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1. Introduction 1 

1. Introduction  

1.1. Heterobi- and Heterotrimetallic Oxygen Bridged Complexes as 

Polymerization Catalysts 

Transition metal oxides, which are used as polyfunctional catalysts and precursors for 

the preparation of bi- and trimetallic heterogeneous catalysts, have been the topic of various 

academic and industrial studies,1 since the discovery of the catalytic olefin polymerization by 

Ziegler and Natta. These oxides can also act as catalysts themselves and can serve as models 

for the catalyst-substrate interaction.2-5 In this context, the study of transition metal oxides is 

not only an attractive subject of academic research but also relevant to the applied aspects of 

their chemistry. The immense research interest in this field of organometallic oxides is 

initiated by the remarkable properties of methylaluminoxane (MAO) as activator for 

metallocene catalysts in olefin polymerization6,7 and the valuable catalytic properties of 

organorhenium oxides.8 

The main disadvantage of these heterogeneous transition metal oxides is that they have 

complicated structural features and are insoluble in solvents advantageous for polymerization 

reactions. Investigations by Sinn and Kaminsky9 revealed that soluble metallocene catalysts in 

combination with methylaluminoxane achieve extremely high activities in the polymerization 

of olefins leading to the new developments in this field. These investigations are accompanied 

by an increased understanding of the factors that are important for stabilizing polymerization-

active metal centers and controlling their activity and selectivity. The design and synthesis of 

new transition metal precursors and main group organometallic cocatalysts is a very important 

subject which can provide high catalytic activity with low cocatalyst to catalyst precursor ratio 

and allows unprecedented control over the polymer microstructure generating new polymers 

with improved properties. The well-defined single-site metallocene catalysts are slowly 

replacing the conventional heterogeneous Ziegler-Natta catalysts. 
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Polymerization of olefins catalyzed by soluble, well-defined transition metal 

complexes has been one of the most attractive subjects in organometallic chemistry.10-25     

Particularly, there has been immense interest in the synthesis of multinuclear complexes for 

olefin polymerization which exhibit cooperative effects between their active metal centers.  

For example Marks et al.26 reported that the binuclear compounds exhibit higher catalytic 

activity than the mononuclear complexes. Another approach for olefin polymerization is using 

“tandem catalysis”.27-38 In this type of catalysis, two separate single site olefin polymerization 

catalysts of zirconium and later transition metals were used in the same system to catalyze the 

polymerization reaction. The first single site catalytic center produces oligomers, which are 

subsequently incorporated into high molecular weight polymers by the second metallic center. 

Since this type of polymerization requires intermolecular processes, it was speculated that the 

spatial proximity between two metallic centers might perform such functions more 

efficiently.26 For single site olefin polymerization catalysts two connectivity strategies 

(electrostatic and covalent) have been pursued to achieve cooperative effects via multinuclear 

complexes.39 It was assumed that the dicationic bimetallic framework exhibits enhanced 

comonomer binding affinity. Therefore the attractive possibility of bringing two catalytic 

centers in close constrained proximity offers the potential for significantly enhanced catalytic 

efficiency. Stereoregularity and molecular weight of the polymers can be controlled by 

changing the environment on the ligand surrounding the metal centers (e.g. by introducing the 

bulky substituents on the Cp ring or by an intraanular bridge) which in turn leads to the 

different specifications of the active species.40 There are some examples of olefin 

polymerization known, using heterobimetallic complexes where bis(cyclopentadienyl) M (M 

= Zr, Hf) moieties are connected to other transition metals via cyclopentadienyl,41 

phosphido,42 nitrogen ligands,43 and some alkoxide groups44 (Chart 1). However, significant 

enhancement in catalytic activity has rarely been observed even at high temperatures and 

pressure. Recently H. W. Roesky et al. reported a class of oxygen bridged heterobimetallic 
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complexes containing Al–O–M moiety (M = Zr, Ti, Hf) which are highly active in olefin 

polymerization.45  

 

 

 

 

 

 

 

 

 

Chart 1. Some bridged heterobimetallic complexes. 

 

The oxide bridged complexes prepared by H. W. Roesky et al. were rationally 

prepared by using the metal-hydroxide precursors.46,47 
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[LAl(OH)]2O)61) and  gallium (LMeGa(OH),46 and LGa(OH)2 62)  or germanium (LGe(OH)63) 

(Chart 2). 

 

 

 

 

 

 

 

 

 

 
Chart 2. Some β-diketiminato ligands based metal hydroxides prepared by H. W. Roesky et 
al. 

 

Using these unprecedented hydroxide precursors H. W. Roesky et al. reported a series 
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1.3. Cocatalysts 

1.3.1. Trialkylaluminum 
 
 

Aluminum alkyls, including trialkylaluminum and alkylaluminum chlorides, are 

important components in classical heterogeneous Ziegler-Natta coordination polymerization 

catalysis.64,65 A wide variety of homogeneous Ziegler-Natta catalysts based on aluminum 

alkyls as cocatalysts were also reported in the early literature for the polymerization of 

N

Ge

N

Ar

Ar

O H 
N

Al

N

Ar

Ar

OH

OH

N 
A l 

N 

A r 

A r 

O H 

M e 

N

Ga

N

Ar

Ar

OH

Me

N 
G a 

N 

A r 

A r 

O H 

O H

•
  •



1. Introduction 5 

olefins.66,67 Although as the temperature of the polymerization increases, the polymerization 

becomes nonstereospecific in these systems, they can be used to prepare a variety of homo, 

block, random, and alternating polyolefins. Cr- and Ni- based homogeneous catalysts,68,69 

when activated by aluminum alkyls, are also known as diene polymerization and ethylene 

oligomerization catalysts, respectively. The Ti- or Zr- based metallocene/alkylaluminum 

catalysts usually exhibit low-to-medium activities for ethylene polymerization,70 and only for 

ethylene, narrow product molecular weight distributions. This is because of rapid catalyst 

deactivation leading to the formation of an inactive species, presumably due to side reactions 

such as alkyl exchange and H-exchange, as well as reduction to lower Ti oxidation states.7,71 

Overall, the inability of metallocenes activated by alkylaluminum halides to polymerize 

propylene and higher α-olefins has limited their utility in this field. A number of attempts 

were made to improve the performance of these catalyst systems.72  

By addition of water to the halogen-free, polymerization-inactive Cp2ZrMe2/AlMe3 

system, Sinn and Kaminsky observed a surprisingly high activity for ethylene polymerization, 

which led to the discovery of a highly efficient activator, an oligomeric methylaluminoxane 

(MAO).73 This discovery, a result of research efforts seeking more effective cocatalysts, 

rejuvenated Ziegler-Natta catalysis.74 The major advances achieved in controlling polymer 

stereochemistry and architecture began the metallocene and single-site polymerization 

catalysis era.75-80  

 
1.3.2. Methylaluminoxane (MAO) 
 

Alkylaluminoxanes, oligomeric compounds consisting of -Al(R)-O- subunits, have 

been known to be active for the polymerization of monomers such as oxiranes since the early 

1960s.81 Methylaluminoxane [-Al(Me)-O-]n (MAO), prepared by controlled hydrolysis of 

AlMe3 and typically having n ≈ 5-20, affords highly active catalysts for polymerizing 

ethylene, propylene, and higher α-olefins when combined with group 4 metallocenes.75 Since 
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these discoveries, MAO has become a very important cocatalyst for metal-catalyzed olefin 

polymerization. Although very extensive research has been carried out in both academia and 

industry, the exact composition and structure of MAO are still not entirely clear or well 

understood.82,83 The proposed structures for MAO include one-dimensional linear chains (I) 

or cyclic rings (II) which contain three-coordinate Al centers, two-dimensional structures 

(III), and three dimensional clusters (IV) (Chart 3).  

1.3.2.1 Proposed Structures of MAO 
 

The three dimensional structure IV recently proposed by Sinn84 is based on structural 

similarities with tert-butylaluminoxanes, which form isolable and X-ray crystallographically 

characterizable cage structures (V).85 Structure IV has the basic formula [Al4O3(Me)6]4 with a 

Me:Al ratio of ≈1.5, which is in agreement with the general formula [AlO0.8-0.75(Me)1.4-1.5]n, 

recently reported by Albemarle researchers from 1H NMR measurements.86 Sinn et al.87 

recently presented additional evidence for hexamethyl-tetraaluminoxane, [Al4O(Me)6]4, as a 

major component of MAO, and have proposed an alternative structural model (similar to IV 

but having a more rigid structure with four-, six-, and eight-membered rings) for this tetramer. 

Multinuclear NMR investigations of MAO also indicate a possible cage structure 

under ambient conditions.88 Most aluminum centers in structure IV, except for the peripheral 

ones, are tetracoordinated. Characterization of MAO by 27Al NMR spectroscopy has shown 

that four coordinate Al centers predominate in MAO solutions,89 although three coordinate Al 

sites are also present.90 Chemical evidence that MAO contains three coordinate aluminum was 

also demonstrated by Siedle et al.,91 who showed that MAO undergoes facile (∆G* =13.9 

kcal/mol at 22 °C in dichloromethane) reversible methyl exchange with Cp2Zr(13CH3)2. 
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Chart 3. Proposed structures of methylaluminoxane (MAO) 
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1.4. Microstructure of Polymer Products 

As mentioned earlier well-defined single-site metallocene catalysts have been the 

study of high research interest over conventional Ziegler-Natta heterogeneous catalysts.95 This 

is mainly due to that these metallocene catalysts in combination with cocatalysts exhibit 

higher steroselectivity, narrower molecular weight distribution, and high catalytic activity in 

ethylene, propylene, and styrene polymerization.75,96 Other advantages include that these 

systems produce structurally well-defined single-site active catalytic species,72  which leads to 

a variety of high performance polyolefin products including isotactic,96 syndiotactic,97 and 

atactic polypropylenes,98 high-density polyethylene (HDPE),99 linear low-density 

polyethylene (LLDPE),100 syndiotactic polystyrene,101 and cyclo-olefin copolymers102 with 

uniform and tunable microstructure.  

In recent years there has been immense research interest in preparing catalysts to 

produce linear low density polyethylene (LLDPE). This is due to the following significant 

rheological and mechanical properties of LLDPE compared to the conventional polymers of 

ethylene: high tensile strength, higher impact and puncture resistance, superior toughness, 

good organoleptics and low blocking, excellent clarity and gloss, and easy blends with other 

polyolefins.103-111 LLDPE can be obtained from the polymerization of ethylene by using 

Ziegler-Natta catalysts or by metallocene catalysts, which are formed by the reaction of  group 

4 metallocene with a coactivator, of which methylaluminoxane (MAO) is most typical.8,112 In 

the case of conventional Ziegler-Natta catalysts, LLDPE suffers in terms of clarity or 

stiffness, but by using metallocene catalysts, some long chain branching is introduced, which 

improves clarity and stiffness. 
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1.5. Scope and Aim of the Present Work 

The Sections 1.2.−1.4. describe the importance of bimetallic and trimetallic oxygen bridged 

compounds as catalysts for the polymerization reactions to produce the polymers of tunable 

microstructure. Furthermore, there are no rationally prepared oxygen bridged heterobimetallic 

complexes known which are used as the catalysts for the polymerization reactions. Based on 

these premises, the objectives of the present work are: 

1. to develop new synthetic strategies for the preparation of oxygen bridged heterobi- and 

trimetallic complexes. 

2. to use these complexes as catalysts in the ethylene, styrene polymerization, and 

copolymerization reactions. 

3. to use spectral methods such as NMR spectroscopy, IR spectroscopy and X-Ray 

structural analysis to characterize the obtained products. 

4. to characterize the polymer products by using NMR, GPC, DSC measurements to 

elucidate their properties. 

5. DFT calculation studies to understand the mechanism of the polymerization process. 
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2. Results and Discussion 

2.1. Synthesis and Structural Characterization of the Oxygen Bridged 

Heterobimetallic Complex Cp*2MeZr(µ-O)TiMe2Cp*(3) for Ethylene 

Polymerization Including Theoretical Interpretation of the “Oxygen 

Effect” 

 

2.1.1. Synthesis of Zirconium and Hafnium Hydroxides Cp*2MeZr(OH) (1) and  

Cp*2Hf(OH)2 (2).  

 

Organotransition metal hydroxides have been known for a long time, and there has 

been interest in them for many years, primarily because of their role in catalysis.113 However, 

this class of compounds has taken on increased importance with the growth of activity in 

materials-related chemistry. As organometallic precursors are now being used for the 

synthesis of oxide materials by sol-gel and related hydrothermal syntheses, an understanding 

of organometallic hydroxides, which occur as intermediates or themselves function as 

precursors, becomes important.114 These hydroxides can also serve as building blocks to the 

polymetallic oxides. On this basis we became interested in the preparation of group 4 metal 

hydroxides and use them as the precursors for the bi- and trimetallic oxides. 

The controlled hydrolysis of Cp*2ZrMe2 with one equivalent of water resulted in the 

formation of Cp*2MeZr(OH) (1) in high yield with the elimination of methane (Scheme 1). 

Scheme 1 

 Cp*2ZrMe2 + H2O 30      to RT°C

n-hexane
   CH4

Cp*2MeZr(OH)

1Cp* = C5Me5
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The hafnium dimethyl compound (Cp*2HfMe2) reacts with water in 1:2 stoichiometry 

to yield Cp*2Hf(OH)2 (Scheme 2). Even controlled hydrolysis resulted in the formation of 

dihydroxide rather than monohydroxide (Cp*2HfMe(OH)).  

 

Scheme 2 

 

 

 

 

Compound 1 is the first zirconium compound which is bonded to a methyl and OH 

group at the same zirconium atom. Interestingly, 1 is monomeric in the solid state and even 

more striking the Me and OH group are not involved in any kind of hydrogen bonding as 

shown by X-ray structural analysis and IR spectroscopy. Surprisingly compound 1 is 

unexpectedly stable and does not eliminate methane even at elevated temperatures to form an 

oxo-bridged complex unlike Cp*2ZrH2, which gives an oxo-bridged complex under 

elimination of H2 when treated with water in a 2:1 stoichiometry.115 A reaction of 1 with one 

equivalent of Cp*2ZrMe2 did not occur. This may be due to the fact that the zirconium center 

is surrounded by sterically bulky Cp* ligands, which avoid complex 1 from reacting under 

elimination of methane.  

Compounds 1 and 2 are sensitive to air. Complex 1 hydrolyses to dihydroxide on 

exposing to moisture. Compounds 1 and 2 are soluble in hexane, toluene, ether, 

tetrahydrofuran, and dichloromethane. Complex 1 was characterized by EI mass spectrometry, 

elemental analysis, 1H and 13C NMR, and IR spectroscopy. The 1H NMR spectrum of 1 

reveals a singlet for Me protons (–0.2 ppm), which appears at remarkably low field as 

compared with the Me protons (–0.62 ppm) of Cp*2ZrMe2. This can be explained by 

considering the electron affinity of the oxygen in the OH group attached to the Zr center. A 

Cp*2HfMe2 + 2H2O 30      to RT°C

n-hexane
   2CH4

Cp*2Hf(OH)2

2Cp* = C5Me5
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single resonance (1.8 ppm) is observed for the methyl protons of the Cp* rings. The presence 

of the hydroxyl group is confirmed by a resonance of the OH proton (4.2 ppm) in 1H NMR 

and an O–H stretching mode (3680 cm-1) in the IR spectrum. The MS spectrum of compound 

1 is interesting when compared to that of Cp*2Zr(OH)2,116 which gives an intense peak at m/z 

376 (90Zr) corresponding to the oxozirconium cation [Cp*2ZrO]+, whereas compound 1 shows 

an intense peak at m/z 377 (90Zr) corresponding to [M+–Me]. This indicates the low acidic 

character of the proton attached to oxygen, obviously due to the strong electron donating 

nature of the methyl groups. 1H NMR spectral data for compound 2 is in good agreement with 

the literature data.115  

 

 

Figure 1. Molecular structure of Cp*2MeZr(OH) (1). Thermal ellipsoids are set at 50% 

probability level. H atoms, except for the OH group, are omitted for clarity.  
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Figure 2. Molecular structure of Cp*2Hf(OH)2 (2). Thermal ellipsoids are set at 50% 

probability level. H atoms, except for the OH groups, are omitted for clarity.  

 

2.1.2. Molecular Structures of Cp*2MeZr(OH) (1) and Cp*2Hf(OH)2 (2) 
 

Crystals of 1 suitable for X-ray structural analysis were obtained from n-hexane at –20 

ºC. Compound 1 crystallizes in the orthorhombic space group P212121. The Zr center is 

bonded to two Cp* groups and to two ancillary ligands (Me and OH) adopting a distorted 

tetrahedral geometry around the metal (Figure 1). The OH, methyl positions and also one Cp* 

ring are disordered. The O(1)–Zr(1)–C(21) bond angle (95.5(2)º) and the angle involving the 

centroids of the Cp* rings (137.6º) (Table 1) are comparable to those of the corresponding 

Cp*2Zr(OH)2
116 (O–Zr–O, av 98.9(2)º and Cp* angle av 137.7(5)º) suggesting a steric 

interaction between the methyl-methyl groups of the Cp* ligands.  
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Table 1. Selected Bond Distances (Å) and Angles (deg) for Compounds 1 and 2 

Compound 1 
Zr(1)–O(1) 2.040(4) O(1)–Zr(1)–C(21) 95.5(2) 
Zr(1)–C(21) 2.302(7) XCp*1–Zr–XCp*2 137.6 

Compound 2 
Hf(1)–O(1) 2.345(3) O(1)–Hf(1)–O(2) 93.3º 
Hf(1)–O(2) 2.351(3) XCp*1–Hf–XCp*2 131.7 
XCp* = Centroid of the Cp ring 

 

To the best of our knowledge compound 2 is the first structurally characterized 

hafnium hydroxide. The X-ray quality crystals were obtained from n-hexane by cooling 2 at   

–20 ºC. Molecular structure of 2 is shown in Figure 2. Compound 2 crystallizes in the 

orthorhombic space group P212121. The Hf center is bonded to two Cp* groups and to two 

ancillary ligands (OH) adopting a distorted tetrahedral geometry around the metal (Figure 2). 

The O(1)–Hf(1)–O(2) bond angle (93.3º) and the angle involving the centroids of the Cp* 

rings (138.7º) (Table 1) are narrower when compared to those of the corresponding 

Cp*2Zr(OH)2
116 (O–Zr–O, av 98.9(2)º and Cp* angle av 137.7(5)º) suggesting a steric 

interaction between the methyl-methyl groups of the Cp* ligands. The Hf(1)-O(1) and Hf(2)-

O(2) bond lengths are similar to each other (2.345(3) and 2.351(3) Å) but are longer when 

compared to those (Hf–O,  av 1.943 Å), in the homobimetallic compound (Cp2ClHf(µ-

O)HfClCp2).117  

 

2.1.3. Theoretical Study on Compound Cp*2MeZr(OH) (1) 
 

 To further investigate the bonding situation around the zirconium atom and to know 

the reason for the unusual stability of compound 1 compared to Cp*2HZr(OH) which could 

not be isolated, a NBO analysis including donor and acceptor interactions has been performed 

for the molecules. This analysis shows that the compounds vary significantly in the charge on 
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the central atom. For compound 1 the charge is 1.82, and for Cp*2HZr(OH), it is 1.58. 

Compound 1 containing a Zr-C bond which can best be described as polar covalent. The small 

charge value of 1.58 for compound Cp*2HZr(OH) is a result of the hydrogen atom which 

carries a small negative charge of –0.30 thus leading to a hydridic character.  

The weak acid-strength of these compounds can be put into an order by taking into account 

the two electron stabilization interactions of the O-H bond with other molecular orbitals 

which can be described as a donor acceptor interaction. Summing up all the contributions the 

ordering is 1 (33.3 kcal/mol) > Cp*2HZr(OH) (29.6 kcal/mol) with 1 being the weakest acid. 

As a consequence, the stability of complex 1 can be attributed to the weak acidic character of 

the proton in OH and steric bulkiness of the Cp* ligands.  

 

2.1.4. Reactivity of Compound Cp*2MeZr(OH) (1): Synthesis of Cp*2MeZr(µ-

O)TiMe2Cp*(3). 

 

  The unusual kinetic stability of 1 allows its further reactions with a variety of titanium 

complexes. It reacts under elimination of only one molecule of methane. Complex 1 does not 

react with CpTiMe3 in ether at –30 ºC and at room temperature, CpTiMe3 decomposes to a 

black precipitate due to its thermal instability. Similar reaction of complex 1 with CpTiMeCl2 

at room temperature yielded (CpTiMeO)3 (A), and Cp*2ZrCl2 (B) (Scheme 3). The data of B 

is in good agreement with the literature.118  

Complex 1 reacts cleanly with Cp*TiMe3 at room temperature under elimination of 

methane to form the heterobimetallic compound 3 with a Zr(µ-O)Ti moiety (Scheme 3) in 

good yield. The reaction of 1 with two equivalents of Cp*TiMe3 resulted in the formation of 

the bimetallic compound 3. This may be due to the steric crowd of Cp* which hinders the 

further reaction to yield a trimetallic compound. When a solution of Cp*TiMe3 in ether was 

added drop by drop to the solution of 1 in ether (–30 ºC) a precipitate was formed. After 
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stirring at room temperature for 12 h the solvent was removed in vacuum and the crude 

product was washed with n-hexane.  

 

Scheme 3 

 

Compound 3 forms Cp*2ZrMe(OH) (1) and an unidentified side product, when 

exposed to moisture. Complex 3 is insoluble in n-hexane, and pentane but sparingly soluble in 

toluene, diethyl ether, and THF at room temperature, whereas it dissolves in hot toluene. 

Compound 3 was thoroughly characterized by 1H and 13C NMR spectroscopy, EI mass 

spectrometry, and elemental analysis. The 1H NMR spectrum of 3 shows two singlets (0.22 

and 0.40 ppm) which can be assigned to the Me protons of TiMe2 and ZrMe respectively, 

whereas the methyl protons on Cp* of Zr and Ti resonate as two different singlets (1.8 and 2.2 

ppm) respectively. The EI mass spectrum (90Zr) exhibits an intense peak at m/z 574 [M – 

2Me]+, and the peak at m/z 589 (6%) was assigned to [M – Me]+.  

 

 

 

Cp*2MeZr(OH)

1

CpTiMeCl2
RT

ether

+ Cp*2ZrCl2

3

-30 °C to RT

Cp*TiMe3CpTiMe3

-30°C to RT

decomp. of 
CpTiMe3

ether ether

(CpTiMeO)3

A B

Cp*2MeZr(μ−O)TiMe2Cp*
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2.1.5. Molecular Structure Description of Cp*2MeZr(µ-O)TiMe2Cp* (3)  
 

Suitable crystals for X-ray structural analysis were obtained by cooling the hot toluene 

solution of 3. Complex 3 crystallizes as a non-merohedral twin in the monoclinic space group 

Pc with two nearly identical molecules in the asymmetric unit. The molecular structure is 

shown in Figure 3. 

