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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 
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(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.  

 

[red]/[ox]Mn

Mn
Ln

Ln+-1

substrate

substrate

B Enhanced Lewis acidity/basicityA Electron reservoir

Mn

Mn
Ln

Ln+2

substrate

C Reactive ligand radical

[red]/[ox]
Mn MnLn Ln+-1

substrate

HX

D Generation of a reactive substrate-centred radical

Mn MnLn Ln+-1 substrate

 

 

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.  



Chapter 1 

6 
 

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. 	
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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). 
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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  
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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. 



Chapter 1 

26 
 

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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2.1 Introduction 

 

Redox-active ligands are highly relevant for many metalloenzymatic transformations, supplying 

electrons and facilitating selective atom transfer reactivity.1 Synthetic analogues have recently also 

shown remarkable potential in enabling two-electron redox processes for bond activation and 

formation processes, either acting as an electron reservoir or directing radical-type reactivity when 

combined with transition metals.2 Single-electron transfer from e.g. high-spin FeII or CoII 

metalloradical centers has been exploited to induce selective reduction of substrates in the 

coordination sphere of these metals, which allows for radical-type transformations. However, single-

electron transfer from a redox-active ligand to a substrate without changing the oxidation state of the 

accompanying metal is very rare.3 The combination of single-electron radical type chemistry with the 

substrate binding properties of a ‘noble’ metal could allow for unprecedented chemical 

transformations. In order to achieve ‘isolated’ ligand-based redox processes, the use of a metal center 

such as PdII, which is not inclined to undergo single electron transfer events, can be used. This 

invokes the requirement for a redox-active ligand capable of supporting a square planar geometry. 

Pincer-type ligands are ideally suited for this purpose.4 Transformations mediated by palladium are 

dominated by two-electron processes,5 whereas an intramolecular ligand-to-substrate single-electron-

transfer (SET) will allow for substrate activation via a controlled radical-type mechanism while 

benefiting from favorable Pd-substrate coordination. In order to induce and control such ligand-to-

substrate electron transfer reactivity on a suitable stable Pd platform and to avoid ligand dissociation 

during the redox-state shuttling events, we designed a tridentate pincer ligand containing a redox-

active 2-aminophenol6 (NOH2) unit. These redox active moieties can coordinate to PdII as a 2-

amidophenolato dianion (NNOAP), iminobenzosemiquinonato radical monoanion (NNOISQ), or a 

neutral iminobenzoquinone (NNOIBQ, Scheme 1, top), without formal redox changes occurring at Pd.7 

Intramolecular single-electron transfer reactivity from such an NO fragment to exogenous electron 

acceptors is very rare. Coordination of a substrate that is able to accept a single electron by 

intramolecular ligand-to-substrate electron shuttling (Scheme 1, bottom) would result in the 

generation of a substrate-centered radical, allowing for radical-type reactions with PdII.  
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Scheme 1. Top: Redox states of PdII-coordinated NNO ligand. Bottom: Concept of intramolecular ligand-to-substrate single-

electron transfer.  

We herein report the design and synthesis of a new redox-active NNOH2 pincer ligand, bearing an 

additional pyridine donor to impart coordinative stability, and the corresponding PdII complexes in all 

three ligand oxidation states. The ligand-centered redox behavior of these complexes has been probed 

experimentally and computationally (DFT). When employing organic azides as co-ligands, the 

combined data indicates that single-electron transfer from the redox-active ligand in the NNOAP 

oxidation state to an organic azide occurs under thermal activation to produce a “nitrene-substrate 

radical, ligand-radical” PdII intermediate with an open-shell singlet (singlet diradical) ground state. To 

demonstrate the proof-of-principle reactivity with this ligand-based electron transfer concept, the 

intramolecular sp3 C−H amination of an alkyl azide to generate a pyrrolidine species is demonstrated.  

2.2 Results and Discussion 

 

Synthesis and reactivity of the redox-active pincer ligand  

The NNHOH ligand NNOH2 is prepared in a facile two-step synthesis. The first step involves double 

addition of Ce(CH3)Cl2 (prepared in situ) onto 2-cyanopyridine (1) to form amine 2 (Figure 1, left).8 

A subsequent condensation with 3,5-di-tert-butyl-o-benzoquinone produces an iminoquinone 

intermediate that is reduced in situ by 3,5-di-tert-butylcatechol to yield NNOH2 in good yield.9 

Purification can be performed by column chromatography followed by crystallization from pentane to 

yield white cubic crystals or by an acid-base procedure to obtain a white solid. Although the products 

obtained from both workup procedures give identical NMR spectra, a difference in morphology 

results in poor solubility of the product obtained from the acid-base work-up. The geminal methyl and 
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tert-butyl groups are incorporated in the framework to prevent β-H elimination and to stabilize the 

NNOISQ oxidation state upon coordination, respectively. Colorless cubic crystals suitable for single 

crystal X-ray diffraction were obtained by placing a solution of NNOH2 in pentane at -20 oC. The unit 

cell contains a single molecule of pentane together with one molecule of NNOH2. The molecular 

structure (Figure 1, right) shows no sign of oxidation of the aminophenol ring based on the presence 

of both the NH and OH protons and the carbon-carbon bond lengths.  

 

 

 

 

 

Figure 1. Left: Synthetic route to NNOH2 Reagents and conditions: (i) CeCl3/MeLi, THF, -78 oC; (ii) 3,5-di-tert-

butylcatechol, 3,5-di-tert-butyl-o-benzoquinone, neat, 140 oC. Right: Displacement ellipsoid plot (50% probability 

level) of NNOH2. Selected hydrogen atoms and lattice solvent molecules are omitted for clarity. 

Colorless solid NNOH2 is bench-stable for months but susceptible to oxidation in solution under air, 

concomitant with a color change to green and broadening of the NMR signals. In the presence of a 

base, NNOH2
 is readily oxidized in solution by addition of Ag+

 or by bubbling air through the solution, 

forming a persistent dark-green mixture. X-band EPR spectroscopy in toluene at 298 K showed an 

intense four-line signal at g = 2.0046 consistent with the formation of an NNOISQH radical.10 The 

simulated spectrum and calculated hyperfine couplings correlate well with the experimental data. The 

DFT optimized geometry (b3-lyp, def2-TZVP) for the deprotonated radical with the proton on 

nitrogen is lower in energy than the isomer with an OH group. Moreover, the calculated hyperfine 

couplings for the optimized geometry with the proton on oxygen correlate poorly with the 

experimental data. The spin density plot shows that the unpaired electron, although highly delocalized 

over the aminophenol unit, predominantly resides in a p-orbital on oxygen (+25% on O, +58% on ring 

carbons, +17% on N), in agreement with the EPR data. 
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Figure 2. Left: Experimental and simulated X-band EPR spectrum of the oxidation product of NNOH2 in toluene at 

room temperature. Microwave frequency = 9.362072 GHz. Power = 2 mW. Modulation amplitude = 1 G. 

