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Abstract  
 

This thesis describes the development of nickel(I) complexes incorporating ring expanded  

N-heterocyclic carbene (RE NHC) ligands and examines their electronic characterisation, 

activation of O2, reactivity and catalytic applications. A series of three coordinate, 

paramagnetic Ni(I) complexes of the form Ni(RE NHC)(PPh3)Br (1 – 10) were prepared by 

comproportionation of Ni(COD)2 and Ni(PPh3)2Br2 in the presence of RE NHCs. The RE NHCs 

employed varied in the degree of ring expansion (6-, 7- and 8-membered), extent of  

N-substituent steric bulk (Mes, oTol, oAnis) and the donor/acceptor properties of the carbene 

(diamino vs. diamido). EPR and DFT electronic characterisation of 1 – 10 confirmed that the 

unpaired electron was located on the nickel ion in a mixed orbital of predominantly 3dz2 

character. 

Yellow solutions of 1 or 6 (RE NHC = 6Mes and 7Mes respectively) immediately became purple 

in the presence of O2 due to O2 activation and incorporation of the oxygen atoms as bridging 

ligands resulting from C-H activation/oxygenation of an RE NHC N-substituent. This generated 

the dimeric Ni(II) complexes Ni(6/7Mes)Br(µ-OH)(µ-O-6/7Mes)’NiBr (6Mes = 13; 7Mes = 14). 

Mass spectrometry demonstrated that the doubly activated complexes [NiBr(µ-O-6/7Mes)’]2 

(15 and 16 respectively) were also formed in the reactions. UV-vis spectroscopy revealed the 

reactions took place rapidly, even at 190 K. Contrasting reactivity was observed when 2 or 7, 

bearing the less sterically encumbered N-oTol substituents 6oTol and 7oTol respectively, were 

exposed to O2, which led to the ligand redistribution products NiII(6/7oTol)(PPh3)Br2 (17 and 18 

respectively). The less electron rich diamido analogue containing 6MesDAC (5), underwent 

dissociation and oxidation of the RE NHC and PPh3 ligands.  

Attempts to abstract the bromide from 1 generated novel two and three coordinate Ni(I) 

products. Reaction with additional 6Mes produced the two coordinate cation [Ni(6Mes)2]+ 

(19), which could be reduced with KC8 to Ni(6Mes)2 (20). SQUID analysis of 19 revealed it to be 

the first example of a nickel containing mononuclear single molecular magnet (SMM). Addition 

of [Et3Si]+ to 1 followed by work up in toluene led to the isolation of the Ni(I)-(η2-toluene) 

complex [Ni(6Mes)(η2-C6H5CH3)]+ (21). Mesitylene generated the analogous  

[Ni(6Mes)(η2-C6H3(CH3)3)]+ (23), but neither 1,4-xylene nor naphthalene gave isolable products. 

In all cases, cocrystallisation of [6MesH]+…arene was observed in variable amounts, which 

compromised reaction studies of the Ni-arene complexes. Removal of bromide from 1 with 
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TlPF6 in THF generated the solvent coordinated cationic species [Ni(6Mes)(PPh3)(THF)]+ (24). 

Attempts to remove the ligated THF molecule were unsuccessful, however, it could be directly 

substituted by CO to form [Ni(6Mes)(PPh3)(CO)]+ (26). Similarly to 1, complex 24 activated O2, 

generating a dimer analogous to the singly activated complex 13  

(Ni(6Mes)(PPh3)(µ-OH)(µ-O-6Mes)’NiBr (25)). Reactivity of 1 with NaBH4 produced 

[Ni(6Mes)(κ2-BH4)]2 (28), a Ni(I) dimer bridged by two BH4 ligands. 

The catalytic efficiency of neutral 1 in Kumada cross-coupling of aryl halides and PhMgCl or 

MesMgBr was probed. Of note was the high activity towards both aryl chlorides and aryl 

fluorides. Comparisons with cationic 24, larger 7- (7) and 8-membered ring (8 and 9) variants 

and the Ni(II) complexes Ni(6Mes/6oTol/7oTol)(PPh3)Br2 (29, 17 and 18 respectively) revealed 

that 1 exhibited the highest reactivity of all the precursors.  
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Chemical 
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Fc  Ferrocene 
Hal  Halide  
i-  Ipso 
ItBu  1,3-bis(tertbutyl)imidazol-2-ylidene 
IMe  1,3-bis(methyl)imidazol-2-ylidene 
IMes  1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene 
IMe4  1,3,4,5-Tetramethylimidazol-2-ylidene 
Ind  Indenyl 
IiPr  1,3-bis(isopropyl)imidazol-2-ylidene 
IPr  1,3-bis (2,6-diisopropylphenyl)imidazol-2-ylidene 
L  Generic ligand 
(L)’  C-H activated ligand 
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LB  Lewis base 
LDA  Lithium diisopropylamide (LiN(CH(CH3)2)2) 
m-  Meta 
M  Generic metal 
MCR  Methyl-coenzyme M reductase 
Mes  2,4,6-trimethylphenyl 
N^N  β-diketiminate 
Neopentyl 2,2-dimethylpropyl 
Neophyl (tertbuty)benzene 
NHC  N-heterocyclic carbene 
o-  Ortho 
OSET  Outer sphere electron transfer 
p-  Para 
Py  Pyridine 
R  Alkyl or aryl 
RE NHC  Ring expanded N-heterocyclic carbene 
(RE NHC)’ Activated ring expanded N-heterocyclic carbene 
SIMes  1,3-bis(2,4,6-trimethylphenyl)imidazolin-2-ylidene 
SIPr  1,3-bis(2,6-diisopropylphenyl)imidazolin-2-ylidene 
TBAH  Tetrabutylammonium hydroxide 
THF  Tetrahydrofuran 
TIMEMe  [1,1,1-tris(3-methylimidazol-2-ylidene)methyl]ethane 
tmeda  Tetramethylethylenediamine 
Tol  2-methylphenyl 
Tp*  Tris(3,4,5-methylpyrazolyl)borate 
tpy  Terpyridine 
triphos  1,1,1-tris(diphenylphosphinomethyl)ethane 
trop  Bis(tropylidenylamine); bis(5H-dibenzo[a,d]cyclohepten-5-yl)amine 
X  Halide or other heteroatom 
Xyl  Xylene 
κn-L  Bonding/bridging ligand L through n atoms 
ηn-L  Ligand hapticity (of number n) 
µ-L  Bridging ligand via L 
6oAnis  1,3-bis(2-methoxyphenyl)-3,4,5,6-tetrahydro-[1,3]-pyrimid-2-ylidene 
6oAnisMes 1-(2-methoxyphenyl)-3-(2,4,6-trimethylphenyl)-3,4,5,6-tetrahydro-[1,3]-

pyrimid-2- ylidene 
6tBu 1,3-bis(tertbutyl)-3,4,5,6-tetrahydro-[1,3]-pyrimid-2- ylidene 
6Mes  1,3-bis(2,4,6-trimethylphenyl)-3,4,5,6-tetrahydro-[1,3]-pyrimid-2- ylidene 
6MesDAC 1,3-bis(2,4,6-trimethylphenyl)-4,6-diketo-5,5-dimethyl-[1,3]-pyrimidin-2-

ylidene 
6Neo 1,3-bis(neopentyl)-3,4,5,6-tetrahydro-[1,3]-pyrimid-2- ylidene 
6iPr 1,3-bis(isopropyl)-3,4,5,6-tetrahydro-[1,3]-pyrimid-2- ylidene 
6oTol  1,3-bis(2-methylphenyl)-3,4,5,6-tetrahydro-[1,3]-pyrimid-2-ylidene 
7Mes  1,3-bis(2,4,6-trimethylphenyl)-4,5,6,7-tetrahydro-[1,3]-diazepin-2- ylidene 
7Neo  1,3-bis(neopentyl)-4,5,6,7-tetrahydro-[1,3]-diazepin-2- ylidene 
7iPr  1,3-bis(isopropyl)-4,5,6,7-tetrahydro-[1,3]-diazepin-2- ylidene 
7oTol  1,3-bis(2-methylphenyl)-4,5,6,7-tetrahydro-[1,3]-diazepin-2- ylidene 
7mXyl  1,3-bis(2,5-methylphenyl)-4,5,6,7-tetrahydro-[1,3]-diazepin-2- ylidene 
8Mes  1,3-bis(2,4,6-trimethylphenyl)-4,5,6,7,8-pentahydro-[1,3]-diazocin-2- ylidene 
8oTol  1,3-bis(2-methylphenyl)-4,5,6,7,8-pentahydro-[1,3]-diazocin-2- ylidene 
O-8oTol  1,3-bis(2-methylphenyl)-4,5,7,8-tetrahydro-6-oxa-[1,3]-diazocin-2- ylidene 
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1 Introduction 
 

1.1 Synthesis and Reactivity of Nickel(I) Complexes 

The organometallic chemistry of nickel is extremely diverse and utilises a range of ligands to 

generate numerous complexes, varying in oxidation state, coordination number and geometry. 

Consequently, complexes of nickel are widely applied to several homogeneous catalytic 

processes1-5 (i.e. cross-coupling, see Chapter 5), as well as being implicated as intermediates in 

many enzymatic cycles. For example, in physiological carbon cycling, where catalysts 

containing nickel active sites (carbon monoxide dehydrogenase (CODH) and acetyl coenzyme A 

synthase (ACS)) remove CO2 and toxic CO from the surrounding environment of the cell, 

ultimately acting as a source of carbon and electrons for biological processes which take place 

in cells.6-8 It is often well characterised complexes of Ni(0) or Ni(II), such as in CODH and ACS, 

that act as precursors for the transformations, with Ni(I) or Ni(III) species only ever 

occasionally observed or simply postulated. For instance, Ni(I) species have been implicated in 

the formation of methane released during the metabolism of bacteria (methanogenic archaea) 

which live in low oxygen concentrations. The final step in this process is catalysed by  

methyl-coenzyme M reductase (MCR) and converts two substrates, methyl coenzyme M and 

coenzyme B, into CH4 and the corresponding heterodisulfide (Scheme 1.1). MCR comprises of 

protein chains arranged around two active sites, each containing the nickel based cofactor F430 

enzyme (Figure 1.1). Isotopic labelling experiments indicated that these nickel centres pass 

through a Ni(I)-σ-CH4 intermediate during this methane formation.9-13  

 

Scheme 1.1 The last step of methane formation in methanogenic archaea catalysed by MCR.  
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Figure 1.1 The nickel containing cofactor F430 in MCR.  

 
Despite evidence for participation in central roles within enzymatic/biological processes, Ni(I) 

complexes are characteristically unstable. The nickel centre is often low coordinate and 

electron deficient, meaning that unless it is sterically protected, vacant coordination sites are 

open to attack allowing facile oxidation to a more stable state, frequently a 16 or 18e- Ni(II) 

complex. Isolation, and hence comprehensive characterisation, is also problematic, commonly 

leading to precipitation of metallic nickel. Ni(I) complexes are therefore far less abundant than 

those of either Ni(0) or Ni(II),14,15 with most of the isolated examples containing bulky 

phosphines16-18 and/or bidentate chelating ligands17-19 such as β-diketiminates.20-22 In these 

complexes, the nickel often resides in a three coordinate environment, with early examples 

indicating a geometric preference for T-shaped rather than trigonal planar as typically 

expected with tri-coordinate species. For example, Holland and coworkers20 generated 

Ni(N^N)(CO) (lii; Chapter 4, 4.2.2.2) (N^N = β-diketiminate), which displayed a T-shaped 

geometry that could be traced to the trans effect of the carbonyl ligand.  

 

1.1.1 Mononuclear Nickel(I) Complexes 

Early examples of Ni(I) species were reported by Bradley et al. in 1972. Upon probing the 

effects of phosphine stabilisation on nickel dialkylamides, they generated a series of three 

coordinate Ni(I)-bis(phosphine) complexes.23 Reaction of Ni(L)nCl2 precursors (n = 2, L = PPh3, 

PMe2Ph, PMePh2, PEtPh2, PEt2Ph, PEt3; n = 1, L = Ph2PCH2CH2PPh2) with LiN(SiMe3)2 yielded  

air-sensitive crystals of the corresponding Ni(L)n(N(SiMe3)2) species (Scheme 1.2).  
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Scheme 1.2 Synthesis of a Ni(I)-bis(phosphine) complex (i).  

 
These complexes all displayed typical EPR signals in accordance with the number of equivalent 
31P atoms present and magnetic moments (µeff) consistent with the presence of d9 Ni(I) metal 

centres. Furthermore, X-ray crystallographic analysis led to Ni(PPh3)2(N(SiMe3)2) (i) as the first 

fully characterised trigonal planar Ni(I) species and also confirmed there were no unusually 

short contacts between the ortho-C-H bonds of the phenyl rings and the nickel, suggesting no 

additional electronic stabilisation. 

Building on the work of Bradley et al., further three and four coordinate Ni(I)-phosphine 

complexes were reported, mainly formed from the in situ decomposition of Ni(II) species 

generated by stoichiometric oxidative addition reactions.14,24 Unlike previous 15e- complexes of 

formulation Ni(PR3)2X, which were reported to be dimeric with square planar nickel 

environments (R = Cy, X = Br, Cl)25 or oligomeric (R = Ph, X = Br, Cl),26 the distorted trigonal 

planar Ni(PPh3)2Cl14 (ii), its corresponding THF solvated polymorph Ni(PPh3)2Cl·THF24 (iii) and 

the tetrahedral Ni(PPh3)3Cl24,27 were all isolated and shown by X-ray crystallography to be 

monomeric species with no short intramolecular interactions. In contrast to i, the greater 

distortion from trigonal planarity in ii leads to inequivalent phosphorus atoms, as confirmed in 

the crystallographic and EPR analyses. Common to all three complexes (i – iii) is the 

contraction of P-Ni-P angle relative to the ‘ideal’ 120o; 107.0(2), 114.94(2) and 111.52(2)o 

respectively. Steric considerations alone would predict the P-Ni-P angle to be greater than 

120o, as observed in the copper(I) bromide analogue Cu(PPh3)2Br (126.0(1)o).28 Different 

explanations for this angular distortion have been postulated. Firstly, for ii and iii, the lone 

pairs on the chloride ligand must be considered, as these bring the halide into closer proximity 

to the metal centre compared to the phosphorus atoms.24,29 Secondly, the d9 metal centre is 

thought to undergo Jahn-Teller distortions, destabilising the ML3 structure from D3h to C2v 

symmetry.14,30 The true cause of this angular distortion is most likely a composite effect. 

Although a number of Ni(I) species featuring dative covalent ligands were reported in the 

literature, it was not until 2000 that the first structurally characterised Ni(I)-σ-C complex (and 
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indeed the first d9 σ-bonded organometallic compound) was synthesised.31 Addition of 2 eq of 

Li(C(SiMe3)2(SiMe2C5H4-2-N)) to Ni(PPh3)2Cl2 in THF gave the isolable, planar three coordinate 

species Ni(PPh3)(C(SiMe3)2(SiMe2C5H4-2-N)) iv (Figure 1.2). Magnetic susceptibility (Evans 

method) and EPR analyses confirmed the presence of the d9 metal centre. The unpaired 

electron was located on the nickel on the basis of a g value of 2.239 (similar to Ni(PPh3)2Br 

(2.209)) and a µeff of 1.55 µB.27 The sum of the internal angles in iv was equal to 360o, with the 

bite angle of the bidentate ligand (98.0(1)o) and very wide P-Ni-C angle (155.67(11)o) reflecting 

the strong repulsion between the PPh3 and SiMe3 ligands. The shorter Ni-C (2.025(4) Å) and 

longer Ni-N (2.007(3) Å) bond distances relative to the Ni(II) complex Ni(C(SiMe3)2(C5H4-2-N))2 

(v; Figure 1.2) (2.078(3) and 1.887(2) Å),32 mirror the lower metallacyclic strain in the  

5-membered ring of iv compared to the 4-membered in v. As attempts to isolate Ni(I)-organo 

compounds often lead to plating out of metallic nickel, it is thought that the steric demands of 

the bulky ligand in iv help to prevent any Ni-Ni aggregation and thus any unwanted reduction 

or oxidation.  

 

Figure 1.2 The first structurally characterised Ni(I)-σ-C complex iv and a related Ni(II) species v.  

 
In 2004, Hillhouse and coworkers reported the synthesis of a range of monomeric Ni(I) species 

containing σ-bonded hydrocarbyl ligands.33 As depicted in Scheme 1.3, alkyl lithium salts were 

reacted with Et2O solutions of the Ni(I) dimer [Ni(dtbpe)Cl]2 at low temperature to afford the 

Ni(I)-alkyl complexes Ni(dtbpe)(R) (R = CH2CMe3 (vi), CH2SiMe3 (vii) and CH2CMe2Ph (viii)). X-ray 

crystallography revealed a planar three coordinate environment around the nickel in each 

case, while EPR spectra and magnetic moments were consistent with metal centres bearing a 

single unpaired electron. 
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Scheme 1.3 Synthesis of a range of Ni(I)-alkyls (vi – viii) and their subsequent reactivity.  

 
Oxidation by ferrocenium gave the corresponding γ-stabilised Ni(II) cations [Ni(dtbpe)(R)]+  

(ix – xi), indicating facile one electron oxidation can occur (Scheme 1.3). This was confirmed by 

cyclic voltammetry with a reversible Ni(I)/Ni(II) couple at E = -1.25 V.33 In each case, the nickel 

centres are in a pseudo-square planar environment, arising from γ-C-H agostic (ix, x) or γ-π,η1 

interactions to the ipso carbon on the phenyl in xi with the nickel centres. These are believed 

to stabilise the electron deficient 14e- alkyl cations. Similar β-C-H agostic interactions had 

previously been reported in [Ni(dtbpe)(CH2CH3)]BF4,34 while ipso carbon stabilisation had been 

observed in related palladium complexes.35,36 Interestingly, 1H NMR spectroscopy indicated all 

the neopentyl protons in ix were equivalent, pointing to the weakness of the γ-interactions 

which allows rapid rotation of the tBu group. It was proposed that these cationic Ni(II) species 

could act as synthons to nickel carbene complexes (dtbpe)Ni=CR2, on the basis of the 

susceptibility of amido and phosphido analogues to undergo one electron oxidation and 

subsequent α-deprotonation to imido and phosphinidene derivatives.37 However, upon 

addition of NaN(SiMe3)2 to ix – xi, deprotonation at the γ-Me C-H bond occurred instead, 

yielding the square planar Ni(II) nickellacyclobutane products (xii – xiv; Scheme 1.3). In 
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benzene solution, xii and xiv reductively eliminated the corresponding cyclopropanes to form 

[Ni(dtbpe)]2(C6H6), as previously reported for related platinum metallacyclobutanes.38 

 

1.1.2 N-Heterocyclic Carbene (NHC) Ligands and Their Subclasses 

N-Heterocyclic carbenes (NHCs) are a class of nucleophilic singlet state carbenes in which the 

carbenic carbon is traditionally positioned between two substituted nitrogen atoms in the  

1 and 3 positions of a 5-membered imidazole derived ring (Scheme 1.4). The N-substituents 

typically contain alkyl or aryl substituents, giving rise to tuneable stereoelectronic properties.39 

The carbon atoms in the 4 and 5 positions make up the backbone of the NHC and can either 

comprise a saturated (denoted by an ‘SI’ preceding the nomenclature) or unsaturated bond 

(recognised with an ‘I’). The first stable free NHC, IAd (xv) (‘I’ representing unsaturation and Ad 

signifying the adamantyl N-substituents), was only isolated by Arduengo et al.40 in 1991 

(Scheme 1.4), but has already resulted in enormous interest in NHCs, particularly as alternative 

ligands to phosphines in organometallic homogeneous catalysis.  

 

Scheme 1.4 Structure and nomenclature of a 5-membered NHC (above) and the isolation of 
the first stable free NHC xv (below). 

 
NHCs possess a neutral, divalent carbenic carbon which houses only six electrons in its valence 

shell, thus failing to follow the octet rule. Two electrons (which can orientate to allow the 

carbene to exist in either a singlet or triplet state) are available for donation to an empty metal 

orbital. NHC bonding with a transition metal can be considered as a Fischer type interaction as 

the carbenic carbon bears π-donor nitrogen substituents and exists primarily as a nucleophilic 

singlet carbene.41 However, a fundamental difference arises due to π-donation from the 
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nitrogen lone pairs into the empty pπ orbital of the carbenic carbon, which stabilises the NHC 

structure thus preventing or significantly reducing the level of backbonding normally 

associated with Fischer type carbenes (Figure 1.3).42-45 This is demonstrated by the difference 

in M-NHC bond lengths (> 2.1 Å) in comparison with metal to Fischer type carbenes (< 2.0 Å).46 

As a result, bonding is generally considered as arising primarily through σ-donation from the 

carbenic carbon and thus NHCs are considered as strong σ-donor ligands, represented by a 

single bond to the metal centre rather than the double bond representation often used in 

Fischer and Schrock type carbene complexes.  

 

Figure 1.3 Stabilisation of the NHC structure through resonance forms arising from π-donation 
(above) and mesomeric induction (below) of the nitrogen atoms. 

 
Whilst the traditional view of NHC bonding considers the ligand purely as a σ-donor, more 

recent studies have shown that filled and empty (including high energy lying) π and π* orbitals 

on the 5-membered ring can contribute to the bonding interaction between an NHC and a 

metal centre.44,45,47-50 Studies by Bertrand and coworkers44 on carbene-phosphinidene adducts 

(Figure 1.4) revealed the structure, and hence electronic nature, of the carbene had a 

significant effect on the extent of π-acceptor character. Using 31P NMR shifts as a measure of 

backbonding, unsaturated 5-membered NHCs, such as IMes, exhibited less backbonding 

(upfield 31P signals) than the saturated (SIMes) or larger ring (6Pr) counterparts. NHCs 

incorporating π-accepting moieties, such as the 6Mes mono amide derivative (which has a C=O 

group on the C4 position withdrawing electron density from the carbenic p orbital), 

unsurprisingly demonstrated significantly downfield 31P resonances, indicative of a greater 

level of backbonding. Meyer et al.48 studied the tricationic portion of several electron-rich 

silver complexes ([Ag3(TIMEMe)2]3+) (Figure 1.4) incorporating a tridentate NHC TIMEMe  

(TIMEMe = [1,1,1-tris(3-methylimidazol-2-ylidene)methyl]ethane) using density functional 

theory (DFT). Calculations focussed on the metal to NHC bond and revealed a significant 
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overlap between the metal d orbitals and the carbene p-π hybrid orbitals. This indicated that 

stabilisation of the bond was at least part derived from π-interactions. The electron-poor 

doubly C-H activated complex [Ir(ItBu)'2]PF6 (Figure 1.4) was studied by Nolan and coworkers.49 

Although the two vacant coordination sites are positioned in close proximity to the C-H bonds 

of the tBu moieties, the crystal structure showed no evidence of agostic interactions to 

stabilise the 14e- complex. Molecular orbital analysis revealed a strong electron density 

contribution from a filled NHC π orbital to the empty d orbitals on the metal centre, evidently 

preferred to σ-donation from a C-H bond of either tBu group. Further work on NHC complexes 

with both electron-rich and electron-poor metal centres corroborated these findings, revealing 

that NHCs have the flexibility to either stabilise an electron-rich system as an acceptor via  

d → π* back donation, or can contribute electron density into an electron-poor system via  

π → d donation.49 These π-interactions may help to explain the added thermal stability of the 

metal-NHC bond over their phosphine containing analogues in many catalytic systems.  
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Figure 1.4 On the nature of the M-NHC interaction: a carbene-phosphinidene adduct (above), 
the electron-rich [Ag3(TIMEMe)2]3+ (below left) and electron-poor doubly C-H activated 

[Ir(ItBu)'2]PF6 (below right). 

 
Initially, the inability of researchers to isolate NHCs cast doubt on their use as effective ligands 

for catalysis. However, following the isolation of xv the variety of NHCs developed increased 

significantly (often being synthesised from imidazolium salts in situ without ever isolating the 

free carbene)51 and subsequently so did the research directed into their reactivity and 

applications. The electronic bonding properties of NHCs and phosphines are comparable as 

they are both neutral, two electron σ-donor ligands, with NHCs often being referred to as 



Chapter 1  Introduction 

16 

‘phosphine mimics’ in the literature. However, a variety of studies have shown that NHCs 

possess superior Lewis basicity and nucleophilicity over phosphines and are thus classed as 

stronger σ-donors. Stronger metal-ligand bonds are therefore observed within NHC bearing 

complexes than even the most electron donating phosphines.52-55 The added potential of  

π-interactions within M-NHC species (described above), further explains the enhanced thermal 

stability of the M-NHC bond, leading to recognition of NHCs as ancillary ligands in 

homogeneous catalytically active species which often outperform their phosphine 

counterparts.46,56-59 

Percentage buried volume (%VBur) calculations are typically used to compare the steric impact 

of ligands. Although this value is highly dependent on the metal in which the ligand is 

coordinated to and the geometry of the complex (i.e. in Au(NHC)Cl (NHC = IiPr, IiPrMe  

(Me located on C4 and C5)) %VBur = 27.4 (IiPr) and 38.4 (IiPrMe), whereas in Ir(NHC)(COD)(OH) 

they are 27.1 and 28.4 respectively),60 comparisons of %VBur values between NHCs and 

phosphines have shown that in general NHCs are more sterically encumbered.47,60 This 

suggests they provide greater steric crowding of the metal centre, which therefore increases 

the likelihood of kinetically stabilising low coordinate, potentially catalytically active species.61 

Nolan and coworkers47,61 have revealed that in many instances a linear correlation exists 

between %VBur and the experimental bond dissociation energies (BDEs) of the NHC, indicating 

that steric demands play a large role in the control of BDE. Overall, the stronger bonding in 

NHC metal complexes enhances their thermodynamic stability, hopefully affording catalytic 

systems that can withstand elevated temperatures without degradation and exhibit enhanced 

efficiency. 

 
1.1.2.1 Ring expanded N-heterocyclic carbenes (RE NHCs) 

In recent years, considerable effort has been directed towards the syntheses of NHCs beyond 

the simple imidazole derived diaminocarbenes, as illustrated by the formation of 

cyclic(alkyl)(amino)carbenes (CAACs),62,63 diamidocarbenes (DACs)64,65 and ring expanded NHCs 

(RE NHCs)66-70 (Figure 1.5).  
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Figure 1.5 Examples of generalised CAACs (a), DACs (b) and RE NHCs (c). 

 
RE NHCs is the name typically given to NHCs with ring sizes greater than the ubiquitous  

5-membered species, most commonly six to eight. The increase in ring size affords carbenes 

that are more basic and display larger N-CNHC-N angles. The wider angle allows the  

N-substituents to twist and reside closer to a bound transition metal, increasing steric 

shielding and thereby reducing the possibility of further ligand association to the metal. The 

potential for stabilising lower coordinate metal centres which may possess superior catalytic 

properties therefore increases, with a few examples showing such behaviour having been 

reported.66,71-73 However, the close proximity of the increased steric bulk to the metal centre 

can enhance decomposition pathways such as cyclometallation, which in turn could hinder the 

efficiency of a catalyst.74-76 For example, in 2010 Whittlesey and coworkers74 showed that 

substitution of 6-membered NHCs such as 6Mes or 6iPr (Scheme 1.5) into Ru(PPh3)3(CO)(H)Cl 

resulted in intramolecular C-H activation and formation of Ru(6Mes)’(PPh3)(CO)(H) and 

Ru(6iPr)’(PPh3)2(CO)(H) respectively. This highlights i) the influence the widened N-CNHC-N has 

and ii) the importance of N-substituent steric bulk on the coordination geometry of transition 

metal RE NHC complexes. 

 

Scheme 1.5 Intramolecular C-H activation of 6Mes and 6iPr at ruthenium.  
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1.1.3 Mononuclear Nickel(I) NHC Complexes 

Due to the properties described above in section 1.1.2, NHCs have proven to be excellent 

ligands for transition metals and a wide variety of nickel-NHC complexes have been 

synthesised. However, Ni(I)-NHC complexes are relatively scarce with only a handful of 

examples reported, many of which have relevance to catalytic cycles (Chapter 5). For example, 

studies on the ability of Ni(IPr)2 (xvi) to catalyse the Negishi cross-coupling of aryl halides have 

led to isolation of the three coordinate, 15e- species Ni(IPr)2Cl (xvii).77 Complex xvi had 

previously displayed activity in a variety of cross-coupling reactions78-80 and the mechanism 

was assumed to proceed through traditional oxidative addition of the aryl halide to form the 

four coordinate Ni(II) complex Ni(IPr)2(Ar)Cl. However, during the reaction of equimolar  

p-chlorotoluene and xvi at room temperature, selective halide addition occurred generating 

xvii in 34 % yield (Scheme 1.6). The presence of a bulky NHC results in steric clashes between 

the aryl electrophile and carbene. This prevents coordination of the aryl group and hinders 

complete oxidative addition, thus solely forming air-sensitive xvii. As well as xvii, the expected 

biaryl coupled product, 4,4’-dimethylbiphenyl (detected by NMR and GC-MS analysis), was 

generated as a result of radical coupling. The use of other aryl halides, including  

2-chlorobenzaldehyde, 4-chlorobenzophenone and 4-chloroanisole, all afforded similar yields 

of xvii and the cross-coupled products. 
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Scheme 1.6 Selective formation of a Ni(I) species (xvii) from xvi and subsequent reactivity.  

 
Complex xvii represents the first example of a fully characterised three coordinate, 

monovalent nickel metal centre bearing NHC ligands. Magnetic susceptibility data, along with a 

broad 1H NMR spectrum were testimony to its paramagnetic nature, while X-ray diffraction 

established a planar and T-shaped geometry. No Ni…..H agostic nor Cl…..H hydrogen bonding 

interactions involving the N-iPr substituents were observed, indicating some degree of 

inherent stability. The T-shaped geometry was confirmed by DFT calculations, which also 

showed that the unpaired electron was localised in a dx2-y2 non-bonding orbital with only 0.3 % 

distributed into the carbene π* and nickel-chloride σ* plane. This is in stark contrast to the 

Ni(I)-terpyridine complex, Ni(tpy)(CH3) (lvi; Chapter 5, 5.1.2.1), where the single unpaired 

electron was fully delocalised around the whole tpy ligand.81  

When dissolved in CDCl3, complex xvii formed divalent Ni(IPr)2Cl2 (xviii) in quantitative yield. 

However, no evidence of xviii was found upon addition of chloroarenes to xvii, implying xvii is 

not prone to further reaction/oxidation with ArCl. Dissolution of xvii in C6D6 led to the 

formation of the chloro bridged dinickel complex (xix) along with free IPr (Scheme 1.6).16 

When xvii was dissolved in C6H6 in the presence of excess IPr, xvii was the only detectable 
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species with no evidence of the halide bridged dimer, inferring a monomer-dimer equilibrium 

in solution.  

Despite the assumption that oxidative addition to Ni(NHC)2 (NHC = IPr) would occur, only two 

examples of NiII(NHC)n(Ar)X complexes bearing the relatively small IMe4
82 and IiPr83 ligands 

have previously been reported. Based on the idea that Ni(I) halides may exhibit superior 

catalytic activities over their Ni(II) counterparts, Louie and coworkers84 probed the effect of  

N-substituent bulk on aryl halide oxidative addition to zero-valent bis(NHC) nickel complexes 

and were able to show that this indeed does influence the nature of the observed products. 

Thus, treatment of Ni(IMes)2 (xx) with PhX at room temperature gave the corresponding 

monovalent species Ni(IMes)2X (X = Br (xxi), Cl (xxii), I) in good yields (77 – 80 %). All three 

species showed distorted T-shaped geometries (CNHC-Ni-CNHC angle: 168.26(12), 166.46(16) and 

166.47(10)o respectively), with Ni-CNHC bond lengths consistent with those seen in other  

Ni-NHC complexes.16,77,83 Broad 1H NMR spectra and archetypal g values for an unpaired spin  

(g = 2.22 when X = I) in the EPR spectra were observed.  

In order to try and promote the formation of NiII(IMes)2(Ar)X, ligand displacement reactions of 

Ni(PPh3)2(Ar)X with IMes at room temperature were attempted. A range of aryl groups were 

used: C6H5- (unactivated), p-CF3-C6H4- (electron poor) and p-MeO-C6H4- (electron rich), but in 

all cases, NiI(IMes)2X species were immediately formed selectively upon addition of IMes 

(Scheme 1.7).  

 

Scheme 1.7 Attempted generation of Ni(IMes)2(Ar)X (X = Br (xxi), Cl (xxii)).  
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Treatment of Ni(COD)2 with p-MeO-C6H4Br in the presence of the small IMe4 ligand led to the 

isolation of Ni(IMe4)2(p-MeO-C6H4)Br (identical to a complex previously reported by Cavell)82 in 

47 % yield. The formation of a NiII(IMe4)2(Ar)X species was observed with all electronic classes 

of aryl halide used: unactivated, electron poor and electron rich. The generation of Ni(I) halides 

is thus a feature of sterically encumbered NHC ligands (such as IMes and IPr), making the bulk 

of the NHC N-substituent an important consideration if a Ni(0) precatalyst is being employed in 

cross-coupling reactions. Smaller NHC ligands, for example those bearing N-iPr and N-Me 

substituents, tend to form the more conventional Ni(II)-aryl halide complexes. These findings 

suggests that reaction selectivity or degradation/decomposition of the assumed catalytically 

active Ni(0) species may alter the traditionally accepted Ni(0)/Ni(II) catalytic cycle from that in 

Chapter 5 (Scheme 5.1) to an alternative Ni(I) mediated pathway. 

 

1.1.4 Dinuclear Nickel(I)-Nickel(I) Complexes 

Nickel(I) initiated small molecule activation (described in more detail in section 1.2) frequently 

features bridged dimeric Ni(I) intermediates, nearly exclusively generating a further dinuclear 

nickel complex as the ultimate product. Bimetallic complexes tend to contain multidentate 

ligands which saturate the coordination sphere and impede reactivity,85,86 thus research into 

them is not as extensive as with monomeric complexes. Previous studies into Pd(I)-Pd(I) 

dimers and their use as initiators in catalytic redox coupling and C-H bond functionalisation 

have been reported,87-90 however little has been published on dinuclear Ni(I)-Ni(I) species.91,92 

Those examples that have show catalytic potential. Thus, in 2010 Agapie and coworkers93 

reported the preparation of the Ni(I) dimer (xxiii; Scheme 1.8) from comproportionation of 

Ni(COD)2 and Ni(dme)Cl2 in the presence of a p-terphenyl-diphosphine. The Ni2 core is 

coordinated to the phosphorus atoms creating a virtually linear P-Ni-Ni-P assembly and each 

nickel centre is involved in an η2 interaction with the central ring of the terphenyl fragment. 

Metal aryl interactions have been previously shown to aid stabilisation of transition metal 

species86,94-96 and are thought to be implicit in the stability of xxiii.  
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Scheme 1.8 Synthesis and reactivity of an arene stabilised Ni(I)-Ni(I) dimer (xxiii).  

 
Within dinuclear structures, there is potential for oxidative addition to occur across both metal 

centres, increasing the oxidation state of each by one. These can then reductively couple and 

dissociate to form a cross-coupled organic compound. Reactions of xxiii with Grignard 

reagents were therefore carried out and the isolation of the expected Ni-hydrocarbyl species 

attempted in order to provide evidence for this oxidative addition process. Initial efforts with 

PhMgBr led to the production of the expected biphenyl cross-coupled product, although the 

intermediacy of ‘[NiI(Ph)(2-iPr2P(p-terphenyl)-2-PiPr2)NiI(Ph)]’ could not be confirmed. The 

generation of biphenyl could also have arisen from dissociation of the Ni(I) dimer to 

monomeric species, which could then react via a monometallic route for C-C bond formation.  

However, use of o,o’-biphenyldiyl magnesium bromide led to the isolable dinickel(I) biphenyl 

species (xxiv; Scheme 1.8). The biphenyl ligand bridges the two nickel centres through two η1 

binding modes. Although the metal-arene interactions are still present between both the 

nickels and the central terphenyl ring, the nature of them has altered. These interactions now 

consist of each nickel interacting with a double bond (Ni–C: 1.98 – 2.06 Å) and a third carbon 

(the ipso carbon), although this exhibits a much longer distance (Ni-Cipso: 2.20 – 2.30 Å). 

Analysis of the C=Cterphenyl bond lengths indicates a partial loss of aromaticity of this ring. The 

Ni…Ni distances in xxiii (2.3658(2) Å) and xxiv (2.4426(2) Å) are believed to differ due to the 

steric restraints imposed by the bridging biphenyl ligand. However, they both lie in the range 

of reported Ni(I)-Ni(I) bond lengths (ca. 2.3 – 2.6 Å).16,91-95  
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The reactivity of xxiv provided an insight into potential catalytic applications. Exposure to 

excess CO at room temperature led to dissociation of the biphenyl bridging ligand and 

formation of fluorenone (Scheme 1.9). Such functionalisation of biphenyl on a dimeric species 

is rare.91,92 A pathway moderated by the dimeric structure (rather than a monomer) is shown 

in Scheme 1.9 and involves a two electron reduction to a Ni(0)-Ni(0) dimer. This was supported 

experimentally by the generation of dinuclear Ni(0)-carbonyl species during the reaction.  

 

Scheme 1.9 A proposed mechanism for reaction of the Ni(I) dimer xxiv with CO.  

 
Reaction of xxiv with excess geminal dichloroalkanes (such as CH2Cl2) regenerated the initial 

Ni(I) dimer xxiii as well as fluorene derivatives, although this was dependent on the 

chloroalkane used (Scheme 1.10). The intermolecular nature of this reaction suggests higher 

oxidation state intermediates (such as Ni(II)) are involved, despite previous studies showing 

stoichiometric intramolecular C-C couplings with Ni(I)-Ni(I) complexes proceeding via reduced 

Ni(0) species.93 Thus, oxidative addition of a C-Cl bond across the two nickel centres takes 

place, generating a Ni(II)-Ni(II) species which can then undergo reductive elimination to form a 

C-C bond and a Ni(I)-Ni(I) dimer. If this process repeats itself intramolecularly, xxiii, and 

subsequently xxiv, are regenerated upon addition of more Grignard reagent. This mechanism 

(Scheme 1.10) has yet to be verified experimentally and other pathways are possible, including 

radical mechanisms generating partially oxidised nickel dimers (i.e. Ni(I)-Ni(II)) or dissociation 

to monomeric species. The reactivity of xxiv has hinted at the accessibility of both higher and 

lower oxidation state dinuclear nickel species, signifying their potential as precursors for 

catalytic transformations. 
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Scheme 1.10 A proposed mechanism for reaction of the Ni(I) dimer xxiv with dichloroalkanes.  

 
In 2011, a related Ni(I)-Ni(I) dimer (xxvi) was prepared from reaction of PiPr3, Ni(COD)2 and 

biphenylene, followed by reductive C-C coupling of the initially formed asymmetric Ni(III)-Ni(I) 

dimer xxv (Scheme 1.11).97 In xxv, one biphenyl acts as a bidentate ligand bridging the two 

nickel metal centres via two η1 σ-bonds, while the other is coplanar with one nickel metal 

centre (chelating to that nickel via two η1 σ-bonds) and interacts with the second nickel via a  

π-interaction involving one double bond. This infers a Ni(III)-Ni(I) complex has been generated, 

support arising from structural features of the Ni(I) fragment conforming to previous dinuclear 

Ni(I)-Ni(I) species.91,92 Upon standing for 6 h, C-C bond formation between the two biphenyl 

ligands in xxv took place, generating the isolable Ni(I) dimer xxvi. Upon heating at 363 K, cyclic 

tetraphenylene was then released. 31P{1H} NMR spectroscopy showed that xxvi is the resting 

state for the reaction, implying xxvi is essentially converting biphenylene to tetraphenylene 

(Scheme 1.11). Other analogues of xxvi with smaller phosphines (such as PEt3) do not show 

any comparable activity for this conversion.  
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Scheme 1.11 Postulated pathways to the Ni(I)-Ni(I) dimer (xxvi). 

 
Reductive elimination of the cis-arranged biphenyl ligands at the Ni(III) metal centre in xxv was 

proposed as a possible mechanism for its transformation to xxvi (pathway A). This seemed the 

most logical pathway due to the highly asymmetric nature of xxv and the direct formation of 

xxvi without any additional metal-metal bond formations or σ-coordinated ligand 

rearrangements (from Ni(II)-Ni(0) intermediates) being required. Experimental support for this 

mechanism was provided by the calculated free energy activation barrier being a modest 

+8.1 ± 0.6 kcal mol-1.97 Mononuclear complexes of palladium and platinum have previously 

been shown to catalyse the conversion of biphenylene to tetraphenylene,98 therefore an 

alternative mechanism (pathway B) involving a rate determining dissociation to the 

monomeric intermediate xxvii was postulated (Scheme 1.11). DFT calculations (optimised 

using PMe3 ligands) for this process gave ΔH298 K = +22.6 kcal mol-1, easily attainable at room 

temperature. The increase in entropy upon monomer formation also makes it a favourable 

process. However, labelling studies with biphenylene-d1 gave xxv-d2 and subsequently xxvi-d2, 

while cross-over studies between in situ generated xxv and xxv-d2 yielded primarily xxvi and 

xxvi-d2 (with minor amount of xxvi-d1), indicating that k1 is larger than k2. The intramolecular 

pathway A for the direct conversion of xxv to xxvi therefore appears to be supported more 

than the dissociative pathway B. The isolation of xxv and xxvi supplies evidence that 

asymmetric intermediates may have a key function in dinuclear nickel C-C coupling reactions 
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and within other associated catalytic cycles, providing further support for the importance of 

Ni(I) species, especially as catalytic entities. 

 

1.1.5 Dinuclear Nickel(I)-Nickel(I) NHC Complexes 

During research directed towards the formation of highly substituted π-allylnickel(II) chloride 

species incorporating NHC ligands, Sigman and coworkers16 were able to synthesise the 

unusual Ni(I)-bis(µ-Cl) dimer (xix). This was later shown to be in an equilibrium with monomer 

xvii (section 1.1.3).77 Ni(COD)2 was reacted with 4-chloro-2,4-dimethyl-2-pentene in the 

presence of IPr (Scheme 1.12a) and although a complex mixture of compounds was formed 

initially, xix was isolated (albeit in only ca. 20 % yield) and characterised as the major product 

of the reaction. It was thought that oxidative addition of the allyl chloride occurred to form a 

Ni(II) chloride species which, upon homolytic cleavage of the Ni(II)-carbon bond, generated the 

Ni(I) metal centres, a process promoted by the size of the allyl group and IPr ligands. 

 

Scheme 1.12 Preparation of the Ni(I)-NHC dimer xix via oxidative addition/homolytic cleavage 
(a) and comproportionation (b) pathways.  

 
The formation of xix initiated the development of more direct and generalised syntheses of 

Ni(I) complexes, accompanied by improved yields. A comproportionation reaction between 

equimolar quantities of Ni(0) and Ni(II) precursors, Ni(COD)2 and Ni(dme)Cl2, in the presence of 

IPr (2 eq) in toluene, was shown to give xix in a greatly enhanced yield of 68 % (Scheme 1.12b). 

The Ni(II)-dme precursor is believed to initially chelate Ni(0) through the chlorine atoms to 

generate a Ni(I)-(µ-Cl) dimer, which is then trapped by the NHC ligand. X-ray crystallographic 

analysis of xix revealed asymmetry with regards to the IPr ligands (CNHC-Ni-Ni-CNHC torsion 

angle: 56.3(9)o), with a planar bridging structure and relatively short Ni-Ni distance 

(2.5194(9) Å). A single set of ligand proton resonances was observed in the solution 1H NMR 

spectrum, suggesting that the inequivalence of the IPr groups observed in the solid-state is not 
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retained in solution, perhaps due to dissociation into a monomeric species.77 Under identical 

reaction conditions, exchanging IPr for SIPr gave the analogous [Ni(SIPr)(µ-Cl)]2 dimer, although 

a larger number of trace impurities were also detected. 

Additional investigation into this Ni(I)-Ni(I) complex by Hillhouse and coworkers99,100 alluded to 

its catalytic potential via the formation of further bridged species. Scheme 1.13 shows xix 

reacts readily with excess N3Mes to form a Ni(II)-Ni(II) bridging imido complex which can 

participate in the catalytic formation of carbodiimides (MesN=C=NR) from reaction of 

isocyanides. Activity was also observed for the formation of mesityl isocyanate (MesN=C=O) 

via reaction with CO. 

 

Scheme 1.13 Catalytic carbodiimide formation mediated by the dinuclear Ni(I)-IPr species xix.  

 
It was postulated that the presence of the sterically encumbered IPr ligands may provide 

enough stabilisation for the formation of a whole range of bridged dimers. If this bridging 

component is considered synthetically useful, it can then be applied to group transfer 

reactions. For example, reaction of xix with diazoalkanes formed the corresponding alkylidene 

bridged nickel systems, which acted as a carbene synthon for further reactivity. The 

stoichiometric reaction of xix with equimolar N2CPh2 in Et2O resulted in the vigorous evolution 

of N2 and formation of a complex mixture of products, including the desired Ni-(µ-CPh2) dimer 

and unreacted xix. Isolation of the Ni-(µ-CPh2) intermediate could only be achieved when an 

equivalent of Na[BAr4
F] was incorporated in the reaction, resulting in the clean formation of 

[Ni(IPr)(µ-CPh2)(µ-Cl)Ni(IPr)]BAr4
F (xxviii) as dark green crystals in 89 % yield (Scheme 1.14). 

Several Ni-(µ-alkylidene) complexes had been reported previously by Carmona and 

coworkers,101 however these were all formed via α-H elimination from cyclometallated 

neophyl ligands in Ni(PMe3)2(CH2CMe2-o-C6H4)’Ni(L) (L = a chelating phosphine  

e.g. Me2PCH2CH2PMe2). From X-ray crystallography, it was shown that xxviii is asymmetric in 

the solid-state, with the :CPh2 functionality binding η3 to one nickel through additional 
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interactions to the ipso carbon and an ortho carbon of a phenyl ring (Scheme 1.14). Inspection 

of the Ni-Calkylidene bond lengths revealed that the distance between the η1-alkylidene stabilised 

nickel (Nib) and carbon is shorter than the other Ni-Calkylidene bond (Nia-C: 1.958(3) Å; Nib-C: 

1.831(5) Å). These values are close to those previously observed for the Ni-C single bond in 

[Ni(dtbpe)(CH2CMe2Ph)]PF6 (1.954(3) Å)102 and Ni=C double bond in (dtbpe)Ni=CPh2
99 

(1.836(2) Å) respectively. In contrast to crystallography, NMR characterisation was consistent 

with a symmetric C2v geometry, indicating no ipso/ortho enhanced stabilisation in solution 

(Scheme 1.14), and the 1H NMR spectrum was indicative of a diamagnetic species.  

 

Scheme 1.14 Synthesis and reactivity of an alkylidene bridged nickel dimer (xxviii).  
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Related alkylidene bridged dicopper complexes have proven useful as a source of :CR2 for 

addition to suitable nucleophiles.103 Likewise, exposure of xxviii to excess CO readily and 

cleanly generated diphenylketene (Ph2C=C=O) and the diamagnetic Ni(I)-Ni(I) carbonyl chloro 

bridged dimer, [(Ni(IPr)(CO))2(µ-Cl)]BAr4
F (Scheme 1.14). This was stable in the presence of CO 

and no disproportionation to Ni(0) and Ni(II) was detected, contrary to the reaction of xix with 

CO which resulted in the formation of Ni0(IPr)(CO)3 and dimeric [NiII(IPr)Cl(µ-Cl)]2.100 As 

expected for a cationic complex, the relatively short C-O bond distances in  

[(Ni(IPr)(CO))2(µ-Cl)]BAr4
F (1.134(3) and 1.145(3) Å) indicated limited backbonding from the 

nickel centre. This was supported by the high frequency of the vCO stretch in the IR spectrum 

(2023 cm-1). 

Successful :CR2 transfer was also achieved in reactions of xxviii with N3Mes and CNtBu, which 

gave Ph2C=NMes and Ph2C=C=NtBu respectively. However, the rates of reaction and fate of the 

nickel fragment differed significantly. Reactions with CO and CNtBu proceed virtually 

instantaneously, whereas mesityl azide reacted very slowly, generating ketimine in 80 % yield 

over a three week period at room temperature. The reduced reaction rate is believed to arise 

from the decreased nucleophilicity of N3Mes, inhibiting coordination to the sterically hindered 

nickel dimer and leading to only slow formation of bridging µ-N3Mes or µ-NMes intermediates. 

Similarly to the reaction with CO, N3Mes afforded a dimeric nickel product isostructural to 

xxviii. In contrast, CNtBu gave the monomeric Ni(I) complexes [Ni(IPr)(CNtBu)3]BAr4
F and 

Ni(IPr)(CNtBu)Cl.99,100  

 

1.2 Nickel(I) Mediated Small Molecule Activation 

Small molecule activation by transition metal complexes is essential for a variety of 

stoichiometric and catalytic organic transformations, and typically involves metal centres with 

low oxidation states and low coordination numbers. Isolable, three coordinate Ni(I) species are 

therefore theoretically appealing precursors for small molecule activation, as they provide a 

redox active metal centre in combination with vacant coordination sites suitable for interacting 

with such molecules.104  

Ni(I)-β-diketiminate complexes have shown huge affinity towards activation or 

functionalisation of small molecules, including H2, N2, SF6, O2, CO, P4, S8, N2O and CO2.16,104-110 

Nickel-hydride or –(η2-H2) coordinated complexes are of considerable interest, due to their 

postulated involvement in catalytic hydrogenation processes. For example, one of the main 

intermediates in the catalytic cycle of the mixed metallic dimer [Ni-Fe]-hydrogenase is 
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proposed to contain hydride ligands bridging the nickel and iron centres.111,112 Pfirrmann et 

al.105,113 employed nickel compounds based on β-diketiminate ligands to form Ni(I)-(µ-H)/(µ-N2) 

species. Reduction of the Ni(II) dimer [Ni(N^NMe)(µ-Br)]2  (N^NMe = β-diketiminate 

[HC(C(Me)N(C6H3(iPr)2))2]-) with KC8 in toluene led to the isolation of [Ni(N^NMe)]2 in 23 % yield 

(xxix; Scheme 1.15). In xxix, each nickel is bound to the nitrogen atoms of a β-diketiminate 

ligand, as well as in an η2 fashion to an aryl ring on the second Ni-(N^NMe) unit to give distorted 

T-shaped nickel centres (Na-Ni-Ca: 149.56(6)o; Nb-Ni-Ca: 106.45(6)o).22,113-115 The aryl rings 

interacting with the nickel atoms are close to parallel and, as a result, provide enhanced 

stabilisation of the Ni(I) dimer through π-π interactions. At room temperature, solid-state and 

solution magnetic measurements were consistent with the presence of two Ni(I) centres. 

However, at low temperatures (77 K), frozen hexane solutions and solid samples were EPR 

silent. This was attributed to antiferromagnetic coupling between the two Ni(I) metal centres, 

with DFT calculations confirming thermal energy disrupting this coupling at room temperature. 

 

Scheme 1.15 N2 and H2 activation by Ni(I)-β-diketiminate dimers (xxix and xxx).  
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In contrast, direct reaction of the ‘ate complex’, Ni(N^NMe)(µ-Br)2Li(THF)2, with KC8 in Et2O gave 

[Ni(N^NMe)(µ-Br)Li(THF)2]2 (xxx; Scheme 1.15) instead. Crystallographic analysis of xxx showed 

two Ni(I)-(N^NMe) moieties coordinated to a Br2Li2 central unit, again leading to a distorted  

T-shaped arrangement around the nickels (Na-Ni-Br: 146.66(16)o; Nb-Ni-Br: 114.28(15)o). Each 

lithium ion was bound to two THF molecules to afford tetrahedral alkali metal centres. This 

coordination motif is similar to that in the known iron compound  

Fe(N^NtBu)(KCl){18-crown-6}.116 EPR analysis (rhombic profile) and solution magnetic moments 

(µeff = 2.58 µB; µeff (calculated for two uncoupled Ni(I) units) = 2.45 µB) were as expected and 

confirmed a Ni(I) oxidation state. When concentrated solutions of xxx were stored at room 

temperature for several days, LiBr(THF)2 precipitated out and crystalline xxix was produced, 

implying that xxx has only a metastable existence. 

