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Abstract

Molybdenum and tungsten are found in the active site of a number of metalloen-

zymes. Bound to these atoms are sulphide-containing ligands, more commonly

referred to in the literature as dithiolene ligands. The combination of metal and

ligand allows for catalysis close to the thermodynamic limit of carbon dioxide

reduction to formate to take place. Thus, these active sites are attractive targets

for chemists, as their potential for industrial application is limitless.

This thesis focuses on the synthesis of mimics of the active site of the formate

dehydrogenase enzyme (FDH). By providing functional models of the active site,

we wish to identify the necessity of proton relays in close proximity to the central

metal ion for catalysis; their presence is seen in the native enzyme, but is missing

from the catalytically-competent models in the literature.

A route to a novel molybdenum-oxo bis-dithiolene complex was successfully

created, streamlined and improved by previous researchers within the group. This

novel route was then used to generate more ligands and subsequent complexes in an

effort to showcase the versatility of the synthesis. The terminal functionality of the

FDH active site is not limited to just oxo ligands, but to other elements in Group

18 such as sulphur and selenium. Attempts at synthesising the sulphido analogue

of the target complex were made, but unfortunately this was unsuccessful. A ‘third

generation’ pro-ligand was also synthesised with the goal of creating novel, bridged

molybdenum-oxo dithiolene complexes. Unfortunately, attempts to synthesise this
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new kind of dithiolene complex were unsuccessful. The synthesis of the tungsten

analogues of these compounds was explored but merely added to the reputation

of the difficulty in working with tungsten compounds; fortunately, the tungsten

analogue of the target complex was synthesised for a time, and key data points

were recorded.

Computational methods were employed to better understand the physical

properties of the synthesised complexes, with a focus on the accurate prediction of

the infrared stretching band of the Mo O bond. This process of identifying this

stretch was aided by the use of five functionals, each with varying constraints. The

functionals that achieved the most accurate predictions can now be reused as a

standard for other researchers to conduct computational studies on molybdenum-

oxo dithiolene complexes with a high degree of certainty in the accuracy of their

results.

The importance of electrochemical methods for understanding the behaviour of

redox-active metals cannot be understated. Several of the synthesised complexes

were subjected to cyclic voltammetry, allowing structure-activity relationships to

be derived for the MoIV/MoV and MoV/MoVI redox couples.

The target complex and its non-functionalised analogue were tested for their

catalytic activity with the goal of seeing the catalytic reduction of carbon dioxide

into formate. Although the results for the reduction of carbon dioxide to formate

and oxygen atom transfer catalysis were poor, oxidation catalysis of formate showed

that the complexes were four times more effective with the proton relays than

without.
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Chapter 1

Introduction

1.1 The Hydrogen Economy

As the years pass and the supply of fossil fuels continues to dwindle, with coal being

the only fossil fuel that is feasible to extract after 2042, their negative impacts

on the environment and society are becoming more noticeable. With the ever

increasing demand for energy, the issue of finding a suitable alternative for fossil

fuels will grow in importance. According to BP (British Petroleum), the fossil fuel

supply will last 53 more years. Fortunately, many efforts to find an alternative

are being made, for example, nuclear fusion at the International Thermonuclear

Experimental Reactor (ITER), offshore wind farms, and the hydrogen economy.1

Renewable energy currently accounts for 30% of global electricity production

where wind and solar contributed 12% in 2022.2 With regards to wind and solar,

they suffer from one or both of two problems: they are not available all of the

time, making them unreliable, and they can only supply energy to their local area.

For example, solar panels built in the desert can only be used by people in the

immediate area. These energy sources are dependent on the weather, which is

temperamental; on certain days there will be no wind or it will be cloudy.
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An obvious solution is to store the excess energy produced on days when the

weather is favourable for days when the weather is inclement. Batteries, pumped-

storage hydroelectricity (the water is pumped uphill so that it can run downhill

through generators later), and solar farms that melt salt are all viable means for

long-term energy storage.3,4

Unfortunately, each solution has its own problems. A great amount of materials

would need to be mined for the huge amounts of energy that would need to be

stored. For example, lithium extracted from brine (by evaporitic mining techniques)

is extracted from underground aquifers, further impoverishing the surrounding

communities in some of the driest places on the planet by reducing the available

water sources and contaminating the groundwater with heavy metals.5 In terms of

pumped-storage hydroelectricity and molten salt, they are local solutions and will

only work in areas within the immediate vicinity. These solutions are not global in

scale.

Enter the hydrogen economy. At its core, the hydrogen economy is the direct

replacement of fossil fuels with hydrogen. Hydrogen has a large gravimetric energy

density, greater than conventional fossil fuels, but unfortunately a poor volumetric

energy density.6 The mobility of hydrogen solves the main issue plaguing most

renewable energies; for example, it can be shipped around the world and be bought

and sold as a commodity; it is not limited to consumers in the immediate area.

The real advantage of hydrogen is its potential scale and ability to seamlessly swap

with fossil fuel infrastructure. For example, cities and towns across the UK feature

natural gas storage tanks located on the outskirts. This natural gas infrastructure

can be repurposed for hydrogen.7

Hydrogen also benefits from being renewable and carbon neutral: hydrogen

can be obtained via the electrolysis of water, and water is the product of its

combustion/oxidation. However, some external energy input is required to obtain

2



dihydrogen initially. As a result, it fulfils most of the requirements of the perfect

alternative: a high-energy dense fuel with a low externality. The implementation of

hydrogen has already begun, but on a small scale. There exist hydrogen-powered

cars, buses, trains; even the international space station runs on hydrogen. But

doing it on a global scale is challenging. This is because producing, storing and

using hydrogen has several problems.

Classically, large quantities of hydrogen are produced through a method known

as steam reforming, a process developed in the 1930s. A hydrocarbon, commonly

natural gas, has superheated steam passed over it. Unfortunately, this process

produces carbon monoxide, another greenhouse gas. The carbon monoxide can

be captured and stored, but it is estimated that the carbon footprint is 20%

greater than that of burning coal for heat when compared with this method

of producing hydrogen.8,9 The product of hydrogen oxidation, water, is also a

greenhouse gas, responsible for half of the greenhouse effect on Earth. However,

water is regulated through geological and atmospheric processes; therefore, the

anthropogenic influence on water vapour is minimal. But higher temperatures, as

a consequence of global warming, do encourage more evaporation from bodies of

water and a greater greenhouse effect contribution from water vapour.10

An alternative is to use the energy generated by renewable sources to produce

hydrogen using electrolysis. Although carbon dioxide is not produced as a by-

product, it is very inefficient since the thermodynamic reduction potential of

water to hydrogen at room temperature and pressure is 1.23V, and all current

electrocatalysts have some degree of overpotential (the difference between the

thermodynamically determined potential and the experimental potential). The

overpotential can be reduced by heating the water, but, consequently, the overall

efficiency of hydrogen production is reduced because heating also requires energy.

Classical electrocatalysts for this process are also heavily reliant on precious metals
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such as platinum or iridium. The formation of hydrogen and oxygen gases at

the electrodes contributes to the mass transport problem, where water must be

transported to the electrode, and hydrogen/oxygen must be removed simultaneously

to maintain the area of which the electrodes are working efficiently. Then, to use

hydrogen to generate electricity, for example in a fuel cell, similar problems are

also prevalent, such as the need for expensive precious metals like platinum and

iridium to act as catalysts.11,12

The storage and transportation of hydrogen are also issues. In most hydrogen-

oxygen ratios, there is an explosion risk, and therefore, the hydrogen must be

stored in strong containers that are expensive to produce on an industrial scale.

Unfortunately, because of the size and reactivity of hydrogen, it can penetrate

metal crystals and start to corrode the tanks from the inside.13 For long-term

storage/transport, a hydrogen chemical transporter seems ideal, where hydrogen

is present within another molecule. A common example is water, which contains

111 g/L of hydrogen, while a cubic metre of liquid hydrogen contains 71 g/L.14 An

ideal carrier chemical should be much less dangerous, much less corrosive, and can

be capable of being shipped and piped around easily. When needed, the carrier

chemical can be used directly by a solid oxide fuel cell to produce energy, or the

reaction can be reversed and the hydrogen retrieved. One might think that because

water is so hydrogen dense that it would make the perfect hydrogen store; it is non-

toxic, a liquid at room temperature, and stable in the atmosphere. Unfortunately,

water is too stable. The energy required through electrolysis to convert water back

into hydrogen and oxygen is greater than what would be obtained from using that

hydrogen for electricity; in essence, it is a simple problem of thermodynamics.

In the project described in this thesis, the target carrier or liquid organic

hydrogen carrier (LOHC) is formate. Formate can store 53 g H2/L vs. 0.089 870 g

H2/L as gaseous hydrogen. Formate can be used as a food preservative, due to
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its fungicidal properties, and a precursor to other chemicals, for example, acetic

acid and methanol. Therefore the use of this molecule is not limited to just being

a LOHC. With current demand at 732 000 metric tons per annum, synthesising

formate/formic acid in large quantities is a highly economical pursuit. However,

producing formate is a thermodynamically unfavourable process, so current methods

must be improved towards catalytic means.15

1.2 Evolutionary Development of Molybdenum-

and Tungsten-Containing Enzymes

Molybdenum and tungsten occupy a unique position in the periodic table as being

the only second and third row transition metals that contribute to biological

functions in almost all organisms; from ancient archaea to modern day mammals,

one or both elements are necessary.16 The two elements are in Group 6 of the

periodic table and exhibit similar chemical properties that allow interchangeability

within the active sites of the corresponding enzymes, bar nitrogenase, where no

tungsten analogue is known. In fact, these metalloenzymes can be traced back to

the last universal common ancestor.17,18 Therefore, it is important to understand

their origin and why they are so ubiquitous in modern life.

In the present, only a few organisms prefer tungsten over molybdenum, which is

unexpected given their chemical similarities and both having similar coordination

spheres. For every molybdoenzyme there is an analogous tungstoenzyme, however,

many billions of years ago, at the advent of multicellular evolution, tungsten was the

more bioavailable of the two elements. There are many speculations on the origins

of life, but one train of thought is that life began under hot, anaerobic conditions

rich in sulphur.19–21 In such conditions, molybdenum sulphides form which are

largely insoluble in water; this is in contrast to the readily soluble, low-valent
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tungsten sulphides. This crucial difference in solubility would have allowed these

organisms easier access to tungsten in comparison to molybdenum. Evidence for

such a hypothesis can be found in the underwater hydrothermal vents of today,

where microorganisms there use tungsten in the active sites of related enzymes,

rather than molybdenum, mimicking the early primordial conditions thought to

favour tungstoenzymes.22

The cooling of the Earth’s crust and the evolution of photosynthetic organisms

allowed for cooler habitats with lower sulphur content and higher oxygen concentra-

tion in the atmosphere. Such conditions encourage the formation of water-soluble

molybdate salts (MoO 2–
4 ). This unmatched solubility in seawater means that

molybdenum is the most abundant transition metal found in the oceans, even in

the modern day. However, tungsten compounds are highly oxygen sensitive and

have become a liability to these early organisms. Due to their chemical similarity,

and increasing molybdenum availability in the environment, a switch from tungsten

to molybdenum could be performed simply over evolutionary timescales.19,21 In fact,

it has been proposed that the lack of soluble molybdenum compounds resulted in a

‘choke point’ for the continued evolution of life since atmospheric dinitrogen fixation

to ammonium relies heavily on molybdenum for the formation of the nitrogenase

enzyme.23

Molybdenum’s influence in our world is far-reaching. Within the carbon cycle,

the formate dehydrogenase enzyme is used by acetogens (microorganisms that gen-

erate acetate) to fix carbon dioxide by reducing it into formate. These molybdenum

enzymes are also potent oxidising catalysts, for example, aldehyde oxidoreductase

which converts aldehydes to carboxylic acids.24 In mammals, aldehyde oxidase has

been linked to the synthesis of retinoic acid, essential for growth and development.

Certainly in humans, sulphite oxidase is a prevalent example of our reliance on

these metals, where genetic deficiency can result in neurological problems.25,26
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1.3 The Families of Molybdenum and Tungsten

Containing Enzymes

To date, over 50 distinct types of molybdoenzymes have been identified, and they can

be classified into three families based on their protein sequences and the structure

of the active site: xanthine oxidase, sulphite oxidase, and dimethyl sulphoxide

(DMSO) reductase. The vast majority of these enzymes belong to prokaryotes,

with mammals only having four.27 As mentioned above, bar nitrogenase, molybdo-

and tungstoenzymes have remarkably similar active sites, but for the sake of a

comprehensive understanding, each active site will be examined in turn. Due to

the complexity of this super-family of enzymes, some debate has been raised as to

whether greater specification for the name of each class is needed.28

1.3.1 Xanthine Oxidase

Xanthine is a purine base, found in most organic tissue, and is a product of purine

degradation. After its synthesis in certain biological processes, it is converted to

uric acid by the action of the xanthine oxidase enzyme.29 Despite the name of

the enzyme class, the xanthine oxidase family of enzymes is not solely limited to

this single process. These enzymes also perform catalysis as aldehyde oxidases,

aldehyde oxidoreductases, nicotinate reductases, quinoline 2-oxidoreductases, 4-

hydroxybenzoyl-CoA reductases, and carbon monoxide dehydrogenases. This class

of enzymes is found in many biological processes, from the mammalian formation

of retinoic acid to the synthesis of abscisic acid in plants.

The active sites found in enzymes of the xanthine oxidase family, shown in

Figure 1.1, are characterised (in the oxidised form) by a central molybdenum

atom coordinated by a terminal oxo group, a pyranopterindithiolene cofactor co-

ordinated via the sulphurs, a labile hydroxy group, and a terminal Group 16
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atom (Mo O, S, Se).30 Carbon monoxide dehydrogenase is anomalous, how-

ever, featuring a Mo/S Cu cofactor, replacing the terminal Group 16 moiety

(Mo S Cu S(Cys)).25,31,32 The R group depends on the cell type. In eukaryotes,

the cofactor is found in the monophosphate form where R is a hydrogen atom. In

prokaryotes, R is found esterified with several nucleotides, for example, cytidine

monophosphate, guanosine monophosphate and adenosine monophosphate.27

Mo
S

S

O

X

OH

X = O, S , Se , S-Cu-S(Cys)

N

N

N
N

O

H2N O

O
P

O

ORO

Figure 1.1: The Xanthine Oxidase Active Site.18

Usually, the xanthine oxidase enzymes catalyse the hydroxylation of a C H

bond in aromatic heterocyclic compounds and aldehydes.18 This holds true but for

two exceptions: carbon monoxide dehydrogenase, the oxidation of CO to CO2, and

hydroxybenzoyl-CoA reductase, the dehydroxylation of the phenol ring.31,33

For this group of enzymes, there is little ambiguity of the reaction mechanism

for the xanthine oxidase catalysed hydroxylation. Summarised by Moura and

co-workers,27 and shown in Scheme 1.1, the terminal hydroxy group is first depro-

tonated by a glutamate residue to form MoVI O–. This is followed by a subsequent

nucleophilic attack by the O– on the requisite C atom whilst simultaneously the

terminal Mo S group abstracts a hydride; the molybdenum changes oxidation state

from MoVI to MoIV. The hydroxylated product is displaced by a water/hydroxy

group and the two electrons obtained by the molybdenum centre are transferred to
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the flavin adenine dinucleotide (FAD) via Fe/S centres where dioxygen is reduced;

deprotonation of the Mo SH group regenerates Mo S.
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Scheme 1.1: The Xanthine Oxidase Catalytic Cycle.27

1.3.2 Sulphite Oxidase

Sulphites are any compounds that contain the sulphite anion, SO 2–
3 . Found in both

eukaryotic and prokaryotic cells, sulphite oxidase is responsible for the oxidation of

toxic sulphite to sulphate produced from the catabolism of large sulphur-containing

amino acids and xenobiotic compounds. Mutations in the genes MOCS1, MOCS2,

MOCS3, and GEPH result in a deficiency in sulphite oxidase which causes early

onset seizures and neurological deterioration highlighting the importance of this

class of enzymes in human biology.34 The sulphite oxidase class of enzymes is not
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limited to just this one process: they are responsible for the eukaryotic assimilation

of nitrate in plants, algae, and fungi (nitrate reductase); and the reduction of S-

and N -hydroxylated compounds.23

Mo
S

S

O
S(Cys)

O

N

N

N
N

O

H2N O

O
P

O

ORO

Figure 1.2: The Sulphite Oxidase Active Site.27

Like all molybdenum-containing enzymes, there are similarities between the

active sites of the various families. The molybdenum centre is coordinated, in a

square-pyramidal geometry, to a pyranopterindithiolene cofactor, two oxo groups

(Mo O), and the distinct feature, the polypeptide chain coordinated directly to

the molybdenum through a cysteine thiolate residue (Mo S(Cys)) (Figure 1.2).35

Like with xanthine oxidase, the R group in sulphite oxidase depends on the cell

type: in eukaryotic enzymes R is a hydrogen and in prokaryotic enzymes R is

an esterified nucleotide (cytidine monophosphate, guanosine monophosphate and

adenosine monophosphate).27

Sulphite oxidase catalyses the transfer of one oxygen atom to, or from, an

electron lone pair on the substrate. A catalytic cycle is created by water transferring

the oxygen back to the molybdenum, returning the active site to its initial state.

This oxygen atom transfer earns this class of enzymes the moniker ‘oxotransferases’.

Like xanthine oxidase, the catalytic cycle of sulphite oxidase is well docu-

mented. As can be seen in Scheme 1.2, the sulphur of the sulphite molecule attacks

the equatorial oxo group bound to the molybdenum, simultaneously forming a

Mo O SO 2–
3 group whilst also reducing the molybdenum centre from MoVI to
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Scheme 1.2: The Sulphite Oxidase Catalytic Cycle.27

MoIV. The Mo O bond is broken, releasing the synthesised sulphate (SO 2–
4 ) and

the vacant site is replaced by a water molecule. For oxidation of the molybdenum

core from MoIV back to MoVI, the pathway differs depending on the enzyme type.

For vertebrate sulphite oxidase (chicken SO), the two electrons are intramolecularly

transferred individually to the heme where cytochrome c will be reduced. Unlike

vertebrate SO, where this heme/SO pairing is crucial for catalysis to occur, the

oxidation of the molybdenum centre in plant SO occurs without any additional

redox cofactors by the one-electron reduction of oxygen to superoxide.36

1.3.3 Dimethyl Sulphoxide (DMSO) Reductase

The DMSO reductase family of enzymes boasts the most diverse range of subunit

structure and composition. Such diversity allows for this class of enzymes to

be found in many biological processes not limited to the reduction of dimethyl
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sulphoxide, the reduction/oxidation of arsenate/arsenite, the reduction/oxidation

of nitrate/nitrite, the reduction of carbon dioxide and the oxidation of formate,

and the reduction of polysulphides.27
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Figure 1.3: The DMSO Reductase Active Site.37

Unlike the previous two classes, in the reduced state two pyranopterindithiolenes

coordinate to the molybdenum metal centre via four sulphur atoms, with a terminal

Group 16 atom coordinated axially (Mo O, S, Se). In the oxidised state (Fig-

ure 1.3), the terminally coordinated group is now a singly bound (Mo X) and this

free site allows for direct coordination of the molybdenum ion to the polypeptide

chain through aspartate, serine, cysteine, or selenoscysteine residues.27,37,38 Like

the previous two classes of metalloenzymes, the identity of the R group changes

depending on whether the enzyme is eukaryotic (R is a hydrogen atom) or proka-

ryotic (R is a cytidine monophosphate, guanosine monophosphate, or adenosine

monophosphate).27

Through the use of resonance Raman spectroscopy, isotopic oxygen atom

studies, X-ray absorption spectroscopy (XAS), and electron paramagnetic resonance

spectroscopy (EPR) conclude, with relative certainty, the mechanism for the

catalysis of DMSO shown in Scheme 1.3.38–41 Reduction of the molybdenum centre

and protonation of the terminal oxo (Mo O), facilitated by the penta-heme DorC

protein, releases a water molecule, resulting in a MoIV O(Ser) moiety via a MoV O
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Scheme 1.3: The DMSO Reductase Catalytic Cycle.

state. Subsequently, DMSO binds to the molybdenum core and cleavage of the

O S bond regenerates the MoVI O terminal group.27

1.3.4 A Closer Look at Formate Dehydrogenase

Since this thesis focuses on this small subsection of the DMSO reductase family of

enzymes, it is worth examining them in more detail to develop an understanding

of why they are a particularly valuable target for CO2 reduction.

Formate dehydrogenase enzymes can be divided into two categories: metal-

dependent and metal-independent (NAD-dependent) enzymes. The metal-dependent

enzymes contain redox active centres and are similar to what has been described

above. The NAD-dependent class of enzymes has no metal ions or other redox-

active centres. Similar to the rest of the DMSO reductase family of enzymes,

the FDH subgroup is identifiable by having two pterindithiolene moieties coordin-
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ated to the molybdenum atom in a square pyramidal geometry, and an oxygen,

sulphur or selenium atom in various arrangements. The tungsten-containing form-

ate dehydrogenases are similarly analogous, exemplified by Desulfovibrio gigas,

bound by two pterindithiolates, one selenocysteinate and one hydroxyl/sulphide

ligand (in the oxidised form).42 In total, three formate dehydrogenase enzymes have

been characterised by X-ray crystallography: two molybdenum-based43,44 and one

tungsten-based.45 Each characterised enzyme varies in size, but some commonalities

remain; for example, the [4Fe-4S] clusters to facilitate electron transfer and the

geometry of the cofactors.

The formate dehydrogenase enzyme classification can be further subdivided

into three more families: monomeric cytoplasmic enzymes (FDH H), which contain

only the molybdenum centre and one iron-sulphur cluster;22 and two classes of

heteromeric membrane-bound respiratory enzymes (FDH N and Z) which contain

additional redox-active centres along with the molybdenum centre.22 These differ in

the number of additional redox-active centres, seven and six, respectively, resulting

in a system of subunits that ferry electrons and protons away from the active site.44

They can be found in Escherichia coli as part of the respiration of nitrate.46

Formate dehydrogenase catalyses the reversible inter-conversion between carbon

dioxide (CO2) and formate (HCOO–). Converting from CO2 to formate requires the

transfer of a hydride (two electrons and one proton), and can be seen in equation

1.1:

HCOO– CO2 + 2 e– + H+ (1.1)

Generally, most FDH enzymes preferentially catalyse the oxidation of formate to

CO2.47 The resulting electrons are transferred via electron transfer reactions until

they reduce a terminal electron acceptor. However, there are some FDHs that do

reduce CO2 to formate. Maia and co-workers demonstrated during their kinetic

studies of Desulfovibrio desulfuricans in conjunction with a viologen (a redox active
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molecule)48 as the reductant, the enzyme has a [kcat] of 47 s−1 when it comes to

the reduction of carbon dioxide to formate.47,49

Scheme 1.4 details the kinetic model for the FDH-catalysed carbon dioxide

reduction presented by Maia and co-workers.47 The inactive F0 enzyme is reduced

by the viologen in the reduced form (benzyl viologen), Q, giving the oxidised

viologen, B, and the inactive reduced enzyme, F2. Although the viologen is a one

electron oxidiser/reductant, including two extra steps would add no additional

value to the model. This is then followed by the slow isomerisation (k−5) of F2

into the active reduced E2 enzyme. The reverse conversion is suggested to be

unimportant as k5 is much smaller than k−3. E2 reacts with carbon dioxide P to

give formate A, and the oxidised active enzyme E0. The enzyme is then reduced by

the viologen once again, returning to the active E2 state. Initially the concentration

of F2 is high and the formation of formate and oxidised viologen is limited by the

slow conversion of k−5 resulting in a lag in catalytic rate. However, after a number

of catalytic cycles the active E2 form builds up and catalysis continues through the

faster k−4→k−3→k−2→k−1 cycle, removing the early slow rate.

Although the process occurring at the enzyme’s active site has been studied

extensively through experimental and computational methods, the reaction mech-

anism is not well understood. Differing from the typical oxygen atom transfer

catalysed reactions of the DMSO family of enzymes, it is suggested that the C H

bond is broken and the hydride is transferred to the terminal sulphido instead. To

date, five mechanisms have been put forth: the first from Sun and co-worker based

on the crystal structure of FDH H,43 a reinterpretation of the crystal structure by

Romão and Raaijmakers offered a new perspective on the mechanism,45 a sulphur-

shift mechanism based on computational studies,50,51 a mechanism from Zampella

and co-workers based again on computational studies,52 and finally a mechanism

from Moura and co-workers based on experimental data.47
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Scheme 1.4: The Kinetic Model for the FDH-catalysed Carbon Dioxide Reduction
from Maia and co-workers where F0, F2, E2, E0, P, A, Q, and B correspond to the
inactive oxidised enzyme, the inactive reduced enzyme, the active reduced enzyme,
the active oxidised enzyme, carbon dioxide, formate, reduced viologen, and oxidised
viologen respectively. The dashed arrows correspond to a lag phase caused by the
slow conversion of F0 to E2.47

In the first reaction mechanism (Scheme 1.5), formate is coordinated by the

metal centre and displaces the sulphido group. Formate is then oxidised to carbon

dioxide through either the proton moving to His141 along with an electron transfer

to the molybdenum centre (MoVI to MoV) followed by the His141 proton transferring

to Sec140 together with another electron transfer to the metal centre (MoV to

MoIV), or through a more direct pathway of the proton transferring directly to

Sec140 and two electrons transferring to the molybdenum centre, MoVI to MoIV.43
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Scheme 1.5: The FDH Catalytic Mechanism Proposed by Boyington and Co-
workers.43
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The second proposed mechanism (Scheme 1.6) offers a reinterpretation of the

crystal structure analysed by Romão and Raaijmakers.45 It was discovered that

the formate-reduced form had a poor fit of the electron density map for the

loop (138)RV SeC HGPSVA(146) where Val139, part of the molybdenum ligand

Se Cys140 and His141 were out of density and other parts showed poor connectivity.

The selenium atom was found 12 Å from the molybdenum atom, implying that

molybdenum is not coordinated by Se Cys140. Such a result contradicts the results

obtained from the oxidised form of the enzyme, where the selenium atom does

coordinate the metal. Differing from the interpretation from Sun and co-workers,

the Sec/Cys residue dissociates, allowing formate to bind to the molybdenum

centre. Similarly to the above, the formate proton is abstracted by His141, and two

electrons are transferred to molybdenum in one step. The new interpretation has

the selenium atom interacting with the conserved Arg333, which simultaneously

pulls along the His141 residue. The Sec/Cys residue dissociates, allowing formate

to bind to the molybdenum centre. Similarly to the above, the formate proton is

abstracted by His141, and two electrons are transferred to molybdenum in one

step.
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Scheme 1.6: The FDH Catalytic Mechanism Derived from the Reinterpretation of
a Crystal Structure.45

A third reaction scheme was proposed using computational studies (Scheme 1.7).50,51

Here, the Sec/Cys moiety dissociates, followed by a rebinding to the complex

through the remaining S/Se. The molybdenum is reduced from MoVI to MoIV,

freeing a coordination position for formate to bind to. Cleavage of the Se/S S
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bond results in the free ionic form of Sec/Cys, which can abstract the proton from

formate to give the desired products.
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In the fourth reaction mechanism (Scheme 1.8), the Sec/Cys group is displaced

by the coordination of formate to the molybdenum.52 A hydride ion is then ab-

stracted from formate, resulting in the release of carbon dioxide and creating a

Mo H bond. The hydride moves as a proton to the sulphido group to form Mo SH

together with a tandem reduction of the molybdenum centre to MoIV.

MoS
S

S
S

SO

MoS
S

S
S

S
VI VI MoS

S
S
S

O SH
C
O

IV
MoS

S
S
S

H
VI

O
C
O

S

O
H

H

Se
HSe

O
H

O HSe HSe

Scheme 1.8: A Mechanism for FDH Catalysis Proposed by Zampella and Co-
workers.52

Based on experimental data, unique in the fifth reaction mechanism (Scheme 1.9),

formate does not bind to molybdenum in any capacity, but instead resides in a

secondary coordination sphere.47 The sulphido group abstracts a hydride from the

formate substrate, resulting in a reduced molybdenum centre.

Ryde and co-workers have compared these five mechanisms using computational

methods (a QM/MM approach).53 They concluded that the formate substrate does

not bind directly to the molybdenum centre but instead resides in a secondary

coordination sphere. Two electrons are transferred to the molybdenum, and the
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Scheme 1.9: An Experimentally Backed Mechanism for FDH Catalysis Proposed
by Maia and Co-workers.47

proton is transferred to the sulphido group. However, they proposed that the

carbon dioxide product forms a thiocarbonate group with the Cys ligand and will

not be released until the molybdenum centre is oxidised.

In the year before Ryde and Dong, Reisner and co-workers came to a different

conclusion.54 They showed that inhibition of FDH catalysis is strongly dependent on

the oxidation state of the enzyme, suggesting that inhibitors and substrates interact

intimately with the Mo centre of the active site (within the primary coordination

sphere). From the data, they expanded on the approach that one of the ligands (Sec)

dissociates from molybdenum, creating an open coordination site. Consequently,

the mechanism transpires through a five-membered transition state. These findings

are supportive of the correction made by Romão and Raaijmakers. A recent study

performed by Schulzke and co-workers offers contrasting evidence to the heterolytic

C H school of thought, proposed originally by Thauer and co-workers, towards

the direction of the traditional oxygen transfer mechanistic pathway of the DMSO

reductase family.55,56 By using isotopic labelling and mass spectrometric analysis,

bicarbonate was identified as the first intermediate in the reaction of formate

oxidation through the production of H13C16O18O labelled formate. With conflicting

catalysis discussions, much is to be done in the area to offer a concrete conclusion

to the exact mechanism of action.

Interestingly, the literature lacks the same intensity of investigation when it
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comes to the reverse, the reduction mechanism of CO2 to formate. One supposes

that reduction is merely the reverse of oxidation and the suggested mechanisms can

be flipped to elucidate some understanding of the reverse process. However, without

direct confirmation, any conclusions drawn about the reduction mechanisms using

this logic must be held with great scepticism.

1.4 The Active Site of Formate Dehydrogenase

The active site of formate dehydrogenase is a location of key interest within the

enzyme since this is where catalysis occurs. The active site has been covered in

some detail in earlier sections of Chapter 1; however, it is worth analysing in more

detail here.

Obviously the lone Mo/W metal atom lacks biological activity. A specific

cofactor must be coordinated before catalysis can begin, namely the molybdopterin

cofactor (also known as pyranopterin, pyranopterindithiolene or Moco). The

catalytic subunit can contain up to five iron–sulphur clusters, and genomic analysis

predicts the existence of more complex situations involving flavin as an additional

cofactor. This diversity in the nature of cofactors increases as one moves away from

the catalytic site, with the presence of further iron–sulphur clusters, b- or c-type

hemes, and flavins in highly variable folds.

Raaijmakers and co-workers identified the crystal structure of formate dehydro-

genase from Desulfovibrio gigas.42,57 They determined that this enzyme contained

four sulphur atoms from two pyranopterindithiolenes coordinated to a tungsten

metal centre, a selenium atom, a Se Cys residue, and one hydroxyl or sulphide

ligand. The molybdoenzyme was identified from Escherichia coli through X-ray

absorption data by Boyington and co-workers, and it was found to favour the

hydroxyl ligand rather than the sulphide.43 However, a re-evaluation by Romão
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and co-workers found the ligand was better refined as a sulphur atom ( S), thereby

making the molybdenum a direct analogue of the tungsten variant.45 The pyranop-

terindithiolene cofactor, Figure 1.4, can be broken into three distinct subunits: the

dithiolene, the pyran ring and the pterin.
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Figure 1.4: The Pyranopterin cofactor.

1.4.1 The Cellular Synthesis of Moco

Other enzymes obtain their cofactors by being taken up as a nutrient, but for

molybdenum and tungsten enzymes the cofactor requires de novo biosynthesis. This

synthesis of the ligand occurs in three steps. To begin, the nucleotide, guanosine

triphosphate (5′-GTP), undergoes radical cyclisation to form (8S)-3′,8-cyclo-7,8-

dihydroguanosine (3′,8-cH2GTP) through a series of complex reaction sequences

where the C8 atom of the purine is inserted between the 2′- and 3′-ribose carbon

atoms highlighted by the * in Scheme 1.10; this reaction is mediated by the

radical SAM enzyme.58,59 Through this process, the familiar scaffold can already

be seen to be taking shape. 3′,8-cH2GTP is then converted to cyclic pyranopterin

monophosphate (cPMP) by MPT Synthase where each sulphur is bound to the

carbon as a thiocarboxylate in a sequential manner.60 After the sulphuration,

the sulphurs of MPT synthases are regenerated by the enzyme MPT synthase

sulfurase.61

With the synthesis of MPT the chemical backbone is built to bind and coordinate

a molybdenum atom. But firstly, it is worth considering how molybdenum is taken

up into the body. Molybdenum is taken up into the body as tetraoxomolybdate,
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MoO 2–
4 . With keeping anions, specific protein channels are needed to direct the

molybdate to the necessary locations, known as Mot1 and Mot2 in bacteria.62

However, the answer to the question of how the anion entered the animal cell was

still unknown.63,64 Fortunately, results obtained from the alga Chlamydomonas

reinhardtii identified another molybdate transporter which is also found in human

cells.65

Structural studies revealed that to coordinate molybdenum, MPT must be

first activated by adenylation to form MPT-AMP since physiological molybdate

concentrations are not sufficient to achieve any non-catalysed molybdenum ligation

by MPT.66,67 Enzymatic cleavage of the adenylate from MPT catalyses the insertion

of molybdate into the dithiolene group of MPT, affording Moco.68,69
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Scheme 1.10: The de novo biosynthesis of MPT.69

1.4.2 The Dithiolene

The dithiolene coordinates with the rest of the pyranopterindithiolene to the

metal centre, but more importantly, it tunes the metal centre through various

mechanisms. Conjugation within the dithiolene is mediated by the two sulphur
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Figure 1.5: The Effect of the Fold Angle on the Pseudo-σ Bonding and Metal
In-plane Sulphur-π Orbital Interactions.70–72

atoms coordinated to molybdenum, creating an environment sensitive to electron

density changes at the metal centre. The dithiolene can also respond to changes

in the molybdenum oxidation state. First noted by Lauher and Hoffman for

Cp2Mo(dithiolene) compounds, the fold angle varied depending on the d-electron

count on the metal.73 These changes are seen through a folding movement of the

dithiolene that itself influences the electronic donation through pseudo-σ bonding

and π-interactions. The movement in of the fold angle and the subsequent change

in the orbitals is showcased in Figure 1.5. Larger fold angles occur for a higher

oxidation state of molybdenum, thereby controlling the electronic environment of

the dithiolene through the degree of overlap between the sulphur p orbitals and

the metal d orbitals. These angles range from 6.9◦ to 29.5◦.70,71,74 The dithiolene

also has redox capabilities and can exist in three forms shown in Figure 1.6: fully

reduced, partially reduced, and fully oxidised.

In the case of most inorganic complexes, the oxidation state and electronic
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Figure 1.6: The Oxidation States of the Dithiolene Moiety.

configuration can be assigned using simple rules. When the coordination of certain

ligands results in an ambiguous oxidation state of the metal centre, they are called

redox non-innocent ligands.75 Typically, upon coordination with metals, weak field

dithiolene ligands exhibit redox non-innocent behaviour; therefore, it is worth

touching on as it plays a crucial role in modulating metal complex reactivity.76

A redox non-innocent ligand can have the following effects:

• influences the substrate affinity as well as the energy profile of subsequent

follow-up reactions through modulation of the Lewis acidity of the metal by

oxidation/reduction of the ligand;

• the ligand can act as an ‘electron-reservoir’ which allows the metal to store

and accept electrons on the ligand in elementary steps either by generating

excesses or deficiencies in electron density and as a result, uncommon oxidation

states are avoided;

• some redox non-innocent ligands can form ligand-radicals that participate in

the catalytic cycles.70

These non-innocent effects can influence the reactivity such that base metals

can behave more similarly to noble metals. Sulphur K-edge X-ray absorption

spectroscopy used in parallel with density functional theory (DFT) calculations

has been used to probe the bonding and covalency in the Mo(bdt)3 and Ni(bdt)2

complexes.77–79 An X-ray excites one of the core K-shell electrons (1s2) into an

unoccupied S 4p orbital, shown by the appearance of an electric-dipole-allowed

edge feature. Pre-edge features are also observed where transitions occur into
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unoccupied or half-occupied d orbitals. The excitation of electrons into these higher

energy S orbitals results in more covalent bonding. Matching these findings with

DFT calculations allows for the identification of the metal oxidation and spin state.