Simulated (DFT) g value and hyperfine couplings A (MHz): giso 2.0046 (2.0041); AN
iso +10.5 (+7.3); AH1

iso −11.0 

(−12.6); AH2
iso +3.5 (+3.4); AH3

iso NR (-1.8); Wiso +2.2. DFT parameters: ORCA (b3-lyp, def2-TZVP). Right: DFT 

calculated spin density plot for the NNOISQH radical (b3-lyp, def2-TZVP). 

Synthesis and characterization of Pd complexes  

Ligand NNOH2
 reacts as a neutral ligand with PdCl2(MeCN)2 to give PdCl2([NNOH2) (3) as an orange 

solid in high yield. NMR analysis suggests coordination of the pyridine and secondary amine donor (δ 

6.58 (NH)) to Pd, as diastereotopic –CH3 groups were observed, with no binding interaction of the     

–OH group (δ 6.53).10 Addition of NEt3 in MeOH under aerobic conditions resulted in formation of 

complex 4 as a brown paramagnetic crystalline solid (see cover of the thesis), characterized as 

PdCl(NNOISQ). Infrared spectroscopy confirmed the disappearance of the -NH and -OH stretching 

absorptions, while a broad signal at δ 2.1 ppm was observed in the 1H NMR spectrum, in agreement 

with the formation of a paramagnetic species. For reference, we also synthesized an analogue of the  

of NNOH2 ligand bearing no gem-dimethyl groups (NNO’H2). However, upon coordination to PdII in 

the presence of base, facile β-H elimination was observed, generating the corresponding imine 

complex (see experimental section). 

 

Scheme 2. Synthetic route to complexes 3 and 4. Reagents: (i) PdCl2(MeCN)2, CH2Cl2; (ii) NEt3, air, MeOH. 
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Measuring the magnetic susceptibility of 4 at 298 K using Evans’ method11 gave an effective 

magnetic moment (μeff) of 1.78 μB, indicating an S = ½ ground state. X-band EPR spectroscopy in 

toluene at 298 K (Figure 3, left) revealed hyperfine couplings with 105Pd, 15N, and two 1H nuclei. The 

simulated spectrum and calculated hyperfine couplings correlate well with the experimental data. The 

giso value of 2.0055 supports an NNOISQ ligand radical coordinated to PdII. The calculated spin density 

plot for 6 (93% total spin density on the ligand, 34% on the iminosemiquinonato nitrogen) is in 

agreement with EPR data (Figure 3, right). To gain insight into the accessibility of the Pd(NNOIBQ) 

and Pd(NNOAP) oxidation states (Scheme 1), the redox chemistry of complex 4 was probed by cyclic 

voltammetry. Fully reversible one-electron oxidation (E½
ox = -0.04 V vs. Fc/Fc+) and reduction (E½

red 

= -1.11 V vs. Fc/Fc+) events were observed at various scan rates in CH2Cl2 solution (Figure 4). 

 

Figure 3. Left: Experimental and simulated X-band EPR spectrum of 4 in toluene at room temperature. Microwave 

frequency = 9.382892 GHz. Power = 2 mW. Modulation amplitude = 0.1 G. Simulated (DFT) g value and hyperfine 

couplings A (MHz): giso 2.0055 (2.0059); APd 
iso +12.8 (+10.7); AN

iso +22.8 (+17.1); AH1
iso −10.6 (−7.9); AH2

iso −2.8 (−2.4). 

DFT parameters: ORCA (b3-lyp, def2-TZVP). Right: DFT (b3-lyp, def2-TZVP) calculated spin-density plot for 4. 

 

Figure 4. Cyclic voltammogram of 4 (10-3 M) recorded in CH2Cl2; scan rate: 200 mV s-1; glassy carbon working electrode; 

electrolyte: N(n-Bu)4PF6 (0.1 M); referenced to Fc/Fc+. 
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Vapor diffusion of pentane into a concentrated solution of 4 in chloroform afforded single crystals 

suitable for X-ray structure determination. The molecular structure of 4 (Figure 5, center) shows a 

distorted square planar geometry and metric parameters that are characteristic for the 

iminosemiquinonato (NNOISQ) ligand oxidation state (MOS = -1.00 ± 0.05).12 DFT (b3-lyp, def2-

TZVP) calculated optimized geometric parameters for the doublet NNOISQ ground state matched well 

with the experimentally found values. 

Oxidation of 4 to can be achieved by several oxidants with suitable oxidizing potentials (e.g. AgI salts 

or thianthrenium tetrafluoroborate). A reaction with acetylferrocenium tetrafluoroborate allowed for 

the isolation of complex 5 as a red solid in good yield. Notably, the resonances in the 1H NMR 

spectrum of isolated 5 are significantly broadened in several solvents (CD2Cl2, CD3CN or CDCl3), 

especially for the protons on the NO ring. In contrast, when the oxidation was performed in CD3CN 

with a small excess of SelectFluor®, which is a strong oxidant, solely sharp signals were observed as 

no broadening was observed for any of the resonances. Vapor diffusion of diethylether into this 

mixture resulted in the formation of red crystals of 5 and the one electron reduced SelectFluor® 

derivative, which were separated by crystal picking under a microscope. However, 1H NMR analysis 

of the red crystals of 5 again showed broadened resonances. The reason for the observed broadening 

remains unclear but is suggestive of some type of fluxional behavior of the NNO ligand. Crystals 

suitable for X-ray structure determination were obtained by vapor diffusion of diethyl ether into a 

concentrated solution of 5 in acetonitrile. The cationic fragment in the molecular structure of 5 is 

almost isostructural to that of 4 (Figure 5, right), showing a distorted square planar geometry but with 

metric parameters that are characteristic for the iminobenzoquinone (IBQ) ligand oxidation state 

(MOS = -0.17 ± 0.05).7 The metric parameters were well-reproduced by the DFT optimized geometry 

(b3-lyp, def2-TZVP). The unit cell shows a disordered tetrafluoroborate anion with short contacts (< 

2.7 Å) to both C1 and C6 of two separate NNOIBQ ligands, indicative of partial positive charges in the 

NO ring. Wieghardt et al. have observed similar close contacts between tetrafluoroborate anions and 

(di)cationic Pd(NOIBQ) species.7  

Chemical one-electron reduction of 4 with CoCp2 in toluene resulted in precipitation of 

[CoCp2][PdCl(NNOAP)] (6) as a purple air-sensitive diamagnetic solid (Scheme 3). Using the poor 

solubility of 6 to our advantage, single crystals of complex 6 suitable for X-ray structure 

determination were obtained by reactive diffusion of a CoCp2 solution into a solution of 4 in benzene. 

