
 
 

N-Heterocyclic Carbene Complexes: Mechanisms in 

Catalysis and Electrochemical Reactivity 

 

 

 

 

Frances Natasha Singer 

 

Submitted in accordance with the requirements for the degree of 

Doctor of Philosophy 

 

The University of Leeds 

School of Chemistry 

 

May 2019 

  



- ii - 

The candidate confirms that the work submitted is his/her own and that appropriate 

credit has been given where reference has been made to the work of others. 

This copy has been supplied on the understanding that it is copyright material and 

that no quotation from the thesis may be published without proper acknowledgement. 

 

The right of Frances Natasha Singer to be identified as Author of this work has been 

asserted by her in accordance with the Copyright, Designs and Patents Act 1988. 

 

© 2019 The University of Leeds and Frances Natasha Singer 

 

  



- iii - 

 

 

 

For Grandpa K. 

  



- iv - 

Acknowledgements 

First, I would like to thank my supervisor, Dr Charlotte Willans for all the advice and 

support over the years. I will always be grateful for the many wonderful opportunities 

you provided me with, which have inspired me and allowed me to develop as a 

researcher. Thanks too for your unwavering support in the final months of my PhD, 

and the truly superhuman speed with which you have read my thesis chapters ï the 

effort has been above and beyond. 

Thanks are also due to Dr John Slattery, for his assistance with DFT calculations, 

without which this thesis would be one chapter shorter. John, you gave me my first 

taste of research when I was still an undergraduate, allowed me back into your lab 

as an MChem, and then offered your support during my PhD. Undoubtedly your 

influence on this thesis extends beyond a single chapter. 

The chapter on reaction monitoring was made possible with the assistance of Dr 

Ulrich Hintermair and the team at the DReaM Facility (University of Bath). I would 

like to personally thank Dr John Lowe and Dr Catherine Lyall for being such 

welcoming hosts during my visit to Bath. 

This has it seems, been a project of many supervisors, so I must also now thank 

Michaele and Paddy, for signing innumerable COSHH forms while Charlotte was 

away, and for always being able to provide me with a useful nugget of advice. Finally, 

I want to thank my unofficial second supervisor: Dr Mike Chapman. Thanks for 

always making time for me, even long after your official duties as a member of the 

Willans group had been discharged. Iôm also eternally grateful that you gave me the 

triazoliumsé 

There are additionally a number of practical scientific contributions to this thesis 

which must be acknowledged. Thanks to Dr Chris Pask, for not only taking on any 

crystallographic task great or small, but also for always ensuring we stop at the best 

services on the way to Diamond. You have provided me with many much needed 

kind words over the years, and your patience is an example to us all. A huge thank 

you to Dr Mark Howard for assisting my quest for hydrides across multiple 

spectrometers, humouring my vague NMR questions, and most importantly, always 

being up for a coffee and a chat. Thanks must also go to Dr Stuart Warriner, for 

running direct injection experiments on the HRMS, and for never failing to greet me 

in the corridor.  

To all the members of offices 1.25 and 1.32, past and present, know that you have 

all in some way contributed to this work. I am grateful for every smile, chat or biscuit 

that I have received. I would also like to thank the SLUGs in York, for always 

welcoming me when I visited the department. 



- v - 

Office 1.32 18/19 cohort, thank you for tolerating me during my writing period, for 

proof-reading my chapters, and most importantly of all, for committing to the office 

bake-off which such skill and enthusiasm. Chrissi, thanks for all the smuggled food, 

I would surely have starved without your heroic efforts. Abi, youôve also provided me 

with plenty of nourishment, physical and emotional. Hamish, you were everything a 

PhD student could want in an MChem, and your crag beta isnôt bad either. Tom, you 

really crack me up, so thanks for the laughs. Lastly Ed, even though youôre a year 

behind, it feels as though youôve been through the whole thing with me. I will miss 

your unique blend of cynicism and joy when I am gone. I consider you my academic 

brother, and itôs been a pleasure working alongside you. 

Of all the past students, Jordan, you certainly stand apart from the rest, and 

carborane corner hasnôt been the same since you left it. Thanks for providing the 

ground work for half of this thesis. Sam and Jonny ï what can I say, you made quite 

a pair. Jonny, I have never known a person to be so cheerful in the face of 

catastrophe, and Sam, I have never known someone so miserable in the face of 

success. Together you taught me a lot about resilience, as well as providing me with 

useful chemistry advice more often than you realised. Laura, you really made me 

believe in the 18 month PhD, and proved to me that it was possible. For that I will 

always be indebted to you. Pablo, thanks for being generally Pabulous and for 

keeping me company in Florence, I will miss not understanding anything you say. 

Kay, I canôt imagine how this PhD would have gone without you next door. I am 

thankful for all that you have done for me, from the smallest biscuit break, to picking 

me up off the floor when everything was going wrong. Thank you for being my 

advisor, sounding board, and friend. 

This PhD would have been a hell of a lot harder without a one hour lunch break every 

day, so thanks Emma, Kevin, Kay, Chris, Tom, Becky and Ben for providing 

distraction, advice and quality conversation. Kev, I already miss our climbing trips 

and conversations about life, the universe, and demonstrating. I owe you a great deal 

more than petrol money. Tom, if I end up on any committees in future I donôt know 

how Iôll do it without you by my side. Lucy, Lucy and Lewis, your invaluable Facebook 

chat support group has kept us close, even when we are far apart.  

Finally I need to thank my family. Ted, thank you for being the best excuse not to do 

lab work at weekends a girl could ask for. You always have my back (in climbing and 

chemistry!), and I look forward to many more adventures together when weôre on the 

other side. Patrick, youôve been a great ear to have throughout this process; itôs been 

nice to have someone on the outside to talk to. Lastly, I want to thank my parents, 

without whom, of course, none of this would have been possible. You gave me a 

great start in life, and have always been able to push me just the right amount. It is 

because of you that I have achieved this. Thank you. 



- vi - 

Abstract 

This thesis is concerned with the chemistry of N-heterocyclic carbene complexes. 

There are two parts to this work, the first describes the synthesis and catalytic activity 

of Ir-NHC complexes, the second part details the electrochemical synthesis of Cu-

NHC complexes derived from triazolium salts. 

Iridium complexes bearing NHC-carborane ligands are active in the catalytic transfer 

hydrogenation of acetophenone. These complexes were synthesised and 

characterised. The known catalytic activity was probed by studying the chemical 

reactivity of these complexes under a range of conditions. This led to the 

characterisation of a hydride species by various analytical techniques. The proposed 

mechanism of catalysis has been investigated using computational methods (DFT). 

No evidence to support the previously proposed mechanism was found, but there 

was some evidence for the operation of an unprecedented alternative. The catalytic 

reaction was monitored using on-line NMR spectroscopy. This confirmed the 

presence of hydridic species under catalytic conditions, however their exact identity 

could not be determined. Combined mass spectroscopic data indicates the presence 

of both monomeric and dimeric species. 

Transition metal NHC complexes can be synthesised electrochemically, by reduction 

of the NHC precursor and concomitant oxidation of a sacrificial metal anode. 

Triazolium salts, which are known precursors to NHCs, have not previously been 

applied to this method. Triazolium salts were prepared and fully characterised. 

Several copper-NHC complexes bearing triazolium derived NHCs have been 

prepared both chemically and electrochemically, and characterised by a range of 

analytical techniques. An unexpected ring-opening reaction was observed under 

electrochemical conditions in one case, and various factors affecting this reaction 

have been investigated. 
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Preface ï An Introduction to N-Heterocyclic Carbenes 

This chapter serves to provide an introduction to N-heterocyclic carbenes. A historical 

background to the isolation of stable carbenes is provided, followed by a discussion 

of the various factors influencing carbene stability. The use of NHCs as ligands for 

transition metal complexes is the main concern of this thesis and thus a description 

of their ligand properties is provided, along with an overview of applications. The 

most common synthetic strategies for preparing NHC complexes are described. 

1 Carbenes ï A Quest for Stability 

The quest for the isolation of persistent carbenes began in 1895, when J. U. Nef 

declared that ñIt will now be my next task to prepare methylene, or derivatives of it 

which are free of nitrogen..ò.1,2 The rest of the community clearly lacked the resolve 

of Nef, and progress in this area has been limited; methylene remains unisolated, 

and even nitrogen containing aminomethylene requires trapping in an inert argon 

matrix at 12 K to be observed.3 

The 1960s and 70s brought the publication of seminal examples of metal carbene 

complexes. In 1964, Fischer reported the preparation of tungsten carbene complex 

1, and hence gave his name to all carbenes in this class (Figure 1).4 Four years later 

Öfele and Wanzlick independently reported the preparation of what would later 

become known as the first N-heterocyclic carbene (NHC) complexes (2, 3 - Figure 

1).5,6 In 1974, Schrock developed a new family of carbene ligands: those which are 

not stabilised by a ˊ-donor substituent (4 - Figure 1).7 While carbenes as ligands 

became an established part of organometallic chemistry, the isolation of a free 

carbene remained remote.8 

 

Figure 1. Early carbene complexes.4ï7 

Bertrand et al. arguably have a claim to the synthesis of the first stable carbene. In 

1988, the preparation of compound 6 via either photolysis or thermolysis of the diazo-

compound 5 was reported (Figure 2). The resulting product could exist in any of three 

canonical structures, one of which (6a) is a carbene. Although the NMR 

spectroscopic data appeared to indicate the existence of 6 in the form of 6c, 

subsequent reactivity studies demonstrated the likelihood of form 6a being the 

dominant species.9,10 
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Figure 2. Synthesis of Bertrandôs carbene and resonance forms.9,10 

A few years later, Arduengo reported on the preparation of a stable, crystalline 

carbene (7 - Figure 3). This was the first unambiguous example of a persistent 

carbene, stable enough to be bottled (in the absence of air and moisture), heated to 

240 °C, and perhaps most excitingly, characterised crystallographically. In the end, 

the preparation of such a species was relatively straightforward, being achieved by 

deprotonation of an imidazolium salt using NaH in THF, with a catalytic quantity of 

DMSO (Figure 3).11 The resulting carbene is stabilised by the two neighbouring 

nitrogen atoms and exists in the singlet state (vide infra - 3.1). The isolation of the 

first NHC heralded a brave new world in organometallic chemistry, with NHCs now 

near ubiquitous in this area.12 

 

Figure 3. Synthesis of Arduengoôs carbene.11 

Air stable NHCs have also been reported. Analogues of the well-known IPr and IMes 

NHCs, in which the hydrogen atoms on the backbone are replaced by bromine, are 

reported to be stable in air in the presence of a dessicant (8, 9 - Figure 4). The 

reasons for the increased air stability are not clear. The geometry of 8 in the solid 

state is such that there is greater steric protection of the carbene centre than in IPr. 

However, the structure of ClIPr reveals even greater steric protection, and yet ClIPr 

is less air tolerant than 8. It is suggested by the authors that increased hydrophobicity 

may be the main contributing factor to the air tolerance of these species.13 

Recently, another breakthrough was made in the synthesis of stable carbenes, with 

the report by Bertrand et al. of the isolation of a stable monosubstituted carbene (10 

- Figure 4). A series of iminium-type carbene precursors were prepared with 

increasingly bulky aryl substituents. These were deprotonated using KHDMS 

at -78 °C in an attempt to prepare the free carbene derivatives. The use of 3,5-

diphenylphenyl substituents led to the observation of a carbenic species by 1H NMR 

spectroscopy which could not be isolated. Addition of further bulk in the form of CF3 

groups allowed for the crystallisation of the free monosubstituted carbene at -40 °C. 
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10 exists in the singlet state and calculations indicate that this is among the most ˊ-

accepting carbenes known.14 

 

Figure 4. Recent examples of stable carbenes. 

2 Carbene Multiplicity 

Key to understanding the properties of carbenes is the spin state they exist in. A 

carbene is defined as a divalent species with 6 valence electrons, and thus has two 

electrons which are not involved in bonding, and two orbitals in which to put them. 

As a consequence there are four possible spin states, depending on the arrangement 

of the electrons (Figure 5). The natural ground state for a carbene is dependent on 

the energy gap between the two orbitals, and the pairing energy of the electrons.15,16 

This gap is influenced by a number of factors. 

The nature of the orbitals is dependent on the geometry at the carbene centre. For a 

linear geometry, the carbon is sp hybridised, with two degenerate p-orbitals (Figure 

5). As the carbene substituents move closer together (from a linear to a bent 

geometry) the orbital hybridisation changes to sp2 and hence the two orbitals are no 

longer degenerate. There is now one lower energy orbital with significant s-orbital 

character (termed ů), and a higher energy orbital, which is essentially the unchanged 

py orbital (now termed p )́ (Figure 5). Given the additional stabilisation afforded to the 

ů-orbital as a consequence of sp mixing, the singlet ground state tends to be 

favoured in carbenes with a bent geometry.15,16 

The singlet-triplet gap is also influenced by the substituents of the carbene. 

Computational investigations on the substituent effect have found an increase in 

singlet state stability when the carbene has adjacent electron withdrawing groups 

(Figure 6). For example, a triplet state is predicted for CLi2 and CH2, whilst CHF and 

CF2 are predicted to have a singlet ground state.17,18 Electron withdrawing groups are 

able to stabilise the ñlone pairò of the carbene in a singlet state, by lowering the energy 

of the sigma orbital. 
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Figure 5. Top: Four possible electronic states for a carbene. Bottom: Orbital 
diagram for linear (left) and bent (right) carbene geometries. 

 

Figure 6. Estimated singlet-triplet energy gaps for carbenes. 

3 Properties of NHCs 

3.1 Structure and Stability 

Arduengoôs carbene was the first example of an N-heterocyclic carbene, that is, a 

stable carbene within a nitrogen heterocycle. NHCs are singlet carbenes, as would 

be expected based on their geometry and electronic environment (vide supra - 2).12 

X-ray photoelectron spectroscopy has confirmed that the HOMO of an NHC with tBu 

nitrogen substituents is indeed a lone pair centred on the carbene carbon.19 A 

crystallographic investigation using X-ray and neutron diffraction also found evidence 

for a lone pair at this position for 1,3,4,5-tetramethylimidazol-2-ylidene.20 

The electronic argument for the stability of NHCs arises chiefly from the nitrogen 

atoms adjacent to the carbenic carbon. The nitrogen atoms not only withdraw 

electrons inductively and provide stability to the lone pair, they additionally stabilise 
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the vacant p  ́orbital through mesomeric electron donation.12 This is often termed 

push-pull stabilisation (Figure 7). 

 

Figure 7. Push-pull stabilisation of NHCs. 

The stability of Arduengoôs carbene was initially purported to arise not only from the 

adjacent nitrogen atoms, but also the steric protection afforded by adamantyl 

substituents, and aromatic stabilisation within the ring. The role that ˊ-delocalisation 

plays in the stability of NHCs has been the subject of much debate. 

A range of methods have been used to investigate the importance of aromatic 

stabilisation. Computational studies suggest that NHCs exhibit significant ˊ-

delocalisation, though to a lesser extent quantified as 55.8%, than standard aromatic 

systems (e.g. benzene, imidazolium cation). This was confirmed by analysis of 

magnetic properties, although the bond lengths and charge density analysis pointed 

to a smaller contribution. The carbon-carbon double bond is believed to provide 

~105 kJ mol-1 of stabilisation relative to the saturated equivalent, which explains the 

increased stability of imidazolylidenes over imidazolinylidenes.21,22 

Steric protection can prevent dimerization into enetetraamine species. It is generally 

accepted that the tendency of an NHC to dimerise is a subtle blend of steric and 

electronic effects; an increase in electronic stabilisation makes an NHC less likely to 

dimerise, whilst bulky substituents may provide kinetic stabilisation. Thus less 

electronically stable NHCs (e.g. saturated rings) may be prevented from dimerisation 

by application of steric bulk.16 

3.2 NHCs as Ligands 

NHCs are often compared with phosphines in terms of their ability to act as ligands 

for transition metal complexes. Phosphines are known to be ů-donor/ˊ-acceptor 

ligands, but with NHCs the picture is more complex, and the subject of much 

debate.23 The reason for the debate likely stems from the fact that the extent to which 

an NHC-metal bond has a ˊ component is very dependent on the metal centre. While 

NHCs can form complexes in situations where ˊ-bonding is an impossibility, in 

electron rich metal centres a ˊ component may be invoked.23ï27 Nonetheless, in most 

cases the bond between an NHC and a metal is considered to be single, in 

accordance with the free rotation about it that is generally observed.12 
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The enhanced ů-donor ability of NHCs as compared to phosphines is often given as 

a reason for their success as supporting ligands, particularly in catalysis.28,29 

Quantification of this effect is generally achieved through use of the Tolman 

Electronic Parameter (TEP). This compares CO stretching frequencies in metal-

carbonyl complexes substituted with the relevant phosphine or NHC ligand. 

Traditionally [Ni(CO)3L] is used, with the A1 stretching mode being examined.30 

Greater net electron donation from the ligand will result in more electron density at 

the metal centre, leading to a weaker C-O bond due to increased back-donation from 

a metal d-orbital into the ˊ* orbital (Figure 8).  

 

Figure 8. Orbital basis for TEP. 

TEP values obtained using the nickel complex for tertiary phosphine ligands vary 

from 2060-2110 cm-1, whilst for NHCs the values are 2048-2058 cm-1, clearly 

indicating the increase in electron donation from NHCs.23,31 It is important to note that 

the TEP is an indirect measure of ů-donation; in fact TEPs report on the quantity of 

electron density at the metal centre, which is a product of ů-donation and 

-́donor/acceptor effects. 

The steric stress exerted on a metal centre by an NHC is also an important property 

to be considered. The size of phosphine ligands can be measured by their cone 

angle; NHCs fill a different space and are classified according the measure % buried 

volume (%Vbur), a measure which has also been applied to other ligand classes. A 

sphere of radius 3 Å centred on a metal at a distance of 2 Å from the carbene carbon 

is visualised, and the percentage of space occupied by the NHC ligand is calculated, 

thus NHCs with different substituents can be compared. It has been noted that a 

greater %Vbur correlates with a lower bond dissociation energy.32 

3.3 Applications of NHC Complexes 

NHC complexes have found innumerable applications in diverse fields over the past 

3 decades. Their application in materials and medicinal chemistry is well 

documented.33ï36 The most notable application of NHCs has been in the field of 

catalysis, with the most famous examples being Ru-NHC complexes for alkene 

metathesis (e.g. 2nd generation Grubbs catalyst - 11 - Figure 9), and Pd-PEPPSI 

complexes for cross-coupling (12 - Figure 9).37,38 In the case of the Grubbs catalyst, 

the enhanced ů-donor properties of the NHC vs. the previously employed phosphine 
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confers enhanced activity and improved air and moisture stability.39ï41 The Pd-

PEPPSI catalysts owe their activity to the steric bulk around the metal centre, which 

facilitates reductive elimination of the coupled products.42 

 

Figure 9. Second generation Grubbs catalyst and Pd-PEPPSI complex. 

The wide range of the application of NHCs in catalytic reactions has been described 

in numerous review articles.28,29,43ï50 A description of the application of NHC 

complexes to transfer hydrogenation catalysis is provided in Part 1 Chapter 1. 

4 Synthesis of NHCs and NHC Complexes 

4.1 Preparation of NHC precursors 

An attractive feature of NHCs as ligands, is the ease with which their steric and 

electronic properties can be tuned by variation of the nitrogen substituents. A wide 

variety of functional groups can be introduced at these positions, with the most 

common being aryl, alkyl, pyridyl, ester, ketone, ether or phosphine.51 

NHCs have been prepared which demonstrate a wide variety of different ring 

architectures, with 5-membered rings being the most common.2,8,52ï54 Of these, 

imidazolium salts are the most frequently used precursors, due to their ease of 

synthesis and the greater stability of the subsequently formed carbene.2,55 There are 

two main methods used for the preparation of imidazolium salts: a one-pot 

condensation reaction, or alkylation of an already formed imidazole ring.2,55 

If starting from imidazole, this must first be deprotonated before reaction with an alkyl 

halide to effect either mono or disubstitution, depending on the stoichiometry used 

(Figure 10). This therefore allows access to both symmetrically and unsymmetrically 

substituted imidazolium salts.2 This method is generally limited to primary alkyl 

halides, although Ullman-type coupling reactions can in some cases be used to 

prepare 1-aryl-imidazoles.2,56 

The one-pot acid-catalysed condensation reaction proceeds via reaction of 2 

equivalents of primary amine with glyoxal and formaldehyde, to generate a diamine 

species in situ which undergoes a cyclisation reaction (Figure 10).8 This allows 

access to symmetrically substituted imidazolium rings that bear substituents that 
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cannot be introduced using the substitution method.2 This method does however 

become unfavourable for bulky systems, and has been noted to produce impure 

material.8,57 Performing the reaction in two steps can lead to purer product, as can 

modifications to the solvent system or acid catalyst. In general, it has been observed 

that this chemistry can be capricious and optimisation of reaction conditions for each 

substrate may be necessary.57 

A combination of the two methods can be used to prepare unsymmetrical 

imidazoliums, for example, with one aryl and one alkyl substituent. In this case 

glyoxal and formaldehyde are reacted with one equivalent of a relevant ammonium 

chloride (Figure 10).58 The N-substituted imidazole obtained can then be reacted with 

a further alkylating agent. 

 

Figure 10. Synthetic strategies for the synthesis of imidazolium salts. 

Imidazoliniums, benzimidazoliums, and triazoliums can all be prepared using similar 

methods.2,54 Imidazoliniums are often prepared via a cyclisation reaction using a 1,2-

diaminoethane and a trialkylorthoformate which supplies the proto-carbene carbon. 

The cyclisation step is generally tolerant and high yielding, thus the range of 

architectures is limited only by the ease with which the necessary diamine is 

prepared.54 Modification of the diamine species allows triazolium and 6 or 7-

membered heterocycles to be prepared in this way. Benzimidazoliums can be 

prepared by cyclisation of phenylene diamines; alkylation of the preformed 

benzimidazole is also possible.54,59,60 
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4.2 Preparation of Free Carbenes 

As with Arduengoôs carbene, the preparation of NHCs from their precursor structures 

is generally achieved through deprotonation with a strong base, in an aprotic solvent 

under anhydrous conditions (Figure 3). Many bases are appropriate including NaH, 

KH, n-BuLi, KHMDS, LiAlH4, KtBuO, although NaH and KH have been found to 

require addition of catalytic tBuO anion to progress quickly.2,8 

An extremely efficient method of deprotonation was developed by Herrmann et al. 

using NaH in liquid ammonia. An approximate 5:1 ratio of ammonia:THF was used 

as the solvent for the reaction. On addition of NaH, deprotonation is achieved in 

minutes with yields typically in excess of 95%. This method was applied to a range 

of NHC precursors, and was also used to isolate the first example of a persistent 

dicarbene.61,62 Although the reaction improves on existing methods in which 

deprotonation might take several hours, the use of liquid ammonia, and the 

requirement for the reaction to be cooled using cryogens makes this method 

considerably less attractive. 

4.3 Preparation of NHC complexes 

An isolated free carbene can be used to prepare metal-NHC complexes, for example 

by a ligand exchange reaction (known for CO, PR3 and py) or by cleavage of a dimeric 

structure bridged by halides, CO, or MeCN (Figure 11).63 Although pleasing in its 

simplicity, the difficulty associated with the handling of the free carbene presents a 

significant drawback. Thus, a more common method is the in situ deprotonation of 

the proto-carbene using an external base in the presence of a metal precursor 

(Figure 11).12,63 One benefit of this route is that weaker bases such as NEt3, NaOAc 

and Cs2CO3 are also competent. These bases have pKa values well below that of a 

typical NHC precursor; the reasons for their effectiveness are not clear, but it is likely 

that the complexation reaction provides a driving force for the equilibrium 

process.63,64  

In situ deprotonation can also be achieved by using a basic metal, for example one 

bearing alkoxide, acetate or hydride ligands.2 This was the method used by Wanzlick 

and Öfele in the preparation of the first NHC complexes.5,6 Since then, this has been 

demonstrated for a range of transition metals including Pd, Ni, Rh, Ir, Ru, Cr, Mo, 

and W.63 

A related and widely applied method makes use of Ag2O as a basic metal. The 

reaction, which can be performed step-wise or in one pot, relies on the synthesis of 

a Ag-NHC complex which subsequently acts as a carbene transfer agent to move 

the NHC ligand onto another metal (Figure 11). The method utilises the labile nature 

of the Ag-NHC bond, with the precipitation of a highly insoluble silver halide salt 
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acting as a driving force. The preparation of the Ag complexes is achieved in DCM 

at room temperature, often in air, thus the method benefits from extremely mild 

conditions. Subsequent transmetallation has been demonstrated for many metals 

including Au, Cu, Ni, Pd, Pt, Rh, Ir, and Ru, and the method is found to have broad 

applicability.2,63,65 More recently, copper-NHC complexes have been demonstrated 

to be efficient carbene transfer agents to metals including Pd, Au, Ni, Ru, Cr and 

Rh.66,67 

 

Figure 11. Common routes to NHC complexes: reaction with the free carbene, in 
situ deprotonation, and transmetallation using Ag2O. 

The above constitute the most common routes to NHC complexes, however there 

are other methods. Group 10 metals in the 0 oxidation state may undergo an 

oxidative addition reaction on a C-H or C-I proto-carbene bond to form NHC 

complexes (Figure 12).8,63 In a similar vein, neutral NHC dimers (enetetraamines) 

can be reacted directly with metals of groups 6, 8, 9 or 10 to form complexes (Figure 

12). The reactions occur via the cleavage of a halide bridged dimer, or by 

displacement of a neutral or anionic ligand.68ï70 

 

Figure 12. Examples of more unusual synthesis of NHC complexes.68,71 

More recently, an electrochemical method has been demonstrated to be effective for 

the preparation of NHC complexes - this is described in Part 2 Chapter 1. 
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Part I 

Catalytic Activity of Iridium NHC-Carborane Complexes for 

Transfer Hydrogenation 
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Chapter 1 

Introduction 

This chapter provides background information that is pertinent to all chapters in Part 

1 of this thesis. Where necessary, subsequent chapters contain introductory text on 

topics of peculiar relevance. Part 1 describes investigations into the catalytic activity 

of iridium complexes bearing NHC-carborane ligands, building on work of a previous 

group member. NHCs having been discussed in the preface, what follows is a 

description of carboranes, transfer hydrogenation catalysis, and work previously 

carried out in this area. The aims of the project are summarised at the end of the 

chapter.  

1.1 Carboranes 

1.1.1 History 

Carboranes were first synthesised by industrial chemists in the 1950s. It was 

anticipated that organic borane compounds could be used to provide an efficient fuel 

source for aircraft and rockets. However, due to the detrimental effect of formed 

boron oxides and nitrides on the engines, efforts in this area were abandoned and 

attention turned to converting the boron hydride reserves into useful polymers.1,2 This 

led to the discovery of novel organoborane compounds, including ortho-carborane 

([1,2-C2B10H12]) and meta-carborane ([1,7-C2B10H12]), that would not be reported in 

the literature until the early 1960s.3ï13 

Meanwhile in the academic world, carboranes existed only in the minds of 

theoreticians. In 1955, it was calculated that dodecaborane [B12H12]2-
 should exist as 

a dianion.14 The successful isolation of its salts in 1960 fuelled speculation that ortho-

carborane should exist as a stable, neutral species.15,16 A variety of small carboranes 

with three or four boron atoms were synthesised over the next few years, followed by 

the publication of previous industrial work in this area, in 1962 and 1963.3ï13 Two 

years later, the synthesis of the first metallacarborane complexes allowed a whole 

new field of inorganic chemistry to be born.17,18 Since then, carboranes and carborane 

complexes have seen various applications including homogeneous catalysis, and in 

the areas of medicinal and materials chemistry.1,19ï21                                                            

1.1.2 Structure and Bonding 

The structure and bonding exhibited by carboranes is analogous to that seen in 

borane clusters. Borane clusters exist as deltahedra - structures that feature 

equilateral triangles as faces. For example, [B6H6]2- exists as an octahedron ï with 8 

triangular faces defined by boron vertices, whilst the largest known borane cluster, 
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[B12H12]2-, exists as an icosahedron with 20 triangular faces. Clusters with the general 

formula [BnHn]2- are described as closo, whilst those in which one or two vertices have 

been removed are called nido and arachno respectively (Figure 13). For carboranes, 

a closo compound will have the formula [CxByHx+y]; nido and arachno clusters are 

likewise formed by removal of one or two vertices. 

 

Figure 13. Closo, nido, and arachno borane clusters. 