These experiments showed that the redox processes for Mo(bdt)3 and Ni(bdt)2 are

all attributed to the dithiolene ligand.

1.4.3 The Pyran Ring

Compared to the dithiolene and pterin, the pyran ring appears largely unobtrusive.

Work from Burgmayer and co-workers in recent years has drawn some attention to

this often forgotten moiety.80 A series of models synthesised by the group revealed

that the pyran ring undergoes a low-energy reversible process of C O bond scission

and recyclisation, where the pyran ring can be in either an open or closed form,

shown in Figure 1.7 .
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HO

Figure 1.7: The Reversibility of the Pyran Ring.81

Pyran ring cleavage changes the electronic structure of the pterin by increasing

the number of C N bonds, a process similar to oxidation. The pyran ring helps

to improve π-conjugation between the pterin and dithiolene by enforcing greater

planarity and adding to the electron modifying ability of the chelating dithiolene.80
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1.4.4 The Pterin

The pterin also performs a similar role as the pyran ring and dithiolene, tuning the

electronic environment of the active site. The pterin moiety is considered electron-

poor and can be expected to give the MPT some electron-withdrawing character.

Pterins also have redox capabilities and can exist in many states (Figure 1.8).

Multiple tautomeric forms of these redox states exist. The fully reduced form lacks

the conjugated π-system. Therefore, there will be less electronic communication

between the pterin and the dithiolene; this increases the fine-tuning of the reduction

potential of the molybdenum ion, modifying the electron donor capabilities of the

dithiolene. The pterin has many H-donor and acceptor functional groups present,

so it is important to note, for mimic synthesis, that these groups interact with the

surrounding protein scaffold of the enzyme to give the pterin the correct geometry

around the molybdenum.82
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Figure 1.8: The Pterin Moiety and its Oxidation States.

Currently, the role of pterin in Moco for enzymatic catalysis is not well un-

derstood, but logically it is possible to deduce a number of potential functions:

a pathway for electrons to regenerate the metal centre, modulating the redox

potential, through hydrogen bonding, of the metal centre, and providing an anchor

to the metal centre for the rest of the enzyme.83

A collection of syntheses summarised by Joule and Garner highlighted methods

to obtain highly similar compounds to molybdenum bound pyranopterindithi-

olenes.84 These routes afforded asymmetric systems with only one pyranopterindith-

iolene instead of the two found in the active site of these molybdoenzymes. From a
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(trispyrazolylborate)Mo(=X)(pterin-dithiolene), first synthesised by the Burgmayer

group, it was concluded that the most significant effect of the pterin substitution

was to shift the redox potential considerably in the positive direction. This could

not be determined from the previous simpler models. This model determined that

the pyranopterin group can participate in an easily reversible pyran ring scission

and recyclisation.85 Only the dithiolene coordinated to molybdenum shows this

behaviour; the pyran dithiolene does not exhibit reversible pyran cyclisation.

1.4.5 The Terminal Functionality and Protein Residues

Finally, coordinated to the metal centres are a Group 16 element (oxygen, sulphur

or selenium), a Se/Cys residue (depending on the oxidation state of the metal

centre), and a highly conserved histidine and arginine residue near the active site.

These Group 16 ligands exist in a L2− form in a terminal fashion. Work done by

Yan and co-workers suggests that these ancillary ligands, while innocent, play a

part in deciding the electronic structure of the redox-active ligands.86,87

1.5 Biomimetic/Non-Biomimetic Complexes of

Molybdoenzymes and their Associated Activ-

ity

1.5.1 Xanthine Oxidase Mimics

When compared with sulphite oxidase and DMSO reductase mimics, the lack of

structural mimics of xanthine oxidase is quite striking. Currently, the literature is

awash with mechanistic insights and pathology but lacks any interest in mimetic

synthesis. Again, Holm is generally recognised as the leading figure in this area, but
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little has been done since his initial foray;88 the ligand scaffold is simple in nature,

for example, the edt (complex 1) or bdt (complex 2) ligands. So, whether those

methods are applicable for more intricate systems remains to be seen. A handful of

other organometallic molecules exist (non-dithiolene) that catalyse oxygen transfers

but lack the structural makeup of the xanthine oxidase active site (Figure 1.9). For

example, Sadhukhan and co-workers grafted their maltol-based ligand, MaI, to the

molybdenum-oxo precursor, ammonium heptamolybdate, to give complex 3. This

complex was catalytically active when it came to the oxidation of hypoxanthine to

xanthine.89
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Figure 1.9: The Xanthine Oxidase Biomimetic Structures.88,89

1.5.2 Sulphite Oxidase Mimics

Between sulphite oxidase and DMSO reductase, sulphite oxidase mimics are the

more synthetically challenging of the two because of the tendency for molybdenum

to preferentially form bis-dithiolene complexes. Holm developed two approaches to

overcome this issue.90

MoS
S

MoPh3SiO
Ph3SiO

O

O
Li(bdt)2

O

O
OSiPh3

ArSH MoS
S

O

O
SAr

4

Scheme 1.11: The Bulky Ligand Approach to Synthesising a Biomimetic Sulphite
Oxidase Complex (Ar = 2,4,6-iPr3C6H2).90
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Scheme 1.12: The Molybdenum-oxo bis-Dithiolene Intermediate Approach for
Synthesising a Biomimetic Sulphite Oxidase Complex (Ar = 2,4,6-iPr3C6H2).90

The first synthetic approach (Scheme 1.11) involved ‘blocking’ one side of the

complex by coordinating a sufficiently sterically bulky ligand to prevent the second

dithiolene from coordinating. In this case, the bulky triphenylsilyloxide anion

is used to prevent the bis-product from forming upon the addition of Li(bdt)2.

Removal of the second triphenylsilyloxide anion is achieved by proton transfer from

the hindered thiol 2,4,6-iPr3C6H4 to give 4.

The second approach (Scheme 1.12) was to start with both dithiolenes already

coordinated to the molybdenum-oxo core and then to cleave one of them using a

strongly electrophilic reagent, for example PhSeCl. Subsequent substitution of the

chloride using 2,4,6-iPr3C6H3 gave novel complex 5. In the 20 years since Holm,

structural and non-dithiolene mimics have been made with limited success.91–93

1.5.3 DMSO Reductase Mimics

The first reported biomimetic complex, [MoO(mnt)2]2–, was an accidental dis-

covery by Wharton and co-workers in 1968, who were investigating tris-dicyano

and tris-tetrachlorobenzenedithiolene complexes of vanadium and molybdenum.94

Ammonium heptamolybdate together with Na2(mnt) gave a mixture of red cubes,

the five-coordinate molybdenum-oxo complex, and green needles, the six-coordinate

molybdenum tris-dithiolene complex. Their observations upon dissolving the

isolated complex in dimethylformamide suggest that they were unable to isolate

the molybdenum-oxo bis-dithiolene complex from the molybdenum tris-dithiolene
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complex as it was noted that the solution was ‘pale green-brown’.

It would not be until 21 years later in 1987 where another molybdenum-

oxo bis-dithiolene complex was synthesised, [MoO(S2C2(COPh)2)2]2–.95 Sarkar

and co-workers provided the first report of a targeted approach at accessing the

molybdenum-oxo bis-dithiolene complexes. They took a different approach to

Wharton and co-workers, relying on post-coordination functionalisation to access

the target complex. To access the [MoO(S4)2]2– core, firstly (Et2NH2)2[MoOS3]

was synthesised from the addition of hydrogen sulphide to molybdic acid and

diethylamine. Adding elemental sulphur to (Et2NH2)2[MoOS3] gave the [MoO(S4)2]2–

core. The reaction between [MoO(S4)2]2– and dibenzyl acetylene afforded dark

brown crystals of [MoO(S2C2(COPh)2)2]2–. Unfortunately, the versatility of this

reaction is hampered by the need for activated alkynes, as noted later on by Kirk

and co-workers.85

During the following year (1988), Matsubayashi and co-workers developed a

unique method of accessing the molybdenum-oxo functionality through the molyb-

denum precursor, [MoOCl5]2– and the pro-ligand 1,3-dithiol-2-one-4,5-trithiocarbonate

to afford red needles of [MoO(dmit)2]2–.96 Herein are the beginnings of how most of

the biomimetic DMSOr/FDH mimics are accessed: a dithiolene pro-ligand activated

by some base and subsequently coordinated to a molybdenum-oxo precursor.

During the 1990s, four other groups synthesised new complexes to add to the

MoIV catalogue where the complexes were first studied for oxygen atom transfer

reactivity. Oku and co-workers determined the importance of sterics for the

reaction of MoIVO to MoVIO2 using trimethylamine N -oxide.97–99 The most critical

additions came in the later parts of the decade from the Holm group and the

Garner group.100,101 Arguably the most renowned paper in the field, the Holm

group focused on collating a number of syntheses for MoIV O bis-dithiolenes, as well

as their own novel methods. For instance, a new approach was devised for accessing
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[MoO(mnt)2]2–, the first Mo O complex of its kind synthesised by Wharton and

co-workers 30 years earlier. The procedure involved subjecting [MoOCl(MeCN)4]–

to Na2(mnt) obtaining [MoO(mnt)2]2– with a far greater yield than the previously

reported method from Wharton and co-workers (67% and 23% respectively). Before

the paper from Garner and co-workers, the ligands and their subsequent complexes

could be viewed as being quite simple in terms of functionality. The Garner group

synthesised a variety of amino functionalised compounds, more accurately modelling

the FDH active site.

After several publications from Holm, more MoIV O bis-dithiolene complexes

were added to the literature; however, most of the additions lacked extended

functionality. This was largely the case until the complexes synthesized by Schulzke

and Fontecave in the latter half of the 2010s.100–111

In 2019, Schulzke and co-workers synthesised an ester and hydroxy functionalised

dithiolene complex (6), a unique approach that stands out because of the use of

alkyl substituents instead of the traditional aromatic subunits.

S

S
Mo

S

S

OO

O

OH

OH

O

O

2

6-mohdt

Figure 1.10: The Novel Catalyst Developed by Schulzke and Co-workers.104

Schulzke’s group determined that the aromatic moiety was detrimental to

catalysis and instead opted for an aliphatic approach because of their instability

and therefore increased activity. This ester- and hydroxy-functionalised dithiolene

catalyst (6), insofar, has only been tested as an oxygen atom transfer catalyst,

more specifically in catalysing the reaction of DMSO to dimethyl sulphide (DMS),

the oxidation half-reaction, and PPh3 to PPh3O, the reduction half-reaction. The
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catalysts performed adequately with a 93% conversion over 56 hours.104

Fontecave and co-workers used the pyranopterinditholate framework as inspira-

tion for synthesising a novel dithiolene species, shown in Figure 1.11, to complex

to a molybdenum ion with the goal of catalytically reducing carbon dioxide to

formate. This newly synthesised ligand, named qpdt (7), lacked Moco’s inherent

instability, allowing the molybdenum-oxo-dithiolene catalyst to effectively reduce

protons to evolve hydrogen.112
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Figure 1.11: The Evolution of Fontecave’s Ligand.112

The qpdt ligand (7) was reduced on the pyrazine ring to form the H-qpdt (8)

and 2H-qpdt (9) ligands in an effort to mimic how some DMSO reductase enzymes

exhibit different oxidation states on the pyranopterin cofactor, for example, a

reduced dihydropyranopterin form.113

In 2018, the group synthesised a mononuclear Ni(qpdt)2 species used as an

electrocatalyst to reduce carbon dioxide, further proving the versatility of the

qpdt ligand.114 In the latter half of the year, the group produced their second and

third true formate dehydrogenase mimics, following on from the synthesis of the

[MoIVO(qpdt)2]2− (10) species in 2015,112 a molybdenum metal centre chelated by

the 1H-qpdt (8) and 2H-qpdt ligand (9); each consists of a cis- and trans-isomer

(Scheme 1.13 and Scheme 1.14).

All species presented an exceptional ability to act as photocatalysts to reduce

carbon dioxide to formate and the results are displayed in Table 1.1. The largest

turn over numbers (TONs) were obtained by [MoO(qpdt)2]2− (10), then [MoO(2H-
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qpdt)2]− (12) and finally [MoO(H-qpdt)2]2− (11). However, the selectivity of

carbon dioxide reduction vs. proton reduction decreases from [MoO(2H-qpdt)2]−

(12), to [MoO(H-qpdt)2]− (11) and then [MoO(qpdt)2]2− (10).103

Table 1.1: The TONs of Formate, CO, and H2 for Catalysts 10, 11, and 12 after
15 h Irradiation with a 300W Xenon Arc Lamp Equipped with a 400 nm Filter at
20 ◦C.103

Complex HCOOH CO H2 Selectivity CO2/H+

10-qpdt 80 73 670 0.23
11-Hqpdt 31 13 51 0.86
12-2Hqpdt 83 40 89 1.38

Fontecave’s findings seem to be in contrast to Schulzke’s data, where the

highly conjugated qpdt system containing aryl groups still provides catalysis, while

Schulzke claimed it was detrimental. This further adds to the mysteries surrounding

FDH catalysis.

Comparing the catalysts developed by Schulzke (6) and Fontecave (10) offers

interesting insight with regard to how the substituents on the dithiolene influence the

target catalysis. Fontecave and co-workers chose to closely follow the MPT scaffold

in the design of their qpdt ligands to more closely study biomimetic ligands. Such

a design choice gave rise to the first reported FDH-based carbon dioxide reduction

catalyst. As mentioned previously, Schulzke and co-workers did not choose aromatic

substituents as they were deemed detrimental for oxygen atom transfer catalysis,

whereas alkyl, asymmetric, substituents improved activity. However, the poor OAT

results indicate that there is some other factor influencing OAT catalysis.103,104 It

is still not well understood what are the key features influencing catalysis. Further

functionalised mimics are needed to identify those key components.
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1.5.4 Alternative mimics

Carbon dioxide to formate catalysts are not limited solely to biomimetic systems

that try to closely match the coordination sphere of the natural FDH active site.

Work from the DuBois group used proton relays to speed up the reversible reaction

of formate to CO2 in an effort to better understand the components necessary for

better catalyst design. The proton relays operate by either losing or gaining a

proton at the end of each catalytic cycle and need to be re-protonated/deprotonated;

an acidic or basic solution can accomplish this. In 2012, DuBois and co-workers

highlighted the importance of the proton relays in the mechanism for their novel

nickel system in the use of formate oxidation (Scheme 1.15). In their catalysts, the

P2N2 ligands coordinate to the metal via the phosphorus atoms, and the amine

groups are able to act as proton relays. These outer sphere relays were found to

be instrumental in facilitating catalytic reactions, since the analogous complexes

without the pendant bases did not show catalytic activity.115

The effects of these proton relays in catalysis can be further examined using

them in conjunction with ‘hangman’ porphyrins. A hangman porphyrin manages

the proton and electron directionality by establishing the proton transfer distance

with an acid-base group poised above the electron transfer conduit of the porphyrin

macrocycle. Hangman porphyrins can influence the reaction rates of small molecule

activation by positioning a molecule in the secondary coordination sphere of the

metal centre.116 For nickel hangman porphyrins, used to evolve hydrogen, the effect

of a proton relay close to the metal centre has led to an improvement in catalysis.117

Significant efforts have been made to generate a collection of formate dehydro-

genase mimics that can perform the catalysis between carbon dioxide and formate

in either a photocatalytic or electrocatalytic manner. These mimics vary massively

in structure, whether that is, changes in the ligand scaffold, the ancillary ligand, or

the metal centre. Below will be a summation of the key, non-dithiolene mimics,
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synthesised.

Homogenous ruthenium and cobalt catalysts have been synthesised with the

goal of generating formate. In 1985, Lehn and co-workers reported the first-ever

catalyst capable of photocatalytic conversion of carbon dioxide to formate using

[Ru(bpy)3]Cl2 as the photocatalyst in the presence of triethanolamine (TEOA) as

the sacrificial reductant; the TON of formate in acetonitrile was reported as 27 after

irradiation for 24 hours.118 Further analysis revealed that the generation of formate

remained linear over time when carbon dioxide was added regularly, indicating

that carbon dioxide played a vital role in the rate-determining step. An increase in

carbon dioxide pressure to seven atmospheres caused the selectivity toward formate

production to decrease. This was determined to be caused by an increased acidity of

the reaction mixture from the carbon dioxide, causing the TEOA to be protonated

and, therefore, less efficient. When water was not present, no formate was produced,

but too much water caused selectivity to skew away from formate towards carbon

monoxide and hydrogen. Isheda and co-workers rationalised this behaviour as being

due to the decrease of basicity of TEOA, which was not suitable as an electron donor

due to the conversion to the corresponding protonated form; consequently, TEOA

was replaced with 1-benzyl-1,4-dihydronicotinamide (BNAH), since it followed the

biological NAD(P)H model in an aqueous medium for carbon dioxide fixation.

Unfortunately, formate selectivity dropped off completely.119 The most recent

advances in the use of ruthenium come from Arikawa and co-workers, where

CNC pincer complexes (14) in conjunction with a sacrificial electron donor (1,3-

dimethyl-2-(o-hydroxyphenyl)-2,3-dihydro-1H-benzo[d]imidazole otherwise known

as BI(OH)H, 15) and a photosensitiser ([Ru(dmbpy)3]2–, 16) gave a TONs and

selectivity for formate of 4593 and 72%, respectively (Figure 1.12).120,121

Fontecave and co-workers did not limit the application of their novel ligand

systems to molybdenum but also sought out other earth abundant transition metals

37



N

N
N

N N
R

R

Ru

L

N
N

2

14

N

N H

OH

15

Ru

N
N

N
N

N

N

2

16

Figure 1.12: The Ruthenium Catalyst (14) (L = MeCN/CO, R = tBu/Me), the
Sacrificial Electron Donor BI(OH)H (15), and the Photosensitiser [Ru(dmbpy)3]2–

(16) Necessary for the Carbon Dioxide Reduction Experiments Carried Out by
Arikawa and Co-workers.120

to be the central metal ion, starting with the synthesis of a dimeric cobalt species.

Electrocatalytic proton reduction of this species was studied under weakly acidic

conditions and performed exceptionally well compared to other cobalt species, even

being somewhat comparable to high-performing nickel catalysts.122 The team also

studied photocatalytic proton reduction, but it was not as successful; after 2 hours

the mimic became inactive under the conditions used. For photocatalytic proton

reduction, the cobalt mimic could not match other similar cobalt species.102 The

results from this research showed that the novel ligand species was capable of

having catalytic effects, and therefore, could be applied to different metal centres.

Although few cobalt complexes have been reported, it can be said that they possess

good selectivity toward reducing carbon dioxide to formate.
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1.6 Research Aims

Currently, most synthetic catalysts excel in the oxidation of formate to carbon

dioxide with the majority using precious metals, making them undesirable for

industrial application.123–125 The aims of the research are to develop a novel total

synthetic route to molybdenum-oxo bis-dithiolene complexes that, in a few steps,

can synthesise metal-dithiolene compounds with relative ease and in great numbers.

Within the literature, most complexes are synthesised with the Mo O terminal

functionality, but this is not truly representative of the active sites found within

the FDH enzymes. Therefore, it is important to expand on the functionality at the

terminal position by synthesising complexes with the Mo S terminal functionality

as well. These investigations are outlined in Chapters 2 and 3.

Computational studies of MoIV dithiolene complexes are limited to the most basic

systems, featuring simple alkyl or aryl substituents with Schulzke and McNamara

being the only groups who investigated more functionalised ligands. Computational

methods and their use in investigating molybdenum dithiolene complexes is more

thoroughly discussed in Chapter 4.88,100,126–135 Consequently, standardising the use

of computational methods for these MoIV O dithiolene complexes is paramount to

a more rounded understanding of the intricacies of these MoIV dithiolene complexes.

Currently, the ability to identify the position of the Mo O bond in the infrared

spectrum of molybdenum-oxo dithiolene complexes is very challenging. Using

computational studies, predicting the Mo O stretch will allow IR spectroscopy

to become a diagnostic technique for the synthesis of these MoIV O dithiolene

complexes. Computational studies will also be used to explain and give a reason

for the difficulty in obtaining crystals suitable for X-ray diffraction.

Whenever a new molybdenum-oxo bis-dithiolene complex is synthesised it is

common for electrochemical studies to be performed on it. Unfortunately, like the

computational studies regarding these systems, there is no standard methodology
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when it comes to the choice of electrolyte, reference electrode, and solvent. For many

of these molybdenum complexes the MoV/MoVI is not recorded. The literature will

be outlined in Chapter 5 where the electrochemistry of a selection of the complexes

synthesised in Chapters 2 and 3 will be tested through cyclic voltammetry to

examine how variations in the substituents of the dithiolene affect the redox

potential of the MoIV/MoV and MoV/MoVI couples. From this, more accurate

predictions can be made for the behaviour of future ligands on the molybdenum

redox couples to better target the research aims of future researchers.

Chapter 6 will detail the catalytic studies performed on a selection of the

complexes synthesised in Chapters 2 and 3. The complexes will be investigated

for their ability to electrocatalytically reduce protons, photocatalytically reduce

carbon dioxide, electrocatalytically oxidise formate, and for their catalytic oxygen

atom transfer capabilities.
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Chapter 2

Synthesis of a Molybdenum

Functionalised Dithiolene

Complex

2.1 Introduction

2.1.1 Why Formate Dehydrogenase?

One of the subgroups of the DMSO reductase family of enzymes is formate de-

hydrogenase. This enzyme class catalyses both the oxidation and reduction of

formate and carbon dioxide.136 Mimics of FDH are an attractive target because of

their ability to synthesise formate, from CO2 close to thermodynamic limit of the

reaction. Formate itself is an attractive target since it is much more volumetrically

energy-dense than gaseous hydrogen storing 53 g H2/L.

General synthesis of the formate/formic acid molecule can be achieved relatively

simply; there are a multitude of ways of synthesising it. However, most methods

come with some key disadvantages that make them unusable for an industrial
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purpose to replace fossil fuels: they are stoichiometric, lack scalability, and are

energy-intensive. Therefore, catalytic processes are the more desirable option for

the industrial production of formate.

Most catalysts for formate generation involve a precious metal such as rhodium,

iridium, ruthenium, and platinum. Scaling these systems for industrial application is

a difficult endeavour because these metals are not Earth abundant and consequently

they are more expensive; cheaper alternatives are necessary. Fortunately, the active

site of formate dehydrogenase contains molybdenum and tungsten as metal centres;

these metals are more Earth abundant and much more attractive than the rarer

transition metals listed above.

As an electrocatalyst, formate dehydrogenase works close to the thermodynamic

potential of the formate to carbon dioxide interconversion. Therefore, it does not

have the energy loss associated with an overpotential. Consequently, the FDH

enzyme is already highly efficient as an electrocatalyst, making it an appropriate

target.37 This advantage is made clear when comparing formate dehydrogenase

with its contemporaries, namely Ir, Co and Ni-based (‘DuBois’) catalysts. These

require hundreds of millivolts of overpotential even to perform unidirectional

catalysis, whereas formate dehydrogenase can perform reversible catalysis with

little overpotential.54,115,137–144 One might think to utilise the enzyme itself from

a bacterial source as an electrocatalyst; however, the enzyme is highly oxygen-

sensitive. Also, the enzyme’s size limits current in solution and when immobilised

on surfaces.42

The above matters clearly explain why the formate dehydrogenase enzyme

makes an attractive target to base a mimic on and the challenges to work around.

However, the synthesis of these bioinspired mimics has been difficult, stemming

from the arduous synthesis of the pyranopterindithiolene cofactor. Therefore,

current efforts are on the synthesis of small molecule cofactor mimics for subsequent
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complexation.

2.1.2 Molybdenum Dithiolene Complexes

The targeted synthesis of DMSOR/FDH biomimetic systems truly began with

Donahue and Holm in the 1990s with their syntheses of the molybdenum-oxo

dithiolene complexes using the edt (17), bdt (18) and mnt (19) ligands. Following

coordination of these ligands to a molybdenum-oxo core to synthesise a molybdenum-

oxo bis-dithiolene, various post-coordination syntheses could be performed, which

generated several analogous complexes based on changing the functionality at the

terminal position (Figure 2.1).100

S

S

S

S

NC

NC

S

S

bdtedt mnt

17 18 19

Figure 2.1: The Early Ligands of Donahue and Holm.100

Complexing these ligands to molybdenum took varying approaches from direct

coordination through a molybdenum precursor (13), Scheme 2.1, to transmetallation

via a nickel intermediary. Obtaining these complexes is relatively straightforward

since the ligand itself lacks any real functionalisation. Therefore, determining which

route is the most robust for a wide range of ligands/applications is impossible.

These simple ligands and their associated complexes do not show any signs of

catalytic activity and are only regarded as the first generation of FDH mimics.

This is not to understate their value since almost all work that came after is based

on this chemistry initially summarised by Holm and co-workers.100

Notable additions to this catalogue of DMSO reductase mimics started by Holm

come from Schulzke and Fontecave, whose systems both display catalytic activity
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Scheme 2.1: The synthesis of MoO(bdt)2
2− (20) by Holm and Donahue.100

but for different reactions (Figure 2.2). A key point to note for both complexes is

that they have Mo O terminal functionality. This highlights the lack of Mo S and

Mo Se functionalised mimics with complex ligand scaffolds present in the literature.

That is not to say there have been no sulphur-based terminally coordinated systems;

instead, accessing the dithiolene-terminal sulphur core is extremely synthetically

challenging.103,104
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Figure 2.2: The Catalysts Synthesised by Fontecave (10) and Schulzke (6).104,112

2.1.3 A Brief History of the Synthesis within the Wright

Group

Whilst successful formate dehydrogenase mimics have been synthesised, efforts have

been focused on replicating the metal coordination sphere, but the majority lack

any secondary donor features like proton relays; these secondary donor features are

believed to be of central importance in the activity of many metalloenzymes, so
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the logic can be transferred to the design of formate dehydrogenase mimics.

Relayed by personal communication, the first-generation pro-ligand afforded

by the Wright group was a 1,3-dithiol-2-one system (Figure 2.3), synthesised via a

known radical procedure, grafted with a hydroxyl group to carry out the desired

proton relay function. This dithione (21) was protected using tert-butyldimethylsilyl

chloride, and followed by a reaction with nickel acetylacetonate (Ni(acac)2) to

give the desired complex. Protection was a necessary step as complexation to

the nickel required base hydrolysis of the dithione, and the hydroxyl group may

therefore require protection. The deprotection of the nickel complex using a weak

acid followed by a transmetallation step using Mo(CO)3(PhMe) gave the desired

Mo(CO)2(S2C2HBnOH)2 complex. A one pot-complexation of Mo(CO)3(PhMe)

and the first generation ligand was attempted to avoid the nickel transmetallation

step to improve atom economy but was ultimately unsuccessful with only the

isolation of green oils, which are indicative of the formation of MoVI(S2C2HBnOH)3,

the oxidised molybdenum tris-dithiolene complex.

SS

O

HO

21

Figure 2.3: The First Generation Target Dithione (21).

As a remedy to this issue, the second-generation ligand was conceived – a

methyl group replaced the proton on the dithione heterocycle as it was believed

the acidity of the alkenyl proton was responsible for the rapid oxidation to the

molybdenum tris-dithiolene complex. This would be more in line with the simple

model pro-ligand (S2C2Me2) complex trialled successfully for the idea of the one-pot
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complexation, where both alkyl groups donated electron density to the metal centre.

The dithione was synthesised using the known radical procedure (Scheme 2.2),

using more forcing conditions to account for loss of yield. These losses were because

of how the substituents bound to the radical vinyl moiety influence the geometry

of said radical. To understand this two points must be considered: the addition of

thio-radicals to alkynes is a reversible process; aliphatic substituents favour the

formation of the cis adduct, which must then isomerise to the trans adduct for

cyclisation to occur. While isomerisation is likely ‘absolutely’ quick, it is ‘relatively’

slow compared to the elimination of alkyne and radical thiol. Therefore, more

starting material is retrieved.145
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Scheme 2.2: The Mechanism for the Radical Synthesis of Dithiones.145

The second generation ligand was then protected using tert-butyldimethylsilyl

chloride and the one-pot molybdenum complexation was tried again in non-polar

conditions, affording decent yields. However, upon deprotection, only the tris-

complex was isolated. Returning to the transmetallation route using nickel and

subsequent deprotection, Mo(CO)2(S2C2MeBnOH)2 (22) was synthesised.

Mo(CO)2(S2C2MeBnOH)2 (22) was subsequently used as a precursor to isolate
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the final target; a bio-mimetic Mo(IV) dithiolene complex ligated with a terminally-

bound sulphur, mirroring the active site of the formate dehydrogenase enzyme.146

Using disodium sulphide, a dark green emulsion was obtained but unfortunately,

attempts to separate and purify a compound have been unsuccessful to date

(Scheme 2.3).

MoS
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MeCN, Ar MoS
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S
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S

22 23

(Bu4N)2

Scheme 2.3: The Failed Synthesis of (Bu4N)2[MoS(S2C2MeBnOH)2] (23).

2.1.4 The Synthetic Strategy and Goals

The success Fontecave and Schulzke had with synthesising the Mo O dithiolene

complexes and their catalysts’ subsequent activity is a positive indicator that

synthesising similar catalysts are worth pursuing since trying to achieve Mo S

terminal functionality is extremely difficult.103,104 Examining the FDH active site

one can see a variety of protonatable sites, for example, amines and alcohols on the

pterin moiety of pyranopterin (Figure 1.4) and the protein residues found around

the active site. One can make the assumption that these protonatable sites act as

proton relays and shuttle protons towards the metal core of the active site, aiding

in catalysis. The proton relays can lower the kinetic barrier to a reaction, and

the access to an environment with a high concentration of protons can reduce the

chance of unwanted reaction pathways.

Continuing this logic, combining the Mo O bis-dithiolene core with a proton

relay in the ligand framework such that it would be positioned relatively close to
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the central metal ion could result in highly selective catalysts for CO2 reduction

to formate. As mentioned above, previous work in the group managed to achieve

synthesising this ligand along with its corresponding molybdenum-carbonyl complex;

however, adding that Group 16 terminal functionality has been evasive so far.

A successful working mimic can be used to improve the mechanistic understand-

ing behind the reversible catalysis of formate and carbon dioxide. As mentioned in

Chapter 1, there is plenty of debate about the exact series of events that take place

at the active site. There are exceptionally few working mimics, and an addition to

their number would allow a better understanding of the mechanisms occurring at

the active site of FDH through an increase in structural variation in the modelling.

Perhaps a far-off goal, but if a mimic is discovered with a high selectivity towards

carbon dioxide reduction, there is an avenue for it to be used for geoengineering as

a carbon-capture and utilisation tool. Fortunately, it will ignore common issues

affecting other agents in the area, such as leakage and disturbing the natural

ecosystem.

In essence, our systems will hope to replicate the increase in activity seen for

catalysis when proton relays are grafted to the ligands’ scaffold along with additional

directionality of these proton relays towards the metal centre; a combination of

ideas from DuBois and ‘hangman’ porphyrins.

2.2 An Initial Attempt at Synthesising the Target

Molybdenum Complex

2.2.1 2-(Propyn-1-yl)benzyl Alcohol

As mentioned, previous work within the group established the necessity of a methyl

group on the alkyne as the terminal analogue resulted in decomposition when
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one-pot synthesis was attempted to access the molybdenum-carbonyl complex. At

the time, this synthetic strategy of minimising complications of an acidic proton

was carried forward in order to access the target complex (30).

As shown in Scheme 2.4, a seemingly straightforward Sonogashira coupling

between ortho-iodobenzyl alcohol with the in situ generation of propyne gave the

known alkyne (24).147,148 The addition of a resonance due to a methyl group at

2.1 ppm and 4.62 ppm made 1H and 13C NMR spectra powerful tools for identifying

that the correct product was made (Figure 2.4).

HO

I

Br
Br

KOH, n-BuOH

Pd(PPh3)4 (2 %), CuI (4 %),
Piperidine, THF

HO

24

Scheme 2.4: The Synthesis of 2-(Propyn-1-yl)benzyl Alcohol (24).147,148

Obtaining reliable yields and purity proved challenging, so certain modifications

were made to the literature preparation. Firstly, propyne was generated in an

almost 3 eq. excess to ensure all of the iodobenzyl alcohol had a chance to couple

to the gaseous alkyne; perhaps an innocuous step, but the product and the starting

material are inseparable by chromatography, the initial purification method, so it

was important to ensure that all the starting material had been consumed. To aid

this approach, a cold-finger was attached to condense any remaining propyne back

into the Sonogashira solution. Variation in colour, and therefore purity, of the final

product (whilst simultaneously being indistinguishable via 1H NMR spectroscopy)

was also a cause of concern. A thorough degassing of both the Sonogashira solution

and the propyne generation solution was undertaken with the aim of removing
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Figure 2.4: 1H NMR Spectrum of 2-(Propyn-1-yl)benzyl Alcohol (24).

any remaining oxygen present in the hopes of eliminating any homo-coupling; this

seemed to fix the issue and afforded pale-yellow prisms, matching the literature.

2.2.2 Diisopropyl Xanthogen Disulphide

A key reagent for the one-pot reaction of creating the target dithione, developed by

Gareau and co-workers,145 diisopropyl xanthogen disulphide transfers the 1,3-dithiol-

2-one functionality to the alkyne. Firstly, potassium isopropyl xanthate (25) was

synthesised and from this diisopropyl xanthogen disulphide (26). A straightforward
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synthesis that yielded a yellow crystalline product that was shown to be pure through
1H and 13C NMR spectroscopy (Scheme 2.5).149,150

OH
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Scheme 2.5: The Synthesis of Diisopropyl Xanthogen Disulphide (26).149,150

2.2.3 The Functionalised Dithione

Scheme 2.6 shows a seemingly well-documented synthesis within the group. The

previously synthesised alkyne (24) was refluxed together with diisopropyl xanthogen

disulphide (26) and 1,1′-azobis(cyclohexanecarbonitrile) (the radical initiator more

commonly referred to as ACHN) in ortho-xylenes to give the functionalised pro-

ligand 27. As mentioned previously, more forcing conditions were used to maximise

yields of the product; traditionally, radical reactions utilise azobisisobutyronitrile

(AIBN) and benzene as the initiator and solvent. After the reaction was completed,

the pungent brown crude material, when worked up via chromatography, even with

these harsher conditions, did not result in all the starting alkyne being converted

to the desired product (starting material was recovered as a fraction). Upon

performing thin layer chromatography (TLC), thirty-one spots could be counted

with each sequential spot coincident to the next. Obtaining a completely clean

product was exceedingly challenging; multiple attempts to purify the dithione

by chromatography resulted in diminishing returns when reducing the number of

spots in the TLC, but interestingly, two sequential columns, where the second

column focused purely on the fraction containing the dithione product, gave clean
1H and 13C NMR spectra and only 4 TLC spots. A detailed analysis of the 1H

NMR spectrum base line revealed numerous peaks. It could then be determined
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that dithione 27 was only 91% pure. Elemental analysis was then performed on

dithione 27. The calculated values were C 55.44; H 4.23; N 0; S 26.91; the found

values were C 54.75; H 4.35; N 1.12; S 23.68%. The discrepancies between the

calculated and the found values indicates the presence of inseparable impurities

belonging to the remaining three spots found on the silica gel plate. The identity

of these by-products is difficult to determine; however, it can be deduced that

these molecules are very large. With three different compounds and 60 different H

signals, the compounds must be big to accommodate the variety of environments

seen on 1H NMR spectrum, perhaps some kind of polymeric structure.

