
 

 

Reactivity of a Ruthenium 
Bis(Dinitrogen) Complex 

 

By 

Samantha Lau 

 

July 2018 

 

Department of Chemistry 

Imperial College London 

 

A thesis submitted for Doctorate of Philosophy 



[1] 
 

Declaration of Originality 

The work discussed in this thesis was conducted in the Department of Chemistry, Imperial College 

London, between October 2014 and April 2018. Unless stated otherwise, all the work is entirely my 

own and has not been submitted for a previous degree at this, or any other university. 

 

Copyright Declaration 

The copyright of this thesis rests with the author and is made available under a Creative Commons 

Attribution Non-Commercial No Derivatives licence. Researchers are free to copy, distribute or 

transmit the thesis on the condition that they attribute it, that they do not use it for commercial purposes 

and that they do not alter, transform or build upon it. For any reuse or redistribution, researchers must 

make clear to others the licence terms of this work. 

  



 

[2] 
 

Abstract 

This thesis investigated the reactivity of the ruthenium bis(dinitrogen) complex [Ru(H)2(N2)2(PCy3)2] 

(1), an analogue of the ruthenium bis(dihydrogen) complex [Ru(H)2(η2-H2)2(PCy3)2]. It was 

demonstrated that 1 was able to effect the sp2C–X (X= H, O) bond cleavage of acetophenone substrates 

to generate 5-membered organometallic intermediates. The by-products from the C–O cleavage 

reactions were identified as alcohols which also react with 1 at a faster or equal rate to the substrates. 

The mechanism of these C–X cleavage reactions were probed experimentally and computationally to 

show that the C–H bond cleavage pathway was operating through a σ-complex assisted metathesis 

pathway whereas the C–O cleavage pathway was operating through a Ru(II)/Ru(IV) redox mechanism. 

In addition, the reactivity of 1 with main group hydrides (aluminium, zinc and magnesium) was 

presented with the formation of a series of new ruthenium main group heterobimetallic hydride 

complexes, M•Ru (M = Al, Zn, Mg). These heterobimetallic hydride complexes contain either 

dinitrogen or dihydrogen ligated at the ruthenium centre depending on the partial pressure of N2 and H2 

in the atmosphere. It was shown that the main group fragment can subtly tune the degree of dinitrogen 

activation in these M•Ru-N2 complexes, Mg > Zn > Al. This trend was rationalised by probing the 

bonding and frontier molecular orbitals of these complexes.  

Furthermore, 27Al solid state NMR spectroscopy was implemented to analyse the ruthenium aluminium 

heterobimetallic hydride complexes and it was determined that that there was no linear correlation 

between the isotropic chemical shift obtained in the 27Al solid state NMR spectra and the oxidation state 

of the complex. 
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1 CHAPTER ONE – RUTHENIUM BIS(DIHYDROGEN) 

COMPLEX [Ru(H)2(η2-H2)2(PCy3)2] AND ITS DERIVATIVES 

1.1 INTRODUCTION  

 The ruthenium bis(dihydrogen) complex [Ru(H)2(η2-H2)2(PCy3)2] (1-2H2) was first synthesised 

in 1982 however this complex was initially incorrectly assigned as a hexahydride complex 

[RuH6(PCy3)2].1 This assignment was later rectified as a bis(dihydrogen) complex in light of the 

discovery of the first isolated dihydrogen complex [W(η2-H2)(CO)3(PiPr3)2] (Figure 1.1) by Kubas et 

al.2,3 A combination of different spectroscopic techniques (IR, INS, 1H NMR and T1), DFT calculations 

and X-ray diffraction has unambiguously confirmed the assignment of the ruthenium complex as a 

bis(dihydrogen) complex whereby the two hydrides were arranged cis to each other (Figure 1.1).4–6 

 

Figure 1.1. (Left) Kubas' dihydrogen complex. (Right) Ruthenium bis(dihydrogen) complex, 1-2H2 

 Coordination of the dihydrogen ligand to the ruthenium centre within [Ru(H)2(η2-H2)2(PCy3)2] 

in a η2-fashion can be described by analogy to the Dewar-Chatt-Duncanson model of alkene 

coordination to a metal centre.7,8 The donation from the σ-orbital of the H2 ligand into an empty d-orbital 

of the ruthenium is complemented by the back-donation of a filled d(π)-orbital into the anti-bonding 

σ*-orbital of the H2 ligand. The successful formation of dihydrogen ligated as a σ-bond is therefore 

dependent on the balance between the donation and back-donation ability of the metal centre. This 

balance, in turn, is determined by the geometry and nature of the other ligands surrounding the 

ruthenium centre (Figure 1.2). 

 

Figure 1.2. (Top) Orbitals involved in dihydrogen bonding to ruthenium centre. (Bottom) Two extreme modes of 
coordination of dihydrogen 
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 If the ruthenium is surrounded by more electron donating ligands then the back donation of the 

filled d(π)-orbital of the nucleophilic metal centre into the empty σ*-orbital of the dihydrogen 

interaction will dominate causing elongation and weakening of the H–H bond. This dihydrogen in turn 

will become more electrophilic. Conversely if the ruthenium is surrounded by more electron 

withdrawing ligands then the filled σ-orbital donation into the empty d-orbital of the electrophilic metal 

centre interaction will dominate. The dihydrogen ligand here will be more nucleophilic in nature. 

 There has been a handful of publications on changing the tricyclohexylphosphine ligands in 

1-2H2 with other phosphine ligands and observing how this affects the dihydrogen binding on 

ruthenium and it’s reactivity.9–13 Similar synthesis procedure to form [Ru(H)2(η2-H2)2(PCy3)2] was 

replicated using PPh3 and also PiPr3 to generate [Ru(H)(X)(η2-H2)2(L)2] (where X = H or I and L = PPh3 

or PiPr3) however these complexes were incredibly unstable and were only spectroscopically 

characterised in-situ before decomposing and dimerising into ruthenium dinuclear complexes (vide 

infra).4,14,15 In 2005, Sabo-Etienne’s group synthesised the analogous [Ru(H)2(η2-H2)2(PCyp3)2] 

complex (PCyp3 = tricyclopentylphosphine) and were able to get a neutron structure of this 

bis(dihydrogen) complex, amongst other spectroscopic characterisation techniques, to unambiguously 

confirm the presence of two dihydrogen ligands ligated in an η2-fashion to the ruthenium centre.16 

 Two additional ruthenium dihydrogen complexes have also been isolated by Sabo-Etienne et 

al.,17 [Ru(H)(η2-H2)2(Tp*)] and [Ru(H)(η2-H2)(THT)(Tp*)] (Tp* = hydridotris(3,5-

dimethylpyrazoly)borate and THT = tetrahydrothiophene). IR stretches of the dihydrogen bonds are 

traditionally difficult to observe in transition metal complexes as the stretches are normally found within 

the aromatic, alkenyl and alkyl region of IR spectrum however the H–H stretches of these two 

complexes were observed and characterised by IR spectroscopy ([Ru(H)(η2-H2)2(Tp*)] νH–H = 2361 

cm-1,  [Ru(H)(η2-H2)(THT)(Tp*)] νH–H = 2250 cm-1 where upon deuteration these two stretches shifted 

to νD–D = 1705 and 1620 cm-1 respectively. For comparison, the Ru–H stretching frequency was found 

at νRu–H = 1950 cm-1
 for both hydridotris(pyrazolyl) borate dihydrogen ruthenium complexes which also 

shifted to lower wavenumber upon deuteration νRu–D = 1530 cm-1. 

 

Figure 1.3. Ruthenium bis(dihydrogen) complex (left) [Ru(H)(η2-H2)2(Tp*)] and (right) [Ru(H)(η2-H2)(THT)(Tp*)]. 
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1.2 CHEMISTRY OF [Ru(H)2(η2-H2)2(PCy3)2] 

1.2.1 Hydrogenation  

 The chemistry of [Ru(H)2(η
2-H2)2(PCy3)2] has been widely explored by Chaudret’s group and 

further expanded by Sabo-Etienne’s group respectively.18 The interest in this ruthenium complex was 

originally attributed to its high hydrogen content (containing 6 hydrogen atoms per complex) and 

therefore the potential for this complex to participate in hydrogenation chemistry.19,20  

 [Ru(H)2(η
2-H2)2(PCy3)2] effects the hydrogenation of alkenes (Scheme 1.1).20 The reaction of 

1-2H2 with 5 equivalents of tert-butylethylene resulted in hydrogenation of the alkene and concomitant 

intramolecular C–H activation of the cyclohexyl ring moiety on both of the PCy3 ligands ‒ a totally of 

10 hydrogen atoms transferred from a single ruthenium complex to generate complex 1.2 (Scheme 1.1). 

The level of dehydrogenation of the ruthenium complex was controlled by the equivalents of alkene in 

the system. In addition, the reactions of 1-2H2 with tert-butylethylene, ethene and triethylvinylsilane 

were reversible and bubbling dihydrogen through the solution of the cyclometallated product returns 

the starting ruthenium complex (1-2H2) indicating the reversible C–H activation of the PCy3 ligand. 

 

Scheme 1.1 Hydrogenation of alkenes with concomitant C–H activation of PCy3 

 

 Reaction of 1-2H2 with alkene bearing ester substituents resulted in either ligand substitution 

to form η2-alkene complex 1.5 or hydrogenation of the alkene moiety with concomitant demethylation 

of the methyl ester group resulting in the formation of complex 1.6 and 1.7. It was anticipated that 

methane was formed as the by-product in this unprecedented demethylation reactions of a methyl ester. 

These reactions highlighted the nucleophilic behaviour of the dihydrogen ligands.  
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 Unambiguous confirmation of some of these complexes was not successful due to their 

instability and therefore clean isolation and verification by X-ray or neutron diffraction was not possible 

in all cases except complex 1.6. Nevertheless, a combination of other spectroscopic techniques and 

further reactivity with the postulated complexes provided compelling evidence for the formulations of 

these complexes. 

 

Scheme 1.2 Ligand substitution to generate complex 1.5 and hydrogenation of alkene and concomitant 
demethylation to generate complex 1.6 and 1.7 

 

 The reaction of 1-2H2 with benzene, naphthalene and anthracene under 3 bar of H2 at 80 °C 

resulted in the formation of cyclohexane, tetralin and a mixture of 4H-anthracene and 8H-anthracene 

respectively.21 In the absence of dihydrogen 1-2H2 reacted with these arenes to generate new ruthenium 

π-complexes (1.8 ‒ 1.11) which were also found as minor components in the hydrogenation chemistry 

reactions (Scheme 1.3). These complexes were characterised by multinuclear NMR spectroscopy 

however no X-ray crystallographic data were obtained. Further investigation into the hydrogenation 

reactions of these arenes suggested only complex 1.11 showed catalytic competence in the semi-

hydrogenation of anthracene into 4H-anthracene and 8H-anthracene as the major product and minor 

product respectively.22 In addition, the formation of complex 1.8 was observed initially from refluxing 

1-2H2 in C6D6 resulting in the formation of a minor product characterised by a new  signal in the 1H 

NMR spectrum at δH = ‒10.15 ppm (d, JHP = 42.3 Hz) for Ru–H environment. Formation of complex 

1.8 was further substantiated by the observation of free PCy3 in 31P NMR spectrum as well as a new 

resonance for the arene complex observed at δP = 78.3 ppm. The formation of these ruthenium arene 

complexes indicated the finite stability of the ruthenium bis(dihydrogen) complex in aromatic solvents. 



 

[21] 
 

 

Scheme 1.3 Ruthenium π-arene complexes 

 

 Beyond the reactivity of 1-2H2 with alkenes and arenes, the reaction of thiophenes with 1-2H2 

was investigated to observe if C–S bond cleavage occurred (Scheme 1.4).23 Instead, the reaction of 1 

equivalent of 1-2H2 with 1 equivalent of thiophene resulted in the formation of a piano-stool complex 

1.12. Complex 1.12 demonstrated a resonance at δH = –20.90 ppm (dd, JHP = 28 and 35 Hz) in the 1H 

NMR spectrum which had equal intensity with 5 other signals in the proton NMR spectrum assigned to 

the thioallyl ligand. For example, only one other η4–thioallyl complex had been previously reported, 

[ReH2(η
4–SC4H5)(PPh3)2].24 However the reaction of 1-2H2 with 2-acetylthiophene led to 

hydrogenolysis of the C–S bond to generate complex 1.13. Complex 1.13 was isolated and characterised 

by multinuclear NMR spectroscopy and X-ray crystallography to confirm its structure.  

 In comparison, under catalytic conditions, the reaction of 1-2H2 (2 mol %) with thiophene and 

2-methylthiophene under 3 bar H2 at 80 °C resulted in the formation of tetrahydrothiophene and 2-

methyltetrahydrothiophene respectively (Scheme 1.4). However, the same reaction conditions 

employed with 2-acetylthiophene as the substrate gave 1-(2-thienyl)ethanol selectively and no 

hydrogenation of the aromatic ring was observed. Complex 1.13 was also shown to be catalytically 

competent at the hydrogenation of 2-acetylthiophene into the alcohol. In addition, the catalytic reaction 

of 1-2H2 with benzothiphene as the substrate yielded 2,3-dihdyrobenzothiophene as the product and no 

further hydrogenation of the aromatic ring was observed.  A stoichiometric reaction between 1-2H2 and 

benzothiophene was not reported although it would be interesting to see if any bond activation chemistry 

occurred instead of hydrogenation of the unsaturated bond of benzothiophene based on the 

stoichiometric reactions with 2-acetylthiophene. 
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Scheme 1.4 Reaction of 1-2H2 with thiophenes both stoichiometrically and catalytically 

  

 Complex 1-2H2 was also competent at the hydrogenation of benzonitrile to benzylamine (20 

°C, 14 bar H2 resulted in 96 % conversion over 50 h).25 The hydrogenation of benzonitrile with 1-2H2 

was superseded by the analogue [Ru(H)2(η2-H2)2(PCyp3)2] whereby similar conversions were achieved 

at a much shorter time frame of 24 h.26
 The use of 1-2H2 as a catalyst precursor for the nitrile 

hydrogenation was also demonstrated in a series of patents by Beatty and Paciello employed by Du 

Pont.27 

1.2.2 Small Molecules (CO, CO2, CS2, N2 and Halocarbons) 

 The lability of the dihydrogen ligands of [Ru(H)2(η2-H2)2(PCy3)2] has provided a fertile avenue 

for exploratory chemistry into forming new complexes through substitution of the nucleophilic 

dihydrogen with small molecules (Scheme 1.5).  

 Bubbling CO through a suspension of 1-2H2 in pentane for 30 mins resulted in formation of 

yellow pale solid characterised as [Ru(H)2(CO)2(PCy3)2] (complex 1.14).28 IR spectroscopy stretches 

were obtained νC=O = 2004 and 1994 cm-1 and multinuclear NMR data were consistent with cis-disposed 

ruthenium dicarbonyl complex. In the 1H NMR spectrum, complex 1.14 demonstrated a single 

resonance for the Ru–H environment, δH = ‒7.90 ppm (t, JHP = 23 Hz) with a corresponding singlet in 

the 31P{1H} NMR spectrum at δP = 68.8 ppm. Prolonged exposure to CO resulted in full conversion to 

the trigonal bipyramidal [Ru(CO)3(PCy3)2] complex 1.15.29,30 

 The reaction of 1-2H2 with CO2 resulted in insertion of the CO2 into the Ru–H bond to generate 

a 2-formate complex (Scheme 1.5, complex 1.16).31 A single resonance was observed for both the Ru–

H and η2-ligated H2 environments in the 1H NMR spectrum at δH = ‒14.19 ppm (t, JHP = 13.8 Hz) which 

did not decoalesce upon cooling to 193 K. T1(min) value of 35 ms (243 K, 250 MHz) was measured for 

this hydride resonance, indicative of a non-classical hydride interaction and presence of dihydrogen 
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ligand in this complex.32 Further to these characterisation data, complex 1.16 also demonstrated 

diagnostic IR spectroscopy stretches at νC=O = 1566 cm-1
 and νRu–H = 2050 cm-1. Subjecting complex 

1.16 to an atmosphere of H2 returned 1-2H2 back. 

 

Scheme 1.5. Reaction of 1-2H2 with CO, CO2 and a mixture of CO/CO2 

 

Exposing 1-2H2 to a mixed atmosphere of CO/CO2 resulted in the formation of two new 

ruthenium complexes (Scheme 1.5, complex 1.17 and 1.18).33 Complex 1.17 was characterised by two 

diagnostic IR spectroscopy stretches observed at νC=O = 1900 cm-1 for the single carbonyl environment 

and νC=O = 1559 cm-1 for the κ2-carboxylate ligand. In comparison, complex 1.18 was characterised by 

three diagnostic IR spectroscopy stretches found at νC=O = 2024 and 1947 cm-1 for the two carbonyl 

ligands and νC=O = 1621 cm-1 for the κ1-carboxylate ligand. Formation of these two new complexes was 

verified by multinuclear NMR spectroscopy and from their isolation and characterisation by X-ray 

crystallography. 

 Bubbling CS2 gas through a suspension of 1-2H2 at 0 °C in pentane resulted in the formation 

of a Ru(IV) complex 1.19 (Scheme 1.6).31 Complex 1.19 demonstrated a resonance in the 1H NMR 

spectrum for the Ru–H environment found at δH = ‒10.85 ppm (t, JHP = 32.9 Hz) and a downfield 

resonance at δH = 6.17 ppm for the methylene protons on the sulphur atom. The T1(min) measured for 

the Ru–H signal was measured as 134 ms (243 K, 250 MHz) which indicated classical hydride 

behaviour.32 The double insertion of CS2 was ascribed to the affinity between ruthenium and sulphur 

and why this reaction was non-reversible in the presence of H2 in comparison to the reactivity of 1-2H2 

with CO2 (vide supra). 
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Scheme 1.6. Reaction of 1-2H2 with CS2 

 

Bubbling N2 through a suspension of 1-2H2 in pentane gave a new pale yellow solid 

characterised as the ruthenium bis(dinitrogen) complex [Ru(H)2(N2)2(PCy3)2] (1) (Scheme 1.7).31 

Complex 1 demonstrated a triplet in the 1H NMR spectrum at δH = ‒12.83 ppm (2JHP = 22 Hz) for Ru–

H environment however no phosphorus NMR spectrum resonance was reported for 1. IR spectrum 

absorptions in pentane were obtained for the dinitrogen stretches νN≡N = 2163 and 2126 cm-1. This 

ruthenium bis(dinitrogen) complex was originally deemed too reactive to isolate and was observed to 

decompose slowly under an atmosphere of argon or upon exposure to a vacuum however bubbling 

dihydrogen gas through a solution of 1 reformed the original ruthenium bis(dihydrogen) complex. No 

further reactivity was reported on complex 1. 

 

Scheme 1.7. Reaction of 1-2H2 with N2 to from ruthenium bis(dinitrogen) complex 1 

 

The reaction of 1-2H2 with either one equivalent of CH3I or two equivalents of CH2Cl2 formed 

16 valence electron ruthenium complexes 1.20 and 1.21 respectively (Scheme 1.8).28,34 Complex 1.20 

was characterised by X-ray crystallography with the Ru–H bond length measured as 1.51(5) Å and the 

Ru–H2 bond lengths were measured as 1.60(5) and 1.59(4) Å, it is worth noting these bond lengths were 

within the esd. In comparison, the H–H bond length was determined as 1.03 (7) Å. Complex 1.20 

demonstrated a broad peak at δH = ‒16.30 ppm in 1H NMR spectrum for the Ru–H environment and a 

short T1(min) was measured for this resonance (30 ms, 243 K, 250 MHz) indicative of non-classical 

hydride beahviour.32 When complex 1.20 was placed under an atmosphere of H2 a new resonance was 

observed in 1H NMR spectrum at δH = ‒12.00 ppm which upon cooling to 203 K decoalesced into two 

broad signals at δH = ‒7.90 and  ‒16.90 ppm. The new signals in the 1H NMR spectra was assigned to 

complex 1.22 whereby a second dihydrogen ligand complexed onto the ruthenium at the vacant site to 

form a new 18 valence electron ruthenium complex (Scheme 1.8). An analogous reaction with complex 

1.21 and H2 to form complex 1.23 was also reported. An equilibrium mixture existed between the 16 
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and 18 valence electron ruthenium complexes and increasing the pressure of H2 pushed the equilibrium 

towards the 18 valence electron ruthenium complexes 1.22 and 1.23. It was noted that, surprisingly, the 

16 valence electron configuration was more favourable at standard conditions than the 18 valence 

electron configuration of these ruthenium complexes. 

 

Scheme 1.8. Reaction of 1-2H2 with halocarbons 

1.2.3 Alcohols 

 The reaction of 1 equivalent of 1-2H2 with 1 equivalent of ethanol at 50 °C in toluene generated 

a new mono-carbonyl species 5-H2 (Scheme 1.9).33 Complex 5-H2 demonstrated a broad resonance at 

δH = ‒7.00 ppm in 1H NMR spectrum for the Ru–H environments and a resonance at δP = 71.9 ppm in 

31P{1H} NMR spectrum. The indicative carbonyl resonance was found at δC = 204 ppm (t, JHC = 3.7 

Hz) in the 13C{1H} NMR spectrum. Repeating the reaction using methanol as the substrate also 

generated the same ruthenium mono-carbonyl species 5-H2. No further discussion on the mechanism 

of the formation of 5-H2 was reported.  

 

Scheme 1.9 Formation of 5-H2 

 

 Aside from ethanol and methanol, 1-2H2 showed reactivity with phenol to form 

[RuH(η5-C6H5O)(PCy3)2], complex 1.24 (Scheme 1.10). In the 1H NMR spectrum a resonance was 

observed at δH = 12.80 ppm (t, JHP = 38.2 Hz) for the Ru–H environment. The 31P{1H} NMR spectrum 

of this complex displayed a single resonance at δ = 53.6 ppm and an indicative C=O moiety was 

observed in the 13C{1H} NMR spectrum at δ = 166 ppm and assigned to the phenoxo group of complex 

1.24. Only multinuclear NMR and IR spectroscopy data were collected for this complex however the 

postulated structure of this piano-stool complex was similar to a complex characterised by Wilkinson 

et al. from the reaction of [Ru(H)2(PPh3)4] with phenol.31,35 Subjecting 1.24 to an atmosphere of H2 

resulted in the heterolytic cleavage of H2 and concomitant loss of PCy3 to give a new complex with the 



 

[26] 
 

proposed structure [Ru(H)2(η
6-C6H5OH)(PCy3)] (Scheme 1.10 – complex 1.25). Complex 1.25 

demonstrated a resonance in 1H NMR spectrum at δ = ‒0.57 ppm (d, JHP = 42.6 Hz) assigned to the Ru–

H environment. The indicative C–OH environment in 13C{1H} NMR spectrum was not observed as it 

was most likely found under the solvent peaks. Isolation of complex 1.25 proved difficult with 

contamination from complex 1.24 pervasive during work-up. Nevertheless, formation of complex 1.24 

was very similar to the reaction of 1-2H2 with benzene to generate complex 1.8 (Scheme 1.3) with 

similar characteristics of the η6-coordination of the arene ring in both complexes observed by 

multinuclear NMR spectroscopy. 

 

Scheme 1.10. Reaction of 1-2H2 with phenol 

1.2.4 X–H activation (X = C, N, O) 

 The ability for 1-2H2 to undergo C–H activation chemistry was not confined to the 

intramolecular C–H activation of positions of the PCy3 ligands (vide supra) but included acetophenone 

substrates. Chaudret et al. reported the reaction of 1-2H2 with acetophenone to generate 5-membered 

cyclometallated intermediates via the ortho-C–H activation of the substrate (Scheme 1.11 – 1.26).36 

Complex 1.26 demonstrated a broad resonance in the 1H NMR spectrum at δH = ‒9.01 ppm for the 

terminal Ru–H and Ru–H2 environments which decoalesced into 2 signals upon cooling to 193 K at δH 

= ‒5.60 and –14.90 ppm, in addition the T1(min) were measured to give 31 ms and 85 ms respectively. 

The T1(min) values were indicative of non-classical hydride behaviour and agreeing with the 

assignment of a dihydrogen ligand still ligated on the metal centre in complex 1.26.32 Complex 1.26 

was also characterised by a single resonance in the 31P{1H} NMR spectrum δP = 48.0 ppm. An 

analogous reaction of 1-2H2 with benzophenone was also performed to give complex 1.27. 

 

Scheme 1.11. C–H activation of acetophenone substrates by 1-2H2 

 

 Exposing complex 1.26 and 1.27 to an atmosphere of CO generated 1.28 and 1.29 respectively 

from the substitution of the dihydrogen ligand with CO (Scheme 1.11).36 Complex 1.28 demonstrated 



 

[27] 
 

a triplet in 1H NMR spectrum at δH = ‒16.03 ppm (JHP = 23.4 Hz) for the Ru–H environment and an 

indicative resonance in the 13C{1H} NMR spectrum at δC = 208 and 207 ppm for the carbonyl and Ru–

C environments. Similar characterisation data were found for complex 1.29. 

Chaudret et al. commented that the formation of the 5-membered cyclometallated intermediate 

from C–H activation of acetophenones were “reminiscent of intermediates proposed by Murai for the 

insertion of olefins into aromatic C–H bonds” (Scheme 1.11).36,37 Following this observation Chaudret 

and co-workers reacted the 5-membered cyclometallated complexes 1.26 and 1.27 with 20 bar ethylene 

which resulted in the formation of a new organic product and generation of a new C–C bond (Scheme 

1.12). When acetophenone was used, the major product was the mono-coupled product from one C–C 

bond making process but when benzophenone was used the double-coupled product was the major 

product via two ortho-C–H functionalisation of benzophenone (Scheme 1.12). This Murai-type 

coupling reaction was also catalytic at room temperature. The original catalyst system reported by 

Murai required the reaction to be performed at elevated temperatures >130 °C.38–40 It was noted that 

when trying to perform the same reaction but using the carbonyl analogue of the 5-membered 

cyclometallated intermediate (1.28 and 1.29) no coupling was observed which suggested that CO may 

act as an inhibitor for this reaction.  

 

Scheme 1.12. Murai-type coupling reaction 

 

In 2001, Leitner et al. replicated the Murai-type coupling reaction with 1-2H2 and expanded 

the different acetophenone substrates used in these reactions.41 Leitner and co-workers found electron 

withdrawing substituents para to the ketone group of the acetophenone substrate helped to improve 

yields but also favoured the double C–H activation product. This trend in reactivity was opposite to 

what was observed by Murai et al. suggesting two different mechanism were in operation when using 

1-2H2 or [Ru(H)2(CO)(PCy3)3] as the catalyst precursor (and triethoxyvinylsilane as the coupling 

partner).41 Aside from this investigation into substituent effects, Leitner et al. found that these reactions 

were limited due to a catalyst deactivation pathway however the identity of these deactivation products 

were not deciphered. 

In 2003, Chaudret et al. investigated further into the deactivation pathways of these Murai-type 

coupling reactions of acetophenone substrates mediated by 1-2H2. Chaudret and co-workers 

investigated how varying the temperature, solvent, catalyst/ketone ratio and substituent effects para to 
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the ketone group affected the outcome of the reaction. Unsurprisingly, increasing the temperature 

increased the initial rate of reactions but this was negated by the increase in decomposition product 

formed at elevated temperatures. Aliphatic hydrocarbon solvents were better for overall conversion 

even though there were minor solubility issues associated with 1-2H2 however the use of aromatic 

hydrocarbon solvents were known to form π-arene complexes with ruthenium over time (Scheme 1.3) 

and coordinating solvents like THF were found to slow down the initial rate of reaction and also reduce 

selectivity between the mono and double ortho-C–H functionalised product. Chaudret et al. also 

observed the same trend as Leitner et al.41 with greater yields of C–C coupled products when electron 

withdrawing substituents were found para to the ketone group of the acetophenone substrate. Chaudret 

et al. mentioned that the observed order of reactivity for these substituents was H ≈ CH3 > Cl > CH3O 

and therefore electronic effects may not be the simple explanation for the trend proposed by both 

Leitner’s group and themselves. The slow rate of reaction for p-CH3O substituted acetophenone was 

most likely due to competitive coordination between the p-CH3O substituent and the ketone directing 

group within the same substrate with the ruthenium centre. The catalyst/substrate ratio showed that 

there was an optimum ratio for good conversion (1/10) and that more substrate actually inhibited the 

reaction (ratio 1/100 gave trace product formation), in addition higher yields of the deactivation product 

was observed with greater concentration of substrate. The deactivation product was identified as the 

doubly complexed substrate on ruthenium [Ru(C6H4C(O)CH3)2(PCy3)2], 1.30 (Figure 1.4). This product 

exhibited a phosphorous resonance at δP = 21.2 ppm and the only resonances observed in 1H NMR 

spectrum were found in the aromatic region and at δH = 2.53 ppm attributed to the methyl groups. 

Bubbling dihydrogen through a solution of 1.30 returned a mixture of 1-2H2, the 5-membered 

cyclometallated intermediate and the starting acetophenone substrate. 
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Figure 1.4. Proposed catalytic cycle of Murai-type coupling reaction 

 

 Similar C–H activation of aromatic substrates bearing a chelating group was demonstrated by 

the reaction of 1-2H2 with phenylpyridine, where the N-atom of pyridine acted as the chelating group, 

to generate complex 1.31 (Scheme 1.13). Complex 1.31 demonstrated one broad resonance in the 

hydride region of the 1H NMR spectrum at δH = ‒8.44 ppm which decoalesced into 2 broad signals at 

183 K, δH = ‒6.90 (Ru–H2; T1(min) = 105 ms) and ‒13.00 ppm (Ru–H; T1(min) = 267 ms). The higher 

than expected T1(min) value for the Ru–H2 resonance indicated that the dihydrogen and hydride were 

still in chemical exchange which resulted in the T1 averaging value observed for both signals i.e. the 

dihydrogen resonance was misleadingly long and the hydride signal was misleadingly short. Again, 

exposing complex 1.31 to an atmosphere of CO resulted in the exchange of the dihydrogen with CO to 

generate complex 1.32 and corroborated with the assignment of 1.31 containing a dihydrogen ligand. 

 

Scheme 1.13. Reaction of 1-2H2 with phenylpyridine 

 

 As well as C–H activation, 1-2H2 was capable of activating both N–H and O–H bonds of 

heteroaromatic substrates (Scheme 1.14).42 The reaction of 1-2H2 with either quinoline or pyridine 

bearing either hydroxy or amino substituents resulted in formation of 4 new ruthenium complexes 1.33 
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‒ 1.36. The nature of σ-donor ligand trans to the dihydrogen moiety was investigated to measure the 

degree of activation of the dihydrogen ligand in these 4 ruthenium complexes. Chaudret et al. noted 

that the complexes produced from the reaction with pyridine (1.35 and 1.36) were strained 4-membered 

metallocycles which deviated the geometry of the ruthenium complex away from the ideal octahedral 

arrangement. This distorted octahedral arrangement induced greater donation of electron density into 

the ruthenium centre which resulted in greater back donation from d(π)-orbital of ruthenium into σ*(H–

H) orbital causing elongation of the dihydrogen bond length. The consequence of this H–H bond 

elongation was longer T1(min) relaxation times than expected from a non-stretched H–H which was 

exactly what was observed when comparing the 4-membered cylcometallated species formed from 

pyridine (1.35, 37 ms and 1.36, 36 ms) versus the 5-membered cyclometallated species formed from 

quinoline (1.33, 29 ms and 1.34, 24 ms).  

 Further reactivity of the 1.35 and 1.36 species were demonstrated from the reaction of these 

complexes with triethylvinylsilane to generate unexpected ruthenium vinylidene complexes 1.37 and 

1.38. The mechanism of this reaction was postulated to go through vinylic C–H activation of the 

substrate and subsequent α-hydride elimination. This unexpected reactivity was not further probed and 

would be interesting to see how changing the R group of the alkene from SiEt3 to an electron 

withdrawing group could affect the reactivity i.e. whether the anticipated alkene complexation to Ru 

centre would take place instead. 

 

Scheme 1.14. Reaction of 1-2H2 with heteroaromatic substrates 

 

1.2.5 σ-complexes with E–H bond (E = B, Si and Ge) 

 Investigation, formation and isolation of ruthenium complexes containing stretched dihydrogen 

ligands provides evidence that these are intermediates in the hydrogenation chemistry mentioned above. 
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In addition to hydrogenation, other chemical process such as hydrosilylation43,44 and hydroboration19 

are postulated to also go through similar η2-fashion complexation of the E–H bond (E = B, Si). These 

σ-complexes are often invoked as intermediates in hydrofunctionalisation catalysis, however their 

isolation is often more challenging than the dihydrogen analogues. 

1.1.1.1 E = Boron 

 In 2002, Chaudret et al. reported the reaction of 1-2H2 with pinacolborane (HBpin) (Scheme 

1.15). The reaction of 1 equivalent of 1-2H2 with 1 equivalent of HBpin resulted in formation of a 

ruthenium dihydridoborate complex (1.39) however the reaction of 1-2H2 with an excess of HBpin 

resulted in another dihydridoborate complex which also contained a σ-(B–H) bond (1.40).45 Formation 

of 1.40 was confirmed by X-ray crystallography. Comparison of the bond lengths helped to justify the 

assignment of the complex as a σ-complex. Ru–B bond length for the σ-borane moiety in 1.40 was 

determined to be 2.157(5) Å which was shorter than the Ru–B bond length for the dihydridoborate 

moiety of the complex (2.188(5) Å) but both bond lengths were longer than the sum of the single bond 

radii of Ru and B (2.04 Å).46 At 233 K in the 1H NMR spectrum three resonances were observed in the 

upfield region in a 2:1:1 ratio for the hydrides, δH = –11.40 ppm (br s) for the two bridging hydrides, δH 

= –8.03 ppm (t, JHP = 25 Hz) for the terminal hydride and δH = –7.13 ppm for the σ-bonded B–H proton. 

Formulation of the structure to include a dihydrogen ligand was dismissed due to the long T1 minimum 

values determined for all three signals as ~100 ms (300 MHz). In comparison, at 233 K complex 1.39 

demonstrated a single resonance for all 5 hydrides in the 1H NMR spectrum at δH = ‒8.83 ppm with the 

T1(min) value determined as 40 ms (300 MHz). The possibility that complex 1.39 contained a dihydride 

and σ-(B–H) bond, instead of a dihydrogen and dihydridoborate motif, was also valid but based on the 

current data the ability to distinguish between the two structures was not possible. The competency of 

complex 1.40  to catalyse the hydroboration of alkenes was demonstrated and thereby justifying these 

σ-complexes as potential intermediates in hydrofunctionalisation reactions.47 

 

Scheme 1.15. Reaction of 1-2H2 with HBpin 
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 The isolation of the first bis σ-(B–H) ligand bound to Ru centre, was reported in 2007 by Sabo-

Etienne et al.48 The reaction of 1-2H2 with H2BMes (Mes = 2, 4, 6-trimethylbenzene) in toluene at 25 °C 

was facile and work-up gave a yellow powder which was characterised by multinuclear NMR 

spectroscopy and X-ray crystallography to confirm the formation of complex 1.41 (Scheme 1.16). Two 

resonances in the 1H NMR spectrum were observed at 296 K at δH = ‒5.90 and ‒11.05 ppm and long 

T1(min) values measured for these resonances dismissed the presence of a η2-H–H ligand in the 

complex. The 11B{1H} NMR spectrum showed a single broad signal at δ = 58 ppm which was within 

the characteristic region of a three-coordinated boron atom. The X-ray crystal of the structure allowed 

for bond lengths to be determined with a very short Ru–B bond distance of 1.938(4) Å found for this 

structure – much shorter than the Ru–B bond lengths of the dihydridoborate complex 1.39. The Ru–H 

bond lengths from the σ-(B–H) moiety were determined to be 1.24(3) and 1.29(3) Å which were close 

to the computational calculated parent borane B–H bond length (1.197 Å). Computational analysis was 

performed in tandem to confirm the locations of the hydrides but also to rationalise the favourable 

interactions of the σ-(B–H) interactions. NBO calculations showed that while the σ-donation of the 

σ-(H–H) and σ-(B–H) orbitals to ruthenium were similar, the π-back-donation from the Ru d(π)-orbital 

to the σ*-(H–H) was significantly less in comparison to the π-back-donation into the vacant p-orbital at 

boron (LP*(B)). This increase in population into the vacant p-orbital helped to stabilise the complex 

and was thought to be an effect of the Lewis acidic nature of the boron. 

 

Scheme 1.16. Formation of bis σ-(B–H) ruthenium complex 

 

 An analogous complex but using tert-butylborane (generated in-situ from reaction of tBuBH3Li 

and Me3SiCl) instead of H2BMes gave the first example and isolation of a monoalkyl bis σ-(B–H) 

complex, 1.42 (Scheme 1.17).49 Multinuclear NMR data and X-ray crystallography data were collected 

to confirm the assignment of complex 1.42. The Ru–B bond length was determined as 1.934(2) Å which 

fell within the range determined for complex 1.41 (Scheme 1.16). 
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Scheme 1.17. Formation of monoalkyl bis σ-(B–H) ruthenium complex 

 

 Dehydrocoupling of amine-boranes are important reactions in borane chemistry. Ammonia-

boranes can act as a potential hydrogen storage material; however the elementary steps of 

dehydrogenation are not well understood. These steps can be interrogated by studying the model 

reactions of related amine-boranes with transition metals which are postulated to go through σ-complex 

intermediates.50 In 2010, Sabo-Etienne et al. isolated three similar bis σ-(B–H) aminoborane 

complexes.51 The reaction of 1-2H2 and the amine-boranes proceeded at 25 °C and work-up of the 

reactions gave satisfactory yields of the products which were characterised by multinuclear NMR and 

X-ray diffraction spectroscopy (Scheme 1.18). The structures of 1.43 ‒ 1.45 were very similar to the 

reported bis σ-(B–H) ruthenium complexes 1.41 and 1.42 (Scheme 1.16 and Scheme 1.17). Two 

resonances were observed in 1H NMR spectrum for complex 1.43 at δH = ‒6.80 ppm for the two σ-(B–

H) hydrides (br s) and δH = ‒11.85 ppm (t, JHP = 24.8 Hz) for the two terminal hydrides. A 1D TOCSY 

1H{11B} experiment in which the resonance at δH = ‒6.80 ppm was selectively irradiated led to signal 

enhancement of a resonance at δH = 2.34 ppm assigned to the NH2 protons. In addition, X-ray data 

showed the B–N bond distance was shortened (1.396(3) Å) compared to the parent ammonia-borane 

(1.58(2) Å). In parallel, the B–H bond distances (1.25(2) and 1.22(3) Å) in the complex were elongated 

when against the parent ammonia-borane (1.15(3) and 1.18(3) Å). This analysis supported the formation 

of 1.43 and the trapping of the ammonia-borane as a bis σ-(B–H) aminoborane complex. A further study 

into the nature of the bonding within these complexes was published. The work concluded that the back-

donation from the metal d(π)-orbital to the vacant atomic orbital of boron helped to stabilise these 

complexes.52 The importance of the vacant σ*-(Ru–H) orbital trans to the σ-(B–H) orbital was also 

highlighted, however, as aiding this σ-(B–H)  orbital donation into the empty d-orbital of the metal. 
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Scheme 1.18. Formation of bis σ-(B–H) aminoborane ruthenium complex 

 

 The investigation of CO2 reduction with HBpin mediated by 1-2H2 by Sabo-Etienne et al. led 

them to look into the active species involved in these reactions (Scheme 1.15 – Top).33,53 At the end of 

the catalytic runs of the reaction, four ruthenium species were identified by multinuclear NMR 

spectroscopy as complexes 1.14, 1.16, 1.17 and 1.18 in addition to a fifth species identified as 

[RuH{(μ2-H)2Bpin}(CO)(PCy3)2] (1.46). Complex 1.46 was also independently synthesised from the 

reaction of HBpin with [Ru(H)2(η2-H2)(CO)(PCy3)2] (5-H2) in pentane at 25 °C.  Complex 1.46 

demonstrated 3 resonances at 298 K in the 1H NMR spectrum at δH = ‒6.88, ‒8.67, and ‒10.04 ppm, all 

observed as broad singlets due to the fast chemical exchange process of all the Ru–H protons. Both 

complexes 1.17 and 1.46 were also found to be catalytically competent in the reduction of CO2 with 

HBpin (Scheme 1.19 – Bottom). 

 

Scheme 1.19. (Top) Reduction of CO2. (Bottom) Stoichiometric experiment with complex 1.17 and 1.46. 
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 The scope of coordination of organoboranes to 1-2H2 was extended to phosphino(amino)borane 

ligands resulting in a number of new complexes with agostic B–H interactions with the ruthenium 

centre.54–56 Synthesis of the specialised bidentate phosphinomethyl(amino)borane ligand allowed for 

isolation of the first δ-agostic ruthenium complex containing an η2-B–H bond, 1.47 (Scheme 1.20).54 

This ruthenium complex was fully characterised by multinuclear 1-D and 2-D NMR spectroscopy and 

X-ray crystallography. 1H NMR spectrum of 1.47 demonstrated 3 peaks for the Ru–H environments in 

1:1:1 ratio at δH = ‒7.29 (br s), ‒11.52 (tdd, JHP = 70.6 and 30.9 Hz, JHH = 8.5 Hz) and ‒18.38 ppm (br, 

JHP = 25.1 and 9.8 Hz, JHH = 8.5 Hz) with the signal at δH = ‒7.29 ppm sharpening after boron 

decoupling. The bond length of the agostic Ru–H bond was determined as 1.92(7) Å, which was longer 

than normal Ru–σ-(B–H) bonds mentioned thus far (vide supra). The Ru---B distance was determined 

as 2.7574 Å which was greater than the sum of single bond radii of Ru and B46, and the bond angle of 

B–C–P was determined to be 103.2(4) °, all this data pointed towards an agostic B–H interaction. DFT 

calculations were performed to confirm the geometry of the isomer isolated by X-ray crystallography 

and was confirmed as the favoured geometry with the two phosphines trans to each other. NBO 

calculations corroborated with the description of the complex as d6 Ru(II) centre whereby the most 

significant interaction of the agostic B–H bond was between the Ru and H atoms. Differing to previous 

NBO calculations for these sigma ruthenium borane complexes, the investigation notes that no 

significant stabilisation energy from the back-donation of the filled d-orbital of Ru into the B (LP*) 

orbital was observed but rather donation from the lone pair of the nitrogen to the B (LP*) orbital was 

the main stabilisation – which was also present in the free ligand.  

 

Scheme 1.20. Reaction of 1-2H2 with phosphinomethyl(amino)borane 

 

 Changing the spacer of the phosphino(amino)borane ligand from CH2 to C6H4 and repeating 

the reaction gave rise to complexes 1.48 in the solid state and 1.49 in the solution.55 This suggested that 

the dissociation of the PCy3 in solution state was favoured to generate the 16 electron ruthenium species 

1.49 and therefore simply changing the linker of these phosphino(amino)borane ligands can indirectly 

tune the degree of B–H activation. The solution state 1H NMR spectrum for complex 1.49 demonstrated 

three resonances for the Ru–H environments at δ = ‒6.41 (br, JPH = 5.0 Hz), ‒12.67 (ddd, JPH = 22.5 

and 20.0 Hz, JHH =5.0 Hz) and ‒25.69 (br) ppm with the peak at δ = ‒6.41 ppm sharpening upon boron 

decoupling. Single crystals of 1.48 were isolated for X-ray crystallography and B–H bond distance of 

1.79(3) Å and Ru---B distance of 2.503(3) Å were determined which again pointed towards the 
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formation of an agostic B–H interaction. Importantly, solid state NMR spectroscopy was used to 

scrutinise complex 1.48 to corroborate the information ascertained via solution NMR spectroscopic data 

as complex 1.48 was found as a minor component in solution. 

 

Scheme 1.21. Reaction of 1-2H2 with (o-phosphinophenyl)(amino)borane 

 

 The reaction of the phosphino(amino)borane ligand o-Ph2PC6H4CH2BH(NiPr2) with 1-2H2 

generated a new complex bearing both agostic C–H and B–H bonds, 1.50 (Scheme 1.22).56 This 

complex was characterised by multinuclear 1-D and 2-D NMR spectroscopy and also X-ray 

crystallography to confirm its structure. At 25 °C the Ru–H peak in 1H NMR spectrum was not assigned 

due to broadening of the signal into the baseline of the spectrum but at 183 K four broad peaks were 

observed at δH = ‒1.00, ‒6.71, ‒8.58 and ‒13.22 ppm with the peak at δ = ‒6.71 ppm sharpening upon 

boron decoupling. The peak at δH = ‒1.00 ppm at 213 K was resolved into a doublet with coupling 

constant measured as JHH = 15.0 Hz which indicated this resonance was the agostic C–H environment. 

In addition, a sample in which the benzylic carbon was enriched in 13 C was synthesised in order to 

confirm the assignments by 13C NMR spectroscopy. From the X-ray crystallographic data, the B–H 

bond length was determined to be 1.24(3) Å, significantly shorter than the previous two agostic B–H 

complexes 1.47 and 1.48, but still within the range of an agostic B–H bond. The Ru---B interaction was 

measured to be 2.173(3) Å which again was shorter than the length determined for complex 1.47 and 

1.48. Further reactivity of complex 1.50 was investigated.  

 The reaction of complex 1.50 with HBpin (resulting in cleavage of the agostic C–H bond), with 

excess iPrNBH2 (resulting in ligand exchange to form new bis σ-(B–H) bonds) and with 3 bar H2 

(resulting in B–C cleavage and reduction) yielded complexes 1.51, 1.52 and 1.53 respectively (Scheme 

1.22). The observed reactivity of complex 1.50 with HBpin, iPrNBH2 and H2 corroborated that weak 

agostic B–H and C–H interactions were present in complex 1.50. DFT calculations were performed on 

complex 1.50 to confirm the X-ray crystallography assignment and geometry. In addition, NBO 

calculations revealed the stabilising interactions within complex 1.50 was found from donation of the 

filled σ-(B–H) and σ-(C–H) orbitals into the empty d-orbital of ruthenium but also that the back-

donation could come from a number of filled d-orbitals of ruthenium into both the  σ*(B–H) and σ*(C–

H) orbitals and  the B (LP*) as seen in previous σ-borane complexes (vide supra). 
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Scheme 1.22. Formation of bis(agostic)phosphinobenzyl(amino)borane ruthenium complexes 

 

1.1.1.2 E = Silicon 

 The coordination of σ-(Si–H) bonds to ruthenium complexes related to 1-2H2 has been well 

explored by Chaudret and Sabo-Etienne. In 1994, they published the reaction of 1-2H2 with HSiPh3 to 

form complex 1.54 (Scheme 1.23).57 A single broad peak was detected for all five hydrides in the 1H 

NMR spectrum, even at low temperature (173 K). The X-ray crystal structure was obtained and 

published in a follow-up paper.58 These data confirmed the assignment of the complex as a σ-silane 

complex with the dihydrogen ligand possessing an unstretched bond determined as 0.82(2) Å. The 

original assignment of the structure had trans PCy3 groups, however the X-ray data showed the cis-

disposed PCy3 ligands where P–Ru–P bond angle was 109.71(5) °. The bending of the phosphine 

ligands into this cis geometry was attributed to the bulky phenyl groups on the silicon. The σ-(Si–H) 

bond length was measured to be (1.54(4) Å), in addition the corresponding Si---Heq bond length was 

measured as (1.83(3) Å). This Si---Heq bond length was within the limit of a σ-(Si–H) bond (being 2 Å) 

and hence this complex was characterised as containing a bis σ-(Si–H) moiety. It was postulated that 

this favourable interaction helped to stabilise the cis-PCy3 geometry of the complex. DFT calculations 

were performed to interrogate the nature of the Si---H interaction within complex 1.54 and two Si---H 

interactions from the two terminal hydrides were located helping to stabilise the complex by 1.9 kcal 

mol-1. The secondary interactions between silicon and hydrogen atoms (SISHA) were found to be 

important in the exchange process of the hydrogens in these ruthenium σ-silane complexes.59,60  The 

silane ligand in complex 1.54 was proposed to be weakly bound based on the spectroscopic data. The 
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experimental reactivity was consistent with this hypothesis and when complex 1.54 was placed under 

an atmosphere of H2 or N2 the silane was eliminated to reform 1-2H2 and 1 respectively.  

 

Scheme 1.23. Formation of σ-(Si–H) ruthenium complex with HSiPh3 

 

 Prior to isolation of the complex 1.54, Chaudret et al. were able to obtain  crystal structures of 

two similar complexes from the reaction of 1-2H2 with  bis(silane) compounds to generate complexes 

1.55 and 1.56 (Scheme 1.24).61 In this investigation, the use of a bis(silane) helped to force the 

phosphine ligands to adopt the cis conformation once the silane was ligated to the ruthenium centre. In 

addition to the X-ray crystallography data, the two new bis σ-(Si–H) ruthenium complexes were 

characterised by elemental analysis, multinuclear NMR and IR spectroscopy.  

 For complex 1.55 two resonances in the 1H NMR spectrum at 296 K were observed for the 4 

hydrides at δH = ‒7.74 (t, JHP = 13 Hz) and ‒12.03 ppm (m) for the σ-(Si–H) and Ru–H protons 

respectively. A resonance at δSi = 4.8 ppm (d, JHSi = 63 Hz) was observed in 29Si{31P} INEPT 1H 

spectrum at 288 K. The 1JSi–H coupling was within the known range of values for σ-(Si–H) bonds (20 – 

140 Hz)62–67. In addition, only one resonance was observed at 296 K in 31P{1H} NMR spectrum at δP = 

51.0 ppm and with no further decoalescence of this resonance at lower temperatures. The multinuclear 

NMR data would agree with assignment of 1.55 as being a highly symmetric complex (Scheme 1.25). 

Further to the NMR spectroscopy data, the lengthening of the Si–H bonds (1.88(3) and 1.83(3) Å) 

coupled with the IR resonance at 1778 cm-1 for Ru–σ-(Si–H) all pointed towards the formation of a 

bis(σ-silane) complex.  

 For complex 1.56 (Scheme 1.24) only one broad resonance was observed in the 1H NMR 

spectrum at 296 K at δH = ‒9.40 ppm which decoalesced into two resonances of the same intensity upon 

cooling to 253 K at δH = ‒8.50 and ‒9.90 ppm. A second decoalescence process was observed at 178 K 

to reveal 4 broad peaks of equal intensity at δ = ‒8.10, ‒8.50, ‒9.40 and ‒10.20 ppm. The 29Si{31P} 

INEPT 1H spectrum of 1.56 displayed a single resonance at δSi = ‒5.7 ppm (d, JHSi = 22 Hz) with the 

J-coupling at the lower end of the spectrum for σ-Si–H bonds complex and lower than the J-coupling 

value measured for complex 1.55. In the 31P{1H} NMR spectrum at 25 °C, complex 1.56 displayed one 

signal at δP = 49.9 ppm which decoalesced into two peaks δP = 53.2 and 52.7 ppm at 173 K. This 

indicated that there were two chemically and magnetically inequivalent PCy3 ligands in complex 1.56.  
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 The 31P{1H} NMR spectrum of both complexes 1.55 and 1.56 suggested that two different 

isomers of these bis σ-(Si–H) complexes existed depending on the linker group of the bis(silane) 

compound. Further comparison of the spectroscopic data between complex 1.55 and 1.56 (1.56, νRu–σ-

(SiH) = 1699 cm-1) indicated a weaker coordination of the silane in 1.56 relative to 1.55. This weaker 

coordination of the siloxane in 1.56 was further demonstrated by the reactions of 1.56 with H2, CO or 

tBuNC displacing the siloxane to generate the corresponding ruthenium complexes: 1-2H2, 

[Ru(H)2(CO)2(PCy3)2] or [Ru(H)2(
tBuCN)2(PCy3)2] respectively whereas no further reactivity was 

reported for complex 1.55. 

 

Scheme 1.24. Reaction of 1-2H2 with bis(silane) compounds 

 

 A follow-up paper was published in which a number of additional bis σ-(Si–H) complexes were 

prepared, isolated and characterised.68 This series showed similar structural motifs with familiar 

bonding metrics and spectroscopic data (Scheme 1.25). Comparison between the linker groups allowed 

for investigation of this variable on the structure and bonding at ruthenium. When the linker group was 

only one atom long i.e. X = O (complex 1.56 and 1.60) DFT calculations pointed towards a geometry 

with a low symmetry due to the constraints imposed by the shorter linker backbone of the bis(silane) 

and therefore rationalised the two signals observed in 31P{1H} NMR spectrum at 173 K for complex 

1.56. This constraint also explained the greater reactivity shown by complexes 1.56 and 1.60 in 

comparison to 1.55 and 1.57 ‒ 1.59 due to the weaker σ-silane bonds in 1.56 and 1.60 from this 

unfavourable geometry. DFT calculations were performed on both isomers of the ruthenium bis(silane) 

complexes to confirm that the favoured geometries did not change from the geometries obtained from 

the solid state data. 

 Interest into which factors affect the degree of activation of the σ-(Si–H) bond led to an 

investigation on how changing the steric of the phosphine ligands from PCy3 to PPh3 altered the 

structure and bonding of these bis σ-(Si–H) complexes. This change resulted in minimal deviation from 
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the geometries of the complexes and minimal changes to the J-coupling values of the Si–H bond. 

Furthermore, changing the electronic properties of the phosphine from PPh3 to Ppyl3 (pyl = 

tripyrrolylphophine), which has the same cone angle as PPh3 but is a stronger π-acceptor,69 also resulted 

in minimal changes to geometries and the J-coupling values. The motivation behind this research was 

to find any linear correlation between the degree of activation of the Si–H bond and the measurable 

structural properties of the complex. The various data collected from the analysis of these complexes 

(JHSi values, νRu–H stretches, Si–H and Ru–H bond distances and Ru–σ-(Si–H) bond angles) however led 

to the conclusion that there was no correlation to be drawn – which in itself was an important conclusion.  

 

Scheme 1.25 Formation of bis σ-(Si–H) ruthenium complexes 

 

 Besides isolation of silane σ-complexes having some combination of σ-(Si–H) and η2-(H–H) 

bond motifs, Chaudret et al. have also isolated a ruthenium complex with both σ-(Si–H) and η2-(C=C) 

coordination modes.70 Previous studies have already shown the reactivity of 1-2H2 towards alkenes and 

arenes (vide supra) and the ability to form η2-bonding modes with these unsaturated bonds. Extending 

this reactivity, the reaction of 1-2H2 with allyldimethylsilane in pentane resulted in formation of 

complex 1.61 (Scheme 1.26).70 The reaction was monitored by 1H NMR spectroscopy which showed 

the formation of nPrSiMe2H as a by-product from the transfer hydrogenation of the substrate along with 

concomitant isomerisation of allyldimethylsilane to dimethyl(prop-1-enyl)silane, as confirmed by the 

X-ray crystal structure of 1.61. Again, the double binding site of the same substrate forced the cis-PCy3 

geometry of the complex. Complex 1.61 demonstrated three signals in the upfield region in the 1H NMR 

spectrum at 296 K at δH = ‒8.77, ‒9.46 and ‒12.46 ppm for the σ-(Si–H) and the two Ru–H 

environments respectively. In the 31P{1H} NMR spectrum at 253 K, two resonances were observed at 

δP = 69.1 and 63.7 ppm for the two chemically and magnetically inequivalent phosphine environments. 

29Si{31P} INEPT 1H NMR spectrum displayed a resonance at δSi = ‒11.3 ppm (d, JHSi = 105 Hz) with 

the coupling constant falling within the range of σ-(Si–H) bonds (vide supra). The Si–H bond length in 

1.62 was determined as 1.59(8) Å which was slightly longer than the free silane complex, and in 

conjunction with the IR resonance at 1945 cm-1 for Ru–σ-(Si–H), pointed towards a weakly coordinated 

σ-silane complex. This weak coordination was exemplified by the reaction of 1.61 with H2, CO or C2H4 

forming 1-2H2, [Ru(H)2(CO)2(PCy3)2] or 1.3 respectively.  
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Scheme 1.26. Formation of σ(Si–H) and η2-(C=C) ruthenium complex 

 

 The reaction of 1-2H2 with SiH4, the simplest of silanes, led to the unexpected formation of a 

new complex (1.62) that was described as SiH4 trapped by two ruthenium units (Scheme 1.27).71 Due 

to the hazardous pyrophoric nature of SiH4, this silane was generated in-situ from the redistribution of 

PhMeSiH2 catalysed by the 1-2H2. The formation of complex 1.54, Ph2MeSiH and PhMe2Si were also 

observed in this redistribution reaction. The redistribution of alkoxyhydrosilane is known to be 

catalysed by titanium, zirconium and hafnium complexes.72–74 Complex 1.62 demonstrated a pseudo 

triplet in the 1H NMR spectrum at δH = ‒7.89 ppm, with satellites observed due to silicon coupling (JHSi 

= 36 Hz). Cooling the sample, the triplet decoalesced into two broad signals at δH = ‒6.00 and ‒8.60 

ppm for the Si–H and Ru–H environments respectively. The 29Si{1H} NMR spectrum showed a highly 

downfield signal at δSi = 290.2 ppm with the corresponding 29Si INEPT spectrum showing a nonet, in 

line with coupling to eight hydrogens at 25°C, all in chemical exchange and in agreement with the 

assignment of the structure. The analogous [(PiPr3)2(H)2Ru2(SiH4)Ru(H)2(P
iPr3)2] complex was isolated 

and characterised by multinuclear NMR spectroscopy and X-ray crystallography. The short Ru–Si bond 

distance (2.1875(4) Å)75 and downfield 29Si resonance of [(PiPr3)2(H)2Ru2(SiH4)Ru(H)2(P
iPr3)2]  

complex indicated a silyene type bonding. DFT was performed to further probe the bonding in both 

these complexes. NBO analysis indicated that the Ru–Si bonds were highly polar with a bond order 

smaller than 1. Instead, the molecular orbital analysis would suggest the SiH4 moiety was interacting 

with the two ruthenium units through σ-(Si–H) orbital donation into an empty d-orbital of ruthenium 

with the concomitant d-orbital back-donation into the vacant σ*(Si–H) orbital from the other ruthenium 

centre. The DFT calculation suggested these interactions were the cause for the short Ru–Si bond 

distance and no silyene character was actually present within the bonding. Ultimately a new mode of 

bonding of a silane was discovered in this investigation. 

