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Lay summary 

 

The work described in this thesis concerns the synthesis and characterisation of organic 

molecules of interest for electron transfer reactions, with potential application in 

environmentally relevant processes such as the conversion of carbon dioxide. 

The compounds investigated have the unique ability to easily accept or donate electrons 

without the mediation of a metal component. Such an unusual behaviour has been 

thoroughly studied through reactions with metal ions such as iron(II), copper(I) and 

silver(I). In each case, a different outcome is observed, with the formation of different 

chemical species. To further exploit the potential of this class of compounds, simple 

structural modifications were made, leading to the development of new molecules 

displaying a highly enhanced tendency to spontaneously donate electrons. 

Accessing this improved reactivity enabled the use these newly developed compounds 

in carbon dioxide valorisation. Converting carbon dioxide into value-added products is 

advantageous, as it is a cheap, abundant and non-toxic source of carbon. Furthermore, 

utilisation of carbon dioxide would contribute to the reduction of its atmospheric levels, 

with consequent benefit to the environment. For such reasons, carbon dioxide 

conversion is an important area of research. However, the vast majority of systems 

employed in this reaction to date make use of toxic or expensive metal-containing 

compounds. On the other hand, the system discussed in this thesis is able to carry out 

carbon dioxide conversion to formic acid, used to produce energy in fuel cells, 

exploiting the non-toxic lithium and potassium ion as the only metal components. 

Additionally, the knowledge acquired during the development of this work inspired the 

design and synthesis of synthetic analogues of biologically relevant cyclic molecules 

such as porphyrins. Such molecules, ubiquitous in Nature, play important biological 

roles as in the transport of oxygen throughout the body, or the absorption of light during 

photosynthesis. As such, the development of unprecedent porphyrin analogues can 

potentially provide new reaction pathways for the establishment of synthetic systems to 

reproduce and improve the natural reactivity, leading to important technological 

advancements. 
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Abstract 

 

As a consequence of the discovery of ligand non-innocence, the last few decades have 

seen the chemistry of coordination complexes being re-evaluated. Compared to their 

counterparts, non-innocent ligands are actively involved in chemical reactions, so 

accessing unusual reaction pathways. In such a way, high-energy barriers associated 

with the formation of unstable intermediates are bypassed through ligand participation 

and innovative reactions can be undertaken. Non-innocent ligands can be divided in 

three main categories: hemilabile ligands that dissociate one or more donor 

functionalities, providing a reactive vacant coordination site on the metal centre; 

cooperative ligands that interact directly with the substrate, providing a reactive partner 

to the metal centre and favouring intramolecular reactivity; redox-active ligands that act 

as electron acceptors or donors, limiting access to unstable metal oxidation states. This 

Thesis describes the design, synthesis, characterisation and application in catalysis of 

new redox-active ligands belonging to the di(heteroaryl)methene family, in which two 

heterocyclic substituents are linked by a methine bridge. 

Chapter 1 reviews important advances in the field of non-innocent ligands, focusing on 

redox-active ligands and highlighting their main applications in synthetic chemistry and 

catalysis. Carbon dioxide valorisation is also introduced and the main reduction 

pathways described. Particular attention is given to electroreduction, with an overview 

of the state-of-the-art homogeneous electrocatalytic systems. Recent studies in redox-

active di(heteroaryl)methene systems are also presented, highlighting their individual 

features and potential applications. 

Chapter 2 describes the synthesis, characterisation and reactivity of a 

bis(iminothienyl)methane HL
NS

. This compound is readily deprotonated at the meso 

position to obtain the fully conjugated anion L
NS−

.  Introduction of the thiophene 

functionalities impacts the electronic properties of the anion, enabling access to a rich 

oxidation chemistry. As such, the unusually stable acyclic neutral radical L
NS•

 is 

obtained upon single-electron oxidation. This radical can act as a neutral L type ligand 

towards transition metals, as shown in the synthesis and characterisation of a unique 
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dinuclear copper(I) complex of L
NS•

. Alternatively, the use of the stronger oxidant 

silver(I) tetrafluoroborate triggers three sequential one-electron oxidations to form the 

radical dication L
NS•2+

. Detailed UV-vis and EPR spectroscopic, electrochemical and 

single-crystal X-ray crystallographic studies are discussed.  

Chapter 3 describes the effect that simple ligand engineering has on the electronic 

properties of additional members of the di(heteroaryl)methene family. The synthesis 

and characterisation of compounds bearing aryl substituents or furan rings to replace the 

imine functionalities or the thiophene heterocycles, respectively, are reported. 

Unexpectedly, both structural modifications cause a significant stabilisation of the 

corresponding radicals formed by single-electron oxidation. Additionally, the presence 

of strong donors is found imperative to impart kinetic stability to the anion and hamper 

spontaneous oxidation. Combined experimental and computational spectroscopic, 

crystallographic and electrochemical investigations unveil the unusual properties of 

these compounds, highlighting their potential in electroreduction reactions. 

Chapter 4 reports the use of the compounds described in Chapters 2 and 3 in carbon 

dioxide reduction. Different outcomes are observed upon reaction of carbon dioxide 

with di(heteroaryl)methene anions. Despite this, strong evidence for a spontaneous 

electroreduction process is observed in all cases. Additionally, the coordination of the 

redox-active organic scaffold to a redox-inactive metal cation is deemed essential to 

achieve reactivity. A rational interpretation of the experimental data and a potential 

reaction mechanism are proposed.  

Chapter 5 reports the ongoing development of alternative redox-active ligands based on 

the findings described in the previous chapters. The first fully core-substituted anionic 

porphyrin system is described, supported by spectroscopic and crystallographic 

characterisation, as well as computational investigation. 
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Chapter 1 

Introduction 

 

1.1 Ligand non-innocence 

The seminal discovery by Alfred Werner of the association between a cobalt cation, 

molecules of ammonia and chloride anions into defined molecular entities, later 

baptised as coordination complexes, shook the whole chemical world and promoted 

exceptional progress intersecting and influencing many different areas of chemistry.
1
 

Such studies on the coordination of simple molecules of ammonia paved the way for the 

development of more complex systems provided with tailored features to satisfy 

specific requirements. Examples of transition-metal complexes that have found 

successful applications are metallocenes, in which a metal centre is surrounded by two 

π–coordinated cyclopentadienyl moieties, Wilkinson’s catalyst for olefin hydrogenation, 

where the rhodium(I) centre is coordinated by three phosphines and a chloride ion, and 

Grubbs’ second generation catalyst for olefin metathesis (IV), having an N-heterocyclic 

carbene ligand σ-coordinated to the ruthenium centre (Figure 1.1).
1-4

 

 

Figure 1.1. Werner-type cobalt-ammine complex (I), ferrocene sandwich complex (II), Wilkinson’s 

rhodium-phosphine complex (III) and Grubbs’ second generation complex (IV). 

In all of these cases, the ligand has the role to stabilise the metal centre and to contribute 

to the fulfilment of the 18-electron rule. Assuming that the chemistry occurs at the metal 

centre, ligands provide help in tuning the electronic and steric properties of the 

complex, but ‘innocently’ do not participate in the reaction itself. However, specific 
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ligands exist that do not abide to these characteristics. Such aspect was investigated by 

in the 1960s Jørgensen, that coined the term “non-innocent” for ligands that do not 

allow the unambiguous assignment of the oxidation state of the central metal.
5
 Along 

the years, the definition of non-innocent ligand was revised and related to the active role 

played by the ligand in terms of reactivity. Such unusual ligands were so further 

classified as belonging to one or more of the following categories: hemilabile ligands, 

cooperative ligands and redox-active ligands. 

1.2 Hemilabile ligands 

The first category of non-innocent ligands comprises hemilabile ligands. Hemilability is 

a property of polydentate ligands that have at least one substitutionally labile donor 

group (Z) in the first coordination sphere, while the other coordinating functionalities 

(D) are strongly bound to the metal centre.
6
 This provides an open coordination site for 

substrate binding and stabilisation of reactive intermediates. The selective dissociation 

of the hemilabile donor occurs under different circumstances, thus hemilabile ligands 

are grouped into different classes (Figure 1.2). 

 

Figure 1.2. Examples belonging to the three types of hemilabile ligands.
6
 

In type I hemilability, the DZ chelate spontaneously opens providing a vacant 

coordination site that can be occupied by a weakly coordinated solvent molecule. This 

situation is usually encountered with metal centres that have multiple stable 

coordination geometries. An example belonging to this class is the optically active 

ruthenium(II) complex V. The chiral PNO chelate displays a temperature-dependent 
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hemilabile behaviour, reversibly dissociating the pyridine donor. The unexpected 

selective dissociation of the pyridine functionality instead of the ether has been 

attributed to a stronger trans influence of the triphenylphosphine ligand compared to the 

chloride.
7
 

The intramolecular competition between donor functions of multidentate ligands is at 

the base of type II hemilability. While fast on the NMR time scale at room temperature, 

at low temperatures this fluxional process is frozen and the dissimetric donors can be 

unambiguously identified.
8-11

 As most examples belonging to this category involve two 

or more ligands interacting with the same metal centre, the resulting dynamic system is 

often described as a “wind-screen wiper” mechanism. Transition-metal carbonyl 

complexes coordinated by terpyridine ligands (VII, VIII) undergo this process, 

displaying an equilibrium between the two bidentate forms of the terpyridine ligand.
12

 

Alternatively, type III hemilability involves the dissociation of the labile donor upon 

coordination of an external reagent Y. When the external reagent is a small molecule 

like CO, the coordination is reversible and closely related to the partial pressure of 

Y.
13,14

 In addition to the simple replacement of the hemilabile function, reaction 

between the partially dissociated chelate and the coordinated reagent can occur. Upon 

addition of CO2, the PO chelate in compound IX undergoes dissociation at the alkoxide 

donor and subsequent carbon dioxide incorporation, generating a new PO chelate.
15

 

1.3  Cooperative ligands 

Cooperative non-innocent ligands enhance the reactivity of a metal complex through 

direct interaction with the substrate. As such, the substrate is not limited to inner-sphere 

reactions with the metal and additional pathways can be undertaken. A characteristic 

example of cooperative ligand reactivity is given by Shvo’s catalyst (XI), which 

consists of a dinuclear cyclopentadienone ruthenium carbonyl complex.
16

 Upon reaction 

of the mononuclear precursor with an alcohol, a dinuclear species forms in which a 

bridging hydride (blue) is bound to the metal centres while a proton (red) is trapped by 

the ligand through a hydrogen bond interaction, forming an ‘H2 equivalent’ (Figure 1.3, 

top). In solution, such a dinuclear species dissociates providing a couple of oxidised 

(XII) and reduced (XIII) mononuclear complexes which are interconverted through the 

gain or loss of H2 equivalents upon reaction with H-donors or acceptors 

respectively.
17,18

 Thanks to this peculiar reactivity, Shvo’s catalyst has been exploited in 

a wide range of synthetic reactions, including hydrogenation of C-E multiple bonds (E = 
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C, N, O),
19-21

 oxidation and amination of alcohols,
18,22-25

 and dynamic kinetic resolution 

of amines, alcohols and α-hydroxyesters.
26-31

 In an applicative exploitation of ligand 

cooperativity, Bäckvall and co-workers reported an efficient system for the aerobic 

oxidation of benzylic and aliphatic alcohols and amines to the corresponding ketones 

and imines (Figure 1.3, bottom).
18,32

 

 

Figure 1.3. Top: dissociation of Shvo’s catalyst. Bottom: proposed catalytic cycle for the aerobic 

oxidation of amines.
32

 

Such a process mimics the biological dehydrogenation of secondary alcohols, which 

makes use of sequential electron-transfer mediators to overcome large gaps in redox 

potential. In the artificial homologue, the substrate reacts with XII to provide the ketone 

and XIII. The latter then reduces the electron-rich quinone to give the corresponding 

quinol, which in turn carries the electrons to a Co(III)(salen-like) complex. Turnover is 

then achieved by the aerobic oxidation of the Co(II) species to give water and the 

Co(III) complex. 

1.4 Redox-active ligands 

1.4.1 Dithiolene ligands 

Redox-active ligands can undergo redox transformations, allowing access to unusual 

oxidation states. The first examples of redox-active ligands were reported in the 1960s 

as transition-metal dithiolene complexes.
33-35

 During that decade, dithiolene complexes 



Chapter 1. Introduction                                                                                         
 

16 

raised a large scientific debate, due to the mismatch in the assignment of the oxidation 

state of the central metal when interpreting data from different characterisations.
36

 

Crystallographic characterisation of [Ni(dithiolene)2]
n

 complexes found in all cases a 

square planar preferred geometry, regardless of the overall anionic charge and thus of 

the formal oxidation state of the metal.
37-41

 Despite the square planar geometry being a 

strong indication for a d
8
 Ni(II) configuration, due to low accuracy the bond lengths of 

the organic ligand could not be used as an indication of its real nature (aromatic or 

quinonoid). Polarographic experiments revealed the tendency of such species to easily 

undergo one-electron redox events, initially attributed to the metal centre being in a 

doublet state.
42

 Molecular orbital calculations suggested a high degree of covalency in 

the metal-dithiolene bonding, with low-energy metal-based orbitals while the two 

highest occupied orbitals were ligand-based. Additionally, these ligand-based orbitals 

were found to be filled, half-filled or empty depending on the complex electron count.
43

 

In contrast, detailed EPR investigations were more consistent with a spin-paired d
7
 

configuration.
44,45

 A definite answer could not be found and such a debate was 

gradually left in the shadows for several decades, until Wieghardt and co-workers 

reported a computational study on redox non-innocent ligands, claiming about 

dithiolenes that “the diradical character of all complexes suggests the presence of Ni(II) 

central atoms”.
46

 Further computational investigation in conjunction with highly 

accurate crystal structure determinations and electronic and EPR spectroscopic 

investigations unambiguously revealed that in such complexes the metal has a d
8
 

configuration with an overall charge dependent on the net ligand charge.
47

 Such 

assumption was both in agreement with the previous EPR analysis
44,45

 on a symmetry 

basis and with the high energy ligand-based orbitals.
43

 These results proved that 

paramagnetic nickel-dithiolene complexes exist as nickel(II) compounds in which the 

redox events are ligand-centred. Reversible reactions occur at these species, which see 

each ligand undergo sequential one-electron redox events from a dianion to a radical 

monoanion and eventually to a neutral donor (Figure 1.4).
48

 

 

Figure 1.4. Ligand-centred redox reactivity in nickel(II)-dithiolene complexes.
48
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As such, nickel complexes containing redox-active ligands can undergo multiple redox 

events without affecting the oxidation state of the metal. Soon thereafter, the first 

application of such unusual reactivity was reported. Diradical nickel(II) compounds 

react with olefins to form 1:1 adducts in which the olefin is trapped by the dithiolene 

ligand into a bridged dithiolate.
49-51

 Wang and Stiefel exploited this reactivity to 

develop a system competent for the purification of light olefins from a gas mixture.
52

 

Upon coming into contact with a mixture of gases, compound XVI selectively reacts 

with the light olefin component, disregarding molecules like H2O, CO and H2 that are 

common poisons for most metal complexes. Additionally, the olefin binding can be 

easily reversed electrochemically, releasing the alkene and regenerating the initial 

nickel(II) compound XV (Figure 1.5). In such a way, spatial and temporal separation of 

the product of interest from the reaction mixture are achieved and iteration of the 

process leads to gradually higher olefin purity. 

 

Figure 1.5. Nickel-dithiolene complex for ethylene purification from a multicomponent stream (MCS).
52 

Since these early studies, significant advances have been made, and the field of redox-

active ligands now comprises a large number of compounds. Conjugated 

oligoheterocycles such as phenanthrolines, bipyridines and terpyridines undergo 

reductive transformations to provide the corresponding polyanionic amides.
53

 

Formazanate ligands are recently emerging as redox-active β-diketiminate analogues for 

both redox-inactive metals like zinc and redox-active metals such as iron and cobalt.
54-56

 

Recently, Holland and co-workers reported an iron-formazanate complex in which the 
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ligand-based redox-activity promotes a mild reduction of the iron centre at more 

positive potentials, thus enhancing the metal redox reactivity.
57

  

Aside formazanates, two redox-active ligand families prevail in structural chemistry and 

catalysis, such as quinonoid compounds and pyridine-diimines, that will be discussed in 

the next paragraphs.   

1.4.2 Quinonoid systems 

Due to their redox activity, substituted 1,4-benzoquinones are commonly used in 

organic chemistry as two electron oxidants, in particular for the synthesis of 

oligoheterocyclic systems like porphyrins and dipyrrins.
58,59

 Similarly, their 1,2-

benzoquinone isomers display redox-active behaviour, providing catechol upon two 

sequential one-electron reductions. In nature, such process is regulated by the enzyme 

catechol oxidase that catalyses the aerobic oxidation of catechol into the corresponding 

quinone.
60

 This reaction plays a key role during the healing of wounds and infections in 

higher plants. Upon lesion of the cell, catechol is converted into quinone, which 

spontaneously polymerises to form melanin and recover the wound.
61

 This intrinsic 

redox activity and the relative ortho orientation of the donor functionalities make 

quinonoid compounds suitable chelating ligands, thus over the years many metal-

quinone complexes have been investigated, including most, if not all d-block metals.
62,63

 

Strikingly, despite the structural similarity and the small gap between the ligand π* 

orbital and the metal d orbital, quinone metal complexes display different electronic 

properties compared to their diimine and dithiolene analogues. The delocalised 

electronic structures characteristic for reduced diimines and oxidised dithiolenes do not 

appear in quinone complexes, as evident through comparison of the hyperfine coupling 

from the EPR spectra of the corresponding vanadium complexes.
63

 Thus, quinone 

ligands can be considered well-defined charge-localised systems having quinone, 

semiquinonate or catecholate forms (Figure 1.6, top). 

 

Figure 1.6. Redox equilibria between dianionic (left), monoanionic (mid) and neutral (right) forms of 

quinonoid ligand scaffolds. 
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Another member of the quinonoid ligand family that has attracted much attention in 

recent years is the iminobenzoquinone.
64

 The introduction of a nitrogen heteroatom 

within the quinone structure does not alter dramatically the redox identity of these 

compounds, providing localised redox systems (Figure 1.6, bottom). At the same time, 

the nitrogen atom provides a magnetic label (
14

N, I = 1) that enables the monitoring of 

dynamic processes by EPR spectroscopy. Furthermore, functionalisation at the nitrogen 

donor allows access to both ligands equipped with higher steric demand for catalytic 

applications and bridged polydentate systems.
65,66

 

Transition metal complexes of quinonoid ligands are commonly obtained by in situ 

deprotonation of the catechol or aminophenol precursors in the presence of a metal salt. 

Semiquinonate and iminosemiquinonate complexes of general structure ML2 where M 

is a d
8
 metal present square planar geometry and a strong antiferromagnetic coupling 

between the ligand radicals.
67

 In contrast, iron(III) and cobalt(III) compounds of general 

formula ML3 display distorted octahedral geometries when coordinated by 

iminosemiquinone ligands,
62

 while semiquinone complexes can promote aggregation 

into polynuclear species.
68

 In a similar way, the bis(iminosemiquinone)-copper(II) 

complex XXI is a mononuclear compound, while the quinone equivalent XXII has a 

dimeric structure with bridging oxygen atoms occupying axial positions with respect to 

the square planar geometry of the neighbouring metal (Figure 1.7).
69,70

 

 

Figure 1.7. Iminosemiquinonate and semiquinonate copper(II) complexes. 

1.4.3 Pyridine(diimine) 

A third prominent class of redox-active ligands are 2,6-pyridinediimines (PDIs).
71

 

These ligands consist of a neutral, planar and fully conjugated N3 donor set. Transition-

metal PDI complexes see the metal accommodated in the N3 cleft and shielded by the 

imine substituents above and below the plane defined by the ligand (Figure 1.8).  
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Figure 1.8. Structure of the iron(II)(PDI
••
) complex XXIII. 

Despite being known since the 1950s,
72-75

 these compounds regained interest in the last 

two decades, following their application as the first efficient Earth-abundant metal 

catalysts for olefin polymerisation.
76,77

 This breakthrough finding led to the 

development of a wide variety of modified PDI scaffolds, including substitution at the 

benzylic position, on the pyridine ring or at the imine functionalities with alkyl,
78

 

deuteroalkyl,
79

 biaryl,
80

 fused arenes,
81

 ether,
82

 and ferrocenyl substituents.
83

 Aside 

from olefin polymerisation, transition-metal PDI complexes are excellent catalysts for a 

number of chemical transformations including hydrogenation, hydroboration and 

hydrosilylation.
84

 

In all of the previous cases, the PDI ligand behaves as an innocent spectator and simply 

tunes the metal properties and provides geometric and steric constraints. However, this 

unique N,N,N-pincer ligand also exhibits a rich redox activity taking advantage of the 

delocalisation of the additional electron density throughout the π-conjugated network, 

the presence of electronegative heteroatoms to stabilise the negative charge and the 

availability of benzylic positions. In such a way, the PDI scaffold is able to provide 

radical species accommodating up to three additional electrons, thus becoming an 

excellent mediator for electron transfer reactions (Figure 1.9).
85

  

 

Figure 1.9. Oxidation states of the PDI ligand. 

The peculiar structural and electronic features of the PDI scaffold have been exploited 

for the synthesis of unusual metal compounds. Berben and co-workers synthesised the 

aluminium(III)-PDI complex XXIX, in which the aluminium cation is forced into a 

square pyramidal geometry as the ligand is doubly reduced to the dianion XXVI (Figure 

N3 

N2 

N4 

N5 

Fe1 

N1 
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1.10).
86

 Thanks to the axial bulk provided by the imine aryl substituents, the 

coordinated THF donor is labile and easily removed to provide the unique square planar 

aluminium(III) complex XXX. This aluminium monohydride reacts with a 

stoichiometric amount of water leaving the Al-H bond unaffected, and generating the 

water-stable and oxygen-tolerant dimer XXXI.
87

 Such an unusual reactivity arises from 

the ability of the PDI ligand to act as both a redox-active ligand and as a cooperative 

ligand, triggering protonation at one of the ligand amide sites and preserving the 

aluminium hydride bond.  

 

Figure 1.10. Synthesis and reactivity of the Al(III)(H)(PDI) complex XXIX. 

The chemistry of uranium-PDI complexes was investigated by Bart and co-workers. 

Reaction of uranium(III) iodide with the PDI ligand XXIV provides complex XXXIII, 

where the uranium is oxidised to the +4 oxidation state and the PDI ligand exists as a 

radical anion.
88

 Further reduction, occurring at the ligand and maintaining the 

uranium(IV) oxidation state constant, enables the isolation of the halide-free complex 

XXXV, where the metal centre is supported by a radical trianionic PDI ligand (Figure 

1.11, top). The redox-activity of the PDI ligand allows for further reactions at the U(IV) 

centre in XXXV. The uranium centre can in fact undergo oxygenation by N-

methylmorpholine-N-oxide (NMO) bypassing the required two-electron oxidation by 

sharing one of the electrons with the ligand (Figure 1.11, bottom).
89

 In such a way, the 

corresponding uranyl(VI) complex XXXVI of a radical anionic PDI ligand is obtained. 

Additionally, this compound undergoes sequential silylation at the oxo group through 

reaction with iodotrimethylsilane, re-establishing the neutral PDI ligand.  
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Figure 1.11. Synthesis and reactivity of uranium-PDI complexes. 

1.5 Application of redox-active ligands in catalysis 

The ability to carry out electron transfer reactions makes redox-active ligands useful 

tools for catalytic applications. As discussed in the previous paragraph, redox-active 

ligands can expand the reactivity of coordinated transition-metals providing access to 

unusual or formally unattainable oxidation states or redox pathways. Alternatively, the 

ligand itself might also be the site at which the chemical reaction occurs. According to 

the classification by de Bruin,
90

 redox-active ligands can be divided into two areas each 

comprising two catalytic application strategies, depending on their role and reactivity 

(Figure 1.12). 

 

Figure 1.12. Strategies for the use of redox-active ligands in catalysis. 
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The first strategy describes the alteration of the Lewis acidity of the metal by a redox-

active ligand. A change in the oxidation state of the ligand causes an electron density 

transfer involving the metal, which thus becomes more electron-poor (or electron-rich) 

and accesses reaction pathways that otherwise would have higher energetic barriers. 

Rauchfuss and co-workers investigated such behaviour during the electrochemical 

oxidation of dihydrogen by the neutral iridium(III) amidophenolate complex XXXIX 

(Figure 1.13).
91,92

 Upon oxidation of the amidophenolate ligand to the corresponding 

iminosemiquinonate species, the cationic complex XL is obtained. The latter contains a 

more Lewis acidic Ir(III) centre and is therefore more reactive towards dihydrogen, 

which coordinates to the metal and undergoes heterolytic cleavage of the HH bond. 

Oxidation of the now formally reduced complex XLI and subsequent deprotonation 

regenerate the original species, achieving turnover. Thus, H2 can be oxidised using a 

stoichiometric sacrificial oxidant and the enhanced Lewis acidic Ir(III) catalyst. 

 

Figure 1.12: Dihydrogen oxidation by an Ir(III) centre with enhanced Lewis acidity. 

Strategy II takes advantage of the ability of redox-active ligands to serve as electron 

reservoirs to the metal. Having the possibility to use or store additional electrons 

through the ligand electronic system, the metal accesses unconventional reaction 

pathways. First-row transition metals are usually more prone to one-electron 

transformations, while two-electron reactions are more common for noble, second- and 

third-row transition metals. As many elementary steps in homogeneous catalysis require 

concerted two-electron transfer reactions such as oxidative addition/reductive 
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elimination, expensive noble metals like Pd, Pt or Rh are commonly used. In spite of 

that, the combination of electron-storing ligand systems and Earth-abundant metals 

provides economic complexes capable of two-electron-transformations. In a remarkable 

example, the iron(II) complex XLII of a doubly reduced PDI ligand catalyses the [2 + 

2] cycloaddition of an alkene substrate, mimicking the characteristic reactivity of noble 

metals.
93,94

 During the initial oxidative addition step, the diene forms a 

metallacyclopentane intermediate while the corresponding redox-reaction occurs at the 

ligand, leaving the Fe(II) oxidation state unaffected. This cyclic species then undergoes 

reductive elimination, releases the product and restores the reduced form of the ligand to 

achieve turnover (Figure 1.13). This study highlights the potential offered by metal 

complexes of redox-active ligands to expand the reactivity of Earth-abundant transition 

metals, bypassing the requirement of unstable species and providing a valid, low-cost 

alternative to noble-metal-catalysed processes. 

 

Figure 1.13. Iron(PDI)-catalysed [2 + 2] cycloaddition of α,ω-dienes.  

Strategies I and II examined so far belong to the first area of application, where the 

reaction occurs at the metal centre and the ligand mediates the electron transfers. The 

second area of application strategies is characterised by the ligand actively taking part in 

the reaction with the substrate, thus bond formation and cleavage involve both the metal 

and the redox-active ligand species. 

Strategy III introduces the concept of cooperative reactivity of a ligand radical. As 

previously mentioned, a cooperatively acting ligand reacts directly with the substrate 

and this reactivity can be extended to redox-active ligands which provide substrate-

derived radical species. Grützmacher and co-workers reported the bioinspired iridium(I) 
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catalyst XLV, competent in alcohol oxidation to aldehydes (Figure 1.14).
95

 The diamine 

containing precatalyst undergoes double deprotonation by potassium tert-butoxide to 

provide the potassium salt XLVII. This anionic intermediate is oxidised by 

benzoquinone (BQ) to the neutral aminyl radical XLVIII, which is proposed to be 

coordinated by the substrate to provide the alkoxide-bound ion pair XLIX. Due to its 

radical nature, this species likely undergoes radical and H-atom transfer from the 

alkoxide substrate to the amide ligand, generating the corresponding ketyl radical. 

Finally, turnover is achieved by oxidation of the ketyl radical to the corresponding 

aldehyde by the semiquinonate radical anion [SQ
•
][K]. 

 

Figure 1.14. Catalytic alcohol oxidation by a cooperatively redox-active ligand. 

As in the previous strategy, compounds belonging to strategy IV also provide radical 

species. However, instead of having a redox-active ligand interacting with the substrate, 

in this case the substrate itself becomes a redox-active ligand upon coordination. In such 

a way, additional reaction pathways for the substrate radical formed in situ can be 

undertaken. An interesting class of compounds that fall within this category are nitrene 

radicals. In a representative example, Betley and co-workers reported an iron(II)-

dipyrrin complex able to catalyse the intramolecular cyclisation of alkyl azides into 
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five- and six-membered heterocyclic products.
96

 Upon reaction with an alkyl azide, the 

initial iron(II) species LI generates the iron(III) imido radical intermediate LII. This 

intermediate undergoes intramolecular H-atom abstraction to provide the N-bound alkyl 

radical LIII, which then evolves into complex LIV containing the N-bound heterocyclic 

product through radical recombination. Finally, product dissociation is promoted by 

reaction with an anhydride to provide the protected heterocycle and regenerate the 

starting iron(II) compound (Figure 1.15). Interestingly, the dipyrrin ligand is unaffected 

by the redox changes in this transformation, highlighting the concept of triggering redox 

activity in the substrate without the requirement of intrinsically redox-active ligands. 

 

Figure 1.15. Iron-catalysed intramolecular C-H bond amination.
96

 

In general, the properties of a metal complex provided with redox-active ligands are 

best described as a mixture of the presented mechanisms. The given strategies I and II 

are based on the electron donor or acceptor nature of the ligand, whereas in strategies III 

and IV the ligand is directly involved as an active species in the formation or cleavage 

of bonds. Such a peculiar reactivity has the potential to develop a number of 

applications spanning many areas of chemistry. Among these, the activation of small 

molecules through redox processes is a particular challenge and a huge area of interest 

in the field of catalysis. The use of metal complexes supported by redox-active ligands 

in small molecule activation, with a focus on carbon dioxide valorisation, will be 

examined in detail in the following paragraphs. 
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1.6 Small molecule activation 

The increase in human population, together with the establishment of modern industry 

in developing countries, has caused a dramatic anthropogenic environmental impact on 

a global scale. The development of environmentally benign processes to replace the 

existing inefficient ones is essential for the establishment of a sustainable society. An 

area of chemistry that has the potential to address such concerns is the catalytic 

activation of small molecules such as H2, N2, O2, H2O and CO2. Small molecules are 

essential reactants in many important chemical reactions and technologies, however 

most often the energy requirements for their activation make the related processes 

environmentally hazardous, as for instance in the case of the Haber-Bosch process.
97

 

For over a century since its establishment, the Haber-Bosch process has been the 

primary source of ammonia through the reaction between dinitrogen and dihydrogen. 