The bonding displayed by borane clusters is not easy to describe using classical 

bonding models. This is largely due to the boron atoms typically having 4 - 6 nearest 

neighbours, while having only 3 electrons available for bonding. In some simple 

cases the bonding can be described using a localised bonding approach, in which 

the cluster is considered to contain a combination of 2c2e and 3c2e bonds that is 

suitable to the number of electrons and molecular orbitals present.1 However, with 

large cluster sizes and the presence of heteroatoms, this model quickly becomes too 

complex to be practically useful. Instead, clusters are generally considered to feature 

bonding that is delocalised over the whole cluster, often described as 3D aromaticity.1 

Calculations of the resonance energies of closo-borane clusters where n Ó 6 using 

molecular orbital methods give a strong indication of aromatic bonding, with [B12H12]2- 

and [B6H6]2- showing the greatest aromaticity.22 Nuclear independent chemical shift 

values (a measure of ring currents), and magnetic susceptibilities also lend weight to 

the aromatic argument; these have been calculated for carbon substituted boranes, 

with [CB5H6]-, [C2B4H6], [CB11H12]-, and [C2B10H12] having the greatest aromatic 

stabilisation.23  

Previously, borane clusters had been described as being electron deficient, due to 

having insufficient electrons to form 2c2e bonds. This is now considered to be bad 

practice, given that extra electrons confer no greater stability on these structures, in 

fact, [B12H12]2- is the most stable compound known to science.1  

1.1.3 Wadeôs Rules 

Whether a given cluster composition will adopt a closo, nido, or arachno structure 

can be predicted using Wadeôs rules.24,25 Under these rules, the structure of the 

cluster is given by calculating the number of skeletal electrons, i.e. those that are 

involved in delocalised cluster bonding. Each boron vertex is viewed as a BH unit, 
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which contributes 2 electrons spread over 3 bonding MOs. This is derived from each 

unit having 4 electrons (3 from boron, 1 from hydrogen), 2 of which are removed from 

consideration due to forming the 2c2e B-H bond. Hence each BH unit contributes 1 

skeletal electron pair (SEP). In a boron cluster of n vertices, a closo cluster will have 

n+1 SEPs, a nido n+2, and an arachno n+3. The total number of skeletal electrons is 

found by considering the BH units, plus additional electrons from any hydrogens not 

contained within a BH unit and the charge on the cluster. Wadeôs rules are easily 

adapted for carboranes or other heteroatom containing clusters. For example a CH 

unit contributes 3 electrons, while an NH unit contributes 4. 

The findings of Wadeôs rules are supported by molecular orbital theory. An n vertex 

cluster will have 3n cluster bonding MOs ï for each vertex a px and py orbital which 

are tangential to the surface of the cluster, and a pz directed towards the centre 

(Figure 14). Thus there will be n ůpx/y bonding MOs in addition to a bonding 

combination of all the pz orbitals, yielding n+1 bonding MOs.1,24,25 

 

Figure 14. Orbital diagram indicating px, py and pz orbital positions in a [B6H6]2- 
borane cluster.25 

1.1.4 Synthesis and Reactivity 

The [C2B10H12] cluster exists as one of three isomers: 1,2 (ortho), 1,7 (meta) or 1,12 

(para), depending upon the relative positions of the two carbon atoms (Figure 15). 

The stability of the cluster increases with increasing distance between the carbon 

vertices. Thus meta-carborane can be formed by heating ortho-carborane to 465-

500 °C, with para-carborane formed at 615 °C.5,26 

 

 

Figure 15. Structures of ortho, meta, and para 1,2-dicarbadodecaborane. 

Ortho-carboranes can be formed from Lewis-base adducts of the parent borane 

cluster decaborane, by reaction with alkynes. The adduct may be pre-formed or 
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generated in situ, allowing for a convenient one-pot reaction with MeCN acting as 

both the base and the solvent. Reactions of this type have been known for over 50 

years, and are effective with a wide variety of substituted alkynes including aryls, 

alkyls, alkyl halides, and esters (Figure 16). However, reactions with di-substituted 

alkynes, or those containing acid or alcohol groups are ineffective.9,10 More recently, 

reactions using internal alkynes have been shown to be effective when performed in 

ionic liquid solvent, or with the addition of a silver salt as a catalyst (Figure 16).27ï29 

Preparation of ortho-carborane itself can be effected by reaction of decaborane and 

acetylene, however a more convenient route is reaction of decaborane with propiolic 

acid tert-butyl ester.30 The ester group is unstable under the reaction conditions and 

is eliminated as CO2 and iso-butene to produce ortho-carborane as the product 

(Figure 16).31 

 

Figure 16. Synthetic routes to substituted 12 vertex carboranes. 

If the desired alkyne is unavailable, or features a reactive group, then there are other 

possible routes to substituted carboranes. The CH protons in ortho-carborane are 

more acidic than those at boron, and therefore may be deprotonated using a strong 

base, such as n-BuLi. The lithiated carborane can then be substituted by an 

appropriate reagent, for example bromobutane or ethylene oxide.7 Once obtained, 

the carborane cage is stable to oxidation, hydrolysis, and acid attack, but may form 

nido-caboranes on reaction with strong bases.11,32
 Carboranes are therefore often 

stable to subsequent manipulations of the carbon substituents, for example 

nucleophilic substitution or preparation of a Grignard at bromine.7,11,33 

1.1.5 Transition Metal Bonding 

Carboranes are unusual ligands, given that they can bind metals in three different 

ways: through a boron atom (B-H activation), carbon atom (C-H activation) or through 

the open face of a nido-cluster (Figure 17). 17,34,35 The open face binding mode is the 

most widely reported in the literature, with examples of complexes with many 

transition metals including Fe, Co, Mn, Re, Ni, Mo, W, Cu and Pd.17,18,32,36,37 In this 

binding mode, 5 sp3 hybridised orbitals from carbon and boron atoms in the 
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framework combine to produce 3 bonding molecular orbitals. This can be compared 

to the bonding exhibited by the cyclopentadienyl anion (Cp), however due the 

hybridisation of the carborane orbitals, they are angled inwards towards the centre of 

the open face instead of perpendicular to the plane of the ring (Figure 17).18 This 

gives the orbitals ů-bonding character and means nido-carboranes bind more 

strongly to metal centres than the Cp ligand. A wider variety of metal complexes can 

therefore be formed, for example with Cu.1,38 Other important differences between 

the bonding of the nido-carborane anion and Cp are that the C2B3 ring is not planar 

and that the metal does not always sit above the centroid of the carborane. A ñslipò 

toward the central boron atom of the C2B3 ring is often observed, being most 

significant in d8 and d9 species.39 

 

Figure 17. Top: Three binding modes available to carboranes. Bottom: Bonding 
orbital diagram for Cp (left) and nido-carborane (right). 

Transition metal complexes featuring ů-bonds between the metal centre and a cage 

carbon or boron atom are less well studied.1 Metal-carbon bonds can be formed from 

a lithiated carborane precursor, and have been demonstrated for various metals 

including Fe, Mn, Pd and Pt.40,41 B-H activated complexes are known for transition 

metals including, Ir, Pd, Rh, Ru and Hg. The activation of the boron at the B3/6 

vertices are usually the most favoured; these are adjacent to both carbon atoms, 

which being more electronegative than boron, polarise the C-B bonds and make the 

B-H protons more acidic.42ï45 

1.1.6 Applications in Catalysis 

The vast majority of catalytic applications for carboranes can be found in the area of 

homogeneous transition metal catalysis. Transition metal carborane complexes and 

metallacarboranes are ideal for this, given their tunability through substituent groups, 

their chemical and thermal stability, and wide-ranging solubilities.1,46 A selection of 

representative examples from the literature are given below. These have been 
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selected for being either particularly prominent areas of carborane catalysis, or for 

featuring elegant exploitation of the unique properties of carboranes. 

1.1.6.1 Alkene Polymerisation 

A variety of closo-ortho-carborane complexes of mid-late transition metals have been 

applied to alkene polymerisation reactions, using methylalumoxane (MAO) as a 

cocatalyst. These mostly feature an exo-metallated carborane, in which both carbon 

atoms are bound to the metal or ligand architecture to form a complex with 

constrained geometry. Many examples use a pendant coordinating ligand on the 

carborane to form the chelate ring.47ï49 This type of architecture, featuring one strong 

donor ligand site and one labile one, is potentially useful for catalysis because the 

labile part of the ligand allows for facile generation of an active site. Jin et al. applied 

this principle in the synthesis of 1.1 which features a strongly binding carborane 

ligand and a labile picolyl group (Figure 18).  

 

Figure 18. Structures of carboranyl catalysts for alkene polymerisation. 

1.1 was found to be moderately active in the polymerisation of norbornene, producing 

a high molecular weight polymer in 30 minutes at 60 °C.47 1.2 uses a related 

architecture and was similarly active in the polymerisation of ethene, producing a very 

high molecular weight polymer in 30 minutes at only 30 °C (Figure 18).48 A 

computational investigation into the activity of 1.2 found that the presence of the 

carborane facilitates the ethylene insertion step, by a transfer of charge from the 

carborane to the Ir centre. Additionally, a stabilisation effect due to hydrogen bonding 

interactions with the carborane BH bonds was observed for one of the intermediates. 

Interestingly, computational results also indicated that the boron coordinated 

complex ought to be more effective than carbon coordinated 1.2.50 Carborane-sulfur 

donor complex 1.3 was designed with the expectation that the stability of metal 

intermediates would be enhanced if coordinated by an inflexible ligand architecture; 

the chelating structure and the rigidity of the carborane are key in promoting this. 1.3 

was found to have moderately high activity towards the polymerisation of norbornene, 

giving high molecular weight polynorbornene in 30 minutes at 30 °C.49 

An alternative Ru catalyst structure was reported by Wang et al. for ring-opening 

metathesis polymerisation (ROMP), ring-opening cross-metathesis (ROCM) and 
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cross-metathesis (CM). 1.4 showed excellent Z/E selectivity (98:2) for the ROMP of 

norbornene, and for the ROCM of norbornene and styrene (Figure 18). CM between 

terminal alkenes and (Z)-but-2-ene-1,4-diol was also investigated with generally good 

Z/E selectivity observed (85:15 ï 97:3). A computational study was carried out to 

investigate the catalytic cycle, and compare the performance of 1.4 with the 

analogous catecholthiolate complex, in order to determine the effect of the carborane. 

It was noted that for 1.4 the transition state for the decomposition pathway had a 

higher barrier than that for formation of the Z-alkene product. Furthermore the Z-

alkene product was at a lower thermodynamic minimum than that of the 

decomposition product. However the catecholdithiolate complex had energy barriers 

that were similar for the desired reaction and the decomposition pathway.51 

1.1.6.2 Hydrogenation Reactions 

Nido-ortho-carborane complexes have been shown to have activity towards the 

hydrogenation of alkenes. Many of these catalysts feature an exo-nido bound metal, 

that is the metal bound to the outside of the cage system, through a bridging hydrogen 

atom. This can be formed via tautomerisation from a parent metallocarborane.1 The 

first example of a carborane containing Rh catalyst for hydrogenation of alkenes was 

complex 1.5 (Figure 19). Under a pressure of H2 (1 atm) at 35 °C with 0.1 mol % 

catalyst loading, 1.5 was found to hydrogenate 1-hexene.52 A more recent catalyst is 

complex 1.6, which was also found to hydrogenate 1-hexene at 25 °C under a H2 

atmosphere (Figure 19). It was found to be 8 times more active than the well-known 

Wilkinsonôs catalyst [RhCl(PPh3)3].53  

 

Figure 19. Carboranyl complexes for hydrogenation. 

One of the most successful examples of a nido-carborane catalyst is complex 1.7 

(Figure 19).54 It was known that for complex 1.5 the rate of the hydrogenation reaction 

was inverse to the concentration of PsPh3, strongly indicating that dissociation of a 

PPh3 ligand is crucial for hydrogenation to occur. Hawthorne et al. reasoned that the 

ease of functionalisation of the carborane could be harnessed to improve catalytic 

activity. By substituting the carborane with a coordinating alkene, which subsequently 

undergoes hydrogenation and therefore ceases to be coordinated, a permanent 

active site can be generated. The initial rate of reaction for 3,3-dimethyl-butene was 
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found to be 4 times faster than the best previously reported hydrogenation catalyst, 

at a lower catalyst loading. This represents not just one of the best carborane based 

catalysts, but at the time, was the most effective hydrogenation catalyst reported.54 

The BINAP derivative 1.8 was also highly successful, being capable of hydrogenating 

ketones with 100% conversions and enantiomeric excesses of more than 97% in 

ionic liquid solvents.55 

1.1.6.3 Exploitation of Carborane Properties 

One particularly interesting example of the unusual properties of carboranes being 

exploited can be found in catalysts 1.9 and 1.10 for ring-closing metathesis (RCM) 

(Figure 20). The same precursor ligand was used in the synthesis of both 

compounds; treated with TBAF in a THF/water solvent, the ligand undergoes 

deboronation, generating the nido-species, which can then be used to form complex 

1.10. The two complexes have opposite solubilities, with 1.9 being soluble in non-

polar solvents and 1.10 being soluble in polar solvents. Furthermore, 1.10 was found 

to be reusable 10 times in ionic liquid media for RCM, demonstrating its robustness 

as a catalyst.56 

 

Figure 20. Carboranyl catalysts with complementary solubilities for ring-closing 
metathesis.56 

Carboranes are often used for their rigid, 3D structure. Pincer ligands are often 

particularly effective for catalytic reactions due to the high stability they confer on 

complexes.57 One member of this class of ligands is Phebox, which coordinates 

through one carbon and two nitrogen atoms as in 1.11 (Figure 21). 1.11 has been 

found to catalyse the asymmetric reductive Aldol reaction between benzaldehyde 

and tert-butyl-acetate with a 93% yield and a 94% ee, and also the asymmetric 

conjugate reduction of (E)-ethyl 3-phenylbut-2-enoate with a 99% yield and 98% ee.58 

Nakamura et al. have synthesised the analogous carborane ligand Carbox, and used 

it to form Rh complex 1.12 (Figure 21). It was anticipated that the enhanced rigidity 

of the pincer ligand due to the presence of the carborane would improve the catalytic 

performance of the complex.57 The electronic properties of the carborane were also 

believed to be potentially beneficial for catalysis. It has been shown that the use of a 

carborane substituted phosphine ligand for a coupled Sonogashira/hydride transfer 
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reaction is effective. Electron deficient phosphine ligands were also found to work 

well, so the authors propose that the reason for the success of the carborane is its 

electron deficiency.59 Studies on complexes using Phebox-type ligands found that 

those which were electron withdrawing were better at promoting catalysis, therefore 

Carbox should be well placed to function as an efficient ligand for supporting catalytic 

processes. The results showed that complex 1.12 performed similarly to the 

analogous complex 1.11 for the asymmetric reduction of Ŭ-ɓ unsaturated esters, but 

was more effective for the asymmetric reductive Aldol reaction.57  

 

 

Figure 21. Pincer complexes for the reductive Aldol reaction (1.11 and 1.12) and 
Suzuki-Miyaura cross coupling (1.13 and 1.14). 

Another example of rational design in carborane pincer complexes can be seen with 

Pd complexes 1.13 and 1.14.60 These feature an ortho- and meta-carborane pincer 

ligand respectively. In ortho-carborane, the B3/6 position is the most ŭ+ boron due to 

the proximity of the two more electronegative carbon atoms. In meta-carborane, the 

B2/3 position is the most ŭ+ boron, but this is not as electropositive as B3/6 in ortho-

carborane. Therefore, the authors expected to see these electronic differences 

conferred on the metal centre, and thus a difference in catalytic activity between 1.13 

and 1.14. As the sterics are so similar between the two complexes, it should be 

possible to examine electronic effects in isolation. The study was moderately 

successful, and found the ortho- complexes to be more successful catalysts for 

Suzuki-Miyaura cross-couplings, although not by a large margin. In addition to 

offering mechanistic insight, the complexes were highly useful catalysts in their own 

right, due to requiring extremely low loadings, and the reactions being performed in 

water.60 

A more unusual example of a carborane pincer complex featuring chelating N-

heterocyclic silylenes (NHSi) was recently reported (Figure 22 - 1.15). As with other 

pincer complexes, the carborane moiety provides a rigid structure to support the 

chelating ligands. Analysis of carbonyl stretching frequencies indicated the ligand to 

have extremely high ů-donor properties, higher indeed than many phosphines or 

NHCs. 1.15 was compared with the ferrocenyl analogue 1.16 for activity in a 
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Buchwald-Hartwig amination reaction and was found to be more active (93% vs 

78%), which was attributed to electronic effects.61 

Carborane pincer complex 1.17 featuring two carboranes was reported by Islam et 

al. This highly sterically encumbered catalyst was found to catalyse the imine 

formation reaction between piperidine and MeCN with a moderately high TON of 80.62 

 

Figure 22. Pincer complexes for Buchwald-Hartwig amination (1.15 and 1.16) and 
imine formation (1.17). 

1.2 Transfer Hydrogenation Catalysis 

Hydrogenation reactions are an extremely important class of transformation with 

applications in both the academic lab and in industries including pharmaceuticals, 

petrochemicals and fine chemicals.63ï67 Whilst the traditional approach to 

hydrogenation applies a pressure of hydrogen gas to a reaction mixture, there are 

many limitations to this approach. These include the necessity of handling hazardous 

H2 gas, and the use of complex reaction set-ups. Therefore, in recent times a great 

deal of emphasis has been placed on hydrogen transfer reactions, in which hydrogen 

is transferred directly from one substrate to another (Figure 23). The method of 

transfer hydrogenation (TH) uses a donor hydrogen source, and a hydrogen 

acceptor, which could be an aldehyde, ketone, alkene, or imine. TH is a mild 

technique, using reagents that are easy to handle and environmentally benign.63,65,68 

Reactions typically use either IPA or formic acid as the proton source, in combination 

with an auxiliary base (e.g. KOH, KtBuO), although base-free catalysis is 

known.63,65,69,70 

 

Figure 23. General scheme for transfer hydrogenation reaction using IPA as the 
proton source. 

1.2.1 History 

The first example of TH is generally considered to be Meerwein-Ponndorf-Verley 

(MPV) reduction. In 1925, Verley and, independently, Meerwein and Schmidt 

reported the reduction of aldehydes to alcohols using [Al(OEt)3].71,72 This was 
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followed in 1926 by a report from Ponndorf, extending the reaction scope to include 

ketone substrates, using [Al(iPrO)3].73 These traditional Al catalysts suffer from the 

need for stoichiometric quantities and their extreme air and moisture sensitivity.63 

More recent developments have focussed on the use of lanthanide complexes in 

order to overcome these issues. Okano et al. have reported the use of a range of 

lanthanide alkoxide complexes for MPV reduction of ketones, with catalyst loadings 

as low as 0.15 mol%.74 Success in this area has also been achieved using Cp 

complexes of Zr and Hf.75 Whilst the catalysts were originally homogeneous, MPV 

reduction has also been performed heterogeneously.76 

The mechanism of MPV reduction using Al catalysts is understood to proceed via a 

direct mechanism, in which both alcohol and carbonyl are coordinated to the Al.63,77 

The metal templates the substrates, allowing direct transfer of the hydrogen from 

alkoxide to carbonyl via a planar 6-membered transition state (Figure 24).77 

 

Figure 24. Mechanism for MPV reduction using an Al catalyst. 

Ir catalysed TH was first reported in 1964. Haddad et al. described the use of H2[IrCl6] 

and various derivatives to reduce cyclohexanones in the presence of IPA. The noted 

formation of acetone as a by-product led to the conclusion that the IPA acts as a 

hydrogen source, which was confirmed by deuterium labelling.78 Subsequently, an 

Ir-H species was, for the first time, invoked to explain TH. It was reported that heating 

H[IrCl4(DMSO)2].2DMSO in IPA produced the hydride species [IrHCl2(DMSO)3]. This 

was found to catalyse the reduction of 4-tBu-cyclohexanone, and thus was assumed 

to be an intermediate in the catalytic cycle starting from the parent complex.79 

The first examples of asymmetric TH using an Ir catalyst were reported in the 1980s 

using chelating chiral N-donor ligands. Although the conversions were good, the 

enantiomeric excesses were between 15 and 50% depending on the substrate and 

catalyst used.80,81 From these modest beginnings, Ir complexes have become some 

the most widely used catalysts for asymmetric TH in recent times.63,82 

1.2.2 Notable Examples 

Crabtreeôs catalyst is arguably the archetypal Ir hydrogenation catalyst (1.18 -Figure 

25).83ï86 First reported in the 1970s for hydrogenation, it has since been applied to 

TH reactions.87 In the presence of molecular hydrogen the complex forms the active 

catalytic species, the dihydride complex 1.19 (Figure 25). The process is reversible, 

when a solution containing 1.19 is purged with nitrogen the original complex is 

recovered, albeit with partial hydrogenation of the COD ligand.83,84 
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Figure 25. Crabtreeôs hydrogenation catalyst 1.18 and the dihydride species 1.19 
postulated to be active in catalysis.86 

An early example of an Ir catalyst bearing an NHC ligand for TH was a modification 

of Crabtreeôs catalyst. NHC complexes were prepared from the precursor 

[Ir(COD)(py)2][PF6], using IMes, IPr, ICy, with the ICy complex giving the highest 

conversion in the shortest time for a TH reaction. It was noted that this ligand is the 

most electron donating, and hence the SICy analogue was prepared ï although this 

was found to be less effective. A monohydride was proposed to be a key 

intermediate; heating a mixture of [Ir(COD)(ICy)(py)][PF6], IPA and KOH resulted in 

a product with a signal characteristic of a hydride species in the 1H NMR spectrum, 

although the product itself could not be isolated.87 

The concept of bifunctional TH catalysis was first invoked by the group of Noyori in 

1997.88 Asymmetric TH using chiral TsDPEN ligands and Ru-arene precursor 

complexes had already been demonstrated to give excellent enantioselectivities.89 In 

this seminal paper however, Noyori was able to isolate the precatalyst, true catalyst 

and the reactive intermediate. The catalyst precursor is the expected product from 

reaction of S,S-TsDPEN with [Ru(p-cymene)Cl2]2 and KOH (1.20 - Figure 26).  

 

Figure 26. Reactions of Noyoriôs bifunctional catalyst. 1.20 - precatalyst, 1.21 ï 
reactive intermediate, 1.22 ï catalyst resting state. 

Treatment of 1.20 with one equivalent of KOH generates a 16 electron, coordinatively 

unsaturated complex (Figure 26 - 1.21). This reaction may be reversed by application 

of ammonium chloride. Reaction of 1.21 with IPA generates the hydride complex 1.22 

and eliminates acetone (Figure 26). The reaction also proceeds with MeOH and 

EtOH, but not tBuOH. Both 1.21 and 1.22 can be used as catalysts for the asymmetric 

TH of acetophenone, without the need for a base. The fact that both the metal and 

the ligand play a role during the catalysis led to it being termed bifunctional catalysis. 

The ówinning formulaô for Noyoriôs catalyst has also been applied to Ir complexes. 

These were reported independently by the groups of Noyori and Tani.90ï92 Mashima 
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et al. note that the MCp* fragment (M = Rh, Ir) is isolobal with the Ru(arene) fragment 

of Noyoriôs successful complexes.88,90 Both groups report the Ir and Rh complexes to 

be efficient but less competent than the original Ru complex. Mashima et al. were 

able to isolate both the 16 electron and hydride complexes 1.23 and 1.24 (Figure 27). 

Although attempts were made to repeat this with the Rh complex these were 

unsuccessful. Based on the colours seen during the catalytic reaction it was observed 

that the equilibrium for Ir seems to favour the hydride complex, whilst for Rh the 16 

electron species is favoured.91 This is interesting as although Rh complexes were 

more effective catalysts than the Ir complexes, this was not by a particularly large 

margin, so it would be surprising if a different mechanism was in play. 

 

Figure 27. Active catalytic species for Cp*M (M = Rh, Ir) complexes. 
Left: 16-electron complex 1.23. Right: Hydride complex 1.24. 

Following on from these reports, there are numerous examples of complexes of the 

form [IrCp*(NHC)] which may be supplemented by a neutral or anionic ligand to give 

a cationic or neutral complex respectively (Figure 28).63,93ï97 

 

Figure 28. Example catalysts based on the [IrCp*(NHC)] fragment.95ï97 

A variation on the standard IrCp*NHC fragment was reported by Pontes da Costa et 

al. (1.27 - Figure 28).97 Applying the principles that chelating ligands offer higher 

catalyst stability, whilst also noting that an [IrCp*] complex with a chelating bis-NHC 

ligand would bear just one potential vacant site, led to the rational design of a Cp*-

NHC tethered catalyst for TH. Good conversions were achieved with 1.27 at low 

catalyst loadings. 

1.2.3 Proposed Mechanisms 

Whilst MPV reduction is understood to operate via a direct mechanism (vide supra - 

1.2.1), transition metals are generally understood to operate by formation of a hydride 
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species.68,98 The species formed during catalysis may be either a monohydride or a 

polyhydride. In the case of the monohydride, the reaction may proceed through either 

an inner-sphere or outer-sphere mechanism. 

1.2.3.1 Monohydride or Dihydride? 

Bäckvall et al. carried out mechanistic studies into the origin of the metal hydride.99,100 

It is argued that the hydride may come either from the Ŭ-CH of the donor alcohol, or 

from both the CH and the OH. In the case of the latter, a dihydride species is invoked. 

Therefore, by using an Ŭ-deuterium labelled alcohol donor, and by monitoring the 

degree of deuterium incorporation in the product, a monohydride or dihydride 

mechanism can be proposed for a given catalyst (Figure 29). 

 

Figure 29. Monohydride (top) vs dihydride (bottom) mechanism. A dihydride 
mechanism leads to poor retention of deuterium in the Ŭ-position.99 

Those catalysts which lead to a high degree of deuterium retention at the Ŭ-carbon 

proceed via a monohydride; those which provide a low degree of retention proceed 

via a dihydride (or polyhydride). Bäckvall initially examined the racemisation of (S)-

Ŭ-deuterated 1-phenylethanol by two Ru catalysts (Figure 30).99 The product from 

racemisation by catalyst 1.28 showed 37% deuterium retention, indicative of a 

dihydride intermediate. By contrast, catalyst 1.29 gave product with 95% deuterium 

retention, indicative of a monohydride intermediate. 

  

Figure 30. Racemisation of deuterium labelled 1-phenylethanol catalysed by Ru 
catalysts 1.28 and 1.29.99 

A subsequent study investigated 21 Ru, Rh and Ir catalysts. It was found that Rh and 

Ir catalysts all proceeded through a monohydride mechanism. The Ru catalysts 

tested gave mixed results, some proceeding via a monohydride and others via a 

dihydride.100 
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One example where a dihydride is invoked comes from Corberán et al.69 It was 

suggested that the complexes 1.30-1.33 catalysed TH by an ñO-Hò activation to 

generate a 7-coordinate cationic monohydride Ir(V) species (Figure 31). ɓ-hydride 

elimination generates the dihydride species, which hydrogenates the substrate. It is 

unclear how a 7-coordinate Ir centre can undergo ɓ-hydride elimination, likely this 

would have to involve ring-slippage from the Cp*, or the triflate anion acting in a non-

coordinating manner. The evidence for this mechanism stems from the observed 

production of hydrogen; additionally, the reaction proceeds without the need for an 

external base which does favour the direct O-H activation theory. In any case, the 

catalysts proved to be highly active at room temperature, achieving full conversion of 

the cyclohexanone in 15 minutes using a moderate catalyst loading (2 mol%). 

 

Figure 31. Top: Catalysts for TH 1.30-1.33. Bottom: Proposed catalytic cycle 
featuring 7-coordinate Ir species. 

The monohydride mechanism can be further divided into inner-sphere or outer-

sphere routes. This classification refers to whether the substrate is coordinated 

directly to the metal centre (inner-sphere) or not (outer-sphere).64 In the inner sphere 

process a hydride is formed via ɓ-hydride elimination from a coordinated alkoxide. 

The hydride is transferred to a coordinated ketone, which is then substituted by the 
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donor alkoxide, and re-protonated to form the alcohol product (Figure 32). Outer-

sphere mechanisms usually involve the assistance of a ligand, termed bifunctional 

catalysis (vide supra - 1.2.2). The metal hydride is formed concurrently with the 

deprotonation of the OH group in the donor species by a neighbouring ligand. The 

incoming ketone is held in a 6-membered transition state during which the hydride 

attacks the carbonyl carbon and the oxygen is protonated by the neighbouring ligand 

(Figure 33).100 

 

Figure 32. General mechanism for inner-sphere TH reaction. 