 

Scheme 1.27. Formation of [PCy3)2(H)2Ru2(SiH4)Ru(H)2(PCy3)2] (1.62) 
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 A follow-up paper was published in 2003.76 The new bonding mode of the silane in 1.62 was 

investigated in more detail and further reactivity of this complex explored. The reaction of 1.62 with 

CO, tBuNC and CH2Cl2 gave [Ru(H)2(CO)2(PCy3)2], [Ru(H)2(
tBuNC)2(PCy3)2]68 and 

[RuH(η2-H2)(Cl)(PCy3)2] respectively. In these reactions the fate of the silane was unclear as no free 

silane was detected by 1H NMR spectroscopy (δH = 3.20 ppm). Chaudret, Sabo-Etienne and co-workers 

suggested that this highly reactive species was adsorbed onto the glassware surface. It was interesting 

to note that the reaction of 1.62 with H2 did not return 1-2H2, an indication the silane was strongly 

bound and will only be displaced by strong π-accepting ligands. Further to these reactions, addition of 

(MeO)3SiH to a pentane solution of 1.62 yielded a new product from redistribution of ligands, complex 

1.63 (Scheme 1.28). Multinuclear NMR spectroscopy and ultimately X-ray crystallography helped to 

reveal the identity of this new complex containing six σ-(Si–H) bonds with the usual characteristics 

associated with σ-silane complexes. DFT calculations performed on this structure helped to locate the 

hydrides as the crystal data quality did not allow the hydrides to be located from the Fourier transform 

map. NBO analysis indicated that the bonding description of this structure suggested each Ru centre 

was ligated by three σ-(Si–H) bonds, a hydride and a phosphine however it was stated that this was only 

a static picture of the bonding description when the reality involved multiple interactions between all 

the Ru, Si and H atoms.76 

 

Scheme 1.28. Redistribution reaction of 1.62 with (MeO)3SiH 

 

 The reactivity of 1-2H2 with silazane compounds was investigated.77 It is of note that disilazane 

compounds are starting materials for ceramics in organic synthesis78,79 and hold the potential for further 

functionalisation steps to occur at the nitrogen. The first ruthenium disilazane complex was synthesised 

in 2005 from the reaction of 1-2H2 with 1,1,3,3-tetramethyldisilazane to form 1.64 (Scheme 1.29). 

Coordination of the silazane to the ruthenium centre occurred through two σ-(Si–H) bonds and not the 

nitrogen lone pair. Complex 1.64 was characterised by multinuclear NMR spectroscopy and single 

crystal X-ray diffraction. The cis disposition of the PCy3 ligands was observed once again due to the 

dual σ-(Si–H) coordination and the short linker space group of the disilazane ligand. In the 1H NMR 

spectrum at 298 K, one broad resonance was observed at δH = ‒9.80 ppm integrating into four hydrogens 

for the Ru–H environments. This signal decoalesced at 273 K to give two resonances at δH = ‒8.72 (br 

s) and ‒10.39 (t, JHP = 40 Hz) ppm respectively which underwent a further decoalescence process at 
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213 K to give four broad resonances at δH = ‒8.36, ‒8.62, ‒9.93 and ‒10.76 ppm. In 31P{1H} NMR 

spectrum at 298 K, one resonance was observed at δP = 53.5 ppm which decoalesced at 213 K into two 

signals at δP = 52.3 and 50.5 ppm – similar to the constrained geometry observed for the ruthenium 

bis(siloxane) complexes 1.56 and 1.60. The Si–H bond lengths were determined as 1.91(5) and 1.93(5). 

The Ru–Si bond lengths were determined as 2.395(2) and 2.434(2) Å which were within the upper range 

of reported σ-silane complexes. The short distance between the silicon atom and terminal Ru–H 

suggested SISHA were present and helped to stabilise the complex.  

 

Scheme 1.29. Reaction of 1-2H2 with 1,1,3,3-tetramethylsilazane 

 

  Reacting 2-pyridinetetramethylsilazane with 1-2H2 led to a new complex with potential 

coordination of the silazane to the ruthenium centre at three different ligand sites: the nitrogen atom of 

the pyridine group, the nitrogen atom of the spacer group and also the silane bonds.  The product of the 

reaction was identified as loss of two dihydrogen ligands from 1-2H2 with complexation of the substrate 

to form complex 1.65 (Scheme 1.30).80 The 29Si–1H HMBC NMR spectrum confirmed the presence of 

two different silicon environments for complex 1.65 at δSi = ‒14.50 ppm for the dangling SiMe2H group 

and δSi = 56.9 ppm for the σ-(Si–H) bond. Upon cooling the sample 1.65 to 223 K, three resonances 

were observed in 1H NMR spectrum at δH = ‒3.79 (t, JHP = 27.2 Hz), ‒10.70 (m, JHP = 9.5 Hz and JHH 

= 9.5 Hz) and ‒13.55 (dt, JHP =21.5 Hz and JHH = 9.5 Hz) ppm respectively. Ultimately, X-ray 

diffraction helped to confirm the identity of the ruthenium silazane complex with the σ-silane bond 

motif and coordination at the nitrogen atom of the pyridine group. Comparison of the Si–H bonds within 

the molecule provided a clear picture of the stretched σ-(Si–H) bond (1.63(4) Å) versus the dangling 

free Si–H bond (1.44(5) Å). DFT calculations were performed to confirm the geometry obtained by X-

ray crystallography. Alternative modes of binding i.e. a bis σ-(Si–H) or through both nitrogen were 

investigated computationally, however both bonding scenarios were higher in energy than the 

configuration from the crystal structure. Vibrations recorded by IR spectroscopy also confirmed the 

geometry and binding of the complex with a broad band at 1897 cm-1 attributed to the mixing of the 

Ru–H and Ru–Si–H stretches whereas two stretches found at higher wavenumbers 1987 and 2191 cm-1
 

were assigned to the free Si–H stretch. 
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Scheme 1.30. Reaction of 1-2H2 with 2-pyridinetetramethylsilazane 

 

 Alternatively, when [Ru(η4-1,5-COD)(η6-1,3,5-COT)] was reacted with 2-

pyridinetetramethylsilazane under an atmosphere of dihydrogen (3 bar) a ruthenium(IV) hydridotrisilyl 

complex was formed, 1.66 (Scheme 1.31). Reaction with [Ru(η4-1,5-COD)(η6-1,3,5-COT)], which is 

the precursor to form 1-2H2, was initially undertaken to see if the same ruthenium silazane complex 

(1.65) could be formed in a shorter number of steps. Instead of the target compound, oxidative addition 

of two Si–H bonds to ruthenium was observed with loss of H2 to form 1.66. In the 1H NMR spectrum 

complex 1.66 was characterised by one resonance at δH = ‒13.63 ppm with silicon satellites flanking 

the resonance. 1H NMR spectroscopic data pointed toward a structure with three pyridines, three 

SiMe2H, three SiMe2 fragments and one Ru–H environment. X-ray and neutron diffraction data were 

obtained for this ruthenium hydridosilyl complex to confirm the identity of this complex but also 

importantly the location of the single hydride ligand. The Ru–H bond lengths obtained through both 

diffraction techniques (1.41(5) Å by X-ray and 1.559(7) Å by neutron) and DFT calculations (1.557) Å 

were compared with good agreement between all 3 data sets. The presence of SISHA were once again 

suggested by the short Si---H lengths obtained. Ultimately, the combined spectroscopic and DFT data 

unambiguously indicated a Ru(IV) complex was formed. 

 

Scheme 1.31. Reaction of [Ru(η4-1,5-COD)(η4-1,3,5-COT)] with 2-pyridinetetramethyldisilazane 

 

 The precedent of phosphino(amino)borane ligands synthesised by Sabo-Etienne et al. to form 

agostic B–H interactions with 1-2H2 (vide supra) led the same authors to react phosphinobenzylsilane 

with 1-2H2 to investigate if similar coordination modes could be achieved.81 The reaction of 1-2H2 and 

phosphinobenzylsilane generated complex 1.67 from the loss of the two dihydrogen ligand and 

substitution of the two PCy3 ligands with concomitant coordination of the phosphinobenzylsilane and 

the formation of two agostic Si–H interactions (Scheme 1.32). At 298 K, the 1H NMR spectrum of 1.67 
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demonstrated one broad signal at δH = ‒7.80 ppm which decoalesced at 273 K into two broad signals of 

equal intensity at δH = ‒5.20 and ‒10.40 ppm for the agostic Si–H and Ru–H environments respectively. 

Complex 1.67 demonstrated one resonance in the 31P{1H} NMR spectrum at all temperatures at δP = 

39.2 ppm that was assigned to the chemically and magnetically equivalent phosphine environments and 

suggested a highly symmetrical complex. In the 29Si NMR spectrum a single resonance was observed 

at δSi = 8.3 ppm with small JHSi coupling of 28 and 15 Hz for the agostic and terminal hydrides 

respectively. No X-ray data of complex 1.67 was available however based on the spectroscopic data 

and similarities with the reactions of 1-2H2 with bis(silane) compounds (Scheme 1.25), a similar 

structure was proposed for complex 1.67 (Scheme 1.32). DFT calculations were employed to confirm 

that the favoured geometry of complex 1.67 involved the phosphines being in the equatorial position 

and cis to each other. Two alternative isomers of this ruthenium agostic Si–H complex were optimised 

and were both higher in energy by +0.7 and +8.0 kcal mol-1.81 

 

Scheme 1.32. Reaction 1-2H2 with phosphinobenzylsilane 

 

 Repeating the reaction using [Ru(η4-1,5-COD)(η6-1,3,5-COT)] in place of 1-2H2 resulted in 

formation of complex 1.69 through C–H activation of the methylene groups of the 

phosphinobenzylsilane ligand (Scheme 1.33). Complex 1.69 was characterised by multinuclear NMR 

spectroscopy and X-ray crystallography. The agostic Si–H bonds were determined to be ca. 1.70 Å – 

typical of σ-(Si–H) bonds. In the 1H NMR spectrum a resonance at δH = ‒9.80 ppm (t, JHP = 9 Hz) was 

observed for the equivalent σ-(Si–H) environments with satellites flanking this resonance due to Si 

coupling (JHSi = 67 Hz). The Ru–CH resonance was found as a broad singlet at δH = 2.20 ppm in 1H 

NMR spectrum with the corresponding signal for the Ru–C carbon found in 13C{1H} NMR spectrum 

shielded at δC = 24.8 ppm.  

 Reacting [Ru(η4-1,5-COD)(η6-1,3,5-COT)] with the phosphinobenzylsilane under dihydrogen 

(3 bar) formed intermediate 1.68 which was identified in-situ by multinuclear NMR spectroscopy with 

two resonances in the 29Si NMR spectrum at δSi = 11.0 and ‒13.0 ppm for the non-metallated and 

carbometallated ligands respectively. Intermediate 1.68 displayed two resonances in 31P{1H} NMR 

spectrum at δP = 56.5 (d, JPP = 21 Hz) and 42.7 (d, JPP = 21 Hz) ppm for the non-equivalent phosphine 

environments. In addition, in the 1H NMR spectrum three resonances were seen at δH = ‒6.00 (JHSi = 76 
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Hz), ‒8.00 (JHP = 21 and 27 Hz) and ‒9.40 (JHP = 24 and 54 Hz) ppm. The value of the JHSi coupling 

was in good agreement that a σ-(Si–H) bond was found within the complex and DFT calculations 

supported the proposed structure of this intermediate. This intermediate was also observed during the 

formulation of 1.67 and over time loss of H2 and C–H activation of one of the methylene groups led to 

the formation of 1.68 (Scheme 1.32). Intermediate 1.68 was unstable and formation of 1.69 was 

observed in the reaction mixture after a period of time. Intermediate 1.68 was postulated to undergo a 

further loss of H2 from a second C–H activation of the remaining methylene group to form complex 

1.69. This investigation demonstrated that silicon containing ligands can form rare ε-agostic Si–H 

interactions with ruthenium complexes. 

 

Scheme 1.33. Reaction of [Ru(η4-1,5-COD)(η4-1,3,5-COT)] with phosphinobenzylsilane  

 

1.1.1.3 E = Germanium 

 Reactivity of 1-2H2 with germanes have been much less studied extensively however the 

introduction of germanium into compounds is highly desirable due to their applications in electronic 

and optical devices.82 The reaction of 1-2H2 with HGePh3 resulted in the formation of 1.70 (Scheme 

1.34).57 At 173 K, complex 1.70 demonstrated a resonance in 1H NMR spectrum at δH = ‒3.50 and ‒

8.40 ppm for the one σ-(Ge–H) and remaining four hydride signals respectively. In addition, the T1(min) 

for the Ru–H resonance was measured as 17 ms at 263 K. No X-ray crystal structure was obtained for 

complex 1.70 however the geometry of 1.70 was also anticipated to be the same as the silane analogue 

of this complex (1.54, Scheme 1.23) which was originally assigned as a trans complex.57 However, we 

now know from the X-ray structure of 1.54  that the solid state data of complex 1.54 showed cis-

disposed PCy3 ligands.58  

Exposing complex 1.70 to an atmosphere of N2 resulted in the formation of the analogous 

dinitrogen complex 1.71 from the substitution of one dihydrogen ligand with one dinitrogen ligand. 
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This reaction suggested the σ-(Ge–H) moiety was more strongly bound than the dihydrogen ligand in 

complex 1.70. This differed to the reactivity observed with the silane analogue as exposing 1.54 to N2 

led to only formation of 1-2H2.57  

 

Scheme 1.34. Reaction of 1-2H2 with HGePh3 

 

 A follow-up paper was published in 2003 to probe the bonding within complex 1.70.83 Based 

on the reaction of 1.70 with N2, it was investigated whether it was correct to assume a σ-germane 

complex was formed without unambiguous evidence and only inference of the geometry of complex 

1.70 through association with the analogous σ-silane complex 1.54 (Scheme 1.23). DFT methods were 

used to calculate the most favourable isomer of complex 1.70 and 1.71, cis or trans disposition of PCy3 

but also whether complete oxidative addition of the Ge–H bond or whether formation of a σ-(Ge–H) 

moiety occurred in the reaction. GeH4 and [Ru(H)2(η2-H2)(PH3)2] were used in the calculation modelling 

of the reaction (Figure 1.5).  

 Differing to the σ-silane complex 1.54 the most favourable geometry for the model of complex 

1.70 was the trans-disposition of the phosphine but also the complete oxidative addition of the Ge–H 

bond (Figure 1.5). However, the cis-isomer with oxidative addition of Ge–H bond was only 2.1 kcal 

mol-1
 higher in energy and the corresponding cis-isomer with a σ-(Ge–H) moiety was only 2.0 kcal mol-1 

higher in energy. The same outcome was calculated for the model of complex 1.71, but again, the cis-

isomer with oxidative addition of Ge–H bond was only 2.0 kcal mol-1
 higher in energy and the 

corresponding cis-isomer with a σ-(Ge–H) moiety was only 1.7 kcal mol-1 higher in energy. The caveat 

of this conclusion was that simplified models of the system was used and different substituents on 

germanium and phosphine could influence which isomer was the more favourable geometry. In 

addition, based on the experimental data it was not clear if only one dihydrogen ligand was replaced by 

dinitrogen or whether both were displaced to form a bis(dinitrogen) species 

[Ru(H)(GePh3)(N2)2(PCy3)2]. The formation of this complex was not proposed but cannot be dismissed 

based on the facile exchange between dihydrogen and dinitrogen ligands. 
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Figure 1.5. Order of the calculated most favourable geometry of model complexes 1.70 and 1.71 

 

 In 2015, Sabo-Etienne et al. reported the formation of a ruthenium dihydrogen germylene 

complex (1.73) from the reaction of 1-2H2 with Ph2GeH2 (Scheme 1.35).84 At 236 K, complex 1.73 was 

characterised by 1H NMR spectroscopy demonstrating a resonance at δH = ‒7.67 (t, JHP = 14.0 Hz) for 

all the hydrides. No decoalescence of this signal was observed at lower temperatures however a T1(min) 

value of 55 ms (253 K, 500 MHz) was measured for this resonance, indicative of non-classical hydride 

behaviour.32 In 31P{1H} NMR spectrum, only one resonance at δP = 84.5 ppm was observed for 1.73, 

again no decoalescene of this signal was observed at lower temperatures. The formation of this 

ruthenium dihydrogen germylene complex was confirmed by X-ray crystallography. The H‒H bond 

length was determined to be 1.06(5) Å and at the upper limit for compressed dihydride complexes.85 

Long Ge---H length (2.53(2) Å) in combination with small Wiberg index value for this interaction 

(0.09) ruled out any residual interaction between these two atoms and instead, confidence of the 

presence of the germylene moiety in complex 1.73. 

 Following the reaction of 1-2H2 with Ph2GeH2 by multinuclear NMR spectroscopy at 213 K 

yielded an intermediate postulated as 1.72 or 1.72’ (Scheme 1.35). This intermediate demonstrated 

resonances in 1H NMR spectrum at δH = 5.28 (t, JHP = 13.0 Hz) and ‒7.88 (s) ppm assigned to the Ge–

H proton and remaining five hydrides respectively. A resonance at δP = 67.4 ppm in 31P{1H} NMR 

spectrum was observed for this intermediate. Low temperature NMR spectroscopy failed to decoalesce 

the resonances in the proton and phosphorous NMR spectra however T1(min) value of 35 ms (213 K, 

500 MHz) was measured to support the assignment of the intermediate containing dihydrogen ligand. 

Heating the reaction mixture saw the formation of peaks corresponding to 1.73 by multinuclear NMR 

spectroscopy. 
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Scheme 1.35. Reaction of 1-2H2 with Ph2GeH2 

 

 The formation of a ruthenium digermoxane complex (1.74) was also reported from the reaction 

of 1-2H2 with (HPh2Ge)2O.84 Complex 1.74 was characterised by a resonance at δH = –7.51 ppm (t, JHP 

= 8.3 Hz) for all four hydrides at 25 °C in the 1H NMR spectrum with the corresponding resonance at 

δP = 49.6 ppm in the 31P{1H} NMR spectrum. The T1(min) value for the hydride resonance was 

determined as 322 ms (273 K, 500 MHz) which was indicative of more classical hydride behaviour.32 

X-ray crystallographic data of 1.74 confirmed the structure of this complex with similar geometry as 

the ruthenium siloxane complexes (1.56, Scheme 1.24 and 1.60, Scheme 1.25). In line with the long 

T1(min) time for the hydride resonance, long Ge–H bonds were measured at 2.16(3) ‒ 2.50(6) and short 

Ru–H bond lengths were determined at 1.57(3) ‒ 1.64(4) Å which suggested the assignment of complex 

1.74 as a Ru(IV) complex. On the other hand, DFT calculations supported the presence of σ-(Ge–H) 

interactions in 1.74 with Wiberg bond index values of 0.16 calculated between the Ge and H atoms 

which suggested complex 1.74 as a Ru(II) complex. This data was reminiscent of the SISHA present in 

a number of ruthenium silane complexes (vide supra) and therefore the assignment of oxidation state 

of this complex was unhelpful as the true nature of bonding laid somewhere between the two extreme 

bonding descriptions. 

 

Scheme 1.36. Formation of a ruthenium digermoxane complex, 1.74 
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1.3 RESULTS AND DISCUSSIONS  

The chemistry of 1-2H2 has been well explored however the analogous complexes have barely 

been investigated with the exception of [Ru(H)2(η
2-H2)2(PCyp3)2] due to the greater reactivity 

demonstrated in reactions (vide supra) as a result of the less stable phosphine ligand. The following 

work presented by this author will look to expand on the existing knowledge into the ruthenium 

bis(dinitrogen) complex, 1. 

1.3.1 Synthesis and reactivity of [Ru(H)2(N2)2(PCy3)2] (1) 

Investigation of the ruthenium bis(dinitrogen) complex [Ru(H)2(N2)2(PCy3)2] (1) was originally 

hindered by the inability to isolate and store the complex for long periods of time in an argon 

environment.  This has resulted in the reactivity of complex 1, compared to its bis(dihydrogen) 

analogue, being underexplored.  

 Slight modification to the original procedure to synthesise 1 as reported by Chaudret et al.31 

was performed. The reduction of RuCl3•H2O with zinc generated [Ru(η4-1,5-COD)(η6-1,3,5-COT)].86 

Hydrogen gas was bubbled through a hexane solution of [Ru(η4-1,5-COD)(η6-1,3,5-COT)] in the 

presence of 2 equivalents of PCy3 at 25 °C resulting in the precipitation of 1-2H2. Recrystallization of 

1-2H2 in a dinitrogen atmosphere, from hexane, resulted in the gradual conversion of 1-2H2 to the 

desired ruthenium bis(dinitrogen) complex, 1 as a green/yellow solid (Scheme 1.37). 

[Ru(H)2(N2)2(PCy3)2] was indefinitely stable under a dinitrogen atmosphere at modest temperatures, 25 

– 50 °C.  

 

Scheme 1.37. Formation of 1 

 

 The 1H NMR spectrum of complex 1 was similar to the data reported by Chaudret et al.31 with 

a resonance observed at δH = ‒12.96 ppm (br s) for the ruthenium hydride environment and a single 

resonance observed at δP = 59.3 ppm in the 31P{1H} NMR spectrum. The observed resonances in the IR 

spectrum were found at νRu–H = 1918 and 1986 cm-1 and νN≡N = 2131 and 2163 cm-1. Low temperature 

1H NMR spectroscopy failed to sharpen the peaks to observe the coupling between the hydride and 

phosphines however T1 measurement was taken (193 K, 400 MHz) with a value of 1.08 s obtained for 

the hydride resonance and indicative of classical hydride behaviour.32 The combined spectroscopic data 

would confirm the original assignment of complex 1 as bis(dinitrogen) complex with cis-disposed 
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dinitrogen ligands bound in an end on fashion.31 The geometry and assignment of complex 1 was 

unambiguously confirmed with the successful characterisation by X-ray crystallography (Figure 1.6).  

The Ru–H bond lengths in 1 were determined to be 1.5039(27) and 1.5879(28) Å which were shorter 

than the Ru–H bond lengths measured for 1-2H2 (1.708(38) and 1.687(37) Å) except for one of the 

bond lengths which was within the esd error of measurement. The N–N bond lengths of 1 were 

determined to be 1.104(2) and 1.101(2) Å which was only a subtle lengthening of the N–N bond from 

free dinitrogen (1.098 Å).87 The P–Ru–P bond angle was determined as 154.714(18) ° which was further 

away from ideal trans geometry compared to P–Ru–P bond angle of 1-2H2 (179.79(11) °). 

 

Figure 1.6. X-ray crystal structure of 1 

 

 An intermediate was observed by multinuclear NMR spectroscopy while monitoring the 

conversion of 1-2H2 into 1. This intermediate was not isolated however it was postulated as having the 

structure [Ru(H)2(η2-H2)(N2)(PCy3)2] (1-H2/N2) (Scheme 1.38). Intermediate 1-H2/N2 demonstrated a 

broad signal in the 1H NMR spectrum at δH = ‒8.48 ppm and a single resonance in the 31P{1H} NMR 

spectrum at δP = 68.8 ppm. This intermediate also had a diffusion co-efficient similar to that of 1-2H2 

and 1 by DOSY NMR studies. The assignment of this intermediate as a mixed dinitrogen/dihydrogen 

complex was confirmed by mixing a sample of 1-2H2 with 1 in a 1 : 1 ratio under an argon environment 

resulting in a sample containing all 3 species. In addition, T1 measurement was taken (193 K, 400 MHz) 

with a value of 217 ms obtained for the hydride resonance of 1-H2/N2 which was shorter than the T1 

time for 1 (vide supra) but longer than the T1 time for 1-2H2 (52 ms). This data corroborated with the 

intermediate 1-H2/N2 containing both classical and non-classical hydrides. 

 

Scheme 1.38 Formation of 1 from sequential substitution of H2 with N2 in 1-2H2 
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Aside from bubbling H2 through a solution of 1 to reform 1-2H2, the formation a ruthenium 

dimer (Ru•Ru) has been the only reported discussion on the reactivity concerning 1 (Scheme 1.39).3 

The formation of Ru•Ru was originally reported by Chaudret et al. from exposing the dihydrogen 

analogue of the dimer [Ru2(H)4(η
2-H2)(PCy3)4] to an atmosphere of N2.3 Ru•Ru was synthesised 

directly here from placing a solution of 1 under vacuum to generate a red solution (Scheme 1.39). Slow 

evaporation of this red solution resulted in formation of crystals of Ru•Ru suitable for X-ray diffraction 

and confirmed the original assignment of Ru•Ru complex by Chaudret et al. (Figure 1.7).3 An 

alternative route to obtain Ru•Ru was also accessible (5.2 CHAPTER ONE: EXPERIMENTAL).  

Ru•Ru was characterised by 1H NMR spectroscopy demonstrating a single broad resonance at 

δH = ‒12.49 ppm for the hydride environments and a resonance in 31P{1H} NMR spectrum at δP = 75.7 

ppm. IR spectrum demonstrated two strong absorbance at νRu–Hμ = 1446 cm-1 and νN≡N = 2084 cm-1. The 

absorbance for the terminal hydride was not observed in the spectrum although Chaudret et al. originally 

reported this terminal stretch at 1935 cm-1 but did not report the stretch for the bridging hydrides.3 

Nevertheless, the remaining spectroscopic data measured here were very similar to the spectroscopic 

data originally reported by Chaudret et al.3 

 

Scheme 1.39 Formation of Ru•Ru from 1 

  

The quality of the data acquired from X-ray diffraction did not allow for the hydrides to be 

located from the Fourier transform map for Ru•Ru (Figure 1.7). Nevertheless, an analogous ruthenium 

dimer [Ru2(H)4(N2)(PPh3)4], was synthesised and fully characterised including X-ray crystallography 

by Chaudret at al.4 The hydrides were located in the X-ray structure of [Ru2(H)4(N2)(PPh3)4] and 

therefore, in combination with the spectroscopic data of Ru•Ru and comparison of the location of the 

heavier atoms in [Ru2(H)4(N2)(PPh3)4] and Ru•Ru, it was likely Ru•Ru had the same number of 

hydrides surrounding the ruthenium and in a similar geometry. The Ru---Ru bond length of Ru•Ru was 

determined to be 2.6254(3) Å which was larger than the sum of the single bond radii of two ruthenium.46 

This suggested that the bridging hydrides were the main interaction between the two ruthenium centres 

however no computational analysis was performed to corroborate this. The N–N bond length was 

determined to be 1.120(4) Å and in combination with the νN≡N stretch of Ru•Ru, suggested an 

inactivated dinitrogen ligand. In addition, no formation of 1-2H2 or 1 occurred upon subjecting a 
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solution of Ru•Ru to an atmosphere of H2 (only formation of the dihydrogen analogue of the dimer) 

suggesting these ruthenium dimers were incredibly stable.  

 

Figure 1.7. X-ray structure of Ru•Ru, hydrogen not located from the Fourier transform map 

 

 The reactivity of 1 was briefly interrogated. Reacting 1 equivalent of 1 with 1 equivalent of 

ethanol at 40 °C resulted in the formation of 2 species, 5-H2 (Scheme 1.9) and 5-N2 (Scheme 1.40). 

Complex 5-N2 was an analogue of 5-H2 where the dihydrogen ligand was substituted by a dinitrogen 

ligand. At 233K, complex 5-N2 was characterised by 1H NMR spectroscopy and demonstrated two 

resonances at δH = ‒6.68 ppm (td, JHP =23.4and 6.3 Hz) and ‒13.51 ppm (td, JHP = 21.4 and 6.6 Hz) for 

the two inequivalent hydrides. At higher temperatures the resonances for the hydrides were lost in the 

baseline of the spectrum however at 293 K a broad signal was observed in 31P{1H} NMR spectrum at 

δP = 63.9 ppm which sharpened upon cooling to 193 K. The characteristic resonance in the 13C{1H} 

NMR spectrum for the carbonyl environment was observed at δC = 205.6 ppm. 

 

Scheme 1.40. Formation of 5-N2 from reaction of 1 with EtOH 

 

 In addition to the formation of 5-N2 and 5-H2, in the reaction of 1 with ethanol, evolution of 

methane (δH = 0.16 ppm) and dihydrogen (δH = 4.47 ppm) were observed in-situ by 1H NMR 

spectroscopy which was not reported in the original publication on the reaction of 1-2H2 with ethanol.33. 

The mechanism of this reaction was suggested to go through a β-methyl migration route (Figure 1.8) to 



 

[54] 
 

form methane with the breaking of C–C bond. β-methyl migration has been postulated as part of the 

mechanism in olefin polymerisation processes although β-methyl migration/elimination events are 

much rarer than β-hydride elimination events.88–90 The carbonyl moiety from the postulated mechanism 

(Figure 1.8) can then undergo decarbonylation via β-hydride elimination to generate H2 and CO as 

postulated for nickel alkoxide species.91,92 

 

Figure 1.8, Proposed β-methyl migration mechanism 

 

1.4 CONCLUSION   

 The ruthenium bis(dinitrogen) complex (1) was synthesised and fully characterised including 

X-ray crystallographic structure. Under an atmosphere of dinitrogen and modest temperatures, 1 was 

indefinitely stable allowing for the reactivity of this complex to be investigated. 

 Initial reactivity of 1 showed similar behaviour with 1-2H2 with facile exchange between end-

on bound dinitrogen and η2-bound dihydrogen ligands within similar complexes. 

 The remainder of this thesis will explore and expand on the known reactivity of the ruthenium 

bis(dinitrogen) complex (1) specifically looking into C–X (X = H or O) activation and also reactivity 

with other main group hydrides, including those of aluminium, zinc and magnesium.  
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2 CHAPTER TWO – sp2C–O BOND ACTIVATION BY AN 

ISOLABLE RUTHENIUM(II) BIS(DINITROGEN) 

COMPLEX: THEORY AND EXPERIMENT 

2.1 INTRODUCTION 

2.1.1 Biomass viability  

 The finite nature of fossil fuels has driven the exploration to find alternative renewable 

resources to obtain our bulk chemicals.1 Lignocellulosic biomass has gained interest as a potential 

resource that can meet some of the demands to replace fossil fuels.2 Lignocellulosic biomass can be 

broken down into its three components: cellulose, hemi-cellulose and lignin. It is lignin which provides 

the most attractive component in biomass as it contains the highest carbon to oxygen atom ratio as well 

as containing aromatic rings in its structure and therefore can potentially provide some of the demand 

to supply benzene derivatives traditionally obtained from petroleum. The huge structure of lignin first 

needs to be depolymerised before it can be utilised further as a feedstock and this involves the cleavage 

of strong carbon–carbon and strong carbon–oxygen bonds. Depolymerisation of this massive polymer 

then results in the formation of structurally related compounds to monolignols such as coniferyl alcohol 

and sinapyl alcohol (Figure 2.1). One functional group prevalent in these compounds even after the 

depolymerisation process is aryl methyl ether group (CAr–OMe). These methoxy groups are synthetic 

dead-ends due to their low reactivity and therefore a possible route to upgrade these aromatic molecules 

could involve cross-coupling reactions via the cleavage of these strong CAr–OMe bonds. 

 

Figure 2.1 Breakdown of Biomass 

 

 The area of C–O bond activation and functionalisation mediated by organometallic reagents 

was pioneered by Wenkert et al. in 1979. Wenkert and co-workers reported the coupling reaction of 
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alkenyl ethers and aryl ethers with Grignard reagents using catalytic amount of the nickel species 

[NiCl2(PPh3)2] to generate new C–C bond.3 Since the original publication by Wenkert et al. the 

stagnation of this area of research ensued for the next few decades and has only recovered in the last 20 

years with a small number of research groups investigating C–O bond activation reactions with 

organometallic reagents and catalysts.  

 The following summation of the literature will concentrate on C–O activation of substrates 

relevant to monolignols, mediated by nickel and ruthenium complexes and specifically investigations 

which cast a light on the mechanism operating in these reactions. 

2.2 C–O ACTIVATION 

2.2.1 Nickel  

 In 2008, Shi et al. demonstrated the chemoselective cleavage of sp2C–OMe bond and sp3C–

OMe bonds in 2-methoxy-6-(methoxymethyl)naphthalene to generate a new C–C bond from the 

reaction with Grignard reagents. This reaction was catalysed by nickel phosphine complexes (Scheme 

2.1).4 Product formation depended on the nature of the external phosphine ligand used in the catalyst 

system with 1,1′-bis(diphenylphosphino)ferrocene (dppf) favouring sp3C–OMe bond cleavage of the 

substrate and tricyclohexylphosphine (PCy3) favouring sp2C–OMe bond cleavage of the substrate. One 

pot synthesis containing both dppf and PCy3 ligands and [Ni(acac)2] as the catalyst precursor resulted 

in the formation of 2-ethyl-6-methylnaphthalene with both C–OMe bonds converted into new C–C 

bonds. Control reaction of 2-(methoxymethyl)naphthalene with MeMgBr mediated by 

[NiCl2(PCy3)]/PCy3 catalyst system resulted in only 12 % yield of the methylated product.  In 

comparison, the same reaction but using [NiCl2(dppf)2] as the catalyst precursor and dppf as the external 

phosphine ligand resulted in >90 % yield of product. These results confirmed the preference of sp3C–

OMe bond cleavage by a [NiCl2(dppf)2]/dppf system, however it was not clear whether this same system 

could also mediate sp2C–OMe cleavage but at a slower rate than sp3C–OMe cleavage and therefore 

whether having both dppf and PCy3 in the same reaction mixture was required to form the final product 

2-ethyl-6-methylnaphthalene. 

 No discussion of the identity of the active nickel species involved during the bond cleavage 

process was reported which may have shed some mechanistic understanding as to why the phosphine 

ligand affected the chemoselectivity of this reaction. The most apparent conclusion would be the 

denticity of the ligand, dppf being bidentate and PCy3 being monodentate. The labile nature balanced 

with the stability of these phosphine ligands could determine the pathway undertaken by the reaction 

i.e. sp3C–O versus sp2C–O activation. The ability of dppf ligand to bind via two sites or one site may 

infer more stability for the active nickel species to cleave the stronger C–O bond and prevent an 
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unnecessary vacant site from opening up at the metal centre to undergo off-cycle reactions that could 

inhibit the cleavage reaction. 

 

Scheme 2.1 Shi et al.4: sp3 versus sp3 C–O activation 

 

 Following up this work, Shi et al. published their findings on Ni mediated C–O activation of 

aryl carboxylate esters and the subsequent cross-coupling with boroxines (Scheme 2.2).5 Aryl 

carboxylate esters are much more affordable starting substrates than aryl methyl ethers and therefore 

would be a more attractive starting aromatic to valorise. Carboxylate esters also has the advantage of 

being a good leaving group in comparison to methoxy group. Using 10 mol % [Ni(PCy3)2Cl2], K2PO4 

as the base and water as an additive, they found success in cross-coupling a range of aryl carboxylate 

esters with different aryl boroxines. The role of water in this reaction was anticipated to hydrolyse 

boroxine to boronic acid as it is known that they exist in equilibrium to each other.6 The proposed 

mechanism of this reaction underwent the classic 3 step process (Figure 2.2): (i) oxidative addition, (ii) 

ligand transfer and transmetallation and finally (iii) reductive elimination. However, no further 

investigation to validate this proposal was undertaken.  

 

Scheme 2.2. C–O cleavage of aryl carboxylate esters 
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Figure 2.2. Generalised Ni(0)/Ni(II) redox mechanism for C–O bond cleavage 

 

 The importance of the phosphine groups on nickel for the success of C–O cleavage was further 

explored by Wang et al. using square planar nickel(II) complexes7 to cleave C–O bonds in 

methoxynaphthalene derivatives (Figure 2.3).8 Simply changing the R group on the phosphine ligand 

changed the activity of the catalyst with the most active group being isopropyl > cyclohexyl > phenyl 

group. This trend would support the unsurprising indication that the electron density induced to the Ni 

centre by the phosphine ligand plays an important role on the success of bond cleavage ‒ the more 

electron rich the Ni centre the stronger the donation from the metal d-orbital into the antibonding orbital 

of the C–O bond to weaken it. It would be pertinent to test these Ni(II) catalysts synthesised by Wang 

et al. on methoxybenzene derivatives as opposed to naphthalene derivatives. The greater reactivity 

resulting from π-extended conjugation substrates makes them more likely to undergo these cleavage 

reactions and therefore it would be interesting to note if these complex synthetic ligands are necessary 

to perform these C–O functionalisation reactions or if the commercial ligands used by Shi et al. are 

equally as successful.4 

 

Figure 2.3. Phosphine ligand used by Wang et al. 
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 In 2009 Liu et al. published a computational study on the work by Shi et al. on their Ni-

catalysed C–O cleavage of aryl carboxylates and subsequent cross-coupling with arylboronic esters 

reactions (Scheme 2.2).9 Liu et al. computed a viable pathway that underwent the traditional 

Ni(0)/(Ni(II) redox process (Figure 2.2). The calculations showed that a nickel monophosphine complex 

mediated the CAr–O cleavage step with the highest transition state found for the oxidative addition step 

being G‡ = 22.9 kcal mol-1 (TS1) to generate a Ni(II) carboxylate complex (INT2) (Figure 2.4). A 

pathway involving a nickel bis-phosphine species cleaving the CAr–O bond was also analysed and was 

found to be unfavourable with the energy barrier calculated as G‡ = 54.9 kcal mol-1. From INT2, the 

highest energy barrier for the transmetallation step was G‡ = 31.2 kcal mol-1 through TS2 and this also 

represented the rate determining step of the mechanism. Under the experimental reaction conditions 

(base, water and boroxine) boronic acid and PhB(OH)3
– anion existed in solution and it was the anion 

which was calculated as the favoured active species which participated in the transmetallation step to 

generate INT3. The corresponding base-free transmetallation step was also calculated and was 

significantly higher (G‡ = 54.7 kcal mol-1) showing the important role the base has to play in these 

reactions to generate the active transmetallation anionic species. Finally, the formation of product was 

a downhill process to discharge B(OH)3 as a by-product, release the biphenyl product and regenerate 

the catalyst. It is interesting to note that the highest transition state was calculated to occur during the 

transmetallation process. This would suggest the rate determining step was found after C–O bond 

cleavage. If kinetic experiments were performed, the results would at least be able to substantiate the 

computational finding as the reaction should be first order with respect to both the substrate and 

importantly boroxine, base and water.  

 

Figure 2.4. Simplified reaction profile of C–O cleavage of aryl carboxylates. Gibbs free energy in kcal mol-1 
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 An alternative reaction mechanism whereby the oxidative addition of CAr–O bond occurred via 

stepwise electron transfer and not concerted fashion was also calculated by Liu et al.9 The free energies 

of electron transfer of from [Ni(PCy3)2] to PhOAc, PhCl, PhBr and PhI were calculated (Scheme 2.3). 

The trend observed matched  previous work by Kochi et al.10 on the ability to form Ni(I) species from 

reaction of Ni(0) species with ArX and found when X = I and Br, significant quantities of Ni(I) species 

was formed but when X = Cl no Ni(I) species was observed. Based on this high transition state energy 

for oxidative addition by electron transfer of PhOAc (+44.4 kcal mol-1), it suggested PhOAc should 

prefer to undergo concerted oxidative cleavage of the CAr–O bond and unlikely through the Ni(I) species 

route.  

 

Scheme 2.3.Oxidative addition of PhX (X = OAc, Cl, Br, I) via stepwise electron transfer 

  

 As well as cross-coupling reactions of aryl methyl ethers with boronoic acids, the cross coupling 

reactions of aryl methyl ethers with Grignard reagents mediated by Ni(0) species has also been proposed 

to go through the classic Ni(0)/Ni(II) redox mechanism (Figure 2.2). In 2015, Uchiyama et al. looked 

to rationalise the high reactivity demonstrated by Ni in these Kumada-Tamao-Curriu cross-coupling 

reaction via CAr–OR (R = alkyl or aryl) cleavage (vide supra). 11 Uchiyama et al. modelled the reaction 

of anisole coupling with [PhMg(OMe2)Br]2 to generate biphenyl as the product with the reaction 

mediated by [Ni(PCy3)2] as the pre-catalyst. The study found that the oxidative addition of the CAr–

OMe across a Ni(0) species was high (G‡ = 36.9 kcal mol-1) and therefore an alternative pathway was 

studied. Formation of the Ni(0)-ate species proceeded smoothly from the starting materials with 

formation of INT1 (the organisation and association of the reactants) then migration of the phenyl group 

from the Grignard reagent to the Ni(0) centre generated INT2, the Ni(0)-ate species. The NPA charge 

was analysed within the structure of INT2 and confirmed that the [Ph–Ni–Ph] unit was negative (‒0.23) 

and the [Mg(OMe2)Br] unit was positive (+0.85) supporting the assignment of the Ni(0)-ate complex. 

Cleavage of the CAr–OMe bond through a 5-membered transition state (INT2 to TS2) was endergonic 

(G‡ = 15.5 kcal mol-1) to form a Ni(II) species INT3 (Figure 2.5). In this reaction mechanism, the 

magnesium helped to stabilise the transition state by acting as a Lewis acid and coordinating with the 

oxygen in the –OMe fragment to make it a better leaving group. The cleavage of the CAr–OMe bond 

also represented the highest transition state across the whole reaction pathway. From INT3 a facile 
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reductive elimination step gave the biphenyl product. Absence of the formation of a Ni–OMe fragment 

in this reaction profile would therefore avoid β-hydride elimination pathway and therefore avoid 

formation of the by-product PhH instead of the desired biphenyl which corroborated with experimental 

observations whereby no PhH formed in the reaction.12  

 

Figure 2.5. C–O bond breaking of anisole with "Ni(0)-ate" complex (CP2). Gibbs free energy in kcal mol-1 

 

 Moving away from Grignard reagents and organoboranes as the nucleophiles in these cross 

coupling reactions, in 2010 Martin et al. reported the reduction of C–O bonds of aryl methyl ether 

substrates using [Ni(COD)2] as the catalyst precursor in combination with PCy3 as the external ligand 

and tetramethyldisiloxane (TMDSO) as the reductant. The reaction conditions were able to tolerate 

silyl, ester, amide and acetal functional groups to give the products of C–O bond activation in varying 

yields (55 – 99 %) (Scheme 2.4).13 Martin et al. noted that the tolerance of tertiary amines and 

N-heterocycles indicated the low Lewis acidity of the active catalyst, however the conversion to product 

was reduced significantly if the N-heterocycle group was meta or para to the C–O bond. Deuterium 

labelling experiments were carried out in order to ascertain the mechanism operating in these reactions. 

Martin and co-workers found that they could incorporate deuterium exclusively when Et3SiD was used 

as the reductant ruling out any β-hydride elimination of the cleaved methoxy group (Scheme 2.4). The 

interrogation of the mechanism of this reaction was followed up in 2013 by Martin et al. in a combined 

experimental and computational investigation of these reactions.14 Additional control experiments 

beyond the deuterium labelling experiments indicated the nickel catalysed C–OMe cleavage reaction 

only proceeded in the presence of catalyst and silane and therefore strengthened the argument that β-

hydride elimination from a CAr–Ni–OMe intermediate seemed unlikely. 
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Scheme 2.4. (Top) C–O cleavage of aryl ethers with [Ni(COD)2] / PCy3. (Bottom) Deuterium labelling experiment 

   

 From these empirical observations Martin et al. investigated the mechanism of this nickel 

catalysed reduction of CAr–OMe bond reaction in more detail. Oxidative addition of the CAr–OMe bond 

across a Ni(0) species was hypothesised to be the first step of the reaction to form the CAr–Ni–OMe 

intermediate. Isolation of this postulated CAr–Ni–OMe intermediate directly from the reaction mixture 

was unsuccessful. An alternative approach to directly synthesise the CAr–Ni–OMe intermediate through 

the metathesis of [Ni(C10H8)(PCy3)2Cl] with NaOMe resulted in formation of [Ni(PCy3)2(CO)] and 

naphthalene. In comparison reacting [Ni(C10H8)(PCy3)2Cl] with NaOEt resulted in the formation of 

[Ni(PCy3)2(CH3CHO)] complex whereby the ethanal was coordinated to the nickel centre in an η2-

fashion (Scheme 2.5). Both the nickel carbonyl and nickel ethanal complex were characterised by X-

ray crystallography. The formation of these nickel species was ascribed to the facile β-hydride 

elimination from alkoxide fragments however as the nickel species were not observed in the reaction, 

the oxidative addition of CAr–OMe bond seemed unlikely to be operating in the mechanism. 

 

Scheme 2.5. Formation of undesired Ni species in attempt to isolate CAr–Ni–OMe intermediate 

 

 Kinetic studies were performed revealing first order dependence on both the catalyst and the 

substrate but also the silane. This result strengthened the argument that oxidative addition of the CAr–

OMe was unlikely to be involved in the mechanism of the reaction as no dependence on silane would 

have been observed in the kinetic experiment. However, the caveat to this conclusion was the 
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assumption that the bond breaking step was the rate determining step in the reaction as it is often 

postulated to be in the traditional oxidative addition, transmetallation, reductive elimination mechanism. 

 Nevertheless, an alternative mechanism was proposed involving Ni(I) intermediates. 

Monitoring the initial time period of the reaction by gas chromatography, 29Si NMR and in-situ IR 

spectroscopy they found that a longer induction period was observed when using Et3SiD compared to 

Et3SiH. Also, during the facile consumption of the silane no new peaks appeared in the 29Si NMR or IR 

spectra for any intermediates that would have formed. With no experimental evidence for Ni(I) 

intermediates, Martin et al. probed the mechanism by computational methods. 

  DFT calculations showed a viable pathway to form potentially two active Ni(I) intermediates 

starting from [Ni(COD)2] precursor. Ligand substitution gave [Ni(PCy3)2] which underwent oxidative 

addition with SiEt3H to give [Ni(H)(SiEt3)(PCy3)2]. [Ni(H)(SiEt3)(PCy3)2] reacts with an additional 

equivalent of [Ni(PCy3)2] to undergo a comproportionation reaction to give [Ni(SiEt3)(PCy3)2] as one 

of the Ni(I) species and a dimeric nickel hydride species with the monomeric form [Ni(H)(PCy3)2] as 

the second Ni(I) species (Scheme 2.6). Evidence of the viability of this pathway was demonstrated by 

the synthesis and characterisation by X-ray crystallography of an analogous dimeric nickel hydride 

species where the phosphine ligand was the bidentate 1,2-bis(dicyclohexylphosphino)ethane (dcpe) 

ligand. 

 

Scheme 2.6. Formation of Ni(I) species  

 

 Reaction pathways involving both Ni(I) species were calculated and the favoured profile was 

found to involve the Ni(I)–SiR3 complex (R = Me for the modelled mechanism) due to the propensity 

for the Ni(I)–H species to exist as a dimer and not a monomer. Calculations show that dimerization of 

the Ni(I)–H species was exergonic by about 15.5 kcal mol-1 and therefore unlikely for the active 

monomeric Ni(I)–H species to enter the catalytic cycle.  

 Focusing on just the Ni(I)–SiMe3 species, a viable pathway from starting materials to product 

was located. The reaction mechanism was summarised as (i) formation of active Ni(I)–SiEt3 species, 

(ii) coordination of the substrate in an η2-fashion on the arene ring followed by insertion of Ni–SiMe3 
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bond into naphthly ring to generate a benzyl nickel species, (iii) elimination of MeOSiR3 as by-product 

with concomitant migration of the nickel to from naphthyl–Ni–(PCy3)2 species and finally (iv) a 

reversible σ-bond metathesis with an incoming silane to release the product and regenerate the active  

Ni(I)–SiEt3 species (Figure 2.6). The highest transition state of this reaction pathway was the Ni–SiMe3 

insertion into the backbone of the naphthalene (G‡ = 32.9 kcal mol-1). This insertion step involved the 

Ni species, the substrate and importantly the silane which corroborates with the results from the kinetic 

studies. In addition, the rate determining step also does not involve any Ni–H or Si–H bond breaking 

which again aligns with the lack of kinetic isotope effects observed experimentally. This study 

represented an alternative mechanism in operation from the traditional Ni(0)/Ni(II) redox process often 

postulated for these bond breaking reactions. 

 

Figure 2.6. Proposed catalytic cycle of reduction of aryl methyl ether with Ni(I) species 

  

 Continuing their research into nickel mediated C–O cleavage, in 2017 Martin et al. reported the 

catalytic ipso-silylation of aryl methyl ethers under mild conditions with [Ni(COD)2] but notably 

without the need for external ligands (Scheme 2.7).15 The reaction was able to tolerate a wide range of 

functional groups and without the need to use biased aryl methyl ether substrates to direct reactivity. 

The importance of the nature of the base used was emphasised during the optimisation process whereby 

using bases with cations besides K+ failed to yield any product. Furthermore, the reaction was sensitive 

to anionic component of the base and a balance between nucleophilicity and steric bulk was required, 

with KOMe and potassium bis(trimethylsilyl)amide (KHMDS) also failing to yield product.  
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Scheme 2.7. Ipso-silylation of aryl methyl ethers 

 

 A preliminary study into the mechanism of this ipso-silylation reaction pointed towards a 

“Ni(0)-silyl-ate species” as a key intermediate in catalysis. The suggestion was not too dissimilar to that 

proposed by Uchiyama et al. in related methodology (Figure 2.5).11 Based on the empirical data, Martin 

and co-workers proposed that a [Ni(COD)SiEt3]K complex was generated in-situ which was the active 

species in the reaction. This “Ni(0)-silyl-ate species” could then react with the aryl methyl ether 

substrate via 2 pathways: (i) a SNAr fashion assisted by complexation of the K+ counter cation with the 

lone pair of the ethereal oxygen atom or (ii) a “non-classical” oxidative addition of the CAr–O bond 

again assisted by the K+ counter cation. 

 In subsequent work, Fu et al. investigated this silylation reaction by DFT calculations and found 

that a similar reaction pathway postulated by Martin et al. was a viable pathway and indeed generation 

of a “Ni(0)-silyl-ate species” undergoing oxidative addition of CAr–O through a 3-centred transition 

state, stabilised by the K+ cation, was the most favoured pathway (Figure 2.7).16 NBO analysis of this 

3-centred transition state showed strong σ(C–O)→σ*(Ni–Si) interaction, in agreement with an oxidative 

addition pathway. The study concluded that both the silyl anion and K+ cation played an important 

cooperative role in aiding the nickel centre to mediate C–O cleavage. The K+ cation helped to stabilise 

the transition state through noncovalent interactions and therefore lowering the energy of the transition 

state. The silyl anion increased electron density on the nickel centre which in turn allowed the σ*(Ni–

Si) orbital to be a better acceptor of electron density from σ(C–O) orbital, however exactly how the 

σ*(Ni–Si) became a better acceptor was not entirely obvious in terms of the absolute energies of these 

orbitals. 

 

Figure 2.7 Transition state of C–O cleavage step by “Ni(0)-silyl-ate” species stabilised by K+
 cation 
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 In 2011, Hartwig et al. reported the nickel catalysed hydrogenolysis of a number of aryl ether 

substrates.17 Hydrogenolysis of C–O bonds has traditionally been problematic as hydrogen is a less 

reactive nucleophile than the main group based nucleophiles used to date (Grignard reagents, 

organoboranes and organosilanes). Using hydrogen as the reductant could also potentially deactivate 

the active catalyst in a reaction. After initial screening with different nickel precursors and phosphine 

ligands a [Ni(COD)2]/NHC (N-heterocyclic carbene) system was found to be the most active at C–O 

bond cleavage of  a wide range of biaryl ether substrates and alkyl aryl ether substrates (Scheme 2.8). 

An important distinction of these reactions was the selective cleavage and reduction of the C–OR bond 

of these aryl ethers over the reduction of the electron deficient arene rings which heterogeneous 

reactions have historically struggled to avoid.18 The reaction conditions were also successful in the 

hydrogenolysis of benzyl ethers and therefore demonstrating the success of the cleavage of both sp2C–

O and sp3C–O bonds.  

 

Scheme 2.8.(a) C–O activation of biaryl ethers, alkyl aryl ethers and benzyl ethers, (b) Relative reactivity of 
ethers towards hydrogenolysis of C–O bonds 

 

 Competition reactions indicated the rate of cleavage and subsequent reduction of the C–O bond 

was fastest for biaryl ethers compared to alkyl aryl ethers which in turn was faster than benzyl ethers. 

This trend was not too surprising looking at the relative bond strengths of the average respective C–O 

bonds (Scheme 2.8).19 Pushing the capabilities of the reaction further, model substrates containing 



 

[70] 
 

4-O-5 and α-O-4 lignin linkages were tested out to yield the corresponding depolymerised derivative 

products: anisole, benzene and phenols in moderate yields. On the other hand, under basic conditions 

and importantly without the need for catalyst, model substrates containing β-O-4 linkages were still 

cleaved to give guiacol as the main product in line with literature precedence.20 The mechanism of these 

reactions was not probed in detail however Hartwig et al. envisioned a number of active nickel species 

that could be involved in the reaction: nickel hydride, Ni(0) complex and even an anionic nickelate 

species due to the increased reactivity observed using a strong base. Additionally, the homogeneity of 

the reaction was investigated. Addition of 300 fold excess of mercury with respect to the nickel catalyst 

into a standard hydrogenolysis reaction resulted in no decrease in conversion or product yields 

suggesting the active catalyst in the reaction was homogeneous. However, Martin et al. noted in their 

studies14 that mercury can react with [Ni(COD)2] and does not just form an amalgam with mercury if 

heterogeneous nickel was present,21 so it was interesting that Hartwig et al. saw no change in their 

reactivity. Nevertheless, there are discrepancies with using mercury poisoning as a test for homogeneity 

of a catalytic reaction.22,23 It is worth noting that Hartwig et al. have also researched the hydrogenolysis 

of these biaryl ethers under heterogeneous conditions with nanostructured nickel catalysts (0.25 mol %) 

and therefore the possibility that heterogeneous nickel was operating in the [Ni(COD)2]/NHC system 

cannot be ruled out entirely irrespective of the mercury poisoning test.24,25 

 Following on from this work by Hartwig and Sergeev17, Surawatanawong et al. reported a 

computational analysis on the mechanism of the hydrogenolysis of biaryl ethers mediated by Ni-NHC 

system.26 Surawatanawong et al. found the most viable mechanism of this reaction involved 3 steps: (i) 

oxidative addition, (ii) σ-complex assisted metathesis (σ-CAM) and (iii) reductive elimination (Figure 

2.8). The first step in this reaction involved the substitution of the COD ligands with one free SIPr 

ligand and one substrate molecule to form [Ni(SIPr)(η6-PhOPh)] which was a slightly endergonic 

process of 5.1 kcal mol-1. [Ni(SIPr)(η6-PhOPh)] can then readily undergo a rearrangement into 

[Ni(SIPr)(η2-PhOPh)] (INT1). Alternative active species were also calculated and coordination of the 

substrate through the oxygen instead was found to be less favourable compared to the π-coordination 

of the arene ring which can accept π-back donation from the filled d-orbital of the Ni(0) species. From 

INT1 oxidative addition of the CAr–O occurred through a 3-centred transition state TS1 (G‡ = 28.6 

kcal mol-1), to give a Ni(II) species (INT2). The oxidative addition of the CAr–O was also the highest 

barrier for the whole reaction pathway. From INT2 dihydrogen complexes at the vacant side onto the 

nickel centre in an η2-fashion to form INT3 which was a slightly exergonic process (ΔG‡ = ‒0.6 kcal 

mol-1). The arrangement of ligands around INT3 was set up for σ-CAM process whereby the H–H and 

Ni–C bonds were broken simultaneously with concomitant formation of C–H and Ni–H bond to release 

benzene as one of the product and formation of INT4. This process was incredibly favourable (ΔG‡ = 

‒18.7 kcal mol-1). Subsequently, INT4 underwent reductive elimination to release phenol as the other 

product and complexation of another substrate helped to regenerate the active species INT1. As well as 
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calculating the mechanism of the reaction, the lack of hydrogenation products observed experimentally 

was explained by the high energy barrier (G‡ = 43.6 kcal mol-1) calculated from INT1 to form 

cycloalkanes, so the oxidative addition and subsequent hydrogenolysis of the substrate was the favoured 

pathway for the reaction to take. 