HO

+ O S

S
S O

S

SS
HO

O

ACHN, o-xylene

Ar

2624 27

Scheme 2.6: The Second Generation Ligand Synthesis (27).

The viscous yellow oil obtained was easily characterised by identifying the

presence of the carbonyl moiety via 13C NMR and IR spectroscopies (Figure 2.5).

A point of interest is that despite the quaternary nature of the C O it was easily

identifiable, via 13C NMR spectroscopy, at 191.95 ppm. Previous researchers noted

that the IR band of the C O, seen at 1623 cm−1, was too weak to be used to

definitively characterise dithione compounds; notably, no such issue was found,

making it a strong diagnostic feature for these kinds of compounds.146

2.2.4 Protected Dithiones

To coordinate the dithione to a metal it must be first ring opened; this step involves

using a base. Previous reports deemed it necessary to protect the alcohol group,
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Figure 2.5: The IR Spectrum of the Functionalised Dithione (27).

present on the dithione, as it was believed that the addition of a strong base

(n-butyllithium) would cause the ligand to decompose. Several protecting groups

were trialled and tert-butyldimethylsilyl chloride was green-lit since the others

could not be subsequently complexed successfully, affording 28 (Scheme 2.7). Such

reactions are easily followed by 1H NMR spectroscopy, through the disappearance

of the alcohol peak at 2.09 ppm and the introduction of the dimethyl and tert-butyl

proton resonances at 0.09 ppm and 0.94 ppm, respectively.

SS

O

TBDMSO
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O

HO
TBDMSCl,
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DMF

27 28

Scheme 2.7: The Synthesis of the Protected Dithione (28).
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2.2.5 Nickel Dithiolenes

To achieve the Mo O dithiolene functionality, the synthetic conclusion of a prior

thesis remarked that transmetallation from nickel to molybdenum was the most

promising route for this type of dithione ligand since the protecting group can

be removed from the ligand in a straightforward manner whilst maintaining a

modest yield.146 The protected dithione ligand (28) was ring-opened using n-

butyllithium and then added to Ni(acac)2, both having been dissolved in toluene;

iodine was used to oxidise the ligand to achieve a neutral complex. The addition

of a 1m HCl solution removed the protecting group and purification by column

chromatography gave 29, a deep blue, almost-black solid (Scheme 2.8).151 Whilst

the reaction needed to be treated under air and moisture sensitive conditions,

the complex itself is bench-stable for months on end. Therefore, no additional

thought was needed to be given for purification or on how to characterise this

type of compound. Matrix-assisted laser desorption/ionisation time-of-flight mass

spectrometry (MALDI-TOF) and 1H NMR spectroscopy excelled as tools for

characterising this complex. Figure 2.6 shows the experimental (m/z = 477.91)

and theoretical mass spectrum of Ni(S2C2MeBnOH)2 (exact m/z calculated for
58NiC20H20O2S4: 477.97).
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S
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S

S

OH OH
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2. 1M HCl, THF

28 29

Scheme 2.8: Synthesis of Ni(S2C2MeBnOH)2 (29).
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Figure 2.6: The Experimental (Left) and Theoretical (Right) Mass Spectra of
Ni(S2C2MeBnOH)2 (29).

2.2.6 The Molybdenum-Oxo Precursor

Roodt and co-workers developed the synthesis to K3Na[MoO2(CN)4]·6H2O (13),

starting from sodium molybdate (Scheme 2.9) in the early 1990s.152 This salt was

used by Holm as a molybdenum precursor to complex dithiolene ligands and for

achieving the desired Mo O terminal functionality. Special attention should be

paid to this reaction as it involves the in situ generation of hydrogen cyanide,

stimulating cyanide to coordinate to the molybdenum. After recrystallisation,

bright pink crystals were obtained, and X-ray diffraction (XRD) gives a structure

suitable for connectivity, which, used in conjunction with elemental analysis, allows

for confirmation of the product 13.

2.2.7 Direct Transmetallation

Transmetallation was attempted using the nickel complex (29) and the molybdenum

precursor (13). This afforded a red/brown precipitate upon addition of the salt

n-Bu4NBr. TLC revealed multiple spots, and air-sensitive flash chromatography
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Scheme 2.9: Synthesis of the Molybdenum Precursor K3Na[MoO2(CN)4]·
6H2O (13).152

was attempted. Unfortunately, none of the fractions gave a convincing 1H NMR

spectrum or MALDI-TOF mass spectrum, so it was assumed that the reaction had

failed. Further consideration of the reaction identified that the ligand would be in

the radical state upon complexation to the metal. To remedy this, the ligand was

reduced using Na/NaCl to the fully reduced oxidation state, elucidating a purple

oil which also gave several spots upon TLC analysis (Scheme 2.10). Air-sensitive

chromatography was also performed, but the reaction still seemed to have failed to

give the desired product when the fractions were subjected to 1H NMR spectroscopy

and MALDI-TOF mass spectrometry.
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Scheme 2.10: The Failed Transmetallation from Nickel to the Target Molybdenum
Complex (30).
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2.3 Troubleshooting

With the transmetallation from the nickel to molybdenum failing, a new approach

needed to be used. Returning to the literature, more specifically Holm,100 the

group managed to achieve the Mo O functionality by going through the Mo(CO)2

analogues. Fortunately, previous work in the group had developed a robust approach

for synthesising the molybdenum-carbonyl dithiolene for this hydroxy-functionalised

ligand. Although previous researchers were unsuccessful with the post-complexation

insertion of the Mo S terminal functionality, insertion of the Mo O was not

tested.146 But before continuing in this direction, Holm’s work was repeated to

ensure that an equipment issue, for example, dirty stirrer bars, or an impure reagent,

was not hampering efforts.

2.3.1 The Synthesis of Ni(S2C2Ph2)2

To synthesise Ni complex 31, Schrauzer and Mayweg developed a quasi-one-pot

synthesis starting from refluxing benzoin in dioxane with phosphorus pentasulphide

(Scheme 2.11).153 Upon cooling and filtration, the Ni precursor was added. Whilst

a relatively straightforward reaction, the purification step was modified slightly

from a crystallisation to an unconventional usage of the silica plug. The product

was trapped onto the silica first, using a minimum of methanol, and then washed

thoroughly with toluene until the eluent ran clear. The product was then washed

off the silica plug with methanol. MALDI-TOF mass spectrometry identified the

molecular ion peak of 23 at m/z = 541.43 (exact m/z calculated for 58NiC28H20S4:

541.98).
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Scheme 2.11: The Synthesis of Ni(S2C2MeBnOH)2 (31).153

2.3.2 The Synthesis of Mo(CO)2(S2C2Ph2)2

In Holm’s synthesis,154 the prepared Ni complex (31) was stirred together with

the molybdenum-carbonyl precursor Mo(CO)3(MeCN)3 (32).155 Previous efforts

in the group found that establishing the correct ratio of acetonitrile to carbonyl

was tricky as, depending on the solvent, the number of carbonyl peaks present in

the infrared spectrum alternated between two and three; this would impact the

stoichiometry and related mass calculations. This issue was mitigated by refluxing

molybdenum hexacarbonyl in toluene to achieve the toluene adduct instead (32).

Upon work-up, the IR spectrum gave the expected signals that matched with the

literature values.

The Mo(CO)2(S2C2Ph2)2 complex (33) was synthesised in the same man-

ner as the literature, with the pre-prepared Ni complex 31 and the group’s

Mo(CO)3(PhMe) precursor (32), where, after an air-sensitive column, a purple

solid was obtained (33). The identity of the product was confirmed by IR, NMR,

and ultraviolet-visible (UV-VIS) absorption spectroscopy.

2.3.3 The Synthesis of (Et4N)2[MoO(S2C2Ph2)2]

Mo(CO)2(S2C2Ph2)2 (33) was dissolved in tetrahydrofuran and tetraethylam-

monium hydroxide was added to simultaneously insert the oxo functionality and the

NEt +
4 cations, giving (Et4N)2[MoO(S2C2Ph2)2] (34) as a red precipitate with a yield
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Scheme 2.12: The Synthesis of Mo(CO)2(S2C2Ph2)2 (33).154

of 31%. The nature of this solid was confirmed by MALDI-TOF mass spectrometry

(m/z = 597.68, exact mass m/z calculated for 97MoC28H20OS4: 597.95). The only

consideration made was that the solvent and reactants were heavily degassed before

use. Therefore, one can assume that the success of the subsequent attempts to

target 30 was decided not by external factors but by the chemicals themselves.

2.3.4 The Synthesis of Mo(CO)2(S2C2MeBnOH)2

Shown in Scheme 2.13, the novel nickel dithiolene complex (29) was stirred with

Mo(CO)3(PhMe) (32) in ethyl acetate to give a purple solid after an air-sensitive

column. Like the diphenyl analogue, the purple solid (22) was confirmed as the

product by infrared spectroscopy and UV-VIS absorption spectroscopy. Interest-

MoS
S

S
S

OC CO

Ni
S

S S

S

29 22

C4H8O2, Ar

Mo(CO)3(PhMe) (32)

OH OH OH OH

Scheme 2.13: The Synthesis of Mo(CO)2(S2C2MeBnOH)2 (22).

ingly, obtaining the mass spectra and elemental analysis data of molybdenum-

carbonyl dithiolene complexes is exceedingly challenging; this can be seen in the

original paper from Schrauzer and co-workers where these complexes were first

59



synthesised.156 They reported a calculated value for 97MoC30H20O2S4 (33) of 636.7

and in the mass spectrum they found a value of 615. Similarly for the elemental

analysis, the calculated values were Mo 15.1; C 56.6; H 3.2; S 20.1%; the found

values were Mo 14.9; C 57.0; H 3.4; S 20.5%. Probably due to similar difficulties

Holm did not report the elemental analysis or the mass spectrometry values, simply

remarking ‘Comparison of the absorption spectrum with that previously reported156

confirmed the identity of the compound.’ Similar difficulties occurred when trying

to obtain the mass spectrum and elemental analysis values for 22 so the identity of

the complex was confirmed by the UV/Vis and IR spectrums.

2.3.5 Inserting the Mo O Functionality from the Molyb-

denum Carbonyl Intermediate

Shown in Scheme 2.14, Mo(CO)2(S2C2MeBnOH)2 (22) was dissolved in tetrahy-

drofuran, and dropwise addition of Et4NOH gave an immediate colour change to

green, indicative of the MoVI oxidation state and the formation of the tris-complex,

Mo(S2C2MeBnOH)3 (identified by previous workers in the group).146 Unfortunately,

the reaction had failed.

MoS
S

S
S

OC CO

OH OH

Et4NOH

THF, Ar MoS
S

S
S

OH OH

O

22 30

(Et4N)2

Scheme 2.14: The Failed Synthesis of the Target Complex 30 via
Mo(CO)2(S2C2MeBnOH)2 (22).
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2.3.6 Alternatives to Transmetallation from Nickel to Mo-

lybdenum

Since transmetallation is impossible, the literature was re-examined to find other

alternative routes. Holm, Fontecave, and Schulzke enjoyed success by going through

the K3Na[MoO2(CN)4]·6 H2O (13) molybdenum precursor.100,103–105,111 Holm,

Fontecave, and previous iterations of similar syntheses employed by the Wright

group used strong bases to open the ligands to coordinate to molybdenum. The

fear was such a route would decompose the novel ligand at the hydroxy moiety if

left unprotected and was initially considered a non-viable method. A thorough

search of the literature revealed Schulzke and co-workers succeeded in generating

their ligand from their dithione pro-ligand using potassium hydroxide; this base

should have no issues with dithione 27.

Initially, attempts were made to complex the protected ligand (28) and then to

deprotect once complexation had occurred. A red solution was generated, but upon

deprotection with a weak acid to remove the protecting group, a green emulsion

formed, indicative of the formation of Mo(dithiolene)3. It was initially hypothesised

that the Mo O bond was strong enough to avoid being replaced by a neighbouring

dithiolene moiety; however, this clearly is not the case.

The unprotected dithiolene ligand (27) was trialled next. This route also affords

a red solution. However, after the addition of a salt containing a large cation

(Et4N+), a dark brown oil separated from the solution. Layered recrystallisation

using THF/Et2O was attempted to purify the product but to no avail; the reaction

had failed, as shown in Scheme 2.15.
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Scheme 2.15: The Failed Direct Complexation of the Ligand to Afford the Desired
Target Complex (30).

2.3.7 Alternative Routes to the Novel Ligand

Schulzke and co-workers successfully coordinated a similarly hydroxy-functionalised

ligand to molybdenum using 13.104 Comparing the two syntheses showed a high

similarity; consequently, it can be deduced that the inseparable impurities present

after the radical reaction influenced the outcome of the coordination reaction.

Therefore, it was deemed necessary to look towards other synthetic routes to the

novel ligand to avoid the inseparable impurity issue associated with the radical

cyclisation route.

A paper from Ried and co-workers offered a new possible route to the pro-

ligand (27).157 This involved the addition of carbon disulphide and elemental

sulphur to the previously prepared alkyne. The reaction was tried with both the

alkyne protected and unprotected; protection was thought to be necessary to prevent

any unwanted reactions between the carbon disulphide and the hydroxy group.

The potential advantages of this route were that the ability to scale the reaction is

significantly improved compared to the radical reaction, which is limited to 7mmol

of starting material per reaction; the workup should be more straightforward, seeing

as the reaction is not radical and, therefore, the number of side products should be

limited in comparison. The monetary cost of the reaction is also lowered as there

is no need for the expensive radical initiator. However, only starting material was
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recovered. The reaction was retried again, but instead, the reaction took place at

80 ◦C to force the reaction towards completion (to prevent the carbon disulphide

from evaporating off, a microwave tube was used). Again, however, the reaction

only gave back starting material.

The second route considered was also a radical reaction, but this time it was

initiated via ultraviolet (UV) light, avoiding the need for the ACHN initiator.

Although lacking the scalability of the aforementioned route, the lack of a radical

initiator means that the workup should be greatly simplified due to the limited

number of products.158,159 But unfortunately, only starting material was afforded.

2.4 Streamlining the Synthesis of the Functional-

ised Dithiolene Ligand

With each successive failure to achieve the Mo O functionality, the original radical

synthesis was re-examined; the reaction could be broken down into three distinct

areas: technique/solvent, reagents, and work-up.

2.4.1 Technique/Solvent

Radical reactions are known to be extremely oxygen-sensitive due to the para-

magnetic nature of oxygen and therefore having a strong ability to quench such

reactions. Therefore, it was initially presumed that oxygen interfered with the

reaction in some way. As a countermeasure, thorough purging of the glassware was

performed by cycling the Schlenk line between argon gas and a vacuum; the solvent

was also degassed by six rounds of freeze-pump-thaw. Successive complexations

to Mo still failed. However, the influence of trace oxygen hampering the reaction

could be ruled out.
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2.4.2 Reagents

When looking at simple organics, it is very common for them to be colourless when

nearing absolute purity. Thus, 2-(propyn-1-yl)benzyl alcohol (24) presenting as a

pale-yellow solid was concerning. Sublimation of 2-(propyn-1-yl)benzyl alcohol (24)

gave a white powder, with a brown oil was left behind. A 31P NMR spectrum of the

oil showed a massive PPh3 O peak at 29.34 ppm, not to mention other impurities

found when liquid chromatography mass spectrometry (LC-MS) was performed.160

To be certain of the purity of diisopropyl xanthogen disulphide (26), the

compound was worked up again. To ensure no iodine was left, it was washed

thoroughly with sodium thiosulphate. Crystallisation now gave green prisms.

Performing the radical reaction gave a deep red, clear oil that had a far less

offensive odour. TLC revealed far fewer spots, and the orange oil characteristic

of the target dithione (27) was obtained again. Unfortunately, once again, the

coordination of dithione 27 with the molybdenum precursor (13) failed.

2.4.3 Work-up

As mentioned previously, TLC after flash chromatography revealed 4 spots. Upon

implementing the changes listed above, striving to reduce this number seemed to

be the final avenue to explore before the idea to synthesise a Mo O functionalised

system with our novel ligand would need to be abandoned. However, it seemed

that catching one of these spots before it entered the collective fraction was

not achievable through traditional flash chromatography. Fortunately, automatic

flash chromatography systems track changes in the UV-VIS spectra of molecules

in solution passing by their detector, allowing for more accurate separation of

compounds when performing chromatography. Using the automatic column reduced

the number of spots on the TLC for the dithione from four to three (one spot

64



corresponding to the target dithione 27 and two inseparable impurities).

2.5 The Synthesis of

(Et4N)2[MoO(S2C2MeBnOH)2]

After adjusting the reaction conditions and a series of synthetic attempts, the

reaction was a success, giving a brown precipitate (Scheme 2.16); MALDI-TOF

gave a large molecular ion peak at m/z = 533.82 (exact mass m/z calculated for
97MoC20H20O3S4: 533.94) shown in Figure 2.7. However, the complex decomposed

rapidly (within 24 hours after synthesis). Multiple recrystallisations from acet-

onitrile and diethyl ether afforded a red precipitate that must be stored under

Ar, in the absence of light and at −25 ◦C; the lifetime of the complex can now be

extended. Identifying the Mo O bond in the IR spectrum and obtaining X-ray

suitable crystals was challenging; Chapter 4 aims to address the former and explain

the latter by using computational methods.
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OH OH
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1. KOH, MeOH
2. K3Na[MoO2(CN)4] 6H2O (13),

Et4NBr, H2O

3. MeCN, Et2O
Ar

27 30

(NEt4)2

Scheme 2.16: The Successful Synthesis of the Target Complex
(Et4N)2[MoO(S2C2MeBnOH)2] (30).
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Figure 2.7: The Experimental MALDI-TOF Mass Spectrum (Left) of
(Et4N)2[MoO(S2C2MeBnOH)2] (30) and its Associated Theoretical Mass Spec-
trum (Right).

2.6 Summary

An alcohol functionalised dithione ligand (27) has been successfully developed

and the number of synthetic steps to the target complex (30) has been reduced

from initial predictions. Synthesising the target complex (30) was hindered by

the purity of the dithiolene ligand due to the purity of previous compounds; an

extremely stringent work up was necessary to achieve a successful coordination of

the dithiolene to molybdenum. From these syntheses, it would be recommended to

ensure that all compounds synthesised by a metal catalysed cross-coupling reaction

are carefully tested to ensure trace metals or reagents are not carried through to

subsequent reactions. In essence, a novel ligand and its corresponding synthesis

have been developed, allowing for a new method to target FDH mimics. This

complex is extremely air, temperature, and light sensitive. Manipulations to this

compound post-synthesis must be kept to a minimum to avoid decomposition.
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Chapter 3

Further Synthesis of Molybdenum

and Tungsten Dithiolenes

3.1 Introduction

Nearly 25 years ago, Holm and Donahue summarised several methods to synthesise

molybdenum-oxo dithiolene complexes;100 however, the current catalogue of these

molecules is fairly small. Highlighted in Figure 3.1, only 43 complexes have

been reported with only a couple going beyond what can be called simple ligand

scaffolds.94–99,101–111 This is likely due to the technical difficulty in inserting the

dithiolene functionality and subsequent complexation.

In Chapter 2, a novel, streamlined synthesis for a molybdenum-oxo complex

was reported. To test the robustness of this pathway, a series of complexes were

synthesised. Essentially, the complex can be accessed in three simple steps: alkyne

→ dithione derivative → molybdenum-oxo dithiolene complex. The insertion of

the dithiolene functionality reported by contemporary groups is often multi-step

(approximately five steps), which obviously impacts the cost of production, final

ligand yields, and becomes specialist syntheses within the group (reproducibility

67



O

N
N S

S
Mo

S

S

O

10-qpdt

S

S
Mo

S

S

O

R‘

2

R = OMe, R' = COH: 6-mohdt
R = H, R' = H: 70-adt

R = OEt, R' = Ph: 71-ecpdt

O

N
N S

S
Mo

S

S

O

11-Hqpdt

O

N
N S

S
Mo

S

S

O
O

12-2Hqpdt

2
S

S
Mo

S

S

O 2

R = H, R' = H: 20-bdt
R = H, R' = SiPPh3: 67-Ph3PSibdt

R = Me, R' = H: 68-tdt
R = Me R' = SiPh3: 69-Ph3PSitdt

S

S
Mo

S

S

O

2

38-PhCl

S

S
Mo

S

S

O 2

35-edt

S

S
Mo

S

S

O

34

S

S
Mo

S

S

O

36

S

S
Mo

S

S

O

41-sdt

S

S
Mo

S

S

O
2

46-opedt

N

S

S
Mo

S

S

O
2

48-ppedt

N S

S
Mo

S

S

O 2

X

X = CH2, 49
X = S, 50
X = O, 51

S

S
Mo

S

S

O
2

O

57-fdt

S

S
Mo

S

S

O
2

39-bdtCl2
40-(bdt)(bdtCl2)

Cl

Cl

S

S
Mo

S

S

O
2

54-Me
55-Ph
56-NH2

O

O
R

O

O
R

S

S
Mo

S

S

O 2

37-mnt

NC

NC

S

S
Mo

S

S

O 2

52-dmit

S

S
S

S

S
Mo

S

S

O
R

R

O
O

R = Ph, 62
R = NH2, 63

S

S
Mo

S

S

O

R = N, 58-qedt
R = CH, 59-ntdt

R
R

S

S
Mo

S

S

O

64-NH2-ptedt

N
N

N

N

OH2N

S

S
Mo

S

S

O
N

N

N

N

ONN

22

2

2

2

65-NC(H)(Me)2-ptedt

S

S
Mo

S

S

O

60-tfd

F3C 2

F3C

MoS
S

S
S

O 2

66-L-S2

MeO
OMe

S

S
Mo

S

S

O 2

53-(edt)(mnt)

NC

NC

S

S
Mo

S

S

O 2

45-Me4bdt

S

S
Mo

S

S

O
2

47-mpedt

N

Ph

S

S
Mo

S

S

O 2

X

X = O, 42-cdt
X = S, 43-tcdt
X = C, 44-tldt

R
R'

S

S
Mo

S

S

O

2

61

O

MeO
MeO

O

Cl

O

R

2

22
2

Figure 3.1: A Compete Catalogue of MoIVO(dithiolene)2 Complexes Found in the
Literature.94–101,103,105–109,111,161

68



is difficult). The single-step insertion of the dithiolene/dithione moiety with

the radical cyclisation synthesis does not suffer from these issues, making metal-

complex synthesis more accessible. Using this method developed by Gareau and

co-workers, a host of pro-ligands can be generated and tested for complexation to

the molybdenum-oxo precursor.145

3.2 Adding to the Catalogue of Mo O Dithiolene

Complexes

3.2.1 The Synthesis of 1,3-Dithiol-2-one-4-phenyl-5-methyl

The first ligand synthesis attempted was the phenyl analogue of the target pro-ligand

(27). To access 72, iodo-benzene was coupled to propyne through a Sonogashira

reaction.162 After ensuring the absolute purity of alkyne 72, accomplished by

using an automatic column with an adjusted solvent ratio, by NMR spectroscopy

and LC-MS, the alkyne was refluxed with diisopropyl xanthogen disulphide (26)

and ACHN in ortho-xylenes, shown in Scheme 3.1; an orange oil was afforded

(73). Despite only missing the methanol group, found on 27, there was a large

change in the viscosity of the oil, highlighting the strength of hydrogen bonds. IR

and 13C NMR spectroscopy played a key role in identifying the correct fraction,

after purification via flash chromatography, by the presence of the C O bond at

1668 cm−1 and 191.55 ppm, respectively.

3.2.2 The Synthesis of 1,3-Dithiol-2-one-4-phenyl-5-ethyl

1,3-Dithiol-2-one-4-phenyl-5-ethyl (74) was prepared from commercially purchased

1-phenyl-1-butyne, diisopropyl xanthogen disulphide (26) and ACHN refluxed in

ortho-xylenes (scheme 3.2). After an automatic column a yellow oil was obtained,
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Scheme 3.1: The Synthesis of the Phenyl Analogue of the Target Ligand (73).145

slightly more viscous than 73. This compound was easily characterised by IR

and 13C NMR spectroscopy by identifying the C O present at 1643 cm−1 and

191.64 ppm, respectively.

+ O S

S
S O

S

SS

O

ACHN, o-xylene
Ar

26 74

Scheme 3.2: The Synthesis of 1,3-Dithiol-2-one-4-ethyl-5-phenyl (74).145

3.2.3 The Synthesis of 1,3-Dithiol-2-one-4-phenyl

The dithione was synthesised by refluxing phenylacetylene, diisopropyl xanthogen

disulphide (26) and ACHN in ortho-xylenes (Scheme 3.3). This afforded yellow

crystals of 75 but NMR spectroscopy proved insufficient to convincingly characterise

the compound due to inseparable impurities; the 1H NMR spectrum had many

peaks in the region 0 ppm to 2 ppm. Fortunately, from the crystals, a structure

could be obtained by X-ray diffraction, suitable for connectivity (Figure 3.2).
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Scheme 3.3: The Synthesis of 1,3-Dithiol-2-one-4-phenyl (75).145
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Figure 3.2: The X-ray Crystal Structure of 1,3-Dithiol-2-one-4-phenyl (75).
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3.2.4 The Synthesis of 1,3-Dithiol-2-one-5-benzyl Alcohol

With the successful synthesis of the target complex, it was worth revisiting the first

generation ligand (21) in order to access the analogue of the target complex (30)

with the alkenyl proton instead of the methyl group. Firstly, the alkyne (76) must

be synthesised by a Sonogashira cross-coupling reaction between trimethylsilyl-

acetylene and iodobenzyl alcohol, affording a white solid. Prior to sublimation,

a yellow solid was obtained, highlighting the need for more thorough cleaning

steps not mentioned in the literature; for instance, this compound is reported as

being an orange-yellow oil which is clearly incorrect.163 The alkyne was refluxed

in ortho-xylenes with diisopropyl xanthogen disulphide (26) and ACHN, giving

orange crystals of 1,3-dithiol-2-one-5-benzyl alcohol (12) after automatic flash

chromatography (Scheme 3.4). This dithiolene was characterised by the appearance

of the C O moiety at 193.13 ppm in the 13C NMR spectrum (Figure 3.3) and

1627 cm−1 in the IR spectrum.

HO

+ O S

S
S O

S

SS
HO

O

ACHN, o-xylene
Ar

2676 21

Scheme 3.4: The Synthesis of 1,3-Dithiol-2-one-5-benzyl alcohol (21).

3.2.5 The Synthesis of 1,3-Dithiol-2-one-4-para-aniline

Whilst Gareau and co-workers developed an extensive catalogue of dithione ana-

logues, they did not foray past hydroxy and halide functional groups to test the

robustness of their radical cyclisation; the addition of an amine-dithione vari-

ant would be an interesting assessment of this reaction’s selective capabilities.
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Figure 3.3: The 13C NMR Spectrum of 1,3-Dithiol-2-one-5-benzyl Alcohol (21).

4-ethynylaniline was refluxed with diisopropyl xanthogen disulphide (26) and

ACHN in ortho-xylene to give an orange solid after automatic flash chromato-

graphy (Scheme 3.5). The identity of the solid dithione (77) was confirmed by

identifying the N H and C O stretches in the IR spectrum (Figure 3.4), 3369 and

1626 cm−1, respectively, the amine protons (3.85 ppm) in the 1H NMR spectrum,

and the molecular ion peak in LC-MS (experimental m/z = 210, calculated m/z

for C9H7NOS2 + H+ = 210.00).

3.2.6 The Synthesis of (Et4N)2[MoO(S2C2MePh)2]

The dithione pro-ligand 73 was deliberately chosen because it has the same scaffold

as dithione 18 but lacks the hydroxy group. This would allow for insight into
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Scheme 3.5: The Synthesis of 1,3-Dithiol-2-one-4-para-aniline (77).
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Figure 3.4: The IR Spectrum of 1,3-Dithiol-2-one-4-para-aniline (77).
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the electrochemical and catalytic behaviour of the molybdenum-oxo bis-dithiolene

complexes with/without said hydroxy group. The dithione 73 was ring opened via

the addition of potassium hydroxide; the molybdenum precursor 13 was added,

rapidly followed by the addition of the ammonium cation (Scheme 3.6). Subsequent

work-up afforded a red, extremely sticky film (78). This complex lacks any defining

groups, making characterisation via IR spectroscopy difficult. However, MALDI-

TOF mass spectrometry gave a clear molecular ion peak (m/z = 473.76, exact

m/z calculated for 97MoC18H16OS4: 473.91).
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Et4NBr,  H2O

3. MeCN, Et2O
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Scheme 3.6: The Synthesis of (Et4N)2[MoO(S2C2MePh)2] (78).

3.2.7 The Synthesis of (Et4N)2[MoO(S2C2EtPh)2]

The dithiolene pro-ligand 74 was chosen to investigate how the bulkier ethyl group,

substituted at the methyl position, influences the behaviour and success of the

complexation reaction. To a solution of the dithione in methanol, potassium

hydroxide was added to ring-open the pro-ligand. The addition of the molyb-

denum precursor 13 did not give the rapid colour change to red expected when

successful complexation had occurred; the coordination process took three times as

long (2 hours and 30 minutes versus 45 minutes for the reaction with ligand 27)

indicating that the sterics of the dithiolene influence the kinetics of coordination

to molybdenum (Scheme 3.7). NMR and IR spectroscopies were not definitive

for the identity of the resultant yellow/orange film, but yet again, MALDI-TOF
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mass spectrometry (Figure 3.5) offered irrefutable evidence for the presence of

complex 79 through the presence of the molecular ion peak (m/z = 501.92 , exact

m/z calculated for 97MoC20H20OS4: 501.95).
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Scheme 3.7: The Synthesis of (Et4N)2[MoO(S2C2EtPh)2] (79).
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Figure 3.5: The Experimental (Left) and Theoretical (Right) Mass Spectra of
of (Et4N)2[MoO(S2C2EtPh)2] (79).

3.2.8 The Synthesis of (Et4N)2[MoO(S2C2HPh)2]

Although complex 41 already exists in the literature, following the same coordina-

tion procedure using the molybdenum precursor (13), the ligand synthesis is a much

more involved process starting from a bromoacetyl moiety which is then protected
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to a dimethylamino-derivative.101 In terms of atom economy, the radical insertion

of the dithione is a far better approach. This particular complex was targeted

as the unfunctionalised analogue of 80 in order to investigate the effects of the

hydroxy group on the electrochemical behaviour of the complex. The molybdenum

precursor 13 was added rapidly after the pro-ligand 75 was ring opened using

potassium hydroxide, affording a deep red film after subsequent recrystallisations

(Scheme 3.8). Complex 41 was confirmed through MALDI-TOF mass spectrometry

(m/z = 445.77, exact m/z calculated for 97MoC16H12OS4: 445.88).
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Scheme 3.8: The Synthesis of (Et4N)2[MoO(S2C2HPh)2] (41).

3.2.9 The Synthesis of (Et4N)2[MoO(S2C2HBnOH)2]

Since the hydroxy functionalised target complex 30 was successfully synthesised

from the second generation pro-ligand 27, it was appropriate to re-examine the

first generation pro-ligand 21 for complexation with molybdenum. This pro-ligand

differs from 27 at the alkenyl position, where the methyl group is substituted for

a proton. From this, it is possible to examine the effect this substituent has on

the redox properties of the complex. The orange crystals of 21 were dissolved

in methanol, where the addition of potassium hydroxide opened the pro-ligand

for coordination to the molybdenum precursor 13 (Scheme 3.9); like the other

alkenyl proton system synthesised previously, the coordination process took place

extremely quickly (5 minutes). A red film of 80 was afforded, which was confirmed
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by MALDI-TOF mass spectrometry (Figure 3.6), where a molecular ion peak

at m/z = 505.86 could be observed (exact m/z calculated for 97MoC18H16O3S4:

505.90).
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Scheme 3.9: The Synthesis of (Et4N)2[MoO(S2C2HBnOH)2] (80).

500 505 510

505.86

m/z

R
el
at
iv
e
A
bu

nd
an

ce

495 500 505 510 515
0

20

40

60

80

100 505.90

m/z

R
el
at
iv
e
A
bu

nd
an

ce
/%

Figure 3.6: The Experimental (Left) and Theoretical (Right) Mass Spectra of
of (Et4N)2[MoO(S2C2HBnOH)2] (80).

3.2.10 The Synthesis of (Et4N)2[MoO(S2C2HNH2)2]

When examining the catalogue of previously synthesised MoO(dithiolene)2, only

one shows an amine group with free protons, but this could not be considered within

the secondary coordination sphere (perhaps the tertiary).101 Therefore, one must

78



examine if these amine protons would inhibit the complexation of dithione 77. The

dithione was treated with potassium hydroxide in methanol and the molybdenum

precursor (13) was added (Scheme 3.10); the coordination process took slightly

longer than the other alkenyl-proton systems, but was still much faster than the

bulkier alkenyl groups. A dark red film of 81 was afforded and was confirmed

via MALDI-TOF mass spectrometry (m/z = 476.37, exact m/z calculated for
97MoC16H14N2OS4: 475.90). Although MALDI-TOF suggests that coordination

had indeed occurred through the dithiolene and not via the amine it is not conclusive.

IR spectroscopy was used to show that an amine group is present at 3310 cm−1

(Figure 3.7) confirming that the dithiolene is what coordinated to the molybdenum.

MoS
S

S
S

O
SS

O

1. KOH, MeOH,
2. K3Na[MoO2(CN)4] 6H2O (13),
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Scheme 3.10: The Synthesis of (Et4N)2[MoO(S2C2HNH2)2] (81).

3.3 Advanced Ligand Synthesis

3.3.1 A Bridged Ligand

Quite well documented in the literature is the difficulty of obtaining a crystal struc-

ture of these molybdenum dithiolene complexes when the ligand scaffold moves

away from simple structures and becomes more advanced. It can be argued that

the 2H-qpdt complex (12) developed by Fontecave and co-workers is the most func-
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Figure 3.7: The IR Spectrum of (Et4N)2[MoO(S2C2HPhNH2)2] (81).

tionalised in the catalogue of molybdenum-oxo dithiolene complexes and no crystal

structure was able to be obtained. But, a crystal structure exists for complexes 10

and 11.103 This would contradict the prior statement that functionalised ligands do

not produce crystal structures; however, when one considers the nature of the qpdt

(7) and H-qpdt (8) ligands, we can formulate a hypothesis that preventing isomers

results in single-crystals suitable for X-ray diffraction. Both substituents of the

dithiolene moiety of the qpdt ligand are joined in a pyran ring. This would greatly

reduce the number of possible spatial isomers by providing rigidity to the structure.

Further evidence for this hypothesis hypothesis is given by the 2H-qpdt ligand (9)

where the addition of the acetyl group does not provide a crystal structure when

coordinated to molybdenum,103 implying that additional spatially free moieties

quickly add to the number of isomers and prevent the formation of a single crystal.

Through the use of computational methods, further expounded upon in Chapter 4,

it was identified that numerous spatial isomers exist for the novel system 30: the

ligands can be both cis and trans, and the relative positions of the benzyl alcohol

substituent can be up and down. Perhaps adding rigidity to this structure would
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afford a crystal suitable for XRD.

The hydroxy functionality is well known for its chemical versatility, even being

highlighted within this thesis as a proton relay for the purpose of aiding catalysis.

A paper from Bunz and co-workers offered inspiration for the development of a

‘third’ generation ligand.164 They developed a bridged organic from a diol in an

effort to remove internal twisting within the molecule. This synthesis could be

repurposed to provide the extra rigidity necessary to form a crystal structure. The

length of the ‘bridge’ moiety must be considered; too long and no spatial locking

would occur resulting in a system that had access to both the cis and trans isomers;

too short and the sterics of the ligand would prevent tetradentate coordination to

the molybdenum from occurring. Acetylacetone was deemed the correct length in

order to force the resulting complex into the cis conformation, halving the number

of potential isomers.
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Scheme 3.11: Synthesis of the Bridged Ligand (82).