 

Figure 33. General mechanism for outer-sphere TH reaction. 
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1.2.3.2 Alternative Mechanisms 

Although the monohydride mechanism is generally assumed to be in operation for 

transition metal catalysts, some studies paint a more complex picture. Computational 

work by Handgraaf et al. compared the mechanism for TH for Ru arene and Ir COD 

complexes. Whilst their findings agreed with those of Noyori for the Ru arene - 

indicating a monohydride mechanism, for the Ir complex the most favourable pathway 

was determined to be a direct mechanism, in which both the alkoxide and ketone are 

coordinated to the metal centre.101,102 Similarly, a combined experimental and 

theoretical study on [Ir(COD)(NHC)2]+ complexes with functionalised NHCs, found 

that the energetics of the direct and hydride mechanisms were similar enough to 

conclude both could be in operation.103 

An outer-sphere variant on the direct mechanism has been proposed for complexes 

1.34 and 1.35 reported by Sabater et al. (Figure 34).70 Cationic IrCp* complexes 

bearing an NHC and a chelating C-NH2 donor were prepared and tested for TH 

activity using a range of ketones. These complexes are chiral at metal and also at 

the benzylic carbon. With both the racemic and enantiopure ligands a single 

diastereomer was produced, which computational evidence indicated might be 

slightly more thermodynamically favoured. The enantioselectivities achieved were 

poor to moderate, with the bulkier nBu NHC complex giving better results. A 

mechanism was proposed based on computational evidence, featuring a hydrogen-

bonding organised transition state (Figure 34). The propoxide interacts with one N-H 

bond with the substrate interacting with the other simultaneously. The hydride can 

then be transferred directly, along with the proton from the NH group. Thus, after 

initial activation, no base is required for the catalyst to turn over. The computational 

results agree well with the experimental data as they indicate similar energy barriers 

to the formation of the two enantiomers of the product - thus accounting for the low 

selectivities observed. This interesting new mechanism shows that in some cases 

catalysis can proceed without any vacant coordination sites, which is potentially 

advantageous, as it should provide higher stability catalysts. 

 

Figure 34. Left: Ir catalysts 1.34 and 1.35. Middle: Proposed hydrogen-bond 
ordered transition state. Right: Ir catalysts 1.36 and 1.37.70,95 
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Crabtree et al. report on a detailed study of the catalytic activity of a range of directly 

comparable complexes based on the IrCp* motif, with varying ligands.95 It was noted 

that no overall conclusions could be drawn about the impact of, for example, denticity 

or ligand type. The most active of the complexes, 1.36, was investigated further. A 

hydride species derived from this complex, 1.37, could be generated by reaction with 

NaBH4. Whilst this was found to be competent in catalysis, its activity was lower than 

that of the parent complex, albeit with no induction period observed or base required. 

The results of Bªckvallôs test gave further evidence that there was not a simple 

relationship between the two complexes. Whilst 1.37 gave 95% incorporation at the 

alpha carbon (indicating a monohydride mechanism), incorporation was only 75% for 

1.36. This was strong evidence that the catalytic cycle starting from 1.36, must have 

intermediates other than 1.37 in play. The authors also note that both the ɓ-hydride 

elimination step to generate the hydride, and the subsequent hydrogen transfer, 

requires two adjacent vacant sites, a criterion not met by either 1.36 or 1.37. A further 

study on these complexes found that the reaction probably proceeded via loss of the 

Cp* ligand, and that this process corresponds to the observed induction period.104 

Dissociation of a Cp* ligand is unusual, but has been reported in Ir complexes 

previously.105 Concordant with this supposition, it was found that complexes featuring 

a bulkier NHC ligand had a shorter induction period, whilst a comparable complex 

featuring the less bulky Cp ligand a much longer one. The authors therefore propose 

that in cases where the system is sterically congested, and where the ligands are not 

labile - catalysis may proceed via loss of a Cp* ligand; whilst in cases where the 

ligands are labile a classical monohydride mechanism prevails. 

1.3 Previous Work 

1.3.1 Fusing NHCs and Carboranes 

NHCs and carboranes are each important ligand classes which have been applied to 

complexes used for catalytic reactions (Preface - 3.3, vide supra - 1.1.7 ). Whilst there 

have been reports of NHCs and carboranes co-existing in the same complex, it was 

not until recently that reports of carborane appended NHCs emerged.106ï108 In 2010, 

Willans et al. reported the formation of 2:1 NHC-carborane adducts in which the closo 

structure of the carborane is lost, and two NHCs coordinate to an exo-boron atom 

(1.38 - Figure 35).109 Two years later Zheng and Xie reported 1:1 adducts, prepared 

selectively by use of a sterically encumbered NHC (1.39 - Figure 35).110 This was 

followed by work from Lavallo et al. who reported the synthesis of NHCs which are 

both di- and mono-substituted with carboranes at the N positions (1.40 - Figure 

35).111,112 The same group later reported the first complex bearing a fused NHC-

carborane ligand, 1.41, based on the same motif (Figure 35).113 More recently Selg 
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et al. have reported the appending of a carborane to a triazolium-based 

organocatalyst (1.42 - Figure 35). The use of a nido-carborane as an aryl mimetic is 

reported, and the compound found to be active in the organocatalysis of Umpolung-

type reactions, as well as being more widely applicable than the phenyl analogue.114 

 

Figure 35. Literature examples of NHC-carborane compounds.109ï113 

Concurrent work in the Willans group established a synthetic methodology for the 

preparation of NHCs connected to a carborane via a flexible linker.115ï117 Holmes et 

al. note that reaction of bromoethylcarborane with one equivalent of tBu-imidazole 

produces the closo-carborane tether 1.43. Reaction with a second equivalent results 

in deboronation (due to the basic properties of the imidazole) to form 1.44. These 

imidazolium salts are precursors to NHC-carborane tethers, and as such can be used 

in complexation reactions. This was demonstrated with Rh initially, with a structurally 

diverse range of complexes prepared and characterised (Figure 36).  

 

Figure 36. Top: Synthetic route to imidazolium carborane tethers 1.43 and 1.44. 
Bottom: Diverse Rh complexes prepared from these tethers 1.45-1.47. 
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It is possible to vary the N-substituent on the NHC to some degree, and various closo-

carborane imidazolium salts were also prepared (Figure 37).117 The methyl-

substituted precursor was used for further study on complexation to Ru, Rh and Ir. 

For each metal the [M(arene)(NHC)Cl2] type complex was prepared and fully 

characterised; in the case of Ir, a range of cyclometallated complexes were also 

synthesised (Figure 37).116 As discussed previously, metal-carborane coordination 

can occur through activation of either a CH or a BH vertex (1.1.6). The CH protons 

are more acidic than the BH protons so in some cases it is possible to selectively 

activate at this position. In case of BH activation this occurs at either of the two boron 

atoms directly adjacent to both carbon atoms; carbon is more electronegative than 

boron and hence the more electron poor boron atoms are the most susceptible to 

proton loss.118 

 

Figure 37. Top left: Range of ligand precursors 1.43-1.50. Top right: Non-
cyclometallated complexes 1.51-1.53. Bottom: Range of Ir complexes 

prepared 1.54-1.59. 

Holmes et al. note that when cyclometallation of 1.53 is achieved by reaction with 

Ag2O the product obtained is a mixture of 1.54 and 1.55, i.e. both CH and BH 

activation occur. It was possible to selectively prepare only the carbon 

cyclometallated complex 1.56 by deprotonating both the imidazolium and the 
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carborane using n-BuLi. In this case, a mixed halide product is obtained. Achieving 

boron only cyclometallation is more complex - this requires synthesis of the methyl 

substituted carborane precursor, thus physically blocking the possibility of CH 

activation, and furnishing 1.57. Phenyl containing analogues 1.58 and 1.59 were also 

prepared for comparison; it has been noted that a phenyl ring rotating in solution has 

an equivalent steric effect to that of a 12 vertex carborane.119 

1.3.2 Transfer Hydrogenation Catalysis 

The prepared Ir complexes were tested for activity in the catalytic TH of 

acetophenone (Table 1 ï entries 2-7).116 Compared to the complex precursor 

[IrCp*Cl2]2, addition of an NHC ligand reduces catalytic activity (cf. entries 1 and 2). 

However, when in addition to an NHC ligand the Ir centre is cyclometallated by a 

carborane, an increase in catalytic activity is seen (cf. entries 1-5). There is no clear 

indication in the data about whether boron or carbon cyclometallation produces a 

greater enhancement in reactivity, in fact, the mixture of carbon and boron 

cyclometallation gave better conversion than either isolated complex (cf. entries 3-

5). In general, the carboranyl complexes outperform their phenyl analogues (cf. 

entries 2 and 7; 3-5 and 6). This effect is particularly marked in the case of the 

cyclometallated phenyl complex. Given that cyclometallation only increases the 

activity for carboranyl complexes, a mechanism was proposed in which the carborane 

is involved in the catalytic cycle (Figure 38). The first step (A) involves coordination 

of a propoxide and concomitant carborane protonation. The second step (B) is the 

formation of a monohydride species. The third step (C) is the hydride transfer to the 

product - which is envisioned as occurring via either the standard inner- or outer-

sphere mechanism (vide supra - 1.2.3). The cycle is completed (D) by transfer of a 

proton from the pendant carborane to the product, the deprotonated carborane re-

coordinating to the metal centre, thus regenerating the cyclometallated complex. 

This straightforward cycle masks many potential complexities. The starting complex 

might feature a chloride or a bromide ligand - or be rapidly substituted by a tBuO (or 

iPrO) ligand upon base addition. Furthermore, the cyclometallation may occur 

through a carbon, boron, or a mixture of both. It is unclear which form of coordination 

would be favoured during cyclometallation step D that occurs to complete the cycle. 

Given the competency of the carborane-methylated complex 1.57 in catalysis, for the 

proposed mechanism to be in operation, it must be possible for a BH to supply the 

proton for the product (D). Another point of interest is that 1.53 was found to be 

relatively inactive in catalysis, even though the propoxide coordinated species formed 

in step A should ostensibly be easily accessible from this complex. 
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Table 1. Catalytic activity of Ir complexes for TH 

 

Entry Catalyst Catalyst loading / 

mol% 

Conversion / % 

1 [IrCp*Cl2]2 1 68 

2 1.53 1 33 

3 1.54/1.55 1 

0.5 

>99 

91 

4 1.56 1 75 

5 1.57 1 

0.5 

>99 

82 

6 1.58 1 39 

7 1.59 1 25 

 

 

Figure 38. Proposed catalytic cycle for TH by complexes 1.54-1.57.116 
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1.4 Aims 

The key question that arises from the work conducted previously by Holmes is what 

role carborane cyclometallation has catalytic activity. The cyclometallation of the 

carborane moiety has a larger effect on the activity than any other change between 

complexes, which suggests that the carborane is involved in catalysis. However the 

nature of this involvement is as yet unclear. If, as suggested, the role is similar to the 

amine group in Noyoriôs bifunctional catalysts, this would represent the first example 

of this behaviour with a carborane. It is also possible that the carborane influences 

the sterics, electronics, or both, of the metal centre in a crucial way. 

A central aim, therefore, was the determination of the mechanism of catalytic TH for 

the complexes synthesised by Holmes, with a particular emphasis on the 

cyclometallated complexes. A number of approaches were used to investigate the 

mechanism (vide infra). 

Another aim was to understand more about the fundamental behaviour and 

properties of carboranyl-NHC ligands. The determination of TEPs for both carborane 

and phenyl containing ligands is desirable, so that the electronic properties of the 

ligands can be compared with other standard NHCs. It was also hoped than any great 

difference in electron donating properties seen between the phenyl and carborane 

ligands, might provide an insight into the difference in catalytic activity. 

Additionally, it is desirable to probe the cyclometallation reaction further. The reasons 

why the use of silver oxide lead to a mixture of carbon and boron cyclometallation in 

the case of the Ir complexes are unclear. In a related vein, it was noted that the 

analogous Ru (p-cy) complexes were resistant to cyclometallation under these 

conditions, and there is no clear explanation for this. Another objective was therefore 

to probe the reaction products for these complexes computationally. 

The work presented in the following chapters describes the progress made towards 

answering these questions. Experimental studies can be performed to gain an insight 

into catalyst speciation, for example by employing stoichiometric reactions. Work of 

this kind is described in Chapter 2. Computational chemistry is also a valuable tool, 

particularly with regard to assessing the feasibility of reaction mechanisms. Details 

of the computational study that was performed are given in Chapter 3. Lastly, kinetic 

analysis can provide vital insight into the way a catalytic reaction works. This can be 

through determination of the order of the reaction in substrate or catalyst, or through 

the observation of an induction period, or catalyst deactivation or saturation over time. 

The use of on-line reaction monitoring to this end is described in Chapter 4. 
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Chapter 2 

A Chemical Investigation into the Role of the Carboranyl 

Moiety in NHC-Carborane Containing Catalysts. 

This chapter describes reactivity studies performed on Ir complexes bearing NHC-

carborane ligands that have previously been found to be active in TH catalysis. The 

synthesis and characterisation of relevant complexes is described. These have been 

used in a variety of stoichiometric reactions, as well as catalytic screening reactions, 

in an attempt to gain an insight into catalyst speciation. Additionally, efforts towards 

the preparation of Ir carbonyl complexes are described. 

2.1 Attempted Synthesis of Carbonyl Complexes 

As described in Chapter 1, the coordination chemistry of NHC-carborane ligands has 

been previously investigated. Ir complexes bearing these ligands were found to be 

active in TH catalysis. Prior to these results being obtained however, efforts were 

made to determine which catalytic transformations the novel NHC-carborane ligands 

would be well suited to. To this end, it was desirable to probe the electronic 

differences between ligands bearing a carborane, compared to those bearing a 

phenyl group. Determination of a given ligandsô electron donating properties is 

generally achieved with reference to the Tolman Electronic Parameter (TEP) 

(Preface - 3.2). Traditionally, the model complex with the general formula [Ni(CO)3L] 

has been used, and the frequency of the A1 carbonyl stretching mode is compared 

with that for other ligands.1 Due to the toxicity of [Ni(CO)4], attempts have been made 

in recent years to introduce alternative carbonyl complexes as model complexes.2ï4 

The most commonly used model complex is [Ir(CO)2ClL] with the average of the two 

carbonyl stretching frequencies being comparable with traditional TEP values using 

the following equation. 

 

These complexes can be prepared in a straightforward manner by displacement of 

the COD ligand in the relevant [Ir(COD)ClL] complex by bubbling through carbon 

monoxide.2,5,6 Preparation of such complexes will allow the comparison of the NHC-

carborane ligands with already known NHCs, for with TEPs have been reported. It 

was additionally envisaged that the prepared COD complexes could be applied to 

catalytic reactions. NHC complexes of the type [M(COD)Cl(NHC)] (M = Ir, Rh) can 

be prepared via the silver oxide route as reported by Crabtree et al. (Figure 39).7  
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Figure 39. Generalised route to dicarbonyl complexes. M = Rh or Ir. 

Holmes et al. has reported the preparation of analogous Rh complexes using a tert-

butyl substituted ligand (Figure 40).8 

 

Figure 40. Route to Rh(COD) complex bearing NHC-carborane tethered ligand 
published by Holmes et al.8 

The preparation of L2 and precursors for L1 has been described previously.9 A 

slightly modified procedure was used for L1 which is described later (section 2.2). 

The procedure reported by Holmes for the analogous Rh complexes was followed 

using L1 and L2 (Figure 41). Reaction in DCM at 45 °C produced C1 in 19 hours and 

C2 in 1.5 hours. The reactions can be monitored by HRMS, with the relevant ligand 

precursor peak disappearing almost entirely over the course of the reaction. 

 

Figure 41. Synthesis of Ir complexes C1 and C2. 

NMR spectroscopy is a valuable tool in assessing the success of these reactions. 

For example, the 1H NMR spectrum of L2 as compared to that of C2 is shown in 

Figure 42. 



- 62 - 

 

Figure 42. 1H NMR spectra (400 MHz, CDCl3). Top: L2. Bottom: C2. 

The absence of the imidazolium signal (d) at 10.1 ppm is clear evidence of carbene 

formation. Additionally, upon complexation the ethyl link protons (e and f) become 

diastereotopic and appear as four individual signals, each with a relative integral of 

1H. Analysis of the 2D HMQC demonstrates that in both cases a single carbon atom 

can be correlated to two proton signals. The diastereotopic nature of these protons 

has been observed by Holmes with the analogous Rh complex 2.1. It was postulated 

that this could be due to restricted rotation about the carbene-metal bond due to steric 

crowding. The CH signals on the COD ligand also become inequivalent upon 

complexation, which lends weight to this theory. If the NHC ligand does not rotate 

then the CH protons on the COD ligand above the plane of the NHC ligand are 

magnetically inequivalent to those below. The N-methyl group signal (a) consists of 

two overlapping singlets in an approximate 0.2:0.8 ratio. This is a similar effect to that 

observed by Holmes when a species with mixed halides is obtained.9  

The data obtained for C1 is similar, as seen in Figure 43. Once again, the ethyl linker 

protons (e and f) become diastereoptopic on complexation and appear as four 

individual 1H signals. Similarly, there are 4 signals attributable to the COD CH 

protons. The carboranyl C-H signal at 4.02 ppm (h) is still present, indicating that 

cyclometallation via CH activation has not occurred. The 3 protons for the N-methyl 

signal (a) are again made up of two singlets, this time in a 0.15:0.85 ratio. 
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Figure 43. 1H NMR spectrum (400 MHz, CDCl3) of C1. 

 

Figure 44. 11B{1H} NMR spectra (96 MHz, d6-DMSO [above] and CDCl3 [below]). 
Top: L1. Bottom: C1. 

There is very little change in the 11B{1H} NMR spectra upon complexation of L1 to 

form C1b (Figure 44). This is not unexpected as the boron environments are likely to 

be largely unaffected by complexation, being distant from the metal centre. This is 

also consistent with the data reported by Holmes for 2.2 (Figure 40).8 
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High resolution mass spectrometry (HRMS) also proves useful in determining the 

composition of these complexes. As is generally observed for complexes of this type, 

a peak corresponding to [M-Cl]+ is observed.10,11 In the case of C2 the pattern of the 

molecular ion envelope is fairly simple, showing two major peaks separated by two 

mass units (Figure 45). These are due to the two stable isotopes of Ir: 191Ir and 193Ir 

which are 37.3% and 62.7% abundant, respectively.12 

 

Figure 45. HRMS spectrum of C2. Inset: above: molecular ion peak [C2-Cl]+, below: 
calculated molecular ion peak for [C2-Cl]+. 

The mass spectrum obtained for C1 likewise shows an envelope that corresponds to 

[C1-Cl]+ (Figure 46). In this case the shape of the envelope is dominated by the 

presence of the carborane cluster. As boron has two stable isotopes - 10B and 11B in 

a 19.9% and 80.1% relative abundance respectively ï the presence of 10 boron 

atoms in the carborane cage results in a wide range of different molecular ion peaks 

that correspond to the various [C2
10Bn

11B10-nH11] combinations.12 
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Figure 46. HRMS spectrum of C1. Inset: above: molecular ion peak [C1-Cl]+, below: 
calculated molecular ion peak for [C1-Cl]+. 

Single crystals suitable for X-Ray diffraction analysis of C1 and C2 were grown by 

vapour diffusion of pentane into a concentrated solution of the complex in DCM. The 

asymmetric unit for C1 contains four molecules of C1 (Figure 47). Three of these 

feature a chloride ligand, however the fourth shows an excess of residual electron 

density which was modelled as a mixed chloride/bromide complex with 0.8/0.2% 

occupancy (Figure 48). The asymmetric unit for C2 holds just one complex. In this 

case the crystal structure obtained shows a mixed halide complex, with an occupancy 

of 0.2% for the bromide and 0.8% for the chloride (Figure 49). This is backed up by 

SEM/EDX data which give a chloride:bromide ratio of 1:0.64 (calculated 1:0.56 for 

0.8:0.2). Therefore it is likely that this is the reason for the duplicity of signals 

observed in the 1H NMR spectrum of C2.  
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Figure 47. Molecular structure for the asymmetric unit of C1. Ellipsoids shown at the 
50% probability level. Hydrogen atoms omitted for clarity. 

There is a slight variation in the carbene-Ir bond lengths between the four molecules 

in the asymmetric unit of C1, showing distances in the range 2.004 - 2.045 Å. These 

lengths are at the shorter end of those reported in the literature.3,13ï15 Both C1 and 

C2 show a square planar geometry, as expected for complexes of this type. A 

comparison between the structures of the halide mixed complexes is given in Table 

2. The bond lengths in C1 are the same as in C2, when the errors in the data are 

taken into account. Both complexes show the expected trends, with larger Ir-CCOD 

distances trans to the NHC ligand than trans to the halide. This reflects the greater 

trans-influence of the NHC ligand, as a consequence of the strong ů-donor 

properties. 

Due to the halide mixing observed with C1 and C2, attempts were not made to 

synthesise the carbonyl analogues, as it was unclear what impact the mixed halides 

would have on the CO stretching frequencies obtained. Instead, efforts to determine 

the electron donating properties were undertaken computationally. Gusev has 

proposed the use of the model complex [Cp*Ir(CO)L] to computationally probe the 

electron donating effects of various ligands.16,17 This is discussed in Chapter 3. 
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Figure 48. Partial asymmetric unit of C1, showing halide mixing. Ellipsoids are shown 
at the 50% probability level. 

 

Figure 49. Molecular structure of C2, showing halide mixing. Ellipsoids are shown at 
the 50% probability level. 
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Table 2. Selected bond lengths for the halide mixed molecular structures of C1 and 
C2. 

Bond Length C1 / Å Length C2 / Å Literature range3,13ï15 

/ Å 

Ir(1)-C(1) 2.026(9) 2.040(6) 1.99 ï 2.09 

Ir(1)-Cl/Br(1) 2.408(10) 2.404(9)  

Ir(1)-C(9) 

Ir(1)-C(18) 

2.088(9)  

2.103(7) 
2.09 ï 2.12 

Ir(1)-C(10) 

Ir(1)-C(17) 

2.116(9)  

2.089(6) 

Ir(1)-C(12) 

Ir(1)-C(14) 

2.166(10)  

2.173(6) 2.16 ï 2.18 

 Ir(1)-C(13) 

Ir(1)-C(13) 

2.188(9)  

2.167(6) 

2.2 Synthesis of Catalytically Active Iridium Complexes 

Our group have previously prepared a range of Ir complexes and investigated their 

catalytic activity for the transfer hydrogenation of acetophenone (Chapter 1).18 The 

key complexes of interest are those in which the carborane is cyclometallated (C4/C5 

and C6), as these gave the highest conversions (Figure 50). It is notable that these 

performed better than their non-cyclometallated counterpart C3, and especially 

interesting that this improvement upon cyclometallation was not replicated with 

phenyl analagoues (Figure 50). It is desirable to probe the reasons behind this effect, 

and determine what role the carborane plays in catalysis. This may lead to rational 

design of new catalysts in future. 

The pendant carborane may cyclometallate through either a boron or a carbon atom. 

When the complex is prepared through the silver oxide route a mixture of boron and 

carbon cyclometallation is observed (C4/C5). Carbon only cyclometallation (C6) may 

be selected by deprotonation using n-BuLi. Although the mixture of C4/C5 was found 

to be the most catalytically active, C6 also has a good activity, and it was decided 

that reactions with a single species should make analysis more straightforward. For 

this reason efforts were initially focussed on the preparation of C6. 
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Figure 50. Complexes prepared by Holmes with conversions for the TH of 
acetophenone to 1-phenylethanol.18 

The synthetic route to C6 is shown in Figure 51. Although the synthesis has been 

published, it is not without its challenges. The first issues arise during the preparation 

of the ligand where coupling of the carborane with N-methylimidazole is a 

straightforward SN2 reaction. However, carboranes often undergo deboronation in 

the presence of a base, such as an imidazole.19 In order to reduce this possibility the 

reaction is carried out at a high concentration in toluene, with the aim of precipitating 

the product prior to deboronation. However, in many cases, a small quantity of the 

deboronated nido product was found to be present. 

 

Figure 51. Synthetic route to C6. Use of n-BuLi allows for the selective deprotonation 
of a carbon atom in the carborane cage. 

Once formed, separation of the zwitterionic nido species from the closo salt is 

challenging. The NMR spectra shown in Figure 52 are from a mixture of closo-L1 and 

nido species, after attempted purification by hot-toluene washing, as described by 

Holmes.9 It is however possible to separate the two species by trituration in MeOH. 

The nido species is mostly insoluble in MeOH, thus a mixed sample may be dissolved 
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in a small quantity of MeOH and filtered through celite. It is often necessary to repeat 

the process at least twice to ensure complete removal of nido contaminants. 

 

Figure 52. 1H NMR spectrum (300 MHz, d6-DMSO) of nido contaminated L1. Inset: 
11B{1H} NMR spectrum (96 MHz, d6-DMSO) showing characteristic signals of a 
nido-cage. Green stars denote nido product signals. 

Synthesis of complex C6 uses n-BuLi to generate the free carbene and also to 

selectively deprotonate the unsubstitued carbon atom on the carborane cage (Figure 

51). The procedure was attempted using slightly more than two equivalents of n-BuLi, 

however, analysis of the product by HRMS and 1H NMR spectroscopy frequently 

revealed incomplete cyclometallation and/or the presence of impurities (Figure 53 

and Figure 54). It was found that addition of further portions of n-BuLi pushed the 

reaction to completion, (cf. Figure 55 and Figure 56) however a concomitant increase 

in impurities was sometimes observed (cf. Figure 56 and Figure 57). 
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Figure 53. Example HRMS of impure product isolated during attempted synthesis of 
C6 using the literature method. Green star denotes non-cyclometallated 
impurity (C3). Purple star denotes C6. 

 

Figure 54. 1H NMR spectrum (300 MHz, CD2Cl2) of impure product isolated during 
attempted synthesis of C6 using the literature method. Green stars indicate 
impurities. 
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Figure 55. HRMS of reaction mixture during attempted synthesis of C6, after addition 
of 2.2 equivalents of n-BuLi. Purple star denotes C6, green star denotes C3. 

 

Figure 56. HRMS of reaction mixture during attempted synthesis of C6, after addition 
of 4.4 equivalents of n-BuLi. Purple star denotes C6, green star denotes C3. 

 

Figure 57. HRMS of reaction mixture during attempted synthesis of C6, after addition 
of 7.7 equivalents of n-BuLi. Purple star denotes C6, green star denotes C3, 
blue stars denote carborane containing side products. 
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In spite of the capricious nature of the chemistry, it was occasionally possible to 

prepare the desired compound, with analytical data in agreement with the literature 

(Figure 58 and Figure 59).18 This was used to further probe the catalytic reaction. 

 

Figure 58. 1H NMR spectrum (300 MHz, CD2Cl2) of C6. 

 

Figure 59. HRMS of C6. Inset: above: molecular ion peak [C6-Cl]+, below: calculated 
molecular ion peak for [C6-Cl]+. 
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Complexes C3 and the mixture C4/C5 were also prepared, with slight adaptions to 

the literature procedure. C3 is prepared via the silver oxide route using L1 and 

[IrCp*Cl2]2 (Figure 60). 

 

Figure 60. Literature synthesis of C3 from L1 via silver oxide route.18 

The 1H NMR spectrum of C3 shows similar features to that of C6 albeit with slightly 

differing chemical shifts; the major difference is the presence of a broad singlet 

corresponding to the carboranyl CH at 4.45 ppm. The data obtained for C3 were 

comparable with that previously reported.18 One difference however was the 

presence in the HRMS of a signal at m/z 660 that corresponds to [C18H35B10IrN2Br]+, 

i.e. [C3-2Cl+Br]+. Holmes did not observe halide mixing in C3, however it is possible 

that a longer reaction time has led to this effect. 

With complex C3 in hand, attempts were made to synthesise the mixture of C4/C5 

using the silver oxide route (Figure 61). 

 

Figure 61. Literature synthesis of C4/C5 from C3 via silver oxide route.18 

Reaction progress can be monitored by HRMS, which typically revealed incomplete 

cyclometallation after the prescribed 16 hour period. Attempts were made to drive 

reaction progress further by addition of more Ag2O, however incomplete reaction was 

still observed. Silver oxide is only sparingly soluble in MeCN; for this reason reactions 

were performed with a large volume of solvent, in addition to a slight excess of silver 

oxide, in an attempt to increase the active quantity of the base in solution. When such 

reactions were monitored by HRMS the eventual disappearance of the m/z 615 peak 

attributed to C3 was noted after 24-48 hours. The work-up was also modified, with 

filtration through celite, followed by recrystallization from acetone and pentane 

affording a cleaner product in higher yield. 