Exposure of both xxix and xxx to H2 and N2 formed Ni(II)-(µ-H)/(µ-N2) bridged dimers. Addition 

of H2 to a hexane solution of xxx led to the formation of a green solution over 16 h, which, 

upon simple work, afforded the hydride bridged dimer xxxi (Scheme 1.15) in 53 % yield. When 

xxix was reacted with H2, an immediate colour change from brown to red-orange was 

observed followed by a gradual change to green over 12h. This also generated xxxi  

(86 % yield). The initial colour change was attributed to the formation of an intermediate 

species, which unfortunately could not be identified. It is believed that these reactions proceed 

due to weak ligation of the bridging atoms in xxix and xxx, along with their strained structures. 

In contrast to relatively slow H2 activation, hexane solutions of xxix and xxx both reacted 

instantaneously with N2 precipitating out the end-on dinitrogen bridged complex 

(Ni(N^NMe))2(µ-N2) (xxxii; Scheme 1.15). Although analogous to the known iron complex, 

(Fe(N^NtBu))2(µ-N2),117 the N2 unit appears to be more activated in xxxii since subsequent 

exposure to H2 generated xxxi, whereas no reaction was seen in the case of iron. 

The N^NtBu analogue of xxxii (xxxiii; Scheme 1.16) was synthesised and shown to react very 

readily with potent greenhouse gas SF6.118 Thus, exposure of a benzene solution of xxxiii to 

1 eq of SF6 generated two Ni(II) complexes, Ni(N^NtBu)F and (Ni(N^NtBu))2(µ-S), in a ratio of  

ca. 2:1 respectively (Scheme 1.16). X-ray crystallography provided unequivocal evidence of the 

Ni(II)-F and bridging sulfide complexes, with Ni(N^NtBu)F being the first structurally 

characterised example of a three coordinate nickel fluoride complex and (Ni(N^NtBu))2(µ-S) 

exhibiting an extremely rare, almost linear, [NiII-(µ-S)-NiII]2+ central core (Ni-S-Ni: 177.85(5)o). 

When exposed to more than 5 eq of SF6, the yield of the fluoride product increased, suggesting 

the simultaneous formation of gaseous sulfur fluorides (such as SF4 or S2F10) or elemental 
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sulfur. This work is of interest due to the very few examples of SF6 activation reactions. Those 

that are reported often involve the use of elevated temperatures and pressures or the reaction 

of strong reducing agents (most commonly elemental alkali metals).118,119 The facile reactivity 

of xxix and xxx with H2/N2 and xxxiii with SF6 highlights the potential application of reduced 

nickel atoms for activation reactions and the potential selective activation of extremely inert 

molecules and functional groups. 

 

Scheme 1.16 Reaction of the Ni(I)-β-diketiminate dimer xxxiii with SF6 to form Ni(II) species.  
 

1.2.1 Activation of O2 

Previous studies of O2 incorporation using H2O2 and Ni(II) salts have brought to light many 

nickel-dioxygen structural motifs, where the oxygen atoms can coordinate to the nickel as 

either terminal/bridging oxo (O), end-on/side-on superoxo ([O2]-) or end-on/side-on peroxo 

([O2]2-) ligands (Figure 1.6). Depending on the ancillary ligand environment and electronic 

composition, the nickel can reside in a variety of oxidation states, meaning any of these 

coordination modes are accessible for Ni(I) complexes. 
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Figure 1.6 Coordination modes of oxo, superoxo and peroxo ligands in Ni(L)n complexes.  

 
Driess and coworkers104,120 reported the rapid, low temperature (195 K) reaction of the  

Ni(I)-β-diketiminate complex (xxxiv; Scheme 1.17) with O2 to give the Ni(II)-superoxo complex 

xxxv, which was isolated in 84 % yield. X-ray quality dark green crystals of xxxv confirmed the 

side-on coordination of the [O2]- ligand, coplanar with the C3N2Ni ring. The O-O bond distance 

of 1.347(2) Å and vOO IR frequency of 971 cm-1 were consistent with assignment as a superoxo 

species (superoxo bond lengths: < 1.4 Å). EPR spectroscopy, in conjunction with DFT 

calculations, confirmed the paramagnetic nature of xxxv and an S = ½ ground state. The g 

values were consistent with that of [O2]- dissolved in water,121 while the SOMO was predicted 

to be the π* orbital of the O2 moiety, suggesting that the unpaired electron is located 

completely on the oxygen atoms. Complex xxxv is therefore thought to represent a genuine 

Ni(II)-superoxo complex. As anticipated for such a low coordinate species, oxygen transfer was 

facile, as shown with PPh3 to give PPh3=O. The Ni(II)-bis(µ-hydroxyl) dimer xxxvi (Scheme 1.17) 

was isolated as the nickel containing product of the reaction, presumably via a Ni=O oxo 

intermediate. Complex xxxvi was also formed upon treating xxxv with 0.5 eq xxxiv. As with 

other doubly bridged dinuclear species, the d8 Ni(II) metal centres in xxxvi adopt square plane 

geometries. An analogue of this hydroxyl bridged nickel dimer ([Ni(N^NEt)(µ-OH)]2) has been 

generated directly upon addition of O2 to the N^NEt derivative of xxxiv, showing that the N-

substituents play no steric role in determining the pathway for O2 activation.104 
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Scheme 1.17 Activation of O2 with a Ni(I)-β-diketiminate complex (xxxiv) to generate the Ni(II)-
superoxo species xxxv and its subsequent reactivity.  

 
The versatility of xxxv as an oxidising agent has been investigated further. Although it was inert 

towards substrates bearing weak C-H bonds, such as 9,10-dihydroanthracene, it was active for 

the oxidation of O-H groups,104,122 readily converting cyclohexanol and 1-phenylethanol to their 

corresponding ketones and 2,6-di-tertbutylphenol to 2,6-di-tertbutyl-1,4-benzoquinone 

(Scheme 1.18). In the latter, an O-atom is transferred from the superoxo ligand to the para 

position of the phenol. N-H activation was also possible, with azobenzene formed as the sole 

oxidised product from 1,2-diphenylhydrazine. It is believed that the reactions proceed through 

initial abstraction of a hydrogen atom from either the O-H or N-H group in the substrates. 

Perhaps most surprisingly, xxxv acted as a dioxygenating agent when reacted with  

2,4,6-tri-tertbutylphenol, yielding an oxidation product incorporating two separate oxygen 

atoms from a single [O2]- unit (Scheme 1.18). Such results suggest great promise for providing 

organometallic complexes with selective oxygenating properties, making fundamental 

reactivity studies of great importance for understanding Ni(I) mediated O2 activation. 
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Scheme 1.18 Driess’s reported use of xxxv for the oxidation of various substrates.  

 
The 1e- reduction of THF solutions of xxxv with potassium bought about a colour change from 

green to brown-red and formation of a single diamagnetic product. Structural characterisation 

of brown crystals revealed a heterobimetallic peroxo dimer (xxxvii; Scheme 1.19) featuring a 

Ni(II) centre with a square planar geometry, along with a potassium coordinated crown ether 

bridged by a η2:η2-O2 ligand. The planar Ni(μ-η2:η2-O2)K core revealed an O-O distance 

significantly longer than in xxxv (xxxvii 1.468(2) Å; xxxv 1.347(2) Å), but similar to the distances 

measured for other M-peroxo complexes (between 1.4 – 1.5 Å).123 Complex xxxvii is a great 

deal more stable than xxxv and showed no activity towards the types of substrates shown in 

Scheme 1.18. Transmetallation of the potassium ion to form a direct Ni/Fe analogue via 

reaction of xxxvii with an iron(II)-β-diketiminate species proved unsuccessful, with scission of 

the O-O bond followed by hydrogen abstraction taking place to afford a heterobimetallic  

bis(µ-OH) bridged complex, Ni(L)(µ-OH)2Fe(L) (Scheme 1.19), analogous to xxxvi. DFT 

calculations suggested the reaction proceeded via the intermediacy of xxxviii, which featured 

two cleaved oxygen atoms generating a species with diradical character. However, this effect 

was diluted by the presence of the Ni(II) metal centre, polarising the Ni-O bonds and thus 

accounting for the observed H abstraction from any source in the surrounding reaction media. 
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This highlights the importance of any subtle electronic changes in the reactivity of 

heterobimetallic peroxo complexes, and probably accounts for why superoxo species are 

generally formed preferentially. Efforts to achieve the desired Ni/Fe peroxo product were 

attempted via the reverse synthesis, starting with oxidation of iron(I) precursors to form a 

superoxo complex. Despite leading to bimetallic µ-O2 bridged complexes, these resulted in C-H 

activation of the iPr groups on the β-diketiminate ligand coordinated to nickel  

(xxxix; Scheme 1.19). 

 

Scheme 1.19 Reactivity of nickel superoxo (xxxv) and peroxo (xxxvii) species to form the 
heterobimetallic dimer xxxviii. xxxix: a C-H activated analogue.  

 
Early work by Riordan and coworkers124 into O2 activation with tripodal thioether supported 

Ni(I) complexes showed that purple crystals of a bis(µ-oxo) dimer, [Ni(PhTttBu)(µ-O)]2 (xl) 

(PhTttBu = phenyl(tris(tertbutylthiomethyl))borate), were formed when toluene solutions of the 
tBu substituted precursor were exposed to dry O2 (Scheme 1.20). The product was shown to be 

thermally unstable with a t1/2 of only 5 min. X-ray crystallography confirmed the molecular 

connectivity, while UV-vis analysis afforded spectra consistent with bridging oxygen atoms and 

an oxygen to metal charge transfer (CT) band (565 nm). The Ni-O and Ni…Ni distances (1.82 and 
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2.83 Å respectively) were found to be typical of related species containing a M2(µ-O)2 core  

(e.g. Cu2(µ-O)2 derivatives with 1.90 and 3.48 Å).125 No oxidation of alkenes or phosphines was 

observed, presumably due to the tBu groups blocking access to the metal centre. 

To promote formation of a monomeric species, the bulkier adamantyl precursor was 

synthesised. IR spectra suggested there was no electronic difference between the two Ni-CO 

complexes: Ni(PhTttBu)(CO): 1999 cm-1; Ni(PhTtAd)(CO): 1997 cm-1. When exposed to O2 at low 

temperatures, the steric implications of the adamantyl ligand were apparent with oxygenation 

of Ni(PhTtAd)(CO) affording the mononuclear adduct xli (Scheme 1.20).  

 

Scheme 1.20 Different O2 activation pathways with R = tBu or Ad for the tripodal stabilised 
Ni(I)-thioether complexes.  

 
As with xl, xli was only stable at low temperature, although it was shown conclusively to be 

monomeric on the basis of differences in the spectroscopic data and reactivity. Instead of a 

single UV-vis signal (565 nm for xl), four absorption bands were found at 310, 386, 450 and 

845 nm. DFT calculations, along with NMR and EPR spectra, were consistent with a 

paramagnetic compound containing one unpaired electron in a dz2 orbital. Although X-ray 

quality crystals were unattainable, computational and Ni EXAFS data fitted to a side-on bound 

O2 motif, this geometry being ca. 10 kcal mol-1 more favourable than the end-on isomer. DFT 

analysis into the vOO stretches allowed further insight into the nature of the bond and extent of 

CT associated with O2 ligation. The computed O-O distance of 1.38 Å is shorter than that 

expected for a peroxo compound (typically > 1.4 Å), suggesting that the monomer exhibits 

superoxo character. The nickel XAS displayed a pre-edge 1s  3d transition at 8331.4 eV, 
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intermediate in value between Ni(I) and Ni(III). Complex xli is thus best considered as a Ni(II) 

superoxo species. As the oxidising core of the monomer is more accessible than in the 

sterically shielded dimer xl, its reactivity is a lot more extensive, with PPh3 readily oxidised to 

O=PPh3. 

 

1.3 Two Coordinate Transition Metal Complexes (ML2) 

Stable metal complexes with open shell electronic configurations (d1 – d9) in which the 

environment around the metal centre is strictly two coordinate or quasi-two coordinate are 

extremely rare, and are among the least researched in transition metal coordination 

chemistry.126 Their paucity is mostly due to two factors. Firstly, such species nearly always 

exhibit extreme air and moisture instability, thus hindering simple experimentation and 

increasing the likelihood of side reactions with small molecules (such as O2, N2, N2O and CO) or 

coordination to Lewis bases (i.e. phosphines, THF, pyridine). Secondly, the highly unsaturated 

coordination sphere raises the possibility of monomer association to produce aggregates or 

extended ionic lattices which display the more commonly observed and electronically more 

stable four or six coordinate metal environments.126 The strategy of utilising sterically 

encumbered ligands to prevent such association, and hence stabilise low coordinate transition 

metal complexes at room temperature, has previously proven successful for the synthesis and 

isolation of ML2 species. Most examples to date are based on the use of bulky amide, aryl, alkyl 

or alkoxo groups to stabilise first row (V – Ni) ML2 complexes. 

 

1.3.1 ML2 Magnetic Properties and Single Molecular Magnets (SMMs) 

In an extensive review of open-shell ML2 complexes, Power126 noted that within all the 

structurally characterised examples, a mere ca. 20 % displayed a highly linear geometry, with 

the rest greatly varying in their extent of deviation from linearity. The linear complexes are of 

specific interest because of the possibility of magnetic properties arising from unequal 

occupation of orbitals. The d orbital splitting arrangement for a typical linear ML2 complex is 

shown in Figure 1.7. When an odd number of electrons reside in the degenerate dx2-y2/dxy or 

dxz/dyz orbitals, this gives rise to a 1st order orbital magnetic moment and large magnetic 

anisotropy. In higher coordinate transition metal complexes, this magnetism is often quenched 

by the ligand field. However, for truly linear species where the ligands are positioned along just 

one of the axes (the z axis by convention), the magnetic moment remains unquenched due to 

the absence of any ligands directly interacting with these orbitals.  
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Figure 1.7 Splitting pattern for the metal based d orbitals in a typical linear ML2 complex.  

 
The presence of magnetic anisotropy is often related to complexes demonstrating single 

molecular magnetic (SMM) behaviour (although as demonstrated in Chapter 2, 2.5, this is not 

always the case). A SMM typically has at least one metallic ion (commonly a d- or f-block 

element) with an anisotropic electronic structure, which possesses the ability to retain 

magnetisation for relatively long periods of time in the absence of an applied magnetic field, 

invariably at low temperatures.127 Within a bulk sample of material, each individual complex 

will display a magnetic moment of preferred orientation independent of an external field, 

ultimately leading to an overall net magnetisation. In an applied magnetic field, this net 

magnetisation will align itself along the field axis. However, when the applied field is removed 

or the orientation is lost through processes such as simple magnetic moment reversal, the 

level of magnetisation left (remanence magnetisation) is responsible for any SMM 

characteristics. This can only be achieved upon overcoming a thermal barrier known as the 

anisotropy barrier, Ueff. The magnitude of Ueff is therefore a metric by which to compare the 

success of different SMMs, with complexes which display a greater barrier usually exhibiting 

SMM properties at higher temperatures. A high degree of inherent orbital angular momentum 

(arising from unequal electronic configurations in the orbital splitting patterns in Figure 1.7) in 

a complex is a major contributor to its extent of zero-field splitting and hence influences its Ueff 

and SMM character. Any complexes with the potential for magnetic anisotropy should 

therefore be subject to magnetisation calculations. 

The Ueff value is measured via magnetic susceptibility measurements in a small alternating 

current (ac) magnetic field, performed in either dc field (zero-static) or an applied dc field.  

In-phase (χ’) and out-of-phase (χ”) components of magnetic susceptibility are produced as a 

function of both temperature and ac frequency (ν). Using the relationship shown in  

Equation 1a, the relaxation time (τ) of the complex can be extracted from the χ”(ν) data.  

Typical Linear ML2 

E 
dz2 

dxz / dyz 

dx2-y2 / dxy 
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Ueff values can then be determined from Equation 1b and the resulting ln τ vs. T-1 Arrhenius 

plot, thus describing a regime in which relaxation is thermally activated.127 

τ = 1/(2πν) 

ν = peak maximum 

τ = τ0exp(Ueff/kBT) 

Equation 1 Equations to determine relaxation time (a) and anisotropy barrier (b) for SMMs.  

 
Another method to determine SMM properties is to analyse the field dependence of 

magnetisation over a range of low temperatures (magnetic hysteresis). When subjected to a 

reverse magnetic field (H) and then subsequently returned to zero-field conditions, a 

‘magnetic’ molecule will retain its magnetisation and thus display nonzero values of 

magnetisation (M). This phenomenon is called hysteresis, with a maximum temperature 

existing (the blocking temperature, Tb) at which this can occur. The extent of M is temperature 

and sweep width dependent, allowing further inferences to be made from the data. 

Transition metal SMMs have been known for ca. 30 years and are extensively researched 

alongside lanthanide based SMMs.127-131 However, low coordinate transition metal complexes 

are relatively new and have shown remarkable properties for the development of devices 

which produce electronic readouts of magnetic properties, such as nuclear spin of individual 

molecules.127 In spite of this, the low Tb value associated with SMMs is the main limitation for 

them being utilised widely in industry. The major challenge is therefore to find SMMs with 

higher blocking temperatures for future development of device applications.  

 

1.3.2 Two Coordinate Nickel Complexes (NiL2) 

Two coordinate nickel complexes are reported in the literature, however, the reaction 

chemistry is relatively under developed compared to other first row analogues.126 In spite of 

this, the reactivity that has been described has displayed features that seem unique to nickel, 

especially regarding the ability to demonstrate two coordination in a range of different 

oxidation states: Ni(0), Ni(I) and Ni(II). The major constraint on developing NiL2 chemistry is the 

lack of suitable low coordinate synthons with high hydrocarbon solubility at room 

temperature. For example, the early derived bis(amido) complex Ni(N(SiMe3)2)2 was isolated 

from a salt metathesis reaction as a red oil. However, unlike its Fe, Mn and Co analogues, it 

a 

b 
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decomposes to a black gelatinous substance upon standing and when in contact with solvents 

at room temperature.126,132  

The first structurally characterised two coordinate Ni(II) complexes were also synthesised via 

salt metathesis, in the form of the red borylamido species Ni(N(Ar)(BMes2))2 (Ar = Ph, Mes) 

(Figure 1.8). Both complexes displayed bent structures, with the Ph analogue deviating most 

from linearity (N-Ni-N angle: 135.7(1)o (Ph) and 167.1(9)o (Mes)). As a result, the distance 

between the nickel and closest approaching ligand aryl groups, were, unsurprisingly, 

significantly shorter in the Ph variant (Ni…Caryl: 2.370(3) and 2.402(4) Å) than the Mes analogue 

(Ni…Caryl: 2.611(3) and 2.703(3) Å).126,133,134 Derivatives bearing less bulky primary amides 

(Ni(NH(Ar))2 (Ar = C6H3-2,6-(C6Hm
iPrn) (when n = 2, m = 3; n = 3, m = 2)) were recently reported 

(Figure 1.8).135,136 In both cases, linear coordination was observed (N-Ni-N angle: 180.0(2)  

(n = 2) and 180.0(4)o (n = 3)), highlighting the importance of sterics in influencing the extent of 

bending. 

 

Figure 1.8 Ni(II) NiL2 complexes Ni(N(Ar)(BMes2))2 (left) and Ni(NH(Ar))2 (right). 

 
Within the handful of NiL2 species known, the monovalent oxidation state features heavily, 

often with the nickel coordinated to a neutral phosphine or carbene donor ligand in 

combination with anionic amido or thiolato coligands. The first examples of these were 

reported in 2008 by Hillhouse and coworkers.137 The reaction of Sigman’s dimer xix with 2 eq 

NaN(SiMe3)2 gave the 13e-, two coordinate, monomeric amide complex, Ni(IPr)(N(SiMe3)2) 

(xlii), as yellow crystals in 72 % yield (Scheme 1.21).  
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Scheme 1.21 Syntheses and reactivities of two coordinate Ni(I)-NHC amide species xlii and xliii.  

 
Solution magnetic susceptibility measurements (Evans) gave a µeff value of 1.9 µB, indicative of 

a single unpaired electron. Crystallographic analysis revealed the CNHC-Ni-N bond angle to be 

close to linear (178.7(8)o), with no significant intra- or intermolecular nonbonded interactions 

found to the surrounding ligands. The Ni-N distance (1.865(2) Å) was similar to that reported in 

the three coordinate phosphine derivative Ni(PPh3)2(N(SiMe3)2) (1.881(2) Å).137 Changing the 

base to LiNH(Ar) (Ar = 2,6-diisopropylphenyl) gave the corresponding purple Ni(I)-primary 

amide derivative, Ni(IPr)(NH(Ar)) (xliii; Scheme 1.21) in 84 % yield. In contrast to Ni(NH(Ar))2 
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(Figure 1.8), xliii deviated from linearity with angles of 163.2(2) and 167.4(2)o found in the two 

independent molecules in the unit cell, although no evidence for any Ni-L stabilising 

interactions was found.  

Cyclic voltammetry of xliii in THF/TBAH revealed a quasi-reversible oxidation wave for the 

Ni(I)/Ni(II) couple at E = -0.84 V and a quasi-reversible reduction for Ni(I)/Ni(0) at E = -2.41 V 

(vs. Fc/[Fc]+). Chemical oxidation of xliii with [Cp2Fe]BAr4
F in Et2O generated the blue-green 

16e- diamagnetic Ni(II) product [Ni(IPr)(η3-NH(Ar))(THF)]BAr4
F (xliv) in 76 % yield  

(Scheme 1.21). Despite hopes that a two coordinate complex would be generated, the single 

crystal X-ray structure revealed ligation of the nickel to a molecule of THF as well as to the 

amide and carbene ligands. The coordination of the amide changed to an η3-heterobenzylic 

mode involving the N, ipso and ortho carbon atoms on the aryl group. The lability of the THF 

ligand was confirmed by crystallisation of xliv from CH2Cl2 which gave the solvent free 16e- Ni(I) 

dimer [(Ni(IPr)(κ1-NH=η3-C6
iPr2H3))2][BAr4

F]2 (Scheme 1.21). This reverted rapidly back to xliv in 

the presence of THF. Experimental attempts to obtain the reduction product of xliii, d10 

‘[Ni(IPr)(NH(Ar))]’, were unsuccessful, despite the isoelectronic Cu(I) complex Cu(IPr)(NH(Ar)) 

being known.138,139 

In spite of the structural similarities of xlii and xliii, xlii showed a remarkably different cyclic 

voltammogram, with only an irreversible oxidation wave at E = -0.21 V observed. 

Unexpectedly, one electron oxidation with [Cp2Fe]BAr4
F was possible to form the diamagnetic 

iminosilane complex, [Ni(IPr)(CH3)(κ1-N(SiMe3)=SiMe2.Et2O)]BAr4
F, which could be isolated in 

74 % yield (Scheme 1.21). This three coordinate species adopted a distorted T-shaped 

geometry (CNHC-Ni-N = 166.0(2)o), with the iminosilane ligand N-coordinated trans to the NHC 

ligand. Despite a clear difference in the reaction pathways and ultimate oxidative products of 

xlii and xliii, it is believed the iminosilane species arises via the expected d8 cationic 

intermediate ‘[Ni(IPr)(N(SiMe3)2)]+’ which undergoes β-Me elimination. 

Neutral, 14e-, bis(NHC) nickel complexes were previously introduced in section 1.1.3 with 

discussion of the zero-valent Ni(IPr)2 (xvi) and Ni(IMes)2 (xx) as potential precursors to Ni(I) 

complexes. Early synthetic routes to xvi, xx and Ni(ItBu)2 involved either laborious pathways 

comprising free NHC addition to Ni(tmeda)(CH3)2
140 or the more esoteric approach of metal 

vapour synthesis.141 More straightforward preparative routes were therefore developed.  

Fort et al.142 had previously postulated the formation of these complexes upon reaction of free 

NHC with the simple Ni(II) precursor Ni(acac)2 in the presence of a hydrogen source, however 

the Ni(0) species were never isolated. Building on this, and the fact that Nolan was successful 
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in preparing bis(NHC) palladium analogues,143 Matsubara et al.79 were able to synthesise and 

isolate Ni(NHC)2 (NHC = IPr, IMes) as well as the intermediate Ni(NHC)(acac)2 species. Thus, 

addition of equimolar quantities of imidazolium chloride salts and NaOtBu to THF solutions of 

Ni(acac)2 at room temperature gave Ni(NHC)(acac)2 as light green crystals (Scheme 1.22).79  
1H NMR measurements in C6D6 showed no evidence of Ni(acac)2 or free IPr/IMes, supporting 

the stability of Ni(NHC)(acac)2 in solution. Even at higher temperatures (373 K) or over 

extended reaction times (24 h), there was no evidence for Ni(NHC)(acac)Cl, in contrast to the 

analogous palladium chemistry.143 

 

Scheme 1.22 Synthesis of the two coordinate Ni(NHC)2 complexes.  

 
Reduction of the mixed NHC/acac species to Ni(NHC)2 could be achieved through addition of 

free IPr or IMes carbene and either NaH or Na (NaOtBu and nBuLi both proved ineffective, even 

in vast excess) leading to yields of up to 90 % for both xvi and xx.79 Interestingly, reduction by 

NaH in the absence of free carbene also generated the Ni(0)-bis(NHC) species (albeit in lower 

yields of ca. 43 %), indicating that within catalytic cycles incorporating nickel and NHCs, in situ 

generated Ni(0) complexes bearing two NHC ligands may exist as important entities. Free 

IPr/IMes was observed by 1H NMR spectroscopy, suggesting that NHC dissociation occurs from 

the Ni(II) or Ni(0) complexes and later associates to the reduced Ni(0)-NHC species, thus 

providing further support for two coordinate formation even in the absence of additional NHC. 

It was later found that direct synthesis of xvi and xx in yields of 53 % could be achieved upon 

addition of 2 eq imidazolium chloride to Ni(acac)2 in the presence of NaH. 
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 xvin79 xx 144 

Ni – C(1) 1.856(2) 1.827(6) 

Ni – C(2) 1.872(2) 1.830(6) 

C(1) – Ni – C(2) 177.78(10) 176.4(3) 

Table 1.1 Selected bond lengths (Å) and angles (o) for Ni(IPr)2 (xvi) and Ni(IMes)2 (xx). 

 
Both xvi and xx were isolated as deep purple solids which displayed highly linear geometries 

(Table 1.1). The Ni-CNHC bond lengths in xvi (1.856(2) and 1.872(2) Å) were slightly longer than 

those in the IMes analogue xx (1.827(6) and 1.830(6) Å), which was attributed to steric 

repulsions between the two IPr ligands. The short Ni-CNHC distances measured for xx are the 

smallest observed in comparison to other M-IMes species, for example Pt79 (1.959(8) and 

1.942(8) Å), Pd145 (1.990(3) and 1.997(3) Å), Ag146 (2.073 Å), Mg147 (2.279 Å), Zn147 (2.096 Å) and 

Al148 (2.034 Å). This is believed to result from a combination of dπ-pπ back donation and sp 

hybridisation at the linear two coordinate metal centre. The former factor is considered the 

most important as other linear complexes, such as the isostructural 14e- Ag(I)-bis(carbene), do 

not show the same short distances, thus eliminating a strong hybridisation effect. Complex xvi 

also displayed two short contacts (3.844 and 3.624 Å c.f. the six other Ni-CMe lengths at  

ca. 4.2 – 5.2 Å) between the unsaturated nickel and the methyl protons of two isopropyl 

groups located on the same IPr ligand. Analysis of the Ni…H-C angles (154.1 and 166.4o) 

indicated that these were largely electrostatic anagostic interactions. This is a rare example of 

agostic/anagostic stabilisation of low valent Ni(0) complexes, with C-H activation at the 

aromatic ring in a carbene ligand149 or intermolecular agostic interactions150 being more 

commonly observed.  

 

1.4 Thesis Synopsis 

This thesis describes the use of RE NHCs to stabilise Ni(I) species, particularly unsaturated two 

and three coordinate systems. Chapter 2 provides details on the synthesis and characterisation 

of an array of 15e-, three coordinate Ni(I) complexes of the form Ni(RE NHC)(PPh3)Br. A series 

of 6-, 7- and 8-membered RE NHCs were employed, all varying in steric bulk as a result of their 

differences in ring size and N-substituents. 

Chapter 3 illustrates the instability of this class of compound, focussing on their reactivity 

towards O2. The work highlights how subtle steric changes in the ligand environment can 
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dramatically affect the course of the reaction pathway with oxygen. The reactivity of  

Ni(RE NHC)(PPh3)Br is explored further in Chapter 4, focussing primarily on attempts to 

generate lower coordinate Ni(I) species. Treatment with additional RE NHC gave a two 

coordinate bis(RE NHC) Ni(I) complex, which proved to be the first example of a nickel 

containing mononuclear SMM. This chapter also outlines attempts to remove bromide to 

generate unsaturated mixed RE NHC/phosphine complexes.  

The potential application of Ni(RE NHC)(PPh3)Br and a variety of subsequently synthesised 

nickel complexes as catalysts in Kumada cross-coupling reactions is probed in Chapter 5, 

accompanied by a brief introduction into the use of Ni(I) species in catalytic processes.  

Future work regarding the chemistry in this thesis is described in Chapter 6, while 

experimental details for all the complexes synthesised are provided in Chapter 7. 
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2 Synthesis and Characterisation of Low 

Coordinate Nickel(I) RE NHC Complexes 
 

2.1 Nickel(I) RE NHC Complexes 

Compared to their 5-membered counterparts, RE NHCs have received very limited attention as 

ligands for organometallic complexes,1-3 with little emphasis on nickel-RE NHC species. As 

outlined in Chapter 1, the advantageous steric and electronic properties of RE NHCs make 

them ideal candidates as ligands for the promotion and stabilisation of Ni(I) metal centres. 

Initial work to synthesise Ni(I)-RE NHC complexes by the Whittlesey group4 were unsuccessful, 

but did highlight additional chemistry commonly observed with RE NHCs. Addition of the  

6-membered N-mesityl NHC, 6Mes, to a toluene solution of zero-valent Ni(COD)2 led to rapid 

formation of the deep red Ni(II) species (xlv) in a 40 % isolated yield, in which one of the bulky 

mesityl groups has undergone C-H activation at the o-Me position (Scheme 2.1). X-ray 

crystallography showed the presence of a cyclooctenyl group which is proposed to arise 

through hydrogen transfer from a transient Ni-H species formed in the C-H activation step. An 

analogous η3-cyclooctenyl nickel complex bearing a C-H activated 5-membered ItBu was 

previously reported by Cloke and Caddick.5 X-ray analysis of xlv gave Ni-CNHC and Ni-CH2 

distances of 1.8996(12) and 1.9796(14) Å, comparable to the metrics of the ItBu species 

(1.905(4) and 1.958(3) Å respectively).5 
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N N

 

Scheme 2.1 Reaction of 6Mes with Ni(COD)2 to generate the C-H activated Ni(II) complex xlv 
and subsequent indole formation.  

 
Limited stability was established for xlv, as heating at 346 K led to formation of the N-alkyl 

indole (62 % isolated yield) and cyclooctene. The presence of free cyclooctene corroborated 

the hydrogen transfer theory from the methylene activated arm, eliminating the indole 

derivative from the nickel metal centre. Furthermore, such degradation is facilitated by the 

presence of the cyclometallated/C-H activated arm in xlv, induced from bulky N-substituents 

and their increased proximity to the metal centre (resulting from wider N-CNHC-N angles) over 

their imidazolium based counterparts.  

 

2.2 Synthesis and Characterisation of Ni(6Mes)(PPh3)Br (1)  

Following the success of Ni(I) synthesis via comproportionation by Sigman6 (Chapter 1, 1.1.5), 

it seemed plausible that Ni(I)-RE NHC complexes could also be formed in this manner. 

Adopting this approach, while building on the nickel/RE NHC work already carried out in the 

Whittlesey group (Section 2.1), 6Mes (formed in situ from reaction of equimolar [6MesH]BF4 

and KN(SiMe3)2 in THF) was reacted at room temperature with Ni(COD)2 and Ni(PPh3)2Br2 in a 

ratio of 2:1:1 respectively, leading to a colour change from light brown to yellow. Precipitation 

with hexane allowed isolation of the Ni(I) species Ni(6Mes)(PPh3)Br (1) as a bright yellow 

powder in 76 % yield after recrystallisation from THF/hexane. This neutral, three coordinate, 

15e- monomer (Scheme 2.2) was structurally characterised by X-ray crystallography, as shown 
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in Figure 2.1.4 The compound was extremely sensitive to air, both in the solid-state and 

solution (THF, toluene, benzene), as apparent from the rapid colour change from yellow to 

purple, observed even upon exposure to trace levels of air (see Chapter 3 for an in-depth 

discussion of this reaction). 

Scheme 2.2 Synthesis of 1 via comproportionation between Ni(COD)2 and Ni(PPh3)2Br2 in the 
presence of 6Mes.  

 
The X-ray crystal structure of 1 (Figure 2.1) displayed a distorted trigonal planar geometry, 

with the sum of the angles equalling 360.00(6)o. However, the internal angles were far from 

regular, with the CNHC-Ni-Br angle being greater than the ‘ideal’ 120o (133.46(6)o), which can be 

accounted for, in part, by the steric requirements of the bromide ligand relative to the other 

two ligands (as noted in ii and iii (Chapter 1, 1.1.1)). Although this geometry is observed in 

other Ni(I) species (i.e. ii),7 it contrasts with other NHC bearing nickel complexes, such as the  

T-shaped bis(carbene) species xvii,8 xxi9 and xxii (Chapter 1, 1.1.3).9 It is likely that with the 

high steric demand of the 6Mes ligand, sterics play a major role in dictating the three 

coordinate geometry. However, Holland and coworkers10 have reported that for other d9 

systems, ligand electronic effects can have a significant influence. In three coordinate  

β-diketiminate (N^N) substituted Ni(I) and Cu(II) complexes, they found that Y-shaped 

geometries are generally favoured (especially for Cu(II)). The bidentate nature of N^N naturally 

has a significant drive for the preference of this geometry, however, a T-shaped environment is 

instead observed when a highly electronegative ancillary ligand, or one with a strong trans 

influence is also ligated (e.g. CO in Ni(N^NMe)(CO) (lii; see Chapter 4, Figure 4.21)).  
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Figure 2.1 X-ray structure of 1. Thermal ellipsoids are set at 30 % probability. All hydrogen 
atoms have been omitted for clarity.  

 
The 1H NMR spectrum of 1 (Figure 2.2) showed a series of extremely broad and 

paramagnetically shifted resonances in the range of 30 to -17 ppm, consistent with 

paramagnetic Ni(I). The spectrum could be integrated, although assignment of individual peaks 

was not possible (see section 2.3 for further discussion). Despite single crystal X-ray analysis 

identifying the presence of a PPh3 ligand, no phosphorus signal was observed in the 31P{1H} 

NMR spectrum, which along with the lack of any signal for free 6Mes in the 1H NMR spectrum, 

indicated that no PPh3 or 6Mes dissociation took place in solution. This excludes any  

monomer-dimer equilibrium as found for [Ni(IPr)(µ-Cl]2 (xix) and monomeric Ni(IPr)2Cl 

(xvii).8,11 The room temperature solution magnetic moment was measured as 2.1 µB in C6H6 via 

the Evans method, consistent with the presence of a single unpaired electron. 
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Figure 2.2 1H NMR spectrum of 1 (C6D6, 298 K, 500 MHz). 
 

2.3 Synthesis and Characterisation of a Series of Ni(RE NHC)(PPh3)X 
Complexes (X = Br, Cl)  

The paucity of fully characterised three coordinate Ni(I) species10,12-30 suggested that easy 

access to a range of analogues would provide an opportunity to gain an understanding of both 

fundamental properties (i.e. structure and bonding) as well as catalytic behaviour of low 

coordinate d9 organometallics, especially if based upon a set of easily adapted and tuneable 

ligands such as RE NHCs. Adopting the same synthetic approach used for 1, a series of 

isostructural Ni(RE NHC)(PPh3)X (X = Br, Cl) complexes were prepared, incorporating 6-, 7- and 

8-membered RE NHC ligands bearing a variety of N-aryl subsituents (Scheme 2.3).31 The 6- and 

7-membered Ni(I) bromide analogues (2 – 4, 6 and 7) were synthesised via the 

comproportionation reaction in the presence of 6oTol, 6oAnis, 6oAnisMes, 7Mes and 7oTol as 

the RE NHC ligands respectively (in all cases formed in situ from deprotonation of the 

corresponding pyrimidinium or diazepinium tetrafluoroborate salts with KN(SiMe3)2). Initial 

efforts (in collaboration with Cavell and coworkers at Cardiff University)31 to prepare the  
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8-membered Ni(I) versions (8Mes, 8oTol, O-8oTol (8 – 10)) used Ni(COD)2, Ni(PPh3)2Cl2 and the 

appropriate RE NHC, formed in situ from the corresponding bromide salts and KN(SiMe3)2.  

X-ray crystallography showed mixed bromide/chloride occupancy of the halide site in a ratio of 

70:30 respectively. Pure samples of both the bromide and chloride 8oTol derivatives 

Ni(8oTol)(PPh3)Br and Ni(8oTol)(PPh3)Cl were subsequently achieved by reacting [8oTolH]BF4 

with Ni(COD)2 and either Ni(PPh3)2Br2 or Ni(PPh3)2Cl2 as required. The closely related 

diamidocarbene analogue Ni(6MesDAC)(PPh3)Br (5) was synthesised via direct addition of free 

6MesDAC to a mixture of the Ni(0)/Ni(II) precursors in the same 2:1:1 ratio (see Abbreviations 

for structures of the free RE NHCs). 

 

Scheme 2.3 Three coordinate Ni(I)-RE NHC complexes 1 – 4 and 6 – 10, along with the diamido 
derivative 5.  

 
The Ni(RE NHC)(PPh3)X complexes (2 – 4 and 6 – 10) were isolated as yellow microcrystalline 

powders in yields of 36 – 64 %, and were all characterised by X-ray crystallography. They 

shared the same level of air-sensitivity as the 6Mes containing 1, rapidly turning purple upon 

exposure to air. By contrast, the 6MesDAC analogue (5) was orange in solution, but isolable as 
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dark purple crystals in 62 % yield from THF/hexane. Although it displayed similar levels of 

instability towards air, orange solutions of 5 instead turned virtually colourless.  

Compounds 2 – 7 displayed paramagnetic 1H NMR spectra, featuring broad and shifted 

resonances over the range 37 to -22 ppm. In all cases, the spectra of the compounds contained 

a relatively sharp singlet resonance between 9.5 and 11 ppm, as seen at 10.79 ppm for 1 in 

Figure 2.2. Unlike 1, integration of the spectra for 2 – 7 was not possible. Solution stability 

towards PPh3 or NHC dissociation, as found for 1, was again apparent as none of the further 

nine compounds exhibited any 31P{1H} NMR resonances. No signals whatsoever were observed 

in the 1H, 31P{1H} or 13C{1H} NMR spectra for the 8-membered ring analogues (8 – 10). Solution 

magnetic measurements for compounds 3 – 7 were again consistent with the presence of a 

single unpaired electron in each complex, with values ranging from 1.2 – 2.6 µB (Evans 

method).  

The further nine Ni(I)-RE NHC species proved isostructural to 1, as shown by the X-ray 

structures in Figure 2.3 and Figure 2.4. Table 2.1 shows selected bond lengths and angles for 

complexes 1 – 10. As described for 1, all the internal angles in 2 – 10 are 360o (values range 

between 360±1o), with the CNHC-Ni-Br angles substantially larger than the 120o expected for 

perfect trigonal planar environments (values between 127.66(5) – 139.22(7)o). Furthermore, 

the angle with which the two ipso carbons of the N-aryl substituents subtend the nickel atom 

generally increases with expansion of the NHC ring size (102.3, 102.9, 102.3, 101.9, 102.9, 

104.3, 104.6, 106.9 and 106.4o for compounds 1 – 4, 6 – 10 respectively). This implies there is a 

small reduction in the steric demand of the RE NHC, which will also contribute to the ligand 

accommodation around the metal centre, presumably arising from increasing 

flexibility/puckering associated with larger rings (largest distance between puckered atom and 

mean plane of carbene backbone: 1: 0.638 Å; 6: 1.316 Å; 8: 2.077 Å). The Ni-CNHC bond lengths 

are all typical for a Ni-NHC complex, comparing well to xlv and Ni(IMes)2Br (xxi)  

(xlv: 1.8994(12) Å; xxi: 1.913(4)/1.929(4) Å;9 1: 1.942(2) Å; 6: 1.9553(19) Å; 8: 1.979(5) Å), and, 

as expected, the N-CNHC-N bond angles widen with increasing ring size; this is readily 

demonstrated by closer analysis of the mesityl functionalised complexes  

(xxi: 102.9(3)/103.1(3),9 1: 116.48(19), 6: 118.49(17), 8: 121.8(4)o). Additionally, expansion of 

ring size is accompanied by a slight Ni-CNHC lengthening, which could be accounted for by 

increasing ring strain and hence instability of the RE NHC itself upon expansion from 6 to 7 and 

ultimately 8 atoms. This is echoed by the failure of all attempts by the Cavell group to form  

9-membered RE NHCs and any subsequent Ni(I) complexes. 
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Interestingly, the metrics of the 6MesDAC complex (5) are perhaps contrary to expectations. 

Diamidocarbenes are less electron-donating32-36 and so a lengthening of a Ni-CNHC bond 

distance relative to 1 might be expected. In fact, there is a significant reduction (1: 1.942(2) Å; 

5: 1.8702(18) Å), most likely due to the enhanced π-accepting abilities that result from the 

presence of the carbonyl moieties at the C4 and C6 positions on the carbene backbone.34,37,38 

However, there are also changes between the Ni-Br and Ni-P distances, making a direct 

comparison between the diamino and diamido analogues difficult.  
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Figure 2.3 X-ray structures of the three coordinate 6- and 7-membered Ni(I)-RE NHC 
complexes 2 – 7. Thermal ellipsoids are set at 30 %. All hydrogen atoms have been omitted for 

clarity.  
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Figure 2.4 X-ray structures of the three coordinate 8-membered Ni(I)-RE NHC complexes  
8 – 10. Thermal ellipsoids are set at 30 %. All hydrogen atoms have been omitted for clarity. In 

all cases, there is partial occupancy by Br and Cl at the halide site. 
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 1 2 3 4 5 6 7 8 9 10 

Ni – CNHC 1.942(2) 1.926(4) 1.9346(19) 1.942(2) 1.8702(18) 1.9553(19) 1.925(3) 1.979(5) 1.949(4) 1.932(7) 

Ni – P 2.2188(6) 2.1806(1) 2.1848(5) 2.1862(7) 2.2614(5) 2.2165(5) 2.1890(8) 2.2211(15) 2.1941(12) 2.193(2) 

Ni – Br 2.3331(3) 

 

2.3969(6) 2.3350(3) 

 

2.3487(4) 

 

2.3029(3) 2.3525(3) 2.3498(5) 2.3485(13) 2.328(3) 2.327(3) 

N – CNHC – N 116.48(19) 116.9(4) 117.06(17) 118.9(2) 115.68(15) 118.49(17) 118.5(2) 121.8(4) 121.0(4) 120.5(6) 

CNHC – Ni – P 117.01(6) 106.70(12) 106.39(5) 110.61(7) 118.99(5) 122.04(6) 110.07(8) 121.57(14) 111.83(13) 109.7(2) 

CNHC – Ni – Br 133.46(6) 138.82(12) 133.45(5) 139.22(7) 127.66(5) 134.00(5) 138.13(8) 135.0(2) 130.51(17) 133.8(2) 

P – Ni – Br 109.531(19) 114.48(3) 120.123(17) 110.16(2) 113.352(16) 103.915(17) 111.66(2) 103.39(15) 117.64(11) 116.54(18) 

 

Table 2.1 Selected bond lengths (Å) and angles (o) for 1 – 10. 
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2.3.1 Attempted Synthesis of N-Alkyl Substituted Ni(RE NHC)(PPh3)Br  

Prompted by the success in generating N-aryl derived Ni(I)-RE NHC complexes efforts were 

made to employ sterically encumbering N-alkyl substituted RE NHCs. Following the same 

comproportionation pathway for the synthesis of 1 – 10, a THF solution of 6tBu was formed  

in situ, reacted with Ni(COD)2 and Ni(PPh3)2Br2 in a ratio of 2:1:1 and stirred at room 

temperature for 2 h (Scheme 2.4).  

 

Scheme 2.4 Attempted comproportionation reaction of 6tBu with Ni(COD)2 and Ni(PPh3)2Br2. 

 
The resulting orange solution was filtered and hexane added to yield a yellow precipitate. This 

showed no signals in the 31P{1H} NMR spectrum, while 1H NMR analysis indicated the presence 

of paramagnetically shifted resonances in the range of 21.36 – -2.83 ppm. Recrystallisation 

from THF/hexane produced a mixture of orange block and yellow needle like crystals. X-ray 

crystallography showed the former to be NiII(6tBu)’Br (11; Scheme 2.4, Figure 2.5) in which the 

RE NHC displays one C-H activated and one agostically stabilised arm (through two separate 

agostic interactions). The structure appears best considered as a distorted trigonal bipyramidal 

Ni(II) species (CNHC-Ni-Br: 178.58(5)o; CNHC-Ni-C(10): 83.48(7)o; C(10)-Ni-H(6A): 159.67(9)o;  

C(10)-Ni-H(6B): 148.17o), in which the role of the agostic interactions is to stabilise what would 

otherwise be a highly electron deficient (14e-) complex. This is commonly observed with 14e- 

d8 palladium39,40 and platinum41-43 systems. Selected metrics for 11 are displayed in Table 2.2. 

The second isolated product was the Ni(I) nickelate [6tBuH][Ni(PPh3)Br2] (see Appendix 2 for  

X-ray structure). Repeated attempts at this reaction afforded the same solution colour change 
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and similar 1H NMR spectra. However, in spite of exhaustive efforts, further crystals or 

precipitation of 11 proved irreproducible, making additional characterisation or reactivity 

studies impossible to carry out (see Appendix 7 for experimental). 

 

Figure 2.5 X-ray structure of 11. Ellipsoids are shown at 30 % probability. 

 

 11 

Ni – CNHC 1.8554(16) 

Ni – C(10) 1.9148(18) 

Ni – H(6A) 2.025(7) 

Ni – H(6B) 1.975(8) 

Ni – Br 2.3260(3) 

N – CNHC – N 119.74(15) 

CNHC – Ni – Br 178.58(5) 

CNHC – Ni – C(10) 83.48(7) 

C(10) – Ni – H(6A) 159.67(9) 

C(10) – Ni – H(6B) 148.17o 

Table 2.2 Selected bond lengths (Å) and angles (o) for 11. 

 
Further experiments with other N-alkyl RE NHCs did prove more reliable, although less 

interesting. The smaller 6iPr (formed in situ from reaction of [6iPrH]BF4 with KN(SiMe3)2) was 

reacted with a 1:1 THF solution of Ni(COD)2 and Ni(PPh3)2Br2 for 2 h at 298 K. The resultant 

dark orange/red solution was filtered and hexane added to precipitate out a dark orange solid. 
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Analysis via 1H NMR spectroscopy suggested the formation of a diamagnetic product that 

displayed resonances solely due to 6iPr ligands. Of most note, was a remarkably high 

frequency iPr methine signal at 7.98 ppm (c.f. the C-H activated complex 

Ru(6iPr)’(PPh3)2(CO)(H) which displays methine signals at 6.08 (unactivated) and 5.14 ppm 

(activated)).44 Recrystallisation from THF/hexane gave dark red crystals (13 % isolated yield) 

corresponding to the square planar Ni(II) complex Ni(6iPr)2Br2 (12; Figure 2.6). There was no 

indication of secondary products in the 1H NMR spectrum of the reaction, suggesting that 12 is 

the major product of the reaction and that its low isolated yield results from high solubility. 

Formation of the same product was also achieved by reacting 6iPr with either Ni(dme)Br2 or 

Ni(PPh3)2Br2. 

 

Figure 2.6 X-ray crystal structure of 12. Thermal ellipsoids are set at 30 % probability. All 
hydrogen atoms have been omitted for clarity. 

 
Table 2.3 shows selected bond lengths and angles for 12 and the related four coordinate  

Ni(II)-bis(carbene) species Ni(6Mes)2Br2
45 and Ni(IMe4)2I2.46 The N-CNHC-N angles in 12 

(117.87(16) and 118.14(16)o) are about two degrees wider than in Ni(6Mes)2Br2 (115.87(14)o). 

One result of this is the N-iPr substituents then reside in closer proximity to the nickel metal 

centre (12: Ni-C(5/8/15/18): 3.101(4)/3.085(4)/3.095(5)/3.081(5) Å; Ni(6Mes)2Br2: Ni-Cipso: 

3.281(6)/3.350(5) Å). The Ni-CNHC distances in 12 (1.9563(18) and 1.9534(18) Å) are comparable 

to the value in the 6Mes complex (1.9743(16) Å), although much longer than that in the IMe4 

derivative (1.897(3) Å). This seems counterintuitive given that 6-membered NHCs are 

considered to be the stronger σ-donors, which should shorten M-CNHC. However, the proximity 
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of the N-substituents to the metal appears to push the NHC away. The failure to generate the 

three coordinate complex Ni(6iPr)(PPh3)Br suggests that the N-iPr substituents are not bulky 

enough to stabilise a low coordinate Ni(I) species. Bromide coordination is possible into a 

vacant coordination site, thus generating the observed square planar Ni(II) complex.  

 12 Ni(6Mes)2Br2*,45 Ni(IMe4)2I2*,46 

Ni – C(1) 1.9563(18) 1.9743(16) 1.897(3) 

Ni – C(11) 1.9534(18) - - 

Ni – X(1) 2.3381(3) 2.32623(17) 2.5180(3) 

Ni – X(2) 2.3372(3) - - 

N(1) – C(1) – N(2) 117.87(16) 115.87(14) 104.9(2) 

N(3) – C(11) – N(4) 118.14(16) - - 

C(1) – Ni – X(1) 91.86(5) 85.61(5) 90.79(8) 

C(1) – Ni – X(2) 88.63(5) 94.39(5) - 

Table 2.3 Comparison of selected bond lengths (Å) and angles (o) in 12, Ni(6Mes)2Br2 and 
Ni(IMe4)2I2. X = halide (Br for 12). * asymmetric unit = ½ of molecule with nickel atoms located 

on a crystallographic inversion centre.  

 
The structures obtained from the attempts at forming N-alkyl RE NHC Ni(I) species indicate 

intrinsic differences between the use of N-aryl and N-alkyl substituents. N-aryl substituted 

NHCs seem to possess enough bulk, even with just one o-methyl group present (as in the cases 

of 2 and 7) to stabilise three coordinate Ni(I). Conversely, N-alkyl substituted NHCs have shown 

no tendency thus far to form three coordinate species, but seem to give monomeric Ni(II) 

complexes and/or C-H activated ligands or nickelates. Even the bulkiest available ligand, 6tBu, 

appears not sterically encumbered enough to allow formation of the desired three coordinate 

Ni(I)-RE NHC products. 

 

2.4 EPR and DFT Characterisation of Ni(RE NHC)(PPh3)Br 

Evans solution magnetic measurements had already confirmed the presence of a single 

unpaired electron in 1 – 10, but EPR spectroscopy, in combination with DFT calculations, 

granted a more detailed understanding of the relationship between RE NHC ring size and the 

electronic properties of the d9 Ni(I) centres.31 X-band CW EPR (140 K) (Figure 2.7), X-band FSED 

EPR (10 K), Q-band CW EPR (10K) and Q-band CW 1H ENDOR spectra were recorded by  
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Dr. Emma Carter and Professor Damien Murphy at Cardiff University for 1, 5, 7 – 10 (10: only 

X-band FSED and Q-band CW EPR). To gain an insight into the effect of the halide, the mixed 

bromide/chloride complexes were measured for all the 8-membered RE NHC complexes, along 

with pure samples of the bromide and chloride 8oTol derivative (9). Q-band EPR and ENDOR 

spectra are given in Appendix 3. 

 

Figure 2.7 X-band CW EPR (140 K) spectra of Ni(RE NHC)(PPh3)X (a – f) and the corresponding 
simulations (a’ – f’). a: RE NHC = 6Mes, X = Br (1); b: RE NHC = 7oTol, X = Br (7); c: RE NHC = 

8Mes, X = mixed Br/Cl (8); d: RE NHC = 8oTol, X = Br (9); e: RE NHC = 8oTol, X = Cl (9);  
f: RE NHC = 8oTol, X = mixed Br/Cl (9). 

