
        

University of Bath

PHD

Alkaline Element Derivatives of Group 13-Centred Nucleophiles

Shere, Henry

Award date:
2022

Awarding institution:
University of Bath

Link to publication

Alternative formats
If you require this document in an alternative format, please contact:
openaccess@bath.ac.uk

Copyright of this thesis rests with the author. Access is subject to the above licence, if given. If no licence is specified above,
original content in this thesis is licensed under the terms of the Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC-ND 4.0) Licence (https://creativecommons.org/licenses/by-nc-nd/4.0/). Any third-party copyright
material present remains the property of its respective owner(s) and is licensed under its existing terms.

Take down policy
If you consider content within Bath's Research Portal to be in breach of UK law, please contact: openaccess@bath.ac.uk with the details.
Your claim will be investigated and, where appropriate, the item will be removed from public view as soon as possible.

Download date: 23. May. 2023

https://researchportal.bath.ac.uk/en/studentTheses/38ff251e-c4e6-4ecd-983f-d5d5b97889d0


 

 

 

 

Alkaline Element Derivatives of Group 13-Centred Nucleophiles 

 

Henry Thomas William Shere 

A thesis submitted for the degree of Doctor of Philosophy 

University of Bath 

Department of Chemistry 

March 2022 

 

 

 

 

 

 

 

COPYRIGHT 

Attention is drawn to the fact that copyright of this thesis rests with the author. A copy of this 

thesis has been supplied on condition that anyone who consults it is understood to recognise 

that its copyright rests with the author and that they must not copy it or use material from it 

except as permitted by law or with the consent of the author. 

 

 

Signed on behalf of the Doctoral College



Contents 

I. Acknowledgements ........................................................................................................... I 

II. Publications as a Result of this Thesis ............................................................................. II 

III. Abstract ........................................................................................................................... III 

IV. Abbreviations .................................................................................................................. IV 

1. Introduction ....................................................................................................................... 1 

1.1. Alkaline Earth Metals ................................................................................................ 1 

1.2. Alkaline Earth-Mediated Catalysis ........................................................................... 3 

1.3. Anionic Group 13-Centred Nucleophiles .................................................................. 4 

1.3.1. Boron................................................................................................................ 4 

1.3.1.1.   Synthesis and Reactivity of Boryllithium Compounds ................... 5 

1.3.1.2.   Diboron Nucleophiles .................................................................... 11 

1.3.1.3.   Magnesium Boryls ......................................................................... 13 

1.3.1.4.   Calcium Boryls .............................................................................. 16 

1.3.1.5.   Calcium Diboranates ..................................................................... 17 

1.3.1.5.1. Synthesis and Reactivity of Calcium Hydrides .............. 17 

1.3.1.5.2. Solvent-Free Calcium Hydride ....................................... 19 

1.3.2. Aluminium ..................................................................................................... 21 

1.3.2.1.   Neutral Aluminium(I) Complexes ................................................. 22 

1.3.2.2.   Alumanyl Anions ........................................................................... 28 

1.3.2.2.1. Diamido Alumanyl Systems ........................................... 28 

1.3.2.2.2. Alkyl Alumanyl Systems................................................ 40 

1.3.2.2.3. Electronic Structures ...................................................... 44 

1.3.3. Gallium .......................................................................................................... 47 

1.3.4. Indium ............................................................................................................ 48 

1.4. Project Aims ............................................................................................................ 49 

1.5. References ............................................................................................................... 50 

2. Reactivity of a Magnesium Diboranate with Nitriles and Isonitriles ............................. 56 

2.1. Introduction ............................................................................................................. 56 

2.2. Reaction with Nitriles .............................................................................................. 58 

2.2.1. Reaction with Alkyl Nitriles .......................................................................... 58 

2.2.2. Reaction with Aryl Nitriles ............................................................................ 68 

2.3. Reaction with an Isonitrile ...................................................................................... 79 

2.4. Experimental Data ................................................................................................... 85 

2.5. References ............................................................................................................... 90 



 

 

3. Synthesis and Reactivity of a Calcium Diboranate......................................................... 92 

3.1. Introduction ............................................................................................................. 92 

3.2. Synthesis of a Calcium Diboranate ......................................................................... 94 

3.2. Reaction with Bases ................................................................................................ 98 

3.2.1. Reaction with Amines and Carbenes ............................................................. 98 

3.2.2. Reaction with Nitriles .................................................................................. 102 

3.2.3. Reaction with Isonitriles .............................................................................. 107 

3.3. Syntheses of Non--Diketiminato-Based Alkaline Earth Boranates .................... 110 

3.4. Experimental Data ................................................................................................. 119 

3.5. References ............................................................................................................. 123 

4. Reactivity of a Potassium Alumanyl with C≡N and C≡C Triple Bonds ...................... 125 

4.1. Introduction ........................................................................................................... 125 

4.2. Reaction with Nitriles ............................................................................................ 128 

4.2.1. Reaction with Alkyl Nitriles ........................................................................ 129 

4.2.2. Reaction with Aryl Nitriles .......................................................................... 135 

4.3. Reaction with Alkynes .......................................................................................... 140 

4.3.1. Reaction with an Internal Alkyne ................................................................ 140 

4.3.2. Reaction with Terminal Alkynes ................................................................. 143 

4.4. Experimental Data ................................................................................................. 149 

4.5. References ............................................................................................................. 153 

5. Conclusions ................................................................................................................... 156 

6. Future Work .................................................................................................................. 157 

7. General Experimental Procedures ................................................................................. 158 

7.1. General Synthetic Notes ........................................................................................ 158 

7.2. Crystallographic Analysis ..................................................................................... 158 

 

 

 

 

 

 

 

 



I 

 

I. Acknowledgements 

 

First and foremost, I would like to thank my supervisor Prof. Mike Hill for the opportunity to 

carry out this PhD and for all of the substantial time and effort he has put into my research 

project over the last three years. It is no coincidence that each PhD thesis written under his 

supervision is inaugurated with extraordinary praise and this will be no exception. I feel 

incredibly lucky to have had the level of support which, though unachievable, is what every 

academic should aspire to provide. 

 I would also like to thank each Hill group member past and present: Bibian, Dom, 

Kieran, Kyle, Louis and Lucia. Special thanks go to Anne-Fred and Andy for all of their insight 

into my magnesium and calcium chemistry, respectively, and to Han-Ying and Ryan for their 

considerable assistance with my aluminium chemistry. This is also a good time to apologise 

for devouring all of the office snacks every day. 

 This thesis would not have been possible without the various analytical support 

available to me. I am particularly grateful to Dr Claire McMullin and Dr Sam Neale for their 

computational calculations and to Dr John Lowe and Dr Catherine Lyall for their help with 

NMR spectroscopy. A special thank you goes to Dr Mary Mahon for her patience and hard 

work in rectifying my questionable X-ray crystallography data.  

 This body of work is not simply the result of the last three years of my life; rather, it is 

the culmination of a far longer journey. I entered sixth form intending to study languages at 

university. Had it not been for the teaching of Mrs Sarah Baldock and Mrs Susan Gray, I would 

not have been inspired to apply for an undergraduate chemistry degree. I am, therefore, 

eternally grateful to them for starting me on the road to this PhD thesis and for all the friends 

and memories I have made along the way. The enjoyment of my master’s project was pivotal 

in driving me towards research and the pursuit of a postgraduate degree, therefore, I would like 

to thank Prof. Matthew Jones for his supervision. 

 Thank you to my friends and family for their continued support and attempts to 

understand what I have been doing over the last few years. Special thanks go to Jack for putting 

up with me through three national lockdowns, Max for the daily lunch breaks, and Freya for 

everything. 

 Finally, I would like to thank my mother, Helen, for her unwavering love, for making 

me who I am today, and for inspiring me to achieve great things. 



II 

 

II. Publications as a Result of this Thesis 
 

1.   Reactivity of a magnesium diboranate with organic nitriles. (Chapter 2) 

H. Shere, M. S. Hill, A.-F. Pécharman and M. F. Mahon, Dalton Trans., 2021, 

50, 1283-1292. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



III 

 

III. Abstract 
 

Whilst Group 13 elements are renowned for their electrophilic nature, the potential for their 

wider applicability continues to emerge through extensive investigations into the inversion of 

this inherent reactivity. The work presented in this thesis describes the synthesis and utilisation 

of formally low oxidation state group 13 complexes and contributes to the understanding of the 

contemporary field of anionic group 13-centred nucleophiles. 

 Chapter 2 explores the reaction between a β-diketiminato magnesium diboranate 

species and a variety of organic nitriles. The diboranate anion was observed to act as a surrogate 

source of nucleophilic boron towards the electrophilic sp-hybridised nitrile carbon centres, as 

evidenced by B-C bond formation. This resulted in the successful preparation of a series of 

complexes that have been fully characterised by solution- and solid-state analytical methods. 

 Chapter 3 describes the insertion chemistry of a neutral diborane into the Ca-C bonds 

of a dimeric calcium n-alkyl, yielding the first isolated calcium diboranate system. Subsequent 

treatment with organic nitriles indicated a preference for the coordination of the selected nitriles 

to the calcium centre, in contrast to the insertion of an isonitrile into the B-B bond of the 

diboranate. These observations are further explored through a Density Functional Theory 

(DFT) study which complements the experimental findings. This chapter concludes with the 

isolation of a family of non--diketiminato-based alkaline earth triboranates, which represent 

the first examples of calcium and strontium bis-triboranate species. 

Chapter 4 demonstrates the diverse chemistry attainable with anionic aluminium(I) 

compounds. The activation of C≡N and C≡C triple bonds in organic nitriles and alkynes, 

respectively, was reported through the use of a diamido alumanyl species, to yield several 

oxidative addition products including aluminium κ2-nitrile, metalla-diazabutadiene and [2+1] 

cycloaddition complexes. The metalation of the acetylenic protons of terminal alkynes further 

reinforced the propensity of these anionic low oxidation state aluminium(I) systems to act as 

potent reducing agents. 
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1. Introduction 
 

1.1. Alkaline Earth Metals 

The prowess of transition metals (e.g. Rh, Pd and Ir) in facilitating catalytic processes is well-

established. Extensive research performed in this area has demonstrated a wide range of 

transformations that are accessible using these elements including the Nobel Prize winning 

work by Suzuki and co-workers on homogeneous palladium cross-coupling pathways.1 Their 

success in mediating catalytic chemistry is predicated on a well-defined coordination 

environment around the transition metal centre, which itself can readily access two or more 

oxidation states. The rarity of these metals, combined with concerns about their toxicity, 

however, means there is a pressing need for suitable alternatives, and main group catalysis 

appears to be an outstanding candidate.2 

Group 2 metals are renowned for their high relative abundance in the lithosphere. For 

example, calcium and magnesium are the 5th and 7th most abundant elements in the Earth’s 

crust, respectively. Accordingly, alkaline earth metals are considerably cheaper (Table 1.1) 

than their less abundant transition metal counterparts (Rh, Pd and Ir), which consequently have 

greater supply concerns attached to them.3 With the exception of beryllium and radium, the 

environmentally benign nature of the group 2 elements could also open the door to a sustainable 

and economical catalytic framework. 

Table 1. 1. Abundance and cost comparison between exemplar catalytic alkaline earth and 

transition metals. 

 Magnesium Calcium Rhodium Palladium Iridium 

Abundance % (ppb)3, 4 2.20 3.85 (0.06) (0.4) (0.05) 

Cost $/Kg5, 6 4.74 4.85 22,404 19,850 18,869 

 

 

Whereas transition metal chemistry relies upon oxidation state variation for bond 

activation, the chemistry of alkaline earth metals is defined by redox inactivity. This is a result 

of their immutable +2 oxidation state (d0 valence electronic configuration), with a few notable 

exceptions.7, 8 Thus, group 2 reactivity has commonly drawn parallels with that observed in 

lanthanide chemistry, where a single extremely stable oxidation state (+3) with a d0 valence 

electronic configuration similarly prevails. 
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As displayed in Figure 1.1, there is a marked increase in the ionic radii of the group 2 

M2+ cations as the group is descended from beryllium (0.45 Å) to radium (1.48 Å).9 This is 

accompanied by an increase in polarisability and electropositivity, which has a profound effect 

upon the nature of metal-ligand binding for alkaline earth dications. 

 

 

Figure 1. 1. The variation, and consequences thereof, of the ionic radii of group 2 M2+ ions. 

 

Beryllium and magnesium exhibit a degree of covalency in their bonding, whereas the 

bonding for the heavier congeners (Ca, Sr and Ba) is dominated by non-directional ionic 

interactions. Consequently, there is an increasing propensity to undergo Schlenk-type 

redistribution to homoleptic complexes as the group is descended (Scheme 1.1) and accessing 

well-defined, heteroleptic heavier alkaline earth complexes is challenging.10 

 

 
 

Scheme 1. 1. The Schlenk-type equilibria to which group 2 M2+ complexes are prone (L = 

solvent). 

 

These Schlenk-type processes are typically suppressed through the use of sterically 

encumbered spectator ligands and polydentate monoanionic frameworks with hard donor sites. 

Pertinent ligand systems utilised for the successful isolation of well-defined, heteroleptic group 

2 metal complexes include β-diketiminates11-13 and anilido-imines,14, 15 with examples 

illustrated in Figure 1.2. 

 



3 

 

 

Figure 1. 2. A range of complexes utilised in alkaline earth (Ae)-mediated catalysis, where 

Dipp = 2,6-i-Pr2-C6H3. 

 

1.2. Alkaline Earth-Mediated Catalysis 

Catalysis involving lanthanide (M3+) and alkaline earth metals (M2+) predominantly involves 

two redox-inactive mechanistic steps; -bond metathesis and -bond insertion (Scheme 1.2).  

 

Scheme 1. 2. The principal lanthanide-mimetic mechanistic steps involved in alkaline earth 

catalysis: a) σ-bond metathesis with i) protic É-H or ii) hydridic E-H bonds and b) insertion 

of an unsaturated É=C bond into a M-X bond.16 

 As demonstrated in Scheme 1.2a, the regioselectivity of the product obtained via a σ-

bond metathesis process involving a M-X bond is dictated by the electronegativity of the 
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heteroelement in the E'-H and E-H compounds. For example, new M-E' and X-H bonds are 

formed via protonolysis when the heteroelement of the E'-H bond is more electronegative than 

hydrogen (Scheme 1.2a(i)). Conversely, a new metal hydride bond, LM-H, and an E-X bond 

are formed when the E-H bond is inversely polarised (Scheme 1.2a(ii)). The 

heterofunctionalisation of unsaturated bonds is possible with this chemistry through the 

addition of a M-X bond across a E'=C (E' = C, N, O or S) -bond, which proceeds with the 

retention of a E'-C σ-bond and the generation of new M-E' and C-X bonds (Scheme 1.2b).17 

 

1.3. Anionic Group 13-Centred Nucleophiles 

1.3.1. Boron 

Boron compounds provide some of the most widely used reagents in synthetic chemistry. Their 

versatility is endorsed by the employment of organoborane, boronate ester and boronic acid 

derivatives in a myriad of pharmaceutical syntheses18, 19 and other high value molecules, such 

as chemosensors.20 Further evidence of their synthetic importance is provided by the award of 

two Nobel prizes for the application of boron in organic synthesis; Brown in 1979,21 for 

developing hydroboration reactions, and Suzuki in 2010,22 for the development of palladium-

catalysed cross-coupling reactions to form new C-C bonds from B-C bonds. 

These processes typically involve trivalent sp2 boron reagents with a vacant p-orbital 

on the electrophilic boron centre. This, in combination with the fact that boron is more 

electropositive than carbon (B: 2.04; C: 2.55),23 means that these boron centres readily accept 

a pair of electrons and are susceptible to nucleophilic attack (Figure 1.3).  

 

 

 

Figure 1. 3. The typical electrophilic nature of boron. 

 

Contemporary research, however, has reported compounds in which the electronic 

nature of boron is inverted (‘umpolung’), hence opening a new avenue of research involving 

nucleophilic (electron donor) boron species. 
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1.3.1.1.   Synthesis and Reactivity of Boryllithium Compounds 

Boryl compounds are defined as species which contain a covalent two-centre, two-electron 

bond between a metal centre and a three-coordinate sp2-hybridised boron atom (M-BR2).
24 The 

first examples of the umpolung boron species were transition metal boryls. In 1996, the first 

metal-mediated reaction to provide the formal addition of a boryl anion was reported by 

Hartwig and co-workers.25 This work described an anionic iron carbonyl boryl, 1.3, which 

reacted with Me-X (X = I, OTf) as a boryl anion to generate Me-Bcat (cat = 1,2-O2C6H4; 

Scheme 1.3). Subsequently, transition metal-boryls were shown to have uses as intermediates 

in a wide range of catalytic systems, including C-H activation, hydroboration and diboration 

of unsaturated substrates.18, 24, 26-28 

 

 

Scheme 1. 3. The first example of a boryl complex exhibiting anionic character, 

demonstrated through nucleophilic substitutions with sources of CH3
+, where cat = 

catecholato; 1,2-O2C6H4 and X = I, OTf.25 

 

The potential for analogous nucleophilic character being exhibited by transition metal-

free boron moieties was presented in ab initio calculations by Nöth and co-workers on lithiated 

boranes, LiBR2 (R = H, CH3, NH2, OH, and F).29 Significant covalent character was reported 

in the Li-B bond of this experimentally unknown class of compound and, with the exception 

of the parent compound lithioborane, LiBH2, the lithium atoms were calculated to maintain a 

positive charge and the boron substituents possessed a partial negative charge. 

These boryl anions are also isoelectronic with carbenes, although the singlet state was 

calculated to be more energetically favourable in these lithiated boranes than the triplet state 

observed in carbenes (Figure 1.4) by 20 kcal mol-1. Computational studies suggested that the 

lithium-boryls would react with formaldehyde in a similar manner to methyllithium.30 Thus, 

this work highlighted the possibility of inducing umpolung reactivity in boron by bonding it to 

more electropositive elements than itself. 
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Figure 1. 4. Comparison of the thermodynamically preferred molecular electronic states of 

carbenes (triplet) and boryl anions (singlet). 

 

A decade passed before the first stable boryllithium species was isolated. Using a 

bidentate dianionic framework, Yamashita and co-workers31 synthesised the cyclic 

diamidoboryllithium, 1.4, from a B-Br precursor under strongly reducing conditions, through 

the use of Li metal (Scheme 1.4). This compound was characterised using X-ray 

crystallography, which revealed a dimeric structure, as part of a dimethoxyethane (DME) 

adduct. Terminal B-Li bonds [2.291(6) Å] are present that are considerably longer than the sum 

of the covalent radii of boron and lithium (2.11 Å).32 The presence of a highly polarised B--

Li+ bond (B: 2.04; Li: 0.98) was further corroborated by 11B NMR spectroscopy, where a 

downfield resonance at  45.4 ppm (in d8-THF) was observed.23 

 

Scheme 1. 4. The synthesis of the first boryllithium reagent, 1.4.31 

 

In contrast to other lithium salts of p-block elements, the boron centre in compound 1.4 

does not satisfy the octet rule as only 6 valence electrons are available. As a result, the boron 

atom is isoelectronic to the carbon of an N-heterocyclic carbene (NHC) (Figure 1.5), so can be 

considered as a group 13 singlet carbene analogue, as predicted in the aforementioned ab initio 

calculations by Nöth and co-workers.29 Subsequent Density Functional Theory (DFT) 

calculations by the group inferred that the sp2-hybridised highest occupied molecular orbital 

(HOMO) of 1.4 did indeed show lone pair character on the boron.33  
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Figure 1. 5. a) The bonding in Yamashita’s boryllithium, 1.4, drawn as a resonance form 

between a covalent and ionic bond; b) Example of an N-heterocyclic carbene.31 

 

 

Scheme 1. 5. Strategy for synthesising a boryl anion.33 

 

In contrast to readily prepared organolithium compounds, the preparation of 

boryllithiums by conventional methods is more challenging (Scheme 1.5).33 The hydrogen 

atom of a B-H bond usually possesses hydridic character (B: 2.04; H: 2.20).23 As such, 

deprotonation with a base is problematic and a Lewis acid-base adduct is instead generated in 

preference. The other principal route to an organolithium species is reductive dehalogenation 

from a C-X bond. Similarly problematic, the one-electron reduction of a B-X bond forms a 

boryl radical, which rapidly dimerises to a diborane species before a second electron transfer 

can occur to form a boryllithium.34, 35 



8 

 

 As shown in Scheme 1.4, a polydentate dianionic backbone with bulky aromatic 

substituents was utilised in order to obtain the low oxidation state boron(I) species, 1.4. 

Employing a sterically encumbered ligand such as that in 1.1 and 1.4 inhibits the 

thermodynamic propensity to undergo undesired dimerisation.33-36 Electronic stabilisation is 

achieved by increasing the HOMO-LUMO gap (LUMO = lowest unoccupied molecular 

orbital). As illustrated in Figure 1.6, the inductive effect provided by the electronegative 

nitrogen atoms stabilises the HOMO. Furthermore, the lone pairs on these amino groups donate 

into boron’s vacant p-orbital, providing a consequent mesomeric destabilisation of the LUMO 

in compound 1.4.33, 37 

 

Figure 1. 6. A qualitative molecular orbital diagram depicting the stabilisation of a 

boryllithium through bonding to an element more electropositive than itself (E = Li) and 

electronegative heteroatoms (X = N, O). 
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In support of this simplified picture, the DFT calculations performed on the 

boryllithium 1.4 by Segawa and co-workers suggested that these nitrogen atoms accept the 

negative charge of the “boryl anion” through their aforementioned -donor and -acceptor 

characteristics.29, 33, 38 This implied that the boron atom possesses a partial positive charge 

rather than a localised negative charge, such that its reactivity is better considered to arise from 

a highly polarised B+-Li++ bond, rather than a B--Li+ bond as first presumed (B: 2.04; Li: 

0.98).23 

The reactivity of 1.4 was investigated with archetypal organic electrophiles, such as 

aldehydes and benzyl halides (Scheme 1.6).33 In a similar fashion to carbanions, nucleophilic 

attack of carbonyl compounds was observed with 1.4. In contrast, ambiphilic reactivity was 

reported with benzyl halides. For example, B-X bond formation with benzyl halides, BnX (X 

= Cl, Br), was preferred over B-C bond formation in reactions with 1.4 (Scheme 1.6). 

 

Scheme 1. 6. Examples of the reactivity of boryllithium, 1.4, with various electrophiles.33 

 

Ab initio calculations conducted by Marder and co-workers39 assessed the treatment of 

compound 1.4 with organohalides in an attempt to rationalise these observations. Nucleophilic 

substitution appears to be thermodynamically favoured, although decreasing the 

electronegativity of the halide promotes a halogen-abstraction reaction. Additionally, 

conjugation stabilised the benzyl anion in the transition state and was calculated to further 

facilitate the formation of the halogen-abstraction product. This perceived tendency to attack 
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the halide in R-X compounds, rather than the alkyl group, is suggestive of the boryl anion being 

a softer nucleophile than a carbanion and is consistent with the more electropositive boron 

element.40  

Subsequent research by Yamashita and co-workers yielded monomeric versions of this 

complex (Figure 1.7).33, 41 Monomeric boryllithium compounds were obtained via structural 

modification of the parent boryllithium compound, 1.4, including the use of saturated C-C and 

benzannulated C=C backbones in the five-membered ring (compounds 1.5a-c) and mesityl 

(Mes = 2,4,6-Me3-C6H2) substituents on the nitrogen atoms in place of Dipp groups (1.5d and 

1.5e). A further derivative (1.5f) was reported by the Liddle group in 2012.42 

 

Figure 1. 7. Monomeric boryllithium compounds developed by the Yamashita (1.5a-e) and 

Liddle (1.5f) groups; Mes = 2,4,6-Me3-C6H2; Tripp = 2,4,6-i-Pr3-C6H2.
33, 41, 42 

 

A more promising candidate may be the first lithium-free group 1 boryl complex, 1.6, 

which was reported by the Aldridge group in 2021 (Scheme 1.7).43 The exclusion of an 

additional co-ligand in this potassium boryl dimer grants access to an effectively “ionic salt” 

of the type M+[Boryl]-, with a pair of K+ counter-ions holding together two formally anionic 

diazaboryl units.  

At the time of writing, this complex seems to be the closest report to a “free” boryl 

anion in condensed phases. This is corroborated by the elongated M. . .B distances (> 0.23 Å) 

in comparison to previously reported boryllithium derivatives (0.10-0.15 Å) and the N-B-N 

angle (which is recognised to be sensitive to the nature of a covalent B-bound substituent) being 
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significantly close to that calculated for the “free” gas-phase anion [98.2(1) and 97.8, 

respectively].29, 33 

 

Scheme 1. 7. a) Synthesis of the first example of a lithium-free group 1 boryl complex, 1.6, 

and b) its reactivity in benzene.43 

The significant ionic character of the metal-boron interaction in 1.6 was evidenced by 

its instability in benzene to form compound 1.7 (Scheme 1.7b). After just one hour at room 

temperature, intramolecular C-H activation occurred via the formal oxidative addition of a C-

H bond from one of the flanking Dipp substituents to a boron centre and a one-dimensional 

coordination polymer was formed. Despite this extreme reactivity, the solvent-free 

borylpotassium dimer 1.6 is stable in the solid state at room temperature for periods of up to 

48 hours. In spite of the promising nucleophilic reactivity displayed by these seminal anionic 

boryl species, their widespread use in synthetic organoboron chemistry has largely been 

restricted by their demanding syntheses.31, 33, 43 

 

1.3.1.2.   Diboron Nucleophiles 

A more operable approach to the realisation of nucleophilic boron may be derived by the 

quaternisation of one of the three-coordinate boron centres of a tetra-alkoxy diboron reagent 
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by a neutral or anionic nucleophile (Figure 1.8).44, 45 This monoquaternisation activates the 

non-polar B-B bond and imparts nucleophilic character on the non-quaternised sp2 boron atom. 

As a result, these processes do not necessarily involve the explicit generation of anionic boryl 

derivatives. Simple base addition can, therefore, allow access to nucleophilic synthetic 

equivalents of boryl anions from conventional non-polar and electrophilic diborane reagents.  

 

Figure 1. 8. Introducing nucleophilicity to organoboron compounds through 

monoquaternisation of a diborane.45 

 The first example of this type of chemistry was reported by Miyaura and co-workers.46 

The borylcopper species, 1.8, was generated from copper(I) chloride, lithium chloride, 

potassium acetate (KOAc) and bis(pinacolato)diboron (B2pin2) (Scheme 1.8). The mechanism 

is proposed to involve the generation of a base adduct [pinB-Bpin(OAc)]-, followed by the 

heterolytic cleavage of the B-B bond to form the borylcopper. When added to α,β-unsaturated 

carbonyl compounds and terminal alkynes, compound 1.8 was shown to facilitate nucleophilic 

attack towards the electrophilic carbon centres to generate borylated products (Scheme 1.8). 

 

Scheme 1. 8. Synthesis of the borylcopper species, 1.8, from B2pin2 and its reactivity with 

α,β-unsaturated carbonyl compounds.46 
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Since this borylcopper work, burgeoning studies into the synthetic applicability of 

nucleophilic diborane reagents have been conducted.45 The principal attractions in this area of 

academic research are the ease of handling of the diboron reagents and their commercial 

availability.31, 33, 44 The limited reactions in which boron behaves as an electron donor are, 

however, most commonly catalysed by 4d or 5d transition metals.47 Accordingly, replacing 

transition metals with more economically viable alkaline earth elements is desirable. 

 

1.3.1.3.   Magnesium Boryls 

Since their development in 1900, Grignard reagents, RMgX (X = Cl, Br, I), have established 

themselves as one of the most widely used organometallic compounds.48 These species can be 

considered as carbanion equivalents as a result of the highly polarised C--Mg+ bond and their 

importance as stoichiometric reagents is endorsed by the award of the Nobel Prize in Chemistry 

to Victor Grignard in 1912.49 Contrastingly, the first borylmagnesium species were reported in 

2007 by Yamashita and co-workers (1.9a and 1.9b, Scheme 1.9).50 Albeit seminal, these 

borylmagnesiums have remained largely unexplored, possibly as a consequence of their paltry 

isolated yields (1.9a: 17%, 1.9b: 11%). 

 

Scheme 1. 9. Synthesis of the first structurally characterised borylmagnesiums and B-Mg 

single bonds, 1.9a and 1.9b.50 

Other notable magnesium boryls have been reported in the literature by the Jones51 and 

Kinjo52 groups (Compounds 1.10 and 1.11, respectively) (Figure 1.9). The mononuclear 

magnesium boryl complex 1.10 was obtained via the reaction of the lithium boryl, 1.5a, with 

the dinuclear magnesium(I) compound, [{(HC{(Me)CNMes}2)Mg}2] in a 2:1 stoichiometry.53 

As with compounds 1.9a and 1.9b, the magnesium triazaboryl, 1.11, suffers from poor isolable 

yields (10%) which may limit its further use. 
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Figure 1. 9. Examples of previously reported magnesium boryl complexes by a) the Jones 

group51 and b) the Kinjo group.52 

Previous work by the Hill group had illustrated the formation of a magnesium silyl 

species, 1.13, which was achieved by metathesis of a B-Si bond (Scheme 1.10).54 The rationale 

behind this observed reactivity prompted work towards borylmagnesium species, reasoning 

that, as described in Section 1.3.1.2, the non-polar B-B bond in diborane species could be 

heterolytically activated via the relative polarisation of a Mg-C bond and induced polarisation 

in a B-B bond.55, 56 

 

Scheme 1. 10. Synthesis of a magnesium silyl species via a σ-bond metathesis transition 

state.54 

The treatment of an organomagnesium derivative, [(BDI)Mg(n-Bu)] (BDI = 

HC{(Me)CNDipp}2) (1.12), with commercially available B2pin2 achieved the quaternisation of 

a diboron compound to yield a sp2-sp3 diboranate species, 1.14. The subsequent addition of the 

strongly coordinating base 4-dimethylaminopyridine (DMAP) promoted the rupture of the B-

B bond to generate the magnesium boryl, 1.15, and n-BuBpin (Scheme 1.11).56  
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Scheme 1. 11. Synthesis and previously reported reactivity of Hill’s diboranate, 1.14, and 

alkaline earth nucleophilic boryl, 1.15.56, 57 

The nucleophilic nature of this terminal magnesium boryl derivative was demonstrated 

through reactions with di-isopropylcarbodiimide and benzophenone, where the boryl anion, 

[Bpin]-, attacked the electrophilic carbon centres, culminating in B-C bond formation 

(compounds 1.18 and 1.19, respectively).56 

Both Schemes 1.11 and 1.12 illustrate that the magnesium diboranate, 1.14, has also 

been shown to facilitate nucleophilic substitution reactions. For example, N-borylated 

organomagnesium compounds were consistently generated upon treatment of 1.14 with a range 

of N-alkyl or aryl aldimine or ketimine substrates (Scheme 1.12a).57, 58 DFT studies suggested that 

the B–B bond is ruptured concertedly with the displacement of n-BuBpin as a consequence of an 

approach of the imine nitrogen atom to the sp2 boron atom of the diboranate anion. Mechanistic 
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diversity was observed through reaction of 1.14 with triphenylphosphine oxide, where direct 

coordination to the magnesium centre was instead deduced to facilitate the cleavage of the B-

B bond (Scheme 1.12b).59 

 

Scheme 1. 12. ‘Outer sphere’ and ‘inner sphere’ reactivity of the magnesium diboranate, 

1.14, with a) N-alkyl and N-aryl imines58 and b) triphenylphosphine oxide, Ph3P=O,59 

respectively. 

 

1.3.1.4.   Calcium Boryls 

As group 2 is descended, there is an increased propensity towards the Schlenk-type 

redistribution processes described in Scheme 1.1. Consequently, the isolation of well-defined 

heavy alkaline earth complexes is more problematic than for their lighter congener, 

magnesium, as evidenced by the first structurally characterised calcium, 1.22, and strontium 

boryls, 1.23, only being reported in 2021.43  

Metathesis reactions of group 2 amides have extensive literature precedent for the 

formation of M-E bonds.17, 56, 60-62 Thus, this methodology was used to access these seminal 

compounds via metathesis between Yamashita’s boryllithium33, 1.5a, and the corresponding 

metal bis(amide) (Scheme 1.13). Terminal B-M bonds [M = Ca: 2.704(4); M = Sr: 2.984(3) Å] 

are present that are longer than the sum of the covalent radii of boron and the group 2 elements 

[M = Ca: 2.60; M = Sr: 2.79 Å].63 These data are consistent with the interaction between the 

boryl ligand and metal centre being predominantly electrostatic, with a contributing factor 



17 

 

attributed to the increased number of THF molecules retained in the coordination sphere of the 

heavier group 2 metal centres. 

 

Scheme 1. 13. The formation of the first examples of a calcium and strontium boryl 

(compounds 1.22 and 1.23, respectively).43 

 

1.3.1.5.   Calcium Diboranates 

At the time of writing, a calcium diboranate is unprecedented in the literature, potentially due 

to the increased propensity of the heavier alkaline earth elements to undergo Schlenk-type 

redistribution and decomposition pathways. A potential avenue for obtaining such a compound 

may be through the use of a calcium hydride precursor. 

 

1.3.1.5.1. Synthesis and Reactivity of Calcium Hydrides 

The Schlenk equilibrium is a distinct issue for calcium complexes incorporating the small 

hydride ligand, in which redistribution in hydrocarbon solvents is effectively irreversible as a 

result of the precipitation of insoluble CaH2 (Scheme 1.14). Although CaH2 is essentially inert 

to most functional groups, a well-defined, hydrocarbon-soluble calcium hydride could be an 

important precursor in calcium chemistry by providing access to a range of new calcium 

complexes. As a result, the synthesis of hydrides of this type has been actively pursued and 

contemporary research in this field is described herein. 

 

Scheme 1. 14. The Schlenk-type redistribution of heteroleptic calcium hydrides. 

 

To transcend the thermodynamically driven redistribution to polymeric calcium 

hydride, the groups of Harder and Okuda have applied sterically demanding and kinetically 

stabilising, polydentate supporting ligands such as the β-diketiminate, HC{(Me)CNDipp}2 



18 

 

(BDI);64, 65 amidinates66 and N,N,N,N-type macrocycles67-69 to synthesise a variety of neutral 

and cationic heteroleptic calcium hydrides (1.24-1.26) (Figure 1.10). 

 

Figure 1. 10. A selection of isolated heteroleptic calcium hydrides (Ar = Dipp).64-69 

 

 The first heteroleptic calcium hydride (1.24a) was synthesised by the Harder group. 

The aforementioned difficulties in isolating a group 2 metal hydride were overcome through 

the σ-bond metathesis of [(BDI)CaN(SiMe3)2(THF)] with phenylsilane to yield 

[(BDI)CaH(THF)]2, 1.24a, via the elimination of PhSiH2N(SiMe3)2.
64 This σ-bond metathesis 

method of accessing heteroleptic calcium hydrides was extended by Okuda and co-workers to 

form compounds 1.26a-d, although only limited reactivity has been exhibited by them.67-70  

In contrast, compound 1.24a has illustrated a range of reactivity towards diverse types 

of substrates, as depicted in Scheme 1.15. Lewis adducts were provided upon reactions with 

BH3(SMe2), 9-BBN, HBpin and Al(i-Bu)3 to generate the respective borohydride derivatives.71, 

72 A σ-bond metathesis pathway was also observed between the Ca-H bond of 1.24a and the 

Si-CN bond of trimethyl cyanide,73 the C-O bond of epoxides,72 the N-H bonds of NH3BH3
74 

and DippNH2BH3
75

 to yield heteroleptic calcium cyanide, alkoxide and amidoborane 

complexes, respectively. Furthermore, heteronuclear unsaturated π-bonds including ketones,76 

carbon monoxide,77 imines,72 isonitriles72 and pyridines78 readily insert into the Ca-H bond of 

1.24a. 
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Scheme 1. 15. The reactivity of compound 1.24a with a range of substrates. 

