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Abstract 

This thesis describes the synthesis, structures and reactivities of gallium and aluminium 

complexes supported by β-diketiminato ligands ([CR{C(R)N(R’)}2]-, abbrev. [(BDIR’)]-). 

Chapter 1 gives a general introduction into the trends and properties that distinguish the 

heavier p-block elements from their lighter counterparts. An introduction into the theory of 

multiple bond formation, both homonuclear and heteronuclear, in the heavy p-block 

elements is provided and a summary of the sterically demanding ligands required to stabilise 

these complexes is introduced. The β-diketiminato ligand framework utilised in this study is 

introduced and the methods of generation of low valent gallium and aluminium complexes 

supported by the BDIDIPP ligand are discussed. 

Chapter 2 discusses the reactivity of the complex BDIDIPPGa with diazo- compounds in the 

quest to isolate a complex with a formal gallium-carbon double bond. BDIDIPPGa reacts with 

two equivalents of both trimethylsilyldiazomethane and diazofluorene, presumably through 

the target gallium-carbon double bond intermediate. No reaction is observed with di-tert-

butyldiazomethane, while BDIDIPPGa catalyses the decomposition of diphenyldiazomethane 

into tetraphenylethene. Three new β-diketiminato gallium(I) complexes were synthesised: 

ArBDIDIPPGa, BDIAr*Ga and BDIAr’Ga. ArBDIDIPPGa also reacted with two equivalents of 

trimethylsilyldiazomethane, presumably through the target gallium-carbon double bond 

intermediate. BDIAr*Ga and BDIAr’Ga both inserted into the C-H bond of 

trimethylsilyldiazomethane to give BDIAr*Ga(H)C(N2)SiMe3 and BDIAr’Ga(H)C(N2)SiMe3 

respectively. Upon addition of diazofluorene to BDIAr*Ga, one of the aromatic protons of the 

BDIAr* ligand was abstracted by the diazofluorene, resulting in coordination of one of the 

flanking phenyl groups to the gallium centre. 

Chapter 3 discusses an investigation into the formation of formal double bonds between 

aluminium and phosphorus, and gallium and phosphorus. The proposed 

‘deprotonation/elimination’ method, reacting BDIDIPPM(PHAr)Cl (M = Al, Ga Ar = Ph, Mes) with 

nBuLi, resulted in the formation of intractable mixtures of products. Direct synthesis by the 

addition of MesPLi2 to BDIDIPPMCl2 (M = Al, Ga) resulted in the formation of 

BDIDIPPM(PHMes)Cl (M = Al, Ga). Changing the elimination product to TMS-Cl, through the 

synthesis of BDIDIPPM(P(TMS)Ph)Cl (M = Al, Ga), resulted in the synthesis of 
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BDIDIPPAl(P(TMS)Ph)Cl, which showed no signs of elimination occurring upon heating to 110 

°C. BDIDIPPGa(P(TMS)Ph)Cl could not be isolated, potentially as the complex was undergoing 

the desired elimination of TMS-Cl, but the resulting complex was decomposing. Changing the 

elimination product to ethane, through the synthesis of BDIDIPPAl(PHMes)Et, resulted in no 

sign of elimination occurring upon heating to 110 °C. Reduction of BDIDIPPMCl2 (M = Al, Ga) in 

the presence of bistrimethylsilylacetylene, as part of the synthesis of BDIDIPPMLi2 (M = Al, Ga) 

salts, was unsuccessful, as was the reaction of BDIDIPPGa with bistrimethylsilylacetylene. 

Reduction of MesPCl2 with potassium metal in the presence of BDIDIPPGa resulted in an 

intractable mixture of products, reduction with magnesium resulted in the formation of 

(MesP)3 and (MesP)4. Addition of MesPH2 to BDIDIPPGa resulted in the formation of 

BDIDIPPGa(H)P(H)Mes, which did not undergo H2 elimination at 110 °C. The synthesis of 

BDIDIPPAl was unsuccessful as the product could not be isolated cleanly. The synthesis of 

ArBDIDIPPAl resulted in the intramolecular rearrangement of the ligand to give a five-

membered aluminium containing ring. The synthesis of BDIAr*Al stalled at the formation of 

BDIAr*Al(Me)I due to the steric bulk of the ligand blocking the second substitution of iodine 

from occurring. 

Chapter 4 discusses the reactivity of the primary phosphanide complexes 

BDIDIPPAl(PHMes)Cl, BDIDIPPAl(PHMes)Et and BDIDIPPGa(H)P(H)Mes with phenyl acetylene, 4-

nitro-phenyl isocyanate, phenyl isothiocyanate, dicyclohexyl carbodiimide, cyclohexene, 

benzophenone, benzaldehyde, selenium, sulfur, and methyl iodide. Reactivity was not 

observed for phenyl acetylene, dicyclohexyl carbodiimide or benzophenone with any of the 

phosphanides. Reactivity with the phosphanides was observed with cyclohexene, however 

rapid decomposition of the products occurred and they were unable to be identified. 

BDIDIPPAl(PHMes)Cl and BDIDIPPGa(H)P(H)Mes showed no reactivity with benzaldehyde, 

however, the ethyl ligand of BDIDIPPAl(PHMes)Et reacted with the aldehyde proton, 

eliminating ethane and substituting the PhC(O)- ligand onto the aluminium centre. Reactivity 

with the phosphanides was observed with both sulfur and selenium, however multiple 

different products were formed, none of which were successfully isolated. Reactivity between 

the phosphanides and methyl iodide was observed, with the P-M bond appearing to be 

cleaved and formation of a M-I bond occurring. 4-nitro-phenyl isocyanate and phenyl 
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isothiocyanate underwent insertion reactions into the M-P bond, however only 

BDIDIPPAl(Cl)N(4-NO2-Ph)C(O)P(H)Mes was able to be isolated and fully characterised. 

Finally, chapter 5 summarises the results of this research and provides an outlook at the 

future direction of this field of research.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

Table of Contents 

Acknowledgements ............................................................................................................... i 

Abstract ................................................................................................................................ ii 

Glossary ............................................................................................................................... ix 

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

1.1 Overview ..................................................................................................................... 1 

1.2 The p-Block Elements .................................................................................................. 1 

1.3 Stereochemical Lone Pairs and the Inert Pair Effect ................................................... 3 

1.4 Multiple Bonding in p-Block Complexes ..................................................................... 6 

1.4.1 Triple Bond Formation ................................................................................... 10 

1.5 Steric Stabilisation ..................................................................................................... 12 

1.5.1 Bulky Aryl Ligands .............................................................................................. 15 

1.5.1.1 Low Valent Group 13 Aryl Complexes ........................................................ 16 

1.5.1.2 Low Valent Group 14 Aryl Complexes ........................................................ 18 

1.5.1.3 Low Valent Group 15 Aryl Complexes ........................................................ 21 

1.5.2 Bulky Amide Ligands .......................................................................................... 22 

1.5.3 β-Diketiminato Ligands ...................................................................................... 24 

1.5.3.1 β-Diketiminato Ligand Derivatives ............................................................. 26 

1.5.3.2 β-Diketiminato Metal Complexes ............................................................... 27 

1.6 Heteronuclear Multiple Bonding in the Main Group ................................................ 28 

1.6.1 Group 13-Group 15 Multiple Bonding ............................................................... 30 

1.7 Low Valent Main Group Catalysts ............................................................................. 32 

1.8 Chapter Summary...................................................................................................... 35 

Reactivity of Gallium(I) with Diazo- Compounds ............................................................... 36 

2.1 Introduction............................................................................................................... 36 

2.1.1 Diazomethane Compounds in Synthetic Chemistry .......................................... 37 



vi 
 

2.1.2 Reactivity of Gallium(I) ....................................................................................... 42 

2.2 Aim ............................................................................................................................ 45 

2.3 Synthetic Strategy ..................................................................................................... 47 

2.4 Results and Discussion .............................................................................................. 48 

2.4.1 Reaction of BDIDIPPGa with Cyclododecyldiazomethane ................................... 55 

2.4.2 Reaction of BDIDIPPGa with Diphenyldiazomethane .......................................... 58 

2.4.3 Reaction of BDIDIPPGa with Diazafluorene ......................................................... 61 

2.4.4 Reaction of BDIDIPPGa with Di-tert-butyldiazomethane ..................................... 64 

2.4.5 Synthesis of ArBDIDIPPGa .................................................................................... 65 

2.4.6 Reaction of ArBDIDIPPGa with Trimethylsilyldiazomethane ............................... 68 

2.4.7 Synthesis of BDIAr*Ga ......................................................................................... 71 

2.4.8 Reaction of BDIAr*Ga with Trimethylsilyldiazomethane .................................... 73 

2.4.9 Synthesis of BDIAr’Ga .......................................................................................... 77 

2.4.10 Reaction of BDIAr’Ga with Trimethylsilyldiazomethane ................................. 79 

2.4.11 Reaction of BDIAr*Ga with Diazofluorene ....................................................... 82 

2.5 Conclusion ................................................................................................................. 85 

Attempted Synthesis of Group 13-Phosphorus Double Bonds ......................................... 87 

3.1 Introduction............................................................................................................... 87 

3.2 Aim ............................................................................................................................ 92 

3.3 Previous Results ........................................................................................................ 92 

3.4 Results and Discussion .............................................................................................. 94 

3.4.1 Increasing the Steric Bulk of the Phosphanide .................................................. 95 

3.4.2 Dilithium Salt .................................................................................................... 100 

3.4.3 Trimethylsilyl Substitution ............................................................................... 101 

3.4.4 Alkyl Elimination .............................................................................................. 104 

3.4.5 Inverse Salt Metathesis .................................................................................... 107 



vii 
 

3.4.6 Reduction of Phosphide Salt ............................................................................ 109 

3.4.7 Addition of MesPH2 to BDIGa .......................................................................... 109 

3.4.8 Attempted Synthesis of BDIAl Complexes ....................................................... 113 

3.5 Conclusion ............................................................................................................... 124 

Reactivity of Primary Gallium and Aluminium Phosphanides ......................................... 126 

4.1 Introduction............................................................................................................. 126 

4.1.1 Reactivity of Boron Phosphanides ................................................................... 127 

4.1.1.1 Reactivity with H2 ..................................................................................... 128 

4.1.1.2 Reactivity with Chalcogens ....................................................................... 129 

4.1.2 Reactivity of Aluminium Phosphanides ........................................................... 129 

4.1.3 Reactivity of Gallium Phosphanides ................................................................ 130 

4.2 Aim .......................................................................................................................... 131 

4.3 Results and Discussion ............................................................................................ 132 

4.3.1 Reactivity with Phenylacetylene ...................................................................... 132 

4.3.2 Reactivity with 4-Nitro-Phenyl Isocyanate ...................................................... 133 

4.3.3 Reactivity with Phenyl Isothiocyanate ............................................................. 140 

4.3.4 Reactivity with Carbodiimide ........................................................................... 145 

4.3.5 Reactivity with Cyclohexene ............................................................................ 146 

4.3.6 Reactivity with Benzophenone ........................................................................ 148 

4.3.7 Reactivity with Benzaldehyde .......................................................................... 149 

4.3.8 Reactivity with Chalcogens .............................................................................. 152 

4.3.9 Reactivity with Methyl Iodide .......................................................................... 156 

4.4 Conclusion ............................................................................................................... 158 

Summary and Outlook ..................................................................................................... 160 

Experimental .................................................................................................................... 164 

Appendix A: NMR Spectra of Novel Compounds ............................................................. 190 



viii 
 

Appendix B: Crystal Data Tables ...................................................................................... 228 

Appendix C: Bibliography ................................................................................................. 233 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ix 
 

Glossary 

δ Chemical shift (ppm) 
1H NMR Hydrogen nuclear magnetic resonance 
13C NMR Carbon nuclear magnetic resonance 
31P NMR Phosphorus nuclear magnetic resonance 
app Apparent 
Ad Adamantyl group 
Ar 2,6-diisopropylphenyl (2,6-iPr2C6H3) 
Ar* 2,6-(CHPh2)2-4-MeC6H2 
Ar’ 2,6-(CHPh2)2-4-tBuC6H2 
Ar’’ C6H3-2,6-(C6H3-2,6-iPr2)2 
Ar’’’ C6H2-2,6-(C6H3-2,6-iPr2)2-4-(SiMe3) 
μ Bridging 
br Broad 
C6D6 Deuterated benzene 
C7D8 Deuterated toluene 
CGMT Carter-Goddard-MaIrieu-Trinquier theory 
COSY Correlation spectroscopy (1H to 1H) 
Cp* 1,2,3,4,5-pentamethylcyclopentadienyl ligand 
CSD Cambridge Structural Database 
d Doublet 
dt Doublet of triplets 
DBU 1,8-Diazabicyclo[5.4.0]undec-7-ene 
DCM Dichloromethane 
DFT Density Functional Theory 
Dipp 2,6-diisopropylphenyl group 
DME 1,2-dimethoxyethane 
Dmp 2,6-dimethylphenyl group 
EDG Electron donating group 
Et Ethyl 
EWG Electron withdrawing group 
Fl Fluorene group 
FLP Frustrated Lewis Pair 
Hz Hertz, s-1 

HMBC Heteronuclear multiple-bond correlation (1H to 13C) 
HSQC Heteronuclear single quantum coherence (1H to 13C) 
HOMO Highest Occupied Molecular Orbital 
J Scalar coupling constant (Hz) 
kcal Kilocalories 
kJ Kilojoules 
LUMO Lowest Unoccupied Molecular Orbital 
m Multiplet 
m- meta 
Mes Mesityl ligand (2,4,6-Me3C6H2) 
Mes* 2,4,6-tri-tert-butylphenyl group 
MO Molecular orbital 
NHC N-Heterocyclic carbene 
NMR Nuclear magnetic resonance spectroscopy. 



x 
 

nBu n-Butyl 
o- ortho 
p- para 
ppm Parts per million. 
Ph Phenyl 
s Singlet. 
sept Septet. 
SOJT Second order Jahn-Teller 
SOMO Singly Occupied Molecular Orbital 
t Triplet. 
tt Triplet of triplets. 
THF Tetrahydrofuran 
TMEDA Tetramethyl ethylenediamine 
Tmp 2,2,6,6‐tetramethylpiperidino group 
TMS Trimethylsilyl group 
Tol Toluene 
Trip 2,4,6-triisopropylphenyl group 
UV Ultraviolet 
WBI Wiberg bond index 

Terminology of the β-diketiminate ligand 
BDIDIPP CH{C(Me)N(C6H3-2,6-iPr2)} 2 
ArBDIDIPP o-C6H4{C(CH3)N-2,6-iPr2C6H3}{N-2,6-iPr2C6H3} 
tBuBDIDIPP CH{C(tBu)N(C6H3-2,6-iPr2)} 2 
BDIAr* CH{C(Me)N(C6H2-2,6-(CHPh2)2-4-Me)}2 
BDIAr’ CH{C(Me)N(C6H2-2,6-(CHPh2)2-4-tBu)}2 
γ-H/γ-

proton 

Refers to the hydrogen substituent of carbon 2 (R3 = H). 
γ-C Refers to carbon 2. 
NCCCN/C3N2 Refers to the plane defined by N1-C1-C2-C3-N2 

 

 



1 
 

Chapter 1 
 

Introduction 

1.1 Overview 

This thesis discusses an investigation into the bonding and reactivity of gallium and 

aluminium co-ordination complexes, specifically the reactivity of gallium(I) complexes with 

diazo compounds with the goal of forming a gallium-carbon double bonded species; the 

reactivity of both gallium and aluminium complexes with various phosphorus reagents with 

the goal of forming a metal-phosphorus double bonded species; and the reactivity of the 

metal phosphanide species obtained from the attempted synthesis of the metal-phosphorus 

double bonds, as the reactivity of primary gallium and aluminium phosphanides is not 

represented currently in literature. 

 

1.2 The p-Block Elements 

The heavier p-block elements exhibit significantly different properties and behaviour to 

p-block elements in the first row, with the divergence from the predictable behaviour of the 

first row caused by the introduction of p, d and f core-shell electrons descending the group, 

with each new type of core-shell introduced affecting their properties.1 For instance, the 

atomic radii of the p-block elements (Table 1, 2 d.p.) are heavily influenced by the core 

electron configurations. The relatively large increase in atomic radii between the 2nd and 3rd 

row p-block elements can be rationalised by the increasing size of the 3s/3p versus 2s/2p 

atomic orbitals. The size difference between the 3rd and 4th row p-block elements is small due 

to the introduction of core d-orbitals (Ga onwards) causing a much smaller increase in atomic 

radii due to the contraction by the d-orbitals, whereby the core d electrons are not as effective 

at shielding the valence electrons from the nucleus, causing the valence shell electrons to be 
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attracted closer to the nucleus.1-3 A significant increase in atomic radii is observed between 

the 4th row and the 5th, when a second set of core d-orbitals is added (In onwards) with yet 

another small increase in atomic radius between the 5th and 6th row upon addition of core f-

orbitals (Tl onwards) due to the ‘lanthanide contraction’ – whereby the core f-orbitals are 

even worse at shielding the valence electrons from the effect of the nucleus than the d-

orbitals. 

 

Table 1: Atomic radii of the p-block elements in Å. Data is crystallographically 

determined2 vs (calculated)3 

B: 1.91 (2.05) C: 1.77 (1.90) N: 1.66 (1.79) O: 1.50 (1.71) F: 1.46 (1.63) 

Al: 2.25 (2.39) Si: 2.19 (2.32) P: 1.90 (2.23) S: 1.89 (2.14) Cl: 1.82 (2.06) 

Ga: 2.32 (2.33) Ge: 2.29 (2.34) As: 1.88 (2.31) Se: 1.82 (2.24) Br: 1.86 (2.19) 

In: 2.43 (2.46) Sn: 2.42 (2.48) Sb: 2.47 (2.46) Te: 1.99 (2.42) I: 2.04 (2.38) 

Tl: 2.47 (2.42) Pb: 2.60 (2.49) Bi: 2.54 (2.50) Po: N.D. (2.50) At: N.D. (2.47) 

 

This alternating large-small increase in radii is caused by the change in core electronic 

structure and potentially influences the relative separation energy of the valence s and p 

orbitals.1 This results in some unusual properties in the co-ordination chemistry of the heavier 

p-block elements. Trending down, the groups exhibit an increasing distortion from ideal 

geometries due to the increasing stability of non-bonding electron pairs (“s-electrons”) and 

minimal hybridisation between the s and p orbitals. The energy gap between the s and p 

orbitals along with increasing relativistic effects4 in the heaviest elements also results in a 

trend for the heavier p-block elements in group 13-15 preferentially adopting lower (n-2) 

oxidation states than their lighter counterparts.1, 5   
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1.3 Stereochemical Lone Pairs and the Inert Pair Effect 

The distortion from ideal geometries and preference for the (n-2) oxidation state stem 

from the s electrons of low-valent period 4, 5 and 6 elements in the p-block exhibiting two 

highly interesting traits. The electrons in the occupied s-orbital can be ’inert’ and potentially 

‘stereochemically active’. The ‘inert pair effect’ describes the tendency of the heavier p-block 

elements to preferentially exist in lower oxidation states and rely on donor atoms such as 

oxygen, nitrogen and sulfur to stabilise them. This phenomenon arises because of both the 

relative difference in energy between the 4s and 4p (and by extension the 5s/5p and 6s/6p), 

and the physical extension of the 4p orbitals away from the nucleus relative to the 4s orbital.5-

6 The relative extension of the 4p orbitals also start experiencing significant increases in 

relativistic effects, with larger relativistic effects being observed in the period 6 elements.4, 7 

This effect occurs as outer shell electrons approaching the speed of light have a higher relative 

mass and therefore a reduced Bohr radius than core electrons, with the effects being larger 

in the higher energy levels and accounting for one third of the energy difference between the 

6s and 6p orbitals, leading to the s electrons becoming increasingly inert.7 This allows for the 

occupied 4s/5s/6s orbital to behave as a pair of core electrons and, provided the element is 

sufficiently stabilised, allows the isolation of low oxidation state complexes such as the β-

diketiminato Ga(I) complex 18 and bisamidosilyl Ge(II) complex I9 (Figure 1) and their heavier 

analogues. 

 

 

Figure 1: Stabilised Ga(I) and Ge(II) complexes. 

 

The 6s electrons are the main exhibiters of the inert pair effect, where the stability gained 

through hybridisation is offset by the significant difference in both size and relative energy of 

the p orbitals and the destabilization caused by the contraction of the s orbital upon oxidation 
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to a higher charged metal ion.10 For example PbX4 (X = Cl, Br, I) complexes are highly unstable, 

with the exception of PbF4, as the halogen removes electron density from the lead atom and 

causes the s orbitals to contract, reducing their ability to hybridise and leading to shorter but 

weaker bonds (i.e. the bond shortens due to ionic radii contraction but weakens due to 

destabilisation of the s orbital).10-11 In contrast, tetra-alkyl lead complexes PbR4 (R= alkyl 

group) exhibit more of a covalent bond than an ionic one, which puts less of a positive charge 

on the metal centre and does not contract the s orbital, enabling better hybridisation and 

making Pb(IV) the dominant oxidation state in organic lead complexes.11 

 

 

Figure 2: Isostructural group 14 BDI halide complexes 

 

The term ‘stereochemically active lone pair’ describes the degree in which the s orbitals 

hybridise with the p orbitals. In general, as groups 13, 14 and 15 are descended, the level of 

hybridisation between the s and p orbitals decreases. For instance, in the series of 

isostructural β-diketiminate group 14 complexes (Figure 2) the s electrons remain ‘inert’.  In 

these complexes the lone pair is given directionality by the degree of p character in the 

hybridisation. This imposes configurational constraints on the complex similar to a typical 

lone pair in that it occupies one of the co-ordination sites on the metal atom.10 As the heavier 

element (e.g. Ge/Sn/Pb) bonds, the hybridisation of the 4s/5s/6s and 4p/5p/6p orbitals can 

occur to a typically decreasing extent down the group when bonds form. This leads to 

complexes II-IV possessing increasingly distorted tetrahedral shapes where bond angles are 

between the 90° of a true p-orbital and 109.5° of a fully sp3 hybrid orbital. Complexes IV and 

III both possess an angle of 92.2° between the N-M-N plane and the Cl substituent,12-13 while 

complex II has an angle of 95.3°.12 While the 4s/5s/6s electrons of complexes II-IV do not 

take part in bonding, the orbital does contribute towards the molecular orbitals involved in 
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bonding, and the resulting non-bonding orbital is given directionality by the contributions 

from the p-orbitals.11 The resulting orbital behaves similar to a typical lone pair, repulsing 

other substituents and, in some cases, can act as a weak Lewis base. The gallium(I) complex 

1 can act as a Lewis base with metallic Lewis acids such as Ni(CO)3 (Figure 3) to give 

heterobimetallic complex V and even heterotrimetallic complex VI.14 Complex 1 behaves 

analogous to a carbene ligand and has been used to form heterobimetallic complexes with 

other transition metals such as Mn, Fe, Mo and W.15   

 

 

Figure 3: Gallium(I) nickel complexes. 

 

The lone pair of the low valent heavier p-block elements is not always stereochemically 

active, and the ligands can be evenly dispersed (holodirected) around the coordination sphere 

as opposed to hemidirected (Figure 4) when the lone pair influences the coordination sphere 

and redistributes the ligands. For example, complexes of Pb(II) exhibit hemidirectionality at 

low coordination numbers (2-5), holodirectionality at high coordination numbers (9-10) and 

a combination of both, primarily holodirectionality, in the middle (6-8).10  In contrast, when 

the s electrons are involved in the bonding (i.e. Pb(IV) complexes) there is no directionality 

imparted by the lone pair, and the ligands are holodirected around the coordination sphere 

for all known coordination complexes.10 From this it can be drawn that the lone pair is only 

stereochemically active when the steric constraints of the ligating atoms allows it to be or 

when the timescale of the investigation technique allows detection of it.  
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Figure 4: Different coordination spheres in Pb(II) complexes. 

 

1.4 Multiple Bonding in p-Block Complexes 

In order to understand multiple bonding between elements of different rows of the p-

block, the effects introduced in multiple bonding between main group elements of the same 

type must first be discussed. The most common examples of multiple bonding in the p-block 

are the three classes of carbon-carbon bonds: alkanes, alkenes, and alkynes. These bonds are 

the textbook16 examples of a single, double and triple bond and are used to exemplify s-p 

hybridisation theory, where bond angles between substituents are virtually identical to the 

expected values of 109.5°, 120°, and 180°. However, below the first row of the p-block (Al 

onwards) the core electronic structure begins to distort the ability of the s and p orbitals to 

hybridise.17-18 The addition of core p electrons and later (Ga onwards) core d electrons results 

in the higher orbitals extending further away from the nucleus due to Pauli repulsion, which 

causes the higher level p orbitals to physically overlap less with the corresponding s orbitals, 

reducing their ability to hybridise.6 Another factor that changes between the first row 

elements is the electronic structure of the bond. For example, the lighter elements such as 

carbon typically adopt a triplet state,19 where one electron occupies a hybrid sp2 orbital and 

another occupies a π orbital (Figure 5, left), two molecules in this configuration then combine 

in a σ-σ and π-π orientation to give one σ bond and one π bond to form the double bond. 

However, heavier elements such as tin typically adopt a singlet state and thus when two tin 

molecules bond, they cannot undergo the same σ-σ bond overlap that carbon can as both sp2 

orbitals are fully occupied (Figure 5, middle). Instead, the full sp2 orbital bonds with the empty 

p orbital to give a polar-dative bond instead (Figure 5, right).18 
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Figure 5: Comparison between carbon double bond formation and tin double bond 

formation. 

 

The rationale behind double bonds forming either carbon-type double bonds or polar-

dative bonds can be explained through what is called the Carter-Goddard-MaIrieu-Trinquier 

(CGMT) theory,19-22 which approaches bond formation in the R2E=ER2 systems as an 

association of each R2E: unit. This theory suggests the type of bonding modes present is 

strongly correlated with the singlet-triplet gap of the R2E: unit and the energy gained from 

bond formation (eq 1). 

𝐸𝜎+𝜋  =  𝐸𝐼𝑁𝑇 − 2∆𝐸𝑆−𝑇   (1) 

The energy (Eσ+π) is given by the energy of the double bond (EINT) minus the energy 

difference between the triplet and singlet state (ΔES-T). This is illustrated in Figure 6. While the 

ΔES-T term is positive for carbon as the triplet state is more stable, it is negative for the heavier 

elements (e.g. Si-Pb) as the singlet state is more stable. As such, Trinquier and Malrieu 

proposed the general rule that if Eσ+π is >2ΔES-T then a classical planar structure is observed 

(sp2-sp2 bonding) whereas if Eσ+π is <2ΔES-T, a trans bent structure is observed (polar dative 

bonding) and if Eσ+π is <ΔES-T then no bond formation will occur, leading to R2E: monomers 

being the most stable state.20-22 Because the general trend is that the strength of the E-E bond 

decreases going down the group, the energy gained through bond formation is increasingly 

insufficient in heavier elements to counter the energy required to access the triplet state prior 

to bond formation, leading to heavier elements favouring discrete monomers.5 
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Figure 6: Generalized dissociation energy schematic of an olefinic double bond into two 

triplet fragments. 

 

The presence of polar-dative bonding can be readily determined by the geometry at the 

central atom. Because the bond forms due to orbital overlap between the sp2 orbital on one 

tin atom with the empty p orbital on the neighbouring tin atom, the remaining substituents 

on the tin centre do not lie on the plane of the double bond as they do with carbon-carbon 

double bonds. Instead, the substituents are shifted out of plane by the angle defined as α, 

which measures the angle between a plane equidistant from the four substituents that passes 

through both central atoms (Figure 7).  

 

 

Figure 7: The dihedral angle between the double bond and substituents, α. 
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Because the double bond is formed through the overlap of two different types of orbitals, 

this gives rise to second order Jahn-Teller (SOJT) orbital mixing. Using the group 14 elements 

as the examples, instead of the standard molecular orbital (MO) diagram (Figure 8, left) the 

bonding orbitals (the occupied sp2 σ orbital and the empty p orbital) mix with the anti-bonding 

orbitals (the σ* and π* orbitals) to give the final molecular orbitals: an offset σ bonding orbital 

and non-bonding orbital and their corresponding antibonding orbitals (Figure 8, right).23-25  

 

 

Figure 8: Energy level diagram illustrating second order Jahn-Teller orbital mixing for double 

bonded complexes. Figure reproduced from Fischer and Power.24 

 

The formation of the n- non-bonding orbital leads to a complete divergence from the 

traditional model of a double bond, where while there are 4 electrons involved in the bond 

between the two molecules, the bond is not necessarily any stronger or shorter than the 

corresponding single bond.5 In the heavier elements such as lead, the bond is actually longer 

than the corresponding single bond.26 This leads to debate over whether these electrons are 

involved in the bonding, or can be considered as a lone pair, shared across two atoms in 

different resonance forms (Figure 9) which will be discussed in detail in section 1.5 below. 
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Figure 9: Resonance structures of heavier alkenes. 

 

The electronic environment of the central atoms also has limited effect on the degree of 

bonding shown by the non-bonding MO, which can be altered by changing the ancillary R 

groups.27 Structural factors such as the α angle cannot be used to directly measure the degree 

of involvement of the non-bonding MO in the double bond, but give a general indication as 

to what degree of a classical bond is present. In the context of the p-block, double bonds 

between the heavier elements adopt a trans-pyramidalized conformation, with larger values 

of α typically associated with the heavier elements where the bonding is thought to be 

weakest. Using the group 14 elements as an example, disilenes have angles ranging from 0°-

23°,24 depending on the ligand system, with more sterically bulky ligands possessing an angle 

closer to the 0° of classical bonding. Digermenes and distannenes have angles of about 50° 

and 55° respectively,24 while diplumbenes exemplify this effect with angles as high as 71°.28  

 

1.4.1 Triple Bond Formation  

A similar SOJT effect is observed in the alkyne analogues of heavier p-block elements, 

where instead of the traditional σ-bond and two π-bonds (Figure 10, left) of an alkyne, the 

mixing between the bonding and anti-bonding orbitals forms the offset σ bonding orbital and 

non-bonding orbital that the alkene analogues do, but also a π bonding orbital (Figure 10, 

right) and their corresponding antibonding orbitals.5, 29 
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Figure 10: Energy level diagram illustrating second order Jahn-Teller orbital mixing for triple 

bonded complexes. Figure reproduced from Fischer and Power.24 

 

The inclusion of the π orbital in the bonding molecular orbitals suggests that the alkyne 

analogues of heavier main group elements should have an additional bonding interaction over 

the alkene analogues, and therefore the bonds should be stronger and shorter than the 

analogous alkene. However, this orbital is prone to ‘slipping’, where an increasing α angle in 

the trans bent structure correlates with reduced orbital overlap and decreasing bond order 

descending a group.24 In group 14 elements, the bond order of alkyne analogues decreases 

by about 0.5 for each element down the group, with alkynes having a bond order of 3, silynes 

a bond order of 2.5, and plumbynes having a bond order of about 1.24 This leads to the 

interesting situation where the bond lengths of alkyne analogues can be either longer and 

shorter than a standard single bond depending on the ancillary ligand used. For example, in 

the solid state the tin complex Ar’’SnSnAr’’ (VII, Figure 11, Ar’’ = C6H3-2,6(C6H3-2,6-iPr2)2)30 

has a Sn-Sn bond length of 2.6675(4) Å and an α angle of 125.24(7)° (for reference the average 

Sn-Sn single bond is about 2.81 Å), however adding an SiMe3 group to the 4-position of the 

terphenyl ligand to give complex VIII results in a Sn-Sn bond length of 3.0660(10) Å and an 

α angle of 99.25(14)°.31 DFT calculations on complexes VII and VIII show that both the 

multiple bonded structure of VII and the single bonded structure of VIII are local energy 

minimums.32 However, in both complex VII and VIII the multiple bonded form is the more 
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stable form, being 5.3 kcal/mol and 5.4 kcal/mol lower in energy respectively.32 The UV-Vis 

spectra of both complexes support that the multiple bonded species of both complexes is 

present in solution phase, and the difference between the two structures in the solid state 

was attributed to crystal packing forces overcoming the small energy barrier between the two 

bonding modes.24, 32-33 A similar result was also observed in germanium, where the triple 

bonded mode was observed in the solid state for 9 out of 10 synthesised terphenyl derivative 

ligands, and one ([(C6H3-2,6(C6H3-2,6-iPr2)2-4(GeMe3))Ge]2) adopting the single bond 

structure.34 DFT calculations supported that the multiple bonded structure was the lowest in 

energy for all ten.33-34 

 

 

Figure 11: Different bonding structures of tin alkynes. 

 

Interestingly, some gallium and indium alkyne analogues have shown that the non-

bonding orbital can be converted into an additional bonding orbital occurs upon single 

electron reduction.35-36 The single electron reduction results in the formation of what has 

been calculated to be a singularly occupied molecular orbital (SOMO) π bonding orbital that 

formally contributes 0.5 to the bond order, however further attempts at reduction to obtain 

an isoelectronic alkyne analogue leads to product decomposition into a cluster. 

 

1.5 Steric Stabilisation 

While the heaviest p block elements (Tl/Pb/Bi) are readily isolated in their n-2 oxidation 

state due to the relatively high inert pair effect in these elements, isolating the lighter p block 
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elements in their n-2 oxidation states was challenging due to their high reactivity and 

tendency to either polymerise/oligomerise, or to disproportionate into the n oxidation state 

and elemental metal.37-39 The crucial breakthrough in the isolation of these compounds 

occurred in the 1970s with the synthesis of ((Me3Si)2CH)2Sn (X),40 a low valent tin(II) analogue 

of a carbene in solution, which in the solid state formed a dimer analogous to ethene, though 

possessing an unusual trans-bent geometry with pyramidal metal atoms. This was quickly 

followed by synthesis of ((Me3Si)2CH)2Pb41 (XI) and ((Me3Si)2CH)2Ge (IX, Figure 12),42 and 

while these were prepared from the known, stable M(II) halide salts, they were the first 

examples of stable low valent tin and germanium organometallic compounds.  

 

 

Figure 12: Initial low valent main group alkyl compounds. 

 

This series of compounds exemplify the relative inability of the higher s and p orbitals to 

hybridise. The trans-pyramidalized structures of IX-XI form due to the second order Jahn-

Teller mixing discussed in 1.4, where the σ* and π* orbitals mix with the σ and π orbitals to 

give a σ(ag) orbital and a non-bonding n-(bu) orbital. This leads to these compounds typically 

being represented as resonance structures where the non-bonding pair is shared between 

the two metal atoms, resulting in a localised positive and negative charge across the species 

(Figure 13).40 The presence of the non-bonding pair is supported by the metal-metal distances 

in these complexes (single bond lengths in brackets),26 with the Ge-Ge distance of 2.3458(7) 

Å (2.44 Å), Sn-Sn distance of 2.7683(7) Å (2.80 Å), and Pb-Pb distance of 4.129 Å (2.90 Å). The 

Pb-Pb bond can be considered less of a bond and more as an associative interaction between 

the ((Me3Si)2CH)2Pb: monomers in the solid state, while in solution they are discreet units. 
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Figure 13: Resonance structures of heavier alkenes. 

 

As discussed in section 1.4.1, the heavier alkyne analogues have a low energy difference 

between the single bonded form and the triple bonded form, and are typically represented 

as having their bond order reduced by 0.5 going down the group (Figure 14). Relative to the 

alkene analogues, the addition of the extra in plane π orbital to the alkyne analogues XII-

XIV leads to significant shortening of the Ge-Ge (2.2850(6) Å, α = 128.27(8)°)43 and Sn-Sn 

(2.6675(4) Å, α = 125.24(7)°)30 bonds, while leading to a Pb-Pb bond (3.1881(1) Å, α = 

94.26(4)°)44 that is shorter than in [((Me3Si)2CH)2Pb]2 but still longer than a standard Pb-Pb 

single bond. 

 

 

Figure 14: Heavier alkyne analogue compounds and their resonance forms. 

 

With the (Me3Si)2CH- ligand setting the benchmark for how much steric bulk was 

necessary to stabilise low valent main group compounds, over the past 45 years stable 

compounds of most of the group 13-15 elements in their n-2 oxidation have been isolated 

and characterised using a wide variety of ligands. 
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1.5.1 Bulky Aryl Ligands 

Aryl ligands are the collection of ligands that bind to a metal through an aromatic carbon 

atom, such as those of benzene (Figure 15).  The five available substitution positions allow for 

the ligand to be tailored both in terms of its steric environment and electronic properties. 

Suitable placement of electron withdrawing groups (EWG) or electron donating groups (EDG) 

around the ring alters the electronic environment at the bound metal centre, affecting the 

stability and reactivity of the complex. Aryl ligands that provide increasingly larger steric 

protection have been synthesised and used to isolate low valent main group species.24, 39  

 

 

Figure 15: Generic aryl ligand structure. 

 

One of the most prevalent ligands of this class are the terphenyl ligands, typically 

derivatives of m-terphenyl XV that are bound to the metal through the carbon on the central 

benzene ring at the position ortho to both other phenyl substituents (Figure 16). Some of the 

common terphenyl derivatives include -C6H3-2,6-Mes2 XVI, -C6H3-2,6-Dipp2 XVII (Dipp = 2,6-

diisopropylphenyl), and -C6H3-2,6-Trip2 XVIII (Trip = 2,4,6-triisopropylphenyl). 

 

Figure 16: Common terphenyl ligands. 
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1.5.1.1 Low Valent Group 13 Aryl Complexes 

Some of the first stable monomeric low valent group 13 elements were the arene 

complexes of aluminium(I),45 gallium(I),46 indium(I),47 and thallium(I)48 using the 

pentamethylcyclopentadienyl  (Cp*) ligand (XIX, Figure 17). These complexes exhibited the 

reactivity of discrete Cp*M units, but in the solid state were found to be tetrameric (XX)49 or 

hexameric (XXI)46 units. For instance, the aluminium tetramers readily reduced elemental 

selenium and tellurium to give heterocubanes [(Cp*AlSe)4] and [(Cp*AlTe)4] through 

oxidation of the Al(I) to Al(III).50 

 

 

Figure 17: Low valent group 13 arene complexes. 

 

When the bulkier terphenyl ligand XVIII (-C6H3-2,6-Trip2), was coordinated to indium(I), 

the monomeric complex In-C6H3-2,6-Trip2 (XXII) was isolated in the solid state.51 Complex 

XXII is the third example of a monodentate In(I) species and the first that was monomeric in 

the solid state. However, by altering the steric constraints of the ligand and changing from 

the Trip groups of ligand XVIII to the Dipp groups of ligand XVII, the steric environment 

changes enough such that the indium dimer XXIII is isolated in the solid state (Figure 18).52 

Cryoscopy of dimer XXIII in cyclohexane solution shows extensive dissociation of the In-In 

bond, indicating that the In-In bond is very weak and the monomer may be favoured in the 

solution state.52 These results highlight how small changes in the steric design of terphenyl 

ligands can dramatically alter the coordination around the metal centre. 
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Figure 18: Indium terphenyl complexes. 