 

Figure 2.8. Free energy profile of hydrogenolysis of biary ether. Gibbs free energy in kcal mol-1 

 

 A follow up paper to this work was published in 2016 by Wu et al.27 Wu and co-workers sought 

to address the most salient point omitted by Surawatanawong et al.: what was the role of the excess 

base? Beyond deprotonating the imidazolium salt (SIPr•HCl) to generate the free carbene, the base was 

also considered to form a favourable active anionic species [Ni0(SIPr)(OtBu)]– (INT2) (Figure 2.9) and 

this species participated in the oxidative cleavage of the CAr–O bond of PhOPh through a high energy 

barrier of ΔG‡ =  33.4 kcal mol-1 through TS1. The addition of the tert-butoxide ligand on nickel helped 

to stabilise the transition state of the C–O cleavage step as well as the resulting anionic intermediate 

generated, INT4. However looking at both energy profiles, even though formation of anionic species 

was more favoured over the Ni(0) species postulated by Surawatanawong et al., the highest energy 

barrier was found at ΔG‡ = 33.4 kcal mol-1 for the bond cleavage step in Wu et al.’s reaction pathway 

which was higher than the highest energy barrier found in the pathway calculated by Surawatanawong 

et al. (G‡ = 28.6 kcal mol-1).  The caveat of this conclusion was that different functionals and basis set 

were used between both investigations and therefore direct comparison of numbers is not accurate. 

Nevertheless, the probability and complexity of the different pathways that this reaction can undertake 
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may depend on slight alterations to the reaction conditions and both mechanisms may be relevant to C–

O bond activation. 

 

Figure 2.9 Free energy profile the formation of the active anionic species INT2 and subsequent cleavage of CAr–
O bond. Gibbs free energy in kcal mol-1 

 

 More recently in 2015, Chatani et al. demonstrated a novel procedure for the reductive cleavage 

of aryl alkyl ethers but in the absence of an external reductant i.e. no silanes or dihydrogen using a 

[Ni(COD)2]/I(2-Ad)•HCl (I(2-Ad) = 1,3-bis(2,-adamantyl)-imidazolium) system with excess NaOtBu 

(Scheme 2.9).28 Chatani and co-workers postulated that the mechanism of this reaction underwent initial 

oxidative addition of a CAr–OMe bond across a Ni(0) complex to generate CAr–Ni–OMe intermediate 

which underwent facile β-hydride elimination to generate a Ni–H species and it was the Ni–H species 

which was the reductant in the reaction. When the R group was benzyl, cleavage occurred at both the 

CAr–O and CBn–O position however when R group was Ph, product formation was only 5 % yield. This 

result would corroborate with the postulated mechanism undergoing β-hydride elimination at the 

cleaved fragment to form the necessary Ni–H species acting as the reductant and therefore as the Ph 

group has no β-hydrides, no Ni‒H species were formed resulting in low conversion. To further 

substantiate the mechanism, deuterium labelling experiment was performed and 96 % of the 

naphthalene product recovered contained deuterium at the cleaved position (Scheme 2.9 - bottom). 

Furthermore, decomposition product “Ni(CO)” species was observed in the reaction over time which 

were catalytically inactive and in line with a β-hydride elimination process however no mention of the 

remaining identity or destination of the cleaved fragment after undergoing β-hydride elimination was 

found in the paper.  
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 This reaction demonstrated divergent behaviour to what was observed by Martin et al.14 

whereby no reaction was observed in their reduction of aryl methyl ethers without any silane present. 

The use of I(2-Ad) was obviously key to the success of the reaction however no comment about the 

ligand was provided and in addition, it would be interesting to perform calculations to analyse the nature 

of the postulated Ni–H species and whether it was a viable reductant source in the reaction. 

 

Scheme 2.9. (Top) Reductive cleavage of aryl alkyl ethers. (Bottom) Deuterium labelling experiment 

 

2.2.2 Ruthenium 

 Aside from nickel mediated C–O cleavage reactions, ruthenium mediated reactions have also 

found success in recent years. In 2004, Kakiuchi et al. reported the catalytic functionalisation of 

aromatic ethers bearing a ketone directing group with organoborane compounds mediated by 

[Ru(H)2(CO)(PPh3)3] (Scheme 2.10).29 This work followed a series of papers on chelation assisted bond 

activation chemistry investigated by Murai et al.30,31 For example, reactions that cleaved C(O)–OR 

bonds of esters using pyridine as the directing group and also C–H activation of acetophenone substrates 

whereby the ketone functionality assisted in chelation of the substrate to the ruthenium centre. The 

investigation noted that a ketone directing-group was needed for bond activation chemistry as anisole 

failed to give any product, and also where the substrate had more than one C–O bond on the aryl ring, 

the C–O bond ortho to the ketone was cleaved preferentially. When 2,6-dimethoxyacetophenone was 

used as the substrate both the mono-substituted and di-substituted product were formed. It was observed 

when 2-methoxypivalophenone was the substrate C–O functionalisation was achieved exclusively and 

the ortho C–H position was left intact. No explanation was given for this selectivity in this paper 

however a possible reaction involving formation of a 5-membered cyclometallated intermediate was 

proposed (Scheme 2.10).29 
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Scheme 2.10. C–O cleavage of acetophenone substrates via a 5-membered intermediate 

 

 It is worth noting that the speculated 5-membered cyclometallated intermediate was analogous 

to an intermediate proposed in the ortho C–H functionalisation of acetophenones.31 In 2005, Kakiuchi 

and co-workers published a detailed experimental analysis on the mechanism of C–H functionalisation 

reaction.32 Intermolecular and intramolecular deuterium labelling experiments showed that the rate 

determining step most likely involved C–H bond cleavage step. In addition, a higher kinetic isotope 

effect (KIE) was observed for the intramolecular competition. This led the group to ascertain that the 

intermediate formed during the reaction was coordinated to the ruthenium. A second observation from 

their investigation deduced that a sacrificial hydrogen trap was required for high yield of product to 

prevent hydrogenation of the ketone functionality of the substrate. 

 In 2006, the isolation and single crystal X-ray crystallographic data of the postulated 

5-membered intermediate from the C–O activation of an aryl ether substrate (2,2-dimethyl-1-(2-p-

tolylphenyl)propan-1-one) was achieved.33 In later studies this 5-membered intermediate was shown to 

be catalytically competent in these functionalisation reactions of acetophenone substrates to 

unambiguously show that these 5-membered structures were active intermediates in these reactions.34 

It was discussed that at 25 °C the intermediate from the C–H activation at the ortho position was initially 

observed by NMR spectroscopy, and only after the reaction was heated to 80 °C for 3 h that 

isomerisation to the C–O activated product was completed to form the 5-membered intermediate 

(Scheme 2.11). This suggested the C–H activation of the substrate was the kinetic product but the C–O 

activated product was the thermodynamic product.  

 

Scheme 2.11. Products from C–H and C–O activation of 2,2-dimethyl-1-(2-p-tolylphenyl)propan-1-one 
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Figure 2.10. X-ray structure of product from C–O activation of 2,2-dimethyl-1-(2-p-tolylphenyl)propan-1-one 

 

 The difference in reactivity between C–H and C–O activation allowed for selective sequential 

C–C bond formation of 2-methoxyacetophenone using vinylsilanes and organoboranes (Scheme 2.12). 

Placing all reactants in the same vessel and monitoring the reaction products as a function of time the 

group deduced that (i) C–H/alkene coupling was faster than C–H/organoborane coupling and (ii) once 

Ru–OMe intermediate was formed from C–O cleavage, the transmetallation step with the organoborane 

was faster than potential β-hydride elimination pathway.  

 

Scheme 2.12. Sequential C–C bond formation 

 

 A similar intramolecular competition reaction with C–OMe and C–NMe2 bonds occupying the 

ortho positions of acetophenone substrate was also investigated.34 [Ru(H)(OAc)(CO)(PPh3)3] was the 

catalyst precursor with CsF as an additive. Exclusive cleavage and functionalisation of the C–NMe2 

bond was observed which was understood as the unconventional chemoselectivity based on the fact that 

amino groups are more electron donating than methoxy groups so should proceed less favourably for 

an oxidative addition process across a transition metal centre.  No further comment on this 

unconventional reactivity was made by Kakiuchi et al.35,36  

 Expansion from sp2C–O bond cleavage to the sp3C–O bond cleavage of dialkyl ethers bearing 

pyridine group was demonstrated in 2011 by Kakiuchi et al. (Scheme 2.13).37 While monitoring the 
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coupling reaction of 4-(2-methoxyethyl)-2-methylpyridine with (PhBO)3 it was observed via 1H NMR 

spectroscopy that 2-methyl-4-vinylpyridine was being produced. Starting directly from 2-methyl-4-

vinylpyridine and placing this substrate under the same catalytic conditions, successful coupling with 

(PhBO)3 was observed. This result indicated that these reactions go through a dehydroalkoxylation 

process, most likely assisted by the chelation of the –OMe to the ruthenium centre, to generate these 

vinyl pyridine intermediates before continuing with the coupling with the aryl boroxines. 

 

Scheme 2.13. Chelation assisted sp3C–O activation. Ligands around Ru omitted for clarity 

 

 Expanding on the directing group assisted C–O cleavage of these aromatic substrates, in 2014 

Snieckus et al. investigated how altering the directing group can affect the selectivity of the C–X (X = 

H, O) bond being broken. The exclusive ortho C–O bond cleavage of 2-methoxypivalophenone was 

originally attributed to the greater steric bulk from the R-group on the ketone directing group aligning 

towards the ortho C–H position and therefore shielding this position from attack leaving the ortho C–

O position vulnerable. Snieckus et al. showed that changing the directing group from ketone to an amide 

group shut down the pathway for C–H functionalisation and the reaction yielded exclusive C–O 

functionalisation (Scheme 2.14).38 From observing this selectivity, the reaction conditions were 

manipulated to build up complexity of simple aromatic substrates by undergoing Pd mediated Suzuki-

Miyaura cross coupling followed by C–O functionalisation reactions. Nevertheless, no further scrutiny 

of the mechanism of this amide group assisted C–O functionalisation was discussed. These reaction 

conditions were further expanded by Snieckus et al. and included naphthalene derived substrates.39 

 

Scheme 2.14. Amide directed C–O activation 

 

 Following from this work Snieckus et al. also investigated the use of esters as directing groups 

in these reactions (Scheme 2.15).40 The cross-coupling of naphthoates, exclusively at the ortho C–O 
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position, with organoborane substrates were successful whereas benzoates yielded only trace product. 

It was noted that naphthalenes are more reactive substrates due to the greater π-conjugation interred in 

the system. The group were able to identify an order of reactivity between isomeric naphthoates which 

followed the previous trend seen in their previous studies on naphthamides.39 This work once again 

demonstrates the potential to add complexity to simple aromatic molecules based on orthogonal 

reactivity. 

   

Scheme 2.15. (Top) Ester directed C–O functionalisation. (Bottom) reactivity order of isomeric napthoates 

 

 Even though the investigations into the reactivity of ruthenium mediated C–X (X = H, O) 

functionalisation have provided a gateway towards synthetic advancement, much less investigation into 

the mechanism of these reaction, compared to the nickel counterpart, has been reported.   

 In 2017 Lin et al. reported a computational study on the mechanism C–X (X = H, O) bond 

functionalisation reactions of aceotophenone substrates with organoborate substrates mediated by 

[Ru(H)2(CO)(PPh3)3].41 The study investigated the effect that different nucleophiles (organoboranes) 

and different directing groups had on the chemoselectivity of the reaction (Scheme 2.16). The 

mechanism of the C–H functionalisation reaction was broken down into 4 fundamental steps (i) 

oxidative addition of the C–H bond to a ruthenium(0) centre, (ii) ketone insertion in to the newly formed 

Ru–H bond (iii) transmetallation of the resulting Ru alkoxide with the organoborate substrate, and 

finally (iv) reductive elimination to release the product with the new C–C bond and regeneration of 

active species. For C–O functionalisation the fundamental steps were the same omitting step (ii) ketone 

insertion as no Ru–H bond is generated. 

 

Scheme 2.16. Model C–X bond (X = H, O) functionalisation reaction examined by DFT 
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 The first model reaction analysed was the C–X (X = H, O) functionalisation of 2-

methoxyacetophenone with PhBneop (Bneop = 5,5-dimethyl-2-aryl[1.3.2.]dioxaboranane). The 

d8-square planar Ru(0) complex “[Ru(CO)(PPh3)3]” was invoked as the active species based on 

precedent in literature.42,43 From “[Ru(CO)(PPh3)3]” coordination of the carbonyl group of 2-

methoxyacetophenone to the ruthenium centre generated (INT1) as the starting point of the reaction 

profile (Figure 2.11). 

 Focusing on the C–H bond activation pathway (red line), the highest transition state for the 

oxidative addition step was calculated to be G‡ = 2.1 kcal mol-1 through a 3-centred transition state 

(TS1) to generate the favourable cyclometallated intermediate (INT2) (Go = –9.3 kcal mol-1). The 

subsequent ketone insertion step, transmetallation step with PhBneop and reductive elimination of the 

product revealed that the highest activation barrier calculated throughout these three steps was G‡ = 

23.4 kcal mol-1 through TS2 which was the transmetallation process of the migration of the Ph group 

from the boron centre to the ruthenium. Formation of the product from C–H functionalisation 

(2-methoxy-6-phenylacetophenone) and reformation of INT1 was favourable (Go = –10.4 kcal mol-1). 

 Focusing on the C–O functionalisation pathway, the highest transition state found for the 

oxidative addition step was G‡ = 12.8 kcal mol-1 through a similar 3-centred transition state (TS3) to 

generate the cyclometallated intermediate (INT3) (Go = ‒11.3 kcal mol-1).  The highest energy barrier 

for the subsequent transmetallation and reductive elimination steps was calculated to be G‡ = 13.6 

kcal mol-1 through TS4. Again, formation of the product from C–O functionalisation 

(2-phenylacetophenone) and reformation of INT1 was favourable (Go = –22.1 kcal mol-1). 

  Comparing both C–X oxidative addition steps, the highest transition energy for this step was 

calculated for C–O activation (TS1 versus TS3) however the resulting formation of the 5-membered 

cyclometallated intermediate (INT2 versus INT3) was more favourable for the C–O activation 

pathway. This indicated a kinetic preference for C–H activation product but the thermodynamic product 

was via C–O cleavage which mirrored what was observed in experimental data.33 Looking at the entirety 

of the C–X functionalisation pathway, the highest activation barrier was found during the 

transmetallation process for both pathways (C–H, G‡ = 23.4 kcal mol-1; C–O, G‡ = 13.6 kcal mol-1). 

Therefore, even though the actual bond breaking step was lower in energy for the C–H pathway rather 

than the C–O pathway, the subsequent functionalisation step was favoured for the C–O pathway. 

Therefore, the C–X functionalisation reaction was determined by the relative stability of the transition 

state structure of TS2 versus TS4 in the transmetallation step (Figure 2.11).  
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Figure 2.11. Calculated highest TS and selected stationary points for C–H (red) and C–O (blue) functionalisation. 
Gibbs free energies in kcal mol-1 

 

 From the conclusion above, Lin et al. proposed that altering the organoborate coupling partner 

(nucleophile) should alter TS2 and TS4 respectively during the transmetallation step and therefore this 

step decides whether C–H or C–O bond functionalisation was observed. The previous steps for the 

oxidative addition of the C–X bond should not be altered by changing nucleophile, so the remaining 

calculations focused on the functionalisation steps.  

 Using SrBneop (Sr = (E)-styryl) Kakiuchi et al. found that an alkenyl group compared to an 

alkyl on the borane helped to shut down the C–O functionalisation pathway.44 The C–X 

functionalisation of 2-methoxyacetophenone with SrBneop was modelled by DFT. Focusing on just the 

C–H pathway, the barrier for the important transition state during the transmetallation step was 

calculated to be G‡ = 10.2 kcal mol-1. The stabilisation was justified as the result of the π interaction 

of the alkenyl group stabilising the Ru(II) centre of intermediates and transition states. Lin et al. 

concluded that the barrier of the transition state of this transmetallation step was now lower than the 

energy of the C–O bond breaking step (G‡ = 12.8 kcal mol-1) and therefore the C–H cleavage step was 

no longer reversible resulting in both the C–H cleavage and functionalisation becoming the favoured 

pathway and why C–H functionalisation of 2-methoxyacetophenone with SrBneop was the major 

product. However, inspecting the actual energy barrier for the transmetallation step and not the absolute 

Gibbs free energy values, the barrier was calculated to be ΔG‡ = 19.5 kcal mol-1 which was higher than 

the highest energy barrier for the C–O activation step therefore the conclusion by Lin et al. was not 
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valid. No report of the C–O functionalisation of 2-methoxyacetophenone with SrBneop was reported 

and therefore the comparison of the entirety of the both C–X functionalisation pathway could not be 

analysed to justify the experimental observations by Kakiuchi et al.44 

 It was observed by Snieckus et al. (Scheme 2.14) that using an amide directing group on the 

substrates resulted in just ortho-C–O functionalisation regardless of whether alkyl Bneop or alkenyl 

Bneop was used as the nucleophile (vide supra).38 The investigation by Lin et al. pointed towards the 

ketone insertion step as the important factor. Only the transition state for the C–X oxidative addition 

and transmetallation steps were calculated for the model reaction using the 2-methoxy-N,N-

dimethylbenzamide as the substrate and SrBneop as the coupling partner. For the C–H pathway, without 

a ketone acceptor (sacrificial or the substrate) the highest transition barrier for the insertion of the 

unsaturated C=O bond of the amide into the Ru–H bond was calculated to be significantly higher in 

energy (G‡ ≥ 40.2 kcal mol-1 N.B. the intermediate structures were not calculated so the true energy 

barrier could only be calculated in comparison to the starting materials) compared to ketone directing 

group pathway (G‡ = 18.6 kcal mol-1). This carbonyl insertion into Ru–H bond step was unnecessary 

for the C–O functionalisation pathway and therefore the C–H pathway was shut down in this instance 

and only C–O functionalisation product was observed when an amide directing group was used. Lin et 

al. hypothesised that repeating the reaction performed by Snieckus’ group, with PhBneop as the 

nucleophile, but importantly adding a sacrificial ketone should allow both the C–H and C–O bond 

functionalisation to occur. 

 DFT calculations were also performed by other groups on the ruthenium mediated Murai-

coupling of an alkene and acetophenone.42,43,45 Morokuma et al. showed carbonyl binding to the 

ruthenium centre was necessary for bond formation, moreover coordination of the substrate to the 

ruthenium catalyst was found to be favourable.43 Importantly the active species was always assumed to 

be a “Ru(CO)(PPh)n” (n = 2 or 3) species based on the experimental evidence that transfer 

hydrogenation of ketone was observed in parallel to the desired product formation in stoichiometric 

reactions. The same assumption was taken by Lin et al. in their investigation however DFT data reported 

by Clot et al. on a similar reaction but modelling with [Ru(H)2(η2-H2)2(PMe3)2] as the pre-catalyst 

looked specifically at how the active species was generated in the Murai-type coupling reaction of 

acetophenone with ethene (Figure 2.12).45 The investigation found that binding of the potential ligands 

around this ruthenium complex followed the expected trend: η2-C4H2 > η2-H2 > ketone > σ-(C–H). This 

allowed Clot and co-workers to conclude that “[Ru(H)2(PMe3)2]” was the most likely active species 

generated from substitution of one of the η2-H2 ligand with ethene with the remaining η2-H2 

hydrogenating the bound ethene. The highest transition energy barrier for this process was found at G‡ 

= 6.7 kcal mol-1. In comparison, the direct substitution of the two η2-H2 ligands by the acetophenone 

was uphill by G‡ = 14.2 kcal mol-1. The importance of the route to generating the active species should 

therefore not be neglected when investigation the mechanism of a reaction. 
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Figure 2.12. Lowest calculated energy reaction profile to generate reactive ruthenium species for the Murai 
coupling reaction of acetophenone with ethene. Trans PMe3 ommited for clarity. Gibbs free energies in kcal mol-1 

  

 The experimental and computation studies above highlight how a variety of nickel and 

ruthenium species can be formed depending on the reaction conditions and therefore understanding the 

initial steps before bond breaking of these C–X (X = H, O) cleavage reactions is incredibly pertinent. 

Different factors combine to alter the potential mechanistic pathway these reactions will ultimately 

undertake and therefore proposing the usual TM(0)/TM(II) (TM = Ni or Ru) may be too simplistic. In 

addition, analysing the entirety of a reaction profile may justify the chemoselective behaviour 

demonstrated in these reactions. 

2.2.3 Iridium 

It is worth briefly highlighting some recent work into the mechanistic investigation of sp3C–O 

bond activation mediated by iridium complexes involving carbene intermediates. In 2006, Paneque and 

Carmona et al. reported the conversion of 2,6-dimethyl-substituted anisoles into the corresponding 

phenols involving formation and cleavage of C–H, C–C and C–O bonds (Scheme 2.17).46,47 It was 

proposed the mechanism of the reaction underwent initial sp3C–H activation of the –OMe group of the 

anisole followed by a second sp3C–H activation process of the ortho-Me group to generate a 6-

membered cyclic intermediate. This intermediate underwent a reversible α-H elimination step to 

generate an iridium carbene intermediate that was detected by multinuclear NMR spectroscopy. In 

addition, this α-H elimination step was anticipated to be in competition with an α-OAr elimination 

process to form a different carbene species (not detected by multinuclear NMR spectroscopy). 

Following the C–O cleavage route, a further migratory insertion step and then a β-hydride elimination 

step yielded an iridium hydride aryloxide intermediate. The iridium hydride aryloxide compound can 
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be isolated and undergo further transformations (silylation and then hydrolysis) to form the desired 

phenol product. 

 

Scheme 2.17. [Ir(Tp(Me2))Ph2] mediated sp3C–O bond cleavage via a carbene intermediate. 

 

 In similar studies, Goldman et al. probed experimentally and computationally the sp3C–O 

cleavage of anisoles with an iridium pincer complex and also postulated the formation of a carbene 

intermediate in the mechanism of the reaction (Scheme 2.18).48,49 A positive kinetic isotope effect 

through deuterium labelling of the –OMe group suggested a pathway involving initial C–H activation 

of methyl group as opposed to simple direct oxidative addition of the C–O bond. This mechanism was 

supported by DFT calculations and demonstrated an alternative mechanism to C–O cleavage reactions 

mediated by transition metals.  

 

Scheme 2.18 Iridium pincer complex mediated sp3C–O bond cleavage via a carbene intermediate. 
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2.3 RESULTS AND DISCUSSIONS  

 The focus of this chapter will look at C–O bond activation of acetophenone substrates 

containing methyl ether and aryl ether motifs. From the work by Kakiuchi et al.29,31 the inclusion of a 

directing group was important for the success of bond cleavage to occur as the directing group not only 

provided a route of pre-complexation to the transition metal complex but helped to direct the ortho-

position of the aryl group towards activation. 

 The ruthenium bis(dihydrogen) complex [Ru(H)2(η2-H2)2(PCy3)2] (1-2H2) was capable of X–H 

(X = C, N, O) bond activation but nothing has been reported concerning C–O activation.50 Whether this 

was due to unsuccessful attempts to cleave C–O bonds or whether this area was never researched was 

not clear however this provided an opportunity to explore the reactivity of the analogous ruthenium 

bis(dinitrogen) complex [Ru(H)2(N2)2(PCy3)2] (1). 1 provides more labile ligands in the form of the end 

on bound dinitrogen in comparison to the phosphines and carbonyl ligands ligated to the traditional 

ruthenium catalysts used for these C–H and C–O bond activation chemistry (vide supra).  

 The following body of work will combine experimental and computational analysis on the 

sp2C–O bond activation of acetophenone substrates mediated by a ruthenium bis(dinitrogen) complex 

(1). In addition, preliminary investigations into the functionalisation of the C–X (X = H, O) bond will 

be explored with main group reagents HBpin (pin = pinacolato) and B2pin2 as the coupling partner 

(Figure 2.13). 

 

Figure 2.13. Idealised catalytic cycle on the functionalisation of C-X (X = H, O) bond in acetophenone substrates 
mediated by 1 
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2.3.1 C–H activation 

 The reaction of the ruthenium bis(dinitrogen) complex [Ru(H)2(N2)2(PCy3)2] with 2-

methoxyacetophenone (2a) or 2-p-tolyloxyacetophenone (2b) in a 1:2 ratio proceeded rapidly at 25 °C 

to form the corresponding cyclometallated species 4a-b from the ortho-C–H activation of one 

equivalent of substrate. This reaction was accompanied by transfer hydrogenation of the second 

equivalent of substrate to generate the arylethanol substrates (Scheme 2.19).51 When the reaction was 

performed with a 1:1 ratio of reagents, the same result was observed but 0.5 equiv. of 1 remained 

unconsumed. Synthesis of genuine samples of the arylethanol substrates allowed for doping of these 

substrates into the reaction mixtures and confirmed the formation of the transfer hydrogenation 

products. 

 

Scheme 2.19. sp2C–H and sp2C–O activation of acetophenone substrates. 

 

 Complexes 4a and 4b were characterised by distinctive triplets in the hydride region of the 1H 

NMR spectrum at = –14.89 (t, 2JP–H = 24.5 Hz) and –14.82 (t, 2JP–H = 24.1 Hz) ppm respectively along 

with near identical 31P{1H} resonances (4a, = 39.1 ppm; 4b, = 39.9 ppm). While ultimately resolved 

by X-ray diffraction studies (Figure 2.14), the retention of the dinitrogen ligand on ruthenium was 

supported by infrared absorptions for both Ru–H (4a, 1964 cm-1; 4b, 1983 cm-1) and NN bonds (4a, 

2078 cm-1; 4b, 2106 cm-1). The ruthenium-bound carbon atoms of the cyclometallated ligands were 

observed in the expected region of the 13C NMR spectrum and correlated with the Ru–H resonance by 

1H-13C{1H} HMBC experiments (4a, = 212.2 ppm; 4b, = 211.8 ppm). 
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 No ortho-C–O activation of the acetophenone substrates was observed by multinuclear NMR 

spectroscopy. Kakiuchi et al. demonstrated that 2,2-dimethyl-1-(2-p-tolylphenyl)propan-1-one first 

underwent ortho-C–H activation at 25 °C and the isomerisation of the product to the ortho-C–O 

activation product was not achieved until the reaction mixture was heated to 120 °C.33 The reaction 

mixtures of the acetophenones with 1 were heated to 50 °C however no isomerisation to the ortho-C–

O activation product was observed. Further attempts to force the isomerisation by photochemical 

conditions (400 W, Hg lamp) also failed.  

 Based on the observation above, the potential C–H activation pathway of these acetophenone 

substrates were blocked by investigation of substrates that only contained C–O bonds in the ortho 

position of the ketone directing group. The reactions of 2,6-dimethoxyacetopheonone with 1 were 

investigated.  

2.3.2 C–O activation  

 At 25 °C, addition of 1 to 2,6-dimethoxyacetophenone (3a) resulted in C–O bond activation, 

producing 4a as the predominant ruthenium-containing product alongside transfer hydrogenation of the 

second equivalent of substrate to form the corresponding arylethanol product. Analogous reaction was 

performed using the biaryl ether substrate 3b to form complex 4b (Scheme 2.19). These results 

demonstrate that the ruthenium bis(dinitrogen) complex was capable of cleaving both sp2C–OMe and 

sp2C–OAr bonds, however slowly at 25 °C. The reaction conditions were optimised to 40 °C in order 

to increase the rate of reaction. The choice of this low temperature was determined as the ruthenium 

complex underwent side-reactions with itself at elevated temperatures along with H/D exchange with 

the deuterated solvent (CHAPTER 1).  

 In the case of substrates 2a-b, despite the presence of both ortho C–H and C–O bonds, exclusive 

C–H activation was observed. Similarly, an intermolecular competition experiment in which 1 was 

reacted with 2 equiv. of 3a and 2 equiv. of 2,2-dimethylpropiophenone led to exclusive formation of 

the C–H activation product 4c (Scheme 2.20). 

 

Scheme 2.20. Intermolecular competition between sp2C–H and sp2C–O activation  

  

The propensity of [Ru(H)2(η2-H2)2(PCy3)2] (1-2H2) to effect the cyclometallation,52 and 

catalytic functionalisation,53,54  of the sp2C–H bond of aromatic substrates containing a suitable directing 
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group was well established, however nothing has been reported concerning C–O bond activation. 

Reaction of 3a with [Ru(H)2(η2-H2)2(PCy3)2] under an atmosphere of H2 failed to result in C–O bond 

cleavage of the acetophenone substrate with only transfer hydrogenation of the substrate to form the 

corresponding alcohol observed regardless of the reaction stoichiometry. Control reactions confirmed 

that C–O bond activation was sensitive to the nature of the ligands on ruthenium (N2 versus H2) but also 

sensitive to the atmosphere under which the reaction was conducted. Reaction of 1 with 3a under argon 

proceeded to give 4a over 5 h while that under N2 required 24 h to reach completion: more accurately, 

t1/2(N2) = 6.0 h and t1/2(Ar) = 1.6 h. In combination the experiments show that, while a labile N2 ligand 

on ruthenium was necessary for C–O activation exogenous N2 inhibits the rate of this reaction.  

It was notable that, although both C–O cleavage reactions of 3 with 1 proceeded to give 

organometallics in approximately 50 % yield, neither contain the –OR fragment from the broken C–OR 

bond. Furthermore, transfer hydrogenation of the organic substrates occurred in both C–H and C–O 

activation reactions to form the arylethanol substrates as by-products to these reactions. These data raise 

a number of questions: What was the destination of the –OMe and –OAr groups following C–O bond 

cleavage? What was the source of dihydrogen for the transfer hydrogenation? And was transfer 

hydrogenation required to generate a reactive Ru-complex capable of effecting C–O bond cleavage?  

2.3.3 By-Product 

 It was hypothesised that the initial side-products of C–O bond activation were the alcohols, 

methanol (from 3a) and 4-methyl phenol (from 3b), that go on to react with 1 at a faster or equal rate 

than the ethers themselves.  

 From the reaction of 1 with 3a, cleavage of the methoxy fragment was expected to form 

methanol in-situ. In line with literature findings, methanol reacts rapidly with 1 to form an equilibrium 

mixture of 5-N2/5-H2.55,56 These ruthenium carbonyl complexes were formed during reactions of the 

methyl ether 3a with 1 in ~30 % yield as evidenced by 31P{1H} and 1H NMR spectroscopy. Additional 

evidence for the formation of a metal carbonyl under C–O cleavage conditions was provided by the 

reaction of 1 with double 13C-labelled 2,6-dimethoxyacetophenone. Following the reaction by 13C NMR 

spectroscopy revealed the formation of a new metal carbonyl characterised by a diagnostic resonance 

at  = 204.5 ppm. In combination, these experiments provide compelling evidence for the formation of 

a Ru-methoxide intermediate that readily decomposes to a metal carbonyl. For comparison, nickel 

alkoxide intermediates were prone to -hydride elimination,12,28 and the formation of nickel carbonyl 

complexes has been reported during reactions that break strong C–O bonds of methyl aryl ethers.12,14  
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Scheme 2.21. By-product from reaction of 1 with 3a 

 

 From the reaction of 1 with 3b, cleavage of the 4-methylphenoxide fragment was expected to 

form 4-methyl phenol as the alcohol.  Monitoring the reaction of 1 with 4-methyl (or 4-tert-butyl) phenol 

as a function of time revealed the formation of a mixture of 6-8 prior to workup (Scheme 2.22).57 The 

structural assignment was confirmed by a combination of 31P{1H} and 1H NMR spectroscopy (including 

VT and 2D experiments) and X-ray crystallography. These experiments included the isolation and 

separation of 6b, an analogue of 6a which proved more amenable to purification by fractional 

crystallisation than 6a.  

 The square-based pyramidal ruthenium-aryloxide complex 6a was the major side-product 

observed in the C–O cleavage reaction of 3b (~20% yield). This complex was characterised by a 

diagnostic resonance at  = 41.9 ppm in the 31P{1H} NMR spectrum and a heavily shielded hydride 

resonance at = –25.86 (t, 2JP–H = 19.2 Hz) ppm in the 1H NMR spectrum. Complexes 7a and 8a were 

also both observed during C–O bond activation of 3b with 1, albeit in smaller amounts than 6a and 

were minor side-products of this reaction (~5% combined yield).  

 

Scheme 2.22. By-product from reaction of 1 with 3b 

 

 While analogous reactions between Ru(II) hydrides and phenols have been reported previously, 

there is a dearth of single crystal X-ray studies to support the proposed structures of the reaction 

products.58 The reaction of [Ru(H)2(2-H2)2(PCy3)2] with phenol has been reported to form an analogue 
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of 7 (R = H) which converts to 8 (R = H) upon hydrogenation (Scheme 2.22).55 Neither of these 

complexes have been structurally characterised nor have data been presented to support formation of 

-phenoxide intermediates despite the fact that [Ru(H)2(PMe3)4] reacted with phenol to afford a 

-phenoxide complex cis-[RuH(1-OC6H5)(PMe3)4].59 Wilkinson and co-workers have commented that  

[RuH(PPh3)2(5-C6H5O)•(C6H5OH)2] formed a π-phenoxo complex that was reported to crystallise as a 

1:2 adduct with phenol, while this finding was directly relevant to our structural characterisation of 7a, 

the crystallographic data for the former complex were not available in the literature.60  

 Complex 6b contains, to the best of our knowledge, the first structurally characterised trans-

relation (O–Ru–N = 166.22(10)o) between a-aryloxide and dinitrogen ligand (Figure 2.14). Both the 

Ru–O bond length (2.0181(18) Å) and the Ru–N bond length (1.878(2) Å) were short. For comparison, 

the former distance can be compared to the range found in -phenoxide complexes (2.108(6) – 2.152(2) 

Å) and the latter to 4a-c (1.975(2) – 1.9803(19) Å).57–59 These data were a reflection of the weaker 

trans-influence of the -aryloxide in comparison to the -aryl ligand,59 and the -basicity of the 

aryloxide increasing back-donation to the dinitrogen ligand. For comparison, trans-disposed ether and 

dinitrogen ligands in a monomeric ruthenium complex have M–O and M–N bond lengths of 2.117(3) 

and 1.946(3) Å respectively.61–63  

 

 

Figure 2.14. Crystal structures of 1, products of C–X activation 4a–c (X = H and O), and side products 6b and 7a 
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 1 4a 4b 4c 

Ru–N 
2.010(3) 

1.978(2) 1.9803(19) 1.975(2) 
2.013(3) 

Ru–P 
2.3382(7) 2.3529(7) 2.3562(6) 2.3459(5) 

2.3392(6) 2.3542(7) 2.3571(6) 2.3460(5) 

N–N 
1.134(4) 

1.107(3) 1.105(2) 1.107(3) 
1.116(3) 

Ru–C  2.034(2) 2.042(2) 2.043(3) 

O–Ru–C  76.89(7) 77.35(7) 76.49(9) 

Table 2.1 Bond Lengths (Å) and Angles (°) in 1 and 4a-c 

 

 Monitoring the C–X bond activation reactions as a function of time revealed that transfer 

hydrogenation of the ketone did not precede bond activation but rather occurred at the same time. 

Esteruelas et al. have also observed substrate hydrogenation during C–H bond activation of ketones 

promoted by ruthenium POP-pincer complexes.64 Transfer hydrogenation of the first equiv. of substrate 

with 1 could be a potential route to generate coordinatively unsaturated Ru(0) complexes. These latter 

species have been suggested by DFT to play an important role in C–O and C–H bond activation (Figure 

2.12) and was considered as potential intermediates in the key bond breaking events in the 

computational studies below (Scheme 2.23). 

 An alternative explanation for the observed transfer hydrogenation process was that 1 (or 

related species) could catalyse the hydrogenation of the ketone substrate. The H2 required was 

potentially liberated during the C–X bond activation reactions. In the case of C–H activation, H2 was 

formed from the breaking C–H and Ru–H bonds (Scheme 2.21). While in the case of C–OR activation, 

H2 was generated by either dehydrogenation of the methoxide ligand to form the carbonyl complex 

5-N2/5-H2 (R = Me) or during generation of the aryloxide 6a (R= Ar) (Scheme 2.22). 

 In combination, the experimental data showed that: (i) facile C–O activation of aryl and methyl 

ethers occurred with the ruthenium(II) complex 1 below 40 oC provided the substrate contains a suitable 

directing group, (ii) the initial side-products of C–O bond activation were ruthenium–

alkoxide/aryloxide complexes, (iii) C–O bond activation can be inhibited by addition of exogeneous 

dinitrogen and (iv) C–H activation occurs at a faster rate than C–O bond activation. The computational 

studies presented below will rationalise these experimental data.  

2.3.4 Mechanistic and DFT Studies 

 The following DFT and QTAIM calculations were performed by Dr Bryan J. Ward (Imperial 

College London). Potential reaction mechanisms were studied by DFT using the Gaussian 09 suite and 
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optimisations employed the BP86 functional.65–67 Ru and P centers were described with Stuttgart RECPs 

and associated basis sets (ECP28MWB for Ru and ECP10MWB for P).68–70 The P basis set was 

augmented with the addition of d-orbital polarisation ( = 0.387).71  6-31+G* basis sets were used for 

N and O and 6-31G** basis sets were used for all other atoms.72–74 Free energies are corrected for both 

benzene solvent (PCM approach) and dispersion effects (Grimme’s D3 parameter set with Becke-

Johnson (BJ) damping).75,76  

1.1.1.1 Plausible pathways for C–O activation 

 In analysing plausible mechanisms of C–O bond activation from 1 both the key bond breaking 

step and the energetics to form the reactive transition metal fragment that participates in this step were 

considered. Three plausible steps for C–O bond cleavage were postulated: (i) oxidative addition of the 

C–O bond to Ru(0), (ii) hydrodeoxygenation by hydride attack on the C–O bond of the Ru(II) 

coordinated substrate (SNAr), and (iii) oxidative addition of the C–O bond to Ru(II) (Scheme 2.23).  

 

Scheme 2.23. Plausible reaction pathways to obtain reactive Ru intermediate 

 

 Oxidative addition of C–O bonds of ethers to Ru(0) carbonyl complexes has been widely 

invoked in Ru-catalysed cross-coupling reactions of ethers with boronic esters.29,34,38–40 Lin et al.  have 

recently calculated a low energy transition state for the oxidative addition of a C–O bond to the square-

planar 16 electron complex trans-[Ru(PPh3)2(CO)(o-OMe-C6H4C(O)Me)] (Figure 2.11).41 Directing-

group assisted C–H activation have been calculated to occur by similar facile Ru(0)/Ru(II) redox 

process.42,43 While the Ru(0)/Ru(II) mechanisms for C–X bond activation were becoming generally 

accepted, the question remained: what were the barriers to generate the reactive 16 electron fragments 

from the Ru(II) precursors employed in experiments? The results of the calculations that address this 
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question for 1 were summarised graphically alongside the highest energy transition states for the C–O 

activation step in Figure 2.15.  

 Oxidative addition of C–O bond to Ru(0): Although oxidative addition of a C–O bond to Ru(0) 

was facile (highest transition state for this process was calculated as 25.3 kcal mol-1), formation of the 

required 16 electron intermediate was kinetically challenging. This species could be generated by either 

reductive elimination of H2 from 1 or transfer hydrogenation of a further equivalent of the ketone 

substrate (as observed experimentally). The highest transition states for these processes reached 32–38 

kcal mol-1 (Figure 2.15, red line). 

 In contrast ligand exchange reactions to generate the reactive Ru(II) intermediates capable of 

C–O bond activation were lower in energy <30 kcal mol-1 than generation of the Ru(0) intermediate. 

Therefore, it seemed less likely that oxidative addition of C–O bond to a Ru(0) was the pathway 

operating in this reaction as the step to generate the reactive Ru(0) species was higher than the steps to 

generate the Ru(II) species and the subsequent C–O bond activation steps by these reactive Ru(II) 

intermediates.  Two pathways for C–O bond activation were considered plausible from these Ru(II) 

intermediates: SNAr or oxidative addition. 

 SNAr versus Oxidative addition of C–O bond to Ru(II): The transition state for the SNAr path 

for C–O bond activation by hydrodeoxygenation (Figure 2.15, black line),77–79 was 1.8 kcal mol-1 higher 

than the barrier involving oxidative addition of the C–O bond to Ru(II) to form Ru(IV) (Figure 2.15, 

blue line). While 3 different pathways for C–O bond activation were potentially competitive, the data 

suggested that the oxidative addition of C–O bond to the reactive Ru(II) intermediate was the lowest 

energy pathway of this reaction. 

 

Figure 2.15. Comparison of the highest TS to generate reactive Ru intermediate and C–O bond activation. P = 
PCy3 
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 The following DFT calculations will show the oxidative addition of C–O bond to Ru(II) species 

to generate Ru(IV) species in more detail and compare the pathways for C–O and C–H cleavage that 

derive from common intermediates to reason our experimental observation that C–H activation was the 

kinetic pathway whereas C–O activation was the thermodynamic pathway. 
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1.1.1.2 Oxidative Addition to Ru(II) intermediate 

 

 

 

Figure 2.16. Structures of the intermediates in both C–H and C–O bond activation pathways. P = PCy3 
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Figure 2.17. Calculated pathways for C–H (red) and C–O (blue) activation. Gibbs free energies in kcal mol-1; liberated N2 not shown. 
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 Clot et al. have previously calculated the C–H activation of acetophenone by [Ru(H)2(2-

H2)2(PMe3)2] and concluded that following displacement of two equivalent of H2 by the ketone and 

formation of an agostic complex, the reaction proceeds by a σ-complex assisted metathesis (-CAM)-

like mechanism (Figure 2.12).45,80 Importantly this study demonstrated that the directing group-assisted 

pathway was considerably lower in energy than those which did not involve coordination of the 

carbonyl group to ruthenium. In the current case, while modification of the substrate to 2a and 

ruthenium precursor to 1 produced a near identical low energy reaction pathway for the C–H bond 

cleavage step, by considering the steps prior to coordination of the C–H bond further important features 

of this reaction have been identified (Figure 2.16 and Figure 2.17).  

 C–H Activation: Stepwise dissociation of two equivalents of N2 from 1 with formation of the 

five coordinate intermediate Int-2 was endergonic Go = +19.2 kcal mol-1 and provided the highest 

energy transition state (TS-1) on the potential energy surface G‡ = 26.1 kcal mol-1 (Figure 2.17). N2 

dissociation from Int-1 can therefore be considered as the rate-limiting step for C–H activation. 

Therefore, the actual bond breaking and bond making processes from Int-2 onwards are facile.  

 The second highest transition state in C–H bond breaking step was from Int-2 to Int-3 (G‡ = 

23.4 kcal mol-1) via TS-2 ‒ the approach of the C–H bond to ruthenium to form the agostic complex 

Int-3. The C–H bond cleavage transition state, TS-3 was only 0.2 kcal mol-1 higher in energy than Int-3 

and C–H bond cleavage was rapidly followed by H–H bond formation along a flat potential energy 

surface through Int-4 (formally a Ru(IV) complex) arriving at Int-5 (a Ru(II) complex) as the 

minimum.  

 QTAIM and NBO calculations supported the formulation of Int-4 as a ruthenium(IV) 

trihydrido complex (Figure 2.18). A number of Ru(IV) hydrido complexes are known,81,82 and Sabo-

Etienne and co-workers have recently characterised a Ru(IV) hydridotrisilyl complex of the form 

[RuH(SiR3)3L3] by neutron diffraction.83 The reorganisation of hydrogen atoms within the equatorial 

plane of ruthenium(II) complexes is well known to proceed through low-energy, almost barrierless 

steps,52,84 and related fluxional exchange processes have been proposed to be facilitated by nascent H--

-H–H bond formation in the ground state due to donation from the -(M–H) orbital to the *-(H–H) 

orbital.82,85 
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Figure 2.18. (Top) NBO, NPA charges of Int-4, TS-4 and Int-5 and (Bottom) Electron density contour plot 
overlaid calculated structures from QTAIM; bond critical points between atoms (green dots),  

 

 Dissociative substitution of H2 in Int-5 leaves a vacant site at Ru which was stabilised through 

a C–H agostic interaction from a tricyclohexylphosphine ligand intermediate to give Int-6 and 

ultimately coordination of N2 gives the experimentally isolated C–H activation product 4. 

 C–O Activation: Considering the analogous pathway for C–O bond activation, the transition 

state for the approach of the C–O bond toward ruthenium, TS-5, was higher in energy than TS-2 on the 

C–H activation pathway. The approach of the C–O bond was therefore the rate determining step and 

not the N2 dissociation from Int-1. Once Int-8 is formed, C–O activation, like C–H activation, was 

again facile and resulted in the generation of Ru(IV) intermediate Int-9 at +19.8 kcal mol-1 above the 

separated reactants. Formation of H2 from Int-9 via TS-7 generated the Ru(II) complex, Int-10.  

 As with C–H activation, the bond breaking and making processes that occurred from Int-8 to 

Int-10 connected two Ru(II) complexes by Ru(IV) stationary points. Although in contrast to the C–H 

activation -CAM like mechanism (in which the H from the C–H bond effectively transfers directly on 

to the neighbouring hydride to form H2), for the C–O activation pathway, as the C–OMe bond breaks a 

new H–OMe bond does not form directly. Instead addition of the C–O bond to Ru(II) occurred in 

concert with the reductive coupling of the two hydride ligands already present to form dihydrogen and 

this served to re-establish the Ru(II) oxidation state in Int-10. The nature of the C–X bond breaking 

step in this pathway was subtly different to C–H activation (vide infra).  

 Methanol formation proceeds from Int-10 through TS-8, breaking the H–H and Ru–OMe 

bonds while simultaneously forming H–OMe and H–Ru bonds to generate Int-11. Cundari, Gunnoe 
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and co-workers have characterised related processes which involved the addition of H2 (or C–H bonds) 

across Ru–OH and Ru–NH2 bonds.86,87 Methanol remained bound to the outer-sphere of the ruthenium 

complex in Int-11 through a dihydrogen bond (1.59 Å) and again the vacant site at Ru is stabilised 

through a C–H agostic interaction from a tricyclohexylphosphine ligand. Dissociation of methanol was 

facile leaving the five coordinate complex, Int-11, with cis-phosphine ligands. Due to the ease of the 

ligand re-organisation processes, Int-11 can undergo an intramolecular isomerisation. The equatorial 

phosphine ligand reorganised to the axial site to yield Int-12 (Figure 2.19), which retained a C–H 

agostic interaction. From Int-12 dinitrogen readily coordinated to form the reaction products.  

 

Figure 2.19. cis-trans isomerisation of PCy3. P = PCy3 

 

 Additional pathways were characterised for product formation from Int-9, these included: (i) 

H2 formation accompanied by an intramolecular isomerisation of the phosphine ligands, (ii) direct O–

H bond formation, and (iii) H2 extrusion followed by β-hydride elimination of a ruthenium-methoxide 

intermediate. All three aforementioned pathways were in theory viable as the highest activation barriers 

of all these pathways were lower than that of the preceding rate-limiting C–O bond cleavage step. 

 Dehydrogenation of CH3OH to form 5-N2/5-H2 by 1 was also investigated computationally. 

Formation of the carbonyl complexes occurred through well understood -hydride elimination and C–

H activation steps all of which were computed to be more accessible than the preceding C–O 

activation.88,89  

1.1.1.3  Selectivity Determining Approach of the C–X bond to ruthenium  

 Comparison of TS-2 and TS-5 explained the experimental observation that C–H activation was 

the kinetic pathway whereas C–O activation was the thermodynamic pathway. The Gibbs energy barrier 

for C–H activation was considerably lower than C–O activation (∆∆G = 8.6 kcal mol-1). This difference 

in energy can be attributed to the approach of the C–O bond toward ruthenium being less favoured than 

the C–H bond due to repulsive non-covalent interactions (NCI) forcing ligand reorganisation (Figure 

2.20a and Figure 2.20b). NBO analysis highlighted negative charge accumulation at both Ru and O(Me) 
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in TS-5. In contrast for TS-2 the Ru(d---C–H() repulsion was less significant. Consequently, as the 

C–O bond approached Ru, the acetophenone aryl ring was twisted out of the equatorial plane in TS-5 

as Ru interacted preferentially with the ipso-carbon (Figure 2.20c).  The structural reorganisation 

required was facilitated by the flexibility of the coordinated phosphine ligands and it was clear despite 

the energetic penalty that accompanied the structural distortion, the elasticity of the P–Ru–P angle was 

important for C–O bond cleavage. A number of relevant ruthenium complexes with cis-disposed PCy3 

ligands are known.90–92  

 

Figure 2.20. NCI plots of (a )Int-7 (C–O) and (b) Int-2 (C–H). (c) Molecular models of TS-2 and TS-5 with 
selected bond lengths (Å).   

 

 Breaking of the C–X bond: Both bond activation steps involved oxidative addition of the C–

X bond to Ru(II). There were, however, subtle differences between the C–H and C–O cleavage 

mechanisms. As both pathways contained an early transition state for C–X bond activation the 

comparison of Int-3 (C–H) and Int-8 (C–O) allowed the key differences to be elucidated.  

 Second-order perturbation analysis allowed Int-3 to be classified as a typical agostic complex. 

Donation from the -(C–H) orbital to the *-(Ru–H) was accompanied by back-donation from a filled 

d-orbital of Ru to the *-(C–H) (Figure 2.21a). NBO calculations showed that formation of this agostic 

complex from Int-2 occurred with only minor perturbation of the electron density at the Ru and C 

centres (Figure 2.21b). It can be concluded that C–H bond breaking occurred by population of the 

*-(C–H) orbital with electrons from Ru and formation of a Ru(IV) organometallic. 
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Figure 2.21. (a) Selected NBO second-order perturbation analysis data on Int-3. (b) NBO analysis showing the 
difference in NPA charges between Int-2 and Int-3 

 

 In contrast, formation of Int-8 from Int-7 on the C–O activation pathway occurred with 

pyramidalisation at the ipso-carbon of the aromatic ring and accumulation of charge at both this site 

and, to a lesser extent, the ortho- and para-positions. Concurrently, the Ru centre underwent charge 

depletion (Figure 2.22b). While QTAIM analysis showed bond critical paths (bcp) between Ru–C, C–

O and O–Ru in this intermediate, second order perturbation analysis from the NBO calculations 

suggested that it cannot be simply described as a -complex. No significant donation and back-donation 

to or from the -(C–O) bond was calculated (Figure 2.22a). Moreover, the small positive 2b and 

negative Hb (energy density) values at the bond critical points between Ru and C from the QTAIM data 

indicated the formation of a partially covalent bond. In combination the data suggest an asynchronous 

pathway for C–O bond activation in which Ru–C bond formation precedes Ru–O bond formation.  

 

Figure 2.22. (a) Selected NBO second-order perturbation analysis data on Int-8. (b) NBO analysis showing the 
difference in NPA charges between Int7/Int-8 
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2.3.5 Expansion of scope 

 Aside from the four substrates depicted in (Scheme 2.19), a number of different substrates were 

tested in order to ascertain the scope and limitation of this ruthenium mediated C–X activation 

chemistry. 

1.1.1.4 Directing group ‒ (C(O)R, when R = tBu) 

 Kakiuchi et al.29,31,33 and Snieckus et al.38–40 alluded to the directing group having an effect on 

chemoselectivity of the reaction i.e. whether the ortho-C–H or ortho-C–O bond was cleaved. Kakiuchi 

et al. showed that the C–H activation pathway of an acetophenone substrate bearing both ortho C–H 

and C–O bonds could be shut down when the R group of the ketone was not a methyl group but a tert-

butyl group. The argument was that sterics dictated the chemoselectivity of the reaction with the tert-

butyl group preferring to arrange itself towards to the ortho-position with the smallest steric clash 

resulting in the blocked access of the metal complex to the C–H bond (Scheme 2.24). The computation 

study by Lin et al. has provided a more in-depth analysis based on the relative stability of the transition 

state of the intermediate during the transmetallation step with the organoborane substrate as to the origin 

of the chemoselective behaviour of the reaction (Figure 2.11).41 

 

Figure 2.23. Steric argument for the chemoselectivity of C–H versus C–O bond activation of 1-(2-
methoxyphenyl)-2,2-dimethylpropan-1-one 

 

 Repeating the reaction of 1-(2-methoxyphenyl)-2,2-dimethyl-1-propanone (2d) with 1 at 25 °C 

resulted in the ortho-C–H activation of the substrate to generate the cyclometallated species 4d as well 

as one equivalent of the arylethanol product (Scheme 2.24). Complex 4d demonstrated the same 

distinctive triplet for the Ru–H signal at  = –14.16 (t, 2JP–H = 26.2 Hz) ppm as the analogous 

cyclometallated species 4a-c, and with the corresponding 31P{1H} resonance at  = 36.5 ppm. This 

experiment showed that 1 was still able to mediate C–H bond activation of the substrate, in contrast to 

the result by Kakiuchi et al.29 and confirming that the steric argument for the chemoselective behaviour 

may be too simplistic and that other factors can have a greater effect on the chemoselectivity of the 

reaction. The yield of 4d was 54 % after 3 days at 25 °C with 31P{1H} NMR spectrum showing roughly 

half of 1 remaining unconsumed. The low yield of 4d suggested that even though the C–H pathway was 

not shut down, the conversion to product was inhibited. Heating of the reaction mixture to 35 °C led to 



 

[101] 
 

the formation of a second product demonstrating a triplet at  = –17.59 ppm (t, 2JP–H = 19.3 Hz) and 

with a corresponding 31P{1H} resonance at  = 47.5 ppm. The identity of this new organometallic 

species was never unambiguously established. Comparison of the data with 4c, which would be the 

product from C–O activation, showed that this was not the product. It was anticipated that this minor 

impurity may be an artefact of another substrate formed in small amounts from the synthesis of 1-(2-

methoxyphenyl)-2,2-dimethyl-1-propanone. 

 

Scheme 2.24. C–H activation of 1-(2-methoxyphenyl)-2,2-dimethyl-1-propanone 

  

1.1.1.5 Directing group ‒ Hydrosilyl ether 

 The ketone functionality of the acetophenone substrates used in this investigation can be made 

from the oxidation of phenol derivatives for example the structurally similar substrates to monolignols 

(Figure 2.1). An alternative functional group that could potentially serve as a directing group in these 

C–X bond activation chemistry was hydrosilyl ether group. Hydrosilyl ether can be constructed from 

the dehydrocoupling reaction of phenol derivatives with the required silane reagent and forming H2 as 

the by-product. Alternatively, as in this investigation, the hydrosilyl ether group can be constructed via 

nucleophilic substitution reaction of the phenol with required silyl chlorides reagent (chloride salt as 

the by-product). The hydrosilyl ether group has a strong Si–O bond which should be resistant to being 

cleaved itself and also a Si–H bond that is able to complex to the ruthenium centre in an η2-fashion. 

Sabo-Etienne et al. has reported a number of interesting σ-silane complexes from the reaction of the 

ruthenium bis-dihydrogen complex, [Ru(H)2(η2-H2)2(PCy3)2], with a number of silane complexes 

(Chapter 1, 1.2.5.2 Silicon).91–93 

 The reaction of 1 equivalent of 1 with 1 equivalent of 9a proceeded rapidly at 25 °C with a 

slight downfield shift and broadening of all the peaks corresponding to 9a observed in the 1H NMR 

spectrum (Scheme 2.25). In addition, a new broad peak in the up-field region of 1H NMR spectrum at 

δH = ‒8.48 ppm appeared indicative of complexation of the substrate and potential formation of a η2-

Si–H motif in 10a. For example, the same characteristic broadening of the resonances in the 1H NMR 

spectrum was observed by Sabo-Etienne et al for the reaction of 1-2H2 with silanes to indicate 

successfully sigma complex formation (Chapter 1, 1.2.5.2 Silicon). In the 31P{1H} NMR spectrum two 

new broad resonances were observed at δP = 44.6 and 53.0 ppm which were assigned as 10a-N2 and 

10a-H2 respectively. Repeating the reaction of 1 with 9a under an atmosphere of H2 resulted in the 
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formation of just 10a-H2 with only the resonance at δP = 53.0 ppm observed in 31P{1H} NMR spectrum.  

The broad resonance in 1H NMR spectrum at δH = ‒8.48 ppm also sharpened but was still broad (similar 

fluxional behaviour of hydrides observed for 1-2H2). In the 29Si{1H} NMR spectrum, 10a-H2 was 

characterised by a new downfield resonance at δSi = 14.3 ppm (9a, δSi = ‒13.3 ppm). Low temperature 

NMR spectroscopy failed to decoalesce the Ru–H resonance in 10a-H2 however T1 measurements were 

taken across 293 ‒ 193 K temperature range (400 MHz) with a T1 min value of 45 ms measured which 

was indicative of non-classical hydride behaviour,94 however this was expected if an η2-H2 ligand was 

present in the complex regardless of the presence of a η2-Si–H motif. In addition, no decoalescence was 

observed for the single resonance in 31P{1H} NMR spectrum at low temperature. 