Importantly, this process is vital for the production of fertilisers which help to satisfy 

the ever growing food demand due to the global population increase. However, due to 

the highly stable triple bond in the dinitrogen molecule, the use of elevated pressures 

and temperatures is required to favour ammonia production (150-300 bar, 500 °C), with 

the latter often provided by non-renewable sources such as coal and natural gas. These 

energetic requirements, combined to the extensive purification of the feedstock gases, 

make the process inefficient and environmentally hazardous. Molecular alternatives to 

dinitrogen reduction have been largely investigated in the last decade, with a focus on 

the use of Earth-abundant, first row transition-metal catalysts such as iron.
98,99

 Holland 

and co-workers reported the iron(II) dimeric complex LV, which upon reduction with 

potassium metal under a dinitrogen atmosphere is able to cleave the NN triple bond 

and provide the tetramer LVI, containing two bridging nitrides (Figure 1.16). This 

tetramer reacts with acids at room temperature to produce ammonia in the high yield of 

42% and the dimer LVII, structurally homologous to LV, in which the chloride ligands 

have been replaced by bridging hydrides.
100

   

 

Figure 1.16. Dinitrogen reduction at a molecular iron(II)(nacnac) complex. 
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The activation of small molecules such as O2 and H2 plays a fundamental role in the 

development of sustainable energy sources that do not rely on fossil fuel, such as fuel 

cells. These devices produce energy within an electrochemical cell by carrying out the 

reduction of dioxygen to water  at the cathode (oxygen reduction reaction, ORR) and its 

reverse reaction, water oxidation to dioxygen (oxygen evolution reaction, OER), at the 

anode. However, in both cases the reaction requires an electrocatalyst to be efficiently 

carried out.
101,102

 Iron porphyrin complexes are a prominent class of homogeneous 

electrocatalysts for ORR. Whether the simple and commercially available 

iron(III)(TPP)(Cl) complex already displays activity upon Fe
III/II

 reduction and loss of 

Cl

, an enhanced activity is observed when equipping the porphyrin ring with proton-

responsive meso substituents.
103

 The effect of an internal proton source was investigated 

using the hangman-type porphyrin LIX bearing a xanthene carboxylic acid substituent 

at one of the meso positions.
104

 The high activity showed by this catalyst arises from the 

combination of an ideal geometric orientation and low pKa value of the acid substituent.  

The first homogeneous water oxidation catalyst was the ruthenium(III) bipyridine 

complex [[Ru(bpy)2(H2O)]2O]
4+

, known as the “Blue Dimer”.
105

 Such a compound was 

able to convert water to dioxygen by means of both electrochemistry and chemical 

reaction with cerium(IV) ammonium nitrate (CAN). In the last years efforts have been 

addressed not only to discover more efficient systems, but also to develop Earth-

abundant alternatives to the common ruthenium and iridium catalysts.
106

 Iron(II) 

complexes of pyridine-amine polydentate ligands displayed remarkable activity and 

stability towards chemocatalytic water oxidation, reaching TON > 1050.
107

 The reaction 

mechanism undertaken by this catalyst was under debate, with theoretical studies 

suggesting an iron(V)-oxo species accessed by proton-coupled electron transfer (PCET) 

with a cis-OH group functioning as an internal base to deprotonate the water molecule 

substrate.
108

  

 

Figure 1.17. Molecular catalysts for oxygen reduction (left) and water oxidation (right). 
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These examples highlight how the development of efficient catalytic systems for the 

activation of small molecules in mild conditions is imperative to achieve sustainability 

while satisfying the necessities of the modern society. Another small molecule that has 

received much attention in the last years is carbon dioxide, whose strategic importance 

as both an environmental hazard and at the same time as a valuable carbon source will 

be discussed in the next paragraph. 

1.7 Anthropogenic carbon dioxide 

The interconversion of carbon compounds in the environment has been subject to a 

constant equilibrium formally known as the carbon cycle for millions of years. 

Estimates of the concentration of atmospheric carbon dioxide in “recent” years are 

obtained through the analysis of the air trapped within the frozen surface in Antarctica 

by means of ice cores drilling. Such ice cores contain air that has been trapped for 

hundreds of thousands of years and provide a profile of carbon dioxide concentration in 

the atmosphere alternating between 200 and 300 ppm.
109

 However, this complex and 

efficient system that Nature set up was destined to be altered with the rise of humanity. 

The numerous technological advances that mankind achieved since the Industrial 

Revolution have been accompanied by a constantly increasing energy demand. For over 

two centuries such a demand has been satisfied through the use of fossil fuels such as 

natural gas, oil and coal, thanks to their natural availability and ease of storage and 

transportation. However, as a consequence a massive amount of anthropogenic carbon 

dioxide has been released in the atmosphere and in the last decade its levels have 

increased by 2.7% each year, surpassing the 400 ppm value.
110 

Unbalancing the planet’s 

natural carbon cycle, such a large CO2 production is one of the main causes of the 

greenhouse effect and the related global warming
111

 issues such as sea level rise and 

alterations in the ecosystems.
112-115

 Additionally, the International Energy Agency 

estimated that by 2040 the global energy use is expected to grow by a third, due to the 

rapid development of emerging countries.
116

 It is therefore of fundamental importance 

to provide pathways to reduce both the anthropogenic carbon dioxide emissions and its 

current atmospheric levels. Sustainable energy sources such as solar, wind and 

hydroelectric energy are a valid alternative to fossil fuels, although presently they only 

account for 13% of the global energy consumption.  

Among the proposed strategies to reduce carbon dioxide emissions are Carbon Capture 

and Storage (CCS) and Carbon Capture and Utilisation (CCU).
117

 CCS involves the 
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purification of carbon dioxide from the mixture of combustion exhaust gases, its 

compression and storage in depleted oil and gas reservoirs.
118

 While this process is a 

valid short-term solution to provide a considerable reduction in the emissions of carbon 

dioxide, its high energetic and economical costs are still a hindrance for its full 

establishment.
119

 In addition to these, the risks related to possible leaks in the stored 

carbon dioxide cannot be overlooked, as they could lead to large-scale catastrophes like 

the burst of naturally sequestered carbon dioxide that arose in 1986 from Lake Nyos in 

Cameroon that caused the death of 1700 people for asphyxiation.
120

 Alternatively, CCU 

is based on the utilisation of the sequestered carbon dioxide.
121

 This approach intersects 

a wide range of applications, including for example the use of CO2 as a carbonating 

agent or preservative gas in the food and drinks industry, as a component of the mixture 

used for the enhanced oil recovery (EOR) from rock oil deposits,
122

 or as the 

carbonating agent for metal extraction via mineral carbonation.
123

 In addition to these, 

carbon dioxide can be utilised as a C1 feedstock for chemical transformations. Despite 

the high thermodynamic stability (ΔG
0

f = 393 kJ mol
 ̶ 1

),
124

 its electron-deficient 

carbon can undergo nucleophilic addition reactions. This electrophilic nature is at the 

basis of all the processes for the production of commodity chemicals that make use of 

carbon dioxide as a stoichiometric reactant (Figure 1.18).
125 

Among the products 

derived by stoichiometric transformation of carbon dioxide, urea is the main utilisation 

pathway and, together with salicylates and carbonates, is produced at industrial scale. 

The synthesis of plastic materials such as polycarbonates by CO2/epoxide 

copolymerisation is also receiving great attention as a large-scale CO2 fixation 

procedure.
126 

 

Figure 1.18. Products obtained using carbon dioxide as a stoichiometric reactant.
125
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1.7.1 Carbon dioxide reduction 

An alternative route for carbon dioxide usage relies on its reduction. This reaction leads 

to a range of products including formic acid, carbon monoxide, methanol and methane. 

All of these have applications in important chemical processes: formic acid is used as a 

food preservative and as a fuel in fuel cells; carbon monoxide is an essential component 

of synthesis gas for the production of liquid fuels; methanol is used as a solvent, as a 

fuel and in hydrogen storage, and methane is burned to generate energy and carbon 

dioxide, thus closing the carbon cycle. Both heterogeneous,
127-133

 and homogeneous 

catalytic systems have been adopted to promote carbon dioxide reduction which deeply 

vary in terms of efficiency, selectivity and reaction conditions. The following 

paragraphs will describe a selection of homogeneous catalytic systems for each subclass 

of carbon dioxide reduction reaction: hydrogenation, photoreduction and 

electroreduction. 

1.7.2  Carbon dioxide hydrogenation 

The direct reaction of carbon dioxide with a large excess of hydrogen is an appealing 

industrially viable transformation, however a key point has to be taken into account. 

The main source of molecular hydrogen is steam reforming of methane, which 

concomitantly produces CO and CO2.
134

 The steam reforming process presents several 

complications related to its high endothermicity, therefore its high energy demand, 

combined with catalyst poisoning and a difficult separation of the components in the 

final gas mixture.
135 

As a consequence, the catalytic hydrogenation of carbon dioxide 

has rapidly developed in the last decades, leading to a number of remarkable results.  

Despite the apparent simplicity of the CO2/H2 system, the viable mechanistic pathways 

are numerous and highly dependent on the reaction conditions, the solvent and the 

catalyst adopted. A simplified catalytic cycle for the production of formate and 

methanol is depicted in Figure 1.19. All the different reaction pathways that lead to 

formate, methanol or methane as final products share a reactive metal hydride 

intermediate which can be either preformed or generated in situ by reaction of an 

appropriate precursor with molecular hydrogen. In the formate pathway, such metal 

hydride reacts with carbon dioxide to generate a metal-formate intermediate which then 

releases the product upon reaction with another equivalent of H2 and a base.
136,137

 

Alternatively, in the methanol pathway the monodentate formate intermediate 

isomerises to a bidentate chelate, then reacts with H2 to provide an hydroxymethanolate 
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species which undergoes further reduction with a second equivalent of dihydrogen and 

affords a metal-methanolate. Finally, the latter reacts with a third molecule of 

dihydrogen liberating methanol and regenerating the metal hydride species.
138

 

 

Figure 1.19. Mechanistic pathways for carbon dioxide hydrogenation to formate and methanol.  

A large variety of metal catalysts have been used in this reaction, including noble metals 

such as ruthenium,
136,139

 rhodium
140,141

 and iridium
142,143

 and Earth-abundant ones such 

as iron
144,145

 and cobalt.
146,147

 Pioneering work in this field by Inoue and co-workers 

regarded the hydrogenation of carbon dioxide to formate in the presence of a benzene 

solution of different triphenylphosphine metal complexes, a small amount of water and 

a base.
148

 It was later discovered that the nature of the solvent highly impacts the 

catalytic performance and higher reaction rates were observed in polar solvents such as 

DMSO and methanol.
141

 Studies on the rhodium(I) precatalyst 

[Rh(NBD)(PMe2Ph)3]BF4 in wet THF highlighted an initial reaction with H2 and water 

to provide a rhodium(III) dihydride complex which incorporates a water molecule in the 

first coordination sphere. Such a species is able to catalyse carbon dioxide 

hydrogenation to formate with a twofold increase in the reaction rate compared to the 

reaction carried out in dry THF, likely due to hydrogen bonding between the water 

molecule and the CO2 substrate. This report paved the way to carbon dioxide 

hydrogenation in aqueous media catalysed by metal complexes of phosphine ligands 

provided with hydrogen bond acceptor or sulfonate functionalities.
149-154

 Catalysts based 

on phosphine complexes of Earth-abundant metals generally displayed lower activities 

than their noble metal counterparts, although some comparably active systems were 

developed.
146,147,155

    

Massive improvements in activity were obtained when an active ligand participation 

was exploited by using metal complexes of pincer ligands as catalysts, thanks to the 
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ability of pincer ligands to provide unconventional reaction pathways through a range of 

interactions with the substrate.
156-159

 The breakthrough advance in this area was 

achieved by Nozaki and co-workers that developed the (PNP)iridium(III) trihydride 

complex LXI.
143

 Such a complex displays an astounding activity, reaching a TON of 

3.5 × 10
6
 and a TOF of  1.5 × 10

5
 h

-1
 at moderate pressures of dihydrogen and carbon 

dioxide. A follow-up DFT study led to a proposed catalytic cycle consisting of two 

competitive pathways with turnover determining steps of similar energy, one of which 

involves ligand dearomatisation.
142

 In another relevant example, the high activity of the 

air stable, water-soluble complex LXII was investigated.
160

 The pincer ligand adopted 

is provided with an NH group in the second coordination sphere which interacts with 

carbon dioxide through hydrogen bonding, highly facilitating the formation of the metal 

formate intermediate. 

Compared to formate production, the hydrogenation of carbon dioxide to methanol is 

more challenging and examples of homogeneous systems are rare. In some cases, 

researchers have bypassed the direct hydrogenation obstacle undertaking reactions with 

derivatives such as methyl-substituted ureas, carbonates and carbamates, catalysed by 

the ruthenium(II) complex LXIII.
161

 Such carbonyl reactants undergo sequential 

hydrogenation steps, gradually releasing methanol and amine equivalents cleanly. The 

proposed mechanism highlights how the benzyl arm on the pincer ligand is of 

fundamental importance to trigger a series of dearomatisation/aromatisation steps which 

facilitate the reaction. A different route is based on formic acid disproportionation, 

which produces dihydrogen and carbon dioxide by dehydration or water and carbon 

monoxide by dehydrogenation. In spite of that, the iridium(III) complex LXIV was 

found able to convert formic acid to methanol through a coordinated acetal 

intermediate, identified through investigations on deuterated formic acid.
162

 In an effort 

to overtake the direct hydrogenation challenge, Sanford and co-workers devised a three-

step cascade reaction.
163

 Following this strategy, carbon dioxide is initially 

hydrogenated to formate, which then undergoes esterification and hydrogenation to 

methanol. Whilst the three steps have to be carried out in separate vessels, at the same 

time it is possible to tune each step by varying the catalyst. Moreover, each intermediate 

is transferred to the subsequent vessel by simple vapour transferring methods, 

preventing catalyst deactivation. 
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Figure 1.20. Transition metal complexes for CO2 hydrogenation to formate (left) and methanol (right). 

Supported by the extensive knowledge acquired through the advancements described in 

this paragraph, the current target in this field is the development of efficient catalysts 

derived from Earth-abundant metals to replace the currently employed noble metal-

based systems. 

1.7.3  Carbon dioxide photoreduction 

The use of sunlight to promote chemical transformations has always been a target for 

experimental chemists. It has been estimated that the energy provided every hour to the 

Earth by sunrays equals the world energy consumption calculated for 2001.
164

 Thus, an 

efficient use of sunlight as a clean and renewable source of energy would have a 

tremendous impact on many areas of chemistry, including the valorisation of carbon 

dioxide. Carbon dioxide photoreduction systems consist of a catalyst (CAT), which 

binds CO2 and is actively involved in its reduction; a sacrificial electron donor (SED), 

which provides stoichiometric electrons to achieve turnover, and a photosensitiser (PS), 

that mediates the electron transfer between the SED and the catalyst (Figure 1.21, left). 

Following the initial excitation of the PS, two mechanisms can take place. In the 

oxidative quenching, an electron is directly transferred from the excited PS* to the 

catalyst to generate an oxidised PS
+
 and the catalytically active species CAT 

• ̶ 
. In a 

second stage, the cationic PS
+
 is reduced by the SED to achieve turnover. In the 

reductive mechanism, the excited PS* is reduced by the SED to give SED
+
 and the 

anionic PS
 ̶ 

. The latter then transfers an electron to the catalyst, generating the active 

species CAT 

• ̶
  and closing the cycle. The preference of one pathway over the other is 

strongly dependent on the redox potentials of the components PS, SED and CAT. 

Therefore, in contrast to the other approaches towards carbon dioxide reduction in 

which the catalyst plays the main role, in photocatalytic processes all the components 

have to be finely tuned to achieve high activity and selectivity. 
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Figure 1.21. Left: Electron transfer pathways in photoreduction. Right: Photosensitisers based on 

transition metal coordination complexes (top) and organic dyes (bottom). 

Commercially available ruthenium(II) complexes bearing nitrogen chelates such as bi- 

and ter-pyridine or phenanthroline and cyclometalated tris-(2-

phenylpyridine)iridium(III) complexes are widely used as light-harvesting components 

(Figure 1.21, right).
165-168

 They possess an absorption maximum in the visible region, 

which makes them suitable to be excited by visible light. The triplet excited state is 

ideal to promote electron transfer reactions, thanks to its long lifetime dictated by the 

electron transfer from the dπ orbital of the metal centre to the π* orbital of the ligand 

(MLCT), followed by intersystem crossing. Furthermore, the triplet excited state can act 

as electron donor or acceptor, thus promoting both oxidation and reduction reactions. In 

contrast to the vast use of ruthenium and iridium, reports on non-noble metal 

photosensitisers are rare, however seminal studies have been carried out on copper(I) 

and zinc(II) complexes.
169-171

 Polycyclic organic dyes have also found application as 

photosensitisers, thanks to their absorption in the visible light region derived from the 

conjugated π system.
172-175

 

A remarkable example of photocatalytic carbon dioxide reduction was reported by 

Bonin, Robert and co-workers, that investigated the activity of an iron(III)-porphyrin 

complex (Figure 1.22). The reduced photosensitiser 9-cyanoanthracene radical anion is 

generated by irradiation in the visible range (λ > 400 nm) followed by reduction by the 

sacrificial electron donor triethylamine (TEA). The iron(III) precatalyst undergoes two 

one-electron reductions, entering the catalytic cycle as the iron(I) compound LXXII. 

Following an additional one-electron Fe
I
/Fe

0
 reduction, carbon dioxide is reduced to the 
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C-linked carboxylate complex LXXIV. Further reduction, associated to proton transfer, 

regenerates the iron(I) compound LXXII and achieves turnover.
176

 

 

Figure 1.22. Photocatalytic CO2 reduction to CO by an iron-porphyrin complex. 

1.7.4  Carbon dioxide electroreduction 

In electroreduction, electrons are transferred from the surface of the cathode to the 

substrate, thus generating a reactive intermediate that undergoes further reaction with a 

second substrate to generate the product. Electroreduction of CO2 to valuable products 

would involve relatively mild conditions and provide an inexpensive technique if no 

additional stoichiometric reagent is necessary. The direct reduction of carbon dioxide 

using metal alloy electrodes is possible, albeit with the necessity to overcome the very 

negative potential of  ̶ 1.90 V vs. NHE.
177

 Such a negative potential reflects the high 

reorganisation energy required to transform the stable linear CO2 molecule into the 

corresponding highly reactive bent radical anion. As the direct reduction of carbon 

dioxide would not be energetically sustainable, alternative strategies have been devised 

to increase its efficiency. Modern carbon dioxide electroreduction commonly involves 

transition-metal complexes (i.e. electrocatalysts), that act as electron shuttles between 

the electrode surface and the substrate in a process commonly known as indirect 

electrolysis (Figure 1.23, left). The interaction between a molecular electrocatalyst and 

carbon dioxide can occur through either outer-sphere or inner-sphere electron transfers. 
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In the first scenario, the catalyst acts simply as an electron mediator, affecting the 

electron distribution (three-dimensional instead of two-dimensional) and the mobility of 

reduced intermediates, compared to the heterogeneous process. In contrast, in the inner-

sphere electron transfer a binding interaction between the reduced catalyst species and 

the substrate occurs, leading to a transient adduct which further reacts to provide the 

product and the oxidised catalyst. This second pathway is highly preferable, as it 

prevents the formation of free carbon dioxide radical anions and minimises catalyst 

decomposition, common for instance in organic outer-sphere electrocatalysts.
178,179

  

 

Figure 1.23. Homogeneous electrocatalytic reduction of CO2 (left), and energy profile for stepwise and 

proton-coupled electron transfers (right). 

The addition of a suitable proton source is essential to the formation of most products. 

Such a proton donor plays a key role in carbon dioxide electrocatalytic reduction, 

influencing both the reaction thermodynamics and kinetics. From a thermodynamic 

point of view, the solution pH affects the standard redox potential of the CO2/product 

couple according to the Nernst equation. Specifically, at more acidic pH values the 

reduction is facilitated and occurs a more positive potentials.
180

 However, the pH range 

must be carefully controlled to prevent the usually thermodynamically favoured 

hydrogen evolution reaction (HER).
181

 In terms of kinetics, the proton source influences 

the reaction in two main ways. The reaction pathways leading to products of general 

formula CO2 ̶ x require the cleavage of one or more C-O bonds. In these cases, a suitable 

proton source enhances the reaction rate for the bond cleavage step favouring the 

release of water through consecutive protonation of the oxygen atom.
182

 Additionally, 

the presence of a proton source in the reaction environment allows the simultaneous 

transfer of electrons and protons, known as proton-coupled electron transfer 

(PCET).
183,184

 This combined reduction/protonation sequence has a dramatic impact on 

the reaction rate, favouring a concerted step with a low-energy transition state and 

bypassing the formation of high-energy charged intermediates (Figure 1.23, right). 
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Thanks to the concomitant advances in transition-metal organometallic and coordination 

chemistry, tremendous advances have been made in the field of carbon dioxide 

electroreduction over the last decade, with the development of tailored systems to 

enhance both activity and selectivity towards the desired reduction products. 

Considerable research efforts have been directed towards the development of Earth-

abundant iron,
185-192

 nickel,
193-196

 cobalt
197-201

 and most recently manganese
202-207

 

catalysts to provide valid alternatives to noble-metal systems based on ruthenium,
208-211

 

rhodium
212

 and iridium.
213-215

 

 

Figure 1.24. Transition-metal complexes for CO2 electroreduction to CO (top left), formate (top right) 

and oxalate (bottom). 

The most common electroreduction product obtained through Earth-abundant metal 

electrocatalysts is carbon monoxide. Focusing on CO2 reduction to CO, important 

advances have been recently made using iron-porphyrins as electrocatalysts (Figure 

1.24). The activity of the commercially available meso-tetraphenylporphyrin complex 

[(TPP)Fe
III

]Cl has been known since the 1980s, while modifications on both the 

reaction conditions and the ligand backbone led to improvements in terms of both 

activity and selectivity. Cyclic Voltammetry (CV) studies on the pre-catalyst reveal 

three reversible reduction events, assigned to the formation of iron(II), iron(I) and 

iron(0) species. In the presence of carbon dioxide, an intense wave arises in 

correspondence with the last reduction, indicative of catalytic activity. According to the 
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proposed mechanism, an initial nucleophilic attack of the iron(0) species leads to the 

formation of a C-bound intermediate. The latter then follows different pathways 

depending on the reaction environment. In aprotic media and in the presence of Lewis 

acids, the intermediate reacts with a second equivalent of CO2 to provide CO and the 

Lewis acid carbonate via reductive disproportionation. Conversely, in the presence of 

weak Brønsted acids the intermediate undergoes a concerted proton-coupled electron 

transfer bond cleavage (PCETBC) step with formation of H2O and CO, facilitated by  

hydrogen bond interactions. This peculiar reactivity leads to a high enhancement of the 

catalytic activity and provides a 94% selectivity towards CO in the presence of 

trifluoroethanol.
216

 Functionalisation at the meso-positions of the porphyrin ligand led to 

further improvements on this system. The introduction of phenol moieties leads to a 

dramatic improvement of the catalytic activity, thanks to the dual role of stabilising the 

C-bound intermediate through intramolecular hydrogen bonding and providing a high-

concentration local proton source.
185

 Similarly, functionalisation with 

trimethylammonium cations stabilises the intermediate by means of through-space 

Coulombic interactions, achieving the highest reported activity (TOFmax = 10
6
 s
1

) and 

complete selectivity towards CO.
186

  

Considerable research has been carried out on the electroreduction of carbon dioxide to 

formate by iridium complexes. Brookhart and co-workers investigated the iridium(III) 

PCP dihydride complex LXXVII,
217

 which catalyses the formate-selective (85%) 

electroreduction in acetonitrile/water mixtures. The proposed reaction mechanism 

involves an initial insertion of CO2 into one of the IrH bonds to provide a formate 

complex, which dissociates the product upon solvent coordination. Turnover is then 

achieved through reaction with water. Cyclic voltammetry on LXXVII shows an 

electrochemical wave only in the presence of CO2, highlighting that the complex is 

catalytically active. The mechanistic hypothesis discussed above is supported by studies 

on isolated intermediates and DFT calculations.
213,218

 Further investigation on related 

complexes highlights the central role played by acetonitrile in this transformation. 

Electrochemical analysis of compound LXXVIII in aqueous environment does not 

provide any reduction wave. In contrast, the addition of small amounts of acetonitrile 

triggers catalytic activity with complete selectivity towards formate at competitive rates. 

This unusual behaviour is explained through metal chelation by the triflate counterion, 

which in water provides a deactivated species whereas small amounts of acetonitrile 
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shift the triflate coordination from bidentate to monodentate, enabling catalytic 

activity.
217

 

In contrast to the above-mentioned products that are accessible by any reduction 

pathway, oxalate is exclusively obtained via electroreduction through the coupling of 

two CO2
• ̶ radical anions. Dinuclear copper(I) complexes have proven to be competent 

in carbon dioxide electroreduction to oxalate. Maverick and co-workers reported the 

synthesis and isolation of a supramolecular metallomacrocyclic system obtained by 

complexation of a copper(II) salt by a bis(pyridyltriazole)-m-xylylene ligand.
219

 Upon 

reduction with ascorbate, the complex converts CO2 into a bridging oxalate group, 

which can then be removed by addition of acid to produce oxalic acid and regenerate 

the initial copper(II) complex. Another important study regarded a tripodal 

bis(pyridylamine)sulfide dinuclear copper(II) complex, able to selectively and 

catalytically reduce atmospheric CO2 to oxalate.
220

 Exposure of an acetonitrile solution 

of the Cu(I) precursor to air leads to a spontaneous reduction obtaining a tetranuclear 

Cu(II) dimer with bridging oxalate anions. Bulk electrolysis experiments at the mild 

potential of  ̶ 0.03 V vs NHE confirmed a catalytic electroreduction in the presence of 

lithium perchlorate, with the production of 12 equivalents of lithium oxalate per four 

copper ions over 7 h. Finally, the reaction stops due to electrode coating by lithium 

oxalate, suggesting that an appropriate engineering of the electroreduction system might 

enhance this performance.  

1.8 This work: redox-active di(heteroaryl)methenes  

Di(heteroaryl)methenes are a class of ligands composed of two heteroaryl rings linked 

together by a methine bridge (Figure 1.25). The most famous members of this ligand 

family are by far dipyrromethenes (dipyrrins), LXXXII. These pyrrole-based 

compounds have been extensively studied as components of the ubiquitous BODIPY 

fluorophores LXXXIII, in which the anionic dipyrrin ligand is bound to a BF2 unit.
221

 

Due to their structural similarity to β-diketiminate ligands, dipyrrins have also been 

widely explored as in transition-metal chemistry. Cobalt(III) dipyrrin complexes 

promote stoichiometric CH activation,
222

 while the iron(II) dipyrrin complex LI, 

described in paragraph 1.5, is a catalyst for CH bond amination.
96

 Alternatively, the 

magnetic properties of iridium(III) complexes containing a meso-functionalised dipyrrin 

ligand have been explored for potential application as magnetoreceptors.
223

 Due to their 

ease of synthesis, dipyrrin variants provided with an expanded donor set have also been 
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reported. Katayev, Severin and co-workers investigated the reactivity of group XII 

metal-dipyrrin complexes in which the ligand was modified with imine 

functionalities.
224

 Such complexes are unstable and react with dioxygen undergoing 

oxidation at the imine functionalities to provide the corresponding dissimetric 

imine/amide or imine/ester ligands. Analogous bis-amido dipyrrin ligands have 

displayed a dynamic coordination behaviour, coordinating copper(II) as a N2O2 chelate 

and switching to the N2O1 donor set when binding nickel(II).
225

 Aside from dipyrrins, 

additional di(heteroaryl)methene compounds have been reported. Stalke and co-workers 

investigated the properties of bis(benzoxazolyl)- and bis(benzothiazolyl)-methenes as 

ligands for p-block and s-block elements.
226-228

 Deprotonation of the methylene-bridged 

precursors provided planar anionic ligands with preferential coordination related to 

backbone substituent (either O or S) that influences the bite angle. 

Besides their coordination properties, a remarkable feature of di(heteroaryl)methenes is 

their pronounced redox-activity. The anionic precursors undergo ligand-based oxidation 

to provide radical species stabilised by the π-conjugated system and the endocyclic 

heteroatoms. This behaviour is observed in an aluminium(III) bis(dipyridylmethene) 

complex for which reaction with CoCp
*
2 triggers ligand-based oxidation providing 

compound LXXXVIII.
229

 According to the spin density calculation on this radical, the 

unpaired electron is equally distributed over the two redox-active ligands which so bear 

a formal ½ charge each. In line with the previously discussed examples, 

bis(diimidazolyl)methene complexes of cobalt(II) and zinc(II) display up to four redox 

states, in which each ligand has either anionic or neutral radical nature, leaving the 

oxidation state of the metal untouched.
230

 In contrast to β-diketiminate ligands, which 

can be oxidised or reduced only at very high or very low potentials, expanded dipyrrins 

can provide radical species in mild conditions. Thomas and co-workers synthesised 

nickel(II) and cobalt(II) complexes of a bis(phenolate)dipyrrin.
231

 Interestingly, such 

complexes react with silver(I) undergoing ligand-based oxidation and providing ligand 

radical species, as confirmed by spectroscopic and crystallographic analysis and DFT 

calculations. Our group has recently reported a donor-expanded dipyrrin, provided with 

alkyl imine substituents, that acts as a ligand for iron and uranium complexes, the latter 

showing redox-activity.
232,233

 Due to the ligand-based LUMO, reaction with an outer 

sphere reductant such as decamethylcobaltocene occurs by initial ligand reduction, 

providing complex XC of a radical dianionic ligand. Subsequently, the sequential outer-
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sphere one-electron reduction of the uranyl(VI) centre to uranium(V) and uranium(IV) 

occurs via initial ligand-based reduction followed by electron-transfer to the metal. 

 
Figure 1.25. Di(heteroaryl)methene compounds. 

