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Abstract 

Hydrogenation of CO2 to formic acid is usually performed with precious metal catalysts. 

However, due to the cost and scarcity of precious metals, recent research has focused instead on first row 

transition metals. Of specific interest to our group are bis-phosphine and carbene complexes of iron, 

cobalt and nickel. Initial efforts found catalytically active species, which generated decent turn over 

numbers (TON). It was found that 10 different metals have at least some catalytic activity for this 

reaction, when combined with 1,2-bis(dimethylphosphino)ethane, including Fe, Co, Ni, In, Zn and Mo. 

The most active was an iron complex that had a TON of 726, High pressure NMR spectra obtained 

throughout the course of the reaction provide insight by which FeCl2(dmpe)2 hydrogenates CO2 to formic 

acid. 

 As part of a search for CO2 hydrogenation catalysts base upon abundant metals efficient catalysts 

with carbene ligands were also found. The combination of either FeCl2, Ni(OAc)2, CoCl2 and Co(OAc)2 

with various carbene or carbene precursors from catalysts in situ capable of hydrogenating CO2 to formic 

acid with TONs of up to 420. 
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Chapter 1 

Introduction 

1.1 Carbon Dioxide 

CO2 generation can be described by two processes: naturally generated sources of CO2 

and sources generated by human activity. Prior to the industrial revolution in the 19th century, the 

concentration of atmospheric carbon dioxide was lower, as the main contributors were natural 

release from respiration, from the hydrosphere and the lithosphere. It has since increased in 

concentration and continues to rise. The concentration of CO2 is determined by the amount of 

CO2 stored and released within the three major layers in the earth: the lithosphere, the 

hydrosphere and the atmosphere (Figure 1.1).1   

 Carbon dioxide is stored in the lithosphere as carbonated compounds in the Earth’s crust. 

The most common carbonated compound in the Earth’s crust is calcium carbonate followed by a 

number of carbonates formed from phosphorus, magnesium and strontium.1 It is released when 

the rocks are heated; such as during volcanic activity and spring water and natural hot springs, 

when the spring water comes above ground. Carbon dioxide is also stored as bicarbonates and 

dissolved CO2. Bicarbonate is formed when CO2 is dissolved in water. Cold sea water dissolves 

CO2 most efficiently. It is for this reason that a balance exists in the hydrosphere where cold sea 

water dissolves the CO2 and when the dissolved CO2 circulates to warmer sea water the dissolved 

CO2 is released into the atmosphere. The atmosphere therefore has multiple sources that 

contribute to the overall CO2 concentration from the lithosphere, hydrosphere, natural respiration, 

decomposition of organic material, and combustion of carbon containing compounds. Figure 1.1 

shows the annual fluctuations of carbon dioxide throughout the Earth’s crust, hydrosphere, 

lithosphere and atmosphere. The numbers in bold describe the fluxes in CO2 concentration that 

take place between each part of the Earth.1   
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Figure 1.1 Annual fluxes of CO2 to and from the atmosphere and the lithosphere and hydrosphere 
in gigatons.2  

For thousands of years prior to 1850, the atmospheric CO2 concentration was lower than 

current values; however this balance has been disturbed by human activity starting with the 

industrial revolution. It has steadily increased over the past century and a half since the industrial 

revolution began. During this time, an additional 35 billion tons of CO2 has been emitted globally 

from sources such as fossil fuel use, cement production and other anthropologic sources.2 Of all 

of the CO2 in the atmosphere, 77% of carbon dioxide emitted in the United States is a result of 

fossil fuels and cement production.2,3,4 Another 19% is from deforestation and biomass decay. 

The remaining 3% is from all other natural processes that release CO2.3,4     
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Figure 1.2 Annual global CO2 emissions since the industrial revolution. The top line gives the 
total global emissions from fossil-fuel combustion and cement manufacture. The contributions of 
oil is shown in dashed grey, coal is shown in grey and natural gas is shown as the dashed line at 
the bottom.3 
 

This brings the total atmospheric concentration of CO2 to 400 ppm,4 which is the highest 

it has been in millions of years. CO2 has a lifetime in the atmosphere of 2 centuries on average.1 

This means that the increase in emissions from 1850 until now will still remain in the atmosphere 

for another 40 years or more. It is for this reason that CO2 would be a cheap, environmentally 

friendly and readily available C1 source for the production of formic acid (Figure 1.3).  
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Figure 1.3 Historic variation in the concentration of carbon dioxide. Inset, shows the trend, with 
seasonal fluctuations, in recent times.5 

 

1.2 Carbon dioxide contributes to the greenhouse effect 

 

As the concentration of CO2 increases in the atmosphere, a problem has become more 

apparent: the greenhouse effect. As radiation emanates from the sun through the atmosphere, 31% 

of it is reflected back into space, 20% of it is absorbed by the atmosphere and the remainder is 

absorbed by the plants, surface and air, warming the earth. Gases such as CO2 prevent some of 

the radiation from being reflected back into space. This results in extra radiation warming the 

earth that would otherwise leave the earth. This has resulted in an increase to the average 

temperature on Earth.6 Carbon dioxide is a known greenhouse gas; as such it absorbs long 

wavelength infrared radiation from the Earth’s surface during the night. This results in the 

inability of this radiation to leave Earth therefore preventing heat loss from happening. This has 

many consequences associated with it: melting polar ice caps, increasing the levels of ocean 
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water, decreasing salinity concentration and influencing the ocean currents that circulate the 

warm and cold water.  

Figure 1.4 shows the experimentally measured intensity (bottom curve) of infrared (IR) 

radiation leaving the Earth’s surface and lower atmosphere, as measured above the Sahara desert. 

This was compared to the theoretical intensity of IR radiation (top curve) that would be expected 

without absorbance by atmospheric greenhouse gases. The region in which the various gases have 

their greatest absorption is indicated.7 This shows the enormous impact of CO2 on climate 

change, because it is the major contributor of insulation for the radiation attempting to escape the 

earth.  
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Figure 1.4 Experimentally measured intensity of infrared radiation (IR) leaving the atmosphere, 
compared to the theoretical intensity of light predicted to leave the atmosphere. The upper (teal) 
curve is the light emitted from the surface and the bottom (black) curve is the light leaving the 
upper atmosphere.2 

 

Some countries around the world are striving to decrease the emission of CO2. Such reduction 

in CO2 emissions includes the sequestration of CO2 into the ground or deep into the ocean, 

finding alternative energy or material sources to fossil fuels, as well as developing new 

technologies to use and/or recycle CO2. Some suggestions have been the use of hydrogen fuel 

cells to replace gasoline burning engines.  

There has also been a move towards making solar cells more efficient so that they can 

become comparable to the cost of energy from fossil fuel sources. Catalytic conversion of carbon 
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dioxide to compounds such as formic acid, formamide, acrylic acid and methanol have been a 

well-studied set of reactions. A number of catalysts have been developed for use in these 

reactions and will be further discussed in section 1.3. 8-26  

1.3 New technologies that turn carbon dioxide into useful reagents 

 

A common misconception in the general population is that carbon dioxide is a greenhouse 

gas and, therefore, it is a dangerous chemical.2 The majority of people do not notice that there are 

many examples of carbon dioxide being used for everyday products. One example is soft drinks, 

which are made from sugar, water, flavoring and pressurized carbon dioxide. Another example is 

fire extinguishers, many of which use carbon dioxide as the suppressant. Carbon dioxide is being 

used in diverse ways and developed for use in more and more new and existing technologies.   

The use of CO2 as a solvent has shown promise in combination with ionic liquids, expanded 

liquids and liquid polymers.15 This can be accomplished when CO2 is in a supercritical phase. As 

shown in Figure 1.5 below, the supercritical phase of CO2 is possible at temperatures and 

pressures above the critical point of 31°C and 7.37 MPa. The use of supercritical CO2 (scCO2) in 

catalysts that use CO2 as a substrate has shown great enhancement of catalytic activity as shown 

in Munshi et al. where a turnover number (TON) of 95,000 was achieved with the use of scCO2 

and RuCl(OAc)(PMe3)4 as the catalyst for CO2 hydrogenation to formic acid.15 
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Figure 1.5 Phase diagram for CO2 showing the pressure and temperature of the critical point of 

CO2.1  

 

The supercritical fluid phase of CO2 is obtained when gaseous or liquid CO2 is exposed to 

high pressures at moderate temperatures. As the temperatures and pressures approach the critical 

point liquid and gaseous phases are no longer in existence they become the supercritical phase, 

having properties between the gaseous and liquid state. The physical properties such as density 

vary over a range depending on the pressure applied to the system.1  

The use of CO2 as a raw material, or solvent, could provide product, process, and safety 

advantages in that it is a benign reagent, it has less of a chance of contaminating the products, and 

it is non-toxic and non-flammable. Its non-flammability provides a significant advantage to its 

use as a solvent. The level of toxicity of chemicals in the workplace is estimated as the Threshold 

Limit Value (TLV). The TLV of a chemical substance is determined to be a level in which a 

worker can be exposed to daily for a working lifetime without the introduction of adverse health 
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effects. The TLV is estimated based on the known toxicity for the chemical substance in humans 

or animals. CO2 is also naturally abundant in the Earth’s atmosphere and has a threshold limit 

value of 0.5 %. Workers repeatedly exposed to CO2 day after day are believed to have no adverse 

effects from exposure. This shows that the compound is less toxic than acetone, pentane, and 

chloroform which have TLV values of 750, 600 and 10 ppm respectively. It is advantageous as 

the side products formed from CO2 reactions with more reactive compounds is rare. The 

combination of CO2 having high TLV and high vapour pressure indicates that residual CO2 left 

behind in substrates or products after processing is not a concern in terms of human exposure. 

This is not the case for most other natural and man-made solvents. Furthermore, CO2 is a 

naturally abundant molecule. If CO2 can be withdrawn from the environment, used for a chemical 

process, and then be returned clean to the environment, the environmental impact is extremely 

small. Carbon dioxide also has other chemical advantages with regards to its use as a solvent: it 

cannot be oxidized, it is benign and less likely to contaminate samples during liquid-liquid 

extractions, it is aprotic, it is immune to free radical chemistry, it is miscible with gases in all 

proportions above 30.9 °C, it is miscible with fluorous and organic materials, and it is 1/10 the 

viscosity of water.27  

The use of CO2 as a feedstock will not solve the problem of having an excess of CO2 in the 

atmosphere. The aforementioned problem cannot be solved by simply converting all of the excess 

anthropologically produced CO2 into a single product, there is no product that can be made from 

CO2 that is in such a high demand. Therefore, the real reason for the use of CO2 as a feedstock is 

that it is readily available and cheap and can obtained with little environmental cost. The viability 

of using carbon dioxide as a C1 source depends on whether or not the new process is cheaper than 

the traditional process. The cost differential between using CO2 depends entirely on the market 

value of starting materials, reagents and solvents used in the transformation of CO2 to formic 

acid. The marketability of the product formed from CO2 depends on the products produced from 
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the new process. If these products are varied enough the transformation of CO2 into these 

products could be considered as an alternative to current synthetic methodologies formally used 

to make these products. The second consideration can be improved upon by research and 

development. Many reports exist that suggest the production a variety of organic molecules from 

CO2, however, most of these reactions have a lack of optimization, catalyst development, and 

mechanistic investigation. The factors listed above are required in order to find the most viable 

and efficient process for making organic molecules from CO2. The reactions for these processes 

can be made more practical and less environmentally damaging with the use of more efficient, 

cheaper and environmentally friendly reagents and catalysts. The reactions will also be more 

attractive to industrial partners if the reaction conditions can be optimized.  

1.4  Conversion of CO2 into methanol, formic acid, acrylate and formamide. 

 

A few examples of conversion of CO2 to organic molecules include the transformation of 

CO2 into salicylate, carboxylic acids, acrylate, methanol, and formic acid. Some of these 

examples have been proposed in the literature and later optimized into an industrial process, such 

examples include salicylate and carboxylic acid production. Acrylate, methanol and formic acid 

production have all been proposed in the literature and have not yet been optimized into industrial 

processes. First the industrial methods for utilization of CO2 to other organic molecules will be 

discussed followed by a discussion on the utilization of transition metals to form methanol.  

In 1860, J. Kolbe and E. Lautemann reported the synthesis of 2-hydroxybenzoic acid 

(salicylic acid) as a result of heating phenol and sodium metal under CO2 atmosphere. The same 

year, a similar transformation involving p-cresol and thymol to produce p-crestinic acid and o-

thymotic acid, respectively. This transformation was shown to give in consistent yields 

throughout the transformation (Figure 1.6).  
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Figure 1.6 Kolbe Lautemann reaction showing the production of salicylic acid and o-thymolic 

acid from phenol and thymol respectively.28  

 

R. Schmitt found that by exposing dry sodium phenoxide to a high pressure of CO2, in a 

sealed pressure tube, and heating it above 100°C resulted in quantitative yields of the 

corresponding hydroxyl acids (Figure 1.7).  

 

Figure 1.7 The Schmitt reaction derived from substituted phenol starting materials, forming the 

phenolate complex which under dry conditions affords the ortho or para substituted aromatic 

hydroxy acid.29  

 

It is for these reasons that the preparation of ortho- or para-substituted aromatic hydroxyl 

acids formed from the appropriate phenols in basic conditions with the use of gaseous CO2 is 

referred to as the Kolbe-Schmitt reaction. This reaction has some general features. Firstly, 

phenols, substituted phenols, naphthols and electron-rich heteroatomic compounds are excellent 

starting materials for this reaction. This is due to the fact that an electron rich double bond is 

required for a nucleophilic attack onto the CO2 molecule. Secondly, phenols are first converted to 

the corresponding alkali or alkali earth metal phenolate compound with Na+, K+, Rb+, Mg2+, Ca2+ 

+ Na
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or Ba2+ as the cation. After the phenolate is dried, it can be heated in the presence of CO2 at 0.5-

10 MPa pressure to form the phenolic acid. Phenols have the ability to be carboxylated using CO2 

at atmospheric pressure. Thirdly, acidification of the reaction mixture results in formation of the 

desired aromatic hydroxyl acid. Fourthly, the size of the alkali metals greatly influences the 

reactivity of the position on the phenolate that will be attacked. It is for this reason that large 

alkali metal ions such as Rb+ or Cs+ gave rise to p-hydroxybenzoic acid derivatives, smaller alkali 

metal ions such as Na+ or K+ gave rise to salicyclic acid moieties instead. The size of the alkali 

metal counter cation has a large influence on the position at which the aromatic ring attacks the 

CO2. Large cations such as Rb+ or Cs+ sterically encumber the ortho position of the aromatic ring. 

Since the para postion is less sterically crowded, it is the preferred position of attack onto the CO2 

molcule. The use of smaller counter cations allows for attack at the ortho position as they are less 

sterically demanding than larger counter cations.   Lastly, trace amounts of water give rise to 

diminishing yields of the product. Water results in hydrolysis and decomposition of the product. 

As such, reagents and solvents are all dried prior to use. 28-30 

Methanol production from CO2 has undergone incredible advances since the 

transformation was introduced as a viable method of utilizing CO2. A number of approaches for 

converting CO2 to methanol have been proposed. The biggest challenge for this particular 

conversion is not only activating the stable CO2 molecule but also providing a means by which to 

catalyze the multistep conversion to methanol. Most processes involve the use of heterogeneous 

catalysts for the multistep conversion. Recently, a homogeneous catalyst has been developed 

using a ruthenium phosphine complex (Scheme 1.1). 
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Scheme 1.1 First example of a homogeneous metal complex used to catalyze the multistep 

conversion of CO2 to methanol.31  

 

In the presence of 1.5 eq of organic acid methanesulfonic acid (MSA) in addition to H2 and 

CO2 gave the presence of methanol as the product. The use of bis p-toluenesulfonic acid in place 

of MSA resulted in diminished catalytic activity. The addition of 1 eq. of bis(trifluoromethane) 

sulfonamide (HNTf2) as a replacement for MSA resulted in improved TON as compared to the 

experiments involving MSA as the organic acid. The use of HNTf2 in place of MSA gave rise to 

the best TON achieved for this homogeneous catalyst was 220.  

This provides the first methanol-producing process from CO2 whereby using a homogeneous 

catalyst. The use of homogeneous catalysts often requires mild reaction conditions compared to 

the heterogeneous catalysts previously investigated. Targeted development of catalysts often also 

allows for better selectivity for the desired product. Since this is the first example of 

hydrogenation of CO2 in the production of methanol by a molecularly defined catalyst under mild 

conditions, investigated into how the reaction works and how best to further develop the catalyst 

remain to be accomplished.31   

1.4.1 Carbon dioxide fixation to metal centers 

 

Carbon dioxide fixation to metal centers has been investigated since the early 80’s. A variety  
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of approaches have been adopted for the fixation and transformation of CO2 on a variety of 

different transition metal complexes. There are a number of examples in the literature where CO2 

has been shown to bind to metal centres and has either stayed attached to the metal centre to be 

fixated or has been converted into other products as a result of the metal centre. The notable 

examples are described herein. First, a brief discussion of macrocycles and their use as CO2 

capturing compounds will be introduced followed by the use of bimetallic Mo trivalent species 

will then be introduced as examples as to how metal centres have been shown to bind CO2. This 

provides background for understanding how catalysts bind CO2. This information is useful in 

understanding how catalysts bind and utilize CO2. 

One example involves the binding of CO2 to cobalt and nickel tetra-aza macrocycles 

(Figure 1.8). 

 

Figure 1.8 Structure of Co or Ni tetra-aza macrocycle used to bind CO2 in order to reduce it to 

CO.  

  

The binding and reduction of CO2 to CO was observed with both the Co and the Ni tetra-aza 

macrocycles using cyclic voltammetry. This indicated that CO2 bound to the metal and was in 

turn reduced in order to produce CO.32 
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These macrocyclic systems have been studied using Ab Initio MO/SD-CI studies in order 

to model the different binding modes of CO2. By testing several orientations of the CO2 molecule 

being bound to a Ni(I) complex, three different combinations were postulated to be favorable 

species. These three orientations were η2 side-on mode or the η1 head–on complex, where the 

oxygen either the oxygen or carbon binds (Figure 1.9). The η2 side-on mode was found to be 

unstable. The two other η1 coordinated orientations were found to be more stable molecules 

(Figure 1.9). This allows for two different geometries to exist: square pyramidal or 

pseudooctahedral structure (Figure 1.9).32 Both of these η1 geometries are more electronically 

favorable than the η2 bound case of CO2.  

 

 

Figure 1.9 Variations in binding modes studied by ab initio LCAO-MO-SCF methods, where η1- 

C is bound through the carbon atom and η1- O is bound through the oxygen atom and η2 was 

found to be unstable.32   

The η1- C binding mode of CO2 was also found to be the prominent binding mode for the 

Co(salen) complexes from another theoretical study.33 In contrast, bulky phosphine ligand 

complexes of Ni(0), Nb(0) and Mo(0) have the η2 side on binding mode being energetically more 

preferred.33 This information indicates that the bulky ligands participate in forcing the CO2 

molecule to bind from an η2 side on mode when less room is available. However, when more 

room is available in the coordination sphere the CO2 molecule prefers to bind in an η1 fashion 
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through the carbon atom. There is limited precedence in the literature for η1- O bound CO2 to 

metals, the examples that exist involve Li+ an Na+.34  

 Fujita et al. had demonstrated that CO2 can effectively be activated with the use of cobalt 

macrocycles. The ability of the macrocycle to bind CO2 in an η1- C fashion is in part due to the 

ability of the nitrogen atom to hydrogen bond with the bound CO2 molecule (Figure 1.10). The 

earliest example shows that CO2 has three different binding modes in the macrocycle, primary-

rac, secondary-rac and meso (Figure 1.11). These binding modes were identified with the use of 

IR. Both the primary and the secondary rac species were predicted to be the species in the highest 

quantity. This was demonstrated as the CO2 binding constant was determined to be 300 times that 

of the meso isomer. This was suggested to be a result of the rac isomer having two axial protons 

that have the ability to hydrogen bond with the bound CO2 molecule. This is not the case in the 

meso isomer as only one axial proton can engage in hydrogen bonding with CO2.34  

 

 

 

Figure 1.10 Hydrogen bonding observed in the three different isomers of the Co macrocyclic 

complex. It can be shown that only when the hydrogens are in the correct orientation towards the 

bound CO2 molecule can they effectively hydrogen bond. 
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Figure 1.11 Three binding modes for the cobalt macrocycle compound which was found to bind 

CO2 effectively. 

 

   Mo-Mo triple bonds are also prone to CO2 insertion reactions as evidenced by 

Chisholm, Cotton, Extine, and Reichert. The oldest known example of this insertion reaction was 

Mo2(O2COtBu)2(OtBu)2 formed from the insertion of CO2 into Mo2(OtBu)6. In general 

compounds with the formula Mo2(OR)6 react readily and reversibility in solution and in the solid 

state with CO2 to give dinuclear compounds (Figure 1.12).35 This process was found to be 

reversible, releasing CO2 at 35°C to reform the dimolybdenum hexakistertbutoxide species. Since 

then, a variety of metal complexes have been shown to be effective at binding and activating CO2. 
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Figure 1.12 Reaction of CO2 with dimolybdenum tertbutoxide in order to form the bridging or 

branched CO2OtBu dimolybdenum species.   

 

1.4.2 Thermodynamics in the utilization of CO2 

 

  The utilization of CO2 is a challenge due to the hydrogenation of CO2 in the gas phase 

having a Gibb’s free energy of reaction of 32.9 kJ mol-1 as compared to hydrogenation of CO2 in 

an aqueous solvent, with a Gibb’s free energy of reaction of -4 kJ mol-1.12 In basic conditions 

using triethylamine, the thermodynamics are considerably more favorable having a Gibb’s free 

energy of reaction of -9.5 kJ mol-1, this value is dependent on the base used in the process.12 

Therefore, it is more effective to use solvent based, basic conditions for the hydrogenation of CO2 

to formic acid (Figure 1.13).12  
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Figure 1.13 Gibbs free energy of reaction of hydrogenated values of CO2 in the presence of a 

catalyst, a catalyst in aqueous conditions and a catalyst in both aqueous and basic conditions.12  

 

 It is clear from Figure 1.13, that the CO2 molecule is so thermodynamically stable that it 

requires both basic and aqueous conditions in order for the CO2 to be converted to formic acid. It 

is for this reason that the conversion of CO2 to formic acid requires the addition of a base. In most 

cases in the literature aqueous conditions are used as well. 36-39 A variety of bases in many 

different solvents have been investigated for the transformation of CO2 to formic acid (Table 

1.1).15 DBU, was determined to give the highest yield of formic acid compared to other known 

bases used for this process.15  

 

Table 1.1 The yield of formic acid after 1 and 10 h in the presence of methanol and various 

basesa 

Base MeOH, mmol Yield after 1 h (%) Yield after 10 h (%) 

Triethylamine 0  0.03 
  0.09 0.54 
Tripropylamine 0.1 0.10 0.70 
Trioctylamine  0.1 0.04 0.07 
N,N’-diethylaniline 0.1 0.002 0.03 
Triphenylamine 0.1 0.01 0.009 
 10 0.01 0.02 
N(CF2CF3)3 0.1 0 0 
TMEDA 0.1 0.12 0.63 

H2 (g) + CO2 (g) HCO2H (l)catalyst 33 kJmol-1

H2 (g) + CO2 (g) + base (aq) HCO2- + baseH+catalyst -9.5 kJmol-1

H2 (aq) + CO2 (aq) + base (aq) catalyst -35 kJmol-1HCO2- + baseH+
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DMAN 0.1 0.02 0.03 
 10 0.02 0.03 
TED 0.1 0.10 0.10 
 10 0.08 0.09 
quinuclidine 0.1 0.01 0.007 
 10 0.01 0.007 
DBU 0.1 0.92 1.42 
Pyridine 0.1 0 0 
2,2’-bipyridyl 0.1 0.03 0.04 
 10 0.03 0.04 
4-methyl morpholine N-oxide 0.1 0.02 0.009 
 10 0.02 0.01 
4-(dimethylamino)pyridine 0.1 0.01 0.009 
 10 0.01 0.09 
Tetrabutylammonium bromide  0.1 0.01 0.02 
 10 0.01 0.02 
cinchonine 0.1 0.01 0.01 
 10 0.01 0.009 
DMF 0.1 0.02 0.02 
N,N’-diethanolamine 0.1 0.10 0.27 
NaOAc 0.1 0.006 0.009 
 10 0.01 0.008 
NaOH 0.1 0.008 0.008 
KOH 0.1 0.01 0.007 
 10 0.001 0.001 
Na2CO3 0.1 0.02 0.01 
 10 0.01 0.01 
K2CO3 0.1 0.02 0.02 
 10 0.009 0.008 
(NH4)2CO3 0.1 0.01 0.01 
 10 0.002 0.002 
NaHCO3 0.1 0.02 0.01 
 10 0.001 0.001 
aConditions: 20 bar CO2, 20 bar H2, 5 mmol base, 3 µmol RuCl(O2CMe)(PMe3)4, 50 °C.  

 

Given that a base is required for this process, a number of examples of catalysts used for 

this process have been developed. The mechanism by which the base is used for these conditions 

has been postulated by a number of research groups.15-17,20,22,36,40,41 There is no guarantee that the 

base is actually involved in the mechanism at all, however it might be.  
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Zeibart et al. have postulated that the base is involved in the removal of a proton from an 

Fe dihydrogen complec (Scheme 1.2).20 Addition of CO2 then allows for the formation of a CO2-

bound iron complex. Addition of another molecule of H2 allows for the reductive elimination of 

formic acid and reformation of the catalytic species (Scheme 1.2).20 
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Scheme 1.2 Postulated mechanism for the iron catalyzed hydrogenation of CO2 using 

[Fe(tetraphos)(F)]+ (BF4)-.20  

 

The mechanism above suggests that the base is involved to provide a means by which the 

dihydrogen ligand can undergo heterolytic cleavage in order to form a protic hydrogen and a 
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hydridic hydrogen. A detailed kinetic investigation would have to be completed in order to 

determine if the dihydrogen fragmentation is heterolytic or homolytic.  

Jeletic et. al. suggests that the base is used to remove a proton in order to form an open 

coordination site for the binding of CO2 and subsequent elimination of formic acid (Scheme 

1.3).16 This is another example where the base is used in order to shuttle protons, in this case to 

reform the precatalytic species Co(dmpe)2H. The postulated catalytic cycle was partially 

determined from high pressure NMR with the use of PEEK NMR tubes.  

 

Scheme 1.3 Proposed catalytic cycle for CO2 hydrogenation using Co(dmpe)2H.16 

 

Milstein has also postulated the use of the base for the removal of a proton from an η2 

hydrogen molecule, similar to what was postulated by Ziebart et al.20 in order to regenerate the 

iron hydride pincer complex (Scheme 1.4).19 
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Scheme 1.4 Postulated mechanism for hydrogenation of CO2 catalyzed by an Fe pincer complex. 

