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Abstract

Research into alternative energy vectors is crucial for the future of our planet and society 

because  it  addresses  two  pressing  challenges:  environmental  sustainability  and  energy 

security. Hydrogen economy is one of the most promising directions, however the two major 

problems yet to be solved are the “green” production of hydrogen and efficient hydrogen 

storage solutions. The problem of hydrogen storage is aimed to be addressed in this thesis.

Our  approach to  solving this  problem is  to  utilize the interactions between Fe-NHC (N-

Heterocyclic  Carbene)  complexes  and  H2 to  enable  reversible  capture  and  storage  by 

manipulating the highly tuneable steric and electronic properties of Fe-NHC species.

The series of imidazolium pro-ligands with various combinations of two N-alkyl substituents 

on the imidazole ring (methyl to butyl, including straight and branched chain isomers) was 

prepared,  and  the  corresponding  Fe-NHC  complexes  were  synthesised  by  reacting 

imidazolium salts with K[HFe(CO)4].

The reactivity of resultant Fe-NHC complexes towards hydrogen gas was then investigated, 

and the results were discussed and compared to literature.

It is anticipated that the outcomes of this work will enable and direct future developments into 

novel ligands for the purpose of hydrogen storage and activation.
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Chapter 1: Introduction

1.0 Introduction

Fossil fuels have served as the backbone of global energy since the industrial revolution, 

powering modern infrastructure, transportation, and industry.1 Their historical dominance is 

attributed  to  high  energy  density,  abundance,  and  historically  low  cost.  However,  this 

reliance  has  incurred  a  significant  environmental  cost.  The  combustion  of  fossil  fuels 

releases vast quantities of greenhouse gases, accelerating global warming and leading to 

severe  consequences  such  as  extreme  weather,  ecosystem  disruption,  and  rising  sea 

levels.2 Furthermore,  as  a  finite  resource,  fossil  fuels  are  both  environmentally  and 

economically unsustainable in the long term. Despite the awareness of the threats observed 

much of the planet remains heavily dependent on fossil fuels underscoring the urgent need 

to transition to cleaner, more renewable sources of energy.

1.1 Current Renewable Options

There are many different more environmentally friendly and renewable solutions that are 

employed across the globe each with some of the mops tweel known examples being solar, 

wind, hydro and geothermal power.3

Solar power can offer versatile and relatively cheap energy with zero emissions however 

suffers from intermittent operation and reliance on optimal weather conditions. Wind power 

can produce vast amounts of energy but unfortunately can cause environmental damage 

and  is  also  reliant  on  optimal  weather  conditions.  Hydropower  can  deliver  reliable  and 

consistent  power  but  has  high  startup  costs  and  can  also  cause  severe  environmental 

damage. Finally geothermal power is also able to give reliable and consistent power but has 

high startup costs and is limited to specific locations that are tectonically active. Each of 

these examples  have clear  limitations that  limit  full  widespread adoption  therefore  other 

options need to be investigated.3,4

1.2 Future Solutions

The key to a truly sustainable energy future is therefore not likely to be a singular solution, 

but  would  rather  utilise  a  diversified  array  of  renewable  sources,  thus  overcoming  the 

individual limitations of each solution.
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Other  energy  sources  have  been  investigated  with  hydrogen  being  a  prime  example. 

Therefore, it is the aim of this project to produce novel materials and investigate their ability 

to react/ activate hydrogen. This is to be done in the hope that these materials will become 

part of the backbone for a broader ecosystem of renewable energy sources.
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Chapter 2: Literature Review

2.0 Introduction

Various  avenues  have  been  explored  for  alternative  energy  sources  to  improve  the 

resilience of the global energy grid. One such avenue is the use of hydrogen gas as an 

energy carrier and building/ developing the proper infrastructure to facilitate its use.

2.1 Hydrogen as an Energy Source

Hydrogen  is  a  promising  clean-energy  alternative.  It  can  be  used  in  traditional  internal 

combustion  engines5 or,  more  efficiently,  in  electrochemical  fuel  cells.6 Currently,  most 

hydrogen gas is produced  via  steam reformation of hydrocarbons, as it remains the most 

cost- effective method. The main drawback of this and many other production routes is their 

direct dependence on fossil fuels for energy or production of greenhouse gases throughout 

the process.  Some reactions involved in  the steam reformation of  methane is  shown in 

Scheme 1.7

Scheme 1: Some of the reactions that occur during the steam reformation of methane.

While using renewable energy sources like solar or wind power can mitigate this carbon 

footprint,8 it does not fully address the core issue. An attractive alternative is photocatalytic 

water splitting, which has no reliance on fossil fuels and produces no carbon dioxide.9 This 

process could enable a truly renewable hydrogen economy,10 but critical challenges must be 

overcome for its realization.
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2.1.1 Challenges of Hydrogen Storage

Despite showing promise, hydrogen gas presents the challenge of safe and reliable storage. 

Current  methods  involve  the  use  of  compressed  gas/  liquid  at  room  or  cryogenic 

temperatures which poses significant safety risks e.g. explosion due to high pressures and 

hydrogen's flammability.11

An  alternative  approach  involves  various  sorption  techniques.  This  can  proceed  by 

physisorption,  where  H2 adsorbs  to  a  surface  via  intermolecular  forces,  and/or 

chemisorption, where the H2 reversibly reacts with the suitable substrate.12 Due to these 

different interactions, there are varying approaches that have been explored.

2.1.2 Previous Approaches to Hydrogen Storage

Several  materials  have  been  explored  to  overcome  the  known  challenges  of  storing 

hydrogen.  These approaches primarily  rely  on either  physisorption,  where H₂  molecules 

adsorb by a suitable material  via  weak van der Waals forces, or chemisorption, where H₂ 
reversibly reacts with a substrate.

Carbon nanostructures, such as carbon nanotubes (CNTs), were initially promising due to 

their  high  surface  area,  allowing  hydrogen  to  adsorb  on  surfaces  and  within  interstitial 

spaces.13,14 However,  achieving  significant  storage  capacities  requires  cryogenic 

temperatures  and  high  pressures.  While  modifications  such  as  metal  doping  or 

functionalization  can  enhance  reactivity,15 the  combined  demands  of  extreme  operating 

conditions and high synthesis costs have limited their practical application.14,16

Metal-organic frameworks (MOFs) emerged as an attractive alternative due to their large 

surface  area,  high  porosity,  and  tunable  structures.17,18 MOFs  benefited  from  low-

temperature hydrogen release due to the nature of gas storage (physisorption). However, a 

key limitation is their rapidly diminishing storage capacity at ambient temperatures, confining 

their high performance primarily to cryogenic conditions.19,20

Another alternative is the used of metal hydrides utilizing chemisorption allowing for high 

storage capacity at moderate pressures.20 Magnesium hydride (MgH2) is one example that 

offers  a  high  weight  percentage  of  hydrogen  (7.7  wt%)  and  is  relatively  inexpensive. 

Unfortunately, high temperatures are required for hydrogen release and poor cyclability has 

been documented.22 In the search for higher storage capacity and better cyclability, complex 

hydrides such as borohydrides and alanates have been investigated. One such example of 

lithium borohydride (LiBH₄) with a weight percentage of hydrogen of 18 wt%, however is
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plagued by high cost, poor reversibility and decomposition at high temperatures.23 Sodium 

alanate (NaAlH₄) operates at lower temperatures (~200°C) but still  faces challenges with 

limited reversibility and slow kinetics.24

2.1.3 Current Challenges and Future Solutions

In summary, current hydrogen storage methods face significant challenges, including high 

costs, safety concerns and limited capacity under practical conditions Therefore, innovative 

material-based approaches are critically needed to overcome these limitations.

Potential new storage materials could potentially come because of a combination of several 

different disciplines and concepts such as the reactivity of N-heterocyclic carbenes (NHCs), 

metal-NHC complexes and their catalytic properties, the ability of Frustrated Lewis Pairs 

(FLPs) to activate small molecules and the reactivity of iron carbonyl derivatives.
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2.2 Carbenes

Carbene are molecules that have a neutral divalent carbon atom and two unshared valence 

electrons  with  the  general  formula  R-(C:)-R’,  where  the  R groups  can be alkyl  groups, 

hydrogen atoms or other substituents.25

Carbenes can be further classified into different types based on the electronic configuration 

of the carbon atom:

Singlet  Carbenes:  when the unshared electrons occupy the same sp2 hybrid orbital  with 

opposing spin as a spin pair, the carbene is a singlet (Fischer) carbene. Due to the sp 2 

hybridization the carbene carbon atom has a bent geometry as shown in Figure 1. The free 

carbene is nucleophilic due to the lone pair in the sp2 orbital and can also act like Lewis 

bases.25,26

Triplet  Carbenes: when the unshared electrons occupy different  orbitals,  typically  the p-

orbital and sp2 hybrid orbital with parallel spin, the carbene is a triplet (Schrock) carbene. In 

this state the carbene can adopt multiple geometries dependant on the geometry such as 

tetrahedral (sp3), bent (sp2) and linear (sp) with the unpaired electrons occupying different 

orbitals with parallel spins 25,26 as shown in Figure 1.

Figure 1: Electronic and Structural configuration of Singlet (Fischer) and Triplet (Schrock) carbenes.

2.2.1 Substituents and Stabilization

Carbene multiplicity  and reactivity  is  greatly  determined  by  the  electronegativity  of  both 

substituents. Electron-withdrawing groups (EWGs) that are σ-withdrawing favour the singlet 

state.  This  is  due to the EWGs ability  to stabilize the sigma-orbital  via  inductive effects 

increasing the energy difference between the σ and π-orbitals.26 Therefore, electron density 

leaves the π-orbital entering the σ-orbital, leaving the π-orbital unoccupied. Furthermore, if 

the substituents have lone pairs, this electron density can be shared into the unoccupied 

carbene π-orbital.27,28
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The  inverse  is  true  for  triplet  carbenes  if  electron-donating  groups  (EDGs)  are  the 

substituents  the  triplet  state  is  favoured.  Further  stabilization  can  be  achieved  by 

delocalization of the unpaired electrons such as with aromatic substituents.28

2.2.2 Carbene-Metal Interactions

Carbenes can be further stabilized by forming bonds with transition metals such as iron, 

palladium, cobalt etc. Singlet carbenes form Fischer-type complexes and triplet carbenes 

form Schrock-type complexes.

Fischer Complexes: the primary bonding in Fischer complexes is the  σ-bond between the 

carbene carbon electron pair and the metal, while limited π-back bonding can also occur with 

metals in low oxidation states 29 as shown in Figure 2. Substituents on the carbene carbon 

atom that are σ-withdrawing and π-donating favour a singlet state due to stabilization of the 

unpaired electrons in the sp2 hybrid orbital.30

Schrock  Complexes: in  comparison  to  Fischer  complexes,  double  bonds  between  the 

carbene and metal are observed as shown in Figure 2. Schrock complexes mainly occur 

with metals that have high oxidation states.30,31

Figure 2: Bonding of Fischer and Schrock complexes

2.2.3 N-Heterocyclic Carbenes

N-Heterocyclic  Carbenes (NHCs) are examples of  singlet  /  Fischer  Carbenes.  They are 

subject to vast amounts of research regarding their properties in organocatalytic chemistry, 

transition metal catalysis and small molecule activation.32
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Figure 3: General structure of imidazole based NHC (Fisher carbene) showing its electronic stabilisation

Typical examples of NHCs are the imidazol-2-ylidienes commonly derived from imidazolium 

salts via deprotonation. They are heavily stabilized by the donation of electron density into 

the empty carbene π-orbital and σ-withdrawal by the nitrogen atoms 27,33 as shown in Figure

3. As a result, free NHCs are strong Lewis bases.34,35

Simple  synthetic  pathways  enable  many  derivatives  of  imidazolium-based  NHCs  with 

different functional groups substituted onto the nitrogen atoms and the carbon backbone to 

enhance the electronic and steric properties.36,37,38

2.2.4 Metal-NHC Complexes

Transition metal complexes using NHCs were first reported approximately 60 years ago by 

Öfele  and  Kreiter  using  tetracarbonyl  iron  hydride  and  pentacarbonyl  chromium hydride 

shown in Scheme 2.39,40

Scheme 2: First synthesis of metal carbonyl NHC complexes. (M = Cr, n = 5; M = Fe, n = 4)

Due to the large similarities in properties between NHCs and organophosphines, NHCs have 

become the ligand of choice for various catalytic processes. This is due to their ability to 

bond with a wide range of metals in various oxidations states, being superior σ-donors and 

possessing greater steric  and electronic tuneability when compared to 

organophosphines.41,42
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The resulting metal-NHC complexes have been observed to be active in many different 

coupling, polymerization and arylation reactions using metals such as palladium, ruthenium 

and iridium.32,41

Figure 4: Structure and electronic configuration of ‘normal’ and ‘abnormal’ NHCs. R = Aryl, tBu etc.

Additionally, NHCs have been observed to behave differently under certain conditions. Due 

to potential high steric hindrance of the central carbon atom and/or protection by replacing 

the hydrogen atom with another group, it is possible for the carbene carbon to be present on 

the carbon backbone creating an ‘abnormal’  NHC  44 as shown in Figure 4.  This is  also 

enabled by the mesoionic effects present were both potential positive and negative charges 

can  de  delocalized.  Despite  binding  to  a  different  position  on  the  NHC  ligand,  metal 

complexes  using  both  ‘normal’  and ‘abnormal’  NHCs have been shown to  have similar 

catalytic reactivity and properties.44,45

Despite these complexes showing much promise, the majority use noble metals which are 

expensive. Therefore,  alternative metals that are of  low cost,  high abundance and show 

similar reactivity are desired.

2.2.5 Fe-NHC Complexes

A potential alternative to noble metals is iron due to its low cost and high abundance. Fe-

NHC complexes of different oxidations states with combinations of multiple different ligands 

have been shown to be active in various catalytic processes.46 Example reactions include 

hydrogenation, hydrosilation and C-C/ C-X/ C-N bond formation reactions, etc.46,47

The first reported synthesis used an iron carbonyl hydride and an imidazolium salt producing 

a Fe0 complex shown in Scheme 3.39 Similar results can be achieved by reactions of an 

imidazolium  salt  and  Fe3(CO)12
48 or  other  iron  sources  and  a  free  carbene/dimerized 

carbenes.
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Scheme 3: Synthesis of Fe-NHC complex using iron carbonyl hydride.

Another method makes use of strong bases such as NaH to liberate free carbenes. These 

carbenes are then combined with an iron source such as FeI2.49 A derivative of this approach 

is using an iron precursor that has an “internal base”. One such precursor that has been 

used is Bis[bis(trimethylsilyl)amide}iron which when combined with an imidazolium salt forms 

the Fe-NHC complex shown in Scheme 4.50 Both these approaches produce Fe2+ 

complexes.

Scheme 4: Synthesis of Fe-NHC complex using iron bis(trimethylsilyl) amide

This approach can also enable the formation of complexes that use ‘pincer ligands’ where the 

NHCs are linked together by the N-substituents with varying functionality and lability.49
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2.3 Frustrated Lewis Pairs

Frustrated Lewis Pairs (FLPs) are a novel concept that can offer a metal-free approach to 

activation of small molecules.50 FLPs are comprised of a Lewis acid and base that cannot 

form or are disfavoured from forming a classical Lewis adduct due to steric hindrance. This 

‘frustration’ due to high steric hinderance is what enables FLPs to activate small molecules 

such as hydrogen, carbonyls and amines.53

FLP behaviour was first demonstrated using a boron centred Lewis acid and a phosphorus 

centred  Lewis  base.54 This  Lewis  acid/  base  pair  was  observed  to  split  the  dihydrogen 

molecule by breaking the H-H bond with the acid accepting the hydride (H-) and the base 

accepting the proton (H+) shown in Scheme 5. Additionally, only relatively mild conditions 

were needed for both absorption (25°C, H2 1 bar) and release of hydrogen (80-150°C).55

Scheme 5: General scheme of dihydrogen activation by boron and phosphorus FLP system. R = Bulky group

The ability of an FLP system to consistently activate small molecules can be optimized by 

varying the groups on both the acid and base. Use of R groups of varying size can affect the 

relative  ‘frustration’  present  in  the FLP system.54 Additionally,  use of  R groups that  can 

enhance the electrophilicity, nucleophilicity of the Lewis acid and base respectively.

2.3.1 Non-Borane and non-Phosphine FLP Systems

Despite typical FLP systems usage of boron-based acids and phosphorus-based bases,57 

any element or functional group that can exhibit Lewis acidity/basicity could be used in a 

novel FLP system. An example is the use of N-Heterocyclic Carbenes (NHCs) as the Lewis 

base with a boron Lewis acid. NHC-Borane pairs have been observed to be reactive towards 

dihydrogen 58 and amines.59

NHCs are examples of singlet carbenes and are prime candidates for use due to the pair of 

non-bonded electrons exhibiting high nucleophilicity/ Lewis basicity34,35 and the relative ease 

of structural modification to influence the electronic and steric properties.36-38
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Despite initially  being investigated for  the goal  of  metal-free catalysis routes,  the overall 

concept of FLPs can be applied to main-group metals.60,61 Transition metals can show both 

Lewis  acid  (electrophilic)  and  Lewis  base  (nucleophilic)61 properties  depending  on  how 

electron  rich  or  deficient  they  are.  A  metal  compound  and  its  corresponding  counter 

acid/base could therefore be used as the backbone of a novel metal-based FLP system.

An example  of  a  metal-NHC FLP system was demonstrated  by  Runyon et  al  by  using 

Fe(CO)5 as the Lewis acid and a free NHC as the base. Upon exposure to hydrogen said 

acid-  base  pair  were  able  to  heterolytically  cleave  hydrogen  to  form  an  iron  hydride 

imidazolium salt shown in Scheme 6.62

Scheme 6: Heterolytic cleavage of hydrogen using Fe(CO)5 and a free NHC.62
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2.4 Iron Carbonyls

Iron carbonyls are organometallic compounds featuring an iron centre with carbon monoxide 

(CO)  ligands  and  are  fundamental  precursors  in  organometallic  chemistry.  The  most 

common member is iron pentacarbonyl (Fe(CO)₅), with diiron nonacarbonyl (Fe₂(CO)₉) and 

triiron  dodecacarbonyl  (Fe₃(CO) )  also  being known examples.  A primary  application of₁₂  

these species is the synthesis of other iron complexes, where CO ligands are substituted 

with other ligands to form derivatives of Fe(CO)5-xLx shown in Scheme 7.64 Beyond its use as 

synthetic precursor, Fe(CO)₅ itself has been documented to be active in the photocatalytic 

hydrogenation and isomerization of olefins, 65 as well as other photoinitiated reactions.66

Scheme 7: Example substitution of CO ligand of Fe(CO)5 by a substituted phosphine ligand.

Several  derivatives  of  Fe(CO)5 have  been  investigated  and  their  reactivity  described 

previously  in  literature.  One  example  is  disodium tetracarbonylferrate  [Na2Fe(CO)4]  also 

known as Collman’s reagent which is prepared  via  reaction between Fe(CO)5 and sodium 

metal in the presence of an electron carrier such as benzophenone.67 Collman’s reagent is 

extremely reactive in many different pathways and is colloquially referred to as a ’super 

nucleophile’.  Conversions  of  aliphatic  halides  into  unsymmetrical  ketones,  esters  and 

carboxylic acids are only a few examples of organic conversions that have been achieved 

with [Na2Fe(CO)4] as shown in Scheme 8.68,69

Alkali  metal  iron  carbonyl  hydrides  are  another  example  of  Fe(CO)5 derivatives  with 

M[HFe(CO)4] (M = Na / K) being the example that is most well documented however other 

polynuclear  hydrides are known,  M[HFe2(CO)8]  and M[HFe3(CO)11].70,71 Tetracarbonyl  iron 

hydride has been prepared and used in situ using a Fe(CO)5 and a base such as NaOH / 

KOH.72,73 These  samples  have  been  documented  to  be  active  reagents  for  the 

hydrogenation,74 alkylation and arylation of carbonyl compounds75 and reduction of carbonyl 

compounds76 with many other organic conversions being possible.77



25

Scheme 8: Scheme showing example organic conversions of aliphatic halides using Collman’s reagent.
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Chapter 3: Project Rationale and Methodology

3.1 Project Rationale

The question raised is whether the reactivity of iron carbonyl compounds can be combined 

with the high basicity of NHCs and their ease of steric and electronic modification to create a 

pseudo  FLP-like  system  that  can  reversibly  capture  and  release  hydrogen  under  mild 

conditions.

Production of Fe-NHCs was first demonstrated by Ofele and Kreiter by heating a mixture of 

iron tetracarbonyl hydride [HFe(CO)4]- and 1,3-dimethylimidazolium iodide to 120°C under 

high vacuum.37,38

Scheme 9: Proposed simplified reversible H2 capture/ release by Fe-NHC system, R = alkyl groups etc.

In a similar reaction to that shown in Scheme 9, N-tert-butyl groups have been shown to 

facilitate capture of hydrogen62 however it is currently unknown if other N-substituents can 

influence  potential  reactivity  towards  hydrogen.  Therefore,  it  is  extremely  appealing  to 

investigate whether the use of different R groups would allow to find optimal conditions for 

the uptake / release of hydrogen. Possible changes in reaction conditions upon variation of 

the substituents on N atoms could be due to the increased stabilization of the NHC fragment 

via  electronic  effects  thus increasing the basicity  of  the NHC fragment.  Additionally,  the 

bulkiness of the N-substituents may sterically hinder hydrogen from approaching / inserting 

into the iron- carbon bond,  like the mechanism of  typical  FLP mode of  action shown in 

Scheme 10.
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Scheme 10: Possible 1,2-insertion of H2 into the Fe-C bond.

3.2 Project Methodology

Production     of     NHC     Ligands      

Scheme 11: Proposed simplified synthesis route of imidazolium NHC ligands.

