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Abbreviations 

mol  micromol 

2,4-DBP 2,4,-di-tBu-phenol 

2,6-DBP 2,6,-di-tBu-phenol  

2,6-DPP 2,6,-di-C6H5-phenol 

BAM  bora-amidinate ligands 

BHT  2,6-di-tBu-4-Me-phenol 

BP  2,2’-biphenol 

BPSB  2,2'-dihydroxy-3,3'-di-SiPh3-5,5'-di-tBu-biphenyl 

°C  degree Celsius 

Cp  Cyclopentadiene(yl) 

DIPH  3,3'-bis(2-methylallyl)-[1,1'-biphenyl]-2,2'-diol 

DIPP  2,6-di-iPr-C6H3 

DMAO  Me3Al depleted MAO 

DOSY  Disffusion-Ordered NMR spectroscopy 

EDX  Energy Dispersive X-ray 

ESI-MS  Electronspray Ionization mass spectrometry 

et. al.  et alii (Latin: and others) 

FLP  Frustrated Lewis Pair 

MAO  methylalumoxane 

MAS  Magic Angle Spinning 

Mes  2,4,6-tri-Me-C6H2 

Mes*  2,4,6-tri-tBu-C6H2 

MI  migratory insertion 

Mw  molecular weight 

nacnac  β-diketiminate ligands 

OMTS  octamethyltrisiloxane 

PDI  polydispersity index 

PE  poylethylene 

PP   polypropylene 

SANS  small angle neutron scattering  

TBP  2,6-di-tBu-phenol 

TBBP  2,2'-dihydroxy-3,3',5,5'-tetra-tBu-biphenyl 

TEM  Tranmission Electron Microscopy 
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Chapter 1 

 

Methylalumoxane – History, Production, Properties, and 

Applications 

 

 

 

This chapter provides a general overview of methylalumoxane (MAO). It starts with a historical 

background on olefin polymerization and the discovery of MAO. Then the synthesis and large-scale 

production of MAO are described. Its structural characterization, properties, and different roles in the 

activation of olefin polymerization catalysts are subsequently discussed. This is followed by an 

overview of potential modifications and their structures and cocatalytic capabilities. The chapter 

concludes with a brief outline of the remaining chapters of the thesis. 

 

 

 

 

 

 

 

 

An extended version of this chapter has been published:  

H. S. Zijlstra, S. Harder, Eur. J. Inorg. Chem. 2015, 1, 19-43 (cover feature). 
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1.1 History and background 

The synthesis of polyethylene (PE) was first reported in 1898 when after heating diazomethane a white 

waxy substance was obtained.1 Upon further analysis this product was shown to consist of long -CH2- 

chains and was therefore originally named polymethylene.2 In the following decades synthetic routes 

based on ethylene were developed and steadily improved, allowing for limited commercial 

applications. This radical polymerization process involved high temperatures and pressures (200°C, 

2000 bar) and was in reality nothing more than a "controlled explosion". The resulting products were 

highly branched, of low molecular weight, and large amounts of elemental carbon were formed as 

byproduct. The low quality of the product and accompanying safety issues significantly slowed the 

commercial development of polyolefins.3 

The introduction of the chromium oxide based Phillips catalyst, in the early fifties, provided a much 

milder synthetic route to produce PE.4 Shortly thereafter Ziegler et al. reported a highly active catalyst 

system based on TiCl4/Et3Al.5 Later this heterogeneous system was used by Natta for the production 

of isotactic polypropylene (PP).6 For this invention and the subsequent development thereof Ziegler 

and Natta were awarded the 1963 Nobel Prize in chemistry.  

In order to overcome the limited possibilities to spectroscopically study the structural details of these 

heterogeneous systems at the atomic level their homogeneous analogues were developed. Particular 

interest was given to the alkyl-aluminum activated group 4 metallocene dichlorides, Cp2MCl2 (M = Ti, 

Zr, Hf). Their unreactive, bulky cyclopentadienyl rings function as spectator ligands leaving only two 

reactive sites. This characteristic limits the possible reactions of the complex and allows for more 

straight forward identification and characterization of possible intermediates that can resemble those 

observed in the heterogeneous polymerization process.7 As early as 1957 it was reported by the groups 

of Breslow and Natta that a mixture of Cp2TiCl2 and diethylaluminumchloride (Et2AlCl) could be used 

to polymerize ethylene.8 In 1973 Reichert and Meyer observed a surprising rise in the catalytic activity 

of the Cp2TiEtCl/Et2AlCl system when water was present.9 Studies using Cp2TiMeCl/Me2AlCl gave 

similar results and led Long and Breslow to propose that the formation of a dimeric alumoxane, 

MeClAl-O-AlClMe, generates a strong Lewis acid.10 This species, which can be considered a bidentate 

Lewis acid, has the ability to abstract a ligand from the titanium center, rendering the complex 

polymerization active. 

Around that same time Sinn and coworkers were studying the halogen free Cp2ZrMe2/Me3Al system in 

the presence of ethylene by low temperature 1H NMR.11 In an attempt to simplify the procedure of 

preparing the NMR samples a graduate student replaced the sealed NMR tube with a regular plastic 

cap stopper one.12 Careful analysis of the obtained spectrum showed a small new signal in the CH2-

bond region, which proved indicative of PE formation. Performing a larger scale experiment revealed 
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a highly active catalyst system. Further experiments, ruling out traces of oxygen and chloride as the 

enhancer, showed that water was the necessary component to obtain this highly active system. The 

highest activities were obtained when water was added to Me3Al in a little less than equimolar ratio. 

Analysis of the resulting mixture showed that Me3Al was partially hydrolyzed to methane and a product 

with an approximate composition of Me1.5AlO0.75.13 In analogy to siloxane the partially hydrolyzed 

Me3Al was named methylalumoxane (MAO). Sinn et al. discovered that, in contrast to Reichert’s 

halogen containing system, the H2O/Me3Al activated catalyst systems were also capable of 

polymerizing propylene and higher olefins; a simplified, general activation mechanism is shown in 

Scheme 1.1.14 

 

Scheme 1.1 General, simplified scheme showing the role of MAO in homogeneous olefin 

polymerization. 

Even though the homogeneous metallocene/MAO systems were able to polymerize higher olefins, 

stereo-selectivity, as found in heterogeneous Ziegler-Natta catalysis, could not be obtained. The 

introduction of the chiral ansa-metallocenes by Schnutenhaus and Brintzinger overcame this 

limitation.15 It was shown that the chiral C2-symmetric conformers of bis-tetrahydroindenyl-zirconium 

and titanium dichlorides allowed for isotactic PP production whereas Cs-symmetric systems gave 

syndiotactic PP.16,17 Using different bridges and substituents, a library of catalysts was developed.18 It 

now became possible to tune the tacticity in homo- and stereoblock-polymers of substituted olefins.12 

Detailed analysis of these systems and their applications can be found elsewhere.19,20 The later so 

called post-metallocene systems are generally also activated by the cocatalyst MAO in a similar 

way.21,22 

The development of homogeneous olefin polymerization catalysis has allowed for the ability to control 

the properties and characteristics of the resulting polymer to a degree that would have been 

impossible before. Arguably little of this would have been accomplished without the accidental 

discovery of the cocatalyst MAO and its superb activating capabilities.  



 

 

 Chapter 1 

4 

1.2 Synthesis and production 

MAO is produced by a variety of companies amongst which Albemarle and Chemtura are currently the 

biggest. Although no exact figures are known, the world-wide production is estimated at a multi kilo 

ton scale. Since MAO is nothing more than partially hydrolyzed Me3Al, it is no surprise that a water 

containing source is reported as the hydrolyzing agent in almost all synthetic procedures. Often this 

source is reacted with an excess of Me3Al in a “controlled” manner. To avoid excess usage of the 

relatively expensive Me3Al and the presence of unreacted Me3Al in the final MAO solution, non-

hydrolytic routes have also been developed. These generally call for carbonyl containing organic 

compounds or rely on complexes with a metal oxygen moiety. 

Hydrolytic production 

The initial procedure for MAO production called for slow addition of water to a cooled solution of 

Me3Al. This reaction is highly exothermic and, especially at a larger scale, may result in explosions.[23] 

In order to gain better control over stoichiometry and reaction rates, controlled hydrolysis by inorganic 

salt hydrates was introduced.13 Generally salts like CuSO4·5H2O, Al2(SO4)3·15H2O, and FeSO4·7H2O are 

used.24 The disadvantage of the salt hydrate method is that a relatively large part of the aluminum is 

lost in the form of insoluble aluminum complexes.24a This problem can be overcome by the use of 

lithium salt hydrates like Li2SO4·H2O which result in a more soluble form of MAO.25 This is likely due to 

the incorporation of the Li salt in the MAO structure (cf. the solubility enhancing properties of LiH on 

AlH3 which gives Li+AlH4ˉ). In order to reduce aluminum loss and avoid traces of the metal salts in MAO, 

alternative pathways to introduce H2O have been developed. Examples of these methods include the 

solution/dispersion of water in aromatic solvents after which Me3Al is slowly added, the addition of 

water vapor or water saturated nitrogen to cold Me3Al, the addition of Me3Al to strongly cooled ice, 

and the addition of Me3Al to water saturated molecular sieves.26 Although these methods prevent 

incorporation of metal salts in the final product and minimize loss of aluminum in the form of insoluble 

compounds, they are sensitive to runaway reactions. This means that the water is sometimes 

uncontrollably released making it almost impossible to steer reaction conditions in a well-defined and 

consistent manner.27 

Non-hydrolytic production 

In an attempt to prevent problems related to hydrolytic MAO production, several non-hydrolytic 

routes in which MAO’s oxygen is provided by a carbonyl or metal oxide containing compound have 

been developed.28
 Examples of this include the treatment of Me3Al with carbonyl containing 

compounds such as CO2, MeC(O)OH, and Ph2CO,28a slow addition of Me3Al to main group metal oxides 

and hydroxides such as PbO and Ph3SnOH,28b,28c and slow addition of Me3Al to boronic acids, RB(OH)2, 
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or boroxines, (“RBO”).28d,28e Due to the less reactive nature of the carbon-, boron-, and metal oxygen 

bond, as compared to the oxygen hydrogen bond, these methods can be performed at regular 

temperatures and are generally better controlled. Improved conversion and control also result in the 

need for less Me3Al, reducing the overall production costs.29  

1.3 Characteristics and properties  

Despite the large scale production and commercialization of MAO, very little is known about its true 

structure (or structures). This is likely due to the fact that MAO is a wild mixture of different clusters of 

which the exact composition changes between samples and over time. Depending upon preparation, 

concentration, and age the characteristics and properties of different MAO batches can vary widely. 

Numerous experimental, modelling, and theoretical studies have been performed in an attempt to 

gain information on the complexity of MAO mixtures. Although these investigations have provided 

some information on MAO’s nature, they are altogether incomplete and conclusions reached often 

vary amongst research groups. 

Composition  

Shortly after its initial discovery the composition of MAO was found to approximately be Me1.5AlO0.75.13 

Determining the exact composition of MAO, however, is close to impossible. Depending on the Me3Al 

to water ratio used in its production, the composition might vary. Commercial MAO always contains 

varying quantities of unreacted Me3Al which can be up to 30% of its aluminum content.30 The overall 

Me3Al content of MAO can be divided into two classes: “free” Me3Al (Me6Al2), which can be removed 

under reduced pressure or with trapping agents, and “bound” Me3Al, which is incorporated into MAO 

aggregates.31 It is difficult to completely remove all “free” Me3Al from MAO solutions but a Me3Al-

depleted form of MAO, in which most of the “free” Me3Al has been removed, can be obtained and will 

be addressed in more detail later in this section. 

As mentioned before, the variable Me to Al ratio in MAO depends on the manner in which MAO is 

produced. Sinn and coworkers studied these ratios using both individually synthesized and 

commercially obtained samples of MAO.32
 After the removal of unbound Me3Al, they reported Me:Al 

ratios ranging from 1.48 to 1.62. These values were determined by measuring the CH4 release upon 

acidic workup and comparing that to the aluminum content obtained using wet analytical methods. 

Performing NMR studies on commercial MAO samples Simeral and coworkers found the Me:Al ratio to 

be ranging from 1.40 to 1.48.33 Upon the addition of THF to their NMR samples, they could effectively 

separate the Me3Al signal from that of MAO. Based on these measurements a general “free” Me3Al-

depleted MAO composition of Me1.4-1.5AlO0.75-0.80 was suggested.  
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In order to more accurately estimate the Me3Al content in MAO, several methods have been developed 

to quantify and/or trap the unreacted, “free” Me3Al. Addition of diethyl ether to MAO solutions in 

toluene traps “free” Me3Al and causes the formation of two layers.31 The upper Et2O phase contains 

almost all “free” Me3Al and only traces of MAO whereas the lower toluene phase contains almost all 

MAO and virtually no “free” Me3Al. Me3Al content can also be quantified by titration with pyridine in 

the presence of phenazine as an indicator.34 The results obtained using this method are not completely 

reliable as the pyridine also partially coordinates to MAO leading to higher Me3Al content than 

anticipated. The interaction with MAO can be avoided by the use of Ph3P as a trapping agent.35 This 

bulky, soft Lewis base selectively forms a complex with residual Me3Al while not reacting with 

aluminum centers bridged by oxygen groups (i.e. MAO). Similarly, WOCl4 can also be used to selectively 

trap the “free” Me3Al.36,37 This method has the additional advantage that the complex formed can be 

conveniently monitored by UV-vis spectroscopy. Furthermore, sterically hindered phenols such as 2,6-

di-tert-butyl-2-methylphenol (BHT) can also be used to trap “free” Me3Al.38 All of these methods create 

a system in which virtually all “free” Me3Al is removed resulting in a Me3Al-depleted MAO (DMAO). 

Depending on the polymerization catalyst, use of DMAO as the activator might increase the activity 

and molecular weight of the resulting polymer (see section 1.4). Using the earlier described NMR 

procedures, Simeral and coworkers could quickly and accurately estimate the amount of “free” Me3Al 

in MAO when using THF as a ligand for Me3Al.33 Different procedures for the quantification of “free” 

Me3Al in mixtures have recently been evaluated by Bochmann and coworkers: trapping Me3Al by 

addition of THF, pyridine, or Ph3P all gave consistent results.39  

Despite these different methods to trap “free” Me3Al, the simplest and most frequently used 

procedure to obtain DMAO is vacuum drying of MAO solutions. As Me3Al is relatively volatile (bp. 

Me6Al2: 125°C) this results in evaporation of most “free” Me3Al to leave DMAO. To prevent the bound 

Me3Al from being released the heating should be kept to a minimum. Zakharov and coworkers could 

show that upon heating under high vacuum the Me:Al ratio decreases rapidly.40
 Heating for 30 hours 

at 50°C under high vacuum gave a Me:Al ration of 1.6, whereas increasing the temperature to 100°C 

gave a Me:Al ratio of 0.9. A similar Me:Al ratio was obtained by Stellbrink et al. when heating their 

MAO sample under vacuum.41 This clearly shows the dynamic behavior of MAO and demonstrates the 

complexity of the system. It should be noted that in these studies MAO samples produced through 

both a hydrolytic and non-hydrolytic route were used and therefore the Al:Me ratios might have varied 

slightly from the beginning. Zakharov and coworkers suggested that hydrolytically produced MAO may 

lead to encapsulation of a water molecule inside a MAO cluster, i.e. a clathrate of a H2O guest in a host 

(MeAlO)n cluster. Upon heating, encapsulated water could react with a Me-Al function thus releasing 

CH4. Considering the high reactivity of MAO towards water this seems unlikely and self-condensation 
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of two Me-Al functions to Al-CH2-Al and CH4 as suggested by Kaminsky et al. presents a more plausible 

explanation (vide infra).42,43 

Samples in which approximately one equivalent of water has reacted with Me3Al and were the Me:Al 

ratio is close to one are referred to as “pure MAO,” (MeAlO)n. These ratios are hard to obtain 

experimentally but are often used in theoretical discussions to simplify calculations. When excess 

Me3Al is used, the MAO obtained after depletion of the excess Me3Al often has a Me:Al ratio close to 

1.5, such as (Me1.4-1.5AlO0.75-0.8)n, this is dubbed “true MAO.” 

Molecular weight (Mw) estimates for MAO range from 700-20000 g/mol giving clusters containing 12-

200 Al atoms.32,41 These values might vary depending on whether the Mw for regular MAO or that of 

the MAO anion is estimated.44,45 The anion represents the species after activation and will be discussed 

in the section 1.4. Sinn and coworkers studied the Mw of MAO in different solvents by making use of 

the linear relationship between freeze-point depression and concentration (cryoscopy).32 For MAO 

dissolved in benzene (mp. 5.5°C) or in Me3Al (mp. 15°C) they found Mw values of 1000-2000 g/mol, 

depending on the degree of hydrolysis of their self-prepared MAO samples. This indicates no direct 

dependence of the presence of Me3Al on the Mw of MAO. Similar Mw values in benzene were obtained 

by Tritto et al.46 However, when small increments of Me3Al were added to their MAO solutions a 

change in Mw was observed. The Mw of their samples linearly decreased with an increase in Me3Al (after 

correction for the low Mw “free” Me3Al). This suggests that an increase in Me3Al concentration results 

in the breakdown of MAO aggregates which is in contrast to the findings of Sinn and coworkers.32 

Ystenes and coworkers further investigated this dependence using IR spectroscopy.47 They showed 

that the IR spectrum obtained after addition of Me3Al to depleted MAO is just an overlay of the two 

individual spectra. These results are in agreement with those obtained by Sinn and coworkers and 

indicate no clear relationship between the amount of Me3Al and the Mw of MAO. Cryoscopy in the 

polar solvent 1,4-dioxane (mp. 11.8°C) gave significantly lower Mw (400 -700 g/mol). This suggests that 

the external Lewis base breaks the cluster into smaller aggregates. 

The Mw of MAO can also be influenced by controlling the extent to which it is hydrolyzed. Sinn and 

coworkers showed in their cryoscopy studies that decreasing the Me:Al ratio from 1.70 to 1.53 led to 

an increase in the Mw of 1045 to 3847 g/mol.32 This is in line with the findings of Stellbrink et al. who 

determined the Mw of “pure MAO” (Me:Al = 1) via small angle neutron scattering and obtained an 

average molecular weight of 20000 g/mol.41 GPC measurements further confirmed that the Mw of MAO 

increases upon heating.24a The heavier aggregates are most likely formed by a self-condensation 

reaction which was first suggested by Kaminsky et al. (Scheme 1.2).42,43 Condensation of two Me-Al 

functions produces upon release of CH4 the bridging Al-CH2-Al unit and results in a decreased Me:Al 
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ratio. This process can be observed already at room temperature but is of major importance at higher 

temperatures.  

 

 

 

 

 

Scheme 1.2 Self-condensation of MAO through the release of CH4, resulting in a higher Mw MAO 

species. 

This self-condensation process results in connected aggregates with increased oxygen content and 

higher Mw. Therefore, such a mechanism could also explain the formation and precipitation of the gel-

like substance observed in MAO solutions over time. This amorphous gel is thought to be a cross-linked, 

highly polymeric (MeAlO)n species.26c Despite the fact that the gel is still mildly active as a cocatalyst, 

almost all literature studies (i.e. NMR and cryoscopy) focus on the soluble part of MAO. The formation 

of gels affects the functioning MAO and leads to reproducibility problems which especially in industry 

are highly undesirable. Industrial studies have dealt with MAO modifications in which MAO’s solubility 

is increased and gel formation is kept to a minimum (see section 1.5). Investigations in which MAO is 

used or studied almost always take precautions towards gel formation and commercially obtained 

MAO samples are thoroughly filtered so that all insoluble particles are removed.48 

Structure 

Despite the varying composition of MAO, many spectroscopic studies have been undertaken to gain a 

better understanding of its structural aspects. Giannetti et al. studied the IR spectrum of MAO and 

assigned the absorptions around 800 and 1220 cm-1 to Al-O-Al and Al-Me moieties.23 Rytter and 

coworkers expanded on this and identified a weak shoulder peak at 1257 cm-1 which was attributed to 

the bridging methyl groups in MAO.49 Upon addition of Me2AlCl to DMAO a partial methyl-chloride 

exchange was observed. This could be conveniently monitored by the disappearance of the absorption 

for bridging Me groups at 1257 cm-1. Only part of the added Me2AlCl underwent exchange with DMAO 

leading them to suggest that only the bridging methyl groups can be exchanged for chlorine, as they 

are much better bridging groups. Based on these results it was then estimated that approximately 17% 

of the methyl groups in MAO exist as bridging methyl groups (Al-Me-Al) whereas the rest is terminal 

(Al-Me).  
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Multinuclear NMR experiments have yielded further insight into the bonding environment of the 

oxygen and aluminum atoms in MAO. 27Al NMR chemical shifts are directly related to the metal’s 

coordination number: three-coordinate at 210-280 ppm, four-coordinate at 125-180 ppm and five-

coordinate at 100-125 ppm (deviations due to electronic effects are possible).50 Therefore, further 

insight might be obtained by 27Al NMR investigations on the MAO mixture. Unfortunately, acquiring 

reliable 27Al NMR data is not straightforward due to the high quadrupole moment of the Al nucleus 

which results in broad, poorly defined, signals making interpretation difficult and highly contradicting. 

Broad resonances at 149-153 ppm (fwhm 1750 Hz) have been found that coincide with the signal for 

Me3Al at 153 ppm (fwhm 850 Hz).51,52 Other studies, however, claim that the 27Al of MAO is too broad 

to be visible under standard conditions. Raising the temperature to 120°C resulted in appearance of 

very broad signal at 110 ppm.53 Special operating conditions suitable for the observation of very broad 

lines showed at room temperature an extremely broad resonance at circa 60 ppm (fwhm 15000 

Hz).52,53 Both could be related to MAO. It is noteworthy that Barron’s (tBuAlO)n model systems with 

four-coordinate Al centers show 27Al chemical shifts around 110 ppm (vide infra, Figure 1.2).54 

In order to obtain additional information, Simeral and coworkers combined ab initio calculations with 

27Al magic angle spinning (MAS) NMR studies on solid MAO samples.55 Although line broadening due 

to large quadrupoles also complicated this study, distinct differences between gel and non-gel forms 

of MAO were observed. Field-swept NMR studies suggest that three-coordinate Al is unlikely. The 17O 

MAS-NMR data show only one signal at 67 ppm indicative of three-coordinate oxygen. Based on these 

findings it can be concluded that MAO consists almost completely of four-coordinate aluminum and 

three-coordinate oxygen atoms. 

1H and 13C NMR spectra of MAO show broad resonances at − 0.35 and − 6.55 ppm, respectively.56,57 

The very broad resonances can be contributed to multiple species that are in dynamic equilibrium and 

make it extremely difficult to draw conclusions.58 The only species that can be clearly identified as 

having a sharp resonance in both, the 1H and 13C NMR spectra, is Me3Al.  

Using Diffusion-Ordered NMR spectroscopy (DOSY) several groups have been able to study the size of 

the different aggregates that exist in MAO solutions.45,59 Based on this work, hydrodynamic volume in 

the range of 2720-3490 Å3 were reported. Removal of Me3Al from MAO solutions leads to larger 

average sizes. The values reported for DMAO range from 3610-4700 Å3, showing a more than 30% size 

increase of MAO upon removal of Me3Al. This suggests that the presence of additional Me3Al influences 

the MAO cluster size which is in line with cryoscopy studies of Tritto et al. but contradicts the 

observations of the groups Sinn and Ystenes.32,46,47 It should, however, be noted that the DOSY 

technique presumes aggregates of spherical shape and homogeneous density. Any deviation may lead 

to significant errors and an overestimation of the MW.39 



 

 

 Chapter 1 

10 

Using the stable radical TEMPO as a potential Lewis base for coordination to the Lewis acidic sites of 

MAO, it was found by EPR spectroscopy that MAO clusters possess at least two different Lewis acidic 

sites.60 These sites were attributed to coordinately unsaturated Al centers found in AlOMe2 and 

AlO2Me environments. Line-width analysis of EPR signals gave an average radius of MAO aggregates of 

5.8 Å. This gives for an average (MeAlO)n cluster size of n = 15-20 which is significantly smaller than the 

values obtained via different techniques described earlier.  

Mass spectrometry techniques have also been employed to determine the molecular weight and 

structure of MAO. However, due to hard ionization methods, no consistent information was 

obtained.23,61 Electrospray ionization mass spectrometry (ESI-MS) is a much softer method for 

ionization and an obvious choice for detection of ions in MAO solutions, at least in polar solutions. 

McIndoe and coworkers recently published an ESI-MS study in which also chemical ionization methods 

are used.62,63 Spectra measured after combining MAO with Cp2ZrMe2, Me3SiO(Me)2SiOSiMe3 

(octamethyltrisiloxane, OMTS) and Bu4N+Cl− in fluorobenzene consistently showed a major MAO anion 

with m/z 1853. This species, proposed as [(MeAlO)21(Me3Al)7Me]− is formally derived by abstraction of 

Me2Al+ from the neutral (MeAlO)21(Me3Al)8. The obtained Mw value and composition are in the range 

of those discussed before. However, it should be noted that only those species that are ionized can be 

measured and other neutral MAO aggregates are not detected simply because they are not ionized. 

Therefore the size of the anion might not be representative of that for the complete MAO mixture. The 

observed release of Me2Al+ from a MAO cluster fits with the recent suggestions that MAO could 

formally act as a Me2Al+ donor during catalyst activation.64 This potential activation mechanism will be 

addressed in section 1.4.  

Based on the combined Mw, IR, multinuclear NMR and EPR studies, several possible structures for MAO 

have been suggested (Figure 1.1). The original idea that MAO consists as an oligomer of MeAlO units 

led to the suggestion that is could be a linear chain-like coordination polymer (1) or possess a cyclic 

structure (2).65 This is in agreement with dialkylsiloxane chemistry: the silicone unit R2SiO is isolobal to 

MeAlO and forms typical linear and cyclic oligomers of the type (R2SiO)n.14 



 

 
11 

 Methylalumoxane – History, Production, Properties, and Applications 

 

Figure 1.1 A selection of proposed MAO structures showing different possible structural features. 

The proposed MAO structures 1 and 2 contain three-coordinate aluminum atoms which are rare and 

only observed when oligomerization is hindered by bulky ligands.66 Therefore, stacks of linear chains, 

so-called ladder-type structures, have been suggested.23 Different stacking leads to a variety of 

structures: 3 with four-membered rings and four-coordinate Al atoms or 4 with more relaxed six-

membered rings but still partially three-coordinate Al centers. Stacking by bridging Me-groups (5) is 

less likely because O is superior in bridging. Similar stacking of cyclic structures leads to cage-like 

structures (e.g. 6). These cages can be easily compared to the Barron’s model systems found in the 

early nineties: the exchange of Me for the bulkier tBu led to isolation of well-defined alumoxanes (7-

11, Figure 1.2).54,67,68 These complexes have provided important insights into the possible structures 

for MAO. Following Smith’s rule, each of these (tBuAlO)n clusters displays six square faces and n − 4 

hexagonal faces.69 
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Figure 1.2 The (tBuAlO)n cage structures as reported by Barron and coworkers (tBu groups omitted for 

clarity).54,67,68 

Barron’s clusters could be representative models for “pure MAO” with a Me:Al:O ratio 1:1:1 and in 

some cases indeed were found to activate metallocenes, giving low activity in ethylene 

polymerization.68 Interestingly, upon reacting (tBuAlO)6 with six equivalents of Me3Al all tBu groups 

were exchanged for Me groups.70 The resulting mixture, which contains tBu groups only in tBuAlMe2, 

is a Me3Al-free soluble form of MAO that is highly active in ethylene polymerization. It is not clear 

whether a hexameric cluster (MeAlO)6 is formed and is stable. However, the addition of only one 

equivalent of Me3Al to (tBuAlO)6 gave a single tBu → Me substitution while the cluster, which could be 

characterized by NMR, remained intact. The increased activity of this compound as compared to the 

(tBuAlO)6 might be indicative of similar structural motifs as active components in MAO.  

Generally the activation process, the abstraction of a methyl group from the metal center, is thought 

to happen through a Lewis acidic MAO species. Four-coordinate aluminum, as found in structures 7-

11, is not a strong Lewis acid and therefore “latent Lewis acidity” has been introduced: dissociation of 

an Al-O bond breaks up the cluster and provides a three-coordinate Lewis acidic site (Scheme 1.4).68 

The driving force for this process is release of ring strain, i.e. opening of the cluster reduces the number 

of four-membered rings which are considered to be strained on account of acute 90° bond angles. It 

was noted that the opening of the cluster not only gives an acidic three-coordinate Al center but results 

in a highly basic two-coordinate O atom.71 Therefore not the breakage of the Al-O but the formation 

of a new bond containing the O was proposed to be the driving force for reaction. The [Cp2ZrMe]+ 

[tBu6Al6O6Me]− species is a mildly active catalyst for ethylene polymerization (Scheme 1.4). Similar 

cluster bond-breaking mechanisms could explain uptake of Me3Al by cage structures.   
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Scheme 1.4 Latent Lewis acidity as proposed for tBu-alumoxane activation.  

Keeping in mind the cage-like structures of tBu-alumoxanes, it was suggested by Sinn that also methyl 

rich “true MAO” might have a similar architecture.31 Based on chemical analysis and cryoscopy 

measurements, methyl rich units (Me6Al4O3) were proposed to be the building blocks of MAO. In order 

to fit the measured Mw values, four such monomers should be combined to (Me24Al16O12). A proposed 

structure for (Me24Al16O12) could be the methyl rich cluster 13 which formally could be pictured as 

reaction of the “pure MAO” species 12 with Me3Al (Scheme 1.5); note that 12 is isostructural to 

Barron’s tBu-derivative 11. The driving force in this reaction is ring opening of strained four-membered 

rings.  

 

 

 

 

 

Scheme 1.5 Conversion of a “pure MAO” cage compound into a “true MAO” cluster by addition of 

Me3Al.  

It is of interest to note that Barron’s bulky MAO clusters, (tBuAlO)n, are in contrast to (MeAlO)n itself 

all well-defined cages that have been characterized by NMR methods and in some cases even their 

crystal structure could be obtained. Moreover, in solution these clusters can be characterized 

unambiguously by NMR methods. Apparently, replacing MAO’s Me group with the much bulkier tBu 

group gives rise to formation of unique low-energy species that are not in fast dynamic exchange with 

undefined structures. Although the (tBuAlO)n cage structures give important insights in the structural 

architecture of alkyl alumoxanes in general, it is not fully clear to what extent the bulkiness of the tBu 

group vs the Me group influences the outcome and conclusions reached. Studies on “true” methyl 

alumoxanes are therefore of similar high importance.  

The simplest form of MAO is monomeric Me-Al-O that in this form will never exist but its fragment has 

been captured by making use of bulky β-diketiminate ligands (nacnac). Roesky and coworkers reported 
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the crystal structure of complex 14 which formally could be seen as monomeric Me-Al-O trapped by 

[nacnacAlMe]+ and [nacnacAl(Me)O]− ions (Figure 1.3).72  

 

Figure 1.3 The structure of a ß-diketiminate methyl aluminum oxide complex (Ar = 2,6-iPrC6H3). 

The simplest MAO aggregate is a dimer, (MeAlO)2, which during synthesis from excess Me3Al and H2O 

will contain coordinated Me3Al (15). Since Al incorporated in the four-membered ring is more Lewis 

acidic than unconstrained Al, the isomer containing terminal three-coordinate Al atoms (16) is more 

stable (Scheme 1.6).  

 

Scheme 1.6 The (MeAlO)2 dimer and its interaction with “free” Me3Al. 

Although a simple MAO structure like 16 has never been isolated, it is of interest to note that use of 

bulkier alkyl groups led to isolation of isomorphous 17 by Barron and coworkers. (Figure 1.4).54 Using 

bis-pyridylethane, Lewiński et al. could structurally characterize 18, which can be seen as a Lewis base 

stabilized adduct of 16.73 Subsequently, Roesky and coworkers isolated a derivative that is stabilized 

by replacement of one Me group for a bulky nacnac ligand (19).74  

 

Figure 1.4 Complexes containing fundamental structural motifs of an alkyl alumoxane dimer.  

A very interesting experiment, which was published in a completely different context, is the reaction 

of sodium cacodylate, Me2As(O)ONa, with Me3Al and isolation of crystalline [Me4As]+
2
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[Me2AlO∙∙∙AlMe3]2− (20).74 This represents an in situ synthesis of MAO by reaction of Me3Al with a metal 

oxide precursor, i.e. a common route (see section 1.2). The dianionic complex 20 can formally be seen 

as the simplest MAO dimer (16) in which free coordination sites at the terminal Al atoms are filled by 

additional Meˉ ions (Figure 1.5). The negatively charged MAO anion 20 could be seen as a MAO cluster 

after activation of the metallocene catalyst but obviously is much smaller than MAO species found in 

experiment. 

 

Figure 1.5 The molecular structures of [Me2AlO∙∙∙AlMe3]2
− (20), [Al7O3Me13(MeO)3]− (21) and 

Me9Al16O13Cl13 (C-MAO, 22); cations omitted for clarity. 

Although these small model aggregates give insight in the working principles of MAO, commercial MAO 

solution are mixtures of species with a significantly higher Mw. Only few larger methyl containing MAO-

like clusters have been structurally characterized. In both cases, these systems should be defined as 

modified MAO. The methoxy-modified cluster [Al7O3Me13(MeO)3]− (21) forms a structure with fused 

six-membered rings and four-coordinate Al centers (Figure 1.5).75 Albemarle work has led to structural 

characterization of Cl-modified MAO clusters. By reacting LiOH·H2O with R2AlCl (R = Me or Et) it was 

possible to isolate and characterize chlorinated alumoxanes (C-MAO and C-EAO) such as 22 by single 

crystal X-ray diffraction (Figure 1.5).76 The C-MAO and C-EAO clusters both have the general molecular 

formula R9Al16O13Cl13 and are isostructural. The clusters show crystallographic C3-symmetry (in Figure 



 

 

 Chapter 1 

16 

1.5, the C3-axis runs nearly perpendicular to the plane of projection). These are the first well-defined 

alumoxane compounds with a Mw above 1000 g/mol. In contrast to the cage-like structures discussed 

earlier, this cluster does not represent a hollow cage but instead the center is formed by a tetrahedral 

Al4O unit. This snowflake like structure combines fused ring systems with four-coordinate aluminum 

atoms. As the van der Waals radii for Cl (1.80 Å) and Me (2.00 Å) are very similar and both groups can 

bind in terminal as well as in a bridging modes, this structure could also be representative for an all 

methyl alumoxane like cluster (Me22Al16O13).77 

Computational investigations 

Despite numerous investigations on MAO’s architecture, the number of experimentally determined 

structures that may be representative of MAO remains very limited. Taking into account all 

experimental information and the known characteristics of MAO, many research groups have used 

calculations to model potential structures for MAO. Initially mainly structures for “pure MAO”, 

(MeAlO)n, were investigated. Pakkanen and coworkers studied the preferred structural configuration 

of three-coordinate aluminum atoms in linear and cyclic fragments at varying degrees of 

oligomerization (geometry optimization: HF/3-21G* level, energies: B3LYP/3-2G*, MP2/3-1G* and 

MP2/3-11G* levels).78 They found the structures to be defined by the amount of ring strain and the 

amount of stabilizing π-interactions between the electrons on O and the empty p-orbital on Al. 

Calculations on clusters (MeAlO)n
 up to n = 6 show that the stability of cyclic MAO models increases 

with oligomerization. For linear MAO models (like 1) the degree of oligomerization has no effect on 

the stability. Using non-local DFT calculations with double-ξ basis sets including polarization functions, 

Ziegler and coworkers examined the energies of ring and fused ring systems of varying size.79 They 

computed the electronic binding energy per monomeric unit, allowing them to compare the energy 

differences upon addition of n (MeAlO) units to a given ring-like geometry. The results of this complete 

thermodynamic evaluation shows that at lower temperatures (circa 200K) average cluster sizes of n = 

18 are prevalent whereas at higher temperatures clusters tend to be smaller (circa 600 K, n = 16). These 

numbers fit nicely with the earlier discuss obtained experimental values. Using DFT calculations with 

single-ξ basis sets Zakharov et al. estimated the Al atoms in cyclic MAO to be more acidic then those in 

dimeric Me6Al2.80  

Inspired by the tBu-alumoxane cages several groups calculated the relative stabilities of different cage-

like structures for (MeAlO)n in which n varies from 6 to 33.81,82 It was found that at lower temperatures 

smaller cage structures (n < 12) were more stable whereas at higher temperatures entropy strongly 

disfavors larger structures (n > 18). Comparison of cyclic and fused-ring structures showed that the 

latter cage-like structures are lower in energy.79,80 Further investigation led to the conclusion that the 

lowest energy cage structures only contain square and hexagonal faces with four-coordinate Al which 
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is in agreement with the experimentally found (tBuAlO)n structures.49,80 Other studies showed, 

however, that structures with five-coordinated aluminum centers cannot be excluded.55,83 

In order to more accurately describe the potential structures of “true MAO”, i.e. methyl-rich 

alumoxane, calculations on structures of (Me≈1.5AlO≈0.75)n clusters were conducted. The groups of 

Rytter, Zakharov, and Ziegler calculated the mode and degree of coordination of Me3Al to several “pure 

MAO” cage-like structures.49,80,84 MAO cages (MeAlO)n with n = 6-13 can take up 1-2 Me3Al units but 

addition of more Me3Al is energetically unfavorable. For cages with n >13, the addition of a single 

Me3Al unit is already energetically unfavorable. Based on earlier experimental results on MAO, Rytter 

and coworkers calculated a series of potential “true MAO” structures.49 Some of the energetically 

favored complexes, e.g. 23, show structural motifs similar to those observed for C-MAO (Figure 1.6). 

Others, like 24, have a structure that is comparable to the tBu alumoxane cages.  

 

Figure 1.6 Proposals for “true” MAO structures. 

Although computational methods contribute enormously to the prediction of plausible structures for 

“pure MAO” or “true MAO”, it is still not a straightforward task to find preferred energy structures. In 

this context it should be mentioned that it already can be difficult to accurately calculate Me3Al 

dimerization energies: depending on the method ∆H values between – 24.9 and + 2.1 kcal/mol have 

been estimated (exp. – 20.2 kcal/mol) and ∆G values (298 K) between – 6.4 and + 13.2 kcal/mol have 

been calculated (exp. – 7.6 kcal/mol).85,86 The most accurate values are obtained using the MP2 

method. As systematic error components in a comparative theoretical study cancel to a large extent, 

a rough estimation of preferred structures normally can also be obtained with a lower quality basis 

sets. However, the energy differences between proposed structures for larger clusters are generally so 

small that no absolute preference can be predicted. Despite uncertainties in accurate energies, 

computational methods can be used to visualize possible cluster structures and give a rough prediction 

on the preferred type. A more in depth overview of the computational work discussing and comparing 

“pure” and “real” MAO structures are reviewed elsewhere.81  

Studying different configurations, Linnolahti et al. could show that the lowest energy structure is 

dependent on the alkyl substituent.87,88 They compared different structural motifs, such as cages and 

nanotubes, for both MAO and tBu-alumoxanes. It was found that for MAO, depending on the aggregate 
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size, nanotube-like structure such as 25 (Figure 1.7) are lower in energy then the earlier studied cage 

structures. In contrast, at similar aggregate size tBu-alumoxanes prefer cage-like structures. 

Interestingly, it was shown that by using (HAlO)n as an extremely simplified model for (MeAlO)n, similar 

computational results could be obtained.88,89 This simplification has led to an enormous expansion of 

the cluster size and since then models with n up to 60 have been calculated. Using the (HAlO)n motif as 

a model for (MeAlO)n, RHF and DFT methods were applied to compute the energies of multiple 

nanotube-like structures at various levels of sophistication. The preferred tubular structures fit well 

with those predicted for isolobal (HBNH)n clusters, a class of compounds well studied for their 

relevance in BN materials chemistry.90 Experimentally and computationally, (HBNH)n clusters prefer a 

nanotube-like structure over a spherical structure upon increasing cluster size.  

 

Figure 1.7 Me3Al capped MAO nanotube. 

In order to get insights in the pathways for formation of proposed MAO structures, several groups have 

investigated the initial routes for cluster formation. Glaser and Sun studied the early steps of MAO 

formation at the MP2/6-31G* and MP2/6311** levels.91 They found that independent of the reactions 

pathways calculated, the obtained structures formed varied from cage-like to more linear aggregates.  

Similarly, Hall and coworkers used B3LYP level calculations to study the possible routes of formation 

for MAO.92 Initially a Me3Al·H2O adduct is formed which potentially could react by intramolecular CH4 

elimination to Me2AlOH, a high energy species with three-coordinate Al. It is predicted that the 

intermolecular reaction between Me3Al·H2O and Me3Al giving Me2Al(µ-OH)(µ-Me)AlMe2 is preferred. 

This could further react with water to form the dimeric [Me2Al(μ-OH)]2 and CH4 (Scheme 1.7). These 

are the basic building blocks for further aggregation to cage-like structures. 
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Scheme 1.7 The initial steps in the formation of MAO [∆G (kcal/mol)].93 

Linnolahti et al. published a computational study at the accurate MP2/def-TZVP level of theory in which 

they systematically analyzed a 3D-network of reactions that lead to the formation of MAO-like 

structures with Me3Al incorporation: (MeAlO)n(Me3Al)m.93 The stability of these clusters increases with 

cluster size and their formation was calculated to be exergonic. Furthermore significant amounts of 

bound Me3Al can be incorporated without destabilizing the clusters but with dramatic structural 

changes. Reaction of the (MeAlO)4 cage with four equivalents of Me3Al results in breaking four Al-O 

bonds to give a (MeAlO)4 ring in which Me3Al is bound in the periphery (26, Scheme 1.8). Complex 26 

could also be seen as being formed by condensation of an early intermediate in MAO formation: 

Me2Al(μ-OH)(μ-Me)AlMe2 (see Scheme 1.7).  

 

Scheme 1.8 The potential formation pathways and structure of a “true MAO” cluster. 

Very recently, Linnolahti and coworkers expanded this study to higher (MeAlO)n(AlMe3)m aggregates 

(n = 8).94 The preferred structure of the MAO cluster changes depending on size and equivalents of 

associated Me3Al. Initially a cage structure is preferred which opens upon addition of Me3Al leading to 

rings (n = 3-4), sheets with five-coordinate Al (n = 5-7) and sheets with four-coordinate Al (n = 8). The 

decrease in ring strain upon opening of the cages and addition of Me3Al makes these processes 

favorable. It can, however, not be excluded that cage like structures become energetically favorable 

again upon increasing cluster size since ring strain decreases with increasing cluster size. 
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1.4 Catalytic functions in olefin polymerization 

Considering the complex nature of MAO itself, it is not hard to imagine the additional degree of 

complexity when studying its interaction with a (pre)catalyst. The variety of species existent in MAO 

solutions leaves debate as to how the actual activation process takes place and which of the species is 

responsible for it. It is generally agreed that MAO, in one way or another, serves four major purposes 

during catalyst activation and subsequent polymerization processes (Scheme 1.9). 

(i)  MAO methylates the metal chloride precatalyst in order to create a reactive metal alkyl site. 

(ii) MAO abstracts either a methyl or a chloride group from the metal in order to create a vacant 

site for olefin coordination. The resulting [Cl-MAO]− or [Me-MAO]− forms a relatively tightly 

bound inner sphere ion pair (ISIP) with the Cp2MMe+ ion stabilizing this highly reactive species. 

(iii) Upon dissociation of the weakly coordinating anions [Cl-MAO]− or [Me-MAO]− an outer-sphere-

ion-pair (OSIP) with a free metal coordination site for olefin complexation is formed and 

polymerization can take place. During this process the large non-coordinating anion provides 

a stabilizing environment for the reactive species.  

 (iv) MAO acts as a scavenger by removing traces of water, oxygen, and other catalyst deactivating 

impurities. 

 

Scheme 1.9 The various roles of MAO in activation of a metallocene precatalyst for olefin 

polymerization. 
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As MAO consists of different species and almost always contains considerable quantities of Me3Al, it 

can be difficult to distinguish exactly which species is doing what job. Furthermore, different species 

might be able to fulfil the same role making it almost impossible to find one clearly defined activation 

pathway. The effect of “free” Me3Al as well as that of chlorinated MAO, formed after Clˉ abstraction, 

needs to be taken into account in order to provide a more complete explanation of the activation 

process. Depending on the catalyst system used, these species can either enhance or retard 

activation/polymerization. The above mentioned factors may also be used to possibly explain the 

enormous excess of MAO needed to obtain optimal polymerization activities: Al:Zr ratios above 10000 

are not unknown. A comprehensive review of the roles of MAO during activation and polymerization 

will be discussed here. Detailed mechanisms of activation will be touched upon but can be found in 

more detail elsewhere.20,30,81,95-97 

Methylation 

As metal halogenide precatalysts are common in olefin polymerization, the first step in the formation 

of the active catalyst is often halogen/methyl exchange. Principally this could either be a mono- or di-

alkylation (Scheme 1.9), however, under polymerization conditions the latter is debatable. UV-vis 

investigations in which catalyst/MAO ratios similar to polymerization conditions are used, which 

suggest that only a mono-methylation of L2ZrCl2 takes place.98 After the alkylation the remaining 

chlorine is abstracted by MAO resulting directly in the inner sphere ion pair (ISIP) 27. It should be noted 

that, depending on the reaction conditions chosen, both mono- and di-methylated catalysts can be 

observed but under polymerization conditions the direct conversion of the mono-methylated species 

into an ion pair is seemingly immediate and no dialkylation is observed. 

