33Al 2La C29H49Al 2La C24H41Al 2LaSi C24H41Al 2LuSi 

M [g!mol-1] 478.34 590.55 550.53 586.59 

Color yellow yellow yellow yellow 
Crystal 

dimensions [mm] 
0.427 x 0.168 x 

0.118 
0.538 x 0.145 x 

0.117 
0.230 x 0.194 x 

0.172 
0.348 x 0.180 x 

0.074 
Crystal system monoclinic triclinic monoclinic monoclinic 

space group P21/n P1"   P21/c P21/n 

a [•]  11.470(9) 11.1616(13) 26.4046(15) 15.7037(6) 

b [•]  11.946(9) 11.7580(14) 10.8729(7) 10.6911(4) 

c [•]  17.154(13) 24.411(3) 19.5779(11) 16.3490(7 

# [¡]  90 86.709(4) 90 90 

$ [¡]  104.953(16) 77.961(5) 106.750(2) 104.3100(10) 

% [¡] 90 88.963(3) 90 90 

V [• 3] 2271(3) 3127.9(7) 5382.2(6) 2659.67(18) 

Z 4 4 8 4 

T [K]  150(2) 173(2) 100(2) 100(2) 
&calcd [g!cm-3] 1.399 1.254 1.359 1.465 

µ [mm-1] 1.959 1.435 1.705 3.830 

F(000) 968 1224 2256 1184 

Unique reflns 6955 16771 13351 6618 

Observed reflns 
(I>2')  

6955 62574 117556 53073 

R1/wR2 (I>2')  0.0374/0.0746 0.0298/0.0649 0.0248/0.0531 0.0185/0.0413 
R1/wR2 (all data) 0.0476/0.0799 0.0408/0.0696 0.0349/0.0574 0.0251/0.0443 
Goodness of fit 1.086 1.025 1.034 1.035 
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Table S2.  Crystallographic data for compounds 2Y, 3Y, 3Nd, and 1aLu 

 2Y 3Y 3Nd 1aLu 

     
CCDC number 1562940 1562948 1562941 1562945 

formula C29H49Al 2Y C24H41Al 2YSi C24H41Al 2NdSi C30H30AlLu 

M [g!mol-1] 540.55 500.53 555.86 592.49 

Color yellow yellow green yellow 
Crystal 

dimensions [mm] 
0.289 x 0.238 x 

0.148 
0.335 x 0.333 x 

0.249 
0.243 x 0.169 x 

0.158 
0.254 x 0.057 x 

0.046 
cell monoclinic monoclinic monoclinic monoclinic 

space group P21/n P21/n P21/n P21/n 

a [•]  11.0158(5) 15.832(3) 15.8567(4) 16.505(5) 

b [•]  11.5807(6) 10.8273(18) 10.8519(2) 8.171(2) 

c [•]  24.2766(12) 16.446(3) 16.1728(4) 18.751(6) 

# [¡]  90 90 90 90 

$ [¡]  100.552(2) 104.301(4) 103.0250(10) 107.435(5) 

% [¡] 90 90 90 90 

V [• 3] 100.552(2) 2731.7(8) 2711.34(11) 2412.6(12) 

Z 4 4 4 4 

T [K]  100(2) 180(2) 100(2) 100(2) 
&calcd [g!cm-3] 1.179 1.217 1.362 1.631 

µ [mm-1] 1.987 2.251 2.031 4.144 

F(000) 1152 1056 2.031 1176 

Unique reflns 7596 6518 6731 6694 

Observed reflns 
(I>2')  

60571 41037 36141 6694 

R1/wR2 (I>2')  0.0338/0.0757 0.0270/0.0628 0.0184/0.0417 0.0321/0.0739 
R1/wR2 (all data) 0.0492/0.0805 0.0423/0.0676 0.0216/0.0430 0.0382/0.0770 
Goodness of fit 1.036 1.053 1.062 1.020 
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Table S3.  Crystallographic data for compounds 4Y, 5Y, [K(FluSi)(THF)2]n, and 1-CPh3-FlutBu 

 4Y 5Y [K(FluSi)(THF)2]n 1-CPh3-FlutBu 

     
CCDC number 1562946 1562947 1562949 1562944 

formula C40H58Al 2Cl2Si2Y2 C96H102Si6Y6 C24H33KO2Si C46H44F2 

M [g!mol-1] 897.72 2383.17 420.69 634.81 

Color yellow colorless yellow colorless 
Crystal 

dimensions 
[mm] 

0.325 x 0.192 x 
0.188 

0.264 x 0.225 x 0.152 0.481 x 0.091 x 
0.083 

0.527 x 0.072 x 0.056 

cell orthorombic trigonal orthorhombic triclinic 

space group Pccn R3c:H Pcca P-1 

a [•]  15.8941(17) 16.5690(9) 27.9926(13) 11.204(4) 

b [•]  22.110(2) 16.5690(9) 18.4572(8) 12.226(4) 

c [•]  12.3246(13) 72.969(6) 18.4455(7) 14.342(5) 

# [¡]  90 90 90 65.850(5) 

$ [¡]  90 90 90 85.282(5) 

% [¡] 90 120 90 79.516(5) 

V [• 3] 4331.2(8) 17348(2) 9530.1(7) 1762.7(10) 

Z 4 6 16 2 

T [K]  100(2) 100(2) 100(2) 100(2) 
&calcd [g!cm-

3] 
1.377 1.396 1.173 1.196 

µ [mm-1] 2.912 3.354 0.289 0.075 

F(000) 1856 7200 3616 676 

Unique 
reflns 

5374 9535 11437 7797 

Observed 
reflns 
(I>2')  

35735 140892 123776 25927 

R1/wR2 
(I>2')  

0.0265/0.0551 0.0280/0.0631 0.0513/0.1112 0.0508/0.1137 

R1/wR2 (all 
data) 

0.0400/0.0592 0.0335/0.0648 0.0898/0.1269 0.0803/0.1297 

Goodness of 
fit  

1.009 1.039 1.039 1.025 

# #



! ") #
#

#

Figure S22.  1H NMR spectrum (400 MHz) of polyisoprene (entry 5) in CDCl3 at 26 ¡C. 

#

Figure S23.  13C{1H} NMR spectrum (101 MHz) of polyisoprene (entry 5) in CDCl3 at 26 ¡C. 
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Figure S24.  GPC curve of polyisoprene (entry5). 
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Figure S25.  DSC curve of polyisoprene (entry 5). 
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Figure S26.  1H NMR spectrum (400 MHz) of polyisoprene (entry 19) in CDCl3 at 26 ¡C. 
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#

Figure S27.  13C{1H} NMR spectrum (101 MHz) of polyisoprene (entry 19) in CDCl3 at 26 ¡C. 
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Figure S28.  GPC curve of polyisoprene (entry 19). 
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Figure S29.  DSC curve of polyisoprene (entry 19). 

# #



! $"#
#

#

Figure S30.  1H NMR spectrum (400 MHz) in C6D6 of (FlutBu)La(AlMe4)2 (2
La) activated with cocatalyst A yielding 1-CPh3-

FlutBu as main product. 

#

Figure S31.  1H NMR spectrum (400 MHz) in C6D6 of (FluSi)La(AlMe4)2 (3
La) activated with cocatalyst A. Three different 

Me3Si signals (0.37; 0.26; 0.10) indicating three different activation products (cf., 19F NMR spectrum, Figure 32).  
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Figure S32.  19F NMR spectrum (400 MHz) in C6D6 of (FluSi)La(AlMe4)2 (3
La) activated with cocatalyst A. 

#

Figure S33.  1H NMR spectrum (400 MHz) in C6D6 of (FlutBu)La(AlMe4)2 (2
La) activated with cocatalyst B. Signals labeled 

with "+" are assigned to HFlutBu, signals labeled with "#" are assigned to the dimethyl aniline adduct of trimethylaluminum. 
Signals X correspond to the active species. 
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Figure S34.  1H NMR spectrum (400 MHz) in C6D6 of (FluSi)La(AlMe4)2 (3
La) activated with cocatalyst B. Signals labeled 

with "#" are assigned to the dimethyl aniline adduct of trimethylaluminum. Signals X correspond to the active species. 
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ABSTRACT:Lanthanum indenyl half-sandwich complexes
of the composition (IndR)La(AlMe4)2 were synthesized in
high crystalline yields by a salt-metathesis protocol applying
La(AlMe4)3 and Li(IndR). In the solid state, the parent
indenyl (Ind) and 2-ethylindenyl (IndEt) complexes exhibit a
dimeric structural motif with the methyl groups of the linearly
aligned La(! -CH3)Al moieties beingcis-positioned to the indenyl ligand. In contrast, 1-trimethylsilyl indenyl (IndSi) directs the
" 1-coordinated methyl group of the bridging aluminato ligand into atrans-position, while 2-tert-butyl indenyl a! orded the
monomeric half-sandwich complex (IndtBu)La(AlMe4)2. The reactions of Lu(AlMe4)3 with 1 or 2 equiv of Li(IndR) gave
predominantly bis(indenyl) sandwich complexes (IndR)2Lu(AlMe4). All (half-)sandwich complexes were characterized by X-ray
structure analysis,1H/ 13C{1H} NMR and FTIR spectroscopy, and microanalysis. The performance of all half-sandwich
complexes in isoprene polymerization was assessed upon activation with [Ph3C][B(C6F5)4], [PhNMe2H][B(C 6F5)4], or
B(C6F5)3. The choice of indenyl ligand and cocatalyst had a major impact on the polymerization e" ciency and stereospeci#city.
The highest selectivities could be achieved with the binary catalyst systems (IndEt)La(AlMe4)2/[Ph3C][B(C6F5)4] ( cis/ trans
content 10.4/85.9) and (IndSi)La(AlMe4)2/B(C6F5)3 (cis/ transcontent 77.0/13.0).

! INTRODUCTION
Rubber synthesis was pioneered by the chemical industry more
than 100 years ago1 with considerable impact on our everyday
life. Still, e" cient stereospeci#c 1,3-diene polymerization is an
important task for industry and academia alike, while rare-earth
metal-based catalysts having emerged as the most e" cient.2! 4

Over the past decades, a plethora of ancillary ligands have been
examined with the aim of generating more selective
catalysts.5! 7 Unsurprisingly, cyclopentadienyl (Cp) ligands
played a pivotal role in accessing thermally robust rare-earth
metal environments in polymerization (pre)catalysts.8! 10

Except for the prominent half-sandwich complexes, also
(ansa-)metallocene11! 13 or constrained geometry catalysts
were thoroughly investigated.9,14,15 Contrary to Cp ligands,
indenyl (Ind) congeners have been far less examined despite
their ability to promote superior performance.16 The#rst rare-
earth metal indenyl complexes, SmInd3(thf), were studied by
Tsutsui in 1968.17 Since then, e! orts have been undertaken to
utilize indenyl ancillary ligands for polymerization catalysis. For
example, indenyl-supported ytterbocene(II) complexes initiate
the polymerization of#-caprolactone (#-CL)18 and methyl
methacrylate (MMA).19,20 ansa-Metallocene complexes of the
type [(IndCMe2Ind)Ln(allyl)(thf)x] (Ln = Y, Nd) were
described by Carpentier and co-workers as versatile
precatalysts mediating the polymerization of styrene and
isoprene (IP) as well as the formation of styrene/IP
copolymers.21! 23 The fabrication of poly-MMA was achieved
in the presence ofansa-metallocene amide and metallocene
hydrocarbyl complexes (Ln = Y, Nd, Sm, Dy, Yb, Lu).24,25

Especially Wang and co-workers but also others developed
donor-functionalized indenyl ligands for Ln(II) complexation
(Ln = Eu, Yb) and the polymerization of MMA and#-CL.26,27

Moreover, indenyl-supported constrained geometry catalysts
with trivalent rare-earth metals were shown to polymerize
lactides, ethylene, IP, and styrene.28,29

Bis(alkyl) complexes of the general formula LLnR2 (L =
anionic ligand; Ln = rare-earth metal; R = alkyl, allyl, benzyl
group) display the most active systems for the polymerization
of dienes4 and are the most pertinent to the present work. The
group of Chen used indenyl half-sandwich complexes of small-
to middle-sized rare-earth metals (Ln = Sc, Dy, Y, Lu) to
polymerize styrene, MMA, and$-methyl-%-methylene-&-
butyrolactone (Chart 1).32,33 Furthermore, the terpolymeriza-
tion of ethylene/propylene/isoprene was accomplished with
the scandium complex [Ind(SiMe3)2]Sc(CH2SiMe3)2(thf).32
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Chart 1. Indenyl-Supported Ln(III) Half-Sandwich Dialkyl
Complexes Employed in Polymerization Reactions
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The yttrium indenyl half-sandwich complex (Ind)Y-
(CH2SiMe3)[(4,6-(CMe3) 2-2-{(MeOCH2CH2) 2-NCH2}-
C6H2-O)] also revealed activity in the polymerization of
lactide.33 Tardif et al. showed that activation of the indenyl
sandwich complexes (MeInd)2Ln[N(SiMe3)2] (Ln = Sc, Gd)
by [Ph3C][B(C6F5)4] or [PhNMe2H][B(C 6F5)4] results in the
abstraction of an indenyl ligand34 and, consequently, generates
half-sandwich species capable of polymerizing butadiene. It is
interesting to note that, in the realm of indenyl-supported half-
sandwich complexes for polymerization reactions, mainly those
of rare-earth metals with smaller ionic radii (Yb, Lu, Sc) have
been studied. This is in contrast to Cp-8 and $uorenyl-
supported35 half-sandwich complexes, which were also
examined for the larger-sized Ln3+ ions. Herein, we report on
the successful synthesis of new lutetocene and indenyl-
supported lanthanum half-sandwich complexes and their
performance in the polymerization of isoprene.

! RESULTS AND DISCUSSION
Synthesis of Ln(III) Indenyl Half-Sandwich and

Sandwich Complexes.The protonolysis reaction based on
homoleptic tetramethylaluminates as precursors, which was
feasible for the synthesis of cyclopentadienyl-supported half-
sandwich complexes,8 indicated only low conversion rates for
La(AlMe4)3 and indene. Therefore, a salt-metathesis protocol,
similar to that successfully applied for the synthesis of
$uorenyl-supported half-sandwich complexes,35 was employed
to access the indenyl congeners (Scheme 1). Accordingly,

treatment of La(AlMe4)3 with 1 equiv of lithium indenide led
to the isolation of the envisaged half-sandwich complexes in
high yields (86! 95%). Complexes1a! 1d are inert toward
ligand scrambling (and formation of the respective metallocene
derivatives) at ambient temperature. However, at elevated
temperatures (110!C), such ligand rearrangements were
found to be quantitative.

When performing the salt-metathesis reaction with Lu-
(AlMe4)3, only a small amount of the corresponding half-
sandwich complex could be detected by1H NMR spectros-
copy, whereas the formation of the corresponding sandwich
complex prevailed. As expected, the yield of the lutetium
bis(indenyl) complex could be improved when employing 2
equiv of lithium indenide. Increasing the steric demand of the
indenyl ligand by varying the substitution pattern at C1 and C2

did not favor the formation of the putative lutetium half-
sandwich complex. The bis(indenyl) complex was even formed
as the main product when a bulkytert-butyl group is attached
to the C2 position.

In a previous study, we were able to isolate the
corresponding$uorenyl half-sandwich complexes for the entire
Ln(III) size range by using a trimethylsilyl-substituted
$uorenyl ligand.35 For comparison, the equimolar reactions
of La(AlMe4)3 with lithium (1-trimethylsilyl) indenide gave
exclusively the half-sandwich complex (IndSi)La(AlMe4)2 (1d),
while the Lu(AlMe4)3 reaction yielded the bis(indenyl)
complex2d.

NMR Spectroscopy of Ln(III) Indenyl Half-Sandwich
and Sandwich Complexes.The 1H NMR spectra of half-
sandwich complexes1a! d revealed a high$uxionality of the
[AlMe4] moieties in solution, as indicated by the singlet signals
in the high-#eld region between! 0.33 and! 0.41 ppm. For
comparison, the [AlMe4] signals of1a! d lie well within the
expected range of the CpR congeners (CpR)Ln(AlMe4)2
(! 0.12 to! 0.33 ppm)8 and $uorenyl complexes (FluR)Ln-
(AlMe4)2 (! 0.40 to! 0.60 ppm; R = H,tBu, SiMe3).

35 Like in
1a, the signal sets for the indenyl hydrogen atoms in1b and1c
indicate a highly symmetric environment at the lanthanum
metal center caused by the substituents at position C2. Due to
the trimethylsilyl substitution at C1, the aromatic protons of
the indenyl ligand IndSi display distinct chemical shifts. IndSi is
prochiral which impacts the formation of sandwich complex
2d, since IndSi can coordinate with either side (re- or si-site) of
the enantiotopic faces.36! 40 Accordingly, the reaction of
Lu(AlMe4)3 with Li(IndSi) a! orded2d with an approximately
9:1 mixture ofmeso(re, siattachment) andracisomer (re, reor
si, si attachment), as assigned by1H NMR spectroscopy at
ambient temperature (Figure 1). The isomeric mixture could
not be separated by fractional crystallization, but we could
obtain single crystals ofmeso-2d suitable for X-ray structure
analysis (vide infra). Inmeso-2d, the terminal methyl groups of
the AlMe4 moiety are related by a mirror plane, while the
bridging ones have a di! erent environment, resulting in a 3:6:3
(0.06/! 0.49/! 1.02 ppm) signal pattern. Because of theC2
symmetry ofrac-2d, one signal each for the terminal and
bridging methyl protons (! 0.48/! 0.49 ppm) was observed,
respectively. The existence of two isomers is also evidenced by
29Si! 1H DEPT-45 NMR spectroscopy. The strong signal at
! 8.40 ppm can be assigned tomeso-2d, while the minor
productrac-2d resonates at! 8.27 ppm (Figure S33). Any silyl
group migration can be ruled out, since the1H NMR spectrum
shows only signal sets of an asymmetrically substituted indenyl
ligand.41 A variable-temperature1H NMR experiment revealed
that an interconversion of the isomers does not occur.
However, at 100!C, broadening of the Lu/Al! CH3 signals
was observed, indicative of emerging [AlMe4] methyl ligand
exchange (Figure S35). Cooling a solution of2d to ! 85 !C
resulted in a splitting of the indenyl (6.10 ppm) and Al! CH3
signals (! 0.29 ppm) of themesoisomer (Figure S36). The1H
and 13C{1H} NMR spectra of the symmetric lutetocene
indenyl complexes2a! c show one set of signals for the indenyl
hydrogen atoms, in agreement with the observations made for
symmetric cyclopentadienyl or$uorenyl sandwich complexes.
The splitting of the [AlMe4] resonance into two singlets (1:1
ratio at ambient temperature) is indicative of bridging and
terminal positions of the methyl groups.