Based on the features discussed above, this thesis describes the development of 

di(heteroaryl)methene congeners of the iminodipyrrin ligand in XC (Figure 1.26). The 

synthesis of thiophene- or furan-containing compounds bearing imine, aryl or alkyl 

substituents is presented, together with a detailed characterisation of their coordination 

properties and electronic features. The reactivity of such compounds towards carbon 

dioxide electroreduction is briefly discussed, as well as the development of related 

macrocyclic systems.  

 

Figure 1.26. The di(heteroaryl)methene compounds described in this thesis. 
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Chapter 2 

Synthesis and study of a bis(iminothienyl)methene 

 

This chapter describes the synthesis and reactivity of the thiophene analogue of the 

imine-expanded dipyrrin in XC. The influence of the thiophene heterocycles on the 

coordination, spectroscopic and electrochemical properties is discussed. The unusual 

reactivity towards transition metals is described and rationalised.  

 

2.1 Synthesis of the ligand precursor 

 

Figure 2.1. Synthetic route to the bis(iminothienyl)methane precursor HL
NS

. 

The synthesis of the ligand precursor HL
NS

 involves three steps starting from 

commercially available and inexpensive thiophene (Figure 2.1). As in related 

dipyrromethane compounds, an acid-catalysed condensation with an aldehyde provides 

the dithienylmethane intermediate, in which the meso carbon bears an aryl substituent. 

To this end, a solvent-free synthesis was carried out, using an extra equivalent of 

thiophene as residual solvent and the acid catalyst Amberlyst 15
®
. This heterogeneous 

catalyst bearing sulfonic acid groups is effective for the synthesis of a wide range of 

di(heteroaryl)methanes
1
 and its strong acidity is required to activate the aldehyde 

reactant towards addition of the poorly nucleophilic 2-position of the thiophene ring. 

Product 1a is isolated from the dark brown crude oil as a colourless solid upon flash 

chromatography on silica. The 
1
H NMR spectrum

2
 of 1a in CDCl3 shows peaks related 
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to the three inequivalent thiophene protons at 7.21, 6.94 and 6.83 ppm and the meso 

proton at 5.87 ppm. The peaks related to the phenyl substituent appear as complex 

multiplets with the p-H at 7.27 ppm and the o-H and m-H at 7.32 ppm.  The 
13

C NMR 

spectrum shows numerous peaks in the aromatic region and a characteristic peak at 47.5 

ppm related to the meso carbon.
2
 The following step towards the ligand precursor is the 

5,5’-diformylation of 1a. In contrast to the pyrrole congeners, which are most often 

formylated through a Vilsmeier-Haack reaction, such an approach does not work for 

dithienylmethanes. As such, a lithiation-formylation protocol using n-butyllithium and 

DMF was adopted.
3
 The 5,5’-dilithiated intermediate adds to the carbonyl of DMF 

providing a lithium alkoxide species. Upon acid quench this rearranges, providing the 

formyl product and releasing dimethylamine. Purification via flash chromatography 

then provides the dialdehyde 2a as an orange oil in 60% yield. The 
1
H NMR spectrum 

of 2a shows two peaks for the thiophene protons at 7.63 and 6.97 ppm, together with a 

singlet related to the formyl protons at 9.83 ppm and an essentially unchanged meso CH 

signal at 5.89 ppm. In the 
13

C NMR spectrum, a new peak related to the formyl 

functional group arises at 182.9 ppm. Once ascertained that the lithiation-formylation 

procedure worked, the synthesis of the meso-pentafluorophenyl variant 2b was 

attempted to introduce a useful fluorine label for 
19

F NMR experiments. However, 

while the initial condensation with pentafluorobenzaldehyde proceeds smoothly, the 

diformylated product 2b is obtained only in poor yield, regardless of the reaction 

conditions adopted. The 
1
H NMR spectrum for the crude mixture containing 2b shows a 

multitude of peaks in the aldehyde region, suggesting that the strong electron-

withdrawing pentafluorophenyl substituent activates the thiophene ring towards 

multiple formylation, thus hampering a clean synthesis. Therefore, only intermediate 2a 

was used in the last synthetic step and condensed with tert-butylamine to access the 

precursor HL
NS

. Simple stirring of the reactants in toluene followed by filtration 

through Celite provides HL
NS

 as a light brown solid in high yield. The 
1
H NMR 

spectrum of HL
NS

 shows the expected imine and thiophene peaks at δ = 8.27, 7.10, and 

6.82 ppm respectively, and the meso-CH signal at δ = 5.77 ppm (Figure 7.1). Slow 

recrystallisation from hot acetonitrile provides crystals of HL
NS

 suitable for X-ray 

analysis. The solid-state structure of HL
NS

 shows the two iminothienyl moieties linked 

together by the sp
3
 hybridised bridging carbon, with C9C10 and C10C17 distances of 

1.515(3) Å and 1.508(3) Å, respectively (Figure 2.2).  
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Figure 2.2. Solid state structure of HL
NS

 (CCDC 1542226). For clarity, all hydrogen atoms except that 

located at the meso carbon are omitted (displacement ellipsoids are drawn at 50% probability). 

In contrast to pyrrole-based analogues, reports on compounds structurally related to 

HL
NS

 are rare. Acyclic dithienylmethanes bearing benzothiazole substituents have been 

studied for potential application as fluorescent dyes,
4
 while Schiff-base polythiophene 

macrocycles have been exploited in the liquid-liquid extraction of transition metal ions,
5
 

or in f-element sensing.
6
 

2.2 Synthesis of the key anionic intermediate, L
NS

 

The bis(iminothienyl)methane HL
NS

 is a direct analogue of imine-expanded 

dipyrromethane compounds. On oxidation, dipyrromethanes form dipyrromethenes 

(dipyrrins), which are widely used as ligands for transition metal complexes and are 

components of the ubiquitous BODIPY fluorophores.
7-13

 In light of this, accessing their 

thiophene analogues would potentially introduce innovative reactivity and applications 

for this unique class of redox-active molecules. However, as the precursor HL
NS

 lacks a 

protic hydrogen on the heterocycle fraction, a specific deprotonation strategy is 

required. In a report from 1993, Oda and co-workers developed a protocol for the meso-

selective deprotonation of methylene-bridged dithiophene compounds using LDA as the 

deprotonating agent.
14

 Due to the similarity with HL
NS

, the meso-selective 

deprotonation of HL
NS

 was targeted. As such, reaction between HL
NS

 and a range of 

lithium and potassium salts of strong bases such as amides, alkyls and hydrides were 

undertaken and carry out the deprotonation, albeit providing different outcomes. In all 

cases, a colour change from the initial brown HL
NS

 solution to a dark green solution is 

observed and is indicative of a higher degree of π-conjugation achieved upon meso 

deprotonation. However, the removal of the conjugate acid turns out to be essential for a 

successful reaction. In fact, 
1
H NMR spectroscopic investigation reveal that the reaction 

S1 
S2 

C17 

C10 

C9 

N2 N1 
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between HL
NS

 and MN(SiMe3)2 reaches an equilibrium in solution of which only 5% is 

the anionic product. Such a low conversion highlights the high reactivity of the 

carbanionic product towards the conjugate acid. In contrast to the amide reaction, full 

conversion of HL
NS

 to L
NS

 is observed with n-butyllithium and potassium hydride, the 

latter providing a very clean reaction. Therefore, using metal hydrides as the 

deprotonating agent, the targeted alkali metal salts LiL
NS

 and KL
NS

 are isolated in high 

yield as bronze and green crystalline compounds, respectively. The 
1
H NMR spectrum 

of KL
NS

 shows how, upon deprotonation, all of the features of the starting HL
NS

 are 

retained in the product, except for the peak related to the meso-CH (Figure 2.3). 

Additionally, the signals in the low-field region undergo a high-field shift, indicative of 

delocalisation of the negative charge throughout the extended π-system with consequent 

higher shielding. 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. Comparison of the 
1
H NMR spectra of HL

NS
 and KL

NS
 in d8-THF between 5.0 and 9.0 ppm. 

For both LiL
NS

 and KL
NS

, crystals suitable for single crystal X-ray analysis were 

obtained by layering hexane on a THF solution of the compounds. The extreme 

sensitivity of the crystals of LiL
NS

 towards protonation led to poor data quality, thus 

only information on connectivity can be obtained from the solution and refinement of 

the corresponding X-ray data. However, from the structure is evident that in the solid 
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state LiL
NS

 exists as a monomeric compound in which the lithium cation is coordinated 

by one imine donor only from the ligand and three THF solvent molecules in a 

tetrahedral geometry (Figure 2.4, left). The meso carbon C10 is sp
2
 hybridised with a 

dihedral angle of 8.7° between the iminothienyl arms. In addition to the LiL
NS

 

molecule, the unit cell accommodates one additional molecule, which is unresolved and 

resembles HL
NS

, reinforcing the proposed decomposition through protonation. In 

contrast, the Xray crystal structure for KL
NS

 reveals a dimeric motif in the solid state 

(Figure 2.4, right). The potassium cations are coordinated by a single iminothienyl 

moiety from each ligand and two bridging THF solvent molecules in a dinuclear 

mesocate arrangement.
15

 The planar arrangement observed in LiL
NS

 is preserved in 

KL
NS

, with a dihedral angle between the iminothienyl arms of 5.9°. Additionally, the 

C910 and C10C17 distances of 1.407(2) Å and 1.406(2) Å are shortened by about 0.1 

Å with respect to HL
NS

. The K∙∙∙S(thiophene) distances appear long (3.3461(6) Å and 

3.3676(5) Å). However, as no other compounds containing KS(thiophene) bonds exist 

(according to a CSD search carried out on the 22/01/2019), no comparison can be made. 

The long C6S1 (1.749(1) Å), C9S1 (1.762(1) Å), C17S2 (1.763(1) Å) and C20S2 

(1.747(1) Å) bonds infer the large N1∙∙∙N2 distance of 7.357(1) Å between the imine 

arms, which in combination with the larger ionic radius for the potassium cation, likely 

determines the dimeric structure.   

Figure 2.4. Solid state structure for LiL
NS

 (left) and KL
NS

 (right, CCDC 1542227). For clarity, all 

hydrogen atoms and a second molecule in the unit cell of LiL
NS

 are omitted (displacement ellipsoids are 

drawn at 50% probability). 
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The different structural features of the two salts LiL
NS

 and KL
NS

 highly influence their 

reactivity. As such, compound KL
NS

 displays a much higher stability in solution 

compared to LiL
NS

, which undergoes partial re-protonation to the precursor HL
NS

 even 

in very dry conditions. Therefore, due to its easier handling, compound KL
NS

 was used 

to study the reactivity of the iminothienyl ligand towards transition metal salts. 

2.3 Reactions of KL
NS

 with transition metal salts 

Reaction between KL
NS

 and FeBr2 in toluene does not provide the expected salt 

metathesis product (L
NS

)FeBr, but instead produces a brown, paramagnetic NMR-silent 

material. Dichroic yellow/purple crystals are obtained upon layering hexane on a THF 

solution of the solid material. The crystallographic analysis of the crystals shows that 

the reaction product is the neutral organic molecule L
NS•

, devoid of any metal ion 

(Figure 2.5, right). The extended conjugation is retained, with the meso carbon C10 sp
2
 

hybridised and C9C10 and C10C17 distances of 1.423(5) Å and 1.409(3) Å and a 

C9C10C17 angle of 126.4(3)°, similarly to the values obtained for KL
NS

. 

 

 

 

Figure 2.5. Synthesis (left) and solid state structure (right, CCDC 1542228) of L
NS•

. For clarity, all 

hydrogen atoms are omitted (displacement ellipsoids are drawn at 50% probability). 

The formation of such a product is rationalised through a one-electron oxidation of 

KL
NS

 by iron(II), providing the radical L
NS•

 and formally a reduced iron(I) byproduct, 

which was not further characterised but likely disproportionates to give back iron(II) 

and precipitate iron(0). The radical nature of L
NS•

 is supported by its EPR spectrum. In 

fluid CH2Cl2/THF solution, a first derivative spectrum devoid of any hyperfine is 

observed, with a giso-factor of 2.0034 consistent with an organic radical (Figure 2.6, 

left). Interestingly, a weakly resolved hyperfine structure arises in the spectrum 

recorded in acetonitrile (Figure 2.6, middle), due to the coupling of the unpaired 
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electron and the six 
1
H (I = ½) and two 

14
N (I = 1) nuclei of the organic scaffold, 

simulated with A
N
 = 3.02 × 10

4
 cm

1
 and three sets of protons, A

H
 = 1.43, 1.24 and 0.71 

× 10
4

 cm
1

. This hyperfine splitting, highlighted in the second derivative spectrum 

(Figure 2.6, right, grey trace), is not observed in CH2Cl2/THF mixtures likely due to 

perturbed molecular tumbling. 

 

Figure 2.6. X-band EPR spectroscopic characterisation of L
NS•

. Left: experimental spectrum collected in 

fluid CH2Cl2/THF solution. Middle: experimental (black trace) and simulated (grey trace) spectra of a 

fluid acetonitrile solution (simulation parameters are given in the text). Right: comparison of  

experimental spectra collected in fluid acetonitrile solution in first derivative mode (black trace) or 

second derivative mode (grey trace). 

Whereas the existence of the radical cations of annelated thiophene heterocycles has 

been probed by trapping with O2,
16

 only one example of a neutral thiophene radical has 

been reported to date. Anand and co-workers investigated the amphoteric redox 

behaviour of a pentameric thiophene-derived macrocycle (Figure 2.7).
17

  

 

Figure 2.7. Redox states of a stable thiophene-based macrocyclic radical. 
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The macrocyclic precursor reacts with iron(III) chloride providing a stable neutral 

radical, which can undergo reduction to the related aromatic anion or oxidation to the 

antiaromatic cation. These redox processes are reversible, so have potential for 

application in organoredox catalysis and organic semiconductors. However, it is 

important to highlight that this radical species is obtained by taking advantage of the 

stabilisation by delocalisation throughout the extended macrocyclic framework. In 

contrast, compound L
NS•

 is the first isolable acyclic, neutral thiophene radical and is 

readily accessible in high yield following a simple synthetic route. 

Alternatively, the reaction between KL
NS

 and CuI results in both the precipitation of KI, 

the reduction of copper(I) to copper metal and the formation of a red paramagnetic 

NMR-silent solid characterised as Cu2I2(L
NS•

). Crystals of Cu2I2(L
NS•

) suitable for X-

ray analysis were obtained by slow evaporation of a CH2Cl2 solution. 

 

 

Figure 2.8. Synthesis (left) and solid state structure (right, CCDC 1542229) of Cu2I2(L
NS•

). For clarity, all 

hydrogen atoms are omitted (displacement ellipsoids are drawn at 50% probability). 

The solid-state structure of Cu2I2(L
NS•

) shows each copper(I) centre coordinated by a 

single iminothienyl arm, together with two bridging iodides in a distorted trigonal 

pyramidal geometry (Figure 2.8). Similar to that seen for the solid-state structures of 

KL
NS

 and L
NS•

, the ligand in Cu2I2(L
NS•

) appears planar, with a torsion angle of 7.3° 

between the iminothienyl arms. The NCu distances, 1.982(1) Å and 1.969(4) Å, and 

SCu distances, 2.679(2) Å and 2.689(2) Å, fall within literature reported values. 

Furthermore, the long Cu1Cu2 separation of 3.054(7) Å indicates no intermetallic 

bond. This unique complex is likely obtained through an initial oxidation of KL
NS

 by 

CuI to provide KI, Cu(0) and the radical L
NS•

, which then further reacts with two more 

equivalents of CuI to form the final compound.  
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Figure 2.9. X-band EPR spectroscopic characterisation (left) and DFT computed spin density plot (right) 

of Cu2I2(L
NS•

). Experimental data are depicted by the black trace and simulations by the grey trace 

(simulation parameters are given in the text). 

The EPR spectrum of Cu2I2(L
NS•

) reveals a broad feature in fluid CH2Cl2 solution, 

devoid of any hyperfine and having a giso = 1.9958, consistent with a ligand-based 

organic radical (Figure 2.9, left). The orbital distribution of the electron density related 

to the unpaired electron was obtained through spin density calculations. Such 

calculations divide all the electrons of the molecule in two sets by spin quantum 

number, namely α or β. Each individual state is then simulated and the difference 

∑ (𝛼𝑖 − 𝛽𝑖)
𝑛
𝑖=1  gives the orbital resilience of the unpaired electron. The spin density 

distribution of Cu2I2(L
NS•

) shows a predominantly ligand-resilient unpaired electron, 

with minor metal contribution (Figure 2.9, right). Despite the S-Cu distance being 

within the sum of the Cu and S Van der Waals radii, the spectroscopic and 

computational investigations reveal that the complex is held together only through the 

coordination of the imine donors. As such, the Cu2I2 core in Cu2I2(L
NS•

) is readily 

displaced when dissolved in acetonitrile, as evidenced by the resulting EPR spectrum, 

which is identical to that recorded for L
NS•

 (Figure 2.10, left). The labile coordination 

properties of L
NS•

 were studied using a computational tool to investigate bonding 

electrons, such as the Electron Localisation Function (ELF).
18

 ELF calculations focus 

on the bonding electrons and non-bonding lone pairs, providing a depiction of their 

spatial distribution. In Cu2I2(L
NS•

), ELF calculations show that while the lone pairs of 

the N donors point towards the metal centres, the non-bonding electrons belonging to 

the sulfur atoms are directed away from the bond vector, suggesting scarce if not absent 

thiophene coordination (Figure 2.10, right). 
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Figure 2.10. Left: comparison of the experimental X-band EPR spectra of L
NS•

 and Cu2I2(L
NS•

) in fluid 

acetonitrile. Right: Electron Localisation Function (ELF) study on the bonding electrons in Cu2I2(L
NS•

).  

Intrigued by the multinuclear coordination ability of the iminothienylmethene ligand 

radical, its coordination properties towards another Group XI metal such as silver were 

As such, the reaction between KL
NS

 and silver(I) tetrafluoroborate results in both the 

precipitation of KBF4, the reduction of silver(I) to silver metal and the formation of an 

orange paramagnetic NMR-silent solid characterised as the dicationic radical L
NS•

(BF4)2 

(Figure 2.11).  

 

 

Figure 2.11. Synthesis (left) and solid state structure (right, CCDC 1542230) of L
NS•

(BF4)2. For clarity, 

all hydrogen atoms are omitted (displacement ellipsoids are drawn at 50% probability). 

Single crystals of L
NS•

(BF4)2 were obtained upon layering hexane on a THF solution. 

Despite being preserved under a layer of fluorinated polyether (Fomblin®) and mounted 

under a stream of dry and deoxygenated N2, the crystals of L
NS•

(BF4)2 quickly started to 

decompose undergoing a colour change from dark orange to light brown. The quality of 

the data collected was affected by the decomposition, and could provide only 

information on the atom connectivity. Nonetheless, the solid-state structure of 

L
NS•

(BF4)2 shows that the molecule adopts a planar arrangement, with a torsion angle of 
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4.3° between the iminothienyl arms and the sp
2
 hybridised meso carbon C10. 

Interestingly, one of the BF4 anions is accommodated within the N2S2 molecular cleft 

and interacts with the imine nitrogen atoms with approximate distances of 2.78 Å 

(N1···F1) and 2.88 Å (N2···F3). The wide B1-F3-N2 angle of 170.4° suggests a 

stabilising halogen bonding interaction between N2 and F3.
19

  The EPR spectrum of 

L
NS•

(BF4)2 was recorded in fluid acetonitrile and shows a feature at giso = 2.0037, 

identical to L
NS•

. However, compared to L
NS•

 the hyperfine splitting pattern is less 

congested, and the spectral profile is modelled with coupling to the 
14

N nucleus (A
N
 = 

2.38 × 10
4

 cm
1

) and three protons (A
H 

= 3.22, 1.10, 0.70 × 10
4

 cm
1

) of one 

iminothienyl arm (Figure 2.12, left). The spin-density distribution calculated for L
NS•2+

 

corroborates this spectrum, showing spin density on one thiophene-imine arm only due 

to the twist at the meso carbon atom (dihedral angle 51.0°) in the optimised structure 

(Figure 2.12, right). Interestingly, the twist observed in the calculated structure is absent 

in the one obtained by X-ray analysis, which is planar, presumably owing to the 

presence of the BF4

counterion in the cleft, which interacts with both imine nitrogen 

atoms. Furthermore, the bonds C9-C10 and C10-C17 that appear delocalised in the 

solid state structure (1.431 Å and 1.429 Å), assume defined single bond and double 

bond character in the simulated structure (1.461 Å and 1.392 Å, respectively). 

 

Figure 2.12. EPR spectroscopic characterisation (left) and DFT computed spin density plot (right) of 

L
NS•

(BF4)2. Experimental data are depicted by the black trace and simulations by the grey trace 

(simulation parameters are given in the text). 

In light of the different reactivity of the anion KL
NS

 towards transition metal salts, a 

detailed investigation of the electronic properties of the compounds belonging to this 

iminothiophene family was carried out. The colour changes observed upon reacting all 

C17 

C10 C9 
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of the compounds described prompted us to analyse their UVvis spectra and to 

rationalise these data by TDDFT calculations (Figure 2.13). To this aim, the 

CAMB3LYP hybrid functional was chosen as its long-range correction of the 

exchange potential provides the most accurate representation of excited states in 

porphyrinoid systems.
20,21

 

2.4 UVvis investigation 

Upon deprotonation of HL
NS

 to form KL
NS

, an intense band appears in the UVvis 

spectrum at 654 nm as a consequence of achieving full conjugation throughout the 

extended π-system. Such band is associated to the HOMOLUMO transition and is 

similar, although red-shifted, to the ones seen for related dipyrromethene compounds 

(Figure 2.13, bottom). Oxidation of KL
NS

 to the radical L
NS•

 results in a considerable 

hypsochromic shift of the low energy absorption band from 654 nm to 456 nm. This is 

explained by an increase in the SOMO(α)LUMO(α) gap in L
NS•

 compared to KL
NS

, 

according to TDDFT calculations, from 4.41 eV in KL
NS

 to 5.41 eV in L
NS•

. 

Incorporation of the dinuclear core in Cu2I2(L
NS•

) leads to the appearance of additional 

absorption bands, most of which involve the participation of multiple transitions and 

cannot be assigned in a straightforward manner. Despite this, the weak and broad 

absorption at 826 nm (765 nm in the calculated spectrum) is primarily assigned to the 

SOMO(β)–LUMO(β) transition. Observing betabeta transitions in radical compounds 

is rare, as the highest SOMO is by definition SOMO(α). As such, the presence of this 

unusual transition is related to a LUMO(β) that is much lower in energy compared to 

LUMO(α), resulting in an easier SOMO(β)LUMO(β) transition. This hypothesis is 

supported by the calculated energies for these transitions, which quantify the 

SOMO(β)LUMO(β) transition as 4.03 eV, while the alpha counterpart is greater at  

4.87 eV. The sequential oxidation of KL
NS

 to L
NS•

(BF4)2 brings the main absorption 

bands close together through hypsochromic shifts. The intense band at 342 nm arises as 

a combination of SOMO(α)LUMO(α) and SOMO(β)LUMO+1(β), while a second 

one at 298 nm has contributions from the lower occupied orbitals HOMO3(α) and 

HOMO3(β). 
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Figure 2.13. Experimental UVvis spectra (red trace), TDDFT calculated spectra (blue trace), and 

oscillators (green lines) for the bis(iminothienyl)methene compounds.  
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2.5 Electrochemical study 

Further details on the electronic properties of these compounds are provided by 

electrochemical analysis. The cyclic voltammograms of HL
NS

 and L
NS•

(BF4)2 display 

single irreversible reductions at Ep
c 

= 1.46 V and Ep
c 

= 2.03 V versus ferrocene 

(Figure 2.14). 

 

Figure 2.14. Cyclic voltammograms of HL
NS

 (left) and L
NS•

(BF4)2 (right); glassy-carbon working 

electrode, platinum-gauze counter electrode, silver-wire pseudo-reference electrode, 100 mV s
1

, 

referenced to Fc
+
/Fc, 1.0 mM analyte, 0.10 M [nBu4N][PF6] electrolyte in dry CH2Cl2 under N2. 

The CVs of the compounds KL
NS

, L
NS•

 and Cu2I2(L
NS•

) display multiple redox events 

and required a more detailed investigation by means of stirred voltammetry to determine 

their speciation as a function of the applied potential. The species used to prepare the 

initial solution is associated with the potential interval corresponding to a current 

intensity i = 0 μA (i.e. no current flows through the circuit when the analyte exists in 

solution in the same redox state as it was when the solution was prepared). Additionally, 

the redox events that the initial species undertakes are identified as oxidations or 

reductions based on the value of the current intensity at the event (i.e. oxidation if E½ 

corresponds to i > 0 μA and reduction if E½ corresponds to i < 0 μA, Figure 2.15).
22
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Figure 2.15. Stirred voltammogram of KL
NS

; glassy-carbon working electrode, platinum-gauze counter 

electrode, silver-wire pseudo-reference electrode, 5 mV s
1

, 600 rpm, referenced to Fc
+
/Fc, 1.0 mM 

analyte, 0.100.14 M [nBu4N][PF6] electrolyte in dry CH2Cl2 under N2. 

The CV of KL
NS

 consists of two reversible events, with an oxidation wave at 0.12 V 

and a reduction wave at 1.33 V (Figure 2.16). These waves are complementary to the 

reduction wave at 0.02 V in the CV for L
NS•

, together with another reduction wave at 

1.38 V, assigned by linear-sweep voltammetry. In this case, the data profiles are 

skewed, indicating a slow electron transfer and thus quasi-reversibility in the redox 

properties of L
NS•

, possibly also due to the lower electrolyte concentration than for 

KL
NS

 (0.10 M vs. 0.14 M). The redox potential measured for the couple L
NS•

/KL
NS

 is 

also consistent with DFT calculations which indicate a computed potential of 0.17 V. 

In Cu2I2(L
NS•

), the general features of the radical system L
NS•

 are retained, with two 

sequential reduction events observed at +0.07 and 1.00 V (see also the related stirred 

voltammogram in Figure 7.31). Additionally, a new irreversible oxidation peak at +0.83 

V is also observed and is tentatively assigned to Cu
II
/Cu

I
 oxidation. These data, along 

with the computed electronic structures, confirm that the redox reactivity seen in 

Cu2I2(L
NS•

) is primarily ligand-based. 

L
NS-

 L
NS• 2-

 L
NS•
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Figure 2.16. Comparison of CV data for KL
NS

 (top),  L
NS•

 (middle) and Cu2I2(L
NS•

) (bottom); glassy-

carbon working electrode, platinum-gauze counter electrode, silver-wire pseudo-reference electrode, 100 

mV s
-1

, referenced to Fc
+
/Fc, 1.0 mM analyte, 0.10–0.14M [nBu4N][PF6] electrolyte in dry CH2Cl2 under 

N2. 

In this chapter, we have seen that the bis(iminothienyl)methane compound HL
NS 

can 

undergo meso-selective deprotonation to provide the anionic intermediate KL
NS

. Such a 

carbanion is easily oxidised by FeBr2 to the unusually stable acyclic neutral radical 

L
NS•

. Alternatively, KL
NS

 reacts with Group XI metal salts such as CuI and AgBF4 

providing the dinuclear molecular cluster Cu2I2(L
NS•

) of a neutral ligand radical or 

undergoing sequential oxidation up to the radical dication L
NS•

(BF4)2, respectively. The 

radical chemistry of thiophenes and their complexes is relatively unexplored and 

primarily limited to examples in which the radical is either charged or stabilised within 

a macrocyclic framework. As such, this study provided insight into new iminothiophene 

coordination chemistry which, owing to the redox activity of this ligand framework, can 

potentially lead to metal complexes with an internal electron reservoir for redox 

chemical processes. 
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Chapter 3 

Modified  di(heteroaryl)methene relatives 

 

This chapter describes the influence that simple structural modifications have on the 

electronic and coordination properties of di(heteroaryl)methene compounds. This work 

was carried out by myself in collaboration with Mr Daniel Henschel from the Technical 

University of Munich and Ms Mareike Hüttenschmidt from the University of Rostock. 

 

3.1 Rational ligand design 

The rich redox chemistry displayed by KL
NS

 inspired us to investigate the impact that 

simple structural modifications on the di(heteroaryl)methene scaffold have on the 

electronic and coordination features of the resulting molecules. This strategy involves 

the substitution of the imine functionalities with aryl substituents, the replacement of the 

thiophene rings with stronger coordinating furan heterocycles, or simultaneous imine 

truncation and heterocycle swap (Figure 3.1). 

 

Figure 3.1. Structural modifications on the di(heteroaryl)methene scaffold. 
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3.2 The small dithiophene HL
S
 

The first structural alteration comprises the replacement of the imine functionalities 

with aryl groups. In such a way, a reduced conjugated system is accessed which should 

impact the redox activity of the resulting compound. Pentafluorophenyl substituents 

were used as other aryl, alkyl or fused-aryl substituents caused side reactions either 

during the synthesis of the precursor or in the subsequent deprotonation step.  

 

Figure 3.2. Synthesis of the precursor HL
S
. 

The synthesis of HL
S
 starts from the commercially available and inexpensive 2-

bromothiophene 3 with a copper(I)-catalysed arylation protocol to provide 2-

pentafluorophenylthiophene 4.
1
 This deactivated thiophene heterocycle then undergoes 

acid-catalysed condensation with pentafluorobenzaldehyde to provide HL
S
 as a 

colourless solid in high yield.
2
 The 

1
H NMR spectrum of HL

S
 shows two doublets 

related to the thiophene protons at 7.42 ppm and 7.08 ppm, together with the meso-CH 

peak at 6.29 ppm. In the 
13

C{
1
H} spectrum, several doublets of multiplets are identified 

in the aromatic region that are related to the perfluorinated arene substituents and have 

characteristic large JCF coupling constants of 126 Hz (Figure 3.3).  

 

Figure 3.3. Portion of the 
13

C{
1
H} NMR spectrum of HL

S
 between 135 and 150 ppm. 
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With HL
S
 in hand, its deprotonation reaction was explored. In a similar manner to the 

iminothienyl congener, HL
S
 readily reacts with potassium hydride at the meso proton to 

provide a dark blue solution of the corresponding anion. Such a reaction allows for the 

identification and NMR characterisation of the anion L
S

 (Figure 3.4).  

