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1.1 Introduction 

The combination of an ever-increasing human population and the finite fossil resources poses a huge 

threat to our modern-day world. In order to attain a sustainable way of living there is a need to 

develop new and more efficient technologies for the use of our renewable and fossil resources. The 

majority of chemical processes that facilitate our daily lives – producing polymers, drugs, fuels for 

transportation and energy etc. – employ a catalyst to speed up reactions, lower the reaction 

temperature, increase the overall selectivity or to access new reaction pathways. Hence, a vast amount 

of scientific research is being performed in both industry and academia to both improve existing 

catalysts and to create new catalysts for unprecedented chemical transformations. The generation of 

new knowledge, concepts and understanding through fundamental research is essential in this pursuit, 

for without it, many of the things we take for granted would not have been invented.  

Many homogeneous and heterogeneous catalyst systems contain one or more transition metals. The 

widespread employment of these metals as catalysts is ascribed to their accessible d-orbitals to 

activate chemical bonds, and the ability to undergo metal-based oxidation state changes to facilitate 

desirable chemical transformations. For example, the ability of palladium (Pd) to undergo two-

electron changes (Pd0/PdII or PdII/PdIV) has resulted in the widespread implementation of Pd-catalyzed 

cross-coupling reactions.1 On the other hand, the lack of d-electrons, required to facilitate β-H 

elimination, in TiIV, ZrIV and HfIV complexes make these species highly useful as alkene 

polymerization catalysts.2 Generally speaking, catalytic processes can be differentiated into reductive, 

oxidative or redox-neutral processes. Many (industrially relevant) reactions, even when formally 

redox-neutral, involve two-electron redox-steps and are most commonly linked to 2nd and 3rd row 

(noble) transition metals. Base metals (1st row transition metals) generally prefer to undergo one-

electron redox-events. Although there is a great interest in the use of abundant, cheap and non-toxic 

materials, controlled (‘metal-mediated’) odd-electron pathways are still underexplored. Moreover, the 

development of novel types of reactivity – which could facilitate or significantly shorten the synthesis 

of highly desired molecules – continues to spark interest. Redox-active ligands have shown to be able 

to do both by working in synergy with the metal and thereby expanding upon a metal’s “common” 

reactivity.3  

 

1.2 Redox-active ligands 

When a regular spectator, or “redox-inactive”, ligand is coordinated to a metal, the energy required for 

oxidation or reduction of the ligand is much bigger than that needed to change the oxidation state of 

the metal. As a consequence, the changes in electronic structure required for bond-making or -
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breaking occur at the metal and not at the coordinated ligands (Figure 1, top). Redox-active ligands 

have more energetically accessible levels for reduction and/or oxidation.4 As a result, either solely 

ligand-centered redox processes can occur, with the metal center remaining in the same oxidation 

state (Figure 1, bottom) or both the ligand and metal change oxidation state in a synergistic fashion, 

creating ambiguity about the electronic state of both metal and ligand.  

 

 

Figure 1. Top: “Traditional” unreactive ligand in an oxidative addition reaction where the metal changes oxidation state. 

Bottom: Redox-active ligand functioning as an electron reservoir in an oxidative addition reaction thereby keeping the metal 

in the same oxidation state. 

 

Nature employs this feature in various metalloenzymes wherein the active site contains a redox-active 

ligand that works in synergy with a metal ion.5 This allows multi-electron reactions to be broken 

down into smaller steps, avoiding high overpotentials.3d An example is the metalloenzyme Galactose 

Oxidase, which couples the reduction of O2 to H2O2 with the oxidation of primary alcohols to 

aldehydes (Scheme 1).6 Interestingly, it does so utilizing an unusual redox-active tyrosinate (Y272) 

that is covalently bound to a cysteine (C228). To activate the enzyme, a one-electron oxidation is 

required, which does not occur on the CuII center but on the redox-active tyrosinate to form a ligand-

centered radical that is stabilized by a nearby tryptophane. Cooperative deprotonation of the alcohol 

by a different tyrosine (Y495) residue brings the alcoholate in proximity of the ligand-centered 

radical, enabling a proton-coupled electron transfer (PCET), resulting in effective substrate oxidation. 

Loss of aldehyde produces the reduced CuI form of the metalloenzyme, which upon PCET reaction 

with O2 and H2O forms hydrogen peroxide to complete the catalytic cycle. 
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Scheme 1. Proposed mechanism for the two-electron oxidation of primary alcohols to aldehydes, showing the involvement 

of the CuII-tyrosyl radical by intramolecular proton-coupled electron transfer (PCET).  

Chemists have identified the principles of redox-active ligands several decades ago but until recently 

these entities were mainly considered as spectroscopic curiosities. The assignment of formal metal 

oxidation states, as a result of the ability of the ligand to undergo redox-changes, often proved 

difficult, resulting in the classification of these ligands as “noninnocent”, as they can be “guilty” of 

hiding their formal charge, thereby creating ambiguity towards metal and ligand oxidation states.7 A 

seminal example involving noninnocent dithiolene ligands is depicted in Scheme 2, showing how 

three different metal and ligand oxidation state combinations can yield an isostructural neutral 

species. The combined efforts of three research groups throughout the 1960s resulted in a more 

detailed understanding of these interesting ligands. Moreover, it showed that the central resonance 

structure with two one-electron reduced dithiolene ligands is the best description for the nickel 

complex.8 The comprehensiveness of the work also illustrated that assigning formal oxidation states 

with noninnocent ligands is not a trivial task. It certainly was not free of controversy, which also 

applies to the current-day situation. Milstein, Neidig and coworkers recently showed that one should 

be weary to assign formal oxidation states solely based on (X-ray) structural data, as π-backbonding 

can also result in significant structural deformations.9 On the other hand, one can argue that 

noninnocent ligands can take part in π-backbonding or π-donation to the extent that they actually 

accept or donate one or two electrons. In that sense alkenes and alkynes, which according to the 

