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Abstract 
	
	

The increase of the carbon dioxide concentration in the atmosphere provides a 

strong impetus to discover new catalysts that are able to reduce CO2. The reduction 

processes of this greenhouse gas CO2 have recently received enormous efforts in the 

research area. The objective of this thesis was the photocatalytic reduction of CO2 that is 

known as an artificial photosynthesis using visible light, and the objective of the thesis was 

to study the ability and efficiency of different new molecular catalysts towards CO2 

reduction. The goals of the thesis are to design and characterize new catalysts that have 

high efficiency for the catalytic reduction of CO2. 

After a brief introduction in Chapter 1 about the photocatalytic reduction of CO2, a 

different catalyst is presented in each chapter with their characterization and examination 

for the photocatalytic reduction of CO2. In addition, these presented catalysts were also 

examined for the electrocatalytic reduction of CO2, but they show a good catalytic behavior 

in the photocatalytic reduction of CO2. The catalytic mechanisms were also suggested for 

each catalyst and tried to be confirmed by many different experiments.  observed to be 

highly influenced by CO2 concentration. 

These newly discovered catalysts are based on transition metal complexes that are 

able to be good catalysts for the photocatalytic CO2 reduction. These new transition metal 

complexes have been synthesized, characterized and examined for their catalytic reactivity 

for CO2 reduction. As presented in Chapter 2, new manganese and rhenium ccomplexes 

bearing a phosphino-amino-pyridine ligand were synthesized, characterized and showed 

their photocatalytic ability for CO2 reduction. In addition, Chapter 3 presents new Ru 

catalysts supported by an unprecedented ligand array and documented their photocatalytic 
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ability towards CO2 reduction. Moreover, Chapter 4 focuses on new Zn(II) complexes that 

are novel catalysts in the photocatalytic CO2 reduction area. Furthermore, Chapter 5 

presents a new environment for Re photocatalyst that has the switch in product to formic 

acid compare to  all other reported Re photocatalysts. On the other hand, Chapter 6 shows 

new dimers and monomers for a series of earth-abundant transition metal dibromide 

complexes supported by a neutral SNS ligand framework and reveals their applications in 

the catalysis. Finally, Chapter 7 presents a brief conclusion and a number of future 

directions.  

The attempts to explore and discover the new catalysts for CO2 reduction were 

exciting, successfully and resulted in the discovery of new catalysts. These catalysts show 

their good ability to reduce carbon dioxide (CO2) to more valuable products such as carbon 

monoxide (CO) and formic acid (HCOOH). 
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Chapter 1: Photo-Catalytic Carbon Dioxide Reduction Using Homogeneous 

Transition Metal Complexes 

1.1. Introduction  

The two critical worldwide challenges that are facing the humanity are the energy 

shortage and environmental pollution. The main energy source currently used all over the 

world is fossil fuels, which are rapidly consumed to supply increasing energy demands. 

The release of energy from the combustion of fossil fuels results in generation of carbon 

dioxide (CO2), which is a major greenhouse gas. The level of atmospheric carbon dioxide 

has significantly increased since the beginning of industrial revolution and continues due 

to human activities. The central reason for this is attributed to fossil fuel combustion. The 

contribution of this extra carbon dioxide towards global warming has resulted in the search for 

different solutions to reduce the carbon dioxide. The reduction of the atmospheric CO2 level 

to produce more valuable products has become an important research area in the recent 

decades. However, there is a critical challenge in this area of CO2 reduction, and that is the 

low thermodynamic energy value of the carbon dioxide. This means that this effort requires 

a large energy contribution to convert CO2 to other valuable products, and that leads to a 

high cost of production. To address this challenge, there is a huge effort to develop 

innovative new catalysis systems that are able to increase the potential of transforming 

CO2.1 

Carbon dioxide (CO2) can be reduced via electrochemical or photochemical 

approaches, and this thesis focuses mainly on efforts for successful photocatalytic CO2 

reduction. A central goal of this thesis is the discovery of new catalysts coupled with an 

exploration of photochemical parameters for CO2 reduction. This introduction will begin with 

a presentation of some of the basic principles for the photo-catalytic CO2 reduction and provide 
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some literature precedent for known CO2 reduction photo-catalysts. This provides context for 

the results presented in the subsequent Chapters. At the end of this thesis, a brief conclusion 

about these results in photochemical CO2 reduction and possible directions for the future 

development of this photo-catalytic field are presented.  

	

1.2.	Thermodynamics of CO2 Reduction  

The reduction of CO2 is a very challenging reaction and the thermodynamic 

requirements for this reduction should be considered. The reduction of CO2 by the direct 

one electron reduction to form the radical CO2•– is unfavourable process because it requires 

a high energy as shown by the large reduction potential of -2.14 V vs SCE. There are other 

more favourable pathways that employ proton-assisted multiple-electron transfer (MET), 

which are summarized in Table 1.1. These proton coupled electron transfer reactions 

require much less energy than the one electron reduction reaction, so the reduction potential 

of most of these proton-assisted multiple-electron transfers becomes less negative when 

the number of electrons is increased, as shown in Table 1.1.2 

Table 1.1. The CO2 reduction potentials for various CO2 reduction reactions.2 

Reaction        E°(V) vs SCEa 

CO2 + 2H+ + 2e- → HCO2H       - 0.85 

CO2 + 2H+ + 2e- → CO + H2O      - 0.77 

CO2 + 4H+ + 4e- → C + 2H2O      - 0.44 

CO2 + 4H+ + 4e- → HCHO + H2O      - 0.72 

CO2 + 6H+ + 6e- → CH3OH + H2O      - 0.62 

CO2 + 8H+ + 8e- → CH4 + 2H2O      - 0.48 

aE°' potentials are reported at pH 7. 
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These proton coupled electron transfer reductions are thermodynamically more 

favourable, but also require a catalyst. The catalysts for these reactions play an important 

role because they are needed to overcome kinetic limitations. Transition metal compounds 

can be used at homogeneous systems that can be influenced by the supporting ligands on 

the complex. These catalysts are able to promote the multiple-electron transfer reactivity 

of the reduction reaction. A number of different transition metal complexes have been 

explored for CO2 reduction applications. These transition metal complexes consist of two 

main parts the central metal and the organic-based ligands that surround the metal center. 

Two major areas that have been explored employed macrocyclic ligands or bipyridine 

ligands and these two classes of catalysts will be briefly explained in the following section.2  

In this thesis, the primary goals are to explore photocatalytic behaviours for CO2 

reduction. Certainly, the electrochemical features of potential catalysts are important and 

have direct implication on their reactivity. As a result, some electrochemical analysis and 

investigates were employed in these studies.  

 

1.3. Common Terms in The Photo-Catalytic Reduction 

There are some common terms that are commonly used in the photo-catalytic 

system to describe important information of the catalytic CO2 reduction processes. These 

important terms should be clearly defined in order to understand and characterize these 

photo-catalytic reactions. These terms include the catalytic selectivity, the photochemical 

quantum yield, and turnover number.2 
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1.3.1. The Catalytic Selectivity (CS)  

This term is used to define the product selectivity for the catalytic reduction of CO2. 

There are two features of selectivity that can be addressed. The first is the selectivity for a 

particular reduction product. In this thesis the observed reduction products are carbon 

monoxide (CO) and formic acid/formate (HCOOH, HCOO--). The second is selectivity of 

the reducing equivalents. Because any catalyst that is able to reduce CO2 to other valuable 

products such as carbon monoxide or formate may also able to reduce protons to hydrogen. 

The reduction potentials of these products for the half-cell reactions at pH 7 in aqueous 

solution versus the normal hydrogen electrode (E°') are shown in the following table (1.2).3  

Although there are several possible products from CO2 reduction as was explained, 

this thesis focuses on two main products from this reaction, carbon monoxide and the 

formic acid. In addition, hydrogen is a common by-product of the photocatalytic CO2 

reduction. It also plays an important role in the global energy system because there is a big 

requirement for a renewable fuel to replace current energy sources. Since hydrogen is a 

perfect secondary energy, it can be a solution to many problems such as the environmental 

emissions and energy security. Therefore, hydrogen can be an alternative fuel and an 

energy carrier for the future energy supply, and this is one form of harnessing renewable 

energy.4,5 Moreover, hydrogen can be produced from water that is abundant, and this way 

of hydrogen production from water was tried with some catalysts that did not show a good 

catalytic behavior towards CO2 reduction. Some of these catalysts as will be shown in the 

thesis were able to reduce water and produce hydrogen, and they showed a good catalytic 

performance in water reduction and hydrogen production.  
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Table 1.2. The standard reduction potentials for  half-cell reactions.3 

Reaction         E°(V) vs SHEa 

2H+ + 2e- ⟶	H2        - 0.41 V 

CO2 + 2H+ + 2e- ⟶	CO + H2O      - 0.52 V 

CO2 + 2H+ + 2e- ⟶	HCO2H       - 0.61 V 

aE°' potentials are reported at pH 7. 

 

Catalytic selectivity values also give information about the overall efficiency of 

CO2 reduction system. Selectivity in terms of C products such as CO or formate, or 

selectivity in terms of the reducing equivalents this would compare carbon products to H2. 

This term is defined as the ratio of the moles of products from CO2 reduction to the moles 

of H2 that is also from the CO2 reduction reaction.2 The definition of this catalytic 

selectivity is described in equation 1. 

          𝐶𝑆 = [()*	+,-./0123	4+2-./05]
[7*]

                            (1) 

 

This parameter is important because it is commonly used to quantify the 

efficiency of catalytic CO2 reduction processes.2 

1.3.2. The Photochemical Quantum Yield (𝝓) 

The photochemical quantum yield is a common parameter that is used in 

photochemical systems to describe the efficiency of the catalytic CO2 reduction system. 

The photochemical quantum yield is defined as the molar ratio of CO2 reduction products 

to the incident photons.2 The definition of this photochemical quantum yield is shown in 

equation 2. 
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  𝜙 = [()*	+,-./0123	4+2-./05]
[13/1-,30	4920235]

     (2) 

 

This parameter is very important because it normalizes results using different light 

sources. To determine the photochemical quantum yield (Φ) of a photochemical reaction, 

the number of photons absorbed by the system during a given period must be measured. 

The incident photon flux can be measured using chemical or physical means such as the 

actinometry that is able to measure the number of photons in a beam integrally or per unit 

time.6 

1.3.3. The Turnover Number (TN) 

The turnover number is used to describe the activity of the catalyst, which indicates 

to the lifetime of the catalyst because it is the number of the reduction processes that occur 

per catalyst cycle over the catalyst’s lifetime. This turnover number is defined as the as the 

molar ratio of CO2 reduction products to the catalyst, and the definition of this turnover 

number is explained in equation 3.2 

	𝑇𝑁 = [()*	+,-./0123	4+2-./05]
[/<0<=>50]

		 	 	 							 			(3) 

	

The turnover number is an important parameter because a fundamental feature of 

any catalyst and it indicates to the activity of the catalyst.   

	

1.4. Photocatalytic Reduction of CO2 

Photocatalytic reduction of CO2 by using the energy of sunlight combined with 

homogeneous transition metals as catalysts is an attractive process to address the both 

energy and environmental issues of carbon dioxide emissions. Transforming CO2 to more 
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valuable products such as CO and CH4 in the gas phase or as alcohols, aldehydes and 

carboxylic acids in the liquid phase is a tremendous challenge due to the need of control 

the CO2 reduction pathways for the products.7 

Several important components require attention and consideration in order to carry 

out photocatalytic CO2 reduction.  First, the two main components for the photocatalytic 

CO2 reduction are derived from the word photocatalysis, that consists of the terms photo 

and catalysis. The photo part means the use of light, which provides the primary essential 

energy input for the reaction, and the catalysis part refers to the chemical conversion of the 

reactants and change to the reaction rate without any change to the catalyst species. These 

concepts lead to the two main components for this reaction, the photosensitizer and the 

catalyst. The photosensitizer is responsible for the light absorption to generate an excited 

state photosensitizer that can use the absorbed energy for the reaction. Perhaps the most 

common species that has been used in this regard is the Ru(II) complex, [Ru(bpy)3]2+. The 

success of this photosensitizer is due to its unique combination of chemical stability, redox 

properties, and long lifetime of the excited state. The catalyst component is the central 

exploration and discovery target in this thesis.  

The next most obvious components that need consideration are the so-called 

sacrificial electron donor and the reaction solvent. In general, a sacrificial electron donor 

is required to provide the electrons needed in the reduction reaction and this species most 

commonly interacts with the excited state photosensitizer to undergo an electron transfer 

quenching of this species. There are a variety of different quenchers that have been used as 

the sacrificial electron donor in CO2 photoreduction systems. Examples include 

triethanolamine (TEOA), triethylamine (TEA), 1-benzyl-1,4-dihydronicotinamide 

(BNAH), ascorbic acid (H2A), and sodium ascorbate (NaA). In terms of solvent, a variety 
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have been employed in successful photoreactions. These include  dimethylformamide 

(DMF), acetonitrile (ACN), dimethylacetamide (DMA), and methanol (MeOH) which 

have all been used for photocatalytic CO2 reduction reactions.8,9  

In summary, the photocatalytic CO2 reduction system will generally consist of a 

catalyst, photosensitizer, sacrificial electron donor reagents, and solvent. This reaction 

mixture will then be subject to irradiation from a light source which can be characterized 

by emission wavelength and photon flux/intensity.  

In order to have a clearer understanding about these photocatalytic reactions and to 

have a better idea about the operation of these photocatalytic systems a general mechanism 

of the photocatalytic reaction is useful. Therefore, the basic mechanisms of the known 

photocatalytic CO2 reduction reaction will be described in the following sections.   

 

1.4.1. Basic Mechanism of Photocatalytic Reaction 

In general, the photocatalytic processes of many different reactions follow the same 

basic steps, which will be discussed here. These photochemical processes that are the 

beginning of the photocatalytic process can be expressed by the following equations: 

PS + h𝑣 → PS(S1)* 

PS*(S1) → PS(T1)* 

PS(T1)* + A	→  PS + A* 

Where is PS is the photosensitizer, PS* is the excited species, A is the acceptor substrate 

molecule, and A* is the excited acceptor molecule. 

The process begins when the photosensitizer (PS), when exposed to light, absorbs 

a photon. The photosensitizer will be transferred from the ground state (S0) to the first 

excited singlet state (S1). The singlet-excited state (S1) can then undergo intersystem 
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crossing (ISC) to produces the triplet-excited state (T1), which is a longer-lived state.  In 

the next step, the energy will be transferred from the triplet state (T1) of the photosensitizer 

molecule to a substrate molecule (Acceptor = A). This produces A and a chemical change 

can result.14,10,11 

A Jablonski diagram can be used to summarize the photochemical processes, as 

shown Figure 1.1. The Jablonski diagram is used to show the molecular electronic states 

and energy levels, and to explain the possible photophysical and photochemical processes. 

A Jablonski diagram represents the electronic energy levels and the vibrational energy 

levels of the photosensitizer. The electrons in the electronic ground state are paired (+1/2, 

-1/2), and this electronic singlet ground state is represented as S0. In the absorption of 

photons and the excitation step, one of the paired electrons in the electronic singlet ground 

state will be excited, and the electronic excited state will be classified in two different 

electronic excited states depending on the different spin directions of the electrons. In the 

excitation, if the electron maintains its spin orientation and the spin multiplicity will equal 

to one (M = 2S + 1 = 1), the excited state will be excited singlet state (S1), and this singlet-

singlet transition is the allowed transition. The emission of light from this singlet-excited 

state to the singlet ground state is called fluorescence. On the other hand, spin orientation 

of the electron can changes resulting in a spin multiplicity equal to three (M = 2S + 1 = 3), 

and this excited state is an excited triplet state (T1).  The flip of spin going from S1 to T1 

is called intersystem crossing (ISC). The emission of a photon from the excited triplet state 

to return the molecule to the singlet ground state is called phosphorescence.9–12  
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Figure 1.1. The Perrin-Jablonski energy diagram for a photosensitizer (PS) molecule.12 
Produced from reference number 12 with permission by the Chemical Reviews. 

	
In general, the triplet-excited states (T1) is longer lived than the first excited singlet 

state (S1), being in microsecond to millisecond range, while the singlet states lifetime is in 

the nanoseconds range. Thus, the fluorescence, which is the short-lived, has the lifetime of 

10-9-10-6s while the lifetime of the phosphorescence is 10-4-10-2s. Finally, there is another 

radiation-less deactivation pathway that can occur between states of the same spin, it is 

called the internal conversion (IC).  This involved vibrational relaxation, which is allowed 

the molecule in the higher excited vibrational state to return to the lower vibrational state 

by the energy transfer.9–12  

1.5. Types of Catalysts for Photocatalytic Reduction of CO2 

As outlined above, a homogeneous photocatalytic system consists of a 

photosenstitizer and a catalyst. The relationship between these two components can be 

categorized in two ways that are generally identified as Type I and Type II systems. Type 

I systems consist of two separate components that are the photosensitizer and the catalyst, 

and they are mixed in the solution to make the photoreduction system. On the other hand, 
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in Type II systems the two components are in a single molecular unit that functions as both 

the light absorber (photosensitizer) and the catalyst. These two types are explained with 

more details in the next section.  

1.5.1. Type I Photocatalyst System 

Type I catalysis consists of the two separate components with one acting as a 

photosensitizer (PS) and the other as a catalyst (Cat). In the light irradiation, the 

photosensitizer, such as tris(bipyridine)ruthenium (II) [Ru(bpy)3]2+, absorbs the light, and 

then it is promoted to an excited electronic state (as shown in equation 1). The excited state 

of the photosensitizer is reductively quenched by a sacrificial electron donor (D), which is 

commonly an amine such as triethanoamine (TEOA) or triethylamine (TEA), to form the 

reduced photosensitizer (PS-) and the oxidized sacrificial donor (D.+) (as shown in equation 

2). This reduced photosensitizer (PS-) will transfer the electron to the catalyst (Cat) to 

produce the reduced catalyst (Cat-) that will react with CO2 to reduce it and produce the 

desired products (as shown in equation 3 and 4).2,13  

 

PS + h𝑣 → PS*                   (1) 

PS* + D → PS- + D•+          (2) 

PS- + Cat → PS + Cat-          (3) 

 Cat- + CO2 →	→ Cat + Products      (4) 
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An example of a Type I catalysis system uses transition metal complexes such as 

cobalt or nickel tetraaza-macrocylic compounds as the catalyst for CO2 reduction in 

combination with photosensitizer (e.g. [Ru(bpy)3]2+) and a sacrificial electron donor. These 

tetraaza-macrocylic ligands of the homogeneous catalysts cobalt and nickel complexes are 

shown in Scheme 1.1. Tinnemans et al. was the first group that investigated the CO2 

reduction by using these transition-metal tetraaza-macrocyclic compounds as catalyst with 

[Ru(bpy)3]2+ photosensitizer. The main products of this CO2 reduction were carbon 

monoxide and formate, and there were many studies that carried out to suggest the 

proposed pathways of the mechanisms for the formation of these products.2,13 

Scheme 1.1. The tetraaza-macrocyclic ligands of Cobalt(II) and Nickel(II).2 Reproduced 
from reference number 2 with permission by the Accounts of Chemical Research. 

 

There were many studies undertaken in Type I catalysis for CO2 reduction to 

increase the efficiency of the CO2 reduction reactions, and that was by increasing the 

selectivity and the turnover number of the products. Therefore, one technique to increase 

the efficiency of the reactions is the use of supramolecular complexes, which are 
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considered as a part of the first type Type I, and they form from the covalent attachment of 

a photosensitizer and a catalyst. The idea of these supramolecular complexes is the covalent 

attachment between the photosensitizer and the catalyst can transfer the electron more 

efficiently because the electron should be able to be transferred easier and faster between 

the photosensitizer and the catalyst during the photocatalytic reaction.2 These 

supramolecular complexes will be discussed with more details below in the next section.  

1.5.1.2. Supramolecular Complexes 

Supramolecular complexes are the covalent attachment of the redox photosensitizer 

and the transition metal complex that is the catalyst.  The purpose of these supramolecular 

complexes is to increase the efficiency of excited-state electron that will be transferred 

between the photosensitizer (the donor moiety) and the catalyst (the acceptor moiety) 

during the photocatalytic process. There are two classes of compounds that have been 

investigated as supramolecular complexes for CO2 reduction. Both of these classes of 

compounds have employed the attachment of ruthenium polypyridine complexes as the 

photosensitizer to be linked to both Ni and Re catalysts. The ruthenium polypyridyl 

photosensitizer linkage to a nickel cyclam catalyst is attributed to Kimura who designed 

and synthesized this type of the supramolecular complex. While the ruthenium polypyridyl 

photosensitizer linkage to Re(bpy)(CO)3X catalyst is attributed to Ishitani who designed 

and synthesized this type of the supramolecular complex. Both classes of these 

supramolecular catalysts have proved their ability to increase the stability and the turnover 

number of these supramolecular catalysts towards the CO2 reduction reaction. The 

structure of some examples of these supramolecular complexes that utilized by Ishitani and 

Kimura are shown in Scheme 1.2.14, 15–18 
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Scheme 1.2. The structure of some of these supramolecular complexes that used by 
Ishitani and Kimura.2 Reproduced from reference number 2 with permission by the 
Accounts of Chemical Research. 
 

These supramolecular complexes, which are binuclear complexes, have achieved 

success in increasing the efficiency of the homogeneous photocatalyst CO2 reduction 

compared to the Type I complexes. Ishitani et al. have prepared some examples of these 

supramolecular complexes and showed the effect of these supramolecular complexes for 

the photocatalytic CO2 reduction systems. He reported a series of Ru(II)-Re(I) binuclear 

complexes linked by bridging ligands, and some of these Ru(II)-Re(I) binuclear complexes 

such as the bimetallic complex [(dmb)2Ru(bpyC3bpy)Re- (CO)3Cl] 2+ (d2Ru-Re) and 

[Ru{bpyC3bpyRe(CO)3Cl}3]2+ (RuRe3). These Ru(II)-Re(I) supramolecular complexes are 

presented in Scheme 1.3, and the evidence for their successful effect is also shown in Table 

1.3.17 

 
 
 
 
 
 
 
 
 
 
 
 

Scheme 1.3. The structure of some of the Ru(II)-Re(I) supramolecular complexes utilized  
by Ishitani.17 Reproduced from reference number 17 with permission by the Inorganic 
Chemistry. 
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Table 1.3. The turnover number of the CO product formed from these types of 
supramolecular complexes.17 
 

Compound              TNCOa 

mixed Ru and Re (1:1)b         101 

[(dmb)2Ru(bpyC3bpy)Re- (CO)3Cl] 2+ (d2Ru-Re)      170 

[Ru{bpyC3bpyRe(CO)3Cl}3]2+ (RuRe3)       240 

a TNCO is the turnover number for the production of CO after 16 h of irradiation; and the 
concentration of the complex is 0.05 mM. b Mixed solution of [Ru(dmb)3]2+ and 
[(dmb)Re(CO)3Cl]. 
		 	

Type I catalysts systems and the supramolecular complexes have confirmed the 

ability of CO2 reduction in the homogeneous catalytic reactions. However, this type had 

suffered from a disadvantage that is the low stability of the catalyst, and this drawback 

made a big challenge to apply this laboratory scale to practical applications. Even though 

the supramolecular complexes that are the modified systems of the type I catalysts have 

shown better activity than the type I catalysts, the synthesis of these complicated 

supramolecular complexes is not easy.2 

 

1.5.2. Type II Photocatalyst System  

Type II catalysis consist of one single transition metal complex that acts as both the 

photosensitizer and the catalyst, and this photocatalyst can be represented as PScat. As 

described in Type I catalysis, after the photocatalyst PScat absorbs the light to be excited, 

the excited state of the photocatalyst PScat will be reduced by the reductive quenching (D) 

to form the active state of the catalyst that is able to react directly with CO2 and reduce 

CO2 to more valuable products. These general photocatalytic processes of this type II 

catalysis are shown in the below equations (5, 6, and 7).2,19 
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PScat + h𝑣 → PScat*            (5) 

PScat* + D → PScat- + D•+        (6) 

 PScat- + CO2 →	→ PScat + Products     (7) 

Type II catalysis systems have been reported for metalloporphyrins or the related 

metallo-macrocycles and the rhenium complexes ReI(bpy)(CO)3X (where X= Cl- or Br). 

In addition, all of these Type II complexes can be used as a catalysts for Type I catalysis 

system with an appropriate photosensitizer.2,19 The metalloporphyrins and related metallo-

macrocycles catalysts have very low yields due to the short lifetimes of the excited states 

of the active catalysts.20,21,22 Some examples of these metalloporphyrins and related 

metallo-macrocycles complexes are shown in Scheme 1.4.2 In contrast, in the early 1980’s 

the pioneering discovery that fac-[ReI (bipy)(CO)3Cl] (bipy = 2,2’-bipyridine), represented 

in Scheme 1.5, was an effective photocatalysts for CO2 reduction initiated investigations 

of the bpy framework in this field. These ReI(bipy)(CO)3X complexes show the highest 

quantum efficiencies of the catalysts for their ability to reduce CO2 selectively to CO.  The 

mechanism of these complexes will be discussed here.2,19 

Scheme 1.4. The structure of the metal porphyrin derivates and related metallo-
macrocycles. metalloporphyrin (MP), metallocorrin (MN),) metallophthalocyanine (MPc), 
and metallocorrole (MC, where R = C6F5 or 2,6 -C6H3Cl2).2 Produced from reference 
number 2 with permission by the Accounts of Chemical Research. 

 



	 17	

 
 

Scheme 1.5. The structure of [ReI (bipy)(CO)3Cl] complex.23 Reproduced from reference 
number 23 with permission by Helvetica Chimica Acta. 
 

When the complex ReI(bpy)(CO)3X absorbs a visible photon, it will be promoted 

to the MLCT excited state with essentially a ReII metal center and an excited electron 

located on the bpy ligand. The excited state of the [ReII(bpy•)-(CO)3X]  complex will be 

reductively quenched to form the [ReI(bpy•)(CO)3X]- complex. The next step in the 

proposed action of the reduced complex [ReI(bpy•)(CO)3X]- is the release of the halide 

ligand which is replaced to form the solvent (S) complex [ReI(bpy•)(CO)3S]. Protonation 

of this complex will form the rhenium-hydride bond complex [ReI( CO)3(bpy)H]. This 

rhenium-hydride complex can react with CO2 to allow the CO2 insertion and produce the 

formate product. Formate production is represented by red line in the scheme 1.6. Another 

proposed route for this CO2 reaction is the CO production route that also drives through 

the solvent compound [ReI(bpy•)(CO)3S]. This solvent compound can be protonated and 

then can be followed by CO2 insertion to form the metal carboxylate intermediate that can 

undergo acid-promoted hydrolysis to produce CO as the main product and H2O as the 

secondary product. In addition, it was suggested for this proposed route that the 

Re(bpy)(CO)3(COOH) compound can undergo proton-promoted dehydroxylation to form 

the Re(bpy)(CO)4+ compound that can release CO and react with X to regenerate the initial 

compound ReI(bpy)(CO)3X. Furthermore, Ishitani et al. have suggested a last route for the 

CO2 reduction proposed mechanism that is the possibility for the formation of a binuclear 
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intermediate. In the presence of CO2, the CO2-bridged Re dimer [Re(bpy)(CO)3]2(CO2) can 

react with CO2 to release CO and to yield Re(bpy)(CO)3OCO2Re(bpy)(CO)3. In addition, 

the protonation of Re(bpy)(CO)3OCO2Re(bpy)(CO)3 and the addition of the halide X- can 

form HCO3-. All of these proposed routes of the proposed mechanism for the CO2 reduction 

reactions are show below in the Scheme 1.6.2,19 

 
Scheme 1.6. The proposed mechanism of ReI (CO)3 (bpy)X complexes.2 Produced from 
reference number 2 with permission by the Accounts of Chemical Research. 

 

In 2011, the Mn(I) analogues were investigated. In order to replace the rare metals 

for the photocatalytic CO2 reduction system, more abundant metals were explored for the 

same photocatalytic CO2 reduction system. This Mn(I) analogues was discovered as a good 

electrocatalyst in 2011, and it was reported as a good photocatalyst in 2014. In 

photocatalytic CO2 reactions, fac-Mn(bpy)(CO)3Br (bpy = 2,20-bipyridine) was reported 

as an efficient catalyst for CO2 reduction. This Mn(I) complex has shown good activity 
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towards CO2 reduction, and it has shown good selectivity of CO2 reduction.24,25 The 

structure of the Mn catalyst is shown below in Scheme 1.7. 

 
Scheme 1.7. The structure of fac-Mn(bpy)(CO)3Br complex.24 Reproduced from reference 
number 24 with permission by the Chem. Commun. 

 
1.6. Components for The Photocatalytic CO2 Reduction Systems 

As it was mentioned before, the photocatalytic reactions require many important 

components that are the photosensitizer (PS), the catalyst (Cat), the electron donor (D), and 

the solvent (S). These components will be explained briefly below.  

1.6.1. Redox photosensitizer (PS)  

A redox photosensitizer (PS) that absorbs the light should be able to facilitate the 

electron transfer from the electron donor to the catalyst. In the photosensitized reduction 

reactions, two types of electron transfer reactions can be envisioned and these involve 

either reductive quenching of the PS or oxidative quenching of the PS. Reductive 

quenching is the more commonly encountered processes with photocatalytic reduction of 

CO2 and in this process the excited state of the photosensitizer (PS*) is reductively 

quenched by the electron donor (D) to form the one electron reduced species (OERS) of 

the photosensitizer (PS•-). In contrast, for oxidative quenching the excited state of the 

photosensitizer (PS*) is oxidatively quenched by the catalyst (Cat) to form a reduced 

catalyst (Cat-) and the one-electron-oxidized species (OEOS) of the photosensitizer 

(PS•+).26,27 Both reductive quenching and oxidative quenching processes are represented 

by energy diagrams in Scheme 1.8. 
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Scheme 1.8. The energy diagrams of the reductive quenching process and the oxidative 
quenching process.26 Produced from reference number 26 with permission by the Elsevier. 

 
Photosensitizers are compounds that are able to absorb light at specific wavelength 

and transform it into a useful energy. There are some properties that have to be present in 

these photosensitizers to have the ideal photosensitizers.26,27 These properties include: 

1. Have a strong absorbance at longer wavelengths than the other components like the 

catalyst and the donor, preferably above 600 nm  (600-850 nm).26,27 

2. Have a long lifetime of the reactive excited state.26,27 

3. Have a high stability of the form the one electron reduced species.26,27 

4. Have a strong oxidation power of the excited state.26,27 

For homogeneous applications, there are several different photosensitizers that can 

be used in these photocatalytic reactions. The tris(2,2′-bipyridine) ruthenium(II) complex, 

which belongs to the family of polypyridine Ru(II) complexes, has been one of the most 

commonly used photosensitizers in the photocatalytic CO2 reduction. This photosensitizer 

has a great interest due to its unique combination of the redox properties, the chemical 
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stability, the excited state reactivity, and excited state lifetime.9,28,29 The structure of this 

tris(2,2′-bipyridine) ruthenium(II) photosensitizer is shown below in the Scheme 1.9. 

  
 

Scheme 1.9. The structure of [Ru(bpy)3]2+ complex.29 Reproduced from reference number 
29 with permission by the Chemical Reviews. 

