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Abstract 

To mimic the single-electron transfer (SET) mechanisms prevalent in 

molybdoenzymes, a number of recently reported molybdenum-oxo catalytic systems 

use light activation to achieve effective oxygen atom transfer (OAT). The wider 

applicability of such systems is hindered by complicated ligand synthesis, limited 

reaction scope, and the need for additional mediators to achieve catalytic turnover. 

This study focuses on the development of relatively simple molybdenum complexes 

that are capable of independent photocatalytic OAT reactions.  

Thirty-one [cis-MoVIO2]-based complexes with a range of salicylidene aminophenol 

(SAP) ligands were synthesised and characterised using NMR, FTIR, UV-visible 

spectroscopies and mass spectrometry. Structural diversity was achieved by 

introducing functional groups with different electronic properties into the ligand 

scaffold. The substituents did not affect the spectroscopic profiles of the complexes, 

but strongly influenced their OAT reactivity. Only the complexes bearing strong 

electron-withdrawing groups (EWGs) achieved high catalytic turnovers in the 

benchmark photocatalytic OAT reaction between PPh3 and DMSO under irradiation. 

This allowed the rational design of the most active OAT photocatalyst to date, [cis-

MoVIO2(SAP-(CN)2)(MeOH)], which exhibited quantitative substrate conversion after 

70 minutes of irradiation.  

The catalytic mechanism associated with the photoactive [cis-MoVIO2(SAP-

(R)2)(MeOH)] complexes was investigated using in situ FTIR spectroscopy, 1D and 

2D NMR spectroscopy, as well as TD-DFT calculations and electrochemical 

analysis. Studies strongly suggested the formation of a reduced monomeric [MoIVO]-

based catalyst intermediate during photocatalytic OAT. Furthermore, the activity of 

the photocatalysts was observed to be governed by the strength of EWGs present 

in the catalyst structure, and not the generation of the LMCT-excited states that 

initiate the catalytic cycle. The obtained results led to the proposal of three potential 

reaction mechanisms that could operate under the employed conditions. Further 

studies are required to elucidate which pathway dominates the OAT reaction 

catalysed by the novel photoactive [cis-MoVIO2]-based complexes. 
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Chapter 1. Introduction 

The worldwide demands for energy continue to increase with every year, mainly 

influenced by the growth of global population, the economic expansion, and the  

ceaselessly accelerating progress of energy-intensive technologies.1,2 In past 

several decades, the largely harmful consequences of energy production and 

consumption on humanity and the environment (e.g. non-degradable waste,3ï5 

pollution,1 greenhouse emissions,6 etc.) have become undeniable, and the need to 

solve these issues in an intersectional and all-encompassing manner has become 

crucial to guarantee the long-term survival of the planet, as well as future 

generations.7ï9 In 2015, the United Nations established the 17 Sustainable 

Development Goals for the 2030 Agenda for Sustainable Development (Figure 

1.1).10 Amongst other causes, the production of clean energy, the innovation of 

industry, and the urgent need of environmental preservation have been highlighted 

as the key areas (Table 1.1) affected directly by the extensive energy consumption 

and requiring urgent global action. Although the effectiveness of such policies and 

the achievement of these goals have been widely debated,11ï15 the improvement in 

interdisciplinary efforts as well as a rise in peopleôs awareness cannot be denied. 

 

Figure 1.1. The graphical representation of the 17 Sustainable Development Goals 

established by the United Nations in 2015.16  
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Table 1.1. The more detailed descriptions of the 17 Sustainable Development Goals 

established by the United Nations in 2015;10 the goals directly affected by the extensive 

energy consumption are in italics. 

 Goal Description 

1 No poverty End poverty in all its forms everywhere 

2 Zero hunger 
End hunger, achieve food security and improved nutrition and 
promote sustainable agriculture 

3 
Good health and  
well-being 

Ensure healthy lives and promote well-being for all at all ages 

4 Quality education 
Ensure inclusive and equitable quality education and promote 
lifelong learning opportunities for all 

5 Gender equality Achieve gender equality and empower all women and girls 

6 
Clean water  
and sanitation 

Ensure availability and sustainable management of water and 
sanitation for all  

7 
Affordable and  
clean energy 

Ensure access to affordable, reliable, sustainable and modern 
energy for all 

8 
Decent work and economic 
growth 

Promote sustained, inclusive and sustainable economic 
growth, full, productive employment and decent work for all 

9 
Industry, innovation 
and infrastructure 

Build resilient infrastructure, promote inclusive and 
sustainable industrialization and foster innovation 

10 Reduced inequalities Reduce inequality within and among countries 

11 
Sustainable cities  
and communities 

Make cities and human settlements inclusive, safe, resilient 
and sustainable 

12 
Responsible consumption 
and production 

Ensure sustainable consumption and production patterns 

13 Climate action Take urgent action to combat climate change and its impacts 

14 Life below water 
Conserve and sustainably use the oceans, seas and marine 
resources for sustainable development 

15 Life on land 

Protect, restore and promote sustainable use of terrestrial 
ecosystems, sustainably manage forests, combat 
desertification, and halt and reverse land degradation and halt 
biodiversity loss 

16 
Peace, justice and  
strong institutions 

Promote peaceful and inclusive societies for sustainable 
development, provide access  to justice for all and build 
effective, accountable and inclusive institutions at all levels 

17 
Partnerships for  
the goals 

Strengthen the means of implementation and revitalize the 
Global Partnership for Sustainable Development 

 

The chemical industry at large contributes significantly to the negative environmental 

impact of humanity through immense energy consumption (ó10% of global total final 

energy consumptionô)17 and pollution (e.g. ó7% of greenhouse gas emissions 
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associated with industryô).17 There is a clear need to improve energy-intensive 

synthetic processes, to reduce the (chemical) waste production, and to adopt 

renewable chemical and energy feedstocks in global chemical processes.18ï20 One 

of the ways to achieve this is to employ highly efficient and selective catalysts for 

chemical reactions relevant to industry.21 The importance of catalysis is also 

highlighted in the 12 Principles of Green Chemistry (Table 1.2).22 Although it is 

estimated that around 90% of industrial chemical processes utilise catalysts,21 the 

need for more energy efficient and more renewable catalytic systems remains at the 

forefront of the development of sustainable industries.23 

Table 1.2. The 12 Principles of Green Chemistry, established by Anastas and coworkers.22 

 Principle Description 

1 Prevention 
It is better to prevent waste than to treat or clean up waste after it 
is formed 

2 Atom economy 
Synthetic methods should be designed to maximize the 
incorporation of all materials used in the process into the final 
product 

3 
Less hazardous 
chemical syntheses 

Wherever practicable, synthetic methodologies should be 
designed to use and generate substances that possess little or no 
toxicity to human health and the environment 

4 
Designing safer 
chemicals 

Chemical products should be designed to preserve efficacy of 
function while reducing toxicity 

5 
Safer solvents and 
auxiliaries 

The use of auxiliary substances (e.g. solvents, separation agents, 
etc.) should  be made unnecessary wherever possible and, 
innocuous when used. 

6 
Design for energy 
efficiency 

Energy requirements should be recognized for their environmental 
and economic impacts and should be minimized. Synthetic 
methods should be conducted at ambient temperature and 
pressure. 

7 
Use renewable 
feedstocks 

A raw material of feedstock should be renewable rather than 
depleting  wherever technically and economically practicable. 

8 Reduce derivatives 
Unnecessary derealization (blocking group, protection 
/deprotection, temporary modification of physical/chemical 
processes) should be avoided  whenever possible. 

9 Catalysis 
Catalytic reagents (as selective as possible) are superior to 
stoichiometric  reagents. 

10 
Design for 
degradation 

Chemical products should be designed so that at the end of their 
function they do not persist in the environment and break down 
into innocuous degradation  products. 

11 
Real-time analysis for 
pollution prevention 

Analytical methodologies need to be further developed to allow for 
real-time, in-process monitoring and control prior to the formation 
of hazardous  substances. 
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12 
Inherently safer 
chemistry for accident 
prevention 

Substances and the form of a substance used in a chemical 
process should be chosen so as to minimize the potential for 
chemical accidents, including  releases, explosions, and fires. 

 

1.1. Oxidation reactions 

Oxidation is one of the prominent chemical industrial reactions that has been 

highlighted as a potential process that could benefit from the improvement of 

existing, or the development of completely new catalytic systems.21,24 For example, 

oxidative dehydrogenation of ethane gas using oxygen over vanadium, 

molybdenum, or tungsten catalysts has been reported to produce higher yields of 

the target product ethylene compared to the steam cracking process widely utilised 

in industry.21,25 The oxidative dehydrogenation of propane using similar catalytic 

systems still requires significant improvements in product selectivity (propylene over 

ethylene formation),25 but the potential of alternative novel catalysts to the 

established industrial processes is evident.  

Similarly, oxygen-containing compounds are central building blocks in the synthesis 

of fine-chemicals. Oxygen-based functionalities, such as epoxides, aldehydes, 

ketones, sulfoxides, etc.,26,27 play an important role both as intermediates and end-

products due to their inherent chemical or biological activity. Aldehydes and ketones 

undergo a plethora of addition, substitution, and redox reactions to produce various 

compounds,28,29 and are also important structural features in pharmaceuticals 

(Figure 1.2a-b). Epoxides are relatively reactive species, and are used in 

polymerisation and reductive cleavage reactions to give the respective polyether and 

alcohol products, with pro-chiral epoxides yielding chiral end-compounds.30ï32 

Additionally, the epoxide group is a prominent functionality in various drug structures 

exhibiting anticancer, antimalarial, and antimicrobial properties (Figure 1.2c-d).33 

Sulfoxide-containing compounds are well-established in drug design,34,35 and are 

widely used as proton pump inhibitors to treat stomach ulcers; additional applications 

of sulfoxides include use as insecticides and antibiotics (Figure 1.2e-f). 
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Figure 1.2. The selected examples of ketone, aldehyde, epoxide and sulfoxide 

functionalities (highlighted in red) in bioactive molecules: a) bromfenac, an anti-inflammatory 

drug; b) protocatechuic aldehyde, used for atherosclerosis treatment; c) ixabepilone, an 

anticancer drug; d) epoxy-bicyclic endoperoxide derivative, an antimalarial drug; e) 

pantoprazole, used in stomach ulcer treatment; f) fipronil, an insecticide. 

As a result, such compounds are desirable synthetic targets, requiring convenient, 

commercially accessible and industrially viable production routes. One of the ways 

to directly synthesise these compounds is by employing oxygen atom transfer (OAT) 

reactions, during which the oxygen is transferred from the oxo-donor to the oxo-

acceptor (substrate). To achieve these transformations, the industrial processes still 

heavily rely on the use of stoichiometric oxidising agents (e.g. permanganates 

[MnO4]ï, dichromates [Cr2O7]2ï, iodosylbenzene, peroxy acids, etc.),36 which have 

heightened risks for adverse health and ecological effects. The use of 

heterogeneous and homogeneous OAT catalysts (e.g. [OsO4], [WO4]2ï, Jacobsenôs 

catalyst, zeolites, etc.) with more benign bulk chemicals as terminal oxygen donors 

(e.g. peroxides or O2) has been encouraged as the greener alternative for often 

outdated industrial processes.24,36ï38 Further development and improvement of the 

selective and high-yielding catalytic systems for industrial applications can ultimately 

lead to overall more sustainable chemical processes on a large scale. 

 

a) b) c) 

d) e) f) 
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1.2. Enzymatic oxygen atom transfer reactions 

1.2.1. Biocatalysis in chemical industrial processes 

In nature, enzymes are the ultimate catalysts capable of efficient, selective and 

extremely fast biochemical reactions. Enzymes exhibit some excellent catalytic 

properties, such as outstanding substrate specificity, remarkable product chemo-, 

regio- and stereoselectivity, the ability to function under ambient or mild reaction 

conditions, and often low toxicity to humans or the environment.39,40 As such, they 

have become attractive alternatives in industrial applications, replacing chemical 

catalysts in pharmaceutical, agricultural, food, detergent, and even plastic 

industries.39ï42 For example, 7-aminocephalosporanic acid, a precursor for 

cephalosporin-based antibiotics, was successfully synthesised in an industrial batch 

reactor using -amino acid oxidase and glutaryl amidase enzymes (Figure 1.3).42,43 

The substrate (cephalosporin C) was converted to the desired product in two steps 

within 2.5 hours, with the overall 100% conversion and 91% selectivity. This single-

pot reaction is more advantageous compared to the previously described chemical 

pathway, involving multiple steps and use of more hazardous chemicals (e.g. 

chloroform and phosphorus pentachloride).44 

 

Figure 1.3. The simplified reaction scheme for the 7-aminocephalosporanic acid synthesis 

from cephalosporin C in a single pot reaction, catalysed by -amino acid oxidase and glutaryl 

amidase enzymes reported by Tan et al.43 

Nonetheless, the use of enzymes on an industrial scale comes with its own 

challenges: high substrate specificity might limit the reaction scope of the enzyme; 

incompatibility with the reaction conditions (e.g. organic solvents or high substrate 

loadings) might lead to inactivity or denaturation; enzymes depend on expensive or 
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synthetically-challenging cofactors; the production and purification of enzymes is 

often an expensive and labour-intense process.39,40 In recent decades, these 

drawbacks have been addressed through protein engineering, directed evolution, 

enzyme immobilisation, and the use of whole-cell catalysis among other 

methods.39,41 For example, antidiabetic Sitagliptin was successfully synthesised with 

a transaminase ATA-117 derivative which was engineered via several rounds of 

directed evolution (Figure 1.4).41,45 The optimised enzyme achieved high yield (92%) 

and excellent selectivity (>99.9% ee) for the target product. The enzymatic synthesis 

route effectively outperformed the previously employed Rh-based catalyst, which 

required the use of high pressure H2 gas, and was less active compared to the 

developed transaminase.41 With the continuous development of novel 

biotechnological processes and applications, biocatalysis is implemented in more 

and more chemical industrial processes as an  important sustainable alternative to 

traditional catalysis. 

 

Figure 1.4. The simplified reaction scheme for the asymmetric synthesis of Sitagliptin using 

a transaminase ATA-117 mutant enzyme engineered via directed evolution, reported by 

Savile et al.45 

 

1.2.2. Oxotransferases  

Considering oxygen atom transfer reactions, oxotransferases are the primary 

enzymes that facilitate oxygen (atomic or molecular) transfer to and from substrates 

in biological systems. One of the biggest subclasses of this enzyme family are the 

molybdenum- and tungsten-containing enzymes, found in organisms from all three 

domains of life: Bacteria, Archaea and Eukaryota.46,47 Since the postulation of their 

existence in the 1950ôs,48 more than 50 Mo-containing enzymes have been isolated 
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and biochemically characterised.49 Molybdo- and tungstoenzymes are the only 

enzymes to contain a second and third row transition metal, showcasing the 

biological importance of both molybdenum and tungsten.50 Due to the inherently 

versatile redox properties of the central metal atoms and their ability to exist in 

multiple oxidation states (primarily shuffling between [MVI] to [MV] to [MVI] where M = 

Mo or W; and vice versa),51 molybdo- and tungstoenzymes are able to catalyse the 

OAT to and from carbon, nitrogen or sulfur-based substrates, with water acting as 

the terminal oxygen atom donor or acceptor.47 

Apart from the molybdenum nitrogenases that contain the iron-molybdenum cluster 

[Fe7MoS9C]ï (Figure 1.5a)52 at the active site and the unique copper-molybdenum 

cluster [CuMo2S8]3ï found in the orange protein (Figure 1.5b),53 all remaining 

molybdoenzymes share comparatively similar mononuclear catalytic centres.46,47 

The active sites are comprised of a single molybdenum as the metal centre, and 

contain at least one oxo-ligand as well as at least one pyranopterin dithiolene 

cofactor (Figure 1.5c).46,47 Tungsten-based enzymes have a very similar 

coordination sphere around the central tungsten atom.46,51 The pyranopterin 

dithiolene cofactor acts as a structural component anchoring the metal centre to the 

protein, and acts as a non-innocent ligand in catalytic reactions, facilitating the 

electron transfer to and from the active site.48 

 

a) b) 

c) 
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Figure 1.5. The simplified chemical structures of: a) the active site of bacterial nitrogenases 

containing the iron-molybdenum cluster [Fe7MoS9C]ï (FeMoco);52 b) the copper-

molybdenum cluster [CuMo2S8]3ï of the orange protein;53 c) the fully protonated pyranopterin 

dithiolene cofactor found in the remaining mononuclear molybdoenzymes and 

tungstoenzymes.47 

Based on the differences in the remaining coordinated ligands, the molybdenum 

oxotransferases are grouped into three main families of enzymes according to their 

active site structures: DMSO reductases, xanthine oxidases, and sulfite 

oxidases.46,50 Because tungsten-containing oxotransferases were discovered 

relatively recently, and contain fewer characterised examples with relatively similar 

active sites, these enzymes are often classed as one family; however, this is a topic 

of current debate in the community.49,51 The following sections briefly describe each 

class of the enzyme active sites, and provides a brief overview of the catalysed 

biochemical processes. 

 

1.2.2.1. Xanthine oxidases (XOs) 

The molybdoenzymes belonging to the xanthine oxidase (XO) family contain active 

site structures comprised of one pyranopterin dithiolene cofactor, an apical oxo 

ligand, and a hydroxy ligand around the central molybdenum atom (Figure 

1.6).46,47,54ï56 The fifth coordination site varies between the members of this class, 

with the sulfido ligand being the most common. Additionally, oxido, selenido, and 

sulfide-bridged copper species have been identified in several enzymes belonging 

to the XO family (vide infra). The OAT reactions at the molybdenum centre are 

enabled by additional redox-active centres present in the enzyme structure: two 

[Fe2S2] clusters and a flavin adenine dinucleotide (FAD).46,47 Within the XO domains, 

these structures are positioned at short distances (7-15 ¡) and align almost linearly 

with the active site, with both features facilitating single electron transfer (SET) 

events to and from the molybdenum centre during catalysis.47 The end electron-

acceptors (O2 in xanthine oxidase, or NAD+ in xanthine dehydrogenase) react with 

the FAD unit instead of a direct redox reaction with the Mo-active site,46 making SET 

crucial for efficient enzyme function. 
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Figure 1.6. The general structure of the molybdenum active site in enzymes of the xanthine 

oxidase (XO) family.46,47 

The general active site reaction mechanism of xanthine oxidases is proposed46,54 to 

commence by the deprotonation of the hydroxy ligand by a glutamate residue in the 

active site, which subsequently undergoes a nucleophilic attack on the substrate 

(e.g. xanthine, Figure 1.7). The hydride from the substrate is then transferred onto 

the sulfide ligand bound to the molybdenum centre, leading to partial bond breakage 

in the Mo=S moiety and the reduction of [MoVI] to [MoIV]. Subsequent proton-coupled 

SET from the reduced [MoIV] to other redox centres results in molybdenum oxidation 

to [MoV] and regeneration of the Mo=S group. The product dissociates from the 

active site after the hydroxy ligand is reconstituted from the aqueous media, and the 

molybdenum centre is once again oxidised via an SET event. 

Such a mechanism is largely applicable to all members of the xanthine oxidase 

family, although specific steps usually vary depending on the biochemical reaction 

conditions and the substrate being oxidised.46,56 In regards to substrates, the 

enzymes are able to hydroxylate a range of heterocyclic compounds (e.g. xanthine, 

quinoline) as well as aldehydes (e.g. acetaldehyde), participating in the metabolism 

of purines and alcohols. There are more unusual members of this family that 

exemplify the potential substrate scope of xanthine oxidases. Nicotinate 

dehydrogenase contains the labile selenido ligand (instead of a sulfido), which is 

essential for the effective hydroxylation of nicotinate to 6-hydroxynicotinate.46,55 4-

Hydroxybenzoyl-CoA reductase catalyses a reductive hydroxylation of the substrate, 

suggesting a reversed mechanism compared to the oxidative hydroxylation 

described above.46,55 CO dehydrogenase contains a heterobimetallic active site 

where the molybdenum and copper centres are bridged by a ɛ-sulfide ligand, with 
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the copper centre anchored to the protein structure via coordinated cysteine.46,55 

Such enzymes catalyse unusual oxidation of CO, with quinones indicated as the 

preferred substrates to reoxidise the molybdenum centre.46 

 

Figure 1.7. The catalytic mechanism of xanthine oxidation to uric acid catalysed at the 

molybdenum active site of xanthine oxidase, a representative of the XO family.46,54 

 

1.2.2.2. Sulfite oxidases (SOs) 

The members of the sulfite oxidase (SO) family exhibit molybdenum active sites 

similar to those of the XO family, but have less varied ligands around the 

molybdenum centre (Figure 1.8).46,47,54ï56 These active sites are constituted of one 

pyranopterin dithiolene cofactor, two oxo-ligands, and a sulfur donor from a cysteine 

residue directly coordinating to the molybdenum centre. The redox centres involved 

in SOs are primarily haem groups in cytochromes b and c.46,47,56 The haem groups, 

however, are positioned further away (16-30 ¡)47 from the molybdenum active sites 

compared to the redox active moieties in xanthine oxidases. The effective rapid 
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electron transfer is proposed to occur via a dynamic reorganisation of the SO protein 

domains during catalysis,46,47 which brings the haem unit closer to the molybdenum 

active site facilitating the SET processes. 

 

Figure 1.8. The general structure of the molybdenum active site in enzymes of the sulfite 

oxidase (SO) family.46,47 

The general mechanism46,47 is initiated by the nucleophilic attack of the lone pair of 

electrons from the substrate (e.g. lone pair on the sulfur centre in sulfite/hydrogen 

sulfite) onto the equatorial oxo ligand in the [MoVIO2]-core. The substrate binding is 

proposed to be facilitated by potential hydrogen bonding47,54 between the OH group 

of the hydrogen sulfide and the active site; potential hydrogen bond acceptors have 

been proposed to be the apical oxo-ligand, the ligating sulfur donor of the cysteine 

residue, or potential external base.46,47 The positively-charged arginine residue 

adjacent to the Mo-active site provides further stabilisation to the negatively charged 

incoming substrate and the formed reaction intermediate.54 The nucleophilic attack 

results in direct reduction of the [MoVI] to [MoIV], with the resultant product directly 

bound to the active site. The product is liberated by the binding of a hydroxy ligand, 

originating from water as the reaction solvent. Subsequent proton-coupled SET 

events with the haem redox-centres oxidise the [MoIV]-centre back to [MoVI], with 

oxygen acting as the terminal electron-acceptor for SO enzymes. 