Synthesis of  NHC ligands would be carried out  via known procedures allowing for  easy 

production of various ligands with N-substituents of increasing size and complexity.35,36 This 

also  will  allow  the  production  of  ligands  with  both  symmetrical  and  unsymmetrical  N-

substituents to be tested as shown in Scheme 14.

The synthesis of these ligands follows Scheme 11 where a strong base e.g. KOH is used to 

deprotonate  the  imidazole  molecule  and  addition  of  an  iodo-alkane  allows  formation  of 

desired 1-alkylimidazoles. For these syntheses propan-2-ol used as the solvent to simplify 

work-up due to the by-product of the reaction (KI) being largely insoluble. Iodoalkanes have 

been  chosen  for  use  due  to  all  reagents  being  liquids  at  standard  temperatures  and 

pressures contrary to the corresponding chloro- and bromoalkanes. Then for the synthesis of 

the  desired  ligands  the  1-alkylimidazoles  previously  created  will  be  used  with  the 

corresponding iodoalkane.

Where this methodology does not give positive results a ring-closure method 35,36 will be used 

following the schemes shown below in Scheme 12.
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Scheme 12: Ring-closure synthesis method for 1-tert-butylimidazole and 1,3-tert-butyl-imidazolium iodide.

Production     of     Iron     Carbonyl     Hydride      

Synthesis for the required potassium tetracarbonyl iron hydride follows Scheme 13 below 

where KOH will be used to decarboxylate Fe(CO)5 using methanol as a solvent to produce 

the desired K[HFe(CO)4].70,71 This synthesis will require Schlenk techniques due to the air-

sensitivity of Fe(CO)5 and the product K[HFe(CO)4].

Scheme 13: Simplified synthesis route for potassium tetracarbonyl iron hydride K[HFe(CO)4].

Modification of this methodology may be attempted to improve yields and to successfully 

isolate K[HFe(CO)4].

Production     of     Fe-NHC     complexes      

Fe-NHC  synthesized  to  be  produced  by  heating  K[HFe(CO)4]  and  the  corresponding 

imidazolium ligand under vacuum to yield the desired Fe(NHC)(CO)4 complexes by following 

Scheme 14 below.37,38
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Scheme 14: Proposed simplified synthesis route of Fe-NHC complexes using K[HFe(CO)4] and 1,3-R,R’-imidazolium 

iodide salts

Modification of this methodology may be attempted to improve yields and ease of isolation of 

the desired complexes.

Testing     of     Fe-NHC     complex     reactivity     towards   H  2  

The resultant Fe-NHC complexes to be exposed to H2 gas under approximately atmospheric 

pressure to confirm if any of the complexes produced can reversibly react with H2. These 

reactions will be monitored via 1H NMR spectroscopy and notation of any visibly observed 

changes in the tested samples.
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Chapter 4: Experimental

4.0 General Information

All chemical reagents, solvents and starting materials were purchased from Sigma Aldrich, 

Tokyo Chemical Industry (TCI) or Fisher Scientific and used without further purification. All 
1H,  13C and 2D NMR spectra were collected on a Bruker Avance II  HD 400 MHz NMR 

spectrometer;  chemical  shifts  (δ)  in  parts  per  million  (ppm)  relative  to  Me4Si,  coupling 

constants (J) given in Hz. MS (Mass Spectrometry) data was collected using Waters Acquity 

QDA Detector connected to a Waters Isocratic Solvent Manager.

Elemental  analysis  data  was  collected  using  a  Thermo  Scientific  Flash  2000  Organic 

Elemental Analyzer.

Elemental  analysis  data  was  obtained  as  follows:  pre-weighed  tin  crucibles  were  dried 

overnight in an 80°C oven before being transferred to the glovebox. The required amount of 

sample was added to each tin cap and then quickly taken out of the glovebox in a sealed 

vial. The tin cap was weighed and quickly transferred to the sample tray. The weight of the 

sample was inputted into the software and the test run. This was then repeated twice more 

for each compound tested.

All synthetic procedures and practices involving volatile, air and moisture sensitive, or other 

hazardous  substances  were  carried  out  in  a  controlled  environment  (fume  hood)  using 

appropriate PPE and Schlenk/ Glovebox techniques. Furthermore, all solvents used in air/ 

moisture  sensitive  syntheses  were  dried/  degassed  and  manipulated  using  Schlenk 

techniques.
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4.1 1-Alkylimidazole Synthesis

1-Methylimidazole [MeIm] (1)

(Known compound, described in literature)83

Imidazole  (5g,  0.073  mol),  potassium  hydroxide  (4.52g,  0.081  mol)  and  iodomethane 

(10.36g, 0.073 mol, 4.54 ml) in propan-2-ol (25 ml) was heated to reflux with constant stirring 

for 12 hours. After 12 hours, solvent was removed under vacuum and product extracted with 

DCM (25  ml).  The DCM extract  washed with  water  (3  x  25 ml)  and dried  with  sodium 

sulphate. Solvent removed under vacuum to yield the product as pale-yellow liquid.

Yield: 5.57g, 0.068 mol (92.4%).

1H NMR: (400MHz, d6-DMSO, 25°C) δ 7.56 {s, 1H, H2(CH)}, 7.10 {s, 1H, H5(CH)},

6.88 {s, 1H, H4(CH)}, 3.63 {s, 3H, H6(CH3)}.

13C NMR: (100MHz, d6-DMSO, 25°C) δ 137.92 {C2(CH)}, 128.44 {C4(CH)}, 120.50

{C5(CH)}, 32.74 {C6(CH3)}.

m/z (ESI): 83 ([C4H6N2]+H)+

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 58.51 7.37 34.12

Observed 58.55 7.53 34.06

Please see pages 2-12 in Supplementary Information for detailed analysis.

This method was repeated using the same molar amounts and using of appropriate 

iodoalkane to produce the following 1-alkylimidazoles:
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1-Ethylimidazole [EtIm] (2)

(Known compound, described in literature)38

Yield: 6.32g, 0.066 mol (90.1%) as a pale-yellow liquid.

1H NMR: (400MHz, d6-DMSO, 25°C) δ 7.62 {app. t, 4J2-4 ≈ 4J2-5 = 1.2Hz, 1H,
H2(CH)},

7.17 {app. t, 3J5-4 ≈ 4J5-2 = 1.3Hz, 1H, H5(CH)}, 6.87 {app. t, 3J4-5 ≈ 4J4-2

=

1.2Hz, 1H, H4(CH)}, 3.97 {q, 3J6-7 = 7.3Hz, 2H, H6(CH2)}, 1.32 {t, 3J7-6 =

7.3Hz, 3H, H7(CH3)}.

13C NMR: (100MHz, d6-DMSO, 25°C) δ 136.74 {C2(CH)}, 128.35 {H4(CH)}, 118.87

{H5(CH)}, 40.89 {H6(CH2)}, 16.39 {C7(CH3)}.

m/z (ESI): 97 ([C5H8N2]+H)+

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 62.47 8.39 29.14

Observed 62.37 8.58 29.06

Please see pages 13-23 in Supplementary Information for detailed analysis.
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1-Propylimidazole [PrIm] (3)

(Known compound, described in literature)37

Yield: 7.04g, 0.064 mol (87.0%) as a pale-yellow liquid.

1H NMR: (400MHz, d6-DMSO, 25°C) δ 7.60 {app. t, 4J2-4 ≈ 4J2-5 = 1.2Hz, 1H,
H2(CH)},

7.15 {app. t, 4J5-2 ≈ 3J5-4 = 1.2Hz, 1H, H5(CH)}, 6.88 {app. t, 3J4-5 ≈ 4J4-2

=

1.1Hz, 1H, H4(CH)}, 3.90 {t, 3J6-7 = 7.0Hz, 2H, H6(CH2)}, 1.70 {app. sext,
3J7-

6 ≈ 3J7-8 = 7.2Hz, 2H, H7(CH2)}, 0.80 {t, 3J8-7 = 7.4Hz, 3H, H8(CH3)}.

13C NMR: (100MHz, d6-DMSO, 25°C) δ 137.25 {C2(CH)}, 128.32 {C4(CH)}, 119.23

{C5(CH)}, 47.55 {C6(CH2)}, 23.96 {C7(CH2)}, 10.84 {C8(CH3)}

m/z (ESI): 111 ([C6H10N2]+H)+

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 65.42 9.15 25.14

Observed 65.32 9.51 24.93

Please see pages 24-35 in Supplementary Information for detailed analysis.
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1-Butylimidazole [BuIm] (4)

(Known compound, described in literature)84

Yield: 7.50g, 0.060 mol (82.7%) as a pale-yellow liquid.

1H NMR: (400MHz, d6-DMSO, 25°C) δ 7.60 {app. t, 4J2-4 ≈ 4J2-5 = 1.2Hz, 1H, H2(CH)},

7.15 {app. t, 3J5-4 ≈ 4J5-2 = 1.2Hz, 1H, H5(CH)}, 6.87 {app. t, 3J4-5 ≈ 4J4-2

=

1.1Hz, 1H, H4(CH)}, 3.93 {t, 3J6-7 = 7.1Hz, 2H, H6(CH2)}, 1.65 {quin, 3J7-6 ≈

3J7-8 = 7.2Hz, 2H, H7(CH2)}, 1.21 {app. sext, 3J8-7 ≈ 3J8-9 = 7.3Hz, 2H, 
H8(CH2)},

0.87 {t, 3J9-8 = 7.3Hz, 3H, H9(CH3)}.
13C NMR: (100MHz, d6-DMSO, 25°C) δ 137.20 {H2(CH)}, 128.31 {H4(CH)}, 119.21

{H5(CH)}, 45.62 {H6(CH2)}, 32.66 {H7(CH2)}, 19.16 {H8(CH2)}, 13.38

{H9(CH3)}.

m/z (ESI): 125 ([C7H12N2]+H)+

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 67.70 9.74 22.56

Observed 67.45 10.01 22.34

Please see pages 36-47 in Supplementary Information for detailed analysis.
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1-Isopropylimidazole [iPrIm] (5)

(Known compound, described in literature)38

Yield: 7.04g, 0.064 mol (87.0%) as a pale-yellow liquid.

1H NMR: (400MHz, d6-DMSO, 25°C) δ 7.67 {app. t, 4J2-4 ≈ 4J2-5 = 1.2Hz, 1H, H2(CH)},

7.22 {app. t, 3J5-4 ≈ 4J5-2 = 1.3Hz, 1H, H5(CH)}, 6.87 {app. t, 3J4-5 ≈ 4J4-2

=

1.2Hz, 1H, H4(CH)}, 4.39 {sept, 3J6-7 = 6.7Hz, 1H, H6(CH)}, 1.38 {d, 3J7-6 =

6.7Hz, 6H, H7(CH3)}.

13C NMR: (100MHz, d6-DMSO, 25°C) δ 135.45 {C2(CH)}, 128.23 {C4(CH)}, 117.08

{C5(CH)}, 48.25 {C6(CH)}, 23.46 {C7(CH3)}.

m/z (ESI): 111 ([C6H10N2]+H)+

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 65.42 9.15 25.14

Observed 65.21 9.45 24.97

Please see pages 48-58 in Supplementary Information for detailed analysis.
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1-tert-Butylimidazole [tBuIm] (6)

(Known compound, described in literature)85

The solution of tert-butylamine (10.97g, 0.15 mol, 15.76 ml) and ammonium chloride (8.02g, 

0.15 mol) in water (15ml) was added dropwise over 30 minutes to glyoxal 40% aq. (21.77g, 

0.15 mol, 17.55 ml). To the mixture obtained, the solution of formaldehyde 37 % aq. (12.17g, 

0.15 mol, 11.17 ml) in water (15ml) was then added dropwise over 30 minutes, and the 

reaction mixture was heated to reflux for 1 hour. After 1 hour, sodium carbonate was added 

until mixture was basic. The product was extracted with dichloromethane (3 x 50 ml) and the 

solvent  was removed under vacuum. The crude oily  product  was purified via  short-path 

vacuum distillation (ca 100 oC and 50 mtorr) to yield the product as pale-yellow liquid.

Yield: 6.97g, 0.056 mol (37.5%).

1H NMR: (400MHz, d6-DMSO, 25°C) δ 7.72 {app. t, 4J2-4 ≈ 4J2-5 = 1.2Hz, 1H, H2(CH)},

7.30 {app. t, 3J5-4 ≈ 4J5-2 = 1.3Hz, 1H, H5(CH)}, 6.87 {app. t, 3J4-5 ≈ 4J4-2

=

1.2Hz, 1H, H4(CH)}, 1.49 {s, 9H, H7(CH3)}.

13C NMR: (100MHz, d6-DMSO, 25°C) δ 134.55 {C2(CH)}, 128.15 {C4(CH)}, 117.00

{C5(CH)}, 54.44 {C6(C)}, 30.17 {C7(CH3)}.

m/z (ESI): 125 ([C7H12N2]+H)+

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 67.70 9.74 22.56

Observed 68.03 9.85 22.12

Please see pages 59-69 in Supplementary Information for detailed analysis.
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4.2 R, R’-Imidazolium Iodide Salt Synthesis

1,3-Dimethylimidazolium Iodide [Me2ImI] (7)

(Known compound, described in literature)86,87,94

1-Methylimidazole (0.5g, 6.1 mmol, 0.49 ml), iodomethane (1.31g, 9.2 mmol, 0.57 ml) and 

methanol (25 ml) was heated to reflux with constant stirring for 12 hours. After 12 hours the 

solvent  was removed under vacuum, and the crude oily  product  was washed with ethyl 

acetate (3 x 25 ml) and dried under vacuum to yield product as a white solid.

Yield: 1.31g, 5.8 mmol (95.6%).

1H NMR: (400MHz, d6-DMSO, 25°C) δ 9.04 {s, 1H, H2(CH)}, 7.68 {s, 2H, H3(CH)},

3.84 {s, 6H, H4(CH3)}.

13C NMR: (100MHz, d6-DMSO, 25°C) δ 136.99 {C2(CH)}, 123.43 {C3(CH)}, 35.74

{C4(CH3)}.

m/z (ESI): 97 (C5H9N2)+

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 26.80 4.05 12.50

Observed 26.73 4.18 12.49

Please see pages 70-80 in Supplementary Information for detailed analysis.

This method was repeated using the same molar amounts and using the appropriate 1-

alkylimidazole and iodoalkane to produce the following R, R’-imidazolium iodide salts:
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1-Ethyl-3-methylimidazolium Iodide [MeEtImI] (8)

(Known compound, described in literature)88,94

Yield: 1.41g, 5.9 mmol (97.2%) as a white solid.

1H NMR: (400MHz, d6-DMSO, 25°C) δ 9.13 {s, 1H, H2(CH)}, 7.79 {app. t, 3J5-4 ≈

4J5-2 = 1.8Hz, 1H, H5(CH)}, 7.70 {app. t, 3J4-5 ≈ 4J4-2 = 1.8Hz, 1H,
H4(CH)},

4.19 {q, 3J7-8 = 7.3Hz, 2H, H7(CH2)}, 3.84 {s, 3H, H6(CH)}, 1.41 {t, 3J8-7 =

7.3Hz, 3H, H8(CH3)}.

13C NMR: (100MHz, d6-DMSO, 25°C) δ 136.21 {C2(CH)}, 123.56 {C4(CH)}, 121.97

{C5(CH)}, 44.13 {C7(CH2)}, 35.76 {C6(CH3)}, 15.14 {C8(CH3)}.

m/z (ESI): 111 (C6H11N2)+

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 30.27 4.66 11.77

Observed 30.22 4.66 11.98

Please see pages 81-91 in Supplementary Information for detailed analysis.
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1-Methyl-3-propylimidazolium Iodide [MePrImI] (9)

(Known compound, described in literature)88,90

Yield: 1.42g, 5.6 mmol (92.2%) as a pale-yellow oil.

1H NMR: (400MHz, d6-DMSO, 25°C) δ 9.14 {app. t, 4J2-4 ≈ 4J2-5 = 2.0Hz, 1H,

H2(CH)}, 7.79 {app. t, 3J5-4 ≈ 4J5-2 = 1.8Hz, 1H, H5(CH)}, 7.72 {app. t, 3J4-
5

≈ 4J4-2 = 1.8Hz, 1H, H4(CH)}, 4.13 {t, 3J7-8 = 7.2Hz, 2H, H7(CH2)}, 3.86 {s,

3H, H6(CH3)}, 1.80 {app. sext, 3J8-7 ≈ 3J8-9 = 7.4Hz, 2H, H8(CH2)}, 0.84 {t,

3J9-8 = 7.4Hz, 3H, H9(CH3)}.

13C NMR: (100MHz, d6-DMSO, 25°C) δ 136.46 {C2(CH)}, 123.58 {C4(CH)}, 122.23

{C5(CH)}, 50.23 {C7(CH2)}, 35.83 {C6(CH3)}, 22.83 {C8(CH2)}, 10.42

{C9(CH3)}.

m/z (ESI): 125 (C7H13N2)+

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 33.35 5.20 11.11

Observed 33.38 5.21 11.24

Please see pages 92-103 in Supplementary Information for detailed analysis.
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1-Butyl-3-methylimidazolium Iodide [MeBuImI] (10)

(Known compound, described in literature)87,88,91,94

Yield: 1.47g, 5.5 mmol (90.7%) as a pale-yellow oil.

1H NMR: (400MHz, d6-DMSO, 25°C) δ 9.16 {app. t, 4J2-4 ≈ 4J2-5 = 1.8Hz, 1H,

H2(CH)}, 7.80 {app. t, 3J5-4 ≈ 4J5-2 = 1.8Hz, 1H, H5(CH)}, 7.72 {app. t, 3J4-
5

≈ 4J4-2 = 1.8Hz, 1H, H4(CH)}, 4.17 {t, 3J7-8 = 7.2Hz, 2H, H7(CH2)}, 3.85 {s,

3H, H6(CH3)}, 1.76 {quin, 3J8-7 ≈ 3J8-9 = 7.3Hz, 2H, H8(CH2)}, 1.25 {app. 

sext,  3J9-8 ≈ 3J9-10 = 7.3Hz,  2H,  H9(CH2)},  0.88 {t,  3J10-9 = 7.4Hz,  3H, 

H10(CH3)}.

13C NMR: (100MHz, d6-DMSO, 25°C) δ 136.42 {C2(CH)}, 123.53 {C4(CH)}, 122.21

{C5(CH)}, 48.45 {C7(CH2)}, 35.84 {C6(CH3)}, 31.30 {C8(CH2)}, 18.71

{C9(CH2)}, 13.26 {C10(CH3)}.

m/z (ESI): 139 (C8H15N2)+

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 36.11 5.68 10.53

Observed 36.27 5.83 10.21

Please see pages 104-115 in Supplementary Information for detailed analysis.
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1-Isopropyl-3-methylimidazolium Iodide [iPrMeImI] (11)

(Known compound, described in literature)87

Yield: 1.36g, 5.4 mmol (88.3%) as a white solid.

1H NMR: (400MHz, d6-DMSO, 25°C) δ 9.19 {app. t, 4J2-4 ≈ 4J2-5 = 1.8Hz, 1H,

H2(CH)}, 7.88 {app. t, 3J5-4 ≈ 4J5-2 = 1.8Hz, 1H, H5{CH)}, 7.72 {app. t, 3J4-
5

≈ 4J4-2 = 1.8Hz, 1H, H4(CH)}, 4.62 {sept, 3J6-7 = 6.7Hz, 1H, H6(CH)}, 3.84

{s, 3H, H8(CH3)}, 1.46 {d, 3J7-6 = 6.6Hz, 6H, H7(CH3)}.

13C NMR: (100MHz, d6-DMSO, 25°C) δ 135.33 {C2(CH)}, 123.68 {C4(CH)}, 120.46

{C5(CH)}, 52.12 {C8(CH3)}, 35.77 {C6(CH)}, 22.36 {C7(CH3)].

m/z (ESI): 125 (C7H13N2)+

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 33.35 5.20 11.11

Observed 32.89 5.24 11.05

Please see pages 116-126 in Supplementary Information for detailed analysis.
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1-Methyl-3-tert-butylimidazolium iodide [tBuMeImI] (12)

(Known compound, described in literature)86

Yield: 1.24g, 4.7 mmol (76.5%) as a white solid.

1H NMR: (400MHz, d6-DMSO, 25°C) δ 9.23 {app. t, 4J2-4 ≈ 4J2-5 = 2.0Hz, 1H,

H2(CH)}, 7.99 {app. t, 3J5-4 ≈ 4J5-2 = 2.0Hz, 1H, H5(CH)}, 7.75 {app. t, 3J4-
5

≈ 4J4-2 = 1.8Hz, 1H, H4(CH)}, 3.84 {s, 3H, H8(CH3)}, 1.57 {s, 3H,

H7(CH3)}.

13C NMR: (100MHz, d6-DMSO, 25°C) δ 135.01 {C2(CH)}, 123.76 {C4(CH)}, 120.07

{C5(CH)}, 59.32 {C6(C)}, 35.75 {C8(CH3)}, 29.02 {C7(CH3)}.

m/z (ESI): 139 (C8H15N2)+

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 36.11 5.68 10.53

Observed 36.28 5.76 10.21

Please see pages 127-137 in Supplementary Information for detailed analysis.
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1,3-Diethylimidazolium iodide [Et2ImI] (13)

(Known compound, described in literature)89

Yield: 1.23g, 4.9 mmol (79.9%) as a white solid.

1H NMR: (400MHz, d6-DMSO, 25°C) δ 9.20 {s, 1H, H2(CH)}, 7.81 {app. d, 4J3-2 =

1.6Hz, 2H, H3(CH)}, 4.19 {q, 3J4-5 = 7.1Hz, 4H, H4(CH2)}, 1.42 {t, 3J5-4 =

7.3Hz, 6H, H5(CH3)}.