X-ray Structure Analysis of Ln(III) Indenyl Complexes.
The (half-)sandwich complexes1 and2 were examined by X-

Scheme 1. Synthesis of Rare-Earth Metal Indenyl (Half-)
Sandwich Complexes According to Salt-Metathesis
Protocols
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ray crystallography. Suitable single crystals were obtained from
toluene/n-hexane mixtures. Compound1c crystallized as a
monomer reminiscent of the solid-state structures of cyclo-
pentadienyl8 and$uorenyl complexes35 (Figure 2, second from
bottom). The molecular structure of1c features a planar and a
bent [AlMe4] unit, as evidenced by the elongation of the La!
C(! -CH3) in the bent unit (av. 2.762(3) !, cf.Table 1) in
comparison to the planar one (av. 2.693(3) !). This is also
re$ected by distinct La1´´Ál1 (3.0329(8) !,ªbentº) and La1́́ ´
Al2 distances (3.2352(8) !,ªplanarº). The terminal methyl
group C12 of the bent [AlMe4] ligand is located close to the
lanthanum center. The La1´´Ć12 distance of 3.234(3) ! is in
accord with the metrical parameters in (Me3C5H2)La(AlMe4)2
(3.293(2) !) and (FluSi)La(AlMe4)2 (3.297(2) !), but longer
than that in (Flu)La(AlMe4)2 and (FlutBu)La(AlMe4)2
(3.045(4)/3.071(3) !).35 The Lá´Ćt distance of 2.539 ! is
comparable to the corresponding metrics in (tBu3C5H2)La-
(AlMe4)2 (2.53 !).8

The single crystal X-ray di! raction studies of (Ind)La-
(AlMe4)2 (1a) and (IndEt)La(AlMe4)2 (1b) revealed a
dilanthanum structure with bridging La(! -CH3)Al moieties
(Figure 2, two upper depictions, andFigure S41). The
dimerization of such half-sandwich complexes is per se
uncommon but has been observed before in the solid-state
structures of (Me4C5H)La(AlMe4) 2 and (FluSi)La-
(AlMe4)2.

35,42 Considering a! 2-"
1:" 2 [AlMe4] bridging

mode, the lanthanum centers in1a and1b adopt a distorted
octahedral coordination geometry. The Al(! -CH3)La moieties
are almost linear and positionedªcisº to the indenyl ligands.
The La1! C(! -CH3) distances of the" 2-coordinated [AlMe4]
ligands (1a: La1! C14 2.672(3) !, La1! C15 2.725(3) !) are
comparable to those of the planar unit in monomeric complex
1c. In contrast, the! 2-"

1:" 2-bridging [AlMe4] ligands exhibit
elongated La! C(! -CH3) distances (La1! C10 2.763(3) !,
La1! C11 2.940(3) !). Noteworthy, the La1! C11 distance is
even longer than the La1´´Ć12! one of the linear Al(! -CH3)La
unit (2.896(3) !), which is also re$ected in a longer La1´´Ál1
distance of 3.370(1) ! compared to the La1´´Ál2 distance of

3.212(1) !. The lanthanum! centroid distance of 2.535 ! is
comparable to that in monomeric complex1c.

The X-ray di! raction study of complex1d (Figure 2,
bottom) also revealed a dimeric structural motif, but distinct
from that of1a and1b. In 1d, namely, the! 2-"

1:" 2 [AlMe4]
ligands are now positionedªtransº to the indenyl ligands. Each
lanthanum center in1d is formally seven-coordinate by the
indenyl ligand and four methyl groups reminiscent of a four-
legged piano-stool geometry with one additional contact to the
terminal methyl group of the second subunit. The La! C(! -
CH3) bond lengths range from 2.712(1) to 2.753(1) ! and the
La1́´Ál distances of 3.2600(3) and 3.2779(3) ! are very
similar, indicating a symmetric coordination of virtually
identical [AlMe4] units. The distance of the bridging methyl
group C12! to the lanthanum center is 3.277(1) ! and thus
longer than that in dimeric1aand1b, but in accord with the
La1́´Ć12! distance of 3.234(3) ! in1c. The La1́́ Ćt1
distance of 2.531 ! is in the same range as that for complexes
1a! c, although the indenyl ligands have a strong impact on the
overall structure in the solid state.

In contrast to the diversity of the solid-state structures found
for half-sandwich complexes1, the bis(indenyl) compounds2
show, irrespective of the substitution pattern at the indenyl
ligand, the same structural motif (Figure 3, Table 2). For
example, in2c, the Lú´Ćt distances of 2.335/2.334 ! are
comparable to the corresponding distances in bis(Cp) lutetium
complexes43 and the Lu! C(CH3) bond lengths of 2.505(2)
and 2.511(2) ! are in accord with those observed for
(Flu)2Lu(AlMe4) (Lu! C, 2.489(5) !, 2.502(5) !).35

Because of steric constraints of the indenyl ligands in
complexes2a! c, the orientations in the solid state vary with
respect to the substituent in the 2-position and the arene
moiety (Figure 3), which is indicated by the torsion angle C2!
Ct1! Ct2! C11.36,44 Compound2a, exhibiting the sterically
least hindered complex, adopts an almost ecliptic conformation
of the indenyls (torsion angle C2! Ct1! Ct2! C11 33.9! ,
Figure 3, top). In 2b, the sterics of the ethyl groups prevent
this ecliptic conformation and force the ligands into a
staggered conformation (torsion angle C2! Ct1! Ct2! C11

Figure 1.1H NMR spectrum of (IndSi)2Lu(AlMe4) ( 2d) in C6D6 at 26!C (meso-2d: major product;rac-2d: minor product).
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178.0! , Figure 3, top). In complex2c, a staggered
conformation seems disfavored because of secondary inter-
actions of the sterically more demandingtert-butyl substituent
with the six-membered ring of the second indenyl ligand.
Because of this, the torsion angle of2c is smaller than that
detected for complex2b (torsion angle C2! Ct1! Ct2! C11
129.4! , Figure 3, top). Due to the 1-positioned substituent in
2d, a torsion angle of 172.1! can be observed, which is similar
to that in complex2b.

Polymerization of Isoprene. Previous studies from our
group investigating the rare-earth metal bis(tetramethylalum-
inate) library revealed that half-sandwich complexes (L)Ln-
(AlMe4)2 (L = CpR, FluR, pentadienyl)8,35,45 display the most
e" cient precatalysts for the polymerization of isoprene, in
terms of activity and stereospeci#city of the polymer. In order
to assess the performance of indenyl complexes1a! d, the
respective binary catalyst systems were examined in IP
polymerization (Table 3). For better comparability, the
polymerization data of previously investigated related half-
sandwich complexes are included inTable 3. Accordingly, the
precatalysts1a! d were activated with 1 equiv of cocatalyst
[Ph3C][B(C6F5)4] ( A), [PhNHMe2][B(C 6F5)4] ( B), or B-
(C6F5)3 (C). As previously shown,$uorenyl and pentadienyl
half-sandwich complexes can undergoªancillaryº ligand
abstraction when activated with cocatalystA or B.35,45

Therefore, it was crucial to examine whether indenyl half-
sandwich complexes would behave like the$uorenyl congeners
or display the desirable coordination stability of Cp*
complexes. The1H NMR spectra of1 with cocatalystA in
C6D6 at ambient temperature indicated that the activation
proceeds via methyl group abstraction and formation of 1,1,1-
triphenylethane and noncoordinated trimethylaluminum
(Scheme 2, Figure S37). The protonolysis reaction of1 with
cocatalystB led to the exclusive formation of methane and
dimethyl aniline adduct AlMe3(NMe2Ph) (Scheme 2; no
indene detectable,Figure S38).

Consequentially, it can be assumed that the activation of the
indenyl half-sandwich complexes proceeds as in the case of
Cp* half-sandwich complexes and not via indenyl abstraction
like for the$uorenyl congeners35 or indenyl abstractions in
(IndR)Sc(CH2SiMe3)2(thf) ( Chart 1) and (IndMe)2Sc[N-
(SiMe3)2], respectively.31,34 Such distinct reactivities of Cp* ,
$uorenyl, and indenyl complexes were already observed for the
oxidation of Yb(II) metallocenes.46 For the activation with
cocatalystC, 1H NMR spectroscopy suggests a similar scenario
as observed for Cp* or pentadienyl half-sandwich complexes
(Scheme 2, formation of BMe3, Figures S39 and S40).8,45

Precatalysts1a gave polyisoprenes of narrow molecular
weight distributionsMw/ Mn, in particular, when activated with
cocatalystA (Table 3, entry 2,Mw/ Mn = 1.08). A systematic
investigation of the e! ect of the amount of isoprene (500!
1500 equiv) using binary system1a/ A revealed not only the
presence of highly active,trans-1,4-selective catalysts but also
the occurrence of living polymerization (entries 1! 3). As
shown inFigure 4, the molecular weight of the polymers
increased linearly with the addition of isoprene, whereasMw/
Mn remained constant. It is noteworthy that living polymer-
ization was also observed when the monomer was added in
two portions (run 4), with the molecular weight matching that
of run 2.

In! uence of the Indenyl Ligand. The binary system
(IndEt)La(AlMe4)2 (1b)/ A produced polymers with the
highest trans/ cis selectivity (85.9%/10.4%), while the un-

Figure 2.Molecular structures of1a, 1b, 1c, and1d (from top down).
Hydrogen atoms are omitted for clarity. The asymmetric unit for1a
contains two independent molecules. The second molecule and lattice
solvent (toluene) are omitted for clarity. The second molecule of1b
is symmetrically nonequivalent due to distortion of the ethyl moiety.
Bond lengths and angles of1b are listed inFigure S41. Atomic
displacement parameters are set at the 50% probability level. Selected
bond lengths [!] and angles [deg] are displayed inTable 1.
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subsituted indenyl derivative, meaning the mixture (Ind)Ln-
(AlMe4)2 (1a)/ A, gave the lowest one (76.6%/19.9%) (Table
3, entries 2, 5). However, further increasing the steric demand
of the indenyl ligand in1c did not result in a more selective
catalytic performance. This is shown by thetrans/ ciscontent of
polymers produced by1b activated with cocatalystB (84.5%/
11.4%) compared to polymers obtained from the binary
systems1c/ B (80.4%/13.6%) (entries 9, 10) and1a/ B
(74.4%/21.4%) (entry 8). The minor in$uence of ancillary

ligand substitution was already observed for CpRLa(AlMe4)2.
8

Moreover, comparison of1c and1d re$ects the e! ect of the
substitution position C1 or C2 at the indenyl ligand on the
catalytic performance. Unsurprisingly, and in accord with the
similar steric bulk of IndtBu and IndSi, thetrans/ cisselectivities
obtained with the binary systems1c/ A (82.5%/12.1%) and
1d/ A (83.2%/12.0%) are similar (Table 3, entries 6, 7). The
(NMR-con#rmed) stability of the La! IndR moiety toward
cationization was corroborated by the polymerization results,

Table 1. Selected Bond Lengths [!] and Angles [deg] of 1a! 1d

1a 1b 1c 1d

La1́´Ćta 2.535 2.533 2.539 2.531
La1! C1-4/9 2.762(3)! 2.853(3) 2.781(5)! 2.836(4) 2.772(2)! 2.868(2) 2.763(1)! 2.8484(9)
La1! C10 2.763(3) 2.967(5) 2.794(3) 2.753(1)
La1! C11 2.940(3) 2.757(5) 2.729(3) 2.734(1)
La1! C14 2.672(3) 2.694(5) 2.711(3) 2.719(1)
La1! C15 2.725(3) 2.714(5) 2.674(3) 2.712(1)
La1!´´Ć12/La1́´Ć12 2.896(3) 2.973(5) 3.234(3) 3.277(1)
La1́´Ál1 3.370(1) 3.382(2) 3.0329(8) 3.2600(3)
La1́´Ál2 3.212(1) 3.221(2) 3.2352(8) 3.2779(3)
C10! La1! C11 74.34(8) 73.7(1) 72.98(9) 77.85(3)
C14! La1! C15 79.29(9) 79.2(2) 78.97(8) 78.26(3)

aCt = centroid of the#ve-membered ring involving C1, C2, C3, C4, C9.

Figure 3.Top: Illustrations of the indenyl arrangements in sandwich complexes2a, 2b, 2c, and2d. The lutetium center and [AlMe4] unit are
omitted for clarity. Bottom: Molecular structures of2a, 2b, 2c, and2d (left to right). Hydrogen atoms are omitted for clarity. Atomic displacement
parameters are set at the 50% probability level. Selected bond lengths [!] and angles [deg] are displayed inTable 2.

Table 2. Selected Bond Lengths [!] and Angles [deg] of 2a! 2d

1a 1b 1c 1d

Lu1́ ´Ćt1a 2.305 2.292 2.335 2.315
Lu1́ ´Ćt2 2.293 2.304 2.334 2.300
Lu1! C1-4/9 2.544(7)! 2.674(6) 2.526(1)! 2.648(1) 2.583(2)! 2.674(2) 2.548(2)! 2.681(2)
Lu1! C10-13/18 2.542(7)! 2.655(6) 2.549(1)! 2.646(2) 2.583(2)! 2.672(2) 2.562(2)! 2.658(2)
Lu1! C19 2.510(7) 2.497(2) 2.511(2) 2.490(2)
Lu1! C20 2.484(6) 2.491(2) 2.505(2) 2.514(2)
Lu1́ ´Ál1 2.9770(5) 2.9796(1) 2.998(1) 2.9947(4)
C2! Ct1! Ct2! C11 33.9 178.0 129.4 172.1

aCt1 = centroid of the#ve-membered ring involving C1, C2, C3, C4, C9; Ct2 = centroid of the#ve-membered ring involving C10, C11, C12, C13,
C18.
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documenting that, with respect totrans-1,4 selectivity, the
binary systems1/ A and1/ B outperform the catalyst based on
$uorenyl (II , entries 19 and 20) and pentadienyl (III , entries
22 and 23) ligands, coming closest to the striking performance

Table 3. Polymerization of Isoprene with Half-Sandwich Ln(III) Precatalysts

entrya precatalyst cocatalystb yield [%] cis-1,4-c trans-1,4-c 3,4-c Mn
d (" 104) Mw/M n

d Tg [ !C]e ref

1g 1a A 95 14.9 82.6 2.6 3.2 1.04 ! 65 f

2 1a A 98 19.9 76.6 3.5 6.1 1.08 ! 63 f

3h 1a A >99 18.4 77.7 3.9 9.1 1.07 ! 63 f

4i 1a A 99 12.8 84.8 2.5 6.2 1.05 ! 64 f

5 1b A >99 10.4 85.9 3.7 6.6 1.11 ! 61 f

6 1c A 96 12.1 82.5 5.4 6.0 1.08 ! 64 f

7 1d A >99 12.0 83.2 4.8 5.7 1.10 ! 64 f

8 1a B 98 21.4 74.4 4.2 8.4 1.10 ! 62 f

9 1b B >99 11.4 84.5 4.1 5.9 1.11 ! 62 f

10 1c B 94 13.6 80.4 6.0 6.7 1.06 ! 63 f

11 1d B 97 13.9 81.0 5.1 6.1 1.12 ! 63 f

12 1a C 57 57.6 37.1 5.3 25.3 1.30 ! 62 f

13 1b C 58 56.7 39.6 3.7 26.3 1.32 ! 62 f

14 1c C 82 51.3 46.0 2.7 25.4 1.29 ! 63 f

15 1d C 34.5 77.0 13.0 10.0 26.1 1.34 ! 58 f

16j I A >99 1.2 89.4 9.4 7.0 1.28 10
17j I B >99 2.9 87.5 9.6 7.0 1.23 10
18k I C >99 99.5 0.5 24.0 1.18 10
19 II A >99 16.3 74.3 9.4 4.8 1.27 ! 65.7 35
20 II B 98 9.6 80.0 10.4 4.9 1.17 ! 63.7 35
21 II C 84 26.7 56.7 16.6 14.2 1.42 ! 60.4 35
22l III A >99 44.1 52.0 3.9 4.7 1.12 ! 61.9 45
23l III B >99 43.6 51.7 4.7 4.4 1.10 ! 61.8 45
24l III C >99 55.4 41.7 2.9 6.7 1.15 ! 61.4 45

aGeneral polymerization procedure: 0.02 mmol of precatalyst, 8 mL of toluene, 20 mmol of isoprene, 1 h, 40!C. bA = [Ph3C][B(C6F5)4]; B =
[PhNMe2H][B(C 6F5)4]; C = B(C6F5)3; catalyst preformation: 30 min.cDetermined by1H and 13C {1H} NMR spectroscopy in CDCl3.
dDetermined by GPC against polystyrene standards.eDetermined by DSC at 20 K/min.fThis work.g10 mmol of isoprene, polymerization for 1 h.
h30 mmol of isoprene, polymerization for 3 h.i2 " 10 mmol of isoprene, addition of the second portion after 1 h, polymerization for 2 h in total.
jGeneral polymerization procedure: 0.02 mmol of precatalyst, 8 mL of toluene, 20 mmol of isoprene, 1 h, 40!C, preformation 20 min.kGeneral
polymerization procedure: 0.02 mmol of precatalyst, 8 mL of toluene, 20 mmol of isoprene, 18 h, 40!C, preformation 20 min.lGeneral
polymerization procedure: 0.02 mmol of precatalyst, 8 mL of toluene, 20 mmol of isoprene, 2 h, 40!C, preformation 30 min.