The anionic portion of this complex is almost isostructural to 4 (Figure 5, left), showing characteristic 

bond lengths for the amidophenolate (AP) oxidation state (MOS = -1.76 ± 0.17) that matched well 

with DFT calculated metric parameters (b3-lyp, def2-TZVP). The unit cell displays short contacts 

between hydrogen atoms of cationic cobaltocenium ions and C and O atoms of the amidophenolate, 

suggestive of partial negative charges on the NO ring.  
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Scheme 3. Synthesis of the one-electron oxidized and one-electron reduced species 5 and 6, respectively. Reagents and 

conditions: (i) acetylferrocenium tetrafluoroborate, C6H6, rt; (ii) CoCp2, C6H6, rt. 

With the series in hand, some clear trends in metric parameters can be observed. Going from the 

NNOAP to the NNOIBQ ligand oxidation states, a clear elongation of C1-C2, C3-C4, C5-C6 is 

observed whereas C2-C3, C4-C5, C1-O1 and C6-N1 are significantly shortened in the NNO ligand. 

These trends nicely fit with the resonance structures commonly drawn (as in Scheme 1). As the spin 

density is significantly localized on the iminosemiquinonato nitrogen in the plots depicted in Figure 2 

and 3, an alternative representation is to draw a fully aromatic ring with an aminyl radical. However, 

the significant dearomatization seen in the molecular structure of 4 shows that this is a poor 

description of the actual situation. A description with the radical located on C6 accurately reflects the 

observed dearomatization but does not correspond with the spin density plots depicted in Figure 2 and 

3. Hence, we have opted to use the resonance structure with a radical on carbon C1 (bound to oxygen) 

throughout this thesis for the iminosemiquinonato oxidation state. Another clear trend is the 

shortening of the Pd1-Cl and Pd1-N2 bonds going from the NNOAP to the NNOIBQ ligand oxidation 

state, reflecting the more electron-deficient nature of the metal center due to decreased electron 

donation from the NO ring. The final noteworthy observation is the increased pyramidalization of N1 

upon reduction from the NNOIBQ to the NNOAP ligand oxidation state, which is the result of 

increasing sp3 character (Figure 5). Very recently, Mukherjee et al. also reported the crystallographic 

characterization of isostructural PdII complexes, bearing an aminophenol-derived redox-active 

tetradentate ligand in all three ligand oxidation states, which revealed similar trends.13 
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Bond XRD DFT XRD DFT XRD DFT 

C1-C2 1.396(6) 1.398 1.423(4) 1.425 1.443(4) 1.447 
C2-C3 1.413(7) 1.402 1.377(3) 1.373 1.343(5) 1.355 
C3-C4 1.397(8) 1.388 1.426(3) 1.420 1.456(5) 1.456 
C4-C5 1.405(6) 1.402 1.370(3) 1.375 1.343(4) 1.359 
C5-C6 1.395(9) 1.403 1.420(3) 1.422 1.434(4) 1.432 
C6-C1 1.450(8) 1.434 1.452(3) 1.425 1.500(4) 1.506 
C1-O1 1.354(7) 1.335 1.310(2) 1.296 1.254(4) 1.251 
C6-N1 1.380(8) 1.380 1.351(2) 1.348 1.304(4) 1.311 
Pd1-N1 1.933(6) 1.961 1.9281(17) 1.996 1.945(3) 1.973 

Pd1-O1 2.004(4) 1.995 1.9923(14) 2.020 2.028(2) 2.056 

Pd1-N2 2.001(5) 2.023 1.9975(17) 2.017 1.969(2) 2.000 
Pd1-Cl 2.3514(16) 2.394 2.3113(6) 2.320 2.2785(9) 2.264 

      
MOS -1.76 ± 0.17 -1.66 ± 0.12 -1.00 ± 0.05 -0.93 ± 0.06 -0.17 ± 0.05 -0.17 ± 0.04 

 

Figure 5. Top: Displacement ellipsoid plots (50% probability level) of complex 6 (left), 4 (center) and 5 (right). Below each 

ellipsoid plot is a view through the N1-Pd1 bond showing the increasing sp3 character of the NO nitrogen on going from the 

most oxidized to the most reduced ligand oxidation state. Hydrogen atoms and solvent molecules omitted for clarity. 

Bottom: Table containing relevant experimental (XRD) and computed (DFT) metric parameters and MOS values of the three 

structures. 
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Characterization of complex 6 in solution 

Complex 6 is sparsely soluble in apolar (non-reactive) solvents, while its highly reactive nature in 

more polar solvents results in gradual decomposition, precluding full spectroscopic analysis using 

NMR spectroscopy. Addition of a slight excess of CoCp2 to a solution of 4 in CD2Cl2 results in a very 

clean 1H NMR spectrum for a limited time, allowing for assignment of all resonances. Interestingly, 

the cobaltocenium protons are observed as a broad signal upfield of its ‘regular’ diamagnetic region in 

the 1H NMR spectrum. This signal sharpens in time and shifts downfield towards the regular chemical 

shift of the cobaltocenium cation (Figure 6). Correspondingly, the observed signals for 6 broaden and 

eventually disappear. Upon addition of additional CoCp2, the resonances for 6 reappear and the 

[CoCp2]
+ resonance moves upfield and broadens again (top spectrum). This observation can be 

explained by the equilibrium depicted in Scheme 4. Upon addition of CoCp2 to 4, the equilibrium 

constant can be determined by the relative redox potentials (for an equimolar mixture: K = 5 × 103; 

ratio 4:6 is 1:73).14 The slight excess of CoCp2 is also in constant electrochemical self-exchange with 

[CoCp2]
+ cations in solution, which is known to cause an upfield shift and broadening of the [CoCp2]

+ 

resonance.15 The ratio of CoCp2 : [CoCp2]
+ is directly proportional to the degree of chemical shift 

difference and line broadening. The observation that the [CoCp2]
+ resonance slowly moves downfield 

upon reduction of 4 to 6 indicates that the CoCp2 concentration is decreasing in time. Chlorine atom 

abstraction from the solvent to reform 4 and [CoCp2]Cl accounts for both the gradual disappearance 

of the [Pd(NNOAP)]- resonances and reappearance upon addition of additional CoCp2. Partial complex 

decomposition is observed in time as resonances of free ligand and formation of a metallic precipitate 

are observed. Performing the same reaction in MeCN with one equivalent of CHCl3 (present in the 

crystal lattice) per Pd-complex and ten equivalents of CoCp2 showed gradual disappearance of the 

CHCl3 resonance. Substitution of the chlorine atom donor for a bromine atom donor (BnBr or CHBr3) 

showed the formation of the bromide analogue of complex 4 by CSI-MS spectrometry, supporting 

halide atom abstraction. The observed reactivity of the reduced complex limits the solvents that can 

be used for further reactivity, as in the presence of alkyl halides the complex is effectively oxidized 

upon halide atom abstraction. Moreover, the equivalent of CHCl3 lattice solvent in crystalline 4 needs 

to be removed by freeze-drying from benzene to prevent undesirable side reactions upon one-electron 

reduction to form 6. 
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Figure 6. Stacked 1H NMR spectra of a CD2Cl2 solution of 4 in the time range of 0 to 14 hours after addition of 3 eq CoCp2 

and addition of new CoCp2 (top spectrum).   