13C NMR: (100MHz, d6-DMSO, 25°C) δ 135.39 {C2(CH)}, 122.11 {C3(CH)}, 44.19

{C4(CH2)}, 15.06 {C5(CH3)}.

m/z (ESI): 125 (C7H13N2)+

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 33.35 5.20 11.11

Observed 33.42 5.20 11.22

Please see pages 138-148 in Supplementary Information for detailed analysis.
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1-Ethyl-3-propylimidazolium iodide [EtPrImI] (14)

(Known compound, described in literature)90,94

Yield: 1.47g, 5.5 mmol (90.7%) as a pale-yellow oil.

1H NMR: (400MHz, d6-DMSO, 25°C) δ 9.24 {s, 1H, H2(CH)}, 7.83 {s, 1H, H5(CH)},

7.81 {s, 1H, H4(CH)}, 4.20 {q, 3J6-7 = 7.3Hz, 2H, H6(CH2)}, 4.13 {t, 3J8-9 =

7.1Hz, 2H, H8(CH2)}, 1.81 {app. sext, 3J9-8 ≈ 3J9-10 = 7.3Hz, 2H, H9(CH2)},

1.42 {t, 3J6-5 = 7.3Hz, 3H, H7(CH3)}, 0.85 {t, 3J10-9 = 7.3Hz, 3H, H10(CH3)}.

13C NMR: (100MHz, d6-DMSO, 25°C) δ 135.63 {C2(CH)}, 122.37 {C4(CH)}, 122.12

{C5(CH)}, 50.29 {C8(CH2)}, 44.21 {C6(CH2)}, 22.78 (C9(CH2)}, 15.03

{C7(CH3)}, 10.44 {C10(CH3)}.

m/z (ESI): 139 (C8H15N2)+

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 36.11 5.68 10.53

Observed 36.28 5.80 10.21

Please see pages 149-160 in Supplementary Information for detailed analysis.
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1-Butyl-3-ethylimidazolium iodide [EtBuImI] (15)

(Known compound, described in literature)91,94

Yield: 1.65g, 5.9 mmol (96.6%) as a pale-yellow oil.

1H NMR: (400MHz, d6-DMSO, 25°C) δ 9.22 {s, 1H, H2(CH)}, 7.82 {s, 1H, H5(CH)},

7.80 {s, 1H, H4(CH)}; 4.18 {m, 4H, H6/8(CH2)}, 1.77 {quin, 3J9-8 ≈ 3J9-10 =

7.3Hz, 2H, H9(CH2)}, 1.42 {t, 3J7-6 = 7.3Hz, 3H, H7(CH3)}, 1.26 {app. sext,

3J10-9 ≈ 3J10-11 = 7.4Hz, 2H, H10(CH2)}, 0.90 {t, 3J11-10 = 7.4Hz, 3H, H11(CH3)}.

13C NMR: (100MHz, d6-DMSO, 25°C) δ 135.64 {C2(CH)}, 122.40 {C4(CH)}, 122.13

{C5(CH)}, 48.56 {C6(CH2)}, 44.22 {C8(CH2)}, 31.29 {C9(CH2)}, 18.80

{C10(CH2)}, 15.03 {C7(CH3)}, 13.29 {C11(CH3)}.

m/z (ESI): 153 (C9H17N2)+

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 38.59 6.12 10.00

Observed 38.58 6.11 9.74

Please see pages 161-172 in Supplementary Information for detailed analysis.
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1-Ethyl-3-isopropylimidazolium iodide [iPrEtImI] (16)

(Known compound, described in literature)92

Yield: 1.31g, 4.9 mmol (80.9%) as a white solid.

1H NMR: (400MHz, d6-DMSO, 25°C) δ 9.25 {s, 1H, H2(CH)}, 7.91 {app. t, 4J5-2 ≈

3J5-4 = 1.9Hz, 1H, H5(CH)}, 7.83 {app. t, 4J4-2 ≈ 3J4-5 = 1.9Hz, 1H,
H4(CH)},

4.62 {sept, 3J6-7 = 6.7Hz, 1H, H6(CH)}, 4.18 {q, 3J8-9 = 7.3Hz, 2H,
H8(CH2)},

1.47 {d, 3J7-6 = 6.7Hz, 6H, H7(CH3)}, 1.43 {t, 3J9-8 = 7.3Hz, 3H, H9(CH3)}.

13C NMR: (100MHz, d6-DMSO, 25°C) δ 134.48 {C2(CH)}, 122.20 {C4(CH)}, 120.59

{C5(CH)}, 52.19 {C6(CH)}, 44.23 {C8(CH2)}, 22.34 {C7(CH3)}, 15.00

{C9(CH3)}.

m/z (ESI): 139 (C8H15N2)+

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 36.11 5.68 10.53

Observed 36.52 5.65 10.27

Please see pages 173-184 in Supplementary Information for detailed analysis.
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1-Ethyl-3-tert-butylimidazolium iodide [tBuEtImI] (17)

(Novel compound)

Yield: 1.29g, 4.6 mmol (75.4%) as a white solid.

1H NMR: (400MHz, d6-DMSO, 25°C) δ 9.25 {app. t, 4J2-4 ≈ 4J2-5 = 1.7Hz, 1H,

H2(CH)}, 8.02 {app. t, 4J5-2 ≈ 3J5-4 = 2.0Hz, 1H, H5(CH)}, 7.87 {app. t, 4J4-
2

≈ 3J4-5 = 1.9Hz, 1H, H4(CH)}, 4.18 {q, 3J8-9 = 7.3Hz, 2H, H8(CH2)}, 1.58

{s, 9H, H7(CH3)}, 1.44 {t, 3J9-8 = 7.3Hz, 3H, H9(CH3)}.

13C NMR: (100MHz, d6-DMSO, 25°C) δ 134.14 {C2(CH)}, 122.24 {C4(CH)}, {120.27

{C5(CH)}, 59.37 {C6(C)}, 44.24 {C8(CH2)}, 29.02 {C7(CH3)}, 15.09

{C9(CH3)}.

m/z (ESI): 153 (C9H17N2)+

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 38.59 6.12 10.00

Observed 38.58 6.14 9.73

Please see pages 185-195 in Supplementary Information for detailed analysis.
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1,3-Dipropylimidazolium iodide [Pr2ImI] (18)

(Known compound, described in literature)93,94

Yield: 1.26g, 4.5 mmol (73.7%) as a yellow oil.

1H NMR: (400MHz, d6-DMSO, 25°C) δ 9.22 {s, 1H, H2(CH)}, 7.82 {app. d, 4J3-2 =

1.7Hz, 2H, H3(CH)}, 4.14 {t, 3J4-5 = 7.1Hz, 4H, H4(CH2)}, 1.81 {app. sext,

3J5-4 ≈ 3J5-6 = 7.3Hz, 4H, H5(CH2)}, 0.84 {t, 3J6-5 = 7.3Hz, 6H, H6(CH3)}.

13C NMR: (100MHz, d6-DMSO, 25°C) δ 135.95 {C2(CH)}, 122.47 {C3(CH)}, 50.33

{C4(CH2)}, 22.76 {C5(CH2)}, 10.41 {C6(CH3)}.

m/z (ESI): 153 (C9H17N2)+

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 38.59 6.12 10.00

Observed 38.54 6.13 9.71

Please see pages 196-206 in Supplementary Information for detailed analysis.
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1-Butyl-3-propylimidazolium iodide [PrBuImI] (19)

(Known compound, described in literature)94

Yield: 1.65g, 5.6 mmol (92.2%) as an orange oil.

1H NMR: (400MHz, d6-DMSO, 25°C) δ 9.23 {s, 1H, H2(CH)}, 7.82 {m, 2H,

H4/5(CH)}, 4.18 {t, 3J7-8 = 7.2Hz, 2H, H9(CH2)}, 4.14 {t, 3J4-5 = 7.1Hz, 2H,

H6(CH2)}, 1.80 {m, 4H, H7/10(CH2)}, 1.25 {app. sext, 3J9-8 ≈ 3J9-10 =

7.4Hz, 2H, H11(CH2)}, 0.89 {t, 3J10-9 = 7.4Hz, 3H, H12(CH3)}, 0.84 {t, 3J6-5

=

7.3Hz, 3H, H8(CH3)}.

13C NMR: (100MHz, d6-DMSO, 25°C) δ 135.93 {C2(CH)}, 122.46 {C4/C5(CH)},

122.45 {C5/C4(CH)}, 50.33 (C6(CH2)}, 48.57 {C9(CH2)}, 31.26

{C10(CH2)}, 22.76 {C7(CH2)}, 18.77 {C11(CH2)}, 13.28 {C12(CH3)}, 10.41

{C8(CH3)}.

m/z (ESI): 167 (C10H19N2)+

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 40.83 6.51 9.52

Observed 40.41 6.46 9.17

Please see pages 207-218 in Supplementary Information for detailed analysis.
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1-Isopropyl-3-propylimidazolium iodide [iPrPrImI] (20)

(Known compound, described in literature)90,94

Yield: 1.31g, 4.7 mmol (76.6%) as a pale-yellow oil.

1H NMR: (400MHz, d6-DMSO, 25°C) δ 9.29 {app. t, 4J2-4 ≈ 4J2-5 = 1.7Hz, 1H,

H2(CH)}, 7.93 {app. t, 4J5-2 ≈ 3J5-4 = 1.9Hz, 1H, H5(CH)}, 7.83 {app. t, 4J4-
2

≈ 3J4-5 = 1.8Hz, 1H, H4(CH)}, 4.63 {sept, 3J6-7 = 6.7Hz, 1H, H6(CH)}, 4.12

{t, 3J9-10 = 7.2Hz, 2H, H9(CH2)}, 1.82 {app. sext, 3J10-9 ≈ 3J10-11 = 7.4Hz, 

2H, H10(CH2)}, 1.48 {d, 3J7-6 = 6.7Hz, 6H, H7(CH3)}, 0.85 {t, 3J11-10 =

7.4Hz, 3H, H11(CH3)}.

13C NMR: (100MHz, d6-DMSO, 25°C) δ 134.75 {C2(CH)}, 122.51 {C4(CH)}, 120.63

{C5(CH)}, 52.19 {C6(CH)}, 50.35 {C9(CH2)}, 22.75 {C10(CH2)}, 22.33

{C7(CH3)}, 10.46 {C11(CH3)}.

m/z (ESI): 153 (C9H17N2)+

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 38.59 6.12 10.00

Observed 38.61 6.29 9.69

Please see pages 219-230 in Supplementary Information for detailed analysis.
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1-Propyl-3-tert-butylimidazolium iodide [tBuPrImI] (21)

(Novel compound)

Yield: 1.28g, 4.4 mmol (71.5%) as a cream solid.

1H NMR: (400MHz, d6-DMSO, 25°C) δ 9.28 {app. t, 4J2-4 ≈ 4J2-5 = 1.7Hz, 1H,

H2(CH)}, 8.03 {app. t, 4J5-2 ≈ 3J5-4 = 2.0Hz, 1H, H5(CH)}, 7.86 = {app. t,
4J4-

2 ≈ 3J4-5 = 1.9Hz, 1H, H4(CH)}, 4.11 {t, 3J9-10 = 7.2Hz, 2H, H9(CH2)}, 1.83

{app. sext, 3J10-9 ≈ 3J10-11 = 7.4Hz, 2H, H10(CH2)}, 1.58 {s, 9H, H7(CH3)},

0.86 {t, 3J11-10 = 7.4Hz, 3H, H11(CH3)}.

13C NMR: (100MHz, d6-DMSO, 25°C) δ 134.40 {C2(CH)}, 122.59 {C4(CH)}, 120.30

{C5(CH)}, 59.42 {C6(C)}, 50.38 {C9(CH2)}, 29.02 {C7(CH3)}, 22.81

{C10(CH2)}, 10.51 {C11(CH3)}.

m/z (ESI): 167 (C10H19N2)+

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 40.83 6.51 9.52

Observed 40.35 6.46 9.07

Please see pages 231-242 in Supplementary Information for detailed analysis.
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1,3-Dibutylimidazolium iodide [Bu2ImI] (22)

(Known compound, described in literature)86

Yield: 1.51g, 4.9 mmol (80.3%) as a white solid.

1H NMR: (400MHz, d6-DMSO, 25°C) δ 9.26 {s, 1H, H2(CH)}, 7.82 {app. d, 4J3-2 =

1.6Hz, 2H, H3(CH)}, 4.17 {t, 3J4-5 = 7.2Hz, 2H, H4(CH2)}, 1.77 {quin, 3J5-4

≈

3J5-6 = 7.3Hz, 4H, H5(CH2)}, 1.24 {app. sext, 3J6-5 ≈ 3J6-7 = 7.4Hz, 4H,

H6(CH2)}, 0.89 {t, 3J7-6 = 7.4Hz, 6H, H7(CH3)}.

13C NMR: (100MHz, d6-DMSO, 25°C) δ 135.90 {C2(CH)}, 122.43 {C3(CH)}, 48.56

{C4(CH2)}, 31.24 {C5(CH2)}, 18.76 {C6(CH2)}, 13.26 {C7(CH3)}.

m/z (ESI): 181 (C11H21N2)+

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 42.87 6.87 9.09

Observed 42.96 6.87 9.07

Please see pages 243-254 in Supplementary Information for detailed analysis.
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1-Butyl-3-isopropylimidazolium iodide [iPrBuImI] (23)

(Known compound, described in literature)94

Yield: 1.56g, 5.3 mmol (87.2%) as a white solid.

1H NMR: (400MHz, d6-DMSO, 25°C) δ 9.28 {s, 1H, H2(CH)}, 7.92 {app. t, 4J5-2 ≈

3J5-4 = 1.8Hz, 1H, H5(CH)}, 7.83 {app. t, 4J4-2 ≈ 3J4-5 = 1.8Hz, 1H,
H4(CH)},

4.62 {sept, 3J6-7 = 6.7Hz, 1H, H6(CH)}, 4.15 {t, 3J8-9 = 7.3Hz, 2H,
H8(CH2)},

1.78 {quin, 3J9-8 ≈ 3J9-10 = 7.3Hz, 2H, H9(CH2)}, 1.48 {d, 3J7-6 = 6.7Hz,
6H,

H7(CH3)}, 1.26 {app. sext, 3J10-9 ≈ 3J10-11 = 7.4Hz, 2H, H10(CH2)}, 0.90 {t,

3J11-10 = 7.3Hz, 3H, H11(CH3)}.

13C NMR: (100MHz, d6-DMSO, 25°C) δ 134.73 {C2(CH)}, 122.52 {C4(CH)}, 120.63

{C5(CH)}, 52.20 {C6(CH)}, 48.62 {C8(CH2)}, 31.27 {C9(CH2)}, 22.33

{C7(CH3)}, 18.85 {C10(CH2)}, 13.31 {C11(CH3)}.

m/z (ESI): 167 (C10H19N2)+

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 40.83 6.51 9.52

Observed 40.38 6.49 9.72

Please see pages 255-266 in Supplementary Information for detailed analysis.
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1-Butyl-tert-butylimidazolium iodide [tBuBuImI] (24)

(Novel Compound)

Yield: 1.29g, 4.2 mmol (68.8%) as a cream solid.

1H NMR: (400MHz, d6-DMSO, 25°C) δ 9.29 {app. t, 4J2-4 ≈ 4J2-5 = 1.8Hz, 1H,

H2(CH)}, 8.03 {app. t, 4J5-2 ≈ 3J5-4 = 2.0Hz, 1H, H5(CH)}, 7.87 {app. t, 4J4-
2

≈ 3J4-5 = 1.8Hz, 1H, H4(CH)}, 4.15 t, 3J8-9 = 7.3Hz, 2H, H8(CH2)}, 1.80

{quin, 3J9-8 ≈ 3J9-10 = 7.5Hz, 2H, H9(CH2)}, 1.58 {s, 9H, H7(CH3)}, 1.27

{app. sext, 3J10-9 ≈ 3J10-11 = 7.3Hz, 2H, H10(CH2)}, 0.90 {t, 3J11-10 = 

7.4Hz, 3H, H11(CH2)}.

13C NMR: (100MHz, d6-DMSO, 25°C) δ 134.37 {C2(CH)}, 122.57 {C4(CH)}, 120.29

{C5(CH)}, 59.42 {C6(C)}, 48.65 {C8(CH2)}, 31.33 {C9(CH2)}, 29.02

{C7(CH3)}, 18.90 {C10(CH2)}, 13.34 {C11(CH3)}.

m/z (ESI): 181 (C11H21N2)+

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 42.87 6.87 9.09

Observed 43.07 6.89 9.03

Please see pages 267-278 in Supplementary Information for detailed analysis.
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1,3-Di-Isopropylimidazolium iodide [iPr2ImI] (25)

(Known compound, described in literature)87

Yield: 1.59g, 5.7 mmol (93.0%) as a white solid.

1H NMR: (400MHz, d6-DMSO, 25°C) δ 9.29 {app. t, 4J2-3 ≈ 4J2-3’ = 1.7Hz, 1H,

H2(CH)}, 7.94 {app. d, 3J3-2 = 1.7Hz, 2H, H3(CH)}, 4.62 {sept, 3J4-5 =

6.7Hz, 2H, H4(CH)}, 1.48 {d, 3J5-4 = 6.7Hz, 12H, H5(CH3)}.

13C NMR: (100MHz, d6-DMSO, 25°C)δ 133.55 {C2(CH)}, 120.66 {C3(CH)}, 52.25

{C4(CH)}, 22.35 {C5(CH3)}.

m/z (ESI): 153 (C9H17N2)+

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 38.59 6.12 10.00

Observed 38.71 6.21 9.67

Please see pages 279-289 in Supplementary Information for detailed analysis.
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1-Isopropyl-3-tert-butylimidazolium iodide [iPrtBuImI] (26)

(Novel Compound)

Yield: 1.37g, 4.7 mmol (76.5%) as a cream solid.

1H NMR: (400MHz, d6-DMSO, 25°C) δ 9.23 {app. t, 4J2-4 ≈ 4J2-5 = 1.7Hz, 1H,

H2(CH)}, 8.05 {app. t, 4J5-2 ≈ 3J5-4 = 2.0Hz, 1H, H5(CH)}, 7.98 {app. t, 4J4-
2

≈ 3J4-5 = 1.9Hz, 1H, H4(CH)}, 4.63 {sept, 3J8-9 = 6.7Hz, 1H, H8(CH)}, 1.59

{s, 9H, H7(CH3)}, 1.48 {d, 3J9-8 = 6.7Hz, 6H, H9(CH3)}

13C NMR: (100MHz, d6-DMSO, 25°C) δ 133.13 {C2(CH)}, 120.51 {C4(CH)}, 120.46

{C5(CH)}, 59.44 {C6(C)}, 52.32 {C8(CH)}, 29.05 {C7(CH3)}, 22.37

{C9(CH3)}.

m/z (ESI): 167 (C10H19N2)+

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 40.83 6.51 9.52

Observed 40.67 6.45 9.22

Please see pages 290-300 in Supplementary Information for detailed analysis.



57

1,3-Di-tert-butylimidazolium iodide [tBu2ImI] (27)

(Novel Compound)

Tert-butylamine (0.29g, 4 mmol,  0.42 ml) and hydriodic acid (0.46, 2 mmol, 0.27 mL) in 

methanol (10ml) was added dropwise over 30 minutes to 40% aq. glyoxal (0.29g, 2 mmol, 

0.23 ml). Formaldehyde 37 % aq. (0.16g, 2 mmol, 0.15 ml) in methanol (10 ml) was added 

dropwise over 30 minutes then heated to reflux for 12 hours. After 12 hours the solvent was 

removed under vacuum, and the crude product was washed with ethyl acetate (25 ml) which 

was then decanted. Washing repeated an additional 2 times then product then dried under 

vacuum to yield product as a cream solid.

Yield: 0.34g, 1.1 mmol (54.8%).

1H NMR: (400MHz, d6-DMSO, 25°C) δ 9.01 {app. t, 4J2-3 ≈ 4J2-3’ = 1.8Hz, 1H,

H2(CH)}, 8.06 {app. d, 4J3-2 = 1.8Hz, 2H, H3(CH)}, 1.60 {s, 18H,

H5(CH3)}.

13C NMR: (100MHz, d6-DMSO, 25°C) δ 132.23 {C2(CH)}, 120.53 {C3(CH)}, 59.69

{C4(C)}, 29.14 {C5(CH3)}.

m/z (ESI): 181 (C11H21N2)+

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 42.87 6.87 9.09

Observed 42.94 6.90 9.29

Please see pages 301-311 in Supplementary Information for detailed analysis.
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4.3 Potassium Tetracarbonyl Iron Hydride Synthesis [KHFe(CO)4]

(Known compound, described in literature)71,72,73

Method 1:

Freshly distilled iron pentacarbonyl (2g, 10 mmol, 1.34 mL) and commercial (90% purity, 

Sigma-Aldrich)  potassium hydroxide  (0.56g,  10  mmol)  in  methanol  (5  mL)  were  stirred 

constantly for 12 hours under argon atmosphere at room temperature. After 24 hours the 

solvent  was  removed under  vacuum.  Acetonitrile  (10  mL)  was  added,  and the  reaction 

mixture was stirred for 1 hour. The solution was filtered via cannula, and the solvent was 

removed under vacuum to yield product as a red/ maroon solid.

Yield: 1.07g, 5.1 mmol (51.4%).

Method 2:

In a glovebox, re-melted potassium metal (0.1025g, 2.621 mmol) was pressed against the 

side of a round bottom Schlenk flask, which was then taken out of the glovebox, attached to 

the  Schlenk  line  and  cooled  in  an  ice  bath.  Dry,  degassed  methanol  was  then  added 

dropwise via cannula with constant stirring whilst avoiding direct contact between the solvent 

and  metal.  The  potassium was  then  allowed  to  react  with  the  methanol  vapours.  Slow 

addition of  methanol  was repeated until  all  the potassium had reacted.  Degassed water 

(47.2mg, 47.2 µL, 2.621 mmol) was then added. Assuming the reaction was quantitative 

freshly distilled  Fe(CO)5 (0.354 mL, 0.514g, 2.621 mmol) was added and left to stir for 24 

hours. After 24 hours  a dark red/ purple with a small amount of solid was observed upon 

which solvent was removed under vacuum. Acetonitrile (10 mL) was added, and the reaction 

mixture was stirred for 1 hour. The solution was filtered via cannula, and the solvent was 

removed under vacuum to yield product as a red solid.