 
As seen in the X-band CW measurements (Figure 2.7), all spectra display a rhombic g profile, 

with substantially broadened linewidths arising from the large superhyperfine coupling to the 
31P nucleus and, if present, the 79,81Br nuclei (the A value was extracted more accurately from 

the 1H ENDOR data). Rhombic spectra are not uncommon for Ni(I) metal centres, with four, 

five and six coordinate Ni(I) species being known to produce signals of this nature.22,47-49 The g 

components for d9 metal centres have been shown to be very sensitive to the coordination 

environment, easily allowing the theoretical parameters for any higher coordinated Ni(I) 
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species to be accounted for.49-51 Conversely, due to their unstable nature and consequent lack 

of abundance, three coordinate Ni(I) metal centres are less well studied, making a strict 

theoretical description of them that incorporates vibronic interactions less straightforward.22 

Despite limited examples, the general trend of rhombic g tensor values observed in other 

three coordinate Ni(I) complexes, such as [Ni(PPh3)3]BF4, Ni(PPh3)2X (X = Br, Cl (ii)) and 

Ni(L)(N^N) (L = PCy3, dppm; N^N = bulky β-diketiminate), is g3 – g2 > g2 – g1.18,22,47,48 The 

opposite, less common trend, g3 –  g2 < g2 – g1, is found in some examples such as 

Ni(N^N)Me(CO) (lii),19,47 and is what is observed for 1 – 10. Saraev et al.47 reported that the 

ligand influences on the g tensor overide the effects of the vibronic interaction in lii, thus 

leading to a reversal in the general trend. A similar explanation is therefore assumed for our  

RE NHC complexes, with the three ligands, specifically the RE NHC, outweighing any vibronic 

interactions. The g tensor components extracted from simulation of these Ni(RE NHC)(PPh3)X 

complexes (1, 5, and 7 – 10), along with other reported three coordinate Ni(I) examples, are 

shown in Table 2.4  

The trend and differences measured between the g values from EPR spectroscopy provide 

insight into the nature and location of the unpaired electron. In all the Ni(I)-RE NHC cases, g2 

and g3 are considerably larger than g1 (which itself is close to free spin (ge)), indicating that the 

unpaired electron must be localised in a SOMO with predominantly 3dz2 character. The g2 and 

g3 values appear to be very sensitive to N-CNHC-N bond angle variation and the increased NHC 

ring size (i.e. for the oTol series: g2 = 2.275, g3 = 2.200 for the 7-membered complex 7 versus  

g2 = 2.312, g3 = 2.216 for the 8-membered species 9 (X = Br)). Previously, Pietrzyk et al.49 used 

DFT to examine the g tensors for a variety of three coordinate Ni(I) centres of the form 

[Ni(CO)a(L)b(L’)c]d+ (a = 1 – 4, L = H2O (b = 0 – 2), L’ = OH (c = 0 – 2), d = 0, 1), one of which was 

[Ni(CO)(H2O)2]+, a T-shaped nickel cation with C1 symmetry. Their calculations revealed an 

admixed SOMO of predominantly 3dz2 character mixed with some 3dx2-y2 and g tensor values of 

2.357, 2.249 and 2.017 respectively, very similar to those observed for the RE NHC complexes 

1, 5 and 7 – 10 reported in Table 2.4. Comparative spectra and spin Hamiltonian parameters to 

those of 1 were obtained for the diamido complex (5), suggesting that the differences in 

electronics between the NHC subclasses is not enough to change the orbital location of the 

unpaired electron or whether it is located solely on the nickel or not within this series of  

Ni(I)-RE NHC complexes.  
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Complex g1 g2 g3(z) g3 – g2 g2 – g1 PA1  

/ MHz 

PA2  

/ MHz 

PA3  

/ MHz 
Ref 

1 (X = Br) 2.073 2.270 2.365 0.095 0.197 208 
90 

206 
20 

186 
a22 

t.w. 

5 (X = Br) 2.035 2.220 2.373 0.153 0.185 249 
50 

202 
47 

68 
a97 

t.w. 

7 (X = Br) 2.072 2.200 2.275 0.075 0.128 228 
100 

169 
20 

206 
a22 

t.w. 

8 (X = Br/Cl) 2.034 2.322 2.405 0.083 0.288 188 146 146 t.w. 

9 (X = Br) 2.066 2.216 2.312 0.096 0.150 208 
90 

206 
20 

186 
a22 

t.w. 

9 (X = Cl) 2.037 2.216 2.307 0.091 0.179 208 106 186 t.w. 

10 (X = Br/Cl) 2.072 2.216 2.322 0.106 0.144 228 
100 

206 
20 

186 
a22 

t.w. 

          

[Ni(PPh3)3]BF4 2.07 2.12 2.38 0.26 0.05 226 
179 

179 
171 

b171 
b168 

22,47 

Ni(PPh3)2Br 2.112 2.209 2.435 0.226 0.097 216 
105 
21 

159 
105 
93 

159 
102 
c42 

48 

Ni(PPh3)2Cl (ii) 2.111 2.167 2.446 0.279 0.056 201 
123 

165 
117 

b165 
b105 

48 

Ni(N^N)Me(dppm) 2.03 2.16 2.43 0.27 0.13    18 

Ni(N^N)Me(CO) (lii) 2.01 2.17 2.19 0.02 0.16    19 

[Ni(CO)(H2O)2]+ 2.017 2.249 2.357 0.108 0.232    49 

a Br couplings; b the two or three P nuclei are inequivalent in these literature complexes, hence the two PA values;    
c resolved Br coupling; t.w. = this work, all recorded in THF for direct comparison (g values ±0.005). N.B.: The 

italicised values of A3/A2 for the NHC complexes represent an estimated upper limit, as these couplings were not 
resolved in the broad experimental spectra. 

Table 2.4 Spin Hamiltonian parameters for Ni(RE NHC)(PPh3)Br complexes (1, 5, 7 – 10) and 
other reported three coordinate Ni(I) complexes. 

 
DFT calculations (performed by Dr. Andrés Algarra and Professor Stuart Macgregor at  

Heriot-Watt University) on complexes 1, 7 and 8 (purely bromide containing) were used to 

explore the makeup of the SOMO in greater detail. The analysis revealed a SOMO admixture of 

3dz2 and 3dx2-y2 for all the complexes studied, with predominant 3dz2 character for 1 and 8. This 

agrees with the observed EPR data for all the Ni(I)-RE NHC complexes where g3,2 > g1  ge. In 

contrast, the calculated SOMO for 7 (Figure 2.8) appears to contain a greater 3dx2-y2 

component, which would be expected to produce a reversed g tensor profile, but was not 

observed. However, as reported by Pietrzyk et al.,49 the mixed SOMO in [Ni(CO)a(L)b(L’)c]d+ is 

heavily dependent on the geometry, changing from a 3dz2 ground state in a T-shape geometry 

to the 3dx2-y2 state for a trigonal planar environment. From Table 2.1, 7 does indeed have a 
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marginally larger CNHC-Ni-Br angle, suggesting a greater T-shaped nature over the rest. This 

highlights how subtle alterations to the geometry of a complex can affect the admixed SOMO 

ground state in three coordinate Ni(I) complexes, and most likely explains the differences 

between complexes 1, 7 and 8. These calculations (pictorially shown in Figure 2.8) ultimately 

show that the single unpaired electron in these Ni(I)-RE NHC species is localised on the nickel 

metal centre and not delocalised around the ligand system as described earlier in the case of 

Ni(tpy)(CH3) (lvi; Chapter 1, 1.1.3, Chapter 5, 5.1.2.1). 

 

Figure 2.8 Computed SOMOs for 1 (left) and 7 (right). Isosurfaces are drawn at 0.07 probability 
and both the PPh3 phenyl and NHC N-aryl substituents are truncated at the ipso carbon atoms 

for clarity.  

 
It is expected that any M(L)n (L = phosphine) species with an unpaired electron will exhibit 

significant hyperfine coupling in an EPR spectrum. This is certainly true from the spin 

Hamiltonian parameters presented in Table 2.4, where all the three coordinate Ni(I) 

complexes bearing a coordinated phosphorus demonstrate large PA values with a predominant 

isotropic contribution, thus reflecting the expected high degree of Ni-P covalency. Although 

the A2,3 components of the phosphine superhyperfine tensor were unresolved for  

Ni(RE NHC)(PPh3)X due to the considerably broad line widths in the frozen solution spectra, the 

resolved A1 component is of similar magnitude to other phosphorus containing three 

coordinate Ni(I) complexes.22,48,52  

The inadvertent inclusion of mixed bromide/chloride, alongside the pure bromide and chloride 

measurements, has allowed analysis of the variation of the electronic state of  

Ni(RE NHC)(PPh3)X as a function of halide X. The EPR spectra of the pure bromide containing 

complexes are shown in Figure 2.7a,b and d (for compounds 1, 7 and 9 respectively), whereas 

Figure 2.7e shows the spectrum of the pure chloride containing Ni(8oTol)(PPh3)Cl (9). In the 

former, additional features are visible along the g1 component in the CW EPR spectra, which 

must arise from 79,81Br couplings since the features are absent when X = Cl. Simulations carried 

Br Br 
Ni 

Ni 
C 

1 7 
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out on these spectra indicate that all the g values are very dependent on the nature of the 

halide, as shown experimentally in Table 2.4 where there are significant differences in the g 

values for the Ni-8oTol derivative (9) when X = Br or Cl. This highlights the importance of the 

halide and again the ligand environment as a whole in influencing the g tensor values. 

Coupling to 79,81Br in these types of complexes is not uncommon; Nilges et al.48 has observed 

well resolved Br superhyperfine and quadrupole coupling in Ni(PPh3)2Br. They reported that 

the largest principal component of the quadrupole tensor was directed along the Ni-Br bond. 

However, as this was found to be of similar magnitude to the Br superhyperfine splitting, a 

complex EPR pattern resulted. The magnitude of the Br hyperfine couplings observed for the 

RE NHC complexes are similar to those reported by Nilges et al., although, unsurprisingly, the 

quadrupole couplings could not be resolved in the frozen solution spectra. Furthermore, no Cl 

coupling was observed for the Ni-RE NHC complexes, analogous to the observations of  

Nilges et al. The EPR spectra of the mixed halide samples Ni(RE NHC)(PPh3)Br/Cl shown in 

Figure 2.7c and f should therefore be regarded as composite spectra comprising of overlapping 

contributions from Ni(RE NHC)(PPh3)Br and Ni(RE NHC)(PPh3)Cl. Despite this, the mixed halide 

complex 8 (RE NHC = 8Mes, X = Br/Cl) appears to contain mostly chloride, whereas the mixed 

halide complex 9 (RE NHC = 8oTol, X = Br/Cl) appears to contain mostly bromide by comparison 

to the EPR spectra of the pure Br and Cl samples, Figure 2.7d and e respectively. Further DFT 

calculations taking into consideration the halide would be necessary to accurately quantify the 

SOMO and thus predict the g values of these complexes.  

 

2.5 SQUID Magnetic Studies on Ni(RE NHC)(PPh3)Br 

The presence of an unpaired electron in these d9 complexes gives rise to the possibility of 

interesting magnetic behaviour. The location of this electron, along with the ground state 

orbital angular momentum, can lead to the complex displaying SMM behaviour. In essence, 

SMMs are molecules which possess the ability to maintain magnetisation for relatively long 

periods of time in the absence of an applied magnetic field, invariably at low temperatures, 

and are described and discussed in further detail in Chapter 1, 1.3.1 and Chapter 4, 4.1.2.53 In 

complexes 1 – 10, the free electron resides in a 3dz2 and 3dx2-y2 admixtured HOMO with 

predominantly 3dz2 character, allowing possible interconversion and rotation between the 

two. This gives rise to orbital angular momentum, which if it is unquenched by the ligand field, 

will lead to magnetic anistropy and possibly SMM characteristics. Analysis of these species via 
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a SQUID (superconducting quantum interferece device) allows for determination of magnetic 

properties from subtle magnetic field changes.  

SQUID measurements were carried out in collaboration with Jennifer Le Roy and Professor 

Muralee Murugesu at the University of Ottawa on 1, 3, 4 and 6 with the intention of probing 

any effect of i) increasing carbene ring size (6Mes (1) and 7Mes (6)), ii) changing N-substituents 

(6Mes and 6oAnis (3)) and iii) going from symmetric to asymmetric RE NHCs (6oAnis and 

6oAnisMes (4)). The χT (magnetic susceptibility) values for all four complexes are shown in 

Table 2.5.  

 1 3 4 6 

χT 0.76 0.90 0.67 1.03 

M 1.16 1.08 1.03 1.06 

Table 2.5 Magnetic susceptibility (χT) values (cm3 K mol-1) at room temperature and 
magnetisation saturation levels (M) at low temperatures (1.8 – 7 K) (μB) for 1, 3, 4 and 6. 

 
The room temperature χT values for all four species are slightly higher than the expected 

theoretical spin only value of 0.375 cm3 K mol-1 for d9 Ni(I) complexes (S = 1/2, g = 2,  

χT = g2S(S+1)/8). The higher values can originate from significant inherent magnetic anisotropy 

expected in trigonal Ni(I) monomers.54 The dependence of χT with temperature was 

investigated and, as shown in Figure 2.9, each complex shows a decrease in χT as the 

temperature is lowered. The decline in χT is constant from 300 K to 10 K, with a much sharper 

drop below 10 K to reach minimum values of 0.35, 0.34, 0.48 and 0.48 cm3 K mol-1  

(1, 3, 4 and 6 respectively). This low temperature negative deviation of the χT product is most 

likely due to a combination of factors including antiferromagnetic intermolecular interactions, 

inherent magnetic anisotropy and/or the depopulation of excited states.  
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Figure 2.9 Temperature dependence of the χT value at 0.1 T for 1, 3, 4 and 6. 

 
To confirm the presence of magnetic anisotropy, field dependent magnetisation 

measurements were carried out between 1.8 and 7 K at fields ranging from 0 to 7 T.  

Figure 2.10 shows the measurements for 1 and 3. In each Ni(I) complex, the M vs. H data  

(H = external reversed magnetic field) below 7 K demonstrates a rapid increase in the 

magnetisation at low magnetic fields (< 2 T). Above 2 T, a more gradual increase is observed at 

1.8 K, with the complexes reaching near saturation (M) at 1.8 K under 7 T (Table 2.5). All four 

complexes also display similar M vs. H T-1 data, where at high fields there is no saturation nor 

overlay onto a single master curve (see M vs. H T-1 data for 1 in Figure 2.10). This indicates the 

presence of magnetic anisotropy and/or low-lying excited states. As observed in Figure 2.10, 

the 6oAnis complex 3 displays near overlay of M vs. H T-1 data, indicative of less anisotropy in 

this system compared to the other complexes. 
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Figure 2.10 Field dependence of the magnetisation M vs. H (left) and reduced magnetisation M 
vs. H T-1 (right) for 1 (above) and 3 (below). 1 T = 10000 Oe. 

 
To probe any SMM behaviour, the temperature dependence of the out-of-phase (χ’’) magnetic 

susceptibility was investigated. Under both a zero applied dc field and a 0.1 T dc field, no 

temperature dependent signal was observed, precluding SMM behaviour in each of the three 

coordinate Ni(I) complexes. Therefore, despite the complexes displaying evidence for magnetic 

anisotropy, in these cases this does not lead to any SMM behaviour. This is not uncommon, 

with several nickel complexes in recent years being reported to have very large anisotropy 

values,53,55-59 however none of these mononuclear complexes exhibited SMM characteristics. 

With these Ni(I) species providing additional examples, it further highlights the importance of 

measuring for remanence magnetisation. 
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2.6 Chapter Summary 

Employing a comproportionation reaction, a series of 6-, 7- and 8-membered RE NHCs have 

been used to prepare a range of novel, trigonal planar nickel complexes of the form  

Ni(RE NHC)(PPh3)Br. These compounds have been fully characterised through magnetic 

meaurements, 1H NMR, EPR and ENDOR spectroscopy, as well as by X-ray diffraction. X- and  

Q-band EPR spectroscopy specifically revealed that the spin Hamiltonian parameters, 

especially g values, of these d9 systems vary considerably as a function of i) RE NHC ring size  

(6-, 7- or 8-membered), ii) N-substituents (mesityl or tolyl) and iii) halide (Br or Cl), and, along 

with DFT calculations, verified that the single unpaired electron is localised on the nickel metal 

centre in a mixed SOMO of predominantly 3dz2 character. However, this admixture (of 3dz2 and 

3dx2-y2) varies between complexes (e.g. Ni-6Mes (1) and Ni-7oTol (7)), revealing the sensitivity 

of the SOMO to the ligand environment emcompassing the Ni(I) metal ion. Large 13P and 79,81Br 

couplings were also detected in the EPR spectra, with magnitudes comparable to other 

NiI(PPh3)nBr complexes. SQUID analysis showed that despite measurable magnetic 

susceptibility, these systems were not SMMs.  
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3 Instability of Ni(RE NHC)(PPh3)Br 
 

As briefly described in Chapter 1, Ni(I) complexes show reactivity towards a whole range of 

small molecules, leading to bond activation and in some cases, further functionalisation. The 

resultant nickel complexes are often bridged dimeric species consisting of Ni2(µ-L)2 cores. The 

preparation and characterisation of 1 – 10 bearing the easily modified RE NHC ligand set 

affords a complete series of three coordinate Ni(I) complexes, in which the stereoelectronic 

properties of the metal centre can be altered in a controlled manner. This provides an 

opportunity for extensive research into Ni(I) reactivity, allowing for the possibility of 

correlating Ni(I) structure with small molecule activation/reactivity.  

 

3.1 Reactivity of Ni(RE NHC)(PPh3)Br with O2 (RE NHC N-Substituent = 
Mesityl) 

During efforts to prepare the N-Mes substituted complexes 1 and 6, their air-sensitivity in both 

solid-state and solution was apparent by a rapid change in colour from yellow to purple upon 

even inadvertent exposure of trace levels of air/oxygen. In an effort to address this reactivity, 

THF solutions of 1 and 6 were opened to 1 atm O2 at 298 K to bring about the anticipated 

colour change. Upon removal of the solvent and recrystallisation of the resultant purple 

residues from CH2Cl2/hexane or THF/hexane, dark purple crystals were obtained. Single crystal 

X-ray analysis indicated that activation of O2 had occurred to generate the Ni(II) dimers 

Ni(6Mes)Br(µ-OH)(µ-O-6Mes)’NiBr (13) and Ni(7Mes)Br(µ-OH)(µ-O-7Mes)’NiBr (14), which 

were isolated in low yields of 10 % and 14 % respectively (Scheme 3.1).1 Yields of > 50 % were 

achieved for both 13 and 14 upon drying the crude reaction mixture in vacuo, redissolving in 

C6H5F and then vigorously stirring overnight with hexane to afford the products as purple 

precipitates.  
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Scheme 3.1 Activation of O2 by 1 and 6 to form singly C-H activated (13 and 14) and doubly C-H 
activated (15 and 16) Ni(II) dimers.  

 
The 1H NMR spectra of both the crude reaction mixtures and isolated samples of 13 and 14 

contained numerous overlapping broad signals which could not be assigned to specific groups, 

as shown in the case of 13 in Figure 3.1. The signals of most interest were singlets which 

resonated at -6.19 ppm in CD2Cl2 (Figure 3.1) and -8.36 ppm in C6D6 for 13 and at -8.84 ppm in 

CD2Cl2 for 14. On the basis of subsequent X-ray analysis, these were attributed to the hydroxyl 

protons. As expected, they disappeared upon addition of D2O.* Such a low frequency for the 

hydroxyl proton in the 1H NMR spectra is not uncommon with [Ni(IPr)Cl(µ-OH)]2 (xlvii) 

exhibiting an upfield singlet resonance at -7.80 ppm.2,† The remainder of the 1H NMR spectrum 

of 13 yielded very little interpretable information. The spectrum of 14 was much broader and 

therefore even less diagnostic. These spectra are discussed further in section 3.1.1. Neither 

complex proved to be soluble enough in acetone, MeCN, C6H6, toluene, CH2Cl2 or even C6H5F to 

provide samples strong enough to record diagnostic 13C NMR spectra. In particular, it was not 

                                                             
* Likewise, µ-OH stretches for 13 and 14 in their IR spectra vanished after exchange with D2O  
(13: vNiO-H = 3412 cm-1; 14: vNiO-H = 3436 cm-1). 
† xlvii displays a sharp IR stretch at 3645 cm-1.2 
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possible to observe the Ni-13CNHC resonances in either case. Only free PPh3 was observed by 
31P{1H} NMR spectroscopy of crude reaction mixtures.  

 

Figure 3.1 1H NMR spectrum of 13 (CD2Cl2, 500 MHz, 298 K).  

 
The X-ray structures of 13 and 14 are shown in Figure 3.2. For both complexes, each nickel 

centre is in a square planar environment coordinated to one bromide and one carbene ligand, 

while bridged by two –OR groups. One bridge consists of a hydroxyl group, while the other is 

formed from oxidation of a C-H bond in one of the o-methyl groups of a 6/7Mes ligand. The 

most likely source of hydrogen in the hydroxyl ligands is that released upon activation of the 

6Mes methyl arm.3  

-OH  
resonance 
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Figure 3.2 X-ray structures of 13 (above) and 14 (below). Thermal ellipsoids are set at 30 % 
probability. All hydrogen atoms have been omitted for clarity, apart from H(2) and H(33A) in 

13 and H(2) for 14.  

 
Metrics for 13 and 14 are given in Table 3.1. All bond lengths and angles in 13 and 14 are 

similar with no noteworthy exceptions. The strain imposed by the bridging -OCH2-aryl group 

contributes to the acute O-Ni-O bond angles observed (13: 80.18(10), 80.55(10)°;  

14: 80.13(13), 79.40(13)°). The central Ni2(μ-OH)(μ-OCH2) cores are asymmetric, with all four of 

the Ni-O bond lengths in each complex being marginally different to one another. The longest 

distances are found between the non-activated NHC bound nickel and the µ-O-CH2-aryl oxygen 
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(13: Ni(1)-O(1) 1.926(2) Å; 14: Ni(2)-O(1) 1.936(3) Å), while the shortest are from the same 

nickel centres to the µ-OH bridge (13: Ni(1)-O(2) 1.869(3) Å; 14: Ni(2)-O(2) 1.878(4) Å). 

 13 14 

Ni(1) – C(1) 1.883(4) 1.878(4) 

Ni(2) – C(23) 1.856(3) 1.896(4) 

O(1) – C(44) 1.443(4) 1.437(5) 

Ni(1) – O(1) 1.926(2) 1.889(3) 

Ni(1) – O(2) 1.869(3) 1.896(3) 

Ni(2) – O(1) 1.892(2) 1.936(3) 

Ni(2) – O(2) 1.890(2) 1.878(3) 

Ni(1) – Br(1) 2.3299(6) 2.4139(7) 

Ni(2) – Br(2) 2.3083(6) 2.3264(7) 

Ni(1)...Ni(2) 2.8713(6) 2.8871(8) 

O(1) – O(2) 2.445(5) 2.436(5) 

N(5) – C(1) – N(6) 116.5(3) 118.3(4) 

N(3) – C(23) – N(4) 118.2(3) 120.7(4) 

Ni(1) – O(1) – Ni(2) 97.53(11) 98.00(13) 

Ni(1) – O(2) – Ni(2) 99.63(12) 99.83(14) 

O(1) – Ni(1) – O(2) 80.18(10) 80.13(13) 

O(1) – Ni(2) – O(2) 80.55(10) 79.40(13) 

Table 3.1 A comparison of selected bond lengths (Å) and angles (o) in 13 and 14. The atom 
numbers refer to complex 13, with the metrics for the corresponding bond/angle in 14 shown 

in the same row. 

 
The orientation of the C-H activated o-methyl substituent is such that, as expected, the  

N-CNHC-N bond angle for the activated RE NHC ligand (13: 118.2(3)o; 14: 120.7(4)o) is wider than 

that of the unactivated 6/7Mes groups (13: 116.5(3)o; 14: 118.3(4)o). The O-Cactivated bond 

distances (13: 1.443(4) Å; 14: 1.437(5) Å) are unexceptional, falling in the range of a typical  

O-CHn bond length.4 On inspection, the activated mesityl mean plane in both complexes 

intersects the RE NHC backbone mean plane at a much more acute angle (13: 61.22(9)o;  

14: 52.12(8)o) than observed for either the unactivated mesityl located on the same RE NHC 

(13: 77.12(8)o; 14: 64.34(7)o) or the other carbene ligand (13: 73.71(7) and 88.25(10)o;  
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14: 71.57(9) and 71.43(9)o). This suggests that the presence of the C-O moiety pulls in the 

mesityl substituent closer to the nickel metal centre bearing the activated RE NHC, which 

potentially sterically stabilises it from further attack. It is notable that in 13, deviation of the 

carbene nitrogen atoms from the mean plane of the surrounding bonded carbon atoms is 

maximised in the case of that bonded to the hydroxylated mesityl ring (0.11 Å for N(3) relative 

to an average of 0.02 Å for N(4), N(5) and N(6)). These data reflect a distortion from the 

idealised sp2 geometry at N(3), about which strain is optimal. A comparative observation is 

evident in 14 where the distance of the N-hydroxylated mesityl nitrogen from the mean plane 

of the surrounding bonded carbon atoms is 0.16 Å.  

 

3.1.1 Detection of Double Oxygenative C-H Activated Ni(II) Dimers  

[NiBr(µ-O-RE NHC)’]2 

Although 13 showed limited solubility in most solvents (section 3.1), it did exhibit slightly 

greater solubility in C5H5N or CH2Cl2 doped with 5 eq C5H5N. In both cases, this resulted in the 

formation of orange rather than purple solutions. Upon layering a CH2Cl2/C5H5N sample with 

hexane, a small number of purple crystals were formed, which were shown by X-ray 

crystallography to be the double C-H functionalised product [NiBr/Cl(µ-O-6Mes)’]2  

(15; Scheme 3.1, Figure 3.3). The coordination spheres of the two identical square planar 

nickel centres consist of a C-H activated 6Mes ligand, two µ-O-CH2 bridges and a halide which 

comprised of an 80:20 mixture of disordered Cl and Br respectively, the former presumably 

arising from the CH2Cl2 used as solvent. Only a small quantity of 15 could be isolated and 

attempts to identify any further components from the orange solution were unsuccessful.  
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Figure 3.3 X-ray structure of 15. Thermal ellipsoids are set at 30 % probability. All hydrogen 
atoms have been omitted for clarity.  

 
Bond lengths and angles for 15 and a related IPr based dimer (xlviii; see section 3.1.2,  

Scheme 3.2 for more detail) are compared in Table 3.2. The activated arms of the ligands in 

both complexes are in syn arrangement about the planar Ni2(µ-O-CH2)2 core with O-Ni-O 

angles similar to those of 13 (Table 3.1), although the 5-membered double C-H activated xlviii 

is the most acute at 77.74(12)o (13: 80.18(10), 80.55(10)o; 15: 79.67(6), 79.60(6)o). In contrast 

to 13 and 14, structural distortions of the nitrogen atoms attached to the oxidised mesityl 

groups in 15 were marginal. 
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 15 Xlviii*,5 

Ni(1) – C(1) 1.868(2) 1.876(4) 

Ni(2) – C(23) 1.872(2) - 

Ni(1) – O(1) 1.9204(14) 1.914(3) 

Ni(1) – O(2) 1.8806(15) 1.868(3) 

Ni(2) – O(1) 1.8873(15) - 

Ni(2) – O(2) 1.9166(14) - 

Ni(1) – O(1) – Ni(2) 99.86(7) 102.26(12) 

Ni(1) – O(2) – Ni(2) 99.48(6) - 

O(1) – Ni(1) – O(2) 79.67(6) 77.74(12) 

O(1) – Ni(2) – O(2) 79.60(6) - 

Table 3.2 A comparison of selected bond lengths (Å) and angles (o) in 15 and xlviii.  
* asymmetric unit = ½ of molecule with dimer centre located on a crystallographic inversion 

centre. 

 
Despite many efforts, 15 could not be produced in higher yields for a more complete 

characterisation. However, ESI-QTOF mass spectral analysis of MeCN solutions of crystalline 

material produced upon reacting 1 with O2 gave an isotope pattern consistent with the 

presence of both 13 and 15 in the initial reaction.1 As 13 and 15 contain nickel and bromine 

atoms, both existing with naturally occurring isotopes, a [M – X + H]+ signal with a predictable 

isotope pattern and m/z can be simulated for the mass spectra of pure 13 or 15. For example, 

if only 13 was present in solution, the isotope pattern shown in Figure 3.4b simulated for  

[M – HBr + H]+ gives an accurate mass of 869.2267 m/z. As the double oxygenative C-H 

activated complex 15 structurally differs from 13 by only two hydrogen atoms, the same 

isotope pattern would be expected for a sample of solely 15, but at a [M – HBr + H]+ of 

867.2110 m/z (Figure 3.4c). Thus, for a solution containing a mixture of 13 and 15, an 

amalgamation of the two predicted signals would be expected with the intensities being the 

sum of both. This was indeed observed in the mass spectrum (Figure 3.4a).  
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Figure 3.4 the ESI-QTOF mass spectrum of a MeCN solution of crystalline material from 
reaction of 1 with O2 (m/z corresponds to [M(13) – HBr + H]+) (a), simulated isotope signal for  

[M – HBr + H]+ for 13 (b) and simulated isotope signal for [M – HBr + H]+ for 15 (c).  

 
When the 1H NMR spectrum of 13 described above in section 3.1 was analysed further, it was 

noted that integration of the remainder of the spectrum relative to the Ni-OH resonance 

afforded a greater number of protons than could be accounted for by the presence of 13 

alone; OH:rest of spectrum = 1:103 (expected 1:55). Thus, while 13 can be isolated and 

c 

b 

a 
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characterised as a pure material in the solid-state, it appears to be prone to further 

functionalisation of a second mesityl substituent to also form 15 in solution. In an effort to 

confirm this, X-ray unit cell parameters for six separate crystals from a crude batch of material 

isolated from the reaction of 1 and O2 were measured. As the cell parameters in all cases 

matched those of just 13, it would appear that the crystalline material consists overwhelmingly 

of this one compound. However, the 1H NMR spectrum recorded upon dissolution of the 

remaining crystals again integrated to too many protons than could be accounted for by just 

13 alone.  

Identical observations were seen with the 7Mes analogue 14. Mass spectra of MeCN solutions 

of 6 + O2 again showed an isotope pattern consistent with the presence of 14 and the double 

oxygenative C-H activated analogue (16; Scheme 3.1) for [M(16) – HBr + H]+ at 897.2520 m/z 

(see Appendix 4 for mass spectral data for 14/16 mixture). Unfortunately, no synthetic route 

could be established to generate 16 for full structural characterisation. The same crystal 

picking method of analysis used for 13 once more pointed only to the presence of 14 in the 

solid-state, whereas integration of the 1H NMR spectrum indicated the presence of more than 

this one species in solution. A 55:45 ratio of the two products (single activation:double 

activation) for both 13/15 and 14/16 was achieved by analysis of the 1H NMR spectra. These 

ratios did not change over time, suggesting that the second hydroxylation process occurs 

readily in solution and then proceeds no further. 

 

3.1.2 Comparisons to Literature 

As briefly discussed in Chapter 1, 1.2.1, the Ni2(µ-O2)2 core motif seen in 13, 14 and 15 is a 

common feature of nickel chemistry,2,3,5-11 but in most cases where the ancillary ligand is an 

extremely large β-diketiminate. Such examples include the mixed Ni/Fe dimer xxxix8  

(Scheme 3.2 and Chapter 1, 1.2.1), where, like in 13 and 14, oxygenative C-H bond activation is 

observed. Several nickel complexes have been shown to promote either intermolecular12,13 or 

intramolecular2,14-16 C-H functionalisation with either O2 or H2O2 as the oxidant. Starting with 

Ni(I) or Ni(II) complexes, it is believed that these C-H bond activations proceed through Ni(III) 

superoxide intermediates13-15 as opposed to a direct interaction between the C-H bond and 

nickel atom. Decomposition of these Ni(III) species then tends to lead to ligand oxygenation. 

Extensive DFT calculations were carried out on xxxix to determine whether the bulk of the  

N-substituents and their proximity to the oxygen atoms affected the selectivity of 
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functionalisation. However, no rationalisation of why only one oxygenative C-H activation took 

place could be made. 

 

Scheme 3.2 A selection of µ-O dinuclear species with varying degrees of functionalisation. 
xxxix: single oxygenative C-H activation (above); xlvi: a dehydrogenated IPr dimer and the 

saturated analogue xlvii (middle); xlviii: double oxygenative activation (below).  

 

 



Chapter 3  Instability 

94 
 

The isolation of 13 and 14 upon employment of RE NHCs does share some parallels to earlier 

work with Ni-NHC dimers from Sigman’s group,9 who reported that addition of O2 to the Ni(I) 

dinuclear complex xix resulted in oxidation of the N-substituent. However in this case, 

dehydrogenation of one iPr substituent was observed giving rise to xlvi, a complex very similar 

to the previously reported bis(µ-OH) dimer [Ni(IPr)Cl(µ-OH)]2 xlvii (Scheme 3.2).2,9 Detection of 

the alkene moiety in xlvi with X-ray crystallography was not initially possible and the proposed 

structure was originally thought to be xlvii. This was further supported by the presence of a 

crystallographic inversion centre. Both complexes appear to give the same UV-vis  

(λmax = 502 nm) and IR spectra (xlvi and xlvii: vµ-OH = 3645 cm-1 and vNiO = 546 cm-1). However, 

for xlvii a single set of resonances was observed in the 1H NMR spectrum, consistent with a 

symmetric geometry, whereas xlvi clearly displayed a large number of overlapping resonances 

indicative of asymmetry. In addition, signals at 5.07 and 5.16 ppm (C6D6) for xlvi were 

observed, suggesting the possibility of a terminal double bond. Shifts in the IR spectra were 

seen in µ-18OH samples of xlvi and xlvii (both displaying vµ-18OH = 3632 cm-1 and  

vNi-18O = 529 cm-1). However, an additional absorbance at 893 cm-1, regardless of the isotope 

used, was observed for xlvi, consistent with a geminal vinylidene C-H bending mode. Upon 

more extensive analysis of the X-ray structure, a terminal C=C bond of a reduced iPr group was 

detected, disordered 1:1 with xlvii, thus providing an explanation for the crystallographic 

inversion centre. Isopropyl ligand dehydrogenation had previously been reported in 

[Ir(IPr)(COD)]+ and Pt-β-diketiminate species.17,18 When left in solution, both xlvi and xlvii 

slowly decomposed generating imidazolium and unidentifiable nickel products, suggestive of 

discrete ligand dissociation. No such degradation was observed for 13 and 14.  

Doubly activated bridged dinuclear complexes are not widely known. However, an  

imidazol-2-ylidene bearing dimer (xlviii) analogous to 15 has very recently been reported, 

synthesised via double deprotonation of an alcohol functionalised [IPrH]Cl salt with nBuLi in 

the presence of Ni(dme)Cl2 (Scheme 3.2).5 The Ni-CNHC and Ni-O lengths in xlviii (Table 3.2) are 

comparable to those in 13, 14 and 15, with the Ni-O distance trans to the carbene (Ni(1)-O(1) 

and Ni(2)-O(2) in 15) being longer than that trans to the halide (Ni(1)-O(2) and Ni(2)-O(1)) in all 

cases. This presumably results from the strong trans effect of the RE NHC. 
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3.2 Attempts to Probe O2 Activation by Ni(6Mes)(PPh3)Br (1) Using UV-
Visible Spectroscopy 

As mentioned previously, it is postulated that during the formation of Ni2(μ-OR)2 dimers upon 

activation of O2 with Ni(I), the reaction may pass through Ni(III) superoxide intermediates.2,5,8-11 

In an attempt to probe the formation for 13 – 16 in more detail, low temperature UV-visible 

spectroscopic studies were performed in collaboration with Isidoro López and Professor Antoni 

Llobet at ICIQ in Tarragona, Spain. 

The room temperature electronic absorption spectrum of 13 measured in THF showed a single 

absorption band at λmax = 362 nm ( = 474 M cm-1; this value is based on the assumption that 

13 is the only species present).1 As the colour change associated with the reaction of 1 and O2 

was observed within seconds, 1 was dissolved in THF and cooled to 190 K. 1 mL of air was 

added at this temperature and the reaction monitored by UV-vis spectroscopy every 18 s 

(Figure 3.5). After 6 min reaction time, no further change was observed in the UV-vis 

spectrum. Two isosbestic points were observed at 290 and 420 nm suggesting a simple A  B 

or equilibrium reaction. The final spectrum obtained is very similar to that of 13, suggesting 

that this is the major species in the reaction. However, it is likely that the bis(µ-alkoxy) complex 

15 would have a very similar UV-vis spectrum to that of 13 due to the similar set of 

chromophores. Indeed, evidence for the formation of multiple species in the reaction was 

suggested by singular value decomposition (SVD) analysis, which revealed the presence of at 

least three eigenvectors. It is therefore not possible to develop a simple kinetic model, even if 

at first sight simple isosbestic points are observed. 
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Figure 3.5 UV-vis monitoring for the reaction of 0.5 mM 1 with 1 mL of air at 190 K in THF over 
a period of 6 min. Measurements were taken every 18 s (red: 0 s, green: 6 min). The inset 

shows the absorbance vs. time plot at 374 nm.  

 
The reaction of 1 and O2 suggest the production of highly reactive, high oxidation state  

Ni-bis(oxo), –superoxo or –peroxo species that further evolve in the formation of 13 and 15. 

Attempts to detect such intermediates by carrying out the reaction at different temperatures 

ultimately proved unsuccessful, with the reaction at 190 K still proceeding too fast to 

determine any mechanistic information. Similar findings were reported by Sigman and 

coworkers9 upon UV-vis analysis of the IPr dimer xix oxidation to form xlvi/xlvii (section 3.1.2). 

They found that toluene and THF solutions reacted to completion with O2 at both 298 and 

190 K in < 15 s even at low concentrations of < 1 mM, without providing evidence of any Ni(III), 

or indeed any other, intermediates. 

 

 

 

 

Isosbestic point 
290 nm 

Isosbestic point 
420 nm 

362 nm 
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3.3 Reactivity of Ni(6MesDAC)(PPh3)Br (5) With O2 

In an attempt to retard the rate of mesityl group oxidation and allow the observation of 

intermediates, the less electron rich diamidocarbene Ni(I) complex Ni(6MesDAC)(PPh3)Br (5) 

was reacted with O2. Dark orange solutions of 5 became virtually colourless instantaneously 

upon the addition of 1 atm O2. Attempted crystallisation from either CH2Cl2/hexane or 

THF/hexane afforded a creamy-green precipitate, from which a small number of green and 

colourless crystals were isolated and manually separated. These were shown by X-ray 

crystallography to be the known tetrahedral Ni(II)-phosphine oxide complex, Ni(O=PPh3)2Br2,19
 

and urea, (6MesDAC)=O,20,21 respectively (Scheme 3.3). The latter was also characterised by 1H 

and 13C{1H} NMR spectroscopy through comparison to the data reported by Bielawski and 

coworkers.19 Details of the X-ray structure of Ni(O=PPh3)2Br2 are given in Appendix 2. Thus, 

rather than impeding the rate of C-H functionalisation of the N-Mes group, the change from 

6Mes to 6MesDAC completely alters the oxidation path that is observed. 

 

Scheme 3.3 Reaction of 5 with O2.  
 

3.4 Reactivity of Ni(RE NHC)(PPh3)Br With O2 (RE NHC N-Substituent = 
Less Bulky o-Tolyl) 

As the change of diamino- to diamidocarbene is clearly too dramatic to allow the oxidation 

chemistry to be retained, diamino NHCs were considered again, though with different  

N-substitution patterns. This also allowed the influence of steric bulk to be determined and 

compared to what was observed in the reactions of Ni(PhTttBu/Ad)(CO) with O2 described in 

Chapter 1, 1.2.1. 
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When the less sterically bulky o-tolyl complexes 2 and 7 were exposed to 1 atm O2, immediate 

colour changes from yellow to red-pink were observed. Upon work up, the purple 

mononuclear Ni(II)-dihalide complexes Ni(6/7oTol)(PPh3)Br2 (6oTol (17); 7oTol (18)) were 

isolated (Scheme 3.4),1,22 albeit in low yields of 20 and 38 % respectively. For mass balance, 

other unidentified products must also be formed. 

 

Scheme 3.4 Reaction of 2 and 7 with O2 to form Ni(RE NHC)(PPh3)Br2 (17 and 18 respectively).  
 

Both 17 and 18 could also be made by simple ligand substitution reactions of Ni(PPh3)2Br2 with 

6oTol or 7oTol. Unfortunately, this synthetic route also afforded significant quantities of the 

corresponding pyrimidinium or diazepinium salts of [Ni(PPh3)Br3]-, [6oTolH][Ni(PPh3)Br3] and 

[7oTolH][Ni(PPh3)Br3], respectively (see Appendix 2 for X-ray structure of the former), which 

reduced the yields to < 15 %. The relative facile formation of this Ni(II) impurity strongly 

indicates the preference for oxidation and hence the Ni(II) state, as well as the highly 

nucleophilic nature of RE NHCs with its regeneration of pyrimidinium/diazepinium from a 

proton source in the surrounding reaction media.. 

The crystal structures of 17 and 18 (Figure 3.6) displayed the expected square planar nickel 

geometries with trans-bromide ligands. Selected bond lengths and angles are given in  

Table 3.3. The Ni-CNHC distances of 1.910(5) Å (17) and 1.905(3) Å (18) were comparable to that 

reported in trans-Ni(IPr)(PPh3)Cl2 (1.912(4) Å), which is one of the few other examples of 

Ni(NHC)(PR3)(halide)2 complexes reported in the literature.22 One interesting note is that 

compared to 17 and 18, Ni(IPr)(PPh3)Cl2 has a far more acute CNHC-Ni-P angle (17: 179.26(18)o; 

18: 178.26(17)o; Ni(IPr)(PPh3)Cl2: 165.9(1)o). Comparison to the related Ni(II)-bis(phosphine) or 

–bis(NHC) complexes suggest that this is a stereoelectronic effect associated with the presence 

of PPh3, as Ni(PPh3)2Cl2 shows a tetrahedral structure (P-Ni-P angle = 111.42(1)o),23,24 while 

Ni(IPr)2Cl2 (xviii; Chapter 1, 1.1.3) is square plane with a near linear CNHC-Ni-CNHC angle 
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(178.9(7)o).22 Furthermore, the Ni-P bond length in Ni(IPr)(PPh3)Cl2  (2.2541(1) Å) was 0.07 Å 

shorter than in Ni(PPh3)2Cl2 (2.3180(2) Å),23,24 indicating the stronger σ-donor ability of the NHC 

ligand over PPh3. However, the difference in geometry between the complexes has to be 

considered and most likely also contributes to this decrease. The Ni-P distances in 17 and 18 

(17: 2.2505(15) and 18: 2.2912(16) Å) are of similar magnitude to Ni(IPr)(PPh3)Cl2 and 

therefore also shorter than the Ni(II)-bis(phosphine) complex, consistent with the enhanced 

donor capabilities of NHC/RE NHC ligands. 

 

Figure 3.6 X-ray crystal structures of 17 (left) and 18 (right). Thermal ellipsoids are set at 30 % 
probability. All hydrogen atoms have been omitted for clarity.  

 

 17 18 Ni(IPr)(PPh3)Cl2 
22 

Ni – CNHC 1.910(5) 1.911(5) 1.912(14) 

Ni – X(1) 2.3026(8) 2.3982(8) 2.146(1) 

Ni – X(2) 2.3122(9) 2.3949(8) 2.277(1) 

Ni – P 2.2505(15) 2.2912(16) 2.2541(1) 

N – CNHC – N 177.0(5) 199.3(5) - 

X(1) – Ni – X(2) 175.82(4) 166.48(4) 165.78(6) 

CNHC – Ni – P 179.26(18) 178.26(17) 165.9(1) 

Table 3.3 Selected bond lengths (Å) and angles (o) for 17, 18 and the related IPr example 
Ni(IPr)(PPh3)Cl2. X = Br (17 and 18), Cl (Ni(IPr)(PPh3)Cl2). 
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The 1H NMR spectra of 17 and 18 unexpectedly displayed quite broad, unresolved and 

overlapping resonances, which could not be integrated. Moreover, 17 showed two resonances 

in the 31P{1H} NMR spectrum at 17.3 and 16.6 ppm (CD2Cl2) in a ratio of ca. 1:1.9, which along 

with the complicated 1H spectrum, was interpreted as showing the possible existence of 

isomers. Unlike in the case of Ni(IPr)(PPh3)Cl2
22 and previously studied palladium analogues 

(Pd(NHC)(PR3)I2 (NHC = IMe, ItBu; R = Ph, oTol, tBu, Cy)),25 assignment of the two signals to  

cis-/trans-isomers was excluded by the appearance of large (122 Hz) trans-13C-31P coupling on 

both of the carbene resonances in the 13C{1H} NMR spectrum. It seems more reasonable to 

suggest the formation of rotamers, arising due to hindered rotation of the RE NHC. Indeed, in 

the case of 18, five phosphorus signals were seen (21.4, 21.3, 20.3, 17.5 and 16.7 ppm (C6D6)) 

in a ratio of 1:2:1:38:13, which cannot be explained by cis-/trans- isomerisation. 31P{1H}-31P{1H} 

EXSY (Figure 3.7) revealed exchange between the two most intense resonances at 17.5 and 

16.7 ppm, and a separate exchange process involving the three smaller signals at 21.4, 21.3 

and 20.3 ppm. 

 

Figure 3.7 31P{1H}-31P{1H} EXSY spectrum of 18 (C6D6, 162 MHz).  
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Rotamer formation was also proposed in the case of Rh(7oTol)(COD)Cl by Cavell and 

coworkers.26 They postulated rotameric structures differing in syn- versus anti-arrangements 

of the o-Me groups on the RE NHC to account for the appearance of multiple signals in the  
1H NMR spectrum. In comparison, 1H and 13C spectroscopic analysis of Rh(IMes)(CO)2Cl implied 

free rotation about the N-mesityl bonds due to the reduced steric demands of IMes.26 

Using this argument, Figure 3.8 shows possible rotamers for 18. The direction of the carbene 

backbone bend, either above or below the plane indicated in Figure 3.8, also lends to the 

formation of further syn- and anti-isomers, possibly explaining the observation of more than 

four resonances in the 31P spectrum. The X-ray structure of 18 actually has two molecules of 

Ni(7oTol)(PPh3)Br2 in the unit cell, one with the top of the 7-membered ring pointing directly 

over one phenyl ring of the trans-PPh3 ligand (as seen in Figure 3.6) and the other with the top 

bent in the opposite direction residing over the gap of two phenyl rings. In both cases, they 

display an anti-o-Me arrangement, suggesting these as the two main candidates for the major 

signals detected in the 31P{1H} NMR spectrum. This also could provide an explanation for why 

these two isomers interconvert with each other at room temperature in the 31P{1H}-31P{1H} 

EXSY spectrum.  

 

Figure 3.8 Possible rotameric structures for 18, where the o-methyl N-substituents reside in a 
syn- (above) or anti- (below) arrangement. 
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3.5 Attempted Rationalisation of Differing O2 Reactivity via 
Electrochemistry 

In an effort to try to rationalise the different reactivities of 1/6 (N-Mes), 2/7 (N-oTol) and  

5 (6MesDAC) towards O2, the redox properties of the complexes were probed by cyclic 

voltammetry (CV). The CVs of the N-Mes substituted complexes, 1 and 5, showed the presence 

of a chemically irreversible oxidation wave in the anodic region and a chemically irreversible 

reduction in the cathodic region (Figure 3.9a). Similar behaviour was observed for 6, while 2 

and 7 (Ni-6/7oTol respectively) showed two irreversible reductions (Figure 3.9b). 

 

Figure 3.9 Cyclic voltammogram for complexes 1 (solid line) and 5 (dashed line) (a) and 2 (b). 
All were run at 100 mV s-1 scan rate vs. NHE. The arrow indicates the initial scanning potential 

and the scan direction.  
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The Ep,a and Ep,c values found for the five complexes are listed in Table 3.4. As the redox 

processes measured were chemically irreversible in all cases, this precludes the extraction of 

accurate thermodynamic potentials. However, since all the mononuclear complexes studied 

have very similar molecular structures in terms of the ligand environment around nickel, 

trends can be deduced. The anodic potentials shown in Table 3.4 do not follow a regular trend 

based on the induction effects expected by increasing the number of methylene units in the 

carbene ligand backbones or by increasing the number of methyl groups (tolyl to mesityl) in 

the N-substituents. It is also surprising that 5, containing the diamidocarbene 6MesDAC, 

displays one of the lowest Ep,a values, together with 2 and 7. However, the most interesting 

feature that can be extracted from these measurements is the fact that complexes 1 and 6, 

which have the highest redox potentials by far, are the ones that undergo oxidation via O atom 

transfer from O2. The rest of the complexes with much lower redox potentials undergo 

oxidation primarily by outer sphere electron transfer (OSET) giving simple Ni(II) complexes with 

no oxygen incorporated into the final products. This suggests that complexes that are much 

more difficult to oxidise by OSET (1 and 6) find a lower energy pathway involving O-atom 

transfer from O2, hence the formation of the hydroxyl/aryloxy bridged Ni(II) dimers  

(13 and 14). 

Table 3.4 Anodic and cathodic redox waves measured for complexes 1, 2, 4, 5 – 7.  
 

3.6 Chapter Summary 

The three coordinate Ni(I)-RE NHC complexes 1, 2, 5 – 7 exhibit different reaction pathways 

upon exposure to O2, generating markedly different oxidation products. In the complexes 

bearing N-Mes substituted RE NHCs (1 and 6), oxidation of an o-Me C-H bond leads to dimeric 

Ni(II) products containing µ-hydroxyl and µ-alkoxy ligands (13 and 14 respectively). This 

reactivity appears to correlate with the high redox potentials of 1 and 6 determined by CV. 

Attempts to probe the mechanism of oxidation and detect potential intermediates by UV-vis 

Ni(I) complex Ep,a (V vs. NHE) Ep,c (V vs. NHE)  

1 (6Mes) 0.35 -0.54 

6 (7Mes) 0.48 -0.49 

5 (6MesDAC) 0.15 -0.77 

2 (6oTol) 0.25 -0.68, -1.19 

7 (7oTol) 0.20 -0.72, -1.08 
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spectroscopy were precluded by the remarkably facile nature of the oxidation reaction, which 

was shown to be complete within a few minutes, even at 190 K. Analysis of the low 

temperature UV-vis data taken together with NMR and mass spectrometry evidence revealed 

the formation of secondary products resulting from functionalisation of the second RE NHC 

ligand. This was confirmed by the structural characterisation of the 6Mes derivative  

[NiBr(µ-O-6Mes)’]2 (15), although the exact circumstances under which this secondary reaction 

takes place are unclear. 

In an effort to slow down the rate of oxidation through the use of less bulky N-oTol or more  

π-accepting diamidocarbene containing precursors, different products were found. Although 

this resulted in the isolation of Ni(II) complexes, they were generated by ligand redistribution 

or degradation reactions. In the diamido Ni(I) complex 5, both the RE NHC and PPh3 

dissociated and were oxidised to give (6MesDAC)=O and Ni(O=PPh3)2Br2 respectively. The  

N-oTol analogues 2 and 7 both underwent simple ligand redistribution reactions to form the 

monomeric square planar Ni(II) species Ni(RE NHC)(PPh3)Br2 (17 and 18).  

The stark contrast in C-H activated products from the use of N-Mes and N-oTol substituted  

RE NHCs provides an interesting insight into the effect of N-substituent bulk on Ni(I) reactivity. 

The large size of the mesityl substituents seems to promote activation and incorporation of 

dioxygen into a Ni(II) dimeric structure. The widened N-CNHC-N angle of these 6- and 7-

membered analogues over their 5-membered counterparts appears to position the mesityl 

groups in close enough proximity to the oxygen bridges, facilitating oxidation/C-H activation of 

these substituents and essentially sterically trapping the Ni2(µ-OR)2 core. On the other hand, 

complexes with the o-tolyl substituents do not incorporate O2 into a nickel coordinating 

environment, with no rotation of the tolyl group ensuing to allow trapping of an oxygen atom. 

The reduced steric bulk associated with this class of RE NHC is therefore not enough to 

promote dimer formation, and a simple ligand rearrangement reaction instead proceeds with 

direct oxidation of the metal centre to Ni(II) via OSET. As dehydrogenation of IPr was observed 

in xlvi (section 3.1.2), it implies that if the N-substituent always has an alkyl group pointing 

directly towards the metal, i.e. N-Mes or N-dipp, activation of some sort will ensue. In cases 

where there is a choice of alkyl group orientation, such as in N-oTol, the N-substituent will 

rotate to preferentially direct the alkyl group away from the metal.  