 

 

Figure 3. Molecular structure of Cp*2MeZr(µ-O)TiMe2Cp* (3). Thermal ellipsoids are set at 

50% probability level. H atoms are omitted for clarity.  

 

Compound 3 exhibits a bent Zr(µ-O)Ti core. Table 2 exhibits the selected bond 

distances and bond angles for complex 3. The Zr and Ti show highly distorted tetrahedral 

geometry. The coordination sphere of the Zr center consists of two Cp* ligands, one Me 

group, and one (µ-O) unit, while that of the Ti has a Cp* ligand, two Me groups, and one (µ-

O) unit. The Me groups on Ti and Zr are in staggered conformation. The Zr–C(131) bond 

distance (2.295(6) Å) is comparable to the average Zr–C bond length in the complex Cp2Zr-

[CH2SiMe3]2
119 (av 2.284 Å) but is longer than the (av 2.251 Å) value found for (η5-
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C9H7)2ZrMe2.119 The Zr(1)–O(1)–Ti(1) bond angle (av 155.9º) is significantly narrower when 

compared with the homobimetallic angles M(µ-O)M (M = Zr, Ti) in compounds 

(Cp2ZrMe)2(µ-O) (174.1(3)º)119 and [Cp2Ti(CF3C=C(H)CF3)]2(µ-O) (170.0(2)º).120 The angle 

between the centroids of Cp* and the Zr center (134.1º) is also smaller when compared with 

that of compound 1 (137.6º) and the zirconium dihydroxide (137.7(5)º).116 But these angles 

are much wider than those of highly sterically congested alkoxide bridged clusters 

(Ti4Zr2O4(OBu)n(OMc)10 (OMc = methacrylate, n = 2,4,6) (98.8(2)º to 108.61(8)º).121 The 

Zr(1)–O(1) (2.022(4) Å) bond distance is slightly longer when compared with the 

corresponding oxygen-bridged (µ-O) compounds (Cp2ZrL)2(µ-O) (L = Me, SC6H5) (1.945(1) 

and 1.966(5) Å)119 but shorter than those of heterobimetallic alkoxide bridged clusters 

((Ti4Zr2O4(OBu)n(OMc)10 (n=2,4,6) Zr–O, av 2.189(2) Å).121 The Ti(1)–O(1) (1.816(4)Å) 

bond distance is slightly shorter than those in the (µ-O) compound 

[Cp2Ti(CF3C=C(H)CF3)]2(µ-O) (av Ti–O, 1.856(6)Å)120 and alkoxide bridged cluster 

((Ti4Zr2O4(OBu)n(OMc)10 (n = 2,4,6), Ti–O, av 2.041(5) Å).121 

 

Table 2. Selected Bond Distances (Å) and Angles (deg) for Compound 3 

Zr(1)–O(1) 2.022(4) Zr(1)–O(1)–Ti(1) 156.1(2) 
Ti(1)–O(1) 1.816(4) XCp*1–Zr(1)–XCp*2 134.1 
Zr(1)–XCp*1 2.289 O(1)–Zr(1)–C(131) 94.8(2) 
Zr(1)–XCp*2 2.269 O(1)–Ti(1)–C(132) 106.3(2) 
Ti(1)–XCp* 2.092 O(1)–Ti(1)–C(133) 105.3(2) 
Zr(1)–C(131) 2.295(6)   
Ti(1)–C(132) 2.120(6)   
Ti(1)–C(133) 2.123(6)   
XCp = Centroid of the Cp ring 
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2.1.6. Reactivity of Compound Cp*2MeZr(µ-O)TiMe2Cp* (3) 
  

To study the reactivity of compound 3, we carried out a further reaction of 3 with 

LMeAl(OH) (7) [L = CH(N(Ar)(CMe))2, Ar = 2,6-iPr2C6H3] at room temperature. However, 

the reaction did not occur even at refluxing the reaction mixture for 24 hours. Only the 

decomposition of LMeAl(OH) to β-diketiminate ligand has been observed (Scheme 4). 

 

 

Scheme 4 

N

N
Al

Ar

Ar

OH

Me
+

reflux,

toluene

[L = CH(N(Ar)(CMe))2, Ar = 2,6-iPr2C6H3]

24h
decomp. of LAlMe(OH)

Cp*
Ti

3

Cp*

Zr
Me

O

Me

Me

Cp*

 

 

2.1.7. Polymerization of Ethylene by Cp*2MeZr(µ-O)TiMe2Cp* (3) 
 

Compound 3 catalyzes the polymerization of ethylene in toluene when activated with 

MAO. All polymeric materials were isolated as white powders. Table 3 represents the results 

of ethylene polymerization data. Figure 4 exhibits a graph of activity against MAO to catalyst 

ratio of 3. The polymerization data exhibits that the complex 3 is very active even at low 

(86:1) MAO to catalyst ratio. This high activity in 3 may be due to the bridging oxygen which 

enhances the Lewis acidity at the metal centers.  
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Table 3. Ethylene Polymerization Data for 3a 

catalyst MAO: 

catalyst 

t(min) T(ºC) PE(g) A×106 Mw Mw/Mn Tm
b

 (°C) 

3 86 20 25 1.6 0.25 178523 4.17 124.0 

3 172 20 25 2.4 0.37 105149 3.42 120.0 

3 345 20 25 3.1 0.48   124.5 

3 461 20 25 5.5 0.85   124.9 

3 518 20 25 6.3 0.97   122.2 

3c 172 10 83 1.5 0.69   124.1 

a polymerization condition; 3 = 19.8 µmol, 100 mL of toluene at 25 ºC, at 1 atm ethylene pressure. 
Activity (A) = g PE/mol cat·h. bDSC. cpolymerization condition; 3 = 13.2 µmol, 83 ºC, at 1 atm 
ethylene pressure. 

93H  
Figure 4. Plots of activity against MAO to catalyst ratios of 3. 

 

2.1.8. Polymer Properties 
 

  DSC measurements show that the melting points (Tm) of the polyethylene produced by 

3 are in the range of 120 to 125 ºC, which is in the typical range for the LLDPE.95 The 
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resonances of 13C NMR spectral data are assigned according to the literature.95 The GPC 

measurements are monomodal for measured polyethylene samples. The Mw values are low 

and PDI are broad, which may be due to the fact that a good amount of the products coming 

from the titanium site are not incorporated into the growing polyethylene chain governed by 

the zirconium site. Polymerization data of complex 3 indicates high activity but less 

incorporation of ethylene to growing polyethylene chain. It can be assumed that two active 

sites compete for ethylene leading to the formation of lower molecular weight polyethylene, 

which makes PDI broad. 

 

2.1.9. Results of Computational Studies on Complex Cp*2MeZr(µ-O)TiMe2Cp* (3) 
 

It is evident from the crystal structure data that the M–O (M = Zr, Ti) bond length is 

short. Polymerization data shows that the compound exhibits high activity in ethylene 

polymerization. This may be due to the bridging oxygen, which causes short Zr–O and Ti–O 

bonds, indicative for high electron density within these bonds. As a consequence the electron 

density at the active metal sites is decreasing exhibiting enhanced Lewis acidic character. To 

support our findings from the experimental data, ab initio calculations were carried out aiming 

at the determination of the electronic density between Zr–O and Ti–O bonds. 

As shown in Table 4, the resulting structure compares very well with the data obtained 

by X-ray diffraction, thus giving a solid foundation for the following bond analysis to 

describe the bonding situation quite well. 
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Table 4. Selected Calculated and X-ray Bond Distances (Å) and Bond Angles (deg) 

Bond length Calcd X-ray Bond angles Calcd X-ray 

Zr(1)–O(1) 2.039 2.022 Zr(1)–O(1)–Ti(1) 157.37 156.90 

Ti(1)–O(1) 1.820 1.816    O(1)–Zr(1)–C(131) 94.89 94.80 

Zr(1)–C(131) 2.289 2.295 O(1)–Ti(1)–C(132) 104.69 106.30 

Ti(1)–C(132) 2.122 2.120 O(1)–Ti(1)–C(133) 104.74 105.3 

  

The NBO-analysis shows that the bonds formed between the metal atoms and the 

oxygen lead to a significant build-up of electron density on the oxygen atom. The distribution 

of electrons can be best described as locating 90% in a p-rich orbital of oxygen and leaving 

only 10% in a d-orbital of the metal. Figures 5 and 6 of the corresponding bonds show that 

electron density on the Zr atom is more depleted compared with that of the Ti atom.  

 

Figure 5. Shape of the bonding orbital          Figure 6. Shape of the bonding orbital 

between zirconium and oxygen.    between titanium and oxygen. 
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2.2. Oxygen Bridged Hybrid Metallocene-Nonmetallocene Heterobi- and 

Heterotrimetallic Catalysts of Group 4 Metals for Bimodal Activity in Olefin 

Polymerization: Synthesis, Characterization, and Catalytic Activity 

 

Poly- and heterometallic complexes in general have enormous potential to 

revolutionize homogeneous catalytic processes. They can simultaneously activate both 

components of a bimolecular reaction, overcome entropy barriers associated with bringing the 

two reagents together, and minimize the energy barrier that arises from solvent–shell 

rearrangements during the reaction by virtue of the cooperative interaction between the two 

different metal centers. Continuing our research on heterobimetallic oxygen bridged 

complexes we became interested in preparing oxygen bridged hybrid metallocene-

nonmetallocene polymetallic catalysts of group 4 metals and study their catalytic properties in 

the polymerization reactions. 

 

2.2.1. Synthesis and Reactivity of Oxygen Bridged Metallocene-Nonmetallocene Hybrid 

Bi- and Trimetallic Catalysts 

 

Synthesis of Cp*2MeZr(µ-O)Ti(NMe2)3 (4) containing the Zr(µ-O)Ti motif (Scheme 

5) was accomplished by reacting the monometallic hydroxide precursor, Cp*2MeZr(OH) (1) 

with Ti(NMe2)4 under the elimination of Me2NH in high yield. The solution of 

Cp*2MeZr(OH) in toluene was added drop by drop to the solution of Ti(NMe2)4 in a 1:1 

stoichiometric ratio in toluene and stirred at 25 ºC for 14 h to yield the yellow complex 4. The 

1H NMR spectrum of the reaction mixture reveals almost quantitative conversion of the 

reactants to product as revealed by the absence of any characteristic Zr–OH resonance at 4.2 

ppm in C6D6. Complex 4 is insoluble in n-hexane or pentane, but readily soluble in toluene 
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and benzene at room temperature. Complex 4 was characterized by 1H and 13C NMR 

spectroscopy, analytical data, EI mass spectrometry, and single crystal X-ray diffraction 

studies. The 1H NMR spectrum of 4 in C6D6 exhibits three singlets at 0.01, 1.89, and 3.14 

ppm, attributed to the proton resonances arising from Zr–Me, η5-C5Me5, and NMe2 groups 

respectively. The singlet at 0.01 ppm integrates one-sixth against the singlet at 3.14 ppm 

revealing the formation of a bimetallic complex 4 as formulated in Scheme 5. The 13C NMR 

spectrum of compound 4 reveals a resonance at 29.1 ppm assigned to the zirconium bound 

methyl-carbon resonance. The six methyl-carbon nuclei arising from the three dimethylamino 

groups attached to the Ti center resonate at 45.4 ppm. Additionally, the peaks at 11.3 and 

117.7 ppm are assigned to the carbon resonances of the methyl groups and the carbon 

resonances of η5-cyclopentadienyl arising from zirconium bound Zr–C5Me5 group 

respectively. Analytically pure crystals of 4 were obtained from cold toluene at –20 oC and 

finally the structure of 4 was unambiguously determined by single crystal X-ray 

crystallography.  

 

 

 

 

 

 

Compound 4 breaks up to the monohydroxide 1, and an unidentified product, when 

exposed to moisture as revealed by the characteristic Zr–OH resonance in the 1H NMR 

spectrum (4.2 ppm in C6D6). The reaction of 4 with Me2SiCl2 leads to the cleavage of Zr(µ-

O)Ti bond and chlorine transfer reaction forming Cp*2ZrCl2 and other unidentified products. 

However, compound 4 was found to be remarkably stable for several months under an inert 
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atmosphere. Further reaction of 4 with one equivalent of Cp*2MeZr(OH) (1) in toluene does 

not lead to the formation of the expected heterotrimetallic complex bearing the Zr(µ–O)Ti(µ–

O)Zr moiety. Compound 4 does not undergo further reaction with 1 to form a 

heterotrimetallic complex that can probably be attributed to the steric demand imposed by the 

bulky Cp* ligands of 1 hindering further transformation of 4 into a trimetallic complex.  

 

Scheme 6 

 

 

 

 

 

 

 

However, Hf(NMe2)4 reacts in a different way with Cp*2MeZr(OH) (1) than 

Ti(NMe2)4. The solution of Cp*2MeZr(OH) in toluene was added drop by drop to the solution 

of Hf(NMe2)4 in a 1:1 stoichiometric ratio in toluene and stirred at 25 ºC for 24 h to yield a 

colorless heterobimetallic compound Cp*2MeZr(µ-O)Hf(NMe2)3 (5) along with another minor 

product in a 4:1 molar ratio. Complex 5 could not be isolated in a pure form, but it was 

formulated as a heterobimetallic complex shown in Scheme 6 by its characteristic 1H NMR 

pattern. The 1H NMR spectrum of 5 reveals a 1:6 relative intensity ratio of Zr–Me to NMe2 

protons indicating a heterobimetallic formulation of 5.  The structure of the minor compound 

was established as the heterotrimetallic Cp*2MeZr(µ-O)Hf(NMe2)2(µ-O)ZrMeCp*2 (6) 

complex. This compound was prepared in higher yield using different stoichiometry of the 

reactants. A toluene solution of Cp*2MeZr(OH) was added to the solution of Hf(NMe2)4 in 
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toluene in a 2:1 stoichiometric ratio and stirred at 25 ºC for 24 h yielding almost quantitatively 

the heterotrimetallic complex 6 as revealed by the 1H NMR spectrum of the reaction mixture. 

Complex 6 is soluble in toluene and benzene at room temperature. Compound 6 was 

characterized by 1H and 13C NMR spectroscopy, analytical data, EI mass spectrometry, and 

single crystal X-ray diffraction studies. Analytically pure crystals of 6 were obtained from 

cold toluene at –20 oC. The 1H NMR spectrum of 6 exhibits three singlets at –0.05, 1.92, and 

2.99 ppm, assigned to the proton resonances arising from Zr–Me, η5-C5Me5 ligand, and two 

NMe2 groups respectively. The singlet at 2.99 ppm integrates twice against the singlet at        

–0.05 ppm clearly suggesting the formation of a trimetallic complex 6 as formulated in 

Scheme 6. The 13C NMR spectrum is almost similar to that observed for the heterobimetallic 

complex 4, exhibiting singlets at 27.9 and 43.5 ppm assigned to the carbon resonances arising 

from Zr–Me and Hf–NMe2 groups respectively. 

  The EI mass spectral data for both 4 and 6 are in accord with the assigned structures. 

Neither of them exhibits a molecular ion. Compound 4 shows a peak at m/z 556.2 

corresponding to [M − Me]+. The next fragment for compound 4 is observed at m/z 526.2 

corresponding to [M – NMe2]+. Compound 6 exhibits an ion at m/z 1037.3 corresponding to 

[M − Me]+.  

 

2.2.2. 2D NMR Experimental Results for Complexes 4 and 6 
 

To get to know the more insight into the molecules of 4 and 6 in solution state 2D 

1H,1H NOESY NMR experiments were carried out. The experiments reveal that 4 and 6 are 

indeed heterometallic complexes. The data of complex 4 exhibits the methyl resonances from 

the Zr-Me (δ 0.01 ppm) and Ti-NMe2 (δ 3.14 ppm) moieties have cross-peaks, and also the 

methyl signals on Cp* (δ 1.89 ppm) and methyl signals on Ti-NMe2 (δ 3.14 ppm) shows the 

cross peaks which can be expected considering the bulky Cp* ligands. This data indicates that 
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the Zr and Ti moieties are present within the same molecule (Figure 7) which is further 

confirmed by the crystal structure of 4 (Figure 9). 

 

 

Figure 7. 2D (1H,1H NOESY) spectrum of Cp*2MeZr(µ-O)Ti(NMe2)3 (4). 

 

 

Figure 8. 2D (1H,1H NOESY) spectrum of Cp*2MeZr(µ-O)Hf(NMe2)2(µ-O)ZrMeCp*2 (6). 
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The 1H,1H NOESY spectrum for complex 6 is shown in Figure 8. The spectrum is 

similar to that of 4 exhibiting the cross peaks between the methyl resonances of Zr-Me (δ -

0.05 ppm) and methyl resonances of Hf-NMe2 (δ 2.99 ppm). The cross peaks between methyl 

signals of Hf-NMe2 (δ 2.99 ppm) and methyl signals of Cp* (δ 1.92 ppm) has also been seen 

indicating the presence of Zr and Hf in the same molecule. In both 2D spectra of compounds 4 

and 6 the cross peaks between corresponding methyl resonances of Zr-Me (δ 0.01 ppm, for 4, 

and δ -0.05 ppm for 6) and methyl resonances of Cp* (δ 1.89 ppm for 4, and δ 1.92 ppm for 6) 

has been observed. This may be attributed to the steric interaction between the methyl-methyl 

groups of the bulky Cp* ligands.  

 

2.2.3. Crystal Structures of Compounds 4 and 6 
 

 Suitable crystals for X-ray structural analysis were obtained by cooling a toluene 

solution of 4 at –20 oC for several days. Compound 4 crystallizes in the triclinic space group 

P1. The molecular structure of 4 is shown in Figure 9. The Zr and Ti centers in compound 4 

adopt distorted tetrahedral geometry. The coordination sphere of the Zr center consists of two 

Cp* ligands, one methyl group, and one (µ-O) unit, while that of the Ti has three 

dimethylamino groups and one (µ-O) unit. Table 5 compiles the selected bond distances and 

angles for compound 4. The bonding parameters compare well with the related oxygen 

bridged heterobimetallic complex, Cp*2MeZr(µ-O)TiMe2Cp* (3). Compound 4 exhibits a 

slightly bent Zr(µ–O)Ti core. The Zr(1)–O(1)–Ti(1) bond angle in 4 is 169.73(6)º which is 

considerably wider than the Zr(µ–O)Ti bond angle (156.1(2)º) observed in Cp*2MeZr(µ-

O)TiMe2Cp*  but comparable to the homobimetallic M(µ–O)M (M = Zr, Ti) angles in 

compounds (Cp2Zr(Me))2(µ-O) (174.1(3)º)119 and (Cp2Ti(CF3C=C(H)CF3))2(µ-O) 

(170.0(2)º).120 The Zr–C(50) bond distance (2.2950(15) Å) is comparable to the average Zr–C 

bond length in Cp2Zr(CH2SiMe3)2 (av 2.284 Å) but is slightly longer than the value (av 2.251 
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Å)  found for (η5-C9H7)2Zr(Me)2.119 The Zr(1)–O(1) (2.0016(10) Å) bond distance is 

comparable to the Zr–O bond distance (2.022(4) Å) observed in Cp*2MeZr(µ-O)TiMe2Cp* 

(3) but shorter than the heterobimetallic alkoxide bridged clusters Ti4Zr4O6(OBu)4(OMc)16 

(OMc = methacrylate, av Zr–O 2.17 Å).121 The angle between the centroids of Cp* and the Zr 

center (136.0°) is slightly wider when compared with that of Cp*2MeZr(µ-O)TiMe2Cp* (3) 

(134.1º).  

 

 

 

Table 5. Selected Bond Distances (Å) and Angles (deg) for 4 

Ti(1)–O(1) 1.8028(10) Ti(1)–N(1) 1.9088(14) 
Ti(1)–N(2) 1.9129(13) Ti(1)–N(3) 1.9316(13) 
Zr(1)–O(1) 2.0016(10) Zr(1)–C(50) 2.2950(15) 
Cp*(1)–Zr(1) 2.278(8) Cp*(2)–Zr(1) 2.263(7) 
O(1)–Ti(1)–N(1) 109.73(5) O(1)–Ti(1)–N(2) 111.19(5) 
N(1)–Ti(1)–N(2) 114.82(6) O(1)–Ti(1)–N(3) 118.21(5) 
N(1)–Ti(1)–N(3) 101.44(6) N(2)–Ti(1)–N(3) 101.16(6) 
Ti(1)–O(1)–Zr(1) 169.73(6) O(1)–Zr(1)–C(50) 96.92(5) 
Cp*(1)–Zr(1)– Cp*(2) 136.0(3) Cp*(1)–Zr(1)–C(50) 103.2(2) 
Cp*(2)–Zr(1)–C(50) 102.3(2) Cp*(1)–Zr(1)–O(1) 106.0(2) 
Cp*(2)–Zr(1)–O(1) 105.8(2)   
Cp* = Centroid of the Cp* ring 

Figure 9. Molecular structure of Cp*2MeZr(µ-O)Ti(NMe2)3 (4). Thermal ellipsoids are set 

at 50% probability level. H atoms are omitted for clarity.   
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  Colorless crystals of 6 suitable for X-ray structural analysis were obtained from 

toluene at –20 ºC. Compound 6 crystallizes in the monoclinic space group P21/n.  The 

molecular structure is shown in Figure 10. It shows the Hf atom is bonded through two 

bridging oxygen atoms to two zirconium centers establishing a trimetallic core with Zr(µ–

O)Hf(µ–O)Zr backbone. The Hf atom exhibits a distorted tetrahedral geometry with two 

nitrogen atoms of two dimethylamino ligands, and two (µ-O) units. Each Zr center is bonded 

to two Cp* groups and to two ancillary ligands (Me and (μ-O)) adopting a distorted 

tetrahedral geometry around the metal (Figure 10). The enhanced metal–oxygen bond 

distances in 6 as compared to that in 4 clearly (see Table 6) indicate that the formation of the 

trimetallic core in the case of 6 is favored as the bulky ‘Cp*2Zr(µ-O)’ core moves further 

away from the central metal. The other bond distances and angles involving the Zr center in 6 

compare well with those observed in 4. Compound 6 exhibits two different types of bent Zr–

O–Hf cores. The Zr(1)–O(1)–Hf(1) bond angle in 6 is 169.38(10)º which is similar to the 

observed Zr(1)–O(1)–Ti(1) bond angle (169.73(6)º) in 4. The other Zr(2)–O(2)–Hf(1) bond 

angle in compound 6 is 151.25(11)º which is considerably bent and probably this bending can 

be attributed to the internal requirement for the formation of a trimetallic core putting the 

three metal centers in an optimum steric environment.  
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Figure 10.  Molecular structure of Cp*2MeZr(µ-O)Hf(NMe2)2(µ-O)ZrMeCp*2 (6). Thermal 

ellipsoids are set at 50% probability level. H atoms are omitted for clarity.   