Yield: 0.35g, 1.7 mmol (64.4%).
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1H NMR: (400MHz, d6-DMSO capillary for lock, 25°C) 

δ 8.98 {s, 1H, Fe-H} (MeOH solution).

δ 8.70 {s, 1H, Fe-H} (MeCN solution).

13C NMR: (100MHz, d6-DMSO capillary for lock, 25°C)

δ 219.95 {C1/C1’(CO)}, 210.51 {C1/C1’(CO)} (MeOH solution),

δ 221.28 {C1/C1’(CO)} (MeCN solution)

m/z (ESI): 169 (HFe[CO]4)-

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 23.08 0.48 0

Calculated +

0.5 MeCN

26.28 1.10 3.06

Observed 26.41 0.96 3.48

Please see pages 312-317 in Supplementary Information for detailed analysis.
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4.4 Fe-NHC Complex Synthesis

Tetracarbonyl (1,3-Dimethylimidazol-2-ylidene) Iron [FeMe2]

(Known compound, described in literature)39,40,48

In a Schlenk tube, the mixture of solid potassium tetracarbonyl iron hydride (40 mg, 0.19 

mmol)  and 1,3-dimethylimidazolium iodide (85 mg, 0.38 mmol)  was heated to 120°C, at 

which point the reaction mixture turned into a deep red viscous liquid, which was further 

heated under dynamic vacuum for 4 hours, resulting in the formation of brown-black viscous 

liquid.  Upon cooling,  toluene (3 mL) was added to the reaction mixture,  and the yellow 

solution was filtered off, leaving brown-black solid behind. The solvent was then removed 

from the yellow solution under vacuum, and the crude product  was purified via vacuum 

sublimation onto a liquid nitrogen cooled cold finger.

Yield: 27.2 mg, 0.1 mmol (54.2%) as a pale-yellow solid.

1H NMR: (400MHz, C6D6, 25°C) δ 5.72 {s, 2H, H4(CH)}, 3.03 {s, 6H, H5(CH3)}.

13C NMR: (100MHz, C6D6, 25°C) δ 216.96 {C1/C1’(CO)}, 181.31 {C2(Carbene)},

123.20 {C4(CH)}, 39.13 {C5(CH3)}.

m/z (ESI): 97 ([C5H8N2]+H)+, 169 ([Fe(CO)4]+H)-

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 40.94 3.05 10.61

Observed 40.48 3.16 10.65

Please see pages 318-327 in Supplementary Information for detailed analysis.
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Hydrogen testing:

In an NMR tube a clear yellow solution of FeMe2 in C6D6 was degassed using the following 

method. The NMR tube was placed into cool water (5-10°C) for 1 minute and then exposed 

to vacuum for 1-2 seconds. This was then repeated two more times, gently shaking the NMR 

tube  in  between  exposure  to  vacuum.  The  sample  was  then  exposed  to  atmospheric 

pressure of hydrogen gas for 1 hour, the NMR tube was sealed and 1H NMR spectrum was 

recorded. The sample was then heated to 80°C in the sand bath overnight. The sample was 

left to cool to room temperature and 1H NMR spectrum obtained. Other than the H2 gas peak 

at 4.47 ppm in the NMR spectra, no other physical or analytical changes observed.

These methods were repeated using the same molar amounts, usage of appropriate R, R’-

imidazolium iodide salt for synthesis of the following complexes and Hydrogen testing of 

those complexes:
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Tetracarbonyl (1-ethyl-3-methylimidazol-2-ylidene) Iron [FeMeEt]

(Novel Compound)

Yield: 25.9 mg, 0.1 mmol (49.0%) as a pale-yellow solid.

1H NMR: (400MHz, C6D6, 25°C) δ 5.90 {s, 1H, H5(CH)}, 5.82 {s, 1H, H4(CH)}, 3.71

{q, 3J7-8 = 7.5Hz, 2H, H7(CH2)}, 3.07 {s, 3H, H6(CH3)}, 0.88 {t, 3J8-7 = 

6.8Hz, 3H, H8(CH3)}.

13C NMR: (100MHz, C6D6, 25°C) δ 217.34 {C1/C1’(CO)}, 180.14 {C2(Carbene)},

123.90 {C4(CH)}, 121.19 {C5(CH)}, 46.34 {C7(CH2)}, 39.13 {C6(CH3)},

15.58 {C8(CH3)}.

m/z (ESI): 111 ([C6H10N2]+H)+, 169 ([Fe(CO)4]+H)-

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 43.20 3.63 10.08

Observed 43.31 3.71 9.81

Please see pages 328-337 in Supplementary Information for detailed analysis.

Hydrogen testing:

Other than the H2 gas peak at 4.47 ppm in the NMR spectra, no other changes were 

observed.
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Tetracarbonyl (1-Isopropyl-3-methylimidazol-2-ylidene) Iron [FeiPrMe]

(Novel Compound)

Yield: 21.9 mg, 0.075 mmol (39.0%) as a yellow solid.

1H NMR: (400MHz, C6D6, 25°C) δ 6.11 {d, 3J5-4 = 2.1Hz, 1H, H5(CH)}, 5.86 {d, 3J4-

5

= 2.1Hz, 1H, H4(CH)}, 5.19 {sept, 3J7-8 = 6.7Hz, 1H, H7(CH)}, 3.07 {s,

3H, H6(CH3)}, 0.94 {d, 3J7-6 = 6.7Hz, 6H, H8(CH3)}.

13C NMR: (100MHz, C6D6, 25°C) δ 217.45 {C1/C1’(CO)}, 179.39 {C2(Carbene)},

124.61 {C4(CH)}, 117.81 {C5(CH)}, 52.70 {C7(CH)}, 39.23 {C6(CH3)},

22.68 {C8(CH3)}.

m/z (ESI): 125 ([C7H12N2]+H)+, 169 ([Fe(CO)4]+H)-, 291 ([Complex]-H)-, 291

([Complex]+H)+.

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 45.24 4.14 9.59

Observed 45.57 4.23 9.41

Please see pages 358-367 in Supplementary Information for detailed analysis.

Hydrogen testing:

Other than the H2 gas peak at 4.47 ppm in the NMR spectra, no other changes were 

observed.
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Tetracarbonyl (1,3-Diisopropylimidazol-2-ylidene) Iron [FeiPr2]

(Known compound, described in literature)48

Yield: 28.1 mg, 0.088 mmol (45.6%) as a yellow solid.

1H NMR: (400MHz, C6D6, 25°C) δ 6.32 {s, 2H, H4(CH)}, 5.25 {sept, 3J5-6 = 6.7Hz,

2H, H5(CH)}, 0.93 {d, 3J6-5 = 6.7Hz, 12H, H6(CH3)}.

13C NMR: (100MHz, C6D6, 25°C) δ 218.42 {C1/C1’(CO)}, 178.37 {C2(Carbene)},

119.03 {C4(CH)}, 52.46 {C5(CH)}, 22.74 {C6(CH3)}.

m/z (ESI): 153 ([C9H14N2]+H)+, 319 ([Complex]-H)-

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 48.77 5.04 8.75

Observed 48.85 5.09 8.70

Please see pages 459-468 in Supplementary Information for detailed analysis.

Hydrogen testing:

Other than the H2 gas peak at 4.47 ppm in the NMR spectra, no other changes were 

observed.
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Tetracarbonyl (1-methyl-3-propylimidazol-2-ylidene) Iron [FeMePr]

(Novel Compound)

In a Schlenk tube, the mixture of potassium tetracarbonyl iron hydride (40 mg, 0.19 mmol) 

and 1-methyl-3-propylimidazolium iodide (96 mg, 0.38 mmol) was heated to 120°C, at which 

point the reaction mixture turned into a deep red viscous liquid, which was further heated 

under dynamic vacuum for 4 hours, resulting in the formation of brown viscous liquid. Upon 

cooling, toluene (3 mL) was added to the reaction mixture,  and the yellow solution was 

filtered off, leaving brown residue behind. The solvent was then removed from the yellow 

solution under vacuum to yield the product as a yellow/ brown oil.

Yield: 24.2 mg, 0.083 mmol (43.1%) a yellow oil.

1H NMR: (400MHz, C6D6, 25°C) δ 5.92 {d, 3J5-4 = 1.8Hz, 1H, H5(CH)}, 5.83 {d, 3J4-5

= 2.1Hz, 1H, H4(CH)}, 3.67 {t, 3J7-8 = 7.4Hz, 2H, H7(CH2)}, 3.09 {s, 3H,

H6(CH3)}, 1.40 {app. sext, 3J8-7 ≈ 3J8-9 = 7.3Hz, 2H, H8(CH2)}, 0.62 {t, 3J9-
8

= 7.4Hz, 3H, H9(CH3)}.

13C NMR: (100MHz, C6D6, 25°C) δ 217.40 {C1/C1’(CO)}, 180.51 {C2(Carbene)},

123.52 {C4(CH)}, 121.87 {C5(CH)}, 52.94 {C7(CH2)}, 39.11 {C6(CH3)},

23.89 {C8(CH2)}, 10.70 {C9(CH3)}.

m/z (ESI): 125 ([C7H12N2]+H)+, 169 ([Fe(CO)4]+H)-, 181 (Fe+[C7H12N2])+
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Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 45.24 4.14 9.59

Observed 45.56 4.09 9.36

Please see pages 338-347 in Supplementary Information for detailed analysis.

Hydrogen testing:

Other  than the H2 gas  peak at  4.47  ppm in  the  NMR spectra,  no  other  changes were 

observed.  These  methods  were  repeated  using  the  same  molar  amounts,  usage  of 

appropriate  R,  R’-  imidazolium iodide  salt  for  synthesis  of  the  following  complexes  and 

Hydrogen testing of those complexes:
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Tetracarbonyl (1-butyl-3-methylimidazol-2-ylidene) Iron [FeMeBu]

(Novel Compound)

Yield: 22.3 mg, 0.104 mmol (37.9%) as a yellow/ brown oil.

1H NMR: (400MHz, C6D6, 25°C) δ 5.95 {d, 3J5-4 = 2.1Hz,1H, H5(CH)}, 5.84 {d, 3J4-5

=

1.8Hz,1H, H4(CH)}, 3.75 {t, 3J7-8 = 7.4Hz, 2H, H7(CH2)}, 3.09 {s, 3H,

H6(CH3)}, 1.39 {quin, 3J8-7 ≈ 3J8-9 = 7.7Hz, 2H, H8(CH2)}, 1.04 {app. sext,

3J9-8 ≈ 3J9-10 = 7.4Hz, 2H, H9(CH2)}, 0.74 {t, 3J10-9 = 7.3Hz, 3H, H10(CH3)}.

13C NMR: (100MHz, C6D6, 25°C) δ 217.44 {C1/C1’(CO)}, 180.59 {C2(Carbene)},

123.54 {C4(CH)}, 121.85 {C5(CH)}, 51.38 {C7(CH2)}, 39.14 {C6(CH3)},

32.64 {C8(CH2)}, 19.84 {C9(CH2)}, 13.76 {C10(CH3)}.

m/z (ESI): 139 ([C8H14N2]+H)+, 169 ([Fe(CO)4]+H)-, 195 (Fe+[C8H14N2])-, 277

([Complex]-CO)-, 291 ([Complex]-CH3)-, 305 ([Complex]-H)-.

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 47.09 4.61 9.15

Observed 47.14 4.57 9.19

Please see pages 348-357 in Supplementary Information for detailed analysis.
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Hydrogen testing:

Other than the H2 gas peak at 4.47 ppm in the NMR spectra, no other changes were 

observed.
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Tetracarbonyl (1,3-Diethylimidazol-2-ylidene) Iron [FeEt2]

(Novel Compound)

Yield: 24.7 mg, 0.085 mmol (44.0%) as a yellow oil.

1H NMR: (400MHz, C6D6, 25°C) δ 6.06 {s, 2H, H4(CH)}, 3.77 {q, 3J5-6 = 7.4Hz, 4H,

H5(CH2)}, 0.91 {t, 3J6-5 = 7.3Hz, 6H, H6(CH3)}.

13C NMR: (100MHz, C6D6, 25°C) δ 217.99 {C1/C1’(CO)}, 178.89 {C2(Carbene)},

121.92 {C4(CH)}, 46.29 {C5(CH2)}, 15.57 {C6(CH3)}.

m/z (ESI): 125 ([C7H12N2]+H)+, 293 ([Complex]+H)+, 180 (Fe+[C7H12N2])-,

291 ([Complex]-H)-.

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 45.24 4.14 9.59

Observed - - -

Please see pages 368-377 in Supplementary Information for detailed analysis.

Hydrogen testing:

Other than the H2 gas peak at 4.47 ppm in the NMR spectra, no other changes were 

observed.
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Tetracarbonyl (1-Ethyl-3-propylimidazol-2-ylidene) Iron [FeEtPr]

(Novel Compound)

Yield: 20.9 mg, 0.068 mmol (35.6%) as a yellow/ brown oil.

1H NMR: (400MHz, C6D6, 25°C) δ 6.00 {s, 2H, H4/5(CH)}, 3.77 {q, 3J6-7 = 7.3Hz,

2H, H6(CH2)}, 3.70 {t, 3J8-9 = 7.3Hz, 2H, H8(CH2)}, 1.41 {app. sext, 3J9-8 ≈

3J9-10 = 7.6Hz, 2H, H9(CH2)}, 0.88 {t, 3J7-6 = 7.4Hz, 3H, H7(CH3)}, 0.63 {t,

3J10-9 = 7.4Hz, 3H, H10(CH3)}.

13C NMR: (100MHz, C6D6, 25°C) δ 218.10 {C1/C1’(CO)}, 179.65 {C2(Carbene)},

122.52 {C4(CH)}, 121.40 {C5(CH)}, 52.88 {C8(CH2)}, 46.31 {C6(CH2)},

23.94 {C9(CH2)}, 15.51 {C7(CH3)}, 10.74 {C10(CH3)}.

m/z (ESI): 139 ([C8H14N2]+H)+, 169 ([Fe(CO)4]+H)-, 277 ([Complex]-CO)- or

([Complex]-CH2CH3)-.

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 47.09 4.61 9.15

Observed - - -

Please see pages 378-387 in Supplementary Information for detailed analysis.
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Hydrogen testing:

Other than the H2 gas peak at 4.47 ppm in the NMR spectra, no other changes were 

observed.
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Tetracarbonyl (1-Butyl-3-ethylimidazol-2-ylidene) Iron [FeEtBu]

(Novel Compound)

Yield: 17.8 mg, 0.056 mmol (29.0%) as a yellow/ brown oil.

1H NMR:

(400Mhz, C6D6)

(400MHz, C6D6, 25°C) δ 6.06 {d, 3J4-5 = 2.1Hz, 1H, H4/5(CH)}, 6.03 {d,

3J4-5 = 2.1Hz, 1H, H4/5(CH)}, 3.77 {multi, 4H, H6/8(CH2)}, 1.40 {quin, 3J9-8

≈

3J9-10 =  7.7Hz,  2H,  H9(CH2)},  1.06  {sext,  3J10-9 ≈  3J10-11 =  7.4Hz,  2H, 

H10(CH2)}, 0.89 {t,  3J7-6 = 7.3Hz,  3H,  H7(CH3)}, 0.75 (t,  3J11-10 = 7.3Hz, 

3H, H11(CH3)}.

13C NMR:

(100Mhz, C6D6)

(100MHz, C6D6, 25°C) δ 218.16 {C1/C1’(CO)}, 179.60 {C2(Carbene)},

122.50 {C4/5(CH)}, 121.47 {C4/5(CH)}, 51.31 {C8(CH2)}, 46.33 {C6(CH2)},

32.69 {C9(CH2)}, 19.85 {C10(CH2)}, 15.54 {C7(CH3)}, 13.76 {C11(CH3)}.

m/z (ESI): 139 ([C9H16N2]+H)+, 168 ([Fe(CO)4]?)-.

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 48.77 5.04 8.75

Observed - - -

Please see pages 388-397 in Supplementary Information for detailed analysis.
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Hydrogen testing:

Other than the H2 gas peak at 4.47 ppm in the NMR spectra, no other changes were 

observed.
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Tetracarbonyl (1-Isopropyl-3-methylimidazol-2-ylidene) Iron [FeiPrEt]

(Novel Compound)

Yield: 20.7 mg, 0.068 mmol (35.1%) as a yellow/ brown oil.

1H NMR: (400MHz, C6D6, 25°C) δ 6.17 {d, 3J5-4 = 2.1Hz, 1H, H5(CH)}, 6.00 {d, 3J4-5

= 2.1Hz, 1H, H4(CH)}, 5.26 {sept, 3J8-9 = 6.7Hz, 1H, H8(CH)}, 3.70 {q,

3J6-7 = 7.3Hz, 2H, H6(CH2)}, 0.91 {m, 9H, H7/H9(CH3)}.

13C NMR: (100MHz, C6D6, 25°C) δ 218.04 {C1/C1’(CO)}, 178.56 {C2(Carbene)},

122.60 {C4(CH)}, 118.40 {C5(CH)}, 52.65 {C8(CH)}, 46.24 {C6(CH2)},

22.69 {C7(CH3)}, 15.75 {C9(CH3)}.

m/z (ESI): 139 ([C8H14N2]+H)+, 169 ([Fe(CO)4]+H)-, 277 ([Complex]-CH2CH3)-.

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 47.09 4.61 9.15

Observed - - -

Please see pages 398-407 in Supplementary Information for detailed analysis.

Hydrogen testing:

Other than the H2 gas peak at 4.47 ppm in the NMR spectra, no other changes were 

observed.
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Tetracarbonyl (1,3-Dipropylimidazol-2-ylidene) Iron [FePr2]

(Novel Compound)

Yield: 19.2 mg, 0.060 mmol (31.2%) as a yellow/ brown oil.

1H NMR: (400MHz, C6D6, 25°C) δ 6.06 {s, 2H, H4(CH)}, 3.74 {t, 3J5-6 = 7.4Hz, 4H,

H5(CH2)}, 1.41 {app, sext, 3J6-5 ≈ 3J6-7 = 7.3Hz, 4H, H6(CH2)}, 0.63 (t, 3J7-
6

= 7.4Hz, 6H, H7(CH3)}.

13C NMR: (100MHz, C6D6, 25°C) δ 218.31 {C1/C1’(CO)}, 179.92 {C2(Carbene)},

122.18 {C4(CH)}, 52.92 {C5(CH2)}, 23.87 {C6(CH2)}, 10.77 {C7(CH3)}

m/z (ESI): 153 ([C9H16N2]+H)+, 319 ([Complex]-H)-.

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 48.77 5.04 8.75

Observed - - -

Please see pages 408-417 in Supplementary Information for detailed analysis.

Hydrogen testing:

Other than the H2 gas peak at 4.47 ppm in the NMR spectra, no other changes were 

observed.
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Tetracarbonyl (1-Butyl-3-propylimidazol-2-ylidene) Iron [FePrBu]

(Novel Compound)

Yield: 11.3 mg, 0.042 mmol (17.6%) as a yellow/ brown oil.

1H NMR: (400MHz, C6D6, 25°C) δ 6.08 {d, 3J4-5 = 1.8Hz, 1H, H4/5(CH)}, 6.05 {d,

3J4-5 = 1.8Hz, 1H, H4/5(CH)}, 3.82 {t, 3J9-10 = 7.3Hz, 2H, H9 (CH2)}, 3.74

{t, 3J6-7 = 7.4Hz, 2H, H6(CH2)}, 1.40 {multi, 4H, H7/10(CH2)}, 1.06 {app. 

sext, 3J11-10 ≈ 3J11-12 = 7.4Hz, 2H, H11(CH2)}, 0.75 {t, 3J12-11 = 7.4Hz, 3H, 

H12(CH3)}, 0.64 {t, 3J8-7 = 7.4Hz, 3H, H8(CH3)}.

13C NMR: (100MHz, C6D6, 25°C) δ 218.35 {C1/C1’(CO)}, 180.01 {C2(Carbene)},

122.19 {C4/5(CH)}, 122.12 {C4/5(CH)}, 52.93 {C6(CH2)}, 51.34 {C9(CH2)},

32.64 {C10(CH2)}, 23.91 {C7(CH2)}, 19.87 {C11(CH2)}, 13.77 {C12(CH3)},

10.77 {C8(CH3)}.

m/z (ESI): 167 ([C10H18N2]+H)+, 169 ([Fe(CO)4]+H)-,

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 50.32 5.43 8.38

Observed - - -
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Please see pages 418-428 in Supplementary Information for detailed analysis.

Hydrogen testing:

Other than the H2 gas peak at 4.47 ppm in the NMR spectra, no other changes were 

observed.
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Tetracarbonyl (1-Isopropyl-3-propylimidazol-2-ylidene) Iron [FeiPrPr]

(Novel Compound)

Yield: 17.3 mg, 0.054 mmol (28.1%) as a yellow/ brown oil.

1H NMR: (400MHz, C6D6, 25°C) δ 6.19 {d, 3J5-4 = 2.1Hz, 1H, H5(CH)}, 6.04 {d, 3J4-5

= 2.1Hz,  1H,  H4(CH)}, 5.30 {sept,  3J9-10 = 6.8Hz,  1H,  H9(CH)}, 3.66 {t, 

3J6-7 = 7.3Hz,  2H,  H6(CH2)}, 1.44 {app. sext,  3J7-6 ≈ 3J7-8= 7.3Hz,  2H, 

H7(CH2)}, 0.94 {d, 3J10-9 = 6.7Hz, 6H, H10(CH3)}, 0.64 {t, 3J8-7 = 7.4 Hz, 

3H, H8(CH3)}.

