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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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 Chapter 5 

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). 



 

 

132 

 Chapter 5 

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).  



 

 
133 

 Boralumoxanes 

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 
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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%).  
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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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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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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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