Dithione 27 and malonyl chloride were dissolved in dichloromethane in the

presence of sodium bicarbonate. After flash chromatography, a yellow oil was

obtained (Scheme 3.11). 1H and 13C NMR spectroscopy gave the expected peaks

found in 18, but with the addition of new peaks at 3.44 and 41.42 ppm, respectively,

corresponding to the CH2 of the newly introduced moiety. LC-MS was performed

to ensure the correct characterisation of the molecule; a molecular ion peak at m/z

= 545.022 (exact m/z calculated for C25H20O6S4: 544.01) confirmed the presence

of 82.
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3.3.2 Coordination of the Bridged Ligand

With the successful synthesis of 82, coordination to molybdenum was attempted.

Looking at the bridged ligand, one can see that there are two dithiolenes. There

was concern that because of the presence of multiple coordination sites per ligand,

multiple products were possible: the ideal tetra-coordinated complex (the target),

a dimer system, or even an oligomeric/polymeric structure. Therefore, considerable

efforts were made to limit the formation of these unwanted by-products.

In the synthesis of porphyrins, it is well known that without careful control

of the reaction conditions, cyclisation will not occur and instead polymers will

form. To combat this, high dilution and slow addition are methods that are used

to reduce the chances of this occurring.165 These methods were applied to the

general synthesis of these molybdenum-oxo dithiolene systems. The molybdenum

precursor 13 was dissolved in a great excess of solvent and the ligand was added

slowly over a three hour period. The ligand itself required a bit more consideration

than usual due to the acidic protons found between the two carbonyl moieties. It

was presumed that enolisation would not be detrimental to the reaction, but an

excess of the base was added to ensure that both of the dithione moieties were ring

opened (Scheme 3.12).
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Scheme 3.12: The Failed Synthesis for Accessing the Bridged Complex 83.

Unfortunately, upon performing MALDI-TOF mass spectrometry, the expected

molecular ion peak at m/z = 600.60 was not seen, and instead, a peak at m/z
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= 532.57 appeared, characteristic of 30. 1H NMR spectroscopy showed that the

acidic protons belonging to the malonyl derivative were no longer present, usually

found at 3.44 ppm. One may presume that the base was not selective enough

to ring-open the dithione and instead hydrolysed the ester, where the resulting

malonic acid was removed upon recrystallisation. Therefore, in order to access

these bridge-type complexes, other avenues must be explored.

3.3.3 Post-coordination Functionalisation

Within the literature, most post-coordination syntheses involving metal-dithiolene

complexes have been focused on the terminal functionality of the Group 16 moiety

or adding an oxo group by the addition of trimethylamine N -oxide to access the

MoVI oxidation state.98,100 However, almost nothing has been reported with regard

to any manipulations to the ligand after it has been coordinated to the metal.

With failing to directly coordinate the bridged ligand to the metal, an al-

ternative route to the desired complex 83 must be explored. Post-coordination

functionalised was a viable alternative. Complex 30 was dissolved in acetonitrile,

and sodium hydrogen carbonate was suspended in the solution to neutralise any

HCl that was produced as a by-product. Malonyl chloride was added drop-wise,

but unfortunately, the solution immediately took on a green tinge. Such colour

changes for molybdenum dithiolene complexes suggest that the molybdenum centre

has oxidised, and the colour of the complex is now a result of a ligand to metal

charge transfer (LMCT) as there are no longer any d-electrons present to give rise

to the d-d transitions responsible for the characteristic red colour of molybdenumIV

dithiolene. The introduction of similar acidic species has also caused rapid changes

in colour from red to green: deprotection of ligand 28 when it was coordinated

to molybdenum (Chapter 1); the addition of trifluoroacetic acid (TFA) to 30, to

investigate the ability of the complex to reduce protons (Chapter 6). Then one
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could postulate that the HCl released as part of the reaction inadvertently oxidised

the complex before it could react with sodium bicarbonate. In fact, HCl has been

used by Boyde and co-workers to obtain tris-dithiolene complexes before.166
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Scheme 3.13: The Failed Synthesis of the Bridged Complex 83 Using a Post
Functionalisation Approach.

3.4 Attempts at Accessing the Mo S Functional-

ity

So far several biomimetic FDH catalysts have been synthesised where these synthes-

ised complexes all share the same terminal functionality, a molybdenum-oxo group.

The active site of FDH is not limited only to oxygen in the terminal position, but

is also coordinated by sulphur and selenium (Figure 1.3). Therefore, it is worth

trying to access this functionality by synthetic means.

This has been a previous target within the group using the molybdenum-

carbonyl dithiolene (22) and sodium sulphide (Scheme 2.3). However, this reaction

only returned a green emulsion of the molybdenum tris-dithiolene complex. As a

result, a new approach must be considered.

Most of the literature methods revolve around using a molybdenum-carbonyl

bis-dithiolene analogue to access these challenging Mo S functionalities. Kirk and

Holm both found success but used simple ligand scaffolds to do so, for example, 20 or
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36.167,168 Such methods are obviously not suitable for 27 derivatives. Burgmayer and

Itoh hinted at accessing this functionality by first building the core by synthesising

[MoS(S4)2]2– and then inserting the ligand, a post-coordination functionalisation

approach.106,169,170 This seemed like an avenue worth pursuing.

3.4.1 The Synthesis of Ammonium Tetrathiomolybdate

Ammonium tetrathiomolybdate is a well-known transition metal complex that has

been used in the treatment of Wilson’s Disease and was first synthesised in 1884

by Krüss.171,172 Preparation of this molybdenum salt is relatively straightforward:

hydrogen sulphide is pumped through a solution of ammonium heptamolybdate

(Scheme 3.14). The hydrogen sulphide was generated in situ using iron sulphide and

an acid. A deep red solution developed, and after recrystallisation, red crystals were

afforded. XRD gave the expected structure of ammonium tetrathiomolybdate (84).

(NH4)6Mo7O24 + H2S Mo

S

S
S

S
NH4OH (28-30%)

H2O

84

(H4N)2

Scheme 3.14: The Synthesis of Ammonium Tetrathiomolybdate (84).172

3.4.2 The Synthesis of Tetraethylammonium Tetrathiomo-

lybdate

According to the literature, the preparation of 86 required the tetraethylammonium

cation, so a salt metathesis was necessary.173 Tetraethylammonium bromide and

potassium hydroxide were dissolved in water and added to a solution of ammonium

tetrathiomolybdate (84). The literature recommends a simple crystallisation
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to obtain the final compound, but the crystals were found to be contaminated

with the potassium bromide by-product (scheme 3.15).174 Therefore, the solution

was taken to dryness under reduced pressure and then redissolved in acetonitrile,

leaving behind a white powder, potassium bromide. This afforded much purer

deep-red crystals. Again, XRD gave the expected structure of tetraethylammonium

tetrathiomolybdate (85).
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Scheme 3.15: The Synthesis of Tetraethylammonium Tetrathiomolybdate (85).174

3.4.3 The Synthesis of (Et4N)2[MoS(S4)2]

There are two methods for synthesising the [MoS(S4)2]2– salt, reported by Cou-

couvanis and co-workers.175 The first involves using dibenzyl trisulphide and the

second just elemental sulphur. Both methods were tested, but only the method

that used sulphur provided the expected brown crystals, which occurred within

5 minutes of the initial addition; the former method only gave starting material.

After recrystallisation using dimethylformamide and diethyl ether, crystals suit-

able for XRD were afforded and the expected structure of tetraethylammonium

nonathiomolybdate (86) was obtained (Figure 3.8).
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Scheme 3.16: The Synthesis of (Et4N)2[MoS(S4)2] (86).175
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Figure 3.8: The Crystal Structure of [MoS(S4)2]2– (The Cation has been Removed
for Clarity) (86).

3.4.4 The Synthesis of (Et4N)2[MoS(S2C2MeBnOH)2]

For the final reaction, (Et4N)2[MoS(S4)2] (84) was dissolved in dimethylformamide.

The previously synthesised alkyne (24) was added, and the solution was left to

stand for two days (Scheme 3.17). After a brown solid was precipitated using

diethyl ether, MALDI-TOF confirmed that only the starting material had been

recovered. Unfortunately, the reaction had failed.
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Scheme 3.17: The Failed Synthesis of the Sulphido Functionalised Target Complex
Analogue (23).
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3.5 Tungsten Dithiolene Complexes

So far only molybdenum dithiolene complexes have been targeted. It is well known

and has been covered in Chapter 1, that the FDH active site is not limited to just

molybdenum. In fact, the first FDH structurally characterised, from Desulfovibrio

gigas, used tungsten as the metal centre.57 These tungsten enzymes have been

measured to operate closer to the thermodynamic potential of CO2 reduction

catalysis than molybdenum-based FDH enzymes due to their more reducing redox

potentials. This makes tungsten mimics a prime target for biomimetic catalysts.

Holm accessed these tungsten dithiolene complexes by going through a tungsten

carbonyl intermediate which itself was prepared from a transmetallation reaction

from nickel. This synthetic strategy was applied to simple ligands, (S2C2Me2 and

S2C2Ph2), which lacked any secondary functionality. From previous failures that

used the analogous molybdenum-carbonyl route to access 30, it was likely that the

same approach would also fail for 90.176

Therefore, the strategy for accessing these complexes will be largely the same as

that for molybdenum, relying on a tungsten pre-cursor carrying the oxo functionality

and a dithione pro-ligand. This method has been successfully implemented before,

although each group came about the tungsten precursor, K3Na[WO2(CN)4]·6H2O

(87), through different methods.105,177 However, tungsten synthetic chemistry has

a reputation of being much more challenging than molybdenum chemistry, even

though they both belong to Group 6 of the periodic table. Knowing this, the

approach was to start with the more simple pro-ligands such as 75 and then

synthesise the complexes with the more complex ligands.
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3.5.1 The Synthesis of K3Na[WO2(CN)4]·6H2O

First prepared in the 1950s, pre-dating its molybdenum analogue by some time,

this tungsten-cyano salt has found a variety of uses.178 Both syntheses are largely

similar, so, again, special attention should be paid as the reaction involves the in situ

generation of hydrogen cyanide, where the cyanide moiety then coordinates to the

tungsten ion. After recrystallisation, brown crystals were obtained (Scheme 3.18).

The diffraction data could be obtained in an XRD experiment, but it was only

of sufficient quality to confirm connectivity. Therefore, 87 was also confirmed by

elemental analysis.
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NC CN

NC CN
K3Na 6H2O

KBH4, KCN, 
EtOOH

H2O

87

Scheme 3.18: The Synthesis of K3Na[WO2(CN)4]·6H2O (87).178

3.5.2 The Synthesis of (Et4N)2[WO(S2C2HPh)2]

Previously prepared by Garner and co-workers, preparation of this complex would

test the synthetic strategy developed so far and it would also be necessary for

future catalytic comparisons.177 The tungsten precursor 87 was dissolved in heavily

degassed water and added to the ring-opened pro-ligand analogue of dithione 75.

This gave a red solution, which after the addition of diethyl ether, afforded a red

film (Scheme 3.19). The identity of this solid was confirmed by MALDI-TOF mass

spectrometry (m/z = 531.94, exact m/z calculated for 184WC16H12OS4: 531.93).
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Scheme 3.19: The Synthesis of (Et4N)2[WO(S2C2HPh)2] (88).

3.5.3 The Synthesis of (Et4N)2[WO(S2C2MePh)2]

With the successful preparation of 88, the novel complex 89 was prepared in the

hope of demonstrating the validity of this synthetic strategy. Pro-ligand 73 was

dissolved in methanol and the dithione ring opened with potassium hydroxide.

The tungsten precursor 87 was added and afforded a deep red solution that after

recrystallisation gave a red film (Scheme 3.20). However, structural data could not

be obtained because the complex quickly oxidised. The synthesis was repeated

multiple times, but even with the utmost care, oxidation occurred within minutes

during or after the final recrystallisation.
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Scheme 3.20: The Failed Synthesis of (Et4N)2[WO(S2C2MePh)2] (89).

3.5.4 The Synthesis of (Et4N)2[WO(S2C2MeBnOH)2]

Accessing tungsten dithiolenes, especially those that are functionalised in any

way, can be seen as the penultimate challenge with respect to the synthesis of
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bio-mimetic FDH systems. This reputation is not unfounded, as initial attempts to

synthesise 90 failed. Success was achieved once, where heavily degassed methanol

was used to dissolve the pro-ligand 27 followed by the addition of potassium

hydroxide, which gave the expected gold-coloured solution. Addition of the tungsten

precursor (87) elucidated a red/yellow solution after 45 minutes of stirring, mirroring

the molybdenum analogue (Scheme 3.21). The successive work up afforded a

brown/red film which was identified by MALDI-TOF mass spectrometry (Figure 3.9)

via the presence of the molecular ion peak at m/z = 619.84 (exact m/z calculated

for 184WC20H20O3S4: 619.98).
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Scheme 3.21: The Synthesis of (Et4N)2[WO(S2C2MeBnOH)2] (90).

3.5.5 The Synthesis of (Et4N)2[WO(S2C2HBnOH)2]

Like the methyl substituted analogue (90), 91 was equally challenging to synthesise.

The solvents were heavily degassed and all precautions were taken to prevent the

entry of oxygen into the flask. This afforded a red/green film (Scheme 3.22). The

combination of colours indicated that oxidation had begun to occur. MALDI-TOF

mass spectrometry showed a small peak corresponding to the expected molecular

ion peak, occurring at m/z = 592.31 (exact m/z calculated for 184WC18H16O3S4:

591.95). However, upon returning to the sample, it had completely decomposed.
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Figure 3.9: The Experimental (Left) and Theoretical (Right) Mass Spectra of
of (Et4N)2[WO(S2C2MeBnOH)2] (90).
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Scheme 3.22: The Attempted Synthesis of (Et4N)2[WO(S2C2HBnOH)2] (91).

3.6 Summary

The novel route used to develop the initial target dithiolene ligand (27) has been

used to synthesise several novel dithione analogues with varying functionalities

from which the molybdenum-oxo bis-dithiolene complex can be made. Therefore,

we can assume that this radical cyclisation reaction is highly selective toward the

alkyne functional group, and it can be hypothesised to work for any alkyne in

any environment. As a result, the ability to synthesise and add to the number of

molybdenum-oxo bis-dithiolene complexes has been made more accessible.
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A method to reliably synthesise molybdenum-sulphido bis-dithiolene complexes

still remains to be obtained. Taking inspiration from the molybdenum-oxo synthesis,

one could attempt to generate the K3Na[MoS2(CN)4]·6 H2O precursor. This

could be achieved by starting from (NH4)2[MoS4] and replacing the ammonium

cation with the sodium cation to afford Na2[MoS4]. Then following the synthesis

for K3Na[MoO2(CN)4]·6H2O, the addition of KBH4, KCN and acetic acid to

Na2[MoS4] could synthesise K3Na[MoS2(CN)4]·6H2O. The coordination of the

dithiolene ligand with this hypothetical precursor might be a viable approach to

obtain (Et4N)2[MoS(dithiolene)2].

The synthesis of an intermolecular-bridged complex is still worth pursing. The

post-coordination route still has promise, but the by-product of the ‘bridging’

reaction must avoid anything remotely acidic to prevent oxidation of the complex.

Perhaps starting from a completely unfunctionalised homoatomic molecule like

pentadeca-1,14-diyne, performing the dithione insertion and then the subsequent

coordination reaction to achieve the complex would be a good starting point to see

if a tetradentate coordinate system is possible for these molybdenum-oxo systems.

Tungsten compounds live up to their reputation as exceedingly challenging

syntheses, with tungsten-oxo bis-dithiolenes being no different. They are highly

sensitive to oxygen and even when synthesised, the lifetime of these complexes can

be measured in minutes if the utmost care is not taken with them. Any future

chemist should make sure their equipment is of the highest grade to prevent oxygen

from contacting these compounds, ensuring the greatest chance of success.
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Chapter 4

Density Functional Theory

4.1 Introduction

First developed in the 1960s,179,180 density functional theory, most commonly

referred to by its acronym DFT, is a computational modelling method used to

examine the electronic ground state of synthetically inaccessible systems, confirm

experimental data, and probe reaction pathways. Solving the Schrödinger equation

analytically is limited to hydrogenic atoms as the motion of each electron is coupled

to the motion of every other electron through the Coulomb repulsion among the

electrons; numerical methods need to be used, and these suffer from scalability issues

due to the number of interactions to be modelled. Through the use of functionals

and basis sets, DFT provides a framework to accurately model molecular systems.

A functional is a function which itself requires a function as the input, and

yields a numerical output. In this context, it is an approximation that suggests that

the energy of a system can be written as a functional of the one-particle electron

density.181–183 To improve the accuracy of the results, a number of approaches are

used to calculate the exchange and correlation energies. These build in complexity

from local density approximations (LDA) to generalised gradient approximations
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(GGA), meta-GGA and beyond.184 Each additional refinement helps to improve

the accuracy of the calculated values. Basis sets are a mathematical description

of the atomic orbitals. Mathematically, these can take the form of Gaussian-type

orbitals (GTOs), Slater-type orbitals (STOs), or numerical atomic orbitals.185,186

All-electron basis sets of varying complexity can be applied to light atoms, with the

degree of coverage of polarisation often referred to as ζ. ζ corresponds to the orbital

polarisation parameter to more accurately model the diffuse nature of orbitals. For

heavier elements, all-electron basis sets are unavailable, and a so-called effective

core potential (ECP) must be used: this splits the orbitals into a core, handled as

a single potential, and outer orbitals which are modelled fully.

The earliest published research used computational methods to investigate

bonding character in the FDH active site in 1999.71 Although this paper does not

directly model the [MoO(S4)2]2– core, with the computational focus directed toward

the organic pyranopterin cofactor, it is the first published article in the field that uses

computational methods to investigate molybdenum-oxo dithiolene complexes. Kirk

and co-workers used computational methods, along with spectroscopic techniques

(magnetic circular dichroism, solution and solid-state electronic absorption, and

resonance Raman spectroscopies), to probe how low energy sulphur to molybdenum

charge transfer transitions on the dithiolene ligand fragment (–SC CS–) are a result

of one electron promotions originating from an isolated set of four filled dithiolene

orbitals that are primarily sulphur in character. These calculations were performed

using the B3LYP functional and the 6-31 G** basis set.187–190

The first study applying DFT to the metal centre and coordination sphere in

Mo(dithiolene)2 was reported by Solomon and co-workers in 1999. DFT was used

in conjunction with spectroscopic techniques (K-edge and L-edge X-ray absorption)

to provide a description of the bonding of MoVIO2 complexes (sulphite oxidase

mimics) to give an insight into the relationship between the electronic structure
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and the oxygen transfer chemistry.191 This early study used the Vosko, Wilk, and

Nusair local density approximation (LDA) functional,189 along with the Becke

1988 functional for the exchange energy192 and the Perdew 1986 functional for

the correlation energy,193 (together called BP86). For the molybdenum atom, the

triple-ζ STOs were used for molybdenum, and single-ζ STOs were used for the

carbon, nitrogen, oxygen, phosphorus, sulphur, and chlorine atoms. All the core

electron levels were treated using an ECP.

In 2001 Holm and co-workers performed computational studies on simple

Mo(CO)2(dithiolene)2 complexes previously prepared by the research group.126

DFT was used together with previous cyclic voltammetry studies to give further

insight into the electronic properties of these complexes. The DFT calculations

identified the non-innocent nature of the dithiolene ligands when the complexes

underwent redox processes and provided a description of the delocalised ground

states. This study used a similar computational approach to that of Solomon, but

included relativistic effect.

In 2002, Kirk and co-workers investigated the oxygen atom transfer react-

ivity of sulphite oxidase.194 DFT was performed on the sulphite oxidase mimic

[MoVIO2(S2C2Me2)(SCH3)]– to evaluate the composition of the lowest unoccupied

molecular orbital (LUMO). The LUMO is considered the electron-accepting orbital

in the OAT reaction with the sulphite substrate. In the model, the LUMO is

composed of a molybdenum dxy − pπ* interaction between the molybdenum and

the equatorial oxygen (Oeq) atom. The axial oxygen (Oax) atom possesses no contri-

bution to this orbital and instead contributes substantially to the LUMO+1. Also,

it had been suggested that varying the Oax Mo Sdithiolene torsion angle aids in the

selection of Oeq for catalysis. Kirk and co-workers varied this torsion angle, demon-

strating that the LUMO is indeed heavily influenced by the molybdenum dxy − pπ*

interaction, and consequently Oeq character always dominated the LUMO.
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Later in the same year, Nordlander and co-workers utilised DFT to investigate

OAT reactions between trimethylamine N -oxide and DMSO with [MoO(mnt)2]2–

(37).127 The group reported that the reaction between [MoO(mnt)2]2– and trimethyl-

amine N -oxide proceeded through a transition state with distorted octahedral geo-

metry where trimethylamine N -oxide bound to molybdenum through the oxygen

and consequently weakened the N O bond.

In 2003, Enemark and co-workers used photoelectron spectroscopy and DFT to

investigate the sulphur π-orbitals of metal (molybdenum and titanium) dithiolenes,

with electronic arrangements of d0, d1, and d2.70 It was observed that the ionisation

energies compared well with those of DFT and to rationalise this a dithiolene

folding effect (Chapter 1) was proposed. This phenomenon, involving metal in-

plane and sulphur π-orbitals, was identified as a potential factor in the electron

transfer reactions that regenerate the metal centres at the active sites of Group 6

metalloenzymes.

From 2004 onwards DFT studies focusing on purely molybdenumIV-oxo bis-

dithiolene complexes became more numerous. The edt (17),131 bdt 18,88,132–134 and

mnt 19 ligands were all investigated in some capacity.132,195 Systems with more

functional groups were ignored, likely to reduce computational time. McNamara and

co-workers were the exception, where they investigated pterin dithiolene analogues

bound to molybdenum centres.135

In 2009, Schulzke and co-workers conducted a systematic study of the MPT at

varying levels of functionality coordinated to a molybdenum-oxo core at varying

oxidation states.128 Starting with the most simple ligand, edt, and becoming

increasingly more functionalised: pdt, prz and finally mpt (Figure 4.1). They

compared the results obtained to see how these changes in functionality influenced

bond lengths, angles, charge distribution, composition of the binding orbitals,

and redox potentials differed in relation to each other. They concluded that the
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dithiolene, pyran ring and the first ring of the pterin contributed significantly to

the behaviour of the complex whereas the second ring of the pterin had minimum

influence.
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Figure 4.1: The Dithiolene Ligands Utilised by Schulzke and Co-workers for their
Computational Studies.128

In 2012, Zampella and co-workers used computational methods to systematically

investigate reaction pathways associated with the H-transfer step, considered to

be the rate-determining step of the formate to carbon dioxide catalytic reaction.

They investigated every H (proton or hydride) acceptor within the FDH active site

and proposed a mechanism by which the metal centre mediates H-transfer from

formate to the final acceptor through the selenocysteine residue.

In 2014 Edward and co-workers used X-ray absorption spectroscopy and DFT

calculations to provide insight into the oxygen transfer in sulphite oxidase and

its relation to DMSO reductase.129 This work involved the oxo transfer reaction

between [MoVIO2(bdt)2]2– and P(OMe)3 affording [MoIVO(bdt)2]2– and O P(OMe)3.

DFT calculations identified three possible transition states where the lowest energy

state (stabilised by a P S interaction) matched the experimental data well. These

results were then compared with other similar experiments for DMSO reductase

mimics, allowing Holm and co-workers to draw certain conclusions: in DMSO

reductase, where the oxygen is transferred from the substrate to the metal ion, the

oxygen transfer causes electron transfer; conversely, in sulphite oxidase, where the
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oxygen transfer is from the metal to the substrate, the electron transfer initiates

the oxygen transfer.

In 2018, Ryde and co-workers evaluated five mechanisms of catalysis at the FDH

active site previously proposed in the literature, including the computationally

derived mechanism from Zampella and co-workers.53 They concluded that the

formate substrate does not coordinate directly to molybdenum when it enters the

oxidised active site of the FDH, but instead resides in the secondary coordination

sphere.

The computational studies detailed above made use of a variety of functionals

and basis sets: these are summarised in Table 4.1. As can be seen, there is a heavy

reliance on the B3LYP hybrid functional. This functional is widely used for organic

molecules, but is less commonly used in organometallic DFT as it can give less

reliable results. What is lacking in the literature to date is clear benchmarking of

varied or more recent functionals.

This short summation of the literature shows that although computational

modelling has been performed on molybdenum dithiolenes, most of the research has

focused on the FDH active site itself and adjacent topics, for example, dithiolene

bonding interactions to a molybdenum centre or catalysis at the active site. Few

papers have been published on biomimetic structures of the FDH active site

with efforts focused on predicting the experimental properties of the synthesised

complexes. The paper from Schulzke and McNamara dealt with the most complex

Mo O systems,128,135 but they are fifteen and nineteen years old, respectively.

Since these studies were published, advances in computation mean that a wider

range of basis sets and levels of theory are now viable for studying these systems.
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Table 4.1: A Table Showing the Functionals and Basis Sets Used by Different
Research Groups (ECP is an Acronym for Effective Core Potential).
Research Group Year Functional Basis Set

Kirk and Co-workers71 1999 N/A 6-31**187

Solomon and Co-workers191 1999 LDA,189 BP86188,192 triple-/single-ζ STO
Holm and Co-workers126 2001 LDA, BP86 triple-/single-ζ STO
Kirk and Co-workers194 2002 B3LYP187–190 6-31G, 6-31G**187,196,197

Nordlander and Co-workers127 2002 LDA, BP86 triple-ζ STO, ECP
Enemark and Co-workers70 2003 GGA188,192 triple-ζ STO, ECP
McNamara and Co-workers135 2005 B3LYP LANL2DZ196–198

Wedd and Co-workers132 2007 B3LYP 6-31+G*,199 ECP
Amano and Co-workers131 2007 B3LYP LANL2DZ, ECP
Holm and Co-workers88 2007 LDA triple-ζ STO,200 ECP
Hoffman73 2007 B3LYP LANL2DZ
Sabyasachi and Co-workers195 2007 B3LYP 6-31G*+
Schulzke and Co-workers128 2009 B3LYP LANL2DZ, 6-311G
Zampella and Co-workers 2012 BP86 TZVP201

Edward and Co-workers129 2014 BP86, B3LYP SDD,202 6-311(d)203

Ryde and Co-workers53 2018 TPSS,204 B3LYP TZVP
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4.1.1 Selection of Approach

As mentioned above, due to the lack of DFT studies on the most appropriate

functionals and basis sets for functionalised molybdenum dithiolene systems, we

were free to choose the level of theory and basis sets to implement. Trials were begun

with the simple [MoVO(bdt)2]− system, mirroring Hrobárik and co-workers, to

compare the Orca outputs (a DFT tool)205,206 against their respective experimental

values.130

The work from Hrobárik and co-workers was matched by utilising the BP86 and

B3LYP functionals along with the def2-TZVP basis set.192,193,207 The def2-TZVP

basis set is a valence triple-ζ basis set with polarization functions. Other basis

sets such as 6-31+(G) tend to lack accuracy with more complex structures; these

basis sets are sufficient for complexes using simpler ligands such as bdt, but the

MeBnOH dithiolene ligand is much larger and, therefore, 6-31+(G) would not be

appropriate. The Orca program has a large catalogue of basis sets to choose from

whereas Gaussian is largely limited with LANL2DZ;208 this basis set also lacks

accuracy, with the polarisation function being only double-ζ.196–198 By comparing

the calculated Mo O bond length against the crystal structure of [MoV(bdt)2]– it

was confirmed that a successful benchmark had been obtained.

With any theoretical system, determining the correct charge and multiplicity

is necessary before performing a calculation. With transition metal complexes

one must consider whether the system that will be modelled is paramagnetic or

diamagnetic, especially when there is more than one d electron. An undergraduate,

base-level approach to ligand field theory of the [MoIVO(S4)]2– core would predict

that the d orbitals would split into five orbitals, varying in energy in relation to

each other due to the geometry of the ligands surrounding the metal ion and their

corresponding symmetry. It was initially assumed that the lowest energy level

orbitals would have some degree of degeneracy (Figure 4.2). Therefore, the two
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d electrons were modelled as unpaired.

d

eg

Figure 4.2: The Assumed Splitting Pattern of the [MoIVO(S4)]2– core.

Such an orbital arrangement would imply that our systems would have a spin

multiplicity of 3. When these parameters were applied to the [MoIVO(bdt)2]2−

system, a distorted geometry was obtained, differing significantly compared to the

crystal structure of the same MoIV complex.

To truly understand why this distortion has happened, it is important to first

understand symmetry-adapted molecular orbital (SAMO) theory, from which we

can determine the electronic structure of the complex and then the spin-multiplicity

parameter.

4.1.2 Symmetry Adapted Molecular Orbital Theory (SAMO)

of Square-based Pyramidal Complexes

Square-based pyramidal geometries can exist in one of two forms: the metal centre

may exist in or above the plane of the four ligands. [MoO(dithiolene)2]2− complexes

exist in the latter geometry, so that is where the focus will be. Just by inspection, we

can determine that the relative geometries of octahedral/square planar complexes

and square-based pyramidal complexes differ, so there will be a departure from

the typical splitting pattern of octahedral and square planar structures. From

Figure 4.3 we can see that the four basal orbitals point up and in towards the metal

centre. The position of the apical orbital has no real difference in symmetry from

the typical octahedral geometry.
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Figure 4.3: The Square-based Pyramidal Geometry.

The dxy, dzy, dxz and dx2−y2 orbitals do not interact with the one axial ligand,

leaving only the dz2 . However, with the removal of one of these ligands, one of

the two antibonding interactions on the dz2 is also eliminated. With the removal

of a ligand, the change in the symmetry of the complex must also be established;

it drops from Oh to C4v. Since there is only one apical ligand, the xy plane is

no longer a symmetry element for the complex, giving the pz and dz2 the same

symmetry (a1). These orbitals can now mix, forming a hybrid orbital stabilised by

the bonding interaction between the lobe of the p and ligand orbitals of the same

sign. Analysis of the polarised dz2 orbital can be separated into three parts:

• The overlap between the pz and the dz2 is zero as they are located on the

same atom.

• The interaction of the four other ligands and pz is zero since they are located

along the nodal plan of the pz orbital.

• The interaction of pz and the axial ligand is non-zero.

The orientation of pz relative to the apical ligand can be positive or negative. When

the positive lobe faces the ligand orbital, each orbital would have a different sign

and cancel each other out; when the negative lobe is facing the ligand orbital, the

orbitals have the same sign, so they would add together. Clearly, the two dz2 lobes

are not equivalent, and a polarisation occurs toward the vacant site. There is now
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a smaller antibonding interaction because of the smaller hybridised lobe and the

axial ligand. Since the four other ligand orbitals have moved out of the xy plane,

and into the nodal cone in the most extreme cases, a complete elimination of the

antibonding contribution on the ligands could occur; therefore, the energy of the

orbital is lowered (Figure 4.4).

+=

The complete orbital
picture where the metal 
orbitals are superposed.

Polarised z2.The mixing of the dz2 and the pz.

Figure 4.4: The Formation of the Polarised dz2 Orbital.209

Our attention can now turn towards the remaining orbitals. The change in

geometry is more easily understood by observing Figure 4.5. Starting with the dxy

metal orbital, the ligand orbitals lie in the two nodal planes (xz and yz) where no

overlap can occur. This results in a non-bonding orbital.

When we examine Figure 4.5 we can see that ligands L1 and L3 stay within

the yz plane and move into a geometry where they can overlap with the lobes of

the d orbital in the yz plane. The previously non-bonding orbital is destabilised

and a new antibonding orbital is formed. However, we must consider hybridisation

and subsequent polarisation once again. The py orbital adds to and takes away

depending on the parity of the yz orbital. Consequently, two lobes are enlarged

and two are shrunk. The two shrunk lobes are those which point towards the ligand

orbitals. With less orbital lobe to overlap with, there will be a decrease in the

strength of the antibonding character of the yz orbital. The behaviour of the xz

orbital is analogous to yz just with ligands L2 and L4.

With regards to the dx2−y2 orbital, since the basal ligands are pushed out of the

xy plane, the ability of these orbitals to overlap is reduced, and the antibonding
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contribution is shrunk, proportional to the angle of the ligands in relation to the

metal centre. The orbital is stabilised and the energy lowered.
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Figure 4.5: The Ligand-metal Orbital Geometries for the dxy, dyz, dxz and the
dx2−y2 .

We can now construct the square-based pyramidal splitting diagram. The dxy

orbital is a non-bonding orbital. The dyz, dxz both have some antibonding character

and their energies are raised. The dz2 and dx2−y2 orbitals are more destabilised as

there is greater antibonding character in the overlap between the metal and ligand

orbitals when compared to the dyz and dxz.

b2

e

a1

(xy)

(yz, xz)

(x2)

(x2-y2)

b1

Figure 4.6: The Squared-based Pyramidal Splitting Diagram

With the construction of Figure 4.6 we can now fill it with electrons. As

mentioned previously, the [MoO(bdt)2]2− complex we are investigating has a +IV

oxidation state. Being in Group 6, a +IV oxidation state leaves two electrons. With

our new understanding of the orbital splitting pattern, it is clear that electrons
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solely occupy the b2 orbital. The complex is now closed-shell and diamagnetic with

the spin multiplicity being equal to 1 (2(0) + 1). With the new spin multiplicity

value, the calculations were retried and no distortion of the basal ligands occurred.

4.1.3 Selection of Approach Continued

Now that the spin multiplicity value had been established, geometry optimisation

of [MoO(bdt)2]2− using BP86 and B3LYP was performed to reaffirm a standard

benchmark although with a change in oxidation state.193,210 Interestingly, in the ori-

ginal synthetic paper where the [MoO(bdt)2]2− complex was first prepared by Holm

and co-workers,100 no crystal structure was reported; the Cambridge Structural

Database (CSD) also lacks a crystal structure for [MoO(bdt)2]2−, despite being

such a common ligand.211 Instead, benchmarking against the infrared stretching

frequency of the Mo O bond was attempted. To do this accurately, a stretch

must be identified on the experimental IR that can act as an internal standard,

for example, an asymmetric stretch (-CH3) which is quite easily identifiable at

approximately 3000 cm−1. However, the paper does not provide images of the IR

spectra to identify this standard. We instead settled for a reasonable geometry

optimisation with no change to the geometrical positions relative to each complex.

We were now confident to begin trialling our own systems.

4.2 The Simulation of Dithiolene Complexes

The three main aims of these computational studies are to:

1. use geometry optimisation to make sense of the difficulty of obtaining a

suitable crystal structure for single crystal X-ray diffraction.

2. identify the most appropriate functional/basis set for the [MoO(dithiolene)2]2−
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family of complexes.

3. clearly identify the Mo O stretch in the experimental IR spectra of the target

complex 30.

Identifying the Mo O IR band in these kinds of molybdenum-oxo bis-dithiolene

complexes is of particular interest as it can act as a strong indicator for the successful

synthesis of the target complexes. Unfortunately, no particular attention has been

paid to identify this bond when influenced by increasingly complex dithiolenes.

Muralidharan and co-workers suggest looking at the region between 900 cm−1 to

1000 cm−1. However, their work concerns molybdenum oxides and suggests no

way to identify the correct band if more than one is present in the expected

region; therefore, such a suggestion is not directly applicable for molybdenum-oxo

bis-dithiolene complexes.212 Most of the synthesised complexes have an IR value

associated with the Mo O bond, but these complexes involve a simple ligand

scaffold that lacks any extended functionality, for example, the initial ligands from

Holm and co-workers (Figure 2.1). As the ligands become more complex, the IR

spectrum follows suit, thereby increasing the difficulty of correctly identifying the

Mo O bond. The method of data collection, the Mo O stretching frequencies,

and their peak sizes of various complexes are summarised in Table 4.2.