 

Table 6. Selected Bond Distances (Å) and Angles (deg) for 6 

Hf(1)–O(1) 1.9265(18) Hf(1)–O(2) 1.9660(18) 
Hf(1)–N(1) 2.042(2) Hf(1)–N(2) 2.040(2) 
Zr(1)–O(1) 1.9992(18) Zr(1)–C(21) 2.292(3) 
Cp*(1)–Zr(1) 2.274(9) Cp*(2)–Zr(1) 2.279(9) 
Zr(2)–O(2) 1.9754(18) Zr(2)–C(42) 2.302(3) 
Cp*(3)–Zr(2) 2.287(9) Cp*(4)–Zr(2) 2.282(9) 
O(1)–Hf(1)–N(1) 108.42(9) O(1)–Hf(1)–N(2) 108.81(9) 
O(1)–Hf(1)–O(2) 111.39(8) N(1)–Hf(1)–N(2) 107.94(10) 
O(2)–Hf(1)–N(1) 109.64(9) O(2)–Hf(1)–N(2) 110.55(9) 
Hf(1)–O(1)–Zr(1) 169.38(10) Hf(1)–O(2)–Zr(2) 151.25(11) 
O(1)–Zr(1)–C(21) 95.28(9) Cp*(1)–Zr(1)– Cp*(2) 134.9(3) 
Cp*(1)–Zr(1)–C(21) 102.7(3) Cp*(2)–Zr(1)–C(21) 102.9(3) 
Cp*(1)–Zr(1)–O(1) 106.1(2) Cp*(2)–Zr(1)–O(1) 107.8(2) 
O(2)–Zr(2)–C(42) 94.08(10) Cp*(3)–Zr(2)– Cp*(4) 134.7(3) 
Cp*(3)–Zr(2)–C(42) 102.4(3) Cp*(4)–Zr(2)–C(42) 102.5(3) 
Cp*(3)–Zr(2)–O(2) 107.8(3) Cp*(4)–Zr(2)–O(2) 107.4(2) 
Cp* = Centroid of the Cp* ring 
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2.2.4. Polymerization of Ethylene 
 

   Compound 4 catalyzes the polymerization of ethylene in toluene when activated with 

MAO. All polymeric materials were isolated as white powders. Table 7 represents the results 

of ethylene polymerization data. Figure 11 exhibits a graph of activity against MAO to 

catalyst ratio of 4 revealing the highest activity is achieved at 400:1 MAO to catalyst ratio. 

The polymerization data exhibits that complex 4 is a quite active catalyst at moderately low 

MAO to catalyst ratio.  

 

Table 7. Ethylene Polymerization Data for Compounds 4 and 6a 

Catalyst MAO: 
catalyst 

PE 
(g) 

A ×105 Mw Mw/Mn Tm
b

 
(°C) 

4 200 0.23 0.46 (–)c (–)c 125.9 

4 300 0.25 0.50 (–)c (–)c 126.1 

4 400 0.91 1.82 170000 2.87 125.2 

4 600 0.93 1.86 127000 2.74 127.1 

6 400 0.470 0.94 205000 2.71 128.7 
a Polymerization condition; 4 and 6 =10 µmol, 100 mL of toluene at 25 ºC, at 1 atm ethylene pressure 

for 0.5 h. Activity (A) = g PE/mol cat·h. bDSC. c Not measured. 
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Figure 11. Plot of activity against MAO to catalyst ratios of 4 in ethylene polymerization. 

 
 
2.2.5. Polymer Characteristics 
 
 

  DSC measurements show that the melting points (Tm) of the polyethylene produced by 

4 are in the range of 125 to 129 ºC. The 13C NMR data exhibits a singlet at 30.0 ppm 

corresponding to the backbone carbon of linear polyethylene chain.95 In the present case, the 

polyethylene seems to be produced largely by the Zr center as revealed by the control 

experiments carried out with Cp*2Zr(Me)2 and Ti(NMe2)4 as catalysts.  Cp*2Zr(Me)2 exhibits 

less but comparable activity in ethylene polymerization and Ti(NMe2)4 reveals almost two 

orders lower activity in magnitude for ethylene polymerization when compared to the activity 

observed for 4 under identical conditions (See Table S3 Supporting Material). This fact was 

further supported by the catalytic activity observed for complex 6 which shows activity higher 

of one order in magnitude than the Hf(NMe2)4 under identical polymerization condition 

indicating that the ethylene polymerization is controlled by the Zr center. Also the 

monomodal GPC traces, molecular weight, and product polydispersities (Table 7) are 
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consistent with single-site processes during the ethylene polymerization. However, a 

cooperative effect between the metal centers through oxygen bridging cannot be completely 

excluded as the bridging oxygen brings the metallic centers in close proximity.  

  

2.2.6. Styrene Polymerization Studies 
 

 The catalytic property of complex 4 for the polymerization of styrene was 

preliminarily investigated. This complex shows moderate activity at ambient temperature in 

toluene when activated with MAO. All polymeric materials were isolated as white amorphous 

powders and Table 8 summarizes the activity values of catalyst 4 which increases gradually 

with MAO to catalyst ratio (Figure 12). The polystyrene is most likely to be produced by the 

Ti center as revealed by the control experiments carried out with Ti(NMe2)4 as catalysts 

exhibiting comparable activity in styrene polymerization when compared to the activity 

observed for 4 under identical conditions. The DSC measurements of the polystyrene obtained 

show that the characteristic glass-transition temperatures (Tg) are in the range from 72 to 76 

°C. Melting points (Tm) for the polymers were not observed. This unusually low Tg might be 

attributed to the branching in the atactic polystyrene.  

 

Table 8. Styrene Polymerization Data for Compound 4 as Catalysta 

catalyst MAO:catalyst PS(g) A ×104 
Tg

b
 

(°C) 

4 800 0.44 4.4 75.3 

4 1000 0.55 5.5 70.2 

4 1200 0.61 6.1 74.8 

4 1600 0.84 8.4 72.0 
a Polymerization condition; 4 =10 µmol, 100 mL of toluene with 10 mL of styrene at 25 ºC, for 1 h. 

Activity (A) = g PS/mol cat·h. bDSC.  
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Figure 12. Plot of activity against MAO to catalyst ratios of 4 in styrene polymerization. 
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2.3. Synthesis, Structural Characterization, and Catalytic Studies of 

Compounds Containing Al(µ–O)M (M = Ti, Hf) Core 

 

The development of metallocene catalysts6 was closely linked to the discovery of 

MAO as a cocatalyst, which is thought to generate a cationic metal alkyl active site by 

alkylation of the catalyst precursor and abstraction of an anionic ligand.72 Recently we 

isolated the unprecedented LMeAl(OH) (7) [L = CH(N(Ar)(CMe))2, Ar = 2,6-iPr2C6H3] 

which has only one –[Al(Me)–O–] unit.45 We have demonstrated that the liquid 

ammonia/toluene two-phase system is highly effective for the hydrolysis of organoaluminum 

compounds. Instead of routine long-chain and three-dimensional cage compounds, our group 

was able to isolate aluminum dihydroxide with terminal OH groups, LAl(OH)2 (Chart 1) [L = 

CH(N(Ar)(CMe))2, Ar = 2,6-iPr2C6H3],60 and the first dinuclear alumoxane hydroxide, [LAl-

(OH)]2(µ-O), in a two-phase system.61 The latter compound, when treated with Me2AlH, 

affords a six-membered alumoxane with a three coordinate Al center and two coordinate O 

atoms, (LAl)2(MeAl)(µ-O)3.61  Then we reported an improved route to LAl(OH)2 by using a 

strong nucleophilic reagent N-heterocyclic carbene as a HCl acceptor for the reaction of 

LAlCl2 and stoichiometric amounts of water.122 In the course of the synthesis of LMeAl(OH) 

(7) from LMeAlCl a stepwise process was followed with one equivalent amount of water. 

 

2.3.1. Synthesis of LMeAl(µ-O)MMeCp2 (M = Ti (8), Hf (9)) 
 

Using the advantage of the oxophilicity of group 4 metals and the Brönsted acidic 

character of the proton of the Al(O−H) moiety, we isolated compounds 8 and 9 by treatment 

of equivalent amounts of LMeAl(OH) (7) [L = CH(N(Ar)(CMe))2, Ar = 2,6-iPr2C6H3] and 

Cp2MMe2 (M = Ti,123 Hf 124). Reaction of 7 with Cp2TiMe2 at 80 ºC led to intermolecular 

elimination of methane and the formation of the (µ-O) bridged heterobimetallic complex 
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LMeAl(µ-O)TiMeCp2 (8; Scheme 7) in moderate yield (61%). Similarly treatment of 7 with a 

stoichiometric amount of Cp2HfMe2 in ether in the range from −30 ºC to ambient temperature 

results in the formation of the (µ-O) bridged heterobimetallic compound LMeAl(µ-

O)HfMeCp2 (9; Scheme 7) in good yield (67%). 
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Compounds 8 and 9 are not soluble in toluene, hexane, and ether but soluble in hot 

toluene and are characterized by analytical, spectroscopic, and single-crystal X-ray diffraction 

studies. The IR spectra of 8 and 9 show no OH absorptions in the range from 3000 to 3600 

cm-1 confirming the completion of the reaction by deprotonation. Compound 8 is a yellow 

crystalline solid that melts at 250 ºC while 9 is a colorless crystalline solid melting at 391 ºC. 

Decomposition was observed at the melting points of 8 and 9. Unlike Cp2TiMe2 complex 8 is 

thermally stable and not photosensitive. Compound 8 is stable and can be stored for a period 

of time at room temperature in the absence of air and moisture. The mass spectral data for 

both 8 and 9 are in accord with the assigned structures. Neither of them exhibits a molecular 

ion. Compound 8 shows the base peak at m/z 638 corresponding to [M−2Me]+. The next most 

intense peak for compound 8 is observed at m/z 653 which can be assigned to [M−Me]+. The 



2. Results and Discussion 38 

base peak for compound 9 is observed at m/z 785 representing [M−Me]+. The next most 

intense peak at m/z 770 shows the loss of another methyl group corresponding to [M−2Me]+. 

Both compounds 8 and 9 exhibit ions at m/z 202 which can be assigned to [DippNCMe]+.125 

The 1H NMR spectrum of 8 exhibits two resonances (δ −0.91 and −0.18 ppm) which can be 

attributed to the Me protons of  AlMe and TiMe groups, respectively, whereas the respective 

AlMe and HfMe groups in compound 9 resonate at δ −0.27 and 0.08 ppm. The characteristic 

Cp protons for 8 and 9 appear as singlets (δ 5.3 and 5.4 ppm). In addition, a set of resonance 

assignable to the isopropyl and methyl protons associated with the β-diketiminate ligand is 

found in the range between δ 1.76 and 1.01 ppm, and the absence of the OH proton resonance 

features both 8 and 9. The 27Al NMR is silent due to the quadruple moment of aluminum. 

 

2.3.2. Molecular Structure Description of LMeAl(µ-O)MMeCp2 (M = Ti (8), Hf (9)) 
 

The yellow crystals of 8 and the colorless single crystals of 9 were obtained from 

cooling their hot toluene solutions and were unambiguously analyzed by X-ray diffraction 

studies (Figures 13 and 14). The important bond parameters are listed in Tables 9 and 10. 

Compounds 8 and 9 crystallize in the triclinic space group P1. Both compounds show 

the aluminum atom bonded through an oxygen atom to titanium and hafnium respectively, 

and contain a bent Al(µ-O)M (M = Ti, Hf) core. The aluminum atom exhibits a highly 

distorted tetrahedral geometry with two nitrogen atoms of the β-diketiminato ligand, a methyl 

group, and one (µ-O) unit. The titanium and hafnium exhibit tetrahedral geometry and their 

coordination spheres are completed by two Cp ligands and one methyl group around each 

metal atom. The Me groups on Al and Ti in 8 and 9 are bent out of the Al(µ-O)M (M = Ti, 

Hf) plane in a cis configuration. 

The Al(µ-O) bond length (1.715(3) Å) in 8 is in good agreement with LAl(µ-O) 

ZrRCp2 (L = CH(N(Ar)(CMe))2, Ar = 2,6-iPr2C6H3, R = Me, Cl) (1.711(2) Å)45 but longer 
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than those found in compounds [((Me3Si)2HC)2Al]2(µ-O) (1.687(4) Å),126 and 

[HC((CMe)(NMe))2AlCl]2(µ-O) (1.677(6) Å).127 The Al(µ-O)Ti angle (151.7(2)º) in 8 is 

smaller than the Al(µ-O)Hf (158.4(1)º) angle in 9, and the corresponding Al(µ-O)Zr bond 

angle in LAl(µ-O)ZrRCp2 (L = CH(N(Ar)(CMe))2, Ar = 2,6-iPr2C6H3, R = Me, Cl) 

(158.2(1)º).45 This can probably be attributed to the increasing atomic radii from Ti to Zr 

causing gradual opening of the Al(µ-O)M (M = Ti or Zr) bond angle and to the bulkiness of 

the ligands surrounding the metal centers. However, the Al(µ-O)M (M = Ti, Hf) angles in 8 

and 9 are significantly less opened than those of homobimetallic M(µ-O)M (M = Zr, Hf) in 

(Cp2ZrMe)2(µ-O) (174.1(3)º)119 and (Cp2HfMe)2(µ-O) (173.9(3)º).128 The Al−Me bond length 

in compound 8 ( 1.958(4) Å) is similar to that of LMeAl(OH) and LAl(µ-O)ZrRCp2 (L =CH 

(N(Ar)(CMe))2, Ar = 2,6-iPr2C6H3, R = Me, Cl) (1.961(3) Å).45 

 

Figure 13. Molecular structure of LMeAl(µ-O)TiMeCp2 (8). Thermal ellipsoids are set at 

50% probability level. H atoms are omitted for clarity. 

The Ti(1)–O(1) bond distance (1.808(3) Å) in compound 8 is significantly shorter 

when compared to those in [Cp2Ti(CF3C=C(H)CF3)]2O (av Ti–O, 1.856(6)Å)120 and the 
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alkoxide bridged cluster (Ti4Zr2O4(OBu)n(OMc)10, (OMc = methacrylate), (n=2,4,6), Ti–O, av 

2.041(5) Å).121 The Ti(1)–C(29) bond length (2.239(9) Å) is slightly longer when compared to 

those (av 2.175(5)) in Cp2TiMe2.129  

 

Figure 14. Molecular structure of LMeAl(µ-O)HfMeCp2 (9). Thermal ellipsoids are set at 

50% probability level. H atoms are omitted for clarity. 

Table 9. Selected Bond Distances (Å) and Angles (deg) for Compound 8  

Ti(1)–O(1) 1.808(3) Ti(1)–C(29) 2.239(9) 
Al(1)–N(1) 1.926(3) Al(1)–O(1) 1.715(3) 
Al(1)–N(2) 1.919(3) Al(1)–C(28) 1.958(4) 
XBcp1 B–Ti(1) 2.134 XBcp2 B–Ti(1) 2.081 
N(2)–Al(1)–N(1) 95.7(1) O(1)–Al(1)–N(2) 113.9(2) 
O(1)–Al(1)–N(1) 111.0(2) O(1)–Al(1)–C(28) 115.2(2) 
N(2)–Al(1)–C(28) 110.9(2) N(1)–Al(1)–C(28) 108.2(2) 
Al(1)–O(1)–Ti(1) 151.7(2) X Bcp1 B–Ti(1)–X Bcp2 B 130.6 
XBcp1 B–Ti(1)–C(29) 100.6 XBcp2 B–Ti(1)–C(29) 99.7 
O(1)–Ti(1)–C(29) 95.6(5) XBcp2 B–Ti(1)–O(1) 110.4 
XBCp B = Centroid of the Cp ring 
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The Ti–XCp (XCp = centroid of the Cp ring) distances in 8 are almost identical (av 

2.108 Å), and are similar to those in dimethyltitanocene (Ti-XCp, av 2.078 Å).129 The XCp1–

Ti–XCp2 (XCp = centroid of the Cp ring) bond angle (130.6º) in compound 8 is comparable to 

that in Cp2TiMe2 (XCp1–Ti–XCp2, 134.5º).129  

The Al(µ-O) (1.71(2) Å) and Al−Me (1.965(2) Å) bond lengths in 9 are in the same 

range as those observed in 8. The Hf(1)–O(1) (1.919(2) Å) and  Hf(1)–C(7) bond lengths 

(2.281(2) Å) in 9 are shorter when compared to those of  (Hf–O,  av 1.943 Å), and (Hf–C av 

2.350 Å) in the homobimetallic compound (Cp2RHf(µ-O)HfRCp2) (R = Me,128 Cl 117). The 

Hf–XCp (X = centroid of the Cp ring) distance in 9 (av 2.237 Å), is comparable to those of the 

homobimetallic (Cp2HfMe)2(µ-O) Hf–XCp (av 2.210 Å).128 The XCp1–Hf–XCp2 (X = centroid 

of the Cp ring) bond angle (129.8º) in compound 9 is close to that in [(Cp2HfMe)2(µ-O)] 

(128.5º).128  

 

Table 10. Selected Bond Distances (Å) and Angles (deg) for Compound 9 

Hf(1)–O(1) 1.919(2) Hf(1)–C(7) 2.281(2) 
Al(1)–N(1) 1.932(2) Al(1)–O(1) 1.71(2) 
Al(1)–N(2) 1.913(2) Al(1)–C(6) 1.965(2) 
XBcp1 B–Hf 2.249 XBcp2 B–Hf 2.224 
N(2)–Al(1)–N(1) 95.1(1) O(1)–Al(1)–N(2) 114.0(1) 
O(1)–Al(1)–N(1) 111.6(1) O(1)–Al(1)–C(6) 113.3(1) 
N(2)–Al(1)–C(6) 111.7(1) N(1)–Al(1)–C(6) 109.8 
Al(1)–O(1)–Hf(1) 158.4(1) XBcp1 B–Hf–XBcp2 B 129.8 
XBcp1 B–Hf–C(7) 102.3 XBcp2 B–Hf–C(7) 103.3 
O(1)–Hf–C(7) 99.5(1) X Bcp2 B–Hf–O(1) 107.3 
XBcp1 B–Hf–O(1) 110.0   

XBCp B = Centroid of the Cp ring 
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2.3.3. Ethylene Polymerization Studies of LMeAl(µ-O)MMeCp2 (M = Ti (8), Hf (9)) 
 

The methylalumoxane (MAO)-activated compound of 8 exhibits high catalytic activity 

for the polymerization of ethylene, whereas the methylalumoxane (MAO)-activated 

compound of 9 shows low activity for the ethylene polymerization. All polymeric materials 

were isolated as white powders. Table 11 summarizes the polymerization results of catalysts 8 

and 9. Under comparable polymerization conditions, the MAO/8 catalyst system shows 

almost similar activity to that of MAO/LAl(µ-O)ZrRCp B2 B (L = CH(N(Ar)(CMe))B2 B, Ar = 2,6-

iPrB2 BCB6 BHB3 B, R = Me, Cl) (1.711(2) Å).45 Figure 15 exhibits the plot of activity for different ratios 

of MAO/8 revealing a gradual increase in the activity with the MAO/8 ratios. The data 

presented in Table 11 clearly demonstrate that compound 8 acts as moderately active catalyst 

even at low MAO/8 ratios, a similar result was previously observed for the corresponding Zr-

analogue of 8.45  

 

Table 11. Ethylene Polymerization Data for Compounds 8 and 9 as CatalystsP

a
 

Catalyst MAO:catalyst t (min) PE(g) A×106 Mw Mw/Mn 

8 50 45 1.16 0.08 152817 6.01 

8 100 30 3.5 0.36   

8 200 30 5.0 0.51   

8 300 17 3.3 0.60 97909 4.74 

8 400 15 4.2 0.86 121996 4.57 

8 500 15 5.0 1.03 106020 2.86 

9 300 30 0.17 0.02   

9 400 30 0.43 0.04   

9 500 30 0.61 0.06   
a Polymerization conditions; 8 and 9 =19.5 µmol, 100 mL of toluene at 25 ºC, and 1 atm of ethylene 

pressure. Activity (A) = g PE/mol cat·h. 

 



2. Results and Discussion 43 

0 100 200 300 400 500 600
0,0

0,2

0,4

0,6

0,8

1,0

1,2

8

 

 

A
ct

iv
ity

MAO : Cat

 

Figure 15. Plot of the activity against MAO ratios for 8 in ethylene polymerization. 

  

2.3.4. Styrene Polymerization Studies of LMeAl(µ-O)TiMeCp2 (8) 
 

The catalytic property of complex 8 for the polymerization of styrene was 

preliminarily investigated. This complex shows living catalyst activity at ambient temperature 

in toluene when activated with MAO. All polymeric materials were isolated as white powders 

and Table 12 summarizes the activity values of catalyst 8.  

 

Table 12. Styrene Polymerization Data for Compound 8 as CatalystP

a
P
 

Catalyst MAO:catalyst t(min) PS(g)     A×104    
P Mw Mw/Mn TBg PB

[c]P( ºC) 
8 500 120 0.35 0.78   83.5 

8 800 120 0.8 1.8 12989 7.46 76.5 

8 1500 120 1.7 3.8   81.7 
a Polymerization conditions; 8 = 22.5 µmol, 100 mL of toluene at 25 ºC, and 10 mL styrene. Activity 

(A) = g PE/mol cat.h.P [c] DSC. 
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2.3.5. Properties of Polystyrene Produced by LMeAl(µ-O)TiMeCp2 (8) 
 

The DSC measurements of the polymers show that the characteristic glass transition 

temperatures (TBg B) are in the range from 76 to 83 ºC which is within the typical TBg B range for the 

atactic polymers.95 Melting points (TBmB) for the polymers were not observed. The GPC for 

polyethylene exhibits monomodal for measured polyethylene samples. The polydispersities 

show narrow distribution ranging from 2 to 6, which is typical for single site catalysts. 
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2.4. From Unstable to Stable and Highly Active–The Heterobimetallic Half-

Metallocene Catalysts for Olefin Polymerization and Co-polymerization 

Reactions 

 

Although considerable attention has been devoted to the synthesis, characterization, 

and catalytic studies of sandwich group 4 metallocene complexes,130-152 homogeneous half-

metallocene complexes of group 4 metals bearing terminal methyl groups (except for the 

Cp*TiMe3) have received little attention due to the instability of these complexes at ambient 

temperature.153-155 However, in recent years there is growing interest156-168 in 

monocyclopentadienyl group 4 metal complexes due to the fact that the most active catalysts 

are those containing the lowest number of valence electrons.169 The recent developments of 

mono-cyclopentadienyl based metallocene catalysts are heterogeneous oxide-supported 

complexes of the type Cp*MMe3 (M = Ti, Zr) for olefin polymerization.170 These systems 

exhibit moderate to good catalytic activity and were characterized by some advanced 

techniques (such as 13C CPMAS, EXAFS).171 There are some reports on Zr and Ti compounds 

bearing bulky ligands and terminal methyl groups.172-175 However, preparing the complexes 

bearing one Cp´ (Cp´ = Cp/Cp*) and methyl groups still remains a synthetic challenge. 

Overall, well-characterized, catalytically well studied homogeneous compounds containing 

one Cp and methyl groups are still elusive. 