 

 Despite these examples, it has been suggested that the coordinated THF molecule in 

compound 1.24a hinders its reactivity, either by impeding the pre-coordination of reactants and 

subsequently reducing the electrophilicity of the calcium centre or by facilitating adventitious 

side-reactions. These hypotheses were underscored by the stoichiometric insertion of alkene 

(C=C) bonds into the Ca-H bond in 1.24a being limited to activated olefins, such as myrcene, 

1,3-cyclohexadiene and 1,1-diphenylethylene.72, 79 

 

1.3.1.5.2. Solvent-Free Calcium Hydride 

Whereas compound 1.24a was obtained from the starting material [(BDI)CaN(SiMe3)2(THF)], 

the Hill group later reported the synthesis of the solvent-free calcium amide 

[(BDI)CaN(SiMe3)2], 1.27, via desolvation of the corresponding calcium amide etherate, 

[(BDI)CaN(SiMe3)2(Et2O)] at 80 °C and 2x10-2 mbar.13 In 2017, Hill and co-workers80 

subsequently reported the first example of a solvent-free calcium hydride, [(BDI)CaH]2 (1.28), 

as the base-free analogue of compound 1.24a (Scheme 1.16).  
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Scheme 1. 16. The synthesis of the heteroleptic base-free calcium hydride, [(BDI)CaH]2.
80 

 

 As desired, this compound highlighted how a reduction in coordinative saturation at the 

calcium centre significantly enhanced the observed reactivity of the calcium hydride. 

Treatment of 1.28 with a plethora of unactivated terminal n-alkenes (1-butene, 1-hexene, 1-

octene, 3,3-dimethyl-1-butene, 3-phenyl-1-propene, 4-phenyl-1-butene, vinyltrimethylsilane 

and triphenyl(vinyl)silane) has been reported to provide n-alkyl derivatives, as depicted in 

Scheme 1.17a.80, 81  

 

Scheme 1. 17. a) The stepwise reactions of [(BDI)CaH]2 and terminal n-alkenes to form 

calcium n-alkyls (1.29–1.35) via dinuclear hydrido-alkyl intermediates (1.29a–1.35a); b) The 

nucleophilic C-D activation of C6D6 of selected calcium n-alkyls: R = H (1.29); Et (1.30); n-

Bu (1.31).80 
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Their formation appeared to proceed in a stepwise fashion through the intermediacy of 

dicalcium alkyl-hydride species, with no rupture of either the dinuclear hydride or the dinuclear 

hydrido-alkyl intermediates. Furthermore, at mildly elevated temperatures (60 °C), the 

unprecedented nucleophilic alkylation of a C-D bond of the C6D6 solvent was observed for the 

calcium ethyl, n-butyl and hexyl derivatives (Scheme 1.17b).80 

Of more relevance to the current work, addition of a stoichiometric amount of B2pin2 

to 1.28 yielded a new diboranate dianion derivative, [(BDI)CaHBpin]2 (1.36; Scheme 1.18).82 

The B-B bond is retained upon the addition of both hydrides of [(BDI)CaH]2 to the diborane 

substrate, forming the unprecedented [H2B2pin2]
2- dianion in the process. As seen in the 

magnesium diboranate, 1.14, a distorted tetrahedral coordination environment is observed 

around the alkaline earth metal centre. This is comprised of coordination by the two nitrogen 

atoms [2.3258(11) and 2.3449(12) Å] of the supporting β-diketiminate ligand and two 

pinacolate oxygen atoms, with Ca-O distances consistent with that seen in 

[(BDI)Ca(H2Bpin)]3, in the range of 2.255(2) – 2.338(2) Å.71 

 

Scheme 1. 18. The synthesis of [(BDI)CaHBpin]2.
82 

 

1.3.2. Aluminium 

Accounting for > 8% of its overall mass, aluminium is the most abundant metal in the Earth’s 

crust.83 Accordingly, its low cost, moderate toxicity and ubiquitous availability makes 

aluminium a popular choice for a plethora of applications, including construction, electronics 

and major industrial catalytic processes, such as the use of AlCl3 to mediate the Friedel-Crafts 

reaction.84-87 Arguably the most notable example is the employment of LiAlH4 or aluminium 

alkyls in the Aufbau (chain propagation) reaction of ethylene, which revolutionised modern 

manufacturing and for which Ziegler was awarded the Nobel Prize for Chemistry in 1963.88-91 

 The success of aluminium compounds in mediating catalytic chemistry is predicated on 

the polarity induced by the Lewis acidic aluminium centre and the reactive metal substituent, 

Al+-X-, with no change of oxidation state of the metal required. As with its lighter congener 
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boron, aluminium is most commonly found in the +3 oxidation state. Consequently, these 

molecular processes predominantly utilise trivalent sp2-hybridised aluminium reagents with a 

vacant p-orbital on the electrophilic metal centre.92 

 

1.3.2.1.   Neutral Aluminium(I) Complexes 

It was long believed that stable complexes of low oxidation state aluminium compounds 

(aluminium possessing a formal oxidation state lower than +3) were unobtainable. This was 

driven by the thermodynamic instability of these species inducing high reactivity and a 

susceptibility to disproportionation towards the preferred noble gas electronic configuration of 

the +3 oxidation state.93, 94 For example, the disproportionation of 3AlCl to 2Al and AlCl3 is 

so exothermic that it represents the energetic minimum of the system. As a consequence, the 

known binary Al(I) compounds were limited to those exclusively stable in the gaseous phase 

and at low pressures, including AlH, AlX (X = halide) and Al2O.95 

The development of cryochemical methods to assist in the handling of metastable 

solutions of AlX (X = Cl, Br, I) enabled the first example of an isolable aluminium(I) complex, 

1.37, to be reported by Schnöckel and co-workers in 1991.96 This landmark tetrameric complex, 

(AlCp*)4 (Cp* = C5Me5), was prepared via treatment of a metastable ethereal solution of AlCl 

with Mg(Cp*)2 (Scheme 1.19). 

 

Scheme 1. 19. The synthesis of the first isolable aluminium(I) complex by Schnöckel and co-

workers, where Cp* = C5Me5.
96 

 

The enhanced thermal tolerance of compound 1.37 compared to metastable AlX 

systems is owed to the significant kinetic stabilisation imparted by the sterically encumbered 

Cp* spectator ligands. These bulky moieties are each η5-coordinated to the aluminium metal 

centre to form a regular tetrahedron, whose structure is largely maintained in solution at room 

temperature. It has been shown that an equilibrium exists between (AlCp*)4 and AlCp* at 

temperatures above 30 C in solution.97, 98 This dissociation into monomeric AlCp* units 
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allows compound 1.37 to act as a masked source of Al(I) towards Lewis acids,99 with the 

formation of Al-metal donor/acceptor bonds being reported (1.38),100-102 alongside reactivity 

with small molecules, such as chalcogens (1.39 and 1.40)103 and azides (1.41) (Scheme 

1.20).104, 105 

 

Scheme 1. 20. Reactions of (AlCp*)4 with selected Lewis acids and chalcogens.100, 103, 104 

 

 The aggregated structure of 1.37 in solution hampers its potency as a reducing agent. 

Furthermore, the synthesis and storage of the AlCl starting material is problematic, as it was 

prepared through reacting HCl with aluminium metal at 1200 K.106 Further investigation by the 

Roesky group yielded an alternative, more facile synthesis involving the reduction of Cp*AlCl2 

with potassium metal.107 

 In 2000, Roesky and co-workers108 further advanced the field of low oxidation state 

aluminium chemistry by reporting the first isolable monomeric, solid-state aluminium(I) 

complex [(BDI)Al] (1.42). This seminal system was attained by virtue of a bulky β-

diketiminate ligand via the reduction of the parent diiodide complex, (BDI)AlI2, with 

potassium metal. 
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Single crystal X-ray crystallography unambiguously confirmed the formation of a well-

defined monomer, and the metric data described how the Al-N bond lengths [1.957(2) Å] were 

elongated and the N-Al-N bond angle (89.86) was more acute in comparison to the analogous 

Al(III) dimethylaluminium compound [1.922 Å, 96.18(9)]. These observations are indicative 

of a change in the oxidation state of the metal, as the Al-N bond becomes less polar as a result 

of the reduced formal positive charge associated with the aluminium centre. Thus, this two-

coordinate aluminium(I) centre may be regarded as an aluminium analogue of an NHC, with 

both a lone pair and an empty p-orbital localised on the metal centre. 

 

Scheme 1. 21. The synthesis of first isolable monomeric aluminium(I) complex by Roesky 

and co-workers.108 

 

 The utilisation of compound 1.42 as a stoichiometric reducing agent has been 

comprehensively documented, with the vast majority of its reactivity predicated on oxidative 

addition across the Al(I) centre.99 Examples include the generation of aluminium monohydride 

NHC adducts (1.43)109 and the activation of small molecules, such as the reversible addition of 

alkenes and H-X bonds (1.44) (X = H, Si, B, Al, C, N, P, O),110, 111 [1+2] cycloadditions,112 

reduction of benzene113 and various bond activations including C-H114 and C-F.115 

Crimmin and co-workers116 showed that a [4+1] cycloaddition transpired upon 

treatment of 1.42 with 1,3-cyclohexadiene to yield the [2,2,1]-metallobicycle 1.45. Upon the 

introduction of an atmosphere of CO, the reversible addition of CO into an Al-C bond occurred, 

generating the ring-expanded [2,2,2]-metallobicycle 1.46. Although reminiscent of the 

commonplace migratory insertion reactions arising from transition metal compounds, this was 

the first example of such a transformation in a main group system. 
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Scheme 1. 22. Reactions of 1.42 with selected substrates.109, 110, 112, 116 

 

 Despite the diverse range of reactivity displayed by compound 1.42, its problematic 

and low yielding synthesis has impeded its use in more scalable synthetic applications. For 

example, the harsh reducing conditions required to synthesise 1.42 may facilitate over-

reduction and contribute to the typical isolable yield of ∼20%. 

 Contemporary neutral monomeric aluminium(I) derivatives include the first 

monomeric cyclopentadienyl-based Al(I) species, 1.47, by the Braunschweig group.117 This 

framework allowed reactions to proceed more selectively, faster, and under milder conditions 

than for the tetrameric (AlCp*)4, 1.37.96 Three distinct modes of reactivity were observed with 

1.47. Acid-base adduct formation (1.48) occurred upon the introduction of the triarylborane 

B(C6F5)3 (Scheme 1.23a) to 1.47, however oxidative addition was observed with a bulky 
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aryldihaloborane (TerPhi-Pr, = bis-2,6-(2,4,6-tri-isopropylphenyl)phenyl) to form a covalent 

bora-alane product, 1.49 (Scheme 1.23b). Treatment of 1.47 with BI3 yielded the first example 

of the reduction of a boron(III) compound to a borylene (:B-R), 1.50, by a p-block reagent 

(Scheme 1.23c), thus demonstrating the wide range of reactivity of this versatile monomeric 

Al(I) system.117 

 

 

Scheme 1. 23. The three modes of reactivity displayed by Braunschweig and co-workers’ 

Al(I) species, 1.47: a) adduct formation (AlI-BIII); b) oxidative addition (AlII-BII); c) 

reduction, (AlIII-BI).117 

The enhancement of the steric bulk of the cyclopentadienyl group prohibited the 

previously observed oligomerisation in 1.37, and further investigations by Braunschweig and 

co-workers culminated in the isolation of the parent Al(I) hydride ‘aluminene’, 1.51, under 

ambient conditions.118 This was achieved through the exploitation of the exceptional σ-

donating and π-accepting properties of cyclic(alkyl)(amino)carbene (CAAC) ligand systems, 

in addition to the steric bulk afforded by them. The nucleophilicity of 1.51 was illustrated 

through reaction with methyl triflate (MeOTf), which underwent nucleophilic substitution at 

the aluminium centre (Scheme 1.24).  
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Scheme 1. 24. An example of the capacity of the Al(I) hydride, 1.51, to act as an aluminium-

centred nucleophile.118 

 The proposed mechanism involves the formation of an unstable aluminium(III) cation 

upon nucleophilic attack of the aluminium towards the methyl group. This culminates in the 

Al-bound hydride migrating back to a CAAC centre. Despite this evidence of its nucleophilic 

nature, reactions of 1.51 with a variety of small molecules, such as H2, CO2 and CO, yielded a 

series of decomposition products, which is a marked contrast to most other examples of low 

oxidation state aluminium complexes.  

 

Scheme 1. 25. Synthesis of the Al=Al bonded compound 1.52 and its reactivity with selected 

small molecules.119-122 

Additional examples of stable neutral aluminium(I) systems include dialumenes, which 

are classed as containing Al=Al multiple bonds. Although ‘masked’ examples are known,123-

125 the first base-coordinated dialumene was reported by Inoue and co-workers in 2017 (1.52, 

Scheme 1.25).119 Once more, the use of a metal halide precursor (NHC-stabilised 

dihalosilylalane) and a strong reducing agent (potassium graphite, KC8) was required to obtain 
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this low oxidation state aluminium centre. As illustrated in Scheme 1.25, the NHC-stabilised 

dialumene, 1.52, displayed reactivity towards small molecules such as ethylene121 and CO2
120

 

(compounds 1.53 and 1.54, respectively). In both of these selected cases, a formal [2+2] 

cycloaddition product was yielded, and the maintenance of an Al-Al bond provided further 

evidence for the formation of an Al=Al bond in the starting material. 

 

1.3.2.2.   Alumanyl Anions 

 

1.3.2.2.1. Diamido Alumanyl Systems 

 

Although the isolation of a boryl, 1.4, was documented in 2006,31 it was only in 2018 that a 

charged low oxidation state aluminium analogue was realised by Aldridge, Goicoechea and co-

workers.126 Possessing steric demands and σ-withdrawing properties of bulky arylamido 

substituents, in conjunction with a flexible chelating xanthene-based backbone, the co-ligand 

[NON]2- (NON = 4,5-bis(2,6-di-isopropylanilido)-2,7-di-tert-butyl-9,9-dimethylxanthene) 

bestowed sufficient stability upon the aluminium(I) centre to permit the isolation of the 

landmark anionic aluminium(I) nucleophile, K2[Al(NON)]2 (1.56). As depicted in Scheme 

1.26, this was achieved via the two-electron reduction of the neutral aluminium(III) precursor 

compound (NON)AlI, 1.55, with excess KC8. 

 

Scheme 1. 26. The synthesis of the first example of an alumanyl anion, 1.56.126 

 

Single crystal X-ray crystallography, and subsequent diffusion-ordered NMR (DOSY) 

spectroscopic experiments, confirmed the existence of a dimeric structure in both the solid state 

and in solution. This dimer is held together by potassium-arene interactions between the 

flanking Dipp groups on the NON ligands and the potassium cations. Furthermore, the 

aluminium centres are > 6.6 Å apart, which suggests the absence of any significant interaction 

between them. Given the difficulty in locating hydrogen atoms by X-ray crystallography, 
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alongside the well-documented preference of aluminium towards the +3 oxidation state, 

[K{H2Al(NON)}]2 was synthesised independently in order to dismiss the potential for any 

metal-bound hydrogen atoms within 1.56. Moreover, the Al–N bond distances [1.956(2) and 

1.963(2) Å] were found to be elongated in comparison with 1.55 [1.846(2) Å], which may be 

rationalised by the formation of an Al(I) species. 

This potassium alumanyl exhibited unprecedented reactivity as an organoaluminium 

reducing agent. Under mild conditions, 1.56 was shown to cleave the H-H bond of H2 and a C-

H bond in benzene to yield the formal oxidation products (1.57 and 1.58, respectively), 

generating new aluminium element bonds (Al-H and Al-C, respectively) in the process 

(Scheme 1.27).126 

 

Scheme 1. 27. A selection of the reactivity exhibited by the nucleophilic potassium alumanyl, 

1.56.126-128 
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In addition to demonstrating the ability of an alumanyl anion to activate strong σ-bonds, 

the formation of the aluminium(III) phenyl hydride, 1.58, represented the first example of an 

oxidative addition of a benzene C-H bond at a single well-defined main group metal centre.126 

This highlighted the superior performance of 1.56 as a synthetic reagent compared to the 

monomeric Al(I) system, 1.42, which required the presence of a palladium catalyst to facilitate 

similar reactivity with benzene.108 

The principal point of novelty with alumanyl compounds is their capacity to act as 

aluminium-centred nucleophiles. When reacted with carbon-centred electrophiles, such as MeI 

and MeOTf, nucleophilic attack towards the electrophilic carbon centres by the alumanyl 1.56 

occurred to generate new Al-C bonded complexes (Scheme 1.27). This type of nucleophilic 

substitution has also been employed in the formation of a range of Al-metal covalent bonds 

(selected Al-M bonds: M = Li, Mg, Al, Ca, Cu, Zn, Ag, Au).126, 128-131 Lithium, magnesium and 

calcium (Li = 0.98; Mg = 1.31; Ca = 1.00)23 all have lower electronegativity values than 

aluminium (Al = 1.61),23 therefore these species may be considered as coordinated alumanyl 

complexes (Al--M+).132 On the other hand, copper, zinc, silver and gold (Cu = 1.90; Zn = 

1.65; Ag = 1.93; Au = 2.54)23 each have an electronegativity greater than aluminium, thus the 

polarisation would be anticipated to be Al+-M-. This class of compound may, thus, be 

described as comprising an aluminium electrophile bound to an electron-rich metal centre. 

 

Scheme 1. 28. The formation of aluminium-group 11 bonded compounds 1.62-1.64.128, 131 

For example, an Al-M covalent bond (where M = Au, Ag or Cu) was generated from 

the reaction between 1.56 and one equivalent of [(t-Bu3)PMI] (Scheme 1.28).128 The resultant 

two-coordinate group 11 complexes, 1.62–1.64, each contained a highly polarised Al+-M- 

bond. The realisation of a family of group 11-centred nucleophiles was ratified via the 
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unprecedented reductive insertion of di-isopropylcarbodiimide and CO2 into the Al-M bonds 

(Scheme 1.29), with new M-C bonds formed (1.65-1.68).128, 131 

 

Scheme 1. 29. The reactivity of the strongly polarised Al+-M- bond in compounds 1.62-1.64 

towards a selection of carbodiimides and CO2 to yield the M-C bonded insertion products 

1.65–1.68, where M = Au, Ag or Cu.128, 131 

Furthermore, a THF-ligated aluminium oxide (1.60) was accessed by the treatment of 

1.56 with N2O at low temperature in THF, which is of considerable interest as a result of the 

vast industrial use of aluminium oxide compounds in catalysis.127, 133, 134 This aluminium oxide 

exhibited reactivity with a range of small molecules including H2 and CO2 (Scheme 1.27).127 

 As discussed previously in Section 1.3.2.1, the desire for a mononuclear aluminium(I) 

derivative stems from the potential hindrance that complex aggregation may bestow upon 

reactivity.96, 108 In that vein, a “naked” alumanyl anion was targeted, that is, alumanyl anions 

possessing no significant interaction with the cation.132 Aldridge, Goicoechea and co-workers 

synthesised the first monomeric alumanyl species, 1.69, via the addition of the K+ sequestering 

agent [2,2,2]-cryptand (4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane) to 

compound 1.56 (Scheme 1.30).135 Single crystal X-ray diffraction studies confirmed the 

monomeric structure in the solid state (all K. . .Al interactions > 7 Å), and the 1H NMR spectrum 

affirmed the existence of separated [K(2,2,2-crypt)]+ and [Al(NON)]- ions in solution upon 

comparison with the corresponding 1H NMR spectra for the starting materials.  
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Scheme 1. 30. The synthesis of the mononuclear alumanyl compound, 1.69 (where 2,2,2-

crypt = (4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane).135 

 

The charge-separated complex [K(2,2,2-crypt)][Al(NON)], 1.69, exhibited significant 

differences in reactivity to the dimeric alumanyl, 1.56. Whereas 1.56 facilitated the formal 

oxidative cleavage of a benzene C-H bond to form compound 1.58 after 96 hours at 60 C, the 

activation of an aromatic C-C bond transpired upon the reaction of compound 1.69 with 

benzene, after 48 hours at room temperature.126, 135 Subsequent ab initio calculations suggested 

that the seven-membered metallocycle product, [AlC6H6] (1.70), was the kinetic product and 

that the cleavage of the C-C bond in the C6H6 molecule was completely reversible, which was 

also confirmed experimentally (Scheme 1.31). 

 

 

Scheme 1. 31. The C-C activation and functionalisation of benzene using the monomeric 

alumanyl compound 1.69.135 

 

The computational calculations suggested that the formation of 1.70 from 1.69 

proceeded through a bicyclic intermediate from an initial [2+1] cycloaddition of benzene at the 
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aluminium centre. The high-lying nature of the aluminium-centred lone pair (HOMO) for the 

monomeric [(NON)Al]- ion is the proposed impetus for this cycloaddition pathway, whereas 

this orbital is afforded significant stabilisation by the dimeric K+-bridged [K(NON)Al]2 (i.e., 

1.56).126 As a result, this may rationalise the divergence in reactivity between the dimeric 1.56 

and monomeric 1.69 towards benzene. 

Further studies by the Aldridge and Goicoechea groups exploited this C-C bond 

cleavage to generate acyclic complexes via the reaction of benzene with electrophiles. For 

instance, a di-tin species bridged by an acyclic C6H6 moiety, 1.71, was synthesised upon 

reacting the seven-membered metallocycle 1.70 with a tin halide (Scheme 1.31).135 These 

reactions were seen to occur with retention of the benzene stereochemistry. 

 Inspired by the landmark isolation of NON-Al complexes, the Coles group synthesised 

a novel alumanyl anion, 1.72, utilising a dianionic bis(amidodimethyl)disiloxane ligand, which 

had previously been reported to support and stabilise low oxidation state bismuth136-138 and 

indium139 species. In an analogous fashion to 1.56, this alumanyl was accessed through the 

potassium-mediated two-electron reduction of the corresponding aluminium(III) iodide 

precursor (Scheme 1.32).140 Further similarities include the dimeric structure comprised of two 

anionic [Al(NONAr)]- (NONAr = [O(SiMe2NDipp)2]
2-) moieties, with an Al. . .Al distance 

[5.673(1) Å] too large to be associated with a bonding interaction.141 Whilst 1.56 contained a 

dative O→Al interaction, the siloxane oxygen of the ligand backbone in 1.72 was shown to be 

strictly non-bonding, as evidenced by the Al. . .O distances of 3.356(2) and 3.418(2) Å. 

Accordingly, this complex was the first example of a two-coordinate N-heterocyclic alumanyl 

anion.  

 

Scheme 1. 32. Synthesis of the potassium alumanyl 1.72.140 

 

 The reaction of 1.72 with 1,2,5,7-cyclooctatetraene (COT) generated the first report of 

an alumanyl anion facilitating a cycloaddition reaction (Scheme 1.33).140 A two-electron 

reduction of the COT molecule to the essentially planar aromatic [COT]2- dianion occurred, 
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which itself engaged to form a µ2-η
2:η8-bridge between the aluminium centre and the potassium 

cations, respectively. In the process, this realised the first [Al-COT] complex with significant 

aromatic character, 1.73.  

 

 

Scheme 1. 33. The cycloaddition reactions observed between 1.72 and COT to form the 

polymer 1.73, and the subsequent breaking of this extended network by 18-crown-6 (18-c-6) 

to form the monomer 1.74.132, 140 

 In an attempt to disrupt the polymeric structure of 1.73, Coles and co-workers 

introduced the crown ether, 18-crown-6 (18-c-6), to a solution of the COT-ligated aluminium 

complex. A [1+4] cycloaddition of COT to the aluminium centre transpired, allowing the 

discrete [K(18-c-6)][Al(NONAr)(COT)] (1.74) monomer to be isolated. This observed 

reactivity is redolent of that performed by (BDI)Al (1.42) with related cyclic alkenes, such as 

the aforementioned synthesis of the metallobicycle 1.45 (Scheme 1.22).99, 108, 116, 142 

Isoelectronic ‘heavy’ analogues of carbonyl and dioxirane functionalities have been 

accessed by the utilisation of compound 1.72. The 1:1 reaction with selenium and catalytic 

amounts of a selenium transfer agent, tri-n-butylphosphine, generated the aluminium selenide 

(Al=Se) complex, 1.75, which was constituted of an extended network of [Al(NONAr)(Se)]- 

anions linked to [K(THF)]+ cations through Se-K and π-arene interactions.143 This coordination 

polymer could be separated using [2,2,2]-cryptand to sequester the potassium cations and 

isolate the free monomeric Al=Se, with the absence of any through-space interactions (1.76).  

At the time of writing, this Al-Se bond length [2.2032(6) Å] is the shortest ever reported 

and it was used to successfully target an AlSe2 three-membered ring (1.77, Scheme 1.34), 

which may be viewed as a selenium analogue of a dioxirane. In a more recent study, the Coles 

group reported the oxidation of 1.72 with sulphur.144 In this case, a five-membered AlS4 ring 

was obtained, rather than the desired mono-sulfide analogue of compound 1.78. 
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Scheme 1. 34. The oxidation of 1.72 with a variety of chalcogens.132, 143, 144 

 

 Even further extension of the structural diversity of aluminium(I) anions was 

subsequently achieved by Hill and co-workers in their report of a seven-membered N,N'-

heterocyclic potassium alumanyl species, 1.79.130 Synthesised in an analogous fashion to 1.72, 

the reduction of the corresponding aluminium iodide over a potassium mirror yields an 

alumanyl system without a bonding moiety in the ligand backbone (Scheme 1.35).  

 

 

Scheme 1. 35. The synthesis of the potassium alumanyl 1.79 by Hill and co-workers.130 

 

Inspired by the reactivity of β-diketiminato magnesium and calcium derivatives with 

Roesky’s (BDI)Al (1.42), in which the reactivity of the neutral aluminium(I) nucleophile is 
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augmented by the presence of a calcium centre, the propensity of 1.79 to form metal-metal 

bonds with alkaline earth complexes was evaluated by the Hill group.145-147 Reactions with 

electrophilic metal reagents provided terminal Al-Mg and Al-Ca bonds,130 affirming the 

nucleophilic character of 1.79 (Scheme 1.36).  

Alkaline earth alumanyls of the form [(SiNDipp)Al-Ae(BDI)] [(SiNDipp) = 

(CH2SiMe2NDipp)2] (Ae = Mg, 1.80; Ca, 1.81) were accessed via the introduction of two 

equivalents of the corresponding metal tetraphenylborate derivatives [(BDI)AeBPh4] to 1.79. 

Single crystal X-ray crystallography confirmed the three-coordinate geometries adopted by the 

alkaline earth metal centres, however only the calcium compound 1.81 contained an ancillary 

η6 interaction between the alkaline earth centre and the Dipp substituent of the aluminium-

coordinated diamide ligand.130 

 

Scheme 1. 36. The synthesis of the magnesium and calcium alumanyl compounds 1.80 and 

1.81, alongside the latter’s reactivity with THF and COT to form 1.82 and 1.83, 

respectively.130 

Although neither 1.80 or 1.81 exhibited any observable reactivity with benzene or 

toluene, 1.81 displays reactivity with both THF and COT (Scheme 1.36).130 The addition of 

THF to 1.81 in methylcyclohexane facilitated the oxidative addition of a THF C-O bond to the 

aluminium(I) centre, generating a charge separated species, 1.82, comprised of 

[(BDI)Ca(THF)3]
+ cations and [(SiNDipp)AlO(CH2)4]

- anions. The reaction with COT 

produced a heterobimetallic inverse sandwich species, 1.83, after the two-electron 
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aromatisation of the COT species was performed, however the magnesium derivative 1.80 was 

once again observed to be unreactive. 

Hill and co-workers subsequently reported two copper alumanyl complexes (1.84 and 

1.85), which were obtained by salt elimination between 1.79 and corresponding carbene-ligated 

copper(I) chlorides (Scheme 1.37).148 These compounds display a seemingly amphiphilic 

character, which seems to be modulated either by variation of the carbene co-ligand basicity or 

variation of the electrophilic heteroallene reaction partner.149 This was illustrated by the 

divergence in reaction products, 1.86 and 1.87, obtained from the insertion of N,N'-di-

isopropylcarbodiimide into the Al-Cu bonds of 1.84 and 1.85, respectively (Scheme 1.37). This 

contrast may be rationalised by the different carbene donors affecting the apparent polarity of 

the Al-Cu bond. 

 

Scheme 1. 37. The reactivity of the alumanyl 1.79 with carbene-ligated copper(I) chlorides to 

form 1.84 and 1.85, alongside the differing reaction pathways with N,N'-di-

isopropylcarbodiimide.148 

The generality of the nucleophilicity exhibited by compound 1.79 was further 

scrutinised by reaction with a selection of carbon and boron electrophiles (Scheme 1.38).150 

Behaviour reminiscent of 1.56 was observed upon the addition of MeOTf to compound 1.79, 

with a straightforward nucleophilic substitution reaction yielding the corresponding 

diamidomethylalumane, [(SiNDipp)AlMe] (1.88). Compound 1.79 reacted with N,N'-di-

isopropylcarbodiimide and N,N'-dicyclohexylcarbodiimide via Al-C bond formation. The 

resultant compounds are unique alumina-amidinate anions (1.89 and 1.90) and may be 
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considered analogous to bora-amidinate anions that have been previously reported upon the 

addition of carbodiimides to a range of magnesium derivatives of similarly nucleophilic boryl 

units.56, 58 Furthermore, treatment of 1.79 with triphenylborane generated a potassium 

aluminoborate species (1.91), which is reminiscent of the adducts of B(C6F5)3 and 9-

borafluorenes discussed for certain charge neutral cyclopentadienyl and β-diketiminato 

aluminium(I) complexes.100-102, 117 

 

Scheme 1. 38. The reactivity displayed by the potassium alumanyl 1.79 towards selected 

electrophilic carbon and boron centres (Cy = C6H11).
150 

As demonstrated with the di(amido)alumanyl systems from the Aldridge, 

Goicoechea126 and Coles140 groups, complete sequestration of the potassium ions of 1.79 was 

accomplished by treatment with either an excess of 18-c-6 (1.92) or [2,2,2]-cryptand (1.93) to 

permit the isolation of the ‘free’ alumanyl anion, [(SiNDipp)Al]- (Scheme 1.39).150 Use of one 
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equivalent of 18-c-6 provided a rare example of a direct Al-K contact in the corresponding 

monomeric potassium alumanyl, 1.94. Taking into consideration the difficulty in locating 

hydrogen atoms by X-ray crystallography, N,N'-dicyclohexylcarbodiimide was added to 1.94 

in order to rule out the possibility of the long Al-K distance [3.9134(6) Å] being attributed to 

an undetected bridging µ-hydride fragment. The potassium alumina-amidinate 1.95 was 

obtained, where the carbodiimide moiety was bridged between the Al and K centres (Scheme 

1.39). 

 

 

 

Scheme 1. 39. The synthesis of compounds 1.92-1.95 from 1.79 (Cy = C6H11).
150 

 

Closely related reactivity is provided by the ligand-free N-heterocyclic alumanyls 1.72 

and 1.79 with that of the seminal 1.56, as illustrated in the almost simultaneously published 

research describing the reactivity of 1.56127 and 1.72143 with CO2 and N2O (Scheme 1.27). 

Contrastingly, a significant divergence is provided by the non-reaction of 1.72 and 1.79 

towards benzene. These observations may be rationalised by the larger Al-Al distance in the 

1.56 dimer [1.56: 6.627(1); 1.72: 5.673(1); 1.79: 5.721(1) Å], which may be more compatible 

for the benzene molecules to access the aluminium centres. Moreover, the constrained 

geometry introduced at the alumanyl by the rigid xanthate backbone may also contribute to this 

enhanced reactivity in comparison to the N-heterocyclic alumanyls 1.72 and 1.79. 
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1.3.2.2.2. Alkyl Alumanyl Systems 

 

Thus far, all the discussed examples of base-stabilised nucleophilic aluminium species contain 

N-Al-N ligand systems, which exploit the additional stabilisation afforded to the low oxidation 

state metal centre by the nitrogen donor atoms. Given its successful implementation in silylene 

chemistry,151, 152 the tetrakis(trimethylsilyl)butylene ligand system was selected by Yamashita 

and co-workers to explore the possibility of creating an ‘electronically unbiased’ group 13 

anion.153 In contrast to the diamido-supported alumanyl complexes (1.56, 1.72 and 1.79), which 

were all synthesised by reduction from their corresponding aluminium(III) iodide complexes, 

the Yamashita group was able to synthesise a remarkable alkyl-substituted alumanyl complex, 

1.97, by reduction of the corresponding Al-Al bonded dialumane, 1.96, with sodium-potassium 

alloy (NaK).126, 130, 140 This synthetic route was attempted for an alternative pathway to 1.56, 

however the reduction of the dialumane [(NON)Al]2 was not possible under conditions in 

which the alumanyl is stable.126 
 

 

Scheme 1. 40. The synthesis of the first reported alkyl-substituted anionic alumanyl complex 

(Tol = toluene).153 

 

 Single crystal X-ray diffraction studies determined 1.97 to feature a five-membered 

aluminium heterocycle, which is a monomeric Al-K complex in its solid state, differing from 

the dimeric structures previously reported in the literature. The Al-K distance [3.4549(5) Å] 

was considerably shorter than that observed in 1.56, 1.72 and 1.79 [5.673(1)-6.627(1) Å], hence 

indicating a significant interaction between the aluminium centre and the potassium cation. 

This distance was, however, appreciably longer than the sum of the covalent radii of Al and K 

(3.24 Å),63 which implies that an electrostatic interaction is present between the aluminium 

lone pair and the potassium cation, similar to that observed in Yamashita’s boryllithium, 1.4.31 

 The nucleophilicity of the aluminium centre was illustrated by attack on the 

electrophilic carbon centres of MeOTf (1.98) and benzyl chloride.153 Moreover, compound 
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1.97 has been shown to facilitate the formation of unsupported metal-metal bonds, including 

the first report of a single aluminium-yttrium bond (1.99).154 This two-centre, two-electron Al-

-Y+ bond was formed by treatment of 1.97 with the charge separated complex 

[Y(CH2SiMe3)2(THF)3][BPh4], as depicted in Scheme 1.41. 