The reaction mixture of 1 and 9a under an atmosphere of N2 was left for 24 h at 25 °C and new 

characteristic resonances in 1H NMR spectrum at δH = ‒8.31 (td, 2JP–H = 15.0 Hz and 2JH–H = 5.9 Hz, 

Ru–H) and ‒9.88 (br s, η2-Si–H) ppm, in 31P{1H} NMR spectrum at δP = 76.5 ppm and in 29Si{1H} 

NMR spectrum at δSi = 40.6 ppm were observed. These new resonances were assigned to the speculated 

organometallic cyclometallated species 11a from the C–O activation of the substrate (Scheme 2.25). 

No additional multinuclear NMR spectra data was performed due to low concentrations of the 

speculated 11a formed in solution. However, 1H‒13C HMBC NMR spectroscopy could have provided 

the indicative cross peak between the Ru–H and Ru–C resonances to strengthen the argument for the 

formation of the cyclometallated product. 

The 1H NMR spectrum containing the mixture of 10a and 11a also contained a number of 

unassigned peaks including resonances characterised as Me fragments. This would indicate that 

potentially ortho-C–H activation of 9a occurred instead of ortho-C–O activation however based on the 

reaction of 1 with (2,6-dimethoxy)diphenylsilane (9b) (vide infra) this seemed unlikely. Nevertheless, 

the assignment of 11a as depicted in Scheme 2.25 was tentative and more data needs to be collected to 

confirm the formation of 11a. 

 

Scheme 2.25. Speculated products from reaction of 1 with 9a 

 

 The analogous reaction of 1 with 9b yielded similar results in terms of forming the ruthenium 

η2-Si–H complex initially 10b. 10b was characterised by resonances in 1H NMR spectrum at δH = ‒8.49 

ppm and in the 31P{1H} NMR spectrum at δP = 44.7 (10b-N2) and 53.0 ppm (10b-H2). Leaving the 
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reaction mixture overnight at 25 °C resulted in formation of the speculated cyclometalled species from 

the C–O activation of the substrate, 11b. 11b was characterised by resonances in the 1H NMR spectrum 

at δH = ‒8.26 (td, 2JP–H = 15.2 Hz and 2JH–H = 2.9 Hz) and ‒8.88 (br s) ppm and in the 31P{1H} NMR 

spectrum at δP = 77.4 ppm and in 29Si{1H} NMR spectrum at δSi = 46.8 ppm. The resonances in the 

multinuclear NMR spectra of 11b did not match entirely with the resonances assigned to 11a. This 

suggested that two different final products were formed from the reaction of 1 with 9a and 9b 

respectively and it seemed unlikely that ortho-C–H activation of 9a occurred as this would have formed 

the same product 11b (with the caveat that the formation of 11 was correct in both reactions). 

 

Scheme 2.26. Speculated products from reaction of 1 with 9b 

 

 The products and intermediates of these reactions were never successfully isolated as the yields 

of 11 were low and over time 11 decomposed to form [Ru(H)2(η6-C6D6)] and other unknown species. 

Although the assignment of the organometallic products 11 were tenuous based only on in-situ NMR 

spectra data, the formation of ruthenium σ-silane complexes (10) seemed probable.  

 From the reaction of 1 with 9, the use of hydrosilyl ether as the directing group seemed 

successful in terms of complexation of the substrate to 1. The formation of two different final products 

(11) was an interesting observation as this reactivity deviated from the formation of the same product 

observed between the reaction of 1 with 2 (one ortho-C–O bond) and 1 with 3 (two ortho-C–O bonds) 

respectively however more work will need to be performed to clarify formation of the products from 

the reaction of 1 with 9. 

1.1.1.6 Absence of Directing group 

 The limitations of these C–X bond cleavage reactions were explored with the exclusion of a 

directing group in tested substrates. No reaction occurred between 1 and anisole or 1 with benzyl phenyl 

ether. Even upon extended heating and photolysis no reaction occurred except decomposition of 1. This 

would suggest that a directing group was a pre-requisite to these reactions in order to bring the two 

reactants together in the right orientation. 

 Beyond acyclic ethers, the cyclic ether benzofuran was also investigated in these C–X bond 

activation reactions. Benzofuran is a by-product from coal gasification and therefore the ability to 

valorise this heteroaromatic would be another step towards utilising waste product.95 Our group have 
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demonstrated the zirconocene catalysed C–O functionalisation of benzofuran with an aluminium 

dihydride reagent to generate new reactive C–Al bond.96 In addition, there has been reports of 

successfully C–O bond activation of benzofuran via the precoordination of the arene ring of benzofuran 

before the bond cleavage step97 and therefore the arene ring could replace the need of a directing group. 

The reaction of 1 equivalent of 1 with 2 equivalents of benzofuran proceeded rapidly at 25 °C 

to give the product from the C–H activation at the 2-position of benzofuran as well as an equivalent of 

the transfer hydrogenation product 2,3-dihydrobenzofuran (Scheme 2.27). A broad resonance at δH = ‒

15.58 ppm was observed in the 1H NMR spectrum with a corresponding resonance observed in 31P{1H} 

NMR spectrum at δP = 41.2 ppm. Crystals suitable for single-crystal X-ray diffraction were grown to 

confirm the structure of the C–H activated product, 12. Retention of the double bond motif of the 

benzofuran was confirmed by the measured bond length of C1–C9 bond which fell within the range of 

C–C double bond (1.32(2) Å) and in addition, the C9–H proton resonance was found in the aromatic 

region at δH = 6.55 ppm. The C–H activation of benzofuran derivatives, mediated by ruthenium(II) 

catalysts, are known but only activation at the C3 position have been reported. Furthermore the C2 

position was substituted by a directing group in order to direct the C3 position for bond activation 

chemistry.98,99 The assignment of 12 was incomplete and no 13C NMR spectrum data was acquired. No 

low temperature NMR spectroscopy was performed as this may have alluded to the origin of the broad 

resonance exhibited by the Ru–H environment in 1H NMR spectrum.  

 

Scheme 2.27. C–H activation of benzofuran with 1 

 

Figure 2.24. X-ray structure of 12 including selected bond lengths (Å) and angles (°). Hydride was not located on 
Fourier transform map. 
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 To probe if C–O bond activation of benzofuran occurred at higher temperatures, the reaction 

mixture containing 12 was heated to 40 °C however no change in the multinuclear NMR spectra was 

observed. No further reactivity of 12 was investigated. 

 The reaction mechanism of the C–H activation of benzofuran most likely will be different to 

what was reported with the acetophenone substrates and therefore the loss of H2 may be important step 

to generate a reactive Ru(0) species for the bond activation chemistry. This hypothesis would agree 

with the crystal structure bearing two dinitrogen ligands still ligated on the ruthenium centre (Figure 

2.24)  in comparison to the cyclometallated products 4 (Figure 2.14). It would be interesting to react 1 

with an acyclic ether bearing a reactive alkene bond and seeing if C–X cleavage was successful and 

whether loss of H2 was important in this group of reactions. 

1.1.1.7 Directing Group ‒ ROH  

It was demonstrated that the reaction of 1 with phenol derivatives generated aryloxide 

complexes (Scheme 2.22). The –OH group, though not a perfect directing group due to the fact it is 

non-innocent in these reactions, still potentially may provide some interesting results and insights. From 

the general reactions of 1 with the acetophenone substrates the corresponding transfer hydrogenation 

products were formed. The exploitation of the microscopic reversibility of hydrogen transfer reactions 

could allow the reaction to start from the arylethanol compound to circumvent the need for a 1:2 

stoichiometry of 1 and the acetophenone. 

 The reaction of 1 with 1-(2-methoxyphenyl)ethan-1-ol at 25 °C for 4 days resulted in formation 

of 4a in 13 % yield (Scheme 2.28). This result demonstrates 1 was mildly capable of dehydrogenation 

reactions of secondary and primary alcohols (Scheme 2.21) however the ability for 1 to remove H2 from 

an alcohol was most likely hindered by dissociation of N2 (vide supra) to open up a vacant site around 

ruthenium. Performing the reaction in the presence of a hydrogen trap (3,3-dimethylbut-1-ene) to 

thermodynamically push the dehydrogenation of the arylethanol was unsuccessful as the rate of reaction 

of 1 with 3,3-dimethylbut-1-ene was faster and the dehydrogenation of 1 was observed instead to give 

the expected C–H activation of the ligated PCy3 ligand (CHAPTER 1,Scheme 1.1). In addition, no 

reaction occurred between 1 with tert-butyl alcohol even after heating the reaction to 40 °C.  

 

Scheme 2.28. Reaction of 1 with 1-(2-methoxyphenyl)ethan-1-ol 

 In line with investigating chemicals derived from biomass sources, solketal (2,2-dimethyl-1,3-

dioxolan-4-yl)methanol), a derivation of glycerol, was investigated. Glycerol is created as a by-product 
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from the production of bio-diesel and has been proposed as a platform molecule for further 

transformation.100 Solketal simplifies the reactivity of the substrate by only having one reactive 

hydroxyl group within the structure compared to three hydroxyl groups in glycerol, in addition solketal 

is less viscous than glycerol making it, on a practical level, easier to use. The reaction of 1 with solketal 

at 25 °C was facile and within 30 mins formation of the ruthenium bis(dihydrogen) complex 1-2H2 and 

the intermediate [Ru(H)2(η2-H2)(N2)(PCy3)2] 1-H2/N2 were observed by multinuclear NMR 

spectroscopy. In addition, the 1H NMR spectrum of the reaction mixture showed broadening of the 

peaks between δH = 3.2 ‒ 4.0 ppm for the methylene and methine protons of solketal suggesting 

complexation of the substrate. A second species was observed demonstrating a broad resonance in 1H 

NMR spectrum δH = -7.06 ppm and two sharp singlets at δH = 2.08 and 3.52 with an integral of 6 and 2 

respectively. A corresponding resonance in 31P{1H} NMR spectrum at δP = 71.9 ppm was also observed. 

This species was speculated as a ruthenium complex with the 1,3-dioxolane-fragment bound at the 4-

position (13) (Scheme 2.29). The formation of 1-2H2 and 1-H2/N2 in this reaction indicated some 

dehydration process occurred and based on the reaction of 1 with methanol (Scheme 2.21) and phenol 

derivatives (Scheme 2.22) it seemed likely that β-hydride elimination process of the cleaved –CH2OH 

fragment of solketal (via C–C cleavage) occurred to give 13 and formation of H2 and CO which reacted 

with 1 to give 1-2H2 and 1-H2/N2. However, the ruthenium mono-carbonyl complex 

[Ru(H)2(L)(CO)(PCy3)2] (L = N2, H2), expected to be formed from reaction of 1 with CO, was not 

observed in the NMR spectra, possibly due to low partial pressure of CO relative to H2 and N2. After 7 

days at 25 °C full conversion to this unknown species was achieved however large scale synthesis of 

this reaction mixture failed to produce crystals suitable for X-ray crystallography. No 13C NMR 

spectroscopy was performed for this reaction. 

 

Scheme 2.29. Speculated product formation of 13 from reaction of solketal with 1 

 

2.3.6 Functionalisation 

 The functionalisation of the activated C–X (X = H, O) of these acetophenone substrates was 

investigated in order to add chemical complexity and show proof of concept of utilising these substrates 

as building blocks for further transformations. The activation of the C–X bond by 1 resulted in the 

generation of the cyclometallated species INT-1 which was the first step to the idealised proposed 
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catalytic cycle of upgrading these acteophenone substrates (Figure 2.13). The second step would require 

the ligand substitution of N2 with an equivalent of a main group reagents, for example HBpin, to 

generate INT-2 postulated to form a σ-complex based on the propensity for the analogous ruthenium 

bis(dihydrogen) complex to form σ-complexes with boranes101–104, silanes83,92,105,106 and germanes107 

(Chapter 1). The final stage would be the release of the borylated product and regeneration of 1. 

Generating a new C–B bond from C–O bond would set up these acetophenone substrates for the Suzuki-

Miyaura cross-coupling reactions.6,108  

 Based on the current data for the C–O activation of acetophenone substrates mediated by 1, half 

of the ruthenium bis(dinitrogen) complex is loss through reactions of 1 with the cleavage of the methyl 

ether or aryl ether fragment. Therefore the role of the main group reagent, in this case, would also be 

two-fold: (i) acting as the transmetallation reagent and (ii) reacting with the cleaved –OR fragment 

instead of 1 to prevent deactivation pathway of the ruthenium complex which should allow for the 

turnover of the reaction to occur (Figure 2.25). 

 

Figure 2.25. Proposed catalytic cycle of functionalisation of C–X (X =H, O) of acetophenone substrates 

  

 The substrate B2pin2 was initially tested as main group reagent in these C–X (X =H, O) 

functionalisation reactions as the anticipated side products generated from the reaction of the main 

group reagent with the cleaved fragments would be HBpin (which could react as main group partner as 

well Figure 2.25) and RO–Bpin respectively. The reaction of 1 with 2,6-dimethoxyacetophenone (2a) 

and B2pin2 in a 1:1:1 ratio at 40 °C resulted in formation of two new species and the aryl ethanol product 

from the transfer hydrogenation of the acetophenone substrate (Figure 2.26). Two new resonances were 

observed in the 11B{1H} NMR spectra at δB = 22.7 ppm and 28.6 ppm that corresponded to the two new 
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species speculated as the hydroboration of 2,6-dimethoxyacetophenone across the carbonyl bond (15b) 

as well as the anticipated C–X functionalised product at the ortho-position (14) respectively. These 

products were never isolated cleanly or independently synthesised successfully via other methods to 

confirm the formation of them however Chatani et al. reported similar product formations in their C–H 

functionalisation of acetophenones substrates with arylboronates – stating the formation of the HB(OR)2 

as a by-product reduced their catalytic reaction.32 In addition, the 11B{1H} NMR spectra chemical shifts 

of related acetophenone compounds containing boronic ester (Bpin and Bnep) in the meta and para 

position of the arene ring were found between δB = 27 ‒ 31 ppm109 and the 11B{1H} NMR spectra 

chemical shifts of hydroboration of related acetophenones substrates were found between δB = 22 ‒ 23 

ppm.110 The same product formation, based on the 11B{1H} NMR spectrum, was also achieved when 

the reaction was performed with HBpin instead of B2pin2 which justified the formation of HBpin as an 

intermediate during the functionalisation reaction with B2pin2 and confirmed that HBpin could also act 

as the main group coupling partner. The analogous reaction was performed with 

2-methoxyacetophenone with the same outcome of generation of the hydroboration product as well as 

the postulated formation of the expected C–X functionalisation product (14) (Figure 2.26).  

 

Figure 2.26. Speculated products from functionalisation of C–X bond 

 

 The viability of 4a as a reactive intermediate in this functionalisation reaction was further 

investigated. The reaction of 4a with B2pin2 at 50 °C resulted in the formation of one major species with 

signals in 1H and 11B{1H} NMR spectra corresponding to signals assigned to the hydroboration product, 

15a. Repeating the reaction but using catalytic amounts of 4a (10 mol %) and in the presence of 1 

equivalent of 2,6-dimethoxyacetophenone as well as 1 equivalent of B2pin2 gave product peaks assigned 

to not only 15b but notably 14 as well. These two results suggest there are two different pathways 4a 

can take depending on the reaction conditions. In the presence of additional acetophenone substrate 

yields the postulated desired product however in the absence of the substrate, only hydroboration 

product was observed.  

 Sabo-Etienne has already reported the reaction of HBpin with 1-2H2 to generate ruthenium 

σ-borane complexes [RuH[(µ-H)2Bpin](σ-HBpin)(PCy3)2] and [Ru(H)2(η2-HBpin)(η2-H2)(PCy3)2] 

.101,102 No control reaction was performed between 1 with B2pin2, however as HBpin was anticipated to 
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be generated from the functionalisation reaction, similar reactivity between HBpin and 1 was predicted. 

These σ-borane complexes were known to be active species in reduction of CO2 to C1 and C2 containing 

molecules with HBpin111 and therefore were not expected to prohibit turnover of the functionalisation 

reaction.  

2.4 CONCLUSION 

 A comprehensive study of the organometallic products of the sp2C–O bond activation of aryl 

methyl and biaryl ethers bearing ketone directing groups by [Ru(H)2(N2)2(PCy3)2] has been presented. 

Significant quantities of ruthenium-aryloxide (6a) or ruthenium-carbonyl (5-N2) side-products are 

formed during C–O cleavage and their formation is rationalised based on the initial formation of alcohol 

by-products that react with [Ru(H)2(N2)2(PCy3)2] at a faster rate than the ethers.  In substrates where an 

ortho-C–H bond is available there is a kinetic preference for C–H over C–O bond activation. 

 DFT studies revealed that the lowest energy pathway for bond activation involves the oxidative 

addition of the C–X bond to Ru(II) to form Ru(IV) intermediates. In this pathway, the approach of the 

C–X bond to Ru is selectivity determining. Ligand dissociation (i.e. N2 dissociation) occurs en route to 

the rate-determining step and that stationary points along the C–O cleavage pathway require large 

changes in the P–Ru–P angle.  Alternative pathways for C–O bond activation were explored and shown 

to be marginally less favourable due to high energy transition states for either the bond activation step 

(SNAr/hydrodeoxygenation) or the formation of the reactive intermediates required for bond activation 

(oxidative addition to Ru(0)). 

 The discovery of a ruthenium(II) complex capable of C–O bond activation under mild 

conditions (25 – 40 oC) and the new Ru(II)/Ru(IV) mechanism presented here for C–O bond cleavage 

may have broad implications for the development of new catalysts for chemical transformation of 

renewable resources. 

2.5 FUTURE WORK 

 The expansion of the substrate scope and altering the directing group of these small aromatic 

molecules has only been briefly touched upon in this investigation. Changing the directing group from 

ketone to a hydrosilyl ether group has shown some promising results however isolation of the 

organometallic products was never achieved to confirm whether C–X bond activation occurred. Large 

scale reaction of 1 with 9 should provide a better opportunity to isolate either the intermediates or the 

final product. 

 The C–H activation of benzofuran was particularly interesting as it highlights the potentially 

different mechanisms in operation depending on the substrate. Further study into an array of cyclic 

ethers would add more information as to whether this ruthenium bis(dinitrogen) complex is able to 
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cleave just C–H bond of these cyclic ethers and whether the ring size and absence or presence of an 

unsaturated bond affects reactivity. 

 The low conversion of the reactions to form the cyclometallated intermediates in the C–O bond 

cleavage reactions prevented any meaningful kinetic experiments to be performed. However, the C–H 

activation of 2-methoxyacetophenone and 2-aryloxyacetophenone by 1 yielded > 50 % conversion to 

cyclometallated product in an 1 h and therefore performing kinetic analysis as well as kinetic isotope 

effect could provide evidence for the C–H mechanistic pathway.112 Agreement of the kinetic data with 

the postulated mechanism operating in these reactions would allow greater confidence in the 

computational model of both the C–H and C–O activation pathways. 

In addition, the functionalisation of the C–O bond was preliminarily investigated with HBpin 

and B2pin2 as the coupling partners. Expansion to see if other organoboranes could provide cleaner 

reactions would help to identify with more certainty the reaction products. As well as organoboranes, 

other heavier main group reagents were tested, and this exploratory investigation will be discussed in 

the next two chapters of this thesis with the formation of ruthenium main group (aluminium, magnesium 

and zinc) heterobimetallic hydride complexes.  
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3 CHAPTER THREE – FORMATION OF A SERIES OF M•Ru 

(M = Al, Zn, Mg) HETEROBIMETALLIC HYDRIDE 

COMPLEXES 

3.1 INTRODUCTION 

  The reactions of [Ru(H)2(η2-H2)2(PCy3)2] with molecules containing E–H bonds (E = B and Si) 

have been studied extensively by Chaudret’s and Sabo-Etienne’s group’s respectively (CHAPTER 

ONE), however extension to include heavier main group hydrides have so far been limited.1,2 The use 

of heavier metallic main group hydrides complements the reactivity shown by silicon with access to 

expanding the coordination sphere around the main group metal and therefore provides the opportunity 

to form additional bonding motifs between the main group metal and ruthenium centre. 

 In terms of existing M•Ru heterobimetallic complexes (M = Al, Zn, Mg) there have only been 

a handful of publications to date. These heterobimetallic complexes have been studied due to their 

structure and bonding, the spectroscopic properties they exhibit and the role they can play in further 

reactions. Below is a summary of the literature of these M•Ru heterobimetallic complexes. 

3.1.1 Al•Ru heterobimetallic complexes 

 In 1986 Wilkinson et al. reported the synthesis of 3 different aluminohydride complexes of 

ruthenium(II) from the reaction of [RuCl2(PR3)4] (R = Me, Ph2Et and Ph) with 2 equivalents of LiAlH4 

(Scheme 3.1).3 IR spectra for all 3 complexes exhibited strong absorbances between 1800 ‒ 1650 cm-1
 

for the bridging and terminal hydrides (no exact assignment of the absorbance was made for the terminal 

or bridging hydrides although it was anticipated the terminal hydrides should exhibit a higher frequency 

absorbance). 

 

Scheme 3.1 Synthesis of dimeric aluminohydride complexes of Ru(II) 

 

 Isolation of these 3 complexes for X-ray crystallography was not possible however the structure 

of these complexes was postulated to be similar to the known dimeric variants of these aluminohydride 

complexes with other transition metal centres (manganese, rhenium and tungsten) (Figure 3.1).4–7 In the 

1H NMR spectra a broad quartet was observed due to both the terminal Ru–H and bridging Ru–H–Al 
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environments (R = Me, δH = ‒10.76 ppm, JPH = 20.4 Hz; R = Ph2Et, δH = ‒10.90 ppm, JPH = 20.0 Hz; R 

= Ph, δH = ‒10.90 ppm, JPH = 20.0 Hz) and a broad singlet was observed due to the terminal Al–H and 

bridging Al–H–Al environments (R = Me, δH = 4.60 ppm; R = Ph2Et, δH = 4.51 ppm; R = Ph, δH = 4.50 

ppm). Low temperature NMR spectroscopy only managed to decoalesce the signal for the terminal Al–

H and bridging Al–H–Al hydrides with the activation energy of this process calculated to be ΔG‡ = 10.5 

± 0.2 kcal mol-1. The facile exchange process of the terminal and bridging Ru–H hydrides, even at low 

temperatures, was noted to deviate from the behaviour of the similar manganese,4,5 tungsten6 and 

rhenium7 systems. This facile exchange was postulated to derive from the facial-configuration of the 

PR3 groups around ruthenium allowing easy rotation of the hydrides without rearrangement around the 

metal. The facial-isomer of these ruthenium aluminohydride complexes were further confirmed by the 

single phosphorous environment exhibited in each respective spectrum (R = Me, δP = ‒2.5 ppm; 

R = Ph2Et, δH = 46.7 ppm; R = Ph, δH = 47.2 ppm) along with the quartet coupling pattern of the terminal 

and bridging Ru‒H signal in the 1H NMR spectra. 27Al{1H} NMR spectroscopy was also performed on 

these samples giving values indicative of 5 coordinate aluminium centres (R = Me, δAl = 74 ppm; 

R = Ph2Et, δAl = 71 ppm; R = Ph, δAl = 68 ppm). 

 

Figure 3.1 Motifs of the bridging and terminal aluminium hydrides in heterobimetallic complexes (M = transition 
metal) 

 

 It would not be till 2014 that Field et al. obtained the first crystallographic evidence of a 

ruthenium complex coordinated to a tetrahydridoaluminate ligand with the (Al2H8)2- unit motif (Figure 

3.1).8 The crystal structure represented the dimeric form of this complex however the solution state data 

was ambiguous as to whether the complex existed as a monomer or dimer (Scheme 3.2). The geometry 

around the ruthenium centres was distorted octahedral with the average bridging Ru–H bond lengths of 

1.66 Å, the average terminal Ru–H bond lengths of 1.58 Å, the average bridging Al–H bond lengths in 

Ru–H–Al unit of 1.81 Å and the average terminal Al–H bond lengths of 1.54 Å. In the 1H NMR 

spectrum 4 distinct resonances were observed for the 4 different hydride environments: a doublet of 

triplets of doublets was observed at δH = ‒13.54 ppm (JHP = 22 and 22 Hz, JHH = 6.6 Hz) for the terminal 

Ru–H, a broad singlet at δH = ‒10.20 ppm for the bridging hydrides in the Al–H–Al unit, a doublet of 

triplets at δH = ‒10.13 ppm (JHP = 53 and 14 Hz) for the bridging hydrides in the Ru–H–Al unit, and 

finally a broad resonance at δH = 2.81 ppm for the terminal Al–H. Only additional multinuclear NMR 

spectroscopy data was provided for this complex.  
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Scheme 3.2 Formation of first isolated ruthenium tetrahydridoaluminate complex with (Al2H8)2- unit 

 

 In 1987, Suzuki et al. reported the novel synthesis of 5 monomeric aluminohydride complexes 

of ruthenium(II) from the reaction of [(η5-C5Me5)Ru(Cl)2(PR3)] (R = Me, Et, iPr, Ph2Me and Ph) with 

an excess of LiAlH4 (Scheme 3.3).9 These 5 complexes were characterised by 1H, 13C NMR, and IR 

spectroscopy. The key feature of these complexes was the upfield chemical shifts of the bridging 

hydrides found as broad resonances in the 1H NMR spectra (δH = –13.01 ‒ –13.87 ppm, fwhm = ca. 75 

Hz) relative to the terminal aluminium hydrides (δH = 3.57 ‒ 4.55 ppm). At low temperature (‒20 °C) 

the signal for the terminal aluminium hydrides of [(η5-C5Me5)Ru(AlH4)(PMe3)] decoalesced into two 

broad singlets δH = 3.86 (fwhm = 21 Hz) and 5.36 ppm (fwhm = 33 Hz) however no decoalescence was 

observed for the bridging hydrides. This result highlighted that no exchange between the bridging and 

terminal aluminium hydrides occurred at ambient temperatures. IR absorbance for both the bridging 

and terminal aluminium hydrides for all 5 complexes were found within the region of 1718 ‒ 1875 cm-

1 as sharp peaks. The assignment of these ruthenium aluminohydride complexes as monomeric in 

solution was further evidenced from microanalysis measurement of the molecular weight of 

[(η5-C5Me5)Ru(AlH4)(PMe3)] as 374 g mol-1 at low temperatures in benzene under 1 atm of argon, 

however no X-ray crystallography was obtained, although the solid state structure may differ from 

solution state.  

 

Scheme 3.3 Synthesis of novel monomeric aluminohydride complexes of Ru(II) 

 

 Continuing with the use of LiAlH4 as the aluminium source, the reaction of [(η5-C5Me5)2Ru2(μ-

dppm)Cl2] (dppm = 1,1-bis(diphenylphosphino)methane) with an excess of LiAlH4 resulted in the 

formation of yellow crystals identified as [(η5-C5Me5)Ru2(μ-Ph2PCH2PPh2)(μ-AlH5)] (Scheme 3.4).10 

This ruthenium aluminohydride complex displayed diagnostic strong absorbance bands in the IR 

spectrum at 1779 and 1728 cm-1 for the bridging and terminal hydrides respectively. Upon forming the 

deuteride analogue of this complex using LiAlD4, the absorbance bands for the hydrides shifted down 
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to 1275 and 1255 cm-1 respectively as expected. Only one resonance was observed in the 1H NMR 

spectrum for the bridging hydrides, δH = ‒13.96 ppm (d, JPH = 22.8 Hz) which failed to decoalesce at 

low temperatures. No resonance was observed for the terminal Al‒H environment, even at low 

temperature, however the resonance was postulated to be incredibly broad and lost in the baseline of 

the spectrum due to coupling with the quadrupolar aluminium nucleus. A single resonance at δP = 58.4 

ppm was observed in the 31P{1H} NMR spectrum which suggested a highly symmetric complex. The 

structure of this complex was confirmed by single crystal X-ray crystallography. The geometry of the 

AlH5 unit adopted a distorted square based pyramid with the H–Al–H bond angle of the 4 basal hydrides 

measured as 77(1) °, 84(1) °, 78(1) ° and 86(1) ° respectively. The average bond angle between the 4 

basal hydrides with the axial hydride was measured to be 113 °. The 4 bridging Al–H bond lengths were 

identical, measured to be 1.88(2) Å with corresponding shorter bridging Ru–H bonds at 1.55(3) Å. For 

comparison the axial Al–H bond length was measured to be 1.49(5) Å. No Ru---Ru interaction was 

expected as the Ru–Ru distance exceeded 4 Å however the Ru–Al bond lengths were both within the 

sum of the single bond radii11 at 2.445(2) and 2.464(2) Å respectively. Girolami et al. stipulated that 

the aluminium was best described as an [(μ-H)2AlH(μ-H)2]2- unit stabilised by two Ru(II) centres 

however beyond analysing the X-ray data, no further information about the bonding description of this 

complex was ascertained. 

 

Scheme 3.4 Formation of [(η5-C5Me5)Ru2(μ-Ph2PCH2PPh2)(μ-AlH5)] 

 

 In 2003 Suzuki et al. published the reactions of a trinuclear ruthenium polyhydride precursor, 

[{η5-C5Me5)Ru}3(μ-H)3(μ3-H)2], with MeLi, ZnEt2, MgiPr2, GaMe3 and AlEt3 to generate a number of 

new bimetallic polyhydride complexes.12 No X-ray crystallographic data was obtained for the 

aluminium ruthenium polyhydride complexes however X-ray data were collected for the Li, Zn, Mg 

and Ga analogues which allowed for confidence in the assignment of the structure of the aluminium 

ruthenium complex with the formula [{η5-C5Me5)Ru}3(μ-H)3(μ3-AlEt)] (Scheme 3.5). A single 

resonance was observed at δH = ‒3.84 ppm in the 1H NMR spectrum for the 3 bridging hydrides. Aside 

from cyclic voltammetry measurements of this complex and some 13C NMR spectrum data, no further 

examination was made on the characterisation of this complex as the lack of X-ray crystallography data 

prevented any comparison with the other main group polyhydride complexes. It would be interesting to 

perform 27Al NMR spectroscopy to see if the aluminium does sit in a 4 coordinate environment as 

postulated. Suzuki et al. also noted that only 1 equivalent of the main group substrate was required to 

cap only one face of the Ru3 plane to allow for substrate binding on the vacant side of the Ru3 plane. 
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Strict control of stoichiometry was required to achieve this single capping and when 1.4 equivalents of 

AlEt3 was used, further reaction led to 2 aluminium centres capping the 2 sides of the Ru3 plane. 

Therefore, purposely forming the double capped aluminium ruthenium polyhydride complex would 

allow for certainty that only one side of the Ru3 plane was indeed capped by only one of the aluminium 

substrate.  

 

Scheme 3.5 Formation of [{η5-C5Me5)Ru}3(μ-H)3(μ3-AlEt)] 

 

 The C–H activation of the methyl groups in C5Me5 ligand of [Al(η5-C5Me5)]4 was achieved 

upon reacting with [Ru(η4-COD)(η6-COT)] at 110 °C in toluene (Scheme 3.6).13 The X-ray 

crystallography data was obtained of this aluminium ruthenium complex with 5 aluminium centres 

surrounding one ruthenium centre and 2 bridging hydrides located from the electron density map. Ru–

Al bond lengths between 2.294(2) – 2.49(3) Å were measured which were within the sum of the single 

bond radii.11 The bridging Ru–H bond lengths were measured to be 1.7164 and 1.6498 Å with the 

corresponding Al–H bond lengths measured to be 1.914 and 2.038 Å respectively (no estimated 

standard deviation (esd) values were found for these values). This solid state structure suggested the 

presence of a bridging hydride and a terminal Ru–H hydride motif as opposed to two bridging hydrides. 

The bond angles around ruthenium suggested a structure between distorted pentagonal bipyramidal and 

distorted trigonal prismatic geometry. This aluminium ruthenium complex was also characterised by 

multinuclear NMR spectroscopy data, however the assignment made of the resonances to the 

corresponding environment was sparse. A resonance was observed in the 1H NMR spectrum at δH = –

15.84 ppm and was characterised as a singlet with an integration of 1H. This resonance was most likely 

due to the bridging hydride as the iron analogue was found at δH = ‒19.00 ppm however the latter 

resonance integrated to 2H for both hydrides (solid state data also supported two bridging hydrides). 

The 1H NMR spectrum resonance of the remaining hydride was not mentioned in the paper. Performing 

low temperature NMR spectroscopy could have revealed the identity of this hydride resonance if it was 

lost in the baseline or could have decoalesced the singlet at δH = ‒15.84 ppm if this was incorrectly 

integrated as 1H originally. IR spectroscopy could also have provided another handle as to whether 

there were bridging and terminal Al–H motifs in the structure. Nevertheless, 27Al NMR spectroscopy 

was performed with only one resonance observed, δAl = ‒5.4 ppm which was indicative of either 4 or 6 

coordinate aluminium centres however having only one signal was surprising considering there were 
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inequivalent aluminium environments in this complex though it was not clear if solid or solution state 

27Al NMR spectroscopy was performed. Analysis of this ruthenium aluminium complex and 

comparison to the iron analogue was not covered in detail as the iron analogue was the main focus of 

the paper. 

 

Scheme 3.6 C–H activation of methyl groups in [AlCp*]4 

 

  In 2009 Fischer et al. expanded on the work by Suzuki et al.12 by reacting the dimeric 

[{η5-C5Me5)Ru}2(μ-H)4] and trimeric [{η5-C5Me5)Ru}3(μ-H)3(μ3-H)2] ruthenium polyhydrides with 

[Al(η5-C5Me5)]4  to generate the corresponding polyhydride complexes (Scheme 3.7).14 The product 

from the reaction with the dimeric ruthenium polyhydride (Scheme 3.7 – Top) displayed a single 

resonance in 1H NMR spectrum at δH = ‒16.30 ppm for all 4 hydrides at room temperature. Low 

temperature 1H NMR spectroscopy failed to decoalesce the signal to separate the terminal and bridging 

hydrides. This facile exchange process was exemplified in the IR spectrum with only one broad 

absorption observed at 1820 cm-1
 for both the terminal and bridging hydrides and not a single sharp 

absorbance. X-ray crystallographic data was also obtained for this complex with long Ru---Ru distance 

(3.142(5) Å), long Al---Al distance (2.86(3) Å) and short Ru‒Al bond distances of 2.263(9) and 

2.377(11) Å however the data set was heavily disordered with both metals statistically distributed over 

all positions of the Ru2Al2 core and, of course, hydride positions were not located in this instance to 

confirm the assignment of terminal and bridging hydrides in this structure. 

 The product [{η5-C5Me5)Ru}3(μ-H)5(μ3Al(η1-C5Me5)] from the reaction with the trimeric 

ruthenium polyhydride (Scheme 3.7 – Bottom) displayed a single resonance in 1H NMR spectrum at δH 

= ‒13.61 ppm for all 5 hydrides at room temperature and again low temperature failed to decoalesce 

this signal. In the IR spectrum 3 strong absorbance were observed at 2051, 1948 and 1747 cm-1 for the 

3 different hydride environments in the complex. X-ray crystallographic data was obtained to confirm 

the configuration of the complex bearing 5 bridging hydrides in 3 different environments and the 

aluminium ligated in an η1-fashion to one C5Me5 ligand. The Ru–H bond lengths in the Ru–H–Ru unit 

averaged to 1.73 Å whereas the Al–H bond lengths in the Al–H–Ru averaged to 1.78 Å. These reactions 

deviate from the reactivity observed using [Ru(η4-COD)(η6-COT)]13 with no C–H activation of the 

methyl group of the C5Me5 ligand observed. 
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Scheme 3.7 (Top) Reaction of [{η5-C5Me5)Ru}2(μ-H)4] with [AlCp*]4. (Bottom) Reaction of 
[{η5-C5Me5)Ru}3(μ-H)3(μ3-H)2] with [AlCp*]4 to give [{η5-C5Me5)Ru}3(μ-H)5(μ3Al(η1-C5Me5)] 

 

 In 2012, Wolf et al. published evidence of a new bonding motif for aluminohydride ruthenium 

complexes which was identified in the product from the reaction between [(η5-C5Me5)Ru(Cl)]4 and 

LiAlH4 (Figure 3.2 – A).15 This anionic tetrahydroaluminate complex (A) was isolated with the X-ray 

crystallography data showing a mixture of the expected product as well as minor hydroxide 

contamination, nevertheless the hydrides were located on the Fourier difference map with the new 

bridging (AlH4)- motif characterised with a μ,η1:η1
 co-ordination mode. Multinuclear NMR 

spectroscopy analysis was performed on this complex. In 1H NMR spectrum, complex A was identified 

by a singlet at δH = ‒15.44 ppm for the bridging Ru–H–Al hydrides, a singlet at δH = ‒15.22 ppm for 

the bridging Ru–H–Ru hydride and 2 separate broad resonances at δH = 3.06 and 4.39 ppm for the 

terminal Al–H hydrides. 27Al NMR spectrum revealed a quintet at δAl = 98.8 ppm (JAlH = 167 Hz) which 

was consistent with 4 coordinate aluminium centre coupling to 4 equivalent hydrides, this would 

suggest on the 27Al NMR spectroscopy acquisition time the terminal and bridging Al–H were in fast 

exchange regime. IR spectroscopy revealed a single broad absorbance at 1690 cm-1 for the Ru–H 

stretches.   

 Additional 4 alkylaluminate caged complexes were reported in this paper from the reaction of 

the anionic aluminohydride ruthenium complex with RLi (R = Et, iPr, nBu) (Figure 3.2). These unusual 

caged systems were characterised by X-ray, multinuclear solid and solution state NMR and IR 

spectroscopy as well as microanalysis to give the expected data set of ruthenium(II) aluminohydride 

complexes.16  Low temperature 1H and 7Li NMR spectroscopy of complex E revealed that this caged 

structure was retained in solution state. 
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Figure 3.2 (Top) Framework of the ruthenium aluminohydride complexes. (Bottom) Synthesis of the cage 
structures  

 

 Aldridge et al. synthesised a new aluminium ruthenium heterobimetallic complex containing 

the Ru–Al bond motif unsupported by any bridging or terminal hydrides (Scheme 3.8).17 This 

aluminium ruthenium heterobimetallic complex was characterised by IR and multinuclear NMR 

spectroscopy including solution state 27Al NMR spectroscopy. In 27Al NMR spectrum a resonance was 

observed at δAl = 154 ppm (shift of ca. 60 ppm from the parent guanidinato stabilised aluminium 

dichloride complex) which was indicative of generating a new metal–aluminium bond based on their 

research into analogous aluminium iron heterobimetallic complexes.17 Single crystal of this aluminium 

ruthenium heterobimetallic complex suitable for X-ray crystallography was obtained to confirm the 

structural assignment of the complex. The geometry around the aluminium centre was a distorted 

tetrahedral to accommodate the constrained guanidinato ligand (N–Al–N 69.65(9) °) and the Ru–Al 

bond length was measured to be 2.4412(8) Å which fell into the range of Ru–Al bond lengths with and 

without bridging hydrides (vide supra). 

 

Scheme 3.8 Formation of guanidinato stabilised Al–Ru heterobimetallic complex 

 

 The products from Al–H bond activation of iBu2AlH by ruthenium complexes18 were isolated 

and characterised by multinuclear NMR spectroscopy and X-ray crystallography.19 In the 1H NMR 
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spectra the Ru–H signals were found as doublets upfield (R = Et, δH = ‒12.4 ppm, JHP = 26.1 Hz; R = 

Cy, δH = ‒12.7 ppm, JHP = 26.4 Hz). 27Al NMR spectroscopy failed due to the high line width as a result 

of the quadrupolar aluminium nuclei. Instead, Oestreich et al. turned to DFT calculations and a chemical 

shift of δAl = 178 ppm was predicted in the 27Al NMR spectrum which was noted as only slightly shifted 

from the parent aluminium substrate (δAl = 158 ppm). X-ray crystallography confirmed the structure of 

the complexes. When the phosphine ligand was PEt3 short Ru–H bond was measured (1.65(3) Å) with 

corresponding longer Al–H bond (1.98(3) Å) however when the phosphine ligand was PCy3 the Ru–H 

bond was measured as 1.53(4) Å with a much longer Al–H distance of 2.16 Å. In both complexes, long 

Ru---Al distances were measured (R = Et, 2.81 Å; R = Cy, 2.83 Å). Further DFT calculations were also 

performed on [(DmpS)Ru(PEt3)(
iBu2AlH)]+[B(C6F5)4]- (DmpS = 2,6‐dimesitylphenyl) and the Mayer 

bond orders revealed that despite the long Ru---Al there were partial covalent bond characters between 

the Ru–H, Al–H and Ru–Al bonds which suggested delocalised bonding. Additional natural localised 

molecular orbital analysis (NLMO) and electron localisation function (ELF) calculations suggested the 

bonding was best described as a 3-centre,2-electron interaction whereby the main interaction was 

donation from σ(Ru–H) orbital to the empty hybridised Al(sp3) orbital. Only the DFT data were reported 

for [(DmpS)Ru(PR3)(
iBu2AlH)]+[B(C6F5)4]-  where R = Et however the shorter Al–H bond distance in 

the crystal structure relative to the R = Cy analogue would have suggested some delocalisation in the 

Ru–H–Al motif anyway and therefore it would be interesting to compare the data with 

[(DmpS)Ru(PR3)(
iBu2AlH)]+[B(C6F5)4]- where the Al---H distance was much longer to see if this 3-

centre,2-electron interaction existed in this complex. These complexes were also found to be capable 

catalysts for hydrodefluorinative Friedel-Crafts alkylation chemistry. 

 

Scheme 3.9 Formation of [(DmpS)Ru(PR3)(iBu2AlH)]+[B(C6F5)4]- (R = Et or Cy) 

 

3.1.2 Zn•Ru heterobimetallic complexes  

 The reaction of trans-{Ru(Ph2PC5H4N)2(CO)3]20 with ZnCl2 resulted in the formation of the 

first binuclear zinc ruthenium heterobimetallic complex characterised by single crystal X-ray 

crystallography.21 This complex was also characterised by IR and 31P{1H} NMR spectroscopy and 

elemental analysis. A single νCO absorbance was observed in the IR spectrum at 2041 cm-1 which was a 

higher wavenumber than the parent ruthenium compound (νCO = 1897 cm-1). This indicated a decrease 

in π back-donation from the ruthenium to CO ligand due to the formation of the Ru–Zn bond and change 
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in the local stereochemistry around ruthenium from D3h to C2v. This change in geometry from trigonal 

bipyramidal to octahedral around ruthenium was confirmed by the X-ray crystallography data. A long 

Ru–Zn bond length was measured (2.659(1) Å) which was greater than the sum of the single bond radii 

of Ru and Zn11 and suggested a weak interaction between the two metals. Comparison with analogous 

Cd and Hg complexes in the paper confirmed the trend observed whereby the stronger the Ru–M (M = 

Cd, Hg and Zn) interaction, the lower the π back-donation from the ruthenium to CO, and therefore the 

higher the νCO wavenumber observed in IR spectrum. 

 

Scheme 3.10 Formation of [RuZn(μ-2-PhPC5H4N)2(CO)3Cl2]•MeOH 

 

 In 2002, Enders et al. reported the synthesis of a novel zinc ruthenocene complex (Scheme 

3.11).22 Again, the use of a chelating ligand around the ruthenium helped to tether the Lewis acid to 

form a new Ru–Zn bond. This complex was characterised by multinuclear NMR spectroscopy and 

X-ray crystallography. The Ru–Zn bond length was measured to be 2.561(1) Å which was slightly 

shorter than the Ru–Zn bond length reported in [RuZn(μ-2-PhPC5H4N)2(CO)3Cl2]•MeOH but still 

larger than the sum of the single bond radii.11 No further reactivity of this complex was reported but as 

the metal---metal interaction of this complex and the one reported by Che et al.21 (Scheme 3.10) were 

both quite weak, but forced into the geometry due to the rigid ligand framework, it would be interesting 

to see if any bond activation or small molecule activation could be achieved at the site of these two 

metal centres. 

 

Scheme 3.11 Formation of novel zinc ruthenocene complex 

 

 As well as the aluminium ruthenium polyhydride complex synthesised by Suzuki et al. (Scheme 

3.5), a zinc ruthenium polyhydride complex, [{η5-C5Me5)Ru}3(μ-H)3(μ3-ZnEt)(μ3-H)] was also isolated 

under strict stoichiometry control to generate the mono-capped complex (Scheme 3.12).12 This complex 
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was characterised by multinuclear NMR spectroscopy with the resonances for the μ3-H motif observed 

at δH = ‒26.97 ppm and the μ-H at δ = 2.56 ppm in the 1H NMR spectrum. Suitable crystals were grown 

for X-ray crystallography to confirm the formation of this complex. Long Ru---Ru distances (2.7450(6) 

Å and 2.7371(8) Å) and elongated Ru–Zn bond distances (2.6747(10) Å and 2.6561(8) Å) were 

measured from the X-ray data. The Ru–Zn bond distances were within the values found for non-bridged 

Ru–Zn bonds (vide supra). The Ru–Hμ bond lengths averaged to 1.69 Å and the Ru–Hμ3 bond lengths 

averaged to 1.87 Å. No further examination beyond some cyclic voltammetry measurements was taken 

of this complex however formation of the bi-capped zinc ruthenium polyhydride complex, 

[{η5-C5Me5)Ru}3(μ-H)3(μ3-ZnEt)2], was probed to confirm formation of the mono-capped polyhydride 

complex. The resonance for the single bridging hydride resonance was observed downfield at δH = 8.08 

ppm. The huge difference between these hydride chemical shifts were not discussed in the paper but 

this would point towards a massive difference in reactivity of the hydrides which would be interesting 

to further examine.  

 In 2007, Suzuki et al. reported a follow-up study in the generation of the dimethyl zinc 

analogues of these polyhydride complexes (Scheme 3.12).23 The paper was an expansion on the 

multinuclear NMR spectroscopic data with emphasis on understanding the mechanism of the exchange 

between the bridging hydrides as observed on the 1H NMR spectroscopy time scale. Variable 

temperature 1H NMR spectroscopy allowed for thermodynamic parameters to be calculated for this 

exchange process with the conclusion that it was most likely through an intramolecular site-exchange 

process due to the ΔS‡ value calculated for both complexes being close to 0 cal mol-1 K-1. 

 

Scheme 3.12 Formation of [{η5-C5Me5)Ru}3(μ-H)3(μ3-ZnR)(μ3-H)] (R = Me, Et) 

 

 Suzuki et al. also synthesised novel dinuclear ruthenium zinc complexes 

[{η5-C5Me5)Ru}2(μ-H)3(μ-ZnR)] and [{η5-C5Me4Et)Ru}2(μ-H)3(μ-ZnR)] (R = Me and Et).23 A 

crossover experiment was performed using [{η5-C5Me5)Ru}2(μ-H)4] and [{η5-C5Me4Et)Ru}2(μ-H)4] as 

the starting ruthenium hydride source which resulted in no exchange in the ligands in the final product 

and therefore suggested these dinuclear systems do not fragment then recombine in solution (Scheme 

3.13). These dinuclear ruthenium zinc complexes were only characterised by multinuclear NMR 

spectroscopy with the bridging hydride signals all observed as a broad resonance between δH = ‒15.04 

- –15.09 ppm. 
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Scheme 3.13 Crossover experiment using [{η5-C5Me5)Ru}2(μ-H)3(μ-ZnEt)] and [{η5-C5Me4Et)Ru}2(μ-H)3(μ-ZnEt)] 

 

 Fischer et al. reported the preparation, characterisation and bond analysis of a number of 

organozinc rich compounds which included closed shell 18-valence electron compounds of ruthenium, 

[Ru(Zn(η5-C5Me5)4)(ZnMe)6)] and [Ru(Zn(η5-C5Me5)4)(ZnMe)4(H)2] (Figure 3.3).24–26 These 

complexes were characterised by X-ray crystallography with the range for the Ru–Zn(η5-C5Me5) bond 

lengths in the “RuZn10” complex measured as 2.545(1) ‒ 2.567(1) Å and in the “RuZn8” complex as 

2.469(1) ‒ 2.488(1) Å and the range for the Ru–Zn(Me) bond length in “RuZn10” complex was measured 

as 2.489(1) ‒ 2.503(1) Å and in the “RuZn8” complex as 2.438(1) ‒ 2.492(1) Å. DFT calculations on 

these complexes revealed no significant attraction between the zinc atoms and therefore these 

organozinc rich compounds were best described as more like classical complexes rather than cluster 

complexes.27 

 

Figure 3.3 X-ray crystal structures of [Ru(Zn(η5-C5Me5)4)(ZnMe)6)] (left) and [Ru(Zn(η5-C5Me5)4)(ZnMe)4(H)2] 
(right).Hydrogens omitted for clarity 

 

 In addition to organozinc rich ruthenium complexes Fischer et al. also synthesised and isolated 

one of the first zinc ruthenium heterobimetallic containing unambiguous Ru–H–Zn bridging hydride 

motifs in 2013 (Scheme 3.14).26 In the 1H NMR spectrum a diagnostic broad resonance was observed 

at δH = ‒9.94 ppm representing all 4 bridging hydrides. The T1 relaxation time for this resonance was  

470 ms which was closer to classical hydride beahviour28 however it was not clear if this was the T1 

minimum time or what temperature this value was obtained at and therefore the behaviour as to whether 

these hydrides are classical or non-classical was debateable based on this measurement. Low 

temperature NMR spectroscopy was also not performed but would have provided a more complete 
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picture for the T1 measurements and whether any decoalescence of the broad hydride signal occurred 

at lower temperatures. Nevertheless, the νRu–H vibration was observed at 1592 and 1444 cm-1 in the IR 

spectrum which was consistent with a bridging Ru–H than a terminal Ru–H stretch. X-ray 

crystallography data of this complex unambiguously indicated the presence of the Ru–H–Zn motif. The 

average Ru–Hμ and Zn–Hμ bond lengths were measured to be 1.63 and 1.78 Å respectively. The Ru–Zn 

bond lengths were short at 2.436(1) Å which was within the sum of the single bond radii of both Ru 

and Zn11. No DFT calculations were performed on this molecule but would be interesting to analyse the 

bonding within the Ru–H–Zn motif to confirm the assignment of this complex as a Ru(II) 18 valence 

electron compound. 

 

Scheme 3.14 Formation of [Ru(PCy3)2(ZnMe)2(μ-H)4] 

 

 In the same year, Wolf et al. also isolated and characterised two zinc ruthenium polyhydride 

complexes containing the Ru–H–Zn motif as identified by X-ray crystallography (Scheme 3.15).29,30 In 

these complexes the Zn centre was sandwiched by 2 Ru centres; so an inverse of the complex isolated 

by Fischer et al.26 (Scheme 3.14). For [Zn{Ru(μ-H)3(PPh3)3}2] a diagnostic multiplet signal for the 

bridging hydrides was observed at δH = ‒9.68 ppm in the 1H NMR spectrum alongside a singlet at δP = 

55.3 ppm in the 31P{1H} NMR spectrum which became a multiplet upon proton coupling. Similar values 

and characteristics were obtained for the multinuclear NMR spectra for [Zn{Ru(μ-H)3(P(4-

C6H5Me)3)3}2] complex except for the 31P{1H} NMR spectrum whereby the δP = ‒53.3 ppm. No 

explanation was given for this vastly different chemical shift in the phosphorus NMR spectra. 

Vibrational frequencies at 1782 and 1777 cm-1 were recorded for the νRu–H stretches for [Zn{Ru(μ-

H)3(PPh3)3}2] and [Zn{Ru(μ-H)3(P(4-C6H5Me)3)3}2] respectively. For both complexes shorter Ru–Hμ 

bond lengths (1.58(3) ‒ 1. 80(4) Å) were measured compared to longer Zn–Hμ bond lengths (2.02(3) ‒ 

2.09(4) Å) by X-ray crystallography. NBO calculations were performed on 

[Zn{Ru(μ-H)3(P(4-C6H5Me)3)3}2] complex revealing small Wiberg bond indices for Ru–Zn and Zn–Hμ 

(>0.03) and large Wiberg bond index for Ru–Hμ (0.80). The WBI suggested a bonding description 

whereby there was a stronger bond order between Ru–Hμ than Zn–Hμ – in agreement with X-ray data. 

Complementary QTAIM calculations were not given to provide a more complete bonding description 

of these complexes and not just the covalent description given by the NBO calculations. 
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Scheme 3.15 Formation of [Zn{Ru(μ-H)3(PR3)3}2] (R = Ph or 4-C6H5Me) 

 

 In 2016, Whittlesey et al. published the formation of a zinc ruthenium heterobimetallic capable 

of activating H2 across the Ru–Zn to generate a new heterobimetallic complex with bridging hydrides 

(Scheme 3.16).31 1H NMR spectroscopy and X-ray crystallography confirmed complex F contained an 

unsupported Ru–Zn bond and 2 agostic C–H interactions from one of the iPr groups from the Dipp 

(2,6-diisopropylphenyl) ligand. Exposure of F to H2 (1 atm.) led to the generation of complex G. 

Complex G was characterised by X-ray crystallography and 1H NMR spectroscopy demonstrating 2 

hydride resonances at δH = ‒5.33 (3H, br) and ‒12.13 (1H, s) ppm. Low temperature 1H NMR 

spectroscopy resolved the broad resonance at δH = ‒5.33 ppm into two signals at δH = ‒5.09 (2H, T1 = 

31 ms) and ‒7.79 (1H, T1 = 72 ms) ppm and was therefore assigned as the η2-H2 environment and Ru–

H–Zn (trans to CO) respectively. It was interesting that exchange spectroscopy (EXSY) and 

magnetisation transfer experiments showed that no exchange occurred between the Ru–H–Zn hydride 

(trans to η2-H2) and the other 3 hydride environments. The T1(min) value calculated for the Ru–H–Zn 

hydride trans to η2-H2 was 683 ms, indicative of classical hydride behaviour. However, bizarrely, D2 

labelling experiment actually disagreed with this conclusion showing all the hydrides underwent H/D 

exchange.  

 Subjecting complex G to a vacuum at 50 °C resulted in formation of complex H. Complex H 

was characterised by X-ray crystallography and 1H NMR spectroscopy demonstrating 2 resonances at 

δH = ‒27.06 and ‒3.75 ppm for the bridging hydrides. NBO calculations provided additional analysis in 

the bonding within these complexes with no direct Ru–Zn interaction found in either complex G and H 

despite the normal Ru–Zn bond distances (2.5125(3) and 2.4896(4) Å respectively) (vide supra). In 

both complexes, NPA charges on the Hμ trans to CO ligand were more negative compared to the NPA 

charged on the Hμ trans to η2-H2 ligand and therefore the hydrides trans to η2-H2 ligand were more 

terminal hydride in behaviour which was in agreement with the analysis from 1H NMR spectroscopy 

and the bond lengths from X-ray crystallography. 
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Scheme 3.16 Formation and reactivity of zinc ruthenium heterobimetallic complexes 

 

3.1.3 Mg•Ru heterobimetallic complexes  

 As well as the aluminium and zinc ruthenium polyhydride complex synthesised by Suzuki et 

al. (Scheme 3.5 and Scheme 3.12), a magnesium ruthenium polyhydride complex, 

[{η5-C5Me5)Ru}3(μ-H)3(μ3-MgiPr)(μ3-H)], was also isolated and characterised. The formation of this 

polyhydride complex was confirmed by 1H NMR spectroscopy with two resonances observed at δH = ‒

24.70 (1H) and ‒5.25 (3H) ppm for the μ3-H and μ-H hydrides respectively. X-ray crystallography 

confirmed the formation of this trinuclear ruthenium polyhydride complex mono-capped by an alky 

magnesium unit with long Ru---Mg distances of 2.787(13), 2.8007(12) and 2.7715(13) Å and long Ru-

--Ru distances of 2.7516(6), 2.7500(4) and 2.7548(6) Å measured. The Ru–Hμ bond lengths measured 

ranged from 1.57(3) ‒ 1.86 (3) Å and the Ru–Hμ3 bond lengths measured ranged from 1.94(4) ‒ 

1.98(4) Å. It is worth noting that the longer Ru–Hμ bond lengths do overlap with the Ru–Hμ3 bond 

lengths within the esd of these hydrides. Nevertheless, the X-ray crystallography would point towards 

a heterobimetallic system whereby the Ru---Mg interaction was supported through bridging hydrides. 

Again, DFT calculations were not performed to confirm this lack of Ru---Mg interaction. This complex 

represented the first magnesium ruthenium heterobimetallic system isolated by X-ray crystallography. 

 

Scheme 3.17 Formation of [{η5-C5Me5)Ru}3(μ-H)3(μ3-MgiPr)(μ3-H)] 

 

 In the following work, this author presents the synthesis, characterisation and reactivity of a 

number of new M•Ru heterobimetallics hydride complexes (M = Al, Zn, Mg) with either dihydrogen 

ligated in an η2
 fashion or dinitrogen ligated in an end-on fashion at the ruthenium centre. The important 

bonding interactions within these heterobimetallic complexes were analysed by computational methods 
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to give a bonding description whereby there was minimal M---Ru interaction and instead these 

complexes were supported by bridging hydride interactions. 