 

PdCl(NNOAP)-CoCp2
+

CH2Cl2
CoCp2

+Cl-PdCl(NNOISQ) + CoCp2 CH2ClPdCl(NNOISQ)

PPh3

PdPPh3(NNOAP) + CoCp2
+Cl-

4 6 4

7

K = 5 x 103

 

Scheme 4. Redox equilibrium of 4 and CoCp2 with 6 and the reactivity of 6 toward CH2Cl2 and PPh3 to form 4 and [CoCp2] 

Cl and 7, respectively.  

In agreement with the equilibrium depicted in Scheme 4, the addition of PPh3 to generate neutral Pd 

(NNOAP)(PPh3) (7) prevents Cl• abstraction from the solvent and halts the [CoCp2]
+ resonance shift. 

Compared to 6, the pyridine protons in 7 are shifted upfield in the 1H NMR spectrum and a single 

resonance at 27.2 ppm (CD2Cl2) is observed in the 31P NMR spectrum, which is a clear sign of 

phosphine coordination to square planar PdII. Addition of PPh3 to a colorless suspension of 6 in 

benzene results in immediate formation of a dark-purple solution containing 7.  
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Intramolecular ligand-to-substrate single-electron transfer 

Intrigued by the reactive nature of 6, we envisioned that the reduced Pd(NNOAP) scaffold could be 

utilized to transfer a single electron to a coordinated substrate by intramolecular ligand-to-substrate 

single-electron-transfer (SET) on PdII. To support this hypothesis, we performed DFT calculations on 

6 with model azide EtN3 (A’) and the corresponding nitrene (B’, Figure 7) as co-ligand. Molecular 

orbital (MO) plot analysis shows that in A’, which has a closed-shell singlet (CSS) ground state, the 

highest occupied molecular orbital (HOMO) has two paired electrons on the redox-active ligand. In 

contrast, upon loss of N2 concomitant with SET from the NNOAP ligand to the nitrene substrate, a rare 

“nitrene-substrate radical,16,17 ligand-radical” PdII species (B’) with an open-shell singlet (OSS) 

(singlet diradical) ground state is generated. Notably, the α-spin density in B’ is highly localized, 

bearing 87% at the nitrene N-atom, indicative of a reactive radical. In contrast, the β-spin density is 

delocalized over the redox-active ligand, similar to what is observed in 4. 

 

Figure 7. Left: DFT calculated HOMO plot for model complex A’ in its closed-shell singlet (CSS) ground state. Right: Spin 

density plot for model diradical B’ in the open-shell singlet (OSS) ground state, with blue: positive (α) and red: negative (β) 

spin density. R = ethyl (b3-lyp, def2-TZVP). 

To exploit this concept of ligand-based single-electron transfer to generate a substrate radical, we 

investigated the reactivity of these Pd(NNO) complexes in radical-type sp3 C− H amination.18 These 

reactions often proceed via a radical-type mechanism involving C−H abstraction followed by a 

radical-rebound step, or alternatively via direct insertion of the radical nitrene fragment into the C−H 

bond. The Fe-mediated C−H amination of unactivated alkyl azides occurs via a radical pathway 

involving metal-based redox chemistry,19 but a ligand induced radical pathway for this reaction has 

never been disclosed. Upon reduction of 4 to 6 with CoCp2 in the presence of unactivated azide 8 and 

Boc2O at 100 oC, pyrrolidine 9 (∼2.5 equiv with respect to 6), reduced Boc-protected amine 10, and 

nitrile 11 were observed as products (Scheme 5). As 6 was found to react with halogenated solvents, 

thorough removal of CHCl3, which co-crystalizes with 4, is essential to induce (limited) catalytic 

turnover. Control reactions using either 7, Pd2(dba)3, PdCl2(NCMe)2, complex 3 (with and without 

CoCp2), complex 4 (with and without AgPF6 or TlPF6), CoCp2, or CoCp2
+ did not result in the 

formation of product 9.20 On the other hand, amine 10 and nitrile 11 were formed in these control 
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reactions. Analysis of the reaction mixture to determine the ratio of 9:10:11 at various time intervals 

showed that pyrrolidine 9 and amine 10 are predominantly formed in the first hours of the reaction 

(Figure 8). As the formation of these products  decreases, nitrile 11 formation is observed, most likely 

as a result of decomposition of the active species, given that the formation of this compounds is also 

observed in the control reactions. The analogous PdCl-complex of NNO’H2 (which lacks the gem-

methyl groups) was inactive, likely due to formation of iminopyridyl complex via facile β-H 

elimination, which prohibits redox activity of the NO-fragment. Notably, in the presence of TEMPO-

H as H-atom donor, reaction of in situ generated 6 with azide 8 did not lead to any pyrrolidine 

formation, and the detection of TEMPO• by EPR spectroscopy supports the trapping of an active 

radical intermediate. 

 

N3
(i)

N
H

Boc

NHBoc

CN

8 9 10 11  

 

Scheme 5. Conversion of azide 8 to pyrrolidine 9, Boc-protected amine 10, and nitrile 11. Reagents and conditions: (i) 4 (0.1 
eq), CoCp2 (0.1 eq), Boc2O (1 eq), C6H6, 100 oC. 