 

2.4.1. Synthesis of LMeAl(µ-O)TiMe2Cp (10) 
 

The high oxophilicity of titanium and also the Brönsted acidic character of the proton of the 

(O−H) moiety on aluminum center allowed us to isolate compound 10 under methane 

elimination at low temperature in high yield. CpTiMe3 was added slowly to the solution of 

LMeAl(OH) (7) [L = CH(N(Ar)(CMe))2, Ar = 2,6-iPr2C6H3] in hexane at −78 ºC under 
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vigorous stirring. The mixture was allowed to stir for 10 min before slowly rising the 

temperature. At −30 ºC the transparent solution becomes turbid indicating the formation of 

compound 10. The temperature of the reaction was raised to 0 ºC and stirred for additional 

two hours. The stirring is continued at room temperature for another two more hours before 

filtration (Scheme 8).  

 Efforts were made to isolate the corresponding chloro-analogues. The reaction of 

CpTiMeCl2 with LMeAl(OH) (7) yielded the eight-membered Ti4O4 ring (by X-ray structural 

analysis), indicating that Al and Ti center exchange the chlorine and oxygen atoms (Scheme 

9).176(a) 

Scheme 8 
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Compound 10 is insoluble in hexane, toluene, and pentane, but sparingly soluble in 

THF and ether whereas it is freely soluble in hot toluene. Complex 10 was characterized by 

1H NMR spectroscopy, EI mass spectrometry, elemental analysis, and by X-ray structural 

determination. Compound 10 is a yellow solid that melts at 225 ºC. Decomposition was 

observed at the melting point. Unlike Cp BTiMe3, B compound 10 is thermally stable and not 

photosensitive. Compound 10 is stable and can be stored for a period of time at room 

temperature in the absence of air and moisture. The mass spectral data for 10 is in accordance 

with the assigned structure. Complex 10 does not exhibit a molecular ion. The base peak at 

m/z 588 corresponding to [M−2Me]+. The next most intense peak for compound 2 is observed 

at m/z 202 which can be assigned to [DippNCMe]+.125 The P

1
PH NMR spectrum of 10 exhibits 

two resonances (δ −0.84 and −0.32 ppm) of 1:2 relative intensities which can be attributed to 

the Me protons of  AlMe and TiMe2 groups, respectively. The characteristic Cp protons for 10 

resonate as singlet (δ 5.5 ppm). In addition, a set of resonances assignable to the isopropyl and 

methyl protons associated with the β-diketiminate ligand is found in the range between δ 1.76 

and 1.01 ppm, and the absence of the OH proton resonance features complex 10. The P

27
PAl 

NMR is silent due to the quadruple moment of aluminum. 
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Figure 16. Molecular structure of LMeAl(µ-O)TiMe2Cp (10). Thermal ellipsoids are set at 

50% probability level. H atoms are omitted for clarity. 

 

2.4.2. Molecular Structure Description of LMeAl(µ-O)TiMe2Cp (10) 
 

Compound 10 crystallizes in the triclinic space group P1. Complex 10 shows the 

aluminum atom bonded through an oxygen atom to titanium and contains a bent Al(µ-O)Ti 

core. The aluminum atom exhibits a highly distorted tetrahedral geometry with two nitrogen 

atoms of the β-diketiminate ligand, a methyl group, and one (µ-O) unit. The titanium shows 

tetrahedral geometry and its coordination sphere is completed by one Cp ligand and two 

methyl groups around the metal atom. The Me groups on Al and Ti in 10 are bent out of the 

Al(µ-O)Ti plane in a trans configuration (Figure 16). 

 The Al(µ-O) bond length (1.743(1) Å) in 10 is slightly longer than those for 

bis(cyclopentadineyl) analogues LMeAl(µ-O)MMeCp B2 B (L = CH(N(Ar)(CMe))B2 B, Ar = 2,6-

iPrB2 BCB6 BHB3 B, M = Ti (8), Zr,45 Hf (9)) (av 1.71 Å)P
P but significantly longer than those found in 

compounds [((MeB3 BSi)B2 BHC) B2 BAl]B2 B(µ-O) (1.69(4) Å),126 and [HC{(CMe)(NMe)}B2BAlCl]B2 B(µ-O) 
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(1.68(6) Å).127 The Al(µ-O)Ti angle (142.2(4)º) in 10 is significantly narrower than the 

corresponding Al(µ-O)M, (M = Ti, Zr)  bond angles in 11 (154.1º), 8 (151.7(2)º), 12 

(155.4(1)º), and LMeAl(µ-O)MMeCp B2 B (M = Zr,45 Hf (9)) (av 158.3º) complexes. 

Furthermore, the Al(µ-O)Ti angle in 10 is considerably less opened than those of 

homobimetallic M(µ-O)M (M = Zr, Hf) in (CpB2 BZrMe)B2 B(µ-O) (174.1(3)º),119 

Cp2Ti(CF3C=C(H)CF3)}2(µ-O) (170.0(2)º).120 and (CpB2 BHfMe)B2 B(µ-O) (173.9(3)º).128 The 

Al−Me bond length in compound 10 (1.96(17) Å) is similar to that of LMeAl(OH) (7) and 

LMeAl(µ-O)MMeCpB2 B (M = Zr,45 Ti (8)) (av 1.96 Å). Selected bond parameters are listed in 

Table 13. 

       The Ti(1)–O(1) bond distance (1.764(1) Å) in compound 10 is slightly shorter than the 

Ti-O bond length (1.81(3) Å)  in compound 8 but significantly shorter when compared to 

those in [CpB2 BTi(CFB3BC=C(H)CF B3 B)]B2 BO (av Ti–O, 1.86(6)Å)120 and the alkoxide bridged clusters 

(TiB4 BZr B2BOB4 B(OBu) Bn B(OMc)B10 B, (OMc = methacrylate), (n = 2,4,6), Ti–O, av 2.04(5) Å)121 and 

Ti2(OiPr)2{[(O-2,4-Me2C6H2-6-CH2)2(µ-OCH2CH2)N]}2 Ti-O av 1.98 Å).176(b) The Ti–Me 

bond lengths in 10 (2.11 Å) are similar when compared to those (av 2.11) in CpB2 BTiMe2.129 The 

Ti–XB1A (X1A = centroid of the Cp ring) (2.08 Å), distance in 10 is identical and is similar to 

those in dimethyltitanocene (Ti-XB1A, av 2.08 Å).129  P 

Table 13. Selected Bond Distances (Å) and Angles (deg) for Compound 10 

Ti(1)-O(1) 1.764(1) Al(1)-O(1) 1.743(1) 
Ti(1)-C(19) 2.104(2) Al(1)-N(1) 1.913(1) 
Ti(1)-C(20) 2.112(2) Al(1)-N(2) 1.894(1) 
Ti(1)- X1A 2.084 Al(1)-C(18) 1.957(2) 

Al(1)-O(1)-Ti(1) 142.2(4) O(1)-Al(1)-C(18) 113.27(7) 
O(1)-Ti(1)-C(19) 105.19(7) O(1)-Al(1)-N(1) 110.51(6) 
O(1)-Ti(1)-C(20) 102.50(7) O(1)-Al(1)-N(2) 109.46(6) 
C(19)-Ti(1)-C(20) 97.85(8) N(1)-Al(1)-N(2) 96.65(6) 
X1A- Ti(1)-O(1) 121.9 X1A –Ti(1)- C(19) 114.3 

X1A -Ti(1)- C(20) 111.9   
XB1A = Centroid of the Cp ring 
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2.4.3. Synthesis of LMeAl(µ-O)MMe2Cp*(M = Ti (11), Zr ( 12)) 
 

  The higher stability of Cp*MMe3 (M = Ti, Zr) compared to CpTiMe3 allowed its 

reaction with LMeAl(OH) (7) at room temperature to form oxygen-bridged heterobimetallic 

compound LMeAl(µ-O)MMe2Cp* (M = Ti (11), Zr (12)) [L = CH(N(Ar)(CMe))2, Ar = 2,6-

iPr2C6H3]. The solution of Cp*MMe3 (M = Ti, Zr) in ether was added drop by drop to the 

stirred ethereal solution of 7 at −30 ºC using cannula. The solution was allowed to stir for 10 

min and warmed to room temperature. After stirring for 4 hours the precipitate was filtered off 

and washed with n-hexane before drying under vacuum (Scheme 10). 

 

Scheme 10 

 

 

 

Compounds 11 and 12 are insoluble in hexane, toluene, and pentane, but sparingly 

soluble in THF and ether whereas freely soluble in hot toluene. Complex 11 was characterized 

by 1H NMR spectroscopy, EI mass spectrometry, elemental analysis, and X-ray structural 

analysis while compound 12 was characterized by 1H NMR spectroscopy, elemental analysis, 

and X-ray structural analysis. Compound 11 is a yellow crystalline solid that melts at 235 ºC 

while 12 is a colorless crystalline solid which melts at 181 ºC. Decomposition was observed at 

the melting points of 11 and 12. Unlike Cp*MMe3 (M = Ti, Zr) complexes 11 and 12 are 
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thermally stable for a long period of time. Compound 11 and 12 can be stored for a period of 

time at room temperature in the absence of air and moisture. The mass spectral data for 11 is 

in accord with the assigned structure. Compound 11 does not exhibit a molecular ion, but 

shows the base peak at m/z 658 corresponding to [M−2Me]+
P. The next most intense peak was 

observed at m/z 202 which can be assigned to [DippNCMe]+.125 The P

1
PH NMR spectrum of 11 

exhibits two resonances (δ −0.22 and −0.11 ppm) of 1:2 intensities which can be attributed to 

the Me protons of  AlMe and TiMe2 groups, respectively, whereas the respective AlMe and 

ZrMe2 groups in compound 12 resonate in 1:2 intensities at δ −0.23 and -0.32 ppm. The 

characteristic Cp* protons for 11 and 12 appear as singlets (δ 1.67 and 1.85 ppm). In addition, 

a set of resonance assignable to the isopropyl and methyl protons associated with the β-

diketiminate ligand is found in the range between δ 1.9 and 1.0 ppm, and the absence of the 

OH proton resonance features both 11 and 12. The 27Al NMR is silent due to the quadruple 

moment of aluminum. 

 

2.4.4. Molecular Structure of LMeAl(µ-O)MMe2Cp*(M = Ti (11), Zr ( 12)) 
 
 

 The yellow single crystals of 11 and the colorless single crystals of 12 were obtained 

from cooling their hot toluene solutions and were unambiguously analyzed by X-ray 

diffraction studies (Figures 17 and 18). The important bond parameters for compounds 11 and 

12 are listed in Tables 14 and 15 respectively. 

Compounds 11 and 12 crystallize in the monoclinic space group P2(1)/n. Both 

compounds show the aluminum atom bonded through an oxygen atom to titanium and 

zirconium respectively, and contain a bent Al(µ-O)M (M = Ti, Zr) core. The aluminum atom 

exhibits a highly distorted tetrahedral geometry with two nitrogen atoms of the β-diketiminate 

ligand, a methyl group, and one (µ-O) unit. The titanium and zirconium exhibit tetrahedral 

geometry and their coordination spheres are completed by one Cp* ligand and two methyl 
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groups around each metal atom. The Me groups on Al and Ti in 11 and Al and Zr in 12 are 

bent out of the Al(µ-O)M (M = Ti, Zr) plane in a trans configuration. 

The Al(µ-O) bond length (1.736(2) Å) in 11 is similar to that of 10 but slightly longer 

than those for the bis(cyclopentadineyl) analogues LMeAl(µ-O)MMeCp B2 B (M = Ti (8), Zr,45 

Hf (9)) (av 1.71 Å)P
P and significantly longer than those found in compounds 

[{(Me B3BSi) B2BHC} B2 BAl]B2 B(µ-O) (1.69(4) Å),126 and [HC{(CMe)(NMe)}B2 BAlCl]B2 B(µ-O) (1.68(6) Å).127 

The Al(µ-O)Ti angle (154.04(1)º) in 11 is wider than the corresponding bond angle in 10 

(142.2(2)º), LMeAl(µ-O)TiMeCpB2 (8) B (av 151.7(2)º) but slightly smaller than the Al(µ-O)Zr 

bond angle (155.37(10)º) in compound 12 and significantly smaller than LMeAl(µ-

O)MMeCp B2B (M = Zr,45 Hf (9)) (av 158.3º) complexes. Furthermore, the Al(µ-O)M (M = Ti, 

Zr) angles in 11 and 12 are considerably less opened than those of the homobimetallic M(µ-

O)M (M = Zr, Hf) in (CpB2 BZrMe)B2 B(µ-O) (174.1(3)º)119 and (CpB2 BHfMe) B2 B(µ-O) (173.9(3)º).128 

PThe Al−Me bond length in compound 11 (1.956(3) Å) is similar to thoseof LMeAl(OH) (7) 

and LMeAl(µ-O)MMeCp B2 B  (M = Zr,45 Ti (8)) (av 1.96 Å).  
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Figure 17. Molecular structure of LMeAl(µ-O)TiMe2Cp* (11). Thermal ellipsoids are set at 

50% probability level. H atoms are omitted for clarity. 

 

Table 14. Selected Bond Distances (Å) and Angles (deg) for Compound 11 

Ti(1)-O(1) 1.778(2) Al(1)-O(1) 1.736(2) 
Ti(1)-C(19) 2.111(3) Al(1)-N(1) 1.916(2) 
Ti(1)-C(20) 2.116(3) Al(1)-N(2) 1.921(2) 
Ti(1)- X1A 2.082 Al(1)-C(18) 1.956(3) 

Al(1)-O(1)-Ti(1) 154.04(1) O(1)-Al(1)-C(18) 114.42(1) 
O(1)-Ti(1)-C(19) 101.12(11) O(1)-Al(1)-N(1) 112.57(10) 
O(1)-Ti(1)-C(20) 106.42(12) O(1)-Al(1)-N(2) 111.30(10) 
C(19)-Ti(1)-C(20) 97.02(15) N(1)-Al(1)-N(2) 96.32(11) 
X1A- Ti(1)-O(1) 124.5 X1A –Ti(1)- C(19) 112.5 

X1A -Ti(1)- C(20) 111.4   
XB1A = Centroid of the Cp* ring 
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Figure 18. Molecular structure of LMeAl(µ-O)ZrMe2Cp* (12). Thermal ellipsoids are set at 

50% probability level. H atoms are omitted for clarity. 

 

The Ti(1)–O(1) bond distance (1.778(2) Å) in compound 11 is slightly shorter than Ti-

O bond length (1.81(3) Å)  in compounds 10 (1.76(11) Å), and 8 (1.808(3) Å) but 

significantly shorter when compared to those in [CpB2 BTi(CFB3 BC=C(H)CF B3 B)]B2 BO (av Ti–O, 

1.86(6)Å)120 and the alkoxide bridged clusters (TiB4BZr B2 BOB4 B(OBu) BnB(OMc)B10 B, (OMc = 

methacrylate), (n=2,4,6), Ti–O, av 2.04(5) Å)121 and Ti2(OiPr)2{[(O-2,4-Me2C6H2-6-CH2)2(µ-

OCH2CH2)N]}2 Ti-O av 1.90 Å).176(b) The Ti–Me bond lengths in 11 (2.111(3) and 2.116(3) 

Å) are similar when compared to those (av 2.18(5) in CpB2 BTiMeB2 B.129  The Ti–XB1A (X1A = 

centroid of the Cp ring) (2.082 Å), distance in 11 is identical and are similar to those in 

dimethyltitanocene (Ti-XB1A, av 2.08 Å).129  

The Al(µ-O) (1.732(2) Å) and Al−Me (1.958(2) Å) bond lengths in 12 are in the same range 

as those observed in 10 (Al(µ-O), 1.74(11) Å; Al−Me, 1.96 (17) Å) and  11  (Al(µ-O), 1.74(2) 

Å; Al−Me,1.97(3) Å). The Zr(1)–O(1) (1.920(2) Å) bond distance in 12 is shorter when 
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compared to the corresponding bond length in the oxygen-bridged (µ-O) compounds 

(Cp2ZrL)2(µ-O) (L = Me, SC6H5)119 (1.95(1) and 1.97(5) Å) and  Cp*2MeZr(µ-O)TiMe2Cp* 

(3) complex (Zr-O, 2.02(4) Å). The Zr–C bond lengths (2.271(3) and 2.249(2) Å) in 12 are 

comparable to that (2.30 Å) in the heterobimetallic compound Cp*2MeZr(µ-O)TiMe2Cp* (3). 

BThe Zr–XB1AB (X1A = centroid of the Cp ring) distances (2.231 Å) in 12 are appreciably longer 

than to those in dimethyltitanocene (Ti-X1A av 2.08 Å).129  

 

Table 15. Selected Bond Distances (Å) and Angles (deg) for Compound 12 

Zr(1)-O(1) 1.920(2) Al(1)-O(1) 1.732(2) 
Zr(1)-C(19) 2.271(3) Al(1)-N(1) 1.910(2) 
Zr(1)-C(20) 2.249(2) Al(1)-N(2) 1.921(2) 
Zr(1)- X1A 2.231 Al(1)-C(18) 1.958(2) 

O(1)-Zr(1)-C(19) 109.08(9) O(1)-Al(1)-N(1) 111.19(7) 
O(1)-Zr(1)-C(20) 102.32(8) O(1)-Al(1)-N(2) 111.23(7) 
C(19)-Zr(1)-C(20) 100.07(11) N(1)-Al(1)-N(2) 96.36(7) 
Al(1)-O(1)-Zr(1) 155.37(10) O(1)-Al(1)-C(18) 114.57(10) 
X1A- Zr(1)-O(1) 122.2 X1A –Zr(1)- C(19) 109.7 

X1A -Zr(1)- C(19) 111.0   
XB1A = Centroid of the Cp* ring 

2.4.5. Account for the Thermal Stability of Compounds 10, 11, and 12 
  

 The thermal stability of the metallocene catalysts is one of the most important factors 

for their application in the industry.177 For efficient catalytic processes, the model situation is 

that the catalyst has to be both highly active and thermally stable. The instability of the 

Cp′MMe3 (Cp′ = Cp or Cp*, M = Ti153,154 or Zr155) complexes do not allow to use them in the 

polymerization reactions. The heterobimetallic complexes 10, 11, and 12 exhibit good thermal 

stability and can be stored for a long period of time in the absence of air or moisture unlike 

their precursors which should be stored only at very low temperature (Table 16). The 
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heterobimetallic complexes are stable to air and moisture for a short period of time while their 

precursors are very sensitive to air and moisture. 

 

Table 16. Comparison of Stabilities of Half-Metallocenes with Heterobimetallic Complexes 

Precursor Thermal Stability Bimetallic 

Complexes 

Thermal Stability 

CpTiMe3 Thermally unstable, decomposes 

at room temp. Stable only below 

-30 ºC 

10 Thermally stable at room temp 

for long time. Stable upto 230 

ºC 

Cp*TiMe3 Thermally stable at room temp 

for short period. Decomposes 

above 80 ºC 

11 Thermally stable at room temp 

for long time. Decomposes 

above 235 ºC 

Cp*ZrMe3 Thermally unstable at room 

temp. Decomposes after 24h. 

Stable only at -20 ºC 

12 Thermally stable for long time. 

Decomposes above 180 ºC 

 

 

2.4.6. Ethylene Polymerization Studies of Compounds 10 and 11 
 

  In the presensce of methylaluminoxane (MAO), compounds 10 and 11 act as catalysts 

and exhibit high catalytic activity for the polymerization of ethylene. All polymeric materials 

were isolated as white powders. Table 17 summarizes the polymerization results of catalysts 

10 and 11. Under comparable polymerization conditions, both MAO/10 and MAO/11 catalyst 

systems show low activity compared to that of MAO/LMeAl(µ-O)M(Me)Cp B2B (M = Ti (8), 

Zr45). Figure 19 exhibits the plot of activities for different ratios of MAO/10 and MAO/11 

revealing a gradual increase in the activity with the MAO to catalyst ratios. In general, the 
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activities of the bis Cp′ (Cp′ = Cp or Cp*) complexes were found to be the highest, about 

twice those of the monoCp′ analogues. The same trend was previously reported in the 

literature.171 The data presented in Table 17 clearly demonstrate that both compounds 10 and 

11 act as active catalysts even at low MAO to catalyst ratios, a similar result was previously 

observed for the corresponding LMeAl(µ-O)M(Me)CpB2 B (M = Ti (8), Zr45) complexes. The 

plot of activities for compounds 10 and 11 indicates that compound 11 is more active than 

compound 10 under comparable conditions. This may be due to the formation of a more stable 

cation in 11 which has a bulky and more electron donating Cp* ligand in its coordination 

sphere compared to 10 which has a less steric and less electron donating Cp ligand. 

 

2.4.7. Properties of Polyethylene Produced by 10 and 11 
 
   

Melting points (TBmB) for the polymers are in the range of 121 to 129 ºC and 13C NMR 

spectra exhibit single resonance around 30 ppm which can be attributed to the backbone 

carbon of linear polyethylene. The GPC for polyethylene exhibits monomodal for measured 

polyethylene samples. The polydispersities show narrow distribution ranging from 2 to 5, 

which corresponds to single site catalysts.95  
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Table 17. Ethylene Polymerization Data for Compounds 10 and 11a 

Catalyst MAO:catalyst t (min) PE (g) A×105 Mw Mw/Mn Tm (°C) 

10 100 30 0.3 0.3   121 

10 200 30 0.9 0.9 103263 2.84 127 

10 300 30 1.7 1.6 225027 4.23 124 

10 400 30 3.1 3.0   129 

11 100 30 0.8 0.8   119 

11 200 30 1.7 1.6 124265 4.02 127 

11 300 30 3.6 3.4 470431 3.14 130 

11 400 30 5.0 4.8   129 

a polymerization conditions; 10 and 11 = 21 µmol, 100 mL of toluene at 25 ºC, 1 atm ethylene pressure. 
Activity (A) = g PE/mol cat·h 
 

 

Figure 19. Comparative plot of the activity towards the MAO: cat. for compounds 10 and 11 

in ethylene polymerization. 
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2.4.8. Styrene Polymerization Studies for Compounds 10 and 11 
 

 The catalytic property of complexes 10 and 11 for the polymerization of styrene were 

preliminarily investigated. These complexes show living catalyst activity at ambient 

temperature in toluene when activated with MAO. All polymeric materials were isolated as 

white powders and Table 18 summarizes the activity values of catalysts 10 and 11. Figure 20 

exhibits the plot for activity against to MAO to catalyst ratio. 