Dewar-Chatt-Duncanson model10 can coordinate as either a neutral or dianionic ligand depending on 

the extent of π-backbonding, are also noninnocent, as there is ambiguity regarding the formal 

oxidation states. Moreover, the term noninnocent might be more suitable for these type of ligands (as 

well as for e.g. H2, N2 and NO) as the electronic structure is often found to be an intermediate case of 

two formal oxidation states. Moreover, for several ligands that were initially labeled as noninnocent, 

experimental techniques capable of pinpointing a formal oxidation state have been developed and 

validated. The more recent term “redox-active” is coined for ligands that can undergo well-defined 



Expanding Metal Reactivity by the use of Redox-Active Ligands – General Introduction 
 

5 
 

(unambiguous) redox changes when coordinated to a metal or upon changes in the coordination 

environment. As formal ligand and metal oxidation states can clearly be assigned, there is no longer 

ambiguity about them making them “innocent”.11 Throughout the literature the non-equivalent terms 

“noninnocent”12 and “redox-active” are used interchangeably. However, throughout this thesis the 

term “redox-active” will be used because in most cases there is no ambiguity regarding the formal 

oxidation states of the metal or ligands, for which the term noninnocent was originally coined.13  

 

 

 

Scheme 2. Three possible resonance structures of a homoleptic dithiolene Ni complex, illustrating noninnocent behavior. 

The true potential of redox-active ligands extends well-beyond the mere identification of non-trivial 

electronic structure configurations. These ligands can expand metal reactivity in several ways (Figure 

2) by A) acting as an electron reservoir, B) modifying the Lewis acidity of the metal, C) generating 

reactive ligand-centered radicals14 that are involved in bond-making and -breaking or D) transferring a 

single electron to the substrate, which in turn may act as redox-active moiety.  
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Figure 2. Different ways of how a redox-active ligand can expand the reactivity of a metal center. A) functioning as an 

electron reservoir; B) enhancing the Lewis acidity/basicity upon oxidation or reduction; C) generation of an reactive ligand 

radical involved in bond-making and -breaking reactions; D) generation of a reactive substrate-centered radical.  
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1.3 Redox-Active Ligands as Electron Reservoir 

Early Transition metals 

For a metal to be able to undergo β-hydrogen elimination, a vacant site must be accessible and the 

metal should possess available d-electrons. Early transition metals are often encountered as 

completely oxidized (high-valent) metal ions with a d0 configuration. This explains the abundance of 

polymerization catalysts based on these high-valent early transition metals, as β-hydrogen elimination 

is a common termination pathway in polymerization mechanisms. However, the d0 situation also 

limits the application of high-valent group 3-5 metals in selective bond functionalization reactions. 

Oxidative addition is, traditionally, thought to be impossible for d0 metal ions. Redox-active ligands 

are powerful tools to confer new reactivity onto early transition metal complexes, provided that the 

redox-properties can be tuned to accommodate electron transfer to or from the ligand scaffold. 

An early example of this chemistry was reported by the group of Heyduk, who described a reaction 

between a (d0) ZrIV complex (1) and molecular chlorine, which resulted in oxidative addition to yield 

the ZrIV dichlorido-derivative (2, Scheme 3).15 The presence of two redox-active NO-ligands in the 

amidophenolate (AP) oxidation state proved essential for the reactivity of 1. Upon interaction of the 

Zr-species with Cl2, both redox-active ligands are oxidized to the iminosemiquinonato (ISQ) 

oxidation state, thereby donating one electron in order to facilitate homolytic activation of Cl2. The 

change in ligand oxidation state was supported by UV-vis and EPR spectroscopy and by comparison 

of the metric parameters of 1 and 2 obtained from X-ray diffraction. Variable temperature magnetic 

susceptibility measurements showed that the effective magnetic moment of 2 approaches zero at low 

temperatures, indicative of a singlet (S = 0) diradical ground state, with anti-ferromagnetic coupling 

between the two ligand radicals. This reaction is an important proof-of-principle that redox-active 

ligands can act as an electron reservoir to enable reactions that were previously thought to be 

impossible. The same group also showed that aminophenol-based ligands are also capable of 

facilitating a formal reductive elimination of a C-C bond on a metal center while retaining a formal d0 

electron count.16 

 

 

Scheme 3. Ligand-facilitated oxidative addition of molecular chlorine to a zirconium(IV) bis-amidophenolate complex. 

Expanding on this work with early transition metals, tridentate redox-active o-phenylenediamine-

based NNN ligands bearing an additional donor were found to facilitate catalytic nitrene transfer of 
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organoazides to isocyanides to afford carbodiimides (Scheme 4).17,18 Complex 3 reacted with one 

equivalent of the azide 4-tBuC6H4N3 (p-tert-butylphenyl azide) to produce 4-tBuC6H4N=C=NtBu with 

expulsion of dinitrogen. Mechanistic investigations led to the proposed mechanism depicted in 

Scheme 4. Initial dissociation of isonitrile from complex 3 creates five-coordinate species 4, which 

reacts with the organoazide to form imido complex 5 with release of N2. In this step the redox-active 

NNN ligand is oxidized by two electrons from the o-phenylenediamido to the o-diiminoquinone 

oxidation state. The nitrene group acts as nucleophile toward the electrophilic carbon of the 

coordinated isocyanide substrate, forming species 6 with a three-membered Zr-C-N metalacycle. 

Formal reductive elimination of the C=N bond facilitated by two-electron reduction of the NNN 

ligand to the o-phenylenediamido oxidation state produces complex 7. Reaction with isonitrile 

releases the carbodiimide product and regenerates complex 4. With aryl azides, the reaction was 

halted after two turnovers, but employing alkyl azides such as AdN3 (Ad = 1-adamantyl) or tBuN3 as 

substrates with a catalyst loading of 10 mol% provided full conversion after 2 hours at 55 °C. 