 

It would be reasonable to suggest that tetradentate and pincer ligand systems force a cis 

conformation between the hydride and the bound CO2 molecule, such as the case with Beller and 

Milstein’s systems. The base is responsible for the removal of a proton from the dihydrogen in 

order to regenerate the catalyst. When the ligand system acts to force the hydrogen and incoming 

CO2 molecule to be trans to each other, the base acts to transfer the proton to the CO2 molecule 

directly. The exact mechanism as to how the base affects the catalyst system has yet to be studied 
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in great depth. It is evident that certain bases are more effective than others at transforming CO2 

to formic acid. All catalysts form hydride intermediates that transfer the hydride to CO2 in order 

to generate formic acid.   

 

1.5 Carbon dioxide fixation and conversion to useful organic products with the use of 

transition metal complexes 

 

Removal of carbon dioxide from power plants will quickly confirm its position as the 

cheapest carbon feedstock. Its conversion to organic products is an important alternative to their 

preparation from fossil fuels carbon feedstocks. For CO2 to be widely adopted as a feedstock for a 

synthetic strategy, there are three requirements that must be met: a range of products available 

that were initially derived from CO2, the reduction of CO2 to these products must be efficient and 

the reductant used for the reaction must be cheaper than the product being formed. Since market 

value controls the last requirement, it is possible to enhance the other requirements with research 

and development.  

In designing a new (or better) catalyst, a number of parameters can be tuned in order to 

optimize the catalyst system. The choice of metal is important, and the choice is based on pre-

existing knowledge or by screening via trial and error. Most transition metals are capable of 

performing the necessary elementary steps in a catalytic cycle. There are, however a number of 

examples of specific metals that facilitate only specific reactions, such as the use of palladium for 

allylic reactivity, or rhodium for the hydroformylation of alkenes. The next step involves 

improving the reactivity of the metal with the addition of donor ligands. It is no surprise that the 

nature of the donor ligand heavily influences the reactivity of the metal. The catalyst performance 

is affected by the σ-donor and π-acceptor properties of the ligand as well as the steric bulkiness 

imposed on the metal. For bidentate ligands, the bite angle of the has a pronounced effect on both 
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the steric and electronic properties of the catalyst. Figure 1.14 shows the alteration in different 

aspects of the catalyst that can be tuned. Since ligand effects are extremely influential, the 

combination of different transition metals with donor ligands can result in similar reactivity and 

selectivity towards chemical transformations.42  

 

Figure 1.14 Schematic representation of parameters used in order to design new and or optimize 

old catalysts. 

 

1.6 Carbon dioxide reactivity with carbenes   

 

Unsaturated N-heterocyclic carbenes (NHC’s) have shown great promise in their use as both 

versatile ligands for transition metals and organocatalysis. 43-45 Unsaturated NHC’s owe their 

versatility to the strong basicity exhibited by these molecular entities. The majority of NHC 

mediated organocatalyzed reactions involve an active intermediate formed from the addition of a 

C=O bond to the electrophilic carbon on the NHC. This σ-donor capability of NHC is a useful 

quality for CO2 capture technologies. Numerous examples of carbenes reacting with CO2 are 

prevalent in the literature. Reaction of 1,3-dimethylimidazol-2-ylidene (IMes) with CO2 forms the 

IMes carboxylate. This was also shown to be true for 1,3-diisopropylphenylimidazol-2-ylidene 
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(IPr), 1,3-diisopropylimidazol-2-ylidene (IiPr) and 1,3-tertbutylimidazol-2-ylidene (ItBut) (Figure 

1.15).46  

 

Figure 1.15 Reaction of CO2 with an N-heterocyclic carbene to form the carbene carboxylate 

 

A reaction has been shown to occur between N-heterocyclic carbenes and CO2 in order to 

form a zwitterionic NHC-CO2 adduct. Formation of the adduct is a useful strategy for CO2 

fixation, where the intended purpose is to later release the CO2 often as a result of applying heat 

to the system. If the adduct was instead intended to be used to activate CO2, the negative 

formation potential in organic solvents provides a large barrier to activation. It has been shown 

recently that the free energy of formation can be greatly reduced by changing the structure of an 

N-heterocyclic imidazolium salt, making the CO2 in the NHC-CO2 adduct bear less of a negative 

charge. It was also demonstrated that the choice of counter ion of the N-heterocyclic imidazolium 

salt had a pronounced effect on the NHC-CO2 adduct formation and hence an effect on the free 

energy of formation and the reactivity of the adduct towards CO2 activation. Of the anions Tf2N-, 

TfO-, AcO-, DCA- and BF4
-, Tf2N- was found to be the most effective for CO2 binding (Figure 

1.16).  

Imidazolium salts have been used not just as carbene ligand precursors but also as ionic 

liquids as the structure can be tuned in such a way that the imidazolium salts are liquid at ambient 

temperatures and pressures. These imidazolium ionic liquids have been used to enhance the 

formation activity of catalysts towards the production of formic acid.45  



 

28 

 

 

Figure 1.16 N-heterocyclic imidazolium ionic liquids used for binding CO2 where the difference 

in CO2 binding was determined for the various counter ions 

    

The Tf2N- has a large anionic size, which acts to increase the interaction between the ionic liquids 

and CO2.45 The alkyl length on the NHC salt, was varied in length and it was found that the 

selectivity of the NHC towards CO2 binding and capture can be tuned to be more selective for 

CO2 as opposed to H+. These N-heterocyclic imidazolium ionic liquids were able to bind and 

reduce CO2 to CO. The binding ability of the N-heterocyclic imidazolium ionic liquids to bind 

CO2 was determined by the amount of CO that was produced in the process.45  

 

Figure 1.17 Ionic liquids used for the binding and conversion of CO2 to CO. The binding of CO2 

is attributed to the chain length of the N-heterocyclic carbene (NHC) ionic liquid.  

 

The chain length that lead to the most effective NHC ionic liquid for binding CO2 was the 

one with a hexyl linker as indicated in Figure 1.17. It is, therefore, evident that an intermediate 

length of linker is the most effective for the binding and reduction of CO2.47 Another 

demonstration of NHCs binding small molecules was shown for the activation of CO2 and H2. 44 

The same report also shows that borates can weakly coordinate CO2 to form adducts. It was 

reported that bulky NHCs were able to bind well with Lewis acids such as 
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tris(pentafluorophenyl)borane. This compound was able to show bond activation with 

dihydrogen, amines and carbon dioxide, in order to give the imidazolium, amine or carboxylate 

species as shown in Scheme 1.5. These species should be kept in mind if carbenes are to be used 

as in situ ligands for catalytic reactions involving amines, H2 and CO2 respectively. In order to 

avoid the species shown to form in Scheme 1.5, the complex should be allowed to form prior to 

the addition of a base, hydrogen, or carbon dioxide respectively.   

 

Scheme 1.5 Products resulting from the addition of pentafluorophenyl borane to amines, 

dihydrogen and carbon dioxide. 

1.7 Ionic liquids and there use in promoting hydrogenation of CO2 to formic acid 

 

Ionic liquids are defined as liquids that have melting points below 100°C. Ionic liquids 

also have unusual properties such as low volatility, high thermal stability, wide liquid temperature 
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range, and strong solvating capabilities for various substances. It has been shown that ionic 

liquids with tertiary amino groups are capable of promoting the hydrogenation of CO2 to formic 

acid. In particular N-heterocyclic diamines have been investigated for these purposes.45 Two 

moles of formic acid was obtained for every mol of diamine ionic liquid that was added to the 

reaction mixture. The ionic liquid was found to be stable up to 220°C and was found to be able to 

be recycled after completion of the reaction. The ionic liquid was also found to associate with the 

formic acid produced in the reaction (Scheme 1.6).  

 

Scheme 1.6 Reaction scheme and separation process for the hydrogenation of CO2 promoted by a 

diamine ionic liquid 

 

As such, the ionic liquid had a strong tendency to coordinate and separate out the formic acid 

from the reaction mixture. Thus, involving complete removal of the formic acid and 100% 

recovery of the ionic liquid. The additive effect of diamine NHC ionic liquids on the 

hydrogenation of CO2 to formic acid has three attributes. Firstly, the concentration of CO2 in the 

ionic liquid is enhanced due to ionic attractions between the ionic liquid and CO2. H2 is more 

miscible with CO2 resulting in more dissolved H2 and CO2 gases, resulting in a higher relative 

concentration of reactants in the same phase as the catalyst. Lastly, binding of formic acid to the 

diamine functionality results in trapping of formic acid therefore forcing the catalytic cycle to go 

in the forward direction by selective removal of the product. By Le Chatelier’s principle this 

should allow for both H2 and CO2 to be used up in order to produce more formic acid, since the 
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formic acid is being complexed by the ionic liquid and thus its ability to undergo the reverse 

reaction is limited. The separation and limited reversibility of the interaction allows for the formic 

acid to be easily removed, recycling the ionic liquid for future use another CO2 hydrogenation 

reaction.   

It has been reported that binding CO2 to NHCs sometimes results in the formation of 

imidazolium carbonates which have been shown to act similarly to ionic liquids, if the structure 

of the resulting imidazolium carbonate is liquid at room temperatures. Therefore, the addition of 

excess carbenes to a reaction involving some N-heterocyclic carbenes as the ligand should 

enhance the reaction by forming an imidazolium carbonate in situ, which would provide the 

aforementioned benefits. Furthermore, an NHC ligand containing an external amine should 

further enhance the reaction by providing an additional site to which formate can bind.                

1.8 Hazards of current formic acid synthesis 

 

Current methodologies of formic acid formation involves the use of carbon monoxide (CO) 

gas and methanol over homogeneous catalysts such as Pd on carbon. Industrially there are 

concerns for workers’ safety and environmental protection. Research has been undertaken in 

order to find alternative methods in which to produce formic acid.  

Carbon monoxide has 200 times more affinity than oxygen for hemoglobin (Hb), has the 

ability to hinder hemoglobin’s ability to bind and carry oxygen to the tissues and organs where 

oxygen is required (Scheme 1.7).  
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Scheme 1.7 Binding of O2 and CO at low and high concentrations of CO respectively. 

 

Upon exposure to low concentrations of carbon monoxide the following symptoms are 

realized: headaches, dizziness, hearing problems, vision problems and nausea. As CO enters the 

body it complexes with hemoglobin in order to form HbCO. After HbCO concentrations reach 

60%, unconsciousness sets in and death becomes possible. When HbCO conentrations reach 80-

90% or higher death can happen as fast as within a minute. It is for this reason that an alternative 

method for formic acid production needs to be found.48 

1.9 Goals for greener syntheses of formic acid 

 

Fixation and transformation of a cheap C1 carbon source such as CO2 for the production of 

formic acid is more viable, less toxic, and less energy intensive as it uses an abundant starting 

material such as CO2.  Studying the factors involved in transforming CO2 into formic acid, the 

reaction can be optimized. These factors include but are not limited to phase behavior, solvents, 

bases, additives and catalysts. The focus will be on catalyst development and the effect of 

additives on the yield of formic acid. The use of a new class of carbenes as both ligands and 

additives will also be discussed. By developing better catalysts and a wide array of additives, one 

can determine the right reagents and reactants for the reaction and the best functional groups on 

solvents, bases and additives can be established. 
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1.10 Precious metals used in catalysis; availability, years until depletion and recyclability 

 

 Precious metals are readily used in hydrogenation of CO2 to produce formic acid, the 

three most active precious metals for this process being rhodium, ruthenium and iridium.  

Approximately 60 % of rhodium comes from South Africa and a small portion comes 

from Montana, USA. The annual world production of rhodium is 16 tonnes having only an 

estimated 3 tonnes of reserve from that production. It is one of the rarest elements, accounting for 

only 0.0002 ppm concentration of the Earth’s crust. Roughly 83 % of the rhodium stores are used 

as either a catalytic converter for cars or as the main catalyst for a number of catalytic 

transformations. It is used as highly reflective materials including jewelry, mirrors and search 

lights. It is used in the manufacture of nitric acid and is the main metal used for hydrogenation of 

organic compounds. It also has uses as an alloying agent, as it both hardens and improves the 

corrosion resistance of both platinum and palladium. If the consumption of rhodium continues at 

the present rate, there is only 50 years of rhodium left.49 As shown in Figure 1.18, there is a large 

demand on rhodium. Consequently, the risk of losing the supply of rhodium is quite high.  
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Figure 1.18 The impact of restrictions on supply and the associated supply risk of high-demand 

materials.50 

 

Platinum is mined in Russia, Canada and South Africa, with the majority of the mines 

being located in Johannesberg. Platinum is predicted to last 36 years based on the world’s current 

consumption of platinum. If the demand grows, then platinum is predicted to last only 15 years 

before the known reserves are completely diminished. Platinum is used for jewellery, fuel cells, 

and for a number of catalysts for organic transformations. Platinum has a socio-economic cost for 

the mining of the metal as well. Miners have had to endure harsh working conditions. If the 

workers held a strike against the mines, the poor conditions and corruption ensures that they 

would be fired or killed. This would result in decreased amounts of Pt being mined therefore 

sending the price of Pt to $1,600 an ounce. All of this is occurring an even higher socio-economic 

cost.50  

Ruthenium is found in platinum and nickel ores. They are mined in Russia, Canada, and 

South Africa. Ruthenium is used for a variety of chemical transformations including 
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decomposing benzene and other organic molecules to hydrocarbon fragments. Ruthenium is also 

the major metal for the production of ammonia and acetic acid. Ruthenium is also alloyed with 

titanium to prevent corrosion. It is added to platinum and palladium in order to harden the metals. 

Ruthenium is also used for a variety of chemical reactions. It is because of all of these uses that 

36 tons of ruthenium are consumed each year. Although this is a smaller amount than the demand 

for platinum, ruthenium is still considered a precious metal and its abundance in the earth’s crust 

will be diminished over the next few years. 50 

It is for the reasons mentioned above and a few additional benefits that more earth 

abundant metals should be considered for the hydrogenation of CO2 to formic acid. Earth 

abundant metals are more readily available in the Earth’s crust. These metals include but are not 

limited to iron, cobalt, nickel, tungsten and chromium. These non-precious metals are also often 

less toxic than their precious metal analogues. The ability of these non-precious metals to 

complex to ligands in order to form eligible pre-catalyst candidates for CO2 hydrogenation will be 

discussed.    

 

1.11 High throughput screening of metal salt and ligand combinations using 

bromothymol blue as a colorimetric indicator 

 

In 2003, Jessop et. al. designed an inexpensive system for high throughput combinatorial 

approach for high pressure ligand and metal screening system. 41 The system can perform a 6 x 6 

array of six different metals and 6 different ligands at pressures up to 200 bar. The design 

involved a slight modification to a traditional high pressure vessel (Figure 1.19).  
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Figure 1.19 A 36 array, high throughput metal/ ligand screening apparatus for testing viable pre-

catalysts for the hydrogenation of CO2 to formic acid. 

 

The most efficient way to evaluate a combinatorial catalyst screening is with the use of a 

visual test rather than an instrumental analysis. A similar method involving homogeneous 

catalysis was previously reported by Cooper et. al. who used reactive dyes as the substrates for 

hydrogenation reactions.51 The change in the color of the dye upon hydrogenation gave an 

indication of how effective the reaction was at producing the product. This method, although 

visual, has the downside in that it cannot be used for reactions where a UV active dye cannot be 

used as the substrate. Therefore, a method was developed for a visual screening of the 

hydrogenation of CO2 to formic acid involving an acid-base indicator: bromothymol blue. This 

makes it possible to do a visual determination of formic acid yield, and also ensures that the 

indicator cannot influence the reaction in any appreciable way. This was assured as the indicator 

was added after the reaction time was stopped. The more yellow the color the higher the amount 

of formic acid is produced from the hydrogenation of CO2. Since an acid-base indicator is used 

for colorimetric screening, the solvent used must obey two conditions: first, a non-protic solvent 
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must be used and secondly the solvent must be non-volatile. The former must exist as protic 

solvents tend to form alkylcarbonic acid when exposed to CO2. This would cause an artificial 

change in the pH of the solution, causing an artificial change to the color of the resulting reaction 

mixture after the addition of bromothymol blue. The latter must also be considered ensuring that 

the solvent loss over the course of the reaction is insignificant. In order to establish the validity of 

the method, preliminary trials were performed on a well known catalyst system for the 

hydrogenation of CO2 to formic acid, RuCl(OAc)(PMe3)4.52 Vials containing the catalyst and 

vials with the absence of the catalyst were run alongside each other. The vials that did not contain 

catalyst remained blue whereas the vials containing catalyst turned green upon addition of 

bromothymol blue. This indicated that no cross contamination occurred amongst the individual 

vials.41   

A typical first tier screening of potential catalysts can be visualized in Figure 1.20.  

 

Figure 1.20 First tier screening of a variety of non-precious metal salts with a variety of ligands 

as well as a control sample with no addition ligand being added.41 

  

This method was used and was able to predict the correct metal ligand combination for a 

variety of non-precious metal salts in combination with a wide array of phosphine ligands (Figure 
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1.20).41 This method demonstrated success with [RuCl2(C6H6)]2 and three other Ru(II) precursors 

in combination with 44 different phosphines, and was able to streamline the screening efforts in 

order to arrive at the most active catalyst. This initial first-tier screening gave rise to a wide range 

of ligands that gave good activities when tested with a large array of different metal salts.  

1.12 Thesis Scope 

 

The thesis scope will introduce the use of organometallic complexes to facilitate the 

conversion of hydrogen and carbon dioxide gases in order to form formic acid. Scheme 1.8 shows 

the conversion of CO2 to formic acid with the use of hydrogen gas.  

 

 

Scheme 1.8 Hydrogenation of CO2 in the formation of formic acid 

 

It has also been previously mentioned that the metal complex can be tuned to give the most 

optimal activity towards the product of interest. The second chapter will discuss screening of non-

precious metal salts with a variety of mono, di and multidentate phosphine ligands. Proposed 

mechanisms for the catalysts’ ability to transform CO2 into formic acid, activities of promising in 

situ and prepared catalysts will be discussed. Chapter 3 will discuss the use of carbenes as ligands 

and the formation of carbene non-precious metal catalysts. The synthesis of the imidazolium salts 

used to form the free carbene will be discussed in detail. The activity and the mechanistic 

understanding behind these complexes and their ability to produce formic acid from CO2 will be 

discussed. The binding of CO2
 to the free carbene in order to form an ionic liquid will be 

discussed in terms of both competitive and cooperative processes towards the formation of formic 

acid from CO2. Chapter 4 will touch briefly on the use of hemilabile ligands with non-precious 

H2 + CO2 HCO2HCatalyst

DBU, 70°C, 21 h
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metal complexes for the production of formic acid. The rationale behind designing hemilabile 

ligands and a postulated catalytic cycle will be discussed.  

Once a better understanding of the catalysts are achieved, such as the right ligands and 

catalytic environments, active metal catalyst development can progress by logical design rather 

than by trial and error. There is a hope that a systematic way to design and set up the reaction 

with the highest efficiency will be developed, with the use of the most environmentally benign 

reagents in addition to the use of the cheapest catalysts.  
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Chapter 2 

Hydrogenation of CO2 Using Non-Precious Metal 1,3-

bis(dimethylphosphinoethane) Complexes 

2.1 Introduction 

 

There is growing interest in the fixation and the use of carbon dioxide as a cheap and 

readily available source of C1. One method of carbon fixation utilizes CO2 as a feedstock for the 

production of formic acid through hydrogenation in the presence of a catalyst and a base 

(Equation 2.1).  

 

Equation 2.1 

There have been some examples of non-precious metal complexes used as precatalysts, 

despite earlier investigations that focused on catalysts containing precious metals such as Ru, Ir, 

Pd and Rh. 1-12 In 1976, Inoue showed that with the use of Ni(dppe)2 (complex 1) as the pre-

catalyst, a turnover number (TON) of 7 was achieved.13-15 In 2003, the Jessop group demonstrated 

that in situ catalysts containing Fe, Ni, Co, In, Mo, Nb and W were all catalytically active; 

furthermore, one catalyst precursor—NiCl2(dcpe) (complex 2.2)—produced formic acid with a 

TON of 4,400, the best result for a nickel-containing CO2  hydrogenation catalyst.13,15-17  

Federsel et al. reported the structure, the catalytic activity, and a proposed mechanism of 

[FeH(PP3)](BF4) for the hydrogenation of CO2 to formic acid.13,16-18 The catalyst, complex 2.3, 

was able to achieve high yields of formic acid with a TON of 610. Complex 2.4 was developed 

by replacing the iron center with a cobalt center in the preparation of [Co(H)(PP3)](BPh4).13,16,18  

H2 + CO2 HCO2H (1) 
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Ziebart et al. demonstrated that bicarbonates are present in the reaction mixture following 

CO2 hydrogenation using either an fluoro-tris(2-(diphenylphosphino)phenyl)phosphine]-iron(II)-

tetrafluoroborate or a Co(I) complex (complex 2.5 and 2.6) as the catalyst.18,19 The use of a Co(I) 

species has been shown to efficiently hydrogenate CO2 into formic acid. Complex 6 attained a 

TON of 9,400 at the most optimized conditions.20 Milstein et al. reported pincer complexes with a 

PNP backbone; the iron complex, complex 2.7, had a TON of 727. 18,19,21 Exposure of complex 

2.7 to CO2 resulted in the formation of complex 2.8 which was characterized and precipitated out 

of solution. Bipyridine ligands, in combination with cobalt, have also been explored. A series of 

Co(Cp*)(bipy) complexes have been prepared (complexes 2.9-2.13), having properties of being 

water stable and water soluble. The best TON achieved for these catalysts was obtained for a 

hydroxide functionalized bipy complex, which has a TON of 59. DFT transition state analysis 

was performed on this complex and it was found that using water as a solvent acts to stabilize the 

transition state (Figure 2.2). This stabilization is not observed with Ir analogues of this 

complex.17,22  

 



 

43 

 

 

Figure 2.1: Complexes 1 through 13 used in the hydrogenation of CO2 to formic acid 

 

 

Figure 2.2: DFT calculated transition state geometry optimizations for water assisted H2 

heterolysis in the activation and hydrogenation of CO2 17,22 
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Table 2.1: Summary of previously reported non-precious metal catalysts used in the 

hydrogenation of CO2 or bicarbonate to formatea 

Catalyst precursor TON TOF (h-1) PH2/ CO2 (bar) Time 

(h) 

T (°C) 

Hydrogenation of CO2    

FeCl3/dcpe  5,17   113   15 100 7.5 50 
Co(dmpe)2H b 14,20,23 9,400 74,000  20 1 RT 
NiCl2(dcpe)  17,24,25 4,400   20 200 216 50 
Ni(dppe)2

 15,26,27     7   0.4  50 20 RT 
MoCl3/dcpe 17   63     8 100 7.5 50 
Hydrogenation of HCO3

-   PH2 (bar)   

Fe(BF4)2(PP3) 13 

13,16,18 

   610  88 20 20 120 
[FeF(PP3)]+ 13,15-17   7,500 380 60 20 100 
[(PNP)Fe(H)2(CO)] c 

21 18,19 12 

   320  20 8.3 10  80 
[CoF(PP3)]+  13,16-18 3,900  77 60 20 120 

a dppe = 1,2-bis(diphenylphosphino)ethane, dcpe = 1,2-bis(dicyclohexylphosphino)ethane, dmpe 
= 1,2-bis(dimethylphosphino)ethane, PP3 = P(CH2CH2PMe2)3, PNP = 2,5-
bis((diphenylphosphino)methyl)-1H-pyrrole,  b 510 eq. of Verkade’s base used, c H2O/THF (10:1)  

 

Recently, Linehan et al. have shown that the combination of a Co(I) complex and a 

particularly powerful base, Verkade’s base (2,8,9-triisopropyl-2,5,8,9-tetraaza-1-

phosphabicyclo[3.3.3]undecane), gives a TON of 9,400.20 Researchers have also investigated 

nonprecious metal homogeneous catalysts for the related hydrogenation of bicarbonate to formate 

in water; a Fe complex reported by the Beller group has the highest TON for this reaction.18,19,21 

Table 2.1 summarizes all of the nonprecious-metal homogeneous catalysts for these reactions. 

 The majority of reports in the literature using non-precious metal catalysts for the 

hydrogenation of CO2 to formic acid involves the use of phosphorus containing ligands. One 

subset of P-type ligands are often referred to as “phosphines”. Phosphines, PR3, are important as 

they constitute one of very few types of ligands where both the electronic and steric properties 

can be altered in a methodical and foreseeable way by altering the R group. P-type ligands are 
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special in that they are well studied and available, they have stabilizing effects on metals and they 

are an excellent handle for NMR studies as 31P is a 100% abundant isotope.  

 Phosphines bond through the lone pair on the central phosphine by donating these 

electrons to the metal centre. These ligands are also, however, π acids. The π acidity of 

phosphines largely depends on the structure and electronics of the R group. For example, alkyl 

phosphines are weak π acids, where as aryl, dialkylamino, alkoxy, and flouro groups are more 

effective at promoting π acidity. This is because the P-R bond in the phosphine plays a large role 

in accepting electron density from the metal (Figure 2.3). As the electronegativity of the R group 

increases, the energy associated with the lowest unoccupied molecular orbital of the R group 

becomes lower in energy and hence more stable. By extension, the σ* orbital of the P-R bond also 

becomes more stable. This allows for the metal to easily access to the σ* orbital of the P-R bond 

for backbonding.  

 

 

Figure 2.3: The empty P-R σ* orbital is the acceptor on metal complexes involving PR3. As R 
becomes more electronegative, the empty P-R σ* orbital gains stability and therefore moves to a 
lower energy, which in turn makes it a better acceptor to the metal 

 

 As mentioned previously, the electronic and steric properties of PR3 ligands can be tuned; 

these parameters are quantified by the Tolman parameters. Electronic parameters are measured by 

the stretching frequency of a carbonyl ligand attached to the same metal as the phosphine ligand. 

The weaker the carbonyl stretch, the more backbonding is taking place from the metal to the 

carbonyl’s antibonding orbital. The electron density of the metal is dependant on the donor 

M P

P-R σ∗M (dπ)
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strength on the phosphine ligand. The more donating the phosphine the more electron density is 

placed on the metal centre and the more backbonding occurs from the metal to the carbonyl.  

Sterics can be adjusted by adding bulky groups onto the R group of PR3. Larger 

phosphine ligands can force the metal to bind fewer ligands, since larger ligands prevent 

additional ligands from binding to the metal. This is effective in that it can force the complex to 

be coordinatively unsaturated, which can alter the metals reactivity towards different substrates. 