 

 

Figure 3.4. Synthesis of KL
S
 through meso-selective deprotonation of the precursor HL

S
. 

Evidence for the deprotonation is obtained in the 
1
H NMR spectrum of KL

S
, which 

shows the peaks related to the thiophene protons shifted at 7.31 ppm and 5.93 ppm and 

the disappearance of the meso-CH signal. However, in contrast to the crystalline 

iminothiophene anions KL
NS

 and LiL
NS

, the anion L
S

 gradually undergoes spontaneous 

decomposition to an NMR-silent compound. Isolation attempts by precipitation, 

crystallisation, or simple solvent removal resulted in a faster decomposition. Even 

immediately after deprotonation in THF or pyridine, the anion slowly decomposes over 

time with a change in the colour of the solution from dark blue to green and finally 

yellow-brown. Such a characteristic colour change is reminiscent of the one observed 

for the oxidation of KL
NS

 and prompted us to monitor such reaction by means of UV-

vis spectroscopy (Figure 3.5).  

H
a
 H

b
 H

m
 

HL
S
 

KL
S
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Figure 3.5. Qualitative UV-vis monitoring of a pyridine solution of KL
S
 over time.  

From the UV-vis spectra it is possible to identify the main HOMOLUMO absorption 

band for KL
S
 at 636 nm, which gradually decreases in intensity giving way to a weaker 

absorption band at 455 nm, related to the SOMO(α)LUMO(α) transition in L
S•

 (see 

below for the DFT analysis). In light of this spontaneous reactivity and the difficulty in 

isolating KL
S
, a one-pot deprotonation/oxidation with KH and CuI was targeted, which 

provided the product L
S•

 as a yellow solid in good yield (Figure 3.6, left).  

 

 

 

Figure 3.6. Synthesis (left) and X-band EPR spectrum of L
S•

 in fluid CH2Cl2 (right). Experimental 

conditions: frequency, 9.8562 GHz; power, 2.0 mW; modulation, 0.01 mT. Experimental data are 

represented by the black line with the simulation depicted by the grey trace. Aiso = 3.71 × 10
–4

 cm
–1

 (2 × 

1
H); Aiso = 3.05 × 10

–4
 cm

–1
 (2 × 

1
H); Aiso = 1.71 × 10

–4
 cm

–1
 (3 × 

19
F); Aiso = 1.16 × 10

–4
 cm

–1
 (6 × 

19
F); 

Aiso = 0.47 × 10
–4

 cm
–1

 (2 × 
19

F); Aiso = 0.34 × 10
–4

 cm
–1

 (4 × 
19

F). 

The fluid-solution EPR spectrum of isolated L
S•

 in CH2Cl2 shows a resonance at giso = 

2.0036, consistent with an organic radical (Figure 3.6, right). The hyperfine structure is 

highly complex due to the coupling of the unpaired electron to all four 
1
H nuclei from 
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the thienyl moieties and all fifteen fluorine nuclei (
19

F, I = 
1
/2, 100% abundant) of the 

pentafluorophenyl substituents. Interestingly, the dithienyl radical L
S•

 is a stable acyclic 

radical which, in contrast to its imine-expanded relative, possesses a less extensive π-

system with consequent minimal stabilisation by conjugation. In addition, it would be 

expected that the strongly electron-withdrawing pentafluorophenyl substituents would 

destabilise the radical in favour of the anion. In contrast, the experimental data suggest a 

higher stability of the radical over the anion.  

3.3 The small difuran HL
O

 

The small dithiophene compound L
S

 displayed enhanced redox activity but poor 

coordination ability. As such, we targeted the immediate analogue L
O

 in which the 

thiophene rings are substituted by furan heterocycles. The endocyclic oxygen atoms in 

L
O

 should provide better donor properties while maintaining the extent of the π–

conjugated system constant.  

In contrast to 2-substituted thiophenes, most of which are commercially 

available or accessible through simple synthetic steps, 2-substituted furans are less 

available and often require multistep syntheses. Therefore, the commercially available 

2-methylfuran was chosen as starting material for the synthesis of the small difuran 

precursor HL
O

. The synthetic procedure is straightforward and involves a simple acid-

catalysed condensation of 2-methylfuran and benzaldehyde, followed by flash 

chromatography to provide HL
O

 as a colourless oil in 89% yield (Figure 3.7).
3
  

 

Figure 3.7. Synthesis, deprotonation and oxidation of the small difuran precursor HL
O

. 

Replacing the thiophene heterocycles with furan causes a dramatic change in stability, 

and thus reactivity, of the anion. While the reaction between the colourless precursor 

HL
O

 and KH in THF results in a colour change to dark brown, the 
1
H NMR spectrum of 

the reaction mixture is silent and paramagnetic according to qualitative Evans’ method 

measurements. A similarly silent 
1
H NMR spectrum is seen for the reaction between 

HL
O

 and KN(SiMe3)2. As such, the tendency of the expected anion KL
O

 to oxidise to 
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the radical L
O•

 is more pronounced than for KL
S
, and the anion KL

O
 is not even 

observed.  In light of this, the direct deprotonation/oxidation procedure used for HL
S
 

was again used and the radical L
O•

 obtained (Figure 3.8, left). 

 

  

 

Figure 3.8. Synthesis (left) and X-band EPR spectrum of L
O•

 in THF at 293 K (right). Experimental 

conditions: frequency, 9.6709 GHz; power, 10 mW; modulation, 0.1 mT. Experimental data are 

represented by the black line, simulation is depicted by the grey trace composed: giso = 2.0043; Aiso = 2.2 

× 10
−4

 cm
−1

 (2 × 
1
H); Aiso = 1.6 × 10

−4 
cm

−1
 (2 × 

1
H); Aiso = 1.5 × 10

−4
 cm

−1
 (2 × 

1
H); Aiso = 1.1 × 10

−4
 

cm
−1

 (1 × 
1
H). 

The radical nature of L
O•

 is corroborated by its EPR spectrum, which in fluid THF 

shows a feature at giso = 2.0043, consistent with an organic radical and devoid of any 

hyperfine pattern (Figure 3.8, right). In a previous report,
4
 L

O•
 was prepared but not 

isolated, either by oxidation of HL
O

 to form the difurylmethene cation, followed by 

single-electron reduction by Zn mirror, or by a deprotonation/oxidation protocol similar 

to that used here. While EPR data were reported for difuryl compounds in which the 

meso-substituent is either methylfuryl, ethylfuryl, C6H4(OH-4), C6H4(
t
Bu-3)2(OH-4), or 

C6H4(OMe-3) and showed complex hyperfine coupling to the 
1
H nuclei, no data were 

provided for L
O•

. In our case, L
O•

 could not be isolated as an analytically pure 

compound due to the incorporation of KI, which is supported by elemental analysis (see 

experimental section) and is also likely the cause of the lack of hyperfine structure in 

the EPR spectrum of L
O•

. However, the APPI-HRMS analysis of L
O•

 provides further 

support for its identity, showing ions at m/z 251 and 252 consistent with the cations 

[L
O

]
+
 and [L

O
+H]

+
 formed upon photoionisation of the radical.  
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3.4 The bis(iminofuryl)methane HL
NO

 

If on one hand the incorporation of KI by L
O•

 prevented its isolation, on the other hand 

it validated the original hypothesis to strengthen the coordination properties of 

di(heteroaryl)methene systems by introducing furan heterocycles. Therefore, in a third 

variation of the original bis(iminothienyl)methene KL
NS

, the thiophene heterocycles 

were replaced with furan rings and the imine functionalities were maintained to assist 

the coordination, thus providing the bis(iminofuryl)methene anion L
NO

.  

 

Figure 3.9. Synthetic route to the iminofuryl precursor HL
NO

. 

The synthesis of the precursor HL
NO

 follows a similar pathway as the one of its 

thiophene analogue (Figure 3.9). Starting from furan, an initial acid-catalysed 

condensation with benzaldehyde provides the difurylmethane intermediate 6 as a 

colourless oil in 56% yield.
2
 The 

1
H NMR spectrum of 6 shows the characteristic 

pattern for 2-substituted furan rings, with the peak related to the 5-H shifted towards 

low field at 7.37 ppm and the other two peaks at 6.32 ppm and 6.03 ppm. The phenyl 

signals are found in the range 7.35-7.23 ppm, while the peak at 5.45 ppm is easily 

assigned to the meso-CH. The following step involves the 5,5’-diformylation of 6, this 

time under Vilsmeier-Haack conditions.
5
 In this reaction phosphorus(V) oxychloride 

first reacts with DMF to generate the Vilsmeier chloriminium intermediate, which then 

undergoes nucleophilic attack by 6 to form a 5,5’-bis(iminium) compound. This is then 

hydrolysed during the workup to provide intermediate 7 as a dark red oil in 35% yield 

upon flash chromatography. The successful formylation is confirmed by the 
1
H NMR 

spectrum of 7, which shows no peaks related to the 5,5’ protons on the furan rings and a 

singlet at 9.59 ppm assigned to the formyl substituents; this latter resonance correlates 

to the peak at 177.4 ppm in the 
13

C NMR spectrum. The last synthetic step involved the 

condensation of 7 and tert-butylamine. As for HL
NS

, this reaction proceeds by simply 

stirring the reactants in toluene over molecular sieves. Filtration through Celite and 

solvent removal provide HL
NO

 as a dark orange solid in high yield. The 
1
H NMR 

spectrum of HL
NO

 shows features similar to those of intermediate 7, with the formyl-
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related singlet replaced by a peak at 8.02 ppm, assigned to the imine protons, and an 

intense singlet at 1.26 ppm related to the tert-butyl groups.  

In contrast to KL
S
 and KL

O
, the meso-deprotonation of HL

NO
 with KH in THF allows 

for the isolation of the corresponding potassium salt KL
NO

 as a translucent dark green 

solid in high yield. The 
1
H NMR spectrum of KL

NO
 shows the disappearance of the 

meso-CH peak along with a high-field shift of the peaks associated to the protons 

belonging to the bis(iminofuryl) structure (Figure 3.10).  

 

 

Figure 3.10. Comparison of the 
1
H NMR spectra of HL

NO
 and KL

NO
 between 4.5 and 8.5 ppm. 

Crystals of KL
NO

 suitable for single-crystal X-ray analysis were obtained by layering 

hexane on a THF solution at  ̶ 30 °C. In the solid state, KL
NO

 exists as a one-

dimensional (1D) coordination polymer in which each unit is linked to the next through 

π-coordination of a furan group to the potassium cation, with no incorporation of the 

THF donor solvent (Figure 3.11). 
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NS
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NS

 

H
i
 

o-H + m-H 
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Figure 3.11. Left: solid-state structure of the iminofuran anion KL
NO

. For clarity, all hydrogen atoms and 

a second molecule in the unit cell have been omitted. Right: π-coordination of the furan moiety from the 

neighbouring unit to the K cation. Selected bonds (Å) and angles (°): K1-O1 2.740(2), K1-O2 2.751(2), 

K1-N1 2.773(3), K1-N2 2.748(3); C9-C10-C17 127.4(3), O1-K1-O2 60.31(7), O1-K1-N1 62.56(8), O2-

K1-N2 62.40(8), N1-K1-N2 120.15(9). 

The meso carbon C10 is sp
2
 hybridised and the iminofuryl arms are essentially coplanar, 

with a torsion angle of 8.7°. In contrast to the iminothiophene relative KL
NS

, which 

adopts a dimeric structure, the N2O2 donor set in KL
NO

 binds a single potassium cation 

within the coordination pocket. This structure is ascribed to the shorter N1∙∙∙N2 

separation between the imine nitrogen atoms of 4.785(4) Å, compared to 7.357(1) Å in 

KL
NS

. Such a feature is also responsible for the positioning of the K cation above the 

N2O2 plane (N2O2 plane∙∙∙K1 1.222 Å), although influence by the adjacent π-coordinated 

furan cannot be excluded (centroid∙∙∙K1 3.029 Å). The KO bonds of KL
NO

 (2.740(2) 

Å, 2.751(2) Å, 2.743(2) Å and 2.770(2) Å for the two molecules in the unit cell) fit 

within the range of literature-reported values (2.636(6)3.359(6) Å).
6-13

 Furthermore, 

the structural features of KL
NO

 agree with DFT-calculated structures (see below). The 

σ-coordination displaying a 25.3° deviation from planarity fits with the calculated 

preference for small angle deviations,
14

 and is likely supported by chelation. 

Additionally, the exclusion of the THF donor solvent is favoured by the high π-

coordination ability of furan.
15,16

 

In a similar manner to the related thiophene anion KL
S
, reaction between KL

NO
 

and CuI leads to the precipitation of Cu metal and the oxidation of KL
NO

 to the toluene-

soluble, neutral radical L
NO•

 in good yield. However, in contrast to L
S•

, L
NO•

 is isolated 

as the salt-incorporated adduct KI(L
NO•

) (Figure 3.12).  

K1 

N1 

O1 

O2 
N2 

C10 

C17 
C9 
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Figure 3.12. Synthesis (left) and X-band EPR spectrum of L
O•

 in THF at 293 K (right). Experimental 

conditions: frequency, 9.8554 GHz; power, 6.3 mW; modulation, 0.01 mT. Experimental data are 

represented by the black line, simulation is depicted by the grey trace.  

The radical nature of L
NO•

 is supported by the lack of features in its NMR spectrum and 

is confirmed by its fluid-solution EPR spectrum, which shows a resonance at giso = 

2.0035, consistent with and organic radical. A complex hyperfine structure arises from 

the coupling of the unpaired electron with six hydrogen and two nitrogen nuclei from 

the iminofuryl backbone and three additional hydrogen nuclei from the orthogonal 

meso-phenyl substituent. These coupling interactions are in agreement with the DFT-

calculated spin density distribution (Figure 3.13) and are simulated with Aiso = 3.54 × 

10
−4

 cm
−1

 (2 × 
1
H); Aiso = 3.22 × 10

−4
 cm

−1
 (2 × 

1
H); Aiso = 1.60 × 10

−4
 cm

−1
 (3 × 

1
H); 

Aiso = 1.57 × 10
−4

 cm
−1

 (2 × 
1
H); Aiso = 0.53 × 10

−4
 cm

−1
 (2 × 

14
N). 

 

 

 

 

 

 

Figure 3.13. DFT-computed spin density distribution of L
NO•

 at the CAM-B3LYP/6-311+G(d,p) level. 
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3.5 UV-vis investigation and TD-DFT studies 

Upon deprotonation of the precursor HL
S
 to the corresponding potassium salt KL

S
, two 

bands arise in the UV-vis spectrum (Figure 3.14). The intense band at 636 nm is related 

to the HOMOLUMO transition and is accompanied by a weaker one at 465 nm, 

associated to the HOMOLUMO+5 (66%) and HOMOLUMO+1 (28%) transitions. 

The oxidation of KL
S
 into L

S•
 leads to a change in the electronic spectrum in that a 

weak band arises at 455 nm, similar in shape to that of KL
S
 and is related to the 

SOMOLUMO transitions, specifically SOMO(α)LUMO(α) (55%) and 

SOMO(β)LUMO(β) (32%). An intense band at 290 nm is also observed as the result 

of the combination of several transitions, amongst which the most prominent are 

SOMO(α)LUMO+3(α) (39%) and SOMO(α)LUMO+1(α) (20%). Interestingly, as in 

related thiophene compounds,
17,18

 the oxidation of the anion to the radical is 

accompanied by a hypsochromic shift of the band associated to the HOMOLUMO and 

SOMOLUMO transitions. Such a feature is indicative of a larger orbital gap in the 

radical and is quantified at 5.50 eV (spin α) and 5.31 eV (spin β) against 4.24 eV for the 

anion. Albeit similar in structure to the thiophene-based compounds, the electronic 

absorption spectra of the furan derivatives appear entirely different. The 

HOMOLUMO transition observed at 284 nm in the spectrum of HL
NO

 gives way to 

multiple bands as a consequence of the deprotonation to KL
NO

. The band at 630 nm is 

associated with the lowest energy HOMOLUMO transition and is followed by three 

additional bands related to the HOMOLUMO+1 (90%), HOMOLUMO+6 (59%) and 

HOMO1LUMO (64%) transitions, respectively. In contrast to thiophene-based 

di(heteroaryl)methenes, oxidation of KL
NO

 to L
NO•

 does not cause major variations in 

the UVvis spectrum and preserves the four-band motif which appears only slightly 

red-shifted. Such bands can be divided into two pairs of absorptions related to 

complementary alpha and beta transitions. Specifically, the band at 632 nm comprises 

SOMO(α)LUMO(α) (32%) and SOMO(β)LUMO(β) (55%) while the absorption at 

435 nm arises from the combination of SOMO(α)LUMO(α) (55%) and 

SOMO(β)LUMO(β) (38%). Additionally, the band at 349 nm comprises 

SOMO(α)LUMO+1(α) (40%) and SOMO1(β)LUMO(β) (45%) and the one at 276 

nm by SOMO1(α)LUMO(α) (51%) and SOMO(β)LUMO+1(β) (40%). In contrast 

to the results discussed so far, the UV-vis spectrum of L
O•

 is unresolved, with the 

absorption bands broadened into a large absorption curve. This behavior is likely caused 
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by the ability of this L
O•

 to coordinate to KI, and visibly deposit it during the acquisition 

of the UVvis data resulting in a loss of resolution. 

 

 

Figure 3.14. Experimental UVvis spectra (red trace), TDDFT calculated spectra (blue trace), and 

oscillators (green lines) for compounds KL
S
, L

S•
, L

O•
, HL

NO
, KL

NO
 and KI(L

NO•
). 
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3.6 Electrochemical study 

Analysis of the cyclic voltammograms (CV) of the presented compounds provides 

additional insight into their electronic properties. The precursor HL
S
 is 

electrochemically inert over a potential window spanning from +1.50 V to 2.00 V 

versus Fc
+
/Fc. Due to the difficulty in isolating the anion KL

S
, the electrochemical 

investigation of L
S•

 is crucial to obtain information on the redox properties of this 

system. The voltammogram of L
S•

 displays two redox waves, an oxidation at +0.27 V 

and a reduction and 1.09 V (Figure 3.16) and are best interpreted as forming the 

diamagnetic cationic species L
S+

 upon oxidation, while the reduction event refers to the 

L
S•

/L
S

 couple (refer to the stirred voltammogram in Figure 7.32). Unfortunately, no 

meaningful CV data were acquired for L
O−

 and L
O•

 due to the difficulties encountered 

in their isolation. The CV of HL
NO

 comprises three events, a reversible oxidation at 

0.11 V and an irreversible oxidation at 0.48 V associated with the irreversible 

reduction at 1.89 V (Figure 7.25). 

Figure 3.16. Comparison of CV data for L
S•

 (top), KL
NO

 (middle-top), L
NO•

 (middle-bottom) and 

KI(L
NO•

) (bottom); glassy-carbon working electrode, platinum-gauze counter electrode, silver-wire 

pseudo-reference electrode, 100 mV s
1

, referenced to Fc
+
/Fc, 1.0 mM analyte, 0.10 M [nBu4N][PF6] 

electrolyte in dry CH2Cl2 under N2. 

E
½
 = + 0.27 V 

E
½
 = − 1.09 V 

E
½
 = − 1.28 V 

E
½
 = − 1.16 V 

E
p

c

 = + 0.13 V 

E
½
 = + 0.53 V 

E
p

c

 = + 0.20 V 

L
S•

 

KL
NO

 

in situ L
NO•

 

KI(L
NO• 

) 
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As a consequence of the deprotonation that forms KL
NO

, these waves are replaced by a 

quasi-reversible oxidation at 1.28 V, assigned to the formation of the radical, i.e. 

KL
NO

/L
NO•

. Unexpectedly, the CV of L
NO•

 obtained by chemical oxidation of KL
NO

 

with CuI does not display the same wave observed for the anion but instead comprises 

two oxidations, one irreversible at +0.20 V and one reversible at +0.53 V with no trace 

of any reduction events. As with L
O•

, the unusual electrochemical features of KI(L
NO•

) 

could derive from the incorporation of 1 equivalent of KI, assumed from the elemental 

analysis, that might therefore alter the redox characteristics of the radical, hampering its 

reduction to the anion. This is supported by the CV of L
NO•

 that is generated in situ in 

the CV cell by the addition of Cu
I
(MeCN)4BF4 to KL

NO
; this shows the expected 

L
NO•

/L
NO

 redox couple at −1.16 V. The single broad oxidation seen at +0.13 V is 

similar to that seen for KI(L
NO•

) at +0.20 V, suggesting that this is a ligand-based 

oxidation, i.e. L
NO+

/L
NO•

 and that the second oxidation at +0.53 V relates to the I2/I
−
 

couple. 

In this chapter, the impact of structural modifications on the electronic and coordination 

properties of the di(heteroaryl)methene scaffold has been assessed. Compared to the 

parent iminothiophene compound L
NS

, the di(heteroaryl)methenes L
NO

, L
S

, and L
O

 

display more pronounced oxidation activities, evident from the highly negative 

potentials at which the waves related to the formation of the radicals are found. These 

potentials, at 1.09 V and 1.28 V for L
S•/

L
S

 and L
NO•/

L
NO

, respectively, are in fact 

over 1.0 V more negative than seen for L
NS•/

L
NS

 at 0.12 V, and highlight the ease of 

formation of the respective radicals and their potential use as reagents and catalysts for 

the reduction of small molecules such as carbon dioxide.  
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Chapter 4 

Activation of carbon dioxide 

 

This chapter describes preliminary results on the reactivity of the anionic 

di(heteroaryl)methenes towards carbon dioxide. Upon addition of carbon dioxide to the 

anionic compounds L
NS

 and L
NO

 chemical changes are observed, with the formation 

of NMR-silent species. The rationale behind this phenomenon is investigated and a 

reaction mechanism is proposed. 

 

4.1 Reaction between KL
NS

 and CO2 

The generation of the carbanionic species KL
NS

 and the rich redox chemistry it 

displayed suggested a potential use for this molecule in electron transfer reactions. 

Among the pool of redox reactions, our attention focused on the reductive valorisation 

of carbon dioxide, due to its key role as the next generation energy source (refer to 

Chapter 1). The reaction between KL
NS

 and CO2 was carried out by adding a CO2 

atmosphere to a solution of KL
NS

 in THF after three freeze-pump-thaw degas cycles. 

Within seconds from the addition of CO2, the original dark green solution of the anion 

turns orange/brown. As highlighted by the studies described in Chapters 2 and 3, due to 

the use of the redox-inert alkali metal, colour changes are attributable to chemical 

reactions occurring at the ligand. Thus, the yellow solution containing the reaction 

product is suggestive of a reaction with CO2 and so was analysed by NMR 

spectroscopy. The 
1
H NMR spectrum of the product mixture displays two set of signals 

consistent with the general bis(iminothienyl)methene structure (Figure 4.1). The peaks 

related to the minor product allowed its identification as the protonated precursor HL
NS

. 

The formation of HL
NS

 is attributed to anion protonation upon reaction with water 

present in the CO2 gas used in the reaction. It is worth noting that the carbon dioxide 

used in this reaction was passed through a drying column containing a freshly prepared 
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mixture of magnesium sulfate, molecular sieves and Drierite® drying agent. 

Nevertheless, trace amounts of water persisted and caused the formation of HL
NS

, 

highlighting the extreme Brønsted basicity of KL
NS

. In contrast, the set of peaks of the 

major product did not match with any previously characterised species, despite being 

clearly related to the iminothienyl scaffold, as confirmed by the imine peak at 8.27 ppm, 

the two thiophene peaks at 7.02 ppm and 6.58 ppm, and the tert-butyl peak at 1.19 ppm. 

No signals related to meso substituents are seen, suggesting either retention of the sp
2
 

hybridisation of the meso-carbon or meso functionalisation with a substituent devoid of 

any hydrogen atom.  

 

Figure 4.1. Comparison of the 
1
H NMR spectra of KL

NS
 before and after reaction with CO2. The peaks 

marked with asterisks refer to HL
NS

.  

Further insight was obtained by analysing the 
13

C{
1
H} NMR spectrum of the reaction 

mixture (Figure 4.2). The pattern of the major reaction product allows for the 

identification of all the peaks related to the bis(iminothienyl)methene scaffold. 

Interestingly, the meso-carbon peak lies at 65.5 ppm, suggestive of an alkyl carbon 

having sp
3
 hybridisation. Such a hypothesis implies that meso substitution occurs upon 

reaction with CO2 and is corroborated by the presence of an additional quaternary 

carbon peak at 175.6 ppm. 

KL
NS

 + CO
2
 * 

KL
NS

  

* * * 
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Figure 4.2. 
13

C NMR spectrum of the reaction between KL
NS

 and CO2. 

Being in the canonical spectral region for carboxylic groups, the latter leads to the 

assignment of the major reaction product as the meso-carboxylate L
NS

COOK (Figure 

4.3). According to this interpretation, KL
NS

 readily reacts with CO2 through 

nucleophilic attack from the meso-carbon, similarly to carbanionic compounds such as 

zinc alkyls and Grignard reagents.
1-3

     

 

Figure 4.3. Reaction between KL
NS

 and CO2 to provide L
NS

COOK. 

The carboxylate L
NS

COOK is stable in solution at room temperature but reacts upon 

heating in either benzene or THF, and producing a colourless precipitate. Both the 
1
H 

and 
13

C NMR spectra of the mixture obtained show only the minor compound HL
NS

 

(Figures 4.4 and 4.5), suggesting that L
NS

COOK decomposes following a radical 

pathway to form an NMR-silent compound. 
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Figure 4.4. 
1
H NMR spectrum of a d8-THF solution of L

NS
COOK after heating at 80 

o
C for 18 h. 

 

 

Figure 4.5. 
13

C NMR spectrum of a d8-THF solution of L
NS

COOK after heating at 80 
o
C for 18 h. 
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Interestingly, the 
1
H NMR spectrum of the precipitate in D2O supports this hypothesis, 

displaying several peaks reminiscent of the iminothienyl scaffold (Figure 4.6). From the 

spectrum, it is possible to distinguish an aldehyde peak at 9.77 ppm, which may arise 

from imine hydrolysis, an imine peak at 8.15 ppm, phenyl peaks at 7.327.44 ppm and a 

prominent tert-butyl peak at 1.20 ppm. However, no thiophene-related peaks are 

observed, which is tentatively attributed to a radical degradation of the thiophene ring 

similar to what happens in some cases during the hydrodesulfurisation process.
4
 

Additionally, a second set of signals is identified that comprises the minor peaks at 9.76 

ppm, 8.44 ppm, 7.65 ppm, and 1.26 ppm. Despite being related to each other, the 

chemical nature of these peaks does not match any starting material or intermediate 

used in this study and therefore their identity could not be established.  

 

Figure 4.6. 
1
H NMR spectrum of the precipitate obtained upon heating the L

NS
COOK solution. 

4.2 Reaction between KL
NO

 and CO2 

Despite the structural similarity and the same carbanionic nature of L
NS

, the small 

dithiophene anion L
S

 did not react with CO2, even upon heating for several days. This 

unexpected lack of reactivity is attributed to the lowered propensity of the L
S
 scaffold to 

coordinate to the alkali-metal cation due to the absence of the imine donors. As such, 

the nature of KL
S
 is likely that of a charge-separated ion pair, with the K cation 

separated from the organic moiety through solvation. This spatial separation between 
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the two may be identified as the cause for the absence of reactivity towards carbon 

dioxide, as it prevents the Lewis acidic cation to draw the CO2 substrate close to the 

redox-active nucleophilic carbanion. In light of this, we directed our attention to the 

iminofuran anion KL
NO

, which displayed both a strong coordination ability and a 

pronounced activity as a reductant. Therefore, the potassium salt KL
NO

 was reacted with 

carbon dioxide following the experimental procedure described for KL
NS

. Upon 

addition of CO2 to the dark green solution of KL
NO

 in THF, an immediate colour 

change to dark yellow is observed, together with the formation of a precipitate. As with 

the reaction involving KL
NS

 the final mixture is NMR-silent, suggesting the presence of 

an organic radical obtained upon oxidation of the anionic starting material. A colourless 

precipitate developed during the reaction and was isolated and analysed by NMR 

spectroscopy after quenching with D2O.   

 

Figure 4.6. 
13

C{
1
H} NMR spectrum of the precipitate obtained during the reaction between KL

NO
 and 

CO2. 

While the 
1
H NMR spectrum of the reaction mixture did not provide any definite 

evidence on the nature of the product, further insight was obtained from the 
13

C{
1
H} 

NMR spectrum (Figure 4.6). Aside from the solvent peaks related to THF (25.6 ppm 

and 68.4 ppm) and methanol (49.50 ppm), three additional peaks are identified at 27.3 

ppm, 52.3 ppm and 161.4 ppm. Interestingly, no peak is observed in the aromatic 

region, highlighting the absence of any L
NO

-derived products in the colourless 
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precipitate. The three peaks observed match with a methyl carbon (27.3 ppm) and a 

quaternary carbon (52.3 ppm) from a tert-butyl group, while the peak at 161.4 ppm lies 

between the canonic spectral regions for imines (~150 ppm) and amides (~170 ppm). 

Coupling these data with the occurrence of the reduction event, the colourless 

precipitate is tentatively assigned to the oxalyl derivative 8 (Figure 4.7, left). Moreover, 

the presence of a nitrogen atom bearing a tert-butyl substituent is a strong evidence of 

ligand decomposition at the imine functionalities. This leads to the assignment of the 

radical species in solution as the diformyl radical L
O3N•

, which is supported by its EPR 

spectrum that did not match the one recorded for L
NO•

 (Figure 4.7, right).  

  

 

 

Figure 4.7. Left: reaction between KL
NO

 and CO2. Right: X-band EPR spectrum of L
O3N•

 recorded in 

fluid THF. Experimental conditions: frequency, 9.8562 GHz; power, 10 mW; modulation, 0.1 mT. 