 

 

Scheme 4. Catalytic nitrene transfer by Zr complex employing a redox-active NNN ligand, yielding carbodiimide 4-

tBuC6H4N=C=NtBu. 
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Recently, a detailed DFT computational study regarding the mechanism of this nitrogen group-

transfer reaction was reported by the Baik group.19 This study nicely supports the mechanism 

proposed by Heyduk, as electron transfer from the NNN ligand to the azido substrate was found to be 

energetically favored over the classic metal-to-substrate electron transfer pathway. However, the 

calculated pathway to convert 4 into imido species 5 involves several intermediates. Initial 

coordination of intact azide is followed by two consecutive, non-concerted ligand-to-substrate single-

electron transfer steps. The first ligand-to-substrate electron transfer (concomitant with oxidation of 

the NNN ligand from the o-phenylenediamido to the o-diiminosemiquinonato state) generates a one-

electron reduced azido fragment that binds side-on via the - and -nitrogen atoms. N2 loss is realized 

only upon oxidation of the ligand from the o-diiminosemiquinonato to the o-diiminoquinone state, 

which forms 5. Additionally, release of dinitrogen initially generates a stereoisomer of 5 with the 

nitrene bound trans to the isocyanide, which prevents the subsequent intramolecular nucleophilic 

attack. Hence, the isocyanide needs to dissociate and recoordinate in a position cis to the imido unit 

for productive nitrogen group-transfer and C-N bond formation to occur. The bonding situation of the 

Zr-N fragment prior to this step is best described as an imido unit, although the N-transfer is denoted 

as nitrene group transfer.  

Late Transition metals  

Late transition metals, especially the 2nd and 3rd row elements, have a well-established role in catalysis 

due to their ease of two-electron oxidation state changes. Many catalytic processes include elementary 

steps such as oxidative addition or reductive elimination, which proceed via two-electron steps and 

require accessible Mn+ and M(n+2)+ oxidation states. The first-row (base) metals do not necessarily 

allow the same transformations and often preferentially undergo single-electron changes (e.g. FeII/FeIII 

couple). The combined action of a redox-active ligand and a base metal may allow to mimic the 

prolific chemistry exhibited by noble metals in two-electron transfer processes without the 

requirement to access high-energy redox-states. Alternatively, 2nd and 3rd row-transition metals in 

high oxidation states may lack redox-equivalents that can be compensated for by the presence of a 

redox-active ligand.  

An example from the group of Chirik where a redox active-ligand is used as an electron reservoir is 

depicted in Scheme 5.20 Complex 8 has an interesting electronic structure as it is best described as a 

neutral FeII complex (SFe = 1) antiferromagnetically coupled to a bis(imino)pyridine triplet dianion.21 

Moreover, it is used as a precatalyst for a variety of reactions22, e.g. [2+2] cycloaddition of alkenes,23 

hydrogenations,24 ethylene oligomerization25 and hydrosilylation.26 In many of these reactions the 

bis(imino)pyridine scaffold was proposed to function as a one- or two-electron reservoir. The 

formation of σ-complexes with H2 or silanes prevented an accurate description of the electronic 

configuration changes during oxidative addition. Therefore, the group explored the stoichiometric 

oxidative addition of biphenylene (9), which due to the thermodynamic driving force of forming two 
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metal-aryl bonds forms a stable product allowing for detailed analysis. An extensive study involving 

X-ray diffraction, NMR spectroscopy, X-ray absorption and emission spectroscopy, SQUID 

magnetometry, Mossbauer spectroscopy and DFT calculations allowed for the identification of the 

electronic structure of complex 10 as an FeIII complex with a bis(imino)pyridine radical anion. The 

exciting feature of this process is that the metal center and redox-active ligand work in a synergistic 

fashion to facilitate the overall two-electron oxidative addition of biphenylene by each donating one 

electron.  

 

.  

Scheme 5. Oxidative addition of biphenylene to an iron complex where the redox-active ligand and metal work in synergy 

by each donating one electron. 

 

The group of Heyduk recently showed that reductive elimination of disulfides from an FeIII complex 

could be performed without changes in the metal oxidation state by using a redox-active ONO ligand 

(Scheme 6).27 Interestingly, the only way to avoid the formation of homoleptic Fe(ONO)2 complexes 

was to first oxidize the ONO ligand to the o-iminobenzoquinone (IBQ) oxidation state. Reacting the 

potassium salt of the ONOIBQ ligand (11) with FeCl(N(SiMe3)2)(THF) resulted in the formation of 

complex 12. Upon coordination to Fe no ligand redox processes occur, as the crystal structure 

obtained for this species showed characteristic metric parameters for the IBQ oxidation state. EPR 

and Mössbauer spectroscopy showed the complex to be a high-spin S = 5/2 FeIII species. A reaction of 

complex 12 with tert-butylthiol in the presence of three equivalents of pyridine resulted in the 

formation of di-tert-butyldisulfide and the formation of complex 13 featuring a two-electron reduced 

ligand. These observations suggest that the Fe(ONO) platform can promote reductive elimination of 

disulfide without changing the metal oxidation state. The authors were unable to isolate or observe the 

disulfide intermediate. Three possible mechanisms were proposed for the disulfide formation: i) a 

thiol-thiolate coupling, ii) a bimetallic pathway and iii) ligand-assisted reductive elimination. 

Mechanistic investigations, which are lacking to date, could further aid the design of catalyst systems 

using an abundant metal such as iron in combination with redox-active ligands. 
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Scheme 6. Redox-active ligand facilitated reductive elimination of a disulfide from Fe(III). 

Group 10 metals (Ni, Pd) are commonly applied for cross-coupling reactions, as they relatively easily 

facilitate two-electron transfer by virtue of M0-MII redox cycles. Cobalt is a less obvious choice for 

this type of chemistry, but a combination of metal and ligand based redox or even a ligand-only 

strategy to enable two-electron transfer could provide entry into such cross-coupling chemistry. In 

2010, Soper et al. reported a square planar CoIII complex able to catalyze a Negishi-like cross-

coupling of alkyl halides with organozinc reagents (Scheme 7).28 The starting CoIII complex (14) has 

two coordinated o-aminophenol derived ligands in the AP oxidation state. Because cobalt is a first-

row transition metal, it is mostly associated with single-electron radical reactions. However, complex 

14 reacts as a nucleophile toward an alkylhalide, quantitatively affording the square pyramidal ethyl 

complex 15. The electrons needed for this oxidative addition are provided by the two NO ligands, 

which are both oxidized to the ISQ oxidation state. Upon treatment of complex 15 with organozinc 

bromide compounds, e.g. PhZnBr, complex 14 is regenerated and C–C bond-formation is observed. 