3.2 RESULTS AND DISCUSSIONS 

3.2.1 Synthesis and characterisation 

1.1.1.8 M•Ru-H2 

 Reacting 1 equivalent of [Ru(H)2(N2)2(PCy3)2] (1) with 1 equivalent of the -diketiminate 

stabilised hydrides of aluminium, zinc and magnesium under an atmosphere of H2 proceeded at 25 oC 

over the course of 24 h and resulted in generation of a series of new heterobimetallic dihydrogen 

complexes M•Ru-H2 (M = Al, Zn, Mg, Scheme 3.18). No reactivity was observed between the reaction 

of 1 with DippBDICaH•THF, even after heating the reaction to 80 °C with only the decomposition of 1 

detected by NMR spectroscopy. 

 

Scheme 3.18 Preparation of dihydrogen and dinitrogen complexes of a series of heterobimetallic hydrides 

 

 These heterobimetallic dihydrogen complexes were characterised by a single broad resonance, 

integrating to five protons, in the hydride region of the 1H NMR spectrum (Al, H = –10.85 ppm; Zn, 

H = –10.71 ppm; Mg, H = –10.32 ppm). While low temperature 1H NMR spectroscopy data acquired 

at 193 K failed to resolve the fluxional process that interconverted the hydride and dihydrogen ligands 

of M•Ru-H2, the formulation of these complexes was supported by T1-relaxation times, DFT 

calculations (Figure 3.4) and D2 exchange reactions. T1 measurements were taken across a 193 - 293 K 

temperature range at 400 MHz and all three complexes exhibited short T1(min) times (Al, 36 ms; Zn, 

35 ms; Mg, 52 ms) indicative of non-classical hydride behaviour. Due to the fluxional processes in 

operation these data likely represent a time-average of dihydrogen, bridging hydride and terminal 

hydride ligands and as such may be longer than the true T1(min) values of the H2 ligand. Isolation of 
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M•Ru-H2 for X-ray crystallography failed however the geometry of these heterobimetallic dihydrogen 

complexes were examined by computation studies. 

 All computational studies in this chapter were conducted using Gaussian 09. The ωB97x-D 

functional was employed.32  Ru, Al, Mg and Zn centres were described with Stuttgart  RECPs and 

associated basis sets,33–35 the 6-31++G(d,3pd) basis set was used for all hydrides, 6-31G* basis set was 

used to describe C and H atoms and 6-311+G* basis set was used to describe N, P and Cl atoms.36–38  

 DFT calculations pointed towards the heterobimetallic dihydrogen complexes having a near 

octahedral geometry at ruthenium, possessed by a cis-relation between the two phosphine ligands. In 

addition, five hydrogens in total surrounding the ruthenium, one as a terminal hydride, two as bridging 

hydrides and the remaining two hydrogens as dihydrogen ligated in an η2-fashion on ruthenium centre, 

as the most favoured geometry (Figure 3.4). The plausibility of the geometry for these heterobimetallic 

dihydrogen complexes was further corroborated from inference of the M•Ru-N2 complexes (vide infra). 

 

Figure 3.4 Optimised structures of M•Ru-H2 complexes from DFT calculations  

 

 Al Zn Mg 

H–H 0.87 Å 0.87 Å 0.88 Å 

Ru–η2H2 
1.71 Å 1.75 Å 1.73 Å 

1.72 Å 1.74 Å 1.71 Å 

Ru–Ht 1.65 Å 1.62 Å 1.66 Å 

Ru–Hµ 
1.65 Å 1.67 Å 1.66 Å 

1.65 Å 1.70 Å 1.69 Å 

Ru–M 
2.41 Å 2.47 Å 2.53 Å 

2.489 Åa 2.480 Åa 2.680 Åa 

P–Ru–P 103.1 ° 106.4 ° 107.1 ° 

Table 3.1 Selected bond lengths (Å) and bond angles (°) from optimised DFT models of the dihydrogen 
heterobimetallic complexes. aSum of single bond radii (Ru + M)11 
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 Even though DFT calculations were used to confirm the thermodynamic plausibility of these 

dihydrogen heterobimetallic hydrides, the actual bond lengths ascertained for the light atoms cannot be 

scrutinised in great depths due to inherent approximation in the method and so the degree of dihydrogen 

activation cannot be analysed accurately. Nevertheless, the calculated values of the Ru–H bond lengths 

in Table 3.1 for each respective heterobimetallic complex showed very similar short Ru–H bond lengths 

between the bridging and terminal hydride and longer M–Hμ bonds which corroborated with the weak 

interaction of the main group metal to the bridging hydrides from NBO and QTAIM calculations (Figure 

S 5.49 and Figure S 5.50). The metal---metal bond distance measured from DFT are within the sum of 

the single bond radii as described by Pauling11 however the bonding description given by the NBO and 

QTAIM calculations suggested an alternative picture whereby we have weak interactions between the 

two metal centres. For example, small Wiberg bond indices were calculated by NBO analysis: Al, 0.15; 

Zn, 0.07; Mg, 0.02 and small ρ values were calculated for the bond critical paths between the two metal 

centres: Al, 0.05; Zn, 0.05; Mg, 0.03. The small ρ values indicated that a majority of the electron density 

did not reside between the two metal centres but was most likely residing on the actual metal centres. 

This localised electron density on the metal centres was further exemplified by the NPA charges 

calculated where in all the M•Ru-H2 complexes we have an extremely negative ruthenium centre 

balanced by a highly positive main group metal (Figure S 5.49).  

1.1.1.9  M•Ru intermediate 

 Exposure of M•Ru-H2 to a N2 atmosphere resulted in gradual formation of M•Ru-N2 (Scheme 

3.18). While ruthenium dinitrogen complexes are well known,39,40 and include [Ru(NH3)5(N2)]+2 the 

first isolated dinitrogen complex,41,42 those incorporating main group metals are rare. Despite 

conducting reactions at modest pressures of N2 (4 atm.) and also bubbling N2 through a solution of 

M•Ru-H2, in all cases a mixture was formed, and the position of the equilibrium was not forced entirely 

toward the dinitrogen complexes. Moreover, for the Mg•Ru-H2 complex, pressures of N2 above 1 atm. 

actually hinders formation of the Mg•Ru-N2 complex. The ratio of the H2 : N2 complexes after addition 

of N2 (4 atm.) was calculated to be 6 : 1 and 5 : 1 for the Zn and Mg heterobimetallic complexes 

respectively. The direct reaction of 1 with the -diketiminate stabilised hydrides, in N2 atmosphere, also 

resulted in the formation of a mixture of M•Ru-N2 and M•Ru-H2 and this result was ascribed to 

unavoidable trace decomposition of the main group hydride species leading to the generation of H2 in 

situ.  

 A third species was observed in these reactions at low concentration which was tentatively 

assigned as M•Ru. The apical ruthenium site of M•Ru was not occupied by a diatomic ligand and this 

was the expected intermediate in a dissociative exchange mechanism between M•Ru-H2 and M•Ru-

N2. A further reaction of mixtures of Al•Ru-N2 and Al•Ru-H2 with CO provided additional evidence 

for ligand exchange occurring primarily at the apical site on ruthenium (Figure 3.5). Placing a sample 

containing both Al•Ru-H2 and Al•Ru-N2 under an atmosphere of CO resulted in complete conversion 
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into the Al•Ru-CO heterobimetallic complex. Al•Ru-CO displayed diagnostic hydride resonances at 

298 K for both bridging hydrides δH = –12.16 ppm, fwhm = 106 Hz and terminal hydride δH = –9.05 

ppm, fwhm = 35 Hz. Isolation of Al•Ru-CO was not possible as a further substitution reaction occurred 

over 24 h with a second CO ligand replacing a PCy3 ligand, with free PCy3 observed in 31P{1H} NMR 

spectrum, to give a new complex postulated as Al•Ru-(CO)2. This complex displayed diagnostic 

hydride resonances at 298 K for both bridging hydrides δH = –9.93 ppm and terminal hydride δH = –

9.39 ppm. Isolation of Al•Ru-(CO)2 as single crystals was not successful to confirm this assignment 

through X-ray crystallography.   

 Further substitution reactions were carried out with both the zinc and magnesium 

heterobimetallic with CO (and CNAr, Ar = 2,6-xylyl, 5.4 CHAPTER THREE: EXPERIMENTAL) with 

multinuclear NMR spectra showing a similar outcome with the conversion of M•Ru-N2 into M•Ru-CO 

and M•Ru-(CO)2 however the dihydrogen species, M•Ru-H2 remained present in solution in both these 

cases, which was remarkable considering the lability of the dihydrogen ligand. Furthermore, no 

breaking up of the heterobimetallic species was observed through variable temperature 1H NMR 

spectroscopy with no formation of the free parent main group hydride or ruthenium carbonyl species 

observed by multinuclear NMR spectroscopy.43,44 

 

Figure 3.5 1H-NMR spectra stack plot of the addition of CO to a sample containing a mixture of Al•Ru-H2 and 

Al•Ru-N2 

 

 Kinetic measurements were also performed on these reaction, via 1H NMR spectroscopy, 

between 1 and the zinc and magnesium hydride respectively under an atmosphere of N2 at 25 °C. The 
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reaction for the zinc heterobimetallic hydride complexes was complete within 5 minutes of the acquired 

data. No change in the ratio between the three heterobimetallic hydride complexes was observed after 

total consumption of starting material and the initial rate data was not possible to interpret as the reaction 

was too fast (Graph 3.1). Low temperature kinetic measurements were not taken but would have 

provided a slower rate of reaction to allow for more information to be ascertained about the initial 

reactivity. 

 

Graph 3.1 Kinetic experiment of reaction of 1 with DippBDIZnH 

 

 The reaction for the magnesium heterobimetallic hydride complexes required multiple 

measurements as the results were not reproducible across 2 runs. Although efforts were taken to use the 

same conditions for each kinetic experiment, slight alterations in the mixing and diffusion of the sample 

as the sample thawed in the spectrometer resulted in different reaction rates as well as time taken for 

complete consumption of starting materials. Therefore, no quantitative information could be ascertained 

from these experiments however qualitative data in all 3 runs showed that Mg•Ru-H2 was formed 

initially and then converted into Mg•Ru-N2 via the intermediate Mg•Ru. 
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Graph 3.2 Kinetic experiments of reaction of 1 with DippBDIMgH 

 

3.2.2 M•Ru-N2  

 These heterobimetallic dinitrogen complexes, M•Ru-N2, displayed diagnostic hydride 

resonances for both bridging (Al, H = –11.95 ppm, fwhm = 113 Hz; Zn, H = –11.40 ppm; Mg, H = –

11.36 ppm) and terminal (Al, H = –15.81 ppm, fwhm = 37 Hz; Zn, H = –15.20 ppm; Mg, H = –15.69 

ppm) hydrides. Assignment of these hydrides was confirmed by calculation of the NMR spectra by DFT 

methods. The larger fwhm value for the resonance assigned to the bridging hydride, relative to the 

terminal hydride, in Al•Ru-N2 was consistent with the bridging hydride coupling to the quadrupolar 

27Al nucleus (I = 5/2). The unusual chemical shift of the terminal hydrides being further upfield relative 

to the bridging hydrides (c.f. Al•Ru-CO) can be postulated as the result of the weaker trans influence 

from the dinitrogen ligand resulting in greater contribution of the electron density from ruthenium to 

the terminal hydride and therefore experience a greater ‘shielding’ effect to give this upfield signal. 

 The T1(min) relaxation times for all three heterobimetallic dinitrogen complexes were all long 

(0.2 – 0.5 s), as would be expected in the absence of the dihydrogen ligand. The terminal hydride 

resonance of M•Ru-N2 (M = Zn and Mg) were sharp enough to resolve the cis couplings from the 1H 

NMR spectra at 298 K (Zn, 2JH–H = 7.7 Hz; 2JP–H = 21.1 Hz; Mg, 2JH–H = 9.4 Hz; 2JP–H = 17.9 Hz). In 

addition, the resonances for the bridging hydrides of M•Ru-N2 showed a classical AA’XX’ second 

order coupling pattern indicative of cis-relation between the phosphine ligands. 
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31P{1H} NMR spectra collected on M•Ru-N2 provided support for the cis-relation between the 

large PCy3 ligands. At room temperature in toluene-d8 two 31P resonances were observed in Al•Ru-N2 

(P = 51.8 and 38.5 ppm at 298 K). The two 31P resonances were attributed to the additional steric bulk 

of the chlorine atom on the aluminium centre leading to magnetic and chemical inequivalence of the 

phosphine ligands due to hindered rotation about the N–CAr bond of the diisopropylphenyl groups of 

the β-diketiminate ligand. At the same temperature, M•Ru-N2 (M = Zn, Mg) displayed a single 31P 

NMR spectra resonance (Zn, δP = 46.6 ppm; Mg, δP = 45.6 ppm). The three-coordinate Zn- and Mg- 

parent hydrides imparted a higher degree of freedom of rotation around the N–CAr bond of the 

diisopropylphenyl groups within these heterobimetallic complexes and therefore the cis-phosphine 

ligands were chemically equivalent but magnetically inequivalent at room temperature. However, at 

lower temperature the 31P resonance of M•Ru-N2 decoalesced into two resonances (Zn, P = 47.5 and 

43.8 ppm at 253 K; Mg, P = 45.5 and 42.8 ppm at 233 K), consistent with a further fluxional process 

that renders the phosphine ligands chemically inequivalent. Over the same temperature range the methyl 

and methine 1H resonances of the isopropyl groups of the main group fragment decoalesced into a 

complex series of resonances (Figure 3.6). While the data cannot unambiguously rule out the formation 

of isomers that differ in the coordination environment about ruthenium, the data were consistent with 

M•Ru-N2 retaining cis-phosphine ligands but adopting a low symmetry due to a locked conformation 

of the β-diketiminate ligand. Hindered rotation about the N–CAr bond of these β-diketiminate ligand 

systems is common (Figure 3.6). The main group fragments in these complexes appeared tightly bound 

across 193 – 353 K and no data have been collected that support bimetallic dissociation into the 

monometallic components.45,46  

 

Figure 3.6 (a) VT 1H NMR of Zn•Ru-N2 showing just the methine proton of isopropyl groups. (b) Hindered rotation 
about N–CAr bond of β-diketiminate ligand at low temperature 
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 The dinitrogen ligands of these M•Ru-N2 complexes were found to display strong NN 

stretching frequencies (Al, 2160 cm-1; Zn, 2135 cm-1, Mg, 2130 cm-1) acquired on solid samples of 

M•Ru-N2. These vibrational frequencies were consistent with that reported for 1 (CHAPTER 2), in 

addition their assignment as N2 and not H2 stretches was confirmed by preparation of M•Ru-D2, an 

isotopomer of M•Ru-H2. For comparison the Raman stretch of free N2 is 2331 cm-1. 

 M•Ru-N2 crystallised upon storage of concentrated hydrocarbon solutions under an N2 

atmosphere at –35 oC (Figure 3.7). The solid-state structures reflected the solution characterisation data 

and in the case of Zn•Ru-N2 the data were of sufficient quality to locate the terminal and bridging 

hydride ligands from the electron density difference map. The geometry at ruthenium was a heavily 

distorted octahedron with the main group metal sitting in the secondary coordination sphere attached 

by bridging hydride ligands and 3-centre,2-electron interactions. In the equatorial plane, the P–Ru–P 

angles were obtuse (X-ray = 104 – 107 o; DFT = 104 – 106 o) and the Heq–Ru–Heq angles were close to 

90 o (X-ray; DFT = 92 – 94 o). The length of the terminal Ru–Hax bond of Zn•Ru-N2 (1.45(3) Å) was 

shorter than both the bridging Ru–Heq (1.62(3) and 1.70(2) Å) and bridging Zn–H bonds (1.82(3) and 

1.88(3) Å). The Ru---M distances were short (Al, 2.443(2) Å; Zn, 2.4957(3) Å; Mg, 2.581(3) Å) and 

could be interpreted as an indication of a metal---metal interaction.  

 

Figure 3.7 Crystal structures of M•Ru-N2 (M= Al, Zn, Mg) 

 

 The metal---metal distances in M•Ru-N2 were all close to the sum of the single bond radii as 

defined by Pauling11 and only the Ru---Zn distance was longer than the sum of the covalent radii defined 

by Pyykkö.47 The formal shortness ratio (fsr) was used as a crude metric to interrogate the nature of 

metal---metal bonds by normalising the metal---metal bond distances.48–51 The fsr of M•Ru-N2 

determined using the Pauling radii were all ~1 and could be an indicator of a metal–metal bond (Al, 

0.99; Zn, 1.00; Mg, 0.99). The presence of multiple bridging ligands is well known to contract metal--

-metal separations, however, to a point that the true nature of the bonding can become opaque. The fsr 

has previously been used in our group as an indicator of metal–metal bonding, but only in combination 
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with detailed spectroscopic (NMR, Infrared) and computational analysis (DFT, QTAIM) to support the 

conclusion.   

 The DFT calculations reproduced the position of the heavy atoms in M•Ru-N2 and confirmed 

the location and bond lengths of the hydride ligands in Zn•Ru-N2. The bridging hydride ligands of 

M•Ru-N2 were located in the equatorial plane of ruthenium and co-ordinate to the main group metal in 

a 2-binding mode through short Ru–Heq (DFT = 1.6 –1.7 Å) and long M–Heq distances (DFT = 1.8 – 

1.95 Å). The location of the main group metal was not perfectly within the equatorial plane and slippage 

toward the axial hydride on ruthenium and the resulting 3-binding mode was observed for the whole 

series. The effect was quantified by considering both the M---Hax distance from the DFT calculations 

(Al, 2.1 Å; Zn, 2.55 Å; Mg, 2.4 Å) and the N–Ru–M angle from the X-ray data (Al, 112.15(18)o; Zn, 

95.64(8)o; Mg, 107.32(16)o) and was most pronounced for the aluminium analogue. For comparison, 

the Al---Hax distance was on the upper limit of the range suggested for a significant bonding interaction 

in analysis of -complexes of aluminium,12 and was slightly longer than Al–H distances (1.9 – 2.0 Å) 

in a related rhodium---aluminium heterobimetallic hydride that has been formulated with a 3-binding 

mode (Figure 3.8).52  

 

Figure 3.8 Calculated bond lengths in M•Ru-N2 along with selected NPA charges and WBI 

 

 NBO analysis in combination with QTAIM calculations revealed that, despite the short 

distances, metal–metal bonding in M•Ru-N2 was nominal at best. The Wiberg bond indices (WBI) of 

the Ru---M interactions were small and decrease across the series Al (0.15) > Zn (0.07) > Mg (0.02). 

The WBIs of the Ru–Hax bonds were similar to the Ru–Heq bonds suggestive of a similar covalent 
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character despite the bridging interaction. The M–Heq WBIs were much smaller and decrease across the 

series Al > Zn > Mg suggestive of decreasing covalent character as the main group metal becomes 

more electropositive. NPA charges on both these hydrides and ruthenium were negative while the main 

group metal was, expectedly, highly positive. The combined NPA charge on the ruthenium, hydride 

and dinitrogen moieties becomes more negative across the series Mg ~ Zn > Al. In combination the 

analysis was consistent with a large ionic component to the bonding and in the extreme these complexes 

can be formulated as [M(Dipp)]+[RuH3(N2)]– adducts in which the key interaction between the two 

fragments was via the bridging hydride ligands (Figure 3.9). Furthermore, the use of covalent bond 

classification (CBC) and half-arrow notations to depict 3-centre,2-electron interactions of the bridging 

hydrides can be used to describe these heterobimetallic hydride complexes as a Ru(L4X2) system. The 

3-centre,2-electron interactions satisfy the 18 valence electron configuration of the transition metal 

centre without requiring a metal–metal bond (Figure 3.10). 

 

Figure 3.9 Proximity effect of the main group metal through the bridging hydrides on the ruthenium centre 

 

For comparison, in 2015 our group reported a series of rhodium hydride complexes which 

possess similar fsr to those reported herein but with defined Rh–M bonds.49 The metal–metal bonding 

was supported by both calculations and spectroscopic data and crucially these complexes possessed a 

four-legged piano-stool geometry at rhodium and long M---H distances (> 2.0 Å) that were conserved 

across a series (M = B, Si, Al, Zn, Mg). These rhodium complexes were described as Rh(L2X5) using 

the CBC method (Figure 3.10).53,54 More recently Whittlesey et al. isolated a heterobimetallic complex 

in which Ru and Zn sites were bridged by two hydride ligands in a 2-fashion (Scheme 3.16).31 The 

bonding mode and computational analysis were near identical to that found for Zn•Ru-N2 and the 

authors of this study also concluded that no significant direct Ru---Zn interaction was found in this 

species. 
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Figure 3.10 CBC and half-arrow notation of heterobimetallic complexes 

 

3.2.3 Tuneable N2 activation  

 Detailed understanding of the coordination of N2 at transition metal centres has paved the way 

for countless discoveries in dinitrogen fixation.55–58 End-on N2 binding can be considered within the 

Dewar-Chatt-Duncanson model (Figure 3.11). Donation of electron-density from the filled bonding -

orbital into a vacant orbital of suitable symmetry on the transition metal is accompanied by back-

donation from the transition metal to the 1g
* anti-bonding orbitals of the diatomic. The back-donation 

is synonomous with lowering of the NN stretching frequency and is often associated with activation of 

N2 and catalytic methods for its transformation to NH3 (or related nitrogen containing molecules at the 

amine or hydrazine oxidation level).59,60  

 The extent of back-donation is a tuneable property. It can be regulated by the judicous control 

of the ligand environment at the transition metal. Modification of the oxidation state, coordination 

number, or geometry of the transition metal or the electronic or steric properties of the ligands all affect 

the symmetry and energy of the frontier molecular orbitals (fMOs) of the transition metal fragment and 

influence the extent of back-donation. For example, as part of detailed investigations into N2 fixation 

with carefully designed trigonal bipryamidal group 8 complexes, Peters et al. have shown that the extent 

of back-donation to N2, is a function of both the metal61 and the -donating properties of the ligand 

trans to the N2 coordination site.  

 More recently bimetallic complexes have been explored in dinitrogen fixation. For example, 

Lu et al. have reported a [Co–Co] bimetallic complex as a catalyst for the reductive silylation of N2 

with Me3SiCl.62 As part of these studies, it has been shown that N2 binding to [Co–M] bimetallics can 

be subtly modulated by the choice of the second metal, with NN decreasing across the first row period 

M = V > Cr > Co ( = 25 cm-1).63 In related studies, Thomas et al. have shown that modification of 

the early transition metal in [Co–M] complexes from M = Ti to Zr has an impact on N2 binding to the 

late transition metal, again reported by the change in the N2 stretching vibrational spectroscopy ( = 
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39 cm-1).64,65 Both these systems contain defined and quantifiable metal–metal bonds and N2 

coordination occurs at a site in line with the metal–metal bond maximising the prospect for bimetallic 

cooperation. 

 

 

Figure 3.11 (a) Dewar-Chatt-Duncanson Model for N2 binding and (b) Tuneable N2 binding to heterobimetallic 

complexes 

 In this work, experimentally determined NN stretches for M•Ru-N2 decreased across the series 

Al > Zn > Mg. The calculated vibrational modes also followed this trend, and while the absolute values 

were systematically over-estimated compared to experiment, the differences relative to NN of Al, 

matched closely (Table 3.2). It is worth noting that the differences in the experimental NN and 

Ru–N bond lengths were very small and were well within the measurement error of the X-ray diffraction 

data.  

 

 Al Zn Mg 

Ru–N (X-ray) 2.007(7) Å 2.022(2) Å 2.011(6) Å 

N–N (X-ray) 1.086(7) Å 1.107(3) Å 1.101(9) Å 

N–N (DFT) 1.104 Å 1.106 Å 1.107 Å 

WBI (DFT) 2.76 2.75 2.74 

NN (IR) 2160 cm-1 2135 cm-1 2130 cm-1 

NN (DFT)[a] 2342 cm-1 2320 cm-1 2311 cm-1 

(IR) 0 cm-1 25 cm-1 30 cm-1 

(DFT) 0 cm-1 21 cm-1 30 cm-1 

                                     [a] Uncorrected values. 

Table 3.2 Experimental and computation data on N2 binding to M•Ru-N2     
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 The molecular orbital analysis of some simplified models delivered an explanation for the 

tuneable N2 activation and the trend disclosed above. The frontier molecular orbitals (fMOs) of the 

square-based pyramidal transition metal fragment, cis-[Ru(H)3(PMe3)2]– were represented in Figure 

3.12a. The LUMO was preferentially orientated to accept electron density from the 3g orbital of N2 

while the HOMO and HOMO-2 were orientated in a fashion to back-donate to the degenerate and 

orthogonal 1g orbitals. The model was expanded to include the main group fragment and similar 

symmetry fMOs were calculated for model heterobimetallic complexes in which peripheral groups on 

the ligands were truncated Figure 3.12b. 

 

Figure 3.12 (a) Selected fMOs of cis-[Ru(H)3(PMe3)2]– of relevance for N2 binding, (b) Selected fMOs and 
energies of the model heterobimetallic complexes 
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 Inspection of the energies of the fMOs of suitable symmetry for N2 binding revealed that on 

decreasing the electronegativity of the main group metal (m Al = 1.61 >  Zn = 1.59 > Mg = 1.29) all 

the molecular orbitals of the model heterobimetallic complex were destabilised to a small extent (Figure 

3.13). The orbital destabilisation was a direct effect of the second metal on the ruthenium centre. This 

effect was not exerted through a metal–metal bond nor did it require a trans relationship between the 

second metal and the binding site, it occurred due to modulation of the degree of ionicity of the metal–

hydride bonding and charge localisation on transition metal centre (Figure 3.8). 

 

Figure 3.13 Energies of selected fMOs of model heterobimetallic complex. 

 

 The heterobimetallic complex with the least electronegative main group metal, Mg, had the 

lowest covalent character to the bonding and the largest charge localisation on the transition metal 

fragment and hence the most destabilised fMOs. Destabilisation of the occupied frontier molecular 

orbitals on ruthenium raised their energy and therefore allowed increased back-donation into N2 anti-

bonding bonding orbital resulting in a reduction of the N–N bonding order and the observed lowering 

of the N2 stretching frequency. The degree of back-donation from ruthenium into N2 was further 

examined by looking at the values obtained from second-order perturbation calculations on the 

M•Ru-N2 complexes. The most significant donor-acceptor contribution from Ru(4d) → π*(N–N) 

increased from Al = 20.0 kcal mol-1 < Zn = 23.5 kcal mol-1 < Mg = 24.6 kcal mol-1 which mirrored the 

observed trend in the degree activation of N2 in these heterobimetallic complexes.  

 The values from second-order perturbation calculations for the parallel donation of the σ(N–N) 

into an empty Ru(4d) orbital of the correct symmetry can be scrutinised further. The values obtained 

for all three M•Ru-N2 complexes were small (< 10 kcal mol-1) which was in agreement with N2 being 

a poor σ-donor and justified the labile nature of the dinitrogen on the ruthenium centre and the ease at 

which these complexes undergo substitution reactions with CO. 
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Overall the Ru---M (M = Al, Zn, Mg) heterobimetallic hydride complexes synthesised here 

demonstrated N2 (and H2) binding.48 These complexes possessed weak metal---metal interactions at 

best. The main group metal sits in the secondary coordination sphere of a pseudo-octahedral ruthenium 

complex. A combination of characterisation techniques (single crystal X-ray diffraction and infrared 

spectroscopy) and DFT and QTAIM calculations indicated that the variation of main group metal has 

an effect on N2 activation with the more electropositive ligands resulting in a subtle but measurable 

increase in back-donation to the diatomic. The results were rationalised through detailed DFT 

calculations which ultimately show that the electronegativity of the main group metal impacts the 

energy of fMOs on ruthenium and, hence, dinitrogen binding. 

The ability for this apical site on the ruthenium, in these heterobimetallic complexes, to co-

ordinate N2 and H2 (as well as CO) allowed for further examination into reactivity with other small 

molecules. 

3.2.4 Reactivity with CO2 and HBpin 

 Research into the use of CO2 as a C1 source has been pursued as a method to help combat the 

rising levels of CO2 in the atmosphere66 but also as an alternative abundant, cheap non-toxic resource.67 

The activation and functionalisation of CO2 with borane substrates mediated by 

[Ru(H)2(η2-H2)2(PCy3)2], 1-2H2, has been explored by Sabo-Etienne et al.44,68 (CHAPTER 1). 

Comparison of the reduction of CO2 with HBpin by the monometallic ruthenium species versus the 

heterobimetallic M•Ru species will be of interest to see (i) if the heterobimetallic species can also 

perform the same transformation and if yes (ii) is there any difference in the product distribution? 

 Due to the inability to isolate large amounts of one of the heterobimetallic cleanly, the 

heterobimetallic species were generated in situ and used directly in these reactions. Complete 

conversion of the starting materials into the M•Ru heterobimetallic species (M = Zn and Mg) was 

ensured before addition of 1 equivalent of HBpin to observe if any reactivity occurred prior to CO2 

addition. Slight broadening of the hydride region in 1H NMR spectrum was observed however no 

evidence of reactivity or dissociation of the heterobimetallic species was shown by multinuclear NMR 

spectroscopy. Upon addition of CO2 (1 atm.) the major products observed in both the zinc and 

magnesium systems were formation of the free β-diketiminate ligand, [RuH(η2-H2)(κ2-O2CH)(PCy3)2], 

[RuH(CO)(κ2-O2CH)(PCy3)2] and B2pin2O (Scheme 3.19).44,69  
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Scheme 3.19 Reaction of M•Ru (M = Zn, Mg) hydride complexes with HBpin and CO2 

 For the magnesium reaction some additional unidentified resonances (δH = 16.38 and 16.17 

ppm) were observed in the proton and phosphorous NMR spectra (δP = 51.8 ppm). One of the 

unidentified species was postulated as the dinitrogen analogue of the formate complex, 

[RuH(N2)(κ2-O2CH)(PCy3)2], which demonstrated a triplet at δH = ‒13.82 ppm (JHP = 14.3 Hz) for the 

Ru–H environment with the corresponding formate peak as a broad signal δH = 8.58 ppm. However why 

these signals for the postulated dinitrogen analogue would not be seen in the zinc system would raise 

doubts about this assignment as the main group hydride should be independent of the formation of 

[RuH(N2)(κ2-O2CH)(PCy3)2]. 

 The formation of these monometallic ruthenium formate species in combination with free 

β-diketiminate showed that upon addition of CO2 dissociation of the heterobimetallic species occurred. 

Therefore, it was likely the monometallic ruthenium species were actually performing the reduction to 

form B2pin2O and not the heterobimetallic species (B2pin2O was identified from the indicative peaks in 

the 1H and 11B{1H} NMR spectra). Also, both HBpin and the DippBDIMH (M = Zn, Mg) (generated after 

dissociation of the heterobimetallic) could act as the reducing reagent in this reaction which could 

explain why the presence of the main group hydride was not observed by 1H NMR spectroscopy during 

the reaction. It is also worth noting that DippBDIMgH was known to catalyse the reduction of CO2 with 

HBpin in presence of B(C6F5)3.70  

 This result indicated that these heterobimetallic species were susceptible to dissociation under 

CO2. To confirm this conclusion and to try and identify the other unknown species observed during the 

reduction reactions the heterobimetallic species were reacted with 13C-labelled CO2 (1 atm.) at 25 °C 

(Scheme 3.20). Again, in both the zinc and magnesium systems [RuH(η2-H2)(κ2-O2CH)(PCy3)2] and 

[RuH(CO)(κ2-O2CH)(PCy3)2] were formed with the expected two doublets for the formate peaks due to 

coupling to the enriched 13C environment. Free ligand was also detected in the reaction confirming the 

competency of the main group hydride as the reducing agent in both the systems. Only in the reaction 

with the magnesium heterobimetallics was the triplet at δH = ‒13.82 ppm, postulated as 

[RuH(N2)(κ2-O2CH)(PCy3)2], observed along with the corresponding formate peak, now a sharp doublet 

due to coupling to the 13C labelled atom, at δH = 8.64 ppm, detected in the proton NMR spectrum.  
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Scheme 3.20 Reaction of M•Ru (M = Zn, Mg) hydride complexes with 13CO2 

 Importantly, the unidentified singlets downfield at δH = 16.38 and 16.17 ppm were again 

observed but only in the reaction with Mg•Ru. These resonances remained singlets in this reaction and 

indicated no participation of the 13CO2 in their formation. The identity of these peaks remained elusive 

however its formation, though not directly involving CO2 was only formed in the presence of the gas 

as well the ruthenium and main group hydride. The discriminate nature of using either the Zn- or Mg- 

main group hydride to form these two downfield resonances would point towards some reactivity at 

backbone of the β-diketiminate ligand only accessible for the magnesium hydride70 however no 

substantive evidences has been collected to confirm this. 

3.3 CONCLUSION 

 In summary, the synthesis and characterisation of a series of ruthenium main group 

heterobimetallic complexes with X-ray structures obtained for the M•Ru-N2 complexes (M = Al, Zn 

and Mg) was achieved. The bonding characteristics of these heterobimetallic complexes were probed 

using experimental data in combination with computational methods. 

A small decrease in the NN stretch, corresponding to weakening of the N–N bond, was 

observed from changing the main group metal of the heterobimetallic from Al < Zn < Mg. This trend 

was rationalised due to the greater ionic character of the metal–hydride bonding within the M•Ru-N2 

complex which was more pronounced with the less electronegative metal. The increased ionic character 

resulted in greater destabilisation of the fMOs of ruthenium which in turn allowed for increased back-

donation from Ru(4d) → π*(N–N) and consequently longer N–N bond lengths. Importantly, differing 

to the status quo, there was no significant metal---metal bond to influence this degree of N2 activation. 

Instead the main group fragment altered the electron density of the bridging hydrides which in turn 

affected the energetics of the orbital contributions around the ruthenium metal. While the net effect on 

the N2 stretching frequency for the series of complexes reported herein was subtle, it clearly represents 

an example of a growing number of phenomena in which the binding and reactivity of small molecules 

at a transition metal centre can be modified by the proximity of a second metal.71–74  

In addition, initial investigation into the reactivity of these heterobimetallic hydride complexes 

in the reduction of CO2 with HBpin showed that dissociation of the heterobimetallic hydride into their 

parent complexes was, instead, observed. 



 

[147] 
 

3.4  FUTURE WORK 

 Further inspection into this proximity effect of the second metal would allow for deeper analysis 

into the N2 tuneability of these heterobimetallic hydride complexes. This could include altering the 

electronics of the main group metal by simply changing the aryl groups on the β-diketiminate ligand or 

even the methyl group of the backbone of these ligands. As Mg•Ru-N2 had the greatest “activation” of 

the dinitrogen ligand, by making the bonding description of the heterobimetallic complex even more 

extreme in terms of the ionic character this should amplify the proximity effect by destabilising the 

relevant fMOs further.  

 Beyond understanding the bonding of these heterobimetallic hydride complexes, more research 

is required on the application of these heterobimetallic hydride complexes in synthesis and/or catalysis. 

The co-ordination of small molecules in the apical site of ruthenium was possible (CO, CNAr where Ar 

= 2,6-xylyl) however the “Goldilocks effect” seemed to be in play as to whether co-ordination of the 

small molecule led to dissociation of the complex or formation of a stable heterobimetallic complex. 

Again, altering the β-diketiminate ligand around the main group or the phosphine around the ruthenium 

may lead to success however this would be a long and potential unfruitful process. Instead looking into 

literature, comparing the M•Ru-H2 complex, which potentially contains 5 hydrogens in total around 

ruthenium, with 1-2H2 which contains 6 hydrogens in total, there are similarities. The area of 

hydrogenation chemistry by 1-2H2 is incredibly vast (CHAPTER 1) and again comparison with how 

these heterobimetallic hydride complexes perform under similar hydrogenation chemistry would be 

interesting i.e. does the inclusion of a second metal component have any benefit? 

 As mentioned at the end of Chapter 2, the research into these heterobimetallic hydride 

complexes stemmed from the initial research into using these heavier main group complexes as 

alternative options to organoborane substrates in the conversion of an unreactive bond into a reactive 

intermediate i.e. C–X bond (X = H or O) into a C–E bond (E = Al, Zn, or Mg). This area is still very 

much work in progress and initial reactivity of 1 with 2-methoxyacetophenone and the main group 

hydrides has not led to the desired outcome ‒ no formation of a new C–E (E = Zn or Mg) bonds. Instead, 

Chapter 4 will be a continuation of the formation of these heterobimetallic hydride complexes but 

instead using solely aluminium dihydride complexes as the main group partner and the divergence from 

these mono hydride complexes. 
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4 CHAPTER FOUR – REACTIONS OF β-DIKETIMINATE 

STABILISED ALUMINIUM DIHDYRIDE COMPLEXES 

WITH RUTHENIUM(II) BIS(DINITROGEN) COMPLEX 

4.1 INTRODUCTION 

 Aluminium is the most abundant metal in the Earth’s crust however its use in synthetic 

chemistry has been limited to modest scales namely LiAlH4 as a reducing reagent and AlX3 (X = halide) 

as Lewis acid reagents. Beyond the cheaper cost associated with using aluminium as a synthon, 

aluminium also offers diverse reactivity associated with its low electronegativity (χm = 1.61) and ability 

to have a range of coordination geometries (3.1.1 Al•Ru heterobimetallic complexes).1 Understanding 

the bonding within these novel molecular aluminium containing complexes through spectroscopic 

techniques in combination with computational methods have been under explored relative to the 

heterogeneous family of aluminium containing complexes. 

 One area of contention is assigning the oxidation state of aluminium within novel 

heterobimetallic complexes which can become more ambiguous with unconventional bond motifs. 

Aluminium most commonly exists in the +3 oxidation state in inorganic compounds with +1 oxidation 

state normally associated with aluminium in the gaseous phase trapped in a noble gas matrix2 or 

tetrameric aluminium compounds.3 However, in 2000 Roesky et al. isolated the first monomeric Al(I) 

complex in the solid state, DippBDIAl(I).4 The sterically demanding β-diketiminate ligand supporting the 

aluminium centre prevented dimerization of the molecule and has paved the way for alternative routes 

to the accessibility of low valent main group complexes.5–7 Below is a short summary of the 

characterisation data obtained on a handful of aluminium compounds in the +1 oxidation state in various 

states of matter. 

4.1.1 Tetrameric Aluminium(I) Compounds 

 Formation of molecular aluminium(I) compounds such as AlH, Al2O, Al2Se, and AlX (X =  

halide ion) had been evidenced under extreme reaction conditions requiring high temperatures ( > 1000 

°C) and sometimes reduced pressures.3,8,9 Stabilisation of aluminium(I) compounds has historically 

been troublesome as disproportionation into metallic aluminium and aluminium(III) compounds were 

normally the outcome. Nevertheless, there were a number of reports on the successful stabilisation of 

aluminium(I) compounds for characterisation by X-ray crystallography which have yielded the 

tetrameric form of the aluminium(I) compounds as opposed to the monomeric form.  

 In 1991, Schnӧckel et al. reported the X-ray crystallographic evidence of a stable tetrameric 

aluminium(I) complex under standard conditions, [(Cp*Al)4] (Cp* = η5-C5Me5) (Figure 4.1, complex 
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4.1).10 The X-ray crystallographic data confirmed the tetrahedron arrangement of the aluminium sites 

with each aluminium coordinated to Cp* ligand. The average measured Al–Al bond distance was 2.77 

Å which was comparable to metallic aluminium (2.86 Å). Complex 4.1 exhibited a sharp resonance at 

δAl = ‒81 ppm (fwhm = 170 Hz) in the solution state 27Al NMR spectrum in benzene.  

 In 1994, Schnӧckel et al. also stabilised “AlBr” in a NEt3/toluene solvent mixture to yield an 

adduct of NEt3 with AlBr, [Al4Br4(NEt3)4] (Figure 4.1, complex 4.7). The X-ray crystallographic data 

of complex 4.7 showed the four aluminium sites bound in a square ring arrangement with bromine 

groups coordinated to the aluminium in alternating fashion above and below the plane of the ring. The 

average measured Al–Al bond distance was 2.64 Å which was shorter than the tetrameric aluminium(I) 

compounds but still in the expected range of single Al–Al bonds. Although DFT was performed to 

calculate the favourability of the tetramerisation of “AlBr” into [Al4Br4(NEt3)4], it would be interesting 

to compare the energy compensation of [Al4Br4(NEt3)4] going from the square ring geometry to a 

tetrahedron geometry in order to justify why [Al4Br4(NEt3)4] adopted the square ring geometry. Since 

these two publications Schnӧckel’s group and Roesky’s group have led the research and 

characterisation into these tetrameric aluminium(I) compounds (Figure 4.1).11–16 

 

Figure 4.1 Aluminium(I) tetramers that have been characterised by X-ray crystallography 

 One of the major question in this area of chemistry was identifying whether the aluminium(I) 

compounds existed as a tetramer in solution state as well as solid state. 27Al NMR spectroscopy provided 

a solution as the coordination number of the aluminium site in question affected the chemical shift value 

and therefore the difference between the monomeric and tetrameric aluminium(I) compounds should 

yield indicative chemical shifts. Research into AlCp* and [AlCp*]4 had been the most extensive 

especially with the successfully characterisation of the tetrameric form by X-ray crystallography. 

Solution state 27Al NMR spectroscopy was performed on [AlCp*]4 across ‒80 ‒ 25 °C temperature 

range in toluene with only one resonance observed at δAl = ‒81 ppm (fwhm = 140 Hz) as reported in the 

original paper by Schnӧckel et al.10 Increasing the temperature to 30 °C resulted in the formation of a 

second resonance at δAl = ‒149 ppm which was assigned to the monomeric AlCp* complex (Scheme 
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4.1).17 The ratio of the resonances at δAl = ‒81 and ‒149 ppm altered depending on the temperature and 

was reversible up to 100 °C whereupon decomposition of the Al(I) complex occurred to give metallic 

aluminium, Cp*H and unidentified organometallic Al(III) compounds. The incredibly shielded 

chemical shifts of “AlCp*” was attributed to the ring current induced by the Cp* ligand being against 

the direction of the external magnetic field. It was pertinent to mention that Roesky et al. also performed 

variable temperature solution state 27Al NMR spectroscopy on a sample of [AlCp*]4 however only 

detected one resonance at δAl = ‒78 ppm and no resonance was observed around δAl = ‒149 ppm even 

upon heating beyond 30 °C.18 

 

Scheme 4.1 Equilibrium between tetrameric and monomeric form of "AlCp*" 

 Nevertheless, the equilibrium behaviour of the chemical shifts in 27Al NMR spectra of “AlCp*” 

gave confidence that the two resonances corresponded to the tetrameric and monomeric form of 

“AlCp*” and therefore at low temperatures “AlCp*” existed as a tetramer in solution. In addition, in 

1995 Schnӧckel et al. reported the gas phase electron diffraction data of AlCp* and the data pointed 

towards a monomeric unit.19 It is worth mentioning that the findings acknowledged that the data 

collected also contained other products besides the AlCp* unit and therefore refinement to the data had 

to be made with assumption of known decomposition products at the elevated temperature this gas-

phase data had to be collected at. However, formation and existence of the monomeric AlCp* at 

temperatures beyond 30 °C was indirectly corroborated by this gas-phase electron diffraction data. 

 The use of 27Al NMR spectroscopy to distinguish between tetrameric and monomeric forms of 

Al(I) compounds in solution was further investigated by Schnӧckel et al.17 27Al NMR spectra data of a 

small number of aluminium(I) compounds were acquired and compared to values obtained from 

simulated 27Al NMR spectra of both monomeric and tetrameric aluminium(I) compounds from 

computational calculations (Table 4.1).  

 AlCp* and [AlCp*]4 gave comparable chemical shifts from the experimental and calculated 

27Al NMR spectroscopy. However, the massive divergence between the experimental and calculated 

chemical shift of AlCl was attributed to solvent effects. The experimentally acquired chemical shift was 

measured in toluene and Et2O at ‒80 °C20 (non-coordinating solvents like pentane resulted in 

disproportionation) and therefore the chemical shift of δAl = 15 ppm represented monomeric AlCl 

stabilised by Et2O. On the other hand, the chemical shift acquired through calculations were simulated 
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in gaseous state and therefore unrepresentative of the experimental conditions. Repeating the 

calculation with the addition of two and three dimethyl ether molecules resulted in a calculated chemical 

shift closer to the experimental value (δAl = ‒50 and ‒65 ppm respectively). The computed values were 

still not great and asked the question why solvent effects were not in play for AlCp* where the values 

are comparable from computation and experimental results. 

 More experimental data was required in order to improve upon the computational method 

however the use of computational technique to complement the experimental result was helpful in 

deciphering chemical shifts of these aluminium(I) compounds and providing, at minimum, qualitative 

information concerning solvent effects on chemical shifts. 

Complex T / °C Solvent Fwhm / Hz 
Chemical Shift 

Experimental Calculated 

AlCl ‒80 Tol/Et2O (3:1) 1800 +1520 +150 

[AlCp*]4 

‒80 Tol 1225 ‒81 ‒85 

25 Tol 140 ‒8110  

AlCp* 100 Tol 100 ‒150 ‒143 

[AlCp]4 ‒80 Tol/Et2O (3:1) 1250 ‒111 ‒105 

27Al NMR (70.4 MHz, external standard [Al(H2O)6]3+. Calculations at SCF and MP2 theory level 

Table 4.1 Experimental and Calculated 27Al NMR spectra chemical shifts of Al(I) compounds 

 

 A follow up paper was published by Schnӧckel et al. reporting solution state 27Al NMR 

spectroscopic data on a number of new aluminium(I) compounds14 however characterisation by X-ray 

crystallography was not achieved on these new compounds except for complex 4.6, 

[(Cp*Al)3AlN(SiMe3)2] (Figure 4.1). This complex exhibited a resonance at δAl = ‒62 ppm (fwhm = 

300 Hz) which was assigned to the Cp*Al site however no resonance was reported for the AlN(SiMe3)2 

site which was attributed to the large fwhm and the lower intensity due to the presence of only one  

AlN(SiMe3)2 site compared to three Cp*Al sites in complex 4.6 and therefore the signal was most likely 

lost in the baseline of the spectrum. The observed resonance at δAl = ‒62 ppm was also assigned to the 

tetramer as no free AlCp* was observed by 27Al NMR spectroscopy, even upon heating to 80 °C no 

dissociation of the tetramer to the monomeric form was observed. 

 Only one other aluminium(I) compound synthesised, but not fully characterised, demonstrated 

two resonances at low temperatures (‒50 °C) for the tetrameric form [(C5H3(SiMe3)2)Al]4 (δAl = ‒106 

ppm, fwhm = 520 Hz) and monomeric form (C5H3(SiMe3)2)Al (δAl = ‒168 ppm, fwhm = 950 Hz) of the 

complex (Scheme 4.2). The data from this complex in combination with the data from AlCp* complex 
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led to the conclusion that 27Al NMR spectroscopy can be used to determine whether these aluminium(I) 

compounds existed as tetramers or monomers in solution with the more upfield resonance assigned to 

the monomer relative to the tetramer. This was explained as the result of the tetramerisation process 

and therefore formation of Al–Al bonds which in turn weakened the π-interaction between the 

aluminium and the aryl ligand and therefore less shielding was observed by the aluminium centre which 

resulted in the more downfield resonance of the tetrameric aluminium(I) compound relative to the 

monomer. 

 

Scheme 4.2 Equilibrium between tetrameric and monomeric form of "(C5H3(SiMe3)2)Al" 

 

4.1.2 Molecular Aluminium(I) Compounds 

 In 2000, Roesky et al. reported the synthesis and full characterisation, including X-ray 

crystallography data, of the first stable monomeric aluminium(I) compound at standard conditions 

(Scheme 4.3).4 The thermodynamic instability of a monomeric aluminium(I) complex was remedied by 

the use of a bulky β-diketiminate ligand with 2,6-diisopropylphenyl groups on the nitrogen atom of the 

ligand to stabilise the aluminium centre and prevent dimerization of the monomer. DFT calculations 

were performed agreeing with the unusual 2 coordinate aluminium site with the presence of a 

nonbonded lone pair of electrons characterised as having singlet carbene-like character. The Lewis base 

character of the DippBDIAl(I) complex was further demonstrated by the reactivity this complex displayed 

in reactions.3,21–23 The solid state structure of DippBDIAl(I) confirmed this compound was monomeric 

however no 1H DOSY (diffusion ordered spectroscopy) measurements were performed to confirm 

DippBDIAl(I) was still monomeric in solution. In addition, Roesky et al. noted that no solution state 27Al 

NMR spectroscopy resonance was detected for this compound to confirm the 2 coordinate geometry 

around the aluminium site rather than the 3 coordinate geometry if dimerization occurred.  

 

Scheme 4.3 Synthesis of DippBDIAl(I) 
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 Comparison of the spectroscopic data of DippBDIAl(I) and DippBDIAl(H)2 unambiguously 

confirmed the differences between these two product.24 In 2015 Arnold et al. published a paper on using 

polarised K-edge X-ray absorption near edge structure (XANES) spectroscopy in order to probe 

whether there was a difference in the electronic structure in a series of β-diketiminate stabilised 

aluminium(III) complexes and DippBDIAl(I) complex.25 The conclusion from the Al K-edge XANES 

spectroscopy was that both DippBDIAl(H)2 and DippBDIAl(I) exhibit nearly identical energies for the 

transitions to final excited state orbitals of similar compositions and symmetries. However, the presence 

of an additional low-energy feature in the XANES spectrum of DippBDIAl(I), which was not there for 

DippBDIAl(H)2, was attributed to a transition into a low lying unoccupied p-orbital on aluminium which 

was orthogonal to the β-diketiminate ligand. This low lying unoccupied p-orbital was indicative of the 

coordination number around aluminium i.e. not trivalent and therefore the difference in the oxidation 

state of the aluminium compound was arguably not the cause of this additional feature in the XANES 

spectrum but a consequence of the coordination number of aluminium. 

 Cui et al. also synthesised and characterised by multinuclear NMR, IR and UV-vis 

spectroscopy, and X-ray crystallography the analogue of DippBDIAl(I) whereby the groups on the 

backbone of the β-diketiminate ligand were tertbutyl groups instead of methyl groups (Scheme 4.4). 26 

No 27Al NMR spectroscopy data was reported.  

 

Scheme 4.4 Synthesis of analogue of DippBDIAl(I) 

 

 In 2018, Aldridge et al. reported the synthesis and full characterisation of a dimeric nucleophilic 

aluminyl anion, [K{Al(NON)}]2 (NON = 4,5-bis(2,6- diisopropylanilido)-2,7-di-tert-butyl-9,9-

dimethylxanthene) (Scheme 4.5).27 X-ray crystallography of  [K{Al(NON)}]2 revealed a 

centrosymmetric dimer with two [Al(NON)]- units stabilised by potassium-arene contacts. The 

measured Al---Al distance by X-ray diffraction was long at 6.627(1) Å. Independent synthesis of the 

dihydrogen aluminate, [K{H2Al(NON)}]2 and comparison of spectroscopic data (including X-ray 

crystallographic data) with [K{Al(NON)}]2 confirmed unambiguously the formation of 

[K{Al(NON)}]2 as a ‘true’ aluminium(I) compound. 1H DOSY measurements were undertaken with 

the hydrodynamic radius determined as 9.7 Å which was larger than the monomeric (NON)AlI starting 

precursor (7.7 Å) and indicated [K{H2Al(NON)}]2 remained dimeric in solution. The nucleophilic 



 

[156] 
 

behaviour of [K{H2Al(NON)}]2 was demonstrated by its reactivity with electrophilic substrates to form 

new aluminium–element bonds.27 

 

Scheme 4.5 Synthesis of an anionic aluminium(I) nucleophile, [K{Al(NON)}]2 

 

 Chapter 3 explored the formation of new M•Ru heterobimetallic hydride complexes (M = Al, 

Zn, Mg) from the reaction of 1 with main group monohydride complexes. In this chapter the author of 

this thesis will present the formation of a number of new Al•Ru heterobimetallic complexes derived 

from the reaction of 1 with β-diketiminate stabilised aluminium dihydride reagents and the application 

of solid state 27Al NMR spectroscopy to help characterise these new complexes.  

4.2 RESULTS AND DISCUSSIONS 

4.2.1 Synthesis and characterisation 

4.2.1.1 Ar = Mes or 2,6-Xylyl 

 The reactions of 1 equivalent of [Ru(H)2(N2)2(PCy3)2] (1) with 1 equivalent of ArBDIAl(H)2 (Ar 

= Mes, 2,6-Xylyl) proceeded cleanly at 25 °C to generate the aluminium ruthenium heterobimetallic 

hydride complexes ArAl•Ru (Ar = Mes, 2.6-Xylyl) (Scheme 4.6).  

 

Scheme 4.6 Preparation of ArAl•Ru heterobimetallic hydride complexes (Ar = Mes, 2,6-Xylyl) 
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 The MesAl•Ru complex was characterised by an indicative broad peak at δH = ‒11.77 ppm 

(fwhm = 1021 Hz) for all 4 hydrides in the 1H NMR spectrum at 293 K (Figure 4.2). Upon cooling the 

reaction to 273 K the broad peak decoalesced into 2 broad peaks at δH = ‒9.69 (fwhm = 77 Hz) and ‒

13.49 (fwhm = 101 Hz) ppm for the terminal and bridging hydrides respectively. A second fluxional 

process was further resolved at 213 K with 4 broad peaks observed at δH = ‒9.32 (Ht, fwhm = 84 Hz), 

‒9.91 (Ht, fwhm = 77 Hz), ‒12.45 (Hμ, fwhm = 217 Hz) and ‒13.86 (Hμ, fwhm = 198 Hz) ppm in the 

1H NMR spectrum for the 4 magnetically inequivalent hydrides. Long T1(min) = 247 ms were measured 

for the hydride resonances at 313 K at 400 MHz (all 4 hydrides were recorded as one resonance at this 

temperature) indicative of classical hydride behaviour.28 At 293 K only one resonance was observed in 

31P{1H} NMR at δP = 69.9 ppm which upon cooling the reaction to 213 K deocoalesced into 2 broad 

peaks observed at δP = 70.7 and 66.2 ppm.  

 

Figure 4.2 VT NMR spectra of MesAl•Ru. Only Ru–H region shown in 1H NMR spectrum for clarity 

 

 The low temperature NMR spectroscopy data agreed with the assignment of the structure of 

MesAl•Ru whereby the PCy3 ligands were in a cis-arrangement around the ruthenium, one in the axial 

and one in the equatorial position to give magnetically inequivalent phosphines. The activation 

parameters for the exchange process between the axial and equatorial PCy3 ligands was calculated to 

give G‡
298K = 37 ± 11 kJ mol-1, H‡ = 45 ± 4.8 kJ mol-1 and S‡ = +26 ± 30 J K-1 mol-1 and similar 

values were calculated based on the 1H NMR spectra data. The positive entropy of activation (with the 

caveat of the error associated with the Eyring analysis) potentially suggests that the mechanism of 

exchange was through a dissociative process whereby the heterobimetallic complex could break apart 

to give just the aluminium and ruthenium fragments to allow for the rearrangement of the ligands around 

the ruthenium centre via C3 rotation (Figure 4.3). No coupling between the hydrides and phosphines 
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were observed due to the proximity of the hydrides to the quadrupolar aluminium nuclei and the facile 

exchange process of the hydrides within the NMR spectroscopy acquisition time. Similar multinuclear 

NMR spectroscopy characterisation was observed for the analogous reaction of 1 with 2,6-XylylBDIAl(H)2 

however no variable temperature NMR spectroscopy was performed on this complex. 

 

Figure 4.3 Proposed dissociative mechanism for the exchange of ligands around ruthenium in MesAl•Ru complex 

 

 Isolation of these ArAl•Ru (Ar = Mes, 2,6-Xylyl) heterobimetallic hydride complexes was 

unsuccessful as dimerization, at 25 °C within 1 day, occurred to form ArAl2•Ru2 with the concomitant 

loss of PCy3 and dihydrogen (Scheme 4.6). The dimeric ArAl2•Ru2 complexes can be synthesised 

directly from the starting materials and heating the reaction at 40 °C for 1 day. MesAl2•Ru2 was 

characterised by a diagnostic broad singlet at δH = ‒14.20 ppm (fwhm = 47 Hz) at 25 °C in the 1H NMR 

spectrum which integrated to 6H relative to the backbone of the β-diketiminate ligand (δH = 5.28 ppm, 

2H). A phosphorous decoupled 1H NMR spectrum was not acquired for this reaction as this could have 

sharpened the broad singlet for the hydride resonance of MesAl2•Ru2 to give more confidence in the 

integration value of the resonance. Low temperature 1H NMR spectroscopy failed to decoalesce the 

hydride resonance however T1 measurements were taken across a 193 ‒ 293 K temperature range to 

give a T1(min) time of 221 ms which was indicative of classical hydride behaviour.28  

 Following the dimerization reaction by 31P{1H} NMR spectroscopy, free PCy3 ligand was 

observed (δP = 9.8 ppm) along with reduction in intensity of the peak for MesAl•Ru (δP = 69.9 ppm) and 

growth of a new sharp singlet at δP = 74.0 ppm assigned to the MesAl2•Ru2 complex. Again, no 

decoalescence of this phosphorous signal was observed for this dimeric species. The variable 

temperature NMR spectroscopy data would point to either a symmetrical molecule with no magnetically 

inequivalent PCy3 ligands of hydrides or that the temperature was not low enough to resolve the 

fluxional exchange process of the ligands around the metal centres. The IR spectrum of MesAl2•Ru2 

showed a weak broad absorbance between 1610 ‒ 1654 cm-1 which corresponded with the range known 
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for Ru–H–Al motifs (CHAPTER 3). Only 31P{1H} and 1H NMR spectroscopy data were obtained for 

2,6-XylylAl2•Ru2 dimeric complex showing similar characteristics to MesAl2•Ru2. Subjecting MesAl2•Ru2 to 

an atmosphere of H2 (1 atm) and excess PCy3 failed to reform the monomeric MesAl•Ru complex which 

suggested the dimeric form of this complex was a thermodynamic sink. 