Analysis of the product by 1H NMR spectroscopy is challenging in the case of C4/C5, 

due to the mixture of products. In addition to the obvious mixture of boron and carbon 
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cyclometallation, multiple forms of stereoisomerism also contribute. The Ir is itself a 

chiral centre, meaning that the signals for the CH2 protons become diastereotopic. 

Additionally, in the case of boron cyclometallation, there are two chemically 

equivalent BH vertices that may be activated, leading to two different products (Figure 

62). 

 

Figure 62. Schematic of substituted carborane showing possible sites of BH 
activation by a metal centre, B3 or B6. 

The 1H and 11B{1H} NMR spectra obtained for C4/C5 were compared with those 

reported by Holmes and judged to be reasonably similar. 

The HRMS is more informative. In spectra obtained for C4/C5 no signal is observed 

at m/z 615, which would be indicative of C3. A peak at m/z 579 corresponding to [M-

Cl]+ demonstrates formation of the product. However, an additional peak at m/z 702 

was always present. The envelope shape clearly identifies the species as carboranyl 

in nature, however an explanation of what compound is responsible for this impurity 

could not be realised. 

The complexes C3, C4/C5 and C6 were used in a variety stoichiometric reactions, 

as well at catalytic screening and real-time reaction monitoring (see Chapter 4). 

Sometimes these complexes were supplemented by those previously prepared by 

Holmes. 

2.3 Stoichiometric Reactions 

Intermediates in catalytic reactions are, by their nature, often very short-lived. To 

enable them to be observed on a longer timescale, stoichiometric reactions that 

mimic catalytic conditions are often employed. Purported intermediates isolated by 

this method can be characterised, and then tested in a catalytic reaction. In this way, 

an insight into possible mechanisms for the catalysis can be gained. To this end, 

various stoichiometric reactions with relevant reagents were performed to gain insight 

into the transfer hydrogenation reaction catalysed by Ir-NHC-carborane complexes. 
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2.3.1 Reaction of Cyclometallated Complex C6 with HCl 

Complex C3 transforms into C6 via formal loss of HCl (Figure 63). In order to probe 

possible routes between the cyclometallated and non-cyclometallated complexes, a 

stoichiometric reaction with HCl was carried out (Figure 63). 

 

Figure 63. Top: Formal loss of HCl from C3 generates C6. Bottom: Reaction of C6 
with HCl in a stoichiometric reaction in CD3CN. 

Complex C6 was dissolved in CD3CN in a Youngôs NMR tube and 0.9 equivalents of 

HCl was added, with any changes being monitored using 1H NMR spectroscopy. No 

change was observed after standing at room temperature for 17 hours, or after 

heating to 80 °C for 24 hours. After the addition of 4 further equivalents of HCl 

combined with heating at 80 °C for 22 hours the 1H NMR spectrum showed a mixture 

of starting material and a product (Figure 64). No further changes were observed in 

the spectrum after heating for a further 72 hours (Figure 64). The carboranyl CH 

signal can be seen at 4.61 ppm in the spectrum for C3 (bottom spectrum, green star). 

A broad hump is observed in the product spectrum at 4.40 ppm (middle spectrum, 

green star). This signal is much broader than that seen for C3, however this could be 

an indication of a dynamic exchange process, between the protonated and 

deprotonated carborane. The product spectrum has 5 resonances in the NHC 

backbone region, with the peaks at 6.73 and 6.90 ppm being absent from the spectra 

of both C6 and C3. The two doublets at 7.18 and 7.26 ppm (middle spectrum - purple 

star) have a chemical shift close to that of analogous signals in C6, however the peak 

shape matches more closely with those in the spectrum for C3 (bottom spectra - 

purple star).  
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Figure 64. 1H NMR spectra (300 MHz, CD3CN). Top: C6 Middle: C6 + 5 equivalents 
HCl, heated for 72 hours. Bottom: C3. 

The 11B{1H} NMR spectrum of the product of C6 and 5 equivalents of HCl shows 

slight changes from the starting material (Figure 65). Comparison of the 11B{1H} NMR 

spectrum obtained with that for C3 does not indicate that C3 has been formed. A 

HRMS obtained of the products of this reaction revealed the presence of C6 (m/z 579 

for [M-Cl]+) as the major peak (Figure 66). A very low intensity peak corresponding 

to C3 at m/z 615 can also be seen. Overall, it is clear that the cyclometallated complex 

does not cleanly produce the non-cyclometallated complex upon action with acid. 
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Figure 65. 11B{1H} NMR Spectra (96 MHz, CD3CN). Top: C6. Middle: C6 + 5 
equivalents HCl, heated to 80 °C for 72 hours. Bottom: C3. 

 

Figure 66. HRMS obtained following the reaction of C6 + 5 equivalents of HCl, 
heated to 80 °C for 72 hours. 
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2.3.2 Reaction of Cyclometallated Complex C6 with IPA and 

KtBuO 

If the carborane moiety is involved in the transfer hydrogenation reaction as a proton 

shuttle, then there must be a proton source in the reaction with which to protonate 

the carborane. The IPA solvent seems the most likely option. Therefore, the reaction 

of C6 with IPA was tested. As it was desirable to monitor the reaction by NMR, a 

substoichiometric quantity of IPA was added to a solution of C6 in CD3CN in a 

Youngôs NMR tube. No reaction was observed to take place, either at room 

temperature or after heating to 80 °C for 21 hours. This is probably to be expected 

given that no reaction is observed under catalytic conditions in the absence of a 

base.18  

When 0.9 equivalents of KtBuO in THF were added to the NMR tube containing C6 

and IPA an immediate colour change was observed, from yellow to red. Changes are 

visible in the 1H NMR spectrum after 5 minutes of heating at 80 °C, with the reaction 

proceeding further after 1 hour, and appearing to be complete after heating for 18 

hours (Figure 68). Curiously, the red colour reverted back to yellow by the end of the 

reaction. Possible products from the reaction would be an alkoxide complex (tBuO or 

iPrO) or a hydride complex (if ɓ-hydride elimination occurs), in which the halide has 

been replaced. In the case of the former, a resonance for coordinating alkoxide 

should be seen in the 1H NMR spectrum, as distinct from that which is free in solution. 

In the case of hydride formation, the by-product acetone should be visible, given that 

the reaction was performed in a sealed Youngôs NMR tube.  

Bergman et al. have reported a series of IrCp* alkoxide complexes along with the 

chemical shifts of the alkoxide protons (Figure 67).20 In complex 2.3 a distinct 

downfield shift is seen on coordination of the alkoxide relative to the reported shifts 

of free ethanol. For complex 2.4 a downfield shift of the CH signal is seen, in addition 

to the two methyl groups becoming inequivalent. 

 

Figure 67. Comparison of 1H NMR shifts for coordinated alkoxides versus parent 
alcohols (ppm).20,21 
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There is no indication of the presence of any signals due to a coordinated iso-

propoxide in the 1H NMR spectrum of C6 with IPA and KtBuO. The expected doublet 

at 1.09 ppm and septet at 3.86 ppm that correspond to free IPA in CD3CN remain for 

the reaction duration (Figure 68). The peaks integrals decrease relative to the 

residual CD2HCN peak during the final overnight heat, however no new peaks in the 

region reported by Bergman are observed. 

Based on the data reported by Bergman it would be expected that a coordinated tert-

butoxide group would appear at a different chemical shift to that of tert-butanol. A 

peak assigned as corresponding to tBu protons is seen at 1.17 ppm in the 1H NMR 

spectra (Figure 68). The signal remains at this shift throughout the reaction progress. 

The reported shift for butanol in CD3CN is 1.16 ppm, and this has been confirmed by 

obtaining a 1H NMR spectrum of KtBuO solution in THF in CD3CN.21 Therefore it is 

unlikely that tert-butoxide coordination has occurred. 

A peak corresponding to acetone can be seen for the duration of the reaction. The 

ratio of the peak integrals for acetone to residual CD2HCN remains essentially 

constant throughout the reaction, even decreasing slightly towards the end. However, 

the differences are small <2%, and therefore within error. This data does not provide 

convincing evidence for formation of a hydride via ɓ-hydride elimination from a 

coordinated propoxide. 

Although signals for the suggested products of this reaction are not seen, there are 

clear changes to the 1H NMR spectra during the course of the reaction. In the region 

around 7 ppm where signals for the NHC backbone are generally seen, the peak 

shapes change significantly, becoming more complex and appearing over a smaller 

range. The N-methyl group signal (3.93 ppm) appears to vanish completely upon 

addition of the base. A comparable signal appears concomitantly at 3.59 ppm. A 

change is also seen to the Cp* methyl group signal, appearing at the start of the 

reaction as two singlets (1.57 and 1.48 ppm). Upon addition of a base, these signals 

disappear with a new singlet at 1.49 ppm. The integral of this signal relative to the 

backbone signals is less than half what would be expected. The duality of signals 

observed for the Cp* and methyl groups in C6 is believed to be a result of the 

presence of both chloride and bromide ligands (confirmed by SCXRD).9 So, a 

simplification in this region would imply that the two halides in the complex have been 

replaced by one single ligand type, supporting the idea that an alkoxide has replaced 

the halide. However, as noted earlier, there is a distinct lack of other signals indicative 

of a coordinated alkoxide. Another explanation could be the selective removal of one 

type of halide ligand, leaving only C6.Cl or C6.Br intact. 
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 Figure 68. 1H NMR spectra (CD3CN, 300 MHz) recorded for reaction of C6 with 
KtBuO and IPA. Green stars denote IPA, purple stars denote KtBuO, blue stars 
denote acetone. 1. C6 + IPA, 2. 5 minutes after KtBuO addition. 3. 1 hour after 
KtBuO addition. 4. 18 hours after KtBuO addition. Inset: enlarged images of 
NHC-backbone region.  

There are also subtle changes in the 11B{1H} NMR spectra (Figure 69) during the 

course of the reaction of C6 with IPA and KtBuO. A peak at -10.9 ppm disappears 

and a new peak appears at -1.3 ppm. There is also evidence for the formation of a 

small amount of a nido-species with the appearance of signals at -32.9 and -37.1 

ppm. This is not surprising, given the base-sensitive nature of carboranes. 

The HRMS data obtained for the reaction product shows the starting material peak 

at m/z 579. Additionally there are two or more overlapping ion signals with highest 

intensity peaks at m/z 640.4039 and m/z 645.3615. One carborane containing 

species with a mass of less than the starting complex is seen at m/z 539.2487. None 

of these signals can be rationalised. 

These results clearly indicate that C6 reacts with KtBuO in the presence of IPA or 

vice versa, however the identity of the product formed proves difficult to determine. 



- 82 - 

 

Figure 69. 11B{1H} NMR Spectra (96 MHz, CD3CN). Top: C4. Bottom: C4 + KtBuO + 
IPA, heated 80 °C for 18 hours. 

2.3.3 Stoichiometric Reaction of Cyclometallated Complex C6 

with KtBuO 

A stoichiometric reaction was performed to investigate the reaction of base with C6 

in the absence of IPA. Upon addition of KtBuO to a Youngôs NMR tube containing a 

solution of C6 in CD3CN a colour change was observed from yellow to red. 

Precipitation of a solid also occurred. Comparison of the 1H and 11B{1H} NMR spectra 

obtained with those of the reaction of C6, KtBuO and IPA indicate that the same 

product is formed in both cases. As with previous reactions, there is no evidence of 

butoxide coordination. 

HRMS data from this reaction shows a peak corresponding to the starting complex 

at m/z 579. The only other signal that appears to correspond to a carboranyl species 

(based on broad m/z range) is at m/z 637.4931. One possibility at this mass would 

be [C6-Cl+acetone]+. However, the predicted m/z is 637.3760 giving a large error of 

184 ppm. Additionally, the predicted spectrum is not a good match with that obtained 

of the product. Therefore it is unclear what species gives rise to this signal. 

2.4 Investigation of Hydride Complexes 

The stoichiometric reactions described hitherto have aimed to characterise products 

formed under simulated catalytic conditions. Conclusive characterisation of these 

products has however, proved elusive. Formation of a metal hydride is considered to 

be an essential intermediate for transfer hydrogenation in both inner and outer-

sphere mechanisms.22 Therefore it is desirable to probe the circumstances under 

which a hydride species derived from the complexes under investigation may be 
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formed. Isolation of a hydride species opens up the possibility of comparing the 

catalytic activity of such a species with the original complex. Efforts were therefore 

directed towards the preparation of hydridic species derived from complexes C3 and 

C6. 

2.4.1 Mechanism of Hydride Formation 

In TH reactions, metal hydrides may be formed from propoxide complexes via ɓ-

hydride elimination, after which the formed acetone may be displaced by the 

substrate ketone.22,23 However, in the initially proposed catalytic cycle, there is no 

vacant site adjacent to the propoxide at which ɓ-hydride elimination can occur 

(Chapter 1 - Figure 26) Yamaguchi et al. have reported interesting results in this area, 

obtained by stoichiometric reactions of various Ir complexes with both NaiPrO and 

NaBH4.24 They propose formation of hydride complex 2.6 from coordinatively 

saturated complex 2.5 via a cationic intermediate in which the chloride ligand 

dissociates and acts as a counter-ion (Figure 70). They describe the subsequent 

synthesis of a dihydride complex 2.7, where the coordination site for ɓ-hydride 

elimination is provided by a ring-slip of the Cp* ligand. Both these routes would 

provide a way for C6 to transform into a hydride complex. Therefore attempts to 

prepare hydride complexes derived from C3 and C6 were made, using the methods 

described. 

 

Figure 70. Hydride complexes and proposed formation mechanism reported by 
Yamaguchi.24 

2.4.2 Comparison of Catalytic Activity with New Base 

Before undertaking stoichiometric reactions, it was desirable to determine the effect 

of the base on the catalytic activity of the previously investigated Ir complexes. If 
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similar behaviour is observed with NaiPrO as with KtBuO then the products of 

stoichiometric reactions with NaiPrO can be considered a reasonable proxy for 

species present under catalytic conditions. Therefore a screen was carried out, using 

identical conditions to those used previously by Holmes for TH, replacing KtBuO with 

NaiPrO.18 To investigate whether the cyclometallation effect is still observed, both C3 

and C4/C5 were investigated. Both were samples obtained from a previous group 

member. The results for these complexes were compared with [IrCp*Cl2]2 as a 

benchmark as well as a run with no catalyst (Table 3). 

Table 3. Comparison of conversions obtained with two alkoxide bases. 

  

 Conversion 

Catalyst Run 1 Run 2 Run 3 Average With KtBuO 

- 7% 5%  6% 8% 

[IrCp*Cl2]2 32% 42% 32% 32% 68% 

C3 20% 19%  20% 33% 

C4/C5 44% 49%  47% >99% 

Conversions calculated by comparing the 1H NMR integral of the CH signal for 
1,3,5-trimethoxybenzene to the CHOH signal for the product. Spectra were 
recorded by taking 0.1 mL of reaction mixture in 0.5 mL of CDCl3. K

tBuO results 
are those previously obtained by Holmes.18 

Conversion is reduced in all cases on switching from KtBuO to NaiPrO. The trends 

remain the same however: a decrease in activity is seen comparing [IrCp*Cl2]2 with 

C3, whilst the mixture of cyclometallated carborane complexes C4/C5 provides the 

highest conversion. 

The reaction mixture was analysed by HRMS for runs containing C3 and C4/C5. In 

both cases a peak that corresponds to a cyclometallated complex having lost a halide 

ligand was observed at m/z 579. This is particularly surprising in the case of C3, as 

this peak is not observed in pure samples of the starting material. Other carborane 

containing species ï identifiable by their distinctive isotope pattern ï were also 

observed at m/z 595 and m/z 636. The data obtained for the run using C3 are shown 

in Figure 71. The peak at m/z 595.3280 is a good match for [C6-Cl+O]+ (Figure 71: 

1). The peak at m/z 636.3545+ is a good match for [C6-Cl+O+MeCN]+ (Figure 71: 2). 

It is not clear what the likely site of oxidation in the complex is; one possibility is the 

formation of an imidazolone that is no longer coordinated to the Ir centre, but is held 
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in place by the coordinated carborane tether (Figure 71 - left). Another possibility is 

the oxidation of the Cp* ring (Figure 71 - right). This effect has been observed in 

[Cp*IrTsDPEN] catalysts when used for the hydrogenation of O2 (Figure 72).25 

Rauchfuss et al. observed that a peroxide species 2.8 may be formed from the 

hydridic catalyst derivative 2.9. Attack of a Cp* methyl group ensues leading to the 

formation of a fulvene complex 2.10.  

 

Figure 71. Above: HRMS data obtained from catalytic run using C3. Below: 
calculated values. (1) [C6ïCl+O]+. (2) [C6ïCl+O+MeCN]+. Structures indicate 
possible sites of oxygen incorporation. 

 

 

Figure 72. Oxidation of a Cp* methyl group in the presence of oxygen as reported 
by Rauchfuss et al.25 
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As the HRMS data was obtained in aerobic conditions it is not clear whether the 

oxygen containing product is formed during catalysis or subsequent analysis. It is not 

therefore possible to draw definitive conclusions from these data. 

The HRMS data for the catalytic run using C4/C5 is similar to that for the run using 

C3. Good matches for the predicted spectra for [C6-Cl]+ and [C6ïCl+O]+ are again 

observed. The peak at m/z 636 can again be attributed to [C4ïCl+O+MeCN]+ with an 

error of -4.4 ppm. However, there are many other peaks of a similar intensity which 

cannot be rationalised. 

It is interesting that C1 appears to become cyclometallated under catalytic conditions. 

This raises the question of why the activity for C1 is lower than for C4/C5. One 

explanation is that the cyclometallation is slow enough to cause an induction period 

that leads to lower conversion after the 1 hour reaction time period. This could be 

investigated by kinetically profiling the catalytic reaction. Work in this area is 

described in Chapter 4. 

2.4.3 Stoichiometric Reactions with NaBH4 

In addition to reactions using NaiPrO, Yamaguchi et al. also report the preparation of 

hydride complexes using NaBH4.24 It would be expected for NaBH4 to be more 

effective at producing hydride species than NaiPrO. It is desirable to investigate not 

just C6 due to its high catalytic activity, but also C3 with relatively low activity to 

understand the differences. A stoichiometric reaction with NaBH4 and C3 was 

performed in which 1.8 equivalents of NaBH4 were combined with a solution of C3 in 

d8-THF (Figure 73). 

 

Figure 73. Scheme showing conditions for the reaction of C3 with NaBH4. 

The expected product of this reaction is the monohydride complex formed by 

displacement of one chloride ligand from C3. Upon combination, the solution was 

allowed to stand at room temperature for 5 hours. After this time a 1H NMR spectrum 

was recorded and compared with that for C3 in d8-THF. Yamaguchi et al. report the 

hydride signals in the 1H NMR spectrum between -13 and -17 ppm.24 Consequently, 

spectra were recorded to -20 ppm to determine if hydridic signals are present. The 

signals in the positive region are nearly identical with those before addition of NaBH4, 

and there are only a few signals in the hydride region of very low intensity. The 

biggest of these peaks appears at -16.22 ppm and integrates to just 0.02H relative to 
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the 2H for the NHC backbone signals. The other three signals appear at -13.80, -

14.03, and -15.43 ppm; these lie too close to the baseline for an adequate integration 

to be obtained. No further change was observed after standing at room temperature 

for 3 days. After an additional 7 days an excess of NaBH4 was added causing the 

peak area of the signal at -16.22 ppm to increase slightly from 0.02 to 0.04. A visual 

inspection suggests an increase in the two more downfield hydride peaks, whilst the 

peak at -15.43 remains unchanged. The solution was allowed to stand at room 

temperature for 4 days after which time the relative peak area at -16.22 ppm was 

0.06. A new broad peak at -13.32 ppm was also observed. In contrast to the 

stoichiometric reactions of C6 with base (Sections 2.3.2 and 2.3.3), there are no 

changes observed for the Cp* or N-methyl signals. The 11B{1H} NMR spectrum 

obtained showed little change from that of the starting material. 

A HRMS was also obtained for the product of this reaction. The major signal observed 

is at m/z 615 corresponding to [C3-Cl]+ and/or the equivalent hydride complex having 

lost a hydride; likewise m/z 660 is observed for the [C3.Br-Cl]+ (vide supra - 2.2). A 

minor peak that corresponds to a cyclometallated complex having lost a halide or 

hydride (i.e. C6-Cl) is also seen at m/z 579. There is also a peak at m/z 707.2456, 

however the origin of this could not be ascertained. 

The results from this reaction indicate that under the conditions examined, formation 

of a hydride complex derived from C3 is not facile. This could be an explanation for 

the low activity observed for this catalyst. 

 

 

Figure 74. Scheme showing conditions for the reaction of C6 with NaBH4. 

A reaction between C6 and NaBH4 was also performed (Figure 74). A sample of C6 

in d8-THF was placed in a Youngôs NMR tube, and 1.4 equivalents of NaBH4 were 

added. In this case formation of a single hydride species at -15.57 ppm is evident 

after 3 hours of standing at room temperature (integral of 0.09), with the integral ratio 

increasing to 0.14 after 27 hours (Figure 75). As with the reaction with C3, the hydride 

integral was compared to that for the NHC backbone region. After 2 days excess 

NaBH4 (total 8.6 equivalents) was added, which increased the main hydride integral 

to 0.38 after 4 further days at room temperature. The NaBH4 loading was further 

increased (total 16.2 equivalents); this resulted after 3 days in a hydride integral of 
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0.42. After 27 hours minor peaks at -15.48 and -15.64 ppm were also present, 

appearing as 0.06 and 0.12 relative to an integral of 1 for the main signal at -15.57 

ppm. After the addition of excess NaBH4 the additional peaks are observed at -14.77, 

-15.60 and -15.64 ppm. At the end of the reaction the integral ratios as compared to 

the main hydridic signal are 0.02, 0.15 and 0.05 respectively. 

 

Figure 75. 1H NMR Spectra (400 MHz, d8-THF). 1. C6. 2. C6 + 1.4 equivs NaBH4 
after 27 hours. 3. C6 + 8.6 equivs NaBH4 after 7 days. 4. C6 + 16.2 equivs 
NaBH4 after 13 days. Green and purple stars identify the shift in peak position 
for NCH2 signals. Note: hydride region not to scale. 

In addition to the presence of signals indicative of a metal-hydride species there are 

a number of features of note in the spectra obtained during the reaction. Firstly, the 

NHC backbone region sees a reduction of the signal in the range 7.17-7.19 ppm; 

there is a concomitant appearance of a broad doublet centred on 7.12 ppm (Figure 

76 - left). Similarly, the NMe signal at 3.99 ppm decreases whilst a new peak at 3.64 

ppm grows in (Figure 76 - centre). This pattern is repeated with the peaks associated 

with the Cp* methyl groups (Figure 76 - right). The initial peak positions are at 1.54 

and 1.50 ppm, and during the reaction these decrease as a new signal at 1.77 ppm 

appears. Changes to the CH2 signals are also apparent: the multiplet initially centred 

at 4.55 ppm shift downfield to 5.06 ppm (Figure 75 - green stars), whilst that 3.87 

ppm shifts upfield slightly to 3.73 ppm (Figure 75 - purple stars). The complex set of 

peaks between 2.90 and 2.45 simplify somewhat to form a multiplet centred at 2.60 

ppm.  



- 89 - 

 

Figure 76. 1H NMR Spectra (400 MHz, d8-THF) taken throughout reaction of C6 with 
NaBH4 (top - prior to NaBH4 addition, bottom -after 13 days), showing changes 
to the signals in the NHC-backbone region (left), NMe group (centre) and Cp* 
(right). 

The main hydride integral may be compared with those attributed to new species. 

This gives a value of 0.55H (relative to 2H for the backbone protons), which may be 

indicative of a dimeric species, in which the ratio of hydride to NHC is 1:2 (Figure 77). 

 

Figure 77. Possible structure for hydridic species derived from C6. 

The 11B{1H} spectrum obtained of the reaction product showed an increase in the 

complexity of the spectrum, and a spreading out of the peaks, which could indicate a 

less symmetrical carborane species. 
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The HRMS data shows the major ion peak at m/z 579. As previously discussed, this 

is attributable to C6 with either a halide or a hydride removed. This fact in combination 

with the 1H NMR data seems to point toward the formation of a monohydride, which 

is further supported by the observation of a peak envelope at m/z 486.2306. This can 

be attributed to the MeCN adduct of C6.H in which the Cp* ring is absent (Figure 78). 

Given the +1 charge of the species, it is highly likely that this represents the direct 

observation of C6.H and not a fragment of C6 in which the carborane has been 

protonated. However, it is unclear whether this adduct is extant in solution or if it is 

formed from C6.H within the mass spectrometer. 

 

Figure 78. Above: HRMS data obtained from reaction of C6 with NaBH4. Below: 
Calculated molecular ion peak for [C8H20B10IrN2]+ with structure inset. 

Single crystals suitable for X-Ray diffraction were grown by layering anhydrous 

hexane over the crude reaction mixture in a Youngôs NMR tube. The structure shows 

an Ir centre coordinated by a Cp* ligand, and an NHC carborane tether which is 

cyclometallated through a carbon (Figure 79). There is an apparently vacant site, 

believed to be the location of a hydride ligand ï however there was too much residual 

electron density about the Ir for it to be modelled as such. Were a hydride ligand not 

located at this site, the corresponding complex would feature Ir in the +2 oxidation 

state, which is rare.26 
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Figure 79. Molecular structure for C6.H. Ellipsoids shown at the 50% probability 
level, hydrogen atoms omitted for clarity. 

Table 4. Comparison of selected structural parameters in C6.H and C6.18 

Distance or angle Complex 

 C6.H C6 

Ir(1)-C(1) 1.947(8) Å 2.041(5) Å 

Ir(1)-C(8) 2.097(5) Å 2.149(6) Å 

Cp*-Ir 1.901 Å 1.862 Å 

C(1)-Ir(1)-C(8) 89.2(2) ° 95.6(2) ° 

There are some differences between the structural parameters for C6.H and those 

reported for C6 (Table 4). There is a contraction in the Ir-carbene bond length on 

going from C6 to C6.H, with a slight reduction in the Ir-carborane distance also 

observed. By contrast the distance between the Ir centre and the plane defined by 

the inner Cp* carbon atoms has slightly increased. The NHC-carborane bite angle is 

also slightly reduced in C6.H, which is surprising given that the chloride/bromide 

ligand for C6 is more bulky than a hydride. However, a non-covalent interaction 

between the N-methyl group of the NHC and bromide ligand in C6, may draw the 

NHC ligand away from the carborane, and account for the larger bond angle.  

There are only four examples of [IrCp*(NHC)H] complexes listed in the Cambridge 

Crystallographic Database. The Ir-NHC bond length in C6.H is at the shorter end of 

the range of bond lengths recorded previously.27ï29  

2.4.4 Stoichiometric Reactions with NaiPrO 

Given that the results of the catalytic screen with NaiPrO showed the same trends as 

that with KtBuO, stoichiometric reactions using NaiPrO were undertaken, with the aim 

of investigating the potential formation of a hydride species. It is desirable to learn 
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whether the same hydride species will be generated from C6 and NaiPrO as with 

NaBH4. Also whether NaiPrO will prove more effective than NaBH4 in the generation 

of a hydridic complex derived from C3.  

Using conditions reported by Yamaguchi et al., C3 was reacted with a slight excess 

of NaiPrO in anhydrous IPA. After stirring at room temperature for 18 hours the 

solvent was removed in vacuo and a crude 1H NMR spectrum was obtained in C6D6, 

and compared with that for C3 in C6D6. It is clear from the comparison that the 

reaction mixture contains both unreacted C3 and a new product (Figure 80). 

 

Figure 80. 1H NMR spectra (400 MHz, C6D6). Top: C3. Bottom: crude product of C3 
and NaiPrO, with partial hydride region inset. Green star denotes IPA. 

Four major resonances are seen in the hydride region of the spectrum at -16.49, -

16.51, -16.57, and -16.71 ppm. The total integral of this region as compared to a total 

of 2 for all NHC backbone resonances is 0.51. There are several more minor 

resonances at -13.40, -13.65, and -15.41. Use of 2D analysis (HMQC) allows for the 

suggested assignment of the new backbone, Cp*, and NMe signals, based on 

correlation of multiple 1H signals to a single or similar 13C environment (Figure 81). 
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Figure 81. 1H13C HMQC spectrum (400 MHz, C6D6) of the product of C3 and NaiPrO. 
Green box ï NHC backbone region, purple box ï NMe region, blue box ï Cp* 
region.  