4.2.1 [MoO(S2C2MeBnOH)2]2–

In the target [MoO(S2C2MeBnOH)2]2– (30) complex, there are three bands that

appear in the 900–1100 cm−1 region of the IR spectrum, the region where Mo O is

commonly found as described by Saleem and Key (Figure 4.7).214,215 Barring the use

of 18O-labelled complexes for IR spectroscopy experiments, it is impossible to decide

which of the three bands belongs to Mo O stretch without DFT calculations for this

complex. However, to come up with an accurate prediction requires investigating
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Table 4.2: A Table Showing the Complete Catalogue of MoIV Dithiolene Complexes
and Their Associated Mo O Stretching Values, bRaman

Complex Method ν̃/cm−1 Peak Size

10-qpdt112 KBr Pellet 905
11-Hqpdt103 KBr Pellet 901
20-bdt100 KBr 903 vs
6-mohbdt104 KBr 925
34154,168 solution 903b

35-edt100 KBr 917 vs
36154 Nujol 889
37-mnt100,213 CsI 928 vs
39-bdtCl2

108 KBr 910
40-(bdt)(bdtCl2)101 KBr 907 s
41-sdt101 KBr 879
42-cdt105 905 s
46-opedt101 KBr 902
47-mpedt101 KBr 882
48-ppedt101 KBr 900
49109 KBr 896 vs
50109 KBr 899 vs
51109 KBr 902 vs
52-dmit96 930
45-(edt)(mnt)100 KBr 919 vs
5497 CsI 914 s
57-fdt107 KBr 1017
58-qedt101 KBr 905
59-ntdt111 KBr 873
61106 KBr 908
6295 950
63 [99] 907
64-NH2-ptedt101 KBr 886
65-NC(H)(Me)2-ptedt101 KBr 890
67-PPh3Sibdt98 KBr 915b

68-tdt98 KBr 900b

69-PPh3Sitdt98 KBr 904b

70-adt110 KBr 936
71-ecpdt110 KBr 929
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another peculiarity of these molybdenum dithiolene complexes.
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Figure 4.7: The Experimental KBr IR Spectrum of (Et4N)2[MoO(S2C2MeBnOH)2]
(30).

As mentioned in Chapter 3, a common reason as to why a suitable crystal struc-

ture cannot be obtained is that upon crystallisation, many geometric isomers are

formed. Just from simple inspection, the [MoO(S2C2MeBnOH)2]2− target complex

has many freely rotating moieties, not to mention the potential for cis and trans

isomerisation. Computational DFT analysis using BP86, B3LYP, PBE0, TPSS,

and ωB97X showed six stable ligand isomers after geometry optimisation shown in

Figure 4.8.188–190,192,193,204,216–220 The overall square-based pyramidal geometry was

conserved upon geometry optimisation.

The relative energy difference between the six isomers is tiny, demonstrated

in Table 4.3 (9.6 kJmol−1 was the greatest range of the 5 functionals). This

value makes up only 0.000 14% of the calculated energy of the complex. This

demonstrates how energetically indistinguishable these isomers are from each other,

falling well within what is typically regarded as insignificant with regards to DFT

calculations. With such a flat energy surface, one can assume a dynamic equilibrium
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Figure 4.8: The Isomers of the Target Complex [MoO(S2C2MeBnOH)2]2− (30).
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in solution between the different isomers. Consequently, crystallisation of a single

isomer would depend on the relative solubility values, as the flat energy surface

likely means that no one isomer dominates in solution. Such findings are consistent

with those of the four other functionals.

Table 4.3: Calculated relative energy values for [MoO(S2C2MeBnOH)2]2− (30)
using the BP86 functional and the def2-TZVP basis set.

Entry Isomer E/kJmol−1

1 cis up,up 0.13
2 cis up,down −0.93
3 cis down,down 0.00
4 trans up,up −1.25
5 trans up,down 6.88
6 trans down,down 6.30

This result helps to explain the difficulty when it comes to the 1H NMR

spectrum peak assignment. As the complex is diamagnetic, it would be anticipated

to give sharp signals for the ligand environment in the 1H NMR spectrum. At

first glance, the spectrum appears to be complex, perhaps indicating a lack of

purity. However, the MALDI-TOF mass spectrum, Figure 2.7 suggests that there

is no such indication of an issue with purity and the correct product had been

formed. However, if one considers that the 1H NMR spectrum is taken in solution

at room temperature, a dynamic equilibrium of possible isomers could be the reason

for the ‘messy’ spectrum. A series of spectra were taken, at sequentially lower

temperatures, an increased number of scans, and with longer relaxation times to

encourage better peak resolution as the proton environments should be ‘locked’

in space over the time scale of the new 1H NMR spectroscopy experiment. This

was to test whether the proposed dynamic equilibrium and many possible isomers

was indeed responsible. Figure 4.9 shows the improved resolution of peak shape

at 293K, 273K, and 263K focused on the region where the CH2 OH peak is
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expected. This improved resolution and appearance of multiple peaks definitively

proves the presence of multiple isomers in solution. However, integration of the

peaks does seem to indicate that some isomers are more common than others;

determining which though would require computational studies beyond the scope

of this thesis.

3.83.944.14.24.34.44.54.6

δ/ppm

3.83.944.14.24.34.44.54.6

δ/ppm

3.83.944.14.24.34.44.54.6

δ/ppm

Figure 4.9: The 1H-NMR Spectrum of complex 30 at 293K (Green), 273K (Blue),
and 263K (Red).

With the determination of several isomers, we could now make an informed

calculation of the stretching frequency of the Mo O bond. It is not as simple

as to take the calculated values for a single isomer and present it as an accurate

representation of the whole. Depending on the functional, more than one stretching

frequency is calculated for the Mo O bond with differing strengths, so a weighted
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average of the several stretching frequencies and their respective strengths must

first be calculated. The value must next be calibrated to a particular bond in the

experimental spectra; for [MoO(S2C2MeBnOH)2]2− (30), the C H of asymmetric

stretch of CH3 was chosen. This process must then be replicated for the other five

isomers as each gave a range of values, differing in magnitude depending on the

functional used. Consequently, another average was taken.

Table 4.4: Calculated Energies of the Mo O bond in [MoO(S2C2MeBnOH)2]2−
(30).

Entry Functional ν̃/cm−1

1 BP86 924
2 B3LYP 944
3 PBE0 943
4 TPSS 926
5 ωB97X 975

These calculated values, shown in Table 4.4, can now be compared against

the experimental spectra. All five functionals give a stretching frequency between

920 cm−1 and 980 cm−1 which eliminates the two peaks either side of the smaller,

third peak. Annotating the experimental IR spectrum with these calculated values

offers a more obvious picture (Figure 4.10). The B3LYP and PBE0 functionals

both give values very close to this weak peak occurring at 940 cm−1. One can

now appreciate the difficulty of identifying/assigning the Mo O bond in the IR

spectrum. Without computational methods, only an educated guess could have

been taken.

4.2.2 [MoO(S2C2MePh)2]2–

With a reliable computational approach established, computational methods can

be used to identify key features of the other synthesised analogues of the target
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Figure 4.10: The Experimental KBr IR Spectrum of the Target Complex 30
Overlaid with the Calculated IR Frequencies.

complex. Geometry optimisation showed no significant difference in outcome when

different rotational angles and coordinates were input. As a result, the subsequent

IR stretching calculations were simplified. The IR spectrum of 78 is less ambiguous

than that of 30, with a weak, isolated peak appearing at 931 cm−1, the typical

region the Mo O stretch can be found (Figure 4.11). One can then hypothesise

with a great deal of confidence that this peak corresponds to Mo O. Computational

methods can be used to prove this hypothesis.

Table 4.5: Calculated Energies of the Mo O bond in [MoO(MoO(S2C2MePh)2)2]2−
(78).

Entry Functional ν̃/cm−1

1 BP86 932
2 B3LYP 937
3 PBE0 955
4 TPSS 931
5 ωB97X 972

Table 4.5 shows the calculated vibrational energy of the Mo O bond in
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Figure 4.11: The Experimental KBr IR Spectra of [MoO(S2C2MePh)2]2– (78) with
Calculated IR Frequencies.

MoO(S2C2MePh) 2–
2 (78) according to the various functionals. Overlaying these

values over the experimental IR spectrum clearly shows which functional accurately

predicted where the Mo O will occur at 930 cm−1. The BP86 functional was the

most accurate, however, the B3LYP functional was not far off.

4.2.3 [MoO(S2C2HBnOH)2]2–

Like the methyl substituted analogue (30) obtaining a single crystal of 80 suitable

for XRD has proved elusive. A cursory glance allows one to similarly identify the

potential for many isomers as well as the possibility of cis and trans isomerisation.

Computational DFT analysis utilising the five functionals used above, with varying

starting coordinates of the benzyl alcohol substituent, all identified several possible

isomers after geometry optimisation shown in Figure 4.12.

The relative difference in energy of the six isomers of 80 is tiny, mirroring 30

(Table 4.12). Such a small difference in energy suggests a dynamic equilibrium

in solution, implying equal distribution of isomers upon crystallisation is likely.
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Table 4.6: Calculated relative energy values for [MoO(S2C2HBnOH)2]2− (80) using
the B3LYP functional.

Entry Isomer E/kJmol−1

1 cis up,up −2.89
2 cis up,down −2.83
3 cis down,down 0
4 trans up,up −2.95
5 trans up,down 3.23
6 trans down,down 4.86
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Figure 4.12: The Isomers of [MoO(S2C2HBnOH)2]2− (80).
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Therefore, obtaining a suitable crystal for X-ray diffraction would be very difficult.

Table 4.7: Calculated Energies of the Mo O bond in [MoO(S2C2HBnOH)2]2−.
Entry Functional ν̃/cm−1

1 BP86 782
2 B3LYP 892
3 PBE0 899
4 TPSS 817
5 ωB97X 920
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Figure 4.13: The Experimental IR Spectrum of the Complex 71 with the Calculated
IR Frequencies of the Mo O Bond.

With this complex, identifying the Mo O bond in the experimental IR spectrum

(Figure 4.13) can be achieved without DFT analysis provided one has a degree of

familiarity with such bond assignments. However, there are three peaks within

and close to the 900–1000 cm−1 region where most Mo O bonds are expected to

appear. Overlaying the calculated values, shown in Table 4.7, on the experimental

spectrum shows that two of the five functionals seem to suggest a peak outside

what would be considered the normal range. Using what we know so far about this
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bond, we can determine from its relative intensity and where it appears that it is

unlikely that this is the Mo O peak. Therefore, we can determine that the Mo O

band occurs at 890 cm−1. This dramatic shift for the stretch of 80 when compared

to the Mo O stretch belonging to 30 shows how the primary substituents of the

dithiolene have a clear influence on the strength of the Mo O bond.

4.2.4 [MoO(S2C2HPh)2]2–

Synthesis of [MoO(S2C2HPh)2]2– was straightforward and has been previously

prepared in the literature, 41-sdt.101 Davies and co-workers report the Mo O

value as occurring at 879 cm−1 (highlighted as ‘L’ in Figure 4.14). Unfortunately,

the paper does not include an image of the IR spectrum for 41-sdt so direct

comparison with our complex of 41 is difficult. ‘L’ appears to sit between two

peaks for the experimental IR spectrum of 41 so using computational methods to

confirm which peak corresponds to the Mo O bond is well worth doing.

Table 4.8: Calculated Energies of the Mo O bond in [MoO(S2C2HPh)2]2− (41).
Entry Functional ν̃/cm−1

1 BP86 911
2 B3LYP 921
3 PBE0 909
4 TPSS 909
5 ωB97X 921

Using DFT, five values were obtained using the five different functionals

(Table 4.8). Each value indicates that the correct peak occurs within the expected

region. Overlaying these values with the experimental IR spectrum, Figure 4.14

clearly identifies the Mo O peak as belonging to the band at 900 cm−1 with PBE0

and TPSS being the most accurate.
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Figure 4.14: The Experimental IR Spectrum of the Target Complex 41 Overlaid
with the Calculated IR Frequencies of the Mo O bond.

4.2.5 Summary

DFT confirmed that there is an equilibrium between the isomers in solution

for more functionalised ligands, with this equilibrium evident in the 1H NMR

spectrum of 30. The equilibrium of isomers provides a possible reason why

it is so difficult to obtain crystals suitable for X-ray diffraction. But first it

was important to properly identify the orbital geometry and subsequent SAMO

to understand the correct spin multiplicity parameter of molybdenum-oxo bis-

dithiolene complexes. Simultaneously, DFT has been used to help correctly assign

peaks in the experimental infrared spectra and these results have been summarised

in Table 4.9. From this table it is possible to identify when to use which functional

for any particular molybdenum-oxo bis-dithiolene complex by comparing the results

with each other. It appears that for simpler systems, with fewer isomers, the BP86

functional gives more accurate results, while B3LYP and PBE0 work better with

more complex systems. From this chapter, efficiency in all areas would be improved

if, when synthesising a new complex, a DFT calculation using the B3LYP and
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PBE0 functionals is performed simultaneously so the Mo O bond can be used

as a diagnostic feature for synthesis. These DFT-based assignments should be

supported by future studies aimed at obtaining experimental evidence, for example,

via oxygen isotope labelling studies. Kirk and co-workers used the 18O isotope to

characterise the Mo O stretch on the DMSOR enzyme found in R. sphaeroides so

such experiments are not unheard of for these types of complexes.221

Table 4.9: A Summary of the Most Accurately Calculated Mo O IR Stretch
Against the Experimental Value.

Complex Functional M O Stretch ν̃/cm−1

Calculated Experimental

[MoO(S2C2MeBnOH)2]2– (30) B3LYP 944 942

[MoO(S2C2MePh)2]2– (78) BP86 932 932

[MoO(S2C2HBnOH)2]2– (80) B3LYP 892 890

[MoO(S2C2HPh)2]2– (41) PBE0/TPSS 909 900
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Chapter 5

Electrochemistry

5.1 Introduction

Electrochemical methods are used to investigate the behaviour of redox-active spe-

cies, from organic systems, inorganic solids and the most ubiquitous use, transition

metal complexes.222 To truly utilise electrochemical methods effectively, whether

that be as a characterisation tool or an analytical technique, an understanding of

the theory of the subject is required. This chapter will first describe the funda-

mentals of electrochemical analysis followed by the application of these methods

on the prepared bio-mimetic dithiolene metal complexes.

5.1.1 Redox Processes and the Nernst Equation

At the surface of an electrode, a species can undergo a single electron reduction or

oxidation to form the reduced or oxidised species. E−◦ is the standard reduction

potential required to establish a dynamic equilibrium between both the oxidised

and reduced species, where there is no change in the Gibbs free energy ∆G−◦ .223

The standard reduction potential is measured under standard conditions: the

concentration of the species being 1m and the temperature at the time of measure-
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ment being 298K. The values are also standardised against the standard hydrogen

electrode (SHE) which is defined as 0V. However, like the ideal gas equation, often

conditions deviate. When this occurs, the redox potential can be calculated using

the Nernst equation, where R is the ideal gas constant, T is the temperature, n is

the number of electrons transferred in the process, F is Faraday’s constant, [B]

is the concentration of the reduced species, and [A] is the concentration of the

oxidised species (Equation 5.1).

E = E−◦ − RT

nF
ln

(
[B]

[A]

)
(5.1)

5.1.2 Diffusion

When performing a cyclic voltammetry experiment, the solutions are not stirred.

This results in a difference between the contents of the solution at the electrode and

the contents of the bulk solution. There is a higher concentration of one species

at the electrode than in the bulk solution, and as a consequence, a concentration

gradient is generated. As a result, a phenomenon known as the electric double layer

forms. This double layer can affect the rates of electrode processes by ‘blocking’ ions

from approaching the electrode, and therefore these ions experience less potential by

an amount. These ions must diffuse through this layer and can be defined by Fick’s

laws of diffusion. Diffusion of the substrate towards the electrode is often the slowest

step during a redox process, and as a result, the flow of current across a voltammetric

cell is dictated by the flux of the substrate to the electrode.224 Therefore, it is

recommended to stir the solution between electrochemical experiments to remove

the double electric layer.
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5.1.3 Cyclic Voltammetry

Cyclic voltammetry (CV) is the most widely utilised electrochemical method.

It allows for the rapid determination of the equilibrium potentials of reversible

processes, as well as whether those responses to a change in potential are reversible

redox reactions, and their response to the addition of a substrate.222,225,226 To

perform a CV, the potential is swept from an electrode at a constant rate (υ, V s−1)

from a starting potential Einitial, to a vertex potential Evertex, and then back to a

final potential Efinal, often the same value as Einitial.

During this sweep, a redox process might occur. Imagine the oxidation of a

species A to species B. As the potential of the electrode approaches and exceeds

the reduction potential of A, the current response increases until a limit is reached.

At this point, the concentration of A at the electrode is depleted, and further

reduction of A is dependent on the diffusion of species A across the double electric

layer to replace the spent analyte; this is represented by a decrease in the current

response. The potential is swept until the Evertex is reached where the potential is

then swept back to Einitial. During this ‘reverse’ scan, the reduced product B that

remains at the electrode is oxidised back into A; this process is shown by a current

response where another peak is reached until it diminishes due to mass transport

limitations. For a redox process to be considered fully reversible, the current peaks

(oxidised and reduced) must only be separated by 57mV; this is the theoretical

typical value for a fully reversible single electron transfer at room temperature.

An ideal fully reversible process, with a high rate of electron transfer (ke), is

represented by a ‘duck’ shaped CV. This ke value is explained by Marcus theory.223

Marcus theory states that where the potential energy surfaces for A and B are

similar with respect to the reaction coordinate, then the transition state energy and

thus activation energy is low and electron transfer can occur.227 However, if there is

a significant change in the geometry of the molecules when A is oxidised to B, the
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activation energy is obviously higher and the electron transfer is sluggish. If the

rate of electron transfer is slow due to changes in geometry between A and B, or if

there is an electronic rearrangement known as spin crossover, the electrochemical

process is irreversible, and the CV is distorted from this ideal shape (often seen by

a reduction in current magnitude of one or both peaks).

Another key point of a CV is the scan rate; provided it is sufficiently high,

the result is that the electrochemical/redox change can be fully reversible. The

dependence of current response on scan rate therefore carries information about the

lifetimes of electrochemically generated species. Commonly, the rate of chemical

change is comparable to the time taken to reverse a CV sweep. Logically, this

means that the size and position of the reverse wave will show a dependence on

the scan rate. One can analyse reversibility by plotting peak currents against the

square root of the scan rates. This relationship is described by the Randles-Ševčik

equation (Equation 5.2)

ipeak = −0.4463nF

(
nF

RT

)1/2

c∞0
√
Dυ (5.2)

where ipeak is the peak current, n is the number of electrons passed, F is Faraday’s

constant, R is the ideal gas constant, T is the temperature, D is the diffusion

coefficient, c∞0 is the bulk concentration, and υ is the scan rate.

5.1.4 Molybdenum Dithiolenes

For all of the molybdenum-oxo dithiolene complexes found in the literature (Fig-

ure 3.1) most are published with some degree of electrochemical studies. Table 5.1

shows a collection of the complexes and their associated redox potentials, solvent,

supporting electrolyte, and internal reference.

124



Ta
bl
e
5.
1:

C
om

pl
et
e
C
at
al
og
ue

of
M
oIV

D
ith

io
le
ne

C
om

-

pl
ex
es

an
d
T
he
ir
A
ss
oc
ia
te
d
R
ed
ox

Po
te
nt
ia
ls.

b
Q
ua

si-

re
ve
rs
ib
le
.

c
Ir
re
ve
rs
ib
le
.

C
om

pl
ex

Su
pp

or
tin

g
El
ec
tr
ol
yt
e

So
lv
en
t

R
ef
er
en
ce

E
1
/
2
(V

)

M
oIV

/M
oV

M
oV

/M
oV

I

10
-q

pd
t11

2
B
u 4
N
O
C
l

M
eC

N
A
g/

A
gC

l/
K
C
l(s

at
)

−
0.
19

0.
6

b

11
-H

qp
dt

10
3

B
u 4
N
O
C
l

M
eC

N
A
g/

A
gC

l/
K
C
l(s

at
)

−
0.
34

0.
4

b

12
-2

H
qp

dt
10

3
B
u 4
N
O
C
l

M
eC

N
A
g/

A
gC

l/
K
C
l(s

at
)

−
0.
51

0.
3

b

20
-b

dt
10

0
B
u 4
N
PF

6
M
eC

N
SC

E
−
0.
39

0.
56

6-
m

oh
bd

t10
4

B
u 4
N
PF

6
M
eC

N
Fc

/F
c*

−
0.
62

34
15

4
B
u 4
N
PF

6
M
eC

N
SC

E
−
0.
51

0.
25

35
-e

dt
10

0
B
u 4
N
PF

6
M
eC

N
SC

E
−
0.
61

c

36
15

4
B
u 4
N
PF

6
M
eC

N
SC

E
−
0.
66

0.
11

37
-m

nt
10

0
B
u 4
N
PF

6
M
eC

N
SC

E
0.
48

c

39
-b

dt
C

l 2
10

8
B
u 4
N
PF

6
M
eC

N
SC

E
−
0.
1

c

41
-s

dt
10

1
B
u 4
N
PF

6
D
M
F

SC
E

−
0.
48

c

42
-c

dt
10

5
B
u 4
N
PF

6
?

Fc
/F

c*
−
0.
72

43
-t

cd
t10

5
B
u 4
N
PF

6
?

Fc
/F

c*
−
0.
87

125



Ta
bl
e
5.
1:

C
om

pl
et
e
C
at
al
og
ue

of
M
oIV

O
bi

s-
D
ith

io
le
ne

C
om

pl
ex
es

an
d
T
he
ir

A
ss
oc
ia
te
d
R
ed
ox

Po
te
nt
ia
ls.

b

Q
ua

si-
re
ve
rs
ib
le
.

c
Ir
re
ve
rs
ib
le

(c
on

t.)
.

C
om

pl
ex

Su
pp

or
tin

g
El
ec
tr
ol
yt
e

So
lv
en
t

R
ef
er
en
ce

E
1
/
2
(V

)

M
oIV

/M
oV

M
oV

/M
oV

I

44
-t

ld
t10

5
B
u 4
N
PF

6
?

Fc
/F

c*
−
0.
95

45
-M

e 4
bd

t10
0

B
u 4
N
PF

6
M
eC

N
SC

E
−
0.
53

−
0.
16

b

46
-o

pe
dt

10
1

B
u 4
N
PF

6
D
M
F

SC
E

−
0.
42

47
-m

pe
dt

10
1

B
u 4
N
PF

6
D
M
F

SC
E

−
0.
39

c

48
-p

pe
dt

10
1

B
u 4
N
PF

6
D
M
F

SC
E

−
0.
35

49
10

9
B
u 4
N
PF

6
M
eC

N
SC

E
−
0.
56

0.
19

50
10

9
B
u 4
N
PF

6
M
eC

N
SC

E
−
0.
57

0.
18

51
10

9
B
u 4
N
PF

6
M
eC

N
SC

E
−
0.
7

0.
06

52
-d

m
it

96
B
u 4
N
O
C
l

M
eC

N
SC

E
0.
12

0.
52

b

53
-(

ed
t)

(m
nt

)10
0

B
u 4
N
PF

6
M
eC

N
SC

E
−
0.
08

0.
54

b

54
97

B
u 4
N
O
C
l

M
eC

N
A
g/

A
gC

l/
K
C
l(s

at
)

−
0.
02
9

0.
82

c

57
-f

dt
10

7
B
u 4
N
PF

6
M
eC

N
Fc

/F
c*

−
1.
33

−
0.
04

c

58
-q

ed
t10

1
B
u 4
N
PF

6
D
M
F

SC
E

−
0.
28

126



Ta
bl
e
5.
1:

C
om

pl
et
e
C
at
al
og
ue

of
M
oIV

O
bi

s-
D
ith

io
le
ne

C
om

pl
ex
es

an
d
T
he
ir

A
ss
oc
ia
te
d
R
ed
ox

Po
te
nt
ia
ls.

b

Q
ua

si-
re
ve
rs
ib
le
.

c
Ir
re
ve
rs
ib
le

(c
on

t.)
.

C
om

pl
ex

Su
pp

or
tin

g
El
ec
tr
ol
yt
e

So
lv
en
t

R
ef
er
en
ce

E
1
/
2
(V

)

M
oIV

/M
oV

M
oV

/M
oV

I

59
-n

td
t11

1
B
u 4
N
PF

6
M
eC

N
Fc

/F
c*

−
0.
89

60
-t

fd
10

0
B
u 4
N
PF

6
M
eC

N
SC

E
0.
18

0.
64

b

61
10

6
B
u 4
N
PF

6
M
eC

N
SC

E
−
0.
24

62
95

Et
4N

O
C
l

M
eC

N
SC

E
0.
84

c
c

64
-N

H
2-

pt
ed

t10
1

B
u 4
N
PF

6
D
M
F

SC
E

−
0.
35

65
-N

C
(H

)(
M

e)
2-
pt
ed
t10

1
B
u 4
N
PF

6
D
M
F

SC
E

−
0.
33

66
-L

S 2
10

0
B
u 4
N
PF

6
M
eC

N
SC

E
−
0.
71

0.
04

67
-P

P
h 3

Si
bd

t98
B
u 4
N
O
C
l

D
M
F

SC
E

−
0.
41

68
-t

dt
98

B
u 4
N
O
C
l

D
M
F

SC
E

−
0.
45

69
-P

P
h 3

Si
td

t98
B
u 4
N
O
C
l

D
M
F

SC
E

−
0.
46

0.
52

70
-a

dt
11

0
B
u 4
N
PF

6
M
eC

N
SC

E
−
0.
56

71
-e

cp
dt

11
0

B
u 4
N
PF

6
M
eC

N
SC

E
−
0.
21

127



However, before the redox potential of each complex can be compared faith-

fully, they must all be standardised against each other because a global common

standard method has not been used. For example, across Table 5.1 there is a

variety of approaches to the electrochemical set-ups utilised. Ten complexes utilise

dimethylformamide (DMF) as the solvent (41, 46–48, 58, and 64–69), where the

rest of the cyclic voltammograms are conducted in acetonitrile (MeCN). Although

both have a similar dielectric constant, ‘direct’ comparison of the CVs between the

two solvents is obviously not feasible as the molar conductivity (ΛM ) is significantly

different.228,229 A difference in the supporting electrolyte is not as detrimental to

the comparison of redox potentials between complexes because the supporting

electrolyte provides a different function: the majority of the current in the bulk

solution is carried by the electrolyte and limits mass transport among other fea-

tures.224 The remaining variable is the method by which the redox potentials were

referenced. Within the complexes listed, three methods have been implemented:

• the saturated calomel electrode (SCE) which operates based on the reaction

of elemental mercury and mercury chloride.

• the Ag/AgCl/KCl(sat) reference. This reference is characterised by a Ag

wire with an end coated with AgCl sitting in a potassium chloride saturated

solution. A porous frit serves as the salt bridge to the bulk solution. In

essence, it is a self-contained unit. This has largely replaced the SCE reference

electrode.

• the ferrocene/ferrocenium couple (Fc/Fc*) is used in conjunction with a

pseudo-reference, which is often silver wire. The Fc/Fc* couple is treated as

0 V and the other values are adjusted accordingly.

Fortunately, work by Addison and co-workers allows one to convert between the

different referencing methods; this work has been performed in acetonitrile and
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therefore conversions when the solvent is dimethylformamide are dubious so two

separate tables have been created for CVs performed in acetonitrile (Table 5.2) and

dimethylformamide (Table 5.3).230

Table 5.2: A Complete Catalogue of MoIV O bis-

Dithiolene Complexes and Their Adjusted Redox Poten-

tials to the Fc/Fc* Couple Split by Solvent Type (Acet-

onitrile). b Quasi-reversible. c Irreversible.

Complex Solvent E1/2 (V)

MoIV/MoV MoV/MoVI

10-qpdt112 MeCN −0.617 0.123b

11-Hqpdt103 MeCN −0.767 −0.027b

12-2Hqpdt103 MeCN −0.937 −0.127b

20-bdt100 MeCN −0.77 0.18

6-mohbdt104 MeCN −0.62

34154 MeCN −0.89 −0.13

35-edt100 MeCN −0.99 c

36154 MeCN −1.04 −0.27

37-mnt100 MeCN 0.10

39-bdtCl2
108 MeCN −0.48 c

42-cdt105 ? −0.72

43-tcdt105 ? −0.87

44-tldt105 ? −0.95

45-Me4bdt100 MeCN −0.91 −0.54 b

49109 MeCN −0.94 −0.19

50109 MeCN −0.95 −0.2

51109 MeCN −1.08 −0.32
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Table 5.2: Complete Catalogue of MoIV O bis-Dithiolene

Complexes and Their Adjusted Redox Potentials to the

Fc/Fc* Couple Split by Solvent Type (Acetonitrile).
b Quasi-reversible. c Irreversible (cont.).

Complex Solvent E1/2 (V)

MoIV/MoV MoV/MoVI

52-dmit96 MeCN −0.26 0.14 b

53-(edt)(mnt)100 MeCN −0.46 0.16 b

5497 MeCN −0.457 0.393c

57-fdt107 MeCN −1.33 −0.04 c

59-ntdt111 MeCN −0.89

60-tfd100 MeCN −0.20 0.26 b

61106 MeCN −0.62

6295 MeCN −1.22 c

66-L-S2
100 MeCN −1.09 −0.34

70-adt110 MeCN −0.87

71-ecpdt110 MeCN −0.52

Analysing Table 5.2 and Table 5.3 offers a fascinating insight into how the ligands

affect the electrochemistry of these molybdenum-oxo dithiolene complexes. The

MoIV/MoV redox couple is well documented and is reversible for all the complexes

except 53. Oddly, the MoV/MoVI redox couple is much more poorly documented,

so one assumes that whenever the data point is missing, the implication is that the

wave is irreversible. The MoV/MoVI couple has been documented as quasi-reversible

six times and reversible seven times. Looking at the ligands and comparing them

with each other offers some commonalities in the scaffolds (Figure 3.1). The
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Table 5.3: A Complete Catalogue of MoIV O bis-Dithiolene Complexes and Their
Adjusted Redox Potentials to the Fc/Fc* Couple Split by Solvent Type (Dimethyl-
formamide).

Complex Solvent E1/2 (V)
MoIV/MoV MoV/MoVI

41-sdt101 DMF −0.86 c
46-opedt101 DMF −0.8
47-mpedt101 DMF −0.77 c
48-ppedt101 DMF −0.73
58-qedt101 DMF −0.66
64-NH2-ptedt101 DMF −0.73
65-NC(H)(Me)2 ptedt101 DMF −0.71
67-PPh3Sibdt98 DMF −0.79
68-tdt98 DMF −0.83
69-PPh3Sitdt98 DMF −0.84 0.14

reversible ligands are usually ‘simple’, alkyl, and aryl substituents which lack

adjacent functionality. When considering Marcus theory, perhaps obtaining the

MoVI oxidation state is inherently unstable due to the rearrangement of the ligands,

resulting in the electron transfer being significantly slowed, giving an irreversible

wave; simpler, more constrained ligand scaffolds would likely not greatly suffer

from the effects of severe rearrangements, and this issue is mitigated. Looking at

which ligands give quasi-reversible waves offers some credence to this logic. Ligands

synthesised by Fontecave and their associated complexes (10, 11, and 12) could

be thought of as conserved because of the constraining nature of the pyran ring,

but still adding an element of functionality.103,161 This conserved status means very

little geometrical changes can occur when the oxidation state changes. This feature

can be seen for other quasi-reversible systems.

Trying to identify some trend between ligand scaffold and the value of the redox

potential is very challenging. But generally, two factors contribute to the value.

Firstly, the simpler systems that lack withdrawing groups give more positive redox

131



potentials; one can assume that the electron density is forced to be centralised

around the metal centre giving more negative redox potentials. Secondly, the more

reducing a ligand is, the more negative the redox potential. This can be seen when

looking at Fontecave and co-workers ligands;103,161 the more reduced the ligand,

the more negative the redox potential of the reported couples.

Interestingly, the peak separation values of the redox couples have some simil-

arities. Seven of the sixteen recorded redox couple pairs have a peak separation

of 750 ± 20mV. Unfortunately, as mentioned previously, the MoV/MoVI couple

is poorly documented, so using these complexes to identify trends is impossible.

These seven well documented complexes are the 10-qpdt, 11-Hqpdt, 34, 36, 49,

50, 51 and 66. A general commonality between the ligands belonging to these

complexes is that they could be considered highly conserved and conjugated. For

the other nine, there does not appear to be any reason why one gives a different

value to the other.

5.2 Cyclic Voltammetry of

(Et4N)2[MoO(S2C2MeBnOH)2]

The electrochemical experiments on the molybdenum-oxo bis-dithiolene complexes,

synthesised previously in the thesis, were performed in acetonitrile in the presence of

tetrabutylammonium tetrafluoroborate as the electrolyte, a glassy carbon working

electrode, platinum wire counter electrode, and a silver wire as the pseudo reference

electrode (the potentials were then internally referenced to the Fc/Fc* couple).

A key aspect of these complexes is their sensitivity to oxygen. This feature was

taken into account when performing the electrochemical experiments, so all cyclic

voltammograms were performed in a glovebox under an argon atmosphere.

Upon oxidation of complex 30, the MoIV/MoV and MoV/MoVI couple occurred
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at −0.916V and −0.229V, respectively; therefore, there is a peak separation of

669mV (Figure 5.1). This separation is most similar to the seven complexes

highlighted in the previous subsection, which indicates that there are similar

electronic effects from the ligands but the observed potentials are still different

enough to warrant further thought. Compared to the ‘second most simple complex’,

36, the separation is 100mV less. With one of the methyl groups replaced by a

benzyl alcohol, it highlights the influence that the non-innocence of the dithiolene

ligand has on the redox potential of the molybdenum.
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Figure 5.1: The Cyclic Voltammogram of 30 in MeCN/NBu4BF4 (0.1m) at
50mV s−1 Using an Unmodified Glassy Carbon Electrode. The Potentials were
Internally Referenced to the Fc/Fc* Couple.

To determine the reversibility of a couple, there are three parameters to make

a judgment by: the peak separation of the oxidation and reduction potentials,

the overall shape of the peak, and the response of the peak current of the oxid-

ation/reduction waves to changes in scan rate. It is important to note that the

theoretical difference between the two peak potentials for a one-electron couple is

57mV; however, the experimental values often differ from the theoretical values
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and can exceed 80mV whilst maintaining reversibility.

By inspection, it is clear that the first wave is fully reversible; however, the

second peak is much less clear. A plot of peak current against scan rate shows

that the current response is indeed linear; however, the rate of current change

between the oxidation and reduction currents differs substantially. Consequently,

it can be deduced that the MoV/MoVI couple is quasi-reversible (Figure 5.2). The

quasi-reversibility of this wave suggests that upon reduction of MoVI to MoV there

is a significant change in the geometry of the complex resulting in sluggish electron

transfer. The smaller peak current seen for the reduction of MoVI back into MoV

can be further rationalised by a square scheme analysis. Figure 5.3 describes a

system where the initial electron transfer from Mo V
a to Mo VI

a is followed by a

rapid structural change to species Mo VI
b ; this is demonstrated by the wave at

−0.2V. This Mo VI
b species could now be different enough in structure that it can

be considered completely independent; this new species may not show up with

the current scan parameters. In other words, a chemically irreversible process has

occurred instead of an electrochemical one. With less of the Mo VI
a species at the

electrode, the current of the reduction back to Mo V
a is a lot smaller.

5.3 Cyclic Voltammetry of

(Et4N)2[MoO(S2C2MePh)2]

One might think that the hydroxy group is electronically isolated from the metal

centre, but upon synthesis of 78, the subsequent electrochemical experiments

showed that this was not the case. The cyclic voltammogram, shown in Figure 5.4,

demonstrated that the MoIV/MoV and MoV/MoVI couple had shifted slightly in

value to −0.975V and −0.245V, respectively, resulting in a peak separation of

730mV, a 60mV increase. Without the benzyl alcohol moiety, the redox couples
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Figure 5.2: A Plot of the Peak Current Against the Square Root of the Scan Rate
for the Redox Process at −0.229V of 30 in MeCN/NBu4BF4. Red Squares are for
the Oxidation Waves and Blue Squares are for the Reduction Waves.
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Figure 5.3: An Example of a Square Scheme for a One Electron Electrochemical
Process.231
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themselves have become more negative by 60mV and 16mV, respectively. Whether

this difference is due to a more indirect effect — going through the ligand scaffold

and up into the metal centre — or more direct — a consequence of the missing

interactions between the molybdenum/sulphurs and the hydrogen atoms of the

hydroxy group — is hard to determine, but the electron-withdrawing proton relay

definitely influences the behaviour of the molybdenum redox couples.
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Figure 5.4: The Cyclic Voltammogram of 78 in MeCN/NBu4BF4 (0.11m) at
50mV s−1 Using an Unmodified Glassy Carbon Electrode. The Potentials were
Internally Referenced to the Fc/Fc* Couple.