Over the years several studies have been carried out in order to determine whether MAO or the “free” 

Me3Al acts as the methylating agent. Based on 1H NMR studies it was claimed that only the “free” 

Me3Al was responsible for the methylation.56 Tritto et al. showed later that only MAO could transform 

Cp2TiMeCl into the di-methylated Cp2TiMe2.99 Trace amounts of this complex were formed when pure 

Me3Al was used, suggesting that MAO does the major part of the methylation. Studies by Beck and 

Brintzinger showed that Me3Al could completely mono-methylate Cp2ZrCl2 whereas the di-methylated 

species were not observed.100
 Later, Deffieux and coworkers could show that upon increasing the Al:Zr 

ratio to above 500 the dimethylated zirconocene could be obtained using only Me3Al.101 This is in line 

with experiments of several other groups who found difficult methylation using only Me6Al2 whereas 

the reaction proceeded smoothly using DMAO.38,102 Similarly, Steiger and Kaminsky found that for 

some pre-catalysts excess of MAO can lead to the di-methylated catalyst species.103 Using DFT 

calculations the alkylation of L2ZrCl2 catalysts by Me3Al, in both its monomeric and dimeric forms, was 

investigated.104 The alkylation through reaction with monomeric, highly Lewis acidic, Me3Al was 



 

 

 Chapter 1 

22 

thermodynamically favored over the one with Me6Al2. The reaction energy could be drastically lowered 

when an oxygen moiety was introduced forming Al3Me7O, a structure that could represent a MAO 

bound Me3Al. It was suggested that Me3Al incorporated in a MAO structure is more easily released, 

and therefore more reactive, than Me3Al in Me6Al2. This suggests that the presence of MAO is not just 

beneficial but highly advantageous during alkylation. Due to the ever present Me3Al in MAO it is 

impossible to completely exclude its contribution to the methylation. It does, however, not seem to be 

a prerequisite. 

Further studies have concentrated on the amount of MAO that is needed to methylate the precatalyst. 

Deffieux and coworkers found that the catalyst is at least mono-methylated when the Al:Zr ratio was 

30. In order to obtain the ISIP 27, an Al:Zr ratio of at least 150 was needed.98 This indicates that both 

Cl ligands are abstracted at ratios much lower than those used during olefin polymerization. This has 

been confirmed by different groups that found similar Al:Zr ratios.105-107 

Recently, a different mechanism for catalyst activation has also been postulated. As shown by McIndoe 

and coworkers MAO clusters can release the highly active Me2Al+ ion.62 This is in agreement with work 

from Albemarle suggesting that an increasing amount of Me2Al+ in MAO solutions enhances its 

activating capabilities.63 The released Me2Al+ ion could act as an intermediate which is not only 

responsible for alkylation but also for ionization. This idea was proposed earlier by several research 

groups108,109 but has recently gained major attention.39 The results obtained thus far, show that the 

amount of Me2Al+ in MAO indeed influences its activating abilities and therefore should be taken into 

consideration in discussions on catalyst activation by MAO.  

Ion-pair formation 

The role of MAO in abstraction of the Me or Cl group, the next step in formation of an active olefin 

polymerization catalyst, has also been investigated in detail. Increasing the Al:Zr ratio to 150 resulted 

in the formation of a tight contact ion pair (Scheme 1.9).110 These observations fit well with the ion 

pairs observed by Tritto et al. using NMR techniques.111-113 Upon reacting the Cp2TiMeCl∙Me3Al adduct 

with MAO they observed (Cp2TiMe)+ (Cl-MAO)− as an ISIP. Using 13C labelled Cp*
2ZrMe2 they could also 

observe a cationic dimer that formally consists of Cp*
2ZrMe+ and Cp*

2ZrMe2 (31) as well as the Me3Al 

separated species 32 (Scheme 1.10).  
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Scheme 1.10 Formation and reactivation of dormant species during polymerization process. 

Using similar techniques on various catalyst systems, also other groups confirmed the formation of 

such ion pairs.114-116 Babushkin et al. were amongst the first to study the different ion pairs at catalytic 

conditions, i.e. Al:Zr ratios up to 4000.117 Besides the aforementioned ion pairs, they also observed the 

OSIP [Cp2ZrMe]+ [MAO-Me]− at higher MAO concentrations (Scheme 1.10). Upon increasing the Al:Zr 

ratio an increasing ratio of this species could be seen, leading them to suggest it to be closely related 

to the polymerization active species. It is therefore generally accepted that the OSIP is polymerization 

active whereas the bridged, dimeric metallocene (31) and the Me3Al separated ion pair (32) are 

considered dormant species. These ideas are in accordance with the species observed by Bochmann 

et al. for systems activated with [Ph3C]+[(C6F5)4B]−.118 Various perfluorinated boranes can also be used 

as activators instead of MAO. These complexes are well-defined, can be used in stoichiometric 

amounts and give catalytic activities comparable or better then MAO. They can, however, not alkylate 

the metal complex and alkyl aluminum scavengers need to be added to avoid catalyst decomposition 

by impurities like residual water. The chemistry of these activators and their comparison to MAO has 

been discussed in detail elsewhere.30,96b,97 

Using pulsed field gradient (PGSE) NMR techniques, Babushkin and Brintzinger estimated the size of 

the MAO ions during catalyst activation.44 They obtained a hydrodynamic radius of 12.5 Å leading to a 

cluster containing 150-200 Al atoms. This aggregation number is significantly higher than those 

discussed earlier for neutral MAO clusters.31 Based on UV-vis studies, two different kinds of MAO 

species, designated as MAOA and MAOB, were proposed (Scheme 1.11).107 MAOA is of high MW (150-

200 Al units), highly Lewis-acidic and consequently the [Me-MAOA]− ion formed after activation is only 

weakly bound and easily displaced by Me3Al or an incoming alkene. In contrast, MAOB is much smaller 

(15-20 Al units) and of lower Lewis-acidity thus forming a more strongly bound [Me-MAOB]− ion which 

is not easily displaced by Me3Al or olefin. The smaller less Lewis-acidic MAOB, which forms the strongly 
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coordinating anion, is circa 10 times more abundant than MAOA. The existence of two different kinds 

of MAO species would give rise to two different equilibria between dormant ISIP’s (33-34) and active 

OSIP’s (35-36). As the larger [Me-MAOA]− ion is much more weakly bound than the [Me-MAOB]− ion, 

the 33  35 equilibrium would be more shifted to the active OSIP state than the 34  36 equilibrium. 

Both equilibria are coupled to each other by an exchange of the abstracted Me− between MAOA and 

MAOB. It is likely that at the start of the initiation process the ratio [Me-MAOA]−/[Me-MAOB]− is 

determined by kinetics, whereas at a later stage the equilibrium shifts to the thermodynamically 

favored [Me-MAOA]− ion. The need for a large excess of MAO needed for optimal polymerization 

conditions might be explained by the low abundance of the much larger MAOA. The exact structural 

nature of MAOA and MAOB is hitherto unclear and the data also do not exclude the presence of even 

rarer and much more Lewis acidic species than MAOA. The proposed existence of two different kinds 

of MAO clusters was later supported by an in-depth NMR analysis making use of 13C labelled 

catalysts.119 

 

Scheme 1.11 Coupled equilibria between the dormant (ISIP) and active (OSIP) states modulated by 

MAOA and MAOB. 

Macchioni and coworkers investigated the ternary system L2ZrMe2/MAO/Me3Al by diffusion NMR 

(PGSE).45 They confirmed the previous observations by Brintzinger et al. that MAO in aromatic solvents 

is much larger (hydrodynamic radius > 8.5 Å , hydrodynamic volume > 2000 Å3; > 40 Al units per cluster) 

than proposed earlier. Furthermore it was found that volumes for DMAO are larger than for regular 

MAO and increase strongly with concentration (3500-4500 Å3). The latter is due to self-aggregation to 

larger clusters, a process which is inhibited by Me3Al in regular MAO. These observations are in line 
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with Tritto’s observations on the Mw changes of MAO as a function of Me3Al content (vide supra). 

Likewise, addition of the Me3Al scavenger 2,6-di-tBu-phenol (TBP) leads to the formation of TBP2AlMe 

and gives rise to larger MAO aggregates, again increasing with concentration. Similar self-aggregation 

has been observed for MAO ions in the ISIP [L2ZrMe]+ [Me-MAO]− and the OSIP [L2Zr(μ-Me)2AlMe]+ 

[Me-MAO]−. 

As illustrated by the Brintzinger work discussed earlier, the group to be abstracted for ion-pair 

formation plays a large role in the activation/polymerization process. Especially for activation of 

chlorinated pre-catalysts (L2MCl2) the fate of the Cl− can be decisive. Deffieux and coworkers reported 

a comparative study between the activation of chlorinated and methylated pre-catalysts with MAO 

using UV-Vis techniques.120 For the latter, polymerization-active systems could be achieved at Al:Zr 

ratios of 150 whereas for the chlorinated precursor an Al:Zr ratio of 2000 was needed. Interestingly, 

also for chlorinated precursors complete conversion to [L2ZrMe]+ [Cl-MAO]− was reached already at 

Al:Zr ratios of 150. It was concluded that the ISIP [L2ZrMe]+ [Cl-MAO]− is much more tightly bound than 

the ion pair with [Me-MAO]−. Tight binding of the [Cl-MAO]− ion originates from the much better 

bridging abilities of the Cl-substituent as compared to a Me-substituent, thus impeding ethylene 

coordination/polymerization. In subsequent investigations, zirconium precatalysts with different 

substituents were tested.121 In the case of benzyl substituents, highly active species are readily formed, 

however, in case of Me2N-precursors poor polymerization activities were found. This is likely due to 

strong pairing of [L2ZrMe]+ [Me2N-MAO]−. 

Similar work was done by Rytter and coworkers who pre-treated their depleted MAO solution with 

Me2AlCl and observed exchange between the chlorine of the Me2AlCl and the Me groups of MAO.49 

The resulting chlorinated MAO, in which all bridging Me groups are replaced with a chlorine, was 

unable to activate their pre-catalyst. During MAO activation of L2ZrCl2 catalyst there is generally a large 

abundance of MAO aggregates making multiple chlorine atoms per MAO cluster unlikely. Nevertheless, 

these experiments do show that the presence of Cl in [MAO-Cl]−
 can result in strong cation-anion 

interactions. This component cannot be neglected and might in part contribute to the excess of MAO 

needed for optimal polymerization activity.  

Catalyst deactivation 

The active alkene polymerization catalyst, a highly reactive cationic metal species with a weakly 

coordinating anion, can be easily deactivated by Brønsted-acidic or Lewis basic catalysts poisons. MAO 

and Me3Al function as efficient scavengers for such impurities, especially at the high concentrations in 

which they are present. However, high Al:Zr ratios also bring negative effects and can lead to undesired 

side reactions. Kaminsky studied the release of methane from MAO/Cp2ZrMe2 mixtures (Scheme 

1.12).122 He proposed the condensation of two zirconocenes (37) or a MAO and zirconocene (38) 
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leading to the methylene bridged dimer. The catalyst precursor can be regenerated upon addition of 

fresh MAO. In the proposed reaction another MAO cluster can regenerate the activate species through 

ligand exchange.  

 

Scheme 1.12 Potential catalyst deactivation pathways and subsequent reactivation with MAO.  

Further catalyst deactivation can occur through the presence of Me3Al in MAO solutions: apart from 

blocking the free coordination site by formation of the dormant species [L2Zr(μ-Me)2AlMe2]+, Me3Al 

can also function as a reducing agent. In some cases reduction of TiIV to TiIII is desired: CpTiCl3 + MAO 

yields [CpTiIIIMe]+, which is considered the active species in syndiotactic styrene polymerization.123 In 

ethylene polymerization, however, metal reduction by Me3Al results in strongly decreased activities.124 

This deactivation process plays an important role for Ti-catalysts but is less important for Zr which is 

less easily reduced.125,126 The accelerating effects of high concentrations of MAO generally outweigh 

the deactivation by Me3Al-induced reduction.  

Influence and role of Me3Al 

Me3Al, which is an inherent part of MAO solutions, plays a diverse role in the various reactions and 

equilibria taking place during polymerization. It can act as a methylating agent, scavenger for 

impurities, and has a complicated role in the direct catalyst-MAO interaction. Studying the activation 

of L2ZrCl2 with DMAO, Deffieux and coworkers observed a highly active catalytic system at Al:Zr ratios 

as low as 150.120 When DMAO was substituted for regular, Me3Al-containing, MAO the activities 

observed were much lower. This is likely due to formation of the dormant species [L2Zr(μ-Me)2AlMe2]+ 

(32 in Scheme 1.10). Rytter and coworkers found that, depending on the bulk of the ligand L in L2ZrCl2, 

Me3Al can have an activating or deactivating influence.127 Recently Bochmann and coworkers studied 

the influence of Me3Al concentration on the polymerization activities using a bridged bis-indenyl Zr 

catalyst.128 Upon increasing Me3Al concentration the catalyst productivity became lower and the Mw 
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of the polymers decreased. These results seem to suggest that in more open catalyst systems, the 

presence of Me3Al will retard polymerization by formation of the dormant state. In bulky systems, 

however, large MAO clusters are not capable to methylate or activate the Zr center. In these cases, the 

much smaller Me3Al might be necessary to accomplish activation and increase polymerization rates.  

Another potential problem with the presence of “free” Me3Al in MAO is augmented chain transfer to 

the Al centers. This is known to be a prevalent termination mechanism and decreases the average Mw 

of the polymer obtained. However, in some cases it can also be used as an advantage. Ethylene can 

be polymerized in a highly controlled way with narrow Mw distributions (PDI <1.1) by a d-block metal 

catalyzed “Aufbau Reaktion” on the Al center of Me3Al.129,130 Thus, PE with a Mw of up to 4 x 106 

g/mol is produced in a “living” fashion and can be functionalized with end-groups of choice. 

MAO: more than a cocatalyst 

The previous sections of this chapter discuss the various ways in which MAO interacts with the catalyst 

and the necessity for a large excess. The catalyst to MAO ratio and their interactions can also influence 

the characteristics of the resulting polymer. For styrene polymerization, an increase of the Al:Ti ratio 

led to a change in PDI, an increase in activity and a decrease in the average Mw.131 Also in propylene 

polymerization a raise in the Al:Zr ratio gives a decrease of Mw.132 Part of these changes can most 

probably be ascribed to the simultaneous increase of the Me3Al/Zr ratio that automatically 

accompanies higher MAO contents. As discussed previously, a higher concentration of Me3Al can lead 

to increased chain transfer to Al centers giving for a lower Mw of the polymer chain. 

On several occasions it has been suggested that there may be an influence of MAO on the 

stereoselectivity of the polymer.96b Especially the case of Waymouth’s “oscillating” propylene 

polymerization catalysts is worth mentioning here (Scheme 1.13).133 Temperature dependent dynamic 

switching between the rac and meso forms in a bis-indenyl zirconocene was thought to be responsible 

for formation of PP with isotactic and atactic blocks (Scheme 1.13). Careful analysis of the polymer’s 

microstructure by high-field 13C NMR led to doubts of the proposed rac/meso switch.134 It was shown 

that “non-coordinating” anions such as [Me-MAO]− and [(C6F5)4B]− can have a decisive effect on 

switching.135 This is likely due to the stabilization of the catalyst symmetry through anion-cation 

interactions.  
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Scheme 1.13 Waymouth’s oscillating catalyst leading to stereo-block polymers. 

This working hypothesis has been supported by a detailed NMR study on the ion-pairs involved.136 

Based on this a novel strategy was developed for the synthesis of isospecific non-bridged metallocene 

catalysts such as 39.137 These contain Lewis basic sites in outer positions that are proposed to be 

connected through a bridging [Me-MAO]− unit (Figure 1.8). A more in-depth overview on the effect of 

the MAO and other counter ions on stereochemistry can be found elsewhere.96b,138 

 

Figure 1.8 Example of a MAO-bridged iso-specific Zr catalyst. 

It has also been reported that MAO can act as a catalyst in the polymerization of conjugated alkenes 

such as dienes or styrenes. Shortly after the introduction of CpTiCl3/MAO systems for the 

stereoselective polymerization of styrene it was observed that the atactic by product was produced by 

catalytic action of MAO itself.139 Later it was shown that MAO could polymerize several para-

substituted styrene derivatives through a cationic mechanism.140 Other studies have shown the ability 

of MAO to catalyze the homo- and co-polymerization of several vinyl monomers and activated alkenes 

such as cyclopentadiene and isobutylene.141-144  

1.5 Modified MAO 

Due to its poor solubility in aliphatic solvents and its degradation in polar solvents, MAO is usually 

prepared and stored in toluene. Over time, smaller MAO aggregates will oligomerize forming larger 

agglomerates which eventually precipitate from solution in the form of a gel. To improve stability, 

storability and the reactivity of MAO, several modifications to the basic alumoxane structure have been 

made. These adjustments can vary from increasing the size of the aluminum alkyl group to the use of 
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boronic acids or bulky alcohols instead of water during MAO synthesis. Regularly synthesized MAO can 

also be modified after production by introducing stabilizers such as amines, inorganic salts, or 

halogens.  

Alkyl substitution 

Increased solubility of MAO can be achieved by replacing the methyl groups by a bulkier alkyl group. 

Complete substitution of Me for larger alkyls such as Et and iBu results in an alumoxane species with 

higher solubility but lower activity.103 Fink and coworkers studied the influence of bulky R3Al additives 

in MAO mixtures.145 Commercial MAO accelerates polymerization rates drastically but does contain up 

to 30% “free” Me3Al which can react with the Zr cation forming the dormant [L2Zr(μ-Me)2AlMe2]+ 

species or undergo other undesired side reactions. Addition of bulkier R3Al reagents effectively traps 

“free” Me3Al through Al-alkyl scrambling (Scheme 1.14).  

 

Scheme 1.14 Alkyl exchange between Me3Al and bulkier R3Al species prevents formation of the 

dormant catalyst stage. 

Whereas addition of Et3Al has little to no influence on catalyst activity, larger Al alkyls (R= iBu or tBu) 

effectively trap Me3Al and increase catalyst activity. This is explained by scrambling of alkyl groups over 

the Al centers which leads to mixed-alkyl dimers. Both the bulkier R3Al reagents and mixed dimers do 

not deactivate the active cationic species. Therefore addition of these bulky R3Al compounds limits the 

negative effect that Me3Al can have on the catalyst. Addition of bulkier R3Al complexes could also lead 

to a Me/R exchange with Me groups in alumoxane clusters and thus modify the MAO. The resulting 

mixed alkyl alumoxane species show higher solubility and a lesser tendency to aggregate with the 

cationic catalyst giving a positive influence on catalyst activity. A similarly iBu modified alumoxane is 

commercially available and marketed by e.g. Akzo-Nobel as modified-MAO (MMAO).146 

The direct interactions between MMAO and several catalysts have also been studied.147,148 The Me3Al 

separated ion pair (32) formed during activation with regular MAO now becomes an iBunAlMe3-n 

separated ion pair. The increase in bulk of the Al alkyls results in a less tightly bound ion pair giving for 
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a less stable dormant stage. Also, iBu/Me exchange in MAO would lead to an [iBu-MAO]− anion that 

has a weaker coordinating ability then the [Me-MAO]− ion. This might further ease the transition into 

an active catalyst as the coordination of the anion influences the ease at which the olefin coordination 

can take place. Both these advantages explain the often observed increase in activity when MMAO is 

used instead of MAO. Also the interaction of MMAO with TEMPO was studied by EPR.115 As observed 

earlier for MAO, two different Lewis-acidic sites are present.60 However, it was found that these sites 

were of higher Lewis acidity compared to those found in MAO. Furthermore it could be observed that 

upon addition of 10% iBu3Al to regular MAO all Lewis acidic sites were converted into those observed 

for MMAO. Indicating a rapid Me/iBu exchange reaction between MAO and iBu3Al.  

Other modifications 

Several other methods to modify MAO in order to increase its activity and stability have been reported. 

Mülhaupt and coworkers studied the effects of different Lewis acids and Lewis bases on the catalyst 

activities of activated L2ZrCl2/MAO systems.149 Addition of donors such as 2,2,6,6-

tetramethylpiperidine during polymerization was found to reduce catalyst productivity whereas 

acceptors such as trimethylboroxine, (MeBO)3, were found to enhance the activity. The formation of a 

species containing boron and aluminum was proposed to be responsible for increased activity. Indeed 

shortly thereafter several patents were filed claiming increased activities upon addition of boronic 

acids, boronic esters, and boroxines to MAO.150 The direct reaction between boroxines (R2BOH) or 

boronic acids (RB(OH)2) and Me3Al also yields an active cocatalyst.151 Despite their activating 

capabilities the obtained boralumoxanes were still poorly defined. Upon reacting the bulky 2,6-di-iPr-

phenylboronic acid (DIPPB(OH)2) with tBu3Al, Hessen and coworkers could obtain a well-defined 

boralumoxane analogue (Figure 1.9).152 The obtained tetramer shows only four and six membered 

rings, similar to the tBu-alumoxanes discussed earlier. It consists of three four-coordinated Al centers 

and one five-coordinated one. Upon reacting it with Cp*2ZrMe2 a mildly active catalyst was formed 

which could also be structurally characterized.153 Several patents claiming high activity of differently 

substituted boronic acids mixed with AlR3 compounds have been reported since.154 
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Figure 1.9 Structure of a well-defined boralumoxane (iPr groups omitted for clarity).  

Adding a pre-hydrolysis step in the synthesis of MAO, Kissin studied the effect of alkoxy- and phenoxy-

groups on the resulting alumoxane species. By hydrolysis of the preformed alkoxy- or phenoxy-alanes 

a variety of (ROAlO)n aggregates was proposed (Scheme 1.15).155,156 Similarly the direct alcoholysis of 

MAO allowed for modified MAO structures like (ROAlO)n (Scheme 1.15). It should be noted that the 

formation of these modified MAO species was in many cases only monitored by disappearance of the 

alcohol OH signal in the IR spectrum. Concrete characterization was not reported and therefore 

conclusive structural information is not available. Using a similar approach Kunicki et al. studied the 

formation of [(RO)AlO]n complexes using a combination of sterically demanding alcohols, Et3Al and 

water.157 

 

Scheme 1.15 Formation of alkoxy or phenoxy MAO. 

Depending on the substituents, the pre-hydrolysis step can yield an active cocatalyst. It was found that 

the bulky 2,6-di-substituted phenols had a positive effect on the activating capabilities of the obtained 

alumoxane. It should, however, be noted that large amounts of Me3Al are needed in combination with 

the (ROAlO)n species to form systems that can act as cocatalysts. Using an altered synthetic route, 

Wehmschulte and coworkers obtained a structural example of a possible (ROAlO)n species in the form 

of (Mes*OAlO∙DMSO)4 (Mes*=2,4,6-tri-tBu-phenyl) (Figure 1.10).158 This species consists of an eight-

membered Al4O4 ring in which each Al center is four-coordinate by binding one Mes*Oˉ, two O2ˉ and 

one DMSO. The formation of a ring structure is likely due to the extreme bulk of the Mes*O groups 

and does therefore not necessarily represent a model system for the MAO fragment (MeAlO)4. 



 

 

 Chapter 1 

32 

 

Figure 1.10 Crystal structure of (Mes*OAlO∙DMSO)4; tBu-groups omitted for clarity. 

Treating MAO with NaAlO2, Li2SiO3 or Na2CO3, Sangokoya et al. obtained a form of MAO which 

incorporates aluminate, silicate or carbonate anions.159 These mixtures initially form a liquid clathrate 

that quickly turns into solid aluminoxanates, limiting their usability in homogeneous catalysis. 

However, these can be redissolved upon reaction with sodium or potassium halides leading to a MAO 

species with increased solubility and stability.160 In order to further increase its solubility MAO was 

reacted with compounds such as OMTS (octamethyltrisiloxane), which can act as a chelating bidentate 

ligand. Spectroscopic evidence was found for the formation of a [OMTSAlMe2]+ [Me-MAO]− ion pair, a 

highly soluble aluminoxanate with good activating capabilities.161 The abstraction of a Me2Al+ from 

MAO by OMTS increases the amount of this cation present and might explain the increase in catalyst 

activity observed. This is in agreement with the earlier discussed work on the Me2Al+ ion showing it as 

a potential key species during catalyst activation. Despite the increase in Me2Al+ ion the workup of the 

[OMTSAlMe2]+ [Me-MAO]− involves multiple washing and separation steps which makes it rather 

tedious and inconvenient. To overcome this, different more straight forward Me2Al+ precursors such 

as Me2AlF, Me2Al(OC6F5) and Me2Al(BHT) can be added to MAO solutions.64 Here only liquid products 

are formed and therefore the workup is simplified while the Me2Al+ concentrations are still increased. 

Also improved synthetic routes towards more stable and soluble MAO mixtures have been 

patented.162-164 Such MAO modifications were obtained by treatment of MAO with salts such as LiCl, 

amines, and halogenated organic compounds. Addition of asb much as 20 mol % LiCl to MAO resulted 

in a clear solution which was more stable towards gelling compared to regular MAO and up to 50% 

more active in polymerization.162 This increase in activity is likely due to the formation of Li+ (Cl-MAO)− 

salts. Increased stability could also be obtained by the addition of amines to MAO solutions.163 Benzyl 

halides, Me2AlX (X = F, Cl, or Br) and C6H5CX3 have been reacted with MAO giving the respective 

halogenated MAO.164 Varying the degree of halogenation, several differently halogenated MAO 

solutions were synthesized. Depending on the halogen and degree of halogenation (2-12%), the 

obtained MAO was found to have activating capabilities comparable or better than that of non-

modified MAO. However, as described earlier for the well-defined C-RAO species (section 1.3), a very 
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high degree of halogenations may lead to inactive alumoxanes.76 While these species are not active in 

homogeneous activation it was reported that upon immobilization these complexes were found to be 

able to activate several different catalysts.  

1.6 Outline of this thesis 

The aim of the research presented in this thesis is to improve the understanding of MAO through direct 

investigation and the development of well-defined model complexes. These will be used to study 

structural aspects of MAO and will be investigated for their application as potential cocatalysts 

themselves. 

Chapter 2 describes the first TEM investigation into MAO. The particle size and composition of 

differently aged samples are compared. Furthermore attempted cryo-TEM images and decomposition 

investigations are presented. These provide insight into the large gel-like particles of MAO and their 

ageing behavior. 

The partial substitution of O for OR moieties is presented in Chapter 3. Reaction of Me3Al with a variety 

of alcohol, diols, and silanediols leads to well-defined ROnAlMe3-n complexes that can be synthesized 

and characterized in a straight forward manner. The behavior of these complexes towards Lewis bases, 

alcohols was investigated. Additionally, hydrolysis of these complexes leads to a variety of well-defined 

compounds that are formed through different hydrolysis mechanisms. 

Chapter 4 presents the synthesis and reactivity of several aza-MAO and amide based three-coordinate 

Al complexes. Isolobal substitution of O for NR leads to well defined (MeAlNR)n clusters which are 

tested as potential cocatalysts. This is followed by the synthesis, characterization, and reactivity of aryl 

and phosphine stabilized masked three-coordinate Al complexes.  

At last Chapter 5 describes the partial exchange of three-coordinate Al units in MAO for boron based 

alternatives. Initially, the reactivity of Me3Al towards bora-amidinates and the reactivity of the formed 

complexes is investigated. This is followed by an in-depth study of the reactivity, characterization and 

catalyst interaction of the complexes formed upon reaction of tBu3Al with borinic and boronic acids, 

i.e. R2BOH and RB(OH)2.  
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Chapter 2 

 

Structural Investigation of MAO Using Transmission Electron 

Microscopy 

  

 

 

 

This chapters contains the first transmission electron microscopy (TEM) study on MAO. Images of 

differently aged MAO samples are presented and analyzed. Size comparison, cryo-TEM, EDX, and 

decomposition studies of the samples provide insight into the structural nature of the large MAO 

particles. Their highly aggregated nature suggests a common particle sintering growing mechanism. 

This mechanism could explain the dramatic change in structure, average molecular weight, and activity 

of MAO solutions over time.  
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2.1 Introduction  

MAO is produced by the partial hydrolysis of Me3Al (see Chapter 1). This gives a mixture of different 

MAO oligomers and unreacted Me3Al that are in a state of dynamic equilibrium. This already complex 

mixture varies over time and with temperature. Aging can change the composition of the MAO 

solutions and cause problems with reproducibility. It is well-known that a gel starts to form in the MAO 

solution upon standing at room temperature for several months. Furthermore, the stability strongly 

depends on its concentration. All of these factors together give for a highly variable composition and 

difficult to study material. 

Over the past decades, many solution-based studies have been carried out to solve MAO’s structural 

mysteries.1 Its average composition, (Me1.4-1.5AlO0.75-0.80)n,2 has been established and several 

characteristics, such as the coordination number of Al (mainly four) and O (three),3,4 average molecular 

weight (Mw, 1200-1800 g/mol), and cluster size (n = 20-30),5 are generally agreed upon. On the basis 

of these findings and other reported well-defined alumoxanes,6 several different structures (e.g. those 

containing polymeric, cyclic, and ribbon- or cage-like motifs) have been proposed for MAO (see 

Chapter 1).1 

Despite these numerous structural investigations into the soluble fraction of MAO, limited attention 

has been given to the insoluble part. This gel is thought to be a highly cross-linked polymer, formed 

through the self-condensation of different MAO oligomers (Scheme 2.1).7-9 This condensation most 

likely includes both reversible (e.g. inter chain Al···O interactions)7,8 and nonreversible processes 

involving the release of CH4.9 Even though this gel is still a mildly active cocatalyst, almost all studies in 

the current literature have solely focused on the soluble part of MAO. 

 

Scheme 2.1 a) Chemical irreversible self-condensation of MAO clusters;b) physical reversible self-

condensation of MAO clusters. 
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Out of the few studies that acknowledge the possible large and poorly soluble MAO clusters the small 

angle neutron scattering (SANS) investigations by Stellbrink et al. are the most noteworthy.9,10 They 

investigated nonhydrolytically (see Chapter 1) prepared MAO solutions by using SANS, static and 

dynamic light scattering techniques.9 They found that the majority of MAO aggregates in their samples 

consisted of long linear polymers with a Mw of up to 20000 g/mol; indicating an average degree of 

polymerization of about 310 and a radius of gyration of approximately 46 Å. The small remaining 

fraction of MAO was found to be consistent with larger particles (R ≥ 1000 Å) whose exact size could 

not be determined with light scattering. Interestingly, elemental analysis showed these large clusters 

to have a significantly higher Al:O ratio than the polymeric species (1:1.28 vs. 1:1). Based on these 

findings, they concluded the clusters to be structural intermediated between MAO and Al2O3. It should 

be noted that nonhydrolytically produced form of MAO was used for this study and that the samples 

were heated at 50°C under vacuum to ensure removal of any remaining Me3Al. Both the preparation 

route and the pretreatment influence the final composition and can explain the high Al:O ratio in the 

final product (1:1 vs. 0.75:1 for regular MAO). This increase in Al:O ratio could possibly also affect the 

structure of MAO. Follow up studies on hydrolytically produced MAO indeed showed different 

results.10 Using a diluted solution of MAO in toluene they found the radius of gyration of regular Me3Al 

rich MAO to be around 9 Å. This value is significantly smaller than the 46 Å reported for the Me3Al 

depleted MAO. These values fit reasonably well with those obtained using diffusion NMR 

techniques.2,5b,10 The estimated Mw of these clusters was found to be approximately 1800 g/mol which 

gives for an average of 30 Al centers per MAO aggregate. The obtained SANS data also allowed for 

estimation of average number of Me3Al molecules bound to one MAO polymer. They found that on 

average there is 0.78 molecule of Me3Al coordinated to the MAO aggregate. This lead them to 

speculate that there is only one site per MAO aggregate which can interact with Me3Al and thus might 

be responsible for catalyst activation. These findings fit nicely with earlier reported EPR studies, which 

also indicates approximately one Lewis acidic site per MAO oligomer.11 Although these SANS studies 

on hydrolytically and nonhydrolytically prepared MAO suggest the existence of large particles, we are 

not aware of any microscopy based studies on MAO. Such investigations could provide information 

about the true nature and composition of large particles and could yield insights into the gelling 

process of MAO that is observed over time. 

Transmission election microscopy (TEM) 

If adapted carefully, TEM could be a potential way to visually investigate these larger MAO particles. 

TEM operates on the same basic principles as a normal, light microscope but uses electrons instead of 

light and magnets instead of mirrors (Figure 2.1).12 The wavelength of electrons is much shorter than 

that of light, which allows for the possibility to use much higher magnifications. Using this technique, 
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objects on the order of a few Å can be seen. This magnification should allow for a detailed observation 

of the large MAO particles which most likely represent the gels or precursors thereof. 

 

Figure 2.1 Working principles of a TEM.12 

In this chapter, an adapted TEM setup that allows for the observation and studying of highly volatile 

and sensitive MAO mixtures will be discussed. This allows for an in-depth investigation into the nature, 

size, and dispersion of the larger MAO particles in differently aged samples. To ensure intactness of 

the MAO samples, air exposed images will be discussed and compared to the non-air exposed images. 

Additionally, Energy Dispersive X-ray (EDX) analysis of the observed particles will be presented.  

2.2 Results and Discussion 

Sample preparation and handling 

Because of its extremely high sensitivity toward air and moisture, great precautions need to be taken 

when handling MAO solutions. To avoid oxidation, all samples were prepared inside a glovebox under 

inert atmosphere and only thoroughly dried solvents and apparatuses were used. Stock solutions of 

MAO were dropped onto the copper TEM grids and blotted dry (Figure 2.2). 
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Figure 2.2 Schematic overview of the sample preparation. 

After preparation, the samples were put in air tight sealed polypropylene test tubes and kept in liquid 

nitrogen. They were then transferred to the TEM, loaded, and measured under cryo-TEM conditions. 

Care should be taken at all points during preparation and transportation, as even slight contamination 

with air will result in sample decomposition. 

TEM analysis of old MAO 

As MAO particles increase in size over time, the initial experiments were carried out with aged MAO 

(Crompton, 5 years old) to have large, clearly visible particles. After fine-tuning the experimental setup, 

TEM images were obtained that showed regular aggregates. The primary particles appeared to be 

spherical and formed fractal aggregates through particle sintering in a pearl-chain-like motif which 

contained multiple side branches (Figure 2.3 a and b).  
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Figure 2.3 TEM images of aged MAO samples. 

Because MAO is, in essence, nothing more than partially hydrolyzed Me3Al, the similarities between 

the obtained images and those reported for other partially combusted materials, such as soot and 

aerosols, can be expected. This also supports the idea that we are seeing MAO and not its 

decomposition products. In addition, EDX analysis of the samples showed the presence of Al, O, and C 

(Figure 2.4).  

 

Figure 2.4 EDX analysis of old MAO (normalized elemental values in wt. %). 

From the image above, it can be seen that the particles with a higher material density have significantly 

higher oxygen ratios (spectrum 1 and 3), whereas the values obtained from the smaller particles show 

significantly higher C ratios (spectrum 2 and 4). The average composition of all spectra is Me3.76AlO3.25, 
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which is much higher than the values reported from solution studies (Me1.4-1.5AlO0.75-0.80).2,5,10 Because 

of the varying particle density and possibility of trace amounts of oxygen and carbon on the carrier, it 

is difficult to make a realistic estimate of the sample composition as both the C and O values will be 

overestimated. When, however, the average of the large and dense particles (spectrum 1 and 3) and 

the smaller background material (spectrum 2 and 4) is taken into account, a clear difference in the Al:O 

ratios between the two types can be seen. The dense particles have an Al:O ratio of 1:3.93 whereas 

the smaller particles have a ratio of 1:2.48. This variation indicates that the larger particles represent 

higher oxidized alumoxanes. This is in line with the observations from Stellbrink et al. for non-

hydrolytically prepared MAO (vide supra).9 

The highly aggregated MAO particles observed seem to be indicative of the cross-linked gels (or 

precursors thereof) which have been proposed by others.1,7-9 Higher magnification allows for the ability 

to obtain close-up images that can be analyzed in a straightforward manner to estimate the primary 

particle size. Doing so gives for an average radius of 44 nm (Figure 2.5).13 This value is much higher than 

the 1-2 nm observed using solution-based techniques and the 4-5 nm observed by light scattering.5,9,10 

 

Figure 2.5 Magnified TEM image of aged MAO and accompanying size distribution diagram for the 

primary spherical particles.  

It is well-known that particles coalescing in a random fashion form such aggregates and similar 

structural motifs have been observed for partially combusted materials such as aerosols and diesel 

soot.14-16 On the basis of these observations, it can be postulated that the larger MAO particles are 

formed by the extensive self-aggregation of smaller primary particles (Scheme 2.2). The aggregation 

process is likely to be continuous and is believed to occur in a repetitive fashion. This could explain the 

progressive increase in Mw which eventually results in the formation of insoluble polymeric gels. 
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Scheme 2.2 Self-aggregation of smaller primary particles into larger secondary particles and repetition 

thereof.  

TEM analysis of new MAO 

To further study the formation of these aggregates, we performed similar experiments as previously 

described with a batch of fresh MAO (Chemtura, 6-months-old). If the size of MAO clusters increases 

over time, a shorter time span between the synthesis and measurement should give for smaller 

particles. As expected, the background in the TEM images of fresh MAO showed particles with a similar 

pearl-chain-like structure, but smaller size (Figure 2.6). Size analysis of the particles indicated radii in 

the range of 8 to 16 nm which is about one-third of the diameter observed for the old MAO, clearly 

indicating an increase in size with age. This supports the idea that the larger, gel-like species in MAO 

solutions consist of highly cross-linked aggregates that are formed by the repetitive aggregation of 

smaller particles into bigger particles.  

 

Figure 2.6 TEM image of fresh MAO. 

Due to the high sensitivity of MAO to air, it is almost impossible to completely prevent partial 

decomposition. The larger high-density spots (100-1000 nm) in Figure 2.6 represent higher oxidized 

material. This is supported by EDX analysis of the sample, which shows significantly higher O:Al ratios 

for the spectra taken from the dense, large particles (Figure 2.7). 
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Figure 2.7 EDX analysis of new MAO (normalized elemental values in wt. %). 

The average composition of the new MAO samples was found to be Me2.60AlO3.52, which was lower in 

C content (2.60 vs. 3.76) and comparable in O content (3.52 vs. 3.76) than the old samples. The Al:O 

ratios of the background spectra 1a and 2b were, on average, 1:2 which is lower than those observed 

for the old MAO spectra (1:2.48). These values potentially show that the old MAO is further oxidized 

than the newer samples. This is again in agreement with the earlier proposed self-aggregation of small 

MAO particles which release CH4, therefore becoming lower in C content, in order to form larger 

clusters. As it is not possible to accurately and consistently estimate the amount of C and O that come 

from the carrier and the background, no concrete estimates can be made and these results are just 

indications of possible trends.  

cryo-TEM analysis of MAO 

The MAO images discussed so far have all been obtained by drying diluted MAO solutions onto a 

copper grid. This preparation method is commonly used but the drying process could influence the 

structure of MAO as compared to that in solution (e.g. aggregation through increased concentration 

upon drying). In order to investigate whether the chain-like structures are formed upon drying or 

already exist in MAO solution we were interested in cryo-TEM studies on frozen solutions of MAO in 

toluene.17 In this method takes a droplet of the sample solution is taken and deposited on a copper 

grid. The grid is then immediate dropped into a cooled solution (liquid nitrogen or liquid ethane) so 
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that the sample is frozen in solution (Figure 2.8). The frozen sample is then transferred to the machine 

in a liquid nitrogen environment and measured under cryo settings.  

 

Figure 2.8 Schematic set up of cryo-TEM preparation apparatus.18 

This technique allows for the visualization of the material as it is found in solution. When applied to 

MAO, it should provide insight into the particle structure and distribution when dispersed in toluene. 

The only disadvantage of this technique is that the sample deposition is done under a normal 

atmosphere. As MAO is highly air sensitive, the sample preparation procedure has to be altered to 

allow for clear images. In an attempt to prevent air contamination, the preparation chamber was 

purged with nitrogen for 15 minutes prior to the preparation of the sample. The MAO was then 

deposited on the copper grid while in a stream of nitrogen and immediately submerged in a liquid 

nitrogen bath. Despite great precautions, the sample insertion cannot be done under perfect inert 

conditions and that is why images are blurred by gas bubbles (presumably CH4 formed by accidental 

hydrolysis). One can, however, recognize sphere-like primary particles and cluster/chains thereof 

(Figure 2.9). This means that pearl-chain structures already exist in solution and are not only due to 

drying.  
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Figure 2.9 Cryo-TEM images of MAO.  

Decomposition studies 

In order to further confirm intactness of the smaller pearl-chain-like particles, TEM images of MAO 

solutions that had been deliberately exposed to air were taken (Figure 2.10). The images show a 

completely homogeneous back and contain only large, irregular clusters (circa 10 m), which consist 

of particles with clear crystal faces. We presume this is Al2O3 but we were not able to measure clear 

diffraction patterns of this semi-crystalline material. Attempted elemental analysis of this crystalline 

material did not provide any insights into its composition as both C and O from the carrier were also 

detected making it impossible to determine the composition of this material.  
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Figure 2.10 TEM images of air exposed MAO samples: showing transformation of the original pearl-

chain structure into larger aggregates consisting of crystalline material (most likely Al2O3). 

2.3 Conclusions and outlook 

A TEM investigation on different MAO mixtures has been performed. Through the means of an adapted 

cryo-TEM set-up, it has been possible to observe the highly sensitive MAO mixture without significant 

decomposition. Images obtained from both old and new samples showed similar fractal aggregates 

with differential particle size. This allowed the larger, gel-like particles to be visually observed and 

analyzed for the first time. The highly aggregated pattern indicated a cross-linked polymer, which 

consisted of spherical primary particles, linked in a pearl-chain-like motif. This core structure remains 

intact through the aging process while the size of the particles increases.  

Cryo-TEM studies indicated that these particles exist as individual aggregates in solution. This suggests 

that the samples aggregate upon the evaporation of the solvent to form the pearl-like aggregates. This 

process supports the growing pathway proposed in Scheme 2.2. In order to further exclude that the 

observed particles result from sample decomposition, air-exposed samples were also investigated. The 

images showed the transformation of the chain-like structures into semi-crystalline larger particles, 

which are likely Al2O3. Thus, it can be concluded that the gelling that is often observed in MAO solutions 

is caused by the formation of pearl-chain-like aggregates that grows larger over time through the 

process of self-aggregation.  
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2.4 Experimental Section  

General considerations 

MAO was obtained as a 10% solution in toluene from Crompton (2007) and Chemtura (2012), stored 

at room temperature inside the glovebox. Toluene (p. a. ≥99.7% from Sigma Aldrich) was degassed 

using N2 and dried over activated aluminum oxide. All other glassware and materials were oven dried 

and stored inside a glovebox before use to ensure proper dryness. Samples were observed using a FEI 

Tecnai 20 transmission electron microscope operating at 200 keV. A gatan model 626 cryo-stage was 

used for the observation under inert conditions. Elemental analysis was performed with an Oxford 

Instruments Tmax 80T SDD detector. Images were recorded on a slow scan CCD camera. 

2.4.1 Sample Preparation 

Inside the glovebox, the original 10 weight % MAO solution was diluted with dry toluene to 1%. The 

1% solution of MAO in toluene was carefully deposited on a carbon coated 400 mesh copper TEM grid 

using a micropipette. The grid was blotted dry with pre-dried filter paper and left in the box to allow 

complete evaporation of the solvent. The sample was then placed in a grid holder and sealed in an air 

tight vessel. Upon transferring the vessel out of the glovebox, the grid holder containing the grid was 

carefully dropped in a bath of liquid nitrogen and transferred to the microscope. From there it was 

placed in the pre-cooled cryo-stage and transferred into the microscope with the anti-contamination 

shield closed. The complete loading was under nitrogen condition. 

Cryo-TEM preparations were carried out using a nitrogen flushed FEI vitrobox. Samples were taken 

outside the glovebox and deposited on the grid which was then directly submerged into liquid 

nitrogen, frozen, and placed in the pre-cooled cryo-stage and transferred into the microscope with the 

anti-contamination shield closed 

Air exposed samples were prepared by briefly exposing MAO solutions to oxygen and moisture under 

non-inert conditions. The solutions were then quickly deposited on the copper TEM grids and prepared 

as described above. 
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Chapter 3 

 

Alkoxy- and Aryloxy-Modified Alumoxanes 

 

 

 

This chapter contains a study on the partial substitution of O in MAO for OR moieties. A variety of 

alcohols and diols are reacted with Me3Al to give well-defined ROnAlMe3-n type complexes. These are 

fully characterized and then studied for their reactivity towards Lewis bases, alcohols and water. 

Isolation and characterization of these products provides insights and structural models of possible 

intermediates formed during the hydrolysis of Me3Al to give MAO. 
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3.1 Introduction 

During hydrolysis of Me3Al a series of intermediate methylalumoxane species can form and interact 

with one another (Scheme 3.1). In the past decade, the formation pathway of MAO has been 

investigated using computational methods.1-3 The results obtained indicate a variety of initial methyl 

aluminum hydroxide species which react with each other or the remaining unreacted Me3Al to 

eventually form complex 3-D MAO clusters. Due to their high reactivity, these intermediates cannot 

be experimentally observed and therefore the actual formation pathway remains uncertain. 