The enzymes of the SO family catalyse a range of OAT reactions with a variety of 

biological substrates, primarily the oxidation of sulfites (e.g. hydrogen sulfite, 

dimethylsulfite).46,47 Multiple other SOs are able to also catalyse reduction reactions, 

with the mechanism proposed to occur in a reverse direction to that described 

above.46 Eukaryotic nitrate reductases belong to the SO family based on their active 

site structures, and contain an additional FAD cofactor for the effective reduction of 
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nitrate to nitrite.46,56 S-oxides and N-oxides have been also identified as substrates 

for YedY from E. coli, another member of SO family.57,58 Interestingly, the 

molybdenum centre has been elucidated to be in the [MoV] oxidation state in the 

isolated YedY enzyme, with a likely hydroxy group replacing one of the oxo-ligands 

coordinated to molybdenum.59ï61 The mitochondrial amidoxime reducing component 

(mARC) enzyme has been more recently identified from the human genome, and 

has been shown to reduce a variety of N-oxides, N-hydroxides and amidoximes;62ï

65 bacterial enzymes of similar structure and function have also been discovered.46,66 

 

Figure 1.9. The catalytic mechanism of hydrogen sulfite oxidation to hydrogen sulfate 

catalysed at the molybdenum active site of sulfite oxidase, a representative of the SO 

family.46,47,54 

 

1.2.2.3. Dimethylsulfoxide reductases (DMSORs) 

The dimethylsulfoxide reductase (DMSOR) family is the most diverse subgroup of 

molybdoenzymes.46,51,56,67 The active sites of DMSORs contain two pyranopterin 

dithiolene cofactors coordinating to the molybdenum centre, with two additional 
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coordinating ligands that vary significantly amongst the different enzymes (Figure 

1.10). The doubly-bonded ligand is often the oxo-ligand, although sulfido and 

selenido ligands have also been identified. The last vacant site is occupied by an 

amino acid residue from the protein, with cysteine, selenocysteine, serine and 

aspartate found to be most common.46,67 The redox centres present in DMSORs are 

much more diverse and often form more extensive electron transfer chains 

compared to XOs and SOs. These redox cofactors include several iron-sulfur 

clusters [Fe4S4], [Fe3S4], and [Fe2S2], as well as haem and flavin mononucleotide 

units, and their combinations vary from enzyme to enzyme.46,47,56 Formate 

dehydrogenase N from E. coli is one example that contains a complex chain of such 

cofactors that are all aligned across the protein structure in order to facilitate the SET 

events.46,47 

 

Figure 1.10. The general structure of the molybdenum active site in enzymes of the 

dimethylsulfoxide reductase (DMSOR) family.46,47,51,67 

Due to the large scope of catalysed reactions and substrates, only the mechanism 

of DMSO reduction is described as the example (Figure 1.11).54,68 The OAT reaction 

is proposed to occur at the reduced desoxo-form of the molybdenum active site, 

where the DMSO substrate binds to the [MoIV] centre via the oxygen atom. Upon 

binding, the molybdenum centre is oxidised from [MoIV] to [MoVI] by two electron 

transfer to the substrate, and the concomitant oxygen atom transfer to the 

molybdenum centre. The reduced substrate then dissociates, while the [MoVI] centre 

undergoes two sequential proton-coupled SET events. In the first step, the [MoVI] 

centre is formally reduced to the [MoV] state, and the oxo ligand is protonated to yield 

a hydroxy species. During the second proton-coupled SET, the [MoV] is further 
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reduced to [MoIV], with the hydroxy ligand receiving another proton and being 

liberated as water. In turn, the active site is regenerated and primed for the incoming 

substrate. The participation of pyranopterin ligands in redox mediation or proton 

transfer processes has been debated,68 with different DMSORs likely undergoing 

different mechanisms to the one described above. 

 

Figure 1.11. The catalytic mechanism of dimethylsulfoxide reduction to dimethylsulfide 

catalysed at the molybdenum active site of dimethylsulfoxide reductase, a representative of 

the DMSOR family.54,68  

The wide substrate scope of DMSORs exemplifies their versatility in multiple 

biological processes. The exemplary DMSO reductases are able to reduce not only 

dimethylsulfoxide, but also N-oxides (e.g. trimethylamine N-oxide, adenosine N-

oxide) and hydroxylamine.51 Another important function of DMSORs is in the 

anaerobic respiration processes of prokaryotic organisms, where various oxygen-

containing substrates such as nitrates, perchlorates, arsenates and polysulfides are 
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effectively reduced to the respective deoxygenated products.51,69 Previously 

mentioned formate dehydrogenases use formate as a substrate for the reversible 

oxidation to CO2, hence participating in the metabolic carbon cycles.46,56 

 

1.2.2.4. Tungstoenzymes 

Tungstoenzymes have also been identified and characterised alongside 

molybdoenzymes.49,51,55,70 Molybdenum and tungsten are biologically available in 

their fully oxidised forms (molybdate [MoO4]2ï and tungstate [WO4]2ï, respectively) 

in aqueous media, and exhibit a range of similar properties: comparable ionic radii 

of [MoVI] and [WVI], highly negative redox potentials, parallel coordination chemistry, 

etc.49,70 Therefore, it is not surprising that W-containing enzymes are able to catalyse 

OAT reactions similarly to the Mo-analogues. In some cases, tungsten was found to 

effectively substitute molybdenum in the active sites of DMSORs, retaining or even 

increasing their catalytic reaction rates.51,70 As a result, tungstoenzymes represent a 

specific case amongst the discussed oxotransferases. 

At the current time, the classification of tungstoenzymes remains somewhat 

ambiguous. Recent reviews49,51,71 often group these metalloproteins into a single 

category, or divide them into two subclasses: aldehyde oxidoreductases (AORs), 

which are exclusively W-based enzymes, and the dimethylsulfoxide reductases 

(DMSORs), which share the subclass with analogous Mo-based enzymes. The 

active sites of these two categories of enzymes share a lot of features, hence the 

grouping into a single family is justified. The active sites are comprised of the central 

tungsten atom ligated by two pyranopterin dithiolene moieties, with the remaining 

two sites occupied by one sulfido/oxo/selenido ligand, and a hydroxide or serine, 

aspartate, cysteine or selenocysteine amino acid residue (Figure 1.12).51 As such, 

tungstoenzyme active sites closely resemble those of the DMSOR family. However, 

all members of the AOR family contain a magnesium ion that bridges the two 

pyranopterin cofactors, distinguishing these tungstoenzymes from the W-based 

DMSORs.49 In addition, tungstoenzymes utilise ferredoxin as the natural redox 
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partner for electron transfer, although iron-sulfur clusters (e.g. [Fe4S4]) have also 

been identified in some protein scaffolds.51 

 

Figure 1.12. The general structure of the tungsten active site in enzymes of both W-based 

aldehyde oxidoreductase (AOR) and W-based DMSOR families.46,51,67 NB: the pterin-

bridging magnesium ion in the active sites of AORs is not shown.    

Only a few tungstoenzymes have been extensively studied in terms of their reaction 

mechanisms, hence the mechanistic understanding is still lacking.49,51 Further 

investigations of W-based AORs are limited by several experimental complications: 

AORs are significantly inhibited by O2 and require extremophilic conditions (e.g. 

>100ÁC temperatures) for optimal operation; the oxidation state of tungsten, the 

natural substrates, and the substrate binding modes to the active site are still not 

clearly identified; several natural forms of ferredoxin complicate the elucidation of 

the SET events.49 Tungstoenzymes belonging to DMSORs have received more 

attention with regard to their mechanisms (e.g. W-based formate dehydrogenases), 

but a generally accepted mechanistic pathway is still debated.72ï74 

Despite the lack of overall mechanistic consensus amongst scientists, 

tungstoenzymes have been shown to catalyse a range of reactions similar to the 

molybdoenzymes. Tungsten-exclusive AORs participate in detoxification of 

accumulated aldehydes by conversion to respective carboxylic acids.51 Furthermore, 

these enzymes are able to catalyse the reverse reaction of carboxylic acid reduction 

to aldehydes, albeit with much lower activities.51 Such reactivity is pertinent for 

biotechnological applications, for example, the biocatalysed production of ethanol 

from acetic acid.51 Anaerobic degradation of aromatic compounds by class II 

benzoyl-CoA-reductases, as well as acetylene oxidation to acetaldehyde by 
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acetylene hydratase of the DMSOR family have both been highlighted as the 

processes with a potential industrial interest.51  

1.2.3. Relevance to industrial catalytic applications 

Almost all classes of oxotransferases remain under intense investigation, with the 

discoveries of new molybdo- and tungstoenzymes widening the understanding of 

their importance in biological functions. As a result, there are many debates over 

their appropriate classification as well as their catalytic mechanisms. Based on their 

activity and lack of similarities in the peptide sequence, it was not so long ago 

suggested that the mARC enzymes (and similar bacterial molybdoenzymes capable 

of amidoxime reduction) should form a new molybdenum enzyme family instead of 

being classified as a clade in SO family.65 However, further studies and active site 

elucidation allowed the placement of mARC and related enzymes under the SO 

umbrella.59 Molybdenum and tungsten containing formate dehydrogenases have 

been at the heart of an intense mechanistic debate in the community as well. Based 

on collaborative investigations of the Leimk¿hler and Schulzke groups,74ï78 the 

formate dehydrogenases were proposed to conduct both OAT and C-H cleavage 

reactions with formate as the substrate, and proceed via a bicarbonate [HCO3]ï 

intermediate. The proposal has received significant criticism,77 and has been largely 

refuted by Hille and coworkers72,79ï83 in favour of the sulfido-assisted hydride transfer 

mechanism, where CO2 is the direct product of the reaction without the bicarbonate 

intermediate. A consensus on the mechanistic details of the formate dehydrogenase 

mode-of-action in the reversible formate oxidation  has not been reached yet. These 

examples show how new discoveries in the field can further improve and change the 

current understanding in the field of oxotransferases, indicating the potential of future 

applications of these enzymes. 

In addition to the need of a better mechanistic understanding, molybdenum and 

tungsten oxotransferases have not been reported as viable biocatalysts for 

industrially-relevant synthetic transformations due to further limitations.48ï50 As with 

most natural enzymes, the high substrate specificity limits the scope of the potential 

reactants that could undergo OAT,47 which is an undesirable feature for most 
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catalytic systems (as a certain level of reagent promiscuity could widen the reaction 

scope and catalyst applicability). Furthermore, oxotransferases carry out redox 

reactions which are facilitated by additional redox partners, such as previously 

discussed haem groups, iron-sulfur clusters, flavin nucleotide units, ferredoxin, 

etc.47,50 These cofactors enable the effective electron transfer from and to the 

enzyme active sites containing molybdenum and tungsten. Although recycling of 

FAD has been implemented in some industrial biocatalysis,84 decoupling the native 

oxotransferase systems has previously proven difficult,50 and considerable changes 

must be imposed on the modified enzyme systems to work. Despite these 

shortcomings, the elucidation of the active site structures of molybdo- and 

tungstoenzymes has presented an exciting and challenging opportunity to 

synthesise the inorganic Mo- and W-based complexes as functional models to 

develop new and efficient catalytic systems for OAT reactions.47,70,85,86 

 

1.3. Inorganic Mo- and W-complexes as functional models 

for biological OAT reactions 

Since the discovery and investigations into their immediate coordination 

environment, the active sites of molybdenum and tungsten oxotransferases have 

inspired many structural and functional model complexes utilising a plethora of 

different ligands. The early investigations were mainly focused on scaffolds 

containing sulfur, nitrogen and oxygen donor atoms, as these elements were 

identified to be directly coordinated to the molybdenum centre at the enzyme active 

sites.56,87,88 Based on the initial observations, it was assumed that sulfur coordination 

is essential to obtain Mo-based complexes with appreciable catalytic activity; in later 

research, complexes containing only nitrogen and oxygen donor ligands were shown 

to also be reliable catalysts.85,89 Numerous examples of structural and functional 

models of molybdo- and tungstoenzyme active sites capable of effective OAT 

reactions have been reported over the last five decades. Due to the breadth of the 

field, only a number of selected models will be discussed in the following section, 
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highlighting the structural and catalytic challenges that have been overcome, and 

focussing on most recent developments in the field. 

1.3.1. Mo- and W-complexes with sulfur-containing ligands 

Early investigations of functional model complexes for molybdenum-based 

oxotransferase active sites mainly focused on sulfur-containing ligands. Dithiolenes 

and dithiocarbamates were used to synthesise molybdenum-based complexes with 

a [cis-MoVIO2] core and two (S,S)-coordinated bidentate ligands,90ï92 quite closely 

mimicking the two pyranopterin dithiolene cofactors present in the enzyme active 

sites of the DMSOR family. Such complexes exhibited stoichiometric OAT activity 

towards PPh3 under an aerobic atmosphere at room temperature. The second-order 

rate constants obtained for a [cis-MoVIO2(S2CNEt2)2] complex by Durant et al. (k2 = 

0.6-2.8 dm3 mol-1 s-1)91 were in line with the first reports of such complexes (k2 = 2.3 

dm3 mol-1 s-1, reported by Barral et al.).90 The authors propose a bimolecular reaction 

mechanism between [cis-MoVIO2(S2CNEt2)2] and PPh3 (Figure 1.13), where the 

reaction is initiated by a nucleophilic attack of the phosphine substrate on one of the 

oxo-ligands, i.e. the phosphorus lone pair is donated into Mo=O ˊ* orbital. This 

results in formation of a [cis-MoIVO(S2CNEt2)2(O=PPh3)] species, where the 

molybdenum centre is reduced from [MoVI] to [MoIV].91  

 

Figure 1.13. The proposed bimolecular OAT reaction mechanism between [cis-

MoVIO2(S2CNEt2)2] and PPh3, proposed by Durant et al.91  

Such reaction mechanism was later corroborated by Topich and Lyon,93ï95 who have 

expanded the scope of ligand scaffolds to (O,N,S)-containing Schiff bases, such as 

salicylidene aminothiophenol (SSP) and salicylidene aminoethylthiol (SSE). The 

catalytic OAT reaction between the [cis-MoVIO2(SSP)(DMF)] and [cis-

MoVIO2(SSE)(DMF)] complexes (Figure 1.14) and PEtPh2 were deduced to be first 

order with respect to both the catalyst and the phosphine (i.e. second order 
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overall).94 This supported the bimolecular reaction mechanism proposal. 

Investigation of the electronic effects of the ligands strongly suggested that the 

sulfur-containing ligands make the molybdenum metal centre more easily reducible96 

compared to the oxygen-based ligands, resulting in higher catalytic activity in OAT 

reactions.94 Furthermore, the variation of substituents with different electronic 

properties on the phenyl ring in the ligand (Figure 1.14) affected the catalyst 

performance. It was noted that the presence of electron-withdrawing groups (EWGs; 

e.g. Cl and Br) increased the OAT reaction rates, while introduction of electron-

donating groups (EDGs; e.g. OMe) decreased it.94,95 Such behaviour is consistent 

with the proposed reaction mechanism (Figure 1.13), where the [cis-MoVIO2]-core is 

more óelectrophilicô due to EWGs in the ligand scaffold, facilitating the incoming 

electron density from the ónucleophilicô phosphine substrate.94 

 

Figure 1.14. The chemical structures of the [cis-MoVIO2]-based complexes with (O,N,S)-

containing Schiff bases reported by Topich and coworkers;93ï95 a) with the salicylidene 

aminoethylthiol ligand, [cis-MoVIO2(SSE)(DMF)]; b) with the salicylidene aminothiophenol 

ligand, [cis-MoVIO2(SSP)(DMF)]. 

Together with the publications from Rajan and Chakravorty,96,97 these reports 

detailed the potential catalyst deactivation pathways via the formation of the 

binuclear [(MoVO)2(ɛ-O)]-species (Figure 1.15). During the OAT catalysis, the initial 

[cis-MoVIO2] complex and the intermediate [MoIVO]-species (postulated to form 

immediately after the oxygen atom transfer to the substrate) undergo 

comproportionation to give the oxo-bridged [(MoVO)2(ɛ-O)] complex, which was 

deemed inactive.93ï95
 Further electrochemical studies have provided additional 

evidence to the thermal and kinetic inertness of these species.96,98 These studies 

a) b) 
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laid the ground for further investigations, and provided some important mechanistic 

insights for the catalytic systems of molybdoenzyme mimics.  

 

Figure 1.15. The proposed comproportionation pathway of the [cis-MoVIO2(SSP)(DMF)] and 

[cis-MoIVO(SSP)(DMF)]  complexes after the initial OAT reaction with PPh3 substrate, 

proposed by Topich et al.93ï95   

Notable efforts to avoid undesirable complex comproportionation have come from 

Holm and co-workers, who have exploited the sterically hindered 2,6-bis(2,2-

diphenyl-2-mercaptoethyl)pyridine (2,6-(C(Ph)2SH)2-py; S,N,S-ligation) and bis(4-

tert-butylphenyl)-2-pyridyl-methanethiolate (2-(C(tBu-Ph)2SH)-py; N,S-ligation) 

ligands (Figure 1.16).99ï102 Formation of the [(MoVO)2(ɛ-O)]-species was not 

observed in the catalytic reaction mixtures of [cis-MoVIO2(2,6-(C(Ph)2SH)2-py)(DMF)] 

with phosphines,99,100 although the data has been recently re-examined.103 

Nonetheless, comproportionation of [cis-MoVIO2(2-(C(tBu-Ph)2SH)-py)2] and [cis-

MoIVO(2-(C(tBu-Ph)2SH)-py)2] under catalytic conditions was only supressed in 

coordinating solvents (e.g. MeCN, THF, DMF), but persisted in benzene solutions, 

exhibiting a UV-visible band around 500 nm characteristic of the [(MoVO)2(ɛ-O)]-

complexes.102 In addition, the sterically hindered ligands enabled the isolation of the 



 

62 

reduced [MoIVO] complexes for the first time, allowing the assessment of their 

structural and spectral features independently of the initial [MoVI] species.100,102  

 

 

Figure 1.16. a) The OAT reaction between the [cis-MoVIO2(2,6-(C(Ph)2SH)2-py)(DMF)] 

complex and PPh3 in DMF yielding the mono-oxo [MoIVO]-intermediate reported by Berg 

and Holm.99ï101 b) The OAT reaction between the [cis-MoVIO2(2-(C(tBu-Ph)2SH)-py)2] 

complex and PPh3 in benzene yielding the [(MoVO)2(ɛ-O)]-intermediate reported by Berg 

and Holm.102 

The scope of the terminal oxygen atom donors was also expanded by subjecting the 

obtained mono-oxo [MoIVO] intermediates to various nitrones, N-oxides, sulfoxides, 

as well as diphenyl selenoxide, triphenylarsine oxide and periodate, which were all 

shown to successfully oxidise the [MoIVO]-centre back to the [cis-MoVIO2] core.102 

Notably, the biologically relevant biotin sulfoxide and benzyloxycarbonyl-protected 

methionine sulfoxide were selectively deoxygenated in the direct OAT reaction with 

a) 

b) 
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the [MoIVO] intermediates (Figure 1.17),100,102 proving that these complexes are 

viable functional models for molybdenum-dependent oxotransferases. 

 

Figure 1.17. The OAT reactions between the reduced [cis-MoIVO(2,6-(C(Ph)2SH)2-

py)(DMF)] complex and the biologically relevant sulfoxide substrates, reported by the Holm 

group;100 a) biotin sulfoxide; b) benzyloxycarbonyl-protected methionine sulfoxide. 

Holm and co-workers have also conducted one of the first direct comparisons 

between analogous Mo- and W-based catalysts for OAT reactions with phosphine 

esters.92 They employed the previously reported maleonitriledithiolate (mnt) ligand 

to synthesise [cis-MVIO2(mnt)2][X2] complexes (M = Mo or W; X = Et4N+, nBu4N+ or 

Ph4P+), and investigated the kinetics of the phosphine ester oxidation reactions. The 

comparison between the determined first order rate constants showed that the Mo-

based catalyst is two to four orders of magnitude faster at the OAT reaction 

compared to the tungsten analogue.92 The authors also provide a theoretical 

analysis of the reaction mechanism in line with the obtained experimental data, and 

propose that both steps ï phosphine attack on the Mo=O bond and phosphine oxide 

release upon solvent coordination to the complex ï are associative in nature (Figure 

1.18).92 The postulated mechanism is described in more detail compared to the initial 

proposals by Durant et al.91 and Topich et al.,94 however, key mechanistic 

observations remain the same ï the nucleophilic attack of the lone pair on the 

phosphorus centre on the oxo-ligand in the [cis-MoVIO2]-core results in the reduction 

of the metal centre from [MVI] to [MIV], for both M = Mo and M = W.  

a) 

b) 
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Figure 1.18. The postulated mechanism for the OAT reaction between [cis-MVIO2(mnt)2]2ï 

and PPh3 proposed by Tucci et al.92 

The difference in the catalytic activity is ascribed to the inherent nature of the metal 

centres.92 Firstly, molybdenum is more easily reduced compared to tungsten, 

therefore the two-electron transfer that occurs during the OAT to the substrate has a 

lower activation barrier for a molybdenum catalyst than a tungsten analogue. 