 MesAl2•Ru2 crystallised upon storage in concentrated hydrocarbon solutions under an N2 

atmosphere at ‒35 °C (Figure 4.4). The X-ray data showed that only two PCy3 ligands remained ligated 

in MesAl2•Ru2, in agreement with the NMR spectroscopic data, however the hydrides could not be 

located from the Fourier transform map. Measured Ru–Al bond lengths were similar to previous 

reported aluminium ruthenium heterobimetallic complexes (vide supra). The Al2Ru2 core was best 

described as a distorted parallelogram with small deviation away from planarity of the Al2Ru2 core (< 

10 °). Similar dimeric Al2•Rh2
29 and Al2•Pd2

30 compounds have previously been isolated by our group 

with the X-ray crystallographic data obtained and the hydrides located above and below the plane of 

core for Al2•Rh2 case and the hydrides located on the same plane as the core for Al2•Pd2 case. In both 

the rhodium and palladium dimeric species the structures were described as Rh(III)/Al(I) and 

Pd(II)/Al(I) systems. 

 

Figure 4.4 Crystal structure of MesAl2•Ru2 with selected bond lengths (Å) and bond angles (°). Hydrogens omitted 
for clarity 

 

 Instead, computational analysis was performed from the X-ray crystallographic data of 

MesAl2•Ru2 to reproduce the position of the heavy atoms in comparison to the X-ray crystallographic 

data but also to assign the number and location of hydrides in this complex. In addition, computational 

analysis was also performed on the monomeric MesAl•Ru complex with the starting coordinates obtained 

from modified X-ray crystallographic data of the ruthenium aluminium oxide of this complex which 

was formed from contamination with oxygen during synthesis. (Figure A 64). 

 All computational studies in this chapter (excluding the solid state NMR simulations) were 

conducted using Gaussian 09. The ωB97x-D functional was employed.31  Ru and Al centres were 
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described with Stuttgart  RECPs and associated basis sets,32–34 the 6-31++G(d,3pd) basis set was used 

for all hydrides, 6-31G* basis set was used to describe C and H atoms and 6-311+G* basis set was used 

to describe N and P atoms.35–37  

 An optimised minimum was located for the monomeric MesAl•Ru complex with the ruthenium 

found in a distorted octahedral environment and the phosphine ligands cis to each other, one in the 

equatorial and one in the axial position ‒ in agreement with the NMR spectroscopy data (Figure 4.5).  

 

Figure 4.5 Optimised structure of MesAl•Ru from DFT calculations 

 

 Similar to the heterobimetallic hydride complexes synthesised in chapter 3, the aluminium 

fragment deviated away from the equatorial plane of the ruthenium fragment (Pax–Ru–Al = 124.0 °). 

The bond lengths calculated suggested there were two bridging hydride Al–H–Ru (Figure 4.5, H162, 

H164) motifs and two terminal Ru–H (Figure 4.5, H163, H3) hydrides in MesAl•Ru however the 

calculated WBI (Figure 4.6) showed some residual but sizeable interaction between the terminal Ru–

Hax with the aluminium centre which suggested potentially three μ2-(H) interactions within this 

complex. The Ru–Al bond length was calculated to be 2.27 Å which was within the sum of single bond 

radii38 and the WBI was calculated to be 0.19 which again was small but significant. 

 Only a bond critical path between ruthenium and aluminium was located by QTAIM 

calculations and no bcps were located between any of the hydrides and the aluminium centre. The 

overall picture the DFT and QTAIM analysis suggested a heterobimetallic complex whereby the two 

metal centres were coordinated through two main bridging hydride interactions, but smaller interactions 

existed between the two metal centres as well. In addition, the NPA charge showed a highly negative 

[Ru(H)4]- fragment stabilised by the highly positive [Al(Mes)]+ fragment.  
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Figure 4.6 Calculated bond lengths of MesAl•Ru (left) and analysis by NBO (middle) and QTAIM (right) 
calculations  

 

Using the covalent bond classification in combination with the experimental and computational 

analysis indicated that the aluminium centre in MesAl•Ru complex is best described as an Al(LX3) 

system and ruthenium as a Ru(L4X2) system where the ‘true’ two bridging hydrides are acting as 

3centre,2electron interactions but both σ(Al–H) bond are donating into the empty Ru d-orbitals of the 

correct symmetry. This is in contrast to the heterobimetallic complexes discussed in chapter 3 whereby 

one of the σ(M–H) orbital of the bridging hydride is donating into the empty Ru d-orbital complemented 

by donation of the σ(Ru–H) orbital of the other bridging hydride into the main group empty p- or s-

orbital (Figure 4.7). 24,39 

 

Figure 4.7 Comparison of the CBC and half-arrow notation of the ruthenium aluminium heterobimetallic 
complexes 

 

 The starting coordinates for the heavy atoms in the dimeric MesAl2•Ru2 was obtained from the 

X-ray crystal data however, the hydrides were not located from the Fourier transform map. Instead, the 

only indication of the number of hydrides present in the dimer was from the 1H NMR spectrum of 

MesAl2•Ru2. Nevertheless, using the integration values of the 1H NMR spectrum may not be accurate 

due to line shape broadening affects associated with fluxional process of the hydrides and coupling to 

quadrupolar 27Al nuclei. The resonance of the hydride integrated closest to 6 hydrides for both the 



 

[162] 
 

MesAl2•Ru2 and 
2,6-XylyAl2•Ru2 dimer however complexes containing 4, 6 and 8 hydrides were optimised 

by DFT calculations and the SCF energies were compared to the starting materials, the kinetic product 

MesAl•Ru and to each other (Figure 4.8). Due to the large computational resource required for these 

large dimers, the optimised minima of the dimers were not confirmed by frequency calculation. The 

optimised geometries around the heavier atoms (Al2Ru2 core) were also compared to the X-ray 

crystallographic data (Figure 4.4). 

 

Figure 4.8 SCF energy values from gas phase DFT calculations of MesBDIAl(H)2,1, MesAl•Ru and MesAl2•Ru2 with 
different number of hydrides 

 

 The optimised structure of MesAl2•Ru2 containing 4H resulted in unfavourable calculated 

thermodynamics with the product being more unfavourable in energy than the starting materials, 1 and 

MesBDIAl(H)2, by ΔGº = 51.9 kcal mol-1.  The optimised structure contained two terminal Ru–H 

hydrides in an anti-arrangement with respect to the plane of the ring and two bridging hydrides found 

within the same plane of the Al2Ru2 ring (Figure 4.9). Alternative starting coordinates whereby all 4 

hydrides were planar to the Al2Ru2 core and on all 4 sides of the ring optimised to the same structure. 

In addition, the anti-arrangement of the hydrides was also found to be more favourable than the syn-

arrangement of the hydrides by ΔΔGº = 1.0 kcal mol-1. However, the calculated geometries of the anti-

4H of MesAl2•Ru2 were in good agreement with the X-ray crystallographic bond lengths and angles 

(Table 4.2). 

 On the other hand, the calculated energy of the optimised structure of MesAl2•Ru2 containing 6H 

was more favourable than the starting materials however less favourable than the kinetic product 

MesAl•Ru (ΔΔGº = 13.8 kcal mol-1). The optimised structure contained 4 bridging hydrides on each side 
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of the Al2Ru2 ring which were slightly above and below the plane of the ring in an alternating fashion 

with the remaining 2 terminal Ru–H hydrides calculated to be syn to each other. The calculated 

geometries for MesAl2•Ru2 containing 6H were less comparable to the X-ray data obtained for the dimer 

(Table 4.2). In addition, MesAl2•Ru2 containing 6H would result in a paramagnetic compound whereby 

the extreme bonding modes of the aluminium and ruthenium centre were described as Al(I)/Ru(III) 

system or Al(III)/Ru(I) system making the 6H configuration of MesAl2•Ru2 unlikely. 

 

Figure 4.9 Optimised structures of MesAl2•Ru2 containing 4H and 6H respectively by DFT. 

 

 The calculated energy for the optimised structure MesAl2•Ru2 with 8H was incomplete however 

the SCF energies of the last 29 points of the optimisation calculation were similar in energy (difference 

of 0.01 kcal mol-1) and therefore the true optimised structure was anticipated to sit around these local 

points. Furthermore, the geometry of the Al2Ru2 core and hydrides did not change significantly during 

these last 29 points and only the methyl groups on the mesitylene group rearranged slightly. The energy 

of the last local point towards the theoretical optimised minima was calculated to be ΔGº = ‒11.7 kcal 

mol-1 which was lower than the starting materials but not the kinetic product. The geometry of the 

Al2Ru2 core did not match closely with the bond length and bond angles acquired from the X-ray 

structure of MesAl2•Ru2 (Table 4.2). Lengthening of the Al–Ru bonds lengths was observed in the 8H 

structure, most likely to accommodate the large number of hydrides around the core which resulted in 

the structure dissociation towards two moieties (Figure 4.10). In addition, the formation of the 

analogous Al2•Rh2
29 and Al2•Pd2

30
 required partial dehydrogenation of the aluminium hydride reagent 

and therefore would suggest 8H configuration of MesAl2•Ru2 seemed unlikely. 
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Figure 4.10. (Left) Calculated structure of MesAl2•Ru2 containing 8H by DFT, not optimised. (Right) Line drawing 
of MesAl2•Ru2 containing 8H 

 

 The combination of experimental and computational analysis of MesAl2•Ru2 indicated the dimer 

contained 4 hydrides around the Al2Ru2 core. The geometries from the optimised structure of 4H 

matched closest with the geometries obtained from the X-ray structure of MesAl2•Ru2. The diamagnetic 

nature of this complex ruled out a system containing 6 hydrides and furthermore, a system containing 

8 hydrides resulted in the partial dissociation of the dimer. The unfavourable energy calculated for the 

4H structure prevented absolute confidence in the assignment of MesAl2•Ru2 however this could be 

attributed to the computational method used for this large structure not being a good model. 

Nevertheless, based on the current data, MesAl2•Ru2 was assigned as a dimeric complex containing 4 

hydrides. 
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Table 4.2. Comparison of measured and calculated bond lengths and angles of MesAl2•Ru2 

 

4.2.1.2 Ar = Dipp 

 The reaction of 1 equivalent of [Ru(H)2(N2)2(PCy3)2] (1) with 1 equivalent of DippBDIAl(H)2 

proceeded cleanly at 25 °C to generate the DippAl•Ru heterobimetallic hydride complex (Scheme 4.7). 

This complex demonstrated 3 resonances for the hydride environments at 25 °C in the 1H NMR 

spectrum, δH = ‒9.05 (br s, 2H), ‒9.73 (d, JHP = 41.6 Hz, 1H), ‒16.11 (d, JHP = 15.8 Hz) ppm. At 233 

K, the resonance at δH = ‒9.05 ppm was resolved into two peaks at δH = ‒7.83 and ‒10.49 ppm to overall 

give 4 resonances for the 4 magnetically inequivalent hydrides in DippAl•Ru. T1 measurements were 

taken across the 333 ‒ 193 K range at 400 MHz and the 4 hydride signals exhibited a T1(min) between 

200 ‒ 250 ms which indicated more classical hydride behaviour for all 4 hydrides.28 Following the 

reaction by 31P{1H} NMR spectroscopy the signal for free PCy3 was observed as well as one new 

resonance at δP = 73.6 ppm and this new signal exhibited no decoalescence during low temperature 

NMR spectroscopy experiments. The presence of free PCy3 in solution suggested DippAl•Ru contained 

only one PCy3 ligand and therefore to satisfy the closed shell 18 valence electron configuration around 

ruthenium another L-type ligand must still be bound – dinitrogen. The presence of a dinitrogen ligand 

in DippAl•Ru was confirmed by IR spectroscopy with a strong absorbance observed at νN–N = 2135 cm-1 

and the corresponding terminal and bridging hydrides stretches observed at νRu–H = 1908 and 1872 cm-1.  
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Scheme 4.7 Preparation of DippAl•Ru heterobimetallic hydride complex 

 

 The structure of DippAl•Ru was ultimately confirmed by X-ray crystallography (Figure 4.11). 

The ruthenium sat in an octahedral environment however differing to the structure postulated for 

ArAl•Ru (Ar = Mes, 2,6-Xylyl) a dinitrogen ligand was indeed still coordinated to the ruthenium centre 

with loss of one of the PCy3 ligands ‒ in agreement with the NMR and IR spectroscopic data. The 

measured Ru–Al bond length was within the sum of the single bond radii38 and towards the shorter side 

of known Ru–Al bonds. The measured bridging Ru–H–Al and terminal Ru–H bond lengths were in the 

expected range as well (vide supra).   

 

Figure 4.11 Crystal structure of DippAl•Ru with selected bond lengths (Å) and bond angles (°). Hydrogens omitted 
for clarity 

 

 Computational analysis was performed on DippAl•Ru with the starting coordinates obtained 

from the X-ray crystallography data. The DFT calculation reproduced the position of the heavy atoms 

and the calculated bond lengths and bond angles of the hydrides were satisfactory in comparison to the 

X-ray crystallographic data. DFT confirmed the slightly distorted octahedral configuration of the 

ruthenium and, again, the slippage of the aluminium fragment away from the axial position (N–Ru–Al; 

X-ray = 111.5(9) °, DFT = 112.0 °) however the slippage was not as extreme as MesAl•Ru. Although 

the Ru–Al bond length was short, the calculated WBI was small in comparison to the other WBI 

interactions found within the complex (Figure 4.12). This small covalent interaction was further 

substantiated by the small ionic contribution calculated from QTAIM methods in the form of the 
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parameters ρ and ∇2. The small ρ and ∇2 values also indicated that a majority of the electron density 

resided on the actual atoms and not on the bond between the two atoms in questions. This concentration 

of electron density on the atoms agreed with the description from the calculated NPA charges of the 

complex showing a negative [Ru(H)4]- fragment stabilised by the positive [Al]+ fragment. Applying the 

same pragmatic identification, the aluminium centre was best described as Al(III) in DippAl•Ru with the 

covalent bond classification24 with respect to aluminium as Al(LX3) and with respect to ruthenium as 

Ru(L4X2). 

 

Figure 4.12 Calculated bond lengths of DippAl•Ru (left)and analysis by NBO (middle) and QTAIM (right) 
calculations 

 

 Confirmation of the N2 ligand present in DippAl•Ru was further corroborated by placement of 

DippAl•Ru under an atmosphere of H2 (1 atm) which resulted in formation of DippAl•Ru-H2 (Scheme 

4.8). DippAl•Ru-H2 displayed a single broad diagnostic resonance at δH = ‒9.67 ppm (fwhm = 16 Hz) in 

1H NMR spectrum for all 6 hydrides which failed to decoalesce at low temperatures however a T1(min) 

of 53 ms was measured indicative of non-classical hydride behaviour.28 The facile fluxional process 

occurring between all 6 hydrides most likely resulted in a much longer T1(min) than the true value for 

the H2 ligand in DippAl•Ru-H2 as observed for the M•Ru-H2 (M = Al, Zn, Mg) complexes in Chapter 3. 

In the 31P{1H} NMR spectrum one resonance was observed at δP = 81.6 ppm which again did not 

decoalesce at lower temperatures.  

 

 

Scheme 4.8 Reactivity of DippAl•Ru with H2 
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4.2.1.3 Ar = 3,5-Xylyl 

 The size of the aryl group on the β-diketiminate ligand has a huge effect on the reactivity 

observed between the reactions of 1 with these aluminium dihydride reagents. The Dipp ligand is 

incredibly bulky and prevented the dimerization of DippAl•Ru differing to the reactivity observed with 

ArAl•Ru (Ar = Mes, 2,6-Xylyl) heterobimetallic hydride complexes. Beyond this divergent reactivity, 

the actual structure of the monomeric Al•Ru species also differed around the ruthenium in terms of what 

ligands were coordinated onto the metal centre. The 3,5-XylylBDIAl(H)2 provides even less steric 

protection around the aluminium centre compared to the Mes, 2,6-Xylyl and Dipp analogues of the 

aluminium dihydride. 

 The reaction of 1 equivalent of [Ru(H)2(N2)2(PCy3)2] (1) with 1 equivalent of 3,5-XylylBDIAl(H)2 

at 25 °C resulted in a mixture of products after 30 minutes. The 1H NMR spectrum showed multiple 

signals for the methine proton on the β-diketiminate backbone. The Ru–H region of the 1H NMR 

spectrum showed a major broad peak overlapping with other peaks. The 31P{1H} NMR spectrum, 

showed presence of free PCy3 ligand and formation of 2 major resonances found at δP = 74.0 and 79.5 

ppm. Single crystals suitable for X-ray crystallography were grown from this reaction mixture to reveal 

the structure of 1•NacNac as a component in the reaction mixture (Scheme 4.9). 

 

Scheme 4.9 Identification of 1•NacNac as a by-product in reaction of 1 with 3,5-XylylBDIAl(H)2 

 

 1•NacNac was the product from the redistribution of ligands around 1 and the aluminium 

dihydride. The geometry around ruthenium was distorted octahedral with the β-diketiminate ligand 

acting as a κ2-LX ligand (Figure 4.13).24 The N–Ru–N bond angle was strained (88.28(10)°) compared 

to the N–Al–N bond angle from the parent aluminium dihydride compound (DFT: 94.0 °) and the 

dinitrogen bond length was slightly stretched compared to the ruthenium bis(dinitrogen) complex 1 

(CHAPTER 1). No further spectroscopic data was acquired for 1•NacNac as isolation of this compound 

away from the mixture was difficult. 
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Figure 4.13 Crystal structure of 1•NacNac with selected bond lengths (Å) and bond angles (°) 

 

 The remainder of the unidentified species in the reaction of 1 with 3,5-XylylBDIAl(H)2 was 

postulated to be a mixture of ruthenium aluminium complexes with multiple metal–metal bonds based 

on unpublished work in the group from similar reaction but using [Pd(PCy3)2] as the transition metal 

fragment. An analogous reaction between 1 and PhBDIAl(H)2 was also performed with a similar 

outcome with a number of unidentified products forming in the reaction as analysed by multinuclear 

NMR spectroscopy. 

4.2.2 27Al MAS NMR spectroscopy 

 The 27Al MAS NMR spectroscopy data herein have been acquired and analysed by Dr. Nathan 

Barrow and Dr. Andrew Tatton (Johnson Matthey). Dr. Tom Hooper is thanked for donation of 

Al2•Pd2
30 complex and Dr. Clare Bakewell is thanked for donation of DippBDIAl(I)4, Al•Norbornene40 

and Al•Zn41 complex. 

 27Al NMR spectroscopy has been used as a tool to assign coordination number of the aluminium 

centres as well as identifying the number of aluminium environments in a sample, however nothing has 

been reported on the use of this spectroscopic technique to identify oxidation state of the aluminium 

centre. One of the obstacles is building a library of unambiguous Al(I) complexes to measure the 

chemical shift but as to date there is only one neutral monomeric Al(I) complex in the solid state, at 

standard conditions, published.4 A second obstacle of solution state 27Al NMR spectroscopy is the 

presence of aluminium in the NMR spectrometer probe which will have a large broad signal itself that 

often masks the signal of the desired sample. Turning to solid state 27Al NMR spectroscopy helps to 

mitigate the background aluminium signal and, depending on rotor size available, only ~ 10 mg of 

sample is required for a good signal to noise ratio. 

 Analysis of the 12 aluminium containing complexes (Figure 4.14) helped to answer additional 

questions beyond the relationship of the isotropic chemical shift and oxidation state of aluminium: (i) 
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Are the chemical shifts obtained from solid state and solution state 27Al NMR spectroscopy in 

agreement? (ii) Can a 27Al NMR spectroscopy chemical shift be obtained for DippBDIAl(I)? (iii) Does 

the aryl group on the β-diketiminate ligand have a bigger effect on chemical shift than the oxidation 

state of aluminium? And (iv) Does formation of a metal–aluminium bond have a bigger effect on 

chemical shift than the oxidation state of aluminium? 

 

Figure 4.14 Aluminium containing complexes studies with solid state 27Al NMR spectroscopy 

 

 Chemical shift values obtained from solution state 27Al NMR spectroscopy reported in literature 

for DippBDIAl(H)2 (δAl = 130 ppm)25, DippBDIAl(Cl)2 (δAl = 100 ppm)25 and Al•Rh (δAl = 145 ppm)29 were 

compared with isotropic chemical shifts obtained from solid state 27Al NMR spectroscopy acquired in 

here and  the values were in good agreement allowing for confidence in reproducibility of data obtained 

from two different methods (Figure 4.16). In the original publication by Roesky et al.,4 the observation 

of a resonance for DippBDIAl(I) by solution state 27Al NMR spectroscopy failed and this was confirmed 

by our own  solution state 27Al NMR spectroscopic measurement, however repeating the same analysis 

by solid state 27Al MAS NMR spectroscopic technique yielded a broad isotropic chemical shift of  δAl 

= 120 ppm (Figure 4.15 – black line). The same isotropic chemical shift was obtained from 3 

independently synthesised samples of DippBDIAl(I).  In all 3 samples of the Al(I) complex there were 2 

major alumina impurities, one that matched a very disordered γ-alumina phase (6 coordinate alumina, 

δAl = 72 ppm) and another impurity characterised as 4 coordinate alumina which was present in all the 
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samples in varying amounts. Upon exposure of DippBDIAl(I) to air a visible change in colour from 

orange to colourless was observed and the sample was analysed again by 27Al MAS NMR spectroscopy. 

The 27Al MAS NMR spectra obtained confirmed the degradation of the Al(I) complex into 6 coordinate 

alumina paralleled by the loss of the Al(I) resonance. DFT calculations were also performed on 

DippBDIAl(I) to obtain magnetic resonance parameters for the aluminium sites. With these calculated 

parameters the powder pattern under MAS was computed in pNMRsim software (Figure 4.15 – red 

line). The downfield signal of this DippBDIAl(I) compound was unexpected as literature precedence 

would have indicated a more upfield resonance (Table 4.1) however it is worth noting that one of the 

lowest chemical shifts measured for an Al(III) compound was reported by Schnӧckel et al. in 1993 for 

[AlCp*2]+. This cationic aluminium compound displayed a chemical shift of  δAl = ‒115 ppm, fwhm = 

50 Hz and was also characterised by X-ray crystallography.42 This data would suggest that absolute 

values of the isotropic chemical shift of aluminium may not be a good indicator of oxidation state of 

aluminium and furthermore Schnӧckel et al. commented that the type ligand ligated on aluminium has 

a large effect on the chemical shift observed as well as the coordination number around aluminium 

(coordination number of 10 in the case of [AlCp*2]+).17  

 

Figure 4.15 Solid state 27Al MAS NMR spectrum of DippBDIAl(I) complex (black line) overlaid with pNMRsim 
calculations from DFT parameters (red line) 

 

 Analysis of the δiso of DippBDIAl(I) and DippBDIAl(H)2 provided a direct comparison of the 

difference in the oxidation state of aluminium whilst ensuring the aluminium was ligated by the same 

β-diketiminate ligand. The isotropic chemical shift of DippBDIAl(H)2 was measured as δAl = 130 ppm 

(Figure 4.16). This represented a small Δδiso of 10 ppm from the isotropic chemical shift of DippBDIAl(I) 

(δAl = 120 ppm). Instead, comparison of isotropic chemical shift of DippBDIAl(H)2 and MesBDIAl(H)2 

(δAl = 100 ppm) provided a greater Δδiso of 30 ppm. These results further substantiated that the oxidation 

state of the aluminium centre may not affect the aluminium chemical shift of the complex as much as 

other factors. 
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 Plotting the aluminium δiso of the remaining aluminium complexes on a scale restated that the 

oxidation state has minimal effect on the aluminium δiso (Figure 4.16). For example, β-diketiminate 

aluminium(III) complexes were found both further downfield and upfield relative to the resonance for 

DippBDIAl(I). The most downfield δiso measured was for the Al2•Pd2 complex (δAl = 230 ppm) whereby 

the aluminium centres were postulated to be in the +1 oxidation state. Instead, the information 

ascertained from the chemical shift of Al2•Pd2 could be interpreted that the aluminium sites in this 

complex was in a 4 coordinate environment and therefore this would suggest weak interactions between 

the hydride and the aluminium consistent with the assignment of an Al(I) centre in this dimeric 

compound.  

 The quadrupolar coupling constant (CQ) was also measured from the solid state 27Al MAS NMR 

spectra of the 12 compounds (Figure 4.17). The CQ is an indicator of the electronic asymmetry around 

the aluminium site. Low CQ value indicates a more electronically spherical aluminium site and high CQ 

values indicates a more planar arrangement of bonds. The CQ value is therefore a measurement based 

on the direct effect the surrounding ligands have on the aluminium site and therefore, in theory, should 

provide an indirect correlation to the oxidation state of the aluminium centre. Plotting the CQ values of 

the 12 aluminium complexes on a scale displayed a better trend between the CQ values with the 

oxidation state of the aluminium site than the isotropic chemical shift and oxidation state of the 

aluminium site however the trend was not faultless.  

 DippBDIAl(I) had the highest CQ value of 23.9 Hz, indicative of the high asymmetry of the 

aluminium site. This asymmetry made sense for DippBDIAl(I) whereby aluminium was described as 

Al(LX) system under the covalent bond classification24 with the lone pair occupying one of the 

sp-hybridised orbital. For the β-diketiminate stabilised aluminium(III) complexes the covalent bond 

classification was Al(LX3) and these complexes exhibited lower CQ values on the scale (Figure 4.17). 

Furthermore, different aryl group on the β-diketiminate ligand (Dipp versus Mes) had low impact on 

the difference in CQ values of similar aluminium complexes. Nevertheless, the CQ metric was a better 

indication of coordination number and type of ligand (X, L or Z-type) around the aluminium site and 

not the oxidation state of aluminium. For example, the dimeric Al2•Rh2 complex (postulated to be an 

Al(I) site) had a lower CQ value of 5.8 Hz than its monomeric form Al•Rh (postulated to be an Al(III) 

site) which had a CQ value of 9.2 Hz. 

 27Al MAS NMR spectroscopy was a useful tool in assigning the isotropic chemical shifts of 

these aluminium compounds, especially the elusive chemical shift of DippBDIAl(I), however it was not 

useful to assign the oxidation state of the aluminium centre. Nevertheless, the combined data from other 

spectroscopic techniques and computational analysis can aid in interpreting the parameters obtained 

from 27Al MAS NMR spectroscopy to understand the intricate bonding description of these more 

complicated aluminium heterobimetallic complexes.
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Figure 4.16 Solid state 27Al NMR spectroscopy δiso chemical shifts of aluminium containing molecules 

 

 

Figure 4.17 Solid state 27Al NMR spectroscopy CQ values of aluminium containing molecules
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4.3  CONCLUSION 

 The synthesis and characterisation of a number of new Al•Ru complexes from the reaction of 

1 with β-diketiminate stabilised aluminium dihydride reagents was reported. Different reactivity was 

demonstrated which was dependent on the size of the aryl groups connected to the nitrogen of the 

β-diketiminate ligand and therefore the proximity of the aryl groups to the aluminium centre. Formation 

of a kinetic and thermodynamic heterobimetallic product was observed when the aryl group was Mes 

or 2,6-Xylyl however when the aryl group was larger (Dipp) only one product was observed. The 

formation of just DippAl•Ru was attributed to the Dipp groups surrounding the coordination sphere of 

aluminium and preventing dimerization of the complex. When the aryl group was smaller i.e. Ph or 3,5-

Xylyl the products formed were not stable and underwent additional reactivity to form ligand 

redistribution ruthenium complex (1•NacNac) and unidentified products postulated as aggregates from 

the catenation of Ru–Ru or Al–Al bonds. 

 Solid state 27Al MAS NMR spectroscopy was performed on a number of aluminium compounds 

to determine if there was a correlation between the oxidation state of aluminium and the isotropic 

chemical shift it exhibited. As with previous studies by Schnӧckel et al.14,17 it would seem other factors 

beyond oxidation state of aluminium play a much more important role in affecting the aluminium 

chemical shift of the compound, namely coordination number and the type of ligand on the aluminium 

site. Nevertheless, a resonance was observed for DippBDIAl(I) in the 27Al MAS NMR spectrum (δAl = 

120 ppm) showing the utility of solid state NMR compared to solution state for 27Al NMR spectroscopy 

in certain situations. 

4.4 FUTURE WORK 

 DFT calculations have proven to be an invaluable tool to complement experimental data. With 

this in mind, the inability to locate an optimised minimum for MesAl2•Ru2 complex has limited the ability 

to probe the bonding within this dimer or provide a satisfactory answer as to how many hydrides were 

in this complex. The starting coordinates of MesAl2•Ru2 have been modelled on its own X-ray 

crystallographic data as well as modified coordinates based on the X-ray crystallographic data of the 

Al2•Pd2 and Al2•Rh2 systems to no success. It may be the method employed was not suitable for these 

large dimers and therefore more in-depth research is required into the computational methods to locate 

an optimised minimum for MesAl2•Ru2.  

A potential alternative route to figuring out the number of hydrides within MesAl2•Ru2 complex 

would be to react this dimer with a known amount of a hydrogen acceptor, i.e. 3,3-dimethylbut-1-ene, 

and working out the equivalents of the alkane formed to work out the the number of hydrogen atoms 

transferred from the dimer to the alkene. 
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 In addition to experimental data, our group have used NPA charges as a means to probe the 

oxidation state of aluminium by analysing if there is a significant change in the NPA charge of 

aluminium in a reaction whereby the aluminium was postulated to go from +1(less electropositive) → 

+3 (more electropositive) or vice versa from starting material to product.30,40 Therefore, the NPA charge 

was used more as a comparative metric than an absolute value metric. Comparison of the NPA charges 

for the parent aluminium hydrides (MesBDIAl(H)2 = 1.45 and DippBDIAl(H)2 = 1.47) with the respective 

MesAl•Ru (1.65) and DippAl•Ru (1.68) heterobimetallic hydride complexes showed very little change in 

the NPA charge which indicated the aluminium does not undergo any reduction during this reaction 

and would be in agreement with the conclusion from analysing the experimental and computation data 

(vide supra). Therefore, performing NBO calculations on MesAl2•Ru2, whereby the aluminium was 

postulated to be an Al(I), would provide more evidence in using NPA charges as a means to scrutinise 

the oxidation state of the aluminium if the values indicated a significant change from the starting parent 

aluminium hydride to the dimer ‒ although this would be after the prerequisite of locating an optimised 

minima for MesAl2•Ru2. 
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5 CHAPTER FIVE – SUPPORTING INFORMATION 

5.1 GENERAL 

 All manipulations were carried out under standard Schlenk-line and glovebox techniques under 

an inert atmosphere of argon or dinitrogen. An MBraun Labmaster glovebox was employed operating 

at <0.1ppm O2 and <0.1ppm H2O. Solvents were dried over activated alumina from an SPS (solvent 

purification system) based upon the Grubbs design and degassed before use. Glassware was dried for 

12 hours at 120°C prior to use. d6-Benzene and d8-toluene were freeze-pump-thaw degassed and stored 

over 3 Å molecular sieves prior to use.  

 Solution state NMR spectra were obtained on BRUKER 400 or 500 MHz machines by the 

author, Mr. Pete Haycock or Mr. Dick Shepard. All peaks were referenced against residual solvent peak 

or an internal standard peak with values quoted in ppm. Solution state NMR spectroscopy data were 

processed in Topspin or MestReNova. Solid state NMR spectra were acquired at a static magnetic field 

strength of 9.4 T (400 MHz) on a BRUKER Advance III console by Dr. Nathan Barrow. Solid state 

NMR spectroscopy data were processed in Topsin 3.1 software. A wide-bore Bruker 2.5 mm 

BB/1H/19F DVT MAS probe was used and the probe was tuned to 104.27 MHz for 27Al and referenced 

to YAG at 0.0 ppm. Powdered samples for solid state NMR spectroscopy were packed under argon into 

zirconia MAS rotors with Vespel caps. Infrared spectra were recorded on a Perkin Elmer FT-IR Paragon 

1000 spectrometer with the solid sample impregnated into a KBr disk. Samples for elemental analysis 

were prepared in a dinitrogen glovebox and elemental analyses were performed by Stephen Boyer at 

SACS, London Metropolitan University. Crystallographic data was collected using Agilent Xcalibur 

PX Ultra A or Agilent Xcalibur 3E diffractometers by Dr. Andrew White, and the structures were 

refined using the Olex2, SHELXTL, SHELX-97, and SHELX-2013 program systems. 
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5.2 CHAPTER ONE: EXPERIMENTAL 

5.2.1 Materials 

 1,5-Cyclooctadiene was freeze-pump-thaw degassed and stored over 3 Å molecular sieves prior 

to use. Ethanol was dried over magnesium, distilled and stored over 3 Å molecule sieve prior to use. 

Chemicals were purchased from Sigma Aldrich, Alfa Aesar and Fluorochem and used without further 

purification unless stated. 

5.2.2 Synthesis 

Synthesis of [Ru(η4-1,5-COD)(η6-1,3,5-COT)] follows procedure from literature.1 

RuCl3•nH2O (2.0g, 1 mmol) was weighed into an ampoule and dissolved in EtOH (30 

mL). 1,5-Cyclooctadiene (40 mL, 1 mmol) and Zn powder (4.0 g, 1 mmol) were added 

into the ampoule and the reaction mixture was sealed and left to stir at 80 °C. The reaction 

mixture was allowed to cool to 25 °C then filtered and concentrated in vacuo giving a 

straw brown oily residue. The residue was extracted with n-hexane (30 mL) and filtered through Al2O3 

resulting in a deep yellow solution. The volume of the yellow solution was reduced and left in freezer 

at -35 °C to give yellow sharp needles as the product (0.98 g, 41 % yield).  

1H NMR (C6D6, 400 MHz, 298 K) δ/ppm: 0.82 (m, 2H), 1.68 (m, 2H), 2.24 (br, 8H), 2.91 (br, 4H), 

3.77 (m, 2H), 4.71 (t, 3JHH = 7.6 Hz, 2H), 5.19 (dd, JHH = 5.1 Hz and 1.6 Hz, 2H). 13C{1H} NMR (C6D6, 

125 MHz, 298 K) δ/ppm: 31.7 (CH2), 33.9 (CH2), 76.5 (CH), 99.2 (CH), 101.4 (CH). 

[Literature data:1 1H NMR (C6D6, 60 MHz, 298 K) δ/ppm: 0.90 (m, 2H), 1.64 (m, 2H), 2.22 (m, 8H), 

2.92 (m, 4H), 3.79 (m, 2H), 4.78 (m, 2H), 5.22 (dd, 2H). 13C{1H} NMR (C6D6, 22.63 MHz, 298 K) 

δ/ppm: 31.6 (CH2), 33.0 (CH2), 70.1(CH), 76.7 (CH), 99.3 (CH), 101.4 (CH)]. 

 

Synthesis of [Ru(H)2(N2)2(PCy3)2] (1) follows procedure from literature.2 In a 

dinitrogen glovebox, [Ru(η4-1,5-COD)(η6-1,3,5-COT)] (0.60 g, 1.9 mmol) and PCy3 

(1.0 g, 3.7 mmol) were weighed into an ampoule and dissolved in n-hexane (40 mL). 

The ampoule was removed from the glovebox and hydrogen gas was bubbled 

through the solution for 3 h resulting in formation of a colourless precipitate [RuH2(η2-H2)(PCy3)2]. The 

precipitate was isolated and washed with n-hexane (3 × 10 mL) then recrystallised and dried under an 

atmosphere of dinitrogen allowing for the conversion of [Ru(H)2(η2-H2)(PCy3)2] into the 

[Ru(H)2(N2)2(PCy3)2] complex. The product was collected as pale yellow crystals (0.57 g, 41 % yield).  

1H NMR (C6D6, 400 MHz, 298 K) δ/ppm: ‒12.96 (br, 2H, RuH), 1.15 – 2.25 (m, 66H, Cy); 31P{1H} 

NMR (C6D6, 162 MHz, 298 K) δ/ppm: 59.3;  13C{1H} NMR (C6D6, 100 MHz, 298 K) δ/ppm: 27.2 

(m, Cy), 28.2 (m, Cy), 30.4 (m, Cy), 37.2 (t, 1JCP = 8.9 Hz, Cy). FT-IR (ν/cm-1) 1918, 1986 (Ru–H), 
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2131, 2163 (N≡N). Elemental Analysis calc. for C36H68N4P2Ru C, 60.06; H 9.52; N, 7.78 found C, 

59.94; H, 9.61; N, 7.67. T1 (Tol-D8, 193 K, 400 MHz) = 1.08 s (Ru–H).  

[Literature data:2 1H NMR (C6D6, 200.13 MHz, 298 K) δ/ppm: ‒12.83 (t, 2JHP = 22 Hz, 2H, RuH); 

FT-IR (ν/cm-1) 2126, 2163 (N≡N)]. 

 

In a dinitrogen glovebox, [Ru(η4-1,5-COD)(η6-1,3,5-COT)] 

(0.93 g, 3.0 mmol) and PCy3 (1.65 g, 5.9 mmol) were weighed 

into an ampoule and dissolved in n-hexane (40 mL). The 

ampoule was removed from the glovebox and hydrogen gas 

(1.01 bar) was bubbled through the solution for 3 h resulting in formation of a colourless precipitate, 

[RuH2(η2-H2)(PCy3)2]. The precipitate was collected and the filtrate transferred into another ampoule. 

Hydrogen gas (1.01 bar) was bubbled through the filtrate once more for 3 h and the ampoule was sealed 

up and left for 3 weeks to yield purple crystals. The purple crystals were taken into the dinitrogen 

glovebox, isolated and recrystallized in minimum hexane giving the dimer, [Ru2(H)4(N2)(PCy3)4], as 

product (0.58 g, 29 % yield). 

1H NMR (C6D6, 400 MHz, 298 K) δ/ppm: ‒12.49 (br, 4H, RuH), 1.14 – 2.68 (m, 132H, Cy); 31P{1H} 

NMR (C6D6, 162 MHz, 298 K) δ/ppm: 75.7 (br). FT-IR (ν/cm-1) 1446 (Ru–H), 2084 (N≡N). 

Elemental Analysis calc. for C72H136N2P4Ru2 C, 63.78; H 10.11; N, 2.07 found C, 63.89; H, 9.97; N, 

1.95).  

[Literature data:3 1H NMR (Tol-D8, 250 MHz, 303 K) δ/ppm: ‒12.4 (s, 4H, RuH); FT-IR (ν/cm-1) 

1935 (Ru–H), 2145 (N≡N). Elemental Analysis calc. for C72H136N2P4Ru2 C, 63.78; H 10.11; N, 2.07; 

P, 9.1 found C, 62.5; H, 9.9; N, 2.2; P, 8.2.] 

5.2.3 Intermediate 1-H2/N2 

 

In an argon glovebox, [Ru(H)2(N2)2(PCy3)2] (1) (8 mg, 0.11 mmol) and [Ru(H)2(η2-H2)2(PCy3)2] 

(1-2H2) (7 mg, 0.10 mmol) were dissolved into C6D6 (600 μL) by micropipette and then transferred into 

a J. Young NMR tube. The reaction was left at 25 °C and monitored by NMR spectroscopy.  
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In situ NMR data for 1: 1H NMR (C6D6, 400 MHz, 298 K) δ/ppm: ‒12.96 (br, 2H, RuH), 1.15 – 2.25 

(m, 66H, Cy); 31P{1H} NMR (C6D6, 162 MHz, 298 K) δ/ppm: 59.3. T1 (Tol-D8, 193 K, 400 MHz) = 

1.08 s (Ru–H). 

In situ NMR data for 1-2H2: 1H NMR (C6D6, 400 MHz, 298 K) δ/ppm: ‒7.84 (br, 6H, RuH); 

1.08 – 2.32 (m, 66H, Cy); 31P{1H} NMR (C6D6, 162 MHz, 298 K) δ/ppm: 76.28. T1 (Tol-D8, 193 K. 

400 MHz) = 52.3 ms (Ru–H). [Literature data:4 1H NMR (Tol-D8, 90 MHz, 298 K) δ/ppm: ‒7.84 (br, 

6H, RuH); 31P{1H} NMR (Tol-D8, 60 MHz, 298 K) δ/ppm: 79.2].  

In situ NMR data for 1-H2/N2: 1H NMR (C6D6, 400 MHz, 298 K) δ/ppm: ‒8.48 (br, 4H, RuH) 

1.13 – 2.22 (m, 66H, Cy); 31P{1H} NMR (C6D6, 162 MHz, 298 K) δ/ppm: 68.78. T1 (Tol-D8, 193 K, 

400 MHz) = 217 ms (Ru–H).  

 

Figure S 5.1. 1H NMR (C6D6, 400 MHz, 298 K) stack plot of reaction 1 with 1-2H2. Only Ru–H region shown 

for clarity where (a) is a spectrum of 1, (b) is a mixture of 1 + 1-2H2 in solution at 25 °C for 30 min and (c) is a 

spectrum of 1-2H2   
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Figure S 5.2. 31P{1H} NMR (C6D6, 162 MHz, 298 K) stack plot of reaction 1 with 1-2H2 where (a) is a 

spectrum of 1, (b) is a mixture of 1 + 1-2H2 in solution at 25 °C for 30 min and (c) is a spectrum of 1-2H2   

 

 

 

Figure S 5.3. 31P{1H} DOSY NMR of the mixture of 1-2H2, 1 and 1-H2/N2. 

 

Complex  / ppm D x 10-10 (m2 s-1) 

1 59.3 6.6 

1-2H2 76.2 6.6 

1-H2/N2 68.7 6.7 
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5.3 CHAPTER TWO: EXPERIMENTAL 

5.3.1 Materials 

 Solvents were freeze-pump-thaw degassed and stored over 3 Å molecular sieves prior to use. 

Chemicals were purchased from Sigma Aldrich, Alfa Aesar and Fluorochem and used without further 

purification unless stated. 

5.3.2 Synthesis 

Synthesis of 2,6-Bis-p-tolyloxy(phenyl)acetophenone (3b). 

2,6-dichloroacetophenone (2.0 g, 11 mmol, 1 equiv), 4-methylphenol 

(2.8 g, 26 mmol, 2.5 equiv), K2CO3 (3.5 g, 25 mmol, 2.5 equiv), 

(CuOTf)2•PhH (70 mg, 0.28 mmol, 5.0 mol% Cu) and ethyl acetate 

(0.5 mL, 5 mmol, 0.5 equiv) were dissolved in toluene (100 mL). A reflux was set up and the reaction 

mixture was left to heat at 110 ºC under N2 for 72 h resulting in a brown solution. The solution was 

cooled to rt then quenched with 9M NaOH (10 mL) and the organic layer was then washed sequentially 

with water (2 × 20 mL) then brine (2 × 20 mL). The organic layer was dried over MgSO4, filtered then 

concentrated in vacuo leaving a brown oily residue. The residue was purified by column 

chromatography on silica gel (hexane/EtOAc = 1/5) giving an off-white yellow solid (Rf = 0.28). The 

solid was washed with cold hexane and air dried resulting in a colourless powdered solid (1.49 g, 48 

%).  

1H NMR (400 MHz, C6D6, 298 K) ð/ppm: 2.03 (s, 6H, ArCH3), 2.46 (s, 3H, COCH3), 6.46 (d, JHH = 

8.3 Hz, 2H, ArHm), 6.72 (t, JHH = 8.3 Hz, 1H, ArHp), 6.85 (d, JHH = 8.3 Hz, 4H, ArH), 6.87 (d, JHH = 

8.6 Hz, 4H, ArH);
 13C{1H} NMR (125 MHz, C6D6, 298 K) ð/ppm: 20.6 (ArCH3), 32.2 (C(O)CH3), 

112.7 (Cm), 119.8 (OCCo), 130.4 (CH3CCm), 130.6 (Cp), 133.5 (CH3C), 155.0 (OCi), 155.9 (Co), 198.6 

(C=O). Elemental Analysis calc. for C22H20O3, 79.50; H 6.07 found C, 79.38; H, 6.10. 

 

Synthesis of double 13C-labelled 2,6-dimethoxyacetophenone (13C2-3a): 

2,6-dihydroxyacetophenone (0.54 g, 3.5 mmol, 1 equiv), K2CO3 (0.72 g, 5.2 

mmol, 1.5 equiv) and 13CH3I (1.0 g, 7.0 mmol, 2 equiv) were stirred in DMF 

(40 mL) at 100 ºC under N2 for 48 h. Reaction was quenched with 5 mol % 

NaOH and water and then extracted with Et2O (2 × 20 mL). The organic layers were combined and 

washed sequentially with H2O (2 × 20 mL) then with brine (2 × 20 mL). The organic layer was dried 

over MgSO4, filtered then concentrated in vacuo resulting in an off yellow solid (0.20 g, 34 %).  

1H-NMR (400 MHz, C6D6 ,298 K) δ/ppm: 2.43 (s, 3H, C(O)CH3), 3.19 (d, JCH = 144.2 Hz, 6H, OCH3), 

6.18 (d, JHH = 8.4 Hz, 2H, ArHm), 6.97 (t, JHH = 8.4 Hz, 1H, ArHp); 13C{1H} NMR (125 MHz, C6D6, 
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298 K) δ/ppm: 32.32 (C(O)CH3), 55.40 (OCH3), 104.31 (Cm), 130.14 (Cp), 157.11 (Co), 199.95 (C=O). 

ESI-MS (Hi-res. for C8
13C2H12O3): calc. 183.0932 [M+H]+, found 183.0934 [M+H]+. 

 

Synthesis of 1-(2-methoxyphenyl)-2,2-dimethyl-1-propanone (2d). Anisole (2 mL, 

18.4 mmol, 1 equiv) and N,N,N’,N’-tetramethylethylenediamine (TMEDA) (2.6 mL, 

17.3 mmol, 1 equiv) were dissolved in Et2O (30 mL). The solution was cooled to -78 

ºC and n-BuLi (11.5 mL, 1.6 M in n-hexane, 18.4 mmol, 1 equiv) was added rapidly 

over 2 minutes. The solution was warmed to 25 °C and then stirred for 5 h with the solution becoming 

a yellow milky solution. The solution was cooled to -78 ºC and trimethylacetyl chloride (2.3 mL, 18.7 

mmol, 1 equiv) was added over 15 mins ensuring the temperature didn’t exceed -60 ºC. The solution 

was warmed to 25 °C and stirred for a further 12 h becoming a white milky solution. The reaction was 

quenched with brine and saturated NH4Cl solution resulting in an aqueous and organic layer. The layers 

were separated and the organic layer was washed with brine and saturated NH4Cl solution till the 

organic layer became clear. Organic layer was dried over MgSO4, filtered then concentrated in vacuo 

leaving an oily yellow residue. Vacuum distillation of the oily residue yielded a colourless oil as the 

product (1.64 g, 50 %).  

1H NMR (400 MHz, C6D6, 298 K) δ/ppm: 1.20 (s, 9H, CH3), 3.16 (s, 3H, OCH3), 6.44 (d, JHH = 8.3 

Hz, 1H, ArH), 6.73 (td, JHH = 7.4 Hz and 0.9 Hz, 1H, ArH), 6.93 (dd, JHH = 7.4 Hz and 1.7 Hz, 1H, 

ArH), 7.03 (ddd, JHH = 8.3 Hz, 7.5 Hz and 1.7 Hz, 1H, ArH). 13C{1H} NMR (125 MHz, C6D6, 298 K) 

δ/ppm: 27.00 (C(CH3)3), 44.77 (C(CH3)3), 54.94 (OCH3), 111.23 (Cm), 120.46 (Ci), 126.82 (Cm), 129.78 

(Co), 132.13 (Cp), 155.77 (COMe), 211.58 (CO). 

 

Synthesis of (2-methoxyphenoxy)diphenylsilane (9a). In dinitrogen glovebox 

chlorodiphenylsilane (0.5 mL, 2.5 mmol) and guiacol (0.28 mL, 2.5 mmol) were 

dissolved in toluene (20 mL). NEt3 (0.35 mL, 2.5 mmol) was added to the mixture, 

left to stir for 1 h at 25 °C. The reaction was then filtered through micro-glass fibre 

and the solvent removed in vacuo leaving a cloudy oily residue. Purification by 

vacuum distillation (130-140 °C, 1 × 10-1
 mmHg) to give a colourless oil (0.1 g, 40 %). 

1H NMR (400 MHz, C6D6, 298 K) δ/ppm: 3.17 (s, 3H, CH3), 6.03 (s, 1H, SiH, 1JSiH = 225 Hz), 6.49 

(dd, JHH = 7.8 and 1.7 Hz, 1H, ArH),  6.71 (td, JHH = 7.6 ad 1.8 Hz, 1H, ArH), 6.76 (td, JHH = 7.7 and 

1.8 Hz, 1H, ArH), 7.08 (dd, JHH = 7.7 and 1.8 Hz, 1H, ArH), 7.15 (m, 6H, Ph), 7.75 (m, 4H, Ph). 13C{1H} 

NMR (125 MHz, C6D6, 289 K) δ/ppm: 55.0 (CH3) 112.7 (Co), 120.7 (Cm), 121.5 (Cm), 122.5 (Cp), 

128.2 (Cp), 130.4 (Cm), 134.9 (Co), 145.4 (CO), 150.8 (COCH3). 29Si (99 MHz, C6D6, 298 K) δ/ppm: -

13.3 (1JSiH = 225 Hz). 
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Synthesis of (2,6-dimethoxyphenoxy)diphenylsilane (9b). In dinitrogen glovebox 

chlorodiphenylsilane (1 mL, 5 mmol) and 2,6-dimethoxyphenol (0.78g, 5 mmol) 

were dissolved in toluene (20 mL). NEt3 (0.71 mL, 5 mmol) was added to the 

mixture, left to stir for 1 h at 25 °C. The reaction was then filtered, washed with 

cold n-hexane and then reduced in vacuo under dinitrogen leaving a crystalline colourless solid as 

product (0.55g, 64 %). 

1H NMR (400 MHz, C6D6, 298 K) δ/ppm: 3.28 (s, 6H, CH3), 6.12 (s, 1H, SiH, 1JSiH = 227 Hz), 6.32 

(d, JHH = 8.3 Hz, 2H, ArHm), 6.71 (t, JHH = 8.3 Hz, 1H, ArHp), 7.17 (m, 6H, Ph), 7.88 (m, 4H, Ph). 

13C{1H} NMR (125 MHz, C6D6, 289 K) δ/ppm: 55.6 (CH3), 105.9 (Cm), 121.4 (Cp), 130.3 (Co), 135.0 

(Cm), 135.7 (Cp), 151.9 (COCH3). 29Si (99 MHz, C6D6, 298 K) δ/ppm: -12.8 (1JSiH = 227 Hz). 

 

 

Synthesis of (2,2-Dimethyl-1,3-dioxolan-4-yl)methanol (solketal) prepared 

according to modified literature procedure.5 Glycerol (3 mL, 41 mmol), 2,2-

dimethoxy propane (5.4 mL, 44 mmol), dry acetone (30 mL) and p-toluene sulfonic 

acid (15 mg, 0.079 mmol)  were stirred in a Schlenk for 24 h. The solvent and any unreacted starting 

materials were removed under vacuum leaving a yellow oily residue. Purification by vacuum distillation 

giving (2,2-Dimethyl-1,3-dioxolan-4-yl)methanol as a colourless oily residue (3.26 g, 60%).  

1H NMR (400 MHz, CDCl3, 298 K) δ/ppm: 1.26 (s, 3H, CH3), 1.32 (s, 3H, CH3), 3.00 (m, 1H, OH), 

3.49 (dt, JHH =11.5 Hz and 5.6 Hz, 1H, OCH2), 3.56 (dt, JHH = 10.3 Hz and 5.1 Hz, 1H, OCH2), 3.66 

(dd, JHH = 8.1 Hz and 6.6 Hz, 1H, CH2), 3.93 (dd, JHH = 8.2 Hz and 6.6 Hz, 1H, CH2), 4.11 (m, 1H, 

CH). 13C{1H} NMR (125 MHz, CDCl3, 298 K) δ/ppm: 25.45 (CH3), 26.88 (CH3), 63.07 (COH), 66.09 

(C(H2)O), 76.70 (C(H)O), 109.21 (C(CH3)2). [Lit.5 1H NMR (400 MHz, CDCl3, 298 K) δ/ppm: 1.37 

(s, 3H), 1.44 (s, 3H), 3.57-3.62 (dd, 1H), 3.69-3.72 (dd, 1H), 3.76-3.80 (dd, 1H), 4.02-4.06 (dd, 1H), 

4.22-4.24 (m, 1H). 13C{1H} NMR (100 MHz, CDCl3) δ/ppm: 24.6 (CH3), 26.6 (CH3), 63.1 (COH), 

65.7 (C(H2)O), 76.1 (C(H)O, 109.3 (C(CH3)2)]. 

5.3.3 General Procedure for Reduction of Arylketone to Arylethanol 

Arylketone (4.4mmol, 1 equiv) was weighed into a schlenk and dissolved in THF (15 mL). LiAlH4 

(2.2 mmol, 0.5 equiv) was weighed out into a separate schlenk and dissolved in THF (20 mL). LiAlH4 

solution was cooled to -78 °C and the arylketone solution was added dropwise over the course of 20 min.  

Once addition was completed the reaction was allowed to warm to rt and left to stir overnight. The 

reaction was quenched with THF/H2O/NaOH (80/10/10) and the organic layer was then washed 



 

[186] 
 

sequentially with H2O (2 × 10 mL) then brine (2 × 10 mL). The organic layer was dried over MgSO4 

then concentrated in vacuo to give product. Product used in reactions without further purification. 

Synthesis of 2,6-p-tolyloxy(phenyl)arylethan-1-ol (2b-H2): Cloudy viscous liquid (0.64 g, 

64 %). 1H NMR (400 MHz, C6D6, 298 K) δ/ppm: 1.48 (d, JHH  = 6.4 Hz, 3H, C(OH)CH3), 

2.07 (s, 3H, ArCH3), 2.40 (br, 1H, OH), 5.26 (m, 1H, CH), 6.76 (dd, JHH  = 7.5 Hz and 1.8 

Hz, 1H, ArHm), 6.82 (d, JHH  = 8.7 Hz, 2H, ArHo), 6.87 (d, JHH  = 8.4 Hz, 2H, ArHm), 6.95 

(m, 2H, ArH), 7.62 (dd, JHH = 6.5 Hz and 2.6 Hz, 1H, ArHo). 13C{1H} NMR 

(125 MHz,C6D6, 298 K) δ/ppm: 20.6 (ArCH3), 24.6 (C(OH)CH3), 65.3 (CH), 118.7 (Cm), 

118.7 (OCCO), 123.9 (Cm), 127.0 (Co), 128.3 (Cp), 130.6 (CH3CCm), 132.6 (CCH3), 137.8 (C(OH)Ci), 

154.3 (Co), 155.7 (OCi). Elemental Analysis: calc. for C15H16O2 C, 78.92; H 7.06; found C, 79.00; H, 

7.14.   

Synthesis of 1-(2,6-dimethoxyphenyl)ethanol-1-ol (3a-H2): Yellow-white solid (0.565 

g, 56 %). 1H NMR (400 MHz, C6D6, 298 K) δ/ppm: 1.74 (d, JHH = 6.7 Hz, 3H, CH3), 

3.16 (s, 6H, OCH3), 4.02 (d, JHH = 11.8 Hz, 1H, OH), 5.84 (dq, JHH = 13.3 Hz and 6.7 

Hz, 1H, CH), 6.24 (d, JHH = 8.4 Hz, 2H, ArHm), 6.97 (t, JHH = 8.3 Hz, 1 H, ArHp). 13C{1H} NMR 

(125 MHz, C6D6, 298 K) δ/ppm: 24.4 (C(OH)CH3), 55.2 (OCH3), 64.3 (CH), 104.6 (Cm), 159.0 (Cp). 

[Literature data:6 1H-NMR (400 MHz, CDCl3, 298 K) δ/ppm: 1.50 (d, J = 6.2 Hz, 3H), 3.85 (s, 6H3), 

3.88 (br. S, 1H), 5.33 (m, 1H), 6.58 (d, J = 8.2 Hz, 2H), 7.16 (t, J = 8.2 Hz, 1H). 13C{1H} NMR 

(100 MHz, CDCl3, 298 K) δ/ppm: 23.6 (CH3), 55.7 (CH3), 64.0 (CH), 104.3 (CH), 121.0 (CH), 128.1 

(C), 157.4 (C)]. 