The backbone resonances of the crude product appear as a complex group of 

doublets, reminiscent of the product of cyclometallated C6 and NaiPrO (vide infra). 

The NMe signal appears as two singlets of approximately equal intensity at 2.97 and 

3.07 ppm. The Cp* methyl signal also changes with two major peaks at 1.76 and 

1.86 ppm. There are other possible signals at 1.90 and 1.94 ppm with integrations 

approximately 1/3 that of the major peaks. Residual IPA signals are seen at 0.96 ppm 

and 3.67 ppm (Figure 80 - green stars), with no evidence of propoxide coordination. 

There are peaks present in the baseline of the spectrum which correlate well with 

those for cyclometallated C6 in C6D6, which is backed up by the HRMS data showing 

an ion of m/z 579 which corresponds to [C6ïCl]. A peak at m/z 615 for the starting 

material [C3 ï Cl] is present, again in agreement with the 1H NMR data. The other 

major peak present in the HRMS comes at m/z 659.3336, which has not been 

rationalised. 

Overall it is clear that C3 reacts with NaiPrO to form a new product or products which 

contain Ir hydrides. Given the multitude of apparent signals for the Cp* methyl groups 

and NMe groups, it seems likely that at least two products have formed. This also 

accounts for the large number of hydride signals observed. 
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The reaction of C6 was also investigated under the same conditions. Compared to 

the 1H NMR spectrum of C6 in C6D6, the spectrum of the product is much more 

complex (Figure 82).  

  

Figure 82. 1H NMR spectra (400 MHz, C6D6). Above: C6. Below: crude product of 
C6 and NaiPrO, with partial hydride region inset. Green star denotes IPA, purple 
star denotes Et2O. 

Signals for residual IPA can be clearly seen at 0.96 and 3.67 ppm with no evidence 

of any coordination of a propoxide. A shift in the signals for the Cp* methyl groups is 

apparent, changing from a complex multiplet between 1.01-1.16 ppm in C6 to two 

singlets at 1.21 and 1.15 ppm in the product. A shift is also observed for the N-methyl 

group from 3.50 ppm to two separate signals at 3.76 and 2.95 ppm. The NHC 

backbone region features more signals than the starting material. Two signals in the 

negative region are observed at -1.76 ppm, integrating to just over one relative to the 

15 for the Cp* signals, and at -15.39 ppm, integrating to 0.3, which is likely due to 

partial hydride formation. This provides strong evidence that a hydride species or 

several hydride species are formed under catalytic conditions. 

The major peak in the HRMS obtained from the product of the reaction of C6 with 

NaiPrO is at m/z 579, as for the reaction with NaBH4 (vide supra - 2.4.3). Other peaks 

observed are the same as those obtained following the catalytic screens: m/z 595 

and m/z 636, corresponding to [C6+O]+ and [C6+O+MeCN]+ (vide supra - 2.4.2). It 

should be noted however that in this case, although the envelope shapes are a good 

match with those predicted, the errors are both >40 ppm. Another signal at m/z 
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1156.6451 is observed, with the envelope shape and predicted mass matching 

reasonably (14 ppm error) with the formula [C36H67B20Ir2N4]+. [C36H68B20Ir2N4] 

corresponds to two Ir centres coordinated by two Cp* ligands, and two NHC-

carborane ligands. Figure 83 shows potential molecular structures that could lead to 

the displayed peak envelope. Given the m/z it seems clear that the carborane 

remains deprotonated and bound. One possible site of hydrogen loss could be a BH 

vertex, which could have been activated by a second Ir centre. The dimer of this 

(overall neutral) molecule + one hydrogen provides the required formula (Figure 83 - 

inset left). Alternatively, a hydride species in which one carborane has been doubly 

activated, observed without the hydride, is possible (Figure 83 - inset right). As 

previously, it is unclear whether such species are merely the result of the 

spectrometry, however the fact that they were not observed in any of the other 

reactions (vide supra - 2.4.2, 2.4.3) may be significant. 

 

Figure 83. Above: HRMS data from the reaction of C6 with NaiPrO. Below: calculated 
data for [C36H67B20Ir2N4]+, with possible structures inset. 

Single crystals suitable for X-Ray diffraction were grown by the vapour diffusion of 

hexane into a solution of the reaction mixture in THF, and were analysed at the 

Diamond Light Source. The overall structure observed in this case has near identical 

parameters to that seen for C6.H (2.4.3), albeit solving in the space group P21/c. 

Once again, there is an apparent vacant site, and it was not possible to model the 

presumed hydride ligand. 

2.4.5 Summary 

Comparisons between the analytical data following the different stoichiometric 

reactions are challenging, due to the different conditions and solvents used, however 

some hypotheses may be proposed (Table 5). 
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Firstly concerning the non-cyclometallated complex C3: reaction with NaBH4 was 

sluggish when compared to both C6 with NaBH4 and reaction of C3 with NaiPrO. The 

hydride region of the spectra obtained for the reaction of C3 with NaBH4 is very 

different to that of C3 with NaiPrO. With NaBH4 the major hydridic signal is observed 

at -16.22 ppm, whilst on reaction with NaiPrO a cluster of 4 signals is observed in the 

region -16.49 to -16.71 ppm. Additionally, the reaction proceeds significantly further 

toward hydride species with NaiPrO than with NaBH4. It may be suggested that this 

is indicative of the formation of different hydride products. 

Secondly concerning the cyclometallated complex C6: upon reaction with NaBH4 or 

NaiPrO, C6 displays broadly similar hydridic signals, with a single major signal 

(-15.56 or -15.40 ppm respectively) with an associated smaller peak slightly upfield 

(-15.59 or -15.44 ppm respectively). Although the chemical shifts are different, due 

to the collection of spectra in different solvents it may be tentatively proposed that 

these are the result of the same complex. This is supported by the prevalence of the 

m/z 579 peak in the HRMS of both products, as this may be attributed to C6 in which 

a hydride has substituted the chloride. This proposed complex (C6.H), also remains 

the only crystallographically characterised hydride species derived from these 

reactions. There were differences in the other signals seen in HRMS however. 

Reaction of C6 with NaBH4 allows for the direct observation of a hydridic species in 

the mass spectrum. The mass spectrum for reaction of C6 with NaiPrO shows the 

apparent presence of a dimer.  

The question of whether the same species were formed by reaction of C6 with KtBuO 

is an open one. The lack of hydride data precludes comparison of this area, and the 

different solvents used for NMR acquisition make comparisons between the other 

signals challenging. 

The products of the reactions with NaBH4 appear to be different for C3 and C6, with 

different signals observed for the hydrides and for the NMe and Cp* groups. The 

same is true for the reactions with NaiPrO. If the product C6.H is responsible for the 

major hydride peak then this is logical, given that transformation of C3 into C6.H 

would require cyclometallation of the carborane.  
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Table 5. Comparison of key signals in the 1H NMR spectra for attempted synthesis 
of hydride complexes for C3 and C6. 

 Complex in d8-THF Complex in d8-THF + NaBH4 

 NMe Cp* NMe Cp* Hydride (major 

peaks only) 

C3 3.91 1.62, 1.58 3.91 1.62, 1.58 -16.22 

C6 3.99 1.54, 1.50 3.63 1.77, 1.54 -15.56 

-15.59 (d) 

 Complex in d6-benzene Complex in d6-benzene + NaiPrO 

 NMe Cp* NMe Cp* Hydride 

C3 3.72 1.23, 1.26 3.72 

2.97, 3.07 

1.23, 1.26 

1.76, 1.86 

1.90, 1.94 

-16.49 

-16.52 

-16.58 

-16.70 

C6 3.51, 3.52 1.16-1.10 3.76, 2.95 1.21, 1.15 -15.39 

-15.43 

2.5 Conclusions and Future Work 

Complexes of the type [Ir(COD)XL] (X= Cl/Br; L = NHC) were prepared from an 

imidazolium-carborane tethered ligand precursor and its phenyl analogue. These 

have been fully characterised; analysis indicated that the products obtained had been 

subject to halide scrambling during synthesis. For this reason, subsequent attempts 

to prepare dicarbonyl complexes were abandoned. However, in Chapter 3, 

computational efforts to analyse the relative basicity of the two ligands are described. 

The synthesis of TH catalysts C3, C4/C5 and C6 was achieved by modifications to 

the literature procedures. The reactivity of these complexes was probed with a range 

of stoichiometric reactions relevant to TH conditions. It was established that the 

transformation of C6 into C3 is not facile in the presence of HCl. Reactions of C6 with 

KtBuO led to the formation of a new product, the identity of which could not be 

determined. Formation of a complex with a coordinated alkoxide was ruled out 

however.  

Subsequent reactions aimed to prepare hydride complexes. Reaction of C3 with 

NaBH4 led to formation of trace quantities of a hydride species, whilst reaction of 

NaBH4 with C6 led to at least 50% conversion to a hydride species (although large 
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excesses of NaBH4 were required). The molecular structure obtained from crystals 

grown from the product of this reaction revealed a monohydride Ir(III) complex C6.H. 

The reaction of C3 with NaiPrO led to the partial formation of multiple hydridic 

species; the reaction with C6 proceeded closer to completion, with one major hydride 

resonance observed. Once again, X-Ray crystallography revealed at least one of the 

products from the reaction with C6 to be C6.H. Unfortunately, due to time constraints, 

further investigations on this species could not be performed. 

Further and related work on this topic is discussed in Chapters 3 and 4. Chapter 3 

describes efforts to analyse the system using computational methods. Chapter 4 

describes on-line reaction monitoring of the TH reaction, allowing real-time 

observation of hydride species, and analysis of the kinetics of the reaction. 

Isolation and purification of the various hydride species discussed in this chapter is 

highly desirable. In the case of C3, purification may enable determination of the 

structure. Once isolated, these hydride complexes could be used in a catalytic 

reaction, and compared to the parent complexes. This would provide valuable insight 

into their catalytic relevance. 
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2.6 Experimental 

2.6.1. General Considerations 

Where stated, reactions were carried out under an inert atmosphere of dry nitrogen 

or argon, using standard Schlenk line or glovebox techniques. Anhydrous solvents 

were dried by passing over activated alumina to remove water, copper catalyst to 

remove oxygen, and molecular sieves to remove any remaining water, via the Dow-

Grubbs solvent system. Toluene, and DCM were freeze-pump-thaw degassed, while 

other solvents were degassed by purging with argon. Deuterated MeCN, IPA and 

acetophenone were dried by standing for 18 hours over activated 3 Å molecular 

sieves, followed by transfer to fresh activated 3 Å sieves, and then purged with argon 

prior to use. Deuterated benzene (99.6%) was purchased in a sealed ampoule and 

used directly. Decarborane was purchased from KatChem; all other chemicals were 

purchased from Sigma Aldrich, Alfa Aesar or Fluorochem and used without further 

purification. [Ir(COD)Cl2]230 and [IrCp*Cl2]231 were prepared according to the standard 

literature methods. 6,9-Bis(acetonitrile)-decaborane was prepared by another group 

member according to the literature method.32 

NMR spectra were recorded on either a Bruker AVneo 500 (CH dual cryoprobe), 

Bruker Ascend 400 or a Bruker DPX300 spectrometer. 1H NMR and 13C{1H} chemical 

shifts were referenced against residual solvent peaks. Assignment of 1H and 13C{1H} 

NMR spectra was aided by 2D 1H13C HMQC, and 13C{1H} DEPT 135 where relevant. 

Mass spectra were collected on a Bruker Daltonics (micro TOF) instrument operating 

in the electrospray mode. Elemental Analyses were performed by Mr Stephen Boyer 

at London Metropolitan University.  

Single crystal X-ray diffraction data were collected at Diamond Light Source on 

Beamline I19 using syncrhotron radiation (ɚ = 0.6889 Å). Crystals were mounted 

under oil on Mitegen micromounts. Data sets were corrected for absorption using a 

multiscan method, and the structures were solved by direct methods using SHELXT 

and refined by full-matrix least squares on F2 using SHELXL-97, on the program 

Olex2.  
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2.6.2 Synthesis of Precursors and Ligands 

1-Bromoethyl-1,2-dicarba-closo-dodecaborane 

B10H12(MeCN)2 (1.40 g, 7.03 mmol) was added to a Schlenk flask and placed under 

N2. Anhydrous toluene (30 mL) was added followed by 4-bromo-1-butyne (0.66 mL, 

7.03 mmol). The reaction mixture was slowly heated to 100 °C and held at this 

temperature for 4 hours. The solvent was removed in vacuo and the residue placed 

in a sonicator bath with portions of hexane (3 x 20 mL). The combined organic phase 

was transferred to a separating funnel and washed with 1 M NaOH 

(30 mL) followed by H2O (2 x 20 mL). The organic phase was dried 

over MgSO4 and the solvent removed in vacuo to yield the product 

as a white solid. Yield: 962 mg, 54%. 

1H NMR (400 MHz, DMSO) ŭ 5.19 (s, 1H, Ha), 3.58 ï 3.45 (m, 2H, Hd), 2.82 (t, J = 

8.0 Hz, 2H, Hc). 11B{1H} NMR (128 MHz, DMSO) ŭ -3.1, -5.8, -9.8, -11.8, -13.1. 

13C{1H} NMR (101 MHz, DMSO) ŭ 74.2 (Cb), 62.7 (Ca), 38.8 (Cd), 28.8 (Cc). A mass 

spectrum could not be obtained for this compound. Consistent with literature data.33 

L1 

1-Bromoethyl-1,2-dicarba-closo-dodecaborane (400 mg, 1.59 mmol), anhydrous N-

methyl imidazole (105 µL, 1.31 mmol) and anhydrous toluene (2 mL) were combined 

in an ampoule and held at reflux for 1.5 hours under nitrogen. The formed solid was 

isolated by filtration and washed with toluene. The solid was washed with a minimum 

quantity of MeOH into a fresh flask. Et2O was added to the filtrate until precipitation 

of a white solid occurred. The solid was isolated via filtration, 

then dissolved in MeOH, and the insoluble matter removed 

by filtration through celite. Et2O was added to the filtrate until 

precipitation of a white solid occurred. This solid was isolated 

by filtration and dried under suction. Yield: 168 mg, 38%.  

1H NMR (501 MHz, DMSO-d6) ŭ 9.18 (s, 1H, Hd), 7.82 (s, 1H, 

Hb/c), 7.71 (s, 1H, Hb/c), 5.33 (s, 1H, Hh), 4.41 ï 4.28 (m, 2H, He), 3.85 (s, 3H, Ha), 

3.00 ï 2.86 (m, 2H, Hf). 11B{1H} NMR (128 MHz, DMSO) ŭ -3.1, -5.8, -9.8, -12.2, -

13.0. 13C{1H} NMR (126 MHz, DMSO) ŭ 137.0 (Cd), 123.6 (Cb/c), 122.3 (Cb/c), 72.5 

(Cg), 63.2 (Ch), 46.9 (Ce), 35.9 (Ca), 35.4 (Cf). 

HRMS (ESI+): m/z [C8H21B10N2]+ 253.2719, calcd for [M-Br]+ 253.2706.  

Consistent with literature data.18 
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L2 

N-Methyl imidazole (500 µL, 6.27 mmol), 2-bromoethyl-benzene (860 µL, 

6.27 mmol) and MeCN (2 mL) were added to a 3-neck round 

bottom flask and held at reflux for 24 hours. The solvent was 

removed in vacuo and the residue recrystallised from 

dichloromethane and Et2O, to yield the product as a yellow 

solid. On grinding this became an off-white solid. Yield: 

886 mg, 52% 

1H NMR (300 MHz, CDCl3) ŭ 10.04 (s, 1H, Hd), 7.46 (s, 1H, Hb/c), 7.33 (s, 1H, Hb/c), 

7.24 ï 7.07 (m, 5H, Hh-j), 4.54 (t, J = 7.2 Hz, 2H, He), 3.93 (s, 3H, Ha), 3.17 (t, J = 7.2 

Hz, 2H, Hf). 13C{1H} NMR (75 MHz, CDCl3) ŭ 137.1 (Cd), 135.8 (Cg), 128.9 (Ch/i/j), 

128.8 (Ch/i/j) , 127.3 (Ch/i/j), 123.3 (Cb/c), 122.5 (Cb/c), 50.9 (Ce), 36.6 (Ca), 36.4 (Cf). 

HRMS (ESI+): m/z [C12H15N2]+ 187.1244, calcd for [M-Br]+ 187.1230 

Consistent with literature data.34 

2.6.3 Synthesis of Complexes 

C1 

L1 (29.6 mg, 0.0894 mmol), Ag2O (10.6 mg, 0.0457 mmol), [Ir(COD)Cl]2 (30.1 mg, 

0.0448 mmol), activated 4 Å molecular sieves and DCM (5 mL) 

were combined in an ampoule and heated to 45 °C for 19 hours 

under nitrogen. The reaction mixture was filtered through cotton 

wool and twice through celite, and the filtrate reduced in vacuo. 

The residue was recrystallised from acetone and cold pentane 

to yield the produce as a yellow solid. Yield: 26.9 mg, 51% 

1H NMR (400 MHz, CDCl3) ŭ 6.82-6.78 (m, 2H, Hb/c), 5.01 (td, J = 12.7, 3.9 Hz, 1H, 

He), 4.69-4.54 (m, 2H, CODCH), 4.02 (s, 1H, Hh), 3.97 (ddd, J = 13.1, 11.7, 6.2 Hz, 

1H, He), 3.92 (s, 3H, Ha), 3.27-3.15 (m, 1H, Hf), 3.02 ï 2.93 (m, 1H, CODCH), 2.82 ï 

2.76 (m, 1H, CODCH), 2.59 (ddd, J = 14.7, 12.5, 6.2 Hz, 2H, Cf), 2.35 ï 2.19 (m, 5H, 

CODCH2), 1.89 ï 1.81 (m, 1H, CODCH2), 1.76 ï 1.60 (m, 4H, CODCH2). 11B NMR 

(96 MHz, CDCl3) ŭ -2.39, -5.13, -9.00, -11.27, -12.79 13C{1H} NMR (101 MHz, CDCl3) 

ŭ 181.5 (Cd), 122.2 (Cb/c), 120.4 (Cb/c), 86.3 (CODCH), 85.6 (CODCH), 72.2 (Cg), 63.4 

(Ch), 52.7 (CODCH), 52.2 (CODCH), 49.2 (Ce), 38.2 (Cf), 37.6 (Ca), 34.0 (CODCH2), 

33.4 (CODCH2), 30.0 (CODCH2), 29.2 (CODCH2). 

HRMS (ESI+): m/z [C16H32B10IrN2]+ 553.3309, calcd for [M-Cl]+ 553.3198. 

Elemental analysis: Found: C, 25.18; H, 3.86; N, 4.24%, calcd for C16H32B10ClIrN2: C, 

32.67, H, 5.48, N, 4.76%. Large error is attributed to the presence of both halide 

mixing and residual silver salts. 
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C2 

L2 (25.0 mg, 0.0937 mmol), Ag2O (10.6 mg, 0.0457 mmol), 

[Ir(COD)Cl]2 (32.2 mg, 0.0479 mmol), activated 4 Å molecular 

sieves and DCM (4 mL) were combined in an ampoule and 

heated to 45 °C for 1.5 hours under nitrogen. The reaction 

mixture was filtered through cotton wool and celite, and the 

filtrate reduced in vacuo. The residue was recrystallised from 

acetone and cold pentane to yield the produce as a yellow solid 

(17.5 mg, 37%). 

1H NMR (400 MHz, CDCl3) ŭ 7.35-7.22 (m, 7H (includes CHCl3), Hh-j), 6.74 (d, J = 

1.0 Hz, 1H, Hb/c), 6.61 (d, J = 1.1 Hz, 1H, Hb/c), 4.80-4.6 (m, 2H, He/CODCH), 4.58 

(td, J = 7.8, 3.7 Hz, 1H, CODCH), 4.45 (dt, J = 13.4, 8.2 Hz, 1H, He), 3.95 (s, 3H, Ha), 

3.37-3.30 (m, 1H, Hf), 3.16-3.06 (m, 1H, Hf), 3.00 (t, J = 7.1 Hz, 1H, CODCH), 2.80 

(td, J = 7.3, 3.4 Hz, 1H, CODCH), 1.90 ï 1.51 (m, 8H, CODCH2). 13C{1H} NMR (101 

MHz, CDCl3) ŭ 180.7 (Cd), 138.5 (Cg), 129.2 (Ch-j), 128.8 (Ch-j), 126.8 (Ch-j), 121.5 

(Cb/c), 120.6 (Cb/c), 85.0 (CODCH), 84.2 (CODCH), 52.3 (Ce), 52.1 (CODCH), 51.2 

(CODCH), 37.8 (Cf), 37.6 (Ca), 34.3 (CODCH2), 33.2 (CODCH2), 30.3 (CODCH2), 

29.2 (CODCH2). 

HRMS (ESI+): m/z [C20H26IrN2]+ 487.1674, calcd for [M-Cl]+ 487.1720 

Elemental analysis: Found: C, 34.97; H, 3.69; N, 4.43%, calcd for C20H26ClIrN2: C, 

46.01, H, 5.02, N, 5.37%. Large error is attributed to the presence of both halide 

mixing and residual silver salts. 

C3 

L1 (99.9 mg, 0.300 mmol), [IrCp*Cl2]2 (120 mg, 0.151 mmol), and Ag2O (34.1 mg, 

0.147 mmol) were combined in an ampoule with several activated 4 Å molecular 

sieves and placed under argon. Anhydrous DCM (10 mL) 

was added via syringe and the reaction mixture heated to 

45 °C with light excluded for 72 hours. The reaction mixture 

was filtered through celite and washed with DCM (3 x 5 mL). 

The yellow filtrate was reduced in vacuo and the residue 

recrystallised from acetone and pentane to produce the 

product as a yellow solid. Yield: 117 mg, 61%. 

1H NMR (501 MHz, CDCl3) ŭ 6.96 (d, J = 2.1 Hz, 1H, Hb/c), 6.89 (d, J = 2.1 Hz, 1H, 

Hb/c), 4.94 (td, J = 12.4, 4.8 Hz, 1H, He), 4.45 (s, 1H, Hh), 3.95 (s, 3H), Ha, 3.77 ï 3.65 

(m, 1H, He), 3.28 ï 3.16 (m, 1H, Hf), 2.65 ï 2.52 (m, 1H. Hf), 1.61 (s, 15H, Cp*). 

11B{1H} NMR (128 MHz, CDCl3) ŭ -1.8, -4.9, -9.3, -12.6. 13C{1H} NMR (126 MHz, 
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CDCl3) ŭ 158.2 (Cd), 124.2 (Cb/c), 121.2 (Cb/c), 89.2 (Cp*quat) 60.9 (Ch), 49.7 (Ce), 39.1 

(Cf), 38.8 (Ca), 9.5 (Cp*), 9.3 (Cp*). 

HRMS (ESI+): m/z [C18H35B10ClIrN2]+ 615.3104, calcd for [M-Cl]+ 615.3106; 

[C18H35B10BrIrN2]+ 660.2568, calcd for [M.Br-Cl]+ 660.2589. 

Consistent with literature data.18 

C4/C5 mixture 

C3 (101 mg, 0.154 mmol) was added to an ampoule containing Ag2O 

(61.8 0.267 mmol) and several activated 4 Å molecular sieves and placed under 

argon. Anhydrous MeCN (20 mL) was added and the ampoule sealed and heated to 

70 °C with light excluded for 41 hours. The reaction mixture was filtered through celite 

and rinsed with MeCN (3 x 5 mL). The filtrate was reduced in vacuo and the residue 

recrystallised from acetone and pentane to yield a yellow solid. Yield: 27.4 mg, 29%. 

11B NMR (128 MHz, CD3CN) ŭ -2.7, -5.4, -9.9, -12.1, -12.9. 

HRMS (ESI+): m/z [C18H34B10IrN2]+ 579.3325, calcd for [M-Cl]+: 579.3340. Also 

observed: m/z 702.4124. 

C6 

L1 (50.0 mg, 0.15 mmol) was added to a flame dried ampoule under nitrogen. 

Anhydrous THF (10 mL) was added and the solution cooled to -78 °C. n-BuLi 

(0.23 mL, 1.6 M, 0.37 mmol) was added dropwise and the solution held at -78 °C for 

40 minutes. The reaction mixture was transferred to an ice bath and held at 0 °C for 

1 hour. A suspension of [IrCp*Cl2]2 (59.8 mg, 0.0751 mmol) in THF (15 mL) was 

added. The reaction orange/brown reaction mixture was allowed to warm to room 

temperature for 23 hours. Additional n-BuLi was added (0.12 mL, 1.6 M, 0.19 mmol) 

at -78 °C and the reaction mixture warmed to room temperature for 5 hours. The 

reaction mixture was again cooled to -78 °C and further n-BuLi (0.20 mL, 1.6 M, 

0.32 mmol) added. The reaction mixture was allowed to warm to room temperature 

over 3 days. The solvent was removed in vacuo and the 

residue dissolved in DCM and passed through a silica plug. 

The plug was washed with DCM and small quantities of 

MeOH. The filtrate was then additionally passed through 

cotton wool and celite. The filtrate was reduced in vacuo and 

the residue recrystallised from DCM and pentane. The 

resulting yellow solid was isolated by filtration, and dried 

under suction. Yield: 81.6 mg, 88% 

1H NMR (300 MHz, CD2Cl2) ŭ 6.97 (dd, J = 4.8, 1.9 Hz, 1H, Hb/c), 6.91 (d, J = 1.9 Hz, 

1H, Hb/c), 4.64 ï 4.46 (m, 1H, He), 3.98 (s, 2H, Ha), 3.81 ï 3.67 (m, 1H, He), 2.90 ï 

2.75 (m, 3H, Hf), 2.76 ï 2.59 (m, 2H, Hf), 1.52 (s, 6H), 1.48 (s, 4H). 11B{1H} NMR (96 
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MHz, CD2Cl2) ŭ -5.1, -6.9, -10.8. 13C{1H} NMR (75 MHz, CD2Cl2) ŭ 151.5 (Cd), 125.8 

(Cb/c), 125.7 (Cb/c), 121.1 (Cb/c), 120.8 (Cb/c), 93.6 (Cp*quat), 93.3 (Cp*quat), 45.9 (Ce), 

42.1 (Ca), 40.8 (Ca), 39.0 (Ca), 9.4 (Cp*), 9.1 (Cp*).  

HRMS (ESI+): m/z: [C18H34B10IrN2]+ 579.3333, calcd: for [M-Cl]+ 579.3340. 

Consistent with literature data.18 

2.6.4 Stoichimetric Reactions 

Reaction of C6 with HCl 

In a glovebox C6 (12.3 mg, 0.020 mmol) was dissolved in CD3CN (0.7 mL) and added 

to a Youngs NMR tube. Under a blanket of argon, HCl (18 µL, 0.97 M, 0.17 mmol) 

was added and the solution allowed to stand at room temperature for 16 hours. The 

reaction progress was monitored by NMR spectroscopy. The tube was heated to 

80 °C for 24 hours. After this time HCl (aq) (80 µL, 0.97 M, 78 mmol) was added 

under a blanket of argon and the solution left to stand for 1 hour. The tube was heated 

to 80 °C for 19 hours. 

Reaction of C6 with IPA 

In a glovebox C6 (12.3 mg, 0.020 mmol) was dissolved in CD3CN (0.5 mL) and added 

to a Youngs NMR tube. Under a blanket of argon, IPA (1 µL, 0.13 mmol) was added. 

The reaction progress was monitored by NMR spectroscopy. The solution was 

allowed to stand at room temperature for 24 hours. The tube was held at 80 °C for 

21 hours. 

Reaction of C6 with IPA and KtBuO 

KtBuO (11 µL, 20% weight solution in THF, 0.018 mmol) was added under a blanket 

of argon to a Youngs NMR tube containing a solution of C6 (12.3 mg, 0.0200 mmol) 

in CD3CN (0.5 mL) and IPA (1 µL, 0.13 mmol). Upon addition a colour change from 

yellow to red was observed. The reaction progress was monitored by NMR 

spectroscopy. The mixture was allowed to stand and room temperature for 5 minutes. 

The tube was held at 80 °C for 18 hours. 