Another consideration is the strength of the metal-oxo double bonds; the M=O bonds 

are deformed and partially broken during the initial nucleophilic attack from 

phosphine, suggesting that the weaker Mo=O bonds facilitate the bond breakage 

compared to W=O.92 The idea of lowered activity of tungsten-analogues of 

molybdenum complexes was also extended to molybdenum-based 

oxotransferases;92 however, the discovery of highly active tungstoenzymes in 

several biological systems has negated such assumptions.51 

In later research, thiosemicarbazones and dithiocarbazates (Figure 1.19) emerged 

as alternative ligand scaffolds to model the active sites of oxotransferases due to the 

ability to tune the electronic properties of the complexes through the substituent 

variations.104ï108 Both types of ligands coordinate to the [cis-MoVIO2]-core in a 

meridional fashion, and were shown to be effective catalysts for OAT reactions from 

DMSO to PPh3.104,105,108 Generally speaking, these catalysts showed very similar 
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properties to the previously described complexes with the (O,N,S)-Schiff bases. The 

only difference was observed in the significant improvement of the rates of 

phosphine oxidation reactions, where, under comparable reaction conditions, the 

thiosemicarbazone-based containing Mo-complexes were around 5 times more 

active (kOAT = 186 Ĭ 10-4 dm3 mol-1 s-1)105 than their SSP-based counterparts (kOAT = 

34.8 Ĭ 10-4 dm3 mol-1 s-1, respectively).95  

 

Figure 1.19. The chemical structures of the [cis-MoVIO2]-based complexes with (O,N,S)-

containing Schiff bases: a) with the dithiocarbazate ligands, reported by Bhattacharjee and 

Bhattacharyya;105 b) with the thiosemicarbazone ligands reported by Ducrot et al.104 

Because of the ease of structural tunability of thiosemicarbazones, Ducrot et al.104 

have investigated the substituent electronic effects on the catalytic reaction rates of 

OAT between DMSO and PPh3. From the linear Hammet plots of the relative reaction 

rates vs the ůp parameters of the investigated substituents, it is evident that EWGs 

facilitate faster oxidation of PPh3, while EDGs decrease the rate of the reaction, 

suggesting negative charge build-up during the rate determining step in the 

reaction.104 These results are consistent with the previously established OAT 

mechanism (Figures 1.13 and 1.18) that involves the donation of the phosphorus 

lone pair into the ˊ* antibonding orbital of the Mo=O bond, resulting in the reduced 

[MoIVO] intermediate. The systematic investigation of ligand electronic effects proved 

the tunable nature of such complexes, and provided grounds for the reaction scope 

expansion of such complexes. Recent publications outline the Mo-based 

thiosemicarbazone and dithiocarbazate complexes as the effective catalysts for the 

epoxidation of olefins using O2 or peroxides as the terminal oxygen donors.109ï111 

a) b) 
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These systems are capable of converting model alkene substrates (such as 

cyclooctene and styrene) in good yields (78-97%) to stereoselectively obtain the 

desired epoxides (82-99%).109,110  

Sulfur-based ligands are still widely investigated for coordination of molybdenum and 

tungsten centres to yield active catalysts for a variety of reactions. The Mºsch-

Zanetti group very recently reported a series of bidentate pyridine-2-thiolate (pyS) 

and pyrimidine-2-thiolate (pymS) ligands that effectively coordinate the [cis-MVIO2] 

(M = Mo, W) unit to yield the monomeric complexes.112ï120 The obtained [cis-

MoVIO2(pymS)2] and [cis-MoVIO2(4-Me-pyS)2] were shown to be active in catalytic 

OAT reactions between sulfoxides (DMSO and Ph2SO) and phosphines (PPh3 and 

PMe3).112 Interestingly, the [(MoVO)2(ɛ-O)]-intermediate that formed after the initial 

OAT between the [cis-MoVIO2] complexes and PPh3 (Figure 1.20a) did not appear to 

be catalytically inactive, and instead was proposed to participate in the catalytic cycle 

without limiting the catalytic rate of OAT. The formation of the [(MoVO)2(ɛ-O)]-species 

was prevented by the use of PMe3, which was found to effectively bind to the reduced 

[MoIVO] complex (Figure 1.20b). The generated [cis-MoIVO(pymS)2(PMe3)2] 

intermediate, however, impeded the catalytic OAT reaction due to the strong binding 

and slow dissociation of PMe3, inhibiting the subsequent reoxidation of the [MoIV]-

centre.112 Follow-up studies113 also highlighted that both [cis-MoVIO2(pymS)2] and 

[cis-MoVIO2(4-Me-pyS)2] complexes are competent catalysts in perchlorate 

reduction, mimicking the archaeal and bacterial (per)chlorate reductases (DMSOR 

family). Under the optimised reaction conditions in the presence of eight-fold excess 

of PPh3 compared to perchlorate, the [cis-MoVIO2(pymS)2] complex (10 mol%) 

achieved complete perchlorate reduction to chloride in 24 hours.113 Further reactivity 

towards nitrate ions has been reported for the [cis-MoVIO2(4-Me-pyS)2] complex, 

although catalytic activity is yet to be established.112 



 

67 

 

Figure 1.20. The catalytic cycles proposed by Ehweiner et al.112 for the OAT reactions 

between the [cis-MoVIO2(4-Me-pyS)2] complex and: a) the PPh3 substrate, forming the 

dinuclear [(MoVO)2(ɛ-O)]-intermediate; b) the PMe3 substrate, forming the mononuclear [cis-

MoIVO(pymS)2(PMe3)2] intermediate. 

a) 

b) 
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Almost two times faster phosphine oxidation was achieved with the analogous 

tungsten-based [cis-WVIO2(pymS)2] and [cis-WVIO2(pyS)2] complexes.115 The [WVI]-

centre was postulated to act as an electrophilic partner in the catalytic cycle, 

mediating the direct OAT between sulfoxide and phosphine substrates (Figure 1.21), 

which resembles the proposed mechanism of acetylene hydratases (DMSOR 

family).115 If such a pathway is preferred under the experimental conditions, the initial 

[cis-WVIO2] catalyst would not undergo the reduction of [WVI] to [WIV], nor the 

subsequent reoxidation, distinguishing the W-based system from the analogous Mo-

catalysts.115 Later investigations116 also revealed the potential of the [cis-WVIO2(4-

Me-pyS)2] complex to activate molecular O2 as the oxygen atom donor for the 

catalytic OAT with PMe3, albeit with significantly decreased selectivity for the OPMe3 

product (from 100% in DMSO-d6 under N2,115 to 68% in benzene under O2).116 The 

tungsten complexes have also been shown to react with acetylene gas, yielding 

some unexpected ligand-insertion products;118,120 however, the catalytic conversions 

of acetylene akin to the activity of acetylene hydratase have not been achieved. 

 

Figure 1.21. The catalytic mechanism of the [cis-WVIO2(4-Me-pyS)2]-facilitated direct OAT 

reaction between PPh3 and DMSO substrate, proposed by Ĺoroviĺ et al.,115 where the [cis-

WVIO2]-core acts as an electrophilic centre.  
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1.3.2. Mo- and W-complexes with ligands containing only oxygen 

and nitrogen coordinating atoms 

Due to their structural versatility, the ease of synthesis and the relevance to enzyme 

active sites, sulfur-based ligands have been extensively utilised to coordinate 

molybdenum and tungsten metal centres yielding a variety of catalysts with high 

activities towards OAT reactions. A considerable number of the discussed S-based 

ligands also contain both N- and O-donor atoms (e.g. (O,N,S)-Schiff bases), but their 

major structural, electronic and molecular properties are primarily determined by the 

coordinating sulfur atoms, as discussed in the literature.85,86 Further discussion is 

mostly centred on the ligands containing only nitrogen and oxygen ligating atoms. 

Such compounds have been initially developed simultaneously with the sulfur-based 

analogues, but in the later research were established as suitable scaffolds for 

modelling the active sites of oxotransferases in their own right, yielding metal 

complexes with distinctive catalytic activity profiles. 

Tridentate (O,N,O)-Schiff base ligands, such as the salicylidene aminophenol (SAP) 

and the salicylidene aminoethanol (SAE) scaffolds (Figure 1.22), were independently 

developed by the Chakravorty group96,97 and the Topich group,98,121,122 with the initial 

goal to synthesise the oxygen-based analogues for the (O,N,S)-Schiff bases. The 

similarity between these sulfur- and oxygen-based ligands is reflected in the 

properties of their respective molybdenum complexes. For example, both types of 

ligands coordinate meridionally to the [cis-MoVIO2]-core; upon the OAT reaction with 

the substrate, the reduced [MoIVO]-intermediates undergo comproportionation 

reactions with the initial [cis-MoVIO2]-species to yield largely inactive binuclear 

[(MoVO)2(ɛ-O)]-complexes; their electrochemical properties follow similar trends; 

both types of complexes are able to catalyse benchmark OAT reactions.96ï98,121,122 

Despite these similarities, it was noted early on that the complexes with (O,N,O)-

type ligands showed poorer OAT ability than the (O,N,S)-analogues.94,121 Such a 

property is mainly attributed to sulfur-coordinated molybdenum centres being easier 

to reduce compared to the oxygen-coordinated molybdenum complexes (based on 

their reduction potential trends, e.g.  Ered = -1.6 V vs Fc+/0 for [cis-MoVIO2(SSP)] and 

Ered = -1.8 V vs Fc+/0 for [cis-MoVIO2(SAP)]).98 The explanation for such behaviour 
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comes from the nature of the bond between the molybdenum centre and sulfur or 

oxygen.98 The more diffuse 3p orbitals of sulfur atoms allow a better overlap with the 

molybdenum 4d orbitals involved in forming the metal-ligand ů-bonds compared to 

the more contracted 2p orbitals of oxygen. This results in a greater extent of electron 

density delocalisation, in turn lowering the effective charge build up at the metal 

centre, decreasing the binding energy, and increasing the covalency of Mo-S 

bonds.98 As a result, it was stated by Topich and coworkers that the [cis-

MoVIO2(SAP)] and [cis-MoVIO2(SAE)] complexes ódo not model Mo oxidase 

enzymesô121 due to the lack of substantial OAT activity towards the model substrates. 

94,121 In a later review, Holm also agreed that ósulfur-ligated complexes are more 

easily reduced than their oxygen-ligated counterpartsô,85 but noted that the 

reducibility of these complexes is also highly influenced by the remaining structure 

of the ligands.85 

 

Figure 1.22. The chemical structures of the [cis-MoVIO2]-based complexes with (O,N,O)-

containing Schiff bases reported by the Chakravorty group96,97 and the Topich group;98,121,122 

a) with the salicylidene aminoethanol ligand, [cis-MoVIO2(SAE)(DMF)]; b) with the 

salicylidene aminophenol ligand, [cis-MoVIO2(SAP)(DMF)]. 

It could be hypothesised that such initial observations have somewhat deterred 

researchers from extensively exploring solely oxygen- and nitrogen-ligated 

molybdenum and tungsten complexes as potential OAT catalysts. Until the start of 

this century, very few publications have described Mo-catalysts with 

oxygen/nitrogen-based scaffolds that exhibit OAT reactivity, with most papers only 

focussing on the structural and spectroscopic characteristics of such complexes. 

Nevertheless, a number of catalytic molybdenum-based systems capable of efficient 

a) b) 
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OAT reactions are now known; however, the analogous tungsten-based complexes 

are still scarce.  

As discussed above, SAP ligands were first synthesised as analogues of SSP 

scaffolds, and have shown lower catalytic activity towards the benchmark OAT 

reactions with phosphine substrates.121 Later reports have focussed mostly on their 

structural features;123ï126 however, their catalytic potential was highlighted in the 

epoxidation of naturally-occurring olefins,123 a variant of OAT reactions discussed 

previously. The unsaturated fatty acid substrates have been oxidised to their 

respective epoxides in the presence of [cis-MoVIO2(SAP)(EtOH)] and excess 

tBuOOH or cumene hydroperoxide.123 The catalyst was compared to other 

molybdenum-containing complexes, and almost all species yielded moderate 

conversions (55-67%) and selectivities (60-87%). In the proposed associative 

catalytic cycle (Figure 1.23), the peroxide species coordinates to the molybdenum 

centre at the axial site, displacing the weakly coordinated solvent molecule.123 In this 

way, the peroxide is stabilised through hydrogen bonding by the equatorial oxo-

ligand in the adjacent cis-position. The catalyst intermediate is then approached by 

the olefin substrate, which reacts with the peroxide in an outer-sphere, concerted 

fashion, and does not explicitly interact with the molybdenum metal centre. After the 

OAT reaction and epoxide formation, the peroxide is proposed to form the respective 

alcohol species, which are replaced either by another peroxide (or solvent) molecule 

in the subsequent catalytic cycle. 
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Figure 1.23. The associative reaction mechanism of the catalytic epoxidation of oleic acid 

with tBuOOH in the presence of [cis-MoVIO2(SAP)(EtOH)] complex, proposed by Sobczak 

and Zi·ğkowski.123 

This mechanism was further explored by Agustin and co-workers,31,126ï128 who have 

focused their efforts towards organic-solvent-free olefin epoxidation systems. The 

benchmark system chosen for the mechanistic investigations consisted of 

cyclooctene (oxygen atom acceptor), tBuOOH (oxygen atom donor), and the [cis-

MoVIO2(SAP)] catalyst. Such a system exhibited good catalytic performance, yielding 

average substrate conversions of 80%, with increased selectivity of 98% for the 

epoxide product.31,128 By varying the reaction conditions (temperature, 

catalyst/substrate loading), the obtained results31 strongly supported the OAT 

mechanism described above. After solvent dissociation, the five-coordinate Mo-SAP 

complex forms an adduct with TBHP, activating the peroxide through inner 

coordination sphere interactions, such as Mo-O bonding and hydrogen bonding 

(Figure 1.23). These observations were further supported by DFT calulations.31,126 

The authors have also expanded the substrate scope to a natural product, limonene, 

which is more sterically hindered than the model cyclooctene substrate.126,128 The 
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most fascinating aspect of these systems is conducting catalysis in aqueous media 

provided by the peroxide solution, avoiding any use of organic solvents. This 

exemplifies that much desired greener routes for catalytic systems are viable.  

Hydrazones were the first reported (O,N,O)-ligands with an alternative scaffold 

structure to the SAP- or SAE-based ligands. These ligands have a common 

hydrazone unit as the ólinkageô between two terminal groups, one of which is usually 

a salicylidene derivative (Figure 1.24). Initial reports were mainly concerned with the 

ligand synthesis, and the spectral and electrochemical characteristics of the 

respective [cis-MoVIO2] complexes.129ï131 The briefly described OAT reactions 

between phosphines and DMSO catalysed by such complexes showed poor 

substrate conversions of around 5-10%.130 

 

Figure 1.24. The general chemical structure of the [cis-MoVIO2]-based complexes with 

hydrazone ligands reported by: a) Dinda et al.;129 b) Rao et al.;130 c) Ngan et al.131 

By introducing urea hydrogen peroxide as the oxygen atom donor, Amini et al.132 

expanded the reaction scope of the [cis-MoVIO2(salicylidene 2-picoloyl 

hydrazone)(MeOH)] complex to sulfide oxidation (Figure 1.25). The optimised 

catalytic system showed good conversions (71-97%) and exceptional selectivities 

(91-100%) for sulfoxide products bearing different alkyl and aryl substituents. 

Although lacking extensive mechanistic details, a dissociative OAT mechanism was 

proposed (Figure 1.25). The coordinated peroxide is hypothesised to immediately 

decompose to the respective alcohol (or water) which dissociates from the complex. 

The remaining oxygen atom from the peroxide reacts with one of the oxo-ligands in 
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the [cis-MoVIO2]-core, forming an oxo-peroxo [cis-MoVIO(ə2-O2)(salicylidene 2-

picoloyl hydrazone)(MeOH)] species. The intermediate then undergoes the OAT 

reaction with the sulfide substrate. The reaction pathway is similar to the previously 

described associative OAT mechanism with peroxides, but the two differ in the 

proposed catalytic intermediates. The reports on the mechanistic aspects of the Mo-

catalysed OAT reactions with peroxides have opposing views regarding which 

pathway is the dominant one.132ï134 Additionally, the steric and electronic nature of 

the peroxides and the oxygen atom accepting substrates used in the reactions could 

significantly influence the preferred mechanism.  

 

Figure 1.25. The dissociative reaction mechanism of the catalytic oxidation of 

dimethylsulfide with urea hydrogen peroxide in the presence of [cis-MoVIO2(salicylidene 2-

picoloyl hydrazone)(MeOH)] complex, proposed by Amini et al.132 

Nonetheless, the use of peroxides as oxygen atom donors has been highlighted in 

more recent reports of catalytic molybdenum-hydrazone complexes.133ï136 The 

model alkene substrates were shown to undergo highly efficient epoxidation 

reactions in the presence of a [cis-MoVIO2] complex with derivatised hydrazone 
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ligands, employing H2O2 or tBuOOH as the sacrificial oxygen donors. Under 

optimised reaction conditions, the respective cyclooctene and styrene epoxides 

were obtained in >90% yields under 2-5 hours of catalysis;135 the best performing 

catalysts showed turnover frequencies of 4900 h-1.134 Noteworthy are reports by 

Kargar et al.,137,138 where Mo- and V-based complexes with different electronic 

substituents on the hydrazone ligands (Figure 1.26a-b) were used for oxidation 

reactions. The benzylic alcohol and sulfide substrates were oxidised to the 

respective benzylic aldehyde and sulfoxide products in the presence of excess H2O2 

or urea hydrogen peroxide (Figure 1.26c-d). Vanadium complexes proved to be 

superior to molybdenum counterparts, exhibiting near 100% conversions and 

turnover frequencies of ~900 h-1.138 Although not part of the oxotransferase family, 

vanadium haloperoxidases are the enzymes capable of biological peroxide 

reduction;139 the equivalent molybdenum peroxidases are not known, but the mARC 

enzyme (SO family) has been recently shown to reduce hydrogen peroxide.140 

 

Figure 1.26. The general chemical structures of the [cis-MoVIO2]-based (a) and [VVO]-based 

(b) complexes with derivatised hydrazone ligands reported by Kargar et al.137,138 The 

complexes were shown to effectively catalyse the reactions of: c) sulfide oxidation to 

a) b) 

c) 

d) 
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sulfoxides and sulfones in the presence of excess H2O2;138 d) benzylic alcohol oxidations to 

benzaldehydes in the presence of excess urea hydrogen peroxide.137  

Although the salicylidene aminoalcohol (SAA) based [cis-MoVIO2] complexes have 

been previously structurally characterised,141ï146 only a small number of reports 

investigated their catalytic properties.147 A [cis-MoVIO2((tBu)2-SAA-(Me)2)(MeOH)] 

complex is of notable activity, catalysing OAT reactions with a wide scope of olefin 

and sulfide substrates in the presence of an excess of tBuOOH (Figure 1.27).147 The 

respective epoxide and sulfoxide products were obtained in good yields (80-100%) 

and exceptionally high selectivities (>92%).147 Furthermore, the active catalysts were 

observed to contain sterically hindering EDGs in the SAA scaffold (e.g. tBu 

substituents), which are proposed to prevent the formation of inactive dimeric 

[(MoVIO)(ɛ-O)(R-SAA-(Me)2)]2 species prior to undergoing the proposed associative 

peroxide mechanism (vide supra). Indeed, the catalysts exhibited a high degree of 

stability under catalytic conditions (up to 24 h), achieving appreciable turnover 

numbers (TON å 10 000).147  

 

Figure 1.27. a) The chemical structure of the [cis-MoVIO2]-based complex with a substituted 

salicylidene aminoethanol ligand, [cis-MoVIO2((tBu)2-SAA-(Me)2)(MeOH)], reported by 

Rezaeifard et al.147 The complexes was shown to effectively catalyse the oxidation of olefins 

(b) and sulfides (c) in the presence of excess peroxides.147  

a) 

b) 

c) 
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Introducing a chiral moiety into the SAA ligand scaffold, such as an additional alcohol 

group148 or an inherently chiral sugar group,149ï151 led to Mo-based catalysts capable 

of asymmetric OAT reactions. The trans-1,2-limonene epoxide product was obtained 

in 98% yield was stereoselectively (91% ee) formed from the reaction between (S)-

(ï)-limonene and an excess of H2O2, catalysed by a chiral [cis-MoVIO2(naph-SAA-

(OH)2)(MeOH)] complex (Figure 1.28a).148 Similarly, styrene was also 

stereoselectively oxidised by a -glucosamine-appended Mo-catalyst (Figure 1.28b) 

with cumene peroxide; the (R)-styrene oxide was obtained with moderate yields (54-

92%) and enantiomeric excess (48-67% ee).149 To a lesser extent, stereoselective 

formation of (R)-methyl phenyl sulfoxide (up to 10% ee) was demonstrated with [cis-

MoVIO2]-complexes ligated by 2-amino-2-deoxy-Ŭ--glucopyranoside-derived Schiff 

base ligands (Figure 1.28c). The conversions and selectivities for sulfoxide formation 

were high (>85% for both parameters).150 The molybdo- and tungstoenzymes do not 

produce chiral products in nature; hence, the discussed chiral Mo-complexes 

present a novel aspect of asymmetric catalysis to the already established OAT 

reactivity of the functional oxotransferase models. 