 
 

1.6.2. Catalyst (Cat) 

There are a variety of known catalysts that in conjunction with electrons from the 

photosensitizer can catalytically reduce CO2 molecule to produce CO or HCOOH 

(discussed in the above in Section 1.2). These types of the photocatalysts for CO2 reduction 

that are the two component systems, which contain the photosensitizer and the catalyst, 

and the supramolecular photocatalysts, which the photosensitizer and catalyst are 

connected to each other by a bridging ligand, are very well known area.2,26,28,30 

Polypyridine ligands, which have a minimum of two conjugated pyridine motifs, have been 

used widely in these catalysts that are used for CO2 reduction. These polypyridine ligands 

have the ability to stabilize the reduced metal and to accept the reducing equivalents. The 

bipyridine (bpy), terpyridine (tpy), phenanthroline (phen), and quaterpyridine (qtpy) 

ligands are some examples of these polypyridine ligands that are used in the photocatalysts 

CO2 reduction. Examples of the polypyridine ligands are shown in Scheme 1.10, and the 

abbreviations of these polypyridine ligands are given in Table 1.4.28 
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Scheme 1.10. The structure and abbreviation of the most common polypyridyl ligands.28 
Produced from reference number 28 with permission by Chemical Society Reviews. 

 

Table 1.4. The Abbreviations of the most common polypyridyl ligands.28 

        Abbreviations    Name 

phen    1,10-phenanthroline 

                        bpy    2,2′-bipyridine 

tpy    2,2′:6′,2′′-terpyridine 

qtpy    2,2′:6′,2′′:6′′,2′′′′- quaterpyridine 

tptz    2,4,6-tri(pyridine-2-yl)-1,3,5-triazine 

hamc-phen    diaza-1,3(2,9)-diphenanthrolinacyclobutaphane 

hamc-bpy   diaza-1,2,4,5(2,6)- tetrapyridinacyclo-hexaphane 

tppz    2,3,5,6-tetra(pyridine-2-yl)pyrazine. 

These abbreviations of the most common polypyridyl ligands are used in scheme 1.10. 
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There are several important factors that should be considered when attempting to 

design the catalysts with effective reactivity. They include high activity, high stability, high 

efficiency, and high selectivity, and these parameters were explained in section 1.2 

common terms in the photo-catalytic reduction.2,28 

The Re(I) complexes [ReI(bpy)(CO)3(X)] (X= Cl, or Br) were the first photo-

catalysts for CO2 reduction reported by Lehn and coworkers which are able to reduce CO2 

to CO.19,26 In addition, this Re(I) complex has the ability to work as both the catalyst and 

also as the photosensitizer for CO2 making a Type II system.26,31,32 The catalytic ability of 

this complex has undergone extensive investigation, which have lead to increase of the 

catalytic ability and the efficiency of this Re(I) complex. For example, one approach was 

to change the halo ligand, X-, to explore the role of this group in the catalysis. These 

substituents are such as CN-, PPh3, and {P(OEt)3}. Another approach was to add 

substituents on the bipyridine ligands. The substituents that have been used on the 

bipyridine ligands include H, CH3, COOH, or CN. Four different Re(I) complexes with 

different substituents in the bipyridine ligand Re(bpy-R)(CO)3Cl (R = H, CH3, CN, or 

COOH) are documented to show the photocatalytic ability to reduce CO2 to CO. The 

highest molar absorption coefficient between them was achieved with COOH 

group.26,28,33,34 The chemical structure of Re(bpy-R) (CO)3Cl complexes are shown below 

in Scheme 1.11.34 
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Scheme 1.11. The structure of Re(bpy-R)(CO)3Cl complexes.34 Reproduced from 
reference number 34 with permission by the American Journal of Applied Chemistry. 
  

A more dramatic modification was to change the Re center to Mn in order to 

investigate and the ability to use a more abundant metal center. This catalyst was mentioned 

before, and it behaves differently under photo catalysis versus electro catalysis. This fac-

Mn(bpy)(CO)3Br catalyst was able to reduce the CO2 to formate in the photocatalytic 

systems, and it was able to reduce the CO2 to CO in the electrochemical reduction.24–

26,28,35,36  

1.6.3. Electron Donor (D)  

The catalytic cycles of these photocatalytic CO2 reduction are activated by the 

reductive quenching process, and in this reductive quenching process the electron will be 

injected into the excited state of the photosensitizer (PS*) from the electron donor (D). 

Following the reductive quenching process, the one-electron-reduced species (OERS) of 

PS (PS•-) and the one-electron-oxidized species (OEOS) of the D (D•+) will be formed. 

There are many different electron donors that can be used in the photocatalytic system, but 

there are some points that have to be consider in the selection of these electron donors. For 

example, the stability of the oxidized electron donor (D•+) is one of the important points 

that should be considered because it has a large effect on the overall efficiency of the 

photocatalytic system due to the back-electron transfer that can happen from the reduced 
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excited state of the photosensitizer (PS•-) to the oxidized electron donor (D•+). Another 

point that should be also considered in the choosing the electron donor is the reactivity of 

the oxidized donor and byproducts. These species can react with the intermediates in the 

photocatalytic process. These considerations are very important in the selecting the 

electron donors. There are some electron donors that have been widely used in most of the 

photocatalytic systems for CO2 reduction. These include triethanolamine (TEOA), 

triethylamine (TEA), 1-benzyl-1,4-dihydronicotinamide (BNAH), ascorbic acid (H2A), 

and sodium ascorbate (NaA).26,28  Some structures of these electron donors are shown 

below in Scheme 1.12. The reactivity of the these electron donors are shown in the reported 

literature.26 

Scheme 1.12. The structures of some electron donors complexes.26,28 Reproduced from 
reference number 26 with permission by the Elsevier. 
 
1.6.4. Solvent (S) 
 

There are some commonly employed organic solvents that are used in most of the 

photocatalytic systems for CO2 reduction. These solvents include dimethylformamide 

(DMF), acetonitrile (ACN), dimethylacetamide (DMA), and methanol (MeOH).8,9,26,28  
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1.7. General Experimental Techniques   

The following sections cover the commonly employed techniques in this field. 

There are also some details specific to the experimental techniques that will be used in the 

following chapters.  

1.7.1. Photocatalytic CO2 Reduction Systems Experimental Environment  

1.7.1.1. Experimental Details  

In a typical photocatalytic experiment used in this thesis, a 20 mL glass vial with a 

magnetic stirrer bar was charged with 4mL of a solvent mixture, such as N,N-

dimethylformamide (N,N- DMF) or acetonitrile (MeCN), that contained the catalyst, the 

photosensitizer ([Ru(bpy)3](PF6)2), and the electron donor (e.g. triethanolamine (TEOA), 

trimethylamine (TEA) or 1-benzyl-1,4-dihydronicotinamide (BNAH)). The vial was then 

sealed and removed from the nitrogen filled glovebox. The solution was purged with CO2 

for 15 minutes followed by irradiation using a 405 nm LED light (radiant flux at 700 mA 

of 1050 mW) for 24 hours. The light intensity was measured to be 3.4x10-8 moles photons 

s-1 using a Ru(bpy)32+/1,9-diphenylanthracene (DPA) actinometer as described in the 

reported literature)6 Some photographs of the irradiation apparatus that were used for the 

photocatalytic experiments of this thesis are shown below in Scheme 1.13. 

 
 

Scheme 1.13. The photographs of the irradiation apparatus used for the photocatalytic 
experiments before and during the light irradiation. 
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1.7.1.2. Experimental Results  

The gaseous products of reduction, CO and H2, were measured using an Agilent 

7820A gas chromatograph (GC) with an Agilent select permanent gases column and 

equipped with a thermal conductivity detector (TCD). The gas chromatography (GC) is a 

technique that is used to detect and quantify the volatile compounds in the gas phase, and 

the thermal conductivity detector (TCD) is a commonly detector that is used in gas 

chromatography to give the integration of the peak. In general, the chromatographic data 

is shown as a graph of detector response versus the retention time, and it gives a spectrum 

of peaks for the sample that will be injected to represent the substance analytes that are 

present in the sample eluting from the column at different times. Retention time can be 

used to identify analytes, and the area under a peak is proportional to the amount of the 

analyte present. The concentration of the analyte in the original sample can be determined 

by calculating the area of the peak using a calibration curve that can be created by 

determining the response for a series of concentrations of analyte. A calibration curve for 

carbon monoxide and hydrogen was prepared, and the amount of the carbon monoxide and 

hydrogen were determined using the integrated values for the carbon monoxide and 

hydrogen (17.409, 5.393 min) and the calibration curve. 

The liquid products from the photocatalytic reactions were analyzed using 1H NMR 

and 13C when appropriate. A calibration curve for formic acid was prepared in D2O 

containing dimethyl sulfone as an internal standard. An aliquot (100 µL) was removed 

from the irradiated samples and was mixed in an NMR tube with D2O containing a known 

amount of dimethyl sulfone (400 µL). The sample was mixed well and the 1H NMR spectra 

were collected. Using the integrated values for the formic acid (𝛿  ≈ 8.1 ppm) and a 

calibration curve, the amount of formic acid was determined.37 
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1.7.2. Photocatalytic 13CO2 Reduction Systems Experimental Environment  

In order to definitively confirm that the products were derived from photocatalytic 

CO2 reduction, in some cases photocatalytic reduction was carried out under a 13CO2 

atmosphere employing the same condition as outlined above. Analysis of these results used 

high resolution mass spectrometry for analysis of 13CO and H13COOH. These 

measurements were performed using a Kratos Concept 1S HiRes Electron Impact Magnetic 

Sector Mass Spectrometer using an inlet system in the John L. Holmes Mass Spectrometry 

Center at the University of Ottawa.  

1.7.3. Actinometer Experiment  

The flux of photons from the experimental arrangement was measured using an 

actinometery experiment described in the literature.6 The light intensity was measured to 

be 3.4x10-8moles photons s-1 using a Ru(bpy)32+/1,9-diphenylanthracene (DPA) 

actinometer. Data from the experimental measurement is shown below and as shown in 

Figure 1.2. 

Details for the method of carrying out this experiment are as follows: 

1) The experiment was performed in a dark room and used the same reaction vessel as the 

photochemistry experiment. A solution of Ru(bpy)3(PF6)2 (0.19 mM) and DPA (0.10 mM) 

in acetonitrile was prepared.  

2) A UV-Vis spectrum of the Ru(bpy)3(PF6)2 and DPA solution before irradiation was 

measured. This was used as the “time zero” spectrum and the absorbance at 372 nm was 

used as the intial absorbance (AINITIAL). 

3) The sample was placed in the photochemical system and irradiated for a set period of 

time (6 minutes). 

4) A new UV-Vis Spectrum of the irradiated sample was recorded and the absorbance at 



	 29	

372 nm was measured and used as the final absorbance (AFINAL). 

5) Using the volume of the irradiated sample (5 mL) and the reported molar extinction 

coefficient (ε) for DPA of 11,100 M-1cm-1, the number of moles of DPA consumed during 

the irradiation can be determined using the following equation (1). 

# of moles DPA consumed = BCDEDFDCGHCIDECG
JKL*	MN	O

P × V  (1) 

# of moles DPA consumed = BR.TUKTVWT*LHR.KWXR*YYLU	
UU,URR	[HU/\HU		×	U	/\

P × 0.005 L 

# of moles DPA consumed = 0.00000025 mole = 2.5 × 10-7 mole 

Where AINITIAL and AFINAL are the absorbance of the solution at 372 nm before and 

after irradiation, respectively; ε372 nm is the extinction coefficient of DPA at 372 nm in 

acetonitrile, 𝑙 is the path length of the cuvette (10 mm = 1 cm), and V is the volume of the 

sample for which the absorption was measured (5 mL = 0.005 L).  

6) Since the quantum yield (Φ) for this actinometer system is known to be 0.019, the 

number of moles of photons absorbed by the sample per unit time can be determined by 

using the number of moles DPA consumed and by applying equation (2). 

E^_
`

 = Nabcd	ae	fgC	haMdiNcj
k	0

     (2) 

E^_
`

 = *.Y	×	URHL	\2=,
R.RUT	×	KWR	5,/23-

 

E^_
`

 = 3.7 × 10-8 mole/second 

where Φ is the quantum yield of DPA consumption, and t is the irradiation time in seconds. 

7) To determine the Φ for the reaction of interest, the sample of interest must be irradiated 

using the same geometry employed for the actinometer, and when the irradiation is 

complete then the number of moles of product formed or substrate consumed per unit time 

must be determined using an appropiate analytical technique.  This one the equation (3) 

can be applied to determine the Φ of the reaction. 
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Φ = #	ae	Nabcd	haMdiNcj	am	nmajihcj
`

 × BE^_
`
P-1   (3) 

Φ = *.Y	×	URHL	\2=,
KWR	5,/23-

 × (3.7	 × 	10 − 8	mole/second)-1 

Φ = 0.01876864 

Where t is the time of irradiation and BE^_
`
P-1  is the reciprocal of the number of photons 

absorbed by the sample per unit time. 

In order to ensure the accuracy of this measurement, this experiment was repeated with 

different position of the reaction vessel as shown in the picture in Scheme 1.14. 

 

Repeating the same experiment and same calculation but with different position of 

the reaction vessel in the photochemical process and take the average between them: 

# of moles DPA consumed = BCDEDFDCGHCIDECG
JKL*	MN	O

P × V  (1) 

# of moles DPA consumed = BR.XLVRUWXXUHR.VRLRLLY*U	
UU,URR	[HU/\HU		×	U	/\

P × 0.005 L 

# of moles DPA consumed = 0.00000021 mole = 2.1 × 10-7 mole 
E^_
`

 = Nabcd	ae	fgC	haMdiNcj
k	0

     (2) 

E^_
`

 = *.U	×	URHL	\2=,
R.RUT	×	KWR	5,/23-

 

E^_
`

 = 3.07 × 10-8 mole/second = = 3.1 × 10-8 mole/second 

Φ = #	ae	Nabcd	haMdiNcj	am	nmajihcj
`

 × BE^_
`
P-1   (3) 

Φ = *.U	×	URHL	\2=,
KWR	5,/23-

 × (3.1	 × 	10 − 8	mole/second)-1 

Φ = 0.0190009771987 
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Figure 1.2. Absorption spectra of a typical actinometry experiment performed with 
Ru(bpy)3(PF6)2 (0.19 mM) and DPA (0.10 mM) in acetonitrile and irradiated with a 405 
nm light. AINITIAL is before irradiation and AFINAL is after 6 minutes of irradiation. In this 
case of a and b, the actinometer experiment was performed in different position of light. 
 
1.7.4. Emission-Quenching Experiments 

Since the photochemical process involves the transfer of energy from the excited 

state photosensitizer (PS*)  to another agent, commonly the electron donor, emission 

quenching experiments using the sacrificial electron donor and catalyst molecules was 

carried out in a similar manner to a procedure in the literature.38 A solution of the 

photosensitizer Ru(bpy)3(PF6)2 (0.1 mM) in anhydrous acetonitrile were prepared and 

mixed with different concentrations of the quencher. For example, using the sacrificial 

electron donors, TEOA or TEA, the concentration was varied from 0.375 mM to 1.875 mM 

as shown in Figures 1.3 and 1.4 respectively. The steady-state emission spectrum 
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(excitation wavelength 450 nm) of each solution was recorded, and the intensity of the 

luminescence for the 3MLCT excited state of the photosensitizer (452 nm) was recorded. 

Quenching rate constants kq for both quenchers were calculated from the linear Stern-

Volmer plots as shown in Figure 1.5. The Stern-Volmer equation is is expressed by the 

shown below equation. 

𝐼Re
𝐼e
	= 1 + 𝜅�	𝒯R ∙ [𝑄] 

Where 𝐼Re  is the intensity or the rate of fluorescence without a quencher, 	𝐼e is the 

intensity or the rate of the fluorescence with a quencher, 𝜅�  is the quencher rate 

coefficient, 	𝒯R is the lifetime of the emissive excited state without a quencher present and 

[𝑄] is the concentration of the quencher. 

 
 
Figure 1.3. Spectra demonstrating the quenching of the emission from the photosensitizer 
Ru(bpy)3(PF6)2 with various concentrations (0-3.75 mM) TEOA. 
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Figure 1.4. Spectra demonstrating the quenching of the emission from the photosensitizer 
Ru(bpy)3(PF6)2 with various concentrations (0-3.75 mM) trimethylamine (TEA). 
 

 

Figure 1.5. Stern-Volmer plot for quenching of the emission of the photosensitizer 
Ru(bpy)3(PF6)2 with various concentrations of TEOA (red) TEA (green). Linear equations 
are shown. 
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1.7.5. Electrocatalytic Reduction of CO2 

Electrochemical characterization is an excellent and direct method to investigate 

and explore the reactions that are involving electron transfers, and the cyclic voltammetry 

(CV) is a powerful electrochemical technique usually used to probe the reduction and 

oxidation processes of the complexes in electrocatalytic system. Furthermore, exploration 

of electrocatalytic reduction processes provides an ally to the photocatalysis reduction that 

is at the heart of this thesis. The reduction potentials for some reduction reactions of CO2 

are presented in Table 1.1. Electrochemical investigations can be used as characterization 

and as a means to probe reduction mechanism by providing useful kinetic and mechanistic 

information about the reduction and oxidation processes of the catalysts. Such 

measurements can also reveal possible electrocatalytic processes. In general, molecular 

electrochemistry has been a fundamental technique for revealing catalysts in 

electroreduction CO2. For a basic introduction about electrochemistry and to understand 

more about the requirements tools of the electrochemistry and cyclic voltammetry the 

reader is referred to the literature.39 

For the experimental conditions in this thesis, all cyclic voltammetry experiments 

have been carried out in a three neck round bottom flask, and the solution of the sample 

should be prepared in a glove box under N2 atmosphere and sealed before removing from 

the glove box for the measurement. The cyclic voltammetry was performed using a 

VersaSTAT 3 (Princeton Applied Research) potentiostat, and a conventional three 

electrode system was employed. A glassy carbon electrode (diameter = 0.2 cm) was used 

as the working electrode, a Pt wire as the auxiliary electrode, and an Ag wire was used as 

pseudo-reference electrode. For bulk electrocatalytic reduction experiments, a glassy 

carbon rod (diameter = 0.4 cm; length 2 cm) was used as the working electrode, a Pt gauze 
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as the auxiliary electrode, and an Ag wire was used as pseudo-reference electrode. The 

ferrocene/ferrocenium couple was used as the reference potential was added to the analysis 

mixture after purging CO2 and measured before and after water addition. Dried acetonitrile 

was purchased from Sigma-Aldrich and stored on molecular sieves in a glove-box. 

Tetrabutylammonium hexafluorophosphate has been used as the supporting electrolyte, 

and it was crystallized two times from dried methanol and dried in vacuum at 90 °C for 24 

h before use and stored in glove box. The electrolyte solution, 0.1 M (n-Bu)4N(PF6) in 

CH3CN, was saturated with N2 or CO2 by purging with N2 or CO2 (purity. 99.8%, BOC 

gases) for 15 min prior to each experiment. The concentration of catalyst was 1 mM (15 

mL acetonitrile) in each experiment. Evolved carbon monoxide and hydrogen gasses was 

measured using an Agilent 7820A gas chromatograph (GC) equipped with a thermal 

conductivity detector (TCD) analyzer using an Agilent select permanent gases column.40 

1.7.6. X-ray Crystallography 

  In general, crystals were mounted on thin glass fibers using paraffin oil. Prior to 

data collection, crystals were cooled to 200.15 °K. Data were collected on a Bruker AXS 

SMART single crystal diffractometer equipped with a sealed Mo tube source (wavelength 

0.71073 Å) APEX II CCD detector. Raw data collection and processing were performed 

with APEX II software package from BRUKER AXS.41 Initial unit cell parameters were 

determined from 60 data frames with 0.3° w scan each collected at the different sections of 

the Ewald sphere. Semi-empirical absorption corrections based on equivalent reflections 

were applied.42 Systematic absences in the diffraction data-set and unit-cell parameters 

were consistent with the assigned space group. The structures were solved by direct 

methods, completed with difference Fourier synthesis, and refined with full-matrix least-

squares procedures based on F2. All hydrogen atoms positions were calculated based on 
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the geometry of the related non-hydrogen atoms. All hydrogen atoms were treated as 

idealized contributions during the refinement. All scattering factors are contained in several 

versions of the SHELXTL program library, with the latest version used being v.6.12.43  

 

1.8. Thesis Outline (Summary of Content for the body of the thesis)  

The increasing in the rate of the CO2 production provides a strong impetus to 

discover new catalysts that are able to reduce CO2. The history and background of the 

photocatalytic CO2 reduction that were described in this introduction show that this area is 

a rich and active research area. In this thesis, the focus will be on homogeneous molecular 

catalysts for the photocatalytic CO2 reduction, and the research objective of the thesis will 

be to discover and explore new catalysts for the photocatalytic reduction of CO2 to produce 

more valuable products such as CO and HCOOH. This approach to discovery has 

employed many different ligand geometries with a range of metal centers in order to 

discover new molecular catalysts  that have the ability for the CO2 reduction. This 

dissertation is constructed with eight chapters, and a brief summary description of these 

chapters follow. 

1.8.1. Chapter 1 “Introduction” 

This chapter gives a brief introduction of the photochemistry and the photocatalytic 

CO2 reduction. The general backgrounds and the overview of the whole photocatalytic CO2 

reduction system were explained in this chapter. In addition, this chapter gives an overview 

of the experimental techniques and environments that were used in the research of this 

thesis. 
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1.8.2. Chapter 2 “Photocatalytic CO2 Reduction with Manganese Complexes Bearing 

a k2- PN Ligand.” 

In this chapter, new catalysts were explored for the photocatalytic CO2 reduction.  

New group 7 compounds built on Mn(I)  and Re(I) with PN-H and PN-Me ligands 

architectures were discovered for the CO2 photoreduction.37 Furthermore Mn-PN-Me and 

Mn-PNP-Me complexes were revealed to be good catalysts for electrocatalytic CO2 

reduction.40 Group 7 compounds have an established history in this area, but there are a 

limited range of ligands for photo- and electrocatalysts for CO2 reduction. Specifically, the 

common supporting ligands have been limited 2,2’-bipyridine and related species to give 

compounds of the general formulae, [M(bpy)(CO)3X] (M= Re or Mn, X= Cl or Br). These 

species remain as the benchmark compounds in this field. The goal in this chapter was to 

explore a significant modification of these catalysts by removing the a-diimine ligand and 

replacing it with a bi-dentate “PN” ligand.  

1.8.3. Chapter 3 “Visible light photocatalytic reduction of CO2 to formic acid with a 

Ru catalyst supported by an unprecedented ligand array” 

In this chapter the PNP ligand, that is the extended type of the PN ligand, was 

explored as a supporting ligand for photocatalysis. This tridentate PNP ligand has a 

different geometry than the previous reported bidentate PN ligand. The goal of this 

tridentate PNP ligand was to investigate other pyridine-centered ligand that has the ability 

to develop distinctive metal coordination geometries and novel reactivity for the reduction 

catalysis. The tridentate ligand was used to prepare some unique Ru(II) complexes which 

demonstrated excellent ability towards the CO2 photoreduction. Ruthenium was selected 

due to the established ability of its 2,2’-bipyridine complexes as effective photocatalyst for 

CO2 reduction. Replacement of this ligand limitation by employing the Ru-PNP complexes 
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not only revealed new photocatalysts but opened this area to investigation with new metal 

architectures. 

1.8.4. Chapter 4 “Photocatalytic reduction of CO2 to formic acid with Zn catalysts 

supported by different ligand arrays” 

This chapter introduces a new distinctive metal coordination geometry that has 

novel reactivity towards the photocatalytic CO2 reduction. Photochemical carbon dioxide 

reduction using the redox inactive Zn(II) complex of bipyridine (bpy) ligand. In addition, 

different bidentate ligands displaying extended p-bonding architectures, such as the 1,10-

phenanthroline-5,6-dione (phendione) and the 11,12-dimethyldipyrido[3,2-a:2',3'-

c]phenazine (dppz) ligands, gave similar or improved photocatalytic reactivity. These new 

Zn photocatalysts show the novel reactivity towards the photocatalytic CO2 reduction, and 

they have the ability to reduce CO2 to HCOOH.  

1.8.5. Chapter 5 “Photocatalytic reduction of CO2 to formic acid using a Rhenium(I) 

Bisbipyridine Dicarbonyl Complex” 

This chapter describes a new geometry for the photocatalyst with a Re(I) complex. 

The use of two bpy ligands yielded the species Re(bpy)2(CO)2. This complex is already 

reported in the literature44, but their activity for CO2 reduction has not been explored. The 

goal was to explore new compounds that show the novel ability to reduce CO2 to other 

valuable products. 

1.8.6. Chapter 6 “Dimers, Monomers and Pentacoordination in a Series of Earth-

Abundant Transition Metal Dibromide Complexes Supported by a Neutral SNS 

Ligand Framework and their Applications in the Catalysis” 

In this chapter a new ligand and broader scan of metal complexes are presented. 

New pyridine-centered ligands were explored and examined their reactivity for CO2 
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reduction. The SNS ligands provide a neutral pincer ligand array reminiscent of PNP 

ligands due to the replacement of the P with S. A series of first row metal complexes were 

synthesized with this SNS ligand and characterized, and the activity of these catalysts were 

studied for CO2 reduction.45 These first-row metals Mn/Fe/Co/Ni/Cu/Zn-SNS-Br2 

complexes do not show the desired results. However, they show a good activity towards 

the hydrogen production from water in the photocatalytic process. 

1.8.7. Chapter 7 “Conclusion and Future Work” 

This chapter provides a general conclusion about the photochemistry and the 

photocatalytic CO2 reduction, and it also gives an overview about the recommendations 

for the future works and directions for this photocatalytic research.  

 

1.9. Conclusion 

The approach to utilization CO2 is an interesting topic with a broad scope that has 

attracted many scientists and investigators to overcome the challenges of transforming CO2 

to more valuable products as CO and HCOOH. Polypyridine–metal complexes are the 

largest class of the molecular catalysts for the electro- and photo-catalytic CO2 reduction. 

In this thesis, the research objectives and main goals are to explore new catalysts for 

photocatalytic reduction of CO2 to produce CO or HCOOH. Therefore, there are different 

approaches with different ligand geometries that will be presented and discussed in this 

thesis in order to investigate and explore new catalysts for CO2 reduction.  
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Chapter 2: Breaking the a-Diimine Hold on Group 7 Catalysts and Switching 

Selectivity: Photocatalytic CO2 Reduction with Manganese Complexes Bearing a 

Phosphinoaminopyridine Ligand 

The work in this chapter formed a significant component of the following 

publication: 

(Y. Hameed, B. Gabidullin, and D. S Richeson, Inorg. Chem, 2018, 57 (21), 13092–13096. 

DOI: 10.1021/acs.inorgchem.8b02719.) 

In this chapter, the fundamental challenge of reducing CO2 into more valuable 

energy containing compounds is addressed by efforts to reveal new catalysts for this 

process. By removing the long standing limitation of a-dimmine ligation, that is dominant 

in catalytic complexes in this area, new visible light, CO2 reducing photocatalysts based 

on Mn and Re supported by phosphinoaminopyridine ligands, have been identified. These 

catalysts, [M{k2-(Ph2P)NH(NC5H4)}(CO)3Br],  displayed excellent product selectivity and 

when the metal center was changed, while maintaining identical ligand environments, gave 

a dramatic product switch from CO with M = Mn to HCO2H with M = Re. The catalyst 

systems were explored with variation of the ligand, electron donor, solvent, and 

photosensitizer. The products were definitively traced using 13CO2 as a substrate. Both the 

Mn and Re complexes quench the excited state photosensitizer Ru(bpy)32+* suggesting 

oxidative quenching as the entry into the catalytic cycle. This project was conceptualized 

by Y. Hameed and D. Richeson. The major contribution to the synthesis and 

characterization of the complexes and the catalytic behavior of the complexes were done 

by Y. Hameed. The crystallography was carried out by B.	 Gabidullin., and the DFT 

calculations of these complexes were carried out by D. Richeson.	
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2.1. Introduction 

The catalytic reduction of carbon dioxide, the end product of fuel combustion and 

cellular respiration, represents a fundamental challenge due to the inherent stability of this 

simple, pervasive compound. Success in this endeavor would represent a paradigm shift to 

viewing CO2 as a feedstock rather than as a waste product. The practical reduction of CO2 

into chemically valuable products hinges on the identification of an appropriate energy 

source and catalysts that can convert energy input into chemical transformation.1–3 For 

eons, light has provided the limitless energy for plants to carry out selective and efficient 

CO2 reduction. Reports that [ReX(bipy)(CO)3] (bipy = 2,2’-bipyridine, X = halide) 

complexes were selective photocatalysts for reduction of CO2 to CO using triethanol amine 

(TEOA) as an electron donor, demonstrated the potential of metal complexes as catalysts 

for this transformation and remain a benchmark more than 30 years later.4,5 While second 

and third row metal complexes have been shown to function as photocatalysts for CO2 

reduction, it is widely recognized that earth-abundant, first-row transition metal complexes 

must be the focus of designing economically viable, environmentally responsible and 

sustainable catalysts.6–8 The determination to discover photocatalysts for CO2 reduction 

has recently revealed first-row transition metal catalyst complexes that have been built 

around Fe,9–12 Co,13–20 Ni,21–27 and Cu.28,29 Group 7 complexes, headed by Mn, have 

continued to hold a central position in these efforts after MnX(bipy)(CO)3 was 

demonstrated to electrocatalytically reduce CO230 and subsequently shown to be, in the 

presence of a Ru(bipy)32+ photosensitizer and electron donor (TEOA), capable of 

photocatalytically reducing CO2 with selectivity for formic acid (89%, TON =157).31 A 

cooperative chemical system is required in all of these cases, consisting of a photosensitizer 

(PS) an electron donor (ED) and the catalyst (CAT) species. Success to date has been a 



	 46	

central challenge in catalysis, stimulating new catalyst design and revealing routes to new 

products and selectivities. Recent pertinent examples include the use of Ni complexes with 

mixed pyridine/carbene ligands25 or mixed pyridine/thioether ligands27 for selective 

visible-light driven CO2 reduction catalysis. 

With the key objectives of developing distinctive metal coordination geometries 

and novel reactivity, including reduction catalysis, we investigated the application of the 

bidentate N-(diphenylphosphino)-2-aminopyridine ligands ({Ph2PNR}NC5H4; R = H, 

CH3) with Mn(I) and Re(I) to yield unprecedented complexes, competent in photocatalytic 

reduction of CO2. Ligand selection was based on an interrogation of the role of ligand on 

catalyst performance. First, replacement of one of the py moieties with a more basic 

phosphine donor targeted modulation of the electron density on the catalytic metal center. 