Scheme 3.1 Possible formation routes during synthesis of MAO. 

The inherent conformational lability of MAO is due to the existence of many oligomers that are in 

constant dynamic equilibrium with one another. For example, methyl groups can easily be exchanged 

between aluminums and oxygen forms bonds to multiple Al centers that can readily be broken and 

rearranged. The always persistent Me3Al further complicates this mixture, making MAO a poorly 

defined, unstable, highly reactive, and dynamic mixture of different and ever-changing species.  

Substitution, or at least partial substitution, of the oxygen atom for a RO moiety leads to a decrease in 

reactive sites and limits the possible structural outcomes. The introduction of a RO group should allow 

for the step-wise reaction building alumoxanes with well-defined and stable starting materials 

(Scheme 3.2). This could provide structural information about the possible intermediates formed 

during the synthesis of MAO. 

 

Scheme 3.2 Step-wise formation of alumoxanes using RO modified alkyl aluminum precursors. 

The reaction of ROH with R3’Al has been well described in the literature and generally results in the 

straight forward formation of (ROAlR’2)2 type complexes,4-7 although depending on the reaction 

conditions larger aggregates can be formed.8 Further hydrolysis and co-catalytic testing of these 
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compounds were reported by Kissin.9,10 Both the reaction of ROH with MAO and the initial reaction of 

ROH with Me3Al, followed by hydrolysis, result in (ROAlO)n type complexes (Scheme 3.3).  

 

Scheme 3.3 Formation of alkoxy- and aryloxy-MAO (R = alkyl or aryl). 

Using a variety of different ROH precursors, a series of modified MAO has been synthesized and was 

tested as a potential co-catalyst in olefin polymerization. It was found that MAO modified by bulky 2,6-

disubstituted aryloxy groups had the best activation properties of all species tested.10 Interestingly, 

when non-substituted precursors, such as PhOH, were used as cocatalysts formation of the (RO)2AlMe 

was observed. Kissin proposed this ligand transfer to be catalyzed by the zirconocene complex but no 

detailed investigations were carried out. It should also be noted that the synthesis of these (ROAlO)n 

complexes was only monitored by the disappearance of an OH signal in the IR. Therefore no concrete 

structural information was obtained and their structure and specific activation routes remain 

unknown.  

Besides the direct incorporation of alcohols to form modified MAO structures, the usage of bulky 

alcohols such as BHT (2,6-di-tBu-4-Me-phenol) as a scavenger for unreacted Me3Al has also been 

reported.11-13 Free Me3Al can retard polymerization by blocking the active metal site, forming a 

dormant [L2M(-Me)2AlMe2]+
 complex. Addition of BHT leads to the selective formation of a 

(BHT)AlMe2 complex and prevents the Me3Al/catalyst interaction. Collins and coworkers investigated 

this scavenging pathway in detail.14 They described the formed (BHT)AlMe2 as a mixture of four 

different components: monomeric (BHT)AlMe2, symmetrically bridged [(-BHT)AlMe2]2, (BHT)2AlMe, 

and Me3Al. The respective ratios in which the components are observed is temperature dependent. At 

room temperature, the monomeric (BHT)AlMe2 is almost exclusively found whereas at – 75°C the 

bridged [(-BHT)AlMe2]2 and (BHT)2AlMe, and Me3Al become more dominant. Presumably the 

monomeric (BHT)2AlMe species is formed because bridging of both extremely bulky BHT ligands is 

unfavorable. This gives for an asymmetric dimer which can be split in Me3Al and (BHT)2AlMe, thus 

explaining the product distribution at – 75°C (Scheme 3.4).  
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Scheme 3.4 Rearrangement of (BHT)AlMe2 resulting in (BHT)2AlMe and Me3Al. 

They also reported a detailed investigation into the hydrolysis of (BHT)nAlMe3–n complexes.15 While 

studying the reactivity of (BHT)2AlMe towards water, they were surprised to find that the alcohol was 

the predominant product upon hydrolysis. This suggests that the Al-O bond in these complexes is more 

reactive than the Al-C bond which, considering the high acidity of phenols, is a rather unexpected 

result. Similar observations, however, have also been made by Barron et al. who obtained 

[(tBu)2Al(3,5-di-Me-C5H3N)]2(-O) upon hydrolysis of [(tBu)2Al(3,5-di-Me-C5H3N)]2(-OC6H4O).16 

Detailed and systematic investigations into the hydrolysis of (ROAlMe2)2 have not yet been done but 

could yield interesting insights into this process and give potentially useful alumoxanes.  

Similarly to alcohols, organic diols could be used to limit the reactivity of MAO and give for well-defined 

alumoxanes. Introduction of a second OH groups increases the reaction possibilities and a greater 

number of alumoxane structures can be produced. Different products can be obtained when varying 

the Al:diol ratios and the sterical bulk of the diol chosen (Figure 3.1).  

 

Figure 3.1 Selected structural alumoxane motifs based on varying Al:diol ratios and steric bulk of the 

diol. 

Over the years, several literature reports have described the synthesis and characterization of such 

complexes.17-21 However, thus far monomeric (RO2)AlMe complexes (1) are non-existent. Solvent 

stabilized adducts, or [(RO2)AlMeX]− (X = Me or Cl) ammonium salts, of the monomer can be obtained 
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and have been characterized.22-25 In the absence of a coordinating solvent, the neutral species 

immediately dimerizes to form a complex with a very stable central (Al-O)2 ring (2). Despite efforts to 

significantly increase the steric bulk of the diol, no stable, solvent-free monomeric (RO2)AlMe 

complexes have been reported. 

Ziemkowska et al. have used a variety of different diols and studied the effect of different Al:diol ratios 

on the resulting alumoxanes.26 When using moderately demanding diols such as 2,2’-di-

(hydroxymethyl) biphenyl, they could obtain a defined multi center Al complex with a Al:diol ratio of 

3:2.27 This species is structurally equivalent to 3 in Figure 3.1 and using a variety of diols several similar 

derivatives have since be isolated.28,29 Using different diols such as 1,2-dihydroxy benzene, an insoluble 

mixture of differently cross-linked alucones (4) can be obtained. Controlled hydrolysis of complexes 

with structural features of 3 led to a species containing two Al centers and two RO2 units (Scheme 

3.5).30  

 

Scheme 3.5 Hydrolysis of 3 to form 5 and a mixture of R3Al hydrolysis products as reported by 

Ziemkowska et al. (R = Me or Et).30 

It is unclear how this reaction proceeds exactly but it can be speculated that the central Al reacts with 

water which results in the release of CH4 and the formation of an Al-OH containing species. In the 

presence of THF, this can rearrange leading to the release of a Me2AlOH·THF adduct and formation of 

5 (Scheme 5). In turn, Me2AlOH·THF will immediately react further to form a variety of undefined 

alumoxane oligomers similar to MAO. Complex 5, however, could be isolated and was fully 

characterized; it possesses two Al centers in an “O2AlMe2” and “O4Al·THF” environment. Thus far, this 

is the only example concerning the controlled hydrolysis of a well-defined diol based alumoxane.  

Considering the wide variety of ROn (n = 1 or 2) based alkyl aluminum complexes that have been 

reported it is surprising that little hydrolysis chemistry has been attempted. By using readily available 

bulky 2,6-di-substituted phenol and bulky alkyl precursors, a series of well-defined (ROAlMe2)2 

complexes can be synthesized and systematically tested towards alcoholysis and hydrolysis. 
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Increasing the steric bulk in the ortho-position of biphenol-based diols can lead to the synthesis of 

monomeric, non-solvent stabilized, (RO2)AlMe complexes which would feature a highly Lewis acidic 

three-coordinate Al center. Furthermore, different diol modified alumoxanes can be synthesized, 

characterized, and tested towards hydrolysis while varying of the reaction conditions and Al:diol ratios 

used.  

In this chapter, a systematic investigation of the reactivity of bulky aryloxy based (ROAlMe2)2 

complexes towards alcohols and water is presented. In addition, attempts towards the isolation of 

monomeric (RO2)AlMe complexes and the synthesis, characterization, and hydrolysis of new 

diphenolate based alumoxanes will be described.  

3.2 Results and Discussion  

3.2.1 Alcohols  

Synthesis and characterization 

For rapid screening of a series of (ROAlMe2)2 complexes, we chose to do the initial alcoholysis with 

bulky substituted alcohols that are commercially available (Figure 3.2). The first three alcohols have a 

phenyl ring attached to the oxygen and contain bulky substituents in the 2- and 6-position (2,6-DPP 

and 2,6-DBP) or 2- and 4-positions (2,4-DBP) of the aryl ring whereas two other alcohols, AdO and 

TritylO, have no aromatic substituent bound to the oxygen. By choosing different steric and electronic 

environments around the oxygen, a systematic investigation into the reactivity of (ROAlMe2)2 

complexes containing bulky substituted alcohols can be performed.  

 

Figure 3.2 Sterically hindered alkyl and aryl based alcohols used in this study.  

(ROAlMe2)2 complexes were obtained by reaction of all previously mentioned alcohols with Me3Al. The 

three aromatic alcohols and AdOH reacted cleanly with Me3Al in benzene or toluene to yield the 

respective (ROAlMe2)2 dimers. Best results were obtained when a slight excess (1.3 eq.) of Me3Al was 

used to prevent the formation of (RO)2AlMe (vide supra). TritylOH, on the other hand, did not show 

significant reactivity with Me3Al in benzene. In order to obtain the desired (TritylOAlMe2)2 complex, 

diethyl ether was used as a solvent and the mixture needed to be heated at reflux for six hours to 
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ensure completion. All (ROAlMe2)2 complexes show only one set of signals in their 1H NMR spectra 

indicating symmetric OR bridged complexes as expected. The dimeric nature of these complexes was 

further confirmed by X-ray analysis of (2,6-DPPAlMe2)2 (Figure 3.3). 

 

Figure 3.3 X-ray structure of (2,6-DPPAlMe2)2 and selected bond lengths and angles.  

The molecule has no crystallographic symmetry. The central (Al-O)2 ring is almost planar with a 

torsion angle of 3.43(4)°. The average Al-O-Al and O-Al-O angles within the ring measure 102.41(6)° 

and 77.50(6)°, respectively. The Al-O distances vary from 1.875(1) to 1.893(1) Å and are in the same 

range as those reported for similar (Al-O)2 containing systems.4-7 Both the 2,6-Ph2-C6H3 rings make an 

angle of approximately 45° with the central (Al-O)2 core. On account of steric repulsion between Ph-

substituents both rings are oriented approximately 90° to each other. 

Alcoholysis  

In order to get an initial feel of the reactivity of these complexes towards OH containing compounds, 

such as H2O, we decided to study their reactivity with alcohols which likewise should give protonation 

of the Al-Me unit. In contrast to hydrolysis (reaction with H2O), alcoholysis significantly reduces the 

complexity. It contains only a single reactive site and its bulky organic rest prevents formation of larger 

aggregates. This increased reaction control allows for structural modeling of intermediates that might 

form upon hydrolysis of Me3Al and offers the possibility to study mono- and di-alcoholyzed derivatives 

of (ROAlMe2)2 (Scheme 3.6).  

 

Scheme 3.6 Step-wise alcoholysis of (ROAlMe2)2. 

Besides increased reaction control, electronic and steric properties can also be tuned when alcohols 

are used instead of H2O. As the main purpose of this investigation is the actual hydrolysis, we limited 
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our alcoholysis experiments to tBuOH. Due to the high electron density on the oxygen, the tBuO− ion 

is also a good bridging alcoholate which should favor the formation of well-defined complexes.  

All mono-alcoholysis reactions were carried out at 55°C in benzene. The dimers were first reacted with 

one equivalent of tBuOH in order to obtain the respective (ROAlMe)(-OtBu)(-RO)(AlMe2) derivative. 

Reaction of both (2,4-DBPAlMe2)2 and (2,6-DBPAlMe2)2 with one equivalent of tBuOH yielded a 

stoichiometric mixture of (ROAlMe)(-OtBu)2 and (ROAlMe2)2, whereas for the AdO derivative no 

complete conversion was observed. Heating of the (TritylOAlMe2)2 resulted in decomposition of the 

starting material and release of the Ph3C· radical which was observed as its quinoid dimer. Studies on 

this dimer were therefore discontinued and the material was excluded from all further studies 

involving heating.  

In contrast to all other tested complexes, (2,6-DPPAlMe2)2 reacted cleanly with one equivalent of 

tBuOH to form (2,6-DPPAlMe)(-OtBu)(-2,6-DPP)(AlMe2). After heating the reaction mixture for 24 

hours at 55°C the mono-alcoholate complex could be obtained in moderate yields (38%). The 1H NMR 

spectrum shows a sharp tBu signal at 0.66 ppm and three individual singlets for the Al-Me groups at − 

0.41, − 1.10 and – 1.90 ppm. A broad multiplet is observed in the aromatic region which indicates two 

different chemical environments for the 2,6-DPP ligands. Further evidence for this can be found in the 

13C NMR where there are two sets of signals for the aromatic carbons. All these observations are 

consistent with the formation of a dimer with tBuO and 2,6-DPP bridges as proposed in Scheme 3.6.  

Di-alcoholysis of (2,6-DPPAlMe2)2 was carried out in a similar manner using two equivalents of tBuOH. 

Heating the reaction mixture 24 hours at 55°C cleanly provided (2,6-DPPAlMe)(-OtBu)2 in good yields 

(70%). The 1H NMR of this complex shows a well-defined aromatic region and singlets at 0.42 and – 

0.31 ppm for the tBu and Me groups, respectively. This clearly indicates the formation of a (-OtBu)2 

bridged dimer. X-ray analysis of suitable single crystals confirms this structure (Figure 3.4). 
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Figure 3.4 X-ray structure of (2,6-DPPAlMe)2(-OtBu)2 and selected bond lengths and angles. 

The dimeric structure is centrosymmetric and has crystallographic Ci symmetry with both the Me and 

2,6-DPP groups located trans to each other. The central (Al-O)2 ring is flat and the Al-O-Al and O-Al-O 

angles within the ring measure 98.80(5)° and 81.20(5)°, respectively. The Al-O distances in the ring are 

almost identical with 1.838(1) Å and 1.829(1) Å and are longer than the terminal Al-O bond (1.729(1) 

Å). This indicates symmetric bridging of the OtBu units in the solid structure as observed in solution. 

Similarly, (2,6-DBPAlMe2)2 and (2,4-DBPAlMe2)2 were reacted with two equivalents of tBuOH to the di-

alcoholates in moderate yields (27% and 34%) after heating at 55°C for 6 hours. The 1H NMR spectra 

of these di-alcoholyzed products again clearly show the formation of a species similar to that shown in 

Figure 3.4. Both complexes show two Ar-tBu peaks (9H each), a bridging OtBu signal (9H), and a Al-Me 

singlet (3H) as expected for (-OtBu)2 bridged complexes. Thus far no suitable single crystals of (2,6-

DBPAlMe)2(-OtBu)2 could be obtained but X-ray analysis of (2,4-DBPAlMe)2(-OtBu)2 showed a 

structure similar to that of (2,6-DPPAlMe)2(-OtBu)2 in which the RO fragment is again bend away from 

the central (Al-O)2 plane (Figure 3.5).  

 

Figure 3.5 X-ray structure of (2,4-DBPAlMe)2(-OtBu)2 and selected bond lengths and angles. 
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The dimeric structure has crystallographic Ci axis with both the Me and 2,4-DBP groups trans to each 

other and is very similar to that of (2,6-DPPAlMe)2(-OtBu)2. The central (Al-O)2 ring in (2,4-

DBPAlMe)2(-OtBu)2 is flat and the Al-O-Al, O-Al-O angles and average Al-O distances are 99.22(9)°, 

80.78(9)° and 1.827(2) Å, respectively. This results in a deviation of tetrahedral Al coordination 

geometry. The RO-Al-OtBu bond angles are almost identical with 114.27(10)° and 114.73(13)°. This is 

in sharp contrast with the 2,6-DPP derivative in which those angles vary with 4.98(5)°.  

Di-alcoholysis of (AdOAlMe2)2 gave again only partial conversion, even after prolonged reaction times 

and forced conditions. Formation of the alcoholyzed product could be observed by the formation of 

small new signals at 1.20 (tBu) and – 0.32 (Al-Me) ppm in the 1H NMR spectrum. Despite numerous 

attempts, conversion was always less than 10%. This illustrates the reduced reactivity of less acidic 

alkyl alcohols compared to aryl alcohols. The aryl substituents stabilize the ArO by decocalization of 

negative charge and, when chosen correctly (i.e. 2,6-DPP), even allow for the observation and isolation 

of both the mono- and di-alcoholyzed product. This gives concrete evidence for the reaction pathway 

proposed in Scheme 6 and supports the idea that initial steps in MAO formation also consist of the 

replacement of the bridging Me groups for OH or O moieties.  

Hydrolysis 

The previously discussed alcoholysis experiments provide a good structural model for the initial 

reactions during the hydrolysis of Me3Al into MAO. When using H2O instead of ROH, the initial 

demethylation is expected to take place twice. Replacing two Me ligands for one O moiety results in a 

vacant site on one of the Al centers. This species will immediately aggregate or react further to 

eventually form a (ROAlO)n cluster. As previously described, the partial substitution of H2O for a bulky 

ROH, which results in the formation of a (ROAlMe2)2 species, may limit the reactivity of such 

unsaturated Al complexes towards further hydrolysis (Scheme 3.7). This could allow for the 

stabilization and characterization of this intermediate. 

 

Scheme 3.7 Step-wise hydrolysis of (ROAlMe2)2.  

Using the reaction conditions that gave a well-defined alcoholysis product, we set out to hydrolyze 

(ROAlMe2)2 complexes. Initially all experiments were carried out on NMR scale to allow for careful 

monitoring of the reaction. An equimolar amount of water (suspended in C6D6) was added to all 
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dimers. The observed reaction was highly exothermic and resulted in the formation of a 1:1 mixture of 

an (ROAlO)n alumoxane and the starting dimer for all aromatic systems. 

To decrease the reaction speed, an inorganic salt hydrate was used as a soft hydrolyzing agent. After 

testing multiple salts Li2SO4·H2O was chosen due to its availability, easy removal of the reaction mixture 

and low weight % of water content. To ensure that a reaction took place, the experimental conditions 

had to be adapted. Addition of Li2SO4·H2O at room temperature did not result in the formation of CH4 

or any changes in the 1H NMR spectrum of the dimers. Therefore all mixtures were heated at 75°C for 

up to 16 hours. The products show distinct differences with those obtained when H2O was used as the 

hydrolyzing agent.  

In the case of (2,6-DPPAlMe2)2 the obtained NMR spectra show a mixture of compounds. The singlet 

at – 0.90 ppm represents remaining starting material indicating incomplete conversion even after 16 

hours at 75°C. The remaining peaks show a variety of species which could not be identified and vary 

depending on the experiment. The only consistent signals are those observed at 0.46 and – 1.85 ppm. 

They are always present in a 1:6 ratio and therefore most likely belong to the same alumoxane species. 

This species could, however, not be isolated so its structure remains unknown. Upon addition of more 

Li2SO4·H2O (up to 2 eq.) formation of the ROH is observed in addition varying unidentified alumoxane 

species including, in varying ratios, the peaks at 0.46 and – 1.85 ppm in a 1:6 ratio. Further addition of 

Li2SO4·H2O yields only CH4, ROH and MAO-like species. This suggests that the complex with 1H NMR 

signals at 0.46 and – 1.85 ppm is an intermediate in the transformation of (2,6-DPPAlMe2)2 into MAO.  

All other (ROAlMe2)2 complexes were reacted with Li2SO4·H2O in a similar fashion. None of them 

showed any potential intermediate alumoxanes and only the respective ROH, CH4, and MAO were 

observed. The formation of the respective ROH indicates the high reactivity of the Al-O bond in 

(ROAlMe2)2 which is in accordance with the observations of Collins et al.14 The thus far unidentified but 

consistent signal at 0.46 and – 1.85 ppm observed during hydrolysis of (2,6-DPPAlMe2)2 do however 

indicate that the aromatic substituents can influence the reactivity and product distribution upon 

hydrolysis.  

In order to improve control over the hydrolysis reaction, we then carried out the experiments in THF. 

Upon hydrolysis of (2,6-DPPAlMe2)2 in THF, the in situ formation of the 2,6-DPPAlMe2·THF adduct was 

observed. In order to limit the possible hydrolysis pathways the THF adduct was then synthesized prior 

to hydrolysis. This adduct can be obtained in nearly quantitative yields upon dissolving the (ROAlMe2)2 

in THF. Upon hydrolysis of the monomeric THF adduct formation of a new product was observed. In 

addition to the unreacted starting material, ROH, MAO, and CH4, a new species with a 1H NMR signal 

at – 1.79 ppm was obtained. Under optimized reaction conditions (see experimental section) this 
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product could be isolated in almost quantitative yields (92% based on RO). X-ray characterization 

showed the formation of (2,6-DPP)2AlMe·THF (Figure 3.6). 

 

Figure 3.6 X-ray structure of (2,6-DPP)2AlMe·THF (only ipso-C of Ph substituents shown for clarity) and 

selected bond lengths and angles. 

The structure has no crystallographic symmetry and contains the Al center in an almost tetrahedral 

geometry. The bulky 2,6-DPP groups repel each other (O1-Al-O2 = 111.18(16)°), resulting into slightly 

smaller angles towards THF (O1-Al-O3 = 97.01(14) and O2-Al-O3 = 100.47(15). The Al-Me bond length 

is 1.939(5) Å, which is comparable to those found for (2,6-DPPAlMe2)2 (avg. 1.953(2) Å). The bond 

lengths between both 2,6-DPP O atoms and Al are almost identical with 1.732(3) and 1.740(3) Å, 

respectively. They are, however, much shorter than those observed in the dimer (2,6-DPPAlMe2)2 

(1.890(1) Å). This decrease in Al-O bond length is most likely due to the monomeric nature of the 

compound. Indeed, these values are in the same range as those found for the (BHT)2AlMe complex 

(avg. 1.690(2) Å).31  

As further hydrolysis of this species yields exclusively MAO and the alcohol, a general hydrolysis 

pathway of (2,6-DPPAlMe2)2 in THF can be proposed (Scheme 3.8). In the presence of THF, the initial 

(2,6-DPPAlMe2)2 complex is converted into its monomeric THF adduct (2,6-DPP)AlMe2·THF. This reacts 

with 1 equivalent of a soft water source, undergoes hydrolysis, and forms (2,6-DPP)2AlMe·THF and 

MAO. Subsequent hydrolysis leads to a selective formation of 2,6-DPPH and MAO. 

 

Scheme 3.8 Step-wise hydrolysis of (2,6-DPPAlMe2)2 in THF leading to 2,6-DPPH (OR = 2,6-DPP).  
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The formation of (2,6-DPP)2AlMe·THF upon hydrolysis of 2,6-DPPAlMe2·THF can take place through a 

variety of pathways. A reaction mechanism in which only (2,6-DPP)2AlMe·THF, CH4, and MAO are 

produced should be considered as almost all 2,6-DPP (up to 92%) is found as (2,6-DPP)2AlMe·THF. 

Based on these results, those obtained from the alcoholysis, and structural motifs previously reported 

for alumoxanes32-34 a potential pathway can be proposed (Scheme 3.9).  

 

Scheme 3.9 Potential formation pathway of (2,6-DPP)2AlMe·THF upon hydrolysis of 2,6-DPPAlMe2·THF 

(RO = 2,6-DPP). 

Initial hydrolysis of 2,6-DPPAlMe2·THF leads to the formation of 2,6-DPPAl(OH)Me·THF which can react 

with another equivalent of 2,6-DPPAlMe2·THF to form the asymmetrically bridged (2,6-DPPAlMe)(-

OR)(-O)(AlMe·THF). Upon condensation this can give the ladder-like [(2,6-DPP)2AlMe]2(MeAlO)2 

complex whose strained four membered rings can be split by THF resulting in a species with a center 

(MeAlO·THF)2 and two terminal (2,6-DPP)2AlMe units. This complex falls apart in two (2,6-

DPP)2AlMe·THF units and MAO. As none of the proposed intermediates could be observed, this 

remains a speculative formation pathway based solely on isolated species, reaction yields, and 

structural alumoxane motifs.  

Considering the bulk of the aryl substituent, the formation of a pre-equilibrium that is similar to that 

observed for BHT should also be taken into consideration (see Scheme 3.4).14 Ligand exchange could 



 

 

 Chapter 3 

66 

readily take place in solution, resulting in the formation of (2,6-DPP)2AlMe·THF and Me3Al·THF. The 

Me3Al rapidly reacts with the released water to form MAO, leaving (2,6-DPP)2AlMe·THF, MAO and CH4 

as the only species that could be isolated. Subsequent hydrolysis leads to the formation of ROH and a 

MAO-like species which cannot be identified. Similar observations have been made by Collins et al. for 

the (BHT)2AlMe·THF adduct.15 From their results, they concluded that the Al-O bond is more reactive 

then the Al-Me bond.  

In order to better understand the species in solution, a sample of only (2,6-DPP)2AlMe·THF was treated 

under the same conditions as used during hydrolysis. After several days of heating at 75°C, several 

colorless crystals were obtained. X-ray analysis of these showed the formation of (2,6-DPP)3Al·THF 

(Figure 3.7).  

 

Figure 3.7 X-ray structure of (2,6-DPP)3Al·THF (only part of Ph substituents shown for clarity) and 

selected bond lengths and angles. 

The molecule has no crystallographic symmetry. As in the previously reported structures, it contains 

Al in an almost tetrahedral geometry. The O-Al-O bond angles involving THF (avg. 104.11(7)°) are 

significantly smaller than those involving two RO fragments. This is due to the considerable bulk of the 

2,6-DPP ligand. 

Isolation of the aforementioned complex indicates that under the chosen reaction conditions, ligand 

exchange can readily take place. Therefore it seems likely that the formation of (2,6-DPP)2AlMe·THF 

obtained after hydrolysis also proceeds through an ligand transfer between Al centers. This is in line 

with the observations of Collins et al. (vide supra).14 

Complexes with 2,4-DBP, 2,6-DBP, and AdO were investigated in a similar manner. Unfortunately, the 

attempted synthesis of their monomeric THF adducts was unsuccessful. As the monomeric adduct is 
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nothing more than a Lewis-acid-base pair, its formation should predominantly be influenced by three 

factors: steric bulk of the RO group, electron richness of the RO fragment, and electron donating 

properties of the RO moiety. All chosen RO substituents are sterically demanding which should allow 

for a monomer/dimer equilibrium in solution. Increased electron richness makes the RO group a better 

bridging ligand which decreases the desired monomer formation. Similarly the better the electron 

donating properties of the RO moiety the less Lewis acidic the Al center becomes.  

These explanation could explain why the Lewis base adduct of only the 2,6-DPP substituted complex 

could be obtained. Its Lewis basicity is low due to the electron withdrawing characteristics of the 

phenyl rings (Scheme 3.10). This electron withdrawing effect also disfavors formation of the bridged 

dimeric complex giving for a complex with an easily available and highly Lewis acid Al center that 

readily forms Lewis adducts with THF. 

 

Scheme 3.10 Electronic properties of 2,6-DPPAlMe2 and reaction with THF to give its Lewis adduct.  

Unlike the 2,6-DPP complex, the other alcoholates are weaker Lewis acids. This is caused by the 

electron donating ability of the tBu substituents for the DBP systems, and a complete lack of aromatic 

environment for the AdO complex (Figure 3.8).  

 

 

Figure 3.8 Influence of the alcoholate substituents on the electronic properties of the RO groups and 

Lewis acidity of the Al atom.  

Despite the lack of THF adduct formation the hydrolysis in THF was still carried out. The presence of 

THF allows for stabilization of possible reaction intermediates and because of this can still be beneficial. 

Nevertheless the hydrolysis of these unsolvated dimers under identical conditions as those used for 
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the (2,6-DPPAlMe2)2 only gave CH4 and the respective ROH as observable products. These findings 

indicate that a monomeric Al complex is needed to give a selective ligand transfer.  

As the Lewis acidity of the Al center is the limiting factor in the formation of the monomeric Lewis 

adducts, a more basic solvent was tested. Treatment of 2,6-DPP, 2,6-DBP, and 2,4-DBP with pyridine 

cleanly gave the respective solvent adducts. Reaction of (AdOAlMe2)2, however, did not give the 

desired adduct, indicating that the Al center is not Lewis acidic enough. This is in-line with the 

previously discussed electronic effects of the substituent, which showed the AdO to be the strongest 

electron donator.  

The isolated pyridine adducts of 2,6-DPP, 2,6-DBP, and 2,4-DBP were tested in hydrolysis under similar 

reaction conditions as optimized for the 2,6-DPPAlMe2·THF. Hydrolysis of both the 2,6-DPP and 2,4-

DBP adducts cleanly gave the anticipated (RO)2AlMe·pyridine adducts. This shows that the formation 

of a monomeric solvent stabilized adduct is needed to obtain a well-defined complex. For the 2,6-DBP 

adduct, no ligand transfer was observed and only the 2,6-DBPH and starting adduct were obtained.  

3.2.2 Diols 

Synthesis and characterization 

In order to obtain monomeric, non-solvent stabilized alkyl aluminum aryloxides, we chose to work with 

a set of substituted diphenols (Figure 3.9). By using ligands that can potentially stabilize three 

coordinate Al through internal coordination (DIPH-H2) and have considerable steric bulk (TBBP-H2 and 

BPSB-H2), we aim to obtain monomeric complexes. 

 

Figure 3.9 Diphenols used in this study.  

DIPH-H2 was reacted with Me3Al in toluene and upon heating, gave the desired DIPHAlMe complex. 

The 1H NMR spectrum reveals a singlet for the Al-Me proton at – 0.78 ppm which is in agreement with 

a terminal methyl group. The CH2-C(Me)=CH2 side-arms of the DIPH ligand display two different signal 

sets, which could indicate alkene-coordination of one of the two substituents: two AB systems for the 
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benzylic protons (3.15/3.43 ppm with 3JHH = 15.9 Hz and 3.33/4.06 ppm with 3JHH = 14.3 Hz) and four 

singlets for the alkene protons (4.38, 7.73, 4.87 and 4.97 ppm) are observed. The crystal structure 

revealed by X-ray diffraction, however, shows another explanation for asymmetry in the DIPH ligand: 

a dimer is formed in which one of the ligand’s O atoms bridges the Al centers (Figure 3.10).  

 

Figure 3.10 X-ray structure of (DIPHAlMe)2 and selected bond lengths and angles (average values in 

squared brackets). 

The dimer has no crystallographic symmetry but is pseudo-centrosymmetric. The central (Al-O)2 ring is 

almost planar with a torsion angle of 4.11(6)° and the two methyl groups on the aluminum are oriented 

trans in respect to each other. The average Al-O-Al and O-Al-O angles within the ring measure 

100.26(6)° and 79.58(5)°, respectively. This results in deviation from a tetrahedral Al coordination 

geometry. The Al-O bonds within the ring vary from 1.838(1) to 1.854(1) Å and are equivalent to those 

in similar (Al-O)2 rings35–38 but also much longer than the terminal Al-O bonds (average: 1.724(1) Å). 

The average angle between the aryl planes in the DIPH ligands is 52.9(3)° and is similar to that in other 

aluminum complexes bearing a diphenolate or BINOL ligands.35-38 

As even internally coordinating alkene arms cannot prevent dimer formation, we thought to use the 

bulkier TBBP ligand in combination with tBu3Al. Increased steric bulk at both the aryl substituent and 

the Al center should increase the chances to obtain a monomeric complex. After reaction of tBu3Al 

with TBBP-H2 a species with one Al-tBu (1.10 ppm) and four ligand-tBu signals (1.63, 1.52, 1.48, and 

1.15 ppm) is obtained. This is indicative of a phenolate bridged dimeric complex instead of the desired 

monomeric TBBPAltBu species. X-ray analysis indeed showed the formation of dimeric (TBBPAltBu)2 

(Figure 3.11). 
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Figure 3.11 X-ray structure of (TBBPAltBu)2 (only ipso-C’s of tBu shown for clarity) and selected bond 

lengths and angles.  

The complex has a crystallographic Ci axis and is structurally similar to that of (DIPHAlMe)2 (Figure 3.11). 

The Al-O bonds in the central (Al-O)2 ring are almost identical in the two structures, indicating that the 

increase in steric bulk on both the diphenolate ligand and the alkyl ligand does not lead to a weaker 

interaction between the monomers.  

Despite the lack of monomer formation upon increasing steric bulk, we decided to further increase the 

steric bulk on the diphenolate. In order to increase ligand bulk the tBu substituents in the ortho-

position of the aryl rings were exchanged for SiPh3 groups. This can be achieved by ortho-lithiation of 

the commercially available 5,5'-di-tBu-2,2'-dimethoxybiphenyl using nBuLi and subsequent reaction 

with Ph3SiCl. Deprotection using BBr3 and acidic work up gave BPSB-H2 in decent yields (50%). The 

crystal structure of the ligand shows the enormous bulk of this system (Figure 3.12).  

 

Figure 3.12 X-ray structure of BPSB-H2. 
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The hydroxyl groups are enclosed in a cavity spanned by the Ph3Si substituents. This protective pocket 

may prevent dimerization of a BPSBAlMe complex. Reaction of BPSB-H2 with Me3Al in toluene at 60°C 

gave a species with a sharp Al-Me singlet at − 2.20 ppm. This signal is shifted up-field as compared to 

those reported for dimeric biphenolate Al-Me species. Due to the many different phenyl rings in the 

system, the aromatic region cannot be interpreted but the tBu signals are also found as two sharp 

singlets at 1.19 and 1.14 ppm. All these observations indicate the formation of a potential monomeric 

species. Slow crystallization from toluene, however, did not give the desired product (Figure 3.13). 

  

Figure 3.13 X-ray structure of (BPSB)(AlMe2)(AlMe)(BPSB’) (the tBu and Ph groups are only partially 

shown for clarity) and selected bond lengths and angles. 

The structure reveals an asymmetric complex containing two Al centers, two ligands and three Me 

groups. One of the Al centers contains two Me groups whereas the other one only contains one. 

Furthermore one ligand is still intact and its oxygen atoms bind to both Al centers in a similar fashion 

as observed for the DIPH and TBBP derivatives whereas the other ligand has rearranged. In the 

rearranged ligand, the SiPh3 group has migrated to one of the oxygen atoms. The central (Al-O)2 is 

almost planar with a torsion angle of 8.35(10)°. The Al-O distances in the (Al-O)2 ring vary from 1.846(2) 

to 1.879(2) Å and are similar to those of the DIPH and TBBP complexes. The Al-O-Al and O-Al-O average 

98.26(8)° and 81.14(9)°, respectively and are comparable to those seen for the other complexes.  

It is unclear how the ligand rearrangement takes place. Initially only one Me signal is observed in the 

1H NMR, indicating a symmetric species. This species could possibly rearrange into the one crystallized 

or both can be formed depending on the reaction conditions. To the best of our knowledge, however, 

such rearrangements havenot been described and therefore this idea is rather speculative and needs 

more investigations. During heating two different species could be formed depending on the exact 

conditions. It is known from the DIPH reaction that extensive heating is needed to release the second 

molecule of CH4 and to complete the reaction. Depending on the exact heating conditions, two 

pathways could be proposed (Scheme 3.11).  
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Scheme 3.11 Proposed formation of BPSBAlMe and (BPSB)(AlMe2)(AlMe)(BPSB’). 

The first deprotonation goes relatively fast and smooth. The second is much more difficult and occurs 

only when enough heat is applied in order to for the deprotonation to happen fast enough to form the 

monomeric BPSBAlMe complex. If, however, there is not enough heat, the mono-deprotonated 

complex forms the more stable dimer. One of the remaining OH groups can then be deprotonated 

which leads to the central (AlMe2)(AlMe) unit as observed. Although the high oxophilicity of Si certainly 

will be in favor of such a rearrangement it is unclear how it happens. Extreme steric bulk may induce 

the rearrangement process. Related literature suggests that such processes can occur through Si 

radical formation.39 As the focus of our research was the formation of monomeric RO2AlMe complexes, 

we have not yet further investigated the nature of this process. Instead we put our efforts towards the 

reactivity of non-substituted diols such as 2,2’-biphenol (BP-H2) with AlMe3 in the presence of a 

coordinating solvent. As discussed earlier, the reaction of non-substituted diols with Me3Al in non-

coordinating solvents may yield a variety of different complexes. No complexes of these diols with 

Me3Al in coordinating solvents such THF have been reported.   

Reaction BP-H2 with Me3Al in THF cleanly leads to the dimer (BPAlMe·THF)2. Using various BP-H2/Me3Al 

ration (1:1 to 1:4). It is noteworthy to state that this species is the only isolated species gave always 
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(BPAl·THF)2 as the only isolated species. The 1H NMR spectrum of the complex shows two distinct Al-

Me signals at – 0.85 and – 1.62 ppm at a roughly 1:1 ratio. This is unexpected as only one set of signals 

would be expected. Higher resolution NMR measurments also show two different aromatic regions 

indicating two different species. Variable temperature NMR studies lead to a slight change in the 

respective ratios (1:0.8 vs. 1:1) but no major changes were observed. It seems therefore possible that 

there is an equilibrium between the aTHF coordinated and a THF free complex in solution. Due to the 

poor stability of the compounds all NMR investigations had to be done in THF-d8 so this is hard obtain 

concrete evidence for this. When, however, a stronger Lewis base such as pyridine was used only one 

Al-Me signals was observed (vide infra). This supports the idea that in solution there is an equilibrium 

between the THF and THF free adduct.Upon crystallization only the dimeric THF adduct could be 

obtained (Figure 3.14).  

 

 

Figure 3.14 X-ray structure of (BPAlMe·THF)2 and selected bond lengths and angles. 

The dimer has a crystallographic Ci axis with the Me groups located trans to each other. The structure 

is similar to that of the DIPH and TBBP complexes. It also contains a central (Al-O)2 ring in which one O 

from each ligand is bridging whereas the other one forms a terminal Al-O bond. The main difference 

between the BP derivative and the DIPH and TBBP complexes is the additional coordination of THF 

giving for five-coordinate Al centers. As there is no steric bulk in the ortho-positions of the biphenol 

moiety, a dimeric structure with five-coordinate Al is formed. This gives for an asymmetric (Al-O)2 ring 

with short and long Al-O distances of 1.832(1) Å and 1.973(1) Å. Similar assymetric rings have been 

observed for other five-coordinate Al complexes and result most likely from the increased steric bulk 

around the Al center.40,41 As in most of the earlier structures, the (Al-O)2 ring is flat and has Al-O-Al and 

O-Al-O bond angles of 75.68(5)° and 104.32(5)°, respectively.  
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Attempted hydrolysis in a variety of non-coordinating solvents and THF only yielded unidentified 

products. Introduction of a stronger base such as pyridine should allow the cluster to be more rigid 

and stay intact in a range of solvents and reaction conditions. The pyridine complex can be readily 

obtained upon dissolving (BPAlMe·THF)2 in pyridine or by carrying out the reaction of BP-H2 with Me3Al 

in pyridine. In analogy to (BPAlMe·THF)2, it crystallizes as a dimer with bridging and terminal phenolate 

groups, and terminal Me and pyridine ligands. As mentioned previously, however, it only has on Al-Me 

signal (− 0.87 ppm) indicating stronger coordination of pyridine as compared to THF. 

In contrast to the THF adduct, the pyridine complex is relatively stable in a variety of non-coordinating 

solvents such as toluene and benzene. Upon hydrolysis of (BPAlMe·pyridine)2 in pyridine, a well-

defined species could be obtained. In the 1H NMR analysis of this species, no Al-Me signals were 

observed and only a variety of aromatic signals could be found. X-ray analysis revealed the formation 

of a ladder-like structure (Figure 3.15). To the best of our knowledge this is only the second ladder 

shaped alumoxane, and the first one obtained through direct hydrolysis.42 

 

Figure 3.15 a) Crystal structure of (BPAl·pyridine)4(-O)2 (BP ligand partially shown for clarity); b) 

ladder-like Al4O4 core. 

The structure includes a ladder formed by three adjacent (Al-O)2 rings and has Ci symmetry. It contains 

four Al centers, four BP ligands, two O2− moieties, and four pyridine ligands. The outside (Al-O)2 rings 

are twisted from the planar central ring with a torsion angle of 21.64(7)°. The Al-O bond lengths vary 

from 1.772(2) to 1.986(2) Å and are shown in Figure 3.16.  



 

 
75 

 Alkoxy- and Aryloxy-Modified Alumoxanes 

 

Figure 3.16 Schematic overview of the Al-O bond lengths (Å) in the Al-O ladder core of 

(BPAl·pyridine)4(-O)2. 

Upon analysis of the X-ray structure of (BPAlMe·THF)2 a formation pathway can be proposed. Initial 

hydrolysis results in the formation of a (BPAlMe·Pyridine)(BPAlOH·Pyridine) dimer in which the 

elongated Al-O bonds in the (Al-O)2 ring are broken. Subsequent condensation gives (BPAl·pyridine)4(-

O)2 (Scheme 3.12). 

 

Scheme 3.12 Formation of (BPAl·pyridine)4(-O)2 upon hydrolysis of (BPAlMe·pyridine)2 

The structure contains only five-coordinate Al centers and therefore assymetric (Al-O)2 rings are 

formed again. These bond lengths are in the same range as those found for the (BPAlMe·THF)2 

complex. The ladder like core of (BPAl·pyridine)4(-O)2 is structurally very similar to the previously 

reported [Mes*(Et)AlOAlEt2(Mes*AlO)]2 (Mes* = 2,4,6-tri-tBu-C6H2); selected bond lengths and angles 

are compared in Table 3.1.42
 It should be noted that the Al-O bond lengths in our system vary much 

more than those in the [Mes*(Et)AlOAlEt2(Mes*AlO)]2 ladder (0.126(2) Å vs. 0.043(1) Å) which is due 

to the coordination environments of the Al centers in both complexes. 
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Table 3.1 Comparison of selected bond angles and distances for (BPAl·pyridine)4(-O)2 and 

[Mes*(Et)AlOAlEt2(Mes*AlO)]2.42 

 

  

 

 

 

 

 

 

This structure was obtained by Wehmschulte and Power upon reaction of (Mes*AlO)4 with Et3Al. It 

consist of three connected (Al-O)2 rings which are capped by two Ar(Et)Al units featuring three 

coordinate Al centers (Figure 3.17).  

 

Figure 3.17 [Mes*(Et)AlOAlEt2(Mes*AlO)]2 structure as reported by Wehmschulte et al. (only part of 

tBu groups shown for clarity).42 

Although its core structure is similar, it is noteworthy to mention that the Mes* complex consists of 

only three- and four-coordinated Al centers whereas the BP structure contains only five-coordinated 

Al. Despite these differences both ladder cores are structurally comparable. Selected bond lengths and 

angles of both can be found in Table 3.1 and show only minor differences.  

Compound (BPAl·pyridine)4(-O)2 [Mes*(Et)AlOAlEt2(Mes*AlO)]2 

Bond length ( Å ) 

Central (Al-O)2  
1.774(2) 
1.900(2) 

1.812(1) 
1.855(1) 

Outer (Al-O)2  
1.772(2) 1.840(2) 

1.986(2) 
1.810(1) 1.849(1) 

1.900(1) 

Bond angles (°) 

Central O-Al-O  84.34(8) 82.92(3) 

Central Al-O-Al 95.66(8) 97.08(3) 

Outer O-Al-O 78.72(7) 
79.39(7) 

83.48(3) 
83.67(3) 

Outer Al-O-Al  94.24(8) 
99.54(8) 

94.93(3) 
97.83(3) 
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Further reaction of (BPAl·pyridine)4(-O)2 with Me3Al has thus far only produced the 

(BPAlMe·pyridine)2 complex and MAO. Fine tuning of the substituents on the biphenolate ligand and 

reaction conditions, however, could enable the synthesis and characterization of larger more complex 

alumoxanes. 

3.3 Conclusions and Outlook 

A variety of bulky aryl and alkyl substituted alcohols have been converted into their respective 

(ROAlMe2)2 complexes It was found that the alcohols in which R = aryl react much more readily than 

those containing alkyl groups. This is attributed to the electron withdrawing capabilities of the aryl ring 

which lead to a more Brønsted acidic alcohol that is easier deprotonated. These (ROAlMe2)2 complexes 

were reacted with tBuOH or H2O to mixed alkoxides: (RO)(OtBu)AlMe or (RO)OH)AlMe. It was found 

that ROAlMe2 complexes with R = Ph react faster that those with R = alkyl. The better charge-stabilizing 

properties of a phenyl substituent give rise to a more Lewis acidic Al Center.  

The aryl substituted complexes react with tBuOH in a two-step reaction, forming mono- and di-

alcoholyzed products with bridging tBuO units. Hydrolysis of the (ROAlMe2)2 complexes with H2O in 

benzene gives, almost selectively, the respective ROH even when salt hydrates are used to slow down 

the hydrolysis. The only exception was found to be the 2,6-DPP derivative, where besides undefined 

species a small amount of a unidentified side-product (consistent 1H NMR ratio of 1:6) was observed. 

Hydrolysis of (2,6-DPPAlMe2)2 in THF proceeds in a more controlled fashion. Initially the monomeric 

2,6-DPPAlMe2·THF adduct is formed and upon hydrolysis forms (2,6-DPP)2AlMe·THF and MAO. 