 

Table 18. Styrene Polymerization Data for Compounds 10 and 11a 

Catalyst MAO:catalyst t (min) PS (g) A× 104 Tg (°C) 

10 400 60 0.3 1.4 87 

10 800 60 0.8 3.8 93 

10 1200 60 1.1 5.2 87 

10 1600 60 1.7 8.1 81 

11 400 60 0.4 1.9 91 

11 800 60 1.0 4.8 89 

11 1200 60 1.4 6.7 97 

11 1600 60 2.5 12.0 88 

a polymerization conditions; 10 and 11 = 21 µmol, 100 mL of toluene at 25 ºC, 10 mL styrene under 
argon. Activity (A) = g PS/mol cat·h  

 

2.4.9. Properties of Polystyrene Produced by 10 and 11 
 

The DSC measurements of the polymers show that the characteristic glass transition 

temperatures (TBg B) are in the range from 81 to 97 ºC which is within the typical TBg B range for the 

atactic polymers.95 As expected, compound 11 shows more activity compared to compound 

10. 
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Figure 20. Comparative plot of the activity towards the MAO: cat for compounds 10 and 11 

in styrene polymerization. 

 

2.4.10. Ethylene and Styrene Copolymerization Studies for Compounds 10 and 11 
 

Preliminary investigations of ethylene and styrene copolymerization reactions were 

carried out. The MAO activated complexes 10 and 11 exhibit moderate catalytic activity and 

produce polymer products. These polymer products were characterized to know the 

incorporation of styrene into ethylene which can produce polymer of interesting 

microstructure. The DSC measurements of the polymers show that the melting point 

temperatures (TBm) are in the range from 116 to 119 ºC. The 13C NMR exhibits only one peak 

(~30.0 ppm) corresponding to the backbone carbon. These data indicate that the polymer 

produced by 10 and 11 is polyethylene. The styrene incorporation is negligible (even there is 

no styrene incorporation) as we did not observe any other resonances in the 13C NMR 

measurements. The copolymerization results in the homopolymerization of ethylene.  
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Table 19. Ethylene+Styrene Copolymerization Data for Compounds 10 and 11a 

catalyst MAO:catalyst t (min) PE (g) A× 10–6 

 
Mw×10-3 Mw/Mn Tm (°C) 

10 400 60 1.7 0.081   116 

11 400 60 2.0 0.095 422018 7.17 119 
a polymerization conditions; 10 and 11 = 21 µmol, 100 mL of toluene at 25 ºC, at 1 atm 
ethylene pressure. 10 mL of styrene. Activity (A)= g PE/mol cat·h  
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2.5. Synthesis and Reactivity of the Ethyl Substituted Aluminum 

Hydroxide and Catalytic Properties of its Derivative 

 
2.5.1. Synthesis of LAlEt(Cl) (13) and LAlEt(OH) (14) 
 

Following the protocol of preparing LMeAl(OH) (L = CH(N(Ar)(CMe)) B2B, Ar = 2,6-

iPrB2 BCB6 BH3),45 our interest was intrigued by varying the group R on the aluminum site to extend 

the perspective of LRAl(OH). In this regard, ethyl substituted aluminum hydroxide 

LEtAl(OH) (14) was prepared by controlled hydrolysis of LEtAlCl (13). Then 

heterobimetallic oxide LEtAl(μ-O)ZrMeCp2 (15)  was prepared. Compound 13 was obtained 

in high yield by the similar reaction as reported earlier.122 The reaction of LLi·OEt2 with 1 

equiv of EtAlCl2 in toluene at room temperature afforded the colorless complex 13. 

Subsequent hydrolysis of compound 13 was carried out with 1 equiv of H2O in presence of 

1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene in toluene at 0 °C to afford compound 14 as a 

white solid. 

 

The composition of both compounds was confirmed by analytical and spectroscopic 

methods. The 1H NMR spectrum of 13 shows one quartet (δ –0.04 ppm) and one triplet (δ 

0.80 ppm) corresponding to methylene and methyl proton resonances of the ethyl group on 

aluminum, while in the 13C NMR spectrum the resonances of these groups are assigned to δ –

1.00 and 8.54 ppm. In contrast, in the 1H NMR spectrum of 14 the methylene and methyl 

proton resonances of the ethyl group on aluminum show upfield shifts (δ -0.22 and 0.72 ppm) 

relative to those of 13, whereas the corresponding 13C NMR resonances are downfield shifted 

(δ 1.36 and 9.23 ppm). The singlet (δ 0.64 ppm) in the 1H NMR spectrum of 14 is assigned to 

the OH proton resonance, while for LMeAl(OH) this resonance was observed at δ 0.53 ppm.45 

This downfield shift is probably due to the electronic effect of the substituent changing from 

methyl to ethyl group on aluminum. In the IR spectrum of 14, the OH stretching frequency is 
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found at 3729 cm-1. The mass spectrum of 14 indicates the monomeric composition with m/z  

473 (24) [M+–OH] and 461 (100) [M+–Et]. 

 

2.5.2. Synthesis of LEtAl(μ-O)ZrMeCp2 (15) 
 

Reaction of 14 with 1 equiv of Cp2ZrMe2 in toluene at 100 °C afforded the (μ-O) 

bridged LEtAl(μ-O)ZrMeCp2 (15) (Scheme 11) accompanied by methane evolution. 

 

Scheme 11 

 

 

 

 

 

 

 

 

The mass spectrum of 15 exhibits a peak at m/z 709 (88) representing the fragment 

[M+–Me]. In the 13C NMR spectrum of 15 the characteristic Cp resonances appear at δ 109.9 

ppm. In the 1H NMR spectrum the Cp resonances exist as singlet (δ 5.30 ppm). One singlet (δ 

–0.32 ppm) is assigned to the Me protons of ZrMe, while one quartet (δ –0.14 ppm) and one 

triplet (δ 1.14 ppm) are attributed to the methylene and methyl proton resonances of the AlEt 

group. No hydroxyl proton resonance is shown in the range of δ 0.50 to 0.65 ppm, which is 

consistent with the absence of any OH absorption in the range 3400-3800 cm-1 in the IR 

spectrum. 
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2.5.3. Ethylene Polymerization Studies of LEtAl(μ-O)ZrMeCp2 (15) 
 

Table 20 summarizes the polymerization results of catalyst 15. All polymeric materials 

were isolated as white powders. Under comparable polymerization conditions, the 

methylaluminoxane (MAO)/15 catalyst system shows lower activity compared to that of 

MAO/LAlMe(μ-O)MMeCp2 (M = Zr,45 Ti (8)) However the MAO activated compound 15 

still exhibits good catalytic activity for the polymerization of ethylene. Figure 21 visualizes 

the MAO/15 ratios dependence activity, which reveals a gradual increase in the activity with 

the MAO/15 till to 400, followed by a slow decrease as the MAO/15 ratio is raised further. 

 

Table 20. Ethylene Polymerization Data for Compound 15  

Catalyst MAO t (min) PE (g) A ×10-5 Tm (ºC) 

15 200 30 0.31 0.50 123 

15 300 30 0.75 1.20 127 

15 400 30 1.21 1.95 121 

15 600 30 1.01 1.61 119 

a polymerization conditions; 15 = 12.4 µmol, 100 mL of toluene at 25 ºC, at 1 atm ethylene pressure. 

Activity (A) = g PE/mol cat·h 

 

2.5.4. Polymer Properties 
 

DSC measurements show that the melting points (Tm) of the polyethylene produced by 

MAO activated 15 are in the range of 119 to 127 ºC. The 13C NMR data exhibits a resonance 

(δ 30.12 ppm) corresponding to the backbone carbon. On the basis of NMR and DSC 

measurements the polyethylene produced by 15 can be attributed to the linear polyethylene.95  
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Figure 21. Plot of activity against MAO to catalyst ratio for compound 15. 
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2.6. Synthesis and Structural Characterization of Compounds 

Containing an Al(µ–O)M(µ–O)Al (M = Ti, Zr) Core for Polymerization 

Reactions 

 

2.6.1. Synthesis of LMeAl(µ–O)M(NMe2)2(µ–O)AlMeL (M = Ti (16), Zr (17)) 
 

  For sometime, we have been actively involved in the synthesis of a compound bearing 

the Al(µ-O)M(µ-O)Al trimetallic core with a catalytically active transition metal center (M = 

Ti, Zr). It was initially anticipated that if instead of one (Me)Al–O unit two such units can be 

grafted around the active metallic center, the catalytic activity of these complexes might be 

enhanced many times at even lower cocatalyst to catalyst ratio. Unfortunately, all attempts by 

varying the starting metallocene based precursors and reaction condition to synthesize such a 

complex were unsuccessful by reacting LMeAl(µ-O)ZrMeCp2,45 LMeAl(µ-O)TiMe2Cp (10) 

or LMeAl(µ-O)TiMe2Cp* (11) with another equivalent of LMeAl(OH) (7). This might be 

attributed to the high steric crowding around the metal center (M) imposed by bulky C5Me5 or 

C5H5 ligand hindering the approach of another molecule of 7 to the M–Me unit. Also further 

reactivity of the M–Me unit in the heterobimetallic complexes might be responsible for this 

reluctance. However, synthesis of complexes bearing the oxygen bridged trimetallic Al(µ-

O)M(µ-O)Al (M = Ti, Zr) core was accomplished by reacting the monometallic hydroxide 

precursor, LMeAl(OH) (7) with sterically less-crowded group 4 nonmetallocene precursor 

M(NMe2)4 under elimination of Me2NH. Reaction of two equivalents of 7 with an equivalent 

of M(NMe2)4 (M = Zr, Ti) in toluene leads to the intermolecular elimination of Me2NH and 

the formation of the (µ-O) bridged trimetallic complex, LMeAl(µ-O)M(NMe2)2(µ-O)AlMeL 

(M = Ti (16), Zr (17)) (Scheme 12). The absence of the characteristic OH resonance of 

LMeAl(OH) (7) in the 1H NMR spectrum of the reaction mixture indicates the complete 

consumption of 7 into 16 and 17 respectively. These complexes (16, 17) were characterized 
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by 1H and 13C NMR spectroscopy, elemental analysis, EI mass spectrometry, and single 

crystal X-ray diffraction studies. Both of these complexes are soluble in n-hexane, pentane, 

toluene, and benzene at room temperature. The 1H NMR spectra of 16 and 17 feature a 

characteristic singlet each at ~ 2.8 ppm attributed to the –NMe2 protons, and the Al–(Me) 

protons resonate at ~ –0.6 ppm as another singlet. 

 

 

 

 

 

 

 

 

 

The singlet at ~ 2.8 ppm integrates twice against the singlet at ~ –0.6 ppm revealing 

the formation of trimetallic complexes as formulated in Scheme 12. In addition, a set of 

resonances assignable to the protons associated with the β-diketiminato ligand (L) are found 

in the 1H NMR spectra of 16 and 17. The 27Al NMR is silent due to the quadrupolar nuclei of 

aluminum. The 13C NMR spectra of 16 and 17 respectively reveal a singlet  (~ –11.0 ppm) 

assigned to the aluminum bound methyl-carbon resonance and another singlet (~ 44.0 ppm) 

could be assigned to the four methyl carbon resonances arising from the two dimethylamino 

groups attached to the Ti or Zr center. The mass spectral data for 16 is in accord with the 

assigned structure. It exhibits the molecular ion peak at m/z 1086.8 and the next peak for 

compound 16 was observed at m/z 1071.8 corresponding to [M−Me]+. However the mass 

spectrometry data of 17 is quite different from that of 16 revealing no characteristic fragment 

except the base peak at m/e 202, which can be assigned to [DippNCMe]+.125 Analytically pure 
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crystals of 16 and 17 were grown from pentane and n-hexane solution respectively and finally 

the structures of 16 and 17 were unambiguously determined by single crystal X-ray 

crystallography.  

 
2.6.2. Crystal Structures of LMeAl(µ–O)M(NMe2)2(µ–O)AlMeL (M = Ti (16), Zr (17)) 
 

  The yellow single crystals of 16 and colorless single crystals of 17 were analyzed by 

X-ray diffraction studies (Figures 22 and 23). Compound 16 was crystallized from pentane at 

–30 ºC whereas complex 17 was crystallized from n-hexane at 0 ºC. The important bond 

parameters for compounds 16 and 17 are tabulated in Tables 21 and 22 respectively. 

Compounds 16 and 17 crystallize in the monoclinic space group P21/c. Both aluminum atoms 

are bonded through an oxygen atom to titanium (in 16) and zirconium (in 17) respectively, 

and contain a bent Al(µ-O)M (M = Ti, Zr) core as revealed by the corresponding bond angles 

(Tables 21 and 22). The aluminum atom exhibits a distorted tetrahedral geometry with two 

nitrogen atoms of the β-diketiminato ligand, a methyl group, and one (µ-O) unit. The titanium 

or zirconium center also adopts a distorted tetrahedral geometry and their coordination 

spheres are completed by two dimethylamino ligands and two (µ-O) units. The Al−C(Me) 

bond length (av 1.96 Å in both 16 and 17) compares very well to the recently structurally 

characterized oxygen bridged heterobimetallic compounds of the general formula LMeAl(µ-

O)MRCp2 ( R = Me or Cl; M = Ti (8) or Zr45  or Hf (9)). The Al(µ-O) bond length (av 1.73 Å 

in 16 and 1.72 Å in 17) is in good agreement with that observed for LMeAl(µ-O)TiMeCp2 (8) 

(1.715(3) Å) and LMeAl(µ-O)ZrRCp2 (av 1.72 Å, R = Me or Cl)45 but longer than those 

found in compounds [{(Me3Si)2HC}2Al]2(µ-O) (1.687(4) Å),126 and 

[HC{(CMe)(NMe)}2AlCl]2(µ-O) (1.677(6) Å).127 The Ti–O bond distance in 16 (av 1.80 Å) 

and the Zr–O bond length in 17 (av 1.94 Å) are in good agreement with that observed for 

LMeAl(µ-O)TiMeCp2 (8) (1.808(3) Å) and LMeAl(µ-O)ZrRCp2 (av 1.92 Å) respectively.45 

Two types of Al(µ-O)M bond angles are noticed in both 16 and 17. For example, one Al(µ-
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O)M bond angle is almost linear (175.58(8)º in 16 and 173.21(10)º in 17) while the other Al–

(µ-O)M bond angle is slightly bent (166.18(9)º in 16 and 166.50(10)º in 17). These bond 

angles sharply contrast to the Al(µ-O)M bond angle observed in the heterobimetallic 

complexes, LMeAl(µ-O)TiMeCp2 (8) (151.7(2)º), and LMeAl(µ-O)ZrRCp2 (av 156.8º)45 or 

the recently characterized trimetallic complex LMeAl(µ-O)Mg(THF)2(µ-O)AlMeL (av 

154.9º)178 though these values compare well with that observed for the homobimetallic angle, 

M(µ-O)M (M = Zr, Hf) observed in (Cp2ZrMe)2(µ-O) (174.1(3)º)119 and (Cp2HfMe)2(µ-O) 

(173.9(3)º).128  

 

2.6.3. Ethylene Polymerization Studies 
 

Preliminary experiments were carried out for ethylene polymerization using 

compounds 16 and 17 respectively as precatalyst in the presence of methylalumoxane (MAO) 

as cocatalyst. The results reveal two orders lower activity in magnitude (in the order of 104 

with MAO to catalyst ratio 800:1, activity = g PE/mol cat·h) even at relatively high MAO to 

catalyst ratio, when compared to the activity observed in ethylene polymerization with 

metallocene based heterobimetallic complexes [LMeAl(µ-O)MMeCp2 (M = Ti (8), Zr45) 

bearing the Al(µ-O)M moiety] reported from our laboratory. This relatively lower activity in 

the present study might be attributed to the lower stability of the supposed coordinatively 

unsaturated cationic intermediate of 16 or 17.  
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Table 21. Selected Bond Distances (Å) and Angles (deg) for Compound 16 

 

 

 

 

 

 

 

 

 

 

 

Ti(1)–O(1) 1.798(1) Ti(1)–O(2) 1.809(1) 
Ti(1)–N(5) 1.923(2) Ti(1)–N(6) 1.910(2) 
Al(1)–O(1) 1.725(1) Al(1)–N(1) 1.916(2) 
Al(1)–N(2) 1.936(2) Al(1)–C(30) 1.965(2) 
Al(2)–O(2) 1.734(2) Al(2)–N(3) 1.908(2) 
Al(2)–N(4) 1.926(2) Al(2)–C(60) 1.950(2) 
O(1)–Ti(1)–O(2) 119.58(6) O(1)–Ti(1)–N(6) 108.55(7) 
O(2)–Ti(1)–N(6) 106.35(7) O(1)–Ti(1)–N(5) 106.61(7) 
O(2)–Ti(1)–N(5) 109.64(7) N(6)–Ti(1)–N(5) 105.24(7) 
Al(1)–O(1)–Ti(1) 166.18(9) Al(2)–O(2)–Ti(1) 175.58(8) 
O(1)–Al(1)–N(1) 113.34(7) O(1)–Al(1)–N(2) 113.68(7) 
N(1)–Al(1)–N(2) 94.97(7) O(1)–Al(1)–C(30) 116.96(8) 
N(1)–Al(1)–C(30) 108.46(8) N(2)–Al(1)–C(30) 107.08(8) 
O(2)–Al(2)–N(3) 108.22(7) O(2)–Al(2)–N(4) 107.85(7) 
N(3)–Al(2)–N(4) 95.32(7) O(2)–Al(2)–C(60) 119.24(8) 
N(3)–Al(2)–C(60) 110.00(9) N(4)–Al(2)–C(60) 113.49(8) 

Figure 22. Molecular structure of.LMeAl(µ-O)Ti(NMe2)2(µ-O)AlMeL (16) Thermal ellipsoids are set 

at 50% probability level. H atoms are omitted for clarity. 
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Table 22. Selected Bond Distances (Å) and Angles (deg) for Compound and 17 

Zr(1)–O(1) 1.941(2) Zr(1)–O(2) 1.944(2) 
Zr(1)–N(5) 2.072(2) Zr(1)–N(6) 2.057(2) 
Al(1)–O(1) 1.716(2) Al(1)–N(1) 1.913(2) 
Al(1)–N(2) 1.926(2) Al(1)–C(30) 1.974(2) 
Al(2)–O(2) 1.723(2) Al(2)–N(3) 1.907(2) 
Al(2)–N(4) 1.926(2) Al(2)–C(60) 1.955(3) 
O(1)–Zr(1)–O(2) 117.05(7) O(1)–Zr(1)–N(6) 109.09(7) 
O(2)–Zr(1)–N(6) 107.07(7) O(1)–Zr(1)–N(5) 107.87(7) 
O(2)–Zr(1)–N(5) 110.21(8) N(6)–Zr(1)–N(5) 104.88(8) 
Al(1)–O(1)–Zr(1) 166.50(10) Al(2)–O(2)–Zr(1) 173.21(10) 
O(1)–Al(1)–N(1) 112.86(8) O(1)–Al(1)–N(2) 112.98(8) 
N(1)–Al(1)–N(2) 95.20(9) O(1)–Al(1)–C(30) 117.65(10) 
N(1)–Al(1)–C(30) 108.81(10) N(2)–Al(1)–C(30) 106.92(10) 
O(2)–Al(2)–N(3) 107.74(8) O(2)–Al(2)–N(4) 107.56(9) 
N(3)–Al(2)–N(4) 95.20(9) O(2)–Al(2)–C(60) 119.15(10) 
N(3)–Al(2)–C(60) 110.60(11) N(4)–Al(2)–C(60) 113.83(10) 

 

Figure 23. Molecular structure of LMeAl(µ-O)M(NMe2)2(µ-O)AlMeL (17) in the crystal (50% 

probability ellipsoids); hydrogen atoms are omitted for clarity. 
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2.7. Synthesis of Lithiated Salt of Cp2Ti(SH)2 

Organometallic hydrosulfido complexes are potentially valuable for study to develop 

an understanding of metal sulfide based catalysis, especially hydrogenation processes such as 

hydrodesulfurization. However, these species are still quite rare. One of the older examples, 

Cp2Ti(SH)2, was first synthesized by Köpf and Schmidt in 1965.179 The preparation was 

improved in 1980 by McCall and Shaver,180,181 but the reactivity studies of Cp2Ti(SH)2 (18) 

reported in literature are limited.182-186 Important questions are whether deprotonated anionic 

forms of hydrosulfide complexes are stable and whether they show higher reactivity than 

neutral sulfides with electrophiles such as SO2.187-191 Previous work showed that SO2 

disproportionates to sulfur and SO3 and also can undergo catalytic hydrogenation on certain 

sulfur bridged Cr and Mo complexes,192-194 and earlier metal sulfides may give similar or 

increased reactivity. Anionic titanium sulfur containing complexes themselves are rare,195,196 

and to our knowledge, there are no reports of triple sulfur bridged titanium bimetallic 

complexes. The elimination of CpH from a bisCp complex to form a monoCp coordinated Ti 

is also noteworthy in that [Cp2Ti(S)(SH)]- appears to be unstable, while the related 

Cp*2Ti(O)L and Cp*2Zr(S)L systems are isolable.197-200 

 

2.7.1. Synthesis of Li6[CpTi(µ-S)3]2·6THF (19)  
 

Titanocene bis(hydrosulfide) (18) reacts with 1 equiv of LiNMe2 or methyl lithium to 

produce the anionic titanium sulfido species Li6[CpTi(µ-S)3]2·6THF (19), according to 

Scheme 13. This reaction occurs at room temperature with the solution changing color from 

red to green in 5 min. The color change is accompanied by the evolution of a gas. This 

reaction proceeds very slowly at low temperature. The complex can be best stored under 

cooling in the presence of THF vapor. Compound 19 is also extremely air and moisture 

sensitive, and elemental analysis was not possible. 
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Scheme 13 
 
 
  
 
 
 
 
 
 
 
 
 

When the reaction is performed on an NMR-tube scale in THF-d8, a color change 

occurs within 2 min. During this time, the evolution of a gas is evident. A 1H NMR spectrum 

of the resulting solution indicates the formation of H2 (δ 4.54 ppm), CpH (δ 6.50 (m), 6.41 

(m), 2.94 (s) ppm), and the product complex (δ 6.10 ppm). After some time a signal (δ 5.73 

ppm) attributed to a decomposition product, appears in the NMR spectra as reported earlier.186  

 

 
 

Figure 24. Molecular structure of [CpTiS3Li3]2·6THF (19), hydrogen atoms are ommited 

for clarity. 
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Figure 25. Another view of molecular structure of [CpTiS3Li3]2·6THF (19), hydrogen 

atoms are ommited for clarity. 

 

 

Figure 26. Molecular structure of [CpTiS3Li3]2 (19), without solvent molecules, hydrogen 

atoms are ommited for clarity. 
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2.7.2. Molecular Structure of [CpTiS3Li3]2·6THF (19) 
 

The green complex is crystallized by THF at -30 ºC. The THF molecules in the crystal 

lattice are extremely labile and can be removed in vacuo. The compound crystallizes in 

triclinic P1. X-ray structural analysis of 19 shows that the species exists as dimer in the solid 

state. The dinuclear units stitched together by weak interactions of bridging sulfide ligands 

with THF-solvated lithium cations (Figure 22). All Li-S distances range from 2.367(11) Å in 

Li(1)-S(2) to 2.478(12) Å in Li(2)-S(5). Each dimer contains three bridging sulfur atoms, and 

the dimensions of the nearly planar Ti3(µ-S)3 unit (Figure 22) are typical of those found in 

other µ-S titanium complexes. The Ti(µ-S) bond lengths range from 2.283 to 2.305 Å, and the 

Ti-Ti distances range from 3.120 to 3.597 Å which are in good agreement with there in earlier 

reports.186 Table 24 exhibits the selected bond parameters for compound 19. 