 

Similarly, series of thallium(I) complexes bearing the terphenyl ligand was also generated. 

The influence of the flanking aryl groups of the terphenyl ligand has a major effect on the 

coordination at the metal centre. When the -C6H3-2,6-Trip2 ligand XVIII is used the monomer 

XXIV was isolated (Figure 19),53 the first stable aryl thallium complex . However, when the 

steric bulk of the ligand is decreased by utilising the -C6H3-2,6-Dipp2 ligand XVII, the thallium 

dimer XXV was found.54 Further reduction of the steric bulk of the flanking aryl groups to 

the -C6H3-2,6-Dmp2 ligand (Dmp = 2,6-dimethylphenyl), resulted in the formation of the 

thallium trimer XXVI (Figure 19).54 

 

 

Figure 19: Thallium terphenyl complexes, L = -C6H3-2,6-Dmp2. 
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The utilisation of terphenyl ligands also allowed the formation of the first monovalent, 

monocoordinated species of gallium(I). While Ga-C6H3-2,6-Trip2
55 was shown to be a 

monomer in hydrocarbon solution, the solid state structure was unable to be determined. 

Increasing the size of the ligand by adding isopropyl groups to the 3 and 5 positions of the 

central aryl ring allowed for the isolation of [Ga-(C6H1-3,5-iPr-2,6-Trip2)]56 (XXVII, Figure 20) 

which was observed as being both monomeric in hydrocarbon solution and the solid state. 

Interestingly, when the 4-position of the central aryl ring is substituted with a tBu group 

instead (the -C6H2-4-tBu-2,6-Trip2  ligand), the resulting gallium complex XXVIII is a dimer in 

the solid state.56 Further reduction in steric bulk to the -C6H3-2,6-Dipp2 ligand forms complex 

XXIX, which is a dimer in the solid state and only partially dissociates to a monomer in 

hydrocarbon solution.57 

 

 

Figure 20: Gallium terphenyl complexes. 

 

1.5.1.2 Low Valent Group 14 Aryl Complexes 

The low valent group 14 complexes were the targets of many research groups in the late 

20th century in the quest to generate heavier carbene, alkene, and alkyne analogues (Figure 

21), as discussed in sections 1.4 and 1.5 previously. These objectives led to a wide variety of 

aryl ligands being utilised and the isolation of many interesting low valent group 14 

complexes. 
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Figure 21: Group 14 carbene, alkene and alkyne analogues. 

 

The chemistry of alkyl and aryl Pb(II) was plagued by their tendency to disproportionate 

into Pb(IV) and elemental lead, for example when organolithium reagents or Grignard 

reagents are reacted with PbCl2.58 However, by utilising both the steric and electronic 

properties of the 2,4,6-tris(trifluoromethyl)phenyl ligand, the monomeric Pb(II) aryl complex 

(2,4,6-CF3-C6H2)2Pb (XXX, Figure 22) was isolated in 1991.59 While this was the second 

characterised example of a stable Pb(II) monomeric complex after ((Me3Si)2CH)2Pb, it was the 

first characterised σ-aryl Pb(II) complex. The unusual thermal and photochemical stability of 

XXX was attributed to the four nearby fluoride atoms, as one fluoride atom from each of the 

CF3 groups in the 2 and 6 positions has a short (2.79-2.97 Å) contact with the central Pb atom. 

The subsequent synthesis of the monomeric Sn(II) complex XXXI was the first example of 

monomeric Sn(II), as previous synthesises of Sn(II) complexes had only isolated and 

characterised polymeric Sn(II).60 Complex XXXI also possessed the short (2.66-2.83 Å) 

fluoride contacts, and the later synthesis of (2,4,6-CF3-C6H2)2Ge61 rounded out this series 

(XXXII, Figure 22). Complex XXXII also possessed similar short (2.55-2.79 Å) contacts with 

the flanking fluoride atoms. The importance of this electronic stabilisation can be seen by the 

much higher stability of (2,4,6-CF3-C6H2)2Ge compared to (2,4,6-tBu3-C6H2)2Ge,62 the latter of 

which decomposes at temperatures above -30 °C, while the former is stable up to its melting 

point of 58 °C. While it is stable to UV exposure in the solid state, it will degrade during UV 

exposure in the solution state. 
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Figure 22: Group 14 bis-2,4,6-tris(trifluoromethyl)phenyl complexes. 

  

 Other heavy element carbene analogues have since been prepared bearing aryl ligands 

such as 2,4,6-triphenylphenyl XXXIII,63 2,6-bis-1’-napthylphenyl XXXIV,63 

2,6-(NMe2)2C6H3- XXXV,64-65 2,6-bis(bis-(trimethylsilyl)methyl)-4-

tris(trimethylsilyl)methyl)phenyl XXXVIa,66 2,4,6-tris(bis-(trimethylsilyl)methyl)phenyl 

XXXVIb,67 1,1,3,3,5,5,7,7-octaethyl-s-hydrindacen-4-yl XXXVII,68 and terphenyl 

derivatives -C6H3-2,6-Mes2,69 and -C6H3-2,4-(iPr2C6H3)2.
66 

 

 

Figure 23: Heavy element aryl carbene complexes. 

 

The heavier alkene analogues (Figure 24) have been prepared utilising a large range of 

aryl ligands ranging from the simple tetramers using mesityl (XXXVIII),70-71 2,6-

diethylphenyl,72-73 2,4,6-triisopropylphenyl,74-75 and adamantyl76 ligands, to systems with two 
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aryl ligands, such as 2,4,6-tris(bis-(trimethylsilyl)methyl)phenyl,77 1,1,3,3,5,5,7,7-octaethyl-s-

hydrindacen-4-yl (XXXIX)78 or terphenyl ligands,79-82 and two other substituents (R = H, Me, 

Et, Cl, Br, I, SiMe3, PCy2) to allow for derivatisation of the metal-metal double bond. The alkyne 

analogues have been prepared using terphenyl ligands for the full heavier group 14 series,30, 

43-44 while the 2,6-bis(bis-(trimethylsilyl)methyl)-4-tris(trimethylsilyl)methyl)phenyl  ligand 

has been used to prepare the silicon83 and germanium84 alkynes (XL).  

 

 

Figure 24: Heavier group 14 alkene and alkyne analogues. 

 

1.5.1.3 Low Valent Group 15 Aryl Complexes 

Heavy group 15 complexes typically adopt either the +3 or +5 oxidation states, having 

access to two s and three p electrons for bonding. Complexes in the +1 or +2 oxidation states 

can be prepared, but the additional p electrons result in a high tendency for the monomeric 

units to form dimers, trimers, rings, clusters, and covalent networks. Sterically bulky aryl 

ligands such as 2,4,6-tritertbutylphenyl,85-89 2,4,6-tris(bis-(trimethylsilyl)methyl)phenyl,90-93 

2,6-bis(bis-(trimethylsilyl)methyl)-4-tris(trimethylsilyl)methyl)phenyl,91-92, 94  -C6H3-2,6-

Mes2,95 and -C6H3-2,6-Trip2,88, 95-97 produce homologous or heterogenous double bonds when 

used as the ancillary ligands on group 15 low valent complexes. Very few examples of 

monomeric low valent aryl complexes exist, and require ligands such as NCN pincer ligands98-

100 (Figure 25) to discourage dimer formation. 
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Figure 25: NCN Pincer ligand complexes. 

 

1.5.2 Bulky Amide Ligands 

Amide ligands comprise a significant portion of metal coordination compounds,101 ranging 

from the simplistic monoanionic amide [R2N]- ligand XLIII, through amidinates XLIV, 

guanindiantes XLV, β-diketiminates XLVI to dianionic di(amido) ligands XLVII and 

XLVIII (Figure 26). This allows for fine tuning of the steric bulk of the protecting groups 

employed, the degree of chelation, size of the ring, charge of the complex, and electrostatic 

properties of the nitrogen atom(s).  

 

 

Figure 26: Common type of amide ligand. 

 

Much of the initial metal-amide chemistry was pioneered using the 

bis(trimethylsilyl)amide ligand [N(SiMe3)2]- XLIX as it could be readily synthesised, lacked 

the reactive β-hydrogens of similar amide ligands such as diisopropylamide, and possessed 

reasonable steric bulk.102-103 As the field progressed, new amide ligands with larger, bulkier 
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groups emerged and asymmetric amide ligands [N(R)(R’)]- L with larger alkyl and aryl 

substituents were used to isolate more reactive species (Figure 27).104  

 

 

Figure 27: Common monomeric amide ligands. 

 

The bulky, asymmetric amide ligand -N(SiMe3)(-C6H3-2,6-Mes2) was used to stabilise the 

first example of a monomeric gallium amide complex (LI, Figure 28).105 While complex LI is 

drawn with a single bond between the nitrogen and gallium, the bond length of 1.980(2) Å 

and calculated Wiberg bond index (WBI) of 1.39 indicates that there is some degree of 

donation from the lone pair on the nitrogen into the empty p-orbital on the gallium(I) 

centre.105 The similar -N(Me)(-C6H3-2,6-Mes2) ligand was used to stabilise monomeric thallium 

amide complex LII, which was the first monomeric thallium amide isolated in the solid 

state,106 as previous attempts had yielded tetramers and aggregates.107 Complex LII 

possesses a Tl-N bond length of 2.364(3) Å, which is longer than the Tl-N bond length of 

2.307(6) Å observed in the [2,6-iPr2C6H3(SiMe3)NTl]4 tetramer previously synthesised, 

presumably due to the Tl-arene interactions with one of the mesityl groups present in the 

solid state.106-107 An attempt was made to synthesise the full set of heavier group 13 (Al-Tl) 

monomeric amides utilising the N(SiMe3)(2,6-(CHPh2)2-4-MeC6H2) ligand. All but the 

aluminium complexes LIIIa-c were able to be generated.108 In these complexes, there was 

again a small degree of multiple bonding present (1.35  WBI) between the metal and the 

nitrogen ligand and the lone pair on the metal centre has almost entirely (  9̴9%) s-

character,108 indicating limited s-p hybridisation is occurring in these complexes. 
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Figure 28: Monomeric amide metal complexes. 

 

1.5.3 β-Diketiminato Ligands 

The β-diketiminato ligand (BDI/NacNac) is a monoanionic, 4 electron ligand that benefits 

from the chelate effect, a delocalised electronic backbone, and formation of a six-membered 

ring upon co-ordination to a metal centre. Much like the terphenyl ligand, the R groups 1-5 

can all be varied in order to tune the steric and electronic properties of the ligand, though by 

far the most common form of the BDI ligand is BDIDIPP-H (2, Figure 29).109-110 

 

 

Figure 29: The β-diketiminato ligand. 

 

While the condensation of acetylacetone with an amine and an amine hydrochloride salt 

to give an aminoimine has been known since the turn of the century,111 the first derivatives 

of the BDI ligand weren’t used as ligands until the late 1960’s when their co-ordination to 

nickel was investigated.112 It wasn’t until the mid 1990’s when the BDIDIPP variant was first 

synthesised and used, as a neutral ligand to co-ordinate nickel, with the goal of creating new 

polymerisation catalysts.113 The addition of 2 to (DME)NiBr2 in dichloromethane (Figure 30) 



25 
 

resulted in the formation of complex LIV, where 2 has rearranged into its β-diimine 

tautomeric form via a 1-3 hydride shift of the amine proton to C2 of the BDI ligand (referred 

to as the γ-position/γ-carbon), coordinating to the nickel centre through both imine moieties 

resulting in the complex adopting a boat conformation.113    

 

 

Figure 30: Formation of a BDI nickel(II) complex. 

 

The monoanionic form of the BDI ligand is typically installed on a metal centre through 

one of three main routes. The first uses alkyl lithium reagents, such as n-butyllithium, to 

generate BDI-Li (3, Figure 31), which then undergoes salt metathesis with a metal salt (X = F, 

Cl, Br, I, OAc etc.) to give the β-diketiminato metal complex.114 Alternatively, sodium115 and 

potassium116 salts of the BDI ligand have been used in the same manner. The second route to 

installing the BDI ligand uses either alkyl or amido metal complexes as the metal source 

(AlMe3, ZnEt2, Cd(HMDS)2, Y(HMDS)3 etc.) which will deprotonate 2, with the driving force of 

the reaction being the elimination of a fully saturated alkane or amine (Figure 32).114, 117 

 

 

Figure 31: Generation of BDI-Li and BDI metal complexes. 
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Figure 32: Generation of alkyl BDI metal complexes. 

 

The third route is to synthesise the alkali salt of the ligand (LV) directly using the insertion 

of a nitrile into a metal-alkyl bond (metal = lithium or potassium), then attach it to the metal 

centre via the same salt metathesis reaction as the first route (Figure 33).118  

 

 

Figure 33: Generation of BDI metal complexes via nitrile insertion. 

 

1.5.3.1 β-Diketiminato Ligand Derivatives 

As shown in Figure 29 above, the BDI ligand can be varied at each position on the ring to 

tune the steric and electronic properties of the ligand. Three derivatives of this ligand utilised 

in this thesis that are depicted in Figure 34 are ArBDIDIPP-H (13),119 BDIAr*-H (14)120 and BDIAr’-H 

(15). Ligand 13 is an asymmetric derivative of the BDI ligand, adopting an anilido/imino 

bonding mode with metals, while the phenyl ring incorporated into the ligand backbone 

allows for increased delocalisation of electron density upon formation of the metal complex. 

Ligands 14 and 15 are newer derivatives of the BDI ligand, with larger diphenyl methyl groups 

replacing the diisopropyl groups of the standard BDI ligand to provide even more steric 

protection to the metal centre. 
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Figure 34: ArBDIDIPP-H, BDIAr*-H and BDIAr’-H ligands. 

 

1.5.3.2 β-Diketiminato Metal Complexes  

The use of the BDI ligand as an ancillary ligand was driven initially by its role as a spectator 

ligand for the catalysis of ethene, as it possesses a large degree of steric tunability and strong 

metal-ligand bonds.121 The BDIDIPP ligand has been used as an ancillary ligand on nearly all of 

the 63 natural metals, with only Rb, Cs, Au, Hg, and Dy complexes left to be isolated.121 The 

number of BDI metal complexes has grown from 475 when the field was last reviewed in 

2002121 to   2̴400 individual entries in the CSD (Cambridge Structural Database, Aug 2018 

database) for BDIDIPPM complexes alone. The use of the BDI ligand in the p block began after 

Coles and Jordan122 reported that cationic aluminium complexes supported by amidinate 

ligands (LVI, Figure 35) were active in ethene polymerisation. The BDI ligand was proposed 

as a potentially better ancillary ligand than an amidinate, and aluminium dimethyl complex 4 

soon followed, which could undergo methyl abstraction using [Ph3C][B(C6F5)4] to yield ion pair 

LVII, though catalysis studies of LVII were not reported.123 

 

 

Figure 35: Aluminium coordination complexes. 
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Complex 4 could be readily converted into the diiodide 5 (Figure 36) by treatment with 

two equivalents of iodine, which, when treated with two equivalents of potassium metal, is 

reduced to give complex 6.124 Complex 6 was the first example of a monomeric aluminium(I) 

complex (Cp*Al, (CMe3)3SiAl, (SiMe3)3CAl, and (SiMe3)3SiAl are all tetramers in the solid state 

and room temperature solution state)124 and also the first example of two coordinate 

aluminium. The unusual stability of complex 6 stems from the BDI ligand, as unlike in complex 

4 and 5 where the Al atom sits above the NCCCN plane in a pseudo-tetrahedral coordination 

mode, the Al atom in complex 6 is located in the NCCCN plane. Calculations show that the 

lone pair extends away from the metal centre in the same plane, forming a pseudo-trigonal 

aluminium centre as part of a six membered aromatic ring system.124 The electrons adopt a 

singlet state, indicating they could act as a Lewis base, while the presence of an empty p 

orbital on the aluminium centre could act as a Lewis acid. This reactive centre is then shielded 

by the Ar groups of the BDI ligand to prevent the complex form forming dimers or tetramers. 

Complex 6 has been shown to oxidatively insert into H-H,125 H-B,125 H-C,125 H-N,125 H-O,125 H-

Si,125 H-P,125 C-F,126 C-S,127 C-O,126 O=O,128 P-P,127 S-S,127 Sb-Sb,129 Bi-Bi,129 and Bi-C130 bonds, 

as well as oxidatively add across the π-system of alkene and alkyne bonds.131 

 

 

Figure 36: Synthesis of BDIDIPP aluminium(I). 

 

1.6 Heteronuclear Multiple Bonding in the Main Group 

While the bonding models discussed in 1.4 offer great insight into the molecular orbitals 

of the heavier p-block alkene and alkyne analogues, additional considerations are introduced 

when switching from the homonuclear alkene and alkyne analogues to heteronuclear ones.17 

The major considerations are the difference in the energies of the molecular orbitals, the 
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electronegativity difference of the two species, and the electronic structures of the different 

groups.  

 

 

Figure 37: Orbital overlap of silenes depending on conformation. 

 

The simplest heteronuclear heavier p-block alkene analogues are the silenes (LVIII, 

Figure 37), which are alkenes in which one of the two atoms of the carbon-carbon double 

bond is replaced with silicon. The strength of the C-Si π bond is strongly influenced by the 

geometry of the silicon atom, which can adopt either the planar structure of LIX or the 

tetrahedral structure of LX.132 Which geometry is preferred is determined by the singlet-

triplet energy gap (as discussed in 1.4), but in heteronuclear species this gap is also influenced 

by the π→σ* energy separation and the electronegativity of the two species and their 

substituents.133 Using silenes as the example, changing from a C=C bond to a C=Si bond 

decreases the π→σ* gap by 44% (when R = H),133 allowing for increased SOJT orbital mixing 

upon the Si adopting a tetrahedral conformation, which in turn lowers the energy of the trans-

pyramidalized conformation relative to the planar conformation.132  

 

 

Figure 38: Effect of electron withdrawing groups on orbital overlap of silenes. 
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The H2Si=CH2 bond (LXII, Figure 38) is calculated to have a dipole moment of 0.693 D, 

which is indicative of a Siδ+=Cδ- polarisation across the bond in line with the electronegativities 

of silicon and carbon.134 However, upon substitution of the ligands on the silicon for electron 

withdrawing groups (EWGs) in complex LXIII, the 3p orbital on the silicon contracts and the 

effective nuclear charge on the silicon decreases, leading to an even more pronounced 

Siδ+=Cδ- polarisation across the bond and better orbital overlap between the 2p and 3p orbitals 

of the π bond, making the bond more ionic and, as a result, shorter and stronger.132 

Conversely, substituting the ligands on the carbon for EWGs in complex LXI results in a 

decrease in both the Siδ+=Cδ- polarisation across the bond (and can even lead to a Siδ-=Cδ+ 

polarisation instead) and the orbital overlap between the 2p and 3p orbitals of the π bond, 

which results in a longer, weaker bond.132 Another notable effect in complex LXI is that as 

the silicon becomes more anionic through resonance structures with the EWGs, it is more 

likely to adopt a tetrahedral conformation, leading to a trans-bent silene over a classical 

planar silene.132  

 

1.6.1 Group 13-Group 15 Multiple Bonding 

With group 13 complexes typically possessing an empty p-orbital and group 15 complexes 

possessing a lone pair of electrons, the two groups are intrinsic Lewis pairs that readily form 

adducts (LXIV, Figure 39).16, 135 When the group 15 and group 13 elements are directly 

bound to each other, a degree of π bonding can occur (LXV) if there is sufficient orbital 

overlap between the lone pair and the empty orbital.5 In the formally double bonded complex 

LXVI, there is also the potential for lone pair donation to give triple bonding character.5 

 

 

Figure 39: Different bonding types of group 13-group 15 complexes. 
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While heavy element complexes of type LXIV an LXV are well known,24 the heavy 

element complexes of type LXVI are limited to the products of the reaction between 

aluminium(I),136 gallium(I),105, 137 or indium(I)137 and a sterically demanding azide to give a 

metal-nitrogen double bond (LXVII, Figure 40). The aluminium nitrogen double bond is 

highly unstable in this form and will react readily with the ancillary ligands, either inserting 

into C-H bonds or undergoing cycloaddition across aromatic C=C bonds.136 Interestingly, while 

testing the reactivity of complex LXVIII with N-heterocyclic carbenes, a stable aluminium 

nitrogen double bond (LXIX, Figure 41) was obtained as the product, after the aluminium 

inserted into the C=N bond of the ligand.138 Recently, complexes containing Ga=Sb139 and 

Ga=As140 bonds have been successfully isolated through the addition of SbX3 (X = F, Cl, Br, I) 

or Cp*AsCl2 to two equivalents of BDIDIPPGa 1. 

 

 

Figure 40: Formation of group 13 imides using azides. 

 

 

Figure 41: Formation of aluminium imide by addition of an N-heterocyclic carbene. 

 

There are three fully structurally characterised gallium imides (Figure 42) which each have 

a unique coordination at the metal centre. Complex LXX was the first synthesised 

monomeric heavy group 13 imide, requiring the bulky BDIDIPP and terphenyl ligands to protect 
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the double bond and prevent dimerization.141 The gallium-imide bond length of 1.742(3) Å is 

shorter than a gallium nitrogen single bond (1.82-1.94 Å) with the reduction in length being 

attributed mostly to the Gaδ+=Nδ- dipole, while π backdonation from nitrogen to gallium 

results in a   4̴9 kJ/mol barrier to rotation around the Ga-N bond.141 Complex LXXIa was 

isolated soon after (with the indium analogue LXXIb),137 possessing a shorter gallium-imide 

bond length of 1.701(3) Å than that of complex LXX. This is attributed to the change from a 

three coordinate gallium centre in LXX to a two-coordinate gallium centre in LXXIa, which 

both removes the occupation of the p orbital of the gallium and increases the effective charge 

at the gallium, creating a stronger Gaδ+=Nδ- dipole137 and resulting in a calculated Pauling bond 

order of 1.98.142 Complex LXXII is also a two coordinate gallium imide, with a gallium-imide 

bond length of 1.743(5) Å almost identical to complex LXX, however there is also a close 

contact (2.395(6) Å) with one of the mesityl groups that may be influencing the coordination 

at the gallium centre.105 

 

 

Figure 42: Group 13 imide complexes. 

 

1.7 Low Valent Main Group Catalysts 

Once thought to be redox inactive, the main group metals have now been shown to 

activate small molecules in a similar manner to the transition metals.143 One of the challenges 

of low valent main group catalysis is that while they can be very strong reductants, reducing 

them back to the low valent state can be a challenge, requiring harsh reagents such as 
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potassium.144 One potential area of interest in low valent main group catalysis is bond 

activation, such as the activation of P4 or CO2. The low valent group 14 hydrides have been 

investigated for their potential use in sequestering atmospheric CO2, with germanium hydride 

LXXIII readily inserting CO2 gas into the Ge-H bond to form the germanium formate 

LXXIV.145 Subsequent investigation found that LXXIV could be converted back to hydride 

LXXIII through the use of LiH2NBH3 at the hydride source to liberate lithium formate, while 

when excess H3NBH3 was used methanol could be isolated as the product.146 Unfortunately, 

these steps have been carried out independently of each other, so a full catalytic cycle has 

not been performed, but the potential for catalysis with germanium hydrides has been 

successfully demonstrated.146 

 

 

Figure 43: Germanium hydride activating CO2 and regeneration of the starting hydride. 

 

The reactivity of the low valent heavier group 13 elements has been extensively 

investigated over the last 20 years, with a particularly strong focus on aluminium.144 The 

reactivity of complex 6 (BDIDIPPAl) was discussed in 1.5.3.2, and of particular note in the list is 

the ability to activate C-F bonds126 which was previously the sole domain of the transition 

metals. While the catalytic prospects of aluminium have previously been limited to oxidative 

addition/reductive elimination and σ bond metathesis,144 the recent synthesis of the 

nucleophilic aluminyl LXXV (Figure 44) opens up an entirely new field of aluminium 
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chemistry to investigate, with addition of methyl triflate or methyl iodide resulting in the 

formation of an aluminium carbon bond to give complex LXXVI instead of the usual salt 

expected in electrophilic aluminium.147 

 

 

Figure 44: Nucleophilic aluminium complex reactivity with MeI and MeOTf. 
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1.8 Chapter Summary 

• Chapter 2 investigates the reactivity of BDIDIPPGa 1 with the diazo- compounds 

trimethylsilyldiazomethane, cyclododecyldiazomethane, diphenyldiazomethane, 

diazofluorene, and di-tert-butyldiazomethane, which resulted in a broad spectrum of 

different reactivities that potentially involved a gallium-carbon double bonded 

intermediate. Attempts to isolate this intermediate and confirm the reactivity of these 

diazomethanes included changing the ligand to ArBDIDIPP (o-C6H4{C(CH3)N-2,6-

iPr2C6H3}{NH-2,6-iPr2C6H3}) and BDIAr* (CH{C(Me)N(C6H2-2,6-(CHPh2)2-4-Me)}2), 

however instead of confirming the existing reactivity this revealed new reactivities 

including both alkyl and aryl C-H bond activation. 

• Chapter 3 summarises the attempts made to synthesise a complex containing a formal 

double bond between phosphorus and either aluminium or gallium, while no such 

complexes were isolated, several novel gallium phosphanides were synthesised during 

the attempts. 

• Chapter 4 investigates the reactivity of the gallium and aluminium phosphanides 

isolated in chapter 3 with small molecules, as the reactivity of primary aluminium and 

gallium phosphanides is not represented currently in the literature. 

• Chapter 5 is the summary, conclusions and future outlook of this thesis. 

• Chapter 6 is the experimental section of this thesis. 
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Chapter 2 
 

Reactivity of Gallium(I) with 

Diazo- Compounds 

2.1 Introduction 

Diazo- compounds are a diverse class of molecules with uses in both organic and inorganic 

chemistry. These compounds can be difficult to handle as the C=N+=N- unit can spontaneously 

decompose to dinitrogen, with the rapid evolution of gas causing an explosion. Their explosive 

potential is determined by the substituents, for instance, diazomethane (LXXVII, Figure 45), 

can explode upon heating, mechanical shock or if exposed to intense light.148 Extreme care is 

taken upon synthesising this compound, with special diazomethane kits used that do not 

contain any mechanical joints and the compound is never isolated in its pure form. In contrast, 

substituting one or more of the hydrogen atoms makes the compound much more stable, 

with trimethylsilyldiazomethane (7) stable enough in hexane solution such that it is 

commercially available, while diphenyldiazomethane (8) is a stable solid, though it 

decomposes in solution.149  

 

 

Figure 45: Common diazo- compounds. 
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Diazo- compounds are stabilised by their resonance forms, depicted in Figure 46, which 

delocalises the positive and negative charge across the diazo- unit.150 Diazo- compounds can 

liberate a carbene through the loss of the N2 unit, however they can also react directly with 

metal centres to form nitrilimine ligands, which is discussed below. 

 

 

Figure 46: Resonance forms of diazo- compounds. 

 

2.1.1 Diazomethane Compounds in Synthetic Chemistry 

In organic chemistry, diazomethane is typically used as a methylation reagent to 

transform alcohols and carboxylic acids to methyl ethers and esters respectively, and 

diazomethane can also be used to substitute a halide in an acid halide, insert into aldehyde 

C-H bonds, and undergo 3+2 dipolar cycloadditions to prepare cyclopropanes.148, 150 The 

higher substituted diazo- compounds increase the versatility of diazo- compounds as a 

reagent, with the different combination of substituents and broad use for a range or reactions 

allowing millions of reactions that utilize diazo- compounds,148 while also improving the 

stability of the reagent.150  

In inorganic chemistry, the reactivity of diazo- compounds varies significantly depending 

on the metal centre they are reacting with and its steric and electronic environment. One of 

the key differences is that metals can oxidatively add to the carbon of the diazo- unit, 

eliminating dinitrogen and forming a metal-carbon double bond (Figure 47). In transition 

metals diazo- compounds have been used to generate carbene complexes of osmium,151-153 

ruthenium,154-155 palladium,156-157 platinum,157 copper,158 nickel,159-160 cobalt,161 rhodium,162 

iron,163 and also germanium.164  
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Figure 47: Formation of metal-carbon double bonds with diazo- compounds. 

 

The dependency of the product on the steric environment of the transition metal was best 

exemplified by the dimethylphenyl (Dmp) and mesityl (Mes) derivatives of the BDI ligand on 

copper (Figure 48).165-166 When the more sterically restrictive mesityl derivative LXXVIII is 

reacted with diphenyldiazomethane, the terminal carbene complex LXXIX is isolated, 

whereas when the diphenylmethyl derivative LXXX is used, the bridged carbene complex 

LXXXI is formed instead. 

 

 

Figure 48: BDI copper carbene complexes. 
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The addition of a diazomethane to a metal complex does not always eliminate dinitrogen. 

For example Iluc and Hillhouse160 found that the addition of 2,6-dimesitylphenyl 

diazomethane to nickel complex LXXXII resulted in coordination of the dinitrogen unit to 

the nickel centre (LXXXIII, Figure 49). The stable intermediate LXXXIII could then be 

converted to their desired carbene product LXXXIV upon exposure to UV light. Similar 

reactivity was observed upon changing the ethane bridged diphosphine ligands of complex 

LXXXII to naphthalene bridged diphosphine ligands, indicating that the formation of the 

intermediate was most likely due to electronic effects rather than steric ones.160 

 

 

Figure 49: Dinitrogen coordination intermediate. 

 

The N- heterocyclic carbene nickel complex LXXXV,167 also does not react with diazo- 

compounds to generate a carbene, but instead the diazo- compound coordinates through the 

terminal nitrogen (LXXXVI, Figure 50). Complex LXXXVI is stable and will not lose N2 upon 

exposure to UV irradiation unlike complex LXXXIII.167 This binding mode, in which the 

terminal nitrogen of the diazo- compound binds to the metal centre resulting in delocalisation 

of the diazo- electrons as in complex LXXXVI, has also been observed with iridium,168 

scandium,169 germanium,75 gallium,170 and aluminium.170-171 
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Figure 50: Terminal nitrogen coordination of diazomethane. 

 

Monosubstituted diazo- compounds can be used to install a nitrilimine unit on a metal 

centre via a salt metathesis reaction. In these reactions, the diazo- unit was deprotonated 

with nBuLi to yield the lithium salt of the diazo- compound, this latter compound is then 

reacted with a metal halide to give a nitrilimine (Figure 51). The carbanion of the 

deprotonated diazo- compound is stabilised by delocalisation of the charge with the adjacent 

nitrogen atoms, and thus the anion can adopt multiple resonance structures. The resulting 

nitrilimine group binds through the terminal nitrogen atom in complexes LXXXVII and 

LXXXVIII (Figure 52),170, 172  binds through the carbon atom in complex XC,166  or binds 

through both the terminal nitrogen and carbon atom in complex LXXXIX.170 

 

 

Figure 51: Installation of a nitrilimine via salt metathesis  
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Figure 52: Different binding modes of the nitrilimine unit. 

 

Interestingly, in rare cases the C-H bond on monosubstituted diazo- compounds can be 

activated by the metal complex itself. For instance, addition of trimethylsilyldiazomethane to 

scandium imido complex XCI (Figure 53)169 resulted in the formation of complex XCII. 

Presumably, this complex forms through deprotonation of the diazo- compound by the imido 

ligand and coordination of the resulting nitrilimine unit via the terminal nitrogen to the 

scandium centre. Similarily, Tsui et al.173 found that gold hydride XCIII will react with the 

diazo- proton of ethyldiazoacetate to eliminate dihydrogen gas and form a gold-carbon bond 

with the diazomethane carbon to give complex XCIV (Figure 54). 

 

 

Figure 53: Deprotonation of diazomethane by a scandium imine. 
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Figure 54: Deprotonation of diazomethane by gold hydride. 

 

2.1.2 Reactivity of Gallium(I) 

Gallium(I) complexes were first synthesised using cyclopentadiene ligands in 1992 after 

“GaCl” and “GaI” reagents could be reliably synthesised.174 While the initially isolated 

gallium(I) complexes could be isolated as monomers in the solution and gas phases, these 

gallium(I) complexes formed hexamers, tetramers and dimers in the solid state. Monomeric 

gallium(I) complexes were first generated by employing the bulky tris(3,5-di-tert-

butylpyrazolyl)hydroborato ligand.175 The generation of other gallium(I) complexes quickly 

followed, with the synthesis of gallium(I) complexes supported by bulky enamine (1),8 aryl 

(XCVI and XXIX),55  and bis-imine (XCV)176 ligands. Depending on the ancillary ligand used 

to stabilise the Ga(I) centre, they typically exist as either neutral (1) or anionic (XCV) 

complexes. As mentioned in section 1.5.1.1, subtle changes in the ligands influence the 

coordination at the metal centre, with complex XXVII being monomeric in the solid state, 

but the removal of the extra steric protection of one isopropyl group on the flanking ligand 

results in complex XXIX being a dimer in the solid state (Figure 55). 
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Figure 55: Common gallium(I) complexes. 

 

Gallium(I) complexes such as complex 1 possess the interesting quality of being able to 

behave as both an electrophile and a nucleophile, due to having both an empty p orbital and 

a lone pair of electrons. This makes them effectively group 13 carbene analogues. Complex 1 

will donate its lone electron pair into empty orbitals of Lewis acids (Figure 56), resulting in 

complexes of type XCVI where M = boron,177-178 aluminium,178 gallium,178 phosphorus,179-180 

nickel,14, 181-183 platinum,184 palladium,184 copper,185 silver,185 germanium,186 chromium,187 

molybdenum,187 tungsten,187 and cobalt.187 While complex 1 can act as an ancillary ligand, it 

also readily undergoes redox chemistry to form complexes of type XCVII, and has been 

shown to insert into Au-Cl,180 Rh-Cl ,188 Zn-Cl,189 Zn-Me,189 Ga-Cl,190 Ga-Me,190 Sn-Cl,190-191 Si-

Cl,190 C-Cl ,190 Bi-O,192 Bi-C,130 Bi-N,193 H-H,194 O-H,194-195 P-H,194 P-P,196 P-Cl,193 N-H,194 Sn-H,194 

Pb-Cl,197 Pb-O,197 Hg-S,197 Rh-O,198 Pt-Cl,199 Te-C,200 Te-Te,200 In-C,201 Sb-N,202 As-Cl,193 and As-

N193 bonds. Complex 1 has even been shown to reversibly insert into Bi-Bi and Sb-Sb bonds.203  

 

 

Figure 56: Donation vs insertion into R-X bonds by gallium(I). 
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Terphenyl gallium(I) ‘dimers’, such as complex XXIX, react with a wide variety of olefins 

in both [n+2] and [2n+2] cycloadditions. In the case of [n+2] cycloadditions with ethene, 

propene, hex-1-ene and styrene (Figure 57), the gallium-gallium bond of complex XXIX is 

broken and two equivalents of the alkene react to form the 6 membered metallacycle 

complex XCVIII.204 In contrast, when [2n+2] cycloaddition reactions were attempted with 

cyclopentadiene, cycloheptatriene, and norbornadiene, the gallium-gallium bond was 

preserved and the expected cycloaddition products XCIX or C was obtained (Figure 58).205 

This gives support that the gallium-gallium ‘dimer’ can behave as both a diradical monomer 

and an ethene analogue. Both complex 1 (BDIDIPPGa) and XXVII will react with N2O and S8 in 

typical oxidation reactions, with complex 1 forming (LGaO)2 and (LGaS)2 respectively.206 

Complex 1 and XXVII will also react with small azides to form tetrazoles207 and bulky azides 

to form formal gallium-nitrogen double bonds.141 As discussed in section 1.6.1, these 

compounds were the first monomeric imides of group 13 elements heavier than boron, and 

were quickly followed by their aluminium138 and indium137 analogues. Complex 1 has also 

been used to synthesise the second known gallium-arsenic double bond140 and the first 

gallium-antimony double bond.208   

 

 

Figure 57: n+2 cycloaddition reactions with terphenyl gallium(I). 
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Figure 58: 2n+2 cycloaddition reactions with terphenyl gallium(I). 

 

2.2 Aim 

The objective of this project was to investigate the reactivity of BDIDIPPGa (1) with diazo- 

compounds, with the goal of isolating a neutral complex containing a formal gallium-carbon 

double bond similar to complex 9. These complexes are rare, and their isolation would allow 

for the investigation of any potential catalytic ability the gallium-carbon double bond could 

possess. One of the restrictions on this synthesis is that R1 and R2 are not group 15 elements, 

as these have previously been shown to prefer the double bond over gallium. For instance, in 

complex CI, the stable canonical form of the bond was actually P=C-GaMe2 instead of P-

C=GaMe2, supported by the shortened P-C bond length of 1.658(7) Å which is indicative  of 

strong P-C π bonding.209 The presence of a limited degree of Ga-C π bonding is supported by 

the shortening of the Ga-C bond by 0.056 Å and a planar conformation at the gallium and 

carbon centres.209 The only existing gallium carbon double bond is the anionic 

metallobenzene complex CII (Figure 59), which, similar to complex CI, possesses a 

delocalised electronic system incorporating the gallium, making the bonding less of a formal 

double bond and more of an allylic interaction.210  The synthesis of a complex similar to 9 

would require promoting the gallium from its usual singlet state into the triplet state, and will 

therefore require the energy gained from the formation of the double bond to be larger than 

the singlet-triplet promotion energy. 
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Figure 59: Gallium metallobenzene complex. 

 

The initial key compound in this project is the known complex, BDIDIPPGa 1 (Scheme 1).8 

The BDIDIPP-H ligand 2 was prepared according to literature procedures,113 and converted to 

lithium salt 3 via addition of nBuLi in hexane. A suspension of ‘gallium(I) iodide’ was prepared 

following literature procedure.8 This involved combining gallium metal with one molar 

equivalent of iodine in toluene under N2 and placing the mixture in an ultrasonic bath at 40 

°C for 3 hours. The dark green suspension was used immediately by cooling to -78 °C after 

which a solution of 3 in toluene was added slowly dropwise and the resulting mixture was left 

to warm to room temperature overnight. The reaction mixture was filtered through celite and 

concentrated in vacuo then cooled in the freezer at -30 °C, resulting in the formation of yellow 

crystals of 1. 

 

 

Scheme 1: Synthesis of BDIDIPPGa. 

 

To increase the scope of the investigation to include the reactivity of other gallium(I) 

complexes, three additional ligand derivatives, including two bulky β-diketiminate ligands and 

an anilido/imino ligand, were also used to generate three new gallium(I) species ArBDIDIPPGa 
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10, BDIAr*Ga 11 and BDIAr’Ga 12 (Figure 60). The reactivity of these complexes with diazo- 

compounds was also examined. 

 

 

Figure 60: New gallium(I) synthetic targets for investigation. 