 

Figure 1.28. a) The chemical structure of [cis-MoVIO2(naph-SAA-(OH)2)(MeOH)] capable of 

enantioselective epoxidation of (S)-(ï)-limonene, reported by Karman et al.148 b) The 

a) 

b) 

c) 
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chemical structure of the [cis-MoVIO2]-based complex with a -glucosamine appended SAA 

ligand capable of stereoselective epoxidation of styrene, reported by Sui et al.149 b) The 

chemical structure of the [cis-MoVIO2]-based complex with a 2-amino-2-deoxy-Ŭ--

glucopyranoside derived SAA ligand capable of stereoselective oxidation of methyl phenyl 

sulfide, reported by Sah and Baig.150  

Recent work from the Nordlander group is also worth noting here;152ï158 the authors 

have synthesised a series of tetradentate ligands based on derivatised methylamino 

phenolate scaffolds, that are capable of tripodal coordination to the [MoVIO2]-core 

(Figure 1.29a). The developed Mo-catalysts were efficient at the benchmark OAT 

reactions in the presence of excess of peroxides (H2O2 or tBuOOH). The previously 

mentioned model alkene substrates (cyclooctene, styrene, limonene) were 

converted to the respective epoxides in very high yields (>95%) and excellent 

selectivities (>99%) (Figure 1.29d).154 The catalytic reaction mechanisms, however, 

were not investigated in detail. Due to the structural similarities, as well as the 

demonstrated semi-lability of the ligand scaffold to yield a vacant coordination site, 

it could be assumed that the reaction proceeds via associative or dissociative 

peroxide OAT mechanisms, as described above. Most interestingly though, the 

methylamino phenolate ligands were able to effectively ligate the high valent [WVIO2]- 

and [VVO]-cores (Figure 1.29b-c).155ï157 The obtained tungsten-based complexes, 

albeit less active, were competent in the selective epoxidation of cyclooctene to the 

respective epoxide (Figure 1.29d).156 The reaction rates were improved by 

exchanging the tBuOOH reagent with H2O2, which boosted the W-complex activity 

by a factor of two, if compared to the analogous Mo-catalyst.156 This report 

showcases one of the few examples where a [cis-WVIO2]-based complex with a 

nitrogen- and oxygen-based ligand scaffold showed significant catalytic OAT activity.  
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Figure 1.29. The chemical structures of the complexes with derivatised methylamino 

phenolate scaffolds reported by the Nordlander group:152ï158 a) the [MoVIO2]-based complex 

with a N-(2hydroxybenzyl)-N-(2-picolyl)glycine ligand, reported by Hossain et al.;153 b) the 

[WVIO2]-based complex with an aminoethanol bisphenolate ligand, reported by Dup® et 

al.;156 c) the [VVO]-based complex with an amino bis-alcohol monophenol ligand, reported 

by Hossain et al.155 d) The catalytic epoxidation of cyclooctene with the [MVIO2]-based, 

aminoethanol bisphenol ligand, reported by Dup® et al.156 

Recently, the Zhuo group159 reported a [MoVIO2]-catalyst with a chiral tetradentate 

salen ligand capable of stereoselective deoxygenative cyclopropanation reactions 

(Figure 1.30a). The complex is activated by a reaction with a phosphine oxygen 

acceptor, generating the reactive [MoIVO] intermediate. The intermediate 

subsequently reacts with an alkene-containing 1,2-diketone substrate, yielding the 

bicyclic product with a cyclopropane moiety.159 The stereoselectivity is determined 

by the enantiopure ligand containing two chiral centres, as well as the terminal 

alkene position within the utilised substrates (Figure 1.30b). The Mo-catalyst exhibits 

high  functional group tolerance for a variety of substrates, with excellent conversions 

(80-97%) and selectivities (around 90%) for the cyclopropanation product, which are 

obtained in appreciable enantiomeric excesses (>85%).159 Although the mechanism 

is not currently established, the complex has been observed to form the [(MoVO)2(ɛ-

O)]-species which are postulated to be catalytically active towards the 

a) b) 

d) 

c) 
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cyclopropanation of substrates. The report exemplifies how the specific ligand 

design could improve the benchmark OAT activities of the [MoVIO2]-complexes.159 

 

Figure 1.30. a) The chemical structure of the [MoVIO2]-based complex with a tetradentate 

salen ligand reported by Cao et al.159 b) The examples of catalytic asymmetric 

deoxygenative cyclopropanation reactions reported by Cao et al.159 

 

1.3.3. Mo- and W-complexes with sterically-hindering ligands 

Most of the previously discussed examples of [cis-MoVIO2]-based (and to some 

extent, [cis-WVIO2]-based) complexes undergo comproportionation during the 

catalytic OAT reactions, yielding often catalytically-inactive binuclear [(MoVO)2(ɛ-O)]-

species. In this context, sterically demanding trispyrazolylborate (Tp) ligands have 

been utilised as bulky groups around the metal centres to prevent such side-

reactions. It is known that dinucleation of Mo- or W-active sites in oxotransferases 

does not occur due to the steric shielding provided by the tertiary and quaternary 

protein structures.160 Hence, the facially-coordinating Tp-type ligands were 

envisioned to effectively mimic the protein scaffolds, potentially preventing  

comproportionation reactions. However, early investigations by the Enemark group 

a) 

b) 

c) 
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observed that blocking one of the faces of the [cis-MoVIO2] complex leaves the face 

on the opposite side relatively unhindered,161ï163 leading to the formation of the 

[(MoVO)2(ɛ-O)] complexes after the initial oxygen atom transfer to phosphine (Figure 

1.31). Such side reaction was partially mitigated by using coordinating solvents (e.g. 

DMF) that occupy the vacant site resultant from the OAT reaction, and supressing 

comproportionation.163 

 

Figure 1.31. The speciation of the [cis-MoVIO2(Tp*)(Cl)] complex after the initial OAT 

reaction with PPh3 in different solvents, reported by Roberts et al.163  

Nevertheless, the [cis-MoVIO2(Tp)(X)] (X = Cl, substituted phenolate) complexes 

have played a significant role in confirming the previously proposed phosphine 

oxidation mechanism (Figure 1.18).164ï167 Due to their high steric demand, the Tp-

coordinated complexes formed the [MoIVO]-phosphoryl adducts during the OAT 

reaction, which were stable enough to crystallise and investigate both by chemical 

and spectroscopic means (Figure 1.32).166,167 By employing differently substituted 

phosphine substrates and utilising 18O-isotope labelling experiments, these adducts 

were first detected by mass spectrometry measurements of the catalytic OAT 

reaction mixtures.164 It was suggested that such species are obtained by an 

incomplete OAT from the [cis-MoVIO2(Tp)]-type complex to the phosphine substrate, 

providing the representative substrate-bound intermediates in the catalytic OAT 

mechanism.  
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Figure 1.32. The crystal structures and schematic chemical structures of the [MoIVO(TpiPr)]-

phosphoryl adducts isolated by Millar et al.;167 a) [MoIVO(TpiPr)(OPPh3)(Cl)] (CCDC identifier: 

KANZUV); b) [MoIVO(TpiPr)(OPEt3)(SnBu)] (CCDC identifier: KANZIJ). The crystal structures 

are shown as ORTEP plots (50% probability; H atoms omitted for clarity; C, grey; N, 

lavender; O, red; S, yellow; P, orange; B, pink, Cl, chartreuse; Mo, cyan). 

Extensive studies by the Basu and Young groups164,165 examined both the previously 

reported experimental datasets, and new theoretical models. The outcome of these 

investigations was the proposal of the now widely-accepted OAT mechanism of 

phosphine oxidation (Figure 1.33). The phosphine donates the phosphorus lone pair 

into the ˊ*-antibonding orbital of the Mo=O bond in the first associative step; this 

produces the substrate bound intermediate. Different to mechanism depicted in 

Figure 1.18, it is suggested that the complex-phosphine oxide adduct first undergoes 

a dissociative step, where the OPR3 product is lost before the solvent is able to 

coordinate to the reduced mono-oxo [MoIVO]-intermediate.164 Unfortunately, the 

catalyst regeneration by oxygen abstraction from the oxidant (such as DMSO) was 

a) 

b) 
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not investigated by the same means in these reports, so the catalytic mechanism is 

somewhat incomplete. Additionally, the solvents considered in these systems did not 

have oxygen-donating capabilities;165 hence, the mechanism could be altered by 

carrying out the same reactions in, for example, DMSO solutions. 

 

Figure 1.33. The catalytic OAT mechanism between a [cis-MoVIO2(Tp*)(Cl)] complex and 

PR3, proposed by Nemykin and Basu, Young and coworkers.164,165 NB: the catalyst 

reoxidation step was not explicitly investigated. 

The effective prevention of dinuclear [(MoVO)2(ɛ-O)]-complex formation has been 

recently achieved by employing even more sterically shielding ligands around the 

[cis-MoVIO2]-core. The Mºsch-Zanetti group168 reported bidentate, tBu-substituted 

Schiff base ligands that can effectively shield the mono-oxo [MoIVO]-centre, 

suppressing the comproportionation reaction (Figure 1.34a). The additional stability 

of the [MoIV]-intermediate is achieved by using PMe3 as the substrate, which was 

spectroscopically confirmed to bind at the vacant site of the reduced complex.168 The 

developed catalyst was capable of molecular O2 activation towards catalytic OAT 

reactions with phosphine substrates; no significant degradation of the Mo-catalyst 
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was detected.168 Similar bidentate Schiff base ligands were synthesised by the 

Heinze group,169 where the introduction of two additional iPr-groups on the pyrrole 

rings also prevented the formation of the [(MoVO)2(ɛ-O)]-species (Figure 1.34b). 

However, the iPr-pyrrole-based ligands were observed to be relatively labile in 

solution, dissociating from the reduced [MoIVO]-complex after the OAT reaction with 

bulky PPh3.169 The resultant species are effectively oxidised by O2 or residual water 

to yield a different bimetallic species, [(MoVO)2(ɛ-O)2] (Figure 1.34c).169 Such efforts 

to avoid the formation of dinuclear Mo-complexes during the OAT reactions 

showcase the difficulty in effectively mimicking the protein environments around the 

molybdenum active sites by synthetic inorganic chemistry. 

 

Figure 1.34. a) The sterically shielded [cis-MoVIO2((tBu)2-Ph-CHN-tBu)2] reported by the 

Mºsch-Zanetti group,168 forming the monomeric [MoIVO]-intermediate after the initial OAT 

reaction with the excess PMe3. b) The sterically shielded [cis-MoVIO2((iPr)2-pyrrole-CHN-

a) 

b) 

c) 
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(tBu)-Ph)] reported by the Heinze group,169 forming the monomeric [MoIVO]-intermediate 

after the initial OAT reaction with the excess PMe3. c) The formation of [(MoVO)2(ɛ-O)2]-

species after the OAT reaction between [cis-MoVIO2((iPr)2-pyrrole-CHN-(tBu)-Ph)] complex 

and PPh3, reported by the Heinze group.169 

  

1.3.4. Relevance to the industrial catalytic applications 

Numerous investigations into mimicking the biological OAT activity of the molybdo- 

and tungstoenzymes has resulted in a wide variety of molecular Mo- and W-based 

complexes, capable of catalytic OAT reactions of substrates beyond the scope of 

oxotransferases. Nonetheless, the application of such catalysts in industrial 

processes remains extremely scarce.170 Heterogeneous catalysts (such as the 

previously discussed (nano)composites or Mo-/W-doped materials) are 

preferentially used for industrial purposes over the discreet molecular complexes as 

they offer several significant advantages: the ease of separation, the lower 

requirement for precise molecular structures, the facile and fewer step synthesis 

from the readily available bulk materials (molybdenum or tungsten salts), the high 

catalytic activities towards multiple substrates, etc.170 Although with outstanding 

catalytic properties for specific substrate conversions, the molecular molybdenum 

and tungsten complexes described above cannot outcompete the current industrial 

catalysts. Therefore, further innovation and move towards greener and more 

sustainable systems with exceptional catalytic properties is required. 

 

1.4. Photocatalysis 

The photoactivation of various chemical and physical transformations with light 

provides an alternative and often more sustainable energy source compared to the 

thermal energy derived from fuel combustion. It was proposed over a 100 years 

ago171 that utilising light for chemical reactions could offer a solution to the increasing 

energy consumption by industry and humanity in general. Indeed, in the past two 

decades, light-driven processes have been applied to a multitude of different 

purposes, such as the treatment of environmental pollutants, the introduction of self-
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cleaning surfaces, the production of solar fuels, and photosensitised medical 

therapies.172ï175 In this context, photocatalysis has been at the forefront of the 

current synthetic, catalytic and industrial chemical research, producing a number of 

highly efficient and effective photocatalytic materials. 

  

1.4.1. Photocatalysis with transition metal complexes 

Transition metal-based complexes have recently received a lot of attention176ï187 due 

to their inherent ability to facilitate effective charge transfer, which can be fine-tuned 

through the immediate coordination environment around the metal centre. The 

currently most widely established transition metal photocatalysts are excited under 

irradiation with visible light, forming the metal-to-ligand charge transfer (MLCT) 

excited states.176ï179,184 Upon light absorption by the complex, the electrons are 

promoted from the metal-centred HOMO to the ligand-based LUMO, leading to the 

formal oxidation of the metal centre and the formal reduction of the ligand moiety 

(Figure 1.35a). The photoexcitation and resultant photoredox reactivity are primarily 

governed by three main properties of the photosensitising complexes, i.e. the ability 

of the ground state complexes to absorb light, the redox potentials of the generated 

excited states, and the lifetimes of the excited states.177 Through the rational design 

of strongly absorbing -́acceptor ligands, the suitable choice of the electron-rich 

metal centres, and the appropriate match of the substrate redox properties, highly 

efficient transition metal-based photosensitisers can be synthesised.184 
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Figure 1.35. Schematic representation of the photoinduced charge transfer (CT) 

mechanisms of transition metal complexes under light irradiation. a) The photoinduced 

metal-to-ligand charge transfer (MLCT) mechanism, resulting in photoredox reactivity. 

Abbreviations: M = electron-rich 4d or 5d metal; L = a good -́acceptor ligand; ED = electron 

donor; EA = electron acceptor; SET = single electron transfer; m and n denote the charges 

of the metal centre and the ligand, respectively; asterisk indicates an excited state. b) The 

a) 

b) 
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photoinduced ligand-to-metal charge transfer (LMCT) mechanism, resulting in homolytic 

metal-ligand bond cleavage. Abbreviations: M = electron-deficient 3d metal; L = a good ů-

/́-donor ligand; SET = single electron transfer; m and n denote the charges of the metal 

centre and the ligand, respectively; asterisk indicates an excited state. 

Such properties have been exploited in the development of precious metal 

photoredox catalysts, most notably the polypyridyl-based complexes of ruthenium 

and iridium, usually in the respective [RuII] and [IrIII] oxidation states  

(Figure 1.36a-b).176,178,179 These complexes are able to generate the long-lived (ɛs 

timescale) MLCT-based excited states, which permit bimolecular (ns timescale) 

reactivity.183,184 The excited states can undergo efficient and reversible outer-sphere 

SET183,185 with a wide variety of substrates, forming reactive radical species that 

participate in consecutive reactions (Figure 1.35a).178 The ́-accepting pyridyl-based 

ligands facilitate the light absorption, and do not dissociate in the excited state, 

providing a further stabilising effect.184 The photoredox reactivity of [RuII]- and [IrIII]-

based complexes has been expanded to a plethora of oxidation and reduction 

reactions involving organic substrates, e.g. reductive dehalogenations, oxidative 

biaryl couplings, radical aryl alkylations among a multitude of other reactions.178,179 

The development of complex scaffolds has also evolved beyond ruthenium and 

iridium complexes, with expansion to other platinum group metals (e.g. osmium, 

palladium, platinum) as well as Earth abundant metals (e.g. copper, iron, nickel, 

chromium, molybdenum).177,186ï188 Due to the need for ligands capable of high visible 

light absorptivity, the coordinating scaffolds have largely remained as the extensively 

conjugated aromatic moieties, although structural diversity beyond polypyridyl 

ligands is evident.177 
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Figure 1.36. Transition metal complexes capable of catalysing photocatalytic reactions via 

photoinduced reactive MLCT (a and b) or LMCT (c and d) excited states; a) [IrIII]-based 

photocatalyst utilised for decarboxylative arylation reactions by the MacMillan group;189 b) 

[RuII]-based photocatalyst employed for pyrrole synthesis via vinyl azide sensitisation by 

Farney and Yoon;190 c) [CoIII]-based complex capable of photocatalysing 

dehydrohalogenation reactions reported by the Leonori group;191 d) [CuI]-precursor complex 

that undergoes photoinduced generation of the [CuII]-photocatalyst used for oxo-azidation 

reactions described by Rehbein, Reiser and coworkers.192 

Nonetheless, the [RuII]- and [IrIII]-based photosensitisers continue to be widely-used 

for photoredox catalysts. Although harnessing visible light, these complexes are not 

sustainable because they use precious metals which are often not recovered after 

the reactions are completed.181 In recent years, high-valent Earth abundant metal 

complexes capable of ligand-to-metal charge transfer (LMCT) have been heavily 

a) b) 

c) d) 
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investigated as alternative photocatalysts to the [RuII]- and [IrIII]-complexes.181ï184,193 

The LMCT process inherently yields complex excited states of inverted nature to 

those afforded by MLCT transitions, leading to different reactivity profiles. During 

LMCT, the light absorption promotes an electron from primarily ligand-centred 

molecular orbitals to metal-based molecular orbitals, resulting in a formally oxidised 

ligand scaffold and a formally reduced metal centre (Figure 1.35b). Consequently, 

most (although not all) LMCT excitations lead to a decrease in metal-ligand bond 

order, rendering them more labile and prone to cleavage.184 This can be described 

as an inner-sphere SET mechanism, which has been shown to be beneficial in 

overcoming some thermodynamic constraints of the outer-sphere SET promoted by 

MLCT transitions.186,187 The complexes capable of LMCT transitions often generate 

a ligand radical species and the reduced metal complex species, the direct products 

from the metal-ligand bond homolysis under irradiation.181ï184 These species have 

been described to promote various transformations of organic molecules, e.g. 

hydrogen atom transfers (HATs), decarboxylations, radical couplings, and C-C bond 

cleavage reactions.183 

Although numerous transition metal complexes undergo LMCT transitions, only a 

few exhibit reactivity from the excited states formed from these transitions (Figure 

1.36c-d).185 Several properties determine whether the complexes capable of LMCT 

excitations will result in competent photocatalysts.185 The need for vacant or only 

partially-filled metal-centred d-orbitals is an obvious requirement for effective LMCT. 

The electron-deficient metal centres with low-lying d-orbitals are the optimal choice, 

for example, the high-valent first row transition metal ions.184 In a similar fashion, 

strongly donating ligands are needed to donate the electron density towards the 

metal centre. As such, negatively charged, electron-rich ů- and -́donor scaffolds 

are best suited to undergo LMCT.184 The relative energies and lifetimes of the excited 

states also play an important role.185 If the excited states resulting from LMCT are 

energetically higher than others (e.g. from d-d or MLCT transitions), they will undergo 

fast relaxation via internal conversion to the lowest energy excited state of the same 

multiplicity (which is unlikely to be an LMCT state), in accordance with Kashaôs 

rule.194,195 In turn, any reactivity observed for such complexes is not induced by the 
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LMCT transitions, and are likely occurring via alternative photoexcitation pathways. 

Additionally, to enable bimolecular activity, the excited states of the photocatalyst 

should be sufficiently long-lived, i.e. above the molecular diffusion rates (ns 

timescale).185 In part, this could be circumvented by LMCT-based excited states that 

lead to ligand dissociation from the photoexcited complex. The metal-ligand bond 

homolysis inherently is a unimolecular process, and thus can occur from 

exceptionally short-lived LMCT excited states (fs-ps timescale).184,185 Therefore, pre-

coordination of the desired substrate to the photocatalyst could be a useful tactic to 

utilise LMCT reactivity of transition metal complexes.183ï185 It is important to note, 

however, that this results in non-emissive excited states that are quenched in a non-

radiative fashion through bond homolysis.184 Therefore, it is more difficult to detect 

and measure such photocatalyst behaviour, and ultrafast spectroscopy methods 

must be employed.184  

 

1.4.2. Photocatalysis with molybdenum- and tungsten-based 

complexes 

In the context of photocatalysis, coordination complexes with molybdenum and 

tungsten metal centres have been underexplored, with very few examples reported 

in the literature. Nonetheless, both molybdenum and tungsten have favourable 

characteristics needed for efficient photocatalysts. The two metals can exist in both 

low valent [M0] to [MII] oxidation states, suitable for MLCT photocatalysts, as well as 

high-valent [MIV] to [MVI] oxidation states, suitable for LMCT photocatalysts. The 

molybdenum and tungsten centres can also readily shuffle between these oxidation 

states, accommodating and potentially promoting redox reactivity. Furthermore, the 

variety of ligand scaffolds (including, but not limited to the examples discussed in 

Chapter 1.3) show the potential for versatile coordination environments around these 

centres. Despite these features, molybdenum and tungsten photocatalysts are 

virtually absent from literature. 
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Early reports have noted the photoactive nature of Mo- and W-based carbonyl 

complexes.196ï201 Their reactivities, however, were not exploited for catalytic 

reactions, most likely due to the low photochemical efficiencies and quantum yields 

compared to analogous complexes of other metals (e.g. chromium).201,202 Beyond 

the well-documented photo-induced ligand substitution reactions,197,201ï204 only a 

few reports have described the utility of the [Mo(CO)6] complex as the photo-initiator 

for the radical reactions of alkenes.205ï207 It could be argued, however, that such 

reactivity is still a result of photo-promoted ligand substitution. The protonation of a 

[Mo2(X)8]4- complex (X = Cl, Br) is likely the only photocatalytic example from early 

literature.185,208ï210 It is proposed that under irradiation, the electrons in the halide-

based  ́orbitals are promoted to the ŭ* orbital of the quadruple bond between the 

two molybdenum centres. The formed LMCT-based excited state undergoes halide 

rearrangement and protonation; the resultant complex slowly reacts in aqueous acid 

to liberate H2 gas and the water-solvated [Mo2] species. The kinetics of this reaction, 

as well as the mechanism after complex protonation remain unclear. 

A few examples of molybdenum complexes activated by covalently-appended 

photosensitising moieties are known. In work from the Enemark group,211,212 electron 

transfer of molybdenum oxotransferases was mimicked by covalently linking a zinc-

porphyrin complex to a molybdenum catecholate complex with Tp* ligand (Figure 

1.37a). The authors postulated that the porphyrin moiety would act as an electron 

donor upon irradiation with light, while the molybdenum part would be the electron 

acceptor, facilitating redox-coupled oxygen transfer from the [MoVO] centre to the 

substrate. Indeed, coordination of the molybdenum centre to the catechol group 

resulted in complete quenching of the porphyrin-based excited state fluorescence 

compared to the molybdenum-free zinc-porphyrin complex (Figure 1.37b), 

suggesting effective electron transfer from the porphyrin unit to the molybdenum unit 

and reduction of the [MoV] to [MoIV].212 Although the catalytic activity (e.g. the 

proposed OAT reactivity) of such a dyad was not investigated, the work exemplified 

the capability of activating molybdenum catalysts via charge transfer, in a similar 

manner to biological ET mechanisms established for oxotransferases. 
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Figure 1.37. The chemical structure of the [ZnII]-based porphyrin species, reported by 

Enemark and coworkers: a) the [MoVO(Tp*)]-coordinated [ZnII]-porphyrin dyad; b) the 

catecholate-protected [ZnII]-porphyrin complex. 

Inspired by this work, Ducrot et al.213 constructed a [cis-MoVIO2]-based catalyst with 

a thiosemicarbazone ligand, which is covalently anchored to a [RuII]-photosensitiser 

(Figure 1.38). By irradiating the [RuII]-[MoVI] dyad in the presence of excess PPh3 

and DMSO, an increase in the catalytic oxidation of PPh3 was observed compared 

to the measured reactivity in the dark. Such an effect was attributed to the charge 

transfer dynamics between the [RuII] and [MoVI] centres and the non-innocent ligand 

scaffold (Figure 1.38). The excited state of the photosensitiser moiety is oxidatively 

quenched by a redox mediator (methyl viologen), resulting in a formal oxidation of 

[RuII] to [RuIII]. The [RuII] centre is regenerated by a subsequent electron transfer 

from the thiosemicarbazone ligand, effectively removing the electron density from 

the [cis-MoVIO2] complex. In turn, the now electron-deficient molybdenum catalyst is 

primed for the nucleophilic attack from the phosphine substrate. Although 

photoactivation of the [cis-MoVIO2(thiosemicarbazone)(DMSO)] complex facilitated 

the OAT reactivity, the catalytic system suffers from the overall synthetic complexity, 

the need for the auxiliary compounds, and the overall slow oxygen atom transfer 

capabilities (95% PPh3 conversion achieved only after 216 hours of irradiation). 

Therefore, the need for more efficient molybdenum and tungsten photocatalysts still 

remains. 

a) b) 
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Figure 1.38. The chemical structure and the proposed photoactivation mechanism of the 

[RuII]-[MoVI] dyad capable of the photo-accelerated OAT transfer from DMSO to PPh3, 

reported by Ducrot et al.213 

Only very recently,  Mo-based complexes with photophysical properties comparable 

to those of the known [RuII]- and [IrIII]-photosensitisers have been developed. 