 

 

Figure 8. Formation of 9-11 monitored in time (average of two runs). 
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Based on these data and supported by DFT calculations, we propose the following mechanism for the 

intramolecular cyclization using in situ generated 6 (Scheme 6); Chloride substitution in anionic 

complex 6 by neutral azide 9 gives species A with an NNOAP ligand, which is most stable in its CSS 

configuration (3A is 10.7 kcal mol-1 higher than 1A). Attempts to find an OSS configuration for A led 

to convergence to the same closed-shell configuration as obtained in the restricted DFT calculations in 

all cases. Loss of N2 generates Pd-nitrene intermediate B, which can exist in three plausible electronic 

states. The open-shell singlet (OSS) diradical is more stable than the CSS and triplet states by 10.6 

and 5.8 kcal mol-1, respectively. The CSS state is likely a poor electronic structure description of 

species B that seems to originate from a mixed description of the Pd(NNOIBQ)+ and Pd(NNOAP)- to 

yield an artificial closed-shell solution. Furthermore, the OSS nitrene diradical B is most effectively 

generated from A (lowest barrier of 11.5 kcal mol−1) via electron transfer from the NNO-ligand, with 

no redox chemistry occurring at Pd as a clear transition from the NNOAP to the NNOISQ ligand 

oxidation state is observed. Subsequent intramolecular H-atom abstraction forms intermediate C for 

the OSS and triplet states with barriers of 20.3 and 19.4 kcal mol−1, respectively. A subsequent low-

barrier transition state for the radical rebound step (1.3 kcal mol−1) to form D was found on the OSS 

surface. For the CSS species, direct C−H insertion of the nitrene fragment in B to form D has a higher 

absolute barrier than the stepwise radical process on the OSS surface (Figure 9). Upon reaction with 

Boc2O with intermediate D, a vacant site is created on Pd, which upon azide coordination forms A to 

complete the catalytic cycle. Reaction of independently prepared D, available by addition of 2-phenyl 

pyrrolidine to 6, with Boc2O also generated product 10 and an unidentified Pd complex.  

 

 

Scheme 6. OSS Pathway from azide 8 into 9 via radical-type sp3 C−H amination with 6; calculated free energies ΔG for 

species A−D and transition states (red) and relative barriers ΔΔG (blue) in kcal mol−1. 
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Figure 9. DFT (b3-lyp, def2-TZVP) calculated free energy profile ΔG°298 K (in kcal mol−1) for C−H amination of azide 

complex A derived from 6 for the three possible spin states. 

 

Using an isotopically labeled analogue of azide 8 (8D), selectively monodeuterated at the benzylic 

position, we established a kinetic isotope effect (KIE) of 3.35 ± 0.1 for formation of 9, which is 

reproduced by DFT calculations (KIE of 3.65). Attempts to trap or spectroscopically observe a rare 

Pd(organo-azide) complex or a hitherto elusive (quasi)stable Pd-nitrene analogue of B using e.g. 

PhI=NNs, AdN3, or C6F5N3 were unsuccessful.  

 

 

Scheme 7. Reaction of 8D to determine kH/kD. Reagents and conditions: (i) 4 (0.1 eq), CoCp2 (0.1 eq), Boc2O (1 eq), C6H6, 

100 oC. 

 

2.3 Conclusion 

The combination of single-electron radical type chemistry with the substrate binding properties of a 

‘noble’ metal could allow for unprecedented chemical transformations. In this Chapter we have 

shown that a redox-active NNO pincer ligand (NNOH2) can stabilize a ligand-centered radical 

coordinated to palladium, generating a paramagnetic PdII platform. Moreover, ligand-based reduction 

of this complex provides access to a diamagnetic analogue that facilitates intramolecular ligand-to-

substrate single-electron transfer to generate a reactive substrate-centered radical. To demonstrate the 

proof-of-principle reactivity with this ligand-based electron transfer concept, the intramolecular sp3 

C−H amination of an alkyl azide to generate a pyrrolidine species is demonstrated.  The redox-active 
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NNO ligand is proposed to dictate single-electron reactivity onto PdII, enabling radical-type pathways 

using a metal that is normally disposed to facilitate two-electron processes. This concept is likely 

more broadly applicable with group 8−10 metals and may provide new pathways for cooperative bond 

activation processes and catalysis. 

 

2.4 Experimental Section 

General methods 

All reactions were carried out under an atmosphere of dry dinitrogen using standard Schlenk 

techniques unless noted otherwise. With exception of the compounds given below, all reagents were 

purchased from commercial suppliers and used without further purification. Azide 8 was synthesized 

following a literature procedure.21 THF, pentane, hexane, and diethyl ether were distilled from sodium 

benzophenone ketyl. CH2Cl2, and methanol were distilled from CaH2, and toluene was distilled from 

sodium under nitrogen. NMR spectra (1H and 13C{1H}) were measured on a Bruker DRX 500, Bruker 

AMX 400, Bruker DRX 300 or on a Varian Mercury 300 spectrometer at r.t. unless noted otherwise. 

GC-MS measurements were performed on a HP-Agilent GC-MS, EPR spectra were recorded on a 

Bruker EMP Plus spectrometer. High resolution mass spectra were recorded on a JEOL AccuTOFC-

plus JMS-T100LP or JEOL JMS SX/SX102A four-sector mass spectrometer; for FAB-MS, 3-

nitrobenzyl alcohol was used as a matrix. Cyclic voltammetry measurements were performed in 

CH2Cl2 (1 × 10-3 M) containing N(n-Bu)4PF6 (0.1 M) at room temperature under an N2 atmosphere 

using a glassy carbon electrode. All redox potentials are referenced to Fc/Fc+. 

 

Synthesis of new compounds 

 

2-(pyridin-2-yl)propan-2-amine (2) 

THF (110 mL) was added to a Schlenk flask containing CeCl3 (15.0 g, 60.9 mmol). After 

15 minutes of stirring the grey suspension was cooled to -78 oC and MeLi (1.6 M in Et2O, 

38 mL, 60.9 mmol) was added dropwise over the course of 45 minutes. After 30 minutes, 

a solution of 2-cyanopyridine (2.11 g, 20.3 mmol) in 9 mL THF was added dropwise to the reaction 

mixture. After 15 minutes of stirring, the reaction mixture was allowed to warm to room temperature 

and was stirred for an hour. The solution was again cooled to -78 oC and aqueous NH4OH (39 mL) 

was added. The mixture was allowed to warm to room temperature overnight. The reaction mixture 

was decanted and the residue was extracted with THF. Organic fractions were combined and all 

volatiles were evaporated. The resulting yellow oil was dissolved in DCM, extracted with brine (20 

mL), dried over MgSO4 and all volatiles were evaporated to afford a yellow-green oil (2.65 g, 96%) 

which was used without further purification. NMR data were in agreement with literature data.22 
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2,4-di-tert-butyl-6-((2-(pyridin-2-yl)propan-2-yl)amino)phenol (NNOH2) 

A mixture of 2 (1.3 g, 9.5 mmol), 3,5-di-tert-butylcatechol (2.1 g, 9.5 mmol) and 

3,5-di-tert-butyl-o-benzoquinone (2.1 g, 9.5 mmol) were heated for 1 hour at 140 oC. 