2.3 Synthetic Strategy 

The reactivity of complex 1 towards a range of diazo- compounds, including 

trimethylsilyldiazomethane, diphenyldiazomethane, cyclododecyldiazomethane, 

diazofluorene, and di-tert-butyldiazomethane (Figure 61) was examined to determine if the 

gallium(I) centre would undergo oxidative addition to form a carbene complex as observed 

with transition metals and germanium (Scheme 2). 

 

Figure 61: Diazo- compound reactivity diagram. 
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Scheme 2: Proposed double bond formation mechanism. 

 

The second part of this project investigated the synthesis and isolation of new gallium(I) 

complexes using the ArBDIDIPP-H 13, BDIAr*-H 14 and BDIAr’-H 15 ligands following a similar 

method used in the synthesis of 1 (Scheme 3), isolating the lithium salt of the ligand and 

reacting it with a solution of ‘GaI’ at -78 °C overnight, resulting in the formation of ArBDIDIPPGa 

10, BDIAr*Ga 11 and BDIAr’Ga 12 respectively. The reactivity of these new gallium(I) complexes 

with a range of diazo- compounds was examined with the goal of forming a gallium-carbon 

double bond. 

 

 

Scheme 3: Synthesis of other BDI gallium(I) complexes. 

 

2.4 Results and Discussion 

The first diazo- compound examined was the commercially available 

trimethylsilyldiazomethane. Addition of one equivalent of trimethylsilyldiazomethane 

solution to a toluene solution of complex 1 at -30 °C resulted in the evolution of gas, 

presumably N2, and the formation of one new product in a 50:50 ratio with 1 as determined 

by 1H NMR spectroscopy. Subsequent addition of a second equivalent of 

trimethylsilyldiazomethane solution to the reaction mixture led to the formation of a single 
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product. The 1H NMR spectrum of isolated product revealed a signal at δ -0.81 ppm 

integrating for two protons. Two signals (δ 0.22, -0.21 ppm) integrating to 9 protons each are 

assigned to two trimethylsilyl groups, the presence of which is consistent with two 

equivalents of trimethylsilyldiazomethane adding to complex 1. An X-ray diffraction study on 

crystals grown from toluene at -30 °C revealed that this assumption was correct with a four-

coordinate gallium centre bound, in addition to the BDI ligand, to a CH2SiMe3 moiety and a 

nitrilimine unit to reveal the product to be BDIDIPPGa(CH2SiMe3)NNCSiMe3 (19, Scheme 4). 

 

 

Scheme 4: Reaction of BDIDIPPGa with TMSC(H)N2. 
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Figure 62: ORTEP plot of BDIDIPPGa(CH2SiMe3)NNCSiMe3 19. Ellipsoids at 30%, H atoms 

omitted and selected C atoms in wire frame for clarity. 

Table 2: Selected bond lengths and angles for BDIDIPPGa(CH2SiMe3)NNCSiMe3 19. 

Bond Lengths (Å) Bond Angles (°) 
Ga(1)-N(1) 1.971(1) N(1)-Ga(1)-N(2) 94.89(4) 
Ga(1)-N(2) 1.958(1) Ga(1)-N(1)-C(1) 121.05(9) 
N(1)-C(1) 1.333(2) Ga(1)-N(2)-C(3) 120.78(8) 
N(2)-C(3) 1.334(2) N(1)-C(1)-C(2) 123.4(1) 
C(1)-C(2) 1.399(2) C(1)-C(2)-C(3) 128.4(1) 
C(2)-C(3) 1.399(2) C(2)-C(3)-N(2) 123.6(1) 

(7) 
Ga(1)-N(3) 1.902(1) Ga(1)-C(30)-Si(1) 121.47(7) 
N(3)-N(4) 1.236(2) Ga(1)-N(3)-N(4) 118.48(9) 
N(4)-C(34) 1.187(2) N(3)-N(4)-C(34) 174.7(1) 
C(34)-Si(2) 1.818(2) N(4)-C(34)-Si(2) 160.8(1) 

Ga(1)-

C(30) 

1.955(2)   
C(30)-Si(1) 1.861(1)   
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The N-N-C angle of 174.7(1)° and an N-C-Si angle of 160.8(1)°, combined with an N-N bond 

length of 1.236(2) Å, an N-C bond length of 1.187(2) Å, and a C-Si bond length of 1.818(2) Å 

are consistent with the presence of a M-N-N≡C-TMS nitrilimine unit as opposed to a  

N=N=C(M)-TMS nitrilimine unit. This unit has two potential resonance forms (Figure 63) in 

which the negative charge can be on either the terminal nitrogen or carbon atoms. The N-N, 

C-N and C-Si bond lengths are nearly identical to the nitrogen bridged dimer 

((CH(SiMe3)2)2GaNNCSiMe3)2
170 and similar to those observed in scandium complex XCII (N-

N: 1.188(5) Å, C-N: 1.199(6) Å, Sc-N-N angle of 149.5(3)°, N-N-C angle of 176.5(5)° and N-C-Si 

angle of 157.4(5)°) which described the N=N=C unit as an allenic interaction.169 This allenic 

interaction is indicated by the longer than average N≡C bond and a shorter than average N-N 

bond length due to resonance of the negative charge between the nitrogen (19a) and the 

carbon (19b).  

 

 

Figure 63: Resonance structures of BDIDIPPGa(CH2SiMe3)NNCSiMe3. 

 

The formation of complex 19 is the net result of the addition of two equivalents of 

trimethylsilyldiazomethane to gallium(I) complex 1. Addition of the first equivalent 

presumably results in the simultaneous loss of N2 gas and generation of a carbene that bonds 

with the metal centre resulting in the formation of the desired gallium-carbene complex 20 

(Scheme 5). This intermediate has two potential resonance forms, one in which there is a 

formal Ga=C double bond 20a, the other in which there is a Ga-C single bond, and there is a 

positive charge on the gallium and a negative charge on the carbon 20b. As there is expected 

to be poor π-orbital overlap between the gallium and carbene, the resonance form 20b is 

expected to dominate. This negatively charged carbon centre is the postulated to then 
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deprotonate a second equivalent of trimethylsilyldiazomethane to form a nitrilimine unit, 

which coordinates to the positively charged gallium through the negatively charged terminal 

nitrogen atom, resulting in the formation of a tetracoordinate gallium complex ligated by the 

BDIDIPP ligand, an alkyl CH2SiMe3 ligand and a nitrilimine ligand (complex 19). 

 

 

Scheme 5: Proposed formation mechanism of BDIDIPPGa(CH2SiMe3)NNCSiMe3. 

 

Attempts to study the mechanism of formation of this product by NMR were unsuccessful 

due to the rapid reaction, with complete conversion to 19 in <1 minute, even if the reaction 

was cooled to -78 °C prior to NMR analysis. Attempts at trapping the intermediate were 

hindered by the BDIDIPPGa starting material directly reacting with the trapping agents such as 

bistrimethylsilylacetylene and dichloromethane.  

Interestingly, crystals obtained from one reaction mixture at -78 °C were identified via X-

ray diffraction as BDIDIPPGa(CH2SiMe3)N(H)NC 21 (Figure 64), which appears to be complex 19 

following loss of the SiMe3 group from the nitrilimine ligand and protonation of the ligating 

nitrogen atom. The 1H NMR spectrum of 21 shows the γ-proton as a singlet resonance at δ 

4.85 ppm, with a singlet resonance at δ 3.64 ppm in a 1:1 ratio to the γ-proton corresponding 

to the N-H proton. Two singlet resonances in a 1:9:2 ratio to the γ-proton at δ -0.49 and -0.90 
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ppm correspond to the TMS group and CH2 group protons respectively. Two septet 

resonances in a 1:2:2 ratio with the γ-proton at δ 3.87 and 3.16 ppm corresponding to the 

methine protons of the isopropyl groups and four doublet resonances each in a 1:6 ratio with 

the γ-proton at δ 1.51, 1.39, 1.28 and 1.02 ppm corresponding to methyl protons of the 

isopropyl groups of the ancillary ligand. The coordinating atom is assigned as an N as opposed 

to Ga-C(H)-N≡N based on the singlet resonance at δ 3.64 ppm having no correlations in the 

HSQC spectrum, and a weak HMBC correlation to the resonance in the 13C NMR spectrum at 

δ 131.0 ppm, which has been assigned as the C-. An X-ray diffraction study of 21 shows a very 

short C-N bond of 1.157(2) Å, similar to other terminal R-N+≡C- bonds211 and shorter than in 

complex 19 (1.187(2) Å). The gallium sits in a pseudo-tetrahedral conformation above the 

NCCCN plane of the ligand, with a bite angle of 95.66(4)° and similar bond lengths and angles 

for the ligand as complex 19. The Ga-C bond length of 1.953(1) Å, C-Si bond length of 1.858(1) 

Å and Ga-C-Si angle of 123.21(8)° are comparable to those in 19 (1.955(2) Å, 1.861(1) Å and 

121.47(7)° respectively). 

 

 

Figure 64: Isolated by-product BDIDIPPGa(CH2SiMe3)N(H)NC. 
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Figure 65: ORTEP plot of BDIDIPPGa(CH2SiMe3)N(H)NC 21. Ellipsoids at 30%, H atoms omitted 

and selected C atoms in wire frame for clarity. 

Table 3: Selected bond lengths and angles for BDIDIPPGa(CH2SiMe3)N(H)NC 21. 

Bond Lengths (Å) Bond Angles (°) 
Ga(1)-N(1) 1.954(1) N(1)-Ga(1)-N(2) 95.66(4) 
Ga(1)-N(2) 1.948(1) Ga(1)-N(1)-C(1) 121.04(8) 
N(1)-C(1) 1.335(2) Ga(1)-N(2)-C(3) 120.19(8) 
N(2)-C(3) 1.339(2) N(1)-C(1)-C(2) 123.3(1) 
C(1)-C(2) 1.396(2) C(1)-C(2)-C(3) 128.2(1) 
C(2)-C(3) 1.395(2) C(2)-C(3)-N(2) 124.2(1) 

Ga(1)-N(3) 1.914(1) Ga(1)-C(30)-Si(1) 123.21(8) 
N(3)-N(4) 1.339(2) Ga(1)-N(3)-N(4) 122.86(9) 
N(4)-C(34) 1.157(2) N(3)-N(4)-C(34) 178.5(2) 

Ga(1)-

C(30) 

1.953(1)   
C(30)-Si(1) 1.858(1)   

 

The synthesis of complex 21 was repeated to determine what had happened to the 

trimethylsilyl group, however these attempts resulted in the synthesis of complex 19, and 

complex 21 could not be reproduced. 
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2.4.1 Reaction of BDIDIPPGa with Cyclododecyldiazomethane 

As previously discussed, when trimethylsilyldiazomethane is added to scandium complex  

XCI169
 deprotonation of the diazo- compound by the scandium imido complex is observed. 

The activation barrier for this reaction was calculated to be 13.6 kcal/mol. Unfortunately, the 

pKa values of diazo- compounds are unknown.212 As it appears that similar reactivity was 

occurring with complex 1, we decided to investigate the reactivity of diazo- compounds that 

did not contain an α-proton. To that end, cyclododecyldiazomethane 24 was prepared 

following adapted literature procedure (Scheme 6)213 from cyclododecanone through 

condensation with p-toluenesufonyl hydrazide to give hydrazide 22.214 Treatment of 22 with 

sodium methoxide in methanol resulted in conversion to sodium hydrazide salt 23, finally 

thermal pyrolysis of the sodium salt 23 yielded 24 as bright red crystals that were used 

without further purification. 

 

 

Scheme 6: Preparation of cyclododecyldiazomethane. 

 

Addition of one equivalent of a solution of cyclododecyldiazomethane 24 in hexane to a 

solution of BDIDIPPGa 1 in toluene cooled to -30 °C resulted in the formation of one new BDIDIPP 

containing product (as determined from the presence of a new γ-proton resonance in the 

crude 1H NMR spectrum) in a less than 50:50 ratio. On the assumption that a similar product 

to 19 was again forming, a second equivalent of 24 was added to the reaction mixture, which 

increased the ratio of product:starting material to approximately 80:20. Removal of the 

solvent and crystallisation from toluene at -30 °C yielded crystals suitable for X-ray diffraction, 

with the resulting data indicating that the product of the reaction was most likely 
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BDIDIPPGa(C12H21)N(H)N(H)C12H21 (25) (Scheme 7). The presence of two short (1.325(7) and 

1.346(7) Å), sp2 carbon bonds in the cyclododecane rings indicate that the CH2 unit adjacent 

to the diazo- carbon has been deprotonated and a double bond has formed between the two 

carbon centres. The C-N bond length of 1.369(6) Å indicates the presence of a shortened C-N 

single bond, while the N-N bond length of 1.420(5) Å indicates a lengthened N-N single bond. 

Additionally, the loss of the two protons from the two cyclododecane moieties requires 

accounting for, and electron density accounting for a single proton can be found near both 

nitrogen atoms. Both nitrogen atoms adopt a planar orientation, leading to the M-N-N-C=C-

R sub unit sitting in the same plane, indicating that the π-system is potentially delocalised 

across all atoms involved. While a clean 1H NMR spectrum would confirm the presence of the 

N-H protons, one has not successfully been obtained due potentially to the presence of the 

decomposition products of 24 also being present in the reaction mixture. 

 

 

Scheme 7: Reaction of BDIDIPPGa with C12H22N2. 
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Figure 66: ORTEP plot of BDIDIPPGa(C12H21)N(H)N(H)C12H21 25. Ellipsoids at 30%, H atoms 

omitted and selected C atoms in wire frame for clarity. 

Table 4: Selected bond lengths and angles for BDIDIPPGa(C12H21)N(H)N(H)C12H21 25. 

Bond Lengths (Å) Bond Angles (°) 
Ga(1)-N(1) 1.989(3) N(1)-Ga(1)-N(2) 94.2(1) 
Ga(1)-N(2) 1.974(3) Ga(1)-N(1)-C(1) 119.5(3) 
N(1)-C(1) 1.333(5) Ga(1)-N(2)-C(3) 119.8(3) 
N(2)-C(3) 1.326(5) N(1)-C(1)-C(2) 123.9(4) 
C(1)-C(2) 1.393(6) C(1)-C(2)-C(3) 128.2(2) 
C(2)-C(3) 1.408(6) C(2)-C(3)-N(2) 124.0(4) 

Ga(1)-N(3) 1.873(3) Ga(1)-C(30)-C(31) 118.4(4) 
N(3)-N(4) 1.420(5) Ga(1)-C(30)-C(41) 119.1(3) 
N(4)-C(42) 1.369(6) C(31)-C(30)-C(41) 122.4(5) 
C(42)-C(43) 1.346(7) Ga(1)-N(3)-N(4) 114.6(3) 
C(42)-C(53) 1.502(7) N(3)-N(4)-C(42) 120.0(4) 
Ga(1)-C(30) 1.966(3) N(4)-C(42)-C(43) 122.4(4) 
C(30)-C(31) 1.325(7) N(4)-C(42)-C(53) 112.7(4) 
C(30)-C(41) 1.480(7) C(43)-C(42)-C(53) 124.7(4) 
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The formation of complex 25 is presumed to occur via the mechanism depicted in Scheme 

8, simultaneous carbene formation, loss of N2 and attack of the gallium(I) centre gives the 

desired gallium carbene complex 26. As with complex 20, there are two resonance forms 26a 

and 26b, with 26b being expected to dominate. Intermediate 26b then reacts with a second 

equivalent of cyclododecyldiazomethane in a concerted process in which the β-proton of the 

cyclododecyl ligand is transferred to one of the two nitrogen atoms of the 

cyclododecyldiazomethane, coordination of the terminal nitrogen to the gallium centre 

occurs, and a C-C double bond is formed to give a cyclododecene ligand. Intermediate 27 then 

undergoes an allylic 1,3 hydride shift to form the second C-C double bond and protonate the 

second nitrogen atom to give complex 25.  

 

 

Scheme 8: Proposed mechanism for the formation of BDIDIPPGa(C12H21)N(H)N(H)C12H21. 

 

2.4.2 Reaction of BDIDIPPGa with Diphenyldiazomethane 

The unexpected α-deprotonation of trimethylsilyldiazomethane and β-deprotonation of 

cyclododecyldiazomethane required a change in the diazo- compound. In order reduce the 

potential for β-elimination during the reaction, diphenyldiazomethane 8 was prepared from 
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benzophenone following literature procedures (Scheme 9).149 Benzophenone was converted 

to hydrazone 28 via condensation with hydrazine monohydrate, followed by reduction using 

mercuric oxide to give 8 as a red/purple solid. 

 

 

Scheme 9: Synthesis of diphenyldiazomethane. 

 

Upon addition of diphenyldiazomethane 8 to BDIDIPPGa 1, the solution immediately 

changed colour from dark red/purple to pale yellow. The 1H NMR spectral analysis of the 

solution showed that the only BDI containing compound present was complex 1, however the 

resonances corresponding to 8 were no longer present. Instead resonances corresponding to 

tetraphenylethene 30 were observed, the decomposition product of the diazo- compound. 

Diphenyldiazomethane is known to be unstable in solution,149 and upon dissolving it in C6D6 

a small amount (<5%) of decomposition was observed after 24 h. In the presence of BDIDIPPGa, 

complete decomposition was observed immediately. Presumably, either the proposed 

carbanion 29 forms, but then attacks another equivalent of diazomethane (Scheme 10) or 

simply co-ordination of the diazomethane unit to the gallium centre 31 is enough to catalyse 

the decomposition of diphenyldiazomethane to tetraphenylethene (Scheme 11).  

 

 

Scheme 10: Tetraphenylethene formation via carbanion. 
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Scheme 11: Tetraphenylethene formation via co-ordination. 

 

Previous work has demonstrated that the analogous complex BDIDIPPAl (6) reacts with 

diphenyldiazomethane in a very different manner, with the formation of Ph2C=N-N=CPh2 

followed by aluminium insertion into the N-N bond (Figure 67) to give diiminylaluminium 

complex CIII as the product.215 Ph2C=N-N=CPh2 is another decomposition product of the 

parent diphenyldiazomethane, however the reaction was carried out at 60 °C, a temperature 

at which spontaneous decomposition of diphenyldiazomethane occurs in solution.149 

Therefore, it is unclear if complex 6 played a role in the decomposition of 

diphenyldiazomethane in a similar manner as proposed for complex 1. 

 

 

Figure 67: Reaction of BDIDIPPAl with diphenyldiazomethane. 
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2.4.3 Reaction of BDIDIPPGa with Diazafluorene 

As the formation of tetraphenylethene showed that consideration of the ease of dimer 

formation between two monomers of the diazo- compound was required, diazofluorene was 

selected as the next reagent to be examined due to the relative difficulty of formation of 

bifluorene compared to tetraphenylethene.216 Diazofluorene 33 was synthesised following 

literature procedure (Scheme 12).149 Fluorenone was converted into hydrazone 32 via 

condensation with hydrazine monohydrate, subsequent reduction of hydrazone 32 with 

mercuric oxide yielded diazofluorene 33 as red crystals. 

 

 

Scheme 12: Synthesis of diazofluorene. 

 

In contrast to the reaction of 1 with diphenyldiazomethane, upon addition of 33 to a 

solution of 1 the toluene solution turned intense blue, which over the course of 5 minutes 

converted to a dark green solution. The 1H NMR spectrum of the reaction mixture showed 

three BDI-containing species were present, complex 1 and two new signals in a 50:47:3 ratio. 

Assuming that a subsequent reaction with a second unit of the diazo- compound was once 

again occurring as with 19 and 25, a second equivalent of 33 was added to the reaction 

mixture resulting in nearly complete consumption of 1. Concentration of the solution and 

storage in the freezer at -30 °C resulted in the formation of crystals suitable for X-ray 

diffraction, which identified the product as BDIDIPPGaFlNNFl 34 (Scheme 13). 
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Scheme 13: Reaction of BDIDIPPGa with diazofluorene. 

 

Complex 34 appears to be the product of a [2+2] cycloaddition reaction between the 

desired gallium-carbon double bonded species 35 and a second equivalent of diazofluorene. 

A fully clean 1H and 13C NMR spectrum of complex 34 could not be obtained due to the 

presence of an impurity with overlapping γ-proton resonances (potentially the opposite 

cycloaddition product). However, visible resonances of the major product at δ 8.26, 7.91, 

7.43, 6.72 and 6.54 ppm supported the presence of multiple fluorene rings in the product. No 

visible N-H resonances were identified from the HSQC spectrum, supporting the presence of 

the C=N+-N- moiety. The X-ray diffraction study supports this, with a longer C=N double bond 

length of 1.334(3) Å, shortened N-N single bond length of 1.332(3) Å, and C-N-N angle of 

122.3(2)° supporting the presence of an allylic C-N-N interaction. The gallium sits 0.243 Å 

above the NCCCN plane of the ligand in an almost planar conformation with N(1),N(2) and 

C(30) (sum of angles 355.8°), while the bound fluorene ligand is at a 54.47° angle to the NCCCN 

plane. The Ga-N(3) bond length of 2.023(2) Å is longer than a standard Ga-N bond, potentially 

due to the positive charge on the nitrogen atom. The Ga-C(30)-N(4) angle of 90.1(1)° and C-N 

bond length of 1.477(3) Å is comparable to similar 4-membered ring systems, while the C(30)-

Ga-N(3) angle of 67.34(6)° is comparable to transition metal complexes (Y, Mo, Sc, Ru) 

containing similar 4-membered ring systems.217-219  
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Figure 68: ORTEP plot of BDIDIPPGaFlNNFl 34. Ellipsoids at 30%, H atoms omitted and 

selected C atoms in wire frame for clarity. 

Table 5: Selected bond lengths and angles for BDIDIPPGaFlNNFl 34. 

Bond Lengths (Å) Bond Angles (°) 
Ga(1)-N(1) 1.931(2) N(1)-Ga(1)-N(2) 97.95(7) 
Ga(1)-N(2) 1.930(2) Ga(1)-N(1)-C(1) 122.4(1) 
N(1)-C(1) 1.337(3) Ga(1)-N(2)-C(3) 121.3(1) 
N(2)-C(3) 1.347(3) N(1)-C(1)-C(2) 123.7(2) 
C(1)-C(2) 1.400(3) C(1)-C(2)-C(3) 128.4(2) 
C(2)-C(3) 1.391(3) C(2)-C(3)-N(2) 124.7(2) 

Ga(1)-N(3) 2.023(2) Ga(1)-C(30)-N(4) 90.1(1) 
N(3)-N(4) 1.332(3) Ga(1)-N(3)-N(4) 95.6(1) 
N(4)-C(30) 1.477(3) N(3)-N(4)-C(30) 106.8(2) 
N(3)-C(43) 1.334(3) C(30)-Ga(1)-N(3) 67.34(8) 
Ga(1)-C30) 2.048(2) Ga(1)-N(3)-C(43) 142.1(1) 

  C(43)-N(3)-N(4) 122.3(2) 
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The proposed mechanism for the formation of complex 34 is the initial formation of the 

desired gallium-carbene complex 35 through attack of the gallium(I) centre and loss of N2, 

followed by a [2+2] cycloaddition reaction between the desired gallium-carbon double 

bonded species 35 and a second equivalent of diazofluorene 33 (Scheme 14). The formation 

of complex 34 gives a good indication that the gallium-carbon double bond may indeed be 

formed, but is highly reactive. 

 

 

Scheme 14: Proposed mechanism of reaction of BDIDIPPGa with diazofluorene. 

 

2.4.4 Reaction of BDIDIPPGa with Di-tert-butyldiazomethane 

With the list of complications to isolating a gallium-carbon double bond now including 

both α and β protons, decomposition to dimers, and [2+2] cycloaddition, the next diazo- 

compound attempted was di-tert-butyldiazomethane 38. This compound lacks α and β 

protons, dimer formation is relatively difficult220 and the tBu groups make the compound 

significantly more sterically hindered. Di-tert-butyldiazomethane 38 was synthesised from 

pivalonitrile following literature procedures (Scheme 15).221-222 Sodium mediated radical 

reduction of pivalonitrile resulted in the formation of imine 36, imine substitution of 36 with 
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hydrazine resulted in the formation of imine 37, subsequent reduction of imine 37 with 

mercuric oxide yielded di-tert-butyldiazomethane 38 as a red oil. 

 

 

Scheme 15: Synthesis of di-tert-butyldiazomethane. 

 

Addition of di-tert-butyldiazomethane 38 to BDIDIPPGa 1 was rather uneventful in that 

absolutely nothing happened, no reaction was observed by 1H NMR spectroscopy and the two 

reagents remained unreactive in C6D6, toluene, and THF, while heating of all samples above 

60 °C resulted in degradation of 1 with no observable formation of target 39 (Scheme 16). 

Presumably, the steric bulk of the tBu groups, intended to prevent dimerization, also 

prevented the two reagents from getting close enough to react in the first place.  

 

 

Scheme 16: Attempted reaction with di-tert-butyldiazomethane. 

 

2.4.5 Synthesis of ArBDIDIPPGa 

The BDIDIPP ligand proved unsuitable at stabilising a complex with a gallium-carbon double 

bond. Although the reactivity suggests that the target Ga=C double bonded complex is 

formed, it is kinetically unstable and reacts rapidly with a second equivalent of diazo- 
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compounds. As such, other variations of the BDI ligand were used, both to generate new 

gallium(I) complexes and investigate their reactivity towards diazo- compounds. In order to 

examine if the orbital overlap between the proposed carbanion and the gallium centre could 

be improved, and thus stabilise the Ga=C double bond, the anilido/imino analogue of the BDI 

ligand (ArBDIDIPP-H, 13) was prepared following literature procedure.119 Treatment of the 

ligand 13 with n-butyllithium resulted in the formation of lithium salt 16 (Scheme 17), which 

was isolated and added to a solution of ‘GaI’ in toluene, resulting in the formation of a vivid 

yellow solution. Upon concentrating and storing at -30 °C, bright yellow crystals of ArBDIDIPPGa 

10 formed. 

 

 

Scheme 17: Synthesis of ArBDIDIPPGa. 

 

Analysis of 10 by NMR spectroscopy and X-Ray diffraction showed that the gallium had 

inserted nearly perfectly into the plane of the ligand, with all the backbone carbon atoms, 

nitrogen atoms, and gallium forming a plane. This plane creates an element of symmetry in a 

molecule that was expected to be asymmetric. The 1H NMR spectrum shows the backbone 

methyl group as a singlet resonance at δ 2.06 ppm, two septet resonances in a 3:2:2 ratio with 

the backbone methyl group at δ 3.33 and 2.90 ppm corresponding to the methine protons of 

the isopropyl groups and four doublet resonances each in a 3:6 ratio with the backbone 

methyl group at δ 1.33, 1.25, 1.13 and 1.03 ppm corresponding to the methyl protons of the 

isopropyl groups of the ancillary ligand. The bite angle of the ligand is 85.0(1)° which is smaller 

than both the 87.5° observed in BDIDIPPGa8 and the 89.0° in  tBuBDIDIPPGa.223 The imide dative 

bond is 6% longer than the amide bond to the gallium centre (2.114(4) Å and 1.988(3) Å 

respectively) however the carbon nitrogen bond distances of the imide and amide are nearly 

identical (1.310(6) Å and 1.365(6) Å respectively). This indicates that complex 10 possesses 

similar delocalised aromaticity of the ligand backbone to 1, but with a slight skewing of the 



67 
 

gallium towards the amide nitrogen, reflecting the change in binding from the diimine ligand 

2 to the anilido/imino ligand 13. 

 

 

Figure 69: ORTEP plot of ArBDIDIPPGa 10. Ellipsoids at 30%, H atoms and solvent omitted and 

selected C atoms in wire frame for clarity. 

Table 6: Selected bond lengths and angles for ArBDIDIPPGa 10. 

Bond Lengths (Å) Bond Angles (°) 
Ga(1)-N(1) 1.988(3) N(1)-Ga(1)-N(2) 85.0(1) 
Ga(1)-N(2) 2.114(4) Ga(1)-N(1)-C(1) 133.5(3) 
N(1)-C(1) 1.365(6) Ga(1)-N(2)-C(3) 132.0(3) 
N(2)-C(3) 1.310(6) N(1)-C(1)-C(2) 122.8(3) 
C(1)-C(2) 1.438(6) C(1)-C(2)-C(3) 124.2(3) 
C(2)-C(3) 1.450(5) C(2)-C(3)-N(2) 122.4(3) 
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2.4.6 Reaction of ArBDIDIPPGa with Trimethylsilyldiazomethane 

Addition of trimethylsilyldiazomethane 7 to ArBDIDIPPGa 10 in toluene at -30 °C (Scheme 

18) resulted in the evolution of gas however, as with the previous attempt with BDIDIPPGa 1, 

a 50:50 ratio of product:starting material was observed in the 1H NMR spectrum. A second 

equivalent of trimethylsilyldiazomethane 7 was added to the reaction mixture and full 

consumption of the starting material was observed. Concentration of the solvent and cooling 

to -30 °C yielded ArBDIDIPPGa(CH2SiMe3)NNCSiMe3 40 as vivid yellow crystals suitable for X-ray 

diffraction. 

 

 

Scheme 18: Synthesis of ArBDIDIPPGa(CH2SiMe3)NNCSiMe3. 

 

Unlike analogous complex 19, complex 40 appears to degrade in the solution state and 

liberate ArBDIDIPP-H, complicating NMR analysis through the presence of the free ligand, 

however as the ligand signals are known the 1H NMR spectrum can be mostly analysed. The 

asymmetry of 40 is visible in the 1H NMR spectrum, with the backbone methyl resonance 

appearing as a singlet at δ 2.01 ppm, while eight doublet resonances appear each in a 1:1 

ratio with the backbone methyl resonance at δ 1.75, 1.71, 1.43, 1.36, 1.34, 1.29, 1.05, and 

0.86 ppm and four septet resonances are present at δ 3.73, 3.52, 3.39, and 3.22 ppm each in 

a 3:1 ratio with the backbone methyl resonance. This suggests that the isopropyl groups on 

the BDI ligand are restricted from rotating on an NMR timescale. The presence of two singlet 

resonances in a 3:9:9 ratio with the backbone methyl ligand at δ -0.01 and -0.19 ppm 

corresponding to trimethylsilyl groups again supports that two equivalents of 

trimethylsilyldiazomethane 7 react with complex 10 to form 40. Further supporting the 

asymmetry in 40 is the CH2 unit appearing as two doublet resonances at δ -0.74 and -0.84 
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ppm as opposed to the singlet observed for complex 19. An X-ray diffraction study confirmed 

that 40 is asymmetric, with the amide-imide nature of the ligand creating two enantiomers of 

40, and both R and S conformations are visible in the unit cell. The bond lengths and angles in 

the two molecules are nearly identical, so data for only one is listed in Table 7. While the bond 

lengths and angles in the ancillary ligand are expectedly different between complex 19 and 

40, the lengths and angles of the NNCTMS and CH2TMS ligands are nearly identical, with the 

one exception being the N(4)-C(37)-Si(2) angle of 168.8(2)° compared to 160.8(1)° in complex 

19. The amide-imide bonding is reflected in the Ga-N distances of 1.925(1) and 1.993(1) Å for 

N(1) and N(2) respectively, however this has not had the desired stabilising effect on the 

potential Ga=C double bond intermediate, with the reactivity being identical to BDIDIPPGa. 
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Figure 70: ORTEP plot of ArBDIDIPPGa(CH2SiMe3)NNCSiMe3 40. Ellipsoids at 30%, H atoms and 

disorder in Si(3)Me3 group omitted and selected C atoms in wire frame for clarity. 

Table 7: Selected bond lengths and angles for ArBDIDIPPGa(CH2SiMe3)NNCSiMe3 40. 

Bond Lengths (Å) Bond Angles (°) 
Ga(1)-N(1) 1.925(1) N(1)-Ga(1)-N(2) 92.67(6) 
Ga(1)-N(2) 1.993(1) Ga(1)-N(1)-C(1) 124.0(1) 
N(1)-C(1) 1.362(2) Ga(1)-N(2)-C(3) 124.6(1) 
N(2)-C(3) 1.315(2) N(1)-C(1)-C(2) 123.2(2) 
C(1)-C(2) 1.439(3) C(1)-C(2)-C(3) 125.0(2) 
C(2)-C(3) 1.459(2) C(2)-C(3)-N(2) 122.3(2) 

Ga(1)-N(3) 1.904(2) Ga(1)-C(33)-Si(1) 120.7(1) 
N(3)-N(4) 1.241(2) Ga(1)-N(3)-N(4) 119.0(1) 
N(4)-C(37) 1.176(3) N(3)-N(4)-C(37) 174.9(2) 
C(37)-Si(2) 1.824(2) N(4)-C(37)-Si(2) 168.8(2) 
Ga(1)-C(33) 1.955(2)   
C(33)-Si(1) 1.857(2)   
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2.4.7 Synthesis of BDIAr*Ga 

As two equivalents of diazo- compound reacted with both BDIDIPPGa 1 and ArBDIDIPPGa 10, 

a more sterically hindering ligand was thought to be the solution to this problem, with the 

goal of blocking the second equivalent of diazo- compound from being able to react with the 

presumed carbanion intermediate. The BDIAr* ligand was selected as the eight flanking phenyl 

groups of the ligand offer significantly more steric protection than the methyl groups of the 

BDIDIPP ligand. BDIAr*-H 14 was synthesised following literature procedure (Scheme 19),120 

treatment of the ligand 14 with n-butyllithium resulted in the formation of lithium salt 17, 

which was isolated and added to a solution of ‘GaI’ in toluene, resulting in the formation of 

an orange solution. Filtration of this solution through celite, concentrating to c.a. 10 mL and 

storing at -30 °C yielded crystals of BDIAr*Ga 11 suitable for analysis by X-ray diffraction. 

 

 

Scheme 19: Synthesis of BDIAr*Ga. 

 

Analysis of 11 by 1H NMR spectroscopy showed that the BDI γ-proton is significantly more 

shielded at δ 4.80 ppm than that of BDIDIPPGa 1 (δ 5.20 ppm), similarly the backbone methyl 

groups are also significantly more shielded at δ 1.02 ppm than in 1 (δ 1.72 ppm), though they 

are deshielded relative to ligand 14 (δ 0.25 ppm). The presence of aromatic resonances in a 

ratio of 1:8:8:12:4:8:4 relative to the γ-proton indicate that the ligand is symmetric, along 

with the singlet resonance in a 1:4 ratio relative to the γ-proton at δ 6.00 ppm corresponding 

to the methine protons and singlet resonance in a 1:6 ratio relative to the γ-proton at δ 1.93 

ppm corresponding to the methyl protons on the aromatic groups of the ancillary ligand. The 

X-ray diffraction study confirmed that the product was BDIAr*Ga 11 and not the BDIAr*GaI2 by-

product also isolated from the reaction mixture. The Ga-N bond lengths of 2.072(2) and 

2.074(2) Å are slightly longer than those of 1 (2.053 and 2.056 Å) while the bite angle of the 
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ligand is also slightly larger (88.05(9)° compared to 87.5° in 1). The NCCCN bond lengths and 

angles are nearly identical to those of 1 and the gallium atom sits in the plane of the ligand as 

with 1 and 10. Unfortunately, a large amount of disorder is present in the ligand and two 

toluene molecules of the asymmetric unit, and while one of the two solid state orientations 

of the ligand does effectively block the top face of the molecule,  the other orientation does 

not, so the effectiveness of the ligand at blocking a second diazo- equivalent cannot be 

determined from the structure alone.  

 

 

Figure 71: ORTEP plot of BDIAr*Ga 11. Ellipsoids at 30%, H atoms, ligand disorder and solvent 

omitted and selected C atoms in wire frame for clarity. 
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Table 8: Selected bond lengths and angles for BDIAr*Ga 11. 

Bond Lengths (Å) Bond Angles (°) 
Ga(1)-N(1) 2.072(2) N(1)-Ga(1)-N(2) 88.05(9) 
Ga(1)-N(2) 2.074(2) Ga(1)-N(1)-C(1) 128.2(2) 
N(1)-C(1) 1.328(3) Ga(1)-N(2)-C(3) 127.9(2) 
N(2)-C(3) 1.333(3) N(1)-C(1)-C(2) 123.3(2) 
C(1)-C(2) 1.404(4) C(1)-C(2)-C(3) 128.5(2) 
C(2)-C(3) 1.400(4) C(2)-C(3)-N(2) 123.4(2) 

 

2.4.8 Reaction of BDIAr*Ga with Trimethylsilyldiazomethane 

Addition of one equivalent of trimethylsilyldiazomethane 7 to 11 (Scheme 20) resulted in 

a near instant fading from the bright yellow colour of the starting materials to a very pale 

yellow. Unlike the reaction with 1 and 10, only one equivalent of 7 was needed for full 

consumption of 11 to be observed by 1H NMR spectroscopy. Concentration of the solution 

and storage at -30°C yielded colourless blocks, that upon investigation by 1H NMR 

spectroscopy, possessed a broad resonance at δ 5.72 ppm, which is the typical chemical shift 

of a gallium hydride.224 This, coupled with no observable evolution of gas, indicated that a 

similar reaction to scandium complex XCI was occurring, where the metal centre was directly 

deprotonating the diazo- compound and forming a nitrilimine unit, an X-ray diffraction study 

confirmed this hypothesis and the product was identified as BDIAr*Ga(H)C(N2)SiMe3 41. 

 

 

Scheme 20: Synthesis of BDIAr*Ga(H)C(N2)SiMe3. 

 

A similar activation of the C-H bond in the diazo- compound has been previously reported 

for the BDI germanium(II) complex CIV, in which the ligand deprotonated the diazo- 
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compound and the resulting nitrilimine unit bound to the germanium centre to give complex 

CV (Figure 72).225 While the reactivity of gallium(I) has been investigated, complex 41 is the 

first instance of C-H bond activation by gallium(I). It should be noted that the nitrilimine unit 

is typically installed on a metal centre via the lithium salt of trimethylsilyldiazomethane, 

whereas in complex 41 it can be directly formed. 

 

 

Figure 72: Reactivity of BDIGe(II) with trimethylsilyldiazomethane. 

 

Complex 41 shows even more shielding of the BDI γ-proton (δ 4.24 ppm) relative to 11 

(δ 4.80 ppm) while the backbone methyl substituents have lost the deshielding effect present 

in 11 (δ 1.02 ppm) and now appear at δ 0.29 ppm, a similar shift to that observed in the free 

ligand 14 (δ 0.25 ppm). The Ga-H resonance appears at δ 5.72 ppm as a broad signal, similar 

to the δ 5.49 ppm shift observed in BDIDIPPGa(Me)H, and deshielded relative to BDIDIPPGaH2 (δ 

4.58 ppm).224 An X-ray diffraction study of 41 shows a short N-N bond distance in the 

nitrilimine unit of 1.163(3) Å, which is in the realm of N-N triple bond lengths, presumably due 

to the N+-N- attraction shortening the bond.  One of the most interesting structural features 

of 41 is that the gallium, while tetrahedral, still sits within the NCCCN plane of the ligand, 

which is rare for four-coordinate BDI-gallium(III) complexes; this planar geometry has only 

been observed in the dihydride complexes (BDIGaH2).224, 226-227 There is a significantly 

increased bite angle of the ligand from 88.05(9)° in 11 to 97.97(6)° in 41, along with the 

reduction in Ga-N bond length from 2.072(2)/2.074(2) Å in 11 to 1.961(2)/1.937(1) Å in 41. 