It seems surprising that such different reactivity can occur upon making the relatively small 

change of N-Mes to N-oTol groups. However, the CV measurements do show some marked 

differences in redox properties to support this.  
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4 Reactivity of Ni(6Mes)(PPh3)Br 
 

Following the success of using sterically bulky RE NHCs to promote the formation of unique, 

low coordinate complexes of Ni(I), it raises the question of how much further the increased 

size of RE NHC ligands can help stabilise these highly unstable complexes and prevent 

additional attack into the large number of available vacant coordination sites. Further studies 

incorporating RE NHCs were therefore carried out with the ultimate aim of forming even lower 

coordinate Ni(I) complexes. The most logical approach to this was to utilise the newly 

synthesised 1 – 10 as precursor species. The degradation chemistry demonstrated in Chapter 3 

highlights 1 as a potential reactive fragment. Thus, the reactivity of 1 was explored in a more 

constructive manner through ligand substitution and halide abstraction reactions, with the aim 

of forming a two coordinate Ni(I) environment, or alternatively, more examples of chemically 

and structurally interesting low coordinate nickel complexes.  

 

4.1 Ligand Substitution Reactions of Ni(6Mes)(PPh3)Br (1) 

4.1.1 Reaction of Ni(6Mes)(PPh3)Br (1) with RE NHCs 

RE NHCs have previously shown they can substitute nickel bound PPh3 in the reaction of 

Ni(PPh3)2Br2 with 6/7oTol to form the Ni(II) products Ni(6/7oTol)(PPh3)Br2 (17 and 18 

respectively) (Chapter 3, 3.4).1 It was therefore reasoned that the same could happen with 1, 

simultaneously promoting bromide association and ultimately leading to a NiL2 complex. As 

depicted in Scheme 4.1, a THF solution of 1 was reacted overnight with 1.5 eq of 6Mes at room 

temperature. The yellow coloured solution synonymous with the three coordinate Ni(I) 

starting material was replaced by a light brown solution and beige precipitate. Isolation of the 

precipitate gave a cream coloured solid in 62 % yield, which upon X-ray analysis of crystals 

grown from CH2Cl2/hexane, proved to be the bis(NHC) Ni(I) product [Ni(6Mes)2]Br (19).2 
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Scheme 4.1 Reactivity of 1 with 6Mes to generate (19) and its subsequent reduction to 20.  

 
The X-ray structure of 19 is shown in Figure 4.1. The central nickel atom is directly coordinated 

to two 6Mes ligands, enforcing a highly linear geometry (CNHC-Ni-CNHC: 179.27(13)o) with Ni-CNHC 

lengths of 1.939(3) and 1.941(3) Å. Further bond lengths and angles are given in Table 4.1. The 

bromide counterion was solvated by two molecules of CH2Cl2. Anion exchange reactions on 19 

were carried out to generate [Ni(6Mes)2]X (X = [PF6]-, [BF4]-, [BPh4]-, [BAr4
F]-. In all cases, X-ray 

analysis showed the existence of one cation and one anion. 
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Figure 4.1 X-ray structure of 19. Thermal ellipsoids are set at 30 % probability. All hydrogen 
atoms have been omitted for clarity, apart from in the two molecules of CH2Cl2 solvent 

crystallised in the lattice.  

 
Despite being highly electron deficient (formally 13e-), no short contacts were apparent 

between any of the C-H moieties and the nickel metal centre in 19, excluding any activation or 

stabilising agostic interactions with the carbene. The two 6Mes ligands reside at roughly right 

angles to each other (the mean planes of the two RE NHC backbones intersect each other at 

80.95(15)o), presumably as a result of steric interactions of the mesityl substituents. Thus, the 

Ni(I) ion is almost completely encapsulated by the mesityl N-substituents in a cage like 

structure, as evident from the space filling diagram of 19 in Figure 4.2. The high level of 

encapsulation is attributed to the widened N-CNHC-N angles associated with RE NHCs, which 

leads to the extremely bulky N-Mes substituents being pulled in and residing much closer to 

the nickel atom compared to the standard 5-membered NHCs. This was reflected 

experimentally by the unsuccessful attempts to generate the analogous [Ni(6Mes)(IMes)]+ or 

[Ni(6Mes)(6oTol)]+ cations upon reaction of 1 with either IMes or 6oTol respectively. 
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Figure 4.2 Space filling diagram of the cation in 19.  

 
1H NMR spectroscopy corroborated that 19 was paramagnetic, although in contrast to 1, full 

integration and signal assignment could be made. The extremely broad and shifted resonances 

associated with the methyl protons were observed at -12.70 (24 H, ortho) and 10.51 ppm  

(12H, para), while the carbene backbone signals appeared at 49.94 (8H, NCH2) and 52.52 ppm 

(4H, NCH2CH2) in CD2Cl2. Cryoscopic calculations highlighted that the solid-state structure of 19 

was retained in solution (see Appendix 5). A 0.53 molecular weight fraction of 19 was 

measured in nitrobenzene and confirmed a monomer species (0.5 is expected due to the 

presence of a cation and anion in 19), precluding any association or aggregation. In fact, 19 

was so stable that it could be openly handled in air for several minutes without any observable 

colour change or modifications to the 1H NMR spectrum.‡  

Electrochemistry was carried out on THF solutions of 19, employing a carbon rod (working),  

Pt wire (counter) and Ag/AgNO3 solution (reference) as the electrodes. Scanning cathodically, 

the cyclic voltammogram (Figure 4.3) revealed the presence of a chemically reversible  

(ip,a/ip,c = 1.0) and electrochemically quasi-reversible (Ep,a – Ep,c = 171 mV) wave associated with 

a one electron reduction of Ni(I) to Ni(0) at -1.32 V vs. NHE. Bulk electrolysis at an applied 

potential of -1.66 V verified the process was one electron in nature. When scanned in the 

anodic direction, a chemically irreversible wave was observed at Ep,a = +1.21 V. In comparison 

to two other two coordinate (albeit neutral) Ni(I) complexes, Ni(IPr)(N(SiMe3)2) (xlii) and 

Ni(IPr)(NH(dipp)) (xliii) (Chapter 1, 1.3.2), the reduction and oxidation peaks for 19 are at 

markedly different potentials (both the Ni(I)/Ni(II) potentials for xlii and xliii were negative,  

                                                             
‡ Exemplified when a CD2Cl2 solution of 19 was left open to air for 30 min. 



Chapter 4  Reactivity 

112 
 

E = -0.21 and -0.84 V respectively). Despite being referenced to two different potentials, the 

large difference between them (e.g. 1.4 V for the Ni(I)/Ni(0) couple between 19 and xliii) 

highlights potentially significant different reactivity. 

 

Figure 4.3 Cyclic voltammogram before electrolysis of a solution of 19 (0.5 mM) in 0.1 M 
THF/[nBu4N]PF6. The working electrode was a carbon rod, counter electrode a Pt wire and the 

reference electrode a Ag/AgNO3 solution (0.01 M in MeCN). Scan rate = 150 mV s-1. 

 
Chemical reduction of 19 to Ni(6Mes)2 (20) was achieved upon reaction with 4 eq of KC8 in THF 

at room temperature (Scheme 4.1). 20 was isolated as extremely air-sensitive dark purple 

crystals (consistent with other neutral Ni(NHC)2 species: xvi and xx3 (Chapter 1, 1.1.3, 1.3.2)) 

that instantly decolourised in the presence of air. The structure of 20 is shown in Figure 4.4 

with selected bond lengths and angles given in Table 4.1. 
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Figure 4.4 X-ray structure of 20. Thermal ellipsoids are set at 30 % probability and all hydrogen 
atoms have been omitted for clarity. 

 

 19 20 

Ni – C(1) 1.941(3) 1.852(2) 

Ni – C(23) 1.939(3) 1.868(3) 

N(1) – C(1) – N(2) 117.6(2) 114.2(2) 

N(3) – C(23) – N(4) 117.3(3) 114.6(2) 

C(1) – Ni – C(23) 179.27(13) 177.71(10) 

Table 4.1 Selected bond lengths (Å) and angles (o) for 19 and 20.  

 
Of most note is the surprising decrease in Ni-CNHC bond lengths upon reduction from Ni(I) 

(1.941(3) and 1.939(3) Å) to Ni(0) (1.852(2) and 1.868(3) Å). The simplest explanation for this 

could relate to a change in the level of M → RE NHC backbonding, i.e. there is greater  

M → RE NHC back dona on in Ni(0) and therefore a shorter Ni-CNHC bond length is observed. 

DFT calculations reproduced this shortening perfectly for a 6Mes ligand (average Ni-Ccalc for 

6Mes: 1.945 Å in 19; 1.869 Å in 20), but moreover, showed analogous behaviour in 

[Ni(NH3)2]+/Ni(NH3)2.4 This cannot be due to backbonding as NH3 is a pure σ-donor. In Ni(0), the 

DFT calculated molecular orbital diagram revealed a sd hybridised orbital, which was  

non-bonding with respect to the ligands. However, upon oxidation to Ni(I), the level of  
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s contribution decreases and the orbital becomes a lot more antibonding in character, thus 

elongating the N-CNHC bond. A similar trend was noted by Matsubara et al.5 in their studies of 

Ni(IPr)2 (xvi) and Ni(IMes)2 (xx) (Chapter 1, 1.1.3, 1.3.2). They compared DFT calculated bond 

dissociation energies (BDEs) for xvi, and two Ni(II) complexes, Ni(IPr)2Cl2 (xviii) and 

Ni(IPr)(PPh3)Cl2. Although they are hard to directly compare due to changes in coordination 

number and geometry, the Ni(0)-CNHC BDE was +53 kcal mol-1, 6 – 16 kcal mol-1 higher than for 

Ni(II)-CNHC (Table 4.2). This suggests why ‘Ni(IPr)’ was never observed in any manipulations of 

xvi and why only a small concentration of Ni(IMes)2 was formed when free IMes was reacted 

with xvi. The higher BDE associated with the low valent Ni(0) complex xvi is consistent with the 

short bond lengths observed (Ni-CNHC: 1.865(2) and 1.872(2) Å), which are of similar magnitude 

to those in Ni(6Mes)2 (20: 1.852(2) and 1.868(3) Å). In contrast, Pd(0) complexes, Pd(NHC)2 

(NHC = ItBu, IPr), have been shown to have weaker Pd-NHC bonds than their divalent 

analogues.6 

 BDE 
xvi +53 

xviii +37 

Ni(IPr)(PPh3)Cl2 +47 

Table 4.2 Calculated BDEs (kcal mol-1) of Ni(0) (xvi) and Ni(II) (xviii and Ni(IPr)(PPh3)Cl2). 

 
Comparisons of the N-CNHC-N bond angle in 20 with that in 19 (Table 4.1) show there is a 

noticeable decrease for 20, implying the mesityl substituents are pulled in less tightly around 

the nickel centre. This might be one factor in the increased air-sensitivity observed for the 

complex compared to 19. All other metrics are similar to those found for the neutral  

Ni-bis(imidazol-2-ylidene) complexes (xvi and xx).5  

The reactivity of 1 with RE NHCs is not limited to the formation of symmetric bis(RE NHC) Ni(I) 

complexes. Upon reaction of 1 with an excess of the 7-membered RE NHC 7Mes, the 

asymmetric cationic Ni(I) complex [Ni(6Mes)(7Mes)]Br was isolated. As for 19, 

[Ni(6Mes)(7Mes)]Br was isolated as a cream solid which exhibited reasonable stability towards 

air. The paramagnetic 1H NMR spectrum was consistent with the d9 Ni(I) formulation. 

[Ni(6Mes)(7Mes)]Br could be reduced to the extremely air sensitive zero-valent neutral 

counterpart Ni(6Mes)(7Mes) via reaction with KC8  (see Appendix 2 for the X-ray structures 

and selected metrics of [Ni(6Mes)(7Mes)]+ and Ni(6Mes)(7Mes)). Comparable bond lengths 

and angles were observed to 19 and 20, including the same shortening of Ni-CNHC distances 

upon reduction (Ni(I): Ni-C6Mes 1.9427(18), Ni-C7Mes 1.9353(18) Å; Ni(0): Ni-C6Mes 1.89(5),  
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Ni-C7Mes 1.83(5) Å). This reactivity was not transferrable to other RE NHCs. As briefly mentioned 

previously, no analogous two coordinate complexes could be isolated from reactions of 1 with 

less sterically encumbered NHCs, such as IMes and 6oTol. 

 

4.1.2 DFT and Magnetisation Studies on [Ni(6Mes)2]Br (19) and Ni(6Mes)2 (20) 

Despite overwhelming evidence in the form of the 1H NMR spectra and X-ray crystallography 

for the presence of a Ni(I) metal centre in complex 19, two pieces of data contradicted this. 

Firstly, room temperature magnetic moment determinations in solution (Evans method) and 

the solid-state (Gouy balance) gave µeff values corresponding to the presence of two unpaired 

electrons; 3.3 and 2.7 µB respectively. More interestingly, X-band and Q-band EPR spectra 

showed no evidence for any unpaired electron, either at low temperature (4 K) or in the  

solid-state. This conundrum was answered upon examination of DFT calculations. DFT 

reproduced the near linear geometry of 19 and 20 and predicted the electronic arrangement 

of the molecules (calculated for 20 and then applied to 19) to have five occupied metal based  

d orbitals split in an approximate 2:1:2 pattern (Figure 4.5).2 This is in contrast to the expected 

2:2:1 splitting previously observed for other linear ML2 transition metal complexes described 

by Power (Chapter 1, 1.3.1).7  
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Figure 4.5 The relative d orbital splitting pattern for a typical linear and nonlinear (90o bend) 
ML2 complex (above), along with the DFT calculated pattern for Ni(6Mes)2 (20) and hence 19 
(below). All are occupied in accordance to the electronic configuration for a d9 Ni(I) complex.  

 

Moreover, this splitting pattern observed for 19 and 20 actually bears greater resemblance to 

the splitting associated with nonlinear ML2 species with a 90o L-M-L angle (Figure 4.5), only 

differing in the magnitude of energy difference between the dx2-y2 and dxy orbitals. In a 

standard nonlinear species, these lay far enough apart from each other in energy to be classed 

as non-degenerate orbitals, therefore the HOMO would consist mainly of dx2-y2 character when 

applied to a d9 electronic configuration. However for 19 and 20, the dx2-y2 and dxy orbitals lie 

close enough in energy to be considered degenerate, meaning the unpaired electron 

associated with a Ni(I) d9 complex would reside in a near degenerate HOMO corresponding to 

these nickel d orbitals. This HOMO lies ca. 0.43 eV above a σ-type orbital at -2.44 eV which is 

dominated by nickel dz2 and s character, with the last two near degenerate metal orbitals dxz 

and dyz at -2.80 eV. A very similar set of orbitals was observed for Pd(NHC)2 (NHC = ItBu, IMe) 

species, however in that case, a 1:2:2 splitting was computed and confirmed by photoelectron 

spectroscopy.8,9 A comparison of the splitting diagrams for standard linear and nonlinear ML2 

Typical Linear ML2 Typical Nonlinear ML2 

19 and 20 

E 

E 

dz2 

dz2 

dxz / dyz 

dxz / dyz 

dxz / dyz 
dz2 

dx2-y2 / dxy 

dx2-y2 / dxy 

dx2-y2 

dxy 

-2.01 eV 

-2.44 eV 

-2.80 eV 



Chapter 4  Reactivity 

117 
 

complexes, along with the pattern computed for 19 and 20, are shown in Figure 4.5. They are 

filled in accordance to an electronic configuration for a d9 system. 

As described in Chapter 1, 1.3.1, partially filled degenerate orbitals can give rise to interesting 

molecular magnetic properties in the form of SMMs. The orbital degeneracy calculated for 19 

and 20 are therefore central to understanding any magnetic characteristics 19 may possess. To 

elucidate these magnetic properties, solid-state SQUID measurements were performed on 

crushed polycrystalline samples of 19. The dc magnetic properties were investigated under a 

1000 Oe dc field in the temperature range 1.8 – 300 K. The room temperature χT value of 

1.12 cm3 K mol-1 is much higher than the expected theoretical spin-only value of 

0.375 cm3 K mol-1 for a d9 Ni(I) complex (S = 1/2, g = 2, χT = g2S(S+1)/8), however it is 

consistent with the observed room temperature values measured via the Evans or Gouy 

balance methods. This atypically high value may originate from significant inherent anisotropy 

of the Ni(I) ion apparent from the d orbital splitting in Figure 4.5. Partial occupancy of the 

higher energy dx2-y2 and dxy orbitals allows them to interconvert, resulting in spin-orbit 

coupling. Therefore, in the ground state, the orbital angular momentum is not quenched by 

the ligand field, leading to 1st order orbital angular momentum and a sizeable intrinsic 

magnetic anisotropy.10,11 It has been previously postulated that unquenched orbital angular 

momentum can lead to extremely large and broadened g shifts in EPR spectroscopy,12,13 which 

may explain the absence of any detectable signal in the EPR spectrum of 19. Use of high field 

EPR would provide support for this, although such measurements have not been possible thus 

far. 

If the theoretical orbital contribution is subsequently taken into consideration, the observed χT 

of 1.12 cm3 K mol-1 is in better agreement with the revised expected value of 1.57 cm3 K mol-1 

for a Ni(I) ion with unquenched orbital angular momentum. Upon decreasing the temperature, 

the χT value remains near linear until a slight decrease below 10 K reaching a minimum value 

of 1.00 cm3 K mol-1. This is indicative of a non-interacting mononuclear complex, consistent 

with the large Ni…Ni distances measured from X-ray crystallography (10.3 Å), leading to 

inherent anisotropy. The presence of magnetic anisotropy was further confirmed from field 

dependent magnetisation measurements of 19, which were carried out between temperatures 

of 1.8 and 7 K at applied external fields ranging from 0 to 7 T (Figure 4.6). The magnetisation 

data below 7 K displays a rapid increase of the magnetisation as the field is increased when 

low magnetic fields are employed (< 2 T). Above 2 T, a more gradual increase is observed with 

near saturation reached at low temperatures; M = 2.45 μB at 1.8 K, under 7 T (Tb < 7K). The 
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non-saturation as well as the non-superimposition of temperature lines in the M vs. H T-1 plot 

(unlike for 3 in Figure 2.10) again verify the existence of magnetic anisotropy in 19  

(Figure 4.6 (right)). The data measured is similar to the field dependent studies carried out on 

1, 3, 4 and 6, however the saturation level reached for 19 is a lot higher, suggesting, as 

expected, a greater level of magnetic anisotropy. 

 

Figure 4.6 Field dependence of the magnetisation M vs. H (left) and reduced magnetisation  
M vs. H T-1 (right) for 19. 1 T = 10000 Oe. 

 
To probe the magnetic relaxation dynamics of 19, ac magnetic susceptibility measurements 

were performed. Under zero applied dc field no out-of-phase (χ”) signal was observed. 

However, under a 600 Oe applied dc field, 19 displayed both a strong frequency and 

temperature dependent χ” signal. Such slow relaxation of the magnetisation is consistent with 

field-induced SMM behaviour. Temperature dependent χ” data revealed full frequency 

dependent peaks with peak maxima shifting towards lower temperatures (Figure 4.7 (right)). 

Similarly, the frequency dependent data (Figure 4.7 (left)) reveals χ” decreases with increasing 

temperature and frequency over the temperature range of 1.8 – 9 K, further indicating SMM 

behaviour.  
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Figure 4.7 Frequency dependence (left) and temperature dependence (right) of the in-phase  
χ’ (top) and out-of-phase χ” (bottom) susceptibility of 19 under 600 Oe applied dc field.  

 
The frequency dependent data (χ”(v)) was used to extract the anisotropic barrier for 19,  

Ueff = 12 cm-1; τ0 = 4.6 x10-6 s. Typical Ueff values lie in the region of 2 – 653 cm-1.14 Although 

relatively small, this energy barrier signifies 19 as the first mononuclear nickel complex to 

display SMM behaviour. Surprisingly, the energy barrier was only observed under an applied 

dc field, not zero-static. This is due to the occurrence of quantum tunnelling of the 

magnetisation (QTM) in the ground state, an efficient relaxation process leading to fast 

relaxation dynamics which cannot be detected in zero-field. A bias towards utilising an applied 

field is necessary to suppress QTM and allow any thermally activated relaxation processes to 

be observed. This effect has been observed numerous times, for example, upon applying a 

6000 Oe external field, Dy(η8-COT)(η5-Cp*) and Ho(η8-COT)(η5-Cp*) both exhibited Ueff values 

(25 and 23.5/17.0 cm-1 respectively)15 which were previously a lot smaller when measured in 

zero-field. The origins of this unexpected fast QTM within the ground state of complex 19 at 

zero-field are not immediately apparent. One rationale is that, as it possess half-integer spin 

and significant anisotropy, there is mixing between the degenerate ground state and thermally 

accessible excited electronic states.2 Alternatively, examination of the packing in the crystal 

structure suggests that the bromide anion could interact with a further molecule of 19, 
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bringing it into close enough proximity (Ni…Ni distance of 10.3 Å) to allow intermolecular 

dipolar fields to influence the relaxation behaviour.15 

In recent years, several Ni complexes with very large anisotropy values have been  

reported,15-20 however 19 is the first mononuclear complex to exhibit SMM characteristics. This 

highlights the importance and intriguing chemistry of ML2 complexes and the role of the bulky 

RE NHCs which make this possible. 

 

4.2 Attempted Halide Abstraction From Ni(6Mes)(PPh3)Br (1) 

A straightforward method to obtain a two coordinate species originating from 1 is to remove 

the halide. Typical halophiles include Ag+, Tl+, [Et3Si]+, B(C6F5)3 and other Lewis acids, and a 

variety of these were reacted with 1. In all cases, no simple abstraction of the bromide was 

achieved. AgX reagents (X = [BF4]-, [NO3]-, [SO3CF3]-) led to the formation of [6MesH]X and the 

plating out of metallic nickel. The 19F and 11B NMR spectra of the reaction with B(C6F5)3 

provided some suggestion for the formation of a four coordinate boron species, indicating 

potential B-Br bonding. However, this reaction was evidently not clean and despite numerous 

efforts, no products could be isolated. The reactions with [Et3Si]+ and Tl+ on the other hand led 

to the isolation and characterisation of unique nickel complexes. 

 

4.2.1 Reaction of Ni(6Mes)(PPh3)Br (1) with [Et3Si]+ 

[R3Si]+ existing alongside non-coordinating anions are a highly exploited range of electrophiles 

in both stoichiometric and, more impressively, catalytic reactions.21 [Et3Si][B(C6F5)4] (the true 

nature of which will be discussed later) is an extremely versatile reagent for abstraction of 

halide ions, proving highly successful towards both main group and transition metal 

complexes.21 The ultimate metallic fragment thus formed is a coordinatively unsaturated, 

highly reactive cationic complex with [B(C6F5)4]- as the counterion. The exceptionally high 

electrophilic nature of [Et3Si]+ unfortunately results in problematic synthesis, with the majority 

of solvents, even weakly coordinating ones such as C6H6,22 CH2Cl2 and liquid SO2,23 coordinating 

to [Et3Si]+ to form [Et3Si(solvent)]+ cations.21 However, it can be readily prepared by reaction of 

two commercially available compounds, the trityl salt of [B(C6F5)4]- and triethylsilane.22 Excess 

Et3SiH acts as solvent and the intense bright yellow colour of [Ph3C][B(C6F5)4] is transformed to 

colourless [Et3Si][B(C6F5)4] (Scheme 4.2).21 The generated triphenylmethane can be removed 

by washing with hexane and drying in vacuo. 
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Scheme 4.2 Synthesis of the highly reactive [Et3Si]+ electrophile.  

 
Upon addition of a yellow C6H5F solution of 1 to equimolar quantities of [Et3Si]+, an 

instantaneous change in colour from yellow to an intense deep red was observed, consistent 

with the formation of Et3SiBr.24 The solvent suppressed 1H NMR spectrum of the solution 

recorded in C6H5F (discussed vide infra) was broadened and highly shifted (although to a lesser 

extent than 1), with the most noteworthy new resonances being two broad singlets at 17.25 

and 17.06 ppm. Upon layering with toluene, light green crystals were formed. X-ray 

crystallography disclosed that instead of just simple bromide extraction to form the expected 

two coordinate ‘[Ni(6Mes)(PPh3)]+’ complex, loss of PPh3 ligand had also taken place along with 

the coordination of toluene to give the cationic Ni(I) complex [Ni(6Mes)(η2-C6H5CH3)][B(C6F5)4] 

(21; Scheme 4.3; Figure 4.8). [6MesH]…(C6H5CH3)[B(C6F5)4] cocrystallised alongside 21. The 

formation and implications of this is discussed later in more detail.  

 

Scheme 4.3 Reaction of 1 with [Et3Si]+ to cocrystallise 21 and [6MesH]+…(C6H5CH3). 

 

 



Chapter 4  Reactivity 

122 
 

 

  

Figure 4.8 X-ray crystal structure of the cation in 21 with the Ni-Ctol bond lengths highlighted. 
Thermal ellipsoids are set at 30 % probability. All hydrogen atoms have been omitted for 

clarity. 

 

 21  21 

Ni – C(27) 2.059(3) Ni – CNHC 1.914(2) 

Ni – C(28) 2.008(2) Ni – C(5)ipso 2.1510(2) 

Ni – C(23) 2.134(2) Ni – C(14)ipso 3.363(9) 

Ni – C(26) 2.204(3) Ni – CNHC – N(1) 103.48(13) 

Ni – C(24) 2.259(3) Ni – CNHC – N(2) 134.07(15) 

Ni – C(25) 2.239(3)   

Table 4.3 Selected bond lengths (Å) and angles (o) in 21. 

 
Structural determination of 21 revealed a central nickel atom coordinated to a single 6Mes 

ligand. The Ni-CNHC bond length (1.914(2) Å) is much shorter than that found in either 1 or 19 

(1: 1.942(2) Å; 19: 1.941(3), 1.939(3) Å), presumably due to both the nature of the trans ligand 

and the geometry. Analysis of the Ni-Ctol bond distances shown in Table 4.3, along with other 

selected metrics, provided greater detail into the binding mode of the solvent molecule, 

revealing two short contacts to C(27) and C(28) (2.059(3) and 2.008 (2) Å), intermediate 

distances to C(23) and C(26) (2.134(2) and 2.204(3) Å), while even longer Ni-C(24) and -C(25) 

interactions (2.259(3) and 2.293(3) Å) (also shown in Figure 4.8). This implies toluene interacts 

C14 

Ni – C: 
2.259(3), 2.239(3) Å 

Ni – C: 
2.008(2), 2.059(3) Å 

Ni – C: 
2.134(2), 2.204(3) Å 
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with nickel through η2 coordination, instead of via the more symmetrical η6 fashion. There is 

also a close interaction with an ipso carbon of one of the mesityl substituents; the Ni-C(5) 

distance of 2.1510(2) Å is much shorter than the next closest interaction to C(14) of 3.363 Å. 

Complex 21 can thus be considered as a 13e- fragment in a distorted T-shaped geometry with a 

CNHC-Ni-C(28) angle of 165.10(10)o (C(28) is the toluene carbon with the shortest Ni-Ctol 

distance) and CNHC-Ni-C(5) of 63.23(7)o. The lack of ligand bulk and hence more open space 

around the coordinatively unsaturated nickel centre presumably allows this ipso stabilisation 

to occur which, in conjunction, also pulls the nickel atom to much closer proximity to the 

stabilising N-mesityl group. This significantly offsets the position of the nickel atom with 

regards to the RE NHC, disturbing the near perfect sp2 hybridisation of the carbenic carbon 

seen in the majority of Ni-6Mes complexes described in this thesis, including the precursor to 

21, 1 (21: Ni-CNHC-N(1): 103.48(13), Ni-CNHC-N(2): 134.07(15)o; 1: Ni-CNHC-N(1): 121.34(16),  

Ni-CNHC-N(2): 121.69(15)o25). Relief of coordinative unsaturation by ipso carbon stabilisation has 

been observed elsewhere, but is unusal.26-29 In the Rh(I)-diamidocarbene complex 

[Rh(6MesDAC)(COD)]+ synthesised by Cesar et al.,26 the rhodium is coordinated to one 

6MesDAC and one η2:η2-COD ligand, as well as bonding to the ipso carbon of one of the mesityl 

rings on the 6MesDAC ligand (Rh-Cipso: 2.346(2) Å). A similar distance (2.377(4) Å) was found in 

the IMes analogue [Rh(IMes)(COD)]+,27 although both distances are much larger than that 

measured in 21.  

Further analysis shows that the toluene ring lies almost parallel to a pentafluorophenyl ring in 

[B(C6F5)4]- (Figure 4.9), with the angle between the relevant least-squares aromatic ring mean 

planes being 9.9o. Moreover, the centroid-centroid distance between these rings (3.78 Å) and 

the shortest distance from the centroid of one ring to the mean plane of the other (3.27 Å) 

suggests the presence of offset π-π stacking and hence additional π-stabilisation to the 

complex, affording further rationale for alignment of the toluene throughout the crystal.  



Chapter 4  Reactivity 

124 
 

 

Figure 4.9 Full X-ray crystal structure of 21 showing the alignment of cation to anion thought 
to give rise to π-π interactions. Thermal ellipsoids are set at 30 % probability and all hydrogen 

atoms have been omitted for clarity. 

 
Complex 21 is believed to be the first example of a strictly mononuclear Ni(I) complex 

containing a neutral π-coordinated arene ligand. All previous examples (some of which are 

shown in Scheme 4.4) contain either anionic ligands such as [Cp]- and [B(C6H5)4]-,59 are dimeric 

in structure (such as xxiii (Chapter 1, 1.1.4))30 and/or interact with flanking aryl fragments 

which comprise the coordinated ligand. Tatsumi and coworkers31 reported the isolation of a  

Ni(I)-thiolate complex (xlix) which showed short interactions to the ipso and ortho carbons of 

the sulfur bound terphenyl group (Ni-Cipso: 2.129(3) Å; Ni-Cortho: 2.147(2) Å). Pfirrmann et al.32 

synthesised the dimeric Ni(I)-β-diketiminate complex (xxix; Chapter 1, 1.2), which showed 

short Ni-C contacts (2.20747(15) and 2.1337(15) Å) to meta and para carbon atoms 

respectively of one of the dipp groups. A toluene stabilised Ni(I) dinuclear system (l) was 

reported by Jones et al.,33 in which two nickel guanidinato fragments are bridged by a toluene 

molecule with interactions of each nickel to three aromatic carbons (1.937(2), 2.089(2), 

2.105(2) Å). As expected for a directly coordinated ligand, the Ni-Ctoluene (to the η2-diene 

moiety) bond lengths in 21 (2.059(3) and 2.008(2) Å) are shorter than the majority of those 

seen in the above examples. 
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Scheme 4.4 Examples of Ni(I) monomeric/dimeric complexes π-stabilised by non-directly 
coordinated aryl groups (above) or dinuclear species interacting with arenes (below).  

 
Ni-arene complexes where the arene coordinates in a neutral manner are widely known,34-37 

however, the nickel is almost exclusively in a zero oxidation state. Driess and coworkers34 

synthesised a series of silylene Ni(0)-η6-arene complexes with toluene, 1,4-xylene and 

mesitylene (Figure 4.10). Many other examples involve Ni-NHC fragments,36,37 such as the very 

recent report of Ni(IPr)(η6-C6H5R) (R = H or CH3) (Figure 4.10).37  

 

Figure 4.10 Examples of Ni(0)-η6-arene species.  

 
Despite the formation of 21, initial X-ray crystallographic analysis revealed only 25 % 

occupancy by the nickel ion. For the remaining 75 %, a hydrogen atom was present instead, 

yielding the pyrimidinium cation [6MesH]+…(C6H5CH3) (Figure 4.11). The [B(C6F5)4]- acts as the 

counterion and is thus present in the unit cell 100 % of the time. The C-H bond points towards 

a molecule of toluene, with H(1) at a distance of 2.468 Å from the mean plane of the toluene 
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ring and 2.49 Å from the centroid of the same ring. This is indicative of a C-H…π interaction, 

based on similar distances being previously computed in benzene clusters.38  

 

Figure 4.11 X-ray crystal structure of the cation in [6MesH]…(C6H5CH3)[B(C6F5)4]. Thermal 
ellipsoids are set at 30 % probability. All hydrogen atoms have been omitted for clarity, except 

for H(1). 

 
The most likely source of the pyrimidinium proton was thought to be either residual Et3SiH or 

Ph3CH, but even upon prolonged evaporation of all traces of unreacted Et3SiH and hexane 

washing to remove Ph3CH, [6MesH]…(C6H5CH3)[B(C6F5)4] was still detected. When the whole 

reaction ([Et3Si]+ synthesis and addition of 1) was carried out in a glove box, the number of 

hexane washings increased to five and drying times lengthened to overnight, a best ratio of 

65:35 for 21:[6MesH]…(C6H5CH3)[B(C6F5)4] in the cocrystal lattice was achieved. NMR studies 

were carried out to establish whether Et3SiH or Ph3CH were a source of H+. 1H NMR spectra of 

C6H5F solutions of i) free 6Mes with a) Et3SiH or b) Ph3CH and ii) 1 with a) Et3SiH or b) Ph3CH 

followed by addition of free 6Mes were recorded. In all cases, there was no spectroscopic 

evidence for formation of [6MesH]+, implying that neither Et3SiH or Ph3CH were the H+ sources. 

An alternative proton source may result from considering the exact structure of 

[Et3Si][B(C6F5)4] reported by Reed and coworkers.21 During characterisation of isolated samples 

of their assumed [Et3Si][B(C6F5)4] pair, they recorded IR spectra consistent with the formation 

of a silane adduct, [Et3Si–H–SiEt3][B(C6F5)4] (νSiHSi = 1900 cm-1 (broad)), where once again, 

solvent has coordinated to the highly reactive [Et3Si]+ fragment. When isolated, [Et3Si–H–SiEt3]+ 

is then dissolved in solvents such as arenes or ethers for reactions to commence, forming 

[Et3Si(solvent)]+ and thus initiating the electrophile towards halide abstraction. During the 
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reaction with 1, if [Et3Si–H–SiEt3]+ is indeed generated, upon dissolution into C6H5F ‘Et3SiH’ like 

fragments would be liberated and provide a source of H+.§ 

Crystalline samples of 21 were insoluble in all nonpolar solvents (as well as C6H5F), but 

dissolution in THF followed by layering with toluene, still gave crystals of the complex, 

suggestive that toluene coordination is retained in THF solution. As mentioned previously, the 
1H NMR spectrum of the crude reaction mixture formed in C6H5F before addition of toluene 

was paramagnetic in nature and showed two broad resonances at 17.25 and 17.06 ppm 

(Figure 4.12a). In contrast, the THF-d8 spectrum of 21 after recrystallisation displayed signals 

which were less paramagnetic in character and the two broad singlets had disappeared  

(Figure 4.12b). There was however a singlet of significant intensity (integral of 1H) at 

8.48 ppm, which was later assigned to the CNHC-H proton from isolated samples of 

[6MesH][B(C6F5)4]. The 1H spectrum in THF-d8 showed no evidence of bound THF-h8 from 

residual protio THF, and integration and assignments of all the resonances were possible to the 

solid-state structure of 21, including toluene signals at 7.08 (CH) and ca. 2.29 ppm (CH3). The 

extreme change in NMR spectra suggest that the initial nickel fragment formed upon reaction 

with [Et3Si]+ is not retained in solution with addition of toluene. Moreover, as the 1H NMR 

spectrum of dissolved 21 is surprisingly diamagnetic in nature, it implies 21 exists slightly 

differently in solution than compared to its solid state structure, perhaps as aggregates. The 
11B{1H} spectrum of 21 in THF-d8 was consistent with crystallography, displaying two singlets at 

-18.4 and -16.6 ppm. The former has a different chemical shift from the signal associated with 

the [CPh3][B(C6F5)4] starting material (-15.8 ppm), while the latter corresponds to 

[6MesH][B(C6F5)4].  

                                                             
§As the exact structure and nature of the electrophilic silylium fragment is unknown under the reaction 
conditions used, it will still be referred to as [Et3Si]+ for the remainder of this thesis. 
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Figure 4.12 1H NMR spectra of 1 + [Et3Si]+ (before layering with toluene) (C6H5F, 298 K, 
500 MHz) (a) and recrystallised samples of 21 (THF-d8, 298 K, 400 MHz) (b). 
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4.2.1.1 EPR spectroscopic analysis of [Ni(6Mes)(η2-C6H5CH3)][B(C6F5)4] (21) 

As the composition of 21:[6MesH]…(C6H5CH3)[B(C6F5)4] varied from sample to sample, the 

Evans method (which relies on known mass) could not be used to determine the magnetic 

susceptibility of 21. The pyrimidinium impurity is expected to be EPR silent, therefore the 

paramagnetism of 21 was probed by X-band EPR measurements at 140 K (Figure 4.13). A 

preliminary report of this is given below, although as will become clear, a more extensive 

investigation is required. 

 

 

Figure 4.13 X-band EPR (140 K) spectra of [Ni(6Mes)(η2-C6H5CH3)][B(C6F5)4] (21) after 2 h at 
298 K (a) and fresh sample (b). I and II represent the simulations of the two species 

contributing to the fresh sample shown in b. 

 

Complex g1 g2 g3 g3 – g2 g2 – g1
 A1 

/ MHz 
A2 

/ MHz 
A3 

/ MHz 
21, species I 

 
2.015 

2.02 

2.090 

2.20 

2.399 

2.75 

0.309 

0.55 

0.075 

0.18 

189 

- 

278 

- 

285 

- 

Table 4.4 Spin Hamiltonian parameters for complex 21. g values ±0.005 for species I and ±0.05 
for species II. 

 

21, species II 

Field / mT 

I 

II 
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Two independent spin species (I = ½) were observed in the spectra of freshly prepared samples 

of 21, labelled species I and II in Figure 4.13. These were deconvoluted to allow simulation of 

each of them, resulting in the spin Hamiltonian parameters listed in Table 4.4. Due to the 

disappearance of signals originating from species II in the EPR spectrum collected after 2 h, it 

suggests that this species is less stable than species I. The presence of two individual species 

suggests that the isolated solid of 21 is i) not paramagnetically pure (despite numerous 

recrystallisations) or ii) forms a secondary species in solution during the EPR sample 

preparation. Both species I and II displayed a rhombic profile consistent with a true Ni(I) metal 

centre, which rules out the possibility of a Ni(II) species with an electron delocalised onto the 

ancillary ligands, as potentially indicated by the diamagnetic nature of the THF-d8 1H NMR 

spectrum in Figure 4.12b. The g values obtained show a trend of g3 – g2 > g2 – g1  

(0.309 > 0.075), opposite to that measured for the Ni(RE NHC)(PPh3)X complexes studied  

(1, 5, 7 – 10). This is the more commonly established trend for Ni(I) species, which indicates a 

ground state SOMO that is principally 3dx2-y2 in character. This differs from the calculated 

SOMO for Ni(6Mes)(PPh3)Br (1) (admixture of predominantly 3dz2 character), an alteration 

most likely arising from a change in geometry of the complex (from Y-shaped 1 to a more  

T-shaped 21). 

Hyperfine coupling to a nucleus with I = ½ was observed for species I, with the largest 

hyperfine coupling now observed along the A3 component instead of A1 as with 1, 5, 7 – 10. 

This is again probably due to the change in ground state structure. The exact identity of this  

I = ½ nucleus is unknown, although it is presumed to be to a 31P atom in a PPh3 containing 

impurity. 1H ENDOR measurements are needed to confirm this assignment to 31P. No hyperfine 

coupling could be resolved in any of the principal directions for species II, which could be a 

result of inaccurate simulation due to overlapping features from the presence of multiple spin 

species. There is also an unusually high g3 value associated with species II (2.75). Typical g3 

values for Ni(I) complexes are ca. 2.3 – 2.4, with 1, 5, 7 – 10 all falling into this range (1: 2.365 

(See Table 2.4)). Determination of the exact identity of the two species is required in order to 

understand the origin for the high g3 value. Some small unassigned resonances are observed in 

the 1H NMR spectrum of recrystallised samples of 21, which may be responsible for a second 

species (Figure 4.12b). 
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4.2.1.2 Analogues of [Ni(6Mes)(η2-C6H5CH3)][B(C6F5)4] (21) 

The synthesis of 21 prompted efforts to prepare other derivatives to determine whether there 

was any effect of changing the ring size and N-substituents of the RE NHC or in altering the 

coordinated arene. Scheme 4.5 shows the results of trying to prepare analogues with the 

larger Ni(7Mes)(PPh3)Br (6) and less bulky 6-membered Ni(6oTol)(PPh3)Br (2). Interaction of the 

nickel in 21 with ortho and meta carbon atoms of the toluene directed attempts to investigate 

arenes with no substituents (C6H6) and other methyl substitution patterns (1,4-xylene and 

mesitylene), as well as polyarene systems like naphthalene. These results are summarised in 

Scheme 4.6. 

 

Scheme 4.5 Attempted reactions of [Et3Si]+ with 2 and 6 to establish the role of RE NHC sterics.  
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Scheme 4.6 Attempted isolation of other Ni(I)-arene species following reaction of 1 with 
[Et3Si]+. 

 
Only 6 + [Et3Si]+/toluene (Scheme 4.5) and 1 + [Et3Si]+/mesitylene (Scheme 4.6) gave crystals of 

nickel containing products, [Ni(7Mes)(η2-C6H5CH3)][B(C6F5)4] (22) and  

[Ni(6Mes)(η2-C6H3(CH3)3)][B(C6F5)4] (23) respectively, both isostructural and isoelectronic to 21. 

These are shown in Figure 4.14, with selected metrics in Table 4.5 alongside those of 21 for 

comparison. In both cases, the corresponding arene coordinated diazepinium/pyrimidinium 

salts cocrystallised with the Ni(I)-arene species, with a maximum ratio of 65:35 for 

22:[7MesH]…(C6H5CH3)[B(C6F5)4]. X-ray crystallography revealed a large level of disorder in 23, 

where the nickel atom was disordered over two sites along with the hydrogen atom from 

[6MesH]…(C6H3(CH3)3)[B(C6F5)4]. The overall 23:[6MesH]…(C6H3(CH3)3)[B(C6F5)4] ratio was 80:20, 
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where the 23 component is made up of the sum occupancies of both the disordered nickel 

atoms. The metrics for 23 in Table 4.5 correspond to the location of the nickel with the highest 

occupancy (75 %). In the other attempted reactions, either no crystalline material could be 

achieved (i.e. for reaction of 2 with [Et3Si]+/toluene) or only [6MesH]+…arene could be 

structurally characterised, as with 1 + [Et3Si]+/benzene and 1 + [Et3Si]+/1,4-xylene. This was 

especially surprising for 1,4-xylene given the relatively minor modification to toluene. 

 

 

 

Figure 4.14 X-ray structures of the cations in 22 (above) and 23 (below). Thermal ellipsoids are 
set at 30 % probability. All hydrogen atoms have been omitted for clarity in 22. 
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Entry  21 22 23 

1 Ni – C(28) 2.059(3) 2.075(3) 2.111(6) 

2 Ni – C(29) 2.008(2) 2.062(3) 2.159(5) 

3 Ni – C(24) 2.134(2) 2.186(3) 2.238(6) 

4 Ni – C(27) 2.204(3) 2.192(3) 2.190(6) 

5 Ni – C(25) 2.259(3) 2.267(3) 2.303(7) 

6 Ni – C(26) 2.239(3) 2.270(3) 2.254(7) 

7 Ni – CNHC 1.914(2) 1.932(2) 1.936(4) 

8 Ni – C(15)ipso 2.1510(2) 2.490(2) 2.570(11) 

9 Ni – C(6)ipso 3.363(9) 3.325(2) 3.400(12) 

10 CNHC – Ni – C(29)toluene 165.57(5) 162.71(6) 161.2(2) 

11 CNHC – Ni – C(15)ipso 56.49(8) 63.24(9) 60.69(10) 

12 Ni – CNHC – N(1) 134.07(15) 133.22(17) 133.6(3) 

13 Ni – CNHC – N(2) 103.48(13) 102.89(15) 106.7(3) 

14 N(1) – CNHC – N(2) 122.69(3) 123.9(2) 119.6(4) 

Table 4.5 Selected bond lengths (Å) and angles (o) for 22 and 23 alongside 21 as a comparison. 
The atom numbers refer to complex 22, with the metrics for the corresponding bond/angle in 

21 and 23 shown in the same row. 

 

The Ni-Carene bond lengths in 22 and 23 follow the same pattern as that observed for 21; three 

distinct sets of Ni-Carene bonding can be established according to their magnitude, leading to a 

Ni-arene interaction that is still best considered as being η2 in nature (c.f. entries 1 and 2 

displaying the shortest lengths, 3 and 4 intermediate distances and 5 and 6 the longest Ni-Carene 

bond lengths). The groupings are however less distinctive in 22 and even less so in 23, as 

shown by the smaller difference between the longest and shortest Ni-Carene bond distance 

when compared to 21 (22: Δ(Ni-Carene) = 0.223 Å; 23: Δ(Ni-Carene) = 0.192 Å;  

21: Δ(Ni-Carene) = 0.284 Å) and the lesser extent to which the carbenic carbon deviates from 

trigonal planarity (22: N(2/1)-CNHC-Ni: 102.89(15)/133.22(17)o; 23: N(2/1)-CNHC-Ni: 

106.7(3)/133.6(3)o; 21: N(1/2)-CNHC-Ni: 103.48(13)/134.07(15)o (entries 12 and 13)). As for 21, 
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entry 8 shows shorter interactions between the nickel and ipso carbon of one N-Mes 

substituent (22: 2.4980(2) Å; 23: 2.570(11) Å) compared to the other located on the second 

mesityl (22: 3.325(2) Å; 23: 3.400(12) Å (entry 9)). However, in both cases this ipso interaction 

is a lot longer than the corresponding distance in 21 (2.1510(2) Å) and [Rh(NHC)(COD)]+  

(NHC = 6MesDAC26 (2.346(2) Å), IMes27 (2.377(4) Å)). This suggests the extent of additional 

stabilisation of the 13e- Ni(I) centre is less in 22 and 23, possibly due to the increased RE NHC 

or arene ligand steric bulk that restricts orientation towards the ipso carbon. Thus, distorted  

T-shaped environments are again observed around the nickel metal centres (entries 10 and 

11). The Ni-CNHC bond lengths in 22 and 23 (22: 1.932(2) Å; 23: 1.936(4) Å (entry 7)) are also 

slightly longer than in 21 (1.914(2) Å), again most likely due to the increased steric 

requirements of the higher substituted mesitylene and RE NHC backbone. 

As in 21, the packing of the cation and anion in 22 and 23 arrange themselves such that  

π-interactions between the coordinated arene and a pentafluorophenyl group on the anion 

can provide additional stability. The two aromatic rings were again nearly parallel with each 

other (least-squares mean planes intersect each other at 9.2 and 11.9o respectively for 22 and 

23 (21: 9.9o)), with the shortest distance between one centroid to the other mean plane being 

3.49 and 3.22 Å (21: 3.27 Å). The centroid-centroid distance between the two aromatic rings 

was again short at 3.63 and 3.76 Å (21: 3.78 Å). 

The 1H NMR spectra of complexes 22 and 23 in THF-d8 were similar in nature to that of 21, 

displaying a diamagnetic like spectrum which could be fully integrated and assigned to the 

solid-state structure. There was again a singlet resonance at 8.13 and 8.46 ppm respectively, 

assigned as the CNHCH proton in the cocrystallised diazepinium/pyrimidinium salt. Both 11B{1H} 

spectra revealed two singlet resonances, corresponding to the boron in the [B(C6F5)4]- 

counterion of i) the Ni(I)-arene complex (22 or 23) and ii) protonated RE NHC.  

Attempts to trap any low coordinate nickel species from the reaction of 1 and [Et3Si]+ with 

naphthalene were unsuccessful. No isolation of any nickel containing products was possible 

and 1H NMR spectroscopy showed no evidence for naphthalene coordination. As depicted in 

Scheme 4.6, only naphthalene was crystallised out of solution along with the plating of 

metallic nickel. Naphthalene had previously been shown to be an effective polyarene ligand for 

group 4 and 5 transition metal complexes and more recently with iron, but only in the 

presence of a crown ether.39 For example, Wolf et al.39 have reported the formation of 

Fe(Cp*)(η4-C10H8){K(18-crown-6)} (Figure 4.15), where the naphthalene molecule is 

coordinated to the metal centre through one of its aromatic rings (stabilising the low valent 
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iron to form 18e- Fe(0)), while the other is in η6-coordination with the K+ of the crown ether, 

causing folding of the naphthalene by 35.1o. Success of naphthalene ligation with more 

electron rich transition metals, i.e. nickel, is however scarce. Unlike with the more aromatic 

toluene in 21, π-interactions instigated by the presence of the [B(C6F5)4]- anion with 

naphthalene may not be enough to stabilise any Ni-naphthalene complex formed. Thus, the 

addition of better stabilising agents, such as crown ethers, may be needed in order to promote 

this. 

 

Figure 4.15 An example of a bent naphthalene coordinated Fe(0) complex.  

 
Unsurprisingly, just pyrimidinium salt was identified upon layering a mixture of 1 + [Et3Si]+ with 

cyclohexane, indicating the necessity for a π-aromatic system for stabilisation of this low 

oxidation state and highly coordinatively unsaturated metal centre. 

Due to the variable level of pyrimidinium/diazepinium contamination in batches of 21, 22 and 

23, studies to probe the reactivity of these complexes have not been attempted at this time. 

 

4.2.2 Halide Abstraction From Ni(6Mes)(PPh3)Br (1) With Tl+ 

A yellow THF solution of 1 (1 eq) was reacted with a slight excess of TlPF6 (1.2 eq) at room 

temperature for 30 min, leading to a very light yellow coloured solution. Insoluble white 

powder (presumably TlBr) was filtered off and addition of hexane to the light yellow filtrate 

generated a pale yellow precipitate. X-ray quality crystals were obtained from THF/hexane, 

which crystallographic analysis revealed to be a three coordinate THF stabilised Ni(I) cation, 

[Ni(6Mes)(PPh3)(THF)]PF6 (24; Scheme 4.7). 
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Scheme 4.7 Reaction of 1 with TlPF6
 to generate the Ni(I)-RE NHC cation 24. 

 
The nickel metal centre is bonded to the 6Mes, PPh3 and THF in a distorted T-shaped 

arrangement, as depicted in Figure 4.16, with CNHC-Ni-P and CNHC-Ni-OTHF angles of 158.59(6) 

and 102.65(8)o respectively (Table 4.6). The Ni-CNHC distance (1.968(2) Å) is slightly longer than 

that in 1 (1.942(2) Å), whereas the Ni-P distances are identical in the two complexes  

(24: 2.2190(5) Å; 1: 2.2188(6) Å). 

 

Figure 4.16 X-ray crystal structure of 24. Thermal ellipsoids are set at 30 % probability. All 
hydrogen atoms have been omitted for clarity. 
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 24 xliv 40 

Ni – CNHC 1.968(2) 1.907(6) 

Ni – OTHF 2.0956(17) 1.947(4) 

Ni – P 2.2190(5) - 

CNHC – Ni – L 158.59(6) 145.21(6) 

CNHC – Ni – OTHF 102.65(8) - 

N – CNHC – N 117.55(18) - 

Table 4.6 Selected bond lengths (Å) and angles (o) for 24 and the related  
[Ni(IPr)(η3-NHAr)(THF)]BAr4

F xxxii. L = P (24), N (xliv). 

 
Complex 24 is somewhat structurally similar to the cationic Ni(II) amide complex xliv 

([Ni(IPr)(η3-NHAr)(THF)]BAr4
F) introduced in Chapter 1, 1.3.2, with selected bond lengths for 

comparison shown in Table 4.6. In xliv, the ligated THF molecule displayed a relatively long  

Ni-OTHF bond length of 1.947(4) Å and was shown to be labile as recrystallisation from CH2Cl2 

gave a solvent free dimeric derivative of xliv in which each nickel was stabilised by the amide 

nitrogen atom on a neighbouring Ni-(IPr)(amide) fragment (Scheme 1.22). Although a direct 

comparison to 24 is limited due to differences in oxidation state, the Ni-OTHF distance in 24 is 

longer (2.0956(17) Å) compared to that in xliv, suggestive of even greater lability (discussed 

further in section 4.2.2.1). The geometry of xliv is much more bent (CNHC-Ni-Namide: 145.21(6)o) 

when compared to 24 (CNHC-Ni-P: 158.59(6)o). This is further illustrated by a less trans affected 

Ni-CNHC bond length in xliv (xliv: 1.947(4) Å; 24: 1.968(2) Å) and closer proximity of THF to the 

metal centre.  