Subsequent hydrolysis gives 2,6-DPPH and MAO. Upon heating, (2,6-DPP)2AlMe·THF is then converted 

into (2,6-DPP)3Al·THF. No monomeric THF adducts were formed when using the 2,4-DBP, 2,6-DBP, and 

AdO derivatives and their hydrolysis in THF only yielded the respective alcohols.  

Introduction of pyridine as a stronger Lewis base led to the isolation of monomeric adducts of 2,6-DPP, 

2,4-DBP, and 2,6-DBP. Upon hydrolysis, the complexes (2,6-DPP)2AlMe·pyridine and (2,4-

DBP)2AlMe·pyridine could be isolated, showing that formation of a monomeric solvent adduct is crucial 

for the ligand exchange. No exchange, however, was observed for the 2,6-DBP derivative. This is 

attributed to the increased steric bulk as compared to the other two. This shields the O-Al bond to 

such an extent that the reaction is prevented from taking place.  

Due to the limited amount of intermediates that were observed, no concrete predictions towards the 

hydrolysis mechanism can be made. Based on the reported results, the possibility of a condensation 

step forming (2,6-DPP)2AlMe·solvent and Me3Al prior to hydrolysis should at least be considered for 

further interpretations. This might explain the observed higher reactivity of the Al-O bond as compared 

to the Al-C bond previously reported.  
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Despite introduction of coordinating substituents and very bulky groups in the ortho positions of 

biphenolate systems, no monomeric RO2AlMe complexes could be obtained. DIPH and TBBP both form 

symmetric dimers whereas the reaction of BPSB-H2 with Me3Al leads to the rearranged 

(BPSB)(AlMe2)(AlMe)(BPSB’). It remains, however, possible that the BPSBAlMe complex can form when 

the right reaction conditions are used. 

By using the non-substituted 2,2’-biphenol and reacting it with Me3Al in the presence of a coordinating 

solvent, an asymmetric dimer, containing two five-coordinate Al centers, was obtained. This unique 

structure allows for relatively easy splitting of the elongated Al-O bond in the (Al-O)2 core. The THF 

complex is highly reactive and decomposes easily rendering it useless towards further reactivity. 

Introduction of a stronger Lewis base such as pyridine leads to a much more stable derivative that can 

be studied towards hydrolysis. Reaction of this complex with H2O led to the isolation of a ladder-like 

alumoxane containing four Al centers, four BP ligands, and two O2− units. This structural feature is very 

rare and has thus far only been observed for biphenolate ligands. Reaction of this alumoxane with 

Me3Al only gives the dimer (BPAlMe·pyridine)2. Improved reaction conditions and slightly modified 

biphenolates might, however, give access to more complex alumoxanes and are part of the ongoing 

investigations.  

Overall the work in this chapter has shown that the introduction of ROH and R’(OH)2 modified 

aluminum alkyl complexes can lead to synthesis and isolation of well-defined alumoxane structures. 

Depending on the chosen substituents, structural features proposed for MAO and intermediates 

during its formation can be observed.  

3.4 Experimental Section 

General considerations 

All experiments were performed under a nitrogen atmosphere by using standard Schlenk line and 

glove box techniques. The solvents were dried on alumina columns and were degassed by bubbling 

nitrogen through the solvent reservoir. Common precursors, bulky alcohols and Me3Al (97%) were 

purchased in reagent grade from commercial suppliers (ABCR, Acros Organics, Alfa Aesar, and Sigma 

Aldrich) and used, unless noted otherwise, without further purification. TBBP-H2
43 and DIPH-H2

44 were 

prepared according to their reported procedures. 1H and 13C NMR were recorded on Bruker Avance 

300, 400, and 600 MHz spectrometers (specified at individual experiments). Crystal structure 

determinations were carried out on a Bruker Nonius Kappa CCD (Mo) or Agilent Supernova 

diffractometer (Cu). Single crystals were coated with perfluoro-polyether and immediately mounted 

in the cold nitrogen stream of the diffractometer. Elemental analysis was carried out using a 

Eurovector EA 3000 analyzer.  
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Syntheses of alkoxy-/aryloxy-AlMe2 complexes 

Synthesis of (2,6-DPPAlMe2)2 

2,6-Di-C6H5-phenol (1.00g, 4.06 mmol) was dissolved in in toluene (20 mL) and Me3Al (2.2 mL, 2M in 

hexanes, 4.40 mmol) was slowly added at room temperature. The resulting suspension was stirred for 

3 hours until no more gas evolution was observed. Removal of all volatiles under reduced pressure 

gave (2,6-DPPAlMe2)2 as a colorless solid ( 1.22 g, 4.03 mmol, 99%).  

1H NMR (300 MHz, C6D6): δ = 7.44 (d, 3JHH = 7.5 Hz, 4H, o-Ar), 7.32 (t, 3JHH = 7.5 Hz, 4H, m-Ar), 7.22 (d, 

3JHH = 7.4 Hz, 1H, m-Ar), 6.88 (d, 3JHH = 7.5 Hz, 2H, p-Ar), 6.70 (t, 3JHH = 7.4 Hz, 1H, p-Ar), − 1.27 (s, 6H, 

Al-Me) ppm. 

13C NMR (75 MHz, C6D6): δ = 148.4 (Ar), 147.7 (Ar), 141.2 (Ar), 129.8 (Ar), 129.0 (Ar), 126.3 (Ar), 126.1 

(Ar), 124.6 (Ar), − 6.2 (Al-Me) ppm.  

C40H38Al2O2 (604.70): calcd. C 79.45, H 6.33; found C 79.24, H 6.20. 

Synthesis of (2,6-DBPAlMe2)2 

2,6-Di-tBu-phenol (2.00 g, 9.69 mmol) was dissolved in benzene (20 mL) and Me3Al (1.20 mL, 12.50 

mmol) was slowly added at room temperature. The resulting solution was stirred for 3 hours until no 

more gas evolution was observed. Removal of all volatiles under reduced pressure and subsequent 

washing with pentane (3 x 5 mL) gave (2,6-DBPAlMe2)2 as a colorless solid (1.88 g, 3.59 mmol, 74%). 

1H NMR (300 MHz, C6D6): δ = 7.28-7.22 (m, 4H, m-Ar), 6.89-6.83 (m, 2H, p-Ar), 1.44 (s, 36H, C(CH3)3), − 

0.37 (s, 12H, Al-Me) ppm. 

13C NMR (75 MHz, C6D6): δ = 154.9 (Ar), 138.5 (Ar), 125.3 (Ar), 119.4 (Ar), 34.7 (C(CH3)3), 31.9 (C(CH3)3), 

− 8.9 (Al-Me) ppm. 

C32H54Al2O2 (524.74): calcd. C 73.25, H 10.37; found C 73.76, H 10.47. 

Synthesis of (2,4-DBPAlMe2)2 

2,4-Di-tBu-phenol (2.00 g, 9.69 mmol) was dissolved in benzene (20 mL) and Me3Al ( 1.20 mL, 12.50 

mmol) was slowly added at room temperature. The resulting solution was stirred for 3 hours until no 

more gas evolution was observed. Removal of all volatiles under reduced pressure and recrystallization 

from benzene gave (2,4-DBPAlMe2)2 as a colorless solid (2.15 g, 4.18 mmol, 87%). 

1H NMR (300 MHz, C6D6): δ = 7.57 (d, 5JHH = 2.5 Hz, 2H, m-Ar), 7.35 (d, 3JHH = 8.5 Hz, 2H, o-Ar), 7.07 (dd, 

3JHH = 8.5 Hz, 5JHH = 2.5 Hz, 2H, m-Ar), 1.58 (s, 18H, C(CH3)3), 1.22(s, 18H, C(CH3)3), − 0.22 (s, 12H, Al-Me) 

ppm. 

13C NMR (75 MHz, C6D6): δ = 147. 9 (Ar), 147.2 (Ar), 140.7 (Ar), 125.8 (Ar), 125.6 (Ar), 124.1 (Ar), 35.5 

(C(CH3)3), 31.5 (C(CH3)3), − 6.7 (Al-Me) ppm.  

C32H54Al2O2 (524.74): calcd. C 73.25, H 10.37; found C 73.25, H 10.48. 
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Synthesis of (AdOAlMe2)2 

1-Adamantol (1.00 g, 6.57 mmol) was suspended in toluene (20 mL) and Me3Al (3.6 mL (2M in 

hexanes), 7.20 mmol) was slowly added at room temperature. The resulting suspension was stirred for 

3 hours until no more gas evolution was observed. Removal of all volatiles under reduced pressure and 

subsequent recrystallization from benzene gave (AdOAlMe2)2 as a colorless solid (1.05 g, 5.02 mmol, 

76%).  

1H NMR (300 MHz, C6D6): δ = 1.92 (s, 12H, CH2), 1.82 (s, 6H, CH), 1.34 (s, 12H, CH2), − 0.26 (s, 12H, Al-

Me) ppm.  

13C NMR (75 MHz, C6D6): δ = 74.2 (C), 45.8 (CH2), 36.8 (CH2), 31.1 (CH), − 5.1 (Al-Me) ppm.  

C24H42Al2O2 (416.56): calcd. C 69.20, H 10.16; found C 69.27, H 10.23.  

Synthesis of (TritylOAlMe2)2  

Ph3COH (650 mg, 2.50 mmol) was dissolved in diethylether (20 mL) and Me3Al (280 mg, 3.88 mmol) 

was slowly added at room temperature. The reaction mixture was stirred and heated to reflux for 6 

hours. Upon cooling all volatiles were removed under reduced pressure giving a yellow oil. The oil was 

washed with pentane (5 x 5 mL) to give (tritylOAlMe2)2 as a colorless powder (669 mg, 2.10 mmol, 

84%).   

1H NMR (300 MHz, C6D6): δ = 7.63 (d, 3JHH = 7.5 Hz, 12H, m-Ar), 7.19 (d, 3JHH = 7.5 Hz, 6H, p-Ar), 7.09 

(dd, 3JHH = 7.5 Hz, 4JHH = 5.4 Hz, 12H, o-Ar), − 0.77 (s, 12H, Al-Me) ppm.  

13C NMR (75 MHz, C6D6): δ = 144.4 (Ar), 130.7 (Ar), 128.1 (Ar), 128.0 (Ar), 89.6 (CPh3), − 3.7 (Al-Me) 

ppm.  

Alcoholysis of (ROAlMe2)2  

Synthesis of (2,6-DPPAlMe)(-OtBu)(2,6-DPPAlMe2) 

(2,6-DPPAlMe2)2 (500 mg, 827 mol) was suspended in benzene (10 mL) and tBuOH (1.70 mL (0.5 M in 

benzene), 850 mol) was slowly added at room temperature. The reaction mixture was heated at 55°C 

for 24 hours. Upon cooling all volatiles were removed under reduced pressure giving a slight brown 

solid. This solid was washed with pentane (2 x 5 mL) to give (2,6-DPPAlMe)(-OtBu)(2,6-DPPAlMe2) as 

a colorless solid ( 208 mg, 314 mol, 38%).  

1H NMR (300 MHz, C6D6): δ = 8.07-6.86 (br m, 26H, Ar), 0.66 (s, 9H, C(CH3)3), − 0.41 (s, 3H, Al-Me), − 

1.10 (s, 3H, Al-Me), − 1.90 (s, 3H, Al-Me) ppm.  

13C NMR (75 MHz, C6D6): δ = 152.4 (Ar), 146.7 (Ar), 141.5 (Ar), 139.4 (Ar), 135.3 (Ar), 133.4 (Ar), 131.4 

(Ar), 131.0 (Ar), 130.3 (Ar), 130.2 (Ar), 130.1 (Ar), 128.5 (Ar), 128.3 (Ar), 126.5 (Ar), 124.5 (Ar), 120.3 

(Ar), 120.3 (Ar), 75.9 (C(CH3)3), 30.5 (C(CH3)3), 1.4 (Al-Me) ppm.  

C43H44Al2O3 (662,77): calcd. C 77.92, H 6.69; found C 77.24, H 6.40.  



 

 
81 

 Alkoxy- and Aryloxy-Modified Alumoxanes 

Synthesis of (2,6-DPPAlMe)2(-OtBu)2 

(2,6-DPPAlMe2)2 (500 mg, 827 mol) was suspended in benzene (10 mL) and tBuOH (4.10 mL (0.5M in 

benzene), 2.05 mmol) was added slowly at room temperature. The reaction mixture was heated at 

55°C for 24 hours. Upon cooling all volatiles were removed under reduced pressure and the solid was 

washed with pentane (2 x 5 mL) to give (2,6-DPPAlMe)2(-OtBu)2 as a colorless powder ( 422 mg, 585 

mol, 71%).  

1H NMR (300 MHz, C6D6): δ = 7.54-7.48 (m, 8H, o-Ar), 7.23-7.14 (m, 12H, m-Ar), 7.07 (t, 3JHH = 7.5 Hz, 

4H, p-Ar), 6.90 (t, 3JHH = 7.5 Hz, 4H, p-Ar), 0.42 (s, 18H, C(CH3)3), − 0.31 (s, 6H, Al-Me) ppm.  

13C NMR (75 MHz, C6D6): δ = 151.4 (Ar), 142.2 (Ar), 133.8 (Ar), 132.6 (Ar), 130.8 (Ar), 129.3 (Ar), 127.1 

(Ar), 120.2 (Ar) 78.0 (C(CH3)3), 30.0 (C(CH3)3), − 4.9 (Al-Me) ppm.  

C46H50Al2O4 (720,85): calcd. C 76.64, H 6.99; found C 77.77, H 6.71.  

Synthesis of (2,6-DBPAlMe)2(-OtBu)2 

(2,6-DBPAlMe2)2 (193 mg, 368 mol) was dissolved in hexanes (5 mL) and tBuOH (0.071 mL, 756 mol) 

was added slowly at room temperature. The reaction mixture was heated at 55°C for 6 hours. Upon 

cooling all volatiles were removed under reduced pressure to give a colorless solid (65 mg, 101 mol, 

27%).  

1H NMR (400 MHz, C6D6): δ = 7.32 (t, 3JHH = 7.9 Hz, 4H, Ar), 6.87 (t, 3JHH = 7.9 Hz, 2H, Ar), 1.61 (s, 18H, 

C(CH3)3), 1.58 (s, 18H, C(CH3)3), 1.25 (s, 18H, C(CH3)3), 0.02 (s, 6H, Al-Me) ppm. 

13C NMR (151 MHz, C6D6): δ = 156.2 (Ar), 138.9 (Ar), 138.6 (Ar), 125.6 (Ar), 125.1 (Ar), 118.4 (Ar), 77.6 

(C(CH3)3), 35.6 (C(CH3)3), 35.3 (C(CH3)3), 32.83 (C(CH3)3), 31.79 (C(CH3)3), 30.84 (C(CH3)3), 1.0 (Al-Me) 

ppm. 

C38H66Al2O4 (640.91): calcd. C 71.21, H 10.38; found C 69.97, H 9.30. 

Synthesis of (2,4-DBPAlMe)2(μ-OtBu)2 

(2,4-DPBAlMe2)2 (180 mg, 343 mol) was dissolved in hexanes (5 mL) and tBuOH (0.066 mL, 703 mol) 

was added slowly at room temperature. The reaction mixture was heated at 55°C for 6 hours. Upon 

cooling all volatiles were removed under reduced pressure to give (a colorless solid (74 mg, 115 mol, 

34%).  

1H NMR (300 MHz, C6D6): δ = 7.59 (d, 4JHH = 2.5 Hz, 2H, Ar), 7.30 (dd, 3JHH = 8.3 Hz, 4JHH = 2.5 Hz, 2H, Ar), 

7.02 (d, 3JHH = 8.3 Hz, 2H, Ar), 1.67 (s, 18H, C(CH3)3), 1.34 (s, 18H, C(CH3)3), 1.17 (s, 18H, C(CH3)3), 0.02 

(s, 6H, Al-Me) ppm. 

13C NMR (75 MHz, C6D6): δ = 154.7 (Ar), 141.2 (Ar), 138.0 (Ar), 124.1 (Ar), 123.6 (Ar), 120.1 (Ar), 77.31 

(C(CH3)3), 35.3 (C(CH3)3), 34.4 (C(CH3)3), 32.0 (C(CH3)3), 31.2 (C(CH3)3), 30.2 (C(CH3)3) ppm (Al-Me not 

observed). 
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C38H66Al2O4 (640.91): calcd. C 71.21, H 10.38; found C 72.09, H 10.48. 

Mono-alcoholysis of (2,6-DBPAlMe2)2 and (2,4-DBPAlMe2)2 gave a 1:1 mixture of the starting 

compounds and the di-alcoholyzed products whereas attempted mono- and di-alcoholysis of both 

(AdOAlMe2)2 and (TritylOAlMe2)2 yielded in both cases only the respective starting materials.  

Hydrolysis in benzene 

Different batches of Li2SO4·H2O have been used during the experiments described below. Depending 

on the batch the amount of H2O in the Li salt varies. To overcome this and accurately determine the 

amount of Li salt needed for complete hydrolysis we have carried out extensive screening experiments. 

Depending on the Li2SO4·H2O used this was found to be between 1.0 and 1.3 equivalents and the exact 

amount used in hydrolysis can therefore vary in the reported procedures. This could cause 

reproducibility problems so care should be taken in determining the ideal ratio of a specific Li2SO4·H2O 

batch before scaling up and expending on these and subsequently described hydrolysis experiments.  

Hydrolysis of (2,6-DPPAlMe2)2  

Li2SO4·H2O (56.0 mg, 438 mol) was added to a solution of (2,6-DPPAlMe2)2 (200 mg, 331 mol) in 

benzene (10 mL). The reaction mixture was heated at 75°C for 16 hours. Li2SO4 was removed by 

filtration upon cooling to room temperature. All volatiles were removed under reduced pressure and 

the solid was washed with pentane (3 x 3 mL). The obtained colorless solid consists mainly of 2,6-di-

C6H5-phenol and some unidentified 2,6-DPP containing compounds. These species vary and only two 

peaks (0.46 (s, 1H) and − 1.85 (s, 6H)) could be consistently reproduced.  

The attempted hydrolysis of (2,6-DBPAlMe2)2, (2,4-DBPAlMe2)2, (AdOAlMe2)2, and (TritylOAlMe2)2 

under similar conditions gave only the respective alcohols. 

Synthesis of ROAlMe2·solvent adducts  

Synthesis of 2,6-DPPAlMe2·THF 

(2,6-DPPAlMe2)2 (200mg, 331 mol) was dissolved in THF (5 mL) and stirred for 30 minutes. All volatiles 

were removed under reduced pressure to give 2,6-DPPAlMe2·THF as a colorless solid (245 mg, 660 

mol, 99%). 

1H NMR (300 MHz, C6D6): δ = 7.79 (d, 3JHH = 7.5 Hz, 4H, o-Ar), 7.36 (d, 3JHH = 7.5 Hz, 2H, m-Ar), 7.28 (d, 

3JHH = 7.5 Hz, 4H, m-Ar), 7.14 (t, 3JHH = 7.5 Hz, 2H, p-Ar), 6.96 (t, 3JHH = 7.5 Hz, 1H, p-Ar), 3.07 (t, 3JHH = 

7.5 Hz, 4H, THF), 0.91 (t, 3JHH = 7.5 Hz, 4H, THF), − 0.90 (s, 6H, Al-Me) ppm.  

13C NMR (75 MHz, C6D6): δ = 155.1 (Ar), 142.1 (Ar), 141.5 (Ar), 133.1 (Ar), 130.5 (Ar), 130.2 (Ar), 128.3 

(Ar), 126.4 (Ar), 118.7 (Ar), 70.8 (THF), 24.6 (THF), − 10.9 (Al-Me) ppm.  

C24H27AlO2 (374.45): calcd. C 76.98, H 7.27; found C 76.77, H 7.02. 
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Reaction of the remaining (ROAlMe2)2 complexes with THF gave only the starting material and no 

solvent stabilized monomeric complexes.  

Synthesis of 2,6-DPPAlMe2·pyridine 

(2,6-DPPAlMe2)2 (200 mg, 331 mol) was dissolved in pyridine (5 mL) and stirred for 30 minutes. All 

volatiles were removed under reduced pressure and the remaining solid was washed with pentane (3 

x 5 mL) to give 2,6-DPPAlMe2·pyridine as a colorless solid (250 mg, 660 mol, 99%). 

1H NMR (300 MHz, C6D6): δ = 8.22-8.17 (m, 4H, o-Ar), 8.01-7.98 (m, 2H,o-Py), 7.85 (d, 3JHH = 7.5 Hz, 2H, 

m-Ar), 7.65 (t, 3JHH = 7.5 Hz, 4H, m-Ar), 7.55-7.50 (m, 2H, p-Ar), 7.44 (t, 3JHH = 7.5 Hz, 1H, p-Ar), 7.19-

7.14 (m, 1H, p-Py), 6.77-6.65 (m, 2H, m-Py), − 0.21 (s, 6H, Al-Me) ppm.  

13C NMR (75 MHz, C6D6): δ = 155.5 (Ar), 153.8 (Ar), 146.8 (Ar), 142.2 (Ar), 138.9 (Ar), 133.5 (Ar), 128.2 

(Ar), 126.4 (Ar), 124.5 (Ar), 118.6 (Ar), − 9.8 (Al-Me) ppm.  

Synthesis of 2,6-DBPAlMe2·pyridine 

(2,6-DBPAlMe2)2 (200 mg, 381 mol) was dissolved in pyridine (5 mL) and stirred for 30 minutes. All 

volatiles were removed under reduced pressure and the remaining solid was washed with pentane (3 

x 5 mL) to give 2,6-DPPAlMe2·pyridine as a colorless solid (258 mg, 759 mol, 99%). 

1H NMR (300 MHz, C6D6): δ = 8.20-8.17 (m, 2H, o-Py), 7.45 (d, 3JHH = 7.5 Hz, 2H, m-Ar), 6.95 (t, 3JHH = 7.5 

Hz, 1H, p-Ar), 6.68-6.62 (m, 1H, p-Py), 6.29-6.24 (m, 2H, m-Py), 1.52 (s, C(CH3)3), − 0.07 (s, 6H, Al-Me) 

ppm. 

13C NMR (75 MHz, C6D6): δ = 157.9 (Ar), 147.5 (o-Py), 140.0 (Ar), 139.0 (Ar), 125.6 (Ar), 124.8 (Ar), 117.9 

(Ar), 35.0 (C(CH3)3), 31.2 (C(CH3)3), − 5.3 (Al-Me) ppm.  

Synthesis of 2,4-DBPAlMe2·pyridine 

(2,4-DBPAlMe2)2 (200 mg, 381 mol) was dissolved in pyridine (5 mL) and stirred for 30 minutes. All 

volatiles were removed under reduced pressure and the remaining solid was washed with pentane (3 

x 5 mL) to give 2,4-DPPAlMe2·pyridine as a colorless oil (258 mg, 759 mol, 99%). 

1H NMR (300 MHz, C6D6): δ = 8.21-8.19 (m, 2H, o-Py), 7.61-7.58 (m, 1H, m-Ar), 7.13-7.07 (m, 2H, m-Ar), 

6.87-6.84 (m, 1H, o-Ar), 6.68-6.62 (m, 1H, p-Py), 6.29-6.25 (m, 2H, m-Py), 1.71 (s, 9H, C(CH3)3), 1.38 (s, 

9H, C(CH3)3), − 0.15 (s, 6H, Al-Me) ppm.  

13C NMR (75 MHz, C6D6): δ = 157.3 (Ar), 146.8 (Py), 140.1 (Ar), 139.6 (Ar), 137.9 (Ar), 125.2 (Ar), 123.8 

(Ar), 123.7 (Ar), 119.4 (Ar), 35.4 (C(CH3)3), 34.3 (C(CH3)3), 32.1 (C(CH3)3), 30.2 (C(CH3)3), − 9.0 (Al-Me) 

ppm.  
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Hydrolysis of ROAlMe2·S (S = THF or pyridine) adducts 

Hydrolysis of (2,6-DPP)AlMe2·THF   

Li2SO4·H2O (56.0 mg, 438 mol) was added to a solution of 2,6-DPPAlMe2·THF (250 mg, 668 mol) in 

THF (7 mL). The reaction mixture was heated at 75°C for 16 hours. Li2SO4 was removed by filtration 

upon cooling to room temperature. All volatiles were removed under reduced pressure and the solid 

was washed with pentane (3 x 3 mL). The crude product was crystallized from benzene to give (2,6-

DPP)2AlMe·THF as colorless crystals ( 186 mg, 307 mol, 92%). (note: the same results are obtained 

when benzene is used a solvent) 

1H NMR (300 MHz, C6D6): δ = 7.55 (dt, 3JHH = 7.5 Hz, 5JHH = 1.5 Hz, 8H, o-Ar), 7.28 (d, 3JHH = 7.5 Hz, 4H, 

m-Ar), 7.19 (pseudo-t (dd), 3JHH = 7.5 Hz, 5JHH = 1.5 Hz, 8H, m-Ar), 7.10 (dd, 3JHH = 7.5 Hz, 5JHH = 1.5 Hz, 

4H, p-Ar), 6.90 (t, 3JHH = 7.5 Hz, 2H, p-Ar), 2.73 (s, 4H, THF), 0.63 (s, 4H, THF), − 1.79 (Al-Me) ppm.  

13C NMR (75 MHz, C6D6): δ = 153.5 (Ar), 141.6 (Ar), 133.2 (Ar), 130.6 (Ar), 130.3 (Ar), 128.2 (Ar), 119.2 

(Ar), 70.4 (THF), 24.3 (THF), − 8.0 (Al-Me) ppm.  

The hydrolysis of the other (ROAlMe2)2 complexes in THF was also carried out in THF but gave only 

their respective alcohols upon reaction with H2O.  

Synthesis of (2,6-DPP)3Al·THF  

(2,6-DPP)2AlMe·THF (50 mg, 83 mol) was dissolved in 0.6 mL of THF and heated at 75°C. After several 

days of heating insoluble crystals of (2,6-DPP)3Al·THF were obtained (21 mg, 25 mol, 45%).  

No NMR data could be obtained due to the extremely poor solubility of (2,6-DPP)3Al·THF 

C58H47AlO4 (834.33): calcd. C 83.43, H 5.67; found C 83.46, H 5.65. 

Hydrolysis of (2,6-DPP)AlMe2·pyridine  

Li2SO4·H2O (9.00 mg, 70.3 mol) was added to a solution of 2,6-DPPAlMe2·pyridine (25.0 mg, 65.5 

mol) in benzene-d6 (0.6 mL). The reaction mixture was heated at 75°C for 16 hours. The only product 

observed in the NMR spectrum was (2,6-DPP)2AlMe·pyridine. 

1H NMR (300 MHz, C6D6): δ = 8.52–7.73 (br, 2H, o-Py), 7.51 (d, 3JHH = 6.8 Hz, 4H, o-Ar), 7.16 (d, 3JHH = 7.5 

Hz, 2H, m-Ar), 7.13–7.02 (m, 6H, Ar), 6.88 (t, 3JHH = 7.5 Hz, 1H, p-Ar), 6.81 –6.64 (br, 1H, p-Py), 6.49–

6.20 (br, 2H, m-Py), – 1.44 (s, 3H, Al-Me) ppm.  

13C NMR (75 MHz, C6D6): δ = 154.3 (Ar), 142.0 (Ar), 133.8 (Ar), 131.0 (Ar), 130.9 (Ar), 130.8 (Ar), 128.8 

(Ar), 128.6 (Ar), 126.8 (Ar), 124.4 (Ar), 119.6 (Ar), – 3.8 (Al-Me).  
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Hydrolysis of (2,4-DBP)AlMe2·pyridine   

Li2SO4·H2O (10.00 mg, 78.1 mol) was added to a solution of 2,4-DBPAlMe2·pyridine (25.0 mg, 73.2 

mol) in benzene-d6 (0.6 mL). The reaction mixture was heated at 75°C for 16 hours. The only product 

observed in the NMR spectrum was (2,4-DBP)2AlMe·pyridine.   

1H NMR (300 MHz, C6D6): δ = 8.59–8.41 (br, 2H, o-Py), 7.57 (dd, 3JHH = 8.3 Hz, 5JHH = 2.4 Hz, 1H m-Ar), 

7.44 (d, 3JHH = 8.3 Hz, 1H, o-Ar), 7.20 (d, 3JHH = 2.4 Hz, 1H, m-Ar), 6.82–6.77 (m, 1H, p-Py), 6.48–6.44 (m, 

2H, m-Py), 1.71 (s, 9H, C(CH3)3), 1.29 (s, 9H, C(CH3)3), – 0.03 (s, 3H, Al-Me) ppm. 

13C-NMR (75 MHz, C6D6): δ = 156.8 (Ar), 149.4 (Ar), 140.6 (Ar) 137.9 (Ar), 124.7 (Ar), 120.5 (Ar), 35.9 

(C(CH3)3), 34.8 (C(CH3)3), 32.5 (C(CH3)3), 31.0 (C(CH3)3), – 3.8 (Al-Me) ppm.      

The hydrolysis of 2,6-DBPAlMe2·pyridine was also carried out but yielded a 1:1 mixture between 2,6-

DBP alcohol and starting material. 

Synthesis of diol based Al-alkyl complexes  

Synthesis of (DIPHAlMe)2 

DIPH-H2 (345 mg, 1.17 mmol) was dissolved in toluene (5 mL) and cooled to – 30°C. Me3Al (120 L, 

1.25 mmol) was added drop wise and stirred for 5 minutes. The mixture was allowed to warm to room 

temperature and stirred for 2 hours after which it was heated to 70°C overnight. Upon cooling the 

solution was reduced to 1 mL and hexanes (5 mL) were added. The suspension was heated until all 

solids had dissolved. The solution was cooled and stored at 5°C upon which colorless crystals were 

formed. The crystals were isolated by filtration, washed with hexanes (2 x 3 mL) and dried under 

reduced pressure to give (DIPHAlMe)2 as a colorless solid (188 mg, 0.56 mmol, 48%).  

1H NMR (300 MHz, C6D6): δ = 6.85-7.40 (m, 8H, Ar), 4.97, 4.87, 4.73, 4.38 (s, 2/2/2H, =CH2), 4.06 (d, 2H, 

3JHH =14.2Hz, ArCH2), 3.43 (d, 2H, 3JHH = 15.9Hz, ArCH2), 3.33(d, 2H, 3JHH = 14.2 Hz, ArCH2), 3.15 (d, 2H, 

3JHH = 15.9Hz, ArCH2), 1.70, 1.50 (s, 6/6H, ArCH2CMe), − 0.78 (s, 6H, Al-Me) ppm.  

13C NMR (75 MHz, C6D6): δ = 154.0, 146.0 (Ar), 145.5, 144.1 (ArCH2C), 133.4, 132.7, 131.2, 131.2, 130.9, 

130.9, 130.2, 128.6, 125.7, 120.8 (Ar), 113.1, 112.1 (=CH2), 39.6, 37.4 (ArCH2), 22.7, 22.3 (ArCH2CMe), 

− 16.3 (AlMe) ppm. 

C42H46Al2O4 (668.77): calcd. C 75.43, H 6.93; found C 74.95, H 6.87. 

Synthesis of (TBBPAltBu)2 

TBBP-H2 (420 mg, 1.02 mmol) was in dissolved in toluene (10 mL) and AltBu3 (221 mg, 1.11 mmol) was 

added dropwise. The resulting solution was stirred overnight at 55°C. Evaporation of the solvent and 

washing with hexane (2 x 10 mL) gave (TBBPAltBu)2 as a colorless solid (398 mg, 404 mol, 79%).  
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1H NMR (400 MHz, C6D6): δ = 7.63 (d, 3JHH = 2.5 Hz, 1 H, Ar), 7.58 (d, 3JHH = 2.5 Hz, 1H, Ar), 7.47 (d, 3JHH 

= 2.7 Hz, 1H, Ar), 7.13 (d, 3JHH = 2.7 Hz, 1H, Ar), 1.63 (s, 9H, C(CH3)3 ), 1.52 (s, 9H, C(CH3)3), 1.48 (s, 9H, 

C(CH3)3), 1.15 (s, 9H, C(CH3)3), 1.10 (s, 9H, Al-tBu) ppm.  

13C NMR (101 MHz, C6D6): δ = 154.6 (Ar), 147.3 (Ar), 145.5 (Ar), 140.7 (Ar), 139.9 (Ar), 137.5 (Ar), 136.0 

(Ar), 132.9 (Ar), 129.6 (Ar), 129.0 (Ar), 126.5 (Ar), 125.1 (Ar) , 37.1 (C(CH3)3), 36.4 (C(CH3)3), 34.5 

(C(CH3)3), 34.4 (C(CH3)3), 34.3 (C(CH3)3), 32.0 (C(CH3)3), 31.9 (C(CH3)3), 31.2 (C(CH3)3), 31.1 (C(CH3)3), 16.1 

(Al-(C(CH3)3). 

C64H98Al2O4 (985.44): calcd. C 78.01, H 10.02; found C 78.20, H 9.95. 

Synthesis of BPSB-Me2 

5, 5'-di-tert-butyl-2, 2'-dimethoxybiphenyl (1.25 g, 3.80 mmol) is suspended in diethylether (20 mL) 

and cooled to – 78°C. nBuLi (3.5 mL (2.5M in hexanes) 8.75 mmol) was added dropwise and the 

reaction mixture was slowly allowed to warm to room temperature and stirred overnight. The 

suspension was cooled below – 10°C and a solution of Ph3SiCl (2.35 g, 7.98 mmol) in diethylether (10 

mL) was added dropwise. The mixture was allowed to warm to temperature and stirred for 24 hours. 

The precipitate was separated by filtration and washed with diethylether (2 x 5 mL). The obtained 

powder was dissolved in dichloromethane, the mixture was filtered and all volatiles were removed 

under reduced pressure to give BPSB-Me2 as a yellow oil (1.5 g, 1.76 mmol, 47%).  

1H NMR (300 MHz, CDCl3): δ = 7.59-7.56 (br d, 12H, Ar), 7.45 (d, 2H, Ar), 7.35-7.23 (br m, 18H, Ar), 

7.16 (d, 2H, Ar), 2.43 (s, 6H, OCH3), 1.09 (s, 18H, C(CH3)3) ppm.  

Synthesis of BPSB-H2 

BPSB-Me2 (1.5g, 1.76 mmol) was dissolved in dichloromethane (30 mL) and cooled to – 30°C. BBr3 

(350 L, 3.70 mmol), was added dropwise and the solution was allowed to warm temperature and 

stirred overnight. An aqueous HCl solution (20 mL, 10M) was added and organic layer was separated. 

The aqueous phase was extracted with dichloromethane (2 x 50 mL). The combined organic phases 

were dried over Na2SO4, filtrated and all volatiles were removed under reduced pressure to give 

BPSB-H2 as a colorless solid (1.39 g, 1.70 mmol, 96%).  

1H NMR (300 MHz, C6D6): δ = 7.89-7.86 (br d, 12H, Ar), 7.84 (d, 2H, Ar), 7.78 (d, 2H, Ar), 7.31-7.20 (br 

m, 18H, Ar), 5.97 (s, 2H, OH), 1.28 (s, 18H, C(CH3)3) ppm. 

13C NMR (75 MHz, C6D6): δ =156.6 (Ar), 144.3 (Ar), 136.8 (Ar), 136.1 (Ar), 134.7 (Ar), 131.8 (Ar), 129.9 

(Ar), 128.3 (Ar), 125.9 (Ar), 121.3 (Ar), 34.4 (C(CH3)3), 31.5 (C(CH3)3) ppm.  

Synthesis of (BPSB)(AlMe2)(AlMe)(BPSB’) 

BPSB-H2 (197 mg, 240 mol) was suspended in toluene (5 mL) and the mixture was heated at 60°C for 

15 minutes until a clear solution formed. AlMe3 (15 L, 277 mol) was added drop wise and the 
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resulting solution was heated at 90°C for 3 hours. All volatiles were removed under reduced pressure 

and remaining solid was washed with hexanes (2 x 3 mL) to give (BPSB)(AlMe2)(AlMe)(BPSB’)as a 

colorless solid (74.6 mg, 43.2 mol, 36%) 

1H NMR (300 MHz, C6D6): δ = 8.12-7.31 (br m, 16H, Ar), 7.14-6.86 (br m, 18H, Ar), 1.19 (s, 9H, 

C(CH3)3), 1.14 (s, 9H, C(CH3)3), – 2.03 (s, 3H, Al-Me) ppm. 

Synthesis of (BPAlMe·THF)2  

2,2´-biphenol (1.00 g, 5.37 mmol) was dissolved in THF (15 mL) and the solution was cooled to 0°C. 

Me3Al (0.812 g, 1.08 mL, 10.7 mmol) was slowly added upon which a white suspension was formed. 

The solution was stirred for 30 minutes and allowed to warm to room temperature after which it was 

stirred for another 18 hours. All volatiles were removed under reduced pressure and the remaining 

solid was washed with pentane (3 x 5 mL) to give (BPAlMe·THF)2 was a colorless solid (1.26 g, 2.11 

mmol, 79%).  

1H NMR (400 MHz, THF-d8) δ = 7.32-7.29 (m, 2H, Ar), 7.20-7.14 (m, 4H, Ar), 7.09-6.96 (m, 5H, Ar), 6.86 

(d, 3JHH = 8 Hz, 1H, Ar), 6.80-6.75 (m, 2H, Ar), 6.66 (t, 3JHH = 8 Hz, 1H, Ar), 5.98 (d, 3JHH = 8 Hz, 1H, Ar), 

3.54 (m, 4H, THF), 1.69 (m, 4H, THF), – 0.85 (s, 3H, Al-Me), – 1.62 (s, 3H, Al-Me) ppm. 

13C NMR (101 MHz, THF-d8) δ = 160.4 (Ar), 159.7 (Ar), 152.6 (Ar), 152.4 (Ar), 135.2 (Ar), 135.0 (Ar), 

131.6 (Ar), 131.5 (Ar), 131.1 (Ar), 131.0 (Ar), 130.3 (Ar), 129.9 (Ar), 129.7 (Ar), 129.0 (Ar), 128.1 (Ar), 

123.9 (Ar), 123.6 (Ar), 123.6 (Ar), 123.5 (Ar), 122.0 (Ar), 119.1 (Ar), 118.3 (Ar), 68.4 (THF), 26.6 (THF), –

4.5 (Al-Me), – 5.1 (Al-Me).  

C34H38AlO3 (596.64): calcd. C 68.45, H 6.42; found C 68.91, H 6.65 

Synthesis of (BPAlMe·pyridine)2   

2,2’-Biphenol (750 mg, 4.03 mmol) was dissolved in pyridine (5 mL) and Me3Al (3.00 mL (2 M in 

hexanes), 6.00 mmol) was slowly added at room temperature. The resulting suspension was stirred for 

two hours and was subsequently heated at 100 °C until a clear solution had formed. Upon cooling a 

white precipitated formed which was separated by filtration and dried under reduced pressure. 

Washing of the solid with pentane (2 x 5 mL) followed by recrystallization from pyridine gave 

(BPAlMe·pyridine)2 as colorless needles (1.04 g, 1.70 mmol, 84%). 

1H NMR (400 MHz, pyr-d5): δ = 8.73 (s, 2H, Py), 7.68 (d, 3JHH = 7.8 Hz, 2H, Ar), 7.62-7.60 (m, 4H, Py) 7.46 

(d, 3JHH = 7.0 Hz, 2H, Ar), 7.34-7.25 (m, 2H, Ar), 7.23-7.20 (m, 4H, Pyr) (7.16- 6.86 (m, 7H, Ar), 6.68 (d, 

3JHH = 7.8 Hz, 1H Ar), 6.56 (d, J 7.8 Hz, 2H, Ar), – 0.87 (s, 6H, Al-Me) ppm. 

13C NMR (75 MHz, pyr-d5): δ = 160.7 (Ar), 160.0 (Ar), 152.5 (Ar), 152.2 (Ar), 134.8 (Ar), 134.5 (Ar), 132.0 

(Ar), 131,3 (Ar), 130.8(Ar), 130.7 (Ar), 130.2 (Ar), 130.1 (Ar), 129.3 (Ar), 128.1(Ar), 128.0 (Ar), 123.2 

(Ar), 122.5 (Ar),122.3 (Ar),119.8 (Ar), 118.9 (Ar),– 9.5 (Al-Me) ppm. 
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C36H32Al2N2O4 (610.61): calcd. C 70.81, H 5.28, N 4.59; found C 70.95, H 5.30, N 4.96. 

Hydrolysis of RO2AlMe·solvent complexes  

Hydrolysis of (BPAlMe·pyridine)2  

H2O (7.4 L, 410 mol) was suspended in pyridine (10 mL). The resulting mixture was added slowly to 

a suspension of (2,2’-BiPhAlMe·pyridine)2 (250 mg, 410 mol) in pryridine (10 mL). The mixture was 

stirred for 30 minutes and subsequently heated at 60 °C for two hours. After cooling at 5 °C after which 

colorless crystals had grown. The crystals were isolated by filtratation, dried under reduced pressure 

and washed with hexanes (2 x 1 mL) to give (BPAl·pyridine)4(-O)2 as a colorless solid (100 mg, 83.8 

mol, 41%).  

1H-NMR (600 MHz, CDCl3): δ = 7.75 (d, 2H, Py), 7.31-7.44(m, 2H, Ar), 6.89 (d, 1H, Ar), 6.78-6.70 (m, 2H, 

Ar), 6.50-6.23 (m, 3H, Ar), 6.05 (d, 1H, Ar), 5.75 (t, 1H, Ar), 5.65 (d, 1H, Ar) ppm.  

13C NMR (151 MHz, CDCl3): δ = 159.4 (Ar), 157.4 (Ar), 152.4 (Ar), 151.9 (Ar), 146.1 (Ar), 140.0 (Ar), 131.9 

(Ar), 131.4 (Ar), 130.9 (Ar), 130.5 (Ar), 130.1 (Ar), 129.7 (Ar), 129.4 (Ar), 129.4 (Ar), 129.3 (Ar), 128.1 

(Ar), 128.0 (Ar), 127.8 (Ar), 127.7 (Ar), 127.6 (Ar), 126.6 (Ar), 124.7 (Ar), 122.7 (Ar), 122.1 (Ar), 122.0 

(Ar), 121.6 (Ar), 120.3 (Ar), 120.1 (Ar), 119.2 (Ar), 118.5 (Ar) ppm. 

C68H52Al4N4O10 (1193.09): calcd. C 68.45, H 4.39, N 4.70; found C 68.34, H 4.70, N 4.84. 

Crystal structure determination  

All crystal structures were solved using direct methods (SHELXT-2014)45 and refined with SHELXL-

201446 using OLEX2.47 All geometry calculations and graphics were performed with PLATON.48 The 

hydrogen atoms were placed on calculated positions and were refined isotropically in a riding mode. 

Special features of the refinement are noted below. The crystal data have been summarized in Table 

3.2.  

Structural determination of (2,6-DPPAlMe)2(μ-OtBu)2: 

The asymmetric unit of (2,6-DPPAlMe)2(-OtBu)2 contains one molecule of C6H5F. The solvent molecule 

lays on an inversion center and was refined with 50% occupancy of the F atom.  

Structural determination of (2,4-DBPAlMe)2(μ-OtBu)2: 

The structure of (2,4-DBPAlMe)2(-OtBu)2 contains one tBu group that is disordered over two positions 

in a 7:3 ratio. This has been modelled accordingly and the atoms were refined anisotropically. The 

bridging tBu possess slight disorder which was not modelled and accounts for the relatively high 

remaining electron density (0.63 e−).  
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Structural determination of (2,6-DPP)2AlMe·THF: 

The molecule crystalizes in the chiral P212121 spacegroup and the Flack parameter refined to 0.151(93). 

Structural determination of BPSB-H2: 

The asymmetric unit of BPSB-H2 contains three disordered molecules of C6H6. These molecules have 

been included in the refinement and in part account for the relatively high remaining electron density 

(0.82 e−). One of the tBu groups is disordered over two positions and has been modeled accordingly 

and refined anisotropically. Another tBu group is slightly disordered but was not modeled, also 

accounting for the relatively high remaining electron density (0.82 e−). 

Structural determination of (BPSB)(AlMe2)(AlMe)(BPSB’): 

The asymmetric unit of (BPSB)(AlMe2)(AlMe)(BPSB’) contains residual electron density indicating the 

co-crystallization of heavily disordered unidentified solvent molecules. Using the solvent mask function 

in OLEX2 four holes of 714 Å3 each were found and filled with 54 electrons each.41 One phenyl ring is 

disordered over two positions and was modeled accordingly and refined anisotropically. Several other 

phenyl rings also show slightly enhanced displacement parameters but were not refined with a 

disorder model. This accounts for the relatively high remaining electron density (0.56 e−). One of the 

tBu groups is disordered over two positions and has been modeled according and refined 

anisotropically. Few other tBu groups also show slightly enhanced displacement parameters but were 

not refined with a disorder model.  
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Table 3.2 Crystal structure data.  