This data indicates that the BDIAr* ligand imposes a different conformational arrangement on 

the gallium centre than observed in other BDI-gallium(III) complexes, which is unusual as even 
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a methyl substituent (BDIDIPPGa(H)Me) results in the gallium centre sitting out of the plane of 

the ligand.224  

 

 

Figure 73: ORTEP plot of BDIAr*Ga(H)C(N2)SiMe3 41. Ellipsoids at 30%, H atoms omitted and 

selected C atoms in wire frame for clarity. 
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Table 9: Selected bond lengths and angles for BDIAr*Ga(H)C(N2)SiMe3 41. 

Bond Lengths (Å) Bond Angles (°) 
Ga(1)-N(1) 1.961(2) N(1)-Ga(1)-N(2) 97.97(6) 
Ga(1)-N(2) 1.937(1) Ga(1)-N(1)-C(1) 122.4(1) 
N(1)-C(1) 1.325(2) Ga(1)-N(2)-C(3) 121.8(1) 
N(2)-C(3) 1.346(3) N(1)-C(1)-C(2) 123.3(2) 
C(1)-C(2) 1.407(2) C(1)-C(2)-C(3) 129.7(2) 
C(2)-C(3) 1.388(3) C(2)-C(3)-N(2) 124.4(2) 

Ga(1)-C(72) 1.903(2) Ga(1)-C(72)-Si(1) 124.32(9) 
N(3)-C(72) 1.357(2) Ga(1)-C(72)-N(3) 118.1(1) 
N(3)-N(4) 1.163(3) N(4)-N(3)-C(72) 178.1(2) 
C(72)-Si(1) 1.759(2) H-Ga(1)-C(72) 107(1) 

Ga(1)-H 1.44(2) H-Ga(1)-N(1) 

H 

114(1) 

 

 

  H-Ga(1)-N(2) 

 

116(1) 

 

 

 

  N(1)-Ga(1)-C(72) 109.84(7) 
  N(2)-Ga(1)-C(72) 112.33(7) 

 

The insertion of 11 into the C-H bond of the diazo- group was unexpected, though not 

entirely unprecedented as both N-H and O-H bonds have been activated by BDIDIPPGa. 

However, this does call into question the proposed mechanism of formation of the other 

observed results, as no carbanion was isolated, and potentially the mechanism of formation 

involves a gallium hydride intermediate 42 instead (Scheme 21). The migration of the hydride 

from the gallium to a carbon would likely require a carbocation intermediate 43 instead of a 

carbanion, which can be rationalised as forming through deprotonation of the second 

equivalent of diazomethane by the carbon atom of the first, elimination of N2 gas followed by 

hydride migration to the formed carbocation and co-ordination of the nitrogen of the 

deprotonated diazomethane unit 44 to the gallium centre. However, this mechanism seems 

unlikely due to the secondary carbocation intermediate which are typically unstable, though 

the silicon and gallium are both electron donating so may stabilise such a species. Attempts 

to study the mechanism by NMR were again hampered by the speed of the reaction, with 

complete conversion being observed by 1H NMR spectroscopy in <1 minute, even if the 

reaction mixture was cooled to -78 °C prior to analysis. 
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Scheme 21: BDIDIPPGa(CH2SiMe3)NNCSiMe3 formation via carbocation. 

 

2.4.9 Synthesis of BDIAr’Ga 

As the BDIAr* ligand had proven successful at blocking a second equivalent of diazo- 

compound from reacting and provided an example of C-H bond activation by a gallium(I) 

complex, the slightly more sterically hindering BDIAr’ ligand was chosen to investigate if this 

C-H bond activation could be reproduced. BDIAr’-H 15 was synthesised by adapting the 

literature procedure used in the synthesis of BDIAr*-H.120 Substituting 4-methylaniline for 4-

tert-butylaniline resulted in the isolation of BDIAr’-H (15), as colourless crystals. X-ray 

diffraction confirmed that the diketiminate form of the ligand had been isolated as opposed 

to the diimine form, the unit cell of 15 possessing five discrete toluene molecules emphasising 

the degree of π-stacking the ligand can undergo. The ligand 15 was converted to lithium salt 

18 by addition of n-butyllithium (Scheme 22), the lithium salt was isolated and added to a 

solution of ‘GaI’ at -78 °C in toluene, subsequent workup, concentration of the solution and 

storage at -30 °C gave BDIAr’Ga 12 as yellow crystals. 
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Scheme 22: Synthesis of BDIAr’Ga. 

 

Analysis of 12 by 1H NMR spectroscopy revealed near identical resonances to those in 

complex 11, with BDI γ-proton resonances of δ 4.80 in both complexes, with the only 

distinction being the change from the methyl peak at δ 1.93 ppm in 11 to the tBu peak at δ 

1.15 ppm in 12. X-ray diffraction analysis confirms that the isolated product is BDIAr’Ga 12 

rather than the alternative BDIAr’GaI2 by-product which can also be isolated from the reaction. 

The ligand possesses a bite angle of 87.3(1)°, narrower than that of 87.5° and 88.05(9)° for 

BDIDIPPGa 1 and BDIAr*Ga 11 respectively. Again, the gallium sits within the NCCCN plane of 

the ligand in accordance with the other BDI gallium(I) complexes. The solid state structure 

shows the flanking phenyl substituents crowding both the top and bottom face of the 

complex, indicating that, as with complex 11, a second equivalent of diazo- compound should 

not be able to coordinate to the gallium centre. 
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Figure 74: ORTEP plot of BDIAr’Ga 12. Ellipsoids at 30%, H atoms omitted and selected C 

atoms in wire frame for clarity. 

Table 10: Selected bond lengths and angles for BDIAr’Ga 12. 

Bond Lengths (Å) Bond Angles (°) 
Ga(1)-N(1) 2.081(3) N(1)-Ga(1)-N(2) 87.3(1) 
Ga(1)-N(2) 2.076(3) Ga(1)-N(1)-C(1) 129.1(2) 
N(1)-C(1) 1.334(5) Ga(1)-N(2)-C(3) 128.1(2) 
N(2)-C(3) 1.340(5) N(1)-C(1)-C(2) 122.7(3) 
C(1)-C(2) 1.401(5) C(1)-C(2)-C(3) 128.5(3) 
C(2)-C(3) 1.393(5) C(2)-C(3)-N(2) 123.7(3) 

 

2.4.10 Reaction of BDIAr’Ga with Trimethylsilyldiazomethane 

Addition of one equivalent of trimethylsilyldiazomethane 7 slowly to a toluene solution of 

12 (Scheme 23) once again lead to the bright yellow colour fading nearly instantly to give a 

pale yellow solution and no observable evolution of gas. As with the reaction of 11, full 

consumption of 12 was observed by 1H NMR spectroscopy upon addition of only one 
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equivalent of 7. Concentration of the reaction mixture and storage at -30 °C lead to the 

formation of colourless crystals of BDIAr’Ga(H)C(N2)SiMe3 45. 

 

 

Scheme 23: Synthesis of BDIAr’Ga(H)C(N2)SiMe3. 

 

As with complex 41, the insertion of the gallium into the C-H bond of the diazo- compound 

was confirmed in the 1H NMR spectrum by the presence of a broad hydride peak at δ 5.72 

ppm in a 1:0.7 ratio with the γ-proton, and the presence of a singlet resonance at δ 1.09 ppm 

in a 1:18 ratio corresponding to the tBu groups indicated that the product had the same 

symmetry as complex 41. The BDI γ-proton of 45 is once again shielded at δ 4.27 ppm relative 

to 12 (δ 4.80 ppm) as are the singlet resonances at δ 0.34 ppm in a 1:6 ratio the correspond 

to the backbone methyl groups. The X-ray diffraction study of 45 shows that the ligand 

possesses an almost identical bite angle of 97.8(1)° compared to 97.97(6)° in the BDIAr* variant 

41, as well as comparable bond lengths and angles in the ligand backbone and the nitrilimine 

ligand. Again, the nitrilimine unit contains a very short (1.162(5) Å) N-N bond due to the N+-

N- resonance form of the nitrilimine unit being preferred. Further analysis of the X-ray 

diffraction study was hindered by disorder present in both the TMS group and the ligand. 

Changing from ligand 14 to ligand 15 did not have the desired effect of slowing the reaction 

rate sufficiently to see if there is an intermediary in the reaction, such as the diazomethane 

unit coordinated to the gallium(I) centre, and unfortunately the full conversion is observed by 

1H NMR spectroscopy in <1 minute. 
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Figure 75: ORTEP plot of BDIAr’Ga(H)C(N2)SiMe3 45. Ellipsoids at 30%, H atoms, solvent 

and disorder in the SiMe3 and tBu group omitted, and selected C atoms in wire frame for 

clarity. 

Table 11: Selected bond lengths and angles for BDIAr’Ga(H)C(N2)SiMe3 45. 

Bond Lengths (Å) Bond Angles (°) 
Ga(1)-N(1) 1.937(3) N(1)-Ga(1)-N(2) 97.8(1) 
Ga(1)-N(2) 1.954(3) Ga(1)-N(1)-C(1) 122.3(2) 
N(1)-C(1) 1.345(5) Ga(1)-N(2)-C(3) 122.8(2) 
N(2)-C(3) 1.343(5) N(1)-C(1)-C(2) 123.7(3) 
C(1)-C(2) 1.390(5) C(1)-C(2)-C(3) 130.6(3) 
C(2)-C(3) 1.401(6) C(2)-C(3)-N(2) 122.4(3) 

Ga(1)-C(78) 1.913(4) Ga(1)-C(78)-Si(1) 125.7(2) 
N(3)-C(78) 1.354(5) Ga(1)-C(78)-N(3) 118.7(3) 
N(3)-N(4) 1.162(5) N(4)-N(3)-C(78) 178.1(4) 
C(78)-Si(1) 1.771(4) H-Ga(1)-C(78) 105(1) 

Ga(1)-H 1.47(4)   
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2.4.11 Reaction of BDIAr*Ga with Diazofluorene 

With the Ar* ligand successfully blocking the second equivalent of diazomethane from 

reacting with the gallium(I), but the α-proton of trimethylsilyldiazomethane reacting instead 

of carbene formation via loss of N2, a new approach was attempted. As the reaction between 

diazofluorene 33 and BDIDIPPGa 1 had provided the best evidence for the formation of the 

desired gallium-carbon double bonded complex, and diazofluorene lacks both α and β 

protons, its reactivity with 11 was investigated. Addition of a solution of diazofluorene to a 

solution of 11 in toluene resulted in the yellow colour of the solution fading. The 

concentration of the reaction mixture and storage in the freezer at -30 °C lead to the 

formation of colourless crystals of BDIAr*GaN(H)NFl 46. 

 

 

Scheme 24: Synthesis of BDIAr*GaN(H)NFl. 

 

The 1H NMR spectrum of 46 reveals the γ-proton resonance at δ 4.57 ppm, shifted upfield 

compared to 11 (δ 4.79 ppm) but not to the same extent as 41 (δ 4.24 ppm). Four singlet 

resonances each in a 1:3 ratio to the γ-proton at δ 1.80, 1.74, 1.37 and 0.38 ppm correspond 

to the methyl protons on the aromatic groups and the methyl protons of the backbone of the 

ancillary ligand. Four singlet resonances each in a 1:1 ratio to the γ-proton at δ 7.20, 6.86, 

6.46 and 6.02 ppm correspond to the methine protons of the ancillary ligand, and support 

that the symmetry of the ligand has been lost, with each one in a different environment. A 

singlet resonance in a 1:1 ratio to the γ-proton at δ 7.80 ppm with no correlations in the HSQC 
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spectrum is assigned to the N-H proton. The X-ray diffraction study shows that the gallium 

again remains in the NCCCN plane of the ligand, with N-Ga bond lengths of 1.945(2)/1.948(2) 

Å and a bite angle of 98.07(7)°, comparable to 41 (1.961(2)/1.937(1) Å and 97.97(6)°). The Ga-

N(3) bond length of 1.888(3) Å, N-N bond length of 1.305(3) Å and N-C bond length of 1.302(4) 

Å are consistent with a shortened N-N single bond and lengthened N-C double bond, 

indicating that the bonding may have an allylic component. The Ga-C bond length of 1.973(2) 

Å is longer than that observed in 19 (1.955(2) Å), shorter than that observed 40 (2.048(2) Å), 

and forms part a seven-membered ring system in which the gallium has formed a bond with 

one of the ortho- carbon atoms of a phenyl group of the ancillary ligand.  

  

Figure 76: ORTEP plot of BDIAr*GaN(H)NFl 46. Ellipsoids at 30%, H atoms omitted and 

selected C atoms in wire frame for clarity. 
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Table 12: Selected bond lengths and angles for BDIAr*GaN(H)NFl 46. 

Bond Lengths (Å) Bond Angles (°) 
Ga(1)-N(1) 1.945(2) N(1)-Ga(1)-N(2) 98.07(7) 
Ga(1)-N(2) 1.948(2) Ga(1)-N(1)-C(1) 121.5(1) 
N(1)-C(1) 1.341(3) Ga(1)-N(2)-C(3) 122.6(1) 
N(2)-C(3) 1.332(3) N(1)-C(1)-C(2) 124.1(2) 
C(1)-C(2) 1.403(3) C(1)-C(2)-C(3) 129.4(2) 
C(2)-C(3) 1.403(3) C(2)-C(3)-N(2) 122.9(2) 

Ga(1)-C(71) 1.973(2) N(3)-Ga(1)-C(71) 105.2(1) 
Ga(1)-N(3) 1.888(3) Ga(1)-N(3)-N(4) 126.8(2) 
N(3)-N(4) 1.305(3) N(4)-N(3)-C(72) 122.3(2) 
N(4)-C(72) 1.302(4) Ga(1)-N(2)-C(39) 114.3(1) 

 

Complex 46 appears to be the result of an aryl C-H bond activation by diazofluorene 

(Scheme 25), which presumably proceeds via coordination of the diazo- group to the gallium 

centre via the terminal nitrogen atom to give complex 47. Complex 47 then undergoes σ-bond 

metathesis with a nearby C-H bond on one of the flanking aryl groups to form complex 46. 

This indicates that BDIAr*Ga is able to activate alkyl C-H bonds of diazo- compounds, and diazo- 

compounds are able to activate the aryl C-H bond of the ancillary ligand of BDIAr*Ga upon 

coordination. 

 

 

Scheme 25: Proposed mechanism of reaction of BDIAr*Ga with diazofluorene. 
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2.5 Conclusion 

The reactivity of diazo- compounds with gallium(I) changes depending both on the diazo-

compound and the ancillary ligand used on the gallium(I). We have shown that when 

BDIDIPPGa is reacted with trimethylsilyldiazomethane, two equivalents of the diazo- 

compound react, one losing the N2 unit as expected but then deprotonating the second 

equivalent to give a CH2SiMe3 ligand and a nitrilimine ligand, potentially going through the 

target Ga=C intermediate. When the diazo- compound is changed to 

cyclododecyldiazomethane, again two equivalents of the diazo- compound react, with one 

losing N2 as expected and coordinating to the gallium centre, but this time the nitrilimine unit 

of the second equivalent appears to have deprotonated the α-carbon of both cyclododecane 

rings, giving a C12H21 ligand and a N(H)N(H)C12H21 ligand. Changing the diazo- compound to 

diphenyldiazomethane lead to the isolation of the BDIDIPPGa starting material and 

tetraphenylethene, with BDIDIPPGa apparently catalysing the decomposition of the diazo- 

compound. Switching the diazo- compound to diazofluorene results in an apparent [2+2] 

cycloaddition reaction of a second equivalent of diazofluorene with the proposed Ga=C 

intermediate, though the intermediate could not be successfully isolated. The final diazo- 

compound attempted was di-tert-butyldiazomethane, which surprisingly did not react with 

BDIDIPPGa at all. 

Upon changing the ligand and forming ArBDIDIPPGa, the same reactivity with 

trimethylsilyldiazomethane was observed, with the asymmetric nature of the ligand resulting 

in the formation of two enantiomers with a CH2SiMe3 ligand and a nitrilimine ligand. The 

change in electronic structure was insufficient to stabilise the proposed gallium-carbon 

double bond intermediate. 

Increasing the steric bulk of the ligand to form BDIAr*Ga and BDIAr’Ga successfully stopped 

the second equivalent of diazo- compound reacting with the gallium(I) species, however the 

gallium(I) species now inserted into the C-H bond of trimethylsilyldiazomethane to give a 

gallium hydride and a nitrilimine ligand coordinated through the carbon atom. When 

diazofluorene was added to BDIAr*Ga, it resulted in the activation of an aryl C-H bond in one 

of the ancillary phenyl groups of the BDIAr* ligand, with the complex possessing a Ga-C bond 

to the ancillary phenyl group and a N(H)N=Fl ligand.  
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It cannot be conclusively stated that the desired gallium-carbon double bond exists as an 

intermediate in these reactions. While the deprotonation of trimethylsilyldiazomethane and 

apparent [2+2] cycloaddition of a second equivalent of diazofluorene support its formation, 

the direct insertion into C-H bonds and activation of both alkyl and aryl C-H bonds do not 

result in the formation of the desired gallium-carbon double bond. This illustrates that the 

reactivity of gallium(I) with diazo- compounds varies and is heavily dependent on both the 

ancillary ligand and diazo- compound. 
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Chapter 3 
 

Attempted Synthesis of Group 

13-Phosphorus Double Bonds  

3.1 Introduction 

One of the major goals of research groups over the past 50 years was the synthesis and 

characterisation of compounds that possess multiple bonds between the various elements of 

the p-block, essentially creating a library of all possible homonuclear and heteronuclear 

analogues of alkenes and alkynes.24, 38 The 1999 review by Power5 and the 2010 review by 

Fischer and Power24 catalogued the existing examples of these complexes, dividing them into 

12 categories of homonuclear and heteronuclear double bonded species and five categories 

of homonuclear and heteronuclear triple bonded species. One of the gaps identified by these 

reviews was the lack of examples of multiple bonding between the heavier group 13 and 

group 15 elements that was not a result of the lone pair on the group 15 element donating 

electron density into the empty p-orbital of the group 13 element (Figure 77, as discussed in 

section 1.6.1).  

 

 

Figure 77: Different bonding types between group 13 and group 15 complexes. 
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Examples of complexes of type LXVI were limited to the imides of aluminium, gallium 

and indium (as discussed in section 1.6.1) until 2018, when the gallaarsene complex CVI was 

synthesised through the addition of two equivalents of BDIDIPPGa 1 to Cp*AsCl2 (Figure 78).140 

While addition of one equivalent of 1 led to the insertion of the gallium into the As-Cl bond, 

the addition of a two equivalents of 1 lead to the formation of CVI via dechlorination of the 

BDIDIPPGa(Cl)As(Cl)Cp* complex into CVI and BDIDIPPGaCl2.140 Complex CVI is the second 

example of a gallaarsene after [{Li(THF)3}2Ga2{As(SiiPr3)}4]228 and the first that was monomeric 

of type LXVI. 

 

 

Figure 78: Synthesis of a gallaarsene. 

 

Soon after the synthesis of the gallaarsene CVI was reported, the gallastibenes CVIIa-d 

were also reported.139 Complexes CVIIa-d were generated in a similar manner to complex 

CVI, with excess BDIDIPPGa 1 being reacted with the antimony halogen salt (Figure 79). This 

reaction is presumed to go through a BDIDIPPGa(X)Sb(X)Ga(X)DIPPBDI intermediate, with loss of 

BDIDIPPGaX2 leaving the antimony open to coordination by the third equivalent of gallium(I).139 

 

Figure 79: Synthesis of gallastibenes. 
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The successful isolation of complexes CVI and CVII leave only the group 13-phosphorus 

and group 13-bismuth double bonded species left to be isolated in this category. Of the 

former, several previous attempts at their isolation have been reported.229 One attempt at 

the synthesis of gallium and indium phosphorus double bonds was reported by Rotter et al.,229 

who synthesised Mes*2MP(H)SiR3 (CVIIIa-c, Figure 80). This complex underwent 

spontaneous elimination of the Mes* ligand upon warming to room temperature, presumably 

through the desired double bonded intermediate CIX, however this intermediate 

immediately dimerised to form CX.229 A previous study of similar dimers by the same group, 

in which the Mes* ligand of complex CXb was substituted with a P(H)SiMe3 group. X-ray 

diffraction, NMR and computational studies indicated that there was an allylic π-interaction 

between the gallium and the phosphorus centres of these dimers, contributing a small degree 

of multiple bonding.230 

 

 

Figure 80: Attempted synthesis of group 13-15 double bond via elimination. 

 

Another attempt by Baker et al.231 investigated the reactivity of complex CXI (Figure 81), 

a gallium(I) analogue of an N-heterocyclic carbene (NHC), with a cyclophosphane. This 

chemistry was inspired by the reaction of NHCs with (PhP)5 which form pnictogen adducts.232 

Upon addition of cyclo-(PPh)5 to CXI, the spirocyclic complex CXII was isolated, in which 

the gallene has substituted for one of the PPh groups in the cyclophosphane ring. Addition of 

the phosphinidene transfer reagent Et3P=P(-C6H3-2,6-Mes2) to complex CXI resulted in an 

intractable mixture of products.231 As the gallene successfully inserted into a P-P single bond, 

Mes*P=PMes* was also added to complex CXI to investigate if it could insert into a P=P 

double bond, however complex CXI was unreactive with the diphosphene. Finally, the 
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gallium diiodide complex CXIII (Figure 82) underwent salt metathesis with LiP(H)Mes* to 

yield gallium phosphide CXIV. Upon addition of DBU to abstract HI and form the 

phosphinidene, it instead underwent single electron reduction of the ligand to give complex 

CXV.144  

 

 

Figure 81: Reactivity of N-heterocyclic gallium(I) with phosphorus compounds. 

 

 

Figure 82: Attempted phosphinidene formation by HI elimination. 

 

Another complex worth noting is that of Petrie and Power,233 who attempted to prepare 

the gallium analogue of the borylphosphanides (R2BPR’Li) through the reaction of Trip2GaCl 

with MesPLi2 (Figure 83). Instead, upon addition of the gallium chloride CXVI to 

dilithiummesitylphosphine, the digallylphosphane CXVII was isolated. Complex CXVII 

possesses a planar phosphorus instead of a typical pyramidal coordination which, combined 

with the short Ga-P bond length of 2.257(3) Å, indicates that there is a degree of π-bonding 

between the gallium and phosphorus centres. 
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Figure 83: Reaction of Trip2GaCl with dilithium phosphine salt. 

 

The reactivity of elemental aluminium, gallium and indium with phosphine in an argon 

matrix has also been investigated (Figure 84),234 with the initial product identified as the metal 

phosphine adduct CXVIII. This adduct then tautomerized to the insertion product CXIX, 

which is formally an unstable M(II) species that interconverts into the M(III) species CXX or 

the adduct form CXVIII. 

 

 

Figure 84: Argon matrix products of metal addition to phosphine. 

 

Theoretical studies have been performed on the target phosphinidene species in their 

most basic forms (HAlPH and HGaPH) with idealised M-P double235 and triple236 bonding. The 

HMPH species is 177.7 kJ mol-1 and 188.4 kJ mol-1 higher in energy than tautomers AlPH2 and 

GaPH2 respectively, significantly higher in comparison with the H3MPH3, H2MPH2, HMPH2 and 

MP compounds also modelled.235 The HMPH complexes adopt a bent configuration and boast 

short Al-P and Ga-P (2.1535 Å and 2.1445 Å respectively) bond lengths relative to H2PMH2 

species (2.3379 Å and 2.3310 Å for Al and Ga respectively). An investigation into the energetic 

parameters of HPGaH returned the singlet-triplet gap of ΔEGa = 45.66 kcal/mol and ΔEP = -
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33.16 kcal/mol, with a HOMO-LUMO gap of 228 kcal/mol and a binding energy of 93.76 

kcal/mol, resulting in a WBO of 1.68.236 

 

3.2 Aim 

The aim of this project was to synthesize complexes bearing formal double bonds 

between either gallium or aluminium and phosphorus, trying to fill in the gap in known 

multiple bonded species of the p block. These target complexes could then be investigated 

for potential catalytic activity. The target complexes would ideally possess bonding of type 

LXVI (Figure 85), with the lone pair on the phosphorus atom not participating in the bonding 

orbitals. To address the issue of lone pair donation by the phosphorus atom into the empty p 

orbital on the metal atom, the BDI ligand was chosen as the chelating nature of the ligand 

occupies the empty p orbital on the metal centre, leaving only two orbitals to take part in any 

bonding with the phosphorus. This would ideally generate a complex of type CXXI, where 

the phosphorus adopts a planar conformation with one of the three coordination sites being 

the lone pair and the metal-phosphorus bond length of   2̴.15 Å to agree with theoretical 

calculations. 

 

 

Figure 85: Target phosphinidene complexes. 

 

3.3 Previous Results 

Previous work in the group237 found that treatment of BDIDIPPGa(PHPh)Cl 48 with nBuLi 

resulted in the formation of 50, in which one of the isopropyl groups on the BDI ligand has 
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lost a proton and is bound to the gallium centre. The formation of this product was postulated 

to proceed via a phosphinidene intermediate 49, which was formed after deprotonation of 

the phosphanide 48 by nBuLi followed by elimination of LiCl, or ‘deprotonation/elimination’ 

pathway. 

 

 

Scheme 26: Potential reaction pathway of BDIDIPPGa(PHPh)Cl with nBuLi. 

 

Unfortunately, compound 50 was only initially generated on a small scale and only 

characterised by NMR spectroscopy. In an effort to reproduce these results and fully 

characterise complex 50, the known starting material BDIDIPPGaCl2238 51 was prepared by the 

addition of BDIDIPP-Li 3 to a solution of GaCl3 in toluene (Scheme 27), the isolated product was 

then treated with PhPHLi in THF to give BDIDIPPGa(PHPh)Cl 48. To investigate the aluminium 

analogue, BDIDIPPAlCl2238 52 was prepared and converted into BDIDIPPAl(PHPh)Cl 53 following 

similar methodology. 

 

 

Scheme 27: Synthesis of gallium and aluminium phosphanides. 
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3.4 Results and Discussion 

BDIDIPPGa(PHPh)Cl 48 and BDIDIPPAl(PHPh)Cl 53 were synthesised following procedures 

previously developed within the group. Addition of nBuLi to 48 or 53 at room temperature 

resulted in a complex mixture of products (Scheme 28). The 1H NMR spectrum of the reaction 

between 48 and nBuLi revealed complex 50 to be present within the reaction mixture among 

other unidentifiable products. However, as crystals suitable for X-ray diffraction could not be 

obtained, the product was not fully characterised. These reactions were attempted at -30 °C 

or -78 °C, however multiple products were always observed. On one occasion, an average 

quality single crystal of the reaction mixture at - 78 °C was obtained. Unfortunately, the data 

was not of sufficient quality to conclusively determine a structure, but indicated the presence 

of GaBu3, PhPHLi and BDIDIPPGa(Bu)PHPh in the structure. This gave some insight into one 

reaction pathway occurring where nBuLi was reacting directly with the gallium-chloride to 

form an organogallium complex which underwent either disproportion or decomposition into 

lithium salts of the ligands. Similarly, the reaction between aluminium complex 53 and nBuLi 

also yielded an intractable mixture of products, none of which could be identified or 

separated. 

 

 

Scheme 28: Addition of nBuLi to the chlorophosphanides. 

 

Complexes 48 and 53 were also treated with tBuLi as an alternative reagent (Scheme 29). 

This stronger base would potentially react with the phosphanide proton preferentially over 

the metal-chloride. Unfortunately, the reactions also resulted in a similar intractable mixture 

of products. 
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Scheme 29: Addition of tBuLi to the chlorophosphanides. 

 

3.4.1 Increasing the Steric Bulk of the Phosphanide 

With the deprotonation/elimination pathway forming intractable mixtures of products 

when nBuLi was added to either of complex 48 or 53, the effect of the steric bulk of the 

phosphanide was examined. As such, the phenylphosphine ligand was changed to the 

mesitylphosphine ligand to increase the steric protection around the metal-phosphorus bond 

(and to remove the complaints about the noxious odours permeating in the lab). 

Mesitylphosphine was generated in the same manner as phenylphosphine, bromomesitylene 

54 was converted the Grignard reagent mesitylmagnesiumbromide 55 by stirring over 

magnesium metal under N2 (Scheme 30). The Grignard reagent was then added dropwise to 

a solution of PCl3 at -78 °C to favour formation of the monosubstituted product MesPCl2 56, 

which was separated from the disubstituted product Mes2PCl via distillation under N2. A 

solution of MesPCl2 was then added slowly to a suspension of LiAlH4 at -78 °C, careful 

distillation lead to the isolation of the pyrophoric MesPH2 57 as a colourless liquid that 

solidified on standing at room temperature.239 

 

 

Scheme 30: Synthesis of mesitylphosphine. 
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Aluminium dichloride 52 and gallium dichloride 51 were treated with one equivalent of 

the lithium salt of mesitylphosphine (Scheme 31), and subsequent workup lead to the 

isolation of the chloromesitylphosphanides BDIDIPPAl(PHMes)Cl 58 and BDIDIPPGa(PHMes)Cl 59 

respectively. 

 

 

Scheme 31: Synthesis of chloromesitylphosphanides. 

 

The 1H NMR spectrum of complex 58 revealed the γ-proton resonance at δ 4.95 ppm has 

shifted upfield from dichloride 52 (δ 5.01 ppm) but to a lesser extent than complex 53 (δ 4.85 

ppm). Two resonances are observed in a 1:2:2 ratio to the γ-proton at δ 3.50 and 3.24 ppm 

corresponding to the methine protons of the isopropyl group, while four doublet resonances 

are observed each in a 1:6 ratio to the γ-proton at δ 1.54, 1.26, 1.12 and 1.01 ppm that 

correspond to the methyl protons of the isopropyl group. The presence of three singlet 

resonances in a 1:3:6:6 ratio to the γ-proton at δ 2.01, 1.79 and 1.54 ppm correspond to the 

methyl groups on the mesityl group and BDI backbone. The phosphanide proton appears as 

a doublet at δ 2.73 ppm with a 1JPH coupling constant of 199 Hz, while the 31P NMR spectrum 

reveals a singlet at δ -196.2 ppm that splits into a doublet with a 1JPH coupling constant of 200 

Hz when run with the 1H decoupling turned off. This indicates that the mesitylphosphanide 

ligand successfully coordinated to the aluminium centre, and that there is a plane of 

symmetry in the molecule. Crystals of 58 suitable for an X-ray diffraction study were grown 

from toluene at -30 °C, which confirmed the proposed connectivity of the ligands. The 

aluminium atom sits above the NCCCN plane of the ligand in a pseudo-tetrahedral 

conformation, with Al-N bond lengths of 1.895(1)/ 1.892(2) Å identical to complex 53, and 

comparable to those in BDIDIPPAl(PPh2)2 (1.902(1)/1.9254(10) Å)127 and BDIDIPPAl(H)PPh2 

(1.9070(13)/1.8963(13) Å).125 The Al-P bond length of 2.3435(7) Å is identical to complex 53, 
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and slightly shorter than that of the diphenylphosphine complexes (2.3775(5)/2.3979(5) Å 

and 2.3971(6) Å respectively), presumably due to the reduced steric repulsion of a 

monosubstituted phosphide ligand compared to a disubstituted phosphide ligand. The Al-Cl 

bond length of 2.1402(7) Å is identical to complex 53, and slightly longer than that of 

2.1344(4)/2.1185(4) Å in the starting material BDIDIPPAlCl2 52.238  

The 1H NMR spectrum of complex 59 shows the γ-proton at δ 4.87 ppm, nearly identical 

to complex 48 (δ 4.88 ppm). The presence of eight doublet resonances each in a 1:3 ratio with 

the γ-proton at δ 1.61, 1.46, 1.33, 1.24, 1.15, 1.14, 1.09 and 1.05 ppm corresponding to the 

methyl protons of the isopropyl group combined with the presence of three resonances in a 

1:2:1:1 ratio with the γ-proton at δ 3.64, 3.32 and 3.16 ppm corresponding to the methine 

protons of the isopropyl group, indicate that the iPr groups of the BDI ligand are inequivalent, 

presumably due to restricted rotation on an NMR timescale. A similar splitting pattern is 

observed to that of complex 48. The backbone methyl resonance at δ 1.58 ppm (6H) and 

mesityl group methyl resonances at δ 2.00 (3H) and 1.81 (6H) ppm retain their symmetrical 

equivalence in the 1H NMR spectrum, supporting that parts of the BDI ligand are restricted in 

their rotation. The phosphanide proton presents as a doublet in a 1:1 ratio with the γ-proton 

at δ 3.13 ppm with a 1JPH coupling constant of 202 Hz, while the 31P NMR spectrum shows a 

singlet at δ -190.3 ppm which splits into a doublet with a 1JPH coupling constant of 201 Hz 

when run with the 1H decoupling turned off. An X-ray diffraction study of 59 reveals nearly 

identical bond lengths and angles to 48, with a pseudo-tetrahedral gallium atom sitting above 

the NCCCN plane of the ligand. The Ga-P bond length of 2.3138(5) Å is expectedly slightly 

shorter than that of 2.363(1) Å in BDIDIPPGa(H)PPh2.194 In both complex 58 and 59, the P-H is 

disordered over two positions due to the pseudo-tetrahedral conformation of the phosphorus 

atom, with the complexes having both R and S configuration present in the unit cell. 
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Figure 86: ORTEP plot of BDIDIPPAl(PHMes)Cl 58. Ellipsoids at 30%, H atoms omitted and 

selected C atoms in wire frame for clarity. 

Table 13: Selected bond lengths and angles for BDIDIPPAl(PHMes)Cl 58. 

Bond Lengths (Å) Bond Angles (°) 
Al(1)-N(1) 1.895(1) N(1)-Al(1)-N(2) 97.60(7) 
Al(1)-N(2) 1.892(2) Al(1)-N(1)-C(1) 120.4(1) 
N(1)-C(1) 1.336(2) Al(1)-N(2)-C(3) 120.0(1) 
N(2)-C(3) 1.343(2) N(1)-C(1)-C(2) 122.6(2) 
C(1)-C(2) 1.400(2) C(1)-C(2)-C(3) 128.0(2) 
C(2)-C(3) 1.393(2) C(2)-C(3)-N(2) 123.1(2) 
Al(1)-P(1) 2.3435(7) Cl(1)-Al(1)-P(1) 113.93(3) 
P(1)-C(30) 1.843(2) Al(1)-P(1)-C(30) 105.71(6) 
Al(1)-Cl(1) 2.1402(7)   
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Figure 87: ORTEP plot of BDIDIPPGa(PHMes)Cl 59. Ellipsoids at 30%, H atoms omitted and 

selected C atoms in wire frame for clarity. 

Table 14: Selected bond lengths and angles for BDIDIPPGa(PHMes)Cl 59. 

Bond Lengths (Å) Bond Angles (°) 
Ga(1)-N(1) 1.942(1) N(1)-Ga(1)-N(2) 96.43(5) 
Ga(1)-N(2) 1.965(1) Ga(1)-N(1)-C(1) 117.8(1) 
N(1)-C(1) 1.340(2) Ga(1)-N(2)-C(3) 118.4(1) 
N(2)-C(3) 1.328(2) N(1)-C(1)-C(2) 123.8(1) 
C(1)-C(2) 1.394(2) C(1)-C(2)-C(3) 128.2(1) 
C(2)-C(3) 1.408(2) C(2)-C(3)-N(2) 123.6(1) 

Ga(1)-P(1) 2.3138(5) Cl(1)-Ga(1)-P(1) 118.15(2) 
P(1)-C(30) 1.839(2) Ga(1)-P(1)-C(30) 106.21(5) 

 
Ga(1)-Cl(1) 2.2223(4)   
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Complexes 58 and 59 were independently treated with nBuLi (Scheme 32) with the goal 

of isolating the target phosphinidene complex or its decomposition product, via the proposed 

deprotonation/elimination pathway. In the case of both aluminium and gallium, this resulted 

in a similar mixture of products forming. One of these products present in both the reactions 

of aluminium and gallium could readily be identified by 1H NMR spectroscopy as the known 

complex BDIDIPP-Li, indicating that the switch from phenylphosphine to mesitylphosphine now 

lead to the decomposition of both aluminium complex 58 and gallium complex 59 when 

treated with nBuLi. Similar reactivity with both complex 58 and 59 was also observed when 

tBuLi was used as a reagent instead, indicating that increasing the steric bulk at the 

phosphanide potentially reduced the reactivity of the P-H bond.     

 

 

Scheme 32: Addition of nBuLi to the chloromesitylphosphanides. 

 

3.4.2 Dilithium Salt 

As mentioned in section 3.1, the dilithium salt MesPLi2 is a known compound that has 

previously been used by Petrie and Power240 to install a bridging phosphanide onto two units 

of Ga(Trip)2 by the addition of (Trip)2Ga-Cl to a slurry of MesPLi2. As MesPLi2 can react with 

two metal chloride bonds, it was thought that addition of either BDIDIPPAlCl2 52 or BDIDIPPGaCl2 

51 to MesPLi2 could potentially eliminate both chloride ligands from the metal centre and 

potentially lead to the metal-phosphorus double bond (Scheme 33).  
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Scheme 33: Attempted substitution with MesPLi2. 

 

Unfortunately, attempts to prepare the dilithium salt were unsuccessful, as despite 

following the literature procedure (slow addition of two equivalents of nBuLi to MesPH2 at 0 

°C, let warm to room temp and stir for 1 hour, filter off yellow ppt of the dilithium salt), upon 

addition of 52 or 51 to the yellow powder obtained, the only products isolated were 

BDIDIPPAl(PHMes)Cl 58 and BDIDIPPGa(PHMes)Cl 59. This indicates that the yellow precipitate 

being obtained was likely MesPHLi instead of MesPLi2. Repeated attempts at the synthesis of 

MesPLi2 were done using fresh reagents and after thorough drying of solvents. Unfortunately, 

the only isolable products from these reaction mixtures were aluminium complex 58 and 

gallium complex 59. Either the dilithium salt was not generated, or the dilithium salt was 

formed but could only react with one of the chloride ligands on the metal centre and the 

phosphorus became protonated during purification/isolation. 

 

3.4.3 Trimethylsilyl Substitution 

As the deprotonation/elimination pathway proved unsuccessful at generating the meal-

phosphorus double bond using nBuLi, alternative elimination pathways were investigated. As 

trimethylsilylchloride is a common elimination product in organic chemistry, it was thought 

that installing a trimethylsilyl group on the phosphanide ligand could lead to TMS-Cl 

elimination with the chloride on the adjacent metal centre, as occurs in spontaneous Sb=C 

bond formation from [2-Pyr(SiMe3)2C]2SbCl (Pyr = C5H4N) losing Me3SiCl to form [2-

Pyr(SiMe3)2CSb=C(SiMe3)2-Pyr].241 Phenylphosphine was converted into 

trimethylsilylphenylphosphine through the addition of nBuLi to phenylphosphine and addition 

of TMS-Cl. The lithium salt of trimethylsilylphenylphosphine was then added to complex 52 
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and 51 in THF (Scheme 34) leading to the formation of the disubstituted phosphanide 

complexes 60 and 61. 