Second, modification of the amino substituent of the 2-aminopyridine group probes the 

importance of this group on catalyst execution. Finally, this ligand frame lacks the p-

conjugation of the bipy scaffold, allowing interrogation of the criticality of this ligand 

feature. In fact, these complexes displayed not only uncommon selectivity for either CO or 

HCOOH that contrasts with the current photocatalytic reduction literature, but a distinctive 

switch in this selectivity depending on the identity of the metal center.  
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2.2. The synthesis and Characterization of the Complexes 

2.2.1. Experimental Procedures 

Reagents and analytical grade solvents were purchased from Strem Chemicals or 

Sigma Aldrich and used without further purification. The1H, 13C{1H} and 31P{1H} NMR 

spectra were recorded at 400, 100 and 162 MHz respectively with chemical shifts reported 

in ppm using the residual protons of the NMR solvent as internal standards. The synthesis 

of “PNHN” (2,6-{Ph2PNH}NC5H4) and “PNMeN” (2,6-{Ph2PNH]CH3}NC5H4) ligands was 

based on the procedures described in the literature.38,39  

Synthesis of [Mn{k2-(Ph2P)NH(NC5H4)}(CO)3Br] (1): This synthesis is modified 

from the literature.40  In a glove box, a solution of 2-(diphenylphosphinoamino)pyridine 

(0.138 g, 0.5 mmol) was prepared in 15 mL of tetrahydrofuran. Mn(CO)5Br (0.137 g, 0.5 

mmol) was added via stirring to the THF solution of ligand. The flask was wrapped with 

aluminum foil, removed from the glovebox and connected to a Schlenk line via a reflux 

condenser. The reaction mixture was heated to 100°C under N2 and stirred for an additional 

3 h. Then, the solution was cooled to room temperature and the volume was reduced to ~3 

mL and 50 mL of hexane was added to get the complex 1 as a yellow solid. Single crystals 

of 1 were grown by slow diffusion of hexane to the solution of 1 in THF. Yield 0.229 g 

(93%).  The single crystal X-ray structure of 1 was independently obtained and analyzed 

and confirmed the identity of 1 was consistent with the literature (Figure 2.1).40  

Synthesis of [Mn{k2-(Ph2P)NMe(NC5H4)}(CO)3Br] (2): This complex was 

synthesized according to the literature procedure.39  

Synthesis of [Mn{[k2-(Ph2P)NH(NC5H4)}(CO)3(OTf)] (3): A solution of 

complex 1 (0.203 g, 0.5 mmol) was prepared in a 1:1 toluene:dichloromethane mixture and 

this was added to a solution of silver trifluoromethanesulfonate (0.128 g, 0.5 mmol). The 
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reaction flask was wrapped with Al foil and the mixture was stirred for additional 2 h at 

room temperature under N2. The precipitate of AgBr was removed by filtration through a 

syringe filter in the glove box. The solvent was removed to give a yellow solid of 3. Single 

crystals of this complex were grown by slow diffusion of hexane into a concentrated 

solution of the complex in dichloromethane and the results of X-ray analysis are 

represented in Figure 2.3. Yield 0.198 g (70%). 1H NMR (400 MHz, DMSO-d6, 25°C): δ 

= 6.85 (s, 1H), 7.04-7.93 (m, 14H). 13C{1H} NMR (400 MHz, DMSO-d6, 25 ºC): 67.41, 

112.78, 116.11, 117.57, 128.56, 129.25, 129.41, 129.55, 129.66, 129.81, 130.58, 130.75, 

130.95, 131.49, 131.64, 131.94, 132.16, 140.44, 141.75, 151.51, 153.86. 31P{1H} NMR 

(400 MHz, DMSO-d6, 25°C): δ = 114.8.  

Synthesis of [Re{k2-(Ph2P)NH(NC5H4)}(CO)3Br] (4): This synthesis is modified 

from the literature.41 In a glove box, 2-(diphenylphosphinoamino)pyridine (0.138 g, 0.5 

mmol) was added to a solution of Re(CO)5Br (0.203 g, 0.5 mmol) in anhydrous toluene 

(15 mL). The flask was removed from the glovebox and connected to a Schlenk line via a 

reflux condenser. The reaction mixture was stirred at 100 °C overnight under N2, then 

cooled to room temperature and toluene was evaporated under vacuum. The crude residue 

was dissolved in dichloromethane (1 mL) and then pentane (5 mL) was added to afford the 

complex 4 as a white solid. Single crystals suitable for X-Ray diffraction studies were 

grown by slow diffusion of pentane into a solution of 4 in CH2Cl2 at room temperature. 

Yield 0.264 g (85%). The single crystal X-ray structure of 4 was independently obtained 

and analyzed and confirmed the identity of 4 was consistent with the literature (Figure 

2.3.).42  

 



	 49	

X-ray Crystallography: As it was mentioned in section 1.7.6. X-ray 

Crystallography of Chapter 1, the crystals were mounted on thin glass fibers using paraffin 

oil. All hydrogen atoms positions were calculated based on the geometry of the related 

non-hydrogen atoms, and all hydrogen atoms were treated as idealized contributions during 

the refinement.  

 

Figure 2.1. Structural representation [Mn{k2-(Ph2P)NH(NC5H4)}(CO)3Br] (1) obtained 
from X-ray analysis. Hydrogen atoms are omitted for clarity. Thermal ellipsoids are shown 
at 60% probability. This structure has been previously reported.40  
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Figure 2.2. Structural representation [Mn{k2-(Ph2P)NH(NC5H4)}(CO)3OTf] (3) obtained 
from X-ray analysis. Hydrogen atoms are omitted for clarity. Thermal ellipsoids are shown 
at 60% probability.  

 

Figure 2.3. Structural representation [Re{k2-(Ph2P)NH(NC5H4)}(CO)3Br] (4) obtained 
from X-ray analysis. Hydrogen atoms are omitted for clarity. Thermal ellipsoids are shown 
at 60% probability. This structure has been previously reported.41 
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2.2.2. General Procedures. 

The direct reaction of Mn(CO)5Br with two different N-(diphenylphosphino)-2-

aminopyridines yielded the complexes [Mn{k2-(Ph2P)NR(NC5H4)}(CO)3Br] (R = H, 1; R 

= Me, 2), obtained in yields of 93% and 78%, respectively.39,40 Confirmation of the 

identities of 1 and 2 was provided by matching of the spectroscopic data with the literature 

and our independent single crystal X-ray analyses (Figures 2.1). As represented 

schematically in Figure 2.4, these complexes exhibited a fac-tricarbonyl coordination 

geometry that is supported by a bidentate PN ligand. The sixth coordination site of these 

pseudo-octahedral compounds was completed by a bromo ligand. In complex 1 the Br 

ligand was exchanged with triflate by reaction with AgOTf to yield 3, which was fully 

characterized through NMR spectroscopy and single crystal X-ray analysis (Figure 2.2).  

The structural parameters for 1-3 are analogous, displaying similar Mn-Npy and 

Mn-P distances and the Npy-Mn-P  bite angles.39,40 Similarly, the analogous Re complex, 

[Re{k2-(Ph2P)NH(NC5H4)}(CO)3Br] (4) was prepared and spectroscopic and structural 

analyses (see Figure 2.4.) were completely consistent with this recently reported 

complex.41 

Figure 2.4. Synthetic scheme for the preparation of phosphinoaminopyridine PN ligated 
Mn and Re complexes. 
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2.3. Photocatalytic CO2 Reduction Results 

The photocatalytic reduction of carbon dioxide was carried out in a glass reactor at 

room temperature using [Mn{k2-(Ph2P)NH(NC5H4)}(CO)3Br] (1) combined with  

[Ru(bpy)3](PF6)2 (PS) and TEOA (ED) under a CO2 atmosphere in 4 mL of DMF. The 

reaction mixture was irradiated with 405 nm visible light from an LED (1050 mW, 700mA, 

3.4x10-8 mol photons/sec). The gaseous product from this reaction was identified as CO 

and quantified by gas chromatography (GC) thus confirming that under these conditions, 

1 was a visible-light photoredox catalyst for selective production of CO with no other 

detected by-products (Table 2.1, Figure 2.5). The molar ratio of CO produced to catalyst 1 

defined the turnover number for CO (TONCO) and with 0.1 mM 1 and 1 mM Ru(bpy)32+ 

the TONCO of 55 was obtained (Table 2.1). The time profile for CO production is shown 

in Figure 2.5. (blue) and demonstrated that 1 was well-behaved for over 96 hr of irradiation 

with >99% selectivity for CO formation (the data for the Figure 2.5 are shown in Table 

2.2). These observations are in contrast to the few reported homogeneous a-diimine Mn-

based CO2 reducing photocatalysts, which display excellent selectivity for formic 

acid31,34,37 or an 80/20 ratio of CO/formate (Table 2.3.).35   

 
Figure 2.5. Time profile for producing CO (left y axis) with catalyst 1 (blue) and 2 (red) 
and for producing HCOOH (right y axis) with catalyst 4 (green). (Data from Table 2.2). 
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Table 2.1. Photocatalytic experiments with complexes 1, 2, 3 and 4. In DMF (4mL) with 
Ru(bpy)3(PF6)2 (Rubpy) or 1,2,4-trihydroxyanthraquinone (Pur) as photosensitizer (PS) 
and TEOA as the electon donor (ED). Turn-over number (TON) = (moles of 
product)/(moles of catalyst). Irradiation with 405 nm light for 24 h.  

 
Catalyst  PS [Catalyst] 

(mM) 
[PS] 

(mM) 
CO (µmol) TON 

(CO) 
1 Rubpy 0.1 0.1 14 35 
 Rubpy 0.1 1 22 55 
 Rubpy 0.05 0.05 4 20 
 Rubpy 1 1 27 6.8 
 Pur 1 1 14 3.5 
2 Rubpy 0.1 0.1 5 13 
 Rubpy 0.1 1 11 28 
 Rubpy 0.05 0.05 3 15 
 Rubpy 1 1 13 3.3 
 Pur 1 1 12 2.8 
      
3 Rubpy 1 1 14 3.5 
    HCOOH 

(µmol) 
TON 

(HCOOH) 
4 Rubpy 0.1 0.1 59 148 
 Rubpy 0.1 1 137 343 
 Rubpy 0.05 0.05 48 240 
 Pur 0.1 1 42 105 

 
Table 2.2. Time profiles for the photocatalytic reduction of CO2 to yield CO for catalysts 
[Mn{k2-(Ph2P)NH(NC5H4)}(CO)3Br] (1), [Mn{k2-(Ph2P)NMe(NC5H4)}(CO)3Br] (2), and 
[Re{k2-(Ph2P)NH(NC5H4)}(CO)3Br] (4). Solutions of catalyst (1mM) and Ru(bpy)3(PF6)2 
(Rubpy) (1mM) and TEOA as the electon donor (ED) in DMF (4mL) irradiated with 405 
nm LED lamp.   
 

Time (h) CO (µmol) with 1 CO (µmol) with 2 HCOOH	(µmol)	
12 20 11 107	
24 27 13 123	
48 30 23 133	
72 32 25 173	
96 54 29 190	
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Table 2.3. Comparison of the performance parameters for photocatalysts Mn(bpy)(CO)3Br 
(I)43, Mn(bpy)CO3CN (II)34 and Mn(phen)CO3Br (III)35 with complexes 1, 2 and 4.  

CAT H2  
(µmol) 

TONH2/(f%) CO  
(µmol) 

TONCO/(f%) 
 

HCOOH  
(µmol) 

TONHCOOH 

/(f%) 

I[a] 1.6 14/(0.14) 2.4 12/(0.12) 31.4 149/(1.7) 

II[b] 14.2 1.6/(0.01) 3.2 7.1/(0.05) 254 127/(1.9) 

III[c] - - 800 64 200 16 

 1[d] - - 20 55/(0.75) - - 

 2[d] - - 11 28/(0.37) - - 

 4[d] - - - - 137 343/(4.7) 

[a] PS = [Ru(bpy)3]2+; ED = BNAH, 4.3 x 10-8 mol photons/s43 [b] PS = [Ru(dmb)3]2+;   ED = BNAH, 
2.51x10-7 mol photons/s34 [c] PS = Zn(tetraphenylporphyrin), ED = TEA, no photon flux was 
provided35 [d] 24h, 0.1mM CAT, PS = [Ru(bpy)3]2+ (1mM); ED = TEOA, 3.4 x 10-8 mol photons/sec. 

	
Several control experiments established the need and roles of the different 

components of this catalyst system in the formation of CO. Reactions run in the absence 

of 1 but otherwise identical conditions produced no observed CO. The complete 

photocatalytic reaction process was carried out under an N2 atmosphere and showed that 

no CO was generated, demonstrating that CO originated from CO2 rather than the 

decomposition of 1, the PS or the ED. Variation of electron donor was explored by 

employing TEOA, BNAH (N-benzyl-1,4-dihydridonicotinamide), triethylamine, or 

sodium ascorbate as the ED, and catalyst 1 displayed the  highest activity for reduction of 

CO2 to CO with TEOA (Table 2.4). Furthermore, while both DMF and CH3CN are capable 

of supporting the catalytic activity of 1, in general DMF gave superior catalyst activity. 

Definitive confirmation that the CO arose from CO2 was provided by an isotope tracing 

experiment. Carrying out the photolysis reaction with 1, Ru(bpy)32+, and TEOA under a 

13CO2 atmosphere resulted in generation of 13CO (Figure 2.6). This is further powerful 

evidence that that 1 catalyzes CO2 reduction to CO selectively.  
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Table 2.4. Effect of solvent and electron donor on the photocatalytic reduction of CO2 with 
the [Mn{k2-(Ph2P)NH(NC5H4)}(CO)3Br] (1). Irradiation with 405 nm light conducted on 
a DMF or acetonitrile (4mL) solution under a CO2 atmosphere for 24 h. Electron donors 
used were triethanol amine (TEOA), N-benzyl-1,4-dihydridonicotinamide (BNAH), 
triethylamine (NEt3), or sodium ascorbate (NaAsc). 
 

[1] (mM) [Ru(bpy)32+] (mM) Solvent Electron donor CO (µmol) 
1 1 DMF TEOA 27 
1 1 DMF BNAH 17 
1 1 DMF NEt3 12 
1 1 DMF NaAsc 12 
1 1 CH3CN TEOA 18 
1 1 CH3CN BNAH 15 
1 1 CH3CN NEt3 18 
1 1 CH3CN NaAsc 17 

 

	
	

Figure 2.6. High resolution MS of the head space of a photocatalytic reduction experiment 
in DMF using 13CO2 with complex 1, Ru(bpy)3(PF6)2 (Rubpy) as photosensitizer and 
TEOA as the electon donor. Mass peaks for 13CO, N2  and 12CO2 are indicated.  
 

Complexes 2 and 3 provided analogues of 1 with variation to the ligand and the 

coordinated anion, respectively. In the case of 2, where the N–H group has been replaced 

with N–Me, successful photocatalytic reduction was observed albeit with lower TONCO 

0

100000

200000

300000

400000

500000

600000

700000

800000

900000

1000000

27.5 28 28.5 29 29.5

CO Mass Spectrum

12CO

13CO

N2



	 56	

(Table 2.1). The time profile for catalyst 2 (Figure 2.5) reflects this lower activity compared 

to 1. Similarly, replacement of bromide in 1 by triflate to yield 3, led to reduction in the 

catalyst activity (Table 2.1). 

Encouraged by these results we also attempted to employ an alternative, non-noble 

metal photosensitizer.7 First-row transition metal sensitizers have been explored for 

photocatalytic CO2 reduction29,44,35 We were attracted to the use of available organic 

photosensitizers with complex 1. The use of p-terphenyl as a photosensitizer has been 

reported but required UV light (< 400 nm).14,16,45,46 An effective iron porphyrin catalyst in 

combination with 9-cyanoanthracene as PS reduced CO2 to CO with 100% selectivity.10 

Recently, the commercial anthroquinone dye, purpurin (1,2,4-trihydroxyanthroquinone), 

was reported as a versatile photosensitizer for photocatalytic CO2 reduction with both Fe 

and Co catalysts.12 Use of purpurin (Pur) as PS with 1 and 2 did produce photocatalytic 

CO2 reduction but with much reduced activity (Table 2.1).   

The unique photocatalytic abilities of 1 and 2 compared to reported molecular Mn 

catalysts, which all possess a-diimine ligands, are provided in Table 2.1. These results 

further emphasize the contrasting selectivity of complexes 1 and 2 for CO production 

compared to reported complexes and the critical imperative for exploring ligand variation 

in these reactions. 

Having access to the Re analogue of complex 1 (Figure 2.1) allows a comparison 

of the photocatalytic activities of 1 and 4. Surprisingly, when complex 4 was combined 

with Ru(bpy)32+ and TEOA in DMF and the system was irradiated with a 405 nm LED 

under a CO2 atmosphere, no gaseous products were observed. Examination of the solution 

revealed formation of formic acid. With 0.1 mM 4 and 1 mM PS a TONHCOOH (moles 

HCOOH/moles 4) of 343 was obtained (Tables 2.1 and 2.3). The HCOOH production 
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profile is shown in Figure 2 (green) and demonstrated that 4 was well-behaved and 

selective over > 96 hr of irradiation. Like 1, a variety of reaction parameters were explored 

with 4 (Tables 2.1, 2.2 and 2.5). The catalytic performance of 4 was quite sensitive to the 

identity of the ED (Table 2.5) with TEOA being superior. A 13C tracer experiment was 

carried out for the photolysis reaction with 4, Ru(bpy)32+, and TEOA under a 13CO2 

atmosphere. HRMS analysis of the reaction head-space clearly documented selective 

formation of H13COOH (Figure 2.7). These results are conclusive evidence that the formic 

acid observed in these experiments arose from CO2 reduction. They further highlight this 

unusual switch in product selectivity by replacing Mn with Re in this complex and 

significantly contrast with the reported selectivity of Re a-dimmine species which 

selectively yield CO as the product of CO2 photoreduction.6,37 

 
Figure 2.7. High resolution MS of the head space of a photocatalytic reduction experiment 
in DMF using 13CO2 with complex 4, Ru(bpy)3(PF6)2 (Rubpy) as photosensitizer and 
TEOA as the electon donor. Mass peaks for H13CO2H, 13CO2 are indicated.  
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Table 2.5. Effect of electron donor and solvent on the photocatalytic CO2 reduction with 
the [Re{k2-(Ph2P)NH(NC5H4)}(CO)3Br] (4). Irradiation with 405 nm light conducted on 
a DMF or acetonitrile (4mL) solution under a CO2 atmosphere for 24 h. Electron donors 
used were triethanol amine (TEOA), N-benzyl-1,4-dihydridonicotinamide (BNAH), 
triethylamine (NEt3), or sodium ascorbate (NaAsc). 
 

[4] (mM) [Ru(bpy)32+] 
(mM) 

Solvent Electron donor HCOOH (µmol) 

1 1 DMF TEOA 123 
1 1 DMF BNAH - 
1 1 DMF NEt3 75  
1 1 DMF NaAsc - 
1 1 CH3CN TEOA 73 
1 1 CH3CN BNAH -  
1 1 CH3CN NEt3 -  
1 1 CH3CN NaAsc - 

	
	

Several experiments were explored in order to interrogate mechanistic features for 

the photocatalytic activity of 1 and 4. Since catalysis is initiated with light absorption by 

the Ru(bpy)32+ (PS) the quenching of the excited state PS* was examined. As mentioned in 

section 1.7.4. Emission-Quenching Experiment in Chapter 1, the emission-spectra were 

obtained for the quencher TEOA and TEA. The quenching rate constants kq were 

calculated from the linear Stern-Volmer plots for both the quenchers and the complexes as 

shown in Figure 2.8. Both complexes 1 and 4 were effective in quenching the PS* excited 

state and in fact are more efficient than either TEOA or TEA (Figures 2.9, and 2.10). This 

observation suggests one possible entry into the catalytic cycle through the oxidative 

quenching proposed as will be shown later in Figure 2.20. Similar oxidative quenching of 

PS* by metal complexes has been previously reported.17–19,26  
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Figure 2.8. Stern-Volmer plot for quenching of the emission of the photosensitizer 
Ru(bpy)3(PF6)2 with various concentrations of TEOA (red) TEA (green) complex 1 (blue) 
and complex 4 (black). Linear equations are shown. 

 

	

Figure 2.9. Spectra demonstrating the quenching of the emission from the photosensitizer 
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Figure 2.10. Spectra demonstrating the quenching of the emission from the 
photosensitizer Ru(bpy)3(PF6)2 with various concentrations (0-0.6 mM) 4. 
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2.6), the reduced species 1- was optimized (B3LYP, mixed TZVP/DZVP basis set). During 
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localized in an MO that is a combination of dz2 and pyridyl p* in character (Figures 2.14. 
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MnX(bipyR2)(CO)330,47,48,49 and these commonly dimerize via formation of a M-M bond 
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reduction of 2 to yield 2-. In this case the SOMO density was distributed on the PN ligand 

framework and not on the metal center (Figure 2.14).  

Figure 2.11. A ball and stick structural representation for the computationally optimized 
[Mn{k2-(Ph2P)NH(NC5H4)}(CO)3Br] compound 1. DFT calculations used the B3LYP 
functional and the mixed TZVP/DZVP basis set. Hydrogen atoms are not shown for clarity. 
Some carbon atoms have been removed for clarity. 

Figure 2.12. Representations of the HOMO and LUMO for the computationally optimized 
[Mn{k2-(Ph2P)NH(NC5H4)}(CO)3Br] compound 1  and [Mn{k2-
(Ph2P)NMe(NC5H4)}(CO)3Br] compound 2. DFT calculations used the B3LYP functional 
and the mixed TZVP/DZVP basis set. Hydrogen atoms are not shown for clarity. In both 
compounds the LUMO is centered in the pyridyl p* orbital. (Isovalues = 0.03). 
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Figure 2.13. A ball and stick structural representation for the computationally optimized 
product from single electron reduction of 1, [Mn{k2-(Ph2P)NH(NC5H4)}(CO)3] A. During 
the optimization, the Br- spontaneously dissociated from the complex to yield five-
coordinate, distorted square-base pyramidal [Mn{k2-(Ph2P)NH(NC5H4)}(CO)3] (A) as 
shown. DFT calculations used the B3LYP functional and the mixed TZVP/DZVP basis 
set. Hydrogen atoms are not shown for clarity. Some carbon atoms have been removed for 
clarity.  
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Figure 2.14. Representations of the SOMO and next two MO’s for the computationally 
optimized singly reduced compounds [Mn{k2-(Ph2P)NH(NC5H4)}(CO)3] (A) and [Mn{k2-
(Ph2P)NMe(NC5H4)}(CO)3Br]- (2-). DFT calculations used the B3LYP functional and the 
mixed TZVP/DZVP basis set. Hydrogen atoms are not shown for clarity. (Isovalues = 
0.03). 
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Figure 2.15. Two views of a ball and stick structural representation for the computationally 
optimized product from the two electron reduction of compound 1, [Mn{k2-
(Ph2P)NH(NC5H4)}(CO)3]- (B). DFT calculations used the B3LYP functional and the 
mixed TZVP/DZVP basis set. Hydrogen atoms are not shown for clarity. Some carbon 
atoms have been removed for clarity.  
 
Table 2.6. A comparison of metal–ligand distances and angles from the experimental 
single crystal X-ray analysis and from the computationally optimized structures for 
[Mn{k2-(Ph2P)NH(NC5H4)}(CO)3Br  (1) and and the single electron reduction product 
[Mn{k2-(Ph2P)NH(NC5H4)}(CO)3] (A) and the double reduction product [Mn{k2-
(Ph2P)NH(NC5H4)}(CO)3] - (B).   
 
Bond/cmpd [Mn{k2-

PNN}(CO)3Br] 
(1) Exp[a] 

[Mn{k2-
PNN}(CO)3Br] 
 (1) Computed 

[Mn{k2-
PNN}(CO)3]    
(A) Computed 

[Mn{k2-
PNN}(CO)3]- 

(B) Computed 
M-Npy 2.0886(14) 2.15680 2.13037 2.11023 
M-P 2.2844(5) 2.34932 2.33650 2.22122 
M-Br axial 2.5212(4) 2.58491 - - 
M-CO (trans P) 1.837(2),  1.84316 1.82931 1.82120, 

1.82544[b] 

M-CO (trans Npy) 1.8043(19) 1.82375 1.81721 1.79698 
M-CO (trans Br) 1.810(2) 1.81055   
P-Mn-Npy 81.15(4) 80.671 81.168 80.078 

 
[a]From this work. 
[b] the two CO ligands are symmetrically arranged around the M-P axis in this pseudo-

trigonal bipyramidal complex 
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Interestingly, the cathodic scan in the cyclic voltammetry of 1 under N2 displayed 

two irreversible reductions at -1.72 V and -2.20 V versus Fc/Fc+ (Figure 2.16). These 

features are reminiscent of the cyclic voltammograms of MnX(bipyR2)(CO)3 

complexes.30,47 On the basis of these computational and experimental observations, the 

effect of addition of bromide anion on catalyst TON was measured for both 1  and 4  by 

addition of NEt4Br to active systems (Table 2.7). In both cases an increased TON was 

observed and supports a preliminary proposal of retention of Br- as the catalyst receives 

the second electron necessary for the reduction of CO2 to either CO or HCO2H. 

	
 
Figure 2.16. Cyclic voltammograms of 1.0 mM [Mn{k2-
(Ph2P)NH(NC5H4)}(CO)3Br]under N2 in CH3CN with 0.1 M (n-Bu)4NPF6 supporting 
electrolyte at 100 mV/s. Reductions appear at -1.72 V and -2.20 V vs Fc+/Fc. The inset 
shows the scan of only the first reduction.  
 
Table 2.7. Comparison of photocatalytic experiments using complexes 1 or 4 with added 
tetrethylamonium bromide during reaction. Photocatalytic experiments in DMF (4mL) 
under a CO2 atmosphere with Ru(bpy)3(PF6)2 photosensitizer (1mM) and TEOA as the 
electon donor. Irradiation with 405 nm light for 24 h.  

Added Br- source? 
NEt4Br 

Catalyst 
 (1 mM) 

Product 
CO (µmol)  

No  1 27  
Yes 1 35  

    
   HCOOH (µmol) 

No  4  123 
Yes 4 11 176 
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The electrocatalytic behavior of these complexes was next explored. As explained 

in section 1.7.5. Electrocatalytic Reduction of CO2 of Chapter 1, the electrochemical 

experiments for these complexes were carried out in a single compartment cell in CH3CN 

and tetrabutylammoniumhexafluorophosphate, [(n-Bu)4N]PF6 (TBAHFP) as the 

supporting electrolyte. These electrochemical experiments were performed under N2 and 

CO2 atmosphere and also in the presence of H2O. These following figures are shown the 

electrocatalytic CO2 reduction behavior of these complexes. 

The catalytic behavior of Mn-PN-H complex under N2 as discussed before in Figure 

2.16 show two irreversible reductions at -1.72 V and -2.20 V versus Fc/Fc+. In the presence 

of the CO2 atmosphere, there is a small enhancement of the second reduction peak, and this 

second reduction peak showed a big enhancement of the current after adding H2O as shown 

in Figure 2.17. This enhancement of the current indicates that the catalyst was able to 

reduce CO2 in the electrocatalytic process. Bulk electrolysis experiments should be carried 

out in order to figure out the products of this electrocatalytic CO2 reduction. This bulk 

electrolysis experiment will be done in the same condition using the acetonitrile solvent 

and the supporting electrolyte ((n-Bu)4NPF6). On the other hand, the cyclic voltammetry 

of Re-PN-H complex under N2 displayed two irreversible reduction peaks at -1.04 V and -

2.07 V versus Fc/Fc+ (as shown in Figure 2.18). Carrying out this same measurement with 

a solution saturated with an atmosphere of CO2 produced a great enhancement of the 

reduction current indicating to the electrocatalytic CO2 reduction as shown in Figure 2.19. 

In addition, there is also obvious enhancement in the presence of H2O. More experiments 

such as the bulk electrolysis should be done in order to know and measure the evolved 

products. 
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Figure 2.17.  Cyclic voltammograms of 1.0 mM [Mn(PN-H)(CO)3]Br under N2 (blue), 
CO2 (red) and CO2/5% H2O (green) in CH3CN with 0.1 M (n-Bu)4NPF6 supporting 
electrolyte at 100 mV/s.  
 

	
 
Figure 2.18.  Cyclic voltammograms of 1.0 mM [Re(PN-H)(CO)3]Br under N2 in CH3CN 
with 0.1 M (n-Bu)4NPF6 supporting electrolyte at 100 mV/s.  
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Figure 2.19.  Cyclic voltammograms of 1.0 mM [Re(PN-H)(CO)3]Br under N2 (blue), CO2 
(red) and CO2/5% H2O (green) in CH3CN with 0.1 M (n-Bu)4NPF6 supporting electrolyte 
at 50 mV/s.  
 

IR spectro-electrochemistry (IR SEC) is a good technique that can be used to study 

the electrochemical reactions for binuclear metal carbonyl compounds. The solution of the 

experiment was prepared under an atmosphere of nitrogen before injection into the SEC 

cell. The solution contains 0.001 M of the catalyst (Mn-PN-H) and 0.1 M of the supporting 

electrolyte ((n-Bu)4NPF6) in acetonitrile. The IR spectrum was obtained for the solution 

under N2 before starting the electrochemistry, and then it was obtained again at a potential 

of -1.7 V under N2 atmosphere. For the IR spectrum that was obtained before applying to 

the potential at which the redox reaction happens, the IR bands of the three carbonyl groups 

are shown as presenting in the black spectrum in Figure 2.20. For the IR spectrum that was 

taken after the electrocatalytic system occurs at the potential of the redox reaction, the IR 

bands of the five carbonyl groups that are indicating to the formation of the Mn dimer 

[Mn2(CO)6(PN)2] were appeared in the spectrum (as shown in the red spectrum in Figure 

2.20). The IR v(CO) bands of the [Mn(Br)(CO)3(PN)]  under N2 are 1920, 1950, and 2030 

-350.00

-300.00

-250.00

-200.00

-150.00

-100.00

-50.00

0.00

50.00

-3.5 -3 -2.5 -2 -1.5 -1 -0.5 0

C
ur

re
nt

 (μ
A

)

Potential (V vs. Fc/Fc+)

Re-PN-H

N2

CO2

CO2-H2O



	 69	

nm while the IR v(CO) bands of the [Mn2(CO)6(PN)2] are 1860, 1890, 1920, 1970, and 

2000 nm. In Figure 2.20, the IR spectra show the two pathways of the corresponding 

mononuclear and binuclear metal carbonyl compounds. A Similar experiment was done 

with the known fac- [Mn(Cl)(CO)3(bpy)], and  it showed same behaviour  to give 

[Mn2(CO)6(bpy)2] as shown in the reported literature.50 

	
	
Figure 2.20. Electrochemistry of [Mn(PN-H)(CO)3Br] (1) monitored by IR spectroscopy 
in the v(CO) region. Conditions of IR-SEC: under N2 in CH3CN with 0.1 M (n-Bu)4NPF6 
supporting electrolyte. 
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After the investigation of the mechanistic features through these experiments for 

the photocatalytic activity of these catalysts 1 and 4, the results of suggest the catalytic 

cycle that is presented in Figure 2.21. 

 
Figure 2.21.  Proposed mechanism for the photocatalytic reduction of CO2 using 
complexes [Mn{k2-(Ph2P)NH(NC5H4)}(CO)3Br] (1) or [Re{k2-
(Ph2P)NH(NC5H4)}(CO)3Br] (4). 
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2.4. Conclusion 

Our search for new catalysts that can photocatalytically reduce CO2 led to four new 

group 7 complexes that are active in this respect. Importantly these catalysts display ligand 

arrays that are completely different from conventional reported catalysts of group 7. Their 

general performance parameters (e.g. TON, f) are comparable to more conventional 

catalysts with some striking differences. The switch in product selectivity observed for the 

reduction of CO2 by 1 compared to 4 indicated that the coordination between CO2 and the 

metal plays an important role in the cycle. In the case of 1, CO2 likely binds to the metal 

through the carbon center, and protonation of the oxygen center leads to a 

metallocarboxylic acid species which subsequently undergoes protonation and cleavage of 

a C−O bond to furnish water and a CO molecule. Complex 4 appears to evolve into an O 

bonded formate complex by protonation of the carbon center to ultimately yield formic 

acid as the reduction product. These results parallel the recently reported switching 

between CO and formate when the metal in identical ligand environments was changed 

from Co to Fe.20 The detailed sequencing of this catalytic process remains to be more 

precisely determined.  

Breaking with the historic hold of a-dimmine ligands on photocatalyst for CO2 

reduction has yielded new Mn and Re-based complexes with remarkable selectivities and 

good efficiency. We continue to explore ligand variation and probe the mechanistic 

features of these transformations.  
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Chapter 3: Visible light photocatalytic reduction of CO2 to formic acid with a Ru 

catalyst supported by an unprecedented ligand array 

The work in this chapter formed a significant component of the submitted publication: 

(Y.	Hameed,	G.	Rao,		J.	Ovens,	B.	Gabidullin	and	D.	Richeson,	ACS	Catalysis,	2019.) 