Synthesis of 2,6-Bis-p-tolyloxy(phenyl)arylethan-1-ol (3b-H2): 

Yellow-white solid (0.41 g, 80 %). 1H NMR (400 MHz, C6D6, 

298 K) δ/ppm: 1.75 (d, JHH = 6.7 Hz, 3H, C(OH)CH3), 2.05 (s, 6H, 

ArCH3), 3.53 (d, JHH = 11.5 Hz, 1H, OH), 5.83 (dt, JHH = 11.3 Hz and 

6.7 Hz, 1H, CH), 6.49 (d, JHH = 8.2 Hz, 2H, ArHm), 6.72 (dd, JHH=8.5 Hz and 8.0 Hz, 1H, ArHp), 6.85 

(s, 8H, ArH). 13C{1H} NMR (125 MHz, C6D6, 298 K) δ/ppm: 20.6 (ArCH3), 24.5 (C(OH)CH3), 64.6 

(CH), 113.6 (Cm), 119.5 (OCCO), 128.3 (Cp), 130.7 (CH3CCm), 133.3 (CCH3), 155.1 (OCi), 156.5 (Co). 

ESI-MS (Hi-res for C22H22O3): calc. 333.1467 [M−H]+, found 333.1491 [M−H]+. 
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5.3.4 Ru-Mediated C–H Bond Activation 

 

 

C–H Activation of 2-methoxyacetophenone (2a): In a dinitrogen glovebox, [Ru(H)2(N2)2(PCy3)2] (1) 

(200 µL, 0.07 M, C6D6, 1 equiv), 2-methoxyacetophenone (2a) (120 µL, 0.23 M, C6D6, 2 equiv) and 

ferrocene (80 µL, 0.17 M, C6D6, 1 equiv) were added by micropipette into a J. Young NMR tube and 

the solvent volume was made up to 600 µL with C6D6. The J. Young NMR tube was sealed and the 

reaction left at 25 °C for 24 h with a colour change from straw yellow to deep purple/red observed. The 

reaction was monitored by 1H-NMR and 31P{1H}-NMR spectroscopy and yields calculated against 

internal standards; ferrocene for 1H-NMR and PPh3 in a borosilicate capillary tube for 31P{1H}-NMR. 

Formation of 2a-H2 was confirmed by comparison against a genuine sample of the substrate bought 

commercially. 4a was observed at >99 % yield and 2a-H2 was observed at 87 % yield. Isolation of 4a 

was achieved from scale-up synthesis of the above reaction in toluene and recrystallization in 

hexamethyldisiloxane to give an orange powder as the product (53 mg, 57 %). 

Data for 4a: 1H NMR (C6D6, 400 MHz, 298 K) δ/ppm:  ‒14.90 (t, JHP = 24.5 Hz, 1H, RuH), 1.03 ‒ 2.24 

(m, 66H, Cy), 2.95 (s, 3H, CH3), 3.36 (s, 3H, OCH3), 6.08 (d, JHH = 7.9 Hz, 1H, ArHm), 7.02 (t, JHH = 

7.7 Hz, 1H, ArHp), 7.76 (d, JHH = 7.5 Hz, 1H, ArHm); 13C{1H} NMR (C6D6, 125 MHz, 298 K) δ/ppm: 

27.5 (m, Cy), 28.4 (m, Cy), 30.1 (m, Cy), 31.8 (CH3), 35.9 (t, 1JCP = 8.2 Hz, Cy), 54.2 (OCH3), 100.7 

(Cm), 130.1 (Cp), 136.6 (Cm), 162.3 (COCH3), 204.3 (C=O), 212.3 (Ru–C); 31P{1H} NMR (C6D6, 162 

MHz, 298 K) δ/ppm: 39.11. FT-IR (ν/cm-1): 1964 (Ru–H), 2078 (N≡N). Due to the sensitivity of this 

complex repeated attempts to acquire CHN analysis failed to provide satisfactory results.  

In situ NMR data for 2a-H2: 1H NMR (C6D6, 400 MHz, 298 K) δ/ppm: 1.49 (d, JHH = 6.5 Hz, 3H, 

CH3), 3.20 (s, 3H, OCH3), 5.17 (q, JHH = 5.9 Hz, 1H, CH), 6.48 (d, JHH = 8.3 Hz, 1H, ArHm), 6.90 (t, 

JHH = 7.2 Hz, 1H, ArHm), 7.06 (td, JHH = 9.4 Hz and 1.9z Hz, 1H, ArHp), 7.44 (d, JHH = 7.2 Hz, 1H, 

ArHo). 13C{1H} NMR (C6D6, 125 MHz, 298 K) δ/ppm: 23.9 (CH3), 54.7 (OCH3), 66.0 (C(H)OH), 

110.5 (Cm), 121.1 (Cm), 126.4 (Co), 128.4 (Cp), 134.9 (Ci), 156.6 (Co(OMe)).  
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Figure S 5.4. 1H NMR (C6D6, 400 MHz, 298 K) stack plot for C–H activation of 2-methoxyacetophenone 

 

 

Figure S 5.5. 31P{1H} NMR (C6D6, 162 MHz, 298 K) stack plot for C–H activation of 2-methoxyacetophenone 

 

 



 

[189] 
 

 

C–H Activation of 1-(2-(p-tolyloxy)phenyl)ethanone (2b): In a dinitrogen glovebox, 

[Ru(H)2(N2)2(PCy3)2] (1) (200 µL, 0.07 M, C6D6, 1 equiv), 1-(2-(p-tolyloxy)phenyl)ethanone  (2b) 

(120 µL, 0.23 M, C6D6, 2 equiv) and ferrocene (80 µL, 0.17 M, C6D6, 1 equiv) were added by 

micropipette into a J. Young NMR tube and the solvent volume was made up to 600 µL with C6D6. The 

J. Young NMR tube was sealed and the reaction mixture was left at 25 °C for 24 h with a colour change 

from straw yellow to deep orange observed. The reaction was monitored by 1H-NMR and 31P{1H}-

NMR spectroscopy and yields calculated against internal standards; ferrocene for 1H-NMR and PPh3 in 

a borosilicate capillary tube for 31P{1H}-NMR. Formation of 2b-H2 was confirmed by comparison 

against a genuine synthesised sample of the substrate. 4b was observed at 89 % yields and 2b-H2 was 

observed at 91 % yield. Isolation of 4b was achieved from scale-up synthesis of the above reaction in 

toluene and recrystallization in n-hexane to give deep purple crystalline solid as the product (26 mg, 

68 %). 

Data for 4b: 1H NMR (C6D6, 400 MHz, 298 K) δ/ppm: ‒14.82 (t, J = 24.1 Hz, 1H, RuH), 1.10 ‒ 1.47 

(m, 24H, Cy), 1.67 ‒ 2.00 (m, 36H, Cy), 2.07 (s, 3H, CH3), 2.25 (m, 6H, Cy), 2.98 (s, 3H, C(O)CH3), 

6.33 (d, J = 7.7 Hz, 1H, ArHm), 6.92 (m, 1H, ArHp),  6.93 (d, J = 8.6 Hz, 2H, OArHm), 7.00 (d, 

J = 8.6 Hz, 2H, OArHo), 7.81 (d, J = 7.5 Hz, 1H, ArHm); 13C{1H} NMR (C6D6, 125 MHz, 298 K) 

δ/ppm: 20.53 (ArCH3), 26.7 (m, Cy), 27.7 (m, Cy), 29.9 (m, Cy), 31.3 (C(O)CH3), 35.8 (t, 1JCP = 

8.2 Hz, Cy), 108.9 (Cm), 119.0 (OCCO), 130.2 (Cp), 131.0 (CH3CCm), 138.9 (Cm), 204.3 (C=O), 212.2 

(Ru–C); 31P{1H} NMR (C6D6, 162 MHz, 298 K) δ/ppm: 39.87. FT-IR (ν/cm-1): 1983 (Ru–H), 2106 

(N≡N). Elemental Analysis calc. for C51H80N2O2P2Ru C, 66.86; H 8.80; N, 3.06 found C, 67.11; H, 

8.81; N, 2.96.  

In situ NMR data for 2b-H2: 1H NMR (400 MHz, 298 K, C6D6) δ/ppm: 1.46 (d, JHH  = 6.4 Hz, 3H, 

C(OH)CH3), 2.06 (s, 3H, ArCH3), 5.20 (m, 1H, CH), 6.77 (dd, JHH  = 7.4 Hz and 1.9 Hz, 1H, ArHm), 

6.82 (d, JHH  = 8.7 Hz, 2H, ArHo), 6.86 (d, JHH  = 8.7 Hz, 2H, ArHm), 6.94 (m, 2H, ArH), 7.58 (dd, JHH 

= 6.8 Hz and 2.5 Hz, 1H, ArHo). 13C {1H} NMR (125 MHz, 298 K, C6D6) δ/ppm: 20.6 (ArCH3), 26.5 

(C(OH)CH3), 118.7 (Cm), 118.7 (OCCO), 123.8 (Cm), 128.4 (Co), 128.4 (Cp), 130.6 (CH3CCm), 132.6 

(CCH3), 154.4 (Co), 155.7 (OCi).  
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Figure S 5.6. 1H NMR (C6D6, 400 MHz, 298 K) stack plot of C–H activation of 1-(2-(p-

tolyloxy)phenyl)ethanone 

 

Figure S 5.7. 31P{1H} NMR (C6D6, 162 MHz, 298 K) stack plot of C–H activation of 

1-(2- (p-tolyloxy)phenyl)ethanone 
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5.3.5 Ru-Mediated C–O Bond Activation 

 

C–O Activation of 2,6-Dimethoxyacetophenone (3a): In a dinitrogen glovebox, [Ru(H)2(N2)2(PCy3)2] 

(1) (200 µL, 0.07 M, C6D6, 1 equiv), 2,6-dimethoxyacetophenone (3a) (120 µL, 0.23 M, C6D6, 2 equiv) 

and ferrocene (80 µL, 0.17 M, C6D6, 1 equiv) were added by micropipette into a J. Young NMR tube 

and the solvent volume was made up to 600 µL with C6D6. The J. Young NMR tube was sealed and the 

reaction mixture heated at 40 °C for 24 h with a colour change from straw yellow to deep red observed. 

The reaction was monitored by 1H-NMR and 31P{1H}-NMR spectroscopy and yields calculated against 

internal standards; ferrocene for 1H-NMR and PPh3 for 31P{1H}-NMR in a borosilicate capillary tube. 

Formation of 3a-H2 was confirmed by comparison against a genuine synthesised sample of the 

substrate. 4a was observed at 52 % yield and 3a-H2 was observed at 98 % yield.  

In situ NMR data for 4a same as above.  

In situ NMR data for 3a-H2: 1H NMR (C6D6, 400 MHz, 298 K) δ/ppm: 1.73 (d, J = 6.6 Hz, 3H, CH3), 

3.17 (s, 6H, OCH3), 5.82 (dt, J = 13.3 and 6.7 Hz, 1H, CH), 6.25 (d, J = 8.3 Hz, 2H, ArHm), 6.97 (t, J = 

8.4 Hz, 1H, ArHp). 13C{1H} NMR (C6D6, 125 MHz, 298 K) δ/ppm: 24.2 (CH3), 55.2 (OCH3), 64.1 

(COH), 104.6 (Cm), 158.0 (Cp).  

A peak in 31P{1H}-NMR at 64.43 ppm was identified as the major by-product [RuH2(CO)(N2)(PCy3)2] 

(5-N2) in this reaction. The yield of 5-N2 was 28 %. 
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Figure S 5.8. 1H NMR (C6D6, 400 MHz, 298 K) stack plot of C–O activation of 2,6-dimethoxyacetophenone. 

 

Figure S 5.9. 31P{1H} NMR (C6D6, 162 MHz, 298 K) stack plot of C–O activation of 

2,6-dimethoxyacetophenone. 
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C–O Activation of 2,6-bis-p-tolyloxyphenylacetophenone (3b): In a dinitrogen glovebox, 

[Ru(H)2(N2)2(PCy3)2] (1) (200 µL, 0.07 M, C6D6, 1 equiv), 2,6-bis-p-tolyloxy(phenyl)acetophenone 

(3b) (120 µL, 0.23 M, C6D6, 2 equiv) and ferrocene (80 µL, 0.17 M, C6D6, 1 equiv) were added by 

micropipette into a J.Young NMR tube and the solvent volume was made up to 600 µL with C6D6. The 

J. Young NMR tube was sealed and the reaction mixture left to react at 40 °C for 24 h with a colour 

change from straw yellow to deep orange observed. The reaction was monitored by 1H-NMR and 

31P{1H}-NMR spectroscopy and yields calculated against internal standards; ferrocene for 1H-NMR 

and PPh3 in a borosilicate capillary tube for 31P{1H}-NMR. Formation of 3b-H2 was confirmed by 

comparison against a genuine synthesised sample of the substrate. 4b was observed at 54 % yield and 

3b-H2 was observed at 96 % yield.  

In situ NMR data for 4b same as above.  

In situ NMR data for 3b-H2: 1H NMR (400 MHz, C6D6, 298 K) δ/ppm: 1.75 (d, JHH = 6.3 Hz, 3H, 

C(OH)CH3), 2.05 (s, 6H, ArCH3), 5.84 (dq, JHH = 13.4 Hz and 6.8 Hz, 1H, CH), 6.50 (d, JHH = 8.2 Hz, 

2H, ArHm), 6.73 (d, JHH = 8.3 Hz, 1H, ArHp), 6.85 (s, 8H, ArH); 13C{1H} NMR (125 MHz, C6D6, 

298 K) δ/ppm: 20.6 (ArCH3), 24.4 (C(OH)CH3), 113.6 (Cm), 119.5 (OCCO), 128.2 (Cp), 130.6 

(CH3CCm), 133.3 (CCH3), 155.1 (OCi), 156.7 (Co).  

A peak in 1H-NMR at -25.87 ppm (t, JHP = 19.8 Hz, 1H, RuH) and a peak in 31P {1H}-NMR at 42.94 ppm 

was identified as the major by-product in this reaction 6a [RuH(N2)(p-OC6H4(CH3))(PCy3)2]. The yield 

of 6a was 20 %. In addition, 7a and 8a were observed as minor by-products in <5 % yield. 
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Figure S 5.10. 1H NMR (C6D6, 400 MHz, 298 K) stack plot of C–O activation of 

2,6-bis-p-tolyloxy(phenyl)acetophenone. 

 

Figure S 5.11. 31P{1H} NMR (C6D6, 162 MHz, 298 K) stack plot of C–O activation of 

2,6-bis-p-tolyloxy(phenyl)acetophenone. 
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C–O Activation of double 13C-labelled 2,6-dimethoxyacetophenone (13C2-3a): In a dinitrogen glovebox, 

[Ru(H)2(N2)2(PCy3)2] (1) (200 µL, 0.07 M, C6D6, 1 equiv), 13C2-3a (120 µL, 0.23 M, C6D6, 2 equiv) 

and ferrocene (80 µL, 0.17 M, C6D6, 1 equiv) were added by micropipette into a J. Young NMR tube 

and the solvent volume was made up to 600 µL with C6D6. The J. Young NMR tube was sealed and the 

reaction mixture heated at 40 °C for 24 h with a colour change from straw yellow to deep orange 

observed. The reaction was monitored by 1H-NMR and 31P{1H}-NMR spectroscopy. Structure 

determination of 13C2-3a-H2 and 13C-4a were compared to NMR data obtained for 3a-H2 and 4a as the 

chemical shifts of the signals are anticipated to be near identical except for the 13C-labelled carbon 

atoms on methoxy group.  

In situ NMR data for 13C-4a: 1H NMR (C6D6, 400 MHz, 298 K) δ/ppm:  ‒14.89 (t, JHP = 24.2 Hz, 1H, 

RuH), 0.95 ‒ 2.31 (m, 66H, Cy), 3.36 (d, JCH = 143.6 Hz, 3H, O13CH3), 6.09 (d, JHH = 7.8 Hz, 1H, 

ArHm), 7.02 (t, JHH = 7.7 Hz, 1H, ArHp), 7.77 (d, JHH = 7.5 Hz, 1H, ArHm); 13C{1H} NMR (C6D6, 

125 MHz, 298 K) δ/ppm: 26.7 (m, Cy), 27.9 (m, Cy), 29.9 (m, Cy), 31.6 (CH3), 35.8 (t, 1JCP = 8.3 Hz, 

Cy), 54.2 (O13CH3), 100.7 (Cm), 130.2 (Cp), 136.6 (Cm), 162.4 (COCH3), 207.3 (C=O), 212.4 (Ru–C); 

31P{1H} NMR (C6D6, 162 MHz, 298 K) δ/ppm: 39.06. 

In situ NMR data for 13C2-3a-H2: 1H NMR (C6D6, 400 MHz, 298 K) δ/ppm: 1.72 (s, 3H, CH3), 3.17 

(d, JCH = 144.1 Hz, 6H, O13CH3), 5.82 (m, 1H, CH), 6.25 (d, JHH = 8.3 Hz, 2H, ArHm), 6.97 (t, JHH = 

8.4 Hz, 1H, ArHp). 13C{1H} NMR (C6D6, 125 MHz, 298 K) δ/ppm: 24.2 (CH3), 55.2 (O13CH3), 64.0 

(COH), 104.6 (Cm), 158.0 (Cp).  

Peaks in 31P{1H}-NMR at 64.5 ppm and in 13C{1H}-NMR at 207.3 ppm (13C=O) allowed identification 

of [RuH2(13CO)(N2)(PCy3)2] (13C-5-N2) as the major by-product in this reaction. 

 



 

[196] 
 

 

Figure S 5.12. 1H NMR (C6D6, 400 MHz, 298 K) of C–O activation of 13C-labelled 2,6-diemthoxyacetophenone 

 

 

Figure S 5.13. 13 C{1H} NMR (C6D6, 125 MHz, 298 K) of C–O activation of double 13C-labelled 

2,6-dimethoxyacetophenone. 
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Figure S 5.14. 13 C{1H} NMR (C6D6, 125 MHz, 298 K) stack plot showing only Ru–CO peak for comparison 

where (a) is the C–O cleavage reaction with 13C2-3a, (b) is 5-N2 and (c) is 5-H2 
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5.3.6 Identification of By-Products from C–O Bond Activation 

A number of literature known carbonyl complexes and arene complexes of the {Ru(PCy3)2} fragment 

are known. Selected examples, including spectroscopic data, are included below for reference.2,7–10
  

 

 

Figure S 5.15. Previously identified {Ru(PCy3)2} complexes relevant to by-product identification. 
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1.1.1.1 C–O Bond Activation of 2,6-Dimethoxyacetophenone with 1 

 

Reaction of 1 with ethanol: In a dinitrogen glovebox, [Ru(H)2(N2)2(PCy3)2] (1) (200 µL, 

0.07 M,  1 equiv) and ethanol (1 µL, 0.02 mmol, 1 equiv) were added by micropipette into a J. Young 

NMR tube and made up to 600 µL with Tol-D8. The J. Young NMR tube was sealed and removed from 

the glovebox. The reaction mixture was subjected to a freeze-pump-thaw procedure and then exposed 

to a dihydrogen atmosphere (1 bar). The J. Young NMR tube was sealed and then heated at 40 °C for 

48 h. A colour change from straw yellow to deep yellow was observed. The reaction was monitored by 

1H-NMR and 31P{1H}-NMR spectroscopy showing clean formation of 5-H2 and methane. The J. Young 

tube was taken back into the glovebox and left open to the dinitrogen atmosphere for 3 h. 1H-NMR and 

31P{1H}-NMR spectroscopy showed a mixture of both 5-H2 and 5-N2 as the products.  

In situ NMR data for 5-H2: 1H-NMR (Tol-D8, 400 MHz, 233 K) δ/ppm: -7.08 (br s, 4H, RuH), 

1.12 ‒ 2.26 (m, 66H, Cy); 31P{1H}-NMR (Tol-D8, 162 MHz, 233K) δ/ppm: 71.57; isolated 

13C{1H}-NMR data for 5-H2: 13C{1H}-NMR (C6D6, 125 MHz, 298 K) δ/ppm: 27.2 (m, Cy), 28.2 (t, JCP 

= 4.9 Hz, Cy), 30.6 (m, Cy), 38.6 (1JCP = 10.5 Hz, Cy), 204.5 (t, 2JCP =  8.3 Hz, C=O).  

[Literature data for 5-H2:9 1H-NMR (C6D6, 400 MHz, 301 K) δ/ppm: -7.0 (br s, 4H, RuH), 2.28 ‒ 1.29 

(m, 66H, Cy); 31P{1H}-NMR (C6D6, 162 MHz, 301K) δ/ppm: 72.1; 13C{1H}-NMR (C6D6, 100 MHz, 

301 K) δ/ppm: 27.0 (s, Cy), 28.0 (t, JCP =  5.1 Hz), 30.3 (s, Cy), 38.3 (t, JCP =  10.7 Hz), 204.2 (t, 

JCP =  3.7 Hz, C=O)]. 

In situ NMR data for 5-N2: 1H-NMR (Tol-D8, 400 MHz, 233 K) δ/ppm: -13.51 (td, JHP = 21.4 Hz and 

JHH = 6.6 Hz, 1H, RuH), -6.68 (td, JHP = 23.4 Hz and JHH = 6.3 Hz, RuH) 1.03 ‒ 2.38 (m, 66H, Cy); 

31P{1H}-NMR (Tol-D8, 162 MHz, 233K) δ/ppm: 63.86; isolated 13C{1H} NMR data for 5-N2: 

13C{1H}-NMR (C6D6, 125 MHz, 298 K) δ/ppm: 27.1 (m, Cy), 28.2 (t, JCP = 4.8 Hz, Cy), 30.4 (m, Cy), 

37.9 (t, 1JCP = 8.2 Hz, Cy), 205.6 (m, C=O).  

Comparison of the multinuclear NMR data allowed identification of 5-N2 as the major by-product of 

C–O cleavage of 2,6-dimethoxyacetophenone. 
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Figure S 5.16. VT 1H-NMR on a mixed sample of 5-N2 and 5-H2 generated from the reaction of 1 and EtOH 

dissolved in Tol-D8. Only Ru–H region shown for clarity. 

 

Figure S 5.17. VT 31P{1H}-NMR on a mixed sample of 5-N2 and 5-H2 generated from the reaction of 1 and 

EtOH dissolved in Tol-D8. 
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Figure S 5.18. 1H–31P{1H} HMBC on a mixed sample of 5-N2 and 5-H2 generated from the reaction of 1 and 

EtOH at 193 K dissolved in Tol-D8 
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1.1.1.2 C–O Bond Activation of 2,6-bis-p-tolyoxy(phenyl)acetophenone with 1 

 In order to identify the major by-product during C–O bond activation of 

2,6-bis-p-tolyloxy(phenyl)acetophenone with 1, reactions were carried out with both 4-methylphenol 

and 4-tert-butylphenol. The latter was used as a surrogate for the former in order to facilitate product 

separation and purification by crystallization. A combination of NMR spectroscopy and single x-ray 

crystallography was used to determine the structures of the products from both the reaction of 1 with 

4-methylphenol and 4-tert-butyl phenol. 

 

Reaction of 1 with 4-methylphenol: In a dinitrogen glovebox, [Ru(H)2(N2)2(PCy3)2] (1) (54 mg, 

0.08 mmol, 1 equiv) and 4-methylphenol (9 mg, 0.08 mmol, 1 equiv) were weighed into a 20 mL 

scintillation vial and dissolved in toluene (2 mL). The mixture was left to stir in the glovebox at 25 °C 

for 24 h. A colour change from straw yellow to deep orange/brown was observed. The solvent was 

removed in vacuo to leave a brown oily residue which was extracted with n-hexane (2 mL) resulting in 

a yellow precipitate forming in the brown solution. The yellow precipitate was isolated and washed 

with cold pentane (1 mL) and left to dry to give a yellow powder as a mixed product of 7a/8a (22 mg). 

The mother liquor from this reaction was reduced in vacuo to give a brown powder as 6a contaminated 

with the decomposition product [Ru(H)2(η6-C6D6)PCy3].11 Multiple attempts to isolate 6a cleanly were 

unsuccessful.  

In situ NMR data for 6a: 1H-NMR (C6D6, 500 MHz, 298 K) δ/ppm: -25.86 (t, JHP = 19.2 Hz, 1H, RuH); 

31P{1H}-NMR (C6D6, 162 MHz, 298 K) δ/ppm: 41.94. 

NMR data for 7a: 1H NMR (C6D6, 400 MHz, 298 K) δ/ppm: ‒11.51 (br s, 1H, RuH), 1.06 ‒ 2.09 (m, 

66H, Cy), 1.93 (s, 3H, CH3), 5.01 (d, JHH = 5.6 Hz, 2H, ArHm), 5.16 (d, JHH = 5.6 Hz, 2H, ArHo); 

13C{1H} NMR (C6D6, 125 MHz, 298 K) δ/ppm: 27.1 (s, Cy), 28.3 (br s, Cy), 31.0 (m, Cy), 35.2 (CH3), 

77.3 (Cm), 95.8 (Co), 137.0 (Cp), 163.0 (C=O); 31P{1H} NMR (C6D6, 162 MHz, 298 K) δ/ppm: 50.44 

(br).  

NMR data for 8a: 1H NMR (C6D6, 400 MHz, 298 K) δ/ppm: ‒11.51 (br s, 2H, RuH), 1.06 ‒ 2.09 (m, 

33H, Cy), 2.16 (s, 3H, CH3), 7.05 (d, JHH = 8.1 Hz, 2H, ArHm), 7.38 (d, JHH = 7.9 Hz, 2H, ArHo), 11.66 

(s, 1H, OH); 13C{1H} NMR (C6D6, 125 MHz, 298 K) δ/ppm: 20.4 (CH3), 27.1 (s, Cy), 28.3 (br s, Cy), 

31.0 (m, Cy), 116.0 (Co), 127.0 (Cp), 128.3 (Ci), 130 (Co); 31P{1H} NMR (C6D6, 162 MHz, 298 K) 

δ/ppm: 50.44 (br).  
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Comparison of the multinuclear NMR data (including those for reaction of 4-tert-butyl phenol below) 

allowed identification of 6a as the major by-product of C–O cleavage of 

2,6-bis-p-tolyloxy(phenyl)acetophenone. 

 

 

Reaction of 1 with 4-tert-butyl phenol: In a dinitrogen glovebox, [Ru(H)2(N2)2(PCy3)2] (1) (33 mg, 

0.05 mmol, 1 equiv) and 4-tert-butyl phenol (8 mg, 0.05 mmol, 1 equiv) were weighed into a 

scintillation vial and dissolved in toluene (2 mL). The mixture was left to stir in the glovebox at 25 °C 

for 24 h. A colour change from straw yellow to deep orange/red was observed. The solvent was removed 

in vacuo to leave a dark red oily residue which was extracted with hexane (2 mL) resulting in a yellow 

precipitate forming in an orange solution. The yellow precipitate was isolated and washed with cold 

pentane (1 mL) and left to dry to give a yellow powder as a mixed product of 7b/8b (<10 mg). The 

mother liquor from this reaction was left in glovebox freezer at -35 °C overnight to give red crystals 6b 

(15 mg, 49 %).  

NMR data for 6b: 1H NMR (Tol-D8, 500 MHz, 298 K) δ/ppm: ‒25.80 (t, JHP = 18.7 Hz, 1H, RuH), 

1.03 ‒ 2.30 (m, 66H, Cy), 1.39 (s, 9H, C(CH3)3), 6.67 (d, JHH = 8.6 Hz, 2H, ArHm), 7.27 (d, JHH = 8.7 Hz, 

2H, ArHo);13C{1H} NMR (C6D6, 125 MHz, 298 K) δ/ppm: 27.13 (s, Cy), 28.2 (m, Cy), 30.3 (s, Cy), 

30.8 (s, Cy) 32.3 (C(CH3)3), 33.6 (t, 1JCP = 8.4 Hz, Cy), 33.9 (C(CH3)3), 118.5 (Co), 125.9 (Cm), 

135.2(Cp), 167.0 (C–O); 31P{1H} NMR (Tol-D8, 162 MHz, 298 K) δ/ppm: 41.9. FT-IR (ν/cm-1): 1893 

(Ru–H), 2044 (N≡N). 

NMR data for 7b: 1H NMR (C6D6, 400 MHz, 298 K) δ/ppm: ‒11.09 (br s, 1H, RuH), 0.97 (s, 9H, 

C(CH3)3), 1.06 ‒ 2.35 (m, 66H, Cy), 5.30 (d, JHH = 7.0 Hz, 2H, ArHo), 5.44 (d, JHH = 6.8 Hz, 2H, ArHm); 

13C{1H} NMR (C6D6, 125 MHz, 298 K)1 δ/ppm: 31.7 (C(CH3)3), 33.8 (C(CH3)3), 84.1 (Co), 96.3 (Cm), 

111.0 (Cp), 164.5 (C=O); 31P{1H} NMR (C6D6, 162 MHz, 298 K) δ/ppm: 75.1. 

NMR data for 8b: 1H NMR (400 MHz, C6D6, 298 K) δ/ppm: ‒11.07 (d, JHP = 17.0 Hz, 2H, RuH), 1.06 

‒ 2.35 (m, 33H, Cy), 1.26 (s, 9H, (C(CH3)3), 7.23 (m, 4H, ArH), 10.11 (s, 1H, OH); 13C{1H} NMR 

(C6D6, 125 MHz, 298 K)1 δ/ppm: 31.9 (C(CH3)3), 34.0 (C(CH3)3), 115.8 (Cm), 126.4 (Co), 141.1 (Cp), 

156.7 (C–OH); 31P{1H} NMR (C6D6, 162 MHz, 298 K) δ/ppm: 75.1.  

                                                      
1 The remaining 13C resonances of the PCy3 ligands could not be assigned due to the overlapping signals in the mixture of 

8a/8b which could not be resolved by HSQC, HMBC or DEPT NMR experiments. 
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5.3.7 Competition and Inhibition Reactions 

 

Intermolecular C–H bond versus C–O bond activation: In a dinitrogen glovebox, [Ru(H)2(N2)2(PCy3)2] 

(1) (200 µL, 0.07 M, C6D6, 1 equiv), 2,6-dimethoxyacetophenone (3a) (120 µL, 0.23 M, C6D6, 2 equiv), 

2,2-dimethypropiophenone (4.7 μL, 0.028 mmol, C6D6, 2 equiv) and ferrocene (80  µL, 0.17 M, 1 equiv) 

were added by micropipette into a J. Young NMR tube and the solvent volume was made up to 600 µL 

with C6D6. The J. Young NMR tube was sealed and the reaction left at 25 °C for 24 h with a colour 

change from straw yellow to deep red observed. The reaction was monitored by 1H-NMR and 31P{1H}-

NMR spectroscopy and yields calculated against the internal standard-ferrocene. 4c was observed at 

>99 % yield, 3c-H2 was observed in 59 % yield and 3a-H2 was observed in 27 % yield.  

In situ NMR data for 4c: 1H NMR (C6D6, 400 MHz, 298 K) δ/ppm:  ‒14.76 (t, JHP = 25.7 Hz, 1H, 

RuH), 0.86 ‒ 1.03 (m, 6H, Cy), 1.20 ‒ 1.35 (m, 12H, Cy),  1.40 ‒ 2.00 (m, 42H, Cy), 1.52 (s, 9H, 

C(CH3)3), 2.10 ‒ 2.25 (m, 6H, Cy), 6.77 (t, JHH = 7.4 Hz, 1H, ArHm), 7.00 (m, 1H, ArHp), 7.96 (dd, JHH 

= 8.1 Hz and 1.3 Hz, 1H, ArHo), 8.21 (d, JHH = 7.6 Hz, 1H, ArHm); 13C{1H} NMR (C6D6, 125 MHz, 

298 K) δ/ppm: 27.4 (m, Cy), 29.3 (C(CH3)3), 29.7 (s, Cy), 30.1 (s, Cy), 36.1 (t, 1JCP = 8.4 Hz), 43.6 

(C(CH3)3), 117.8 (Cm), 128.7 (Cp), 130.5 (Co), 144.9 (Cm), 209.6 (Ru–C), 211.4 (C=O); 31P{1H} NMR 

(C6D6, 162 MHz, 298 K) δ/ppm: 36.9. FT-IR (ν/cm-1): 2046 (Ru–H), 2089 (N≡N). Elemental 

Analysis calc. for C47H80N2O2P2Ru C, 66.24; H 9.46; N, 3.29 found C, 66.33; H, 9.27; N, 3.15. 

In situ NMR data for 3c-H2: 1H NMR (C6D6, 400 MHz, 298 K) δ/ppm:  0.91 (s, 9H, C(CH3)3), 4.05 

(d, JHH = 2.9 Hz, 1H, CH), 7.09-7.21 (m, 5H, ArH); 13C{1H} NMR (C6D6, 125 MHz, 298 K) δ/ppm: 

26.1 (C(CH3)3), 35.6 (C(CH3)3), 82.13 (CH), 128.0 (CAr).  

In situ NMR data for 3a-H2 same as above. 
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Complexation of CO versus N2 to ruthenium: In a dinitrogen glovebox, 

[RuH(N2)(o-C6H4C(O)OMe)(PCy3)2] (4a) (5 mg, 0.006 mmol) was weighed and dissolved in C6D6 (500 

μL) and transferred in to a J. Young NMR tube. A ferrocene internal standard capillary insert was added 

to the J. Young NMR tube. The J. Young NMR tube was sealed and removed from the glovebox. The 

reaction mixture was subjected to a freeze-pump-thaw procedure and then exposed to a CO atmosphere 

(1.05 bar) resulting in an immediate colour change from orange to straw yellow. 1H and 31P{1H}-NMR 

confirmed full conversion of 4a into [RuH(CO)(o-C6H4C(O)OMe)(PCy3)2] (4a-CO). The solvent and 

excess CO was removed in vacuo leaving a yellow solid. [RuH2(N2)2(PCy3)2] (1) (100 µL, 0.07 M) was 

added by micropipette into the J. Young NMR tube and the solution volume was made up to 500 µL 

with C6D6 then the reaction mixture was heated at 40 °C for 24 h. The reaction was monitored by 

1H-NMR and 31P{1H}-NMR spectroscopy and yields calculated against the internal standard. 4a was 

observed at <10 % yield.  

In situ NMR data for 4a-CO: 1H NMR (C6D6, 400 MHz, 298 K) δ/ppm:  ‒15.19 (t, JHP = 23.4 Hz, 1H, 

RuH), 0.91 ‒ 2.37 (m, 66H, Cy), 2.88 (s, 3H, CH3), 3.36 (s, 3H, OCH3), 6.21 (d, JHH = 7.8 Hz, 1H, 

ArHm), 7.12 (t, JHH = 7.4 Hz, 1H, ArHp), 8.00 (d, JHH = 7.1 Hz, 1H, ArHm); 31P{1H} NMR (C6D6, 162 

MHz, 298 K) δ/ppm: 41.9.  

In situ NMR data for 4a same as above. 

In situ NMR data for 5-N2 same as above. 
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Conversion of 6b into 7b and 8b: In a dinitrogen glovebox, [RuH(κ1- OC6H5C(CH3)3)(N2)(PCy3)2] (6b) 

(15 mg, 0.02 mmol) was dissolved in benzene (1.8 mL) and transferred into a J. Young NMR tube along 

with ferrocene (50 µL, 0.17 M). The J. Young NMR tube was sealed and removed from the glovebox. 

The reaction mixture was subjected to a freeze-pump-thaw procedure and then exposed to a dihydrogen 

atmosphere (1.01 bar). The reaction was monitored by 1H-NMR and 31P{1H}-NMR spectroscopy and 

yields calculated against ferrocene showing the conversion of 6b into 7b and 8b. 

In situ NMR data for 6b, 7b and 8b same as above. 

 

 

 

[Ru] complex Ru : 3a 
Temp / 

°C 

Time / 

h 
Atmosphere 

Yield 4a / 

% 

T1/2 / 

ha 

[Ru(H)2(N2)2(PCy3)2] 1 : 2 25 72 N2 35 n/a 

[Ru(H)2(N2)2(PCy3)2] 1 : 2 40 24 N2 52 6.0 

[Ru(H)2(N2)2(PCy3)2] 1 : 2 40 5 Ar 50 1.6 

[Ru(H)2(η2-H2)2(PCy3)2] 1 : 2 25 24 H2 0 n/a 

[Ru(H)2(η2-H2)2(PCy3)2] 1 : 2 25 24 Ar 0 n/a 

[Ru(H)2(η2-H2)2(PCy3)2] 1 : 4 25 24 Ar 0 n/a 

a Time taken for 25 % of 4a to form in C–O cleavage reaction  

Table S 5.1. Comparison of C–O cleavage reactions under different conditions. 
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5.3.8 Directing group 

 

Reaction of 1 with 2d:  In a dinitrogen glovebox, [Ru(H)2(N2)2(PCy3)2] (1) (200 µL, 0.07 M, C6D6, 1 

equiv), 1-(2-methoxyphenyl)-2,2-dimethyl-1-propanone (2d) (120 µL, 0.23 M, C6D6, 2 equiv) and 

ferrocene (80 µL, 0.17 M, C6D6, 1 equiv) were added by micropipette into a J. Young NMR tube and 

the solvent volume was made up to 600 µL with C6D6. The J. Young NMR tube was sealed and the 

reaction left at 25 °C for 3 days with a colour change from straw yellow to orange observed. The reaction 

was monitored by 1H-NMR and 31P{1H}-NMR spectroscopy and yields calculated against internal 

standards; ferrocene for 1H-NMR.  

In situ NMR data for 4d: 1H NMR (C6D6, 400 MHz, 298 K) δ/ppm: ‒14.16 (t, JHP = 26.2 Hz, 1H, 

RuH), 1.23 ‒ 2.24 (m, 6H, Cy), 1.65 (s, 9H, C(CH3)3), 3.39 (s, 3H, OCH3), 6.08 (d, JHH = 7.8 Hz, 1H, 

ArHm), 7.02 (t, JHH = 7.9 Hz, 1H, ArHp), 7.87 (d, JHH = 7.3 Hz, 1H, ArHm); 13C{1H} NMR (C6D6, 

125 MHz, 298 K) δ/ppm: 26.9 (C(CH3)3), 27.8 (m, Cy), 28.0 (s, Cy), 30.0 (s, Cy), 37.1 (m, Cy), 45.4 

(C(CH3)3), 53.2 (OCH3), 101.0 (Cm), 134.96 (Cp), 137.9 (Cm), 210.80 (C=O), 211.4 (Ru–C); 31P{1H} 

NMR (C6D6, 162 MHz, 298 K) δ/ppm: 36.5. 

In situ NMR data for 2d-H2: 1H NMR (C6D6, 400 MHz, 298 K) δ/ppm: 1.04 (s, 9H, C(CH3)3), 3.23 

(s, 3H, OCH3), 4.88 (d, JHH = 5.0 Hz, 1H, CH), 6.50 (d, JHH = 8.2 Hz, 1H, ArHm), 6.88 (m, 1H, ArHm), 

7.07 (m, 1H, ArHp), 7.41 (dd, JHH = 7.6 Hz and 1.6 Hz, 1H, ArHo); 13C{1H} NMR (C6D6, 125 MHz, 

298 K) δ/ppm: 26.2 (C(CH3)3), 44.7 (C(CH3)3), 54.6 (OCH3), 76.1 (CH), 111.1 (Cm), 120.4 (Cm), 129.6 

(CO), 155.7 (COCH3). 
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Figure S 5.20. 31P {1H} NMR (C6D6, 400 MHz, 298 K) stack plot for C–H activation of 1-(2-methoxyphenyl)-

2,2-dimethyl-1-propanone 

Figure S 5.19. 1H NMR (C6D6, 400 MHz, 298 K) stack plot for C–H activation of 1-(2-methoxyphenyl)-2,2-

dimethyl-1-propanone 
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Reaction of 1 with 9a:  In a dinitrogen glovebox, [Ru(H)2(N2)2(PCy3)2] (1) (10 mg, 0.01 mmol), and (2-

methoxyphenoxy)diphenylsilane (9a) (4.2 mg, 0.01 mmol) were dissolved in C6D6 (600 µL) and 

transferred into J. Young NMR tube. Reaction was left at 25 °C and monitored by 1H and 31P{1H}-

NMR spectroscopy. 

In situ NMR data data for 10a-H2: 1H NMR (Tol-D8, 400 MHz, 298 K) δ/ppm: ‒8.48 (br s, 3H, RuH 

and RuSiH), 0.88‒1.97 (m, 66H, Cy), 3.52 (s, 3H, CH3), 6.65 (m, 3H, ArH), 6.90 (d, JHH = 7.6 Hz,1H, 

ArHm), 7.13 (m, 2H, Ph), 7.25 (m, 4H, Ph), 8.04 (m, 4H, Ph); 13C{1H}-NMR (Tol-D8, 125 MHz, 298 

K) δ/ppm: 27.3 (Cy), 28.2 (Cy), 30.5 (Cy) 38.4 (Cy), 55.9 (CH3), 113.2 (Ar), 119.6 (Ar), 121.2 (Ar), 

121.4 (Ar), 127.1 (Ph), 127.5 (Ph), 135.3 (Ph), 148.1 (C(O)Si), 150.9 (SiC), 152.4 (C(OCH3)); 31P{1H} 

NMR (Tol-D8, 162 MHz, 298 K) δ/ppm: 53.0; 29Si (Tol-D8, 99 MHz, 298 K,) δ/ppm: 14.3. T1 min 

(Tol-D8, 400 MHz) = 45.1 ms (Ru–H). 

In situ 1H NMR data for 10a-N2 same as 10b-H2; 31P{1H} NMR (C6D6, 162 MHz, 298 K) δ/ppm: 44.6 

In situ NMR data for 11a2: 1H NMR (C6D6, 400 MHz, 298 K) δ/ppm: -8.31 (td, 2H, JHP = 15.0 Hz 

and JHH = 5.9 Hz, RuH), -8.88 (br s, 1H, RuSiH); 31P{1H} NMR (C6D6, 162 MHz, 298 K) δ/ppm: 76.5; 

29Si (Tol-D8, 99 MHz, 298 K,) δ/ppm: 40.6. 

  

                                                      
2 NMR data incomplete as product never isolated cleanly 
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Figure S 5.21. 1H NMR (C6D6, 400 MHz, 298 K) (Bottom) 10a-H2. (Top and middle) stack plot of reaction 1 

with 9a. 

 

 
Figure S 5.22. 31P {1H} NMR (C6D6, 400 MHz, 298 K) (Bottom) 10a-H2. (Top and middle) stack plot of 

reaction 1 with 9a. 
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Reaction of 1 with 9b:  In a dinitrogen glovebox, [Ru(H)2(N2)2(PCy3)2] (1) (10 mg, 0.01 mmol), and 

(2,6-dimethoxyphenoxy)diphenylsilane (9b) (4.7 mg, 0.01 mmol) were dissolved in C6D6 (600 µL) and 

transferred into J. Young NMR tube. Reaction was left at 25 °C and monitored by 1H and 31P{1H}-

NMR spectroscopy. 

In situ NMR data for 10b-H2
3: 1H NMR (C6D6, 400 MHz, 298 K) δ/ppm: ‒8.49 (br s, 3H, RuH and 

RuSiH), 0.96‒2.08 (m, 66H, Cy), 3.27 (s, 6H, OCH3), 6.37 (d, JHH = 8.2 Hz, 2H, ArHm), 6.73 (t, JHH = 

7.1 Hz, 1H, ArHp), 7.30 (t, JHH = 7.4 Hz, 4H, Ph), 7.87 (m, 2H, Ph), 8.12 (d, JHH = 7.4 Hz, 4H, Ph; 

31P{1H} NMR (C6D6, 162 MHz, 298 K) δ/ppm: 53.0. 

In situ 1H NMR data for 10b-N2 same as 10b-H2; 31P{1H} NMR (Tol-D8, 162 MHz, 298 K) δ/ppm: 

44.7. 

In situ NMR data for 11b: 1H-NMR (C6D6, 400 MHz, 298 K) δ/ppm: ‒8.26 (td, 2H, JHP = 15.0 Hz and 

JHH = 2.9 Hz, RuH), ‒8.49 (br s, 1H, RuSiH); 31P{1H} NMR (C6D6, 162 MHz, 298 K) δ/ppm: 77.4; 

29Si (Tol-D8, 99 MHz, 298 K,) δ/ppm: 46.8. 

  

                                                      
3 NMR for both 10a and 11b incomplete  
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Figure S 5.23. 1H NMR (C6D6, 400 MHz, 298 K) stack plot of reaction 1 with 9b 

 

 

 
Figure S 5.24. 31P {1H} NMR (C6D6, 400 MHz, 298 K) stack plot of reaction 1 with 9b 
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Reaction of 1 with benzofuran:  In a dinitrogen glovebox, [Ru(H)2(N2)2(PCy3)2] (1) (10 mg, 0.01 mmol), 

and benzofuran (1.5 μL, 0.01 mmol) were dissolved in C6D6 (600 µL) and transferred into J. Young 

NMR tube. Reaction was left at 25 °C and monitored by 1H and 31P{1H}-NMR spectroscopy. 

In situ NMR data for 12: 1H NMR (C6D6, 400 MHz, 298 K) δ/ppm: ‒15.58 (br s, 1H, RuH), 0.98‒1.30 

(m, 20H, Cy), 1.53‒1.77 (m, 28H, Cy), 1.92‒2.08 (m, 18H, Cy), 6.55 (s, 1H, CH), 7.01 (t , JHH = 7.6 

Hz, 1H, ArH), 7.06 (m, 1H, ArH), 7.51 (dd, JHH = 7.6 and 2.3 Hz, 2H, ArH) ; 31P{1H} NMR (C6D6, 162 

MHz, 298 K) δ/ppm: 41.2. 

 

 

Figure S 5.25. 1H NMR (C6D6, 400 MHz, 298 K) reaction of 1 with benzofuran 
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Figure S 5.26. 31P {1H} NMR (C6D6, 400 MHz, 298 K) reaction of 1 with benzofuran 

 

 

 

 

Reaction of 1 with solketal:  In a dinitrogen glovebox, [Ru(H)2(N2)2(PCy3)2] (1) (10 mg, 0.01 mmol), 

and solketal (2.0 μL, 0.01 mmol) were dissolved in C6D6 (600 µL) and transferred into J. Young NMR 

tube. Reaction was left at 25 °C and monitored by 1H and 31P{1H} NMR spectroscopy. 

In situ NMR data for 13: 1H NMR (C6D6, 400 MHz, 298 K) δ/ppm: –7.06 (br s, 2H, RuH), 1.12‒2.24 

(m, 66H, Cy), 2.08 (s, 6H, C(CH3)2), 3.52 (s , 2H, CH2); 31P{1H} NMR (C6D6, 162 MHz, 298 K) δ/ppm: 

71.9. 
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Figure S 5.27. 1H NMR (C6D6, 400 MHz, 298 K) stack plot of reaction 1 with solketal 

 

 

Figure S 5.28. 31P {1H} NMR (C6D6, 400 MHz, 298 K) stack plot of reaction 1 with solketal 
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5.4 CHAPTER THREE: EXPERIMENTAL 

5.4.1 Materials 

 The synthesis of the pro-ligands MesBDIH12 and DippBDIH,12 and the series of β-diketiminate 

stabilised main group complexes: 
MesBDIAl(H)(Cl),13 DippBDIMgH,14 DippBDIZnH15 and DippBDICaH16 

were all prepared according to literature procedures. Solvents were freeze-pump-thaw degassed and 

stored over 3 Å molecular sieves prior to use. Chemicals purchased from Sigma Aldrich, Alfa Aesar 

and Fluorochem and used without further purification unless stated. 

5.4.2 Synthesis of Heterobimetallics 

1.1.1.3 M•Ru-H2 

 

Synthesis of M•Ru-H2: In a dinitrogen glovebox, ArBDIMH (Al = 56 mg, Zn = 67 mg, Mg = 62 mg, 

0.14 mmol, 1 equiv) and 1 (100 mg, 0.14 mmol, 1 equiv) were weighed into a scintillation vial and 

dissolved in toluene (2 mL). The reaction mixture was left to stir overnight at 25 °C. The solvent was 

removed in vacuo to give an oily substance which was triturated with pentane (3 × 2 mL) until a solid 

was obtained. The solid was redissolved in toluene (600 μL) and transferred into a J.Young NMR tube. 

The reaction mixture was subjected to freeze-pump-thaw procedure then H2 (1 atm.) was added to the 

tube to cleanly form the M•Ru-H2 complexes.4 Solvent removed in vacuo and the resulting oil was 

triturated with cold pentane till a powdery solid was isolated (Al: 35 mg, 47 %; Zn: 42 mg; 52 % Mg; 

42 mg, 54 %).  

Al•Ru-H2 

1H NMR (Tol-D8, 400 MHz, 298K) δ/ppm: ‒10.85 (br s, 5H, Ru–H), 1.04‒1.47 (m, 32H, Cy), 1.56 

(s, 6H, CCH3), 1.67‒1.94 (m, 34H, Cy), 2.19 (s, 6H, p-ArCH3), 2.37 (s, 6H, o-ArCH3), 2.73 (s, 6H, o-

ArCH3), 5.33 (s, 1H, CH), 6.82 (s, 2H, ArHm), 6.86 (s, 2H, ArHm). 

31P{1H} NMR (Tol-D8, 162 MHz, 298K) δ/ppm: δ 55.9 (br s). 

                                                      
4 Due to the sensitivity of M•Ru-H2 complexes, repeated attempts to acquire CHN analysis failed to provide 

satisfactory results 
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13C {1H} NMR (125 MHz, 298 K, Tol-D8) δ/ppm: 20.9 (o-ArCH3), 21.1 (p-ArCH3), 21.3 (o-ArCH3), 

23.9 (CCH3), 27.2 (Cy), 28.4 (Cy), 30.9 (Cy), 38.8 (Cy), 101.9 (CH), 130.5 (Cm), 141.8 (Cp), 144.8 (Co), 

161.0 (Ci), 168.3 (NCCH3). 

T1 minimum (Tol-D8, 400 MHz, 273 K) = 36 ms (combined Ru–H and H–H). 

 

Zn•Ru-H2 

1H NMR (Tol-D8, 400 MHz, 298K) δ/ppm: ‒10.32 (br s, 5H, Ru–H), 1.14‒1.30 (m, 26H, Cy), 1.21 

(d, 3JH H= 6.8 Hz, 12H, CH(CH3)2), 1.48 (d, 3JHH = 6.8 Hz, 12H, CH(CH3)2), 1.59 (s, 6H, CCH3), 1.61‒

1.92 (m, 40H, Cy), 3.40 (hept, 4H, 3JHH = 6.7 Hz, CH(CH3)2), 4.95 (s, 1H, CH), 7.15 (m, 6H, ArH). 

13C{1H} NMR (Tol-D8, 126 MHz, 298K) δ/ppm : 23.5 (C(CH3)2), 25.3 (CCH3), 25.4 (C(CH3)2), 27.4 

(Cy), 28.7 (Cy), 29.1 (C(CH3)2), 29.9 (Cy), 39.8 (Cy), 96.7 (CH), 123.6 (Cm), 125.8 (Cp), 142.1 (Co), 

147.5 (Ci), 168.4 (CCH3).  

31P NMR (Tol-D8, 162 MHz, 298K) δ/ppm: δ 59.6 (s). 

T1 minimum (Tol-D8, 400 MHz, 253 K) = 35 ms (combined Ru–H and H–H). 

 

Mg•Ru-H2 

1H NMR (Tol-D8, 400 MHz, 298K) δ/ppm: ‒10.71 (br s, 5H, Ru–H), 1.13‒1.27 (m, 26H, Cy), 1.21 

(d, 3JHH = 6.8 Hz, 12H, CH(CH3)2), 1.50 (d, 3JHH = 6.8 Hz, 12H, CH(CH3)2), 1.57 (s, 6H, CCH3), 1.63‒

1.93 (m, 40H, Cy), 3.33 (hept, 4H, 3JHH = 7.2 Hz, CH(CH3)2), 4.91 (s, 1H, CH), 7.14 (m, 6H, ArH). 

13C{1H} NMR (Tol-D8, 126 MHz, 298K) δ/ppm : 23.6 (C(CH3)2), 25.1 (CCH3), 25.5 (C(CH3)2), 27.4 

(Cy), 28.7 (Cy), 29.3 (C(CH3)2), 30.0 (Cy), 39.7 (Cy), 96.6 (CH), 123.6 (Cm), 125.7 (Cp), 142.0 (Co), 

147.2 (Ci), 169.7 (CCH3).  

31P NMR (Tol-D8, 162 MHz, 298K) δ/ppm: δ 60.0 (s). 

T1 minimum (Tol-D8, 400 MHz, 193 K) = 52 ms (combined Ru–H and H–H). 

 

1.1.1.4 M•Ru-N2 
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Synthesis of M•Ru-N2: In a dinitrogen glovebox, ArBDIMH (Al = 56 mg, Zn = 67 mg, Mg = 62 mg, 

0.14 mmol, 1 equiv) and 1 (100 mg, 0.14 mmol, 1 equiv) were weighed into a scintillation vial and 

dissolved in toluene (2 mL). The reaction mixture was left to stir overnight at 25 °C. The solvent was 

removed in vacuo to give an oily substance which was extracted with pentane (3 × 2 mL) until a solid 

was obtained. The solid was redissolved in mixture of toluene (1 mL) and pentane (1 mL) and filtered 

through micro-glass fibre into a scintillation vial then left to slowly evaporate in the glovebox 

atmosphere. Crystals suitable for X-ray crystallography were obtained as yellow blocks for Zn•Ru-N2 

and Mg•Ru-N2 and as colourless blocks for Al•Ru-N2. Clean formation and/or separation of M•Ru-N2 

from M•Ru-H2 and M•Ru was unsuccessful after multiple methods of synthesis and attempts.5  

 

Al•Ru-N2 

In situ 1H NMR (C6D6, 400 MHz, 298K) δ/ppm: ‒15.81 (br s, 1H, Ru–H), ‒11.95 (br, 2H, Ru–H), 

1.18‒1.56 (m, 30H, Cy), 1.60 (s, 6H, CCH3), 1.66 (m, 36H, Cy), 2.22 (s, 6H, ArCH3), 2.45 (br s, 6H, 

ArCH3), 2.80 (s, 6H, ArCH3), 5.46 (s, 1H, CH), 6.87 (s, 2H, ArH), 6.90 (s, 2H, ArH). 

In situ 31P-NMR (C6D6, 162 MHz, 298K) δ/ppm: δ 51.8 (br s), 38.5 (br s). 

T1 minimum (Tol-D8, 400 MHz, 273 K) = 214 ms (Ru–H) and 232 ms (Ru–H).  

FT-IR (ν/cm-1) = 2160 (N≡N) and 1606 (Ru–H). 

 

Zn•Ru-N2 

In situ 1H NMR (Tol-D8, 500 MHz, 273K) δ/ppm: ‒15.67 (tt, 2JHP = 21.1Hz and 2JHH = 7.7 Hz, 1H, 

Ru–H), -11.35 (m, 2H, Ru–H); In situ 1H NMR (Tol-D8, 500 MHz, 298K) δ/ppm: ‒15.69 (m, 1H, Ru–

H), ‒11.36 (m, 2H, Ru–H), 1.15‒1.30 (m, 26H, Cy), 1.21 (d, 3JHH = 6.8 Hz, 12H, CH(CH3)2), 1.26 (d, 

3JHH = 6.8 Hz, 12H, CH(CH3)2), 1.59 (s, 3H, CCH3), 1.62 (s, 3H, CCH3), 1.62‒19.2 (m, 40H, Cy), 3.45 

(m, 4H, CH(CH3)2), 4.88 (s, 1H, CH), 7.09–7.25 (m, 6H, ArH). 

In situ 31P NMR (Tol-D8, 162 MHz, 298K) δ/ppm: δ 46.6 (br s). 

T1 minimum (Tol-D8, 400 MHz, 273 K) = 272 ms (Ru–H) and 347 ms (Ru–H). 

FT-IR (ν/cm-1) = 2135 (N≡N) and 1907 (Ru–H). 

 

Mg•Ru-N2 

                                                      
5 Unambiguous assignment of the 13C{1H} NMR data was not possible as samples always contained a mixture of all three 

complexes. 



 

[219] 
 

In situ 1H NMR (Tol-D8, 500 MHz, 273K) δ/ppm: ‒15.17 (tt, 2JHP = 17.8 Hz and 2JHH = 9.2 Hz, 1H, 

Ru–H), ‒12.77 (m, 2H, Ru–H); In situ 1H NMR (Tol-D8, 400 MHz, 298K) δ/ppm: ‒15.20 (tt, 1H, 

2JHP=17.9 Hz and 2JHH=9.4 Hz, Ru–H), ‒11.40 (m, 2H, Ru–H), 1.19 (d, 3JHH = 6.9 Hz, 12H, CH(CH3)2), 

1.19‒1.23 (m, 26H, Cy), 1.25 (d, 3JHH = 6.8 Hz, 12H, CH(CH3)2), 1.50 (s, 6H, CCH3), 1.58-2.03 (m, 

40H, Cy), 3.40 (hept, 4H, 3JHH = 6.8 Hz, CH(CH3)2), 4.86 (s, 1H, CH), 7.08–7.20 (m, 6H, ArH). 

In situ 31P NMR (Tol-D8, 162 MHz, 298K) δ/ppm: δ 45.6 (s). 