Although these stoichiometric reactions establish a hypothetical catalytic cycle, data on the 

application of 14 as catalyst for cross-coupling is not reported to date. 

 

Scheme 7. Negishi-like cross-coupling of alkyl halides with organozinc reagents by a bis-amidophenolato CoIII complex. 

Recently, Sarkar et al. reported a four-coordinate cobalt species capable of electrocatalytic C–C bond 

formation (Scheme 8).29 The CoII center has two o-phenylenediamide-derived ligands coordinated in 

their ISQ oxidation state. Cyclic voltammetry showed two fully reversible one-electron reduction 

waves in THF (E½ = -1.23 V and -2.10 V vs. Fc/Fc+), while the cyclic voltammogram in CH2Cl2 

showed the onset of a catalytic current at the potential for the second reduction (onset at -2.1 V vs. 

Fc/Fc+). This stimulated investigations into the electrocatalytic activation of carbon-halogen bonds, 

with the conversion of benzyl bromide into 1,2-diphenylethane chosen as proof-of-principle. The 
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addition of two equivalents of benzyl bromide to in situ generated complex 47 resulted in the 

formation of 1,2-diphenylethane. The proposed mechanism starts with nucleophilic attack of complex 

16 on benzyl bromide, accommodated by ligand oxidation to the ISQ oxidation state to form 17, 

analogous to the work of Soper (Scheme 8). The authors do not speculate on possible pathways for 

the actual C-C bond forming step. A bimolecular process could be envisioned, resulting in ligand 

mixed-valent species 18 which can undergo reduction to regenerate complex 16. 

 

 

 

Scheme 8. Electrocatalytic coupling towards 1,2-diphenylethane by a bis-phenylenediamine Co(II) complex. 

 

 

1.4 Beyond Electron Reservoirs 

Although the major use of redox-active ligands to date is to act as one- or two-electron reservoir for 

reactivity at a metal center, these reactive organic frameworks exhibit additional unique properties of 

relevance for stoichiometric and catalytic applications. A prime example that shows great potential is the 

ability to stabilize or generate substrate-centered radicals in the coordination sphere of a (transition) 

metal. This enables controlled odd-electron (radical-type) reactivity upon metals commonly not disposed 

for one-electron redox-chemistry (e.g. most noble metals). This new avenue in the field of redox-active 
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ligand-assisted chemistry demonstrates that scientists have yet to discover its full potential. The ability to 

change the Lewis-acidity or -basicity of a metal center by changing the ligand oxidation state is another 

example of how redox-active ligands can enlarge the reactivity window relevant to the field of redox-

switchable catalysis. Moreover, redox-active ligands can also show cooperative behavior, meaning that 

these entities may show chemoresponsive behavior and actively take part in bond-making and -breaking 

processes.  

 

Ligand-centered cooperative reactivity 

Bioinspired metal-ligand bifunctional activation of substrates and cooperative catalysis using ‘reactive 

ligands’ have attracted much attention in the last decade. A plethora of ligand motifs has been 

developed to facilitate a wide variety of bond activation processes.30 The following examples show 

that redox-active ligands can also actively partake in selective bond making and -breaking via direct 

chemical interaction with substrates. 

Wieghardt and coworkers reported the first examples of redox-active ligands acting as 

chemoresponsive frameworks for bond activation, using CuII and ZnII complexes with a tetradentate 

redox-active ligand.31 Inspired by the copper-containing metalloenzyme Galactose Oxidase, which 

catalyzes the oxidation of primary alcohols to aldehydes by means of a (thioether-modified) tyrosyl 

radical (Scheme 1), two catalyst systems were developed that could effectively perform the same 

reaction as the metalloenzyme (Scheme 9). The ONNO ligand was initially coordinated as the two-

electron oxidized dianion to both metals, forming diamagnetic square planar species. Cyclic 

voltammetry showed two successive reversible single-electron oxidation steps (for Cu: -0.06 V and 

0.41 V; for Zn: 0.03 V and 0.37 V vs. Fc/Fc+) and also two successive reversible single-electron 

reduction steps (for Cu: -0.66 V and -1.42 V; for Zn: -0.64 V and -1.29 V vs. Fc/Fc+), indicating that 

five different ligand-centered oxidation states are accessible for both complexes. It was found that 

under anaerobic conditions the one-electron oxidized species 19 converted primary alcohols in a 

stoichiometric fashion to afford the corresponding aldehydes and the single-electron reduced, doubly 

protonated complex 22. In the presence of dioxygen, complex 19 is rapidly regenerated with 

concomitant formation of one equivalent of H2O2, which closes the catalytic cycle. The reaction was 

performed with low catalyst loadings under ambient conditions. The copper complex showed superior 

reactivity (TOF ~0.03 s-1) over the Zn complex (TOF = 0.002 s-1), reaching approx. 5000 turnovers 

within 50 hours. The initial (pre-equilibrium) step is proton-transfer from the alcohol to the phenoxide 

of the ONNO ligand with coordination of the generated alkoxide to the metal center to form 20. 

Isotopic labelling suggested that subsequent transfer of a -hydrogen (H-atom abstraction) from the 

alkoxide by the quinone oxygen of the ONNO ligand to form 21 is the rate determining step in both 

cases.  
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Scheme 9. Proposed mechanism for catalytic oxidation of primary alcohols by dioxygen. 

 

A related bioinspired approach to alcohol oxidation has been reported by Grützmacher and 

coworkers.32 However, instead of copper, their system contains iridium with a redox-active 

“trop2dach” ligand (Scheme 10) and employs reactive ligand-based aminyl radicals to perform the 

oxidation of primary alcohols. The proposed mechanism starts with deprotonation of complex 23 by a 

strong base to form anionic intermediate 24. A one-electron oxidation by p-benzoquinone forms the 

radical intermediate 25, which upon a reaction with an alcoholate produces 26. The aminyl radical, 

which is in close proximity to the β-H atoms of the alcoholate ligand, then facilitates an H-atom 

transfer forming 27, similar to the system of Wieghardt and the enzyme Galactose Oxidase. Oxidation 

by the semiquinonato anion results in the formation of the aldehyde and regenerates complex 23 to 

complete the catalytic cycle. 	