 

Table 24. Selected Bond Distances (Å) and Angles (deg) for Compound 19 

Ti(1)-S(1) 2.299(2) Ti(2)-S(4) 2.290(2) 
Ti(1)-S(2) 2.290(2) Ti(2)-S(5) 2.294(2) 
Ti(1)-S(3) 2.283(2) Ti(2)-S(6) 2.305(2) 
Ti(1)-X1A 2.409 Ti(2)-X1A 2.410 
Li(1)-S(1) 2.444(12) Li(2)-S(1) 2.412(12) 
Li(1)-S(2) 2.367(11) Li(2)-S(3) 2.437(12) 
Li(1)-S(4) 2.551(11) Li(2)-S(5) 2.478(12) 

X1A = Centroid of the Cp ring 
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3. Summary and Outlook 

3.1. Summary 
 

New methods for the preparations of oxygen-bridged heterobi and heterotrimetallic 

complexes of early transition metals and main group metals which are difficult to achieve by 

other methods, have been developed during the present work.  

The hydrolysis of bis(pentamethylcyclopendienyl) complexes of Zr and Hf resulted in 

the formation of monohydroxo and dihydroxo complexes. The zirconium monohydroxide (1) 

complex acts as a building block for the preparation of heterobi- and heterotrimetallic 

complexes which act as catalysts in polymerization reactions. X-ray structural data for 

complex (1) shows the presence of a methyl and an OH group at the same zirconium metal 

center and reveals the interesting fact that these groups are not involved in any kind of 

hydrogen bonding. 

 

 

 

 

 

 

Molecular structure of 1   Molecular structure of 3 

  

The unusual kinetic stability of complex 1 allows its reaction with Cp*TiMe3 to yield 

the first structurally characterized oxygen bridged heterobimetallic complex of group 4 

metals. The presence of the Zr(µ-O)Ti core in the compound Cp*2MeZr(µ-O)TiMe2Cp* (3) is 
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confirmed by X-ray structural analysis. Complex 3 exhibits high activity in the ethylene 

polymerization and produces linear low density polyethylene (LLDPE).  

Furthermore, complex 1 helps to achieve a new route to synthesize the hybrid 

metallocene-nonmetallocene catalysts bearing more than one active catalytic center through 

oxygen bridging. Heterobi- and heterotrimetallic compounds were isolated by reacting 

complex 1 with Ti(NMe2)4 and Hf(NMe2)4. Reaction of 1 with Ti(NMe2)3 resulted in the 

formation of the heterobimetallic complex Cp*2MeZr(µ-O)Ti(NMe2)3 (4) which is further 

confirmed by X-ray structural study. Compound 4 exhibits moderately high activity in the 

polymerization reaction of ethylene and styrene and produces linear polyethylene and atactic 

polystyrene respectively. It produces polyethylene largely controlled by the Zr center and 

polystyrene seems to be formed predominantly by the Ti center and thus demonstrating that 

two different catalytic centers can be used for bimodal activity in olefin polymerization. 

 

 
 Molecular Structure of 4     Molecular Structure of 6 
 
 
 

 The hafnium amide reacts with 1 in 1:1 and 2:1 stoichiometry to yield heterobi- and 

heterotrimetallic complexes Cp*2MeZr(µ-O)Hf(NMe2)3 (5) and Cp*2MeZr(µ-

O)Hf(NMe2)2(µ-O)ZrMeCp*2 (6) respectively. Characterization of 6 by X-ray diffraction 

method shows the bent Zr(µ-O)Hf(µ-O)Zr core. Compound 6 exhibits low activity in the 

ethylene polymerization reaction.  
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Taking the advantage of the Brönsted acidic character of the (Al-OH) moiety in the 

previously reported LMeAl(OH) (7) [L = CH(N(Ar)(CMe))2, Ar = 2,6-iPr2C6H3] two 

kinetically stable heterobimetallic complexes of Al(III) with titanocene and hafnocenes 

binding through an oxygen bridge were synthesized. Compounds LMeAl(µ-O)TiMeCp2 (8) 

and LMeAl(µ-O)HfMeCp2 (9) were characterized by X-ray structural analysis. Unlike 

Cp2TiMe2 which is highly photosensitive and cannot be used for polymerization, compound 8 

was found to be stable, non-photosensitive, and can be used for polymerization reactions. 

Complex 8 exhibits high catalytic activity in ethylene and styrene homopolymerization while 

compound 9 shows low activity in ethylene homopolymerization reactions.   

 

 

 

 

 

 

 

 

  Molecular Structure of 8    Molecular structure of 9 
  

 

 The study of the half-metallocenes of titanium and zirconium bearing terminal methyl 

groups is limited because of their thermal and kinetic instability. A series of heterobimetallic 

complexes of half-metallocenes bearing terminal methyl groups have been prepared. The high 

Brönsted acidic character of LMeAl(OH) 7 allows the preparation of heterobimetallic 

complexes with Cp′MMe3 (M = Ti, Zr; Cp′ = Cp or Cp*) even at low temperature. 

Compounds LMeAlOTiMe2Cp (10), LMeAlOMMe2Cp* (M = Ti (11), Zr (12)) were isolated, 
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characterized by X-ray methods and were used for polymerization reactions. These complexes 

exhibit both kinetic and thermal stability and are stable for a long period of time. X-ray 

structural analysis reveals the presence of a bent Al(µ-O)Zr core. Compounds 10 and 11 show 

high activity in ethylene and styrene polymerization reactions and produce linear polyethylene 

and atactic polystyrene respectively. Ethylene and styrene copolymerization reactions by 

using 10 and 11 as catalysts resulted in polyethylene without the incorporation of styrene.  

           
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Molecular Structure of 10               Molecular Structure of 11 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
    Molecular Structure of 12 
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 Furthermore, the synthetic strategy takes advantage of the kinetically stable precursor 

LMeAl(OH) (7) as a building block. The Brönsted acidic character of the proton in the 

Al(O−H) moiety allows almost clean reaction with less sterically hindered group 4 metal 

precursor M(NMe2)4 (M = Ti, Zr) forming compounds with the trimetallic core. X-ray 

structural study confirms the formation of the trimetallic Al(µ-O)M(µ-O)Al (M= Ti, Zr) core. 

Preliminary investigation on the catalytic activity of complexes LMeAl(µ-O)Ti(NMe2)2(µ-

O)AlMeL (16) and LMeAl(µ-O)Zr (NMe2)2(µ-O)AlMeL (17) reveal that these complexes 

exhibit low activity in ethylene polymerization as compared to the oxygen bridged 

metallocene based heterobimetallic complexes L(Me)Al(µ-O)M(Me)Cp2 (M = Ti, Zr), which 

could be attributed to the relatively lower stability of the supposed cationic intermediate.  

 
 
 
 
 
 
 
 
 
 
 
 
 
Molecular structure of 16    Molecular Structure of 17 

 
 

  A novel ethyl substituted aluminum hydroxide LAlEt(OH) (14) was synthesized by 

controlled hydrolysis of LAlEtCl (14) and characterized analytically and spectroscopically. In 

subsequent reactions, the proton of the OH group exhibited an expected reactivity by 

intermolecular elimination of CH4 to afford (μ-O) bridged heterobimetallic compound 

LEtAl(μ-O)ZrMeCp2 (15). Compound 15 was used as catalyst for ethylene polymerization. It 

exhibits good catalytic activity in ethylene polymerization and produces linear polyethylene. 
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 Lithiation of Cp2Ti(SH)2 (18) was carried out in attempt to prepare sulfur bridged 

heterobimetallic complexes. The lithiation of 18 by using LiNMe2 or methyl lithium resulted 

in the formation of an interesting dimeric product of composition (CpTiS3Li3)2·6THF (19). 

The mechanism for this reaction is not clear yet but NMR study reveals the elimination of 

CpH during the reaction. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Molecular Structure of 19 
 
 
 

 The new complexes have been fully characterized analytically and spectroscopically. 

The solid state structural data for the complexes has been presented. Complexes 3, 4, 6, 8, 9, 

10, 11, 15, 16, and 17 were tested as catalysts for the polymerization reactions. The polymer 

products were characterized analytically and spectroscopically. 
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3.2. Outlook 
 
 

The thesis presented here has focused on generating OH functionalities on zirconium 

and hafnium and studying their reactivity. This resulted in the development of new synthetic 

strategies for generating heterobi and heterotrimetallic complexes for polymerization 

reactions. Heterogeneous metal oxides have long been used extensively as very useful 

catalysts for a variety of inorganic and organic reactions and used directly in the chemical 

industry, but studies on homogeneous metal oxides are limited because of difficulties in 

synthesizing molecular species. A new method has been developed in this work for the 

preparation of metal oxides which are difficult or very expensive to be synthesized by other 

methods. A great variety of metal and nonmetal oxides could be easily prepared by these 

methods. Extension of this work in the polymerization reactions resulted in obtaining the 

polymers in high yield and with interesting microstructure. The bi- and trimetallic catalysts 

required lower amount of cocatalysts to activate and exhibit high activity in the 

polymerization reactions. 

Furthermore these stable hydroxides of aluminum and zirconium allowed the 

preparation of very stable complexes from the unstable complexes (such as CpMMe3, M = Ti, 

Zr) and make them useful to study their catalytic activity in polymerization reactions. In 

summary, this thesis represents the preparation, structural characterization, and catalytic 

property of kinetically stable heterobimetallic complexes. Computational study on complex 3 

reveals the “Oxygen effect”. Moreover, complexes 1, 2, and 18 can act as building blocks for 

the preparation and catalytic studies of the heterobi- and trimetallic complexes bearing later 

transition and f- block elements. 
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4. Experimental Section 

 
4.1. General Procedures 
 
 

All reactions and handling of reagents were performed under an atmosphere of dry 

nitrogen or argon using Schlenk techniques201 or a glovebox where the O2 and H2O levels 

were usually kept bellow 1 ppm. All glassware was oven-dried at 140 °C for at least 24 h, 

assembled hot and cooled under high vacuum prior to use. Toluene (Na/benzophenone ketyl 

and diphenylether), benzene (K/benzophenone ketyl and diphenylether), hexane 

(Na/K/benzophenone ketyl and diphenylether), pentane (Na/K/benzophenone ketyl and 

diphenylether), tetrahydrofuran (K/benzophenone ketyl), diethylether (Na/benzophenone 

ketyl), dichloromethane (CaH2) were dried and distilled prior to use. Methanol for termination 

of polymerization was used of bottle grade (98%). 

 
4.2. Physical Measurements 
 
 

Melting points were measured in sealed glass tubes on a Büchi B-540 melting point 

apparatus. NMR spectra were recorded on Bruker Avance 200, Bruker Avance 300, and 

Bruker Avance 500 NMR spectrometers. Chemical shifts are reported in ppm with reference 

to SiMe4 (external) for 1H, 13C and 29Si isotopes, and [Al(H2O)6]3+ (external) for 27Al nuclei, 

Downfield shifts from the reference are quoted positive; upfield shifts are assigned negative 

values. The NMR grade deuterated solvents were dried and in following manners: C6D6 − 

overnight stirring with Na/K alloy followed by vacuum distillation, CDCl3 − 3 min. stirring 

with P4O10 followed by filtration, THF − storing over freshly activated molecular sieves for 

one week. Heteroatom NMR spectra were recorded 1H decoupled. IR spectra were recorded 

on a Bio-Rad Digilab FTS7 spectrometer in the range of 4000−350 cm−1 as KBr pellets. Only 

the absorption of significant moieties (OH) are listed except for compounds 2−17, where all 
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the absorptions (weak to very strong) are reported as the only method for their identification. 

Mass spectra were obtained with a Finnigan MAT 8230 or a Varian MAT CH5 instrument (70 

eV) by EI-MS methods. Elemental analyses were performed at the Analytical Laboratory of 

the Institute of Inorganic Chemistry at Göttingen, Germany. Crystal structure determination: 

Intensity data for compounds 1, 9, 16 and 17 were collected on an IPDS II Stoe image-plate 

diffractometer and compounds 4 and 6 were measured on Bruker SMART-APEX II 

diffractometer with a D8 goniometer (graphite-monochromated Mo Kα radiation, λ = 0.71073 

Å) equipped with a low-temperature device. The diffraction data for the compounds 2, 3, 8, 9, 

10-12, and 19 were measured on a Bruker three-circle diffractometer equipped with a 

SMART 6000 CCD detector using mirror monochromated Cu-Kα radiation (λ = 1.54178 Å). 

The data for all compounds were collected at low temperature (for exact values see Tables in 

Section 6). The structures were solved by direct methods (SHELXS-97)202 and refined with all 

data by full-matrix least squares methods on F2 using SHELXL-97.203 The restraints and 

constraints as AFIX, DELU, EADP, FLAT, SAME, SADI, SIMU were used to treat 

disordered groups, lattice solvents such as THF, toluene and trichloromethane and the 

hydrogen atoms. The non-hydrogen atoms were refined anisotropically; the hydrogen atoms 

of C−H bonds except the ones on γ-C of the ligand were placed in idealized positions, and 

refined with a riding model, whereas the hydrogen atoms from the OH, and γ-CH moieties 

were localized from the difference electron density map and refined isotropically. The crystal 

data for all compounds along with the final residuals and other pertaining details are tabulated 

in Section 6. 
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4.3. Polymerization Reactions 

4.3.1. Polymerization of Ethylene and Styrene  
 

On a high vacuum line (10-5 Torr), polymerizations were carried out in a 200 mL 

autoclave (Büchi). In a typical experiment, 100 mL of dry toluene (from Na/K) was vacuum-

transferred into the polymerization flask and saturated with 1.0 atm of rigorously purified 

ethylene (for ethylene homopolymerization) or with argon in the presence of 10 mL of dry 

styrene (from CaH2)  (for styrene homopolymerization). The catalyst (see corresponding 

tables) was placed in the Schlenk flask and appropriate MAO (1.6 M in toluene) was added. 

The mixture was stirred for 20 minutes at room temperature to activate the catalyst. The 

catalyst solution was then quickly injected into the rapidly stirred flask using a gas-tight 

syringe. After a measured time interval, the polymerization was quenched by the addition of 5 

mL methanol and the reaction mixture was then poured into 800 mL of methanol. The 

polymer was allowed to fully precipitate overnight and then collected by filtration, washed 

with fresh methanol, and dried.  

4.3.2. Ethylene + Styrene Copolymerization Experiments 
 

On a high vacuum line (10-5 Torr), polymerizations were carried out in a 200 mL 

autoclave (Büchi). In a typical experiment, 100 mL of dry toluene (from Na/K) was vacuum-

transferred into the polymerization flask which was previously saturated with 1.0 atm of 

rigorously purified ethylene in the presence of 10 mL of dry styrene (from CaH2)  The catalyst 

(see corresponding tables) was placed in the Schlenk flask and appropriate MAO (1.6 M in 

toluene) was added. The mixture was stirred for 20 minutes at room temperature to activate 

the catalyst. The catalyst solution was then quickly injected into the rapidly stirred flask using 

a gas-tight syringe. After a measured time interval, the polymerization was quenched by the 

addition of 5 mL methanol and the reaction mixture was then poured into 800 mL of 
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methanol. The polymer was allowed to fully precipitate overnight and then collected by 

filtration, washed with fresh methanol, and dried.  

4.3.3. Polymer Characterization 
 

13C NMR assays of polymer microstructure were conducted in 1,1,2,2-

tetrachloroethane-d2 at 110 oC. Resonances were assigned according to the literature for 

polyethylene and ethylene + α-olefin copolymers. 

Differential Scanning Calorimetric measurements of the polymer melting curves were 

measured on a TA instrument 2920 (Modulated Differential Scanning Calorimeter) which was 

calibrated against indium metal. Typically ca. 4 mg samples were used (10 ºC/min).  

Gel Permeation Chromatography (GPC) was carried out at Basell R & D Polymer 

Physics and Characterization, Industriepark, Hoechst, Frankfurt (Germany). 1,2,4-

Trichlorobenzene was used as solvent. The columns were calibrated with narrow molar mass 

distribution standards of polystyrene. 

The polymer melting range was measured on a TA instrument 2920 (Modulated Differential 

Scanning Calorimeter) which was calibrated against indium metal. Typically ca. 4 mg 

samples were used (10 ºC/min). 

 

4.4. Computational Details 
 

 The calculations were performed at the well established DFT level of theory making 

use of the B3LYP-functional204,205 as implemented in the Gaussian program package206   

making use of basis-sets termed LANL2DZ207 for Ti and 6-31G.208,209 with additional double-

diffuse functions for the remaining atoms. In the first step the compound was fully optimized 

to its equilibrium structure. The analysis of the resulting electronic wavefunction for this 
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structure was then used to obtain the shape of the molecular orbitals and to analyze the 

bonding situation by means of a NBO-analysis.169, 211   

 
4.5. Starting Materials 
 
 
 Cp′2MCl2 (Cp′ = Cp/Cp*; M = Ti, Zr, Hf) (Aldrich), Cp′MCl3 (Cp′ = Cp/Cp*; M = Ti, 

Zr, Hf)(Aldrich), Cp*MMe2 (M = Zr, Hf) (Aldrich), Methlyaluminoxane (MAO) (Aldrich),  

M(NMe2)4 (M = Ti, Zr, Hf) (Aldrich), LiNMe2 (Aldrich), were used as received. Cp′MMe3 

(Cp′ = Cp/Cp*; M = Ti153,154, Zr155) Cp2MMe2 (M = Ti,123 Zr, Hf124) Cp2Ti(SH)2,180  

LMeAl(OH) (7)122 were prepared according to the literature.  

 
4.6. Synthesis of Compounds from 1-19 

 

4.6.1. Synthesis of Cp*2ZrMe(OH) (1) 
 

 Cp*2ZrMe2 (0.5 g, 1.28 mmol) was dissolved in n-hexane (30 mL). The resulting 

solution was cooled to –30 ºC and 1 equivalent of H2O (23 µL) was added rapidly under 

vigorous stirring. The temperature of the solution was maintained at –30 ºC for 10 min, then 

was slowly warmed to ambient temperature and stirred for another 30 min till methane 

evolution has ceased. The solvent was removed in vacuum to obtain colorless crystalline 

material. Yield 0.36 g (72%). Mp 202 ºC (decomp). IR (KBr): ν~ = 3680, 2965, 2908, 1492, 

1440, 1380, 1262, 1099, 1022, 941, 865, 801 cm-1; 1H NMR (500 MHz, C6D6, 25 ºC, TMS): 

δ:  –0.2 (s, 3H, Zr–CH3), 1.8 (s, 30H, C5(CH3)5), 4.2 (s, 1H, OH); 13C NMR (500 MHz, C7D8, 

25 ºC, TMS): δ: 118.7 (s, Cp*2, C10), 27.0 (s, CH3);  MS (EI) m/z (%): 377 (100) [M–Me]+. 

Anal. Calcd for C21H34OZr (393.72): C 64.06, H 8.70. Found: C 63.86, H 8.62. 
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4.6.2. Synthesis of Cp*2Hf(OH)2 (2) 
 

Cp*2HfMe2 (0.52 g, 1.5 mmol) was dissolved in n-hexane (30 mL). The resulting 

solution was cooled to –30 ºC and 1 equivalent of H2O (27 µL) was added rapidly under 

vigorous stirring. The temperature of the solution was maintained at –30 ºC for 10 min, then 

was slowly warmed to ambient temperature and stirred for another 30 min till methane 

evolution has ceased. The solvent was removed in vacuum to obtain colorless crystalline 

material. Yield 0.36 g (72%). 1H NMR is according the earlier report.115  

4.6.3. Synthesis of Cp*2MeZr(µ-O)TiMe2Cp*(3)  
 

A solution of Cp*TiMe3 (0.228 g, 1.00 mmol) in diethyl ether (30 mL) was added 

dropwise to a solution of 1 (0.394 g, 1.00 mmol) in diethyl ether (30 mL) at    –30 ºC. The 

resulting solution was stirred at –30 ºC for 5 min and was slowly warmed to ambient 

temperature. Vigorous methane elimination was noticed with concomitant formation of a 

precipitate. After stirring for additional 12 h the solvent was removed in vacuum and the 

crude product was washed with n-hexane, to give a yellow powder. Yield 0.5 g (64%). Mp 

224 ºC (decomp).  1H NMR (500 MHz, C6D6, 25 ºC, TMS): δ:  0.22 (s, 6H, Ti–(CH3)2), 0.4 (s, 

3H, Zr–CH3), 1.8 (s, 30H, C5(CH3)5), 2.2 (s, 15H, C5(CH3)5); 13C NMR (500 MHz, C7D8, 25 

ºC, TMS): δ: 118.2 (s, Cp*2Zr, C10), 121.4 (s, Cp*Ti, C5), 52.3 (s, Ti–(CH3)2), 34.8 (s, Zr–

CH3); MS (EI) m/z (%): 574.2 (100) [M–2Me]+, 589.2 (6%) [M–Me]+. Anal. Calcd for 

C33H54OTiZr (605.88): C 65.42, H 8.98. Found: C 64.72, H 8.92. 

 

4.6.4. Synthesis of Cp*2(Me)Zr(µ-O)Ti(NMe2)3 (4) 
 

  A solution of Cp*2MeZr(OH) (1) (0.394 g, 1.00 mmol) in toluene (20 mL) was added 

dropwise over a period of 15 min to a solution of Ti(NMe2)4 (0.224 g, 1.00 mmol) in toluene 
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(30 mL) at 25 ºC. The solution was then stirred at 25 ºC for 24 h. The resulting light yellow 

solution was then passed through an activated celite pad, concentrated to approximately 15 

mL under reduced pressure and kept at –20 ºC for a day yielding yellow micro-crystals of 

analytical purity. Yield 0.520 g (91 %). Mp 171-172 ºC. 1H NMR (500 MHz, C6D6, 25 ºC, 

TMS): δ:  0.01 (s, 3H, Zr–CH3); 1.89 (s, 30H, Zr–C5(CH3)5); 3.14 (s, 18H, Ti–N(CH3)2). 13C 

NMR (125.75 MHz, C6D6, 25 ºC, TMS): δ: 11.3 (s, Zr–C5(CH3)5); 29.1 (s, Zr–CH3); 45.4 (s, 

Ti–N(CH3)2); 117.7 (s, Zr–C5(CH3)5). MS (EI) m/z (%) : 556.2 (14) [M – Me]+; 526.2 (56) [M 

– NMe2]+; 511.1 (100) [M – Me and NMe2]+. Anal. Calcd for C27H51N3OTiZr (572.83): C 

56.61, H, 8.97, N 7.33. Found: C 56.46, H 8.65, N 7.17. 