The CV of 78 has many more features occurring in the oxidative wave, for

example, waves occurring at −0.508V and 0.253V. These are likely due to the

redox capabilities of the dithiolene ligand. As to why these features are not present

for 30 one can postulate that without the electron-withdrawing effect of the benzyl

alcohol, the phenyl substituent to the dithiolene can form resonance structures

with the dithiolene; these electrochemical changes are then seen in the CV.232

For the MoIV/MoV redox couple for 78, just by inspection it is clear that the

first wave is fully reversible. The second wave corresponding to the MoV/MoVI
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couple at −0.245V is more difficult to identify because of its proximity to other

features in the oxidative path. Again, a plot of peak current against scan rate,

Figure 5.5, shows that the current response is linear but the magnitude of the

response differs from the oxidative and reductive scans. However, this difference

in magnitude is less pronounced than the MoV/MoVI couple for 30, following the

trend of more conserved systems tending to have a reversible MoV/MoVI couple.

Therefore, this couple can be assigned the reversible designation.
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Figure 5.5: A Plot of Peak Current Against the Square Root of the Scan Rate for
the Redox Process at −0.245V of 78 in MeCN/NBu4BF4. The Red Squares are
for Oxidation Waves and The Blue Squares are for Reduction Waves.

5.4 Cyclic Voltammetry of

(Et4N)2[MoO(S2C2HBnOH)2]

Studying the electrochemistry of 80, Figure 5.6, allows us to see the influence of

swapping the methyl substituent with a hydrogen. The MoIV/MoV and MoV/MoVI

couple saw significant shifts in potential with values of −0.874V and −0.217V,
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Figure 5.6: The Cyclic Voltammogram of 80 in MeCN/NBu4BF4 (0.1m) at
50mVs−1 Using an Unmodified Glassy Carbon Electrode. The Potentials were
Internally Referenced to the Fc/Fc* Couple.

respectively, moving approximately 50mV each. The peaks were separated by

656mV, a similar value to the methyl substituted analogue. The lack of a significant

change in the peak separation perhaps indicates that the secondary substituent is

less influential on the redox chemistry of the metal centre as it affects both couples

equally. However, the redox couples themselves have been shifted to more positive

values in comparison with the methyl substituted complex. This highlights the

electron donating effect of the methyl substituent as without electron density being

directed towards the metal centre through the dithiolene ligands, the redox couples

reflect this loss by becoming more positive.

The most dramatic change in this series of cyclic voltammograms can be seen in

the shape of the MoIV/MoV couple, now reminiscent of the ferrocene/ferrocenium

couple with regards to how reversible the shape of the wave appears and how

tight the oxidation/reduction peaks are to each other (70mV). This increased

reversibility when compared with the MoIV/MoV couple of the other complexes
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could be because of fewer moieties present on the ligand (the methyl group is no

longer present); such a wave is seen when the 36 system is investigated as the

proton groups are likely to move quickly when a change in geometry is needed

to satisfy the new oxidation state.100 The reversibility of the MoV/MoVI couple

is more difficult to determine via inspection. Plotting the peak current against

scan rate, Figure 5.7, shows that the current response is linear for both oxidation

and reduction waves; however, the magnitude of both responses clearly shows the

MoV/MoVI couple is quasi-reversible (the absolute magnitudes of the slope for

oxidation and reduction are not equal). Similar reasoning applied to 30 can be

applied for 80: the geometry rearrangement of going from MoVI to MoV causes a

sluggish electron transfer. As to why the current peaks for the reduction wave are

not equal in magnitude to the oxidation wave for the MoIV/MoV couple one could

postulate that upon oxidation some of the newly formed MoVI species undergo a

chemically irreversible change and are consumed at the electrode. Therefore, upon

reduction a lower current response is seen as less material is available for reduction.

5.5 Cyclic Voltammetry of

(Et4N)2[MoO(S2C2HPh)2]

Although previously prepared in the literature, complex 41 was examined electro-

chemically as a proof of concept for previous electrochemical experiments and to

understand how this complex behaves in acetonitrile since it was previously repor-

ted in dimethylformamide (DMF) (Figure 5.8).101 The potential of the MoIV/MoV

couple measured in acetonitrile differed significantly from the DMF reported value

of −0.86V appearing at −0.908V; the MoV/MoVI couple was unreported in the

literature (including the CV itself) but occurred at −0.217V in acetonitrile. Peak
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Figure 5.7: A Plot of the Peak Current Against the Square Root of Scan Rate for
the Redox Process at −0.217V of 80 in MeCN/NBu4BF4. The Red Squares are
for Oxidation Waves and the Blue Squares are for Reduction Waves.

−1.0 −0.5 0.0 0.5

0

5

10

E/V vs Fc+/Fc

i/
µA

Figure 5.8: The Cyclic Voltammogram of 41 in MeCN/NBu4BF4 (0.1m) at
50mVs−1 Using an Unmodified Glassy Carbon Electrode. The Potentials were
Internally Referenced to the Fc/Fc* Couple.
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separation was recorded at 691mV again showing that the hydroxy group does

influence the redox activity of the metal centre. The potential of both of the redox

couples was more negative than the hydroxy functionalised analogue, suggesting

that the proton relay does have an electron-withdrawing effect on the metal centre.

The number of secondary features found on the oxidative path of the CV is

noticeably less than when compared to the methyl substituted analogue. These

peaks were previously attributed to the dithiolene ligand, so, when the methyl

group is no longer present, and these peaks no longer occur, it means that the

dithiolene redox processes cannot occur. Perhaps the electron inductive effect of

the methyl group is instrumental in stabilising the dithiolene to allow different

redox states to be achieved.

By inspection it is difficult to identify, in acetonitrile, whether the MoIV/MoV

couple was indeed reversible and the MoV/MoVI couple is irreversible since one

would argue that at a glance, the MoV/MoVI couple was reversible due to its

similar appearance to the MoIV/MoV peak. The fact that not even an image of

the CV exists in the literature does not help assuage fears of mischaracterising

the couples. Therefore, for both, the peak current was plotted against the square

root of the scan rate showing linear responses for each plot (Figure 5.9 and

Figure 5.10); the magnitudes of the plots are also symmetric enough to make

a clear-cut characterisation difficult. The peak separations are also within the

tolerance to be considered reversible. Fortunately, the shape of the peaks offers

enough of a clue for a characterisation to be made. The classic ‘duck’ shape of

a reversible peak is much more pronounced in the MoIV/MoV couple than the

MoV/MoVI couple indicating that they are assigned reversible and quasi-reversible,

respectively.
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Figure 5.9: A Plot of the Peak Current Against the Square Root of the Scan Rate
for the Redox Process at −0.908V of 41 in MeCN/NBu4BF4. The Red Squares
are for Oxidation Waves and The Blue Squares are for Reduction Waves.
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Figure 5.10: A Plot of the Peak Current Against the Square Root of the Scan Rate
for the Redox Process at −0.217V of 41 in MeCN/NBu4BF4. Red Squares are for
Oxidation Waves and Blue Squares are for Reduction Waves.
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5.6 Cyclic Voltammetry of

Mo(CO)2(S2C2MeBnOH)2

Even more scarce in the literature are the molybdenum dithiolene complexes

with carbonyl moieties coordinated at the terminal position; the majority of the

synthesised complexes belong to Holm’s portfolio of research.126 Within the group,

electrochemical studies on 22 have been previously reported (Figure 5.11).146

The CV reveals two reversible waves occurring at −1.45V and −0.95V for the

MoIV/MoV than the MoV/MoVI respectively, separated by 467mV. This value is

100mV less than that of the simple dithiolenes reported by the Holm group. This

contraction highlights the influence of the ligand substituents on the dithiolene

ligand.

Figure 5.11: The CV of Mo(CO)2(S2C2MeBnOH)2 (22) in CH2Cl2/NBu4BF4 (100
mm) at 25mV s−1. Reproduced with Permission from Reference [146].

This carbonyl system shows a stark difference when compared to its oxo

functionalised analogue. For both redox couples, their potentials have become much

more negative, shifting by 534mV and 721mV respectively; the peak separation
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is also contracted by 200mV. This shows that the two carbonyl ligands induct

much more electron density than the oxo ligand. That both redox couples are

reversible is an interesting difference. It stands to reason that the geometries of

the complex remain largely unchanged upon oxidation/reduction to allow rapid

electron transfer.

5.7 Cyclic Voltammetry of

(Et4N)2[WO(S2C2MeBnOH)2]

With the synthesis of the novel tungsten analogue of the target complex (90), it is

possible to investigate, via cyclic voltammetry, the influence a change of the metal

centre has on the redox properties of the complex (Figure 5.12). The WIV/WV

and WV/WVI redox couples occurred at −1.11V and −0.413V, respectively, with

a peak separation of 700mV, a slight increase of 30mV when compared with the

molybdenum analogue.

The WIV/WV wave is clearly reversible by inspection, following the similar

behaviour seen for the molybdenum analogues. Again, determining the nature of

the WV/WVI couple is much less transparent. The plot of the square root of the

scan rate against the peak current demonstrates that there is a stark difference in

magnitude between the forward and reverse waves, despite maintaining a linear

relationship (Figure 5.13). The peak separation between the oxidation and reduction

waves also exceeds the tolerance of what can be considered experimentally reversible.

One can conclude that the WV/WVI couple is irreversible, a result of slow electron

transfer. Perhaps an irreversible chemical change occurs when the complex is

oxidised from WV to WVI resulting in less material present for the reverse reduction,

resulting in a drop in the observed current.
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Figure 5.12: The Cyclic Voltammogram of 90 in MeCN/NBu4BF4 (0.1m) at
50mVs−1 Using an Unmodified Glassy Carbon Electrode. The Potentials were
Internally Referenced to the Fc/Fc* Couple.
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Figure 5.13: A Plot of the Peak Current Against the Square Root of the Scan Rate
for the Redox Process at −0.413V of 90 in MeCN/NBu4BF4. The Red Squares
are for Oxidation Waves and The Blue Squares are for Reduction Waves.
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5.8 Summary

Using cyclic voltammetry, the electrochemical properties of a variety of synthesised

complexes have been investigated. From these experiments, we can begin to build

an understanding of the structure-activity relationship between the substituents of

the dithiolenes and the metal centre. Table 5.4 summarises these findings.

Table 5.4: A Summary of the Electrochemical Properties of the Synthesised
Complexes. b Quasi-reversible. c Irreversible.

Complex E1/2 (V)
MoIV/MoV MoV/MoVI

(Et4N)2[MoO(S2C2MeBnOH)2] (30) −0.916 −0.229 b

(Et4N)2[MoO(S2C2MePh)2] (78) −0.975 −0.245
(Et4N)2[MoO(S2C2HBnOH)2] (80) −0.874 −0.217 b

(Et4N)2[MoO(S2C2HPh)2] (41) −0.908 −0.217 b

Mo(CO)2(S2C2MeBnOH)2 (22) −1.45 −0.95
(Et4N)2[WO(S2C2MeBnOH)2] (90) −1.11 −0.413 c

The most dramatic effects to the potential of the redox couples is seen when

the terminal functional groups are changed followed by a change in the ‘primary’

substituents of the dithiolene (the immediate group adjacent to the carbon of

the dithiolene, for example, a methyl or proton). The proton relay shifts the

redox potential positively indicating they have electron-withdrawing character.

As expected, the more electron-dense tungsten metal centre gives more negative

redox potentials but sacrifices the quasi-reversibility of the V/VI couple. The

more constrained the system, the more reversible the associated couples were,

indicating that, according to Marcus’ theory, the speed at which the geometrical

rearrangement of the dithiolene ligands occurs is heavily influenced by the size of

the ligand.
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Chapter 6

Catalysis

6.1 Introduction

Over the 60 years of bio-mimetic DMSOR/FDH, oxo-molybdenum bis-dithiolene

complexes, starting in 1968, only a handful have been tested as catalysts for their

catalytic reduction properties: 10, 11, and 12. The rest have had some investiga-

tions into their ability as oxygen atom transfer systems. Fontecave and co-workers

were the first to report a molybdenum-oxo bis-dithiolene complex as a catalyst

for the electro- and/or photo-reduction of protons and carbon dioxide.103,112 For

their photocatalytic studies, the reaction conditions were defined according to the

standard conditions and reagents developed by Ishitani and co-workers for testing

the carbon dioxide catalytic reduction abilities of a Re Ru catalyst: a photosensit-

iser, a sacrificial electron/proton donor, and a base.233 The photosensitiser is a

complex that absorbs photons, and in this case, [Ru(bpy)3]Cl2 is utilised; the sacrifi-

cial electron/proton donor 1,3-dimethyl-2-phenyl-2,3-dihydro-1H -benzo[d]imidazole

(BIH) performs like its namesake and produces electrons and protons, working in

conjunction with a base (B).

All three are necessary to produce the electrons and protons necessary for

147



N N
H

*Ru Ru
N N

H

H
N N

RuRu

N N

BIH BIH BI BI

Scheme 6.1: The Electron Transfer Mechanism for BIH.233

photocatalysis. Scheme 6.1 shows how the ruthenium complex initially absorbs a

photon, resulting in a singlet metal-to-ligand-charge-transfer (MLCT) excited state
1(*Ru). Intersystem crossing occurs to generate the triplet state 3(*Ru). Reductive

quenching of this triplet state by BIH releases an electron. BIH is now positively

charged and a proton is lost to the base, giving a radical BIH and a charged base

B+. The BIH intermediate is extremely reducing, so the radical electron is easily

lost through an electron transfer.

The compounds 10, 11 and 12 each gave different TONs with respect to

formate, carbon monoxide, and hydrogen production. Compound 10 had the

largest cumulative TONs followed by 12 and then 11. Interestingly, the reverse is

true for the complexes with the most CO2 derived reduction products, that being

12, 11, and 10 (see Table 1.1 for specifics).103

Schulzke and co-workers investigated the oxygen atom transfer (OAT) catalysis

of their novel complex 6 by using the model OAT reaction developed by Berg

and Holm in 1985.104,234 The reaction involves the OAT from dimethyl sulphoxide

(DMSO) to the catalyst and then to an acceptor like triphenylphosphine (PPh3)

to give triphenylphosphine oxide (PPh3O). The reaction proceeded very slowly

with a maximum conversion of 93% of 9mm over approximately 60 hours. When

trimethylamine N -oxide (Me3NO), a stronger oxidiser, was used instead of DMSO,

there was a 37% conversion of PPh3O in 15 hours. Through the use of UV/VIS
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spectroscopy, Schulzke reasoned that the inert MoV
2O3 species was forming, resulting

in the slow conversion times recorded.

The complexes synthesised in previous chapters were tested as photocatalysts

for the reduction of carbon dioxide to formate, carbon monoxide, and hydrogen and

as pure proton reduction catalysts using cyclic voltammetry. The carbon dioxide

to formate reaction is a reversible process in nature, so complexes were also tested

as oxidation catalysts of formate. The OAT catalysis ability of these complexes

was also investigated.

6.2 Reduction Catalysis

6.2.1 Electrocatalytic Reduction of Protons to Hydrogen

One of the main aims of this thesis was to examine the synthesised transition metal

complexes’ ability to act as reduction catalysts, more specifically with regards to

the reduction of carbon dioxide to formate. However, Fontecave and co-workers

have noted that these molybdenum-oxo bis-dithiolene complexes can reduce carbon

dioxide to carbon monoxide and the sacrificial protons to hydrogen gas.112 Using

cyclic voltammetry, by observing changes in the catalytic wave, depending on the

substrate added, one can begin to understand the selectivity of the catalyst towards

proton and carbon dioxide reduction.

The addition of equivalents of trifluoroacetic acid (TFA) to a solution of 30 in

acetonitrile unfortunately showed the immediate decomposition of the bis-complex.

When observing Figure 6.1 one can see that after the addition of 5 equivalents of

TFA, the easily identifiable MoIV/MoV and MoV/MoVI couple are no longer present.

This is in contrast to what is observed when the same experiment is performed

for 22 where the peak shapes are conserved.146 Such behaviour indicates that the

oxo terminal functionality results in a complex much more sensitive to changes
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Figure 6.1: Cyclic Voltammograms of 30 in MeCN/NBu4BF4 (0.1 M) in the
Presence of Varying Amounts of Trifluoroacetic Acid at 100mV s−1.

in pH. This sensitivity to acidity was observed when 78 was also tested, as the

CV immediately changed to a shape analogous to what is seen for 30 upon the

addition of TFA.

The electrocatalytic carbon dioxide reduction capabilities of these complexes

were also investigated through cyclic voltammetry. Cyclic voltammograms of 30

were taken in argon and carbon dioxide saturated solutions (with a proton source

of 2,2,2-trifluoroethanol) to examine if a catalytic wave appeared with regard to

carbon dioxide reduction. Unfortunately, there was no difference in the currents of

either cyclic voltammogram which suggests that no catalysis was occurring.

6.2.2 Photocatalytic Reduction of Carbon Dioxide to Form-

ate

To a 4mL Young’s tap quartz cuvette, the photosensitiser ([Ru(bpy)3]Cl2, 0.5mm),

the base, triethanolamine, and carbon dioxide saturated acetonitrile (1 : 5, v/v),
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the sacrificial proton and electron donor (BIH, Scheme 6.1, 0.1m) and the catalyst

(30, 0.05mm) were added. This solution was irradiated for 15 hours using a xenon

lamp (400 nm–1200 nm). After the 15 hours, there were no obvious changes to the

solution. A sample of the cuvette head space was taken and run through a gas

chromatography machine to test for carbon monoxide and hydrogen production.

To test for formate production, a sample of the solution was passed through an ion

exchange chromatography system. In terms of gases, none were observed as having

been produced. However, it can not be said with absolute certainty that no gas was

produced as it must be noted that the machine has a detection limit of 0.5 µmol

for hydrogen and 8.2 µmol for carbon monoxide. Therefore, any gases produced at

an amount lower than this detection limit would not be detected. Formate was

detected, but this was in line with the amount generated in the blank run; this

was likely produced from the [Ru(bpy)3]Cl2, a complex previously reported for

its capabilities in CO2 to HCOO– reduction.118 Similar results were obtained in

experiments with complex 78.

6.3 Oxidation Catalysis

In terms of reduction catalysis, both 30 and 78 had failed to show any signs of

activity. However, one must remember that formate dehydrogenase catalyses the

inter-conversion of carbon dioxide and formate. Since no reduction activity has

been seen, going from carbon dioxide to formate, it was still worth investigating

the oxidative abilities of these complexes. DuBois and co-workers focused on nickel-

based catalysts for formate oxidation, where, from a series of cyclic voltammograms,
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they were able to determine the turnover frequency (TOF) of their catalysts.
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2 ]
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The catalytic current enhancement, icat/ip (current in the presence and absence of

catalyst, respectively), can be converted into a catalytic rate using Equations 6.1–6.4.

Dividing Equation 6.1 by Equation 6.2 handily eliminates the area of the electrode

(A), the diffusion coefficient (D), and the concentration of the catalyst; this results

in Equation 6.3 where the catalytic rate enhancement is expressed in terms of the

number of electrons in the catalytic process (ncat), the universal gas constant (R),

the temperature in kelvin (T ), Faraday’s constant (F ), the scan rate in V s−1 (ν),

the number of electrons in the absence of the substrate (np) and the observed rate

constant for the catalytic reaction (k). Rearranging Equation 6.3 to Equation 6.4

allows one to determine the turnover frequency.235–238

Determining the parameters of the above, specifically ncat and np, is performed

through inspection of the CV and knowledge of the reaction that is being catalysed.

As mentioned above np and ncat denote the number of electrons transferred for

the wave with and without the presence of the substrate. With regards to the

electrochemical behaviour observed in the cyclic voltammograms for both 30 and

78, np can be given the value of one. This is because one must assume that this

wave is representative of the one electron oxidation of the ligand, its presence

highlighting the redox non-innocence of the dithiolene (Figure 1.6). The theoretical

oxidation of formate by catalysts 30 and 78 results in carbon dioxide, a proton,
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and two electrons; therefore, ncat has a value of two.

6.3.1 The Synthesis of Tetrabutylammonium Formate

Formate itself is clearly an anion. This implies a cation is necessary to balance the

charge of the molecule. The most recognisable cation would be a proton to produce

the formic acid molecule. Although formic acid is soluble in acetonitrile, one must

remember how sensitive the Mo O bond of these complexes is to changes in acidity

as evidenced by earlier incidences where hydrochloric acid and trifluoroacetic acid

were present and ultimately resulted in the oxidation of the complex. The exact

mechanism by which this occurs is currently unknown. However, looking at the

DMSO reductase enzyme mechanism (Scheme 1.3) offers a potential insight. In that

mechanism, the active site is subject to two protonations and electron transfers.

From this, it is not unreasonable to assume a similar process occurs when 30 is

subject to acidic conditions: the MoIV O is protonated twice, giving MoV OH

and then MoVI + H2O. This new MoVI electrophile scavenges a dithiolene from an

adjacent unit to balance the charge of the complex, generating the MoVI(dithiolene)3

complex. Fortunately, cations are not limited to just protons, and other less acidic

analogues can be explored.

N

OH

+
H

O

OH
N H O

O
H

O
O

H

92

Scheme 6.2: The Synthesis of NBu4HCO2·HCO2H (92).

DuBois and co-workers similarly wished to avoid using formic acid as their
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formate carrier because of the potential variability of electrocatalytic rates with

water concentration in the formic acid.142,238 The solution to this was to synthesise

an ammonium analogue of formic acid, tetrabutylammonium formate. The synthesis

was straightforward (Scheme 6.2). This salt was obtained by adding formic acid to

aqueous tetrabutylammonium hydroxide, followed by extraction in ethyl acetate

and recrystallisation.

The salt was characterised by 1H and 13C NMR spectroscopy. DuBois and

co-workers noted through XRD and 1H NMR spectroscopy that each formate

and formic acid pair shares one proton, which appears at 18.7 ppm in the 1H

NMR spectrum in CD3CN. Although this salt is slightly acidic due to this proton

(between a pH of 6.0 and 6.5), fortunately 30 did not oxidise in the presence of

NBu4HCO2·HCO2H and, therefore, the complex is tolerable to this level of acidity.

6.3.2 Electrocatalytic Oxidation of Formate using (Et4N)2

[MoO(S2C2MeBnOH)2]

Figure 6.2 shows cyclic voltammograms of (Et4N)2[MoO(S2C2MeBnOH)2] (30) with

varying concentrations of 92. As previously noted in Chapter 5, the reversible

wave at −0.916V belongs to the MoIV/MoV couple and the quasi-reversible wave

at −0.229V corresponds to the MoV/MoVI couple. The magnitude of either peak

remained unchanged, whereas the current of the ligand peak at 0.255V increased

with subsequent additions of formate. Since formate oxidation would release

electrons, this increase in current implies that formate oxidation does not occur at

the metal centre but on the ligand (Equation 1.1).

As mentioned above, using the data obtained from a cyclic voltammogram in

combination with Equation 6.4, the turn over frequency at varying 92 equival-

ents can be obtained. Plotting these TOF values against the change in formate

concentration allows one to investigate the kinetics of the catalyst 30, shown in
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Figure 6.2: The Cyclic Voltammograms of 30 (0.05mm) in MeCN/NBu4BF4 (0.1m)
in the Presence of Varying Equivalents of Tetrabutylammonium Formate (92) at
100mV s−1.
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Figure 6.3. Up to 3.1 eq, there is a rapid increase in the TOF values in a linear

fashion. However, after this concentration, current ceases to increase much more

and stagnates at higher concentrations.
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Figure 6.3: The Change in Turn Over Frequency of 30 (0.05mm) as a Response to
the Change in Concentration of Tetrabutylammonium Formate (92).

Figure 6.4 demonstrates how the cyclic voltammogram of an excess of tet-

rabutylammonium formate (92) responds to changes in the concentration for the

catalyst 30. Just by inspection, it is clear that the catalytic wave, indicating

formate oxidation, increases with catalyst concentration. Figure 6.5 describes how

the catalytic wave current (icat) changes with varying concentrations of 30. The

relationship is clearly linear and, therefore, it is first-order in catalyst.

Combining what has been learnt from Figure 6.3 and Figure 6.4 suggests that

at low concentrations of formate, the rate-determining step is set by the reaction

of the catalyst and formate, whilst at higher concentrations of formate the rate of

reaction is still first-order with respect to the catalyst but becomes independent of

formate concentration. Understanding the formate-independent region is difficult

because of how the rate of increase in TOF drops off at higher concentrations.
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Figure 6.4: The Cyclic Voltammograms of Tetrabutylammonium Formate (92)
(8.2mm) with Increasing Concentrations of 30 in MeCN/NBu4BF4 (0.1m) at
100mV s−1.
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Figure 6.5: The Current Response to a Change in the Concentration of Catalyst
30 in a Solution of MeCN/NBu4BF4 (0.1m) and Tetrabutylammonium Formate
(92) (8.2mm) at 100mV s−1.
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This is likely because of catalyst inhibition since the rate begins to slow down,

but the TOF does not decrease as a function of formate concentration. If catalyst

poisoning were occurring, one would expect to see the TOF begin to decrease as

the concentration of formate increases because more of the poison would be present.

Perhaps a product from the oxidation of formate is blocking the site of catalysis,

slowing down the kinetics. Further evidence to suggest that a product of formate

oxidation is causing catalyst inhibition rather than any catalyst decomposition

occurring is that in Figure 6.5 when catalyst concentrations are low and formate

concentrations are high, no decomposition is visible in the CV.

6.3.3 Electrocatalytic Oxidation of Formate using (Et4N)2

[MoO(S2C2MePh)2]

The complex (Et4N)2[MoO(S2C2MePh)2] (78) was examined to investigate the

influence the proton relays had on the catalysis of formate oxidation. Figure 6.6

shows the cyclic voltammograms of (Et4N)2[MoO(S2C2MePh)2] (78) as a function

of formate concentration. As previously noted in Chapter 5, the reversible wave

at −0.975V belongs to the MoIV/MoV couple and the quasi-reversible wave at

−0.245V is assigned to the MoV/MoVI couple. Both waves maintain their shape

as formate concentration increases, which implies that neither couple interacts

directly with formate. However, the dithiolene/ligand wave at 0.246V does see

a current response with increases in formate concentration, giving more positive

current values, matching the behaviour seen in 30. A positive increase in the

current means that there is a surplus of electrons present; one can infer that these

electrons are a result of formate oxidation (Equation 1.1).

Similarly to the analysis performed for 30, the catalytic current enhancement

(icat/ip) can be converted to the catalytic rate (TOF) using Equation 6.4. Figure 6.7

is a plot of the TOF of 78 versus the equivalents of tetrabutylammonium formate
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Figure 6.6: The Cyclic Voltammograms of 78 (0.05mm) in MeCN/NBu4BF4 (0.1m)
in the Presence of Varying Amounts of Tetrabutylammonium Formate (92) at
100mV s−1.
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Figure 6.7: The Change in the Turn Over Frequency of 78 as a Function of the
Change in Concentration of Tetrabutylammonium Formate (92) in a Solution of
MeCN/NBu4BF4 (0.1m) at 100mV s−1.
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present in solution. To begin with, the TOF increases linearly in response to a

change in the concentration of formate. However, from 3.1 eq this linear behaviour

disappears as the electrode becomes flooded with 92. An initial linear relationship

implies first-order kinetics of TOF on formate concentration.
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Figure 6.8: Cyclic Voltammograms of Tetrabutylammonium Formate (92) (8.2mm)
with Increasing Concentrations of 78 in MeCN/NBu4BF4 (0.1m) at 100mV s−1.

Figure 6.8 shows the change in electrochemical behaviour of excess NBu4HCO2

·HCO2H (92) in response to a change in the concentration of the catalyst 78. The

catalytic wave indicating formate oxidation is shown to increase with increasing

catalyst concentration. Figure 6.9 is a plot of the change in the current of the

catalytic wave (icat) versus the change in the concentration of the catalyst in

solution. The relationship between the two is quite clearly linear, suggesting the

catalytic reaction is first-order in catalyst.

Similarly to what occurred for the oxidation of formate using 30 as the cata-

lyst, the relationships shown in Figure 6.7 and Figure 6.9 describe that at low
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Figure 6.9: The Current Response to a Change in the Concentration of Catalyst
78 in a Solution of MeCN/NBu4BF4 (0.1m) and Tetrabutylammonium Formate
(92) (8.2mm) at 100mV s−1.

concentrations, the rate-determining step is determined by the reaction of formate

and the catalyst, whilst at higher concentrations of formate the reaction maintains

first-order behaviour with respect to the catalyst but becomes independent of

formate oxidation. As to why the TOF decays at higher concentrations, it is likely

the same reason as for 30, that a product of formate oxidation inhibits catalysis.

This can be reasoned from how the TOF increases from the previous measurement

does not decrease, and how there is no catalyst decomposition present in the CV

when the concentration of tetrabutylammonium formate far exceeds that of the

catalyst.

6.3.4 The Effect of Proton Relays on Oxidation Catalysts

When one compares the cyclic voltammograms of 30 and 78 it is not immediately

obvious the effect that proton relays have on the oxidative catalysis of formate.

Both appear to show that catalysis occurs with or without the proton relays being
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present, with catalysis occurring at the ligand scaffold rather than the metal.

0 50 100 150

0

1

2

3

4

5

Equivalents of Formate

T
O
F
(s

−
1
)

Figure 6.10: The Change in the Turn Over Frequency of 30 (Blue Triangles) and
78 (Red Squares) (0.05mm) as a Function of the Change in Equivalents of Formate
in a Solution of MeCN/NBu4BF4 (0.1m) at 100mV s−1.

The comparative plot shown in Figure 6.10 is simply Figure 6.3 and Figure 6.7

layered on top of each other. This plot clearly shows the influence that the addition

of a proton relay to the ligand scaffold has on the TOF with regard to the oxidation

of formate. This improvement can be seen in both the TOF, where the TOFs

for analogous concentrations are four times greater, and the ability to remain

catalytically first order for slightly higher concentrations of tetrabutylammonium

formate (92). Since the only structural difference between the two catalysts is the

presence of the benzyl alcohol moiety, one could hypothesise that this moiety both

aids in increased TOFs and in preventing catalyst inhibition at the site of catalysis.

Since catalysis appears to not be influenced by the metal and occurs on the

ligand, it is important to perform a control experiment to investigate whether the

metal is even necessary for catalysis to occur. The pro-ligand 27 was investigated

for oxidation catalysis of formate by cyclic voltammetry. Figure 6.11 showcased
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that no redox processes were visible with equivalents of formate present in solution.

There was also no change in the current at 0.2V where previous instances of

the catalytic oxidation of formate occurred. Therefore, one can conclude that

coordination to a metal is vital for the oxidation catalysis on the ligand to occur.
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Figure 6.11: The Cyclic Voltammograms of 27 (0.05mm) in MeCN/NBu4BF4
(0.1m) in the Presence of Varying Amounts of Tetrabutylammonium Formate (92)
at 100mV s−1.

6.4 OAT Catalysis

The oxygen atom transfer catalysis of the proton relay functionalised complexes,

30, 80 and their non-functionalised counterparts 78 and 41 were tested. Following

the conditions laid out by Schulzke and Holm, the transfer reaction of the oxygen

between deuterated dimethyl sulphoxide and triphenylphosphine was monitored by
31P NMR spectroscopy.104,234 What was expected was for the triphenylphosphine
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peak at approximately 6 ppm to reduce in size while simultaneously forming a

new peak at approximately 30 ppm. As expected, the unfunctionalised complexes

78 and 41 showed no change in the size of the triphenylphosphine peak, but

unfortunately the functionalised analogues showed only a minute change over the

30-hour period (Figure 6.12), showing that the proton relays had only a slight effect

in improving this catalytic reaction.

−10−5051015202530354045

δ/ppm

0 h
32 h

Figure 6.12: The 31P NMR Spectrum of the OAT Catalysis Experiment of Over 32
Hours for 30.

The nearly non-existent reaction rate was theorised to be due to the mild nature

of the oxidising substrate. Consequently, the relatively stronger trimethylamine

N -oxide was used to identify whether this was the limiting factor for catalysis.
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The OAT experiment was repeated, but instead with 12mm of trimethylamine

N -oxide along with 3mm of catalyst and 9mm of triphenylphosphine, in 0.5mL of

deuterated DMSO. The reaction was monitored using 31P NMR spectroscopy.
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0 h 8 h 16 h 24 h 32 h

Figure 6.13: The 31P NMR Spectrum of the OAT Catalysis Experiment of 30 Over
32 Hours with Me3NO as the Oxidiser.

There was no noticeable increase in the reaction rate; therefore, it was unlikely

that the oxidiser was the limiting factor for OAT catalysis. In both cases, an

unexpected peak appeared at 45 ppm. With no direct methods to confirm its

identity, one can only speculate. Holm has synthesised Mo O X dithiolene

complexes using electron donating substituted silyl groups; perhaps this third peak

corresponds to a similar species where the phosphine binds to the molybdenum-oxo,
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giving a Mo O PPh3 environment.100

Schulzke and co-workers reasoned their catalyst performed more poorly than

expected because of the formation of the chemically inert MoV
2O3 species through

the initial formation of the MoVIO2 complex. This hypothesis was checked by

tracking changes in the UV/VIS spectrum of the 3mm of complex 6 in the presence

of trimethylamine N -oxide in acetonitrile. It was observed that there was an

initial formation of MoVIO2 species that quickly decomposed whilst the signal

for Mo V
2 O3 rose over the 56-hour course of the experiment. They reasoned that

this was particularly an issue for ligand scaffolds made of aliphatic substituents.

Aromatic substituents are known to be much more stable and, hence, much less

reactive than those with aliphatic dithiolene systems..239 Whether the substituent

is electron-withdrawing or donating influences the strength of the Mo S bonds.

This is felt by the Mo O bond and affects whether it is more or less stable to form

the mononuclear or dinuclear species. For example, electron-donating substituents

push electron density up the scaffold, through the Mo S bonds, and reduce the

Lewis acidity of the molybdenum. The combination of the destabilising nature

of the aliphatic substituents and the electron-donating character heavily weakens

the Mo O bond allowing the bridging oxo species to form more readily. The high

number of hydroxyl functional groups and their ability to form hydrogen bonds

with each other would certainly not detract from the ability of these complexes to

form dinuclear complexes (Figure 6.14).

These conclusions from Schulzke and co-workers were tested to see if they hold

true for the novel complexes herein. Figure 6.15 shows how the UV/Vis spectrum

of complex 30 changes in the presence of trimethylamine N -oxide over a 56-hour

time period. Dramatic shifts in the curve at 375 nm seem to indicate that there has

been the formation of a dinuclear complex. To see if the hydroxyl groups influenced

the formation of the dinuclear species, the same UV/VIS spectroscopy experiment
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Figure 6.14: Possible Hydrogen Bonding Between Monomers Leading to Dinuclear
Complex Formation.

was also carried out for 78. There was no obvious change in rate between the

two complexes; therefore, there must be another factor in play with regard to the

poor OAT activity/rapid dinuclear formation, as it is not influenced by hydrogen

bonding.
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Figure 6.15: The UV/VIS Spectrum of 30 in MeCN at 1mm with Trimethylamine
N -Oxide.
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6.5 Summary

In Chapter 6, several methods have been implemented to better understand the

behaviour of these molybdenum dithiolene systems and the influence that the

addition of a benzyl alcohol group has as opposed to a phenyl group. With

regard to the catalytic reduction capabilities, for both the reduction of protons

and carbon dioxide, of the synthesised molybdenum dithiolene complexes, they

underperform substantially. However, we are able to report the first molybdenum-

oxo bis-dithiolene complexes that exhibit the ability to catalytically oxidise formate.