Chapter 1 

14 
 

 

Scheme 10. Proposed mechanism for catalytic oxidation of primary alcohols by an iridium complex with a redox-active 

ligand. 

 

Tanaka and coworkers later reported a ruthenium-based system for the electrocatalytic oxidation of 

alcohols (methanol, ethanol and 2-propanol) where the oxidation is proposed to occur via a concerted 

outer-sphere mechanism.33 The ruthenium precursor complex 28 contains a terpyridine, a redox-active 

quinone and an NH3 ligand (Scheme 11). Upon deprotonation of this species in water, an 

intramolecular electron transfer from the amide to the quinone ligand forms aminyl radical complex 

29. Subsequent one-electron oxidation results in either RuIII diradical 30 or RuII monoradical 31. The 

reaction with the alcohol likely proceeds via simultaneous H-atom abstraction by the aminyl radical 

and single-electron oxidation of quinone 32 to generate the oxidized analogue of the alcohol and 33. 

The resulting complex can be oxidized by one electron to yield the starting compound. This pathway 

is based on earlier work describing the generation of such diradical-containing RuII complexes.34 

Recently reported DFT calculations, however, indicate that the H-atom abstraction step more likely 

occurs at complex 29.35 
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Scheme 11. Electrocatalytic oxidation of short-chain alcohols (methanol shown here) by a Ru complex employing a redox-

active iminosemiquinonato ligand. 

 

Production of substrate-centered radicals  

Fine-tuning of the orbital energies within a metal complex makes it possible to generate ligand-

centered radicals by delocalization of an unpaired electron over the organic framework as described in 

the previous section. For metals that bear one (or more) unpaired d-electron, such as CoII d7 or high-

spin FeII (d6), intramolecular single-electron transfer from the “metalloradical” to a redox-active 

metal-bound substrate may occur to generate a reactive substrate-centered radical. This concept is 

nicely illustrated by the CoII(porphyrin)-catalyzed carbene and nitrene transfer reactions to form 

cyclopropanes and aziridines, respectively (Scheme 12).36 The essential step that facilitates these 

transformations is the intramolecular single-electron transfer from a CoII center to a bound carbene or 

nitrene, which are formed upon reaction with a diazo-compound or azide, respectively. In this process 

the metal center is oxidized to CoIII and a reactive carbene or nitrene radical is generated (35). These 

reactive substrate-centered radicals can subsequently react with an alkene to produce intermediate 36, 

which upon a radical-rebound step releases the cyclopropane or aziridine and regenerates the starting 

complex (34). Notably, despite the fact that the mechanism proceeds through a radical pathway, when 

chiral porphyrins are employed these reactions can be performed with high enantioselectivity. This 

metalloradical approach has also been employed for the synthesis of 2H-chromenes,37 ketenes,38 

cyclopropenes39 and furans.40 
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Scheme 12. Cobalt-catalyzed cyclopropanation and aziridination through the generation of reactive substrate-centred 

radicals by intramolecular electron transfer from a metalloradical to a redox-active substrate. X = N or CH. 

 

A similar approach involving the generation of a reactive substrate-centered radical by intramolecular 

single-electron transfer from a metalloradical to a redox-active substrate has been reported by Betley 

and coworkers.41 They found that dipyrrinato complex 37 was an active catalyst for the transformation 

of alkylazides into 4-, 5- and 6-membered N-heterocycles (Scheme 13). The proposed mechanism is 

similar to that of the cobalt-porphyrin-catalyzed carbene and nitrene transfer reactions depicted in 

Scheme 12. Upon reaction of complex 37 with an alkyl azide, dinitrogen is released with concomitant 

intramolecular single-electron transfer from the FeII center (which is oxidized to FeIII) to produce 

nitrene radical complex 38. A subsequent intramolecular H-atom transfer, followed by a radical 

rebound, step results in the formation of complex 40 that was found to strongly bind the formed N-

heterocyle. To prevent product inhibition, Boc2O was added to the reaction mixture, which facilitates 

the formation of the Boc-protected N-heterocycle and regenerates complex 37. The same group has 

employed this concept for intermolecular C-H aminations where the presence of Boc2O is not 

required, as no product inhibition is observed.42  
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Scheme 13. Iron-catalyzed synthesis of N-heterocycles from alkyl azides by the generation of reactive substrate-centred 

radicals n = 1, 2 or 3. 

Similar to the examples depicted in Schemes 12 and 13, the fine-tuning of orbital energies can allow, 

upon a suitable stimulus, for intramolecular single-electron transfer from a redox-active ligand to a 

metal-bound substrate, thereby generating a substrate-centered radical. An example of this was 

reported by Soper and coworkers who showed how the bimetallic O2 homolysis at five-coordinate 

oxorhenium(V) complexes can be facilitated by a redox-active ligand (Scheme 14).43 Even though the 

splitting of O2 with second or third-row transition metals is not very rare,44 most of the oxygen-atom 

acceptors are unreactive toward dioxygen. Soper and coworkers synthesized two new oxorhenium(V) 

complexes containing either two 2,4-di-tert-6-(phenylamido)phenolate ligands or two catecholate 

ligands (shown in Scheme 14 as species 41). The redox-active ligands proved to be crucial to enable 

O2 homolysis, acting as electron reservoir to stabilize a substrate-centered radical. A structural 

homologue with redox-inert oxalate ligands did not show any reactivity toward O2, strongly indicative 

of active involvement of the redox-active ligands. A combination of kinetic experiments and 

computational studies resulted in the proposed mechanism depicted in Scheme 15. Coordination of O2 

to rhenium, to form the rhenium(O2
・–) intermediate 43 bearing a superoxide fragment, formally 

requires one-electron oxidation at the metal center. 45 Since the ReVI oxidation state is very rare, using 

the redox-active ligand as a single-electron donor in this process avoids this unusual scenario, which 

significantly lowers the activation barrier. Hence, one of the catecholato or 2-aminophenolato dianion 

frameworks undergoes oxidation to the (imino)semiquinonato oxidation state, creating a ligand-based 

mixed-valent complex. Furthermore, delocalization of spin density onto the ligand may lower the 
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barrier for spin-crossover for the formally spin-forbidden reaction of the ReV complex with O2. This 

second role of the ligand is likely also relevant to facilitate attack of the superoxo radical onto a 

second ReV complex to form the peroxo-bridged complex 45. This dinuclear species can split into two 

oxorheniumV complexes (46). Overall the reaction adds one oxygen atom to the rhenium complex 

(oxygenation), oxidizing the ReV to ReVII, facilitated by the redox-active ligands. The proposed 

mechanism for the catecholato complex shown in Scheme 14 is assumed to also be operational for the 

bis-aminophenolato complex. The same group reported deoxygenation of the stable nitroxyl TEMPO• 

radical via homolytic N-O• bond splitting using the same strategy.46  

 

 

Scheme 14 Proposed mechanism for the bimetallic O2 cleavage by oxorheniumV complexes. 