 

4.6.5. Synthesis of Cp*2(Me)Zr(µ-O)Hf(NMe2)3 (5)  
 

A solution of Cp*2MeZr(OH) (1) (0.394 g, 1.00 mmol) in toluene (20 mL) was added 

dropwise over a period of 15 min to a solution of Hf(NMe2)4 (0.354 g, 1.00 mmol) in toluene 

(30 mL) at –30 ºC. The resulting solution was slowly warmed to ambient temperature. This 

solution was then stirred at 25 ºC for 24 h. The title compound could not be isolated in a pure 

form. 1H NMR spectroscopy of the reaction mixture showed formation of the title compound 

as the major product along with the trimetallic compound 6 as the minor product. 

1H NMR (200 MHz, C6D6, 25 ºC, TMS): δ:  –0.07 (s, 3H, Zr–CH3); 1.88 (s, 30H, Z–

C5(CH3)5); 3.00 (s, 18H, Hf–N(CH3)2).  

 

4.6.6. Synthesis of Cp*2(Me)Zr(µ-O)Hf(NMe2)2(µ-O)Zr(Me)Cp*2
 (6)  

 

A solution of Cp*2MeZr(OH) (1) (0.433 g, 1.1 mmol) in toluene (20 mL) was added 

dropwise over a period of 15 min to a solution of Hf(NMe2)4 (0.177 g, 0.50 mmol) in toluene 
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(20 mL) at –30 ºC. This solution was slowly warmed to ambient temperature and was stirred 

at 25 ºC for 24 h. The resulting solution was filtered, concentrated to approximately 15 mL 

under reduced pressure and kept at –20 ºC for several days yielding colorless crystals of 

analytical purity. Yield 0.420 g (80 %). Mp 312-313 ºC. 1H NMR (500 MHz, C6D6, 25 ºC, 

TMS): δ:  –0.05 (s, 6H, Zr–CH3); 1.92 (s, 60H, Zr–C5(CH3)5); 2.99 (s, 12H, Hf–N(CH3)2). 13C 

NMR (125.75 MHz, C6D6, 25 ºC, TMS): δ: 11.6 (s, Zr–C5(CH3)5); 27.9 (s, Zr–CH3); 43.5 (s, 

Hf–N(CH3)2); 117.7 (s, Zr–C5(CH3)5). MS (EI) m/z (%) : 1037.4 (24) [M – Me]+, 1007.4 (32) 

[M – NMe2]+, 992.3 (100) [M – Me and NMe2]+. Anal. Calcd for C46H78Hf N2O2Zr2 

(1052.03): C 52.51, H 7.47, N 2.66. Found: C 51.95, H 7.29, N 2.53.   

 

4.6.7. Synthesis of LA(Me(µ-O)TiMeCp B2 B(8)  
 

A solution of freshly prepared Cp B2 BTiMeB2 B (0.21g, 1.01mmol) in toluene (20 mL) was 

added via cannula to a solution of LMeAl(OH) (7) [L = CH(N(Ar)(CMe)) B2 B, Ar = 2,6-

iPrB2 BCB6 BHB3 B] (0.48g, 1.01 mmol) in toluene (20 mL) at ambient temperature. (NOTE: Care must 

be taken because CpB2 BTiMe B2B is photosensitive). The reaction mixture was heated to 80 ºC for 

18 h under stirring. The yellow precipitate formed was filtered off, washed with n-hexane, and 

dried in vacuum. Yield 0.41g (61%); decomp at 250 ºC ; P

1
PH NMR (500.13 MHz, C B6 BDB6 B, 25 ºC, 

TMS) δ 7.13-7.24 (m, 6H; m-, p-Ar-H), 5.30 (s, 10H; CB5 BHB5 B), 4.90 (s, 1H; γ-CH), 3.10 (sept, 

4H; P

3
PJ BH-H B = 6.8 Hz; CH(CHB3 B) B2 B), 1.68 (s, 6H; CHB3 B), 1.40 (d, 12H; P

3
PJBH-H B = 6.8 Hz; CH(CHB3 B) B2 B), 

1.31 (d, 12H; P

3
PJ BH-H B = 6.8 Hz; CH(CHB3 B) B2 B), –0.18 (s, 3H; Ti-CHB3 B), –0.91 (s, 3H; Al-CHB3 B) ppm; 

P

13
PC NMR (125.75 MHz, C B6 BDB6 B, 25 ºC, TMS) δ 165.4(CN), 145.3, 144.8, 142.8, 128.6, 125.9, 

125.2 (i-, o-, m-, p-Ar), 111.3 (CB5BHB5 B), 97.0 (γ-CH), 27.9 (Ti-CHB3 B), 26.5 (Al-CHB3 B) ppm; MS 

(EI) m/z (%): 653 (100) [M P

+
P −Me], 638 (48) [M P

+
P −2Me], 202 (26) [DippNCMe]P

+
P. Anal. Calcd 

for CB41 BHB57 BAlNB2 BOTi (668.75): C 73.64, H 8.59, N 4.19. Found: C 72.28, H 8.47, N 4.17. 
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4.6.8. Synthesis of LMeAl(µ-O)HfMeCpB2 B(9) 
 

Freshly sublimed Cp B2 BHfMeB2 B (0.34g, 1 mmol) dissolved in ether (20 mL) was 

transferred using a cannula to a flask charged with LMeAl(OH) 7 (0.48g, 1 mmol) in diethyl 

ether (30 mL) at −30 ºC. The reaction mixture was slowly warmed to ambient temperature 

and stirred for 18 h. The precipitate was filtered, washed with n-hexane, and dried in vacuum. 

Yield 0.54 g (67.4%);  decomp at 391 ºC; P

1
PH NMR (500.13 MHz, C B6 BDB6 B, 25 ºC, TMS) δ 7.13-

7.24 (m, 6H; m-, p-Ar-H), 5.40 (s, 10H; CB5 BHB5 B), 4.80 (s, 1H; γ-CH), 3.30 (sept, 4H; P

3
PJ BH-H B = 6.8 

Hz; CH(CHB3 B)B2 B), 1.76 (s, 6H; CHB3 B), 1.61 (d, 12H; P

3
PJBH-H B = 6.8 Hz; CH(CHB3 B) B2 B), 1.42 (d, 12H; 

P

3
PJBH-H B = 6.8 Hz; CH(CHB3 B)B2 B), 0.08 (s, 3H; Hf-CHB3 B), –0.27 (s, 3H; Al-CHB3 B) ppm; P

13
PC NMR 

(125.75 MHz, CB6 BDB6 B, 25 ºC, TMS) δ 168.3(CN), 149.5, 146.6, 144.7, 132.4, 135.5, 137.9 (i-, 

o-, m-, p-Ar), 116.3 (CB5 BHB5 B), 102.0 (γ-CH), 52.9 (Hf-CHB3 B), 32.5 (Al-CHB3 B) ppm; MS (EI) m/z 

(%): 785 (100) [M P

+
P −Me], 770 (8) [M P

+
P −2Me], 202 (26) [DippNCMe]P

+
P. Anal. Calcd for 

CB41 BHB57BAlHfNB2 BO (799.36): C 61.60, H 7.19, N 3.50. Found: C 59.08, H 6.85, N 3.32. 

4.6.9. Synthesis of LMeAl(µ-O)TiMe2Cp (10) 
 

  A solution of freshly prepared CpTiMe3 (0.21g, 1.01mmol) in toluene (20 mL) was 

added via cannula to a solution of LMeAl(OH) (7) (0.48g, 1.01 mmol) in toluene (20 mL) at –

30 ºC. The mixture was stirred at –30 ºC for one hour and then slowly raised the temperature 

to 0 ºC and the stirring was continued. After 3 h the solution was allowed to attain room 

temperature and stirred for 12 h. (NOTE: Care must be taken because methyl derivatives of Ti 

are photosensitive). The yellow precipitate formed was filtered off, washed with n-hexane, 

and dried in vacuum. Yield 0.41g (61%); decomp at 135 ºC ; 1H NMR (500.13 MHz, C6D6, 

25 ºC, TMS) δ 7.1-7.2 (m, 6H; m-, p-Ar-H), 5.50 (s, 5H; C5H5), 5.14 (s, 1H; γ-CH), 3.38 (sept, 

2H, 3JH-H = 6.8 Hz; CH(CH3)2), 3.11 (sept, 2H, 3JH-H = 6.8 Hz; CH(CH3)2),1.73 (s, 6H; CH3), 

1.25 (d, 12H, 3JH-H = 6.8 Hz; CH(CH3)2), 1.15 (d, 12H, 3JH-H = 6.80 Hz; CH(CH3)2), –0.32 (s, 
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3H; Ti-CH3)), –0.84 (s, 3H; Al-CH3)) ppm; MS (EI) m/z (%): 588 (100) [M+ −2Me], 202 (26) 

[DippNCMe]+. Anal. Calcd for C37H55AlN2OTi (618.69): C 71.83, H 8.96, N 4.53. Found: C 

70.01, H 8.93, N 5.37. 

4.6.10. Synthesis of LMeAl(µ-O)TiMe2Cp* (11) 
 

 Freshly sublimed Cp*TiMe3 (0.34g, 1 mmol) dissolved in ether (20 mL) was 

transferred using a cannula to a flask charged with LMeAl(OH) (7) (0.48g, 1 mmol) in diethyl 

ether (30 mL) at −30 ºC. The reaction mixture was slowly warmed to ambient temperature 

and stirred for 12 h. The yellow precipitate was filtered, washed with n-hexane, and dried in 

vacuum. Yield 0.54 g (67.4%);  decomp at 391 ºC; 1H NMR (500.13 MHz, C6D6, 25 ºC, 

TMS) δ 7.13-7.24 (m, 6H; m-, p-Ar-H), 4.90 (s, 1H; γ-CH), 3.69 (sept, 4H, 3JH-H = 6.8 Hz; 

CH(CH3)2), 3.34 (sept, 4H, 3JH-H = 6.8 Hz; CH(CH3)2) 1.67 (s, 15H; C5(CH3)5), 1.64 (s, 6H; 

CH3), 1.50 (d, 6H, 3JH-H = 6.8 Hz; CH(CH3)2), 1.44 (d, 6H, 3JH-H = 6.8 Hz; CH(CH3)2), 1.23 

(d, 6H, 3JH-H = 6.8 Hz; CH(CH3)2), 1.22 (d, 6H, 3JH-H = 6.8 Hz; CH(CH3)2), -0.11 (s, 6H; Ti-

CH3)2), –0.22 (s, 6H; Al-CH3) ppm.  MS (EI) m/z (%): 658 (100) [M+ −2Me], 770 (8) [M+ 

−2Me], 202 (26) [DippNCMe]+. Anal. Calcd for C42H65AlN2OTi (688.83): C 73.23, H 9.51, N 

4.07. Found: C 70.88, H 9.43, N 3.98. 

4.6.11. Synthesis of LAlMe(µ-O)ZrMe2Cp* (12)  
 

A solution of freshly prepared Cp*ZrMe3 (0.21g, 1.01mmol) in toluene (20 mL) was 

added via cannula to a solution of LMeAl(OH) (7) (0.48g, 1.01 mmol) in toluene (20 mL) at –

30 ºC. The mixture was stirred at –30 ºC for 3 h and then slowly brought to 0 ºC and the 

stirring was continued for 12 h. The white precipitate formed was filtered off, washed with n-

hexane, and dried in vacuum. Yield, 73%.  Mp 181 ºC.  1H NMR (500.13 MHz, C6D6, 25 ºC, 

TMS) δ 7.13-7.24 (m, 6H; m-, p-Ar-H), 4.92 (s, 1H; γ-CH), 3.65 (sept, 4H, 3JH-H = 6.8 Hz; 
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CH(CH3)2), 3.36 (sept, 4H, 3JH-H = 6.8 Hz; CH(CH3)2) 1.85 (s, 15H; C5(CH3)5), 1.78 (s, 6H; 

CH3), 1.63 (d, 6H, 3JH-H = 6.8 Hz; CH(CH3)2), 1.60 (d, 6H, 3JH-H = 6.8 Hz; CH(CH3)2), 1.30 

(d, 6H, 3JH-H = 6.8 Hz; CH(CH3)2), 1.22 (d, 6H, 3JH-H = 6.8 Hz; CH(CH3)2), –0.23 (s, 3H; Al-

CH3), -0.32 (s, 6H; Zr-CH3)2) ppm. Anal. Calcd for C42H65AlN2OZr (732.18): C 68.90, H 

8.95, N 3.83. Found: C 68.28, H 8.93, N 3.58. 

4.6.12 Synthesis of LEtAlCl (13) 
 

EtAlCl2 (11.2 mL, 1.8 molar in n-hexane, 20 mmol) was added drop by drop at –78 °C 

to LLi·OEt2 (9.97 g, 20 mmol) in toluene (100 mL). The mixture was allowed to warm to 

room temperature and stirred for 12 h. After filtration the filtrate was concentrated (20 mL) 

and kept at 4 °C to afford colorless crystals. X-ray quality crystals were grown from toluene. 

Yield (8.05 g, 79 %). Mp 153-155 °C. 1H NMR (200.13 MHz, C6D6): δ –0.04 (q, J = 8.0 Hz, 

2 H, AlCH2CH3), 0.80 (t, J = 8.0 Hz, 3 H, AlCH2CH3), 1.00 (d, J = 6.8 Hz, 6 H, CH(CH3)2), 

1.19 (d, J = 6.8 Hz, 6 H, CH(CH3)2), 1.30 (d, J = 6.8 Hz, 6 H, CH(CH3)2), 1.48 (d, J = 6.6 Hz, 

6 H, CH(CH3)2), 1.55 (s, 6 H, CMe), 3.21 (sept, J = 6.8 Hz, 2 H, CH(CH3)2), 3.76 (sept, J = 

6.8 Hz, 2 H, CH(CH3)2), 4.96 (s, 1 H, γ-CH), 7.05-7.15 (m, Ar) ppm. 13C NMR (75.48 MHz, 

C6D6, 25 °C, TMS): δ 170.7 (CN), 146.0, 143.3, 139.7, 125.4, 123.9 (i-, o-, m-, p-, Ar), 98.7 

(γ-CH), 29.2, 28.1 (CH(CH3)2), 26.9, 24.9, 24.5, 23.8 (CH(CH3)2), 23.2 (β-CH3), 8.54 

(AlCH2CH3), –1.00 (AlCH2CH3) ppm. IR (Nujol mull, cm-1): v~  = 3062 (s), 1587 (m), 1558 

(s), 1534 (s), 1517 (s), 1442 (s), 1344 (s), 1319 (s), 1259 (s), 1177 (m), 1101 (m), 1021 (s), 

938 (m), 878 (w), 834 (w), 801 (m), 777 (w), 759 (w), 718 (w), 648 (w), 618 (m), 533 (m). 

MS (EI) m/z (%): 479 (100) [M+–Et]. Anal. Calcd for C31H46AlClN2 (508.30): C, 73.13; H, 

9.11; N, 5.50%. Found: C, 72.45; H, 8.86; N, 5.43%. 
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4.6.13. Synthesis of LAlEt(OH) (14) 
 

To a mixture of 13 (2.04 g, 4 mmol) and [CN(iPr)C2Me2N(iPr)] (:C, 0.72 g, 4 mmol) 

in toluene (60 mL) at 0 ºC distilled H2O (18 μL, 4 mmol) was added. The suspension was 

allowed to warm to room temperature and stirred for 12 h. The insoluble solid was removed 

by filtration and from the filtrate all volatiles were removed in vacuo and the resulting residue 

was washed with n-pentane (5 mL) to afford a white solid. X-ray quality crystals of 14 were 

grown from THF at 4 ºC. Yield (1.43 g, 73 %). Mp 163 °C. 1H NMR (200.13 MHz, C6D6): δ 

–0.22 (q, J = 8.2 Hz, 2 H, AlCH2CH3), 0.64 (s, 1 H, OH), 0.72 (t, J = 8.2 Hz, 3 H, 

AlCH2CH3), 1.06 (d, J = 6.8 Hz, 6 H, CH(CH3)2), 1.21 (d, J = 7.0 Hz, 6 H, CH(CH3)2), 1.30 

(d, J = 7.0 Hz, 6 H, CH(CH3)2), 1.35 (d, J = 6.6 Hz, 6 H, CH(CH3)2), 1.58 (s, 6 H, CMe), 3.23 

(sept, J = 6.8 Hz, 2 H, CH(CH3)2), 3.68 (sept, J = 6.8 Hz, 2 H, CH(CH3)2), 4.93 (s, 1 H, γ-

CH), 7.05-7.20 (m, Ar) ppm. 13C NMR (125.8 MHz, C6D6, 25 °C, TMS): δ 169.3 (CN), 145.4, 

143.4, 140.8, 127.3, 124.9, 123,9 (i-, o-, m-, p-, Ar), 97.3 (γ-CH), 28.9, 27.8 (CH(CH3)2), 26.1, 

24.9, 24.4, 24.0 (CH(CH3)2), 23.1 (β-CH3) , 9.23 (AlCH2CH3), 1.36 (AlCH2CH3) ppm. IR 

(Nujol mull, cm-1): v~  = 3729 (m, -OH), 1654 (w), 1552 (w), 1529 (w), 1319 (m), 1261 (w), 

1179 (w), 1101 (w), 1059 (w), 1021 (w), 938 (w), 875 (w), 834 (w), 802 (w), 761 (w), 723 

(w), 657 (w). MS (EI) m/z (%): 473.3 (24) [M+–OH], 461.3 (100) [M+–Et]. Anal. Calcd for 

C31H47AlN2O (490.70): C 75.88, H 9.65, N 5.11. Found: C 75.24, H 9.44, N 5.62. 

 

4.6.14. Synthesis of LEtAl(μ-O)ZrMeCp2 (15) 
 

Toluene (40 mL) was added to the mixture of 14 (0.49 g, 1.00 mmol) and Cp2ZrMe2 

(0.26 g, 1.00 mmol). The resulting solution was stirred for 2 h at room temperature, and then 

continuously for 24 h at 100 °C. After concentration and keeping the solution at room 

temperature for one day, colorless crystals of 15 (0.51 g) were isolated. Yield 0.48 g (67 %). 
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Mp 368-369 °C. 1H NMR (500.13 MHz, CDCl3): δ –0.32 (s, 3 H, ZrMe), –0.14 (q, J = 7.9 Hz, 

2 H, AlCH2CH3), 1.04 (d, J = 6.8 Hz, 6 H, CH(CH3)2), 1.14 (t, J = 7.9 Hz, 3 H, AlCH2CH3), 

1.25 (d, J = 6.8 Hz, 6 H, CH(CH3)2), 1.37 (d, J = 6.8 Hz, 6 H, CH(CH3)2), 1.41 (d, J = 6.8 Hz, 

6 H, CH(CH3)2), 1.77 (s, 6 H, CMe) , 3.15 (sept, J = 6.8 Hz, 2 H, CH(CH3)2), 3.29 (sept, J = 

6.8 Hz, 2 H, CH(CH3)2), 5.02 (s, 1 H, γ-CH), 5.30 (s, 10 H, C5H5), 7.24-7.27 (m, Ar) ppm. 13C 

NMR (125.8 MHz, C6D6, 25 °C, TMS): δ 170.5 (CN), 144.7, 143.9, 141.2, 127.0, 124.7, 

124,2 (i-, o-, m-, p-, Ar), 109.9 (C5H5), 97.3 (γ-CH), 28.7, 27.1 (CH(CH3)2), 25.3, 25.2, 24.6 

(CH(CH3)2), 23.8 (β-CH3), 17.6 (ZrMe), 9.4 (AlCH2CH3), 3.4 (b, AlCH2CH3) ppm. IR (Nujol 

mull, cm-1): v~  = 1734 (m), 1653 (w), 1624 (w), 1591 (w), 1530 (m), 1396 (s), 1317 (m), 

1259 (m), 1177 (m), 1099 (m), 1059 (w), 1019 (m), 940 (w), 872 (w), 839 (m), 795 (s), 759 

(w), 724 (w), 643 (w), 599 (w), 587 (w), 568 (w), 530 (w), 442 (w). MS (EI) m/z (%): 709.3 

(88) [M+–Me], 695.3 (100) [M+–2Me]. Anal. Calcd for C42H59AlN2OZr (726.10): C 69.47, H 

8.19, N 3.86. Found: C 69.40, H 8.32, N 3.52. 

4.6.15. Synthesis of LMeAl(µ-O)Ti(NMe2)2(µ-O)AlMeL (16)  
 

 A solution of LMeAl(OH) (7) (0.477 g, 1.0 mmol) in toluene (20 mL) was added 

dropwise by a syringe over a period of 15 min to a solution of Ti(NMe2)4 (0.112 g, 0.50 

mmol) in toluene (20 mL) at –30 ºC. The reaction mixture was slowly warmed to ambient 

temperature and was stirred at 25 ºC for 14 h. The solvent was evaporated to dryness yielding 

a pasty yellow solid and then it was dissolved in pentane (30 mL) and passed through an 

activated celite pad. The yellow crystals of the title compound were grown from concentrated 

pentane solution at –30 ºC. Nucleation of crystal growth sometimes starts on warming the 

pentane solution from –30 ºC to room temperature. Yield 0.32 g (60%). Mp 170-171 ºC. 1H 

NMR (500 MHz, C6D6, 25 ºC, TMS) δ  –0.53 (s, 6H, Al–CH3); 1.17 (d, 12H, 3JH-H = 6.8 Hz, 

CH(CH3)2); 1.19 (d, 12H, 3JH-H = 6.8 Hz, CH(CH3)2);1.29 (d, 12H, 3JH-H = 6.8 Hz, 
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CH(CH3)2); 1.31 (d, 12H, 3JH-H = 6.8 Hz, CH(CH3)2); 1.52 (s, 12H, CH3); 2.84 (s, 12H, Ti–

N(CH3)2); 3.26 (sept., 4H, 3JH-H = 6.8 Hz, CH(CH3)2); 3.63 (sept., 4H, 3JH-H = 6.8 Hz, 

CH(CH3)2); 7.06-7.22 (m, 12H, aryl protons). 13C NMR (125.75 MHz, C6D6, 25 ºC, TMS) δ –

10.9 (br.s, Al–CH3 ); 23.9 (s, CH3); 24.7 (s, CH(CH3)2); 26.5 (s, CH(CH3)2); 28.1 (s, 

CH(CH3)2); 28.6 (s, CH(CH3)2); 46.1 (s, Ti–N(CH3)2); 98.5 (γ-CH);124.4, 127.0, 141.9, 

144.3, 144.7, (s, aryl carbon, p-, m-, o-, and i- respectively); 170.2 (s, (CN)). MS (EI)  m/z 

(%): 1086.8 (4) [M]+, 1071.8 (64) [M–Me]+, 202 (100) [DippNCCH3]+. Anal. Calcd for 

C64H100Al2N6O2Ti (1087.36): C 70.69, H 9.26, N 7.73. Found: C 70.24, H 9.25, N 7.61.   