 

 

Scheme 34: Attempted TMS-Cl elimination. 

 

Complex 60 was isolated from the reaction mixture as colourless crystals. The 1H NMR 

spectrum revealed the γ-proton at δ 4.96 ppm, similar to 53 and 58 (δ 4.85 and 4.95 ppm 

respectively). The presence of two overlapping resonances at δ 3.67-3.53 ppm in a 1:4 ratio 

with the γ-proton corresponding to the methine protons of the isopropyl group, combined 

with four doublet resonances at δ 1.62, 1.49, 1.15 and 1.01 in a 1:6:6:6:6 ratio with the γ-

proton corresponding to the methyl protons of the isopropyl group, show a similar splitting 

pattern as 53 and 58. The presence of a doublet resonance at δ -0.07 ppm with a 2JPH coupling 

constant of 4.6 Hz in a 1:9 ratio with the γ-proton corresponds to the TMS group, which is 

bound to the phosphanide ligand. The 31P NMR spectrum shows a singlet at δ -160.0 ppm, 

similar to the resonance of the protonated phosphanide 53 at δ -158.2 ppm. An X-ray 

diffraction study of 60 reveals the complex has nearly identical bond lengths and angles to 53, 

with the aluminium sitting above the NCCCN plane of the ligand in a pseudo-tetrahedral 

conformation. The trimethylsilyl group is present on the phosphanide ligand, with a torsional 

angle to the chloride ligand of 36.40(5)° and an interspatial distance of 4.3839(8) Å in the solid 

state an indication that an elimination reaction is possible. The P-Si bond length of 2.254(1) Å 

is comparable to 2.255 Å observed in (Me2AlP(SiMe3)2)2.242  

Complex 61 could not be isolated, with the 1H NMR spectrum of the crude reaction 

mixture possessing multiple γ-proton resonances, numerous overlapping doublet resonances 

and multiple resonances around 0 ppm. This indicated that the complex may have formed, 
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however the presence of other products (potentially the desired gallium-phosphorus double 

bond complex or its decomposition products) hindered the efforts to isolate it.  

 

 

Figure 88: ORTEP plot of BDIDIPPAl(PPhTMS)Cl 60. Ellipsoids at 30%, H atoms and solvent 

omitted and selected C atoms in wire frame for clarity. 

Table 15: Selected bond lengths and angles for BDIDIPPAl(PPhTMS)Cl 60. 

Bond Lengths (Å) Bond Angles (°) 
Al(1)-N(1) 1.901(2) N(1)-Al(1)-N(2) 98.32(8) 
Al(1)-N(2) 1.887(2) Al(1)-N(1)-C(1) 119.5(1) 
N(1)-C(1) 1.333(3) Al(1)-N(2)-C(3) 119.9(1) 
N(2)-C(3) 1.339(3) N(1)-C(1)-C(2) 123.5(2) 
C(1)-C(2) 1.401(3) C(1)-C(2)-C(3) 128.1(2) 
C(2)-C(3) 1.393(3) C(2)-C(3)-N(2) 122.7(2) 
Al(1)-P(1) 2.3447(7) Cl(1)-Al(1)-P(1) 118.56(3) 
P(1)-C(30) 1.855(2) Al(1)-P(1)-C(30) 103.64(8) 
P(1)-Si(1) 2.254(1) Al(1)-P(1)-Si(1) 111.38(3) 
Al(1)-Cl(1) 2.1578(8)   
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Complex 60 was heated to reflux in C6D6, toluene and THF (Scheme 35) to encourage 

elimination of TMS-Cl, however no reaction was observed under these conditions. This could 

be attributed to the Al-Cl bond having an inherently higher bond dissociation energy than the 

Si-Cl bond (420 kJ/mol versus 381 kJ/mol),243 as such, the entire premise for this pathway is 

flawed. However, the Ga-Cl bond dissociation energy (354 kJ/mol) is weaker than the Si-Cl 

bond. Thus, it could explain why complex 61 was unable to be isolated, as it may have 

undergone the desired elimination. 

 

 

Scheme 35: Attempted aluminium phosphinidene formation. 

 

3.4.4 Alkyl Elimination 

With the attempt at eliminating TMS-Cl to form the metal phosphorus double bond 

hindered presumably by the strength of the aluminium-chlorine bond of 420 kJ/mol, the 

aluminium-carbon bond was investigated next as a potential elimination reaction pathway as 

it is significantly weaker at 255 kJ/mol.243 The known complex BDIDIPPAlEtCl 62 was 

synthesised by the addition of BDIDIPPLi to EtAlCl2,244 then the lithium salt of mesitylphosphine 

was added to 62 (Scheme 36) resulting in the formation of the alkylphosphide complex 63, 

with the aim to eliminate ethane and form the aluminium phosphinidene complex. 

 

 

Scheme 36: Attempted alkyl elimination route. 
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Complex 63 was isolated from toluene at -30 °C as colourless crystals. The 1H NMR 

spectrum revealed that the γ-proton was upfield at δ 4.72 ppm compared to 

BDIDIPPAl(PHMes)Cl 58 (δ 4.94 ppm). The presence of four doublet resonances each in a 1:6 

ratio with the γ-proton at δ 1.57, 1.21, 1.13 and 1.03 ppm corresponding to the methine 

protons of the isopropyl group and two resonances in a 1:2:2 ratio with the γ-proton at δ 3.35 

and 3.25 ppm corresponding to the methyl protons of the isopropyl group indicate that the 

molecule is symmetric. The presence of three singlet peaks in a 1:3:6:6 ratio with the γ-proton 

at δ 1.99, 1.75 and 1.49 ppm correspond to the methyl substituents on the mesityl group and 

the backbone methyl peaks of the BDIDIPP ligand. The ethyl ligand is identified by the presence 

of a triplet resonance at δ 1.29 ppm and a quartet resonance at δ -0.09 ppm in a 1:3:2 ratio 

with the γ-proton. The phosphanide proton shows as a doublet resonance at δ 2.57 ppm with 

a 1JPH coupling constant of 196 Hz in a 1:1 ratio with the γ-proton, while the 31P NMR spectrum 

shows a singlet at δ -189.9 ppm which splits into a doublet with a 1JPH coupling constant of 

196 Hz when run with the 1H decoupling turned off. An X-ray diffraction study of 63 reveals a 

similar structure to 58, with a pseudo-tetrahedral aluminium sitting above the NCCCN plane 

of the ligand. The Al-N bond lengths of 1.928(1)/1.911(1) Å are longer than those of 58 

(1.895(1)/1.892(2) Å), with a bite angle of the ligand of 96.08(5)°, slightly smaller than that of 

58 (97.60(7)°). The Al-P bond length of 2.390(5) Å is slightly longer than 58 (2.3435(7) Å) and 

the P-C bond length of 1.844(1) Å is nearly identical (1.843(2) Å). Similar to 58, the phosphorus 

atom of complex 63 adopts a distorted tetrahedral conformation, with the proton disordered 

over two positions as either the R or S enantiomer of the complex. The mesityl group and the 

ethyl ligand are eclipsed with just a 3.2° torsion angle and an interspatial distance of 3.47 Å 

between C30-C32. The Al(1)-P(1)-C(32) angle of 100.12(5)° is sharper than the 105.71(6)° 

observed in 58, and results in the mesityl ligand effectively blocking one face of the ethyl 

ligand.  
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Figure 89: ORTEP plot of BDIDIPPAlEtP(H)Mes 63. Ellipsoids at 30%, H atoms omitted and 

selected C atoms in wire frame for clarity. 

Table 16: Selected bond lengths and angles for BDIDIPPAl(PHMes)Cl 63. 

Bond Lengths (Å) Bond Angles (°) 
Al(1)-N(1) 1.928(1) N(1)-Al(1)-N(2) 96.08(5) 
Al(1)-N(2) 1.911(1) Al(1)-N(1)-C(1) 120.21(9) 
N(1)-C(1) 1.338(2) Al(1)-N(2)-C(3) 120.1(1) 
N(2)-C(3) 1.342(2) N(1)-C(1)-C(2) 123.0(1) 
C(1)-C(2) 1.400(2) C(1)-C(2)-C(3) 127.6(1) 
C(2)-C(3) 1.391(2) C(2)-C(3)-N(2) 123.5(1) 
Al(1)-P(1) 2.390(5) C(30)-Al(1)-P(1) 112.64(5) 

Al(1)-C(30) 1.970(1) Al(1)-C(30)-C(31) 117.6(1) 
P(1)-C(32) 1.844(1) Al(1)-P(1)-C(32) 100.12(5) 

 

Complex 63 was heated to reflux in C6D6, toluene and THF (Scheme 35) to encourage 

elimination of ethane, however no reaction occurred under these conditions. While the Al-C 

bond dissociation energy is lower than that of Al-Cl,243 the energy gained from the Al=P double 
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bond would need to offset the energy required to break both the Al-C and P-H bonds for the 

formation of the phosphinidene complex to be energetically favourable. Therefore, the 

complex likely did not form either due to the mesityl group preventing the complex from 

adopting one conformation required for elimination to occur, or the elimination reaction is 

not energetically favourable. 

 

 

Scheme 37: Attempted aluminium phosphinidene formation. 

 

3.4.5 Inverse Salt Metathesis 

Similar to carbon and silicon, germanium can also form lithium salts with a metal-lithium 

bond that can undergo salt metathesis with metal chlorides to form a metal-metal bond. For 

instance, reduction of germanium dichloride CXXII with potassium metal in the presence of 

bistrimethylsilylacetylene (Scheme 38)245 generates the coordination complex CXXIII. 

Further reduction with lithium metal generates the dilithium salt CXXIV which can then be 

added to a metal dichloride salt to form a germanium-metal multiple bond. 

 

 

Scheme 38: Synthesis of a germanium dilithium salt. 

 



108 
 

This methodology was applied to aluminium and gallium, with the idea to add the 

resulting dilithium salt to MesPCl2 to attempt to create the metal-phosphorus double bond 

(Scheme 39). Both 52 and 51 were heated to reflux in bistrimethylsilylacetylene with 

potassium metal in an attempt to form 64 and 65, however no reaction was observed with 

either of the metal dichloride salts.  

 

 

Scheme 39: Attempted use of a metal dilithium salt to form a double bond. 

 

Synthesis of bistrimethylsilylacetylene co-ordination complex 65 was investigated by the 

reflux of BDIDIPPGa 1 in bistrimethylsilylacetylene (Scheme 40), however the desired oxidative 

addition of 1 did not occur with bistrimethylsilylacetylene, and the complexes remained 

unreactive towards each other. 

 

 

Scheme 40: Attempted reaction of Ga(I) with bistrimethylsilylacetylene. 
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3.4.6 Reduction of Phosphide Salt 

Another route investigated was the in-situ reduction of MesPCl2 56 in the presence of 

BDIDIPPGa 1 with either magnesium or potassium (Scheme 41). As complex 1 is known to insert 

into P-Cl bonds,193 it was postulated that mixing MesPCl2 and 1 in solution with potassium or 

magnesium metal would result in the formation of the desired phosphinidene complex 

through insertion of 1 into the P-Cl bond followed by reduction of the two chloride moieties 

to give the double bonded complex. However, upon addition of MesPCl2 to 1 no reaction was 

observed. Addition of potassium metal to the mixture lead to a mixture of products, one of 

which was the known complex BDIDIPPK, indicating that ligand exchange between gallium and 

potassium was occurring. Addition of magnesium metal to a mixture of MesPCl2 and 1 lead to 

the formation of the known compounds (MesP)3 and (MesP)4.246 

 

 

Scheme 41: Attempted in situ reduction route. 

 

3.4.7 Addition of MesPH2 to BDIGa 

The next method attempted was the elimination of dihydrogen, as it had been shown 

previously that BDIDIPPGa 1 can insert into the P-H bond of diphenylphosphine194 and that 

complexes such as CXXV (Figure 90) with a group 13-group 15 bond can react with H2 in a 

similar manner to Frustrated Lewis Pairs (FLPs).247 For instance, aluminium complex CXXV 

underwent hydrogenolysis upon addition of H2 gas at room temperature, forming the 

intermediate CXXVI, which immediately disproportionated to CXXVII and CXXVIII.  
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Figure 90: Hydrogenolysis of an Al-P bond. 

 

FLPs can also reversibly bind dihydrogen, with complex CXXIX reacting with dihydrogen 

gas at room temperature to form complex CXXX. Complex CXXX will then liberate 

dihydrogen gas upon heating to 100 °C.248 Because the gallium-phosphorus double bond is 

predicted to likely have poor π orbital overlap, this may allow for a similar FLP interaction as 

complex CXXX, which could libertate dihydrogen at high temperatures.  

 

 

Figure 91: Reversible binding of H2 by FLPs. 

 

Similar to the reactivity reported between BDIDIPPGa 1 and diphenylphosphine, addition 

of mesitylphosphine to 1 resulted in the oxidative addition of the phosphine onto the gallium 

centre to form the phosphanide hydride complex 66 (Scheme 42). 

  

 

Scheme 42: Addition of MesPH2 to BDIDIPPGa. 
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Complex 66 was isolated as colourless crystals. The 1H NMR spectrum revealed that the γ-

proton resonance appears at δ 4.78 ppm, nearly identical to BDIDIPPGa(H)PPh2 (δ 4.79 ppm).194 

The presence of broad doublet at δ 5.65 ppm is consistent with the presence of a gallium 

hydride, comparable to complex 41 (δ 5.72 ppm), BDIDIPPGa(H)PPh2 (δ 6.01 ppm)194 and 

BDIDIPPGa(H)Me (δ 5.49 ppm).224 The Ga-H doublet possesses a 20.6 Hz coupling constant, 

consistent with a 2JPH interaction. Three resonances in a 1:1:1:2 ratio to the γ-proton at δ 3.56, 

3.34 and 3.21 ppm account for the methine protons of the isopropyl group, while six 

resonances (some overlapping doublets) in a 1:3:3:6:3:3:6 ratio to the γ-proton at δ 1.72, 

1.53, 1.25, 1.19, 1.15 and 1.10 ppm correspond to the methyl protons of the isopropyl group. 

Three resonances at δ 2.03, 1.73 and 1.58 ppm in a 1:3:6:6 ratio to the γ-proton correspond 

to the mesityl ligand methyl groups and the backbone methyl groups. This indicates that the 

restricted rotation in the iPr groups present in BDIDIPP gallium complex 59 is also present in 66. 

The phosphide proton appears as a doublet at δ 2.90 ppm with a 200 Hz 1JPH coupling 

constant, while the 31P NMR spectrum possesses a doublet resonance at δ -187.5 ppm with a 

5.1 Hz coupling constant, presumably to the Ga-H proton. The phosphorus resonance splits 

into a doublet of doublets with a 1JPH coupling constant of 200 Hz and a 2JPH coupling constant 

of 20.6 Hz when run with the 1H decoupling turned off.  

An X-ray diffraction study of 66 showed it crystallises in the P21/m space group with ½ the 

molecule in the asymmetric unit. The gallium atom sits above the CNNNC plane of the ligand 

in a pseudo-tetrahedral conformation, with a Ga-N bond length of 1.942(1) Å and a bite angle 

of 95.16(1)°, comparable to BDIDIPPGa(H)PPh2 (1.946(2)/1.960(2) Å, 93.7°). The Ga-H bond 

length of 2.2223(4) Å is significantly longer than in complex 41 and 45 (1.44(2) Å and 1.47(4) Å 

respectively) while the Ga-P bond length of 2.3138(5) Å and P-C bond length of 1.839(2) Å are 

identical to complex 59, with a narrower Ga-P-C angle of 102.9(2)° compared with 106.21(5)°. 

The torsion angle between the gallium hydride and the phosphide proton is 106.1°, effectively 

a trans conformation. As such, while the long Ga-H bond may indicate that the bond is weak 

and could potentially undergo elimination, the P-H proton is in the trans conformation, and 

the mesityl ligand directly opposite the Ga-H bond would sterically inhibit any potential 

elimination reaction. 
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Figure 92: ORTEP plot of BDIDIPPGa(H)P(H)Mes 66. Ellipsoids at 30%, H atoms and solvent 

omitted and selected C atoms in wire frame for clarity. 

Table 17: Selected bond lengths and angles for BDIDIPPGa(H)P(H)Mes 66. 

Bond Lengths (Å) Bond Angles (°) 
Ga(1)-N(1) 1.942(1) N(1)-Ga(1)-N(1’) 95.16(1) 
N(1)-C(1) 1.340(2) Ga(1)-N(1)-C(1) 120.56(3) 
C(1)-C(2) 1.394(2) N(1)-C(1)-C(2) 123.7(1) 

Ga(1)-P(1) 2.3138(5) C(1)-C(2)-C(1’) 128.5(1) 
P(1)-C(16) 1.839(2) H-Ga(1)-P(1) 115.9(3) 

Ga(1)-H 2.2223(4) Ga(1)-P(1)-C(16) 102.9(2) 
P(1)-H(1) 1.28(2) Ga(1)-P(1)-H(1) 98(1) 

 

Complex 66 was heated to reflux in C6D6, toluene and THF (Scheme 43) to encourage 

elimination of dihydrogen, however the complex remained stable under these conditions. 

This indicates that the desired phosphinidene complex would not undergo reversible H2 

Ga1 



113 
 

addition in the same manner as known FLPs, though a different ligand system at either the 

phosphorus or gallium may enable this FLP behaviour. 

 

 

Scheme 43: Attempted gallium phosphinidene formation. 

 

3.4.8 Attempted Synthesis of BDIAl Complexes 

The methodology used in 3.4.7 was intended to also be applied to the known complex 

BDIDIPPAl 6, as the aluminium analogue of complex 1. Complex 6 was synthesised following a 

known literature procedure.124 Addition of BDIDIPP-H 2 to a solution of trimethylaluminium 

gives BDIDIPPAlMe2 4, which was converted to the diiodide 5 by stirring with elemental iodine 

(Scheme 44). Reduction of complex 5 with potassium metal resulted in the formation of 

BDIDIPPAl 6 qualitatively by 1H NMR spectroscopy; however, attempts at isolating complex 6 

from the reaction mixture were unsuccessful. The presence of unreacted diiodide 5 in the 

mixture lead to the co-crystallisation of 5 and 6 when following the literature method of 

crystallising from toluene. Attempts to crystallise 6 from hexane or THF were also 

unsuccessful. Using a slight excess of potassium metal for the reaction resulted in the over-

reduction of complex 6 and the formation of a small amount of BDIDIPPK, which also was 

unable to be separated from the desired complex 6.   

 

 

Scheme 44: Synthesis of BDIDIPP aluminium(I). 
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With complex 6 proving difficult to isolate, the same methodology was attempted with 

the ArBDIDIPP ligand 13 (Scheme 45), with the dual goal of isolating another example of an 

aluminium(I) complex and examining the reactivity of 69 towards diazo- compounds and 

potential generation of an aluminium phosphinidene complex. It was thought that the extra 

delocalised electron density from the backbone phenyl group would assist in stabilising the 

target complex. 

 

 

Scheme 45: Proposed synthesis of ArBDIDIPPAl. 

 

To generate complex 67, reaction conditions similar to those used in the synthesis of 4 

were followed. However, upon addition of trimethyl aluminium to a solution of ArBDIDIPP-H 

13 a new product was observed in the 1H NMR spectrum that was in equilibrium with the 

starting materials. The presence of two N-H resonances at δ 11.60 (ArBDIDIPP-H) and 5.02 ppm, 

along with two resonances at δ -0.37 (AlMe3) and -0.53 ppm for the trimethylaluminium 

protons, indicated that the free ligand and trimethylaluminium were in equilibrium with a 

third complex. An X-ray diffraction study of crystals of the reaction mixture grown from 

toluene at -30 °C identified the product as the adduct of ArBDIDIPP-H and AlMe3 70 (Scheme 

46) in which the imino nitrogen atom is coordinated to the aluminium centre and the anilido 

proton is still present.  

 

Scheme 46: Equilibrium between ArBDIDIPPH, AlMe3 and the adduct ArBDIDIPPH.AlMe3. 
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The imino group of the ligand had rotated out of the usual NCCCN plane of the BDI ligand, 

with C(3) sitting below the plane and N(2) sitting above the plane. The imino nitrogen is 

coordinated to the aluminium with an Al-N bond distance of 2.072(1) Å and an average N-Al-

Me angle of 104.8°, similar to other imino adducts of AlMe3 (2.0418(19) Å, 103.5°).249 Due to 

the equilibrium between 13 and 70, and overlap of the methyl, methine and aromatic 

resonances of the two complexes, the 1H NMR spectrum of 70 could not be fully assigned, 

with only the N-H singlet resonance at δ 5.02 ppm and bound AlMe3 resonance at δ -0.53 ppm 

able to be definitively assigned. The N-H resonance shifting upfield to δ 5.02 ppm from δ 11.60 

ppm in the free ligand supports that the N-H proton is no longer undergoing hydrogen 

bonding between two nitrogen atoms. 

 

 

Figure 93: ORTEP plot of ArBDIDIPPH.AlMe3 70. Ellipsoids at 30%, H atoms omitted for clarity. 

Table 18: Selected bond lengths and angles for ArBDIDIPPH.AlMe3 70. 

Bond Lengths (Å) Bond Angles (°) 
Al(1)-N(2) 2.072(1) Al(1)-N(2)-C(3) 128.3(1) 
N(1)-C(1) 1.409(2) N(1)-C(1)-C(2) 119.1(1) 
N(2)-C(3) 1.284(2) C(1)-C(2)-C(3) 120.7(1) 
C(1)-C(2) 1.409(2) C(2)-C(3)-N(2) 121.5(1) 
C(2)-C(3) 1.496(2)   
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When crystals of 70 are dissolved in C6D6, the adduct (N-H δ 5.02 ppm, AlMe3 δ -0.53 ppm) 

is observed to be in equilibrium with ArBDIDIPP-H (N-H δ 11.60 ppm) and AlMe3 (δ -0.37 ppm), 

with approximately an equal amount of starting materials and adduct present at 20 °C (red 

spectrum, Figure 94). The equilibrium favours free ligand and free AlMe3upon heating to 30 

°C (green spectrum, Figure 94), with no detectable trace of the adduct present at 40 °C (blue 

spectrum, Figure 94). Complex 70 was readily isolated as crystals at -30 °C as lowering the 

temperature favours formation of the adduct. Refluxing the C6D6 solution for three days lead 

to the formation of a small amount of a new product, which was presumed to be the desired 

dimethyl complex 67. 

 

 

Figure 94: 1H NMR spectra of 58 at 20 °C, 30 °C and 40 °C. 

 

Refluxing a solution of 13 with AlMe3 in toluene for 24 hours resulted in the elimination 

of methane and formation of the dimethyl complex 67 (Scheme 47). A 1H NMR spectroscopic 
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study in C6D6 showed formation of a small amount of 67 after heating to 80 °C for three days, 

however heating to reflux in toluene affords near quantitative formation of 67 after 24 hours. 

 

 

Scheme 47: Synthesis of ArBDIDIPPAlMe2. 

 

The 1H NMR spectrum of complex 67 displays the backbone methyl group as a singlet 

resonance at δ 1.86 ppm, which is in a 3:2:2 ratio with two resonances at δ 3.55 and 3.21 ppm 

corresponding to the methine protons of the isopropyl group. The presence of four doublet 

resonances each in a 3:6 ratio with the backbone methyl resonance at δ 1.37, 1.30, 1.14 and 

0.96 ppm correspond to the methyl protons of the isopropyl group and indicates that the 

complex possesses one plane of symmetry, as opposed to the two planes of symmetry 

present in BDIDIPPAlMe2 4. The aluminium bound methyl groups present as a single resonance 

in a 3:6 ratio with the backbone methyl at δ -0.55 ppm, deshielded compared to 4 (δ -1.00 

ppm) indicating that the ArBDIDIPP ligand is less electron donating to aluminium than the 

BDIDIPP variant. An X-ray diffraction study of 67 showed that the aluminium sits above the 

NCCCN plane in a pseudo-tetrahedral conformation, with Al-Me bond lengths of 

1.968(2)/1.964(2) Å identical to those in 4. The imide-amide bonding of the ligand is shown 

by the different Al-N bond lengths (1.966(2) Å and 1.876(1) Å respectively) and the bite angle 

of 93.69(6)° is larger than the 85.0(1)° observed in ArBDIDIPPGa 10.  
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Figure 95: ORTEP plot of ArBDIDIPPAlMe2 67. Ellipsoids at 30%, H atoms omitted and selected 

C atoms in wire frame for clarity. 

Table 19: Selected bond lengths and angles for ArBDIDIPPAlMe2 67. 

Bond Lengths (Å) Bond Angles (°) 
Al(1)-N(1) 1.876(1) N(1)-Al(1)-N(2) 93.69(6) 
Al(1)-N(2) 1.966(2) Al(1)-N(1)-C(1) 122.9(1) 
N(1)-C(1) 1.367(2) Al(1)-N(2)-C(3) 123.5(1) 
N(2)-C(3) 1.315(2) N(1)-C(1)-C(2) 122.4(1) 
C(1)-C(2) 1.434(2) C(1)-C(2)-C(3) 124.2(1) 
C(2)-C(3) 1.453(2) C(2)-C(3)-N(2) 123.0(2) 

Al(1)-C(33) 1.968(2) C(33)-Al(1)-C(34) 112.97(9) 
Al(1)-C(34) 1.964(2)   

 

Addition of elemental iodine to a solution of 67 resulted in the purple colour disappearing 

over the course of 16 hours (Scheme 48) after which the volatiles were removed in vacuo, the 

residue dissolved in toluene and placed in the freezer at -30 °C, giving 68 as bright yellow 

crystals. 
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Scheme 48: Synthesis of ArBDIDIPPAlI2. 

 

The 1H NMR spectrum of 68 shows the backbone methyl resonance as a singlet at δ 1.90 

ppm, which is in a 3:6 ratio with four doublet resonances at δ 1.46, 1.43, 1.07 and 0.94 ppm 

corresponding to the methyl protons of the isopropyl group. Two septet resonances in a 3:2:2 

ratio with the backbone methyl at δ 3.71 and 3.45 ppm correspond to the methine protons 

of the isopropyl group, indicating that there is either one plane of symmetry in the molecule 

running through the ligand backbone; or that the Dipp groups are freely rotating. The 

aluminium methyl resonance of 67 at δ -0.55 ppm is no longer present, supporting the 

formation of diiodide 68. An X-ray diffraction study of 68 showed the aluminium again 

adopting a pseudo-tetrahedral conformation, sitting above the NCCCN plane similar to 67. 

The difference in imide-amide bond lengths is smaller (1.844(2) Å and 1.900(3) Å respectively) 

in 68 than in 67 (1.876(1) Å and 1.966(2) Å respectively), and the bite angle in 68 of 98.0(1)° 

is larger than the 93.69(6)° observed in 67. The Al-I bond lengths of 2.528(1) Å and 2.5010(8) Å 

are comparable to those of 2.533 Å and 2.511 Å observed in 5,238 indicating that complex 68 

may be able to undergo the same reduction with potassium to form an aluminium(I) complex.   
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Figure 96: ORTEP plot of ArBDIDIPPAlI2 68. Ellipsoids at 30%, H atoms omitted and selected C 

atoms in wire frame for clarity. 

Table 20: Selected bond lengths and angles for ArBDIDIPPAlI2 68. 

Bond Lengths (Å) Bond Angles (°) 
Al(1)-N(1) 1.844(2) N(1)-Al(1)-N(2) 98.0(1) 
Al(1)-N(2) 1.900(3) Al(1)-N(1)-C(1) 120.4(2) 
N(1)-C(1) 1.362(4) Al(1)-N(2)-C(3) 120.8(2) 
N(2)-C(3) 1.322(4) N(1)-C(1)-C(2) 122.3(3) 
C(1)-C(2) 1.446(5) C(1)-C(2)-C(3) 124.3(3) 
C(2)-C(3) 1.453(4) C(2)-C(3)-N(2) 123.3(3) 
Al(1)-I(1) 2.528(1) I(1)-Al(1)-I(2) 108.92(3) 
Al(1)-I(2) 2.5010(8)   

 

Complex 68 was stirred over finely divided potassium metal (Scheme 49), the 1H NMR 

spectrum of the reaction mixture showed multiple products had formed. Attempts to isolate 

these products from the mixture by crystallisation from toluene at -30 °C resulted in the 

acquisition of an amber crystal of average quality for an X-ray diffraction study. While the X-

ray diffraction data could not be conclusively solved due to significant disorder in the 

structure, it indicated that the product was complex 71. Note, the bonding drawn in Scheme 
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49 is indicative only, the data was of insufficient quality to distinguish any double bonds from 

single bonds. Complex 71 could have formed via a similar rearrangement of the aluminium 

centre as occurred in complex LXVIII (Figure 97),138 with the Al atom of 68 inserting into the 

imido C=N bond to form a five-membered ring instead of a six-membered ring. It is possible 

that the target complex ArBDIDIPPAl 69 did form, but excess potassium in the reaction mixture 

lead to the subsequent formation of 71. Further attempts at synthesising 69 were performed, 

with more average/poor quality crystals of 71 being isolable from the reaction mixtures when 

potassium was used as the reducing agent. Upon changing the reducing agent to sodium, an 

intractable mixture of products was obtained. Changing the reducing agent to magnesium 

also yielded an intractable mixture of products.  

 

 

Scheme 49: Reduction of ArBDIDIPPAlI2 with potassium. 

 

 

Figure 97: Formation of aluminium imide by addition of an N-heterocyclic carbene. 
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With the synthesis of BDIDIPPAl 6 being unsuccessful due to problems with isolation, and 

the synthesis of ArBDIDIPPAl 69 being unsuccessful due to the complex potentially 

spontaneously rearranging, the synthesis of BDIAr*Al 74 (Scheme 50) was proposed using 

similar methodology. As the BDIAr* ligand possesses more steric protection than BDIDIPP or 

ArBDIDIPP, it was thought that this would help stabilise the aluminium(I) complex and 

therefore make it easier to synthesise and isolate. 

 

 

Scheme 50: Proposed synthesis of BDIAr* aluminium(I). 

 

Addition of BDIAr*-H 15 to trimethylaluminium in C6D6 indicated that no reaction occurred 

between the two at room temperature, therefore the reaction was carried out at reflux in 

toluene (Scheme 51), which resulted in the formation of the dimethyl complex 72 as a white 

powder. Attempts to grow crystals of 72 were unsuccessful, with the complex forming fibrous, 

semi-crystalline, rope-like aggregates of tiny needles upon slow evaporation of toluene. The 

1H NMR spectrum of 72 reveals the γ-proton resonance as a singlet at δ 4.51 ppm, shielded 

relative to 15 (δ 4.18 ppm). Two singlet resonances in a 1:6:6 ratio to the γ-proton at δ 1.87 

and 0.39 ppm correspond to the Ar-methyl resonance and the backbone methyl resonance 

respectively. A singlet resonance in a 1:6 ratio with the γ-proton corresponds to the 

aluminium methyl ligand resonance, which is deshielded relative to 4 and 67 (δ -1.00 and -

0.55 ppm respectively), indicating that the aluminium is drawing more electron density from 

the methyl ligands. A singlet resonance in a 1:4 ratio with the γ-proton at δ 6.42 ppm 

corresponds to the CHPh2 protons, additionally two doublet resonances at δ 7.36 and 7.25 

ppm and one triplet resonance at δ 6.93 ppm in a 1:8:8:4 ratio with the γ-proton correspond 

to the resolvable resonances of the phenyl groups, with the other 20 presenting as 

overlapping resonances.  
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Scheme 51: Synthesis of BDIAr*AlMe2. 

 

Complex 72 was stirred with elemental iodine in toluene for three days (Scheme 52) with 

the goal of forming the diiodide species 73. However, the 1H NMR spectrum of the reaction 

mixture showed the presence of a new γ-proton resonance at δ 4.67 ppm, along with 

unreacted 72. Three new singlet resonances at δ 1.81, 0.55 and 0.43 ppm in a 1:6:3:6 ratio 

with the γ-proton are observed, and are assigned as the Ar-methyl resonance, Al-methyl 

resonance and the backbone methyl resonance respectively. This indicated that the product 

was the mixed methyl iodide complex 75. Refluxing the reaction mixture in a sealed ampule 

for a week resulted in a very small amount (c.a. 5%) of a new product (γ-proton δ 4.84 ppm) 

forming that potentially was the target diiodide 73, however this complex could not be 

isolated. The substitution of only one of the methyl ligands by iodide indicates that the BDIAr* 

ligand is likely blocking the substitution of the second methyl ligand from occurring, due to 

the increased steric hinderance the ligand provides.  

 

 

Scheme 52: Synthesis of BDIAr*Al(Me)I. 
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3.5 Conclusion 

The attempts to form a formal double bond between either aluminium or gallium and 

phosphorus were not successful, the reactions of mixed chloro-phosphide substituted species 

with nBuLi or tBuLi did not result in the proposed elimination of LiCl and formation of metal-

phosphinidene species, but rather an intractable mixture of products that could not be 

successfully isolated. Increasing the steric bulk of the phosphide substituent from 

phenylphosphide to mesitylphosphide did not assist in isolating a metal-phosphinidene 

complex, but instead lead to the decomposition of the starting complexes and a mixture of 

unisolable products. 

Changing the elimination product required for the proposed formation of a metal-

phosphinidene from LiCl to TMS-Cl was also unsuccessful, though the intermediate species 

BDIDIPPAl(Cl)P(TMS)Ph was isolated successfully, it showed no signs of eliminating TMS-Cl 

upon heating. Changing the attempted elimination product to ethane lead to the synthesis of 

BDIDIPPAl(Et)P(H)Mes, which also showed no signs of undergoing elimination of ethane to form 

the target phosphinidene complex. 

Attempts to reduce MesPCl2 with potassium in the presence of BDIDIPPGa lead to the 

decomposition of the starting material, or formation of (MesP)3 and (MesP)4 when 

magnesium was used as the reducing agent. The attempt to make MesPLi2 and react that with 

BDIDIPPMX2 (M = Al, Ga X = halogen) complexes should be investigated further, as it was likely 

that the MesPLi2 was not successfully synthesised. 

The attempt to eliminate dihydrogen from the complex BDIDIPPGa(H)P(H)Mes was also 

unsuccessful, indicating that the Ga-P interaction is not similar to known FLP interactions that 

can reversibly bind dihydrogen. 

Attempts to investigate aluminium(I) species as reagents in the formation of an 

aluminium-phosphinidene complex were also unsuccessful, with BDIDIPPAl being successfully 

synthesised, but unable to be isolated/purified. The attempt to make a new BDI aluminium(I) 

complex using the ArBDIDIPP ligand was potentially successful, however the complex appears 

to undergo a similar insertion of the aluminium atom into the C=N bond of the ligand to 

generate a five-membered ring previously reported. Another attempt using the BDIAr* ligand 
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was unable to convert the dimethyl complex BDIAr*AlMe2 into the diiodide complex BDIAr*AlI2, 

presumably due to the steric hinderance of the BDIAr* ligand preventing the second methyl 

ligand from undergoing substitution.   
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Chapter 4 
 

Reactivity of Primary Gallium 

and Aluminium Phosphanides 

4.1 Introduction 

Compounds containing both group 13 and group 15 compounds are typically natural Lewis 

pairs, with group 15 compounds possessing a lone pair of electrons and group 13 compounds 

possessing an empty p orbital allowing them to readily form adducts. One of the simplest 

adducts is ammonia borane (CXXXI, Figure 98) which was isolated as the monomeric form 

of B2H6.2NH3 by the reaction of LiBH4 with NH4Cl.250 The strong compatibility of the two 

groups leads to adducts of many of the possible forms of CXXXII, even the inert pair effect 

does not prevent bismuth from forming adducts with aluminium and gallium.251  

 

 

Figure 98: Adducts of group 13/15 elements. 

 

This high tendency to form adducts creates difficulties in investigating the reactivity of 

group 13-15 bonds, as compounds with formal bonds (i.e. R2E-MR2) are much rarer than 

adducts.24 Even when a group 13-group 15 bond is formed, the presence of the adjacent 

empty p orbital and lone pair generally leads to either a degree of multiple bonding (LXV, 
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Figure 99),24 or dimer/oligomer formation (CXXXIII) from electron donor-acceptor pairs 

between molecules.252-253 

 

 

Figure 99: Group 13-group 15 lone pair donation. 

 

Of the complexes possessing bond between group 13 and group 15 elements, the 

amidoboranes are by far the most common, followed by the boron phosphanides and the 

amidoalanes (Cambridge Structural Database, Aug 2018 database). While both aluminium 

phosphanides and gallium phosphanides are known compounds, the reactivity of these 

species is almost unknown, and the boron phosphanides must be used as a reference point 

to base a reactivity study on. 

  

4.1.1 Reactivity of Boron Phosphanides 

Boron phosphanides (R2BPR2) are the most common of the group 13 phosphanides, 

however they are dwarfed in number by the boron-phosphine adducts (R3B.PR3) which are 

widely used in both organic and inorganic chemistry.254 Boron phosphanides usually form 

dimers255 or trimers,256 but  can exist as discrete units in which case they typically exhibit a 

degree of π bonding between the valence pair of the phosphorus and the empty p orbital on 

the boron. They can also be coordinated to a Lewis acid (CXXXIV, Figure 100),257 Lewis base 

(CXXXV)258-259 or both,260 giving rise to reagents that possess just the empty p orbital, just 

the lone pair, or both across the B-P bond (CXXXVI). 
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Figure 100: Different types of boron phosphanides. 

 

Because of the poor orbital overlap between the boron and phosphorus π orbitals, the 

lone pair on the phosphorus is both involved in bonding and can readily act as a 

nucleophile,261 and boron phosphanides will readily coordinate to transition metals such as 

chromium,257, 262 tungsten,259 iron,259 and molybdenum.263  

 

4.1.1.1 Reactivity with H2 

Boron phosphanides can react in a similar manner to Frustrated Lewis Pairs (FLPs) in that 

they irreversibly cleave dihydrogen when both strong electron withdrawing groups and bulky 

steric ligands are utilised. The compounds (C6F5)2BPCy2 CXXXVIIa and (C6F5)2BPtBu2 

CXXXVIIb have been shown to activate H2 at 60 °C to give full conversion to CXXXVIIIa 

and CXXXVIIIb respectively after 48 hours (Figure 101).264 While CXXXVIIa and 

CXXXVIIb possess B-P π interactions giving a large degree of multiple bonding between the 

two, the poor orbital overlap between boron and phosphorus allows the complexes to behave 

in a similar manner to FLPs. 