Soper and coworkers also reported on an application for complex 46 to oxidize benzyl alcohol under 

aerobic conditions.47 Complex 46 reacts with benzyl alcohol to regenerate dioxorheniumVII complex 

41 (Scheme 15) as well as benzaldehyde and water, which is formed from the net abstraction of H2 

from benzyl alcohol. Although the catalytic performance (TON of 7) is poor, this example illustrates 

the potential for implementation of redox-active ligands in catalysis.  

 

 

Scheme 15. Oxidation of benzylalcohol by bis-catechol dioxorhenium(VII). 



Expanding Metal Reactivity by the use of Redox-Active Ligands – General Introduction 
 

19 
 

Another elegant example48 demonstrating the subtleties associated with the fine-tuning of orbital 

energies was recently reported by Smith et al., regarding the effect of redox-active o-

phenylenediamido ligands on hydrogen abstraction reactivity of chromium(imido) species (Scheme 

16).49 The activation of organoazides on Cr(Cp)(NN) complexes bearing differently substituted o-

phenylenediamine (NN) frameworks (47) was investigated. Using mesitylazide and neopentyl-

substituents on the redox-active ligand, the corresponding formally CrV-based bis(imido) species 48 

was obtained, with one-electron oxidation of the NN ligand. In some cases, the expected 

chromium(imido) complex was obtained (49, 50) with no change in ligand oxidation state and the Cp-

ring still coordinated. Interestingly, for some N-based substituents, an additional H-atom abstraction 

reaction (likely from solvent, although a bimolecular hydrogen-atom transfer mechanism is another 

option) took place, accompanied by single-electron oxidation (o-phenylenediamido to o-

diiminosemiquinonato) of the redox-active ligand (52 and 53). Moreover, the phenyl-substituted o-

phenylenediamine ligand resulted in a catalytically active complex for the formation of benzosultam 

51 by an intramolecular C-H activation and cyclization, albeit with a TON <5. This reactivity can be 

explained by single-electron transfer from the redox-active ligand to the imido substrate to form a 

reactive imido nitrogen-centered (imidyl or nitrene) radical. Subsequent intramolecular hydrogen 

atom abstraction followed by a radical rebound or direct C-H insertion generates the benzosultam. For 

the complexes that displayed stoichiometric reactivity, the magnetic moment was determined as well 

as the solid state structure (by X-ray crystallography). The isolation of a CrIII complex with a 

monoanionic o-diminosemiquinonato ligand radical lends support to an intramolecular redox-active 

ligand-to-substrate single-electron transfer mechanism. DFT calculations could shed more light on 

this proposed pathway. 

 Changing the Lewis acidity/basicity 

A change in the oxidation state of a coordinated redox-active ligand can have a significant influence 

on the Lewis-acidity or -basicity of a metal center. As a result, the coordination behavior of a 

substrate or hemilabile donor can be drastically changed, allowing for redox-switchable catalysis. An 

example of a redox-switchable iridium complex (54) containing a redox-active amidophenolate 

ligand, capable of catalytically oxidizing dihydrogen, was reported by Rauchfuss and coworkers 

(Scheme 17).50 Upon one-electron oxidation of the redox-active ligand to form 55, the Lewis-acidity 

of the complex is increased, thereby allowing reversible binding of dihydrogen (56). In the presence 

of a base and an oxidant, the complex is capable of oxidizing dihydrogen to protons. Using D2, a 

small kinetic isotope effect of <1.2 was found, consistent with the binding of H2 (or D2) to the metal 

as the rate determining step.51 If no base is present, complex 55 will undergo hydrogenolysis to a 

bis(iridium)trihydride species with release of the redox-active ligand. A follow-up study by the same 

group focused on the kinetics for the oxidation of H2 with 55 and related Rh and Ru complexes using 

two different ligands – the original version shown in 55 containing ortho-(trifluoromethyl)phenyl at 
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nitrogen or a modified analogue with a tert-butyl group at nitrogen.52 Iridium complex 55 proved to 

be the fastest catalyst for dihydrogen oxidation. Furthermore, the counterion was found to have a 

significant effect on the overall rate. Sarkar et al. later found similar reactivity with square planar PtII-

based donor-acceptor systems, which upon oxidation of the redox-active amidophenolate ligand, 

increases the Lewis acidity of the Pt center making the complex reactive for H2 activation. 53 

 

Scheme 16. Reactions of o-phenylenediamine-derived chromium(III) complex reactions with different azides. 

 

Scheme 17. Redox-switchable Lewis acidity of an iridium complex and its dihydrogen oxidation ability. 
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Recently, Kaim et al. reported ruthenium and osmium complexes with flexidentate redox-active 

ligands capable of binding either as bi- or tridentate scaffold. The (E)NO ligand is constructed from 

an amidophenolate backbone with different weakly coordinating (hemilabile) flanking ether, thioether 

and selenoether (E) donors (see Scheme 18 for a generic structure of complex 57).54 This work builds 

on earlier research that demonstrated the hemilabile55 coordination of a methylthioether group onto 

iridium depending on the oxidation state of the amidophenolate.56 Upon one-electron oxidation of this 

(MeS)NO ligand, approximately 8% of the spin density was transferred from the redox-active core of 

this ligand to the metal, which induces a switch from bidentate NO to tridentate ENO coordination. 