13C NMR: (100MHz, C6D6, 25°C) δ 218.12 {C1/C1’(CO)}, 178.82 {C2(Carbene)},

123.39 {C4(CH)}, 118.18 {C5(CH)}, 52.81 {C6(CH2)}, 52.73 {C9(CH)},

24.11 {C7(CH2)}, 22.67 {C10(CH3)}, 10.69 {C8(CH3)}.

m/z (ESI): 153 ([C9H16N2]+H)+, 277 ([Complex]-CH2CH2CH3)-, 319 ([Complex]-H)-.

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 48.77 5.04 8.75

Observed - - -

Please see pages 429-438 in Supplementary Information for detailed analysis.
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Hydrogen testing:

Other than the H2 gas peak at 4.47 ppm in the NMR spectra, no other changes were 

observed.
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Tetracarbonyl (1,3-Dibutylimidazol-2-ylidene) Iron [FeBu2]

(Novel Compound)

Yield: 17.1 mg, 0.049 mmol (25.5%) as a yellow/ brown oil.

1H NMR: (400MHz, C6D6, 25°C) δ 6.10 {s, 2H, H4(CH)}, 3.82 {t, 3J5-6 = 7.4Hz, 4H,

H5(CH2)}, 1.41 {quin, 3J6-5 ≈ 3J6-7 = 7.7Hz, 4H, H6(CH2)}, 1.07 {app. sext,

3J7-6 ≈ 3J7-8 = 7.4Hz, 4H, H7(CH2)}, 0.76 {t, 3J8-7 = 7.3Hz, 6H, H8(CH3)}.

13C NMR: (100MHz, C6D6, 25°C) δ 218.42 {C1/C1’(CO)}, 179.93 {C2(Carbene)},

122.19 {C4(CH)}, 51.36 {C5(CH2), 32.67 {C6(CH2)}, 19.87 {C7(CH2)},

13.78 {C8(CH3)}.

m/z (ESI): 181 ([C11H20N2]+H)+, 169 ([Fe(CO)4]+H)-,

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 51.74 5.79 8.05

Observed - - -

Please see pages 439-448 in Supplementary Information for detailed analysis.
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Hydrogen testing:

Other than the H2 gas peak at 4.47 ppm in the NMR spectra, no other changes were 

observed.
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Tetracarbonyl (1-Butyl-3-Isopropylimidazol-2-ylidene) Iron [FeiPrBu]

(Novel Compound)

Yield: 13.4mg, 0.04 mmol (20.8%) as a yellow/ brown oil.

1H NMR: (400MHz, C6D6, 25°C) δ 6.21 {d, 3J5-4 = 2.1Hz, 1H, H5(CH)}, 6.08 {d, 3J4-5

= 2.1Hz, 1H, H4(CH)}, 5.30 {sept, 3J10-11 = 6.8Hz, 1H, H10(CH)}, 3.74 {t,

3J6-7 = 7.3Hz, 2H, H8(CH2)}, 1.43 {quin, 3J7-6 ≈ 3J7-8 = 7.9Hz, 2H, H7(CH2)},

1.07 {app. sext, 3J8-7 ≈ 3J8-9 = 7.4Hz, 2H, H8(CH2)}, 0.94 {d, 3J11-10 =
7.0Hz,

6H, H11(CH3)}, 0.74 {t, 3J9-8 = 7.4Hz, 3H, H9(CH3)}.

13C NMR: (100MHz, C6D6, 25°C) δ 218.18 {C1/C1’(CO)}, 178.90 {C2(Carbene)},

123.32 {C4(CH)}, 118.19 {C5(CH)}, 52.73 {C10(CH)}, 51.26 {C6(CH2)},

32.84 {C7(CH2)}, 22.69 {C11(CH3)}, 19.82 {C8(CH2)}, 13.77 {C9(CH3)}.

m/z (ESI): 167 ([C10H18N2]+H)+, 170 ([Fe(CO)4]+H?)-, 277 ([Complex]-

CH2CH2CH2CH3)- or ([Complex]-2{CO})-.

Elemental 

Analysis:

Carbon % Hydrogen % Nitrogen %

Calculated 50.32 5.43 8.38

Observed - - -

Please see pages 449-458 in Supplementary Information for detailed analysis.



83

Hydrogen testing:

Other than the H2 gas peak at 4.47 ppm in the NMR spectra, no other changes were 

observed.
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Chapter 5: Results and Discussion

5.1.1 1-Alkylimidazole Synthesis

Scheme 15: General synthesis of alkylimidazoles (R = methyl ethyl, propyl, butyl, isopropyl).

As shown above in Scheme 15, all the desired 1-alkylimidazoles except 1-tert-butylimidazole 

(as it could not be synthesised by this method, see below in Section 4.1.2) were successfully 

produced.  Imidazole  and  potassium  hydroxide  were  reacted  with  the  corresponding 

iodoalkane (in a 1 : 1.1 : 1 molar ratio respectively) in propan-2-ol under reflux for 12 hours.  

Following the removal of solvent and extraction of the crude product with DCM, the latter 

was washed with water and the organic phase dried with anhydrous sodium sulphate. The 

solvent  was  then  removed  to  give  desired  products  as  pale-yellow  liquids  in  good  to 

excellent yields (82.7% – 92.4%).

1-Alkylimidazoles synthesised were hygroscopic. Additionally, upon being left to stand in the 

open laboratory, the liquids slowly deepened in colour to yellow and then to yellow / pale 

orange. This possibly suggests that the 1-alkyimidazoles formed may be mildly sensitive to 

either prolonged oxygen, moisture or UV exposure. Short-path vacuum distillation was able 

to remove this yellow / orange colouration. However, the NMR spectra of both distilled and 

non- distilled samples were identical and either could be used for further reactions.

Table 1: Summary of MS fragments and their m/z values for compounds 1-6

Fragment 

(m/z)

Compound

MeIm (1) EtIm (2) PrIm (3) BuIm (4) iPrIm (5) tBuIm (6)

[M+H]+ 83 97 111 125 111 125

[Im + H]+ 69 69 69 69 69 69

Alkyl+ - - 43 57 43 57
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Mass  spectra  of  compounds  1-5  showed  expected  peak  values  corresponding  to  the 

respective  molecular  ions.  Additionally,  fragmentation  was  seen  resulting  in  m/z  =  69 

([imidazole  +  H]+)  and  the  corresponding  alkyl  fragments.  Alkyl  fragmentation  was  not 

observed in the spectra of compounds 1 and 2 due to the limitations of the instrumentation 

used showing a minimum of m/z = 30.

See Table 1 for a summary of MS data obtained for compounds 1-6.

1H NMR spectra of compounds 1-5 show three peaks in the region of 6.8-7.8 ppm with an 

integration of 1H each that correspond to the imidazole ring protons. The peaks assigned to 

H2 (here and later refer to Table 2 for atom numbering scheme) appear between 7.56 – 7.72 

ppm, peaks assigned to  H5  appear between 7.10 – 7.30 ppm and peaks assigned to  H4 

appear at 6.87 – 6.88 ppm. Other than in compound 1 all the imidazole proton peaks appear 

as apparent triplets (apparent singlets in compound 1). Any remaining peaks observed are 

assigned to alkyl groups.

See Table 2 for a summary of 1H and 13C NMR data obtained for compounds 1-6.
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Table 2: Summary of 1H and 13C NMR data for compounds 1-6

Compound C{2}-H Backbone 

C{4}H=C{5}H

R Group

MeIm (1)

1H: 7.56 {s, H2}
13C: 137.92 {C2}

1H: 7.10 {s, H5},

6.88 (s, H4}
13C: 128.44 {s, C4}, 120.50

{C5}

1H: 3.63 {s, H6}
13C: 32.74 {C6}

EtIm (2)

1H: 7.62 {app.t, J =

1.2Hz, H2}
13C: 136.74 {C2}

1H: 7.17 {app. t, J = 1.3Hz,

H5},

6.87 (app. t, J = 1.2Hz, H4}
13C: 128.35 {C4}, 118.87

{C5}

1H: 3.97 {q, 3J = 7.3Hz, H6}, 1.32

{t, 3J = 7.3Hz, H7}
13C: 40.89 {C6}, 16.39 {C7}

PrIm (3)

1H: 7.60 {app.t, J =

1.2Hz, H2}
13C: 137.25 {C2}

1H: 7.15 {app.t, J = 1.2Hz,

H5},

6.88 (app.t, J = 1.1Hz, H4}
13C: 128.32 {C4}, 119.23

{C5}

1H: 3.90 {t, 3J = 7.0Hz, H6}, 1.70

{app. sext, 3J = 7.3Hz, H7}, 0.80

{t, 3J = 7.4Hz, H8}
13C: 47.55 {C6}, 23.96 {C7}, 10.84

{C8}

BuIm (4)

1H: 7.60 {app.t, J =

1.2Hz, H2}
13C: 137.20 {C2}

1H: 7.15 {app.t, J = 1.2Hz,

H5},

6.87 (app.t, J = 1.1Hz, H4}
13C: 128.31 {C4}, 119.21

{C5}

1H: 3.93 {t, 3J = 7.1Hz, H6}, 1.65

{quin, 3J = 7.2Hz, H7}, 1.21 {app 

sext, 3J = 14.5/ 7.3Hz, H8}, 0.87

{t, 3J = 7.3Hz, H9}
13C: 45.62 {C6}, 32.66 {C7}, 19.16

{C8}, 13.38 {C9}

iPrIm (5)

1H: 7.67 {app.t, J =

1.2Hz, H2}
13C: 135.45 {C2}

1H: 7.22 {app.t, J = 1.3Hz,

H5},

6.87 (app.t, J = 1.2Hz, H4}
13C: 128.23 {C4}, 117.08{C5}

1H: 4.39 {sept, 3J = 6.7Hz, H6},

1.38 {d, 3J = 6.7Hz, H7}
13C: 48.25 {C6}, 23.46 {C7}

tBuIm (6)

1H: 7.72 {app.t, J =

1.2Hz, H2}
13C: 134.55 {C2}

1H: 7.30 {app.t, J = 1.2Hz,

H5},

6.87 (app.t, J = 1.2Hz, H4}
13C: 128.15 {C4}, 117.00

{C5}

1H: 1.49 {s, H7}
13C: 54.44 {C6}, 30.17 {C7}
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5.1.2 1-tert-Butylimidazole Synthesis

Scheme 16: Ring-closure synthesis of 1-tert-butyl-imidazole.

Scheme 16 shows preparation  of  1-tert-butylimidazole.  A  mixture  of  tert-butylamine and 

ammonium chloride was gradually added to 40% aq. glyoxal followed by slow addition of 

37% aq. formaldehyde in a 1:1:1:1 molar ratio. The reaction mixture was then heated to 

reflux for 1 hour. The reaction mixture was then cooled down to room temperature, sodium 

carbonate  was  added  until  the  mixture  was  basic  (pH10)  and  the  crude  product  was 

extracted with DCM. The solvent was then removed, and the crude oil was purified by short-

path vacuum distillation to give the product as a pale-yellow liquid in moderate yield (37.5%).

Similar to other 1-alkylimidazoles, upon being left to stand in the open laboratory the liquid 

gradually changed colour to yellow / pale orange and distillation of the sample removed this 

colouration. Additionally, NMR spectra confirmed that both distilled and non-distilled samples 

of compound 6 were identical and hence could be used for further reactions.

Mass  spectrum  of  compound  6  revealed  the  expected  peak  corresponding  with  the 

molecular ion ([M+H]+), m/z = 125. Fragmentation was also observed, peaks at m/z = 69 and 

57 correspond to imidazole (Im+H) and the tert-butyl fragment respectively.

See Table 1 (page 84) for a summary of MS data obtained for compound 6.

The 1H NMR spectrum of compound 6 shows 3 apparent triplets, all with an integration of 1H 

between 7.72-6.87 ppm, which correspond with the imidazole ring protons. Similar to the 

spectra of other 1-akylimidazoles produced, the peak at 7.72 ppm was assigned to H2 (N-

C(2)H-N), the peak at 7.30 ppm was assigned to H5 and the peak at 6.87 ppm was assigned 

to H4.

The 13C NMR spectrum of compound 6 matches the trend seen in compounds 1-5, where 

three peaks at 134.55, 128.15 and 117.00 correspond to C2,  C4 and C5 respectively. The 

remaining peaks at 54.44 ppm and 30.17 ppm correspond to the quaternary carbon and the 

methyl carbon atoms of the tert-butyl group respectively.

See Table 2 (page 86) for a summary of 1H and 13C NMR data obtained for compound 6.
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5.1.3 Overview of 1-Alkylimidazoles Syntheses

Compounds 1-6 all previously described and characterised in literature.37,38,83,84,85

The synthesis of compounds 1-5 was performed without significant complications, confirming 

the general applicability and efficacy of the developed method.

Synthesis  of  1-tert-butylimidazole  was  originally  attempted using  the  same methodology 

used to produce compounds 1-5, however very limited success was achieved. After addition 

of  2-  iodo-2-methylpropane and heating to reflux,  white vapours were released from the 

reaction mixture. Following the work-up only trace amounts of a yellow oil were isolated.

Analysis of the trace oil by 1H NMR and LC-MS seemingly confirmed the presence of 1-tert-

butylimidazole, however possible imidazole impurity peaks were also seen.

Multiple repeat reactions were attempted with various modifications of conditions to improve 

yields. The modifications made to the original methodology included dropwise addition of 2-

iodo-2-methylpropane to the reaction mixture, dropwise addition of imidazole / base mixture 

to a solution of 2-iodo-2-methylpropane, usage of different solvents, i.e. methanol / ethanol 

and water, conduction of the reaction at reflux / room temperature and at 0°C.

Unfortunately,  no modifications made gave any quantifiable improvement  to  the yield  of 

compound  6.  This  suggests  the  occurrence  of  an  alternative,  more  favourable  reaction 

pathway(s). The side reaction is likely to follow the elimination mechanism leading to the 

alkene formation as shown in Scheme 17 below. If so, this would reform the imidazole and 

eliminate  iodide  therefore  producing  isobutylene  gas  as  the  white  vapours  which  were 

observed in the reaction.

Scheme 17: Possible mechanism for elimination side-reaction.

This may be due to significant steric hindrance around the quaternary carbon atom, therefore 

impeding nucleophilic attack at the quaternary carbon atom.
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Figure 5: Comparison of 1H NMR spectra of initial 1-tert-butylimidazole synthesis (A) and the final synthesis (B).
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A modified ring closure synthesis shown in Scheme 16 was utilized to prepare compound 6 

in usable quantities. A moderate 37.5% yield was obtained using this methodology, most 

likely due to possible impurities formed. TLC was attempted using various combinations of 

eluents however no combination showed any meaningful separation. Therefore, short-path 

vacuum distillation was used for purification of compound 6.

Comparison of the 1H NMR spectra for the initial trace oil produced and the product formed 

in the final synthesis of compound 6 is shown in Figure 5 above.

In ¹H NMR spectra of compounds 1-6, H2 was the most deshielded followed by H5 and then 

H4. These assignments were confirmed with ¹H-¹H NOESY, with correlations seen between 

H5 and the N-alkyl substituents.

Furthermore, the signals for H2 and H5 became increasingly deshielded as the size of the N-

alkyl substituents increased. Stronger deshielding was observed from methyl to ethyl but 

plateaued for propyl and butyl groups. A significant deshielding effect (for peaks assigned to 

H2 and H5) was observed for the isopropyl and tert-butyl groups, Likely because the three-

dimensional  structure  amplifies  potential  electronic  effects.  This  trend for  H2  and  H5  is 

shown in Figure 6. These observed trends were contrary to what was expected.

(1) MeIm (2) EtIm (3) PrIm (4) BuIm (5) iPrIm (6) tBuIm
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Figure 6: Graph showing trend in 1H NMR assignments for backbone H5 and central protons H2 for compounds 1-6.

The increase in deshielding of  H2 and  H5 suggests the alkyl groups are not donating but 

withdrawing electron density from the imidazole ring. This aligns with the computational work 

of Elliot et al., which demonstrated that alkyl groups are electron-withdrawing relative to
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hydrogen.77 The greater deshielding in compounds 5 and 6 is likely due to the size and three-

dimensional  structure  of  the  isopropyl  and  tert-butyl  groups,  which  further  amplifies  this 

electron-withdrawing effect.

In 13C NMR spectra of compounds 1-6 the carbon atoms were assigned with C2 being the 

most  deshielded,  followed by  C4  and  C5.  These assignments  were supported by  1H-1H 

NOESY,  1H-13C HSQC and  1H-13C HMBC correlations. Although protons  H5  and  H4  were 

assigned  in  order  of  increasing  deshielding,  the  opposite  trend  was  observed  for  their 

corresponding carbons, with C4 being more deshielded than C5.

Elemental analysis was obtained for the six liquids obtained. All elemental analysis results 

were within 0.5% of the calculated values shown in Table 3.

Table 3: Elemental Analysis results for compounds 1-6

Elemental 
analysis:

Carbon % Hydrogen % Nitrogen %

MeIm (1) Calculated 58.51 7.37 34.12

Observed 58.55 7.53 34.06

EtIm (2) Calculated 62.47 8.39 29.14

Observed 62.37 8.58 29.06

PrIm (3) Calculated 65.42 9.15 25.14

Observed 65.32 9.51 24.93

BuIm (4) Calculated 67.70 9.74 22.56

Observed 67.45 10.01 22.34

iPrIm (5) Calculated 65.42 9.15 25.14

Observed 65.21 9.45 24.97

tBuIm (6) Calculated 67.70 9.74 22.56

Observed 68.03 9.85 22.12
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5.1.4 1-Alkylimidazole Synthesis Conclusion

In summary, a series of 1-alkylimidazoles (alkyl = methyl, ethyl, propyl, butyl, isopropyl) were 

successfully produced in good to excellent yields (82.7–92.4%) via alkylation of imidazole. 1-

tert-Butylimidazole (compound  6) was synthesized via an alternative Debus-Radziszewski 

multi-component reaction, yielding a moderate 37.5% yield, due to a dominant elimination 

side reaction observed.

All  compounds  were  thoroughly  characterized  using  MS  and  NMR  spectroscopy  and 

correspond with known data.37,38,83,84,85 A notable and counterintuitive trend was observed in 

the  ¹H  NMR  spectra.  The  chemical  shifts  of  the  H2  and  H5  ring  protons  became 

progressively more deshielded with increasing size and branching of the N-alkyl substituent 

suggesting that the alkyl groups exert a net electron-withdrawing effect on the imidazole ring.
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5.2.1 R,R’-Imidazolium Iodide Salt Synthesis

Scheme 18: General synthesis of R, R’-Imidazolium Iodide salts, R = CH3, C2H5, C3H7, C4H9 and X = I

As shown above in Scheme 18, all the desired R,R’-imidazolium iodide salts except 1,3-di-

tert-butylimidazolium iodide were successfully produced (which could not be synthesised by 

this method, see below in Section 5.2.3). The appropriate 1-alkylimidazole was reacted with 

the corresponding iodoalkane in methanol using a 1:1.5 molar ratio under reflux for 12 hours. 

Following the removal of solvent the crude products were washed with ethyl acetate and 

then dried under vacuum to give the desired compounds as either white / cream solids or 

yellow oils in good to excellent yields (68.8% - 97.2%).

All  salts  isolated  by  this  method  were  hygroscopic,  except  those  containing  tert-butyl 

group(s).

Table 4: Summary of MS fragments and their m/z values for compounds 7-27

Compound Fragments (m/z)

[M]+ [R-Imidazole+H]+ [Imidazole + H]+ [Alkyl]+

Me2ImI (7) 97 - - -

MeEtImI (8) 111 83 - -

MePrImI (9) 125 83 69 43

MeBuImI (10) 139 83 69 57

iPrMeImI (11) 125 83 69 43

tBuMeImI (12) 139 83 69 57

Et2ImI (13) 125 97 69 -

EtPrImI (14) 139 97 69 -

EtBuImI (15) 153 97 69 57

iPrEtImI (16) 139 97 69 43

tBuEtImI (17) 153 97 69 57

Pr2ImI (18) 153 111 69 -

PrBuImI (19) 167 111 69 -

iPrPrImI (20) 153 111 69 -

tBuPrImI (21) 167 125 69 43

Bu2ImI (22) 181 125 69 -

iPrBuImI (23) 167 125 69 43
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tBuBuImI (24) 181 125 69 57

iPr2ImI (25) 153 111 69 -

tBuiPrImI (26) 167 125 69 -

tBu2ImI (27) 181 125 69 57

Mass  spectra  for  compounds  7–26  showed  molecular  ion  peaks  consistent  with  their 

structures. The observed fragmentation patterns yielded alkyl, imidazole, and alkyl imidazole 

fragments as shown in Table 4.

The ¹H NMR spectra of the symmetrical imidazolium salts (compounds 7, 13, 18, 22 and 25) 

exhibited two characteristic signals for the imidazolium ring protons. The peaks assigned to 

H2 (here and later refer to Table 4 for atom numbering scheme) appear between 9.04 – 9.29 

ppm as singlets (for compounds 7, 13,18 and 22) and as an apparent triplet in compound 25. 

The peaks assigned to  H3  appear  between 7.67 – 8.05 ppm as apparent  doublets  (for 

compounds 13,18, 22 and 27) and as a singlet for compound 7. The remaining signals were 

attributed to the alkyl substituents.

The ¹H NMR spectra of the unsymmetrical  imidazolium salts exhibited a similar trend to 

compounds  1–6,  with  three  distinct  signals  for  the  imidazolium ring  protons.  The  most 

deshielded signal was H2, followed by the backbone proton adjacent to the nitrogen with the 

larger substituent  H5;  the least de-shielded signal corresponded to the backbone proton 

adjacent to the nitrogen with the smaller substituent H4.