 
4.2.2.1 Spectroscopic analysis of [Ni(6Mes)(PPh3)(THF)]PF6 (24) 

The 1H NMR spectrum of 24 displayed extremely broad resonances between 16.94 and 

0.12 ppm in THF-d8. The signals could not be integrated and so the bound THF could not be 

identified. Attempts to prove THF removal were therefore thwarted, especially as after any 

manipulations on 24 to achieve this required re-dissolution into THF for spectroscopic analysis. 

The best evidence obtained was via X-ray crystallography, which repeatedly revealed the 

presence of THF in 24 upon numerous recrystallisation attempts (from CH2Cl2, C6H5F, C6H6, 

toluene), suggesting the THF molecule could not be easily dissociated from the nickel. 

The X-band EPR (140 K) spectrum of 24 is displayed in Figure 4.17 along with the simulated 

spectrum. The spin Hamiltonian parameters extracted from this rhombic spectrum are given in 

Table 4.7. In contrast to 1, g3 – g2 > g2 – g1, which can again be attributed to the T-shaped like 
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geometry. Hyperfine coupling to two 31P nuclei were detected, which may indicate weak 

interaction to the [PF6]- counterion. Simulation of the spectrum was unfortunately not 

optimised and further EPR studies are necessary to provide a more detailed analysis. 

 

Figure 4.17 Measured (a) and simulated (b) X-band EPR (140 K) spectra of 24. 

 

Complex g1 g2 g3 g3 – g2 g2 – g1
 A1 

/ MHz 
A2 

/ MHz 
A3 

/ MHz 
24 2.025 2.277 2.522 0.250 0.247 227 

a57 

572 
a222 

441 
a53 

Table 4.7 Spin Hamiltonian parameters for 24. g values ±0.005. a 31P hyperfine coupling. 

 
A µeff value of 1.4 µB was determined by the Evans method and was consistent with that 

expected for the presence of a single unpaired electron. The variable temperature magnetic 

susceptibility measured by SQUID magnetometry between 1.8 and 300 K, gave a room 

temperature χT value of 1.04 cm3 K mol-1. As found for 1, 3, 4 and 6 and two coordinate 19 

(range between 0.67 – 1.12 cm3 K mol-1), this is higher than the expected theoretical spin-only 

value of 0.375 cm3 K mol-1 for a d9 Ni(I) complex. This enhanced χT value can again originate 

from significant inherent anisotropy and it is worth noting that the cationic complexes  

(19 and 24) generally display values greater than the neutral complexes. When orbital 

contributions are taken into consideration, the observed room temperature χT value lies half 
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way between the expected value of 1.57 cm3 K mol-1 for a Ni(I) ion with unquenched orbital 

angular momentum and the spin-only value. As for 19, the χT value shows a negative 

dependence with decreasing temperature, accompanied with a much sharper drop below 10 K 

to reach a minimum value of 0.458 cm3 K mol-1 (half the value of that determined for SMM 19). 

This low temperature negative deviation of the χT product most likely results from a 

combination of factors; antiferromagnetic intermolecular interactions, inherent magnetic 

anisotropy and depopulation of excited states. 

To confirm the presence of magnetic anisotropy, field dependent magnetisation 

measurements (Figure 4.18) were carried out between 1.8 and 7 K at fields ranging from  

0 to 7 T. The M vs. H data below 7 K demonstrates a rapid increase in the magnetisation at low 

magnetic fields. Above 2 T, a more gradual increase is observed at 1.8 K, with near saturation 

being reached (M = 1.15 µB) at low temperature (1.8 K) under 7 T (M = 2.45 µB for 19). The 

M vs. H T-1 measurements reveal that at high fields there is no saturation or overlay onto a 

single master curve, indicative of low-lying excited states and/or the presence of large 

magnetic anisotropy, albeit to a lesser extent than in 19.  

 

Figure 4.18 SQUID measurements on 24. Above: field dependent magnetisation (left) and 
reduce magnetisation (right) at 1.8, 3, 5 and 7 K. Below: Temperature dependent  

ac susceptibility between 1.8 – 20 K. 
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To probe any potential SMM behaviour, the temperature dependence of the out-of-phase (χ’’) 

magnetic susceptibility was investigated. Under zero applied dc field and a 0.1 T field, no 

temperature dependent signal was observed (Figure 4.18) ruling out SMM behaviour in 24.  

 
4.2.2.2 Reactivity of [Ni(6Mes)(PPh3)(THF)]PF6 (24) 

Preliminary studies of the reactivity of 24 were explored by exposing THF solutions of the 

complex to H2, O2 and CO (Scheme 4.8). Although a colour change from pale yellow to green 

was observed upon addition of 1 atm H2, 1H NMR analysis showed only the presence of 

starting material 24, although some plating out of what appeared to be metallic nickel was 

apparent. 

Upon exposure of a pale yellow THF solution of 24 to 1 atm O2, an immediate colour change to 

deep purple was observed, similar to that seen in the reaction of Ni(RE NHC)(PPh3)Br  

(1, 2, 6, 7) with O2. Recrystallisation from THF/hexane, led to the formation of purple crystals 

of [Ni(6Mes)Br(µ-OH)(µ-O-6Mes)’Ni(PPh3)]PF6 (25; Scheme 4.8). The X-ray crystal structure 

(Figure 4.19) revealed a dimeric structure analogous to that in 13, but now with a PPh3 rather 

than a bromide bound to the nickel bearing the activated 6Mes ligand. The replacement of a 

1e- donor for a neutral 2e- donor ligand is compensated for by the presence of a [PF6]- 

counterion that retains the overall Ni(II) oxidation state at each metal centre. The presence of 

bromide on the second nickel centre was initially a quandary, though mass spectrometry of 

isolated samples of 24 (even those recrystallised multiple times) revealed the presence of 

traces of TlBr, which is presumably the source of the bromide ligand in 25. 
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Scheme 4.8 Reactivity of 24 with H2, O2 and CO. 
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Figure 4.19 X-ray structure of the cation in 25. Thermal ellipsoids are set to 30 % probability. 
All hydrogen atoms have been omitted for clarity, except for H(1). 

 
Table 4.8 displays selected metrics for 25, alongside those of 13 for a comparison. It seems 

that the strain imposed by increased ligand sterics and the µ-O-aryl group in 25, causes the 

central asymmetric Ni2(µ-OR)2 core to open up, leading to less acute Ni-O-Ni angles  

(25: 101.24(12) and 99.78(11)o; 13: 96.63(12) and 97.53(11)o) and greater Ni…Ni separation  

(25: 2.9208(6) Å; 13: 2.8712(6) Å). The lengthening of the Ni-CNHC distances  

(25: 1.902(4) and 1.901(4) Å; 13: 1.856(3) and 1.883(4) Å), particularly at Ni(1), would be 

consistent with greater congestion resulting from the presence of PPh3  

(25: Ni-Br: 2.2866(6) and Ni-P: 2.1769(10) Å; 13: Ni-Br: 2.3299(6)/2.3083(6) Å;  

24: Ni-P: 2.2190(5) Å). The same trends in N-CNHC-N bond angles, Ni-O distances and nitrogen 

atom deviation from the mean plane of its bonded atoms described for 13 in Chapter 3, 3.1 

are observed for 25. 
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 25 13 

Ni(1) – CNHC 1.902(4) 1.856(3) 

Ni(2) – CNHC 1.901(4) 1.883(4) 

O(2) – C(20) 1.421(4) 1.443(4) 

Ni(1) – O(1) 1.897(2) 1.878(3) 

Ni(1) – O(2) 1.885(2) 1.892(2) 

Ni(2) – O(1) 1.882(3) 1.869(3) 

Ni(2) – O(2) 1.934(2) 1.926(2) 

Ni(1) – P 2.1769(10) - 

Ni(2) – Br 2.2866(6) 2.3299(6) 

Ni(1)...Ni(2) 2.9208(6) 2.8713(6) 

N(1) – CNHC – N(2) 118.2(3) 118.2(3) 

N(3) – CNHC – N(4) 116.8(3) 116.5(3) 

Ni(1) – O(1) – Ni(2) 101.24(12) 96.63(12) 

Ni(1) – O(2) – Ni(2) 99.78(11) 97.53(11) 

O(1) – Ni(1) – O(2) 79.08(10) 80.55(10) 

O(1) – Ni(2) – O(2) 78.24(10) 80.18(10) 

Table 4.8 Table of selected bond lengths (Å) and angles (o) for 25 and 13. The atom numbers 
refer to complex 25, with the metrics for the corresponding bond/angle for 13 shown in the 

same row. 

 
The 1H NMR spectrum of 25 displayed diamagnetic characteristics, consistent with a Ni(II)-Ni(II) 

species. As observed for 13 and 14, a low frequency resonance assignable to µ-OH was 

apparent at -2.35 ppm (THF-d8), which disappeared upon addition of D2O. The 31P{1H} NMR 

spectrum revealed the presence of a bound PPh3 ligand as well as the [PF6]- counterion at  

24.5 and -105.7 ppm (THF-d8) respectively. No evidence for any double oxygenative C-H 

activation products analogous to 15 and 16 were observed during any experimental or 

analytical manipulations of 25.  

Scheme 4.8 depicts the reactivity of 24 observed following exposure to CO. Upon addition of 

1 atm CO to a freeze-pump-thaw degassed THF solution of 24, the pale yellow colour of the 

starting material instantaneously changed to green, followed by orange upon standing at room 

temperature for 1 h. After a further 48 h, the solution was yellow. Attempts to isolate or 
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identify each complex responsible for the specific coloured solutions proved partially 

successful, as detailed below. 

Halting the reaction < 1 min after addition of CO by freezing the THF solution and removing CO 

by freeze-pump-thaw degassing gave a green residue, which produced light green/yellow 

crystals upon recrystallisaton from THF/hexane. If the green solution was immediately reduced 

to dryness in vacuo rather than simply degassed, the green colour was seen to change back to 

the initial yellow colour of 24, suggestive of reversible CO coordination. Crystallographic 

analysis revealed the crystals to be the cationic, three coordinate Ni(I)-CO complex 

[Ni(6Mes)(PPh3)(CO)]PF6 (26; Figure 4.20). 

 

Figure 4.20 X-ray structures of the cation in 26 (left) and 27 (right). Thermal ellipsoids are set 
at 30 % probability and all hydrogen atoms have been omitted for clarity. 

 

Complex 26 displayed a distorted T-shaped geometry (CNHC-Ni-P: 151.93(9)o;  

CNHC-Ni-CCO: 106.24(13)o (see Table 4.9 for metrics)). These values are close to those measured 

for the Ni(I)-THF starting material 24 (CNHC-Ni-P: 158.59(6); CNHC-Ni-OTHF: 102.65(8)o), showing 

that substitution of THF by CO leads to only a minimal structural change. 
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 26 27 li 41 lii 42 

Ni – CNHC 1.943(3) 1.962(2) - - 

Ni – P 2.2374(8) 2.2647(7) - - 

Ni – CCO 1.787(3) 1.782(3) 1.827(8) 1.770(3) 

CCO – O 1.132(4) 1.052(4) 1.155(8) 1.142(3) 

Ni – Br - 2.2979(4) - - 

CNHC – Ni – P 151.93(9) 175.86(8) - - 

CNHC – Ni – CCO 106.24(13) 88.83(11) - - 

Br – Ni – CCO - 170.90(11) - - 

N – CNHC – N 118.9(3) 120.1(2) - - 

Table 4.9 Selected bond lengths (Å) and angles (o) for Ni(I)- (26, li and lii) and Ni(II)- (27) 
carbonyl complexes. 

 
When the reaction of 24 with CO was left to form a yellow solution over 48 h, removal of the 

solvent and recrystallisation of the residue from THF/Et2O produced very few pale yellow 

crystals of the Ni(II) complex [Ni(6Mes)(PPh3)(CO)Br]PF6 (27; Figure 4.20). The source of the 

bromide is most likely the residual TlBr remaining from the synthesis of 24. The isolation and 

time scale for formation of the CO substitution products suggests immediate formation of 26, 

followed by gradual coordination of Br- to generate 27 over time.  

Table 4.9 also shows selected bond length and angles in 27. Some comparison of metrics in 26 

and 27 can be made, despite their differences in oxidation state and geometry. The Ni-CNHC 

bond length in 27 (1.962(2) Å) is slightly longer than 26 (1.943(3) Å), mostly likely due to the 

greater trans effect of the now almost linear PPh3 group arising from square planarity  

(CNHC-Ni-P: 26: 151.93(9)o; 27: 175.86(8)o) and from enhanced steric interactions naturally 

arising with an increased coordination number. A similar effect is seen with the slightly 

lengthened Ni-P distance in 27 (27: 2.2647(7) Å; 26: 2.2374(8) Å; 24: 2.2196(5) Å). As expected 

for a higher oxidised metal centre, the CCO-O distance in 27 (1.052(4) Å) is shorter than the 

1.132(4) Å measured in 26. The 6Mes N-CNHC-N angle in 27 is significantly enlarged over any of 

the Ni-6Mes complexes described thus far in this thesis (26: 118.9(3)o;  

27: 120.1(2)o). 

Preliminary efforts have been made at following the incorporation of CO by IR spectroscopy.  

A C6D6 solution of 24 was exposed to 1 atm CO and an IR spectrum taken immediately, 
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followed by every 5 min for a total of 40 min. At t = 1 min, small bands were visible at 2032 and 

1668 cm-1, the latter indicative of a bridging CO ligand. With time, further bands grew in at 

1956, 1967, 1996 and 2069 cm-1. The complex nature of the IR spectrum suggests the reaction 

with CO is not simple, with the apparent formation of a variety of different Ni-(CO)n species 

formed in solution. This was corroborated through preliminary low temperature (233 K) 13C{1H} 

NMR studies, which showed numerous high frequency Ni-13CO signals upon addition of 13CO to 

a THF solution of 24 in a J. Youngs NMR tube (see Appendix 6 for IR and 13C{1H} PENDANT NMR 

spectra). 

Ni(I)-CO complexes are extremely rare within the literature, with only a handful of them being 

monomeric41-47 as opposed to dimers with bridging CO ligands. A Ni(I) carbonyl species bearing 

a PNP pincer ligand (PNP = P(tBu)2CH2Si(Me)2NSi(Me)2CH2P(tBu)2) was reported by  

Ingleson et al.41 Reaction of anhydrous NiCl2 with (PNP)MgCl in THF yielded Ni(PNP)Cl, which 

was reduced at 295 K by Mg powder to generate three coordinate Ni(PNP). Exposure of this to 

CO (1 atm) led to the isolation of Ni(PNP)(CO) (li; Figure 4.21). IR spectroscopic analysis of li 

showed a signal at 1940 cm-1 indicative of moderate backbonding from the Ni(I) ion, while the 

EPR spectrum at 77 K displayed three g values consistent with Ni(I) and hyperfine coupling to 

the two equivalent 31P atoms. X-ray crystallography revealed an intermediate coordination 

between tetrahedral and square planar (P-Ni-P: 149.59(4)o; N-Ni-CCO: 148.50(15)o), a marked 

contrast from the planar geometry in analogous Co(PNP)(CO).41  

 

Figure 4.21 Examples of monomeric Ni(I) carbonyl complexes, Ni(PNP)(CO) (li) and 
Ni(N^NMe)(CO) (lii). 

 
In 2005 Holland and coworkers42 reported the first three coordinate Ni(I)-CO complex, 

Ni(N^NMe)(CO) (lii; Figure 4.21). Reduction of [Ni(N^NMe)Cl]2 with 2 eq MeLi in Et2O followed by 

exposure of 1 atm CO at 77 K generated lii in 61 % yield. Spectroscopic analyses were 

consistent with a d9 electronic configuration. The 1H NMR spectrum contained only broad 

signals and its EPR spectrum displayed a rhombic profile with g values of 2.19, 2.17 and 2.01. 

IR spectroscopy revealed a band at 2022 cm-1, confirming the presence of one CO ligand.  
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The X-ray crystal structure displayed internal angles similar to those in 26. A T-geometry was 

indicated by the N-Ni-CCO angles of 104.6(1) and 158.9(1)o. A longer Ni-N bond distance trans to 

CO was observed (1.917(2) Å vs. 1.868(2) Å), presumably due to the strong trans effect of the 

carbonyl ligand. The C-O bond length (1.142(3) Å) was only slightly longer than that in free CO 

(1.128 Å),48 consistent with the relatively weak backbonding implied by the carbonyl IR 

frequency. The CCO-O distances in 26 and 27 (1.132(4) and 1.052(4) Å respectively) are both 

shorter than in li (1.155(8) Å) and lii (1.142(3) Å), possibly as a result of the greater σ-donation 

of the RE NHC and thus Ni  CO backbonding.  

The isolation of 25, 26 and 27 highlights interesting reactivity of 24 and thus [Ni(I)-L]+ 

fragments (L = bulky ligand such as RE NHC) for small molecule activation, as shown by the 

generation of extremely rare species such as the three coordinate Ni(I)-CO complex 26. 

However, the presence of small quantities of residual bromide in 24 hampers clean reactivity 

by incorporation of bromide into these nickel complexes. The issue of removing all TlBr 

impurities would need to be fully addressed to gain a complete understanding of cationic Ni(I) 

reactivity.  

 

4.3 Reaction of Ni(6Mes)(PPh3)Br (1) with NaBH4 

To investigate the possibility of generating nickel hydride complexes, 1 was reacted with a 

variety of hydride sources, including LiAlH4, LiBEt3H, NaBH3(CN) and NaBH4. Despite 1H NMR 

studies and visible colour changes indicating reactions taking place, only a single organonickel 

complex from the reaction with NaBH4 could be isolated reproducibly. 

 

Scheme 4.9 Reaction of 1 with NaBH4 to form the BH4 bridged Ni(I) dimer (28). 
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MeOH was added to a mixture of 1 and excess NaBH4 (ca. 3 eq) suspended in THF and stirred 

for 5 min at room temperature. The bright yellow coloured solution of 1 immediately turned to 

an intense dark green/black colour. Recrystallisation from toluene/hexane yielded dark green 

crystals of the Ni(I) dimer [Ni(6Mes)(κ2-BH4)]2 (28; Scheme 4.9). The molecular structure of the 

compound is shown in Figure 4.22. Each nickel atom is bound to a 6Mes ligand and bridged by 

two BH4 groups that bind ĸ2 to each metal centre via three individual hydrogens. As expected 

the ĸ-BH4 hydrogen atoms were only partially defined by X-ray crystallography and their 

positions restrained and refined subject to being located equidistant from the boron centres to 

which they are attached. Neutron diffraction was also undertaken, during which the crystal 

underwent a phase transition. As a consequence, the asymmetric unit became half a molecule 

of 28 and all asymmetry observed in the X-ray structure (vide infra) was lost in crystallographic 

disorder. No credible model could therefore be proposed, thus proving no more conclusive in 

determining the exact hydrogen locations.  

 

Figure 4.22 X-ray structure of 28. Thermal ellipsoids are set at 30 % probability. All hydrogen 
atoms have been omitted for clarity, except for bridging BH4 ligands. H(1) – H(8) were 

restrained subject to being located equidistant from the boron centres to which they are 
attached.  

 
There is slight asymmetry in the bridging BH4 ligands. B(1) is located 1.611 Å below the  

(N)2CNHC-Ni-Ni-CNHC(N)2 mean plane and B(2) 1.673 Å above, while B(2) deviates 0.59 Å from the 

central plane perpendicular to (N)2CNHC-Ni-Ni-CNHC(N)2 compared to 0.40 Å for B(1). Selected 

metrics associated with 28 are displayed in Table 4.10. The Ni…Ni distance (2.4137(5) Å) is  

ca. 0.45 Å shorter than in the hydroxyl/aryloxy bridged dimers 13 and 14 (2.8713(6) and 

2.8871(8) Å respectively). Dinickel complexes, such as xxiii (Ni2(L)(µ-Cl)2,  

L = p-terphenyl diphosphine) and its cationic analogue, [Ni2(L)(µ-Cl)]+, (Chapter 1, 1.1.4) have 
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reported Ni…Ni distances of 2.3658(2) Å and 2.5248(3) Å respectively,30 short enough for the 

nickels to be considered bonded (based on the van der Waals radius of nickel (1.63 Å)49). This 

suggests that in 28, the nickel centres reside in close enough proximity for a direct bonding 

interaction to be considered. 

 28  28 

Ni(1) – CNHC 1.914(3) Ni(2) – B(1) 2.143(4) 

Ni(2) – CNHC 1.911(3) Ni(2) – B(2) 2.172(4) 

Ni…Ni 2.4137(5) N(1) – CNHC – N(2) 116.0(2) 

Ni(1) – B(1) 2.161(4) N(3) – CNHC – N(4) 166.1(2) 

Ni(1) – B(2) 2.144(4)   

Table 4.10 Selected bond lengths (Å) and angles (o) for dimer 28. 

 
The 1H NMR spectrum of 28 was diamagnetic in nature, consistent with antiferromagnetic 

coupling between the two Ni(I) metals centres. In contrast to the solid-state, the 1H spectrum 

suggested a symmetric geometry, displaying a single set of signals. The BH4 ligands appeared 

as a broad doublet (singlet in the 1H{11B} spectrum) at -5.74 ppm in THF-d8, which remained 

unchanged on cooling down to 198 K. A singlet corresponding to the eight aryl hydrogens 

(6.71 ppm), carbene backbone signals at 3.10 (NCH2) and 2.02 ppm (NCH2CH2) and methyl 

protons resonances at 2.36 (p-CH3) and 2.02 ppm (o-CH3) were also observed. The 11B{1H} NMR 

spectrum at 298 K revealed a broad singlet at -32.0 ppm.  

Despite the tetrahydroborate anion being widely known to coordinate to transition metals,50-57 

Ni(I)-BH4 complexes are rare with the only two species known being monomeric, as shown in 

Figure 4.23.52,58 

 

Figure 4.23 Monomeric Ni(I)-BH4 complexes, Ni(triphos)(κ2-BH4) (left) and Ni(κ2-BH4)(PPh3)3 
(right). 

 
Complex 28 proved hard to isolate in good yields. Thus, only preliminary reaction studies have 

been conducted using samples of the borohydride dimer formed in situ. Addition of 1 atm O2 

to THF solutions of 28 led to a colour change from dark green to light green and ultimately 
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orange within 2 min, but attempts to isolate any nickel containing products gave instead just 

the RE NHC borane adduct 6Mes.BH3 (see Appendix 2 for crystal structure), suggesting that 28 

may undergo complete degradation under oxidative conditions. The formation of 6Mes.BH3 

again highlights the ease with which RE NHCs can dissociate and form adducts, similar to the 

formation of [6MesH][B(C6F5)4] in the syntheses of 21, 22 and 23. In the case of CO, addition of 

1 atm 13CO to a NMR sample of crude 28 led to multiple Ni-13CO resonances in the 13C{1H} NMR 

spectrum recorded at 230 K. This was corroborated by the occurrence of several solution 

colour changes observed during the reaction (dark green to light yellow initially, followed by 

green, orange and ultimately light brown during a 2 h period). Despite failure to isolate any 

organonickel complexes, these initial reactivity studies suggest molecularity associated with 

complex 28 and thus provide potential routes to isolable nickel, perhaps Ni(I)-CO/O, species. 

 

4.4 Chapter Summary 

The three coordinate Ni(I)-RE NHC complex 1 undergoes a variety of reactions to generate 

further interesting low coordinate, low oxidation state nickel complexes. First and foremost 

was the formation of a rare two coordinate Ni(I) complex (19) upon addition of 6Mes to 1. 

SQUID measurements on this highly linear complex were indicative of SMM properties; the 

first time such behaviour has been seen for mononuclear nickel. This notable characteristic 

arises as a direct result of the partially filled unexpected 2:1:2 metal based d orbital splitting 

pattern determined by DFT calculations. Reduction of 19 was achieved to obtain the analogous 

closed shell Ni(0) complex 20. 

Attempted halide abstraction from 1 with [Et3Si]+ or Tl+ led to the formation of monovalent 

21/22/23 and 24 respectively. In both cases, solvent molecules are ligated to the metal centre 

to increase saturation of the coordination sphere. In addition, 21, 22 and 23 (of general 

formula [Ni(RE NHC)(η2-arene)]+) show additional stabilisation by π and ipso carbon 

interactions from surrounding aromatic moieties. They are the first examples of monomeric 

Ni(I)-arene compounds where an arene is neutrally bound to the nickel centre as an 

independent ligand in its own right. Despite this success, further analogues of  

[Ni(RE NHC)(η2-arene)]+ could not be formed. The lack of complexation across a variety of  

RE NHCs and arenes reveals the sensitivity of Ni(I) ions, where only subtle changes in either  

RE NHC geometry or the identity of the stabilising arene can prevent formation of Ni(I)-arene 

species. From these initial studies it seems that large and sterically encumbered N-mesityl 

substituents are required, presumably protecting the nickel metal centre to a much greater 



Chapter 4  Reactivity 

152 
 

extent than N-oTol, a trend previously observed in the formation of 19 (section 4.1.1) and upon 

reaction of 1 and 2 with O2 (Chapter 2). The nature of the arene used is also important; 

monosubstituted toluene and trisubstituted mesitylene generated 21/22 and 23 respectively, 

whereas the use of the disubstituted 1,4-xylene with 1 + [Et3Si]+ led to sole formation of 6Mes 

pyrimidinium, suggesting the steric and electronic implications of arene functionalisation have 

to be considered. Complex 24 comprised a THF molecule coordinated to a Ni(I) metal centre, 

along with 6Mes and PPh3. This underwent further small molecule reactivity with O2 and CO to 

generate Ni2(µ-OR)2 (25) and low coordinate Ni(I)-CO (26) species respectively.  

Abstraction of bromide from 1 in the presence of a potentially coordinating anion was possible 

via reaction of 1 with excess NaBH4 to form the [BH4]- bridged dinuclear Ni(I) species 28, which 

displayed a rarely observed bridging mode of [BH4]-. Unfortunately, this could not be 

generated in great enough yields to successfully carry out any reactivity studies. 
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5 Catalytic Studies on Nickel(I) Complexes  
 

5.1 Nickel Complexes as Catalysts 

5.1.1 Nickel NHC Catalysts 

As previously described, NHCs and their subclasses have proven to be excellent ligands for 

transition metals and now have a central role in nickel chemistry. A wide variety of Ni-NHC 

complexes have been synthesised, varying in oxidation state, stability, coordination number, 

degree and denticity of NHC binding and identity of additional spectator ligands. Several of 

these have been applied as homogeneous catalysts to a number of organic transformations, 

such as reductive coupling,1 cycloadditions,2 transfer hydrogenation3 and C-H/C-C/C-F bond 

activations.4 Scheme 5.1 illustrates a generic nickel catalytic cycle which can, for example, be 

applied to cross-coupling reactions of aryl halides in Kumada or Suzuki reactions for C-C bond 

formation. 

 

Scheme 5.1 Generalised nickel catalytic cycle for C-C coupling. 
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As expected for reactions which involve oxidative addition/reductive elimination processes, 

the oxidation state of the metal centre alters by two electrons during the sequence. In the 

simplest case for nickel, this involves a Ni(0)/Ni(II) couple. The Ni(II) precatalyst is often the 

only isolable species within the cycle, with the catalytically active Ni(0) species usually formed 

in situ and its identity frequently remaining unknown. Ni(II)-phosphine complexes, such as 

Ni(PR3)2Br2, were initially used as precatalysts in Kumada coupling.4 However, due to the 

improved activity of M-NHC catalysts and the success in using the fellow group 10 Pd(NHC)n 

complexes for this transformation,5 Ni-NHC and mixed ligand Ni-NHC/PR3 based systems have 

been investigated. In studies involving the use of Ni(NHC)(PR3)X (X = Br, Cl) for coupling 

reactions, the presence of an initial phosphine ligand or addition of free PPh3 has been shown 

to improve catalytic activity compared to the corresponding Ni-bis(NHC) species.6,7 One 

explanation of this could be that after completion of a catalytic cycle, the phosphine binds to 

the metal to reform a stabilised coordinatively saturated metal centre. The greater σ-donor 

properties of the NHC compared to the phosphine then facilitates the re-dissociation of this 

phosphine, forming the coordinatively unsaturated Ni(0) active species which allows the cycle 

to propagate once more.  

In order for the catalytic cycle to proceed, any Ni(0) complex must be sufficiently stable to 

have a long enough lifetime to react rather than simply decompose. Five membered ring NHCs 

with sterically large N-substituents were the first bulky carbene ligands investigated as 

potential ligands to stabilise low coordinate Ni(0) species targeted for catalytic C-C bond 

formation.4,8,9 In 2000, Hermann et al.10 reported the first example of the cross-coupling of 

haloarenes to form substituted biaryl compounds using a Ni0(NHC)2 catalyst (NHC = IPr (xvi)) 

(Scheme 5.2). Complex xvi was formed in situ from a 1:1 mixture of NiII(acac)2 and imidazolium 

salt, the synthesis of which is described in much greater detail in Chapter 1, 1.3.2.  

 

Scheme 5.2 Kumada cross-coupling of aryl halides by in situ generated Ni0(IPr)2 (xvi).  
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Despite the unexpected formation and isolation of a bis(NHC) nickel complex from 1:1 

stoichiometry, further investigation into how xvi catalyses the reaction has only recently come 

to light.11,12 A comprehensive overview of this is provided in Chapter 1, 1.1.3, but in summary, 

mono-oxidation of ArX takes place to give the T-shaped Ni(I) complex Ni(IPr)2X (xvii when  

X = Cl). This work, as well as subsequent research into other nickel catalysed 

transformations,3,13-22 suggests that reaction selectivity and/or degradation/decomposition of 

the assumed Ni(0) catalytically active species may alter the catalytic cycle from that in  

Scheme 5.1 to an alternative Ni(I) initiated pathway. 

An example of a two coordinate Ni(0) complex bearing CAAC (cyclic(alkyl)(amino)carbene) 

ligands was reported to be a moderate mediator for the catalytic homocoupling of various 

unactivated aryl halides.23 Addition of 2 eq of free CAAC to NiCl2 initially generated the Ni(II) 

complex Ni(CAAC)2Cl2, which upon reduction with LDA produced dark purple Ni(CAAC)2  

(liii; Scheme 5.3). LDA, rather than more commonly employed reducing agents such as 

KN(SiMe3)2, is needed as dehalogenation of NiII(CAAC)2Cl2 occurs through an α-hydride transfer 

from LDA to Ni(II) (via elimination of LiCl) to form a bis(CAAC) Ni(II)-chlorohydride 

intermediate, which then reductively eliminates HCl en-route to liii. The HCl is consumed by a 

second equivalent of LDA to generate HNiPr2 and LiCl, with the formation of HNiPr2 and 

Me2C=NiPr confirmed by mass spectrometry. 

 

Scheme 5.3 Synthesis of the zero-valent Ni(CAAC)2 liii via formation and subsequent reduction 
of a Ni(II)-CAAC species.  
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Complex liii was subsequently employed as a precursor in the catalytic formation of biaryls via 

the homocoupling of aryl halides in the presence of a reducing agent (Scheme 5.4). After 

extensive optimisation, mild reaction conditions of 10 mol% catalyst for 4 – 6 hr at 323 K were 

employed, in which liii successfully produced the desired biaryl products in good yields, even 

upon using ArCl and ArF substrates (Table 5.1).23 

 

Scheme 5.4 Catalytic homocoupling of haloarenes mediated by liii.  

 

Entry Aryl Halide Product Yield / % 

1 
  

78 

2 
  

91 

3 
  

84 

4 

 
 

85 

5 
  

55 

6 
  

62 

Table 5.1 Isolated yields (%) of homocoupled products from various aryl chlorides and 
fluorides catalytically mediated by liii. 

 
A possible mechanism for this catalytic process is shown in Scheme 5.5 and builds upon that 

given in Scheme 5.1, cycling through a Ni(I)/Ni(III) couple accessed from zero-valent liii. As 

commonly observed in coupling reactions, the first step (A) consists of activation of the Ar-X 

bond via oxidative addition across the nickel centre in liii. The second step (B) then comprises 

a dehalogenation by LDA to give a three coordinate Ni(I) species (Ni(CAAC)2Ar) that is 

experimentally supported by the previous synthesis and characterisation of Ni(IMes)2Cl (xxii) 
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and Ni(IMes)2Ar12 (Chapter 1, 1.1.3). For Ar homocoupling to ensue, two aryl groups must be in 

close proximity to each other, therefore a second Ar-X oxidative addition is proposed (C) to 

give a five coordinate Ni(III) intermediate. Product formation (Ar-Ar) then takes place via 

reductive elimination (D), allowing the zero-valent Ni(CAAC)2 to be ultimately regenerated 

upon reductive dehalogenation from the newly formed three coordinate NiI(CAAC)2X species 

(E), thus completing the cycle. 

 

Scheme 5.5 Proposed mechanism for aryl homocoupling catalysed by Ni(CAAC)2 (liii) 
accompanied by the calculated energy barriers for each step (kcal mol-1).  

 
DFT calculated energy barriers for these steps (using PhX as the model substrate) confirmed 

the likelihood of this mechanism, as well as ruling out other possible routes.23 For example, a 

second oxidative addition process to form a six coordinate Ni(IV) species (Ni(CAAC)2(Ar)2X2) 

could be possible instead of the first dehalogenation step (B). This would eliminate Ni(I) from 

playing a central role in the catalytic cycle. However, the barrier for hexacoordinate formation 

is calculated to be highly endothermic (ΔE = +50.5 kcal mol-1 (X = Cl), +44.7 kcal mol-1 (X = F)), 

compared to the marginal energy required for the formation of the three coordinate species 

NiI(CAAC)2Ar (ΔE = +14.0 kcal mol-1 (Cl), +3.2 kcal mol-1 (F)). The strong Li-F bond formed during 

the dehalogenation with LDA accounts for the small barrier of only ca. +3 kcal mol-1.  

ΔE = -101.6 (Cl), -63.6 (F) 

 

ΔE = +14.0 (Cl), 
+3.2 (F) 

ΔE = +4.9 (Cl),  
-18.3 (F) 

ΔE = -84.5 (Cl), 
-71.4 (F) 

ΔE = -19.9 (Cl), 
+6.7 (F) 
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The overall catalytic reaction in Scheme 5.5 is energetically favourable for both PhCl and PhF, 

with the overall highly exothermic nature of the reaction supporting the high yields obtained 

during the homocoupling and the high reactivity of the CAAC as a ligand.23 

 

5.1.2 Nickel(I) Complexes as Catalysts  

Due to their inherent lack of stability, evidence for Ni(I) species as either initiators or 

intermediates in catalytic processes is limited. However, some theoretical and experimental 

research has come to light in recent years.3,13,15,23,24 One example involves the use of a bis(trop) 

(trop = tropylidenylamine) Ni(I) species (liv) in the dehydrogenation of amine boranes.3 

Scheme 5.6 illustrates the synthesis of liv from reaction of Ni(II)-difluoroacetate and NH(trop)2 

in the presence of zinc powder, and its subsequent reduction to a zero-valent species (lv) upon 

reaction with Zn in the presence of PPh3. In each case, the Ni(NH(trop)2) moiety adopts the 

same coordination (one Ni-N σ-bond and two Ni-diene interactions), with the ancillary ligand 

completing the overall geometry observed.  

 

Scheme 5.6 Synthesis of NiI(NH(trop)2)(O2CCF3) (liv) and reduction to Ni0(NH(trop)2)(PPh3) (lv).  

 
Due to the high activity observed with other nickel complexes (i.e. Ni(0)-NHC species) in the 

dehydrogenation of amine boranes,25 liv and lv were investigated as precursors for the 

catalytic dehydrogenation of Me2HNBH3 (Scheme 5.7). Under inert conditions and with 

K[Me2NBH3] as a cocatalyst, 0.3 – 1.0 mol% liv or 1.0 mol% lv was reacted with a solution of 

Me2HNBH3 and the resulting dehydrogenated borane compound identified via 11B NMR 

spectroscopy. Even at low catalytic loadings, liv displayed significantly greater activity than lv, 

releasing equimolar equivalents of hydrogen gas in ca. 85 s (to give the borane dimer almost 

quantitatively and traces of Me2N=BH2 monomer). Complex lv generated the kinetically 

controlled linear borane species (Scheme 5.7), liberating only 0.5 eq of H2 in > 300 s. Addition 

of PPh3 shut the whole reaction down. The rate of hydrogen evolution was much greater with 
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liv, demonstrating the fastest dehydrogenation rate of Me2NHBH3 catalysed by a non-noble 

metal complex at the time of the report. 

 

Scheme 5.7 Dehydrogenation of Me2HNBH3 catalysed by Ni(I) (liv) and Ni(0) (lv) with 
cocatalyst K[Me2NBH3].  

 
The catalytic mechanism for dehydrogenation with liv is thought to proceed via a radical 

pathway. However, some stoichiometric reactions of liv with the K[Me2NBH3] cocatalyst in the 

presence of lv have hinted at formation of nickel hydride species K[Ni(NH(trop)2)(H)] and 

K[(Ni(NH(trop)2))2(µ-H)], which were also shown to catalyse comparatively fast hydrogen 

release from Me2HNBH3. Thus, lv cannot be completely excluded from any potential catalytic 

cycle.3 Despite this, the excellent catalytic activity observed by monovalent liv alludes to the 

potential further applications of this and other functionalised Ni(I) complexes to a whole host 

of catalytic transformations. 

 
5.1.2.1 Cross-coupling reactions 

Cross-coupling reactions of an organic halide and organometallic reagent is a primary way to 

form C-C bonds and therefore one of the most fundamental and important reactions within 

organic synthesis. Previous research has shown that group 10 metal complexes6,7,10,11,26-41 

frequently display superior activity towards catalysing this versatile and diverse reaction, 

commonly via the catalytic cycle shown in Scheme 5.1. Zero- and divalent nickel complexes 

have therefore been extensively researched in C-C bond forming reactions.6,7,10,32,37,38,42,43 In 

1980, Kochi et al.42,43 investigated the oxidative addition of aryl halides to Ni(PEt)4 in great 

detail, ultimately concluding that this occurs in a facile manner for Ni(0) complexes, with a 

charge transfer process often being the rate limiting step. It was proposed (Scheme 5.8) that 

during oxidative addition, a one electron transfer from Ni(0) to the aryl halide occurs, affording 
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a Ni(I)-aryl-halide radical anion which subsequently converts to either the Ni(I)-halide (as in the 

formation of xvii (Chapter 1, 1.1.3)) or Ni(II)-aryl-halide (depicted in Scheme 5.1). 

 

Scheme 5.8 Oxidation of Ni0(L)n with aryl halides.  

 
Ni(I)-alkyl mediated catalytic cross-coupling of alkyl electrophiles was reported by Vicic and 

coworkers13 and alluded to the possibility of a radical mechanism for the process, similar to 

that proposed by Kochi. Formation of monovalent Ni(tpy)(CH3) (lvi) was achieved via reaction 

of Ni(tmeda)(CH3)2 and terpyridine (tpy) (Scheme 5.9), with cyclic voltammetry and magnetic 

susceptibility measurements confirming the presence of a single unpaired d electron  

(µeff = 1.64 µB using the Evans method). It was presumed that the formation of lvi arose 

through tpy displacing tmeda to form a five coordinate Ni(II)-dimethyl species, followed by  

Ni-C bond homolysis to simultaneously generate a methyl radical. 0.5 eq of ethane can then be 

produced from combination of two methyl radicals. The fact that the proposed dimethyl 

intermediate failed to reductively eliminate a full equivalent of ethane upon addition of tpy 

suggests that Ni(II)-dialkyl intermediates may play a part in radical catalytic cross-coupling of 

saturated alkyl electrophiles. To probe this, lvi was applied to a number of stoichiometric and 

catalytic reactions involving alkyl halide substrates. 

 
Scheme 5.9 Synthesis of the tpy stabilised Ni(I)-methyl complex lvi.  

 
NMR monitoring of the reaction of lvi with 1 eq of iodocyclohexane over 24 h at room 

temperature in C6D6 showed that transfer of the nickel bound methyl group took place to give 

methylcyclohexane in 79 % yield. Analysis of the volatiles indicated that this was the major 

product of the reaction, with no significant levels of alkenes resulting from β-hydride 
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elimination formed. This is a side reaction commonly observed in alkyl-alkyl cross-coupling 

processes. Elemental analysis of the organometallic component of the reaction was consistent 

with formation of Ni(tpy)I. No disproportionation products were identified during alkyl 

transfer, implying the inclusion of a Ni(I) species in the process.  

Table 5.2 displays the results from employing lvi in catalytic quantities (5 mol%) towards 

various alkyl halides in the presence of n-pentylzinc bromide (Scheme 5.10). The results show 

that moderate yields of alkane can be achieved without vast levels of competing β-hydride 

elimination. Of most note is the superior efficiency of cross-coupling utilising alkyl iodides 

rather than bromides. Greater yields of a bulkier tertiary carbon (sp3) containing cross-coupled 

product were achieved upon turning to secondary alkyl iodides such as iodocyclohexane  

(entry 4). 

 

Scheme 5.10 Alkyl cross-coupling reactions catalysed by lvi.  

 

Entry Alkyl Halide Product Yield / % 

1 
  

15 

2 
  

13 

3 
  

60 

4 
  

64 

Table 5.2 Yield (%) of cross-coupled products from the reaction of alkyl halides with  
n-pentylzinc bromide catalysed by lvi.  
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Ph(CH2)6Ph and dicyclohexyl were detected as minor products upon analysis of entries 3 and 4 

respectively. Additionally, when lvi was reacted with the radical clock 

iodomethylcyclopropane, substantial amounts of alkene products were identified by 1H NMR 

spectroscopy. The detection of all these species, along with the fact that i) both the  

Ni(II)-alkyl-halide and -dialkyl complexes were unstable with respect to their Ni(I) 

decomposition products, ii) DFT calculations indicated the lone electron was delocalised 

around the tpy ligand system39 (Chapter 1, 1.1.3) and iii) lvi acts as a precursor for catalytic 

alkyl cross-coupling, it was proposed that a radical mechanism ensued under catalytic 

conditions (Scheme 5.11). Chemical support for this was obtained from stoichiometric 

reactions carried out on lvi, which showed that it was thermodynamically capable of reducing 

alkyl iodides in THF. This is perhaps unsurprising given that its reduction potential is close to 

that of SmI2, a renowned alkyl iodide reduction catalyst.44 The isolation of Ni(tpy)I upon 

completion of stoichiometric cross-coupling confirms that continuation of the catalytic cycle 

can ensue. The presence of an alkylzinc halide reagent leads to transmetallation with Ni(tpy)I, 

affording a new monovalent Ni(tpy)R complex which can initiate further cross-coupling 

(Scheme 5.11).13 

catalytically
active species

(tpy)NiII
IR = alkyl

X = halide R

(tpy)NiI R

(tpy)NiI I

I

radical
addition

R

radical
decomposition

RZnX

IZnX

transmetallation

R

H R

 

Scheme 5.11 Possible radical mechanism for the cross-coupling of alkyl electrophiles mediated 
by NiI(tpy)R, such as lvi.  
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With the number of reports into the involvement of Ni(I) species within catalytic cycles 

increasing, it raises the question of how prevalent Ni(III) systems are and whether they exist in 

catalytic processes alongside Ni(I) affording Ni(I)/Ni(III) catalytic couples.14,20-22 Evidence for 

Ni(III) complexes in the form of Ni(CAAC)2(Ar)2X have already been discussed in section 5.1.1. 

Further support for their inclusion arises from a recent publication by Mirica and coworkers,14 

who reported the synthesis of Ni(III)-aryl-halide complexes stabilised by the tetradentate 

ligand tBuN4, as shown in Scheme 5.12. In the presence of tBuN4, p-F-C6H4X (X = Br, Cl) was 

reacted with Ni(COD)2, resulting in oxidative addition to form the Ni(II) complexes 

Ni(tBuN4)(C6H4F)X. These underwent facile oxidation with 1 eq of ferrocenium to yield the Ni(III) 

derivatives [Ni(tBuN4)(C6H4F)X]+ (lvii (X = Br) and lviii (X = Cl); Scheme 5.12). As expected, these 

were paramagnetic, with the effective magnetic moments (µeff = 2.11 – 2.03 µB for X = Br and 

Cl at 253 K) and EPR spectra suggestive of a single unpaired electron present in distorted 

octahedral d7 Ni(III) metal centres. 

 

Scheme 5.12 Synthesis of a Ni(II) and Ni(III) complex stabilised by the tBuN4 ligand.  

 
The room temperature instability of lvii and lviii suggested the likelihood of elimination type 

reactions. Stoichiometric studies revealed they were stable at 223 K, but underwent rapid 

reductive elimination of a C-halogen bond at 298 K, generating the corresponding  

p-fluorophenyl halide.14 Thus, MeCN solutions of lvii (X = Br) gave 54 % p-F-C6H4Br upon 

warming the complex from 223 to 298 K (Scheme 5.13A). Further support for the possibility of 

this Ni(III) species acting as an intermediate in catalytic reactions arose upon attempts to 

promote transmetallation. Addition of MeMgI to a THF solution of lvii at 223 K gave  

p-F-C6H4Me in 48 % yield upon warming to 298 K, presumably via reductive elimination from a 

newly generated Ni(III)-alkyl species (lix; Scheme 5.13B). The formation of lix was confirmed 

by direct transmetallation of the Ni(II) complex Ni(tBuN4)(C6H4F)Br with MeMgCl, followed by 

oxidation using ferrocenium.  
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Scheme 5.13 Reductive elimination (A) and transmetallation (B) reactions with lvii.  

 
Complex lvii was also found to be active towards the complete cycle of Kumada and Negishi 

cross-couplings and not just the isolated events of transmetallation and reductive elimination. 

Thus, 5 mol% lvii gave an isolated yield of 70 % p-Me-biphenyl from coupling of p-iodotoluene 

and PhMgBr. In addition, formation of THF solvent adducts with the Ni(II) organometallic 

reagent were detected, alluding to a radical mechanism taking place.  

In 2014, Tilley and coworkers22 set about trying to rigorously define the involvement of Ni(III) 

species in operative catalytic cycles through use of the isolable bis(amido) Ni(III)-methyl 

complex Ni(N(SiMe3)(dipp))2(CH3) (lx; Scheme 5.14). Species lx was initially investigated as a 

catalyst towards cross-coupling, however stoichiometric reactions of lx with equimolar 

quantities of PhI or C12H25I did not lead to any reaction before lx decomposed to ethane and 

NiII(N(SiMe3)(dipp))2 (lxi) over 24 h. Previous literature by Hu and coworkers45 had reported 

that Ni(II)-alkyl complexes activated alkyl halide coupling, hence reduction of complex lx with 

KC8 was attempted and successfully generated K[Ni(N(SiMe3)(dipp))2(CH3)] (lxii; Scheme 5.14) 

in 64 % yield at 243 K. Similarly to lx, lxii was thermally unstable and decomposed in C6D6 over 

a period of 7 days to give the anionic Ni(I) complex K[Ni(N(SiMe3)(dipp))2] (lxiii) via elimination 

of ethane through reductive homolysis.  
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Scheme 5.14 Reactions involving Ni(III)- (lx), Ni(II)- (lxi and lxii) and Ni(I)- (lxiii) bis(amido) 
complexes.  

 
The accessibility of analogous Ni(I)-, Ni(II)- and Ni(III)-alkyl amide complexes and the possible 

inclusion of these as intermediates in catalytic cross-coupling reactions, led to the investigation 

of lxi as a catalyst for cross-coupling with alkyl or aryl halides with Grignard reagents. In the 

presence of 5 mol% lxi, a range of electron-poor and electron-rich aryl chlorides, bromides and 

iodides were coupled with both aryl and alkyl Grignard reagents at room temperature in Et2O. 

Table 5.3 summarises the yields obtained with PhMgBr, which shows that on the whole, 

electron-poor substrates are preferred over electron-rich ones (e.g. entry 4 vs. 6) and that the 

more challenging aryl chloride substrates were coupled in good yields, along with aryl 

bromides and iodides. Pyridine containing substrates were also tolerated, despite concerns 

they may coordinate to lxi and hamper any catalysis (entries 4, 8 and 9). Attempts to couple 

alkyl halides (entries 10 and 11) were unsuccessful, resulting in only trace levels of  

cross-coupled products.  

Analysis of post-catalytic reaction mixture from MeMgBr with PhI revealed the major 

organonickel product to be lxii as the [MgBr]+ salt. A small amount of lxiii was detected, 

presumably from thermal decomposition of lxii. The relatively large proportion of nickel 

complexes left after the termination of the catalysis indicates that these species may be 

directly involved in the catalytic cycle. 
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Entry Alkyl Halide Product Time / h Yield / % a 

1 
  

0.5 98 

2 

 

Ph

 

0.5 100 

3 

 

Ph

 

1.0 68 

4 

 

N
Ph

 

1.5 93 

5 
  

1.5 99 

6 
  

5.5 < 10 

7 
  

66.0 < 10 

8 
  

2.0 78 

9 
  

6.0 92 

10   0.75 < 1 

11 
  

0.7 0 

Table 5.3 Product yields (%) of cross-coupling aryl and alkyl halides to PhMgBr with 5 mol% lxi 
in Et2O. a Yields determined by GC.  

 
Stoichiometric reactions involving lx – lxiii were undertaken and supported the proposed 

catalytic mechanism shown in Scheme 5.15. The first step (A) involves addition of a Grignard 

reagent to neutral lxi to form the anionic Ni(II) complex (lxii’) analogous to lxii. Addition of 

1.1 eq of MeMgBr to lxi in THF at 243 K confirmed the likelihood of this step by generating 

diamagnetic lxii in nearly quantitative yields (> 98 %). This is believed to be the resting state of 

the catalytic cycle and proceeds well within the time frame for the catalysis. Anionic lxii’ then 

reduces the organic halide to form the Ni(III)-alkyl or –aryl species (lx’) and an organic radical, 

as demonstrated in step B. To validate this process, equimolar quantities of lxii with  
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1-iodonaphthalene were reacted to form the cross-coupled product 1-methylnaphthalene, 

although this was over a long period of 45 min and in a low 13 % yield. The Ni(III)-methyl 

complex lx was also detected (confirming the occurrence of lx’ in the proposed catalytic cycle), 

along with 1,1’-binaphthalene by-product and unreacted 1-iodonaphthalene in 64 % and 23 % 

yields respectively. Optimisation studies on this reaction revealed 2 eq of lxii were necessary 

to produce 1-methylnaphthalene (98 % yield within 5 min). Complex lxii was the only species 

capable of effectively trapping the organic radical fragment, with an equivalent of lx providing 

no enhanced yields of 1-methylnaphthalene (10 %). To confirm the formation of a radical, 

cross-coupling studies involving the radical clock iodomethylcyclopropane and 1.1 eq PhMgBr 

in the presence of 5 mol% lxi (Table 5.3, entry 11) were carried out and resulted in the 

formation of 4-phenyl-1-butene from rearrangement of the (cyclopropyl)methyl radical. No 

unrearranged products or any cross-coupled products in the absence of lxi were observed. This 

is indicative of a radical intermediate forming upon reduction of the alkyl halide, corroborating 

the proposed step B. However, the exact nature of the organic radical is undefined and 

assumed to not be ‘free’.  

 

Scheme 5.15 Proposed mechanism for the catalytic coupling of Grignard reagents with aryl or 
alkyl halides by lxi. Complex lxiv’ is the only species not directly observed.  
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The reaction pathway of the organic radical with anionic Ni(II) (lxii’) is the most speculative 

part of the reaction mechanism. The step may proceed through attack of the radical species to 

the nickel centre in lxii’ generating an unobserved Ni(III) anionic complex lxiv’ (step C’). The 

coupled product is then formed from reductive elimination. Alternatively, the radical may 

directly attack the R ligand on lxii’ to give lxiii’ and the coupled ArX product (step C’’). The 

pathway including lxiv’ is favoured due to spectroscopic observation of similar intermediates46 

and known reductive elimination from Ni(III)-alkyl species described by Mirica14 (vide supra) 

and other researchers.47  

The final step in the catalytic process (step D) comprises the Ni(I) anion lxiii’ reducing the Ni(III) 

lx’ generated in step B to reform 1 eq of lxii’ and lxi, hence completing the cycle. This 

reduction was confirmed by reaction of equimolar amounts of lx and lxiii (as the [NnBu4]+ salt) 

in THF which led to the isolation of [NnBu4][lxii] in 29 % yield. The redox potentials of lx  

(-1.30 V vs. Fc/Fc+) and lxi (-1.28 V vs. Fc/Fc+) suggest this process is in equilibrium, confirmed 

from detection of all four species (lx, lxi, lxii and lxiii) during the stoichiometric reaction. The 

highly paramagnetic nature of lx, lxi and lxiii and resulting extreme broadness of 1H NMR 

signals prevented accurate measurement of the equilibrium constant.  