 

 

Figure 101: Reactivity of boron phosphanides with H2. 
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4.1.1.2 Reactivity with Chalcogens 

Elemental chalcogens react with the stabilised boron phosphanide CXXXV (Figure 102) 

by oxidising the phosphorus(III) to phosphorus(V) to give the sulphide CXXXIXa and 

selenide CXXXIXb complexes. In the case of dioxygen, insertion into the P-H bonds occurs 

in addition oxidation of the P(III) to P(V) to give phosphonic acid CXL.259 Changing the PH2 

group for PPh2 allowed for the tellurium analogue to be synthesised, which possesses similar 

reactivity however the reaction with O2 does not form the phosphonic acid and instead yields 

the phosphine oxide.265 

 

 

Figure 102: Boron phosphanide reactivity with chalcogens. 

 

4.1.2 Reactivity of Aluminium Phosphanides 

The reported reactivity of aluminium phosphanides is limited to the decomposition 

product of (Me3SiCH2)2AlPPh2 reacting with THF to form Ph2PC4H8OH;266 and the insertion of 

CO2, CS2, and CSO into the aluminium-phosphorus bond of (Tmp)2AlP(SiMe3)2.267 This is 

because the majority of the investigated chemistry of aluminium-phosphorus bond reactivity 

typically involves a phosphine (R3P-AlR3) Lewis donor-acceptor complex rather than an 

aluminium with a phosphide ligand (R2P-AlR2-3). Complexes of the formula R2AlPR2, such as 

the landmark Trip2AlP(SiPh3)Ad (CXLI, Figure 103),268 are relatively uncommon269 and 

almost all have not had any significant reactivity studies published on them. Recently the 

reactivity of aluminium phosphine complexes has been centred around their use as FLPs, with 
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bridged R2P-X-AlR2 (X = C,N) complexes such as CXLII being used to activate alkynes,270 

alkenes,271 isocyanates,271-273 CO2,271-274 and H2.247  

 

 

Figure 103: Aluminium phosphanide and FLP. 

 

4.1.3 Reactivity of Gallium Phosphanides 

Despite the diverse range of both monosubstituted231, 275 and disubstituted179, 194, 240, 276 

phosphanide ligands on gallium complexes, the reported reactivity of these gallium 

phosphanides is limited to their co-ordination complexes with transition metals,277 

thermolysis of P-H bonds to form (RGaPR)2 dimers,278 and the attempted formation of a 

gallium-phosphorus double bond (discussed in section 3.1) through the attempted 

abstraction of HI with base from the mixed halo-phosphanide complex CXIV (Figure 104) 

which instead eliminated iodine through a single electron reduction of the ligand to give 

complex CXV.231 

 

 

Figure 104: Attempted gallium phosphorus double bond formation. 
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4.2 Aim 

The objective of this study was to investigate the reactivity of the primary aluminium and 

gallium phosphanides isolated in Chapter 3, specifically BDIDIPPAl(PHMes)Cl 58, 

BDIDIPPAl(PHMes)Et 63, and BDIDIPPGa(H)P(H)Mes 66 (Figure 105). As mentioned previously, 

the reactivity of group 13 phosphanides has only been substantially investigated for the boron 

phosphanides. While the apparatus for investigating the reactivity with H2 and CO2 gas was 

unavailable at the time of this research, the reactivity with unsaturated small molecules such 

as phenyl acetylene, 4-nitro-phenyl isocyanate, phenyl isothiocyanate, dicyclohexyl 

carbodiimide, cyclohexene, benzophenone, benzaldehyde, methyl iodide and the chalcogens 

selenium and sulfur will be investigated (Figure 106). 

 

 

Figure 105: Primary aluminium and gallium phosphanides. 

 

 

Figure 106: Reactivity diagram. 
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4.3 Results and Discussion 

Complexes 58, 63 and 66 are synthesised as described in chapter 3, with complexes 58 

and 63 being formed through the addition of either AlCl3
238 or AlEtCl2244 respectively to a 

solution of BDIDIPP-Li 3 (Scheme 53), followed by addition of the lithium salt of 

mesitylphosphine. Complex 66 was prepared by the addition of mesitylphosphine 57 to a 

solution of BDIDIPPGa 1 (Scheme 54). 

 

 

Scheme 53: Synthesis of BDIDIPPAl phosphanides. 

 

 

Scheme 54: Synthesis of BDIDIPPGa(H)P(H)Mes. 

 

4.3.1 Reactivity with Phenylacetylene 

Addition of phenyl acetylene to a solution of either phosphanide 58, 63 and 66 in d6-

benzene (Scheme 55) caused no visible change in either the 1H or 31P NMR spectrum of the 

mixture after 1 hour at room temperature. Upon heating to 40 °C for 2 hours, no reaction was 

observed and subsequent heating of the solution to 60 °C for 24 hours (Figure 107) still 

resulted in no change being observed. This implies that these phosphanides do not activate 

the acetylene bond. 
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Scheme 55: Reactivity with phenyl acetylene. 

 

Figure 107: Comparison 1H NMR spectra of BDIDIPPAl(PHMes)Cl 58 with phenyl acetylene, 

initial spectrum (bottom) and after heating to 60 °C for 24 hours (top). 

 

4.3.2 Reactivity with 4-Nitro-Phenyl Isocyanate 

The addition of 4-nitrophenylisocyanate to BDIDIPPAl(PHMes)Cl 58 proceeded immediately 

(Figure 108), with formation of a new product observed in the 1H and 31P NMR spectra of the 

reaction mixture. Full conversion was observed after 16 hours, and the reaction was scaled 

up to attempt to isolate the product. 
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Figure 108: Comparison 1H NMR spectra of BDIDIPPAl(PHMes)Cl 58 with 4-

nitrophenylisocyanate, reactivity was observed in the initial spectrum (top) compared to the 

starting material (bottom). 

 

The large scale reaction between BDIDIPPAl(PHMes)Cl 58 and 4-nitrophenylisocyanate in 

toluene was complete after 16 h at room temperature, resulting in the formation of the 

insertion product BDIDIPPAl(Cl)N(4-NO2-Ph)C(O)P(H)Mes 76 in 71.4% yield (Scheme 56) as 

colourless crystals.  
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Scheme 56: Synthesis of BDIDIPPAl(Cl)N(4-NO2-Ph)C(O)P(H)Mes. 

 

The 1H NMR spectrum of 76 reveals the γ-proton as a singlet resonance at δ 4.91 ppm, 

comparable to that of starting material 58 (δ 4.94 ppm). The presence of three resonances in 

a 1:1:1:2 ratio to the γ-proton at δ 3.67, 3.48 and 3.11 ppm correspond to the methine protons 

of the isopropyl group, while the presence of five resonances in a 1:3:6:3:6:6 ratio to the γ-

proton at δ 1.38, 1.27, 1.20, 1.11 and 1.03 ppm correspond to the methyl protons of the 

isopropyl group. Four singlet resonances in a 1:3:6:3:3 ratio to the γ-proton at δ 2.08, 2.04, 

1.50 and 1.46 corresponding to the methyl protons of the mesityl group and ligand backbone 

respectively. The splitting of the ligand backbone methyl groups into two resonances, 

combined with the splitting of the iPr group resonances, indicate that there has been loss of 

the plane of symmetry in the ligand present in 58, while the mesityl group retains free 

rotation. Two doublet resonances in a 1:2:2 ratio to the γ-proton at δ 7.71 and 6.16 ppm 

correspond to the protons on the 4-NO2-Ph group. A doublet resonance in a 1:1 ratio to the 

γ-proton at δ 4.31 ppm corresponds to the phosphanide proton, with a 1JPH coupling constant 

of 240 Hz, significantly downfield from the starting material at δ 2.73 ppm. The 31P NMR 

spectrum reveals a singlet resonance at δ -91.2 ppm, shifted downfield from the starting 

material at δ -196.2 ppm.  

An X-ray diffraction study of 76 reveals that the isocyanate has inserted into the Al-P bond, 

with an allylic N-C-O system coordinated to the aluminium through both the nitrogen and 

oxygen. The aluminium adopts a distorted trigonal bi-pyramidal conformation, with the O(1)-

Al(1)-N(3) angle of 63.21(9)° distorted from the idealised 90°. The Al-Cl bond length of 

2.1510(8) Å is comparable to 2.1402(7) Å in 58, while the Al-N bond of the BDIDIPP ligand are 

no longer identical (1.894(2) Å and 1.926(2) Å) unlike in 58 (1.895(1)/1.892(2) Å). The C(36)-
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N(3) (1.280(4) Å), C(36)-O(1) (1.311(4) Å) and C(36)-P(1) (1.850(3) Å) bonds are of comparable 

length to similar insertion products,279-280 and shorter than normal single bond lengths due to 

the delocalised electrons in the allylic system. This indicates that complex 58 could potentially 

be used as a catalyst for hydrophosphination reactions, if addition of MesPH2 to complex 76 

results in the loss of the protonated insertion product and regeneration of 58. 

 

 

Figure 109: ORTEP plot BDIDIPPAl(Cl)N(4-NO2-Ph)C(O)P(H)Mes 76. Ellipsoids at 30%, H atoms 

and solvent omitted and selected C atoms in wire frame for clarity. 
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Table 21: Selected bond lengths and angles for BDIDIPPAl(Cl)N(4-NO2-Ph)C(O)P(H)Mes 76. 

Bond Lengths (Å) Bond Angles (°) 
Al(1)-N(1) 1.894(2) N(1)-Al(1)-N(2) 96.56(9) 
Al(1)-N(2) 1.926(2) Al(1)-N(1)-C(1) 120.3(2) 
N(1)-C(1) 1.344(3) Al(1)-N(2)-C(3) 121.2(2) 
N(2)-C(3) 1.328(3) N(1)-C(1)-C(2) 123.8(2) 
C(1)-C(2) 1.397(4) C(1)-C(2)-C(3) 127.7(2) 
C(2)-C(3) 1.402(3) C(2)-C(3)-N(2) 122.3(2) 

Al(1)-Cl(1) 2.1510(8) N(1)-Al(1)-Cl(1) 111.48(7) 
Al(1)-O(1) 1.825(2) N(2)-Al(1)-Cl(1) 103.46(5) 
Al(1)-N(3) 2.265(3) N(3)-Al(1)-Cl(1) 91.25(7) 
O(1)-C(36) 1.311(4) N(2)-Al(1)-O(1) 93.02(9) 
N(3)-C(36) 1.280(4) N(3)-Al(1)-O(1) 63.21(9) 
C(36)-P(1) 1.850(3) N(1)-Al(1)-N(3) 95.60(9) 
P(1)-H(1) 1.39(4) Al(1)-N(3)-C(36) 81.2(2) 
P(1)-C(37) 1.813(3) Al(1)-O(1)-C(36) 100.1(2) 
N(3)-C(30) 1.414(4) N(3)-C(36)-O(1) 114.3(3) 

  C(36)-P(1)-C(37) 101.3(1) 
  C(36)-N(3)-C(30) 120.2(3) 

 

Addition of 4-nitrophenylisocyanate a solution of BDIDIPPAl(PHMes)Et 63 in C6D6 resulted 

in an immediate colour change to intense dark red, the initial 1H NMR spectrum showing 

formation of a new product  with a γ-proton shift of δ 4.92 ppm. Full conversion to this 

product was observed after 1 hour at room temperature (Figure 110), however the peaks 

showed significant broadening, hampering efforts to assign them. 

 



138 
 

 

Figure 110: Comparison 1H NMR spectra of BDIDIPPAl(PHMes)Et 63 with 4-

nitrophenylisocyanate, reactivity was observed in the initial spectrum (bottom) and 

complete after 1 hour at room temperature (top). 

 

Repeating the reaction on a larger scale in toluene at room temperature overnight 

resulted in the formation of the same product, identified by 1H NMR spectroscopy with the 

same broadening effect observed in the small scale reaction. This broadening prevented 

identification of the product by NMR spectroscopy, and crystals suitable for X-ray diffraction 

were unable to be obtained. The product is tentatively assigned as being the analogous 

insertion product 77 (Scheme 57), assuming similar reactivity as 76 was occurring. 
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Scheme 57: Synthesis of BDIDIPPAl(Et)N(4-NO2-Ph)C(O)P(H)Mes. 

Addition of 4-nitrophenylisocyanate to a solution of BDIDIPPGa(H)P(H)Mes 66 in d6-

benzene showed the presence of three new resonances (δ 4.93, 4.85 and 4.83 ppm) 

corresponding to the γ-proton in the initial 1H NMR spectrum in a 1:2:2 ratio. Likewise, the 

initial 31P NMR spectrum showed three new resonances (δ -85.3, -155.9 and -186.4 ppm). 

After 16 hours at room temperature, the 1H NMR spectrum showed an intractable mixture of 

multiple products.  

 

Figure 111: Comparison 1H NMR spectra of BDIDIPPGa(H)P(H)Mes 66 with 4-

nitrophenylisocyanate, reactivity was observed in the initial spectrum (top) compared to the 

starting material (bottom). 
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Repeating the reaction on a larger scale in toluene at room temperature overnight for 16 

hours resulted in the formation of an intractable mixture of products. Attempts to crystallise 

and identify these products were unsuccessful. The analogous insertion product 78 may have 

formed (Scheme 58), however the presence of the gallium hydride may have resulted in 

decomposition of the complex into the various products observed by 1H NMR spectroscopy. 

 

 

Scheme 58: Synthesis of BDIDIPPGa(H)N(4-NO2-Ph)C(O)P(H)Mes. 

 

4.3.3 Reactivity with Phenyl Isothiocyanate 

Upon addition of phenylisothiocyanate to BDIDIPPAl(PHMes)Cl 58, no reaction was 

observed by 1H NMR spectroscopy initially or at room temperature after 1 hour. Heating the 

solution to 40 °C for 16 hours (Figure 112) lead to the observation of a new resonance for the 

γ-proton (δ 5.10 ppm) in a 1:4 ratio with the starting material. Heating the sample to 60 °C for 

90 hours increased the ratio of this new resonance to the starting material to 3:1. A new 

resonance for the phosphanide proton was observed at δ 4.51 ppm with a 1JPH coupling 

constant of 250.6 Hz. The initial four doublet resonances of the iPr methyl groups have split 

into multiple overlapping peaks, as have the resonances for the methine protons.  
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Figure 112: Comparison 1H NMR spectra of BDIDIPPAl(PHMes)Cl 58 with 

phenylisothiocyanate, initial spectrum (bottom), after heating to 40 °C for 16 hours (middle) 

and after heating to 60 °C for 90 hours (top). 

 

Repeating the reaction on a larger scale in toluene heating to 60 °C for seven days resulted 

in the formation of a product with the same resonances in the 1H NMR spectrum as observed 

in the small-scale reaction. Attempts to isolate this product from the reaction mixture by 

crystallisation were unsuccessful, with the presence of starting material complicating the 1H 

NMR spectrum and preventing full assignment of resonances. The presence of the 

phosphanide proton resonance at δ 4.51 ppm with a 1JPH coupling constant of 250.6 Hz does 

support that a similar reaction to 4-NO2-phenylisocyante has occurred, corresponding to 

insertion product 79 (Scheme 59). 



142 
 

 

Scheme 59: Synthesis of BDIDIPPAl(Cl)N(Ph)C(S)P(H)Mes. 

 

The addition of phenylisothiocyanate to a solution of BDIDIPPAl(PHMes)Et 63 in C6D6 

showed no reaction at room temperature or 40 °C, similar to 58. Upon heating to 60 °C for 2 

hours, a new γ-proton resonance at δ 4.94 ppm was observed by 1H NMR spectroscopy (Figure 

113) in a 3:1 ratio to the starting material. Subsequent heating for 90 hours results in 

complete conversion of the starting material to this new product. The resonances of the 

product however, show significant broadening similar to that observed in the reaction with 

4-nitrophenylisocyanate, which hinders the effort to assign peaks to functionalities and 

determine the structure of the product.  
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Figure 113: Comparison 1H NMR spectra of BDIDIPPAl(PHMes)Et 63 with 

phenylisothiocyanate, initial (bottom), heating to 60 °C for 2 hours (middle) and heating to 

60 °C for 90 hours (top). 

 

Repeating the reaction of 63 with phenylisothiocyanate on a larger scale in toluene lead 

to the formation of the same product identified by the NMR study, with the broadening of 

the peaks prohibiting assignment by 1H NMR. Attempts to grow crystals from the reaction 

mixture failed to produce any of sufficient quality for an X-ray diffraction study. Therefore, 

the only conclusion that can currently be drawn is that 63 does undergo a reaction with 

phenylisothiocyanate (Scheme 60), but the product of that reaction has not currently been 

determined.  
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Scheme 60: Addition of phenylisothiocyanate to BDIDIPPAl(PHMes)Et. 

 

Addition of phenylisothiocyanate to a solution of BDIDIPPGa(H)P(H)Mes 66 in C6D6 showed 

no reaction at room temperature after one hour or at 40 °C after 2 hours by 1H NMR 

spectroscopy. Heating to 60 °C for 2 hours resulted in the observation of a new γ-proton peak 

in the 1H NMR spectrum at δ 4.74 ppm (Figure 114) and the P-H resonance shifting to δ 4.91 

ppm with a 1JPH coupling constant of 237 Hz. Continued heating at 60 °C for 16 hours showed 

66% of the starting material had converted into this new product. 

 

Figure 114: Comparison 1H NMR spectra of BDIDIPPGa(H)P(H)Mes 66 with 

phenylisothiocyanate, initial (bottom), heating to 60 °C for 2 hours (middle) and heating to 

60 °C for 16 hours (top). 
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Repeating the reaction of 66 with phenylisothiocyanate on a larger scale in toluene at 60 

°C for 36 hours lead to the formation of the same product identified by the NMR study, 

however efforts to isolate this complex were unsuccessful. Crystals suitable for X-ray 

diffraction were unable to be obtained and assignment by 1H NMR spectroscopy was 

prevented by the presence of a by-product in the reaction that was unable to be separated 

from the product. Therefore, the only conclusion that can currently be drawn is that 66 does 

undergo a reaction with phenylisothiocyanate (Scheme 61), but the product of that reaction 

has not currently been determined.  

 

 

Scheme 61: Addition of phenylisothiocyanate to BDIDIPPGa(H)P(H)Mes. 

 

4.3.4 Reactivity with Carbodiimide 

One equivalent of dicyclohexylcarbodiimide was added to a solution of either 

phosphanide 58, 63 or 66 in C6D6 (Scheme 62). No reaction was observed by 1H NMR 

spectroscopy for any of the phosphanides at room temperature after 1 hour. Upon heating 

to 40 °C, no reaction was observed after 2 hours, subsequent heating to 60 °C for 72 hours 

also lead to no reaction being observed by 1H NMR spectroscopy (Figure 115). This suggests 

that phosphanides 58, 63 and 66 are all unreactive towards carbodiimides. 
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Scheme 62: Reactivity with dicyclohexyl carbodiimide. 

 

Figure 115: Comparison 1H NMR spectra of BDIDIPPAl(PHMes)Cl 58 with dicyclohexyl 

carbodiimide, initial spectrum (bottom) and after heating to 60 °C for 72 hours (top). 

 

4.3.5 Reactivity with Cyclohexene 

The addition of one equivalent of cyclohexene to a solution of either phosphanide 58, 63 

or 66  in C6D6 (Scheme 63) resulted in an intractable mixture of products in the initial 1H NMR 

spectrum of the reaction with either complex 58 or 66, and the presence of three new γ-

proton resonances (δ 4.88, 4.83 and 4.79 ppm) in the initial 1H NMR spectrum of the reaction 

with complex 63 (Figure 116). Subsequently, the presence of free ligand (δ 12.41 ppm) was 
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observed in an increasing ratio, indicating that the complexes forming were decomposing. 

While this indicates that phosphanides 58, 63 and 66 do react with cyclohexene, the nature 

of that reactivity could not be investigated due to the presence of multiple, short lived 

products. 

 

 

Scheme 63: Reactivity with cyclohexene. 

 

Figure 116: Comparison 1H NMR spectra of BDIDIPPAl(PHMes)Et 63 with cyclohexene, 

reactivity was observed in the initial spectrum (top) compared to the starting material 

(bottom). 
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4.3.6 Reactivity with Benzophenone 

The addition of one equivalent of benzophenone to a solution of either phosphanide 58, 

63 or 66 in C6D6 (Scheme 64) resulted in no observable change in the 1H NMR spectrum of the 

reaction at room temperature after 1 hour. Heating the solution to 40 °C also resulted in no 

reaction after 1 hour, with subsequent heating to 60 °C also showing no reaction after 2 hours 

(Figure 117). After continuous heating for 90 hours the complexes remained unreactive 

towards each other, indicating that the phosphanides 58, 63 and 66 do not react with the 

ketone functionality of benzophenone. 

 

 

Scheme 64: Reactivity with benzophenone. 
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Figure 117: Comparison 1H NMR spectra of BDIDIPPAl(PHMes)Et 63 with benzophenone, 

initial spectrum (bottom) and after heating to 60 °C for 2 hours (top). 

 

4.3.7 Reactivity with Benzaldehyde 

One equivalent of benzaldehyde was added to a C6D6 solution of either phosphanide 58 

or 66 (Scheme 65). The 1H NMR spectrum showed no observable reaction was occurring at 

room temperature after 1 hour (Figure 118). Heating the solution to 40 °C for 2 hours also 

resulted in no reaction occurring, subsequent heating to 60 °C for 72 hours also showing no 

reaction was occurring. This indicates that phosphanides 58 and 66 do not react with the 

aldehyde functionality of benzaldehyde. 
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Scheme 65: Reactivity with benzaldehyde. 

 

 

Figure 118: Comparison 1H NMR spectra of BDIDIPPGa(H)P(H)Mes 66 with benzaldehyde, 

initial spectrum (bottom), after heating to 40 °C for 2 hours (middle) and heating to 60 °C for 

2 hours (top). 

 

Addition of benzaldehyde to a solution of phosphanide 63 in C6D6 appeared to result in 

the formation of a coordination complex of 63 and benzaldehyde (Figure 119), with the 1H 

NMR spectrum showing resonances of both reagents appearing, but some having shifted 
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significantly. The γ-proton resonance has shifted downfield from δ 4.72 to 5.25 ppm, along 

with the phosphide proton shifting from δ 2.57 to 3.52 ppm. No further change in the 1H NMR 

spectrum was observed at room temperature after 1 hour, or upon heating the solution to 40 

°C for 2 hours. However, upon heating the solution to 60 °C for 16 hours, a new resonance for 

the γ-proton was observed at δ 4.86 ppm. The presence of a singlet resonance at δ 0.78 ppm, 

combined with the loss of the ethyl ligand resonances (δ 1.29 and -0.09 ppm) supports the 

formation of ethane, while the presence of the mesityl group methyl resonances (δ 2.18 and 

2.06 ppm) along with the phosphanide proton resonance (δ 3.61 ppm) indicate that the 

phosphanide ligand is still present. 

 

 

Figure 119: Comparison 1H NMR spectra of BDIDIPPAl(PHMes)Et 63 (bottom) with 

benzaldehyde, initial spectrum (middle) and after heating to 60 °C for 2 hours (top). 

 

Repeating the reaction on a larger scale in toluene lead to the formation of the same 

product, however formation of other products was also observed by 1H NMR, which were 
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unable to be separate by purification. Crystals suitable for X-ray diffraction could not be 

isolated from the reaction mixture, therefore only the 1H NMR spectrum of the small-scale 

reaction in C6D6 could be used to infer the identity of the product. The presence of the singlet 

resonance at δ 0.78 ppm supports the loss of ethane, potentially indicating that the product 

is complex 80 (Scheme 66), where benzaldehyde has lost the aldehyde proton and formed a 

bond to the aluminium through σ-bond metathesis of the C-H and Al-C bonds.  

 

 

Scheme 66: Proposed product of the addition of benzaldehyde to BDIDIPPAl(PHMes)Et. 

 

4.3.8 Reactivity with Chalcogens 

Upon addition of one equivalent of sulfur to a solution of BDIDIPPAl(PHMes)Cl 58 in C6D6, 

no reaction was observed at room temperature after 1 hour. Following heating to 40 °C for 2 

hours, the 1H NMR spectrum showed a new γ-proton resonance at δ 4.90 ppm in a 3:7 ratio 

to the starting material (Figure 120), heating to 60 °C for 2 hours increased the amount of this 

product formed, however continued heating at 60 °C for 16 hours lead to the formation of a 

second γ-proton resonance at δ 4.81 ppm, in addition to the first product observed, in a 65:35 

ratio and complete consumption of the starting material.  
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Figure 120: Comparison 1H NMR spectra of BDIDIPPAl(PHMes)Cl 58 with sulfur, initial 

spectrum (bottom), heating to 40 °C for 2 hours (lower middle), heating to 60 °C for 2 hours 

(upper middle) and after heating to 60 °C for 16 hours (top). 

 

Chalcogens are known to insert into metal-phosphorus bonds,281 can oxidise P(III) 

complexes to P(V),281-282 and can also insert into phosphorus-hydrogen bonds,282 and any 

combination of these three reactions could account for the two products 81a-g (Scheme 67). 

Of all these different combinations of reactivities, 81a, 81b and 81c are most likely to be the 

two products observed, due to the limited amount of sulfur used in the reaction. The reaction 

was repeated on a larger scale in toluene, however isolating the products of the reaction 

proved difficult, as neither a clean NMR sample or crystal suitable for X-ray diffraction could 

be obtained from the reaction mixture. Reactions with excess sulfur in an attempt to form 

only 81g resulted in an intractable mixture of products, with purification hindered by the 

remaining sulfur in the reaction mixture.  
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Scheme 67: Potential products of the addition of sulfur to BDIDIPPAl(PHMes)Cl. 

 

The addition of selenium to BDIDIPPAl(PHMes)Cl 58 in C6D6 proceeded in a similar fashion,  

with no reaction being observed immediately at room temperature by 1H NMR spectroscopy. 

After two hours heating at 40 °C, two new γ-proton resonances were observed at δ 4.97 and 

4.77 ppm, the former of which overlapped with the starting material making a ratio 

impossible to calculate. Subsequent heating to 60 °C for 16 hours resulted in the formation of 

at least six different products based on the number of resonances in the γ-proton region 

(Figure 121). 
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Figure 121: Comparison 1H NMR spectra of BDIDIPPAl(PHMes)Cl 58 with selenium, initial 

spectrum (bottom), and after heating to 60 °C for 16 hours (top). 

 

As with the reaction of 58 with sulfur, there are multiple potential products 82a-g due to 

the three different functional group reactivities with chalcogens (Scheme 68). Repeating the 

reaction in toluene on a larger scale lead to at least six product resonances being observed in 

the 1H NMR spectrum and seven in the 31P NMR spectrum. It is possible that all of the 

potential products formed to some degree, despite the limited amount of selenium, and none 

of these could be isolated from the reaction mixture. 
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Scheme 68: Proposed products of the addition of selenium to BDIDIPPAl(PHMes)Cl. 

 

Addition of one equivalent of sulfur or selenium to a solution of phosphanide 63 or 66 in 

C6D6 encountered similar problems as 58, with the formation of multiple products occurring 

that were unable to be separated from each other. This indicates that phosphanides 58, 63 

and 66 all react with chalcogens in multiple different ways, due to the presence of multiple 

reactive sites in the phosphanides. 

 

4.3.9 Reactivity with Methyl Iodide 

Addition of methyl iodide to a solution of phosphanide 58, 63 or 66 in C6D6 resulted in no 

reaction at room temperature after 1 hour, or upon heating to 40 °C for 2 hours (Figure 122). 

Subsequent heating to 60 °C lead to the loss of the resonances in the 1H NMR spectrum (δ 

6.67, 2.73, 2.02 and 1.80 ppm) corresponding to the mesityl phosphide ligand and small 

changes in the resonances of the BDIDIPP ligand. This would indicate that methyl iodide cleaves 

the metal-phosphorus bond. The lack of a methyl resonance <0 ppm suggests the iodide 

substitutes onto the metal centre (Scheme 69) to give complexes 83-85 and the free 

phosphine. The reaction was repeated on a larger scale in toluene, however attempts to 

isolate the products were unsuccessful. 
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Scheme 69: Proposed reactivity with methyl iodide. 

 

 

Figure 122: Comparison 1H NMR spectra of BDIDIPPAl(PHMes)Cl 58 with methyl iodide, initial 

spectrum (bottom), heating to 40 °C for 2 hours (lower middle), heating to 60 °C for 2 hours 

(upper middle) and after heating to 60 °C for 16 hours (top). 

 

 

 



158 
 

4.4 Conclusion 

The reactivity of the primary phosphanide complexes BDIDIPPAl(PHMes)Cl 58, 

BDIDIPPAl(PHMes)Et 63 and BDIDIPPGa(H)P(H)Mes 66 are summarised in Figure 123. No 

reactivity was observed for any phosphanide species with phenyl acetylene, 

dicyclohexylcarbodiimide, or benzophenone. The phosphanides reacted with cyclohexene to 

give intractable mixtures of products, none of which have been isolated. Of the three 

phosphanide species, only 63 reacted with benzaldehyde, however this reactivity was likely 

due to the presence of the ethyl ligand rather than the phosphide ligand. All three 

phosphanide species reacted with sulfur and selenium, however this yielded multiple 

products that could not be successfully isolated. The phosphanides were also reactive with 

methyl iodide, which likely cleaved the metal-phosphorus bond and substituted the metal 

with an iodide ligand, though the product could not be isolated to confirm this. All three 

phosphanides reacted with both 4-nitrophenylisocyanate and phenylisothiocyanate, while 

only one product (76) was able to be fully characterised, the similar splitting patterns in the 

1H NMR spectra of the other complexes strongly indicate that the same insertion product was 

formed. 
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Figure 123: Reactivity summary of primary phosphanides. 

Further work is needed to fully characterise the products of these reactions, and an 

investigation into if complex 76 will react with MesPH2 to regenerate the phosphanide 

complex is needed. If successful, complex 58 could potentially be used for catalytic 

hydrophosphination of isocyanates and isothiocyanates with primary phosphines, as opposed 

to secondary phosphines.  
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Chapter 5 
 

Summary and Outlook 
The understanding of the structure and nature of bonding between the heavier p block 

elements has increased rapidly over the past 50 years, to the point where p block elements 

are no longer considered to lack the properties that make transition metals desirable for 

catalysis and organometallic chemistry. The heavier p block elements have revealed that the 

structures and bonding observed in the first row (B, C, N, O) is actually the exception, rather 

than the normal for the block. This is due to the configuration at the metal centre and the 

degree of bonding between elements highly dependent on the energies of the valence 

orbitals used in bonding and the singlet-triplet energy gap of the two atoms involved in the 

bond. The use of sterically demanding ligands to both stabilise and protect the metal centre 

has allowed for the successful isolation of complexes in low oxidation states (n-2) and 

complexes analogous to alkenes and alkynes with multiple bonding present between 

different heavier elements of the p block. The work presented in this thesis expands on the 

use of the β-diketiminato ligand with aluminium and gallium and the nature of the structure, 

bonding and reactivity of these complexes. 

Chapter 2 describes the reactivity of BDIDIPPGa with a range of diazo- compounds in an 

effort to isolate a complex with a formal gallium-carbon double bond. The reaction of 

BDIDIPPGa with trimethylsilyldiazomethane resulted in two equivalents of the diazo- 

compound reacting, one losing the N2 unit as expected but then deprotonating the second 

equivalent to give a CH2SiMe3 ligand and a nitrilimine ligand. When the diazo- compound is 

changed to cyclodoceyldiazomethane, again two equivalents of the diazo- compound react, 

with one losing N2 as expected and coordinating to the gallium centre, but this time the 

nitrilimine unit of the second equivalent appears to have deprotonated the α-carbon of both 

cyclododecane rings, giving a C12H21 ligand and a N(H)N(H)C12H21 ligand. Changing the diazo- 

compound to diphenyldiazomethane lead to the isolation of the BDIDIPPGa starting material 

and tetraphenylethylene, with BDIDIPPGa apparently catalysing the decomposition of the 
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diazo- compound. Switching the diazo- compound to diazofluorene results in an apparent 

[2+2] cycloaddition reaction of a second equivalent of diazofluorene with the proposed Ga=C 

intermediate, though the intermediate could not be successfully isolated. The final diazo- 

compound attempted was di-tert-butyldiazomethane, which surprisingly did not react with 

BDIDIPPGa at all. The preparation of three new gallium(I) complexes, ArBDIDIPPGa, BDIAr*Ga and 

BDIAr’Ga is also described. The reaction between ArBDIDIPPGa and trimethylsilyldiazomethane 

resulted in two equivalents of the diazo- compound reacting, forming two enantiomers with 

a CH2SiMe3 ligand and a nitrilimine ligand. BDIAr*Ga and BDIAr’Ga successfully stopped the 

second equivalent of diazo- compound reacting with the gallium(I) species, however the 

gallium(I) species now inserted into the C-H bond of trimethylsilyldiazomethane to give a 

gallium hydride and a nitrilimine ligand coordinated through the carbon atom. When 

diazofluorene was added to BDIAr*Ga, it resulted in the activation of an aryl C-H bond in one 

of the ancillary phenyl groups of the BDIAr* ligand, with the complex possessing a Ga-C bond 

to the ancillary phenyl group and a N(H)N=Fl ligand.  

Chapter 3 presents an investigation into the formation of an aluminium-phosphorus or 

gallium-phosphorus formal double bond. The attempted reduction/elimination strategy on 

BDIDIPPAl(PHPh)Cl and BDIDIPPGa(PHPh)Cl resulted in an intractable mixture of products. 

Increasing the steric bulk of the phosphanide substituent from phenylphosphide to 

mesitylphosphide did not assist in isolating a metal-phosphinidene complex, but instead lead 

to the decomposition of the starting complexes and a mixture of unisolable products. 

Changing the elimination product required for the proposed formation of a metal-

phosphinidene from LiCl to TMS-Cl was unsuccessful. The intermediate species 

BDIDIPPAl(Cl)P(TMS)Ph was isolated successfully, however showed no signs of eliminating 

TMS-Cl upon heating. Changing the attempted elimination product to ethane resulted in the 

synthesis of BDIDIPPAl(Et)P(H)Mes, which showed no signs of undergoing elimination of ethane 

to form the target phosphinidene complex. Attempts to reduce MesPCl2 with potassium in 

the presence of BDIDIPPGa lead to the decomposition of the starting material, or formation of 

(MesP)3 and (MesP)4 when magnesium was used as the reducing agent. The attempt to make 

MesPLi2 and react that with BDIDIPPMX2 (M = Al, Ga X = halogen) complexes should be 

investigated further, as it was likely that the MesPLi2 was not synthesised. The complex 

BDIDIPPGa(H)P(H)Mes was synthesised and subsequently heated to eliminate dihydrogen, 
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however no elimination of dihydrogen occurred. Attempts to investigate aluminium(I) species 

as reagents in the formation of an aluminium-phosphinidene complex were also unsuccessful, 

with BDIDIPPAl being successfully synthesised, but unable to be isolated/purified. The attempt 

to make a new BDI aluminium(I) complex using the ArBDIDIPP ligand was potentially successful, 

however the complex appears to undergo a similar insertion of the aluminium atom into the 

C=N bond of the ligand to generate a five-membered ring previously reported. Another 

attempt using the BDIAr* ligand was unable to convert the dimethyl complex BDIAr*AlMe2 into 

the diiodide complex BDIAr*AlI2, presumably due to the steric hinderance of the BDIAr* ligand 

preventing the second methyl ligand from undergoing substitution.   

Chapter 4 details an investigation into the reactivity of BDIDIPPAl(PHMes)Cl, 

BDIDIPPAl(PHMes)Et and BDIDIPPGa(H)P(H)Mes with small molecules and chalcogens. No 

reactivity was observed for any of the phosphanide species with phenyl acetylene, 

dicyclohexylcarbodiimide, or benzophenone. The phosphanide complexes reacted with 

cyclohexene to give intractable mixtures of products, none of which have been isolated. Of 

the three phosphanide species, only BDIDIPPAl(PHMes)Et reacted with benzaldehyde, however 

this reactivity was likely due to the presence of the ethyl ligand rather than the phosphide 

ligand. All three phosphanide species reacted with sulfur and selenium, however this yielded 

multiple products that could not be successfully isolated. The phosphanides were also 

reactive with methyl iodide, which likely cleaved the metal-phosphorus bond and substituted 

the metal with an iodide ligand, though the product could not be isolated to confirm this. All 

three phosphanides reacted with both 4-nitrophenylisocyanate and phenylisothiocyanate, 

however the only product able to be fully characterised was 

BDIDIPPAl(Cl)N(4-NO2-Ph)C(O)P(H)Mes. 

While the targeted multiple bonded compounds were not successfully isolated, the work 

presented in this thesis contributes several novel compounds and unprecedented reactivities. 

The activation of alkyl and aryl C-H bonds by BDIAr*Ga warrants further investigation and 

expansion to other typically stable bonds, such as C-F bonds. The three examples of BDIAr* 

and BDIAr’ gallium(III) complexes all showed the gallium(III) remaining in the CNNNC plane of 

the ligand, which is unusual for BDI bearing gallium(III) complexes and should be investigated 

by DFT to determine why this configuration is favourable. The reactivity should also be 

expanded to other diazo- compounds with harder to activate bonds, for example (CF3)2CNN, 
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to investigate if the lack of β-hydrogen atoms allows the gallium-carbon double bond to form. 