 

 

Scheme 1. 41. A selection of the reactivity exhibited by Yamashita’s alumanyl 1.97.153, 154 

 

The activation of benzene transpired upon the introduction of 1.97 to the solution, 

yielding the C-H oxidative addition product 1.100.153 This occurred after 2.5 hours at room 

temperature, which is markedly milder reaction conditions than the 4 days at 60 °C required 

for the related reaction between 1.56 and benzene.126 Further reactivity includes the ability of 

1.97 to activate C-F bonds in hexafluorobenzene (C6F6), where the mono- and di-activation of 
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the C6F6 generated a mixture of the formal oxidative addition products 1.101 and 1.102 

(Scheme 1.41).153 

Kinjo and co-workers expanded this class of alkyl alumanyls by pursuing an aluminium 

analogue of a CAAC.155 With this class of carbene, one of the electronegative, π-donating 

amino functionalities of diaminocarbenes is replaced by a σ-donating and non-π-donating alkyl 

group, causing higher HOMO (lone pair) and lower LUMO (empty 2p orbital) energies relative 

to those of NHCs (see Figure 1.6).156, 157 As a result, CAACs are recognised as possessing 

greater σ-donating (more nucleophilic) and π-accepting (more electrophilic) characteristics 

than conventional NHCs, which can lead to versatile and efficient reactivities including 

enhanced small molecule activation.158-163 

As with the carbene analogue 1.97, reduction of the corresponding dialumane 

compound, 1.103, was the synthetic pathway to achieving the first group 13 analogue of a 

CAAC, and the second example of an alkyl-substituted alumanyl. The Kinjo group followed 

this reduction with the addition of 12-crown-4 (12-c-4) to produce compound 1.104 as a 

charge-separated species, becoming just the second reported “naked” alumanyl anion in the 

process after 1.69.135 The potassium cation is encapsulated within two 12-c-4 ligands, thus 

there is no close interaction with the aluminium centre (closest Al. . .K distance = > 6.6 Å). 

 

 

Scheme 1. 42. Synthesis of the charge-separated alumanyl system 1.104 (Ad = 1-

adamantyl.155 

Compound 1.104 displayed unprecedented reactivity. The addition of BH3
.SMe2 to 

1.104 formed compound 1.105 (Scheme 1.43), which is comprised of a trigonal σ-aromatic 

heteroatomic group 13 ring concomitant with a three-centre, two-electron AlB2 bond. As such, 

this work attained the first isolated derivative of an aluminium complex of diborane. 

Furthermore, the oxidative addition of an E-H bond to the aluminium metal centre was 

observed in reactions with phenylsilane and ammonia (1.106 and 1.107, respectively); the 
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former being the first example of an anionic aluminium species mediating hydridic Si-H 

activation, hence illustrating the ambiphilic nature of this alumanyl system.155 

This oxidative reactivity was extended towards apolar σ-bonds, as the cleavage of a 

strained C-C bond in biphenylene was achieved upon introduction to 1.104 to generate the ring-

opened product 1.108. This was only the second report of C-C bond activation by an alumanyl 

anion, after the ring-opening of benzene accomplished by the Aldridge and Goicoechea groups 

with compound 1.69 in 2019 (Scheme 1.31).135  

 

Scheme 1. 43. Range of reactivity possible with compound 1.104 (Ad = 1-adamantyl).155, 164 

 

In addition, the fragmentation of white phosphorus (P4) into a P1 unit transpired through 

reaction with 1.104, revealing a bis(alumanyl)phosphide anion (1.109) with a highly polarised 

Alδ+-Pδ- bond (Scheme 1.43). The two- and four-electron reduction of P4 by a diamido-
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supported alumanyl was subsequently reported using compound 1.56.165 The P4
4- reduction 

product was observed to be sufficiently reactive to mediate the room temperature ammonolysis 

of ammonia to phosphine gas (PH3) as a source of P3-. 

Although Yamashita and co-workers endeavoured to obtain an analogous charge-

separated derivative of 1.97, the addition of [2,2,2]-cryptand and THF promoted expeditious 

decomposition of the alumanyl anion.153 

 

1.3.2.2.3. Electronic Structures 

 

DFT studies were performed by Aldridge, Goicoechea and co-workers on each of the five 

discussed alumanyl anions (Figure 1.11) in order to probe their electronic structures.132 By 

examining the energy separation between the occupied and vacant orbitals at the aluminium 

centre (the lone pair of electrons and the empty pz-orbital, respectively), information regarding 

the differing reactivities of diamido- and alkyl-substituted alumanyls may be derived. These 

ab initio analyses were performed on the monomeric anions, with any stabilising or 

destabilising interactions with the counter-cations disregarded. 

 

Figure 1. 11. The five alumanyl systems described herein.126, 130, 140, 153, 155 

 

In all systems, the HOMO approximates to a lone pair on the aluminium centre, 

however the remaining divergence in the electronic structures (Figure 1.12) may be attributed 

to the varying structural factors surrounding the alumanyl anion; a concept familiar in carbene 
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chemistry.166 As presented in Figure 1.12, the HOMOs of the alkyl-substituted alumanyls are 

higher in energy than for the diamido systems, which may be rationalised by the absence of 

one or two electron withdrawing α-substituents for 1.104 and 1.97, respectively.  

Upon inspection of the unoccupied orbitals, the LUMO is a ligand-based orbital for all 

the selected alumanyl species bar 1.97. Consequently, 1.97 is the sole system in which the 

aluminium pz-orbital contributes to the LUMO and unsurprisingly features the smallest energy 

gap between the HOMO and the Al pz-orbital (3.42 eV, 330 kJ mol-1) as a result. When 

comparing the two alkyl-based alumanyls, the analogous orbital in 1.104 is the LUMO+1, 

considerably higher in energy than that of 1.97. This destabilisation of the Al pz-orbital of 1.104 

compared to 1.97 may be ascribed to the potential π-donation to the aluminium by the single 

adjacent amido substituent, and therefore a larger energy separation (3.72 eV, 360 kJ mol-1) is 

revealed by DFT. 

 

Figure 1. 12. The computationally calculated HOMO, LUMO and LUMO+n orbital energies 

(eV) of reported alumanyl systems at the DFT-D3, PBE0, Def-TZVP level of theory, where 

LUMO+n represents the orbital associated with the empty aluminium p-orbital.132 
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As illustrated in Figure 1.13, the coplanar nature of the amido substituents in 1.72 and 

1.79 permits significant N→Al π-donation, which contributes to the higher energy Al pz-

orbitals in both compounds in comparison to 1.97. In conjunction with their lower lying 

HOMOs, the largest energy separation is attributed to compound 1.72 (4.02 eV, 392 kJ mol-1), 

with 1.79 slightly smaller (3.90 eV, 376 kJ mol-1). This may be a consequence of the larger 

heterocycle size in 1.79 creating a wider N-Al-N angle [1.72: 103.89(8); 1.79: 108.84(9)], 

which in turn may destabilise its HOMO in relation to 1.72. 

 

Figure 1. 13. Depiction of the orbitals involved in the N→Al π-donation for anions 1.56 and 

1.72.132 

The marked difference in the energy of the empty Al pz-orbital in 1.56 in relation to the 

other diamido-substituted systems can be rationalised by the non-planar geometry enforced by 

the xanthene backbone in order to accommodate the aluminium centre (Figure 1.12). This is 

corroborated by the N-Al-N angle of 53.7 and the considerably longer Al-N bonds 

[2.022(1)/2.049(1) Å] in comparison with those measured for 1.72 [1.879(2)-1.896(2) Å] and 

1.79 [1.887(2)-1.8889(19) Å]. Accordingly, the aforementioned N→Al π-donation is severely 

restricted, thus the Al pz-orbital in 1.56 is destabilised to a far lesser extent, as detailed by an 

energy separation of only 3.57 eV, 345 kJ mol-1. 

Overall, these DFT data support the behaviours of each alumanyl discussed in Section 

1.3.2.2. The reduced energy separation between the alumanyl lone pair and the Al pz-orbital 

correlates to enhanced reactivity, as evidenced by the non-reactivity towards benzene by the 

two alumanyl systems with the highest energy separation (1.72 and 1.79).130, 140 The use of the 

tetrakis(trimethylsilyl)butylene ligand system in 1.97 yielded the lowest energy separation, 

which corroborates the milder reaction conditions required for the activation of benzene, in 

comparison with 1.56 (2.5 hours at room temperature and 4 days at 60 °C, respectively).126, 153 
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1.3.3. Gallium 

The first group 13 element(I) anion to be synthesised was the gallyl anion [(t-BuNCH)2Ga]- 

(1.111) in 1999 as part of an alkali metal salt (Scheme 1.44).167 Before this landmark report, 

only gallium(III) and gallium(II) complexes utilising ethenediamide or diazabutadiene (DAB) 

ligands had been synthesised.168-170 Schmidbaur and co-workers exploited the latter co-ligand 

to generate a DAB-supported digallane, 1.110, which granted access to the seminal gallium(I) 

complex, 1.111, via its reduction by potassium metal in the presence of 18-c-6 or TMEDA 

(tetramethylethylenediamine) in THF. The potassium cation is completely protected by an 18-

c-6 ligand and two THF solvent molecules, thus the gallyl anion is an independent monomeric 

unit in an ion-separated system. 

 

Scheme 1. 44. The synthetic route used to access the first gallyl system.167 

 

The propensity of 1.111 to behave as a nucleophilic source of gallium was subsequently 

reported by the group.171 The lone pair of electrons on the gallium(I) centre was observed to 

attack the electrophilic carbon on methyl triflate to yield the corresponding dimeric gallium(III) 

compound [(t-BuNCH)2GaMe]2 and potassium triflate. This remarkable report of the first NHC 

analogue from group 13 initiated the wide range of subsequent reports discussed thus far, as 

evidenced by use of a diaryl-substituted version of Schmidbaur’s DAB ligand in Yamashita’s 

successful isolation of the first boryl anion, 1.4, in 2006.31 
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Figure 1. 14. The structures of notable gallyl systems reported by a) the Jones group172 and 

b) the Fedushkin group.173 

Further investigations into gallium(I) compounds include the Dipp-substituted 

derivative, 1.112, by the Jones group172 in 2002 and a series of BIAN-stabilised versions 

(1.113) by Fedushkin, Schumann and co-workers in 2008.173 Although the utilisation of 

reported low valent gallium(I) heterocycles in the generation of p- and d-block coordination 

complexes has been comprehensively reviewed in the literature, few examples of small 

molecule activation have been described with these compounds, which may be attributed to the 

larger singlet-triplet gap present in heavier group 13 congeners.174-176 

 

1.3.4. Indium 

The heaviest low oxidation state anionic group 13 complex reported thus far is an indyl anion, 

the sole example of which was reported by Coles and co-workers in 2018.139 Previous 

unsuccessful attempts were performed by the Jones group, whereby DAB systems were unable 

to thwart disproportionation which ultimately yielded indium(II) products.177 Having 

successfully utilised the sterically encumbered dianionic bis(amidodimethyl)disiloxane ligand 

[Al(NONAr)]- (NONAr = [O(SiMe2NDipp)2]
2-) in the syntheses of bismuth(III) and bismuth (II) 

complexes136-138, 178-180 (and later the alumanyl 1.72140), the Coles group isolated an indyl as 

both a tightly-bound lithium complex (1.114) and an ion-separated pair (1.117) (Scheme 1.45). 

The indium is three-coordinate in compound 1.114, with a two-centre, two-electron In-

Li bond [2.87(1) Å] present that is comparable to the B-Li bond in the boryllithium, 1.4. The 

nucleophilic nature of both complexes has been demonstrated and is summarised in Scheme 

1.45. Compound 1.114 initiated nucleophilic substitution with MeOTf to afford the indium 

methyl complex In(NONAr)Me (1.115) and LiOTf.139 Furthermore, compound 1.117 has been 

shown to react as a nucleophile towards a selection of bulky β-diketiminato metal halides to 
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attain the first examples of heterobimetallic In-M complexes (1.118a-c) (M = Zn or Cd), which 

themselves reacted with organic azides to promote the oxidation of the indium centre.181 

 

Scheme 1. 45. The syntheses of the lithium indyl and ion-separated compounds (1.114 and 

1.117, respectively) and their nucleophilic natures.139, 181 

 

1.4. Project Aims 

Contemporary advances in main group chemistry have shown that group 13 elements can be 

modified into electron donors, in contrast to their well-precedented electrophilic nature. As a 

result, there is a burgeoning interest in the use of convenient nucleophilic group 13 reagents 

for the direct construction of M-C bonds. The aim of this research is to synthesise and 

investigate the reactivity of a calcium diboranate species, providing a comparison to the 

magnesium diboranate 1.14 and related anionic group 13-centred nucleophilic systems, such 

as the seven-membered N,N'-heterocyclic potassium alumanyl species, 1.79. These 

investigations will rely upon a combination of synthetic and mechanistic investigations 

utilising crystallographic determination of solid-state structures, NMR spectroscopic analysis 

of solution structure and DFT investigations to reveal mechanistic insight. 
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2. Reactivity of a Magnesium Diboranate with Nitriles and Isonitriles 
 

2.1. Introduction 

In 1995, computational studies conducted by Nöth and co-workers on lithiated boranes, LiBR2 

(R = H, CH3, NH2, OH, and F), revealed the potential to impart umpolung reactivity onto boron 

centres through bonding to more electropositive elements.1 These boryl anions would be 

isoelectronic with singlet carbenes, thus opening a new avenue to obtaining previously 

inaccessible B-C bonds, whose value as a stepping-stone in organic chemistry is illustrated in 

Figure 2.1. 

           
 

Figure 2. 1. The versatility of the B-C bond and its representation as an effectively universal 

bridge to organic chemistry’s major functional groups.2-7 

 Inspired by the report of a gallium(I) anion in 1999,8 the first boryl analogue, 1.4, was 

successfully isolated by Yamashita and co-workers in 2006 (Figure 2.2).9 Subsequent studies 

affirmed the propensity of this low oxidation state group 13 compound to act as a nucleophilic 

source of boron towards electrophilic carbon centres to enable the direct construction of new 

B-C bonds.10-12 The demanding syntheses for such boryllithium species, however, impede their 

broad synthetic applicability and as the protean nature of boron-carbon bonds is made 

redundant without practical routes to organoboranes, more convenient pathways to boryl 

compounds are desired. 
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Figure 2. 2. A selection of isolated sources of nucleophilic boron.9, 15 

 

Perhaps the most promising route to these valuable compounds lies in the form of sp2-

sp3 tetra-alkoxy diboron compounds, owing to the commercial availability and ease of handling 

of the diboron reagents from which they are prepared; most notably, bis(pinacolato)diboron 

(B2pin2).
2, 13 The limited reactions in which boron behaves as an electron donor are typically 

mediated by transition metals,14 thus replacing transition metals with more economically viable 

elements, or circumventing the need for a metal centre altogether, is prudent. 

Accordingly, the Hill group have reported the synthesis and reactivity of a magnesium 

sp2-sp3 diboranate species, 1.14 (Figure 2.2).15 The subsequent addition of the strongly 

coordinating base 4-dimethylaminopyridine (DMAP) promoted the rupture of the B-B bond to 

generate the magnesium boryl, 1.15, and n-BuBpin (Figure 2.2).15 This motif was also observed 

upon the introduction of triphenylphosphine oxide, Ph3P=O, to 1.14 to form the terminal boryl 

1.21 (Scheme 2.1).16  

 

Scheme 2. 1. The reactivity of the magnesium diboranate, 1.14, with selected imines17 and 

triphenylphosphine oxide, Ph3P=O.16 
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Contrasting reactivity was observed upon treatment of 1.14 with a range of N-alkyl or aryl 

aldimine or ketimine substrates, where N-borylated organomagnesium compounds predominated 

(Scheme 2.1).17, 18 By possessing a similarly narrow profile to triphenylphosphine oxide but 

sharing an N-donor ligand characteristic with an imine functional group, nitriles were 

postulated to be a worthwhile candidate with which to further investigate the reactivity of 

compound 1.14 and assess the apparent difference in mechanism depending on the electrophilic 

substrate. This chapter will describe an initial assessment of the reactivity of the 

aforementioned sp2-sp3 magnesium diboranate with a variety of alkyl and aryl nitriles. An 

accompanying study with an isonitrile will also be discussed in order to evaluate whether the 

apparently simple structural change of having the electrophilic site on the carbon or nitrogen 

centre could affect the type of products obtained.  

 

2.2. Reaction with Nitriles 

2.2.1. Reaction with Alkyl Nitriles 

Reaction of an equivalent of iso-butyronitrile (i-PrCN) and pivalonitrile (t-BuCN) with 

compound 1.14 resulted in the exclusive formation of the C-borylated compounds 2.1 and 2.2, 

respectively (Scheme 2.1). The reaction with i-PrCN occurred after seven hours at room 

temperature, while overnight heating at 40 C was required with t-BuCN, which may be 

rationalised by traversing the greater kinetic barrier associated with the bulkier alkyl 

substituents. 

 

 

 

Scheme 2. 2. Syntheses of the organoboron compounds, 2.1 and 2.2, via the addition of i-

PrCN and t-BuCN to 1.14, respectively. 
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Two resonances were observed in the 11B{1H} spectra which were indicative of both 

three-coordinate and four-coordinate boron (2.1: δ 34.2, 8.8 ppm; 2.2: δ 34.4, 9.5 ppm, 

respectively), and which were reminiscent of the chemical shifts reported for the diboranate, 

1.14, (δ 34.3, 7.1 ppm). These data, therefore, support the proposed retention of the n-BuBpin 

fragment in the reaction products, in contrast to the elimination of n-BuBpin induced by the 

addition of both imine and phosphine oxide reagents (Scheme 2.1).16, 17 

 

 
 

Figure 2. 3. Solid-state crystal structures of a) 2.1 and b) 2.2. All hydrogen atoms and co-

crystallised solvent molecules have been removed for clarity. Ellipsoids shown at 30% 

probability level. Dipp substituents are shown as wireframe for clarity. 
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The structures of compounds 2.1 and 2.2 were unambiguously confirmed by subsequent 

X-ray diffraction analyses of single crystals isolated from toluene and pentane solutions, 

respectively (Figure 2.3). These revealed that the nitriles effectively inserted into the B(sp2)-

B(sp3) bond of 1.14, generating new B-N and B-C bonds in the process. The resultant C-

borylated anions appear to bind as N,O-chelating ligands to the four-coordinate magnesium 

centres through the distorted trigonal imine nitrogen and one of the pinacolatoborate oxygen 

atoms of the [n-Bu(Bpin)N C(R)Bpin] units. The four-coordinate geometries deviated slightly 

from the idealised tetrahedral angles of 109.5° and the magnesium bonds in 2.2 are elongated 

relative to 2.1 in an effort to relieve the increased steric clash of the Dipp and t-Bu substituents. 

These angles and selected bond lengths are presented in Table 2.1. 

Table 2. 1. Selected bond distances (Å) and bond angles () for 2.1, 2.2 and those of literature 

comparison, 2.3.17 

 2.1 2.2 2.3 

Mg(1)-N(1) 2.0463(17) 2.0603(13) 2.0649(12) 

Mg(1)-N(2) 2.0640(16) 2.0811(13) 2.0612(12) 

Mg(1)-N(3) 2.0784(17) 2.0865(14) 2.1218(12) 

Mg(1)-O(1) 1.982(6) 2.0068(12) 1.9854(10) 

C(42)-N(3) 1.276(3) 1.272(2) 1.2967(19) 

N(1)-Mg(1)-N(2) 94.03(7) 94.73(5) 93.18(5) 

N(1)-Mg(1)-N(3) 137.93(8) 135.13(5) 113.76(5) 

N(2)-Mg(1)-N(3) 115.87(7) 112.76(5) 116.63(5) 

O(1)-Mg(1)-N(1) 117.5(2) 120.34(5) 131.08(5) 

O(1)-Mg(1)-N(2) 127.4(2) 126.32(5) 120.14(5) 

O(1)-Mg(1)-N(3) 67.9(2) 71.10(5) 83.93(4) 

 

Furthermore, these structures are similar to that described in the literature, such as the 

C-phenylated derivative 2.3 [(BDI)Mg{PhN C(Ph)BpinPh}] reported by Hill and co-workers 

(Figure 2.4).17 The C(42)–N(3) bond lengths of the former triple bonds of the nitrile substrates 

[2.1: 1.276(3); 2.2: 1.272(2) Å] are consistent with that observed within the complex anion of 

2.3 [1.2967(19) Å], and indicate that the [n-Bu(Bpin)N C(R)Bpin] units of 

compounds 2.1 and 2.2 are similarly formulated as iminoborate anions. 
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Figure 2. 4. The β-diketiminato magnesium iminoborate derivative, 2.3.17 

 

Although a conformational difference is provided by the relative Z- and E-disposition 

of the Mg(1) and (sp2) B(2) atoms across the imine double bonds of 2.1 and 2.2, respectively, 

the C–N, C–B and B–O bond lengths across these iminoborate anions show a close 

correspondence. This is illustrated by the similar N,O-coordination to magnesium via the imine 

nitrogen donors [Mg(1)–N(3) (2.1) 2.0784(17); (2.2) 2.0865(14) Å] and the O(1) atom of the 

quaternised [n-BuBpin] units [Mg(1)–O(1) (2.1) 1.982(6); (2.2) 2.0068(12)]. These latter 

measurements are indicative of only marginally enhanced charge donation from the N-i-Pr-

derived anion.  

It is notable, however, that the asymmetry at B(1) apparent in both solid-state structures 

is only reflected in the solution state 1H NMR data of compound 2.1 (Figure 2.5). The 

resonance assignable to the NC(CH3)CH protons is maintained as a single 6H singlet in 

compound 2.2 (δ 1.63 ppm) compared to 2 differentiated 3H singlet signals in 2.1 (δ 1.71, 1.66 

ppm). This may be rationalised by the boryl components not being in such close proximity to 

the β-diketiminato component of 2.2. 
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Figure 2. 5. 1H NMR (500 MHz, d8-toluene, 298 K) spectra of crystals of a) 2.1 and b) 2.2. 

The formation of these two complexes is consistent with the chemistry observed by Hill 

and co-workers when carbodiimides were reacted with the diboranate, 1.14.17 The delivery of 

a [Bpin]- anion to the electrophilic carbon centres of the alkyl nitriles could occur, which may 

then be accompanied by the maintenance of the n-BuBpin unit in order to provide stabilisation 

to the compound. This type of effect afforded by n-BuBpin has been reported in the literature.19  

An alternative mechanism (Scheme 2.2a) involves the nitrile coordinating to the 

magnesium centre through the nitrogen lone pair, in a similar fashion to the 4-

dimethylaminopyridine (DMAP) ligand in compound XI.15 This motif was previously 

postulated in the reaction of triphenylphosphine oxide, Ph3P=O, with compound 1.14 by Hill 

and co-workers16 and may be seen with nitriles due to the similarly narrow profile of both 

substrates, which enables a direct approach to the metal. 
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Scheme 2. 3. Potential mechanisms for the formation of 2.1 (R = i-Pr) and 2.2 (R = t-Bu), as 

seen in reactions with a) Ph3P=O16 and b) imines.17 

This ‘inner sphere’ attack of the nitrile to the magnesium centre to effect B-B 

heterolysis has been suggested by subsequent DFT calculations performed by Dr Sam Neale 

from the McMullin group at the University of Bath (Figure 2.6). Under this regime, chelation 

of the sterically undemanding nitrile to the magnesium centre of 1.14 occurs via an SN2-type 

pathway to form IIIM (ΔG = +4.7 kcal mol-1). The B-B bond is proposed to subsequently 

rupture via TS(IV-V)M-B (ΔG = +21.2 kcal mol-1) and form a transient and unobservable 

terminal boryl intermediate VM-B (ΔG = +11.2 kcal mol-1). This is immediately consumed 

through the ensuing nucleophilic attack by the [Bpin]- anion on the electrophilic sp-hybridised 

carbon of the coordinated nitrile. Compounds 2.1 and 2.2 may then be formed by the 

recombination of the C-borylated magnesium imidate with n-BuBpin, which may or may not 

itself necessarily vacate the coordination sphere of the magnesium during the reaction. 

Alternatively, the mechanism could follow that proposed for the imine reactions, which 

demonstrated that initial B-N bond formation is followed by N-to-C isomerisation to form the 

C-borylated products (Scheme 2.3b).17 
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Figure 2. 6. Computationally modelled (DFT, BP86-D3BJ, C7H8/ BS2// BP86/ BS1) free 

energy profile (kcal mol-1) of the reaction of 1.14 with t-BuCN, showing ‘inner sphere’ 

reactivity with B-B cleavage (blue) and without (black). 

An increase to a 2:1 ratio of the relevant alkyl nitrile and compound 1.14 was attempted 

to facilitate displacement of the n-BuBpin moieties of compounds 2.1 and 2.2 and induce a 

further reaction. After the initial formation of compound 2.1, heating to 60 C promoted the 

consumption of the second i-PrCN equivalent to yield compound 2.4 (Scheme 2.4) as an 

exclusive product.  
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Scheme 2. 4. Synthesis of compound 2.4 via the addition of two i-PrCN equivalents to 1.14. 

The slow cooling of the reaction mixture from 60 C to room temperature afforded 

needle-like single crystals suitable for X-ray diffraction analysis (Figure 2.7). The resultant 

NMR spectra of these crystals allowed the characterisation of compound 2.4, namely, the 

presence of a diagnostic new BDI γ-methine resonance in the 1H NMR spectrum, while the 

corresponding 11B{1H} NMR spectrum demonstrated the formation of uncomplexed n-BuBpin 

(δ 34.6 ppm), which appeared alongside a new signal at δ 10.7 ppm. In contrast, analogous 

thermal treatment with t-BuCN resulted in the consumption of just one equivalent of said 

nitrile, leading to the formation of compound 2.2 alongside excess t-BuCN. 

A centrosymmetric structure comprising of two [(BDI)Mg] fragments was observed 

(Figure 2.7), with N-borylated amidinate ligands providing N,N’-chelating coordination to each 

magnesium centre in contrast to the coordinative interactions from a pinacolato oxygen atom 

in 2.1. These amidinate anions are connected with a transoid disposition across a new C=C 

double bond [C(30)-C(30́) = 1.348(2) Å]. The Mg-N bond lengths (Table 2.2) in 2.4 [Mg(1)-

N(3): 2.4 = 2.1343(9) Å] were longer than in the monomeric 2.1 [Mg(1)-N(3): 2.1 = 2.0784(17) 

Å]. This is indicative of weaker coordination which could be a result of the steric effects 

imposed by each -diketiminato unit.  
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Figure 2. 7. Solid-state crystal structure of compound 2.4. All hydrogen atoms and co-

crystallised solvent molecules have been removed for clarity. Ellipsoids shown at 30% 

probability level. Dipp substituents are shown as wireframe for clarity. Symmetry operation 

to generate primed atoms 1-x, 1-y, 1-z. 

The elimination of n-BuBpin is reminiscent of the reactions of 1.14 with carbodiimides 

and imines.17 Although no new B-C bonds were seen (as in 2.1), new B-N bonds were formed. 

This may be rationalised by the mechanism illustrated in Scheme 2.3b, with B-N bonds forming 

first, as in the imine study, prior to the addition of another nitrile molecule.17 This was 

corroborated by the formation of 2.4 when an equivalent of i-PrCN was added to 2.1 with 

heating to 60 C. 

The N,N’-chelating coordination observed has been reported by Hill and co-workers in 

reactions with N-alkyl carbodiimides, including the i-Pr derivative, compound 2.5a (Scheme 

2.4).17 Although a crystal structure of 2.5a was not obtained, compound 2.4’s most relevant 

bond lengths and angles (Table 2.2) and those of the t-Bu derivative, compound 2.5b, were 

closely comparable. 
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Scheme 2. 5. Reactions of compound 1.14 with select N-alkyl carbodiimides.17 

 

Table 2. 2. Selected bond distances (Å) and bond angles () for 2.4 and literature comparison, 

2.5b.17 

 2.4 2.5b 

Mg(1)-N(1) 2.0501(10) 2.0394(18) 

Mg(1)-N(2) 2.0536(10) 2.0384(19) 

Mg(1)-N(3) 2.1343(9) 2.0193(17) 

Mg(1)-N(4) 2.0445(10) 2.0638(18) 

N(1)-Mg(1)-N(2) 93.25(4) 94.72(8) 

N(1) -Mg(1)-N(3) 125.92(4) 123.37(8) 

N(1)-Mg(1)-N(4) 120.61(4) 119.70(8) 

N(2)-Mg(1)-N(3) 133.02(4) 131.68(8) 

N(2)-Mg(1)-N(4) 120.39(4) 122.76(8) 

N(3)-Mg(1)-N(4) 64.62(4) 65.95(7) 

 

Mechanistic scenarios for the construction of compound 2.4 have not been evaluated at 

the time of writing. A tentative hypothesis, however, may involve the displacement of the 

coordinated equivalent of n-BuBpin promoting a cascade of reactivity involving C-to-N 

migration of the remaining [Bpin] unit, C–N bond formation to the second equivalent of i-

PrCN and what may be viewed as a reductive coupling of the two resultant units. This C-to-N 

migration is reminiscent of the silyl migration reactivity utilised in Lappert and co-workers’ 

route to a range of silyl aza-allyl and β-diketiminate species.20, 21 Furthermore, there is 

extensive precedent for C=C and C-C bond formation between nitrile sp-carbon centres at 

various low oxidation state early transition metal and main group element centres.22-27 
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When a large excess of i-PrCN was introduced to compound 1.14, compound 2.4 was 

still formed. In this case, however, the compound was formed without the 60 C heating 

necessary for its initial synthesis, and a large volume of crystals was deposited at room 

temperature in the J Youngs NMR tube. Unfortunately, this meant that NMR spectroscopy 

could not be used to determine whether any new species were formed in this experiment, with 

2.4 possibly precipitating out as the most insoluble product rather than as the exclusive product. 

 

2.2.2. Reaction with Aryl Nitriles 

o-Tolunitrile and m-tolunitrile were selected for the study of aryl nitriles in preference to a 

simpler aryl nitrile, such as benzonitrile, due to their diagnostic methyl group resonances, 

which were incorporated to provide additional information in the 1H NMR spectroscopic data. 

Studies by 1H NMR spectroscopy showed that the 1:1 stoichiometric addition of o-tolunitrile 

to compound 1.14 at room temperature provided an intractable mixture of products. Five 

different resonances were observed in the diagnostic γ-methine region, including unreacted 

1.14, even after 6 days (Figure 2.8a). Heating the solution to 60 C only increased the number 

of potential complexes. 

 

Figure 2. 8. The γ-methine regions in the 1H NMR (500 MHz, d8-toluene, 298 K) spectra of 

the 1:1 reaction between o-tolunitrile and compound 1.14 after a) 6 days at room temperature 

and b) 7 days at 60 C. 

 The anticipated product, compound 2.6, however, appeared as the predominant species 

at room temperature (Figure 2.8a) and was isolated as colourless single crystals, in 41% yield, 
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following fractional crystallisation of the reaction mixture (Scheme 2.6). The resultant X-ray 

analysis (Figure 2.9) revealed that compound 2.6 is structurally analogous to compounds 2.1 

and 2.2. 

 

Figure 2. 9. Solid-state crystal structure of compound 2.6. All hydrogen atoms and co-

crystallised solvent molecules have been removed for clarity. Ellipsoids shown at 30% 

probability level. Dipp substituents are shown as wireframe for clarity. 

The metric data displayed in Table 2.3 imply that replacing the iso-propyl and tert-butyl 

substituents with ortho-tolyl exerts negligible impact on the nature of the iminoborate anion in 

compound 2.6. Nonetheless, the formation of 2.6 in the equimolar reaction was less 

discriminating than the corresponding alkyl nitrile reactions. Thus, greater stoichiometric 

equivalents of o-tolunitrile were used to further assess the reactions with compound 1.14. 
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Table 2. 3. Selected bond distances (Å) and bond angles () for compounds 2.1, 2.2 and 2.6:  

a N(3)–C(36); b B(2)–C(36); c C(36)–N(3)–Mg(1); d C(36)–N(3)–B(1). 

 2.1 2.2 2.6 

Mg(1)-N(1) 2.0463(17) 2.0603(13) 2.0483(13) 

Mg(1)-N(2) 2.0640(16) 2.0811(13) 2.0792(14) 

Mg(1)-N(3) 2.0784(17) 2.0865(14) 2.0899(14) 

Mg(1)-O(1) 1.982(6) 2.0068(12) 2.0069(11) 

N(3)-C(42) 1.276(3) 1.272(2) 1.283(2)a 

B(2)-C(42) 1.584(4) 1.600(2) 1.600(2)b 

N(3)-B(1) 1.576(3) 1.598(2) 1.5963(19) 

N(1)-Mg(1)-N(2) 94.03(7) 94.73(5) 94.30(6) 

N(1)-Mg(1)-N(3) 137.93(8) 135.13(5) 128.51(5) 

N(2)-Mg(1)-N(3) 115.87(7) 112.76(5) 114.76(6) 

O(1)-Mg(1)-N(1) 117.5(2) 120.34(5) 125.04(5) 

O(1)-Mg(1)-N(2) 127.4(2) 126.32(5) 125.80(5) 

O(1)-Mg(1)-N(3) 67.9(2) 71.10(5) 71.16(5) 

C(42)-N(3)-Mg(1) 137.51(16) 147.78(11) 143.53(11)c 

C(42)-N(3)-B(1) 130.05(19) 122.56(13) 127.41(13)d 

B(1)-N(3)-Mg(1) 92.13(12) 88.86(9) 88.88(9) 

 

1H NMR spectroscopy revealed that increasing the reaction stoichiometry to 2:1 at 

room temperature generated compound 2.7 in significant quantities (Scheme 2.6). This product 

also predominated in reactions using three equivalents of o-tolunitrile. The reaction between 

compound 1.14 and a fourfold excess of the nitrile displayed two γ-methine resonances at room 

temperature; that of compound 2.7 (δ 5.04 ppm) and a further compound 2.8 (δ 4.91 ppm) in a 

ratio of 1:0.08. When a temperature of 60 C was applied to this reaction mixture, compound 

2.7 was consumed to selectively yield compound 2.8, which had four nitrile units present in its 

solid-state structure (Figure 2.10b). This indicates that the elevated temperature was needed to 

overcome the energy barrier for an additional free o-tolunitrile molecule to insert into 

compound 2.7 and form a new C-C bond. Both compounds were formed alongside the 

simultaneous elimination of n-BuBpin, and the basis of these observations was resolved by X-

ray diffraction analysis of both compounds 2.7 and 2.8 after crystallisation from hexane 

solutions (Figure 2.10a and b, respectively). 
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Scheme 2. 6. Syntheses of the organoboron compounds 2.6-2.8 via the addition of one, three 

and four equivalents of o-tolunitrile, respectively. 

In 2.7 (Figure 2.10a), the 4-coordinate β-diketiminato magnesium centre is further 

ligated by two nitrogen centres: from a molecule of o-tolunitrile [Mg(1)-N(3) 2.138(2) Å] and 

from a spirocyclic borate anion [Mg(1)-N(4) 2.068(2) Å] in which the distorted tetrahedral 

boron geometry is provided by a O,Ó -bidentate pinacolate unit and a five-membered C,N-

chelate. The alternating N(4)-C(38) [1.2822(3) Å], C(38)-N(5) [1.449(3) Å] and N(5)–C(46) 

[1.288(3) Å] bond lengths of this latter heterocycle indicate that it is best viewed as a 1-bora-
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2,4-diazabutadiene formed by the incorporation of two molecules of o-tolunitrile. Nitrile-nitrile 

dimerisation leading to metalla-1,4-diaza-butadiene complexes is well described in the 

literature.22-27 The sole previous report of nitrile C-N coupling to yield a comparable 2,4-

diazabutadiene derivative, however, seems to be provided by a serendipitous iron-centred 

dimerisation of cyanamide.28 

 

Figure 2. 10. Solid-state crystal structures of a) 2.7 and b) 2.8. All hydrogen atoms and co-

crystallised solvent molecules have been removed for clarity. Ellipsoids shown at 30% 

probability level. Dipp substituents are shown as wireframe for clarity. 
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The [(BDI)Mg] unit of compound 2.8 (Figure 2.10b) is similarly coordinated by a 

molecule of o-tolunitrile [Mg(1)-N(3) 2.1607(13) Å] and a bidentate borylamide ligand 

[Mg(1)-N(4) 2.0288(11) Å], which forms a four-membered chelate via an additional donor 

interaction with a pinacolate oxygen atom [Mg(1)-O(1) 2.5318(11) Å]. This raises the 

magnesium centre coordination number to five and creates a distorted trigonal bipyramidal 

geometry [N(3)-Mg(1)-O(1) = 157.76(4), N(2)-Mg(1)-N(3) = 92.26(5)] in contrast to 

compound 2.7, which exhibited a pseudo-tetrahedral geometry about the magnesium centre 

(Table 2.4). The N(4) atom of the borylamide anion is also bonded to a 2,4,5-tri-o-tolyl-2H-

imidazole unit [N(4)-C(38) 1.4442(16) Å] such that the overall constitution of the coordinated 

amide ligand of 2.8 may be rationalised as resulting from the addition of a further equivalent 

of the nitrile reagent to the borate anion observed in 2.7.  