Reaction of C6 with KtBuO 

KtBuO (11 µL, 20% weight solution in THF, 0.018 mmol) was added under a blanket 

of argon to a Youngs NMR tube containing a solution of C6 (12.3 mg, 0.020 mmol) 

in CD3CN (0.5 mL). Upon tube agitation the solution changed from yellow to dark red 

and a precipitate formed. The reaction was observed by NMR spectroscopy. 

Reaction of C3 with NaBH4 

C3 (19.2 mg, 0.0295 mmol) was dissolved in d8-THF (0.5 mL) in a Youngôs NMR tube 

and 1H and 11B{1H} were recorded. NaBH4 (2.0 mg, 0.0529 mmol) was added along 
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with further d8-THF (0.2 mL). After 10 days of standing at room temperature further 

NaBH4 (10.0 mg, 0.264 mmol) was added and the mixture allowed to stand for a 

further 3 days.  

Reaction of C6 with NaBH4 

C6 (20.1 mg, 0.0327 mmol) dissolved in d8-THF (0.5 mL) in a Youngôs NMR tube and 

1H and 11B{1H} NMR spectra recorded. NaBH4 (1.7 mg, 0.045 mmol) was added and 

the mixture allowed to stand at room temperature for 2 days. After this time further 

NaBH4 (9.0 mg, 0.24 mmol) was added and the mixture allowed to stand for another 

5 days. A further portion of NaBH4 (9.3 mg, 0.25 mmol) was added and the mixture 

stood for a further 5 days. Diffraction quality crystals were grown by layering 

anhydrous hexane over the reaction mixture. 

Reaction of C3 with NaiPrO 

C3 (30.1 mg, 0.0464 mmol) and NaiPrO (4.3 mg, 0.052 mmol) were combined in an 

ampoule with anhydrous IPA (2 mL) and stirred at room temperature under argon for 

3 hours. After this time the ampoule was sealed and the reaction stirred at room 

temperature for a further 16 hours. The solvent was removed in vacuo and the 

yellow/orange residue analysed by NMR spectroscopy and HRMS. 

Reaction of C6 with NaiPrO 

C4 (28.5 mg, 0.0464 mmol) and NaiPrO (4.2 mg, 0.051 mmol) were combined in an 

ampoule and placed under nitrogen. Anhydrous IPA (2 mL) was added and the 

reaction mixture stirred under an atmosphere of nitrogen for 3 hours at room 

temperature. After this time the ampoule was sealed and the mixture stirred for a 

further 15 hours. The solvent was removed in vacuo and the crude residue analysed 

by NMR spectroscopy. 

2.6.5 General Procedure for Catalytic Reactions Using NaiPrO 

Catalyst (1 mol% per Ir) and 1,3,5-trimethoxybenzene (55.5 mg, 0.33 mmol) were 

added to an ampoule and placed under argon. In a glovebox, NaiPrO (8.2 mg, 0.1 

mmol) and acetophenone (117 µL, 1.00 mmol) were added to the ampoule. The 

ampoule was sealed, taken out of the glovebox and connected to a schlenk line. 

Under an atmosphere of argon anhydrous IPA (2.3 mL) was added, the ampoule 

sealed, and the reaction mixture held at 82 °C for 1 hour. The reaction was quenched 

by cooling the ampoule in an ice-bath. An aliquot (0.1 mL) was added to an NMR 

tube with CDCl3 (0.5 mL). 
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Chapter 3 

Computational Investigation into NHC-Carborane Complexes 

This chapter describes a computational study performed on NHC-carborane ligands. 

The relative electron donor properties of NHC-carborane and NHC-phenyl ligands 

are calculated using a model carbonyl complex. Efforts to understand the effect of 

the carborane in the catalytic transfer hydrogenation reaction are described, including 

the geometry optimisation of intermediates and attempts to locate relevant transition 

states. An unusual Ir-fulvene complex, and itôs possible relevance to catalysis, are 

discussed. 

3.1 Introduction 

3.1.1 Computational Chemistry 

Computational chemistry encompasses a vast range of modelling methods, from ab 

initio calculations which attempt to solve the Schrödinger equation from first 

principles, to force-field calculations, which attempt to describe a system in terms of 

its intermolecular forces using classical mechanics. Density Functional Theory (DFT) 

lies somewhere between these, being a quantum-chemical method that uses 

functionals to describe electron density.1 

The ground state energy of a given molecule is made up of the kinetic energy of the 

electrons, electron-electron interactions, and electron-nuclei interactions. The 

underlying theorem of DFT is that this energy can be expressed as a functional of 

the electron density of a system. Additionally, for the ground state of a molecule, the 

correct functional will correspond to the correct energy. Any other density will produce 

a higher energy result. Thus, theoretically, a ñtrial and errorò approach of energy 

minimisation will ultimately yield the true ground state energy. This iterative 

optimisation procedure is known as the self-consistent field (SCF) method.2 

This provides a good basis for the calculation of electronic energies if the geometry 

of a given species is already known. However, one of the strengths of DFT 

calculations lies in the ability to probe the structures of previously unknown species. 

In this case a geometry optimisation calculation is performed. After the energy 

minimisation cycle is complete, a calculation of the forces acting on each atom is 

performed, and the atoms are moved accordingly to minimise the energy (typically 

using gradient methods). The newly obtained geometry then undergoes the SCF 

cycle once more, and the process is repeated until a set of convergence criteria are 

met.1,2 
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Thus, species which cannot be characterised experimentally can have their geometry 

and electronic structure probed using computational methods. To understand 

chemical reactivity, the energy barriers between these species must also be 

investigated. The same approaches that locate a local minimum (i.e. equilibrium 

geometry) can be used to locate a locate maximum1 (i.e. transition state). Therefore, 

the activation energy can be determined and thus the feasibility of a given 

mechanism. 

3.1.2 Aims  

Previous work found a difference in transfer hydrogenation (TH) activity between 

cyclometallated carboranyl complexes (C4/C5, C6) and their non-cyclometallated 

counterpart (C3), with the cyclometallated species being considerably more active 

(Figure 84). It was noted that when a complex was cyclometallated through a 

benzene ring instead of a carborane, the same increase in activity was not observed.  

 

Figure 84. TH of acetophenone catalysed by NHC-carborane Ir complexes. 
Percentages show conversions to 1-phenyl ethanol determined by 1H NMR 

spectroscopy. 

Experimental work (Chapters 2 and 4) was performed to investigate the origin of this 

effect. A complementary computational study was envisaged, to provide an insight 

into the reaction mechanism and the role of the cyclometallated carborane in 

enhancing catalytic activity. The electronic differences between NHC ligands bearing 

carborane and phenyl substituents can be investigated using calculations of the 

carbonyl stretching frequencies of model complexes (Preface ï 3.2 and Chapter 2 - 

2.1). This allows for the comparison of the donicity of these new ligands with already 

                                                

1 Strictly speaking, a multidimensional hypersurface should be visualised when considering 
the energy landscape of a chemical reaction, rather than the traditional 2D reaction coordinate 
model. In this model, transition states are not maxima but saddle points - that is, they have a 
single negative second derivative, with all others being positive. 



- 110 - 

existing NHCs. Additionally, the effects of cyclometallation on the metal centre, and 

the differences between carbon and boron cyclometallation can be studied. The 

proposed mechanism (which envisions a bifunctional role for the NHC-carborane 

ligand) can also be investigated, by calculations on relevant intermediates and 

transition states. 

3.2 Carbonyl complexes 

As described earlier (Preface - 3.2 and Chapter 2 - 2.1) Tolman Electronic 

Parameters (TEP) have been used to assess the relative donor/acceptor properties 

of phosphine ligands.3 Latterly the scope of TEPs has been expanded to include other 

donor ligands including NHCs.4 Due to the toxicity of [Ni(CO)4] - the precursor to the 

tested [Ni(CO)3L] complexes - investigations into carbonyl stretching frequencies 

have been carried out with different model complexes. In particular the [Ir(CO)2Cl(L)] 

system has been used widely.5ï8 As part of the investigation into the effects of 

carborane substituents on catalytic activity, attempts were made to assess the  

impact of the carborane substitutent on the relative donor strength of the appended 

NHC (L1 vs L2 - Figure 85). As previously discussed, synthesis of [Ir(COD)Cl(L)] 

complexes (which are precursors to the [Ir(CO)2Cl(L)] model complexes) resulted in 

the preparation of mixed halide species (Chapter 2 - 2.1). 

 

Figure 85. Ligands and complexes which are precursors to Ir carbonyl complexes. 

Computational methods have been used to investigate the donor/acceptor properties 

of ligands using either [Ni(CO)3L] or [Ir(CO)2Cl(L)] complexes.9,10 However, it was 

noted by Gusev et al., that although a good correlation between TEP and calculated 

CO stretching frequency is observed, the correlation between CO stretching 

frequency and bond length for [Ni(CO)3L] complexes showed considerable scatter, 

especially when comparing different ligand classes.11 A relatively poor correlation 

was also observed for calculated [Ir(CO)2Cl(L)] complexes. Given the intrinsic 

relationship between bond length and bond strength, a good correlation between 

these two values should be expected for a well-behaved system. Therefore, Gusev 
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suggests the use of [Ir(CO)CpL] as a model complex in computational studies, as it 

fulfils a number of desirable criteria i) the presence of a single carbonyl ligand 

minimises complications due to vibronic coupling; ii) the low coordination number 

reduces steric effects due to ligand repulsion; iii) the ~90° degree angle between L 

and CO reduces the effects of trans-influence.  

A series of ligands were investigated using this system. It has been previously noted 

that the use of the BP86 functional provides reasonable values for carbonyl stretching 

frequency, as long as a good correlation between frequency and bond length is 

observed.12 Although the main aim was to investigate the relative donor/acceptor 

properties of L1 vs L2, in order to validate the system, several other ligands were 

used for comparison (Figure 86). 

 

Figure 86. Model complex proposed by Gusev for CO stretching frequency 
calculation, and range of ligands investigated. 

Combined geometry optimisation and frequency calculations were performed at the 

(RI-)BP86/SV(P) level. The carbonyl stretching frequencies were then correlated with 

the calculated CO bond length. 

It was noted that for some of the carboranyl ligands, there was a close contact 

between the cluster CH proton and the oxygen of the carbonyl ligand. Given that this 

might have an impact on the bond length, the structures were modified in an attempt 

to remove this interaction. The results indicate that the arrangement of the ligand 

relative to the carbonyl can have a big impact on the stretching frequency/bond length 

with a large variation between different conformations observed. All the ligand 

conformations were correlated with the CO bond length, giving a poor fit for the line 

(R2 = 0.928) (Figure 87). There are two clear outliers on this plot, which are for two 

conformations of L1.F. Removal of these structures from the plot gives an improved 

R2 values of 0.987. The bond lengths and stretching frequencies for different 

conformers of the same ligand were averaged and the analysis was performed again 

(including the outliers). In this case, the fit is adequate (0.989) (Figure 88). 



- 112 - 

 

Figure 87. Correlation of calculated CO stretching frequency with CO bond length. 

 

Figure 88. Correlation of calculated CO stretching frequency with CO bond length 
(averages). 

The relative donor/acceptor properties of the various ligands can be examined by 

comparison of the CO stretching frequencies (Table 6). Within the carboranyl ligand 

class the trends seen are essentially as expected (entries 1-5). The addition of 

electron withdrawing chlorides to the NHC backbone causes an increase in CO 

stretching frequency, as is expected for a less electron rich metal centre (cf. entry 1 

and 5). Changing from a methyl N-substituent to an iPr has little effect, however a tBu 

group causes a reduction in CO stretching frequency (cf. entry 1 and 3-4) (vide infra). 

A fluorinated carborane causes an increase in CO stretching frequency, even though 

the site of fluorination is remote (cf. 1 and 2). This appears to have a greater effect 

than the substitution of the NHC backbone (cf. 1, 2 and 5). 
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Table 6. Calculated carbonyl stretching frequencies and CO bond lengths. 

Entry Ligand ɜCO / cm-1 CO Bond Length 

1 L1a 1942 1.1847 

2 L1.Fa 1967 1.1808 

3 L1.iPra 1941 1.1853 

4 L1.tBu 1932 1.1860 

5 L1.Cla 1962 1.1810 

6 L2 1959 1.1825 

7 L2.F 1967 1.1803 

8 L2.iPr 1958 1.1817 

9 L2.tBu 1962 1.1813 

10 L2.Cl 1963 1.1808 

11 L3 1969 1.1804 

12 PCl3 2034 1.1667 

13 PMe3 1984 1.1778 

14 PPh3 1989 1.1764 

a. Values for these ligands are an average of three conformers. 

For the phenyl-type ligands similar trends are observed (entries 6-10). The 

introduction of electron-withdrawing groups leads to an increase in CO stretching 

frequency as expected (cf. entries 6 and 7, 10). As with the carboranyl ligands, the 

impact of remote fluorination on an N-substituent is greater than the chlorination of 

the NHC backbone. The exchange of a methyl N-substituent for an iPr results in a 

very small decrease in CO stretching frequency (cf. entry 6 and 8). Surprisingly, 

L2.tBu has a calculated stretching frequency higher than that of L2 (cf. entry 6 and 

9). 

Comparison of the geometry obtained for L2.tBu with that for L2 and L2.iPr gives 

some clues as to the reasons for this discrepancy. The NHC ligands examined 

typically display a twist relative to the plane described by the CO-Ir-Ccarbene atoms. In 

an ñidealisedò geometry the angle between this plane and that described by the NHC 

ring would be 90 °. However, angles <90 ° were observed in most cases (Figure 89). 

L2 and L2.iPr display this effect with interplanar angles of 60 ° and 69 ° respectively. 

By contrast, in L2.tBu the planes are near perpendicular, with an angle of 86 ° (Table 

7). This structural change may have an effect on the calculated stretching frequency. 
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Another difference in geometry is observed with the distance between the carbonyl 

ligand and one of the hydrogen atoms in the CH2 linker. This distance is significantly 

longer in L2.tBu (0.2 Å), and it may be that non-covalent interactions between these 

two atoms influence the bond length or stretching frequency of the carbonyl ligand. 

 

Figure 89. Optimised geometry for [IrCp(CO)L2] with NHC ring plane and CO-Ir-
Ccarbene plane shown. 

Table 7. Interplanar angles and CH-CO distances 

Ligand Interplanar angle / ° Closest CH contact / Å 

L2 60.39 2.645 

L2.iPr 68.60 2.685 

L2.tBu 86.22 2.864 

These interactions likely affect the observed CO bond length, however other than in 

the case described above there are no significant differences between the CH-CO 

distances between the carboranyl and phenyl ligands, and therefore a comparison is 

reasonable. This analysis suggests that carborane ligand L1 is more electron 

donating than phenyl analogue L2 (cf. entry 1 and 6), a trend which is replicated with 

the iPr and tBu substituted ligands (cf. entry 3 and 8, 4 and 9) - although as noted 

previously, the stretching frequency for L2.tBu is higher than expected. Indeed, all 

phenyl ligands are less electron donating than L1. However, there is no difference 

between the carborane and phenyl analogues when considering the fluorinated 

substituent and chlorinated backbone ligands (cf. entry 2 and 7, 5 and 10). This 

suggests that although the carborane may have an effect on electron donating 

properties, this can be surpassed by other changes to the ligand architecture. 

This divergence in electronic properties between carborane and phenyl ligands is 

likely to have an effect on the catalytic performance of complexes with these two 
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ligands. Ligands which are strong ů-donors may form more robust catalysts, and 

additionally may help to promote oxidative addition steps.13 

3.3 Investigation of Cyclometallation Effect 

Calculations were initially performed on the cyclometallated and non-cyclometallated 

Ru, Rh and Ir complexes bearing NHC-carborane ligands prepared by Holmes 

(Figure 90).14 The cyclometallated Ru and Rh complexes which had not been 

successfully synthesised (C4.Rh, C5.Rh, C4.Ru, C5.Ru), were also modelled 

computationally. For all cyclometallated complexes, both CH and BH activated 

complexes were considered. Geometry optimisations were followed by vibrational 

frequency calculations at the (RI)BP86/SV(P) level, using crystal structures (where 

available) or modified crystal structures as input geometries. The structural 

parameters for the optimised structures can be compared with the parent crystal 

structure, to assess the validity of the method used (Table 8). 

It is worth noting that crystal structures represent the packing of multiple molecules 

in the solid state, whilst calculations are performed for a single molecule in the gas 

phase, therefore absolute agreement is not expected.  

 

Figure 90. Cyclometallated and non-cyclometallated complexes. 
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Table 8. Comparison of solid state bond lengths with calculated lengths at different 
levels of theory.15 

 M-NHC M-Cb M-Cl C-C 

carborane 

M-arene 

centroid 

Method C5 

Solid State 2.041(5) 2.149(6) 2.5488(7) 1.741(7) 1.864 

BP86/SVP 2.013 2.179 2.461 1.790 1.963 

DFT-D3 BP86/SVP 2.003 2.155 2.453 1.777 1.943 

BP86/def2-TZVPP 2.020 2.184 2.431 1.797 1.911 

PBE0/SVP 2.014 2.173 2.430 1.720 1.922 

 C3 

Solid State 1.88(3) - 

1.97(4) 

- 2.437(7) -  

2.495(5) 

1.64(4) - 

1.70(3) 

1.738 -  

1.748 

BP86/SVP 2.029  2.449 

2.475 

1.650 1.88 

DFT-D3 BP86/SVP 2.017  2.443 

2.465 

1.648 1.867 

BP86/def2-TZVPP 2.0370  2.4260 

2.4448 

1.6502 1.843 

PBE0/SVP 2.030  2.445 

2.421 

1.629 1.847 

 C3.Ru 

Solid State 2.064(7) - 2.4145(18) 

- 2.435(2) 

1.652(11) 1.682 

BP86/SVP 2.049 - 2.443 

2.422 

1.651 1.730 

For the M-carbene bond length, the computational results are in good to moderate 

agreement with the crystallographic data (0.02-0.12 Å difference). The lengths are 

both over- and underestimated which indicates there is not a systematic error. For 

the M-carborane bond length and C-C bond length within the carborane, the 

calculated lengths are accurate within 0.05 Å for all complexes. M-Cl distances are 

slightly overestimated (0.01-0.02 Å) for the non-cyclometallated complexes, whilst for 
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the cyclometallated complex (C5) the length is underestimated (0.08 Å). The biggest 

difference is seen with the metal-arene bond lengths which are consistently 

overestimated by between 0.05 and 0.15 Å in the calculated structures. Although 

some differences in bond length would be expected between solid and gas phase 

structures, packing effects such as ˊ-ˊ stacking should lengthen bonds, rather than 

shorten them. The discrepancy seen is therefore likely to be a sign of the calculations 

not fully describing all the relevant interactions. Bonds between a metal and ˊ-ligand 

have significant dispersive character; dispersive effects are often poorly described by 

DFT calculations, so this may be a source of the error. The calculations for C3 and 

C5 were re-run using the DFT-D3 correction, which attempts to account for these 

dispersive effects.16 In fact this correction is likely to overestimate these effects, 

leading to the overbinding of atoms with highly dispersive interactions. The results of 

these calculations show a reduction in all bond distances, however the Ir-Cp* 

distance is still significantly overestimated (0.08-0.12 Å). 

In an attempt to account for this, calculations were repeated at the (RI)BP86/def2-

TZVPP and (RI)PBE0/SVP levels, to investigate the effect of changing the basis set 

and functional. The best agreement with the crystallographic data is obtained with 

the larger basis set, bringing the error on the M-arene distance to within 0.05 Å for 

C5 and to within 0.10 Å for C3. The improvement is slight however, and the increased 

accuracy did not warrant the additional computational expense for all calculations 

The geometry optimisation and frequency calculations allow for the calculation of 

enthalpies, entropies and hence Gibbs free energies for a given structure. The 

calculations were performed in the gas phase, but the COSMO solvation model 

(using the dielectric constant of DCM) was used to provide a solvation correction. A 

dispersion correction (DFT-D3) can also be applied to the energy to account for 

dispersive forces (Table 9). The absolute energies are of little value, however, 

comparison of the relative energies allows an assessment of the energy differences 

between isomers. For each metal, the complexes that are cyclometallated through a 

carbon atom have been set as the zero point. As the energy values are based on 

electronic energies, relative energies are only valid for species with identical numbers 

of electrons. Thus complexes which are cyclometallated through a boron may be 

compared directly. However, the non-cyclometallated complexes have one more 

atom of hydrogen and one of chlorine compared to their non-cyclometallated 

counterparts, which must be corrected for. The correction that has been applied here 

is the subtraction of EHCl from EM (M = non-cyclometallated complex). 



- 118 - 

Table 9. Relative energies for cyclometallated and non-cyclometallated complexes. 

Complex Relative H / 

 kJ mol-1 

Relative S /  

J K-1 mol-1 

Relative G /  

kJ mol-1 

C5 0 0 0 0 0 0 0 0 0 

C4 -29 -26 -19 11 11 11 -33 -29 -22 

C3 - HCl -146 -132 -106 -105 -78 -78 -115 -108 -83 

C5.Rh 0 0 0 0 0 0 0 0 0 

C4.Rh -23 -18 -12 8 8 8 -25 -20 -14 

C3.Rh - HCl -160 -148 125 -98 -71 -71 -131 -127 -104 

C5.Ru 0 0 0 0 0 0 0 0 0 

C4.Ru -18 -16 -11 2 2 2 -18 -17 -12 

C3.Ru - HCl -181 -162 -139 -116 -89 -89 -147 -136 -112 

Blue cells: gas phase, orange cells: COSMO (DCM) solvation, grey cells: DFT-
D3 correction. Calculated at 298 K. 

Comparison of carbon and boron cyclometallated isomers may be assumed to be 

reasonably accurate, as the conversion from one to the other is isogyric and virtually 

isodesmic (10 B-H bonds and one M-C bond, versus 9 B-H bonds, 1 C-H bond and 

one M-B bond). Therefore, the correlation energies of the two species may be 

considered very similar, and hence error cancellation makes this estimate 

reasonable.1 For all metals studied, and at all levels of correction, the energy of the 

boron cyclometallated isomer is significantly lower than that of the carbon 

cyclometallated isomer. This effect is both enthalpic and entropic in nature. The 

higher entropy of the boron cyclometallated isomers can be explained by two 

equivalent available sites for cyclometallation (Chapter 1 - 1.1.5). The enthalpy 

change is likely to be a reflection of the bond strengths.  

The Gibbs free energy difference is consistently large enough that the 

thermodynamic product of the reaction would be predicted to be the boron 

cyclometallated isomer alone. Whilst the selective formation of the C-cyclometallated 

(mixed halide) complex C6 is achieved through the relative acidities of B-H vs C-H 

bonds (a kinetic effect), a mixture of carbon and boron cyclometallation is seen when 

using the Ag2O route (producing C4/C5). The computational results would therefore 

suggest that this reaction is not being performed under equilibrium conditions, which 

is in agreement with the experimental procedure, as cyclometallation is accompanied 

by the precipitation of AgCl - an irreversible process. Therefore, the main factor 

influencing the product ratio will be the relative energy barriers for the formation of 

the two isomers. It is likely that these are similar, and this is what leads to the 
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formation of a mixed species. The mechanism of NHC deprotonation using Ag2O has 

been investigated computationally, and was found to proceed via a barrierless initial 

deprotonation, followed by metalation.17 If a similar mechanism is in operation in this 

case, the lack of energy barrier to deprotonation would explain the mixed complexes 

obtained. Investigation of the mechanism of carborane deprotonation in these 

reactions has not been considered in this study, but would be a relevant area of future 

research. 

The calculated energies for the non-cyclometallated complexes are significantly 

lower in energy that the cyclometallated species. However, it is important to bear in 

mind that in this case the comparison is less realistic than for the two cyclometallated 

isomers. The enthalpy change calculated using HCl to balance electron numbers is 

likely to be overestimated due to the instability of this species in the gas phase. 

Additionally, the value of the entropic term will be artificially reduced because of the 

comparison of 2 species (C4 and HCl) with 1 (C3). Although the absolute number is 

unlikely to be reflective of the true energy difference, these data do broadly agree 

with experimental evidence; spontaneous cyclometallation is not observed, and 

forcing conditions (strong bases or elevated temperatures and long reaction times - 

Chapter 2 - 2.2) are required to effect it. The data also indicate that the non-

cyclometallated Ru species is more stabilised than the Rh and Ir complexes; the Ru 

cyclometallated complex has never been successfully synthesised. 

3.4 Investigation of the Proposed Catalytic Cycle 

A bifunctional mechanism for the catalytic cycle was proposed; in this, the initially 

coordinated carborane is protonated by IPA, thus providing a vacant site for 

propoxide coordination. The coordinated propoxide eliminates as acetone to form a 

monohydride complex. Subsequently, the hydride is transferred to an incoming 

ketone, which coordinates as an alkoxide (effectively a reversal of the previous step). 

Finally, the alkoxide departs, deprotonating carborane, which then rapidly 

recoordinates to the metal centre, completing the cycle (Figure 91).15 

To prove the validity of a proposed cycle using computational chemistry, it would be 

necessary to consider every possible mechanism. In practice, only a few likely 

possibilities are considered. The intermediates of these mechanisms, and the 

transition states that connect them are modelled, and thus the energy surface for the 

various reaction pathways can be determined. Pathways which are too high in energy 

to be feasible under the reaction conditions can be discounted, and it may be that 

there is a single pathway that appears most likely. This energy surface can also be 

used to generate kinetic parameters which is then directly comparable with 
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experimental data. A number of techniques for achieving this have been described 

and reviewed recently.18ï20 

3.4.1 Geometry Optimisation of Potential Intermediates 

The mechanism proposed was used as a starting point for this investigation, with the 

aim of investigating other possible pathways once an assessment of the suggested 

cycle had been made. The first step is to perform geometry optimisation calculations 

on the relevant intermediates. Also investigated were two potentially ñoff-cycleò 

intermediates in which propoxide coordination and hydride formation occur without 

decoordination of the carborane (Figure 91). As initial experimental work (Chapter 2) 

was conducted using the carbon cyclometallated complex, this was focussed on 

computationally. Geometry optimisation calculations were successful for all species 

except for IVb, for which all optimisations converged on structures with the ketone 

distant from the Ir centre (Figure 92). 

 

Figure 91. Proposed cycle and intermediate species I-VI considered in initial 
optimisations. 
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Figure 92. Optimised structures for intermediates I-VI. 

As with the comparison between cyclometallated and non-cyclometallated 

complexes, it was necessary to correct the energies of each intermediate. This can 

be achieved by the addition of molecules relevant to the cycle: propanol, acetone, 

and acetophenone (HCl was used for the ñoff-cycleò species) (Table 10).  
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Table 10. Intermediates, molecules used for correction and relative Gibbs free 
energies. 

Intermediate Correctional 

Molecules 

Relative Gibbs free energy 

I Acetophenone, 

propanol 

0 0 0 

II Acetophenone +11 +40 +48 

III Acetophenone, 

acetone 

-81 -65 -3 

IVa Acetone +32 +61 +34 

V Acetophenone, HCl +143 +164 +142 

VI Acetophenone, 

acetone, HCl 

-10 0 +35 

Blue cells: gas phase, orange cells: COSMO (DCM) solvation, grey cells: DFT-
D3 correction. 

For step A (I-II) there is an increase in Gibbs free energy at all levels of correction. 

The energy increase is higher when the COSMO and DFT-D3 corrections are 

applied. This is consistent because the uncoordinated propanol (present in the 

ground state energy) will be more stabilised in solution and in the presence of 

dispersive forces due to the polar OH group. 

For intermediate III the Gibbs free energy is significantly lower than II, and somewhat 

lower than I. The effect is largest in the uncorrected gas phase calculation, which 

again may be attributable to the unfavourable gas-phase energy of propanol which 

is tempered by use of the solvation and dispersive corrections. There is an increase 

in entropy relative to I which is due to the inherent entropy in the free rotation of the 

uncoordinated carborane. 

An energy increase is observed for the formation of IVa. This is partially due to the 

negative entropic effect of substrate coordination. As previously, the increase in 

relative energy of the solvated species compared to I may be artificially enhanced by 

use of propanol as a correction. The reduction that is seen when the dispersion 

correction is applied is surprising, and cannot be easily explained. 

The energies of the two off-cycle species V and VI are likely to be artificially increased 

due to the use of HCl as a correction. A similar effect upon the addition of the DFT-

D3 correction is seen for V as was seen for IVa. Once again, examination of the 

geometry of V reveals the presence of a weak interaction between the methyl group 

of the NHC and the oxygen of the alkoxide, which may account for the change. It is 
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surprising that the energies of both V and VI increase upon application of the COSMO 

solvation correction, given that this ought to reduce the energetic penalty incurred by 

HCl. 