In terms of both reduction and oxidation, there is a substantial difference between

the FDH enzyme and the mimic; Hirst and co-workers determined that the enzyme

has a reductive TOF of 282 s−1 and oxidative TOF of 3380 s−1 however these results

are an important first step for understanding the process that occur at the FDH

active site.136 Comparing the ligand structure of 30 and the reduction catalysts

synthesised by Fontecave (10, 11 and 12) offers an insight into the requirements

of what is necessary for reduction catalysis (Figure 6.16).
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Figure 6.16: The Wright Ligand vs. The Fontecave Ligand vs. Moco.103

There are three key differences between the Wright group ligand, the Fontecave

group ligand, and pyranopterindithiolenene (Moco): conjugation, reducing power,

and steric bulk. By comparing each ligand to each other, certain hypothesis can be
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drawn as to the true driving force behind catalysis. Comparing Moco and 10, one

could argue that electronic communication/conjugation between the pterin, pyran

ring and the dithiolene is actually reduced in Moco; subsequently, ideas of a highly

electronically linked ligand being the key influence for catalysis can be ruled out.

Each ligand synthesised by Fontecave produced markedly different redox potentials

for the MoIV/MoV and the MoV/MoVI redox couples, in most cases significantly

more positive than 30 and 78, and yet catalysis was achieved with all three; thus,

this rules out the reducing power of the complex in being a key aspect of catalysis.

When examining the 2015 paper from Fontecave,161 where the proton reduction

capabilities of 10 are investigated, they did not observe the oxidative degradation

of their complex that was seen upon addition of TFA to 30 and were able to

achieve catalytic reduction. Therefore, either the corresponding Mo O bond was

stabilised by the ligand through donating effects or there was a barrier to entry for

catalyst oxidation. If one considers that there is limited space for the coordination

of ligands around a metal centre and that this problem is exacerbated with bulkier,

charged ligands, one can hypothesise that the energy barrier for a third dithiolene

ligand to coordinate and cause oxidation of the complex increases as a function of

steric bulk. In other words, the bulk of the ligand prevents oxidative degradation to

the molybdenum tris-dithiolene complex. This reasoning would help to rationalise

the OAT results and the predilection to form the Mo2O3 bridged complex in the

presence of an oxidiser since the ligands are not sufficiently bulky to prevent a

second complex from coming into close contact to form the dinuclear complex.

Proton relays are effective in achieving improved oxidation catalysis of formate,

with a four fold increase in the TOF at low concentrations of the substrate. This

can be reasoned as the ligands offering a nearby site, the lone pair belonging

to the oxygen, to which the proton can bind upon oxidation of the substrate.

To determine where on the ligand catalysis takes place, 41 and a singly-methyl
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substituted analogue must be tested.

Although not directly comparable, the cyclic voltammogram studies conducted

for catalytic proton reduction of 10 and 22, shows that the MoIV/MoV wave changes

with increasing TFA concentration.112,146 This indicates that catalysis occurs on

the metal centre. Therefore, one can hypothesise that perhaps an oxidative process

occurs on the ligand and reductive processes occur on the metal centre.
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Chapter 7

Summary and Conclusions

The initial method to target the proton relay functionalised mimic was through

the transmetallation of a nickel dithiolene to a molybdenum carbonyl dithiolene,

and then to the molybdenum-oxo: this failed. Syntheses aiming to transmetallate

from the nickel compound directly to a molybdenum-oxo derivative were also

unsuccessful. Finally, after ensuring absolute purity of reagents from the first

steps, coordination from the dithione to the molybdenum-oxo precursor gave

the target complex, (Et4N)2[MoO(S2C2MeBnOH)2]. The original synthetic route

was shortened by 3 steps, resulting in an improved atom economy, and the ligand

synthesis was streamlined. Characterisation of this complex was not straightforward

because of its extreme sensitivity to air, poor longevity outside of a freezer, inability

to form crystals suitable for X-ray diffraction, ‘apparent’ paramagnetism, and

small difference between the oxidised molybdenum tris-dithiolene and reduced

molybdenum-oxo bis-dithiolene compounds in the infrared spectrum. The most

powerful diagnostic technique was MALDI-TOF mass spectrometry, where the

sample could be loaded onto the sample plate in the glove box, sealed in an airtight

container, and transported to the machine. The heavier-than-air nature of argon

and overpressure of the glove box meant that when the sample plate was sealed,
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any leaks would have argon pushing out against the atmosphere.

The synthetic route from the alkyne to dithione and then to the analogous

complex allowed for rapid access to novel functional models of the formate de-

hydrogenase active site where the selectivity of the radical cyclisation reaction to

the alkyne opens the door to the straightforward synthesis of numerous biomi-

metic complexes. However, developing reliable methods to synthesise sulphido and

tungsten functionalised analogues remains elusive.

Density functional theory was employed to correctly assign the Mo O band in

the IR spectrum of the novel complexes. Obtaining the spin multiplicity parameter

was performed through a detailed analysis of symmetry adapted molecular orbital

theory. These parameters were trialled against literature systems as a method

of benchmarking subsequent results. DFT allowed for the deconvolution of the

‘fingerprint’ region of the IR spectrum, where the band belonging to the Mo O

of the biomimetic compounds can now be used as a diagnostic feature with a

high degree of certainty. Simultaneously, functionals have been identified, which

when paired with the def2-TZVP basis set, can accurately predict features of these

complexes for specific ligand scaffold types: ‘simpler’ scaffolds respond better to

the BP86 functional whereas B3LYP and PBE0 work better with more complex

systems. Geometry refinement also identified the presence of a high number of

isomers for any compound with a degree of extended functionality. The high

number of isomers predicts an extremely flat energy surface. With no obvious

driver, the initial mixture of isomers in solution will be statistical. Therefore, in

solution, there is likely an even distribution of each isomers. For any redistribution

of isomers to occur, especially with regards to the cis/trans isomerisation, the

process depends on the ligand binding energy. The molybdenum-dithiolene bond

is strong, and therefore it is unlikely to dissociate, and a redistribution from the

initial coordination between molybdenum and the dithiolene cannot occur to a
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lower energy arrangement. Instead, the substituents can move freely in solution

since they are only bound to each other through single bonds and are free to rotate.

This phenomenon can be seen on a NMR spectroscopy timescale where lowering

the temperature of the experiment improved the resolution of the peaks since the

unique environments are now spatially locked. The number of isomers also explains

the difficulty in obtaining a crystal suitable for X-ray diffraction. The idea that

molybdenum-oxo bis-dithiolenes form a number of isomers is not unheard of in

the literature; Fontecave and co-workers gave similar reasoning as to why they

had difficulty in obtaining a crystal structure for 12 stating that seven isomers

were possible.103 To mitigate these issues, future ligands should be designed with

a spatial constraint in mind to mitigate isomerisation to encourage single-crystal

formation and reduced NMR spectroscopy ambiguity.

Electrochemistry was used to better understand how substituting the ligand

bound to the dithiolene influenced redox behaviour at the metal centre. Predictably,

the electron-withdrawing and donating nature of the substituent dictated its effect

on the redox couples; removal of the electron-withdrawing benzyl alcohol shifted

the redox couples negatively; removal of the electron-donating methyl group shifted

potentials positively. The reversibility of the waves was directly related to the size

of the ligand; bulkier ligands tended to show poor reversibility for the MoV/MoVI

couple.

The catalytic properties of the proton relay complex (30) did not accomplish the

goal to photocatalytically reduce carbon dioxide to formate. Initially, determining

why was difficult. The same non-activity was observed when the complexes were

tested using cyclic voltammetry for their ability to reduce protons to hydrogen.

Typically, the current at some point of the wave would become increasingly negative

as a result of electrons being taken from the ‘circuit’ to form the bond between the

two protons to generate hydrogen. However, additions of equivalents of trifluoro-
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acetic acid caused the almost immediate decomposition of the molybdenum-oxo

bis-dithiolene complex to the molybdenum tris-dithiolene complex, indicated by

a rapid change in colour of the electrolyte solution from red to green, indicating

oxidation of MoIV to MoVI. FDH is known to inter-convert carbon dioxide and

formate, so since these catalysts are intended to mimic this enzyme, it seemed per-

tinent to test their oxidation catalytic activity. Again, cyclic voltammetry was the

best method to test their catalytic behaviour in this regard. Formate was shown to

oxidise catalytically, on the ligand specifically, four times faster when proton relays

were attached than without. However, to know which of the oxidation products

is most common (CO2, H2CO3, HCO –
3 , or CO 2–

3 ) bulk electrolysis experiments

must be performed. The FDH enzyme also falls under the purview of the DMSO

reductase family of molybdo/tungstoenzymes. Therefore, the OAT ability was

examined. Again, poor rates of reaction were observed. This was hypothesised

to be caused by the complexes’ predilection to form the inert Mo V
2 O3 bridging

complex based on literature precedent.104 The poor reduction and OAT catalysis

can be deduced to be the result of insufficient steric bulk on the ligand.

From what has been learnt throughout this thesis, an informed decision on

the next generation of ligands with the goal of having a higher chance of granting

reduction catalysis can be ascertained. The first key point, is that the scaffold

should be extended to more closely match what has succeeded before (the Fontecave

ligand and Moco itself). Often, the most challenging part of novel dithiolene ligand

synthesis comes in the insertion of the dithiolene functionality. The radical insertion

synthesis detailed within this thesis allows for a great deal of freedom in ligand

design, since, as long as an alkyne is inserted at some point the high degree of

selectivity towards an alkyne means the bulk of the ligand will remain untouched

upon utilising the radical cyclised dithione insertion reaction. Once a working

mimic has been established within the group, the ability to customise the ligand can
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allow for quick identification of what is absolutely necessary for reduction catalysis

to be performed.
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Chapter 8

Experimental

8.1 General

All reactions were conducted under a dry argon atmosphere using standard Schlenk

techniques unless otherwise specified. Starting materials were purchased from

Sigma-Aldrich, Alfa Aesar, FluroChem, BLDPharma, or ThermoFisher and were

used without further purification. In the case of tetrahydrofuran and diethyl ether,

Na/(C6H5)2CO were used as drying agents; methanol was taken from a Sure/Seal

bottle and left over 3Å molecular sieves; acetonitrile, dichloromethane, toluene, and

n-hexane were taken from a MBraun SPS machine. Thin Layer Chromatography

(TLC) was carried out using 0.2mm thick silica gel plates (60778-25EA Sigma-

Aldrich) with visualisation by illumination using UV light (λ = 254 nm). Silica gel

from Sigma-Aldrich, 60Å 230-400 mesh particle size, was used as the stationary

phase for column chromatography; where specified, by the term ‘automatic column’,

a Teledyne CombiFLASH NEXTGEN 100 was also used. High-performance liquid

chromatography (HPLC) was carried out using an Agilent Technologies 1200 Series.

Ion exchange chromatography was carried out using a ThermoScientific DIONEX

ICS-6000 DC, with a DionexCS12A 2× 250mm analytical column. Masses were

176



measured using a Sartorius analytical balance. FT-IR spectra were recorded using

a Bruker Vertex 80 instrument. NMR spectra were recorded on a Bruker AvanceIII

500, operating at room temperature unless specified otherwise; 1H NMR spectra

were collected at 500MHz and 13C NMR spectra were collected at 126MHz using

broad-band decoupling. Abbreviations used in NMR analysis are: s (singlet), d

(doublet), t (triplet), q (quartet), dd (doublet of doublets), tt (triplet of triplets),

td (triplet of doublets), sx (sextet), hept (heptet), and m (multiplet). Chemical

shifts are given in parts per million (δ) and quoted relative to the residual solvent

peak. Mass spectrometry was carried out in-house using a Shimadzu Axiama

Performance (MALDI-TOF) and an Agilent Technologies 6460 Triple Quad (LC-

MS). Cyclic voltammetry measurements were carried out in a glove box with an

argon atmosphere using an Autolab PGstat 30 potentiostat/galvanostat. A 3

mm diameter glassy carbon electrode was used as the working electrode for the

voltammetry experiments and was polished on a felt pad with alumina before

each experiment. The counter electrode was a platinum wire cleaned between

experiments by washing with acetone and burning off any remaining material using

a Bunsen burner. A silver wire pseudo reference electrode was used and calibrated

to an internal reference using ferrocene after the measurements had been performed.

The cyclic voltammetry experiments were performed in a three-compartment cell

with glass bridges between each compartment. Between each experiment, the cell

was cleaned with Piranha solution (3 : 7, hydrogen peroxide : sulphuric acid), and

then washed with distilled water.
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8.2 2-(Propyn-1-yl)benzyl Alcohol (24)
HO

The reaction was carried out following the method reported by Sashida and Yu with

slight adjustments.147,148 n-Butanol (700mL) was degassed, followed by the addition

of potassium hydroxide (79.7 g, 1420mmol) under inert conditions. 2-Iodobenzyl

alcohol (25 g, 106.8mmol), copper(I) iodide (0.814 g, 4.272mmol), and tetrakis(tri-

phenylphosphine)palladium(0) (2.486 g, 2.134mmol) were added to a cold-finger

vessel. Subsequently, degassed tetrahydrofuran (250mL) and piperidine (200mL)

were added, affording a gold solution. To the refluxing potassium hydroxide solution

(120 ◦C), 1,2-dibromopropane (32mL, 320.8mmol) was added dropwise to allow for

the in situ generation of propyne gas which was sparged through the gold solution;

at half addition of 1,2-dibromopropane, a colourless precipitate was seen in the cold-

finger vessel. After the full addition of 1,2-dibromopropane, the cold-finger solution

was left to stir overnight at room temperature. To a cooled 6m HCl solution

(600mL, 5 ◦C), the gold solution was transferred via cannula and left to stir for one

hour. This afforded a red precipitate which was filtered out. The resulting solution

was washed with ethyl acetate (3× 250mL) and the organic layer was extracted;

the organic layer was neutralised with sodium bicarbonate (2× 150mL); washed

with brine (2× 150mL); dried with magnesium sulphate and cleaned with carbon.

The solvent was removed under reduced pressure. The resulting cream powder was

sublimed (55 ◦C, 4.6×10−4 bar) to give a white powder of 9.435 g (60.4%). 1H NMR

(500MHz, CDCl3) 2.1 (s, 3H, Me), 2.12 (t, J = 6.6Hz, 1H, OH), 4.79 (d, J = 6.5Hz,

2H, Ph CH2 OH), 7.22 (td, J 1 = 7.5Hz, J 2 = 1.4Hz, 1H, Ph H), 7.28 (td, J 1

= 7.5Hz, J 2 = 1.5Hz, 1H, Ph H), 7.36-7.43 (m, 2H, Ph H); 13C NMR (126MHz,
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CDCl3) 4.62 (PhCC CH3), 64.36 (HO CH2 Ph), 90.90 (Ph CC CH3), 122.35

(Ph CCCH3), 127.46 (Ph), 127.56 (Ph), 128.11 (Ph), 132.39 (Ph), 142.51 (Ph);

ν̃max/cm
−1 = 3312 (O H), 2851 (C H), 1477 (w), 1040 (s). (The experimental

data agreed with the literature values).147,148

8.3 2-Ethynylbenzyl Alcohol (76)
HO

The reaction was carried out following the method reported by Johnston

and co-workers with slight adjustments.163 To a cold-finger, 2-iodobenzyl alcohol

(20 g, 85mmol), copper(I) iodide (0.689 g, 3.6mmol), and tetrakis(triphenylphos-

phine)palladium(0) (1.965 g, 1.75mmol) were added to a cold-finger vessel. Sub-

sequently, degassed tetrahydrofuran (250mL) and piperidine (120mL) were added

affording a gold solution. The solution was cooled to 0 ◦C and freeze-pump-thawed

trimethylsilylacetylene (14.5mL, 101.9mmol) was added dropwise to the solution;

addition of half the trimethylsilylacetylene gave a cloudy precipitate. This was

left to stir at 0 ◦C for 30 minutes, and then at room temperature overnight. The

gold solution was filtered into a cooled 6m HCl solution (500mL, 5 ◦C) and was

left to stir for one hour. The resultant red precipitate was filtered out from the

gold solution. The resulting solution was washed with ethyl acetate (3× 250mL)

and the organic layer was extracted; the organic layer was neutralised with sodium

bicarbonate (2× 150mL); washed with brine (2× 150mL); dried with magnesium

sulphate and cleaned with carbon. The solvent was removed under reduced pressure.

This was then taken up in methanol (65mL) and potassium carbonate (621.5mg,

5mmol) was added and left to stir for one hour. Filtering the solid and taking the
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liquor to dryness gave a yellow powder which was sublimed (55 ◦C, 4.6× 10−4 bar).

This gave a white powder (6.62 g, 59%). 1H NMR (500MHz, CDCl3) 3.34 (s, 1H,

OH), 4.84 (s, 2H, Ph CH2 OH), 7.24–7.28 (m, 1H, Ph H), 7.37 (td, J 1 = 7.6Hz,

J 1 = 1.4Hz, 1H, Ph H), 7.43–7.46 (m, 1H, Ph H), 7.51 (dd, J 1 = 7.6Hz, J 2

= 1.3Hz, 1H, Ph H); 13C NMR (126MHz, CDCl3) 63.93 (HO CH2 Ph), 81.39

(Ph CC H), 82.09 (Ph CC H), 120.34(Ph), 127.45 (Ph), 127.58 (Ph), 129.37

(Ph), 132.99 (Ph), 143.33 (Ph); ν̃max/cm
−1 3180 (O H), 2835 (vw), 2030 (vw),

1433 (w), 1196 (w), 1011 (m). (The experimental data agreed with the literature

values).163

8.4 Phenylprop-1-yne (72)

The reaction was carried out following the method reported by Davies and co-

workers.162 To a flame-dried cold-finger, iodobenzene (10 g, 49mmol), tetrakis(tri-

phenylphosphine)palladium(0) (1.13 g, 0.98mmol), and copper(I) iodide (0.373 g,

1.96mmol) were added and purged. Subsequent addition of tetrahydrofuran

(120mL) and piperidine (60mL) afforded a gold solution. In a separate three-necked

flask, n-butanol (350mL) was degassed, followed by the addition of potassium

hydroxide (33 g, 588mmol). Upon reaching reflux (120 ◦C), 1,2-dibromopropane

(15mL, 147mmol) was added dropwise to release propyne gas, which was transferred

to the cold-finger vessel. This was left to stir overnight at room temperature. To a

cooled 6m HCl solution (300mL, 5 ◦C), the gold solution was transferred via can-

nula and left to stir for one hour. This afforded a red precipitate which was filtered

out. The resulting solution was washed with ethyl acetate (3× 125mL) and the
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organic layer was extracted; the organic layer was neutralised with sodium bicarbon-

ate (2× 100mL); washed with brine (2× 100mL); dried with magnesium sulphate

and cleaned with carbon. Flash chromatography with hexane afforded a clear green

oil (3.62 g, 63.7%). 1H NMR (500MHz, CDCl3) 2.08 (s, 3H, CH3), 7.27–7.33 (m,

3H, Ph H), 7.42-7.44 (m, 2H, Ph H); 13C NMR (126MHz, CDCl3) 4.39 (C CH3),

79.96 (Ph CC CH3), 85.90 (Ph CC CH3), 124.16 (Ph CC CH3), 127.62 (Ph),

128.31 (Ph), 131.60 (Ph); ν̃max/cm
−1 = 2914 (CH3), 2247 (vw), 1489 (m), 754 (vs),

691 (s). (The experimental data agreed with the literature values).162

8.5 Potassium Isopropyl Xanthate (25)

KS O

S

The reaction was carried out following the method reported by Hounslow and

co-workers.149 Potassium hydroxide (34.2 g, 610mmol) was left to dissolve in

isopropanol (600mL, 7.85mol). A solution of carbon disulphide (34mL, 560mmol)

dissolved in isopropanol (35mL) was added dropwise to give an orange precipitate;

this was left to stir for one hour. The solution was washed with ethyl acetate

(2× 300mL) and left to dry under vacuum giving a light orange powder (66.327 g,

50%). 1H NMR (500MHz, D2O) 1.34 (d, J = 6.2Hz, 6H, CH(CH3)2), 5.53 (hept.,

J = 6.3Hz, 1H, CH(CH3)2); 13C NMR (126MHz, D2O) 20.73 (C(CH3)2), 77.95

(C(CH3)2); ν̃max/cm
−1 = 2966 (C H), 1458 (vw), 1369 (w), 1126 (w), 1045 (vs).

(The experimental data agreed with the literature values).149
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8.6 Diisopropyl Xanthogen Disulphide (26)

S O

S

SO

S

The reaction was carried out following the method reported by Patel and co-workers

with slight modifications.150 Potassium hydroxide (7.45 g, 132.8mmol) and iodine

(172.5 g, 679.63mmol) were dissolved in distilled water (720mL) which afforded a

dark brown solution; this was cooled to 0 ◦C. Potassium isopropyl xanthate (226 g,

1.296mol) was dissolved in a minimum of distilled water and added dropwise to the

iodine solution. This was left to stir overnight, resulting in a green oil with a yellow

precipitate. Ethyl acetate (400mL) was added and the organic layer was extracted.

The organic layer was washed with sodium thiosulphate to remove any excess

iodine (2 × 100mL). The organic layer was dried using brine (2 × 200mL) and

magnesium sulphate. The solution was then cleaned with carbon. The solvent was

removed under reduced pressure to give green crystals (55.875 g, 31.8%). 1H NMR

(500MHz, CDCl3) 1.40 (d, J = 6.3Hz, 6H, CH(CH3)2), 5.69 (hept., J = 6.2Hz,

1H, CH(CH3)2); 13C NMR (126MHz, CDCl3) 21.26 (C(CH3)2), 80.40 (C(CH3)2),

206.96 (OCSS); ν̃max/cm
−1 = 2980 (CH3), 1447 (vw), 1352 (w), 1265 (s), 1082 (s),

1001 (vs). (The experimental data agreed with the literature values).150
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8.7 1,3-Dithiol-2-one-4-benzyl alcohol-5-methyl

(27)

SS

O

HO

To a flame-dried hexa-Schlenk flask, 2-(Propyn-1-yl)benzyl alcohol (1.03 g, 7mmol×

6) and diisopropyl xanthogen disulphide (1.89 g, 7mmol×6) were added (×6 refers

to how many reactions are performed simultaneously using the hexa-Schlenk glass-

ware). Following three purges, ortho-xylene (7mL× 6, dry, degassed) was syringed

into each Schlenk flask. The solutions were warmed (40 ◦C) to dissolve any remain-

ing material. Subsequently, the radical initiator, 1,1′-azobis(cyanocyclohexane)

(1.71 g, 7mmol× 6), was added. This was left to reflux (140 ◦C, 18 hours), giving a

deep red, clear solution. The solutions were collected and reduced to dryness. This

was taken up in acetone (50mL) and the resulting white precipitate was filtered off.

The solution was dry loaded with silica and passed through an automatic column

(2 : 8, ethyl acetate : hexane) to give a viscous orange oil (3.813 g, 43.4%). 1H

NMR (500MHz, CDCl3) 2.01 (s, 3H, CH3 CCS), 2.03 (s, 1H, CH2 OH), 4.67 (s,

2H, Ph CH2 OH), 7.27 (dd, J = 7.5Hz, 1H, Ph H), 7.34 (td, J 1 = 6.9Hz, J 2 =

1.4Hz, 1H, Ph H), 7.45 (td, J 1 = 7.5Hz, J 2 = 1.4Hz, 2H, Ph H), 7.58 (m, 1H,

Ph H); 13C NMR (126MHz, CDCl3) 15.13 (CH3 CCS), 62.55 (Ph CH2 OH),

126.06 (CH3 CC Ph), 128.08 (Ph), 128.32 (Ph), 130.01 (Ph), 130.85 (Ph), 129.17

(Ph), 125.71 (Ph), 140.51 (CH3 CC Ph), 192.28 (C=O); ν̃max/cm
−1 3360 (O H),

2918 (C H), 1623 (C O), 1582 (C C); HRMS m/z: M calcd for C11H10O2S2 + H+:

239.01; found: 239.02.
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8.8 1,3-Dithiol-2-one-4-phenyl-5-methyl (73)

SS

O

The reaction was carried out following the method reported by Gareau and co-

workers with slight adjustments.145 To a flame-dried hexa-Schlenk flask, diisopropyl

xanthogen disulphide (1.89 g, 7mmol× 3) was added and purged (×3 refers to how

many reactions are performed simultaneously using the hexa-Schlenk glassware).

Phenylprop-1-yne (1.89 g, 7mmol × 3) was syringed in followed by ortho-xylene

(7mL× 3, dry, degassed). Once 1,1′-azobis(cyanocyclohexane) (1.71 g, 7mmol× 3)

was added, the solutions were refluxed (140 ◦C, 18 hours) to give dark brown, clear

solutions. The solutions were collected and reduced to dryness. The precipitate

was filtered from the oil; the precipitate was washed with acetone (2 × 30mL).

The solution was dry loaded with silica and passed through an automatic column

(0.2 : 9.8, ethyl acetate : hexane) to give a runny orange oil (1.704 g, 39%). 1H

NMR (500MHz, CDCl3) 2.22 (s, 3H, CH3 CCS), 7.35–7.43 (m, 5H, Ph H); 13C

NMR (126MHz, CDCl3) 15.15 (CH3 CCS), 124.88 (CH3 CC Ph), 128 (Ph),

128.96 (2C, Ph), 129.45 (2C, Ph), 131.46 (Ph), 145.32 (CH3 CC Ph), 191.55

(C=O); ν̃max/cm
−1 2934 (C H), 1668 (C O), 1633 (C C); HRMS m/z: M calcd

for C10H8OS2 + H+: 209.00; found: 209.01.
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8.9 1,3-Dithiol-2-one-4-phenyl-5-ethyl (74)

S S

O

The reaction was carried out following the method reported by Gareau and co-

workers with slight adjustments.145 To a flame-dried hexa-Schlenk flask, diisopropyl

xanthogen disulphide (1.89 g, 7mmol× 3) was added and purged (×3 refers to how

many reactions are performed simultaneously using the hexa-Schlenk glassware).

1-phenylprop-1-butyne (0.9113 g, 7mmol× 3) was syringed in, followed by ortho-

xylene (7mL×3, dry, degassed) and the flask was heated to dissolve all components

(50 ◦C). Once 1,1′-azobis(cyanocyclohexane) (1.734 g, 7mmol× 2) was added, the

solutions were refluxed (140 ◦C, 18 hours); clear, orange solutions were afforded. The

solutions were collected and taken to dryness under reduced pressure. The residual

oil was taken up in a minimum of acetone, and the resulting white precipitate was

filtered off. The oil was dry loaded with silica and passed through an automatic

column (8.5 : 1.5, hexane: ethyl acetate). A runny, orange oil was obtained (2.643 g,

56%). 1H NMR (500MHz, CDCl3) 1.11 (t, J = 7.5Hz, 2H, C CH2 CH3), 2.53

(q, J = 7.5Hz, 1H, C CH2 CH3), 7.3 (m, 5H, Ph H); 13C NMR (126MHz,

CDCl3) 15.41 (C CH2 CH3), 23.22 (C CH2 CH3), 127.23 (-CC-CH2), 128.95

(Ph), 128.99 (Ph), 129.41 (Ph), 131.52 (Ph), 132.61 (-CC-CH2), 191.64 (C O);

ν̃max/cm
−1 2934 (C H), 1688 (C C), 1643 (C O). (The experimental data agreed

with the literature values).145
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8.10 1,3-Dithiol-2-one-4-phenyl (75)

S S

O

The reaction was carried out following the method reported by Gareau and co-

workers with slight adjustments.145 To a flame-dried hexa-Schlenk flask, phenylacet-

ylene (1.03 g, 7mmol×3) and diisopropyl xanthogen disulphide (1.89 g, 7mmol×3)

were added and purged (×3 refers to how many reactions are performed simultan-

eously using the hexa-Schlenk glassware). ortho-Xylene (7mL× 3, dry, degassed)

was syringed in and the flask was heated to dissolve all components (50 ◦C). Once

1,1′-azobis(cyanocyclohexane) (1.71 g, 7mmol× 3) was added, the solutions were

refluxed (140 ◦C, 18 hours) to give clear dark red solutions. The solutions were

collected and taken to dryness under reduced pressure. The resulting oil was taken

up in a minimum of acetone and the white precipitate was filtered out. The oil

was dry loaded with silica and columned through an automatic column (hexane:

toluene, 7 : 3). A red-crystalline material was obtained and redissolved in acetone.

Cleaning with carbon, filtering, and then removing the solvent afforded a yellow

crystalline powder (6.30 g, 30%). 1H NMR (500MHz, CDCl3) 6.71 (s, 1H, CH),

7.04 (m, 5H, Ph H) 13C NMR (126MHz, CDCl3) 111.80 (H C C-), 126.50 (Ph),

129.36 (Ph), 132.85 (Ph), 135.17 (Ph), 192.52 (C O) ν̃max/cm
−1 1643 (C O), 1622

(C C), 872 (m), 739 (s); LCMS m/z: M calcd for C9H6OS2: 193.99; found: 193.97.
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8.11 1,3-Dithiol-2-one-4-benzyl Alcohol (21)

SS
HO

O

To a flame-dried Schlenk flask, 2-ethynylbenzyl alcohol (0.925 g, 7mmol) and

diisopropyl xanthogen disulphide (1.89 g, 7mmol) were added and purged. ortho-

Xylene (7mL, dry, degassed) was syringed in and the flask was heated to dissolve

all components (50 ◦C). Once 1,1′-azobis(cyanocyclohexane) (1.71 g, 7mmol) was

added, the solutions were refluxed (140 ◦C, 18 hours) to give a clear, orange oil. This

was taken to dryness under reduced pressure to give an orange oil and subsequently

dry loaded with silica. An automatic column was performed (hexane : ethyl

acetate, 7.5 : 2.5). A yellow, crystalline solid was obtained (0.745 g, 37%). 1H NMR

(500MHz, CDCl3) 1.92 (s, 1H, OH), 4.62 (s, 2H, OH), 6.75 (s, 1H, CH), 7.25 (d, J

= 4.6, 2H, Ph H), 7.32 (m, 1H, Ph), 7.43 (d, J = 7.4Hz, 1H, Ph H); 13C NMR

(126MHz, CDCl3) 62.82 (Ph CH2 OH), 115.63 (Ph CC H), 128.22 (Ph), 129.51

(Ph), 129.55 (Ph), 130.15 (Ph), 131.80 (Ph), 132.34 (Ph), 138.59 (CH CC Ph),

193.13 (C O); ν̃max/cm
−1 3277 (O H), 1627 (C O), 1547 (C C).

8.12 1,3-Dithiol-2-one-4-para-aniline (77)

SS

O

H2N
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To a flame-dried Schlenk flask, 4-ethynylaniline (0.82 g, 7mmol) and diisopropyl

xanthogen disulphide (1.89 g, 7mmol) were added and purged. ortho-Xylene (7mL,

dry, degassed) was syringed in and the flask was heated to dissolve all components

(50 ◦C). Once 1,1′-azobis(cyanocyclohexane) (1.71 g, 7mmol× 3) was added, the

solutions were refluxed (140 ◦C, 18 hours) to give a brown/red solution. The

solution was taken to dryness under reduced pressure and dry loaded with silica.

An automatic column was performed (hexane : ethyl acetate, 7 : 3) and after

the fractions were collected, an orange solid was obtained (0.356 g, (24%). 1H

NMR (500MHz, CDCl3) 3.85 (s, 2H, NH2), 6.60 (s, 1H, CH), 6.63–6.72 (m, 2H,

Ph H), 7.15–7.25 (m, 2H, Ph H); 13C NMR (126MHz, CDCl3) 111.80 (H C C-),

126.50 (Ph), 129.36 (Ph), 132.85 (Ph), 135.17 (Ph), 192.52 (C O); ν̃max/cm
−1 3369

(N H), 1626 (C O), 1435 (vs); LCMS m/z: M calcd for C9H7NOS2 + H+: 210.00;

found: 210.00.

8.13 Di-(1,3-dithiol-2-one-5-methyl-4-benzyl)-

ethyl Malonate (82)

S

S

O
O

OO

O
S

S

O

To a flame-dried Schlenk flask, 1,3-dithiol-2-one-4-benzyl alcohol-5-methyl (0.715 g,

3mmol), malonyl chloride (0.226 g, 1.6mmol) and sodium hydrogencarbonate

(0.311mmol, 3.7mmol) were added. After purging, the compounds were dissolved

in dichloromethane (70mL, dry, degassed). Effervescence was observed, and the

solution was left to stir overnight, affording a deep orange solution. Distilled water

(50mL) was added to dissolve any residual sodium hydrogencarbonate, and the
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organic phase was subsequently separated. The organic phase was dried with

brine (100mL) and magnesium sulphate. The solvent was removed under reduced

pressure, and the final product was purified via flash chromatography (hexane :

ethyl acetate, 85 : 15) to give a yellow oil (0.398 g, (51%). 1H NMR (500MHz,

CDCl3) 2.00 (s, 6H, Me), 3.44 (s, 2H, OC CH2 CO), 5.17 (s, 4H, Ph CH2 O),

7.31–7.33 (m, 2H, Ph H), 7.38–7.43 (m, 4H, Ph H), 7.45–7.47 (m, 2H, Ph H); 13C

NMR (126MHz, CDCl3) 15.16 (Me), 41.42 (OC CH2 CO), 64.70 (Ph CH2 O),

125.12 (CH3 Ph), 127.09 (Ph), 129.18 (Ph), 129.86 (Ph), 130.03 (Ph), 130.53 (Ph),

131.18 (Ph), 135.03 (Ph C C), 165.90 (O C O), 191.43 (S C O) ν̃max/cm
−1

2919 (C H), 1732 (C O), 1632 (C O), 1138 (s); LC-HRMS m/z: M calcd for

C25H20O6S4 + H+: 545.01; found: 545.02.

8.14 1,3-Dithiol-2-one-5-methyl-4-benzyloxy-

(tert-butyl)dimethylsilane (28)

SS

O

TBDMSO

To a flame-dried Schlenk flask, 1,3-dithiol-2-one-4-benzyl alcohol-5-methyl (1.191 g,

5mmol) was added with imidazole (0.362 g, 5.25mmol) and purged. tert-Butyldime

thylsilyl chloride (0.79 g, 5.25mmol) was added to the vessel and dissolved in

dimethylformamide (50mL). This was left to stir overnight, affording a yellow

solution. After transferring the solution to a separating funnel, distilled water

(500mL) was added along with ethyl acetate (200mL); the organic layer was

separated from the aqueous layer. A further washing with lithium chloride solution
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(5%, 150mL) removed any residual traces of dimethylformamide. The organic layer

was dried using brine (2×100mL) and magnesium sulphate. Flash chromatography

was used to purify the product (40 : 60, ethyl acetate : hexane). The excess solvent

was removed under reduced pressure to give a gold oil (1.70 g, 96%). 1H NMR

(500MHz, CDCl3) 0.09 (s, 6H, (CH3)2Si), 0.94 (s, 9H, (CH3)3CSi)), 2.00 (s, 3H,

CH3 CCS), 4.69 (s, 2H, Ph CH2 O Si), 7.25 (dd, 1H, Ph-H), 7.31 (td, J

= 6.9Hz, 1H, Ph H), 7.42 (td, J = 7.5Hz, 2H, Ph H), 7.59 (dd, J = 7.8Hz,

1H, Ph H); 13C NMR (126MHz, CDCl3) -5.19 ((CH3)2Si)), 15.11 (SC CH3),

18.52 ((CH3)3C), 26.07 (CH3)3C), 62.6 (Si O CH2), 125.97 (Ph), 126.74 (Ph),

127.4 (Ph), 127.8 (Ph), 128.47 (CH3 CC S), 129.7 (Ph), 130.4 (Ph), 141.02

(CH3 CC S), 192.28 (CO); ν̃max/cm
−1 2955 (C H), 1659 (C O); LC-HRMS

m/z: M calcd for C25H20O6S4 + H+: 545.01; found: 545.02.