Both the sterics and the electronics can be predicted using the Tolman plot, which was developed 

by looking at variety of different phosphines and plotting their carbonyl stretching frequency vs. 

the Tolman angle for a given metal.28,29  

Phosphines also act to stabilize a large number of other complexes containing a wide 

array of ligands used regularily in organometallic synthesis. It is for this reason that phosphines 

are often considered to be more like spectator ligands than actor ligands in organometallic 

complexes.  

 

2.1.1 Introduction to screening of phosphines with non-precious metal salts 

  

Earlier screening of various ligand and metal combinations has shown that a number of different 

ligand/ metal combinations have some activity towards CO2 hydrogenation to formic acid 

(appendix). Of the 100 phosphine ligands that were screened (Appendix), 20 combinations gave 

some colorimetric indication that they have at least some activity towards the hydrogenation of 

CO2 to formic acid. The 20 combinations were analyzed in more detail through turnover number 

(TON) measurement and calculations with the use of 1H NMR spectroscopy. 11 of these 

phosphines had shown to have good activity toward formic acid and are shown in Figure 2.4, the 

activities of these phosphines with selected non-precious metals are shown in Table 2.2.  
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Figure 2.4: Structure of various selected phosphines that showed some activity towards the 
hydrogenation of CO2 to formic acid (Barnes, M. A.; Jiang, J.; Schatte, G.; Lough, A.; Laurenczy, 
G.; Dyson, P.; Jessop, P. G. unpublished work.) 
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Table 2.2: TON calculations for select metal/ligand combinations initially identified through 

colorimetric screening effortsa 

Catalyst precursor TON  Standard deviation of TON Formic acid/ Base ratio 

NiCl2 + DMPE 170 10 0.36 
NiCl2 + 2.14 70 4 0.15 
NiCl2 + 2.15 91 7 0.19 
NiCl2 + 2.16 54 9 0.12 

Ni(OAc)2 + DMPE 80 11 0.17 
Ni(OAc)2 + 2.17 48 5 0.10 
Ni(OAc)2 + 2.18 35 4 0.07 
Ni(OAc)2 + 2.19 33 5 0.07 
Ni(OAc)2 + 2.20 130 12 0.09 
Ni(OAc)2 + 2.21 24 4 0.05 
Ni(OAc)2 + 2.22 88 7 0.19 
FeCl2 + DMPE 730 25 1.55 

FeCl2 + 2.15 88 8 0.19 
FeCl2 + 2.23 270 21 0.57 

Fe(OAc)2 + DMPE 70 8 0.15 
Fe(OAc)2 + 2.20 29 4 0.06 
Fe(OAc)2 + 2.21 110 9 0.14 
Fe(OAc)2 + 2.22 36 6 0.08 
Fe(OAc)2 + 2.23 32 5 0.07 
CoCl2 + DMPE 400 15 0.85 

CoCl2 + 2.15 18 5 0.04 
CoCl2 + 2.16 20 4 0.04 

Co(OAc)2 + 2.16 23 5 0.05 
Co(OAc)2 + 2.17 48 7 0.10 
Co(OAc)2 + 2.18 31 9 0.06 
Co(OAc)2 + 2.20 135 13 0.29 
Co(OAc)2 + 2.21 280 25 0.60 
Co(OAc)2 + 2.22 27 6 0.06 
Co(OAc)2 + 2.23 31 7 0.07 
Co(OAc)2 + 2.24 79 9 0.17 

MoCl3 + 2.16 16 5 0.03 
aReaction conditions: 40 bar CO2, 60 bar H2, 4.5 µmol dmpe, 590 µmol DBU, 70°C, 21 h, 1.5 
µmol of metal precursor. TON was determined by 1H NMR spectroscopy 

 

Because earlier screening efforts (Figure 2.4 and Table 2.2)17,22 showed that Co(II), 

Fe(II), and Ni(II) complexes made in situ with bisphosphine ligands were particularly promising, 

a wider range of phosphines was re-investigated. A combinatorial screening of Fe, Ni and Co 

using 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) as the base, at a DBU:metal ratio of 500:1 was 
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performed. Detection of the formic acid product was accomplished colorimetrically by the 

addition of bromothymol blue indicator after the reaction period. If a high yield of formic acid is 

produced, then the solution becomes yellow.17,22 By the screening of metal-ligand combinations, 

in situ catalysts formed from 1,2 bis(dimethylphosphino)ethane (DMPE) with FeCl2, CoCl2, and 

NiCl2 were found to be the most catalytically active. For these three combinations, a limited 

optimization of conditions was performed. 

 

2.1.2  Introduction to general mechanisms suggested for CO2 hydrogenation to formic acid 

 

Many mechanisms for the transformation of CO2 have been postulated in the literature. 

There is a wide array of possibilities for the catalytic cycle; the possibilities can be narrowed 

down using high pressure NMR, Density Functional Theory and High Resolution Mass 

Spectrometry. However, for CO2 hydrogenation three general catalytic cycles have been shown to 

be energetically possible. Generally, either CO2 or H2 can add first to the complex, which gives at 

least three different cycles (Figures 2.5-2.7). When H2 is added first, numerous possibilities 

exist—one of which is shown in Figure 2.5.15,26,27 When CO2 is added first, there are several 

possibilities that exist; two of these possibilities have been shown to be energetically possible 

through transition state calculations and kinetic studies.17,24,25   

The mechanism in Figure 2.5 shows that, in some cases, it is more energetically favorable 

for the CO2 to interacts with the M-H pre-catalyst than to bind directly to the metal. In this way, 

CO2 is directly protonated by the M-H and doesn’t need to bind to the metal first before 

undergoing an insertion reaction. 
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Figure 2.5: One mechanism for the insertion of CO2 into a metal hydride bond 

  

The mechanism outlined in Figure 2.6 depicts a case where hydrogen is first added to the 

system resulting in a dihydrogen pre-catalyst, which then undergoes an oxidative addition on the 

metal in order to form a metal hydride. CO2 inserts into the M-H bond, hydrogenating the central 

carbon atom. After the addition of a second equivalent of H2, formic acid is released and the 

precatalyst is regenerated.  
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Figure 2.6: Mechanism of CO2 hydrogenation where CO2 binds first to the metal hydride 

precatalyst.1 

 

In the mechanism shown in Figure 7 CO2 binds directly into the empty coordination site 

on a metal hydride pre-catalyst. As H2 binds it undergoes an oxidative addition on the metal to 

give a dihydride complex, which acts to protonate the formate molecule in order to release formic 

acid and regenerate the catalyst. The H2 molecule ligand might protonate the formate without 

undergoing oxidative addition first.  
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Figure 2.7: Mechanism of CO2 hydrogenation where CO2 binds first to a hydride 

 

2.2 Experimental procedures 

 

2.2.1 Experimental procedure for CO2 hydrogenation using in situ catalysts. 

 

Under an inert and dry atmosphere, a mol ratio of MCl2:DMPE:DBU (M=Fe, Co, Ni) of 

1:3:400 was used. This was done volumetrically using 50 µL of a 0.03 M solution of MCl2 in 
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DMSO (dried over CaH2, degassed and stored over molecular sieves); 100 µL of a 0.045 M 

solution of DMPE in DMSO; and 112 µL of DBU (predried over CaH2, distilled, dried with CO2, 

filtered and stored over molecular sieves). The volume was brought up to a total volume of 637 

µL with DMSO. The reaction was carried out in a vial with a stir bar in a 160 mL steel high-

pressure vessel (Parr Instrument Company). The high-pressure vessel was charged with 40 bar of 

CO2 and 60 bar of H2 at 70 °C. The reaction mixture was stirred for 21 h at 70 °C. The vessel was 

cooled, the pressure was released, the vial was removed, and 0.010 g of 1,2,3-trimethoxybenzene 

was added as an internal standard. A 1H NMR spectrum of the reaction entire mixture in CD3OD 

was performed on a 400.16 MHz instrument. TON and TOF were determined from peak 

integrations. 

 

2.2.2 Characterization of in situ generated precatalysts 

 

The in situ generated catalyst FeCl2 + DMPE was characterized with the use of variable 

temperature NMR spectroscopy. A 0.5 mL, 0.06 M solution of 1,2-bis(dimethylphosphino) 

ethane (dmpe) was prepared in d6-acetone under inert conditions and cooled to -78 °C using a dry 

ice/acetone bath. Reference 31P{1H}, 1H and 13C{1H} NMR spectra were obtained. To a quartz 

NMR tube 0.5 mL of a 0.03 M solution of FeCl2 was added, and 31P{1H}, 1H and 13C{1H} NMR 

spectra were obtained again. 31P{1H}, 1H, and 13C{1H} NMR spectra were taken again after the 

NMR spectrometer had warmed up to -45 °C.  
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2.2.3 Experimental procedure for CO2 hydrogenation using in situ catalysts in the presence 

of NaBPh4 

 

Under an inert and dry atmosphere, a mol ratio of MCl2:DMPE:NaBPh4:DBU (M=Fe, 

Co, Ni) of 1:3:50:400 was used. This was done volumetrically using 50 µL of a 0.03 M solution 

of MCl2 in DMSO; 100 µL of a 0.045 M solution of DMPE in DMSO; 112 µL of DBU; and 250 

µL of a 0.3 M solution of NaBPh4 in DMSO. The volume was brought up to a total of 637 µL 

with DMSO. The reaction was carried out in a vial with a stir bar in a steel high-pressure vessel 

(Parr Instrument Company). The high-pressure vessel was charged with 40 bar of CO2 and 60 bar 

of H2 at 70 °C, the reaction mixture was stirred for 21 h. The vessel was cooled, the pressure was 

released, the vial was removed and to it was added 0.010 g of 1,2,3-trimethoxybenzene as an 

internal standard. A 1H NMR spectrum was acquired for the entire reaction mixture in CD3OD on 

a 400.16 MHz instrument. TON and TOF were determined from peak integrations. 

 

2.2.4 Preparation of catalyst precursors of the formula MCl2(dmpe)2 (M=Fe, Co, Ni) 

Preparation of FeCl2(dmpe)2: 

In a nitrogen filled glovebox, 0.0158 g of FeCl2 (98% Sigma Aldrich), 0.0376 g of dmpe 

and 10 mL of THF were placed into a Teflon capped vial. The reaction mixtures were stirred for 

24 h at room temperature, after which the solvent was removed under reduced pressure to give a 

green powder. Recrystallization of the powder from CHCl3 and hexanes resulted in green crystals 

with a 98% yield. 1H, 31P{1H}, 13C{1H} NMR spectra and high-resolution mass spectra were 

obtained. A single green crystal was obtained from the slow evaporation of a solution of 

FeCl2(dmpe)2 in THF, and the crystal was mounted in paratone oil under nitrogen. 31P{1H} NMR 

(CDCl3-d1, 161 MHz) 58.33 ppm (s, 4 P). 1H NMR (CDCl3-d1, 400.16 MHz) 8.12 (s, residual 

CHCl3 solvent peak); 4.29 (s, 4 H, –CH2CH2) and 1.36 ppm (s, 3 H –CH3). 13C{1H} NMR 
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(CDCl3-d1, 100.6 MHz): -14.61 (s, 2C, –CH2CH2); 76.66 (t, residual CDCl3 peak) and 215.06 

ppm (s, 2C, –CH3). C12H32FeP4Cl2 (427.07 gmol-1) requires C, 33.67; H, 7.60; found C, 33.75; H, 

7.57%. The NMR and X-Ray data for this compound were previously reported by Field and co-

workers. 14,20,23  

 

Preparation of CoCl2(dmpe)2: 

CoCl2(dmpe)2 was prepared in a similar manner to FeCl2(dmpe)2 using 0.018 g of CoCl2 

(99% purity, STREM) as the starting material with 0.048 g of dmpe. Filtration of the complex 

resulted in a purple solution. Crystallization with hexanes as an antisolvent afforded purple 

crystals and the excess solvent was removed under reduced pressure. A 98% yield was obtained. 

1H, 31P{1H}, 13C{1H} NMR spectra and high-resolution mass spectra were obtained. 31P{1H} 

NMR (CDCl3-d1, 161 MHz, s): (51.39 ppm, s, 4 P). 1H NMR (CDCl3-d1, 400.16 MHz): (7.28, s, 

residual CHCl3); (2.40, s, 32 H, CH3) and (1.70 ppm, s, 8 H -CH2CH2). 13C{1H} NMR (CDCl3-

d1, 100.6 MHz): (-14.51, s, 8 C, -CH3); (76.99, t, residual CDCl3) and (214.99 ppm, s, 4 C, -

CH2CH2). C12H32CoP4Cl2 (430.15 gmol-1) requires C, 33.50; H, 7.51; found C, 32.89; H, 7.71. 

Since no literature values are present for this structure, HMQC studies were performed in order to 

identify the carbon and hydrogen nuclei present.     

 

Preparation of NiCl2(dmpe)2: 

To a pear shaped Schlenk flask under an atmosphere of argon was added 0.0223 g of 

NiCl2 (99.5% purity, Acrōs Organics), 0.048 g of dmpe (99% purity, Sigma Aldrich), and 15 mL 

of methanol.  The reaction mixture was stirred for 24 h at room temperature. The addition of 

diethyl ether yielded a yellow solid. The excess methanol filtrate was removed by cannula 

filtration and the residue was dried under reduced pressure. 1H, 31P{1H}, 13C{1H} NMR spectra 

and high-resolution mass spectra were obtained. 31P{1H} NMR (CDCl3-d1, 161 MHz): (44.43 
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ppm, s, 4 P). 1H NMR (CDCl3-d1, 400.16 MHz): (8.11, s, residual CHCl3); (4.28, s, 24 H, -CH3) 

and (0.93 ppm, s, 8 H, -CH2CH2). 13C{1H} NMR (CDCl2-d1, 400 MHz, t, s, s). (76.67 ppm, t, 

residual CDCl3); (213.53, s, 8 C, -CH3) and (-15.34 ppm, s, 4 C, –CH2CH2). C12H32NiP4Cl2 

(429.91 gmol-1) requires C, 33.52; H, 7.52; found C, 33.12; H, 7.68. Since no literature values are 

present for this structure.  

 

Preparation of [FeCl(dmpe)2]+(BPh4)- : 

To a round bottom Schenk flask under an atmosphere of argon was added 0.0198 g of 

FeCl2(dmpe)2, 0.0502 g of NaBPh4 and 10 mL of THF. The reaction mixture was stirred for 12 h 

at room temperature. Filtration of the complex resulted in a purple solution. Excess THF from the 

filtrate was removed under reduced pressure. A yield of 91.5 % was obtained. 1H, 31P, 13C NMR 

and high resolution mass spectra were obtained. 31P{1H} NMR (CDCl3-d1, 161 MHz, s): (58.18 

ppm, s, 4 P). 1H NMR (CDCl3-d1, 400.16 MHz): (7.28 residual CHCl3, s); (1.28, s, 24 H, -CH3) 

and (0.09 ppm, s, 8 H, -CH2CH2). 13C{1H} NMR (CDCl2-d1, 100.6 MHz, t, s, s); (76.67, t, 

residual CDCl3); (25.60, s, 8 C, -CH3) and (-1.01 ppm, s, 4 C, –CH2CH2).   

 

Preparation of [CoCl(dmpe)2]+(BPh4)-: 

To a round bottom Schlenk flask was added 0.0238g of CoCl2(dmpe)2, 0.0526 g of 

NaBPh4 and 15 mL of methanol. The reaction mixture was stirred for 12 h at room temperature. 

A green solution was decanted, cannula filtered, and then frit filtered which gave a green solution. 

The excess methanol was removed under reduced pressure, which resulted in a green solid. A 

yield of 54.6 % was obtained. 1H, 31P, 13C NMR and high-resolution mass spectra were obtained. 

31P{1H} NMR (CDCl3-d1, 161 MHz): (58.12 ppm, s, 4 P). 1H NMR (CDCl3-d1, 400.16 MHz): 

(8.34, s, residual CHCl3); (4.42, s, 24 H, -CH3) and (0.01 ppm, s, 8 H, -CH2CH2). 13C{1H} NMR 
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(CDCl2-d1, 100.6 MHz): (76.67, t, residual CDCl3); (213.53, s, 8 C, -CH3) and (-15.34 ppm, s, 4 

C, –CH2CH2).   

 

Preparation of [NiCl(dmpe)2]+(BPh4)-
: 

To a round bottom Schlenk flask in an argon atmosphere was added 0.0218 g of 

NiCl2(dmpe)2, 0.048 g of NaBPh4 and 15 mL of methanol. The reaction mixture was stirred for 

12 h at room temperature. The green solution was decanted, the solution was filtered through a 

cannulae and then a frit filter to afford a lime-green solution. The excess methanol was removed 

under reduced pressure to give a lime green solid. A yield of 54.6 % was obtained. 1H, 31P{1H}, 

13C{1H} NMR and high resolution mass spectra were obtained. 31P{1H} NMR (CDCl3-d1, 161 

MHz): (44.47 ppm, s, 4 P). 1H NMR (CDCl3-d1, 400.16 MHz): (6.68, s, residual CHCl3); (10.63, 

s, 24 H, -CH3) and (2.16 ppm, s, 8 H, -CH2CH2). 13C{1H} NMR (CDCl2-d1, 400 MHz): (76.67, t, 

residual CDCl3); (213.53 ppm, s, 8 C, -CH3) and (-15.34 ppm, s, 4 C, –CH2CH2). Single crystal 

X-Ray analysis was obtained from a crystal grown from CHCl3 with hexanes as the antisolvent. 

The crystal was run with a coat of paratone oil and mounted under nitrogen.  

 

2.2.5 13C{1H} and 31P{1H} NMR sample preparation: 

 

Powder (1 mg) of the prepared catalysts was transferred into a clean dry quartz NMR 

tube. The NMR tube was placed under reduced pressure for 48 h after which CDCl3-d1 (dried 

over CaH2, and degassed) was transferred. The spectral data were collected for 12 h on a 400 

MHz instrument.   
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2.2.6 Experimental procedure for CO2 hydrogenation using MCl2(dmpe)2 (M=Fe, Co, Ni) 

 

Under an inert and dry atmosphere, a mol ratio of MCl2(dmpe)2:DBU (M=Fe, Co, Ni) of 

1:400 was used. This was done volumetrically using 50 µL of a 0.03 M solution of MCl2 in 

DMSO and 112 µL of DBU the volume was brought up to a total volume of 637 µL with DMSO. 

The reaction was carried out in a vial with a stir bar in a steel high-pressure vessel (Parr 

Instrument Company). The high-pressure vessel was charged with 40 bar of CO2 and 60 bar of H2 

at 70 °C, the reaction mixture was left to stir for 21 h. The vessel was cooled the pressure was 

released, the vial was removed, and an internal standard of 0.010 g of 1,2,3-trimethoxybenzene 

was added. A 1H NMR spectrum was collected for the reaction mixture using a 400 MHz 

instrument. TON and TOF were determined from peak integrations.        

2.2.7 Materials  

 

FeCl2 (98% Sigma Aldrich), CoCl2 (99% purity, STREM), NiCl2 (99.5% purity, Acrōs 

Organics), DMPE (97%, Sigma Aldrich), DMSO (99%, Sigma Aldrich) dried with sodium 

benzophenone, degassed using repeated freeze, pump thaw cycles, DMSO-d6 (99.96%, Sigma 

Aldrich). 

 

2.3 Results and discussion 

2.3.1 Characterization and interpretation of the in situ catalyst FeCl2 + DMPE 

 

The in situ generated catalysts formed a cis and a trans species as depicted in Figure 2.8. 

Cooling of a 0.045 M solution of dmpe to -78 °C in a quartz NMR tube gave a single signal at -

48.32 ppm. Addition of a solution of 0.03 M solution of FeCl2 to the 0.045 M solution of dmpe 

resulted in an additional two peaks which indicated the formation of both the cis and the trans 
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species of FeCl2(dmpe)2 indicative of a pair of triplets and singlet respectively. Upon warming the 

NMR tube to -45 °C, the pair of triplets was more apparent, thus giving a good indication that a 

cis complex had formed. 

 

Figure 2.8: Variable temperature 1H NMR spectra of the in situ formation of FeCl2(dmpe)2 

 

In situ catalysis was performed with the metals using DMPE as the ligand and an additive 

(with or without NaBPh4). The purpose of adding this was to abstract chloride from the metal 

complexes and thereby generate cationic complexes. The activities of the in situ catalysts were 

measured (Table 2.3). The most active catalyst was the Fe in situ catalyst in the absence of a 

NaBPh4 additive, which took the reaction to the equilibrium. In aprotic solvents, the maximum 

yield is 1.7 equivalents of formic acid per equivalent of organic base.5,17,17 None of the other 

catalysts brought the reaction to completion; however, the Co, In, Ni, Zn, and Mo catalysts had 

significant activity. Surprisingly, even W, Mn, Nb, and Cr had slight activity. The effect of the 

addition of NaBPh4 was tested for three metals and resulted in lowered catalytic activity in each 
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case. This is postulated to be a result of the use of the strongly coordinating solvent DMSO for 

the catalytic process. No formic acid was observed when blank runs (either the metal salts with 

no ligand or with ligand but no metal salt) were performed.  

 

Table 2.3: Hydrogenation of CO2 using catalysts generated in situa 

Catalyst precursor TON Standard deviation of TON Formic acid: Base mole ratio 

FeCl2
c 730 25 1.70 

CoCl2
 c 410 32 1.00 

NiCl2
 c 170 28 0.45 

FeCl2  + NaBPh4
b 300 30 0.78 

CoCl2 + NaBPh4
b 120 24 0.32 

NiCl2 + NaBPh4
b  63 7 0.24 

WCl6
 c  72 9 0.16 

MnCl2
 c  20 5 0.10 

InCl3
 c 180 15 0.30 

ZnCl2
 c 130 17 0.27 

MoCl3
 c 140 21 0.38 

CrCl2
 c   8 5 0.02 

NbCl4
 c  30 8 0.11 

FeCl2
 d 2,600 35 0.53 

CoCl2
 d  830 17 0.12 

None c    0 0    0 
aReaction conditions: 40 bar CO2, 60 bar H2, 4.5 µmol dmpe, 590 µmol DBU, 70°C, 21 h, 1.5 
µmol of metal precursor. TON was determined from 1H NMR spectroscopy. b 75 µmol of 
NaBPh4. DMSO was used as the solvent and was added to bring the total volume up to 636 µL. c 
590 µmol N,N-dimethylbutylamine instead of DBU, d 6000 µmol of DBU. 
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Figure 2.9: Single X-ray crystallographic 95% ORTEP structure of FeCl2(dmpe)2 

 

FeCl2(dmpe)2 and CoCl2(dmpe)2 are octahedral in the solid state (Figures 2.9 and 2.10). 

Only a singlet is present in the 31P{1H} NMR spectra for the Fe, Co and Ni analogues—which 

suggests the formation of the trans isomer in solution. FeCl2(dmpe)2 has been synthesized 

previously by Field and coworkers.14   

 

2.3.2 Oxidation of CoCl2(dmpe)2 to form [CoCl2(dmpe)2]+ 

 

CoCl2(dmpe)2 oxidizes in the solid state in order to form [CoCl2(dmpe)2]+ where CoCl 4 

is the counter anionas can be shown from the above crystal structure, where the anticipated 

[CoCl2(dmpe)2]+ however an anion exchange took place between (CoCl4)- and (BPh4)- in order to 

give [CoCl2(dmpe)2]+(BPh4)- (Figure 2.11).[CoCl2(dmpe)2]+ and (CoCl4)- are in a 1:1 ratio in the 

crystal lattice (Figure 2.10), suggesting that the species undergoes oxidation from the initially 

formed Co(II)(dmpe)2. It is common in the literature for Co(II) complexes to be oxidized to 

Co(III) from external oxidants either O2 or P(O)R3.30 
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Figure 2.10: Single X-ray crystallographic 95% ORTEP structure of [CoCl2(dmpe)2](CoCl4) 
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Figure 2.11: Structure of [CoCl2(dmpe)2]+(BPh4)- 

 

Figure 2.11 shows the result of the oxidized CoCl2(dmpe)2 into [CoCl2(dmpe)2]+(CoCl4)- 

after an anion exchange with BPh4
- from NaBPh4 (Figure 2.11).30    

Structure of [CoCl(dmpe)2]+(BPh4)- was to have been square pyramidal with an empty 

coordination site caused by selective removal of one of the chlorine atoms. This strategy appeared 

to have worked for the Ni case (Figure 2.12); however, it did not work for the Co case. From 

figure 9 and scheme 1 it can be postulated that the molecule CoCl2(dmpe)2 disproportionates to 

form Co(III) species rather than the anticipated Co(II) species. Through the addition of the 

reagent, NaBPh4 acts in such a way that the [BPh4]- exchanges with the [CoCl4]- forming a 

different Co(III) salt rather than producing an empty coordination site.  
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The complex [NiCl(dmpe)2]+(BPh4)- had a crystal structure that matched the 

hypothesized structure where an empty coordination site is formed (Figure 2.12). The phosphines 

are all in the same plane and the chlorine sits above the plane, leaving an empty coordination site 

trans to the chlorine. This was anticipated to aid in catalysis by providing an empty coordination 

site by which the CO2 can easily bind. 

 

Figure 2.12: Single X-Ray 95% ORTEP structure of [NiCl(dmpe)2]+(BPh4)-.   

 

2.3.3 Activities of prepared catalysts used in the hydrogenation of CO2 to formic acid. 

 

 The activities of the FeCl2(dmpe)2, [FeCl2(dmpe)2](BPh4), NiCl2(dmpe)2, 

[NiCl2(dmpe)2](BPh4), CoCl2(dmpe)2 and [CoCl2(dmpe)2](BPh4) precursors towards CO2 

hydrogenation were tested and compared to the in situ generated catalysts (Tables 3 and 4). The 

in situ Fe catalyst was superior to the prepared FeCl2(dmpe)2 complex; however, the in situ Co 

complex and prepared Co complex were comparable whereas the prepared Ni complex was 

slightly better than the in situ catalyst.   
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Table 2.4: Hydrogenation of CO2 using prepared catalyst precursorsa 

Catalyst precursor TON Standard deviation of 

TON 

Formic acid: 

Base mole ratio  

 

FeCl2(dmpe)2
 210 22 0.43  

CoCl2(dmpe)2
  374 34 0.90  

NiCl2(dmpe)2
  322 37 0.77  

CoCl2(dmpe)2
b 106 23 0.32  

CoCl2(dmpe)2
c 720 38 0.22 

 

 

 
[FeCl(dmpe)2]+(BPh4)- 151 24 0.18  
[NiCl(dmpe)2]+(BPh4)- 310 25 0.38  
[CoCl(dmpe)2]+(BPh4)- 92 14 0.12  

 

aReaction conditions: 40 bar CO2, 60 bar H2, 590 µmol DBU, 70 °C, 21 h and 1.5 µmol of 
precatalyst. TON was determined by 1H NMR spectroscopy. DMSO was used as the solvent and 
was added to bring the total volume up to 636 µL. b 590 µmol N,N-dimethylbutylamine, c 6000 
µmol of DBU. 
 