In order to remove the need for use of HCl, an alternative correction system was used 

to compare I with V and VI (Table 11). In this case chloroethane/ethene was used to 

provide an ñHClò deficit. 

Table 11. Relative Gibbs free energies using alternative corrections. 

Intermediate Correction Relative Gibbs free energy 

I Propanol, ethene 0 0 0 

V Chloroethane 105 119 86 

VI Acetone, 

chloroethane 

-66 -55 -29 

Blue cells: gas phase, orange cells: COSMO (DCM) solvation, grey cells: DFT-
D3 correction. 

The trends are the same using this correction, i.e. V unstable relative to I, VI more 

stable relative to V. In this case, with all corrections, VI is more stable than I. Although 

this correction removes the issue of modelling HCl in the gas phase, it does introduce 

the problem of gyricity. The bonding in ethene is different to that in chloroethane, and 

hence the computational model may perform more or less well in describing the two 

species. Overall these results indicate that V is more unstable than I and VI, whereas 

the relative stability of VI relative to I is unclear. This highlights the challenges 

associated with accurate energy comparisons for very different species in 

computational chemistry. 

Each structure was also optimised featuring a bromide or tBu ligand instead of a 

chloride.2 The bromide species were higher in energy, and the tBu species higher 

still, however energy gaps between intermediates followed the same trends. This 

therefore indicates that the identity of the X ligand may not impact the catalytic 

reaction. 

An approximate assessment of reasonable energy barriers can be obtained using the 

Eyring equation; a barrier of ~100 kJ mol-1 would be in line with a reaction performed 

at 82 °C for 1 hour (calculation of rate constants for various barrier heights is provided 

in the appendix). All intermediate structures except V have calculated energies that 

are consistent with this. In the case of V, the energy of the intermediate is relatively 

                                                

2 Calculations on species II with a tBuO- ligand replacing the chloride did not converge. Minima 

for all other species were successfully located. 
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high, and any transition state will necessarily be higher in energy. Thus the initially 

proposed mechanism is plausible, but the suggested off-cycle route to VI via V may 

be a high energy pathway that does not occur. 

3.4.2 Transition States 

Having obtained relative energies for the intermediates of interest, the next step is to 

locate transition states that link them. Energy minima structures are identified as such 

by the absence of any imaginary frequencies in the vibrational frequency calculation. 

A transition state is identifiable as a species with a single imaginary frequency which 

corresponds to a reaction coordinate. A number of techniques are available to 

attempt to locate transition states. Once a transition state has been identified, it is 

necessary to determine which two intermediate species are connected by it. This can 

be performed using direct reaction coordinate calculations, which follow the 

imaginary mode of the transition state to locate the energy minima on either side. If 

this analysis shows that the transition state links the two desired intermediates then 

the transition state energy can be compared with that of the initial geometry and 

hence the energy barrier determined. 

3.4.2.1 Constrained Approaches 

Initially, attempts were made in which a ñguessò transition state structure was used 

as an input. The atoms which will undergo the greatest movement during the 

transition are fixed, and then a geometry optimisation was performed to allow the rest 

of the structure to undergo relaxation. A successful pre-transition state calculation 

results in a geometry with a single imaginary frequency that corresponds to the 

reaction coordinate. The transition state optimisation calculation is next carried out 

by removing the constraints on the atoms. An eigenvector following routine is used 

to follow the reaction coordinate to locate the energy maximum (Figure 93).  

 

Figure 93. Schematic indicating transition state search process. Initial guess 
structure (1) is optimised (2). An eigenvector following routine follows the 

imaginary frequency to locate the energy maximum (3). 
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The first step (protonation of the carborane and coordination of a propoxide) and the 

second step (formation of a metal hydride) were both considered (Figure 94). It is 

likely that the third step will effectively be the reverse of the first. 

 

Figure 94. Proposed mechanisms for step A and B in the catalytic cycle. 

For both steps, although some pre-transition state calculations resulted in location of 

promising imaginary frequencies, subsequent optimisations never resulted in the 

location of the desired transition states. In the case of the second step a transition 

state optimisation produced a geometry in which the hydride hydrogen sits between 

the Ir centre (1.98 Å) and the propoxide carbon (1.21 Å). One of the Cp* methyl group 

hydrogen atoms now also sits between the Cp* methyl carbon (1.37 Å) and the 

oxygen of the propoxide (1.27 Å). These bond distances are all outside of the 

expected range of these bond types ï indicating that this represents a bond-

breaking/bond forming step.21 The vibrational frequency analysis revealed a single 

imaginary frequency at -1055 cm-1 which corresponds to the deprotonation of the Cp* 

methyl group by the propoxide (Figure 95). 

 

Figure 95. Imaginary vibrational mode (-1055 cm-1) for transition state calculation. 

The Gibbs free energy (DFT-D3) of this transition state relative to the starting 

complex is +85 kJ mol-1. A Dynamic Reaction Coordinate (DRC) calculation 

confirmed the structure to be a transition state between the hydride complex with a 

closely associated ketone, and the coordinatively unsaturated fulvene complex with 

a closely held propanol (IIIa) (Figure 96). The geometry in the minus direction of the 

DRC calculation was optimised; after a slight modification to the geometry the 
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calculation converged on a geometry near identical with that for III ï with the new 

structure lying just 4 kJ mol-1 lower in energy. Optimisation of the geometry obtained 

in the plus direction generated structure IIIa. 

 

Figure 96. Left: Geometry optimised structure for DRC calculation in the minus 
direction. Middle: Geometry optimised transition state structure. Right: 
Geometry optimised structure for DRC calculation in the plus direction. 

Tetramethylfulvene complexes of Ir have previously been reported. These are 

structures in which the Ir centre is coordinated by a 1,3-cyclopentadiene ring with an 

exo-double bond (Figure 97). Coordination of the fulvene can be ɖ-2, 4, or 6, although 

ɖ2 coordination is very rare.22 IIIa differs from many reported fulvene complexes in 

that it results from a deprotonation, leaving a formal 2- charge on the former Cp* 

ligand, whereas literature examples are formed by hydride abstraction, or 

oxidation.23ï25 Bergman and Glueck however, reported the synthesis of 3.1, resulting 

from an intramolecular deprotonation of the Cp* by an anilide counter-ion. In common 

with 3.1, the CH2 group in IIIa is bent away from the metal centre - indicating an ɖ-4 

coordination.26 

 

Figure 97. Example fulvene complexes.22,23,25,26 

Compared to other Cp* complexes there is an elongation in the Ir-C bond length for 

the carbon adjacent to the site of deprotonation (2.597 Å vs. 2.212-2.377 Å for III). 

There is a clear contraction in the Cring-Cexo bond distance at the deprotonation site, 
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with the distance indicating significant double bond character, as seen with other 

fulvene complexes. The bond lengths within in the ring are close enough to one 

another to indicate delocalisation, rather than an alternating structure of single and 

double bonds. However the lengths are all at the long end of the range expected for 

aromatic bonds (1.425-1.489 Å), which is in good agreement with those reported for 

the solid state structure of 3.1.26 IIIa lies at +51 kJ mol-1 relative to I and +54 kJ mol-1 

relative to III.  

In addition to species IIIa being structurally interesting, it is also worth noting that this 

unexpected reaction pathway constitutes a formal transfer of hydrogen from a metal 

complex to a substrate. It is easy to envisage how IIIa could revert to III by approach 

of an IPA molecule, thus this could be a catalytically relevant species. TH catalysts 

are generally considered to operate via a monohydride mechanism which may be 

either inner or outer-sphere (Chapter 1 - 1.2.3).27 Dihydride species are sometimes 

invoked, and more recently loss of the Cp* ligand to generate a polyhydride species 

has been suggested.28ï30 Formation of an Ir fulvene complex has been proposed as 

a deactivation pathway in the TH of dioxygen (Chapter 2 - 2.4.1).25 This potential 

mechanism is reminiscent of the Shvo catalyst described in Chapter 1 (Figure 98).31 

There are however, no examples previously reported that suggest the Cp* ligand acts 

as a hydrogen source itself. The energy barrier for this step of 85 kJ mol-1 is 

consistent with the experimentally observed reaction rate. Consideration of a catalytic 

cycle involving this transition is therefore a worthwhile future enterprise. 

 

Figure 98. Top: Schematic showing mechanism for TH by Shvo catalyst. Bottom: 
Potential mechanistic pathway for TH observed computationally. 
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3.4.2.2 Manual Potential Energy Surface Scans 

Another approach to locating transition states is to use a potential energy surface 

scan. This compares the relative energies of optimised structures that progress along 

a defined reaction coordinate, with the aim to locate a structure close to the maximum 

energy point. Such a structure can then be interrogated using the methods described 

above (3.4.2.1) (Figure 99). 

 

Figure 99. Schematic diagram of a potential energy surface scan. Input structures 
designed to be at various degrees of progress along the reaction coordinate 
are optimised (orange circles). The highest energy structure (filled circle) has 

the geometry closest to that at the energy maximum and can be used for 
subsequent transition state calculations. 

For step A, the approach of propanol toward the Ir-Ccarborane bond was considered. A 

scan along the Ccarborane-HOH bond distance was performed using the programme 

Orca. The distance range 1.2-2.8 Å was investigated, as the CH bond lengths in 

carboranes were found to be ~1.11 Å in previous calculations. The calculated SCF 

energies for the various structures can be compared with the C-H distance (Figure 

100). The energy profile revealed indicates a steady increase in energy followed by 

a sudden decline, as the C-H distance changes from 1.40 Å to 1.30 Å. As the C-H 

distance decreases there is a concomitant increase in O-H distance (Table 12). It can 

additionally be seen that progress towards the protonation of the carborane is 

accompanied by an increase in the C-C bond distance in the carborane cage beyond 

normal limits. In C3 the bond length was calculated to be 1.65 Å. This is increased 

somewhat in the cyclometallated complex C5 to 1.79 Å. The greatest distance 

between the carbon atoms during the scan was found to be 2.45 Å (Figure 101). It 

seems likely that this is a major contributing factor to the large increase in energy 

seen over the course of the scan. The bonding in carboranes is often described as 

being 3D-aromatic, and hence there is likely to be a large energetic penalty to 

distorting the structure in a way which disrupts this aromaticity. 
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Figure 100. C-H distances versus calculated SCF energy. 

The energy gap between the highest point (1.4 Å CH separation) and the next (1.3 Å 

CH separation) is 195 kJ mol-1 which is considerably higher than would be expected 

given the reaction conditions. It is worth noting that the energy gap is only the 

distance between the two geometries, and the actual energy barrier for the transition 

state that connects them could lie even higher in energy. Although this transition state 

is unlikely to represent the actual catalytic pathway, a transition state calculation was 

performed using the output geometry at the 1.4 Å distance. The imaginary frequency 

found from this calculation did not correspond to the desired reaction coordinate 

however. 



- 130 - 

Table 12. Bond distances at various PES scan optimised geometries. 

Bond Calculated 

length / Å 

Interatomic distance / Å 

C-H 1.11  1.300 1.401 1.500 1.600 

O-H 0.981 1.630 1.098 1.064 1.043 

Ir-O 2.11 2.158 2.970 3.008 3.094 

Ir-C 2.18 4.445 2.307 2.221 2.181 

C-C 1.65 1.652 2.435 2.447 2.446 

 

Figure 101. Left: Optimised constrained structure with a 1.4 Å C-H distance. 
structure. Right: Optimised constrained structure with a 1.3 Å C-H distance. 

The same step was also investigated using a scan was also performed along the Ir-O 

distance, with distances between 3.0 and 2.1 Å (Figure 102). This shows a steady 

rise in energy with a gap of +84 kJ mol-1 between the lowest and highest point. When 

visualised the reaction coordinate followed is not the approach of the propanol 

coupled with carborane protonation. Instead, initially an interaction between the OH 

and Cl is observed, as the Ir-O distance decreases the chloride is pushed away, and 

the Cp* undergoes a slip from ɖ5 towards ɖ1 coordination. (Figure 103). 
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Figure 102. Ir-O distances versus calculated SCF energy. 

 

Figure 103. Left: Optimised constrained geometry structures for 3.0 Å Ir-O 
distance. Right: Optimised constrained geometry structures for 2.1 Å Ir-O 

distance. 

The investigation of step B was continued using PES scans also run using Orca. In 

this case the Ir-Hpropoxide distance between 2.5 Å and 1.5 Å was investigated. The 

results give an unusual energy profile, with an initial large increase in energy between 

2.5 Å and 2.4 Å, and a discontinuity between 1.98 Å and 1.93 Å (Figure 104). A 

discontinuity of this type is an indication that the scan has slipped from one energy 

pathway to another. This is reflected in the interatomic distances seen in the 

geometries before and after the discontinuity. Whilst the decreasing Ir-H distance 

does lead to small structural changes throughout, there is a large increase in the Ir-O 

distance between the 1.98 Å and 1.93 Å geometries. Likewise the CHcarborane-O 

distance increases significantly, as does the Cpropanol-H distance. These values are 

reflective of a large movement away from the Ir centre by the outgoing ketone (Figure 

105). 
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Figure 104. Ir-H distances versus calculated SCF energy. 

 

Figure 105. Optimised constrained geometry structures for 1.98 Å Ir-H distance 
(left) and 1.93 Å Ir-H distance (right).  

The energy gap between the geometries at 2.5 Å and 2.4 Å is +59 kJ mol-1, which is 

feasible for the reaction conditions used. Although the energy surface obtained is 

unlikely to be a true representation of the envisaged step, attempts were made to 

carry out a transition state calculation on the highest energy structure (2.4 Å Ir-H 

distance). The pre-transition state calculation converged on a structure with no 

imaginary frequencies, in which Cp* deprotonation had occurred as seen in IIIa. This 

structure was resubmitted to a full geometry optimisation calculation, and the 

resulting geometry was near identical to that previously calculated for IIIa, lying 

4 kJ mol-1 higher in energy. 
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3.6 Conclusions and Future Work 

The carbonyl stretching frequencies in [IrCp(CO)L] complexes have been calculated 

for a range of NHC ligands based on L1 and L2. Analysis of the vibrational 

frequencies allows for an assessment of the relative donor strengths of these ligands. 

The values obtained lie within the expected range for NHC ligands, and mostly follow 

expected trends. The carboranyl-substituted ligands were found to be more electron 

donating than the phenyl analogues, in spite of the formal electron ñdeficiencyò of the 

cluster species. This suggests that these ligands ought to perform better as 

supporting ligands for reactions where a high degree of electron density at the metal 

is required (e.g. oxidative addition). 

Energy minima for a number of intermediates for the proposed cycle of TH using Ir-

NHC complexes were located. The relative energies of the intermediates involved in 

the cycle (I-IV) were consistent with experimental reaction conditions, although it was 

not possible to locate transition states which connected these structures. For step A, 

a PES scan along the Ccarborane-HOpropanol bond length revealed a large energy 

difference (+195 kJ mol-1) between structures before and after carborane 

protonation, which was attributed to severe deformation of the carborane cage. A 

scan along the Ir-O bond length did not locate an energy maximum, but had an 

energy gap of 84 kJ mol-1 between lowest and higher points. This reaction coordinate 

corresponded to the partial displacement of the Cp* ring by the incoming propanol. 

Taken together, these two scans suggest that the carborane protonation pathway is 

unlikely to be in operation in the catalytic reaction. For step B a PES scan provided 

a discontinuous energy pathway, which is unlikely to be reflective of a single reaction 

coordinate. Attempts to use the data to inform subsequent transition state searches 

were unsuccessful. 

A transition state (TSIII/IIIa) was located between the intermediate III and the previously 

unconsidered fulvene complex IIIa. This pathway is particularly interesting as it offers 

a potential route to hydrogenation of substrates, although comparison with other 

possible mechanisms would be necessary to determine the viability of this pathway. 

Additionally, the route to intermediate III has not yet been located, though this offers 

fertile ground for further study. 

There are many other avenues of investigation which would be worthwhile. Chief 

among these would be the investigation of other possible mechanistic routes, 

particularly in light of experimental results discussed in Chapters 2 and 4. The 

characterisation of the monohydride complex C6.H, warrants further investigation of 

the equivalent intermediate structure VI. An investigation into how this can be formed, 

both under catalytic conditions, and reaction conditions described in Chapter 2, may 
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lead to further insights about the potential role of this species in catalysis. The results 

discussed in Chapter 4 suggest that dimeric species are formed under catalytic 

conditions, so consideration of these as potential intermediates would be apposite. 

Additionally, the observation of multiple hydride signals means that a mechanism 

involving a polyhydride species may be in operation.  

Another point that has not been considered in detail is that of chirality. An 

investigation into the relative energies of different ketone coordination isomers could 

be considered, as this may give an insight into whether chirally resolved examples of 

these complexes would be competent asymmetric catalysts. 

3.7 Experimental 

Calculations were performed using the TURBOMOLE V6.40 package or the Orca 

4.0.0.2 package.32,33 Input coordinates were generated from crystallographic data 

(where available), modified crystallographic data, or chemical intuition. Structures 

were visualised and manipulated using either Avogadro 1.1.1, Facio 18.8.2, Mercury 

3.0, or Molden. Imaginary frequencies were visualised using Jmol 14.8.0. 

Geometry optimisations were performed at the (RI-)BP86/SVP, (RI)BP86/def2-

TZVPP, or (RI-)PBE0/SVP level, followed by frequency calculations at the same 

level.34ï37 For all calculations a quasi-relativistic effective core potential replaced the 

core electrons of heavy atoms (Ir - 60 electrons; Rh/Ru - 28 electrons).35,38 Energy 

minima were identified as such by the absence of imaginary frequencies; transition 

states were identified by the presence of a single imaginary frequency. Transition 

states were located by a constrained minimisation with atoms undergoing most 

change frozen, followed by a frequency calculation to identify the transition vector to 

follow during the transition state calculation. The transition state calculation used an 

eigenvector following routine along the imaginary frequency identified by the 

preceding calculation. This was followed by a frequency calculation on the optimised 

transition state. The minima adjacent to the transition state were identified using a 

DRC calculation. These calculations were performed in the DRC module of 

TURBOMOLE. 

Solvation effects were modelled for DCM using the COSMO module of 

TURBOMOLE. A DFT-D3 correction to the energy of the computed structures was 

applied after the geometry optimisation.16 

Coordinate and vibrational frequency files for calculated structures are provided in 

the electronic supplement. 
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Appendix 

Table A1. Calculated rate constants for a given energy barrier at 82 °C. 

 

ȹGTS / kJ mol-1 k 

25 1.55 x 109 

50 3.25 x 105 

75 68.1 

100 0.014 

125 2.99 x 10-6 

 

Table A2. Relative Gibbs free energies for cycle intermediates. 

Intermediate Gibbs free energy 

I 0 0 0 

I.Br +9 +9 +1 

I.tBuO +167 +184 +160 

II +11 +40 +48 

II.Br +15 +43 +44 

III -81 -65 -3 

III.Br -86 -64 -14 

III.tBuO +24 +59 +98 

IVa +32 +61 +34 

IVa.Br +24 +49 +31 

IVa.tBuO +154 +194 +145 

Blue cells: gas phase, orange cells: COSMO (DCM) solvation, grey cells: DFT-
D3 correction. 
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Chapter 4 

On-line Monitoring of a Transfer Hydrogenation Reaction 

Catalysed by NHC-Carborane Iridium Complexes 

4.1 Introduction 

Monitoring the progress of a reaction is one of the most powerful ways a mechanism 

can be investigated. Information about both the reaction rate, and the identity of key 

intermediates can be obtained in this way. A multitude of techniques are available for 

reaction monitoring, including mass spectrometry, and IR, UV-vis, and NMR 

spectroscopies. There are a variety of approaches to reaction monitoring. Classically, 

reactions would be monitored ñoff-lineò, by removing a sample from the reaction 

vessel and submitting this to an analytical technique of choice. More recently the 

ability to make direct measurements during a reaction has become available. These 

measurements may be ñin-lineò, with a spectroscopic probe inserted into the reaction 

vessel, or ñon-lineò, with tubing that leads to the required instrument inserted instead.1 

Monitoring of reactions enables reaction progress to be measured as a function of 

time, and hence kinetic analyses may be performed. 

There are many benefits to in- or on-line reaction monitoring as it allows the 

monitoring of real reaction conditions, with minimal adaptations in set-up required. 

Classical kinetics often interrogates only the initial rates of a reaction, thereby 

ignoring how the reaction progress may vary over time. Modern reaction monitoring 

techniques enable the acquisition of data sets that encompass the full reaction 

duration. This can lead to a better understanding of the manifold complexities of 

reaction mechanisms. 

4.1.1 DReaM Facility 

The Dynamic Reaction Monitoring (DReaM) Facility at the University of Bath enables 

on-line monitoring of reactions using various techniques, chiefly NMR 

spectroscopy.1ï3 NMR spectroscopic analysis is achieved through use of an 

InsightMR flowprobe and related software (Bruker). The reaction set-up has 

continuous recirculation of reaction mixture between the reaction vessel and the 

InsightMR tube, which is located within a 500 MHz NMR spectrometer. The reaction 

mixture flows through thermally jacketed tubing to maintain the desired reaction 

temperature, with the flow-rate maintained by a standard HPLC pump. The return 

section of the tubing may be fitted to allow sampling for analysis by other techniques 

including: HRMS, HPLC, polarimetry and UV-vis spectroscopy. Reactions may be 

monitored using standard NMR nuclei: 1H, 11B, 13C, 19F and 31P. 
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It is important to bear in mind the effect that flow will have on the NMR spectra 

recorded. Typical flow-rates used are 4 mL/min which corresponds to a residence 

time of 3 seconds within the magnet followed by 8 seconds in the detector. The 3 

seconds spent within the magnet may be insufficient to build up complete 

magnetisation (<5T1), dependant on the chemical environment of the nuclei. 

Therefore, signals for which 3 seconds is <5T1 are often ñunder-integratedò when 

observed in flow compared to a static experiment which has a sufficient delay for full 

relaxation to occur. Additionally, signals with longer T1 values will have a lower 

intensity than those with shorter T1 values, which will affect the validity of 

quantification. It is however possible to apply a correction factor that accounts for the 

effects of flow. Two spectra are recorded, one flowing and one static, in which the 

signals would be identical, if flow had no effect. Dividing the integration value for the 

static experiment by that for the flowing experiment provides a flow correction factor 

(FCF) which is used to normalise integration values for all spectra recorded. One 

limitation of this approach is that all the signals which are to be quantified must be 

present in the static spectrum. This may present a problem for resonances 

corresponding to intermediates which are not present at the start or end of a reaction. 

Whilst the InsightMR system is in general very versatile, there are a number of 

limitations. Firstly, the temperature range for reactions is -20 °C to 77 °C due to the 

tolerance of the NMR spectrometer. Additionally, because of the thinness of the 

tubing used, all reactions must be homogenous to prevent blockages. The minimum 

volume of solvent for a reaction is 10 mL, which presents a significant cost if 

deuterated solvents are used. The use of deuterated solvents may not be necessary, 

provided that the peaks of interest are suitably separated from solvent peaks, and 

also that a reasonable signal to noise ratio is still obtained for non-solvent peaks. 

The utility of the DReaM set-up was recently demonstrated by Hall et al. in a 

fundamental study of deactivation pathways for the [Ru(arene)(TsDPEN)Cl] 

complexes developed by Noyori for transfer hydrogenation (TH).3ï5 The authors were 

able to demonstrate that reactions run with monitoring using the DReaM facility set-

up did not differ in appearance over time, conversion or enantioselectivity compared 

to those monitored by off-line sampling. The kinetic data obtained from the reactions 

allowed for reaction progress kinetic analysis (RPKA - vide infra) to be performed, 

determining an order of 1 in the Ru catalyst. The presence of an active hydride 

species during catalysis (i.e. the catalyst resting state) was also confirmed. A signal 

at -5.47 ppm for a monohydride had been previously reported.5 This signal was 

observed directly during the reaction, and EXSY NMR (Exchange Spectroscopy) 

experiments confirmed exchange between this hydride, the IPA and the 1-

phenylethanol, thus demonstrating it to be an intermediate in the cycle. Two 
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previously unconsidered deactivation pathways were also shown to be at work, one 

from the formation of a catalyst-base adduct and one due to arene loss from the 

hydride intermediate.  

4.1.2 Kinetic Analysis 

Determination of the rate law for a given reaction is a complex undertaking, but the 

rewards, in terms of mechanistic understanding, are significant. There are two key 

unknowns in the rate equation (1), the rate constant (kr), and the order in each 

reagent (exponent values a, b). The classical approach is to determine a rate 

constant for each reagent by using the isolation method. In this method all reagents 

apart from one are used in a large excess, termed pseudo-1st order kinetics (2). The 

order in the reagent is determined from the initial rate of reaction, where the 

concentration of a reagent [A] may be approximated to the initial concentration [A]0 

(3).6 

 

 

 

Although these methods are well-established, they are not without flaws. Applying 

pseudo-1st order conditions to a reaction often represents reaction conditions that 

bear little or no resemblance to those used in a genuine reaction. The analysis of 

kinetics under these conditions, therefore, may be of limited relevance. Likewise, by 

only studying the initial rate of a reaction, many secondary effects are ignored. The 

possibilities of catalyst deactivation, or of the product or intermediates being involved 

in the rate law, are not considered. 

Modern reaction monitoring techniques can provide users with a superfluity of data 

points, which classic kinetic analysis cannot adequately process. Modern 

approaches to kinetic analysis have therefore been developed which make use of 

these large data sets. These approaches not only require fewer experiments to be 

performed, but can also provide insight into the whole profile of a reaction, including 

deactivation and product inhibition pathways.7,8 

In 2005, Blackmond published one such method: Reaction Progress Kinetic Analysis 

(RPKA).7 This approach builds on a method used to provide linear analysis for 

enzymatic reactions, first reported over 80 years ago.9 RPKA requires a few key 

experiments with different reagent concentrations to be performed. Analysis can then 

be performed ñby-eyeò ï mainly focussing on whether or not plots obtained from 

reactions performed under different conditions overlay with one another. This 

represents a breakthrough in kinetics, allowing simple data manipulations coupled 
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with visual analysis to determine the order in catalyst and reagents, and the effects 

of catalyst deactivation and product inhibition. Since publication the method has been 

applied to a wide range of reactions by numerous groups.10ï14 In a particularly elegant 

example reported by Ruiz-Castillo et al., RPKA is used to understand the mechanism 

of palladium catalysed amine arylation reactions. By analysing the kinetics of the 

reaction using phosphine ligand 4.1 it was determined that the oxidative addition and 

reductive elimination steps were both rate determining to some degree (Figure 106). 

This understanding led to the rational design of the electron rich and sterically bulky 

ligand 4.2, which as predicted accelerated the reaction (Figure 106).15 

 

Figure 106. Palladium catalysed amine arylation reaction and structure of phosphine 
ligands 4.1 and 4.2.15 

A number of methods related to RPKA have since been published. These include the 

time adjusted method, also reported by Blackmond, which requires only two 

experiments to determine if product inhibition or catalyst deactivation are occurring.16 

Variable time normalisation analysis (VTNA) was described by Burés et al. and allows 

the determination of the order in all reagents using a series of simple experiments 

followed by visual analysis.17 Graphs are plotted of the concentration of reactant or 

product against a normalised time-axis with the general form Ɇ[X]nȹt, where t = time, 

X = reagent/catalyst, and n = any number. The calculation normalises the time axis 

relative to the concentration of the species in question, thereby removing any kinetic 

effect it has on the rest of the data. Experiments with two different initial 

concentrations of the species X are required (Figure 107). When the value of n equal 

to the order in that component is selected, the two concentration plots will overlay. 

With judicious planning, just 4 experiments are required to determine the order in 

catalyst and two reagents using this method. With the order in each reaction 

component determined, a plot of reactant/product against Ɇ[X]n[Y]nô[cat]nôôȹt should 

yield a straight line, with the observed rate constant equivalent to the gradient (Figure 

107 - d). Since the publication of this method 3 years ago, its utility has been 

demonstrated by various groups.18ï21 
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Figure 107. Variable time normalisation analysis enables the determination of the 
order in substrate A (a), substrate B (b), and catalyst (c). The sequential 
normalisation of the time scale in A, B, and catalyst leads to the overlay of all 
reaction profiles in a straight line with a slope that corresponds to kobs (d). Figure 
reproduced with permission from John Wiley and Sons (License number: 
4557830043329).17 

A special case of VTNA was also reported by Burés, which allows for the 

straightforward determination of the order in catalyst for a given reaction.22 The 

assumption is made that the concentration of the catalyst remains constant 

throughout the reaction ï this allows for a simplification of the time normalisation axis 

to t[cat]0n. This approach means that by running reactions under identical conditions, 

other than the loading of the catalyst, should allow the determination of catalyst order. 