Additionally, the reactivity with diazo- compounds should be expanded to the aluminium(I) 

complexes in pursuit of the aluminium-carbon double bond. The gallium-phosphorus and 

aluminium-phosphorus target complexes likely need larger, more sterically protecting ligands 

than BDIDIPP in order to be successfully isolated, and the BDIAr* and BDIAr’ ligands should be 

investigated as ancillary ligands for the reactions attempted in chapter 3, as they may prevent 

the decomposition to intractable mixtures so frequently observed. The reactivity of gallium 

and aluminium phosphanides with chalcogens could allow for the isolation of new, single 

source precursors for the synthesis of known Ga-E and Al-E nanomaterials used as 

semiconductors. The gallium and aluminium phosphanides may be able to be used as 

catalysts for hydrophosphination of isocyanates and isothiocyanates and their ability to react 

with MesPH2 to reform the starting materials should be investigated. 
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Chapter 6 
 

Experimental 
 

General  

All manipulations were carried out under dry nitrogen using standard Schlenk-line and 

cannula techniques, or in a conventional nitrogen-filled glovebox. Solvents were dried using 

a PureSolv. system (Innovative Technologies). NMR spectra were recorded in C6D6 at 298 K 

(unless otherwise stated), using a Bruker Avance DPX 300 MHz spectrometer at 300.1 (1H), 

75.1 (13C) and 121.1 (31P) MHz or a Varian DirectDrive 600MHz spectrometer at 600.1 (1H) and 

150.9 (13C) MHz. Proton and carbon chemical shifts were referenced internally to residual 

solvent resonances. Crystals were covered in inert oil and suitable single crystals were 

selected under a microscope and mounted on an Agilent SuperNova diffractometer fitted 

with an Atlas or EOS S2 detector. Data were collected at the temperature indicated using 

focused microsource Mo Kα radiation at 0.71073 Å or Cu Kα radiation at 1.54184 Å. Intensities 

were corrected for Lorentz and polarisation effects and for absorption using multi-scan 

methods. Space groups were determined from systematic absences and checked for higher 

symmetry. All structures were solved using direct methods with SHELXS,283 refined on F2 using 

all data by full matrix least-squares procedures with SHELXL-97,284 within OLEX2.3.285 Non-

hydrogen atoms were refined with anisotropic displacement parameters, unless stated 

otherwise. Hydrogen atoms were placed in calculated positions or manually assigned from 

residual electron density where appropriate. All compounds were purchased from Sigma-

Aldrich chemical company. Anilines were distilled before use. Liquids were subjected to 3 x 

freeze-pump-thaw cycles and stored under nitrogen in the glovebox. Phenylphosphine and 

Mesitylphosphine was prepared from bromobenzene and bromomesitylene respectively 

following literature procedures.239 Ar*NH2 and Ar’NH2 were prepared according to literature 

procedures.286 
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‘GaI’ 

Suspensions of ‘GaI’ were prepared following literature procedures.8 Gallium metal (0.2 

g, 2.8 mmol) and iodine (0.36 g, 2.8 mmol) were placed in an ampule and toluene (40 mL) was 

added. The mixture was then placed in an ultrasonic bath that had been preheated to 40 °C 

and sonicated for 3 hours to give a dark green suspension which was used immediately 

without purification. 

 

CH{C(Me)N(C6H3-2,6-iPr2)}2Ga (BDIDIPPGa, 1)   

This compound was synthesised by known literature 

procedures.8 A suspension of ‘GaI’ in toluene was then 

cooled to -78 °C and a solution of BDIDIPP-Li (0.85 g, 2.0 mmol) in toluene (10 mL) was added 

slowly dropwise to give a bright yellow solution. The solution was warmed to room 

temperature and left to react for 16 h, then filtered through celite and concentrated to c.a. 

15 mL and placed in the freezer at -30 °C, at which point yellow crystals of BDIDIPPGa 1 formed 

(0.45 g, 46%). 1H NMR (300 MHz, C6D6, 298 K) δ 7.17 (m, 6H, ArH), 5.19 (s, 1H, CH), 3.15 (sept, 

J = 6.9 Hz, 4H, CH(CH3)2), 1.72 (s, 6H, C(CH3)), 1.29 (d, J = 6.9 Hz, 12 H, CH(CH3)2), 1.15 (d, J = 

6.9 Hz, 12H, CH(CH3)2). These values are in accordance with literature values. 

 

CH{C(Me)NH(C6H3-2,6-iPr2)}{C(Me)N(C6H3-2,6-iPr2)} (BDIDIPP-H, 2)  

This compound was prepared following literature procedure.113 Acetylacetone 

(10.2 mL, 100 mmol) and 2,6-diisopropylaniline (37.8 mL, 200 mmol) were added to 

a stirring solution of ethanol (100 mL) in a 250 mL round bottom flask open to air fitted with 

a reflux condenser. HCl (9.0 mL, 100 mmol) was added drop-wise to the solution, and the 

mixture was then refluxed for 72 h to give a white precipitate. The solution was neutralised 

and extracted with 3 x 50 mL of 1 : 1 sat. sodium carbonate solution : dichloromethane.  The 

organic layer was isolated, and the solvent was reduced in vacuo till precipitation was 

observed. The solution was cooled to 0 °C and the resulting white crystals filtered off and 

recrystallized from dichloromethane/methanol to give BDIDIPPH 2 as colourless needles 
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(31.65 g, 75.4%). 1H NMR (300 MHz, C6D6, 298 K) δ 12.48 (s, 1H, NH), 7.18-7.14 (m, 6H, ArH), 

4.89 (s, 1H, CH), 3.32 (sept, J = 4.2 Hz, 4H, CH(CH3)2), 1.67 (s, 6H, C(CH3)), 1.22 (d, J = 4.2 Hz, 

12H, CH(CH3)2), 1.17 (d, J = 4.2 Hz, 12H, CH(CH3)2). The compound was also measured in CDCl3 

to compare with literature values of: δ 12.12, 7.12, 4.84, 3.10, 1.72, 1.22, 1.12.113 When run 

in CDCl3, the resonances were of comparable chemical shift to the literature. 

 

CH{C(Me)N(C6H3-2,6-iPr2)}2AlMe2 (BDIDIPPAlMe2, 4)  

This compound was prepared following literature procedure.287 

Trimethylaluminium (1.2 mL, 2.4 mmol) 2.0M solution in toluene was added 

slowly to a solution of BDIDIPP-H 2 (1.0 g, 2.4 mmol) in toluene (20 mL) and stirred for 2 hours. 

The solvent was concentrated to c.a. 5 mL and stored at -30 °C at which point crystals of 

BDIDIPPAlMe2 4 formed (1.1 g, 97%). 1H NMR (300 MHz, C6D6, 298 K) δ 7.25-7.14 (m, 6H), 5.12 

(s, 1H), 3.22 (sept, J = 6.9 Hz, 4H), 1.88 (s, 6H), 1.23 (d, J = 6.9 Hz, 12H), 1.13 (d, J = 6.9 Hz, 

12H), -0.99 (s, 6H). These values are in accordance with literature values. 

 

CH{C(Me)N(C6H3-2,6-iPr2)}2AlI2 (BDIDIPPAlI2, 5)  

This compound was prepared following literature procedure.124 BDIDIPPAlMe2 4 

(500 mg, 1.1 mmol) was dissolved in toluene (20 mL) and iodine (535 mg , 2.1 

mmol) was added. The solution was stirred for 16 hours until the purple colour had 

disappeared to give a brown-yellow solution. Concentration of the solution to c.a. 5 mL and 

storage in the freezer at -30 °C overnight afforded crystals of BDIDIPPAlI2 5 (620 mg, 84.5%). 1H 

NMR (300 MHz, C6D6, 298 K) δ 7.10 (m, 6H), 5.04 (s, 1H), 3.58 (sept, 4H), 1.49 (s, 6H), 1.42 (d, 

J = 6.8 Hz, 12H), 1.09 (d, J = 6.8 Hz, 12H). These values are in accordance with literature values. 

 

CH{C(Me)N(C6H3-2,6-iPr2)}2Al (BDIDIPPAl, 6)  

This compound was prepared following literature procedure.124 A solution of 

BDIDIPPAlI2 5 (500 mg, 0.7 mmol) in toluene (10 mL) was added to a suspension of 
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finely divided potassium (56 mg, 1.4 mmol) in toluene (10 mL). The mixture was stirred for 3 

days at room temperature, after which the solution developed a red colour and the potassium 

was consumed. The solution was filtered through celite and concentrated to c.a. 5 mL and 

placed in the freezer at -30 °C. Crystals containing BDIDIPPAl 6 formed, but could not be purified 

from the BDIDIPP-K and BDIDIPPAlI2 impurities in the reaction mixture. 

 

CH{C(Me)N(C6H3-2,6-iPr2)}2Ga(CH2SiMe3)NNCSiMe3 (BDIDIPPGa(CH2TMS)NNCTMS, 19)  

BDIDIPPGa (0.1 g, 0.2 mmol) was dissolved in toluene (5 mL) and a solution 

of 2.0M trimethylsilyldiazomethane (0.2 mL, 0.4 mmol) was added dropwise 

resulting in evolution of gas. Concentration of the solution gave 19 as yellow 

crystals (80 mg, 58.1%). 1H NMR (600 MHz, C6D6, 298 K) δ 7.21 (d, J = 8.3 Hz, 

2H, Ar-H), 7.18-7.14 (m, 2H, Ar-H), 7.08 (d, J = 7.8 Hz, 2H, Ar-H), 4.85 (s, 2H, 

CH), 3.87 (sept, J = 6.6 Hz, 2H, CH(CH3)2), 3.64 (s, 1H, NH), 3.16 ( sept, J = 6.9 Hz, 2H, CH(CH3)2), 

1.73 (d, J = 6.3 Hz, 6H, CH(CH3)2), 1.69 (s, 6H, CCH3), 1.40 (d, J = 6.8 Hz, 6H, CH(CH3)2), 1.35 (d, 

J = 6.3 Hz, 6H, CH(CH3)2), 1.09 (d, J = 6.8 Hz, 6H, CH(CH3)2), 0.22 (s, 9H, Si(CH3)3), -0.21 (s, 9H, 

Si(CH3)3), -0.81 (s, 2H, CH2). 13C NMR (151 MHz, C6D6) δ 169.21, 145.69, 142.88, 141.32, 

127.45, 125.31, 123.86, 96.94, 29.14, 27.75, 25.33, 25.09, 25.05, 23.78, 23.31, 1.12, 0.64, -

6.71. N.B. A strong correlation can be seen in the HMBC spectrum between the TMS peak at 

0.22 ppm and a carbon signal at   ̴44 ppm, however upon running longer 13C experiments and 

widening the window to between 400 and -150 ppm no signal for the C- could be resolved 

and this correlation is assumed to be from the C- in the compound. 

 

CH{C(Me)N(C6H3-2,6-iPr2)}2Ga(CH2SiMe3)N(H)NC (BDIDIPPGa(CH2TMS)N(H)NC, 21)  

BDIDIPPGa (0.1 g, 0.2 mmol) was dissolved in toluene (5 mL) and cooled to 

-78 °C in a dry ice/acetone bath, a solution of 2.0M 

trimethylsilyldiazomethane (0.2 mL, 0.4 mmol) was diluted with hexane (5 

mL) and added dropwise, after which the solution was stirred for 1 hour then 

allowed to warm to room temperature. Concentration of the solution gave 21 as colourless 
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crystals (10 mg, 7.3%). 1H NMR (600 MHz, C6D6, 298 K) δ 7.17 (d, J = 1.5 Hz, 1H, Ar-H), 7.18-

7.14 (m, 1H, Ar-H), 7.12 (t, J = 7.7 Hz, 2H, Ar-H),  7.02 (dd, J = 7.6, 1.5 Hz, 2H, Ar-H), 4.72 (s, 

2H, CH), 3.71 (app. sept, J = 6.8 Hz, 2H, CH(CH3)2), 3.29 (app. sept, J = 6.9 Hz, 2H, CH(CH3)2), 

1.61 (s, 6H, CCH3), 1.51 (d, J = 6.6 Hz, 6H, CH(CH3)2), 1.39 (d, J = 6.9 Hz, 6H, CH(CH3)2), 1.28 (d, 

J = 6.9 Hz, 6H, CH(CH3)2), 1.02 (d, J = 6.6 Hz, 6H, CH(CH3)2), -0.49 (s, 9H, Si(CH3)3), -0.90 (s, 2H, 

CH2). 13C NMR (151 MHz, C6D6) δ 170.33, 146.02, 143.03, 140.88, 131.02, 128.47, 127.66, 

125.33, 123.95, 98.05, 29.12, 27.43, 25.62, 24.94, 24.87, 23.85, 23.55, 1.09, -7.44. 

 

C12H22NN(H)Ts (22)  

This compound was prepared following literature procedures.214 

Cyclododecanone (2.5 g, 13.7 mmol) and p-toluenesulfonyl hydrazide (2.6 g, 

13.7 mmol) were combined in a round bottom flask fitted with a Dean-Stark 

condenser, ethanol (50 mL) was added and the mixture refluxed for 16 h during 

which a white precipitate formed. The precipitate was collected via filtration and washed with 

cold ethanol (3 x 15 mL) to give Tosyl hydrazide salt 22 as a white solid (4.5 g, 93%). 1H NMR 

of the crude solid matched literature values214 and the solid was used without further 

purification. 

 

C12H22NN(Na)Ts (23)  

Tosyl hydrazide salt 22 (2.0 g, 5.7 mmol) was added to a solution of 1.0M 

sodium hydroxide in ethanol (50 mL) and heated to 60 °C for 4 hours then the 

solvent was removed in vacuo to give 23 as a white solid that was transferred 

to a sublimation vessel for pyrolysis immediately. 1H NMR of a small sample 

showed the loss of the N-H peak present in 22. 
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C12H22NN (24)  

The sodium salt 23 was heated in a sublimation vessel at 90 °C at 1.5 x 10-5 

mbar resulting in the deposition of red crystals of 24 on the cold finger, the 

sublimation vessel was transferred into a nitrogen glove box and the red crystals 

collected and stored at -30 °C. 1H NMR (300 MHz, C6D6, 298 K) δ 2.59 (m, 2H), 2.25 (m, 2H), 

1.48 (br m., 10H), 1.30 (br m., 8H). 

 

CH{C(Me)N(C6H3-2,6-iPr2)}2Ga(C12H21)NNC12H21 (BDIDIPPGa(C12H21)N(H)N(H)C12H21, 25)  

BDIDIPPGa (0.1 g, 0.2 mmol) was dissolved in toluene (5 mL) and a 

solution of cyclododecyldiazomethane (78 mg, 0.4 mmol) in hexane (5 

mL) was added dropwise resulting in evolution of gas. Concentration of 

the solution gave 25 as off-yellow crystals (20 mg, 11.8%). N.B. A clean 

NMR spectrum of this compound was unable to be obtained. 

 

Ph2CNNH2 (28)  

This compound was prepared following literature procedures.149 A 

mixture of benzophenone (5.0 g, 27.4 mmol), hydrazine monohydrate (6.67 

mL, 137 mmol) and ethanol (50 mL) was heated at reflux for 16 h and concentrated in vacuo. 

The oily solid was extracted into DCM (50 mL) and washed with water (3 x 20 mL). The organic 

phase was dried with Na2SO4 and concentrated to give hydrazone 28 as a white solid (4.8 g, 

89%). 1H NMR of the crude solid matched literature values149 and was used without further 

purification.  

 

Ph2CNN (8)  

This compound was prepared following literature procedures.149 

Hydrazone 28 (200 mg, 1 mmol) in THF (5 mL) was added to a slurry of HgO 
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(260 mg, 1.2 mmol) and Na2SO4 (200 mg, 1.4 mmol) in THF (10 mL), followed by 5 drops of a 

saturated solution of KOH in EtOH. The reaction vessel was wrapped in aluminium foil to 

exclude light and stirred for 16 h. The red solution was filtered through celite and 

concentrated to give diphenyldiazomethane 8 as red/purple solid (180 mg, 93%). 1H NMR of 

the crude solid matched literature values149 and was used without further purification.  

 

Reaction of BDIDIPPGa (1) with Ph2CNN (8) 

BDIDIPPGa (0.1 g, 0.2 mmol) was dissolved in toluene (5 mL) and a solution of 

diphenyldiazomethane 8 (39 mg, 0.2 mmol) in hexane (5 mL) was added dropwise resulting 

in evolution of gas. Concentration of the solution and analysis by 1H NMR (300 MHz, CDCl3, 

298 K) showed the presence of BDIDIPPGa and peaks approximately matching 

tetraphenylethylene.288   

 

Fluoren-9-one Hydrazone (32)  

This compound was prepared following literature procedures.149 A 

mixture of Fluoren-9-one (5.0 g, 27.7 mmol), hydrazine monohydrate (6.78 

mL, 139 mmol) and methanol (50 mL) was heated at reflux for 16 h and concentrated in vacuo. 

The solid was extracted into DCM (50 mL) and washed with water (3 x 20 mL). The organic 

phase was dried with Na2SO4 and concentrated to give hydrazone 32 as a white solid (4.7 g, 

87%). 1H NMR of the crude solid matched literature values149 and was used without further 

purification.  

 

9-Diazofluorene (33)  

This compound was prepared following literature procedures.149 

Hydrazone 32 (200 mg, 1 mmol) in THF (5 mL) was added to a slurry of HgO 

(260 mg, 1.2 mmol) and Na2SO4 (200 mg, 1.4 mmol) in THF (10 mL), followed by 5 drops of a 

saturated solution of KOH in EtOH. The reaction vessel was wrapped in aluminium foil to 
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exclude light and stirred for 16 h. The red solution was filtered through celite and 

concentrated to give 9-diazofluorene 33 as red solid (190 mg, 98%). 1H NMR of the crude solid 

matched literature values149 and was used without further purification. 

 

CH{C(Me)N(C6H3-2,6-iPr2)}2GaC13H10NNC13H10 (BDIDIPPGaFlNNFl, 34)  

BDIDIPPGa (0.1 g, 0.2 mmol) was dissolved in toluene (5 mL) and a 

solution of diazofluorene 33 (78 mg, 0.4 mmol) in toluene (5 mL) was 

added dropwise resulting in evolution of gas. Concentration of the 

solution gave 34 as off-yellow crystals (20 mg, 11.8%). 1H NMR 

(600 MHz, C6D6, 298 K) δ 8.26 (d, J = 7.6 Hz, 1H Ph-H), 7.91 (d, J = 5.2Hz, 

1H, Ph-H), 7.74-7.64 (m, 3H, Ph-H), 7.43 (t, J = 7.4 Hz, 1H, Ph-H), 7.30-

7.18 (m, 5H, Ph-H), 7.15-7.00 (m, 8H, Ph-H Ar-H), 6.97-6.92 (m, 1H, Ph-H),  6.72 (d, J = 7.7 Hz, 

1H, Ph-H), 6.54 (d, J = 7.6 Hz, 1H, Ph-H),  5.22 (s, 1H, CH), 3.84-3.75 (m, 2H, CH(CH3)2), 3.35-

3.23 (m, 2H, CH(CH3)2), 1.91 (s, 3H, CCH3), 1.75-1.71 (m, 6H, CCH3 CH(CH3)2), 1.14 (d, J = 6.6Hz, 

6H, CH(CH3)2), 1.12-1.08 (m, 6H, CH(CH3)2), 1.00 (d, J = 6.9 Hz, 3H, CH(CH3)2), 0.98-0.92 (m, 

6H, CH(CH3)2). 13C NMR (151 MHz, C6D6, 298 K) δ 170.14, 145.89, 143.67, 141.86, 139.69, 

138.01, 136.85, 136.50, 130.81, 129.33, 128.67, 128.57, 127.61, 127.25, 126.66, 125.70, 

125.31, 124.05, 123.98, 120.52, 119.70, 119.41, 97.63, 65.93, 29.24, 27.32, 25.47, 24.86, 

24.10, 24.07, 23.57, 23.54, 23.36, 21.44, 15.62.  

 

tBu2CNH (36)  

This compound was prepared following literature procedures.221 Pivalonitrile 

(16.7 g, 0.2 mol) was added dropwise to a solution of finely divided sodium (5.9 

g, 0.25 mol) in petroleum ether (200 mL), maintaining the temperature of the reaction vessel 

at 25 °C. The reaction was stirred for 2 h, then water (200 mL) was slowly added to quench 

the residual sodium metal. The organic layer was separated and dried over magnesium 

sulphate, filtered and distilled at 80 °C to give imine 36 as a colourless liquid (12.4 g, 88%). 1H 
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NMR (300 MHz, CDCl3, 298 K) δ 9.39 (br. s, 1H), 1.26 (s, 18H). These values are in accordance 

with literature values.  

 

tBu2CNNH2 (37)  

This compound was prepared following literature procedures.221 A mixture 

of imine 36 (7.0 g, 0.05 mol), hydrazine monohydrate (12.5 g, 0.25 mol) and 

hydrazine sulphate (6.5 g, 0.05 mol) was heated at reflux for 4 days. The mixture was cooled 

and extracted into diethyl ether, the solvent was removed in vacuo and the resulting solid 

washed with methanol to give hydrazone 37 as a white solid (7.5 g, 96%) 1H NMR (300 MHz, 

CDCl3, 298 K) δ 5.26 (br. s, 2H), 1.39 (s, 9H), 1.20 (s, 9H). These values are in accordance with 

literature values. 

 

tBu2CNN (38)  

This compound was prepared following literature procedures.222 Hydrazone 

37 (150 mg, 1 mmol) in THF (5 mL) was added to a slurry of HgO (260 mg, 1.2 

mmol) and Na2SO4 (200 mg, 1.4 mmol) in THF (10 mL), followed by 5 drops of a saturated 

solution of KOH in EtOH. The reaction vessel was wrapped in aluminium foil to exclude light 

and stirred for 16 h. The red solution was filtered through celite and concentrated to give di-

tert-butyldiazomethane 38 as red oil (80 mg, 52%) which was used without further 

purification.  

 

o-C6H4{C(CH3)N-2,6-iPr2C6H3}{NH-2,6-iPr2C6H3} (ArBDIDIPP-H, 13)  

This compound was prepared following literature procedures.119 

2,6-diisopropylaniline (11.5 g, 65 mmol) was added to a solution of TiCl4 (2.0 g, 

11 mmol) in hexane (30 mL) to give a brown precipitate. 2-fluroacetophenone (2.6 mL, 22 

mmol) was added and the solution refluxed for 16 hours. The resulting solid was extracted 

with diethyl ether (3 x 30 mL) and filtered through a celite/silica plug. The solution was 



173 
 

concentrated to give an orange oil of [o-C6H4{C(CH3)N-2,6-iPr2C6H3}{F}] (5.2 g, 17 mmol) which 

was dissolved in THF (15 mL). nBuLi (10 mL, 20 mmol) was added to a solution of 

2,6-diisopropylaniline (3.1 g, 18 mmol) in THF (15 mL), then added to the solution of [o-

C6H4{C(CH3)N-2,6-iPr2C6H3}{F}] and refluxed for 72 hours. The solution was quenched with H2O 

(50 mL) and extracted with hexane (3 x 50 mL), the organic fraction was dried with magnesium 

sulphate and concentrated to give an orange solid which was recrystallised from 

methanol/DCM to give ArBDIDIPP-H 13 as yellow crystals (7.6 g, 76%). 1H NMR (300 MHz, CDCl3, 

298 K) δ 11.58 (s, 1H, NH), 7.48 (d, J = 8.2 Hz, 1H, C6H4), 7.28-7.18 (m, 6H, Ar-H), 7.00 (t, J = 

7.6 Hz, 1H, C6H4), 6.58 (t, J = 7.6 Hz, 1H, C6H4), 6.48 (d, J = 8.5 Hz, 1H, C6H4), 3.44 (sept, J = 6.9 

Hz, 2H, CH(CH3)2), 3.05 (sept, J = 6.9 Hz, 2H, CH(CH3)2), 1.96 (s, 3H, CCH3), 1.17 (d, J = 6.8 Hz, 

6H, CH(CH3)2), 1.13 (d, J = 6.8 Hz, 6H, CH(CH3)2). These values are in accordance with literature 

values. 

 

o-C6H4{C(CH3)N-2,6-iPr2C6H3}{N-2,6-iPr2C6H3}Ga (ArBDIDIPPGa, 10)  

A solution of ‘GaI’ in toluene (40 mL) was prepared by sonicating gallium 

metal (0.2 g, 2.8 mmol) and iodine (0.36 g, 2.8 mmol) for 2 h at 45 °C, the 

solution was then cooled to -78 °C and a solution of ArBDIDIPP-Li (0.92 g, 2.0 mmol) in toluene 

(10 mL) was added slowly dropwise to give a bright green solution. The solution was warmed 

to room temperature and left to react for 16 h, then filtered through celite and concentrated 

to c.a. 15 mL and placed in the freezer at -30 °C, at which point bright orange crystals of 

ArBDIDIPPGa 10 formed (0.32 g, 34%). 1H NMR (600 MHz, C6D6, 298 K) δ 7.54 (dd, J = 8.4, 1.6 

Hz, 1H, Ar-H), 7.33-7.28 (m, 3H, Ar-H), 7.15-7.12 (m, 3H, Ar-H), 7.00-6.95 (m, 1H, Ar-H), 6.67 

(dd, J = 8.8, 1.1 Hz, 1H, Ar-H), 6.51-6.47 (m, 1H, Ar-H), 3.33 (sept, J = 6.9 Hz, 2H, CH(CH3)2),, 

2.90 (sept, J = 6.9 Hz, 2H, CH(CH3)2), 2.06 (s, 3H, CH3), 1.33 (d, J = 6.9 Hz, 6H, CH(CH3)2), 1.25 

(d, J = 6.9 Hz, 6H, CH(CH3)2), 1.13 (d, J = 6.9 Hz, 6H, CH(CH3)2), 1.03 (d, J = 6.9 Hz, 6H, CH(CH3)2) 

13C NMR (151 MHz, C6D6, 298 K) δ 170.00, 153.32, 145.85, 144.56, 143.39, 140.69, 133.62, 

132.66, 129.33, 128.57, 127.06, 126.50, 125.70, 124.62, 124.33, 118.66, 117.91, 114.47, 

29.10, 28.61, 25.68, 24.77, 24.72, 23.74, 21.03. 
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o-C6H4{C(CH3)N-2,6-iPr2C6H3}{N-2,6-iPr2C6H3}Ga(CH2SiMe3)NNCSiMe3 

(ArBDIDIPPGa(CH2TMS)NNCTMS, 40)  

ArBDIDIPPGa (0.1 g, 0.2 mmol) was dissolved in toluene (5 mL) and a 

solution of trimethylsilyldiazomethane (0.2 mL, 0.4 mmol) was added 

dropwise resulting evolution of gas and the bright orange solution 

becoming bright yellow. Concentration of the solution gave 40 as yellow crystals (120 mg, 

82%). 1H NMR (600 MHz, C6D6, 298 K) δ 7.36 (dd, J = 7.7, 1.6 Hz, 1H, C6H4), 7.24-7.13 (m, 6H, 

Ar-H), 6.81-6.76 (m, 1H, C6H4), 6.54-6.50 (m, 1H, C6H4), 6.34-6.31 (m, 1H, C6H4), 3.73 (sept, J = 

6.8 Hz, 1H, CH(CH3)2), 3.52 (sept, J = 6.8 Hz, 1H, CH(CH3)2),  3.39 (sept, J = 6.8 Hz, 1H, CH(CH3)2),  

3.22 (sept, J = 6.8 Hz, 1H, CH(CH3)2),  2.01 (s, 3H, CH3), 1.75 (d, J = 6.6 Hz, 3H, CH(CH3)2), 1.71 

(d, J = 6.8 Hz, 3H, CH(CH3)2), 1.43 (d, J = 6.8 Hz, 3H, CH(CH3)2), 1.36 (d, J = 6.8 Hz, 3H, CH(CH3)2), 

1.34 (d, J = 6.8 Hz, 3H, CH(CH3)2),  1.29 (d, J = 6.8 Hz, 3H, CH(CH3)2), 1.05 (d, J = 6.8 Hz, 3H, 

CH(CH3)2), 0.86 (d, J = 6.8 Hz, 3H, CH(CH3)2), -0.01 (s, 9H, Si(CH3)3), -0.19 (s, 9H, Si(CH3)3), -0.74 

(d, J  = 13.4 Hz, 1H, CH2), -0.84 (d, J  = 13.4 Hz, 1H, CH2). N.B. This complex degraded to 13 in 

solution and the resonances listed above are those that did not match the resonances for 

complex 13, a usable 13C NMR spectrum of this compound was unable to be obtained. 

 

CH{C(Me)N(C6H2-2,6-(CHPh2)2-4-Me)}{C(Me)NH(C6H2-2,6-(CHPh2)2-4-Me)} (BDIAr*-H, 14)  

This compound was prepared following literature 

procedure.120 2,6-(CHPh2)2-4-Me-Aniline (5.6 g, 12.8 

mmol), (C6H2-2,6-(CHPh2)2-4-Me)-NH3Cl.THF (7.6 g, 12.8 

mmol), and acetylacetone (3.9 mL, 38.3 mmol) were combined in toluene (80 mL) and heated 

at reflux for 24 hours, cooled to room temperature and the solid collected by filtration. The 

solid was then dissolved in DCM (200 mL) and neutralised with aqueous sodium bicarbonate 

(3 x 50 mL), the organic layer was dried with magnesium sulphate and concentrated to give 

14 as a white solid (8.2 g, 68%). 1H NMR (300 MHz, CDCl3, 298 K) δ 12.81 (s, 1H, NH), 7.28−7.26 

(m, 16H), 7.05−7.00 (m, 24H), 6.86 (s, 4H, m-Ar-H), 5.95 (s, 4H, CHPh2), 4.18 (s, 1H, CH), 2.25 

(s, 6H, CH3), 0.25 (s, 6H, CH3). These values are in accordance with the literature values.  
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CH{C(Me)N(C6H2-2,6-(CHPh2)2-4-Me)}2Ga (BDIAr*Ga, 11)  

A solution of ‘GaI’ in toluene (40 mL) was prepared by sonicating gallium metal 

(0.2 g, 2.8 mmol) and iodine (0.36 g, 2.8 mmol) for 2 h at 45 °C, the solution was 

then cooled to -78 °C and a solution of BDIAr*-Li (1.25 g, 1.3 mmol) in toluene (10 mL) was 

added dropwise to give an orange solution. The solution was warmed to room temperature 

and left to react for 16 h, then filtered through celite and concentrated to c.a. 15 mL and 

placed in the freezer at -30 °C, at which point yellow crystals of BDIAr*Ga 11 formed (0.48 g, 

36 %). 1H NMR (600 MHz, C6D6, 298 K) δ 7.33 (d, J = 7.2 Hz, 8H, o-Ph-H), 7.30 (d, J = 7.8 Hz, 8H, 

o-Ph-H), 7.12-7.09 (m, 12H, m-Ar-H, m-Ph-H), 7.03-7.01 (m, 4H, p-Ph-H), 6.95 (t, J = 7.8 Hz, 

8H, m-Ph-H), 6.82 (t, J = 7.2 Hz, 4H, p-Ph-H), 6.00 (s, 4H, CHPh), 4.79 (s, 1H, CH), 1.93 (s, 6H, 

Ph-CH3), 1.02 (s, 6H, C(CH3)). 13C NMR (151 MHz, C6D6) δ 165.34, 144.73, 144.09, 143.02, 

139.87, 134.74, 130.59, 130.35, 130.20, 128.71, 128.57, 126.69, 126.68, 100.34, 53.08, 23.08, 

21.44. 

 

CH{C(Me)N(C6H2-2,6-(CHPh2)2-4-Me)}2Ga(H)C(N2)SiMe3 (BDIAr*Ga(H)C(N2)TMS, 41)  

BDIAr*Ga (0.2 g, 0.2 mmol) was dissolved in toluene (5 mL) and a 

solution of 2.0M trimethylsilyldiazomethane (0.1 mL, 0.2 mmol) was 

added dropwise resulting in the solution fading to pale yellow. 

Concentration of the solution gave 41 as colourless crystals (222 mg, 97%). 1H NMR (600 MHz, 

C6D6, 298 K) δ 7.81 (d, J = 7.8 Hz, 4H, o-Ph-H), 7.53 (d, J = 7.8 Hz, 4H, o-Ph-H), 7.31 (d, J = 7.2 Hz, 

4H, o-Ph-H), 7.30 (s, 2H, m-Ar-H), 7.24-7.21 (m, 8H), 7.14-7.08 (m, 8H), 7.04-6.94 (m, 14H) 

6.89 (s, 2H, CHPh), 6.18 (s, 2H, CHPh), 5.72 (br. s, 1H, GaH), 4.24 (s, 1H, CH), 1.86 (s, 6H, Ph-

CH3), 0.29 (s, 6H, C(CH3)), 0.26 (s, 9H, Si(CH3)3). 13C NMR (151 MHz, C6D6) δ 174.29, 145.70, 

145.26, 142.98, 142.77, 142.71, 141.47, 139.46, 136.39, 131.73, 131.25, 131.02, 130.78, 

130.46, 129.77, 129.34, 128.90, 128.69, 128.57, 128.35, 127.19, 126.89, 126.58, 126.41, 

126.37, 96.86, 52.07, 51.11, 22.91, 21.21, 1.79. 
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CH{C(Me)N(C6H2-2,6-(CHPh2)2-4-tBu)}{C(Me)NH(C6H2-2,6-(CHPh2)2-4-tBu)} (BDIAr’-H, 15)  

This compound was prepared following adapted 

literature procedure.120 2,6-(CHPh2)2-4-tBu-Aniline (5.6 

g, 11.6 mmol), (C6H2-2,6-(CHPh2)2-4-tBu)-NH3Cl.THF (7.6 

g, 11.6 mmol), and acetylacetone (3.9 mL, 38.3 mmol) were combined in toluene (80 mL) and 

heated at reflux for 24 hours, cooled to room temperature and the solid collected by filtration. 

This was then dissolved in DCM (200 mL) and neutralised with aqueous sodium bicarbonate 

(3 x 50 mL), the organic layer was dried with magnesium sulphate and concentrated to give 

15 as a white solid (6.5 g, 54%). Crystals suitable for X-Ray diffraction were grown from 

toluene at -30 °C. 1H NMR (600 MHz, C6D6, 298 K) δ 12.87 (s, 1H, NH), 7.51 (d, J = 7.2 Hz, 8H, 

Ph-H), 7.38 (s, 4H, m-Ar-H), 7.18-7.15 (m, 8H, Ph-H), 7.11 (t, J = 7,4 Hz, 8H, Ph-H), 7.01-6.99 

(m, 4H, p-Ph-H), 6.92-6.86 (m, 12H, Ph-H), 6.37 (s, 4H, CHPh), 4.38 (s, 1H, CH), 1.15 (s, 18H, 

C(CH3)3), 0.57 (s, 6H C(CH3)).  13C NMR (151 MHz, C6D6) δ 164.71, 147.16, 145.37, 143.23, 

141.86, 139.14, 130.55, 129.98, 128.73, 128.44, 126.56, 126.54, 126.29, 95.24, 53.26, 34.68, 

31.45, 20.32. 

 

CH{C(Me)N(C6H2-2,6-(CHPh2)2-4-tBu)}2Ga (BDIAr’Ga, 12)  

A solution of ‘GaI’ in toluene (40 mL) was prepared by sonicating gallium metal 

(0.2 g, 2.8 mmol) and iodine (0.36 g, 2.8 mmol) for 2 h at 45 °C, the solution was 

then cooled to -78 °C and a solution of BDIAr’-Li (2.0 g, 2.0 mmol) in toluene (10 mL) was added 

dropwise to give an orange solution. The solution was warmed to room temperature and left 

to react for 16 h, then filtered through celite and concentrated to c.a. 15 mL and placed in the 

freezer at -30 °C, at which point yellow crystals of BDIAr’Ga 12 formed (0.86 g, 40%). 1H NMR 

(300 MHz, C6D6, 298 K) δ 7.38 (m, 12H, m-Ar-H Ph-H), 7.33 (d, J = 7.2 Hz, 8H, Ph-H), 7.12 (d, J 

= 7.6 Hz, 8H, Ph-H), 7.05 (d, J = 7.2 Hz, 4H, Ph-H), 6.97 (t, J = 7.6 Hz, 8H, Ph-H), 6.83 (t, J = 7.5 

Hz, 4H, Ph-H), 6.03 (s, 4H, CHPh), 4.80 (s, 1H, CH), 1.11 (s, 18H, C(CH3)3), 1.04 (s, 6h, C(CH3)). 

N.B. a usable 13C NMR spectrum of this compound was unable to be obtained. 
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CH{C(Me)N(C6H2-2,6-(CHPh2)2-4- tBu)}2Ga(H)C(N2)SiMe3 (BDIAr’Ga(H)C(N2)TMS, 45)  

BDIAr’Ga (0.24 g, 0.2 mmol) was dissolved in toluene (5 mL) and a 

solution of 2.0M trimethylsilyldiazomethane (0.1 mL, 0.2 mmol) was 

added dropwise resulting in the solution fading to pale yellow. 

Concentration of the solution gave 45 as colourless crystals (210 mg, 87%). 1H NMR (600 MHz, 

C6D6, 298 K) δ 7.84 (d, J = 6.9 Hz, 4H, o-Ph-H), 7.57 (d, J = 6.9 Hz, 4H, o-Ph-H), 7.55 (d, J = 2.3 

Hz, 2H, o-Ph-H), 7.44 (d, J = 2.4 Hz, 2H, o-Ph-H), 7.36 (d, J = 7.0 Hz, 4H, o-Ph-H), 7.26 – 7.21 

(m, 8H), 7.13-7.10 (m, 6H), 7.04 (t, J = 7.6 Hz, 4H, p-Ph-H), 6.97-6.93 (m, 12H), 6.23 (s, 2H, 

CHPh), 5.72 (br. s, 1H, GaH), 4.27 (s, 1H, CH), 1.09 (s, 18H, C(CH3)3), 0.34 (s, 6H C(CH3)), 0.23 

(s, 9H, Si(CH3)3). 13C NMR (151 MHz, C6D6) δ 174.19, 149.06, 145.72, 145.29, 143.01, 142.98, 

142.43, 141.24, 138.98, 131.15, 130.70, 130.47, 129.73, 128.94, 128.75, 128.43, 127.39, 

126.88, 126.57, 126.40, 126.37, 96.70, 52.46, 51.39, 34.70, 31.13, 22.95, 1.46. 

 

CH{C(Me)N(C6H2-2,6-(CHPh2)2-4-Me)}{C(Me)N(C6H2-

2-C(H)(Ph)C6H4)-4-Me-6-(CHPh2))}GaN(H)NC13H10 (BDIAr*GaN(H)NFl, 46)  

BDIAr*Ga (0.2 g, 0.2 mmol) was dissolved in toluene (5 mL) 

and a solution of diazofluorene (39 mg, 0.2 mmol) in toluene (5 

mL) was added dropwise resulting in the orange coloured 

solution fading. Concentration of the solution gave 46 as off-

yellow crystals (40 mg, 16.6%). 1H NMR (600 MHz, C6D6, 298 K) 

δ 8.40 (d, J = 7.6 Hz, 1H), 8.36 (d, J = 7.9 Hz, 1H) 7.86 (d, J = 6.6 

Hz, 1H), 7.80 (s, 1H, NH), 7.69 (d, J = 7.3 Hz, 2H), 7.67 (d, J = 7.3 

Hz, 2H), 7.51-7.44 (m, 3H), 7.40 (d, J = 7.4 Hz, 1H), 7.37-7.31 (m, 3H), 7.30-7.25 (m, 4H), 7.20 

(s, 1H, CHPh), 7.15-6.88 (m, 16H), 6.86 (s, 1H, CHPh), 6.78 (t, J = 7.7 Hz, 4H), 6.74 (t, J = 7.4 Hz, 

4H), 6.46 (s, 1H, CHPh), 6.41 (t, J = 7.8 Hz, 3H), 6.33 (t, J = 7.7 Hz, 2H) 6.02 (s, 1H, CHPh), 4.57 

(s, 1H, CH), 1.80 (s, 3H, Ph-CH3), 1.74 (s, 3H, Ph-CH3), 1.37 (s, 3H, C(CH3)), 0.38 (s, 3H, C(CH3)). 