T1 minimum (Tol-D8, 400 MHz, 273 K) = 371 ms (Ru–H) and 471 ms (Ru–H). 

FT-IR (ν/cm-1) = 2130 (N≡N) and 1854 (Ru–H). 

1.1.1.5 M•Ru 

 

Synthesis of 5: In a dinitrogen glovebox, DippBDIMH (Zn = 6.7 mg, Mg = 6.2 mg 0.01 mmol, 1 equiv) 

and 1 (10 mg, 0.01 mmol, 1 equiv) were weighed into a scintillation vial and dissolved in C6D6 (600 

μL) and then transferred into J. Young NMR tube and left overnight at 25 °C. Clean formation and/or 

separation of the intermediate M•Ru from M•Ru-N2 and M•Ru-H2 was unsuccessful after multiple 

methods of synthesis and attempts.6 

 

Zn•Ru 

In situ 1H NMR (Tol-D8, 500 MHz, 298K) δ/ppm: ‒10.80 (br s, 3H, Ru–H), 4.89 (s, 1H, CH). 

In situ 31P NMR (Tol-D8, 162 MHz, 298K) δ/ppm: 64.5 (s). 

T1 minimum (Tol-D8, 400 MHz, 233 K) = 49 ms (Ru–H). 

 

Mg•Ru 

In situ 1H NMR (Tol-D8, 400 MHz, 298K) δ/ppm: ‒11.10 (br s, 3H, Ru–H), 4.81 (s, 1H, CH). 

                                                      
6 Unambiguous assignment of the 1H NMR and 13C{1H} NMR spectra data was not possible as samples always contained a 

mixture of all three complexes 
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In situ 31P NMR (Tol-D8, 162 MHz, 298K) δ/ppm: δ 69.3 (s). 

T1 minimum (Tol-D8, 400 MHz, 213 K) = 100 ms (Ru–H). 

 

The short T1 minimum measurements acquired for Zn•Ru and Mg•Ru complexes is postulated to be 

the result of an equilibrium existing between M•Ru and M•Ru-H2 species thereby averaging a shorter 

T1 time than expected and/or a fluxional process between the bridging and terminal hydrides via a 

mechanism that goes through a ruthenium dihydrogen intermediate.  

 

Figure S 5.29. Postulated exchange mechanism between the Ht and Hμ hydrides 

 

5.4.3 Substitution reaction 

1.1.1.6 CO 

 

In dinitrogen glovebox 1 (200 μL, 0.07 M, C6D6) and BDIArMH (400 μl, 0.035 M, C6D6) were added 

into a J.Young NMR and left to react overnight at 25 °C. The reaction was checked to ensure all starting 

materials were consumed by NMR. Reaction was subjected to freeze-pump-thaw procedure × 3 then 
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CO gas (1 atm) was added to the reaction. Formation of three new species observed in NMR: the 

previously reported [Ru(H)2(CO)2(PCy3)2]17 and complexes M•Ru-CO and M•Ru(CO)2.7 

 

 

Al•Ru-CO 

In situ 1H-NMR (C6D6, 400 MHz, 298K) δ/ppm: ‒12.16 (m, 2H, Ru–H), ‒9.05 (s, Ru–H), 1.59 (s, 

12H, C(CH3), 2.25 (s, 6H, CH3), 2.80 (s, 6H, CH3), 5.43 (s, 1H, CH), 6.93 (s, 4H, ArH). 

In situ 31P-NMR (C6D6, 162 MHz, 298K) δ/ppm: δ 59.2 (br s) and 40.9 (br s). 

 

Al•Ru-(CO)2 

In situ 1H NMR (C6D6, 400 MHz, 298K) δ/ppm: ‒9.93 (br s, 2H, Ru–H), ‒9.39 (br d, 2JHP = 55.6 Hz, 

1H, Ru–H), 1.67 (s, 12H, C(CH3), 2.39 (s, 6H, CH3), 2.74 (s, 6H, CH3), 5.22 (s, 1H, CH), 6.89 (m, 4H, 

ArH).  

In situ 31P NMR (C6D6, 162 MHz, 298K) δ/ppm: δ 59.2 (s). 

Zn•Ru-CO 

In situ 1H NMR (C6D6, 400 MHz, 298K) δ/ppm: ‒12.08 (m, 2H, Ru–H), ‒9.13 (tt, 2JHP = 21.1 Hz and 

2JHH = 8.0 Hz, 1H, Ru–H), 3.41 (m, 4H, CH(CH3)2), 4.96 (s, 1H, CH). 

In situ 31P NMR (C6D6, 162 MHz, 298K) δ/ppm: δ 51.3 (s). 

 

Zn•Ru-(CO)2 

In situ 1H NMR (C6D6, 400 MHz, 298K) δ/ppm: ‒9.73 (dt, 2JHP = 43.5 Hz and 2JHH = 7.4 Hz, 1H, Ru–

H), ‒9.52 (m, 2H, Ru–H), 3.35 (m, 4H, CH(CH3)2), 5.02 (s, 1H, CH). 

In situ 31P NMR (C6D6, 162 MHz, 298K) δ/ppm: δ 63.6 (s). 

 

 

 

                                                      
7 1H-NMR and 13C-NMR spectra assignment incomplete as sample always contained a mixture of heterobimetallic complexes 
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Mg•Ru-CO 

In situ 1H NMR (C6D6, 400 MHz, 298K) δ/ppm: ‒13.46 (m, 2H, Ru–H), ‒8.96 (td, 2JHP = 16.1 Hz and 

2JHH = 8.6 Hz, 1H, Ru–H), 3.43 (m, 4H, CH(CH3)2), 4.92 (s, 1H, CH). 

In situ 31P NMR (C6D6, 162 MHz, 298K) δ/ppm: δ 49.3 (s). 

 

Mg•Ru-(CO)2 

In situ 1H NMR (C6D6, 400 MHz, 298K) δ/ppm: ‒10.85 (dt, 2JHP = 56.9 Hz and 2JHH = 9.1 Hz, 1H, 

Ru–H), ‒10.23 (m, 2H, Ru–H), 3.32 (m, 4H, CH(CH3)2), 5.00 (s, 1H, CH). 

In situ 31P NMR (C6D6, 162 MHz, 298K) δ/ppm: δ 63.8 (s). 
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Figure S 5.30. 1H NMR spectra stack plot of reaction of Zn•Ru heterobimetallic complexes with CO. Only Ru–

H region shown for clarity. 

 

Figure S 5.31. 31P{1H} NMR spectra stack plot of reaction of Zn•Ru heterobimetallic complexes with CO 
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Figure S 5.32. 1H NMR spectra stack plot of reaction of Mg•Ru heterobimetallic complexes with CO. Only 

Ru–H region shown for clarity. 

 

Figure S 5.33. 31P{1H) NMR spectra stack plot of reaction of Mg•Ru heterobimetallic complexes with CO 
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1.1.1.7 Isonitrile 

 

In dinitrogen glovebox 1 (200 μL, 0.07 M, C6D6) and BDIArMH (400 μl, 0.035 M, C6D6) were added 

into a J.Young NMR and left to react overnight at 25 °C. The reaction was checked to ensure all starting 

materials were consumed by NMR. 2,6-dimethylphenylisonitrile (1.8 mg, 0.01 mmol) was added to the 

reaction mixture. Retention of M•Ru-H2 and M•Ru in the reaction and formation of M•Ru-NC.8 

Al•Ru-NC 

In situ 1H NMR (C6D6, 400 MHz, 298K) δ/ppm: ‒10.26 (br s, 2H, Ru–H), ‒9.60 (br d, 2JHP = 56.1 Hz, 

1H, Ru–H), 5.29 (s, 1H, CH). 

In situ 31P NMR (C6D6, 162 MHz, 298K) δ/ppm: δ 62.2 (s). 

 

Zn•Ru-NC 

In situ 1H NMR (C6D6, 400 MHz, 298K) δ/ppm: ‒9.84 (dd, 2JHP = 13.5 Hz and 2JHH = 6.7 Hz, 2H, Ru–

H), ‒9.56 (dt, 2JHP = 47.2 Hz and 2JHH = 6.7 Hz, 1H, Ru–H), 3.49 (m, 4H, CH(CH3)2), 5.02 (s, 1H, CH). 

In situ 31P NMR (C6D6, 162 MHz, 298K) δ/ppm: δ 64.6 (s). 

                                                      
8 1H-NMR and 13C-NMR spectra assignment incomplete as sample always contained a mixture of heterobimetallic complexes 
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Figure S 5.34. 1H NMR spectra stack plot of reaction of Al•Ru heterobimetallic complexes with 2,6-

dimethylphenylisonitrile. Only Ru–H region shown for clarity 

 

Figure S 5.35. 31P{1H} NMR spectra stack plot of reaction of Al•Ru heterobimetallic complexes with 2,6-

dimethylphenylisonitrile 
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Figure S 5.36. 1H NMR spectra stack plot of reaction of Zn•Ru heterobimetallic complexes with 2,6-

dimethylphenylisonitrile. Only Ru–H region shown for clarity. 

 

Figure S 5.37. 31P{1H} NMR spectra stack plot of reaction of Zn•Ru heterobimetallic complexes with 2,6-

dimethylphenylisonitrile 
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5.4.4 Variable Temperature NMR data 

 

Figure S 5.38. VT 1H NMR spectra on sample containing Al•Ru-N2 (major product) and Al•Ru-H2 (minor 

product) complexes. Only Ru–H region shown for clarity. 

 

Figure S 5.39. VT 31P{1H} NMR spectra on sample containing Al•Ru-N2 (major product) and Al•Ru-H2 (minor 

product) complexes. 
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Figure S 5.40. VT 31P{1H} NMR spectra of sample containing just the Al•Ru-H2 heterobimetallic complex as 

well as the by-product of the reaction of 1 with MesBDIAl(H)(Cl). 

 

Figure S 5.41. VT 1H NMR spectra on sample containing Zn•Ru-H2, Zn•Ru-N2 and Zn•Ru (minor) 

complexes. Only Ru–H region shown for clarity 
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Figure S 5.42. VT 31P{1H} NMR spectra on sample containing Zn•Ru-H2 and Zn•Ru-N2 complexes. 

 

Figure S 5.43. VT 1H NMR spectra on sample containing Mg•Ru-H2 (minor product), Mg•Ru-N2 and Mg•Ru 

complexes. Only Ru–H region shown for clarity 
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Figure S 5.44. VT 31P{1H} NMR spectra on sample containing Mg•Ru-H2 (minor), Mg•Ru-N2 and Mg•Ru 

complexes. 

 

 VT NMR data was fitted using line shape analysis with the DNMR programme integrated into 

Topsin v3.1. The 1H and 31P resonances of Mg•Ru-N2 and Zn•Ru-N2 were fitted over the 213 to 293 

K range with an initial line broadening factor of 20 Hz for 31P NMR. Fits for k were optimized to the 

experimental data with reasonable accuracy and the modelled data are presented below. 

 

Figure S 5.45. (a) Modelled VT 31P {1H} NMR on a sample of Mg•Ru-N2 (b) Eyring analysis of the modelled 

VT 31P{1H} NMR data 
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Figure S 5.46. (a) Modelled VT 31P {1H} NMR on a sample of Zn•Ru-N2 (b) Eyring analysis of the modelled 

VT 31P{1H} NMR data 

 

The calculated activation parameters for the exchange process are as follows: 

Mg•Ru-N2 

ΔH‡ = 45 ± 17 kJ mol-1, ΔS‡ = +28 ± 62 J K-1 mol-1, ΔG‡
298K = 37 ± 1.8 kJ mol-1. 

Zn•Ru-N2 

ΔH‡ = 45 ± 8.8 kJ mol-1, ΔS‡ = +28 ± 26 J K-1 mol-1, ΔG‡
298K = 37 ± 1.1 kJ mol-1. 

 

 

5.4.5 Kinetic Experiments 

 

In dinitrogen glovebox 1 (200 μL, 0.07 M, C6D6) was added into a J.Young NMR and the solution was 

frozen. Whilst the solution was still frozen BDIArMH (400 μl, 0.035 M, C6D6) and [(SiMe3)2]CH2 (1.5 

μL, 0.007 mmol) was added to the J.Young tube NMR and the whole solution was frozen. The reaction 

mixture was left to thaw whilst in the spectrometer. (Mg: 60 scan/h for 2 h, 6 scan/h for 2h, 2 scan/h 

for 8h (Run #2); Zn: 60 scan/h for 3 h). 
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5.4.6 D2 Labelling Experiments 

 

In a dinitrogen glovebox, DippBDIMH (Zn = 6.7 mg, Mg = 6.2 mg, 0.01 mmol, 1 equiv) and 1 (10 mg, 

0.01 mmol, 1 equiv) were weighed into a scintillation vial and dissolved in C6D6 (600 μL). The reaction 

mixture was left to react overnight at 25 °C. Reaction was subjected to freeze-pump-thaw procedure × 

3 then H2 (1 atm.) was added to the tube to cleanly form the M•Ru-H2 complexes. The reaction was 

then again subjected to freeze-pump-thaw procedure × 3 then D2 (1 atm.) was added to the tube to 

cleanly form a mixture of isotopomers of the dihydrogen heterobimetallic hydride complexes.  

 

Figure S 5.47. 1H NMR spectra stacked plot of D2 labelling experiment of Zn•Ru-H2 
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Figure S 5.48. 1H NMR spectra stacked plot of D2 labelling experiment of Mg•Ru-H2 
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5.4.7 DFT and QTAIM 

Calculations were conducted in Gaussian09 suite.18 All minima were confirmed by frequency 

calculations and solid-state data were used as an input for the atom coordinates. NBO calculations were 

run using NBO v5.9 within g09.19,20 The functional ωB97x-D21 was employed, Ru, Al, Mg and Zn 

centres were described with Stuttgart SDDAll RECPs and associated basis sets.22–24 6-31++G(d,3pd) 

basis set was used for all hydrides, 6-31G* basis set was used to describe C and H atoms and 6-311+G* 

basis set was used to describe N, P and Cl atoms.25–27 The topology of the electron density for selected 

systems within the QTAIM framework was carried out using the AIMALL software.28–30  

1.1.1.8 Thermodynamic Parameter 

 

 

  M•Ru M•Ru-H2 M•Ru-N2 

Al ΔG 0 ‒12.1 ‒6.1 

Zn ΔG 0 ‒8.1 ‒3.8 

Mg ΔG 0 ‒15.8 ‒12.4 

Table S 5.2. Calculated Gibbs free energy (kcal mol-1) of the complexes 
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1.1.1.9 NBO and QTAIM analysis 

  WBI  ρ  ∇2 

  Ru M  Ru M  Ru M 

Al 
Hµ 0.42 0.24  0.12 -  -1.22 - 

0.43 0.26  0.12 -  -1.17 - 

Ht 0.47 0.22  0.12 -  -1.17 - 

Zn 
Hµ 0.43 0.16  0.11 0.07  -1.08 -0.47 

0.44 0.14  0.10 0.06  -0.98 -0.43 

Ht 0.57   0.13   -1.36  

Mg 
Hµ 0.47 0.07  0.12 -  -1.12 - 

0.47 0.06  0.11 -  -1.05 - 

Ht 0.55   0.12   -1.17  

Table S 5.3. NBO analysis: Wiberg Bond Indices (WBI) and QTAIM analysis: Rho (ρ) and Laplacian squared 

(∇2) of M•Ru H2 

 

  WBI  ρ  ∇2 

  Ru M  Ru M  Ru M 

Al 
Hµ 0.42 0.26  0.12 -  -1.13 - 

0.43 0.26  0.12 -  -1.21 - 

Ht 0.50   0.12   -1.24  

Zn 
Hµ 0.43 0.15  0.11 0.06  -0.99 -0.39 

0.44 0.15  0.11 0.07  -1.07 -0.49 

Ht 0.57   0.14   -1.42  

Mg 
Hµ 0.46 0.08  0.11 0.03  -1.07 -0.02 

0.47 0.07  0.11 0.03  -1.10 -0.02 

Ht 0.57   0.12   -1.25  

Table S 5.4.  NBO analysis: Wiberg Bond Indices (WBI) and QTAIM analysis: Rho (ρ) and Laplacian squared 

(∇2) of M•Ru-N2 
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  WBI  ρ  ∇2 

  Ru M  Ru M  Ru M 

Zn 
Hµ 

0.44 0.17  0.10 0.07  -0.94 -0.48 

0.44 0.16  0.11 0.07  -1.01 -0.46 

Ht 0.76   0.16   -1.89  

Mg 
Hµ 

0.48 0.09  0.10 -  -0.96 - 

0.49 0.07  0.11 -  -1.10 - 

Ht 0.77   0.15   -1.74  

Table S 5.5. NBO analysis: Wiberg Bond Indices (WBI) and QTAIM analysis: Rho (ρ) and Laplacian squared 

(∇2) of M•Ru 

 

 

 

Figure S 5.49. NBO analysis of M•Ru-H2: (Red) NPA charge, (Blue) Wiberg Bond Index 

 

 

Figure S 5.50. QTAIM analysis: of M•Ru-H2. (Black) ρ, (Green) ∇2 
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Figure S 5.51. NBO analysis of M•Ru-N2: (Red) NPA charge, (Blue) Wiberg Bond Index 

 

 

Figure S 5.52. QTAIM analysis: of M•Ru-N2. (Black) ρ, (Green) ∇2 
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5.5 CHAPTER FOUR: EXPERIMENTAL 

5.5.1 Materials 

 Solvents were freeze-pump-thaw degassed and stored over 3 Å molecular sieves prior to use. 

Chemicals were purchased from Sigma Aldrich, Alfa Aesar and Fluorochem and used without further 

purification unless stated. The synthesis of the pro-ligands MesBDIH,12 DippBDIH,12 2,6-XylylBDIH,12 3,5-

XylylBDIH31 and  PhBDIH,31 the series of β-diketiminate stabilised aluminium complexes: MesBDIAl(H)2,13 

DippBDIAl(H)2,32 DippBDIAl(I),33 3,5-XylylBDIAl(H)2
13 and  PhBDIAl(H)2

13 were all prepared according to 

literature procedures.  

5.5.2 Synthesis of Al•Ru heterobimetallic hydride complexes 

 

 

Synthesis of MesAl•Ru: In a dinitrogen glovebox MesBDIAl(H)2 (5.0 mg, 0.01 mmol) and 

[Ru(H)2(N2)2(PCy3)2] (10 mg, 0.01 mmol) were weighed into a scintillation vial and dissolved in C6D6 

(600 μL) and then transferred into a J. Young NMR tube. Effervescence was observed along with a 

colour change from faint yellow to orange. Isolation of MesAl•Ru failed as this complex dimerised to 

form MesAl2•Ru2 at 25 °C. 

In situ 1H NMR (Tol-D8, 500 MHz, 213K) δ/ppm: ‒13.86 (br s, 1H, Ru–Hμ), ‒12.45 (br s, 1H, Ru– 

Hμ), ‒9.91 (br s, 1H, Ru–Ht), ‒9.32 (br s, 1H, Ru–Ht). In situ 1H NMR (Tol-D8, 500 MHz, 298K) 

δ/ppm: ‒8.78 ‒ ‒14.61 (br s, 4H, Ru–H), 1.33–1.16 (m, 18H, Cy), 1.37 (s, 6H, CCH3), 1.51–1.45 (m, 

12H, Cy), 1.77–1.70 (m, 6H, Cy), 1.89–1.81 (m, 12H, Cy), 2.11–2.02 (m, 18H, Cy), 2.20 (s, 6H, 

ArCH3), 2.32 (s, 12H, ArCH3),  4.98 (s, 1H, CH), 6.84 (s, 4H, ArH).  

In situ 13C{1H} NMR (C6D6, 126 MHz, 298K) δ/ppm: 20.1 (ArCH3), 21.1l (ArCH3), 24.1 (CCH3), 

27.7 (Cy), 28.9 (Cy), 30.7 (Cy), 40.9 (Cy), 100.3 (CH), 130.0 (Cm), 133.1 (Co), 135.3 (Ci), 142.8 (Cp), 

170.5 (CCH3).  

In situ 31P{1H} NMR (Tol-D8, 162 MHz, 213K) δ/ppm: 70.7 and  66.2. In situ 31P{1H} NMR (Tol-D8, 

162 MHz, 298K) δ/ppm: 69.9.  

Elemental analysis: Due to sensitivity of this complex repeated attempts to acquire CHN analysis failed 

to provide satisfactory results. 

T1(min)(Tol-D8, 313 K, 400 MHz) = 247 ms (Ru–H). 
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Synthesis of MesAl2•Ru2: In a dinitrogen glovebox, MesBDIAl(H)2 (25 mg, 0.07 mmol) and 

[Ru(H)2(N2)2(PCy3)2] (50 mg, 0.07 mmol) were weighed into an ampoule and dissolved in toluene (2 

mL) and sealed up. Immediate colour change from yellow to deep orange was observed along with 

effervescent. The mixture was left to stir at 40 °C for 24 h. The solvent was removed in vacuo leaving 

an orange/red solid. The solid was dissolved in pentane and filtered through micro-glass fibre into a 

small scintillation vial. Slow diffusion of the solvent resulted in formation of orange crystals (32 mg, 

61 %). 

1H NMR (Tol-D8, 500 MHz, 298K) δ/ppm: ‒14.20 (br s, 4H, Ru–H), 1.24–1.40 (m, 28H, Cy), 1.50 

(s, 12H, CCH3), 1.62–1.92 (m, 38H, Cy), 2.22–2.41 (m, 36H, ArCH3), 5.28 (s, 2H, CH), 6.83 (s, 8H, 

ArH). 

13C{1H} NMR (Tol-D8, 126 MHz, 298K) δ/ppm : 21.0 (ArCH3), 22.2 (ArCH3), 23.7 (CCH3), 27.3 

(Cy), 28.6 (Cy), 29.7 (Cy), 39.2 (Cy), 102.2 (CH), 129.6 (Cm), 133.7 (Co), 134.3 (Ci), 143.8(Cp), 168.9 

(CCH3).  

31P{1H} NMR (Tol-D8, 162 MHz, 298K) δ/ppm: δ 74.0.  

AT-IR (ν/cm-1): 1610 ‒ 1654 (Ru–H‒Al). 

Elemental Analysis Calc. for C82H134Al2N2P2Ru2: C, 66.19; H, 8.67; N, 3.77 found C, 65.93; H, 8.69; 

N, 3.60. 

T1(min)(Tol-D8, 273 K, 400 MHz) = 221 ms (Ru–H). 
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Synthesis of 2,6-XylylAl•Ru: In a dinitrogen glovebox 2,6-XylylBDIAl(H)2 (4.4 mg, 0.01 mmol) and 

[Ru(H)2(N2)2(PCy3)2] (10 mg, 0.01 mmol) were weighed into a scintillation vial and dissolved in C6D6 

(600 μL) and then transferred into a J. Young NMR tube. Effervescence was observed along with a 

colour change from faint yellow to orange. Isolation of 2,6-XylylAl•Ru failed as this complex dimerised 

to form 2,6-XylylAl2•Ru2 at 25 °C.9 

In situ 1H NMR (Tol-D8, 500 MHz, 298K) δ/ppm: ‒9.32 ‒ ‒14.14 (br s, 4H, Ru–H), 1.20–1.39 (br s, 

18H, Cy), 1.33 (s, 6H, CCH3), 1.42–2.23 (m, 48H, Cy), 2.36 (s, 12H, ArCH3), 4.95 (s, 1H, CH), 6.96 ‒ 

7.10 (m, 6H, ArH).  

In situ 31P{1H} NMR (Tol-D8, 162 MHz, 298K) δ/ppm: 70.0.  

 

 

Synthesis of 2,6-XylylAl2•Ru2: In a dinitrogen glovebox 2,6-XylylBDIAl(H)2 (6.2 mg, 0.02 mmol) and 

[Ru(H)2(N2)2(PCy3)2] (16 mg, 0.02 mmol) were weighed into a scintillation vial and dissolved in C6D6 

(600 μL) and then transferred into a J. Young NMR tube. Effervescence was observed along with a 

colour change from faint yellow to orange. Reaction was left at 25 °C for 1 week. Clean formation 

and/or separation of 2,6-XylylAl2•Ru2 from 
2,6-XylylAl•Ru was unsuccessful as full conversion of the 

monomer to the dimer was incomplete.10 

In situ 1H NMR (Tol-D8, 500 MHz, 298K) δ/ppm: ‒14.19 (br s, 4H, Ru–H), 1.45(s, 12H, CCH3), 

1.51–1.45 (m, 12H, Cy), 2.21 (m, 24H, ArCH3), 5.27 (s, 2H, CH), 6.97 ‒ 7.10 (m, 12H, ArH).  

In situ 31P{1H} NMR (Tol-D8, 162 MHz, 298K) δ/ppm: 74.4.  

  

                                                      
9 No 13C{1H} NMR spectrum was acquired for this sample and no further spectroscopic analysis were performed 
10 Unambiguous assignment of 1H and 13C{1H} NMR spectra data was not possible as sample contained a mixture of 
2,6-XylylAl2•Ru2 and 

2,6-XylylAl•Ru 
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Synthesis of DippAl•Ru: In dinitrogen glovebox DippBDIAl(H)2 (32 mg, 0.07 mmol) and 

[Ru(H)2(N2)2(PCy3)2] (50 mg, 0.07 mmol) were weighed into a scintillation vial and dissolved in 

toluene (2 mL) then left to stir at 25 °C overnight. Solvent was removed in vacuo to give an oily residue 

which was washed with pentane and dried until a yellow powder was obtained. Solid was re-dissolved 

in a mixture of toluene (1 mL) and hexane (1 mL) then filtered through micro-glass fibre and left in the 

glovebox freezer (‒35 °C) overnight to give orange solid as product DippAl•Ru (24 mg, 40 %). 

1H NMR (C6D6, 400 MHz, 298 K) δ/ppm: ‒16.12 (d, 2JHP = 15.8 Hz, 1H, Ru–H), ‒9.73 (d, 2JHP = 41.6 

Hz, 1H, Ru–H), ‒9.05 (br s, 2H, Ru–H), 1.09 (d, 3JHH = 6.8 Hz, 12H, CH(CH3)2), 1.18 ‒1.35 (m, 19H, 

Cy), 1.54 (s, 6H, CCH3), 1.58 (d, 3JHH = 6.8 Hz, 12H, CH(CH3)2), 1.69‒1.80 (m, 8H, Cy), 1.94‒2.04 

(m, 6H, Cy), 3.18 (hept, 3JHH = 6.7 Hz, 4H, CH(CH3)2), 5.02 (s, 1H, CH), 7.14 (m, 6H, ArH). 

13C {1H} NMR (C6D6, 125 MHz, 298 K) δ/ppm: 24.3 (CCH3), 24.7 (CH(CH3)2), 25.0 (CH(CH3)2), 

27.2 (Cy), 28.5 (Cy), 29.3 (CH(CH3)2), 30.4 (Cy), 37.8 (d, 1JCP = 17.2 Hz, Cyi), 99.1 (CH), 124.7 (ArH), 

140.0 (NCi), 143.7 (Co), 171.5 (CCH3). 

31P 1{H} NMR (C6D6, 162 MHz, 298 K) δ/ppm: 73.6. 

AT-IR (ν/cm-1): 2135 (N≡N), 1908 and 1872 (Ru–H). 

Elemental Analysis Calc. for C65H111AlN2P2Ru: C, 65.78; H, 9.16; N, 6.53 found C, 66.46; H, 8.75; 

N, 5.69. 

T1(min)(Tol-D8, 233 K, 400 MHz) = 198 ms (δH = ‒7.83 ppm), 224 ms (δH = ‒9.66 ppm), 220 ms (δH 

= ‒10.49 ppm) and 246 ms (δH = ‒16.07 ppm). 
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Synthesis of DippAl•Ru-H2: In dinitrogen glovebox DippAl•Ru (14 mg, 0.02 mmol) was weighed and 

dissolved in Tol-D8 (600 μL). The reaction was subjected to freeze-pump-thaw procedure × 1 then H2 

gas (1 atm.) was added to the reaction vessel. The reaction was monitored by multinuclear NMR 

spectroscopy. 

1H NMR (Tol-D8, 400 MHz, 298 K) δ/ppm: ‒9.67 (br s, 6H, Ru–H), 1.09 (d, 3JHH = 6.8 Hz, 12H, 

CH(CH3)2), 1.52 (d, 3JHH = 6.8 Hz, 12H, CH(CH3)2), 1.56 (s, 6H, CH(CH3)2), 1.00 ‒1.23 (m, 19H, Cy), 

1.59‒1.69 (m, 8H, Cy), 1.75‒1.85 (m, 6H, Cy), 3.11 (hept, 3JHH = 6.8 Hz, 4H, CH(CH3)2), 5.01 (s, 1H, 

CH), 7.11 (m, 6H, ArH). 

13C {1H} NMR (Tol-D8, 125 MHz, 298 K) δ/ppm: 24.4 (CCH3), 24.7 (CH(CH3)2), 25.2 (CH(CH3)2), 

27.2 (Cy), 27.8 (Cy), 28.5 (Cy), 29.2 (CH(CH3)2), 30.3 (Cy), 99.1 (CH), 124.5 (Cm), 126.3 (Cp), 140.5 

(NCi), 143.8 (Co), 171.3 (CCH3). 

31P 1{H} NMR (Tol-D8, 162 MHz, 298 K) δ/ppm: 81.5. 

T1(min)(Tol-D8, 253 K, 400 MHz) = 53 ms (Ru–H). 
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5.5.3 Variable Temperature NMR Data 

 

Figure S 5.53. VT 1H NMR on a sample of MesAl•Ru freshly generated from the reaction of MesBDIAl(H)2 with 

1 in Tol-d8. Only Ru–H region shown for clarity. 

 

Figure S 5.54. VT 31P {1H} NMR on a sample of MesAl•Ru freshly generated from the reaction of 
MesBDIAl(H)2 with 1 in Tol-d8. 
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Figure S 5.55. VT 1H NMR on a sample containing MesAl2•Ru2 in Tol-d8. Only Ru–H region shown for clarity. 

 

Figure S 5.56. VT 31P {1H} NMR on a sample containing MesAl2•Ru2 in Tol-d8. 
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Figure S 5.57. VT 1H NMR on a sample containing DippAl•Ru in Tol-d8. Only Ru–H region shown for clarity. 

 

 

Figure S 5.58. VT 31P {1H} NMR on a sample containing DippAl•Ru in Tol-d8. 
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Figure S 5.59. VT 1H NMR on a sample containing DippAl•Ru-H2 in Tol-d8. Only Ru–H region shown for 

clarity. 

 

 

Figure S 5.60 VT 31P {1H} NMR on a sample containing DippAl•Ru-H2 in Tol-d8 
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 VT NMR data was fitted using line shape analysis with the DNMR programme integrated into 

Topsin v3.1. The 1H and 31P resonances of MesAl•Ru were fitted over the 193 to 253 K range with an 

initial line broadening factor of 20 Hz for 31P NMR and 2 Hz for 1H. Fits for k were optimized to the 

experimental data with reasonable accuracy and the modelled data are presented below, a minor 

unassigned species observable was not included in the model. The activation parameters for the 

exchange process are as follows: 

  

31P  H‡ = 45 ± 4.8 kJ mol-1, S‡ = +28 ± 22 J K-1 mol-1, G‡
298K = 37 ± 11 kJ mol-1. 

1H   H‡ = 45 ± 3.5 kJ mol-1, S‡ = +26 ± 30 J K-1 mol-1, G‡
298K = 37 ± 12 kJ mol-1. 

 

Figure S 5.61. Modelled VT 1H NMR on a sample of MesAl•Ru generated from the reaction of MesBDIAl(H)2 

with 1 

 

Figure S 5.62. Modelled VT 31P {1H} NMR on a sample of MesAl•Ru generated from the reaction of 

MesBDIAl(H)2 with 1 
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Figure S 5.63 Eyring analysis: (a) Modelled VT 31P{1H} NMR data, (b) Modelled VT 1H NMR data. 

 

5.5.4 T1 Data 

 

Graph S 5.1. T1 measurements of MesAl•Ru taken across 193 ‒ 313 K temperature range 
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Graph S 5.2 T1 measurements of MesAl2•Ru2 taken across 193 ‒ 293 K temperature range 

 

 

 

Graph S 5.3. T1 measurements of DippAl•Ru taken across 193 ‒ 333 K temperature range 
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Graph S 5.4. T1 measurements of DippAl•Ru-H2 taken across 193 ‒ 293 K temperature range 
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6 APPENDIX 

6.1 MULTINUCLEAR NMR SPECTRA 

 

Figure A 1. 1H NMR spectrum of 3b 

 

Figure A 2. 13C{1H} NMR spectrum of 3b 
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Figure A 3. 1H NMR spectrum of 13C2-3a 

 

Figure A 4. 13C{1H} NMR spectrum of 13C2-3b 
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Figure A 5. 1H NMR spectrum of transfer hydrogenation product of 2b 

 

Figure A 6. 13C{1H} NMR spectrum of transfer hydrogenation product of 2b 
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Figure A 7. 1H NMR spectrum of transfer hydrogenation product of 3b 

 

Figure A 8. 13C{1H} NMR spectrum of transfer hydrogenation product of 3b 
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Figure A 9. 1H NMR spectrum of 9a 

 

 

Figure A 10. 1H NMR spectrum of 9b 
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Figure A 11. 1H NMR spectrum of 4a 

 
Figure A 12. 31P{1H} NMR spectrum of 4a 
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Figure A 13. HSQC NMR spectrum of the reaction of 1 with 2a 

 

 

Figure A 14. HMBC NMR spectrum of the reaction of 1 with 2a 
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Figure A 15. 1H NMR spectrum of 4b 

 

 

 

Figure A 16. 31P{1H} NMR spectrum of 4b 
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Figure A 17. HSQC NMR spectrum of the reaction of 1 with 3a 

  

 

 
Figure A 18. HMBC NMR spectrum of the reaction of 1 with 3a 
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Figure A 19. 1H NMR spectrum of 7a/8a 

 

Figure A 20. 31P{1H} NMR spectrum of 7a/8a 
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Figure A 21. 1H NMR spectrum of 6b 

 

 

Figure A 22. 31P{1H} NMR spectrum of 6b 



 

[265] 
 

 

Figure A 23. 1H NMR spectrum of 7b/8b 

 

Figure A 24. 31P{1H} NMR spectrum of 7b/8b 
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Figure A 25. 1H NMR spectrum of Al•Ru-H2 

 

 

Figure A 26. 31P{1H} NMR spectrum of Al•Ru-H2 
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Figure A 27. 13C{1H} NMR spectrum of Al•Ru-H2 

 

Figure A 28. 1H NMR spectrum of Zn•Ru-H2 
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Figure A 29. 31P{1H} NMR spectrum of Zn•Ru-H2 

 

Figure A 30. 13C{1H} NMR spectrum of Zn•Ru-H2 
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Figure A 31. 1H NMR spectrum of Mg•Ru-H2 

 

Figure A 32. 31P{1H} NMR spectrum of Mg•Ru-H2 
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Figure A 33. 13C{1H} NMR spectrum of Mg•Ru-H2 

 

Figure A 34. 1H NMR spectrum of MesAl•Ru 
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Figure A 35. 31P{1H} NMR spectrum of MesAl•Ru 

 

Figure A 36. 13C{1H} NMR spectrum of MesAl•Ru 
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Figure A 37. 1H NMR spectrum of MesAl2•Ru2 

 

 Figure A 38. 13C{1H} NMR spectrum of MesAl2•Ru2 
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Figure A 39. 31P{1H} NMR spectrum of MesAl2•Ru2 

 

Figure A 40. 1H NMR spectrum of 2,6-XylylAl•Ru 
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Figure A 41. 31P{1H} NMR spectrum of 2,6-XylylAl•Ru 

 

Figure A 42. 1H NMR spectrum of 2,6-XylylAl2•Ru2 
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Figure A 43. 31P{1H} NMR spectrum of 2,6-XylylAl2•Ru2 

 

Figure A 44. 1H NMR spectrum of DippAl•Ru 
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Figure A 45. 31P{1H} NMR spectrum of DippAl•Ru 

 

Figure A 46. 13C{1H} NMR spectrum of DippAl•Ru 
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Figure A 47. 1H NMR spectrum of DippAl•Ru-N2 

 

 

Figure A 48. 31P{1H} NMR spectrum of DippAl•Ru-N2 
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Figure A 49. 13C{1H} NMR spectrum of DippAl•Ru-N2 
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6.2 X-RAY DATA 

 

data 1 Ru•Ru 

formula C36H68N4P2Ru C72H136N2P4Ru2 

solvent — 2(C7H16) 

formula weight 719.95 1556.23 

colour, habit colourless blocks red plates 

temperature / K 173 173 

crystal system triclinic triclinic 

space group P-1 (no. 2) P-1 (no. 2) 

 a / Å 10.5596(4) 14.1128(5) 

 b / Å 12.4028(3) 14.8186(4) 

 c / Å 15.6498(7) 21.5303(6) 

 α / deg 88.329(3) 81.546(2) 

 β / deg 75.575(4) 78.635(3) 

 γ / deg 69.144(3) 81.221(3) 

V / Å3 1850.92(13) 4330.7(2) 

Z 2 2 

Dc / g cm–3 1.292 1.193 

radiation used Mo-Kα Cu-Kα 

μ / mm–1 0.540 3.820 

2θ max / deg 57 148 

no. of unique reflns 
  

 measured (Rint) 7287 (0.0168) 16572 (0.0430) 

 obs, |Fo| > 4σ(|Fo|) 6552 12614 

no. of variables 397 721 

R1(obs), wR2(all) [a] 0.0273, 0.0637 0.0430, 0.1121 

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|; wR2 = {Σ[w(Fo
2 – Fc

2)2] / Σ[w(Fo
2)2]}1/2; w–1 = σ2(Fo

2) + (aP)2 + bP.  
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data 4a 4b 4c 

formula C45H76N2O2P2Ru C51H80N2O2P2Ru C47H80N2OP2Ru 

solvent 0.5(C7H8) — C6H6 

formula weight 886.15 916.18 930.24 

colour, habit orange blocks orange/red plates orange/red blocks 

temperature / K 173 173 173 

crystal system triclinic monoclinic monoclinic 

space group P-1 (no. 2) P21/n (no. 14) P21/m (no. 11) 

 a / Å 11.8536(4) 23.1291(6) 9.5014(3) 

 b / Å 14.4237(5) 9.99749(19) 19.4797(6) 

 c / Å 15.6682(6) 24.1334(7) 14.2610(5) 

 α / deg 75.180(3) 90 90 

 β / deg 70.083(3) 118.120(4) 107.376(4) 

 γ / deg 74.522(3) 90 90 

V / Å3 2386.76(16) 4921.8(3) 2519.04(14) 

Z 2 4 2 [b] 

Dc / g cm–3 1.233 1.236 1.226 

radiation used Mo-Kα Mo-Kα Mo-Kα 

μ / mm–1 0.433 0.423 0.412 

2θ max / deg 57 57 56 

no. of unique reflns    

 measured (Rint) 9409 (0.0250) 9886 (0.0250) 5159 (0.0256) 

 obs, |Fo| > 4σ(|Fo|) 8061 7856 4627 

no. of variables 508 529 305 

R1(obs), wR2(all) [a] 0.0366, 0.0823 0.0341, 0.0733 0.0311, 0.0725 

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|; wR2 = {Σ[w(Fo
2 – Fc

2)2] / Σ[w(Fo
2)2]}1/2; w–1 = σ2(Fo

2) + (aP)2 + bP. [b] The molecule has 

crystallographic CS symmetry. 
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data 6b 8a 12 

formula C46H80N2OP2Ru C43H74OP2Ru C44H72N4OP2Ru 

solvent 0.85(C5H12) 2(C7H8O)·C7H16 — 

formula weight 901.45 1086.49 836.06 

colour, habit 
orange/red blocky 

needles 
yellow tablets orange blocks 

temperature / K 173 173 173 

crystal system triclinic triclinic monoclinic 

space group P-1 (no. 2) P-1 (no. 2) P21/c 

 a / Å 9.7664(4) 12.2080(5) 12.7413(6) 

 b / Å 12.8007(5) 14.6654(6) 13.1737(5) 

 c / Å 21.1604(9) 17.5782(7) 26.6964(11) 

 α / deg 84.095(3) 96.721(3) 90 

 β / deg 80.949(4) 97.490(3) 101.183(4) 

 γ / deg 72.184(4) 99.217(3) 90 

V / Å3 2482.98(19) 3049.2(2) 4395.9(3) 

Z 2 2 4 

Dc / g cm–3 1.206 1.183 1.263 

radiation used Mo-Kα Cu-Kα Mo-Kα 

μ / mm–1 0.416 2.886 0.466 

2θ max / deg 56 148 56 

no. of unique reflns    

 measured (Rint) 9818 (0.0201) 11628 (0.0312) 10457 (0.0621) 

 obs, |Fo| > 4σ(|Fo|) 8192 9853 8733 

no. of variables 476 705 511 

R1(obs), wR2(all) [a] 0.0402, 0.921 0.0454, 0.1185 0.0624, 0.1512 

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|; wR2 = {Σ[w(Fo
2 – Fc

2)2] / Σ[w(Fo
2)2]}1/2; w–1 = σ2(Fo

2) + (aP)2 + bP. 
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data Al•Ru-N2 Zn•Ru-N2 Mg•Ru-N2 

formula C59H98AlClN4P2Ru C65H110N4P2RuZn C65H110MgN4P2Ru 

solvent 3.5(C6H14) 0.5(C7H8)·0.5(C6H14) C5H12 

formula weight 1390.45 1265.10 1207.03 

colour, habit colourless blocks yellow tablets yellow plates 

temperature / K 173 173 173 

crystal system trigonal monoclinic monoclinic 

space group R-3 (no. 148) P21/n (no. 14) P21 (no. 4) 

 a / Å 33.4244(14) 14.14983(17) 13.90589(14) 

 b / Å 33.4244(14) 18.9381(2) 18.8961(2) 

 c / Å 38.8822(8) 26.2063(3) 27.0146(3) 

 α / deg 90 90 90 

 β / deg 90 101.4337(11) 101.4715(10) 

 γ / deg 120 90 90 

V / Å3 37619(3) 6883.16(13) 6956.74(12) 

Z 18 4 4 [c] 

Dc / g cm–3 1.105 1.221 1.152 

radiation used Mo-Kα Cu-Kα Cu-Kα 

μ / mm–1 0.309 2.949 2.641 

2θ max / deg 56 148 148 

no. of unique reflns    

 measured (Rint) 16262 (0.0268) 13285 (0.0299) 17480 (0.0429) 

 obs, |Fo| > 4σ(|Fo|) 8407 10839 15216 

no. of variables 621 691 1994 

R1(obs), wR2(all) [a] 0.0846, 0.2417 0.0330, 0.0854 0.0514, 0.1332 

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|; wR2 = {Σ[w(Fo
2 – Fc

2)2] / Σ[w(Fo
2)2]}1/2; w–1 = σ2(Fo

2) + (aP)2 + bP. [c] There are two 

crystallographically independent molecules. [d] The complex has crystallographic Ci symmetry. 
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data S1 S2 

formula C36H67ClN2P2Ru 
C59H97AlN4OP2Ru, 

C36H68N4P2Ru 

solvent — 0.5(C5H12) 

formula weight 726.37 1824.41 

colour, habit dark orange blocks colourless blocks 

temperature / K 173 173 

crystal system triclinic triclinic 

space group P-1 (no. 2) P-1 (no. 2) 

 a / Å 9.8115(4) 14.0924(3) 

 b / Å 10.1972(6) 18.4804(5) 

 c / Å 10.8309(7) 19.7456(5) 

 α / deg 114.344(6) 76.299(2) 

 β / deg 108.393(5) 87.9291(19) 

 γ / deg 91.102(4) 78.993(2) 

V / Å3 922.76(10) 4904.0(2) 

Z 1 [d] 2 

Dc / g cm–3 1.307 1.236 

radiation used Mo-Kα Mo-Kα 

μ / mm–1 0.610 0.431 

2θ max / deg 57 56 

no. of unique reflns 
  

 measured (Rint) 3628 (0.0181) 19208 (0.0234) 

 obs, |Fo| > 4σ(|Fo|) 3379 14499 

no. of variables 210 1065 

R1(obs), wR2(all) [a] 0.0266, 0.0673 0.0459, 0.1294 

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|; wR2 = {Σ[w(Fo
2 – Fc

2)2] / Σ[w(Fo
2)2]}1/2; w–1 = σ2(Fo

2) + (aP)2 + bP. 

[d] The complex has crystallographic Ci symmetry. 
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data MesAl2•Ru2 DippAl•Ru 1•NacNac 

formula C82H128Al2N4P2Ru2 C47H78AlN4PRu C57H92N4P2Ru 

formula weight 1488.00 858.15 996.35 

colour, habit yellow plates pale yellow blocks yellow needles 

temperature / K 173 173 173 

crystal system triclinic triclinic Monoclinic 

space group P-1  P-1 P21/c 

 a / Å 14.7022(13) 10.7298(5) 10.1743(3) 

 b / Å 18.7987(15) 11.8650(5) 45.0719(9) 

 c / Å 20.300(2) 19.6541(7) 12.0441(2) 

 α / deg 72.990(8) 83.163(3) 90 

 β / deg 73.914(9) 86.568(3) 102.760(2) 

 γ / deg 86.539(7) 70.525(4) 90 

V / Å3 5153.8(9) 2341.67(17) 5386.7(2) 

Z 2 2 4 

Dc / g cm–3 0.956 1.217 1.229 

radiation used Mo-Kα Mo-Kα Cu-Kα 

μ / mm–1 0.375 0.422 3.203 

2θ max / deg 57 56 147 

no. of unique reflns    

 measured (Rint) 20269 (0.0680) 9230 (0.0170) 10377 (0.0412) 

 obs, |Fo| > 4σ(|Fo|) 11246 7932 10377 

no. of variables 846 513 587 

R1(obs), wR2(all) [a] 0.1494, 0.4304 0.0445, 0.1116 0.0429, 0.1135 

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|; wR2 = {Σ[w(Fo
2 – Fc

2)2] / Σ[w(Fo
2)2]}1/2; w–1 = σ2(Fo

2) + (aP)2 + bP. 

  

Summary of the crystallographic data for the structures listed above. The structures were refined using 

the SHELXTL and SHELX-2013 program systems.11,12 The absolute structure of Mg•Ru-N2 was 

determined by use of the Flack parameter [x = 0.032(9)].  

CCDC 1530724 to 1530730 

CCDC 1843865 to 1843869. 

                                                      
11 SHELXTL v5.1, Bruker AXS, Madison, WI, 1998. 
12 SHELX-2013, G.M. Sheldrick, Acta Cryst., 2015, C71, 3-8. 
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The X-ray crystal structure of 1 

The two Ru–H hydrogen atoms in the structure of 1 were located from ΔF maps and refined freely. 

 

The X-ray crystal structure of 4a 

The Ru–H hydrogen atom in the structure of 4a was located from a ΔF map and refined freely. The 

included toluene solvent molecule was found to be disordered across a centre of symmetry, and two 

unique orientations of ca. 29 and 21% occupancy were identified (with the action of the inversion centre 

generating two further orientations of the same occupancies). The geometries of both orientations were 

optimised, the thermal parameters of adjacent atoms were restrained to be similar, and all of the atoms 

were refined isotropically. 

 

The X-ray crystal structure of 4b 

The Ru–H hydrogen atom in the structure of 4b was located from a ΔF map and refined freely. 

 

The X-ray crystal structure of 4c 

The Ru–H hydrogen atom in the structure of 4c was located from a ΔF map and refined freely. The 

complex lists across a mirror plane that passes through Ru1, H1, C1 to C7, O7, C8, C10, N11 and N12. 

When refined using AFIX 137, the methyl hydrogen atoms on C10 would not settle, and so the AFIX 

33 command was used instead. The included benzene solvent molecule was found to be disordered 

across a mirror plane, and this was modelled using one complete 50% occupancy molecule (with the 

action of the mirror plane generating a second 50% occupancy orientation). The geometry of the unique 

orientation was optimised, and all of the non-hydrogen atoms were refined anisotropically. 

 

The X-ray crystal structure of 6b 

The Ru–H hydrogen atom in the structure of 6b was located from a ΔF map and refined freely. The 

included solvent was found to be highly disordered, and the best approach to handling this diffuse 

electron density was found to be the SQUEEZE routine of PLATON.3 This suggested a total of 73 

electrons per unit cell, equivalent to 36.5 electrons per asymmetric unit. Before the use of SQUEEZE 

the solvent clearly resembled a straight chain disordered across a centre of symmetry, but the length of 

the chain was uncertain. Pentane (C5H12, 42 electrons) was chosen as it was the most recently used 

crystallisation solvent. 0.85 pentane molecules corresponds to 35.7 electrons, so this was used as the 
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solvent present. As a result, the atom list for the asymmetric unit is low by 0.85(C5H12) = C4.25H10.2 (and 

that for the unit cell low by C8.5H20.4) compared to what is actually presumed to be present. 

 

The X-ray crystal structure of 8a 

The Ru–H hydrogen atom in the structure of 8a was located from a ΔF map and refined freely. The O–

H hydrogen atoms of the O50- and O60-based included 4-methylphenol moieties were also located 

from ΔF maps, and were refined freely subject to an O–H distance constraint of 0.90 Å. The included 

heptane solvent molecule was found to be disordered. Three orientations were identified of ca. 51, 28 

and 21% occupancy, their geometries were optimised, the thermal parameters of adjacent atoms were 

restrained to be similar, and only the non-hydrogen atoms of the major occupancy orientation were 

refined anisotropically (those of the minor occupancy orientations were refined isotropically). 

 

The X-ray crystal structure of Al•Ru-N2 

The presumed three metal-hydride atoms in the structure of Al•Ru-N2 could not be located, so the 

contents of the asymmetric unit are low by 3H. 

The included solvent was found to be highly disordered, and the best approach to handling this diffuse 

electron density was found to be the SQUEEZE routine of PLATON.13 This suggested a total of 3290 

electrons per unit cell, equivalent to 182.8 electrons per asymmetric unit. Before the use of SQUEEZE 

the solvent could not be identified, and so the most recently used solvent (hexane, C6H14, 50 electrons) 

was chosen, and since 3.5 hexane molecules corresponds to 175 electrons this was used as the solvent 

present. As a result, and combined with the three “missing” metal-hydride atoms, the atom list for the 

asymmetric unit is low by 3.5(C6H14) + 3H = C21H52 (and that for the unit cell low by C378H936) compared 

to what is actually presumed to be present. 

 

The X-ray crystal structure of Zn•Ru-N2 

The three metal-hydride atoms in the structure of Zn•Ru-N2 (two Zn–H–Ru bridging and one Ru–H 

terminal) were all located from ΔF maps and refined freely. The C27-based isopropyl group was found 

to be disordered. Two orientations were identified of ca. 58 and 42% occupancy, their geometries were 

optimised, the thermal parameters of adjacent atoms were restrained to be similar, and only the non-

                                                      
13 A.L. Spek (2003, 2009) PLATON, A Multipurpose Crystallographic Tool, Utrecht University, Utrecht, The Netherlands. 

See also A.L. Spek, Acta. Cryst., 2015, C71, 9-18. 
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hydrogen atoms of the major occupancy orientation were refined anisotropically (those of the minor 

occupancy orientation were refined isotropically). 

The included solvent was found to be highly disordered, and the best approach to handling this diffuse 

electron density was found to be the SQUEEZE routine of PLATON.3 This suggested a total of 168 

electrons per unit cell, equivalent to 42 electrons per asymmetric unit. Before the use of SQUEEZE the 

solvent most resembled an approximately 50:50 mixture of toluene (C7H8, 50 electrons) and hexane 

(C6H14, 50 electrons), and a mixture of 0.5 toluene molecules and 0.5 hexane molecules corresponds to 

50 electrons, so this was used as the solvent present. As a result, the atom list for the asymmetric unit 

is low by 0.5(C7H8) + 0.5(C6H14) = C6.5H11 (and that for the unit cell low by C26H44) compared to what 

is actually presumed to be present. 

 

The X-ray crystal structure of Mg•Ru-N2 

The structure of Mg·Ru-N2 was found to contain two independent molecules, Mg•Ru-N2-A and 

Mg•Ru-N2-B, in the asymmetric unit. Complex Mg•Ru-N2-B was found to be completely disordered 

with a second overlapping orientation of the whole complex being identified in a ca. 51:49 ratio. The 

geometries of the two orientations were optimised, the thermal parameters of adjacent atoms were 

restrained to be similar, and all of the non-hydrogen atoms of both orientations were refined 

anisotropically. Complex Mg•Ru-N2-A appears to be disordered in a similar fashion, but to a much 

lesser extent (with a ca. 96:4 ratio) such that only the ruthenium atom of the second orientation could 

be reliably located. Separately, the C12-, C15-, and C24-based isopropyl groups in Mg•Ru-N2-A were 

found to be disordered, and in each case two orientations were identified, of ca. 64:36, 57:43 and 

67:33% occupancy respectively. The geometries of each pair of orientations were optimised, the 

thermal parameters of adjacent atoms were restrained to be similar, and only the non-hydrogen atoms 

of the major occupancy orientations were refined anisotropically (those of the minor occupancy 

orientations were refined isotropically). The presumed three metal-hydride atoms could not be located 

for either independent molecule, so the contents of the asymmetric unit are low by 6H. 

The included solvent was found to be highly disordered, and the best approach to handling this diffuse 

electron density was found to be the SQUEEZE routine of PLATON.3 This suggested a total of 169 

electrons per unit cell, equivalent to 42.3 electrons per asymmetric unit. Before the use of SQUEEZE 

the solvent most resembled pentane (C5H12, 42 electrons), and 1 pentane molecule corresponds to 42 

electrons, so this was used as the solvent present. As a result, and combined with the six “missing” 

metal-hydride atoms, the atom list for the asymmetric unit is low by 2(C5H12) + 6H = C10H30 (and that 

for the unit cell low by C20H60) compared to what is actually presumed to be present. 
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The X-ray crystal structure of S1 

The ruthenium centre in the structure of S1 was found to sit on a centre of symmetry, and as a 

consequence the chloride, dinitrogen and hydride ligands are inherently disordered. This was modelled 

by refining each ligand at 50% occupancy. The Ru–H hydride atom was located from a ΔF map and 

refined freely, though at 50% occupancy as mentioned above. 

 

The X-ray crystal structure of S2 

The three metal-hydride atoms in the structure of S2 (one Al–H–Ru bridging and two Ru–H terminal) 

were all located from ΔF maps and refined freely. The O–H hydrogen atom on O24 was located from 

a ΔF map and refined freely subject to an O–H distance constraint of 0.90 Å. The C111-based included 

pentane solvent molecule was found to be disordered across a centre of symmetry, and two unique 

orientations were identified of ca. 27 and 23% occupancy (with two further orientations of the same 

occupancies being generated by operation of the inversion centre). The geometries of both unique 

orientations were optimised, the thermal parameters of adjacent atoms were restrained to be similar, 

and all of the atoms of both orientations were refined isotropically. 

 

 

Figure A 50.  The crystal structure of 1 (50% probability ellipsoids). 
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Figure A 51. The crystal structure of Ru•Ru (50% probability ellipsoids). 

 

 

 

Figure A 52. The crystal structure of 4a (50% probability ellipsoids). 
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Figure A 53. The crystal structure of 4b (50% probability ellipsoids). 

 

 

Figure A 54. The crystal structure of the CS-symmetric complex 4c (50% probability ellipsoids). The mirror 

plane passes through Ru1, H1, the N2 unit, and all of the phenyl-tert-butyl ketone ligand with the exception of 

two of the t-Bu methyl groups. 
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Figure A 55. The crystal structure of 6b (50% probability ellipsoids). 

 

 

Figure A 56. The crystal structure of 8a (50% probability ellipsoids). 
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Figure A 57. The crystal structure of 12 (50% probability ellipsoids). 

 

 

 

Figure A 58. The crystal structure of Al•Ru-N2 (50% probability ellipsoids). 
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Figure A 59. The crystal structure of Zn•Ru-N2 (50% probability ellipsoids). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A 60. The structure of one (Mg•Ru-N2-A) of the two independent complexes present in the crystal of 

Mg•Ru-N2 (50% probability ellipsoids). 
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Figure A 61. The structure of one (Mg•Ru-N2-B) of the two independent complexes present in the crystal of 

Mg•Ru-N2 (50% probability ellipsoids). 

 

 

 

 

Figure A 62. The structure of Mg•Ru-N2-B showing the disorder of the complete complex with the major 

orientation (ca. 51% occupancy) drawn with dark bonds, and the minor orientation (ca. 49% occupancy) drawn 

with open bonds. 
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Figure A 63. The crystal structure of the Ci-symmetric complex S1 (50% probability ellipsoids). 

 

 

Figure A 64. The crystal structure of S2 (50% probability ellipsoids). 
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Figure A 65. The crystal structure of MesAl2•Ru2. Hydrogens omitted for clarity. (50% probability ellipsoids) 

 

 

Figure A 66. The crystal structure of DippAl•Ru. (50% probability ellipsoids) 
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Figure A 67. The crystal structure of 1•NacNac. (50% probability ellipsoids) 
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