Sample (2,6-DPPAlMe2)2 (2,6-DPPAlMe)2(-OtBu)2 
(2,4-DBPAlMe)2(-

OtBu)2 

Moiety Formula C40H38Al2O2·1.5(C6H6) C46H49 Al2O4·(C6H5F) C38H66Al2O4·2(C6H6) 

Empirical Formula C49H47Al2O2 C52H54Al2FO4 C50H78Al2O4 

Mw (g/mol) 721.88 815.91 797.11 

Color/Appearance Colorless blocks Colorless blocks Colorless blocks 

Crystal Size (mm) 0.48 x 0.25 x 0.12 0.099 x 0.048 x 0.027 0.192 x 0.134 x 0.055 

Crystal System triclinic triclinic monoclinic 

Space Group P1̅ P1̅ P21/n 

a, b, c (Å) 

11.2860(6) 

12.9240(6) 

15.3840(6) 

9.5942(4) 

10.4532(3) 

11.3406(5) 

11.7266(5) 

14.7540(5) 

14.3386(5) 

α, β, γ (°) 

113.406(4) 

90.810(3) 

101.760(4) 

95.861(3) 

104.567(4) 

95.551(3) 

90 

99.587(4) 

90 

V(Å3) 2004.7(2) 1086.15(8) 2446.1(2) 

Z 2 1 2 

ρ (g/cm3) 1.196 1.247 1.081 

μ (mm-1) 0.111 (Mo Kα) 1.000 (Cu Kα) 0.834 (Cu Kα) 

Temperature (K) 150 100 100 

θmin-max (°) 2.7-27.5 4.06-73.56 4.33-73.43 

Dataset (h, k, l) 
−14:14, −16:16,          

−19:19 

−10:11, −12:10,          

−13:14 

−14:14, −17:17,          

−11:17 

Total Reflexes 61487 6552 8536 

Unique Reflexes 9209 4164 4736 

R(int) 0.0537 0.0287 0.0397 

Parameter 555 275 317 

Observed Reflexes

 [I > 2.0 σ (I)] 
6858 3619 3958 

R1 0.0481 0.0376 0.0675 

ωR2 0.1554 0.0926 0.1813 

GooF 1.160 1.010 1.172 

Δρ fin (min/max) 

(e/Å3) 
−0.55, 0.49 −0.27, 0.32 −0.45, 0.63 
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Sample (2,6-DPP)2AlMe·THF (2,6-DPP)3Al·THF (DIPHAlMe)2 

Moiety Formula C41H37AlO3·(C6H6) C58H47 AlO4 C42H46Al2O4 

Empirical Formula C47H43AlO3 C58H47 AlO4 C42H46Al2O4 

Mw (g/mol) 682.79 834.93 668.75 

Color/Appearance Colorless blocks Colorless blocks Colorless blocks 

Crystal Size (mm) 0.32 x 0.23 x 0.16 0.47 x 0.40 x 0.32 0.26 x 0.22 x 0.19 

Crystal System Orthorhombic monoclinic triclinic 

Space Group P212121 I2/a P1̅ 

a, b, c (Å) 

11.5960(7) 

29.6550(7) 

10.863(3) 

18.8588(2) 

11.6719(1) 

39.5947(2) 

9.7065(6) 

12.7659(8) 

16.4191(6) 

α, β, γ (°) 

90 

90 

90 

90 

96.272(1) 

90 

104.414(3) 

91.587(4) 

111.001(5) 

V(Å3) 3735.6(9) 8663.3(1) 1824.2(2) 

Z 4 8 2 

ρ (g/cm3) 1.214 1.280 1.218 

μ (mm-1) 0.096 (Mo Kα) 0.802 (Cu Kα) 0.121 (Mo Kα) 

Temperature (K) 150 100 150 

θmin-max (°) 2.7-26.5 3.95-73.57 3.2-29.5 

Dataset (h, k, l) 
−14:14, −37:37,          

−13:13 

−16:22, −14:14,          

−48:48 

−13:13, −17:17,          

−22:22 

Total Reflexes 44865 25146 56889 

Unique Reflexes 7706 8525 10149 

R(int) 0.0836 0.0212 0.0506 

Parameter 461 568 440 

Observed Reflexes

 [I > 2.0 σ (I)] 
6858 7906 7369 

R1 0.0636 0.0350 0.0508 

ωR2 0.1237 0.0876 0.1121 

GooF 1.122 1.071 1.172 

Δρ fin (min/max) 

(e/Å3) 
−0.26, 0.29 −0.39, 0.22 −0.42, 0.48 
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Sample (TBBPAltBu)2 BPSB-H2 (DIPHAlMe)2 

Moiety Formula C64H98Al2O4·2(C6H6) C56H54O2Si2·3(C6H6) C115H114Al2O4 Si4 

Empirical Formula C76H110Al2O4 C74H72O2Si2 C115H114Al2O4 Si4 

Mw (g/mol) 1141.68 1049.50 1726.38 

Color/Appearance Colorless blocks Colorless blocks Colorless blocks 

Crystal Size (mm) 0.424 x 0.272 x 0.172 0.50 x 0.47 x 0.31 0.141 x 0.120 x 0.117 

Crystal System triclinic triclinic monoclinic 

Space Group P1̅ P1̅ C2/c 

a, b, c (Å) 

10.9850(4) 

13.0090(4) 

13.3734(4) 

14.2920(12) 

14.5830(8) 

16.394(1) 

36.7222(10) 

17.6030(5) 

36.3999(10) 

α, β, γ (°) 

114.002(3) 

99.189(3) 

963.146(3) 

74.981(6) 

72.365(5) 

71.424(6) 

90 

118.019(4) 

90 

V(Å3) 16918(1) 3036.2(4) 20771.9(12) 

Z 1 2 8 

ρ (g/cm3) 1.121 1.148 1.104 

μ (mm-1) 0.742 (Cu Kα) 0.104 (Mo Kα) 1.076 (Cu Kα) 

Temperature (K) 100 150 100 

θmin-max (°) 3.7-73.5 2.7-27.5 2.88-73.54 

Dataset (h, k, l) 
−12:13, −14:16,          

−16:13 

−18:18, −18:18,          

−21:21 

−37:45, −14:21,          

−44:42 

Total Reflexes 11391 66675 36024 

Unique Reflexes 6575 13875 20011 

R(int) 0.0219 0.0569 0.0517 

Parameter 384 741 1227 

Observed Reflexes

 [I > 2.0 σ (I)] 
6013 8851 14275 

R1 0.0369 0.0571 0.0634 

ωR2 0.0911 0.1451 0.1744 

GooF 1.058 1.097 1.068 

Δρ fin (min/max) 

(e/Å3) 
−0.29, 0.37 −0.57, 0.82 −0.38, 0.56 
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Sample (BPAlMe·THF)2 (BPAl·pyridine)4(-O)2 

Moiety Formula C34H38Al2O6·2(THF) C68H52Al4N4O10·3(C6H6) 

Empirical Formula C42H54Al2O8 C86H70Al4N4O10 

Mw (g/mol) 740.81 1427.4 

Color/Appearance Colorless blocks Colorless needles 

Crystal Size (mm) 0.246 x 0.185 x 0.120 0.193 x 0.038 x 0.029 

Crystal System triclinic monoclinic 

Space Group P1̅ P21/n 

a, b, c (Å) 

8.4503(5) 

10.4865(7) 

12.7032(10) 

10.4392(4) 

15.2023(6) 

22.2033(8) 

α, β, γ (°) 

113.691(7) 

91.242(6) 

110.461(6) 

90 

100.422(4) 

90 

V(Å3) 948.4(1) 3465.5(2) 

Z 1 2 

ρ (g/cm3) 1.297 1.368 

μ (mm-1) 1.126 (Cu Kα) 1.117 (Cu Kα) 

Temperature (K) 100 100 

θmin-max (°) 3.72-73.92 3.54-73.62 

Dataset (h, k, l) 
−10:7, −12:12,          

−15:15 

−12:12, −14:18,          

−27:19 

Total Reflexes 5692 12235 

Unique Reflexes 3647 6699 

R(int) 0.0285 0.0421 

Parameter 236 469 

Observed Reflexes

 [I > 2.0 σ (I)] 
3213 5213 

R1 0.0437 0.0517 

ωR2 0.1162 0.1258 

GooF 1.038 1.033 

Δρ fin (min/max) 

(e/Å3) 
−0.26, 0.55 −0.36, 0.65 
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Chapter 4 

 

aza-MAO and Other Amine Based Al Alkyl Complexes 

 

 

 

Chapter 4 presents the synthesis and reactivity of several aza-MAO and amide based three-coordinate 

Al complexes. Isolobal substitution of O for NR leads to well defined (MeAlNR)n clusters which are 

tested as potential cocatalysts. This is followed by the synthesis, characterization, and reactivity of aryl 

and phosphine stabilized masked three-coordinate Al complexes. Ligands containing weakly 

coordinating R2P or aryl moieties allow for the isolation and characterization of highly reactive Lewis 

acidic Al complexes. These complexes are studied for their reactivity towards Lewis bases and 

zirconocenes and their cocatalytic potential is investigated. 

 

 

 

 

 

 

 

 

 

 

Parts of this chapter will be submitted for publication: 
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4.1 Introduction  

Aza-MAO, isolobal exchange of O for NR 

The isolobal substitution of O for NR is a widely used concept in ligand design. Exchange of the oxo 

group O for an imino NR substituent allows for steric and electronic control through variation of the 

organic R group. A good example of this substitution is the conversion of acac (acetylacetonate) ligands 

into nacnac (ß-diketiminate) ligands, which has led to a versatile ligand system in which electronic and 

steric parameters can be tuned conveniently (Scheme 4.1).1 

 

Scheme 4.1 Isolobal O for NR substitution; illustration of the conversion of acac into nacnac.  

Similarly, substitution of the O group in MAO for a NR moiety leads to the conversion of (MeAlO)n into 

(MeAlNR)n (Scheme 4.2). Introduction of the organic R substituent allows for control over the steric 

and electronic properties of the formed complex. 

 

Scheme 4.2 Isolobal conversion of (MeAlO)n into (MeAlNR)n. 

Such “aza-MAO” complexes can be synthesized by the reaction of Me3Al with RNH2 in which the R 

groups control aggregate size and structure. Small substituents such as Me undergo stepwise 

condensation, leading to the release of CH4 and the formation of large cages such as (MeAlNMe)n (n = 

7 or 8; Scheme 4.3).2,3  

 

Scheme 4.3 Synthesis of (MeAlNMe)n (n = 7 and 8) and its observed intermediates  
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Reaction of Me3Al with MeNH2 initially leads to the formation of a AlMe3·NH2Me adduct which releases 

CH4 to give (Me2AlNHMe)3.4 This trimer decomposes at 215°C to eventually give a mixture of 

(MeAlNMe)7 and (MeAlNMe)8. Both species interconvert into each other and their ratio is strongly 

temperature dependent. (MeAlNMe)7 was crystalographically characterized whereas (MeAlNMe)8 was 

assigned its structure based on NMR data and a comparison with the structure of the analogues 

(HAlNnPr)8 complex.6 Attempts to clarify the reaction pathway through which these cages are formed 

were only partially successful. The formation necessarily involves different (Me2AlNHMe)m(MeAlNMe)n 

intermediates, but only the (Me2AlNHMe)2(MeAlNMe)6 complex could be characterized.7 It is 

interesting to note that the (MeAlNMe)n cages are isostructural to (tBuAlO)n (n = 7 and 8) reported by 

Barron et al.5  

Increasing the size of the R substituent leads to the formation of smaller aza-MAO aggregates. For 

example, usage of Mes- (Mes = 2,4,6-tri-Me-C6H2) and C6F5-NH2 leads to the formation of the cube-like 

(MeAlNR)4 whereas PhNH2 gives a hexameric (MeAlNPh)6 cage (Figure 4.1).7-9 This cage is structurally 

identical to the (tBuAlO)6 analogue reported by Barron et al.5a  

 

Figure 4.1 Structural motifs of reported aza-MAO clusters (R groups on N omitted for clarity). 

Depending on the substituent, reaction conditions can also influence the structure of the product. 

Reaction of Me3Al with iPrNH2 can lead to the formation of either a tetramer or hexamer.10,11 Other 

small changes such as the exchange of Al-Me for Al-Ph gives (phAlNPh)4 instead of (MeAlNPh)6 whereas 

the usage of nPr instead of iPr leads to the formation of a tetramer instead of a hexamer.9,12,13 All these 

examples clearly show that small changes in the NR or alkyl group on the Al lead to distinct variations 

in the obtained structure. It should, however, be noted that all the Al centers in these clusters are four-

coordinate and less Lewis acidic than three-coordinate Al centers. To the best of our knowledge, none 

of these complexes have been studied as potential co-catalysts. Even though they do not possess Lewis 

acidic Al centers the aza-MAO clusters could react through Latent Lewis acidity. This reactivity was first 

proposed by Barron et al. based on the reactivity of their (tBuAlO)n (n = 6-9, 12) cages (Scheme 4.4).5c 

Dissociation of an Al-O bond breaks up the cluster and provides a three-coordinate Lewis acidic Al site 

that possesses co-catalytic activities (see Chapter 1).  
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Scheme 4.4 Latent Lewis acidity as proposed by Barron et al.5c 

The only known aza-MAO cluster containing three-coordinate Al centers is obtained from the reaction 

of Me3Al with DIPPNH2 (DIPP = 2,6-di-iPr-C6H3) and was reported by Powers et al. (Scheme 4.5).6 The 

formed alumazene, (MeAlNDIPP)3, is a borazine analogue with restricted aromaticity that contains only 

Lewis acidic three-coordinate Al centers.   

 

Scheme 4.5 Synthesis of alumazene and its reactivity towards Cp’TiF3 (Ar = DIPP). 

The increased reactivity of this complex as compared to the earlier discussed four-coordinate aza-MAO 

clusters can be seen upon mixing it with titanocene fluorides (Cp’TiF3). Reaction of (MeAlNDIPP)3 and 

Cp’TiF3 leads to adamantane-like cages that are formed through fluorine/nitrogen metathesis (Scheme 

4.5).14 This reactivity makes alumazene an efficient and good precursor for the synthesis of fluoride 

containing imidotitanium complexes. 

Complexes with a masked three-coordinate Al center  

With the exception of the alumazene, all previously discussed aza-MAO complexes form cage 

structures containing only four-coordinate Al centers. These cages may or may not be able to act as 

cocatalysts through latent Lewis acidity (vide supra). Therefore related three-coordinate Al containing 

complexes should also be considered. However, it is challenging to obtain reactive monomeric AlR3 

complexes, since small R substituents lead to dimerization and formation of Al2R6 (Scheme 4.6).  
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Scheme 4.6 Different potential equilibria between internal and external Lewis base stabilized three-

coordinate Al complexes.  

Large R substituents can lead to the formation of monomeric AlR3 complexes, but decrease the 

reactivity of the formed complexes; rendering them inert for applications in polymerization catalysis. 

The addition of a Lewis base can lead to the splitting of the R6Al2 dimer and the formation of a 

monomeric Lewis adduct. Depending on the Lewis base used, there is an equilibrium between the 

coordinated and non-coordinated form; this leads to a highly reactive three-coordinate Al center which 

will, once again, form a dimer. In order to drive this equilibrium towards the adduct side, the Lewis 

basic site can be included in the substituent. Now the base is always in the proximity of the Al center, 

which thereby constantly prevents the formation of dimers. Upon the introduction of a substrate, the 

Lewis base detaches from the Al center, which reveals a reactive three-coordinate Al center. Several 

different synthetic strategies can be used to obtain such a “masked” three-coordinate Al complex. 

Examples of this include the introduction of a P atom or aromatic aryl rings in the ligand core (Figure 

4.2). 

 

Figure 4.2 Masked three-coordinate Al amide complexes with weakly coordinating R2P or aryl ligands.  

Here both P and the aryl ring are soft donors and act as internal stabilizers of the reactive Al center. As 

Al is a hard acceptor a hard-soft mismatch is created, therefore only a weak bonding interaction 

between both donor and acceptor is anticipated. This interaction should be strong enough to stabilize 

the three-coordinate Al when no other substrates are around but weak enough to be readiliy broken 

in the presence of reactive substrates thus creating a stable but reactive highly Lewis acidic Al center. 

Variations of both ligand systems and their Al complexes have been synthesized and seem to possess 

the desired characteristics (vide infra).  
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Phosphino amines have been known for many years and can be used for a wide variety of metal 

complexes.15 They are easily synthesized via the reaction of lithium amide (R’NHLi) with a 

chlorophospine (R2PCl; Scheme 4.7).16 

 

Scheme 4.7 Synthesis of Ph2PNH(DIPP) and its proposed complexation with R3Al (R = Me or Et).  

The straightforward reaction of the R2PNH(R’) with Al alkyls leads to the formation of their respective 

Al alkyl complexes.17 The wide range of commercially available amines and the possibility to vary the 

substituents on the phosphine allow for tuning of the ligand system. This way the reactivity of different 

Al complexes as potential cocatalysts can be tested. 

As mentioned previously, aromatic π-systems can also be used to stabilize a highly reactive three-

coordinate Al species. This approach has been used before by Stephan et al. who used the (Ph-

C6H4)N(R)H ligand as a suitable precursor (Scheme 4.8).18 This ligand can be obtained easily through a 

palladium catalyzed Buchwald-Hartwig coupling of 2-bromobiphenyl with RNH2.19  

 

Scheme 4.8 Synthesis of (Ph-C6H4)N(R)H ligands and their Al alkyl complexes.18,19  

The obtained amine is then reacted with nBuLi and R’2AlCl to give the respective Al alkyl complex. 

Similarly to the phosphine amines, these ligands are synthesized in a one pot reaction and can be 

conveniently adapted by varying the amine (RNH2) used in the reaction.  
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Stephan et al. demonstrated that upon metalation a monomeric (Ph-C6H4)2NAlMe2 complex was 

formed (Figure 4.3).18 This species contains a three-coordinate Al center which is stabilized through 

interaction with the aromatic π-system of the Ph-C6H4 moiety both in solid state as well as in solution. 

Upon addition of THF or Ph3P=CH2, the ligand-Al interaction is broken and the Lewis base readily 

coordinates to the “naked” Al center to form the respective adducts.  

 

Figure 4.3 X-ray structure of (Ph-C6H4)2NAlMe2 and its THF and Ph3P=CH2 adducts.18 

Upon coordination, both biphenyl arms bend backward and stabilize each other through π-stacking. 

This leaves the Al center exposed and allows for an easy and clean formation of the respective adducts. 

This indicates that the Al center has the desired Lewis acidity and therefore our goal was to obtain 

similar systems and study their interaction towards metallocene polymerization catalysts. 

Both proposed ligand systems are readily prepared and can easily be modified to optimize their steric 

demand and electronic properties. The respective Al alkyl complexes are also easily obtained and have 

been reported in the literature to possess a Lewis acidic three-coordinate Al center. Together with the 

earlier described aza-MAO derivatives, these compounds are an interesting class of nitrogen based Al 

alkyl complexes that have potential as cocatalyst in alkene polymerization. 

In this chapter, the synthesis and reactivity of a variety of aza-MAO clusters will be described. Particular 

focus will be put on their interaction with Lewis bases and metallocene catalysts. Furthermore, the 

simple and internally stabilized three-coordinate Al complexes discussed previously will be described 

and also investigated for their reactivity toward metallocenes and their potential applicability as 

cocatalysts.  
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4.2 Results and Discussion 

4.2.1 Aza-MAO isolobal exchange of O for NR 

We chose to synthesize and study the reactivity of several previously reported (MeAlNR)n derivatives 

(R = Me, iPr, Ph, C6F5, and DIPP). Almost all can be obtained by following the literature procedures 

starting from Me3Al and common RNH2 precursors.2,6,8-10 The complexes (MeAlNPh)6, (MeAlNC6F5)4, 

and (MeAlNDIPP)3 could be reproduced following these routes but the synthesis of (MeAlNMe)7 and 

(MeAlNiPr)4 proved more problematic. Multiple species were observed for the Me derivative which 

are most likely a combination of the desired (MeAlNMe)n (n = 7 and 8) clusters and different 

(Me2AlNHMe)m(MeAlNMe)n species. Despite several attempts and temperature modifications to the 

reported procedures, no single defined product could be obtained and further investigations on these 

compounds were discontinued. Release of the second equivalent of CH4 for the iPr derivative proved 

difficult and even after 18 hours of reflux in toluene, (Me2AlNHiPr)2 was the major product isolated and 

it was therefore not used for further investigations.  

A drop of pyridine was added to C6D6 solutions of the well-defined (MeAlNPh)6, (MeAlNC6F5)4, and 

(MeAlNDIPP)3 complexes to study their interaction with Lewis bases. No reactivity of (MeAlNC6F5)4 and 

(MeAlNDIPP)3 with pyridine was observed whereas some very minor (˂ 1%) new products could be 

seen in the 1H NMR spectrum upon reaction of (MeAlNPh)6. These could not be isolated and thus 

remain unknown. This lack of reactivity is surprising as it was anticipated that addition of a strong Lewis 

base like pyridine should lead to Al-N bond cleavage and formation of the respective adducts.  

Similarly no reaction was observed upon the addition of the isolated aza-MAO clusters to Cp*2ZrMe2 

mixtures. Several different solvents, reaction temperatures and Al:M ratios were tested without 

success. Due to the fact that Me abstraction by an (MeAlNR)n cluster could be slow, inefficient, or 

incomplete we added allyl methyl sulfide to the mixture to trap any polymerization active 

intermediates. This method uses a thioether to mimic the first polymerization insertion, leading to a 

sulfur stabilized cationic complex and has been described previously by Hessen et al. (Scheme 4.9).20  

 

Scheme 4.9. [Cp*2MMe]+ trapping with allyl methyl sulfide (anion omitted for clarity, 1,2-MI = 1,2 

migratory insertion).  



 

 
105 

 aza-MAO and Other Amine Based Al Alkyl Complexes 

Upon the formation of the cation, the allyl methyl sulfide acts as a regular olefin, it coordinates to the 

M center and the first insertion takes place. After this, the S immediately coordinates to the metal 

center rendering it unreactive and producing a stabilized cation-anion pair.  

As the addition of the thioether did not lead to any change in the reactants, it can be safely concluded 

that the aza-MAO clusters tested do not react with metallocene precatalysts. Although they are 

structurally similar to Barron’s (tBuAlO)n clusters they are much less reactive. The biggest difference 

between both systems is the binding environment of the O and N, respectively. The O connects three 

Al centers whereas the N is connected to three Al centers and one R substituent. The introduction of 

a R group leads to well-defined clusters, but also decreases the reactivity, rendering the formed 

structures inert towards Lewis bases and metallocene precatalysts.  

4.2.2 Complexes with a masked three-coordinate Al center  

Phosphino amines 

In order to obtain more reactive Al complexes, phosphine amine based ligands were studied (Scheme 

4.7). We chose to work with the Ph2PNH(DIPP) derivative as it is readily prepared following the route 

described in Scheme 4.7. The respective Al alkyl complexes can be obtained in good yields upon 

refluxing of the ligand with Me3Al or Et3Al in toluene (92% and 84% yield, respectively). The 1H NMR of 

the Al-Me complex shows a doublet at – 0.12 ppm for the Al-Me protons, indicating a 1H-31P coupling 

and therefore P is likely coordinated to Al. Therefore a complex with internal or external P-Al 

coordination is assumed. Both the Me and Et complexes are poorly soluble in non-coordinating 

solvents but the Me derivative could be crystallized from hot toluene (Figure 4.4).  

 

Figure 4.4 X-ray structure of [Ph2PN(DIPP)AlMe2]2 (iPr groups omitted for clarity) and selected bond 

lengths and angles. 
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X-ray analysis of Ph2PN(DIPP)AlMe2 confirmed the formation of a dimeric complex. It seems that the 

dimer with a central 6-membered (AlNP)2 rings is more stable than a monomer with a highly strained 

3-membered AlNP ring. The structure has crystallographic Ci axis with the DIPP substituents 

perpendicular to the ring. The six-membered ring shows a chair-like formation with bond angles 

around N adding up to almost 360°, indicating a planar moiety. The Al-P’ and Al-N distances are 

2.508(6) Å and 1.910(1) Å and fall within the range of those reported for similar complexes.21 The P-N 

distance is 1.675(1) Å which is commonly observed for N-P single bonds.22 The P-N-Al at trigonal N and 

N-Al-P’ angles at tetrahedral Al are 124.09(5)° and 109.69(3)°, respectively.  

As similar dimeric structures have been proposed for Et derivatives of phosphine amide complexes, it 

seems reasonable to assume that [Ph2PN(DIPP)AlEt2]2 also exists as a dimer.17 Attempts to obtain 

monomeric complexes through the introduction of iBu or tBu groups on the Al center gave a variety of 

unidentified products. This is most likely due to the high temperatures required in the amine 

deprotonation step which led to unwanted side reactions and decomposition.  

Both the Me- and Et-complexes readily react with THF to form the respective Ph2PN(DIPP)AlR2∙THF 

adducts. Upon addition of just a few drops of THF to a solution of [Ph2PN(DIPP)AlMe2]2, only the 

monomeric adduct is observed. This reaction can be monitored conveniently by 1H NMR spectroscopy 

as the Al-Me signal goes from a doublet to a singlet and shifts from – 0.12 to – 0.41 ppm. Mismatch 

between a hard acceptor (Al) and a soft donor (P) as observed in the Al-P bond in the dimer leads to 

cleavage and formation of a monomer with the hard-hard combination Al-O (Figure 4.5). 

 

Figure 4.5 X-ray structure of Ph2PN(DIPP)AlMe2∙THF (iPr groups omitted for clarity) and selected bond 

lengths and angles. 

The compound has no crystallographic symmetry and contains the Al center in a distorted tetrahedral 

environment. The Al-N bond length is 1.856(2) Å, which is shorter than the one reported for the dimer 

(1.908(1) Å). The P-N bond in the complex is 1.703(2) Å, which is significantly larger than that observed 

for [Ph2PN(DIPP)AlMe2]2 (1.674(1) Å).  
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Due to the low solubility of the [Ph2PN(DIPP)AlR2]2 (R = Et or Me) complexes in polar solvents, the 

related [Ph2PN(tBu)AlMe2]2 compound was synthesized. Exchange of the DIPP group for tBu gives a 

complex that is highly soluble in non-aromatic solvents while still having similar reactivity as the DIPP 

compound. As could be shown by 1H NMR, pyridine also readily cleaves the Al-P bond to give the 

monomeric adducts as can be seen by the lost of P-H coupling in the Al-Me signal (s, − 0.17 ppm).  

In order to study the potential of these complexes as cocatalysts, they were reacted with Cp*2ZrMe2 

and the reaction was monitored by 1H NMR spectroscopy. Initially no reaction was observed, therefore 

allyl methyl sulfide was added in an attempt to trap any potentially formed active catalyst (Scheme 

4.9). After addition of the thioether, the formation of a new product was observed in the 1H NMR 

spectrum. Over the course of a three days, this became the predominant species. Cooling of the 

solution led to the formation of single crystals suitable for X-ray analysis (Figure 4.6).  

  

Figure 4.6 X-ray structure of [(DIPPN)PPh2(C4H8S)]AlMe2 (iPr groups omitted for clarity) and selected 

bond lengths and distances. 

The molecular structure contained no Zr and showed instead the formation of alkene addition to the 

[(DIPPN)PPh2(C4H8S)]AlMe2 complex (Figure 4.6).The complex has no crystallographic symmetry and 

crystallizes with two independent molecules in the asymmetric part of the unit cell. Both molecules 

are structurally identical as all bond lengths and angles are within standard deviation of each other. 

The only difference between them being that one has disorder in the SMe group. The Al-N bond is 

1.969(3) Å and is much larger than that in the dimer or in the monomeric THF adduct (1.908(1) Å and 

1.856(2) Å, respectively). The P-N distance is 1.621(3) Å, which is shorter than that observed for the 

previously discussed derivatives. The P-C2 bond and the P-C(aryl) bond are comparable with 1.820(4) 

Å and 1.806(4) Å. This is similar for the Al-C bonds which are 1.984(2) Å for the Al-Me and 2.018(5) Å 

for the Al-C1 interaction.  

[(DIPPN)PPh2(C4H8S)]AlMe2 can also be obtained directly upon reaction of [Ph2PN(DIPP)AlMe2]2 with 

allyl methyl sulfide. This reaction proceeds smoothly upon brief heating of the substrates and gives the 

product in good yields (77%). The observed reactivity of [Ph2PN(DIPP)AlMe2]2 shows that even though 

the dimer can be split very easily, the Al center is not able to abstract a Me group from Cp2*ZrMe2 
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(Scheme 4.10). It is unclear if there is really no reactivity toward the metallocene or if the alkene 

insertion occurs much faster and therefore it is not observed. As, however, no major change in product 

distribution is observed upon combination of [Ph2PN(DIPP)AlMe2]2 with Cp*2ZrMe2 it can be assumed 

that the amido phosphines studied are unsuitable as potential cocatalysts.  

 

Scheme 4.10 Proposed vs. observed reactivity of [Ph2PN(DIPP)AlMe2]2 with Cp*2ZrMe2 in the presence 

of allyl methyl sulfide.  

This observed reactivity could be described as Frustrated Lewis Pair (FLP) chemistry.23 This rapidly 

growing area is based on a Lewis acids and Lewis bases that are very bulky and for steric reasons do 

not form classical Lewis adducts (Scheme 4.11). As [Ph2PN(DIPP)AlMe2]2 is a dimeric complex with weak 

P-Al bonds it can be considered as a masked intramolecular FLP.  
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Scheme 4.11 Frustrated Lewis Pairs.  

Although the observed FLP reactivity is undesired, it should be noted that the addition of an 

unactivated alkene to a FLP is rather unusual and only few examples with B/P FLP’s have been 

reported.24 To the best of our knowledge, this is the first intramolecular Al/P FLP that readily reacts 

with unactivated alkenes. Further studies, indeed, showed that [Ph2PN(DIPP)AlMe2]2 reacts with a 

variety of small molecules in an FLP fashion (Figure 4.7). Discussion of these results are outside the 

scope of this chapter and can be found elsewhere.25 
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Figure 4.7 Reactivity of [Ph2PN(DIPP)AlMe2]2 with selected small molecules.  

Biphenyl amines 

In order to avoid FLP reactivity of the stabilized Al complex, complexes with the phosphine-free ligands 

(Ph-C6H4)N(R) were investigated (Scheme 4.8). As discussed previously (vide supra), the Al center is 

stabilized through π-interaction with the aryl ring. Stephan et al. already showed that if R = (Ph-C6H4) 

a stable monomeric complex could be obtained.18 These internally stabilized three-coordinate Al 

complexes react smoothly with Lewis bases to give the respective adducts. In these adducts, the Ph-

C6H4 arms bend away from the Al center, a configuration which is stabilized by π-interaction between 

both aryl rings (Figure 4.3). Using these results as our starting point, we set out to study the reactivity 

the (Ph-C6H4)2NAlMe2 with Cp*2ZrMe2. Upon mixing both complexes, no reaction was observed. No 

results were produced even after prolonged reaction times (3 days), careful heating (up to 50°C) and 

the addition of allyl methyl sulfide.  

This lack of reactivity could potentially be due to the steric hindrance of the Ph-C6H4 arms. This prevents 

the Lewis acidic Al center from coming close enough to the Zr center to abstract a Me group. As the 

work of Stephan et al. showed that the arms can bend backward relatively easily this lack of reactivity 

could also be due to the electronic properties of the Al center.18 Therefore the ligand was modified to 

change the steric and electronic properties of the backbone. The assymetric (Ph-C6H4)NH(tBu) 

derivative had already been reported by Stephan et al.18 and the bulky (Ph-C6H4)NH(DIPP) derivative 

could also be obtained using a similar route. Synthesis of (Ph-C6H4)NH(C6F5) was also attempted but 

the ligand decomposed during distillation and no successful milder purification procedures could be 
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found. The (Ph-C6H4)N(R)AlMe2 (R = tBu or DIPP) can be obtained by reacting the Li salt (Ph-C6H4)NLi(R) 

with Me2AlCl. It should, however, be noted that despite many attempts, minor decomposition 

resulting in the formation of (Ph-C6H4)NH(R) could not be avoided. Due to this ever persistent 

contamination, both complexes could only be isolated as oils and all crystallization attempts have 

proven unsuccessful thus far. Interestingly, the (Ph-C6H4)N(tBu)AlMe2 derivative shows two Al-Me 

signals (– 0.01 and – 0.84 ppm) which could indicate formation of a dimer. The (Ph-C6H4)N(DIPP)AlMe2 

on the other hand only shows one Al-Me signal (– 0.83 ppm), indicating a monomeric species. Due to 

difficulties in getting the pure products no further evidence could be obtained but seemingly the size 

of the NR group does influence the structure of the resulting Al complex. 

In order to ensure that the observed ligand did not originate from impurities in the Li-salt, the 

preparation method was altered. The (Ph-C6H4)NH(tBu) ligand was purified by vacuum distillation, 

reacted with an excess of nBuLi, and allowed to stir overnight to ensure reaction completeness. 

Reaction of the isolated Li salt with Me2AlCl led to the formation of crystalline material (10% yield). X-

ray analysis showed that this was not the expected (Ph-C6H4)N(tBu)AlMe2 complex but [(Ph-

C6H4)NH(tBu)](Ph-C6H4)AlMe (Figure 4.8). 

 

Figure 4.8 X-ray structure of [(Ph-C6H4)NH(tBu)](Ph-C6H4)AlMe and selected bond lengths and angles. 

The complex contains one (Ph-C6H4)NH(tBu) ligand, which is deprotonated at the ortho-position of the 

Ph ring, and a ortho-deprotonated Ph-C6H5 fragment which are both bound to an Al center with one 

remaining Me group. The ligand still has its NH and is deprotonated on the ortho-position of the phenyl 

ring. The complex has no crystallographic symmetry and contains Al in a distorted tetrahedral 

coordination environment with C-Al-C angles varying from 112.9(1)° to 119.1(1)°. The Al-C distances 

vary from 1.975(3) Å to 2.004(3) Å and are within the range of those observed for the earlier discussed 

complexes. The Al-N distance is long with 2.004(3) Å, which is expected for the relatively weak bonding 

interaction of a bulky neutral amine. 

It is unclear what the exact mechanism for the formation of this complex is, but it can be speculated 

that deprotonation of the ortho-position of the phenyl could be due to a proximity effect. This allows 
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the amino substituent to act as a directing metalating group, giving for the respective lithiated 

compound which upon reaction with Me2AlCl, forms the observed naphtyl aluminum complex (Scheme 

4.12).  

 

Scheme 4.12 Directed lithiation of (Ph-C6H4)NH(tBu). 

The other substituent on the Al, Ph-C6H4 could originate from unreacted diphenylbromide that is left 

in the ligand after distillation or could be formed upon the decomposition of the ligand. Subsequent 

batches were synthesized and characterized to investigate potential contamination but from 1H and 

13C analysis no remaining Ph-C6H4Br could be observed. Given the observed product, however, it seems 

likely there was Ph-C6H4Br present in the batch from which the crystals were isolated. It is unclear how 

exactly this can react with the (Ph-C6H4)NH(tBu)AlMe2 but it might undergo ligand exchange with a (Ph-

C6H5)AlMe2 that forms from the reaction of Ph-C6H4Li with Me2AlCl. This exchange then leads to the 

formation of the isolated [(Ph-C6H4)NH(tBu)](Ph-C6H4)AlMe. The formed complex is extremely air 

sensitive and the full characterization has proven difficult as only the decomposition products are 

observed in the 1H NMR spectra. As this unexpected product is not relevant for cocatalytic studies, its 

exact formation and characterization were not pursued. It nonetheless shows that minor changes in 

the reaction conditions can lead to unexpected products.  

Despite minor ligand contamination in the (Ph-C6H4)N(R)AlMe2 (R = tBu or DIPP) complexes and lack of 

concrete structural information, we decided to further study their reactivity towards Lewis bases and 

Cp2*ZrMe2. THF readily coordinates to (Ph-C6H4)N(DIPP)AlMe2 to give its THF adduct. X-ray 

characterization shows a monomeric THF adduct similar to that of (Ph-C6H4)2NAlMe2·THF (Figure 4.9).18  

 

Figure 4.9 X-ray structure of (Ph-C6H4)N(DIPP)AlMe2·THF (iPr groups omitted for clarity). 
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Due to poor crystal quality a poor data set was obtained and only connectivity can be established. 

From the structure it can be observed that initially the exchange of one of the Ph-C6H4 arms for a DIPP 

moiety leads to a more accessible Al center. However, lack of a second Ph-C6H4 arm does not allow for 

the stabilizing π-π stacking as observed for the symmetric (Ph-C6H4)2NAlMe2 derivative. Therefore the 

arm does not bend backwards and remains in the proximity of the Al center giving for a more sterically 

crowded Al center upon adduct formation.  

4.3 Conclusions and Outlook 

A range of different aza-MAO complexes with the general formula (MeAlNR)n (n = 3, 4 and 6) have 

been synthesized according to literature procedures and tested for its reactivity towards Lewis bases 

and metallocene catalysts. Despite their structural similarities to the (tBuAlO)n cages, very limited 

reactivity towards pyridine and no reactivity towards Cp*2ZrMe2 was observed. This shows that 

although the isolobal substitution of O for NR leads to well-defined clusters, it also renders the complex 

inactive as a potential cocatalyst.  

Ligands with soft Lewis basic sites such as phosphines or aryl groups can be used to obtain masked 

three-coordinate Al complexes. These compounds are much more Lewis acidic than the studied aza-

MAO derivatives in this study and readily coordinate to Lewis bases. Unfortunately the reactivity of 

these complexes towards metallocene catalysts seems limited.  

The Ph2PN(R)AlMe2 complexes (R = tBu, DIPP) exist as dimeric structures but can be easily obtained as 

their monomeric adduct upon the addition of a variety of reactants. Despite their easy reactivity with 

Lewis bases, no reactivity with Cp*2ZrMe2 was observed. Instead Ph2PN(DIPP)AlMe2 was found to react 

in an FLP manner and readily activated a variety of small molecules. Even the highly uncommon 

addition of an unsaturated alkene across the Al and P could be observed. 

Weak intramolecular Ar∙∙∙Al coordination could also mask a three-coordinate Al center. No reactivity 

towards Cp*2ZrMe2 was observed using (Ph-C6H4)2NAlMe2. Substitution of one of the Ph-C6H4 arms for 

a tBu or DIPP substituents did not lead to an increase in reactivity. Due to the extreme sensitivity of 

both complexes no detailed investigations on their reactivity could be carried out. It does seem, 

however, that the size and nature of the substituent influences the structure and stability of the Al 

complex and its respective adduct with THF. Substitution of Ph-C6H4 for tBu leads to a species with 

asymmetric Al-Me groups wheras for the DIPP derivative only one Al-Me signal was observed. 

Seemingly, both Ph-C6H4 arms are necessarily to obtain an open and accessible Al center. Upon 

coordination of a substituent such as THF a stable conformation in which both ligand arms are 

stabilized by π-π stacking and bent away from the Al center is observed for the symmetric (Ph-

C6H4)2NAlMe2. Upon the exchange of one of these arms, this function is lost resulting in the formation 
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of complexes in which the ligand substituent remains in the proximity of the Al center making it more 

sterically crowded and decreasing its accesibility.  

4.4 Experimental Section 

General considerations 

All experiments were performed under a nitrogen atmosphere by using standard Schlenk line and 

glove box techniques. The solvents were dried on alumina columns and were degassed by bubbling 

nitrogen through the solvent reservoir. Chemicals were purchased in reagent grade from commercial 

suppliers (ABCR, Acros Organics, Alfa Aesar, and Sigma Aldrich) and used, unless noted otherwise, 

without further purification. (MeAlNMe)7,2 (MeAlNPh)6,9 (MeAlNC6F5)4,8 (MeAlNiPr)4,10 (MeAlNDIPP)3,6 

Ph2PNH(DIPP),16 [Ph2PN(tBu)AlMe2]2,17b (Ph-C6H4)2NAlMe2,18 (Ph-C6H4)N(tBu)Li,18 and Cp2*ZrMe2
26 

were prepared according to their reported procedures. 1H and 13C NMR were recorded on Bruker 

Avance 300, 400, and 600 MHz spectrometers (specified at individual experiments). Crystal structure 

determinations were carried out on a Bruker Nonius Kappa CCD (Mo). Single crystals were coated with 

perfluoro-polyether and immediately mounted in the cold nitrogen stream of the diffractometer. 

Elemental analysis was carried out using a Eurovector EA 3000 analyzer.  

Reactivity of aza-MAO complexes 

Reaction of (MeAlNR)n complexes with pyridine 

(MeAlNR)n (150 mg) was dissolved in pyridine (5 mL) and the resulting solution was stirred for 30 

minutes. All volatiles were removed under reduced pressure and the conversion into stable 

(MeAlNR)n∙pyridine complexes was measured by 1H NMR spectroscopy. None to very limited 

(MeAlNPH)6 conversion was observed, even after prolonged reaction times and heating.  

Reaction of (MeAlNR)n complexes with Cp*2ZrMe2 

Two equivalents of a given (MeAlNR)n cluster were combined with Cp*2ZrMe2 and dissolved in C6D6 

(0.6 mL). The sample was shaken for 30 seconds and the reaction progress was monitored by 1H NMR 

spectroscopy. As no reaction could be observed, methylallyl thioether was added to trap a potential 

cationic complex. Reaction progress was monitored by 1H NMR spectroscopy and the sample was kept 

for two days at room temperature and then gradually heated, which resulted only in the 

decomposition of Cp*2ZrMe2. 

Synthesis and reactivity of phospino-amines 

Synthesis of [Ph2PN(DIPP)AlMe2]2 

Ph2PNH(DIPP) (3.08 g, 8.52 mmol) was dissolved in toluene (20 mL) and Me3Al (4.5 mL (2M in hexanes), 

9.0 mmol) was added dropwise after which the solution was heated at 90°C for 18 hours. The 
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suspension was cooled and all volatiles were removed under reduced pressure. Washing with pentane 

(3 x 5 mL) gave [Ph2PN(DIPP)AlMe2]2 as a colorless powder (3.23 g, 3.91 mmol, 92%). Suitable crystals 

for X-ray analysis were grown from hot toluene. 

1H NMR (400 MHz, C6D6): δ = 7.59-7.51 (m, 4H, Ar), 7.14-7.11 (m, 1H, Ar), 7.06-7.02 (m, 2H, Ar), 6.99-

6.92 (m, 6H, Ar), 3.87 (m, 2H, CH(CH3)2), 1.30 (d, 3JHH = 6.9 Hz, 6H, CH(CH3)2), 0.45 (d, 3JHH = 6.9 Hz, 6H, 

CH(CH3)2), − 0.12 (d, 3JHP = 4.0 Hz, 6H, Al-Me) ppm.  

31P NMR (162 MHz, C6D6): δ = 35.8 (s) ppm.  

C52H66Al2N2P2 (834.44): calcd. C 74.80, H 7.97, N 3.35; found C 74.33, H 7.86, N 3.11. 

Synthesis of [Ph2PN(DIPP)AlEt2]2 

Ph2PNH(DIPP) (400 mg, 1.10 mmol) was dissolved in toluene (10 mL) and Et3Al (0.85 mL, 6.2 mmol) 

was added dropwise after which the solution was heated at 100°C overnight. The suspension was 

cooled and all volatiles were removed under reduced pressure. Washing with pentane (2 x 5 mL) gave 

[Ph2PN(DIPP)AlEt2]2 as a colorless powder (0.41 g, 0.46 mmol, 84%).  

1H NMR (400 MHz, C6D6): δ = 7.90-7.40 (m, 4H, Ar), 7.14-7.10 (m, 1H, Ar), 7.07-7.02 (m, 2H, Ar), 7.01-

6.93 (m, 6H, Ar), 3.81 (m, 2H, CH(CH3)2), 1.43 (d, 3JHH = 6.9 Hz, 6H, CH(CH3)2), 0.95 (t, 3JHH = 8.0 Hz, 6H, 

Al-CH2-CH3), 0.76 (m, 4H, Al-CH2-CH3), 0.29 (d, 3JHH = 6.9 Hz, 6H, CH(CH3)2) ppm. 

31P NMR (162 MHz, C6D6): δ = 35.9 (s) ppm.  

Synthesis of Ph2PN(DIPP)AlMe2∙THF  

[Ph2PN(DIPP)AlMe2]2 (50.0 mg, 60.0 mol) was dissolved in C6D6 (0.6 mL) and a few drops of THF-d8 

were added to give a clear solution of Ph2PN(DIPP)AlMe2∙THF (quantitative, 29.4 mg, 60.0 mol). 

Dropwise addition of hexanes to this mixture led to the immediate formation of crystalline material 

suitable for X-ray analysis.  

1H NMR (400 MHz, C6D6): δ = 7.70-7.64 (m, 4H, Ar), 7.14-7.08 (m, 1H, Ar), 7.07-7.02 (m, 2H, Ar), 6.99-

6.92 (m, 6H, Ar), 3.72 (m, 2H, CH(CH3)2), 1.25 (d, 3JHH = 6.9 Hz, 6H, CH(CH3)2), 0.77 (d, 3JHH = 6.9 Hz, 6H, 

CH(CH3)2), − 0.41 (s, 6H, Al-Me) ppm. 

13C NMR (75 MHz, C6D6): δ = 147.4 (d, 2JCP = 3.0, Ar), 146.5 (Ar), 143.1 (d, 1JCP = 24.9, Ar), 135.0 (d, 2JCP = 

23.4, Ar), 128.4 (Ar), 127.9 (Ar), 124.5 (d, 4JCP = 2.3, Ar), 124.0 (d, 3JCP = 2.3, Ar), 71.8 (THF), 28.7 

(CH(CH3)2), 25.6 (CH(CH3)2), 24.9 (THF), 24.4 (CH(CH3)2), − 7.28 (Al-Me) ppm.  

31P NMR (162 MHz, C6D6): δ = 51.1 (s) ppm.  

C30H41AlNOP (489.27): calcd. C 73.59, H 8.44, N 2.86; found C 73.27, H 8.44, N 2.67. 