Unfortunately, the amount of isolated L
O3N•

 was not sufficient for a complete EPR 

characterisation. The low yield in L
O3N•

 derives from the participation of a minimal 

fraction of KL
NO

 to the reaction, while the majority of it is trapped by the precipitation 

of 8. Washing the colourless precipitate 8 with fresh THF provides a green solution 

containing KL
NO

, even after multiple iterations. We still do not fully understand this 

phenomenon and tentatively ascribe it to π-coordination of the furan heterocycles in 

KL
NO

 to the potassium cations in 8, similarly to what was observed in the solid-state 

structure of KL
NO

 (Chapter 3, Figure 3.11). While on one hand this is supported by the 

strong coordination ability observed for furan-derived compounds, on the other hand it 

does not explain the isolation of a colourless precipitate containing the highly green-

coloured KL
NO

 (ε = 30000 dm
3
 mol

1
 cm

1
). Nonetheless, the reactivity observed for 

KL
NO

 towards CO2 provides two important perspectives. On one hand, KL
NO

 interacts 

directly with CO2 at room temperature, possibly through the potassium cation, and 

subsequently carries out a reductive coupling reaction that takes advantage of the 
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strongly negative redox potential for the L
NO•

/L
NO

 couple (1.28 V vs Fc
+
/Fc). On the 

other hand, the reaction proceeds with decomposition of the ligand, thus hampering any 

possible use in catalytic transformations (i.e. electroreduction). In order to steer the 

selectivity away from the coupled product 8 and favour the formation of a value-added 

product such as formate, the reaction was carried out exploiting in situ deprotonation of 

HL
NO

 with KH. However, even in this case the only outcome observed was the 

iminooxalate decomposition product. This is attributed to the fast reaction between 

HL
NO

 and KH, likely producing KL
NO

 during the three freeze-pump-thaw degas cycles, 

before the addition of CO2. Therefore, LiH was tested as a different deprotonating agent 

as, in contrast to the potassium analogue, LiH reacts very slowly with HL
NO

 at room 

temperature, and only provides the salt LiL
NO

 upon heating at 80 °C. The in situ 

reaction between HL
NO

, LiH and CO2 at 80 °C does not lead to ligand decomposition, 

instead providing a diamagnetic light orange/brown solution and a colourless 

precipitate. The reaction was monitored by 
1
H NMR spectroscopy and shows an initial 

complex mixture formed upon addition of the three reactants (Figure 4.8, bottom). This 

mixture likely comprises several intermediate complexes formed upon slow 

deprotonation of HL
NO

 by LiH. Importantly, upon heating, these complexes gradually 

disappear, and HL
NO

 becomes the predominant compound in solution (Figure 4.8, 1 h – 

18 h). A similar trend is seen by monitoring the 
13

C NMR spectrum (Figure 4.9).  

Monitoring by 
7
Li NMR spectroscopy was also attempted to help distinguish the 

different species formed. However, this was inconclusive due to the low resolution and 

large broadening associated to the 
7
Li peaks (Figure 4.10).  
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Figure 4.8. 
1
H NMR monitoring of the reaction between HL

NO
, LiH and CO2 over time. 

 

 

Figure 4.9. 
13

C NMR monitoring of the reaction between HL
NO

, LiH and CO2 over time. 
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Figure 4.10. 
7
Li NMR monitoring of the reaction between HL

NO
, LiH and CO2 over time. 

Importantly, the colour change from orange to green observed upon heating the mixture 

and the formation of a colourless precipitate pose clear evidence for a reaction 

occurring. Therefore, joining together the information from these experiments and the 

continuous regeneration of the starting material HL
NO

, a catalytic activation of carbon 

dioxide is proposed. To obtain additional details on this transformation, the colourless 

precipitate formed was isolated and analysed by means of NMR spectroscopy, and is 

identified as lithium formate (Figures 4.11 and 4.12). 
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Figure 4.11. 
1
H NMR spectrum of the precipitate obtained from the reaction of HL

NO
, LiH and CO2. 

 

Figure 4.12. 
1
H NMR spectrum of the precipitate obtained from the reaction of HL

NO
, LiH and CO2. 

The production of lithium formate clears any residual doubt on the nature of this 

reaction, confirming that the anion L
NO

 is able to electroreduce CO2. However, the 

simple K
+
 to Li

+
 variation was deemed not sufficient to motivate such a major change in 

reactivity. Therefore, the salt LiL
NO

 was synthesised, isolated and reacted with carbon 
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dioxide to have a direct comparison with the original KL
NO

/CO2 reaction. In contrast to 

the outcome observed for the in situ reaction, LiL
NO

 readily reacts with CO2 to provide 

the lithium salt of the coupled product 10 (Figure 4.12). In light of this, the only 

variable that could steer the reactivity towards formate production is the presence of 

LiH. Specifically, we envisaged that the heating requirement for the deprotonation 

reaction played a key role in this transformation, allowing the three component HL
NO

, 

LiH, and CO2 to exist in the reaction environment at the same time. Importantly, this 

condition triggers the formation of a fourth reactant, H2, which is generated and trapped 

within the reaction environment, and enables access to the formate pathway. 

Quantitative information in terms of yield of formate, TON and TOF are currently being 

evaluated, nonetheless the following reaction mechanism is proposed (Figure 4.12).  

 
Figure 4.12. Proposed mechanism for the reaction between HL

NO
, LiH and CO2. 

(i) Upon heating the sealed reaction vessel, the deprotonation is triggered, with 

production of H2 and LiL
NO

. (ii) The latter reacts with CO2 forming a lithium 

carboxylate radical, likely stabilised by the excellent donor L
NO•

. This species can now 

undertake two reaction pathways. The first is a deactivation route (iii), that generates the 

coupled product 10 observed in the stoichiometric reactions of KL
NO

 and LiL
NO

. 

Alternatively, intermediate 9 can dissociate into the free carboxylate radical and L
NO•

 

(iv). The carboxylate radical then reacts with the dihydrogen molecule trapped in the 

reaction vessel through H-atom abstraction, generating HCOOLi and H
•
 (v). Finally, 

L
NO•

 and H
•
 couple together to regenerate HL

NO
 and achieve turnover (vi).  
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In this chapter, we have seen how the di(heteroaryl)methene anions L
NS

 and L
NO

 are 

sufficiently nucleophilic to react with CO2. The iminothiophene L
NS

 undergoes 

addition at room temperature and requires heating to trigger homolytic CC bond 

scission reactions and subsequent decomposition. In contrast, the more strongly 

reducing L
NO

 readily undertakes a redox reaction with carbon dioxide. Stoichiometric 

reactions of isolated LiL
NO

 and KL
NO

 salts result in ligand decomposition with the 

formation of the iminooxalyl product derived from L
NO

 and CO2. Importantly, the 

reaction between HL
NO

 and LiH under a CO2 atmosphere enables an additional reaction 

pathway, in which H2 is generated in situ, leading to the production of lithium formate. 

Although organocatalysts for CO2 electroduction have been previously reported,
5-10

 

their ability to produce catalytically active radical species is not clear and currently 

under debate.
11

 Therefore, the implementation of this system would achieve a step 

forward towards a new generation of metal-free catalysts for application in carbon 

dioxide valorisation. 
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Chapter 5 

All-thiophene porphyrinoids 

 

The intrinsic redox activity displayed by the di(heteroaryl)methenes L
NS

 and L
NO

and 

their ability to activate carbon dioxide inspired the design of related ligand systems such 

as porphyrinoid macrocycles. This chapter describes the design and synthetic strategies 

towards the attainment of such systems, as well as preliminary characterisation and 

interpretation of the data.  

 

5.1 The porphyrin ligand 

Porphyrins are tetrapyrrolic conjugated macrocycles containing an aromatic 18-π 

electron system. This organic scaffold is ideal to accommodate metals due to the 

combination of the macrocyclic effect and the dianionic charge. Metal-porphyrin 

complexes are often found as the active sites of metalloenzymes, exploiting specific 

biochemical roles. The most famous porphyrin system is the heme group, in which a 

porphyrin coordinates an iron centre together with one or two axial ligands.
1
 Proteins 

containing heme groups are classified as hemoproteins and include cytochromes,
2
 

catalases,
3
 myoglobin,

4
 and hemoglobin.

5
 The presence of the iron centre allows these 

enzymes to interact with organic substrates and small molecules, such as O2, CO2, NO 

and CO, and carry out binding, transport and redox reactions. As an example, 

cytochrome P450 enzymes are monooxygenases that convert aliphatic CH bonds into 

the corresponding alcohols COH by aerobic oxidation.
2
 This reactivity has essential 

implications in the synthesis of hormones, and the metabolism of fatty acids and drugs.
6
 

The redox activity in this reaction is provided by the Fe
III/II

 couple, combined with the 

redox non-innocent porphyrin (see below) and modulated by additional axial ligands.  
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Figure 5.1. Left: 18π porphyrin core. Right: active site of Cytochrome P450. 

Besides their coordination properties, porphyrins are also excellent light harvesting 

compounds. Thanks to the conjugated π system, they exhibit light absorption maxima in 

the visible region, usually in the portion of the spectrum between 400 nm and 600 nm.
7
 

Magnesium-porphyrin complexes are the key components of chlorophyll pigments, 

which have the role to absorb sunlight and initiate photosynthesis through electron 

transfer to protein assemblies (Photosystems I and II).
8
 

 

Figure 5.2. Molecular structures of chlorophyll a. 

A third feature of porphyrins is their intrinsic redox activity (Figure 5.3). The first 

macrocyclic intermediate generated during the condensation of pyrrole and aldehyde to 

provide porphyrins is the tetrameric porphyrinogen 14. Such a compound is unstable, 

and easily undergoes oxidation through PCET. Upon four-electron oxidation, 14 

provides the second macrocyclic intermediate 15, named isophlorin, in which the first 

conjugated π system appears. However, this conjugated system does not abide to the 

4n+2 Hückel rule for aromaticity and for this reason isophlorins have been subjected to 

extensive studies to understand the antiaromatic character in porphyrinoid systems.
9
  

Due to its antiaromaticity, the isophlorin easily undergoes two-electron oxidation to the 

corresponding stable porphyrin system 11. Nonetheless, the aromatic 18π porphyrin and 
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the antiaromatic 20π isophlorin are subject to a reversible redox equilibrium and as such 

are attractive redox-active ligands. 

 

Figure 5.3. Oxidation states of the tetrapyrrolic macrocycle during porphyrin synthesis. 

Besides the transition between porphyrin and isophlorin, the cyclic conjugated system 

greatly enhances the stability of radical species. Heme-containing oxygenase and 

catalase enzymes provide iron-oxo intermediates upon reaction with an oxidant (Figure 

5.4). According to the formal assignment of the oxidation state of the metal, cleavage of 

the peroxo intermediate 17 should lead to the iron(V)-oxo compound 18. However, the 

iron(V) oxidation state is highly unstable and studies demonstrated that it readily 

undergoes electronic rearrangement to the more stable iron(IV)-oxo species 19, wherein 

the porphyrin macrocycle underwent one-electron oxidation to a radical cation.
10

 

 
Figure 5.4. Radical stabilisation in biological iron-porphyrin compounds. 

Besides biologically relevant systems, radical stabilisation has also been investigated in 

artificial porphyrin compounds (Figure 5.5). The iron(III)-porphyrin complex 20, 

equipped with meso-2,6-dihydroxyphenyl groups, has been reported as a catalyst for 

CO2 electroreduction to CO.
11

 Electrochemical CV studies showed that the catalytic 

wave appeared upon the third consecutive one-electron reduction of 20 to form the 

proposed iron(0) species 21. However, recent detailed computational studies on this 

system supported the formation of compound 22, wherein iron remains in the +2 
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oxidation state and ligand-centred reduction events lead to a diradical tetraanionic 

porphyrin ligand.
12

   

 

Figure 5.5. Proposed ligand-centred redox-activity in iron-porphyrin electrocatalysts. 

5.2 Core-modified porphyrinoid systems 

In addition to bioinspired compounds, artificial porphyrin analogues provided with 

heterocycles other than pyrrole are receiving particular attention in the last years. The 

introduction of five-membered heterocycles such as thiophene, furan, selenophene, 

tellurophene, phosphole and silole highly impacts the physicochemical properties of the 

resulting compounds.
13

 Systematic modifications of the porphyrin core allow a fine 

tuning of the energy levels, with potential application in light harvesting and molecular 

electronics.
14

 In terms of coordination chemistry, these compounds provide exotic 

alternatives to the classic dianionic porphyrin core. Monosubstituted thiaporphyrins are 

able to stabilise the unusual Ni(I) oxidation state, while dithia- and diselenaporphyrins 

act as neutral ligands for metal complexes.
13

 However, except for these rare examples 

the coordination properties of heteroporphyrins are unsatisfactory and often dependent 

on the presence of at least one anionic pyrrolide group or enhanced by spatial 

constraints, or both.
15,16

 Within the heteroporphyrin family, a special position is 

reserved to fully core-modified porphyrins. Having a completely substituted scaffold, 

these compounds are devoid of any protic hydrogens and therefore undergo 

aromatisation forming neutral isophlorins and dicationic porphyrins (Figure 5.6).  
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Figure 5.6. Fully core-modified tetrathia- and tetraoxaporphyrinoids. 

Vogel and co-workers investigated the synthesis and features of all-furan 

heteroporphyrins.
17,18

 The tetraoxaporphyrinogen precursor 23 is obtained through 

condensation of a difurylmethane and its diformyl variant, followed by dehydration to 

provide a mixture of 24 and 25. Despite being isolable, compound 24 is unstable and 

readily oxidises to the corresponding porphyrin dication 25 either with quinone oxidants 

or nitric acid. A related study was carried out by Shinmyozu and co-workers on the 

tetraaryltetrathiaporphyrinogen 27, obtained by tetramerisation of the corresponding 2-

hydroxymethylthiophene precursors bearing the aryl group on the benzylic position.
19

 

Interestingly, despite the structural similarity the reactivity of 27 is linked to the nature 

of the aryl substituents. The phenyl-substituted precursor readily provides the aromatic 

dication 28 upon oxidation with DDQ. In contrast, the pentafluorophenyl porphyrinogen 

reacts with FeCl3 undergoing oxidation up to the antiaromatic isophlorin 26, which is 

stable enough to be crystallographically characterised. These two systems highlight how 

the oxidation of fully core-modified precursors easily provides stable aromatic 

dicationic species, while the accessibility of the antiaromatic counterparts is influenced 

by electronic effects. However, all the aromatic compounds reported are cationic, and 

thus have limited use in coordination chemistry. Vogel and co-workers investigated also 

the reverse reaction, meaning the reduction of the dication 25 with potassium metal to 

provide the isophlorin 24. During these studies, the authors claimed that upon reduction 

of 25 to 24 the reaction does not stop, instead leading to the over-reduced product 29 

(Figure 5.7). This new aromatic species is now dianionic, which makes it the direct 

analogue of the common tetraazaporphyrin.
20

 However, no further studies or 

characterisations involving 29 have been reported to date.  
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Figure 5.7. Sequential reduction of 25 with potassium metal to access the dianion 29. 

5.3 Fully core-modified thiaporphyrinoids 

Despite the limited knowledge on anionic fully core-modified porphyrin variants, their 

development would have a massive impact on the fields of inorganic chemistry, 

catalysis and materials. As such, we decided to exploit the knowledge obtained during 

the development of the di(heteroaryl)methene compounds and target the synthesis of the 

dianionic compound K2L
S4

 by meso deprotonation of the porphyrinogen precursor 

H4L
S4

 (Figure 5.8). 

 

Figure 5.8. Synthetic route to the dianionic porphyrinoid K2L
S4

. 

The macrocyclic precursor H4L
S4

 is prepared through a two-step synthesis starting from 

thiophene. Lithiation with n-butyllithium followed by quenching with benzaldehyde 

provides the alcohol intermediate 30 in 80% yield.
21

 The second step involves the 

cyclotetramerisation of 30 into the precursor H4L
S4

, which exists as a mixture of 

diastereomers due to the presence of multiple stereogenic centres (Figure 5.9).  

 

Figure 5.9. Possible stereoisomers of H4L
S4

. 
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To favour the intramolecular coupling over the formation of linear oligomers, the 

reaction is carried out in very diluted conditions (0.007 M) and the Lewis acid BF3∙OEt2 

is added dropwise at 0 °C over the course of 30 min. However, despite these precautions 

the H4L
S4

 isomers are obtained only in 13% yield after repeated chromatographic 

purification, in contrast to the reported yield of 36%.
19

 With H4L
S4

 in hand, the meso 

deprotonation protocol was attempted. No reaction was observed in benzene, either with 

KH or n-BuLi, highlighting the necessity of a donor solvent. In contrast, upon heating 

H4L
S4

 and KH in THF at 80 °C for 72 h, the initial light orange solution turns dark red, 

suggesting a successful deprotonation. The 
1
H NMR spectrum of the reaction mixture 

displays a single pattern, validating the assumption that the H4L
S4

 isomers would 

converge to a single anionic product as a consequence of the deprotonation (Figure 

5.10).  

 

Figure 5.10. Portion of the 
1
H NMR spectrum between 5.0 and 10.0 ppm, recorded upon heating H4L

S4
 

and KH in d8-THF at 80 °C for 72 h. 

In the 
1
H NMR spectrum of the reaction mixture it is possible to see how the peaks in 

the region between 5.4 ppm and 5.8 ppm related to the meso protons disappeared, while 

the signals for the meso phenyl substituents became completely resolved with the 

doublet assigned to the ortho protons shifted at 8.92 ppm. Importantly, the peaks related 

to the thiophene protons that are unresolved in the spectra of H4L
S4

 underwent a 

significant downfield shift (~4 ppm) and are now magnetically equivalent, resulting in a 
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singlet at 9.41 ppm. This is a strong evidence of diamagnetic anisotropy, characteristic 

of cyclic conjugated π-systems, that causes a pronounced shift of the protons positioned 

on the perimeter of the macrocyclic ring.
22

  Importantly, diamagnetic anisotropy is also 

a useful feature to determine Hückel aromaticity, as it causes a downfield shift of the 

protons in aromatic compounds, while an upfield shift is observed for protons belonging 

to antiaromatic compounds. This behaviour was also observed by Shinmyozu and co-

workers for the dicationic porphyrin 25 and the neutral isophlorin 23.
19

 It is then 

possible to establish that upon reaction with KH the precursor H4L
S4

 undergoes 

quadruple meso-deprotonation presumably providing at an early stage the antiaromatic 

tetraanion K4L
S4

. However, this compound is highly unstable and readily undergoes 

two-electron oxidation either by trace amounts of O2 or through reaction with the 

solvent, to provide the more stable aromatic K2L
S4

. Further evidence in support of this 

theory is provided by the determination of the solid-state structure of K2L
S4

 (Figure 

5.11). Crystals of K2L
S4

 suitable for X-ray diffraction were obtained by layering hexane 

on a THF solution of the reaction mixture over three months at 30 °C.  

 

Figure 5.11. Left: solid-state structure of K2L
S4

. For clarity, all hydrogen atoms and the meso-phenyl 

groups are omitted (displacement ellipsoids are drawn at 50% probability). Right: detail of the K2S4 core. 

The solid-state structure of K2L
S4

 shows the dianion coordinating the two potassium 

cations above and below the plane defined by the ligand, together with solvent 

molecules. Interestingly, three THF solvent molecules coordinate to each cation, 

providing a rare example of seven-coordinate potassium. The S1K1 and S2K1 bonds 

S1 S2 

O3 

O1 
O2 

K1 

S1 

K1 

S2 

O3 

O1 
O2 
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of 3.307(2) Å and 3.312(2) Å are comparable to the ones observed in KL
NS

,
23

 the latter 

being the only other coordination compound reported in which thiophene binds 

potassium through the sulfur atom. The porphyrin dianion is mostly planar, with two 

sulfur atoms placed 0.595 Å above and below the plane, likely due to the small central 

cavity defined by the long CS bonds. This also causes a distortion of the K2S4 core, 

tilted by 9.6° in contrast to the orthogonal K2N4 core observed in tetraazaporphyrins.
24

  

The successful synthesis of K2L
S4

 prompted us to explore its reactivity towards a 

metal salt such as CuI, in order to get a direct comparison with the acyclic system KL
NS

. 

The one-pot reaction between H4L
S4

, and excess of KH, and four equivalents of CuI at 

80 °C for 48 h results in a dark brown solution containing a copper metal precipitate, 

indicative of the occurrence of an oxidation. The 
1
H NMR spectrum of the reaction 

mixture shows a pattern lacking the downfield shift observed for K2L
S4

, suggesting that 

the porphyrinoid product is not provided anymore with a conjugated π-system (Figure 

5.12).  

 

Figure 5.12. Portion of the 
1
H NMR spectrum between 5.5 and 7.5 ppm, recorded upon heating H4L

S4
, 

KH and CuI in d8-THF at 80 °C for 48 h. 

The set of signals related to the phenyl substituents is easily identified in the multiplet at 

7.187.27 ppm and the peak at 6.91 ppm, and therefore the remaining signals are 

attributed to the thiophene protons. According to this interpretation, the presence of two 

distinct signals at 6.46 ppm and 5.81 ppm, each integrating for four protons, suggests 
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that the structure of the product comprises two pairs of magnetically inequivalent 

thiophene heterocycles (Figure 5.13).  

 

Figure 5.13. One-pot deprotonation/oxidation of H4L
S4

. 

This hypothesis is validated by the solid-state structure of the reaction product (Figure 

5.14). Dark brown crystals of L
S4

 suitable for X-ray analysis were obtained by layering 

hexane on a THF solution over a month at 30 °C. The solid-state structure of L
S4

 

shows a neutral macrocycle, confirming the two-electron oxidation of the intermediate 

K2L
S4

.  

 

Figure 5.14. Solid-state structure of L
S4

. For clarity, all hydrogen atoms, the meso-phenyl groups and 

four solvent molecules are omitted (displacement ellipsoids are drawn at 50% probability).  

Interestingly, the delocalisation of the π-system appears broken, as the two thiophene 

rings S1 and S3 are highly distorted and tilted of 56.9° from to the plane defined by the 

thiophene units S2 and S4. This is reinforced by the distribution of the CC bond 

lengths across the carbonaceous cycle, which shows localised bonds in L
S4

, in contrast 

to the delocalisation observed in K2L
S4

 (Figure 5.15). Additionally, this unusual 

geometry clarifies the presence of two distinct thiophene peaks in the 
1
H NMR 

spectrum of L
S4

, as two chemically inequivalent environments are identified for the 

thiophene heterocycles. 

S1 

S4 S1 

S1 

S2 S4 S2 

S3 

S3 
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Figure 5.15. Comparison of the crystallographic bond lengths in K2L
S4

 and L
S4

. 

Theoretical studies on the thiophene-containing porphyrinoids have been carried out at 

the CAM-B3LYP/6-31G(d,p) level and the molecular orbital distribution obtained is 

displayed in Figure 5.15. However, a comprehensive investigation of the electronic 

structure of these systems goes beyond our expertise as synthetic inorganic chemists 

and will be examined in collaboration with experts on computational studies of 

porphyrinoid compounds.  

 

Figure 5.15. DFT-computed frontier molecular orbitals of L
S4 2

 and L
S4

. 
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The preliminary results discussed in this chapter provide concrete evidence for 

the synthesis of anionic fully core-modified porphyrin compounds. Currently ongoing 

characterisations involve UV-vis spectroscopy, circular dichroism and electrochemistry, 

as well as DFT calculations to elucidate the orbital structure and the degree of 

aromaticity (NICS).
25

 Altogether, they will provide a detailed description of the 

electronic properties of these macrocycles. This study paves the way to an 

unprecedented porphyrin chemistry, which can in principle be applied to any conjugated 

macrocycle having a precursor equipped with meso protons, with consequent important 

implications in the fields of structural inorganic chemistry, catalysis and materials 

chemistry for energy. 

 

 

  



Chapter 5. All-thiophene porphyrinoids 

 

107 

References 

1. T. L. Poulos, Chem. Rev., 2014, 114, 3919-3962. 

2. M. J. Coon, Annu. Rev. Pharmacol. Toxicol., 2005, 45, 1-25. 

3. P. Chelikani, I. Fita and P. C. Loewen, Cell. Mol. Life Sci., 2004, 61, 192-208. 

4. G. Gros, B. A. Wittenberg and T. Jue, J. Exp. Biol., 2010, 213, 2713-2725. 

5. S. Y. Park, T. Yokoyama, N. Shibayama, Y. Shiro and J. R. H. Tame, J. Mol. Biol., 2006, 360, 

690-701. 

6. F. P. Guengerich, Chem. Res. Toxicol., 2008, 21, 70-83. 

7. D. Dolphin, The Porphyrins, 1978, Academic Press. 

8. J. R. Shen, Annu. Rev. Plant Biol., 2015, 66, 23-48. 

9. B. K. Reddy, A. Basavarajappa, M. D. Ambhore and V. G. Anand, Chem. Rev., 2017, 117, 3420-

3443. 

10. Z. Z. Pan, R. Zhang and M. Newcomb, J. Inorg. Biochem., 2006, 100, 524-532. 

11. C. Costentin, S. Drouet, M. Robert and J. M. Saveant, Science, 2012, 338, 90-94. 

12. C. Römelt, J. Song, M. Tarrago, J. A. Rees, M. van Gastel, T. Weyhermüller, S. DeBeer, E. Bill, 

F. Neese and S. Ye, Inorg Chem, 2017, 56, 4746-4751. 

13. T. Chatterjee, V. S. Shetti, R. Sharma and M. Ravikanth, Chem. Rev., 2017, 117, 3254-3328. 

14. P. G. Van Patten, A. P. Shreve, J. S. Lindsey and R. J. Donohoe, J. Phys. Chem. B, 1998, 102, 

4209-4216. 

15. Y. Matano, T. Miyajima, N. Ochi, T. Nakabuchi, M. Shiro, Y. Nakao, S. Sakaki and H. Imahori, 

J. Am. Chem. Soc., 2008, 130, 990-1002. 

16. Y. Matano, M. Fujita, T. Miyajima and H. Imahori, Organometallics, 2009, 28, 6213-6217. 

17. E. Vogel, W. Haas, B. Knipp, J. Lex and H. Schmickler, Angew. Chem. Int. Ed., 1988, 27, 406-

409. 

18. W. Haas, B. Knipp, M. Sicken, J. Lex and E. Vogel, Angew. Chem. Int. Ed., 1988, 27, 409-411. 

19. M. Kon-no, J. Mack, N. Kobayashi, M. Suenaga, K. Yoza and T. Shinmyozu, Chem. Eur. J., 

2012, 18, 13361-13371. 

20. E. Vogel, Pure Appl. Chem., 1993, 65, 143-152. 

21. I. Gupta and M. Ravikanth, J. Org. Chem., 2004, 69, 6796-6811. 

22. L. Pauling, J. Chem. Phys., 1936, 4, 673-677. 

23. M. Curcio, J. R. Pankhurst, S. Sproules, D. Mignard and J. B. Love, Angew. Chem. Int. Ed., 

2017, 56, 7939-7943. 

24. J. Arnold, D. Y. Dawson and C. G. Hoffman, J. Am. Chem. Soc., 1993, 115, 2707-2713. 

25. Z. F. Chen, C. S. Wannere, C. Corminboeuf, R. Puchta and P. V. Schleyer, Chem. Rev., 2005, 

105, 3842-3888. 

 



Chapter 6. Conclusions 

 

108 

 

Chapter 6 

Conclusions 

 

This work has regarded the synthesis and characterisation of a family of 

di(heteroaryl)methane compounds. The congener bis(iminothienyl)methane HL
NS

 

undergoes deprotonation at the meso position to provide the potassium salt KL
NS

, in 

which the ligand has a fully conjugated π-system. The presence of the thiophene 

heterocycles imparts a long distance between the imine functionalities, causing KL
NS

 to 

assume a dimeric structure in the solid state. The fully delocalised electron system 

triggers redox activity on the organic backbone, allowing the formation of the neutral 

acyclic radical L
NS•

 upon reaction with iron(II) bromide. This compound is unusually 

stable and could be crystallographically and spectroscopically characterised. Neutral 

thiophene-derived radicals have been reported for pentameric macrocycles, however 

L
NS•

 is the first example of a stable acyclic neutral radical. The presence of the imine 

functionalities enhances the coordination properties of L
NS•

 and promotes the formation 

of the unique dinuclear complex Cu2I2(L
NS•

) upon reaction with copper(I) iodide, in 

which the ligand preserves its radical nature. Electrochemical and computational studies 

reinforced the pronounced redox activity of the iminothienyl ligand, while at the same 

time suggesting poor coordination from the sulfur donors.  

With the aim to access additional di(heteroaryl)methenes with enhanced redox activity 

and coordination properties, structural modifications were operated on the iminothienyl 

backbone. This led to the development of the compounds HL
S
, HL

O
 and HL

NO
. While 

all the three precursors undergo deprotonation in a similar manner as for HL
NS

, the 

properties of the corresponding anions are highly specific and related to the nature of 

the substituents. The “small” ligand anions L
S

 and L
O

 are unstable and rapidly oxidise 

to the corresponding neutral radicals. This pronounced redox activity is attributed to the 

scarce coordination properties in L
S

, that potentially lead to the formation of ion pair 

structures in which the redox-active centre is more exposed and prone to react. 

Conversely, the furan heterocycles in L
O

 are sufficiently basic to coordinate the K 
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cation, as highlighted by the coordination of the neutral radical L
O•

 to KI during the 

oxidation reaction. The impossibility to isolate the anion is so attributed to a strongly 

negative redox potential for the L
O•

/L
O

 couple, which is currently under investigation. 

These results led to the design and synthesis of the iminofuran compound HL
NO

. The 

reintroduction of the imine donors proved crucial for the stabilisation of this compound. 

The potassium salt KL
NO

, obtained through meso deprotonation, could be stored for 

months under a nitrogen atmosphere. In contrast to the thiophene analogue KL
NS

, KL
NO

 

does not exist as a dimer and has the potassium cation coordinated by the whole N2O2 

donor set, stressing the stronger coordination properties of the furan heterocycle. 

Additionally, the substitution of the thiophene rings for furan highly enhanced the 

redox-activity, resulting in a shift of more than 1.0 V for the L
NO•

/L
NO

 couple. This 

supports the proposed strongly negative redox potential for the L
O•

/L
O

 couple, and 

highlights the potential of KL
NO

 to be a readily available strong reductant.  