This chapter reports on Ru(II) complexes with a unique tridentate neutral pincer 

coordination geometry that are able to photocatalytic reduce CO2 to HCOOH. Visible light 

photocatalytic CO2 reduction using N,N′-bis(diphenylphosphino)-2,6-diamino)pyridine 

ligand supported Ru(II), an unprecedented molecular architecture for this reaction, breaks 

the domination of 𝛼 -diimine ligands after more than three decades. These competent 

catalysts transform CO2 to formic acid with high selectivity, turnover numbers as high as 

11,600 and excellent quantum yields. A proposed mechanism, with combined electron 

transfer and catalytic cycle, successfully modeled the experimental rate of formic acid 

production. The initial concept of this project arose from work of G Rao and D. Richeson 

with contributions from Y. Hameed. Subsequent experimental design was conceived by Y. 

Hameed and D, Richeson. The synthesis of the first Ru(II) complex was a contribution 

from G. Rao, and the crystallography was carried out by both J. Ovens and B. Gabidullin. 

The DFT calacualtions were done by D. Richeson. The synthesis of the second Ru(II) 

complex was done by Y. Hameed, and all of the characterization and the catalytic 

exploration for the complexes have been done by Y. Hameed. 

3.1. Introduction 

Designing and assembling catalysts that can utilize the energy of visible light to 

overcome the barriers to reduce CO2 is an important fundamental and technological 

challenge. Success in this endeavor requires overcoming the inherent stability and low 

thermodynamic value of CO2 and would transform this ubiquitous compound from a waste 
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product into a feedstock. For example, photocatalytic formation of formic acid, a two-

electron reduction product of CO2, would result in formation of a commodity chemical and 

a liquid fuel. Furthermore, formic acid has been identified and explored as a potential 

carrier of dihydrogen.1,2 

Homogeneous catalysts for CO2 reduction, under both electrochemical and 

photochemical conditions, have been discovered.3–6 Photocatalysis is a particularly 

appealing approach as it relies on an essentially limitless and clean solar energy source. 

Photocatalytic systems consist of integrated components that include a photosensitizer 

(PS), for harvesting the energy of the light, an electron donor (ED), that provides the 

electrons for the reduction, and a catalyst (CAT) that is a site for the transformation of 

CO2. Since their discovery in 19857 all of the reported molecular photocatalyts of Ru(II) 

display a-diimine supporting ligands and these species fall into two broad groups. One 

class are bis(a-diimine) species represented by cis-[Ru(NˆN)2(CO)2]2+ 8–11 and the other 

are mono(a-diimine) catalysts, cis,trans-Ru(NˆN)(CO)2Cl2.12–14 Although a variety of 

substituents on the a-diimine ligands has been productively explored to improve catalyst 

performance, given the maturity of this field, a broader variation of molecular architecture 

is required to offer new insights and stimulate new concepts. Ligand variation and 

discovery are a central challenge in catalysis and expanding Ru-based photocatalysts 

beyond the restrictions of a-diimine support is certainly warranted. Support for this 

approach comes from the very recent report for successful use of a phosphine-substituted 

Ru(II) terpyridine complex, trans-[Ru(tpy)(8-quinolyl(diphenyl)phosphine)(MeCN)]2+, as 

a Ru photocatalyst that can function both as a photosensitizer and catalyst for CO2 

reduction.15,16  
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Recently, pincer ligand supported catalysts of Fe, Co, Ru and Ir have been shown 

to have excellent activity and selectivity for hydrogenation of CO2.17–23 Furthermore, the 

potential of pincer complexes as efficient electrocatalysts for CO2 reduction under mild 

conditions has recently been demonstrated for Mn,24 Ru25 and Ir26,27 complexes. 

Interestingly, the Ru complex remains in the a-diimine (i.e. bpy) class of catalysts.  

With the objectives of discovering new environments for photocatalytic CO2 

reduction and revealing insight into mechanistic aspects of this transformation we targeted 

the preparation of new N,N′-bis(diphenylphosphino)-2,6-diamino)pyridine, “PN3P”, 

pincer complexes of Ru(II). The “PN3P” notation is used in order to differentiate these 

ligand scaffolds from, related di(phosphinomethyl)pyridine, 2,6-{R2PCH2}2(NC5H3) 

(“PNP”), ligands. The new Ru(II) complexes, [Ru{k3-2,6-

{Ph2PNR}2(NC5H3)}(CO)2Cl+]Cl- (R = H, Me), are, to our knowledge, the first Ru-based 

photocatalysts for CO2 reduction that do not possess a-diimine ligation as well as use a 

pincer ligand framework.  

 

3.2. Synthesis and Characterization of the Complexes 

3.2.1. Experimental Procedures 

Reagents and analytical grade solvents were purchased from Strem Chemicals or 

Sigma Aldrich and used without further purification. The 1H, 13C{1H} and 31P{1H} NMR 

spectra were recorded at 400, 100 and 162 MHz respectively with chemical shifts reported 

in ppm using the residual protons of the NMR solvent as internal standards. The synthesis 

of “PNHP” (2,6-{Ph2PNH}2NC5H3) and “PNMeP” (2,6-{Ph2PNMe}2NC5H3) ligands was 

based on the procedures described in the literature.24,34 The photochemical techniques that 
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will be used in this chapter are already described in section 1.7.1 of Chapter 1 and the 

electrochemical techniques  are also described  in section 1.7.5 of Chapter 1. 

Synthesis and Characterization of [Ru(k3-{2,6-

(Ph2PNMe)2NC5H3})(CO)2Cl]+Cl- (1+Cl-): 

In a glove box, a solution of ligand N,N′-bis(diphenylphosphino)-2,6-

di(methylamino)pyridine (0.200 g, 0.4 mmol) was prepared in 10 mL of toluene. To this 

solution was added [Ru(CO)3Cl2]2 (0.100 g, 0.2 mmol). The flask was removed from the 

glovebox and connected to a Schlenk line via a reflux condenser. The reaction mixture was 

stirred and heated to 100 °C under N2 for 16h. The solution was cooled to room 

temperature. The reaction mixture was filtered, and the precipitate was washed with hexane 

to give complex (1+Cl-). Yield 0.245 g (89%). Single crystals of this complex were grown 

by slow diffusion of hexane into the solution of the complex in dichloromethane. 1H NMR 

(300 MHz, CDCl3, 25°C): δ = 3.31 (s, 6H, CH3), 7.06 (d, 2H, J = 11.2), 7.51−7.63 (m, 

16H), 7.82-7.89 (m, 4H), 8.18 (t, 1H, J = 12.8). 13C NMR (75 MHz, CDCl3, 25 ºC): δ = 

37.51, 103.9, 125.1, 129.0, 130.0, 130.4, 130.9, 132.6, 133.0, 133.4, 144.4, 159.8, 187.9, 

193.3. 31P{1H} NMR (122 MHz, CDCl3, 25°C): δ = 97.7. Elemental analysis calcd (%) for 

C33H29Cl2N3O2P2Ru C 54.03, H 3.99, N 5.73, found C 54.53, H 3.61, N 5.73. 

Synthesis and Characterization of [Ru(k3-{2,6-

(Ph2PNH)2NC5H3})(CO)2Cl]+Cl- (2+Cl-): 

In	 a	 glove	 box, a solution of ligand N,N′-bis(diphenylphosphino)-2,6-

di(amino)pyridine (0.190 g, 0.4 mmol) was prepared in 10 mL of toluene. To this solution 

was added [Ru(CO)3Cl2]2 (0.100 g, 0.2 mmol). The flask was removed from the glovebox 

and connected to a Schlenk line via a reflux condenser. The reaction mixture was stirred 

and heated to 100 °C under N2 for 16h. The solution was cooled to room temperature. The 
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reaction mixture was filtered, and the precipitate was washed with hexane to give complex 

(2+Cl-). Yield 0.261 g (93%).  Single crystals of this complex were grown by slow diffusion 

of hexane into the solution of complex made in dichloromethane. 1H NMR (300 MHz, 

CDCl3, 25°C): δ = 7.22−7.11 (m, 8H), 7.47-7.32 (m, 8H), 7.81-7.74 (m, 5H), 8.03-7.94 (m, 

4H). 13C NMR (75 MHz, CDCl3, 25 ºC): δ = 128.6, 129.1, 129.3, 129.8, 130.9, 132.1, 

132.3, 132.6, 134.6, 159.7, 159.8, 187.9, 193.3.  31P{1H} NMR (122 MHz, CDCl3, 25°C): 

δ = 80.5. Elemental analysis calcd (%) for C31H25Cl2N3O2P2Ru C 52.78, H 3.57, N 5.96, 

found C 52.69, H 3.65, N 6.24. 

 
3.2.2. General Procedures of the [Ru{k3-2,6-{Ph2PNR}2(NC5H3)}(CO)2Cl+]Cl- 

Complexes	

The direct addition of N,N′-bis(diphenylphosphino)-2,6-di(methylamino)pyridine  

to [Ru(CO)3Cl2]2  in toluene followed by heating to 100 °C under N2 for 16h led to the new 

cationic Ru complex [Ru{k3-2,6-(Ph2PNMe)2NC5H3}(CO)2Cl]+Cl- (1+Cl-) as a colorless 

solid with a yield of 89%. Replacing the starting ligand with N,N′-bis(diphenylphosphino)-

2,6-diaminopyridine and following a similar procedure produced the analogous complex, 

[Ru{k3-2,6-(Ph2PNH)2NC5H3}(CO)2Cl]+Cl- (2+Cl-) with a yield of 93%. Spectroscopic 

data and a single crystal x-ray analysis of 1+Cl- definitively confirmed the identity of this 

species. As shown in Figure 3.1, the 1+ cation exhibited a distorted octahedral environment 

for the Ru(II) center comprised of a tridentate, mer-PN3P ligand, a CO ligand oriented trans 

to the pyridyl function, and axially aligned CO and Cl ligands. 
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Figure 3.1. Reaction scheme for the preparation of complexes 1+Cl- and 2+Cl- and a 
representation of the single crystal X-ray structure of 1+.  Selected bond distances (Ǻ): Ru-
N2 2.092(3), Ru-P1 2.3289 (12), Ru-P2 2.3456(11), Ru-C33 1.890(4), Ru-C32 1.913(5), 
Ru-Cl1 2.4037(10). 
	

There are only two reported crystal structures for PN3P ligated Ru(II) complexes 

which, although not direct analogues to 1+, do serve for comparison. The first is a Ru(II) 

hydride [RuH{k3-2,6-(tBu2PNH)2NC5H3}(CO)2]+Cl-(HCO2H)28 (I) which displayed a 

distorted square-pyramidal geometry around the ruthenium center with the PN3P and CO 

ligands forming the basal plane and the hydride located in the apical position. The 

corresponding metal-ligand metrical parameters of this complex are similar to those of 1+. 

The second complex had the formula cis-Ru(PN3P-BIPOL)(PPh3)Cl2 2CH2Cl229(II) 

(PN3P-BIPOL = N,N′-bis(dibenzo[d,f][1,3,2]dioxaphosphepine)-2,6-diaminopyridine). 

This complex displayed Ru in a distorted octahedral geometry with a mer-tridentate ligand, 

a PPh3 ligand, cis to the pyridine nitrogen center, and two cis Cl atoms. Again, the metal-

ligand metrical parameters are similar to those in 1+ showing slightly shorter Ru-P bond 

distances that are likely due to the fact that, in contract to 1+ and I, II does not possess 

strong p-accepting ligands (i.e. CO).  
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3.3. Photocatalytic CO2 Reduction Results 

The photocatalytic reduction of carbon dioxide was carried out in a glass reactor at 

room temperature using 1mM [Ru{k3-2,6-{Ph2PNMe}2(NC5H3)}(CO)2Cl+]Cl- (1+Cl-) as 

the catalyst along with  [Ru(bpy)3](PF6)2 (PS) (1mM) and TEOA (ED) under a CO2 

atmosphere in 4 mL of DMF. The reaction mixture was irradiated with visible light from 

an LED (1050 mW at 700mA, 3.4 x 10-8 mol photons/sec) at 405 nm. After 24 hr, the 1H 

NMR spectrum of the reaction solution revealed that the only product was HCO2H, which 

was quantified by NMR analysis thus confirming that the Ru complex 1+Cl- was a 

photoredox catalyst for selective reduction of CO2 to formic acid.  No CO(g) was observed 

in the analysis of this reaction giving further evidence of the selectivity for formic acid. 

Analysis of the reaction headspace did reveal that the sole gas phase product was H2, which 

was quantified by gas chromatography (GC) (Table 3.1, Table 3.2). The necessity of the 

components in this photoreaction was confirmed through several control experiments 

involving the omission of catalyst, PS, and ED (Table 3.2). Successful formation of formic 

acid required all of these components. 
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Table 3.1. Photocatalytic experiments with complexes [Ru(k3-{2,6-
(Ph2PNMe)2NC5H3})(CO)2Cl]+Cl- (1+Cl-)   and [Ru(k3-{2,6-
(Ph2PNH)2NC5H3})(CO)2Cl]+Cl- (2+Cl-). In DMF (4mL) with Ru(bpy)3(PF6)2 as 
photosensitizer (PS) and TEOA as the electon donor (ED). Turn-over number (TON) = 
(moles of product)/(moles of catalyst). Irradiation with 405 nm light for 24 h.a  

Catalyst 
(µM) 

[PS] 
(µM) 

H2 

(µmol) 

TONH2 fH2b 
(%) 

HCOOH 
(µmol) 

TONHCOOH fHCOOHb 
(%) 

1+Cl-        

25 1000 22 220 0.75 152 1520 5.2 

50 1000 26 130 0.89 179 895 6.1 

500 1000 28 14 0.95 

 

324 162 11 

1000 1000 53 13.3 1.8 362 90.5 12 

2000 1000 148 18.5 5.7 330 41.3 11 

2+Cl-        

25 1000 32 320 1.1 194 1940 6.6 

50 1000 24 120 0.82 180 900 5.5 

500 1000 28 14 0.95 141 70.5 4.3 

1000 1000 48 12 1.6 178 44.5 5.4 

2000 1000 74 9.25 2.5 332 41.5 5.1 
a 4mL DMF, PS = Ru(bpy)3(PF6)2 1mM, ED = TEOA. Irradiation with 405 nm light for 24 h. b photon 
flux = 3.4 x 10-8 photons/sec.  
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Figure 3.2. Trends with different concentrations of the catalyst versus TON and 
selectivity. 

As shown in Table 3.2 and Figure 3.3, various concentrations of the photosensitizer 

were been done and the best effect of [PS] in terms of TON and selectivity was with 1 mM 

of PS, and that is the reason for keeping the concentration of the PS is constant with 1000 

µmol  of [PS] in Table 3.1.  

Table 3.2. Photocatalytic experiments with complexes [Ru(k3-{2,6-
(Ph2PNMe)2NC5H3})(CO)2Cl]+Cl- (1+Cl-)   with different concentations of [PS]. In DMF 
(4mL) with Ru(bpy)3(PF6)2 as photosensitizer (PS) and TEOA as the electon donor (ED). 
Turn-over number (TON) = (moles of product)/(moles of catalyst). Irradiation with 405 
nm light for 24 h.a  

Catalyst  [Catalyst] 
(mM) 

[PS] 
(mM) 

H2 
(µmol) 

TONH2 HCOOH 
(µmol) 

TON 
HCOOH 

Selectivitya for 
HCOOH (%) 

1+Cl- - 1 - - 5 - - 
 1 - 6 - 2 - - 
 0.025 0.025 - - 38  380 100 
 0.05 0.05 - - 42  210 100 
 0.1 0.1 23 57.5 145 363 86.3 
 0.5 0.5 72 36 277 139 79.4 
 2 2 89 11.1 286 35.8 76.3 
 1 1 53 13.3 362 90.5 87.2 
 1 0.1 30 7.5 135 33.8 81.8 
 1 0.5 83 20.8 188 47 69.4 
 1 2 77 19.3 324 81 80.8 

a selectivity is calculated as µmol HCOOH/(µmol HCOOH + µmol H2) x 100 
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Figure 3.3. Trends with different concentrations of the photosensitizer versus TON and 
selectivity. 
	

The effects of solvent and of various electron donors was also examined. For 

example, the DMF reaction solvent could be replaced by acetonitrile but the photocatalytic 

activity of this system for reduction of CO2 was diminished (Table 3.3). Importantly, 

attempts to use other ED such as BNAH, ascorbic acid, sodium ascorbate, and 

trimethylamine gave poor results as shown in Table 3.4.  

Table 3.3. A comparison of the photocatalytic experiments with complexes 1+Cl- and 2+Cl- 
in CH3CN and DMF. Experiments carried out in 4mL of solvent with Ru(bpy)3(PF6)2 as 
photosensitizer (PS), TEOA as the electon donor (ED) and irradiation at 405 nm for 24 h.  
 

Catalyst  [Catalyst] 
(mM) 

[PS] 
(mM) 

Solvent H2 
(µmol) 

TONH2 HCOOH 
(µmol) 

TON 
HCOOH 

1+Cl- 1 1 DMF 53 13.3 362 90.5 
 1 1 CH3CN 37 9.25 150 38 

2+Cl- 1 1 DMF 48 12 178 45.5 
 1 1 CH3CN 30 7.5 131 32.8 
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Table 3.4. Photocatalytic results for complex 1+ using different electron donors.a  

Complex 1 
(mM) 

Ru(bpy)3.2PF6 
(mM) 

Solvent Electron donor H2 (µmol) HCOOHc 
(µmol) 

- 1 DMF TEOAb 0 5 
1 - DMF TEOAb 6 2 
1 1 DMF TEOAb 53 362 
1 1 DMF TEOA+BNAH 23 131 
1 1 DMF BNAHe 0 0 
1 1 DMF NEt3

b 6 65 
1 1 DMF Ascorbic acidd 0 0 
1 1 DMF Sodium 

ascorbated 
0 0 

1 - CH3CN TEOAb 0 0 
1 1 CH3CN TEOAb 37 150 
1 1 CH3CN TEOA+BNAH 10 46 
1 1 CH3CN BNAHe 0 0 
1 1 CH3CN NEt3

b 4 44 
1 1 CH3CN Ascorbic acidd 0 0 
1 1 CH3CN Sodium 

ascorbated 
0 0 

aIrradiation with 405 nm light conducted on a solution containing the catalyst Ru-PNP-
Me complex [1] and [Ru(bpy)3]2+ complex as a photosensitizer under an CO2 atmosphere 
for 24 h.  bTEOA (1 mL). DMF (4 mL) or Acetonitrile (4 mL) was used as solvent. 
ccorrected for background formation under N2 dAscorbic acid / Sodium ascorbate (1 g). 
eBNAH (0.2 g). 

 

In addition, the time profile for the formic acid (HCOOH) and the hydrogen (H2) 

productions are shown in Figure 3.4. and Table 3.5. The time profile demonstrated that the 

catalyst (1+Cl-) was well-behaved for over 72 hr. 

Table 3.5. Time profile data for the photocatalytic reduction of CO2 to yield HCOOH 
and H2 for catalysts 1+Cl-. [catalyst] =1mM, [Ru(bpy)3(PF6)2] = 1mM and TEOA as the 
electon donor (ED) in DMF (4mL) irradiated with 405 nm LED lamp.  
 

Time (h) H2 (µmol) TONH2 HCOOH (µmol)/TON TONHCOOH 

24 53 13.25 304 76 
48 116 29 368 92 
72 143 35.75 444 111 
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Figure 3.4. Time profile for product formation in the photocatalytic reduction of CO2 to 
yield HCOOH and H2 for catalyst 1+Cl-. (Data from Table 3.5). 
 

Additional critical details of these reactions were provided by carrying out the 

reduction of 13CO2 employing 1+Cl-. Under these photocatalytic conditions, formation of 

H13COOH was clearly documented by analysis of the reaction headspace to high-resolution 

mass spectrometry (Figure 3.5) as well as analysis of the liquid phase by 13C and 1H NMR 

(Figures 3.6, 3.7). All three measurements documented conversion of 13CO2 to H13COOH. 

All of these data support that the Ru complexes are entirely new frameworks for 

photocatalysts for CO2 reduction.  
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Figure 3.5. High resolution mass spectrum from the head-space of the photocatalytic 
reduction of 13CO2 using 1+Cl- as the catalyst.  
	

 
Figure 3.6. 13C NMR spectra in D2O for the photocatalytic reduction of 13CO2 (top) to 
produce formic acid 1+Cl- as the catalyst. For comparison, a reaction using unlabeled CO2 
(bottom) is shown.  
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Figure 3.7. 1H NMR spectra for the formyl HOOC-H proton of formic acid obtained from 
photocatalytic reduction of 13CO2 using 1+Cl- as the catalyst (top). For comparison, a 
reaction using unlabeled CO2 is shown (bottom).  
 

Product selectivity for the conversion of CO2 is excellent, however the selectivity 

with regard to the reducing equivalents used in this reaction is diminished due to the 

appearance of H2 (Table 3.1 and Table 3.2). Taking into account the H2 the selectivity of 

the reduction reaction is >88% over a concentration range of 2.5-1000µmolar [1+Cl-] and 

constant [PS] (Table 3.2). 

The generality of the proficiency of this catalyst architecture to photocatalytic 

reduction of CO2 was substantiated by the success application of 2+Cl- to this 

transformation. Perhaps not surprisingly, these initial data indicate very similar 

performance but with 2+Cl- giving slightly lower quantum yields and selectivity of the 

reduction products (Table 3.1, Table 3.2). 

The molar ratio of HCOOH produced to catalyst 1+Cl- defined the turnover number 

for formic acid (TONHCOOH) and through variation of the [1+Cl-] with a constant 1mM 
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concentration of PS, the TONHCOOH ranged from 41 up to 11600 (Table 3.2). The TON 

values for H2 production are lower and paralleled these values. When the [1+Cl-] was varied 

the TONH2 was 10-14% of the values for TONHCOOH. The time profile for the photocatalytic 

performance of 1+Cl- is shown in Figure 3.4 and demonstrated that 1+Cl- was well-behaved 

for over 72 hr of irradiation. 

Photocatalytic systems consist of an electron transfer cycle coupled with a catalysis 

cycle.12,14,30 The electron transfer cycle is the process that supplies electrons to the catalyst 

from the reduced photosensitizer (PS-) (Figure 3.8).  

Figure 3.8. The electron transfer cycle used in modeling.12 In this Figure the following 

terms apply: 

Ihn is the rate of incident photons,  

k1 is the sum of the radiative and non-radiative rate constants for relaxation of PS*,  

kq is the quenching rate constant of PS* by TEOA,  

a is the cage escape efficiency after the electron transfer from TEOA to PS*,  

b is the fraction of back-electron transfer in the solvent cage,  

kq” is the quenching rate constant of PS* by CAT,  

g is the cage escape efficiency quenching of PS* by CAT,  

k2 is the quenching rate constant of PS-,  

ki is the electron transfer rate constant from the PS- of the form of the catalyst  

[CAT]i is the concentration of the form of the catalyst. 
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Coupled to the electron transfer cycle shown in Figure 3.7, is the catalytic cycle 

shown in Figure 3.9. This reaction path represents the steps where, in this case, a Ru 

complex catalytically reduces CO2 using these supplied electrons. Beginning with the 

starting cationic complex, all of the Ru species in this mechanism were computationally 

optimized through DFT with the B3LYP functional and def2TZVP basis set to help guide 

the proposed reactions (Figures 3.10-3.14). 

 
Figure 3.9. Proposed mechanism for photocatalytic reduction of CO2 to formic acid 
beginning with [Ru(k3-{2,6-(Ph2PNMe)2NC5H3})(CO)2Cl]+  (1+). 
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Entry into the catalysis cycle comes from the reduction of A (Figure 3.9), which 

during optimization, spontaneously dissociated a Cl- anion to yield a distorted square 

pyramidal complex labelled Ru0.  Visualization of the HOMO of this complex shows that 

the electron density is localized in a dz2 type orbital with some contributions from the CO 

ligands (Figures 3.15). Protonation of this electron pair yielded the hydride complex, RuH. 

Generally, the route to successful transformation of CO2 to formate is envisioned to 

proceed through a transition metal hydride intermediate that can insert CO2 leading to a 

metallacarboxylic acid complex.31,32 The insertion of CO2 into the Ru-H complex yielded 

the metallacarboxylic acid species RuCOOH, which through reduction and proton transfer 

releases formic acid and generates a Ru(I) complex Ru+. The catalytic cycle closes with 

return to Ru0 via reduction from PS-. This proposed catalytic cycle also provides a path for 

the formation of H2. In principle, as shown in Figure 3.9, this can occur via protonation of 

the hydride intermediate, RuH, or combination of two of these metal–hydrides. This 

process short cuts the catalytic cycle for formic acid production. In practice, protonation of 

the hydride intermediate is a reaction that is difficult to avoid, and this implies that choice 

of reaction medium (specifically the pKa of any protons available) will influence H2 

formation.  
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Figure 3.10. A ball and stick structural representation for the computationally optimized 
[Ru(k3-{2,6-(Ph2PNMe)2NC5H3})(CO)2Cl]+Cl- (1+Cl-). DFT calculations used the 
B3LYP functional and the def2TZVP basis set. Hydrogen atoms are not shown for 
clarity.  
 
Table 3.6. A comparison of selected metal–ligand distances from the experimental single 
crystal X-ray analysis and from the computationally optimized structure for [Ru(k3-{2,6-
(Ph2PNMe)2NC5H3})(CO)2Cl]+Cl- (1+Cl-). 
 

Bond Experiment (Ǻ) Computed (def2TZVP) (Ǻ) 

Ru-Npy 2.092 2.13276 

Ru-P 2.329, 2.406 2.38705, 2.38707 

Ru-CO (trans Cl) 1.890 1.88771 

Ru-CO (trans py) 1.913 1.90811 

Ru-Cl 2.404 2.45344 
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Figure 3.11. A ball and stick structural representation for the computationally optimized 
product from single electron reduction of 1+, [Ru(k3-{2,6-(Ph2PNMe)2NC5H3})(CO)2Cl],  
A. DFT calculations used the B3LYP functional and the def2TZVP basis set. Hydrogen 
atoms are not shown for clarity.  
 

Figure 3.12. A ball and stick structural representation for the computationally optimized 
[Ru(k3-{2,6-(Ph2PNMe)2NC5H3})(CO)2],  Ru0. DFT calculations used the B3LYP 
functional and the def2TZVP basis set. Hydrogen atoms are not shown for clarity. During 
the optimization, the Cl- spontaneously dissociated from the complex to yield five-
coordinate, distorted square-base pyramidal [Ru(k3-{2,6-(Ph2PNMe)2NC5H3})(CO)2] 
(Ru0) as shown. 
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Figure 3.13. A ball and stick structural representation for the computationally optimized 
[Ru(k3-{2,6-(Ph2PNMe)2NC5H3})(CO)2H]+, RuH, obtained from protonation of Ru0. 
DFT calculations used the B3LYP functional and the def2TZVP basis set. Hydrogen 
atoms are not shown for clarity.  
 
 

 
 
Figure 3.14. A ball and stick structural representation for the computationally optimized 
metallaformic acid proposed complex [Ru(k3-{2,6-(Ph2PNMe)2NC5H3})(CO)2(COOH)]+  
RuCOOH. This complex arises from the insertion of CO2 into M-H complex, RuH. DFT 
calculations used the B3LYP functional and the def2TZVP basis set. Hydrogen atoms are 
not shown for clarity.  
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Figure 3.15. Representation of the HOMO (isovalue 0.05) for the computationally 
optimized [Ru(k3-{2,6-(Ph2PNMe)2NC5H3})(CO)2],  Ru0. DFT calculations used the 
B3LYP functional and the def2TZVP basis set. Hydrogen atoms are not shown, and the 
structure is represented in tube form for clarity.  
 

The rate of formation of formic acid from the proposed mechanism is given by eqn 1: 

 

𝒅[𝑯𝑪𝑶𝑶𝑯]
𝒅𝒕

= 	𝒌𝟑[𝑹𝒖𝑪𝑶𝑶𝑯][𝑷𝑺H]	    (1) 

 

The electron transfer cycle provides the electrons for the catalysis cycle through the 

formation of [PS-] as shown in Figure 3.8.  

 A key step in every photocatalytic process is quenching and electron transfer 

involving the excited PS. The quenching of Ru(bpy)32+ was examined using the two 

catalysts 1+Cl- and 2+Cl-. The spectra of these quenching experiments for both catalysts 

are shown below in Figure 3.16.and 3.17. Since the electron transfer cycle is initiated with 

light absorption by PS (Ru(bpy)32+) the quenching of the excited state PS* was examined. 

The known quenching by TEOA was confirmed (as was shown before in Chapter 1). 
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Similarly we determined that both complexes 1+Cl- and 2+Cl- were actually even more 

effective (≈10x) at quenching the PS* excited state (Figures 3.18) but this is most likely a 

loss channel for the photocatalytic system.33 

	

Figure 3.16.  Emission-spectra from the quenching experiments with complex (1+Cl-). 

Figure 3.17.  Emission-spectra from the quenching experiments with complex (2+Cl-).	
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Figure 3.18. Stern-Volmer plot for quenching of the emission of the photosensitizer 
Ru(bpy)3(PF6)2 with various concentrations of complex 1+Cl- (black) and complex 2+Cl- 
(red).	
 

Using the electron transfer cycle in Figure 3.8 and the catalytic cycle in Figure 3.9 

the reaction rate could be modeled. Our model for the electron transfer cycle (Figure 3.8) 

includes PS and quenching from both the ED (TEOA) and the Ru starting materials 1+Cl- 

and 2+Cl- (CAT). The source of electrons for the catalytic cycle is represented by the 

reduced photosensitzer, [PS-] and given by eqn 2 where the rate constants are defined in 

the scheme (Figure 3.8).12,30 The interplay of the electron transfer and catalysis cycles is 

clearly demonstrated with eqn 1 and 2.  

Based on the electron transfer cycle shown in Figure 3.8 and using the steady state 

approximation, the rates of change in [PS] and [PS*] are given by: 
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j[g�]
j`

= 	−𝐼 � + 𝑘U[𝑃𝑆∗] + 𝛽𝑘�[𝑇𝐸𝑂𝐴]𝑃𝑆∗] + 𝛾𝑘�"[𝐶𝐴𝑇][𝑃𝑆∗] 	+	∑ 𝑘�[𝐶𝐴𝑇]�� [𝑃𝑆H] +

	𝑘*[𝑃𝑆H] 	= 	0		             (3.1) 

j[g�∗]
j`

= 	 𝐼 � − 𝑘U[𝑃𝑆∗] − (𝛼 + 𝛽)𝑘�[𝑇𝐸𝑂𝐴]𝑃𝑆∗] − 𝛾𝑘�"[𝐶𝐴𝑇][𝑃𝑆∗] 	= 	0	     (3.2) 

Combining (3.1) and (3.2) yields 

(𝛼)𝑘�[𝑇𝐸𝑂𝐴][𝑃𝑆∗] +	∑ 𝑘�[𝐶𝐴𝑇]�� [𝑃𝑆H] +	𝑘*[𝑃𝑆H] 	= 	0	    

and  

( )¡¢[F£¤C]
∑ ¡¥[¦CF]¥¥ §	¡¨

[𝑃𝑆∗] = 	 [𝑃𝑆H]                   (3.3) 

From (3.2)	 

D©ª
¡«§ ¡¢[F£¤C]§¬¡¢"[¦CF]

		= 	 [𝑃𝑆∗]		           (3.4) 

Combining 3.3 and 3.4 gives: 

[𝐏𝐒H] 	= 	
¯°¢[±²³´]µ©¶

(°«·¯°¢[±²³´]·¸°¢" [¹´±]	

°¨·	∑ °¥[¹´±]¥¥
     (2) 

According to the Catalysis Cycle shown in the proposed mechanism (Figure 3.9), 

contribution of the electron transfer from PS- (i.e. [Ru(bpy)3]+) to the catalyst is expressed 

as equation (3.5): 

∑ 𝑘�[𝐶𝐴𝑇]�� = 𝑘K[𝑹𝒖𝑪𝑶𝑶𝑯] + 𝑘V[𝑹𝒖§]	                      (3.5) 

Using the steady state approximation for the [Ru+]: 

∑ 𝑘�[𝐶𝐴𝑇]�� = 𝑘K[𝑅𝑢𝐶𝑂𝑂𝐻] +	
¡½
¡¾
[𝑅𝑢𝐶𝑂𝑂𝐻]	   

Using the proposed mechanism, the rate of formation of product formic acid is given by: 

j[¿¦¤¤¿]
j`

= 	𝑘K[𝑅𝑢𝐶𝑂𝑂𝐻][𝑃𝑆H]	                         (3.6) 

Which is the same as eqn 1 shown above.  