Not unexpectedly, similar behavior is observed for the other hemilabile (E)NO ligands. This 

switchable coordination behavior of the ligand is interesting, as the complex changes from a 

coordinatively unsaturated 16- electron species (57) to a coordinatively saturated 18-electron complex 

(58). It can be envisioned that the former may show enhanced (catalytic) reactivity that may be 

switched off reversibly and on-demand by controlled one-electron ligand oxidation. 

 

 

Scheme 18. Redox-switchable hemilabile ligand with ruthenium- or osmium-arene complexes. 

The ability to switch a catalyst on and off by reduction or oxidation is of interest for the design of 

catalysts that display orthogonal reactivity patterns toward different substrates, allowing for 

chemoselective conversions and potentially catalytic cascade reactions.57 A step towards this goal was 

reported by Rauchfuss and coworkers who showed the redox-switchable activation of coordinated 

alkenes in a square planar PtII complex with a coordinated redox-active amidophenolate ligand (59, 

Scheme 19).58 Cyclic voltammetry showed two fully reversible one-electron oxidation waves at 0.31 

V and 1.31 V vs Fc/Fc+, indicating that the ISQ and IBQ oxidation states of the ligand are both 

accessible. In the AP oxidation state, the coordinated cod ligand is completely unreactive towards 

nucleophilic attack by e.g. methoxide. However, upon single-electron oxidation by Ag+, the diene 

fragment in 60 rapidly undergoes stereospecific C-O bond formation at the vinylic carbon trans to the 

oxygen donor of the amidophenolate ligand. DFT calculations have indicated that the resulting 

stereoisomer is the thermodynamically favored product. Complex 61 was structurally characterized by 

X-ray crystallography and EPR spectroscopy indicated the presence of a single isomer in solution. 

The nucleophilic addition proved to be reversible as protonation with HPF6 regenerated complex 60.  
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Scheme 19. Redox-switchable stereospecific methoxide attack on a vinylic carbon of cod coordinated to PtII. 

 

1.5 o-Aminophenol-Derived Ligands. 

Various classes of redox-active ligands have been developed and (intensely) investigated in the last 

decades, including applications in catalysis59 and material science.60 However, throughout the 

following Chapters, solely o-aminophenol-derived ligands are used. In the previous sections several 

examples are described where these ligands can adjust, alter or bypass the stoichiometric or catalytic 

reactivity of a (transition) metal. In this section we will elaborate on the possible oxidation states of 

these ligands that can be encountered and on the analytical methodologies used to establish the 

electronic structure of complexes bearing such ligands. 

The groups of Wieghardt61, Abakumov, Pierpont and others have contributed significantly to elucidate 

the coordination chemistry and the electronic structure of redox-active catechol,62 o-aminophenol63, 

and o-phenylenediamine64 ligands with late transition metals. This work has been essential to our 

understanding on how these ligands can bind and react in different oxidation states to metals. o-

Aminophenol-derived ligands can coordinate to a metal in three different oxidation states, for which 

several different abbreviations can be found throughout the literature. To avoid confusion, in this 

thesis we will use the following notations: AP for the bisanionic amidophenolato oxidation state, ISQ 

for the monoanionic iminosemiquinonato oxidation state and IBQ for the neutral iminobenzoquinone 

oxidation state (Scheme 20). The phenyl backbone of these ligands is often substituted to prevent 

undesired reactivity at the ring in the different oxidation states or to tune the electronic properties. The 

coordination behavior of these ligands in their different oxidation states has been studied in great 

detail. Very recently, Pinter and de Proft and coworkers reported a DFT study concerning such 

quinoid related ligand frameworks, which revealed that strengthening of the metal-ligand bonds upon 

ligand reduction, resulting in stabilized M–L-1/-2 configurations, strongly contributes to the overall 

thermodynamically favorable driving force for ligand-centered electron transfer.65 
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Scheme 20 The three possible oxidation states of the o-aminophenol-derived ligands. 

 

Identification of the ligand oxidation state 

In most cases, the different oxidation states AP, ISQ and IBQ can be attained by stepwise chemical or 

electrochemical one-electron oxidation or reduction. However, it is difficult to predict the resulting 

oxidation state of a redox-active ligand when combined with a redox-active metal because upon 

coordination, depending on the conditions, all three ligand oxidation states may become accessible. 

Several analytical techniques are available to determine the oxidation state of both the redox-active 

ligand and the metal ion. Cyclic voltammetry (Figure 3) provides insight in the potential window for 

the various metal and ligand-based transitions but it is not always trivial to identify each redox-event 

in this manner.  

 

Figure 3 Cyclic voltammogram of a homoleptic Pd(II) complex bearing two redox active amidophenolate ligands in the ISQ 

oxidation state showing the ease of accessing the different ligand oxidation states. Reprinted with permission granted by the 

American Chemical Society.66  



Chapter 1 

24 
 

Magnetic susceptibility measurements (solid state or in solution) can provide information about the 

spin-state of the complex and hence the number of unpaired electrons. Single crystal X-ray diffraction 

of a compound is often informative, as the C-C, C-N and C-O bonds of the redox-active ring undergo 

significant changes upon reduction or oxidation (Figure 4). Based on a comprehensive analysis of 

structural data, Brown has developed a method that allows for the quantification of the oxidation state 

for o-aminophenol- and o-catechol-derived ligands.67 Using this method a “metrical oxidation state” 

(MOS) can be assigned based on the C-C, C-O and C-N bond lengths using a simple Microsoft Excel 

spreadsheet provided in the supporting information of Browns article. High-valent d0 complexes can 

give unexpectedly positive MOS values that are not attributed to electron transfer but to ligand-to-

metal π bonding. Therefore, one should be careful to assign formal oxidation states solely based on 

structural data. Moreover, because X-ray diffraction measurements are usually performed at low 

temperatures only, temperature dependent spin-state changes may be overlooked. Variable 

temperature magnetic susceptibility measurements using a SQUID magnetometer are useful to 

address this phenomenon. UV-vis spectroscopy may also provide information about the oxidation 

state of the redox-active ligand, as transitions may be characteristic for and related to specific 

oxidation states. Spectroelectrochemistry (either UV-vis or IR) in an optically transparent thin-layer 

electrolysis (OTTLE) cell can provide information about the reversibility of redox events, whether a 

redox event is metal- or ligand-centered and about the potential required for bulk electrolysis.68 EPR 

spectroscopy in combination with density functional theory (DFT) calculations will provide 

information about the location of the unpaired electron(s), especially for the ISQ oxidation state. Less 

often encountered (but still very useful) analysis methods are X-ray absorption spectroscopy, 