After cooling to r.t., the black solid was purified by column chromatography 

(CH2Cl2 with a drop of MeOH and NEt3) affording a green oil.* The oil was 

dissolved in a minimal amount of warm pentane and cooled to approx. -15 oC. 

Crystals were collected by filtration and washed with cold pentane affording the title compound as a 

white crystalline solid (1.48 g, 46%). 1H NMR (300 MHz, CDCl3, ppm): δ 8.64 (dd, J = 5.0, 1.8 Hz, 

1H, Py-H), 7.64 (dd, J = 7.5, 1.8 Hz, 1H, Py-H), 7.29 (m, 1H, Py-H), 7.20 (dd, J = 7.5, 4.8 Hz, 1H, 

Py-H), 6.98 (d, J = 2.5 Hz, 1H, ap-H), 6.30 (d, J = 2.5 Hz, 1H, ap-H), 1.58 (s, 6H, gem-Me), 1.39 (s, 

9H, tBu), 1.09 (s, 9H, tBu). 1H NMR (400 MHz, DMSO-d6, ppm): δ 8.56 (dd, J = 4.6, 1.8 Hz, 1H, Py-

H), 7.81 (s, 1H, OH), 7.71 (dd, J = 5.8, 1.9 Hz, 1H, Py-H), 7.55 – 7.48 (m, 1H, Py-H), 7.23 (ddd, J = 

7.4, 4.6, 1.1 Hz, 1H, Py-H), 6.46 (d, J = 2.3 Hz, 1H, ap-H), 5.78 (d, J = 2.2 Hz, 1H, ap-H), 4.88 (s, 

1H, NH), 1.57 (s, 6H, gem-Me), 1.33 (s, 9H, tBu), 0.90 (s, 9H, tBu). 13C NMR (101 MHz, DMSO-d6, 

ppm) δ 166.49 (Cq), 148.16 (CH), 141.90 (Cq), 140.29 (Cq), 136.59 (CH), 135.83 (Cq), 135.32 (Cq), 

121.39 (CH), 120.60 (CH), 112.29 (CH), 111.71 (CH), 57.52 (Cq), 34.54 (Cq), 33.62 (Cq), 31.19 

(CH3), 29.95 (CH3), 28.63 (CH3). HRMS-ESI (m/z) calcd for C22H33N2O: 341.2592, found 341.2595 

[M+H]+. 

* If 3,5-di-tert-butylcatechol co-elutes during column chromatography it also has the tendency to co-

crystallize. Treatment of the crude product with HCl in Et2O led to precipitation of the ligand as its 

HCl salt, with the catechol remaining in solution. The precipitated salt was collected by filtration, 

washed with Et2O and stirred in a 1:1 mixture of Et2O and an aqueous K2CO3 solution. The organic 

layer was washed with brine, dried over Na2SO4 and concentrated affording the crude product, which 

was subsequently recrystallized as described. 

Complex 3 (PdCl2(NNOH2))  

To a solution of NNOH2
 (179 mg, 0.53 mmol) in CH2Cl2 (10 mL) was added 

PdCl2(MeCN)2 (130 mg, 0.50 mmol). The orange solution was stirred overnight, 

concentrated to approx. 2 mL and pentane (20 mL) was added. The orange 

precipitate was collected by filtration, washed with pentane (5 mL) and dried in 

vacuo affording the title compound as an orange solid (225 mg, 87 %). 1H NMR 

(300 MHz, CDCl3, ppm) δ 9.15 (dd, J = 5.8, 1.6 Hz, 1H, Py-H), 8.10 (ddd, J = 7.9, 7.5, 1.6 Hz, 1H, 

Py-H), 7.51 (ddd, J = 7.5, 5.7, 1.2 Hz, 1H, Py-H), 7.37 (dd, J = 8.0, 1.2 Hz, 1H, Py-H), 7.11 (d, J = 

2.2 Hz, 1H, ap-H), 6.58 (bs, 1H, NH), 6.51 (s, 1H, OH), 5.78 (d, J = 2.3 Hz, 1H, ap-H), 2.47 (s, 3H, 

gem-Me), 1.61 (s, 3H, gem-Me), 1.37 (s, 9H, tBu), 1.01 (s, 9H, tBu). 13C NMR (75 MHz, CDCl3, 

ppm) δ 167.7 (Cq), 151.3 (CH), 145.5 (Cq), 143.5 (Cq), 142.9 (Cq), 141.0 (CH), 133.4 (Cq), 125.2 

(CH), 121.7 (CH), 120.9 (CH), 114.8 (CH), 70.8 (Cq) 35.4 (Cq), 34.6 (CH3), 34.4 (Cq), 31.2 (CH3), 

30.1 (CH3), 24.2 (CH3). HRMS-ESI (m/z) calcd for C22H32
35ClN2OPd: 481.1244, found 481.1243 [M-

Cl]+.  
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Complex 4 (PdCl(NNOISQ))  

A solution of NNOH2 (681 mg, 2.0 mmol) in MeOH (5 mL) was added to a stirred 

suspension of PdCl2(MeCN)2 (519 mg, 2.0 mmol). After 15 minutes NEt3 (585 µL, 

4.2 mmol) was added and the resulting dark brown mixture was stirred overnight 

under ambient and aerobic conditions. Volatiles were evaporated and the residue 

was dissolved in CHCl3 (60 mL). The brown solution was washed with water (2 × 

20 mL), brine (20 mL), dried over Na2SO4 and concentrated in vacuo. Slow diffusion of pentane into 

the concentrated solution afforded the title compound as brown paramagnetic needles or plates (730 

mg, 76 %). 1H NMR (300 MHz, CDCl3, ppm) δ 2.1 (broad). HRMS-FAB (m/z) calcd for 

C22H30
37ClN2OPd: 481.1086, found 481.1080 [M]+. Anal. Calcd for C22H30ClN2OPd: C, 55.01; H, 

6.29; N, 5.83 Found: C, 54.72; H, 6.49; N, 5.64.  