This isolation and complete characterisation of Ni(I) and Ni(III) complexes observably involved 

in cross-coupling transformations, along with the stoichiometric and catalytic reactions carried 

out by Mirica and Tilley, heavily support their inclusion in redox catalytic mechanisms and 

hence the importance of paramagnetic species in other such processes.  

 
5.1.2.2 Nickel(I) NHC complexes as Kumada cross-coupling catalysts 

The findings of Kochi42,43 and Vicic13 along with i) other research postulating Ni(I) and 

Ni(III)14,22,31,47 species as possible alternative intermediates in cross-coupling reactions and  

ii) the benefits of using NHCs as organometallic ligands, has significantly increased the interest 

in Ni(I)-NHC complexes as potential catalysts. NiI(IPr)2Cl (xvii) (1 mol%) was investigated as a 

precatalyst towards the Kumada coupling of p-bromobiphenyl and p-bromoanisole with 

PhMgCl in the presence of 5 eq of IPr, giving p-terphenyl and p-methoxybiphenyl in yields of 

89 % and 93 % respectively.11 Similar conversions were also found when Ni(IPr)2Cl2 (xviii) was 

employed, indicating that xvii may be an intermediate in the cycle catalytically mediated by 

xviii. This was the first example of a Ni(I)-NHC species demonstrating catalytic activity for the 

cross-coupling of aryl halides.  
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In Chapter 1, 1.1.3, the synthesis of bis(NHC) Ni(I) complexes of formulation Ni(IMes)2X  

(X = Br (xxi), Cl (xxii)) was detailed. Louie et al. subsequently compared xxi and xxii with the 

Ni(0) precursor Ni(IMes)2 (xx) and square planar NiII(IMes)2X2 (X = Br (lxv), Cl) as precatalysts 

for Suzuki reactions.12 Both electron-rich (p-MeO-C6H4Br) and electron-poor (p-CF3-C6H4Br) 

substrates coupled with PhB(OH)2 at 353 K using 10 mol% xx, xxi, xxii and lxv (Scheme 5.16) to 

give biaryl products in good and comparable yields (64 – 75 %) (Table 5.4) regardless of the 

oxidation state of the nickel, although the Ni(I) bromide complex (xxi) proved superior to the 

chloride analogue (xxii). In contrast to previous findings,38,48,49 higher yields were obtained 

with p-MeO-C6H4F compared to the electron-poor p-CF3-C6H4Br substrate. 

 

Scheme 5.16 Suzuki cross-coupling reactions catalysed by either Ni(0) (xx), Ni(I) (xxi and xxii) 
or Ni(II) (lxv) species.  

 
All of the nickel complexes also displayed similar catalytic activity in Kumada coupling 

reactions, with biaryl cross-coupled products generated in reasonable yields of 73 – 79 % 

(Table 5.4). Chlorobenzene was coupled to MesMgBr in THF with 3 mol% nickel at room 

temperature for 20 h. A brief study into the rate of reaction also suggested no marked 

difference between the nickel complexes. When repeated in C6H6, the yields obtained were 

lower, which appears to be due to the reduced solubility of the catalysts.  
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Suzuki Coupling With PhB(OH)2  Kumada Coupling of PhCl and 
MesMgBr 

Catalyst Aryl Halide Yield / %  Catalyst Solvent Yield / % 

xx  72  xx THF 73 

xxi  75  xxi THF 73 

xxii  64  xxii THF 77 

lxv  74  lxv THF 79 

xx  59  xx C6H6 54 

xxi  66  xxi C6H6 64 

lxv  52  lxv C6H6 25 

Table 5.4 Isolated yields (%) for Suzuki cross-coupling (left) and Kumada cross-coupling (right) 
reactions catalysed by Ni(0) (xx), Ni(I) (xxi and xxii) and Ni(II) (lxv) species.  

 
These experimental data suggest that xxi and xxii can act as precursors for cross-coupling 

reactions. However, the mechanism shown in Scheme 5.1 does not account for how a Ni(I) 

species could initiate this. Louie et al.12 proposed a radical based mechanism (mechanism A) 

(Scheme 5.17) involving an initial cleavage of ArX to give a Ni(I) halide, akin to that described 

by Kochi.42 Oxidative addition of another molecule of the aryl halide can then take place, 

affording a Ni(III) species. The catalytic cycle subsequently proceeds via interchanging 

Ni(I)/Ni(III) complexes through transmetallation and reductive elimination processes, 

ultimately forming the biaryl cross-coupled product and regenerating the catalytically active 

NiI(NHC)nX species.  
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Scheme 5.17 Louie’s proposed mechanism A for Ni(I) catalysed cross-coupling reactions 
involving Ni(0)-NHC precatalysts.  

 
However, stoichiometric reactions of xxi indicated that this mechanism did not occur in 

practice, as treatment of xxi with either PhCl or PhBr gave no evidence of a Ni(III) oxidative 

addition product, even at prolonged reaction times. Moreover, p-MeO-C6H4Br and  

p-CF3-C6H4Br led to the decomposition of xxi within 10 min at 353 K. Oxidative addition of any 

electronic class of aryl halide to xxi therefore appears to be unachievable.  

To address these mechanistic shortcomings, Louie et al. postulated a modified mechanism (B) 

shown in Scheme 5.18. The transmetallation and oxidative addition steps have essentially 

swapped over from that in mechanism A. Initial formation of NiI(NHC)nX is followed by 

transmetallation to give a NiI(NHC)nAr complex. This undergoes oxidative addition of the aryl 

halide to form the same Ni(III) species as in mechanism A. Reductive elimination of the biaryl 

product completes the cycle. Reactions of xxi with both PhB(OH)2 or MesMgBr were carried 

out, and although isolation of the resulting nickel species proved unsuccessful, analysis 
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suggested that NiI(IMes)2Ar species were generated, thus providing evidence for the 

plausibility of this mechanism.  

 

Scheme 5.18 Louie’s proposed mechanism B for Ni(I) catalysed cross-coupling reactions.  
 

5.1.3 Metal RE NHC Complexes as Catalysts 

Despite the vast levels of literature into the reactivity and catalytic potential of transition 

metal NHC complexes, less research has been carried out into metal-RE NHC species.27,50,51 

Rhodium and iridium are established catalytically active metals for alkene hydrogenation and, 

along with phosphines,52,53 5- and 6-membered monodentate NHCs54 have been investigated 

as possible ligands for these metals to improve catalytic activity. In 2013, the synthesis of a 

series of Rh(I) and Ir(I) complexes of the general formula M(RE NHC)(COD)Cl  

(NHC = 6Neo, 7Neo, 7iPr) was reported.55 Yellow solids (69 – 91 % yield) of these complexes 

were isolated from addition of the in situ generated free RE NHC to the corresponding 

[M(COD)Cl]2 dimers. The iridium based 6Neo version (Ir(6Neo)(COD)Cl) was employed in 

catalytic alkene hydrogenation studies. Using low catalyst loadings of 0.01 mol% and 5 bar H2 
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in ethanol, non-hindered terminal alkenes (such as styrene, allyl benzene and 1-octene) were 

quantitatively hydrogenated to their saturated derivatives when left for 0.5 h at room 

temperature (Scheme 5.19).  

 

Scheme 5.19 Alkene hydrogenation with an Ir(I)-RE NHC precatalyst.  

 

Entry Substrate Product Time / h Yield / % a 

1 
  

0.5 100 

2 
  

0.5 100 

3 
  

1.0 43 

4   0.5 100 

5   
0.5 100 

6 
  

1.0 52 

7 
  

16 46 

8 
  

16 1 

9   16 1 

Table 5.5 Yield (%) for alkene hydrogenation reactions mediated by Ir(6Neo)(COD)Cl. 
a Percentage yield based on consumption of substrate by GC-MS.  

 
As apparent from Table 5.5, the catalytic activities significantly reduced as a function of the 

increased steric demands of the substrate, even with lengthened reaction times. For example, 

43 % conversion of α-methylstyrene (entry 3) was measured after 1 h, while hydrogenation of 

cis-cyclooctene (entry 7) gave only 46 % cyclooctane even after 16 h. Entries 8 and 9 show 

extreme cases of steric influence, with only 1 % yields detected for both 1-methylcyclohexene 

and trans-stilbene. In spite of Ir(6Neo)(COD)Cl overall yielding excellent results for this 
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transformation, the activity was no better than systems based on 5-membered NHCs described 

by Crabtree and coworkers.56 Rh(III)-bis(NHC) complexes of the general formula 

Rh(NHC)(OAc)I2, where the NHC is an imidazolium derived bidentate carbene (Figure 5.1), 

catalysed hydrogenation of all substrates studied to >99 % yield, including less hindered 

alkenes and α,β-unsaturated ketones (no alcohol formation was observed in the case of 

ketones).  

 

Figure 5.1 Rh(III)-bis(NHC) species bearing an imidazolium derived bidentate carbene. 

 
Although not demonstrated with Ir(6Neo)(COD)Cl, there are examples where substitution of a 

imidazolium based NHC with a RE NHC does lead to catalytic improvements. Herrmann et al.57 

investigated the use of 5-membered NHC complexes, such as Rh(IMes)(COD)Cl, but found 

them to be ineffective for alkene hydrogenation due to reduction and elimination of the COD 

ligand. Although this degradation formed a potentially catalytically active linear rhodium 

complex,51 it was unstable and decomposed to form inactive nanoparticulate rhodium 

(Scheme 5.20).  

 

Scheme 5.20 Decomposition of Rh(NHC)(COD)Cl complexes.  

 
6- and 7-membered RE NHCs were thus investigated as replacement ligands. In the 

hydrogenation of methyl-(Z)-N-acetamido cinnamate (Scheme 5.21), Rh(RE NHC)(COD)Cl 

bearing 6Mes and 7Mes gave higher conversions to the alkane (6Mes: 32 %; 7Mes: 30 %) than 
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their 5-membered SIMes counterpart which was totally inactive (Table 5.6). This suggests that 

the larger ringed NHCs retained the catalytic integrity of the rhodium species under the 

reaction conditions. The comparable activity of 6Mes and 7Mes seems to imply that there is a 

threshold N-CNHC-N bond angle in species of this type (Table 5.6). 

 

Scheme 5.21 Catalytic hydrogenation of methyl-(Z)-N-acetamido cinnamate with 
Rh(NHC)(COD)Cl.  

 

NHC Yield / % N-CNHC-N bond angle / o 58 

SIMes 0 101.4 

6Mes 32 114.6 

7Mes 30 116.6 

Table 5.6 Yield (%) for alkene hydrogenation of methyl-(Z)-N-acetamido cinnamate catalysed 
with Rh(NHC)(COD)Cl, accompanied with the N-CNHC-N angles for the NHC ligands. 

 
In 2006, Cavell and coworkers undertook a study into the effect of carbene backbone size on 

Pd(0) catalysed Mizoroki-Heck cross-coupling reactions.27 A variety of NHC Pd(0)-(dvtms) 

(divinyltetramethyldisiloxane) complexes were prepared via reaction of the in situ generated 

RE NHCs with 1 eq Pd(dvtms) (Scheme 5.22). The carbene ligands employed comprised  

N-Mes, -mXyl, -oAnis and -oTol substituted 6- and 7-membered NHCs and the activity of the 

resulting complexes was compared to that of the Pd(IMes) derivative in the coupling of  

4-bromoacetophenone and n-butyl acrylate (Scheme 5.23). 
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Scheme 5.22 Synthesis of zero-valent Pd(RE NHC)(dvtms) complexes.  

 
The results obtained from this study are summarised in Table 5.7 and suggest that the larger, 

7-membered RE NHC palladium complexes (entries 5 – 7) demonstrate superior activity when 

compared to their smaller ring counterparts (entries 1 – 4 and 8). This is most strikingly 

observed with comparisons of the 5-, 6- and 7-membered mesityl substituted complexes 

(Figure 5.2). Upon increasing ring size from five to six and ultimately seven, a rise in activity is 

clearly apparent, with a massive fivefold increase in turnover frequency (TOF) upon expansion 

from 6Mes to 7Mes (Table 5.7 (entries 1 and 5)). 

 

Scheme 5.23 Mizoroki-Heck cross-coupling of 4-bromoacetophenone and n-butyl acrylate 
catalytically mediated with Pd0(NHC)(dvtms).  
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Entry Pd(NHC)(dvtms) 

NHC 

Yield / % TOF* 

1 6Mes 61 217 

2 6mXyl 50 287 

3 6oTol 59 520 

4 6oAnisMes 85 353 

5 7Mes 100 1140 

6 7mXyl 100 512 

7 7oTol 64 443 

8 IMes 14 8 

Table 5.7 Yield (%) and TOFs for Mizoroki-Heck cross-coupling of 4-bromoacetophenone and  
n-butyl acrylate catalytically mediated with Pd0(NHC)(dvtms) after 3 h. * TOF values calculated 

after 30 min.  

 

 

Figure 5.2 Graphical comparison of Mizoroki-Heck cross-coupling of 4-bromoacetophenone 
and n-butyl acrylate catalytically mediated by Pd0(NHC)(dvtms) bearing different sized carbene 

rings (NHC = IMes, 6Mes and 7Mes).  
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As the only variable changing throughout these three complexes is the NHC ring size, the 

results suggest that the increased σ-donating properties and steric hindrance of the expanded 

NHCs afford transition metal catalysts with superior activity when applied to this type of  

cross-coupling reactions. The influence of the steric hindrance of the R groups was also 

analysed. Within the 6-membered RE NHC ligands, the impact of different R groups was 

relatively small. However, for the 7-membered analogues the effect was far more pronounced. 

After 3 hr, the more sterically bulky 7Mes and 7mXyl complexes gave 100 % conversions, while 

only 64 % conversion was observed for the smaller 7oTol. This variation adds weight to the idea 

of steric bulk playing a key role in catalytic performance.  

 

5.2 Catalytic Activity of Ni(6Mes)(PPh3)Br (1)  

The suggestion that RE NHCs can facilitate the formation of low coordinate Ni(I) species has 

been demonstrated by the formation of the neutral Ni(RE NHC)(PPh3)Br series (1 – 10) along 

with their derivatives, such as neutral 13 – 16, 20 and 28 and cationic 19, 21 – 26. Given the 

limited number of studies on transition metal RE NHC complexes in catalysis, investigations 

into the potential catalytic applications of Ni(6Mes)(PPh3)Br (1) were explored and compared 

to other Ni-RE NHC complexes to gain insight into the effect of i) carbene ring size and  

N-substituent bulk, ii) charge and iii) oxidation state. 

 

5.2.1 Kumada Cross-Coupling  

5.2.1.1 Effect of RE NHC steric bulk 

The 6-membered (1), 7-membered (7) and 8-membered (8 and 9) Ni-RE NHC species were 

investigated as precatalysts for Kumada cross-coupling reactions to assess the impact of 

varying NHC ring size and N-substituents (Scheme 5.24).  

R X
ArMgY

Ni(I)-RE NHC catalyst (1 mol%) R Ar
i) THF, 298 K, 2.5 h or 24 h

or
ii) THF, 333 K, 1 h

R = H, Me, OMe, CF3
X = Cl, F

Ar = Ph, Y = Cl
Ar = Mes, Y = Br

 

Scheme 5.24 Ni(RE NHC)(PPh3)Br (1, 7 – 9) catalysed Kumada cross-coupling. 
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Challenging substrates in the form of electron-rich aryl chlorides and aryl fluorides were 

employed in order to i) establish whether Ni(I) species displayed above average activity and  

ii) highlight any discrimination in the relative efficiencies of the four Ni(I)-RE NHC complexes. 

Both PhMgCl and MesMgBr were tested to probe the influence of the Grignard reagent. The 

average isolated yields of the biphenyl products from two separate runs for a range of ArX  

(X = Cl, F) are given in Table 5.8 (data for 1 and 7 are shown).  

    Yield / % 

Entry Aryl Halide Grignard Reagent Product 1 7 

1a    77 (-) 64 (-) 

2a    83 (79) 51 (45) 

3b  
  

51 (83) 41 (7) 

4b  
  

36 (9) 29 (26) 

5c  
  

37 (-) - (-) 

6a    72 (-) 14 (-) 

7a    
26 (18) 8 (4) 

8a    28 (20) 18 (23) 

9b  
  

8 (12) 16 (2) 

10a 
   

90 (-) - (-) 

Table 5.8 Average isolated yields (%) of two runs from Kumada cross-coupling of aryl halides 
catalysed by 1 and 7 (1 mol%) at 298 K in THF. The corresponding results recorded at 333 K are 
shown in parentheses. a 2.5 h at 298 K or 1 h at 333 K. b 24 h at 298 K or 1 h at 333 K. c 2.5 h at 

298 K + PPh3 (5 eq). – denotes no reaction attempted. 

 
Successful cross-coupling was observed in all cases, often occurring in comparable yields to 

previously reported Ni(0)10 and Ni(II)32 catalysts. Good activity was found for reaction of aryl 

chlorides (entries 1 – 5) with 1 proving to be the more active precursor. In the case of PhMgCl 
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and PhCl (entry 1), an isolated yield of 77 % biphenyl was obtained with 1, however a 

contribution to the yield of this product could result from homocoupling of the Grignard 

reagent and/or aryl chloride. Thus, a range of para substituted substrates were investigated, 

containing both deactivating, electron-donating groups (p-MeO-) and activating,  

electron-withdrawing groups (p-CF3-). As previously reported in the literature,38,48,49  

electron-withdrawing groups located in the para position give higher product yields, while the 

converse is true for electron-donating groups. The use of a bulkier MesMgBr provided an 

alternative means to prevent homocoupling, along with easier identification of the desired 

cross-coupled products.  

As expected, cross-coupling of ArCl (entries 1 – 5) was more efficient than for an ArF  

(entries 6 – 9). Reasonable yields with ArF substrates were obtained, with 1 showing the 

highest level of activity. In comparison to similar Kumada cross-coupling of aryl fluorides with 

Ni0(NHC)n complexes reported by Herrmann et al.,59 the activities of 1 and 7 are significantly 

inferior. For example, Ni(IPr)2 gave 95 and 52 % product yields from p-CF3-C6H4F and  

p-MeO-C6H4F respectively with PhMgBr, compared to just 28 and 26 % achieved using 1 with 

PhMgCl as the Grignard reagent.  

The reactions with p-MeO- and p-CF3- substituted substrates (entries 7 and 8 respectively) 

produced a mixture of products as shown in Figure 5.3: the expected cross-coupled products, 

along with biphenyl and terphenyl from side reactions. The isolated yields of desired  

cross-coupled product obtained for these substrates followed the trends reported in the 

literature, with the presence of a p-CF3- group enhancing the overall yield. Cross-coupling 

reactions with p-MeO- substrates are notoriously hard to achieve,60-63 often leading to very 

little or no conversion. Despite Herrmann et al.10 reporting conversions of > 67 % with  

Ni0(L)n (L = Mes, IPr, PtBu3) catalysts using p-MeO-C6H4Cl, a 26 % isolated yield for the fluoride 

substrate with 1 can be considered respectable (Table 5.8). 
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Figure 5.3 1H NMR spectrum of the product mixture from cross-coupling of p-MeO-C6H4F and 
PhMgCl catalysed by 1 (CDCl3, 500 MHz, 298 K). 

 
For all reactions, increasing the temperature from 298 K to 333 K failed to significantly increase 

conversions (data for 333 K are shown in parentheses in Table 5.8). In most cases, comparable 

yields were obtained (i.e. for 1, 83 and 79 % at 298 and 333 K respectively for p-Me-C6H4Cl with 

PhMgCl), although the decrease with elevated temperature seen in some cases may point to 

catalyst degradation. Even at longer reactions times of 24 h, MesMgBr was less reactive than 

PhMgCl, suggesting the increased bulk, unsurprisingly, makes it a less effective cross-coupling 

partner (entries 3 – 5 and 9). The isolated yields obtained from 1 with MesMgBr and aryl 

chlorides (36 – 51 %) were a lot lower than those reported by Louie and coworkers12 for the 

Kumada coupling of chlorobenzene and MesMgBr with Ni0(IMes)2 (xx, 73 %), NiI(IMes)2Br  

(xxi, 73 %) and NiI(IMes)2Cl (xxii, 77 %) (Table 5.4). 

Further studies are required to explain the greater activity of 1 compared to the 7oTol 

analogue 7, although simple sterics appear to be a factor given that this trend does progress 

further upon expansion to the 8-membered Ni(I)-RE NHC complexes (8 (mixed Br/Cl): 3 %,  

9 (mixed Br/Cl): 39 % and 9 (Br): 44% conversion for the coupling of p-Me-C6H4Cl and PhMgCl). 

Thus, there is a clear effect of NHC ring size on activity, with activity decreasing in the order of 

6- > 7- > 8-membered NHC. The sterics of the o-tolyl N-substituent on 7 may also have an 

influence with the lesser bulk destabilising any catalytically active nickel species, thus reducing 

7.307.357.407.457.507.557.607.65 ppm

3.803.853.90 ppm6.957.00 ppm

p-MeO-biphenyl 

biphenyl 

terphenyl 
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the overall activity. Future work should target the 6oTol derivative (2) to provide more insight 

into the influence of N-substituents.  

When compared to the activity of the 5-membered Ni(I) complex Ni(IPr)2Cl (xvii) in Kumada 

coupling (section 5.1.2.2), 1 and 7 display superior performance. Here, low 1 mol% loadings of 

1 and 7 have been shown to catalyse the cross-coupling of aryl chlorides and fluorides in 

respectable yields of ca. 70 %, using mild reaction conditions of 2.5 h at room temperature. 

Although conversions of ca. 90 % were achieved with xvii at an identical catalytic loading and 

temperature, this was with the less challenging aryl bromide substrates, as well as for longer 

reaction times (18 h) and in the presence of an additional 5 mol% IPr.11 To provide a direct 

comparison, coupling of p-MeO-C6H4Br and PhMgCl with 1 at 298 K (Table 5.8, entry 10) was 

carried out, giving a 90 % conversion in 2.5 h.  

Interestingly, in comparison to bis(phosphine), bis(NHC) and mono(NHC)/mono(phosphine) 

Ni(II)6 and Pd(II)64 complexes, Matsubara et al.6 and Herrmann and coworkers64 found that the 

mixed NHC/phosphine ligand systems Ni(IiPr)(PPh3)Cl and Pd(NHC)(PR3)I2 (NHC = IMe, IiPr;  

R = tBu, Ph, oTol, Cy) showed enhanced activity compared to the bis(NHC) species Ni(IiPr)2Cl2 

and [Pd(NHC)(I)(µ-I)]2 in both Kumada and Suzuki coupling respectively, further highlighting 

the potential catalytic benefits of complexes such as 1. Entry 5 shows the isolated yield 

obtained from coupling p-Me-C6H4Cl and MesMgBr in the presence of 5 eq free PPh3, however 

a 37 % isolated yield with 1 is no better than the 36 % attained in the absence of additional 

phosphine (entry 4). 

Catalytic Suzuki cross-coupling of p-MeO-C6H4Br and PhB(OH)2 was attempted with 1 at both 

298 and 343 K. No conversion to the cross-coupled p-MeO-biphenyl product was observed in 

either experiment, despite previous literature showing promising results with NHC bearing 

Ni(II) complexes, including xvii and the corresponding IMes analogues xxi and xxii.12,65 

 

5.2.1.1.1 Preliminary mechanistic studies 

In order to fully determine what nickel oxidation states are involved in the catalytic reaction 

with 1 and 7, mechanistic studies are necessary to evaluate how the Ni(I) complexes initiate  

C-C coupling. A preliminary EPR study was carried out in which X-band EPR (140 K) 

measurements were taken of a mixture of 1, p-Me-C6H4Cl and PhMgCl (frozen in liquid N2 

immediately after addition of Grignard reagent to halt the reaction) and the spectrum 

compared to that of the Ni(I) starting precursor (1). As can be seen in Figure 5.4, the spectrum 
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obtained for the catalytic reaction mixture (a) is very different to that of 1 (b) and indeed any 

other isolated Ni(I) spin species described in this thesis. As for 21 and 24, the g3 – g2 value for 

the species shown in Figure 5.4a is greater than g2 – g1 (Table 5.9), suggestive of a 3dx2-y2 

ground state. This is in complete contrast to 1, which displays g3 – g2 < g2 – g1 (Table 2.4) and a 

ground state consisting of mostly 3dz2 character. The acquired spectrum (a) did not change 

over a period of 30 min at 140 K.  

 

Figure 5.4 X-band EPR (140 K) spectra of Ni(6Mes)(PPh3)Br (1) + p-Me-C6H4Cl + PhMgCl in THF 
(a) and 1 in THF (b). 

 

Complex g1 g2 g3 g3 – g2 g2 – g1
 A1 

/ MHz 
A2 

/ MHz 
A3 

/ MHz 
1 +  

p-Me-C6F4Cl + 
PhMgCl 

2.020 2.113 2.262 0.149 0.093 339 207 190 

Table 5.9 Spin Hamiltonian parameters for the Kumada cross-coupling reaction of p-Me-C6H4Cl 
and PhMgCl in THF with 1 as the catalytic precursor. g values ±0.005. 

 
It is believed that the rhombic nature of the spectrum in Figure 5.4a is consistent with a Ni(I) 

ion. A Ni(III) ion with a spin system of S > ½, such as a high spin S = 3/2 system, is ruled out as no 

domination of the zero-field parameter is observed in the spectrum. A species containing  

i) a Ni(III) ion with S = ½ or ii) a Ni(II) complex involving an electronic configuration with 

unpaired electrons were postulated, however analysis of the spin Hamiltonian parameters 

displayed in Table 5.9 are more consistent with a Ni(I) d9 species being responsible for the 

observed spectrum. This infers that a Ni(I) species does play a role within the catalytic cycle for 

Field / mT 

a 

b 
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Kumada cross-coupling initiated by complex 1. Due to the change of relationship between the 

g values and hence the nature of the ground state, it is believed this species has a geometry 

different from trigonal planar 1. However, the degree of distortion to T-shaped (if still three 

coordinate) is less than that observed for 21 and 24.  

The participation of Ni(I) complexes in C-C bond formation was first postulated by Kochi31,42,43 

over three decades ago, however there is still very limited evidence for direct involvement of a 

d9 species.13,39 Despite these simple EPR studies providing preliminary evidence that a Ni(I) 

complex is involved in the catalytic cycle for these Kumada couplings, many mechanistic 

questions still remain unanswered. Further stoichiometric reactions and detailed EPR analysis 

are needed to determine the exact identity of this new Ni(I) species, whether 1 is directly 

involved in the cycle (or simply converts to another complex which is catalytically active under 

the reactions conditions employed) and the nature of any other species involved (i.e. is there a 

cycle between Ni(I) and Ni(III) oxidation states or a radical mechanism?).  

 
5.2.1.2 Effect of charge  

To establish any correlation between catalytic performance for Kumada coupling and overall 

charge of the complex, the activity of the cationic, three coordinate Ni(I) complex 

[Ni(6Mes)(PPh3)(THF)]PF6 (24) was compared to that of neutral 1. Using the same reaction 

conditions employed with 1, a range of ArX (X = Br, Cl, F) substrates were coupled with 

PhMgCl. Isolated yields of the biaryl derivatives obtained from 24 are shown in Table 5.10, 

together with the values for 1 in parentheses.  
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Entry Aryl Halide Grignard Reagent Product Yield / % 

1    35 (-) 

2 
 

  
25 (-) 

3    52 (83) 

4 
 

  
32 (-) 

5    28 (-) 

6 ClF3C    58(-) 

7    16 (72) 

8    - (26) 

9    21 (28) 

Table 5.10 Average isolated yields (%) of two runs from Kumada cross-coupling of aryl halides 
with PhMgCl catalysed by 24 (1 mol%) for 2.5 h at 298 K in THF. The corresponding results with 

1 are shown in parentheses. – denotes no reaction attempted. 

 
Consideration of the results shows that i) the isolated yields obtained using cationic 24 were 

lower than those with 1 (entries 3, 7 and 9), ii) as for 1, 24 was more active towards ArX 

containing electron-withdrawing (p-CF3-) rather than electron-donating (p-MeO-) groups 

(entries 5 and 6) and iii) ortho substituted ArX substrates were less reactive than para 

substituted derivatives (entries 2/4 and 1/3 respectively). The latter is what might be expected 

for ortho substituted substrates and matches observations of Herrmann et al.,59 who reported 

a 38 % yield from Ni0(IPr)2 catalysed Kumada coupling between o-Me-C6H4F and PhMgBr  

(24: 25 and 32 % for o-Me-C6H4Br and o-Me-C6H4Cl respectively with PhMgCl). Small quantities 

of biphenyl were detected in the 1H NMR spectrum upon use of o-Me-C6H4Br (13 % biphenyl) 

and o-Me-C6H4Cl (9 % biphenyl) with 24, most likely arising from homocoupling. 

Due to the charged nature of 24 compared to 1, the coupling of p-Me-C6H4X (X = Br, Cl) with 

PhMgCl was also run in C6H5F as the solvent, but no real change in efficiency was observed  

(X = Br: 40 %; X = Cl: 47 %). 
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5.2.1.3 Effect of oxidation state 

To gain a better idea of exactly how the catalytic performance of the Ni(I) complexes compare 

to Ni(II) species, Ni(6Mes)(PPh3)Br2 (29), Ni(6oTol)(PPh3)Br2 (17) and Ni(7oTol)(PPh3)Br2 (18) 

were tested as catalyst precursors. All three complexes were synthesised by reacting the 

corresponding in situ generated RE NHCs with Ni(PPh3)2Br2 and isolated as purple air stable 

solids, albeit in low yields of 52, 15 and 12 % respectively (see Appendices for experimental 

data (Appendix 7) and crystal structure (Appendix 2) of 29). Table 5.11 gives the isolated 

yields of cross-coupled products between a variety of aryl halide substrates and PhMgCl, along 

with the corresponding conversions for 1 and 7 for comparison.  

   Yield / % 

Entry Aryl Halide Product 29 17 18 1 7 

1   60 44 24 - - 

2   65 38 34 83 51 

3 
  

9 17 21 - - 

4   61 38 31 - - 

5 ClF3C   37 21 13 - - 

6   - - 9 26 8 

7   - - 14 28 18 

Table 5.11 Average isolated yields (%) of two runs from Kumada cross-coupling of aryl halides 
with PhMgCl catalysed by the Ni(II) complexes 29, 17 and 18 (1 mol%) for 2.5 h at 298 K in THF. 
The corresponding results for 1 and 7 are also shown as a comparison. – denotes no reaction 

attempted.  

 
Overall, the Ni(II) catalysts do not seem to exhibit any enhanced catalytic effectiveness relative 

to Ni(I), with 6Mes bearing complex 29 giving the highest product yield of the three Ni(II) 

species (entries 1, 2, 4 and 5). This observation is similar to that of Louie and coworkers12 who 

found very comparable yields for Suzuki and Kumada coupling initiated by Ni(0) xx,  

Ni(I) xxi and xxii and Ni(II) lxv (see section 5.1.2.2). Compared to the values obtained by Louie  

(52 – 77 %), complexes 29, 17 and 18 exhibit slightly lower yields. However, harsher conditions 

were employed for xx, xxi, xxii and lxv (3 mol% catalyst, 20 h at 298 K) suggesting greater 

activity with the RE NHC nickel systems.  
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Further comparisons of entries 1, 2, 4 and 5 in Table 5.11 indicate that as also seen for the Ni(I) 

species 1 and 7, there is a general trend of decreasing activity upon i) decreasing the steric 

requirements of the N-substituent, i.e. N-Mes > N-oTol and ii) increasing NHC ring size  

(6- > 7-membered). Thus, the overall catalytic activity trend for this set of Ni(I)-RE NHC 

complexes is 6Mes > 6oTol > 7oTol > 8-membered. 

It is unclear as to whether the Ni(I) systems provide a significantly more efficient route to 

Kumada cross-coupling over the Ni(II) complexes, as the results shown in entries 6 and 7 for 7 

are similar to the corresponding 7oTol Ni(II) complex 18. However overall, the results obtained 

for 1 are slightly better than those observed for all the other complexes investigated.  

 

5.3 Chapter Summary 

Ni(I) complexes bearing 6-, 7- and 8-membered RE NHCs have proved active towards Kumada 

cross-coupling reactions, with the 6Mes complex 1 in particular displaying efficient behaviour 

for the reactions of both aryl chlorides and, to a lesser extent, aryl fluorides. Complex 1 

showed enhanced activity compared to the larger ringed complexes (6 > 7 > 8), and for 

complexes with less bulky N-substituents (N-Mes > N-oTol). No enhancement of activity was 

observed for the three coordinate cationic complex 24 or with the Ni(II) species 29, 17 and 18. 

Preliminary investigations of the reaction mechanism by EPR spectroscopy suggest that 1 is 

rapidly converted to a long lived Ni(I) species, which exhibits g tensor values consistent with a 

T-shaped geometry.  
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6 Future Work 
 

1. The successful formation of fully characterised three coordinate Ni(I) N-aryl bearing  

RE NHC complexes (1 – 10) directed attempts to form N-alkyl analogues  

(Chapter 2, 2.3.1). However, employment of 6tBu led to the structural characterisation 

of a very different, C-H activated nickel product, Ni(6tBu)’Br (11), along with a nickelate 

species. Reproducibility of this reaction was unachievable, thus paramount in the 

immediate future will be re-examination of this stoichiometric reaction to reproducibly 

afford 11. Although not a Ni(I) species, the structure of 11 is unusual and the 

compound could be a precursor to other unusual lower coordinate Ni(II) products 

upon abstraction of bromide (Scheme 6.1).1 

 

Scheme 6.1 Potential products from bromide extraction reactions on 11. 

 
2. The high sensitivity and reactivity of Ni(RE NHC)(PPh3)Br has been established in 

studies of their stoichiometric chemistry with O2, RE NHCs, electrophiles and hydride 

sources. Attempts to determine the oxygen intermediates involved during the 

activation of O2 with 1 or 6 to give 13/15 and 14/16 respectively with low temperature 

UV-vis analysis were unsuccessful (Chapter 3, 3.2) and only emphasised the extremely 

fast timescale and facile nature of the reaction.2,3 The use of stopped-flow techniques 

on analogues of 1 which are more difficult to oxidise (i.e. Ni(RE NHC)(L)Br,  

RE NHC = electronic deficient 6MesDAC; L = phosphine ligand with an electron 

withdrawing aryl group) might be a possible approach to gain further mechanistic 

insight into the reaction. 
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3. The interesting SMM properties of the two coordinate cation [Ni(6Mes2]+ (19) 

generated upon reaction of 1 with additional 6Mes (Chapter 4, 4.1.1) presents the 

question of whether this magnetic behaviour is inherent to this specific compound, or 

whether it is observed across a series of [Ni(RE NHC)2]+ analogues. For example, in 

conjunction with EPR and DFT calculations, SQUID magnetic determinations on the 

related asymmetric [Ni(6Mes)(7Mes)]+ would allow simple inferences to be made on 

the effect of an extra ‘CH2’ group in the carbene backbone on the d orbital splitting 

pattern and magnetic properties of two coordinate Ni(I) species. 

 

4. Many of the reactivity products discussed in this thesis have been isolated in low yields 

or with significant levels of impurities which cannot be completely removed  

(i.e. 21 – 23 and 27), which has therefore hampered full characterisation and any 

further reactivity studies. Extensive reaction optimisation of these is therefore 

required. Efforts to completely retard the formation of [6MesH]…arene[B(C6F5)4] in the 

synthesis of Ni(I)-arene species (21 – 23; Chapter 4, 4.2.1) from reaction of 1/6 with 

[Et3Si]+, would hopefully allow access to clean and pure 21 – 23 and thus opportunities 

to fully understand the electronic nature of these unusual complexes via EPR, 

electrochemistry and magnetic susceptibility measurements. Ogoshi and coworkers4 

recently reported the synthesis of Ni0(IPr)(η6-C6H5R) (R = H, CH3) from reaction of IPr 

with Ni(COD)2 in the presence of the corresponding arene and high pressures of H2. 

One potential route to clean 21 – 23 is to therefore synthesise zero-valent 

Ni(6/7Mes)(η-arene) complexes using this methodology and then oxidise them to the 

corresponding Ni(I) species. If successful, the lability of the coordinated arene can then 

be established in simple ligand substitution reactions and hence the accessibility of the 

Ni(I) centre towards oxidation/reduction. Preliminary investigations into the reactivity 

of the BH4 bridged dimer 28 with O2 and CO (Chapter 4, 4.3) have indicated some 

molecular activation. Upon optimisation of its synthesis, the reactivity of 28 could then 

be fully examined, including its potential as a reducing agent towards unsaturated 

C=O/C=C bonds. The reaction of 28 with Lewis bases should also be attempted, with 

the aim of removing BH3 from the bridging ligands to form Ni(I)-hydride species 

(Scheme 6.2). In relation to this, the reactivity of other hydride sources with 1 can then 

be investigated, in particular, those that are less likely to bridge, i.e. LiAlH4 and 

NaBH3(CN). 
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Scheme 6.2 Proposed reaction of 28 with a Lewis base to form Ni(I)-hydride species. 

 
5. Reaction of 1 with TlPF6 generated the solvent coordinated cation 

[Ni(6Mes)(PPh3)(THF)]+ (24; Chapter 4, 4.2.2). A very preliminary study of the reactivity 

of this with small molecules revealed facile reactions with both O2 and CO, albeit with 

inclusion of bromide from residual TlBr. 13C{1H} NMR studies of the 13CO reaction 

indicated a complicated reaction profile and the formation of many Ni-(CO)n 

complexes/intermediates. One possibility to resolve this would be to employ ReactIR 

to provide a clearer indication of the structures of these species in real time.  

 
6. The work described in Chapter 5 probed the efficiency of Ni(RE NHC)(PPh3)Br in 

catalytic processes, with the 6Mes derivative (1) proving an active precursor for the 

Kumada coupling of aryl chlorides and aryl fluorides, outperforming the larger ring 

7oTol (7) and 8-membered species (8 and 9), cationic 23 and Ni(II) derivatives  

Ni(RE NHC)(PPh3)Br2 (17, 18 and 28). Preliminary EPR studies were employed to probe 

the catalytic cycle and these have revealed the formation of an initial Ni(I) species 

which remains to be properly characterised. Additional EPR, along with ENDOR 

measurements, are warranted to probe the structure and then subsequent reactivity 

of what is most likely a Ni(I)-aryl complex.  



Chapter 6   Future Work 

199 
 

6.1 References 

1. G. Berthon-Gelloz, B. de Bruin, B. Tinant and I. E. Marko, Angew. Chem., Int. Ed., 2009, 

48, 3161-3164. 

2. B. R. Dible, M. S. Sigman and A. M. Arif, Inorg. Chem., 2005, 44, 3774-3776. 

3. B. S. Mandimutsira, J. L. Yamarik, T. C. Brunold, W. W. Gu, S. P. Cramer and C. G. 

Riordan, J. Am. Chem. Soc., 2001, 123, 9194-9195. 

4. Y. Hoshimoto, Y. Hayashi, H. Suzuki, M. Ohashi and S. Ogoshi, Organometallics, 2014, 

33, 1276-1282. 

 



Chapter 7  Experimental 

200 
 

 

 

CHAPTER 7 



Chapter 7  Experimental 

201 
 

7 Experimental  
 

7.1 General Procedures 

All air-sensitive manipulations and analysis were carried out under argon using standard 

Schlenk line, high vacuum and glove box techniques with dried and degassed solvents, unless 

otherwise stated. Glassware (ampoules and NMR tubes fitted with a J. Youngs resealable PTFE 

valve and Schlenk flasks) was oven dried at 413 K overnight or flame dried in vacuo. Solvents 

were dried and degassed via purification through columns on an MBraun solvent purification 

system (dichloromethane, diethylether, hexane, pentane, toluene) or from i) purple solutions 

of sodium dispersion with benzophenone (benzene, THF), ii) Mg/I2 (ethanol, methanol),  

iii) calcium hydride followed by distillation (fluorobenzene, mesitylene) and iv) P2O5 (in vacuo) 

and sublimed (naphthalene). All solvents and liquid reagents were stored over molecular 

sieves following three freeze-pump-thaw cycles. Deuterated solvents (Sigma Aldrich and 

Euriso-top) were vacuum transferred from potassium (benzene-d6, toluene-d8, THF-d8) or 

calcium hydride (dichloromethane-d2). Chloroform-d1, H2 (BOC, 99.9 %), CO (BOC, 99.9 %), 13CO 

(Cambridge Isotope Laboratories, 99 %), O2 (BOC, 99.9 %), Ni(PPh3)2Br2 (Sigma Aldrich, 99 %), 

Ni(COD)2 (Sigma Aldrich) and [Ph3C][B(C6F5)4] (Strem Chemicals, 97 %) were all used as 

received. 6MesDAC,1 [6iPrH]BF4,2 [6tBuH]BF4
3 and all 8-membered Ni(RE NHC)(PPh3)X  

(X = Br, Cl) (8 – 10)4 were prepared according to the literature and kindly donated by Mr. Lee 

Collins (University of Bath), Dr. Michael Page (University of Bath), Miss Nicola Bramananthan 

(University of Bath) and Mr. Wei Lu (Cardiff University) respectively.  

 

7.2 Physical and Analytical Techniques 

All solution NMR spectra were recorded on Bruker Avance 300, 400 and 500 MHz NMR 

spectrometers at 298 K, unless otherwise stated, and referenced to the residual protio and 13C 

solvent signals as follows (1H; 13C{1H}): benzene-d6 (δ 7.15; δ 128.0), chloroform-d1  

(δ 7.26; δ 77.4), dichloromethane-d2 (δ 5.32; δ 54.5), THF-d8 (δ 3.58; δ 25.4) or toluene-d8  

(δ 2.04; δ 20.4). 31P{1H} NMR chemical shifts were referenced externally to 85 % H3PO4 (δ 0.0), 
11B{1H} to 15 % BF3.OEt2 (δ 0.0) and 19F to neat CFCl3 (δ 0.0). 2D experiments (1H COSY,  
1H-31C{1H} HMQC, HSQC, HMBC, 31P{1H}-31P{1H} EXSY) were performed using standard Bruker 

pulse sequences. Evans solution magnetic susceptibility measurements were recorded in C6H6, 

THF or CH2Cl2 on a 500 MHz NMR spectrometer at 298 K. 
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IR spectra were recorded as either a nujol mull, KBr disc or in solution on a Nicolet Nexus FTIR 

spectrometer.  

Mass spectrometry was undertaken by Dr. Anneke Luben at the University of Bath, England 

using a micrOTOF electrospray time-of-flight (ESI-TOF) mass spectrometer (Bruker Daltonik 

GmbH) coupled to a syringe driver (Hamilton). Samples, of concentration 60 µg/mL in 

acetonitrile, were infused at a rate of 3 µL/min and fragments detected in positive mode. The 

data was externally calibrated using sodium formate clusters at a concentration of 5 mM, 

which acted as a calibrant over the mass range 50 – 2500 m/z.  

CW X-band EPR spectra were recorded by Professor Damien Murphy and Dr. Emma Carter at 

Cardiff University, Wales on a Bruker EMX spectrometer equipped with a high sensitivity cavity 

(ER 4119HS), operating at 100 kHz field modulation and a microwave power of 10 mW. CW  

Q-band EPR/ENDOR spectra were recorded at 10 K on a Bruker ESP 300E series spectrometer 

equipped with an ESP360 DICE ENDOR unit, operating at 12.5 kHz field modulation in a Q-band 

ENDOR cavity (Bruker ER 5106 QT-E). The ENDOR spectra were obtained using 8 dB RF power 

from an ENI A-300 RF amplifier, with 50 or 200 kHz RF modulation depth and 1 mW microwave 

power. Accurate g values were obtained using an NMR Gaussmeter (Bruker ER 035 M) 

calibrated using the perylene radical cation in concentrated H2SO4 (g = 2.002569). Pulsed  

X-band ENDOR experiments were performed on a Bruker E580 Elexsys spectrometer 

(operating at 9.76 GHz) equipped with a liquid helium cryostat from Oxford Inc. The magnetic 

field was measured with a Bruker ER035M NMR Gaussmeter. All EPR samples were prepared 

in a concentration of 1 mg/µL in dry THF and sealed in a glove box. 

DFT calculations were carried out at Heriot-Watt University by Professor Stuart Macgregor and 

Dr. Andrés Algarra and run with Gaussian 09 (Revision A.0.2)5 and employed the B3LYP hybrid 

functional.6-8 SDD pseudopotentials and associated basis sets were used for Ni,9 P and Br10 

(with d orbital polarisation on P and Br11) and 6-31g** basis sets in all other atoms.12,13 

Geometries were based on the heavy atoms positions determined by X-ray crystallography 

with H atom positions being optimised using the above level of theory. 

X-ray crystal structures were recorded on a Nonius KappaCCD diffractometer or an Oxford 

Diffraction Gemini diffractometer, with structural solutions and refinements performed using 

SHELXS-9714 and SHELXL-9714 respectively.  
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SQUID measurements were collected at the University of Ottawa, Canada by Jennifer Le Roy 

and Professor Muralee Murugesu on a Quantum Design SQUID magnetometer (MPMS-XL7) 

operating between 1.8 and 300 K for dc applied fields ranging from -7 to 7 T. 

CV experiments were carried out at The Institute of Chemical Research (ICIQ), Spain by  

Mr. Isidoro López in an MBraun glove box (O2 < 0.1 ppm, H2O = 0.3 ppm) using a IJ-Cambria  

CHI-660 potentiostat with anhydrous inhibitor free THF (containing 0.1 M [nBu4N]PF6) as 

solvent. Glassy carbon disks were used as the working electrode, platinum wire as a counter 

electrode and Ag/AgNO3 solution as a quasi-reference electrode. The CVs were run at  

150 mV s-1 scan rate, with the potentials referenced to ferrocene (added at the end of each 

experiment) and subsequently converted to NHE.  

UV-visible spectroscopy was also performed at ICIQ by Mr. Isidoro López on a CARY 50 (Varian) 

UV-visible spectrophotometer using an all-quartz immersion probe with 1 cm optical path 

length from Hellma. The temperature was kept constant at 190 K by means of a liquid 

N2/acetone bath and monitored by a low temperature thermometer. Kinetic data were 

processed by use of the program SPECFIT/32 Global Analysis System, which uses the method 

of Singular Value Decomposition (SVD).  

Cryoscopic measurements were carried out by Professor Dominic Wright at the University of 

Cambridge, England using nitrobenzene.  

Elemental analyses were performed by the Elemental Analysis Service, London Metropolitan 

University, London. 

 

7.3 Preparation of RE NHC Precursors 

All the 6- and 7-membered RE NHC precursors (pyrimidinium and diazepinium salts 

respectively) were synthesised via a formamidine route adapted from literature published by 

Cavell and coworkers.15-18 All syntheses were carried out open to air. 
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7.3.1 Preparation of 1,3-bis(2,4,6-trimethylphenyl)-3,4,5,6-tetrahydropyrimidin-1-

ium tetrafluoroborate ([6MesH]BF4) 

 

7.3.1.1 Preparation of N,N'-bis(2,4,6-trimethylphenyl)formamidine 

 

2,4,6-Trimethylaniline (20.0 mL, 0.130 mol) and triethyl orthoformate (9.9 mL, 0.065 mol) were 

charged in distillation apparatus and heated at 413 K for 2 h. After all the ethanol generated 

was distilled off, the resulting orange precipitate was cooled and washed with Et2O (2 x 50 mL), 

leaving a white precipitate of desired product which was dried in vacuo. Yield: 14.2 g (65 %).  
1H NMR (CDCl3, 500 MHz): δ 7.20 (s, 1H, NCHN), 7.18 (s, 1H, NH), 6.91 (s, 4H, m-CHaryl), 2.27 (s, 

6H, p-CH3), 2.20 (s, 12H, o-CH3). 

 
7.3.1.2 Preparation of 1,3-bis(2,4,6-trimethylphenyl)-3,4,5,6-tetrahydropyrimidin-1-

ium tetrafluoroborate ([6MesH]BF4) 

N,N'-bis(2,4,6-trimethylphenyl)formamidine (14.2 g, 0.051 mol), 1,3-dibromopropane  

(5.1 mL, 0.051 mol) and K2CO3 (6.8 g, 0.051 mol) were dissolved in MeCN (100 mL) and 

refluxed overnight. The solvent was removed via a rotary evaporator and the resulting white 

powder extracted into CH2Cl2 (30 mL) and filtered to removed excess K2CO3. Et2O (50 mL) was 

added to crash out a white precipitate of [6MesH]Br. Yield: 16.2 g (80 %). All of this 

pyrimidinium bromide salt (16.2 g, 0.040 mol) was fully dissolved in MeCN (150 mL) and a 

solution of NaBF4 (4.9 g, 0.045 mol) in H2O (70 mL) was added and left stirring for 1 h. After 

removing the solvents in vacuo, the white residue was extracted into CH2Cl2 (100 mL) and 

washed with H2O (3 x 80 mL). The CH2Cl2 solution was dried with MgSO4 and Et2O (150 mL) 

added to yield a white precipitate of [6MesH]BF4. Yield: 10.6 g (64 %). 1H NMR  

(CDCl3, 300 MHz): δ 7.48 (s, 1H, NCHN), 6.93 (s, 4H, m-CHaryl), 3.88 (t, 3JHH = 5.6 Hz, 4H, NCH2), 

2.54 (quin, 3JHH = 5.6 Hz, 2H, NCH2CH2), 2.28 (s, 12H, o-CH3), 2.25 (s, 6H, p-CH3). 
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7.3.2 Preparation of 1,3-bis(2-methylphenyl)-3,4,5,6-tetrahydropyrimidin-1-ium 

tetrafluoroborate ([6oTolH]BF4)  

 

7.3.2.1 Preparation of N,N'-bis(2-methylphenyl)formamidine 

 
 

Method as for N,N'-bis(2,4,6-trimethylphenyl)formamidine (section 7.3.1.1), but using  

2-methylaniline (17.5 mL, 0.164 mol) and triethyl orthoformate (13.5 mL, 0.081 mol) to form a 

white solid of desired product. Yield: 11.5 g (63 %). 1H NMR (CDCl3, 300 MHz): δ 8.06  

(s, 1H, NCHN), 7.18 – 7.02 (m, 9H, CHaryl and NH), 2.32 (s, 6H, CH3). 

 
7.3.2.2 Preparation of 1,3-bis(2-methylphenyl)-3,4,5,6-tetrahydropyrimidin-1-ium 

tetrafluoroborate ([6oTolH]BF4)  

Method as for [6MesH]BF4 (section 7.3.1.2), but using N,N'-bis(2-methylphenyl)formamidine 

(2.2 g, 0.010 mol), 1,3-dibromopropane (1.0 mL, 0.010 mol) and K2CO3 (0.65 g, 0.005 mol) in 

MeCN (50 mL) to generate a white precipitate of [6oTolH]Br. Yield: 1.56 g (46 %). Identical 

anion exchange reaction conditions applied for [6MesH]BF4 were then employed, using 

[6oTolH]Br (1.37 g, 0.004 mol) in MeCN (50 mL) and NaBF4 (0.52 g, 0.045 mol) in H2O (30 mL) to 

generate [6oTolH]BF4 as a white solid. Yield: 0.57 g (54 %). 1H NMR (CDCl3, 300 MHz): δ 7.75  

(d, 3JHH = 8.0 Hz, 2H, o-CHaryl), 7.62 (s, 1H, NCHN), 7.31 - 7.17 (m, 6H, m,p-CHaryl), 4.02  

(t, 3JHH = 5.4 Hz, 4H, NCH2), 2.54 (quin, 3JHH = 5.4 Hz, 2H, NCH2CH2), 2.34 (s, 6H, CH3). 
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7.3.3 Preparation of 1,3-bis(2-methoxyphenyl)-3,4,5,6-tetrahydropyrimidin-1-ium 

tetrafluoroborate ([6oAnisH]BF4) 

 

7.3.3.1 Preparation of N,N'-bis(2-methoxyphenyl)formamidine 

 
 

Method as for N,N'-bis(2,4,6-trimethylphenyl)formamidine (section 7.3.1.1), but using  

2-methoxyaniline (10.5 mL, 0.093 mol) and triethyl orthoformate (7.8 mL, 0.045 mol) to form a 

white precipitate of desired product. Yield: 10.6 g (44 %). 1H NMR (CDCl3, 500 MHz): δ 8.23  

(s, 1H, NCHN), 7.14 (br s, 1H, NH), 7.09 – 6.90 (m, 8H, CHaryl), 3.89 (s, 6H, OCH3). 