When the two N-alkyl  substituents  on each unsymmetrical  salt  differed significantly  e.g. 

methyl/  butyl  and ethyl/  iso-propyl,  the peaks for the ring protons appeared as apparent 

triplets. When pairing similarly sized alkyl groups (e.g., ethyl/propyl and butyl), the peaks for 

the ring protons appeared as singlets or poorly resolved triplets. Furthermore, the peaks for 

H4 and H5 overlapped due to the chemical shifts being closer together. Overlapping of the 

N-alkyl peaks was also observed for the same reason.

The ¹³C NMR spectra of compounds 7–26 were consistent with their structures, with clear 

differences between symmetrical and unsymmetrical salts. The symmetrical salts showed 

two signals in the 120–140 ppm range,  assigned to  C2  (most  deshielded) and  C3.  The 

unsymmetrical salts displayed three signals in the same region, which were assigned to C2, 

C4, and C5, with C2 again being the most deshielded. This followed the trend seen in the 13C 

NMR data for compounds 1-6 where C4 (backbone carbon atom adjacent to the N atom with 

the smaller substituent) was more desheilded. The remaining peaks were attributed to the 

alkyl substituents.

See Table 5 for a summary of 1H and 13C NMR data obtained for compounds 7-27.
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Table 5: Summary of 1H and 13C NMR data for compounds 7-27

Compound

& Structure

C{2}-H Backbone

C{4}H=C{5}H

R Group R’ Group

[7] Me2ImI 1H: 9.04 {s, H2}
13C: 136.99 {C2}

1H: 7.68 {s, H3}
13C: 123.43 {C3}

CH  3      

1H: 3.84 {s, H4}
13C: 35.74 {C4}

CH  3      

1H: 3.84 {s, H4}
13C: 35.74 {C4}

[8] MeEtImI 1H: 9.13 {s, H2}
13C: 136.21 {C2}

1H: 7.79 {app. t, 

J  =  1.8Hz,  H5} 
13C: 121.97 {C5}
1H: 7.70 {app. t, 

J  =  1.8Hz,  H4} 
13C: 123.56 {C4}

CH  3      

1H: 3.84 {s, H6}
13C: 35.76 {C6}

CH  2  CH  3      

1H: 4.19 {q, 3J =

7.3Hz, H7},

1.42 {t, 3J = 7.3Hz,

H8}
13C: 44.13 {C7}, 15.14

{C8}

[9] MePrImI 1H: 9.14

{app.t, J = 2.0Hz,

H2}
13C: 136.46 {C2}

1H: 7.79 {app. t, 

J  =  1.8Hz,  H5} 
13C: 122.23 {C5}
1H: 7.72 {app. t, 

J  =  1.8Hz,  H4} 
13C: 123.58 {C4}

CH  3      

1H: 3.86 {s, H6}
13C: 35.83 {C6}

CH  2  CH  2  CH  3      

1H: 4.13 {t, 3J = 7.2Hz,

H7}, 1.80 {app. sext,
3J = 7.4Hz, H8}, 0.84

{t, 3J = 7.4Hz, H9}
13C: 50.23 {C7}, 22.83

{C8}, 10.42 {C9}

[10] MeBuImI 1H: 9.16

{app. t, J = 1.8Hz,

H2}
13C: 136.42 {C2}

1H: 7.80 {app. t, 

J  =  1.8Hz,  H5} 
13C: 121.21 {C5}
1H: 7.72 {app. t, 

J  =  1.8Hz,  H4} 
13C: 123.53 {C4}

CH  3      

1H: 3.85 {s, H6}
13C: 35.84 {C6}

CH  2  CH  2  CH  2  CH  3      

1H: 4.17 {t, 3J = 7.2Hz,

H7}, 1.76 {t, 3J =

7.3Hz, H8}, 1.25 {app. 

sext, 3J = 7.3Hz, H9},

0.88 {t, 3J = 7.4Hz,

H10}
13C: 48.45 {C9}, 31.30

{C10}, 18.71 {C11},

13.26 {C12}

[11] iPrMeImI 1H: 9.19

{app. t, J = 1.8Hz,

H2}
13C: 135.33 {C2}

1H: 7.88 {app. t, 

J  =  1.8Hz,  H5} 
13C: 120.46 {C5}
1H: 7.72 {app. t, 

J  =  1.8Hz,  H4} 
13C: 123.68 {C4}

CH  3      

1H: 3.84 {s, H6}
13C: 35.77 {C6}

CH(CH  3  )  2      
1H: 4.62 {sept, 3J =

6.7Hz, H6}, 1.46 {d, 3J

= 6.6Hz, H7}
13C: 52.12 {C6}, 22.36

{C7}

[12] tBuMeImI 1H: 9.23

{app. t, J = 2.0Hz,

H2}
13C: 135.01 {C2}

1H: 7.79 {app. t, 

J  =  2.0Hz,  H5} 
13C: 120.07 {C5}
1H: 7.75 {app. t, 

J  =  2.0Hz,  H4} 
13C: 123.76 {C4}

CH  3      

1H: 3.84 {s, H6}
13C: 35.75 {C6}

C(CH  3  )  3      
1H: 1.57 {s, H7}

13C: 59.32 {C6}, 29.02

{C7}

[13] Et2ImI 1H: 9.20 {s, H2}
13C: 135.39 {C2}

1H: 7.81 {app. d, 

J = 1.6Hz, H3} 
13C: 122.11 {C3}

CH  2  CH  3      

1H: 4.19 {q, 3J =

7.1Hz, H4},

1.42 {t, 3J = 7.3Hz, H5}
13C: 44.19 {C4}, 15.06

CH  2  CH  3      

1H: 3.84 {q, 3J =

7.1Hz, H4},

1.42 {t, 3J = 7.3Hz,

H5}

{C5} 13C: 44.19 {C4}, 15.06
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{C5}

[14] EtPrImI 1H: 9.24 {s, H2}
13C: 135.63 {C2}

1H: 7.83 {s, H5}
13C: 122.12 {C5}
1H: 7.81 {s, H4}

13C: 122.37 {C4}

CH  2  CH  3      

1H: 4.20 {q, 3J =

7.3Hz, H6},

1.42 {t, 3J = 7.3Hz, H7}
13C: 44.21 {C6}, 15.03

{C7}

CH  2  CH  2  CH  3      

1H: 4.13 {t, 3J = 7.1Hz,

H8}, 1.81 {app. sext,
3J = 7.3Hz, H9}, 0.85

{t, 3J = 7.3Hz, H10}
13C: 50.29 {C8}, 22.78

{C9}, 10.44 {C10}

[15] EtBuImI 1H: 9.22 {s, H2}
13C: 135.64 {C2}

1H: 7.82 {s, H5}
13C: 122.13 {C5}
1H: 7.80 {s, H4}

13C: 122.40 {C4}

CH  2  CH  3      

1H: 4.18 {m, H6},

1.42 {t, 3J = 7.3Hz, H7}
13C: 48.56 {C6}, 15.03

{C7}

CH  2  CH  2  CH  2  CH  3      

1H: 4.18 {m, H8}, 1.77

{quin, 3J = 7.3Hz, H9},

1.26 {app. sext, 3J = 

7.4Hz, H10}, 0.90 {t,
3J = 7.4Hz, H11}

13C: 48.56 {C8}, 31.29

{C9}, 18.80 {C10},

13.29 {C11}

[16] iPrEtImI 1H: 9.25 {s, H2}
13C: 134.48 {C2}

1H: 7.91 {app. t, 

J  =  1.9Hz,  H5} 
13C: 120.59 {C5}
1H: 7.83 {app. t, 

J  =  1.9Hz,  H4} 
13C: 122.20 {C4}

CH  2  CH  3      

1H: 4.18 {q, 3J =

7.3Hz, H8},

1.43 {t, 3J = 7.3Hz, H9}
13C: 44.23 {C8}, 15.00

{C9}

CH(CH  3  )  2      
1H: 4.62 {sept, 3J =

6.7Hz, H6}, 1.47 {d, 3J

= 6.7Hz, H7}
13C: 52.19 {C6}, 22.34

{C7}

[17] tBuEtImI 1H: 9.25

{app. t, J = 1.7Hz,

H2}
13C: 134.14 {C2}

1H: 8.02 {app. t, 

J  =  2.0Hz,  H5} 
13C: 120.27 {C5}
1H: 7.87 {app. t, 

J  =  1.9Hz,  H4} 
13C: 122.24 {C4}

CH  2  CH  3      

1H: 4.18 {q, 3J =

7.3Hz, H8},

1.44 {t, 3J = 7.3Hz, H9}
13C: 44.24 {C8}, 15.09

{C9}

C(CH  3  )  3      
1H: 1.58 {s, H7}

13C: 59.37 {C6}, 29.02

{C7}

[18] Pr2ImI 1H: 9.22 {s, H2}
13C: 135.95 {C2}

1H: 7.82 {app. d, 

J = 1.7Hz, H3} 
13C: 122.47 {C3}

CH  2  CH  2  CH  3      

1H: 4.14 {t, 3J = 7.1Hz,

H4}, 1.81 {app.sext, 3J

= 7.3Hz, H5}, 0.84 {t,
3J = 7.3Hz, H6}

13C: 50.33 {C4}, 22.76

{C5}, 10.41 {C6}

CH  2  CH  2  CH  3      

1H: 4.14 {t, 3J = 7.1Hz,

H4}, 1.81 {app.sext,
3J = 7.3Hz, H5}, 0.84

{t, 3J = 7.3Hz, H6}
13C: 50.33 {C4}, 22.76

{C5}, 10.41 {C6}

[19] PrBuImI 1H: 9.23 {s, H2}
13C: 135.93 {C2}

1H: 7.82 {m,

H5/H4}
13C: 122.46

{C5/C4}, 122.45

{C5/C4}

CH  2  CH  2  CH  3      

1H: 4.18 {t, 3J = 7.2Hz,

H6}, 1.80 {m, H7},

0.84 {t, 3J = 7.3Hz, H9}
13C: 50.33 {C6}, 22.76

{C7}, 10.41 {C8}

CH  2  CH  2  CH  2  CH  3      

1H: 4.18 {t, 3J = 7.2Hz,

H9}, 1.80 {m, H10},

1.25 {app. sext, 3J = 

7.4Hz, H11}, 0.89 {t,
3J = 7.4Hz, H12}

13C: 48.57 {C9}, 31.26

{C10}, 18.77 {C11},

13.28 {C12}

[20] iPrPrImI 1H: 9.29

{app. t, J = 1.7Hz,

H2}

1H: 7.93 {app. t, 

J = 1.9Hz, H5}

CH  2  CH  2  CH  3      

1H: 4.12 {t, 3J = 7.2Hz,

H9}, 1.82 {app. sext, 3J

CH(CH  3  )  2      
1H: 4.63 {sept, 3J =

6.7Hz, H6}, 1.48 {d, 3J
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13C: 134.75 {C2} 13C: 120.63 {C5}
1H: 7.83 {app. t, 

J  =  1.8Hz,  H4} 
13C: 122.51 {C4}

= 7.4Hz, H10}, 0.85 {t,
3J = 7.4Hz, H11}

13C: 50.35 {C9}, 22.75

{C10}, 10.46 {C11}

= 6.7Hz, H7}
13C: 52.19 {C6}, 22.33

{C7}

[21] tBuPrImI 1H: 9.28

{app.t, J = 1.7Hz,

H2}
13C: 134.40 {C2}

1H: 8.03 {app. t, 

J  =  2.0Hz,  H5} 
13C: 120.30 {C5}
1H: 7.86 {app. t, 

J  =  1.9Hz,  H4} 
13C: 122.59 {C4}

CH  2  CH  2  CH  3      

1H: 4.11 {t, 3J = 7.2Hz,

H9}, 1.83 {app. sext, 3J

= 7.4Hz, H10}, 0.86 {t,
3J = 7.4Hz, H11}

13C: 50.38 {C9}, 22.81

{C10}, 10.51 {C11}

C(CH  3  )  3      
1H: 1.58 {s, H7}

13C: 59.42 {C6}, 29.02

{C7}

[22] Bu2ImI 1H: 9.26 {s, H2}
13C: 135.90 {C2}

1H: 7.82 {app. d, 

J = 1.6Hz, H3} 
13C: 122.43 {C3}

CH  2  CH  2  CH  2  CH  3   

1H: 4.17 {t, 3J = 7.2Hz, 

H4}, 1.77 {quin, 3J = 

7.3Hz, H5}, 1.24 {app. 

sext, 3J = 7.4Hz, H6},

0.89 {t, 3J = 7.4Hz, H7}
13C: 48.56 {C4}, 31.24

{C5}, 18.76 {C6},

13.26 {C7}

CH  2  CH  2  CH  2  CH  3   

1H: 4.17 {t, 3J = 7.2Hz, 

H4}, 1.77 {quin, 3J = 

7.3Hz, H5}, 1.24 {app. 

sext, 3J = 7.4Hz, H6},

0.89 {t, 3J = 7.4Hz,

H7}
13C: 48.56 {C4}, 31.24

{C5}, 18.76 {C6},

13.26 {C7}

[23] iPrBuImI 1H: 9.28 {s, H2}
13C: 134.73 {C2}

1H: 7.92 {app. t, 

J  =  1.8Hz,  H5} 
13C: 120.63 {C5}
1H: 7.83 {app. t, 

J  =  1.8Hz,  H4} 
13C: 122.52 {C4}

CH  2  CH  2  CH  2  CH  3   

1H: 4.15 {t, 3J = 7.3Hz, 

H8}, 1.78 {quin, 3J = 

7.3Hz, H9}, 1.26 {app. 

sext, 3J = 7.4Hz, H10},

0.90 {t, 3J = 7.3Hz,

H11}
13C: 48.62 {C8}, 31.27

{C9}, 18.85 {C10},

13.31 {C11}

CH(CH  3  )  2      
1H: 4.62 {sept, 3J =

6.7Hz, H6}, 1.48 {d, 3J

= 6.7Hz, H7}
13C: 52.20 {C6}, 22.33

{C7}

[24] tBuBuImI 1H: 9.29

{app.t, J = 1.8Hz,

H2}
13C: 134.37 {C2}

1H: 8.03 {app. t, 

J  =  2.0Hz,  H5} 
13C: 120.29 {C5}
1H: 7.87 {app. t, 

J  =  1.8Hz,  H4} 
13C: 122.57 {C4}

CH  2  CH  2  CH  2  CH  3   

1H: 4.15 {t, 3J = 7.3Hz, 

H8}, 1.80 {quin, 3J = 

7.5Hz, H9}, 1.27 {app. 

sext, 3J = 7.3Hz, H10},

0.90 {t, 3J = 7.4Hz,

H11}
13C: 48.65 {C8}, 31.33

{C9}, 18.90 {C10},

13.34 {C11}

C(CH  3  )  3      
1H: 1.58 {s, H7}

13C: 59.42 {C6}, 29.02

{C7}

[25] iPr2ImI 1H: 9.29

{app.t, J = 1.7Hz,

H2}
13C: 133.55 {C2}

1H: 7.82 {app. d, 

J = 1.7Hz, H3} 
13C: 120.66 {C3}

CH(CH  3  )  2      
1H: 4.62 {sept, 3J =

6.7Hz, H4}, 1.48 {d, 3J

= 6.7Hz, H5}
13C: 55.25 {C4}, 22.35

{C5}

CH(CH  3  )  2      
1H: 4.62 {sept, 3J =

6.7Hz, H4}, 1.48 {d, 3J

= 6.7Hz, H5}
13C: 55.25 {C4}, 22.35

{C5}

[26] tBuiPrImI 1H: 9.23

{app.t, J = 1.7Hz,

1H: 8.05 {app. t, 

J = 2.0Hz, H5}

CH(CH  3  )  2      
1H: 4.63 {sept, 3J =

C(CH  3  )  3      
1H: 1.59 {s, H7}
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H2}
13C: 133.13 {C2}

13C: 120.46 {C5}
1H: 7.98 {app. t, 

J  =  1.9Hz,  H4} 
13C: 120.51 {C4}

6.7Hz, H8}, 1.48 {d, 3J

= 6.7Hz, H9}
13C: 55.32 {C8}, 22.37

{C9}

13C: 59.44 {C6}, 29.05

{C7}

[27] tBu2ImI 1H: 9.01

{app.t, J = 1.8Hz,

H2}
13C: 132.23 {C2}

1H: 7.94 {app. d, 

J = 1.7Hz, H3} 
13C: 120.66 {C3}

C(CH  3  )  3      
1H: 1.60 {s, H5}

13C: 59.69 {C4}, 29.14

{C5}

C(CH  3  )  3      
1H: 1.60 {s, H5}

13C: 59.69 {C4}, 29.14

{C5}
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5.2.2 1,3-Di-tert-butylimidazolium Iodide Synthesis

Scheme 19: General synthesis of 1, 3-di-tert-butyl-imidazolium iodide.

Scheme 19 shows the preparation of 1,3-di-tert-butylimidazolium iodide. A mixture of  tert-

butylamine and hydriodic acid was gradually added to 40% aq. glyoxal, followed by gradual 

addition of 37% aq. formaldehyde in a 2:1:1:1 molar ratio in methanol. The reaction mixture 

was then heated to reflux for  12 hours.  Following the removal  of  the solvent,  the crude 

product was washed with ethyl acetate and then dried under vacuum to give the desired 

product as a cream solid in moderate yield (54.8%).

The mass spectrum of compound 27 showed the expected molecular ion peak at m/z = 181. 

Fragmentation peaks were observed at m/z = 125, 69, and 57, corresponding to the 1-tert-

butylimidazolium ([M+H]+) ion, the imidazole (+H) ion, and the tert-butyl ion, respectively.

See Table 4 (page 93) for a summary of MS data obtained for compound 27.

The ¹H NMR spectrum of compound 27 displayed an apparent triplet at 9.01 ppm (1H) for 

the central proton H2 and an apparent doublet at 8.06 ppm (2H) for the backbone protons 

H3. A singlet at 1.65 ppm (18H) was assigned to the methyl groups of the two  tert-butyl 

substituents H5.

The ¹³C NMR spectrum was consistent with the structure of a symmetrical imidazolium salt. 

Two signals for the ring carbon atoms were observed at 132.23 ppm C2 and 120.53 ppm C3. 

The remaining peaks were attributed to the quaternary carbon C4 and the methyl groups of 

the tert-butyl substituents C5.

See Table 5 (page 95) for a summary of 1H and 13C NMR data obtained for compound 27.



100

5.2.3 Overview of R,R’-Imidazolium Iodide Salt Syntheses

Compounds 7, 8, 9, 10, 11, 12, 13, 14, 15, 18, 19, 20, 22, 23 and 25 all previously described 

and characterised in literature.86-94

The  synthesis  of  most  of  the  imidazolium  salts  was  performed  without  significant 

complications, confirming the general applicability and efficacy of the developed method. 

However, synthesis of the tert-butyl salts required some modification.

Synthesis of imidazolium salts containing  tert-butyl functionalities was originally attempted 

using 2-iodo-2-methylpropane and the corresponding 1-alkylimidazole (Scheme 4), however 

almost no success was achieved. Only trace amounts of  compound  12  (starting from 1-

methylimidazole)  were  obtained,  with  none of  the  other  products  (staring  from other  N-

alkylimidazoles) being isolated. Similar to the original attempts to synthesize compound  6 

upon  addition  of  2-iodo-2-methylpropane  and  heating,  evolution  of  white  vapours  was 

observed.

Multiple  repeat  attempts  were  made  with  various  modifications  to  improve  yields.  The 

modifications  made  to  the  original  methodology  included  dropwise  addition  of  2-iodo-2-

methylpropane to the reaction mixture, dropwise addition of 1-alkylimidazole to a solution of 

2-iodo-2-methylpropane, usage of different solvents (ethanol / propan-2-ol / toluene / ethyl 

acetate / acetonitrile / THF / DCM and chloroform), conduction the reaction at reflux / room 

temperature and at 0°C.

Unfortunately,  no modifications made gave any quantifiable improvement  to  the yield  of 

compounds 12, 17, 21, 24, 26 and 27.

What remained after work-up of the reaction mixture for all attempts was a viscous brown oil. 

Analysis of these brown oils by 1H NMR and LC-MS indicated the hydriodic acid salt of the 

corresponding 1-alkylimidazole used as a starting material. Addition of a base (saturated 

sodium  carbonate  solution  used  in  this  instance)  to  these  brown  oils  caused  vigorous 

evolution  of  gas  (neutralization  of  the  acid)  and  led  to  reforming  the  free-base  1-

alkylimidazoles.

Like the initial synthesis attempts of compound  6  the significant steric hinderance present 

prevents the nucleophilic  attack of  the quaternary carbon atom favouring the elimination 

pathway (see section 5.1.3). Additional steric hinderance may come from the increasing size 

of the N-alkyl groups of the 1-alkylimidsazoles used. Therefore, it was necessary to use the 

1-tert-butylimidazole previously produced as the initial building block for production of the 

desired imidazolium salts with the corresponding iodoalkane.

See Figure 7 for NMR data comparison of initial (A) and final (B) synthesis of compound 17.
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Figure 7: Comparison of 1H NMR spectra of initial 1-ethyl-3-tert-butylimidazolium iodide synthesis (A) and the final 
synthesis (B).

Successful production of compound 27 required use of the ring closure methodology where 

2 equivalents of tert-butylamine and 1 equivalent of hydriodic acid was reacted with glyoxal 

followed by addition of formaldehyde and reflux. Following removal of solvent and washing 

with ethyl acetate compound 27 was isolated as a cream solid in moderate yield (54.8%).

The imidazolium ring protons and carbon atoms in the unsymmetrical salts were assigned 

based on the 1H and 13C NMR data, following the same pattern seen for compounds 1–6.

In the 1H NMR spectra for the unsymmetrical imidazolium salts, the signals were assigned in 

order of increasing deshielding where  H2  is the most deshielded followed by  H5  and  H4, 

where H5 is the backbone proton adjacent to the N atom with the largest alkyl group. These 

assignments were confirmed ¹H-¹H NOESY, with correlations seen between H5 and largest 

N- alkyl substituent.