Synthesis of Ph2PN(DIPP)AlEt2∙THF  

[Ph2PN(DIPP)AlEt2]2 (50.0 mg, 57.0 mol) was dissolved in C6D6 (0.6 mL) and a few drops of THF-d8 were 

added to give a clear solution of Ph2PN(DIPP)AlEt2∙THF (quantitative, 29.5 mg, 57.0 mol) . 
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1H NMR (400 MHz, C6D6): δ = 7.60-7.52 (m, 4H, Ar), 7.14-6.98 (m, 9H, Ar), 3.61 (m, 2H, CH(CH3)2), 1.33 

(t, 3JHH = 8.0 Hz, 6H, Al-CH2CH3), 1.24 (d, 3JHH = 6.9 Hz, 6H, CH(CH3)2), 0.65 (d, 3JHH = 6.9 Hz, 6H, CH(CH3)2), 

0.28 (m, 4H, Al-CH2CH3) ppm.  

13C NMR (75 MHz, C6D6): δ = 147.2 (d, 2JCP = 3.0, Ar), 146.2 (Ar), 143.1 (d, 1JCP = 24.9, Ar), 135.0 (d, 2JCP 

= 23.4, Ar), 128.4 (Ar), 128.0 (Ar), 124.5 (d, 4JCP = 2.3, Ar), 124.1 (d, 3JCP = 2.3, Ar), 69.4 (THF), 28.7 

(CH(CH3)2), 25.9 (CH(CH3)2), 22.4 (THF), 24.2 (CH(CH3)2), 10.38 (Al–CH2CH3), 2.05 (Al– CH2CH3) ppm.   

31P NMR (162 MHz, C6D6): δ = 50.1 (s) ppm.  

Synthesis of Ph2PN(DIPP)AlMe2∙Pyr 

[Ph2PN(DIPP)AlMe2]2 (32 mg, 0.40 mmol) was dissolved in pyridine (0.6 mL) to give a clear solution. 

The solvent was removed under reduced pressure and the solid was washed with pentane (3 x 0.5 mL) 

to give Ph2PN(DIPP)AlMe2∙Pyr as a colorless solid (28.0 mg, 60.0 mol, 73%). 

1H NMR (400 MHz, C6D6): δ = 8.46 (d, 3JHH = 5.2 Hz, 2H, Py), 7.51-7.46 (m, 4H, Ar), 7.17-7.00 (m, 9H, Ar), 

6.75 (tt, 3JHH = 7.5 Hz, 4JHH = 1.5 Hz, 1H, Py), 6.41 (dd, 3JHH = 7.5 Hz, 3JHH = 5.2 Hz, 2H, Py), 3.67 (m, 2H, 

CH(CH3)2), 1.17 (d, 3JHH = 6.9 Hz, 6H, CH(CH3)2), (d, 3JHH = 6.9 Hz, 6H, CH(CH3)2), − 0.17 (s, 6H, Al-Me) ppm.  

31P NMR (162 MHz, C6D6): δ = 51.3 (s) ppm.  

Synthesis of Ph2PN(tBu)AlMe2∙Pyr 

[Ph2PN(tBu)AlMe2]2 (44.0 mg, 70.5 mol) was dissolved in pyridine (0.6 mL) to give a clear solution. 

The solvent was removed under reduced pressure and the solid was washed with pentane (3 x 0.5 mL) 

to give Ph2PN(tBu)AlMe2∙Pyr as a colorless solid (38.7 mg, 99.0 mol, 70%). 

1H NMR (400 MHz, C6D6): δ = 8.26 (dd, 3JHH = 5.3 Hz, 4JHH = 1.6Hz, 2H, Py), 7.48-7.44 (m, 4H, Ar), 7.14-

7.06 (m, 6H, Ar), 6.79 (tt, 3JHH = 7.7 HH, 4JHH = 1.5 Hz, 1H, Py), 6.45 (dd, 3JHH = 7.7 Hz, 3JHH = 5.3 Hz, 2H, 

Py), 1.17 (s, 9H, C(CH3)3), − 0.20 (s, 6H, Al-Me) ppm.  

31P NMR (162 MHz, C6D6): δ = 50.8 (s) ppm.  

Reaction of Ph2PN(DIPP)AlMe2 with Cp*2ZrMe2 

[Ph2PN(DIPP)AlMe2]2 (29.4 mg, 35.3 mol) and Cp*2ZrMe2 (29.9 mg, 76.3 mol) were dissolved in C6D6 

(0.6 mL). The sample was shaken for 30 seconds and the reaction progress was monitored by 1H NMR 

spectroscopy. As no reaction could be observed, methylallyl thioether was added to trap a potential 

cationic complex. Reaction progress was monitored by 1H NMR spectroscopy and the sample was kept 

for two days at room temperature and then heated at 55°C overnight. Cooling the solution yielded 

colorless crystals which upon X-ray analysis proved to be [(DIPPN)PPh2(C4H8S)]AlMe2. 
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Synthesis of [(DIPPN)PPh2(C4H8S)]AlMe2 

[Ph2PN(DIPP)AlMe2]2 (0.244 g, 293 mol) was suspended in toluene (10 mL) and methylallyl thioether 

(80.0 L, 731 mol) was added at once. The resulting mixture was heated at 70°C for 30 minutes, after 

which a clear solution had formed. The solution was cooled to room temperature and stirred for 

another three hours. The mixture was concentrated to 1/3 of its original volume and cooled to give a 

colorless powder that was isolated by centrifugation. Concentration of the mother liquor yielded a 

second crop of crystalline material. Both solids were combined and washed with pentane (2 x 2 mL) to 

give [(DIPPN)PPh2(C4H8S)]AlMe2 as a colorless solid (277 mg, 449 mol, 77%). 

1H NMR (300 MHz, C6D6): δ = 7.69-7.58 (m, 2H, Ar), 7.13-6.72 (m, 11H, Ar), 3.92 (sept, 3JHH = 6.9 Hz, 1H, 

CH(CH3)2), 3.53-3.33 (m, 1H, P-CH), 3.12 (sept, 3JHH = 6.9 Hz, 1H, CH(CH3)2), 2.61 (m, 1H, S-CHH-CH), 

1.88-1.78 (m, 1H, S-CHH-CH), 1.73 (s, 3H, S-Me), 1.70-1.50 (m, 1H, Al-CHH-CH), 1.34 (d, 3JHH = 6.9 Hz, 

CH(CH3)2), 1.24 (d, 3JHH = 6.9 Hz, 3H, CH(CH3)2), 0.45 (d, 3JHH = 6.9 Hz, 3H, CH(CH3)2), 0.48-0.37 (m, 1H, 

Al-CHH-CH), 0.07 (s, 3H, Al-Me), − 0.05 (d, 3JHH = 6.9 Hz, 3H, CH(CH3)2), − 0.17 (s, 3H, Al-Me) ppm. 

13C NMR (75 MHz, C6D6): δ = 147.9 (d, 3JCP = 5.6 Hz, Ar), 147.5 (d, 3JCP = 4.5 Hz, Ar), 137.7 (d, 3JCP = 7.0 

Hz, Ar), 133.6 (d, 3JCP = 8.7 Hz, Ar), 133.2 (d, 3JCP = 7.2 Hz, Ar), 132.8 (d, 4JCP = 2.6 Hz, Ar), 132.4 (d, 4JCP = 

3.1 Hz, Ar), 129.9 (Ar), 129.0 (d, 2JCP = 10.6 Hz, Ar), 128.8 (s, Ar), 128.6 (Ar), 125.6 (d, 4JCP = 3.2 Hz, Ar), 

125.0 (d, 4JCP = 2.9 Hz, Ar), 124.7 (d, 4JCP = 3.0 Hz, Ar), 122.8 (Ar), 123.9 (Ar), 41.0 (d, 2JCP = 10.2 Hz, 

(CH)CH2S), 37.6 (d, 1JCP = 73.5 Hz, PCH), 28.4 (CH(CH3)2), 28.1 (CH(CH3)2), 23.3 (CH(CH3)2), 24.5 

(CH(CH3)2), 25.9 (CH(CH3)2), 27.7 (CH(CH3)2), 16.8 (S-Me), 10.3 (Al-CH2), − 5.5 (Al-Me), − 6.0 (Al-Me). 

31P NMR (121 MHz, C6D6): δ = 36.3 (s) ppm.  

C30H41AlNPS (505.25): calcd. C 71.26, H 8.17, N 2.77, S 6.34; found C 70.69, H 7.99, N 2.46 S 5.62. 

Synthesis and reactivity of biphenyl amines 

Synthesis of (Ph-C6H4)N(DIPP)H 

tBu3P (56.0 mg, 0.278 mmol) and Pd2(dba)3 (159 mg, 0.174 mmol) were dissolved in degassed toluene 

(30 mL) and the solution was stirred for 20 minutes. 2-Bromobiphenyl (1.00 mL, 5.80 mmol), tBuOK 

(720 mg, 6.40 mmol), and 2,6-di-iPr-aniline (1.10 mL, 5.80 mmol) were added and the mixture was 

heated at 105°C for 19 hours. The suspension was cooled and filtered through a plug of silica and the 

remaining solid was washed with diethylether (3 x 20 mL). All organic phases were combined and all 

volatiles were evaporated under reduced pressure to give a sticky solid. This was extracted with 

hexanes (3 x 10 mL) and gave an oil upon evaporation of the solvent. Vacuum distillation of the oil (3 

mbar, 300°C) yielded (Ph-C6H4)N(DIPP)H as a yellow oil ( 1.65 g, 5.01 mmol, 86%). 

1H NMR (400 MHz, CDCl3): δ = 7.60 (d, 3JHH = 8.1 Hz, 2H, Ar), 7.52 (t, 3JHH = 7.5 Hz, 2H, Ar), 7.41 (t, J = 

7.5 Hz, 1H), 7.33-7.26 (br m, 2H, Ar), 7.25-7.17 (br m, 2H, Ar), 7.09 (t, 3JHH = 7.5 Hz, 1H, Ar), 6.80 (t, J = 
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7.5 Hz, 1H), 6.23 (d, 3JHH = 8.1 Hz, 1H, Ar), 5.24 (s, 1H, N-H), 3.15 (s, 2H, CH(CH3)2), 1.17 (d, 3JHH = 6.9 

Hz, 6H, CH(CH3)2), 1.09 (d, 3JHH = 6.9 Hz, 6H, CH(CH3)2) ppm. 

13C NMR (75 MHz, C6D6): δ = 147.5 (Ar), 144.8 (Ar), 139.5 (Ar), 135.4 (Ar), 130.1 (Ar), 129.3 (Ar), 129.0 

(Ar), 128.5 (Ar), 127.4 (Ar), 127.2 (Ar), 126.9 (Ar), 123.8 (Ar), 117.3 (Ar), 111.4 (Ar), 110.9 (Ar), 28.4 

(CH(CH3)2), 24.5 (CH(CH3)2), 22.9 (CH(CH3)2), ppm.   

C24H27N (329.49): calcd. C 87.49, H 8.26, N 4.25; found C 87.06, H 8.36, N 3.84. 

Synthesis of (Ph-C6H4)N(DIPP)Li 

(Ph-C6H4)N(DIPP)H (1.65 g, 5.01 mmol) was dissolved in hexanes (15 mL) and cooled to – 70°C. nBuLi 

(2.7 mL (2M in hexanes), 5.4 mmol) was added slowly and the mixture was allowed to stir for one hour. 

The mixture was warmed to room temperature and separated by centrifugation. The obtained solid 

was washed with pentane (2 x 5 mL) to give (Ph-C6H4)N(DIPP)Li as a yellow solid (1.58 g, 4.70 mmol, 

94%).  

1H NMR (300 MHz, C6D6): δ = 8.11 (dd, 3JHH = 7.6 Hz, 5JHH = 1.2 Hz, 2H, Ar), 7.32 (br m, 3H, Ar), 7.20-7.07 

(br m, 4H, Ar), 6.92 (tt, 3JHH = 7.6 Hz, 5JHH = 1.2 Hz, 1H, Ar), 6.52 (td, 3JHH = 7.6 Hz, 5JHH = 1.2 Hz, 1H, Ar), 

6.37 (dd, 3JHH = 7.6 Hz, 5JHH = 1.2 Hz, 1H, Ar), 3.71 (m, 2H, CH(CH3)2), 1.37 (d, 3JHH = 6.9 Hz, 6H, CH(CH3)2), 

1.20 (d, 3JHH = 6.9 Hz, 6H, CH(CH3)2) ppm.  

13C NMR (75 MHz, C6D6): δ = 147.7 (Ar), 145.4 (Ar), 140.2 (Ar), 136.1 (Ar), 130.7 (Ar), 129.7 (Ar), 129.4 

(Ar), 124.2 (Ar), 123.9 (Ar), 118.2 (Ar), 112.1 (Ar), 28.8 (CH(CH3)2), 24.6 (CH(CH3)2), 23.1 ((CH(CH3)2)) 

ppm. 

Synthesis of (Ph-C6H4)N(DIPP)AlMe2 

(Ph-C6H4)N(DIPP)Li (200 mg, 0.594 mmol) was suspended in pentane (10 mL) and cooled to – 35°C. 

Me2AlCl (0.653 mL (1M in hexanes), 0.653 mmol) was added slowly and the reaction mixture was 

stirred for 30 minutes. The mixture was warmed to room temperature and separated by 

centrifugation. The solid was dried under reduced pressure and subsequently extracted with 

dichloromethane (2 x 5 mL). Evaporation of the solvent and washing with hexanes (3 x 4 mL) gave (Ph-

C6H4)N(DIPP)AlMe2 as a sticky orange solid (48.1 mg, 0.125 mmol, 21%). Despite several attempts to 

exclude all air and moisture the obtained product always contained minor amounts of the ligand (Ph-

C6H4)NH(DIPP) (min. 3%). 

1H NMR (300 MHz, C6D6): δ = 7.81 (d, 3JHH = 8.0 Hz, 2H, Ar), 7.30-7.10 (br m, 6H, Ar), 7.05 (d, 3JHH = 7.5 

Hz, 1H, Ar), 7.00-6.91 (br m, 1H, Ar), 6.81 (t, 3JHH = 7.5 Hz, 1H, Ar), 6.68 (t, 3JHH = 7.4 Hz, 1H, Ar), 6.28 (d, 

3JHH = 8.0 Hz, 1H), 3.51 (m, 2H, CH(CH3)2), 1.28 (d, 3JHH = 6.9 Hz, 6H, CH(CH3)2), 1.15 (d, 3JHH = 6.9 Hz, 6H, 

CH(CH3)2), − 0.83 (s, 6H, Al-Me) ppm. 
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13C NMR (75 MHz, C6D6): δ = 151.6 (Ar), 147.9 (Ar), 146.8 (Ar), 140.6 (Ar), 135.6 (Ar), 130.4 (Ar), 129.0 

(Ar), 125.8 (Ar), 125.0 (Ar), 117.2 (Ar), 117.0 (Ar), 28.6 (CH(CH3)2), 25.2 (CH(CH3)2), 25.0 (CH(CH3)2), − 

8.71 (Al-Me) ppm. 

Synthesis of (Ph-C6H4)N(DIPP)AlMe2·THF 

(Ph-C6H4)N(DIPP)AlMe2 (40.0 mg, 0.104 mmol) was dissolved in THF (5 mL). Slow evaporation of the 

solvent gave a brown solid. The solid was dried under reduced pressure and washed with pentane (2 

x 2 mL) to give (Ph-C6H4)N(DIPP)AlMe2·THF as a colorless solid (25.0 mg, 547 mol, 53%). 

1H NMR (300 MHz, C6D6): δ = 7.80 (dd, 3JHH = 8.2 Hz, 5JHH = 1.2 Hz, 2 H, Ar), 7.30-7.19 (br m, 5H, Ar), 7.11-

6.93 (br m, 3H, Ar), 6.70 (td, 3JHH 7.3 Hz, 5JHH = 1.2 Hz, 1H, Ar), 6.42 (dd, 3JHH = 8.2 Hz, 5JHH = 1.2 Hz, 1H, 

Ar), 3.65 (m, 2H, CH(CH3)2), 3.25 (m, 4H, THF), 1.23 (dd, 3JHH = 9.4 Hz, 5JHH = 6.8 Hz, 12H, (CH(CH3)2), 1.11 

(m, 4H, THF), − 0.84 (s, 6H, Al-Me) ppm.  

Synthesis of (Ph-C6H4)N(tBu)AlMe2 

(Ph-C6H4)N(tBu)Li (200 mg, 0.865 mmol) was suspended in pentane (10 mL) and cooled to – 35°C. 

Me2AlCl (0.952 mL (1M in hexanes), 0.952 mmol) was added slowly and the reaction mixture was 

stirred for 30 minutes. The mixture was warmed to room temperature, separated by centrifugation 

and the solid was extracted with dichloromethane (2 x 5 mL) to give a brown oil. Washing with hexanes 

(3 x 4 mL) gave (Ph-C6H4)N(tBu)AlMe2 as a sticky, oily brown solid (86.1 mg, 0.242 mmol, 28%). Despite 

several attempts to exclude all air and moisture the obtained product always contained ligand and 

another unidentified species (min. 20%). 

1H NMR (300 MHz, C6D6): δ = 8.01-7.94 (br m, 1H, Ar), 7.46-7.27 (br m, 5H, Ar), 7.02 (td, 3JHH = 7.6 Hz, 

5JHH = 1.4 Hz, 1H, Ar), 6.84 (td, 3JHH = 7.6 Hz, 5JHH = 1.4 Hz, 1H, Ar), 6.23 (dd, 3JHH = 7.6 Hz, 5JHH = 1.4 Hz, 

1H, Ar), 0.62 (s, 9H, C(CH3)3), − 0.01 (s, 3H, Al-Me), − 0.84 (s, 3H, Al-Me) ppm. 

Due to unavoidable impurities it was not possible to obtain an interpretable 13C spectrum.  

Note: for the following synthetic description the reaction were modified and will therefore be 

described.  

Attempted alternative synthesis of (Ph-C6H4)N(tBu)AlMe2 

tBu3P (112 mg, 0.554 mmol) and Pd2(dba)3 (350 mg, 0.382 mmol) were dissolved in degassed toluene 

(40 mL) and the mixture was allowed to stir for 20 minutes. 2-bromobiphenyl (2.00 mL, 11.6 mmol), 

tBuOK (1.44 g, 12.8 mmol), and tBuNH2 (1.22 mL, 11.60 mmol) were added and the mixture was heated 

at 105°C for 48 hours. The suspension was cooled and filtered through a plug of silica and the remaining 

solid was washed with diethylether (3 x 50 ml). All organic phases were combined and all volatiles were 

evaporated under reduced pressure to give a sticky solid. This was extracted with hexanes (3 x 10 mL) 
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and gave an oil upon evaporation of the solvent. Vacuum distillation of the oil (3 mbar, 280°C) yielded 

(Ph-C6H4)N(tBu)NH as a yellow oil (1.65 g, 5.01 mmol, 86%). (see ref. 18 for the NMR data) 

(Ph-C6H4)N(tBu)NH (1.52 g, 6.75 mmol) was dissolved in hexanes (15 mL) and cooled to – 35°C. nBuLi 

(3.24 ml (2.5 M in hexanes) was added and the suspension was warmed to room temperature and 

stirred for 24 hours. The mixture was separated by centrifugation and the solid was washed with 

pentane (3 x 5 mL) to give (Ph-C6H4)N(tBu)NLi as a pale yellow solid (1.25 g, 5.4 mmol, 80%). (see ref. 

18 for the NMR data) 

(Ph-C6H4)N(tBu)NLi (200 mg, 0.865 mmol) was dissolved in hexanes (10 mL) and cooled to – 35°C and 

Me2AlCl was added slowly (0.952 mL (1M in hexanes), 0.952 mmol). The mixture was warmed to room 

temperature and stirred for 24 hours. The solution was concentrated to 1/3 of its original volume and 

stored in the freezer. After several days colorless crystals were obtained and isolated by filtration (20.6 

mg, 86.5 mol, 10%). X-ray analysis revealed this to be [(Ph-C6H4)N(tBu)H](Ph-C6H4)AlMe instead of 

the desired (Ph-C6H4)N(tBu)AlMe2. 

All attempts to characterize the product by NMR led to decomposition and non-interpretable NMR 

spectra. 

Reaction of (Ph-C6H4)2NAlMe2 with Cp*2ZrMe2 

(Ph-C6H4)2NAlMe2 (25.0 mg, 66.3 mol) and Cp*2ZrMe2 (16.0 mg, 40.8 mol) were combined in an NMR 

tube and dissolved in C6D6 (0.6 mL). The mixture was shaken for one minute, 1H NMR analysis showed 

only the respective starting materials.  

Addition of methylallyl thioether to trap a potential cationic complex did not lead to a reaction and 

heating of subsequent samples led to decomposition. 

Crystal structure determination  

All crystal structures were solved using direct methods (SHELXT-2014)27 and refined with SHELXL-

201428 using OLEX2.29 All geometry calculations and graphics were performed with PLATON.30 The 

hydrogen atoms were places on calculated positions and were refined isotropically in a riding mode. 

Special features of the refinement are noted below. The crystal data have been summarized in Table 

4.1.  

Structural determination of Ph2PN(DIPP)AlMe2∙THF: 

The structure of Ph2PN(DIPP)AlMe2∙THF crystallizes in the chiral space group P212121 and the Flack 

parameter refined to 0.023(26).  
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Structural determination of [(DIPPN)PPh2(C4H8S)]AlMe2: 

[(DIPPN)PPh2(C4H8S)]AlMe2 crystallizes with two molecules in the asymmetric part of the unit cell. On 

one of them the thioether molecule is disordered in the S and terminal CH3 atoms. This disorder was 

modeled and the atoms were refined anisotropically.  

Structural determination of (Ph-C6H4)N(DIPP)AlMe2·THF: 

Due to the poor data quality, all aromatic rings have been constrained with the AFIX 66 command.  
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Table 4.1 Crystal structure data  

Sample [Ph2PN(DIPP)AlMe2]2 Ph2PN(DIPP)AlMe2∙THF [Ph2PN(DIPP)](C4H8S)AlMe2 

Moiety Formula C52H66Al2N2P2 C30H41AlNOP C30H41AlNPS 

Empirical Formula C52H66Al2N2P2 C30H41AlNOP C30H41AlNPS 

Mw (g/mol) 834.97 489.59 505.65 

Color/Appearance Colorless blocks Colorless blocks Colorless blocks 

Crystal Size (mm) 0.22 x 0.11 x 0.10 0.26 x 0.20 x 0.15 0.18 x 0.15 x 0.11 

Crystal System triclinic orthorhombic triclinic 

Space Group P1̅ P212121 P1̅ 

a, b, c (Å) 

9.7257(15) 

10.3432(17) 

12.758(2) 

9.8330(12) 

10.0370(6) 

28.666(6) 

9.296(2) 

16.751(3) 

18.941(5) 

α, β, γ (°) 

96.545(3) 

99.302(3) 

109.982(3) 

90 

90 

90 

88.25(2) 

89.542(16) 

80.584(16) 

V(Å3) 1170.3(3) 2829.7(7) 2908.3(11) 

Z 2 4 4 

ρ (g/cm3) 1.185 1.149 1.155 

 (mm-1) 0.164 (Mo Kα) 0.150 (Mo Kα) 0.215(Mo Kα) 

Temperature (K) 150 150 150 

θmin-max (°) 1.6-29.6 2.9-27.5 2.7-26.5 

Dataset (h, k, l) 
−13:13, −14:14, 

−17:17 

−12:12, −12:13, 

−33:37 

−11:11, −21:21, 

−23:23 

Total Reflexes 24513 37996 63838 

Unique Reflexes 6532 6328 12047 

R(int) 0.0244 0.0379 0.0951 

Parameter 268 313 646 

Observed Reflexes

 [I > 2.0 σ (I)] 
5753 5757 7292 

R1 0.0341 0.0400 0.0743 

ωR2 0.0834 0.1013 0.1364 

GooF 1.034 1.131 1.039 

Δρ fin (min/max) 

(e/Å3) 
−0.25, 0.42 −0.38, 0.35 −0.40, 0.51 
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Sample (Ph-C6H4)N(DIPP)AlMe2·THF [(Ph-C6H4)N(tBu)H](Ph-C6H4)AlMe 

Moiety Formula C30H40AlNO C29H30AlN 

Empirical Formula C30H40AlNO C29H30AlN 

Mw (g/mol) 457.61 419.52 

Color/Appearance Colorless blocks Colorless blocks 

Crystal Size (mm) 0.28 x 0.05 x 0.04 0.18 x 0.11 x 0.07 

Crystal System orthorhombic triclinic 

Space Group Pbca P1̅ 

a, b, c (Å) 

17.7180(9) 

15.5260(13) 

19.5910(11) 

11.283(2) 

12.611(3) 

16.478(4) 

α, β, γ (°) 

90 

90 

90 

90.35(3) 

90.27(2) 

92.17(2) 

V(Å3) 5389.3(6) 2342.9(9) 

Z 8 6 

ρ (g/cm3) 1.128 1.196 

 (mm-1) 0.097 (Mo Kα) 0.121 (Mo Kα) 

Temperature (K) 150 150 

θmin-max (°) 2.7-26.0 2.7-27.5 

Dataset (h, k, l) 
−21:21, −19:19,  

−24:24 

−14:14, −16:16,   

−21:21 

Total Reflexes 57077 69625 

Unique Reflexes 5285 10551 

R(int) 0.2406 0.1357 

Parameter 268 567 

Observed Reflexes

 [I > 2.0 σ (I)] 
2642 6546 

R1 0.0960 0.0613 

ωR2 0.2248 0.1282 

GooF 1.065 1.079 

Δρ fin (min/max) 

(e/Å3) 
−0.61, 0.48 −0.32, 0.28 
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Chapter 5 

 

Boralumoxanes 

 

 

 

This chapter describes the partial exchange of three-coordinate Al units that can be found in MAO for 

boron based alternatives.The synthesis and characterization of the complexes formed upon 

substitution of “O2AlMe” and “OAlMe2” fragments for “O2BR” and “OBR2,” respectively. Also species 

in which OBR2 is isolobally exchanged for “(RN)2BR” are part of the investigation. Initially, the 

complexes formed upon reacting Me3Al with bora-amidinates were investigated and their reactivity 

was tested. This was followed by an in-depth study of the reactivity, characterization, and catalyst 

interaction of the complexes formed upon reacting tBu3Al with borinic and boronic acids, i.e. R2BOH 

and RB(OH)2. 

 

 

 

 

 

 

 

 

Parts of this chapter will be submitted for publication: 

H. S. Zijlstra, A. Hofmann, S. Harder, to be submitted. 

H. S. Zijlstra, A, Hofmann, P. Shutov, B. Hessen, S. Harder, manuscript in preparation.
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5.1 Introduction 

Perfluorinated boranes and borates like B(C6F5)3 and [B(C6F5)4]+[X]− have been used as potent 

cocatalysts since the early ‘90s.1,2 Many neutral and anionic derivatives have since been investigated 

and can be employed in olefin polymerization.3-5 Their strong Lewis acidity and their well-defined 

nature makes these cocatalysts, in particular their perfluorinated phenyl derivatives, highly efficient 

activators.  

As Al can be isolobally replaced by B, it is not surprising that mixtures of Al and B compounds have also 

been reported as potent cocatalysts.6-8 The addition of a variety of boron containing compounds, such 

as boronic acids, RB(OH)2, borinic acids R2BOH, borinic esters R2BOR’, and boroxines (RBO)3, to MAO 

has been shown to enhance activities. Despite the improved activities of these mixed cocatalysts, they 

remain poorly defined and hard to study.  

Boronic or borinic acids could be seen as analogues to the three-coordinate Al centers in “OAlMe2” 

and “O2AlMe” environments, respectively (Scheme 5.1). Several research groups have used this 

concept to make well-defined boralumoxanes as model systems of MAO.9-11 

 

Scheme 5.1 The isolobal replacement of Al for B moieties which results in boralumoxanes. 

The groups of Gibson and Serwatowski reported the synthesis of (Mes2BOAlR)2 dimers (R = Me, Et, and 

iBu) and studied their reactivity towards alcohols and coordinating solvents.9,10 Despite the initial 

formation of well-defined complexes, almost all further reactions resulted in the formation of the 

respective boroxine, (MesBO)3. This most likely proceeds through a ligand exchange with the Al center; 

although not all formed products were observed nor characterized, making it difficult to draw concrete 

conclusions.  

Similarly, Hessen and coworkers reported the formation of a well-defined boralumoxane using a 

boronic acid.11 In this study, the reaction of DIPPB(OH)2 with tBu3Al resulted in the tetrameric 

(DIPPBO2AltBu)4 (Scheme 5.2). 
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Scheme 5.2 The synthesis of a well-defined boralumoxane cluster (Ar = 2,6-di-iPr-C6H3; DIPP). 

They showed this cluster to be cocatalytically active and even isolated and characterized the cation-

anion pair, which formed upon the activation of Cp*2ZrMe2.12 It was proposed that due to its three 

strained, four-member rings, this tetrameric cluster showed latent Lewis acidic behavior (see Chapter 

1). The breakage of one of the Al-O bonds gives for a Lewis acidic Al center, thereby allowing for Me-

abstraction from the Zr center (Scheme 5.3).  

 

Scheme 5.3 A proposed mechanism for the activation of Cp*2ZrMe2 by (DIPPBO2AltBu)4.12 

Subsequently, this leads to a rearrangement of the cluster, resulting in the isolated anion. As this 

process occurs over the course of several hours, the changes could be tracked by 1H NMR spectroscopy. 

An initial Al-Me signal at – 0.58 ppm was observed which gradually converted into the final peak at – 

0.40 ppm. The initial signal was assigned to the intermediate proposed in Scheme 5.3 while the final 

Al-Me peak was assigned to the isolated species. Due to the slow activation, the polymerization 

activities obtained from this boralumoxane are very limited (2.59 kg PE/molZr/h/bar). Similar, improved 

systems based on C6F5B(OH)2 and Me3Al have since been patented and are commercially used by 

Lyndon Bassell. They are among the most potent cocatalysts reported today. Although these adapted 

systems are highly active, they are also poorly defined. Further investigations, like those described in 

the unpublished work from the Hessen group, show that even a small substitution, such as the 

exchange of tBu3Al for iBu3Al, already gives for undefined complexes.14 It was proposed that after the 

release of one equivalent of RH, the dimeric [DIPPBO(OH)AlR2]2 is formed (Scheme 5.4). This then 

forms coordination polymers through the release of the second RH.  
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Scheme 5.4 The formation of polymeric (ArBO2AlR)n boralumoxanes. 

No direct characterization of the proposed polymeric species could be obtained, but the formation of 

the pyridine adduct was observed upon the addition of pyridine to a reaction mixture of DIPPB(OH)2 

and iBu3Al (Figure 5.1).14 This complex could be fully characterized and provides indirect support for 

the proposed formation of undefined coordination polymers.  

 

Figure 5.1 The proposed formation and X-ray structure of (DIPPBO2AltBu·pyridine)2 (iPr groups omitted 

for clarity).14  

Isolobal O for NR substitution should limit the possible structures formed and, depending on the 

chosen substituents, prevent the formation of coordination polymers (see Chapter 4). In this case, O 

for NR replacement leads to bora-amidinate (BAM) ligands (Scheme 5.5). Few Al complexes with this 

ligand system have been reported and to the best of our knowledge, no polymerization studies have 

been carried out.15 
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Scheme 5.5 The isolobal O for NR replacement; the transition of boronic acids to bora-amidines and 

their proposed reactivity with Me3Al to bora-amidinate complexes.  

The added R group provides the BAM ligands with an extra steric and electronic handle which should 

allow for small, well-defined complexes. Complementary to this, the published and unpublished work 

of the Hessen group provides a nice introduction on how to use boronic acids to form well-defined 

boralumoxanes. In this chapter, we will explore the reactivity and the structural characteristics of the 

formed complexes. The study of the influence of substituents and Al:B ratios should provide us with 

different complexes that yield insight into the chemistry of alumoxanes and can be used as potential 

cocatalysts themselves. Where applicable, we will also study their interaction with Cp’2ZrMe2 catalysts 

in order to learn more about their cocatalytic activity and activation pathway.  

5.2 Results and Discussion 

5.2.1 Bora-amidinates 

For these studies, we chose to use the (DIPPNH)2BH ligand. Contrary to the general BAM synthesis, 

which involves reaction of RBCl2 with LiNHR’, this complex can be prepared in an almost quantitative 

yield via (nBu2)Mg catalyzed reaction of DIPPNH2 with H3B·SMe2 (Scheme 5.6).16 

 

Scheme 5.6 Synthesis of (DIPPNH)2BH.16 

Initial attempts to react (DIPPNH)2BH with Me3Al led to the formation of gels and undefined products. 

Despite changing reaction conditions (0°C, room temperature, and 40°C) and solvents (benzene, 

toluene, and hexanes) no defined products could be obtained. This trend changed when THF was used 

as a solvent. A mixture of (DIPPNH)2BH and Me3Al was dissolved in THF and heated at 40°C. Subsequent 

recrystallization from pentane gave a species which still contained one N-H proton at 4.01 ppm and 

two identical Al-Me groups (0.50 ppm). Further 1H NMR analysis showed two different DIPP moieties; 

one having two different iPr arms (1.42 and 1.36 ppm), and the other having identical ones (1.22 ppm). 
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This suggests a monomeric complex in which only one of the Al-Me groups has reacted with a NH 

moiety. This was confirmed by the X-ray analysis of the complex which revealed mono-demethylation 

of Me3Al and formation of [DIPPNH(B)DIPPN]AlMe2·THF (Figure 5.2). 

 

Figure 5.2 X-ray structure of [DIPPNH(B)DIPPN]AlMe2·THF (iPr groups omitted for clarity) and selected 

bond lengths and angles (average values in squared brackets).  

The compound has no crystallographic symmetry and contains the Al in an almost tetrahedral 

coordination environment. The Al is bonded to only one of the N atoms and oriented on the outside 

of the complex, away from the other N atom, and stabilized by a THF ligand. As this product is just the 

intermediate towards a (BAMAlMe)n type complex, we tried heating it to force further reaction. All 

heating attempts only led to the decomposition of the compound into unidentified materials.  

The Al center in the solid state structure is located far away from the other remaining N-H. Therefore 

it might not be possible to readily force the release of the second equivalent of CH4 to form the desired 

(BAMAlMe)n complex. To circumvent this, the reaction was carried out with an excess of Me3Al (up to 

four equivalents). When performed in hexanes, trace amounts of crystals (˂ 3%) could be obtained 

(Figure 5.3). The yield of this complex was improved upto 50% using C6H5F as a solvent (vide infra). 

 

Figure 5.3 X-ray structure of [DIPPNH(AlMe2)(AlMe2H)]2 and selected bond lengths and angles (average 

values in squared brackets).  
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The crystals that were obtained proved to be the hydride bridged (DIPPNH(AlMe2)AlMe2H)2, containing 

crystallographic Ci axis. The distance of the DIPPNH moiety to both Al centers are within one standard 

deviation with Al1-N 1.964(2) Å and Al2-N 1.961(2) Å. The bridging H atoms are located at a distance 

of 1.72 and 1.73 from Al1 and Al1’, respectively. The eight-membered (Al-N-Al-H)2 ring has a chair 

confirmation with the NH protons pointing in opposite directions.  

This unusual structure is relatively uncommon and to the best of our knowledge, the only comparable 

examples are the fluoride bridged [RNH(AlMe2)(AlMe2F)]2 (R = tBu or DIPP) complexes reported by 

Roesky et al.17 They obtained these compounds in moderate yields (60%) by reacting RNH2 with 

Me2AlF. There was no in-depth mechanistic analysis carried out but it was suggested that the complex 

formed through an unknown F exchange process. In our case, the formation mechanism is also not 

directly clear. The best yields (up to 50% based on (DIPPNH)2BH) were obtained when two or more 

equivalents of Me3Al were used. Monitoring of the reaction progress using a high pressure NMR tube 

revealed a 11B peak at 86.4 ppm which is characteristic for Me3B and indicates B/Al ligand exchange. 

This is further supported by a NMR investigation of the remaining mother liquor which shows no11B 

NMR signals and, among other unidentified complexes, one predominant species in the proton NMR 

with the same 1H NMR characteristics as (Me2AlNHDIPP)2. This B/Al ligand exchange is well known and 

is applied in the syntheses of several AlR3 complexes.18 This suggests the possibility that Me2AlH and 

DIPPNHAlMe2 are formed in solution. These combine to form a hydride bridged adduct and 

subsequently dimerize to form the observed compounds (Scheme 5.7). 

 

 Scheme 5.7 The proposed formation pathway of [DIPPNH(AlMe2)(AlMe2H)]2. 

The complex contains protic N-H and hydridic Al-H groups which suggests that further H2 formation 

could occur. However, no release of H2 is observed even after heating at 80°C for three days. Upon 
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dissolving [DIPPNH(AlMe2)(AlMe2H)]2 in THF, however, an immediate gas evolution took place and a 

sticky solid formed. 1H NMR investigations of the compounds obtained by crystallization from cold 

hexanes revealed a complex without N-H or Al-H signals and an Al-Me signal at – 0.53 ppm. X-ray 

analysis showed the formation of DIPPN(AlMe2·THF)2 (Figure 5.4). 

 

Figure 5.4 X-ray structure of DIPPN(AlMe2·THF)2 and selected bond lengths and angles (average values 

in squared brackets).  

The structure has no crystallographic symmetry and contains two Al centers with an almost tetrahedral 

coordination environment. The Al-N bonds of Al1-N = 1.824(2) Å and Al2-N = 1.841(2) Å are significantly 

shorter than those in [DIPPNH(AlMe2H)]2 (1.962(2) Å). This can be explained by the higher formal 

charge at DIPP-N2−, as compared to that in DIPP-N(H)−, which gives a stronger Al-N bond. The Al-N 

bonds in DIPPN(AlMe2·THF)2 differ by 0.025(2) Å, which also results in a small difference for the Al-O 

bond distances of both Al centers.  

Again it is unclear how this complex is formed but it is postulated that THF splits the dimer, resulting 

in a THF stabilized, hydride bridged species (Scheme 5.8). The acidic N-H and hydride are now within 

proximity of each other, which results in the formation of H2 and the observed DIPPN(AlMe2·THF)2
  

 

Scheme 5.8 The proposed formation pathway of DIPPN(AlMe2·THF)2. 
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As this cluster possesses two, three-coordinate Al centers stabilized by THF, it has potential use as a 

cocatalyst. After the elimination of THF, the Al centers could potentially act as a Lewis acidic tweezer, 

abstracting a Me group from the Zr catalyst to form [DIPPN(AlMe2)2(μ-Me)]− [Cp*2ZrMe2]+ (Scheme 

5.9).  

 

Scheme 5.9 The proposed activation of Cp*2ZrMe2 with DIPPN(AlMe2·THF)2. 

Initial polymerization attempts gave trace amounts of the polymer; indicating the potential of this 

complex as an activator. In-depth studies with varying amounts of Me3Al as a scavenger for THF were 

outside the time frame of this project, but could be undertaken to gain a better understanding of the 

possible cocatalytic capabilities of this complex.  

In the presence of a coordinating solvent such as THF, the dimeric DIPPNH(AlMe2H)]2 is broken into 

monomeric units which leads to the formation of H2 and DIPPN(AlMe2·THF)2 (see Scheme 5.8). An 

interaction or exchange between the Al-Me or H groups with Zr-Me groups might lead to similar 

reactivity. Upon the interaction of the Al complex with the Zr center, either the acidic NH proton could 

react with the hydridic H again to form H2 or with the Zr-Me group to release CH4. This reactivity would 

give either a [Cp*2ZrMe]+ [DIPPNAlMe2H]− ion pair or a highly Lewis acidic DIPP(AlMe)2 which could 

subsequently abstract a Zr-Me to form the [Cp*2ZrMe]+ [DIPPNAlMe3]− ion pair;both such ion pairs 

could be polymerization active complexes. NMR scale reactions of [DIPPNH(AlMe2H)]2 with Cp*2ZrMe2 

indicate that a reaction takes place (reaction mixture turns purple upon mixing) but, thus far, no 

defined species could be observed or isolated. This is not unexpected as the ionization of Cp*2ZrMe2 

often results in the formation of many different species.19 To further test the the usability of 

[DIPPNH(AlMe2H)]2 as a cocatalyst, polymerization attempts using Cp2*ZrMe2 ([Zr]:[Al] = 4.5 barr 

ethylene, 15 min, 25°C) were carried out. There were no polymers obtained, which indicates that 

[DIPPNH(AlMe2H)]2 alone is not active as a cocatalyst.  

5.2.2 Borinic acids 

There are few defined examples of borinic acid containing Al alkyl complexes that have been 

reported.9,10 Since those that have been reported showed that (Mes)2BOH (Mes = 2,4,6-tri-Me-C6H2) 

gave for [(Mes)2BOAlMe]2 dimers, we chose to use a borinic acid without substitutions in the ortho-
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position. The use of this particular configuration should allow for increased cluster size. Reaction of (p-

tolyl)2BOH with R3Al (R = Me or Et) did, however, not give the desired [(p-tolyl)2BOAlMe]n complex but 

instead the ligand substituted (p-tolyl)AlMe2 (Figure 5.5).   

 

Figure 5.5 X-ray structure of (p-tolyl)AlMe2 and selected bond lengths and angles.  

It seems that two aryl substituents on a B center make it very liable for ligand exchange. This gives for 

the undesired side reactions and hinders the desired product formation. To circumvent this problem, 

we instead focused on the use of boronic acids.  

5.2.3 Boronic acids 

Alternatively to the borinic acids, boronic acids form another potential class of boralumoxanes (vide 

supra). Based on the previously reported examples, we set out to establish a well-defined synthetic 

pathway and vary the boronic acid substituents used. As previously discussed, Hessen et al. had already 

shown that the formation process of boronic acids depends on the substituents chosen (Scheme 

5.10).14 
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Scheme 5.10 The steric influence on boralumoxane formation.  

Depending on whether iBu or tBu Al substituents are used, two completly different structures can be 

obtained. The use of tBu3Al gives for a rearranged cluster that cannot be explained in a straightforward 

manner, whereas use of iBu3Al gives an undefined material which is most likely a coordination polymer 

with the general formula (ArBO2AlR)n. It is thought that both these products are formed via the same 

kind of eight-membered ring intermediate (See Scheme 5.10). Depending on the substituent, it should 

be possible to gain more defined structures and obtain insight into the structural arrangement of the 

boralumoxanes.  

Many different boronic acids (Ar = p-Tol, Mes, anthracene, napthalene, C6F5) and AlR3 (R = Me, Et, iPr, 

iBu, tBu, and Ph) combinations were tested by following the reaction pathways described by Hessen 

and coworkers.11 Despite many attempts and slight variations in reaction conditions, no defined 

products were initially obtained. However, using C6H5F as the solvent in combination with the bulky 

anthracene boronic acids, gave access to a variety of well-defined products.  

AntB(OH)2 based boralumoxanes 

The reaction of AntB(OH)2 with tBu3Al in C6H5F gave a crystalline material that can be obtained in 20% 

yield. 1H NMR analysis showed a species with an Ant:AltBu ratio of 1:1 and a Al-tBu singlet at 0.74 ppm. 

X-ray analysis showed the formation of the tetrameric cluster (AntBO2AltBu)4 (Figure 5.6).  
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Figure 5.6 The proposed pathway for the formation of (AntBO2AltBu)4 and its X-ray structure with 

selected bond lengths and angles (anthracene moieties omitted for clarity).  

The structure has crystallographic S4 symmetry and contains Al in a distorted tetrahedral environment. 

It consist of two (Al-O)2 rings which are connected to each other by four bridging AntBO2 units. The Al-

O distances within the (Al-O)2 ring have an average of 1.857(3) Å; significantly larger than the Al-O 

distances to the bridging AntBO2 unit (1.732(3) Å). This is also seen in the B-O distances: the B-O2 bond 

is significantly longer (1.422(6) Å) than the B-O1 bond distance (1.329(6) Å).  

Contrary to Hessen’s tBu/DIPP derivative, the formation of (AntBO2AltBu)4 can be readily explained by 

the dimerization of the [ArBO(OH)AlR2]2 complex (Figure 5.6). Therefore, the structure can also be 

viewed as the polymeric structure proposed in Scheme 5.10 with n = 1.  

The reaction of (AntBO2AltBu)4 with pyridine gave the product (AntBO2AltBu·pyridine)2, which could be 

characterized by X-ray diffraction (Figure 5.7). It seems that the action of the strong Lewis basic 

pyridine cleaves the (AntBO2AltBu)4 cluster into two eight-membered (BO2Al)2 rings, in which the Lewis 

acidic Al is saturated by pyridine. 
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Figure 5.7 X-ray structure of (AntBO2AltBu·pyridine)2 and selected bond lengths and angles.  

The structure has crystallographic Ci axis and contains Al in an almost tetrahedral coordination 

environment. The Al-O bond lengths are slightly different with 1.723(1) Å and 1.740(1) Å but are in the 

same range as the Al-O bond in the B-O-Al unit of (AntBO2AltBu)4 (1.732(3) Å). The structure is similar 

to that of (DIPPBO2AliBu)2 and its formation may also be explained in a similar way (see Figure 5.1).  

The coordination of pyridine to the Al centers leads to the cleaving of the strained (Al-O)2 which results 

in the formation of the isolated pyridine-stabilized adduct. As the AntB(OH)2 yields well-defined 

boralumoxanes clusters, we decided to continue to explore its chemistry with tBu3Al in different ratios. 