  

4.6.16. Synthesis of LMeAl(µ-O)Zr(NMe2)2(µ-O)AlMeL (17)  
 

 A solution of LMeAl(OH) (7) (0.477 g, 1.0 mmol) in toluene (20 mL) was added 

dropwise by a syringe over a period of 15 min to a solution of Zr(NMe2)4 (0.133 g, 0.50 

mmol) in toluene (20 mL) at –30 ºC. The reaction mixture was slowly warmed to ambient 

temperature and was stirred at 25 ºC for 14 h. The solvent was evaporated to dryness yielding 

a colorless solid and then it was dissolved in n-hexane (40 mL) and passed through an 

activated celite pad. The resulting solution was concentrated to approximately 15 mL under 

reduced pressure and kept at 0 ºC for several days yielding colorless crystals of analytical 

purity. Yield 0.42 g (75%). Mp 246-247 ºC. 1H NMR (500 MHz, C6D6, 25 ºC, TMS) δ  –0.58 

(s, 6H, Al–CH3); 1.12 (d, 12H, 3JH-H = 6.8 Hz, CH(CH3)2); 1.18 (d, 12H, 3JH-H = 6.8 Hz, 

CH(CH3)2); 1.29 (d, 12H, 3JH-H = 6.8 Hz, CH(CH3)2); 1.33 (d, 12H, 3JH-H = 6.8 Hz, 

CH(CH3)2); 1.52 (s, 12H, CH3); 2.81 (s, 12H, Zr–N(CH3)2); 3.26 (sept., 4H, 3JH-H = 6.8 Hz, 

CH(CH3)2); 3.56 (sept., 4H, 3JH-H = 6.8 Hz, CH(CH3)2); 7.06-7.24 (m, 12H, aryl protons). 13C 

NMR (125.75 MHz, C6D6, 25 ºC, TMS) δ –11.1 (s, Al–CH3); 23.7 (s, CH3); 24.5 (s, 

CH(CH3)2); 26.1 (s, CH(CH3)2); 28.2 (s, CH(CH3)2); 28.6 (s, CH(CH3)2); 43.3 (s, Zr–
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N(CH3)2);  98.1 (γ-CH);124.5, 127.0, 141.6, 144.1, 144.8, (s, aryl carbon, p-, m-, o-, and i- 

respectively); 169.8 (s, (CN)). MS (EI):  m/z (%): 202 (100) [DippNCCH3]+. Anal. Calcd for 

C64H100Al2N6O2Zr (1130.68): C 67.98, H 8.91, N 7.43. Found: C 67.66, H 9.00, N 7.34.   

4.6.17. Synthesis of [CpTiS3Li3]2·6THF (19) 
 

The compounds Cp2Ti(SH)2 (0.496 g, 2 mmol) and LiNMe2 (0.101g, 2 mmol) were 

mixed as solids. Dried THF (3mL) was added to the resulting solids. The resultant red-orange 

solution was stirred and periodically evacuated for 30 min since a small amount of gas, 

presumably H2, was slowly evolved. The solution was then stirred at room temperature 

overnight, and the green solution was reduced in vacuo to a volume of ca. 1 mL. The solvent 

was evaporated, then fresh THF was added and the solution was kept at -30 ºC to obtain dark 

green crystals (345 mg) of 19 from a green-brown supernatant. 1H NMR (THF-d8) δ 6.10 

(C5H5), 3.56, 1.76, 1.75, 1.74, 1.71 (C4H8O) ppm. The coordinated THF resonances are broad 

and overlap with the THF-d8 resonances (δ 3.58, 1.73 ppm). 
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5. Handling and Disposal of Solvents and Residual Waste 

 

1. The recovered solvents were distilled or condensed into a cold-trap under vacuum and 

collected in halogen-free or halogen-containing solvent containers, and stored for disposal. 

2. Used NMR solvents were classified into halogen-free and halogen-containing solvents and 

were disposed as halogen containing wastes, respectively. 

3. Drying agents such as KOH, CaCl2 and P4O10 were hydrolyzed and disposed as acid or base 

wastes. 

4. Whenever possible, sodium metal used for drying solvents was collected for recycling.212 

The non-reusable sodium metal was carefully hydrolyzed in cold ethanol and poured into the 

base-bath used for cleaning glassware. 

5. Ethanol and acetone used for cold-baths (with solid CO2 or liquid N2) were subsequently 

used for cleaning glassware. 

6. The acid-bath used for cleaning glassware was neutralized with Na2CO3 and the resulting 

NaCl solution was washed-off in the communal water drainage. 

7. The residue of the base-bath used for glassware cleaning was poured into container for base 

wastes. 

 

Amounts of various types of disposable wastes generated during the work: 

 

Heavy elements containing wastes 2 L 

Halogen-containing solvent wastes 7 L 

Halogen-free solvent wastes 40 L 

Acid wastes 10 L 

Base wastes 20 L 
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6. Crystal Data and Structure Refinement Details 

Table CD1. Crystal Data and Structure Refinement Details for Compound 
Cp*2MeZr(OH) (1). 
 

Empirical formula C21H34OZr 

Formula weight 393.7 

Temperature 100(2) K 

Color Colorless 

Wavelength 0.71073 Å 

Crystal system Orthorhombic 

Space group P212121 

Unit cell dimensions a = 8.035(2) Å     

 b = 10.948(3) Å 

 c = 22.256(3) Å 

Volume   1958(1) Å3 

Z 4 

Density (calculated) 1.336 Mg/m3 

Absorption coefficient  0.565 mm-1 

F (000) 832 

θ range for data collection  1.83 to 26.39º. 

Index ranges -10 ≤ h ≤ 10, 0≤ k ≤ 13, 0 ≤ l ≤ 27 

Reflections collected 36648 

Independent reflections  4003 (Rint = 0.0297)  

Refinement method Full-matrix least-squares on F2 

Goodness-of-fit on F2 1.193 
Final R indices (I > 2σ(I)) 
 

R1 = 0.0250, wR2 = 0.0621 

R indices (all data) R1 = 0.0252,  wR2 = 0.0625 

Largest diff peak and hole  –0.433/+0.782 e Å-3 
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Table CD2. Crystal Data and Structure Refinement Details for Compound Cp*2Hf(OH)2 
(2). 
 

Empirical formula C20H32HfO2 

Formula weight 482.96 

Temperature 100(2) K 

Color Colorless 

Wavelength 1.54178  Å 

Crystal system Orthorhombic 

Space group P212121 

Unit cell dimensions a = 8.2204(16) Å         

 b = 10.844(2) Å        

 c =  22.102(5) Å       

Volume   1970.3(7) Å3 

Z 4 

Density (calculated) 1.621 Mg m-3 

Absorption coefficient  9.788 mm-1 

F (000) 960 

θ range for data collection  4.0 to 59.14º 

Index ranges -9<=h<=9, -11<=k<=12, -24<=l<=24 

Reflections collected 17228 

Independent reflections  2829 (Rint = 0.0369) 

Refinement method Full-matrix least-squares on F2 

Goodness-of-fit on F2 1.149 
Final R indices (I > 2σ(I)) 
 

R1 = 0.0152, wR2 = 0.0388 

R indices (all data) R1 = 0.0155, wR2 = 0.0388 

Largest diff peak and hole  -0.439/ +0.419 e Å-3  
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Table CD3. Crystal Data and Structure Refinement Details for Cp*2MeZr(µ-

O)TiMe2Cp* (3). 

 
Empirical formula C33H54OTiZr 

Formula weight 605.88 

Temperature 100(2) K 

Color Yellow 

Wavelength 1.54178 Å 

Crystal system Monoclinic 

Space group Pc 

Unit cell dimensions a = 8.601(2) Å 

 b = 15.399(2) Å      β = 94.41(2)º 

 c  = 23.084(3) Å 

Volume   3048.3(9) Å3 

Z 4 

Density (calculated) 1.320 Mg m-3 

Absorption coefficient  5.184 mm-1 

F (000) 1288 

θ range for data collection  2.87 to 59.42º 

Index ranges -9 ≤ h ≤ 9,-16 ≤ k ≤ 17,-25 ≤ l ≤ 25 

Reflections collected 52720 

Independent reflections  11233 (Rint = 0.072) 

Refinement method Full-matrix least-squares on F2 

Goodness-of-fit on F2 1.017 
Final R indices (I > 2σ(I)) 
 

R1 = 0.0496, wR2 = 0.1325 

R indices (all data) R1 = 0.0580, wR2 = 0.1377 

Largest diff peak and hole  –0.799/+0.551 e Å-3 
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Table CD4. Crystal Data and Structure Refinement Details for Cp*2MeZr(µ-

O)Ti(NMe2)3 (4). 

 
 
 
 
 
 
 
 

Empirical formula C27H51N3OTiZr 

Formula weight 572.83 

Temperature 100(2) K 

Color Yellow 

Wavelength 0.71073 Å 

Crystal system Triclinic 

Space group P1 

Unit cell dimensions a = 10.6644  Å      α = 89.4060(10)º 

 b =  11.6310 Å      β =  89.3900(10)º 

 c  = 12.9048 Å       γ = 66.0210(10)º 

Volume   1.46242(12) Å3 

Z 2 

Density (calculated) 1.301 Mg m-3 

Absorption coefficient  0.651 mm-1 

F (000) 608 

θ range for data collection  4.18 to 52.78 º 

Index ranges -13 ≤ h ≤ 13,-14 ≤ k ≤ 14,0 ≤ l ≤ 16 

Reflections collected 26990 

Independent reflections  5981 (Rint = 0.0421) 

Refinement method Full-matrix least-squares on F2 

Goodness-of-fit on F2 1.088 
Final R indices (I > 2σ(I)) 
 

R1 = 0.0226, wR2 = 0.0630 

R indices (all data) R1 = 0.0241, wR2 = 0.0637 

Largest diff peak and hole   -0.503/+0.609  e Å-3 
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Table CD5. Crystal Data and Structure Refinement Details for Cp*2MeZr(µ-

O)Hf(NMe2)2(µ-O)ZrMeCp*2 (6). 

 
Empirical formula C46H78Hf N2O2Zr2 

Formula weight 1052.03 

Temperature 100(2) K 

Color Colorless 

Wavelength 0.71073 Å 

Crystal system Monoclinic 

Space group P21/n 

Unit cell dimensions a = 14.8318(8) Å       

 b =  18.7743(10) Å  β =  111.0510(10)º 

 c  = 17.7562(9) Å       

Volume   4.6144(4) Å3 

Z 4 

Density (calculated) 1.514 Mg m-3 

Absorption coefficient  2.724 mm-1 

F (000) 2144 

θ range for data collection  3.08 to 52.74 º 

Index ranges -18 ≤ h ≤ 17,0 ≤ k ≤ 23,0 ≤ l ≤ 22 

Reflections collected 76389 

Independent reflections  9408 (Rint = 0.0216) 

Refinement method Full-matrix least-squares on F2 

Goodness-of-fit on F2 1.037 
Final R indices (I > 2σ(I)) 
 

R1 = 0.0220, wR2 = 0.0606 

R indices (all data) R1 = 0.0234, wR2 = 0.0613 

Largest diff peak and hole  -0.705/+0.821 e Å-3 
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Table CD6. Crystal Data and Structure Refinement Details for LMeAl(µ-O)TiMeCp2 (8). 
 

Empirical formula CB41 BHB57BAlNB2 BOTi 

Formula weight 668.77 

Temperature 100(2) K 

Color Yellow 

Wavelength 1.54178 Å 

Crystal system Triclinic 

Space group P1 

Unit cell dimensions a = 9.572(2) Å        α = 90.13(2) º 

 b =10.422(2) Å     β =  90.55(2)º 

 c = 20.060(3) Å      γ = 114.14(2)º 

Volume   1886.0(6) Å3 

Z 2 

Density (calculated) 1.216 Mg m-3 

Absorption coefficient  2.464 mm-1 

F (000) 720 

θ range for data collection  4.41 to 58.99º 

Index ranges -10 ≤ h ≤ 10,-11 ≤ k ≤ 11,-22 ≤ l ≤ 20 

Reflections collected 15952 

Independent reflections  5056 (Rint = 0.0432) 

Refinement method Full-matrix least-squares on F2 

Goodness-of-fit on F2 1.195 
Final R indices (I > 2σ(I)) 
 

R1 = 0.0603, wR2 = 0.1205 

R indices (all data) R1 = 0.0760, wR2 = 0.1265 

Largest diff peak and hole  -0.368/+0.301 e Å-3 
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Table CD7. Crystal Data and Structure Refinement Details for LMeAl(µ-O)HfMeCp2 (9). 
 

Empirical formula CB41 BHB57BAlHfNB2 BO 

Formula weight 799.36 

Temperature 133(2) K 

Color Colorless 

Wavelength 0.71073 Å 

Crystal system Triclinic 

Space group P1 

Unit cell dimensions a = 9.921(2) Å        α = 88.28(2) º 

 b = 10.276(2) Å      β = 87.17(2)º 

 c  = 19.616(3) Å      γ = 68.47(2)º 

Volume   1857.9(6)Å3 

Z 2 

Density (calculated) 1.429 Mg m-3 

Absorption coefficient  2.864 mm-1 

F (000) 820 

θ range for data collection  2.08 to 24.81º 

Index ranges -11 ≤ h ≤ 11,-12 ≤ k ≤ 12,-23 ≤ l ≤ 23 

Reflections collected 31559 

Independent reflections  6373 (Rint = 0.0385) 

Refinement method Full-matrix least-squares on F2 

Goodness-of-fit on F2 1.028 
Final R indices (I > 2σ(I)) 
 

R1 = 0.0178, wR2 = 0.0369 

R indices (all data) R1 = 0.0221, wR2 = 0.0375 

Largest diff peak and hole  -0.412/0.370 e Å-3 
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Table CD8. Crystal Data and Structure Refinement for Compound LMeAl(µ-

O)TiMe2Cp (10). 

 
Empirical formula C37H55AlN2OTi 

Formula weight 618.71 

Temperature 100(2) K 

Color Yellow 

Wavelength 1.54178 Å 

Crystal system Triclinic 

Space group P1 

Unit cell dimensions a = 09.24(10) Å        α = 91.54(10) º 

 b =10.499(10) Å       β = 90.02(10)º 

 c = 19.982(10) Å      γ = 115.26(10)º 

Volume   1752.3(3) Å3 

Z 2 

Density (calculated) 1.173 Mg m-3 

Absorption coefficient  2.526 mm-1 

F (000) 668 

θ range for data collection  4.43 to 59.06º 

Index ranges -10 ≤ h ≤ 10, -11 ≤ k ≤ 11, -22≤ l ≤ 22 

Reflections collected 18081 

Independent reflections  4915 (Rint = 0.0313) 

Refinement method Full-matrix least-squares on F2 

Goodness-of-fit on F2 1.072 
Final R indices (I > 2σ(I)) 
 

R1 = 0.0296, wR2 = 0.0810 

R indices (all data) R1 = 0.0305, wR2 = 0.0817 

Largest diff peak and hole  -0.285/+0.249 e Å-3 
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Table CD9. Crystal Data and Structure Refinement for Compound LMeAl(µ-

O)TiMe2Cp*(11). 

 
Empirical formula C42H65AlN2OTi 

Formula weight 688.84 

Temperature 100(2) K 

Color Yellow 

Wavelength 1.54178 Å 

Crystal system Monoclinic 

Space group P21/n 

Unit cell dimensions a = 12.033(10) Å         

 b = 19.076(2) Å        β = 96.79(10)º 

 c = 17.519(10) Å       

Volume   3993.1(6) Å3 

Z 4 

Density (calculated) 1.146 Mg m-3 

Absorption coefficient  2.263 mm-1 

F (000) 1496 

θ range for data collection  3.34 to 59.00º 

Index ranges -13 ≤ h ≤ 13, -20 ≤ k ≤ 21, -19≤ l ≤ 19 

Reflections collected 30327 

Independent reflections  5577 (Rint = 0.0711) 

Refinement method Full-matrix least-squares on F2 

Goodness-of-fit on F2 1.050 
Final R indices (I > 2σ(I)) 
 

R1 = 0.0509, wR2 = 0.1304 

R indices (all data) R1 = 0.0731, wR2 = 0.1449 

Largest diff peak and hole  -0.521/+0.327 e Å-3 
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Table CD10. Crystal Data and Structure Refinement for Compound LMeAl(µ-

O)ZrMe2Cp*(12). 

 
Empirical formula C42H65AlN2OZr 

Formula weight 732.16 

Temperature 100(2) K 

Color Colorless 

Wavelength 1.54178 Å 

Crystal system Monoclinic 

Space group P21/n 

Unit cell dimensions a = 12.232(2) Å         

 b = 19.009(2) Å        β = 97.360(10)º 

 c = 17.498(2) Å       

Volume   4035.1(9) Å3 

Z 4 

Density (calculated) 1.205 Mg m-3 

Absorption coefficient  2.675 mm-1 

F (000) 1568 

θ range for data collection  3.45 to 59.39º 

Index ranges -13 ≤ h ≤ 13,-21 ≤ k ≤ 21,-19 ≤ l ≤19 

Reflections collected 35035 

Independent reflections  5796 (Rint = 0.0532) 

Refinement method Full-matrix least-squares on F2 

Goodness-of-fit on F2 1.045 
Final R indices (I > 2σ(I)) 
 

R1 = 0.0291, wR2 = 0.732 

R indices (all data) R1 = 0.0339, wR2 = 0.0766 

Largest diff peak and hole  -0.403/+0.389  e Å-3 

 
 

 



6. Crystal Data and Structure Refinement Details 109 

Table CD11. Crystal Data and Structure Refinement for Compound LMeAl(µ-

O)Ti(NMe2)2(µ-O)AlMeL (16). 

 

Empirical formula C64H100Al2N6O2Ti 

Formula weight 1087.36 

Temperature 133(2) K 

Color Yellow 

Wavelength 0.71073  Å 

Crystal system Monoclinic 

Space group P21/c 

Unit cell dimensions a = 22.6235(9) Å         

 b = 17.1285(4) Å        β = 103.433º 

 c = 17.1933(5) Å       

Volume   6480.2(4) Å3 

Z 4 

Density (calculated) 1.115 Mg m-3 

Absorption coefficient  0.204 mm-1 

F (000) 2360 

θ range for data collection  1.51 to 24.84º 

Index ranges -26 ≤ h ≤ 26,-20 ≤ k ≤ 20,-20 ≤ l ≤20 

Reflections collected 98282 

Independent reflections  11152 (Rint = 0.0826) 

Refinement method Full-matrix least-squares on F2 

Goodness-of-fit on F2 0.966 
Final R indices (I > 2σ(I)) 
 

R1 = 0.0395, wR2 = 0.0910 

R indices (all data) R1 = 0.0620, wR2 = 0.0977 

Largest diff peak and hole  -0.353/+0.342  e Å-3 
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Table CD12. Crystal Data and Structure Refinement for Compound LMeAl(µ-

O)Zr(NMe2)2(µ-O)AlMeL (17). 

 
Empirical formula C64H100Al2N6O2Zr 

Formula weight 1130.68 

Temperature 133(2) K 

Color Colorless 

Wavelength 0.71073  Å 

Crystal system Monoclinic 

Space group P21/c 

Unit cell dimensions a = 22.6139(9) Å         

 b = 17.1826(8) Å        β = 102.419(3)º 

 c = 17.2375(6) Å       

Volume   6541.2(5) Å3 

Z 4 

Density (calculated) 1.148 Mg m-3 

Absorption coefficient  0.239 mm-1 

F (000) 2432 

θ range for data collection  1.50 to 24.90º 

Index ranges -26 ≤ h ≤ 26,-20 ≤ k ≤ 19,-20 ≤ l ≤20 

Reflections collected 66342 

Independent reflections  11255 (Rint = 0.1005) 

Refinement method Full-matrix least-squares on F2 

Goodness-of-fit on F2 0.967 
Final R indices (I > 2σ(I)) 
 

R1 = 0.0373, wR2 = 0.0744 

R indices (all data) R1 = 0.0647, wR2 = 0.0810 

Largest diff peak and hole  -0.321/+0.243   e Å-3 
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Table CD13. Crystal Data and Structure Refinement for Compound Li6[CpTi(µ-

S)3]2·6THF (19). 

 
Empirical formula C34H58O6Li6Ti2S6 

Formula weight 892.60 

Temperature 100(2) K 

Color Green 

Wavelength 1.54178  Å 

Crystal system Monoclinic 

Space group P21/n 

Unit cell dimensions a =19.4757(10) Å         

 b =10.6671(5) Å        β = 96.975(2)º 

 c = 32.4375(15) Å       

Volume   6689.0(6) Å3 

Z 15 

Density (calculated) 1.385 Mg m-3 

Absorption coefficient  4.635 mm-1 

F (000) 2906 

θ range for data collection  2.52 to 58.79º 

Index ranges -21 ≤ h ≤ 21,-11 ≤ k ≤ 11,-35 ≤ l ≤35 

Reflections collected 58391 

Independent reflections  9514 (Rint = 0.1783) 

Refinement method Full-matrix least-squares on F2 

Goodness-of-fit on F2 1.067 
Final R indices (I > 2σ(I)) 
 

R1 = 0.0699, wR2 = 0.1188 

R indices (all data) R1 = 0.1379, wR2 = 0.1392 

Largest diff peak and hole  -0.381/ +0.636 e Å-3 
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7. Supporting Materials  

7.1 Computational Results. 

Theoretical study results on complex Cp*2ZrMe(OH) (1) 

Table S1. Important Geometry Parameters for Complex 1 (Cp*2ZrMe(OH)) 

 [Å] 

Zr-CH3 2.29859 

Zr-OH 2.02099 

O-H 0.96156 

angle C-Zr-O 93.92 

angle H-O-Zr 123.98 

angle cp*-Zr-cp* 136.96 

dihedral angle C-Zr-O-H 80.47409 

 

Table S2. Important Geometry Parameters for the Hydride Analogue of Complex 

(Cp*2ZrH(OH))  

 [Å] 

Zr-H 1.84655 

Zr-OH 2.01837 

O-H 0.96122 

angle H-Zr-O 97.87 

angle H-O-Zr 125.58 

angle cp*-Zr-cp* 134.32 

dihedral angle H-Zr-O-H 83.57 
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Figure S1. Space filling model of complex Cp*2MeZr(µ-O)TiMe2Cp* (3) obtained from ab 

initio calculation. 

 

 

Table S3. Results of Control Experiment on Polymerization Using Starting Precursorsa 
 
 
 
 
 
 

 
 
 
 
 
a Polymerization condition; 10 µmol catalyst, 100 mL of toluene at 1 atm ethylene for 0.5 h or  with 10 

mL of styrene for 1 h at 25 ºC. Activity (A) = g Polymer/mol cat·h.  

 

 

 

 

catalyst Monomer   MAO:catalyst Polymer 
(g) 

A ×105 

Cp*2ZrMe2 ethylene 400 0.680 1.36 

Ti(NMe2)4 ethylene 400 0.12 0.24 

Hf(NMe2)4 ethylene 400 0.06 0.12 

Ti(NMe2)4 styrene 800 0.39 0.39 
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