The coordination of an aryl nitrile molecule to a [(BDI)Mg] centre has previously been 

reported by Jones and co-workers in compound 2.9 (Figure 2.11).22 The metric data for this 

compound have been included in Table 2.4 for purposes of comparison and show similarities 

between the values described for 2.7 and 2.8. 

 

Figure 2. 11. The [(BDI)Mg] complex, 2.9, synthesised by Jones and co-workers.22 
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Table 2. 4. Selected bond distances (Å) and bond angles () for 2.7, 2.8 and those of literature 

comparison, 2.9.22 

 2.7 2.8 2.9 

Mg(1)-N(1) 2.0466(18) 2.0860(11) 2.0069(2) 

Mg(1)-N(2) 2.0250(18) 2.0676(11) 2.052(2) 

Mg(1)-N(3) 2.138(2) 2.1607(13) 2.107(2) 

Mg(1)-N(4) 2.068(2) 2.0288(11) 2.055(2) 

Mg(1)-O(1) - 2.5318(11) - 

N(1)-Mg(1)-N(2) 94.21(7) 92.48(5) 93.04(8) 

N(1) -Mg(1)-N(3) 115.72(8) 109.28(5) 104.03(9) 

N(1)-Mg(1)-N(4) 114.49(8) 119.65(5) 119.98(8) 

N(2)-Mg(1)-N(3) 93.63(8) 92.26(5) 107.46(9) 

N(2)-Mg(1)-N(4) 127.66(8) 135.01(5) 130.41(9) 

 

Both crystal structures comprise a free o-tolunitrile unit coordinated to the magnesium 

centre via a dative bond from the nitrile nitrogen’s lone pair into an empty sp3 hybrid orbital 

on the Mg2+. Although this is reminiscent of the potential mechanism for the alkyl nitriles, 

described in Scheme 2.3a, the 1H NMR spectra imply that this coordination may be labile in 

solution. As annotated with black arrows in Figure 2.12, singlet resonances corresponding to 

the o-tolunitrile methyl groups (2.7: δ 2.84, 2.51, 2.14 ppm; 2.8: δ 2.38, 2.15, 1.80 ppm) do not 

account for all of the extra –CH3 protons from the coordinated nitrile, with the most upfield 

singlets only integrating for one and two protons, respectively.  

These protons being unaccounted for may be rationalised by a dynamic equilibrium 

occurring in solution between the compounds with a coordinated and uncoordinated nitrile unit. 

The broadness of the singlet at δ 1.80 ppm in Figure 2.12b may provide further evidence for 

this exchange of the o-tolunitrile molecule on the NMR timescale. 
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Figure 2. 12. 1H NMR spectra (500 MHz, d8-toluene, 298 K) of a) 2.7 and b) 2.8. Black 

arrows are present to highlight the resonances corresponding to the o-tolunitrile –CH3 

protons. 

Previous work in the Hill Group demonstrated how mechanisms leading to the 

magnesium-catalysed dihydroboration of organic nitriles with HBpin exhibit a subtle 

dependence on the identity of the organic substrate.29 This was attributed to the rate 

determining processes being contingent on the positions of several pre-equilibria, which were 

themselves dictated by the N(sp)-basicity and C(sp)-electrophilicity of the nitrile function. It is 

well-precedented that coordination of nitriles to transition metal ions invokes an enriched 

electrophilicity of the nitrile carbon, rendering it more susceptible to nucleophilic attack.30 

Furthermore, the kinetic facility of the base hydrolysis of coordinated aryl nitriles displays a 

sensitive dependence on Hammett σ substituent constants.31 
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Whilst a mechanism has yet to be unequivocally determined, the propensity for 

compound 2.6 to undergo further reaction, in contrast to compounds 2.1 and 2.2, may be 

rationalised by the divergent stabilities of the initially formed aryl iminoborate anion compared 

to the alkyl counterparts. On this basis, the enhanced electrophilicity of the sp-hybridised nitrile 

carbon centre of the o-tolunitrile may then facilitate the reactivity of compound 2.6 towards 

additional nitrile equivalents. As a result, compounds 2.7 and 2.8 may be derived from the 

sequential coordination and reaction of o-tolunitrile, as illustrated in Scheme 2.7. 

 

 

Scheme 2. 7. The suggested mechanism for the formation of compounds 2.7 and 2.8, via the 

sequential addition of o-tolunitrile to compound 1.14; [Mg] = (BDI)Mg. 

 Despite the transformation of compound 2.6 being dictated by the basicity of o-

tolunitrile and its ability to displace n-BuBpin, its coordination to the magnesium centre renders 

the aryl nitrile more susceptible to intramolecular nucleophilic attack. Hence, the coordination 

of an additional nitrile equivalent to the magnesium is necessary to drive the forward trajectory 

of the reaction and maintain the borate species (compound 2.7). It is envisaged that the 

conversion of compound 2.7 to compound 2.8 transpires in an effectively identical fashion. As 

a result, the reaction sequence depicted in Scheme 2.7 may be attributed to the nitrogen-centred 
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basicity and coordinative ability of the ortho-methyl substituted aryl nitrile in conjunction with 

the resultant enhancement in its carbon-centred electrophilicity. 

 To assess the plausibility of this mechanistic hypothesis, a reaction between compound 

1.14 and the less basic m-tolunitrile was performed. Studies by 1H NMR spectroscopy revealed 

that the equivalent 2:1 reaction with m-tolunitrile yielded compound 2.10 after heating at 60 

C for two days (Scheme 2.8), with a new diagnostic BDI γ-methine resonance at δ 5.02 ppm. 

 

 

Scheme 2. 8. Synthesis of compound 2.10, via the addition of two equivalents of m-

tolunitrile. 

The removal of volatiles and crystallisation from hexane solution yielded pale yellow 

crystals suitable for single crystal X-ray diffraction analysis, which revealed compound 2.10 

as a further borate species analogous to compound 2.7, but with the absence of an additional 

nitrile coordinating to the magnesium centre (Figure 2.13). 

 

Figure 2. 13. Solid-state crystal structure of compound 2.10. All hydrogen atoms and co-

crystallised solvent molecules have been removed for clarity. Ellipsoids shown at 30% 

probability level. Dipp substituents are shown as wireframe for clarity. 



78 

 

Table 2. 5. Selected bond distances (Å) and bond angles () for 2.7 and 2.10. 

 2.7 2.10 

Mg(1)-N(1) 2.0466(18) 2.019(2) 

Mg(1)-N(2) 2.0250(18) 2.0596(19) 

Mg(1)-N(3) 2.138(2) 2.041(2) 

Mg(1)-O(1) 2.068(2) 2.0774(16) 

N(1)-Mg(1)-N(2) - 94.94(8) 

N(1) -Mg(1)-N(3) 94.21(7) 128.13(8) 

N(1)-Mg(1)-O(1) 115.72(8) 110.74(7) 

N(2)-Mg(1)-N(3) 114.49(8) 113.10(8) 

N(2)-Mg(1)-O(1) 93.63(8) 145.00(7) 

N(3)-Mg(1)-O(1) 127.66(8) 69.41(7) 

   

Although the spirocyclic anion again engages via a formal imino nitrogen atom of the 

1-bora-2,4-diazabutadiene component [Mg(1)-N(3) 2.0502(11) Å], the anion interacts as a 

four-membered chelate towards the magnesium centre via a further short contact with an 

oxygen atom of the pinacolato unit [Mg(1)-O(2) 2.0360(9) Å]. The robust stability of this 

interaction was emphasised by further reactions conducted between compound 1.14 and three 

and four stoichiometric equivalents of m-tolunitrile, which both provided compound 2.10 as 

the predominant product. The influence of the divergent steric profiles of the two aryl nitrile 

substrates could potentially cause this contrasting reactivity between ortho- and meta-

tolunitrile. Another rationale could be that the borate anion comprising compound 2.10 forms 

in an analogous fashion to that predicted for compound 2.7. The lower basicity induced by the 

inductive effect of meta-substitution, however, may then perturb the further necessary nitrile 

coordination to facilitate the construction of a m-tolyl variant of compound 2.10. 

As with o-tolunitrile, a 1:1 reaction was conducted with the meta derivative. Rather 

than a mixture of numerous products as seen with the o-tolunitrile experiment, 1H NMR 

spectroscopy presented two major compounds, evidenced by resonances observed in the γ-

methine region at δ 5.01 and 4.96 ppm (Figure 2.14). The dominant resonance was indicative 

of the 2:1 product 2.10, with a smaller resonance perhaps representing the 1:1 product. 
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Figure 2. 14. The BDI γ-methine region of a 1H NMR spectrum (500 MHz, d8-toluene, 298 

K) of a stoichiometric reaction between compound 1.14 and m-tolunitrile after 6 days at room 

temperature. 

 

2.3. Reaction with an Isonitrile 

Isonitriles, R-NC, have a highly unusual structure (Figure 2.15). Possessing a free electron-pair 

on the isonitrile carbon, this functional group is one of the few naturally occurring stable 

carbenes and with an adjacent positively charged nitrogen atom, isonitriles can be coaxed into 

reacting as either a nucleophile or an electrophile.32 This tuneable reactivity has been exploited 

with metal and non-metal catalysts to provide rapid entry into medicinally-relevant nitrogenous 

structures, heterocycles and molecular scaffolds.33-37 

 

Figure 2. 15. Isonitrile representations.33 For simplicity, isonitriles are typically drawn as a 

C≡N bond without any charges. 

 The reactivity of isonitriles with metal-boron bonds has been substantially investigated 

by the Braunschweig group.38-40 Their studies have demonstrated the potential for single and 

double insertions into the M-B single bonds of boryl complexes (Scheme 2.9).41 
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Scheme 2. 9. Selected reactions of boryl complexes with isonitriles.39, 41 

 

 Although the single insertion of isonitrile units into B-B bonds of diboranes has also 

been described, the reactivity of a diboranate with an isonitrile has not been reported at the time 

of writing.42 As a ‘masked source’ of a boryl unit whilst also containing a B-B bond, the 

reactivity of compound 1.14 with the alkyl isonitrile 2-isocyano-2-methylpropane (t-BuNC) 

was evaluated (Scheme 2.10).  
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Scheme 2. 10. Reaction of 1.14 with t-BuNC. 

Addition of a stoichiometric amount of t-BuNC to a solution of 1.14 initiated an 

immediate colour change from colourless to orange. Monitoring by 1H NMR spectroscopy 

revealed a gradual diminution of the BDI γ-methine resonance of 1.14 (δ 4.79 ppm), 

culminating in its complete disappearance overnight, alongside an additional colour change to 

dark green. The emergence of two new BDI γ-methine peaks (δ 4.91 and 4.83 ppm, compounds 

2.14 and 2.15, respectively) coincided with the complete consumption of the magnesium 

diboranate species, as illustrated in Figure 2.16. 

 

Figure 2. 16. The BDI γ-methine (δ 5.00-4.75 ppm) and Dipp CH(CH3)2 (δ 3.45-3.10 ppm) 

regions of the 1H (500 MHz, d8-toluene, 298 K) NMR spectrum of the stoichiometric reaction 

between 1.14 and t-BuNC after 24 hours. 
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  Single crystals of 2.14 were isolated from a saturated toluene/hexane solution at room 

temperature. The result of the subsequent X-ray diffraction analysis performed on 2.14 is 

shown in Figure 2.17 with relevant crystallographic measurements displayed in Table 2.6. 

 

Figure 2. 17. Solid-state crystal structure of compound 2.14. All hydrogen atoms and co-

crystallised solvent molecules have been removed for clarity. Ellipsoids shown at 30% 

probability level. Dipp substituents are shown as wireframe for clarity. 

 As observed by Siebert and co-workers for the reaction of isonitriles with the B-B bond 

of five-membered cyclic organo-1,2-diboranes,42 t-BuNC effectively inserted into the B(sp2)-

B(sp3) bond of 1.14, generating new B-N and B-C bonds in the process. O,O-chelation to the 

four-coordinate magnesium centre was revealed through two pinacolatoborate oxygen atoms 

of the [pinB-C(N(t-Bu)(Bpin))Bpin] unit. The absence of n-BuBpin in the crystal structure is 

in agreement with the facile elimination of this neutral molecule discussed throughout this 

chapter. The new B-N bond, however, was formed via the ligation of a further pinacolborane 

unit onto the nitrogen centre, which differs from the behaviour induced by any of the 

aforementioned nitrile reactions.  
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Table 2. 6. Selected bond distances (Å) and bond angles () for 2.14. 

 2.14 

Mg(1)-N(1) 2.0634(14) 

Mg(1)-N(2) 2.0652(14) 

Mg(1)-O(1) 1.9814(12) 

Mg(1)-O(3) 2.0575(12) 

N(3)-C(42) 1.4816(19) 

N(3)-C(49) 1.498(2) 

N(1)-Mg(1)-N(2) 93.50(6) 

N(1)-Mg(1)-O(1) 116.42(6) 

N(2)-Mg(1)-O(3) 114.75(5) 

O(1)-Mg(1)-O(3) 99.03(5) 

B(1)-C(42)-B(2) 127.26(15) 

 

The bond length of N(3)-C(42) [1.4816(19) Å] (Table 2.6) implies a reduction in bond 

order from a C≡N triple bond to a C-N single bond in comparison to the corresponding bond 

length for free t-BuNC [1.184 Å]43 and the delocalised β-diketiminate C-N fragments [1.335(2) 

Å]. Consequently, the B(1)-C(42)-B(2) fragment is delocalised to satisfy the charge 

requirements of the complex (Scheme 2.10). This is corroborated by comparison of the B-C 

bond lengths [C(42)-B(1) = 1.467(2); C(42)-B(2) = 1.477(2) Å] with that of a reference single 

B-C bond in compound 2.1 [1.600(2) Å]. 

DFT calculations have not been completed at the time of writing, thus a potential 

mechanism for the formation of this B-B bond insertion has not yet been elucidated. The second 

species present in the 1H NMR spectrum (Figure 2.16), however, is tentatively proposed to be 

[(BDI)Mg(n-Bu)(Bpin)Mg(BDI)] (2.15). Inspection of the 11B{1H} spectrum post-addition of 

t-BuNC to 1.14 provided evidence of a new four-coordinate sp3-hybridised boron species, with 

a broad signal at δ 7.3 ppm (Figure 2.18a).44 Furthermore, the two diagnostic heptets for the 

Dipp CH(CH3)2 protons in the 1H NMR spectrum of 1.14 were observed to have split into 

further multiplets, integrating to a total of twelve hydrogen atoms in the process to imply the 

presence of six Dipp moieties in solution (Figure 2.16). Nevertheless, the outright isolation of 

this dimagnesium compound has not been accomplished and its unequivocal determination 

cannot be confirmed. 
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Figure 2. 18. a) 11B{1H} NMR (160 MHz, 298 K) spectrum of a d8-toluene solution of 1.14 

with one equivalent of t-BuNC after 24 hours at room temperature; b) 11B{1H} NMR (128 

MHz, d8-toluene, 298 K) spectrum of colourless block crystals of 2.14.  

 To summarise, this chapter has described the successful preparation of a family of 

complexes synthesised through reactions of a β-diketiminato magnesium diboranate species, 

1.14, and a variety of organic nitriles. In each case, the diboranate anion was observed to act 

as a surrogate source of the [Bpin]- nucleophile towards the electrophilic sp-hybridised nitrile 

carbon centres, as evidenced by B-C bond formation. The resultant compounds, however, 

exhibited a propensity to undergo subsequent reaction with additional nitrile equivalents. This 

behaviour is thought to be a consequence of substituent-dependent modulation in the basicity 

and resultant electrophilicity of magnesium-coordinated nitrile intermediates. It can be 

envisioned that the larger metal centres of heavier elements in the alkaline earth series may 

display divergent reactivity as part of a diboranate complex. This hypothesis will be explored 

in Chapter 3. 
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2.4. Experimental Data 

[(BDI)Mg{n-Bu(Bpin)NC(i-Pr)Bpin}] (2.1) 

In a J Youngs NMR tube, 1.14 (75.6 mg, 0.10 mmol) was dissolved in 

d8-toluene (ca. 0.5 mL), to which i-PrCN (6.94 mg, 0.10 mmol) was 

added. The resulting colourless solution was then left at room 

temperature for 7 hours. Whilst removing the solvent in-vacuo, a crop 

of colourless block crystals (65.4 mg, 79%) formed. 1H NMR (500 

MHz, 298 K, d8-Tol): δ 7.09 (m, 6H, Ar-H), 4.83 (s, 1H, 

NC(CH3)CH), 3.43 (hept, 3H, 3JHH = 7.3 Hz, CH(CH3)2), 3.33 (hept, 

1H, 3JHH = 6.7 Hz, CH(CH3)2), 3.15 (hept, 1H, 3JHH = 6.5 Hz, CH(CH3)2), 1.71 (s, 3H, 

NC(CH3)CH), 1.66 (s, 3H, NC(CH3)CH), 1.48 (d, 3H, 3JHH = 6.9 Hz, CH3) 1.41 (d, 3H, 3JHH = 

6.8 Hz, CH3), 1.18 (m, 36H, CH3) 1.10 (s, 3H, CH3), 1.05 (s, 3H, CH3), 1.01 (s, 3H, CH3), 0.92 

(m, 4H, CH2), 0.68 (s, 3H, CH3), 0.39 (s, 3H, CH3), -0.36 (m, 1H, CH2-B), -0.54 (m, 1H, CH2-

B) ppm. 13C{1H} NMR (126 MHz, 298 K, d8-Tol) : δ 169.5, 168.6 (NC(CH3)CH), 146.9, 145.8, 

143.1, 143.0, 142.5, 141.2, 125.7, 125.5, 124.8, 124.5, 124.1, 123.2 (C Ar), 95.6 

(NC(CH3)CH), 84.9 (B(OC(CH3)2)2), 79.6 (B(OC(CH3)2)2), 78.3 (B(OC(CH3)2)2), 37.7, 29.8 

(CH(CH3)2), 29.0 (CH3), 29.0 (CH(CH3)2), 28.7, 27.0 (CH2), 26.8, 26.7 (CH(CH3)2), 26.6 

(CH2), 26.1, 25.9, 25.8, 25.7, 25.7, 25.7, 25.3, 25.3, 25.0 (CH3), 24.9 (NC(CH3)CH), 24.6, 24.6 

(CH3), 24.3 (NC(CH3)CH), 23.7, 19.9, 19.1, 14.7 (CH3) ppm. 11B{1H} NMR (96 MHz, 298 K, 

d8-Tol): δ 34.2 (Bpin), 8.8 (n-BuBpin) ppm. CHN analysis; Calculated: C49H81B2MgN3O4, C: 

71.59%, H: 9.93%, N: 5.11%. Experimental: C: 71.27%, H: 9.56%, N: 5.24%. 

[(BDI)Mg{n-Bu(Bpin)NC(t-Bu)Bpin}] (2.2) 

In a J Youngs NMR tube, 1.14 (75.6 mg, 0.10 mmol) was dissolved in 

d8-toluene (ca. 0.5 mL), to which t-BuCN, (8.35 mg, 0.10 mmol) was 

added. The resulting colourless solution was then heated at 40 °C for 

15 hours. The solvent was removed in-vacuo and the crude white solid 

was redissolved in pentane. Colourless block crystals (28.4 mg, 28%) 

deposited at –35 °C to provide compound 2.2. 1H NMR (500 MHz, 

298 K, d8-Tol): δ 7.12 (m, 6H, Ar-H), 4.85 (s, 1H, NC(CH3)CH), 3.40 

(hept, 3H, 3JHH = 6.8 Hz, CH(CH3)2), 3.29 (hept, 1H, 3JHH = 6.8 Hz, CH(CH3)2), 3.17 (hept, 

1H, 3JHH = 6.6 Hz, CH(CH3)2), 3.13 (hept, 1H, 3JHH = 6.8 Hz, CH(CH3)2), 1.63 (s, 6H, 

NC(CH3)CH), 1.47 (d, 3H, 3JHH = 6.9 Hz, CH3), 1.38 (d, 3H, 3JHH = 6.8 Hz, CH3), 1.31 (d, 3H, 
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3JHH = 6.8 Hz, CH3), 1.30 (s, 9H, CH3), 1.28 (d, 3H, 3JHH = 6.8 Hz, CH3), 1.23 (s, 9H, CH3), 

1.23 (d, 6H, 3JHH = 6.8 Hz, CH3), 1.21 (d, 3H, 3JHH = 6.7 Hz, CH3), 1.19 (s, 6H, CH3), 1.16 (d, 

3H, 3JHH = 6.9 Hz, CH3), 1.12 (s, 3H, CH3), 0.99 (m, 6H, CH3), 0.88 (m, 4H, CH2), 0.30 (s, 

3H, CH3), 0.04 (m, 1H, CH2-B), -0.61 (m, 1H, CH2-B) ppm. 13C{1H} NMR (126 MHz, 298 K, 

d8-Tol) : δ 170.4, 169.8 (NC(CH3)CH), 148.2, 146.3, 143.6, 143.0, 142.1, 141.3, 129.2, 128.2, 

126.0, 125.7, 125.7, 124.8, 124.8, 123.8, 123.4 (C Ar), 96.0 (NC(CH3)CH), 83.7 

(B(OC(CH3)2)2), 80.7 (B(OC(CH3)2)2), 78.8 (B(OC(CH3)2)2), 40.6 (C(CH3)3), 32.0 (CH3), 

29.8, 29.4, 29.3, 28.1 (CH(CH3)2), 27.6 (CH3), 27.0 (CH2-CH3), 26.7 (CH3), 26.6 (CH2), 26.3, 

26.2, 25.7 (CH3), 25.5 (CH2), 25.4 (CH2), 25.4, 25.0 (CH3), 24.9, 24.9 (NC(CH3)CH), 24.9, 

24.8, 24.6, 24.5, 24.1, 23.5, 23.1, 22.8, 15.0 (CH3) ppm. 11B{1H} NMR (96 MHz, 298 K, d8-

Tol): δ 34.4 (Bpin), 9.5 (n-BuBpin) ppm. CHN analysis; Calculated: C50H83B2MgN3O4, C: 

71.82%, H: 10.01%, N: 5.03%. Experimental: C: 72.25%, H: 9.79%, N: 4.96%. 

[(BDI)Mg{(Bpin)NC(i-Pr)(NCi-Pr)}]2 (2.4) 

In a J Youngs NMR tube, 1.14 (75.6 mg, 0.10 mmol) was 

dissolved in d8-toluene (ca. 0.5 mL), to which i-PrCN, (13.9 

mg, 0.20 mmol) was added. The resulting colourless solution 

was then heated at 60 °C for 12 hours. To avoid premature 

crystallisation, the solution was gradually cooled to room 

temperature by placing the NMR tube into a Dewar flask of 

warm water covered in aluminium foil, upon which a crop 

of white crystals (103.3 mg, 73%) was obtained and washed with n-hexane. 1H NMR (500 

MHz, 298 K, d8-Tol): δ 7.07 (m, 6H, Ar-H), 4.82 (s, 1H, NC(CH3)CH), 3.26 (hept, 2H, 3JHH = 

6.8 Hz, CH(CH3)2), 3.18 (hept, 2H, 3JHH = 6.8 Hz, CH(CH3)2), 3.01 (hept, 1H, 3JHH = 6.8 Hz, 

CH(CH3)2), 2.93 (hept, 1H, 3JHH = 6.9 Hz, CH(CH3)2), 1.61 (s, 6H, NC(CH3)CH), 1.40 (d, 6H, 

3JHH = 6.9 Hz, CH3), 1.28 (d, 6H, 3JHH = 6.7 Hz, CH3), 1.24 (d, 6H, 3JHH = 7.0 Hz, CH3), 1.17 

(d, 6H, 3JHH = 7.0 Hz, CH3), 1.16 (d, 6H, 3JHH = 7.1 Hz, CH3), 1.13 (d, 6H, 3JHH = 6.7 Hz, 

CH3), 1.05 (s, 12H, CH3) ppm. Once isolated, this compound was insufficiently soluble to 

enable the recording of a meaningful 13C NMR spectrum. 11B{1H} NMR (96 MHz, 298 K, d8-

Tol): δ 34.3 (Bpin) ppm. Despite repeated attempts, a meaningful CHN microanalysis could 

not be obtained for this compound. 
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[(BDI)Mg{n-Bu(Bpin)NC(o-tol)Bpin}] (2.6) 

In a J Youngs NMR tube, 1.14 (30.2 mg, 0.04 mmol) was dissolved 

in d8-toluene (ca. 0.5 mL) and cooled to −35 °C, before the addition 

of o-tolunitrile (4.70 mg, 0.04 mmol). The resulting colourless 

solution was then left at −35 °C for 48 hours. The toluene was 

removed in-vacuo and the crude white solid was redissolved in n-

hexane. Colourless block crystals (19.5 mg, 56%) deposited at –35 

°C to provide compound 2.6. 1H NMR (400 MHz, 298 K, d8-Tol): δ 7.07 (m, 6H, Ar-H), 4.82 

(s, 1H, NC(CH3)CH), 3.26 (hept, 2H, 3JHH = 6.8 Hz, CH(CH3)2), 3.18 (hept, 2H, 3JHH = 6.8 Hz, 

CH(CH3)2), 3.01 (hept, 1H, 3JHH = 6.8 Hz, CH(CH3)2), 2.93 (hept, 1H, 3JHH = 6.9 Hz, 

CH(CH3)2), 1.61 (s, 6H, NC(CH3)CH), 1.40 (d, 6H, 3JHH = 6.9 Hz, CH3), 1.28 (d, 6H, 3JHH = 

6.7 Hz, CH3), 1.24 (d, 6H, 3JHH = 7.0 Hz, CH3), 1.17 (d, 6H, 3JHH = 7.0 Hz, CH3), 1.16 (d, 6H, 

3JHH = 7.1 Hz, CH3), 1.13 (d, 6H, 3JHH = 6.7 Hz, CH3), 1.05 (s, 12H, CH3) ppm. Once isolated, 

this compound was insufficiently soluble to allow to enable the recording of a meaningful 13C 

NMR spectrum. 11B{1H} NMR (96 MHz, 298 K, d8-Tol): δ 34.5 (Bpin), 10.0 (n-BuBpin) ppm. 

Despite repeated attempts an accurate CHN microanalysis could not be obtained for this 

compound. 

[(BDI)Mg{NCo-Tol}{(Bpin)NC(o-tol)(NC(o-tol))}] (2.7) 

In a J Youngs NMR tube, 1.14 (75.6 mg, 0.10 mmol) was dissolved in 

d8-toluene (ca. 0.5 mL), upon which o-tolunitrile, (23.5 mg, 0.20 

mmol) was added. The resulting colourless solution was then left at 

room temperature for 24 hours. The toluene was removed in-vacuo and 

the crude white solid was redissolved in n-hexane. Colourless block 

crystals (62.2 mg, 67%) deposited at –35 °C to provide compound 2.7. 

1H NMR (500 MHz, 298 K, d8-Tol): δ 7.97 (d, 1H, 3JHH = 7.7 Hz, Ar-

H), 7.66 (d, 1H, 3JHH = 7.2 Hz, Ar-H), 7.23 (t, 1H, 3JHH = 7.4 Hz, Ar-H), 7.17 (t, 1H, 3JHH = 

7.3 Hz, Ar-H), 7.06 (m, 8H, Ar-H), 6.89 (m, 1H, Ar-H), 6.83 (d, 1H, 3JHH = 7.7 Hz, Ar-H), 

5.04 (s, 1H, NC(CH3)CH), 3.32 (hept, 2H, 3JHH = 6.7 Hz, CH(CH3)2), 3.10 (hept, 2H, 3JHH = 

6.7 Hz, CH(CH3)2), 2.84 (s, 3H, Ar-CH3), 2.51 (s, 3H, Ar-CH3), 1.69 (s, 6H, NC(CH3)CH), 

1.29 (d, 6H, 3JHH = 6.9 Hz, CH3), 1.18 (d, 6H, 3JHH = 6.6 Hz, CH3), 1.11 (d, 6H, 3JHH = 6.7 Hz, 

CH3), 0.92 (d, 6H, 3JHH = 6.7 Hz, CH3), 0.74 (s, 6H, CH3), 0.59 (s, 6H, CH3) ppm. 13C{1H} 

NMR (126 MHz, 298 K, d8-Tol) : δ 181.7, 170.3 (NC(CH3)CH), 145.3, 144.0, 141.5, 139.9, 
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135.6, 132.0, 130.8, 130.5, 130.2, 128.4, 125.8, 125.7, 124.6, 124.5, 123.3 (C Ar), 94.7 

(NC(CH3)CH), 80.3 (B(OC(CH3)2)2), 29.2, 28.3 (CH(CH3)2), 26.6, 25.8, 25.1, 25.0, 24.6 

(CH3), 24.4 (NC(CH3)CH), 23.9 (CH3), 23.1 (NC(CH3)CH), 22.6, 21.0 (CH3) ppm. 11B{1H} 

NMR (96 MHz, 298 K, d8-Tol): δ 11.0 (Bpin) ppm. CHN analysis; Calculated: 

C59H74BMgN5O2, C: 76.99%, H: 8.10%, N: 7.61%. Experimental: C: 76.11%, H: 8.28%, N: 

7.21%. CHN analysis provides a better match with the calculated values for the molecule with 

no coordinated nitrile, which is labile and may be removed during the drying process to provide 

the following values. CHN analysis; Calculated: C51H67BMgN4O2, C: 76.26%, H: 8.41%, N: 

6.98%. Found: C: 76.11%, H: 8.28%, N: 7.21%. 

[(BDI)Mg{NCo-tol}{(Bpin)NC(o-tol)(NC(o-tol))2}] (2.8) 

In a J Youngs NMR tube, 1.14 (151.2 mg, 0.20 mmol) was 

dissolved in d8-toluene (ca. 0.5 mL), upon which o-tolunitrile, 

(94.1 mg, 0.80 mmol) was added. The resultant dark orange 

solution was heated at 60 C for 12 hours. The toluene was 

removed in-vacuo and the crude yellow solid was redissolved in 

n-hexane. Colourless block crystals (147.7 mg, 71%) deposited 

at –35 °C to provide compound 2.8. 1H NMR (500 MHz, 298 K, 

d8-Tol): δ 7.86 (d, 1H, 3JHH = 7.7 Hz, Ar-H), 7.20 (d, 4H, 3JHH = 7.2 Hz, Ar-H), 7.09 (t, 3H, 

3JHH = 7.6 Hz, Ar-H), 6.86 (m, 6H, Ar-H), 6.65 (t, 2H, 3JHH = 7.6 Hz, Ar-H), 6.28 (t, 1H, 3JHH 

= 6.9 Hz, Ar-H), 6.15 (t, 1H, 3JHH = 7.2 Hz, Ar-H), 4.91 (s, 1H, NC(CH3)CH), 3.68 (hept, 2H, 

3JHH = 6.7 Hz, CH(CH3)2), 3.53 (hept, 2H, 3JHH = 6.7 Hz, CH(CH3)2), 2.38 (s, 3H, Ar-CH3), 

2.15 (s, 3H, Ar-CH3), 1.68 (s, 6H, NC(CH3)CH), 1.59 (d, 6H, 3JHH = 6.1 Hz, CH3), 1.29 (d, 

6H, 3JHH = 6.6 Hz, CH3), 1.16 (d, 6H, 3JHH = 6.4 Hz, CH3), 1.16 (d, 6H, 3JHH = 6.4 Hz, CH3) 

ppm. 13C{1H} NMR (126 MHz, 298 K, d8-Tol) : δ 167.9, 162.4 (NC(CH3)CH), 147.3, 144.7, 

144.4, 142.6, 142.4, 139.7, 137.2, 134.7, 132.9, 132.8, 131.0, 128.8, 128.4, 126.8, 125.7, 125.0, 

124.8, 124.5, 124.3, 123.3, 119.5, 117.6 (C Ar), 96.3 (NC(CH3)CH), 82.8, 82.6 

(B(OC(CH3)2)2), 28.4, 27.1 (CH(CH3)2), 26.7, 26.6, 25.7, 25.4, 25.1, 25.0 (CH3), 24.9 

(NC(CH3)CH), 22.1, 20.5 (CH3) ppm. 11B{1H} NMR (96 MHz, 298 K, d8-Tol): δ 24.3 (Bpin) 

ppm. Despite repeated attempts an accurate CHN microanalysis could not be obtained for this 

compound. 
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[(BDI)Mg{(Bpin)NC(m-tol)(NC(m-tol))}] (2.10) 

In a J Youngs NMR tube, 1.14 (75.6 mg, 0.10 mmol) was 

dissolved in d8-toluene (ca. 0.5 mL), to which m-tolunitrile, (23.5 

mg, 0.20 mmol) was added. The resultant light-yellow solution 

was heated at 60 C for 48 hours. The toluene was removed in-

vacuo and the crude yellow solid was redissolved in n-hexane. 

Yellow block crystals (56.0 mg, 70%) deposited at –35 °C to 

provide compound 2.10. 1H NMR (500 MHz, 298 K, d8-Tol): δ 8.72 (d, 1H, 3JHH = 7.3 Hz, Ar-

H), 8.51 (s, 1H, Ar-H), 8.16 (s, 1H, Ar-H), 8.13 (d, 1H, 3JHH = 7.3 Hz, Ar-H), 7.27 (t, 1H, 3JHH 

= 5.1 Hz, Ar-H), 7.19 (t, 1H, 3JHH = 5.0 Hz, Ar-H), 7.12 (s, 1H, Ar-H), 7.05 (m, 6H, Ar-H), 

7.00 (s, 1H, Ar-H), 5.02 (s, 1H, NC(CH3)CH), 3.31 (hept, 3H, 3JHH = 6.7 Hz, CH(CH3)2), 3.18 

(hept, 1H, 3JHH = 6.5 Hz, CH(CH3)2), 2.34 (s, 3H, Ar-CH3), 2.21 (s, 3H, Ar-CH3), 1.70 (s, 6H, 

NC(CH3)CH), 1.26 (d, 6H, 3JHH = 6.7 Hz, CH3), 1.20 (d, 12H, 3JHH = 6.3 Hz, CH3), 0.93 (s, 

6H, CH3), 0.92 (s, 6H, CH3), 0.62 (s, 6H, CH3) ppm. 13C{1H} NMR (126 MHz, 298 K, d8-Tol): 

δ 178.3, 170.0 (NC(CH3)CH), 145.3, 143.9, 141.6, 133.2, 130.6, 130.2, 129.2, 128.2, 127.8, 

125.7, 124.4, 123.5 (C Ar), 95.3 (NC(CH3)CH), 80.4 (B(OC(CH3)2)2), 28.9, 28.8 (CH(CH3)2), 

27.0, 25.8, 25.0, 25.0, 24.6, 24.5, 24.3 (CH3), 21.4, 21.3 (NC(CH3)CH) ppm. 11B{1H} NMR 

(96 MHz, 298 K, d8-Tol): δ 11.6 (Bpin) ppm. CHN analysis; Calculated: C51H67BMgN4O2, C: 

76.26%, H: 8.41%, N: 6.98%. Experimental: C: 76.16%, H: 8.40%, N: 6.98%. 