Employing complex arylisonitrile ligand architectures coordinated to  electron-rich 

[Mo0] centres, the Wenger group188,214 have achieved triplet MLCT (3MLCT) states 

with outstandingly long lifetimes (up to 2.8 ɛs), high photoluminescence yields (up 

to 0.7) and strong reducing potentials (down to -2.8 V vs Fc+/0) (Figure 1.39a). The 

most active and widely used [RuII] and [IrIII] photocatalysts exhibit similar MLCT-

excited state lifetimes (1.2-2.3 ɛs) and reducing potentials (approx. -2.2 V vs 

Fc+/0),178 highlighting the applicability of the novel [Mo0]-complexes in light-driven 

transformations. Another [Mo0]-based complex with a relatively simple trispyridine 

and carbonyl ligands was also synthesised by the Heinze group,215 albeit with shorter 

3MLCT-excited state lifetimes (100-200 ns). Nevertheless, both types of [Mo0] 

complexes were highly photostable in the excited state, participated in effective 

photon upconversion, and were utilised for redox-induced dehalogenation and 

cyclisation reactions.214,215 Although the applications remain niche, the excellent 

photophysical properties of the 3MLCT excited states solidify [Mo0] complexes as 

competent candidates for chemical reaction photosensitisation in the field. 
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Figure 1.39. The chemical structures of [Mo0]-based complexes capable of achieving 

3MLCT-excited states with long lifetimes and high photoluminescence yields; a) the [Mo0]-

complex with an extensive arylisonitrile ligand, reported by Jin et al.;214 b) the [Mo0]-

triscarbonyl complex with a trispyridine ligand, reported by Kitzmann et al.215 

A luminescent tungsten complex with an elaborate polyaromatic ligand scaffold was 

recently investigated by Yu et al. (Figure 1.40a).216 The [cis-WVIO2] complex 

undergoes intraligand charge transfer (ILCT), facilitated by the extensively 

conjugated aromatic ligand acting as an óantennaô for light absorption.216 Through 

subsequent intersystem crossing, a triplet ILCT excited state (3ILCT) is formed. Due 

to the estimated reduction potential of the 3ILCT-excited state (approx. +0.6 V vs 

Fc+/0),216 a reductive quenching mechanism with a sacrificial electron donor (e.g. 

DIPEA) is proposed.216 This results in the formation of an anionic radical, which is 

mostly delocalised over the ligand orbitals rather than centred on the [cis-WVIO2]-

core according to spin density calculations. Such intermediate then proceeds to react 

with a wide range of organic substrates, leading to the observed broad catalytic 

a) 

b) 
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activity towards alcohol dehydrogenation, aryl halide borylation, benzyl and arylacyl 

bromide homocoupling, decarboxylative coupling, aryl halide dehalogenation 

reactions (Figure 1.40b-d).216 The obtained product yields varied significantly (16-

100%), depending on the nature of the substrates and the employed reaction 

conditions.216 Interestingly, the photo-initiated OAT reactions were not explicitly 

investigated in this paper, even though the [cis-WVIO2] complex closely resembles 

the oxotransferase mimics discussed previously. 

 

Figure 1.40. a) Chemical structure of the photoactive [cis-WVIO2]-based complex with an 

extensively conjugated aromatic salen-type ligand, reported by Yu et al.,216 capable of photo-

induced reactions: b) dehydrogenation of the 1-phenylethan-1-ol; c) dehalogenative C-C 

coupling of benzyl bromide; d) decarboxylative C-C coupling of redox-activated phthalimidyl-

N-2-phenylbutanoate.  

 

a) 

b) 

c) 

d) 
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Mitra and Sarkar have also described a [MoIVO(phen)(mnt)(SePh)]ï complex 

capable of photoinduced SET under the visible light irradiation (Figure 1.41).217 The 

robust phenanthroline ligand occupies the vacant coordination sites around the 

[MoIVO]-core, preventing the formation of the [(MoVO)2(ɛ-O)]-species, while the 

anionic dithiolene and selenophenolate ligands stabilise the high-valent 

molybdenum centre. A strong MLCT band is observed in the UV-visible spectrum of 

the complex, which provides evidence for the complex excitation. The emission 

measurements conducted in degassed solvents detected considerably stronger 

emissions with longer lifetimes compared to the same experiments conducted in 

aerated solvents.217 This indicated that the MLCT-based excited state is oxidatively 

quenched by O2, generating anionic superoxide radicals and the oxidised [MoV]-

based complex intermediate.217 Such mechanism was confirmed by electrochemical 

and EPR studies, and further supported by a positive nitroblue tetrazolium test.217 

The described complex, although not explicitly investigated for catalytic properties, 

could be a competent photosensitiser for the generation of reactive oxygen species. 

 

Figure 1.41. Simplified mechanism of the formation of anionic superoxide radicals via the 

MLCT-excited state of [MoIVO(phen)(mnt)(SePh)]ï under irradiation, proposed by Mitra and 

Sarkar.217 

The photoactivity of the LMCT-induced excited states of molybdenum complexes 

has also been only scarcely investigated; the analogous reactivity of tungsten-based 

compounds remains unreported. Arzoumanian and coworkers218ï220 have  reported 

a bipyridine-coordinated [cis-MoVIO2(4,4ô-(tBu)2-bpy)(NCS)2] complex that was able 

to oxidise aryl alkanes upon irradiation with UV light (Figure 1.42a). Initially, the 

complexes were tested for the thermally activated benchmark OAT reaction between 

PPh3 and DMSO, achieving catalytic conversions similar to the previously discussed 

functional oxotransferase models.218 The novelty of these systems was discovered 

when the rate of thermal oxidation of aryl alkanes was boosted by irradiating the 
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reaction mixtures with light.218 Upon further addition of DMSO as the oxygen atom 

donor, the [cis-MoVIO2] went from a stoichiometric reagent to a catalyst, exhibiting 

several substrate turnovers, e.g. TON = 4 for ethylbenzene oxidation to 

acetophenone (Figure 1.42b); TON = 6 for tetralin oxidation to 1-tetralone (Figure 

1.42c).218 Despite the explicit reactivity of the complexes under UV irradiation at 

room temperature, the investigated systems did not exceed 12 turnovers in alcohol 

oxidation.218 It could be postulated that the LMCT transition from the bipyridine ligand 

to the [MoVI]-centre induces the cleavage of one of the metal-ligand bonds (vide 

supra), which promotes the OAT reactivity but could also result in an irreversible 

degradation of the catalyst under irradiation. Similar complexes were later anchored 

to titania solid supports to yielding photoactive heterogeneous photocatalysts.219ï229 

Although such a strategy limited the extent of catalyst decomposition and facilitated 

photoinduced charge transfer from TiO2 to the Mo-centres, the catalytic propensity 

of these systems is still debatable. 

 

Figure 1.42. a) The chemical structure of the photoactive [cis-MoVIO2(4,4ô-(tBu)2-

bpy)(NCS)2] complex reported by Arzoumanian et al.,218 capable of photo-induced 

oxidations of arylalkanes under irradiation in DMSO solutions: b) the oxidation of 

ethylbenzene to acetophenone; c) the oxidation of tetralin to 1-tetralone. 

The Chambers group has recently employed a similar [MoVIO2Cl2(4,4ô-(tBu)2-bpy)] 

complex for C-H activation reactions (Figure 1.43a).230ï232 The 4,4ô-(tBu)2-bpy ligand 

promotes light absorption by the complex, generating the LMCT-based excited 

states that were proposed to be reductively quenched by the organic substrates 

a) 

b) 

c) 
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(similar to the [cis-WVIO2] complex described above). The resultant radicals were 

observed to undergo effective hydrogen atom transfer (HAT) and subsequent C-C 

coupling reactions.230 Cyclohexa-1,4-diene was shown to quantitatively form 

benzene as the product of HAT reaction (Figure 1.43b); under the same reaction 

conditions, the catalyst induced homocoupling of cyclohexene, forming the 

bicyclohexyl-2,2'-diene as the major product (74%, Figure 1.43c).230 It was proposed 

that the HAT reactivity is enabled by the protonation of the oxo-ligands in the reduced 

[cis-MoVO2]-intermediate due to their increased basicity.230 Additionally, the chlorine 

insertion products (Figure 1.43c) were also detected in the reaction with 

cyclohexene,230 indicating an alternative reactivity arising from the LMCT-facilitated 

molybdenum-chlorine bond homolysis. The versatile complex reactivity was later 

adapted for catalysis, using pyridine-N-oxide as the terminal oxygen atom donor to 

regenerate the [MoVIO2Cl2(4,4ô-(tBu)2-bpy)] complex from the inactive [(MoVO)2(ɛ-

O)]-species formed under irradiation.232 

 

Figure 1.43. a) The chemical structure of the photoactive [MoVIO2Cl2(4,4ô-(tBu)2-bpy)] 

complex reported by Fosshat et al.,230 capable of the photo-induced hydrogen atom transfer 

reactions: b) the dehydrogenation of cyclohexa-1,4-diene; c) the C-C homocoupling and 

chlorine insertion of cyclohexene. 

 

 



 

100 

1.5. Project aims 

Considering the previous investigations described in the literature, there is a clear 

potential to develop molybdenum-based complexes containing light-absorbing 

ligand scaffolds that could act as photocatalysts for various chemical 

transformations. Drawing inspiration from the wide scope of the functional 

molybdenum- and tungsten-based OAT catalysts, and building on earlier work in the 

Duhme-Klair and Douthwaite groups,233 this work aims to expand the range of active 

[cis-MoVIO2] catalysts for photocatalytic OAT reactions. It is desirable to develop 

these systems as viable alternatives to the established thermal OAT catalysis in 

order to utilise a more sustainable energy source, such as visible light. Additionally, 

the number of reported Mo- and W-based photocatalysts is considerably small, and 

the known systems exhibit low catalytic activities, have a limited substrate scope, 

use synthetically-complex ligand scaffolds, and often require auxiliaries (such as 

photosensitising moieties or redox mediators) to achieve multiple turnovers. 

Therefore, establishing a robust molybdenum photocatalyst capable of highly 

efficient light-driven OAT would be a significant contribution to the field. The overall 

goal of this project is to develop an in-depth understanding of the mechanistic nature 

of the photoinduced OAT reactivity of [cis-MoVIO2(salicylidene aminophenol)]-based 

complexes.  

The individual objectives of this project are: 

1. to synthesise and characterise a range of [cis-MoVIO2]-complexes employing 

salicylidene aminophenol (SAP) ligand scaffolds, and to test their photoactivity 

in the benchmark OAT reaction between PPh3 and DMSO; 

2. to examine the influence of the substituent electronic effects on the photoactivity 

of the [cis-MoVIO2(SAP)]-complexes in OAT reactions; 

3. to expand the substrate scope beyond the current phosphine and sulfoxide 

models; 

4. to investigate the photoinduced mechanism of the OAT promoted by [cis-

MoVIO2(SAP)] complexes, and identify differences with thermally catalysed OAT 

reactions. 
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Chapter 2. Synthesis and characterisation 

2.1. Introduction 

Many examples of molybdenum complexes capable of OAT reactions have been 

described in previous literature.85,86,89,220 These complexes are structurally diverse, 

utilising a plethora of different ligand scaffolds enabling their catalytic activities (e.g. 

dithiolenes,92 trispyrazolylborates,160,164 N-heterocyclic scaffolds,219,220,230 etc.; 

Figure 2.1). The most widely described ligands employed in the field are the Schiff 

bases (Figure 2.2),94,104,168,169,234,235 obtained through the imine condensation 

reactions between an amine and an aldehyde starting materials. These scaffolds are 

favoured by chemists due to the ease of functionalisation (e.g. through substitution 

on aromatic moieties), leading to vast structural diversity.94,169,235 Additionally, the 

ligand coordination modes can be significantly varied by modifying the rigidity of the 

ligand backbone,236,237 as well as introducing multiple coordinating groups for 

increased denticity.94,152,235 Most common ligating atoms are oxygen, nitrogen, and 

sulfur (Figure 2.2), which have been utilised due to their prevalence in the active 

sites of molybdoenzymes.47,85 

 

Figure 2.1. The examples of the ligand scaffolds used in [cis-MoVIO2]-based OAT catalysts: 

a) dithiolene;92 b) trispyrazolylborate;164 c) bipyridine.219 

 

Figure 2.2. The examples of the Schiff base ligand scaffolds used in [cis-MoVIO2]-based 

OAT catalysts: a) thiosemicarbazone;104 b) salicylidene thiophenol;94 c) imine phenol.168  

a) b) c) 

a) b) c) 
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Most of the molybdenum-based complexes that function as synthetic mimics for 

biological OAT processes are thermally-activated.86 Photoactive Mo-complexes with 

analogous activity are very scarce, with the reported examples employing a small 

variety of multidentate ligand scaffolds.213,216,219,220,230 A number of studies have 

employed substituted bipyridines (Figure 2.1c) as non-innocent ligands capable of 

charge transfer to the catalytic molybdenum centres. Such complexes, however, 

were unstable in solution, which led to catalyst decomposition after several hours of 

irradiation.  

To improve the complex stability, Schiff bases capable of tridentate ligation, such as 

salicylidene aminophenols (SAP) and thiosemicarbazones (Figure 2.2), were utilised 

to coordinate the central [cis-MoVIO2]-core. Indeed, the obtained complexes showed 

improved stability over prolonged irradiation times (up to 160 h).213,233 Furthermore, 

the spectroscopic studies of the photophysical properties of the [RuII]-[MoVI] dyad213 

designed by the Duhme-Klair group (Figure 2.3) indicated that both the Ru-

photosensitiser and the Mo-cocatalyst moieties can be independently excited using 

visible light.238 This suggested that an appropriately designed mononuclear 

molybdenum-based complex with non-innocent ligand scaffold exhibiting charge 

transfer properties should be able to photo-initiate the OAT reactions. 

 

Figure 2.3. The structure of photocatalytically active [RuII]-[MoVI] dyad213 designed by the 

Duhme-Klair group. 

The  [cis-MoVIO2(SAP)]-type complexes have been extensively described in the 

literature85,98,239 as suitable catalysts for thermally-initiated OAT reactions. In these 

studies, spearheaded primarily by Topich and coworkers,94,95,98,240 the properties of 

the complexes (including their light absorptivity and excitations in the UV-visible 

spectra) have been extensively described. Nonetheless, photoinitiated OAT 
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reactions catalysed by [cis-MoVIO2(SAP-(R)2)] complexes have not been described 

until 2022.233 

In the previous work  carried out in the Duhme-Klair group,233 it was observed that 

the only [cis-MoVIO2(SAP-(R)2)] complexes exhibiting any photocatalytic activity 

have an electron-withdrawing substituent (e.g. COOMe or CF3), while complexes 

with electron-donating substituents show no catalytic OAT activity.233 The two sets 

of complexes, however, have very similar spectroscopic features, for example, 

overlapping UV-visible spectra.233 Considering the fact that the PPh3 substrate 

conversion was not dependent on the irradiation wavelength,233 it seemed that the 

electronic effects of the substituents in the SAP scaffold govern the photoactivity of 

the complexes. Although the substituent scope used was rather limited and lacking 

a systematic variation, a close-to-linear complex activity correlation with the 

substituent Hammet parameters was obtained.233 This study proved that the [cis-

MoVIO2(SAP-(R)2)] complexes bearing strong EWGs are capable of photocatalytic 

OAT reactions, and exhibited significantly increased turnover frequency (TOF = 78) 

compared to the previous photocatalytic systems developed by the Duhme-Klair 

group (e.g.  [RuII]-[MoVI] dyad TOF = 1.9;213 [MoO2Br2(4,4ô-(tBu2)-bipy)] TOF = 0.5).219 

Several thermally active Mo-complexes have shown increased catalytic OAT activity 

upon introduction of EWGs into their structures.104,105,152,164,236,237 The clearest 

example of a linear correlation between the complex properties and the substituent 

Hammett parameters has been observed for the para-substituted [cis-

MoVIO2(thiosemicarbazone)(MeOH)] complexes (Figure 2.2a) reported by Ducrot et 

al.104 The authors plot a number of spectroscopically measured complex parameters 

(Mo=O bond lengths, imine proton (N=CH) chemical shifts, [cis-MoVIO2] vibrational 

frequencies) against the ůp parameters of the functional groups introduced at the 

aromatic ring of the ligand scaffold. The obtained plots (with the exception of NO2-

substituted complex) exhibit linearity; correlating OAT reaction rate constants yields 

a similarly good linear fit. This study shows that the substituent electronic effects 

extend to other complex parameters beyond their OAT reactivity, which could inform 

the rational design of similar complexes.  
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Inspired by the results from the studies described above, the current work focuses 

on the rational design of [cis-MoVIO2(SAP-(R)2)(solv)] complexes to further improve 

their photocatalytic properties. The primary aim of this chapter is to expand the 

existing library of photoactive [cis-MoVIO2(SAP-(R)2)(solv)] complexes, with the goal 

to obtain a complex that exhibits a higher OAT catalysis rate than the previously 

established most active catalyst [cis-MoVIO2(SAP-(COOMe)2)(MeOH)].233  

The individual objectives include: 

1. to synthesise a series of SAP ligands and the respective [cis-MoVIO2]-based 

complexes bearing substituents with different electronic and steric properties; 

2. to characterise the novel compounds using multiple spectroscopic methods, 

namely NMR spectroscopy, IR spectroscopy, UV-visible spectroscopy, mass 

spectrometry and crystal structure determination; 

3. to evaluate the substituent electronic and steric influence on the measured 

properties of the novel SAP ligands and [cis-MoVIO2(SAP-(R)2)(solv)] 

complexes;  

4. to establish whether the systematic variation of substituent electronic effects 

results in the systematic changes of compound spectroscopic properties and 

ultimately reactivity (Chapter 3). 

 

2.2. SAP ligand synthesis and characterisation 

2.2.1. Scope and substitution patterns 

Building on the previous library of tridentate salicylidene aminophenol (SAP) 

ligands,233 several new target SAP ligands were identified. The goal was to evaluate 

the effects of the substituents in the ligand structure on the Mo-complex 

photocatalytic activity. The SAP ligand scope was expanded by systematically 

introducing a variety of functional groups that would have different electron-donating 

(EDGs), electron-withdrawing effects (EWGs), as well as different steric effects. 

Following previous work,233 a range of SAP ligands bearing two identical substituents 

in the para-positions (with respect to the phenol group) on the two aromatic rings 
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was initially prepared. Such ligands will be referred to as disubstituted SAP ligands 

(Table 2.1). The substituent position was also varied from para- to meta- with regards 

to the phenol group in order to examine the potential positional substituent influence 

towards [cis-MoVIO2(SAP-(R)2)]-complex reactivity (see Chapter 3). To further 

evaluate the effects from the two separate aromatic rings within the SAP scaffold, 

ligands with only one substituent on either of the aromatic rings were also prepared. 

These ligands will be referred to as monosubstituted SAP ligands (Table 2.2). A SAP 

ligand with a methyl-substituted imine bond, H2L12 (Table 2.1), was also synthesised 

by a different methodology discussed below. 

Table 2.1. Numbering of the disubstituted SAP ligands investigated in this work. 

 

Ligand number R  Ligand number R 

H2L1 H  H2L13 Me 

H2L2 Me  H2L14 OMe 

H2L3 iPr  H2L15 COOMe 

H2L4 tBu  H2L16 CF3 

H2L5 Ph  H2L17 CN 

H2L6 OMe  

 

H2L12 

H2L7 F  

H2L8 COOMe  

H2L9 CF3  

H2L10 SO2Me  

H2L11 CN  
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Table 2.2. Numbering of the monosubstituted SAP ligands investigated in this work. 

 

Ligand 
number 

R1 R2  
Ligand 
number 

R1 R2 

H2L18 COOMe H  H2L26 COOMe H 

H2L19 H COOMe  H2L27 H COOMe 

H2L20 CF3 H  H2L28 CF3 H 

H2L21 H CF3  H2L29 H CF3 

H2L22 SO2Me H  H2L30 CN H 

H2L23 H SO2Me  H2L31 H CN 

H2L24 CN H     

H2L25 H CN     

 

The scope of the investigated substituents was informed by several factors. The 

target functional groups with different electronic effects were chosen to represent a 

wide scope, ranging from strongly electron-withdrawing groups (EWGs, e.g. CN) to 

strongly electron-donating groups (EDGs, e.g. OMe).241 The choice was primarily 

limited by the commercial and synthetic availability of aldehyde and amine 

precursors that could yield symmetrically disubstituted SAP ligands. The ability to 

prepare the salicylaldehyde reagents with desired substituents via Duff formylation 

(vide infra) also limited the choice of possible building blocks. Furthermore, potential 

group (photo)reactivity was also considered. For example, amine-based substituents 

(e.g. NEt2, SO2NH2, etc.) were avoided due to the potential reactivity towards imine 

condensation as well as transimination reactions.242 Photodegradation of the [cis-

MoVIO2(SAP-(R)2)]-complex with a strongly electron-withdrawing nitro group was 

observed in previous studies,233 therefore the NO2 functionality was not investigated 

in this work. Similarly, photoinduced cleavage of C-Cl and C-Br bonds has been 

reported previously,243ï246 hence the halide functionalities (except for F) were 

avoided as well.  
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It is important to note that a several of these ligands and complexes were first 

prepared by Dr Thorsten Dreher and several Masters students during their work  in 

the Duhme-Klair group;233,247ï250 their contributions are outlined at the start of the 

thesis. Furthermore, several modified Schiff base ligand scaffolds were also 

prepared and investigated in the Masters projects adjacent to this work. These 

scaffolds are: bidentate Schiff base ligands (Figure 2.4a),247 tetradentate salen-type 

ligands (Figure 2.4b);248 tridentate Schiff base ligands with N-heterocyclic moieties 

(Figure 2.4c);248 a range of tridentate disubstituted SAP ligands with different 

functional groups (Figure 2.4d).233,249,250 Due to the limited scope of this thesis, as 

well as the results being described elsewhere, the results of these studies will not be 

discussed in detail here. 