The ring  protons generally  became more  deshielded with  increasing size  of  the  N-alkyl 

substituents as shown in Figures 8 and 9, with large regular increases in deshielding of H5 

when iso-propyl and tert-butyl groups were present as shown in Figure 9.
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Figure 8: Graph showing trend in 1H NMR assignments for central protons H5 for compounds 7-27.
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Figure 9: Graph showing trend in 1H NMR assignments for the backbone protons H5 and H4 for compounds 7-27.

In  13C NMR spectra, the carbon atoms were assigned with  C2 being the most deshielded, 

followed by C4 and C5. These assignments were supported by correlations in 1H-1H NOESY, 
1H-13C HSQC and 1H-13C HMBC NMR spectra.

As seen for compounds 1-6 in section 5.1.3, protons H5 and H4 were assigned in order of 

increasing deshielding, the opposite trend was observed for their corresponding carbons, 

with C4 being more deshielded than C5.
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Elemental analysis was obtained for compounds 7-27. All elemental analysis results were 

within 0.5% of the calculated values shown in Table 6.

Table 6: Elemental analysis results for compounds 7-27

Elemental 
Analysis

Carbon % Hydrogen % Nitrogen %

Me2ImI (7) Calculated

Observed

26.80

26.73

4.05

4.18

12.50

12.49

MeEtImI (8) Calculated

Observed

30.27

30.22

4.66

4.66

11.77

11.98

MePrImI (9) Calculated

Observed

33.35

33.38

5.20

5.21

11.11

11.24

MeBuImI (10) Calculated

Observed

36.11

36.27

5.68

5.83

10.53

10.21

iPrMeImI (11) Calculated

Observed

33.35

32.89

5.20

5.24

11.11

11.05

tBuMeImI (12) Calculated

Observed

36.11

36.28

5.68

5.76

10.53

10.21

Et2ImI (13) Calculated

Observed

33.35

33.42

5.20

5.20

11.11

11.22

EtPrImI (14) Calculated

Observed

36.11

36.28

5.68

5.80

10.53

10.21

EtBuImI (15) Calculated

Observed

38.59

38.58

6.12

6.11

10.00

9.74

iPrEtImI (16) Calculated

Observed

36.11

36.52

5.68

5.65

10.53

10.27

tBuEtImI (17) Calculated

Observed

38.59

38.58

6.12

6.14

10.00

9.73

Pr2ImI (18) Calculated

Observed

38.59

38.54

6.12

6.13

10.00

9.71

PrBuImI (19) Calculated

Observed

40.83

40.41

6.51

6.46

9.52

9.17

iPrPrImI (20) Calculated

Observed

38.59

38.61

6.12

6.29

10.00

9.69

tBuPrImI (21) Calculated

Observed

40.83

40.35

6.51

6.46

9.52

9.07

Bu2ImI (22) Calculated

Observed

42.87

42.96

6.87

6.87

9.09

9.07

iPrBuImI (23) Calculated 40.83 6.51 9.52
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Observed 40.38 6.49 9.72

tBuBuImI (24) Calculated

Observed

42.87

43.07

6.87

6.89

9.09

9.03

iPr2ImI (25) Calculated

Observed

38.59

38.71

6.12

6.21

10.00

9.67

tBuiPrImI (26) Calculated

Observed

40.83

40.67

6.51

6.45

9.52

9.22

tBu2ImI (27) Calculated

Observed

42.87

42.94

6.87

6.90

9.09

9.29

5.2.4 R,R’-Imidazolium Iodide Salt Synthesis Conclusion

In summary, a large library of R,R'-imidazolium iodide salts were successfully produced in 

good to excellent yields (68.8–97.2%) via alkylation of the corresponding 1-alkylimidazoles 

with compounds 7, 8, 9, 10, 11, 12, 13, 14, 15, 18, 19, 20, 22, 23 and 25 corresponding with 

known  data.86-94 1,3-Di-tert-butylimidazolium  iodide  (27)  was  synthesized  via  a  Debus-

Radziszewski  multi-component  reaction  in  a  moderate  54.8%  yield  due  to  the  same 

elimination side reaction seen previously (see section 5.1.3) being present preventing direct 

quaternarization.

NMR characterization revealed a consistent trend for  the unsymmetrical  salts where the 

backbone proton  H5  adjacent  to  the larger  N-alkyl  group was more deshielded than its 

counterpart  H4. Furthermore, the ring protons became progressively more deshielded with 

increasing  size  of  the  N-alkyl  groups,  mirroring  the  trend  seen  in  the  precursor  1-

alkylimidazoles (Section 5.1.3).
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5.3.1 Potassium Tetracarbonyl Iron Hydride Synthesis K[HFe(CO)4]

Synthesis of K[HFe(CO)4] was adapted from previous literature where the compound was 

generated in situ for use in further reactions and no attempts were made to isolate it from the 

crude reaction mixtures obtained.70,71 Therefore, the synthesis methodology was adapted in 

an attempt to isolate K[HFe(CO)4] and obtain additional spectroscopic data.

Scheme 20: General synthesis of potassium tetracarbonyl iron hydride.

Scheme 20 shows the preparation of  potassium tetracarbonyl  iron hydride K[HFe(CO)4]. 

Under  the  atmosphere  of  dry,  oxygen  free  argon,  iron  pentacarbonyl  was  reacted  with 

commercial potassium hydroxide (90% purity, from Sigma-Aldrich) in a 1:1 molar ratio in dry, 

degassed methanol with constant stirring at room temperature for 12 hours. Following the 

removal of solvent and extraction of the crude product using dry, degassed acetonitrile, the 

acetonitrile extract was filtered  via  filter cannula and the solvent was then removed under 

vacuum to give the desired product as a red / maroon solid in moderate yield (51.4%).

Mass spectra of K[HFe(CO)4] revealed the expected peak corresponding to the molecular 

ion [HFe(CO)4]-, m/z = 169, in the negative mode. Additional peaks at m/z = 393, 401, 421 

and  449  were  also  observed  that  may  indicate  the  presence  of  polynuclear  hydrides. 

Plausible  fragments  represented  by  these  peaks  include  [HFe2(CO)10]-,  [HFe3(CO)8]-, 

[HFe3(CO)9]- and [HFe3(CO)10]- respectively, however alternative fragments may be possible.

The 1H NMR spectra of as-synthesised samples of K[HFe(CO)4] revealed 3 peaks at -7.61,

-8.98, -15.01 ppm which have an integration ratio of 0.02 : 1 : 0.02 respectively where the 

peak  at  -8.98  ppm corresponds  to  the  hydride  proton  present  in  [HFe(CO)4]-.  Like  the 

additional  peaks observed in the mass spectra obtained, the -7.61 and -15.01 ppm peaks 

may correspond to polynuclear iron carbonyl hydrides formed with the peak at -7.61 possibly 

corresponding to an impurity or another hydride and the -15.01 ppm peak corresponding to 

the tri-iron hydride ([HFe3(CO)11]-).70,71

The  13C  NMR  spectra  of  K[HFe(CO)4]  revealed  2  peaks  at  210.15  and  219.95  ppm 

correspond with the axial and equatorial carbonyl ligands present. It is unknown which peak
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corresponds  to  which  position.  Further  13C NMR data  for  polynuclear  hydrides  has  been 

previously documented where the peak(s) observed are related to the temperature. At room 

temperature  for  both  [HFe2(CO)8]-  and  [HFe3(CO)11]-  only  one  peak  is  observed  for  the 

bridging  and  terminal  carbonyl  ligands  indicating  rapid  exchange  of  the  carbonyl 

environments.71,71,76 Only  after  being  cooled  below  -70°C  were  additional  peaks  observed 

upfield of the approx. 220 ppm peak seen in the spectrum at room temperature.70

5.3.2 Overview of K[HFe(CO)4] Synthesis

The synthesis of K[HFe(CO)4]was initially performed by reacting Fe(CO)5 and KOH in dry/ 

degassed methanol for 24 hours. The resultant red/ maroon suspension was filtered leaving 

a pale-pink solid behind (likely potassium hydrogen carbonate/ KHCO3). The solvent was 

removed under vacuum from the filtered solution to give a red/ brown oily solid. Even after 

storage in the glovebox freezer at -34°C for 18 hours it was still impossible to manipulate the 

solid as it was extremely sticky.

Due to the solid by-product, thought to be the result of contamination of the commercial KOH 

used (90%, Sigma-Aldrich), a further synthesis was attempted by first producing KOH in situ 

under anhydrous, CO2-free conditions.

In a glovebox, remelted potassium metal was pressed against the side of a round bottom 

Schlenk flask, which was then taken out of the glovebox, attached to the Schlenk line and 

cooled in an ice bath. Dry, degassed methanol was then added dropwise via cannula with 

constant stirring whilst avoiding direct contact between the solvent and metal. The potassium 

was  then  allowed  to  react  with  the  methanol  vapours.  Slow  addition  of  methanol  was 

repeated until all the potassium had reacted. Degassed water (1 equiv.) was then added. 

Assuming the production of KOH was quantitative, Fe(CO)5 (1 equiv.) was added and left to 

stir for 24 hours. After 24 hours a dark red/ purple suspension with a small amount of solid 

was observed.

KOH  was  synthesized  via  potassium  methoxide  hydrolysis  to  avoid  the  dangerously 

exothermic direct reaction of potassium metal with water. This route provided greater control.

A sample of the reaction mixture was taken and a 1H NMR spectrum was obtained to confirm 

if the reaction was successful when comparing against previously recorded 1H NMR spectra 

(using a d6-DMSO capillary for lock) for which this sample agreed with. Following removal of 

solvent under vacuum and extraction using acetonitrile, the reaction yielded 0.351g (64.4%) 

of a red solid that was easily manipulated.
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Comparing the first synthesis (51.4% yield) to the modified route (64.4% yield) shows only a 

13% yield increase, despite the in situ generation of pure KOH. Furthermore, a small amount 

of solid remained after work-up, indicating that contaminated commercial KOH was not the 

sole factor in its formation. This solid is likely to be KHCO₃, formed from the reaction of KOH 

with CO₂ generated during the synthesis shown in Scheme 21 below. Therefore, an excess 

of KOH is likely required to maximize yields in future attempts.

Scheme 21: Plausible reaction mechanism leading to the formation of [HFe(CO)4]- and CO2.

The  ¹H  and  ¹³C  NMR  spectra  of  K[HFe(CO)₄]  were  then  acquired  in  acetonitrile  for 

comparison with the methanol spectra and notable differences were observed.

The ¹H NMR spectrum in acetonitrile displayed only two hydride signals (int ratio 1 : 0.02), 

compared to three in methanol (int ratio 0.02 : 1 : 0.02) shown in Figure 10. The absence of 

the most deshielded peak (approximately 7.4 ppm) suggests that a possible polynuclear iron 

hydride species may have been left behind during the extraction, decomposed, or converted 

into the desired product.

The ¹³C NMR spectrum in acetonitrile showed only a single carbonyl peak. This contrasts 

with the 13C NMR spectrum recorded in methanol, where separate signals for the axial and 

equatorial carbonyl ligands were observed shown in Figure 11. The single peak observed in 

acetonitrile  solution  possibly  indicates  the  rapid  exchange  between  axial  and  equatorial 

carbonyl ligands as seen for other hydride species.69,78
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Figure 10: Comparison of 1H NMR data for MeOH (A) and MeCN (B) solutions of K[HFe(CO)4].

Figure 11: Comparison of 13C NMR data for MeOH (A) and MeCN (B) solutions of K[HFe(CO)4].
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The  ¹H  and  ¹³C  NMR  spectra  of  K[HFe(CO)₄]  were  then  acquired  in  acetonitrile  for 

comparison with the methanol spectra and notable differences were observed.

The ¹H NMR spectrum in acetonitrile displayed only two hydride signals (int ratio 1 : 0.02), 

compared to three in methanol (0.02 : 1 : 0.05). The absence of the most deshielded peak 

(approximately 7.4 ppm) suggests that polynuclear iron hydride species may have been left 

behind during the extraction, decomposed, or converted into the desired product.

The ¹³C NMR spectrum in acetonitrile showed only a single carbonyl peak. This contrasts 

with the 13C NMR spectrum recorded in methanol, where separate signals for the axial and 

equatorial carbonyl ligands were observed. The single peak observed in acetonitrile solution 

possibly indicates the rapid exchange between axial and equatorial carbonyl ligands similar 

to that seen for the larger polynuclear hydrides.

Elemental analysis was performed on the solid product.

Elemental analysis: Carbon % Hydrogen % Nitrogen %

Calculated for K[HFe(CO)₄] 23.08 0.48 0

Calculated for K[HFe(CO)₄] x 0.5 MeCN 26.28 1.10 3.06

Observed 26.41 0.96 3.48

The elemental analysis results showed nitrogen was present in the sample tested, alongside 

additional amounts of carbon and hydrogen. This indicated that there was acetonitrile still 

present with an approximate ratio of 1 K[HFe(CO)₄]: 0.5 acetonitrile.

For the first time, a stable solid, free flowing sample of K[HFe(CO)₄] has been isolated, as 

confirmed by elemental analysis. Previous literature reports only describe this compound in 

solution.70,71 The solid remained stable for at least six months when stored in a glovebox 

freezer, indicating that it is highly stable at low temperatures.



110

5.3.3 K[HFe(CO)4] Synthesis Conclusion

In  summary,  a successful  method was developed for  the isolation of  K[HFe(CO)₄]  as a 

stable,  free-flowing  red  solid  allowing  for  additional  characterization  beyond  what  was 

previously reported 70,71 with elemental analysis confirming the solid's composition, albeit with 

some retained acetonitrile. Moderate yields were achieved by both methods attempted (51.4

-  64.4%) which also indicated that  KHCO₃  formation is  an inherent  side reaction of  the 

synthesis.

Comprehensive  characterization,  including  MS  and  NMR  spectroscopy,  confirmed  the 

identity of the product but also revealed its sensitivity to solvent. The NMR spectra obtained 

in  different  solvents  showed  distinct  behaviour:  in  acetonitrile,  a  single  ¹³C  NMR  peak 

suggested rapid carbonyl ligand exchange, while in methanol, separate signals seemingly 

for the axial and equatorial carbonyls were observed.
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5.4.1 Fe-NHC Complex Synthesis

The synthesis of iron carbonyl NHC complexes was first performed by Ofele et al. using 

K[HFe(CO)₄]  and  1,3-dimethylimidazolium  iodide.37 Although  other  methods  employing 

Fe₃(CO)₁₂ or Fe(CO)₅ have been successful,46,47 the K[HFe(CO)₄] route has not been further 

explored. Therefore,  Ofele's methodology was adapted to attempt the synthesis of novel 

complexes with different imidazolium ligands.

Scheme 22: Synthesis of Fe-NHC complexes. R = CH3, C2H5, C3H7, C4H9.

As shown in Scheme 22, all the desired Fe-NHC complexes except those synthesized using 

tert-butyl group containing ligands were successfully produced. A mixture of K[HFe(CO)4] 

and the appropriate ligand in a 1:2 molar ratio was heated without solvent to 120°C (at which 

temperature all  reaction mixtures were molten) under dynamic vacuum for 4 hours.  Dry, 

degassed toluene was then used to extract the products and after the removal of solvent the

desired products were isolated as yellow solids or orange oils in poor to moderate yields 

(17.6- 54.2%).

The solids obtained were purified via sublimation under vacuum onto a liquid nitrogen cooled 

cold finger.

The mass spectra and fragmentation patterns of the Fe-NHC complexes were influenced by 

the size and symmetry of the NHC ligand. Positive ion scans showed peaks corresponding 

to the free ligand.  Negative ion scans revealed fragments including m/z = 169 and 170 

(assigned to HFe(CO)₄⁻) and m/z = 194 (tentatively assigned to [HFe(CO)₄⁻ + Na]+/-), along 

with plausible iron-ligand fragments, complexes minus 1-3 CO ligands, complexes minus 

one  of  the  N-substituents  and  intact  complexes.  Among  the  complexes,  only  FeiPr₂ 
consistently  showed  a  significant  peak  for  the  intact  complex,  while  FeEt₂  consistently 

produced a prominent Fe + ligand fragment.

See Table 7 for a summary of MS data obtained for complexes synthesized.
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Table 7: Summary of MS fragments and their m/z values for the complexes produced.

Complexes Peaks (m/z)

Positive Mode Negative Mode

FeMe2 97 – [Me2Im + H]+

153 – [Fe + Me2Im]+

169 – [HFe(CO)4]-

FeMeEt 111 – [MeEtIm + H]+ 169 – [HFe(CO)4]-

FeMePr 125 – [MePrIm + H]+

181 – [Fe + MePrIm]+

169 – [HFe(CO)4]-

FeMeBu 139 – [MeBuIm + H]+ 169 – [HFe(CO)4]-

195 – [Fe + MeBuIm]-

277 – [FeMeBu – CO]-

291 – [FeMeBu – CH3]-

305 – [FeMeBu - H]-

FeiPrMe 125 – [iPrMeIm + H]+

293 – [FeiPrMe + H]+

169 – [HFe(CO)4]-

291 – [FeiPrMe – H]-

FeEt2 125 – [Et2Im + H]+

293 – [FeEt2 + H]+

180 – [Fe + Et2Im]-

291 – [FeEt2 – H]-

FeEtPr 139 – [EtPrIm + H]+ 169 – [HFe(CO)4]-

277 – [FeEtPr – CO]- or

277 – [FeEtPr – C2H5]-

FeEtBu 153 – [EtBuIm + H]+ 168 – [Fe(CO)4]-

FeiPrEt 139 – [iPrEtIm + H]+ 169 – [HFe(CO)4]-

277 – [FeiPrEt – C2H5]-

FePr2 153 – [Pr2Im + H]+ 319 – [FePr2 – H]-

FePrBu 167 – [PrBuIm + H]+ 169 – [HFe(CO)4]-

FeiPrPr 153 – [iPrPrIm + H]+ 277 – [FeiPrPr – C3H7]-

319 – [FeiPrPr – H]-

FeBu2 181 – [Bu2Im + H]+ 169 – [HFe(CO)4]-

FeiPrBu 167 – [iPrBuIm + H]+ 170 – {HFe(CO)4]-

277 – [FeiPrBu – C4H9]-

Or

277 – [FeiPrBu – 2 CO]-

FeiPr2 153 – [iPr2Im + H]+ 319 – [FeiPr2 - H]-
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Table 8: Summary of 1H and 13C NMR data for the complexes produced.

Complex Carbonyl Carbene Backbone R Group R’ Group

FeMe2 13C: 216.96 {C1} 13C: 181.31 {C2} 1H: 5.72 {s, H4}
13C: 123.20 {C4}

CH  3      

1H: 3.03 {s, H5}
13C: 39.13 {C5}

CH  3      

1H: 3.03 {s, H5}
13C: 39.13 {C5}

FeMeEt 13C: 217.34 {C1} 13C: 180.14 {C2} 1H: 5.90 {s, H5}
13C: 121.29 {C5}
1H: 5.82 {s, H4}

13C: 123.90 {C4}

CH  3      

1H: 3.07 {s, H6}
13C: 39.13 {C6}

CH  2  CH  3      

1H: 3.71 {q, 3J =

7.5Hz, H7},

0.88 {t, 3J =

6.8Hz, H8}
13C: 46.34 {C7},

15.58 {C8}

FeMePr 13C: 217.40 {C1} 13C: 180.51 {C2} 1H: 5.92 {d, J =

1.8Hz, H5}
13C: 121.87 {C5}
1H: 5.82 {d, J =

2.1Hz, H4}
13C: 123.52 {C4}

CH  3      

1H: 3.09 {s, H6}
13C: 39.11 {C6}

CH  2  CH  2  CH  3      

1H: 3.67 {t, 3J =

7.4Hz, H7}, 1.40

{app. sext, 3J = 

7.3Hz, H8}, 0.62

{t, 3J = 7.4Hz,

H9}
13C: 52.94 {C7},

23.89 {C8}, 10.70

{C9}

FeMeBu 13C: 217.44 {C1} 13C: 180.59 {C2} 1H: 5.95 {d, J =

2.1Hz, H5}
13C: 121.85 {C5}
1H: 5.84 {d, J =

1.8Hz, H4}
13C: 123.54 {C4}

CH  3      

1H: 3.09 {s, H6}
13C: 39.14 {C6}

CH  2  CH  2  CH  2  CH  3      

1H: 3.75 {t, 3J =

7.4Hz, H7}, 1.39

{quin, 3J = 7.7Hz,

H8}, 1.04 {app.

sext, 3J = 7.4Hz, 

H9}, 0.74 {t, 3J = 

7.3Hz, H10}
13C: 51.38 {C7},

32.64 {C8}, 19.84

{C9}, 13.76 {C10}

FeiPrMe 13C: 217.45 {C1} 13C: 179.39 {C2} 1H: 6.11 {d, J =

2.1Hz, H5}
13C: 117.81 {C5}
1H: 5.86 {d, J =

2.1Hz, H4}
13C: 124.61 {C4}

CH  3      

1H: 3.07 {s, H6}
13C: 39.23 {C6}

CH(CH  3  )  2      
1H: 5.19 {sept, 3J

= 6.7Hz, H7},

0.94 {d, 3J =

6.7Hz, H8}
13C: 52.70 {C7},

22.68 {C8}

FeEt2 13C: 217.99 {C1} 13C: 178.99 {C2} 1H: 6.06 {s, H4}
13C: 121.92 {C4}

CH  2  CH  3      

1H: 3.77 {q, 3J =

CH  2  CH  3      

1H: 3.77 {q, 3J =
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7.4Hz, H5},