Scheme 2. Active Species Obtained from Lanthanum
Complexes 1 with Cocatalysts A, B, and C as Proposed by
NMR Spectroscopy

Figure 4.Isoprene polymerization with1a/ A. Molecular weight vs
equiv of isoprene (! ) andMw/ Mn vs equiv of isoprene (" ).
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of the pentamethylcyclopentadienyl derivative (I, entries 16
and 17). Surely, unrivalled remains the performance of
(C5Me5)La(AlMe4)2/ C (trans-1,4 content: 99.5%,Mw/ Mn =
1.18, entry 18).10,35,45

In! uence of the Cocatalyst. In general, cationic species
generated in situ by treatment of (IndR)La(AlMe4)2 (1) with
[Ph3C][B(C 6F5)4] ( A) or [PhNMe2H][B(C 6F5)4] ( B)
showed high activation e" ciencies and gaveMw/ Mn narrower
than 1.4, reaching minimum values for cocatalystA (e.g.,Table
3, entries 2 and 6). The observed catalyst activities are
comparable to the ones reported for other lanthanum-based
catalysts.8,35 In accordance with literature data is also the
#nding that the overall polymer yields are higher in the
presence of cocatalystsA andB, than for the activation withC,
re$ecting a di! erent activation mechanism. Polymers produced
by catalysts1/ A have slightly lowercis-1,4 contents (12.0%,
entry 7), compared to1/ B (13.9%, entry 11). Correspond-
ingly, thetrans-1,4 contents are vice versa, with systems1d/ A
and 1d/ B givingtrans-1,4 contents of 83.2% (entry 7) and
81.0% (entry 11), respectively. CocatalystsA and B also
signi#cantly a! ect the molecular weightsMn of the
polyisoprenes (e.g., 6.1" 104, entry 2 versus 8.4" 104,
entry 8). Striking is that the indenyl complexes1 activated by
neutral boraneC give preferentiallycis-1,4 polyisoprenes
(maximum 77.0% for1d, entry 15). This behavior is similar to
that of the open half-sandwich complexIII (55.4%cis-1,4,
entry 15) but in stark contrast to the benchmark system
(C5Me5)La(AlMe4)2 (<1% cis-1,4, entry 18). In general,
activation of half-sandwich complexes withC is considerably
less e" cient, as revealed by larger molecular weights, ranging
from 26.3" 104 (1b, entry 13) to 14.2" 104 ǵmol! 1 (II , entry
21). This can be explained by the presence of a smaller number
of catalytically active rare-earth metal centers. An exception
here is open half-sandwich complexIII (55.4%cis-1,4; entry
15), revealing close-to-ideal e" ciency (Mn = 6.7" 104 ǵmol! 1,
entry 24).

! CONCLUSION
Salt-metathesis protocols applying Ln(AlMe4)3 and Li(IndR)
give e" cient access to lanthanum half-sandwich complexes
(IndR)La(AlMe4)2 and lutetium sandwich complexes (IndR)2-
Lu(AlMe4). The substitution pattern of the indenyl ligand,
featured by the steric demand of the substituent (R = H, Et,
tBu, SiMe3) and its ring position (1 versus 2), markedly
impacts the solid-state structural chemistry of the half-
sandwich derivatives. Distinct dimeric motifs prevail for
indenyl, 2-ethylindenyl, and 1-trimethylsilylindenyl, while 2-
tert-butylindenyl displays a monomeric structure, reminiscent
of the cyclopentadienyl congeners. The indenyl substitution
bears also on the metallocene structure as revealed by varying
indenyl orientations in the solid state and the formation of
inconvertibleracemicandmesoisomers for (IndSi)2Lu(AlMe4).

The polymerization experiments complement nicely the
previous studies on the$uorenyl and cyclopentadienyl
congeners to reveal e" cient catalysts for isoprene polymer-
ization. Upon activation with per$uorinated borates [Ph3C]-
[B(C6F5)4] and [PhNMe2H][B(C 6F5)4], the cationized
indenyl half-sandwich tetramethylaluminate complexes show
excellent activities (yield > 99%). Like with cyclopentadienyl
and unlike with$uorenyl and pentadienyl half-sandwich
complexes, anyªancillaryº ligand abstraction was not observed.
Thus, the combination of indenyl with tetramethylaluminato
ligands provides the desired coordination site stability of the

active species. Although the indenyl-based catalysts do not
achieve the hightrans-1,4 contents accessible with the
pentamethylcyclopentadienyl congener (maximum 85.9% for
(IndEt)La(AlMe4)2), the living manner of the isoprene
polymerization is clearly evidenced. Interestingly, using borane
B(C6F5)3 as an activator switches the regioselectivity tocis-1,4
(maximum 77.0% for (IndSi)La(AlMe4)2).

! EXPERIMENTAL SECTION
General Procedures.All manipulations were performed with

rigorous exclusion of air and water, using standard Schlenk, high-
vacuum, and glovebox techniques (MBraun UNIlab-pro-dp; <0.5
ppm of O2, <0.5 ppm of H2O). Toluene andn-hexane were puri#ed
by using Grubbs-type columns (MBraun SPS, solvent purifaction
system) and stored inside a glovebox. [D8]thf and [D6]benzene were
purchased from Aldrich, degassed and dried over NaK for 24 h,
#ltered, and stored inside a glovebox. Ethylindene was obtained from
abcr. [Ph3C][B(C6F5)4], [PhNMe2H][B(C 6F5)4], and B(C6F5)3 were
obtained from Boulder Scienti#c Company and used without further
puri#cation. Indene, trioctylaluminum, and isoprene were purchased
from Sigma-Aldrich. Isoprene was dried over trioctylaluminum and
distilled prior to use. Homoleptic Ln(AlMe4)3 (Ln = La, Lu),47

HIndSi, and HIndtBu,48,49 as well as Li(Ind), Li(IndEt), Li(IndSi), and
Li(IndtBu), were prepared according to literature procedures.50 NMR
spectra were recorded on a Bruker AVBII+400 (1H: 400.11 MHz;
13C: 100.61 MHz) spectrometer. Variable-temperature NMR experi-
ments were recorded on a Bruker AVII+500 spectrometer (1H:
500.13 MHz;13C: 125.76 MHz).1H and13C shifts are referenced to
internal solvent resonances and reported inparts per millionrelative to
tetramethylsilane (TMS). Coupling constants are given in Hz.
Elemental analyses were performed on an Elementar Vario Micro
Cube. IR spectra were recorded on a NICOLET 6700 FTIR
spectrometer with a DRIFT cell (KBr window). Size exclusion
chromatography (SEC) was performed on a Viscotek GPCmax
apparatus and a model TDA 302 triple detector array. Sample
solutions (1.0 mg polymer per mL thf) were#ltered through a 0.45
! m syringe#lter prior to injection. The$ow rate was 1 mL/min. dn/
dc and dA/dc data were determined by means of the integrated
OmniSec software. The microstructure of the polyisoprenes was
determined on Bruker AVBII+400 and Bruker DRX250 spectrometers
in [D]chloroform at ambient temperature. The glass transition
temperature (Tg) of the polyisoprenes was determined on an
PerkinElmer DSC 8000 with heating rates of 20 K/min and cooling
rates of 60 K/min.

Synthesis of (Ind)La(AlMe4)2 (1a). La(AlMe4)3 (50 mg, 0.13
mmol) was dissolved in toluene (5 mL), and Li(Ind) (15 mg, 0.13
mmol) was slowly added under vigorous stirring. After stirring the
reaction mixture for 5 h at 40!C, the solid residue (LiAlMe4) was
#ltered o! and the solvent was removed in vacuo to give1a as a
colorless solid. Crystalline1awas obtained from a saturatedn-hexane
/toluene solution at! 35 !C (51 mg, 0.12 mmol, 95%).1H NMR
(400 MHz, [D6]benzene, 26!C): ' = 7.25! 7.30 (m, 2 H, 5/8IndH),
6.85! 6.90 (m, 2 H, 6/7IndH), 6.44 (t,3JHH = 3.4 Hz, 1 H, 2IndH),
6.19! 6.21 (m, 2 H, 1/3IndH),! 0.41 (s, 24 H, AlMe4) ppm.13C{1H}
NMR (101 MHz, [D6]benzene, 26!C): ' = 131.4 (4/9Ind), 125.2
(2Ind), 124.3 (6/7Ind), 123.4 (5/8Ind), 105.2 (1/3Ind), 2.80 (br. s,
AlMe4) ppm. IR (DRIFT): ( "= 3075 (vw), 3049 (vw), 3033 (vw),
2922 (w), 2883 (w), 2791 (vw), 1940 (vw), 1916 (vw), 1792 (vw),
1695 (vw), 1559 (vw), 1477 (vw), 1446 (vw), 1418 (vw), 1401 (vw),
1384 (vw), 1332 (w), 1256 (vw), 1208 (m), 1182 (m), 1119 (vw),
1039 (w), 1000 (m), 946 (vw), 865 (vw), 790 (vs), 750 (s), 705 (vs),
699 (vs), 692 (vs), 621 (m), 600 (m), 583 (s), 568 (vs), 508 (w), 485
(w), 444 (s) cm! 1. Elemental analysis of crystalline1a, calcd for
C17H31Al2La (428.30 ǵmol! 1): C 47.67, H 7.30; found: C 47.55, H
7.29.

Synthesis of (IndEt)La(AlMe4)2 (1b). La(AlMe4)3 (50 mg, 0.13
mmol) was dissolved in toluene (5 mL), and Li(IndEt) (19 mg, 0.13
mmol) was slowly added under vigorous stirring. After stirring the
reaction mixture for 5 h at 40!C, the solid residue (LiAlMe4) was
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#ltered o! and the solvent was removed in vacuo to give1b as a
colorless solid. Crystalline1b was obtained from a saturatedn-hexane
/toluene solution at! 35 !C (51 mg, 0.11 mmol, 86%).1H NMR
(400 MHz, [D6]benzene, 26!C): ' = 7.23! 7.28 (m, 2 H, 5/8IndH),
6.82! 6.91 (m, 2 H, 6/7IndH) 6.05 (s, 2 H, 1/3IndH), 2.46 (q,3JHH
= 7.50 Hz, 2 H, IndCH2Me), 1.03 (t, 3JHH = 7.54 Hz, 3 H,
IndCH2Me), ! 0.37 (s, 24 H, AlMe4) ppm.13C{1H} NMR (101 MHz,
[D6]benzene, 26!C): ' = 145.5 (2Ind), 132.1 (4/9Ind), 123.8 (6/
7Ind), 123.0 (5/8Ind), 104.2 (1/3Ind), 24.7 (IndCH2Me), 16.6
(IndCH2Me), 2.9 (br. s, AlMe4) ppm. IR (DRIFT):( "= 3074 (vw),
3060 (vw), 2964 (w), 2930 (m), 2887 (m), 2822 (w), 2773 (w),
1937 (vw), 1909 (vw), 1883 (vw), 1815 (vw), 1788 (vw), 1694 (vw),
1595 (vw), 1558 (vw), 1530 (vw), 1473 (w), 1455 (w), 1438 (w),
1418 (w), 1389 (vw), 1375 (vw), 1348 (w), 1331 (w), 1315 (vw),
1297 (w), 1280 (w), 1211 (s), 1202 (s), 1189 (s), 1169 (w), 1153
(vw), 1125 (w), 1060 (vw), 1047 (vw), 1010 (m), 943 (vw), 930
(vw), 885 (vw), 814 (vs), 783 (m), 748 (vs), 710 (vs), 698 (vs), 687
(vs), 677 (vs), 658 (m), 645 (m), 619 (s), 613 (s), 598 (s), 592 (s),
586 (vs), 574 (vs), 565 (vs), 548 (vs), 537 (s), 526 (m), 509 (m),
493 (m), 482 (s), 471 (w), 458 (m), 444 (w), 425 (vw), 418 (vw),
407 (w) cm! 1. Elemental analysis of crystalline1b, calcd for
C19H35Al2La (456.36 ǵmol! 1): C 50.01, H 7.73; found: C 49.89, H
7.93.

Synthesis of (IndtBu)La(AlMe4)2 (1c). La(AlMe4)3 (50 mg, 0.13
mmol) was dissolved in toluene (5 mL), and Li(IndtBu) (22 mg, 0.13
mmol) was slowly added under vigorous stirring. After stirring the
reaction mixture for 5 h at 40!C, the solid residue (LiAlMe4) was
#ltered o! and the solvent was removed in vacuo to give1c as a
colorless solid. Crystalline1c was obtained from a saturatedn-hexane
/toluene solution at! 35 !C (58 mg, 0.12 mmol, 94%).1H NMR
(400 MHz, [D6]benzene, 26!C): ' = 7.26! 7.31 (m, 2 H, 5/8IndH),
6.81! 6.86 (m, 2 H, 6/7IndH), 6.16 (s, 2 H, 1/3IndH), 1.17 (s, 9 H,
IndCMe3), ! 0.33 (s, 24 H, AlMe4) ppm. 13C{1H} NMR (101 MHz,
[D6]benzene, 26!C): ' = 154.8 (2Ind), 132.0 (4/9Ind), 123.5 (5/
8Ind), 123.3 (6/7Ind), 102.3 (1/3Ind), 33.7 (CMe3), 32.2 (CMe3),
3.4 (AlMe4) ppm. IR (DRIFT):( "= 3058 (vw), 2964 (m), 2953 (m),
2927 (m), 2883 (m), 2780 (w), 1937 (vw), 1909 (vw), 1884 (vw),
1813 (vw), 1786 (vw), 1693 (vw), 1595 (vw), 1573 (vw), 1558 (vw),
1539 (vw), 1505 (vw), 1478 (w), 1463 (w), 1455 (w), 1440 (w),
1429 (w), 1393 (vw), 1367 (w), 1360 (w), 1347 (w), 1286 (m), 1223
(m), 1203 (s), 1181 (s), 1087 (vw), 1022 (vw), 999 (vw), 940 (vw),
918 (vw), 846 (vw), 825 (w), 803 (s), 772 (w), 766 (w), 750 (s), 706
(vs), 697 (vs), 688 (vs), 681 (vs), 639 (w), 593 (m), 585 (s), 577 (s),
567 (s), 561 (s), 546 (s), 526 (m), 517 (m), 511 (m), 498 (w), 483
(m), 456 (vw), 449 (w), 438 (vw), 418 (m), 403 (vw) cm! 1.
Elemental analysis of crystalline1c, calcd for C21H39Al2La (484.41 ǵ
mol! 1): C 52.07, H 8.12; found: C 52.30, H 8.25.

Synthesis of (IndSi)La(AlMe4)2 (1d). La(AlMe4)3 (50 mg, 0.13
mmol) was dissolved in toluene (5 mL), and Li(IndSi) (24 mg, 0.13
mmol) was slowly added under vigorous stirring. After stirring the
reaction mixture for 5 h at 40!C, the solid residue (LiAlMe4) was
#ltered o! and the solvent was removed in vacuo to give1d as a
colorless solid. Crystalline1d was obtained from a saturatedn-hexane
/toluene solution at! 35 !C (57 mg, 0.11 mmol, 87%).1H NMR
(400 MHz, [D6]benzene, 26!C): ' = 7.60! 7.65 (m, 1 H, 5IndH),
7.26! 7.31 (m, 1 H, 8IndH), 6.91! 6.97 (m, 2 H, 6/7IndH), 6.87 (d,
3JHH = 3.42 Hz, 1H, 2IndH), 6.62 (dd,3JHH = 3.42 Hz,4JHH = 0.89
Hz, 1H, 3IndH), 0.27 (s, 9H, IndSiMe3), ! 0.38 (s, 24H, AlMe4) ppm.
13C{1H} NMR (101 MHz, [D6]benzene, 26!C): ' = 137.7 (9Ind),
135.1 (4Ind), 133.0 (2Ind), 124.9 (5Ind), 124.7 (6Ind), 124.6
(7Ind), 123.9 (8Ind), 114.0 (1Ind), 110.7 (3Ind), 3.1 (AlMe4), 1.2
(IndSiMe3) ppm. IR (DRIFT):( "= 3078 (vw), 2950 (w), 2887 (m),
2787 (vw), 1936 (vw), 1907 (vw), 1812 (vw), 1787 (vw), 1684 (vw),
1583 (vw), 1525 (vw), 1469 (vw), 1442 (w), 1416 (w), 1366 (vw),
1329 (w), 1291 (vw), 1251 (m), 1209 (m), 1186 (m), 1156 (w),
1145 (w), 1077 (w), 1055 (vw), 1005 (vw), 963 (w), 940 (vw), 896
(vw), 835 (vs), 792 (m), 750 (vs), 734 (s), 709 (vs), 698 (vs), 646
(w), 608 (m), 580 (s), 552 (w), 497 (w), 449 (m), 436 (w), 401 (w)
cm! 1. Elemental analysis of crystalline1d, calcd for C20H39Al2SiLa
(500.49 ǵmol! 1): C 48.00, H 7.85; found: C 48.20, H 8.02.