 

Figure 2.4. Structures of different ligand scaffolds investigated in work related to this PhD 

project; a) bidentate Schiff base ligands investigated by Samuel Steinfeld;247 b) tetradentate 

salen ligands investigated by Joseph Bunyan;248 c) tridentate Schiff base ligands with N-

heterocyclic moieties investigated by Joseph Bunyan;248 d) tridentate disubstituted SAP 

ligands with different functional groups investigated by Dr Thorsten Dreher,233 Lucy 

Downes249 and Matthew Mason.250 

a) b) 

c) d) 
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2.2.2. Ligand precursor synthesis 

To obtain the target ligands, a range of appropriately substituted salicylaldehyde 

precursors is required. Although some of the target reagents are commercially 

available, they are comparatively expensive, which led to the development of an in-

house synthesis as an economic alternative. Formylation of phenols using 

hexamethylenetetramine (HMTA) is a well-established synthetic method to introduce 

an aldehyde group at the ortho- or para- position on the aromatic ring.251ï254 The 

reaction is also known as Duff formylation reaction. Although there still is a 

considerable debate over the individual mechanistic steps,252 the overall accepted 

mechanism is outlined in Figure 2.5. This methodology is favourable because the 

aldehyde group is selectively introduced at the ortho-position to the phenol group, 

as the para-position is already occupied by the selected substituent in the reagent. 

In turn, the desired substituted salicylaldehyde precursor is obtained as the reaction 

product. 

 

Figure 2.5. The generally accepted reaction mechanism of the Duff formylation reaction of 

a para-substituted phenol compound.252 
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A total of six precursors were synthesised using the Duff formylation procedure from 

the respective para-substituted phenol reagents. The reaction conditions and the 

isolated yields are given in Table 2.3. After several attempts to optimise the reaction 

conditions, the isolated product yields remained low to moderate (15%ï59%), which 

has been previously reported for Duff formylation reactions.253ï255 The products were 

either obtained as pure precipitates or subsequently purified by the outlined methods 

(Table 2.3), and were subsequently used in the SAP ligand synthesis.  

Table 2.3. Adapted reaction conditions for Duff formylation reactions with the respective 

isolated yields of the target compounds. 

 

R Reaction conditions Target yield 

COOH 
1) HMTA (1.0 eq.), TFA (neat), 90ÁC, 4 h 
2) 4 M HCl, RT, overnight 
3) Filtration, wash with H2O 

33% 

CF3 

1) HMTA (1.0 eq.), TFA (neat), 100ÁC, 4 h 
2) 4 M HCl, RT, overnight 
3) Extraction with DCM 
4) Flash column chromatography (10:1 PE:EtOAc) 

27% 

SO2Me 
1) HMTA (1.2 eq.), TFA (neat), 100ÁC, 4 h 
2) 4 M HCl, RT, overnight 
3) Extraction with DCM; concentrate to dryness 

59% 

CN 

1) HMTA (2.0 eq.), TFA (neat), 100ÁC, 7 h 
2) H2SO4 (50% v/v), RT, 30 min 
3) Extraction with DCM 
4) Flash column chromatography (100% DCM) 

50% 

Ph 

1) HMTA (1.2 eq.), TFA (neat), 90ÁC, 5 h 
2) 4 M HCl, RT, overnight 
3) Filtration, wash with H2O 
4) Flash column chromatography (4:1 PE:EtOAc) 

34% 
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iPr 

1) HMTA (1.0 eq.), TFA (neat), 100ÁC, 4 h 
2) 4 M HCl, RT, overnight 
3) Extraction with EtOAc 
4) Flash column chromatography (9:1 PE:EtOAc) 

15% 

 

To obtain the H2L12 ligand with a methyl-substituted imine bond, the salicylaldehyde 

derivative had to be modified to contain a methyl ketone group instead of the 

aldehyde functionality. Introducing an acyl group onto 4-hydroxybenzoic acid via 

Friedel-Crafts acylation did not seem to be as straightforward as introducing a formyl 

group via Duff reaction, because of the likelihood of side reactions occurring at both 

hydroxy and carboxylic acid groups. Instead, a relatively straightforward Fries 

rearrangement reaction (Figure 2.6) was chosen as an alternative route.256ï258 The 

para-position to the acetoxy group is blocked by the carboxylic acid group, meaning 

rearrangement could only take place at ortho-position to the phenol; no over-

acylation has been reported to take place under these conditions.256 

 

Figure 2.6. General reaction mechanism of the Fries rearrangement reaction of a para-

substituted phenyl acetate compound.256 

The Fries rearrangement of 4-acetoxybenzoic acid (Figure 2.7) was conducted 

under Schlenk line conditions. The two reagents were intricately mixed, and then 

heated at 200 ÁC with stirring. The yield of 3-acetyl-4-hydroxybenzoic acid product 

was estimated from the 1H NMR spectrum of the isolated crude, which was used in 

further synthesis of H2L12 without purification.  
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Figure 2.7. The Fries rearrangement reaction of 4-acetyloxybenzoic acid. 

 

2.2.3. SAP ligand synthesis via imine condensation 

The target SAP ligands discussed above were obtained by an imine condensation 

reaction between the respective substituted salicylaldehyde reagent and the 

substituted aminophenol reagent (Figure 2.8). The reaction conditions were adapted 

from reported literature procedures259ï261 and previous methods established in the 

project.233,262 An additional precursor esterification step was required for ligands 

containing methyl ester functionality (i.e. H2L8, H2L12, H2L15, H2L18, H2L19, H2L26, 

H2L27). The esterification reaction was carried out according to literature 

methods254,257,263,264 to yield the methyl ester analogues of the salicylaldehyde and 

the aminophenol reagents. 

 

Figure 2.8. The general reaction scheme for SAP ligand synthesis via imine condensation. 

The target SAP ligands were isolated as pure, intensely coloured powders in 

moderate to excellent yields (60%ï98%). The yields were primarily dependent on 

the product isolation method; compounds that precipitated directly from reaction 

mixtures gave lower yields than those that were obtained by evaporating the reaction 

mixtures to dryness. Overall, additional purification steps were required only for a 

few compounds, as the obtained SAP ligands generally contained only trace 

amounts of impurities. The exact reaction and purification conditions, as well as the 

isolated yields for each SAP ligand are provided in Chapter 6. 
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The target ligands were identified and their purity determined by 1H and 13C (and 

where applicable, 19F) NMR spectroscopy, mass spectrometry, and IR spectroscopy, 

with further characterisation by UV-visible spectroscopy. A small selection of the 

obtained SAP ligands also yielded XRD-quality single crystals. The obtained 

characterisation data of SAP ligands, as well as the observed trends in distinct 

spectroscopic signatures, is presented in more detail in the following sections. 

  

2.2.4. SAP ligand characterisation 

2.2.4.1. 1H NMR spectroscopy in DMSO-d6 solutions 

Due to the low solubility of the synthesised SAP ligands in most common solvents, 

their 1H NMR spectra were recorded in DMSO-d6 solutions (Figure 2.9). The 

characteristic imine (N=CH) proton resonances233,259,260 showed a considerably 

downfield shift (8.81-9.28 ppm), observed for all ligands (except H2L12), which was 

indicative of the successful imine condensation reaction. Two additional proton 

singlets at chemical shift values of >9.5 ppm were also detected for most SAP 

ligands. The significant downfield shift of one of the resonances is caused by strong 

intramolecular hydrogen bonding between the phenol group of the aldehyde ring and 

the imine group nitrogen. Further evidence for such strong interaction was observed 

in the crystal structures of selected ligands (vide infra). The considerably broad 

shape of these resonances was attributed to the inherent lability of phenolic protons. 

Due to aprotic nature of DMSO-d6, the hydroxy protons likely undergo inter- or 

intramolecular exchange with the SAP ligand molecules (which could be further 

assisted via hydrogen bonding to the oxygen in DMSO-d6). 



 

113 

 

 

 

Figure 2.9. Selected 1H NMR spectra (400 MHz, DMSO-d6, 25ÁC) of the isolated SAP 

ligands in DMSO-d6 solutions: a) H2L1; b) H2L9; c) H2L11. 

a) 

b) 

c) 

-OH -OH 

-N=CH- 

-OH -OH 

-N=CH- 

-OH -OH 

-N=CH- 
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The disubstituted SAP ligands that do not have substituents that couple to aromatic 

protons (e.g. H2L11, Figure 2.9c) exhibit a distinctive aromatic proton coupling 

pattern of four doublets and two doublet of doublets. Such a pattern is a direct result 

of the 3-bond and 4-bond couplings between the protons on the separate aromatic 

rings within the SAP ligand scaffold. The remaining disubstituted (e.g. H2L1 or H2L7) 

and the monosubstituted ligands have more extensive aromatic proton coupling 

interactions, and often exhibit resonance overlap complicating the interpretation of 

the spectra. 

The previously mentioned imine proton (N=CH) resonances appear as singlets, and 

vary significantly with the substituents present in the SAP ligands. To determine 

whether this change is directly affected by the electronic-nature of the functional 

groups, the recorded imine proton (N=CH) chemical shifts were plotted against the 

Hammett parameters of the substituents. Such correlation was carried out for the 

disubstituted SAP ligands because of a wider range of groups with different 

electronic effects was introduced compared to the monosubstituted SAP ligands. 

Four modified Hammett parameters were used as described by Hansch, Leo and 

Taft.241 The ůp and ům parameters account for the substituent inductive and 

mesomeric effects when the substituent is at the para- or meta- position, 

respectively. The ůpï and ůp+ parameters account for the respective negative or 

positive stabilising effect provided by the resonance delocalisation towards the para-

positioned substituent. The imine proton (N=CH) chemical shifts for the SAP ligands 

are collated in Tables 2.4-2.5, together with the respective Hammett parameters for 

the substituents; the obtained Hammett plots are provided in Figures 2.10-2.11. 
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Table 2.4. Imine (N=CH) proton chemical shifts of para-disubstituted SAP ligands (recorded 

in DMSO-d6 solutions) with the respective Hammett parameter values.  

 

Ligand 
number 

R 
ŭ(-N=CH-) / 
ppm 

ůp ům ůpï ůp+ 

H2L1 H 8.96 0.00 0.00 0.00 0.00 

H2L2 Me 8.89 -0.17 -0.07 -0.17 -0.31 

H2L3 iPr 8.96 -0.15 -0.04 -0.16 -0.28 

H2L4 tBu 9.01 -0.20 -0.10 -0.13 -0.26 

H2L5 Ph 9.24 -0.01 0.06 0.02 -0.18 

H2L6 OMe 8.95 -0.27 0.12 -0.26 -0.78 

H2L7 F 8.95 0.06 0.34 -0.03 -0.07 

H2L8 COOMe 9.24 0.45 0.37 0.75 0.49 

H2L9 CF3 9.19 0.54 0.43 0.65 0.61 

H2L10 SO2Me 9.28 0.72 0.60 1.13 - 

H2L11 CN 9.08 0.66 0.56 1.00 0.66 

 

Table 2.5. Imine proton (N=CH) chemical shifts of meta-disubstituted SAP ligands (recorded 

in DMSO-d6 solutions) with the respective Hammett parameter values.  

 

Ligand 
number 

R 
ŭ(-N=CH-) / 
ppm 

ůp ům ůpï ůp+ 

H2L1 H 8.96 0.00 0.00 0.00 0.00 

H2L13 Me 8.89 -0.17 -0.07 -0.17 -0.31 

H2L14 OMe 8.81 -0.27 0.12 -0.26 -0.78 

H2L15 COOMe 9.10 0.45 0.37 0.75 0.49 

H2L16 CF3 9.12 0.54 0.43 0.65 0.61 

H2L17 CN 9.08 0.66 0.56 1.00 0.66 
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R2 0.524 0.375 0.552 0.370 

 

Figure 2.10. Hammett plot of imine proton (N=CH) chemical shifts vs ů parameters obtained 

for para-disubstituted SAP ligands in DMSO-d6 solutions. R2 values for linear data fitting 

provided below the plot. 

The Hammett plot for para-disubstituted SAP ligands (Figure 2.10) shows 

significantly scattered data; there is no clear linear dependence between imine 

proton (N=CH) chemical shift and the Hammett parameter values, as evidenced by 

relatively low R2 values of the linear fits. However, the meta-disubstituted SAP 

ligands (Figure 2.11) show a much closer correlation, especially with the ůp-derived 

parameters. This could be expected as the substituents in meta-substituted SAP 

ligands are actually position para- to the imine group. The best correlation was 

obtained with ůp+ parameter, indicated by the highest R2 value obtained. This 

suggests that the imine proton (N=CH) chemical shift is mostly influenced by the 

strong EDGs capable of positive charge density delocalisation through resonance. 

As imines are generally considered to be electrophilic,242 the electron-donation from 

the substituent can effectively stabilise the imine bond. The additional electron 

density shields the imine proton, resulting in a more upfield shifted proton 
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resonances. The opposite effects can be argued for electron-withdrawing 

substituents.  
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Hammett 
parameter 

ůp ům ůpï ůp+ 

R2 0.916 0.628 0.857 0.971 

 

Figure 2.11. Hammett plot of imine proton (N=CH) chemical shifts vs ů parameters obtained 

for meta-disubstituted SAP ligands in DMSO-d6 solutions. R2 values for linear data fitting 

provided below the plot. 

It is unclear why a similar effect is not observed for the para-disubstituted analogues. 

One explanation could be that including all of the data for para-disubstituted SAP 

ligands (11 vs 6 meta-disubstituted versions) results in a significant data skewing 

and a loss of linearity. A Hammett plot for selected para-disubstituted SAP ligands 

that bear the same functional groups as the meta-disubstituted analogues was 

constructed (Figure 2.12), and showed minor improvement in the imine proton 

(N=CH) chemical shift correlation to the ů parameter values. However, it did not 

provide as good of a linear fit as the one observed for the analogous meta-

disubstituted SAP ligands (Figure 2.10).  
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R2 0.688 0.641 0.683 0.627 

 

Figure 2.12. Hammett plot of imine proton (N=CH) chemical shifts vs ů parameters obtained 

for selected para-disubstituted SAP ligands in DMSO-d6 solutions. R2 values for linear data 

fitting are provided below the plot. 

The results suggest that additional electronic effects (e.g. the magnetic anisotropy 

of the adjacent aromatic rings)265 influence the chemical shift of the imine proton 

resonance. As a result, these cannot be directly attributed to the electronic effects of 

the SAP ligand substituents, and cannot be directly accounted for using the Hammett 

parameters. Overall, the introduction of EWGs into the SAP ligand scaffold results 

in a downfield shift of the ligand proton resonances, while EDGs promote a more 

upfield shift compared to the unsubstituted ligand H2L1.  
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2.2.4.2. Solid-state IR spectroscopy 

The solid-state IR spectra for the SAP ligands exhibited the characteristic bands for 

the imine bond stretch vibrations in the 1590-1640 cm-1 range, which is consistent 

with the expected values.266 There was no significant variation observed in the imine 

bond frequencies with the change of the substituent in the disubstituted SAP ligand 

scaffold (Table 2.6). Therefore, a Hammett analysis similar to that of imine proton 

resonance shift (vide supra) yielded plots with significant scatter (Figure 2.13), and 

were not investigated further. Additionally, the distinct peaks of some of the 

substituent functional groups (e.g. C=O stretches for H2L8, O=S=O stretches for 

H2L10, CſN stretches for H2L11, etc.; Figure 2.14) were also identified.266 

Table 2.6. The measured imine bond stretching frequencies of the disubstituted SAP ligands 

in the solid state. 

 

Ligand 
number 

R ɜ(-N=CH-) / cm-1  
Ligand 
number 

R ɜ(-N=CH-) / cm-1 

H2L1 H 1629  H2L13 Me 1629 

H2L2 Me 1619  H2L14 OMe 1616 

H2L3 iPr 1623  H2L15 COOMe 1613 

H2L4 tBu 1622  H2L16 CF3 1627 

H2L5 Ph 1635  H2L17 CN 1623 

H2L6 OMe 1610  

  

 

H2L7 F 1634   

H2L8 COOMe 1598   

H2L9 CF3 1624   

H2L10 SO2Me 1616   

H2L11 CN 1623   
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Figure 2.13. The Hammett plots of imine bond vibration frequencies vs ů parameters 

obtained for: a) the para-disubstituted SAP ligands in the solid state; b) the meta-

a) 

b) 
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disubstituted SAP ligands in the solid state. R2 values for linear data fitting are provided 

below the plots. 
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Figure 2.14. The solid state IR (ATR-FTIR) spectra (4000-400 cm-1 range) of selected SAP 

ligands: a) H2L1; b) H2L8; c) H2L10; d) H2L11. 

  

a) b) 

c) d) 
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2.2.4.3. Mass spectrometry 

The synthesised and purified SAP ligands were also characterised by mass 

spectrometry (MS) using electrospray ionisation (ESI). The ligand detection was 

conducted in both positive (ESI+) and negative (ESI-) modes. All ligands ionised well 

and were detected in the MS traces as protonated molecular ion peaks [M+H]+, 

sodiated molecular ion peaks [M+Na]+, or deprotonated molecular ion peaks [M-H]ï 

(Figure 2.15).   

 

 

Figure 2.15. The mass spectrometry (HRMS) traces of the selected SAP ligands: a) H2L4 

(ESI+ mode); b) H2L7 (ESI- mode). 

a) 

b) 
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Some ligands (e.g. H2L15, H2L17) could not be detected in the ESI+ mode; hence, 

ESI- mode was employed to observe the negatively charged molecular ion peak of 

the deprotonated species [M-H]ï (Figure 2.16a). Such behaviour is likely due to the 

inherent functional group reactivity that leads to fragmentation of the ligand, leading 

to a significant decrease in molecular ion concentration. On the other hand, the SAP 

ligands can relatively easily produce negative ions by deprotonation of one of the 

phenol groups. The resulting negative charge is stabilised by delocalisation onto the 

aromatic ring, yielding a more stable negative molecular ion form [M-H]ï that does 

not undergo further fragmentation as evidenced by MS (ESI-) traces (Figure 2.16b). 

 

 

Figure 2.16. Mass spectrometry traces of the H2L17 ligand: a) ESI+ mode; b) ESI- mode. 

a) 

b) 
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2.2.4.4. UV-visible spectroscopy 

All obtained SAP ligands were intensely coloured in their solid form. The colours 

ranged from yellow (H2L8) and orange (H2L1) to deep red (H2L30) to dark brown 

(H2L17), which corresponded well with similar compounds reported in the  

literature.267ï271 Because of the intense colouration, the UV-visible spectra of all 

synthesised ligands were recorded; DMSO was chosen as the solvent due to the 

low ligand solubility in other common solvents (e.g. DCM, water, etc.). The ligand 

solutions (prepared in the 20-60 ɛM concentration range) were either deep yellow or 

intense orange, which suggests that the colours of the ligand powders are partially 

induced by additional molecular interactions in the solid state (e.g. ́-́  stacking, vide 

infra) that are not observed in solution. The obtained SAP ligand spectra are 

presented in Figures 2.17-2.21, with the maximum absorption wavelengths (ɚmax) 

and the respective absorption coefficients (Ůmax) given in Tables 2.7-2.8.  
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Figure 2.17. The UV-visible absorption spectra (in DMSO, 20-60 ɛM range) of the para-

disubstituted SAP ligands with EDGs (H2L1-H2L6). 
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Figure 2.18. The UV-visible absorption spectra (in DMSO, 20-60 ɛM range) of the para-

disubstituted SAP ligands with EWGs (H2L7-H2L12). 
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Figure 2.19. The UV-visible absorption spectra (in DMSO, 20-60 ɛM range) of the meta-

disubstituted SAP ligands (H2L13-H2L17). 
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Figure 2.20. The UV-visible absorption spectra (in DMSO, 20-60 ɛM range) of the para-

monosubstituted SAP ligands (H2L18-H2L25). 
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Figure 2.21. The UV-visible absorption spectra (in DMSO, 20-60 ɛM range) of the meta-

monosubstituted SAP ligands (H2L26-H2L31). 
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Table 2.7. The maximum absorption wavelengths (ɚmax) and the respective absorption 

coefficients (Ůmax) of the disubstituted SAP ligands in DMSO (20-60 ɛM range). 

 

Ligand 
number 

R 
ɚmaxˊŸˊ*/ 
nm 

ŮˊŸˊ*/  
dm3 mol-1 cm-1 

ɚmaxnŸ́ */ 
nm 

ŮnŸ́ */  
dm3 mol-1 cm-1 

H2L1 H 271 10 000 355 13 000 

H2L2 Me 273 11 000 366 13 000 

H2L3 iPr 272 12 000 365 14 000 

H2L4 tBu 273 10 000 364 12 000 

H2L5 Ph - - 375 12 000 

H2L6 OMe 278 8 200 383 8 400 

H2L7 F 270 11 000 368 12 000 

H2L8 COOMe - - 352 11 000 

H2L9 CF3 268 10 000 350 9 500 

H2L10 SO2Me - - 351 11 000 

H2L11 CN - - 354 13 000 

H2L12 
COOMe 
N=C(Me) 

- - 326 6 800 

 

Ligand 
number 

R 
ɚmaxˊŸˊ*/ 
nm 

ŮˊŸˊ*/  
dm3 mol-1 cm-1 

ɚmaxnŸ́ */ 
nm 

ŮnŸ́ */  
dm3 mol-1 cm-1 

H2L13 Me 276 10 000 360 15 000 

H2L14 OMe 284 11 000 363 22 000 

H2L15 COOMe 287 19 000 378 17 000 

H2L16 CF3 267 11 000 355 12 000 

H2L17 CN 283 20 000 372 16 000 
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Table 2.8. The maximum absorption wavelengths (ɚmax) and the respective absorption 

coefficients (Ůmax) of the monosubstituted SAP ligands in DMSO (20-60 ɛM range). 

 

Ligand 
number 

R1 R2 
ɚmaxˊŸˊ* 

/ nm 
ŮˊŸˊ*/ dm3 
mol-1 cm-1 

ɚmaxnŸ́ * 

/ nm 
ŮnŸ́ */ dm3 
mol-1 cm-1 

H2L18 COOMe H 268 29 000 352 14 000 

H2L19 H COOMe - - 357 11 000 

H2L20 CF3 H 272 12 000 351 13 000 

H2L21 H CF3 - - 352 12 000 

H2L22 SO2Me H 273 15 000 351 12 500 

H2L23 H SO2Me - - 360 11 000 

H2L24 CN H 264 30 000 352 15 000 

H2L25 H CN - - 360 13 000 

 

Ligand 
number 

R1 R2 
ɚmaxˊŸˊ* 

/ nm 
ŮˊŸˊ*/ dm3 
mol-1 cm-1 

ɚmaxnŸ́ * 

/ nm 
ŮnŸ́ */ dm3 
mol-1 cm-1 

H2L26 COOMe H 279 13 500 363 14 500 

H2L27 H COOMe 282 13 000 377 14 000 

H2L28 CF3 H 275 13 500 351 14 000 

H2L29 H CF3 280 9 000 365 13 000 

H2L30 CN H 283 16 000 359 18 000 

H2L31 H CN 282 13 000 377 15 000 

 

The SAP ligands exhibit two main bands in the UV-visible spectra. The highest 

energy band observed lies in the 260-290 nm region, and has been previously 

identified as the intraligand ˊŸˊ* transition arising from the excitation of the 

aromatic phenol rings within the SAP ligand scaffold.267ï271 This transition appears 
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to be absent in a few select ligands (see Tables 2.7-2.8); however, the band is likely 

blue-shifted to a lower wavelength, as evidenced by the presence of a shoulder of 

bands in the UV-visible spectra (Figure 2.17, 2.18, and 2.20). These peaks are 

positioned below the DMSO absorption range (<260 nm), preventing the detection 

of these transitions for some of the ligands.  