 
7.3.3.2 Preparation of 1,3-bis(2-methoxyphenyl)-3,4,5,6-tetrahydropyrimidin-1-ium 

tetrafluoroborate ([6oAnisH]BF4) 

Method as for [6MesH]BF4 (section 7.3.1.2), but using N,N'-bis(2-methoxyphenyl)formamidine 

(1.46 g, 0.006 mol), 1,3-dibromopropane (1.2 mL, 0.012 mol) and K2CO3 (0.50 g, 0.003 mol) in 

MeCN (140 mL) to generate a waxy white precipitate, which when recrystallised from 

CH2Cl2/Et2O, yielded a white precipitate of [6oAnisH]Br. Yield: 1.30 g (61 %). Identical anion 

exchange reaction conditions applied for [6MesH]BF4 were then employed, using [6oAnisH]Br 

(1.30 g, 0.003 mol) in MeCN (20 mL) and NaBF4 (0.53 g, 0.005 mol) in H2O (5 mL) to generate a 

white precipitate of [6oAnisH]BF4. Yield: 0.98 g (74 %). 1H NMR (CDCl3, 300 MHz): δ 7.68 – 7.65 

(m, 3H, CHaryl and NCHN), 7.40 – 7.34 (m, 2H, CHaryl), 7.07 – 7.01 (m, 2H, CHaryl), 6.99 – 6.96  

(m, 2H, CHaryl), 3.94 (t, 3JHH = 5.8 Hz, 4H, NCH2), 3.90 (s, 6H, OCH3), 2.44 (quin, 3JHH = 5.7 Hz, 2H, 

NCH2CH2). 
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7.3.4 Preparation of 1-(2-methoxyphenyl)-3-(2,4,6-trimethylphenyl)-3,4,5,6-

tetrahydropyrimidin-1-ium tetrafluoroborate ([6oAnisMesH]BF4) 

 

7.3.4.1 Preparation of ethyl-N-(2-methoxyphenyl)formamidate 

 
 

2-methoxyaniline (22.5 mL, 0.200 mol) and triethyl orthoformate (33.2 mL, 0.200 mol) were 

charged in distillation apparatus and heated at 393 K for 2 h. When all the ethanol generated 

had distilled off, the remaining triethyl orthoformate was distilled at 207 K under vacuum. The 

desired ethyl-N-(2-methoxyphenyl)formamidate product was then distilled off at 346 K 

(achieved by heating to 373 K) as a clear, colourless oil. Yield: 16.0 g (45 %). 1H NMR  

(CDCl3, 500 MHz): δ 6.59 (m, 1H, CHaryl), 6.43 – 6.39 (m, 4H, CHaryl and NCHO), 3.89 (q, 3JHH = 

7.3 Hz, 2H, OCH2), 3.32 (s, 3H, OCH3), 0.90 (t, 3JHH = 7.3 Hz, 3H, OCH2CH3). 

 
7.3.4.2 Preparation of N-(2-methoxyphenyl)-N'-(2,4,6-trimethylphenyl)formamidine 

 
 

Ethyl-N-(2-methoxyphenyl)formamidate (5.38 g, 0.030 mol) and 2,4,6-trimethylaniline  

(4.05 g, 0.030 mol) were combined and refluxed at 323 K for 3 h. Upon cooling, the red 

solution solidified to give a peach coloured solid, which was recrystallised from toluene/Et2O, 

washed with MeOH (50 mL) and dried in vacuo to afford a peach coloured precipitate of the 

desired product. Yield: 3.84 g (48 %). Two isomers detected. Isomer 1: 1H NMR  

(CDCl3, 400 MHz): δ 7.87 (s, 1H, NCHN), 7.44 (v br s, 1H, NH), 7.16 – 6.81 (m, 6H, CHaryl), 3.91  

(s, 3H, OCH3), 2.28 (s, 3H, p-CH3), 2.19 (s, 6H, o-CH3). Isomer 2: 1H NMR (CDCl3, 400 MHz):  

δ 7.87 (s, 1H, NCHN), 7.44 (v br s, 1H, NH), 7.16 – 6.81 (m, 6H, CHaryl), 3.73 (s, 3H, OCH3), 2.28 

(s, 3H, p-CH3), 2.13 (two s, 6H, o-CH3). 
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7.3.4.3 Preparation of 1-(2-methoxyphenyl)-3-(2,4,6-trimethylphenyl)-3,4,5,6-

tetrahydropyrimidin-1-ium tetrafluoroborate ([6oAnisMesH]BF4) 

Method as for [6MesH]BF4 (section 7.3.1.2), but using N-(2-methoxyphenyl)-N'-(2,4,6-

trimethylphenyl)formamidine (1.13 g, 0.004 mol), 1,3-dibromopropane (0.9 mL, 0.008 mol) 

and K2CO3 (0.37 g, 0.003 mol) in MeCN (80 mL) and refluxed for 48 h to give a white precipitate 

of [6oAnisMesH]Br. Yield: 1.33 g (81 %). Identical anion exchange reaction conditions applied 

for [6MesH]BF4 were then employed, using [6oAnisMesH]Br (1.33 g, 0.003 mol) in MeCN 

(70 mL) and NaBF4 (0.40 g, 0.004 mol) in H2O (20 mL) to generate a white precipitate of 

[6oAnisMesH]BF4. Yield: 1.10 g (82 %). 1H NMR (CDCl3, 500 MHz): δ 7.65 (d, 3JHH = 7.7 Hz, 1H,  

m-CHAnis), 7.59 (s, 1H, NCHN), 7.39 (t, 3JHH = 8.0 Hz, 1H, p-CHAnis), 7.08 (t, 3JHH = 7.6 Hz, 1H,  

m-CHAnis), 7.00 (d, 3JHH = 8.3 Hz, 1H, o-CHAnis), 6.96 (s, 2H, m-CHMes), 4.04 (t, 3JHH = 5.0 Hz, 2H, 

NCH2), 3.89 (s, 3H, OCH3), 3.84 (t, 3JHH = 5.1 Hz, 2H, NCH2), 2.54 (quin, 3JHH = 5.0 Hz, 2H, 

NCH2CH2), 2.34 (s, 6H, o-CH3), 2.29 (s, 3H, p-CH3).  

 

7.3.5 Preparation of 1,3-bis(2,4,6-trimethylphenyl)-4,5,6,7-tetrahydro-3H-[1,3]-

diazepin-1-ium tetrafluoroborate ([7MesH]BF4) 

 
 

N,N'-bis(2,4,6-trimethylphenyl)formamidine (section 7.3.1.1) (4.02 g, 0.014 mol),  

1,4-diiodobutane (2.0 mL, 0.015 mol) and K2CO3 (1.98 g, 0.014 mol) were dissolved in MeCN 

(50 mL) and refluxed overnight. The solvent was removed via rotary evaporation and the 

resulting white powder extracted into CH2Cl2 (30 mL) and filtered to removed excess K2CO3. 

Et2O (50 mL) was added to crash out a white precipitate of [7MesH]Br. Yield: 5.02 g (84 %). All 

of this diazepinium bromide salt (5.02 g, 0.012 mol) was fully dissolved in MeCN (80 mL) and a 

solution of NaBF4 (1.53 g, 0.014 mol) in H2O (30 mL) was added and left stirring for 1 h. After 

removal of the solvents in vacuo, the resulting white residue was extracted into CH2Cl2 (50 mL) 

and washed with H2O (3 x 100 mL). The CH2Cl2 solution was dried with MgSO4 and Et2O 

(100 mL) added to yield a white precipitate of [7MesH]BF4. Yield: 3.39 g (66 %). 1H NMR  

(CDCl3, 400 MHz): δ 7.20 (s, 1H, NCHN), 6.95 (s, 4H, m-CHaryl), 4.38 (t, 3JHH = 5.6, 4H, NCH2), 2.53 

(br m, 4H, NCH2CH2), 2.39 (s, 12H, o-CH3), 2.28 (s, 6H, p-CH3) 
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7.3.6 Preparation of 1,3-bis(2-methylpheny)l-4,5,6,7-tetrahydro-3H-[1,3]-diazepin-

1-ium tetrafluoroborate ([7oTolH]BF4) 

 
 

Same method as for [7MesH]BF4 (section 7.3.5) but with N,N'-bis(2-methylphenyl)formamidine 

(section 7.3.2.1) (11.4 g, 0.051 mol), 1,4-diiodobutane (6.8 mL, 0.052 mol) and K2CO3  

(7.06 g, 0.051 mol) in MeCN (200 mL) and refluxed for 48 h to give a white precipitate of 

[7oTolH]BF4. Yield: 15.9 g (85 %). Identical anion exchange reaction conditions applied for 

[7MesH]BF4 were then employed, using [7oTolH]BF4 (15.9 g, 0.043 mol) in MeCN (50 mL) and 

NaBF4 (4.29 g, 0.039 mol) in H2O (35 mL) to generate a white crystalline precipitate of 

[7oTolH]BF4. Yield: 5.21 g (36 %). 1H NMR (CDCl3, 400 MHz): δ 7.71 (br s, 2H, o-CHaryl), 7.36  

(s, 1H, NCHN), 7.28 – 7.22 (m, 6H, m,p-CHaryl), 4.34 (br s, 4H, NCH2), 2.40 (br s, 4H, NCH2CH2), 

2.36 (s, 6H, CH3). 

 

7.4 Synthesis of Low Coordinate Nickel(I) Species (Ni(RE NHC)(PPh3)Br) 

7.4.1 In Situ Generation of RE NHCs 

 

Unless otherwise described, in all the syntheses that required formation of the free RE NHC, it 

was generated in situ from reaction of equimolar amounts of the corresponding 

[pyrimidinium]BF4 or [diazepinium]BF4 salt and KN(SiMe3)2 in THF. After stirring at room 

temperature for 30 min the carbene solution was transferred via cannula to the nickel starting 

precursor(s).  
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7.4.2 Synthesis of Ni(6Mes)(PPh3)Br (1)19 

 

A solution of 6Mes (prepared in situ by stirring the pyrimidinium tetrafluoroborate salt 

[6MesH]BF4 (684 mg, 1.68 mmol) with KN(SiMe3)2 (334 mg, 1.68 mmol) in THF (30 mL) for 

30 min) was added to a mixture of Ni(COD)2 (231 mg, 0.84 mmol) and Ni(PPh3)2Br2  

(624 mg, 0.84 mmol). The mixture was stirred at room temperature for 1 h to afford a dark 

yellow solution and fine beige precipitate. This suspension was filtered and hexane (30 mL) 

added to the filtrate to generate a yellow precipitate. The solid was isolated by filtration, 

washed with hexane (10 mL) and dried in vacuo. Analytically pure 1 was obtained by 

recrystallisation from THF/hexane. Yield: 920 mg (76 %). 1H NMR (C6D6, 500 MHz): δ 30.04  

(v br s, 2H), 16.05 (v br s, 1H), 10.79 (s, 7H), 9.68 (br s), 8.70 (v br s), 7.73 (br s) (10H for 

overlapping resonances 9.68 - 7.73), 3.96 (s, 7H), 1.90 (br s, 3H), 0.73 (v br m, 10H), -1.16  

(br s, 1H), -16.67 (v br s, 2H). Anal. calcd. (found) for C40H43N2PNiBr (%): C 66.60 (66.45), H 6.01 

(6.16), N 3.88 (3.95). Solution magnetic moment (Evans method): 2.1 µB. 

 

7.4.3 Synthesis of Ni(6oTol)(PPh3)Br (2)20 

 

Method as for 1 (section 7.4.2), but with [6oTol]BF4 (153 mg, 0.58 mmol), KN(SiMe3)2  

(116 mg, 0.58 mmol), Ni(COD)2 (80 mg, 0.29 mmol) and Ni(PPh3)2Br2 (215mg, 0.29 mmol) in 

THF (15 mL) and left stirring for 2 h to ultimately afford a yellow precipitate of 2. Analytically 

pure product was achieved upon recrystallisation from C6H6/hexane. Yield: 220 mg (57 %).  
1H NMR (C6D6, 500 MHz): δ 31.25 (v br s), 17.66 (v br m), 11.00 (v br m), 9.28 (s), 8.74 (br m), 

7.80 (br m), 7.56 (br s), 4.69 (v br s), 3.58 (s), 1.45 – 0.21 (multiple overlapping br m), -11.31  

(v br s), -19.68 (v br s). Anal. calcd. (found) for C36H35N2PNiBr (%): C 65.00 (64.81), H 5.30 

(5.21), N 4.21 (4.35).  
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7.4.4 Synthesis of Ni(6oAnis)(PPh3)Br (3)4 

 

In situ generated 6oAnis ([6oAnisH]BF4 (272 mg, 0.71 mmol) and KN(SiMe3)2  

(141 mg, 0.71 mmol)) was transferred to a mixture of Ni(COD)2 (97 mg, 0.35 mmol) and 

Ni(PPh3)2Br2 (263 mg, 0.35 mmol). After stirring for 2 h at room temperature, the yellow 

reaction solution was filtered and hexane (50 mL) added to the filtrate to form a mottled 

black/yellow precipitate. This was isolated, extracted into C6H6 (20 mL), filtered again to 

remove a fine black solid, and then reprecipitated with hexane (60 mL). Another cycle of this 

procedure afforded 3 as a homogeneous, pale yellow precipitate, which was filtered and dried 

in vacuo. Yield: 157 mg (64 %). 1H NMR (C6D6, 500 MHz): δ 30.56 (v br s), 17.35 (v br s), 11.04 

(s), 8.48 (br s), 5.42 – 3.45 (br m), 1.26 (br s), 0.91 (br s), 0.43 (br m), -16.37 (v br s). Anal. calcd. 

(found) for C36H35N2O2PNiBr (%): C 62.01 (61.94), H 5.06 (5.15), N 4.02 (3.93). Solution 

magnetic moment (Evans method): 2.6 µB. 

 

7.4.5 Synthesis of Ni(6oAnisMes)(PPh3)Br (4)4 

 

As for 1 (section 7.4.2), but with [6oAnisMesH]BF4 (156 mg, 0.39 mmol), KN(SiMe3)2  

(78 mg, 0.39 mmol), Ni(COD)2 (54 mg, 0.20 mmol) and Ni(PPh3)2Br2 (146 mg, 0.20 mmol) and 

for 2 h at room temperature. Yield: 119 mg (43 %). 1H NMR (C6D6, 500 MHz): δ 36.90 (v br s), 

28.85 (v br s), 15.54 (br s), 12.58 (br s), 11.10 (s), 8.60 (br m), 7.67 (br s), 4.99 (br s), 3.14  

(br m), 1.29 (br s), 0.27 (s), -0.83 (br s), -13.04 (v br s), -21.82 (v br s). Anal. calcd. (found) for 

C38H39N2OPNiBr (%): C 64.35 (64.41), H 5.54 (5.41), N 3.95 (4.01). Solution magnetic moment 

(Evans method): 2.0 µB. 
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7.4.6 Synthesis of Ni(6MesDAC)(PPh3)Br (5)20 

 

A THF (20 mL) solution of free 6MesDAC (386 mg, 1.02 mmol) was added to a mixture of 

Ni(COD)2 (139 mg, 0.50 mmol) and Ni(PPh3)2Br2 (381 mg, 0.51 mmol). The mixture was stirred 

at room temperature for 2.5 h to afford a dark orange solution. After filtration, the filtrate was 

concentrated and hexane (20 mL) added to precipitate a dark purple solid, which was filtered, 

washed with hexane (10 mL) and dried in vacuo. Yield: 490 mg (62 %). Dark purple X-ray 

quality crystals of 5 were obtained by recrystallisation from C6H6/hexane. 1H NMR  

(C6D6, 500 MHz): δ 10.34 (br s), 9.01 (v br s), 8.35 (br s), 7.64 (br s), 7.01 – 6.70 (br m of 

overlapping resonances), 4.42 (br s), 3.69 (br s), 3.56 (br s), 3.25 (br s), 2.91 (v br s), 2.44 (br s), 

2.33 (br s), 2.09 (br s), 1.89 (br s), 1.61 (br s), 1.41 (br s), 1.22 (br s), 1.11 (br s), 0.46 (br m),  

-0.02 (v br s), -0.82 (v br s). Anal. calcd. (found) for C42H43N2O2PNiBr (%): C 64.89 (64.61), H 5.58 

(5.39), N 3.60 (3.41). Solution magnetic moment (Evans method): 1.2 µB. 

 

7.4.7 Synthesis of Ni(7Mes)(PPh3)Br (6) 

 

Syntheses for the 7-membered RE NHC Ni(I) analogues of Ni(RE NHC)(PPh3)Br were identical to 

the corresponding 6-membered complexes (1 – 5). Free 7Mes was generated in situ 

([7MesH]BF4 (206 mg, 0.49 mmol) and KN(SiMe3)2 (97 mg, 0.48 mmol) in THF (15 mL)) and 

cannula transferred to a mixture of Ni(PPh3)2Br2 (180 mg, 0.24 mmol) and Ni(COD)2  

(66 mg, 0.24 mmol). After stirring at room temperature for 30 min a suspension of a dark 

yellow precipitate in a yellow solution was observed. This was filtered and hexane (20 mL) 

added to the filtrate to yield a yellow precipitate of 6. Recrystallisation from THF/hexane 

provided clean 6. Yield: 187 mg (52 %). 1H NMR (C6D6, 500 MHz): δ 12.29 (v br s), 11.47 (v br s), 
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10.61 – 10.48 (overlapping br s), 9.95 – 9.71 (overlapping br s), 8.09 (v br s), 4.58 – 4.46 

(overlapping br s), 3.59 (br m), 2.65 (s), 2.52 (br s), 1.61 (v br m), 0.97 (br m), -1.33 (v br s). 

Anal. calcd. (found) for C41H45N2PNiBr (%): C 66.96 (67.22), H 6.17 (6.26), N 3.81 (3.41). 

Solution magnetic moment (Evans method): 1.8 µB. 

 

7.4.8 Synthesis of Ni(7oTol)(PPh3)Br (7)4 

 

Same as 6 (section 7.4.7), but with [7oTolH]BF4 (206 mg, 0.56 mmol), KN(SiMe3)2  

(112 mg, 0.56 mmol), Ni(COD)2 (77 mg, 0.28 mmol) and Ni(PPh3)2Br2 (209 mg, 0.28 mmol). 

Filtration of the resulting yellow solution from a beige precipitate yielded a yellow precipitate 

of 7 upon addition of hexane (60 mL). This was isolated, washed with hexane (10 mL) and 

recrystallised from C6H6/hexane. Yield: 165 mg (43 %). 1H NMR (C6D6, 500 MHz): δ 11.01  

(v br s), 9.41 (s), 7.90 (br m), 4.49 (v br s), 3.28 (s), 1.92 – 0.29 (v br overlapping s and m). Anal. 

calcd. (found) for C37H37N2PNiBr (%): C 65.42 (65.38), H 5.49 (5.39), N 4.12 (4.02). Solution 

magnetic moment (Evans method): 1.7 µB. 
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7.4.9 Attempted Nickel(I) Synthesis with N-Alkyl RE NHCs 

7.4.9.1 Synthesis of Ni(6iPr)2Br2 (12) 

 

[6iPrH]BF4 (174 mg, 0.681 mmol) and KN(SiMe3)2 (136 mg, 0.682 mmol) in THF (25 mL) was 

charged to a mixture of Ni(COD)2 (106 mg, 0.385 mmol) and Ni(PPh3)2Br2 (264 mg, 0.355 mmol) 

and left to stir at 298 K for 2 h. The resulting dark orange brown solution was filtered and 

hexane (50 mL) added to the filtrate to precipitate a dark orange residue which was washed 

with hexane (2 x 10 mL). Dark red crystals appeared upon recrystallisation from THF/hexane. 

Yield: 24 mg (13 %). 1H NMR (CD2Cl2, 500 MHz): δ 7.89 (m, 3JHH = 6.8 Hz, 4H, CHiPr), 2.89  

(t, 3JHH = 5.8 Hz, 8H, NCH2), 1.66 (m, 3JHH = 5.8 Hz, 4H, CH2CH2), 1.42 (d, 3JHH = 6.8 Hz, 24H, CH3). 

Anal. calcd. (found) for C20H40N4NiBr2 (%): C: 43.06 (43.12), H: 7.70 (7.60), N: 9.94 (10.06). 
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7.5 Reactivity of Ni(RE NHC)(PPh3)Br with O2 

7.5.1 Synthesis of Ni(6Mes)Br(µ-OH)(µ-O-6Mes)’NiBr (13) and [NiBr(µ-O-6Mes)’]2 

(15)20 

 

A THF (15 mL) solution of 1 (140 mg, 0.194 mmol) was freeze-pump-thaw degassed three 

times and the yellow solution exposed to of O2 (1 atm), leading to the instantaneous formation 

of a purple coloured solution. After stirring for 5 min, the solvent was removed under vacuum 

and the residue washed with hexane (10 mL). Dissolution in C6H5F (10 mL) and addition of 

hexane (20 mL) with vigorous stirring overnight yielded 13 as a purple microcrystalline solid. 

Yield: 47.5 mg (52 %). Crystals appropriate for X-ray crystallography were grown from 

THF/hexane. Anal. calcd. (found) for C44H56N4O2Br2Ni2 (%): C 55.62 (55.39), H 5.94 (5.94),  

N 5.90 (5.85). IR (nujol, cm-1): 3401 (νOH). Solution characterisation, consisting of 1H NMR and 

mass spectrometry, on this microcrystalline solid indicated 15 was also present. 1H NMR 

(CD2Cl2, 500 MHz): δ 8.31 (br s), 7.83 (br s), 7.30 (br s), 7.46 – 7.37 (br m), 7.04 – 6.97 (br m), 

4.13 (br s), 3.20 – 2.21 (br m of overlapping resonances), 1.88 (br s), 1.67 (br s), 1.29 (br s) 0.90 

(br s), 0.12 (br s), -6.19 (br s, OH(13)). Total integration of all 1H signals to OH(13) is 103:1. No 

[MH]+ for 13 or 15 was observed in the ESI-MS, however, the expected isotope pattern for the 

presence of both compounds was detected at [M(13) – HBr + H]+. ESI-MS calcd. (found) for 

[C44H56N4O2BrNi2]+ (m/z): 867.2106 (867.2231).  
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7.5.2 Synthesis of Ni(7Mes)Br(µ-OH)(µ-O-7Mes)’NiBr (14) and [NiBr(µ-O-7Mes)’]2 

(16)20 

 

Method as for 13 and 15 (section 7.5.1), but with 6 (162 mg, 0.22 mmol). Yield of 

microcrystalline solid: 56.5 mg (52 %). X-ray quality crystals of 14 were grown from this 

isolated solid out of CH2Cl2/hexane. Anal. calcd. (found) for C46H60N4O2Br2Ni2 (%): C 55.62 

(56.29), H 5.94 (5.97), N 5.90 (5.87). IR (nujol, cm-1): 3436 (νOH). 1H NMR and mass 

spectrometry analysis again alluded to a mixture of 14 and 16 in solution. 1H NMR  

(CD2Cl2, 400 MHz): δ 7.74 – 7.42 (br m of overlapping resonances), 6.69 (v br m), 4.99 (br s), 

4.35 (br s), 4.09 (br s), 3.74 (br m), 2.86 – 1.81 (br m of overlapping resonances), 1.40 (br s), 

0.07 (br s), -8.84 (br s, OH(14)). Total integration of all hydrogens:OH(14) is 229:1. No [MH]+ for 14 

or 16 was observed in the ESI-MS, however, the expected isotope pattern for the presence of 

both compounds was detected at [M(16) – HBr + H]+. ESI-MS calcd. (found) for 

[C46H58N4O2BrNi2]+ (m/z): 897.7615 (897.2520). 
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7.5.3 Reaction of Ni(6MesDAC)(PPh3)Br (5) with O2
20 

 

A THF (10 mL) solution of 5 (97 mg, 0.13 mmol) was freeze-pump-thaw degassed (three cycles) 

and the solution opened to O2 (1 atm). A colour change from dark orange-red to nearly 

colourless ensued in < 1 min. After stirring for 5 min, the solution was reduced to dryness and 

the residue washed with hexane (10 mL) to afford a creamy-green material. Recrystallisation 

from CH2Cl2/hexane generated 70 mg of a mixture, comprising of the already reported 

Ni(O=PPh3)2Br2
21 and (6MesDAC)=O.22 Both could be simultaneously crystallised from 

CH2Cl2/Et2O, yielding colourless crystals of (6MesDAC)=O, while green for Ni(O=PPh3)2Br2.  
1H NMR (CD2Cl2, 400 MHz): δ 7.82 (br s), 7.03 (br s), 6.72* (s, 4H), 2.07* (s, 12H), 2.05* (s, 6H), 

1.61* (s, 6H). The resonances marked * match with those reported for (6MesDAC)=O.22 

 

7.5.4 Synthesis of Ni(6oTol)(PPh3)Br2 (17)20 

 

Exposure of a freeze-pump-thaw degassed (three cycles) THF solution (10 mL) of 2  

(41 mg, 0.062 mmol) to O2 (1 atm) led to an instantaneous colour change from yellow to  

red-pink. Removal of the solvent in vacuo gave a purple/red residue, which was washed with 

hexane (10 mL), dissolved in C6H5F (10 mL) and layered with hexane (20 mL) to give 17 as a 

purple microcrystalline solid. Yield: 9 mg (20 %). Alternatively, a toluene solution (20 mL) of 

6oTol (prepared in situ by reaction of the pyrimidinium salt [6oTolH]BF4 (345 mg, 1.30 mmol) 

and KN(SiMe3)2 (257 mg, 1.29 mmol)) was added to a toluene solution (10 mL) of Ni(PPh3)2Br2 

(959 mg, 1.29 mmol). The mixture was stirred at room temperature for 1 h to give a dark 

purple solution. After cannula filtration, the volatiles were removed under vacuum and the 

residue washed with hexane (15 mL). The resulting purple-green residue was recrystallised 

repeatedly from toluene/hexane to remove all traces of [6oTolH][Ni(PPh3)Br3] (section 7.5.4.1) 



Chapter 7  Experimental 

218 
 

and leave solely 17. Yield 141 mg (15%). 1H NMR (CDCl3, 500 MHz): δ 8.66 (br s), 8.58 (br s), 

7.79 (br m), 7.69 (br m), 7.59 – 7.54 (v br m of overlapping signals), 7.35 (br s), 3.69 – 3.56  

(br m of overlapping signals), 2.53 (br s), 2.50 (br s), 2.30 (v br s), 1.74 (v br s), 1.35 (v br s), 

0.98 (br s), 0.62 – 0.54 (br m of overlapping resonances), 0.17 (br s). 31P{1H} NMR  

(CD2Cl2, 162 MHz): δ 17.3 (s, PPH3), 16.6 (s, PPH3). 13C{1H} NMR (CD2Cl2, 126 MHz): δ 194.1  

(d, 2JCP = 122 Hz, NCN), 193.7 (d, 2JCP = 123 Hz, NCN), 146.3 (s, N-Cipso), 145.9 (s, N-Cipso), 137.7 

(s), 136.9 (s), 135.2 (br m), 132.9 (s), 132.6 (s), 131.9 (s), 131.7 (s) 129.7 (s), 128.6 (s), 128.4 (s), 

127.8 (s), 127.7 (s), 127.0 (s), 126.7 (s), 49.4 (s, NCH2), 49.0 (s, NCH2), 21.3 (s, NCH2CH2), 20.2  

(s, o-CH3), 19.8 (s, o-CH3). Anal. calcd. (found) for C36H35N2PNiBr2 (%): C 58.03 (57.85), H 4.73 

(4.83), N 3.76 (3.69). Solution magnetic moment (Evans method): 0.6 µB. 

 
7.5.4.1 Characterisation of [6oTolH][Ni(PPh3)Br3]20 

 

A toluene solution (20 mL) of 6oTol (prepared in situ by reaction of [6oTolH]BF4  

(345 mg, 1.30 mmol) with KN(SiMe3)2 (257 mg, 1.29 mmol) was added to a toluene solution  

(10 mL) of Ni(PPh3)2Br2 (959 mg, 1.29 mmol). The mixture was stirred at room temperature for 

1 h. After cannula filtration, the volatiles were removed under vacuum and the residue washed 

with hexane (15 mL). The resulting purple-green residue was extracted with toluene (10 mL), 

reduced to dryness and recrystallised from toluene/hexane to afford the Ni(II) complex 17. The 

filtrate was removed, reduced to dryness and recrystallised from CH2Cl2/hexane to give X-ray 

quality crystals of [6oTolH][Ni(PPh3)Br3]. Yield 15 mg (2 %). 1H NMR (CD2Cl2, 500 MHz): δ 19.55 

(br s), 12.57 (v br s), 10.48 (br s), 9.38 (v br s), 8.20 (s), 8.06 (s), 7.96 (s), 7.57 (br m), 4.10 (br s), 

2.94 (v br s), 0.48 (br m), 0.10 (s), -4.85 (br s). Anal. calcd. (found) for C36H36N2PNiBr3 (%): 

C 52.34 (52.17), H 4.39 (4.49), N 3.39 (3.56).  
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7.5.5 Synthesis of Ni(7oTol)(PPh3)Br2 (18)20 

 

Same method as for 17 (section 7.5.4), by reaction of 7 (47 mg, 0.069 mmol) with O2 (1 atm) to 

give 10 mg (38 %) of 18. The alternative route to 17 could also be applied to 18, starting with 

addition of a toluene solution (20 mL) of 7oTol (prepared in situ by reaction of [7oTolH]BF4 

(200 mg, 0.55 mmol) with KN(SiMe3)2 (110 mg, 0.55 mmol)) to a toluene solution (5 mL) of 

Ni(PPh3)2Br2 (406 mg, 0.55 mmol). Yield: 47 mg (12 %). 1H NMR (C6D6, 400 MHz): δ 9.15  

(br d, J = 7.5 Hz), 9.05 (br d, J = 8.0 Hz), 8.93 (br d, J = 7.0 Hz), 8.84 (br d, J = 7.5 Hz), 7.49 (br m), 

7.39 (br m), 7.32 – 7.28 (br m), 7.00 (br s), 3.57 (br t, J = 11.7 Hz), 3.37 (br m), 3.17 (br m), 2.89 

(br s), 2.85 (br s), 2.49 (br s), 2.39 (br s), 2.09 (br s), 2.03 (br m), 1.29 (v br m), 0.99  

(br d, J = 8.0 Hz), 0.28 (br s). 31P{1H} NMR (C6D6, 162 MHz): δ 21.4 (s, PPH3), 21.3 (s, PPH3), 20.3 

(s, PPH3), 17.5 (s, PPH3), 16.7 (s, PPH3). 13C{1H} NMR (C6D6, 100 MHz): δ 206.7 (d, 2JCP = 123 Hz, 

NCN), 148.7 (s), 147.4 (s), 147.1 (s), 137.4 (s), 137.2 (s), 135.6 (s), 135.5 (s), 133.0 (s), 131.6 (s), 

129.2 (s) 127.6 (d, JCP = 9 Hz), 126.7 (s), 56.0 (s, CH2), 55.9 (s, CH2), 55.7 (s, CH2), 55.6 (s, CH2), 

25.5 (s, CH2), 23.7 (s, CH2), 21.4 (s, o-CH3), 20.8 (s, o-CH3), 20.6 (s, o-CH3), 20.1 (s, o-CH3). Anal. 

calcd. (found) for C37H37N2PNiBr2 (%): C 58.69 (58.54), H 4.93 (5.05), N 3.69 (3.60). Solution 

magnetic moment (Evans method): 0.6 µB. 
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7.6 Reactivity of Ni(6Mes)(PPh3)Br (1) 

7.6.1 Synthesis of [Ni(6Mes)2]Br (19)23  

 

A solution of the free 6Mes carbene was prepared in situ by addition of KN(SiMe3)2 (102 mg, 

0.51 mmol) to a solution of the pyrimidinium salt [6MesH]BF4 (208 mg, 0.51 mmol) in THF 

(10 mL). After 30 min, the solution was added to a sample of 1 (242 mg, 0.34 mmol) and stirred 

overnight at room temperature to give a brown precipitate suspended in a beige solution. The 

precipitate was isolated by cannula filtration and washed with hexane (10 mL). The resulting 

residue was extracted into CH2Cl2 (15 mL) and hexane (15 mL) added to give a cream 

precipitate of 19. Analytically pure material was isolated by slow recrystallisation from 

CH2Cl2/hexane. Yield: 160 mg (62 %). 1H NMR (CD2Cl2, 500 MHz): δ 52.5 (br s, 4H, NCH2CH2), 

50.0 (br s, 8H, NCH2), -10.5 (s, 12H, p-CH3), -12.7 (v br s, 24H, o-CH3), -20.7 (br s, 8H, CHaryl). 

Anal. calcd. (found) for C44H56N4NiBr (%): C 67.79 (67.86), H 7.24 (7.24), N 7.19 (6.98). ESI-MS 

calcd. (found) for [C44H56N4Ni]+ (m/z): 698.3853 (698.3985). Solution magnetic moment (Evans 

method): 3.3 µB. Solid magnetic moment (Gouy method): 2.7 µB. Cryoscopy (nitrobenzene): 

0.53 molecular weight fraction. 
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7.6.2 Synthesis of Ni(6Mes)2 (20)23 

 

A THF (5 mL) solution of 19 (53 mg, 0.052 mmol) and excess KC8 (30 mg, 0.22 mmol) was 

stirred at room temperature overnight to give a very dark purple solution. This was reduced to 

dryness and the residue extracted into hexane (2 x 10 mL). After filtering through celite in a 

glove box, the volatiles were removed in vacuo to give a very air-sensitive purple residue of 20. 

Yield: 23 mg (63 %). The compound could be recrystallised from a concentrated solution in 

hexane at 243 K. 1H NMR (THF-d8, 400 MHz, 183 K): δ 6.75 (s, 8H, CHaryl), 2.46 (br s, 8H, NCH2), 

2.28 (s, 12H, p-CH3), 1.86 (s, 24H, o-CH3), 1.80 (br s, 4H, NCH2CH2). 13C{1H} NMR (THF-d8, 

100 MHz, 183 K): δ 207.8 (s, NCN), 144.4 (s, N-Cipso), 136.0 (s, o-CMes), 134.8 (s, p-CMes), 129.3  

(s, m-CHaryl), 43.8 (s, NCH2), 22.5 (s, NCH2CH2), 21.8 (s, p-CH3), 19.4 (s, o-CH3). Anal. calcd. 

(found) for C44H56N4Ni (%): C 75.54 (75.46), H 8.07 (8.13), N 8.01 (7.92).  

 

7.6.3 Synthesis of [Ni(6Mes)(7Mes)]Br 

 

Method as for 19 (section 7.6.1), but with addition of free 7Mes carbene (prepared in situ from 

[7MesH]BF4 (161 mg, 0.38 mmol) and KN(SiMe3)2 (76 mg, 0.38 mmol) in THF (10 mL)) to 1 

(160 mg, 0.22 mmol) to generate a cream precipitate of [Ni(6Mes)(7Mes)]Br. Yield: 130 mg 

(74 %). 1H NMR (CD2Cl2, 500 MHz): δ 51.36 (br s, 4H, NCH2(6Mes) or NCH2(7Mes) or NCH2CH2(7Mes)), 

48.84 (br s, 2H, NCH2CH2(6Mes)), 47.09 (br s, 4H, NCH2(6Mes) or NCH2(7Mes) or NCH2CH2(7Mes)), 41.14 
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(br s, 4H, NCH2(6Mes) or NCH2(7Mes) or NCH2CH2(7Mes)), -8.82 (s, 6H, p-CH3(6- or 7Mes)), -9.28  

(s, 6H, p-CH3(6- or 7Mes)), -11.35 (v br s, 12H, o-CH3(6- or 7Mes)), -12.06 (v br s, 12H, o-CH3(6- or 7Mes)),  

-17.43 (br s, 4H, CHaryl(6- or 7Mes)), -20.41 (br s, 4H, CHaryl(6- or 7Mes)). Anal. calcd. (found) for 

C45H58N4NiBr (%): C 68.11 (68.21), H 7.37 (7.29), N 7.06 (6.97). ESI-MS calcd. (found) for 

[C45H58N4Ni]+ (m/z): 712.4009 (712.3966). Solution magnetic moment (Evans method): 0.6 µB. 

 

7.6.4 Synthesis of Ni(6Mes)(7Mes) 

 

As for 20 (section 7.6.2), but with [Ni(6Mes)(7Mes)]Br (73 mg, 0.092 mmol) and KC8  

(35 mg, 0.26 mmol) in THF (5 mL) to generate a purple residue of product Ni(6Mes)(7Mes). 

Yield: 43 mg (86 %). The compound could be recrystallised from a concentrated solution in 

hexane chilled at 243 K. 1H NMR (THF-d8, 500 MHz): δ 6.70 (br s, 8H, CHaryl), 2.98  

(br s, 4H, NCH2(6- or 7Mes) or NCH2CH2(7Mes)), 2.54 (br s, 4H, NCH2(6- or 7Mes) or NCH2CH2(7Mes)), 2.26  

(s, 6H, p-CH3(6- or 7Mes)), 2.24 (s, 6H, p-CH3(6- or 7Mes)), 1.96 (s, 12H, o-CH3(6- or 7Mes)), 1.90  

(s, 12H, o-CH3(6- or 7Mes)), 1.83 (br s, 2H, NCH2CH2(6Mes)), 1.64 (br s, 4H,  NCH2(6- or 7Mes) or 

NCH2CH2(7Mes)). 13C{1H} NMR (THF-d8, 125 MHz): δ 217.2 (NCN), 213.3 (NCN), 147.3 (NCipso), 

144.4 (NCipso), 136.0 (o-CMes), 135.7 (o-CMes), 135.2 (p-CMes), 134.1 (p-CMes), 129.8 (m-CH), 129.4 

(m-CH), 52.7 (CH2), 44.5 (CH2), 27.2 (CH2), 22.5 (CH2), 21.6 (p-CH3), 21.5 (p-CH3), 19.9 (o-CH3), 

19.0 (o-CH3). Anal. calcd. (found) for C45H58N4Ni (%): C 75.73 (75.79), H 8.19 (8.06), N 7.85 

(7.76). 
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7.6.5 Formation of [Ni(6Mes)(η2-C6H5CH3)][B(C6F5)4] (21) 

 

With the whole reaction being carried out in a glove box, bright yellow [Ph3C][B(C6F5)4] (75 mg, 

0.081 mmol) was suspended in excess Et3SiH (2 mL) and stirred for 48 h, leaving a white solid 

of the reactive cation [Et3Si]+.* Excess silane was filtered off, the precipitate washed with 

hexane (5 x 1.5 mL) and left to dry overnight. A yellow C6H5F (2mL) solution of 1  

(59 mg, 0.082 mmol) was directly added to the cation, instantaneously turning a deep red. 

Layering this with toluene produced pale green crystals, which were recrystallised from 

THF/toluene to give 46 mg of compound. X-ray crystallographic characterisation established 

the crystals to be a mixture of 21 and [6MesH]…(C6H5CH3)[B(C6F5)4] in a ratio of 65:35. 1H NMR 

(THF-d8, 500 MHz): δ 8.48 (s, 1H, CNHCH from [6MesH]…(C6H5CH3)[B(C6F5)4]), 7.18 (m, 2H, CHMes), 

7.13 (m, 2H, CHMes), 7.08 (br s, 5H, CHtol), 3.88 (t, 3JHH = 4.8 Hz, 4H, NCH2), 2.58  

(quin, 3JHH = 4.8 Hz, 2H, NCH2CH2), 2.33 (br s, 12H, o-CH3(Mes)), 2.30 – 2.28 (br m, 9H, p-CH3(Mes) 

and CH3(tol)). 11B{1H} NMR (THF-d8, 160 MHz): δ -18.4 (s, [Ni(6Mes)(η2-C6H5CH3)][B(C6F5)4]-), -16.6 

(s, [6MesH]…(C6H5CH3)[B(C6F5)4]). Solely [6MesH][B(C6F5)4] could be formed via the exact same 

reaction, but instead layering with cyclohexane. 1H NMR (THF-d8, 500 MHz): δ 8.48  

(s, 1H, CNHCH), 7.08 (br s, 4H CHMes), 3.87 (t, 3JHH = 5.2 Hz, 4H, NCH2), 2.57  

(quin, 3JHH = 5.2 Hz, 4H, NCH2CH2), 2.33 (br s, 12H, o-CH3(Mes)), 2.29 (s, 6H, p-CH3(Mes)).  
11B{1H} NMR (THF-d8, 160 MHz): δ -16.6 (s, [B(C6F5)4]-).  

 

 

                                                             
*It is now recognised that [Et3Si]+ might not be the molecular formula and may instead exist as [Et3Si–H–
SiEt3]+  (Chapter 4, 4.2.1).24 
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7.6.6 Formation of [Ni(7Mes)(η2-C6H5CH3)][B(C6F5)4] (22) 

 

Method as for 21 (section 7.6.5), but with 6 (72 mg, 0.098 mmol) in C6H5F (2 mL) reacting with 

[Et3Si]+† formed from [Ph3C][B(C6F5)4] (90 mg, 0.098 mmol) in Et3SiH (2 mL). The same colour 

changes were observed and upon layering with toluene, 24 mg of crystals were obtained (after 

recrystallisation from THF/toluene) and identified to be 22 and [7MesH]…(C6H5CH3)[B(C6F5)4] 

(65:35 respectively). 1H NMR (THF-d8, 500 MHz): δ 8.13 (s, 1H, CNHCH from 

[7MesH]…(C6H5CH3)[B(C6F5)4]), 7.18 – 7.05 (m, 9H CHMes and CHtol), 4.19 (br s, 4H, NCH2 or 

NCH2CH2), 2.45 (br s, 4H, NCH2 or NCH2CH2), 2.36 – 2.27 (m, 21H, CH3(Mes) and CH3(tol)).  
11B{1H} NMR (THF-d8, 160 MHz): δ -18.4 (s, [Ni(7Mes)(η2-C6H5CH3)][B(C6F5)4]-), -16.6  

(s, [7MesH]…(C6H5CH3)[B(C6F5)4]). 

 

7.6.7 Formation of [Ni(6Mes)(η2-C6H3(CH3)3)][B(C6F5)4] (23) 

 

Method as for 21 (section 7.6.5), but with 1 (73 mg, 0.10 mmol) in C6H5F (2 mL) being directly 

added to [Et3Si]+* formed from [Ph3C][B(C6F5)4] (92 mg, 0.10 mmol) in Et3SiH (2 mL), initiating 

the instantaneous colour change from yellow to dark red. Layering this C6H5F solution with 

mesitylene yielded 41 mg of 23 and [6MesH]…(C6H3(CH3)3)[B(C6F5)4] (after recrystallisation from 

THF/mesitylene) in a ratio of 80:20 respectively. 1H NMR (THF-d8, 500 MHz): δ 8.46  

(s, 1H, CNHCH from [6MesH]…(C6H3(CH3)3)[B(C6F5)4]), 7.06 (s, 4H, CH(6Mes)), 6.72 (s, 3H, CHMes), 

                                                             
† It is now recognised that [Et3Si]+ might not be the molecular formula and may instead exist as [Et3Si–H–
SiEt3]+  (Chapter 4, 4.2.1).24 
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3.87 (br s, 4H, NCH2), 2.57 (br s, 2H, NCH2CH2), 2.32 (s, 12H, o-CH3(6Mes)), 2.27 (s, 6H, p-CH3(6Mes)), 

2.20 (s, 9H, CH3(Mes)). 11B{1H} NMR (THF-d8, 160 MHz): δ -18.4  

(s, [Ni(6Mes)(η2-C6H3(CH3)3)][B(C6F5)4]-), -16.6 (s, [6MesH]…(C6H3(CH3)3)[B(C6F5)4]). 

 

7.6.8 Synthesis of [Ni(6Mes)(PPh3)(THF)]PF6 (24) 

 

A solution of 1 (222 mg, 0.31 mmol) and excess TlPF6 (124 mg, 0.36 mmol) in THF (10 mL) was 

stirred at room temperature for 30 min. Insoluble material was filtered off and hexane (30 mL) 

added to the filtrate to give a very pale yellow precipitate. Recrystallisation from THF/hexane 

afforded product 24. Yield: 228 mg (86 %). 1H NMR (THF-d8, 500 MHz): δ 16.94 (v br s), 9.92 

(br s), 6.06 (br s), 5.29 (br s), 3.10 (br s), 0.12 (v br s). 31P{1H} NMR (THF-d8, 202 MHz): δ -114.8 

(sept, 1JPF = 704 Hz, PF6). 19F NMR (THF-d8, 470 MHz): δ -75.06 (d, 1JFP = 708 Hz, PF6). Anal. calcd. 

(found) for C44H51N2OP2F6Ni (%): C 61.56 (61.39), H 5.99 (5.85), N 3.26 (3.18). ESI-MS calcd. 

(found) for [M - C4H8O – PF6]+ ([C40H43N2PNi]+) (m/z): 640.2512 (640.2494). Solution magnetic 

moment (Evans method): 2.2 µB. 
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7.6.8.1 Reactivity of [Ni(6Mes)(PPh3)(THF)]PF6 (24) 

7.6.8.1.1 Synthesis of [Ni(6Mes)Br(µ-OH)(µ-O-6Mes)’Ni(PPh3)]PF6 (25) 

 

Upon addition of O2 (1 atm) to a freeze-pump-thawed (three cycles) THF (10 mL) solution of 24 

(50 mg, 0.058 mmol), an instantaneous colour change from light yellow to purple occurs. 

Removing the volatiles in vacuo and washing with hexane (10 mL), followed by recrystallisation 

of the resulting purple residue with THF/hexane, led to a purple precipitate of 25. Yield: 27 mg 

(84 %). Analytically pure crystalline material was achieved via a layering system of THF/hexane. 
1H NMR (THF-d8, 500 MHz): δ 7.64 – 7.43 (br m, 8H, CHMes), 7.03 (s, 15H, CHPPh3), 3.89  

(s, 8H, NCH2), 2.52 (br s, 2H, OCH2), 2.32 (s, 21H, o-CH3), 2.27 (s, 12H, p-CH3), 2.19  

(m, 4H, NCH2CH2), -2.35 (br s, OH). 31P{1H} NMR (THF-d8, 202 MHz): δ 24.5 (br s, PPh3), -105.7 

(m, 1JPF = 720 Hz, PF6). Anal. calcd. (found) for C62H71N4O2P2F6Ni2Br (%): C 65.75 (65.35), H 6.32 

(6.50), N 4.95 (5.12). 
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7.6.8.1.2 Synthesis of [Ni(6Mes)(PPh3)(CO)]PF6 (26) and [Ni(6Mes)(PPh3)(CO)Br]PF6 

(27) 

Ni

N N

Ph3P
CO

PF6

Ni

N N
PF6

PPh3

Br CO

26 27  

Light yellow THF solutions of 24 were freeze-pump-thaw degassed (three cycles) and exposed 

to CO (1 atm). They immediately turned green, which when left standing became orange after 

1h, gradually changing to a yellow colour over 48 h. Halting a reaction mixture (consisting of 24 

(43 mg, 0.050 mmol) in THF (5 mL)) immediately after addition of CO by freezing the THF 

solution and freeze-pump-thaw degassing three times to remove all CO led to a green solution. 

When dried in vacuo and washed with hexane (10 mL), light green/yellow X-ray quality crystals 

of 26 could be formed from recrystallisation with THF/hexane. Yield: 15 mg (37 %). 1H NMR 

(THF-d8, 500 MHz): δ 16.92* (br s), 10.96, (v br s), 9.92* (br s), 8.35 (s), 7.67 (br m), 7.30 (s), 

7.04 (s), 6.41* (v br s), 5.30 (br s), 4.93 (v br s), 3.89 (s), 2.33 (s), 2.28 (s), 0.10(s), -10.78* (br s),  

-13.09* (v br s). 31P{1H} NMR (THF-d8, 202 MHz): δ 33.4 (s, PPh3), -144.9 (m, 1JPF = 710 Hz, PF6). 

When a reaction mixture (consisting of 24 (47 mg, 0.055 mmol) in THF (5 mL)) was instead left 

to go to completion over 48 h the yellow solution was reduced to dryness and washed with 

hexane (10 mL) to leave a dark yellow residue. Slow dissolution of Et2O into a THF solution of 

this residue yielded yellow crystals of 27. Yield: 4 mg (8 %). The 1H NMR (THF-d8, 500 MHz) was 

identical to 26, apart from the absence of the signals marked with an *.  
31P{1H} NMR (THF-d8, 202 MHz): δ 31.6 (s, PPh3), -145.0 (m, 1JPF = 711 Hz, PF6), 31.56 (s).  
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7.6.9 Synthesis of [Ni(6Mes)(κ2-BH4)]2 (28) 

 

A mixture of 1 (204 mg, 0.28 mmol) and excess NaBH4 (30 mg, 0.79 mmol) was suspended in 

THF (5 mL). Upon addition of MeOH (2 mL), a dark green colour change was observed and the 

solution stirred for 5 min before being reduced to dryness in vacuo. The residue was extracted 

into toluene (5 mL), filtered and reduced to dryness, with the resulting residue being washed 

with hexane (5 mL) to give a dark green powder of product 28. Yield: 9 mg (8 %). Analytically 

pure compound could be obtained by recrystallisation from toluene/hexane. 1H NMR  

(THF-d8, 400 MHz): δ 6.71 (s, 8H, CHaryl), 3.10 (t, 3JHH = 5.7 Hz, 8H, NCH2), 2.36 (s, 12H, p-CH3), 

2.02 (br s, 28H, o-CH3 and NCH2CH2), -5.74 (br d, 1JHB = 72.3 Hz, 8H, BH4). 13C{1H} NMR  

(THF-d8, 100 MHz): δ 213.0 (NCN), 144.6 (NCipso), 136.2 (o-CMes), 136.1 (p-CMes), 129.7 (m-CHaryl), 

45.2 (NCH2), 22.7 (NCH2CH2), 21.7 (p-CH3), 18.6 (o-CH3). 11B{1H} NMR (THF-d8, 160 MHz): δ -32.0  

(br s, BH4). Anal. calcd. (found) for C44H64N4B2Ni (%): C 67.06 (66.97), H 8.19 (8.28), N 7.11 

(6.98). 
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7.7 Nickel Mediated Catalytic Reactions 

7.7.1 Kumada Cross-Coupling C-C Formation 

In each case, the nickel catalyst (1, 7, 17, 18, 24 or 29) (4 – 8 mg, 1 mol%) was dissolved in THF 

(0.5 mL) and stirred for 10 min. The aryl halide substrate (1 eq) was added to the solution, 

followed by excess Grignard reagent (PhMgCl (2M in THF): 0.5 mL or MesMgBr (1M in THF): 

1 mL, 1.00 mmol). The reaction mixture was stirred for either i) 2.5 h if using PhMgCl at 298 K, 

ii) 24 h if using MesMgBr at 298 K or iii) 1 h if using PhMgCl or MesMgBr at 333 K. MeOH 

(1.0 mL) was added to quench the reaction and the organic products then extracted into 

CH2Cl2 and dried over MgSO4. After drying on a rotary evaporator, the resulting residue was 

purified using column purification through a silica plug using a 2:8 CH2Cl2:hexane eluent. 

Evaporation of the eluent yielded the product as either a white precipitate or colourless oil, 

depending on the substrate used. 1H NMR spectroscopic analysis confirmed the presence of 

the desired coupled product.25-27  
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Appendix 1 – Crystallographic Data 

 Ni(6Mes)(PPh3)Br (1) Ni(6oTol)(PPh3)Br (2) Ni(6oAnis)(PPh3)Br (3) 

Identification Code k09mkw40 h12mkw20 k10mkw14 
Empirical Formula C40 H43 Br N2 Ni P C42 H41 Br N2 Ni P C40 H43 Br N2 Ni O3 P 
Formula Weight 721.35 743.36 769.35 
Temperature 150(2) K 150(2) K 150(2) K 
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 
Crystal System Monoclinic Triclinic Monoclinic 
Space Group P21/n P-1 P21/a 
Unit Cell Dimensions a = 10.8540(1) Å, α = 90o a = 9.7450(2) Å, α = 83.531(1)o a = 14.8320(1) Å, α = 90o 
       b = 17.1720(2) Å, β = 102.454(1)o b = 9.9650(2) Å, β = 87.454(1)o b = 14.4560(1) Å, β = 108.778(1)o 
       c = 18.9610(2) Å, γ = 90o c = 19.6340(5) Å, γ = 75.760(2)o c = 17.9880(1) Å, γ = 90o 
Volume 3450.89(6) Å3 1836.01(7) Å3 3651.54(4) Å3 
Z 4 2 4 
Density (calculated) 1.388 Mg m-3 1.345 Mg m-3 1.399 Mg m-3 
Absorption Coefficient 1.797 mm-1 1.691 mm-1 1.709 mm-1 
F(000) 1500 770 1596 
Crystal Size 0.20 x 0.20 x 0.18 mm 0.40 x 0.30 x 0.25 mm 0.50 x 0.40 x 0.35 mm 
Theta Range for Data 
Collection 

3.51 to 30.01o 3.84 to 27.51 o. 3.55 to 30.05 o. 