When combined with 3.5, this can be expressed by: 
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=		 𝑘K[𝑅𝑢𝐶𝑂𝑂𝐻](

 ¡¢[F£¤C]D©¶
(¡«§ ¡¢[F£¤C]§¬¡¢" [¦CF]	

°¨·(°½·
°½
°¾
)[Ài¦¤¤¿]

 

Rearrangement of this give the following expression for the rate of formic acid formation: 

j[¿¦¤¤¿]
j`

= 	𝑘K

¯°¢[±²³´]µ©¶
(°«·¯°¢[±²³´]·¸°¢" [¹´±]	

[ÁÂ¹³³Ã]

°¨·(°½·
°½
°¾
)[ÁÂ¹³³Ã]

                     (3.7) 

The concentration of [RuCOOH] will be related to the initial concentration of complex 

1+Cl- by [RuCOOH] = w [1+Cl-]initial. w  is a proportionality constant.  

Collecting the term, equation 3.7 can be more simply written as  

	j[¿¦¤¤¿]
j`

= 		 Ä[Ài¦¤¤¿]
Å§h[Ài¦¤¤¿]

     (3) 

With the following definitions: 

𝑎 = 	𝑘K
𝛼𝑘�[𝑇𝐸𝑂𝐴]𝐼 _

(𝑘 + 𝛼𝑘�[𝑇𝐸𝑂𝐴] + 𝛾𝑘�" [𝐶𝐴𝑇]	
 

𝑏 = 	𝑘Å 

𝑐 = 	𝑘K +	
𝑘K
𝑘V	

 

A graph for the rate of formic acid formation vs. µmol 1+ is presented in Figure 

3.19 along with the curve fitting results using equation 3 with parameter values of a = 

2.8x10-3, b = 0.068, and c = 2.8x10-3. The proposed model reproduces the experimental 

observations.  
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Figure 3.19.   A plot of reaction rate for the formation of formic acid versus concentration 
of catalyst [Ru(k3-{2,6-(Ph2PNMe)2NC5H3})(CO)2Cl]+Cl- (1+Cl-) (red points) with 
constant 1mM PS. The black curve represents the fitted values using the model described 
in the text.  
	

As expected, the catalyst reaction rates increase as the [cat] is increased but this 

increase is limited as the electron supply becomes rate determining. With low 

concentrations of 1+, it is possible for the catalyst to accept two electrons smoothly from 

the PS-. In this region the electron transfer cycle experiences less loss due to quenching by 

[CAT] and can operate at a sufficient rate to supply electrons to the catalysis cycle. On the 

other hand, in the high concentration regime, the electron transfer cycle cannot supply 

sufficient [PS-] to the ruthenium catalyst and accordingly a more significant portion 1+ 

remains unreacted and the catalysis cycle is less efficient. 
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3.4. Electrocatalytic CO2 Reduction Results 

In order to investigate more about the catalytic behavior of the catalysts, the 

electrochemistry has been also obtained. The electrochemical experiments were carried out 

in a single compartment cell wrapped with aluminum foil using a VersaSTAT 3 (Princeton 

Applied Research) potentiostat. Samples were prepared in a glovebox, sealed, removed 

from the glovebox and connected to a Schlenk line and maintained under a nitrogen 

atmosphere. A conventional three electrode system was employed consisting of a glassy 

carbon working electrode (diameter = 0.3 cm), a Pt wire as the auxiliary electrode, and an 

Ag wire as a pseudo-reference electrode. Ferrocene was added as a reference compound 

and potentials were referred to the redox potential of ferrocene (Fc)/ferrocenium ion (Fc+) 

as an internal standard. Dried acetonitrile was purchased from Sigma Aldrich and stored 

on molecular sieves in glove-box. Tetrabutylammoniumhexafluorophosphate, [(n-

Bu)4N]PF6 (TBAHFP), the supporting electrolyte, was crystallized two times with 

methanol, dried in vacuum at 90 °C for 24 h before use and stored in a glovebox. The 

electrolyte solution, 0.1 M [(n-Bu)4N]PF6 in CH3CN, was saturated with N2 by purging 

with N2 for 10 min prior to each experiment. The typical concentration of catalyst was 1 

mM (15 mL acetonitrile) in each experiment. The cyclic voltammetry studies were also 

performed under CO2 atmosphere and in the presence of the proton source such as H2O. 

The following figures give the electrocatalytic behavior of the two Ru catalysts.  

The cyclic voltammetry of 1+Cl-	complex that was obtained showed two reduction 

peaks. The first reduction was observed at -1.64 V under N2 as presented in Figure 3.20 

and the second reduction at -2.70 V versus Fc/Fc+. Carrying out this same measurement 

with a solution saturated with an atmosphere of CO2 produced an enhancement of the 

reduction current indicating to an electrocatalytic CO2 reduction as shown in Figure 3.21.  
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In addition, the same behavior of the enhancement of the current was also observed with 

the addition and presence of H2O as shown in Figure 3.22. Moreover, the cyclic 

voltammetry of 2+Cl-	complex under N2 displayed two irreversible reduction peaks at -1.52 

V and -1.78 V versus Fc/Fc+ (as shown in Figure 3.23). Carrying out this same 

measurement under CO2 atmosphere, a large enhancement of the reduction current was 

appeared indicating an electrocatalytic CO2 reduction as shown in Figure 3.24. This 

enhancement disappeared with the addition of H2O as shown in Figure 3.25. Bulk 

electrolysis should be done in order to understand more about the catalytic behavior of 

these catalysts and to figure out the products of this electrocatalytic CO2 reduction. This 

bulk electrolysis experiment could be carried out in the same condition using the 

acetonitrile solvent and the supporting electrolyte ((n-Bu)4NPF6). 

 

Figure 3.20. Cyclic voltammogram of 1.0 mM [Ru(k3-{2,6-
(Ph2PNMe)2NC5H3})(CO)2Cl]+Cl- (1+Cl-) under N2 in CH3CN with 0.1 M (n-Bu)4NPF6 
supporting electrolyte at 50 mV/s.  
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Figure 3.21. Cyclic voltammograms of Ru(PN3P-Me)(CO)2Cl (1+Cl-) under N2 (black), 
and CO2 (red) in CH3CN with 0.1M (n-Bu)4NPF6 supporting electrolyte at 100 mV/s.  

	

	

Figure 3.22. Cyclic voltammograms of Ru(PN3P-Me)(CO)2Cl (1+Cl-) under N2 (black), 
CO2 (red) and CO2/Water (blue) in CH3CN with 0.1M (n-Bu)4NPF6 supporting electrolyte 
at 100 mV/s.  
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Figure 3.23. Cyclic voltammograms of Ru(PN3P-H)(CO)2Cl (2) under N2 (blue) in 
CH3CN with 0.1M (n-Bu)4NPF6 supporting electrolyte at 100 mV/s.  

	

	

Figure 3.24. Cyclic voltammograms of Ru(PN3P-H)(CO)2Cl (2) under N2 (blue) and CO2 
(red)  in CH3CN with 0.1M (n-Bu)4NPF6 supporting electrolyte at 100 mV/s.  
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Figure 3.25. Cyclic voltammograms of Ru(PN3P-H)(CO)2Cl (2) under N2 (blue), CO2 
(red) and CO2/Water (green) in CH3CN with 0.1M (n-Bu)4NPF6 supporting electrolyte at 
100 mV/s.  

3.5. Conclusion 

After more than 30 years since the first reports of photocatalytic CO2 reduction 

using Ru complexes,7–9 we have now demonstrated effective catalytic photoreduction 

using an unprecedented molecular architecture for a Ru metal catalyst. These newly 

prepared pincer complexes have been documented as competent catalysts for the 

conversion of CO2 to formic acid with high selectivities. Furthermore, they displayed 

competitive formic acid turnover numbers, as high as 11,600, and quantum yields in the 

range of 4-12%. Our proposed mechanism, combining an electron transfer cycle with a 

catalytic cycle successfully modeled the experimental rate of formic acid production. These 

findings will stimulate new efforts in the design and construction of more effective metal 

complexes in this field. Our ongoing efforts are exploring ligand tuning, and variations to 

solvent, electron donor and photosensitizer in an effort to increase selectivity and discover 

improved photocatalysts.  
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3.6. Future Directions 

 In order to investigate more and explore new catalyst systems, the PN-R bidentate 

ligands with the two different substations (R = H and Me) were also synthesized with the 

Ru metal and characterized. Both Ru-PN-H and Ru-PN-Me were examined for the 

electrocatalytic and photocatalytic CO2 reduction. The Ru-PN-Me show less activity than 

the Ru-PNP-Me tridentate complexes. More experiments should be done for this 

exploration of Ru-PN-H and Ru-PN-Me. 

 The direct synthesis of these complexes is shown in Figure 3.26 that is the direct 

addition of diphenylphosphino-2-amino-pyridine to [Ru(CO)3Cl2]2  in toluene followed by 

heating to 100 °C under N2 for 16h led to the new cationic Ru complex [Ru{k2-2-

(Ph2PNMe)NC5H4}(CO)2(Cl)2] (3) as a colorless solid with a yield of 85%. Replacing the 

starting ligand with diphenylphosphino-2-diamino-pyridine and following a similar 

procedure produced the analogous complex, [Ru{k2-2-(Ph2PNH)NC5H4}(CO)2(Cl)2](4) 

with a yield of 95%. Spectroscopic data and a single crystal x-ray analysis of 3 definitively 

confirmed the identity of this species.  

 

Figure 3.26. The reaction scheme for the preparation of complexes 3 and 4. 
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The photocatalytic results for the photocatalytic CO2 reduction are shown in Table 

3.7, and the best result was with DMF and TEOA. The Ru-PN-Me and Ru-PN-H 

complexes worked very well towards the photocatalytic CO2 reduction, but they are not 

selective like the Ru-PNP-Me and Ru-PNP-Me.  In the photocatalytic CO2 reduction, more 

experiments should be done for these bi-dentate complexes in order to investigate more 

about the mechanism.   

Table 3.7. The photocatalytic results for Ru-PN-Me (3) and Ru-PN-H (4). 

 
Catalyst 

(mM) 
PS 

(mM) 
Solvent Electron 

Donors 
H2 

(µmol) 

CO 

(µmol) 

HCOOH 
(µmol) 

3 (1) 1 DMF TEOA 35 14 234 

3 (1) 1 DMF NEt3 - - - 

3 (1) 1 DMF BNAH - - - 

3 (1) 1 CH3CN TEOA 31 11 67 

3 (1) 1 CH3CN NEt3 - - - 

3 (1) 1 CH3CN BNAH - - - 

4 (1) 1 DMF TEOA 26 18 323 

4 (1) 1 DMF NEt3 - - - 

4 (1) 1 DMF BNAH - - - 

4 (1) 1 CH3CN TEOA 11 12 143 

4 (1) 1 CH3CN NEt3 - - - 

4 (1) 1 CH3CN BNAH - - - 
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Chapter 4: Photocatalytic Reduction of CO2 to formic acid with an Unconventional 

Zn(II) Catalyst 

The work in this chapter formed a significant component, and the manuscript is in 

the perpetration to be published soon: 

(Y. Hameed, G. Rao, A. Sharif, B. Gabidullin, and D. S Richeson, 2019) 

In this chapter, three divalent Zn(II)  complexes have been successfully 

synthesized, characterized and examined towards CO2 reduction. These novel and 

unprecedented Zn(II)  complexes show a novel ability for the photocatalytic CO2 reduction. 

This project was conceptualized by Y. Hameed and D. Richeson. The major contribution 

to the synthesis and characterization of the complexes and the catalytic behavior of the 

complexes were done by Y. Hameed. G. Rao and A. Sharif helped with initial 

investigations of the Zn(II)  complex [Zn(bpy)(Br)2]. The crystallography was carried out 

by B. Gabidullin., and the DFT calculations of these complexes were carried out by D. 

Richeson. 

4.1. Introduction 

Society is currently facing momentous challenges from the increasing emissions of 

greenhouse gases and depleting resources for C1 feedstocks. Due to these pressures, there 

is increasing drive to discover chemical transformations of CO2. This ubiquitous and 

thermodynamically stable species requires catalysts to activate it for reactions and chemical 

reduction. Reduction of CO2 into valuable compounds provides new opportunities for use 

of this common oxidation product. Photocatalytic routes are particularly interesting as well 

as fundamentally appealing because one can envision using the limitless and sustainable 

supply of sunlight as the energy source to power these transformations. 
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A broad assortment of homogeneous transition-metal complexes (e.g., Mn-, Fe-, 

Co-, Ni-, Cu-, Ru-, and Re-based complexes), have been explored for catalyzing 

photoreduction of CO2 under both electrochemical and photochemical conditions.1–6 Both 

from a sustainability point and due to the low toxicity of first row transition metals, catalyst 

built on these metal centers are critical.  

Among the 3d metals, perhaps not surprising, Zn is nearly absent from the metals 

that have been used for CO2 reduction. This is likely because Zn is normally not viewed as 

a redox active center. However, Zn does have some important documented roles in 

catalyzed reactions. For example, Zn has an key role in the catalytic preparation of 

polycarbonates and cyclic carbonates.78 These reactions involves the capture of CO2 and 

rely on the Lewis acidity of Zn(II). Zinc bromide was used as a catalyst in a recently 

reported conversion of CO2 to CO with the parallel oxidation of phosphine.9 Complexes of 

Zn have been used to catalyze hydrogenation and hydrosilylations. In these reduction 

reactions rely on the formation and reactivity of a Zn-H moiety as a key step of the 

mechanism.10  

Related and more pertinent to our goals is the  hydrosilylation of CO2 using [tris(2-

pyridylthio)methyl]zinc hydride, [κ3-Tptm]ZnH, A (Scheme 4.1).11 This catalyst is capable 

of performing hydrosilylation of aldehydes, ketones, and carbon dioxide. Specifically, 

[κ3‑Tptm]ZnH (A) catalyzes the formation of triethoxysilyl formate via hydrosilylation of 

carbon dioxide with triethoxysilane.11 

Scheme 4.1. The reported Zn catalysts for the reduction of CO2. 
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There are only two reports of electrocatalysis for CO2 reduction using Zn(II). A 

heterogenized Zn porphyrin complex D that had been deposited on a carbon fiber and 

subsequently used for electrocatalytic reduction in a mixed H2O:DMF solvent.12   The Zn 

cation is reported to be crucial for activity, however, it appeard that the oxidation state of 

the metal remains fixed throughout the catalytic cycle. The authors argue that the reactivity 

of the noninnocent redox-active ligands can, reversibly store reducing equivalents and 

facilitate catalytic conversion of CO2. 

The other electrochemical reduction involved pyridylphosphine ligated Zn(II) 

centers. The two related complexes B and C were reported but only compound B was active 

in electrocatalytic reduction of CO2.13 Cyclic voltammetry of this complex under Ar 

showed an irreversible one-electron reduction at −2.03 V vs Fc+/Fc. Current enhancement 

of this reduction was observed when the CV was repeated under a CO2 atmosphere, 

indicating electrocatalysis. When electrolysis was carried out with B under CO2 and an 

applied potential of -1.8V (vs Fc+/Fc), CO formation was observed. However, no 

quantification of this reduction was reported. A proposed mechanism suggested that the 

free phosphorus centers participated in a nucleophilic attack at the carbon of CO2, forming 

an adduct, with the Zn-atom behaving solely as a Lewis acid.  The greater rigidity and less 

flexible chelating ligand for C was suggested to hinder CO2 access to the lone pair of the 

phosphorus atom and given as the reason that this complex did not react with CO2. 

Importantly, there are no reports of Zn as a center for photocatalysis.5 This 

prompted our initial consideration of investigating the potential of using Zn in this regard. 

Furthermore, when selecting the ligand scaffold to support this target, the polypyridyl 

scaffold was selected due to its prevalence in the field, its ability to directly participate in 
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electron transfer (as a reservoir), and the fact that there are established Zn complexes of 

bpy-type ligands.  

Our first targets for investigating the potential of Zn complexes for photocatalytic 

CO2 reduction were the a-diimine species shown in Scheme 4.2. These species represented 

relatively straightforward targets with complex 1 representing a more conventional bpy 

complex and complexes 2 and 3 displaying modified p-frameworks. As expected, the direct 

reaction of ZnBr2 with a stoichiometric quantity of the appropriate diimine ligand produced 

these new complexes in 76-78% yield. These complexes were not particularly soluble in 

most organic solvents, requiring polar solvents (e.g. CH2Cl2 or DMF) for isolation and 

purification. In addition, solution NMR spectroscopy required use of DMSO-d6. Both 1H 

and 13C NMR spectra were consistent with the symmetrical structures anticipated for 

complexes 1-3. We were fortunate to obtain single crystals of 1 and definitive structural 

confirmation was provided by single crystal x-ray analysis of this complex. The results are 

shown in Figure 4.1 which established complex 1 as the anticipated tetrahedral Zn(II) 

dibromide species with a bidentate bpy ligand. The bond distances and angles were 

unremarkable. 

	
Scheme 4.2. Complexes synthesized and employed in photocatalytic CO2 reduction 
[Zn(k2-Me2bpy)Br2] 1 [Zn(k2-phendione)Br2] 2, [Zn(k2-dppz)Br2] 3. 
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4.2. Experimental Details 

4.2.1. Synthetic methods and Characterization 

Synthesis of 5,5′-dimethyl-2,2′-bipyridine-dibromide zinc complex [Zn(k2-

Me2bpy)Br2] 1: In a glove box, a solution of ligand 5,5′-dimethyl-2,2′-bipyridine (0.552 

g, 3 mmol) was prepared in 10 mL of toluene. Then, ZnBr2 (0.675 g, 3 mmol) was added 

to the solution of ligand. The reaction mixture was allowed to stir at room temperature for 

overnight (16h). The white product was formed, and 10 mL hexane was added. The 

precipitate was filtered off and washed with hexane to give the zinc complex. Single 

crystals of this complex were grown by slow diffusion of hexane into the solution of 

complex made in dichloromethane. Yield 0.959 g (78%); 1H NMR (300 MHz, DMSO-d6, 

25°C): δ = 2.34 (s, 6H, CH3), 8.03 (d, 2H), 8.27 (s, 2H), 8.45 (d, 2H). 13C NMR (75 MHz, 

DMSO-d6, 25 ºC): δ = 18.40, 122.1, 137.2, 141.9, 146.7, 148.4.  

	

Synthesis of 1,10-Phenanthroline-5,6-dione-dibromide zinc complex [Zn(k2-

phendione)(Br)2] (2): In a round bottom flask, a solution of phendione ligand (0.210 g, 1 

mmol) was prepared in 30 mL of ethanol, and zinc bromide ZnBr2 (0.225 g, 1 mmol) was 

dissolved in 30 mL of ethanol and added to the solution of the ligand in the flask and 

capped. The reaction mixture was heated to 40 oC and stirred for a period of 20 hours. The 

resulting fine yellow powder is collected by suction filtration and washed with ethanol and 

ether, Crystals of this complex were grown by slow diffusion of acetone into the solution 

of complex made in dimethylformamide. Yield 0.33 g (76%); 1H NMR (300 MHz, DMSO-

d6, 25°C): δ = 7.88 (d, 2H, CH3), 8.61 (d, 2H), 8.89 (dd, 2H). 13C NMR (75 MHz, DMSO-

d6, 25 ºC): δ = 175.9, 152.5, 151.1, 138.2, 130.7, 127.7. 
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 Synthesis of 1,12-Dimethyldipyrido[3,2-a:2',3'-c]phenazine-dibromide zinc 

complex [Zn(k2-dppz)(Br)2] (3): In a round bottom flask, a solution of dppz ligand 

(0.310g, 1mmol) was prepared in 30 mL of ethanol, and zinc bromide ZnBr2 (0.225 g, 1 

mmol) was dissolved in 30 mL of ethanol and added to the solution of the ligand in the 

flask and capped. The reaction mixture was heated to 40 oC and stirred for a period of 20 

hours. The resulting fine light-yellow powder is collected by suction filtration and washed 

with ethanol and ether. Crystals of this complex were grown by slow diffusion of acetone 

into the solution of complex made in dimethylformamide. Yield 0.41 g (77%); 1H NMR 

(300 MHz, DMSO-d6, 25°C): δ = 2.57 (s, 6H), 8.16 (m, 4H), 9.09 (dd, 2H), 9.67 (2H, d). 

13C NMR (75 MHz, DMSO-d6, 25 ºC): δ = 153.2, 150.9, 141.6, 134.5, 132.3, 129.2, 127.7, 

127.1, 125.0, 122.8.  

4.2.2. X-ray Analysis  

There were more details about the X-ray analysis described in section 1.7.6 of the 

introduction chapter (Chapter 1). Single crystals of this complex 1 were grown by slow 

diffusion of hexane into the solution of complex made in dichloromethane. The structural 

features of 1 were determined by single crystal X-ray analysis as shown in Figure 4.2.  

Figure 4.1. Structural representation for the compound [Zn(k2-Me2bpy)Br2] 1 obtained 
from X-ray analysis. Hydrogen atoms are omitted for clarity.  
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4.2.3. UV Spectra 

The compounds are colorless, so they cannot function as visible light photocatalysts 

in the absence of photosensitizer. As shown in Figure 4.2, the UV-via spectra of the 

catalysts were obtained in CH3CN, and they just show the ligand absorption that is below 

400 nm. 

	
Figure 4.2. UV spectrum of the both complexes Zn-phendione-Br2 (2) and Zn-dppz-Br2 
(3). 
 
4.2.4. Photocatalytic Experiments 

  The photoreaction procedure for these experiments is described in section 1.7.1 of 

the introduction chapter (Chapter 1). 

4.3. Photocatalytic CO2 Reduction 

With complexes 1-3 in hand, an exploration of the photocatalytic ability of these 

Zn a-diimine complexes was initiated. The general mechanism for photoreduction 

involves excitation by photon absorption, electron transfer to a metal-centered catalyst, 

which can react with either protons or CO2 to begin the catalytic cycle. Photon absorption 

can occur directly to the catalyst species but more commonly a photosensitizer is required. 

Complexes 1-3 are white or very slightly colored which indicates that they do not strongly 
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absorb visible light. As a result, we chose to use Ru(bpy)32+ as the photosensitizer (PS). 

Dimethylacetamide (DMA) was selected as the reaction solvent due to its ability to 

solubilize these compounds and its stability. Importantly, DMA is useful as a solvent for 

CO2 reduction because it does not yield formate in the event of hydrolysis.14  Reaction 

mixtures were prepared with equimolar (1000µmol) PS and one of the Zn species 1-3 along 

with TEOA as the electron donor (ED) and the atmosphere over these solutions was 

exchanged for CO2. The mixtures were subjected to irradiation with a blue LED (l = 405 

nm, 3.4x10-8moles photons s-1) for 24 hours. After irradiation, the reaction headspace was 

examined by GC and H2 was the only gas phase produce that was observed. Solution NMR 

analysis confirmed formation of formic acid as the only product obtained (Figures 4.3-4.5). 

The following figures show the NMR spectra after carrying out the photolysis under either 

an N2 or CO2 atmosphere. They provide clear documentation for the formation of formic 

acid from CO2. 

	
Figure 4.3. 1H NMR spectra for the formyl HOOC-H proton of formic acid obtained from 
photocatalytic reduction of CO2 using catalyst 1 (top, red). For comparison, an analogous 
reaction carried out in an N2 atmosphere in the absence of CO2 is shown (bottom, blue).  
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Figure 4.4. 1H NMR spectra for the formyl HOOC-H proton of formic acid obtained from 
photocatalytic reduction of CO2 using catalyst 2 (top red). For comparison, an analogous 
reaction carried out in an N2 atmosphere in the absence of CO2 is shown (bottom, blue).  
	

	
Figure 4.5. 1H NMR spectra for the formyl HOOC-H proton of formic acid obtained from 
photocatalytic reduction of CO2 using catalyst 3 (top red). For comparison, an analogous 
reaction carried out in an N2 atmosphere in the absence of CO2 is shown (bottom, blue).  
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As part of the examination of the reaction conditions, the solvent was varied to 

include both dimethylformamide (DMF) and acetonitrile (MeCN), which are commonly 

used as solvents in CO2 reduction chemistry. Slightly lower TON’s were obtained with 

DMF (Table 4.1) and no formation of H2 or HCO2H was observed with MeCN. Several 

alternatives to TEOA as the electron donor were examined and trimethylamine (TEA),1-

benzyl-1,4-dihydronicotinamide (BNAH), sodium ascorbate, and ascorbic acid did not 

yield any indications of successful CO2 photoreduction with catalysts 1-3.  

Table 4.1. Photocatalytic experiments with [Zn(k2-Me2bpy)Br2] 1 , [Zn(k2-
phendione)(Br)2] 2   and [Zn(k2-dppz)(Br)2] 3. In DMA (4mL) with Ru(bpy)3(PF6)2 
(1mM) as photosensitizer (PS) and TEOA as the electon donor (ED) under a CO2 
atmosphere. Turn-over number (TON) = (moles of product)/(moles of catalyst). Irradiation 
with 405 nm light for 24 h. 

Complex  (mM) Solvent H2 
(µmol) 

TONH2 HCOOH 
(µmol) 

TONHCOOH 

[Zn(k2-Me2bpy)Br2]            1 DMA 35 8.75 119 29.75 
[Zn(k2-phendione)(Br)2]  2 DMA 8 2 80 20 
[Zn(k2-dppz)(Br)2]           3 DMA 19 4.75 146 36.5 
[Zn(k2-Me2bpy)Br2]            1 DMF 21 5.3 58 14.5 
[Zn(k2-phendione)(Br)2]  2 DMF 5 1.3 98 24.5 
[Zn(k2-dppz)(Br)2]          3 DMF 6 1.5 125 31.3 

 
		

Several control experiments were also carried out to establish the nature of these 

catalyst systems. For example, when an identical set of experimental conditions was 

employed with an atmosphere of N2 rather than CO2. While some H2 was observed, no CO2 

reduction products were observed as shown in Table 4.2. The necessity of catalysts 1-3 

was demonstrated by performing analogous irradiation experiments in the absence of the 

Zn complexes but in the presence of 1mM of the respective ligands (Table 4.3). No 

products of CO2 reduction and no H2 were observed.  
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Table 4.2. Photocatalytic experiments with [Zn(k2-Me2bpy)Br2] 1 , [Zn(k2-
phendione)(Br)2] 2   and [Zn(k2-dppz)(Br)2] 3. In DMA (4mL) with Ru(bpy)3(PF6)2 as 
photosensitizer (PS) and TEOA as the electon donor (ED) under an N2 atmosphere. Turn-
over number (TON) = (moles of product)/(moles of catalyst). Irradiation with 405 nm light 
for 24 h.  

Complex  (mM) Solvent Electron donor H2 (µmol) HCOOH (µmol) 
[Zn(k2-Me2bpy)Br2] 1 DMA TEOA 18 - 

[Zn(k2-phendione)(Br)2] 2 DMA TEOA 10 - 
[Zn(k2-dppz)(Br)2] 3 DMA TEOA 5 - 

	

Table 4.3. Photocatalytic experiments with ligand (1mM) in DMF (4mL) with 
Ru(bpy)3(PF6)2 as photosensitizer (PS) and TEOA as the electon donor (ED) under a CO2 
atmosphere. Irradiation with 405 nm light for 24 h. 

Ligand  Electron donor H2 (µmol) HCOOH (µmol) 
5,5’-Me2bpy TEOA - - 
phendione TEOA - - 

dppz TEOA - - 
	

Zn metal is known to be catalytically active for electrochemical CO2 reduction to 

CO,15 A common method to try to eliminate the possibility that metallic particles are the 

source of catalysis is a test using elemental Hg. To perform this test, a drop of Hg is added 

to the reaction mixture and the catalytic reaction is carried out. The Hg should react with 

metal particles and if they are the source of catalysis, should eliminate or reduce formation 

of the product. If metallic particles are not important for the reaction, there should be little 

or no effect on the product amount. The catalytic activity of these reactions was maintained 

as shown in Table 4.4 thus indicating that metallic Zn particles are not a likely source for 

our photocatalysis results. 

Table 4.4. Photocatalytic experiments with ligand (1mM) in DMA (4mL) with 
Ru(bpy)3(PF6)2 as photosensitizer (PS) and TEOA as the electron donor (ED) with drops 
of Hg under a CO2 atmosphere. Irradiation with 405 nm light for 24 h. 

Complex  (mM) Ru(bpy)3.2PF6 
(mM) 

H2 
(µmol) 

TONH2 HCOOH 
(µmol) 

TONHCOOH 

Zn-bpy-Br2 (1) 1 40 10 150 37.5 
Zn- phendione -Br2 (2) 1 14 3.25 119 29.75 

Zn-dppz-Br2 (3) 1 15 3.75 70 17.5 
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All of these experiments confirmed that these Zn catalysts are active towards the 

CO2 reduction, and they are able efficiently to reduce CO2 to HCOOH. The photocatalytic 

CO2 reduction ability of these catalysts were performed with different catalyst 

concentrations as shown in Table 4.5. Even though with the small concentrations of the 

catalysts, the catalysts are still active and able to reduce CO2 to HCOOH efficiently. 

Moreover, the turnover number is increased with the decrees of the catalyst as shown in 

Table 4.5. In addition, the rate of the reaction for these three catalysts did not change a lot 

with the different concentrations as presenting in the Table 4.5. 

Table 4.5. Photocatalytic experiments with varying concentrations of complexes [Zn(k2-
Me2bpy)Br2] 1 , [Zn(k2-phendione)(Br)2] 2   and [Zn(k2-dppz)(Br)2] 3. In DMA (4mL) 
with Ru(bpy)3(PF6)2 (1mM) as photosensitizer (PS) and TEOA as the electon donor (ED) 
under a CO2 atmosphere. Turn-over number (TON) = (moles of product)/(moles of 
catalyst). Irradiation with 405 nm light for 24 h. 

Catalyst (mM) H2 (µmol) TONH2 HCO2H (µmol) TONHCOOH Rate HCO2H 
formation 
(µmol/hr) 

1       
 0.1 15 37.5 119 298 5.0 
 0.2 26 32.5 171 214 7.1 
 0.5 26 13 166 83 6.9 
 1 35 8.75 112 28 4.7 
2       
 0.1 13 32.5 145 363 6.0 
 0.2 10 12.5 150 188 6.3 
 0.5 15 7.5 159 79.5 6.6 
 1 8 2 84 21 3.5 
3       
 0.1 13 32.5 133 333 5.5 
 0.2 20 25 170 213 7.1 
 0.5 19 9.5 116 58 4.8 
 1 19 4.75 146 36.5 6.1 
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4.4. The Photocatalytic Mechanism 

Two considerations were initially taken into account when proposing the 

mechanism for these catalytic reactions. First, the initial reduction of the complex was 

interrogated using DFT optimizations (B3LYP, def2TZVP). Second, the likelihood that a 

Zn-H should be one of the intermediates in the catalytic reaction. This second feature is 

based on the observations that: (i) literature reports for the formation of formic acid are 

dominated by a step involving CO2 insertion into a M-H function; (ii) the reported 

reduction of CO2 using catalyst A (Scheme 4.1); and (iii) observed H2 formation is likely 

due to protonation of a M-H moiety.  On this basis, a proposed mechanism for this 

photocatalytic process of the CO2 reduction is given in Scheme 4.3.  