[(BDI)Mg{pinB-C(N(t-Bu)(Bpin))Bpin}] (2.14) 

In a J Youngs NMR tube, d8-toluene (ca. 0.5 mL) was added to 

compound 1.14 (75.6 mg, 0.10 mmol). t-BuNC (2.78 mg, 0.03 

mmol) was then introduced, which induced a colour change 

from colourless to orange. This solution was left at room 

temperature overnight and the toluene was removed in-vacuo 

from the now dark green solution. The resulting solid was redissolved in a mixture of toluene 

and n-hexane. Colourless block crystals (11.7 mg, 39%) deposited at room temperature to 

provide compound 2.14. 1H NMR (500 MHz, 298 K, d8-Tol) δ 7.10 (m, 6H, Ar-H), 4.91 (s, 

1H, NC(CH3)CH), 3.36-3.17 (m, 4H, CH(CH3)2), 1.77 (d, 3H, 3JHH = 6.8 Hz, CH(CH3)2), 1.68 

(s, 6H, CH3), 1.67 (s, 3H, NC(CH3)CH), 1.61 (s, 3H, NC(CH3)CH), 1.52 (d, 3H, 3JHH = 6.8 Hz, 

CH(CH3)2), 1.44 (d, 3H, 3JHH = 6.8 Hz, CH(CH3)2), 1.35 (s, 3H, CH3), 1.34 (s, 3H, CH3), 1.27 
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(s, 12H, CH3), 1.23 (d, 6H, 3JHH = 6.8 Hz, CH(CH3)2), 1.21 (s, 3H, CH3), 1.20-1.18 (m, 12H, 

CH3), 1.15 (d, 6H, 3JHH = 6.8 Hz, CH(CH3)2), 0.71 (s, 3H, CH3), 0.69 (s, 3H, CH3), 0.60 (s, 

3H, CH3) ppm. 13C NMR (126 MHz, 298 K, d8-Tol) δ 171.9 (NC(CH3)CH), 145.8, 145.5, 

144.5, 142.6, 142.47, 126.4, 126.3, 125.2, 124.8 (C Ar), 97.9 (NC(CH3)CH), 88.3, 86.4, 79.8, 

78.3, 78.2 (B(OC(CH3)2)2), 32.1 (B(OC(CH3)2)2), 28.9, 28.9, 28.8, 28.5 (CH(CH3)2), 27.1, 

27.0, 26.7, 26.5, 26.1, 26.1 (CH3), 26.0, 26.0 (NC(CH3)CH), 25.9, 25.9, 25.5, 25.5, 25.3, 25.1, 

25.1, 24.9, 24.8, 24.4, 24.0 (CH3) ppm. 11B{1H} NMR (96 MHz, 298 K, d8-Tol): δ 34.2 (Bpin), 

25.2 (Bpin) ppm. CHN analysis; Calculated: C53H88B3MgN3O5, C: 70.42%, H: 9.81%, N: 

4.65%. Experimental: C: 69.35%, H: 9.59%, N: 4.73%. 
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3. Synthesis and Reactivity of a Calcium Diboranate 
 

3.1. Introduction 

Although each group 2 congener has a strong propensity to form their respective M2+ ions, the 

increase in ionic radii of these ions as the group is descended is accompanied by a concurrent 

increase in polarisability and electropositivity.1 Consequently, the degree of covalency 

accessible for magnesium in metal-ligand bonding is precluded for its heavier congeners, 

whose bonding is governed by increasingly non-directional and ionic interactions. These 

adjustments to the nature of metal-ligand binding constitute a challenge for attaining well-

defined, heteroleptic heavier alkaline earth complexes, owing to their predisposition to undergo 

Schlenk-type equilibria (Scheme 3.1) and redistribute to yield metal centres ligated by two 

large, stabilising ligands.2 

 

Scheme 3. 1. The Schlenk-type equilibria to which alkaline earth(M2+) complexes are prone 

(L = solvent). 

 In that vein, the first structurally characterised calcium boryl, 1.22, was only reported 

in 2021,3 in contrast to the first magnesium boryls (1.9a and 1.9b) which date from 2007.4 This 

landmark compound was obtained by exploiting the metathesis reaction between Yamashita’s 

boryllithium, 1.5a, and the corresponding calcium bis(amide) (Scheme 3.2).5 Nonetheless, the 

harsh reaction conditions required to reduce the boron(III) centre and form the boryllithium 

precursor (1.5a) may hinder the widespread exploitation of this calcium boryl.5, 6 

 

Scheme 3. 2. The synthesis of the first example of a calcium boryl, 1.22.3 
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In 2017, the Hill group showed that the B-B bond of the diborane B2pin2 can be 

activated by the Mg-C bond of [(BDI)Mg(n-Bu)] (1.12) to yield the diboranate complex, 1.14. 

A nucleophilic magnesium boryl species may then be accessed through the introduction of a 

judicious base, such as DMAP (Scheme 3.3).7 

 

Scheme 3. 3. Formation of the magnesium diboranate 1.14 and magnesium boryl 

[(BDI)Mg(DMAP)(Bpin)], 1.15, via DMAP-promoted B-B rupture of the diboranate, 1.14.7 

The commercial availability and ease of handling of the starting materials renders 

diboron nucleophiles, such as 1.14, attractive options for contemporary advances towards more 

convenient routes to nucleophilic boron.8, 9 Nevertheless, diboranate systems mediated by 

alkaline earth elements heavier than magnesium have not yet been reported. The closest 

derivative known may be the unpublished compound, [(BDI)CaHBpin]2 (1.36), obtained by 

Hill and co-workers via the stoichiometric addition of B2pin2 to the solvent-free calcium 

hydride, [(BDI)CaH]2, 1.28 (Scheme 3.4).10, 11 

 

Scheme 3. 4. The synthesis of [(BDI)CaHBpin]2, 1.36.10 

The insertion of the C=C bond of a terminal n-alkene into the Ca-H bond of the well-

defined, heteroleptic calcium hydride, 1.28, bestowed the first stable longer chain calcium n-

alkyls; examples include compounds 1.29-1.35 (Scheme 3.5).11, 13 With the successful 

implementation of a magnesium n-butyl precursor in the formation of the magnesium 
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diboranate, 1.14, it was postulated that an analogous synthetic route would afford the first 

calcium diboranate species. This chapter will describe the synthesis of this species and an initial 

assessment of its reactivity with a variety of small molecule substrates. 

 

Scheme 3. 5. The stepwise reactions of [(BDI)CaH]2 and terminal n-alkenes to form calcium 

n-alkyls (1.29–1.35) via dinuclear hydrido-alkyl intermediates (1.29a–1.35a).11 

 

3.2. Synthesis of a Calcium Diboranate 

A 1H NMR spectrum taken immediately post-addition of B2pin2 to 1.28 implied the production 

of a new compound, 1.36, through the disappearance of the diagnostic hydride signal at δ 4.27 

ppm, and the emergence of a single new BDI γ-methine environment observed at δ 4.65 ppm. 

A broad 1H singlet was also present at δ 2.96 ppm, which was rationalised by coupling to the 

quadrupolar NMR active nuclei of boron (10B: I = 3 and 11B: I = 3/2).12 Subsequent inspection 

of the corresponding 11B{1H} spectrum provided further evidence of potential B-H bond 

formation, with a broad signal at δ 5.5 ppm consistent with a new four-coordinate sp3-

hybridised boron species. Single crystal X-ray analysis subsequently confirmed the 

maintenance of the B-B bond upon the addition of both hydrides of 1.28 to the diborane 

substrate, forming the unprecedented [H2B2pin2]
2- dianion in the process.10 

After the successful isolation of [(BDI)CaHBpin]2 (1.36), reactivity with a selection of 

bases was investigated in order to assess whether B-B bond activation similar to that of the 

aforementioned magnesium diboranate (1.14) could be observed.7 Rather than rupturing the B-

B bond of [(BDI)CaHBpin]2 to produce a calcium boryl, however, addition of DMAP, THF 

and IPr (IPr = [HCN{2,6-i-Pr2C6H3}]2C:) facilitated redistribution to the homoleptic derivative 

[(BDI)2Ca], 3.1 (Figure 3.1), alongside several other unidentifiable species.10 
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 These divergent results were attributed to the smaller R group substituent on the boron 

atoms of the calcium (R = H) compared to the magnesium diboranate (R = n-Bu). Consequent 

focus was redirected towards using the n-alkyl derivatives 1.30-1.35 as a gateway to a calcium 

analogue of 1.14, which itself is accessed through the use of an n-alkyl magnesium starting 

material.7 

 

Figure 3. 1. The homoleptic calcium complex [(BDI)2Ca] (3.1, Ar = Dipp), whose 

irreversible formation is thermodynamically favoured via the competitive Schlenk-type 

equilibria associated with heavier group 2 complexes.14 

Treatment of [(BDI)Ca(n-Hex)]2 (1.31) with one equivalent of B2pin2 provided a single new 

species 3.2 after 5 days at room temperature. Inspection of the 1H NMR spectrum during this time 

period indicated the gradual disappearance of the diagnostic BDI γ-methine environment of 1.31 

at δ 4.65 ppm (in d8-toluene) and the emergence of a single new BDI γ-methine environment 

at δ 4.75 ppm. Compound 3.2 displayed two resonances in its 11B{1H} spectrum at δ 36.1 and 

5.3 ppm, indicative of three-coordinate (sp2) and four-coordinate (sp3) boron, respectively.12 

The formation of the calcium diboranate was then confirmed by single crystal X-ray diffraction 

analysis of colourless plates formed by cooling a saturated hexamethyldisiloxane/toluene 

solution of 3.2 to -35 C (Figure 3.2). 

 

Scheme 3. 6. The synthetic route to the calcium diboranate 3.2. 
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Figure 3. 2. Solid-state crystal structure of compound 3.2. All hydrogen atoms and co-

crystallised solvent molecules have been removed for clarity. Ellipsoids shown at 30% 

probability level. Dipp substituents are shown as wireframe for clarity. 

 

Table 3. 1. Selected bond distances (Å) and bond angles () for compound 3.2 (M = Ca) and 

those of literature comparison 1.14 (M = Mg).7 

 3.2 1.14 

M(1)-N(1) 2.348(5) 2.0592(9) 

M(1)-N(2) 2.354(5) 2.0688(9) 

M(1)-O(1) 2.228(5) 1.9461(8) 

M(1)-O(3) 2.386(5) 2.0768(8) 

B(1)-B(2) 1.754(10) 1.7503(18) 

B(1)-C(42) 1.633(10) 1.6114(17) 

N(1)-M(1)-N(2) 82.76(19) 97.28(4) 

O(1)-M(1)-O(3) 88.98(17) 90.01(3) 
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This calcium complex contains a [pinB-Bpin(n-Hex)]- fragment coordinated to Ca(1) 

through the O(1) and O(3) centres of the two pinacolato boron moieties (Figure 3.2). The formation 

of the [pinB-Bpin(n-Hex)]- anion in 3.2 elongates the B-B bond from 1.704(2) Å in B2pin2 to 

1.754(10) Å (Table 3.1), which is within the range of B-B bond lengths of [B2pin2]
- anions 

reported by the groups of Marder and Hill [1.71(1)-1.759(11) Å].7, 8, 15 The sp2 to sp3 

hybridisation of the B(1) centre in 3.2 relative to the free diborane is further evidenced by the 

decrease in the range of the O-B-B angles from 121.3(6)-124.3(5) in B2pin2 to values of 

110.4(5) and 112.3(6) for O(1/2)-B(1)-B(2) in 3.2 (.15 

Optimisation of the reaction revealed that gentle heating at 40 C could accelerate the 

reaction time to a more convenient 2 days. As described in Section 3.1, however, this area of 

chemistry involves a constant fight against the competitive, thermodynamically-driven Schlenk 

equilibrium processes. Accordingly, a compromise is needed when looking to expedite reaction 

completion, with higher temperatures observed to generate the homoleptic derivative 3.1 as the 

dominant product, as evidenced by the emergence of diagnostic γ-methine (δ 4.94 ppm) and 

doublet signals (δ 0.45 and 0.41 ppm) in the 1H NMR spectrum (Figure 3.3b).14 

 

Figure 3. 3. The 1H (500 MHz, d8-toluene, 298 K) NMR spectra of the reaction of 1.31 with 

B2pin2 after 40 C treatment for a) one day and b) three days. The γ-methine (δ 5.00-4.70 

ppm) and diagnostic 3.1 doublet (δ 0.50-0.35 ppm) regions are shown for clarity. 
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 The addition of a further molar equivalent of B2pin2 to the magnesium diboranate, 1.14, 

revealed the facile generation of a catenated triboron [B3pin3]
- anion through the displacement 

of n-BuBpin from 1.14 and the formal addition of a [Bpin]- anion to bis(pinacolato)diboron 

(3.3, Scheme 3.7).7 This was not observed with compound 3.1, as monitoring of the 1H NMR 

spectrum at room temperature inferred that the excess B2pin2 remained unreacted. Any attempt 

at heating the solution to drive further reaction simply facilitated the conversion of the calcium 

diboranate to 3.1. 

 

Scheme 3. 7. The formation of the magnesium triboranate species, 3.3.7 

 

3.2. Reaction with Bases 

3.2.1. Reaction with Amines and Carbenes 

As detailed in Scheme 3.3, Hill and co-workers reported the syntheses of nucleophilic 

magnesium boryl species through the introduction of an exogenous base to the magnesium 

diboranate, 1.14.7, 16 Inspired by these results, a selection of bases was reacted with compound 

3.2 to assess the potential of accessing an analogous nucleophilic calcium boryl. 

 Upon the addition of an equivalent of DMAP to a d8-toluene solution of 3.2, inspection 

of the γ-methine region in the 1H NMR spectrum revealed that the complete consumption of 

the calcium diboranate (δ 4.74 ppm) was accompanied by the predominant formation of 3.1 (δ 

4.93 ppm) within an hour (Figure 3.4b). Although a minor γ-methine peak appeared at δ 5.00 

ppm, this diminished with time with the formation of the homoleptic calcium derivative and 

other unknown products (Figure 3.4c). This minor product could not be isolated, and this 

compound remains unidentified at the time of writing. 
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Figure 3. 4. The γ-methine regions in the 1H (500 MHz, d8-toluene, 298 K) NMR spectra of 

a) 3.2 and after the addition of DMAP after b) 1 hour and c) 5 days at room temperature in a d8-

toluene solution. The signals at δ 4.74 ppm and δ 4.93 ppm represent compound 3.2 and 

[(BDI)2Ca], 3.1, respectively. 

The expeditious nature of [(BDI)2Ca] formation upon introducing DMAP to compound 

3.2 implied that this substrate had broken apart the diboranate moiety, and this induced 

instability led to facile generation of the kinetically stabilised, homoleptic calcium compound. 

Coordinating substrates possessing a greater steric profile were, thus, selected in an attempt to 

circumvent this cascade reactivity towards 3.1 (Figure 3.5). 



100 

 

 

Figure 3. 5. The structures of a) 1,3-di-isopropyl-4,5-dimethyl-2-ylidene, 3.4, b) 1,3-bis(2,6-

di-isopropylphenyl)imidazol-2-ylidene, 3.5 and c) quinuclidine, 3.6.17, 18 

 As a bulkier coordinating base than DMAP, the N-heterocyclic carbene 1,3-di-

isopropyl-4,5-dimethyl-2-ylidene, 3.4 (Figure 3.5a), developed by Kuhn and co-workers, was 

introduced to compound 3.2.17 Unpublished work within the Hill group demonstrated that the 

addition of 3.4 to 1.14 also promotes the rupture of the B-B bond to generate a magnesium 

boryl, 3.7, and n-BuBpin (Scheme 3.8). 

 

Scheme 3. 8. The synthesis of a terminal magnesium boryl, 3.7, via the reaction of the 

magnesium diboranate, 1.14, with 3.4. 

 Although this reactivity was seen with the magnesium diboranate, 1.14, treatment of 

3.2 with 3.4 again appeared to facilitate formation of the homoleptic calcium compound 3.1 

rather than a calcium boryl product (Figure 3.6b), in a manner reminiscent to DMAP. 1H NMR 

spectroscopy established that 3.1 generation occurred at a slower rate upon treatment with 3.4, 

which may be rationalised by the greater steric profile of this reagent.  
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Figure 3. 6. The 1H (500 MHz, d8-toluene, 298 K) NMR spectra of a) 3.2 and post-addition of 

b) 3.4, c) 3.5 and d) 3.6 after 24 hours at room temperature. The signals at δ 4.74 ppm and δ 4.93 

ppm represent the γ-methine peaks of compound 3.2 and [(BDI)2Ca] (3.1), respectively. The 

diagnostic doublet (δ 0.50-0.35 ppm) regions of 3.1 are shown for clarity. 

The steric bulk of the NHC substituents was then increased further in an attempt to 

alleviate the instability driving the reaction pathway towards the homoleptic calcium 

derivative, 3.1. IPr (1,3-bis(2,6-di-isopropylphenyl)imidazol-2-ylidene, 3.5) (Figure 3.5b) 

provided no reaction with 3.2 at room temperature after 24 hours (Scheme 3.6c) or even after 

one week of monitoring via 1H NMR spectroscopy.18 Having investigated a sterically 

demanding N-heterocyclic carbene, quinuclidine, 3.6 (Figure 3.5c), was used as a bulkier 

coordinating amine than DMAP. Comparable reactivity to 3.5 was observed, with no reaction 
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even after 1 week at room temperature. Significantly, the quantity of [(BDI)2Ca] observed after 

24 hours was unchanged upon the addition of both 3.5 and 3.6. This implied that the steric 

profiles of these two candidates were too large to induce a reaction with 3.2, a deduction 

supported by 1H NMR spectroscopy. This indicated that redistribution to 3.1 was the sole 

process induced, with no other reaction stimulated even with gentle heating at 40 °C. 

 

3.2.2. Reaction with Nitriles 

Encouraged by the successful reaction of 1.14 with the alkyl and aryl nitriles, t-BuCN, i-PrCN 

and o/m-tolunitrile, analogous reactions were attempted with the calcium diboranate, 3.2. 1H 

NMR spectra taken immediately post-addition of the nitriles implied the instantaneous 

production of new compounds (Figure 3.7, Scheme 3.9).  

   

Figure 3. 7. The 1H (500 MHz, d8-toluene, 298 K) NMR spectra of the reaction of a) 3.2 in a 

d8-toluene solution with b) t-BuCN, c) i-PrCN and d) o-tolunitrile after 30 minutes at room 

temperature. The γ-methine (δ 5.00-4.60 ppm) and Dipp CH(CH3)2 multiplet (δ 3.50-3.10 

ppm) regions are shown for clarity. 

 

 

 

 

a) 

b) 

c) 

d) 
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 Evidence for this was provided by the shifts induced in the resonance associated with 

the BDI γ-methine environment and the Dipp CH(CH3)2 multiplets, which integrated in a 1:4 

ratio. As depicted in Figure 3.7a, the characteristic heptet from the Dipp CH(CH3)2 groups is 

seen as a broad singlet (δ 3.17 ppm). Upon addition of the selected nitriles, a sharpening of this 

signal was observed to produce a well-defined multiplet (Figure 3.7b-d), which inferred that 

the reaction products were of higher symmetry than the diboranate 3.2. Furthermore, inspection 

of the corresponding 11B{1H} spectra illustrated broad singlets in the range of δ 5.6-5.4 ppm. 

This implied the maintenance of the B(sp2)-B(sp3) bond in 3.2, rather than the introduction of 

a nitrile facilitating the elimination of n-HexBpin as a neutral molecule.12 These spectra were 

subsequently identified as arising from the calcium nitrile adducts, 3.8-3.10, for the reactions 

of 3.2 with t-BuCN, i-PrCN and o-tolunitrile, respectively (Scheme 3.9). 

 

Scheme 3. 9. Syntheses of compounds 3.8-3.10 via the coordination of the corresponding 

nitriles to the calcium centre of compound 3.2. 

Slow evaporation of a toluene and hexane mixture afforded colourless block crystals 

for the reactions with t-BuCN and i-PrCN (compounds 3.8 and 3.9, respectively). Single crystal 

X-ray diffraction analysis unambiguously confirmed the direct coordination of the nitriles to 

the calcium metal centre, leaving the diboranate moiety untouched in the process (Figure 3.8). 

The precedent for the coordination of unsaturated nitrile substrates to alkaline earth metal 

centres has been described in the literature, as well as in the computationally calculated 

mechanism postulated for the reaction of the magnesium diboranate 1.14 with alkyl and aryl 

nitriles (Figure 2.5).7, 16 

Despite repeated attempts with varying crystallisation conditions, crystals suitable for 

single crystal X-ray crystallography could not be obtained for the reaction with o-tolunitrile. 
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As described previously, however, the 1H and 11B{1H} spectra both provided evidence that the 

coordination of the aryl nitrile occurs in an analogous fashion to the aforementioned alkyl 

nitrile substrates to form 3.10.  

 

Figure 3. 8. Solid-state crystal structures of compound a) 3.8 and b) 3.9. All hydrogen atoms 

and co-crystallised solvent molecules have been removed for clarity, with the exception of 

H(27) in b), which draws attention to a potential Ca-H interaction. Ellipsoids shown at 30% 

probability level. Dipp substituents are shown as wireframe for clarity.  
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Table 3. 2. Selected bond distances (Å) and bond angles () for compounds 3.8 and 3.9, 

alongside those of compound 3.2 for comparison. 

 3.2 3.8 3.9 

Ca(1)-N(1) 2.348(5) 2.365(3) 2.4072(14) 

Ca(1)-N(2) 2.354(5) 2.402(3) 2.3694(13) 

Ca(1)-N(3) - 2.524(3) 2.5112(14) 

Ca(1)-O(1) 2.228(5) 2.271(2) 2.2844(10) 

Ca(1)-O(3) 2.386(5) 2.463(3) 2.4882(11) 

B(1)-B(2) 1.754(10) 1.734(6) 1.733(2) 

B(1)-C(42) 1.633(10) 1.634(6) 1.626(2) 

N(1)-Ca(1)-N(2) 82.76(19) 81.67(12) 80.81(5) 

O(1)-Ca(1)-O(3) 88.98(17) 79.79(9) 79.06(4) 

 

 The metric data displayed in Table 3.2 indicate that the bond distances around the 

calcium centres in both 3.8 and 3.9 have increased to accommodate the nitrile coordination, 

which can be rationalised by the augmentation of the calcium coordination number from four 

to five. The elongated Ca(1)-O(1) [3.8: 2.271(2) Å; 3.9: 2.2844(10) Å] and Ca(1)-O(3) [3.8: 

2.463(3) Å; 3.9: 2.4882(11) Å] bond distances infer weaker coordination of the [pinB-Bpin(n-

Hex)]- anion to the calcium metal than in 3.2 [Ca(1)-O(1) = 2.228(5); Ca(1)-O(3) = 2.386(5) Å], 

thus making this fragment more reminiscent of a conventional diborane. This is ratified by the 

considerable decrease in B(1)-B(2) bond distances for both compounds [3.8: 1.734(6) Å; 3.9: 

1.733(2) Å] compared to the diboranate starting material [3.2: 1.754(10) Å], causing the B-B bonds 

to be more comparable to those of free B2pin2 [1.704(2) Å].15 Further evidence is provided by the 

significant decrease in the O(1)-Ca(1)-O(3) bond angles [3.8: 79.79(9); 3.9: 79.06(4)] with 

respect to 3.2 [88.98(17)]. 

The greater separation between the β-diketiminate supporting ligand and the [pinB-

Bpin(n-Hex)]- moiety corroborates the observation of the sharpened heptets corresponding to the 

four Dipp CH(CH3)2 protons in the 1H NMR spectra (Figure 3.7). This diboron fragment 

represents the greatest degree of asymmetry in the diboranate. Thus, the enlarged distance from 

the ligand backbone means these Dipp CH(CH3)2 protons are in a more symmetrical 

environment, inducing a consequently sharper, better defined multiplet as opposed to a broad 

singlet in 3.2. This conclusion is further validated upon comparison with the 1H NMR spectra 

of the reaction products collated in Chapter 2. The B-B bond cleavage and subsequent 
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asymmetry caused the Dipp CH(CH3)2 proton environments in the magnesium diboranate 

(1.14) to become inequivalent and split into multiple heptet resonances, in contrast to the single 

heptet observed for the calcium products (3.8-3.10). 

DFT calculations were carried out by Dr Sam Neale from the McMullin group at the 

University of Bath to interrogate the origins of the structures of compounds 3.8-3.10 (Figure 

3.9) and the contrasting reactivity of 1.14 and 3.2 with nitrile substrates. 

 

Figure 3. 9. Computationally modelled (DFT, BP86-D3BJ, C7H8/ BS2// BP86/ BS1) free 

energy profile (kcal mol-1) of the reaction of 3.2 with t-BuCN, showing ‘inner sphere’ 

reactivity with B-B cleavage (blue) and without (black). 

 In concordance with the magnesium diboranate reaction, an ‘inner sphere’ attack of the 

nitrile to the alkaline earth metal centre has been suggested, albeit this process does not effect 

B-B bond cleavage. The coordination of t-BuCN in the calcium regime is calculated to be 

exergonic (IIIc, ΔG = -4.3 kcal mol-1) and extremely kinetically facile, which is consistent with 
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the instantaneous reactivity observed by 1H NMR spectroscopy. The exergonic formation of 

IIIc provides a significant contrast to the observed endergonic coordination to the magnesium 

centre of 1.14 (IIIM, ΔG = +4.7 kcal mol-1), causing the C-borylated calcium imidate transition 

state TS(IV-P)C-B (ΔG = +28.6 kcal mol-1) to be inaccessible, as the overall barrier to its 

formation is now +32.9 kcal mol-1. Consequently, the reaction pathway halts at IIIc under the 

experimental conditions employed. The switch of SN2-type reactivity with the magnesium 

diboranate to d-block-type reactivity with the calcium analogue rationalises this lack of 

reactivity with the selection of nitriles, as the larger calcium centre is better equipped to 

accommodate further ligand partners without tandem Ca-O cleavage. These DFT calculations, 

therefore, corroborate the observed maintenance of the B(sp2)-B(sp3) bonds in compounds 3.8-

3.10. 

 

3.2.3. Reaction with Isonitriles 

At the time of writing, the sole example of a diboranate reacting with an isonitrile is that of the 

magnesium compound 1.14 with t-BuNC, discussed in Section 2.3. Prompted by this successful 

insertion of an organic isonitrile into the B-B bond of the diboranate anion (compound 2.14), 

alongside the divergent reactivity between the calcium (3.2) and magnesium (1.14) derivatives 

towards organic nitriles, the reactivity of 3.2 with t-BuNC was investigated (Scheme 3.10).  

 

Scheme 3. 10. Reaction of 3.2 with t-BuNC. 
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Observation of the reaction mixture, as well as monitoring by 11B{1H} NMR 

spectroscopy, revealed similarities to the analogous reaction with the magnesium diboranate 

complex, 1.14. An instantaneous colour change from amber to brown occurred upon addition 

of t-BuNC and, as with the formation of 2.14, a further colour change was observed after being 

left overnight at room temperature; in this case, from a brown to black solution. Furthermore, 

a broad signal at δ 5.7 ppm in the 11B{1H} spectrum performed forty-five minutes post-addition 

of t-BuNC to 3.2 indicated that the formation of a new four-coordinate sp3-hybridised boron 

species had transpired (Figure 3.10).12 

 

Figure 3. 10. 11B{1H} NMR (160 MHz, 298 K) spectrum of a d8-toluene solution of 3.2 with 

one equivalent of t-BuNC after forty-five minutes at room temperature. 

 The origin of this resonance may be rationalised by the formation of 

[(BDI)M(R)(Bpin)M(BDI)] (M = Mg, R = n-Bu, 2.15; M = Ca, R = n-Hex, 3.12). The apparent 

presence of 3.12 in the reaction mixture precluded any meaningful analyses of potential 

concurrent isonitrile complexes by 1H NMR spectroscopy. It was postulated that a calcium 

derivative of compound 2.14 had been formed due to the assignment of the [(BDI)Ca(n-

Hex)(Bpin)Ca(BDI)] (3.12) reaction product. This hypothesis was confirmed after material 

suitable for single crystal X-ray diffraction analysis (Figure 3.11) was deposited from a mixture 

of toluene and n-hexane. Relevant crystallographic measurements are displayed in Table 3.3, 

alongside those of the analogous magnesium compound, 2.14. 
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Figure 3. 11. Solid-state crystal structure of compound 3.11. All hydrogen atoms and co-

crystallised solvent molecules have been removed for clarity. Ellipsoids shown at 30% 

probability level. Dipp substituents are shown as wireframe for clarity. 

Table 3. 3. Selected bond distances (Å) and bond angles () for 2.14 (M = Mg) and 3.11 (M = 

Ca). 

 2.14 3.11 

M(1)-N(1) 2.0634(14) 2.3153(11) 

M(1)-N(2) 2.0652(14) 2.3125(10) 

M(1)-O(1) 1.9814(12) 2.2927(9) 

M(1)-O(3) 2.0575(12) 2.2487(9) 

N(3)-C(42) 1.4816(19) 1.4815(15) 

N(3)-C(49) 1.498(2) 1.4865(16) 

N(1)-M(1)-N(2) 93.50(6) 84.13(4) 

N(1)-M(1)-O(1) 116.42(6) 103.48(4) 

N(2)-M(1)-O(3) 114.75(5) 131.47(4) 

O(1)-M(1)-O(3) 99.03(5) 92.04(3) 

B(1)-C(42)-B(2) 127.26(15) 130.84(12) 
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 t-BuNC appeared to effectively insert into the B(sp2)-B(sp3) bond of 3.2, generating 

new B-N and B-C bonds in the process. The corresponding N(3)-C(42) bond lengths between 

both alkaline earth complexes [2.14: 1.4816(19); 3.11: 1.4815(15) Å] are indicative of 

reduction from a C≡N triple bond to a C-N single bond, with delocalisation of the negative 

charge throughout the B(1)-C(42)-B(2) fragments. The bond lengths were significantly 

elongated for the coordination towards the heavier calcium metal centre in 3.11 [Ca(1)-N(1) = 

2.3153(11); Ca(1)-N(2) = 2.3125(10); Ca(1)-O(1) = 2.2927(9); Ca(1)-O(3) = 2.2487(9) Å] than 

observed in the magnesium complex, 2.14 [Mg(1)-N(1) = 2.0634(14); Mg(1)-N(2) = 

2.0652(14); Mg(1)-O(1) = 1.9814(12); Mg(1)-O(3) = 2.0575(12) Å]. This suggests weaker 

N,N- and O,O-chelation from the -diketiminato and pinacolatoborate units, respectively, 

which may be rationalised by the larger alkaline earth centre perturbing the close approach of 

these chelating moieties. 

 As with compound 2.14, DFT calculations have not yet been performed in order to 

investigate the mechanistic scenario behind the formation of 3.11. 

3.3. Syntheses of Non--Diketiminato-Based Alkaline Earth Boranates 

The full realisation of the potential for alkaline earth complexes is predicated on their basic 

coordination and organometallic chemistry. A particular problem for the larger elements below 

magnesium in group 2 lies in the instability of the general form LAeR (L = monoanionic 

supporting ligand; R = reactive substituent) towards Schlenk-type redistribution to inactive or 

ill-defined homoleptic species (Scheme 3.1).2 This was a prominent feature of each reaction 

discussed in Section 3.2 through the formation of the homoleptic -diketiminate calcium 

complex, [(BDI)2Ca] (3.1), which was clearly identifiable by its diagnostic BDI γ-methine at δ 

4.94 ppm by 1H NMR spectroscopy.14  

Although the -diketiminate framework was employed for the increased stabilisation 

that it exerts on reactive metal centres, it appeared that the steric bulk of this Dipp-substituted 

-diketiminate backbone was insufficient to perturb the competitive transformation to the 

kinetically-favoured species comprising a calcium centre ligated by two large, stabilising 

ligands (BDI in these cases).19 Suppression of this Schlenk equilibrium has previously required 

increased kinetic stabilisation attained by sufficiently sterically demanding supporting ligands, 

or even via dearomatisation of an aryl supporting ligand.20-23 

An alternative approach may be to evaluate a different ligand framework surrounding 

the alkaline earth metal centres. For instance, the bis(trimethylsilyl)amide, N(SiMe3)2 
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(HMDS), moiety has been utilised to generate heavier homoleptic alkaline earth amide 

complexes [M(HMDS)2(THF)2: M = Ca, 3.13; M = Sr, 3.14; M = Ba, 3.15], which can also be 

used as pre-catalysts in molecular transformations. Literature reports include the catalytic 

mediation of various hydroaminations (Scheme 3.11),24-27 hydrosilylations,27 

hydroacetylenations28 and hydrophosphinations.29 

 

Scheme 3. 11. The proposed catalytic cycle for a hydroamination process mediated by 

compound 3.13.25 

 Preliminary stoichiometric NMR scale reactions were conducted between B2pin2 and 

the solvent-free derivatives of compounds 3.13 and 3.14; M(HMDS)2 (M = Ca, 3.16; M = Sr, 

3.17). The formation of new compounds (3.18 and 3.19, respectively) was detected by 1H NMR 

spectroscopy via a subtle shifting of the CH3 proton chemical shifts from the free diborane and 

bis(trimethylsilyl)amide precursors (Scheme 3.12). A visual representation of this is provided 

in Figure 3.12, which displays the initial 1H NMR spectrum of the B2pin2 and 3.16 reaction 

mixture alongside the corresponding spectra of the two starting materials, for reference. 

 

Scheme 3. 12. Syntheses of the alkaline earth complexes 3.18 and 3.19. 
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Figure 3. 12. The 1H (400 MHz, C6D6, 298 K) NMR spectra of a) B2pin2, b) Ca(HMDS)2 

(3.16) and c) a C6D6 solution of B2pin2 and 3.16 after forty-five minutes at room temperature. 

 Diagnostic 1H and 11B{1H} NMR data for the bis(trimethylsilyl)amide starting 

materials (3.16 and 3.17) and their respective products (3.18 and 3.19) are summarised in Table 

3.4, alongside the diborane starting material (B2pin2). 

Table 3. 4. Selected diagnostic NMR data for B2pin2, alkaline earth bis(trimethylsilyl)amides 

M(HMDS)2 (M = Ca, 3.16; M = Sr, 3.17) and new compounds 3.18 and 3.19. 

 

 C-CH3 δ / ppm Si-CH3 δ / ppm B δ / ppm 

B2pin2 1.02 - 31.3 

3.16 - 0.32 - 

3.18 1.03 0.39 29.9 

3.17 - 0.27 - 

3.19 1.05 0.35 31.7 
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 The results of the subsequent X-ray diffraction analyses performed on compounds 3.18 

and 3.19, shown in Figure 3.13 with relevant crystallographic measurements displayed in Table 

3.5, revealed both compounds to be four-coordinate bis(trimethylsilyl)amide derivatives in 

which the group 2 centres are further ligated by a molecule of B2pin2. 