Synthesis of (Ind)2Lu(AlMe4) (2a). Lu(AlMe4)3 (50 mg, 0.12
mmol) was dissolved in toluene (5 mL), and Li(Ind) (28 mg, 0.23
mmol) was slowly added under vigorous stirring. After stirring the
reaction mixture for 8 h at 40!C, the solid residue (LiAlMe4) was
#ltered o! and the solvent was removed in vacuo to give2a as a
colorless solid. Crystalline2awas obtained from a saturatedn-hexane
/toluene solution at! 35 !C (38 mg, 0.08 mmol, 64%).1H NMR
(400 MHz, [D6] benzene, 26!C): ' = 7.24! 7.32 (m, 4 H, 5/8IndH),
6.85! 6.91 (m, 4 H, 6/7IndH), 5.83! 5.87 (m, 2 H, 2IndH), 5.77!
5.81 (m, 4 H, 1/3IndH),! 0.45 (s, 6 H, LuMe2AlMe2), ! 0.64 (s, 6 H,
LuMe2AlMe2) ppm.13C{1H} NMR (101 MHz, [D6]benzene, 26!C):
' = 126.7 (4/8Ind), 124.1 (5/8Ind), 123.3 (6/7Ind), 119.9 (2Ind),
99.6 (1/3Ind), 15.2 (LuMe2AlMe2), ! 6.7 (br. s, LuMe2AlMe2) ppm.
IR (DRIFT): ( "= 3065 (w), 3050 (w), 3032 (w), 3008 (vw), 2929
(m), 2883 (w), 2814 (w), 1932 (vw), 1906 (vw), 1783 (vw), 1684
(vw), 1604 (vw), 1588 (vw), 1524 (vw), 1478 (vw), 1447 (w), 1400
(vw), 1332 (vs), 1238 (m), 1214 (s), 1188 (s), 1120 (vw), 1041 (m),
997 (vw), 940 (vw), 893 (vw), 867 (w), 844 (vw), 787 (vs), 747 (vs),
706 (vs), 698 (vs), 621 (m), 593 (m), 575 (m), 549 (w), 484 (m),
447 (vs) cm! 1. Elemental analysis of crystalline2a, calcd for
C22H26AlLu (492.40 ǵmol! 1): C 53.66, H 5.32; found: C 53.36, H
5.41.

Synthesis of (IndEt)2Lu(AlMe4) (2b). Lu(AlMe4)3 (50 mg, 0.12
mmol) was dissolved in toluene (5 mL), and Li(IndEt) (35 mg, 0.23
mmol) was slowly added under vigorous stirring. After stirring the
reaction mixture for 8 h at 40!C, the solid residue (LiAlMe4) was
#ltered o! and the solvent was removed in vacuo to give2b as a
colorless solid. Crystalline2b was obtained from a saturatedn-hexane
/toluene solution at! 35 !C (34 mg, 0.06 mmol, 52%).1H NMR
(400 MHz, [D6]benzene, 26!C): ' = 7.28! 7.33 (m, 4 H, 5/8IndH),
6.80! 6.86 (m, 4 H, 6/7IndH), 5.89 (s, 4 H, 1/3IndH), 2.13 (q,3JHH
= 7.48 Hz, 4 H, IndCH2Me) 0.96 (t, 3JHH = 7.48 Hz, 6 H,
IndCH2Me), ! 0.34 (s, 6 H, LuMe2AlMe2), ! 0.64 (s, 6 H,
LuMe2AlMe2) ppm. 13C{1H} NMR (101 MHz, [D6]benzene, 26
!C): ' = 138.4 (2Ind), 126.6 (4/9Ind), 123.6 (5/8Ind), 122.2 (6/
7Ind), 99.1 (1/3Ind), 24.1 (IndCH2Me), 16.9 (AlMe4) 16.6
(IndCH2Me) ppm. IR (DRIFT): ( "= 3102 (vw), 2928 (m), 2917
(m), 2904 (m), 2887 (m), 2829 (m), 2821 (m), 2793 (w), 1809
(vw), 1765 (vw), 1688 (vw), 1528 (vw), 1435 (w), 1374 (vw), 1352
(vw), 1332 (vw), 1313 (vw), 1281 (w), 1227 (s), 1194 (s), 1121
(vw), 1053 (vw), 999 (vw), 943 (vw), 930 (vw), 888 (vw), 846 (vw),
807 (w), 762 (m), 746 (m), 725 (vs), 720 (vs), 707 (vs), 700 (vs),
693 (vs), 686 (vs), 671 (s), 661 (s), 646 (m), 630 (m), 615 (m), 607
(m), 601 (m), 590 (m), 571 (vs), 564 (s), 554 (s), 550 (vs), 542 (vs),
535 (vs), 524 (s), 514 (s), 502 (s), 486 (m), 472 (s), 467 (m), 455
(vs), 451 (vs), 446 (vs), 436 (w), 426 (vs), 409 (m), 403 (w) cm! 1.
Elemental analysis of crystalline2b, calcd for C26H34AlLu (548.51 ǵ
mol! 1): C 56.93, H 6.25; found: C 56.75, H 6.24.

Synthesis of (IndtBu)2Lu(AlMe4) (2c).Lu(AlMe4)3 (50 mg, 0.12
mmol) was dissolved in toluene (5 mL), and Li(IndtBu) (41 mg, 0.23
mmol) was slowly added under vigorous stirring. After stirring the
reaction mixture for 8 h at 40!C, the solid residue (LiAlMe4) was
#ltered o! and the solvent was removed in vacuo to give2c as a
colorless solid. Crystalline2c was obtained from a saturatedn-hexane
/toluene solution at! 35 !C (41 mg, 0.07 mmol, 60%).1H NMR
(400 MHz, [D6]benzene, 26!C): ' = 7.29! 7.34 (m, 4 H, 5/8IndH),
6.78! 6.83 (m, 4 H, 6/7IndH), 6.06 (s, 4 H, 1/3IndH), 1.12 (s, 18 H,
Me3C-Ind), ! 0.33 (s, 6 H, LuMe2AlMe2) ! 0.56 (s, 6 H,
LuMe2AlMe2) ppm. 13C{1H} NMR (101 MHz, [D6]benzene, 26
!C): ' = 149.3 (2Ind), 126.5 (4/9Ind), 124.2 (5/8Ind), 122.2 (6/
7Ind), 97.3 (1/3Ind), 33.8 (CMe3), 32.2 (CMe3), 16.1 (Lu-
Me2AlMe2) ! 5.30 (s, LuMe2AlMe2) ppm. IR (DRIFT): ( "= 3081
(w), 3054 (w), 3034 (w), 2964 (vs), 2935 (m), 2886 (m), 2818 (w),
1949 (vw), 1928 (vw), 1903 (vw), 1881 (vw), 1866 (vw), 1808 (vw),
1783 (vw), 1686 (vw), 1602 (vw), 1582 (vw), 1531 (vw), 1493 (w),
1478 (m), 1460 (m), 1444 (m), 1392 (w), 1367 (m), 1351 (s), 1330
(vw), 1289 (m), 1236 (m), 1223 (m), 1207 (m), 1193 (m), 1151
(vw), 1089 (w), 1023 (vw), 999 (w), 968 (vw), 943 (w), 918 (vw),
888 (vw), 843 (vw), 827 (w), 810 (s), 803 (vs), 777 (w), 761 (m),
747 (vs), 733 (vs), 698 (vs), 675 (vs), 614 (m), 602 (m), 582 (m),

Organometallics Article

DOI:10.1021/acs.organomet.9b00344
Organometallics2019, 38, 3007! 3017

3014



571 (m), 518 (vw), 481 (s), 466 (w), 449 (vw), 425 (m) cm! 1.
Elemental analysis of crystalline2c, calcd for C30H42AlLú0.5C7H8
(650.69 ǵmol! 1): C 63.78, H 7.23; found: C 62.99, H 7.21. Although
these results are outside the range viewed as establishing analytical
purity (C: ! 0.79%), they are provided to illustrate the best values
obtained to date.

Synthesis of (IndSi)2Lu(AlMe4) (2d). Lu(AlMe4)3 (50 mg, 0.12
mmol) was dissolved in toluene (5 mL), and Li(IndSi) (45 mg, 0.23
mmol) was slowly added under vigorous stirring. After stirring the
reaction mixture for 8 h at 40!C, the solid residue (LiAlMe4) was
#ltered o! and the solvent was removed in vacuo to give2d as a
colorless solid. Crystalline2d was obtained from a saturatedn-hexane
/toluene solution at! 35 !C (51 mg, 0.08 mmol, 67%).1H NMR
(400 MHz, [D6] benzene, 26!C): Major isomer (90%)' = 7.75!
7.79 (m, 2 H, 8IndH), 7.25! 7.29 (m, 2 H, 5IndH), 7.04! 7.09 (m, 2
H, 6IndH), 6.95! 7.00 (m, 2 H, 7IndH), 6.28 (dd,3JHH = 3.30 Hz,
4JHH = 0.89 Hz, 2 H, 3IndH), 5.80 (d,3JHH = 3.29 Hz, 2 H, 2IndH),
0.23 (s, 18 H, SiMe3), 0.06 (s, 3 H, AlMe), ! 0.49 (s, 6 H, AlMe2),
! 1.02 (s, 3 H, AlMe) ppm. Minor isomer (10%):' = 6.89! 6.94 (m, 2
H, IndH), 6.59 (d,3JHH = 3.30 Hz, 2 H, Ind H), 5.67 (dd,3JHH = 3.29
Hz,4JHH = 0.76 Hz, 2 H, IndH), 0.31 (s, 18 H, SiMe3), ! 0.48 (br. s, 6
H, AlMe2), ! 0.49 (s, 6 H, AlMe2) ppm. Further minor isomer signals
overlapping with peaks of major isomer.13C{1H} NMR (101 MHz,
[D6]benzene, 26!C): Major isomer (90%)' = 134.2 (4Ind), 129.8
(9Ind), 129.6 (2Ind), 126.3 (8Ind), 124.3 (5Ind), 124.0 (6Ind),
124.0 (7Ind), 107.9 (1Ind), 105.7 (3Ind) 16.1 (AlMe), 13.2 (AlMe),
1.4 (SiMe3), ! 7.35 (br. s, AlMe2) ppm. Minor isomer signals were not
assigned.29Si! 1H DEPT 45 (50 MHz, [D6]benzene, 26!C) ' =
! 8.27 (minor,rac-2d), ! 8.40 (major,meso-2d) ppm. IR (DRIFT):( "
= 3081 (vw), 3053 (vw), 3023 (vw), 2999 (vw), 2957 (w), 2926 (w),
2885 (w), 2817 (vw), 1940 (vw), 1809 (vw), 1789 (vw), 1765 (vw),
1688 (vw), 1590 (vw), 1523 (vw), 1495 (vw), 1470 (w), 1444 (w),
1407 (w), 1366 (vw), 1330 (w), 1293 (w), 1249 (vs), 1191 (w), 1157
(m), 1144 (m), 1123 (vw), 1054 (vw), 1005 (vw), 963 (m), 943
(vw), 896 (vw), 881 (w), 843 (vs), 835 (vs), 796 (m), 780 (s), 760
(vs), 743 (s), 713 (s), 707 (s), 699 (vs), 645 (m), 621 (m), 590 (w),
571 (w), 553 (vw), 484 (m), 450 (m), 436 (m), 405 (vs) cm! 1.
Elemental analysis of crystalline2b, calcd for C28H42Si2AlLu (636.76
ǵmol! 1): C 52.82, H 6.65; found: C 53.03, H 6.81.

Polymerization of Isoprene. Exemplarily, the polymerization
procedure is described for entry 2 ofTable 3. [Ph3C][B(C6F5)4]
(cocatalystA) (18.22 mg, 0.02 mmol) was added to a solution of1a
(8.57 mg, 0.02 mmol) in toluene (8 mL). The mixture was aged at
ambient temperature for 30 min. Then isoprene (1.36 g, 20 mmol)
was added and the polymerization was carried out at 40!C for 1 h.
The reaction was terminated by pouring the polymerization mixture
into 25 mL of methanol containing 0.1% (w/w) 2,6-di-tert-butyl-4-
methylphenol as a stabilizer. The polymer was washed with methanol
and dried under vacuum at ambient temperature to constant weight.

Crystallography. Crystals from all (half-)sandwich complexes
suitable for X-ray crystallography were grown by standard techniques
from saturatedn-hexane orn-hexane/toluene solutions at! 40 !C.
Single crystals were selected inside a glovebox, coated with Parabar
10312 (previously known as Paratone N, Hampton Research) or
per$ourinated ether and#xed on a microloop. Data were collected on
a Bruker APEX DUO instrument equipped with an I! S microfocus
sealed tube and QUAZAR optics for Mo K%radiation () = 0.71073
!) except 1b. There, data were collected on a Bruker SMART APEX
II instrument equipped with a#ne focus sealed tube and TRIUMPH
monochromator using Mo K%radiation () = 0.71073 !). The data
collection strategy was determined using COSMO51 employing* and
+ scans. Raw data were processed using APEX52 and SAINT;53

corrections for absorption e! ects were applied using SADABS.54 All
data were processed using the APEX352 software package. The
structures were solved by direct methods and re#ned against all data
by full-matrix least-squares methods onF2 using SHELXTL54 and
Shelxle.55 All graphics were produced employing ORTEP-356 and
POV-Ray.57
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Figure S1. 1H NMR spectrum (400 MHz) of (Ind)La(AlMe4)2 (1a) in C6D6 at 26 ¡C.#

#

Figure S2. 13C{1H} NMR spectrum (101 MHz) of (Ind)La(AlMe4)2 (1a) in C6D6 at 26 ¡C. 

  



! ' #
#

 

Figure S3. 1H13C-HSQC NMR spectrum (400/101 MHz) of (Ind)La(AlMe4)2 (1a) in C6D6 at 26 ¡C. 

 

 

 

Figure S4. Section of the 1H1H-COSY NMR spectrum (400/400 MHz) of (Ind)La(AlMe4)2 (1a) in C6D6 at 26 ¡C. 
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Figure S5. 1H NMR spectrum (400 MHz) of (IndEt)La(AlMe4)2 (1b) in C6D6 at 26 ¡C.#

 

Figure S6. 13C{1H} NMR spectrum (101 MHz) of (IndEt)La(AlMe4)2 (1b) in C6D6 at 26 ¡C.  
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Figure S7. 1H13C-HSQC NMR spectrum (400/101 MHz) of (IndEt)La(AlMe4)2 (1b) in C6D6 at 26 ¡C, including enlarged 
sections.  
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Figure S8. 1H1H-COSY NMR spectrum (400/400 MHz) of (IndEt)La(AlMe4)2 (1b) in C6D6 at 26 ¡C, including enlarged 
sections. 
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Figure S9. 1H NMR spectrum (400 MHz) of (IndtBu)La(AlMe4)2 (1c) in C6D6 at 26 ¡C. 

 

Figure S10. 13C{1H} NMR spectrum (101 MHz) of (IndtBu)La(AlMe4)2 (1c) in C6D6 at 26 ¡C.  
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Figure S11. 1H13C-HSQC NMR spectrum (400/101 MHz) of (IndtBu)La(AlMe4)2 (1c) in C6D6 at 26 ¡C, including enlarged 
sections. 
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Figure S12. 1H1H-COSY NMR spectrum (400/400 MHz) of (IndtBu)La(AlMe4)2 (1c) in C6D6 at 26 ¡C, including an enlarged 
section. 
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Figure S13. 1H NMR spectrum (400 MHz) of (IndSi)La(AlMe4)2 (1d) in C6D6 at 26 ¡C. 

Figure S14. 13C{1H} NMR spectrum (101 MHz) of (IndSi)La(AlMe4)2 (1d) in C6D6 at 26 ¡C. Residual n-hexane marked with 
       #. 
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Figure S15. 1H13C-HSQC NMR spectrum (400/101 MHz) of (IndSi)La(AlMe4)2 (1d) in C6D6 at 26 ¡C, including an enlarged 
section. 
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Figure S16. 1H1H-COSY NMR spectrum (400/400 MHz) of (IndSi)La(AlMe4)2 (1d) in C6D6 at 26 ¡C, including an enlarged 
section. 
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Figure S17. 1H NMR spectrum (400 MHz) of (Ind)2Lu(AlMe4) (2a) in C6D6 at 26 ¡C.#

 

Figure S18. 13C{1H} NMR spectrum (101 MHz) of (Ind)2Lu(AlMe4) (2a) in C6D6 at 26 ¡C. 
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Figure S19. Section of the 1H13C-HSQC NMR spectrum (400/101 MHz) of (Ind)2Lu(AlMe4) (2a) in C6D6 at 26 ¡C. 

  

 

 

 

Figure S20. Section of the 1H1H-COSY NMR spectrum (400/400 MHz) of (Ind)2Lu(AlMe4) (2a) in C6D6 at 26 ¡C. 
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Figure S21. 1H NMR spectrum (400 MHz) of (IndEt)2Lu(AlMe4) (2b) in C6D6 at 26 ¡C. 

 

Figure S22. 13C{1H} NMR spectrum (101 MHz) of (IndEt)2Lu(AlMe4) (2b) in C6D6 at 26 ¡C.  
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Figure S23. 1H13C-HSQC NMR spectrum (400/101 MHz) of (IndEt)2La(AlMe4) (2b) in C6D6 at 26 ¡C, including enlarged 
sections.  
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Figure S24. 1H1H-COSY NMR spectrum (400/400 MHz) of (IndEt)2Lu(AlMe4) (2b) in C6D6 at 26 ¡C, including enlarged 
sections. 
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Figure S25. 1H NMR spectrum (400 MHz) of (IndtBu)2Lu(AlMe4) (2c) in C6D6 at 26 ¡C. Residual toluene marked with #. 

 

Figure S26. 13C{1H} NMR spectrum (101 MHz) of (IndtBu)2Lu(AlMe4) (2c) in C6D6 at 26 ¡C. Residual toluene marked with 
      #.  
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Figure S27. Section of 1H13C-HSQC NMR spectrum (400/101 MHz) of (IndtBu)2Lu(AlMe4) (2c) in C6D6 at 26 ¡C, including 
enlarged sections. 
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Figure S28. 1H1H-COSY NMR spectrum (400/400 MHz) of (IndtBu)2Lu(AlMe4) (2c) in C6D6 at 26 ¡C, including an enlarged 
section. 
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Figure S29. 1H NMR spectrum (400 MHz) of (IndSi)2Lu(AlMe4) (2d) in C6D6 at 26 ¡C. 

 

Figure S30. 13C{1H} NMR spectrum (101 MHz) of (IndSi)2Lu(AlMe4) (2d) in C6D6 at 26 ¡C.  
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Figure S31. 1H13C-HSQC NMR spectrum (400/101 MHz) of (IndSi)2Lu(AlMe4) (2d) in C6D6 at 26 ¡C, including enlarged 
sections. 

! !



! $' #
#

 

 

#

  

 
Figure S32. 1H1H-COSY NMR spectrum (400/400 MHz) of (IndSi)2Lu(AlMe4) (2d) in C6D6 at 26 ¡C, including an enlarged 
section. 
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Figure S33. 29Si-1H DEPT45 NMR spectrum (50 MHz) of (IndSi)2Lu(AlMe4) (2d) in C6D6 at 26 ¡C. 

