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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 
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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.  
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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.  



 

 
79 

 Alkoxy- and Aryloxy-Modified Alumoxanes 

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.  
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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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