13C NMR (151 MHz, C6D6, 298 K) δ 173.29, 170.79, 154.58, 146.08, 145.46, 145.27, 143.10, 

142.50, 142.42, 142.16, 141.89, 141.35, 140.83, 140.68, 140.48, 140.33, 140.20, 140.02, 

139.16, 138.80, 137.15, 136.54, 136.31, 131.35, 131.21, 131.04, 130.90, 130.86, 130.57, 
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129.97, 129.93, 129.69, 129.40, 128.97, 128.89, 128.70, 128.62 128.51, 127.65, 127.40, 

127.17, 127.15, 126.84, 126.68, 126.49, 126.43, 126.29, 126.18, 125.88, 125.48, 123.88, 

120.20, 119.98, 119.45, 97.11, 53.19, 52.42, 51.53, 50.62, 30.24, 23.00, 22.84, 21.45, 21.20. 

 

CH{C(Me)N(C6H3-2,6-iPr2)}2GaCl2 (BDIDIPPGaCl2, 51)   

This compound was prepared following literature procedure.238  nBuLi (1.6 mL, 

3.1 mmol) in hexane was added drop-wise to a stirring solution of BDIDIPPH (1.19 

g, 2.8 mmol) in toluene (10 mL) that had been cooled to -30 °C. The solution rapidly turned 

yellow in colour. After 1 h this solution was added drop-wise to a solution of GaCl3 (500 mg, 

2.8 mmol) in toluene (10 mL) that had been cooled to -30 °C. This resulted in the rapid 

formation of a white precipitate. The slurry was stirred for 12 h, filtered through celite, and 

the solvent removed in vacuo. The resulting solid was crystallized from toluene at -30 °C to 

give BDIDIPPGaCl2 51 as white needles (1.56 g, 65%). 1H NMR (300 MHz, C6D6, 298 K) δ 7.13-

7.07 (m, 6H, ArH), 4.75 (s, 1H, CH), 3.44 (app. sept, J = 6.9, 6.6 Hz, 4H, CH(CH3)2), 1.50 (s, 6H, 

C(CH3)), 1.44 (d, J = 6.9 Hz, 12H, CH(CH3)2), 1.11 (d, J = 6.6 Hz, 12H, CH(CH3)2). These values 

are in accordance with literature values.   

 

CH{C(Me)N(C6H3-2,6-iPr2)}2Ga(PH(C6H5))Cl (BDIDIPPGa(PHPh)Cl, 48)  

This compound was prepared following known procedure.237 A solution 

of PhP(H)Li (18 mg, 0.18 mmol) in THF (10 mL) was added drop-wise to a 

solution of BDIDIPPGaCl2 (100 mg, 0.18 mmol) in THF (5 mL) at -30 °C. The solution was allowed 

to warm to room temperature and stirred for 12 h, the solvent was removed in vacuo and the 

product extracted into toluene to give a cloudy yellow solution. This solution was filtered 

through celite to remove the precipitate. The volatiles were removed in vacuo and the 

resulting yellow solid crystallized from toluene/hexane at -30 °C to give BDIDIPPGa(PHPh)Cl 48 

as yellow crystals (38 mg, 30.0%). 1H NMR (300 MHz, C6D6, 298 K) δ 7.22-7.17 (m, 3H, m-ArH 

p-ArH), 7.12-7.09 (m, 2H, m-ArH), 7.06-7.02 (m, 1H, p-ArH), 6.95-6.89 (m, 1H, p-PhH), 6.86-

6.78 (m, 2H, m-PhH), 6.76-6.71 (m, 2H, o-PhH), 4.88 (s, 1H, CH), 3.77 (app. sept, J = 6.9, 6.6 
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Hz, 2H, CH(CH3)2), 3.60 (app. sept, J = 6.9, 6.6 Hz, 2H, CH(CH3)2), 3.48-3.37 (m, 1.5H, CH(CH3)2; 

0.5 PH), 3.30 (app. sept, J = 6.9, 6.6 Hz, 1H, CH(CH3)2), 3.09 (d, JPH = 195 Hz, 1H, PH), 1.58-1.56 

(m, 9H, 2 C(CH3); 1 CH(CH3)2), 1.48 (d, J = 6.6 Hz, 3H, CH(CH3)2), 1.33 (d, J = 6.9 Hz, 3H, 

CH(CH3)2), 1.19 (d, J = 6.9 Hz, 3H, CH(CH3)2), 1.14 (d, J = 6.9 Hz, 3H, CH(CH3)2), 1.10-1.06 (m, 

6H, CH(CH3)2), 1.03 (d, J = 6.9 Hz, 3H, CH(CH3)2). These values are in accordance with 

previously observed.237 

 

Attempted synthesis of BDIDIPPGaPPh (49)  

nBuLi (32 μL, 0.065 mmol) or tBuLi (43 μL, 0.065 mmol) in hexane was 

added drop-wise to a stirring solution of chlorophosphanide 48 (20 mg, 0.065 

mmol) in either toluene or THF, at either room temperature or cooled to -30 °C or -78 °C and 

the reaction mixture stirred for 1 h. The mixture was then filtered through celite and the 

volatiles removed in vacuo. 1H NMR of the residue typically contained the resonances 

associated with proposed decomposition product 50,237 however crystals suitable for X-ray 

diffraction to confirm the structure could not be obtained. 

 

CH{C(Me)N(C6H3-2,6-iPr2)}2AlCl2 (BDIDIPPAlCl2, 52)   

This compound was prepared following literature procedure.238  nBuLi (2.0 mL, 

4.0 mmol) in hexane was added drop-wise to a stirring solution of BDIDIPPH (1.57 

g, 3.7 mmol) in toluene (10 mL) that had been cooled to -30 °C. The solution rapidly turned 

yellow in colour. After 1 h this solution was added drop-wise to a solution of AlCl3 (500 mg, 

3.7 mmol) in toluene (10 mL) that had been cooled to -30 °C. This resulted in the rapid 

formation of a white precipitate. The slurry was stirred for 12 h, filtered through celite, and 

the solvent removed in vacuo. The resulting solid was crystallized from toluene at -30 °C to 

give BDIDIPPAlCl2 52 as a colourless solid (1.71 g, 89%). 1H NMR (600 MHz, C6D6, 298 K) δ 7.17-

7.07 (m, 6H, ArH), 5.01 (s, 1H, CH), 3.42 (sept, J = 6.9 Hz, 4H, CH(CH3)2), 1.91 (s, 6H, C(CH3)), 

1.28 (d, J = 6.9 Hz, 12H, CH(CH3)2), 1.18 (d, J = 6.9 Hz, 12H, CH(CH3)2). These values are in 

accordance with literature values. 
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CH{C(Me)N(C6H3-2,6-iPr2)}2Al(PH(C6H5))Cl (BDIDIPPAl(PHPh)Cl, 53)  

A solution of PhP(H)Li (20 mg, 0.20 mmol) in THF (10 mL) was added 

drop-wise to a solution of BDIDIPPAlCl2 (100 mg, 0.20 mmol) in THF (5 mL) at 

-30 °C. The solution was allowed to warm to room temperature and stirred for 12 h, the 

solvent was removed in vacuo and the product extracted into toluene to give a cloudy yellow 

solution. This solution was filtered through celite to remove the precipitate. The volatiles 

were removed in vacuo and the resulting yellow solid crystallized from toluene/hexane at -30 

°C to give BDIDIPPAl(PHPh)Cl 53 as yellow crystals (45 mg, 43%). 1H NMR (300 MHz, C6D6, 298 

K) δ 7.20-7.01 (m, 6H, ArH), 6.75-6.69 (m, 3H, p-PhH m-PhH), 6.63-6.58 (m, 2H, o-PhH), 4.85 

(s, 1 H, CH), 3.46 (br. s, 2H, CH(CH3)2), 3.26 (br. s, 2H, CH(CH3)2),2.64 (d, JPH = 192 Hz, 1H, PH), 

1.44 (s, 6H, C(CH3)), 1.04 (d, J = 6.9 Hz, 6H, CH(CH3)2), 0.93 (d, J = 6.6 Hz, 3H, CH(CH3)2). 13C 

NMR (75 MHz, C6D6) δ 171.24, 146.13, 143.42, 139.41, 134.06, 133.86, 129.34, 127.98, 

125.71, 124.99, 124.39, 99.11, 29.74, 29.69, 28.12, 26.53, 25.06, 24.64, 24.32, 24.24, 23.40. 

31P NMR (121 MHz, C6D6, 298 K) δ -158.15 (1H coupled - d, JPH = 192 Hz). 

 

CH{C(Me)N(C6H3-2,6-iPr2)}2AlClP(H)Mes (BDIDIPPAl(PHMes)Cl, 58)   

 nBuLi (0.4 mL, 0.8 mmol) in hexane was added drop-wise to a stirring 

solution of MesPH2 (120 mg, 0.8 mmol) in toluene (10 mL) that had been 

cooled to -30 °C. The solution rapidly turned yellow in colour. After 1 h this solution was added 

drop-wise to a solution of BDIDIPPAlCl2 (500 mg, 0.8 mmol) in toluene (10 mL) that had been 

cooled to -30 °C. This resulted in the rapid formation of a white precipitate. The slurry was 

stirred for 2 h, filtered through celite, and the solvent removed in vacuo. The resulting solid 

was crystallized from toluene at -30 °C to give BDIDIPPAl(PHMes)Cl 58 as yellow crystals (326 

mg, 65%). 1H NMR (600 MHz, C6D6, 298 K) δ 7.21-7.14(m, 6H, ArH), 6.66 (s, 2H, m-H), 4.94 (s, 

1H, CH), 3.50 (app. sept, J = 6.9, 6.6 Hz, 2H, CH(CH3)2), 3.24 (br. s, 2H, CH(CH3)2), 2.73 (d, JPH = 

199 Hz, 1H, PH), 2.01 (s, 3H, p-Ph-CH3), 1.79 (s, 6H, o-Ph-CH3), 1.54 (m, 12H, C(CH3) CH(CH3)2), 

1.26 (d, J = 6.6 Hz, 6H, CH(CH3)2), 1.12 (d, J = 6.9 Hz, 6H, CH(CH3)2), 1.01 (d, J = 6.9 Hz, 6H, 

CH(CH3)2). 13C NMR (151 MHz, C6D6) δ 171.06, 146.15, 143.78, 140.68, 140.61, 140.01, 134.14, 
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128.54, 128.52, 125.65, 124.37, 99.03, 67.86, 30.19, 30.16, 28.12, 26.49, 25.05, 24.82, 23.81, 

21.01.  31P NMR (121 MHz, C6D6, 298 K) δ -196.2 (1H coupled - d, JPH = 200 Hz). 

 

CH{C(Me)N(C6H3-2,6-iPr2)}2GaClP(H)Mes (BDIDIPPGa(PHMes)Cl, 59)   

 nBuLi (0.38 mL, 0.74 mmol) in hexane was added drop-wise to a stirring 

solution of MesPH2 (113 mg, 0.74 mmol) in toluene (10 mL) that had been 

cooled to -30 °C. The solution rapidly turned yellow in colour. After 1 h this solution was added 

drop-wise to a solution of BDIDIPPGaCl2 (500 mg, 0.74 mmol) in toluene (10 mL) that had been 

cooled to -30 °C. This resulted in the rapid formation of a white precipitate. The slurry was 

stirred for 2 h, filtered through celite, and the solvent removed in vacuo. The resulting solid 

was crystallized from hexane at -30 °C to give BDIDIPPGa(PHMes)Cl 59 as yellow crystals (280 

mg, 56%). 1H NMR (600 MHz, C6D6, 298 K) δ 7.20-7.18 (m, 6H, ArH), 6.67 (s, 2H, m-H), 4.87 (s, 

1H, CH), 3.64 (sext, J = 6.6 Hz, 2H, CH(CH3)2), 3.32 (app. sept, J = 6.9, 6.6 Hz, 1H, CH(CH3)2), 

3.16 (app. sept, J = 6.9, 6.6 Hz, 1H, CH(CH3)2), 3.13 (d, JPH = 202 Hz, 1H, PH), 2.00 (s, 3H, p-Ph-

CH3), 1.81 (s, 6H, o-Ph-CH3), 1.63-1.58 (m, 9H, C(CH3) CH(CH3)2), 1.46 (d, J = 6.9 Hz, 3H, 

CH(CH3)2), 1.33 (d, J = 6.6 Hz, 3H, CH(CH3)2), 1.24 (d, J = 6.6 Hz, 3H, CH(CH3)2), 1.16-1.13 (m, 

6H, CH(CH3)2), 1.10-1.03 (m, 6H, CH(CH3)2). 13C NMR (151 MHz, C6D6) δ 169.47, 169.18, 146.31, 

146.19, 143.51, 143.22, 141.62, 141.54, 140.85, 140.79, 137.90, 135.69, 129.34, 128.75, 

128.73, 128.57, 127.85, 126.96, 126.82, 125.71, 125.70, 125.53, 124.89, 124.24, 123.95, 

97.36, 30.12, 30.08, 29.92, 29.90, 28.07, 28.05, 26.49, 26.44, 25.12, 25.03, 24.76, 24.72, 

23.96, 23.91, 23.82, 23.65, 23.63, 23.55, 23.47, 21.00. 31P NMR (121 MHz, C6D6, 298 K) δ -

190.3 (1H coupled - d, JPH = 201 Hz). 

 

Synthesis of MesPLi2 

This compound was prepared following literature procedure.233 To a solution of MesPH2 

(1.0 g, 6.6 mmol) in Et2O (50 mL) cooled to 0 °C a solution of nBuLi (6.8 mL, 13.6 mmol) in 

hexanes was slowly added. The solution was allowed to warm to room temperature and 
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stirred for a further 1 hour. The resulting yellow solid was collected by filtration, dried under 

vacuum and used without further purification. 

 

Synthesis of PhP(H)TMS 

nBuLi (2.4 mL, 4.8 mmol) in hexane was added drop-wise to a stirring solution of PhPH2 

(500 mg, 4.5 mmol) in toluene (10 mL) that had been cooled to -30 °C. The solution rapidly 

turned yellow in colour, after 1 hour a solution of TMS-Cl (495 mg, 4.5 mmol) in toluene (10 

mL) was added and a white precipitate formed. The solution was stirred for 2 h, filtered 

through celite, and the solvent removed in vacuo to give PhP(H)TMS as a colourless oil that 

was used without further purification. 

 

CH{C(Me)N(C6H3-2,6-iPr2)}2AlClP(SiMe3)Ph (BDIDIPPAl(PPhTMS)Cl, 60)   

 nBuLi (0.4 mL, 0.8 mmol) in hexane was added drop-wise to a stirring 

solution of PhP(H)TMS (145 mg, 0.8 mmol) in toluene (10 mL) that had been 

cooled to -30 °C. The solution rapidly turned yellow in colour. After 1 h this solution was added 

drop-wise to a solution of (BDIDIPP)AlCl2 (500 mg, 0.8 mmol) in toluene (10 mL) that had been 

cooled to -30 °C. This resulted in the rapid formation of a white precipitate. The slurry was 

stirred for 2 h, filtered through celite, and the solvent removed in vacuo. The resulting solid 

was crystallized from toluene at -30 °C to give BDIDIPPAl(PPhTMS)Cl 60 as colourless crystals 

(280 mg, 55%). 1H NMR (600 MHz, C6D6, 298 K) δ 7.41 (t, J = 7.0 Hz, 2H, m-Ph-H), 7.00-6.94 

(m, 6H, ArH), 6.85 (dd, J = 10.6, 4.0 Hz, 1H, p-Ph-H), 6.79 (t, J = 7.3 Hz, 2H, o-Ph-H), 4.96 (s, 1H, 

CH), 3.67-3.53 (m, 4H, CH(CH3)2), 1.62 (d, J = 6.9 Hz, 6H, CH(CH3)2), 1.52 (s, 6H, C(CH3)), 1.49 

(d, J = 6.6 Hz, 6H, CH(CH3)2), 1.15 (d, J = 6.9 Hz, 6H, CH(CH3)2), 1.01 (d, J = 6.9 Hz, 6H, CH(CH3)2), 

-0.07 (d, JPH = 4.7 Hz, 9H, CH(CH3)2). 13C NMR (151 MHz, C6D6) δ 170.89, 145.37, 143.47, 

140.12, 139.14, 139.04, 129.34, 128.57, 127.33, 127.29, 125.72, 125.70, 125.52, 124.54, 

98.85, 29.81, 29.76, 28.04, 26.30, 25.21, 25.09, 24.02, 23.97, 23.78, 1.22, 1.13. 31P NMR (121 

MHz, C6D6, 298 K) δ -160.0. 
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CH{C(Me)N(C6H3-2,6-iPr2)}2GaClP(SiMe3)Ph (BDIDIPPGa(PPhTMS)Cl, 61)   

 nBuLi (0.38 mL, 0.74 mmol) in hexane was added drop-wise to a stirring 

solution of PhP(H)TMS (135 mg, 0.74 mmol) in toluene (10 mL) that had been 

cooled to -30 °C. The solution rapidly turned yellow in colour. After 1 h this solution was added 

drop-wise to a solution of (BDIDIPP)GaCl2 (500 mg, 0.74 mmol) in toluene (10 mL) that had been 

cooled to -30 °C. This resulted in the rapid formation of a white precipitate. The slurry was 

stirred for 2 h, filtered through celite, and the solvent removed in vacuo. Analysis of the 

resulting solid showed the presence of multiple products, one of which was attributed to the 

presence of BDIDIPPGa(PPhTMS)Cl 61 however a clean NMR spectrum of this compound could 

not be obtained. 

 

CH{C(Me)N(C6H3-2,6-iPr2)}2AlEtCl (BDIDIPPAlEtCl, 62)   

This compound was prepared following literature procedure.244 nBuLi (1.2 mL, 

2.4 mmol) in hexane was added drop-wise to a stirring solution of BDIDIPPH (1.0 g, 

2.3 mmol) in toluene (10 mL) that had been cooled to -30 °C. The solution rapidly turned 

yellow in colour. After 1 h a solution of 1.8M AlEtCl2 (1.3 mL, 2.3 mmol) was added drop-wise. 

This resulted in the rapid formation of a white precipitate. The slurry was stirred for 12 h, 

filtered through celite, and the solvent removed in vacuo. The resulting solid was crystallized 

from toluene at -30 °C to give BDIDIPPAlEtCl 62 as colourless crystals (1.56 g, 65%). 1H NMR 

(300 MHz, C6D6, 298 K) δ 7.15-7.04 (m, 6H, ArH), 4.97 (s, 1H, CH), 3.77 (app. sept, J = 6.9, 6.6 

Hz, 2H, CH(CH3)2), 3.22 (app. sept, J = 6.9, 6.6 Hz, 2H, CH(CH3)2), 1.56 (s, 6H, C(CH3)), 1.50 (d, J 

= 6.6 Hz, 6H, CH(CH3)2), 1.31 (d, J = 6.9 Hz, 6H, CH(CH3)2), 1.20 (d, J = 6.9 Hz, 6H, CH(CH3)2), 

1.01 (d, J = 6.9 Hz, 6H, CH(CH3)2), 0.82 (t, J = 8.1 Hz, 3H, AlCH2CH3), -0.03 (q, J = 8.1 Hz, 2H, 

AlCH2CH3). These values are in accordance with literature values.  

 

CH{C(Me)N(C6H3-2,6-iPr2)}2AlEtP(H)Mes (BDIDIPPAlEtP(H)Mes, 63)   

 nBuLi (0.4 mL, 0.8 mmol) in hexane was added drop-wise to a stirring 

solution of MesPH2 (120 mg, 0.8 mmol) in toluene (10 mL) that had been 



184 
 

cooled to -30 °C. The solution rapidly turned yellow in colour. After 1 h this solution was added 

drop-wise to a solution of BDIDIPPAlEtCl 62 (500 mg, 0.8 mmol) in toluene (10 mL) that had 

been cooled to -30 °C. This resulted in the rapid formation of a white precipitate. The slurry 

was stirred for 2 h, filtered through celite, and the solvent removed in vacuo. The resulting 

solid was crystallized from toluene at -30 °C to give (BDIDIPPAlEtP(H)Mes 63 (280 mg, 56%). 1H 

NMR (300 MHz, C6D6, 298 K) δ 7.17-7.10 (m, 6H, ArH), 6.62 (s, 2H, m-H), 4.72 (s, 1H, CH), 3.35 

(m, 2H, CH(CH3)2), 3.25 (sept, J = 6.6 Hz, 2H, CH(CH3)2), 2.57 (d, JPH = 196 Hz, 1H, PH), 1.99 (s, 

3H, p-Ph-CH3), 1.75 (s, 6H, o-Ph-CH3), 1.57 (d, J = 6.6 Hz, 6H, CH(CH3)2), 1.49 (s, 6H, C(CH3), 

1.29 (t, J = 7.9 Hz, 3H, CH2CH3), 1.21 (d, J = 6.6 Hz, 6H, CH(CH3)2), 1.13 (d, J = 6.9 Hz, 6H, 

CH(CH3)2), 1.03 (d, J = 6.9 Hz, 6H, CH(CH3)2), -0.09 (q, J = 7.9 Hz, 2H, CH2CH3). 13C NMR (151 

MHz, C6D6) δ 171.08, 145.28, 144.23, 141.35, 139.95, 139.88, 133.06, 132.92, 132.76, 128.32, 

128.30, 127.70, 125.03, 124.73, 98.37, 29.89, 29.85, 27.45, 25.26, 25.21, 25.15, 24.39, 24.35, 

23.95, 23.81, 23.72, 21.00, 9.94, 4.32. 31P NMR (121 MHz, C6D6, 298 K) δ -189.9 (1H coupled - 

d, JPH = 196 Hz) 

 

Attempted synthesis of BDIDIPPAl(η2-1,2-ethynediylbistrimethylsilyl) 64 

BDIDIPPAlCl2 (100 mg, 0.2 mmol) and potassium metal (15 mg, 0.4 mmol) 

were stirred in bistrimethylsilylacetylene (5 mL, 22 mmol) heated to 140 °C 

for 72 hours. 1H NMR of the reaction mixture showed no reaction was occurring. 

 

Attempted synthesis of BDIDIPPGa(η2-1,2-ethynediylbistrimethylsilyl) 65 

a) BDIDIPPGaCl2 (100 mg, 0.18 mmol) and potassium metal (15 mg, 0.4 

mmol) were stirred in bistrimethylsilylacetylene (5 mL, 22 mmol) 

heated to 140 °C for 72 hours. 1H NMR of the reaction mixture showed no reaction 

was occurring. 

b) BDIDIPPGa (100 mg, 0.2 mmol) was stirred in bistrimethylsilylacetylene (5 mL, 22 mmol) 

heated to 140 °C for 72 hours. 1H NMR of the reaction mixture showed no reaction 

was occurring. 
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Attempted reduction of MesPCl2 in the presence of BDIDIPPGa 

a) BDIDIPPGa (100 mg, 0.2 mmol) was added to a solution of MesPCl2 (44 mg, 0.2 mmol) 

in toluene (10 mL) and potassium metal (15 mg, 0.4 mmol) was added and the solution 

stirred for 72 hours. 1H NMR of the reaction mixture showed an intractable mixture of 

products. 

b) BDIDIPPGa (100 mg, 0.2 mmol) was added to a solution of MesPCl2 (44 mg, 0.2 mmol) 

in toluene (10 mL) and magnesium metal (5 mg, 0.2 mmol) was added and the solution 

stirred for 72 hours. 1H NMR of the reaction mixture showed an intractable mixture of 

products. 

 

CH{C(Me)N(C6H3-2,6-iPr2)}2Ga(H)P(H)Mes (BDIDIPPGa(H)P(H)Mes, 66)   

A solution of MesPH2 (156 mg, 1 mmol) in toluene (10 mL) was added 

drop-wise to a solution of (BDIDIPP)Ga (500 mg, 1 mmol) in toluene (10 mL), 

resulting in the loss of the yellow colour. The solution was stirred for 2 h, and the solvent 

removed in vacuo. The resulting solid was crystallized from toluene at -30 °C to give 

BDIDIPPGa(H)P(H)Mes 66 as colourless crystals (420 mg, 70%). 1H NMR (600 MHz, C6D6, 298 K) 

δ 7.25-7.16 (m, 6H, ArH), 6.67 (s, 2H, m-H), 5.65 (d, J = 20.6 Hz, 1H, GaH), 4.78 (s, 1H, CH), 

3.60-3.51 (m, 1H, CH(CH3)2), 3.37-3.29 (m, 1H, CH(CH3)2), 3.26-3.17 (m, 2H, CH(CH3)2), 2.90 (d, 

JPH = 200 Hz, 1H, PH), 2.03 (s, 3H, p-Ph-CH3), 1.73-1.72 (m, 9H, o-Ph-CH3 CH(CH3)2), 1.58 (s, 6H, 

C(CH3)), 1.53 (d, J = 6.6 Hz, 3H, CH(CH3)2), 1.30-1.20 (m, 6H, CH(CH3)2), 1.19 (d, J = 6.6 Hz, 3H, 

CH(CH3)2), 1.15 (d, J = 6.9 Hz, 3H, CH(CH3)2), 1.12-1.07 (m, 6H, CH(CH3)2). 13C NMR (151 MHz, 

C6D6) δ 176.28, 140.61, 134.29, 129.34, 128.59, 128.57, 125.70, 125.01, 95.52, 31.98, 28.08, 

23.53, 23.46, 23.08, 20.97, 14.38. 31P NMR (121 MHz, C6D6, 298 K) δ -187.5 (d, J = 5.1 Hz) (1H 

coupled - dd, JPH = 200, 20.6 Hz). 
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o-C6H4{C(CH3)N-2,6-iPr2C6H3}{N-2,6-iPr2C6H3}AlMe2 (ArBDIDIPPAlMe2, 67)  

ArBDIDIPP-H 13 (500 mg, 1.1 mmol) was dissolved in toluene (10 mL) and 

2.0M trimethylaluminium (0.55 mL, 1.1 mmol) was added. The solution was 

heated to 110 °C and stirred for 24 hours, the solvent was concentrated to 

c.a. 3 mL and placed in the freezer at -30 °C, at which point bright yellow crystals of 

ArBDIDIPPAlMe2 67 formed (520 mg, 93%). 1H NMR (600 MHz, C6D6, 298 K) δ 7.28-7.25 (m, 3H, 

Ar-H), 7.21 (dd, J = 8.4, 1.6 Hz, Ar-H), 7.13-7.07 (m, 3H, Ar-H), 6.84 (m, 1H, Ar-H), 6.50 (dd, J = 

8.8, 1.0 Hz, Ar-H), 6.38-6.33 (m, 1H, Ar-H),  3.55 (app. sept, J = 6.9, 6.6 Hz, 2H, CH(CH3)2), 3.21 

(app. sept, J = 6.9, 6.6 Hz, 2H, CH(CH3)2), 1.86 (s, 3H, C(CH3)), 1.37 (d, J = 6.9 Hz, 6H, CH(CH3)2), 

1.30 (d, J = 6.6 Hz, 6H, CH(CH3)2), 1.14 (d, J = 6.9 Hz, 6H, CH(CH3)2), 0.96 (d, J = 6.9 Hz, 6H, 

CH(CH3)2), -0.55 (s, 6H, Al(CH3)2). 13C NMR (151 MHz, C6D6) δ 177.31, 157.62, 146.49, 142.53, 

142.22, 140.49, 134.12, 132.74, 126.56, 124.96, 124.94, 120.90, 118.21, 114.82, 28.67, 28.61, 

25.64, 25.24, 24.75, 24.61, 23.10, -9.71. 

 

o-C6H4{C(CH3)N-2,6-iPr2C6H3}{N-2,6-iPr2C6H3}AlI2 (ArBDIDIPPAlI2, 68)  

Solid iodine (246 mg, 0.97 mmol) was added to a solution of 

ArBDIDIPPAlMe2 67 (250 mg, 0.48 mmol) in toluene (20 mL) and stirred until 

the purple colour faded (c.a. 16 hours). The volatiles were removed in vacuo and the residue 

was crystallised from toluene to give ArBDIDIPPAlI2 68 as bright yellow crystals (310 mg, 83%). 

1H NMR (600 MHz, C6D6, 298 K) δ 7.25 (s, 3H, Ar-H), 7.14-7.08 (m, 4H, Ar-H), 6.80 (ddd, J = 

8.56, 6.81, 1.55 Hz, 1H, Ar-H), 6.59 (dd, J = 8.80, 0.98 Hz, 1H, Ar-H), 6.37 (ddd, J = 8.14, 6.83, 

1.10 Hz, 1H, Ar-H), 3.71 (app. sept, J = 6.9, 6.6 Hz, 2H, CH(CH3)2), 3.45 (app. sept, J = 6.9, 6.6 

Hz, 2H, CH(CH3)2), 1.90 (s, 3H, C(CH3)), 1.46 (d, J = 6.9 Hz, 6H, CH(CH3)2), 1.43 (d, J = 6.6 Hz, 6H, 

CH(CH3)2), 1.07 (d, J = 6.9 Hz, 6H, CH(CH3)2), 0.94 (d, J = 6.9 Hz, 6H, CH(CH3)2). 13C NMR (151 

MHz, C6D6) δ 181.03, 156.55, 146.90, 143.18, 140.25, 138.80, 135.54, 132.90, 129.30, 127.70, 

125.59, 125.42, 121.85, 118.58, 117.56, 29.68, 29.53, 25.95, 25.79, 25.45, 24.53, 24.27. 
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Attempted synthesis of o-C6H4{C(CH3)N-2,6-iPr2C6H3}{N-2,6-iPr2C6H3}Al (ArBDIDIPPAl, 69)  

ArBDIDIPPAlI2 68 (250 mg, 0.34 mmol) in toluene (10 mL) was added to a 

suspension of finely divided potassium metal (27 mg, 0.68 mmol) in toluene 

(10 mL) and stirred for 2 hours. The solution was filtered through celite and 

concentrated in vacuo to c.a. 2 mL and stored in the freezer at -30 °C. 1H NMR of the reaction 

showed a mixture of products had formed, and average quality crystals postulated as complex 

71 were obtained from the reaction mixture, but complex 69 was not successfully isolated. 

 

o-C6H4{C(CH3)N(AlMe3)-2,6-iPr2C6H3}{NH-2,6-iPr2C6H3} (ArBDIDIPP-H.AlMe3 , 70)  

This compound was prepared following adapted literature 

procedures.287 ArBDIDIPP-H 13 (500 mg, 1.1 mmol) was dissolved in toluene 

(10 mL) and 2.0M trimethylaluminium (0.55 mL, 1.1 mmol) was added. The 

solution was stirred for 2 hours, the solvent was concentrated to c.a. 2 mL 

and placed in the freezer at -30 °C, at which point colourless crystals of ArBDIDIPPH.AlMe3 70 

formed (385 mg, 67%). A clean 1H NMR spectrum of 70 could not be obtained as it partially 

dissociates to 13 and AlMe3 in solution at room temperature, but key peaks include: 1H NMR 

(600 MHz, C6D6, 298 K) δ 5.02 (br. s, 1H, NH) and -0.53 (s, 9H, Al(CH3)3 bound) 

 

CH{C(Me)N(C6H2-2,6-(CHPh2)2-4-Me)}2AlMe2 (BDIAr*AlMe2, 72)  

BDIAr*-H (1.0 g, 1.0 mmol) was dissolved in toluene (15 mL) in an ampule and 

2.0M AlMe3 (0.5 mL, 1.0 mmol) was added. The solution was refluxed for 16 h to 

give a white precipitate, the solvent was removed to give 72 as a white powder (1.02 g, 94%). 

1H NMR (600 MHz, C6D6, 298 K) δ 7.36 (d, J = 7.2 Hz, 8H, Ph-H), 7.25 (d, J = 7.9 Hz, 8H, Ph-H), 

7.06-7.00 (m, 8H, Ph-H), 6.97-6.94 (m, 12H, Ph-H), 6.93 (t, J = 7.17 Hz, 4H, p-Ph-H), 6.42 (s, 4H, 

CHPh2), 4.51 (s, 1H, CH), 1.87 (s, 6H, Ph-CH3), 0.39 (s, 6H, C(CH3)), 0.11 (s, 6H, Al(CH3)2). 13C 

NMR (151 MHz, C6D6) δ 173.36, 145.80, 142.82, 142.59, 141.34, 135.58, 131.73, 130.95, 

130.10, 128.72, 126.74, 126.26, 51.78, 23.03, 21.44, -5.01. 
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Attempted synthesis of CH{C(Me)N(C6H2-2,6-(CHPh2)2-4-Me)}2AlI2 (BDIAr*AlI2, 73)  

Solid iodine (261 mg, 1.02 mmol) was added to a solution of BDIAr*AlMe2 72 

(500 mg, 0.51 mmol) in toluene (20 mL) and stirred for 3 days at room 

temperature. 1H NMR of the reaction mixture showed that the mixed methyl 

iodide species BDIAr*Al(Me)I (75) had formed (based on integration of the Al-Me resonance). 

Refluxing the solution in a sealed ampule for 1 week did not result in a measurable formation 

of 73, though a small amount (c.a. 5%) of a new product was observed in the reaction mixture 

by 1H NMR spectroscopy. 

 

General procedure for reactivity studies 

Complex 58, 63 or 66 (20 mg) and 1 equivalent of the reagent being investigated were 

weighed into a vial in a glove box, C6D6 (500 μL) was added and the reagents dissolved and 

transferred to an NMR tube sealed with a Youngs tap and monitored by 1H and 31P NMR 

compared to an NMR spectrum at the initial time. The NMR tubes were heated (if required) 

in a custom aluminium NMR tube heating block, controlled by thermo-probe.   

 

CH{C(Me)N(C6H2-2,6-(CHPh2)2-4-Me)}2Al(Cl)N(4-NO2-C6H4)C(O)P(H)Mes 

(BDIDIPPAl(Cl)N(4-NO2-Ph)C(O)P(H)Mes, 76)  

4-Nitrophenylisocyanate (52 mg, 0.32 mmol) was added to a 

solution of BDIDIPPAl(PHMes)Cl 58 (200 mg, 0.32 mmol) in toluene (10 

mL). The mixture was stirred for 16 h and the solvent concentrated to 

c.a. 3 mL and placed in the freezer at -30 °C, at which point colourless 

crystals of 76 formed (180 mg, 71.4%). 1H NMR (600 MHz, C6D6, 298 K) δ 7.71 (d, J = 8.6 Hz, 

2H, Ph-H), 7.06-6.96 (m, 6H, Ar-H), 6.50 (s, 2H, m-Ar-H), 6.16 (d, J = 8.6 Hz, 2H, Ph-H), 4.91 (s, 

1H, CH), 4.31 (d, JPH = 240 Hz, 1H, PH), 3.71-3.62 (m, 1H, CH(CH3)2), 3.48 (sept, J = 6.9 Hz, 1H, 

CH(CH3)2), 3.16-3.06 (m, 2H, CH(CH3)2), 2.08 (s, 3H, Ar-p-CH3), 2.04 (s, 6H, Ar-o-CH3), 1.50 (s, 

3H, C(CH3)), 1.46 (s, 3H, C(CH3)), 1.38 (d, J = 6.6 Hz, 3H, CH(CH3)2), 1.29-1.25 (m, 6H, CH(CH3)2), 
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1.20 (d, J = 6.9 Hz, 3H, CH(CH3)2), 1.12-1.09 (m, 6H, CH(CH3)2), 1.04-1.02 (m, 6H, CH(CH3)2). 31P 

NMR (121 MHz, C6D6, 298 K) δ -91.2. 
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Appendix A: NMR Spectra of Novel Compounds 

A.1 CH{C(Me)N(C6H3-2,6-iPr2)}2Ga(CH2TMS)NNCTMS (19) 

 

 

1H NMR 

13C NMR 
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HSQC 
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A.2 BDIDIPPGa(CH2TMS)N(H)NC (21)  

 

 

1H NMR 

13C NMR 
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HSQC 
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HMBC 



195 
 

 

COSY 
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A.3 BDIDIPPGa(Fl)NNFl (34)  

 

 

1H NMR 

13C NMR 
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A.4 ArBDIDIPPGa (10)  

 

 

1H NMR 

13C NMR 
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A.5 ArBDIDIPPGa(CH2TMS)NNCTMS (40) 

 

*NMR contains ArBDIDIPP-H decomposition 

 

 

 

 

 

 

 

 

 

1H NMR 
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A.6 BDIAr*Ga (11)  

 

 

1H NMR 

13C NMR 
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A.7 BDIAr*Ga(H)C(N2)TMS (41)  

 

 

1H NMR 

13C NMR 



201 
 

A.8 BDIAr’-H (15)  

 

 

1H NMR 

13C NMR 
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ORTEP plot of BDIAr’-H 15. Ellipsoids at 30%, H atoms omitted and selected C atoms in wire 

frame for clarity. 
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A.9 BDIAr’Ga (12) 

 

 

 

 

 

 

 

 

 

 

 

1H NMR 
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A.10 BDIAr’Ga(H)C(N2)TMS (45)  

 

 

1H NMR 

13C NMR 
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A.11 BDIAr*GaN(H)NFl (46)  

 

 

1H NMR 

13C NMR 
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HSQC 
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HMBC 
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A.12 BDIDIPPAl(PHPh)Cl (53)  

 

 

1H NMR 

13C NMR 
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31P NMR (1H decoupled) 

31P NMR 
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ORTEP plot of BDIDIPPAl(PHPh)Cl 53. Ellipsoids at 30%, H atoms omitted and selected C atoms 

in wire frame for clarity. 
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A.13 BDIDIPPAl(PHMes)Cl (58)  

 

 

1H NMR 

13C NMR 
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31P NMR (1H decoupled) 

31P NMR 



213 
 

A.14 BDIDIPPGa(PHMes)Cl (59) 

 

 

1H NMR 

13C NMR 
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31P NMR 

31P NMR (1H decoupled) 
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A.15 BDIDIPPAl(PPhTMS)Cl (60)  

 

 

1H NMR 

13C NMR 
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31P NMR 
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A.16 BDIDIPPAl(PHMes)Et (63)  

 

 

1H NMR 

13C NMR 
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31P NMR 

31P NMR (1H decoupled) 
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A.17 BDIDIPPGa(H)P(H)Mes (66)  

 

 

1H NMR 

13C NMR 
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31P NMR 

31P NMR (1H decoupled) 
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A.18 ArBDIDIPPAlMe2 (67)  

 

 

1H NMR 

13C NMR 
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A.19 ArBDIDIPPAlI2 (68)  

 

 

1H NMR 

13C NMR 
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A.20 ArBDIDIPPH.AlMe3 (70) 

 

1H NMR - heated to 30 °C 

 

1H NMR 
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1H NMR - heated to 40 °C 
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A.21 BDIAr*AlMe2 (72)  

 

 

1H NMR 

13C NMR 
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A.22 (BDIAr*Al(Me)I (75) 

 

 

 

 

 

 

 

 

 

 

 

1H NMR 
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A.23 (BDIDIPPAl(Cl)N(4-NO2-Ph)C(O)P(H)Mes, 76)  

 

 

1H NMR 

31P NMR (1H decoupled) 
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Appendix B: Crystal Data Tables 
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