 

 

 
Figure S34. 1H29Si-HMBC NMR spectrum (500/99 MHz) of (IndSi)2Lu(AlMe4) (2d) in C6D6 at 26 ¡C. 
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Figure S35. VT 1H NMR spectrum (500 MHz) of (IndSi)2Lu(AlMe4) (2d) in tolune-d8. From 25 ¡C to 100 ¡C. 
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Figure S36. VT 1H NMR spectrum (500 MHz) of (IndSi)2Lu(AlMe4) (2d) in tolune-d8. From Ð90 ¡C to 25 ¡C.  
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Figure S37. 1H NMR spectrum (400 MHz) of the reaction of (Ind)La(AlMe4)2 (1a) with [Ph3C][B(C6F5)4] in C6D6 at 26 ¡C. 
Ph3CMe is marked with #; free trimethylaluminum is marked +.  

 
Figure S38. 1H NMR spectrum (400 MHz) of the reaction of (Ind)La(AlMe4)2 (1a)with [PhNMe2H][B(C6F5)4] in C6D6 at 
26 ¡C. PhNMe2(AlMe3) is marked with #.  
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Figure S39. 1H NMR spectrum (400 MHz) of the reaction of (Ind)La(AlMe4)2 with B(C6F5)3 in C6D6 at 26 ¡C. BMe3 is 
marked with #.  

#

Figure S40. 11B NMR spectrum (400 MHz) of the reaction of (Ind)La(AlMe4)2 with B(C6F5)3 in C6D6 at 26 ¡C showing the 
formation of BMe3. 
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Figure S41. Molecular structure !"#$%&'() *+,$-./0 1*2#$!" *3#Hydrogen atoms are omitted for clarity. Atomic displacement 
parameters set at the 50% probability level. Selected bond lengths [•] and angles [¡]: La1ÐC1 2.781(5), La1ÐC2 2.836(4), 
La1ÐC3 2.792(4), La1ÐC4 2.815(5), La1ÐC9 2.803(5), La1ÐC10 2.967(5), La1ÐC11 2.757(5), La1ÐC14 2.694(5), La1ÐC15 
2.714(5), La1- C29 2.966(5), La1- Al1 3.3821(15), La1- Al2 3.2214(16), C10-La1-C11 73.69(14), C14-La1-C15 79.22(15), 
La2ÐC18 2.796(5), La2ÐC19 2.885(5), La2ÐC20 2.798(4), La2ÐC21 2.794(5), La2ÐC26 2.797(5), La2ÐC27 2.912(5), La2Ð
C28 2.787(5), La2ÐC31 2.695(5), La2ÐC32 2.714(5), La2...C12 2.974(4), La2- Al3 3.3606(16), La2- Al4 3.2380(17), C27Ð
La2ÐC28 74.55(15), C31ÐLa2ÐC32 78.77(15). 
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Table S1.  Crystallographic Data for Compounds 1a, 1b, 1c, and 1d 

 1a 1b 1c 1d 

     
CCDC number 1915979 1915982 1915976 1915977 

formula C20.5H35Al2La C19H35Al2La C21H39Al2La C20H39Al2LaSi 

M [g!mol-1] 474.35 456.34 484.39 500.47 

Color colorless colorless 
 

colorless colorless 

Crystal 
dimensions [mm] 

0.234 x 0.170 x 
0.096 

0.175 x 0.161 x 
0.085 

 

0.528 x 0.457 x 
0.244 

0.480 x 0.244 x 
0.188 

Crystal system monoclinic orthorhombic trigonal triclinic 

space group P21/c Pca21 P31 P1"   

a [•]  19.459(5) 19.545(3) 9.7198(5) 9.4353(5) 

b [•]  11.634(3) 10.1865(17) 9.7198(5) 9.6041(5) 

c [•]  21.681(6) 22.334(4) 22.1290(10) 15.4562(8) 

# [¡]  90 90 90 93.888(2) 

$ [¡]  105.935(4) 90 90 103.960(2) 

% [¡] 90 90 120 116.010(2) 

V [• 3] 4720(2) 4446.7(13) 1810.5(2) 1197.13 

Z 8 8 3 2 

T [K]  155(2) 
 

150(2) 103(2) 100(2) 

&calcd [g!cm-3] 1.335 
 

1.363 1.333 1.388 

µ [mm-1] 1.884 1.997 1.843 1.908 

F(000) 1928 1856 744 512 

Unique reflns 13199 9267 7082 6161 

Observed reflns 74853 90976 25431 35570 

R1/wR2 (I>2')  0.0314/0.0604 
 

0.0249/0.0450 0.0163/0.0407 0.0108/0.0288 

R1/wR2 (all data) 0.0501/0.0683 
 

0.0324/0.0472 0.0164/0.0407 0.0109/0.0289 

Goodness of fit 1.022 1.038 1.077 1.080 
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Table S2.  Crystallographic Data for Compounds 2a, 2b, 2c, and 2d 

 2a 2b 2c 2d 

     
CCDC number 1915980 1915981 1915978 1915983 

formula C22H26AlLu C26H34AlLu C33.5H46AlLu C28H42AlLuSi2 

M [g!mol-1] 492.38 548.48 650.65 636.74 

Color colorless 
 

colorless colorless Colorless 

Crystal 
dimensions [mm] 

0.269 x 0.159 x 
0.136 

 

0.331 x 0.158 x 
0.153 

0.247 x 0.126 x 
0.115 

0.495 x 0.223 x 
0.220 

Crystal system monoclinic monoclinic triclinic monoclinic 

space group Cc P21/c P1"   P21/c 

a [•]  14.297(2) 13.9877(6) 9.915(4) 9.4943(13) 

b [•]  14.304(2) 18.5367(8) 10.487(6) 16.796(2) 

c [•]  19.222(3) 9.3019(4) 15.091(5) 18.475(3) 

# [¡]  90 90 75.814(11) 90 

$ [¡]  97.286(2) 103.447(2) 81.200(6) 98.438(4) 

% [¡] 90 90 77.448(11) 90 

V [• 3] 3899.1(11) 2345.73(18) 1476.6(11) 2914.2(7) 

Z 8 4 2 4 

T [K]  150(2) 
 

100(2) 100(2) 100(2) 

&calcd [g!cm-3] 1.678 
 

1.553 1.463 1.451 

µ [mm-1] 5.108 4.254 3.392 3.513 

F(000) 1936 1096 662 1288 

Unique reflns 9619 6586 8656 7837 

Observed reflns 29878 58663 63482 44485 

R1/wR2 (I>2')  0.0221/0.0514 
 

0.0144/0.0342 0.0204/0.0482 0.0172/0.0415 

R1/wR2 (all data) 0.0227/0.0516 
 

0.0163/0.0350 0.0228/0.0491 0.0185/0.0420 

Goodness of fit 1.092 0.982 1.106 1.075 
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Figure S42.  1H NMR spectrum (400 MHz) of polyisoprene (entry 4) in CDCl3 at 26 ¡C. 

 

Figure S43. 13C{1H} NMR spectrum (101 MHz) of polyisoprene (entry 4) in CDCl3 at 26 ¡C.  
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Figure S44. GPC curve of polyisoprene (entry 4). 
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Figure S45. DSC curve of polyisoprene (entry 4). 
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Figure S46. 1H NMR spectrum (400 MHz) of polyisoprene (entry 14) in CDCl3 at 26 ¡C. 

#

Figure S47. 13C{1H} NMR spectrum (101 MHz) of polyisoprene (entry 14) in CDCl3 at 26 ¡C.  
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Figure S48. GPC curve of polyisoprene (entry 14). 
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Figure S49. DSC curve of polyisoprene (entry 14). 
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Rare-Earth Metal-Induced (Double) C�tH Bond Activation of a Pyridyl-Functionalized 
Alkoxy Ligand: Formation of [ONC]�t(2�t) Pincer-Type Ligands and Implications for 
Isoprene Polymerization 

Dominic Diether, Melanie Meermann-Zimmermann, Karl W. Törnroos, Cäcilia Maichle-Mössmer, and Reiner Anwander* 

The reaction of 2-(6-methyl-2-pyridyl)-1,1-diphenyl-ethanol with Ln(AlMe4)3 (Ln = La, Nd, Y) via a deprotonation/C�tH bond activation sequence gave 

complexes [ONCH2]Ln(AlMe3)2(AlMe4) (Ln = La, Nd, Y) bearing the dianionic tridentate ligand [ONCH2]. In contrast, the reactions involving the smaller rare-

earth metals yttrium and lutetium resulted in a double C�tH bond activation and foramtion of [ONCH]Ln(AlMe3)3 (Ln = Y, Lu) with the formally trianionic 

tridentate ligand [ONCH]. The solid-state structures of all complexes as obtained by X-ray structure analysis revealed an axial chirality which could be also 

verified by low-temperature 1H NMR spectroscopy. All complexes displayed high activity in the polymerization of isoprene, upon activation with standard 

fluorinated borate/borane cocatalysts. The catalyst activity and cis-1,4-selectivity could be increased by addition of two eqivalents of cocatalyst instead of 

one. For example, when actviated with two equivalents of [PhNMe2H][B(C6F5)4] complex [ONCH]Y(AlMe3)3 gave almost complete conversion after 15 minutes 

fabricating a polyisoprene with a  cis-1,4-content of 83.5% (no trans-1,4-content detected). 

 

Introduction 
The ubiquitous cyclopentadienyl ligands have played a key role 
in the development of organorare-earth metal (Ln) catalysts 
for polymerization reactions.1,2 This is attributed to robustness 
and structural variety of these ancillary ligands.3 However, in 
recent years the use of pincer systems emerged as an 
attractive alternative. Their advantages are the ability to 
prevent dimerization, impede solvent coordination, and to 
counteract ate-complex formation and ligand scrambling.3 In 
addition, pincer ligands are characterized by a great variability 
in steric and electronic properties. Unsurprisingly, these 
properties have been exploited for polymerization reactions as 
well.4,5 For example, Li et al. showed that variation of the 
pincer ligands in neosilyl complexes (I and II, Fig. 1) affect the 
microstructure of polyisoprene generating either cis-1,4-
polyisoprene (I)6,7or trans-1,4-polyisoprene (II).8  Moreover, 
isoprene was successfully polymerized by Cui et al. using 
tridentate [NNN] pincer ligands (III, Fig. 1),9 including other 
dienes, �r-olefins, functional monomers, as well as the 
copolymerization of the aforementioned monomers. Using 
bis(phosphino)carbazolide as a pincer ligand, the block 
���}�‰�}�o�Ç�u���Œ�]�Ì���š�]�}�v�� �}�(�� �]�•�}�‰�Œ���v���� �Á�]�š�Z�� �x-caprolactone was 
achieved.10 With a [NPNPN] tridentate monoanionic ligand, the 
corresponding complexes (IV, Fig. 1) provide highly trans-1,4-
selective polyisoprenes as well as polybutadienes could be 
accessed,11 while using an [NCN] pincer system, butadiene 
could also be polymerized in a highly cis-1,4 selective 
manner.12 �W�]�v�����Œ�� ���}�u�‰�o���Æ���•�� �Á���Œ���� ���o�•�}�� �•�µ�������•�•�(�µ�o�o�Ç�� �µ�•������ �]�v�� �r-

olefin polymerization as shown by e.g., the polymerization of 
ethylene with complex V (Fig. 1).13 Polymerizations of 
�(�µ�v���š�]�}�v���o�� �u�}�v�}�u���Œ�•�� �o�]�l���� �x-caprolactone,14 �t-butyrolactone15 
or lactide16,17 were also investigated. 
Examples of rare-earth metal pincer complexes featuring 
alkylaluminum moieties are rather rare.13,18�t20 This is probably 
due to the high reactivity of the alkylaluminum groups which 
might be prone to either pincer ligand backbone degradation 
or Lewis acid/base interactions with pincer heteroatoms.18�t20 
Moreover, alkylaluminum or Ln-alkyl groups have a high 
tendency for C�tH activation of ancillary ligands.20�t24  
The 2-(6-methyl-2-pyridyl)-1,1-diphenyl-ethanol proligand 
[HONCH3] under study has been studied in combination with 
palladium for the Suzuki25 reaction or direct C�tH arylation.26�t28 
This pyridine-functionalized alkoxy ligand was shown to afford 
magnesium and zinc complexes (VI, Fig. 2), which showed high 
activities in the polymerization of L-�o�����š�]�����•�� ���v���� �x-
caprolactone.29 The corresponding benzylic alcohol with a 
lutidinyl substitutents was also successfully applied for the 
syntheses of aluminium complexes used in L-lactide 
polymerization.30 To date, the use of 2-(6-methyl-2-pyridyl)-
1,1-diphenyl-ethanol was not reported as a ligand for rare-
earth metal complexes.  
Herein, we would like to introduce the 2-(6-methyl-2-pyridyl)-
1,1-diphenyl-ethanol proligand into organorare-earth metal 
chemistry. It is revealed that the methyl group of the lutidinyl 
moiety undergoes mono and double C�tH bond activation 
depending on the size of the Ln(III) centre.  
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Fig. 2 Mg and Zn complexes for the L-�o�����š�]���������v�����x-caprolactone polymerization. 

 

Results and Discussion 
Synthesis of organolanthanide complexes 

Addition of 2-(6-methyl-2-pyridyl)-1,1-diphenyl-ethanol (1) to a 
solution of homoleptic Ln(AlMe4)3 (Ln = La, Nd) in toluene at 
ambient temperature caused an instant formation of methane, 

while the solution slowly turned yellow (La) or green (Nd). As 
detectable by 1H NMR spectroscopy, the reaction proceeds 
without formation of side products, and was found to be 
complete after two hours. Nevertheless, an additional 
recrystallisation step was implemented to obtain complexes 

[ONCH2]Ln(AlMe3)2(AlMe4) (Ln = La, Nd) as pure products 
according to elemental analysis. It is reasonable to assume 
that the reaction is initiated by deprotonation if of the 
alcoholic �tOH moiety of 1 by a tetramethylaluminate group, 
but methane formation seems rapid. Due to the strongly 
chelating effect of the now monoanionic [ON] scaffold, the 
methyl group of the lutidinyl moiety comes in close proximity 
to another AlMe4 moiety. This facilitates a C�tH bond activation 
of the methyl group and concomitant cyclometallation 
(Scheme 1, complex 2Ln). Performing the reaction of Y(AlMe4)3 
with 1 under the same conditions, gave not only the targeted 
complex 2Y but also the doubly CH-bond activated complex 
[ONCH]Y(AlMe3)3 (3Y) as a side product was observed. When 
�����Œ�Œ�Ç�]�v�P�� �}�µ�š�� �š�Z���� �^�Ç�š�š�Œ�]�µ�u�_�� �Œ�������š�]�}�v�� ���š�� �o�}�Á���Œ�� �š���u�‰���Œ���š�µ�Œ���•�U��
formation of 3Y gets suppressed but could not be prevented 
completely. Even after several recrystallisation steps it was not 
possible to obtain 2Y without any contamination with 3Y 
(minimum contamination: 5%). This is due to the fact that 2Y is 
not stable at ambient temperature, which can be explained by 
the smaller ionic radii of Y(III) compared to La(III) and Nd(III). 
The smaller ionic radii brings the �tCH2�t group and a third 
AlMe4 moiety in close proximity, enabling a second C�tH 
activation at the same carbon atom, thus generating a third 
equivalent of methane. 
Continued stirring of 2Y at ambient temperature generated 
additional methane indicating the formation to 3Y. Full 
conversion to 3Y can be accomplished by stirring the reaction 
over three days at ambient temperature. Complexes 3Ln (Ln = 
Y, Lu) are also accessible by the reaction of Ln(AlMe4)3 with 1 
at 60 °C. Stirring the reaction mixture for three hours and 

Scheme 1 Synthesis of complexes 2Ln (Ln = La, Nd, Y) by protonolysis of 
Ln(AlMe4)3 with 1 a subsequent reaction to 3Ln (Ln = Y, Lu) via C�tH bond 
activation. Alternative direct synthesis of complex 3Ln (Ln = Y, Lu) by the direct 
reaction of Ln(AlMe4)3 with 1 for 3 hours in toluene. 

Figure 1 Selection of pincer complexes from literature. Fig. 1 Selection of pincer complexes from literature. 
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subsequent recrystallisation from a saturated n-hexane 
solution gave 3Ln as a pure products. The analysis of the 
reaction by 1H NMR spectroscopy indicates that complex 
[ONCH]Lu(AlMe3)3 (3Lu) is possibly formed via 2Lu, but isolation 
of the latter was unsuccessful. Since the ionic radius of Lu(III) is 
even smaller than that of Y(III), putative intermediate 2Lu is 
even more likely to undergo a second C�tH activation. In order 
to force this second C�tH bond activation in 2La, a solution of 2La 
was heated to 80 °C for two hours. However, the NMR-scale 
reaction did not indicate the formation of 3La but a complicate 
product mixture. It is noteworthy that the cyclometallation 
steps to yield 3Ln afford a rare example of a rare-earth metal 
alkylidene moiety. To the best of our knowledge this is the first 
example of an [ONC] pincer ligand complexing a rare-earth 
metal. 
It is not obvious that 2Ln as well as 3Ln are also chiral 
complexes. The chirality of the complexes can be proven by 
the NMR spectra and the crystal structures. 
 
X-ray structure analyses 

Crystals of 2Ln suitable for X-ray structure analysis were 
obtained from a mixture of toluene/n-hexane. The racemic 
mixtures of 2Ln crystallise in the space group P1̄ or P21/c, 
respectively. This centrosymmetric space groups confirm the 
absence of enantiomerically pure crystals. Complexes 3Ln 
crystallize also in the centrosymmetric space group P1̄ or 
P21/n, but, fortunately, we also succeeded in obtaining 3Lu as 
an enantiomerically pure crystal possessing the space group P 
21 21 21.  