A graph is plotted of product/reactant concentration against the normalised time scale 

for various powers of n, until overlay of the two traces is achieved (Figure 108). The 

original paper has been cited over 50 times since publication 3 years ago, and applied 

to diverse fields of catalysis.23ï26 
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Figure 108. The correct order in catalyst is the one that causes all the curves to 
overlay (in this case first order). Figure reproduced under Creative Commons 
Licensing.22 

4.1.3 Aims 

Progress towards understanding the mechanism of TH catalysed by NHC-carborane 

catalysts C3, C4/C5 and C6 has been discussed in Chapters 2 and 3. Chapter 2 

describes the use of stoichiometric reactions and catalyst screens to characterise 

potential intermediates. Chapter 3 discusses the insight gained by computational 

modelling of the reaction. On-line reaction monitoring should provide further 

information about the catalytic process, both in terms of the observation of 

intermediate species, and also in terms of potential kinetic analysis. Therefore, the 

aims of this body of work were to use the DReaM Facility to monitor the catalytic 

reaction in real time. It was envisioned that the direct observation of hydride species 

during the reaction would provide clues as to the nature of the active catalyst. Based 

on these results, further computational investigations on likely intermediates could be 

carried out, as well as the potential isolation of these species. Additionally, the large 

quantity of data obtained should allow for kinetic analysis, which may further provide 

insight into the mechanism. The primary aim in this regard is the determination of the 

order in catalyst, using the graphical method described by Burés.22 

4.2 Preparation for use of the DReaM Facility 

The aim of the DReaM facility is to allow for the monitoring of reactions under working 

conditions, however a few changes to previous reaction set-up were necessary. Due 

to the length of tubing used to recirculate the reaction mixture there is a minimum 
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volume requirement of 10 mL, which is 4 times the volume used in previous catalytic 

reactions (Chapter 2). As a consequence of this larger scale, larger quantities of 

catalyst are required. Challenges associated with the syntheses of these catalysts, 

and the optimisation of reactions, has been described in Chapter 2 (2.2). There is a 

maximum operating temperature of 77 °C inside the spectrometer used at the 

DReaM Facility. As our original studies were performed at 82 °C, it is necessary to 

test the catalytic system at this lower temperature and compare these results to those 

obtained previously. It is also desirable to monitor the reaction over a longer period 

of time than the original 1 hour, so that suitable reaction lengths can be selected once 

at the facility. As the reaction mixture will be passed through narrow tubing it is vital 

that the sample is homogeneous, in order to prevent blockages. Therefore, initial 

tests were also carried out to determine the solubility of different reaction components 

at 77 °C. 

The TH of acetophenone with IPA was performed using C3 (non-cyclometallated) 

and C4/C5 (cyclometallated) mixture under standard conditions, but at a reduced 

temperature (75 °C), in which a sample was taken every hour for 5 hours (Figure 

109). 

 

Figure 109. Reaction scheme for catalytic reaction with structures of catalysts C3 
and C4/C5. 1 mmol acetophenone, 1 mol% catalyst, 10 mol% NaiPrO, 0.33 
mmol 1,3,5-trimethyoxybenzene (internal standard), 2.3 mL IPA. 

The conversions after 1 hour (21% - C3; 46% - C4/C5) are in excellent agreement 

with values obtained previously (Chapter 2) (20% - C3; 47% - C4/C5), indicating that 

the reduced temperature has little impact on observed reactivity (Figure 110). It is 

also noted that the cyclometallated catalyst outperforms the non-cyclometallated 

catalyst at all time-points measured. For both catalysts the highest rate of conversion 

is observed within the first hour. This indicates that any induction period (if present) 

occurs in a time period less than one hour. This highlights the usefulness of on-line 

reaction monitoring, as this will allow observation of the reaction more frequently and 

with better temporal resolution. The conversion for C3 has reached a plateau after 2 

hours, whilst for C4/C5 this is reached after 3 hours. The cessation of reaction after 
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these times could indicate catalyst decomposition, or product inhibition. These are 

again effects which may be probed using the DReaM facility. 

 

Figure 110. Reaction progress over time for TH catalysed by C3 and C4/C5. 

A number of solubility tests were conducted to check for homogeneity of the sample. 

The base, internal standard and IPA were combined in an ampoule and heated to 

75 °C, using the same concentration as present in the catalytic reaction. It was 

observed that at room temperature some insoluble matter was present, but this was 

rapidly solubilised upon heating, and appeared to remain in solution on cooling 

(Figure 111). 

 

Figure 111. Mixture of NaiPrO (0.10 mmol), and 1,3,5-trimethoxybenzene 
(0.33 mmol) in IPA (2.3 mL). Left: prior to heating. Right: after heating at 75 °C 
for 20 minutes and cooling to room temperature for 10 minutes. 

Due to the success of this visual inspection, the mixture was prepared again and 

passed through tubing using a syringe pump to check for blockages. The thinnest 

tubing used in the DReaM Facility has an internal diameter of 0.125 mm. A piece of 

tubing was prepared made up of a section of wider tubing (0.79 mm inner diameter) 
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connected to a section of thinner tubing (either 0.25 mm of 0.125 mm inner diameter) 

connected to another section of the wider tubing (Figure 112). The solution was 

passed through different sized tubing including fittings, to create a disturbance in the 

flow and better simulate future experimental conditions. Two thinner tube sizes were 

used so that an initial test using tubing with a larger diameter could be performed. 

The tubing sections were fitted with ferrules and nuts and then connected to one 

another using a union. One section of wider tubing was additionally fitted with a 

syringe adaptor for connection to a syringe pump.27 

 

Figure 112. Labelled diagram of tubing used to check for blockages. 

A sample (1 mL) of the heated mixture of NaiPrO and 1,3,5-trimethoxybenzene in 

IPA was passed through the tubing at a rate of 0.5 mL/min. For both sizes of tubing 

fitted the syringe pump did not stall during pumping, indicating that no blockage had 

occurred. 

Given the adequate solubility of the base and standard, a test was next performed 

using all reagents involved in the catalytic reaction, including C3. As observed 

previously, at room temperature some insoluble matter was present. It was 

additionally noted that the catalyst was not fully soluble at room temperature. Upon 

heating to 77 °C a visual inspection indicated that the sample appeared 

homogenous, however the presence of some very fine particles could not be ruled 

out. The stability was also investigated, and it was observed that the mixture 

underwent no obvious visual change after heating for 1 hour. 

The reaction mixtures used for the catalytic reaction monitoring (vide infra) were 

passed through the tubing after the reaction had ceased. Once again, no blockage 

occurred with either tubing, indicating that the sample is sufficiently homogeneous.  
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4.3 Investigation into Transfer Hydrogenation using the 

DReaM Facility 

4.3.1 Reaction Set-Up 

The reaction was set-up as follows: a solution containing the relevant catalyst, 

acetophenone and 1,3,5-trimethoxybenzene (internal standard) in IPA was prepared 

in a round bottom flask fitted with a Youngôs adaptor and suba seal, and heated under 

nitrogen until it was sufficiently homogeneous for flow to start. The solution was then 

recirculated at a flow rate of 3 mL/min through the NMR spectrometer and initial 

spectra were recorded. The TH reaction was initiated by the addition of base in IPA 

solution. In general, it is preferable to add the catalyst to trigger a reaction, however 

due to the insolubility of the catalysts at room temperature this was not possible. A 

stock solution of standard in IPA was prepared and used for all experiments. A 

solution of base was prepared using the standard-doped IPA, thus ensuring that the 

concentration of standard was constant before and after base addition. The initial 

intent was to use NaiPrO as with previous reactions discussed in Chapter 2. However, 

the supplied NaiPrO was impure, hence KtBuO was used instead as this was 

available. 

4.3.2 Summary of Experiments 

In total, 7 reactions were performed whilst at the DReaM Facility, encompassing a 

range of catalysts and catalyst loadings (Table 13). Reactions were run for a 

minimum of 3 hours, with some being allowed to continue overnight. 

The first reaction performed (entry 1) corresponds to a direct scale-up of the 

conditions used in previous reactions. Subsequent examination of the temperature 

data for this reaction revealed that only 69 °C had been reached; for future 

experiments a higher external temperature was applied to maintain a 75 °C reaction 

temperature. 

Two experiments at 75 °C were subsequently performed with C3 using standard 

conditions, but varying the catalyst loading (entry 2: 2 mol% catalyst loading, entry 3: 

1 mol% catalyst loading). Although the catalyst concentration was doubled in entry 

2, the concentration of base was kept constant. 

The reactions with C4/C5 (entries 4 and 5) were more problematic due to issues 

adequately solubilising the catalyst. For this reason, these reactions were performed 

with the same relative catalyst:acetophenone:base ratio, but at half the 

concentration. Due to these solubility issues a lower catalyst loading of 0.5 mol% 

(entry 5) was used for the second experiment, instead of the 2 mol% used for C3. 
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Table 13. Summary of experiments performed using the DReaM Facility. 

Entry Catalyst Catalyst 

loadinga / 

mol% 

Catalyst / 

mmol L-1 

Acetophenone / 

mol L-1 

Base / 

mol L-1 

T / 

°C 

1 C3 1.0 4.0 4.00 0.04 69 

2 C3 2.0 8.0 4.00 0.04 75 

3 C3 1.0 4.0 4.00 0.04 75 

4 C4/C5 1.0 2.0 2.00 0.02 75 

5 C4/C5 0.50 1.0 2.00 0.02 75 

6 [IrCp*Cl2]2 0.50 0.50 2.00 0.02 75 

7 [IrCp*Cl2]2 0.25 0.25 2.00 0.02 75 

a. Per Ir. Total reaction volume: 12.0 mL (IPA). Concentration of internal standard: 

0.145 mol L-1. 

Reactions were performed with [IrCp*Cl2]2 as a benchmark for comparison. Once 

again, solubility was a problem and thus these reactions were also performed at half 

concentration relative to those of C3. The loading of the catalyst was also decreased 

to 0.5 mol% (entry 6) and 0.25 mol% (entry 7). 

4.3.3 Reaction Progress Over Time 

Conversions for the catalytic reactions were determined by comparison of the 

aromatic region of the starting material (acetophenone) and the product (1-

phenylethanol) with that of the CH signal of the internal standard (Figure 113). 

Integrals for multiple spectra were extracted by using a multiple integration command 

in TopSpin4.0. Once extracted the integral regions were corrected using calculated 

flow correction factors and hence plots of concentration vs time were obtained. In all 

experiments the formation of 1-phenylethanol corresponds directly to the 

consumption of acetophenone. This indicates that there are limited side-reactions 

occurring, a fact which is corroborated by no other signals being observed in the NMR 

spectra. Taking the example of the experiment using 2 mol% loading of C3 (entry 2 - 

Table 13), a smooth reduction in the concentration of acetophenone is accompanied 

by an increase in 1-phenylethanol (Figure 114). 
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Figure 113. Example 1H NMR spectrum (500 MHz, IPA) showing integral regions 
used for determination of conversion. Purple stars denote acetophenone, green 
stars denote 1-phenylethanol, blue star denotes internal standard. 

 

Figure 114. Plot of concentration versus time. 

It can be seen that conversion of acetophenone to 1-phenylethanol is fairly low after 

3 hours for all experiments except for the 1 mol% catalyst loading of C4/C5 (Figure 

115). It is noteworthy that conversion after 3 hours is very similar for both catalyst 

loadings tested when C3 was used. For the C4/C5 mixture and [IrCp*Cl2]2, a higher 

catalyst loading leads to a significant increase in conversion after 3 hours; in both 

cases the increase is almost threefold. 
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Figure 115. Plot of conversion versus time for all catalysts. 

The results obtained may be compared with those previously reported by Holmes 

(Table 14).28 Similar trends in activity between catalysts are retained, however 

conversions after 1 hour are considerably lower. It is important to note that the 

DReaM results were obtained at a lower temperature than those previously reported 

(75 °C vs 82 °C). However, results using NaiPrO showed no decrease in conversion 

upon lowering of temperature (vide supra - 4.2). Although efforts were made to 

ensure that reagents were prepared in the same way, it is conceivable that 

differences in the water content of solvents or base purity may explain the different 

results obtained. At any given time during a reaction, 30% of the reaction mixture is 

in the flow system (3.7 mL of 12.5 mL); it is possible that this leads to a lower 

conversion, although previous results using this set-up have shown the system to 

replicate batch conditions well.3 Nonetheless, the reagents and catalyst were added 

in a different sequence to previous batch reactions, in particular the catalyst and 

acetophenone being stirred for some time prior to base addition. 
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Table 14. Comparison of catalytic activity for batch and continuous flow reactions. 

Entry Catalysta. Batch DReaM 

  Mol% Conversionb. Mol% Conversionc. 

1 C3 1 33% 1 

2 

14% 

11% 

2 C4/C5 1 >99% 1 

0.5 

41% 

10% 

3 [IrCp*Cl2]2 1 68% 0.5 

0.25 

22% 

8% 

a. Mol% catalyst values are per Ir centre. b. After 1 hour at 82 °C determined by 1H 

NMR spectroscopy relative to internal standard, average of two runs. c. Reaction at 75 

°C, conversion value at time-point closest to 60 min, determined by 1H NMR 

spectroscopy (continuous flow) relative to internal standard. 

The reaction with C4/C5 at 1 mol% loading has the appearance of a 1st order decay 

over the whole course of the reaction (Figure 116). The decrease in rate over time 

may suggest that acetophenone is involved in the rate determining step of the 

catalytic reaction; as the concentration decreases collisions become less likely, and 

hence the reaction slows. To probe this further a log plot was used (Figure 117). The 

line in this case is not linear, indicating that the acetophenone is not exhibiting true 

1st order decay. A graph of time vs 1/concentration was used to check if the decay 

was second order (Figure 118). In this case the line does appear to be linear. This 

may suggest that two molecules of acetophenone are involved in the rate determining 

step. However, it is also possible that the catalyst degrades over the reaction course. 

Analysis of the hydride region of the spectra may provide an insight into the veracity 

of this hypothesis (vide infra - 4.3.4).  
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Figure 116. Reaction profile for C4/C5 at 1 mol% catalyst loading. Change in 
concentration of acetophenone (red circle) and 1-phenylethanol (green triangle) 
over time 

 

Figure 117. Graph showing time vs ln[acetophenone], for reaction catalysed by 
C4/C5 at 1 mol% catalyst loading. 
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Figure 118. Graph showing time vs 1/[acetophenone] for reaction catalysed by 
C4/C5 at 1 mol% catalyst loading. 

 

By contrast, the reaction profile for C3 at 1 mol% loading appears approximately 

linear, or to have a very shallow curve (Figure 119). The profile for [IrCp*Cl2]2 at 

0.5 mol% loading is also linear (Figure 120). A linear reaction profile indicates that 

acetophenone is not involved in the rate determining step, and hence the reaction 

rate does not decrease as the substrate is depleted. For example, it is possible that 

the coordination of acetophenone to the active catalyst is extremely fast in relation to 

the speed of turnover. In other words, the catalyst is rapidly saturated with substrate 

and turnover then proceeds at a steady rate, independent of acetophenone 

concentration. The steady reaction progress is an indication that the active species 

remains present throughout the reaction, with little or no decomposition occurring. 
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Figure 119. Reaction profile for C3 at 1 mol% catalyst loading. Change in 
concentration of acetophenone (red circle) and 1-phenylethanol (green triangle) 
over time. 

 

Figure 120. Reaction profile for [IrCp*Cl2]2 at 0.5 mol% catalyst loading. Change in 
concentration of acetophenone (red circle) and 1-phenylethanol (green triangle) 
over time. 

4.3.4 Direct Observation of Hydride Species 

In addition to the standard proton NMR spectra, the hydride region was also 

monitored using selective excitation. For all three complexes tested, hydride species 

were observed during the reaction. However, for each catalyst, different hydridic 

signals were noted. 

Quantitative data may be obtained from the hydride spectra, however additional 

correction factors to account for the way the spectra were acquired need to be applied 

(4.5.7). Flow correction factors can be calculated by recording a static spectrum at 

the end of the reaction. One limitation of this is that accurate integration values can 
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therefore only be obtained for species that are still present at the end of the reaction 

(4.1.1). 

4.3.4.1 Reactions using C4/C5 

For the reaction with C4/C5 it was noted that a hydride signal is observed even prior 

to the addition of base. This signal, at -16.5 ppm, remains at an essentially constant 

concentration throughout the reaction, showing no signs of decay over time. This 

major signal, with a neighbouring minor signal further upfield, has an appearance 

reminiscent of the products of C6 and both NaBH4 and NaiPrO (Chapter 2 - 2.4.3, 

2.4.4) (Figure 121). Given that all spectra are recorded in different solvents it is not 

possible to say with any certainty that these species are the same. This signal was 

tentatively proposed to arise due the formation of C6.H, evidence of which was 

obtained crystallographically in from both reactions. The question of whether this is 

an active species is an interesting one. A reaction performed using C4/C5 in the 

absence of base led to no conversion in the experiments reported by Holmes.28 There 

are therefore, two possibilities. The first is that the observed hydride complex does 

represent an active species, but that the catalytic cycle cannot be completed without 

the presence of base. The second is that this hydride signal corresponds to an off-

cycle inactive species, and that only those formed after the addition of base are 

involved in the catalytic reaction. However, it is worth noting that using the DReaM 

set-up a small amount of conversion (3%) of acetophenone into 1-phenylethanol was 

observed prior to base addition. This gives rise to the possibility that the catalysts are 

capable of turnover in the absence of base. 

 

Figure 121. Top: 1H NMR spectrum (400 MHz, d8-THF) for product of C6 and NaBH4. 
Middle: 1H NMR spectrum (400 MHz, d6-benzene) for product of C6 and 
NaiPrO. Bottom: 1H NMR spectrum (500 MHz, IPA) for reaction using C4/C5 at 
1 mol% catalyst loading prior to base addition (i.e. C4/C5, acetophenone, 1,3,5-
trimethoxybenzene, IPA). 
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After the addition of base the hydride region increases in complexity (Figure 122). It 

must be recognised that, given a mixture of complexes is being used in the catalytic 

reaction (i.e. C4 and C5), it is possible that this will lead to a mixture of hydridic 

products. For the most part the peaks formed initially remain at a relatively constant 

concentration for the reaction duration. The exception is the signal which appears 

initially at -15.85 ppm, which by the end of the reaction has been replaced by a signal 

at -15.79 ppm. 

 

Figure 122. Superimposed 1H NMR spectra (500 MHz, IPA) for reaction using C4/C5 
at 1 mol% loading. Blue spectra: prior to base addition, red spectra: evolution 
over first 20 min, green spectrum: final spectrum at 14.4 hours. 

The concentration data are fairly scattered, which can make determining trends 

challenging (Figure 123). One solution to this is to examine the moving average for 

points in an attempt to smooth the data. The moving average converts each point 

into an average of a given number of preceding points. 10 points were used, as 

spectra were recorded approximately every 3 minutes, this means each moving 

average point shows the average concentration of that hydride signal in a 30 minute 

period. The moving average has been calculated and added as a trendline to each 

data set (Figure 124). Although the conversion data shows the reaction to be fastest 

at the start and then slows down, this trend is not obviously reflected in the hydride 

signals observed. The signals grow in at varying rates, but once present remain 

essentially constant for the duration of the reaction. The signal at -16.55 ppm (grey) 

appears by contrast to increase very slightly and slowly over the time course. 
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Figure 123. Raw data showing concentration of hydride signals over time. 

It is possible to speculate on which of the hydride signals may be part of the same 

molecule by comparison of the concentration values. The concentration of the 

species giving rise to signals at -16.55 and -17.29 are very close to one another. 

Similarly, the signals at -15.79 and -16.74 have reasonably matched concentrations. 

The signal at -16.48 has a concentration that is different to the others. Under the 

assumption that all signals arise from a unique hydrogen, this analysis leads to the 

conclusion that there are three species present, giving a total hydride concentration 

of 0.16 mM, which is a small fraction of the 2 mM concentration of catalyst used. 

However, caution must be exercised, as it is entirely possible that these similarities 

in concentration are coincidental, and it is possible that polyhydride species with 

equivalent hydride environments give rise to some or all of the signals observed. It is 

expected that not all of the catalyst would convert to a hydridic species; Hall et al. 

report a starting concentration of just over half the total applied catalyst concentration, 

for Ru catalysed TH.3 

There are no changes to the hydride spectra associated with the decreasing rate of 

reaction observed over time (4.3.3 - Figure 116). The decrease in reaction rate may 

therefore indicate a pseudo first order dependence on acetophenone concentration. 



- 158 - 

 

Figure 124. Concentration of hydride signals over time with moving average 
trendlines applied. 

The spectra for the lower loading using C4/C5 (0.5 mol%) have a low signal to noise 

ratio due to the low concentration used. However there are some similarities and 

some differences between the hydride spectra at the two catalyst loadings. No signal 

is observed prior to the addition of base at the lower catalyst loading. After base 

addition signals appear initially at -15.87 and -16.82 ppm, and after 3 hours additional 

signals at -15.22, -16.48 and -16.55 ppm are present. An overlay of the spectra from 

reactions at both catalyst loadings, taken at the same time point, is shown in Figure 

125. Most signals that are present at the higher loading are also observed in the lower 

loading experiment, however the relative peak areas are significantly different. The 

signal at -16.48 ppm, which is present in near constant and relatively high 

concentration throughout the reaction at the higher loading, is a relatively weak signal 

in the lower loading reaction. The neighbouring peak at -16.55 ppm is broader, and 

appears less intense relative to the other signals observed. It is also notable that the 

signal at -17.29 ppm in the higher catalyst loading experiment is totally absent at the 

lower catalyst loading. 
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Figure 125. Superimposed 1H NMR spectra (500 MHz, IPA). Blue trace: 1 mol% 
C4/C5 after 297 min. Red trace: 0.5 mol% C4/C5 after 297 min. 

There are a number of possible reasons for the observed differences. A major 

difference between the two runs was the use of two different batches of catalyst, 

prepared by different experimentalists. As analysis of this product is challenging 

(Chapter 2 - 2.2), it is possible that one batch contained impurities. Another reason 

for the differences could be due to the differing lengths of equilibration time prior to 

base addition. The higher loading reaction was stirred for several hours prior to base 

addition due to a blockage being created upon initial recirculation. As it is clear that 

acetophenone reacts with the catalyst in the absence of the base, it seems possible 

that this could lead to the formation of different products at different catalyst 

concentrations prior to the start of the reaction. It is clear that comparisons made 

between these two runs, particularly with regards to kinetic analysis, must be 

undertaken with caution. 

4.3.4.2 Reactions using C3 

The reactions using C3 gave a much simpler picture of hydride species. In this case, 

three hydride signals were observed which appear rapidly and remain at a near 

constant concentration for the duration of the reaction. 

As with C4/C5 a hydride signal is seen even before addition of base, at -16.5 ppm, 

the same chemical shift as seen with C4/C5. It is likely that this signal is due to the 

same species, although its identity is uncertain. This signal does not seem to 

resemble those seen in stoichiometric reactions of C3 with NaBH4 and NaiPrO 

(Chapter 2 ï 2.4.3, 2.4.4), where several hydridic signals were noted. 
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Although 3 hydride signals are formed quickly and remain present for the reaction 

duration, other signals are observed for the first 20 minutes of the reaction, which 

subsequently disappear (Figure 126). 

 

Figure 126. Superimposed 1H NMR spectra (500 MHz, IPA) for reaction using C3 at 
2 mol% loading. Blue spectrum prior to base addition, red spectra: evolution 
over first 20 min, green spectrum: final spectrum at 3 hours. 

It can be seen from these spectra that the signal observed prior to base addition 

(-16.47 ppm) increases in intensity after base addition, along with two other signals 

at -16.52 and -16.76 ppm. There is an additional minor peak at -17.26 ppm which is 

present throughout the reaction. Another small peak at -17.31 ppm is observed in the 

spectrum recorded after 3 hours. There are several peaks present in the more 

downfield region between -12.0 and -13.5 ppm immediately after base addition, 

however these decay rapidly during the first 20 minutes of reaction. This may 

represent an induction period, a hypothesis which fits well with the concentration 

values obtained, which show an increase in concentration of the major three hydride 

signals to a steady state after about 20 minutes (Figure 127). Examining the 

concentration changes as a function of time, it may be noted that the signals at -16.47 

and -16.76 ppm grow rapidly then and remain constant throughout the reaction. The 

signal at -16.52 ppm undergoes a very slight increase in concentration over the 

course of the reaction. If all three hydride species are independent and monohydridic 

this would give a total hydride concentration of 7.62 mM for a reaction where the 

applied catalyst concentration is 8 mM. The signals at -16.52 and -16.76 ppm have 

very similar concentrations, and may therefore be attributable to one dihydride 

species. In this case, the total hydride concentration would be 5.14 mM, which is also 

reasonable. 

Trihydride Ir(V) complexes bearing phosphine ligands have been reported previously, 

the formation of a trihydride species represents another possible interpretation of the 

data.29,30 
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Figure 127. Concentration of hydride signals over time. 

A similar induction period is observed with the 1 mol% catalyst reaction. This reaction 

was continued for 14 hours and the three major hydride signals appear broadly stable 

over this time period. There appears to be a slight decrease in the concentration of 

the species corresponding to the signal at -16.47 ppm, and as with the 2 mol% 

reaction, a very slight increase in the signal at -16.52 ppm throughout. 

It is noteworthy that the reactions with both C3 and C4/C5 give rise to a signal 

at -16.47 ppm prior to the addition of base. In the case of C3 this signal increases 

considerably after base addition, whilst for reactions using C4/C5 the increase is 

slight. It seems likely that this signal arises due to the same species. The fact that 

this species is present in both catalytic runs with dramatically different conversions is 

interesting. The concentrations of the species are very different for the different 

catalysts, corresponding to 3.9% of the total catalyst used for C4/C5 but 28% (1 

mol%) or 33% (2 mol%) for C3. As C4/C5 is much more active than C3 this may 

indicate that the signal at -16.47 ppm represents an off-cycle species which does not 

play a role in catalysis. 

4.3.4.3 Reaction using [IrCp*Cl2]2 

As was observed with the other catalysts investigated, hydride species were present 

prior to base addition with [IrCp*Cl2]2. In this case a signal at -13.22 ppm was 

observed, which is considerably further downfield than the signal that was seen for 

C3 or C4/C5 at -16.47 ppm. Upon addition of base the spectrum increases in 

complexity considerably, with 8 major - and many minor - resonances present in the 

range -12.5 to -15.8 ppm. This is again more downfield than the range of resonances 
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for C3 and C4/C5. By the end of the reaction however the spectrum features just two 

peaks. During the first 20 minutes of the reaction many of the signals decrease 

considerably, whilst others increase (Figure 128). After approximately 4 hours of 

reaction time only 3 signals remain at -11.80, -13.79 and -13.93 ppm. Over the final 

9 hours of the reaction the signal at -11.80 ppm gradually disappears (Figure 129). 

 

Figure 128. Superimposed 1H NMR spectra (500 MHz, IPA) for reaction using 
[IrCp*Cl2]2 at 0.5 mol% loading. Blue spectra: prior to base addition, red spectra: 
evolution over first 20 min, green spectrum: final spectrum at 13.7 hours 

As only two signals remain at the end of the reaction, only these two can be integrated 

with flow correction factors applied. The plot of concentration against time for these 

two signals shows the higher field signal increasing in concentration rapidly in the 

first 20 minutes before undergoing an abrupt and then steady decay for the remainder 

of the reaction. By contrast the signal at -13.79 grows slowly, appearing to reach a 

maximum after about 7 hours, before slowly decreasing (Figure 130). It is clear that 

all hydride species present are decaying over the course of the reaction. This 

however appears to have no impact on the reaction rate (4.3.3 - Figure 120). The 

reaction progress mapped in Figure 120 indicates that acetophenone is not involved 

in the rate determining step of the reaction, with the data obtained from the hydride 

spectra indicating that hydride species are not involved either. 
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Figure 129. 1H NMR spectra (500 MHz, IPA) for reaction using [IrCp*Cl2]2 at 
0.5 mol% loading. Top: After base addition. Middle spectra: approximate hourly 
intervals. Bottom: reaction end after 13.7 hours. 

 

Figure 130. Plot of hydride concentration over time. 

  