The potential of the anionic compounds presented towards small molecule activation 

was investigated in carbon dioxide electroreduction reactions. The potassium salt KL
NS

 

reacts with CO2 to give addition at the meso position and provide the carboxylate 

L
NS

COOK. Although the nucleophilic attack to CO2 by carbanions is a well understood 

reaction and common for metal alkyl compounds such as Grignard reagents and zinc 

alkyls, the intermediate L
NS

COOK further reacts upon heating, undergoing what is 

proposed as a radical decomposition. According to this interpretation, homolytic 

cleavage of the meso CCOOK bond occurs and leads to the formation of the highly 

reactive CO2
•

 radical anion that then degrades the organic ligand. In contrast, the 

reaction between KL
NO

 and CO2 leads to the proposed formation of a coupled product 

and the organic radical L
O3N•

, in which one of the imine substituents is replaced by an 

oxygen from CO2 to provide a mixed imine-formyl species. While reacting the 

precursor HL
NO

, KH and CO2 in situ does not alter the outcome of the reaction, the use 

of LiH as the deprotonating agent leads to the formation of lithium formate and the 

regeneration of HL
NO

. This divergent reactivity is tentatively attributed to the heating 

requirement for the deprotonation of HL
NO

 by LiH, which causes the formation and 

permanence of H2 in the reaction vessel and favours the formate pathway.  Despite not 

yet quantifiable, the production of formate is proposed to be catalytic and therefore 

would be a rare example of organocatalytic carbon dioxide electroreduction. A related 

transition-metal-free transformation has been reported for simple organic molecules 

such as pyridines and nitriles. However, their proposed reactivity is not reproducible 
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and strongly depends on the experimental setup employed, and as such its very 

existence is currently under debate. For such reason, the development of the proposed 

compounds to access efficient organocatalysts for carbon dioxide electroreduction 

would provide a substantial advancement in this field, with important implications in 

the sector of energy production from sustainable sources. Studies are currently being 

directed to the detailed understanding of the reactions composing the formate pathway, 

as well as to the development of a second generation of iminofuran compounds with 

enhanced stability and redox-activity. 

The meso-deprotonation protocol adopted for the di(heteroaryl)methene compounds 

lead also to the synthesis of the fully core-modified porphyrin KL
S4

. Despite its 

porphyrinogen precursor HL
S4

 being reported, the only studies on this compound 

regarded its oxidation to the aromatic dication 28. Core-modified porphyrinoid systems 

are important for their highly tunable photophysical properties, however the presence of 

at least one pyrrole ring is mandatory to obtain anionic compounds. In contrast, K2L
S4

 is 

the first fully core-modified direct analogue of the tetraazaporphyrin dianion. 

Preliminary results show that the characteristic redox activity of porphyrin systems is 

preserved in K2L
S4

 and confirmed by the isolation of the two-electron oxidised 

isophlorin L
S4

 upon reaction with copper(I) iodide. These results pave the way to a 

completely unexplored side of porphyrin chemistry, encompassing the fields of 

inorganic and material chemistry, as well as photochemistry. Current studies are 

directed towards the investigation of the photophysical properties of the thiophene-

containing macrocycles. The development of furan-based analogues is also being 

explored, to access macrocycles with stronger coordination properties to favour the 

formation of metal complexes with unique electrochemical features that could be 

applied in catalytic transformations.    
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Chapter 7 

Experimental 

 

7.1 General considerations 

Syntheses of all air- and moisture-sensitive compounds were carried out using standard 

Schlenk techniques under an atmosphere of dry N2. Vacuum Atmospheres and MBraun 

glove boxes were used to manipulate and store air- and moisture-sensitive compounds 

under an atmosphere of dried and deoxygenated dinitrogen. All glassware was dried in 

an oven at 160 °C, cooled under 10
-3

 mbar vacuum and then purged with nitrogen. Prior 

to use, all Fisherbrand® 1.2 μm retention glass microfiber filters and cannulae were 

dried in an oven at 160 °C overnight. All solvents for use with air- and moisture-

sensitive compounds were stored in Young’s tap fitted flasks containing pre-dried 4 Å 

molecular sieves. Solvents were collected from a Vacuum Atmospheres solvent 

purification system, where they had been passed over a column of molecular sieves for 

24 hours prior to collection. They were then degassed prior to use and subsequent 

storage. The solvents d8-THF, d6-benzene and d5-pyridine were dried by refluxing over 

fresh, molten potassium metal overnight; they were then freeze-pump-thaw degassed 

three times before distillation into a Young’s tap fitted flask for storage in the glovebox. 

Transition-metal halide salts were dried thoroughly by heating at 135 °C under reduced 

pressure before storing under N2. Dithienylmethanes 1a and 1b, diformyl 

dithienylmethanes 2a and 2b, 2-pentafluorophenylthiophene 4, HL
O

, difurylmethane 6, 

diformyl difurylmethane 7, hydroxymethylthiophene 30 and tetrathiaporphyrinogen 

H4L
S4

 were prepared according to literature procedures.
1-7

 All the other reagents were 

used as supplied, either by Sigma Aldrich, Fisher Scientific UK, VWR, Acros Organics 

or FluoroChem.  

1
H NMR spectra were recorded on a Bruker AVA400 spectrometer operating at 399.90 

MHz, a Bruker AVA500 or Bruker PRO500 operating at 500.12 MHz or a Bruker 

AVA600 spectrometer operating at 599.81 MHz. 
13

C{
1
H} NMR spectra were recorded 
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on a Bruker AVA500 or Bruker PRO500 operating at 125.76 MHz. 
19

F and 
19

F{
1
H} 

NMR spectra were recorded on a Bruker AVA 500 spectrometer operating at 470.59 

MHz, or on a Bruker AVA00 spectrometer operating at 376.50 MHz. 
1
H and 

13
C{

1
H} 

NMR spectra are referenced to residual solvent resonances calibrated against an 

external standard, SiMe4 (δ = 0 ppm). 
19

F{
1
H} NMR spectra are referenced to an 

external standard, CCl3F (δ = 0 ppm). All spectra were recorded at 300 K unless 

otherwise stated. All data were processed using MestReNova 10. 

Electrochemical measurements were made using an Autolab ECO Chemie PGSTAT 

bipotentiostat and the data processed using GPES Manager version 4.9. Experiments 

were carried out under a flow of N2 in a 30 cm
3
 electrochemical cell, either by 

attachment to a Schlenk line, or in an open cell in a glove box. The solution employed 

was typically 1 mM of the analyte in THF and 0.1 M [n-Bu4N][PF6] as the supporting 

electrolyte. Cyclic voltammograms were recorded for quiescent solutions at variable 

scan rates between 100-500 mV s
-1

. The nature of an observed redox process (reduction 

or oxidation) was determined by linear sweep voltammetry measured for stirred 

solutions with scan rate 10 mV s
-1

. The working electrode used was glassy carbon disc 

(d = 3 mm), with a platinum gauze counter electrode. Ag/Ag
+
 pseudo-reference 

electrode was used with potentials calibrated against the ferrocenium/ferrocene couple 

(E, Fc
+
/Fc = 0 V). 

Elemental analyses were carried out by Mr Stephen Boyer at the London Metropolitan 

University, measured in duplicate. Experimental and theoretical EPR characterisations 

were carried out by Dr Stephen Sproules at the University of Glasgow on a Bruker 

ELEXSYS E500 spectrometer. Spectral simulations were performed using Bruker’s 

Xsophe software package.
8
 UV-vis absorption spectra were recorded on a JASCO V-

670 spectrophotometer in a 10 mm quartz cuvette fitted with a Young's tap for air-

sensitive compounds. All spectra are presented using OriginPro8 software. 

X-ray crystallographic data were collected at 170 K on an Oxford Diffraction Excalibur 

diffractometer using graphite monochromated Mo-K radiation (λ = 0.71073 Å) 

equipped with an Eos CCD detector, or at 120 K on a Supernova, Dual, Cu at Zero 

Atlas diffractometer using Cu-K radiation (λ = 1.5418 Å). Structures were solved using 

ShelXT direct methods or intrinsic phasing and refined using a full-matrix least square 

refinement on |F|
2
 using ShelXL.

9-11
 All programs were used within the Olex suite.

12
 All 

non-hydrogen atoms were refined with anisotropic displacement parameters and H-

parameters were constrained to parent atoms and refined using a riding model unless 
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otherwise stated. All X-ray crystal structures were analysed and presented using 

Mercury 3.8.  

Density functional theory calculations were performed using the Gaussian09
13

 package 

on the Eddie3 server system at the University of Edinburgh. Initial guess geometries 

were generated from X-ray crystal structures using the Avogadro program (version 

1.1.1). All structures discussed in the text were optimised and converged according to 

the criteria for maximum displacement and maximum force. Frequency calculations 

were conducted to confirm that the optimised structures represented minimum-energy 

geometries, which were confirmed by having no imaginary frequencies. The 

"\opt=noraman" and "\freq=noraman" keywords were used to improve computational 

efficiency. TD-DFT calculations were conducted on the first 40 excited states using the 

SCRF solvent model (\Solvent=Dichloromethane). All optimisation, frequency and TD-

DFT calculations were carried out using the CAM-B3LYP functional and 6-311G(d,p) 

basis set along with the Gen-SDD pseudo potential for I in Cu2I2(L
NS•

).
14

 Electron 

Localization Function (ELF) calculations were carried out using the TopMod suite.
15-17

 

Molecular orbital surfaces and electron densities from ELF calculations were exported 

as cubefiles, visualized in UCSF-Chimera
18

 and rendered with the Pov-Ray raytracer 

program.  

7.2 Synthetic procedures 

HL
NS

  

Neat tert-butylamine (37.58 mmol, 3.95 mL) was added to 2a 

(17.89 mmol, 5.59 g) in toluene (125 mL) and the resulting mixture 

was stirred for 24 h at RT over 4 Å molecular sieves. Filtration 

through Celite® and solvent removal provided HL
NS

 as a light 

brown solid (6.35 g, 84%). 
1
H NMR (500 MHz, d-chloroform) δ 

8.27 (d, J = 4.5 Hz, 2H, N=CH), 7.34-7.28 (m, 4H, o-CH + m-CH), 

7.28-7.22 (m, 1H, p-CH), 7.10 (d, J = 3.7 Hz, 2H, -CH), 6.82 (d, J 

= 3.7 Hz, 2H, -CH), 5.77 (s, 1H, meso-CH), 1.24 (s, 18H, CH3). 
13

C NMR (126 MHz, 

d-chloroform) δ 150.02 (ipso-C), 148.87 (C=N) , 143.31 (-C), 142.61 (-C), 129.41 

(-C), 128.68 (m-C), 128.42 (o-C), 127.36 (p-C), 126.40 (-C), 57.24 (CCH3), 48.52 

(meso-C), 29.71 (CH3). Anal. Calcd. for [C25H30N2S2] C, 71.05; H, 7.15; N, 6.63%; 

found: C, 70.89; H, 7.08; N, 6.78%. UV-vis (THF) λmax (ε) 293 nm (28000 dm
3
 mol

1
 

cm
1

). HRMS-ESI (m/z): calcd for [C25H30N2S2], 422.1850; found 423.1922 [MH]
+
. 
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KL
NS

 

A light brown solution of HL
NS

 (8 mmol, 3.38 g) in THF (40 

mL) was added to a suspension of KH (9.2 mmol, 369 mg) in 

THF (40 mL) and the resulting dark green mixture was stirred 

under reflux for 24 h. Filtration and layering with hexane 

afforded over 5 days green crystals of KL
NS

 (3.2 g, 80%). 
1
H 

NMR (500 MHz, d8-THF) δ 8.09 (s, 2H, N=CH), 7.36-7.20 

(m, 4H, o-CH + m-CH), 7.16-7.07 (m, 1H, p-CH), 6.73 (d, J 

= 3.8 Hz, 2H, -CH), 5.79 (d, J = 3.6 Hz, 2H, -CH), 1.19 (d, J = 3.2 Hz, 18H, CH3). 

13
C NMR (151 MHz, d8-THF) δ 149.58 (-C), 148.53 (C=N), 145.68 (ipso-C), 132.26 

(o/m-C), 131.58 (-C), 128.21 (o/m-C), 124.58 (p-C), 121.88 (-C), 110.32 (-C), 

101.26 (meso-C), 54.75 (CCH3), 30.11 (CH3). UV-vis (THF) λmax (ε) 642 nm (80500 

dm
3
 mol

1
 cm

1
). 

L
NS•

 

A dark green solution of KL
NS

 (0.1 mmol, 107 mg) in toluene (5 

mL) was added to a toluene suspension of FeBr2 (0.2 mmol, 43 mg) 

and the resulting mixture was stirred at RT for 16 h, during which it 

turned light orange. The mixture was then filtered and toluene was 

removed under reduced pressure to afford a dark orange/brown 

microcrystalline solid, which was crystallised layering hexane on a THF solution, 

providing L
NS•

 as dichroic yellow/green crystals (56 mg, 50%). Anal. Calcd. for 

[C25H29N2S2] C, 71.21; H, 6.93; N, 6.64%; found: C, 71.13; H, 7.06; N, 6.83%. UV-vis 

(THF) λmax (ε) 456 nm (11500 dm
3
 mol

1
 cm

1
). HRMS (MALDI) (m/z): calcd for 

[C25H29N2S2], 421.1778; found 421.1723 [M]
-
.  

Cu2I2(L
NS•

)  

A dark green solution of KL
NS

 (0.1 mmol, 107 mg) in toluene (5 

mL) was added to a toluene suspension of CuI (0.6 mmol, 114 mg) 

and the resulting mixture was stirred at RT for 16 h, during which a 

dark precipitate was formed. Toluene was removed by filtration and 

the residue dissolved in dichloromethane and filtered to remove KI, 

resulting in a red solution. Removal of the solvent under reduced pressure provided 

Cu2I2(L
NS•

) as a dark red solid (109 mg, 67%). Anal. Calcd. for [C25H29N2S2Cu2I2] C, 
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37.41; H, 3.64; N, 3.49%; found: C, 37.28; H, 3.89; N, 3.37%. UV-vis (THF) λmax (ε) 

497 (7500), 379 nm (12100 dm
3
 mol

1
 cm

1
). 

L
NS•

(BF4)2  

A dark green solution of KL
NS

 (0.25 mmol, 266 mg) in 

toluene (5 mL) was added to a toluene (5 mL) suspension 

of AgBF4 (1.5 mmol, 292 mg) and the resulting mixture 

was stirred at RT for 16 h, during which a dark precipitate 

was formed. The solvent was removed by filtration and the 

residue washed with additional toluene (2 x 2 mL), then 

dissolved in dichloromethane and filtered resulting in a red/orange solution. Removal of 

the solvent under reduced pressure provided L
NS•

(BF4)2 as a brown solid (193 mg, 

64%). Anal. Calcd. for [C25H29B2F8N2S2] C, 50.44; H, 4.91; N, 4.71%; found: C, 50.59; 

H, 4.77; N, 4.88%. UV-vis (CH2Cl2) λmax (ε) 342 nm (26000 dm
3
 mol

1
 cm

1
).  

KL
N4

 

A light brown solution of the dipyrrin
19

 precursor HL
N4

 (0.1 mmol, 

107 mg) in THF (2 mL) was added to a THF suspension (2 mL) of 

KH (0.6 mmol, 114 mg) and the resulting mixture was stirred at RT 

for 30 min, during which the solution turned dark purple. Excess 

KH was separated by filtration and the solvent was removed under 

reduced pressure affording KL
N4

 as a microcrystalline dark purple 

solid (118 mg, 73%). 
1
H NMR (400 MHz, d8-THF) δ = 8.28 (s, 2H, 

N=CH), 6.51 (d, J=3.9 Hz, 2H, -CH), 6.40 (d, J=3.7 Hz, 2H, -CH), 1.30 (s, 18H, 

CCH3). 
13

C NMR (126 MHz, d8-THF) δ = 159.55 (ipso-C), 154.04 (N=C), 145.88 (dm, 

J=126 Hz, Ar
F5

), 145.74 (-C), 141.01 (dm, J=126 Hz, Ar
F5

), 138.00 (dm, J=126 Hz, 

Ar
F5

), 133.30 (-C), 130.62 (-C), 121.32 (-C), 118.33 (meso-C), 57.63 (CCH3), 30.22 

(CH3). 
19

F NMR (471 MHz, d8-THF) δ = 143.92 (dd, J=23.3, 6.4, 2F), 160.71 (t, 

J=20.4, 1F), 167.03 – 167.86 (m, 2F). Anal. Calcd. for [C25H29N4K] C, 70.71; H, 

6.88; N, 13.19%; found: C, 70.55; H, 6.81; N, 13.43%. UV-vis (THF) λmax (ε) 579 

(50000), 299 nm (33300 dm
3
 mol

1
 cm

1
).  
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HL
S 

Adapting a reported procedure,
20

 solid pentafluorobenzaldehyde 

(0.925 g, 4.70 mmol), pentafluorophenyl thiophene 1
3
 (3.54 g, 

14.1 mmol) and Fe(acac)3 (0.332 g, 0.94 mmol) were dissolved 

in (H3C)3SiCl (5 mL), purged with argon and stirred at 40 °C for 

18 h. The resulting mixture was diluted with dichloromethane, 

quenched with NaHCO3(aq)
 
and washed water and brine before being dried over MgSO4. 

Evaporation of the solvent provided a yellow/brown solid which was washed with 

hexane to provide the product as an off-white powder (4.09 g, 87%). 
1
H NMR 

(500 MHz, d-chloroform) δ = 7.42 (d, J = 3.8 Hz, 2H, γ-CH), 7.08 (d, J = 3.8 Hz, 2H, β-

CH), 6.29 (s, 1H, meso-CH). 
13

C NMR (126 MHz, d-chloroform) δ = 145.05 (m), 

145.01 (dm), 143.12 (m), 141.3 (dm), 141.20 (m), 139.17 (m), 137.18 (m), 130.30 (s), 

127.22 (s), 126.72 (s), 116.10 (m), 109.66 (m), 36.70 (s). 
19

F NMR (471 MHz, d6-

benzene) δ = 140.54 (d, J = 15.5 Hz), 140.73 (m), 153.42 (t, J = 21.6 Hz), 155.74 

(t, J = 21.6 Hz), 160.55 (m), 162.20 (td, J = 21.5, 5.9 Hz). Anal. Calcd. for 

[C27H5F15S2] C, 47.8; H, 0.74%; found: C, 47.89; H, 0.76%. HRMS (APPI) (m/z): 

Calcd. for [C27H4S2F15], 676.95094; found 677.95555 [M-H]
+
. 

KL
S
 

To a THF (3 mL) suspension of KH (0.048 g, 1.20 mmol), 

a THF (3 mL) solution of HL
S
 (0.678 g, 1.00 mmol) was 

added. The resulting mixture was heated at 60 °C for 24 h. 

Isolation attempts resulted in decomposition upon drying, 

therefore no isolated yield can be reported. 
1
H NMR 

(400 MHz, d8-THF) δ = 7.31 (d, J = 4.5 Hz, 2H, γ-CH), 

5.93 (d, J = 4.0 Hz, 2H, β-CH). 
13

C NMR (126 MHz, d8-THF) δ = 151.70, 147.61 (dm), 

143.09 (dm), 140.43 (dm), 139.29 (dm), 135.36 (dm), 132.14, 120.52 (dm), 114.47 

(dm), 110.30, (2C), 106.08, 78.04. 
19

F NMR (471 MHz, d8-THF) δ = 139.62 (dd, J = 

25.8, 8.2 Hz), 146.05 (dt, J = 22.8, 5.5 Hz), 163.29 (t, J = 20.9 Hz), 165.96 (ddd, J 

= 25.8, 20.9, 8.2 Hz), 167.51 (td, J = 21.7, 5.3 Hz), 172.20 (tt, J = 21.2, 5.4 Hz). UV-

vis (THF) λmax (ε) 464 nm (9500 dm
3
 mol

1
 cm

1
), 636 nm (54400 dm

3
 mol

1
 cm

1
). 
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L
S•

 

To a THF (3 mL) suspension of CuI (0.105 g, 0.55 mmol) and 

KH (0.024 g, 0.60 mmol), a THF (3 mL) solution of HL
S
 

(0.339 g, 0.50 mmol) was added. The resulting mixture was 

heated at 60 °C for 24 h, providing a yellow/brown solution. 

Filtration, solvent removal and washing with hexane provided 

L
S•

 as a light yellow solid (0.220 g, 65%). UV-vis (THF) λmax (ε) 211 (17500), 

291 (24700), 456 nm (2300 dm
3
 mol

1
 cm

1
). Anal. Calcd. for [C27H4F15S2] C, 47.87; H, 

0.60%; found: C, 48.01; H, 0.65%. HRMS (APPI): Calcd. for [C27H4S2F15], 676.95094; 

found 676.95084 [M]
+
. 

L
O•

 

To a THF (5 mL) suspension of CuI (1.140 g, 5.00 mmol) and KH 

(0.401 g, 10.00 mmol), a THF (5 mL) solution of HL
O

 (1.260 g, 5.00 

mmol) was added. The resulting mixture was heated at 60 °C for 24 

h, providing a dark brown solution. The crude mixture was cooled to 

-30 °C and filtered while cold. Solvent removal and washing with hexane provided L
O•

 

as a dark brown solid (0.944 g, 75%).  

Bis(5,5’-formyl-2,2’-furan)phenylmethane, 7 

Adapting a reported procedure,
5
 POCl3 (10.0  mL, 107 mmol) was 

added at 0 °C to a solution of 6 (9.6 g, 42.90 mmol) in DMF (100 

mL) providing a light brown mixture that was stirred at room 

temperature for 24 h during which it changed colour to dark brown, 

dark red and red/purple. The reaction was quenched through 

addition to NaOAc(aq) at 0 °C followed by stirring for 1 h at room 

temperature. The crude product was extracted in dichloromethane, 

washed with water, HCl(aq) and NaHCO3(aq) and dried over MgSO4 to obtain a dark red 

oil. Purification by flash chromatography (hexane:EtOAc 7:3, rf = 0.4) provided 7 as a 

light brown oil (4.2 g, 35%). 
1
H NMR (500 MHz, d-chloroform) δ = 9.59 (s, 2H, CHO), 

7.40-7.28 (m, 5H, o-CH, m-CH, p-CH), 7.23 (d, J=3.6, 2H, -CH), 6.40-6.31 (m, 2H, -

CH), 5.66 (s, 1H, meso-CH). 
13

C NMR (126 MHz, d-chloroform) δ = 177.36, 159.12, 

152.51, 136.50, 128.95, 128.24, 128.04, 122.35, 111.29, 45.35. 

 

 

 



Chapter 7. Experimental                                                                                         
 

118 

HL
NO

  

Neat tert-butylamine (37.20 mmol, 2.82 mL) was added to 7 (9.30 

mmol, 1.88 g) in toluene (60 mL) and the resulting mixture was 

stirred for 36 h at RT over 4 Å molecular sieves. Filtration through 

celite and solvent removal under reduced pressure provided a dark 

brown oil which was dissolved in hexane and filtered to remove 

undissolved impurities. Solvent removal provided HL
NO

 as a dark 

brown solid (3.23 g, 90%). 
1
H NMR (601 MHz, d-chloroform-d) δ 

= 8.02 (s, 2H, N=CH), 7.33-7.29 (m, 2H, m-CH), 7.28-7.24 (m, 1H, p-CH), 7.23-7.20 

(m, 2H, o-CH), 6.72 (d, J=3.4, 2H, -CH), 6.10-6.05 (m, 2H, -CH), 5.65 (s, 1H, meso-

CH), 1.26 (s, 18H, CH3). 
13

C NMR (126 MHz, d-chloroform) δ = 156.45, 152.45, 

145.31, 138.77, 128.75, 128.56, 127.51, 113.56, 110.44, 57.71, 45.26, 29.75. Anal. 

Calcd. for [C25H30N2O2] C, 76.89; H, 7.74; N, 7.17%; found: C, 76.49; H, 7.52; N, 

7.05%. UV-vis (toluene) λmax (ε) 284 nm (22000 dm
3
 mol

1
 cm

1
). HRMS(ESI) (m/z): 

calcd for [C25H30N2O2], 391.2380; found 391.2356 [M]
+
. 

KL
NO

 

A dark brown solution of HL
NO

 (6.50 mmol, 2.5 g) in THF (15 mL) 

was added to a suspension of KH (7.80 mmol, 312 mg) in THF (15 

mL) and the resulting dark green mixture was stirred at RT for 2 h 

and vented every 30 min. Filtration and removal of the solvent 

under reduced pressure provided KL
NO

 as a brown/gold solid (2.56 

g, 92%). 
1
H NMR (500 MHz, d8-THF) δ = 7.61 (s, 2H, N=CH), 

7.36 (d, J=7.9, 2H, o-CH), 7.23 (t, J=7.5, 2H, m-CH), 7.09-7.04 (m, 

1H, p-CH), 6.48 (d, J=4.0, 2H, -CH), 5.16 (d, J=4.0, 2H, -CH), 1.27 (s, 18H, CH3). 

13
C NMR (126 MHz, d8-THF) δ = 162.96, 144.25, 143.52, 142.36, 133.63, 128.93, 

125.30, 123.75, 96.84, 84.37, 55.71, 31.11. Anal. Calcd. for [C25H29N2O2K] C, 70.06; 

H, 6.82; N, 6.54%; found: C, 69.68; H, 6.94; N, 6.42%. UV-vis (THF) λmax (ε) 269 

(28900), 346 (24500), 453 (19400), 630 nm (23100 dm
3
 mol

1
 cm

1
). 
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L
NO•

 

A dark green mixture of KL
NO

 (1.49 mmol, 640 mg) and CuI (1.47 

mmol, 280 mg) in toluene (8 mL) was stirred at RT for 72 h, 

during which it turned dark brown. The mixture was filtered and 

toluene removed under reduced pressure to give a brown solid, 

which was washed with hexane to provide L
NO•

 as a light brown 

solid (0.518 g, 89%). HRMS (APPI) (m/z): calcd for  

[C25H29N2O2.], 389.22235; found 389.22181 [M]
+
.  UV-vis (THF) λmax (ε) 276 

(25000), 349 (12400), 435 (16600), 632 nm (3300 dm
3
 mol

1
 cm

1
). 

Procedure A for the CO2 reactions 

In the glovebox, the appropriate hydride source and a solution of di(heteroaryl)methene 

anion in d8-THF were added to an NMR tube fitted with a Young’s stopper. The sealed 

vessel was subjected to three freeze-pump-thaw degas cycles at the Schlenk line, upon 

which CO2 was added. The resulting mixture was analysed by NMR spectroscopy 

unless otherwise stated. 

Procedure B for the CO2 reactions 

In the glovebox, the appropriate hydride source and a solution of the 

di(heteroaryl)methane precursor in d8-THF were added to an NMR tube fitted with a 

Young’s stopper. The sealed vessel was subjected to three freeze-pump-thaw degas 

cycles at the Schlenk line, upon which CO2 was added. The resulting mixture was 

reacted at RT or 80 °C for the desired time and analysed by NMR spectroscopy unless 

otherwise stated. 

L
NS

COOK 

Following the procedure A, a CO2 atmosphere (1 bar) was added to 

a solution of KL
NS

 (10.7 mg, 0.02 mmol) in d8-THF (500 µL). 

Within seconds from the addition of CO2, the initial dark green 

solution immediately turns orange. The product was not isolated. 

1
H NMR (500 MHz, d8-THF) δ 8.27 (s, 2H, N=CH), 7.18 (d, J = 

7.2 Hz, 2H, o-CH), 7.13 (d, J = 5.8 Hz, 2H, m-CH), 7.11-7.06 (m, 

1H, p-CH), 7.01 (d, J = 3.8 Hz, 2H, -CH), 6.58 (d, J = 3.7 Hz, 2H, -CH), 1.19 (s, 

18H, CH3). 
13

C NMR (126 MHz, d8-THF) δ 175.60 (COOK), 155.67 (ipso-C), 150.03 

(N=C), 144.23 (-C), 129.86 (o-C), 129.14 (-C), 128.68 (-C), 128.01 (m-C), 126.93 

(-C), 126.64 (p-C), 68.20 (meso-C), 57.33 (CCH3), 30.08 (CH3). 
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Oxalyl coupled product, 8 

Following the procedure A, a CO2 atmosphere (1 bar) was added to a solution of KL
NO

 

(34.3 mg, 0.08 mmol) in d8-THF (500 µL). Within seconds from the addition of CO2, 

the initial dark green solution immediately turns dark yellow-brown, with the formation 

of a precipitate. The NMR-silent solution was characterised by EPR spectroscopy 

(Figure 4.7), while the precipitate was isolated by centrifugation and filtration. 
13

C 

NMR (126 MHz, Deuterium Oxide/drop MeOH) δ 161.43 (N=C), 52.35 (CCH3), 27.35 

(CH3). 

One-pot reaction between HL
NO

, CO2 and LiH 

Following the procedure B, a CO2 atmosphere (1 bar) was added to a mixture of LiH 

(8.0 mg, 1.0 mmol) and HL
NO

 (39.0 mg, 0.10 mmol) in d8-THF (500 µL). The resulting 

mixture was heated at 80 °C for 18 h, during which a colourless precipitate formed. The 

precipitate was isolated by centrifugation and filtration. The yield was not recorded. 
1
H 

NMR (500 MHz, Deuterium Oxide/drop MeOH) δ 8.49 (s, 1H, HCOOLi). 
13

C NMR 

(126 MHz, Deuterium Oxide/drop MeOH) δ 172.42 (HCOOLi). 

K2L
S4

 

A light orange solution of H4L
S4

 (0.032 mmol, 22.4 

mg) in THF (250 μL) was added to a suspension of 

KH (0.143 mmol, 5.7 mg) in THF (250 μL) and the 

resulting mixture was heated at 80 °C for 72 h, 

providing a dark red solution of K2L
S4

. 
1
H NMR (601 

MHz, d8-THF) δ 9.41 (s, 8H, -CH), 8.93 (d, J = 6.9 

Hz, 8H, o-CH), 7.75 (t, J = 7.6 Hz, 8H, m-CH), 7.41 

(t, J = 7.4 Hz, 4H, p-CH). 
13

C NMR (151 MHz, d8-

THF) δ 146.6 (ipso), 134.3 (ortho), 128.6 (meta), 125.7 (α), 124.1 (para), 116.8 (), 

107.2 (meso).  
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L
S4

 

A light orange solution of H4L
S4

 (0.13 mmol, 90.0 mg) in 

THF (250 μL) was added to a suspension of KH (0.59 mmol, 

23.6 mg) and CuI (0.57 mmol, 108.5 mg) in THF (250 μL) 

and the resulting mixture was heated at 80 °C for 48 h. 