 If these catalysts can only function with a relatively strong base such as DBU, then they 

may not have practical value; therefore, some of the prepared catalysts were tested with a weaker 

base. Trials with N,N-dimethylbutylamine in place of DBU were done on three test catalysts: 

FeCl2 in situ, CoCl2 in situ and CoCl2(dmpe)2 (Table 2.3 and 2.4). The use of N,N-

dimethylbutylamine in place of DBU decreased the activity of the neutral catalysts FeCl2 in situ, 

CoCl2 in situ and CoCl2(dmpe)2, although the change was small for the FeCl2 in situ case.     

 The amount of DBU used in the reaction was increased in order to determine whether 

increased TON could be obtained at a higher base:metal ratio. This was done again with three test 

catalytic species: FeCl2 in situ; CoCl2 in situ (Table 2.3); and, CoCl2(dmpe)2 (Table 2.3 and 2.4). 

Although the reactions did not reach the same yield of formic acid per mol of base, the TON 

values were significantly higher at these loadings of base.  

We postulated a mechanism for the production of formic acid with the use of 

FeCl2(dmpe)2 complex with high pressure NMR capabilities. CoCl2(dmpe)2 shows hydride 
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formation from high pressure NMR studies; however, the structure of the hydride was not able to 

be discerned. The decrease in activity moving from the FeCl2(dmpe)2 to the 

[FeCl(dmpe)2]+(BPh4)- complex was also investigated with the use of both high pressure and inert 

atmosphere NMR experiments. The inert atmosphere experiments were performed in J-Young 

tubes were performed starting with a 0.03 M of MCl2(dmpe)2 and stirring this first with DMSO 

for 12 h, then with NEt3 for 12 h and then with formic acid for 12 h. The evolution of peaks in the 

1H and 31P{1H} NMR spectra were matched to peaks observed in the high pressure NMR studies. 

The NMR chemical shifts were matched to similar Fe or Co complexes or analogous Ru and Rh 

complexes.14,20,31-36   

FeCl2(dmpe)2 was converted to a new compound which resulted in a prominent quintet in 

the 1H NMR spectrum (-20 ppm, quin) when exposed to 60 bar of hydrogen for 60 h at RT, which 

when 31P decoupled gave a singlet. This new species was identified as a trans di-hydride, where 

the phosphine ligands all sit in the same plane and the two hydrides are above and below the 

plane. After that hydride was exposed to a mixture of H2 and CO2 (40 bar/40 bar), a second 

hydride signal appeared in the 1H NMR spectrum (-22 ppm, mult). After solvent suppression and 

31P decoupling, two new hydride peaks appeared giving a total of four hydride peaks (-11, -13, -

20, -22 ppm, s, s, s, bs, with integrations of 3: 5: 7: 1 respectively). The 13C{1H} NMR spectrum 

indicated no presence of formate at room temperature. The solution was heated up to 40 °C for 4 

h. 1H NMR spectrum gave rise to a smaller peak at -20 ppm, the peak at -22 ppm became a broad 

signal and the previously mentioned -11 and -13 ppm peaks disappeared (Figure 2.13). The 

solution was heated up to 70° C for 3.5 h after which the quintet at -20 ppm disappeared and 

three triplets appeared (-12 ppm, -17 ppm, -19.5 ppm). After 18 h at 70 °C, the triplets grew. 

Solvent suppression gave three broad triplets (Figure 2.13). After solvent suppression and 31P 

decoupling was applied, the three triplets became three singlets (Figure 2.14).  
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Figure 2.13: High pressure 1H NMR spectra of new species formed from the addition of H2 (g) 
and CO2 (g) to FeCl2(dmpe)2 showing the formation of hydride species throughout the course of 
the hydrogenation of CO2. Top: m and p at 25 °C, 60 h, 60 bar H2 (g). Middle: m, p, pd and p at 
40 °C, 64 h, 30 bar CO2 (g), 30 bar of H2 (g). Bottom: p, pd and p at 70 °C, 80 h, 30 bar CO2 (g) 
and 30 bar of H2 (g). 
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Figure 2.14: 1H{31P} solvent suppressed high pressure NMR spectra of new species formed from 
the addition of H2(g)  and CO2(g) to FeCl2(dmpe)2 throughout the hydrogenation of CO2 to formic 
acid. Top: after 60 h, RT, 60 bar H2(g). Middle: 3.5 h, 30 bar H2, 30 bar CO2, 70°C. Bottom: 18 h, 
30 bar H2, 30 bar CO2. All three spectra were obtained from the same sample, the sample was 
subjected to the three above conditions. 

 

The relative intensity of the hydride signals at -12 ppm and -22 ppm (Figure 2.13), which 

have been attributed to Fe(H)(Cl)(dmpe)2 and [Fe(H)(dmso)(dmpe)2]+ species, decreased over 

time with respect to the signal at -17.8 ppm. This is evidenced by the J-Young experiments where 

when DMSO-d6 was added a new 31P{1H} peak was observed. As the solution was heated to 70 

°C overnight this new peak grew in intensity. Therefore, this peak was attributed to the 

[Fe(H)(dmso)(dmpe)2]+ species. This indicates that both Fe(H)(Cl)(dmpe)2 species and 

[Fe(H)(dmso)(dmpe)2]+ are being consumed faster than they are being regenerated, and could be 

related to the formate concentration in solution (Scheme 2.2).  
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Scheme 2.1 Postulated structures from high pressure 1H NMR and 1H{31P} NMR studies of 
FeCl2(dmpe)2 in the presence of H2 and CO2(g), structures were postulated based on NMR 
spectroscopy shifts of analogous Ru and similar Fe complexes.31,14,23,32,34,37,38 

 

The 31P NMR spectrum (Figure 2.15) shows the initial formation of three species after 

hydrogen is added. After CO2(g) is added 4, more peaks evolve for a total of 8 peaks.  
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Figure 2.15: High pressure 31P NMR spectra of new species formed from the addition of H2(g)  
and CO2(g) to FeCl2(dmpe)2. Top: Mult, d, d, d, s at 25 °C, 60 h, 60 bar H2(g). Middle: s, d, s, s at 
40 °C, 64 h, 30 bar CO2 (g). Bottom: s, d, s at 70 °C, 80 h, 30 bar CO2 (g) and 30 bar of H2 (g). 

 

In order to determine the nature of the compounds present in the phosphorus NMR 

spectra, a follow-up experiment was performed. The follow-up involved DMSO-d6, NEt3 and 

formic acid, which were added sequentially to [FeCl2(dmpe)2] with spectra recorded between 

each addition.  Heating a green 0.03 M DMSO-d6 solution of FeCl2(dmpe)2 for 4 h gave rise to 

two peaks attributed to FeCl2(dmpe)2 and [FeCl(dmso)(dmpe)2]+ complexes, respectively, at 

60.12 and 59.11 ppm (Figure 2.16). Upon the addition of 0.3 M triethylamine, the orange solution 

gave rise to three sets of peaks which were tentatively designated as the cis and trans 

[FeCl(NEt3)(dmpe)2]+ at 67.46 and 49.30 ppm (Figure 2.16). After the addition of 0.3 M formic 

acid, the yellow solution resulted in three more sets of peaks which were tentatively assigned to 

[Fe(HCO2)(NEt3)(dmpe)2]+, cis and trans FeCl(HCO2)(dmpe)2 at 68.11, 72.84 and 65.82 ppm. 

The peak intensities of these species match the signals from the high pressure 31P NMR 

spectroscopy. The signals are downfield shifted slightly as a result of the Cl ligand in lieu of the 

H ligand. NEt3 is coordinating; as such, it would form the corresponding cis and trans NEt3 
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complexes. Addition of formic acid would result in NEt3 removing a proton to form formate and 

[HNEt3]+. Formate is a better ligand than NEt3. Formate would easily displace the NEt3 in order 

to yield formate species.  

 

Figure 2.16: J-Young 31P NMR spectra of new species formed from the addition of H2(g)  and 
CO2(g) to FeCl2(dmpe)2. Bottom: 0.03 M FeCl2(dmpe)2 in DMSO at 70 °C for 8 h. Middle: 

FeCl2(dmpe)2 in DMSO with 0.3 M NEt3 at 70 °C for 4 h. Top: FeCl2(dmpe)2 in DMSO with 0.3 
M formic acid at 70 °C for 12 h. 

 

As the majority of the species observed during the high pressure experiment are 

postulated to be a trans hydride with respect to either DMSO, chloride, formate or another 

hydride, Density Functional Theory (DFT) calculations were conducted to determine whether the 

cis or trans form of [FeHCl(dmpe)2] was favoured. The DFT calculations were performed using 

Gaussian09, revision B.01,19 software package and the High Performance Computing Laboratory 

(HPCVL). The groundstate geometries were fully optimized at the B3LYP level of theory using 

LANL2DZ as the basis set for Fe, and 6-31G(d,p) for all other atoms. The summaries of the 
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optimized energies and the optimized structures obtained from these optimizations are shown 

below (Table 2.5). 9,39-41 

 

Table 2.5: Summary of Density Functional Theory (DFT) energy calculations for predicted 

intermediate structures involved in the catalytic cycle relative to FeCl2 + 2 dmpe. 

Density Functional Theory Optimized Geometry Energy (J mol-1) 

 

 

trans-FeCl2(dmpe)2 

-0.230 

 

trans-FeClH(dmpe)2 

-0.315 
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cis-FeH2(dmpe)2 

-0.113 

 

cis-FeCl(HCO2)(dmpe)2 

-0.415 

 

trans-FeH(HCO2)(dmpe)2 

-0.129 
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trans-Fe(HCO2)2(dmpe)2 

-0.228 

  

 

The species were drawn and calculated according to species that were observed during 

the high pressure NMR and J-Young experiments. Interpretation of the optimized structures and 

the energy differences between them is best represented by choosing a reference molecule, such 

as trans FeCl2(dmpe)2 and setting it to be 0 J mol-1. By calculating the difference in energy 

associated with the predicted reaction coordinates throughout the CO2
 hydrogenation reaction the 

following reaction coordinate profile represented with respect to the intermediates proposed in the 

reaction (Figure 2.17). 



 

75 

 

 

 

Figure 2.17: Energy profile of Fe dmpe complexes during the CO2 hydrogenation reaction. A) 
shows the energy profile associated with the postulated FeX2(dmpe)2 species formed with the 
Fe(H)2(dmpe)2 intermediate, then single CO2 addition into the M-H bond to form trans 
Fe(H)(O2CH)(dmpe)2 or double CO2 addition into the M-H bond to form the trans 
Fe(O2CH)2(dmpe)2. B) Shows the energy profile associated with addition of CO2 into the M-H 
bond of FeCl(H)(dmpe)2 forming FeCl(O2CH)(dmpe)2.      

 

From the energy profile, it can be seen that the addition of H2 (g) to FeCl2(dmpe)2 has 

two hydrogenation products: heterolytic cleavage of H2 would result in the trans FeClH(dmpe)2 

(2.26) whereas hemolytic cleavage would result in the cis Fe(H)2(dmpe)2 (2.27). Complex 2.26 is 

more thermodynamically stable than compound 2.27, indicating that the transition state might be 

associated with the cis isomer. The energy difference between 2.26 and 2.27 is 0.1868 J mol-1. It 

is therefore reasonable to suggest that in order to get CO2 to bind, hydrogen and heat must be 

applied in order to overcome the cis-trans isomerization.   

Preliminary transition state analysis of these transformations also suggests that the 

compound must be coordinatively unsaturated in order for the CO2 to bind. Therefore, either the 



 

76 

 

chloride is lost or the hydride is protonated off in order to provide an empty coordination site, 

whereby CO2 can bind. Both situations were considered while calculating the transition state 

energies associated with the empty coordination site species. In both chloride and hydride cases 

of [FeX(dmpe)2]+ (X=Cl- or H-), the phosphines remained cis to each other forming a trigonal 

bipyramidal structure. The cis-conformer for the hydride complex appears to have more space in 

the empty coordination site than the corresponding hydridochloride complex; this suggests that it 

is likely more reactive because of its ability to facilitate binding of CO2 to the metal center (Table 

2.6). It is also higher in energy compared to the chloride analogue, making it more reactive than 

the chloride complex.  
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Table 2.6: Optimized energies of the open coordination site complexes derived from 

FeCl2(dmpe)2 with respect to FeCl2(dmpe)2. 

Density Functional Theory Optimized Structure Energy (J mol-1) 

 

 

[FeH(dmpe)2]+ 

 

-9.58 x 10-3 

 

[FeCl(dmpe)2]+ 

-5.39 x 10-2 
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Figure 2.18: Optimized energies of the open coordination site complexes derived from 

FeCl2(dmpe)2 relative to FeCl2 + 2 (dmpe)2 

 

The proposed catalytic cycle is based on the species observed and the DFT calculations 

performed (Figure 2.18). The iron hydride is formed after the heterolytic activation of the 

hydrogen molecule by the metal centre. One of two ligands must dissociate in order for CO2 to 
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bind; this can occur by the dissociation of a X- species or by temporary dissociation of one of the 

bidentate phosphines. Once one of these ligands dissociates, insertion of CO2 into the metal 

hydride generates a metal formate complex that can be protonated; this leads to the displacement 

of formic acid by another species in solution. It is most likely that the ligand trans to the hydride 

in the catalytic cycle is C1 or a bound solvent as these species have been shown by DFT 

calculation to be lower in energy than the formate. However, the presence of the diformate 

complex cannot be excluded given the present information.  

 Using the principle of microscopic reversibility, the mono formate hydride species has 

also been identified from the addition of 13C labelled 0.3 M formic acid in d6-DMSO to a 0.03 M 

solution of FeCl2(dmpe)2 in DMSO-d6. By adding 13C labeled formic acid, the hydrogenation of 

CO2 has shown to go in reverse direction generating a monoformate complex at the same 

chemical shift where the monoformate species was observed in the forward reaction. Once left to 

react, the NMR spectroscopy of the mixture gave rise to a 13C labeled free CO2 peak. This 

indicates that the monoformate hydride complex that was observed in the forward reaction is also 

observed in the reverse reaction. Since the monoformate species is observed in both forward and 

reverse directions, it is quite possibly an intermediate in the catalytic hydrogenation of CO2 to 

formic acid using FeCl2(dmpe)2. It would therefore be useful to study the stability of (DBU-H)+ + 

(HCO2)- under these conditions. 

High pressure NMR studies of [FeCl(dmpe)2]+(BPh4)- in DMSO-d6 using H2(g) and 

CO2(g) were performed in order to investigate why the coordinatively unsaturated complex is less 

active than originally anticipated. Solvent suppressed 1H NMR spectroscopy was performed over 

the course of the hydrogenation reaction (Figure 2.19).  
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Figure 2.19: High pressure 1H NMR spectra of new species formed from the addition of H2(g)  
and CO2(g) to [FeCl(dmpe)2]+(BPh4)- showing the formation of proposed hydride species 
throughout the course of the hydrogenation of CO2 to formic acid. Bottom (Dark Blue): p and p at 
25 °C, 15 h, 60 bar H2(g). Second from bottom (Green): m, p and m at 40 °C, 18 h, 30 bar CO2 
(g), 30 bar of H2 (g). Third from bottom (Red): p, p, pd and m at 70 °C, 24 h, 30 bar CO2 (g) and 
30 bar of H2 (g). Fourth from bottom (Blue): m and m at 70 °C, 28 h, 30 bar CO2 (g) and 30 bar 
of H2 (g). Fifth from bottom (Purple): td and p at 70°C, 40 h, 30 bar CO2 (g) and 30 bar of H2 (g). 
Sixth from bottom (Teal): td and p at 70 °C, 46 h, 30 bar CO2 (g) and 30 bar of H2 (g). Top 
(Grey): p at 70 °C, 46 h, 30 bar CO2 (g) and 30 bar of H2 (g). 

 

 The hydride formed from the initial addition of hydrogen at room temperature (Figure 19, 

Bottom: Dark Blue) is postulated to be two species Fe(H)(dmpe)2 and Fe(H)(dmso)(dmpe)2: one 

with an empty coordination site trans to the hydride and the other with a DMSO ligand trans to 

the hydride ligand based on analogous Ru complexes found in the literature.14,23,31,32,37 As the 

reaction progresses after the addition of CO2, the sharp quintet at -22.2 ppm broadens out 

becoming a singlet. This suggests that the complex associated with this peak has become a 

paramagnetic complex, thereby broadening the signal associated with the trans species. Another 

broad peak appears upfield of the original hydride peak at -10.5 ppm, which is also attributed to a 

paramagnetic trans hydride formate species. Literature references suggest the formation of 

ppm 
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analogous Ru species that have the same coupling patterns but slightly different chemical shifts. 

This is likely due to Ru being a heavier transition metal with more electron density than the Fe 

analogue, resulting in different chemical shifts. 14,23,31,32,34,37,38,42 As the reaction progresses at 70 

°C, the two paramagnetic species disappear—giving rise to a downfield doublet of triplets (-17.7 

ppm) and an upfield multiplet (-12.3 ppm). These peaks slowly disappear to give rise to a single 

pentet species, attributed to a hydridoformate species (-12 ppm). This peak dissipates over time as 

formic acid is produced.  

 By decoupling the 31P from the 1H NMR spectroscopy, the multiplets and pentets adopt a 

simpler multiplicity pattern, which shows that the coupling pattern was a result of the 31P 

coupling to the 1H of the different hydride complexes formed throughout the hydrogenation, each 

different hydride species is now observed in the 1H NMR spectra as a singlet.  The resulting 

solvent suppressed and 31P decoupled spectrum was obtained over the course of the reaction 

(Figure 2.20).  
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Figure 2.20: 1H{31P} spectra obtained of new species formed from the addition of H2(g)  and 
CO2(g) to [FeCl(dmpe)2]+(BPh4)-, demonstrating the generation of a formate bound species at -12 
ppm from the hydride species at -19.5 ppm. Bottom (Dark Blue): 25 °C, 15 h, 60 bar H2(g). 
Second from bottom (Green): 40 °C, 18 h, 30 bar CO2 (g), 30 bar of H2 (g). Third from bottom 
(Red): 70 °C, 24 h, 30 bar CO2 (g) and 30 bar of H2 (g). Fourth from bottom (Grey): 70 °C, 28 h, 
30 bar CO2 (g) and 30 bar of H2 (g). Fifth from bottom (Purple): 70°C, 40 h, 30 bar CO2 (g) and 
30 bar of H2 (g). Sixth from bottom (Blue): 70 °C, 46 h, 30 bar CO2 (g) and 30 bar of H2 (g). 

 

13C NMR spectra were obtained over the course of the addition of H2(g)  and CO2(g) to 

[FeCl(dmpe)2]+(BPh4)-, showing both the free and bound formate species as two doublets in the 

spectra (Figure 2.21). A peak for dissolved CO2 was not observed; the chemical shift for 

dissolved CO2 was determined by acquiring the spectrum of CO2 dissolved in DMSO-d6 in the 

absence of any complexes. This shows that formate is bound to the metal during the catalytic 

cycle in a high enough concentration to be observed by NMR spectroscopy. Observation of the 

bound formate helps with the elucidation of the formate species in the catalytic cycle.  
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Figure 2.21: 13C NMR spectrum of new species formed from the addition of H2(g)  and CO2(g) to 
[FeCl(dmpe)2]+(BPh4)- in DMSO-d6, showing free formate at 165 ppm and bound formate at 135 
ppm. In DMSO-d6 under 30 bar CO2(g), 30 bar H2(g) at 70 °C. 

  

In order to fully comprehend the catalytic cycle, the hydrogenation of CO2 using 

[FeCl(dmpe)2]+(BPh4)- was monitored using high pressure 31P NMR spectroscopy (Figure 2.22). 

The number of peaks visible in the high pressure 31P NMR spectra for [FeCl(dmpe)2]+(BPh4)-  are 

more numerous than the peaks present in the high pressure 1H NMR spectra for 

[FeCl(dmpe)2]+(BPh4)-. In order to understand what the extra species found in the high pressure 

31P NMR spectra for [FeCl(dmpe)2]+(BPh4)- were, a J-Young experiment was performed. DMSO, 

triethylamine and formic acid were added sequentially and observed over time using 1H, 31P and 

31P{1H} NMR spectroscopy. Results from the 31P{1H} NMR spectra for this experiment were 

found to give the most detailed information (Figure 2.23).  
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Figure 2.22: High pressure 31P NMR spectroscopy of new species formed from the addition of 
H2(g)  and CO2(g) to [FeCl(dmpe)2]+(BPh4)- during the catalytic hydrogenation of CO2(g). 

Bottom (Blue): 25 °C, 18 h, 60 bar H2(g). Second from bottom (Dark Blue): 40 °C, 20 h, 30 bar 
CO2(g), 30 bar of H2 (g). Third from bottom (Red): 70 °C, 12 h, 30 bar CO2(g) and 30 bar of H2 

(g). Fourth from bottom (Green): 70 °C, 28 h, 30 bar CO2(g) and 30 bar of H2(g). Fifth from 
bottom (Purple): 70°C, 40 h, 30 bar CO2(g) and 30 bar of H2(g). Sixth from bottom (Grey): 70 °C, 

46 h, 30 bar CO2(g) and 30 bar of H2(g). 
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Figure 2.23: J-Young 31P{1H} NMR spectroscopy of a 0.03 M solution of [FeCl(dmpe)2]+(BPh4)- 

in DMSO-d6 at 70 °C  . Bottom: (Blue) is the resulting spectrum after the complex has been in 
DMSO-d6 for 12 h at room temperature. Middle: (Green) is the resulting spectrum of the complex 
in DMSO-d6 at 70 °C for 1 h after the addition of 0.3 M triethylamine. Top: (Red) is the resulting 

spectrum in DMSO-d6 at 70 °C for 4 h. 

  

As shown in both the high pressure 31P NMR spectroscopy (Figure 2.21) and the 31P 

NMR spectroscopy from the J-Young experiment (Figure 2.22), the addition of DMSO-d6 results 

in the formation of three different complexes detectable in the 31P NMR spectrum. The three 

peaks are associated with the cis-[FeH(dmso)(dmpe)2]+(BPh4)- and trans-

[FeH(dmso)(dmpe)2]+(BPh4)- complexes, as well as the starting complex [FeH(dmpe)2]+(BPh4)- 

where the 4 phosphorus atoms are in the same plane. The chemical shift of the peaks from the J-

Young experiment and the high pressure NMR spectroscopy experiment are different. This is a 

result of complexes trans-[FeCl(dmso)(dmpe)2]+(BPh4)- and [FeCl(dmpe)2]+(BPh4)-  being formed 

in the J-young studies as opposed to cis-[FeH(dmso)(dmpe)2]+(BPh4)-, trans-

[FeCl(dmso)(dmpe)2]+(BPh4)- and [FeCl(dmpe)2]+(BPh4)- complexes being formed in the high 

pressure NMR studies. The postulated complex formed when [FeCl(dmpe)2]+(BPh4)- is dissolved 

in DMSO-d6 is cis-[FeCl(dmso)(dmpe)2]+(BPh4)-. The cis-[FeCl(dmso)(dmpe)2]+(BPh4)- complex 
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was never observed in the 31P NMR spectrum at room temperature; therefore, the complex must 

be heated in order to undergo the trans-cis isomerization. The other similarity between the high 

pressure 31P NMR and the J-Young experiment is that the binding of DMSO results in the release 

of free 1,2-bis-(dimethylphosphino)ethane with a resonance at -48 ppm. The ligand recoordinates 

once exposed to CO2 in the case of the high pressure NMR spectroscopy (Figure 2.22) and 

exposure to formate in the case of the J-Young experiment (Figure 2.23) in order to give a bound 

formate species. This further supports the hypothesis that the bound DMSO complex results in a 

cis-trans isomerization. The dmpe ligand dissociates from the metal, whereby the DMSO ligands 

binds either cis or trans to the chloride on the metal centre. DMPE then recoordinates to the metal 

center in order to form the cis or the trans complex. The peak (-48 ppm, bs) is broad for a 

phosphorus singlet, suggesting that it is involved in a fluxional process where it is dissociating 

and re-associating with the metal complex. The addition of CO2 or formate results in the 

formation of 6 different peaks in the 31P NMR spectroscopy, all of which have been postulated to 

be different conformers of formate species, trans-FeCl(formate)(dmpe)2, trans-

[Fe(dmso)(formate)(dmpe)2]+, cis-FeCl(formate)(dmpe)2 and cis-[Fe(dmso)(formate)(dmpe)2]+. 

Since a similar pattern of peaks exists for the high pressure NMR species—although at differing 

chemical shifts—the peaks present in the high pressure NMR spectra are the hydride conformers 

that result from the exchange of a chloride with a hydride, thus giving the following conformers: 

trans-FeH(formate)(dmpe)2; trans-[Fe(dmso)(formate)(dmpe)2]+; cis-FeH(formate)(dmpe)2; and, 

cis-[Fe(dmso)(formate)(dmpe)2]+. As previously shown, the TON for [FeCl(dmpe)2]+(BPh4)- has 

lower activity than the FeCl2(dmpe)2 pre-catalyst. Therefore, it must be that the empty 

coordination site binds DMSO so that competitive coordination occurs between the DMSO and 

the CO2. DMSO is a better ligand than CO2 and can therefore decrease the activity of the 

coordinatively unsaturated complexes. The coordinatively unsaturated complexes could be 

enhanced through the use of different non-coordinating solvents.    
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From this information, a postulated mechanism can be deduced (Figure 2.24), whereby 

the empty coordination site results in the binding of hydrogen. Therefore, the heterolytic cleavage 

of dihydrogen forms the hydride complex that, according to DFT, is a cis isomer. This matches 

with the observed triplet of doublets that appears throughout the reaction. This triplet of doublets 

disappears as a quintet grows in for the formate complex. Field et al. have shown that CO2 bound 

species trans-FeH(HCO2)(dmpe)2 around this region in the proton NMR spectroscopy. Therefore, 

this cis hydride species disappears as the trans formate species grows in, and upon the transfer of 

a proton, releases formic acid and the open coordination site complex [FeX(dmpe)2]+(BPh4)- 

(Figure 2.24).  
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Figure 2.24: Postulated catalytic cycle for the hydrogenation of CO2 to formic acid catalyzed by 

[FeCl(dmpe)2]+(BPh4)-. 