Index Ranges -15<=h<=15; -24<=k<=24; -26<=l<=26 -12<=h<=12; -12<=k<=12; -25<=l<=25 -20<=h<=20; -19<=k<=20; -25<=l<=25 
Reflections Collected 68858 29542 61423 
Independent Reflections 10058 [R(int) = 0.0831] 8322 [R(int) = 0.0348] 10648 [R(int) = 0.0524] 
Reflections Observed (> 2σ) 6772 6649 8125 
Data Completeness 0.998 0.986 0.997 
Absorption Correction Semi-empirical from equivalents Semi-empirical from equivalents Semi-empirical from equivalents 
Max. and Min. Transmission 0.561 and 0.494 0.663 and 0.635 0.558 and 0.459 
Refinement Method Full-matrix least-squares on F2 Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data/Restraints/Parameters 10058/0/414 8322/42/472 10648/30/451 
Goodness-of-Fit on F2 1.005 1.026 1.022 
Final R Indices [I > 2σ(I)] R1 = 0.0404   wR2 = 0.0761 R1 = 0.0551   wR2 = 0.1562 R1 = 0.0372   wR2 = 0.0823 
R Indices (all data) R1 = 0.0828  wR2 = 0.0889 R1 = 0.0714  wR2 = 0.1696 R1 = 0.0580  wR2 = 0.0918 
Largest Diff. Peak and Hole 0.542 and -0.499 eÅ-3 1.573 and -1.103 eÅ-3 0.381 and -0.527 eÅ-3 
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 Ni(6oAnisMes)(PPh3)Br (4) Ni(6MesDAC)(PPh3)Br (5) Ni(7Mes)(PPh3)Br (6) 

Identification Code k10mkw15 k13mkw15 k13mkw6 
Empirical Formula C42 H47 Br N2 Ni O2 P C42 H43 Br N2 Ni O2 P C41 H45 Br N2 Ni P 
Formula Weight 781.41 777.37 735.38 
Temperature 150(2) K 150(2) K 150(2) K 
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 
Crystal System Monoclinic Monoclinic Monoclinic 
Space Group P21/n P21/n P21/n 
Unit Cell Dimensions a = 10.6640(1) Å, α = 90o a = 11.3530(1) Å, α = 90o a = 11.0370(2) Å, α = 90o 
       b = 10.3170(1) Å, β = 92.201(1)o b = 17.9990(2) Å, β = 100.635(1)o b = 17.5000(2) Å, β = 101.226(1)o 
       c = 34.9420(5) Å, γ = 90o c = 18.3910(2) Å, γ = 90o c = 19.0460(2) Å, γ = 90o 
Volume 3841.50(8) Å3 3693.51(7) Å3 3608.30(9) Å3 
Z 4 4 4 
Density (calculated) 1.351 Mg m-3 1.398 Mg m-3 1.354 Mg m-3 
Absorption Coefficient 1.624 mm-1 1.689 mm-1 1.720 mm-1 
F(000) 1628 1612 1532 
Crystal Size 0.35 x 0.25 x 0.25 mm 0.40 x 0.20 x 0.10 mm 0.60 x 0.50 x 0.40 mm 
Theta Range for Data 
Collection 

3.52 to 27.45 o. 3.79 to 27.49o 3.63 to 27.48 o. 

Index Ranges -13<=h<=13; -13<=k<=13; -45<=l<=45 -14<=h<=14; -23<=k<=23; -23<=l<=23 -14<=h<=14; -22<=k<=22; -24<=l<=24 
Reflections Collected 44143 72526 44224 
Independent Reflections 8538 [R(int) = 0.0635] 8447 [R(int) = 0.0516] 8225 [R(int) = 0.0467] 
Reflections Observed (> 2σ) 6132 7242 6715 
Data Completeness 0.972 0.994 0.993 
Absorption Correction Semi-empirical from equivalents Semi-empirical from equivalents Semi-empirical from equivalents 
Max. and Min. Transmission 0.679 and 0.565 0.764 and 0.645 0.507 and 0.442 
Refinement Method Full-matrix least-squares on F2 Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data/Restraints/Parameters 8538/60/491 8447/0/450 8225/0/421 
Goodness-of-Fit on F2 1.021 1.047 1.027 
Final R Indices [I > 2σ(I)] R1 = 0.0404   wR2 = 0.0807 R1 = 0.0309   wR2 = 0.0771 R1 = 0.0334   wR2 = 0.0741 
R Indices (all data) R1 = 0.0716  wR2 = 0.0910 R1 = 0.0404  wR2 = 0.0829 R1 = 0.0476  wR2 = 0.0808 
Largest Diff. Peak and Hole 0.287 and -0.379 eÅ-3 0.474 and -0.622 eÅ-3 0.599 and -0.438 eÅ-3 
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 Ni(7oTol)(PPh3)Br (7) Ni(8Mes)(PPh3)Br/Cl (8) Ni(8oTol)(PPh3)Br/Cl (9) 

Identification Code h10mkw16 kjc1138 kjc1131b 
Empirical Formula C37 H37 Br N2 Ni P C42 H47 Br0.70 Cl0.30 N2 Ni P C38 H39 Br0.70 Cl0.30 N2 Ni P 
Formula Weight 679.28 736.07 679.96 
Temperature 153(2) K 150(2) K 150(2) K 
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 
Crystal System Monoclinic Monoclinic Triclinic 
Space Group P21/n P21/n P-1 
Unit Cell Dimensions a = 10.7900(2) Å, α = 90o a = 11.1633(7) Å, α = 90o a = 10.2478(5) Å, α = 89.879(3)o 
       b = 17.1150(4) Å, β = 99.688(1)o b = 17.5068(11) Å, β = 100.254(4)o b = 10.3288(5) Å, β = 84.943(3)o 
       c = 18.1020(3) Å, γ = 90o c = 19.1295(13) Å, γ = 90o c = 16.1139(9) Å, γ = 75.256(3)o 
Volume 3295.24(11) Å3 3678.8(4) Å3 1642.67(15) Å3 
Z 4 4 2 
Density (calculated) 1.369 Mg m-3 1.329 Mg m-3 1.375 Mg m-3 
Absorption Coefficient 1.878 mm-1 1.385 mm-1 1.544 mm-1 
F(000) 1404 1542 707 
Crystal Size 0.40 x 0.25 x 0.25 mm 0.50 x 0.50 x 0.45 mm 0.30 x 0.20 x 0.06 mm 
Theta Range for Data 
Collection 

3.82 to 30.24o 3.63 to 23.27o 3.57 to 27.68o 

Index Ranges -15<=h<=15; -24<=k<=24; -25<=l<=25 -12<=h<=12; -19<=k<=17; -21<=l<=21 -13<=h<=13; -13<=k<=13; -20<=l<=20 
Reflections Collected 62480 8642 10764 
Independent Reflections 9652 [R(int) = 0.0551] 5197 [R(int) = 0.0363] 10771 [R(int) = 0.0000] 
Reflections Observed (> 2σ) 6746 3994 7709 
Data Completeness 0.982 0.980 0.972 
Absorption Correction Semi-empirical from equivalents Semi-empirical from equivalents Semi-empirical from equivalents 
Max. and Min. Transmission 0.639 and 0.474 0.58 and 0.53 0.92 and 0.64 
Refinement Method Full-matrix least-squares on F2 Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data/Restraints/Parameters 9652/0/382 5197/2/435 10771/2/396 
Goodness-of-Fit on F2 1.024 1.110 1.020 
Final R Indices [I > 2σ(I)] R1 = 0.0494   wR2 = 0.1295 R1 = 0.0621   wR2 = 0.1112 R1 = 0.0706   wR2 = 0.1686 
R Indices (all data) R1 = 0.0805  wR2 = 0.1474 R1 = 0.0899  wR2 = 0.1214 R1 = 0.1069  wR2 = 0.1935 
Largest Diff. Peak and Hole 1.157 and -0.565 eÅ-3 0.564 and -0.390 eÅ-3 0.765 and -0.459 eÅ-3 
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 Ni(O-8oTol)(PPh3)Br/Cl (10) Ni(6tBu)’Br (11) Ni(6iPr)2Br2 (12) 

Identification Code kjc1133 k12mkw12 k11mkw10 
Empirical Formula C37 H37 Br0.70 Cl0.30 N2 Ni O P C12 H23 Br N2 Ni C26 H46 Br2 N4 Ni 
Formula Weight 681.94 333.94 633.20 
Temperature 150(2) K 150(2) K 150(2) K 
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 
Crystal System Triclinic Monoclinic Triclinic 
Space Group P-1 C2/c P-1 
Unit Cell Dimensions a = 10.2776(7) Å, α = 96.382(4)o a = 13.8400(2) Å, α = 90o a = 8.3650(1) Å, α = 88.957(1)o 
       b = 10.3430(6) Å, β = 90.831(4)o b = 12.5040(2) Å, β = 100.436(1)o b = 10.5290(2) Å, β = 80.192(1)o 
       c = 15.7043(8) Å, γ = 103.338(3)o c = 16.4340(2) Å, γ = 90o c = 17.4610(3) Å, γ = 74.958(1)o 
Volume 1612.90(17) Å3 2796.95(7) Å3 1462.93(4) Å3 
Z 2 8 2 
Density (calculated) 1.404 Mg m-3 1.586 Mg m-3 1.437 Mg m-3 
Absorption Coefficient 1.575 mm-1 4.222 mm-1 3.415 mm-1 
F(000) 707 1376 656 
Crystal Size 0.15 x 0.15 x 0.10 mm 0.30 x 0.20 x 0.15 mm 0.30 x 0.25 x 0.25 mm 
Theta Range for Data 
Collection 

3.52 to 24.42 o. 4.12 to 27.48o 3.98 to 27.49o 

Index Ranges -11<=h<=9; -10<=k<=12; -18<=l<=18 -17<=h<=17; -16<=k<=16; -20<=l<=21 -10<=h<=10; -13<=k<=13; -22<=l<=22 
Reflections Collected 8219 24324 25512 
Independent Reflections 5262 [R(int) = 0.0561] 3191 [R(int) = 0.0429] 6660 [R(int) = 0.0402] 
Reflections Observed (> 2σ) 3497 2998 5596 
Data Completeness 0.992 0.997 0.992 
Absorption Correction Semi-empirical from equivalents Semi-empirical from equivalents Semi-empirical from equivalents 
Max. and Min. Transmission 0.86 and 0.80 1.246 and 0.880 0.718 and 0.607 
Refinement Method Full-matrix least-squares on F2 Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data/Restraints/Parameters 5262/2/394 3191/5/169 6660/0/306 
Goodness-of-Fit on F2 1.073 1.098 1.055 
Final R Indices [I > 2σ(I)] R1 = 0.0731   wR2 = 0.1687 R1 = 0.0222   wR2 = 0.0551 R1 = 0.0330   wR2 = 0.0855 
R Indices (all data) R1 = 0.1217  wR2 = 0.1933 R1 = 0.0244  wR2 = 0.0564 R1 = 0.0414  wR2 = 0.0920 
Largest Diff. Peak and Hole 0.880 and -0.488 eÅ-3 0.346 and -0.578 eÅ-3 0.726 and -1.032 eÅ-3 
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 Ni(6Mes)Br(µ-OH)(µ-O-6Mes)’NiBr (13) Ni(7Mes)Br(µ-OH)(µ-O-7Mes)’NiBr (14) [NiBr/Cl(µ-O-6Mes)’]2 (15) 

Identification Code k12mkw6 k13mkw10 k13mkw24 
Empirical Formula C44 H56 Br2 N4 Ni2 O2 C46 H60 Br2 N4 Ni2 O2 C44 H54 Br0.40 Cl1.60 N4 Ni2 O2 
Formula Weight 950.17 978.22 877.02 
Temperature 150(2) K 150(2) K 150(2) K 
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 
Crystal System Monoclinic Triclinic Triclinic 
Space Group P21/n P-1 P-1 
Unit Cell Dimensions a = 14.0430(2) Å, α = 90o a = 12.6730(2) Å, α = 101.027(1)o a = 12.8530(2) Å, α = 107.486(1)o 
       b = 15.6560(2) Å, β = 90.194(1)o b = 12.8470(3) Å, β = 110.711(1)o b = 13.4070(2) Å, β = 99.498(1)o 
       c = 19.5740(3) Å, γ = 90o c = 16.0810(3) Å, γ = 104.940(1)o c = 14.8420(3) Å, γ = 114.349(1)o 
Volume 4303.46(11) Å3 2247.65(8) Å3 2095.99(6) Å3 
Z 4 2 2 
Density (calculated) 1.467 Mg m-3 1.445 Mg m-3 1.390 Mg m-3 
Absorption Coefficient 2.772 mm-1 2.656 mm-1 1.423 mm-1 
F(000) 1960 1012 918 
Crystal Size 0.15 x 0.12 x 0.10 mm 0.20 x 0.10 x 0.05 mm 0.30 x 0.20 x 0.05 mm 
Theta Range for Data 
Collection 

4.31 to 27.47o 3.57 to 27.42o 3.66 to 27.57o 

Index Ranges -18<=h<=18; -20<=k<=20; -25<=l<=25 -16<=h<=16; -16<=k<=16; -19<=l<=20 -16<=h<=16; -17<=k<=17; -19<=l<=19 
Reflections Collected 75160 44832 34804 
Independent Reflections 9813 [R(int) = 0.0883] 10169 [R(int) = 0.0605] 9558 [R(int) = 0.0488] 
Reflections Observed (> 2σ) 7272 7434 7592 
Data Completeness 0.994 0.993 0.985 
Absorption Correction Semi-empirical from equivalents Semi-empirical from equivalents Semi-empirical from equivalents 
Max. and Min. Transmission 1.079 and 0.909 0.883 and 0.800 0.870 and 0.785 
Refinement Method Full-matrix least-squares on F2 Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data/Restraints/Parameters 9813/1/502 10169/1/520 9558/0/504 
Goodness-of-Fit on F2 1.100 1.070 1.035 
Final R Indices [I > 2σ(I)] R1 = 0.0431   wR2 = 0.0848 R1 = 0.0508   wR2 = 0.1226 R1 = 0.0370   wR2 = 0.0858 
R Indices (all data) R1 = 0.0725  wR2 = 0.0971 R1 = 0.0809  wR2 = 0.1369 R1 = 0.0542  wR2 = 0.0935 
Largest Diff. Peak and Hole 0.461 and -0.628 eÅ-3 1.821 and -0.924 eÅ-3 0.428 and -0.639 eÅ-3 
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 Ni(6oTol)(PPh3)Br2 (17) Ni(7oTol)(PPh3)Br2 (18) [Ni(6Mes)2]Br (19) 

Identification Code h12mkw15 k12mkw11 k10mkw10 
Empirical Formula C36 H35 Br2 N2 Ni P C74 H74 Br4 N4 Ni2 P2 C46 H60 Br Cl4 N4 Ni 
Formula Weight 745.16 1518.37 949.40 
Temperature 150(2) K 150(2) K 150(2) K 
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 
Crystal System Monoclinic Orthorhombic Monoclinic 
Space Group P21/n Pcab P21 
Unit Cell Dimensions a = 14.8730(4) Å, α = 90o a = 18.4520(1) Å, α = 90o a = 10.3210(1) Å, α = 90o 
       b = 13.5120(4) Å, β = 109.392(2)o b = 20.0770(2) Å, β = 90o b = 21.8360(3) Å, β = 94.612(1)o 
       c = 17.3700(5) Å, γ = 90o c = 36.8620(3) Å, γ = 90o c = 10.4070(2) Å, γ = 90o 
Volume 3292.71(16) Å3 13655.93(19) Å3 2337.82(6) Å3 
Z 4 8 2 
Density (calculated) 1.503 Mg m-3 1.477 Mg m-3 1.349 Mg m-3 
Absorption Coefficient 3.092 mm-1 2.984 mm-1 1.534 mm-1 
F(000) 1512 6176 990 
Crystal Size 0.30 x 0.20 x 0.20 mm 0.30 x 0.25 x 0.08 mm 0.20 x 0.20 x 0.15 mm 
Theta Range for Data 
Collection 

3.53 to 27.48o 3.54 to 27.40o 3.73 to 27.46o 

Index Ranges -19<=h<=19; -17<=k<=17; -22<=l<=22 -23<=h<=23; -26<=k<=26; -47<=l<=47 -13<=h<=13; -28<=k<=28; -13<=l<=13 
Reflections Collected 55969 152549 46015 
Independent Reflections 7522 [R(int) = 0.0760] 15331 [R(int) = 0.1087] 10667 [R(int) = 0.0492] 
Reflections Observed (> 2σ) 5219 10420 8383 
Data Completeness 0.996 0.987 0.997 
Absorption Correction Semi-empirical from equivalents Semi-empirical from equivalents Semi-empirical from equivalents 
Max. and Min. Transmission 0.554 and 0.354 1.270 and 0.785 0.502 and 0.455 
Refinement Method Full-matrix least-squares on F2 Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data/Restraints/Parameters 7522/43/416 15331/90/813 10667/13/530 
Goodness-of-Fit on F2 1.178 1.039 1.018 
Final R Indices [I > 2σ(I)] R1 = 0.0578   wR2 = 0.1399 R1 = 0.0570   wR2 = 0.1346 R1 = 0.0365   wR2 = 0.0842 
R Indices (all data) R1 = 0.0941  wR2 = 0.1542 R1 = 0.0971  wR2 = 0.1548 R1 = 0.0567  wR2 = 0.0935 
Largest Diff. Peak and Hole 0.975 and -0.626 eÅ-3 1.320 and -1.316 eÅ-3 0.002(7) 
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 Ni(6Mes)2 (20) [Ni(6Mes)(η2-C6H5CH3][B(C6F5)4] (21) [6MesH]…(C6H5CH3)[B(C6F5)4] 

Identification Code k10mkw13 k13mkw33 k13mkw34 
Empirical Formula C44 H56 N4 Ni C53 H36.75 B F20 N2 Ni0.25 C52 H34 B F21 N2 
Formula Weight 699.64 1107.08 1096.62 
Temperature 150(2) K 150(2) K 150(2) K 
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 
Crystal System Monoclinic Monoclinic Monoclinic 
Space Group P21/c C2/c C2/c 
Unit Cell Dimensions a = 10.3690(2) Å, α = 90o a = 31.5610(3) Å, α = 90o a = 31.3660(3) Å, α = 90o 
       b = 21.2180(5) Å, β = 93.369(1)o b = 10.3090(1) Å, β = 92.760(1)o b = 10.3230(1) Å, β = 91.563(1)o 
       c = 17.6090(5) Å, γ = 90o c = 28.8690(4) Å, γ = 90o c = 29.0530(3) Å, γ = 90o 
Volume 3867.45(16) Å3 9381.99(18) Å3 9403.61(16) Å3 
Z 4 8 8 
Density (calculated) 1.202 Mg m-3 1.568 Mg m-3 1.549 Mg m-3 
Absorption Coefficient 0.537 mm-1 0.243 mm-1 0.149 mm-1 
F(000) 1504 4486 4432 
Crystal Size 0.18 x 0.12 x 0.06 mm 0.30 x 0.20 x 0.20 mm 0.35 x 0.10 x 0.10 mm 
Theta Range for Data 
Collection 

3.71 to 25.03o 3.53 to 27.58o 3.51 to 27.49 o. 

Index Ranges -11<=h<=11; -25<=k<=25; -18<=l<=20 -40<=h<=40; -13<=k<=13; -37<=l<=37 -40<=h<=40; -12<=k<=13; -37<=l<=37 
Reflections Collected 17846 44048 59630 
Independent Reflections 6348 [R(int) = 0.0518] 10585 [R(int) = 0.0539] 10742 [R(int) = 0.0364] 
Reflections Observed (> 2σ) 5096 8005 7948 
Data Completeness 0.928 0.974 0.994 
Absorption Correction Semi-empirical from equivalents Semi-empirical from equivalents Semi-empirical from equivalents 
Max. and Min. Transmission 0.970 and 0.868 0.893 and 0.750 0.652 and 0.617 
Refinement Method Full-matrix least-squares on F2 Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data/Restraints/Parameters 6348/0/454 10585/1/705 10742/115/759 
Goodness-of-Fit on F2 1.041 1.080 1.034 
Final R Indices [I > 2σ(I)] R1 = 0.0436   wR2 = 0.0967 R1 = 0.0449   wR2 = 0.1052 R1 = 0.0418   wR2 = 0.1007 
R Indices (all data) R1 = 0.0620  wR2 = 0.1053 R1 = 0.0674  wR2 = 0.1145 R1 = 0.0653  wR2 = 0.1132 
Largest Diff. Peak and Hole 0.432 and -0.365 eÅ-3 0.325 and -0.300 eÅ-3 0.761 and -0.315 eÅ-3 
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 [Ni(7Mes)(η2-C6H5CH3][B(C6F5)4] (22) [Ni(6Mes)(η2-C6H3(CH3)3][B(C6F5)4] (23) [Ni(6Mes)(PPh3)(THF)]PF6 (24) 

Identification Code k13mkw41 s14mkw3 p10mkw7 
Empirical Formula C54 H38.60 B F20 N2 Ni0.40 C110 H80.20 B2 F40 N4 Ni1.80 C44 H51 F6 N2 Ni O P2 
Formula Weight 1129.76 2345.28 858.52 
Temperature 150(2) K 150(2) K 150(2) K 
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 
Crystal System Monoclinic Triclinic Monoclinic 
Space Group C2/c P-1 P21/c 
Unit Cell Dimensions a = 31.8660(2) Å, α = 90o a = 10.4000(4) Å, α = 92.241(3)o a = 16.0749(1) Å, α = 90o 
       b = 10.1820(1) Å, β = 94.34o b = 16.7387(6) Å, β = 90.291(3)o b = 14.8045(1) Å, β = 111.435(1)o 
       c = 29.3070(3) Å, γ = 90o c = 29.4479(9) Å, γ = 107.737(4)o c = 19.0391(1) Å, γ = 90o 
Volume 9481.62(15) Å3 4878.2(3) Å3 4217.55(4) Å3 
Z 8 2 4 
Density (calculated) 1.583 Mg m-3 1.597 Mg m-3 1.352 Mg m-3 
Absorption Coefficient 0.299 mm-1 1.607 mm-1 0.598 mm-1 
F(000) 4582 2377 1796 
Crystal Size 0.20 x 0.10 x 0.10 mm 0.22 x 0.10 x 0.04 mm 0.36 x 0.31 x 0.19 mm 
Theta Range for Data 
Collection 

3.53 to 27.46o 4.51 to 72.10. 2.85 to 30.46o 

Index Ranges -41<=h<=41; -13<=k<=13; -37<=l<=38 -12<=h<=8; -20<=k<=19; -36<=l<=35 -22<=h<=22; -20<=k<=20; -26<=l<=25 
Reflections Collected 65419 31281 101615 
Independent Reflections 10802 [R(int) = 0.0588] 18573 [R(int) = 0.0393] 11811 [R(int) = 0.0292] 
Reflections Observed (> 2σ) 8041 13518 8875 
Data Completeness 0.996 0.967 0.922 
Absorption Correction Semi-empirical from equivalents Semi-empirical from equivalents Semi-empirical from equivalents 
Max. and Min. Transmission 0.950 and 0.844 1.00000 and 0.74458 1.00000 and 0.96100 
Refinement Method Full-matrix least-squares on F2 Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data/Restraints/Parameters 10802/0/710 18573/244/1390 11811/0/511 
Goodness-of-Fit on F2 1.156 1.046 1.028 
Final R Indices [I > 2σ(I)] R1 = 0.0521   wR2 = 0.1061 R1 = 0.0949   wR2 = 0.2577 R1 = 0.0302   wR2 = 0.0815 
R Indices (all data) R1 = 0.0777  wR2 = 0.1140 R1 = 0.1198  wR2 = 0.2831 R1 = 0.0454  wR2 = 0.0844 
Largest Diff. Peak and Hole 0.324 and -0.268 eÅ-3 1.145 and -0.979 eÅ-3 0.602 and -0.401 eÅ-3 
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 [Ni(6Mes)Br(µ-OH)(µ-O-
6Mes)’Ni(PPh3)]PF6 (25) [Ni(6Mes)(PPh3)(CO)]PF6 (26) [Ni(6Mes)(PPh3)(CO)Br]PF6 (27) 

Identification Code k14mkw7 k14mkw21 k14mkw20 
Empirical Formula C125 H144 Br2 Cl2 F12 N8 Ni4 O4 P4 C45 H51 F6 N2 Ni O2 P2 C41 H43 Br F6 N2 Ni O P2 
Formula Weight 2639.92 886.53 894.33 
Temperature 150(2) K 150(2) K 150(2) K 
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 
Crystal System Triclinic Monoclinic Monoclinic 
Space Group P-1 P21/c P21/c 
Unit Cell Dimensions a = 12.9970(1) Å, α = 107.784(1)o a = 14.3080(3) Å, α = 90o a = 12.1210(1) Å, α = 90o 
       b = 18.3240(2) Å, β = 99.343(1)o b = 16.4910(3) Å, β = 95.145(1)o b = 13.6450(2) Å, β = 102.287(1)o 
       c = 27.4000(3) Å, γ = 92.054(1)o c = 18.8500(4) Å, γ = 90o c = 24.6950(4) Å, γ = 90o 
Volume 6105.85(11) Å3 4429.8(1) Å3 3990.78(9) Å3 
Z 2 4 4 
Density (calculated) 1.436 Mg m-3 1.329 Mg m-3 1.489 Mg m-3 
Absorption Coefficient 1.432 mm-1 0.574 mm-1 1.631 mm-1 
F(000) 2732 1852 1832 
Crystal Size 0.20 x 0.20 x 0.10 mm 0.20 x 0.10 x 0.10 mm 0.20 x 0.20 x 0.10 mm 
Theta Range for Data 
Collection 

3.62 to 27.49o 3.65 to 24.70o 3.63 to 27.43 o. 

Index Ranges -16<=h<=16; -23<=k<=23; -35<=l<=35 -16<=h<=16; -19<=k<=19; -22<=l<=22 -15<=h<=15; -17<=k<=17; -31<=l<=31 
Reflections Collected 82841 41528 48488 
Independent Reflections 27573 [R(int) = 0.0525] 7457 [R(int) = 0.0463] 9020 [R(int) = 0.0434] 
Reflections Observed (> 2σ) 19801 6217 7430 
Data Completeness 0.984 0.989 0.990 
Absorption Correction Semi-empirical from equivalents Semi-empirical from equivalents Semi-empirical from equivalents 
Max. and Min. Transmission 0.933 and 0.789 0.866 and 0.811 0.8539 and 0.7363 
Refinement Method Full-matrix least-squares on F2 Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data/Restraints/Parameters 27573/74/1552 7457/104/565 9020/0/494 
Goodness-of-Fit on F2 1.062 1.055 1.034 
Final R Indices [I > 2σ(I)] R1 = 0.0562   wR2 = 0.1336 R1 = 0.0428   wR2 = 0.1065 R1 = 0.0417   wR2 = 0.1043 
R Indices (all data) R1 = 0.0889  wR2 = 0.1517 R1 = 0.0548  wR2 = 0.1149 R1 = 0.0553  wR2 = 0.1114 
Largest Diff. Peak and Hole 1.452 and -1.794 eÅ-3 0.452 and -0.449 eÅ-3 0.617 and -0.550 eÅ-3 
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 [Ni(6Mes)(κ2-BH4)]2 (28) 

Identification Code h11mkw02 
Empirical Formula C22 H32 B N2 Ni 
Formula Weight 394.02 
Temperature 150(2) K 
Wavelength 0.71073 Å 
Crystal System Monoclinic 
Space Group P21/c 
Unit Cell Dimensions a = 14.3100(3) Å, α = 90o 
       b = 20.2410(4) Å, β = 91.322(1)o 
       c = 14.9750(3) Å, γ = 90o 
Volume 4336.33(15) Å3 
Z 8 
Density (calculated) 1.207 Mg m-3 
Absorption Coefficient 0.902 mm-1 
F(000) 1688 
Crystal Size 0.25 x 0.25 x 0.25 mm 
Theta Range for Data 
Collection 

3.62 to 27.50o 

Index Ranges -18<=h<=18; -26<=k<=22; -15<=l<=19 
Reflections Collected 25192 
Independent Reflections 9835 [R(int) = 0.0519] 
Reflections Observed (> 2σ) 6506 
Data Completeness 0.987 
Absorption Correction None 
Max. and Min. Transmission Full-matrix least-squares on F2 
Refinement Method 9835/12/524 
Data/Restraints/Parameters 1.044 
Goodness-of-Fit on F2 R1 = 0.0453   wR2 = 0.0942 
Final R Indices [I > 2σ(I)] R1 = 0.0892  wR2 = 0.1101 
R Indices (all data) 0.488 and -0.351 eÅ-3 
Largest Diff. Peak and Hole h11mkw02 
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Appendix 2 – Crystal Structures 

Crystal Structure of [6tBuH][Ni(PPh3)Br2] 

 

Thermal ellipsoids are set at 30 % probability. All hydrogen atoms have been omitted for 

clarity. 

Bond lengths (Å) and angles (°) for [6tBuH][Ni(PPh3)Br2] 

CNHC – H 0.98(2) 

Ni – Br(3) 2.3449(6) 

Ni – Br(4) 2.3430(7) 

Ni – P 2.1686(12) 

N – CNHC – N 126.1(4) 
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 [6tBuH][Ni(PPh3)Br2] 
Identification Code k12mkw13 
Empirical Formula C60 H80 Br4 N4 Ni2 P2 
Formula Weight 1356.28 
Temperature 150(2) K 
Wavelength 0.71073 Å 
Crystal System Monoclinic 
Space Group P21/c 
Unit Cell Dimensions a = 10.4190(1) Å, α = 90o 
       b = 15.1039(2) Å, β = 95.857(1)o 
       c = 39.3547(5) Å, γ = 90o 
Volume 6160.82(13) Å3 
Z 4 
Density (calculated) 1.462 Mg m-3 
Absorption Coefficient 3.297 mm-1 
F(000) 2776 
Crystal Size 0.20 x 0.10 x 0.08 mm 
Theta Range for Data 
Collection 

3.52 to 27.48o 

Index Ranges -13<=h<=13; -19<=k<=19; -51<=l<=51 
Reflections Collected 60527 
Independent Reflections 13722 [R(int) = 0.0931] 
Reflections Observed (> 2σ) 7662 
Data Completeness 0.970 
Absorption Correction Semi-empirical from equivalents 
Max. and Min. Transmission 0.863 and 0.782 
Refinement Method Full-matrix least-squares on F2 
Data/Restraints/Parameters 13722/2/669 
Goodness-of-Fit on F2 1.011 
Final R Indices [I > 2σ(I)] R1 = 0.0521   wR2 = 0.0876 
R Indices (all data) R1 = 0.1308  wR2 = 0.1078 
Largest Diff. Peak and Hole 1.268 and -0.906 eÅ-3 
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Crystal Structure of Ni(O=PPh3)2Br2 

 

Thermal ellipsoids are set at 30 % probability. All hydrogen atoms have been omitted for 

clarity. 

Bond lengths (Å) and angles (°) for Ni(O=PPh3)2Br2 

Ni – Br(1) 2.3622(4) 

Ni – Br(2) 2.3734(4) 

Ni – O(1) 1.9447(18) 

Ni – O(2) 1.9561(19) 

O(1) – P(1) 1.5103(19) 

O(2) – P(2) 1.504(2) 

Br(1) – Ni – Br(2) 116.512(16) 

Br(1) – Ni – O(1) 111.75(6) 

Br(1) – Ni – O(2) 106.16(6) 

Br(2) – Ni – O(1) 101.65(6) 

Br(2) – Ni – O(2) 118.82(6) 

O(1) – Ni – O(2) 100.72(8) 

Ni – O(1) – P(1) 143.96(12) 

Ni – O(2) – P(2) 159.27(13) 
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 Ni(O=PPh3)2Br2 
Identification Code k13mkw19 
Empirical Formula C36 H30 Br2 Ni O2 P2 
Formula Weight 775.07 
Temperature 150(2) K 
Wavelength 0.71073 Å 
Crystal System Triclinic 
Space Group P1 
Unit Cell Dimensions a = 9.9800(2) Å, α = 65.486(1)o 
       b = 10.0030(2) Å, β = 63.506(1)o 
       c = 10.4560(2) Å, γ = 89.169(1)o 
Volume 831.13(3) Å3 
Z 1 
Density (calculated) 1.549 Mg m-3 
Absorption Coefficient 3.115 mm-1 
F(000) 390 
Crystal Size 0.20 x 0.10 x 0.10 mm 
Theta Range for Data 
Collection 

3.59 to 27.49o 

Index Ranges -12<=h<=12; -12<=k<=12; -13<=l<=13 
Reflections Collected 15860 
Independent Reflections 7065 [R(int) = 0.0321] 
Reflections Observed (> 2σ) 6648 
Data Completeness 0.994 
Absorption Correction Semi-empirical from equivalents 
Max. and Min. Transmission 0.159 and 0.118 
Refinement Method Full-matrix least-squares on F2 
Data/Restraints/Parameters 7065/3/389 
Goodness-of-Fit on F2 1.063 
Final R Indices [I > 2σ(I)] R1 = 0.0278   wR2 = 0.0622 
R Indices (all data) R1 = 0.0315  wR2 = 0.0645 
Largest Diff. Peak and Hole 0.005(4) 
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Crystal Structure of [6oTolH][Ni(PPh3)Br3] 

 

Thermal ellipsoids are set at 30 % probability. All hydrogen atoms have been omitted for 

clarity, except for H(1). 

Bond lengths (Å) and angles (°) for [6oTolH][Ni(PPh3)Br3] 

Ni – Br(1) 2.3780(6) 

Ni – Br(2) 2.3772(6) 

Ni – Br(3) 2.3728(5) 

Ni – P 2.3133(10) 

CNHC – H(1) 0.950(3) 

H(1) – Phcentroid 2.863(4) 

Br(1) – Ni – Br(2) 110.73(2) 

Br(1) – Ni – Br(3) 113.71(2) 

Br(2) – Ni – Br(3) 116.67(2) 

Br(1) – Ni – P 104.39(3) 

Br(2) – Ni – P 108.90(3) 

Br(3) – Ni – P 101.14(3) 

N(6) – CNHC – N(7) 124.9(3) 
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 [6oTolH][Ni(PPh3)Br3] 
Identification Code h12mkw16 
Empirical Formula C36 H36 Br3 N2 Ni P 
Formula Weight 816.08 
Temperature 150(2) K 
Wavelength 0.71073 Å 
Crystal System Triclinic 
Space Group P-1 
Unit Cell Dimensions a = 9.8110(4) Å, α = 103.817(2)o 
       b = 11.6620(5) Å, β = 96.655(2)o 
       c = 17.5830(4) Å, γ = 114.004(1)o 
Volume 1732.38(11) Å3 
Z 2 
Density (calculated) 1.584 Mg m-3 
Absorption Coefficient 4.093 mm-1 
F(000) 828 
Crystal Size 0.30 x 0.20 x 0.10 mm 
Theta Range for Data 
Collection 

3.74 to 27.47o 

Index Ranges -12<=h<=12; -15<=k<=15; -22<=l<=22 
Reflections Collected 25776 
Independent Reflections 7854 [R(int) = 0.0645] 
Reflections Observed (> 2σ) 5512 
Data Completeness 0.990 
Absorption Correction Semi-empirical from equivalents 
Max. and Min. Transmission 0.726 and 0.509 
Refinement Method Full-matrix least-squares on F2 
Data/Restraints/Parameters 7854/0/392 
Goodness-of-Fit on F2 1.009 
Final R Indices [I > 2σ(I)] R1 = 0.0417   wR2 = 0.0903 
R Indices (all data) R1 = 0.0759  wR2 = 0.1034 
Largest Diff. Peak and Hole 0.713 and -0.705 eÅ-3 
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Crystal Structure of [Ni(6Mes)(7Mes)]BPh4 

 

Thermal ellipsoids are set at 30 % probability. All hydrogen atoms and the [BPh4]- anion have 

been omitted for clarity. 

Bond lengths (Å) and angles (°) for [Ni(6Mes)(7Mes)]BPh4 

Ni – C(46) 1.9424(18) 

Ni – C(68) 1.9353(18) 

C(46) – Ni – C(68) 178.85(8) 

N(5) – C(46) – N(6) 117.16(16) 

N(7) – C(68) – N(8) 118.74(16) 
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 [Ni(6Mes)(7Mes)]BPh4 
Identification Code h11mkw03 
Empirical Formula C140.80 H159.20 B2 N8 Ni2 
Formula Weight 2102.60 
Temperature 123(2) K 
Wavelength 0.71073 Å 
Crystal System Triclinic 
Space Group P-1 
Unit Cell Dimensions a = 15.1160(2) Å, α = 101.407(1)o 
       b = 17.9800(2) Å, β = 98.606(1)o 
       c = 22.4870(3) Å, γ = 94.000(1)o 
Volume 5892.26(13) Å3 
Z 2 
Density (calculated) 1.185 Mg m-3 
Absorption Coefficient 0.374 mm-1 
F(000) 2252 
Crystal Size 0.35 x 0.35 x 0.15 mm 
Theta Range for Data 
Collection 

3.75 to 27.48o 

Index Ranges -19<=h<=19; -23<=k<=22; -29<=l<=29 
Reflections Collected 97484 
Independent Reflections 26792 [R(int) = 0.0491] 
Reflections Observed (> 2σ) 20080 
Data Completeness 0.990 
Absorption Correction Semi-empirical from equivalents 
Max. and Min. Transmission 0.947 and 0.829 
Refinement Method Full-matrix least-squares on F2 
Data/Restraints/Parameters 26792/46/1466 
Goodness-of-Fit on F2 1.013 
Final R Indices [I > 2σ(I)] R1 = 0.0449   wR2 = 0.1114 
R Indices (all data) R1 = 0.0691  wR2 = 0.1263 
Largest Diff. Peak and Hole 1.304 and -0.398 eÅ-3 
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Crystal Structure of Ni(6Mes)(7Mes) 

 

Thermal ellipsoids are set at 30 % probability. All hydrogen atoms have been omitted for 

clarity. 

Bond lengths (Å) and angles (°) for Ni(6Mes)(7Mes) 

Ni – C(1) 1.89(5) 

Ni – C(23) 1.83(5) 

C(1) – Ni – C(23) 179(2) 

N(1) – C(1) – N(2) 115(5) 

N(3) – C(23) – N(4) 112(5) 
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 Ni(6Mes)(7Mes) 
Identification Code p11prr39 
Empirical Formula C48.50 H62 N4 Ni 
Formula Weight 759.73 
Temperature 150(2) K 
Wavelength 0.7107 Å 
Crystal System Triclinic 
Space Group P-1 
Unit Cell Dimensions a = 10.0294(4) Å, α = 84.482(3)o 
       b = 12.0665(4) Å, β = 79.837(3)o 
       c = 18.6658(5) Å, γ = 69.948(3)o 
Volume 2087.15(12) Å3 
Z 2 
Density (calculated) 1.209 Mg m-3 
Absorption Coefficient 0.503 mm-1 
F(000) 818 
Crystal Size 0.30 x 0.30 x 0.12 mm 
Theta Range for Data 
Collection 

2.91 to 27.48o 

Index Ranges -13<=h<=13; -15<=k<=15; -24<=l<=24 
Reflections Collected 19929 
Independent Reflections 9568 [R(int) = 0.0378] 
Reflections Observed (> 2σ) 7064 
Data Completeness 0.999 
Absorption Correction Semi-empirical from equivalents 
Max. and Min. Transmission 1.00000 and 0.80309 
Refinement Method Full-matrix least-squares on F2 
Data/Restraints/Parameters 9568/51/508 
Goodness-of-Fit on F2 1.024 
Final R Indices [I > 2σ(I)] R1 = 0.0537   wR2 = 0.1268 
R Indices (all data) R1 = 0.0817  wR2 = 0.1394 
Largest Diff. Peak and Hole 0.983 and -0.749 eÅ-3 
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Crystal Structure of 6Mes.BH3 

 

Thermal ellipsoids are set at 30 % probability. All hydrogen atoms have been omitted for 

clarity, except for H(1) – H(3). 

 

Bond lengths (Å) and angles (°) for 6Mes.BH3 

B – CNHC 1.612(6) 

N – CNHC – N 117.1(4) 
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 6Mes.BH3 
Identification Code k12mkw2 
Empirical Formula C22 H31 B N2 
Formula Weight 334.30 
Temperature 150(2) K 
Wavelength 0.71073 Å 
Crystal System Orthorhombic 
Space Group Pcan 
Unit Cell Dimensions a = 7.8010(3) Å, α = 90 
       b = 15.6440(9) Å, β = 90 
       c = 16.1190(12) Å, γ = 90 
Volume 1967.1(2) Å3 
Z 4 
Density (calculated) 1.129 Mg m-3 
Absorption Coefficient 0.065 mm-1 
F(000) 728 
Crystal Size 0.40 x 0.15 x 0.02 mm 
Theta Range for Data 
Collection 

3.86 to 25.01o 

Index Ranges -8<=h<=8; -18<=k<=18; -19<=l<=19 
Reflections Collected 19227 
Independent Reflections 1689 [R(int) = 0.1758] 
Reflections Observed (> 2σ) 1073 
Data Completeness 0.969 
Absorption Correction Semi-empirical from equivalents 
Max. and Min. Transmission 0.996 and 0.895 
Refinement Method Full-matrix least-squares on F2 
Data/Restraints/Parameters 1689/9/141 
Goodness-of-Fit on F2 1.072 
Final R Indices [I > 2σ(I)] R1 = 0.0649   wR2 = 0.1359 
R Indices (all data) R1 = 0.1165  wR2 = 0.1636 
Largest Diff. Peak and Hole 0.217 and -0.262 eÅ-3 
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Crystal Structure of Ni(6Mes)(PPh3)Br2 (29) 

 

Thermal ellipsoids are set at 30 % probability. All hydrogen atoms have been omitted for 

clarity. 

Bond lengths (Å) and angles (°) for 29 

Ni – CNHC 1.9402(14) 

Ni – Br(1) 2.3026(2) 

Ni – Br(2) 2.2997(2) 

Ni – P 2.2586(4) 

N(1) – CNHC – N(2) 117.31(13) 

CNHC – Ni – P 177.24(4) 

CNHC – Ni – Br(1) 91.87(4) 

CNHC – Ni – Br(2) 90.73(4) 

Br(1) – Ni – Br(2) 176.428(11) 
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 Ni(6Mes)(PPh3)Br2 (29) 
Identification Code p09mkw11 
Empirical Formula C40 H43 Br2 N2 Ni P 
Formula Weight 801.26 
Temperature 150(2) K 
Wavelength 0.71073 Å 
Crystal System Monoclinic 
Space Group C2/c 
Unit Cell Dimensions a = 38.9620(14) Å, α = 90o 
       b = 9.5046(2) Å, β = 98.538(3)o 
       c = 19.6660(4) Å, γ = 90o 
Volume 7202.0(3) Å3 
Z 8 
Density (calculated) 1.478 Mg m-3 
Absorption Coefficient 2.833 mm-1 
F(000) 3280 
Crystal Size 0.27 x 0.20 x 0.20 mm 
Theta Range for Data 
Collection 

2.95 to 30.49o 

Index Ranges -50<=h<=55; -11<=k<=13; -26<=l<=27 
Reflections Collected 30743 
Independent Reflections 9726 [R(int) = 0.0223] 
Reflections Observed (> 2σ) 6750 
Data Completeness 0.886 
Absorption Correction Semi-empirical from equivalents 
Max. and Min. Transmission 1.00000 and 0.94452 
Refinement Method Full-matrix least-squares on F2 
Data/Restraints/Parameters 9726/0/421 
Goodness-of-Fit on F2 0.900 
Final R Indices [I > 2σ(I)] R1 = 0.0230   wR2 = 0.0511 
R Indices (all data) R1 = 0.0403  wR2 = 0.0524 
Largest Diff. Peak and Hole 0.419 and -0.587 eÅ-3 
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Appendix 3 – EPR Spectroscopy 

EPR and ENDOR Spectra of Ni(RE NHC)(PPh3)Br (1, 7 – 10) 

Q-band EPR 

 

Q-band EPR (10 K) spectra of Ni(RE NHC)(PPh3)X (a – e) and the corresponding simulations  
(a′ - e′). a: RE NHC = 6Mes, X = Br (1); b: RE NHC = 7oTol, X = Br (7); c: RE NHC = 8Mes, X = mixed 

Br/Cl (8); d: RE NHC = 8oTol, X = mixed Br/Cl (9); e: RE NHC = O-8oTol, X = mixed Br/Cl (10). 
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1H ENDOR 

 

CW 1H ENDOR (10 K) spectra of Ni(6Mes)(PPh3)Br (1) recorded at the field positions (a) 10233, 
(b) 10336, (c) 10508, (d) 10748, (e) 10902, (f) 11125, (g) 11863 and (h) 11965 Gauss. 

Corresponding simulations are shown at each position with dotted lines.
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Appendix 4 – Mass Spectrometry Data for Ni(7Mes)Br(µ-OH)(µ-O-
7Mes)’NiBr (14) and [Ni(7Mes)’Br]2 (16) 
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Appendix 5 – Cryoscopy  

Cryoscopy Measurements on [Ni(6Mes)2]Br (19) 

Molecular weight (MW) of [Ni(6Mes)2]Br (19) = 779.56 g mol-1.  

As the complex is an ion pair, a result of half this value is expected (389.78 g mol-1) by 

cryoscopy if it exists as a monomer in solution. 

Solvent used: nitrobenzene. 

Cryoscopic constant (Kb) of nitrobenzene: 8.1 oC g mol-1 

 

Arbitrary freezing point of nitrobenzene: 

 Arbitrary freezing point / oC 

1 0.930 

2 0.933 

3 0.932 

Average = 0.932 ± 0.002 oC 

 

Arbitrary freezing point of a 1.72 x 10-3 mol dm-3 nitrobenzene solution of 19 (0.0336 g in 

25 mL). 

 Arbitrary freezing point / oC 

1 0.955 

2 0.953 

3 0.955 

Average = 0.954 ± 0.001 oC 

ΔT = 0.954 – 0.932 = 0.022 oC 

 

MW = (1000 x Kb x mass(compound)) / (ΔT x mass(solvent)) 

MW = (1000 x 8.1 x 0.0336) / (0.022 x 30) 
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MW = 412.36 g mol-1 

As a fraction of total MW = 0.53 

Final result = 0.53 ± 0.08 

A value close to 0.5 MW fraction suggests that 19 exists as a monomer in solution. The value is 

slightly higher than 0.5, which can be attributed to a small level of association between the 

bromide anion and nickel cation. 
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Appendix 6 – Reaction of [Ni(6Mes)(PPh3)(THF)]PF6 (24) with CO 

The IR and 13C{1H} PENDANT spectra for the reaction of [Ni(6Mes)(PPh3)(THF)]PF6 (24) with CO 

are shown below. 

 

IR Spectra 

A C6D6 solution of 24 was exposed to CO (1 atm) and an IR spectrum recorded immediately, 

followed by every 5 min for a total of 40 min. When the bands appear they remain until end of 

reaction. IR (C6D6, cm-1): 2032, 1668 (1 min, νCO), 1956, 1967 (5 min, νCO), 1996 (10 min, νCO), 

2069 (15 min, νCO).  

Wavenumber (cm-1)2200 2150 2100 2050 2000 1950 1900 1850 1800 1750 1700

2032.64

1668.15

IR spectrum of 24 + 13CO in C6D6 at 1 min. 
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Wavenumber (cm-1)2150 2100 2050 2000 1950 1900 1850 1800 1750 1700

2032.64

1967.07
1955.5

1667.19

 

IR spectrum of 24 + 13CO in C6D6 at 5 min. 

Wavenumber (cm-1)2150 2100 2050 2000 1950 1900 1850 1800 1750 1700

2032.64

1996

1967.07
1955.5

1666.22

 IR spectrum of 24 + 13CO in C6D6 at 10 min. 
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Wavenumber (cm-1)2100 2050 2000 1950 1900 1850 1800 1750

2069.28

2036.49

1996

1967.07

1947.78

1666.22

 

IR spectrum of 24 + 13CO in C6D6 at 15 min. 

 

NMR Spectra 

A THF-d8 solution of 24 was exposed to 13CO (1 atm) and immediately frozen in liquid nitrogen. 

Spectrum a: 13C{1H} PENDANT (THF-d8, 100 MHz, 233 K): δ 198.3 (CO), 194.5 (CO), 192.9 (CO). 

Spectrum b: warmed to 298 K: 13C{1H} PENDANT (THF-d8, 100 MHz, 298 K): δ 198.1 (CO), 197.3 

(CO), 193.9 (CO), 192.3 (CO). Spectrum c: left for 72 h at 298 K: 13C{1H} PENDANT  

(THF-d8, 100 MHz, 298 K): δ 197.6 (CO), 196.5 (CO), 184.4 (CO), 180.9 (CO), 180.6 (CO). 
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13C{1H} PENDANT spectrum of 24 + 13CO in THF-d8 and immediately frozen  

(THF-d8, 100 MHz, 233 K). 

 

 

13C{1H} PENDANT spectrum of 24 + 13CO in THF-d8 and immediately frozen, then warmed to 

298 K (THF-d8, 100 MHz, 298 K). 

 

a 

b 
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13C{1H} PENDANT spectrum of 24 + 13CO in THF-d8 and immediately frozen, then warmed to 

298 K and left for 72 h at 298 K (THF-d8, 100 MHz, 298 K). 

c 
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Appendix 7 – Experimental 

Synthesis of Ni(6tBu)Br (11) and [6tBuH][Ni(PPh3)Br2] 

 

A THF (20 mL) solution of in situ generated 6tBu ([6tBuH]BF4 (79 mg, 0.278 mmol) and 

KN(SiMe3)2 (56 mg, 0.281 mmol)) was charged to a mixture of Ni(COD)2 (41 mg, 0.149 mmol) 

and Ni(PPh3)2Br2 (107 mg, 0.143 mmol) and stirred for 1.5 h at 298 K. The resultant orange 

solution was filtered and hexane (20 mL) added to precipitate out a yellow solid. This solid was 

washed with hexane (2 x 10 mL) and recrystallised from THF/hexane. Orange (11) and yellow 

([6tBuH][Ni(PPh3)Br2]) crystals were formed. Yield (of product mixture  

(11 + [6tBuH][Ni(PPh3)Br2])): 20 mg (35 %). 1H NMR of product mixture (C6D6, 500 MHz):  

δ 21.36 (br s), 9.33 (v br s), 4.87 (v br s), 3.81 (br s), 3.66 (br m), 3.00 (br ), 2.93 (br m), 2.31  

(v br s), -2.76 (br s), -2.83 (br s). Consistent reproducibility of this reaction was not achieved. 

 

Synthesis of Ni(6Mes)(PPh3)Br2 (29)  

 

6Mes (formed in situ from [6MesH]BF4 (256 mg, 0.627 mmol) and KN(SiMe3)2  

(125 mg, 0.627 mmol) in toluene (10 mL)) was added to Ni(PPh3)2Br2 (466 mg, 0.627 mmol) and 

stirred at room temperature for 1 h to give a dark purple solution. After filtration to remove 

KBF4, the solution was reduced to dryness and washed with hexane (15 mL) to give a 

brown/purple residue. Recrystallisation of this residue from toluene/hexane yielded a purple 

precipitate of 29. Yield: 263 mg (52 %). 1H NMR (CDCl3, 500 MHz): δ 7.36 (br m, 19H, CHaryl), 

3.46 (br s, 4H, NCH2), 2.48 (v br s, 18H, p-CH3 and o-CH3), 1.29 (br s, 2H, NCH2CH2).
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