Excess boronic acid leads to a mixture of undefined species, of which only anthracene could be 

unambiguously characterized. Under adapted reaction conditions (toluene instead of C6H5F), excess 

tBu3Al did lead to the formation of a well-defined species. Reaction of two equivalents of tBu3Al with 

AntB(OH)2 in toluene gave colorless crystals (15-20% yield). X-ray analysis showed the formation of 

(AntBO2)2(AltBu2)4 (Figure 5.8).  

 

Figure 5.8 X-ray structure of (AntBO2)2(AltBu2)4 and selected bond lengths and angles (average values 

in squared brackets).  
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The structure has no crystallographic symmetry and contains both three- and four-coordinate Al 

centers. It consists of two tBu2AlOBOAltBu2 units that form a dimer through a central (Al-O)2 ring. The 

Al-O bond lengths are with an average of 1.893(2) Å; larger than those observed for the alcohol and 

diol based (Al-O)2 rings discussed in Chapter 3 (1.82-1.86 Å, respectively). The terminal Al-O bonds in 

the complex are much shorter with 1.756(2) Å, which can be attributed to the three-coordinate nature 

of the Al centers. From the solid state structure it can be seen that these are stabilized by an interaction 

of Al with C3 of the anthracene unit (Al-C3 = 2.573(3) Å; Figure 5.9). 

 

Figure 5.9 Al···C interaction as observed in X-ray structure of (AntBO2)2(AltBu2)4 (only part of the 

molecule shown for clarity). 

This interaction exists in solution as well. The 1H NMR spectrum shows three different Al-tBu signals; 

two broad singlets at 1.88 and 0.74 ppm (9H each) and one sharp singlet at 0.77 ppm (18H). This could 

further be confirmed by the observation of a cross peak between the signal at 1.88 and the aromatic 

region in the NOESY spectrum. Variable NMR studies all led to the decomposition of the complex so 

no further information on strength of this interaction could be obtained. 

The reaction of (AntBO2)2(AltBu2)4 with pyridine leads to the splitting of the dimer and the formation 

of (AntBO2)(AltBu2·pyridine)2 (Figure 5.10). The complex shows only one Al-tBu signal (1.26 ppm) and 

contains pyridine stabilized, highly Lewis acidic three-coordinate Al centers.   
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Figure 5.10 X-ray structure of (AntBO2)(AltBu2·pyridine)2 and selected bond lengths and angles. 

The structure has no crystallographic symmetry and contains Al centers that are both in a tetrahedral 

coordination environment. Both Al centers are stabilized by pyridine ligands with an Al1-N1 bond 

length of 2.012(1). The Al-O bonds are similar in length to the terminal Al-O bonds in (AntBO2)2(AltBu2)4 

(1.734(1) vs. 1.756(2) Å).  

Although well-defined complexes can be formed with varying Al:B ratios, the obtained re relatively low 

and variable. Depending on the scale and reaction attempt, isolated yields vary between 15-20% with 

crystalline yields even lower. An insoluble solid formed instantaneously during both the synthesis of 

(AntBO2AltBu)4 and (AntBO2)2(AltBu2)4. In the early stages of our investigations, this finding was 

disregarded; but as it includes most of the material used, the need for further investigations were 

concluded. Upon the addition of pyridine, the solids could be dissolved and a crystalline material could 

be obtained. 1H NMR spectra of this crystalline material show a complex mixture of species consisting 

of different alumoxanes that could not be separated  

After concentration of the mother liquor and subsequent cooling, crystals of high enough quality for 

X-ray analysis could be obtained. The analyses of different crystal batches showed that they 

consistently included a multitude of species from which three different complexes could be structurally 

characterized. All characterized species seem to have formed through some sort of condensation 

reaction and contain pyridine to stabilize the reactive three-coordinate Al centers or the acidic H 

atoms. One of the obtained complexes had two boronic acid moieties and two pyridine-stabilized 

three-coordinate Al centers (Figure 5.11). 
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Figure 5.11 X-ray structure of {[(AntBO)2(-O)](AltBu2·pyridine)2} (tBu groups omitted for clarity). 

The quality of the data is rather poor and therefore only connectivity of the atoms could be 

determined. The complex is interesting because it was apparently formed by a condenstation reaction 

of AntB(OH)2 to form (AntBOH)2(-O) and water; it was then followed by a dimerization of the 

anthracene units. Both of these processes are known: boronic acids tend to condense to their 

respective boroxines9 and under the influence of light anthracene can undergo a 4 + 4 cycloaddition to 

form its respective dimer (Scheme 5.11).20 

 

 

Scheme 5.11 Condensation of boronic acid to form boroxines and 4 + 4 dimerization of anthracene. 

As boronic acids are quite sensitive to condensation, it is likely that this reaction first takes places after 

which tBu3Al reacts with the remaining OH groups to form the terminal tBu2Al groups that are 

stabilized with pyridine. As three-coordinate Al is highly reactive, this species is most likely a short lived 

side product. It is, at this point, unclear at which step the photo condensation takes place. Most likely, 

however, this happens after the boronic acid condensation.  

Analysis of another crystal from the same batch shows that the condensation of boronic acids could 

well be the cause of the low yields in which (AntBO2AltBu)4 and (AntBO2)2(AltBu2)4 are obtained (Figure 

5.12). 
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Figure 5.12 X-ray structure of [(pyridine)2H]+ {[(AntBO)2(-O)](AltBu2)}– and selected bond lengths and 

angles (average values in squared brackets).  

A complex containing a six-membered BOBOAlO ring is obtained. Instead of the two different Al 

centers found in {[(AntBO)2(-O)](AltBu2·pyridine)2}, now only one is found. The overall negative 

charge of the molecule is compensated by the pyridine stabilized H+ atom. The structure has no 

crystallographic symmetry and contains Al in a tetrahedral coordination environment. Both Al-O2 and 

Al-O3 are of similar length with an average of 1.804(2) Å. The B1-O2 distance is 1.321(3) Å; shorter 

than the B1-O1 distance (1.397(3) Å). This is most likely due to the fact that the negative charge is 

located at the Al center. The H+ counter ion is located in between two stabilizing pyridine molecules. 

Due to its low electron density, an accurate position cannot be determined. The atom could be found 

in the Fourier transform map and is estimated to be located at 1.19 Å from N1 and 1.45 Å from N2. 

Upon refinement, the H atom moves towards the middle of both N atoms (N1-H1 = 1.30 Å and N2-H1 

= 1.32 Å). Its position can be estimated indirectly by using the influence of protonation on the C-N-C 

angles of pyridine.21 This angle is 118° for free pyridine and increases to 122° upon protonation.22 In 

the obtained structure, the C-N1-C angle is 120.1(2)° whereas the C-N2-C angle is 119.1(2)°. These 

values do indeed suggest that the H+ is located somewhere in the middle but slightly closer to N1.  

From the same batch of crystals we could also isolate the Al:B 2:1 complex which contains an Al bridged 

OH group. The structure contains two acidic protons which are found in an OH···N and NH···O 

environment (Figure 5.13). 
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Figure 5.13 X-ray structure of (pyridine-H)+ [(AntBO2)(AltBu2)2(-OH) ]− and selected bond lengths and 

angles (average values in squared brackets).  

The structure contains no symmetry and the Al-O and B-O bonds vary due to the unsymmetric 

protonation by the H+. The Al-O bonds vary from 1.846(1) Å for Al2-O1 to 1.765(1) Å for Al2-O3, 

whereas the B-O bonds vary almost 0.05 Å with 1.378(2) Å for B-O2 and 1.329(2) Å for B-O3. In contrast 

to the symmetric structure of [(pyridine)2H]+ {[(AntBO)2(-O)](AltBu2)}–, the O-Al-O, Al-O-Al, O-B-O, and 

Al-O-B angles are not similar and vary from 98.91(5)° for O1-Al2-O3 to 136.96(19)° for Al2-O3-B. As 

noted before, the exact location of the H atoms cannot be determined from the X-ray data. Using the 

Fourier transform map, however, the H atoms were located at O-H and O∙∙∙H distances of 0.87 Å (H1) 

and 1.67 Å (H2), respectively. This indicates OH∙∙∙pyridine and (pyridine)NH∙∙∙O moieties. This is further 

confirmed by analysis of the C-N-C angles within pyridine, which gives C-N1-C 117.39(15)° and a C-N2-

C angle of approximately 122° (due to disorder, this ring was not refined anisotropically and no 

accurate angles could be determined). These values confirm that the protons are indeed located near 

O1 and N2.  

The isolation of these condensation products illustrate the possible side reactions that can take place 

during the synthesis of the well-defined boralumoxanes described. Based on the difficulties separating 

the compounds from each other, no clean and complete structural data of the crystalline complexes 

could be obtained. It can, however, be proposed that the latter two complexes form in a similar 

amount as the formation of (pyridine-H)+ [(AntBO2)(AltBu2)2(-OH)]− is seemingly dependent on 

[(pyridine)2H]+ {[(AntBO)2(-O)](AltBu2)}– (Scheme 5.12). This dependence also explains why it has thus 

far not been possible to isolate one complex without the other. 
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Scheme 5.12 The formation pathway of {[(ArBO2)(ArBOH)](AlR2)} and (ArB(OH)O)[(AlR2)2(-O)]. 

The condensation of two AntB(OH)2 moieties leads to the formation of a di-boronic acid, which can 

subsequently react with tBu3Al to form [(AntBO2)(AntBOH)](AltBu2). During the condensation, one H2O 

molecule is released. This could react with the readily available tBu3Al to form tBu2AlOH. This 

aluminum hydroxide complex could then condense with a AntB(OH)OAltBu2 moiety formed by the 

initial reaction of AntB(OH)2 with tBu3Al in order to give (AntB(OH)O)[(AltBu2)2(-O)]. Both of which 

can be crystalized from pyridine as their pyridine adducts (see Figure 5.12 and 5.13).  

Catalyst Interaction 

The complexes (AntBO2AltBu)4 and (AntBO2)2(AltBu2)4 could potentially be used as cocatalysts. To 

study their interaction with metallocene catalysts, they were mixed with Cp*2ZrMe2 in the presence of 

allyl methyl sulfide as a cation trap (see Chapter 4). Upon the addition of Cp*2ZrMe2 to a mixture of 

(AntBO2AltBu)4 and allyl methyl sulfide, an orange solution slowly formed. Initially, the 1H NMR 

spectrum consisted of multiple species that could not be identified; but over time, very thin orange 

crystals formed. All attempts to dissolve the crystals and to investigate their characteristics by NMR 

were unsuccessful. It was, however, possible to get an X-ray structure (Figure 5.14). 

 

Figure 5.14 X-ray structure of [Cp*2ZrCH2CH(Me)CH2SMe]+ [MetBu4Al4Ant4B4O8]− (anthracene and tBu 

groups omitted for clarity). 
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Due to the extremely small and thin plates that consistently formed, the obtained data are of low 

quality and only connectivity could be established. The obtained structure shows a tetrameric anion 

and the sulifde trapped zirconocene anion. Despite its compositional similarity, the anion is completely 

different from the (AntBO2AltBu)4 starting material (Figure 5.6) and possess a similar structural core as 

that of the [MetBu4Al4DIPP4B4O8]− ion reported by Hessen et al. ( Figure 5.15).12 

 

Figure 5.15 X-ray structure of the anion of [Cp*2ZrCH2CH(Me)CH2SMe]+ [MetBu4Al4DIPP4B4O8]− (DIPP 

and tBu groups omitted for clarity). 

Both structures contain two four-membered rings at their core, surrounded by three boronic acid 

capped six-membered rings and have only minor differences in their binding environments. Al2, for 

example, contains a tBu group in the Ant derivative whereas it is bound to only O atoms in the DIPP 

structure. Because of this, the Ant derivate contains only one Al center that has two alkyl groups 

whereas the DIPP derivative contains two AlMe2 Fragments. Other differences can be found in the 

bridging of the boroinc acid moiety B1 bonded to edge Al4 instead of the central Al2 for the Ant 

derivative. Based on the highly symmetric structure of (AntBO2AltBu)4, it is difficult to determine a 

pathway through which this anion might form. Due to the structural similarity with the known 

[MetBu4Al4DIPP4B4O8]− ion, a similar precursor could be proposed (see Scheme 5.3). All attempts to 

isolate or monitor any intermediates formed have thus far been unsuccessful. It should also be noted 

that the existence of the previously noted side products cannot be completely ruled out and therefore 

they could also be (partially) responsible for the formation of the observed anion. 

(AntBO2)2(AltBu2)4 was reacted with Cp*2ZrMe2 in a similar manner as (AntBO2AltBu)4. The color change 

occurred much faster and once again an orange solution was obtained. The slow reaction of solid 

Cp*2ZrMe2 with (AntBO2)2(AltBu2)4 dissolved in C6H5Cl without stirring successfully slowed down the 

reaction and led to the formation of relatively large orange crystals. Attempts to dissolve them in order 

to get interpretable NMR data were unsuccessful but X-ray analysis of the crystals could be obtained 

(Figure 5.16). 
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Figure 5.16. X-ray structure of the anion of [Cp*2ZrCH2CH(Me)CH2SMe]+ [MetBu6Al4Ant3B3O6]− 

(anthracene and tBu groups omitted for clarity). 

Due to severe disorder in the [Cp*2ZrCH2CH(Me)CH2SMe]+ ion the structure of the cation could not be 

fully solved and only the connectivity of the anion could be established. Similar to the structure of 

[MetBu4Al4Ant4B4O8]−, it contains two central four-membered rings that are surrounded by six-

membered rings. In this case, only two six-membered rings were present instead of three, giving for 

an overall B:Al ratio in the anion of 3:4. Although we started with the (AntBO2)2(AltBu2)4, which contains 

two tBu groups on all Al centers, this anion contains two Al centers that only have one tBu group. 

Therefore, is seems plausible also in this case that the characterized complex is not stable in solution 

and/or that the condensation processes also partake in the activation and ion pair formation.  

To test this and to circumvent the time consuming and not always consistent preparation of the well-

defined precursors, the one pot reaction of tBu3Al, AntB(OH)2 and Cp*2ZrMe2 in the presence of allyl 

methyl sulfide was carried out. Upon standing, a yellowish solution containing multiple species was 

obtained from which several crystals formed over time. Due to the limited amount of material, it was 

not possible to isolate the different species as pure compounds and characterize them by NMR. Unit 

cell analysis of the crystals showed the formation of [tBu2Al(-OtBu)]2,23 (AntBO2AltBu)4, and a new 

complex. X-ray measurement showed this to be a sulfur bridged bimetallic Zr cation with the same 

anion as previously described (Figure 5.17). 
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Figure 5.17 X-ray structure of [Cp*2Zr(SMe)(-SCH2)ZrCp*2]+ [MetBu6Al4Ant3B3O6]−
 (anthracene, tBu 

groups, and Cp* Me groups omitted for clarity) and selected bond lengths and angles (average values 

in squared brackets).  

The structure has no crystallographic symmetry and contains three four-coordinate Al atoms in a 

tetrahedral coordination environment, whereas the central five-coordinate Al2 is square pyramidal. 

The Al-O bond lengths containing the terminal Al atoms vary by approximately 0.1 Å, depending on 

whether the O atom is two- or three-coordinate. The Al-O bonds lengths containing the central Al2 are 

similar and significantly longer than the other Al-O bonds with an average of 1.937(2) Å. Interestingly, 

the added alkyl group is part Me and part iBu. It is unclear how exactly this happens but because 

[tBu2Al(-OtBu)]2 is also observed as a side product, it is clear that a complex set of reactions must be 

happening at the same time. The composition of the cation makes the reactivity even more confusing. 

It contains two Cp*2Zr fragments that are connected by the bridging (SCH2)− ion (H atoms found in 

electron density profile). This ion must come from the sulfide but it is unclear how this could have 

formed. The disproportionation of the sulfide is further seen by the presence of a MeS− ion that is 

bound to Zr1. Although it is unclear exactly how this complex is formed, it once again provides a good 

illustration of the different reactions that can take place and the complexity of these systems.  

To further investigate the influence of the insoluble solids on the formation of the ion pairs, their 

interaction with Cp*2ZrMe2 was investigated. The solids obtained during the synthesis of 

(AntBO2AltBu)4 and (AntBO2)2(AltBu2)4 were combined and mixed with Cp*2ZrMe2 in the presence of 

allyl methyl sulfide. No apparent reaction took place and the 1H NMR spectrum showed a multitude of 
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different species, but signals for Cp2*ZrMe2 could still be identified. Upon standing, a few crystals of 

(AntBO2AltBu)4 could be isolated but no zirconocene activation was observed.  

It is very well possible that the solids consist of mainly small, partially condensed and not fully reacted 

boralumoxanes that are not reactive enough to interact with the sterically crowed Cp*2ZrMe2. To 

circumvent this, the same reaction was tried using Cp2ZrMe2. Upon mixing, a gas evolution was 

observed but no characteristic orange color was seen. Upon standing, a colorless crystals could be 

obtained which showed multiple Cp-H singlets and one Al tBu signal in the 1H NMR. X-ray analysis 

showed a complex cluster that consists of Cp2Zr(RBO2) (3x) and tBuAl(RBO2) (2x) units (Figure 5.18). 

 

Figure 5.18 X-ray structure of (Cp2Zr)2(AntBO2)5(AltBu)2 (anthracene and tBu groups Me groups omitted 

for clarity) and selected bond lengths and angles (average values in squared brackets).  

The structure possesses no crystallographic symmetry and contains three Cp2Zr, five AntBO2, and two 

AltBu moieties. The terminal Cp2Zr moieties are each connected to Al through two bridging boronic 

acids. A fifth boronic acid moiety connects both Al centers and is bonded to the central Cp2Zr. The 

central Zr center is also connected to one of the O atoms of the other bridging boronic acids. The Zr2-

O bonds are with an average of 2.277(1) Å much longer than the other Zr-O bonds (avg. 2.003(2) Å). 

This is due to the higher coordination number of five for Zr2. The formation of this complex, that 

contains no Zr-Me units, supports the observation that the insoluble solids mostly consist of reaction 

intermediates which still contain acidic protons.  

Although it is possible to obtain well-defined boralumoxanes using a combination of tBu3Al and 

AntB(OH)2 in C6H5F or C6H5Cl, it remains unclear how representative they are for the species formed 

upon activation. The synthesis of (AntBO2AltBu)4 and (AntBO2)2(AltBu2)4 produces many partially 

reacted and condensed side products that cannot be avoided and cannot be completely separated. 
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Their interaction with Cp*2ZrMe2 does lead to a well-defined cation-anion pair, but an exact formation 

pathway cannot be identified. Nevertheless, the anions isolated have strikingly similar structural motifs 

as the one obtained for the DIPP derivative by Hessen et al.12 Polymerization studies using 

(AntBO2AltBu)4 and (AntBO2)2(AltBu2)4 as cocatalysts in combination with Cp2ZrMe2 show initial 

activities of up to 3 kg PE/molZr/h/bar. Their limited activation is most likely due to the slow activation 

process, as observed during the previously discussed ion pair trapping studies. More in depth 

investigations and optimization studies of these systems in alkene polymerization are needed in order 

to understand the full scope of such clusters for polymerization catalysis.   

Beyond Anthracene 

With a synthetic route in hand that allowed for the isolation and solid state characterization of Ant 

based boralumoxanes, we then set out to explore the reactivity and complex formation of less bulky 

aryl boronic acids. Both p-tolylB(OH)2 and C6F5B(OH)2 contain no bulky substituents in the ortho-

position of the aryl ring and were therefore selected first for investigation. They were reacted with 

tBu3Al in C6H5F as described earlier for the Ant derivative (vide supra). Both reacted vigorously and no 

[ArBO(OH)AltBu2]2 could be observed or isolated. The only product that could be isolated upon work 

up were the respective boroxines, (ArBO)3. This indicates that the larger anthracenyl substituents are 

essential to slow down the condensation of the boronic acid in order to form the boroxine and allow 

for boralumoxane formation (see Scheme 5.13). However, the addition of pyridine to the reaction 

mixture directly after gas evolution had ceased gave a pyridine stabilized adduct that is similar to those 

shown earlier for the DIPP/iBu and Ant/tBu derivatives (Figure 5.19).  

 

Figure 5.19 X-ray structure of (C6F5BO2AltBu·pyridine)2 and selected bond lengths and angles (only part 

of tBu groups are shown for clarity).  

The structure possesses a Ci axis and contains a puckered (Al-O-B-O)2 core, similar to that of 

(DIPPBO2AltBu·pyridine)2 and (AntBO2AltBu·pyridine)2. The Al1-O1 and Al1-O2’ distances vary 0.056(2) 
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Å more than in the Ant derivatives (0.017(1) Å). This difference also considerably influences the Al-O-

B bond angles as they vary from 130.87(13) Å to 143.51(14) Å. The formation of this species does 

suggest that, at least initially, a polymeric species is formed, as proposed in Scheme 5.4. The presence 

of pyridine here intercepts the eight-membered ring system and prevents the formation of a 

coordination polymer.The lack of ortho-substituents potentially gives for an unstable complex which 

can fall apart to form a condensed boronic acid containing species and (tBuAlO)n.   

The influence of the aryl substituent on the stability of the formed complex can be seen upon the 

introduction of the ortho-Me containing MesB(OH)2 (Mes = 2,4,6-tri-Me-C6H2). The mixing of this 

boronic acid with tBu3Al leads to the formation of [MesBO(OH)AltBu2]2, which could be observed using 

1H NMR spectroscopy but not isolated. The limited bulk of the Me groups makes them more stable 

than the p-Tol and C6F5 containing species, but is apparently still susceptible to exchange and 

decomposition reactions. Therefore, pyridine was added directly after the reaction in order to isolate 

a similar pyridine adduct as described for the C6F5 derivative (Figure 5.18). Initially, no defined product 

formation could be observed but after storing the complex at − 20°C for several months, a few well-

defined crystals formed (Figure 5.20).  

 

Figure 5.20 X-ray structure of (pyridine-H)+ [(Mes2B3O3)AltBu2]− and selected bond lengths and angles.  

Similar to the structure of [(pyridine)2H]+ [(Mes2B3O3)AltBu2]−, this molecule contains a condensed 

boronic acid fragment and two AltBu groups. The main difference between both structures is the 

different cations. In one, the H+ is symmetrically bridging two pyridines forming a (pyridine)2H+ cation 

while the other structure has a (pyridine)H+ ion which interacts with the boralumoxane via a NH∙∙∙O 

hydrogen bridge. The Al-O and B-O bond lengths have an average of 1.808 (1) Å and 1.341(3) Å, similar 
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to those in the Ant derivative. The C-N-C bond angle is 121.71(19)° which, as previously discussed, 

shows that the H+ is indeed located near the N atom and not at O2.  

Although the anticipated (MesBO2AltBu·pyridine)2 adduct could not be obtained, isolation of the Al:B 

1:2 condensation product shows that, independent of the boronic acid chosen, side reactions and 

boronic acid condensations will always take place. Other synthetic approaches need to be found in 

order to enable the isolation of unsubstituted arylboronic acid based boralumoxanes. 

5.3 Conclusions and Outlook 

The reactivity of boronic acids, borinic acids, and bora-amidinates towards AlR3 complexes has been 

investigated. The reaction of Me3Al with (DIPPNH)2BH led to the formation of the mono-demethylated 

[DIPPNH(BH)DIPPN]AlMe2·THF which decomposed upon heating and never gave the desired 

(BAM)AlMe complex. The addition of excess Me3Al in a non-coordinating solvent gave the unexpected 

hydride bridged dimer, [DIPPNH(AlMe2)(AlMe2H)]2. This complex is most likely formed through an 

exchange of the ligands on the B and Al centers. [DIPPNH(AlMe2)(AlMe2H)]2 does not release H2 upon 

heating but readily reacts in coordinating solvents such as THF to release H2 and forms 

DIPPN(AlMe2·THF)2. This interesting compound has two THF-stabilized three-coordinate Al centers but 

alone is inactive as a cocatalyst. However, if one could find an efficient method to remove the THF 

ligands, e.g. by addition of Al alkyls, this complex could be a potent activator. Detailed investigations 

were outside the time frame of this project. 

The reaction of borinic acids with R3Al gave a similar ligand exchange reaction as those described for 

the (DIPPNH)2BH chemistry. Therefore, most research effort was put into the more stable borinic acid 

derivates. Upon the introduction of C6H5F as a solvent, well-defined complexes based on AntB(OH)2 

could be obtained. These complexes could be characterized using X-ray diffraction but are challenging 

to cleanly describe using NMR techniques. Facile decomposition during washing steps and the limited 

stability gave for a complex spectra that were hard to assign. Using pyridine, we could show that a 

variety of other reactions take place at the same time, which further complicates purification and 

isolation. These results, in combination with published and unpublished results of Hessen and 

coworkers, provide some general insight into the formation of boronic acid based boralumoxanes 

(Scheme 5.4).  

Reaction of (AntBO2AltBu)4 and (AntBO2)2(AltBu2)4 with Cp*2ZrMe2 in the presence of allyl methyl 

sulfide led to the formation of well-defined cation anion pairs. Interestingly, the structure of the 

[MetBu4Al4Ant4B4O8]− ion formed from (AntBO2AltBu)4 is structurally very similar to that of the 

previously reported [MetBu4Al4DIPP4B4O8]−. Similar structural motifs can be found in 

[MetBu6Al4Ant3B3O6]−, which is formed when (AntBO2)2(AltBu2)4 is used as an activator. It is unclear 



 

 
153 

 Boralumoxanes 

how the starting material rearranges to form the observed anions, but it does show that although 

single crystals could be obtained, there is most likely equilibria between multiple species in solution. 

In order to study the influence of possible other contaminants, the insoluble side products were also 

tested with zirconocenes. They do, however, not show any significant reactivity towards Cp*2ZrMe2 

but reacted with Cp2ZrMe2 to form (Cp2Zr)2(AntBO2)5(AltBu)2, which does not contain reactive Zr-Me 

groups. Initial polymerization studies showed limited activity which is most likely do to the slow 

activation process. In the future, this could be overcome through a pre-activation step or by the 

introduction of smaller alkyl groups, although it would have to be established whether defined 

complexes can be isolated. 

Substitution of the Ant unit for smaller aryl groups such as p-tolyl, C6F5, and Mes eases boroxine 

formation and only in the case of MesB(OH)2 was some control over the reactivity possible. The 

addition of pyridine shortly after the reaction of C6F5B(OH)2 with tBu3Al led to the formation of 

(C6F5BO2AltBu·pyridine)2, which supports the formation pathway shown in Scheme 5.4. Without the 

addition of pyridine, however, only the boroxine was observed, which suggests that after the initial 

formation of a (RBO2AlR)n type coordination polymer, a decomposition to boroxines takes place for 

small boronic acid substituents.  

Overall, the work demonstrated in this chapter nicely illustrates the difficulties encountered when 

trying to make well-defined mixed B/Al compounds. Facile ligand exchange with (DIPPNH)2BH led to 

the formation of a mixed Me/H Al complex with interesting reactivity and potential uses for 

applications outside the scope of this project. Similar B/Al ligand exchange was encountered with 

boronic and borinic acids. Using an improved synthetic route it was, however, possible to isolate 

several well-defined boronic acids based boralumoxanes containing anthracenyl groups. These give 

new and important insight into this kind of chemistry and can activate simple zirconcenes. These 

results provide a solid foundation and synthetic framework to continue to expand the development of 

boralumoxanes, study their activation mechanism, and polymerization capabilities. 

5.4 Experimental Section 

General considerations 

All experiments were performed under a nitrogen atmosphere by using standard Schlenk line and 

glove box techniques. The solvents were dried on alumina columns and were degassed by bubbling 

nitrogen through the solvent reservoir. Common precursors, C6F5B(OH)2, MesB(OH)2, p-tolylB(OH)2 and 

and iBu3Al (97%) were purchased in reagent grade from commercial suppliers (ABCR, Acros Organics, 

Alfa Aesar, and Sigma Aldrich) and used, unless noted otherwise, without further purification. tBu3Al,24 

DIPPB(OH)2,25 AntB(OH)2,26 were prepared according to their reported procedures. 1H and 13C NMR 
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were recorded on Bruker Avance 300, 400, and 600 MHz spectrometers (specified at individual 

experiments). Crystal structure determinations were carried out on a Bruker Nonius Kappa CCD (Mo) 

or Agilent Supernova diffractometer (Cu). Single crystals were coated with perfluoro-polyether and 

immediately mounted in the cold nitrogen stream of the diffractometer. Elemental analysis was carried 

out using a Eurovector EA 3000 analyzer. 

Bora-amidinates 

Synthesis of (DIPPNH)BHDIPPAlMe2∙THF 

HB(DIPPNH)2 (250 mg, 686 mol) was dissolved in THF (15 mL) and Me3Al (51.9 mg, 0.360 mL, 2 M in 

hexanes, 0.720 mmol) was added dropwise. The reaction was heated at 45°C for one hour until no 

more gas evolution was observed and subsequently stirred overnight at room temperature. All 

volatiles were removed under reduced pressure to give an oil. The oil was washed with cold pentane 

(2 x 2 mL) to give (DIPPNH)BHDIPPAlMe2∙THF as a sticky white solid (232 mg, 0.471 mmol, 68.7%).  

1H-NMR (300 MHz, C6D6): δ = 7.30-7.17 (br m, 4H, Ar), 7.12 (s, 2H Ar), 4.51 (br s, 1H, B-H), 4.01 (d, 2H, 

N-H), 3.95 (m, 2H, CH(CH3)2), 3.61 (m, 4H, THF), 3.50 (m, 2H, CH(CH3)2), 1.42 (d, 3JHH = 6.9 Hz, 3H, 

CH(CH3)2), 1.36 (d, 3JHH = 6.9 Hz, 3H, CH(CH3)2), 1.22 (d, 3JHH = 6.9 Hz, 6H, CH(CH3)2), 1.04 (m, 4H, THF), 

− 0.50 (s, 6H, Al-Me) ppm. 

C30H50AlBN2O (492.53): calcd. C 73.16, H 10.23, N 5.69; found C 72.94, H 10.26 N 5.86. 

Synthesis of [(DIPPNH)AlMe2(-H)AlMe2]2 

HB(DIPPNH)2 (270 mg, 741 mol) was dissolved in fluorobenzene (5 mL) and Me3Al (0.150 g, 0.200 mL, 

2.08 mmol) was added dropwise. The solution was stirred for one hour until no more gas evolution 

was observed and stored at 20°C overnight to give a crop of colorless crystals. The crystals were 

isolated by filtration, dried under reduced pressure, and washed with hexanes (3 x 2mL) to yield 

[(DIPPNH)AlMe2(-H)AlMe2]2 as a colorless solid (0.104 g, 178 mol, 48% yield based on HB(DIPPNH)2). 

1H-NMR (400 MHz, C6D6): δ = 7.01-6.95 (m, 3H, Ar), 4.32 (s, 1H, Al-H), 3.82 (s, 1H, N-H), 3.39 (m, 1H, 

CH(CH3)2), 3.15 (m, 1H, CH(CH3)2), 1.29 (d, 3JHH = 6.9 Hz, 6H, CH(CH3)2), 1.21 (d, 3JHH = 6.9 Hz, 6H, 

CH(CH3)2), – 0.08 (s, 6H, Al-Me), – 0.69 (s, 6H, Al-Me) ppm. 

13C NMR (151 MHz, C6D6): δ = 139.7 (Ar), 139.5 (Ar), 136.5 (Ar), 125.4 (Ar), 125.3 (Ar), 124.7 (Ar), 29.1 

(CH(CH3)2), 28.0 (CH(CH3)2), 25.7 (CH(CH3)2), 23.8 (CH(CH3)2), – 7.1 (Al-Me), – 11.0 (Al-Me) ppm. 

C32H62Al4N2 (582.79): calcd. C 65.95, H 10.72, N 4.81; found C 66.47, H 10.67 N 5.01. 

Synthesis of DIPPN(AlMe2·THF)2 

[(DIPPNH)AlMe2(-H)AlMe2]2 (100 mg, 171 mol) was dissolved in THF (5 mL). The solution was stirred 

for one hour until no more gas evolution was observed. All volatiles were removed under reduced 

pressure to give a colorless oil. Hexanes (2 mL) were added to the oil which crystalized upon standing. 
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The crystals were isolated by filtration and dried under reduced pressure to give DIPPN(AlMe2·THF)2 as 

a white solid (145 mg, 335 mol, 98%). 

1H-NMR (400 MHz, C6D6): δ = 7.18 (s, 1H, Ar), 7.11 (s, 1H, Ar), 7.01 (t, 3JHH = 7.6 Hz, 1H, Ar), 4.16 (s, 2H, 

CH(CH3)2), 3.53 (s, 8H, THF), 1.34 (d, 3JHH = 6.9 Hz, 12H, CH(CH3)2), 1.05 (s, 8H, THF), – 0.53 (s, 12H, Al-

Me) ppm. 

13C NMR (151 MHz, C6D6): δ = 152.8 (Ar), 144.7 (Ar), 123.1 (Ar), 119.5 (Ar), 70.7 (THF), 27.5 (CH(CH3)2), 

25.6 (THF), 24.9 (CH(CH3)2), – 7.6 (Al-Me) ppm. 

C24H45Al2NO2 (433.59): calcd. C 66.48, H 10.46, N 3.23; found C 65.20, H 10.21 N 3.41. 

Ethylene polymerization 

Into a toluene solution of Cp*2ZrMe2 (10.5 mL, 0.334 mmol, 0.0318 M) [(DIPPNH)AlMe2(-H)AlMe2]2 

(5.0 mg, 12 mol) and 5 bar of ethylene was added. The mixture stirred for 15 minutes at room 

temperature. After that, 5 mL of 1.5 M HCl was added to quench the reaction. Traces of polymer (˂ 10 

mg) were obtained. 

Into a solution of Cp*2ZrMe2 (10.5 mL, 0.334 mmol, 0.0318 M) DIPPN(AlMe2·THF)2 (5.0 mg, 8.6 mol) 

and 5 bar of ethylene was added. The mixture stirred for 15 minutes at room temperature. After that, 

5 mL of 1.5 M HCl was added to quench the reaction. No polymer could be isolated. 

Borinic acids  

Reaction of (p-tolyl)2BOH with Et3Al 

(p-tolyl)2BOH (200 mg, 950 mol) was dissolved in toluene (15 mL) and cooled to 0°C. Et3Al was added 

slowly and the reaction was stirred for one hour until gas evolution had stopped. All volatiles were 

removed under reduced pressure and a white solid was obtained. Recrystallization from cold hexanes 

(4 mL) gave (p-tolyl-AlEt2)2 as colorless crystals (122 mg, 346 mol, 36%). 

1H-NMR (300 MHz, C6D6): δ = 8.19 (d, 3JHH = 6.0 Hz, 4H, Ar), 7.03 (s, 4H, Ar), 1.96 (s, 6H, Ar-CH3), 1.00 

(br s, 4H, Al-CH2CH3), 0.41−0.29 (br m, 6H, Al-CH2CH3) ppm.  

13C NMR (75 MHz, C6D6): δ = 150.8 (Ar), 145.2 (Ar), 127.3 (Ar), 127.0 (Ar), 126.6 (Ar), 20.7 (Ar-Me), 7.9 

(Al-CH2CH3) ppm.  

Boronic acids 

Synthesis of (DIPPBO2AltBu∙pyridine)2
20 

DIPPB(OH)2 (0.99 g, 4.8 mmol) was suspended in pentane (10 mL), degassed and frozen in liquid N2. 

iBu3Al (0.95 g, 4.8 mmol) was dissolved in pentane (10 mL) and added at once to the frozen suspension. 

The mixture was allowed to warm to room temperature and stirred for one hour until gas evolution 

had stopped. The resulting suspension was filtered and all volatiles were removed under reduced 
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pressure to give a brown oil. The oil was redissolved in pyridine (5 mL) and cooled to − 30°C to give 

(DIPPBO2AltBu∙pyridine)2 as colorless crystals (1.1 g, 1.5 mmol, 64%). 

1H-NMR (300 MHz, C6D6): δ = 8.46 (br s, 4H, Py), 7.38 (t, 2H, Ar), 7.28 (d, 4,H, Ar), 6.61 (br s, 2H, Py), 

6.24 (br s, 4H, Py), 3.52 (br s, 4H, CH(CH3)2), 2.35 (m, 2H, AlCH2CHMe2), 1.40 (br s, 12H, AlCH2CHMe2), 

1.39, d, 24H, CH(CH3)2), 0.59 (d, 4H, AlCH2CHMe2) ppm. 

13C NMR (100 MHz, C6D6): δ = 149.6 (Ar), 147.9 (Ar), 139.3 (Ar), 127.0 (Ar), 124.6 (Ar), 121.6 (Ar), 35.1 

(CH(CH3)2), 28.90 (AlCH2CHMe2), 28.6 (AlCH2CHMe2), 26.8 (AlCH2CHMe2), 25.0 (CH(CH3)2) ppm. 

C42H62Al2B2N2O4 (734.55): calcd. C 68.68, H 8.51 N 3.81; found C 68.86, H 8.43, N 3.74. 

Synthesis of (AntBO(OH)AltBu2)2 

AntB(OH)2 (309 mg, 1.39 mmol) was suspended in fluorobenzene (8 mL) and cooled to – 30°C. tBu3Al 

(276 mg, 1.39 mmol) in fluorobenzene (1 mL) was added slowly over the course of ten minutes. The 

orange-brownish suspension was stirred for 30 minutes at – 30°C and warmed to room temperature. 

The solid was separated by centrifugation and washed with fluorobenzene (3 x 5 mL). The resulting 

solid was dried under vacuum rendering [AntBO(OH)AltBu2]2 (238 mg, 0.329 mmol, 47%) as a colorless 

powder.  

1H NMR (300 MHz, C6D6): δ = 8.54 (d, 4H, Ar), 8.13 (s, 2H, Ar), 7.78 (d, 4H, Ar), 7.44 (t, 4H, Ar), 7.24 (t, 

4H, Ar), 5.31 (s, 2H, OH), 1.05 (s, 36H, AlC(CH3)3) ppm.  

13C NMR (100 MHz, CD2Cl2): δ = 134.2 (Ar), 131.8 (Ar), 129.7 (Ar), 129.4 (Ar), 128.7 (Ar), 127.0 (Ar), 

126.1 (Ar), 30.3 (C(CH3)3), 25.0 (C(CH3)3) ppm.  

11B NMR (128 MHz, C6D6): − 22.1 ppm. 

NOTE: Due to extremely poor stability and limited solubility there are always traces of anthracene of 

which the 1H NMR signals overlap with aromatic signals of the product.  

Synthesis of (AntBO2AltBu)4 

AntB(OH)2 (500 mg, 2.27 mmol) was suspended in fluorobenzene (10mL) and cooled to – 30°C. tBu3Al 

(585 mg, 2.95 mmol) was added to the suspension at once. The reaction mixture was warmed to room 

temperature and stirred for two hours. The white solid was separated by filtration and the mother 

liquor was concentrated to approximately half its original volume. Storage at – 20°C led to yellow 

crystalline (AntBO2AltBu)4. After the addition of pentane, more yellow solids precipitated. All 

precipitates were washed with pentane to yield (AntBO2AltBu)4 (234 mg, 192 mol, 34%).  

1H NMR (500 MHz, Tol-d8): δ = 8.80 (br d, 4H, Ar), 8.22 (br s, 2H, Ar), 8.03 (br s, 2H, Ar), 7.96 (br s, 4H, 

Ar), 7.73 (br d, 8 H, Ar), 7.53 (br t, 4H, Ar), 7.45 (br s, 4H, Ar), 7.23 (br t, 4H, Ar), 6.93 (br s, 4H, Ar), 1.13 

(br s, 18H, AlC(CH3)3), 0.49 ( br s, 18H, AlC(CH3)3) ppm. 
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13C NMR (100 MHz, Tol-d8): δ = 135.4 (Ar), 135.1 (Ar), 132.5 (Ar), 131.7 (Ar), 131.5 (Ar), 130.4 (Ar), 

130.0 (Ar), 129.7 (Ar), 129.2 (Ar), 128.3 (Ar), 126.7 (Ar), 125.7 (Ar), 125.3 (Ar), 124.8 (Ar), 30.9 (C(CH3)3), 

30.3 ((C(CH3)3), 29.9 (C(CH3)3), 29.25 (C(CH3)3) ppm. 

11B NMR (128 MHz, C6D6): − 3.1 ppm. 

NOTE: Due to extremely poor stability and limited solubility there are always traces of anthracene of 

which the 1H NMR signals overlap with aromatic signals of the product.  

Synthesis of (AntBO2AltBu∙pyridine)2 

(AntBO2AltBu)4 (100 mg, 82.1 mol) was dissolved in pyridine (3 mL) and stirred for 30 minutes. The 

solution was then stored at – 20°C overnight and yellow microcrystals were obtained. Washing with 

pentane and drying under vacuum yields (AntBO2AltBu∙pyridine)2 (30 mg, 39 mol, 48%).  

1H NMR (400 MHz, pyridine-d5): δ = 9.33 (d, 3JHH = 8.5 Hz, 2H, Ar), 8.74 (m, 2H, pyr), 8.28 (s, 1H, Ar), 

7.94 (d, 3JHH = 8.5 Hz, 2H, Ar), 7.56 (s, 2H, pyr), 7.51 (m, 2H, Ar) 7.39- 7.33 (m, 2H, Ar), 7.20 (t, 3JHH = 6.5 

Hz, 2 H, pyr), 1.80 (s, 9H, AlC(CH3)3) ppm. 

13C NMR (100 MHz, C6D6): δ = 150.8 (pyr), 136.5 (pyr), 134.9 (Ar), 132.4 (Ar), 131.8 (Ar), 129.2 (Ar), 

125.7 (Ar), 125.2 (Ar), 124.5 (pyr), 32.6 (C(CH3)3), 31.5 (C(CH3)3) ppm. 

11B NMR (128 MHz, C6D6): 33.8 (br) ppm. 

Synthesis of (AntBO2)2(AltBu2)4 

AntB(OH)2 (200 mg, 0.970 mmol) was suspended in fluorobenzene (5 mL) and cooled to – 30°C. tBu3Al 

(440 mg, 2.29 mmol) was added to the suspension at once. The orange-brownish reaction mixture was 

warmed up to room temperature and stirred for two hours. The white solid was separated by filtration 

and the mother liquor was concentrated to one third of its original volume. Storage at – 20°C led to 

the formation of yellow crystalline (AntBO2)2(AltBu2)4. After addition of pentane, more yellow solids 

precipitated. All precipitates were washed with pentane to yield (AntBO2)2(AltBu2)4 (240 mg, 0.238 

mmol, 25%).   

1H NMR (400 MHz, C6D6): δ = 8.93 (d, 3JHH = 8.5 Hz, 2H, Ar), 8.08 (s, 1H, Ar), 7.74 (d, 3JHH = 8.5 Hz, 2H, 

Ar), 7.61 (t, 3JHH = 8.5 Hz, 2H Ar), 7.23-7.16 (m, 2H, Ar), 1.88 (br s, 9 H, AlC(CH3)3), 0.77 (s, 18H, AlC(CH3)3) 

0.74 (br s, 9 H, AlC(CH3)3) ppm. 

13C NMR (150 MHz, C6D6): δ = 136.0 (Ar), 132.0 (Ar), 131.7 (Ar), 130.9(Ar), 129.4 (Ar), 126.1 (Ar), 32.9 

(C(CH3)3), 32.3 (C(CH3)3), 29.5 (C(CH3)3), 19.0 (C(CH3)3), 18.4 (C(CH3)3), 17.8 (C(CH3)3) ppm. 

11B NMR (193 MHz, C6D6): δ = 25.3 (br) ppm. 

C60H90Al4B2O4 (1004.90): calcd. C 71.71, H 9.03; found C 70.76, H 9.17. 
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Synthesis of (AntBO2)(AltBu2·pyridine)2 

(AntBO2)2(AltBu2)4 (20 mg, 19.9 mol) was dissolved in C6D6 (0.6 mL) and two drops of pyridine were 

added to give (AntBO2)(AltBu2·pyridine)2. Slow evaporation of the solvent led to the formation of 

colorless crystals suitable for X-ray analysis (isolated yield 70%, 10.3 mg, 13.9 mol).   

1H NMR (400 MHz, C6D6): δ = 8.83 (d, 3JHH = 8.8 Hz, 2H, Ar), 8.41 (d, 3JHH = 5.0 Hz, 2H, pyr), 8.25 (s, 1H, 

Ar), 7.90 (d, 3JHH = 8.8 Hz, 2H, Ar), 7.36-7.32 (m, 2H, Ar), 7.25-7.22 (m, 2H, Ar), 6.62-6.58 (m, 1H, pyr) 

6.28-6.24 (m, 2H, pyr), 1.26 (s, 36H, AlC(CH3)3 ppm. 

13C NMR (150 MHz, C6D6): δ = 147.34 (pyr), 140.03(Ar), 133.39 (pyr), 132.22(Ar), 131.7 (Ar), 128.73(Ar), 

125.33 (Ar), 124.55 (Ar), 124.34 (pyr), 31.24 (C(CH3)3), 24.84(C(CH3)3) ppm. 

11B NMR (193 MHz, C6D6): δ =29.3 (br) ppm. 