		

Scheme 4.3. The proposed mechanism for the photocatalytic CO2 reduction process of 
these Zn(II) catalysts. 
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The first step of this mechanism is the reduction of the starting Zn complex 1. The 

electrons are delivered from the electron transfer cycle that involves the excited 

photosensitizer (PS*) and the electron donor, TEOA. This cycle was previously presented 

and discussed in Chapter 3, Section 3.3. This step was investigated by first carrying out a 

DFT optimization of the starting material using the B3LYP functional and the def2TZVP 

basis set. The results are shown in Figure 4.6 and a comparison of the computed and 

experimental structures is given in Table 4.6. The optimization was then repeated for the 

singly reduced species ZnL- with the resultant struchture shown in Figure 4.7 and 

parameters in Table 4.6.  The most notable structural changes that occurred during this 

reduction were a slight lengthening in the Zn-Br bonds and slightly shorter Zn-N distances. 

The symmetry of the complex did not change in any obvious way. As expected, the SOMO 

is bpy ligand centered	in	a	p*	orbital and is	represented in Figure 4.8.  The next step in the 

proposed mechanism is the replacement of a bromide group with a hydrogen to yield ZnH	

and the DFT optimized structure is depicted in Figure 4.9.	

Figure 4.6. A ball and stick structural representation for the computationally optimized 
[Zn(k2-2,2’-bpy)Br2 1. DFT calculations used the B3LYP functional and the def2TZVP 
basis set. Hydrogen atoms are not shown for clarity.  
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Table 4.6. Selected metrical parameters from the experimental single crystal X-ray 
analysis for [Zn(k2-2,2’-bpy)Br2] 1, the computationally optimized structure for 1, the 
optimized structure of the single electron reduction product, ZnL-,and optimized [Zn(k2-
dppz)Br2] 3. 
	

Compound Zn-Br Zn-N Br-Zn-Br Br-Zn-N 
experimental 1 2.3458(3) 2.0518(15) 117.457(17) 111.39(4) 

optimized 1 2.35989 2.15279 130.630 109.1  
ZnL- 2.42385 2.07858 117.723 113.273 

     
optimized 3 2.35708 2.16589 131.568 108.717 

 

Figure 4.7. A ball and stick structural representation for the computationally optimized 
anion complex [Zn(k2-2,2’-bpy)Br2]- , “ZnL-”. DFT calculations used the B3LYP 
functional and the def2TZVP basis set. Hydrogen atoms are not shown for clarity. 
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Figure 4.8. Representation of the SOMO (isovalue 0.05) for the computationally optimized 
anion complex [Zn(k2-2,2’-bpy)Br2]- , “ZnL-”. DFT calculations used the B3LYP 
functional and the def2TZVP basis set. Hydrogen atoms are not shown for clarity. 

Figure 4.9. A ball and stick structural representation for the computationally optimized 
hydride complex [Zn(k2-2,2’-bpy)Br(H)]  “ZnH”. DFT calculations used the B3LYP 
functional and the def2TZVP basis set. Hydrogen atoms are not shown for clarity. 
 
 

The next two steps in the proposed cycle are the insertion of CO2 into the Zn-H 

moiety to yield a formate complex, [Zn(k2-2,2’-bpy)Br(OCHO)],  and the loss of formic 

acid to produce a cationic complex [Zn(k2-2,2’-bpy)Br]+. Both of these proposed species 

were successfully modeled by DFT (B3LYP, def2TZVP) with the resultant structures 
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depicted as Zn(form) and ZnBr in Figures 4.10 and 4.11 respectively. Support for these 

computed results requires additional evidence and future efforts will be targeted on 

synthesis and/or spectroscopic observation of these species.  

Finally, to complete the computational investigations, the proposed structure of 

[Zn(k2-dppz)Br2] 3 was performed. The structure that was obtained is shown in Figure 

4.12 and some selected structural parameters are given in Table 4.6. Not surprisingly, the 

structural parameters closely mirror those of the optimized structure 1. 	

Figure 4.10. A ball and stick structural representation for the computationally optimized 
hydride complex [Zn(k2-2,2’-bpy)Br(OCHO)], “Zn(form)”. DFT calculations used the 
B3LYP functional and the def2TZVP basis set. Hydrogen atoms are not shown for clarity. 
 

 
Figure 4.11. A ball and stick structural representation for the computationally optimized 
cation complex [Zn(k2-2,2’-bpy)Br]+ ZnBr. DFT calculations used the B3LYP functional 
and the def2TZVP basis set. Hydrogen atoms are not shown for clarity. 
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Figure 4.12. A ball and stick structural representation for the computationally optimized 
complex [Zn(k2-dppz)Br2] 3. DFT calculations used the B3LYP functional and the 
def2TZVP basis set. 	
	
 

4.5. Emission-Quenching Experiments 

The emission spectra for the three catalysts were obtained according to similar 

method that explained section 1.7.4 of Chapter 1 and the emission-spectra for the both 

electron donors TEOA and TEA were also obtained as shown in Chapter 1. The purpose 

of obtaining the quenching spectra here is to see if there are any possible mechanistic 

implications for these Zn catalysts. The results of these studies is shown in Figures 4.13-

4.15. It is quite clear that the Zn complexes 1-3 quench the excited Ru(bpy)32+. The 

implications of these results on the mechanism for CO2 reduction will be a component of 

the future study of this transformation.  
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Figure 4.13.  Emission-spectra from the quenching experiments with complex Zn-bpy-Br2 
(1). 
 

	
	
Figure 4.14.  Emission-spectra from the quenching experiments with complex Zn-
phendione-Br2 (2). 
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Figure 4.15.  Emission-spectra from the quenching experiments with complex Zn-dppz-
Br2 (3). 
	
4.6. The Electrocatalytic CO2 Reduction	

 Since the CO2 photoreduction and in particular the first step for the proposed 

mechanism involve electron transfer, the electrochemical and electrocatalytic behavior for 

these catalysts were also examined. The voltammetry studies were performed in CH3CN 

(10 mL) solvent containing the catalyst (1.0 mM) and tetrabutylammonium 

hexafluorophosphate as the supporting electrolyte (100 mM). The standard procedures 

used for these studies was described in Chapter 1. A standard three-electrode cell was used, 

with a 3-mm diameter glassy carbon working electrode, a platinum wire counter electrode, 

and an Ag/AgCl coupled reference electrode. All potentials were referred to the redox 

potential of ferrocene (Fc)/ferrocenium ion (Fc+) as an internal standard. The next figures 

present the results of cyclic voltammetry measurements for reduction of Zn complexes 1-

3 under N2 and CO2, atmospheres. Also included are results under a CO2 atmosphere with 

added H2O. 
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Figure 4.16. Cyclic voltammograms of Zn-bpy-Br2 (1) under N2 (blue) in CH3CN with 
0.1M (n-Bu)4NPF6 supporting electrolyte at 100 mV/s.   

	
	
Figure 4.17. Cyclic voltammograms of Zn-bpy-Br2 (1) under N2 (blue), CO2 (red) and 
Water (green) in CH3CN with 0.1M (n-Bu)4NPF6 supporting electrolyte at 100 mV/s. 

-80

-70

-60

-50

-40

-30

-20

-10

0

10

-3.5 -3 -2.5 -2 -1.5 -1 -0.5 0

C
ur

re
nt

 (μ
A

)

Potential (V vs. Fc/Fc+)

Zn-bpy-Br2 (1)

Zn-bpy-Br2

-600

-500

-400

-300

-200

-100

0

100

-2.5 -2 -1.5 -1 -0.5 0

C
ur

re
nt

 (μ
A

)

Potential (V vs. Fc/Fc+)

Zn-bpy-Br2 (1)

N2

CO2

CO2-H2O



	 133	

	
	
Figure 4.18. Cyclic voltammograms of Zn-phendione-Br2 (2) under N2 (blue) in CH3CN 
with 0.1M (n-Bu)4NPF6 supporting electrolyte at 100 mV/s.  
 

	
 

Figure 4.19. Cyclic voltammograms of Zn-phendione-Br2 (2) under N2 (blue), CO2 (red) 
and Water (green) in CH3CN with 0.1M (n-Bu)4NPF6 supporting electrolyte at 100 mV/s. 
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Figure 4.20. Cyclic voltammograms of Zn-dppz-Br2 (3) under N2 (blue) in CH3CN with 
0.1M (n-Bu)4NPF6 supporting electrolyte at 100 mV/s.  
	
	

	
 

Figure 4.21. Cyclic voltammograms of Zn-dppz-Br2 (3) under N2 (blue), CO2 (red) and 
Water (green) in CH3CN with 0.1M (n-Bu)4NPF6 supporting electrolyte at 100 mV/s. 
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Some general comments on the cyclic voltammetry data can be made. The most 

notable is that there was a substantial enhancement of the reduction current for the three 

Zn catalysts indicating an electrocatalytic process. This is to be expected given the 

photocatalytic results. A number of additional experiments are required to more carefully 

and completely uncover the catalytic behaviour that is indicated. For example, bulk 

electrolysis experiment needs to be done to help understanding more about this 

electrocatalytic behaviour.  

4.7. Conclusion and Future Work 

The complexes Zn-bpy-Br2, Zn-phendione-Br2, and Zn-dppz-Br2 are active for 

photocatalytic CO2 reduction. The performance parameters of these three species are 

similar. For the future work, more experiments should be done to investigate more about 

the mechanism of this photocatalytic cycle. In addition, the electrocatalytic ability should 

be more carefully investigated. 
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Chapter 5: Turning on the Formation of Formic Acid from CO2 with an Integrated 

Re Photocatalyst/Sensitizer 

The work in this chapter formed a significant component of the submitted 

publication: 

(Y. Hameed, B. Gabidullin, and D. S Richeson, Chem. Commun., 2019) 

In this chapter, the goal was to explore homogeneous group 7 CO2 reduction 

catalysts with a different ligand array. The reported group 7 catalysts are hugely dominated 

by the facial a-diimine metal (I) tricarbonyl species with a 2,2′-bipyridine ligand being the 

most prevalent. This project was conceptualized by Y. Hameed and D. Richeson. The 

major contribution to the synthesis and characterization of the complexes and the catalytic 

behavior of the complexes were done by Y. Hameed. The crystallography was carried out 

by B. Gabidullin., and the DFT calculations of these complexes were carried out by D. 

Richeson. 

5.1. Introduction 

The combination of addressing the issues of sustainable energy and the 

environmental concerns regarding emission of greenhouse gases provides a strong impetus 

to target the efficient chemical reduction of carbon dioxide. This fundamentally 

challenging goal, due to the chemical stability of CO2, requires a significant amount of 

energy to yield useful products. Photocatalysis is a particularly appealing approach to 

surmount these barriers since it employs light, a clean and unlimited resource, for this 

conversion of a waste by-product into a feedstock. In addition to CO, the common two-

electron product for CO2 reduction is formic acid, which is an important commodity 

chemical and a potential carrier of H2.1,2 Identification of catalysts that can convert energy 

input into chemical transformation is critical for success.3–5 A general photocatalytic 
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system has three core, integrated components that consist of a photosensitizer (PS), for 

collecting the photon energy, an electron donor (ED), that provides electrons for the 

reduction, and a catalyst (CAT) that is a site for the conversion of CO2.  

More than 30 years ago, the pioneering discovery that fac-Re(bpy)(CO)3X (bipy = 

2,2’-bipyridine, X = halide) complexes were photocatalysts for the selective reduction of 

CO2 to CO using triethanolamine (TEOA) as an electron donor established the ongoing 

exploration of related fac-[Re(a-diimmine)(CO)3X] catalysts and these complexes remain 

as touchstones for this field.6,78–1112 The central role of group 7 in this field continued with 

the report that the manganese analogue fac-[Mn(bpy)(CO)3Br] was, with a Ru(bpy)32+ 

photosensitizer, competent for photocatalytic CO2 reduction.13–16 The fac-Re(bpy)(CO)3X 

catalysts are particularly unique in their ability to function as amalgamated PS and CAT, 

thus allowing light absorption and catalysis in one species.17 6,18–22 These features drive the 

vigorous search for PS integrated catalysts yet realization remains rather limited. 17,23–25 

The expansion of ligand scaffolds have recently revealed Re(I) complexes with N-

heterocyclic carbene (NHC) ligands as combined photocatalyst/sensitizer for the reduction 

of CO2 to CO.26,27 and a Ru complex that functions as both PS and CAT.17 Interestingly 

other than this Ru complex all of the Re complexes give CO as the reduction product.  

With the objectives of discovering new environments for CO2 photoreduction 

catalysts, revealing new integrated photosensitizer/catalyst species and uncovering new 

reaction pathways for this transformation we targeted the preparation of the bis(bipyridine) 

Re carbonyl, [Re(bpy)2(CO)2]X, complex. We were encouraged to pursue these targets not 

only from the known catalytic abilities of [Re(bpy)(CO)3X] but also from the reported 

observation of the related proficiency of the mono- and bis(a-diimine) Ru species, 

cis,trans-Ru(NˆN)(CO)2Cl228–30 and cis-[Ru(NˆN)2(CO)2]2+ in catalysis.31–34  This report 
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provides the first documentation of this coordination environment as a capable catalyst for 

the photocatalytic reduction of CO2 to HCO2H as well as revealing an entirely new catalyst 

with integrated photosensitizer ability. 

5.2. Experimental Details 

5.2.1. Synthetic methods and Characterization 

Synthesis of cis-[Re(bpy)2(CO)2]+Otf- (1+Otf-) Complex 1 (according to the 

reported literature35) 

The cationic complex cis-[Re(CO)2(bpy)2](CF3SO3) was synthesized according to 

the literature from the fac-Re(bpy)(CO)3(CF3SO3) complex A.35  Complex A (1.895 g, 

3.294 mmol) was mixed with a large excess of bpy (≈ 2.055 g) with a magnetic stir bar in 

a Schlenk tube, which was capped with a septum and purged with N2. The reaction mixture 

was magnetically stirred and heated to melt for 4 h during which time a red solid appeared. 

The reaction mixture was cooled and then dissolved in CH2Cl2 and transferred from the 

tube to a round bottom flask to remove the solvent under the vacuum. Purification was 

achieved by column chromatography on acidic alumina with CH2Cl2/CH3CN mixtures. 

Yield: 1.526 g (83%). The 1H NMR, UV-visible IR spectra and FAB-MS matched with the 

reported complex.31 1H NMR (𝛿/ppm, CD3CN): 9.45 (d, 2H, J = 5.0 Hz), 8.48 (d, 2H, J = 

8.6 Hz), 8.40 (d, 2H, J = 8.6 Hz), 8.15 (dt, 2H, J = 1.5, 8.1 Hz), 8.02 (dt, 2H, J = 1.5, 8.1 

Hz), 7.63 (m, 2H), 7.41 (dd, 2H, J = 1.0, 5.5 Hz), 7.34 (m, 2H). UV-visible (𝜆 (nm), 

CH2Cl2) (𝜖	in M-1 cm-1): 288 (47400), 364 (6100), 400 (6590), 492 (5320), 564 (sh, 3660). 

IR (CH2Cl2) (𝜈(CO), cm-1): 1992, 1852. FAB-MS+: 555.08.35 13C -NMR (CD3CN): 𝛿 

117.3, 123.9, 124.8, 127.3, 128.1, 137.6, 139.5, 147.8, 155.8, 200.3. Elemental analysis 

calcd (%) for C23H16F3N4O5ReS C 39.26, H 2.29, N 7.96, found C 39.34, H 2.13, N 8.0. 
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5.2.2. X-ray Analysis 

The X-ray analysis procedure was described in section 1.7.6 of the introduction 

chapter (Chapter 1). The crystals of this complex cis-Re(CO)2(bipy)2+OTf-  were grown by 

slow diffusion of saturated CH2Cl2 solution in CH3CN. The structural features of cis-

Re(CO)2(bipy)2+OTf-  complex were determined by single crystal X-ray analysis as shown 

in Figure 5.1.  

5.2.3. Photocatalytic Experiments 

  The photoreaction procedure for these experiments is described in section 1.7.1 of 

the introduction chapter (Chapter 1). 

5.3. Result and Discussion 

A survey of the literature revealed that the targeted complex with X = OTf- had 

been reported.35 The preparation involved the unusual and severe conditions of using a melt 

of 2,2’-bipyridine as the solvent at T > 275°C. This reflects the stability of the fac-

[Re(bpy)(CO)3X] and consistent with the dominance of this structure in Re(I) chemistry. 

Our success with the synthesis of cis-[Re(bpy)2(CO)2]+OTf- (1+OTf-) in 83% yield was 

demonstrated through the spectroscopic features of our product and microanalysis. In 

particular, the 1H and 13C NMR spectra displayed the expected signals for the C2 symmetric 

structure. Although some fundamental physical characterization of cis-

[Re(bpy)2(CO)2]+OTf- (1+OTf-) was reported, no further reactivity was reported. 

We were fortunate to obtain crystals of cis-[Re(bpy)2(CO)2]+OTf- (1+OTf-) and to 

apply single crystal X-ray analysis to definitively confirm the metrical parameters of this 

complex with the results shown in Figure 5.1. As proposed, the cationic complex displayed 

a Re(I) center in a distorted octahedral geometry with the C2 symmetry of the cis ligand 

array and an uncoordinated triflate counter ion. The Re-C distances were identical at 
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1.883(5) Ǻ and two slightly different Re-N distances of 2.121(3) Ǻ (Re-N1, trans to N) 

and 2.165(3) Ǻ (Re-N12, trans to CO) were observed. The largest distortion from 

orthogonality of the angles around the Re center arise from the restricted bite angle of the 

bpy with the observed N-Re-N angle of 75.15(13)°. There is only one analogue of this 

complex that appears in the literature, the bis(1,10-phenanthroline) complex cis-

[Re(phen)2(CO)2]+OTf- and this species displayed very similar metrical features.35  

 
Figure 5.1. The synthetic methods used for preparation of cis-Re(CO)2(bipy)2+OTf- 1. 

	

  Before applying 1+OTf- as a photoreduction catalyst, some fundamental 

physical chemistry characterizations using cyclic voltammetry, DFT optimization 

and UV-vis electronic spectral characterization were carried out. Under reducing 

potentials we confirmed that 1+OTf- in acetonitrile exhibited reversible one electron 

reductions at E1/2 = -1.67 V and -1.90 V vs Fc/Fc+ (Figure 5.2).35 Both reduction 

peaks showed a linear dependence of peak current on the square root of the scan rate 

(ν1/2) thus indicating freely diffusing species (Figures 5.5-5.6). A nonreversible 

reduction at a more negative potential of -2.63 V was also observed.  
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Figure 5.2. The cyclic voltammagram under reducing potentials of cis-
Re(CO)2(bipy)2+OTf- (1.0 mM) under N2 in CH3CN with 
0.1Mtetrabutylammoniumhexafluorophosphate (TBAHFP) supporting electrolyte at a scan 
rate of 100 mV/s. reference to Fc/Fc+.  

 
The electrocatalysis measurements with variable scan rate and isolation of the 

individual reduction events under N2 was also performed. The first and second reduction 

waves were shown in Figure 5.3 and 5.4 with different scan rates, and all of these reduction 

peaks showed a linear dependence of peak current on the square root of the scan rate thus 

indicating freely diffusing species as shown in Figure 5.5 and 5.6.   
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Figure 5.3. Cyclic voltammograms of the first reduction for cis-Re(CO)2(bipy)2+OTf- (1.0 
mM) under N2 in CH3CN with 0.1M tetrabutylammonium hexafluorophosphate 
(TBAHFP) supporting electrolyte with different scan rates. 
 

 
 
Figure 5.4. Cyclic voltammograms for cis-Re(CO)2(bipy)2+OTf- (1.0 mM) under N2 in 
CH3CN with 0.1M tetrabutylammonium hexafluorophosphate (TBAHFP) supporting 
electrolyte with different scan rates. 
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Figure 5.5. Plot of scan rate1/2 versus current at first reduction peak at -1.94 V.  
 

 
 
Figure 5.6. Plot of scan rate1/2 versus current at second reduction peak at -2.15 V.  
  

0

20

40

60

80

100

120

0 10 20 30 40 50 60

C
ur

re
nt

 (µ
A

)

Scan rate 1/2 (mV/S)

0

50

100

150

200

250

300

350

400

450

0 10 20 30 40 50 60

C
ur

re
nt

 (µ
A

)

Scan rate 1/2 (mV/S)



	 146	

  DFT optimization (B3LYP functional and def2TZVP basis set) of the 

cationic complex 1+ yielded results consistent with the X-ray analysis (Figure 5.7, 

Table 5.1). A TD-DFT analysis using the integral equation formalism variant of the 

PCM model (IEFPCM) with CH2Cl2 as solvent confirmed MLCT (dp-p*) 

absorptions at visible wavelengths of 419, 439, 501, 503, and 544nm. Consistent 

with these calculations is the appearance of the visible portion (350nm-800nm) of 

the electronic spectrum of 1+OTf- in CH2Cl2, as shown in Figure 5.8.  The 1+OTf- 

has an excited state lifetime of 25ns which is similar to that of fac-

Re(bpy)(CO)3Cl.19,35 

Figure 5.7. A ball and stick structural representation for the computationally optimized 
[Re{k2-bpy}(CO)2]+ compound 1+. DFT calculations used the B3LYP functional and the 
def2TZVP basis set. Hydrogen atoms are not shown for clarity. Some carbon atoms have 
been removed for clarity.  

Table 5.1. A comparison of metal–ligand distances and angles from the experimental 
single crystal X-ray analysis and from the computationally optimized structures (1) and 
and the single electron reduction product [A) and the double reduction product (B).   

	
Bond/cmpd [Re{k2-bpy}(CO)2]+  

(1+) Exp[a] 
[Re{k2-bpy}(CO)2]+  
(1+) Computed 

Reduced	complex	
[Re{k2-bpy}(CO)2]	
Computed	

M-N trans CO 2.165(3) 2.215 2.2028 
M-N trans N 2.121(3) 

 
2.147 2.1319 

M-CO 1.883(5) 1.921 1.9156 
N-M-Npy 75.15(13 74.67 75.326 
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Figure 5.8. Uv-vis spectra in CH3CN for 1+OTf- (blue), Ru(bpy)3(PF6)2 (yellow), and for 
a solution containing both compounds (red).  
 
5.4. Photocatalytic CO2 Reduction 

  The first attempts at photocatalytic reduction of CO2 were carried out with 

4µmol of complex 1+OTf- in dimethylacetamide (DMA) without added 

photosensitizer using TEOA as the electron donor. Irradiation of this reaction 

mixture was carried out under an atmosphere of CO2 with visible light from an LED 

(405nm, 1050 mW at 700mA, 3.4 x 10-8 mol photons/sec) for 24 hr.  GC analysis of 

the reaction headspace revealed no gas phase product formation. The 1H NMR 

spectrum of the reaction solution disclosed that the only product was formic acid 

HCOOH, which was quantified by NMR analysis (Figure 5.9). These observations 

confirmed that the complex cis-Re(CO)2(bipy)2+OTf- was a photoredox catalyst for 

selective reduction of CO2 to formic acid. (Table 5.2, Table 5.3). Importantly, blank 

measurements demonstrated the need of the ED (TEOA) and that the unsensitised 

photocatalytic ability of Re(CO)2(bipy)2+OTf- was very poor in DMF and absent 

when CH3CN was used as solvent.   
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Table 5.2. Summary of results for the photocatalytic CO2 reduction with the Re complex 
1+OTf- in DMF DMA and CH3CN.  
Irradiation with 405 nm light conducted on solution under a CO2 atmosphere for 24 h. 
Electron donor used were triethanolamine (TEOA).  
 

Catalyst 
(µmol) 

Ru(bpy)32+ 

(µmol) 
Solvent e- 

donor 
H2 

(µmol) 
TON 
(H2) 

HCOOH 
(µmol) 

TON 
(HCOOH) 

4 - DMA TEOA - - 41 10.25 
4 4 DMA TEOA 6 1.5 208 52 
4 - DMF TEOA 3 0.75 3 0.75 
4 4 DMF TEOA 11 2.75 202 50 
4 - CH3CN TEOA -  -  
4 4 CH3CN TEOA 14 3.5 40 10 

 

Table 5.3. Comparison of the performance parameters for Re complexes that function as 
combined catalyst and photosensitizer. The top two entries are for the complexes reported 
in this chapter.  

CAT [conc.]  Solvent/ED PS [conc.] l 
(nm) 

Product TON 
(time) 

 
F% 

TOF 
(hr-1) 

[Re(bpy)2(CO)2]+ 

[1mM] 
DMA/TEOA - 405 HCO2H 10 

(24h) 
1.4 0.43  

[Re(bpy)2(CO)2]+ 

[0.1mM] 
DMA/TEOA Ru(bpy)32+ 

[1mM] 
405 HCO2H 428 

(24h) 
5.8 17.8 

Re(bpy)(CO)3Cl 
[0.87mM]6,18 
[0.5mM]19 

DMF/TEOA - 365 CO 
CO 

 

27 
(4h) 
15 

(25h) 

8.7 
16 

6.75 
0.60 

Re(dmb)(CO)3Cl36,(a) 
[0.05mM] 

DMF/TEOA/BN
AH 

- 365 CO 15 
(25h) 

- 0.60 

Re(dmb)(CO)3Cl36,(a) 
[0.05mM] 

DMF/TEOA/BN
AH 

Ru(dmb)32+ 

[0.05mM] 
480 CO 101 

(16h) 
6.2 6.3 

Re(Py-NHC-PhCF3)26,(b) 
[0.1mM] 

 

MeCN/TEA/BIH - 
Ir(ppy)3 

>300 CO 32 
(4h) 
51 

(4h) 

 8.0 
12.8 

Re(N,S-NHC)27,(b) 
[0.5mM] 

DMF/TEOA/BIH - ≥400 
≥ 480 

CO 
CO 

102 
(15h) 
153 

(15h) 

 6.8 
10.2 

[Re(k2-PN)(CO)3Br] 37,(c) 

[0.1mM] 
DMF/TEOA Ru(bpy)32+ 

[1mM] 
405 HCO2H 343 

(24h) 
4.7 14.3 

(a) dmb = 4,4¢-dimethyl-2,2¢-bipyridine. (b) structures shown in the indicated references, 
(c) PN = (Ph2P)NH(NC5H4) 
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Table 5.3 also provides a comparison of selected benchmark Re-based catalysts 

along with our results for Re(CO)2(bipy)2+OTf- (1+OTf-). It is important to emphasize that 

care should be taken when comparing the reaction parameters. For example, in Table 1, the 

turnover frequency (TOF) is provided because it removes the time dependence of the TON 

and, therefore, allows a more direct comparison of the catalyst activities. since TON is time 

dependent. 

Three key points are notable. First, complex 1+OTf- contributes an entirely new 

geometry to photocatalysis with Re. Second, this compound displayed activity in the 

absence of an added external photosensitizer which was similar or superior to reported 

Re(I) catalysts under visible light. Finally, in contrast to all reported Re catalysts, which 

produce CO as the reduction product, CO2 reduction with complex 1+OTf- led selectively 

to formic acid productoin.1138 Clearly, such significant differences in reactivity will have 

important implications on the catalytic pathway taken by complex Re(CO)2(bipy)2+ (1+).  

By adding the common photosensitizer [Ru(bpy)3]2+ to this catalyst system the plan 

was to take advantage of the longer lived excited state of 1100 ns39 for this species and to 

increase the light absorption into the visible region (see Figure 5.8). A similar strategy has 

been reported using equimolar solutions of [Ru(dmb)3]2+ and [Re(dmb)(CO)3Cl], (dmb = 

4,4¢-dimethyl-2,2¢-bipyridine).36 As we anticipated, a significant increase in production of 

HCO2H was observed and this was the case across all of the three solvents, DMA, DMF 

and CH3CN that were used in this investigation (Tables 5.4 and 5.5). Under these 

conditions, with added PS, other ED species were investigate and it was determined that 

N-benzyl- 1,4-dihydridonicotinamide (BNAH) ascorbic acid and sodium ascorbate and 

triethylamine gave little or no product.  
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Table 5.4. Summary of results for the attempted photocatalytic CO2 reduction using 
Re(CO)2(bipy)2+OTf-	 (1+OTf-)	 examining	 variation	 of solvent and electron donor on 
performance. Irradiation with 405 nm light conducted on a DMF or CH3CN (5mL) solution 
under a CO2 atmosphere for 24 h. Electron donors used were triethanol amine (TEOA), N-
benzyl-1,4-dihydridonicotinamide (BNAH), triethylamine (NEt3), or sodium ascorbate 
(NaAsc). 
 

Catalyst 
(mM) 

Ru(bpy)32+ 

(mM) 
Solvent e- donor H2 (µmol) HCOOH 

(µmol) 
1 - DMF TEOA 3 3 
1 1 DMF - - - 
1 1 DMF TEOA 11 202 
1 1 DMF NEt3 - - 
1 1 DMF BNAH - - 
1 1 DMF AA - - 
1 1 DMF NaA - - 
1 - CH3CN TEOA - - 
1 1 CH3CN TEOA 14 40 
1 1 CH3CN NEt3 - - 
1 1 CH3CN BNAH - - 
1 1 CH3CN AA - - 
1 1 CH3CN NaA - - 

 
	
Table 5.5. Trends with different concentration of Re(CO)2(bipy)2+OTf-	(1+OTf-) for the 
photocatalytic formation of products. Reaction conditions: DMA: TEOA (4:1) 4 mL 
under CO2 atmosphere.  
	

Catalyst 
(mM) 

Ru(bpy)32+ 

(mM) 
H2 

(µmol) 
TON 
(H2) 

HCOO
H 

(µmol) 

TON 
(HCOOH) Selectivity HCOOH 

rate /hr 
TOF 
hr-1 

1 - - - 41 10.25 1 1.7 0.43 
1 1 6 1.5 208 52 0.97 8. 7 2.2 

0.5 1 29 14.5 229 114.5 0.89 9.5 4.8 
0.2 1 19 23.75 220 275 0.92 9.2 11.5 
0.1 1 15 37.5 171 427.5 0.92 7.1 17.8 
0.05 1 10 50 107 535 0.91 4.5 22.3 
0.02 1 18 225 118 1475 0.87 4.9 61.5 
0.01 1 15 375 110 2750 0.88 4.6 114.6 
	

Table 5.5 shows an interesting effect on TON as the concentration of catalyst is 

varied. A similar effect has been noted in the other systems. For example, in mixed 

solutions of [(dmb)Re(CO)3Cl] (CAT) and [Ru(dmb)3]2+ (PS) an increase in the 

concentration of [(dmb)Re(CO)3Cl] caused a decrease in TONCO. This effect can be 
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attributed to the fact that the catalyst cycle depends on the electron transfer cycle to be 

effective (see Chapter 3, Section 3.3). Essentially, if the concentration of catalyst exceeds 

the capacity of the electron transfer steps from the reduced PS, the electron transfer cycle 

limits the TON and reaction rate.  

As shown in Figure 5.9, the catalyst reaction rates gave similar behavior to the 

catalyst reaction rates of Ru catalysts that were presented in Chapter 3. The catalyst 

reaction rates are increased with the increase of the [cat]. However, this increase is limited 

as the electron source becomes rate determining.  