The second UV-visible absorption band detected for all the analysed SAP ligands is 

present in the 350-380 nm region, and has been assigned as the nŸˊ* excitation of 

the imine C=N bond.267ï271 The clear outlier is the H2L12 ligand that has a methyl 

group on the imine bond, which increases the imine n-́ * orbital energy gap, resulting 

in a significant blueshift of the transition to 326 nm. Considering the para-

disubstituted SAP ligand series, it seems that the EDGs tend to induce a shift of this 

band towards longer wavelengths, while EWGs have the opposite effect (Table 2.7). 

Such a trend, however, is not observed for the meta-disubstituted analogues. For 

the mono-substituted SAP ligand versions, the introduction of EWGs at the amine-

adjacent aromatic ring appears to blueshift the band, while functionalising the 

aldehyde-adjacent aromatic ring with the same group slightly redshifts the peaks. 

With the exception of the H2L12, the apparent substituent effects on the ɚmax 

positions are relatively small, and the resultant band shifts are minimal. 

An additional feature centred around 450 nm was observed for a few SAP ligands. 

The feature was most pronounced for the disubstituted SAP ligands bearing EWGs 

(H2L8-H2L11 and H2L14, Figure 2.22) and the para-monosubstituted SAP ligands 

bearing EWGs on the aldehyde aromatic ring (H2L19, H2L21, H2L23, H2L25, Figure 

2.23). The transition responsible for this broad band with comparatively low Ů value 

(around 2000 dm3 mol-1 cm-1) has not been identified. It could originate from the 

nŸˊ*-type transition involving the functional groups with -́bonds, but this does not 

explain the band being observed for the CF3-bearing SAP ligands H2L9 (Figure 2.22) 

and H2L21 (Figure 2.23). The monosubstituted SAP ligands exhibiting this effect all 

have the R group at the para-position of the aldehyde aromatic ring. This could 

indicate an orbital interaction between the imine bond and the EWGs involved; 

however, the direct conjugation of the two -́systems via the aromatic ring cannot 

be achieved through the formal resonance structures.  
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Figure 2.22. The UV-visible absorption spectra (350-600 nm region; in DMSO, 20-60 ɛM 

range) of the disubstituted SAP ligands (H2L8-H2L11 and H2L14) that exhibit an additional 

low-intensity absorption band around 450 nm. 
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Figure 2.23. The UV-visible absorption spectra (350-600 nm region; in DMSO, 20-60 ɛM 

range) of the para-monosubstituted SAP ligands (H2L19, H2L21, H2L23, H2L25) that exhibit 

an additional low-intensity absorption band around 450 nm. 
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A third possibility could be some intermolecular interactions in solution, e.g. 

pronounced hydrogen bonding, ́-́ stacking, aggregation or other supramolecular 

interactions. This could lead to the formation of ligand excimer species exhibiting 

frontier molecular orbitals with lower energy gaps compared to those of monomeric 

SAP ligands.272 Excitation of such frontier molecular orbitals would result in detection 

of UV-visible bands at longer wavelengths,272,273 as seen in the spectra obtained 

(Figure 2.22 and 2.23). It could be expected that such interactions would be 

concentration dependent. The previous studies233 of the UV-visible spectra of H2L8 

at varied concentrations indicated that the absorption bands at 450 nm and 530 nm 

exhibit some non-Beer-Lambert law behaviour (Figure 2.24). This suggests that the 

observed bands result from some intermolecular phenomenon; however, the nature 

of this interaction has not been elucidated. 
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Figure 2.24. The UV-visible spectra of H2L8 ligand in DMSO at varied concentrations (5-

500 ɛM). Figure reproduced from the experimental data previously obtained by Dr T. 

Dreher.233  
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2.2.4.5. Crystal structures 

The single crystals of three novel SAP ligands, H2L8, H2L9 and H2L27 suitable for 

X-ray diffraction were obtained by slow cooling (and subsequent slow evaporation) 

of the hot, saturated compound solutions in MeOH. H2L8 crystallised as red blocks, 

while H2L9 and H2L27 yielded orange and yellow needles, respectively. All three 

ligands crystallised in the monoclinic system, with H2L8 and H2L9 crystallising in the 

P21/n space group while H2L27 crystallised in the C2/c space group. The ORTEP 

plots of H2L8, H2L9 and H2L27 are shown in Figures 2.25-2.27, with the respective 

crystal data given in Table 2.9. The selected bond lengths and bond angles are listed 

in Table 2.10. 

 

Figure 2.25. The ORTEP plot (50% probability) of the crystal structure of H2L8 ligand (C, 

grey; N, lavender; O, red). 
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Figure 2.26. The ORTEP plot (50% probability) of the crystal structure of H2L9 ligand (C, 

grey; N, lavender; O, red; F, chartreuse). 

 

Figure 2.27. The ORTEP plot (50% probability) of the crystal structure of H2L27 ligand (C, 

grey; N, lavender; O, red). 
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Table 2.9. Crystallographic data and structure refinement for H2L8, H2L9 and H2L27. 

Ligand H2L8 H2L9 H2L27 

Empirical formula C17H15NO6  C15H9F6NO2  C15H13NO4  

Formula weight 329.30  349.23  271.26  

Temperature / K 109.8 (5)  110.00 (10)  110.00(10)  

Crystal system monoclinic  monoclinic  monoclinic  

Space group P21/n  P21/n  C2/c  

a / ¡ 10.72467 (14)  12.2028 (2)  28.5014 (3)  

b / ¡ 9.77893 (11)  7.90946 (18)  5.92280 (10)  

c / ¡ 13.77219 (18)  14.2190 (3)  14.6523 (2)  

Ŭ / Á 90  90  90  

ɓ / Á 100.4395 (12)  98.4099 (19)  99.4140 (10)  

ɔ / Á 90  90  90  

Volume / ¡3 1420.46 (3)  1357.63 (5)  2440.11 (6)  

Z 4  4  8  

ɟcalc / g cm-3 1.540  1.709  1.477  

ɛ / mm-1 0.995  1.510  0.900  

F(000) 688.0  704.0  1136.0  

Crystal size / mm3 0.204 Ĭ 0.184 Ĭ 0.100  0.234 Ĭ 0.159 Ĭ 0.060  0.236 Ĭ 0.079 Ĭ 0.046  

Radiation Cu KŬ (ɚ = 1.54184)  Cu KŬ (ɚ = 1.54184)  Cu KŬ (ɚ = 1.54184)  

2Ū range for  
data collection / Á 

9.65 to 134.144  8.928 to 134.124  6.286 to 136.36  

Index ranges 
-12 Ò h Ò 12 
-4 Ò k Ò 11 
-14 Ò l Ò 16  

-14 Ò h Ò 14 
-9 Ò k Ò 9 
-16 Ò l Ò 13  

-34 Ò h Ò 29 
-2 Ò k Ò 7 
-17 Ò l Ò 17  

Reflections 
collected 

8834  12662  7635  

Independent 
reflections 

2542  
[Rint = 0.0309,  
Rsigma = 0.0284]  

2424  
[Rint = 0.0269,  
Rsigma = 0.0186]  

2229  
[Rint = 0.0136,  
Rsigma = 0.0137]  

Data / restraints / 
parameters 

2542 / 0 / 277  2424 / 0 / 254  2229 / 0 / 222  

Goodness-of-fit  
on F2 

1.105  1.060  1.076  

Final R indexes 
[I>=2ů (I)] 

R1 = 0.0332,  
wR2 = 0.0944  

R1 = 0.0396,  
wR2 = 0.0987  

R1 = 0.0305,  
wR2 = 0.0793  

Final R indexes  
[all data] 

R1 = 0.0367,  
wR2 = 0.1022  

R1 = 0.0425,  
wR2 = 0.1007  

R1 = 0.0326,  
wR2 = 0.0809  

Largest diff. peak / 
hole / e ¡-3 

0.28 / -0.37  0.66/-0.56  0.17/-0.26  
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Table 2.10. The selected bond lengths and bond angles of H2L8, H2L9 and H2L27. 

Ligand H2L8 H2L9 H2L27 

Bond distances / ¡ 

C1-O1 1.341(2) 1.341(2) 1.350(1) 

C5-O2 1.284(2) 1.288(2) 1.303(1) 

C1-C2 1.407(2) 1.403(2) 1.405(2) 

C4-C5 1.446(2) 1.439(2) 1.437(2) 

C2-N1 1.421(2) 1.410(2) 1.410(1) 

N1-C3 1.310(2) 1.305(2) 1.304(2) 

C3-C4 1.414(2) 1.419(3) 1.428(2) 

Bond angles / Á 

C2-N1-C3 127.0(1) 129.3(2) 129.4(1) 

N1-C3-C4 124.3(1) 121.7(2) 119.6(1) 

 

The crystal structures for the H2L8, H2L9 and H2L27 ligands exhibit very similar bond 

lengths for the same bond types, although some of the measured distances deviate 

from the reported literature values.274 The amine phenol group (C1-O1) bond 

distances of 1.34-1.35 ¡ is consistent with that of a phenolic group,274 but the 

aldehyde phenol group (C5-O2) exhibits shorter bond lengths (1.28-1.30 ¡). This 

resembles a quinoid-type C-O bond, although it is not as short as 1.22 ¡.274 Such 

difference in overall closely similar phenol groups could be explained by the strong 

hydrogen bonding between the imine nitrogen and the aldehyde phenol proton.275 

The short hydrogen bond length of 2.50-2.60 ¡ suggests a strong, covalent like H-

bond.276 This is further supported by the respective electron density being located 

closer to the imine than the phenol group in all three ligand crystal structures (Figures 

2.25-2.27). The hydrogen atom in all instances has been located from the electron 

density difference map rather than generated by calculations.276,277 Modelling the 

proton on the phenol group and assigning the electron density on the nitrogen atom 

as a lone pair significantly reduced the goodness of fit parameters for the H2L8 and 

H2L9 crystal structures.277 Similar compound architectures exhibiting keto-enamine-

type configurations have been reported (Figure 2.28).275,278ï281 As a result, the bonds 

adjacent (and conjugated to) the imine and phenol groups are somewhat 
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distorted.275,278 The C4-C5 bonds are elongated (1.44-1.45 ¡) compared to the 

conventional aromatic carbon-carbon bonds (1.40 ¡, C1-C2 is close to that). The 

C2-N1 adjacent to the imine group also exhibit longer distances (1.41-1.42 ¡) than 

those expected (1.37 ¡), while the C3-C4 bonds are somewhat shortened 

(measured: 1.41-1.42 ¡; reported: 1.48 ¡).  

Interestingly, the the imine group itself appears to be largely unperturbed. The N1-

C3 bond distances of 1.30-1.31 ¡ are in good agreement with the literature values 

of conjugated imine bonds,274 and the imine bond angles, although slighlty skewed, 

remain planar (Table 2.10). The two aromatic rings of each ligand are also close to 

being in the same plane. The H2L8, H2L9 and H2L27 exhibit dihedral angles of 6.3Á, 

11.7Á and 8.6Á, respectively, which are within range of reported values.233,275,281  

 

 

Figure 2.28. The ORTEP plots (50% probability) of the crystal structure of: a) 6-(((6-hydroxy-

2-(2-hydroxyphenyl)-1,3-benzoxazol-5-yl)amino)methylidene)cyclohexa-2,4-dien-1-one 

(CCDC identifier: EGEMAF);281 b) 17Ŭ-Hydroxy-3-methoxy-16Ŭ-((E)-salicylideneamino)-

estra-1,3,5(10)-triene (CCDC identifier: QEXZUO)280 (C, grey; N, lavender; O, red; selected 

bond distances and bond angles highlighted in green). 

The crystal cell packing of H2L8, H2L9 and H2L27 ligands is shown in Figure 2.29. 

The ligands are stacked in a planar fashion; the distances between the parallel 

a) 

b) 
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crystal planes are 3.37 ¡ for ligands H2L8 and H2L27, while H2L9 exhibits a larger 

3.87 ¡ distance. This is most likely caused by the tetrahedral geometry of the CF3 

groups in H2L9 that are directly bonded to the aromatic rings, which cannot efficiently 

stack in planar fashion compared to the planar ester groups of H2L8 and H2L27. All 

three ligands stack in a head-to-tail fashion between the closest parallel crystal 

planes (Figure 2.30), with the amine and aldehyde aromatic rings pointing in 

opposite directions. The ligand molecules are symmetry-related via a centre of 

inversion and a glide plane. The -́́  stacking is only observed for the H2L9 ligand. 

 

Figure 2.29. The ORTEP plots (50% probability) of the crystal unit cell diagrams of: a) H2L8; 

b) H2L9; c) H2L27 (C, grey; N, lavender; O, red; all unit cells are viewed along the b vector). 

a) b) 

c) 
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Figure 2.30. The ORTEP plots (50% probability) of the molecular stacking between the 

closest parallel crystal planes of: a) H2L8; b) H2L9; c) H2L27 (C, grey; N, lavender; O, red). 

Left ï view along the axis perpendicular to the ligand plane; right ï view along the axis at an 

angle to the ligand plane. 

A distinctive ózig-zagô pattern between adjacent non-parallel crystal planes has also 

been observed for the three crystal structures (Figure 2.31); the dihedral angles 

between the ligand planes were measured to be 38Á, 51Á and 46Á for H2L8, H2L9 

and H2L27, respectively. For H2L8 and H2L9, such positioning facilitates 

intermolecular hydrogen bonding interactions (Figure 2.32). One molecule of the 

ligand (A) exhibits two intermolecular hydrogen bonds (H-bonds). One H-bond is 

observed between the aldehyde quinoid-type group of molecule A and the amine 

phenol on the adjacent molecule B. Analogous H-bond between the amine phenol 

group of molecule A is formed to the aldehyde quinoid-type group of a third ligand 

molecule C. Conversely, H2L27 crystal structure showcases hydrogen bonding only 

a) 

b) 

c) 
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between two ligand molecules (A and B) with the total three intermolecular hydrogen 

bonds between their phenol groups. All H-bond distances for H2L8, H2L9 and H2L27 

ligands exhibit 2.50-2.63 ¡ lengths, which are consistent with relatively strong H-

bonds lengths.276 The additional third H-bond in the H2L27 structure between the 

amine phenol groups of two adjacent molecules is considerably longer (3.01 ¡), 

suggesting a weaker hydrogen bonding interaction likely due to steric constraints. 

Further short contact interactions were observed between the ester groups of ligand 

molecules in adjacent planar crystal planes of H2L8 and H2L27, as well as the CF3 

and imine groups of analogously positioned molecules of H2L9. 

 

 

 

Figure 2.31. The ORTEP plots (50% probability) showcasing the ózig-zagô patterned 

observed between the closest non-parallel crystal planes of: a) H2L8; b) H2L9; c) H2L27 (C, 

grey; N, lavender; O, red).  

a) 

b) 

c) 
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Figure 2.32. The ORTEP plots (50% probability) showcasing the intermolecular hydrogen 

bonding interactions (cyan dashed lines) of: a) H2L8; b) H2L9; c) H2L27 (molecules 

described in the text denoted with A, B and C labels; C, grey; N, lavender; O, red).  

a) 

b) 

c) 

A 

B 
C 

A 

B 

C 

A 

B 
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Overall, the crystal structures obtained for the SAP ligands (H2L8, H2L9 and H2L27) 

exhibit parameters which are consistent with the values reported in the 

literature.274,276,277 The phenolic proton location on the imine nitrogen was surprising, 

but it has also been previously described in literature examples.275,278ï281 Multiple 

inter- and intramolecular interactions were identified, some of which are likely to exist 

in the solutions of the SAP ligands as well. For example, the intramolecular H-

bonding results in the highly-deshielded resonances observed in the 1H NMR 

spectra of these compounds. Additonally, the intermolecular H-bonding and planar 

stacking of the ligand molecules could offer some explanation for the non-Beer-

Lambert law behaviour observed for some SAP ligands. Nevertheless, no 

unexpected trends in molecular geometries of the investigated SAP ligands were 

observed. 

 

2.3. Mo-complex synthesis and characterisation 

2.3.1. [cis-MoVIO2(SAP-(R)2)] complex scope and synthesis 

Using the synthesised SAP ligand library, the respective [cis-MoVIO2]-based 

complexes (Tables 2.11-2.12) were synthesised using adapted literature 

methods141,235 and protocols developed in the project.233  

Table 2.11. The numbering of disubstituted [cis-MoVIO2(SAP-(R)2)] complexes investigated 

in this work. 

 

Complex 
number 

R  
Complex 
number 

R 

Mo1 H  Mo13 Me 

Mo2 Me  Mo14 OMe 

Mo3 iPr  Mo15 COOMe 
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Mo4 tBu  Mo16 CF3 

Mo5 Ph  Mo17 CN 

Mo6 OMe  

 

Mo12 

Mo7 F  

Mo8 COOMe  

Mo9 CF3  

Mo10 SO2Me  

Mo11 CN  

 

Table 2.12. The numbering of monosubstituted [cis-MoVIO2(SAP-(R)2)] complexes 

investigated in this work. 

 

Complex 
number 

R1 R2  
Complex 
number 

R1 R2 

Mo18 COOMe H  Mo26 COOMe H 

Mo19 H COOMe  Mo27 H COOMe 

Mo20 CF3 H  Mo28 CF3 H 

Mo21 H CF3  Mo29 H CF3 

Mo22 SO2Me H  Mo30 CN H 

Mo23 H SO2Me  Mo31 H CN 

Mo24 CN H     

Mo25 H CN     

 

The target compounds were obtained by a ligand substitution reaction (Figure 2.33), 

where the two monoanionic bidentate acetylacetonate (acac) ligands in the [cis-

MoVIO2(acac)2] precursor are displaced by one dianionic tridentate SAP ligand. The 

reaction is primarily driven by the strong chelate effect of the SAP scaffold. As the 

reactions are carried out in methanol, the resulting [cis-MoVIO2(SAP-(R)2)(MeOH)] 

products contain a single methanol molecule coordinated at the vacant axial site (for 

spectroscopic evidence, see later sections). 
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Figure 2.33. The general reaction scheme for [cis-MoVIO2(SAP-(R)2)(MeOH)] complex 

synthesis via ligand substitution. 

An alternative synthetic route was also developed (Figure 2.34).233,262 Using a 

molybdate salt (i.e. sodium molybdate dihydrate, Na2MoO4ÅH2O) as the source for 

[cis-MoVIO2], H2L1 and H2L8 were coordinated to the molybdenum centre, yielding 

the target complexes Mo1 and Mo8. The added acetic acid protonates the oxide 

ligands in Na2MoO4, allowing subsequent SAP ligand coordination. Although such 

pathway reduces the synthetic steps for the overall synthesis of [cis-MoVIO2(SAP-

(R)2)(MeOH)] complexes, the acidic conditions and the prolonged heating of the 

reaction mixture is not compatible with all SAP ligands. For example, complexation 

of H2L9 and H2L11 resulted in significant ligand decomposition, and the target 

complexes Mo9 and Mo11 were not formed.247,249  

 

Figure 2.34. The general reaction scheme for [cis-MoVIO2(SAP-(R)2)(MeOH)] complex 

synthesis via molybdate hydrolysis. 

The desired [cis-MoVIO2(SAP-(R)2)(MeOH)] complexes were obtained as pure 

intensely yellow, orange or brown powders in moderate to excellent yields (63-96%). 

Similar to the SAP ligands, the yield was determined by the isolation method. 

Complexes that readily precipitated from the reaction mixtures gave lower yields 

than those that were obtained by solvent evaporation. After obtaining the crude 

solids, the complexes were further purified by extensive washing or trituration with 

selected organic solvents to remove unreacted ligand (or ligand hydrolysis products), 
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with subsequent drying under vacuum and over desiccants. The obtained target 

compounds were characterised using 1H and 13C (when appropriate, 19F) NMR 

spectroscopy, mass spectrometry, IR spectroscopy, and UV-visible spectroscopy. 

Single crystals suitable for XRD analysis were obtained of several [cis-MoVIO2(SAP-

(R)2)(MeOH)] complexes from various solvent diffusion systems. The collated 

characterisation data for target complexes is discussed in more detail in the later 

sections of this chapter, with detailed spectroscopic characterisation of each 

compound presented in Chapter 6. 

 

2.3.2. [cis-MoVIO2(SAP-(R)2)] complex characterisation 

2.3.2.1. 1H NMR spectroscopy in DMSO-d6 solutions 

The 1H NMR spectra of the target [cis-MoVIO2(SAP-(R)2)(MeOH)] complexes were 

recorded in DMSO-d6, mainly due to the limited solubilities of the compounds in other 

common NMR solvents. Comparing to the respective SAP ligand 1H NMR spectra 

(Figure 2.35), there are no proton resonances observed for the phenolate groups in 

the complex, indicating successful ligand deprotonation. As the imine nitrogen and 

the phenolate oxygens coordinate to the electron-deficient [MoVI]-centre as ů-

donors, the ligand scaffold experiences significant electron density loss. This leads 

to significant deshielding of all ligand protons (especially in the conjugated system) 

and a downfield shift in proton resonances. The most pronounced downfield shift is 

evident for the imine group (N=CH) proton peak (0.2-0.4 ppm, Tables 2.13-2.14), as 

the electron-density from the imine bond is donated towards the molybdenum centre. 

Such behaviour observed for all complexes indicates a successful SAP ligand 

coordination to the [cis-MoVIO2] core and formation of the target compounds. Similar 

coordination shifts have been reported previously for analogous [cis-MoVIO2(SAP-

(R)2)(MeOH)] complexes.233,262  
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Figure 2.35. Comparison of the selected 1H NMR spectra (400 MHz, DMSO-d6, 25ÁC) of 

the synthesised SAP ligands (a and c) and the synthesised [cis-MoVIO2(SAP-(R)2)(MeOH)] 

complexes (b and d) in DMSO-d6 solutions: a) H2L1; b) Mo1; c) H2L2; d) Mo2. 