 

High pressure NMR studies of CoCl2(dmpe)2 in DMSO-d6 with 30 bar CO2(g) and H2(g) 

were also performed. Initially 60 bar of H2(g) was charged into the NMR tube, no hydride peaks 

were evident at room temperature or 40° C. Two broad hydride peaks appeared after the sample 
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was heated at 70° C for 5 h (-5.5, -9.0 ppm bs, bs) (Figure 2.25). Both peaks disappear over time 

to form a different broad hydride peak (-12.0 ppm, bs). 

 

Figure 2.25: High pressure NMR spectra of CoCl2(dmpe)2 over the course of hydrogenation of 
CO2 to formic acid.  Bottom: (Dark blue) 60 bar H2 (g), 12 h, 70 °C. Top: (Green) 30 bar H2 (g), 
30 bar CO2 (g), 16 h, 70 °C. 

 

31P NMR spectra were obtained over the course of the hydrogenation of CO2 using 

CoCl2(dmpe)2 in DMSO-d6. At room temperature, a broad peak appeared (53.7 ppm, s) (Figure 

2.25). After being heated to 40 °C, two large peaks emerged: a broad and a sharp peak (55.5 ppm, 

bs; 51.4 ppm, s) as well as two smaller peaks; a sharp and a broad peak (45.6 ppm, s; 32.0 ppm, 

bs) (Figure 2.26). After the reaction was heated to 70 °C, the two smaller peaks became more 

prominent and an additional 5th peak grew in (62.5 ppm, bs; 52.9 ppm, bs; 48.4 ppm, s; 39.2 ppm, 

s; 35.3 ppm, d).  
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Figure 2.26: High Pressure 31P NMR spectra of CoCl2(dmpe)2 over the course of the CO2 
hydrogenation reaction. Bottom (Blue): 60 bar of H2, RT. Middle (Green): 30 Bar of H2, 30 bar 
CO2, 40 °C, 12 h. Top (Red): 30 bar H2, 30 bar CO2, 70 °C, 16 h. 

 

The 31P NMR spectra of CoCl2(dmpe)2 acquired at increasing temperatures show that 

more than one species is present as the temperature is increased. Since the complex is 

paramagnetic, the NMR signals are broad and interpretation of the species present is difficult. 

Upon cooling the reaction mixture to room temperature, two different phases appeared in the 

NMR tube: a dark blue phase and a light teal phase.    

An inert NMR experiment using a J-Young NMR tube was undertaken in order to 

determine when each of the species was formed. In order to do this, a 0.03 M solution of 

CoCl2(dmpe)2 in DMSO-d6 in a J-Young NMR tube was sequentially: 1) heated to 70 °C; 2) 

heated at 70 °C with the addition of 0.3 M triethylamine; and, 3) heated to 70 °C with the addition 

of 0.3 M formic acid. Based on J-Young experiments, the formation of the 31P NMR peak at 55 

ppm can be attributed to the [CoH(dmso)(dmpe)2]+ complex, as this peak was observed in a 

31P{1H} NMR spectra in DMSO-d6. There is no change to the spectrum following the addition of 

triethylamine or after the addition of formic acid.  
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Jeletic et. al. have been able to show that over the course of the hydrogenation of CO2 to 

formic acid two different hydride environments are formed with the result of a similar 

CoH(dmpe)2 complex.20 However, the relative ppm values do not match the ppm values of this 

published catalyst, which is likely a result of their catalyst precursor having an oxidation state of 

+1, whereas ours has an oxidation state of +2. Nevertheless, some similarities exist between the 

high pressure NMR data obtained for both complexes. In both cases, the addition of hydrogen gas 

to either complex results in two different hydride species being formed. These have been 

postulated to be the cis and trans isomers of the hydride. As the reaction progresses, the two 

hydride peaks disappear in order to give rise to a single peak. This peak has been attributed to the 

formate bound species, whereby there are two cis species that accumulate over time in the 31P 

NMR spectra. With this in mind, the following catalytic cycle is postulated; since the 31P NMR 

was unclear the mechanism is purely speculation (Figure 2.27).    
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Figure 2.27: Postulated catalytic cycle for the catalytic hydrogenation of CO2 using 

CoCl2(dmpe)2. 
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The above postulated catalytic cycle indicates that the trans chloride is quickly converted 

into the cis hydride upon hydrogenation. This catalytic cycle is considered to be tentative due to 

the fact that the peaks are difficult to interpret because they are paramagnetic. 

 In order to get a thorough understanding of the catalytic cycle for these catalysts, a full 

kinetic study would need to be done in order to determine the dependence of the catalyst on H2, 

CO2, solvent, temperature and pressure. However, the use of high pressure NMR spectroscopy, 

high resolution mass spectroscopy, Density Functional Theory and J-Young experiments can 

provide evidence towards some of the key species involved in the catalytic cycles.  

 

2.3.4 Conclusions of in situ and prepared non-precious metal catalysts for the hydrogenation of 

CO2 to formic acid 

 

 In conclusion, we have shown that in situ homogeneous catalysts made from DMPE and 

first row transition metals Fe, Co, Ni, In, Zn, Mo, W, Nb, Mn and Cr and precatalysts of the form 

MCl2(dmpe)2 (M=Ni, Co, Fe) are active for hydrogenation of CO2 to formic acid. From the NMR 

data and DFT calculations, we postulate that the dominant catalytic cycles involve the trans-

MXH(dmpe)2 in the case of the FeCl2(dmpe)2 and cis-MHX(dmpe)2 in the case of CoCl2(dmpe)2 

and [FeCl(dmpe)2]+(BPh4)-. We postulate heterolytic activation of hydrogen gas and CO2 

insertion into the metal hydride are the important steps involved in the reduction of CO2 to formic 

acid. Given that the in situ characterization of FeCl2 + dmpe gave rise to both cis and trans 

species, and that the activity of this mixture towards CO2 hydrogenation was significantly higher 

than the activity of the prepared FeCl2(dmpe)2 catalyst, this suggests that the active catalyst is cis 

in nature. 
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Chapter 3 

Hydrogenation of CO2 catalyzed by non-precious metal carbene 

complexes 

3.1 Introduction 

 

Free carbenes have two different spin states associated with them, a singlet state where 

the spins are paired and a triplet state where the spins are not paired. These two spin isomers have 

distinctly different geometries with different bond angles between the carbene carbon and the 

adjacent atoms. This is a result of electron occupancy in the frontier orbitals. In a singlet carbene, 

the electrons are paired in the same sp2 orbital, formally making it an sp2 lone pair whereas the 

triplet carbene has an electron in both sp2 and p orbitals (Figure 3.1). Unlike phosphines, which 

were discussed in earlier chapters, carbenes are rarely stable as free molecules. For example, the 

simplest carbene is CH2, which is an unstable intermediate that readily reacts with a large number 

of different species including less reactive species such as alkanes. The thermodynamically and 

kinetically controlled instability of free carbene ligands has an advantage in that it results in the 

carbene being a stronger donor to a metal atom. The carbene does so by disfavoring dissociation 

from the central metal in the complex.   
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Figure 3.1: Top: Depiction of singlet and triplet forms of free carbene. Bottom: Depiction of 

bonding in Fischer and Schrock-type carbene complexes. 

 

The singlet carbene is a parent to the Fischer carbene and the triplet carbene is a parent to 

the Schrock carbene. Fischer carbenes tend to involve a CàM donation, giving the carbene a 

positive charge while the Schrock carbenes tend to form two covalent bonds, where each of them 

are polarized toward the carbon, thereby giving it a negative charge.3  

 

 Singlet carbenes can be described as being the parent carbenes to Fischer carbenes, 

whereas triplet carbenes are parent carbenes to the Schrock carbenes and each represents a 

different bonding scenario between the CR2 group and the metal. Complexes containing Fisher 
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carbenes typically incorporate mid to late transitions metals in low oxidation states, π accepting 

capabilities as well as π donor substituent R groups containing, for example, OMe or NMe2 

substituents. Schrock carbenes, on the other hand, are bound to high oxidation state, early 

transition metals, which have non - π accepting and non – π donating substituent R groups. In the 

case of Schrock carbenes, the carbene behaves as a nucleophile, where the carbene carbon is δ- in 

character.     

 Studied in this chapter are a special subclass of Fischer type carbenes known as N-

Heterocyclic Carbenes (NHCs). Pioneered by Arduengo, NHC’s are unique in that a number of 

them have been observed as stable compounds in the free state and they have been utilized 

extensively as ligands.1 Their wide application as ligands is due to a typically exceptionally stable 

M=C bond and, like phosphines, there is a high degree of both steric and electronic tuning 

possible.  As such, they have been used in place of phosphines in order to promote a wide array 

of catalytic reactions. This is because of the difference between NHCs and phosphines; free 

NHCs are so thermodynamically unstable that dissociation from the metal during a catalytic cycle 

is disfavored. However, studies have shown that, during the reductive elimination step in a cycle, 

the imidazolium salt is sometimes lost.2 Nevertheless, numerous catalysts containing an NHC 

ligand have been found to be stable for thousands of turnovers, therefore making the productive 

chemistry of the catalyst faster than the decomposition of the complex.  

 The simplest way to synthesize NHC complexes is by using the free carbene, which is 

formed by deprotonation of the corresponding imidazolium salt with a strong base such as nBuLi 

(Figure 3.2a). This technique is useful only with NHCs having bulky R groups, to ensure that the 

carbene is momentarily stable and doesn’t dimerize or react with any labile protons that are 

present in the system.  

For this reason, a plethora of milder routes to synthesis of complexes with NHCs that are 

not stable in their free form have been developed. One of these reactions involves the direct 
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oxidative addition of an imidazolium salt to the metal (Figure 3.2b). This has one disadvantage as 

it forms hydrogen gas as a side product, which can undergo further reactivity with the newly 

formed complex.  

Direct metallation of the carbene can be accomplished by weak bases such as acetate or 

through the formation of a silver carbene using Ag2O. Both of these strategies involve the 

formation of isolable intermediate species, followed by removal of the weak base or 

transmetallation, respectively, in order to give the desired metal complex (Figures 3.2c and 3.2d).  

 

Figure 3.2: Common routes of synthesis of NHC complexes using a variety of different 

methods.3  

 

The direct conversion of CO2 into formic acid, methanol or hydrocarbons has received 

increasing interest by researchers in recent years.2,4,5-12  Formic acid is a key platform chemical 
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and intermediate and its preparation from CO2 is usually achieved in the presence of catalysts 

based on Ru, Rh and Ir.  Replacement of these catalysts with those derived from more abundant 

metals would reduce the cost and environmental impact and, for this reason, first-row transition 

metal complexes as catalysts have been developed. While work described in Chapter 2 and other 

studies have reported catalytically active non-precious metal complexes for the hydrogenation of 

either CO2 or bicarbonate, these have all used phosphine ligands.5-12  

In designing a catalytic system capable of the reduction of CO2 to formic acid, two 

parameters are important. First, the catalyst must be robust enough to withstand the harsh 

conditions imposed on activating the neutral and very stable CO2 molecule. Second, the catalyst 

d-orbitals must be high enough in energy in order to interact with the highly electron deficient 

carbon in the carbon dioxide molecule. NHCs show great promise in facilitating these catalyst 

design requirements because they are strong sigma donors that afford robust catalysts and they 

are strong electron donors and pi electron acceptors allowing for the d-orbitals to be high in 

energy for optimal interaction with the CO2 molecule.   

 Many carbene complexes are known for their robustness as catalysts in chemical 

reactions involving high temperatures and long reaction times.15  The application of carbene 

complexes as homogeneous catalysts for the reduction of CO2 to formic acid is relatively 

uncommon. To the best of our knowledge, there is only one report describing two examples of 

such catalysts, both of which are based on iridium. Complex 3.1 (Figure 3.3) is able to achieve a 

TON of 291 under 30 bar each of CO2 and H2 at a temperature of 80°C for 18 h with a KOH 

concentration of 1 M in water. Complex 3.2 is able to achieve a TON of 1,600 under the same 

conditions after increasing the KOH concentration to 2 M in water.15 We now report the catalytic 

activity of combinations of first row transition metals with a variety of NHC ligands. 
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Figure 3.3: Structures of literature examples of Ir NHC complexes used for CO2 hydrogenation.15  

 

3.2 Experimental methods 

3.2.1 General methods: Synthesis and characterization of select carbene complexes used in the 

catalytic hydrogenation of CO2 to formic acid.   

All manipulations were done in an inert environment with a glovebox (Vacuum 

Atmosphere Co.) or Schlenk line. FeCl2 (Sigma Aldrich, 98%), CoCl2 (STREM, 99+ %), and 

NiCl2 (STREM, 98 %) were used without any further purification. Dimethylsulfoxide (Fisher 

Scientific) was dried over CaH2, degassed using freeze, pump, thaw cycles and stored in a Strauss 

flask and over 3 Å molecular sieves. 

1,3-Bis(1-adamantyl)imidazole-2-ylidene (STREM, 98 %), N,N’-bis(2,6-

bis(diphenylmethyl)-4-methoxyphenyl)imidazole-2-ylidene (STREM, 98 %), 1,3-bis(2,6-di-i-

propylphenyl)imidazole-2-ylidene (STREM, 98 %), 2-[2,6-bis(1-methylethyl)phenyl]-3,3,6,8-

tetramethyl-2-azoniaspiro[4.5]dec-1,7-diene tetrafluoroborate (STREM, 98 %), 2-[2,6-Bis(1-

methylethyl)phenyl]-3,3-dimethyl-2-azoniaspiro]-[4.5]dec-1-enehydrogen trichloride (STREM 

98 %), 1,3-bis(2,4,6-trimethylphenyl)-4,5-imidazol-2-ylidene (STREM, 98%),  6,7-dihydro-2-

pentafluorophenyl-5H-pyrollo[2,1,c]-1,2,4-triazolium tetrafluoroborate (Sigma Aldrich, 97 %), 

1,3-di-tert-butylimidazole-2-ylidene (Sigma, 97 %), 1,2-bis-(2,6-diisopropylphenyl) imidazole-

2H-ylidene (Sigma, 97 %), (1R,2R)-N,N-Bis{2-[bis(3,5-

dimethylphenyl)phosphine]benzyl}cyclohexane-1,2-diamine (STREM 98%) 1,3-di-
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methylimidazolium borohydride (STREM, 98%),  5-(dicyclohexylphosphino)-1’,3’,5’-triphenyl-

1’H-[1,4’]bipyrazole (STREM 98%), 1,3-di-tert-butylimidazolium tetrafluoroborate (Sigma 

Aldrich, 97%), 1-(1-adamantyl)-3-(2,4,6-trimethylphenyl)imidazolium chloride (Sigma Aldrich, 

98%), 1,3-bis(2-cyclohexylnaphthalen-1-yl)imidazolinium tetrafluoroborate (Sigma Aldrich) and 

1,3-bis(2,7-diisopropylnaphthalen-1-yl)imidazolinium tetrafluoroborate (Sigma Aldrich, ≥ 95 %) 

were used without purification. 1-(2—Hydroxyethyl)-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide was prepared by literature procedures.17 1-(2-Methoxyethyl)-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide was prepared by literature procedures.18  1-

(3-Cyanopropyl)-methylimidazolium bis(trifluoromethylsulfonyl)imide was prepared by 

literature procedures.20 1-(2-(Diisopropylaminoethyl)-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide was prepared by literature procedure.23 1,3-

Bis(cyanomethyl)imidazolium bis(trifluoromethylsulfonyl)imide was prepared by literature 

procedure.24 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide was purchased from 

Iolitec and used without further purification. 2,6-Bis[(3-methylimidazolium-1-yl)methyl]pyridine 

di[bis(trifluoromethylsulfonyl)imide] was prepared by literature procedure.3,4 A Bruker Avance 

400.160 MHz instrument was used for all TON calculations. Both 31 mL and 160 mL PARR 

vessel (PARR Instrument Company) were used for the high pressure reactions.  

3.2.2 Thirty six vial screening technique 

A thirty-six-vial screening was set up using a high-throughput apparatus containing four 

components, a 160 mL high pressure vessel from Parr Inc. (model 4772, 4773 or 4774), a 

removable round metal disc, a removable handle to fit the disc, and a square plastic plate with a 6 

x 6 array to hold the 36 vials. The removable round metallic disc (2.4 cm high, 6.3 cm diameter) 

contains one threaded hole in the center to take the removable handle and 36 unthreaded holes (8 

mm diameter) to hold 36 vials (Kimble #60820-740, 7 x 40 mm standard opening glass vials). 

The disk fits into the reaction vessel as shown in the appendix. The T-shaped handle can be 
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screwed into the disc for easy removal of the disk from the vessel. The square plastic plate (7.4 x 

7.4 x 1.8 cm) contains 36 holes (8 mm diameter at the top 1.6 cm, 6 mm diameter for bottom 2 

mm) in a 6 x 6 array. The vessel temperature was maintained during experiments by a constant-

temperature oil bath. The contents of each vial in the vessel were stirred by a micro-stirbar (7 mm 

long, 2 mm diameter) driven by a magnetic stir plate underneath the oil bath. Stir plates 

containing sufficiently powerful magnets are available from IKA.  

3.2.3  Postulated preparation of Ni(OAc)2(IMes)2: 

 

The following synthesis was adopted from the work of Zhang et al. where NiCl and NiBr 

were used with 1,3-bis(2,4,6-trimethylphenyl) ylidene (IMes).5,6 This synthesis uses Ni(OAc)2 in 

place of NiCl or NiBr. Ni(OAc)2(PPh3)3 (0.019 g) and 1,3-bis(2,4,6-trimethylphenyl)ylidene 

(0.012 g) were added to a pear shaped Schlenk flask in an N2(g) containing glovebox. THF (50 

mL) was added to the mixture and the resulting solution was left to stir at room temperature for 

24 h in an Ar filled Schlenk line. During this time, the mixture turned from a lime green color to a 

dark orange color. Solvent was removed by reduced pressure and the triphenylphosphine was 

removed by recrystallization from THF with hexanes at -10 °C. This resulted in a compound that 

was ~90% pure by 1H NMR spectroscopy. Subsequent sublimation of the remaining PPh3 gave 

0.026 g g of the product (98% purity by 1H NMR spectroscopy, 72 % yield). 1H, 13C{1H} NMR 

spectroscopy and high resolution mass spectra were performed for the complex (see appendix for 

details).  

1H NMR (400.15 MHz): 2.15  (br s, 24 H, CH3), 3.22 (br m, 12 H, CH3), 4.35 (DMSO-d6), 9.73 

(br td, 8 H CHAr) and 12.85 ppm (br m, 4H, N-CH=CH-N). This complex is believed to be cis 

based on the number of NMR peaks observed.  

13C{1H} NMR (100.15 MHz): 22.86, 26.30, 28.62 (CH3), 36.88, 43.99, 47.98 and 52.29 (N-C=C-

N), 129.16-129.79 (CHAr), 133.59-133.77 (CHAr) and 160.05 ppm (CAr). No carbene carbon peak 
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was observed; this is believed to be a result of the complex decomposing over the course of the 

NMR experiment which has been known to occur with a similar Ni compound.2,7-13  

 

3.2.4 Postulated preparation of FeCl2(N,N’-bis(2,6-bis(diphenylmethyl)-4-

methoxyphenyl)imidazole-2-ylidene)2: 

 

The following synthesis was adopted from the work of Zhang et al., where NiCl and NiBr 

were used with 1,3-bis(2,4,6-trimethylphenyl) ylidene (IMes).6,14 The synthesis of this compound 

used the same protocol substituting NiCl2 with FeCl2 and replacing IMes with N,N’-bis(2,6-

bis(diphenylmethyl)-4-methoxyphenyl)imidazole-2-ylidene. To a Schlenk flask in a N2(g) filled 

glovebox was added 0.0174 g of FeCl2(PPh3)3 and 0.0366 g of N,N’-bis(2,6-bis(diphenylmethyl)-

4-methoxyphenyl)imidazole-2-ylidene. To the Schlenk flask was added 50 mL of THF and the 

solution was left to stir at room temperature for 24 h, giving a green solution. The solvent was 

removed by reduced pressure, resulting in a light green powder, which was recrystallized in THF 

using hexanes as the antisolvent at 0 °C to give dark green crystals. The dark green crystals were 

sublimed in order to remove the remaining triphenylphosphine, a 60% yield was obtained. 1H, 

13C{1H} NMR and high resolution mass spectra were performed for the complex (see appendix 

for details). 

1H NMR (400.15 MHz): 0.094 (s, TMS), 3.77 (s, 12 H, OCH3), 5.32 (s, 4H, 4 x iPr CH), 5.33 (s, 

4 x CH), 6.60 (bd, 8 x CHAr), 6.90 (m, 16 x CHAr), 7.10-7.30 ppm (m, 64 x CHAr). Another 

conformation of the complex is present having smaller peaks at: 0.89, 1.30, 2.38, 4.70, 5.80 and 

7.0-7.2 ppm, the identification of these peaks is still under investigation. 

13C{1H} NMR (100.15 MHz): 39.50 (DMSO-d6), 51.62 (8 x CHPh2), 55.92 (4 x OCH3), 115.17 

(8 x CHAr), 125.24 (N-CH=CH-N), 127.71 (CHAr), 127.85 (CHAr), 129.20 (CHAr), 130.30 

(CHAr), 132.10 (CHAr), 133.80 (CHAr), 137.04 (CHAr), 137.16 (CHAr), 141.61 (2 x C4), 141.71 (2 
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x C5), 142.56 (4 x N-C), 214.09 ppm (N-C-N). No extra peaks were visible in the 13C{1H} NMR 

spectrum.   

3.2.5 Postulated preparation of FeCl2(6,7-dihydro-2-pentafluorophenyl-5H-pyrollo[2,1,c]-1,2,4-

triazol ylidene)2: 

 

Inspired by the synthesis of Seitz et al.,15,16 the in situ deprotonation and complexation of 

the triazole 6,7-dihydro-2-pentafluorophenyl-5H-pyrollo[2,1,c]-1,2,4-triazolium tetrafluoroborate 

to FeCl2 was performed as follows. To a Schlenk flask in a N2 filled glovebox was added 0.014 g 

of FeCl2(PPh3)3, 0.0056 g of 6,7-dihydro-2-pentafluorophenyl-5H-pyrollo[2,1,c]-1,2,4-triazolium 

tetrafluoroborate, and 0.0017 g of potassium tert-butoxide. To these reagents were added 75 mL 

of THF and the solution was left to stir at room temperature for 12 h. The solvent was removed 

by reduced pressure and the resulting dark purple powder was recrystallized and subsequently 

sublimed for 4 days in order to remove the triphenyl phosphine and afford dark purple crystals. 

1H, 31C{1H} and 19F{1H} NMR spectroscopy and high resolution mass spectrometry were 

performed (see appendix for details).  

1H NMR (400.15 MHz): 1.29 (m, CH), 1.93 (m, CH), 2.53 (m, CH), 3.44 (m, CH), 3.91 (m, CH), 

5.13 (m, CH), 7.30 ppm(M, CH). 

13C{1H} (100.15 MHz): 1.03 (s, N=C-C), 23.5 (s, CH), 25.8 (m, CF), 30.32 (m, CF), 32.37 (s, 

CH), 42.16 (m, CF), 66.84 (m, CF), 103.8 (s, CH), 202.1 ppm (s, NCN). 

19F{1H}  (282.2 MHz): -163.2 ppm (bs, C6F5).    

3.2.6 Postulated preparation of CoCl2(1-(2-diisopropylaminoethyl)-3-methyl ylidene)2: 

 

To a Schlenk tube in a N2(g) filled glovebox was added 0.0106 g of CoCl2 and 0.030 g of 

1-(2-diisopropylaminoethyl)-3-methylimidazolium bis{(trifluoromethyl)sulfonyl}amide along 

with 40 mL of THF and a stir bar. The Schlenk tube was then cooled in a -78 °C acetone/ dry ice 
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bath on an Ar(g) filled Schlenk line. A solution of sodium hexamethyldisilazane in 15 mL of THF 

was added dropwise at -78 °C to the solution of Co(OAc)2 and 1-(2-diisopropylaminoethyl)-3-

methylimidazolium bis{(trifluoromethyl)sulfonyl}amide. The solution was left to stir as it 

warmed up to room temperature. The solution turned from a royal blue to a light purple color. 

The purple solution was cannulae filtered off the white precipitate and the solvent was removed 

under reduced pressure to give a dark purple colored powder. The dark purple powder was 

recrystallized from THF using diethyl ether as an antisolvent to form dark purple crystals with an 

isolated yield of 0.032 g, 73 %. 1H, 13C{1H} NMR were obtained.  

1H NMR (400.15 MHz): 0.97 (d, iPr-CH3), 1.28 (s, OAc-CH3), 1.93 (m, N(alkyl)-CH2), 2.92 (m, 

N(heterocycle)-CH2), 3.73 (m, 4H or 5H), 4.02 (s, N(heterocycle)-CH3), 5.54 (m, 4H or 5H), 

7.30 ppm (d1- CDCl3). 

13C{1H} NMR (101.15 MHz): -15 ppm (CH2), 20 ppm (CH3), 36 ppm (iPr-CH3), 63 ppm and 69 

ppm (C4 and C5), 78 ppm (CDCl3), 220 ppm (Co-C(NHC)).     

 

3.2.7 Postulated preparation of Co(OAc)2(1-(2-diisopropylaminoethyl)-3-methyl ylidene: 

 

To a Schlenk tube in a N2 (g) filled glovebox was added 0.0509 g of Co(OAc)2 and 0.418 

g of 1-(2-diisopropylaminoethyl)-3-methylimidazolium bis{(trifluoromethyl)sulfonyl}amide 

were added along with 40 mL of THF and a stir bar. The Schlenk tube was then cooled in a -78 

°C acetone/dry ice bath on an Ar(g) filled Schlenk line. A solution of sodium 

hexamethyldisilazane in 15 mL of THF was added dropwise at -78 °C to the solution of 

Co(OAc)2 and 1-(2-diisopropylaminoethyl)-3-methylimidazoliumbis{(trifluoromethyl)sulfonyl}-

amide. The solution was stirred and warmed to room temperature. The solution turned from a 

royal blue to a light purple color. The purple solution was cannulae filtered off the white 

precipitate and the solvent was removed under reduced pressure to give a dark purple colored 
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powder. The powder crystallized to form dark purple crystals with an isolated yield of 68 %. 1H, 

13C{1H} NMR and high resolution mass spectra were obtained (see appendix for details).  

1H NMR (400.16 MHz): 0.97 (d, iPr-CH3), 1.93 (m, N(alkyl)-CH2), 2.92 (m, N(heterocycle)-

CH2), 3.73 (m, 4H or 5H), 4.02 (s, N(heterocycle)-CH3), 5.54 (m, 4H or 5H), 7.30 ppm (d1- 

CDCl3). 