 

Figure 3. 13. Solid-state crystal structures of compounds a) 3.18 and b) 3.19. All hydrogen 

atoms and co-crystallised solvent molecules have been removed for clarity. Ellipsoids shown 

at 30% probability level. 

 

Table 3. 5. Selected bond distances (Å) and bond angles () for 3.18 (M = Ca), 3.19 (M = Sr) 

and the diboranate compound 3.2 for comparison. 

 3.2 3.18 3.19 

M(1)-N(1) 2.348(5) 2.2937(11) 2.407(3) 

M(1)-N(2) 2.354(5) 2.2873(12) 2.413(3) 

M(1)-O(1) 2.228(5) 2.4562(9) 2.592(2) 

M(1)-O(3) 2.386(5) 2.4764(9) 2.599(2) 

B(1)-B(2) 1.754(10) 1.701(2) 1.710(6) 

N(1)-M(1)-N(2) 82.76(19) 124.62(4) 118.90(10) 

N(1)-M(1)-O(3) 113.84(18) 98.61(4) 98.12(9) 

N(2)-M(1)-O(1) 120.17(19) 96.64(4) 98.85(9) 

O(1)-M(1)-O(3) 88.98(17) 75.26(3) 71.69(7) 
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 Distorted tetrahedral geometries were enforced by the O,O-chelation of two 

pinacolatoborate oxygen atoms from the diborane towards the alkaline earth metal centres. The 

elongated M-O distances revealed for the heavier congener [M(1)-O(1): M = Ca, 2.4562(9); M 

= Sr, 2.592(2) Å; M(1)-O(3): M = Ca, 2.4764(9); M = Sr, 2.599(2) Å] imply weaker 

coordination, which may be rationalised by the smaller M2+ atomic radius [Ca = 1.00; Sr = 1.18 

Å] facilitating a closer approach.1 

The encapsulation of a calcium centre in 3.18 via N,N- and O,O-chelation is reminiscent 

of the -diketiminato and pinacolatoborate coordination observed in the calcium diboranate 

3.2 (Table 3.5). The shorter Ca-N bond distances between the HMDS supporting ligand 

structure present in 3.18 compared to the -diketiminato backbone of 3.2, [Ca(1)-N(1/2): 3.18 

= 2.2937(11) and 2.2873(12); 3.2 = 2.348(5) and 2.354(5) Å], is expected for a mono-, rather 

than bi-dentate mono-anion. 

The B-B bond lengths [3.18 = 1.701(2); 3.19 = 1.710(6) Å] are similar to that of free 

B2pin2 [1.704(2) Å], but significantly shorter than that reported for 3.2 [1.754(10)] due to the 

sp3-hybridised boron centre present in the [(n-Hex)B2pin2]
- anion of 3.2.15 The implication of 

this difference is that the cleavage of the shorter B-B bonds of 3.18 and 3.19 may be more 

demanding, thus making the production of an in-situ [Bpin]- anion less feasible than with the 

3.2 counterpart. With this in mind, the syntheses of more suitable heavier alkaline earth-based 

‘masked’ sources of [Bpin]- anions were pursued. 

Inspiration was drawn from the facile generation of a catenated triboron [B3pin3]
- anion 

(3.3) previously reported by Hill and co-workers to result from the addition of excess B2pin2 

to the magnesium diboranate, 1.14 (Scheme 3.7).7 Encouraged by this promising reactivity, the 

treatment of Ca(HMDS)2 (3.16) with excess B2pin2 was investigated (Scheme 3.13). 

 

Scheme 3. 13. Synthesis of Ca(B3pin3)2 (3.20). 

 The addition of further equivalents of B2pin2 to 3.16 at room temperature did not appear 

to initiate any change in the 1H NMR spectrum. Over the course of overnight reaction at 60 °C, 
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however, a colourless crystalline material precipitated. While the insolubility of this species in 

deuterated aromatic solvents precluded any meaningful in-situ analysis by 1H NMR 

spectroscopy, the solid deposited from the reaction mixture comprised of crystals suitable for 

X-ray diffraction analysis, which allowed the determination of the structure of 3.20 (Figure 

3.14). 

 

Figure 3. 14. Solid-state crystal structure of compound 3.20. All hydrogen atoms and co-

crystallised solvent molecules have been removed for clarity. Ellipsoids shown at 30% 

probability level. Symmetry operation to generate equivalent atoms: 1-x, 2-y, 1-z. 

 The coordination sphere of the calcium centre is provided by two-fold κ3-O-chelation 

through three pinacolatoborate oxygen units, as part of a calcium bis-triboranate complex, 

Ca(B3pin3)2 (3.20). Alongside the magnesium triboranate 3.3, compound 3.20 bears some 

similarity to several neutral catena-triboranes (compounds 3.21a and 3.21b, Figure 3.15) 

synthesised by the Braunschweig group.7, 30 Whereas these triboranes were prepared via 

hydroboration of B=B double bonds in base-stabilised diborenes, the formation of the 

homoleptic compound 3.20 may be rationalised as resulting from the displacement of neutral 

HMDS-Bpin fragments from 3.18 and the formal addition of a [Bpin]- anion to 

bis(pinacolato)diboron. 
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Figure 3. 15. Triboranes developed by Braunschweig and co-workers; IMe = 1,3-

dimethylimidazol-2-ylidene.30 

Table 3. 6. Selected bond distances (Å) and bond angles () for 3.20. 

 

 3.20 

Ca(1)-O(1) 2.4619(11) 

Ca(1)-O(4) 2.3780(10) 

Ca(1)-O(6) 2.4237(11) 

B(1)-B(2) 1.720(2) 

B(2)-B(3) 1.721(2) 

O(1)-Ca(1)-O(4) 78.59(4) 

O(1)-Ca(1)-O(6) 87.83(4) 

O(4)-Ca(1)-O(6) 79.50(4) 

O(4)-Ca(1)-O(6)i 100.50(4) 

B(1)-B(2)-B(3) 107.84(12) 

 

The selected bond angles presented in Table 3.6 demonstrate the deviation from an 

idealised octahedral geometry. The elongation of the B(1)-B(2) bond from 1.701(2) Å in 3.18 

to 1.720(2) Å in 3.20 is consistent with the sp2 to sp3 hybridisation of the B(2) centre in the 

latter compound. The range of Ca-O bond distances does not differ significantly [3.18: 

2.4562(9) - 2.4764(9); 3.20: 2.3780(10) - 2.4619(11) Å], indicative of only minor variations in 

the coordination strengths of the diboron moieties towards the calcium centres in the two 

moieties. The heterolytic activation of the non-polar B-B bond in 3.20, however, may provide 

a practical leaving group in the form of a neutral Bpin-HMDS molecule. This compound is 
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completely analogous to the n-BuBpin leaving group, which is influential in the successful 

generation of nucleophilic boron using the magnesium diboranate 1.14.7, 16, 31-34 

 Analogous treatment of the strontium compound [Sr(B2pin2)(HMDS)2], 3.19, with 

excess B2pin2 also required a temperature of 60 °C to stimulate the generation of a new species, 

3.22 (Scheme 3.14).  

 

Scheme 3. 14. Synthesis of Sr[(B3pin3)Sr(HMDS)2]2 (3.22). 

As was observed in the analogous calcium-derived reaction, the precipitation of X-ray 

diffraction quality crystals occurred during the overnight heat treatment. Although, this 

prevented analysis by in-situ 1H NMR spectroscopy, the identity of compound 3.22 was 

unambiguously confirmed by single crystal X-ray diffraction analysis (Figure 3.16). 

 

Figure 3. 16. Solid-state crystal structure of compound 3.22. All hydrogen atoms and co-

crystallised solvent molecules have been removed for clarity. Ellipsoids shown at 30% 

probability level. Dipp substituents are shown as wireframe for clarity. Symmetry operation 

to generate equivalent atoms: ³⁄₂-x, ½-y, 1-z. 
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 As observed in compound 3.20, the central alkaline earth metal centre in 3.22 is a 

homoleptic octahedral derivative in which Sr(1) is bonded to six pinacolato oxygen atoms of 

two triboranate units [Sr(1)-O(1/3/5) = 2.6126(16), 2.5343(14) and 2.5452(15) Å]. In contrast 

to 2.19, the strontium derivative has retained two [Sr(HMDS)2] moieties to form the novel tris-

strontium complex Sr[(B3pin3)Sr(HMDS)2]2. Relevant metric data from the crystallographic 

measurements are displayed in Table 3.7. 

Table 3. 7. Selected bond distances (Å) and bond angles () for 3.22. 

 3.22 

Sr(1)-O(1) 2.6126(16) 

Sr(1)-O(3) 2.5343(14) 

Sr(1)-O(5) 2.5452(15) 

Sr(2)-O(2) 2.6706(16) 

Sr(2)-O(4) 

Sr(2)-N(1) 

Sr(2)-N(2) 

2.5069(14) 

2.451(2) 

2.2291(19) 

B(1)-B(2) 1.720(3) 

B(2)-B(3) 1.742(3) 

O(1)-Sr(1)-O(3) 77.69(5) 

O(1)-Sr(1)-O(5) 82.82(5) 

O(1)-Sr(1)-O(5)i 

O(2)-Sr(2)-O(4) 

O(2)-Sr(2)-N(2) 

97.19(5) 

74.88(4) 

126.32(6) 

B(1)-B(2)-B(3) 104.91(16) 

 

 Although the B(1)-B(2) bond length of 3.22 [1.720(3) Å] is identical to that seen in the 

calcium bis-triboranate derivative, 3.20, the B(2)-B(3) bond distance is elongated [3.20 = 

1.721(2); 3.22 = 1.742(3) Å]. This infers that the cleavage of the longer B(2)-B(3) bond of 3.22 

may be more facile, potentially making the production of an in-situ [Bpin]- anion more feasible 

than in the calcium triboranate. The chemistry of 3.22 and compounds 3.18-3.20 are yet to be 

investigated, however, but will form the basis of future work within the research group. 

To summarise, this chapter has described the successful synthesis and isolation of an 

unprecedented calcium diboranate system, 3.2, from the insertion of a neutral diborane into the 
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Ca-C bonds of the dimeric calcium n-alkyl 1.31. The field of alkaline earth-based diboranates 

was extended to include a heavier congener to magnesium, with the calcium derivative 3.2 

exhibiting reactivity towards organic nitriles (R-CN: R = t-Bu, i-Pr, o-tol) and an isonitrile (t-

BuNC). While a preference for the coordination of the selected nitriles to the calcium centre 

was observed (compounds 3.8-3.10), in contrast, insertion into the B(sp2)-B(sp3) bond of 3.2 

transpired upon treatment with the selected isonitrile (3.11). The aforementioned studies, 

however, were hampered by the formation of an inactive homoleptic calcium compound 

[(BDI)2Ca] (3.1) via Schlenk-type equilibria. Nonetheless, the judicious choice of an HMDS-

based supporting framework yielded the first examples of calcium and strontium bis-

triboranate species (3.20 and 3.22, respectively). Having discussed the reactivity of low 

oxidation state boron(I) compounds in-depth in Chapters 2 and 3, the reactivity of analogous 

aluminium compounds towards organic nitriles and alkynes will be explored in Chapter 4. 

 

3.4. Experimental Data 

[(BDI)Ca{pinB-Bpin((CH2)5CH3)}] (3.2) 

In a J Youngs NMR tube, bis(pinacolato)diboron, B2pin2, (27.7 mg, 

0.11 mmol) was added to a C6D6 (ca. 0.5 mL) solution of 1.31 (59.1 

mg, 0.05 mmol). The resulting pale-yellow solution was then heated 

at 40 °C for two days. The solvent was removed in-vacuo and the 

crude pale-yellow solid was redissolved in a mixture of toluene and 

hexamethyldisiloxane. Colourless needles (42.2 mg, 49%) deposited at –35 °C to provide 

compound 3.2. 1H NMR (500 MHz, 298 K, d8-Tol): δ 7.12 (m, 6H, Ar-H), 4.75 (s, 1H, 

NC(CH3)CH), 3.17 (s br, 4H, CH(CH3)2), 1.67 (s, 6H, NC(CH3)CH), 1.36 (d, 12H, 3JHH = 6.6 

Hz, CH3), 1.24 (d, 12H, 3JHH = 6.4 Hz, CH3), 1.09 (s, 6H, CH3), 1.05 (s, 18H, CH3), 0.94 (t, 

6H, 3JHH = 7.3 Hz, CH2), 0.89 (t, 2H, 3JHH = 7.0 Hz, CH2), 0.72 (s, 3H, CH2-CH3), 0.01 (m, 2H, 

CH2-B) ppm. 13C{1H} NMR (126 MHz, 298 K, d8-Tol): δ 169.5 (NC(CH3)CH), 147.2, 129.5, 

125.5, 124.5 (C Ar), 93.5 (NC(CH3)CH), 79.3 (B(OC(CH3)2)2), 33.8, 33.1, 32.4 (CH2), 29.2 

(CH(CH3)2), 27.3 (CH3), 27.0 (CH2), 25.9, 25.9, 25.7 (CH3), 25.1 (NC(CH3)CH), 23.7 (CH2), 

23.5, 15.0 (CH3) ppm. 11B{1H} NMR (128 MHz, 298 K, d8-Tol): δ 31.2 (Bpin), 5.4 (n-

HexBpin) ppm. Despite repeated attempts, a meaningful CHN microanalysis could not be 

obtained for this compound. 
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[(BDI)Ca(NCt-Bu){pinB-Bpin((CH2)5CH3)}] (3.8) 

In a J Youngs NMR tube, t-BuCN (9.06 mg, 0.11 mmol) was added 

to a d8-toluene (ca. 0.5 mL) solution of 3.2 (86.9 mg, 0.11 mmol). 

Compound 3.8 was formed instantaneously in an amber solution. 

The solvent was removed in-vacuo and the crude amber solid was 

redissolved in a mixture of toluene and n-hexane. Colourless block 

crystals (54.1 mg, 56%) deposited at room temperature to provide compound 3.8. 1H NMR 

(500 MHz, 298 K, d8-Tol): δ 7.11 (m, 6H, Ar-H), 4.79 (s, 1H, NC(CH3)CH), 3.32 (hept, 4H, 

3JHH = 6.9 Hz, CH(CH3)2), 1.67 (s, 6H, NC(CH3)CH), 1.39 (d, 12H, 3JHH = 6.8 Hz, CH3), 1.26 

(d, 12H, 3JHH = 6.8 Hz, CH3), 1.18 (s, 9H, CH3), 1.05 (s, br, 24H, CH3), 0.95 (t, 4H, 3JHH = 7.1 

Hz, CH2), 0.89 (t, 4H, 3JHH = 6.9 Hz, CH2), 0.83 (s, 3H, CH3), 0.10 (s, br, 2H, CH2-B) ppm. 

13C{1H} NMR (126 MHz, 298 K, d8-Tol): δ 167.2 (NC(CH3)CH), 142.3, 129.5, 128.6, 125.0, 

124.4 (C Ar), 94.8 (NC(CH3)CH), 79.1 (B(OC(CH3)2)2), 33.6, 32.4 (CH2), 28.9 (CH(CH3)2), 

27.7 (CH3), 27.6 (CH2), 27.2, 26.3, 26.1, 25.7 (CH3), 25.4 (NC(CH3)CH), 23.8, 23.5 (CH2), 

15.1 (CH3) ppm. 11B{1H} NMR (128 MHz, 298 K, d8-Tol): δ 31.3 (Bpin), 5.7 (n-HexBpin) 

ppm. CHN analysis; Calculated: C52H87B2CaN3O4, C: 70.98, H: 9.96, N: 4.78%. Experimental: 

C: 70.99, H: 10.28, N: 4.46%. 

[(BDI)Ca(NCi-Pr){pinB-Bpin((CH2)5CH3)}] (3.9) 

In a J Youngs NMR tube, i-PrCN (7.53 mg, 0.11 mmol) was added 

to a d8-toluene (ca. 0.5 mL) solution of 3.2 (86.9 mg, 0.11 mmol). 

Compound 3.9 was formed instantaneously in an amber solution. 

The solvent was removed in-vacuo and the crude amber solid was 

redissolved in a mixture of toluene and n-hexane. Colourless block 

crystals (41.6 mg, 44%) deposited at –35 °C to provide compound 3.9. 1H NMR (500 MHz, 

298 K, d8-Tol): δ 7.11 (m, 6H, Ar-H), 4.79 (s, 1H, NC(CH3)CH), 3.34 (hept, 4H, 3JHH = 7.1 

Hz, CH(CH3)2), 1.85 (hept, 1H, 3JHH = 7.1 Hz, CH(CH3)2), 1.67 (s, 6H, NC(CH3)CH), 1.38 (d, 

12H, 3JHH = 6.8 Hz, CH3), 1.25 (d, 12H, 3JHH = 6.7 Hz, CH3), 1.20 (s, 3H, CH3), 1.02 (s, 24H, 

CH3), 0.94 (m, 8H, CH2), 0.69 (d, 6H, 3JHH = 7.1 Hz, CH3), 0.14 (s, br, 2H, CH2-B) ppm. 13C 

NMR (126 MHz, 298 K, d8-Tol) δ 167.2 (NC(CH3)CH), 142.5, 124.9, 124.4, 124.4, 123.9, (C 

Ar), 94.7 (NC(CH3)CH), 83.3 (B(OC(CH3)2)2), 79.0 (NC(CH(CH3)2)), 34.3, 33.6 (CH2), 28.8 

(CH(CH3)2), 27.6 (CH2), 27.2 (CH3), 26.4 (NC(CH3)CH), 26.1, 25.8, 25.6, 25.5, 25.4 (CH3), 

23.8 (CH2), 20.0 (CH2), 19.4, 15.0 (CH3) ppm. 11B{1H} NMR (128 MHz, 298 K, d8-Tol): δ 
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31.3 (Bpin), 5.4 (n-HexBpin) ppm. CHN analysis; Calculated: C51H85B2CaN3O4, C: 70.74%, 

H: 9.89%, N: 4.85%. Experimental: C: 69.77%, H: 9.87%, N: 4.43%. 

[(BDI)Ca(NCo-tol){pinB-Bpin((CH2)5CH3)}] (3.10) 

In a J Youngs NMR tube, o-tolunitrile (12.8 mg, 0.11 mmol) was 

added to a d8-toluene (ca. 0.5 mL) solution of 3.2 (86.9 mg, 0.11 

mmol). An immediate 1H NMR spectrum indicated that compound 

3.10 was formed instantaneously in an amber solution. Although 

characterised in solution, solid-state isolation was unsuccessful 

and therefore, no yield or CHN analysis are reported. 1H NMR (500 MHz, 298 K, d8-Tol): δ 

7.09 (m, 6H, Ar-H), 6.92 (m, 2H, Ar-H), 6.73 (m, 2H, Ar-H), 6.69 (m, 1H, Ar-H), 4.84 (s, 1H, 

NC(CH3)CH), 3.44 (hept, 4H, 3JHH = 7.1 Hz, CH(CH3)2), 2.12 (s, 3H, CH3), 1.68 (s, 6H, 

NC(CH3)CH), 1.55 (s, 3H, CH3), 1.40 (d, 12H, 3JHH = 6.8 Hz, CH3), 1.26 (d, 12H, 3JHH = 6.8 

Hz, CH3), 1.21 (m, 3H, CH3), 1.08 (s, 12H, CH3), 1.02 (s, 12H, CH3), 0.97 (m, 4H, CH2), 0.85 

(t, 4H, 3JHH = 7.0 Hz, CH2), 0.17 (s, br, 2H, CH2-B) ppm. 13C NMR (126 MHz, d8-Tol) δ 167.3 

(NC(CH3)CH), 149.5, 145.7, 142.8, 142.5, 133.9, 133.5, 130.9, 126.8, 125.0, 124.5 (C Ar), 

119.0 (NCPh) 95.2 (NC(CH3)CH), 83.3 (B(OC(CH3)2)2), 79.1 (B(OC(CH3)2)2), 34.0, 33.5 

(CH2), 28.9 (CH(CH3)2), 27.6 (CH2), 27.3, 26.4, 26.2, 25.7, 25.7 (CH3), 25.5, 25.5 

(NC(CH3)CH), 23.7 (CH2), 20.6 (PhCH3), 15.0 (CH3) ppm. 11B{1H} NMR (96 MHz, 298 K, 

d8-Tol): δ 31.4 (Bpin), 5.8 (n-HexBpin) ppm. 

[(BDI)Ca{pinB-C(N(t-Bu)(Bpin))Bpin}] (3.11) 

In a J Youngs NMR tube, t-BuNC (3.02 mg, 0.04 mmol) was 

added to a d8-toluene (ca. 0.5 mL) solution of 3.2 (86.9 mg, 0.11 

mmol). The resultant brown solution was left at room 

temperature overnight. The solvent was removed in-vacuo and 

the crude brown solid was redissolved in a mixture of toluene 

and n-hexane. Colourless block crystals (15.2 mg, 45%) deposited at room temperature to 

provide compound 3.11. 1H NMR (500 MHz, 298 K, d8-Tol): δ 7.10 (m, 6H, Ar-H), 4.70 (s, 

1H, NC(CH3)CH), 3.28 (m, 1H, CH(CH3)2), 3.23 (m, 1H, CH(CH3)2), 2.83 (m, 1H, CH(CH3)2), 

1.68 (s, 6H, NC(CH3)CH), 1.66 (s, 12H, CH3), 1.45 (d, 3H, 3JHH = 7.0 Hz, CH3), 1.36 (d, 3H, 

3JHH = 6.7 Hz, CH3), 1.28-1.24 (m, 24H, CH3), 1.21 (d, 12H, 3JHH = 5.8 Hz, CH3), 1.18 (d, 3H, 

3JHH = 6.8 Hz, CH3), 1.14 (d, 3H, 3JHH = 6.7 Hz, CH3), 0.79 (s, 9H, CH3) ppm. 13C{1H} NMR 

(126 MHz, 298 K, d8-Tol): δ 167.0, 166.7 (NC(CH3)CH), 146.4, 146.3, 141.3, 141.2, 141.1, 
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124.4, 124.4, 124.4, 124.3 (C Ar), 123.8 (BCN), 89.0 (NC(CH3)CH), 54.1 (B(OC(CH3)2)2), 

32.1 (B(OC(CH3)2)2), 30.2, 29.7, 28.9, 28.7 (CH(CH3)2), 28.1, 27.2, 25.8, 25.6, 25.4, 25.3, 

25.3, 25.2 (CH3), 25.2 (B(OC(CH3)2)2), 25.1 (CH3), 24.9 (NC(CH3)CH), 24.4, 24.4, 24.3 

(CH3), 23.7 (NC(CH3)3) ppm. 11B{1H} NMR (128 MHz, 298 K, d8-Tol): δ 34.3 (Bpin), 25.5 

(Bpin) ppm. Despite repeated attempts, a meaningful CHN microanalysis could not be obtained 

for this compound. 

[(B2pin2)Ca(HMDS)2] (3.18) 

In a J Youngs NMR tube, C6D6 (ca. 0.5 mL) was added to 

Ca(HMDS)2 (50.0 mg, 0.14 mmol) and bis(pinacolato)diboron, 

B2pin2, (35.2 mg, 0.14 mmol) to form a colourless solution. An 

immediate 1H NMR spectrum indicated that compound 3.18 was 

formed instantaneously. The solution was transferred to a glass vial 

in a glovebox and through slow evaporation, a crop of colourless block crystals (51.7 mg, 61%) 

was obtained. 1H NMR (500 MHz, 298 K, d8-Tol): δ 1.05 (s, 48H, CH3), 0.35 (s, 36H, Si-CH3) 

ppm. 13C{1H} NMR (126 MHz, 298 K, d8-Tol): δ 87.8 (B(OC(CH3)2)2), 24.9 (CH3), 6.6 (Si-

CH3) ppm. 11B{1H} NMR (96 MHz, 298 K, d8-Tol): δ 29.9 (Bpin) ppm. CHN analysis; 

Calculated: C24H60B2CaN2O4Si4, C: 46.89%, H: 9.84%, N: 4.56%. Experimental: C: 46.76%, 

H: 9.72%, N: 4.28%. 

[(B2pin2)Sr(HMDS)2] (3.19) 

In a J Youngs NMR tube, C6D6 (ca. 0.5 mL) was added to Sr(HMDS)2 

(50.0 mg, 0.12 mmol) and bis(pinacolato)diboron, B2pin2, (31.1 mg, 

0.12 mmol) to form a colourless solution. An immediate 1H NMR 

spectrum indicated that compound 3.19 was formed instantaneously. 

The volatiles were removed in-vacuo and the resultant white solid 

was redissolved in toluene. The resulting colourless solution was then left at -35 °C overnight, 

upon which a crop of colourless block crystals (44.3 mg, 55%) was obtained. 1H NMR (500 

MHz, 298 K, d8-Tol): δ 1.05 (s, 48H, CH3), 0.35 (s, 36H, Si-CH3) ppm. 13C{1H} NMR (126 

MHz, 298 K, d8-Tol): δ 81.1 (B(OC(CH3)2)2), 25.0 (CH3), 6.2 (Si-CH3) ppm. 11B{1H} NMR 

(96 MHz, 298 K, d8-Tol): δ 31.7 (Bpin) ppm. CHN analysis; Calculated: C36H72B6CaO12, C: 

43.52%, H: 9.13%, N: 4.23%. Experimental: C: 43.13%, H: 8.90%, N: 3.92%. 
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[Ca(B3pin3)2] (3.20) 

In a J Youngs NMR tube, d8-toluene (ca. 3 mL) was added 

to Ca(HMDS)2 (50.0 mg, 0.14 mmol) and 

bis(pinacolato)diboron, B2pin2, (140.8 mg, 0.55. mmol). 

The resulting colourless solution was then heated at 60 °C 

overnight, upon which a crop of colourless block crystals (0.0864 g, 78%) of 3.20 was obtained. 

1H NMR (500 MHz, 298 K, C6D6): δ 1.02 (s, 72H, CH3) ppm. 13C{1H} NMR (126 MHz, 298 

K, C6D6): δ 83.1 (B(OC(CH3)2)2), 25.2 (CH3) ppm. 11B{1H} NMR (96 MHz, 298 K, C6D6): δ 

31.3 (Bpin) ppm. Despite repeated attempts, a meaningful CHN microanalysis could not be 

obtained for this compound. 

Sr[(B3pin3)Sr(HMDS)2]2 (3.22) 

In a J Youngs NMR tube, d8-toluene (ca. 3 mL) was added to 

Sr(HMDS)2 (50.0 mg, 0.12 mmol) and bis(pinacolato)diboron, 

B2pin2, (124.4 mg, 0.49 mmol). The resulting colourless 

solution was then heated at 60 °C overnight, upon which a crop 

of colourless block crystals (117.6 mg, 58%) of 3.22 was 

obtained. 1H NMR (500 MHz, 298 K, C6D6): δ 1.02 (s, 72H, CH3), 0.38 (s, 72H, CH3) ppm. 

13C{1H} NMR (126 MHz, 298 K, C6D6): δ 83.0 (B(OC(CH3)2)2), 25.2, 24.7 (CH3), 5.9 (Si-

CH3) ppm. 11B{1H} NMR (96 MHz, 298 K, C6D6): δ 31.34 (Bpin) ppm. CHN analysis; 

Calculated: C67H151B6N4O12Si8Sr3(3.21.C7H8), C: 45.79%, H: 8.66%, N: 3.19%. Experimental: 

C: 45.62%, H: 8.12%, N: 2.50%. 
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24. A. G. M. Barrett, C. Brinkmann, M. R. Crimmin, M. S. Hill, P. Hunt and P. A. 

Procopiou, J. Am. Chem. Soc., 2009, 131, 12906-12907. 

25. J. R. Lachs, A. G. M. Barrett, M. R. Crimmin, G. Kociok-Köhn, M. S. Hill, M. F. 

Mahon and P. A. Procopiou, Eur. J. Inorg. Chem., 2008, 26, 4173-4179. 

26. A. G. M. Barrett, T. C. Boorman, M. R. Crimmin, M. S. Hill, G. Kociok-Köhn and P. 

A. Procopiou, Chem. Commun., 2008, 5206-5208. 

27. F. Buch and S. Harder, Z. Naturforsch. B, 2008, 63, 169-177. 

28. M. Arrowsmith, M. R. Crimmin, M. S. Hill, S. L. Lomas, M. S. Heng, P. B. Hitchcock 

and G. Kociok-Köhn, Dalton Trans., 2014, 43, 14249-14256. 

29. M. R. Crimmin, A. G. Barrett, M. S. Hill, P. B. Hitchcock and P. A. Procopiou, 

Organometallics, 2007, 26, 2953-2956. 

30. H. Braunschweig, R. D. Dewhurst, C. Hörl, A. K. Phukan, F. Pinzner and S. Ullrich, 

Angew. Chem. Int. Ed., 2014, 53, 3241-3244. 

31. A.-F. Pécharman, M. S. Hill, C. L. McMullin and M. F. Mahon, Organometallics, 2018, 

37, 4457-4464. 

32. A.-F. Pécharman, M. S. Hill and M. F. Mahon, Dalton Trans., 2018, 47, 7300-7305. 

33. A.-F. Pécharman, M. S. Hill and M. F. Mahon, Angew. Chem. Int. Ed., 2018, 57, 10688-

10691. 

34. A.-F. Pécharman, M. S. Hill, G. McMullon, C. L. McMullin and M. F. Mahon, Chem. 

Sci., 2019, 10, 6672-6682. 

 

 

 



125 

 

4. Reactivity of a Potassium Alumanyl with C≡N and C≡C Triple Bonds 
 

4.1. Introduction 

As with its lighter congener boron, aluminium is most commonly found in the +3 oxidation 

state. Consequently, trivalent sp2 species constitute the vast majority of aluminium compounds 

used in chemical synthesis, where they are primarily utilised as Lewis acids owing to the vacant 

p-orbital on the electrophilic metal centre.1 Examples include trialkylaluminiums, typically 

used as alkylating reagents, and aluminium trihalides.2, 3  

It was long believed that stable complexes of low oxidation state aluminium compounds 

(aluminium possessing a formal oxidation state lower than +3) were unobtainable, owing to 

the thermodynamic instability of these species which induces high reactivity and susceptibility 

to disproportionation.4, 5 With the assistance of novel cryochemical methods, however, the first 

example of an isolable aluminium(I) complex, (AlCp*)4 (Cp* = C5Me5) (1.37), was reported 

in 1991 by Schnöckel and co-workers (Figure 4.1).6  

 

Figure 4. 1. A selection of stable, neutral aluminium(I) complexes in the literature.6-10 

Nine years later, the first isolable monomeric, solid-state aluminium(I) complex 

[(BDI)Al] (1.42) ensued, which may be regarded as an aluminium analogue of an NHC, with 

both a lone pair and an empty p-orbital localised on the metal centre.7, 11 Contemporary stable 

neutral monomeric aluminium(I) systems include the first monomeric cyclopentadienyl-based 
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Al(I) species, 1.47,8 and dialumenes,12-14 which are classed as containing Al=Al multiple bonds 

(1.52) (Figure 4.1).9 This series of neutral aluminium(I) complexes display their versatility 

through the distinct modes of reactivity observed with them, including oxidative addition, 

reduction and acid-base adduct formations.8-11, 15-30 

It was only in 2018 that a charged low oxidation state aluminium analogue was realised 

by Aldridge, Goicoechea and co-workers.31 Possessing steric demands and σ-withdrawing 

properties of bulky arylamido substituents, in conjunction with a flexible chelating xanthene-

based backbone, the co-ligand [NON]2- (NON = 4,5-bis(2,6-di-isopropylanilido)-2,7-di-tert-

butyl-9,9-dimethylxanthene) bestowed sufficient stability upon the aluminium(I) centre to 

permit the isolation of the landmark anionic aluminium(I) nucleophile, K2[Al(NON)]2 (1.56). 

This potassium alumanyl exhibits unprecedented reactivity as an organoaluminium reducing 

agent. For example, under mild conditions, 1.56 was shown to cleave the H-H bond of H2 and 

a C-H bond in benzene to yield the formal oxidation products (1.57 and 1.58, respectively), 

generating new aluminium-element bonds (Al-H and Al-C, respectively) in the process 

(Scheme 4.1).31 

 

Scheme 4. 1. The first report of an alumanyl anion, 1.56, and an example of its propensity to 

activate small molecules as an organoaluminium reducing agent.31 

The desire for a mononuclear aluminium(I) derivative stemmed from the potential 

hindrance that complex aggregation may bestow upon reactivity.6, 7 In that vein, a “naked” 

alumanyl anion was targeted, that is, an alumanyl anion possessing no significant interaction 

with the cation.32 Aldridge, Goicoechea and co-workers33 synthesised the first monomeric 

alumanyl species, 1.69, via the addition of the K+ sequestering agent [2,2,2]-cryptand 

(4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane) to yield compound 1.56 

(Scheme 4.2). The charge-separated complex [K(2,2,2-crypt)][Al(NON)], 1.69, exhibited 

unprecedented reactivity. For instance, whereas 1.56 facilitated the formal oxidative cleavage 

of a benzene C-H bond to form compound 1.58 after 96 hours at 60 C (Scheme 4.1), the 
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activation of an aromatic C-C bond (compound 1.70) transpired upon the reaction of compound 

1.69 with benzene, after 48 hours at room temperature (Scheme 4.2).31, 33 

 

Scheme 4. 2. The synthetic pathway to the first monomeric alumanyl species, 1.69, and its 

ability to mediate the C-C activation of benzene to form 1.70.33 

Inspired by the landmark isolations of compounds 1.5631 and 1.69,33 the field of 

alumanyl chemistry has been further extended by a series of other low oxidation state 

aluminium(I) systems (Figure 4.2); two alumanyl complexes featuring bidentate diamido 

backbones without a chelating moiety (1.7234 and 1.7935), a dialkylalumanyl (1.97)36 and an 

alkylamido alumanyl (1.104).37 

 

Figure 4. 2. The four alumanyl systems subsequently detailed following the Aldridge and 

Goicoechea groups’ initial report of 1.56 (Tol = toluene, Ad = 1-adamantyl, 12-c-4 = 12-

crown-4).31, 34-37 
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The nucleophilicity of these aluminium(I) species can be substantiated by the treatment 

of 1.79 with carbon-centred electrophiles, such as methyl triflate (MeOTf) and N,N'-di-

carbodiimides, where nucleophilic attack towards the electrophilic carbon centres by the 

alumanyl centre occurred to generate new Al-C bonded complexes (Scheme 4.3). This type of 

nucleophilic substitution has also been employed in the formation of a range of Al-metal 

covalent bonds (selected Al-M bonds: M = Li, Mg, Al, Ca, Cu, Zn, Ag, Au).31, 35, 38-40 

 

Scheme 4. 3. The reactivity displayed by compound 1.79 towards selected electrophilic 

carbon centres (Cy = C6H11).
41 

Compounds 1.89 and 1.90 (Scheme 4.3) are unique alumina-amidinate anions and may 

be considered analogous to bora-amidinate anions that have been previously reported upon the 

addition of carbodiimides to a range of magnesium derivatives of similarly nucleophilic boryl 

units.42, 43 This chapter will expand on this work by further investigating the reactivity of the 

potassium alumanyl 1.79 towards electrophilic substrates containing C≡N and C≡C triple 

bonds; specifically, nitriles and alkynes, respectively. 