Filtration and solvent removal provided L
S4

 as a brown 

solid. 
1
H NMR (500 MHz, THF-d8) δ 7.28 – 7.23 (m, 4H, p-

CH), 7.23 – 7.17 (m, 8H, m-CH), 6.91 (s, 8H, o-CH), 6.46 

(s, 4H, -CH), 5.81 (s, 4H, -CH). 
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7.3 NMR spectroscopic data 

 

Figure 7.1. 
1
H NMR spectrum of HL

NS
 (500 MHz, d-chloroform). 

 

 

Figure 7.2. 
13

C{
1
H} NMR spectrum of HL

NS
 (151 MHz, d-chloroform). 
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Figure 7.3. 
1
H NMR spectrum of {K(THF)(L

NS
)}2 (600 MHz, d8-THF). 

 

 

Figure 7.4. 
13

C{
1
H} NMR spectrum of {K(THF)(L)}2 (151 MHz, d8-THF). 
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Figure 7.5. 
1
H NMR spectrum of KL

N4
 (400 MHz, d8-THF). 

 

 

Figure 7.6. 
13

C{
1
H} NMR spectrum of KL

N4
 (126 MHz, d8-THF). 
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Figure 7.7. 
19

F{
1
H} NMR spectrum of KL

N4
 (471 MHz, d8-THF). 

 

 

Figure 7.8. 
1
H NMR spectrum of HL

S
 (500 MHz, d-chloroform). 
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Figure 7.9. 
13

C{
1
H} NMR spectrum of HL

S
 (126 MHz, d-chloroform). 

 

 

Figure 7.10. 
19

F{
1
H} NMR spectrum of HL

S
 (471 MHz, d-chloroform). 
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Figure 7.11. 
1
H NMR spectrum of KL

S
 (400 MHz, d8-THF). 

 

 

Figure 7.12. 
13

C{
1
H} NMR spectrum of KL

S
 (126 MHz, d8-THF). 
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Figure 7.13. 
19

F{
1
H} NMR spectrum of KL

S
 (471 MHz, d8-THF). 

 

 

Figure 7.14. 
1
H NMR spectrum of HL

NO
 (601 MHz, d-chloroform). 
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Figure 7.15. 
13

C{
1
H} NMR spectrum of HL

NO
 (126 MHz, d-chloroform). 

 

 

Figure 7.16. 
1
H NMR spectrum of KL

NO
 (500 MHz, d8-THF). 
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Figure 7.17. 
19

C{
1
H} NMR spectrum of KL

NO
 (126 MHz, d8-THF). 

 

 

Figure 7.18. 
1
H NMR spectrum of the reaction between KL

NS
 and CO2 to give L

NS
COOK (500 MHz, d8-

THF). 
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Figure 7.19. 
13

C NMR spectrum of the reaction between KL
NS

 and CO2 to give L
NS

COOK (126 MHz, d8-

THF). 

 

 

Figure 7.20. 
13

C NMR spectrum of the reaction between KL
NO

 and CO2 to give 8 (126 MHz, Deuterium 

Oxide/drop MeOH). 
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Figure 7.21. 
1
H NMR spectrum of the precipitate of the reaction between HL

NO
, LiH and CO2 (500 MHz, 

Deuterium Oxide/drop MeOH). 

 

 

Figure 7.22. 
13

C NMR spectrum of the precipitate of the reaction between HL
NO

, LiH and CO2 (126 

MHz, Deuterium Oxide/drop MeOH). 
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 Figure 7.23. 
1
H NMR spectrum of H4L

S4 
a or H4L

S4 
b (601 MHz, d-chloroform). 

  

 

Figure 7.24. 
1
H NMR spectrum of H4L

S4 
c and H4L

S4 
d (601 MHz, d-chloroform). 
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Figure 7.25. 
1
H NMR spectrum of K2L

S4 
(601 MHz, d8-THF). 

 

 

Figure 7.26. 
13

C{
1
H} NMR spectrum of K2L

S4 
(151 MHz, d8-THF). 

 



Chapter 7. Experimental                                                                                         
 

135 

 

Figure 7.27. DEPT135 
13

C NMR spectrum of K2L
S4 

(151 MHz, d8-THF). 

 

 

Figure 7.28. HSQC NMR spectrum of K2L
S4 

(601/151 MHz, d8-THF). 
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Figure 7.29. 
1
H  NMR spectrum of L

S4 
(500 MHz, d8-THF). 
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7.4 Electrochemical data 

 

Figure 7.30. Cyclic voltammogram of HL
NO

; glassy-carbon working electrode, platinum-gauze counter 

electrode, silver-wire pseudo-reference electrode, 100 mV s
1

, referenced to Fc
+
/Fc, 1.0 mM analyte, 0.10 

M [nBu4N][PF6] electrolyte in dry CH2Cl2 under N2. 

 

 

Figure 7.31 Stirred voltammogram of Cu2I2(L
NS•

); glassy-carbon working electrode, platinum-gauze 

counter electrode, silver-wire pseudo-reference electrode, 5 mV s
1

, 600 rpm, referenced to Fc
+
/Fc, 1.0 

mM analyte, 0.10 M [nBu4N][PF6] electrolyte in dry CH2Cl2 under N2. 
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Figure 7.32 Stirred voltammogram of L
S•

; glassy-carbon working electrode, platinum-gauze counter 

electrode, silver-wire pseudo-reference electrode, 5 mV s
1

, 600 rpm, referenced to Fc
+
/Fc, 1.0 mM 

analyte, 0.10 M [nBu4N][PF6] electrolyte in dry CH2Cl2 under N2. 
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7.5 Crystallographic data 

 

Figure 7.33. Solid-state structure of K(THF)L
N4

 (CCDC 1542231). For clarity, all hydrogen atoms are 

omitted (displacement ellipsoids are drawn at 50% probability). Selected distances (Å): N1-K1 2.868(2), 

N2-K1 2.730(2), N3-K1 2.698(1), N4-K1 2.813(2), N1-N4 5.513(2). 

 

 

Figure 7.34. Solid-state structure of K2L
S4

. For clarity, all hydrogen atoms are omitted (displacement 

ellipsoids are drawn at 50% probability). Selected distances (Å): S1-K1 3.292(2), S2-K1 3.493(2), O1-K1 

2.656(4), O2-K1 2.639(4), O3-K1 2.662(5). 
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Figure 7.35. Solid-state structure of L
S4

. For clarity, all hydrogen atoms and four solvent molecules are 

omitted (displacement ellipsoids are drawn at 50% probability).  

 

S1 

S2 

S3 
S4 
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Table 7.1. Crystal structure refinement parameters for HL
NS

 and KL
NS

.  

 HL
NS

 (CCDC 1542226) KL
NS

 (CCDC 1542227) 

Chemical formula C25H30N2S2 C29H37KN2OS2·C6H6 

Mr 422.63 610.93 

Crystal system, space 

group 

Monoclinic, P21/n Orthorhombic, Pbca 

Temperature (K) 170 120 

a, b, c (Å) 14.1650 (4), 5.96736 (15), 27.6601 (7) 15.8437 (2), 18.2093 (3), 22.8804 (4) 

 90, 96.238 (2), 90 90, 90, 90 

V (Å
3
) 2324.19 (11) 6601.07 (18) 

Z 4 8 

Radiation type Mo K Mo K 

 (mm
-1

) 0.24 0.32 

Crystal size (mm) 0.31 × 0.26 × 0.08 0.50 × 0.38 × 0.21 

 

Data collection 

Diffractometer Xcalibur, Eos SuperNova, Dual, Cu at zero, Atlas 

Absorption correction Multi-scan  

CrysAlis PRO, Agilent Technologies, 

Version 1.171.37.34 (release 22-05-

2014 CrysAlis171 .NET) (compiled 

May 22 2014, 16:03:01) Empirical 

absorption correction using spherical 

harmonics, implemented in SCALE3 

ABSPACK scaling algorithm. 

Empirical absorption correction using 

spherical harmonics, implemented in 

SCALE3 ABSPACK scaling 

algorithm. 

Multi-scan  

CrysAlis PRO, Agilent Technologies, 

Version 1.171.37.35e (release 07-10-

2014 CrysAlis171 .NET) (compiled 

Oct 7 2014, 17:20:27) Empirical 

absorption correction using spherical 

harmonics, implemented in SCALE3 

ABSPACK scaling algorithm. 

Empirical absorption correction using 

spherical harmonics, implemented in 

SCALE3 ABSPACK scaling 

algorithm. 

 Tmin, Tmax 0.858, 1.000 0.643, 1.000 

No. of measured, 

independent and 

observed [I > 2(I)] 

reflections 

32568, 4074, 3301   134201, 10289, 9265   

Rint 0.055 0.041 

(sin /)max (Å
-1

) 0.595 0.730 

 

Refinement 

R[F
2
 > 2(F

2
)], 

wR(F
2
), S 

0.049,  0.149,  1.04 0.039,  0.137,  1.08 

No. of reflections 4074 10289 

No. of parameters 268 376 

H-atom treatment H-atom parameters constrained H-atom parameters constrained 

max, min (e Å
-3

) 0.31, -0.24 0.41, -0.44 
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Table 7.2. Crystal structure refinement parameters for LiL
NS

.  

 LiL
NS

 

Crystal data 

Chemical formula 0.19(C25H29N2S2)·0.38(C37H53LiN2O3S2)·0.38(C4H8O)·0.19(C4H8O2) 

Mr 372.10 

Crystal system, space 

group 

Orthorhombic, Pbcn 

Temperature (K) 120 

a, b, c (Å) 18.7116 (6), 23.0938 (5), 26.1018 (8) 

V (Å
3
) 11279.2 (6) 

Z 21 

Radiation type Cu K 

 (mm
-1

) 1.56 

Crystal size (mm) 0.30 × 0.11 × 0.07 

 

Data collection 

Diffractometer SuperNova, Dual, Cu at zero, Atlas 

Absorption correction Gaussian  

CrysAlis PRO, Agilent Technologies, Version 1.171.37.35e (release 07-

10-2014 CrysAlis171 .NET) (compiled Oct  7 2014,17:20:27) Numerical 

absorption correction based on gaussian integration over a multifaceted 

crystal model Empirical absorption correction using spherical harmonics,  

implemented in SCALE3 ABSPACK scaling algorithm. 

 Tmin, Tmax 0.935, 0.982 

No. of measured, 

independent and 

 observed [I > 2(I)] 

reflections 

110031, 5904, 5533   

Rint 0.114 

max (°) 60.5 

(sin /)max (Å
-1

) 0.564 

 

Refinement 

R[F
2
 > 2(F

2
)], 

wR(F
2
), S 

0.174,  0.376,  1.16 

No. of reflections 5904 

No. of parameters 619 

H-atom treatment H-atom parameters constrained 

(/)max 1.430 

max, min (e Å
-3

) 0.94, -0.51 
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Table 7.3. Crystal structure refinement parameters for L
NS•

 and Cu2I2(L
NS•

).  

 L
NS•

 (CCDC 1542228) Cu2I2(L
NS•

) (CCDC 1542229) 

Chemical formula C25H29N2S2 C25H29Cu2I2N2S2 

Mr 423.06 802.50 

Crystal system, space 

group 

Triclinic, P¯1 Monoclinic, P21 

Temperature (K) 170 170 

a, b, c (Å) 5.7800 (3), 11.1718 (5), 19.2205 (9) 8.7699 (2), 13.2069 (3), 12.5335 (3) 

, ,  (°) 98.344 (4), 97.954 (4), 96.777 (4) 90, 103.152 (3), 90 

V (Å
3
) 1204.04 (10) 1413.58 (7) 

Z 2 2 

Radiation type Mo K Mo K 

 (mm
-1

) 0.23 3.85 

Crystal size (mm) 0.53 × 0.13 × 0.05 0.34 × 0.08 × 0.03 

 

Data collection 

Diffractometer Xcalibur, Eos Xcalibur, Eos 

Absorption correction Multi-scan  

CrysAlis PRO, Agilent Technologies, 

Version 1.171.37.34 (release 22-05-

2014 CrysAlis171 .NET) (compiled 

May 22 2014,16:03:01) Empirical 

absorption correction using spherical 

harmonics,  implemented in SCALE3 

ABSPACK scaling algorithm. 

Empirical absorption correction using 

spherical harmonics,  implemented in 

SCALE3 ABSPACK scaling 

algorithm. 

Analytical  

CrysAlis PRO, Agilent Technologies, 

Version 1.171.37.34 (release 22-05-

2014 CrysAlis171 .NET) (compiled 

May 22 2014,16:03:01) Analytical 

numeric absorption correction using a 

multifaceted crystal model based on 

expressions derived by R.C. Clark & 

J.S. Reid. (Clark, R. C. & Reid, J. S. 

(1995). Acta Cryst. A51, 887-897) 

Empirical absorption correction using 

spherical harmonics,  implemented in 

SCALE3 ABSPACK scaling 

algorithm. 

 Tmin, Tmax 0.848, 1.000 0.772, 0.971 

No. of measured, 

independent and 

 observed [I > 2(I)] 

reflections 

17368, 4095, 3126   22834, 5578, 4746   

Rint 0.048 0.063 

(sin /)max (Å
-1

) 0.588 0.617 

 

Refinement 

R[F
2
 > 2(F

2
)], 

wR(F
2
), S 

0.065,  0.192,  1.26 0.040,  0.072,  1.00 

No. of reflections 4095 5578 

No. of parameters 269 304 

No. of restraints  1 

H-atom treatment H-atom parameters constrained H-atom parameters constrained 
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max, min (e Å
-3

) 1.02, -0.33 0.74, -0.57 

Absolute structure  Flack x determined using 1895 

quotients [(I+)-(I-)]/[(I+)+(I-)]  

(Parsons, Flack and Wagner, Acta 

Cryst. B69 (2013) 249-259). 

Absolute structure 

parameter 

 -0.020 (16) 

 

 

Table 7.4. Crystal structure refinement parameters for L
NS•

(BF4)2 and K(THF)L
N4

.  

 L
NS•

(BF4)2 (CCDC 1542230) K(THF)L
N4

 (CCDC 1542231) 

Chemical formula C25H29N2S2·CH2Cl2·2(BF4) C58H64F10K2N8O2 

Mr 680.17 1173.37 

Crystal system, space 

group 

Monoclinic, P21/c Monoclinic, P21/n 

Temperature (K) 293 170 

a, b, c (Å) 9.2047 (12), 28.642 (4), 13.2579 (16) 11.8073 (4), 10.3062 (4), 24.1283 (9) 

, ,  (°) 90, 109.040 (14), 90 90, 99.897 (3), 90 

V (Å
3
) 3304.1 (8) 2892.44 (19) 

Z 4 2 

Radiation type Mo K Mo K 

 (mm
-1

) 0.39 0.25 

Crystal size (mm) 0.34 × 0.19 × 0.09 0.98 × 0.48 × 0.27 

 

Data collection 

Diffractometer Xcalibur, Eos Xcalibur, Eos 

Absorption correction Analytical  

CrysAlis PRO, Agilent Technologies, 

Version 1.171.37.35 (release 13-08-

2014 CrysAlis171 .NET) (compiled 

Aug 13 2014,18:06:01) Analytical 

numeric absorption correction using a 

multifaceted crystal model based on 

expressions derived by R.C. Clark & 

J.S. Reid. (Clark, R. C. & Reid, J. S. 

(1995). Acta Cryst. A51, 887-897) 

Empirical absorption correction using 

spherical harmonics,  implemented in 

SCALE3 ABSPACK scaling 

algorithm. 

Analytical  

CrysAlis PRO 1.171.38.42b (Rigaku 

Oxford Diffraction, 2015) Analytical 

numeric absorption correction using a 

multifaceted crystal model based on 

expressions derived by R.C. Clark & 

J.S. Reid. (Clark, R. C. & Reid, J. S. 

(1995). Acta Cryst. A51, 887-897) 

Empirical absorption correction using 

spherical harmonics,  implemented in 

SCALE3 ABSPACK scaling 

algorithm. 

 Tmin, Tmax 0.994, 0.998 0.864, 0.958 

No. of measured, 

independent and 

observed [I > 2(I)] 

reflections 

42080, 5256, 3729   33565, 5909, 4685   

Rint 0.145 0.038 
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(sin /)max (Å
-1

) 24.1 0.625 

 

Refinement 

R[F
2
 > 2(F

2
)], 

wR(F
2
), S 

0.147,  0.358,  1.08 0.042,  0.105,  1.04 

No. of reflections 5256 5909 

No. of parameters 385 371 

No. of restraints   

H-atom treatment H-atom parameters constrained H atoms treated by a mixture of 

independent and constrained 

refinement 

max, min (e Å
-3

) 0.77, -0.57 0.31, -0.30 

 

 Table 7.5. Crystal structure refinement parameters for KL
NO

. 

  KL
NO

 

Crystal data 

Chemical formula 4(C25H29KN2O2) 

Mr 1714.40 

Crystal system, space 

group 

Monoclinic, P21/c 

Temperature (K) 170 

a, b, c (Å) 5.7527 (1), 26.6240 (7), 31.3753 (8) 

 90, 92.996 (2), 90 

V (Å
3
) 4798.87 (19) 

Z 2 

Radiation type Mo K 

 (mm
-1

) 0.24 

Crystal size (mm) 0.75 × 0.19 × 0.19 

 

Data collection 

Diffractometer Xcalibur, Eos 

Absorption correction Multi-scan  

CrysAlis PRO 1.171.38.46 (Rigaku Oxford Diffraction, 2015) Empirical 

absorption correction using spherical harmonics,  implemented in SCALE3 

ABSPACK scaling algorithm. 

 Tmin, Tmax 0.782, 1.000 

No. of measured, 

independent and 

 observed [I > 2(I)] 

reflections 

90714, 8178, 6739   

Rint 0.069 

(sin /)max (Å
-1

) 0.588 
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Refinement 

R[F
2
 > 2(F

2
)], 

wR(F
2
), S 

0.059,  0.191,  0.79 

No. of reflections 8178 

No. of parameters 581 

H-atom treatment H atoms treated by a mixture of independent and constrained refinement 

max, min (e Å
-3

) 0.28, -0.23 

 

Table 7.6. Crystal structure refinement parameters for K2L
S4

 and L
S4

. 

 K2L
S4

 L
S4

 

Chemical formula 0.67(C68H76K2O6S4) 0.67(C44H28S4)·1.91(C4H8O)·0.67(C4H

8O0.5) 

Mr 797.15 637.15 

Crystal system, space 

group 

Monoclinic, P21/c Monoclinic, Pc 

Temperature (K) 120 120 

a, b, c (Å) 12.6184 (3), 15.4478 (4), 16.0944 (4) 11.7088 (2), 8.20731 (10), 25.9972 (5) 

, ,  (°) 90, 103.893 (3), 90 90, 92.7114 (18), 90 

V (Å
3
) 3045.47 (14) 2495.48 (8) 

Z 3 3 

Radiation type Cu K Cu K 

 (mm
-1

) 3.07 2.11 

Crystal size (mm) 0.20 × 0.10 × 0.05 0.25 × 0.06 × 0.02 

 

Data collection 

Diffractometer SuperNova, Dual, Cu at zero, Atlas SuperNova, Dual, Cu at zero, Atlas 

Absorption correction Multi-scan  

CrysAlis PRO, Agilent Technologies, 

Version 1.171.37.35e (release 07-10-

2014 CrysAlis171 .NET) (compiled 

Oct  7 2014,17:20:27) Empirical 

absorption correction using spherical 

harmonics,  implemented in SCALE3 

ABSPACK scaling algorithm. 

Empirical absorption correction using 

spherical harmonics,  implemented in 

SCALE3 ABSPACK scaling 

algorithm. 

Gaussian  

CrysAlis PRO, Agilent Technologies, 

Version 1.171.37.35e (release 07-10-

2014 CrysAlis171 .NET) (compiled 

Oct  7 2014,17:20:27) Numerical 

absorption correction based on 

gaussian integration over   

 a multifaceted crystal model 

Empirical absorption correction using 

spherical harmonics,  implemented in 

SCALE3 ABSPACK scaling 

algorithm. 

 Tmin, Tmax 0.755, 1.000 0.859, 0.977 

No. of measured, 

independent and 

 observed [I > 2(I)] 

reflections 

45059, 6285, 4920   48595, 10264, 9009   

Rint 0.104 0.095 

(sin /)max (Å
-1

) 0.630 0.629 
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Refinement 

R[F
2
 > 2(F

2
)], 

wR(F
2
), S 

0.079,  0.219,  1.02 0.086,  0.234,  1.08 

No. of reflections 6285 10264 

No. of parameters 361 597 

No. of restraints  14 

H-atom treatment H-atom parameters constrained H-atom parameters constrained 

max, min (e Å
-3

) 0.59, -0.77 0.96, -0.62 

Absolute structure  Flack x determined using 3468 

quotients [(I+)-(I-)]/[(I+)+(I-)]  

(Parsons, Flack and Wagner, Acta 

Cryst. B69 (2013) 249-259). 

Absolute structure 

parameter 

 0.283 (16) 
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7.6 Computational data 

 

Figure 7.36. Optimised geometric coordinates of the iminothienyl compounds L
NS

, L
NS•

, Cu2I2(L
NS•

) and 

L
NS•2+

. 
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Figure 7.37. Optimised geometric coordinates of the di(hetero)arylmethene compounds L
S

, L
S•

, L
O•

, 

L
NO

 and L
NO•

.  
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Figure 7.38. Optimised geometric coordinates of the thiaporphyrinoid compounds L
S4 2

, and  L
S4

.  
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Figure 7.39. Molecular orbital diagram of KL
NS

. 
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Figure 7.40. Molecular orbital diagram (-configuration) of L
NS•

. 

() SOMO 

() LUMO 

() SOMO 1 () SOMO 2 () SOMO 3 () SOMO 4 

() LUMO +1 () LUMO +2 () LUMO +3 () LUMO +4 
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Figure 7.41. Molecular orbital diagram (-configuration) of L
NS•

. 
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Figure 7.42. Molecular orbital diagram (-configuration) of Cu2I2(L
NS•

). 
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Figure 7.43. Molecular orbital diagram (-configuration) of Cu2I2(L
NS•

). 

 

() SOMO 

() LUMO 

() SOMO 1 () SOMO 2 () SOMO 3 () SOMO 4 
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Figure 7.44. Molecular orbital diagram (-configuration) of L
NS•

(BF4)2. 

 

() SOMO 

() LUMO 

() SOMO 1 () SOMO 2 () SOMO 3 () SOMO 4 
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Figure 7.45. Molecular orbital diagram (-configuration) of L
NS•

(BF4)2. 
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Figure 7.46. Molecular orbital diagram of KL
S
. 
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Figure 7.47. Molecular orbital diagram (-configuration) of L
S•

. 
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Figure 7.48. Molecular orbital diagram (-configuration) of L
S•
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Figure 7.49. Molecular orbital diagram (-configuration) of L
O•
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Figure 7.50. Molecular orbital diagram (-configuration) of L
O•

. 
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Figure 7.51. Molecular orbital diagram of KL
NO

. 
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Figure 7.52. Molecular orbital diagram (-configuration) of L
NO•

. 

 

  

() SOMO 

() LUMO 

() SOMO -1 () SOMO -2 () SOMO -3 () SOMO -4 

() LUMO +1 () LUMO +2 () LUMO +3 () LUMO +4 



Chapter 7. Experimental                                                                                         
 

165 

 
 

Figure 7.53. Molecular orbital diagram (-configuration) of L
NO•

. 

  

() SOMO 

() LUMO 

() SOMO -1 () SOMO -2 () SOMO -3 () SOMO -4 

() LUMO +1 () LUMO +2 () LUMO +3 () LUMO +4 



Chapter 7. Experimental                                                                                         
 

166 

Optimised DFT Geometries 

HL
NS

  

Charge = 0 Multiplicity = 1 

16 -2.808872 0.363305 -0.643246 

16 2.458588 0.230117 -0.162956 

7 5.257589 -0.824618 0.473224 

7 -5.578735 -0.659654 0.148995 

6 0.023365 2.159088 -0.380689 

6 3.492271 -0.778323 -1.119325 

6 -1.131062 -0.075313 -0.632191 

6 -0.103584 0.878453 -1.194398 

1 -0.438528 1.166639 -2.195545 

6 -0.111849 2.155163 1.002874 

1 -0.366271 1.234325 1.513710 

6 1.230496 0.199108 -1.383624 

6 1.616696 -0.537965 -2.463137 

1 0.987693 -0.682218 -3.331608 

6 -3.249295 -1.130842 0.117476 

6 4.811059 -1.179073 -0.653702 

1 5.368031 -1.805093 -1.358767 

6 -6.974782 -0.978016 0.455107 

6 -2.152044 -1.904601 0.358993 

1 -2.211236 -2.877795 0.828749 

6 -4.634407 -1.451575 0.424871 

1 -4.777590 -2.424139 0.907027 

6 0.334907 3.351064 -1.026034 

1 0.443986 3.360887 -2.105142 

6 2.911075 -1.098727 -2.313033 

1 3.399369 -1.711910 -3.059324 

6 0.070590 3.323265 1.729512 

1 -0.035835 3.306691 2.807458 

6 0.382727 4.508592 1.079561 

1 0.520403 5.420959 1.647053 

6 -0.939319 -1.301592 -0.071943 

1 0.034077 -1.760996 0.023277 

6 6.585810 -1.223451 0.942944 

6 0.512464 4.520621 -0.302775 

1 0.751206 5.442795 -0.818801 

6 -7.473195 0.140692 1.375090 

1 -6.942452 0.119217 2.329457 

1 -8.542155 0.029134 1.571241 

1 -7.299273 1.112790 0.912234 

6 -7.724355 -0.919204 -0.879477 

1 -7.554151 0.043314 -1.363300 

1 -8.797690 -1.051177 -0.724066 
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1 -7.373527 -1.704591 -1.552608 

6 -7.206993 -2.336357 1.119186 

1 -6.870984 -3.160607 0.485314 

1 -8.274317 -2.474419 1.300192 

1 -6.697290 -2.409607 2.082923 

6 6.363695 -1.956887 2.269070 

1 5.789376 -1.330285 2.952436 

1 7.319667 -2.204710 2.736263 

1 5.807138 -2.882804 2.108060 

6 7.353940 0.077399 1.196730 

1 7.513066 0.619129 0.261788 

1 8.327883 -0.132875 1.644805 

1 6.787950 0.722240 1.869986 

6 7.379107 -2.114707 -0.014320 

1 6.863379 -3.057698 -0.211679 

1 8.346266 -2.355221 0.430422 

1 7.570473 -1.617690 -0.968465 
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NS

  

Charge = 1 Multiplicity = 1 

16 -1.551006 -0.167450 -0.000647 

16 1.550994 -0.167452 0.000987 

7 -3.865411 -2.283366 -0.000067 

7 3.865425 -2.283343 0.000323 

6 -0.000015 2.180565 0.000033 

6 -0.000024 3.674657 -0.000041 

6 1.267792 1.570211 -0.000723 

6 -1.267827 1.570211 0.000870 

6 -3.289280 0.040982 0.001653 

6 -4.205079 -1.051641 0.001657 

1 -5.255593 -0.732304 0.003296 

6 4.205076 -1.051614 -0.001437 

1 5.255589 -0.732270 -0.003245 

6 2.508539 2.240175 -0.003043 

1 2.580906 3.317337 -0.004694 

6 3.289269 0.041000 -0.001239 

6 -2.508572 2.240166 0.003136 

1 -2.580955 3.317326 0.004675 

6 4.858941 -3.350457 -0.000060 

6 -3.605939 1.384788 0.003474 

1 -4.634208 1.729863 0.005185 

6 -0.000044 6.480152 -0.000204 

1 -0.000057 7.564483 -0.000266 

6 0.009637 5.780089 1.199489 

1 0.017184 6.317702 2.141446 

6 -0.009648 4.391289 -1.195711 

1 -0.017209 3.839863 -2.128731 

6 3.605912 1.384810 -0.003255 

1 4.634177 1.729893 -0.004942 

6 -0.009718 5.779949 -1.199814 

1 -0.017269 6.317453 -2.141834 

6 -4.858883 -3.350520 -0.000090 

6 0.009585 4.391429 1.195546 

1 0.017155 3.840109 2.128627 

6 4.589587 -4.199702 -1.248398 

1 3.544701 -4.512820 -1.260789 

1 5.229091 -5.087789 -1.270025 

1 4.774159 -3.614151 -2.152136 

6 6.326359 -2.904814 -0.003221 

1 6.566045 -2.312476 -0.889847 

1 6.976703 -3.782999 -0.003252 

1 6.569199 -2.310222 0.881035 

6 -6.326329 -2.904967 0.003332 

1 -6.565916 -2.312788 0.890096 
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1 -6.976625 -3.783184 0.003294 

1 -6.569349 -2.310241 -0.880786 

6 -4.593971 -4.196099 -1.251866 

1 -4.781912 -3.607956 -2.153224 

1 -5.233442 -5.084206 -1.273736 

1 -3.549102 -4.509050 -1.268953 

6 4.594002 -4.196513 1.251375 

1 4.781848 -3.608686 2.152962 

1 5.233511 -5.084599 1.272981 

1 3.549147 -4.509529 1.268290 

6 -4.589422 -4.200249 1.247894 

1 -3.544507 -4.513267 1.260128 

1 -5.228841 -5.088406 1.269188 

1 -4.774021 -3.615079 2.151875 
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NS

  