-OH -OH 

-N=CH- 

 

-N=CH- 

a) 

c) 

-OH -OH 

-N=CH- 

-N=CH- 

b) 
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-CH3 

-CH3 

CH3-OH 

 

CH3-OH 

 

CH3-OH 
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The aromatic protons also exhibit peak shifts of up to 0.2 ppm upon ligand 

coordination (Figure 2.35). The resonances shift both upfield and downfield, 

indicating that some protons experience an increased shielding upon ligand 

coordination, contrary to previous observations. This is a likely result of the 

summative substituent electronic effects and the magnetic anisotropy effects of the 

aromatic -́systems. The distinctive coupling patterns described for disubstituted 

SAP ligands (vide supra) remain visible for the respective disubstituted [cis-

MoVIO2(SAP-(R)2)(MeOH)] complexes as well. In some cases, ligand complexation 

results in peak shifts that separate the overlapping resonances, allowing a clearer 

visualisation of the aromatic proton coupling patterns (Figure 2.35c).  

The 1H NMR-active substituents (e.g. methyl groups in Mo2, Mo6, Mo8, Mo10) 

showcased only slight resonance shifts upon ligation. This was expected as ligand 

substituents are spatially removed from the electron-deficient [MoVI]-centre, and are 

not significantly perturbed by its effects. The functional group peak positions are 

primarily governed by the nature of that group.    

The additional peaks observed in the spectra correspond to free methanol ï these 

appear as a doublet at 3.17 ppm and a quadruplet at 4.11 ppm if appropriately 

resolved (Figure 2.35a and 2.35c). This strongly indicates that DMSO-d6 displaces 

the methanol molecule at the axial coordination site of the complexes. DMSO-d6 is 

in vast excess, and is a stronger coordinating ligand, which explains such behaviour. 

The solvent displacement effect is discussed in the later sections of this chapter (vide 

infra), and in more detail in Chapter 4. Such effect has been previously observed for 

[cis-MoVIO2(SAP-(R)2)(solv)] complexes with coordinating solvent species.97,98,233 

As for SAP ligands, the chemical shift values of the [cis-MoVIO2(SAP-(R)2)] complex 

imine group (N=CH) proton resonances were plotted against the ů parameters to 

construct Hammett plots (Tables 2.13-2.14 and Figures 2.36-2.37). The obtained 

trends are very similar to those described for SAP ligands (vide supra). The para-

disubstituted [cis-MoVIO2(SAP-(R)2)] complexes exhibit scattered data with little 

correlation, although the obtained R2 values for the linear fits have overall increased 

compared to the respective para-disubstituted SAP ligand plots (Figure 2.36). The 

meta-disubstituted complex analogues show trends much closer to linearity, with the 
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R2 fit values close to 1 (Figure 2.37). The closest linear plot was obtained for the ůp+ 

parameter, suggesting that EDGs have the strongest influence on the imine proton 

(N=CH) chemical shifts in the analysed complexes. These trends closely resemble 

those of SAP ligands, demonstrating that ligation to [cis-MoVIO2]-core does not 

change the overall electronic-effects of the functional groups. 

Table 2.13. The imine proton (N=CH) chemical shifts for para-disubstituted SAP ligands and 

[cis-MoVIO2(SAP-(R)2)(MeOH)] complexes (recorded in DMSO-d6 solutions) together with 

the respective substituent Hammett parameter values. 

 

R ŭligand / ppm ŭcomplex / ppm ůp ům ůpï ůp+ 

H 8.96 9.28 0.00 0.00 0.00 0.00 

Me 8.89 9.18 -0.17 -0.07 -0.17 -0.31 
iPr 8.96 9.29 -0.15 -0.04 -0.16 -0.28 
tBu 9.01 9.33 -0.20 -0.10 -0.13 -0.26 

Ph 9.24 9.58 -0.01 0.06 0.02 -0.18 

OMe 8.95 9.23 -0.27 0.12 -0.26 -0.78 

F 8.95 9.23 0.06 0.34 -0.03 -0.07 

COOMe 9.24 9.67 0.45 0.37 0.75 0.49 

CF3 9.19 9.61 0.54 0.43 0.65 0.61 

SO2Me 9.28 9.71 0.72 0.60 1.13 - 

CN 9.08 9.44 0.66 0.56 1.00 0.66 
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Figure 2.36. The Hammett plot of the imine proton (N=CH) chemical shifts vs ů parameters 

obtained for para-disubstituted [cis-MoVIO2(SAP-(R)2)(MeOH)] complexes (recorded in 

DMSO-d6 solutions). R2 values for linear data fitting are provided below the Hammett plot. 

Table 2.14. The imine proton (N=CH) chemical shifts of the meta-disubstituted SAP ligands 

and [cis-MoVIO2(SAP-(R)2)(MeOH)] complexes (recorded in DMSO-d6 solutions) together 

with the respective substituent Hammett parameter values.  

 

R ŭligand / ppm ŭcomplex / ppm ůp ům ůpï ůp+ 

H 8.96 9.28 0.00 0.00 0.00 0.00 

Me 8.89 9.14 -0.17 -0.07 -0.17 -0.31 

OMe 8.81 9.00 -0.27 0.12 -0.26 -0.78 

COOMe 9.10 9.48 0.45 0.37 0.75 0.49 

CF3 9.12 9.53 0.54 0.43 0.65 0.61 

CN 9.08 9.49 0.66 0.56 1.00 0.66 
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Figure 2.37. The Hammett plot of the imine proton (N=CH) chemical shifts vs ů parameters 

obtained for meta-disubstituted [cis-MoVIO2(SAP-(R)2)(MeOH)] complexes (recorded in 

DMSO-d6 solutions). R2 values for linear data fitting are provided below the Hammett plot. 

Due to the low symmetry of the environment around the molybdenum centre in the 

[cis-MoVIO2(SAP-(R)2)(solv)] complexes as well as set up limitations,282 95Mo NMR 

spectroscopic experiments were not carried out. To evaluate the substituent 

influence on the central molybdenum atom, other spectroscopic handles were 

employed instead. 

 

2.3.2.2. Solid-state IR spectroscopy 

The solid-state infrared spectra of the analysed [cis-MoVIO2(SAP-(R)2)(MeOH)] 

complexes show the same distinct bands for the imine bond stretch vibrations, as 

well as the distinct peaks for substituent functional group vibrations (e.g. CſN in 

Mo11, Figure 2.38). The complex imine bond stretches were identified in the 1600-

1620 cm-1 range (Table 2.15), which is in accordance with previously reported 
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data.233 Compared to the respective SAP ligand values (Table 2.15), the stretching 

frequencies of the complex imine bonds have been shifted to slightly lower 

wavenumbers. This suggests a weakened imine bond in the [cis-MoVIO2(SAP-

(R)2)(MeOH)] complexes, which is rationalised by the electron-density withdrawal 

from the imine by the electron-deficient [MoVI]-centre via the coordinating nitrogen 

atom. This results in a partially reduced imine bond order, leading to weaker and 

longer bonds that exhibit vibrations at lower frequencies. As observed for the SAP 

ligands (Figure 2.13), the bands assigned to the imine bonds in the complexes do 

not exhibit linear Hammett correlations (Figure 2.39), i.e. no systematic change in 

the imine stretch band positions with the change of substituent was determined. 
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Table 2.38. The example solid state IR (ATR-FTIR) spectra (2300-800 cm-1 range) of H2L11 

(black line) and Mo11 (red line). For the ease of comparison, specific bands are highlighted 

in the figure. 
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Table 2.15. The measured imine bond stretching frequencies of the disubstituted SAP 

ligands and [cis-MoVIO2(SAP-(R)2)(MeOH)] complexes in the solid state. 

 

R ɜligand / cm-1 ɜcomplex / cm-1 

H 1629 1611 

Me 1619 1614 
iPr 1623 1611 
tBu 1622 1614 

Ph 1635 1613 

OMe 1610 1620 

F 1634 1611 

COOMe 1598 1608 

CF3 1624 1618 

SO2Me 1616 1616 

CN 1623 1615 

 

R ɜligand / cm-1 ɜcomplex / cm-1 

Me 1629 1608 

OMe 1616 1604 

COOMe 1613 1612 

CF3 1627 1623 

CN 1623 1603 
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Figure 2.39. The Hammett plots of imine bond vibration frequencies vs ů parameters 

obtained for: a) para-disubstituted [cis-MoVIO2(SAP-(R)2)(MeOH)] complexes in the solid 

state; b) meta-disubstituted [cis-MoVIO2(SAP-(R)2)(MeOH)] complexes in the solid state. R2 

values for linear data fitting are provided below the plots. 

a) 

b) 
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In addition to the SAP ligand related vibrational modes, the [cis-MoVIO2]-group 

vibrations in the synthesised complexes can be straightforwardly identified in the IR  

spectra. The moiety exhibits two distinct and intense absorption bands in the 1000-

900 cm-1 region (Figure 2.38), corresponding to the symmetric and asymmetric 

(O=Mo=Osymm and O=Mo=Oasymm) stretches.283 The symmetric stretch has a higher 

vibrational energy compared to the asymmetric stretch, resulting in a band at a 

respectively higher wavenumber.283 Additionally, the direct spectroscopic handle of 

the molybdenum-oxo bonds allows the evaluation of the substituent electronic 

effects on the bonding within the complex [cis-MoVIO2]-core.104 Regarding the OAT 

activity of [cis-MoVIO2]-based complexes, one of the Mo=O bonds is broken in the 

oxygen atom transfer to the substrate. It could be postulated that the weakening of 

the Mo=O bonds within the catalyst structure could lead to higher OAT activity, 

especially if Mo=O bond breaking is the rate determining step in the catalytic cycle. 

Therefore, the trends in the O=Mo=Osymm and O=Mo=Oasymm band shifts across the 

investigated complex series could allow identification of structure-activity 

relationships for the [cis-MoVIO2(SAP-(R)2)(MeOH)] complexes. 

The recorded O=Mo=Osymm and O=Mo=Oasymm band wavenumbers for the 

disubstituted [cis-MoVIO2(SAP-(R)2)(MeOH)] complexes are listed in Table 2.16, 

alongside the respective substituent Hammett parameters. The two stretches are 

detected in relatively narrow wavenumber ranges (O=Mo=Osymm 920-945 cm-1; 

O=Mo=Oasymm 880-916 cm-1), which correlate very well with literature values for 

structurally similar complexes.104,240,283 Such characteristic values of two strong 

intensity bands in the IR spectrum (that were not observed for the SAP ligands) 

confirm that the synthesised complexes contain a central molybdenum atom with 

two oxo ligands in a cis-configuration.  

Only three complexes from the investigated library, namely Mo3, Mo9 and Mo17, 

did not exhibit the asymmetric O=Mo=Oasymm stretching bands in the expected 

wavenumber range, with some broad strong intensity bands observed at significantly 

lower frequencies (<800 cm-1). This could indicate that the in the solid state, 

complexes may adapt an oligomeric structure by coordinating one of the complex 

oxo ligands at the vacant site of the adjacent complex molecule, outcompeting the 
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solvent coordination. Such a structural motif has been proposed previously for some 

[cis-MoVIO2(SAP-(R)2)] complexes;97,233,239 however, the motif does not seem to be 

common across the complex series presented here. Additionally, the oligomeric 

structures are expected to dissociate in solution, especially when excess of a 

strongly coordinating solvent (e.g. DMSO) is present, and as such would not 

influence the catalytic properties of the complexes. Therefore, these oligomeric 

complex structure properties were not investigated further; a more extensive 

description of such structures has been provided in earlier work.233 

Table 2.16. The measured stretching frequencies of the O=Mo=Osymm and O=Mo=Oasymm  

vibrations of the disubstituted [cis-MoVIO2(SAP-(R)2)(MeOH)] complexes in the solid state. 

 

Complex 
number 

R 
ɜO=Mo=O / cm-1 

ůp ům ůpï ůp+ 
symm asymm 

Mo1 H 930 905 0.00 0.00 0.00 0.00 

Mo2 Me 935 908 -0.17 -0.07 -0.17 -0.31 

Mo3 iPr 945 - -0.15 -0.04 -0.16 -0.28 

Mo4 tBu 932 911 -0.20 -0.10 -0.13 -0.26 

Mo5 Ph 929 912 -0.01 0.06 0.02 -0.18 

Mo6 OMe 926 902 -0.27 0.12 -0.26 -0.78 

Mo7 F 929 906 0.06 0.34 -0.03 -0.07 

Mo8 COOMe 940 916 0.45 0.37 0.75 0.49 

Mo9 CF3 923 - 0.54 0.43 0.65 0.61 

Mo10 SO2Me 928 904 0.72 0.60 1.13 - 

Mo11 CN 936 906 0.66 0.56 1.00 0.66 

 



 

155 

 

Complex 
number 

R 
ɜO=Mo=O / cm-1 

ůp ům ůpï ůp+ 
symm asymm 

Mo1 H 930 905 0.00 0.00 0.00 0.00 

Mo13 Me 931 894 -0.17 -0.07 -0.17 -0.31 

Mo14 OMe 933 910 -0.27 0.12 -0.26 -0.78 

Mo15 COOMe 940 909 0.45 0.37 0.75 0.49 

Mo16 CF3 923 899 0.54 0.43 0.65 0.61 

Mo17 CN 926 - 0.66 0.56 1.00 0.66 

 

The slight variations in the band positions indicate a relatively rigid structure of the 

[cis-MoVIO2]-core that is not significantly perturbed by the substituent electronic 

effects. To further evaluate the substituent electronic influence, Hammett plots were 

constructed for the disubstituted [cis-MoVIO2(SAP-(R)2)(MeOH)] complexes (Figures 

2.40-2.41). The obtained Hammett plots for both symmetric and asymmetric [cis-

MoVIO2] vibrational frequencies of [cis-MoVIO2] show no linear correlation, confirming 

the abovementioned lack of bond perturbation by the substituent electronic effects. 

This is somewhat contrary to the results obtained previously in the Duhme-Klair 

group,233 where some linear trends, albeit not strong, were identified. The goodness 

of fit values of these plots (R2 = 0.23-0.36) were higher than the ones obtained in 

this analysis (Figure 2.40-2.41), but still can be considered relatively poor for a linear 

model.  
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R2 (b) 0.002 0.0288 0.005 0.176 

 

Figure 2.40. The Hammett plots of O=Mo=O vibration frequencies vs ů parameters obtained 

for the para-disubstituted [cis-MoVIO2(SAP-(R)2)(MeOH)] complexes in the solid state: a) the 

symmetric stretch (O=Mo=Osymm); b) the asymmetric stretch (O=Mo=Oasymm). R2 values for 

linear data fitting are provided below the plots. 

a) 

b) 
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Figure 2.41. The Hammett plots of O=Mo=O vibration frequencies vs ů parameters obtained 

for the meta-disubstituted [cis-MoVIO2(SAP-(R)2)(MeOH)] complexes in the solid state: a) the 

symmetric stretch (O=Mo=Osymm); b) the asymmetric stretch (O=Mo=Oasymm). R2 values for 

linear data fitting are provided below the plots. 

a) 

b) 
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Literature reports also indicate relatively good Hammett correlations,104,105,164,240 

however, often only one of the SAP aromatic rings is substituted, and considerably 

fewer substituents (up to 6 instead of 11 reported here) are analysed. The trends in 

O=Mo=O vibration frequencies (Table 2.17) for monosubstituted [cis-MoVIO2(SAP-

(R)2)(MeOH)] complexes were also briefly examined. The obtained Hammett plots 

(Figures 2.42-2.43) exhibited some improvement in the linear fits, but the number of 

complexes correlated, however, has decreased from the initial 11 (Figure 2.40) to 8 

(Figure 2.42) and 6 (Figure 2.43). Overall, the substituent electronic effects are not 

manifested as a correlation between the Mo=O vibrational data and their respective 

Hammett parameters. 
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Table 2.17. The measured stretching frequencies of the O=Mo=Osymm and O=Mo=Oasymm 

vibrations of the monosubstituted [cis-MoVIO2(SAP-(R)2)(MeOH)] complexes in the solid 

state. 

 

R1 R2 
ɜO=Mo=O / cm-1 

ůp ům ůpï ůp+ 
symm asymm 

COOMe H 928 887 0.45 0.37 0.75 0.49 

H COOMe 932 894 0.45 0.37 0.75 0.49 

CF3 H 922 911 0.54 0.43 0.65 0.61 

H CF3 924 896 0.54 0.43 0.65 0.61 

SO2Me H 930 900 0.72 0.60 1.13 - 

H SO2Me 930 898 0.72 0.60 1.13 - 

CN H 945 913 0.66 0.56 1.00 0.66 

H CN 932 907 0.66 0.56 1.00 0.66 

 

R1 R2 
ɜO=Mo=O / cm-1 

ůp ům ůpï ůp+ 
symm asymm 

COOMe H 917 886 0.45 0.37 0.75 0.49 

H COOMe 919 908 0.45 0.37 0.75 0.49 

CF3 H 937 909 0.54 0.43 0.65 0.61 

H CF3 924 896 0.54 0.43 0.65 0.61 

CN H 940 914 0.66 0.56 1.00 0.66 

H CN 932 906 0.66 0.56 1.00 0.66 
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R2 (a) 0.120 0.175 0.280 0.083 

R2 (b) 0.240 0.236 0.046 0.717 

 

Figure 2.42. The Hammett plots of O=Mo=O vibration frequencies vs ů parameters obtained 

for the para-monosubstituted [cis-MoVIO2(SAP-(R)2)(MeOH)] complexes in the solid state: 

a) the symmetric stretch (O=Mo=Osymm); b) the asymmetric stretch (O=Mo=Oasymm). R2 

values for linear data fitting are provided below the Hammett plots. 

a) 

b) 
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Hammett 
parameter 

ůp ům ůpï ůp+ 

R2 (a) 0.676 0.613 0.200 0.742 

R2 (b) 0.322 0.317 0.183 0.290 

 

Figure 2.43. The Hammett plots of O=Mo=O vibration frequencies vs ů parameters obtained 

for the meta-monosubstituted [cis-MoVIO2(SAP-(R)2)(MeOH)] complexes in the solid state: 

a) the symmetric stretch (O=Mo=Osymm); b) the asymmetric stretch (O=Mo=Oasymm). R2 

values for linear data fitting are provided below the Hammett plots. 

a) 

b) 
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The lack of correlation is somewhat unexpected considering that similar complexes 

[cis-MoVIO2] with Schiff base ligands have been reported to have strong correlations 

between the Hammett parameters and O=Mo=O vibration frequencies.104,105,164,240 It 

is important to note that the literature analyses were only concerned with a single 

substituent, while in this work, the Hammett analysis was primarily focussed on the 

[cis-MoVIO2(SAP-(R)2)(MeOH)] complexes with two identical substituents on two 

aromatic rings on the SAP ligand. Due to the chemical inequivalence of the two 

aromatic rings, the two substituents with identical inherent electronic effects might 

exert different electronic influence on the [cis-MoVIO2] which cannot be accounted 

for using Hammett parameters alone. The differences in aromatic ring contributions 

towards the photocatalytic properties of the [cis-MoVIO2(SAP-(R)2)(MeOH)] 

complexes are further discussed in Chapter 3. 

Overall, it can be proposed that the functional groups within the SAP ligand scaffold 

do not modulate the molybdenum-oxo bond strength in the analysed [cis-

MoVIO2(SAP-(R)2)(MeOH)] complexes. Therefore, the photocatalytic OAT activity of 

[cis-MoVIO2(SAP-(R)2)(MeOH)] described in Chapter 3 is not primarily associated 

with the ground state Mo=O bond strength. The substituent electron-withdrawing 

ability, however, remains an important factor governing the catalytic properties of the 

complexes via a different mechanism, which is discussed in detail in Chapter 4. 

 

2.3.2.3. Mass spectrometry 

The obtained [cis-MoVIO2(SAP-(R)2)(MeOH)] complexes were also characterised by 

mass spectrometry. Interestingly, the molecular ions for the analysed complexes 

were undetectable using ESI; varying the ESI+ / ESI- modes did not improve the 

result. It is a likely consequence of the low complex solubility in MS-appropriate 

solvents (i.e. volatile organic solvents), as the samples are not concentrated enough 

for analysis even for high-resolution instruments (HRMS). Additionally, the [cis-

MoVIO2(SAP-(R)2)(MeOH)] species are expected to undergo significant 

fragmentation in MS (e.g. SAP ligand and methanol discoordination), further 

diminishing the molecular ion concentration reaching the MS detector.  
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Therefore, laser-induced field desorption ionisation (LIFDI) was employed as an 

alternative ósoftô ionisation technique for Mo-complexes to avoid the fragmentation of 

the analyte molecules during ionisation, and limit the potential side-reactions during 

analysis. Using this methodology, the molecular ions of the [cis-MoVIO2(SAP-(R)2)] 

complexes were successfully detected. The measured m/z values correspond to 

complexes without the coordinated methanol molecule (i.e. [cis-MoVIO2(SAP-(R)2)]+ 

= [M-MeOH]+ as the molecular ions), which was consistently observed for all 

complex species (example MS traces given in Figures 2.44-2.45; see Chapter 6 for 

further details). The MS simulations (Figures 2.44c and 2.45c) for the selected 

complexes closely correlate to the experimentally obtained m/z values, confirming 

the expected complex structures of the [cis-MoVIO2]-core coordinated by a single 

(SAP-(R)2) ligand. The clear molybdenum isotopic patterns (Figure 2.46b) are 

observed in the molecular ion peak clusters (Figure 2.44b and 2.45b). The relative 

peak intensities (Figure 2.46a) correspond well with the natural isotope abundances 

for molybdenum,284 further confirming that the detected species contain a single 

molybdenum atom. 
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Figure 2.44. The mass spectrometry traces (HRMS-LIFDI) of Mo1 complex: a) full spectrum; 

b) [M-MeOH]+ molecular ion peak cluster, exhibiting molybdenum isotopic pattern; c) the 

simulated MS spectrum (ThermoFisher Freestyle software) of the molecular ion [M-MeOH]+. 

 

a) 

b) 

c) 
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Figure 2.45. The mass spectrometry traces (HRMS-LIFDI) of Mo8 complex: a) full spectrum; 

b) [M-MeOH]+ molecular ion peak cluster, exhibiting molybdenum isotopic pattern; c) the 

simulated MS spectrum (ThermoFisher Freestyle software) of the molecular ion [M-MeOH]+. 

a) 

b) 

c) 




























































































































































































































































































































































































































































































































































































































































































































































