Complex 5 ([PdCl(NNOIBQ)]BF4]) 

 A solution of 4 (24 mg, 0.05 mmol) in benzene (4 mL) was added to a 

suspension of acetylferrocenium tetrafluoroborate (15 mg, 0.05 mmol) in 

benzene (1 mL). The mixture was stirred for 2 hours after which the precipitate 

was collected by filtration. The dark-red precipitate was washed with benzene 

(1 mL) and dried in vacuo affording complex 5 as a red solid (21 mg, 78%).1H 

NMR (300 MHz, CD3CN)* δ 8.70 (d, J = 5.2 Hz, 1H, Py-H), 8.21 (ddd, J = 8.6, 7.9, 1.6 Hz, 1H, Py-

H), 7.56 (m, 2H, Py-H), 7.43 (s, 1H, ap-H), 6.74 (s, 1H, ap-H), 2.09 (s, 6H, gem-Me), 1.29 (s, 9H, 

tBu), 1.27 (s, 9H, tBu). 19F NMR (282 MHz, CD3CN) δ -151.80 (s). MS-ESI+ (m/z) calculated for 

C22H30ClN2OPd: 479.108, found: 478.965. Anal. Calcd for C22H30BClF4N2OPd: C, 46.59; H, 5.33; N, 

4.94 Found: C, 46.63; H, 5.31; N, 4.89. * Obtained from in situ oxidation with SelectFluor® 

Complex 6 ([CoCp2]PdCl(NNOAP)  

A solution of CoCp2 (7.6 mg, 4.0 μmol) in toluene was added dropwise 

to a stirred solution of 4 (19.2 mg, 4.0 μmol) in toluene (1 mL). After 1 

hour stirring was stopped and the supernatant was removed by syringe 

off. The dark residue was washed with toluene (2 mL) and pentane (2 

mL) and dried in vacuo, affording the title compound as a light-purple 

solid (21.6 mg, 81 %). Single crystals were obtained by reactive diffusion of a CoCp2 solution in 

benzene into 6 in benzene. 1H NMR* (300 MHz, CD2Cl2, ppm) δ 8.93 (dd, J = 5.6, 1.7 Hz, 1H, Py-

H), 7.73 (ddd, J = 8.2, 7.8, 1.7 Hz, 1H, Py-H), 7.22 (d, J = 8.2 Hz, 1H, Py-H), 7.12 (m, 1H, Py-H), 

6.55 (s, 1H, ap-H), 6.34 (s, 1H, ap-H), 1.84 (s, 6H, gem-Me), 1.41 (s, 9H, tBu), 1.26 (s, 9H, tBu). MS-

ESI+ (m/z) calcd for C32H40ClCoN2OPd: 668.1, found 668.2 [M]+. MS-ESI- (m/z) calcd for 

C22H30ClN2OPd: 479.1, found 479.2 [M-(CoCp2
+)]-. Anal. Calcd for C32H40ClCoN2OPd: C, 57.41; H, 

6.02; N,4.18 Found: C, 57.32; H, 6.16; N, 4.17. 

*Complex 6 was sparsely soluble in benzene and decomposed in more polar solvents precluding full 

spectroscopic analysis. 1H-NMR analysis was possible with a freshly prepared solution in CD2Cl2 

from a N2-filled glovebox. 
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Complex 7 (PdPPh3(NNOAP)) 

PPh3 (2.5 mg, 0.01 mmol) was added to a suspension of 4 (6.7 mg, 0.01 mmol) 

in benzene (1 mL). The resulting dark purple mixture was filtered and all 

volatiles were evaporated affording the title compound as a purple solid in near- 

quantitative yield. 1H NMR (300 MHz, CD2Cl2, ppm): δ 7.96 – 7.83 (m, 6H, Ar-

H), 7.67 (ddd, J = 8.2, 7.8, 1.6 Hz, 1H, Py-H), 7.55 – 7.23 (m, 10H), 7.17 (ddd, J 

= 7.8, 5.9, 1.8 Hz, 1H, Py-H), 6.68 – 6.55 (m, 2H, ap-H + Py-H), 6.34 (d, J = 2.2 

Hz, 1H, ap-H), 1.96 (s, 6H, gem-Me), 1.30 (s, 9H, tBu), 0.98(s, 9H, tBu). 31P NMR (121 MHz, 

CD2Cl2, ppm) δ 27.2 ppm. MS-ESI+ (m/z) calcd for C40H46N2OPPd: 707.24, found 707.25 [MH]+  

Synthesis of Ligands NNO’H2 and NNO’H 

The ligand NNO’H2 without the gem-methyl groups was prepared via a different route as used for 

NNOH2 because using 2-picolylamine with the synthetic procedure described for NNOH2 resulted in 

formation of an intractable mixture. The alternative synthesis (Scheme 8) involves nitration of 2,4-

di(tert-butyl)phenol followed by hydrogenation of the nitro-group to form 2-amino-4,6-di(tert-

butyl)phenol according to literature a procedure.23 A subsequent reductive amination with 2-

pyridinecarboxaldehyde and NaBH4 affords a mixture of NNO’H2 and NNO’H that can be separated 

by column chromatography. 

 

 

 

Scheme 8. Synthetic route towards NNO’H2 and NNO’H. Reagents: i) HNO3, AcOH; ii) H2, Pd/C, EtOH; iii) 2-

pyridinecarboxaldehyde, NaBH4, MeOH. 

Experimental procedure for NNO’H2 and NNO’H: 

To a blue solution of 2-amino-4,6-di(tert-butyl)phenol (0.85 g, 3.84 mmol) in MeOH 

(20 mL) was added 2-pyridinecarboxaldehyde (0.41 g, 3.84 mmol), which resulted in 

a rapid color-change to yellow followed by precipitation of the imine intermediate. 

After one hour, NaBH4 (0.15 g, 3.84 mmol) was added slowly to the yellow 

suspension and the homogeneous mixture was stirred for two hours, after which the 

solution was concentrated in vacuo. The crude product was dissolved in CH2Cl2 (150 mL) and washed 

with aqueous NH4OH (100 mL) and brine (50 mL). The organic layer was dried over Na2SO4, 

concentrated and purified by column chromatography (97:3 CH2Cl2:MeOH), affording imine NNO’H 

as a yellow solid and ligand NNO’H2 as a white solid after washing with pentane. NNO’H2: 1H NMR 

(300 MHz, CDCl3, ppm): δ 8.57 (d, J = 4.9 Hz, 1H, Py-H), 8.3 (bs, 1H, OH/NH), 7.66 (ddd, J = 8.2, 

7.8, 1.8 Hz, 1H, Py-H), 7.23 (m, 2H), 6.96 (d, J = 2.4 Hz, 1H, ap-H), 6.89 (d, J = 2.4 Hz, 1H, ap-H), 

4.45 (s, 2H, NCH2-Py), 3.9 (bs, 1H, OH/NH) 1.43 (s, 9H, tBu), 1.25 (s, 9H, tBu). 13C NMR (126 

MHz, CDCl3, ppm): δ 159.63 (Cq), 149.06 (CH), 142.45 (CH), 140.29 (Cq), 137.05 (CH), 136.54 
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(Cq), 136.25 (Cq), 122.46 (CH), 122.23 (CH), 117.79 (CH), 116.13 (CH), 54.21 (CH2), 35.14 (Cq), 

34.63 (Cq), 31.87 (CH3), 30.17. 