Synthesis of [Cp*2ZrCH2CH(Me)CH2SMe]+ [MetBu4Al4Ant4B4O8]− 

(AntBO2AltBu)4 (25 mg, 21 mol) was suspended in fluorobenzene (0.6 mL). One drop of allyl methyl 

sulfide and Cp*2ZrMe2 (15.0 mg, 33.7 mol) were added to the reaction mixture. After gas evolution 

an orange solution remained and orange crystals were formed upon standing. The crystals were 

washed with toluene (2 x 1 mL) to give [Cp*2ZrCH2CH(Me)CH2SMe]+ [MetBu4Al4Ant4B4O8]− as a pale 

orange solid (5.0 mg, 8.5%). 

Despite multiple attempts no interpretable NMR data could be obtained. 

Synthesis of [Cp*2ZrCH2CH(Me)CH2SMe]+ [MetBu6Al4Ant3B3O6]− 

(AntBO2)2(AltBu2)4 (25 mg, 26 mol) was dissolved in fluorobenzene (0.6 mL). One drop of allyl methyl 

sulfide and Cp*2ZrMe2 (9.1 mg, 21 mol) were added to the reaction mixture. The reaction mixture 

was stirred for 30 minutes after which the gas evolution ceased. Orange crystals were formed upon 

standing. They were isolated by decantation of the mother liquor and washed with toluene to give 

[Cp*2ZrCH2CH(Me)CH2SMe]+ [MetBu6Al4Ant3B3O6]− as an orange powder (8.8 mg, 5.6 mol, 27%). 

Despite multiple attempts no interpretable NMR data could be obtained. 

One pot reaction of tBu3Al, AntB(OH)2 and Cp*2ZrMe2 

AntB(OH)2 (30.0 mg, 0.135 mmol) was suspended in fluorobenzene (1 mL). tBu3Al (61.6 mg, 0.311 

mmol), one drop of allyl methyl sulfide and Cp*2ZrMe2 (15.0 mg, 33.7 mol) were added to the reaction 

mixture. After gas evolution had ceased an orange solution was obtained. Upon standing several 

different crystalline materials (as noticed from a complex 1H NMR spectrum and different crytal 

shapes) were formed (total: 15 mg). X-ray analysis showed a mixture of minor amounts of [tBu2Al(-

tBuO)]2 and (AntBO2AltBu)4 with [Cp*2ZrSMe(-S)CH2)ZrCp*2]+ [MetBu6Al4Ant3B3O6]−. 

Despite multiple attempts no interpretable NMR data could be obtained.  
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Reaction of solid byproducts with Cp*2ZrMe2  

AntB(OH)2 (300 mg, 1.46 mmol) was suspended in fluorobenzene (5 mL) and cooled to – 30°C. tBu3Al 

(664 mg, 3.35 mmol) was added to the suspension at once. The orange-brownish reaction mixture was 

warmed to room temperature and stirred for two hours. White solids were separated by filtration (167 

mg, xmmol). The solids were suspended in fluorobenzene. One drop of allyl methyl sulfide and 

Cp*2ZrMe2 (15.0 mg, 33.7 mol) were added to the reaction mixture. No reaction was observed and 

only small amounts of crystalline (AntBO2AltBu)4 could be observed over time.  

Reaction solid byproducts with Cp2ZrMe2 

AntB(OH)2 (500 mg, 2.27 mmol) was suspended in fluorobenzene (10mL) and cooled to – 30°C. tBu3Al 

(585 mg, 2.95 mmol) was added to the suspension at once. The reaction mixture was warmed to room 

temperature and stirred for two hours. White solids were separated by filtration (100 mg). These were 

suspended in fluorobenzene and one drop of allyl methyl sulfide was added. Cp2ZrMe2 (10.0 mg, 39.8 

mol) was carefully added to the mixture to give a pale yellow solution. Colorless crystals formed over 

time and were isolated by decantation to give (Cp2Zr)2(AntBO2)5(AltBu)2 as a colorless powder (20 mg, 

11.6 mol, 29%). 

Due to insolubility no NMR data could be obtained. 

Reaction of (C6F5)B(OH)2 with tBu3Al 

tBu3Al (10.9 mg, 54.7 mol) was added to a suspension of (C6F5)B(OH)2 (11.6 mg, 54.7 mol) in a 

mixture of C6D6 and C6D5Br (80/20). 1H NMR monitoring showed a variety of species that could not be 

identified. Crystallization attempts gave only crystals of [(C6F5)BO]3 as indicated by a unit cell analysis. 

The reaction products were therefore not further characterized. 

Reaction of p-tolyl-B(OH)2 with tBu3Al 

tBu3Al (70.2 mg, 354 mol) was added to a suspension of (p-tolyl)B(OH)2 (48.1 mg, 354 mol) in 

fluorobenzene (2 mL). The reaction mixture was stirred overnight and all volatiles were removed under 

reduced pressure to give a colorless solid (90 mg). 1H NMR analysis of this sample showed it to be a 

mixture of multiple species containing (p-tolyl-BO)3 and tBu3Al. This was further confirmed by X-ray 

analysis of the (p-tolyl-BO)3 crystals obtained from a concentrated hexane solution. 

Synthesis of [(C6F5)BO2AltBu∙pyridine]2 

tBu3Al (172 mg, 868 mol) was dissolved in fluorobenzene (0.3 mL) and slowly added to a suspension 

of (C6F5)B(OH)2 (184 mg, 868 mol) in fluorobenzene (10 mL). The reaction mixture was stirred for five 

hours and pyridine was added (2 mL) and the resulting solution was stirred for another three hours. 

All volatiles were removed under reduced pressure to give a sticky green solid. Washing with pentane 

(2 x 4 mL) gave [(C6F5)BO2AltBu∙pyridine]2 as a pale green solid (239 mg, 320 mol, 74%).  



 

 

160 

 Chapter 5 

1H NMR (300 MHz, C6D6): δ = 8.78-8.76 (m, 2H, Py), 6.77-6.72 (m, 1H, Py), 6.51-6.46 (m, 2H, Py), 1.33 

(s, 9H, AlC(CH3)3), 1.22 (s, 9H, AlC(CH3)3) ppm. 

13C NMR (75 MHz, C6D6): δ = 148.0 (Ar), 147.2 (Ar), 145.8 (Ar), 140.56 (Ar), 139.8 (Ar), 139.7 (Ar), 125.6 

(Ar), 125.0 (Ar), 124.7 (Ar), 33.1 (C(CH3)3), 29.7 (C(CH3)3) ppm. 

19F NMR (282 MHz, C6D6): − 134.7 (Ar, dd), − 156.8 (Ar, t), − 163.8 (Ar, dt) ppm. 

Synthesis of (MesBO(OH)AltBu2)2  

tBu3Al (15.5 mg, 78.0 mol) was added to a suspension of MesB(OH)2 (12.8 mg, 78.0 mol) in C6D6 (0.6 

mL). Formation of (MesBO(OH)AltBu2)2 could be seen in the 1H NMR spectrum. All attempts to isolate 

this product led to decomposition and so no isolated yield could be established but NMR data in 

solution could be given. 

1H NMR (300 MHz, C6D6): δ = 8.68 (s, 4H, Ar), 4.68 (s, 4H, OH), 2.50 (s, 12H, Ar-Me), 2.06 (s, 6 H, Ar-

Me), 1.11 (s, 36H, Al-tBu) ppm.  

13C NMR (75 MHz, C6D6): δ = 142.6 (Ar), 139.5 (Ar), 139.3 (Ar), 128.3 (Ar), 30.5 (Ar-Me), 24.9 (Ar-Me), 

23.1 (Ar-Me), 21.2 (Al-C(CH3)3, 14.7 (Al-C(CH3)3) ppm. 

Reaction of MesB(OH)2 with tBu3Al 

The solids isolated from the synthesis of [MesBO(OH)AltBu2]2 (22.7 mg) were dissolved in pyridine (0.5 

mL) and stored at − 20°C for six months after which few colorless crystals of (pyridine-H)+ 

[(Mes2B3O3)AltBu2]− were obtained. Attempts to reproduce the reaction on larger scale have been, 

thus far, unsuccessful. 

Ethylene polymerization 

0.5 mL of a Cp2ZrMe2 (50 mM, total Zr used = 25 mol) stock solution was dissolved in toluene (10 

mL) and (AntBO2AltBu)4 (45 mg, 37 mol) and 5 bar of ethylene was added. The mixture stirred for 

15 minutes at room temperature. After that, 5 mL of 1.5 M HCl was added to quench the reaction. 

The formed precipitate was filtered off and dried under reduced pressure to give 45 mg of polymer 

(activity: 1 kg PE/molZr/h/bar). 

0.5 mL of a Cp2ZrMe2 (50 mM, total Zr used = 25 mol) stock solution was dissolved in toluene (10 

mL) and (AntBO2)2(AltBu2)4 (44 mg, 40 mol) and 5 bar of ethylene was added. The mixture stirred 

for 15 minutes at room temperature. After that, 5 mL of 1.5 M HCl was added to quench the 

reaction. The formed precipitate was filtered off and dried under reduced pressure to give 80 mg of 

polymer (activity: 3 kg PE/molZr/h/bar). 

Crystal structure determination  

All crystal structures were solved using direct methods (SHELXT-2014)27 and refined with SHELXL-

201428 using OLEX2.29 All geometry calculations and graphics were performed with PLATON.30 The 
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hydrogen atoms were placed on calculated positions and were refined isotropically in a riding mode. 

Special features of the refinement are noted below. Crystal data have been summarized in Table 5.1.  

Structural determination of (DIPPNH)BHDIPPNAlMe2∙THF: 

The structure of (DIPPNH)BHDIPPNAlMe2∙THF contains a 50/50 disorder in the coordinated THF 

molecule. This disorder was modelled accordingly and the disordered atoms were refined isotropically. 

Structural determination of DIPPN(AlMe2·THF)2: 

The structure of DIPPN(AlMe2·THF)2 contains a 80/20 disorder in one of the coordinated THF 

molecules. This disorder was modelled accordingly and the atoms were refined anisotropically. The 

molecule crystalized in the chiral P212121 spacegroup and the Flack parameter refined to 0.020(16). 

Structural determination of (AntBO2)(AltBu2·pyridine): 

The structure of (AntBO2)(AltBu2·pyridine) contains a 60/40 disorder in one of the coordinated pyridine 

molecules. This disorder was modelled accordingly and the atoms were refined anisotropically 

Structural determination of [Cp*2ZrCH2CH(Me)CH2SMe]+ [MetBu4Al4Ant4B4O8]−:  

Despite numerous crystallization attempts only very thin plates could be obtained. Due to the poor 

data quality only atom connectivity could be established and only the unit cell parameters are shown 

in table 5.1.   

Structural determination of [Cp*2ZrCH2CH(Me)CH2SMe]+ [MetBu6Al4Ant3B3O6]−: 

The structure of [Cp*2ZrCH2CH(Me)CH2SMe]+ [MetBu6Al4Ant3B3O6]− contains severe disorder in the 

cation that could not be modelled. Therefore the structure could not be refined properly and only the 

connectivity of the anion could be determined and only the cell parameters are shown in table 5.1. 

Structural determination of [Cp*2Zr(SMe)(-SCH2)ZrCp*2]+ [MetBu6Al4Ant3B3O6]−:  

The structure of [Cp*2ZrSMe(-S)CH2)ZrCp*2]+ [MetBu6Al4Ant3B3O6]− contains one molecule of C6H5F. 

The solvent molecule is positioned on an inversion center and was refined with 50% occupancy of the 

F atom.   

Structural determination of (Cp2Zr)2(AntBO2)5(AltBu)2: 

The structure of (Cp2Zr)2(AntBO2)5(AltBu)2 contains residual electron density indicating the co-

crystallization of heavily disordered unidentified solvent molecules. Using the solvent mask function in 

OLEX2 one hole of 1718 Å3 each were found and filled with 371 electrons. The central anthracene unit 

contains minor disorder which was modelled accordingly and the atoms were refined anisotropically. 

Structural determination of [(pyridine)2H] + {[(AntBO)2(-O)](AltBu2)} −: 

The structure of [(pyridine)2H] + {[(AntBO)2(-O)](AltBu2)} – contains 75/25 disorder in one of the Al-tBu 

groups. This disorder was modelled accordingly and the atoms were refined anisotropically. 
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Structural determination of (pyridine-H)+ [(AntBO2)(AltBu2)2(-OH)]−: 

The structure of (pyridine-H)+[(AntBO2)(AltBu2)2(-OH)]− contains 60/40 disorder in two Al-tBu groups. 

This disorder was modelled accordingly and the atoms were refined anisotropically. The structure also 

contains 50/50 disorder in the coordinating pyridine ring. This disorder was modelled and the atoms 

were refined isotropically.  

Structural determination of (pyridine-H)+ [(Mes2B3O3)AltBu2]−: 

The structure of (pyridine-H)+ {[(MesBO)2(-O)]AltBu2}− crystalizes in the chiral P212121 space group and 

the Flack parameter refined to 0.046(16).  
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Table 5.1 Crystal structure data. 

Sample (DIPPNH)BHDIPPNAlMe2·THF [(DIPPNH)AlMe2(-H)]2 DIPPN(AlMe2·THF)2 

Moiety Formula C30H50AlBN2O C32H62Al4N2 C24H45Al2NO2 

Empirical Formula C30H50AlBN2O C32H62Al4N2 C24H45Al2NO2 

Mw (g/mol) 492.50 582.76 433.57 

Color/Appearance Colorless blocks Colorless blocks Colorless blocks 

Crystal Size (mm) 0.62 x 0.58 x 0.40 0.47 x 0.15 x 0.09 0.34 x 0.18 x 0.11 

Crystal System monoclinic triclinic orthorhombic 

Space Group P21/c P1̅ P212121 

a, b, c (Å) 

17.773(1) 

9.6280(8) 

22.391(1) 

9.2571(3) 

10.2165(4) 

11.1030(5) 

10.2379(2) 

14.9539(3) 

16.9188(3) 

α, β, γ (°) 

90 

124.977(7) 

90 

75.301(4) 

85.092(3) 

65.974(4) 

90 

90 

90 

V(Å3) 3139.5(4) 927.5(2) 2590.2(1) 

Z 4 1 4 

ρ (g/cm3) 1.042 1.043 1.112 

μ (mm-1) 0.087 (Mo Kα) 1.309 (Cu Kα) 1.144 (Cu Kα) 

Temperature (K) 150 100 100 

θmin-max (°) 2.75-27.50 4.12-73.49 5.05-73.76 

Dataset (h, k, l) 
−22:23, −12:12, 

−28:18 

−11:9, −13:12,          

−13:12 

−12:12, −9:18,          

−20:19 

Total Reflexes 40736 5573 8257 

Unique Reflexes 7060 3563 4728 

R(int) 0.0533 0.0252 0.0241 

Parameter 328 188 288 

Observed Reflexes

 [I > 2.0 σ (I)] 
4268 3266 4595 

R1 0.0752 0.0444 0.0303 

ωR2 0.1809 0.1208 0.0770 

GooF 1.178 1.042 1.056 

Δρ fin (min/max) 

(e/Å3) 
−0.47, 0.51 −0.34, 0.47 −0.15, 0.28 
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Sample (p-TolAlEt2)2 (AntBO2AltBu)4 [AntBO2(AltBu2)2]2 

Moiety Formula C22H34Al2 C72H72Al4B4O8 C60H90Al4B2O4·C7H8 

Empirical Formula C22H34Al2 C72H72Al4B4O8 C67H98Al4B2O4 

Mw (g/mol) 352.45 1216.45 1096.99 

Color/Appearance Colorless blocks Colorless blocks Colorless blocks 

Crystal Size (mm) 0.30 x 0.25 x 0.20 011 x 0.05 x 0.04 0.37 x 0.10 x 0.06 

Crystal System triclinic tetragonal triclinic 

Space Group P1̅ P4̅21c P1̅ 

a, b, c (Å) 

7.1878(7) 

9.1741(8) 

9.2368(8) 

16.0383(3) 

16.0383(3) 

11.8936(4) 

12.8450(4) 

16.2187(6) 

16.4146(6) 

α, β, γ (°) 

112.869(6) 

90.697(7) 

104.617(7) 

90 

90 

90 

74.939(3) 

85.250(3) 

86.239(3) 

V(Å3) 538.9(1) 3059.4(1) 3287.4(2) 

Z 1 2 2 

ρ (g/cm3) 1.086 1.242 1.108 

μ (mm-1) 0.136 (Mo Kα) 1.174 (Cu Kα) 0.990 (Cu Kα) 

Temperature (K) 100 100 100 

θmin-max (°) 2.41-27.00 3.60-73.35 3.43-73.40 

Dataset (h, k, l) 
−9:9, −10:11, 

−11:11 

−14:19, −19:17, 

−9:14 

−7:15, −14:19,          

−19:16 

Total Reflexes 7533 7575 8888 

Unique Reflexes 2285 2904 7209 

R(int) 0.0590 0.0409 0.0192 

Parameter 112 198 719 

Observed Reflexes

 [I > 2.0 σ (I)] 
1671 2595 6255 

R1 0.0491 0.0457 0.0427 

ωR2 0.1102 0.1186 0.1144 

GooF 1.043 1.064 1.098 

Δρ fin (min/max) 

(e/Å3) 
−0.42, 0.32 −0.27, 0.28 −0.25, 0.34 
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Sample (AntBO2AltBu∙pyridine)2 (AntBO2)(AltBu2∙pyridine) 
[Cp*2ZrCH2CH(Me)CH2SMe]+ 

[MetBu4Al4Ant4B4O8]−
 

Moiety Formula C46H46Al2B2N2O4 C40H55Al2BN2O2·C6H5N C101H121Al4B4O8SZr 

Empirical Formula C46H46Al2B2N2O4 C45H60Al2BN3O2 C101H121Al4B4O8SZr 

Mw (g/mol) 1026.68 739.73 1737.41 

Color/Appearance Colorless blocks Colorless blocks Orange plates 

Crystal Size (mm) 0.21 x 0.17 x 0.11 0.52 x 0.45 x 0.32 0.35 x 0.27 x 0.17 

Crystal System triclinic triclinic triclinic 

Space Group P1̅ P1̅ P1̅ 

a, b, c (Å) 

9.9030(4) 

10.145(1) 

12.095(1) 

10.9675(3) 

13.5887(4) 

16.5438(4) 

18.9796(3) 

26.3043(7) 

27.1644(6) 

α, β, γ (°) 

111.338(7) 

108.561(7) 

98.090(8) 

77.214(3) 

84.232(2) 

66.251(3) 

113.975(2) 

109.655(2) 

93.709(2) 

V(Å3) 1026.7(2) 2196.7(1) 11345.6(5) 

Z 1 2 4 

ρ (g/cm3) 1.998 1.118 poor data set 

μ (mm-1) 0.159 (Mo Kα) 0.883 (Cu Kα) “ 

Temperature (K) 150 100 “ 

θmin-max (°) 3.10-27.49 3.62-73.62 “ 

Dataset (h, k, l) 
−12:12, −13:13, 

−15:15 

−13:13, −16:16, 

−20:20 
“ 

Total Reflexes 32824 24406 “ 

Unique Reflexes 4697 8657 “ 

R(int) 0.0572 0.0208 “ 

Parameter 256 546 “ 

Observed Reflexes 

[I > 2.0 σ (I)] 
3597 8095 “ 

R1 0.0451 0.0429 “ 

ωR2 0.1101 0.1097 “ 

GooF 1.066 1.023 “ 

Δρ fin (min/max) 

(e/Å3) 
−0.31, 0.38 −0.55, 0.68 “ 
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 Chapter 5 

Sample 
[Cp*2ZrCH2CH(Me)CH2SMe]

+ [MetBu4Al4Ant3B3O6]− 

[Cp*2Zr(SMe)(-SCH2)ZrCp*2]+ 

[MetBu6Al4Ant3B3O6]− 

(Cp2Zr)2(AntBO2)5 

(AltBu)2 

Moiety 

Formula 
C92H114Al4B3O6SZr C109H150Al4B3O6S2Zr2·C6H5F C108H93Al2B5O10Zr3 

Empirical 

Formula 
C92H114Al4B3O6SZr C115H155FAl4B3O6S2Zr2 C108H93Al2B5O10Zr3 

Mw (g/mol) 1579.53 2008.25 1932.50 

Color/Appear

ance 
Orange plates Colorless blocks Colorless blocks 

Crystal Size 

(mm) 
0.16 x 0.08 x 0.04 0.32 x 0.19 x 0.10 0.14 x 0.10 x 0.07 

Crystal 

System 
triclinic triclinic triclinic 

Space Group P1̅ P1̅ P1̅ 

a, b, c (Å) 

10.89686(5) 

21.4184(7) 

21.5043(8) 

12.2993(1) 

19.9750(2) 

22.0088(3) 

16.2931(3) 

19.6049(5) 

20.4854(5) 

α, β, γ (°) 

97.844(3) 

102.271(4) 

99.614(3) 

82.6491(9) 

86.7909(9) 

83.3434(9) 

64.990(3) 

84.235(2) 

73.725(2) 

V(Å3) 4757.8(3) 5321.9(1) 5691.1(3) 

Z 2 2 2 

ρ (g/cm3) poor data set 1.253 1.128 

μ (mm-1) “ 2.703 (Cu Kα) 2.754 (Cu Kα) 

Temperature 

(K) 
“ 100 100 

θmin-max (°) “ 3.20-73.57 3.28-73.76 

Dataset (h, k, 

l) 
“ 

−15:14, −24:27, 

−27:27 

−20:20, −23:24, 

−25:24 

Total Reflexes “ 60074 53722 

Unique 

Reflexes 
“ 20941 22189 

R(int) “ 0.0368 0.0361 

Parameter “ 1223 1187 

Observed Refl

exes [I > 2.0 σ 

(I)] 

“ 19078 19769 

R1 “ 0.0422 0.0319 

ωR2 “ 0.1093 0.0842 

GooF “ 1.046 1.058 

Δρ fin 

(min/max) 

(e/Å3) 

“ −0.81, 0.84 −1.05, 0.88 
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Sample 
[(AntB2O3) 

(AltBu2·pyridine)2] 

[(pyridine)2H] + 

{[(AntBO)2(-O)](AltBu2)} − 

(pyridine-H)+ 

[(AntBO2)(AltBu2)2(-OH)]− 

Moiety Formula C54H62Al2B2N2O3 C46H47AlB2N2O3 C40H57Al2BN2O3·C7H8 

Empirical Formula C54H62Al2B2N2O3 C46H47AlB2N2O3 C47H65Al2BN2O3 

Mw (g/mol) 862.63 724.45 770.78 

Color/Appearance Colorless blocks Colorless blocks Colorless blocks 

Crystal Size (mm) 0.13 x 0.12 x 0.07 0.35 x 0.26 x 0.19 0.43 x 0.19 x 0.15 

Crystal System triclinic orthorhombic monoclinic 

Space Group P1̅ P212121 I2/a 

a, b, c (Å) 

12.114(3) 

13.781(3) 

17.942(3) 

11.7758(1) 

14.0350(2) 

24.5549(3) 

21.7715(4) 

11.4362(29 

38.5305(6) 

α, β, γ (°) 

109.14(2) 

92.728(4) 

113.83(2) 

90 

90 

90 

90 

99.800(2) 

90 

V(Å3) 2531.6(1) 4058.3(7) 9453.4(3) 

Z 2 4 8 

ρ (g/cm3) 1.132 1.186 1.083 

μ (mm-1) 0.100 (Mo Kα) 0.762 (Cu Kα) 0.847 (Cu Kα) 

Temperature (K) 150 100 100 

θmin-max (°) 2.72-26.49 3.60-73.59 4.04-73.63 

Dataset (h, k, l) 
−15:15, −17:17, 

−22:22 

−8:14, −16:17, 

−26:30 

−26:16, −14:11, 

−47:46 

Total Reflexes 55164 9710 17313 

Unique Reflexes 10481 6662 9119 

R(int) 0.1528 0.0228 0.0262 

Parameter 580 528 564 

Observed Reflexes 

[I > 2.0 σ (I)] 
5804 6378 7933 

R1 0.1307 0.0375 0.0508 

ωR2 0.3639 0.0977 0.1427 

GooF 1.035 1.033 1.80 

Δρ fin (min/max) 

(e/Å3) 
−0.51, 1.75 −0.33, 0.59 −0.45, 0.49 
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 Chapter 5 

Sample (C6F5BO2AltBu∙pyridine)2 
(pyridine-H)+ 

[(Mes2B3O3)AltBu2]− 

Moiety Formula C30H28Al2B2F10N2O4 C31H46AlB2NO3 

Empirical Formula C30H28Al2B2F10N2O4 C31H46AlB2NO3 

Mw (g/mol) 746.12 529.29 

Color/Appearance Colorless blocks Colorless blocks 

Crystal Size (mm) 0.60 x 0.54 x 0.50 0.30 x 0.24 x 0.19 

Crystal System monoclinic orthorhombic 

Space Group C2/c P212121 

a, b, c (Å) 

14.627 

13.308 

17.781 

11.3149(1) 

16.4962(2) 

17.8215(3) 

α, β, γ (°) 

90 

96.85 

90 

90 

90 

90 

V(Å3) 3436.5 3326.4(1) 

Z 4 4 

ρ (g/cm3) 1.442 1.057 

μ (mm-1) 0.177 (Mo Kα) 0.746 (Cu Kα) 

Temperature (K) 150 100 

θmin-max (°) 3.26-27.49 3.65-73.50 

Dataset (h, k, l) 
−18:18, −16:17, 

−23:23 

−14:11, −9:20, 

−15:21 

Total Reflexes 29133 8032 

Unique Reflexes 3831 5432 

R(int) 0.0348 0.0208 

Parameter 229 359 

Observed Reflexes 

[I > 2.0 σ (I)] 
2978 5288 

R1 0.0418 0.0319 

ωR2 0.1088 0.0852 

GooF 1.173 1.048 

Δρ fin (min/max) 

(e/Å3) 
−0.34, 0.30 −0.17, 0.21 
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Summary 

Since its discovery in the early eighties, methylalumoxane (MAO) has grown from an academic 

serendipity to an industrial commodity. Today it is produced on a large scale and widely used as a 

cocatalyst for various olefin oligomerization and polymerization processes. Despite years of 

investigation, not much is known about the exact nature of MAO. What has been shown is that multiple 

species are in dynamic equilibrium with each other and the ever present unreacted trimethylaluminum 

(Me3Al). This already complex mixture varies with time, temperature, and age. Furthermore, its 

stability is dependent on the storage conditions. It is well-known that upon standing at room 

temperature for several weeks, an insoluble gel is formed. All these properties give rise to a dynamic 

system that is notoriously hard to study. Over the years, numerous research groups have investigated 

MAO using an array of different techniques but no concrete structural insights have been gained. 

Expanding on these previous studies, we have investigated MAO and modified its structure in order to 

gain a better understanding of its configuration and working principles. As the dynamic behavior of 

MAO also hampers reproducibility in polymerization catalysis, we are also interested in the 

development of more stable well-defined cocatalysts. 

Chapter Two starts off with the first transmission electron microscopy (TEM) study into the large MAO 

particles (most likely gel precursors). By using an adapted cryo-TEM setup, it was possible to obtain 

images of the highly air- and moisture-sensitive MAO without complete decomposition. The observed 

particles were found to consist of highly regular fractal aggregates and most likely represent the gel 

formed in MAO solutions or a precursor thereof. The primary particles are connected in a pearl chain 

like fashion. The size of the spheres building the chain increases with age. Comparing these results to 

similar ones reported for partially combusted particles, such as diesel soot or aerosols, a growing 

mechanism based on particle sintering can be proposed. A repetition of this process could explain the 

dramatic change in structure, average molecular weight, and activity of MAO over time.  

Chapter Three describes modified MAO derivatives based on the substitution of O2− for RO−. It was 

found that the reaction of a sterically demanding alcohol or diol with Me3Al leads to isolatable and 

well-defined complexes. The synthesis and characterization of a series of bulky 2,6-disubstituted 

(ROAlMe2)2 complexes is reported. They react cleanly with alcohols to form the alkoxy bridged 

[ROAl(Me)(-OtBu)2(Me)AlOR]. Their reactivity towards water is less straightforward and a 

coordinating solvent is needed to obtain well-defined structures. It was found that upon hydrolysis, 

only the (RO)2AlMe·solvent complex is obtained (Scheme 1). Further hydrolysis leads to the 

quantitative formation of CH4, the corresponding alcohol, and an undefined (ROAlO)n species.  
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Scheme 1. Stepwise hydrolysis of (ROAlMe2)2 in THF to eventually form ROH. 

Similarly, diols can be used to create well-defined alumoxane clusters. Depending on the Al:diol ratio 

chosen, different species have been reported in the literature. Using bulky substituted diphenols, we 

set out to synthesize a monomeric non-solvent stabilized (RO)2AlMe complex containing a Lewis acidic 

three-coordinate Al center. Despite several diol modifications, it was not possible to obtain such 

complexes and only their respective [(RO)2AlMe·solvent]2 derivatives were always observed. As the 

synthesis of such monomeric complexes was not possible, the reactivity of non-substituted diols, such 

as 2,2’-biphenol (BP), was investigated instead. Reaction of the BP-H2 with Me3Al in a coordinating 

solvent selectively led to the formation of [(BP)AlMe·solvent]2. In the presence of a strong Lewis base, 

such as pyridine, this complex reacted with water in a controllable manner to give the ladder-like 

alumoxane (BPAl·pyridine)4(-O)2 (Scheme 2). This complex consists of four Al centers, four BP ligands, 

two O2− moieties, and four stabilizing pyridine ligands and is a rare example of a well-defined 

alumoxane ladder structure formed upon direct hydrolysis.  

 

Scheme 2. Hydrolysis of (BPAlMe·THF)2 in pyridine to give (BPAl·pyridine)4(-O)2. 

Chapter Four describes an investigation into the potential of aza-MAO, (RAlNR’)n, and other amine 

based Al complexes as cocatalysts. The replacement of the O2− in MAO for a RN2− fragment allows for 

steric and electronic control of the resulting complex through the organic R moiety. These (RAlNR’)n 

complexes can be obtained in a straightforward manner and have a varying cluster size depending on 

the size of the R and R’ substituents. The obtained clusters are structurally identical to their (tBuAlO)n 

analogues but were found to be unreactive towards Lewis bases and Cp*2ZrMe2.  



 

 

172 

To increase the reactivity, amine complexes with a masked three-coordinate Al center were 

synthesized. Inclusion of a soft Lewis basic site in the ligand, such as a P atom or an aromatic ring, 

allowed for stabilization of the otherwise highly reactive three-coordinate Al center (Figure 1).  

 

Figure 1. Internally stabilized masked three-coordinate Al alkyl complexes.  

Despite the accessible Lewis acidic Al center and easy coordination of Lewis bases such as pyridine and 

THF, none of the above mentioned complexes showed significant reactivity towards zirconocene based 

polymerization catalysts. They do, however, form reactive Frustrated Lewis Pairs and readily activate 

a range of small molecules and unactivated alkenes.  

The addition of boron containing compounds to MAO has been reported. The idea is that B/Al MAO 

clusters mights show improved stability and activation properties. Keeping this idea in mind, Chapter 

Five describes the use of borinic acids and boronic acids to isolobally replace “OAlMe2” and “O2AlMe” 

units in MAO for “OBR2” and “O2BR” moieties (Scheme 3). Similar isolobal O2− for RN2− substitution also 

allows for the usage of bora-amidinates instead of boronic acids.  

 

Scheme 3. Isolobal replacement of Al for B moieties resulting in boralumoxanes.  

The R groups of bora-amidinates, (NRH)2BR’, provides an extra steric handle that should allow for 

straightforward control over the reaction products. It was found, however, that due to the facile ligand 

exchange, the anticipated R’B(NR)2AlMe complexes did not form. Reaction of (DIPPNH)2BH with Me3Al 

gave under no circumstance the desired HB(NDIPP)2AlMe but instead the ligand exchange products 

Me3B, Me2AlH, and Me2AlN(H)DIPP were obtained. The latter two species can combine to form the 

isolatable [DIPPNH(AlMe2)(AlMe2H)]2 complex (Scheme 4). The complex is temperature stable but in 

the presence of THF the dimer is cleaved and the acidic NH group and the hydridic proton react 

together to form H2 and DIPPN(AlMe2·THF)2 (Scheme 4).  
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Scheme 4. Formation of [DIPPNH(AlMe2)(AlMe2H)]2 and its reaction with THF to give 

DIPPN(AlMe2·THF)2. 

Using aryl boronic acids, ArB(OH)2, ligand exchange is limited and well-defined boralumoxanes can be 

obtained. It was found that both, the boronic acid aryl and Al-alkyl substituents used, influence the 

stability of the resulting complex. The introduction of different aryl groups such, as anthracene, C6F5, 

mesityl and p-tolyl gave products with a range of different sturctures. Depending on the B:Al ratio and 

the solvent used, a variety of well-defined complexes could be obtained and characterized using the 

anthracene derivative, AntB(OH)2 (Figure 2). 

 

Figure 2. Selected well-defined anthracene based boralumoxanes.  

These complexes, particularly (AntBO2AltBu)4 and (AntBO2)2(AltBu2)4, are able to abstract Me groups 

from zirconocene catalysts and allow for isolation of the formed cation anion pairs that could be 

structurally characterized (Figure 3). Both boralumoxane precursors were used in polymerization with 

Cp2ZrMe2 and initial results show activities up to 3 kg PE/molZr/h/bar. 
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Figure 3. X-ray structure of [MetBu4Al4Ant4B4O8]−and [MetBu6Al4Ant3B3O6]− formed after reaction of 

(AntBO2AltBu)4 and (AntBO2)2(AltBu2)4 with Cp*2ZrMe2 (one Zr cation shown for illustration and only 

part of tBu and Ant shown for clarity). The Cp*2ZrMe+ was trapped by allyl methyl sulfide.  

All together the work presented in this thesis shows that new insights into the structure and 

functioning of MAO can be obtained by modifying its core. A variety of substitutions can be made to 

obtain well-defined alumoxanes that function as model compounds for MAO. By studying these 

complexes, a better understanding of MAO can be obtained and potential new cocatalysts can be 

developed. 
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Samenvatting 

Sinds de ontdekking van methylalumoxane (MAO), begin jaren tachtig, is dit reagens van een 

academische toevalligheid tot een industrieel belangrijk bulk product uitgegroeid. Tegenwoordig 

wordt het op grote schaal geproduceerd en gebruikt als een cokatalysator voor de oligomerisatie en 

polymerisatie van verschillende olefinen. Na vele jaren van intensief onderzoek is er nog steeds weinig 

bekend over de exacte samenstelling van MAO. Het bestaat uit verschillende aggregaten die met elkaar 

en met het altijd aanwezige ongereageerde trimethylaluminium (Me3Al) in dynamisch evenwicht zijn. 

Dit gecompliceerde mengsel verandert met de tijd en temperatuur. Verder is de stabiliteit afhankelijk 

van de condities gebruikt voor opslag. Het is bekend dat bij kamer temperatuur na verscheidene weken 

een gel gevormd wordt. Deze kenmerkende eigenschappen zijn de reden dat MAO als dynamisch 

mengsel van verschillende componenten erg moeilijk te bestuderen is. In de afgelopen decennia 

hebben verscheidene onderzoeksgroepen zonder al teveel succes geprobeerd MAO te bestuderen. 

Analyses met verschillende technieken geven enig idee over de chemische opbouw van MAO maar 

brengen geen concrete structurele inzichten. Doorgaand op deze resultaten hebben wij MAO 

onderzocht en gemodificeerd om een inzicht in struktuur en werking te krijgen. Omdat het dynamische 

gedrag van MAO als cokatalysator ook de reproduceerbaarheid in de katalytische polymerisatie 

beïnvloed, zijn wij ook geïnteresseerd in de ontwikkeling van nieuwe, meer stabiele cokatalysatoren. 

Hoofdstuk twee begint met de eerste transmissie elektronenmicroscopie (TEM) studie naar de grotere 

MAO deeltjes (waarschijnlijk voorlopers van de gel). Door gebruik van een aangepaste cryo-TEM 

opstelling was het mogelijk om beelden van het zeer lucht- en vocht-gevoelige MAO te verkrijgen. De 

deeltjes bestaan uit regelmatige, bolvormige objecten die als een kralenketting aan elkaar vast zitten. 

De zo gevormde deeltjes zijn waarschijnlijk de gel die na verloop van tijd altijd in MAO oplossing 

ontstaat of voorlopers daarvan. De bolvormige deeltjes worden groter naarmate het MAO ouder 

wordt. Vergelijking van de TEM-opnamen met beelden van materialen zoals dieselroet en aërosolen 

suggereert een mogelijk mechanisme voor de deeltjesgroei dat gebaseerd is op het sinteren van 

individuele deeltjes tot grotere ketenachtige aggregaten. Een herhaling van dit proces zou de 

dramatische veranderingen in struktuur, gemiddeld moleculair gewicht en aktiviteit van MAO als 

functie van de tijd kunnen verklaren.  

Hoofdstuk drie beschrijft gemodificeerde MAO complexen die gebaseerd zijn op de uitwisseling van 

O2− voor RO−. De reactie van een sterisch veeleisend alcohol of diol met Me3Al lijdt tot isoleerbare en 

gedefinieerde complexen. Synthese en karakterisatie van een serie van 2,6-digesubstidueerde 

(ROAlMe2)2 complexen worden beschreven. Deze complexen reageren met alcoholen en vormen 

alkoxy-verbrugde aggregaten: [ROAl(Me)(-OtBu)2(Me)AlOR]. De reactiviteit van deze aggregaten ten 
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opzichte van water is minder eenvoudig te bestuderen en voor het verkrijgen van producten met een 

gedefinieerde struktuur is een coördinerend oplosmiddel noodzakelijk. Na de eerste reaktie met water 

werd alleen het (RO)2AlMe·(oplosmiddel) complex geïsoleerd (Schema 1). Verdere hydrolyse leidt tot 

de kwantitatieve vorming van CH4, het overeenkomstige alcohol, en een niet gedefinieerd complex, 

waarschijnlijk (ROAlO)n. 

 

Schema 1. Stapsgewijze hydrolyse van (ROAlMe2)2 in THF tot het eindproduct ROH. 

Op een vergelijkbare wijze kunnen ook diolen worden gebruikt om gedefinieerde alumoxane clusters 

te maken. Het is bekend dat, afhankelijk van de Al:O verhouding, verschillende complexen kunnen 

worden geïsoleerd. Door diolen met grote R groepen te gebruiken werd geprobeerd een ROAlMe 

complex met een drievoudig gecoördineerd Al metaal te maken dat erg Lewis-zuur en reactief zou 

moeten zijn. Onafhankelijk van de gebruikte diolen werden alleen de respectievelijke (ROAlMe)2 

complexen geïsoleerd. Omdat de synthese van monomere complexen niet mogelijk was werd besloten 

om de reactiviteit van diolen zonder grote R groepen (bijv. 2,2’-biphenol = BP-H2) te onderzoeken. De 

reactiviteit van BP-H2 met Me3Al in een coördinerend oplosmiddel gaf een [BPAlMe·(oplosmiddel)]2 

complex. In aanwezigheid van een sterk Lewis-base, zoals pyridine, reageerde dit complex op een 

gecontroleerde manier met water tot een ladder-achtig alumoxane complex: (BPAl·pyridine)4(-O)2 

(Schema 2). Dit complex bestaat uit vier Al atomen, vier BP liganden, twee O2− fragmenten en vier 

stabiliserende pyridine moleculen. Het is een zeldzaam voorbeeld van een gedefinieerde alumoxane 

ladder structuur gevormd door directe hydrolyse met water. 

 

Schema 2. Hydrolyse van (BPAlMe·THF)2 in pyridine tot (BPAl·pyridine)4(-O)2. 
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Hoofdstuk vier beschrijft een onderzoek naar de potentie van aza-MAO, (RAlNR’)n, en andere op 

amines gebaseerde Al komplexen als cokatalysatoren in de alkeen polymerisatie. Uitwisseling van O2−
 

in MAO voor een RN2− eenheid biedt de mogelijkheid om door variatie van de R groep de sterische en 

electronische eigenschappen van de cokatalysator te veranderen. Deze aza-MAO complexen kunnen 

relatief eenvoudig worden gesynthetiseerd. De grootte van de (RAlNR’)n aggregaten varieert als functie 

van de groepen R en R’. Ze hebben een struktuur die vergelijkbaar is me die van overeenkomstige 

(tBuAlO)n complexen maar reageren niet met Lewis-basen of Cp*2ZrMe2. 

Om de reactiviteit te verhogen werden verschillende amine complexen gesynthetiseerd waarin het Al 

metaal kan worden betracht als een ″gemaskerd″ drievoudig gecoördineerd Al centrum. Invoering van 

een substituent die kan dienen als zachte Lewis-base, zoals bijvoorbeeld een P atoom of een 

aromatische ring, kan het hoog reactieve drievoudig gecoördineerde Al metaal stabiliseren (Figuur 1). 

 

Figuur 1. Intramoleculair gestabiliseerde Al alkyl complexen met een ″gemaskerd″ drievoudig 

gecoördineerd Al centrum.  

De complexen bezitten een Lewis-zuur Al metaal dat toegankelijk is en gemakkelijk met Lewis-basen 

zoals pyridine en THF coördineert maar reageren niet met op zirkonoceen gebaseerde polymerisatie 

katalysatoren. Niettemin reageerden ze als ″Frustrated Lewis Pair“ met verschillende kleine moleculen 

en ongeactiveerde alkenen.  

Door toevoeging van een boor-bevattend reagens aan MAO kunnen B/Al MAO clusters met verbeterde 

stabiliteit en activerende eigenschappen worden verkregen. Hoofdstuk vijf beschrijft het gebruik van 

verschillende boor-zuren met als doel de groepen “OAlMe2” en “O2AlMe” in MAO isolobaal door 

“OBR2” and “O2BR” eenheden te vervangen (Schema 3).  

 

Schema 3. De isolobale realatie tussen MAO en boralumoxane complexen.  

Op grond van de isolobale relatie tussen O2− en RN2− werden ook bora-amidinaat complexen 

bestudeerd. De R groepen in het bora-amidinaat ligand, (NRH)2BR’, bieden een extra mogelijkheid om 

sterische en electronische eigenschappen te controleren. De hoge mate van labiliteit van bora-
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amidinaat liganden leidde echter niet tot de gewenste complexen. De reactie van (DIPPNH)2BH met 

Me3Al gaf onder geen van de geprobeerde omstandigheden het gewenste product: 

[HB(NDIPP)2AlMe]n. Er konden slechts complexen worden geïdentificeerd met brokstukken uit het 

gewenste produkt: Me3B, Me2AlH, en Me2AlN(H)DIPP. De twee laatstgenoemde verbindingen vormen 

samen een [DIPPNH(AlMe2)(AlMe2H)]2 complex dat kon worden geïsoleerd en structureel worden 

gekarakteriseerd (Schema 4). Het complex bezit een zure NH groep en een hydridisch proton maar is 

desondanks ook bij hogere temperaturen stabiel. In aanwezigheid van THF wordt echter H2 

geëlimineerd en wordt het dimeer omgezet in de monomere verbinding: DIPPN(AlMe2·THF)2 (Schema 

4). 

 

Schema 4. Vorming van [DIPPNH(AlMe2)(AlMe2H)]2 en de reactie in THF tot DIPPN(AlMe2·THF)2. 

Bij de reactie van arylboor zuren, ArB(OH)2, met Al-alkylen trad geen uitwisseling der substituenten op 

en konden gedefinieerde boralumoxane complexen worden verkregen. De stabiliteit van de gevormde 

producten hangt af van de aryl groep en het aluminum alkyl reagens. Afhankelijk van de verschillende 

aryl substituenten, zoals antracenyl, C6F5, mesityl, en p-tolyl, werden complexen met verschillende 

structuren verkregen. Reacties met het antraceen derivaat, AntB(OH)2, gaven afhankelijk van de B:Al 

verhouding en het gebruikte oplosmiddel verschillende gedefinieerde complexen die konden worden 

geïsoleerd en gekarakteriseerd (Figuur 2). 
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Figuur 2. Een selectie van op antraceen gebaseerde, goed gedefinieerde, boralumoxane complexen.  

Deze complexen, vooral (AntBO2AltBu)4 en (AntBO2)2(AltBu2)4, zijn in staat een Me groep van een 

zirkonoceen katalysator te elimineren. Dit leidt tot de vorming van kation-anion paren waarvan de 

kristalstructuur bepaald kon worden (Figuur 3). Beide boralumoxane complexen kunnen als 

cokatalysatoren in de olefine polymerisatie met Cp2ZrMe2 worden gebruikt en in eerste experimenten 

kon een activiteit van 3 kg PE/molZr/h/bar bereikt worden.  

 

Figuur 3. Kristal structuur van [MetBu4Al4Ant4B4O8]− en [MetBu6Al4Ant3B3O6]− gevormd na de reactie 

van (AntBO2AltBu)4 en (AntBO2)2(AltBu2)4 met Cp*2ZrMe2 (de tBu en Ant groepen zijn voor de 

duidelijkheid slechts gedeeltelijk afgebeeld). Het [Cp*2ZrMe]+ kation werd afgevangen door reactie 

met allylmethylsulfide (zie midden).  

Het onderzoek dat in dit proefschrift wordt gepresenteerd laat zien dat nieuwe inzichten in de 

structuur en functies van MAO kunnen worden verkregen door de kernstructuur aan te passen. 

Uitwisseling van verscheidene groepen resulteerde in nieuwe systemen en gedefinieerde alumoxane 

complexen die als model systeem voor MAO kunnen functioneren. Onderzoek aan deze systemen 
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geeft een beter inzicht in structuur en werking van MAO en dient als fundamentele basis voor de 

ontwikkeling van nieuwe, en potentieel betere, cokatalysatoren.  
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