Charge = 0 Multiplicity = 2 

16 -1.553729 -0.133617 -0.082950 

16 1.553717 -0.133707 0.082898 

7 3.740866 -2.237110 0.054574 

6 0.000111 3.708240 0.000019 

7 -3.740982 -2.236919 -0.054478 

6 0.000057 2.217223 -0.000008 

6 -1.264832 1.587998 0.102166 

6 -3.577126 1.389739 0.396868 

1 -4.590947 1.718537 0.584671 

6 3.252862 0.070226 -0.180105 

6 -2.472682 2.245948 0.354773 

1 -2.528154 3.312335 0.512413 

6 2.472792 2.245804 -0.354834 

1 2.528331 3.312192 -0.512447 

6 1.264920 1.587922 -0.102211 

6 -3.252872 0.070419 0.179970 

6 4.156900 -1.060795 -0.160633 

1 5.206883 -0.810722 -0.343962 

6 0.500152 4.415539 1.091182 

1 0.889542 3.869315 1.942031 

6 3.577189 1.389526 -0.396985 

1 4.591018 1.718270 -0.584834 

6 0.496906 5.803008 1.093269 

1 0.882470 6.340681 1.951181 

6 0.000222 6.500188 0.000075 

1 0.000264 7.583484 0.000095 

6 -0.496517 5.803091 -1.093148 

1 -0.882039 6.340831 -1.951038 

6 -4.156977 -1.060548 0.160501 

1 -5.206976 -0.810376 0.343602 

6 -0.499874 4.415623 -1.091117 

1 -0.889305 3.869463 -1.941989 

6 4.641580 -3.389536 0.076777 

6 -4.641782 -3.389290 -0.076717 

6 6.117084 -3.074959 -0.177296 

1 6.273593 -2.627983 -1.162104 

1 6.696513 -3.999023 -0.139813 

1 6.524932 -2.399884 0.579113 

6 -6.117289 -3.074591 0.177171 

1 -6.273864 -2.627486 1.161910 

1 -6.696771 -3.998625 0.139751 

1 -6.525024 -2.399585 -0.579360 

6 -4.125022 -4.351752 0.997445 

1 -3.070222 -4.571075 0.828231 
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1 -4.688628 -5.287469 0.977232 

1 -4.224620 -3.909171 1.990988 

6 -4.478944 -4.027787 -1.459874 

1 -5.050162 -4.956919 -1.522976 

1 -3.427622 -4.246036 -1.650725 

1 -4.832541 -3.350473 -2.240375 

6 4.478854 -4.027959 1.459985 

1 5.049971 -4.957154 1.523044 

1 3.427531 -4.246074 1.650977 

1 4.832634 -3.350658 2.240415 

6 4.124629 -4.352025 -0.997276 

1 4.224097 -3.909478 -1.990847 

1 3.069847 -4.571304 -0.827900 

1 4.688209 -5.287757 -0.977107 
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Cu2I2(L
NS

) 

Charge = 0 Multiplicity = 2 

16 1.238355 -1.461370 -0.998390 

16 1.238276 1.461382 0.099560 

7 -1.021166 -3.424731 0.051508 

7 -1.021280 3.424711 -0.051493 

6 2.970309 1.254225 -0.068128 

6 1.347306 -3.169055 0.137508 

6 0.162224 -3.953267 0.137209 

1 0.289146 -5.033621 0.204502 

6 2.970355 -1.254133 0.068062 

6 3.621915 0.000061 0.000010 

6 3.570865 -2.508790 0.279866 

1 4.637424 -2.619096 0.420057 

6 -2.192640 -4.341052 -0.035049 

6 0.162093 3.953282 -0.137231 

1 0.288986 5.033640 -0.204504 

6 2.667657 -3.567333 0.313075 

1 2.951003 -4.600411 0.476537 

6 -2.201643 -5.331144 1.130746 

1 -1.372294 -6.041275 1.083193 

1 -3.128441 -5.910023 1.115535 

1 -2.145526 -4.796684 2.082630 

6 5.110445 0.000079 0.000043 

6 3.570763 2.508892 -0.280052 

1 4.637316 2.619233 -0.420252 

6 5.820522 0.621427 1.030648 

1 5.273520 1.099688 1.836505 

6 7.907596 0.000089 0.000113 

1 8.992690 0.000094 0.000139 

6 -2.192781 4.340989 0.035132 

6 7.209652 0.620133 1.030893 

1 7.748176 1.100994 1.841054 

6 1.347189 3.169095 -0.137615 

6 5.820578 -0.621274 -1.030520 

1 5.273619 -1.099547 -1.836398 

6 -3.433937 -3.454237 0.033239 

1 -3.517808 -2.971301 1.009765 

1 -4.342253 -4.036922 -0.136433 

1 -3.373629 -2.680462 -0.736919 

6 -2.143847 -5.057889 -1.386682 

1 -2.107108 -4.328060 -2.199720 

1 -3.032919 -5.679874 -1.518202 

1 -1.264255 -5.702432 -1.465612 

6 7.209708 -0.619966 -1.030698 

1 7.748276 -1.100825 -1.840830 
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6 2.667520 3.567402 -0.313284 

1 2.950830 4.600486 -0.476766 

53 -1.974976 0.003250 2.083921 

53 -1.975011 -0.003294 -2.083903 

29 -1.437135 1.625776 -0.012790 

29 -1.437093 -1.625811 0.012802 

6 -3.434047 3.454122 -0.033038 

1 -3.517983 2.971169 -1.009549 

1 -4.342373 4.036769 0.136707 

1 -3.373637 2.680360 0.737125 

6 -2.201927 5.331064 -1.130677 

1 -1.372618 6.041247 -1.083198 

1 -3.128757 5.909889 -1.115406 

1 -2.145851 4.796593 -2.082557 

6 -2.143907 5.057849 1.386749 

1 -2.107076 4.328035 2.199796 

1 -3.032990 5.679805 1.518330 

1 -1.264330 5.702423 1.465597 
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L
NS

(BF4)2  

Charge = 2 Multiplicity = 2 

16 1.633853 -0.070322 0.212498 

16 -1.631109 -0.013149 -0.244567 

7 3.711476 -2.139731 0.143454 

7 -3.998686 -2.115476 -0.007950 

6 4.098091 -1.086899 -0.451038 

1 5.079748 -0.942376 -0.908275 

6 -0.027721 3.676983 -0.038975 

6 0.052041 2.226189 0.011848 

6 1.239696 1.571698 -0.301245 

6 3.168048 0.034365 -0.531423 

6 -1.151690 1.511383 0.431232 

6 2.316295 2.121873 -1.043132 

1 2.262154 3.098089 -1.507620 

6 -3.039760 -0.040877 0.756851 

6 3.386360 1.258376 -1.171791 

1 4.296165 1.480220 -1.715799 

6 -1.185057 4.313950 -0.533514 

1 -2.014133 3.719799 -0.901318 

6 -3.126415 1.069541 1.574071 

1 -3.930323 1.233709 2.282402 

6 -2.056678 1.959882 1.375584 

1 -1.929096 2.888094 1.917363 

6 -4.020834 -1.095390 0.728053 

1 -4.875109 -1.000749 1.414424 

6 -4.592993 -3.342666 -0.455379 

6 -1.240026 5.693840 -0.610710 

1 -2.118289 6.177985 -1.022584 

6 1.050450 4.466361 0.412490 

1 1.914647 3.990052 0.861609 

6 4.573773 -3.314609 0.300091 

6 -0.164407 6.462371 -0.161211 

1 -0.219116 7.544786 -0.208243 

6 0.973359 5.848192 0.359389 

1 1.793411 6.449731 0.735019 

6 4.692050 -3.531729 1.816157 

1 5.224641 -2.703245 2.290622 

1 5.248447 -4.451494 2.011281 

1 3.703821 -3.618588 2.272906 

6 -4.931897 -3.212144 -1.944290 

1 -5.613767 -2.379269 -2.127508 

1 -5.416922 -4.133815 -2.271302 

1 -4.027503 -3.075043 -2.540132 

6 5.958128 -3.184160 -0.332497 

1 5.902219 -3.029374 -1.414470 
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1 6.517032 -4.107327 -0.167530 

1 6.539863 -2.371868 0.113849 

6 -5.889126 -3.487860 0.400012 

1 -5.658906 -3.565285 1.464231 

1 -6.359895 -4.419588 0.077729 

1 -6.583724 -2.666414 0.214812 

6 3.799438 -4.478777 -0.333949 

1 2.806573 -4.568712 0.112504 

1 4.341438 -5.412867 -0.168803 

1 3.688220 -4.334569 -1.412155 

6 -3.620418 -4.492887 -0.173359 

1 -2.698708 -4.372909 -0.745952 

1 -4.091645 -5.428109 -0.481372 

1 -3.378919 -4.560931 0.889295 

1 -4.091645 -5.428109 -0.481372 

1 -3.378919 -4.560931 0.889295 
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K(THF)L
N4

 

Charge = 1 Multiplicity = 1 

9 -2.845088 -0.040965 2.357185 

9 -2.845489 0.043766 -2.355611 

9 -5.527973 -0.058405 2.350489 

9 -5.528382 0.026237 -2.349065 

9 -6.886705 -0.024978 0.000672 

7 0.680812 -1.519479 -0.002259 

7 0.662649 1.564483 0.005128 

7 3.216120 -3.039982 0.018141 

7 3.174888 3.098973 -0.002855 

6 0.799718 -2.834151 -0.022530 

6 2.063846 -3.562659 -0.019790 

1 1.926790 -4.655595 -0.055108 

6 0.765653 2.878724 0.020859 

6 -1.248187 0.011611 0.000997 

6 -1.410341 -2.499400 -0.038970 

1 -2.484380 -2.612133 -0.052051 

6 -0.478279 -3.496900 -0.047278 

6 -0.682595 1.289489 0.013549 

6 -2.748576 0.002032 0.000791 

6 2.023735 3.622844 0.017263 

1 1.879716 4.711704 0.033917 

6 -0.666025 -1.261599 -0.011895 

6 -0.520937 3.527283 0.040941 

1 -0.705777 4.592823 0.056483 

6 -3.472348 -0.024405 1.182023 

6 -1.441090 2.519755 0.035547 

1 -2.516383 2.620042 0.046873 

6 4.397090 -3.915574 0.007099 

6 -3.472554 0.018730 -1.180481 

6 4.386742 3.913184 -0.004353 

6 -4.856421 -0.033461 1.194898 

6 -4.856628 0.009753 -1.193434 

6 -5.550974 -0.016370 0.000711 

6 5.161490 3.517979 -1.266624 

1 5.292305 2.435695 -1.293515 

1 6.143255 4.000285 -1.289428 

1 4.607377 3.811337 -2.161374 

6 5.184708 3.488320 1.233605 

1 4.648394 3.762168 2.145225 

1 6.167663 3.968556 1.248537 

1 5.313925 2.405515 1.233561 

6 4.184791 5.432197 0.015416 

1 3.630069 5.777248 -0.860660 

1 5.157389 5.930067 0.011656 
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1 3.647587 5.756772 0.910018 

6 5.611301 -2.992146 0.114591 

1 5.613198 -2.284582 -0.716088 

1 6.546536 -3.560688 0.103774 

1 5.557296 -2.412702 1.037855 

6 4.469177 -4.699627 -1.308475 

1 3.627306 -5.388498 -1.406573 

1 5.393975 -5.281313 -1.362004 

1 4.442337 -4.010577 -2.155122 

6 4.385109 -4.877310 1.201509 

1 4.291945 -4.314539 2.132764 

1 5.311553 -5.457517 1.237582 

1 3.549756 -5.578309 1.144896 

1 -0.650837 -4.564414 -0.067139 
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KL
S
 

Charge = -1 Multiplicity = 1 

 16    -1.539142   -0.494841   -0.081883 

 16     1.539170   -0.494543    0.084419 

  6    -0.000289    1.839635    0.001123 

  6    -0.000395    3.321626    0.001172 

  6     1.271494    1.228841   -0.007773 

  6    -1.271874    1.228599    0.009782 

  6    -3.294551   -0.322072   -0.009922 

  6     2.511640    1.879765   -0.081599 

  1     2.603375    2.953776   -0.148102 

  6     3.294350   -0.321315    0.011499 

  6    -2.512218    1.879267    0.083202 

  1    -2.604198    2.953259    0.149691 

  6    -3.607686    1.025202    0.072771 

  1    -4.621442    1.387913    0.125591 

  6    -0.000479    6.138631    0.001334 

  9    -0.000519    7.474269    0.001407 

  6     0.377553    5.442641    1.133667 

  9     0.735711    6.114606    2.232963 

  6    -0.368598    4.059171   -1.119952 

  9    -0.725341    3.436954   -2.244208 

  6     3.607316    1.025861   -0.071680 

  1     4.621082    1.388596   -0.124971 

  6    -0.378473    5.442746   -1.131074 

  9    -0.736674    6.114812   -2.230291 

  6     0.367753    4.059071    1.122388 

  9     0.724546    3.436745    2.246567 

  6    -4.190554   -1.451276   -0.010550 

  6    -3.776017   -2.774193   -0.247344 

  9    -2.485277   -3.035132   -0.498347 

  6    -4.629372   -3.858446   -0.249822 

  9    -4.150442   -5.082344   -0.490520 

  6    -5.979294   -3.687884   -0.013908 

  9    -6.817375   -4.731196   -0.017805 

  6    -6.441296   -2.408033    0.225083 

  9    -7.742634   -2.210235    0.464778 

  6    -5.572956   -1.336725    0.227825 

  9    -6.123184   -0.138363    0.486278 

  6     4.190690   -1.450308    0.010448 

  6     3.778437   -2.772159    0.256605 

  9     2.489904   -3.032197    0.519352 

  6     4.632296   -3.856037    0.257357 

  9     4.155933   -5.079010    0.507632 

  6     5.980284   -3.685876    0.010292 

  9     6.818858   -4.728774    0.012596 

  6     6.439910   -2.406965   -0.238176 

  9     7.739206   -2.209843   -0.489221 

  6     5.571032   -1.336074   -0.239280 

  9     6.118235   -0.138690   -0.508250  
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L
S•

 

Charge = 0 Multiplicity = 2 

16    1.546714   -0.516513   -0.140650 

16    1.546650   -0.516635    0.140864 

 6    0.000089    1.818604   -0.000012 

 6    0.000157    3.307427   -0.000076 

 6    1.273225    1.202526    0.013522 

 6    1.273120    1.202643   -0.013491 

 6    3.275801   -0.315065   -0.086238 

 6    2.497614    1.868069   -0.046052 

 1    2.576016    2.942571   -0.117889 

 6    3.275789   -0.315393    0.086286 

 6    2.497439    1.868308    0.046033 

 1    2.575730    2.942822    0.117794 

 6    3.605552    1.020322    0.010774 

 1    4.622843    1.374992    0.054623 

 6    0.000294    6.106359   -0.000205 

 9    0.000359    7.432679   -0.000266 

 6    0.210823    5.413716    1.179349 

 9    0.410158    6.079942    2.312044 

 6    0.207508    4.030162   -1.166515 

 9    0.409019    3.389879   -2.316980 

 6    3.605637    1.019990   -0.010778 

 1    4.622936    1.374604   -0.054666 

 6    0.210302    5.413629   -1.179695 

 9    0.409571    6.079771   -2.312451 

 6    0.207894    4.030249    1.166295 

 9    0.409346    3.390052    2.316818 

 6    4.187659   -1.455617   -0.103846 

 6    3.845133   -2.692028   -0.656502 

 9    2.640021   -2.867645   -1.204089 

 6    4.706941   -3.771042   -0.675980 

 9    4.326156   -4.920445   -1.222424 

 6    5.971767   -3.650816   -0.131490 

 9    6.809651   -4.678242   -0.145641 

 6    6.352617   -2.445435    0.429379 

 9    7.561829   -2.318301    0.965833 

 6    5.473595   -1.380286    0.440584 

 9    5.900620   -0.253913    1.016971 

 6    4.187523   -1.456031    0.103906 

 6    3.844418   -2.692809    0.655422 

 9    2.638804   -2.868718    1.201827 

 6    4.706081   -3.771933    0.674938 

 9    4.324667   -4.921649    1.220284 

 6    5.971398   -3.651506    0.131641 

 9    6.809154   -4.679035    0.145839 

 6    6.352852   -2.445787   -0.428081 

 9    7.562546   -2.318406   -0.963389 

 6    5.473965   -1.380530   -0.439341 

 9    5.901689   -0.253853   -1.014627   
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L
O•

 

Charge = 0 Multiplicity = 2 

     1    1.936462    -1.386703    -1.626625 

     1    1.939440     1.385520     1.626340 

     1    4.401386    -1.392362    -1.629215 

     1    4.404354     1.388804     1.626417 

     1    5.648990    -0.002297    -0.002078 

     8    1.728404     1.331666     0.109318 

     8    1.727173    -1.332263    -0.110788 

     6    2.101472     2.627717    -0.044539 

     6    2.102921    -2.627246     0.044885 

     6    0.284603     0.000243     0.000269 

     6    0.101261     2.513797    -0.379649 

     1    1.124388     2.763496    -0.603704 

     6    1.014092     3.388433    -0.343869 

     6    0.375054    -1.247424     0.094604 

     6    1.764264    -0.000378    -0.000171 

     6    0.374674     1.247587    -0.093392 

     6    1.014907    -3.387381     0.348402 

     1    1.016719    -4.450212     0.530559 

     6    2.479055    -0.783944    -0.909009 

     6    0.099478    -2.513626     0.384408 

     1    1.122149    -2.763474     0.610819 

     6    2.480701     0.782275     0.908143 

     6    3.865512    -0.783985    -0.910312 

     6    3.867170     0.780977     0.908026 

     6    4.565708    -0.001809    -0.001512 

     1    1.017172     4.451589    -0.523219 

     6    3.547292    -2.923558    -0.137787 

     1    4.079573    -2.003637    -0.377134 

     1    3.708289    -3.635127    -0.950552 

     1    3.984448    -3.346600     0.769362 

     6    3.540717     2.926047     0.134529 

     1    3.722143     3.990203    -0.013142 

     1    4.147616     2.367076    -0.582249 

     1    3.876331     2.652153     1.138021  
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KL
NO

 

Charge = -1 Multiplicity = 1 

8     -0.424033   -1.314732    0.001186 

8     -0.486638    1.388723   -0.000386 

7      2.317432   -2.300188    0.246823 

7      2.191931    2.423582   -0.254995 

6     -1.754067   -1.207610   -0.266486 

6     -1.809279    1.227128    0.273256 

6     -1.078461   -3.268137   -0.854317 

6     -2.451697   -0.007663    0.005061 

6     -0.003528   -2.569369   -0.358792 

6      1.347687   -2.989719   -0.215537 

1      1.479335   -4.027368   -0.559560 

6      3.643190   -2.923936    0.314577 

6     -2.192817   -2.423442   -0.804742 

6     -2.297403    2.424562    0.801988 

1     -3.305127    2.596925    1.138412 

6     -0.119511    2.661951    0.344850 

6     -3.921656   -0.040755    0.002458 

6      1.224823    3.117671    0.196860 

1      1.342271    4.159213    0.524757 

6      3.546197    2.961592   -0.310798 

6     -4.638487   -1.086669    0.606972 

1     -4.085448   -1.877378    1.098100 

6     -1.218000    3.320220    0.837020 

1     -1.223470    4.339131    1.195911 

6      3.643083   -4.069483    1.335432 

1      3.302765   -3.701936    2.305848 

1      4.646185   -4.490887    1.453504 

1      2.970524   -4.872722    1.024945 

6     -4.683800    0.971648   -0.603656 

1     -4.166359    1.787568   -1.092281 

6     -6.756574   -0.106004   -0.002033 

1     -7.840280   -0.130956   -0.003850 

6      3.669347    4.485034   -0.179292 

1      3.072643    4.996193   -0.939566 

1      4.712663    4.782956   -0.310697 

1      3.348879    4.840323    0.802917 

6      4.103268   -3.439612   -1.056255 

1      3.468774   -4.252143   -1.416616 

1      5.130098   -3.813721   -1.004324 

1      4.064810   -2.630611   -1.788852 

6      4.336239    2.286301    0.817509 

1      3.956068    2.607950    1.790282 

1      5.400728    2.534721    0.758324 

1      4.215979    1.204994    0.754362 

6     -6.023472   -1.122089    0.600435 

1     -6.537044   -1.946298    1.084931 

6      4.606368   -1.831506    0.779754 

1      4.611875   -1.012655    0.058643 
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1      5.625653   -2.215743    0.889097 

1      4.272202   -1.425467    1.736061 

6     -6.068974    0.942943   -0.601898 

1     -6.618417    1.742738   -1.087962 

6      4.121644    2.525221   -1.662253 

1      4.018450    1.444559   -1.767967 

1      5.177883    2.798046   -1.751535 

1      3.568203    2.994869   -2.479067 

1     -3.193393   -2.635002   -1.139911 

1     -1.041355   -4.282643   -1.223797 
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L
NO•

 

Charge = 0 Multiplicity = 2 

8     0.404090   -1.360416    0.129217 

8     0.403967    1.360259   -0.129204 

7    -2.149339   -2.474179   -0.318824 

7    -2.149593    2.474044    0.318851 

6     1.708669   -1.152606    0.465274 

6     1.708531    1.152523   -0.465331 

6     1.046686   -3.076776    1.398672 

6     2.384205   -0.000007   -0.000026 

6     0.009734   -2.525591    0.689723 

6    -1.322652   -3.036288    0.455257 

1    -1.529862   -3.962605    1.000544 

6    -3.482049   -3.034936   -0.547898 

6     2.142611   -2.207175    1.254424 

6     2.142353    2.207083   -1.254560 

1     3.125215    2.305925   -1.683463 

6     0.009485    2.525354   -0.689747 

6     3.858668    0.000096   -0.000006 

6    -1.322858    3.036117   -0.455202 

1    -1.530016    3.962434   -1.000516 

6    -3.482273    3.034889    0.547923 

6     4.575825   -1.093340   -0.495790 

1     4.035366   -1.940680   -0.898424 

6     1.046368    3.076614   -1.398756 

1     1.008947    4.001491   -1.952259 

6    -3.573879   -3.298854   -2.054458 

1    -3.335941   -2.390014   -2.608168 

1    -4.580209   -3.626546   -2.326001 

1    -2.865140   -4.074440   -2.353344 

6     4.575654    1.093629    0.495815 

1     4.035060    1.940890    0.898431 

6     6.660682    0.000291    0.000050 

1     7.743901    0.000366    0.000071 

6    -3.803693    4.317761   -0.221477 

1    -3.125650    5.132773    0.043659 

1    -4.817041    4.641892    0.021718 

1    -3.757269    4.165533   -1.302650 

6    -3.803656   -4.317722    0.221584 

1    -3.125755   -5.132865   -0.043494 

1    -4.817052   -4.641702   -0.021608 

1    -3.757214   -4.165409    1.302743 

6    -4.474110    1.934932    0.159912 

1    -4.411425    1.720307   -0.909223 

1    -5.497378    2.239159    0.393042 

1    -4.243364    1.018248    0.701861 

6     5.961528   -1.091923   -0.496828 

1     6.498302   -1.944527   -0.895337 

6    -4.473817   -1.934886   -0.160010 

1    -4.411211   -1.720239    0.909128 
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1    -5.497094   -2.239024   -0.393218 

1    -4.242944   -1.018227   -0.701956 

6     5.961356    1.092406    0.496906 

1     6.497995    1.945083    0.895438 

6    -3.574165    3.298683    2.054486 

1    -3.336363    2.389769    2.608133 

1    -4.580491    3.626435    2.325988 

1    -2.865407    4.074188    2.353530 

1     3.125492   -2.305987    1.683289 

1     1.009397   -4.001666    1.952162 
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K2L
S4

 

Charge = 2 Multiplicity = 1 

16             0.398409    1.786244    0.216563 

16             2.096555   -0.385957   -0.986939 

 6             2.074364   -3.090887   -0.245413 

 6             4.368065    2.886796    0.004701 

 6             5.510746    2.626657   -0.776907 

 1             5.462711    1.822525   -1.503503 

 6             1.876686    2.710860   -0.047041 

 6             0.162462    4.338476    0.079933 

 1            -0.237374    5.345421    0.070911 

 6             2.884120   -4.308095   -0.020639 

 6             3.148877    2.074952   -0.138722 

 6             1.523837    4.071922   -0.087628 

 1             2.253579    4.856560   -0.251506 

 6            -0.656883    3.199939    0.215807 

 6             3.318718    0.662558   -0.276417 

 6             6.747931    4.413816    0.283764 

 1             7.657272    4.998987    0.389832 

 6             3.986619   -4.599469   -0.841761 

 1             4.212872   -3.918644   -1.655876 

 6             4.466829    3.937700    0.937017 

 1             3.614516    4.145835    1.573833 

 6             6.674654    3.371145   -0.640323 

 1             7.531925    3.140906   -1.268694 

 6             5.629454    4.685917    1.071317 

 1             5.666931    5.483012    1.810245 

 6             2.797798   -1.868289   -0.354015 

 6             4.066284   -1.538674    0.165286 

 1             4.712045   -2.281730    0.620021 

 6             4.343330   -0.170697    0.209455 

 1             5.225365    0.231776    0.695964 

 6             2.619777   -5.198962    1.033187 

 1             1.792424   -4.981869    1.699476 

 6             4.776622   -5.722565   -0.629413 

 1             5.619042   -5.917323   -1.288711 

 6             4.490937   -6.600870    0.415233 

 1             5.105920   -7.481056    0.581856 

 6             3.405576   -6.325833    1.245611 

 1             3.175737   -6.988368    2.076551 

16            -0.398411   -1.786245   -0.216576 

16            -2.096556    0.385957    0.986933 

 6            -2.074363    3.090889    0.245409 

 6            -4.368065   -2.886798   -0.004700 

 6            -5.510747   -2.626652    0.776905 

 1            -5.462712   -1.822513    1.503494 

 6            -1.876686   -2.710862    0.047036 

 6            -0.162460   -4.338476   -0.079930 

 1             0.237379   -5.345420   -0.070902 

 6            -2.884119    4.308097    0.020642 
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 6            -3.148877   -2.074954    0.138717 

 6            -1.523835   -4.071923    0.087631 

 1            -2.253575   -4.856561    0.251516 

 6             0.656883   -3.199939   -0.215812 

 6            -3.318717   -0.662558    0.276408 

 6            -6.747933   -4.413819   -0.283751 

 1            -7.657274   -4.998990   -0.389814 

 6            -3.986622    4.599463    0.841761 

 1            -4.212877    3.918631    1.655870 

 6            -4.466830   -3.937710   -0.937007 

 1            -3.614517   -4.145851   -1.573821 

 6            -6.674655   -3.371139    0.640327 

 1            -7.531926   -3.140895    1.268695 

 6            -5.629455   -4.685927   -1.071301 

 1            -5.666932   -5.483029   -1.810222 

 6            -2.797797    1.868289    0.354006 

 6            -4.066280    1.538674   -0.165300 

 1            -4.712039    2.281730   -0.620038 

 6            -4.343326    0.170696   -0.209469 

 1            -5.225359   -0.231778   -0.695981 

 6            -2.619774    5.198973   -1.033176 

 1            -1.792420    4.981887   -1.699465 

 6            -4.776627    5.722559    0.629421 

 1            -5.619049    5.917311    1.288717 

 6            -4.490939    6.600874   -0.415217 

 1            -5.105922    7.481061   -0.581836 

 6            -3.405575    6.325845   -1.245594 

 1            -3.175733    6.988387   -2.076527 
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L
S4

 

Charge = 0 Multiplicity = 1 

16             -2.379160   -0.001161   -0.647342 

16              2.377361    0.001162   -0.647099 

16              0.001061   -1.934568    0.655182 

16             -0.001112    1.934530    0.654999 

 6             -2.590061   -2.670304    0.153264 

 6             -3.698036   -3.619719   -0.080418 

 6              2.593017   -2.667638    0.152876 

 6              2.590139    2.670264    0.152763 

 6             -3.701942    3.616023   -0.080308 

 6             -3.680526   -4.911857    0.459188 

 1             -2.852035   -5.213325    1.091148 

 6             -0.676267    4.273184   -0.338124 

 1             -1.277526    5.081907   -0.732626 

 6             -4.818282    3.221276   -0.829351 

 1             -4.855690    2.214727   -1.232724 

 6             -0.671747   -4.273855   -0.337988 

 1             -1.272215   -5.083151   -0.732520 

 6              0.676315   -4.273112   -0.338078 

 1              1.277631   -5.081753   -0.732674 

 6              0.671798    4.273750   -0.338286 

 1              1.272270    5.082986   -0.732935 

 6             -2.928736   -1.255074    0.421873 

 6              4.814460    3.227050   -0.830349 

 1              4.852803    2.220860   -1.234528 

 6             -1.280564   -3.037583    0.134094 

 6              2.930617   -1.252112    0.420887 

 6             -4.735348    5.789865    0.226444 

 1             -4.706563    6.784831    0.659258 

 6             -3.685797    4.908110    0.459463 

 1             -2.857634    5.210362    1.091480 

 6              1.283855   -3.036175    0.133908 

 6              3.697965    3.619980   -0.080575 

 6             -2.592968    2.667740    0.153317 

 6              3.680633    4.911596    0.460272 

 1              2.852397    5.212420    1.092872 

 6              3.701801   -3.616246   -0.080438 

 6              4.817919   -3.222218   -0.830200 

 1              4.855260   -2.215978   -1.234351 

 6             -2.930134    1.252160    0.421886 

 6             -4.729161   -5.794677    0.226100 

 1             -4.699309   -6.789664    0.658791 

 6              1.280600    3.037454    0.133747 

 6             -5.826035    5.393819   -0.541261 

 1             -6.646589    6.080827   -0.720551 

 6             -4.814822   -3.226054   -0.829377 

 1             -4.853293   -2.219490   -1.232614 

 6              5.864109   -4.104261   -1.064475 

 1              6.714736   -3.783105   -1.657127 
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 6             -1.283854    3.036336    0.134040 

 6              3.582377   -0.710368    1.496540 

 1              4.000212   -1.316535    2.291562 

 6              5.819942    5.400462   -0.540893 

 1              6.639679    6.088506   -0.719938 

 6              4.735063   -5.789972    0.227631 

 1              4.706311   -6.784597    0.661229 

 6              3.685688   -4.907919    0.460319 

 1              2.857702   -5.209573    1.092853 

 6              4.729128    5.794690    0.227570 

 1              4.699429    6.789266    0.661220 

 6             -3.578690   -0.714074    1.498941 

 1             -3.994080   -1.320712    2.294882 

 6              5.859782    4.110130   -1.064622 

 1              6.710700    3.789802   -1.657302 

 6              2.929217    1.255104    0.420865 

 6             -3.579428    0.710416    1.498975 

 1             -3.995450    1.316588    2.294945 

 6              5.825516   -5.394649   -0.540772 

 1              6.645936   -6.081881   -0.719822 

 6             -5.820292   -5.399683   -0.541516 

 1             -6.640138   -6.087523   -0.720861 

 6              3.581576    0.714095    1.496520 

 1              3.998723    1.320740    2.291541 

 6             -5.860290   -4.108859   -1.064024 

 1             -6.711453   -3.787933   -1.656029 

 6             -5.864663    4.103022   -1.063929 

 1             -6.715467    3.781273   -1.656004  
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