 

4.2. Reaction with Nitriles 

The principal point of novelty of alumanyl compounds is their capacity to act as aluminium-

centred nucleophiles. To provide a comparison of the reactivity of an alumanyl to that of 

previously discussed boron-centred nucleophiles, reactions between compound 1.79 and 

several organic nitriles (t-BuCN, i-PrCN and o/m-tolunitrile) were performed. 
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4.2.1. Reaction with Alkyl Nitriles 

Addition of a stoichiometric amount of t-BuCN to a C6D6 solution of 1.79 resulted in the 

gradual diminishing of the sharp Dipp i-Pr heptet of 1.79 at δ 3.97 ppm, along with the 

emergence of a broad signal at δ 4.10 ppm in the 1H NMR spectrum. This observed broadening 

has literature precedent and implies the formation of a product possessing a more constrained 

aluminium centre than the potassium alumanyl 1.79.35, 41, 44, 45 In the 1H NMR spectrum after 

being kept at room temperature overnight, an intense 9H singlet at δ 0.63 ppm was assigned to 

the equivalent protons of the t-Bu methyl groups on the nitrile substrate. The shift of free t-

BuCN in d8-toluene appears at δ 1.02 ppm, thus the observed shielding to a higher field signal 

suggests close proximity to an aluminium centre of compound 1.79 (Scheme 4.4). 

 

Scheme 4. 4. The formation of compound 4.1. 

 After three days at room temperature, a crop of yellow block crystals was deposited 

from the C6D6 solution. These crystals were characterised by single crystal X-ray diffraction 

analysis to be a [2+1] cycloaddition product, 4.1 (Figure 4.3). This compound is comprised of 

a three-membered heterocycle with κ2-N,C-coordination towards the aluminium centre via a 

reduced nitrile moiety. Examples of κ2-nitrile metal complexes have previously been reported 

for transition metals.46, 47 Evidence of this two-electron reduction is provided through 

comparison of the C=N bond distance [N(3)-C(31) = 1.298(2) Å] with that of the C≡N bond 

of the coordinated t-BuCN unit in compound 3.8 [1.137(5) Å]. This evident elongation of the 

C=N bond length indicates that this reaction is best described as an oxidative cycloaddition.  

Upon comparison with 1.79 [Al(1)-N(1/2) = 1.887(2)-1.8889(19) Å; N(1)-Al(1)-N(2) 

= 108.84(9)], the aluminium centre has become closer to the supporting diamido backbone 

[Al(1)-N(1/2) = 1.8530(12)-1.8576(12) Å; N(1)-Al(1)-N(2) = 113.24(5)], as expected for a 

higher oxidation state aluminium species.35 As depicted in Figure 4.3, the molecule exhibits a 

polymeric form in the solid state, owing to interactions between the aromatic Dipp substituents 

and the potassium cations. The formation of this extended molecular network may rationalise 
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the spontaneous crystallisation from the C6D6 reaction mixture at room temperature, and this 

low solubility in d6-benzene obliged the solution state characterisation of 4.1 to be conducted 

in d8-THF. 

 

Figure 4. 3. Solid-state polymeric structure of compound 4.1. All hydrogen atoms and co-

crystallised solvent molecules have been removed for clarity. Ellipsoids shown at 30% 

probability level. Dipp substituents are shown as wireframe for clarity. Symmetry operations 

to generate equivalent atoms: ½-x, ½+y, +z. 

Table 4. 1. Selected bond distances (Å) and bond angles () for 4.1. 

 

 4.1 

Al(1)-N(1) 1.8576(12) 

Al(1)-N(2) 1.8530(12) 

Al(1)-N(3) 1.8876(13) 

Al(1)-C(31) 1.9025(14) 

N(3)-C(31) 1.298(2) 

N(3)-K(1) 2.6138(13) 

N(1)-Al(1)-N(2) 113.24(5) 

N(1)-Al(1)-N(3) 123.81(5) 

N(1)-Al(1)-C(31) 120.21(6) 

Al(1)-N(3)-C(31) 70.59(8) 
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The formation of a series of strained aluminium-containing three-membered rings 

(4.2a-d, Scheme 4.5) has also been reported by Roesky and co-workers.24 These cycloadducts 

bear close resemblance with compound 4.1, with a reductive coupling of the corresponding 

triple bonds observed upon the introduction of an unsaturated hydrocarbon to the aluminium(I) 

complex. 

 

Scheme 4. 5. Syntheses of the aluminacyclopropenes 4.2a-d.24 

Furthermore, the cycloaddition process of a C-N multiple bond at the aluminium centre 

of 1.79 has been described, with Scheme 4.3 illustrating the generation of the unique alumina-

amidinate anions 1.89 and 1.90 from reactions between 1.79 and di-isopropyl- and 

dicyclohexylcarbodiimide, respectively.41 The cycloaddition reaction pathway is well 

documented for low oxidation state aluminium(I) systems, including the reaction of the seminal 

monomeric alumanyl 1.69 with benzene (Scheme 4.2) and ethylene, along with the reaction 

between 1.72 with COT (Scheme 4.6).33, 34 The high-lying nature of the aluminium-centred 

lone pair (HOMO) for the monomeric alumanyl 1.69 is the proposed impetus for the 

cycloaddition reaction with benzene, however DFT calculations for the treatment of alumanyl 

1.79 with t-BuCN have not yet been performed. Accordingly, the driving force for the 

generation of 4.1 cannot be confirmed. 

 

Scheme 4. 6. The [2+1] cycloaddition reaction observed between alumanyl 1.72 and COT to 

form the polymer 1.73.34 
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 The stoichiometric addition of i-PrCN to 1.79 was monitored via 1H NMR 

spectroscopy. Although a new i-Pr multiplet at δ 4.18 ppm had developed, a large quantity of 

unreacted potassium alumanyl was present, even after prolonged reaction times and heating to 

elevated temperatures. The complete consumption of 1.79 transpired upon increasing the 

reaction stoichiometry to 2:1 (Figure 4.4). As with the formation of 4.1, the 1H signal associated 

with the Dipp i-Pr protons of the emerging product was broad (δ 4.18 ppm), which implied a 

more constrained aluminium centre. The sharp heptet at δ 2.77 ppm signified the i-Pr protons 

from the nitrile, which were observed to be deshielded to a lower field region in comparison to 

free i-PrCN (δ 1.90 ppm). This resonance integrated to 2H, which implied that the new product 

was comprised of two i-PrCN units. 

 

Figure 4. 4. 1H NMR (500 MHz, C6D6, 298 K) spectrum of alumanyl 1.79 and two 

equivalents of i-PrCN after thirty minutes. The i-Pr regions for Dipp (δ 4.40-4.00 ppm) and i-

PrCN (δ 2.85-2.70 ppm) moieties are shown for clarity. 

 These interpretations indicated that a different reactivity was observed between 

compound 1.79 and i-PrCN to that of t-BuCN (Scheme 4.7). Although attempted crystallisation 

from a d6-benzene solution was unsuccessful, a mixture of n-hexane and THF yielded single 

colourless block crystals of compound 4.3. The confirmation of the identity of this product by 

single crystal X-ray diffraction analysis (Figure 4.5) was in line with the solution-state 

deductions. 

 



133 

 

 

Scheme 4. 7. The formation of compound 4.3 in THF. 

 

 

Figure 4. 5. Solid-state polymeric structure of compound 4.3. All hydrogen atoms, except 

those involved in potential K-H interactions and C-to-N migration, have been removed for 

clarity. Ellipsoids shown at 30% probability level. Dipp substituents and the coordinated 

solvent molecule are shown as wireframe for clarity. Symmetry operations to generate 

equivalent atoms: 1) 1-x, ½+y, ½-z; 2) 1-x, ½+y, ½-z. 

 Compound 4.3 is comprised of an aluminium spiro environment. Alongside the seven-

membered metallacycle backbone seen in 1.79, a new five-membered heterocycle has formed 

as a result of C-C coupling between two, previously sp-hybridised, carbon atoms of i-PrCN 

units. The alternating N(3)-C(31) [1.3809(18) Å], C(31)-C(32) [1.385(2) Å] and C(32)–N(4) 
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[1.4354(17) Å] bond lengths of this latter heterocycle indicate that it is best viewed as a 1-

alumina-2,5-diazabutadiene segment (Table 4.2). Nitrile-nitrile dimerisation leading to 

metalla-diazabutadiene complexes is well described in the literature.48-53 As observed in 

compound 4.1, a polymeric structure was observed in the solid state, as a consequence of 

potassium. . .π-aryl interactions [K. . .C range = 2.8716(14)-3.2180(13) Å] and K-H interactions 

towards the protons attached to C(14). 

Table 4. 2. Selected bond distances (Å) and bond angles () for 4.3. 

 

 4.3 

Al(1)-N(1) 1.8674(11) 

Al(1)-N(2) 1.8710(11) 

Al(1)-N(3) 1.8506(12) 

Al(1)-N(4) 1.8570(12) 

N(3)-C(31) 1.3809(18) 

N(4)-C(32) 

C(31)-C(32) 

1.4354(17) 

1.385(2) 

C(36)-C(37) 1.343(3) 

C(36)-C(38) 1.521(2) 

N(1)-Al(1)-N(2) 111.83(5) 

N(1)-Al(1)-N(3) 

N(3)-Al(1)-N(4) 

110.27(5) 

86.05(5) 

Al(1)-N(3)-C(31) 112.74(9) 

 

 The presence of N-H bonds was indicated by the crystallographic analysis (Figure 4.5). 

Taking into consideration the difficulty in accurately locating hydrogen atoms by X-ray 

crystallography, further evidence was sought to ratify this result. The presence of an 

sp2 C(CH2) group in one of the i-PrCN units is unambiguously confirmed by a short C-C bond 

length [C(36)-C(37) = 1.343(3); C(36)-C(38) = 1.521(2) Å]. The C-to-N migration of a proton 

from both C(36) and C(37) would rationalise the origin of the hydrogen atoms involved in these 

two new N-H bonds. Although, the driving force behind this conformational preference is, as 

of yet, unclear. 

 The 1H NMR spectrum of the colourless block crystals of 4.3 yielded further 

corroboration of this unusual structure (Figure 4.6). A 1H heptet at δ 2.83 ppm indicated that 

although two CHMe2 protons would be expected from the incorporation of two i-PrCN units, 
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only one was observed. Further inspection of the 1H NMR spectrum revealed a broad 2H singlet 

at δ 2.51 ppm. Although amine protons have a wide range of expected chemical shifts, a 

distinctive broad singlet is the typical representation of a N-H proton due to its acidic and, 

therefore, exchangeable nature. Accordingly, this resonance was assigned to signify the two 

N-H protons and thus, the solution-state analysis was in concordance with the solid-state X-ray 

diffraction analysis of crystals of 4.3. This type of rearrangement of a nitrile structure to 

accommodate a C-to-N hydrogen migration does not appear to be described in the literature, at 

the time of writing. 

 

Figure 4. 6. 1H NMR (500 MHz, d8-THF, 298 K) spectrum of crystals of 4.3. The i-Pr region 

for i-PrCN (δ 2.90-2.75 ppm) and N-H (δ 2.54-2.48 ppm) moieties are shown for clarity. 

 

4.2.2. Reaction with Aryl Nitriles 

Aryl nitriles were selected for reaction with alumanyl 1.79 in order to evaluate how the 

electronic and steric factors of a bulkier, aromatic substituent affect the interaction with a low 

oxidation state aluminium(I) compound. For consistency with the low oxidation state group 13 

studies in previous chapters, o- and m-tolunitrile were utilised. 

 An excess of unreacted alumanyl 1.79 was observed in the 1H NMR spectra upon the 

stoichiometric addition of each aryl nitrile to 1.79. The increase to a 2:1 stoichiometry yielded 

an exclusive product for each experiment, with the complete consumption of 1.79 shown by 

the disappearance of its diagnostic Dipp i-Pr heptet at δ 3.97 ppm with the concurrent 
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emergence of a new lower field multiplet in this chemical shift region (δ 4.22 and 4.37 ppm for 

the o- and m-tolunitrile reactions, respectively). The 1H NMR spectrum for the m-tolunitrile 

reaction is depicted in Figure 4.7 as an example. The sharp 6H singlet at δ 2.01 ppm suggested 

the incorporation of two nitrile units in symmetric environments, consistent with a symmetrical 

N,N-chelated disposition of the two nitrile moieties about aluminium, an observation 

comparable to the reactivity of these aryl nitriles with the magnesium diboranate 1.14 described 

in Chapter 2. 

 

Figure 4. 7. 1H NMR (500 MHz, C6D6, 298 K) spectrum for the reaction between two 

equivalents of m-tolunitrile with 1.79 after twelve hours. 

 This deduction was confirmed by subsequent single crystal X-ray diffraction analyses, 

which revealed 1-alumina-2,5-di-o/m-tolyl-2H-imidazole units for both nitrile reactions in the 

form of compounds 4.4 (Figure 4.8) and 4.5 (Figure 4.9) for o- and m-tolunitrile, respectively 

[N(3)-C(31): 4.4 = 1.260(3); 4.5 = 1.2652(19); C(31)-C(39): 4.4 = 1.572(3); 4.5 = 1.570(2) Å]. 

Pseudo-tetrahedral coordination spheres are present around the aluminium centres [N(1)-

Al(1)-N(2/3): 4.4 = 112.35(8) and 118.20(8); 4.5 = 112.40(6) and 105.58(6)], which are 

complemented by coordination of solvent molecules to potassium cations (d6-benzene and THF 

for 4.4 and 4.5, respectively), as illustrated in Scheme 4.8. 
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Scheme 4. 8. Syntheses of the organoaluminium compounds 4.4 and 4.5 via the addition of 

two equivalents of o- and m-tolunitrile, respectively. 

 

Figure 4. 8. Solid-state crystal structure of compound 4.4. All hydrogen atoms and co-

crystallised solvent molecules have been removed for clarity. Ellipsoids shown at 30% 

probability level. Dipp substituents are shown as wireframe for clarity. 
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Figure 4. 9. Solid-state crystal structure of compound 4.5. All hydrogen atoms have been 

removed for clarity. Ellipsoids shown at 30% probability level. Dipp substituents and 

coordinated solvent molecules are shown as wireframe for clarity. 

Table 4. 3. Selected bond distances (Å) and bond angles () for 4.4 and 4.5. 

 4.4 4.5 

Al(1)-N(1) 1.8570(17) 1.8526(13) 

Al(1)-N(2) 1.8564(17) 1.8574(12) 

Al(1)-N(3) 1.9141(17) 1.8966(13) 

Al(1)-N(4) 1.9397(16) 1.9224(12) 

N(3)-C(31) 1.260(3) 1.2652(19) 

N(4)-C(39) 

C(31)-C(39) 

1.265(3) 

1.572(3) 

1.2746(19) 

1.570(2) 

N(1)-Al(1)-N(2) 112.35(8) 112.40(6) 

N(1)-Al(1)-N(3) 

N(3)-Al(1)-N(4) 

118.20(8) 

90.94(7) 

105.58(6) 

91.80(6) 

Al(1)-N(3)-C(31) 107.24(13) 106.76(10) 
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 An analogous Al-N-C-C-N five-membered ring has previously been reported by 

Roesky and co-workers through the reaction of the aluminacyclopropene derivative 

(BDI)Al[η2-C2(SiMe3)2], 4.6, with two equivalents of t-BuCN (Scheme 4.9).54 The 

displacement of the alkyne moiety transpired alongside the formation of the first example of 

an aluminium bis(iminato) complex, 4.8. 

 

Scheme 4. 9. Synthesis of compound 4.8 via the proposed intermediate 4.7.54 

 

 The authors hypothesised that the mechanism involved the formation of a metal κ2-

nitrile intermediate, 4.7, via the replacement of the C2(SiMe3)2 fragment with t-BuCN.46, 47 This 

intermediate was then proposed to be highly reactive, consequently promoting an immediate 

coupling with a second nitrile molecule to produce 4.8. Although the intermediate 4.7 could 

not be isolated, compound 4.1 is analogous to that described in this literature report. The 

successful isolation of 4.1 may be a result of the enhanced kinetic stabilisation afforded by the 

supporting diamido backbone in comparison to the β-diketiminato framework comprising 4.7. 

The different products obtained by the reaction of 1.79 with t-BuCN and o/m-tolunitrile (4.1 

and 4.4/4.5, respectively) may be due to steric factors, with the sterically-encumbered diamido 

ligand preventing the approach, and subsequent coupling, of a second equivalent of t-BuCN, 

unlike the aryl nitrile counterparts. 

 The literature product 4.8 could not be isolated by the Roesky group and the quality of 

crystal precluded the determination of precise bond parameters.54 Direct metric data 

comparison of 4.4 and 4.5 with 4.8 cannot, therefore, be performed. 
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4.3. Reaction with Alkynes 

After assessing the reactivity of 1.79 with C≡N triple bonds, alkynes were selected for further 

study in order to evaluate how the electronic factors of the substrate affect the outcome of the 

reaction with a potassium alumanyl. 

4.3.1. Reaction with an Internal Alkyne 

Since the first realisation of an anionic aluminium(I) species, subsequent research towards 

these species has demonstrated that oxidative addition and/or cycloaddition at the metal centre 

is thermodynamically favoured. A study by Yamashita and co-workers illustrated this via the 

preference for the alkyl alumanyl 1.97 to mediate the cycloaddition towards a selection of 

unsaturated hydrocarbons (Scheme 4.10).55 

 

Scheme 4. 10. Reaction of alumanyl 1.97 with a selection of unsaturated hydrocarbons (Tol = 

toluene).36, 55 
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Examples of unsaturated hydrocarbons utilised in the report for treatment with 1.97 

include (E)-/(Z)-stilbenes, diphenylacetylene, naphthalene and anthracene. The former two 

reactions facilitated a [2+1] cycloaddition to yield three-membered rings (compounds 4.9 and 

4.10, respectively), whereas the latter two reactions proceeded in a [4+1] fashion to give Al-

containing norbornadiene derivatives 4.11 and 4.12, respectively.55 

The formation of the [2+1] cyclised product 4.10 is of particular interest as access to 

olefinic bond-containing AlC2 ring compounds was long thought to be unfeasible due to their 

highly-strained structure.24 Until 2000, it was assumed that this class of compound was limited 

to reactive intermediates in the formation of 1,4-dialuminacyclohexadienes or related dimers.56 

The Roesky group, however, exploited the bulky chelating β-diketiminate ligand (BDI) to 

protect the formed AlC2 ring system from its ring-opening dimerisation, induced by the Lewis 

acidic aluminium centre, to form a family of aluminacyclopropenes, including compounds 

4.2a-d (Scheme 4.5).24, 54 

Inspired by the formation of 4.10 utilising an alkyl alumanyl, 1.97, one equivalent of 

diphenylacetylene was introduced to alumanyl 1.79. Monitoring by 1H NMR spectroscopy 

indicated that the formation of a new product was slowly manifested at room temperature. 

Optimisation of the reaction conditions concluded with heating to 40 C for 3 days, which 

yielded an exclusive product, 4.13 (Figure 4.10, Scheme 4.11). 

 

Figure 4. 10. 1H NMR (500 MHz, C6D6, 298 K) spectrum of alumanyl 1.79 and one 

equivalent of diphenylacetylene after three days at 40 °C. 
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Scheme 4. 11. Synthesis of the aluminacyclopropene derivative, 4.13. 

The 1H NMR spectrum of 4.13 was consistent with the literature product 4.10 and, 

hence, implied the formation of a symmetric AlC2 ring.54, 55 Such aluminacyclopropene 

analogues typically resonate in the range of 165.4-193.2 ppm in 13C NMR experiments, 

including 183.8 ppm for C=C in compound 4.10.24, 55 This resonance was not observed for the 

reaction of 1.79 and diphenylacetylene, and the diagnostic olefinic bond could not be 

unambiguously assigned on this basis. The structure of 4.13 was, however, elucidated by single 

crystal X-ray diffraction (Figure 4.11) following crystallisation of yellow block crystals from 

a toluene solution at room temperature. 

 

Figure 4. 11. Solid-state crystal structure of compound 4.13. All hydrogen atoms have been 

removed for clarity. Ellipsoids shown at 30% probability level. Dipp substituents are shown 

as wireframe for clarity. Symmetry operations to generate prime atoms: 2-y, 1+x-y, -⅓+z. 
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 As evidenced by the metric data described in Table 4.4, the [2+1] cycloaddition product 

formed (4.13) is directly comparable to compound 4.10.55 For example, the C(31)-Al(1)-C(32) 

angles are almost identical [4.10 = 41.10(14); 4.13 = 41.13(11)]. The relative facility of their 

formation, however, represents a significant difference between the two complexes. Reaction 

completion to yield compound 4.10 was attained after three hours at room temperature, in 

contrast to the 40 C heating over three days required for 4.13. This may be rationalised by the 

alumanyl 1.79 possessing a less reactive aluminium centre than the alkyl system constituting 

1.97.35, 36 Inspection of the bond lengths around the coordination sphere of the aluminium 

centre indicates that the differing steric profiles are not a factor in the divergent reaction times, 

with Al-C bond lengths seen to be identical in the respective three-membered AlC2 rings 

[Al(1)-C(31): 4.10 = 1.945(3); 4.13 = 1.955(3) Å].55 This may imply that closer approach of 

diphenylacetylene is not feasible for alumanyl 1.97 and, thus, would not account for the 

expedited reaction time under milder conditions, in comparison with 1.79. 

Table 4. 4. Selected bond distances (Å) and bond angles () for 4.13 and those of literature 

comparison, 4.10.55 

 4.10 4.13 

Al(1)-N(1) - 1.843(2) 

Al(1)-N(2) - 1.847(2) 

Al(1)-C(31) 1.945(3) 1.955(3) 

Al(1)-C(32) 1.940(3) 1.928(2) 

N(1)-Al(1)-N(2) - 113.99(10) 

N(1)-Al(1)-C(32) 

C(31)-Al(1)-C(32) 

- 

41.10(14) 

114.69(11) 

41.13(11) 

 

4.3.2. Reaction with Terminal Alkynes 

The efficacy with which the neutral aluminium(I) system (BDI)Al, 1.42, undergoes oxidative 

addition with a selection of E-H σ-bonds (E = H, SiHDipp2, Bpin, Cp*, PPh2, Oi-Pr or 

(BDI)AlH) was comprehensively evaluated by Nikonov and co-workers in 2014.7, 22 As 

illustrated in Scheme 4.12, these processes resulted in the installation of new Al-H and Al-E 

bonds to an aluminium(III) centre. 
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Scheme 4. 12. Oxidative additions of a selection of E-H σ-bonds to the neutral aluminium(I) 

compound 1.42, where E = H, SiHDipp2, Bpin, Cp*, PPh2, Oi-Pr or (BDI)AlH.7, 11, 22 

 Although this study incorporated the activation of H-H and C-H bonds, the scope was 

limited, as evidenced by the temperature of 343 K required to promote the oxidative addition 

of H2 to form the dihydride complex (BDI)AlH2 (1.44, E = H) and C-H activation being 

restricted to a single example; the Cp*-H bond. Furthermore, 1.42 was observed to be 

unreactive towards sp2 C-H bonds of benzene, toluene and terminal alkenes. These are 

significant differences from the reactivity of alumanyl anion 1.56, which undergoes oxidative 

addition of H2 under ambient conditions and the thermal activation of a C-H bond of benzene 

(Scheme 4.1).31 Furthermore, the oxidative addition of hydridic, protic and non-polar E-H σ-

bonds to the alumanyl 1.72 was reported by the Coles group in 2021 (Scheme 4.13).57 

 

Scheme 4. 13. Oxidative additions of E-H σ-bonds to alumanyl 1.72, where E = PhSiH2, 

MesPH, DippNH or ArO.57 

Prompted by the successful activation of E-H σ-bonds by 1.72 to form the 

(hydrido)aluminate salts (4.14), and the previous literature precedent for related small molecule 

activation by alumanyl anions, 3,3-dimethyl-1-butyne (t-BuCCH) and 2-ethynyl-1,3,5-

trimethylbenzene (MesCCH) were reacted with 1.79 (Scheme 4.14).31-37, 41, 44, 45, 57, 58 
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Scheme 4. 14. The formation of the C-H activation products 4.15 and 4.16. 

 

 The 1H NMR spectra of these stoichiometric reactions with t-BuCCH and MesCCH 

revealed the emergence of new products (4.15 and 4.16, respectively) after one day at room 

temperature, which were manifested as new diagnostic multiplets attributed to Dipp i-Pr 

protons on the alumanyl backbone (500 MHz, C6D6, 298 K: 4.15 = δ 4.20-4.12; 4.16 δ 4.34-

4.23 ppm) in comparison with the parent alumanyl system, 1.79 (δ 3.97 ppm). Colourless block 

crystals of 4.15 were afforded in the J Youngs NMR tubes after three days, which precluded 

any further meaningful in-situ analysis by 1H NMR spectroscopy. 

 Inspection of the corresponding 1H NMR spectrum of 4.16 (Figure 4.12), however, 

supported the metalation of the acetylenic hydrogen. The presence of two singlets for the SiMe2 

groups in a 1:1 ratio [δ 0.37 (s, 6H), 0.31 (s, 6H) ppm] is indicative of Cs symmetry enforced 

by a pseudo-tetrahedral “LAl(X)(Y)” centre, where L = O[SiMe2N(Dipp)]2.
57 Despite the 

insolubility of 4.15, solution-state analysis of the deposited crystals was achievable in d8-THF, 

and this characteristic 1:1 splitting of these SiMe2 protons was also observed (Figure 4.13). 
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Figure 4. 12. 1H NMR (500 MHz, C6D6, 298 K) spectrum of the reaction between alumanyl 

1.79 and MesCCH after three days at room temperature (* = toluene, # = hexane, x = silicone 

grease). 

 

Figure 4. 13. 1H NMR (500 MHz, d8-THF, 298 K) spectrum of colourless block crystals of 

compound 4.15. 
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Figure 4. 14. Solid-state crystal structures of compounds a) 4.15 and b) 4.16. All hydrogen 

atoms, except those attached to an aluminium centre or involved in potential K-H 

interactions, and co-crystallised solvent molecules have been removed for clarity. Ellipsoids 

shown at 30% probability level. Aryl substituents are shown as wireframe for clarity. 

Symmetry operations to generate prime atoms in 4.15: 1) ½-x, ½+y, +z; 2) ½-x, -½+y, +z. 
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Table 4. 5. Selected bond distances (Å) and bond angles () for compounds 4.15 and 4.16. 

 

 4.15 4.16 

Al(1)-N(1) 1.8705(18) 1.8639(13) 

Al(1)-N(2) 1.8652(19) 1.8597(13) 

Al(1)-C(31) 1.980(3) 1.9821(16) 

C(31)-C(32) 1.196(4) 1.215(2) 

N(1)-Al(1)-N(2) 113.89(8) 113.48(6) 

N(1)-Al(1)-C(31) 

N(2)-Al(1)-C(31) 

112.31(10) 

107.50(9) 

106.89(6) 

114.73(6) 

 

 Compounds 4.15 and 4.16 crystallise as (hydrido)(alkynyl)-aluminate ions 

[{CH2SiMe2N(Dipp)}2Al(H)(CCR)]- (Figure 4.14 and Table 4.5), where R = t-Bu and Mes, 

respectively. Both compounds contain an aluminium metal centre in a distorted tetrahedral 

geometry, with new Al(1)-C(31) [4.15 = 1.980(3); 4.16 = 1.9821(16) Å] and Al(1)-H(1) [4.15 

= 1.685; 4.16 = 1.745 Å] bonds. Although these data are consistent with the oxidative addition 

of terminal alkyne C-H bonds to the aluminium(I) centre of 1.79, it is acknowledged that the 

Al(1)-H(1) bond distances provided are unreliable as a result of the difficulty in locating 

hydrogen atoms by X-ray crystallography. Furthermore, no peak assignable to the Al-H bond 

could be observed in the corresponding 1H NMR spectra of both complexes, which can be 

rationalised by the quadrupolar nature (I = ⁵⁄₂) of adjacent aluminium nuclei. 

The Al(1)-N(1) and Al(1)-N(2) bond distances [4.15 = 1.8705(18) and 1.8639(13); 4.16 

= 1.8652(19) and 1.8597(13) Å, respectively] are significantly shorter than those of the parent 

alumanyl system, 1.79 [Al(1)-N(1/2) = 1.887(2)-1.8889(19) Å].35 This may be rationalised by 

the oxidative addition pathway facilitating an increase in the formal oxidation state of the metal 

centre from +1 to +3. This could promote a stronger interaction between the nitrogen centres 

and the more acidic aluminium, thus, generating shorter Al-N bonds.57 Compounds 4.15 and 

4.16 crystallised as a polymeric and a dimeric structure, respectively. The potassium cations in 

each structure engage in cation-π interactions with the Dipp groups, alongside K. . .H 

interactions with the aluminium hydride [4.15: 2.650; 4.16: 2.690-2.829 Å], which are implied 

from the X-ray crystallographic data. These distances are within the range of Al(µ-H)K 

fragments in related (hydrido)aluminates reported in the literature [2.61(2)-2.82(4) Å].31, 36, 57 

 To summarise, this chapter has described the activation of C≡N and C≡C triple bonds 

in small organic molecules through the use of the potassium alumanyl system, 1.79. Reductive 
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coupling of the C≡N triple bond of t-BuCN afforded an aluminium κ2-nitrile complex, 4.1, in 

contrast to the κN,N’-metalla-diazabutadiene complexes (4.3-4.5) yielded in reactions with i-

PrCN and o/m-tolunitrile, respectively, via nitrile-nitrile dimerisation. The formal coupling of 

an unsaturated molecule with a nitrile induced by an alumanyl complex demonstrates an 

innovative approach to synthesising novel cyclic aluminium iminato complexes. A [2+1] 

cycloaddition process was observed in the reaction of 1.79 with the internal alkyne 

diphenylacetylene to form the symmetric aluminacyclopropene product (4.13). It is postulated 

that the bulky chelating diamido ligand protects the formed strained AlC2 ring system from its 

ring-opening dimerisation, which would typically be induced by the Lewis acidic aluminium 

centre. Furthermore, the reaction of 1.79 with the terminal alkynes t-BuCCH and MesCCH 

generated the oxidative addition products 4.15 and 4.16, respectively, with metalation of the 

acetylenic protons observed. The reactivity of 1.79 described in this chapter has unequivocally 

demonstrated the diverse chemistry attainable with alumanyl anions and their potential to 

unlock previously inaccessible molecular frameworks. 

 

4.4. Experimental Data 

K[{CH2SiMe2N(Dipp)}2Al-κ2-NCt-Bu] (4.1) 

In a J Youngs NMR tube, potassium alumanyl 1.79 (40.0 mg, 

0.071 mmol) was dissolved in C6D6 (ca. 0.5 mL), after which t-

BuCN (5.93 mg, 0.071 mmol) was added. The bright yellow 

solution was then kept at room temperature for three days, after 

which a crop of yellow block crystals (26.9 mg, 59%) was 

deposited. 1H NMR (500 MHz, 298 K, d8-THF) δ 6.93 (d, 4H, Ar-H), 6.81-6.78 (m, 2H, Ar-

H), 4.10 (s, br, 2H, CHMe2), 3.80-3.69 (m, 2H, CHMe2), 1.29 (m, 12H, CHMe2), 1.21-1.13 (m, 

12H, CHMe2), 0.95 (s, 4H, SiCH2), 0.30 (s, 9H, t-Bu CH3), -0.04 (s, br, 12H, SiMe2) ppm. 

13C{1H} NMR (126 MHz, 298 K, d8-THF) δ 150.6 (Csp2), 150.4 (Csp2), 150.3 (Csp2), 147.7 

(Csp2), 147.5 (Csp2), 123.9 (Csp2), 123.5 (Csp2), 122.8 (Csp2), 122.2 (Csp2), 120.8 (Csp2), 41.1, 

31.9, 28.4, 28.0, 27.2, 26.7, 24.3 (CHMe2), 15.5 (SiCH2), 1.3 (SiMe2) ppm. Despite repeated 

attempts, a meaningful CHN microanalysis could not be obtained for this compound. 
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K[{CH2SiMe2N(Dipp)}2Al-κN,N’-{(H)N(i-Pr)C=C(C3H5)N(H)}].THF (4.3) 

In a J Youngs NMR tube, potassium alumanyl 1.79 (40.0 mg, 

0.071 mmol) was dissolved in C6D6 (ca. 0.5 mL), after which i-

PrCN (9.87 mg, 0.143 mmol) was added. The bright yellow 

solution was then kept at room temperature overnight. The 

volatiles were removed in-vacuo and the resulting off-white 

solid was redissolved in a mixture of n-hexane and THF. 

Colourless block crystals (13.1 mg, 51%) deposited at room temperature to provide compound 

4.2. 1H NMR (500 MHz, 298 K, d8-THF) δ 6.95-6.84 (m, 6H, Ar-H), 4.11 (s, br, 4H, CHMe2), 

3.86-3.81 (m, 3H, CHMe), 3.62 (m, 4H, THF CH2), 2.83 (hept, 3JHH = 6.9 Hz, 1H, CHMe2), 

2.51 (s, 2H, NH), 1.80 (s, 3H, CHMe), 1.77 (m, 4H, THF CH2), 1.25-1.11 (m, 32H, CH3), 0.92 

(s, br, 4H, SiCH2) 0.35 (s, br, 6H, SiMe2), -0.47 (s, br, 6H, SiMe2) ppm. 13C{1H} NMR (126 

MHz, 298 K, d8-THF) δ 145.5 (i-C6H3), 142.1 (o-C6H3), 122.0 (m-C6H3), 118.0 (p-C6H3), 97.3 

(AlNC), 68.4 (C=CMe2), 29.2, 28.3 (CHMe2), 26.6, 24.8, 22.4 (CHMe2), 15.9 (SiCH2), 1.9 

(SiMe2) ppm. Despite repeated attempts, a meaningful CHN microanalysis could not be 

obtained for this compound. 

K[{CH2SiMe2N(Dipp)}2Al(o-tolCN)2].C6D6 (4.4) 

In a J Youngs NMR tube, potassium alumanyl 1.79 (20.0 mg, 

0.036 mmol) was dissolved in C6D6 (ca. 0.5 mL) and o-

tolunitrile (8.36 mg, 0.071 mmol) was then added to the bright 

yellow d6-benzene solution. Upon addition of the nitrile, the 

solution immediately turned golden brown and was kept at 

room temperature overnight. The, now amber, solution was 

reduced to half volume in-vacuo and after 3 hours at room temperature, yellow block crystals 

(17.2 mg, 61%) suitable for single crystal X-ray diffraction analyses were observed. 1H NMR 

(500 MHz, 298 K, d8-THF) δ 6.83 (d, 4H, m-C6H3), 6.72-6.69 (m, 4H, Ar-H), 6.66-6.62 (m, 

2H, p-C6H3), 6.37-6.34 (m, 2H, Ar-H), 6.15-6.13 (m, 2H, Ar-H), 4.14 (s, br, 4H, CHMe2), 1.31 

(s, 6H, PhMe), 1.24-1.18 (m, 12H, CHMe2), 1.16-1.12 (m, 12H, CHMe2), 1.07 (s, 4H, SiCH2), 

0.06 (s, br, 12H, SiMe2) ppm. 13C{1H} NMR (126 MHz, 298 K, d8-THF) δ 169.3 (PhC=N), 

150.3, 147.5 (i-C6H4), 146.3, 137.8 (i-C6H3), 129.9, 129.5, 125.4, 123.6, 123.4, 121.7 (Csp2), 

27.9 (CHMe2), 26.6, 26.36, 26.0, 20.5 (CHMe2), 20.3 (PhMe), 16.3 (SiCH2), 1.8 (SiMe2) ppm. 
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Despite repeated attempts, a meaningful CHN microanalysis could not be obtained for this 

compound. 