8.15 Ni(S2C2MeBnOH)2) (29)

S
Ni

S

OH

S

S

HO

To a flame-dried Schlenk flask, 1,3-dithiol-2-one-5-methyl-4-benzyloxy(tert-butyl)

dimethylsilane (0.353 g, 1mmol) was dissolved in toluene (25mL, dry, degassed)

and cooled to 0 ◦C. n-Butyllithium (2m, 1mL) was added to the solution and

left to stir overnight, affording a gold solution. In another flame-dried Schlenk

flask, nickel(II) bis(acetylacetonate) (0.129 g, 0.5mmol) was added and dissolved

in toluene (25mL, dry, degassed) to give a green solution. This nickel solution

was then transferred dropwise via cannula to the ligand solution; this afforded a

black solution which was left to stir for 1 hour. Iodine (0.1269 g, 0.5mmol) was
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added, and the solution was left to stir for another hour; the solution remained

black. After removing the toluene under reduced pressure to give a black oil,

tetrahydrofuran (20mL) was added, resulting in an extremely dark purple solution.

To deprotect the ligand, HCl (1m, 15mL) was added and left to stir at room

temperature for 1 hour. Ethyl acetate (2× 75mL) was added and the organic layer

was collected. This was neutralised with sodium bicarbonate solution (100mL), and

dried with brine (100mL) and magnesium sulphate. Removing the solvent under

reduced pressure afforded a dark purple oil. Flash chromatography (hexane : ethyl

acetate : methanol, 1 : 1 : 0.01) afforded a dark blue solution, and upon removal

of all solvent gave a black solid (0.19 g, 38%). 1H NMR (500MHz, CDCl3) 2.03

(s, 3H, Me), 2.19 (s, 1H, O H) 4.45 (s, 2H, Ph CH2 OH), 7.19 (dd, J = 7.4 ,

1.3Hz, 1H, Ph H), 7.37 (td, J = 7.5 , 1.3Hz, 2H, Ph H), 7.61 (m, 1H, Ph H);

MADLI-TOF m/z: M calcd for 58NiC20H20O2S4: 477.97; found: 477.91.

8.16 Ni(S2C2Ph2)2 (31)

S

Ni
S

S

S

The reaction was carried out following the method reported by Schrauzer and

co-workers with slight adjustments.153 Benzoin (5 g, 23.56mmol) and phosphorus

pentasulphide (7.5 g, 16.87mmol) were refluxed in dioxane (35mL). The precipitate

was filtered to give an orange solution. Nickel(II) chloride (2.5 g, 19.29mmol) was

dissolved in water (50mL, distilled) and added rapidly. This was left to stir (65 ◦C,

2 hours). After cooling to room temperature, another filtration was performed.

After removing the solvent, the sample was dry-loaded onto a silica column and
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washed with methanol until the eluent ran clean. A subsequent wash with toluene

eluted a green fraction. The solvent was removed under reduced pressure affording

a green solid (4.437 g, 23%). 1H NMR (500MHz, CDCl3) 7.26–7.30 (m, Ph-H),

7.34–7.41 (m, Ph-H); 13C NMR (126MHz, CDCl3) 128.54 (Ph), 129.09 (Ph), 141.34

(Ph), 181.80 (C Ph); MALDI-TOF m/z: M calcd for 58NiC28H20S4: 541.98; found:

542.43. (The experimental data agreed with the literature values).153

8.17 Mo(CO)2(MeBnOH)2 (22)

MoS

S

S

S

OC CO

OH OH

To a flame-dried Schlenk flask, Ni(S2C2MeBnOH)2 (0.07 g, 0.13mmol) was dissolved

in ethyl acetate (20mL, dry, degassed) to give a deep blue solution. To another

flame-dried Schlenk flask, η3-toluenetricarbonylmolybdenum(0) (0.03 g, 0.11mmol)

was dissolved in ethyl acetate (20mL, dry, degassed). The nickel solution was

transferred rapidly via cannula to the molybdenum solution, which gave a dark

purple solution. This was left to stir overnight and had no visible change. All

the solvent was evacuated from the Schlenk flask and an air-sensitive column was

prepared (silica dried at 120 ◦C overnight under reduced pressure) using hexane :

ethyl acetate (1 : 1, dry, degassed) as the eluent. The purple residue was taken up

in a minimum of eluent and transferred to the column by cannula. The first purple

fraction was collected, reduced to dryness, and gave a purple solid (0.062 g, 80%).

ν̃max/cm
−1 (KBr) 3462 (O H), 2962 (C H), 2038 (vw, C O), 1980 (vw, C O),

1263 (s), 1099 (s).
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8.18 Mo(CO)2(S2C2Ph2)2 (33)

MoS

S

S

S

OC CO

The reaction was carried out following the method reported by Holm and co-

workers with slight adjustments.154 To a flame-dried Schlenk flask, Ni(S2C2Ph2)2

(0.6885 g, 1.26mmol) and η3-toluenetricarbonylmolybdenum(0) (0.03 g, 0.11mmol)

were dissolved in dichloromethane (100mL, dry, degassed) to give a black solution.

This was left to stir for 2 days at room temperature, where the solution took

on a purple colour. An air sensitive column was prepared (silica dried at 120 ◦C

overnight under reduced pressure) using pentane : benzene (7 : 3, dry, degassed)

as the eluent. The volume of solvent was taken to a minimum under reduced

pressure and transferred across to the column using a cannula. The first purple

fraction was collected, reduced to dryness, and gave a purple solid (0.0539 g, 77%).

ν̃max/cm
−1 (ethyl acetate) 1985 (w, C O), 2029 (w, C O); Absorption spectrum

(ethyl acetate) λmax(εM) 403 (4850), 563 (10 840), 685 (1590), 853 (400). (The

experimental data agreed with the literature values).154

8.19 K3Na[MoO2(CN)4]·6H2O (13)

Mo

O

O

NC CN

NC CN
K3Na 6H2O

WARNING: Large quantities of hydrogen cyanide are released upon the addition of

acetic acid; perform this experiment in the fume hood far away from the sash.
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The reaction was carried out following the method reported by Roodt and

co-workers.152 To a Schlenk flask under an atmosphere of argon, sodium molybdate

dihydrate (1.2098 g, 5mmol), potassium borohydride (0.556 g, 10.5mmol), and

potassium cyanide (0.814 g, 12.5mmol) were dissolved in distilled water (30mL) and

cooled to 0 ◦C. This was followed by the dropwise addition of acetic acid (0.44mL,

13mmol) over a 10-minute period. Another aliquot of potassium cyanide (0.814 g,

12.5mmol) and acetic acid (0.44mL, 13mmol) were added over a 10-minute period.

A mixture of sodium hydroxide (1.681 g, 42.2mmol) and potassium hydroxide

(2.380 g, 42.2mmol) were added, followed by the slow addition of ethanol (7mL).

This was left to stir overnight. A pink precipitate was filtered out of the solution and

washed with ethanol : water (9 : 1, 200mL). This was recrystallised in a minimum

of water along with the addition of potassium hydroxide and sodium hydroxide

(0.4 g each), followed by the slow addition of ethanol. Pink crystals were obtained

and, after drying, weighed 3.55 g (71%). Elemental Analysis: C: 10.00; H: 2.52;

N: 11.66. calcd. (%): C: 10.24; H: 2.27; N: 10.01. (K3Na[MoO2(CN)4]·6H2O)0.95
(C2H5OH)0.05

8.20 K3Na[WO2(CN)4]·6H2O (87)

W

O

O

NC CN

NC CN
K3Na 6H2O

WARNING: Large quantities of hydrogen cyanide are released upon the addition of

acetic acid; perform this experiment in the fume hood far away from the sash.

The reaction was carried out following the method reported by Kanas and co-
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workers.178 K3Na[WO2(CN)4]·6H2O was prepared similarly to K3Na[MoO2(CN)4]·

6H2O. To a Schlenk flask, under an atmosphere of argon, sodium tungstate di-

hydrate (1.649 g, 5mmol), potassium borohydride (0.814 g, 12.5mmol), and po-

tassium cyanide (0.556 g, 10.5mmol) were dissolved in distilled water (30mL)

and were cooled to 0 ◦C. This was followed by the dropwise addition of acetic

acid (0.74mL) over 10 minutes. Another aliquot of potassium cyanide (0.556 g,

10.5mmol) was added and acetic acid (0.74mL) was added over 10 minutes. A mix-

ture of sodium hydroxide (1.681 g, 42.2mmol) and potassium hydroxide (2.380 g,

42.2mmol) were added, followed by the slow addition of ethanol (7mL). This was

left to stir overnight. A cream precipitate was filtered out of the solution and

washed with ethanol/water (9:1, 200mL). This was recrystallised in a minimum of

water along with the addition of potassium hydroxide and sodium hydroxide (0.4 g

each), followed by the slow addition of ethanol. Brown crystals were obtained and,

after drying, weighed 2.160 g (76%). C: 8.68; H: 1.45; N: 9.00. calcd. (%): C: 8.45;

H: 2.13; N: 9.86.

8.21 Ammonium Tetrathiomolybdate (84)

Mo

S

S
S
S(H4N)2

The reaction was carried out following the method reported by Krüss.172 Ammonium

heptamolybdate (10 g, 8.592mmol) was dissolved in distilled water (50mL) and

ammonium hydroxide solution (100mL, 28% to 30%). Hydrogen sulphide gas

was generated in situ through the reaction of finely ground iron sulphide (100 g,

1.137mmol) with HCl (12m, 100mL). The gas was sparged through the solution

until it had taken on a deep red colour. The vessel was then sealed and left to
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recrystallise in a fridge at 2 ◦C for one week. Red crystals were obtained by filtering

the resulting solution, where after drying weighed 10.2 g (70%). S: 49.92; H: 3.03;

N: 11.12. calcd. (%): S: 49.27; H: 3.1; N: 10.76.

8.22 Tetraethylammonium Tetrathiomolybdate

(85)

Mo

S

S
S
S(Et4N)2

The reaction was carried out following the method reported by Bensch and co-

workers.174 In a beaker, the crystalline ammonium tetrathiomolybdate (3.67 g,

14.1mmol) was dissolved in distilled water (90mL). In a separate beaker, tet-

raethylammonium bromide (5.92 g, 24.7mmol) and sodium hydroxide (0.986 g,

24.7mmol) were also dissolved in distilled water (90mL). The tetrathiomolybdate

solution was added to the tetraethylammonium bromide and sodium hydroxide

solution. This was left to stir for 30 minutes. The solution took on a progressively

deeper red colour. The solution was taken to dryness under reduced pressure and

then redissolved in a minimum of acetonitrile, giving a white precipitate. The

precipitate was filtered off and the resultant solution taken to dryness once again to

give a red crystalline powder (6.42 g, 93.7%). S: 22.19; C: 38.73; H: 8.23; N: 5.91.

calcd. (%): S: 26.46; C: 39.65; H: 8.32; N: 5.78.

8.23 (Et4N)2[MoS(S4)2] (86)

Mo
S

S
S S S S

S
SS

(Et4N)2
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The reaction was carried out following the method reported by Coucouvanis and co-

workers.175 To a flame-dried Schlenk flask, tetraethylammonium tetrathiomolybdate

(6.42 g, 13.2mmol) was added and dissolved in acetonitrile (180mL). Elemental

sulphur (2.09 g, 65.3mmol) was subsequently added. After 5 minutes of stirring,

a brown precipitate began to precipitate out, and the solution was left to stand

for 10 minutes. The liquor was filtered out of the solution, leaving the brown

precipitate behind to be washed with carbon disulphide (25mL) and diethyl ether

(60mL). The precipitate was recrystallised from a minimum of dimethylformamide

and diethyl ether to give brown crystals (7.58 g, 89%). S: 44.73; C: 29.79; H: 6.20;

N: 4.38. calcd. (%): S: 44.73;C: 29.79; H: 6.25; N: 4.34.

8.24 (Et4N)2[MoO(S2C2MeBnOH)2] (30)

MoS
S

S
S

OH OH

O(Et4N)2

To a flame-dried side-arm flask, 1,3-dithiol-2-one-4-benzyl alcohol-5-methyl (0.477 g,

2mmol) was dissolved in methanol (51mL, dry, degassed) and cooled to 0 ◦C.

Addition of the potassium hydroxide (0.281 g, 5mmol) followed quickly and the

solution was left to stir for 2 hours. In another Schlenk flask K3Na[MoO2(CN)4]·

6H2O (0.480 g, 1mmol) was dissolved in water (20mL, distilled, degassed). The

dithione solution was heated to 50 ◦C and the molybdenum precursor solution was

transferred via cannula rapidly, turning the yellow solution black. After leaving

this to stir for 45 minutes, tetraethylammonium bromide (0.420 g, 2mmol) was

added. Following another 45 minutes of stirring at 50 ◦C, the solution was red

in appearance. The solvent was removed under reduced pressure and acetonitrile
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(80mL, dry, degassed) was added. This was filtered into another Schlenk flask and

the solution was concentrated under reduced pressure. Subsequent, slow addition of

diethyl ether (80mL, dry, degassed) gave a red precipitate. The remaining solvent

was filtered off and the red precipitate was recrystallised once more. Removing

all the solvent under vacuum gave a red solid (0.118 g, 18%). 1H NMR (500MHz,

CD3CN) 1.17 (tt, J 1 = 7Hz, J 2 = 1.8Hz, 24H, N CH2 CH3), 2.00 (t, J =

4Hz, CH2 OH), 2.09 (s, 3H, C CH3), 2.35 (s, CH2 OH), 3.10 (q, J =

7.2Hz, 16H, N CH2 CH3), 3.98–4.05 (m, CH2 OH), 4.28 (m, CH2 OH),

4.51 (m, CH2 OH), 6.8–7.37 (m, Ph H); 13C NMR (126MHz, CD3CN) 7.76

(N CH2 CH3), 23.12 (N C CH3), 53.04 (t, (N CH2 CH3), 64.51 ( CH2 OH),

126.53 (Ph), 126.55 (Ph), 127.75 (Ph), 127.78 (Ph); ν̃max/cm
−1 3425 (O H), 2966

(C H), 1261 (m), 937 (Mo O); MALDI-TOF m/z: M calcd for 97MoC20H20O3S4:

533.94; found: 533.82.

8.25 (Et4N)2[MoO(S2C2MePh)2] (78)

MoS
S

S
S

O
(Et4N)2

To a flame-dried side-arm flask, 1,3-dithiol-2-one-4-phenyl-5-methyl (0.415 g, 2mmol)

was dissolved in methanol (51mL, dry, degassed) and cooled to 0 ◦C. Addition

of the potassium hydroxide (0.281 g, 5mmol) followed quickly, and the solution

was left to stir for 2 hours. In a separate Schlenk flask, K3Na[MoO2(CN)4]·6H2O

(0.480 g, 1mmol) was dissolved in water (20mL, distilled, degassed). The dithione

solution was heated to 50 ◦C and the molybdenum salt solution was transferred

via cannula across, giving the solution a red colour. After stirring for 45 minutes,

tetraethylammonium bromide (0.420 g, 2mmol) was added and the solution was
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left to stir for a further 45 minutes. The red/yellow solution was reduced to dryness

and then taken up in acetonitrile (80mL, dry, degassed). The red solution was

filtered into a fresh Schlenk flask and concentrated. Diethyl ether (50mL, dry,

degassed) was added and a cream solid precipitated out. The recrystallisation

was repeated twice more until the mother liquor was clear. Taking the solution

to dryness gave a red film (0.263 g, 36%). 1H NMR (500MHz, CD3CN) 1.14 (tt,

J 1 = 7Hz, J 2 = 1.8Hz, 24H, N CH2 CH3), 2.17 (s, 6H, C CH3), 3.11 (q, J =

7.2Hz, 16H, N CH2 CH3) 7.25 (m, 10H, Ph H); 13C NMR (126MHz, CD3CN)

7.74 (N CH2 CH3), 24.20 (N C CH3), 52.98 (t, (N CH2 CH3), 125.32 (Ph),

128.17 (Ph), 130.02 (Ph), 136.16 (CH3-C), 148.23 (Ph-C); ν̃max/cm
−1 (KBr) 2982

(C H), 1171 (s), 1001 (m), 932 (Mo O,w), 891 (m); MALDI-TOF m/z: M calcd

for 97MoC18H16OS4: 473.91; found: 473.76.

8.26 (Et4N)2[MoO(S2C2HPh)2] (41)

MoS
S

S
S

O
(Et4N)2

To a flame-dried side-arm flask, 1,3-dithione-2-one-4-phenyl (0.194 g, 1mmol) was

left to dissolve in methanol (25mL, dry, degassed) for 15 minutes; the solution was

cooled to 0 ◦C. Addition of the potassium hydroxide (0.141 g, 2.5mmol) followed

quickly and the solution was left to stir for 2 hours. In another Schlenk flask

K3Na[MoO2(CN)4]·6H2O (0.240 g, 0.5mmol) was dissolved in water (11mL, dis-

tilled, degassed). The dithione solution was heated to 50 ◦C and the molybdenum

salt solution was transferred via cannula across rapidly turning the yellow solution

black and then quickly to red. After leaving this to stir for 45 minutes, tetraethyl-

ammonium bromide (0.210 g, 1mmol) was added. Following another 45 minutes of
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stirring at 50 ◦C the solution was red in appearance. The solvent was removed under

reduced pressure. The residue was dissolved in acetonitrile (80mL, dry, degassed)

to give a red solution and yellow precipitate. This was filtered into a Schlenk

flask and the solution was concentrated under reduced pressure. Subsequent, slow

addition of diethyl ether (50mL, dry degassed) gave a red precipitate. The remain-

ing solvent was filtered off and the red precipitate was recrystallised once more.

Removing all the solvent under vacuum gave a red solid (0.092 g, 26%). 1H NMR

(500MHz, CD3CN) 1.19 (tt, J 1 = 7Hz, J 2 = 1.8Hz, 24H, N CH2 CH3), 3.12

(q, J = 7.2Hz, 16H, N CH2 CH3), 7.07 (t, J = 7.3Hz, 2H, C H), 7.23 (m, 7H,

Ph H), 7.86 (m, 3H, Ph H); 13C NMR (126MHz, CD3CN) 7.70 (N CH2 CH3),

53.01 (t, (N CH2 CH3), 114.07 (C H), 125.82 (Ph), 127.27 (Ph), 128.52 (Ph),

130.55 (Ph), 143.96 (Ph C); ν̃max/cm
−1 (KBr) 2968 (C H), 1018 (m), 878 (vw,

Mo O), 799 (m); MALDI-TOF m/z: M calcd for 97MoC16H12OS4: 445.88; found:

445.77.

8.27 (Et4N)2[MoO(S2C2EtPh)2] (79)

MoS
S

S
S

O

(Et4N)2

To a flame-dried side-arm flask 1,3-dithiol-2-one-4-phenyl-5-ethyl (0.445 g, 2mmol)

was added and dissolved in methanol (51mL, dry, degassed). This solution was

cooled to 0 ◦C and potassium hydroxide (0.281 g, 5mmol) was added. After leaving

the solution to stir for 2 hours, K3Na[MoO2(CN)4]·6H2O (0.480 g, 1mmol) was dis-

solved in water (11mL distilled, degassed), and added to the gold, dithione solution.

The subsequent blue solution was left to stir for 2 hours and 30 minutes at 50 ◦C
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where it moved through a variety of colours before settling as a red/yellow colour.

Tetraethylammonium bromide was added and the solution was left to stir for 45

minutes. After reducing the solution to dryness, acetonitrile (80mL, dry, degassed)

was added resulting in yellow residue and red liquor. The residue was filtered from

the liquor and reduced to a minimum. Slow addition of diethyl ether elucidated

a red precipitate. Removing the liquor and taking to dryness gave a red/yellow

film (0.244 g, 32%). 1H NMR (500MHz, CD3CN) 1.16 (tt, J 1 = 7Hz, J 2 = 1.8Hz,

24H, N CH2 CH3), 3.15 (q, J = 7.3Hz, 16H, N CH2 CH3) 7.25 (m, 10H, PhH);
13C NMR (126MHz, CD3CN) 7.80 (N CH2 CH3), 16.32 ( CH2 CH3), 30.47

( CH2 CH3), 53.05 (t, N CH2 CH3)), 125.50 (CH2 CC C), 126.80 (Ph), 128.07

(Ph), 128.25 (Ph), 128.68 (Ph), 129.83 (Ph), 130.54 (Ph), 136.95 (CH2 CC C);

ν̃max/cm
−1 (KBr) 2966 (C H), 1017 (m), 939 (Mo O), 879 (w); MALDI-TOF

m/z: M calcd for 97MoC20H20OS4: 501.95; found: 501.92.

8.28 (Et4N)2[MoO(S2C2HBnOH)2] (80)

MoS
S

S
S

O

OH OH

(Et4N)2

To a flame-dried side-arm flask, 1,3-dithiol-2-one-4-benzyl alcohol (0.224 g, 1mmol)

was added and purged. This was dissolved in methanol (25mL, dry, degassed)

and cooled to 0 ◦C. Potassium hydroxide (0.141 g, 2.5mmol) dissolved swiftly

upon addition; the solution was left to stir for 2 hours affording a deep gold

solution. The solution was then heated to 50 ◦C and K3Na[MoO2(CN)4]·6H2O

(0.240 g, 0.5mmol), dissolved in distilled water (11mL, degassed), was transferred

via cannula which rapidly gave a red solution (5 minutes). After leaving to stir
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for 45 minutes, tetraethylammonium bromide (0.210 g, 1mmol) was added and

left to stir for another 45 minutes. The red solution was taken to dryness, re-

dissolved in acetonitrile (40mL, dry, degassed), and the liquor was removed from

the yellow residue to a fresh Schlenk. After recrystallisation from diethyl ether,

the red film obtained (0.080 g, 21%). 1H NMR (500MHz, CD3CN) 1.19 (tt, J 1 =

7Hz, J 2 = 1.8Hz, 24H, N CH2 CH3), 3.17 (q, J = 7.3Hz, 16H, N CH2 CH3),

4.50 (s, 4H, CH2 OH), 6.65 (s, 2H, C H), 7.16 (m, 5H, Ph-H), 7.32 (m, 5H,

Ph-H); 13C NMR (126MHz, CD3CN) 7.75 (N CH2 CH3), 53.09 (N CH2 CH3),

64.37 ( CH2 OH), 126.67 (Ph), 127.59 (Ph), 129.59 (Ph), 130.54 (Ph), 131.50

(Ph); ν̃max/cm
−1 (KBr) 3431 (O H), 2925 (C H), 1024 (w), 887 (vw, Mo O);

MALDI-TOF m/z: M calcd for 97MoC18H16O3S4: 505.90; found: 505.86.

8.29 (Et4N)2[MoO(S2C2HPhNH2)2] (81)

MoS
S

S
S

O
H2N NH2

(Et4N)2

Within a flame-dried side-arm flask, 1,3-dithiol-2-one-4-para-aniline (0.105 g, 0.5mmol)

was dissolved in methanol (13mL, dry degassed). After cooling to 0 ◦C, potassium

hydroxide (0.0842 g, 1.5mmol) was dissolved in the solution and left to stir for 2

hours. Separately, K3Na[MoO2(CN)4]·6H2O (0.120 g, 0.25mmol) was dissolved in

water (5mL, distilled, degassed). After the two hours had elapsed, the dithione solu-

tion was heated to 50 ◦C and the molybdenum solution was transferred across and

left to stir for 45 minutes. Tetraethylammonium bromide (0.105 g, 0.5mmol) was

added to the red solution and left to stir for another 45 minutes. This was reduced

to dryness, taken up in acetonitrile (20mL, dry, degassed) and the liquor filtered off

from the yellow residue. The subsequent solution was reduced to a minimum, and
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with the slow addition of diethyl ether (dry, degassed) a red/brown film was obtained

(0.053 g, 29%). 1H NMR (500MHz, CD3CN) 1.19 (tt, J 1 = 7Hz, J 2 = 1.8Hz, 12H,

N CH2 CH3), 3.17 (q, J = 7.2Hz, 8H, N CH2 CH3), 4.05 (s, 2H, NH2), 6.56

(m, 4H, Ph H), 6.95 (s, 1H, chC-H), 7.60 (d, J 2 = 8.2Hz, 1H, Ph H); 13C NMR

(126MHz, CD3CN) 7.80 (N CH2 CH3), 16.32 ( CH2 CH3), 30.47 ( CH2 CH3),

53.05 (t, N CH2 CH3), 125.50 (CH2 CC C), 126.80 (Ph), 128.07 (Ph), 128.25

(Ph), 128.68 (Ph), 129.83 (Ph), 130.54 (Ph), 136.95 (CH2 CC C); ν̃max/cm
−1

(KBr) 3319 (N H), 2976 (C H), 1094 (s), 876 (Mo O), 802 (s); MALDI-TOF

m/z: M calcd for 97MoC16H14OS4 + H+: 476.90; found: 476.37.

8.30 (Et4N)2[MoO(S2C2Ph2)2] (34)

MoS
S

S
S

O

(Et4N)2

To a flame-dried side-arm flask, Mo(CO)2(S2C2Ph2)2 (0.083 g, 0.21mmol) was

dissolved in tetrahydrofuran (3mL, dry, degassed) to give a purple solution. 25%

in methanol tetraethylammonium hydroxide (227 µL, 0.41mmol) was added to give

a rapid formation of a red precipitate. The solution was left to stir for 8 hours and

then reduced to dryness. The brown powder was taken up in acetonitrile (7mL,

dry, degassed) and filtered into a fresh Schlenk flask. Slow addition of diethyl

ether (20mL, dry, degassed) gave an orange precipitate. The recrystallisation

with acetonitrile and ether was repeated twice more. Reducing to dryness gave a

red solid (0.056 g, 31%). 1H NMR (500MHz, CD3CN) 1.09 (tt, J 1 = 7Hz, J 2 =

1.8Hz, 24H, N CH2 CH3), 3.04 (q, J = 7.2Hz, 16H, N CH2 CH3), 6.94–7.17

(m, 20H, Ph H); ν̃max/cm
−1 (KBr) 2964 (C H), 1261 (m), 1097 (s), 880 (s);
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Raman Spectroscopy (Acetonitrile) 904 (Mo O); MALDI-TOF m/z: M calcd for
97MoC28H20OS4: 597.95; found: 597.68.

8.31 (Et4N)2[WO(S2C2HPh)2] (88)

WS
S

S
S

O
(Et4N)2

To a flame-dried side-arm flask, 1,3-dithiol-2-one-4-phenyl (0.194 g, 1mmol) was

added and purged. This was dissolved in methanol (25mL, dry, degassed) and

cooled to 0 ◦C. Potassium hydroxide (0.141 g, 2.5mmol) followed quickly and the

solution was left to stir for 2 hours. In another Schlenk flask K3Na[WO2(CN)4]·

6H2O (0.282 g, 0.5mmol) was dissolved in water (11mL, distilled, degassed). The

dithione solution was heated to 50 ◦C and the molybdenum salt solution was

transferred via cannula rapidly, giving a gold solution. After leaving this to stir for

45 minutes, tetraethylammonium bromide (0.420 g, 2mmol) was added. Following

another 45 minutes of stirring at 50 ◦C the solution was red in appearance. The

solvent was removed under reduced pressure and acetonitrile (80mL, dry, degassed).

This was filtered into another Schlenk and the solution was concentrated under

reduced pressure. Subsequent, slow addition of diethyl ether (80mL, dry, degassed)

gave a red precipitate. The remaining solvent was filtered off and the red precipitate

was recrystallised once more. Removing all the solvent under vacuum gave a red

solid (0.079 g, 20%). MALDI-TOF m/z: M calcd for 184WC16H12OS4: 531.94;

found: 531.93.
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8.32 (Et4N)2[WO(S2C2MeBnOH)2] (90)

WS
S

S
S

O

OH OH

(Et4N)2

To a flame-dried side-arm flask, the dithione, 1,3-dithiol-2-one-4-benzyl alcohol-

5-methyl (0.238 g, 1mmol), was added and purged. The dithione was dissolved

in methanol (26mL, dry, degassed) and cooled to 0 ◦C. Potassium hydroxide

(0.141 g, 2.5mmol) was added to this gold solution and left to stir for 2 hours; the

temperature of the solution was then raised to 55 ◦C. The tungsten precursor,

K3Na[WO2(CN)4]·6 H2O (0.282 g, 0.5mmol), was dissolved in distilled water

(11mL, degassed) and transferred to the dithione solution whereupon the solution

turned pink. Leaving this solution to stir for 45 minutes saw its colour change to

red/yellow and tetraethylammonium bromide (0.210 g, 1mmol) was added; this

was left to stir for another 45 minutes. The solution was taken to dryness and

dissolved in acetonitrile (40mL, dry, degassed). The yellow residue was filtered off

leaving behind a red liquor. Subsequent recrystallisation from diethyl ether yielded

a dark red film (0.070 g, 16%). ν̃max/cm
−1 (KBr) 3292 (O H), 2978 (C H), 2054

(s), 1454 (s), 1034 (s), 797 (m); MALDI-TOF m/z: M calcd for 184WC20H20O3S4:

619.98; found: 619.84.
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8.33 NBu4HCO2·HCO2H (92)

H

O
ON

The reaction was carried out following the method reported by DuBois and co-

workers.142 To a Schlenk flask, tetrabutylammonium hydroxide (12.6mL, 19mmol,

1.5m) was added followed by the dropwise addition of formic acid (0.96mL,

19mmol) over a 5-minute period. This was then left to stir at room temperature

for 3 hours affording a colourless solution. Water (0.5mL, distilled) was added and

the organic phase was extracted using ethyl acetate (3× 15mL). After drying over

magnesium sulphate, filtering, and reducing to dryness under reduced pressure,

diethyl ether was sonicated through the resultant colourless oil. The diethyl ether

was taken off and the oil was dried overnight. The white solid was recrystal-

lised by dissolving the solid in a minimum of tetrahydrofuran and layering with

hexane. A white solid was afforded (1.75 g (32%). 1H NMR (500MHz, CD3CN)

0.97 (t, J = 7.4Hz, 12H, CH2 CH2 CH2 CH3), 1.35 (sx, J = 7.4Hz, 8H,

CH2 CH2 CH2 CH3), 1.55–1.65 (m, 8H, CH2 CH2 CH2 CH3), 3.05-3.12(m,

8H, CH2 CH2 CH2 CH3), 8.46 (s, 2H, HCO2·HCO2H); 13C NMR (126MHz,

CD3CN) 13.78 ( CH2 CH2 CH2 CH3), 20.33 (t, CH2 CH2 CH2 CH3), 24.31

CH2 CH2 CH2 CH3), 59.33 ( CH2 CH2 CH2 CH3), 166.49 (HCO2·HCO2H).
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8.34 DFT Calculations

All calculations were performed using the Orca computational package.205,206 Geo-

metry optimisations were carried out using the triple-ζ basis set, def2-TZVP.

Generalised-gradient approximation (GGA), meta-generalised approximation (meta-

GGA), and hybrid functionals were used in the geometry optimisation: BP86,

B3LYP, PBE0, TPSS, and ωB97X.188–190,192,193,204,216,217,240 Structures were geo-

metry optimised in the gas phase with the default convergence criteria and confirmed

as minima through frequency calculations where imaginary stretches (negative

frequencies) were looked for. Initial atom coordinates for the molybdenum-oxo

bis-dithiolene core were obtained from the [MoV(bdt)2]– crystal structure, and

subsequent structural additions were refined from there through geometry optim-

isations.130

8.35 Catalytic Studies

8.35.1 Electrocatalytic Proton Reduction Studies

To the working electrode compartment of a three-compartment cell under an

argon atmosphere, the catalyst (0.05mm) was dissolved in a tetrabutylammonium

tetrafluoroborate/acetonitrile solution (0.1m). Equivalents of trifluoroacetic acid

were added (not in a glove box), and then CVs were taken.

8.35.2 Photocatalytic Carbon Dioxide Reduction Studies

To a 4mL Young’s tap quartz cuvette under an argon atmosphere, the photo-

sensitiser ([Ru(bpy)3]Cl2, 0.5mm), the base, triethanolamine, and carbon dioxide

saturated acetonitrile (1 : 5, v/v), the sacrificial proton and electron donor (BIH,

Scheme 6.1, 0.1m) and the catalyst (0.05mm) were added. This solution was
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irradiated for 15 hours using a xenon lamp (400 nm–1200 nm). A sample of the

cuvette head space was taken and a gas chromatogram was recorded to test for

any carbon monoxide and hydrogen production. To test for formate production, a

sample of the solution was passed through an ion exchange chromatography system.

8.35.3 Electrocatalytic Formate Oxidation Studies: Order

with Respect to Formate

In a glove box with an argon atmosphere, to the working electrode compartment of

a three-compartment cell, the catalyst (0.05mm) was dissolved in a tetrabutylam-

monium tetrafluoroborate/acetonitrile solution (0.1m). A 3mm diameter glassy

carbon electrode was used as the working electrode; the counter electrode was a

platinum wire; a silver wire as a pseudo-reference electrode. Starting with zero

equivalents of tetrabutylammonium formate (92), twelve CVs were performed

until 170 equivalents of the formate salt were added. After the final addition of

tetrabutylammonium formate (92), ferrocene was added as an internal reference.

The changes in the CV wave currents were measured and the appropriate plots

were constructed to determine the order with respect to formate.

8.35.4 Electrocatalytic Formate Oxidation Studies: Order

with Respect to Catalyst

In a glove box with an argon atmosphere, to the working electrode compartment of a

three-compartment cell, tetrabutylammonium formate (92) 8.2mm was dissolved in

a solution of tetrabutylammonium tetrafluoroborate/acetonitrile (0.1m). Aliquots

of catalyst were added until the concentration of catalyst reached 6mm. A 3mm

diameter glassy carbon electrode was used as the working electrode; the counter

electrode was a platinum wire; a silver wire was used as a pseudo-reference electrode.
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After the final addition of catalyst, ferrocene was added as an internal reference.

The changes in the CV wave currents were measured and the appropriate plots

were constructed to determine the order with respect to the catalyst.

8.35.5 Oxygen Atom Transfer Catalytic Studies: 31P NMR

Spectroscopy

In a glove box with an argon atmosphere, to a Young’s tap NMR tube, 3mm of

catalyst, and 9mm of triphenylphosphine were added. Outside of the glove box,

DMSO (dry, degassed, 0.5mL) was added to dissolve the solid material in the

NMR tube. The experiment was monitored over a 32-hour period using 31P NMR

spectroscopy, where a spectrum was taken every 4 hours.

8.35.6 Oxygen Atom Transfer Catalytic Studies: UV/Vis

Spectroscopy

In a glove box with an argon atmosphere, to a Young’s tap NMR tube, 3mm of

catalyst, 9mm of triphenylphosphine, and trimethylamine N -oxide (12mm) were

added. Outside of the glove box, DMSO (dry, degassed, 0.5mL) was used to

dissolve the solids in the NMR tube. The experiment was monitored over a 32-hour

period using 31P NMR spectroscopy, where a spectrum was taken every 4 hours.

8.36 X-Ray Crystallography

For each sample, crystals were suspended in oil and one was mounted on a glass

fibre and fixed in the nitrogen stream of the diffractometer. Data was collected

using either Cu-Kα radiation (λ = 1.541 84Å) using a Rigaku FR-E++ equipped

with a copper rotating anode, equipped with confocal mirrors (75) or Mo-Kα
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(λ = 0.710 73Å) radiation (84, 85, 86). Data was collected and processed using

CrystalClear-SM Expert and CrysAlisPro.241

Structures were determined through dual space methods in SHELXT-2018242

and refined by full-matrix least-squares methods on F 2 in SHELXL-2018.243 Non-

hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen atoms

bound to carbon were included in idealised positions and their Uiso values were set

to ride on the Ueq values of the parent atom.
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8.37 Non-Standard Glassware: The Hexa-Schlenk

Flask

The Hexa-Schlenk flask was developed as a workaround to the scalability problem

affecting the radical dithione insertion reactions by performing six reactions simul-

taneously. It comprises six Schlenk flasks joined together through glass bridges in

a hexagonal formation, with two Young’s Taps for connection to the Schlenk line.

Figure 8.1 shows the glassware.

Figure 8.1: The Non-Standard Glassware, the Hexa-Schlenk.
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