	
 

Figure 5.9.  A plot of reaction rate for the formation of formic acid versus concentration 
of catalyst cis-Re(CO)2(bipy)2+OTf-. Reaction conditions: DMA: TEOA (4:1) 4 mL; the 
catalyst cis-Re(CO)2(bipy)2+OTf- and the photosensitizer [Ru(bpy)3]2+ (1 µmol) under CO2 
atmosphere. 
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In order to confirm that photocatalytic CO2 reduction is the source of formic acid, 

a 13C tracer experiment was carried out for the photoreaction with 1+OTf-, Ru(bpy)32+, and 

TEOA in DMF under a 13CO2 atmosphere. HRMS analysis of the reaction headspace 

clearly documented selective formation of H13CO2H (Figure 5.10). Furthermore, the NMR 

data (shown in  Figure 5.11 and Figures 5.12) gives conclusive evidence that the formic 

acid observed in these experiments arose from CO2 reduction and further highlight the 

significant switch in product selectivity that contrasts with the reported production of CO 

from all other Re a-dimmine species. 38,11  

 
Figure 5.10. High resolution MS of the head space of a photocatalytic reduction 
experiment in DMF using 13CO2 with complex 1, [Re(bpy)2(CO)2]+OTf- (Rubpy) 
as photosensitizer and TEOA as the electron donor. Mass peaks for H13CO2H, 13CO2 
are indicated.  
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Figure 5.11. 1H NMR spectra for the formyl HOOC-H proton of formic acid obtained from 
photocatalytic reduction of CO2 using cis-Re(CO)2(bipy)2+OTf- as the catalyst. The bottom 
spectrum was from reaction using unlabeled CO2 and the top spectrum is from a reaction 
with labeled 13CO2. 
	

	
Figure 5.12. 13C NMR spectra in D2O for the photocatalytic reduction of CO2 (bottom) 
and 13CO2 (top) to produce formic acid from cis-Re(CO)2(bipy)2+ OTf-  as the catalyst.  
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The time profiles in Figure 5.13 shows the increase of the HCO2H formation with the 

time, and that indicates the stability and the activity of the catalyst during the photocatalytic 

CO2 reduction reaction. 

 
Figure 5.13. Time profile for the photocatalytic formation of the products that 
are H2 (blue) and HCOOH (red) with the turnover number (TON). Reaction 
conditions: DMF: TEOA (4:1) 4 mL; the catalyst cis-Re(CO)2(bipy)2+OTf- (1 
µmol); and the photosensitizer [Ru(bpy)3]2+ (1 µmol) under CO2 atmosphere. 

 

  Photoreduction catalysis consists of coupled electron production cycle with 

a catalysis cycle.28,30,40 The electron production cycle provides the electrons to the 

catalyst. In the case of an integrated catalyst/photosensitizer, like 1+OTf-, the 

electrons come directly from the ED while in the case of an added photosensitizer, 

the electrons are generally produced from a reduced photosensitizer (PS-). The 

catalytic cycle represents the steps where, in this case, the Re complex, 1+, 

catalytically reduces CO2 using these supplied electrons. The proposed catalytic 

mechanism for HCO2H production from the CO2 photoreduction using complexes 

1+ is presented in Figure 5.14.  
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Figure 5.14. The proposed mechanism for the cis-Re(CO)2(bipy)2+ catalyst.  

	

Entry into the catalysis cycle comes from the reduction of 1+. Addition of a proton 

and a second electron yields the hydride complex, [Re(bpy)2(CO)H] (ReH). Generally, the 

route to successful transformation of CO2 to formate is envisioned to proceed through a 

transition metal hydride intermediate that can insert CO2 leading to a metallacarboxylic 

acid complex.41,42 The insertion of CO2 into the Re-H complex yielded the 

metallacarboxylic acid species Re(form). The cycle closes with the liberation of formic 

acid and trapping by CO (or solvent), which through reduction and proton transfer releases 

formic acid and regenerates 1+.   

The protonation of ReH also provides a path for the formation of H2. The 

protonation of the hydride intermediate, offers an alternate catalytic cycle that bypasses 

formic acid production. In practice, protonation of the hydride intermediate is a reaction 
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that is difficult to avoid, and this implies that choice of reaction medium (specifically the 

pKa of any protons available) will influence H2 formation.  

  This proposed mechanism using cis-Re(CO)2(bipy)2+ is reminiscent of the 

currently accepted mechanism for conversion of CO2 using the isoelectronic 

ruthenium (II) complex [Ru(bpy)2(CO)2]2+. 30 For the structure of the intermediate 

ReH, three different structures were envisioned which are shown in Figure 5.15. 

Each of these was computationally optimized using DFT with the B3LYP functional 

and def2TZVP basis set. The energies for the formation of these computed species 

are shown. The lowest energy option is the one shown in the proposed mechanism.   

 

Figure 5.15. The three possible protonation products to yield ReH. The energies associated 
with each of these possibilities is indicated in Hartrees.   
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Infrared Spectroelectrochemistry (IR-SEC) of the complex cis-

Re(CO)2(bipy)2+OTf- was performed in acetonitrile (CH3CN) with 0.1 M 

tetrabutylammonium hexafluorophosphate (TBAPF6 ) under N2 in order to characterize the 

electroactive species and to observe and monitor the changes in the solution of the complex. 

At resting potential two IR-active carbonyl stretches were observed for the complex cis-

Re(CO)2(bipy)2+OTf- at 1920 and 1850 cm−1, consistent with the dicarbonyl groups. When 

voltage was applied at the potential of the one-electron reduction (−1 V), the both peaks 

had been shifted. One of the peak shifted to about 1880 cm−1 and other to about 1820 cm−1, 

so they both shifted to lower wavenumber. In addition, when the voltage was applied at 

more negative potential (−1.8 V) in the electrochemistry, these original νCO stretches at 

1920 and 1850 cm−1 moved to lower wavenumber. One moved to 1830 cm−1. These results 

indicate that the pathway of the complex for CO2 reduction is metal center. The metal-

carbonyl bands are show below in Figure 5.16. 

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
 
Figure 5.16. IR-SEC spectra under N2 saturation of cis-Re(CO)2(bipy)2+OTf-. Conditions: 
0.1 M TBAPF6/CH3CN; glassy carbon working electrode, Pt counter electrode, Ag 
pseudoreference electrode. 
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5.5. Conclusions  

This chapter has described the successful synthesis of the bis(bpy)dicarbonyl 

complexes, and their ability for the photocatalytic CO2 reduction. The Re(I) complex, cis-

Re(CO)2(bipy)2+OTf-, was synthesized, characterized, and showed promising results in 

photocatalytic CO2 reduction applications due to their long-lived excited-state lifetimes. In 

the future work, different di-carbonyl species with different-ligand coordination spheres 

can be synthesized, characterized, and examined for the photocatalytic CO2 reduction 

applications. 

 
 For future work, other ligands should be tried with Re and compared to cis-

Re(CO)2(bipy)2+OTf- catalyst. For example, our phendione and dppz ligands should be 

tried to see if the increasing in the conjugated π system will have a big effect in the ability 

of the photocatalytic CO2 reduction. In addition, the Mn analogous to the Re catalyst should 

be tried and examined for CO2 reduction.   
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Chapter 6: Dimers, Monomers and Pentacoordination in a Series of Earth-Abundant 

Transition Metal Dibromido Complexes Supported by a Neutral SNS Ligand 

Framework and their Applications in the Catalysis. 

The work for this chapter formed an important component of the following 

publication: 

(Y. Hameed, S. Ouanounou, T. Jurca, B. Gabidullin, I. Korobkov, and D. S Richeson, 

Polyhedron, 2018, 154, 252-258. DOI:10.1016/j.poly.2018.07.033.) 

Pincer-type architectures represent an important class of ligand frameworks for the 

design and synthesis of transition metal coordination complexes and catalysts. In this 

chapter, the first systematic application of bis(thioether)pyridine “SNS” ligands in 

coordination chemistry of first-row transition-metal bromides and the first structurally 

characterized “SNS” complexes of Mn and Fe are reported. The complexes were 

characterized by single crystal X-ray analysis, UV-vis and FTIR spectroscopy, mass-

spectrometry, elemental analysis, and where appropriate by Evans method. Analysis of the 

resulting complexes reveals a set of monomeric and dinuclear species, whose coordination 

mode is associated with a delicate balance of structural features arising from the metal’s d-

orbital occupancy and the steric load of the ligand. Dimerization of the solid-state structure 

appears to be primarily favored through lower steric load from the ligand and lower metal 

d-electron count. The catalytic behavior of these complexes was examined for the CO2 

reduction and also for H2 production from H2O.  

The synthesis and characterization of the complexes were performed in 

approximately equal contributions by Y. Hameed, S. Ouanounou, and T. Jurca. The 

organization and analysis of the structural trends was done by T. Jurca, Y. Hameed and D. 

Richeson. The catalytic behavior of the complexes was examined by Y. Hameed. The 
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crystallographic data collection and analyses were carried out by B. Gabidullin. and I. 

Korobkov. 

6.1. Introduction 

The advancement of inorganic and organometallic chemistry has been intimately 

linked with the continued development of supporting ligand chemistry. Among the sizable 

classes of ligands employed in support of transition metals, pincer-type architectures 

represent a large category with long-standing importance.1–6 Such species are characterized 

by tridentate coordination that bind to metals in a planar, meridional mode. These ligands 

have been tailored to provide rigidity and stability in their metal complexes and can be 

rationally designed and constructed to organize the reaction pocket on a metal center 

thereby enabling enhanced control of the reaction pathways and products upon catalytic 

application.7–9 The prototypical pincer ligand has an anionic central group (e.g. aryl ring), 

that is σ-bonded to the metal, with flanking neutral donors that link to the metal via chelate 

rings. The most well-developed versions of this framework have been bis(phosphine) and 

bis(amine) derivatives linked to an aryl core through methylene units. Encompassed within 

the pincer family are ligands where the central bonding group has been replaced with 

various neutral donors and the pyridyl function is one of the most common.  

  The recent reports for the use of “PN3P” ligands for isolation of novel metal 

complexes  and applications in catalysis prompted our consideration of pincers with other 

donor arms.10–13 In particular, we were interested in bis(thioether) ligands displaying an 

“SNS” coordination array. While the first complexes with these ligands were reported for 

Cu(II) in 1976,14 this framework, particularly for earth-abundant metals, has received less 

and more sporadic attention compared to similar pincer donor arrays. To date, pyridyl-

centered, bis(thioether) SNS complexes have been reported for the first row metals from 
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Fe to Zn14,15,24,25,16–23 and for some of the heavier congeners of these metals.26,27,36–44,28–35 

A nascent interest in ligands with thioether centers has been stimulated by a report that 

related thioether ligands form well-defined ethylene trimerization catalysts with Cr(III)45 

as well as the potential for hemilabile bonding,46 between the coordinated metal center and 

the hard nitrogen donor and soft sulfur donor atoms.47,48 For example, a Ni(II)  complex 

bearing a bis(2-pyridylmethyl)-1,2-ethanedithiol ligand was designed as an effective  

photocatalyst for CO2 reduction.49 The application of bis(thioether)pyridine SNS ligands 

in molecular transformations and catalysis is beginning to be revealed. In addition to 

stoichiometric reactions,30–32 there have been investigations of catalytic transformations 

that have included oxidation reactions,16 C-S coupling reactions,18 and catalyzed formation 

of cyclic carbonates from CO2 and epoxides.50  Revealing the fundamental coordination 

behavior of these ligands with earth-abundant metal complexes provides a broader basis 

for researchers to more rationally utilize such species. Herein, we report a series of divalent 

first row transition metal complexes of the simple archetypal neutral SNS pincer, 2,6-

(CH3SCH2)2C5H3N. This series of earth-abundant metals yielded new complexes with the 

empirical formulae M(k3-2,6-(CH3SCH2)2C5H3N)Br2 (M = Mn, Fe, Co, Ni, Cu, Zn) 

displaying tridentate ligand coordination and a range of five-  and six-coordinate species. 

The purpose was to initiate an exploration of stability of these species and to reveal 

structural variation in a systematic way that is necessary in order to explore synthetic 

chemistry and potential in catalysis.  
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6.2. Results and Discussion 

The bis(methylthioether)pyridine ligand, 2,6-(CH3SCH2)2NC5H3, was synthesized, 

beginning with bis(chloromethyl)pyridine and NaSMe, according to published 

procedures.28 Using a 1:1 stoichiometric ratio of ligand:MBr2, a direct, heterogeneous, 

room temperature reaction proceeded in toluene as indicated by color changes to the 

reaction mixture. Allowing the reactions to continue overnight provided optimal yields. 

The precipitation of the product solids was facilitated by cooling the reaction mixtures to -

20°C and leaving overnight. The solids were then isolated by filtration and washed with 

hexanes to remove impurities. These reactions proceeded in near quantitative yields for the 

dibromides of Mn, Fe, Co and Zn, in an excellent, 84% yield in the case of Cu and a slightly 

lower yield of 64% for the Ni complex as summarized in Scheme 6.1.  

Scheme 6.1. Summary	of	reaction	products.	
 

The only diamagnetic complex of this series was the Zn complex 6 and the 1H and 

13C NMR spectra indicated the coordinated ligand. Mass spectrometery was useful to 

confirm the basic formulae of 1-6 as was the microanalysis of the products 1-6, which was 

consistent with the expected formulae of [M(k3-2,6-{CH3SCH2}2NC5H3)Br2]n.   

Of these compounds only 4 has been previously reported as a green, dinuclear, 

pseudo-octahedral Ni(II) species assembled through Br bridges as represented in Scheme 

6.1.19 In fact, there are no reported Mn complexes of this SNS family of ligands and the 
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sole related Fe complex, FeCl2(2,6-{tBuSCH2}2NC5H3), was only characterized by IR 

spectroscopy and microanalysis.15 Structures of first row transition metal complexes of this 

family of bis(thioether)pyridine ligands are limited and only scattered examples of divalent 

Co, Ni, Cu and Zn compounds have been structurally characterized. In order to determine 

the detailed structures and probe the level of aggregation for the remaining five complexes 

we carried out single crystal X-ray analyses on complexes 1-3, 5 and 6.  

The Mn and Fe complexes, 1 and 2, represent the first reported structures of 

complexes for either of these metal centers of the general family of bis(thioether)pyridine, 

2,6-{RSCH2}2NC5H3, ligands. Compounds 1 and 2 crystallized with nearly identical 

crystallographic parameters as shown in Table 6.1. The structural diagrams of these two 

compounds are presented in Figures 6.1 and 6.2 with selected bond distances and angles in 

Table 6.2.  

Both complexes 1 and 2 were bimetallic species [M(k3-2,6-

{CH3SCH2}2NC5H3)Br2]2  (M = Mn or Fe) with the metal centers in pseudo-octahedral 

coordination environments comprised by a tridentate, meridionally coordinated 2,6-

{CH3SCH2}2NC5H3 ligand, two bridging bromo ligands and a third terminal Br group. The 

largest distortions from ideal octahedral angles were observed for the ligand bite angles for 

Npy-M-S that range from 77.04(15)° to 80.36(5)°. These dinuclear structures are consistent 

with the observed magnetic moments, which indicated antiferromagnetically coupled high 

spin metal centers. While there are no reported structures for Mn or Fe complexes of 

bis(thioether)pyridine there is a single related dinuclear Co(II) complex, [Co(k3-2,6-

{CH3SCH2}2NC5H3)Cl2]216, and only two structurally characterized Ni(II) analogues, 

[Ni(k3-2,6-{iBuSCH2}2NC5H3)Cl2]218 and [Ni(k3-2,6-{BnSCH2}2NC5H3)Br2]221, all three 

of which display parallel structural features to 1 and 2. In particular the metal coordination 
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environment, the geometry, ligand array, bite angle are analogous of the structure obtained 

for 1 and 2. The green Ni complex  [Ni(k3-2,6-{CH3SCH2}2NC5H3)Br2]2 (4) has also been 

reported to have an analogous dinuclear structure with bromo bridged octahedral Ni(II) 

centers.19 Interestingly, the reports of these dinuclear Co and Ni complexes also report the 

observation of related mononuclear five coordinate species whose appearance depends on 

either changes to the S-R groups of the SNS ligand or on the identity of the metal-halide. 

For example, in the case of the four reported structures for [Co(k3-2,6-

{RSCH2}2NC5H3)Cl2]2 only R= Me is dinuclear while the complexes with R = Et, nBu or 

Ph were characterized as mononuclear trigonal bipyramidal species.16 Similarly, for the 

reported Ni(II) structures, [Ni(k3-2,6-{RSCH2}2NC5H3)X2]n, for X = Cl and R = iBu or X 

= Br and R = Bn the structures are dimeric and the bromo bridged species displayed a 

magnetic moment of 3.30µB consistent with antiferromagnetically coupled high-spin Ni(II) 

centers.18,21 In contrast, with X = Cl and R = tBu a monomeric trigonal bipyramidal 

structure was obtained18 but with X = Br and R = Ph, the mononuclear complex was better 

classified as square pyramidal. 19   

Figure 6.1. Structural representation of [Mn(k3-2,6-{CH3SCH2}2NC5H3)Br2]2 (1) obtained 
from X-ray analysis. Hydrogen atoms are omitted for clarity. Thermal ellipsoids are shown 
at 60% probability.    
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These observations, that rather subtle changes to S-substituents and/or halo ligands 

can lead to changes from dinuclear to mononuclear species, prompted a closer scrutiny of 

the structures of 1 and 2. In fact, this examination supports an alternative structural 

interpretation of these species as “dimerized” square-based pyramidal (sp), five coordinate 

complexes. Substantiation for this description comes from the M-Brbridge bonding 

parameters. Specifically in the case of 1, the Mn1-Br2 and Mn1-Br1 distances are quite 

similar at 2.6072(13)Ǻ and 2.5983(13)Ǻ (average = 2.602Ǻ) while the Mn-Br1’ distance 

is considerably longer at 2.7463(13)Ǻ. With this analysis, the structure of the Mn centers 

in 1 is sp with an apical Br2 center and a more weakly coordinated Br1’ in the “open” trans 

position. Satisfyingly, a similar description is consistent with the structure of the Fe 

complex 2. Again the Fe1-Br2 and Fe1-Br1 distances are essentially identical at 

2.5669(4)Ǻ and 2.5720(4)Ǻ with a longer coordinated Fe-Br1’ interaction at 2.7104(4)Ǻ. 

Once again, this is consistent with an sp Fe(II) center, an apical Br2 ligand and an 

associated Br1’ donor. Although limited, literature precedent for coordination of an 

external solvent, in this case isopropanol, to a related Ni complex is provided by the 

structural report for [Ni{k3-2,6-(tBuSCH2)2NC5H3N}Cl2(iPrOH)].18 

Figure 6.2. Structural representation of [Fe(k3-2,6-{CH3SCH2}2NC5H3)Br2]2 (2),  obtained 
from X-ray analysis. Hydrogen atoms are omitted for clarity. Thermal ellipsoids are shown 
at 60% probability.    
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Table 6.1. Summary of data collection and crystallographic parameters for [M(k3-2,6-
{CH3SCH2}2NC6H3)Br2]2, compounds 1, M = Mn, and 2, M = Fe.  
 

Compound  [Mn(k3-2,6-{CH3SCH2}2NC6H3)Br2]2	(1)	 	[Fe(k3-2,6-{CH3SCH2}2NC6H3)Br2]2	(2)	
Empirical formula C18H26Br4Mn2N2S4	 C18H26Br4Fe2N2S4	
Formula weight 828.17	 829.99	
Temperature, K 201(2)		 200(2)		
l, Å 0.71073	 0.71073	
Crystal system Triclinic	 Triclinic	
Space group 	𝑃1Ì 	 	𝑃1Ì 	
a, Å     7.8407(10)		 7.7977(2)	
b, Å 8.5380(12)		 8.4575(3)	
c, Å 11.3830(14)		 11.2743(4)	
α, ° 98.150(7)	 98.693(2)	
β, ° 102.558(7)	 102.694(2)	
γ, ° 110.828(6)	 110.110(2)	
V, Å3 674.84(16)	 659.95(4)	
Z 1	 1	
rcalc, Mg/m3 2.038		 2.088	
µ, mm-1 7.177		 7.481	
Abs. correction    Semi-empirical	from	equivalents	
R1a 	0.0522	 0.0247	
wR2b 	0.0660	 0.0568	

a	R1	=	∑||Fo|	−	|Fc||/∑|Fo|,	b	wR2	=	{∑[w(Fo2	−	Fc2	)2	]/∑[w(Fo2	)2	]}1/2	
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Table 6.2. Selected bond distances (Å) and angles (deg) for compounds 1, 2. 
1  2  

Mn(1)-N(1)  2.263(5) Fe(1)-N(1) 2.1811(19) 

Mn(1)-S(1)  2.630(2) Fe(1)-S(1) 2.5196(7) 

Mn(1)-S(2)  2.649(2) Fe(1)-S(2) 2.5691(7) 

Mn(1)-Br(1) 2.6072(13) Fe(1)-Br(1) 2.5669(4) 

Mn(1)-Br(2) 2.5983(13) Fe(1)-Br(2) 2.5720(4) 

Mn(1)-Br(1)’  2.7463(13) Fe(1)-Br(1)’ 2.7104(4) 

    

N(1)-Mn(1)-S(1) 77.04(15) N(1)-Fe(1)-S(1) 79.11(5) 

N(1)-Mn(1)-S(2) 78.35(14) N(1)-Fe(1)-S(2) 80.36(5) 

N(1)-Mn(1)-Br(1) 175.96(13) N(1)-Fe(1)-Br(1) 176.64(5) 

N(1)-Mn(1)-Br(2) 91.08(12) N(1)-Fe(1)-Br(2) 91.55(5) 

N(1)-Mn(1)-Br(1)’ 89.88(12) N(1)-Fe(1)-Br(1)’ 90.87(5) 

S(1)-Mn(1)-Br(1) 104.65(6) S(1)-Fe(1)-Br(1) 103.350(19) 

S(1)-Mn(1)-Br(1)’ 91.32(5) S(1)-Fe(1)-Br(1)’ 91.852(19) 

S(1)-Mn(1)-Br(2) 86.96(5) S(1)-Fe(1)-Br(2) 87.329(19) 

S(2)-Mn(1)-Br(1) 99.46(6) S(2)-Fe(1)-Br(1) 96.88(2) 

S(2)-Mn(1)-Br(1)’ 81.41(5) S(2)-Fe(1)-Br(1)’ 81.070(19) 

S(2)-Mn(1)-Br(2) 100.73(6) S(2)-Fe(1)-Br(2) 100.62(2) 

Br(1)-Mn(1)-Br(2) 92.67(4) Br(1)-Fe(1)-Br(2) 90.849(13) 

Mn(1)-Br(1)-Mn(1)’ 93.58(4) Fe(1)-Br(1)-Fe(1)’ 93.211(13) 

S(1)-Mn(1)-S(2) 154.32(7) S(1)-Fe(1)-S(2) 158.17(3) 

Br(2)-Mn(1)-Br(1)’ 177.79(6) Br(2)-Fe(1)-Br(1)’ 177.254(15) 

Br(1)-Mn(1)-Br(1)’ 86.42(4) Br(1)-Fe(1)-Br(1)’ 86.789(13) 
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The UV-visible spectra for the dinuclear complexes 1, 2 and 4 provide a probe of 

the electronic structures of these complexes as well as the influence of the pseudo-

octahedral metal coordination geometries on the metal-centered d-d electronic transition. 

The spectra for complexes 1-6 are shown in Figure 6.3 and the spectra for 1, 2 and 4 were 

consistent with high spin metal centers in pseudo-octahedral geometry. More specifically, 

the d5 Mn complex 1 displayed only ligand and charge transfer bands as expected for five 

half-occupied d-orbitals which has no spin allowed d-d transitions. In contrast, as seen in 

the inset to Figure 6.3, the high spin d6 and d8 centers in 2 and 4, respectively, presented 

absorptions attributed to d-d transitions for pseudo-octahedral species. For the discussion 

of the spectral terms for these complexes the labels for octahedral crystal field will be used. 

For an octahedral high spin d6 complex, such as 2, a single spin allowed transition from a 

5T2g ground state to 5Eg was expected and is in fact observed. Complex 4, with a d8 pseudo-

octahedral coordination sphere displayed two spin allowed transitions at 480 nm (20,833 

cm-1), 770 nm (12,987 cm-1) assigned to  3A2g →3T1g and 3A2g →3T1g(P) allowed transitions, 

respectively.51  

 
Figure 6.3. UV-vis spectra of complexes 1-6 as indicated. Inset focused on the visible 
absorptions attributed to the d-d transitions for complexes of Fe (2), Co (3), Ni (4) and Cu 
(5).  
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In contrast to the dinuclear compounds 1, 2 and 4, the X-ray data analysis of 

compounds 3, 5 and 6 (Table 6.3.) revealed these complexes to be mononuclear five-

coordinate structures as presented in Figures 6.4-6.6. Selected bond distances and angles 

for these three complexes are provided in Tables 6.4 and 6.5. As seen in Figures 6.4-6.6, 

compounds 3, 5 and 6 are all monomeric species with formula given by M(k3-2,6-

{CH3SCH2}2NC5H3)Br2 (M = Co, Cu, Zn). As with complexes 1 and 2, the metal centers 

in 3, 5, and 6 possess a tridentate planar coordinated SNS ligand that is bonded through the 

pyridyl N and the two thioether S centers. The coordination environments are completed 

by two bromo ligands.  

In general, the geometric features of five coordinate transition metal structures are 

influenced by electronic, steric and electrostatic features and provide for a fascinating issue 

in coordination chemistry. The two common limiting ideal geometries for five coordinate 

species are trigonal bipyramidal (tbp) and square-based pyramidal (sp) metal environments. 

Since complexes 3, 5 and 6 are not homoleptic species, deviations from the ideal 

geometries are expected. Even in such situations it is possible to assign approximate tbp or 

sp metal coordination geometry using a quantitative measure derived from simple 

calculation of structural index parameter, t.52,53 Additional geometric deviations can arise 

due to ligand bite angle restrictions or when the M center is displaced out of the ligand 

plane. Application of this approach to complexes 3, 5 and 6 yielded the t parameters in 

Table 6.6. For complex 5 the value of 0.043 indicated that this Cu(II) complex adopted a 

coordination geometry that can best be described as distorted square-based pyramidal (sp). 

In contrast the t values of 0.50 and 0.58 obtained for 3 and 6 respectively are ambiguous 

in defining a preferred coordination geometry. Utilizing the continuous shape measure 

program SHAPE2,54–59 we calculated the comparative shape integrals for the trigonal 
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bipyramid (“TBPY-5”) and square pyramid (“SPY-5”) cases for the complexes 3, 5 and 6. 

The analysis of these two methods was in agreement with the preferred description of the 

Cu(II) complex 5  as square pyramidal and the Co (3) and Zn (6) complexes as trigonal 

bipyramidal.  

Table 6.3. Summary of data collection and crystallographic parameters for compounds 
[M(k3-2,6-{CH3SCH2}2NC6H3)Br2] 3, M = Co, 5, M = Cu, and 6, M = Zn. 
 

Compound  Co(k3-2,6-
{CH3SCH2}2NC6H3)Br2]	
(3)	

	[Cu(k3-2,6-
{CH3SCH2}2NC6H3)Br2]	
(5)	

	[Zn(k3-2,6-
{CH3SCH2}2NC6H3)Br2]	
(6)	

Empirical 
formula 

C9H13Br2CoNS2	 C9H13Br2CuNS2	 C9H13Br2ZnNS2	

Formula 
weight 

418.07	 422.68	 424.51	

Temperature, 
K 

200(2)	 200(2)	 200(2)	

l, Å 0.71073	 0.71073	 0.71073	
Crystal 
system 

Triclinic	 Monoclinic	 Monoclinic	

Space group 	𝑃1Ì 	 P21/c	 C2/c	
a, Å 10.3494(4)	 12.5690(2)	 22.6533(7)	
b, Å 10.8403(4)	 7.3812(2)	 8.4765(2)	
c, Å 13.4415(5)	 14.9067(3)	 15.3060(4)	
α, ° 70.202(2)	 90.00	 90.00	
β, ° 77.559(2)	 104.2270(10)	 101.693(2)	
γ, ° 85.166(2)	 90.00	 90.00	
V, Å3 1385.45(9)	 1340.54(5)	 2878.08	
Z 4	 4	 8	
rcalc, Mg/m3 2.004	 2.094	 1.959	
µ, mm-1 7.277	 7.870	 7.520	
Abs. 
correction    

Semi-empirical	from	equivalents	

R1a 0.0266	 0.0323	 0.0345	
wR2b 0.0653	 0.0742	 0.0801	
a	R1	=	∑||Fo|	−	|Fc||/∑|Fo|,	b	wR2	=	{∑[w(Fo2	−	Fc2	)2	]/∑[w(Fo2	)2	]}1/2	
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Figure 6.4. Structural representation of one of the two molecules of [Co(k3-2,6-
{CH3SCH2}2NC5H3)Br2] (3),obtained from X-ray analysis. Hydrogen atoms are omitted 
for clarity. Thermal ellipsoids are shown at 60% probability. 

 
Table 6.4. Selected bond distances (Å) and angles (deg) for compounds 3 and 5. 

3  5  

Co(1)-N(1) 2.065(2) Cu(1)-N(1) 2.014(2) 

Co(1)-S(1) 2.5028(6) Cu(1)-S(1) 2.3380(9) 

Co(1)-S(2) 2.4945(6) Cu(1)-S(2) 2.3297(8) 

Co(1)-Br(1) 2.3987(4) Cu(1)-Br(1) 2.3832(5) 

Co(1)-Br(2) 2.4100(4) Cu(1)-Br(2) 2.6741(5) 

    

S(2)-Co(1)-S(1)              163.25(3) S(2)-Cu(1)-S(1)            165.34(4) 

N(1)-Co(1)-S(1) 81.73(5) N(1)-Cu(1)-S(1) 85.09(7) 

N(1)-Co(1)-S(2) 81.56(5) N(1)-Cu(1)-S(2) 84.42(7) 

N(1)-Co(1)-Br(1) 133.28(5) N(1)-Cu(1)-Br(1) 159.74(7) 

N(1)-Co(1)-Br(2) 108.89(5) N(1)-Cu(1)-Br(2) 94.07(6) 

S(1)-Co(1)-Br(1) 95.027(19) S(1)-Cu(1)-Br(1) 92.87(3) 

S(1)-Co(1)-Br(2) 96.521(19) S(1)-Cu(1)-Br(2) 103.85(3) 

S(2)-Co(1)-Br(1) 95.448(18) S(2)-Cu(1)-Br(1) 93.42(2) 

S(2)-Co(1)-Br(2) 90.114(18) S(2)-Cu(1)-Br(2) 87.10(2) 

Br(1)-Co(1)-Br(2)            117.759(17) Br(1)-Cu(1)-Br(2)            105.965(17) 
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Figure 6.5. Structural representation of [Cu(k3-2,6-{CH3SCH2}2NC5H3)Br2] (5),  
obtained from X-ray analysis. Hydrogen atoms are omitted for clarity. Thermal ellipsoids 
are shown at 60% probability.   	

Figure 6.6. Structural representation of [Zn(k3-2,6-{CH3SCH2}2NC5H3)Br2] (6) obtained 
from X-ray analysis. Hydrogen atoms are omitted for clarity. Thermal ellipsoids are shown 
at 60% probability. 
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Table 6.5. Selected bond distances (Å) and angles (deg) for compound 6. 

Zn(1)-N(1) 2.092(3) Zn(1)-Br(1) 2.3689(6) 

Zn(1)-S(1) 2.751(1) Zn(1)-Br(2) 2.3635(7) 

Zn(1)-S(2) 2.557(1)   

    

S(2)-Zn(1)-S(1)              157.30(4) S(1)-Zn(1)-Br(1) 95.53(3) 

N(1)-Zn(1)-S(1) 77.08(7) S(1)-Zn(1)-Br(2) 89.47(3) 

N(1)-Zn(1)-S(2) 80.22(8) S(2)-Zn(1)-Br(1) 96.34(3) 

N(1)-Zn(1)-Br(1) 122.58(7) S(2)-Zn(1)-Br(2) 100.95(3) 

N(1)-Zn(1)-Br(2) 116.22(7) Br(1)-Zn(1)-Br(2) 120.60(2) 
	

Table 6.6. Calculated structural parameters related to metal coordination geometry using 
either the t parameter52,53 or the SHAPE analysis54–59 as described in the text. All values 
were derived from the single crystal X-ray analyses. 
 