13C{1H} NMR (101.15 MHz): -15 (CH2), 20 (CH3), 36 (iPr-CH3), 63 and 69 (C4 and C5), 78 

(CDCl3), 220 ppm (Co-C(NHC)).     

 

 

3.2.8 Addition of N,N-propyl-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (3.15) 

to FeCl2 as an in situ formed catalyst for the hydrogenation of CO2 to formic acid. 

 

To 1.5 µmol of FeCl2, 4.5 µmol of N,N-propyl-methylpyrrolidinium 

bis(trifluoromethylsulfonyl)imide (15) (purchased from Iotec and used without purification) and 

490 µmol of DBU, 40 bar of CO2 and 60 bar of H2 were added. The reaction was performed at 70 

°C as well as over the course of both 21 h and 48 h. The results from this initial test are shown in 

Table 3.4. 

 

 

3.3 Results and discussion 

 

3.3.1 In situ catalyst screening 

 

As a result of our earlier screening efforts detailed in Chapter 2, Fe(II), Co(II), Ni(II), 

W(VI), Mn(III), In(III), Zn(II) and Mo(II) combined in situ with bisphosphine ligands were found 
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to be promising for CO2 hydrogenation (Refer to appendix for details of the colorimetric 

screening). Our efforts focused on performing a combinatorial screening on a wide range of 

carbene ligands with these metals. This was investigated using 1,8-diazabicyclo[5.4.0]undec-7-

ene (DBU) as the base and a DBU:metal ratio of 500:1. Detection of the formic acid product was 

accomplished colorimetrically by the addition of bromothymol blue indicator after the reaction 

period. If a high yield of formic acid is produced, then the solution becomes yellow.8,15 By this 

screening of metal carbene combinations, in situ catalysts formed from FeCl2, in combination 

with 3.1 and 3.2, Ni(OAc)2 in combination with IMes and both CoCl2 and Co(OAc)2 in 

combination with 3.3 were found to be the most promising. Therefore, these combinations of 

ligands and metal salts were prepared and the catalytic activity of these prepared catalysts were 

determined and compared to the in situ generated catalysts.  

 

 

Scheme 3.1 Production of formic acid through hydrogenation in the presence of an in situ first 

row transition metal carbene catalyst and a base. 

 

A combinatorial screening of several carbene ligands and carbene precursors with FeCl2, 

CoCl2, NiCl2, Fe(OAc)2, Co(OAc)2, Ni(OAc)2, WCl6, MnCl2, InCl3, ZnCl2, MoCl3, CrCl2 and 

NbCl4 was performed (Figure 4) using 1,8-diazabicycloundec-7-ene (DBU) as the base, at a 

DBU:metal ratio of 500:1 (see appendix). Only the metals that had TON detectable by NMR 

spectroscopy are represented in Figure 4. Detection of the formic acid was accomplished 

colorimetrically8,14,17 by the addition of bromothymol blue indicator after the reaction. If a high 

yield of formic acid is produced, the solution becomes yellow. By this screening of metal/carbene 

ligand combinations, in situ catalysts formed from IMes, IAda, IiPr, carbene and imidazolium 

H2 + CO2 HCO2H
MCl2 or M(OAc)2, carbene

DBU, 70°C, 21 h
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salts 3.3 through 3.8 were found to be catalytically active for formic acid production (Table 3.1). 

It is predicted that DBU is a strong enough base to deprotonate the imidazolium and triazolium 

salts in order to generate the carbene in situ. Some of these combinations were selected from the 

most promising colorimetric results, were then retested for catalytic activity but on a larger scale, 

with 1H NMR spectroscopic determination of the formic acid yield (Table 3.1).  

Table 3.1: Activities of 25 selected in situ non-precious metal/carbene combinations towards the 

hydrogenation of CO2 to formic acid.a 

Catalyst precursor TON  Standard deviation of 

TON 

Formate/Baseb 

MnCl2 + IAd 74 12 0.27 
MnCl2 + 3.4 22 5 0.05 
FeCl2 + 3.3 300 27 1.20 
FeCl2 + 3.4 200 30 0.70 
FeCl2 + 3.6 23 12 0.05 
Fe(OAc)2 + 3.3 41 7 0.13 
CoCl2 + 3.9 88 8 0.28 
CoCl2 + 3.3 51 5 0.18 
CoCl2 + 3.4 39 6 0.08 
CoCl2 + 3.7 22 4 0.05 
CoCl2 + ItBut 18 4 0.03 
Co(OAc)2 + 3.9 85 8 0.27 
Co(OAc)2 + 3.3 59 8 0.21 
NiCl2 + IiPr 62 7 0.23 
NiCl2 + 3.3 16 5 0.02 
Ni(OAc)2 + IMes 120 12 0.30 
Ni(OAc)2 + 4  56 5 0.20 
Ni(OAc)2 + IiPr 33 6 0.07 
ZnCl2 + 3.5 49 10 0.16 
ZnCl2 + IAd 44 14 0.14 
ZnCl2 + 3.6 40 20 0.10 
ZnCl2 + 3.7 10 6 0.01 
NbCl4 + 3.3 22 5 0.05 
WCl6 + 3.7 22 7 0.05 

aReaction conditions: 40 bar CO2, 60 bar H2, 590 µmol DBU, 70 °C, 21 h, 1.5 µmol of precatalyst 
and 4.5 µmol of carbene. DMSO was used as the solvent and was added to bring the total volume 
up to 636 µL. TON was determined by 1H NMR spectroscopy. b mol of formate produced per mol 
of base used.  
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Figure 3.4: N-Heterocyclic carbenes and carbene precursors. 

 

Among these non-precious metal carbene catalysts generated in situ, three combinations 

were the most active: FeCl2  + 3.3, Ni(OAc)2 + IMes and FeCl2 + 3.4. For these combinations, a 

limited optimization was performed (Table 3.2). Increasing the time of the reaction from 21 h to 

48 h adversely affects the yield in every case, for unknown reasons. Raising the temperature also 

decreases the yield of formic acid. Carbene complexes have been shown to be efficient at 

hydrogenation of unsaturated organic molecules at 80 °C. 15,18,19 Sanz et al. found that, for the 

hydrogenation of CO2 by Ir carbene complexes, increasing the temperature to 110 °C did not 

significantly increase the yield of formic acid. Evidently, the optimum conditions for CO2 

hydrogenation are modest temperatures and reaction times. Increasing the concentration of DBU, 

increased the TON but at the expense of a lower formic acid:base ratio.  
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Table 3.2: Hydrogenation of CO2 using selected in situ generated catalysts.a 

Catalyst precursor T (°C) t (h) TON Standard 

deviation of 

TON 

Formate/Base 

FeCl2 + 3.3 70 21 300 30 1.20 
FeCl2 + 3.3b  70 

20020

0 

21 

4 

420 

0.00 

25 0.12 

0.12 
FeCl2 + 3.3 70 48 100 20 0.30 
FeCl2 + 3.3  100 21 200 18 0.70 
Ni(OAc)2 + IMes 70 21 120 22 0.30 
Ni(OAc)2 + IMes b 70 

13360 

60180 

180 

48 

1 

60 

300 

180 

0.3133

9 

0.2160 

0.0518

0 

15 0.05 
Ni(OAc)2 + IMes 70 21 80 6 0.28 
Ni(OAc)2 + IMes  100 21 130 10 0.39 
FeCl2 + 3.4  70 21 200 18 0.70 
FeCl2 + 3.4 b  70 21 200 17 0.08 
FeCl2 + 3.4  70 48 300 28 0.34 
FeCl2 + 3.4  100 21 130 14 0.40 
CoCl2 + 3.9 70 21 90 8 0.28 
CoCl2 + 3.9 b 70 21 170 15 0.05 
CoCl2 + 3.9 70 48 120 10 0.31 
CoCl2 + 3.9  100 21 180 15 0.69 
Co(OAc)2 + 3.8  70 21 90 8 0.27 
Co(OAc)2 + 3.8 b 70 21 170 9 0.04 
Co(OAc)2 + 3.8 70 48 140 11 0.41 
Co(OAc)2 + 3.8 100 21 150 19 0.45 

Reaction conditions: a 40 bar CO2, 60 bar H2, 590 µmol DBU, 1.5 µmol of precatalyst and 4.5 
µmol of carbene. b 6000 µmol DBU.  TON was determined from 1H NMR spectroscopy. DMSO 
was used as the solvent and was added to bring the total volume up to 636 µL.	  All experiments 
were done in triplicate. 
 

Blank runs were performed using only the metal salts of FeCl2, CoCl2, NiCl2, Fe(OAc)2, 

Co(OAc)2, Ni(OAc)2, MoCl3, InCl3, ZnCl2, WCl6, MnCl2 and NbCl4 with no carbene or with a 

carbene (IiPr, IMes, IAd, ItBut or carbene 3.3 through 3.7) but no metal salt. In all cases, no 

reaction was observed.  
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3.3.2 Postulated syntheses for carbene complexes identified through high throughput screening 

 

Since there was some promise for several in situ combinations. FeCl2 with either N,N’-

bis(2,6-bis(diphenylmethyl)-4-methoxyphenyl)imidazole-2-ylidene or 6,7-dihydro-2-

pentafluorophenyl-5H-pyrollo[2,1,c]-1,2,4-triazol ylidene. As well as Ni(OAc)2 in combination 

with 1,3-bis(2,4,6-trimethylphenyl) ylidene, and CoCl2 or Co(OAc)2 in combination with 1-(2-

diisopropylaminoethyl)-3-methyl ylidene. These catalysts were prepared as described in 

experimental methods. In synthesizing these complexes, three different approaches were applied.  

 

 

Scheme 3.2 Postulated synthesis of FeCl2(N,N’-bis(2,6-bis(diphenylmethyl)-4-

ethoxyphenyl)imidazole-2-ylidene)2 using the ligand displacement method. 
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Scheme 3.3 Synthesis of Ni(OAc)2(IMes)2 using ligand displacement method. 

 

The first two syntheses involves the use of triphenylphosphine complexes as the metal 

precursor and displacing the triphenylphosphine with the stronger σ donating NHC ligand. This 

strategy is appropriate for carbenes that have bulky R groups, as these carbenes are stable enough 

to be bottled as the free carbene. As such, the use of these carbenes as ligands can be developed 

by paralleling the synthesis of carbene complexes to that of the phosphine complexes. As 

discussed in Chapter 2, when a stronger σ donating phosphine is introduced to a complex 

containing a weaker donating phosphine, the stronger one will displace the weaker one. This 

same phenomenon occurs in the case of carbenes, except that carbenes are non-dissociating 

ligands and will not fall off readily upon displacing the phosphine. This approach worked for the 

two combinations shown in Schemes 3.2 and 3.3 respectively.  
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Scheme 3.4 Postulated synthesis of FeCl2(6,7-dihydro-2-pentafluorophenyl-5H-pyrollo[2,1,c]-

1,2,4-triazolidene)2 by deprotonation of triazolium salt with potassium tert-butoxide in THF. 

 

During the third synthesis (Scheme 3.4), in situ deprotonation of a triazolium salt in 

combination with FeCl2, results in an in situ complexation between FeCl2 and the carbene 

precursor. This process was developed by Seitz et al. and modified for use in this synthesis. 

Potassium carbonate is a mild base in pyridine, after 3 days of stirring at room 

temperature it selectively deprotonates the carbene carbon of the triazolium salt to afford the free 

carbene. The free carbene is generated in small in situ concentrations as such it requires some 

time to react with the FeCl2(PPh3)3. This is effective as 1,2,4-triazolium salts, like the one shown 

above, have a highly acidic proton at the carbene carbon, which allows for facile deprotonation 

without the need for an additional base. 
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Scheme 3.5 Postulated mechanism of the reaction of the carbene 1-(2-diisopropylaminoethyl)-3-

methyl ylidene with another equivalent of 1-(2-diisopropylaminoethyl)-3-methyl ylidene. 

 

 The fourth and final synthesis also involved in situ generation of the free carbene in small 

quantities. This strategy has been used in the literature by a number of groups, including Lloyd-

Jones and Crudden,20-22 in order to remove the acidic proton from a carbene carbon of abnormal 

imidazolium salts, such as, 1-(2-diisopropylaminoethyl)-3-methylimidazolium 

bis{(trifluoromethyl)sulfonyl}amide. The base used for this deprotonation is potassium 

hexamethyldisilazide that, upon addition to the imidazolium salt, results in a semi-hindered or 

meta-stable carbene. This carbene is more reactive than those previously mentioned because it 

can easily react with itself in order to form a methylated carbene and the demethylated 

imidazolium salt (Scheme 3.5).  



 

116 

 

 

Scheme 3.6 Postulated in situ deprotonation and complexation of 1-(2-diisopropylaminoethyl)-3-

methylimidazolium bis{(trifluoromethyl)sulfonyl}amide with either Co(OAc)2 or CoCl2. 

 

When the deprotonation step is done at room temperature, the in situ generated carbene 

readily reacts with itself forming a methylated and a demethylated carbene species. This reaction 

has been shown to occur with a number of different functional groups on one of the two nitrogens 

in the NHC. Through decomposition studies, Guisado-Barrios and Keske21-23 have reported that  

triazolylidenes rearrange in order to form two species. The kinetics of this behavior were 

analyzed through NMR spectroscopy at a variety of time intervals. It was found that the 

demethylation is quite facile, whereas deisopropylation was not observed. 21,22,24 

Similar behavior was observed by Bouffard et al.,25 where an attempt was made to 

deprotonate a benzyl-1,2,3-triazolium salt in order to arrive at a free carbene; instead, what 

occurred was that the triazolium was debenzylated and the free carbene was not observed.25 

In order to prevent this rearrangement, two strategies are often applied, one involves 

bulking up the R group to an isopropyl group or larger.22 These bulky groups likely prevent 

another equivalent of the carbene from attacking and removing the alkyl group.  

Another equally viable strategy to prevent this rearrangement is to cool the reaction 

mixture down and add the base used to deprotonate the carbene dropwise. This decreases the 

concentration of free carbenes available and slows the reaction down so that the carbene will 
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react with the metal precursor prior to reacting with itself. The latter strategy was performed in 

the case of Co(OAc)2 and CoCl2 metal salts in combination with 1-(2-diisopropylaminoethyl)-3-

methylimidazolium bis{(trifluoromethyl)sulfonyl}amide (Scheme 3.6).  

 

3.3.3 CO2 hydrogenation using prepared carbene containing catalysts 

 

These prepared catalysts were isolated and characterized using 1H, 13C{1H} and 19F{1H} 

NMR spectroscopy as well as HRMS. Crystals were grown from concentrations of a variety of 

different concentrations of each of the solutions; however, none of sufficient quality to acquire 

single crystal X-Ray crystallographic data. Elemental analysis was also attempted; however, the 

samples had all had a 3% deviation in the atomic percentages. Efforts are being made in 

purification of the compounds for elemental analysis and crystallographic structure 

determination. The proposed structures were determined based on chemical shifts observed in the 

NMR spectroscopy that were similar in shift to similarly synthesized complexes. The high 

resolution mass spectrometry (HRMS) data acquired suggested the formation of metal salts all 

having two carbene ligands attached to them. The proposed structures from NMR spectroscopy 

and HRMS were then calculated with the use of Density Functional Theory (DFT) using using 

Gaussian09, revision B.01,19 software package and the High Performance Computing Virtual 

Laboratory (HPCVL). The ground state geometries were fully optimized at the B3LYP level of 

theory using LANL2DZ as the basis set for Fe, Ni, Co and 6-31G(d,p) for all other atoms. As 

result of the lack of x-ray crystal structures or elemental analyses, one cannot claim that these 

complexes have been definitely characterized. Nevertheless, the NMR and HRMS data do 

support the proposed structures. 
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Recrystallized samples of each of the prepared complexes 3.10-3.14 (Figure 3.5) were 

tested for their reactivity towards CO2 in order to form formic acid. The results are shown in 

Table 3.3, with a base to metal ratio of 500:1.  

 

Figure 3.5: Proposed structures of catalysts 3.10-3.14 used for the hydrogenation of CO2 to 

formic acid.   

 

Table 3.3: The activities of catalysts 3.10-3.14 for the hydrogenation of CO2 to formic acida 

Catalyst  Temperature 

(°C)  

Time (h) TON  Standard 

deviation of 

TON 

Formic Acid: 

Base ratio 

3.10 70  21 98 9 0.28 
3.10b 70 21 490 35 0.14 
3.10 70 48 210 24 0.45 
3.10c 70 21 280 30 0.60 
3.10 100 21 150 10 0.32 
3.11 70 21 280 25 0.56 
3.11b 70 21 570 40 0.16 
3.11 70 48 620 37 1.32 
3.11c 70 21 110 20 0.23 
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3.11 100 21 390 28 0.83 
3.12 70 21 210 45 0.78 
3.12b 70 21 362 30 0.10 
3.12 70 48 250 18 0.50 
3.12c 70 21 740 20 1.60 
3.12 100 21 470 27 1.00 
3.13 70 21 150 8 0.32 
3.13b 70 21 270 14 0.08 
3.13 70 48 570 16 1.00 
3.13c 70 21 780 22 1.60 
3.13 100 21 150 28 0.30 
3.14 70 21 220 15 0.53 
3.14b 70 21 450 18 0.04 
3.14 70 48 600 20 1.30 
3.14c 70 21 180 15 0.38 
3.14 70 21 740 25 1.60 

Conditions: a 40 bar CO2, 60 bar H2, 590 µmol DBU and 1.5 µmol of precatalyst. b 6000 
equivalents of DBU, c 2 eq of NHC. All experiments were done in triplicate.   

 

Comparing the in situ generated catalysts (Section 3.3.2) to the prepared catalysts (3.3.3) 

shows that there is not a lot of difference between the two in terms of their activities. From this it 

can be hypothesized that the in situ and prepared catalysts afford a similar geometry around the 

metal center. This is in contrast to the phosphine containing complexes, in which the in situ 

catalysts form a different set of species than the prepared catalysts. This is likely due to both the 

stability and the steric bulk surrounding of the carbene ligands. 

 It is interesting to note here that the prepared carbene complexes 3.10-3.14 are 

able to undergo more turnovers than the in situ based catalysts. This was demonstrated by 

increasing the reaction time in each case from 21 h to 48 h. The in situ catalysts seemed to have a 

lower TON over the course of 48 h, whereas the prepared carbene complexes had a higher TON 

over the 48 h period. This is likely a case where the in situ based catalyst does not form quickly 

enough in order to prevent the free carbene from reacting with CO2 or H2. These side product 

reactions are possible and the products of these side reactions have been isolated previously by 

Chase et al.26 (Figure 3.6). If the carbene reacted with either a CO2 molecule or a H2 molecule 
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prior to coordinating to the metal, the carbene would form these catalytically unproductive 

species. This is more likely in the 48 h runs, as the synthesis of these complexes has indicated the 

requirement for low temperatures and short reaction times to prevent the carbenes from reacting 

with reagents other than the metal precursor. Therefore the activity of the catalyst would be the 

same, however a smaller amount of active catalyst is available as such the overall TON is lower. 

This problem appears to be solvable by preparing the carbene complex before addition of CO2 

and H2 to the system.  

 

 

Figure 3.6: Products of N-heterocyclic carbenes reacting with either CO2 or H2.
26 

  

 The in situ formed catalysts had an increase in TON over a 48 h period as compared to 

the TON of in situ formed catalytic reaction performed at 21 h; however, the TON increase was 

minimal as compared to the TON increase observed for the prepared catalysts, which in most 

cases doubled in TON (Tables 3.2 and 3.3). In order to take advantage of the robustness and 

stability afforded by carbene complexes, the temperature was increased from 70 °C to 100 °C for 
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both in situ and prepared complexes. The increase in temperature resulted in lower TON values 

for the in situ based catalysts; however, the prepared catalysts obtained higher TON at 100 °C 

than at 70 °C. It is therefore possible that the in situ carbenes need time to react with the metal 

center prior to the reaction mixture being heated to 100 °C. Insufficient time for complexation 

likely leads to decomposition of the carbene complexes before they can be active for catalysis.        

 For both catalysts, an increase in the amount of base required leads to an increase in 

TON. This is expected because the base is known to make the thermodynamics of the 

transformation of CO2 to formic acid more energetically favorable. Since the maximum TON 

achieved for CO2 hydrogenation to formic acid is approximately 800 TON for 500 equivalents of 

base, the base to metal ratio was adjusted to 6000. This was intended in order to see how far the 

reaction TON could be increased to. In all in situ cases (Table 2), the TON was not enhanced very 

much during this experiment. However, in all of the cases where the catalyst was prepared and 

isolated beforehand (Table 3), the TON was enhanced by 2-5 fold in all cases.  

 Upon the addition of an extra 2 equivalents of carbene to the hydrogenation 

reaction containing the prepared complexes 3.10-3.14, the TON for formic acid increased for 

complexes 3.10, 3.12, 3.13 and 3.14. This effect was most pronounced for complexes 3.12, 3.13 

and 3.14. This is likely a result of the free carbene interacting with CO2 to form a carbene 

carboxylate. Some N-heterocyclic ionic liquids have been shown to enhance the hydrogenation of 

CO2.27 It is postulated that the reason for this is that the carbene carboxylate formed from the 

reaction of carbene with CO2(g), stabilizes the formic acid that has been formed from the 

hydrogenation of CO2 (Figure 3.7).27 The only carbene precursors that have been shown to do this 

have a pendent amine functional group that has the ability to hydrogen bond with formic acid. 

Structures 3.10, 3.12, 3.13 and 3.14 all have a heteroatom, either oxygen or nitrogen external to 

the N-heterocycle as such they can hydrogen bond with formic acid. It is possible that these 
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newly formed carbene carboxylates are able to enhance the hydrogenation ability of the carbene 

complex (Figure 3.8). 

 

 

Figure 3.7: Figure showing the postulated mechanism by which an N-heterocyclic ionic liquid 

enhances the activity of catalysts towards CO2 hydrogenation.27 
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Figure 3.8: Carboxylate formation on carbene carbon resulting from the reaction of various 

carbenes with CO2. 

  

High-pressure NMR studies were attempted on these complexes 3.10-3.14; however, 

plating out of the metal was observed when H2 was added first. Experiments were performed 

where CO2 was added first; it was found that CO2 did not appear to interact with complexes 3.10-

3.14. These complexes are also more difficult to observe by NMR spectroscopy as they have 

limited heteroatoms that have isotopes that are both abundant and NMR active. In order to do a 

proper analysis of these complexes, 15N labeling or 13C labeling of the carbenes would be 

required. The other challenge is that these compounds appear to be paramagnetic in nature. The 

NMR peaks are both broad and have rather unique chemical shifts that differ greatly from the 
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expected chemical shifts of these complexes. Crystals were grown of each complex; however, 

none of them were able to generate sufficient quality reflectance data to get a crystal structure. 

Therefore, it was difficult to either be sure of the structure of the complexes. As such it was also 

difficult to postulate a mechanism for the use of the carbene complexes for the transformation of 

CO2 to formic acid.   

 Density functional theory was used in order to get an optimized structure. The Highest 

Occupied Molecular Orbital (HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO) 

were generated from the optimized structure. The DFT calculations were performed using 

Gaussian09, revision B.01,19 software package and the High Performance Computing Virtual 

Laboratory (HPCVL). The ground state geometries were fully optimized at the B3LYP level of 

theory using LANL2DZ as the basis set for Fe, Ni, Co and 6-31G (d,p) for all other atoms. 

Calculations were first done in order to determine the optimized geometry of the metal 

complexes, this was done for FeCl2(6,7-dihydro-2-pentafluorophenyl-5H-pyrollo[2,1,c]-1,2,4-

triazolidene)2 (3.12), Ni(OAc)2(IMes)2 (3.11), CoCl2(1-(2-diisopropylaminoethyl)-3-

methylimidazolylidene)2 (3.13) and Co(OAc)2(1-(2-diisopropylaminoethyl)-3-

methylimidazolylidene)2 (3.14). These optimized structures are shown in Figures 9, 13 and 16 

respectively.  

The structure of 3.12 was predicted through DFT to be tetrahedral with respect to the 

chlorides and carbene ligands (Figure 3.9). Crystal field theory then predicts that this compound 

is paramagnetic, DFT also predicts that the compound has 2 unpaired electrons. Many of the 

examples found in the literature give an indication that formation of high spin paramagnetic 

complexes, upon NHC coordination to Fe(II) is observed. 28-32   
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Figure 3.9: Optimized structure of FeCl2(6,7-dihydro-2-pentafluorophenyl-5H-pyrollo[2,1,c]-

1,2,4-triazolidene)2 (3.12). 

 

The HOMO and LUMO diagrams were generated and are shown in Figures 3.10 and 

3.11. The molecular orbital distribution on the HOMO on 3.12 is centered around the chloride 

and nitrogen atoms and there is no electron density distributed onto the carbon atoms or the Fe 

centre (Figure 3.10). The electron density around the chlorides is larger than the electron density 

centered on the nitrogen atoms. This indicates that if electron density were to be removed from 

the complex, i.e. if any ligand were to be displaced from the complex it would be the chloride 

atoms. In contrast, in the LUMO (Figure 3.11), the molecular orbital distribution is centered 

around the metal, the nitrogen and the pi systems of the molecule. From the top view of the 

LUMO, it is clear that the LUMO are present on the π system and the nitrogens, however the 

empty orbitals are most prominent on the π system (Figure 3.11 bottom view). 
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Figure 3.10: a) The Highest Occupied Molecular Orbital (HOMO) 163 for complex 3.12 and b) 

The LUMO, Molecular orbital 164, top view. 

 

 

 

Figure 3.11: The bottom view of the Lowest Unoccupied Molecular Orbital of complex 3.12. 

 

 

From the information in Figure 3.10 and Figure 3.11, a partial catalytic cycle can be 

postulated. Since the LUMO shows the largest empty orbital distribution on the metal center, it is 

a) b) 
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reasonable to suggest that a molecule of H2 could donate a pair of electrons into this orbital 

making an η2 hydrogen complex, which can then undergo heterolytic cleavage to obtain an iron 

hydride and lose a molecule of HCl or HDBU+. With the addition of CO2, the formate bound 

species can be generated. After an additional molecule of H2 is added, formic acid is released and 

the catalyst is regenerated (Figure 3.12). 
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Figure 3.12: Postulated mechanism of CO2 hydrogenation using FeCl2(6,7-dihydro-2-

pentafluorophenyl-5H-pyrollo[2,1,c]-1,2,4-triazolidene)2 (3.12) as the precatalyst. 