0.88 {t, 3J = 7.3 

Hz, H6}
13C: 46.29 {C5},

15.57 {C6}

7.4Hz, H5},

0.88 {t, 3J = 7.3 

Hz, H6}
13C: 46.29 {C5},

15.57 {C6}

FeEtPr 13C: 218.10 {C1} 13C: 179.65 {C2} 1H: 6.00 {s, H4/5}
13C: 121.40 {C5},

122.52 {C4}

CH  2  CH  3      

1H: 3.70 {q, 3J =

7.3Hz, H6},

0.88 {t, 3J =

7.4Hz, H7}
13C: 46.31 {C6},

15.51 {C7}

CH  2  CH  2  CH  3      

1H: 3.70 {t, 3J =

7.3Hz, H8}, 1.41

{app. sext, 3J = 

7.6Hz, H9}, 0.63

{t, 3J = 7.4Hz,

H10}
13C: 52.88 {C8},

23.94 {C9}, 10.74

{C10}

FeEtBu 13C: 218.16 {C1} 13C: 179.60 {C2} 1H: 6.06 {d, J =

2.1Hz, H5}
13C: 121.47 {C5}
1H: 6.03 {d, J =

2.1Hz, H4}
13C: 122.50 {C4}

CH  2  CH  3      

1H: 3.77 {m, H6},

0.89 {t, 3J =

7.3Hz, H7}
13C: 46.33 {C6},

15.54 {C7}

CH  2  CH  2  CH  2  CH  3      

1H: 3.77 {m, H8},

1.40 {quin, 3J = 

7.7Hz, H9}, 1.06

{app. sext, 3J = 

7.4Hz, H10},

0.75 {t, 3J =

7.3Hz, H11}
13C: 51.31 {C8},

32.69 {C9}, 19.85

{C10}, 13.76

{C11}

FeiPrEt 13C: 218.04 {C1} 13C: 178.56 {C2} 1H: 6.17 {d, J =

2.1Hz, H5}
13C: 118.40 {C5}
1H: 6.00 {d, J =

2.1Hz, H4}
13C: 122.60 {C4}

CH  2  CH  3      

1H: 3.70 {q, 3J =

7.3Hz, H6},

0.91 {m, H7}
13C: 46.24 {C6},

15.75 {C7}

CH(CH  3  )  2      
1H: 5.26 {sept, 3J

= 6.7Hz, H8},

0.91 {m, H9}
13C: 52.65 {C8},

22.69 {C9}

FePr2 13C: 218.31 {C1} 13C: 179.92 {C2} 1H: 6.06 {s, H4}
13C: 122.18 {C4}

CH  2  CH  2  CH  3      

1H: 3.74 {t, 3J =

7.4Hz, H5}, 1.41

{app. sext, 3J = 

7.3Hz, H6}, 0.63

{t, 3J = 7.4Hz,

H7}
13C: 52.92 {C5},

23.87 {C6}, 10.77

{C7}

CH  2  CH  2  CH  3      

1H: 3.74 {t, 3J =

7.4Hz, H5}, 1.41

{app. sext, 3J = 

7.3Hz, H6}, 0.63

{t, 3J = 7.4Hz,

H7}
13C: 52.92 {C5},

23.87 {C6}, 10.77

{C7}
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FePrBu 13C: 218.35 {C1} 13C: 180.01 {C2} 1H: 6.08 {d, J =

1.8Hz, H5}
13C: 122.12{C5}
1H: 6.05 {d, J =

1.8Hz, H4}
13C: 122.19 {C4}

CH  2  CH  2  CH  3      

1H: 3.74 {t, 3J =

7.4Hz, H6}, 1.40

{m, H7}, 0.64 {t,
3J = 7.4Hz, H8}
13C: 52.93 {C6},

23.91 {C7}, 10.77

{C8}

CH  2  CH  2  CH  2  CH  3      

1H: 3.82 {t, 3J =

7.3Hz, H9}, 1.40

{m, H10}, 1.06

{app. sext, 3J = 

7.4Hz, H11}, 0.75

{t, 3J = 7.4Hz,

H12}
13C: 51.34 {C9},

32.64 {C10},

19.87 {C11},

13.77 {C12}

FeiPrPr 13C: 218.12 {C1} 13C: 178.82 {C2} 1H: 6.19 {d, J =

2.1Hz, H5}
13C: 118.18 {C5}
1H: 6.04 {d, J =

2.1Hz, H4}
13C: 123.39 {C4}

CH  2  CH  2  CH  3      

1H: 3.66 {t, 3J =

7.3Hz, H6}, 1.44

{app. sext, 3J = 

7.3Hz, H7}, 0.64

{t, 3J = 7.4Hz,

H8}
13C: 52.73 {C6},

24.11 {C7}, 10.69

{C8}

CH(CH  3  )  2      
1H: 5.30 {sept, 3J

= 6.8Hz, H9},

0.94 {d, 3J =

6.7Hz, H10}
13C: 52.73 {C9},

22.67 {C10}

FeBu2 13C: 218.42 {C1} 13C: 179.93 {C2} 1H: 6.10 {s, H4}
13C: 122.19 {C4}

CH  2  CH  2  CH  2  CH  3      

1H: 3.82 {t, 3J =

7.4Hz, H5}, 1.41

{quin, 3J = 7.7Hz,

H6}, 1.07 {app.

sext, 3J = 7.4Hz, 

H7}, 0.76 {t, 3J = 

7.3Hz, H8}
13C: 51.36 {C5},

32.67 {C6}, 19.87

{C7, 13.78 {C8}

CH  2  CH  2  CH  2  CH  3      

1H: 3.82 {t, 3J =

7.4Hz, H5}, 1.41

{quin, 3J = 7.7Hz,

H6}, 1.07 {app.

sext, 3J = 7.4Hz, 

H7}, 0.76 {t, 3J = 

7.3Hz, H8}
13C: 51.36 {C5},

32.67 {C6}, 19.87

{C7, 13.78 {C8}

FeiPrBu 13C: 218.18 {C1} 13C: 178.90 {C2} 1H: 6.21 {d, J =

2.1Hz, H5}
13C: 118.19 {C5}
1H: 6.08 {d, J =

CH  2  CH  2  CH  2  CH  3      

1H: 3.74 {t, 3J =

7.3Hz, H6}, 1.43

{quin, 3J = 7.9Hz,

CH(CH  3  )  2      
1H: 5.30 {sept, 3J

= 6.8Hz, H10},

0.94 {d, 3J =
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2.1Hz, H4}
13C: 12{C4}

H7}, 1.07 {app.

sext, 3J = 7.4Hz, 

H8}, 0.74 {t, 3J = 

7.4Hz, H9}
13C: 51.26 {C6},

32.84 {C7}, 19.82

{C8}, 13.77 {C9}

7.0Hz, H11}
13C: 52.73 {C10},

22.69 {C11}

FeiPr2 13C: 218.42 {C1} 13C: 178.37 {C2} 1H: 6.32 {s, H4}
13C: 119.03 {C4}

1H: 5.25 {sept, 3J

= 6.7Hz, H5},

0.93 {d, 3J =

6.7Hz, H6}
13C: 52.46 {C5},

22.74 {C6}

1H: 5.25 {sept, 3J

= 6.7Hz, H5},

0.93 {d, 3J =

6.7Hz, H6}
13C: 52.46 {C5},

22.74 {C6}

The ¹H NMR spectra (in dry, degassed C6D6) of the Fe-NHC complexes resembled those of 

their parent ligands, with one difference: the signal for the central imidazolium proton was 

absent. Only signals from the backbone protons and N-substituents were observed though 

not as deshielded as the parent ligand however this could be due to the Fe-carbene bond or 

the use of a different deuterated solvent.

The ¹³C NMR spectra (in dry, degassed C6D6) of the Fe-NHC complexes resembled those of 

their  parent  ligands  but  featured  two  key  new  signals:  one  between  178–182  ppm, 

corresponding to the carbene carbon, and another between 215–220 ppm, assigned to the 

carbonyl  ligands.  The  presence  of  a  single  carbonyl  peak  suggests  rapid  exchange  or 

equivalent environments due to molecular symmetry/ geometrical distortion.

The observations made from the NMR data obtained agrees with the previously reported 

data for the FeMe2 and FeiPr2 complexes and the trends seen therein.46,79

From the NMR data obtained, all the complexes produced were observed to be diamagnetic.

See  Table  8  (page  113)  for  a  summary  of  1H/  13C NMR data  obtained  for  complexes 

synthesized.
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5.4.2 Overview of Fe-NHC Complexes Synthesis

All complexes produced are novel compounds barring  FeMe2  39,40,48 and  FeiPr2  48 which 

have both been previously described in literature.

The desired complexes were synthesized using the molten ligand as  both  reactant  and 

solvent.  For  all  reactions,  a  temperature  of  120°C was maintained to  ensure the ligand 

remains molten.

The yields obtained (54.2 – 17.6%) correlated with the size of the N-substituents. As the size 

of the N-alkyl groups increased, the yield of the desired complex decreased other than for 

the synthesis of FeiPr2 shown in Figure 12.
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Figure 12: Graph detailing the trend of reaction yield and size of N-substituents.

This methodology failed for ligands bearing tert-butyl groups, as their higher melting points 

(>160°C) induced rapid decomposition of K[HFe(CO)₄]. Repeat synthesis were attempted 

using tBu2ImI via conventional reflux in toluene, acetonitrile and THF.

Initially, the toluene reaction was a pale red solution with suspended white solid, which upon 

being heated to reflux gradually lost its red colour, finally yielding a colourless solution and 

black solid. After isolation of this colourless solution by cannula filtration and removal of the 

solvent  a  very  small  amount  of  white  solid  formed.  Toluene,  deuterated  benzene  or 

acetonitrile  extracts of this white solid did not show the presence of any hydrogen 

and/or carbon  containing  compounds  by  NMR.  The  black  solid  was  extracted  with 

acetonitrile and the presence of imidazolium ligand was observed by NMR.
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Reflux in acetonitrile yielded a red solution and a white solid. After isolation of the solution 

and removal of the solvent, a red/ purple oil was obtained. NMR analysis of this oil confirmed 

this  oil  to  be  a  mixture  of  the  imidazolium ligand  and  [HFe(CO)4]-.  Presumably  an  ion 

exchange occurred, and KI precipitated out of solution due to low solubility leaving the [(t-

Bu)2Im]+  [HFe(CO)4]-  ion  pair  /  salt  in  solution.  Figure  13  displays  the  non-solvent 

suppressed spectrum due to removal of the singlet corresponding to the methyl groups in 

the solvent suppressed spectrum.

Figure 13: 1H NMR spectrum of [(t-Bu)2Im]+ [HFe(CO)4]-.

Initially, the THF reaction was a red solution with suspended white solid, which upon heating 

to reflux rapidly lost its red colour, progressing to orange and then yellow before becoming 

colourless. Additionally, a black solid was observed. This colourless solution was isolated via 

cannula filtration and after  removal  of  solvent  no traces of  potential  product  were seen. 

Toluene, deuterated benzene nor acetonitrile extracts of anything that remained from the
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colourless solution were observed in  1H and  13C NMR. The black solid was extracted with 

acetonitrile  and  the  presence  of  imidazolium  ligand  was  observed  by  NMR.  The  rapid 

change and then loss of colour and lack or recoverable desired product may suggest the 

desired complex forms transiently but rapidly decomposes.

Elemental analysis was successfully obtained for several of the complexes isolated, four of 

which being novel compounds (FeMeEt, FeMePr, FeMeBu, FeiPrMe). All elemental analysis 

results were within 0.5% of the calculated values as shown in Table 9.

Table 9: Elemental analysis results for FeMe2, FeMeEt, FeMePr, FeMeBu, FeiPrMe and FeiPr2

Elemental 
analysis:

Carbon % Hydrogen % Nitrogen %

FeMe2 Calculated 40.94 3.05 10.61

Observed 40.48 3.16 10.65

FeMeEt * Calculated 43.20 3.63 10.08

Observed 43.31 3.71 9.81

FeMePr * Calculated 45.24 4.14 9.59

Observed 45.56 4.09 9.36

FeMeBu * Calculated 47.09 4.61 9.15

Observed 47.14 4.57 9.19

FeiPrMe * Calculated 45.24 4.17 9.59

Observed 45.57 4.23 9.41

FeiPr2 Calculated 48.77 5.04 8.75

Observed 48.85 5.09 8.70
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5.4.3 Fe-NHC Complexes Synthesis Conclusion

In summary, the adaptation of Ofele's methodology successfully yielded a series of thirteen 

novel and two known Fe-NHC carbonyl complexes 39,40,48 from the corresponding imidazolium 

salts and the previously synthesized K[HFe(CO)₄].  The reaction proceeded effectively for 

ligands  with  methyl  to  isopropyl  substituents,  yielding  products  (17.6–54.2%)  that  were 

characterized by Elemental Analysis,  MS and NMR spectroscopy which corresponded to 

previously reported data and the observations made therein.

Ligands containing tert-butyl groups failed to produce the desired complexes, instead leading 

to  decomposition  as  the  high  temperatures  required  to  melt  these  ligands  caused  the 

decomposition of K[HFe(CO)₄], or ion exchange in more conventional reflux conditions. This 

underscores the critical  influence of sterics on the success of this synthetic route where 

increasing bulk on the N-alkyl chain progressively hinders successful synthesis.
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5.5.1 Exposure of Fe-NHC Complexes to H2 Gas

The previously mentioned iron carbonyl NHC complexes were synthesized to test their ability 

to  reversibly  bind  H₂  under  milder  conditions,  when  compared  to  conditions  previously 

described in literature.62

Scheme 23: Possible reaction scheme for exposure of Fe-NHC complexes to H2 gas. R = CH3, C2H5, C3H7, C4H9.

As shown in Scheme 23, all the prepared Fe-NHC complexes were exposed to hydrogen 

gas. A solution of the complex(s) to be tested in d6-benzene in an NMR tube was degassed 

and exposed to an atmospheric pressure of hydrogen gas for an hour. A 1H NMR spectrum 

was recorded, and the sample(s) sealed under hydrogen atmosphere were heated at reflux 

overnight. An additional  1H NMR spectrum was recorded after the samples(s) were left to 

cool. After one hour of H₂ exposure, the ¹H NMR spectrum of each complex showed a new 

signal at approximately 4.47 ppm, consistent with dissolved H₂ gas. No other changes were 

observed.  Subsequent  spectra  taken after  heating the samples overnight  were identical. 

Comparison of this NMR data is shown in Figure 14.

Furthermore, no visible changes were observed upon H₂ exposure or subsequent overnight 

heating. The yellow solutions retained their colour, and no precipitation occurred.
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Figure 14: Comparison of 1H NMR spectra of FeMe2 before, after H2 exposure and after heating.

3.0

5.5 5.0
f1 (ppm)

4.5 4.0 3.5 3.0

4.5 3.0

N-MethylDissolvedBackbone

2.53.54.05.0
f1 (ppm)

5.56.06.57.07.5

CKK FeMe2 H2 Exposure Overnight Reflux C6D6.10.fid

2.56.06.57.07.5

CKK FeMe2 After H2 Exposure C6D6.10.fid

2.53.54.04.55.0
f1 (ppm)

5.56.06.57.07.5

CKK FeMe2 C6D6 10.04.25.10.fid



123

5.5.2 Overview of H2 testing of Fe-NHC Complexes

The lack of observed reactivity suggests the complexes did not react with hydrogen under 

these  conditions.  Future  experiments  should  employ  more  rigorous  degassing  and 

significantly harsher reaction conditions, informed by previous work. Improvements would 

include extended heating (e.g.,  one week or longer) under a constant H₂  atmosphere at 

much higher pressures, such as the 1.8 MPa (18 atm) used successfully in prior literature 

however  even  then  yields  of  the  desired  outcome  were  poor  (approx.  14%)  shown  in 

Scheme 24.62

Scheme 24: General scheme showing reaction product after H2 gas exposure as described in literature where the 

major product is the ‘abnormal’ carbene complex.

It is a possibility that the lack of successful reactions under these milder conditions may be 

due to the lack of strain on the Fe-C bond due to the N-alkyl substituents. The lack of ‘fixed’  

3D shape may be the cause of this. All the N-substituents on the Fe-NHC complexes tested 

would be able to rotate around the N-C and C-C bonds allowing for reduced strain on the Fe-

C bond.
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Chapter 6: Conclusion and Future Work

6.1 Conclusion

This work successfully demonstrates the synthesis and characterization of a diverse library 

of  1-alkylimidazoles  and  their  corresponding  imidazolium  iodide  salts,  alongside  the 

preparation of potassium tetracarbonyl iron hydride K[HFe(CO)₄] and its subsequent use in 

forming Fe- NHC complexes.

The synthesis of 1-alkylimidazoles (methyl to butyl, isopropyl) via alkylation with iodoalkane 

was highly effective, giving yields of 82.7–92.4%. For the sterically hindered tert-butyl group, 

the alkylation method was unsuccessful  due to an alternative elimination pathway being 

preferred.  Instead,  a  modified  ring  closure  synthesis  provided  1-tert-butylimidazole  in  a 

37.5% yield.  Comprehensive NMR, MS and elemental analysis confirmed structures and 

revealed consistent trends in chemical shifts, possibly influenced by the inductive electron-

donating effects of the N-alkyl substituents.

A wide range of symmetrical and unsymmetrical imidazolium iodide salts were produced in 

good to  excellent  yields  (68.8–97.2%)  via  quaternization  with  an  iodoalkane.  Again,  the 

direct  method  failed  for  salts  incorporating  the  tert-butyl  group  due  to  the  same  steric 

constraints and elimination pathway. The di-tert-butyl salt was instead synthesized using a 

second  ring  closure  reaction  with  hydriodic  acid.  NMR  analysis  of  the  salts  showed 

characteristic  deshielding  of  the  central  C2-H  proton  (~9.0–9.3  ppm)  and  confirmed  the 

electronic influence of different N- substituents on the ring protons and carbons. Additional 

MS and elemental analysis confirmed the structures of the imidazolium salts produced.

For  the  first  time conclusive  elemental  analysis  data  and stable  solid  K[HFe(CO)₄]  was 

obtained in  moderate  yields  (~51–64%),  with  characterisation  confirming  its  composition 

alongside minor polynuclear hydride impurities.

A  library  of  fifteen  iron  carbonyl  NHC  complexes  were  synthesized  from  the  prepared 

K[HFe(CO)₄],  thirteen  of  which  are  novel,  featuring  a  range  of  N-substituents.  A  key 

innovation  was the  use  of  the  molten  NHC ligands as  both  the reagent  and solvent,  a 

previously  unreported  method.  All  products  were  characterized  by  NMR  and  MS,  with 

elemental analysis successfully performed on six complexes, four of them novel.

Finally,  all  successfully  synthesized  Fe-NHC  complexes  were  tested  for  their  ability  to 

activate  hydrogen  gas.  Under  the  conditions  employed  (atmospheric  pressure  of  H₂, 

benzene, reflux),  no evidence of  reaction or catalytic activity was observed. This lack of 

reactivity is tentatively attributed to insufficient pressure of H₂ gas during exposure, 

lack of harsher reaction  conditions  and  lack  of  steric  strain  imposed  by  the  alkyl 
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substituents on the Fe-C bond, preventing the necessary activation for H₂ cleavage.

In conclusion, this work provides a thorough investigation into the synthesis of imidazole-

based  compounds,  and  their  iron  carbonyl  complexes,  establishing  structure-property 

relationships  and  clearly  defining  the  limitations  imposed  by  steric  hindrance.  The  full 

spectroscopic dataset provides a valuable reference for future work in this area.

6.2 Future Work

Immediate future work would include obtaining elemental analysis data for the other nine 

complexes produced and determining the crystal structures for all new complexes.

Future syntheses of iron carbonyl derivatives may take inspiration from the alternate method 

described  in  Section  5.3.2.  That  methodology  highlights  a  possible  synthetic  route  to 

produce  iron-alkyl compounds via rection of Fe(CO)5 and alkali metal alkoxides shown in 

Scheme 25 which could be investigated as reagents for other reactions.

Scheme 25: Plausible reaction scheme for the formation of K[RFe(CO)4], R = Alkyl

For future syntheses of complexes with tert-butyl-containing ligands, imidazolium salts with 

alternative counterions should be considered.  The iodide salts  used previously are ionic 

liquids, a class of compounds renowned for their tuneable physical properties (e.g., melting 

point, viscosity) based on N-substituents and counterions.80 By changing the counterion and/ 

or N-substituent, the melting point of the ligands could be reduced so the K[HFe(CO) ₄] used 

doesn’t completely decompose before reacting. In addition to possibly lowering the melting 

points of the ligands used, lower reaction temperatures may improve yields.

Other  approaches to  produce Fe-NHC complexes can also be considered.  Utilization of 

bis[bis(trimethylsilyl)amide]iron and then exposure to CO gas and a reducing agent  81 or 

direct  reflux using Fe2(CO)9 /  Fe3(CO)12 and the imidazolium salt 48 may allow for much 

larger N-substituents to be used such as phenyl, mesitylene (iMes), 2,6-diisopropylphenyl 

(DiPP) and adamantyl groups shown in Scheme 26. Additionally, these routes would allow 

for bidentate / pincer ligands to be designed for future complexes.
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Additionally,  these  two  approaches  could  be  combined,  attempting  direct  reactions  of 

Fe2(CO)9 / Fe3(CO)12 with ligands that are liquid at room temperature or have low melting 

points.

Scheme 26: Example of possible direct reactions of 1,3-disubstituted imidazolium salts with Fe2(CO)9 and Fe3(CO)12.

The synthesized Fe-NHC complexes should be screened for other catalytic reactions beyond 

hydrogenation,  leveraging  the  known  capabilities  of  iron  carbonyls  and  NHCs.  Specific 

examples of catalytic reactions using iron carbonyl NHC complexes include the reduction of 

carbonyls 48 and hydroboration of alkenes.82

In summary, the immediate future work should focus on overcoming synthetic challenges 

with bulky ligands via alternative methods, followed by a deliberate ligand design strategy to 

instil  steric  and  electronic  properties  conducive  to  small  molecule  activation  (like  H₂), 

ultimately aiming to apply these new iron complexes in sustainable catalysis.
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