Mössbauer spectroscopy and magnetic circular dichroism (MCD) in combination with time-dependent 

DFT calculations.69   

 

 

Figure 4. Characteristic metric parameters for three isostructural PdII complexes in the possible ligand oxidation states 

displaying the dearomatization upon oxidation.66  
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1.5 Conclusions and Outlook 

The application of redox-active ligands, which have traditionally been considered as mainly a 

spectroscopic curiosity in coordination chemistry, to expand the existing or to induce new reactivity at 

transition, rare earth and main group metal complexes is a flourishing field of research. The main 

premise of many of these applications is the facile reversible ligand-based redox-shuttling events that 

can be addressed in a controlled manner. To date, the main ‘mode of operation’ for these systems is as 

electron reservoir for the activation of specific substrate bonds or the coupling of two reagents. 

Depending on the starting oxidation state of a ligand framework, up to two electrons can be harbored 

or released by these organic entities. Commonly, one-electron redox-shuttling is observed for a redox-

active ligand. Hence, many of the initial research exploited bis-ligated metal complexes to combine 

two ligand-based single-electron transfer processes. These constructs allow to mimic ‘classic’ two-

electron transfer reactivity, traditionally observed for noble metals, at high-valent early transition 

metal d0 complexes that lack redox-equivalents at the metal center to facilitate e.g. oxidative addition 

processes. However, there is a growing number of elegant examples where redox-active ligands can 

expand the reactivity in the first coordination sphere of a metal center by acting as more than just an 

electron reservoir. A promising concept involves the generation of reactive metal-bound substrate-

centered radicals. The combination of this new approach with metals that commonly do not display 

odd-electron radical-type reactivity (e.g. closed-shell 2nd and 3rd row late transition metal ions) could 

allow for unprecedented new reactivity modes. Addressing the different oxidation states available in a 

redox-active ligand manifold can also be effectively used to change the Lewis acidity of a metal. This 

may induce reversible geometric changes around the metal center, alter the binding affinity toward 

substrates or activate coordinated substrates for reaction with exogenous reactants. It also may enable 

redox-switchable (catalytic) reactivity. Lastly, redox-active ligands may also demonstrate 

chemoresponsive behavior, wherein the ligand actively participates in bond making/breaking 

processes. To date, these strategies have been mainly demonstrated in stoichiometric conversions, 

although several catalytic transformations by virtue of redox-active ligand systems have already been 

achieved, albeit with moderate activity in most cases. However, it is believed to be only a matter of 

time before redox-active ligand systems will become a mainstream strategy for homogeneous 

catalysis, in large part thanks to the highly tunable character of reactive entities. The combination of 

redox-active ligand systems with base metals is expected to allow mimicking of classic noble-metal 

catalysis. There are unique opportunities created by combining the well-known (organometallic) 

coordination chemistry of closed-shell noble metal ions with ligand-induced odd-electron reactivity. 

Such an approach could to deliver unprecedented reactivity, unattainable using traditional metal-

ligand combinations. Although there is likely no “one-size-fits-all” redox-active ligand concept, 

exciting new types of catalytic reactivity and novel applications of these redox-active ligands will 

definitely appear in the foreseeable future. 
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1.6 Outline  

It is clear that redox-active ligands have evolved from a spectroscopic curiosity to a new and exciting tool 

in coordination chemistry and organometallic catalysis. Their main employment is towards their use as 

electron reservoirs facilitating two-electron transformations with metals prone to odd or no-electron redox 

transformations. Nonetheless, there are several examples where redox-active ligands are used to facilitate 

reactivity beyond functioning as an electron reservoir.  

In this thesis we introduce a new class of o-aminophenol derived redox active ligands that upon 

coordination to transition metals show to expand upon the ‘common’ reactivity of the metal and can 

create unique electronic structures. In Chapter 2 we describe the synthesis of a redox-active tridentate 

NNO pincer ligand that upon coordination to PdII is able to convey radical-type reactivity by 

intramolecular ligand-to-substrate single-electron transfer. In Chapter 3 we show how we can use a Pd 

complex, described in Chapter 2, to prepare unusual mono-ligand bridged dinuclear diradicals. The nature 

of the bridging ligand is found to be of relevance towards the intramolecular spin exchange and d8-d8 

interaction in these systems. In Chapter 4 we describe the synthesis of a 1,2,3-triazole bridged 

dinucleating redox active ligand bearing two redox-active o-aminophenol moieties. This ligand was used 

to prepare interesting dinuclear ligand-based mixed valent complexes as well as the corresponding 

diradicals. Both the intervalence charge transfer phenomena and the intramolecular spin exchange were 

investigated in the mono- and diradicals, respectively. In contrast to the complexes described in Chapter 

3, the rigidity of this ligand cancels out the influence of the second bridging ligand. In Chapter 5 we 

describe the oxidative and photolytic decomposition of Pd azide complexes. More importantly, we show 

how the presence of the redox-active NNO ligand can facilitate the formation of palladium nitridyl 

radicals by intramolecular electron transfer. In Chapter 6 we describe the synthesis of the first o-

aminophenol derived redox-active ligand bearing a pendant phosphine donor. Upon coordination of the 

redox-active pincer ligand to Pd, the ligand facilitates the homolytic bond activation of disulfides to yield 

an interesting dinuclear ligand-based mixed valent complex. Finally, in Chapter 7 we use the same PNO 

ligand and utilized the the difference in chemical hardness of the three donor atoms to selectively 

synthesize heterometallic di- and trinuclear complexes. The intramolecular metal-metal interactions that 

are found in these complexes show to greatly affect the reactivity of these complexes towards 

electrocatalytic C-X bond activation.  
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