 

129 

 

 

The structures for Ni(OAc)2(IMes)2 (3.11), CoCl2(1-(2-diisopropylaminoethyl)-3-methyl 

ylidene)2 (3.13) and CoCl2(1-(2-diisopropylaminoethyl)-3-methyl ylidene)2 (3.14) were also 

calculated using DFT. The HOMO and LUMO molecular orbitals were calculated for each of the 

above molecules. From this analysis a guess at the catalytic cycle can be determined for the Ni 

and Co catalysts in the same way that a catalytic cycle was proposed for the Fe complexes.  

 The optimized structure of Ni(OAc)2(IMes)2 (3.11) shown in Figure 3.13 below shows 

that the two acetate molecules are trans to each other, unlike the two chlorides in the Fe structure, 

forming a square planar arrangement of the ligands around the Ni centre. This is likely because 

the carbene bows out and creates an umbrella around the metal forcing the two acetate ligands to 

be trans to each other. This means that is unlikely that the two carbenes will get close enough in 

order to allow two adjacent carbene ligands to be cis to each other.  

 

Figure 3.13: DFT calculated optimized structure of Ni(OAc)2(IMes)2 (3.11) 

 

 The HOMO molecular orbital (Figure 3.14) shows that the electron density is distributed 

between the Ni and oxygen atoms, indicating that if dihydrogen or CO2 were to attach to the 

metal by either ligand displacement or heterlytic cleavage of a bound dihydrogen, it would have 

to favorably interact with metal centre HOMO orbital which is most dense where the acetate is 

bound to the metal. 
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Figure 3.14: HOMO molecular orbital 204 of Ni(OAc)2(IMes)2 

 

 The LUMO molecular orbital (Figure 3.15) shows that the antibonding orbital of this 

complex is centred primarily on the metal as well as around the M-acetate bond. There is a small 

amount of empty orbital distribution surrounding the carbene carbon and the heterocyclic 

nitrogen, however the majority of the electron density of the molecule is centred around the 

metal-acetate bond and the empty coordination center on the metal (Figure 3.15).  

 

Figure 3.15: LUMO molecular orbital 205 of Ni(OAc)2(IMes)2 

 

It is therefore likely that when CO2 and H2 attaches to the metal it does so by removing 

one of the acetate ligands by adding electron density into the metal-acetate bond. This likely 
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results in a carbene metal hydride and the generation of acetic acid. The addition of CO2 likely 

results in the formation of a formate species from the migratory insertion of CO2 into the metal-

hydride bond (Figure 3.16). This is just a guess at the catalytic cycle, without a detailed kinetic or 

mechanistic study of this catalytic system it is difficult to determine what the actual catalytic 

cycle.    

A similar analysis was done with the CoCl2(1-(2-diisopropylaminoethyl)-3-

methylimidazolylidene)2 and Co(OAc)2(1-(2-diisopropylaminoethyl)-3-methylimidazolylidene)2 

(3.13 and 3.14). The optimized structures of 3.13 and 3.14 are similar in that the chlorides in 3.13 

and the acetates in 14 are trans to each other in a square planar orientation of the ligands around 

the metal centre. (Figure 3.16).  

 

Figure 3.16: DFT optimized structure of 3.13 and 3.14  

 

The HOMO and LUMO of the 3.13 and 3.14 are also very similar to each other (Figure 

3.17). The only difference being that there is more electron density on the acetate ligand in the 

HOMO than was observed on the chloride ligands in the HOMO. This indicates that the chloride 

ligand was more easily displaced than the acetate, since it has no visible bonding electron density 

associated with it in the HOMO. 
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Figure 3.17: DFT highest occupied molecular orbital (HOMO) calculation of 3.13 and 3.14 

 

The LUMO orbitals for 3.13 and 3.14 were also calculated (Figure 3.18). The LUMO 

also identify the chloride as being more labile than the acetates. One of the two chlorides has an 

antibonding orbital with π symmetry, whereas the other chloride ligand has no additional empty 

orbital distribution associated with its LUMO. Complex 3.14, on the other hand, has symmetric 

antibonding orbital distribution with respect to both acetate ligands. This indicates that the 

chlorides have a larger trans effect than does the acetate ligand. Since, chloride is a stronger trans 

director than acetate, the chloride will be removed more easily than the acetate. Allowing for 

reactant CO2 and H2 molecule to bind into the newly formed empty coordination site. 
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Figure 3.18: DFT lowest unoccupied molecular orbital (LUMO) calculation of 3.13 and 3.14 

 

3.4.2: Effects of utilizing ionic liquids as additives to the non-precious metal catalysts. 

 

The effects of adding ionic liquids or precursors to ionic liquids that enable an increase in 

activity of the complexes towards CO2 hydrogenation were tested. An ionic liquid (Figure 3.19) 

was tested without any other additional ligand source as a blank run along with the other NHC 

type ionic liquids and it was found to act as a ligand to iron(II) chloride or aid in the catalysis of 

CO2 to formic acid.  

The effects of adding ionic liquids or precursors to ionic liquids that enable an increase in 

activity of the complexes towards CO2 hydrogenation was tested with the prepared catalysts. An 

ionic liquid (Figure 3.19) was tested as a blank run along with the other NHC type ionic liquids 

and it was found to act in combination with iron(II) chloride to aid in the catalysis of CO2 to 

formic acid.  
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Figure 3.19: Structure of N,N-propyl-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide 

(3.15).  

 

Table 3.4: TON values for FeCl2 with the addition of N,N-propyl-methylpyrrolidinium 

bis(trifluoromethylsulfonyl)imidea for the hydrogenation of CO2 to formic acid 

Catalyst TON Standard deviation of 

TON 

Formic acid / Base ratio 

FeCl2 + 15 140 16 0.30 

FeCl2 + 15b 300 30 0.09 

FeCl2 + 15c 180 20 0.65 

FeCl2
d ND ND ND 

Conditions: a 40 bar CO2, 60 bar H2, 590 µmol DBU, 1.5 µmol of precatalyst and 4.5 µmol of ionic 
liquid (3.15). b 6000 equivalents of base, c 48 h. All experiments were done in triplicate, d No formic 
acid was detectable with the use of 1H NMR spectroscopy. 
 

This indicates that 3.15 is acting in some way as a ligand, or is activated by FeCl2 in 

some way to become a ligand, either by C-H activation, deprotonation, rearrangement or some 

other pathway. It is also possible that the combination of FeCl2 and 3.15 promotes the formation 

of nanoparticles that act as catalysts for the hydrogenation of CO2 to formic acid. 33,34 Studies are 

currently being undertaken in order to determine the nature of this additive as a ligand to FeCl2. 

Only two cases are available in the literature, one involved GeCl6 and another involved UCl6 and 

their interaction with the ionic liquid. Addition of U (III, IV, V and VI) was tested with 3.15 and 

it was found that the Cl from the uranium interact though ionic pairing with 3.15 (Scheme 7). The 

studies performed on U (III, IV, V and VI) with 3.15 gave rise to two overlying factors: a) the 

N
Tf2N
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magnitude of association of 3.15 and the uranium core increases as the charge on U increases and 

b) the strength of interaction between the ionic liquid and U depends on the character of the ionic 

liquid, where 3.15 was the 2nd best of all of the ionic liquids tested.35 

 

Scheme 3.7 Complexation of UCl6 with 3.15 

  

Another report in the literature suggests the same complexation occurs, except between 

GeCl3 and 3.15. Ionic pairing between GeCl3 and 3.15 is still the postulated mechanism of 

interaction between these two entities (Scheme 8). 

 

Scheme 3.8 Complexation of GeCl3 with 3.15 

 

 It is therefore possible that FeCl2 or some combination of FeCl2 with components in the 

reaction mixture forms an ionic complex through ionic pairing similar to what has been observed 

in the literature with UCl6 and GeCl3. 

 

 

 

 

N

(GeCl3)- +

N

GeCl3

N

(GeCl3)- +

N

GeCl3



 

136 

 

3.4 Conclusion 

 

First row transition metal catalysts formed in situ by combining FeCl2 with 3.3 or 3.4 and 

Ni(OAc)2 with IMes have shown a reasonable catalytic activity towards the hydrogenation of CO2 

to formic acid. These are, to the best of our knowledge, the first non-precious metal carbene 

complexes used for the hydrogenation of CO2 to formic acid. The five best in situ combinations 

were used in order to prepare the resulting postulated complexes. The TON were improved as 

compared to the in situ reactions. Addition of excess carbenes or imidazolium salts to the 

prepared catalysts resulted in enhancement of the activity of the prepared catalysts. Addition of 

an ionic liquid to FeCl2 resulted in a catalytic species that we postulate to be a ionically-bound 

adduct of FeCl2 and 3.15 or Fe nanoparticles were formed and are the catalytic species in this 

reaction. A detailed mechanistic investigation is yet to be performed for any of these catalysts.   
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Chapter 4 

Summary and Outlook 

4.1 Conclusions of the hydrogenation of CO2 and H2 using phosphine and carbene complexes 

 

A number of phosphine and carbene complexes were tested in situ as well as in prepared 

complexes. The best in situ formed catalyst for the hydrogenation of CO2 to formic acid was 

FeCl2 + DMPE, which gave a TON of 730, the addition of more equivalents of base to this in situ 

reaction resulted in a TON of 2,600 making this complex comparable to other Fe containing 

complexes used for this process.1 NiCl2(dmpe)2 and CoCl2(dmpe)2 were found to be the most 

promising phosphine-containing complexes used for the hydrogenation of CO2 to formic acid, 

having TONs of 322 and 374, respectively.  Addition of NaBPh4 to the prepared MCl2(dmpe)2 

complexes did result in the formation of an empty coordination site, however this did not improve 

the TON of formic acid for the metal. J-Young NMR experiments suggested that 

[M(dmso)(dmpe)2]+(BPh4)- where M = Fe, Co, or Ni are formed when these complexes are used 

in the hydrogenation of CO2 to formic acid in DMSO. CO2 hydrogenation using either in situ or 

prepared carbene complexes gave comparable TON of formic acid. The best carbene-containing 

CO2 hydrogenation catalyst was CoCl2(1-(2-diisopropylaminoethyl)-3-methyl ylidene)2 with the 

addition 2 extra equivalents of carbene precursor, giving a TON of 780. These carbene containing 

complexes have similar TONs to the IrCp* carbene complexes used for transfer hydrogenation of 

CO2 to formic acid, where the highest TON achieved was 1,600 under similar conditions.2 

Minimum optimizations of the conditions for CO2 hydrogenation were performed of select 

catalysts. The hydrogenation of CO2 to formic acid was optimized by TON, using different 
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temperatures, pressures and starting material ratios. The best conditions developed involved the 

use of 40 bar CO2 and 60 bar of H2 at 70 °C for 21 h, using DBU as a base.  

Full characterization of each complex was done on all phosphine complexes and NMR 

spectroscopy and HRMS were obtained for carbene complexes. High pressure NMR spectroscopy 

was performed on select phosphine complexes and, with the help of density functional theory 

(DFT), a catalytic cycle was proposed for selected catalysts. DFT was performed on all carbene 

complexes in order to get an indication of the geometry and potential reactivity of these 

complexes. Catalytic cycles were postulated for both phosphine and carbene containing 

complexes. 

4.2 Future Work 

4.2.1 Expanding the product scope for the catalytic conversion of CO2 into useable organics 

 

By facile screening of a variety of different ligands and metal salts through a high 

throughput colorimetric screening with the use of bromothymol blue, the best catalysts for formic 

acid could be more easily identified. This screening is only possible for products that cause a 

change in the pH of the solution to allow a visual indication of the proceeding reaction so that the 

pH indicator can change color. The hydrogenation of CO2 to formic acid has been studied 

extensively with the use of precious metal catalysts. The use of non-precious metal combinations 

for the catalytic transformation of CO2 to formic acid is becoming increasingly well known in the 

literature.1-5 Therefore, it would be an excellent idea to differentiate the product distribution 

associated with the activation of CO2 with other reactants. One such reaction that has been 

proposed in the literature is the transformation of CO2 and ethylene gas (C2H4) into acrylic acid 

(Scheme 4.1).  
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Scheme 4.1 Catalytic formation of acrylic acid from ethylene gas and CO2. 

 

Hoberg and Cremona proposed this reaction in the literature in the early 1980s (Figure 4.1), 

showing a Ni based and Mo based catalyst, respectively.3,4 

 

 

Figure 4.1 The Hoberg and Cremona precatalysts from Ni and Mo respectively that have shown 
some activity towards the formation of acrylic acid from CO2 and ethylene gas, with a TON of 
3.Bernskoetter et al. have been able to improve upon these catalysts and show some promising 

reactivity of CO2 and ethylene gas in order to produce acrylic acid; in producing the acid, they 

use non-precious metal catalysts (Figure 4.2), including a molybdenum tetrahydride, a tungsten 

tetraphosphine and a nickelalactone. 5-7 

 

 

Figure 4.2 Complexes developed and prepared by Bernskoetter et al. for formation of acrylic acid 
from CO2 and ethylene. 

 

Acrylic acid has a pKa of 4.35 while both CO2 and ethylene gas are neutral in organic 

solvents. Since only a few examples of the use of non-precious metal complexes for this 
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transformation are prevalent in the literature, high throughput testing of a variety of non-precious 

metal salts in combination with a 1:1 mixture of these gases would allow for fast screening of 

complexes that are effective for this transformation. The acid/base indicator dye that would be 

most applicable to this transformation is benzenesulfonic acid, which changes from orange to red 

to violet at pHs of 4.35, 7.4 and 9.35. Therefore, the more acrylic acid that is produced, the more 

orange the solution will be and therefore new catalysts can be screened for this process. The 

Gibbs free energy of formation of acrylic acid at ambient temperatures and pressures is - 384 kJ 

mol-1, this high heat of formation indicates that in order to produce acrylic acid a catalyst is 

needed in order to overcome the high Gibbs free energy of formation barrier.8 It would be 

interesting to apply the high throughput screening methodology developed by the Jessop group in 

order to screen new catalysts in the area of acrylic acid production from CO2 and ethylene gas.   

4.2.2 Use of supercritical CO2 as a solvent for CO2 hydrogenation reactions 

 

Supercritical CO2 when used as both a solvent and a reagent is advantageous as the 

concentration of dissolved CO2 is very high. Kinetics of liquid-phase homogeneous catalysis 

involving gaseous starting materials is largely dependent on the ability of the gas to diffuse into 

the liquid solvent. This is required in order for a large amount of the starting material to approach 

the metal center and be catalytically converted to the starting material. Therefore, the mass 

transfer problems that exist getting CO2 dissolved in the appropriate solvent can be eliminated by 

using supercritical CO2 as the solvent for its own fixation. Having CO2 at such high 

concentrations forces the otherwise unreactive CO2 molecule to bind to the metal center of the 

catalyst. Addition of hydrogen would result in the formation of formic acid. Jessop et al. have 

seen a large enhancement in the activity of the catalyst once scCO2 was used as both the solvent 

and reagent for the reaction (Table 4.1).9,10,11  
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Table 4.1 Catalytic hydrogenation of CO2 to formic acid using supercritical CO2 as the solvent 

Catalyst precursor Solvent  Reagents  PH2,CO2, bar T, °C TOF h-1 

[(C5H4(CH2)2NMe2)Ru(dppm)]BF4 THF  40,40 80 0.4 

RuH2(PPh3)4 C6H6 NEt3, H2O 25, 25 rt 4 

RuCl2(PTA)4 H2O HCO3 60, 60 25 25 

RuH2(PPh3)4 C6H6 Na2CO3 25, 25 100 42 

TpRuH(MeCN)(PPh3) THF H2O, NEt3 25, 25 100 63 

Ru2(CO)5(dppm)2 Me2CO NEt3 35, 35 rt 207 

K[Ru(EDTA-H)Cl] H2O  3, 17 40 250 

[Ru(Cl2bpy)2(H2O)2](CF3SO3)2 EtOH NEt3 30, 30 150 625 

[Ru(CO)2Cl2]n H2O, iPrOH NEt3 81, 27 80 1,300 

RuH2(PMe3)4 scCO2 NEt3, H2O 80, 130 50 1,400 

RuH2(PMe3)4 scCO2 NEt3, MeOH 80, 130 50 4,000 

RuCl(OAc)(PMe3)4 scCO2 NEt3, EtOH 70, 130 50 95,000 
a Abbreviations: Cl2bpy = 6,6’-dichloro-2,2’-bipyridine; DMSO = dimethyl sulphoxide; dppm = 
Ph2PCH2PPh2; EDTA-H = monodeprotonated ethylenediaminetetraacetic acid; PTA = 1,3,5-
triaza-7-phosphaadamantane; rt = room temperature; TOF = turnover frequency ((mol of formic 
acid/mol of transition metal)/h); Tp = hydrotris(pyrazolyl)borate. 10,11   

  

 

Given these results, it is apparent that replacing traditional solvents with scCO2 results in 

a large increase in the TOF for the hydrogenation of CO2 to formic acid. This table also shows 

that the use of different additives for CO2 hydrogenation act in ways to enhance the activity of the 

catalyst, such as water and alcohols.  

It would be of great interest to run non-precious metal catalyzed CO2 hydrogenation 

catalysts mentioned herein using scCO2 as a solvent to see if the activity of the non-precious 

metals can be improved upon its use. Based on the results in Table 4.1, which shows the effect 

that additives have on enhancing the hydrogenation of CO2 to formic acid, it would also be of 

interest to use a variety of additives including amines and water in order to optimize the 

conditions of the catalyst.   
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4.2.3 Screening of non-precious metal salts with nitrogen containing ligands 

 

 Since, 1,2-bis(dimethylphosphino)ethane was found to be the best phosphine-containing 

ligand for the hydrogenation of CO2(g) using non-precious metal catalysts, testing the nitrogen 

analogue TMEDA or N,N,N’,N’-tetramethylethylenediamine would seem logical. It would be 

interesting to test this compound and compare the activity at 70 °C, as well as at higher 

temperatures, in order to test the stability of the complex formed from non-precious metals and 

TMEDA. It would also be interesting to note if the use of nitrogenous heteroatoms in this dmpe 

analogue would force a different set of isomers to be prevalent during catalysis. Since 

nitrogenous ligands are often attested to be weaker donor atoms in ligands, it would be interesting 

to note if the ligand detaches from the metal during the catalytic transformation of CO2 to formic 

acid.   

 

4.2.4 Hydrogenation of CO2 using non-precious metals in combination with the 1,2-

bis(dimethylphosphino)ethane (DMPE). 

 

Mechanistic studies and follow-up experiments involving high-pressure NMR 

spectroscopy can give an indication of the active species involved in the catalytic cycle. The 

NMR data showed the formation of a doublet of triplets which suggests a cis complex is 

generated, which then is converted to a trans species over the course of the reaction. DFT 

calculations of the postulated intermediates shows that the higher energy intermediates were 

forced into a cis conformer. It would be interesting to prepare a complex where the chlorides are 

cis to each other and do the same set of reactions. If the activity of the complex towards CO2 

hydrogenation improves, then it is likely that the transition state in the mechanism or the higher 

energy intermediates of the catalytic cycle are cis. Since hydrides have a higher trans effect than 
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chlorides, it is likely that the higher energy intermediates contain one to two hydride ligands on 

the metal center, these hydrides adopt a cis conformation with respect to each other in order to 

avoid the large energy penalty associated with the trans conformer.   

4.2.5 Hydrogenation of CO2 to formic acid using forced cis conformers   

 

 This approach can be brought to life by a variety of different approaches. One such 

approach is to use a linear tetradentate ligand; by strategically placing methyl groups on different 

carbons along the linear tetradentate molecule, one can select for one isomer over the other. One 

of the first tetradentate ligands studied was 2,2,2-tet (Figure 4.3).12,13 

 

 

Figure 4.3 Structure of 2,2,2-tet, a linear tetradentate ligand. 

 

When 2,2,2-tet was added to Co(III), NMR spectroscopy showed that three different 

isomers existed: trans, symmetrical cis and unsymmetrical cis (Figure 4.4).12,13 However, there 

was no control over being able to make one of these isomers selectively over the other. It was 

later found that by adding methyl groups at the 5 and 6 position to form the ligand 5,6-

dimethyltriethylenetetramine, this acted to force the complex to adopt the asymmetric cis 

structure (Figure 4.5).14 Methylation at either the 2,9 or 3,8 positions resulted in a mix of trans, 

symmetrical cis and asymmetrical cis isomers.15,16  
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Figure 4.4 Geometry of three different isomers formed from the linear tetradentate 2,2,2-tet 

ligand. 

 

Figure 4.5 Asymmetrical cis complex selected for by methylating at the 5 and 6 positions of the 

linear tetradentate ligand. 

 

Another way by which a cis isomer can be selected for is with the use of tetradentate 

ligands where the nitrogen atoms are replaced with other donor atoms such as sulfur atoms. 

Replacing the nitrogen atoms at the 3,6 positions of 2,2,2-tet to form 1,8-diamino-3,6-

dithiaoctane often abbreviated as eee. This ligand preferentially adopts the conformation of the 

symmetrical cis isomer with no other isomeric differentiation in the complexes formed (Figure 

4.6).17-19 
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Figure 4.6 Replacement of nitrogen with sulfur atoms in order to make the eee ligand forces the 
geometry of the Co(III) complex to be cis. 

 

Yet another way to force the conformation of an isomer to adopt the cis form is to adopt a 

tripodal arrangement of heteroatoms in the ligand rather than a linear one. For example, replacing 

attachment of the two carbon linker to the middle N rather than the terminal end will result in a 

tripodal arrangement of atoms; this introduces rigidity to the ligand forcing it to fold such that the 

two chlorides are cis to each other. This can be accomplished with the use of tripodal ligands such 

as tris(aminoethyl)amine, which is often abbreviated as tren.20-25 The strained bond angles force 

this ligand to fold in such a way that the two chlorides are cis to each other (Figure 4.7). 

 
Figure 4.7 CoCl2(tren) forming a symmetrical cis isomer primarily. 

 

4.2.6 Use of pincer ligands in order to force the non-precious metal complex to adopt a cis 

geometry 

 

 Pincer-type ligands have the ability to force two ligands to arrange cis to each other while 

the atoms in the pincer ligand take up the remaining coordination sites. This affords interesting 
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reactivity that has allowed these complexes to be useful in many different organic chemistry 

transformations, including: the Heck reaction; Suzuki-Miyaura couplings; dehydrogenation of 

alkanes; aldol condensations; hydrogen transfer reactions; and asymmetric allylic alkylation to 

name a few. With contributions from Milstein, Piers, Albrecht, van Koten, Crabtree, Goldman, 

and Jensen,32-43 the transformation capabilities of pincer type ligands used in catalysis have 

become quite broad and useful for different organic chemistry transformations.26-39 Most of these 

aforementioned pincer complexes contain precious metals such as iridium, rhodium and 

ruthenium. It would be interesting to look at the effect that these ligands have on pincer type non-

precious metal complexes, used for hydrogenation of CO2.  

Recently, these complexes have been applied to reactions involving CO2 using Ni and Fe 

based pincer compounds. The contribution to transformations involving CO2 to formic acid, 

formate salts and methanol using pincer ligands in combination with non-precious metals is an up 

and coming field of interest. There are a few examples that exist in the literature for the use of 

these complexes and their interaction with CO2 (Schemes 4.2 through 4.4). Scheme 4.2 shows 

that using a PNP type ligand for this type of catalytic transformation often results in a non-

spectator ligand; that is to say that the ligand interacts in such a way that it binds CO2 into the 

backbone of the ligand. This discovery is interesting from a mechanistic standpoint, as it is often 

proposed in the literature that the pincer type ligand acts to stabilize formate during the 

hydrogenation (Scheme 4.2). It is suggested that the bound formate species is further stabilized by 

the hydrogen bonding available with the backbone aryl group.40  



 

148 

 

 

Scheme 4.2 Proposed electrophilic attack by CO2 on an exocyclic methylene carbon and 
subsequent tautomerization.40 

 

The next two examples observed catalytic activity with PNP type pincer ligand 

complexes. The first example (Scheme 4.3) shows an Ir(PNP)(H)3 complex that was able to 

achieve a TON of 3,500.41  

 

 

 

Due to the inevitable scarcity of precious metals for future work in catalysis, non-

precious metal catalysts have become increasingly more viable for catalytic transformations. It is 

for these reasons that a similar complex was developed by Milstein et al. using an Fe metal centre 

in lieu of the more expensive and less available Ir analogue (Scheme 4.4). The highest TON for 

the conversion of bicarbonate to formic acid achieved by this complex was 320.42 

Scheme 4.3 Hydrogenation of COw catalyzed by an Ir(III)-pincer complex 41 
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Scheme 4.4 Iron(II)-Pincer complex catalyzed transformation of CO2 to formic acid42 

 

 With the advancement in computational methodology for predicting viability of 

chemicals and catalysts in chemical reactions, it has become possible to do screening of catalysts 

for catalytic processes before stepping foot into a laboratory. There has been demonstrated three 

viable Fe, Ni and Ir Pincer complexes that by DFT show promise for the catalytic hydrogenation 

of CO2 to formic acid (Scheme 4.5).48 To the best of our knowledge, the complexes screened have 

not yet appeared in the literature and it would be interesting to prepare these complexes and 

compare the results obtained with the computational findings. 

 

 

 

Scheme 4.5 DFT screening of PNP type ligand with metals iridium, iron and cobalt using 
Gaussian 09 with functional ωB97X and basis set 6-31++G(d,p) for all atoms. 
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It is interesting to note that the few examples presented in the literature all have PNP type 

pincer ligands as opposed to PCP, SCS, NCN, SNS, or NNN type pincer ligands. It would be 

interesting to prepare examples where other types of pincer type ligands are used for this 

transformation and provide a comparison to the work done with the PNP the pincer complexes.  

 

4.2.7 Replacing DMSO with non-coordinating solvents 

 

 High pressure NMR spectroscopy and DFT studies of the prepared 

[FeCl(dmpe)2]+(BPh4)- complex indicated that the complex readily coordinates to DMSO. DMSO 

is a highly coordinating solvent and as such it is capable of binding readily to any open 

coordination site on a metal. In order to displace the DMSO, a stronger donating ligand would 

have to be present in solution. If a less strongly coordinating solvent were to be used for the 

reaction, and if the solvent were to coordinate, then it would soon be displaced by a number of 

stronger ligands present over the course of the hydrogenation reaction.  

 The coordination ability of solvents has been well studied and can mathematically be 

predicted using the formula.  

 

    Equation 4.1 

 

In equation 4.1, a large positive aTM term indicates that the solvent in question would have a good 

chance at binding to the metal, making it a coordinating solvent. Likewise, a large negative aTM 

term indicates that the solvent in question is actually really bad at coordinating to the metal, 

making it a non-coordinating solvent. Similarly, an intermediate aTM term is a semi-coordinating 

solvent. Semi-coordinating solvents can bind to the metal be displaced from the metal and re-

coordinate to the metal iteratively. The terms c, s, and u were obtained by searching structural 

a

TM = log(c+ s)/u
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databases and correspond to the structure of the solvent or anion being studied.43 Table 4.2 shows 

the different solvents that were tested using this method that would be considered weakly or non-

coordinating by this mathematical definition. 