As complexes 2Ln were found to be isostructural in the solid 
state, only the molecular structure of 2Nd is depicted in Fig. 3 
representatively (see ESI Figure S14, S15 for the structures of 
2La and 2Y). The dianionic ligand [ONCH2] coordinates to the 
rare-�����Œ�š�Z���u���š���o�������v�š�Œ�����]�v�������u���Œ�]���]�}�v���o���^�‰�]�v�����Œ-�š�Ç�‰���_���u���v�v���Œ�X��
Additionally, both the alkoxy group (O1) and the C�tH bond 

activated methylene moiety (C11) of the [ONCH2] ligand show 
interactions with one AlMe3. The AlMe4 moiety is coordinated 
in the usual �K2 mode.31�t33 
The Nd1�tCMe (C1, C4, C5, C8) distances in 7-coordinate 2Nd 
range between 2.654(2) and 2.700(2) Å being significantly 
longer than those in homoleptic Nd(AlMe4)3 (2.563(14)-
2.609(14) Å).34 in line with this, the Nd1�YAl2 distance of 
3.2179(6) Å in 2Nd is elongated compared to the Nd�YAl 
distances in Nd(AlMe4)3 (3.149(4)-3.155(5) Å).34 The distances 
of Nd1�YAl1 (3.3508(5) Å) and Nd1�YAl3 (3.3140(6) Å) involving 
the alkoxy and methylene ligands, respectively are even 
longer. Thereby both the Nd1�YAl1 and the Nd1�tO1 distances 
in 2Nd are comparable to trimethylaluminum-stabilized 
neodymium alkoxide complexes (Nd1�YAl1 3.2756 - 3.300 Å; 
Nd1�tO1 2.2940(7) - 2.324(3) Å).35�t37 The Nd1�tN1 distance of 
2.475(2) Å is in the range of the Nd�tNPy distances of 6-
coordinate complex ([2,6-{[2,6-
(iPr)2C6H5]N=C(CH3)}2(C5H3N)]NdI2(THF) (Nd1�tN1 2.376(7)) and 
10-coordinate complex [2,6-
di(pyrazolyl)pyridine]Nd(NO3)3)(EtOH) (Nd1�tN1 2.587(3)).38,39 
The Nd1�tC11 bond length of 2.859(2) Å in 2Nd is considerably 
longer than the Nd1�tMe bonds, which is mainly caused by ring 
strain. In contrast the Al3�tC11 bond length (2.091(2) Å) is 
comparable to the Al�tMe distances , e.g. in Nd(AlMe4)3 
2.067(14)-2.116(14) Å.34 The difficulty of encompassing the 
rare-�����Œ�š�Z���u���š���o���Á�]�š�Z���š�Z�����^�‰�]�v�����Œ���o�]�P���v���_���]�•�����o�•�}���}���À�]�}�µ�•���(�Œ�}�u��
the O1-Ln1-C11 angle. While for 2La the angle is 126.22(4)° it 
increases with decreasing radii of the rare-earth metal (2Nd 
128.40(5)° 2Y 130.21(7)°). 
Complexes 3Ln feature a similar ligand framework as 2Ln (Fig. 
4). Herein, O1, N1, and C10 are coordinating to the rare-earth 

metal centre in a meridional way. The Ln�tO moiety is again 
stabilized by a AlMe3 group and the Ln�tC10 moiety, which is 
now involving a alkylidene functionality, is stabilized by two 
AlMe3 molecules. In 6-coordinate 3Lu, the Lu1�tCMe (C1, C4, and 
C5) bond lengths (2.436(3)-2.580 Å) are in the same range as 
those detected for 6-coordinate Lu(AlMe4)3 (2.466(2)-

Fig. 3 Molecular structure of 2Nd. All complexes 2Ln are isostructural (see ESI 
Figure S14 (2La), S15 (2Y)). Hydrogen atoms are omitted for clarity. Atomic 
displacement parameters are set at 50% probability level. Selected bond lengths 
are given in Å and angles are given in °: 2Nd: Nd1�tC1 2.700(2), Nd1�tC4 2.620(2), 
Nd1�tC5 2.725(2), Nd1�tC8 2.654(2), Nd1�tC11 2.859(2), Nd1�YAl1 3.3198(6), 
Nd1�YAl2 3.2179(6), Nd1�YAl3 3.3140(6), Nd1�tN1 2.475(2), Nd1�tO1 2.356(1), Al1�t
O1 1.859(1), Al3�tC11 2.091(2), O1-Nd1-C11 128.40(5), O1-Nd1-N1 76.57(5), N1- 
Nd1-C11 52.80(5), N1-Nd1-Al2 109.18(4).  

Fig. 4 Molecular structure of 3Lu. 3Y is isostructural (see ESI Figure S10 (3Y)). 
Hydrogen atoms are omitted for clarity. Atomic displacement parameters are set 
at 50% probability level. Selected bond lengths are given in Å and angles are 
given in °: 3Lu: Lu1�tC1 2.511(3), Lu1�tC4 2.580(3), Lu1�tC7 2.436(3), Lu1�tC10 
2.524(3), Lu1�YAl1 3.1221(9), Lu1�YAl2 2.8623(8), Lu1�YAl3 3.0575(9), Lu1�tN1 
2.281(2), Lu1�tO1 2.193(2), Al1�tO1 1.848(2), Al2�tC10 2.076(3), Al3�tC10 2.073(3), 
O1-Lu1-C10 136.27(8), O1-Lu1-N1 78.38(7), N1-Lu1-C10 58.33(9). 
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2.471(2) Å).31 The Lu1�YAl1 distance (3.1221(9) Å) and Al1�tO1 
bond length (1.848(2) Å) are comparable to those in 7-
coordinate Cp*Lu(OCH2CMe3)3(AlMe3)3 (3.119(1)-3.123(1) Å 
and 1.835(2)-1.844(3) Å).40 The distinct distances of Lu1�YAl2 
(2.8623(8) Å) and Lu1�YAl3 (3.0575(9) Å) originate from the 
position of the phenyl group. One of the phenyl group is on the 
same site as Al3, thereby causing the larger Lu1�YAl3 distance. 
The bond length of Lu1�tN1 (2.281(2) Å) is significantly shorter 
than the lutetium pyridine distances in comparable 6- and 9-
coordinated pincer complexes ((NNN)LuCl3 and 
(NNN)Lu(acac)(NO3)2: 2.419(4)-2.496(5) Å).41,42 In spite of the 
higher charge on C10 compared to 2Ln, the Al2�tC10 
(2.076(3) Å) and Al3�tC10 (2.073(3) Å) bond lengths are 

comparable to the other Al�tCMe bond lengths (2.078(2)-
2.089(2) Å). The Lu1�tC10 bond length of 2.524(3) Å seems also 
not affected by the higher charge of the alkylidene moiety and 
is in the same range as the Lu�tCMe distances in Lu(AlMe4)3.31 
While the aluminum moiety is not restricted by steric 
hindrance or extensive ring strain and the Al2/3�tC10 bond 
lengths do not decrease, it is assumed that the bond order of 
Lu1�tC10 increases but is not reflected in the bond length due 
to steric reasons. The angle of O1-Ln1-C10 exhibits significantly 
greater values of 134.96(5)° (3Y) and 136.27(8)° (3Lu) compared 
to those of 2Ln. 
 
 

 

Table 1. Selected bond lengths [Å] and angles [deg] of 2Ln and 3Ln. 

  2La 2Nd 2Y 3Y 3Lu 

C1�tC8 2.687(2) -2.787(2) 2.620(2) - 2.725(2) 2.513(4) - 2.677(3) 2.483(2) - 2.640(2) 2.436(3) - 2.580(3) 

Ln1�tC11/C10 2.949(2) 2.859(2) 2.848(3) 2.611(2) 2.524(3) 

Ln1�tAl1 3.3508(5) 3.3198(6) 3.1934(8) 3.1899(6) 3.1221(9) 

Ln1�tAl2 3.2829(5) 3.2179(6) 3.1390(9) 2.8420(6) 2.8623(8) 

Ln1�tAl3 3.4012(5) 3.3140(6) 3.251(1) 3.1295(6) 3.0575(9) 

Ln1�tN1 2.516(1) 2.475(2) 2.386(2) 2.325(1) 2.281(2) 

Ln1�tO1 2.4114(9) 2.356(1) 2.270(2) 2.270(1) 2.193(2) 

Al1�tO1 1.862(1) 1.859(1) 1.851(2) 1.849(1) 1.848(2) 

Al2�tC10 - - - 2.052(2) 2.076(3) 

Al3�tC11/C10 2.091(2) 2.091(2) 2.070(3) 2.063(2) 2.073(3) 

O1-Ln1-C11/C10 126.22(4) 128.40(5) 130.21(7) 134.96(5) 136.27(8) 

O1-Ln1-N1 76.38(3) 76.57(5) 78.70(6) 75.10(5) 78.38(7) 

C11/C10-Ln1-N1 51.40(4) 52.80(5) 53.16(8) 56.91(5) 58.33(9) 

N1-Ln1-Al2 107.21(3) 109.18(4) 108.75(5) -  - 

N1-C12-C11 115.63 117.31 114.49 - -  

N1-C11-C10 -  -  -  113.67 112.67 

 

NMR spectroscopy 

The chirality of complex 2Ln could be proven by crystal 
structure analysis and be verified by NMR spectra. The 1H NMR 
spectrum for 2La shows a distinct signal pattern for both �tCH2�t 
groups. Two doublets at 3.89 ppm and 3.02 ppm can be 
assigned to the protons of the �tCH2�t group labelled as 4 (Fig. 
6). Both signals split into a doublet with a coupling constant of 
15.1 Hz, which is consistent with a geminal H-H coupling. The 
signals for the �tCH2�t group 5 at 2.45 ppm and 1.90 ppm, also 
split into doublets with coupling constants of 15.6 Hz. This 
geminal coupling shows the chiral character of complex 2La. A 
chirality-implied splitting of other signals of 2La could not be 
observed at ambient temperature. Hence, the Al�tMe signals 
show a highly fluxional behaviour at ambient temperature, 
with one signal for the AlMe4 group at 0.15 ppm and two 
overlapping signals of both AlMe3 groups at �t0.38 ppm. A 
broadening of the latter signal was revealed by a variable 
temperature (VT) 1H NMR study at �t80 ° (Figure S20).  

Fig. 5 1H-VT NMR spectra of 2La in toluene from �t80 to 40 °C. 
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Fig. 6 1H NMR spectra of 2La in C6D6 at 26 °C. 

When heating the sample to 40 °C, the two AlMe3 groups 
showed two separated peaks (�t0.46/�t0.47 ppm). Moreover, at 
�t80 °C the aromatic signals split into a total of 13 signals, in 
accordance with three signals for the pyridine moiety and 10 
signals for each proton of the phenyl groups. Both phenyl 
groups exhibit distinct signals due to a different chemical 
environment caused by the chirality of complex 2La. By heating 
the sample to 40 °C, the phenyl signals broadened and shifted 
into each other, which hampers an unequivocal assignment 
(Fig. 5).  

 
An 1H-VT NMR study of 2Y gave a slightly different result. At 
low temperatures the aromatic region of the 1H NMR spectra 
(5.5 �t 8 ppm) shows also splitting of the phenyl signals but not 
as distinct as for 2La (see ESI Figure S24). Heating the sample to 
60 °C resulted in signal broadening and coalescence. As 
observed for 2La, the signals of both �tCH2�t groups of 2Y (4 and 
5 in Fig. 6, Figure S22) remained rather unaffected by varying 
of the temperature. Enhanced dynamic behaviour at 60 °C of 
these groups was indicated by signal broadening. The high 
mobility of the Al-Me groups and the broadening of the �tCH2�t 
signals at higher temperatures might lead to a loss of axial 
chirality indicating atropisomerism. The major difference 
compared to 2La is the change in signal pattern for the Al�tMe 
groups). At �t80 °C there are two sets of signals associated to 
the AlMe4 and AlMe3 groups. Four sharp signals at 0.47, 0.21, �t
0.14, and �t1.26 ppm with an integral ratio of 6:3:3:3. The other 
set consists of rather broad signals at 0.22, 0.10, �t0.18, �t0.42, 
and �t1.02 ppm with an integration ratio of 3:3:3:3:3 (Figure 
S23). Unfortunately, the signals could not be assigned to 
specific methyl groups. While heating the sample the originally 
sharp signals broadened while the signals which used to be 
broad at �t80 °C merged to sharper signals above 0 °C. 
The different fluxional behaviour of the Al�tMe groups of 2Y 
compared to 2La is probably caused by the different ionic radii 
of Y(III) and La(III). Accordingly, the smaller Y(III) centre in 2Y 
implies a rather restricted dynamic behaviour of the Al�tMe 
groups at �t80 °C as opposed to an increasingly sterically 
unsaturated 2La. This leads to the assumption of an associative 
exchange mechanism for the Al�tMe groups.31 Unfortunately, a 
proper line shape analysis, to obtain thermodynamic data for 
the exchange process was not feasible. The formation of 
methane at 0.17 ppm (Fig. 5) shows the lability of 2Y and 
formation of 3Y which is much more predominant at elevated 
temperatures. 

The chirality of 3Ln which can be seen in the crystal structure 
could not be observed in the ambient temperature 1H NMR 
spectrum. More specifically, the characteristic signal splitting 
of the �tCH2�t group was not observable at ambient  
temperature, whereas a VT 1H NMR study revealed the 
chirality at lower temperatures (Fig. 7). At �t80 °C, two 
doublets at 3.17 and 2.54 ppm with geminal coupling 
constants of 16.1 Hz were detected, with the coalescence 
temperature noted at �t10 °C. Signal sharpening at elevated 
temperatures supports the presence of atropisomers at higher 
temperatures while at low temperatures, the chiral character 
prevails. 

 
Isoprene Polymerization 

Previously, it was shown that rare-earth metal alkyl pincer 
complexes can serve as good precatalysts for the diene 
polymerization.6�t11 Therefore, the polymerization of isoprene 
was investigated (Table 2). The established borate trityl 
tetrakis(pentafluorophenyl)borate (A) and dimethylanilinium 
tetrakis(pentafluorophenyl)borate (B) as well as 
tris(pentafluorophenyl)borane (C) were used successfully as 
cocatalysts. The use of chlorinating agents like dimethyl- or 
diethyl aluminiumchloride did not result in an active species, 
which is in agreement with [{CpNMe(µ-CH2)AlMe3}La(AlMe4)] a 
tridentate C�tH bond activated complex.43 However, other 
rare-erath-metal alkoxy aluminates (Ln(OR)3(AlMe3)3)are active 
in isoprene polymerization upon activation of diethyl 
aluminumchloride.36 The abstraction of the alkoxide of the 
rare-earth metal by chlorinating reagents to form an active 
catalyst is probably prohibited by the chelating ligand. 
Complex 2Y was not probed as a precatalysts due to its lability 
at ambient temperature and formation of an unknown mixture 
of 2Y and 3Y. Crystals obtained from the reaction of 2La and 3Y 
with cocatalyst A revealed the formation of triphenylethane, 
indicating the desired reaction of cocatalyst A with a metal 
methyl group instead of the pincer-type ligands (ESI Figure 
S26). Also, the protonolysis of the rare-earth metal complexes 
under study with cocatalyst B proceeded as expected at a 
metal methyl moiety, as indicated by the formation of 

Fig. 7 1H-VT NMR spectra of 3Lu in toluene from �t80 to 60 °C. 
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methane and PhNMe2/AlMe3 (ESI Figure S27). Unfortunately, 
the actual active species could not be further elucidated.  
All polymerization reactions were conducted with either one 
or two equivalents of cocatalyst. It is revealed that 2Ln as well 
as 3Ln serve as a much better catalysts upon activation with 
two equivalents of cocatalyst A, B, or C (e.g. entry 4-6 and 10-
12, Table 2). For the activation of 2La with two equivalents of A 
(entry 7, Table 2), an isoprene conversion of over 90% after 
one hour was observed, while the 1-equiv-activation (entry 1, 
Table 2) indicated only the formation of traces even after two 
hours. A similar behaviour could be observed for 3Y upon 
activation with cocatalyst B. With one equivalent of B (entry 
14, Table 2) a conversion of only 26% after one hour was 
noted, while the activation with two equivalents of B (entry 
18, Table 2) revelaed almost full conversion after only 15 

minutes, which is almost an eightfold increase in rate. The 
polymerization reactions promoted by 2Ln in the presence of 
two equivalents of cocatalyst also led to microstructures with 
higher cis-1,4-, and 3,4-content and lower trans-1,4-content 
compared to polymerizations with one equivalent of cocatalyst 
(e.g. entry 2/8, Table 2). Using two equivalents of cocatalyst B 
for the activation of 2La, a polyisoprene with 92% cis-1,4-
content, no trans-1,4-content at all, and a narrow molecular 
weight distribution of 1.19 could be obtained (entry 8, Table 
2). Polymerizations of 2Ln activated with cocatalyst C showed in 
general good activity albeit slightly lower than polymerizations 
conducted with cocatalyst A or B. The combinations 3Ln/C and 
3Ln/2C did not any polymer.  
 