  Compound 3 5 6 

t 0.50 0.043 0.58 

TBPY-5 1.726 4.950 2.204 

SPY-5 3.581 1.336 4.946 

 

Before discussing the detailed features for the structures of 3, 5 and 6 it is 

worthwhile to look at the general bond distance variations for all five of the structures 

obtained for [M(k3-2,6- (CH3SCH2)2C5H3N)Br2]n (M = Mn (1), Fe (2), Co (3), Cu (5), Zn 

(6)) in this report. A summary of these features is provided in Figure 6.7. Keeping in mind 

that although these species do not have strictly comparable coordination geometries, it was 

observed that the trend in M-Npy and M-Saverage bond distance displayed a minimum for the 

Cu complex.  These measured bond lengths correlate with the increase in complex stability 
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as expected from the Irving-Williams series Mn(II) < Fe(II)< Co(II) < Ni(II) < Cu(II) > 

Zn(II).60,61 The rationalization of this observation involved an increase in both the 

electrostatic/ionic and covalent interactions that contributed to the stability constants across 

the series from Mn to Cu. From Cu to Zn there is a decrease in both of these interactions 

and particularly in the covalency for the d10  Zn center.62 This trend in decreasing bond 

length across the series also indicates an increasing steric load from the ligands and is 

consistent with the formation of dinuclear species for 1 and 2 and mononuclear species for 

3, 5, and 6. Furthermore, the increasing metal electron count across the M(II) series should 

also diminish the tendency for the complex to coordinate additional ligands or to dimerize.  

Figure 6.7. Variation of metal-ligand bond distances from the single crystal X-ray 
structures for [M(k3-2,6- (CH3SCH2)2C5H3N)Br2]n complexes 1-3, 5 and 6. 

 
Coming back to the two tbp complexes, [Co(k3-2,6-{CH3SCH2}2NC5H3)Br2] (3), 

and[Zn(k3-2,6-{CH3SCH2}2NC5H3)Br2] (6) the coordination geometries are constituted by 

an equatorial plane defined by the coordinated pyridyl-N center and the two Br ligands 

with the pseudo-axial positions defined by two thioether S donors. The UV-visible spectra 

for these two species are consistent with this formulation. For example, the d7 Co(II) center 

in 3 with a pseudo-D3h geometry displayed two overlapping d-d transitions at 643 nm 
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(15,552 cm-1) and 596 nm (16,779 cm-1) that are very reminiscent of reported high spin 

five coordinate complexes with tridentate “NNN” and “NNS” ligand frameworks.63–65 

These transitions were assigned to 4A2’(F) → 4A2’(P) and 4A2’(F) → 4E’’(P) respectively. In 

the case of the d10 complex 6 there are no spin allowed d-d transitions and only ligand and 

charge transfer bands were observed (Figure 6.3).  

  In relation to the structure of [Co(k3-2,6-{CH3SCH2}2NC5H3)Br2] (3), the literature 

provides three related dichloro structures, [Co(k3-2,6-{RSCH2}2NC5H3)Cl2] (R = Et, Bu, 

Ph).16 Like 3, the Co(II) coordination geometries for these complexes were identified as 

tbp. The SNS ligands in these four species display very similar Co-N and Co-S distances 

with the average bond distances for the reported dichloro species being Co-S of 2.50(4)Ǻ 

and Co-N of 2.08(1)Ǻ versus the dibromo complex 3 with average Co-S values equal to 

2.499(1)Ǻ and a Co-N of 2.065(2)Ǻ. Furthermore the S-Co-N ligand bite angles are also 

similar with 3 displaying values of 81.73(5)° and 81.56(5)° compared to the average values 

for the three dichloro species of 81.6°. Interestingly, the only other structurally reported 

Co(II) complex of the SNS ligand family is the sterically less demanding dichloro species, 

[Co(k3-2,6-{MeSCH2}2NC5H3)Cl2]2.16 This dinuclear species exhibited a structure 

analogous to those observed for 1 and 2 and this feature provides further support for our 

analysis of those dinuclear compounds.   

There are also three structurally characterized analogues of [Zn(k3-2,6-

{CH3SCH2}2NC5H3)Br2] (6), [Zn(k3-2,6-{RSCH2}2NC5H3)Br2] (R = Et25 A, tBu15 B) and 

the dichloro species [Zn(k3-2,6-{CH3SCH2}2NC5H3)Cl2]17. These three reported 

complexes displayed tbp coordination geometries. The most direct comparisons are 

between the three dibromo complexes, 6, A and B. Perhaps not surprisingly, the structural 

parameters for these three species are quite similar. For example, the metal ligand bond 
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distances in 6 for Zn-N (2.092(3)Ǻ) and Zn-Br (2.3689(6)Ǻ, 2.3635(7)Ǻ) compare 

favorably with the average of Zn-N of 2.09(1)Ǻ and Zn-Br of 2.38(1)Ǻ observed for A and 

B. The three complexes display long Zn-S bonds with the average value of 2.65(1)Ǻ in the 

case of 6 and 2.68(4)Ǻ for A and B. Finally, the S-Zn-N ligand bite angles average 

78.65(10)° in 6 and 78.66(4)° in A and B. The tbp metal coordination geometry and long 

Zn-S interactions are anticipated for the Zn(II) d10 metal center.  

A different view of metal coordination environment and M/SNS ligand bonding is 

provided by the sp formulation for Cu compound 5. In this species, the basal plane was 

defined by the pyridyl-N center, the two thioether S donors and Br(1). The pseudo-apical 

position is occupied by the bromo ligand Br(2).  Consistent with this assignment is the 

observation of basal Cu-Br(1) distance of 2.3832(5)Ǻ and a longer Cu-Br(2) distance of 

2.6741(5)Ǻ, which correlates with occupation of the Cu-Br(2) s* (e.g. dz2 ) orbital  for a 

Cu2+ d9 configuration. This interpretation is supported by the UV-visible spectrum 

observed for 5 (Figure 6.3.). The d9 configuration displays one low energy d-d transition at 

797 nm (12,545cm-1) assigned to dz2 → dx2-y2. 

Although there are two reported Cu(II) bis(thioether) pyridine structures, [Cu(k3-

2,6-{RSCH2}2NC5H3)Cl2] (R = 2-(MeOC(O)C6H4, Et), the S-(2-methoxycarbonylphenyl) 

complex yielded a monomeric complex that is distorted tbp  geometry thus making 

structural comparison with 6 problematic.22 On the other hand, similar to 6, an sp structure 

was observed for [Cu(k3-2,6-{EtSCH2}2NC5H3)Cl2],24 and this species gave similar 

structural parameters to 6. Specifically, the reported dichloro complex, [Cu(k3-2,6-

{EtSCH2}2NC5H3)Cl2], provided  an average Cu-S distance of 2.35Ǻ comparable to the 

Cu-S distances of 2.3380(9)Ǻ and 2.3297(8)Ǻ observed for 6  and a Cu-N distance of 

2.016(10)Ǻ that is nearly identical to the Cu(1)-N(1) distance of 2.014(2)Ǻ obtained for 6. 
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In addition, the ligand bite angles (N-Cu-S) for 6 (85.09(7)° and 84.42(7)°) are similar to 

N-Cu-S bite angles, 85.8(3)° and 84.7(3)° for [Cu(k3-2,6-{EtSCH2}2NC5H3)Cl2].24  

 

6.3. The Catalytic behavior of the SNS Complexes    

6.3.1. The Photocatalytic and Electrocatalytic CO2 Reduction 

 These SNS complexes have been examined for both photocatalytic and 

electrocatalytic CO2 reduction. They do not show a good catalytic behavior towards CO2 

reduction in both photocatalytic and electrocatalytic processes. In the photocatalytic 

processes, they show same amount of formic acid as the background, and the 

electrocatalytic processes did not show any catalytic behavior.  

6.3.2. The Photochemical H2 Production from H2O  

 Since these SNS complexes do not show a good photocatalytic and electrocatalytic 

behavior towards CO2 reduction, the photocatalytic H2 production from H2O water has 

been examined for these complexes. These SNS complexes were able to produce H2 from 

H2O. The next table (Table 6.7.) shows a scan of the ability, under similar photocatalytic 

conditions, of this series of SNS complexes to generate H2 from water. The best results for 

the H2 production were with the [Fe{k3-2,6-(MeSCH2)2NC5H5}Br2]2 and [Ni{k3-2,6-

(MeSCH2)2NC5H5}Br2]2.  

In addition, the emission-spectra for the both complexes were obtained as shown in 

Figure 6.8 And 6.10 according to the procedure that is explained in Section 1.7.4. 

Emission-Quenching Experiment for Chapter 1. The quenching rate constants kq were 

also calculated from the linear Stern-Volmer plots as shown in Figure 6.9 and 6.11. 
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Table 6.7. Photochemical H2 generation from water using complexes 1-6. All reactions 
were carried out with 1mmol each of complex and photosenstitzer, [Ru(bpy)3](PF6)2 in 
4mL of reaction solvent (either DMF or CH3CN) with 0.2mL of added water. Three 
different electron donors, triethanolamine (TEOA), triethylamine (TEA) and 1-Benzyl-
1,4-dihydronicotinamide (BNAH) were employed. Irradiation with 405 nm LED light 
conducted under an N2 atmosphere for 24 h.   
 
Complex ED H2 (DMF) 

(µmol) 
H2 (CH3CN) 
(µmol) 

[Mn{k3-2,6-
(MeSCH2)2NC5H5}Br2]2 
(1) 

TEOA 88 28 
TEA 4 53 
BNAH 5 3 

[Fe{k3-2,6-
(MeSCH2)2NC5H5}Br2]2 
(2) 

TEOA 133 35 
TEA 15 36 
BNAH 28 5 

Co{k3-2,6-
(MeSCH2)2NC5H5}Br2 
(3)   

TEOA 58 30 
TEA 31 61 
BNAH 16 43 

Ni{k3-2,6-
(MeSCH2)2NC5H5}Br2 
(4)   

TEOA 194 12 
TEA 36 80 
BNAH 51 4 

Cu{k3-2,6-
(MeSCH2)2NC5H5}Br2 
(5)   

TEOA 84 56 
TEA 6 8 
BNAH 12 3 

Zn{k3-2,6-
(MeSCH2)2NC5H5}Br2 
(6)   

TEOA 4 4 
TEA 3 5 
BNAH 4 4 

No Catalyst TEOA - - 
 

6.4. The Emission-Quenching Experiment 

The emission-quenching experiment was obtained in order to investigate more 

about the features for the photocatalytic activity of these complexes (Fe and Ni). The 

process of this experiment was mentioned in section 1.7.4. Emission-Quenching 

Experiment in Chapter 1, the emission-spectra and the quenching rate constants kq that 

were calculated from the linear Stern-Volmer plots for both the both Fe and Ni catalysts 

are shown below in the next figures. 
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Figure 6.8.  Emission-spectra from the quenching experiments with Fe-SNS complex. 
 
Table 6.13. The Emission-spectra data from the quenching experiments with Fe-SNS 
complex. 
 

concentration (μmol) Intensity (I) 
0 114.4175339 

0.12 80.81655884 
0.24 52.66041565 
0.36 41.56280899 
0.48 30.24587822 
0.6 20.6122551 

 

 
 
Figure 6.9. Stern-Volmer plot for quenching of the emission of the photosensitizer 
Ru(bpy)3(PF6)2 with various concentrations of catalyst Fe-SNS complex. 
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Figure 6.10.  Emission-spectra from the quenching experiments with Ni-SNS complex. 
 
Table 6.14. The Emission-spectra data from the quenching experiments with Ni-SNS 
complex. 
 

concentration (μmol) Intensity (I) 
0 114.4175339 

0.12 67.88236237 
0.24 35.9315071 
0.36 26.96782303 
0.48 19.31774712 
0.6 14.95480347 

 

 
 
Figure 6.11. Stern-Volmer plot for quenching of the emission of the photosensitizer 
Ru(bpy)3(PF6)2 with various concentrations of catalyst Ni-SNS complex. 
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6.5. Experimental Section 

6.5.1. General Methods 

Reactions were performed in a glovebox under a nitrogen atmosphere. All solvents 

were sparged with nitrogen and then dried by passage through a column of activated 

alumina using an apparatus purchased from Anhydrous Engineering. Deuterated 

chloroform was dried using activated molecular sieves. Metal bromides were purchased 

from Strem Chemicals and used as received. All other chemicals were purchased from 

Aldrich and used without further purification. The ligand 2,6-(MeSCH2)2NC5H5 was 

synthesized according to literature procedure.28  

6.5.2. Some Characterizations 

NMR spectra were acquired on a Bruker Avance 300 MHz spectrometer with 

CD2Cl2, and CDCl3 as solvents and internal standards. Mass spectrometry (MS) was 

obtained at the University of Ottawa using TOF MS ES on a Micromass-Q TOF II. Infrared 

spectra were measured on powder samples using a Nicolet 6700 FT- IR. UV-Vis spectra 

were collected using an Agilent Technologies Cary 300 UV-Vis spectrometer. Elemental 

analyses for 1-6 were performed by Midwest Microlab LLC, Indianapolis IN. Magnetic 

moments were measured at room temperature using the Evans method.66,67 

6.5.3. X-ray Crystallography 

Crystals were mounted on thin glass fibers using paraffin oil. Prior to data 

collection crystals were cooled to the collection temperature. Data were collected on 

Bruker AXS Smart and Kappa single-crystal diffractometers equipped with a sealed Mo 

tube source (wavelength 0.71073 Å) and APEX II CCD detector. Raw data collection and 

processing were performed with APEX II software package from BRUKER AXS.68  Initial 

unit cell parameters were determined from 60 data frames with 0.3° w scan each collected 
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at the different sections of the Ewald sphere. Semi-empirical absorption corrections based 

on equivalent reflections were applied.69 Systematic absences in the diffraction data-set 

and unit-cell parameters were consistent with the space groups. The structures were solved 

by direct methods, completed with difference Fourier synthesis, and refined with full-

matrix least-squares procedures based on F2. For all the compounds all hydrogen atoms 

positions were calculated based on the geometry of the related non-hydrogen atoms. All 

hydrogen atoms were treated as idealized contributions during the refinement. All 

scattering factors are contained in several versions of the SHELXTL program library, with 

the latest version used being v.6.12.70  

6.5.4. Experimental Procedure 

[Mn{k3-2,6-(MeSCH2)2NC5H5}Br2]2 (1): MnBr2 powder (32 mg, 0.149 mmol) 

was added to a clear yellow solution of 2,6-(MeSCH2)2NC5H5 (44.6 mg, 0.224  mmol) in 

8 mL of toluene. The reaction mixture was allowed to stir for 14 hours, gradually becoming 

opaque white. The solution was cooled to -20°C overnight. A pale white precipitate formed 

which was isolated by filtration and washed with 5 x 2 mL hexanes and then dried under 

vacuum. A white powder was isolated in 95% yield. Off-white crystals suitable for X-ray 

analysis were grown by diffusion of hexanes into a saturated THF solution of 1 and storing 

at -20°C for several days. Elemental analysis calculated (%) for [C9H13Br2MnNS2]: C 

26.10, H 3.17, N 3.38, found C 26.08, H 3.12, N 3.34. MS m/z: 413.82 M+. µcorr(298K) =  

5.78 µB. 

[Fe{k3-2,6-(MeSCH2)2NC5H5}Br2]2 (2): FeBr2 powder (30 mg, 0.139 mmol) was 

added to a clear yellow solution of 2,6-(MeSCH2)2NC5H5 (41.5 mg, 0.209  mmol) in 8 mL 

of toluene. The reaction mixture was allowed to stir for 14 hours, gradually becoming 

opaque orange. The solution was cooled to -20°C overnight. A brown precipitate formed 
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which was isolated by filtration and washed with 5 x 2 mL hexanes and then dried under 

vacuum. A fine peach coloured powder was isolated in 96% yield. Peach crystals suitable 

for X-ray analysis were grown by diffusion of hexanes into a saturated THF solution of 2 

and storing at -20°C for several days. Elemental analysis calculated (%) for 

[C9H13Br2FeNS2]: C 26.04, H 3.16, N 3.38, found C 25.93, H 3.11, N 3.08. MS m/z: 414.82 

M+. µcorr(298K) =  4.05 µB. 

Co{k3-2,6-(MeSCH2)2NC5H5}Br2 (3):  CoBr2 powder (30 mg, 0.137 mmol) was 

added to a clear yellow solution of 2,6-(MeSCH2)2NC5H5 (41 mg, 0.206  mmol) in 8 mL 

of toluene. The reaction mixture was allowed to stir for 14 hours, gradually becoming 

opaque blue. The solution was cooled to -20°C overnight. A dark blue precipitate formed 

which was isolated by filtration and washed with 5 x 2 mL hexanes and then dried under 

vacuum. A dark blue powder was isolated in 97% yield. Large pale blue crystals suitable 

for X-ray analysis were grown diffusion of hexanes into a saturated CH2Cl2 solution of 3 

and storing at -20°C for several days. Elemental analysis calculated (%) for 

[C9H13Br2CoNS2]: C 25.85, H 3.14, N 3.35, found C 25.74, H 3.11, N 3.37 MS m/z: 417.82 

M+. µcorr(298K) =  4.73µB. 

[Ni{k3-2,6-(MeSCH2)2NC5H5}Br2]2 (4):  NiBr2 powder (30 mg, 0.137 mmol) was 

added to a clear yellow solution of 2,6-(MeSCH2)2NC5H5 (41 mg, 0.206  mmol) in 8 mL 

of toluene. The reaction mixture was allowed to stir for 14 hour, gradually becoming 

opaque green. The solution was cooled to -20°C overnight. A green precipitate formed 

which was isolated by filtration and washed with 5 x 2 mL hexanes and then dried under 

vacuum. A bright green powder was ultimately isolated in 64% yield. Elemental analysis 
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calculated (%) for [C9H13Br2NiNS2]: C 25.87, H 3.14, N 3.35, found C 25.89, H 3.17, N 

3.38. MS m/z: 416.82 M+. µcorr(298K) =  3.17µB  

Cu{k3-2,6-(MeSCH2)2NC5H5}Br2 (5):  CuBr2 powder (32 mg, 0.143 mmol) was 

added to a clear yellow solution of 2,6-(MeSCH2)2NC5H5 (43 mg, 0.215  mmol) in 8 mL 

of toluene. The reaction mixture was allowed to stir for 14 hours, gradually becoming green. 

The solution was cooled to -20°C overnight. A forest green precipitate formed which was 

isolated by filtration and washed with 5 x 2 mL hexanes and then dried under vacuum. A 

bright green powder was isolated in 84% yield.  Green crystals suitable for X-ray analysis 

were grown by diffusion of hexanes into a saturated MeCN solution of 5 and storing at -

20°C for several days. Elemental analysis calculated (%) for [C9H13Br2CuNS2]: C 25.57, H 

3.10, N 3.32, found C 25.64, H 3.09, N 3.22. MS m/z: 421.82 M+. µcorr(298K) =  2.01µB.  

Zn{k3-2,6-(MeSCH2)2NC5H5}Br2 (6):  ZnBr2 powder (32 mg, 0.142 mmol) was 

added to a clear yellow solution of 2,6-(MeSCH2)2NC5H5 (42 mg, 0.213  mmol) in 8 mL 

of toluene. The reaction mixture was allowed to stir for 14 hours, gradually becoming 

opaque white. The solution was cooled to -20°C overnight. A white precipitate formed 

which was isolated by filtration and washed with 5 x 2 mL hexanes and then dried under 

vacuum. A white powder was isolated in 93% yield. White crystals suitable for X-ray 

analysis were grown by diffusion of hexanes into a saturated CH2Cl2 solution of 6 and 

storing at -20°C for several days. Elemental analysis calculated (%) for [C9H13Br2ZnNS2]: 

C 25.46, H 3.09, N 3.30, found C 25.50, H 3.12, N 3.24. MS m/z: 422.81 M+. 1H NMR 

(400 MHz, DMSO-d6): δ 7.68 (t,1H) 7.22 (d, 2H, J = 7.7 Hz), 3.71 (s, 4H, CH2-py), 1.98 

(s, 6H, CH3).  13C NMR (400 MHz, DMSO-d6): δ 158.4 (Ar-C), 137.8 (Ar-CH), 121.5 (Ar-

CH), 39.36 (Ar-CH2-S), 15.12 (S-CH3). 
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6.6. Conclusions 

This report provides the first systematic application of bis(thioether)pyridine SNS 

ligands, a neutral pincer-type scaffold, in coordination chemistry and the first structurally 

characterized complexes of this broad ligand family for both Mn and Fe. The importance 

of such investigations reaches beyond a particular ligand array and addresses fundamental 

concepts within inorganic chemistry. The analysis of a series of divalent first row transition 

metal complexes revealed a set of monomeric and dimeric species and presented a delicate 

balance of structural features arising from the d-orbital occupancy of the metal and the 

steric load of the ligand. It appears that dimerization of the solid-state structure is primarily 

favored through lower steric load from the ligand and lower metal d-electron count. 

Generally, simple ligand field theory suggests that square-based pyramidal metal 

coordination geometry should be favored for five-coordinate complexes but factors such 

as d-electron count, effective steric load of ligands and metal-ligand p-bonding are 

important considerations.71 These are factors under our scrutiny as we further explore the 

synthetic/structural chemistry of the SNS framework and the potential of these complexes 

in chemical transformations and catalysis. These SNS transition metal complexes show a 

good catalytic behavior towards the hydrogen production. However, a further study of the 

reactivity of these catalysts should be done. 
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Chapter 7: Conclusion and Future Study 

7.1. Summary of the work 

This thesis presents a number of avenues of investigation into the reduction of CO2. 

The motivation for this effort was outlined in each chapter and represents an important 

field of research that continues to attract a great deal of attention due to the valuable and 

useful molecules that will be produce from this reduction. The increasing levels of CO2 

production provide a strong impetus to discover new catalysts that are able to convert CO2 

into other more valuable compounds. The goals of this thesis work were to design new 

catalysts that have high efficiency for the reduction of CO2 and to characterize these 

catalysts with focus on their photocatalytic properties and their related physical properties. 

The reduction of CO2 to the valuable products has many important advantages such as the 

decrease of the environmental hazards by reducing the CO2 levels in the atmosphere.  

At the heart of these studies has been the preparation of new catalysts. These species 

have been synthesized, characterized and examined for the CO2 reduction under 

photocatalytic and, to a lesser extent, electrocatalytic conditions. Although different levels 

of success have been observed, most of the catalysts in this thesis show their ability towards 

the photocatalytic CO2 reduction. In some cases, these catalysts displayed superior ability 

towards the electrocatalytic CO2 reduction. In addition, some of these catalysts actually 

demonstrated good ability towards the H2 production from H2O.  

 

7.2. Recommendations and Future Study 

Some of the projects that were presented in Chapters 2-6 have clear directions that 

require more investigations and that could be explored to improve their catalytic ability 

towards the reduction of CO2. In most cases, extensions could be used to improve and 
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elaborate on these results. Importantly, efforts to more clearly define the mechanisms for 

the catalytic reactions are important. For example, a number of different intermediates were 

proposed and efforts to establish these species are important additions. In addition, since 

most of these catalysts give H2 as by-product from the CO2 reduction, these catalysts should 

be examined to H2O splitting to produce H2. Finally, there is a vast range of future 

investigations that have been stimulated by the results of this thesis.  In the following 

sections I will outline directions that seem to be particularly interesting and in many cases 

I will outline some preliminary results that I was able to obtain.  

 

7.3. Exploring Ligand and Metal Variation 

7.3.1. Variation of a-diimine ligands with Group 7 – Re(I) and Mn(I)  

• Mono-	and	bimetallic	Re	Complexes	with	a	mono(imino)pyridine	ligand	

The tricarbonyl species of Re(I) and Mn(I) have an established and varied history 

in the field of CO2 reduction. I have initiated two broad investigations that focus on 

variation of the supporting ligand. The first employs mono(imino)pyridine	ligands	for	

the	synthesis	of	ReL(CO)3X	complexes.	  The targeted species are represented by X Y, 

where X is the bimetallic Re complex and Y is the mono Re complex. These complexes 

were successfully prepared and did display evidence of electrocatalytic CO2 reduction. 	

Sceheme 7.1. The mono-	and	bimetallic	Re	Complexes	with	a	mono(imino)pyridine	

ligand.	
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• 1,10-phenanthroline-5,6-dione (phendione) ligand and 11,12-

Dimethyldipyrido[3,2-a:2',3'-c]phenazine (dppz) ligand with Re and Mn 

The idea here is to use the a-diimine ligands used in Chapter 4 and apply them to 

Re and Mn. These bidentate ligands have an extended 𝜋 conjunction, which can lead to 

different reduced intermediates compared with the standard 2,2'-bipyridine and 1,10-

phenanthroline complexes. These new ligands phendione and dppz have been synthesized 

and characterized with Re (I) and Mn(I) metal center, and they also examined for the CO2 

reduction and showed good photocatalytic abilities towards CO2 reduction.  

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
Sceheme 7.2. The Re (I) and Mn(I) complexes with phendione and dppz ligands.  
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7.3.2. Extending PN Ligation in Group 7 – Re(I) and Mn(I)  

• The Re-PNP-Me and Re-PNP-H Complexes 

• The Mn-PNP-Me and Mn-PNP-H Complexes 

I have successfully prepared a number of “PNP” complexes of Re(I). For example, 

Re-PNP-Me and Re-PNP-H have been synthesized and characterized, and these complexes 

showed ability to reduce CO2 to HCOOH in photochemical process. More experiments 

should be done with this project to evaluate the photocatalytic ability of these complexes 

towards CO2 reduction.  I extended this chemistry to Mn and there are Mn-PNP-Me and 

Mn-PNP-H that have been synthesized and characterized. These complexes showed a good 

ability to reduce CO2 to CO and HCOOH in photochemical process. The Mn-PNP-Me 

showed higher ability towards photocatalytic CO2 reduction than the Mn-PNP-H complex. 

Many conditions were examined for the photocatalytic CO2 reduction 

	

	
Sceheme 7.3. The Re (I) and Mn(I) complexes with PN-R and PNP-R ligands (R = Me or 
H).
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Table 7.1. The photocatalytic experiments with the Re (I) and Mn(I) complexes with 
Ru(bpy)3(PF6)2 as photosensitizer (PS) in DMF (4mL)  as solvent and TEOA as electron 
donors (ED). 
 

Complex 
(1mM) 

Ru 
complex 
(1mM) 

Solvent e- donor Condition H2 (µmol) 
 

CO (µmol) HCOOH 
(µmol) 

 
Mn-PNP-Me 1 DMF TEOA 24 h, CO2 40 22 85 
Mn-PNP-Me 1 DMF NEt3 24 h, CO2 5 9 123 
Mn-PNP-Me 1 DMF AA 24 h, CO2 4 4 - 
Mn-PNP-Me 1 DMF Na.asc 24 h, CO2 - 2 - 
Mn-PNP-H 1 DMF TEOA 24 h, CO2 16 - 84 
Mn-PNP-H 1 DMF NEt3 24 h, CO2 20 - 85 
Mn-PNP-H 1 DMF AA 24 h, CO2 - - - 
Mn-PNP-H 1 DMF Na.asc 24 h, CO2 20 - - 
Re-PNP-Me 1 DMF TEOA 24 h, CO2 6 2 90 
Re-PNP-H 1 DMF TEOA 24 h, CO2 8 1 70 

 

7.3.3. Divalent First Row Metal Complexes Fe, Co, Ni 

• The Fe-PN-Me, Fe-PN-H, Fe-PNP-Me and Fe-PNP-H Complexes 

• The Co-PN-Me, Co-PN-H, Co-PNP-Me and Co-PNP-H Complexes 

• The Ni-PN-Me, Ni-PN-H, Ni-PNP-Me and Ni-PNP-H Complexes 

Both the PN and PNP ligands have been successfully applied as supporting ligands 

in CO2 reduction catalysts. I extended this to include a number of divalent first row 

transition metals (e.g. Fe, Co and Ni) that are potential CO2 reduction catalysts. For 

example, Fe(II) and Ni(II)  complexes have been synthesized with both bidentate and 

tridentate ligands. The Fe-PN-Me, Fe-PN-H, Fe-PNP-Me, Fe-PNP-H, Ni-PN-Me, Ni-PN-

H, Ni-PNP-Me, Ni-PNP-H, Co-PNP-Me and Co-PNP-H complexes have been synthesized 

and characterized. They have been tested for the CO2 reduction, but still they need more 

experiments to document their photocatalytic ability towards CO2 reduction.  
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Sceheme 7.4. The divalent Fe, Co and Ni complexes with PN-R and PNP-R ligands (R = 
Me or H). 
 
	
7.3.4. Divalent Zn Complexes with PN-R and PNP-R Ligands 

Both the PN and PNP ligands have been successfully applied as supporting ligands 

in CO2 reduction catalysts with zinc. Zn(II) complexes Zn-PN-Me, Zn-PN-H, Zn-PNP-Me, 

and Zn-PNP-H have been synthesized and characterized with both bidentate and tridentate 

ligands. Preliminary testing for the CO2 reduction for both photocatalytic and 

electrocatalytic ability of CO2 reduction has been performed. They show a good 

photocatalytic and electrocatalytic ability towards CO2 reduction. 
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Sceheme 7.5. The divalent Zn(II) Complexes with both PN-R and PNP-R ligands (R = Me 
or H). 

 
 
Sceheme 7.6. The X-ray structures of some of the divalent	Zn(II) Complexes with both 
PN-R and PNP-R ligands (R = Me or H). 
 
Table 7.2. The Photocatalytic experiments with the Zn(II) Complexes with Ru(bpy)3(PF6)2 
as photosensitizer (PS) in DMF (4mL) as solvent and triethanol amine as electron donor 
(ED). 

Complex 
(1mM) 

Ru 
complex 
(1mM) 

Solvent e- donor Condition H2 
(µmol)  

CO 
(µmol) 

HCOOH 
(µmol)  

Zn-PN-Me 1 DMF TEOA 24 h, CO2 - - 46 
Zn-PNP-Me 1 DMF TEOA 24 h, CO2 6 - 82 

Zn-PN-H 1 DMF TEOA 24 h, CO2 4 - 46 
Zn-PNP-H 1 DMF TEOA 24 h, CO2 4 - 41 
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7.3.5. Changing the Ligand Framework using the First Row Metal Complexes 

 These NPNPN [N(PN)2] and NPN [N(PN)]  ligands have been synthesized and 

characterized. Both of these N(PN)2 and N(PN) ligands can be applied as supporting 

ligands to the first row transition metals to make the complexes that can be used as CO2 

reduction catalysts. These ligands can be synthesized with the transition metals to make 

the geometry of ML(CO)3X complexes, and they can be extended to include a number of 

divalent first row transition metals with the geometry of MLX2. These proposed complexes 

should be synthesized, characterized, and examined to the CO2 reduction to see their 

catalytic ability towards the CO2 reduction. Then, they can be compared to our PN and 

PNP catalysts.  

	
Sceheme 7.7. The proposed transition metal complexes with both N(PN)2 and N(PN) 
ligands. 
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In summary, in this chapter I have provided broad outlines and directions for a 

range of different future directions that extend from the heart of the thesis research 

presented in Chapters 2-6. I believe that these future avenues will be interesting and 

noteworthy to try and to be good projects. I am optimistic about the catalyst’s behavior of 

each of these proposed directions since I was able to make a number of the proposed 

complexes and carry out some preliminary testing of these complexes towards CO2 

reduction. Although I believe there is potential from each of these ideas, I am particularly 

attracted to investigate the chemistry shown in Scheme 7.7. These species represent a new 

ligand framework. These ligands have been successfully synthesized and characterized. 

They are primed to form metal complexes, which could then be examined towards the CO2 

reduction. I am very excited to see the results of this work and to compare it with the PN 

and PNP ligand frameworks presented in this document.  

	

	

 