K[{CH2SiMe2N(Dipp)}2Al(m-tolCN)2].2THF (4.5) 

In a J Youngs NMR tube, potassium alumanyl 1.79 (20.0 mg, 

0.036 mmol) was dissolved in C6D6 (ca. 0.5 mL), and m-

tolunitrile (8.36 mg, 0.071 mmol) was then added to the bright 

yellow d6-benzene solution of 1.79. Upon addition of the nitrile, 

the solution immediately turned golden brown and was kept at 

room temperature overnight. The volatiles were removed in-

vacuo and the resulting pale-yellow waxy solid was redissolved in THF. The slow diffusion of 

n-hexane into the THF solution facilitated the deposition of yellow block crystals (14.8 mg, 

52%) suitable for single crystal X-ray diffraction analysis. 1H NMR (500 MHz, 298 K, C6D6) 

δ 7.10 (s, 2H, o-C6H3), 6.88-6.87 (m, 4H, Ar-H), 6.85-6.82 (m, 2H, Ar-H), 6.78-6.68 (m, 6H, 

Ar-H), 4.37 (s, br, 4H, CHMe2), 2.01 (s, 6H, PhMe), 1.44-1.39 (m, 24H, CHMe2), 1.28-1.19 

(m, 4H, SiCH2), 0.49 (s, br, 12H, SiMe2) ppm. 13C{1H} NMR (126 MHz, 298 K, C6D6) δ 169.5 

(PhC=N), 150.2, 148.0 (i-C6H4), 144.0, 139.4 (i-C6H3), 136.9, 133.8, 132.5 (Csp2), 129.2, 129.1 

(o-C6H3), 127.4, 125.5, 123.1, 121.6, 119.3 (Csp2), 27.5 (CHMe2), 26.1, 25.8, 21.4, 20.7 

(CHMe2), 15.5 (SiCH2), 1.5 (SiMe2) ppm. 13C resonance correlated to AlC was not observed. 

Despite repeated attempts, a meaningful CHN microanalysis could not be obtained for this 

compound.  

K[{CH2SiMe2N(Dipp)}2Al-η2-(CC6H5)2].C6H5Me (4.13) 

In a J Youngs NMR tube, C6D6 (ca. 0.5 mL) was added to 

potassium alumanyl 1.79 (20.0 mg, 0.036 mmol) and 

diphenylacetylene (6.36 mg, 0.036 mmol), and the resulting 

amber solution was then heated at 40 C for three days. The 

volatiles were removed in-vacuo and the resulting amber waxy 

solid was redissolved in toluene. The slow evaporation of the 

toluene solvent at room temperature facilitated the deposition of yellow block crystals (17.2 

mg, 61%) suitable for single crystal X-ray diffraction analysis. 1H NMR (500 MHz, 298 K, 

C6D6) δ 6.92-6.87 (m, 8H, Ar-H), 6.75-6.72 (m, 2H, Ar-H), 6.70 – 6.64 (m, 6H, Ar-H), 4.36 

(hept, J = 6.8 Hz, 4H, CHMe2), 1.43 (d, J = 6.8 Hz, 12H, CHMe2), 1.27 (s, 4H, SiCH2), 1.22 

(d, J = 6.8 Hz, 12H, CHMe2), 0.33 (s, br, 12H, SiMe2) ppm. 13C{1H} NMR (126 MHz, 298 K, 
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C6D6) δ 150.96 (i-C6H3), 148.08 (i-C6H5), 146.31 (o-C6H3), 131.98 (i-C6H5), 128.35, 126.58, 

123.42, 122.88, 121.84 (Csp2), 27.79 (CHMe2), 26.09, 25.30, 23.84, 22.61 (CHMe2), 15.21 

(SiCH2), 1.26 (SiMe2) ppm. 13C resonance correlated to AlC was not observed. Despite 

repeated attempts, a meaningful CHN microanalysis could not be obtained for this compound. 

K[{CH2SiMe2N(Dipp)}2Al(H)(C≡Ct-Bu)] (4.15) 

In a J Youngs NMR tube, potassium alumanyl 1.79 (50.0 mg, 

0.089 mmol) was dissolved in C6D6 (ca. 0.5 mL). 3,3-Dimethyl-

1-butyne (7.33 mg, 0.089 mmol) was then added to the bright 

yellow d6-benzene solution of 1.79 and was kept at room 

temperature for three days, after which a crop of colourless block 

crystals (32.2 mg, 56%) was deposited. 1H NMR (500 MHz, d8-THF) δ 6.96 (dd, 3JHH = 7.5, 

4JHH = 1.8 Hz, 2H, Ar-H), 6.92 (dd, 3JHH = 7.5, 4JHH = 1.8 Hz, 2H, Ar-H), 6.80 (t, 3JHH = 7.5 

Hz, 2H, Ar-H), 4.14 (hept, 3JHH = 6.9 Hz, 2H, CHMe2), 4.03 (hept, 3JHH = 6.9 Hz, 2H, CHMe2), 

1.35 (d, 3JHH = 6.9 Hz, 6H, CHMe2), 1.24 (d, 3JHH = 6.9 Hz, 6H, CHMe2), 1.16 (d, 3JHH = 6.9 

Hz, 6H, CHMe2), 1.14 (d, 3JHH = 6.9 Hz, 6H, CHMe2), 0.92 (s, 4H, SiCH2), 0.70 (s, 9H, 

C(CH3)3), -0.02 (s, 6H, SiMe2), -0.03 (s, 6H, SiMe2) ppm. 1H resonance correlated to AlH was 

not observed. 13C{1H} NMR (126 MHz, 298 K, d8-THF) δ 150.7 (i-C6H3), 148.7, 148.6 (o-

C6H3), 123.6, 123.5 (m-C6H3), 121.7 (p-C6H3), 31.9 (C(CH3)3), 28.2, 27.8 (CHMe2), 26.8, 26.6 

26.1, 25.6 (CHMe2), 16.0 (SiCH2), 1.2, 1.2 (SiMe2) ppm. Quaternary carbons not observed. 

CHN analysis; Calculated: C36H60AlKN2Si2, C: 67.23%, H: 9.40%, N: 4.36%. Experimental: 

C: 67.37%, H: 9.35%, N: 4.19%. 

K2[{CH2SiMe2N(Dipp)}2Al(H){C6H2(2,4,6-Me3)}]2 (4.16) 

In a J Youngs NMR tube, potassium alumanyl 1.79 (20.0 

mg, 0.036 mmol) was dissolved in C6D6 (ca. 0.5 mL). 2-

Ethynyl-1,3,5-trimethylbenzene (5.15 mg, 0.036 mmol) 

was then added to the bright yellow d6-benzene solution of 

1.79 and kept at room temperature for two days. After 

decanting the solution into a glass vial, slow evaporation of the d6-benzene solution at room 

temperature yielded a crop of colourless block crystals (13.1 mg, 51%). 1H NMR (500 MHz, 

298 K, C6D6) δ 6.98-6.94 (m, 2H, Ar-H), 6.84-6.82 (m, 4H, Ar-H), 6.65-6.62 (m, 2H, Ar-H), 

4.34 (hept, 3JHH = 6.8 Hz, 2H, CHMe2), 4.23 (hept, 3JHH = 6.5 Hz, 1H, CHMe2), 4.04-3.98 (m, 

1H, CHMe2), 2.13 (s, 3H, Mes CH3), 2.04 (s, 3H, Mes CH3), 2.00 (m, 3H, Mes CH3), 1.37-
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1.33 (m, 12H, CHMe2), 1.30-1.27 (m, 12H, CHMe2), 0.80 (s, br, 4H, SiCH2) 0.37 (s, 6H, 

SiMe2), 0.37 (s, 6H, SiMe2) ppm. 1H resonance correlated to AlH was not observed. 13C{1H} 

NMR (126 MHz, 298 K, C6D6) δ 150.1 (i-C6H3), 149.1, 148.5 (o-C6H3), 145.9 (i-C6H2), 139.3 

(o-C6H2), 136.4 (p-C6H2), 129.6 (m-C6H2), 123.5 (p-C6H3), 122.6, 122.1 (m-C6H3), 27.8, 27.6 

(CHMe2), 27.3, 26.3, 25.6, 25.3 (CHMe2), 21.9 (o-Me C6H2), 21.2 (p-Me C6H2), 15.1 (SiCH2), 

1.6, 1.3 (SiMe2) ppm. 13C resonance correlated to AlC was not observed. CHN analysis; 

Calculated: C41H63AlKN2Si2, C: 69.73%, H: 8.99%, N: 3.97%. Experimental: C: 68.33%, H: 

8.68%, N: 3.87%. 
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5. Conclusions 
 

In summary, this thesis describes a variety of investigations into the chemistry of compounds 

in which an s-block element centre is combined with a formally low oxidation state boron- or 

aluminium-centred ligand. These species generally act as sources of group 13-centred 

nucleophiles, in contrast to the more typical Lewis acidic behaviour of these elements. 

 A number of key conclusions can be drawn from these studies. The syntheses of 

iminoborate compounds in Chapter 2 indicates the utility of magnesium diboranate anions as a 

surrogate source of nucleophilic boron. This reactivity is a consequence of the chelation of a 

base to the magnesium centre, which is proposed to subsequently rupture the B-B bond of the 

diboronate moiety and form a terminal boryl intermediate. Substituent-dependent modulation 

in the basicity and resultant electrophilicity of the iminoborate compounds appears to facilitate 

the reactivity towards additional base equivalents. This is evidenced by the formation of aryl 

organoboron compounds 2.7 and 2.8 from compound 2.6, in contrast to the unreactivity of the 

alkyl derivative 2.1. 

 An analogous study with a calcium diboranate, 3.2, was conducted in Chapter 3. The 

larger group 2 metal centre is better equipped to accommodate further ligand partners without 

tandem Ca-O or B-B cleavage within the diboranate system. This transition from SN2-type 

reactivity with the magnesium diboranate, 1.14, to d-block-type reactivity with the calcium 

analogue, 3.2, is rationalised by the lack of reactivity beyond the coordination of selected 

nitriles to the calcium centre (compounds 3.8-3.10). The potential for calcium-mediated 

nucleophilic boron is, however, implied by the insertion of an isonitrile into the B(sp2)-B(sp3) 

bond of 3.2 to form compound 3.11, and the generation of triboranate species by treatment of 

both calcium and strontium bis-hexamethyldisilazides with B2pin2. 

 Finally, Chapter 4 exemplified the reactivity of a formally low oxidation state 

potassium alumanyl, 1.79, with C≡N and C≡C triple bonds. These studies draw attention to the 

diverse chemistry attainable with alumanyl anions, with reductive coupling, cycloaddition and 

oxidative addition pathways all observed. Accordingly, these investigations reinforce the 

synthetic potential of alumanyls to yield novel and structurally unique group 13 species. 
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6. Future Work 
 

Although extensive studies are described herein, continuation of this work will provide greater 

insight into the synthetic utility of alkaline earth-mediated diboranate species in the synthesis 

of novel organoboron compounds, in addition to the facilitation of element-element bond 

forming reactions accessible with potassium alumanyl species. 

 DFT data, described in Chapters 2 and 3, for the reactivity of group 2 diboranate anions 

with organic nitriles gives useful understanding into the congeneric variation of these systems. 

Further ab initio studies, however, could provide key insight into transition state structure, 

which could be correlated with the observed reactivity towards the isonitrile t-BuNC. The 

insertion of t-BuNC into the B(sp2)-B(sp3) bond of the calcium diboranate 3.2, in contrast to 

the coordination of the nitrile t-BuCN to the calcium centre, is a step of significant interest and, 

therefore, requires mechanistic insight. 

 Whilst Chapter 3 successfully describes the isolation of non--diketiminate-based 

alkaline earth triboranates (3.20 and 3.22), their reactivities must be investigated. Treatment 

with electrophilic substrates is of interest, particularly with the aim of facilitating nucleophilic 

boron without the issues of redistribution for the heavier alkaline earth congeners described 

herein. 

 The observed C-C coupling in Chapter 4 between two, previously sp-hybridised, carbon 

atoms of nitrile units (compounds 4.3-4.5) via reactivity with a potassium alumanyl warrants 

further investigation. The potential for alumanyl-mediated reductive C-C coupling of other 

organic substrates, therefore, requires interrogation, with more productive element-element 

bond forming reactions of key interest.  
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7. General Experimental Procedures 
 

7.1. General Synthetic Notes 

All manipulations were carried out using standard Schlenk line and glovebox techniques under 

an inert atmosphere of argon. NMR experiments were conducted in J Youngs tap NMR tubes 

prepared and sealed in a glovebox. NMR spectra were collected on a Bruker AV-400 (400 

MHz) spectrometer or an Agilent ProPulse spectrometer operating at 500 MHz and at a 

temperature of 298 K unless stated otherwise. The spectra were referenced relative to residual 

protio solvent resonances or an external BF3.OEt2 standard for 11B{1H} experiments. Elemental 

analysis was performed externally by Elemental Microanalysis Ltd., Okehampton, Devon, UK. 

For each compound at least three attempts were made to acquire satisfactory elemental analysis 

results (i.e. within ±0.5% of the expected C, H and N content). Solvents (toluene, hexane, 

diethyl ether) used were dried by passage through a commercially available (Innovative 

Technologies) solvent purification system under argon or utilising potassium/benzophenone 

(THF) and stored over 4 Å molecular sieves. Deuterated solvents (d8-toluene, C6D6, d8-THF) 

were purchased from Sigma-Aldrich Ltd., dried over a potassium mirror before vacuum 

distilling under argon and storing over molecular sieves. Di-n-butylmagnesium (1.0 M solution 

in n-heptane), nitriles, isonitriles, and acetylenes were purchased from Sigma-Aldrich Ltd. and 

used without further purification. Bis(pinacolato)diborane (B2pin2) was purchased from Sigma-

Aldrich Ltd. and purified by sublimation under vacuum at 80 °C before use. Starting materials 

were synthesised according to literature conditions (see Chapter 1, and references contained 

therein). 

 

7.2. Crystallographic Analysis 

Single crystal X-ray diffraction data for all compounds were collected on a Supernova, EosS2 

diffractometer using Cu-K ( = 1.54184 Å) radiation throughout. The crystals were 

maintained at 150(2) K during data collection. Dr Mary Mahon assisted in the processing of 

the crystallographic data. All structures were solved using Olex2 and refined with the ShelXL 

suite of programs using Least Squares minimization.1 

 

1. O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. Howard and H. Puschmann, J. Appl. 

Crystallogr., 2009, 42, 339-341. 
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 2.1 2.2 2.4 

Empirical formula C52.5H85B2MgN3O4  C52.5H89B2MgN3O4  C46.5H71BMgN4O2  

Formula weight 868.16  872.19  753.19  

Temperature / K 150.00(10)  150.01(10)  150.01(10)  

Crystal system Monoclinic  Monoclinic  Triclinic  

Space group P21/n  C2/c  P-1  

a / Å 11.6153(1)  36.7820(6)  11.7365(2)  

b / Å 23.5122(2)  15.5738(2)  12.6432(3)  

c / Å 19.4842(2)  19.0103(3)  16.8901(4)  

α / ° 90  90  90.694(2)  

β / ° 99.398(1)  99.660(1)  108.261(2)  

γ / ° 90  90  105.976(2)  

Volume / Å3 5249.74(8)  10735.4(3)  2274.81(9)  

Z 4  8  2  

ρcalc / g/cm3
 1.098  1.079  1.100  

µ / mm-1 0.625  0.612  0.631  

F(000) 1900.0  3832.0  822.0  

Crystal size / mm3 0.208 × 0.189 × 0.106  0.14 × 0.094 × 0.092  0.315 × 0.216 × 0.166  

Radiation CuKα (λ = 1.54184 Å)  CuKα (λ = 1.54184 Å) CuKα (λ = 1.54184 Å) 

2θ range for data collection / ° 5.938 to 146.858  6.176 to 146.252  5.542 to 146.186  

Index ranges -14 ≤ h ≤ 12, -24 ≤ k ≤ 29, -22 ≤ l ≤ 24  -45 ≤ h ≤ 45, -19 ≤ k ≤ 19, -23 ≤ l ≤ 20  -14 ≤ h ≤ 14, -15 ≤ k ≤ 14, -20 ≤ l ≤ 20  

Reflections collected 72525  45878  25194  

Independent reflections 10505 [Rint = 0.0406, Rsigma = 0.0223]  10690 [Rint = 0.0473, Rsigma = 0.0434]  9038 [Rint = 0.0240, Rsigma = 0.0262]  

Data / restraints / parameters 10505/246/780  10690/14/650  9038/28/555  

Goodness-of-fit on F2 1.038  1.022  1.036  

Final R indexes [I >= 2σ (I)] R1 = 0.0727, wR2 = 0.1934  R1 = 0.0509, wR2 = 0.1311  R1 = 0.0395, wR2 = 0.1041  

Final R indexes [all data] R1 = 0.0835, wR2 = 0.2045  R1 = 0.0652, wR2 = 0.1417  R1 = 0.0437, wR2 = 0.1076  

Largest diff. peak/hole / e. Å-3 0.66/-0.59  0.54/-0.30  0.26/-0.21  
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 2.6 2.7 2.8 

Empirical formula C56H88B2MgN3O4  C65H88BMgN5O2  C76H102BMgN6O2  

Formula weight 913.22  1006.52  1166.75  

Temperature / K 150.00(10)  150.00(10)  150.00(10)  

Crystal system Triclinic  Monoclinic  Triclinic  

Space group P-1  P21/c  P-1  

a / Å 11.2114(2)  18.4280(5)  11.9955(3)  

b / Å 12.0585(2)  13.0574(3)  14.4571(2)  

c / Å 21.9245(3)  27.8233(9)  20.6837(4)  

α / ° 89.0540(10)  90  82.187(2)  

β / ° 82.7760(10)  106.588(3)  86.300(2)  

γ / ° 72.506(2)  90  82.390(2)  

Volume / Å3 2803.79(8)  6416.3(3)  3518.42(12)  

Z 2  4  2  

ρcalc / g/cm3
 1.082  1.042  1.101  

µ / mm-1 0.608  0.563  0.580  

F(000) 998.0  2184.0  1266.0  

Crystal size / mm3 0.128 × 0.076 × 0.064  0.211 × 0.1 × 0.055  0.257 × 0.136 × 0.113  

Radiation CuKα (λ = 1.54184 Å) CuKα (λ = 1.54184 Å) CuKα (λ = 1.54184 Å) 

2θ range for data collection / ° 7.69 to 146.088  7.538 to 146.286  6.22 to 147.242  

Index ranges -13 ≤ h ≤ 12, -14 ≤ k ≤ 14, -27 ≤ l ≤ 25  -18 ≤ h ≤ 22, -16 ≤ k ≤ 8, -33 ≤ l ≤ 34  -14 ≤ h ≤ 14, -17 ≤ k ≤ 14, -25 ≤ l ≤ 25  

Reflections collected 35411  26516  45242  

Independent reflections 11153 [Rint = 0.0369, Rsigma = 0.0385]  12194 [Rint = 0.0426, Rsigma = 0.0630]  14095 [Rint = 0.0423, Rsigma = 0.0456]  

Data / restraints / parameters 11153/0/616  12194/0/630  14095/0/740  

Goodness-of-fit on F2 1.028  0.986  1.049  

Final R indexes [I >= 2σ (I)] R1 = 0.0560, wR2 = 0.1520  R1 = 0.0621, wR2 = 0.1665  R1 = 0.0466, wR2 = 0.1210  

Final R indexes [all data] R1 = 0.0649, wR2 = 0.1615  R1 = 0.0887, wR2 = 0.1854  R1 = 0.0586, wR2 = 0.1295  

Largest diff. peak/hole / e. Å-3 0.45/-0.29  0.42/-0.30  0.46/-0.26  
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 2.10 2.14  

Empirical formula C51H67BMgN4O2  C55H90B3MgN3O6   

Formula weight 803.20  946.03   

Temperature / K 150.01(10)  150.00(10)   

Crystal system Monoclinic  Monoclinic   

Space group P21  P21/c   

a / Å 12.5284(2)  11.5951(1)   

b / Å 13.0168(2)  19.7465(1)   

c / Å 15.0897(3)  24.9374(2)   

α / ° 90  90   

β / ° 104.7401(18)  96.330(1)   

γ / ° 90  90   

Volume / Å3 2379.85(7)  5674.92(7)   

Z 1  4   

ρcalc / g/cm3
 1.121  1.107   

µ / mm-1 0.637  0.640   

F(000) 868.0  2064.0   

Crystal size / mm3 0.195 × 0.132 × 0.071  0.254 × 0.110 × 0.085   

Radiation CuKα (λ = 1.54184 Å) CuKα (λ = 1.54184 Å)  

2θ range for data collection / ° 6.056 to 146.27  7.672 to 145.954   

Index ranges -15 ≤ h ≤ 11, -16 ≤ k ≤ 16, -18 ≤ l ≤ 18  -14 ≤ h ≤ 10, -24 ≤ k ≤ 24, -30 ≤ l ≤ 29   

Reflections collected 29915  79287   

Independent reflections 9131 [Rint = 0.0469, Rsigma = 0.0461]  11295 [Rint = 0.0298, Rsigma = 0.0183]   

Data / restraints / parameters 9131/1/548  11295/57/704   

Goodness-of-fit on F2 1.043  1.033   

Final R indexes [I >= 2σ (I)] R1 = 0.0362, wR2 = 0.0864  R1 = 0.0556, wR2 = 0.1564   

Final R indexes [all data] R1 = 0.0415, wR2 = 0.0895  R1 = 0.0611, wR2 = 0.1628   

Largest diff. peak/hole / e. Å-3 0.16/-0.17  1.52/-0.52   

Flack parameter 0.01(3) -  
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 3.2 3.8 3.9  

Empirical formula C50.5H81B2CaN2O4  C55H94B2CaN3O4 C54H92B2CaN3O4   

Formula weight 841.87  923.03 909.00   

Temperature / K 150.01(10)  150.00(10)  150.00(10)   

Crystal system Triclinic  Orthorhombic  Orthorhombic   

Space group P-1  Pca21  Pbcn   

a / Å 12.2460(7)  24.6383(3)  18.0737(1)   

b / Å 18.2451(9)  17.84480(10)  24.5666(3)   

c / Å 22.8876(10)  26.0172(2)  25.5041(2)   

α / ° 86.783(4)  90  90   

β / ° 88.589(4)  90  90   

γ / ° 89.201(4)  90  90   

Volume / Å3 5103.8(4)  11438.87(18)  11324.06(18)   

Z 4  4  8   

ρcalc / g/cm3
 1.096  1.072  1.066   

µ / mm-1 1.375  1.268  1.274   

F(000) 1840.0  4056.0  3992.0   

Crystal size / mm3 0.339 × 0.303 × 0.083  0.283 × 0.234 × 0.117  0.243 × 0.164 × 0.085   

Radiation CuKα (λ = 1.54184 Å) CuKα (λ = 1.54184 Å) CuKα (λ = 1.54184 Å)  

2θ range for data collection / ° 7.74 to 140.15  6.794 to 146.468  6.992 to 146.63   

Index ranges -14 ≤ h ≤ 14, -22 ≤ k ≤ 22, -27 ≤ l ≤ 27  -30 ≤ h ≤ 30, -22 ≤ k ≤ 15, -32 ≤ l ≤ 32  -15 ≤ h ≤ 22, -30 ≤ k ≤ 30, -31 ≤ l ≤ 31   

Reflections collected 21143  152874  151067   

Independent reflections 21143 [Rint = 0.0997, Rsigma = 0.0812] 22804 [Rint = 0.0635, Rsigma = 0.0352]  11351 [Rint = 0.0606, Rsigma = 0.0231]   

Data / restraints / parameters 21143/497/1243  22804/3/1179  11351/149/628   

Goodness-of-fit on F2 1.035  1.028  1.053   

Final R indexes [I >= 2σ (I)] R1 = 0.0997, wR2 = 0.2507  R1 = 0.0468, wR2 = 0.1226  R1 = 0.0422, wR2 = 0.1105   

Final R indexes [all data] R1 = 0.1251, wR2 = 0.2631  R1 = 0.0551, wR2 = 0.1294  R1 = 0.0533, wR2 = 0.1172   

Largest diff. peak/hole / e. Å-3 0.90/-0.82  0.27/-0.28  0.27/-0.16   

Flack parameter - 0.090(5) -  
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 3.11 3.17 3.18  

Empirical formula C59H94B3CaN3O6 C48H120B4Ca2N4O8Si8 C31H68B2N2O4Si4Sr   

Formula weight 1013.88 1229.59 754.47   

Temperature / K 150.00(10) 150.00(10) 150.01(10)   

Crystal system Triclinic Monoclinic Orthorhombic   

Space group P-1 P21/c P212121   

a / Å 11.2516(2) 17.54780(10) 13.1158(1)   

b / Å 13.3172(3) 12.81340(10) 14.9134(1)   

c / Å 20.8818(5) 33.9528(2) 22.6457(2)   

α / ° 83.912(2) 90 90   

β / ° 80.949(2) 90.8640(10) 90   

γ / ° 77.803(2) 90 90   

Volume / Å3 3011.61(12) 7633.32(9) 4429.53(6)   

Z 2 4 4   

ρcalc / g/cm3
 1.118 1.070 1.131   

µ / mm-1 1.271 2.832 2.967   

F(000) 1104.0 2688.0 1616.0   

Crystal size / mm3 0.255 × 0.166 × 0.085 0.247 × 0.165 × 0.149 0.275 × 0.107 × 0.091   

Radiation CuKα (λ = 1.54184 Å) CuKα (λ = 1.54184 Å) CuKα (λ = 1.54184 Å)  

2θ range for data collection / ° 7.776 to 145.99 7.192 to 146.208 7.098 to 145.996   

Index ranges -11 ≤ h ≤ 13, -16 ≤ k ≤ 16, -25 ≤ l ≤ 25 -21 ≤ h ≤ 21, -15 ≤ k ≤ 11, -39 ≤ l ≤ 42 -16 ≤ h ≤ 16, -18 ≤ k ≤ 14, -27 ≤ l ≤ 27   

Reflections collected 38857 99188 60956   

Independent reflections 11998 [Rint = 0.0398, Rsigma = 0.0443] 15197 [Rint = 0.0442, Rsigma = 0.0277] 8822 [Rint = 0.0525, Rsigma = 0.0295]   

Data / restraints / parameters 11998/211/720 15197/289/794 8822/0/418   

Goodness-of-fit on F2 1.024 1.024 1.066   

Final R indexes [I >= 2σ (I)] R1 = 0.0402, wR2 = 0.1008 R1 = 0.0318, wR2 = 0.0822 R1 = 0.0326, wR2 = 0.0900   

Final R indexes [all data] R1 = 0.0475, wR2 = 0.1075 R1 = 0.0365, wR2 = 0.0856 R1 = 0.0337, wR2 = 0.0912   

Largest diff. peak/hole / e. Å-3 0.27/-0.24 0.35/-0.30 0.49/-0.55   

Flack parameter - - -0.057(6)  

 

 

 



164 

 

 3.19 3.21   

Empirical formula C43.5H89.5B6CaO12  C74H160B6N4O12Si8Sr3    

Formula weight 909.59  1850.49    

Temperature / K 150.00(10)  150.01(10)    

Crystal system Triclinic  Monoclinic    

Space group P-1  C2/c    

a / Å 11.3066(4)  30.0711(5)    

b / Å 15.0648(5)  12.2387(2)    

c / Å 15.6882(5)  29.5079(4)    

α / ° 84.688(3)  90    

β / ° 84.582(3)  108.521(2)    

γ / ° 72.590(3)  90    

Volume / Å3 2532.56(15)  10297.4(3)    

Z 2  4    

ρcalc / g/cm3
 1.193  1.194    

µ / mm-1 1.514  3.287    

F(000) 993.0  3936.0    

Crystal size / mm3 0.136 × 0.081 × 0.057  0.537 × 0.302 × 0.12    

Radiation CuKα (λ = 1.54184 Å) CuKα (λ = 1.54184 Å)   

2θ range for data collection / ° 5.672 to 146.404  7.314 to 148.434    

Index ranges -13 ≤ h ≤ 14, -18 ≤ k ≤ 18, -18 ≤ l ≤ 19  -36 ≤ h ≤ 37, -14 ≤ k ≤ 15, -33 ≤ l ≤ 36    

Reflections collected 29953  56224    

Independent reflections 10101 [Rint = 0.0312, Rsigma = 0.0365]  10346 [Rint = 0.0364, Rsigma = 0.0273]    

Data / restraints / parameters 10101/19/581  10346/379/617    

Goodness-of-fit on F2 1.052  1.079    

Final R indexes [I >= 2σ (I)] R1 = 0.0442, wR2 = 0.1186  R1 = 0.0342, wR2 = 0.0908    

Final R indexes [all data] R1 = 0.0517, wR2 = 0.1246  R1 = 0.0377, wR2 = 0.0941    

Largest diff. peak/hole / e. Å-3 0.30/-0.38  0.60/-0.41    
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 4.1 4.3 4.4 

Empirical formula C35H59AlKN3Si2 C42H72AlKN4OSi2 C98H134Al2K2N8Si4 

Formula weight 644.11 771.29 1668.64 

Temperature / K 150.00(10) 150.00(10) 150.00(10) 

Crystal system Orthorhombic Monoclinic Monoclinic 

Space group Pbca P21/c P21/c 

a / Å 12.28790(10) 10.4318(1) 12.3727(2) 

b / Å 18.2457(2) 21.6718(1) 43.9961(5) 

c / Å 33.9082(4) 20.7534(1) 18.1544(2) 

α / ° 90 90 90 

β / ° 90 103.608(1) 104.9230(10) 

γ / ° 90 90 90 

Volume / Å3 7602.26(14) 4560.13(6) 9549.1(2) 

Z 8 4 4 

ρcalc / g/cm3
 1.126 1.123 1.161 

µ / mm-1 2.238 1.963 1.902 

F(000) 2800.0 1680.0 3592.0 

Crystal size / mm3 0.237 × 0.101 × 0.048 0.273 × 0.227 × 0.133 0.108 × 0.064 × 0.049 

Radiation CuKα (λ = 1.54184 Å) CuKα (λ = 1.54184 Å) CuKα (λ = 1.54184 Å) 

2θ range for data collection / ° 8.888 to 146.13 8.16 to 146.536 7.662 to 146.136 

Index ranges -11 ≤ h ≤ 15, -22 ≤ k ≤ 22, -41 ≤ l ≤ 41 -12 ≤ h ≤ 12, -26 ≤ k ≤ 26, -25 ≤ l ≤ 23 -15 ≤ h ≤ 15, -54 ≤ k ≤ 50, -22 ≤ l ≤ 19 

Reflections collected 99245 64757 93702 

Independent reflections 7584 [Rint = 0.0702, Rsigma = 0.0361] 9125 [Rint = 0.0335, Rsigma = 0.0199] 19006 [Rint = 0.0606, Rsigma = 0.0469] 

Data / restraints / parameters 7584/3/405 9125/74/520 19006/0/1055 

Goodness-of-fit on F2 0.948 1.028 1.023 

Final R indexes [I >= 2σ (I)] R1 = 0.0358, wR2 = 0.0929 R1 = 0.0358, wR2 = 0.1001 R1 = 0.0456, wR2 = 0.1053 

Final R indexes [all data] R1 = 0.0441, wR2 = 0.0987 R1 = 0.0386, wR2 = 0.1027 R1 = 0.0630, wR2 = 0.1139 

Largest diff. peak/hole / e. Å-3 0.35/-0.22 0.31/-0.33 0.34/-0.24 
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 4.5 4.13 4.15 

Empirical formula C57H87AlKN4O2Si2  C44H60AlKN2Si2  C36H60AlKN2Si2 

Formula weight 982.56  739.20  643.12 

Temperature / K 150.00(10)  150.00(10)  150.00(10) 

Crystal system Triclinic  Trigonal  Orthorhombic 

Space group P-1  P32  Pbca 

a / Å 13.0244(2)  17.2766(2)  12.4668(1) 

b / Å 14.0474(3)  17.2766(2)  17.8660(2) 

c / Å 19.0196(3)  12.43360(10)  34.9717(6) 

α / ° 98.921(2)  90  90 

β / ° 104.173(2)  90  90 

γ / ° 115.962(2)  120  90 

Volume / Å3 2892.86(10)  3213.99(8)  7789.31(17) 

Z 2  3  8 

ρcalc / g/cm3
 1.128  1.146  1.097 

µ / mm-1 0.190  2.044  2.175 

F(000) 1066.0  1194.0  2800.0 

Crystal size / mm3 0.259 × 0.211 × 0.156  0.104 × 0.092 × 0.077  0.233 × 0.189 × 0.15 

Radiation CuKα (λ = 1.54184 Å) CuKα (λ = 1.54184 Å) CuKα (λ = 1.54184 Å) 

2θ range for data collection / ° 3.382 to 52.288  9.248 to 142.85  8.712 to 146.358 

Index ranges -16 ≤ h ≤ 15, -17 ≤ k ≤ 17, -18 ≤ l ≤ 23  -20 ≤ h ≤ 21, -21 ≤ k ≤ 21, -15 ≤ l ≤ 15  -15 ≤ h ≤ 9, -21 ≤ k ≤ 21, -42 ≤ l ≤ 43 

Reflections collected 40308  44687  103742 

Independent reflections 11522 [Rint = 0.0280, Rsigma = 0.0320]  7928 [Rint = 0.0496, Rsigma = 0.0363]  7762 [Rint = 0.0791, Rsigma = 0.0311] 

Data / restraints / parameters 11522/345/727  7928/1/464  7762/0/409 

Goodness-of-fit on F2 1.017  1.046  1.048 

Final R indexes [I >= 2σ (I)] R1 = 0.0439, wR2 = 0.1163  R1 = 0.0332, wR2 = 0.0816  R1 = 0.0522, wR2 = 0.1368 

Final R indexes [all data] R1 = 0.0477, wR2 = 0.1198  R1 = 0.0359, wR2 = 0.0834  R1 = 0.0631, wR2 = 0.1440 

Largest diff. peak/hole / e. Å-3 0.66/-0.50  0.29/-0.15  0.55/-0.31 

Flack parameter - 0.481(12) - 
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 4.16 

Empirical formula C92.5H136Al2K2N4Si4  

Formula weight 1548.56  

Temperature / K 150.00(10)  

Crystal system Triclinic  

Space group P-1  

a / Å 14.1666(2)  

b / Å 15.0600(2)  

c / Å 24.0306(3)  

α / ° 100.769(1)  

β / ° 101.146(1)  

γ / ° 108.542(1)  

Volume / Å3 4596.01(11)  

Z 2  

ρcalc / g/cm3
 1.119  

µ / mm-1 1.924  

F(000) 1678.0  

Crystal size / mm3 0.214 × 0.128 × 0.113  

Radiation CuKα (λ = 1.54184 Å) 

2θ range for data collection / ° 7.468 to 145.866  

Index ranges -16 ≤ h ≤ 17, -18 ≤ k ≤ 18, -29 ≤ l ≤ 23  

Reflections collected 65215  

Independent reflections 18224 [Rint = 0.0242, Rsigma = 0.0250]  

Data / restraints / parameters 18224/42/1022  

Goodness-of-fit on F2 1.025  

Final R indexes [I >= 2σ (I)] R1 = 0.0391, wR2 = 0.1047  

Final R indexes [all data] R1 = 0.0423, wR2 = 0.1074  

Largest diff. peak/hole / e. Å-3 1.51/-0.37  

 

 