 

Table 2 Polymerization of isoprene with 2Ln and 3Ln under various conditions. 

entry[a] precatalyst cocatalyst[b] time [h] yield [%] cis-1,4-[c] trans-1,4-[c] 3,4-[c] Mn (x104) [d] Mw/Mn
[d] Tg[°C] [e] 

1 2La 1A 2 tr - - - - - - 

2 2La 1B 2 42 55.4 40.3 4.3 7.6 1.24 -63 

3 2La 1C 2 tr - - - - - - 

4 2Nd 1A 1 82 47.7 47.6 4.8 9.7 1.29 -62 

5 2Nd 1B 1 78 62.2 31.4 6.4 13.5 1.51 -59 

6 2Nd 1C 2 73 84.3 12.1 3.6 11.5 1.66 -61 

7 2La 2A 1 92 75.1 12.4 12.5 7.3 f 1.56f -53 

8 2La 2B 1 70 92.0 0.0 8.1 6.9 1.19 -57 

9 2La 2C 2 78 91.4 3.0 5.6 9.6 1.25 -59 

10 2Nd 2A 1 93 74.4 12.8 12.8 9.9f 6.50f -45 

11 2Nd 2B 1 85 82.1 9.7 8.3 7.4 1.74 -57 

12 2Nd 2C 1 83 91.0 2.6 6.4 14.3 1.46 -58 

13 3Y 1A 1 76 80.3 6.3 13.4 7.5f 1.77f -51 

14 3Y 1B 1 26 73.0 3.7 23.3 35.5f 2.19f -47 

15 3Lu 1A 2 51 77.0 11.0 12.1 3.8f 2.10f -51 

16 3Lu 1B 2 15 85.1 0.0 17.2 22.5 1.69 -54 

17 3Y 2A 1 98 77.4 9.1 13.5 9.2f 7.19f -38 

18 3Y 2B 0.25 92 83.5 0.0 16.5 35.9 2.83 -51 

19 3Lu 2A 1 tr - - - - - - 

20 3Lu 2B 0.25 41 82.2 7.9 9.9 16.2 3.30 -56 
[a] General polymerization procedure: 0.02 mmol of precatalyst, 8 mL of toluene, 20 mmol of isoprene, r.t. [b]A = [Ph3C][B(C6F5)4]; B = [PhNMe2H][B(C6F5)4]; C = B(C6F5)3; 

Catalyst pre-formation: 30 min. [c] Determined by 1H, 13C NMR spectroscopy  in CDCl3. [d]Determined by GPC against polystyrene standards. [e] Determined by DSC at 20 

K/min. [f] generation of a bimodal species, listed entry only for the first peak, second peak was not possible to analyse. 
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For complex 2La and 2Nd (entries 9/12, Table 2), or 3Y 
and 3Lu (entries 18/20, Table 2) the influence of the 
metal on the microstructure is not significant. This is 
in striking contrast to polymerization performance 
of half-sandwich complexes.32,33 It seems that the 
main influence of the metal lies on the activity. 
Complex 2Nd (78% yield after 1 h (entry 5, Table 2)) is 
more active than the respective 2La (42% yield after 
2 h (entry 2, Table 2)), while 3Y (92% yield after 
15 minutes (entry 18, Table 2)) is more reactive than 
3Lu (41% yield after 15 minutes (entry 20, Table 2)). 
In general, it is assumed that cocatalysts A and B are 
forming the same active species. However, it was 
observed that the use of A or B lead to putatively 
different active species. The microstructures of 
polymers gained by 2Ln activated with two 
equivalents of A or B seem to be comparable but the 
GPC measurements revealed a significant difference. 
Polymers obtained by using cocatalyst B show a 
monomodal polymer with a chain length of Mn = 7.4 
x 104 Da (entry 11, Table 2) and a rather narrow 
molecular weight distribution (1.19; entry 8, Table 
2). On the other hand using two equivalents of 
cocatalyst A results in a bimodal polymer (entries 
7/10, Table 2). The polymer part with the lower 
molecular weight makes up to 45% (entry 10, Table 
2) of the total polymer. The bimodal distribution 
using 2Ln can only be observed while using two 
equivalents of A (entries 4/7, Table 2). The bimodal 
distribution of the polymer is observed for 3Ln only 
in combination with one and two equivalents of 
cocatalyst A (entries 13, 15, 17, Table 2). The RI of 
the bimodal polyisoprene species are shown in the 
Supporting information (Figure S28). 

Conclusions 
In this study the proligand 2-(6-Methyl-2-pyridyl)-
1,1-diphenyl-ethanol [HONCH3] was shown to afford 
a pincer-type ligand upon multiple deprotonation 
with Ln(AlMe4)3. Crucially, the radii of the rare-earth 
metal center determines the degree of C�tH bond 
activation on the lutidinyl methyl group. With 
lanthanum or neodymium a single C�tH bond 
activation prevails, resulting in complexes 
[ONCH2]Ln(AlMe3)2(AlMe4). Employing Y(AlMe4)3 the 
initially formed [ONCH2]Y(AlMe3)2(AlMe4) is unstable 
and undergoes a second C�tH bond activation of the 
already deprotonated methyl group yielding 
alkylidene complex [ONCH]Y(AlMe3)2(AlMe4). The 
same complex is obtained directly for the smaller 
rare-earth metal lutetium. Complexes 
[ONCH2]Ln(AlMe3)2(AlMe4) display axial chirality 
according to their solid-state structure and 1H NMR 
spectra. The triply de-protonated complexes 
[ONCH]Ln(AlMe3)2(AlMe4) revealed the chiral 
character only in the X-ray structure and at low 
temperatures in the 1H NMR spectrum. At higher 

temperatures the increased mobility of the ligands 
makes a case for atropisomerism.  
Despite the di- and trianionic character of the pincer 
ligand, the complex showed excellent properties for 
isoprene polymerization upon activation with known 
borate/borane cocatalysts. In particular, the use of 
two equivalents of cocatalyst results in more active 
species and polymers with higher cis-1,4-contents. 
For example, the catalyst system 3Y/2B achieved 
almost full conversion after 15 min, while the 
microstructure showed no trans-1,4-content and a 
cis-1,4-content of 83.5%. Activation of the pincer-
type complexes with cocatalyst A resulted in 
bimodal polyisoprenes.  

Experimental 
General experimental procedures and instrumentation. 

All manipulations were performed with rigorous 
exclusion of air and water, using standard Schlenk, 
high-vacuum, and glovebox techniques (MBraun 
UNIlab-pro-dp; < 0.5 ppm O2, < 0.5 ppm H2O). 
Toluene and n-hexane were purified by using 
Grubbs-type columns (MBraun SPS, solvent 
purification system) and stored inside a glovebox. 
[D8]thf and [D6]benzene were purchased from 
Aldrich, degassed and dried over NaK for 24 h, 
filtered, and stored inside a glovebox. 
[Ph3C][B(C6F5)4] (A), [PhNMe2H][B(C6F5)4] (B), and 
B(C6F5)3 (C) were obtained from Boulder Scientific 
Company and used without further purification. 
Trioctylaluminum and isoprene were obtained from 
Sigma Aldrich. Isoprene was dried over 
trioctylaluminum and distilled prior to use. Ligand 1 
was synthesized according to literature 
procedures.44 Homoleptic Ln(AlMe4)3 (Ln = La, Nd, 
Lu) were prepared according to literature 
procedures.31 NMR spectra were recorded on a 
Bruker AVBII+400 (1H: 400.11 MHz; 13C: 100.61 MHz) 
spectrometer. Variable temperature NMR 
experiments were recorded on a Bruker AVII+500 
(1H: 500.13 MHz; 13C: 125.76 MHz). 1H and 13C shifts 
are referenced to internal solvent resonances and 
reported in parts per million relative to 
tetramethylsilane (TMS). Coupling constants are 
given in Hz. Elemental analyses were performed on 
an ElementarVario Micro Cube. IR spectra were 
recorded on a NICOLET 6700 FTIR spectrometer with 
a DRIFTs cell (KBr window). Size exclusion 
chromatography (SEC) was performed on a Viscotek 
GPCmax apparatus and a model TDA 305 triple 
detector array. Sample solutions (1.0 mg polymer 
per mL thf) were filtered through a 0.45 µm syringe 
filter prior injection. The flow rate was 1 mL/min. 
dn/dc and dA/dc data were determined by means of 
the integrated OmniSec�;  software. The 
microstructure of the polyisoprenes was determined 
on a Bruker AVBII+400 and Bruker DRX250 
spectrometer in [D]chloroform at ambient 
temperatures. Glass transition temperatures (Tg) of 
the polyisoprenes were determined on a Perkin-
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Elmer DSC 8000 with heating rates of 20 K/min and 
cooling rates of 60 K/min. 

Preparation and characterisation of compounds 2Ln and 
3Ln 

[ONCH2]La(AlMe3)2(AlMe4) (2La). La(AlMe4)3 (250 mg, 
0.620 mmol) was dissolved in toluene (5 mL), and a 
solution of [HONCH3] (1, 181 mg, 0.620 mmol) in toluene 
(5 mL) was added slowly under vigorous stirring. 
Immediately, CH4 formation could be observed. After 
stirring the reaction for 2 h at ambient temperature, the 
solvent was removed in vacuo to give 2La as a yellow 
solid. Crystalline 2La was obtained from a saturated 
mixture of n-hexane and toluene solution at �t35 °C as 
[ONCH2)]La(AlMe3)2(AlMe4).1/3(C7H8) (310 mg, 
0.440 mmol, 71%). 1H NMR (400 MHz, [D6]benzene, 
26 �£���•�W�� �w = 6.83 - 7.16 (m, 10 H, PhH and toluene), 6.49 
(t, 3JHH=7.8 Hz, 1 H, PyH), 6.00 (d, 3JHH=8.0 Hz, 1 H, PyH), 
5.81 (d, 3JHH=7.4 Hz, 1 H, PyH), 3.89 (d, 2JHH=15.1 Hz, 1 H, 
Py�tCH2�tCPh2), 3.02 (d, 2JHH=15.1 Hz, 1 H, Py�tCH2�tCPh2), 
2.45 (d, 2JHH=15.6 Hz, 1 H, Py�tCH2�tAl), 2.11 (s, 1 H, 
toluene), 1.90 (d, 2JHH=15.6 Hz, 1 H, Py�tCH2�tAl), 0.15 (s, 
12 H, CH3), -0.38 (s, 18 H, CH3) ppm. 13C {1H} NMR 
(101 MHz, [D6]benzene, 26 �£���•�W���w = 165.9 (s, Py), 154.1 (s, 
Py), 144.8 (s, Ph), 143.2 (s, Ph), 140.3 (s, Py), 129.4 (br. s, 
Ph), 129.3 (s, Tol), 129.3 (br. s, Ph), 128.7 (br. s, Ph), 
128.6 (s, Tol), 128.5 (br. s, Ph), 125.7 (s, Tol), 122.2 (s, 
Py), 120.9 (s, Py), 85.5 (s, Ph2C�tCH2), 50.5 (s, Py�tCH2�t
CPh2), 29.7 (s, Py�tCH2�tAl), 21.4 (s, Tol), 4.7 (s, AlMe4), 
2.7 (s, AlMe3), 0.7 (s, AlMe3) ppm. IR (DRIFTS): �†
ä = 3084 
(m), 3060 (m), 3026 (m), 2920 (vs), 2884 (vs), 2810 (s), 
2786 (s), 1955 (w), 1874 (w), 1808 (w), 1776 (w), 1746 
(w), 1692 (w), 1666 (w), 1603 (s), 1565 (s), 1493 (s), 1460 
(vs), 1444 (vs), 1376 (w), 1334 (w), 1309 (m), 1268 (s), 
1241 (m), 1205 (vs), 1187 (vs), 1157 (s), 1105 (m), 1088 
(w), 1063 (m), 1036 (vs), 1000 (s), 968 (m), 931 (m), 919 
(m), 904 (m), 889 (m), 874 (s), 801 (s), 775 (s), 764 (s), 
750 (s), 721 (vs), 708 (vs), 700 (vs), 687 (vs), 614 (vs), 581 
(vs), 551 (s), 525 (m), 488 (vs), 481 (vs), 465 (s), 458 (m), 
452 (m), 444 (s), 425 (m), 410 (w), 404 (m) cm-1. 
Elemental analysis of crystalline 2La, calcd. for 
C33.3H52.7Al3LaNO (703.31): C 56.93, H 7.55, N 1.99; 
found: C 56.80, H 7.12, N 2.14. 

 [ONCH2]Nd(AlMe3)2(AlMe4) (2Nd). Nd(AlMe4)3 (250 mg, 
0.620 mmol) was dissolved in toluene (5 mL), and a 
solution of [HONCH3] (1, 178 mg, 0.620 mmol) in toluene 
(5 mL) was added slowly under vigorous stirring. 
Immediately, CH4 formation could be observed. After 
stirring the reaction for 2 h at ambient temperature, the 
solvent was removed in vacuo to give 2Nd as a blue solid. 
Crystalline 2Nd was obtained from a saturated mixture of 
n-hexane and toluene solution at �t35 °C as 
[ONCH2]Nd(AlMe3)2(AlMe4).1/3(C7H8) (369 mg, 
0.520 mmol, 84%). 1H NMR (400 MHz, [D6]benzene, 
26 °C): �w = 25.29 (br. s., 1 H), 23.27 (br. s., 1 H), 19.04 (br. 
s., 1 H), 17.69 (br. s., 4 H), 17.53 (br. s., 2 H), 14.20 (br. s., 

2 H), 10.88 (br. s., 3 H), 9.76 (br. s., 2 H), 7.74 (br. s., 2 H), 
5.68 (br. s., 2 H), 1.45 (br. s., 2 H) -6.17 (br. s., 24 H) ppm. 
IR (DRIFTS): �†
ä = 3086 (m),3058 (s), 3024 (s), 2922 (vs), 
2917 (vs), 2887 (vs), 2813 (s), 2792 (s), 1967 (m), 1873 
(m), 1807 (m), 1604 (s), 1566 (s), 1493 (s), 1461 (vs), 
1444 (vs), 1376 (m), 1336 (s), 1310 (m), 1271 (s), 1242 
(s), 1208 (s), 1187 (vs), 1157 (s), 1105 (s), 1089 (m), 1061 
(s), 1036 (s), 1007 (s), 999 (s), 969 (s), 932 (s), 919 (m), 
905 (s), 887 (s), 875 (s), 801 (s), 775 (s), 764 (s), 750 (s), 
733 (vs), 725 (vs), 718 (vs), 710 (vs), 706 (vs), 697 (vs), 
690 (vs), 682 (vs), 675 (s), 645 (s), 618 (s), 611 (s),592 (s), 
581 (vs), 572 (s), 561 (s), 548 (s), 527 (s), 516 (s), 508 (s), 
499 (s), 485 (vs), 472 (s), 462 (s), 457 (s), 445 (s), 437 (s), 
427 (m), 417 (m), 407 (m), 401 (m) cm-1. Elemental 
analysis of crystalline 2Nd, calcd. for C33.3H52.7Al3NdNO 
(708.64): C 56.50, H 7.49, N 1.98; found: C 56.39, H 7.49, 
N 1.98. 

[ONCH2]Y(AlMe3)2(AlMe4) (2Y). Y(AlMe4)3 (250 mg, 
0.710 mmol) was dissolved in toluene (5 mL), and a 
solution of [HONCH3] (1, 207 mg, 0.710 mmol) in toluene 
(5 mL) was added slowly under vigorous stirring. 
Immediately, CH4 formation could be observed. After 
stirring the reaction for 2 h at room temperature, the 
solvent was removed in vacuo to give 2Y as a yellow 
solid. Crystalline 2Y was obtained from a saturated 
mixture of n-hexane and toluene solution at �t35 °C as 
[ONCH2]Y(AlMe3)2(AlMe4) (263 mg, 0.430 mmol, 61%). 
1H NMR (400 MHz, [D6]benzene, 26 �£���•�W�� �w = 7.80 (br. s., 
1 H, Ph), 6.84 - 7.11 (m, 6 H, Ph), 6.51 (t, 3JHH=7.8 Hz, 1 H, 
Py), 6.03 (d, 3JHH=8.1 Hz, 1 H, Py), 5.84 (d, 3JHH=7.5 Hz, 
1 H, Py), 3.92 (d, 1JHH=15.1 Hz, 1 H, Py�tCH2�tCPh2), 3.07 
(d, 1JHH=15.2 Hz, 1 H, Py�tCH2�tCPh2), 2.28 (d, 1JHH=16.1, 
1 H, Py�tCH2�tAl) 2.13 (d, 1JHH=16.1 Hz, 1 H, Py�tCH2�tAl), -
0.02 (br. s., 14 H, AlMe), -0.41 (d, 2JYH=1.0 Hz, 10 H, 
AlMe), -0.45 (d, 2JYH=1.4 Hz, 1 H, AlMe), -1.28 (br. s., 4 H, 
AlMe) ppm. 13C {1H} NMR (101 MHz, [D6]benzene, 26 °C): 
�w = 167.5 (s, Py), 154.3 (s, Py), 144.1 (s, Ph), 143.0 (s, Ph), 
140.5 (s, Py), 129.6 (s, Ph), 129.5 (s, Ph), 128.8 (s, Ph), 
121.4 (s, Py), 120.6 (s, Py), 85.2 (s, Ph2C�tCH2), 48.3 (s, 
Py�tCH2�tCPh2), 27.0 (s, Py�tCH2�tAl), 0.2 (s, AlMe), -2.2 (s, 
AlMe) ppm. IR (DRIFTS): �†
ä = 3090 (m), 3059 (m), 3025 
(m), 2921 (vs), 2886 (s), 2818 (m), 1988(w), 1967 (w), 
1950 (w), 1901 (w), 1882 (w), 1802 (w), 1774 (w), 1755 
(w), 1691 (w), 1666 (w), 1601 (vs), 1566 (s), 1494 (s), 
1460 (vs), 1445 (s), 1340 (m), 1320 (m), 1272 (s), 1217 
(s), 1191 (vs), 1160 (s), 1101 (m), 1042 (vs), 1012 (s), 992 
(s), 973 (m), 933 (m), 918 (m), 904 (s), 889 (s), 867 (s), 
800 (s), 773 (s), 764 (s), 753 (s), 712 (vs), 702 (vs), 690 
(vs), 644 (s), 614 (s),577 (vs), 548 (s), 538 (s), 493 (s), 486 
(s), 478 (s), 450 (m), 428 (m), 415 (w), 407(m) cm-1. 
Elemental analysis of crystalline 2Y, calcd. for 
C30H47Al3YNO (607.56): C 59.31, H 7.80, N 2.31; found: 
C 59.55, H 8.06, N 2.25. 