Table 4.2 Coordinating ability for solvents to transition metals.43 

Solvent Structuresa aTM b %c 

Pyridine 4,513 1.4 96 
Formamide 29 0.3 66 

Dimethylsulfoxide 2,038 0.3 65 
Hexamethylphosphoramide 59 0.2 59 

Triethylamine 50 0.1 56 
n-Propanol 82 0.0 50 

Water 48,284 -0.1 46 
Dimethyoxyethane 407 -0.2 40 

Dimethylformamide 3,478 -0.2 37 
Ethylene glycol 90 -0.2 37 

Acetonitrile 10,572 -0.2 37 
Trifluoroacetic acid 42 -0.3 36 

i-Propanol 316 -0.3 35 
Acetic Acid 198 -0.3 34 

p-Xylene 116 -0.3 33 
Diglyme 88 -0.3 32 

Tetrahydrofuran 6,615 -0.3 32 
n-Butanol 60 -0.4 30 
Methanol 8,119 -0.4 30 

1,4-Dioxane 274 -0.4 29 
Carbon disulfide 131 -0.4 28 

t-Butanol 26 -0.4 27 
Dimethylacetamide 187 -0.5 26 

Fluorobenzene 82 -0.5 26 
Ethanol 2,871 -0.5 24 

o-Xylene 50 -0.5 24 
Benzene 4,381 -0.7 17 

Ethyl acetate 215 -0.8 13 
Acetone 3,013 -1.0 9 

Cyclohexane 248 -1.0 9 
Nitrobenzene 143 -1.1 8 

Toluene 4,723 -1.2 6 
Bromobenzene 36 -1.2 6 
Nitromethane 516 -1.4 4 

Phenol 48 -1.4 4 
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Diethyl ether 3,356 -1.4 4 
o-Dichlorobenzene 118 -1.4 4 

Chlorobenzene 267 -1.5 3 
1,2-Dichloroethane 495 -1.6 3 
Dichloromethane 9,619 -1.7 2 

n-Hexane 1,755 -1.8 1 
Carbon tetrachloride 84 -1.9 1 

n-Heptane 170 -1.9 1 
n-Pentane 964 -2.1 1 

Chloroform 4,052 -2.2 1 
a Number of structures analyzed. 
b Coordinating ability of solvent mathematically determined as aTM. 
c Percentage of structures in which the solvent is found coordinated or semi-coordinated to a 
transition metal.43 
  

The mathematical correlation studies done on the solvents listed designate that a positive 

aTM indicates that the solvent is coordinating; a negative aTM indicates that the solvent is semi-

coordinating or non-coordinating. The best solvents to choose for a catalyst containing an empty 

coordination site is one with the largest negative aTM value.43 As such, the most promising choice 

of solvents from the Table 2 is: chloroform; carbon tetrachloride; dichloromethane; 1,2-

dichloroethane; chlorobenzene; o-dichlorobenzene; phenol; nitromethane; bromobenzene; 

nitrobenzene; and acetone. This is because they are both non-coordinating and have the ability to 

solubilize the catalyst precursor used in the hydrogenation of CO2 to formic acid. 

 

4.2.8 Use of weak Lewis base ligands in order to temporarily stabilize coordinatively unsaturated 

complexes. 

  

Coordinatively unsaturated complexes are useful in catalysis as they often have an empty 

coordination site that is capable of binding starting material or substrates; this allows for facile 

catalysis and can often speed up the reaction. A recent study similar to a study done on the ability 

of solvents to bind to transition metals was conducted on Lewis bases that can act as ligands. The 

same equation (1) can be applied to this system and the same aTM factor can be obtained.43 In this 
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case, the aTM factor required for a displaceable Lewis basic ligand would be close to 0 as it is 

neither strongly coordinating nor strongly non-coordinating and can easily be dislodged by the 

incoming starting material or substrate (Table 4.3).43 

Table 4.3 Coordinating ability of various Lewis bases to transition metal complexes.43 

Anion Structures  aTM % 
O2- 5,619 3.3 100 
CN- 4,689 3.1 100 
S2- 3,044 2.7 100 

PhS- 865 2.6 100 
N3

- 2,190 2.1 99 
PO4

3- 966 2.1 99 
NO2

- 864 1.7 98 
PhO- 199 1.7 98 
SCN- 4,101 1.6 97 

F- 1,507 1.5 97 
C2O4

2- 1,881 1.4 96 
CH3C(O)2

- 5,022 1.4 96 
HPO4

2- 438 1.4 96 
CO3

2- 509 1.3 95 
Cl- 47,635 1.3 95 
Br- 8,853 1.0 90 

CF3C(O)2
- 1,378 1.0 90 

I- 7,019 0.9 90 
H2PO4

- 200 0.8 87 
CH3SO3

- 50 0.5 74 
SO4

2- 1,342 0.3 69 
HCO3

- 66 0.2 61 
NO3

- 7,629 0.1 58 
a Number of structures analyzed.  
b Coordinating ability of solvent mathematically determined as aTM. 
 c Percentage of structures in which the anion is found coordinated or semicoordinated to a 
transition metal.43 
 

The results in Table 4.3 show that there are 4 ligands that would be considered semi-

coordinating in nature, those being, CH3SO3
-, SO4

2-, HCO3
- and NO3

-. It would be interesting to 

see if the addition of CH3SO3
-, SO4

2-, HCO3
- and NO3

- to the catalysis involving unsaturated 
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complexes would selectively improve the activity of the catalyst towards CO2 hydrogenation by 

temporarily blocking the empty coordination site until H2 and/or CO2 can bind in its place.  

 

4.2.9 Use of mixed ligand catalysts to enhance the performance of catalysts used in CO2 

hydrogenation   

 

 Most of the studies thus far have used non-precious metals for CO2 hydrogenation and 

involve the use of a metal chloride or metal hydride salt that upon the addition of a particular 

stoichiometry of a ligand forms a particular complex. There have not been any examples of 

complexes where one of the phosphines is replaced by a different phosphine or another donor 

type ligand altogether. It would be interesting to see if the in situ addition of two different ligands 

to a metal complex would have adverse effects on the catalytic activity of the complex. 

4.2.10 Use of mixed metal bi-metallic species for the hydrogenation of CO2 to formic acid 

 

There have been many examples of mixed metal complexes in the literature, most of 

which use a bidentate ligand to fuse two different metal centers together. This strategy is often 

adapted in order to take advantage of having one electron-rich metal and one electron-poor metal 

in the same catalytic system; the electron rich metal is good at oxidative addition steps and the 

electron poor metal is good at reductive elimination steps.44-49 There has been no known literature 

precedence for the use of these bi-metallic species for the hydrogenation of CO2 to formic acid. 

4.2.11  Kinetic studies of successful catalysts used in CO2 hydrogenation 

 

The results obtained from high pressure NMR spectroscopy and DFT calculations 

suggested a possible catalytic cycle that results in the formation of formic acid from CO2 and H2. 

In order to get a better understanding and a more accurate picture of the catalytic cycle, kinetic 
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studies would need to be done. Kinetic studies on catalytic systems involve a number of 

experiments where a large number of parameters are changed one at a time in order to observe the 

effect it has on the overall activity and resulting TON. The rate at which formic acid is produced 

could be visualized using UV-Vis spectroscopy. This is possible as the original complex 

dissolved in DMSO-d6 is green, as the hydride forms the solution turns yellow as the formate 

species increases in concentration the solution turns orange. During the high pressure NMR 

studies, the solution in the case of the dmpe-based ligands with Fe and Co changes color upon 

addition of H2 and CO2. Since it was observed that a metal formate species increases in 

concentration over the course of the reaction, it should be possible to correlate the color change 

with the predicted intermediates and transition states observed over the course of the reaction. 

Once the information for the kinetics has been collected and interpreted, the rate law can be 

determined with the use of Christianson kinetics. Since both trans and cis species were observed 

with high pressure NMR and DFT, the kinetics will rely, in some part, on the cis-trans 

isomerization of the M(dmpe)2 species; as such, the kinetics will likely not be linear.   

4.2.12 Use of MCl2(COD) as a precursor for the synthesis of carbene complexes used in the 
hydrogenation of CO2 to formic acid 

 

 During the synthesis of the carbene complexes from FeCl2(PPh3)3, NiCl2(PPh3)2, and 

CoCl2(PPh3)2, the displacement of triphenylphosphine by the carbene resulted in free 

triphenylphosphine as a byproduct. This byproduct was difficult to remove and required the use 

of sublimation to achieve full removal. By using COD as the ligand, it can easily be removed by 

reduced pressure as it is volatile enough that it will be removed by applying vacuum to the 

sample. 
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4.2.13 Catalyst design using the asymmetric carbene 1-(2-diisopropylaminoethyl)-3-methyl 

ylidene   

 

The carbene 1-(2-diisopropylaminoethyl)-3-methylylidene (Figure 4.8, 4.1) when 

screened with a variety of different metals resulted in having two promising combinations with 

Co(OAc)2 and CoCl2.  

 

Figure 4.8 Structure of 1-(2-diisopropylaminoethyl)-3-methyl ylidene 

During the synthesis of these complexes using 2 equivalents of the carbene, it was 

predicted that the complex would form with two of these carbenes attached to the metal. 

However, the carbene has a pendent amine group attached using a long chain alkyl group, which 

has the potential to bind as a hemilabile ligand. Therefore, it would be noteworthy to prepare 

complexes of this type using both one and two equivalents of the carbene ligand that could result 

in two different complexes [4.2 and 4.3 respectively (see Figure 4.9)]. This complex could be of 

interest as the hemilabile nature of the bi-dentate carbene would result in the temporary 

coordination of the pendent isopropyl amine, which would be displaced in favor of binding H2 

and/or CO2 in order to form the catalytically active species.    
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Figure 4.9 Proposed resulting structure of Co complex using two equivalents of 4.1 or one 
equivalent of 4.1 to form 4.2 and 4.3 respectively. X = Cl or OAc. 

  

Modifying this ligand by replacing the isopropyl groups on the nitrogen with methyl 

groups or another less sterically hindering functional group would allow one to see if a less bulky 

version of this ligand facilitates the formation of either 4.2 or 4.3.   

4.2.14 Characterization of the carbene complexes 

 

Crystals were grown of the prepared carbene complexes; however, none of the crystals 

were the right size or shape to be used for a crystallographic determination of the structure. This 

is necessary considering the paramagnetic nature of these complexes, making NMR spectroscopy 

difficult as the complexes allow for paramagnetic relaxation. Paramagnetic compounds have the 

ability to undergo paramagnetic relaxation, which results in broadened and shifted peaks in the 

NMR. Since these peaks would otherwise be use for structural determination of the complex, it 

would be difficult to get a definitive structure solely from NMR spectroscopy. The resulting 

crystals were sent for elemental analysis, which also did not give the expected results; therefore, 

this also needs to be accomplished.  

 Given that a large number of the compounds in this thesis are paramagnetic, it would be 

worthwhile to determine how many unpaired electrons are in each compound. This can be 
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performed in a number of different ways. One is with a magnetic susceptibility test, where the 

sample weight is recorded before and during exposure to a magnetic field. The difference in 

weight indicates the number of unpaired electrons in the structure. Another way of doing this is to 

take an electroparamagnetic resonance spectrum for each of the compounds. By analyzing the 

EPR spectrum, the number of unpaired electrons can often be determined. This might also be 

undertaken through the use of computational chemistry, specifically using density functional 

theory (DFT) and calculating the broken symmetry of each of the carbene complexes.  These 

processes can verify the result of both the paramagnetic susceptibility test as well as the EPR 

measurements. 
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Appendix 

Turn Over Number Calculations 

 

 
The peaks from the 1H NMR spectrum of the reaction mixture were integrated and the areas were 

compared as follows.  
  
 
 Where Af.a is the integration of the formate peak in the 1H NMR spectrum 

divided by 1 proton and Ais is the integration of the internal standard 1,2,3-trimethoxybenzene peak 
divided by 9 protons. Where nf.a. is the moles of formate and nis is the moles of internal standard.   

Since turn over number (TON) is the ratio of mol of formate to the mol of catalyst, and if we let , 

. then  
Where mis is the mass of internal standard, MWis is the molecular weight of the internal standard, 

Vcat is the volume of catalyst added and ccat is the concentration of catalyst added. From this equation 
the TON of formate can be calculated.  

 
 
 
 
 
 
 
 
 
 
 
 

TON =
nf.a

ncat
=

A mis
MWis

Vcatccat

Af.a

Ais
=

nf.a

nis

Af.a

Ais
= A

Af.a =
Integration

1
Ais =

Integration
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Time of Flight High Resolution Mass Spectrometry of FeCl2(dmpe)2, CoCl2(dmpe)2, 

NiCl2(dmpe)2 

 
Figure A. 1: Time of flight (TOF) high resolution mass spectrometry (HRMS) of FeCl2(dmpe)2 

showing the isotope model above and the TOF mass spectrometry-electrospray ionization (MS-

EI) below.   
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Figure A. 2: HRMS isotope model of NiCl2(dmpe)2 
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Figure A. 3: TOF HRMS-EI spectrum of NiCl2(dmpe)2 
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Figure A. 4: HRMS isotope model of CoCl2(dmpe)2 
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Figure A. 5: TOF HRMS-EI spectrum of CoCl2(dmpe)2 
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 31P{1H} NMR spectrum of FeCl2(dmpe)2, CoCl2(dmpe)2 and NiCl2(dmpe)2 
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Figure A. 6: 31P{1H} NMR spectrum of NiCl2(dmpe)2 
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Figure A. 7: 31P{1H} NMR spectrum of FeCl2(dmpe)2 
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Figure A. 8: 31P{1H} NMR spectrum of CoCl2(dmpe)2   
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13C{1H} NMR spectrum of FeCl2(dmpe)2, CoCl2(dmpe)2 and NiCl2(dmpe)2 
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Figure A. 9: 13C{1H} NMR spectrum of FeCl2(dmpe)2 in CDCl3 
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Figure A. 10: 13C{1H} NMR spectrum of CoCl2(dmpe)2 
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Figure A. 11: 13C{1H} NMR spectrum of NiCl2(dmpe)2 
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Figure A. 12: 1H NMR spectrum of NiCl2(dmpe)2 
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Figure A. 13: 1H NMR spectrum of FeCl2(dmpe)2 
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X-ray Structure report for FeCl2(dmpe)2: 

 

Table A.  1: Crystal data and structure refinement for FeCl2(dmpe)2 

Identification code  FeCl2(dmpe)2 

Empirical formula  C12H32Cl2Fe1P4 

Formula weight  427.00 

Temperature  180(2) K 

Wavelength  0.71073 Å 

Crystal system  monoclinic 

Space group  P 21/n 

Unit cell dimensions a = 9.0497(6) Å a= 90° 

 b = 11.9215(8) Å b= 92.0527(7)° 

 c = 9.4481(6) Å g = 90° 

7.
32

3.
84

2.
25

1.
32

0.
13

2 0468

Co

Cl

PP
Cl

PP

Figure A. 14: 1H NMR spectrum of CoCl2(dmpe)2 
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Volume 1018.66(12) Å3 

Z 2 

Density (calculated) 1.392 Mg/m3 

Absorption coefficient 1.304 mm-1 

F(000) 448 

Crystal size 0.150 × 0.100 × 0.100 mm3 

Theta range for data collection 2.752 to 28.348° 

Index ranges -12 ≤ h ≤ 12, -15 ≤ k ≤ 15, -12 ≤ l ≤ 12 

Reflections collected 11259  

Independent reflections 2405 [R(int) = 0.0215] 

Completeness to theta = 25.242° 99.8 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7457 and 0.6674 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2405 / 150 / 151 

Goodness-of-fit on F2 1.053 

Final R indices [I>2sigma(I)] R1 = 0.0441 

R indices (all data) wR2 = 0.1091 

Extinction coefficient n/a 

Largest diff. peak and hole 1.746 and -1.255 e.Å-3 
 

Table A.  2: Atomic coordinates (× 104), equivalent isotropic displacement parameters (Å2 × 103) 

and site occupancy factors for FeCl2(dmpe)2 

U(eq)  

 

 _______________________________________________________________________  

Atom x y z U(eq)  

 _______________________________________________________________________  
 
Fe(1) 5000 5000 5000 21(1) 

Cl(1) 6721(1) 3595(1) 5651(1) 37(1) 

P(1) 3792(1) 3735(1) 3645(1) 31(1) 

P(2) 3672(1) 4670(1) 6896(1) 41(1) 
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C(11) 4346(11) 3876(8) 1920(7) 54(2) 

C(12) 4416(15) 5592(10) 8504(10) 60(3) 

C(13) 3780(30) 3310(20) 7880(30) 50(5) 

C(14) 1760(20) 4986(16) 7010(30) 72(4) 

C(15) 3410(30) 2342(17) 4330(20) 87(7) 

C(16) 2154(12) 4070(10) 2609(13) 63(3) 

C(21) 5006(9) 3287(7) 2130(8) 43(2) 

C(22) 4000(14) 5858(10) 8017(11) 60(3) 

C(23) 4070(30) 3442(19) 7900(20) 40(3) 

C(24) 1650(20) 4640(20) 6650(20) 86(6) 

C(25) 3800(30) 2275(13) 4080(20) 66(4) 

C(26) 1749(12) 3923(11) 3406(18) 80(4 
 

X-Ray structure report for CoCl2(dmpe)2: 

 

Table A.  3: Crystal data and structure refinement for CoCl2(dmpe)2. 

Identification code  d13139 

Empirical formula  C33 H82 Cl8 Co3 O3 P8 

Formula weight  1235.13 

Temperature  147(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 18.992(3) Å a= 64.468(3)°. 

 b = 19.358(3) Å b= 68.045(3)°. 

 c = 19.628(3) Å g = 60.942(3)°. 

Volume 5566.8(14) Å3 

Z 4 

Density (calculated) 1.474 Mg/m3 

Absorption coefficient 1.528 mm-1 

F(000) 2564 

Crystal size 0.330 x 0.170 x 0.100 mm3 

Theta range for data collection 1.265 to 27.535°. 

Index ranges -24<=h<=24, -25<=k<=25, -25<=l<=25 
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Reflections collected 142618 

Independent reflections 25493 [R(int) = 0.0323] 

Completeness to theta = 25.242° 99.7 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7455 and 0.6260 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 25493 / 7 / 1047 

Goodness-of-fit on F2 1.019 

Final R indices [I>2sigma(I)] R1 = 0.0295, wR2 = 0.0671 

R indices (all data) R1 = 0.0436, wR2 = 0.0745 

Extinction coefficient n/a 

Largest diff. peak and hole 1.113 and -0.866 e.Å-3 

 

Table A.  4: Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters 

(Å2x 103) for CoCl2(dmpe)2.  U(eq) is defined as one third of  the trace of the orthogonalized Uij 

tensor 

Co(1A) 23(1) 7510(1) 9971(1) 15(1) 

Cl(1A) -1081(1) 8037(1) 10832(1) 24(1) 

Cl(2A) 1126(1) 6988(1) 9107(1) 27(1) 

P(1A) -49(1) 6248(1) 10625(1) 22(1) 

P(2A) -764(1) 7681(1) 9242(1) 19(1) 

P(3A) 824(1) 7332(1) 10693(1) 25(1) 

P(4A) 78(1) 8778(1) 9327(1) 22(1) 

C(1A) -793(2) 6206(1) 10279(1) 30(1) 

C(2A) -702(2) 6648(1) 9415(1) 28(1) 

C(3A) 733(2) 8366(2) 10553(2) 24(1) 

C(4A) 834(2) 8804(2) 9685(2) 24(1) 

C(3X) 1181(5) 8205(4) 10117(5) 27(2) 

C(4X) 454(5) 9023(4) 9897(5) 23(2) 

C(5A) -413(2) 5939(2) 11666(2) 47(1) 

C(6A) 872(2) 5347(1) 10478(2) 41(1) 

C(7A) -1857(1) 8278(2) 9474(1) 27(1) 

C(8A) -514(2) 8075(2) 8195(1) 30(1) 

C(9A) 539(2) 7005(2) 11747(2) 54(1) 
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C(10A) 1895(1) 6673(2) 10521(2) 39(1) 

C(11A) -853(2) 9679(2) 9408(2) 48(1) 

C(12A) 525(2) 9058(2) 8303(1) 39(1) 

 

 

Co(1A) 23(1) 7510(1) 9971(1) 15(1) 

Cl(1A) -1081(1) 8037(1) 10832(1) 24(1) 

Cl(2A) 1126(1) 6988(1) 9107(1) 27(1) 

P(1A) -49(1) 6248(1) 10625(1) 22(1) 

P(2A) -764(1) 7681(1) 9242(1) 19(1) 

P(3A) 824(1) 7332(1) 10693(1) 25(1) 

P(4A) 78(1) 8778(1) 9327(1) 22(1) 

C(1A) -793(2) 6206(1) 10279(1) 30(1) 

C(2A) -702(2) 6648(1) 9415(1) 28(1) 

C(3A) 733(2) 8366(2) 10553(2) 24(1) 

C(4A) 834(2) 8804(2) 9685(2) 24(1) 

C(3X) 1181(5) 8205(4) 10117(5) 27(2) 

C(4X) 454(5) 9023(4) 9897(5) 23(2) 

C(5A) -413(2) 5939(2) 11666(2) 47(1) 

C(6A) 872(2) 5347(1) 10478(2) 41(1) 

C(7A) -1857(1) 8278(2) 9474(1) 27(1) 

C(8A) -514(2) 8075(2) 8195(1) 30(1) 

C(9A) 539(2) 7005(2) 11747(2) 54(1) 

C(10A) 1895(1) 6673(2) 10521(2) 39(1) 

C(11A) -853(2) 9679(2) 9408(2) 48(1) 

C(12A) 525(2) 9058(2) 8303(1) 39(1) 
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Table A.  5: Tier 1 colorimetric screening of carbenes 1,2-bis-(2,6-diisopropylphenyl) imidazole-

2H-ylidene, 5-(dicyclohexylphosphino)-1’,3’,5’-triphenyl-1’H-[1,4’]bipyrazole as ligands for 

non-precious metal catalysts. 
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Table A.  6: Tier 1 colorimetric screening of carbenes 1,3-bis(1-adamantyl)imidazole-2-ylidene 

and N,N’-bis(2,6-bis(diphenylmethyl)-4-methoxyphenyl)imidazole-2-ylidene as ligands for non-

precious metal catalysts. 
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Table A.  7: Tier 1 colorimetric screening of carbene precursors 2-[2,6-bis(1-

methylethyl)phenyl]-3,3-dimethyl-2-azoniaspiro]-[4.5]dec-1-enehydrogen trichloride, 1,3-di-tert-

butylimidazole-2-ylidene and 2-[2,6-nis(1-methylethyl)phenyl]-3,3,6,8-tetramethyl-2-

azoniaspiro][4.5]dec-1,7-diene tetrafluoroborate as ligands for non-precious metal catalysts. 
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Table A.  8: Tier 1 colorimetric screening of carbene precursors 1,3-di-methylimidazolium 

borohydride, 1,3-di-tert-butylimidazolium tetrafluoroborate and 1-(1-adamantyl)-3-(2,4,6-

trimethylphenyl)imidazolium chloride as ligands for non-precious metal catalysts. 
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Table A.  9: Tier 1 colorimetric screening of carbene precursors 1,3- bis(2-cyclohexylnaphthalen-

1-yl)imidazolinium tetrafluoroborate, 1,3-bis(2,7-diisopropylnaphthalen-1-yl) imidazolinium 

tetrafluoroborate and 6,7-dihydro-2-pentafluorophenyl-5H-pyrollo[2,1,c]-1,2,4-triazolium 

tetrafluoroborate.  
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Table A.  10: Tier 1 colorimetric screening of carbene precursors 1-(2-(diisopropylaminoethyl)-

3-methylimidazolium chloride, 1-(2-(diisopropylaminoethyl)-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide and 2,6-bis[(3-methylimidazolium-1-yl)methyl]pyridine di[bis-

(trifluoromethylsulfonyl)imide]. 
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Table A.  11: Tier 1 colorimetric screening of carbene precursors 1-(2-hydroxyethyl)-3-

methylimidazolium bis(trifuoromethylsulfonyl)imide, 1-(2-methoxyethyl)-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide and 1-(3-Cyanopropyl)-methylimidazolium 

bis(trifluoromethylsulfonyl)imide 

 
  

N N OHTf2N N N OTf2N
N NTf2N

N
Metal \ ligand

FeCl2

CoCl2

NiCl2

Fe(OAc)2

Co(OAc)2

Ni(OAc)2

MoCl3

InCl3

ZnCl2

WCl6

MnCl2

NbCl4

2
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Table A.  12: Tier 1 colorimetric screening of carbene precursors 1-ethyl-3-methylimidazolium 

bis(trifluormethylsulfonyl)imide and 1,3-bis(cyanomethyl)imidazolium 

bis(trifluoromethylsulfonyl)imide 

 
  

N N
Tf2N

N N
Tf2N

NN

Metal \ ligand

FeCl2

CoCl2

NiCl2

Fe(OAc)2

Co(OAc)2

Ni(OAc)2

MoCl3

InCl3

ZnCl2

WCl6

MnCl2

NbCl4

2
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Figure A. 15: 1H NMR spectrum of FeCl2(N,N’-bis(2,6-bis(diphenylmethyl)-4-

ethoxyphenyl)imidazole-2-ylidene)2 

 

 

Figure A. 16: 13C{1H} NMR spectrum of FeCl2(N,N’-bis(2,6-bis(diphenylmethyl)-4-

ethoxyphenyl)imidazole-2-ylidene)2 
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Figure A. 17: 1H NMR spectrum of Ni(OAc)2(IMes)2 

 

 

Figure A. 18: 13C{1H} NMR spectrum of Ni(OAc)2(IMes)2 
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Figure A. 19: 1H NMR spectrum of Co(OAc)2(1-(2-diisopropylaminoethyl)-3-methylimidazole)2 

 

Figure A. 20: 13C{1H} NMR spectrum of Co(OAc)2(1-(2-diisopropylaminoethyl)-3-

methylimidazole)2 
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Figure A. 21: 1H NMR spectrum of FeCl2(6,7-dihydro-2-pentafluorophenyl-5H-pyrollo[2,1,c]-

1,2,4-triazolidene)2 

 

Figure A. 22: 13C{1H} NMR spectrum of FeCl2(6,7-dihydro-2-pentafluorophenyl-5H-

pyrollo[2,1,c]-1,2,4-triazolidene)2 

 

 