[ONCH]Y(AlMe3)3 (3Y). Y(AlMe4)3 (250 mg, 0.710 mmol) 
was dissolved in toluene (5 mL), and a solution of 
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[HONCH3] (1, 207 mg, 0.710 mmol) in toluene (5 mL) was 
added slowly under vigorous stirring. Immediately, CH4 
formation could be observed. After stirring the reaction 
for 3 h at 60 °C, the solvent was removed in vacuo to 
give 3Y as a yellow solid. Crystalline 3Y was obtained from 
a saturated n-hexane solution at �t35 °C as 
[ONCH)]Y(AlMe3)3 (292 mg, 0.480 mmol, 67%). 1H NMR 
(400 MHz, [D6]benzene, 26 �£���•�W�� �w = 7.00 �t 7.20 (m, 10H, 
Ph), 6.66 (dd, 3JHH=8.2, 7.4 Hz, 1 H, Py), 5.99 (d, 3JHH= 
8.2 Hz, 1 H, Py), 5.85 (d, 3JHH= 7.4 Hz, 1 H, Py), 3.28 (s, 
2 H, �tCH2�t), 2.36 (d, 2JYH=5.1 Hz, 1�tCH�t), -0.42 (d, 
2JYH=1.5 Hz, 18 H, CH�tAlMe3), -0.45 (d, 2JYH=1.5 Hz, 9 H, 
O�tAlMe3) ppm. 13C {1H} NMR (101 MHz, [D6]benzene, 
26 �£���•�W���w = 176.8 (s, Py), 152.9 (s, Py), 144.1 (s, Ph), 140.0 
(s, Py), 128.8 (s, Ph), 128.7 (s, Ph), 128.5 (s, Ph), 120.4 (s, 
Py), 114.2 (s, Py), 84.5 (s, Ph2C�tCH2), 47.8 (s, Py�tCH2�t
CPh2), 36.3 (s, Al�tCH�tAl), -0.5 (s, O�tAlMe3), -2.2 (s, CH�t
AlMe3) ppm.IR (DRIFTS): �†
ä = 3053 (w), 2924 (m), 2884 
(m), 2819 (w), 1597 (m), 1555 (s), 1495 (w), 1447 (vs), 
1431 (m), 1335 (w), 1276 (s), 1222 (m), 1189 (s), 1157 
(m), 1093 (w), 1074 (w), 1015 (s), 1005 (s), 982 (m), 938 
(w), 921 (w), 907 (m), 881 (s), 871 (m), 814 (m), 801 (m), 
780 (s), 767 (m), 745 (s), 734 (s), 693 (vs), 644 (s), 610 (s), 
560 (s), 539 (s), 479 (s), 473 (s), 457 (s), 416 (w) cm-1. 
Elemental analysis of crystalline 3Y, calcd. for 
C29H43Al3YNO (591.52): C 58.89, H 7.33, N 2.37; found: 
C 59.37, H 7.47, N 2.51. 

[ONCH]Lu(AlMe3)3 (3Lu). Lu(AlMe4)3 (250 mg, 
0.570 mmol) was dissolved in toluene (5 mL), and a 
solution of [HONCH3] (1, 166 mg, 0.570 mmol) in toluene 
(5 mL) was added slowly under vigorous stirring. 
Immediately, the formation of CH4 took place. After 
stirring the reaction for 3 h at 60 °C, the solvent was 
removed in vacuo to give 3Lu as a yellow solid. Crystalline 
3Lu was obtained from a saturated n-hexane solution at �t
35 °C as (ONCH)Lu(AlMe3)3 (281 mg, 0.460 mmol, 81%). 
1H NMR (400 MHz, [D6]benzene, 26 �£���•�W�� �w = 7,20 (br. s, 
3 H, Ph), 6.95 �t 7.13 (m, 6), 6.67 (dd, 3JHH=7.8 Hz, 1 H, 
Py), 5.99 (d, 3JHH=8.2 Hz, 1 H, Py), 5.89 (d, 3JHH=7.4 Hz, 
1 H, Py), 3.26 (s, 2 H, Py�tCH2�tCPh2), 2.72 (s, 1 H, Al�tCH�t
Al), -0.29 (s, 18 H, CH�tAlMe3), -0.30 (s, 9 H, O�tAlMe3) 
ppm.13C {1H} NMR (101 MHz, [D6]benzene, 26 �£���•�W�� �w = 
175.8 (s, Py), 153.4 (s, Py), 144.0 (s, Ph), 140.6 (s, Py), 
129.2 (s, Ph), 129.0 (s, Ph), 128.9 (s, Ph), 120.5 (s, Py), 
114.6 (s, Py), 85.1 (s, Ph2C�tCH2), 47.5 (s, Py�tCH2�tCPh2), 
38.1 (s, Al�tCH�tAl), 0.5 (s, O�tAlMe3), -1.3 (s, CH�tAlMe3) 
ppm. IR (DRIFTS): �†
ä = 3062 (w), 2925 (s), 2886 (w), 2815 
(w), 1955 (w), 1887 (w), 1811 (w), 1755 (w), 1593 (s), 
1555 (vs), 1495 (m), 1448 (vs), 1430 (s), 1336 (w), 1278 
(vs), 1256 (m), 1232 (m), 1198 (vs), 1191 (vs), 1159 (m), 
1093 (w), 1069 (w), 1053 (w), 1017 (s), 1004 (s), 984 (m), 
937 (w), 918 (w), 906 (m), 881 (m), 869 (m), 814 (s), 781 
(s), 766 (m), 746 (m), 737 (s), 714 (s), 707 (vs), 680 (s), 
669 (m), 659 (s), 639 (m), 608 (m), 602 (m), 588 (w), 580 
(m), 570 (m), 560 (s), 542 (m), 525 (w), 514 (w), 499 (m), 

468 (m ) cm-1. Elemental analysis of crystalline 3Lu, calcd. 
for C29H43Al3LuNO (677.58): C 51.41, H 6.40, N 2.07; 
found: C 51.81, H 6.38, N 2.17. 

Crystallography and crystal structure determination  

Crystals from all complexes suitable for X-Ray 
crystallography were grown by standard techniques 
from saturated n-hexane/toluene solutions at �t40 °C. 
Single crystals were selected inside a glovebox, coated 
with Parabar 10312 (previously known as Paratone N, 
Hampton Research) or perflourinated ether and fixed on 
a microloop. Data were collected on a Bruker APEX DUO 
in�•�š�Œ�µ�u���v�š�����‹�µ�]�‰�‰�������Á�]�š�Z�����v���/�…�^���u�]���Œ�}�(�}���µ�•���•�����o�������š�µ������
���v���� �Y�h���•���Z���}�‰�š�]���•�� �(�}�Œ���D�}�<�r�� �Œ�����]���š�]�}�v���~�„�� �A���ì�X�ó�í�ì�ó�ï�� ���•�X��
Therefore, data were collected on a Bruker SMART APEX 
II instrument equipped with a fine focus sealed tube and 
�d�Z�/�h�D�W�,�� �u�}�v�}���Z�Œ�}�u���š�}�Œ�� �µ�•�]�v�P�� �D�}�<�r�� �Œ�����]���š�]�}�v�� �~�„�� �A��
0.71073 Å) The data collection strategy was determined 
using COSMO45 ���u�‰�o�}�Ç�]�v�P�� �˜- and 
n scans. Raw data 
were processed using APEX46 and SAINT,47 corrections 
for absorption effects were applied using SADABS.48 All 
data were processed using APEX346 software package. 
The structures were solved by direct methods and 
refined against all data by full-matrix least-squares 
methods on F2 using SHELXTL48 and Shelxle49. All 
Graphics were produced employing ORTEP-350 and POV-
Ray51. 
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Figure S1. 1H NMR spectrum (400 MHz) of [ONCH2]La(AlMe3)2(AlMe4) (2La) in C6D6 at 26 °C. 

 

 

Figure S2. 13C{1H} spectrum (101 MHz) of [ONCH2]La(AlMe3)2(AlMe4) (2La) in C6D6 at 26 °C. Toluene is marked with #.  
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Figure S3. 1H13C-HSQC NMR spectrum (400/101 MHz) of [ONCH2]La(AlMe3)2(AlMe4) (2La) in C6D6 at 26 °C. 

 

 

 

Figure S4. 1H NMR spectrum (400 MHz) of [ONCH2]Nd(AlMe3)2(AlMe4) (2Nd) in C6D6 at 26 °C. Toluene is marked with #. 
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Figure S5. 1H NMR spectrum (400 MHz) of [ONCH2]Y(AlMe3)2(AlMe4) (2Y) in C6D6 at 26 °C. 

 

Figure S6. 13C{1H} spectrum (101 MHz) of [ONCH2]Y(AlMe3)2(AlMe4) (2Y) in C6D6 at 26 °C.  
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Figure S7. 1H13C-HSQC NMR spectrum (400/101 MHz) of [ONCH2]Y(AlMe3)2(AlMe4) (2Y) in C6D6 at 26 °C. 

 

 

 

Figure S8. 1H NMR spectrum (400 MHz) of [ONCH]Y(AlMe3)3 (3Y) in C6D6 at 26 °C. 
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Figure S9. 13C{1H} spectrum (101 MHz) of [ONCH]Y(AlMe3)3 (3Y) in C6D6 at 26 °C. n-Hexane is marked with #. 

 

 

 

Figure S10. 1H13C-HSQC NMR spectrum (400/101 MHz) of [ONCH]Y(AlMe3)3 (3Y) in C6D6 at 26 °C. 
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Figure S11. 1H NMR spectrum (400 MHz) of [ONCH]Lu(AlMe3)3 (3Lu) in C6D6 at 26 °C. 

 

 

Figure S12. 13C{1H} spectrum (101 MHz) of [ONCH]Lu(AlMe3)3 (3Lu) in C6D6 at 26 °C.  



S9 
 

 

Figure S13. 1H13C-HSQC NMR spectrum (400/101 MHz) of [ONCH]Lu(AlMe3)3 (3Lu) in C6D6 at 26 °C. 

 

 

 

Figure S 14. Molecular structure of [ONCH2]La(AlMe3)2(AlMe4) (2La). Hydrogen atoms are omitted for clarity. The 
asymmetric unit contains 0.5 toluene which is omitted for clarity. Atomic displacement parameters set at the 50% probability 
level. Selected bond lengths [Å] and angles [°]: La1�±C1 2.726(2), La1�±C4 2.687(2), La1�±C5 2.787(2), La1�±C8 2.719(2), 
La1�±C11 2.949(2), La1�« Al1 3.3508(5), La1�« Al2 3.2829(5), La1�« Al3 3.4012(5), La1�±N1 2.516(1), La1�±O1 2.4114(9), 
Al1�±O1 1.862(1), Al3�±C11 2.091(2), O1-La1-C11 126.22(4), O1-La1-N1 76.38(3), N1-La1-C11 51.40(4), N1-La1-Al2 
107.21(3). 
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Figure S 15. Molecular structure of [ONCH2]Y(AlMe3)2(AlMe4) (2Y). Hydrogen atoms are omitted for clarity. The 
asymmetric unit contains 0.5 toluene which is omitted for clarity. Atomic displacement parameters set at the 50% probability 
level. Selected bond lengths [Å] and angles [°]: Y1�±C1 2.583(3), Y1�±C4 2.518(3), Y1�±C5 2.677(3), Y1�±C8 2.513(4), Y1�±
C11 2.848(3), Y1�« Al1 3.1934(8), Y1�« Al2 3.1390(9), Y1�« Al3 3.251(1), Y1�±N1 2.386(2), Y1�±O1 2.270(2), Al1�±O1 
1.851(2), Al3�±C11 2.070(3), O1-Y1-C11 130.21(7), O1-Y1-N1 78.70(6), N1-Y1-C11 53.16(8), N1-Y1-Al2 108.75(5). 

 

 

Figure S 16. Molecular structure of [ONCH]Y(AlMe3)3 (3Y). Hydrogen atoms are omitted for clarity. The asymmetric unit 
contains one toluene which was omitted for clarity. Atomic displacement parameters set at the 50% probability level. 
Selected bond lengths [Å] and angles [°]: Y1�±C1 2.568(2), Y1�±C4 2.640(2), Y1�±C7 2.483(2), Y1�±C10 2.611(2), Y1�« Al1 
3.1899(6), Y1�« Al2 2.8420(6), Y1�« Al3 3.1295(6), Y1�±N1 2.325(1), Y1�±O1 2.270(1), Al1�±O1 1.849(1), Al2�±C10 2.052(2), 
Al3�±C10 2.063(2), O1-Y1-C10 134.96(5), O1-Y1-N1 75.10(5), N1-Y1-C10 56.92(5). 
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Figure S 17. Molecular structure of [ONCH]Lu(AlMe3)3 (3Lu). Hydrogen atoms are omitted for clarity. Atomic displacement 
parameters set at the 50% probability level. Selected bond lengths [Å] and angles [°]: Lu1�±C1 2.511(3), Lu1�±C4 2.580(3), 
Lu1�±C7 2.436(3), Lu1�±C10 2.524(3), Lu1�« Al1 3.1221(9), Lu1�« Al2 2.8623(8), Lu1�« Al3 3.0575(9), Lu1�±N1 2.281(2), Lu1�±
O1 2.193(2), Al1�±O1 1.848(2), Al2�±C10 2.076(3), Al3�±C10 2.073(3), O1-Lu1-C10 136.27(8), O1-Lu1-N1 78.38(7), N1-
Lu1-C10 58.33(9). 

 

 

Figure S18. Comparison of both enantiomers of 2Nd. 
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Table S1.  Crystallographic data for compounds 2La, 2Nd, and 2YA 

 2La 2NdA 2YA 

    
CCDC number XX XX XX 

formula C33.5H51Al 3LaNO C33.5H51Al 3NdNO C33.5H51Al 3YNO 

M [g·mol-1] 703.60 708.93 653.60 

Color yellow blue/green yellow 
Crystal 

dimensions 
[mm] 

0.52 x 0.45 x 0.28 0.242 x 0.214 x 
0.165 

0.197 x 0.183 x 
0.070 

Crystal system triclinic triclinic monoclinic 

space group P1̄  P1̄  P21/c 

a [Å] 10.3933(4) 10.6177(3) 17.8953(13) 

b [Å] 11.9336(4) 11.4277(4) 10.0184(8) 

c [Å] 15.6945(6) 16.3857(4) 20.9266(15) 

�.���>�ƒ�@ 87.3861(4) 93.045(2) 90 

�����>�ƒ�@ 85.6753(4) 99.2350(10) 109.621(3) 

�����>�ƒ�@ 72.0755(4) 112.8170(10) 90 

V [Å 3] 1846.32(12) 1794.24(9) 3533.9(5) 

Z 2 2 4 

T [K]  200(2) 100(2) 100(2) 
�!calcd [g·cm-3] 1.266 1.312 1.228 

�����>�P�P-1] 1.252 1.545 1.749 

F(000) 726 732 1380 

Unique reflns 10787 8887 7791 

Observed reflns 
���,�!���1�� 

31465 31707 56238 

R1/w�5�������,�!���1�� 0.0252/0.0723 0.0233/0.0580 0.0450/0.0980 
R1/wR2 (all 

data) 
0.0279/0.0749 0.0260/0.0596 0.0566/0.1017 

Goodness of fit 1.076 1.034 1.121 
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Table S2.  Crystallographic data for compounds 3Y and 3Lu. 

 3YB 3LuA 

   
CCDC number XX XX 

formula C35H55Al 3YNO C29H43Al 3LuNO 

M [g·mol-1] 675.65 677.55 

Color yellow yellow 
Crystal 

dimensions 
[mm] 

0.425 x 0.348 x 
0.238 

0.132 x 0.124 x 
0.104 

cell triclinic monoclinic 

space group P1̄  P21/n 

a [Å] 10.3672(4) 11.1015(9) 

b [Å] 12.9566(5) 21.7863(18) 

c [Å] 14.9981(6) 13.0879(10) 

�.���>�ƒ�@ 99.106(2) 90 

�����>�ƒ�@ 95.286(2) 104.7510(10) 

�����>�ƒ�@ 109.956(2) 90 

V [Å 3] 1846.44(13) 3061.1(4) 

Z 2 4 

T [K]  100(2) 150(2) 
�!calcd [g·cm-3] 1.215 1.470 

�����>�P�P-1] 1.676 3.332 

F(000) 716 1368 

Unique reflns 8139 9386 

Observed reflns 
���,�!���1�� 

74275 48629 

R1/w�5�������,�!���1�� 0.0307/0.0798 0.0303/0.0545 
R1/wR2 (all 

data) 
0.0333/0.0817 0.0488/0.0612 

Goodness of fit 1.028 1.019 
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Figure S19. VT 1H NMR spectrum (500 MHz) of [ONCH2]La(AlMe3)2(AlMe4) (2La) in tolune-d8. From �±80 °C to 40 °C. 

 

 

Figure S20. Detailed view of the VT 1H NMR spectrum (500 MHz) of [ONCH2]La(AlMe3)2(AlMe4) (2La) in tolune-d8. 
From �±80 °C to 40 °C. 
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Figure S21. Detailed view of VT 1H NMR spectrum (500 MHz) of [ONCH2]La(AlMe3)2(AlMe4) (2La) in tolune-d8. From    
�±80 °C to 40 °C. 

 

 

 

Figure S22. VT 1H NMR spectrum (500 MHz) of [ONCH2]Y(AlMe3)2(AlMe4) (2Y) in tolune-d8. From �±80 °C to 60 °C. 
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Figure S23. Detailed view of VT 1H NMR spectrum (500 MHz) of [ONCH2]Y(AlMe3)2(AlMe4) (2Y) in tolune-d8. From      
�±80 °C to 60 °C. 
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Figure S24. Detailed view of VT 1H NMR spectrum (500 MHz) of [ONCH2]Y(AlMe3)2(AlMe4) (2Y) in tolune-d8. From      
�±80 °C to 60 °C. 

 

 

 

Figure S25: Detailed view of VT 1H NMR spectrum (500 MHz) of [ONCH]Y(AlMe3)3 (3Y) in tolune-d8. From �±80 °C to 
60 °C. 
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Figure S26. 1H NMR spectrum (400 MHz) of the reaction of [ONCH2]La(AlMe3)2(AlMe4) (2La) with [Ph3C][B(C6F5)4] in 
C6D6 at 26 °C. 

 

Figure S 27. 1H NMR spectrum (400 MHz) of the reaction of [ONCH2]La(AlMe3)2(AlMe4) (2La) with [PhNMe2H][B(C6F5)4] 
in C6D6 at 26 °C 
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Figure S28. Refractive index (RI) of bimodalic polyisoprenes (entry 7, 10, 13, 15, and 17). 
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