Analytical data of imine NNO’H were in agreement with literature values.24 

Synthesis of Pd-complex of NNO’H2 and NNO’H 

Using the same procedure as for the synthesis of 4, coordination of NNO’H2 to palladium 

(PdCl2(NCMe)2) followed by double deprotonation using NEt3 resulted in β-H elimination of the CH2-

group in the ligand backbone (Scheme 9), as indicated by disappearance of the signal for the gem-

protons of the methylene linker and the appearance of a sharp singlet at 7.6 ppm for the N=CH proton. 

Additionally, upon coordination of imine ligand NNO’H to palladium in the presence of equimolar 

amount of base, the same intense blue color was observed. Further analysis revealed identical UV/Vis 

spectra and chemical shifts in NMR spectroscopy. Base-catalyzed β-H elimination from bidentate 2-

aminopyridyl ligands coordinated to PdII has been reported previously.25 1H NMR (300 MHz, CDCl3, 

ppm): δ 8.45 (d, J = 5.3 Hz, 1H, Py-H), 7.73 (dd, J = 7.8, 1.6 Hz, 1H, Py-H), 7.59 (s, 1H, N=CH), 

7.45 (d, J = 7.8 Hz, 1H, Py-H), 7.09 (m, 2H, Py-H + ap-H), 6.75 (d, J = 2.3 Hz, 1H, ap-H), 1.33 (s, 

9H, tBu), 1.24 (s, 9H, tBu). 13C NMR (126 MHz, CDCl3, ppm): δ 162.02, 151.62, 142.70, 142.57, 

140.47, 139.50, 135.20, 130.41, 125.91, 125.46, 123.26, 111.35, 35.48, 34.40, 31.40, 29.41. 

 

 

Scheme 9. Synthetic route to PdCl(NNO’) starting from either NNO’H2 or NNO’H. Reagents: (i) PdCl2(MeCN)2, CH2Cl2, 

NEt3; (ii) NEt3, air, CDCl3. 

Reactivity of 6 with azide 8 

Inside an N2-filled glovebox a solution of CoCp2 (1.2 mg, 6 μmol) in benzene (3 mL) was added to a 

solution of 4 (2.8 mg, 6 μmol), 8 (10.4 mg, 60 μmol) and Boc2O (13.0 mg, 60 μmol) in benzene (2 

mL). The purple mixture was transferred to a pressure-tube and heated at 100 oC for 24 hours. After 

cooling to r.t., 1,3,5-trimethoxybenzene was added as an internal standard. All volatiles were 

evaporated in vacuo and the crude product (mixture of rotamers) was analyzed by NMR spectroscopy 

(CDCl3, solutions were filtered through a Teflon syringe filter prior to analysis) and GC-MS, which 

showed formation of 9 (~1:1 to the initial amount of 4), 10 and 11. A two-stage filtration over silica 

(DCM  DCM/MeOH 95/5) resulted in separation of 9 from 10 and 11 (10, 11 and starting material 

in first fraction; 9 in second fraction). NMR data of 9 were in agreement with the literature values.19 

Furthermore, the NMR data and GC retention times of 9 were identical to the product of a reaction 

between 2-phenylpyrrolidine and Boc2O. 
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In-situ generation of intermediate D and reactivity with Boc2O 

A solution of CoCp2 (1.9 mg, 0.01 mmol) in C6D6 (0.4 mL) was added to a brown solution of 4 (4.8 

mg, 0.01 mmol) and 2-phenylpyrrolidine (3.0 mg, 0.02 mmol) in C6D6 (0.4 mL). The resulting purple 

mixture was analyzed by 1H NMR spectroscopy. Subsequently, Boc2O (4.6 mg, 0.02 mmol) was 

added to the mixture and the mixture was analyzed by 1H NMR spectroscopy. In time the color 

changed from purple to yellow. Upon addition of Boc2O, 1H NMR analysis showed full conversion of 

intermediate D to 9 and no diamagnetic signals belonging to to the ligand were visible. EPR analysis 

of the yellow solution showed a similar pattern to that of 4.  

Synthesis of 10 by hydrogenolysis/Boc protection of 8 

A suspension of 11 mg 8 (0.06 mmol) and 17 mg Pd/C (10%) in 10 mL MeOH was stirred under an 

H2 atmosphere overnight. Filtration and evaporation yielded the corresponding amine. Addition of 14 

mg Boc2O (0.06 mmol) in 0.8 mL CDCl3 resulted in full conversion to 10. Spectroscopic data of the 

product was identical to 10 obtained from the reaction depicted in Scheme 5. The -NH resonance at 

4.5 ppm slowly exchanges with D2O. 

Synthesis of monodeuterated azide substrate 5D 

Monodeuterated azide 8D was prepared according to slightly modified literature procedures (scheme 

x)19,21,26 starting from commercially available cyclopropylmagnesium bromide (1.0 M in 2-MeTHF) 

instead of a freshly prepared solution in THF. Grignard addition of the cyclopropylmagnesium 

bromide to benzaldehyde-α-d1 (10) followed by nucleophilic attack of the oxygen on acetyl chloride 

produces a cyclopropyl intermediate. Nucleophilic addition of halide to the cyclopropane results in 

ring opening with concominant elimination of acetic acid to produce alkene 11. Selective 

hydrogenation of the vinylic double bond using Pd/C and H2 affords 12, which upon reaction with 

NaN3 produces the monodeuterated alkyl azide 8D. Analytical data of the obtained products were 

identical with literature data, except for the higher Br:Cl ratio for 11 and 12.  

 

Kinetic Isotope Experiment 

The selectively monodeuterated alkylazide was reacted analogously to the non-deuterated azide at 100 
oC in threefold. The kH/kD ratio was determined by analysis of the isotopic ratio in the product using 

a JEOL AccuTOF GCv4G GC-HRMS. The found value of 3.35 ± 0.11 is reproduced well by the DFT 

calculated value of 3.65. 
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Crystallographic details 

Complex 4: 

C22H30ClN2OPd · CHCl3, Fw = 599.70, orange-brown needle, 0.61  0.14  0.08 mm3, monoclinic, 

P21/c (no. 14), a = 16.7350(8), b = 9.6686(5), c = 16.2668(7) Å,  = 93.017(2) º, V = 2628.4(2) Å3, Z 

= 4, Dx = 1.515 g/cm3,  = 1.13 mm-1. 28040 Reflections were measured on a Bruker Kappa ApexII 

diffractometer with sealed tube and Triumph monochromator ( = 0.71073 Å) at a temperature of 

150(2) K up to a resolution of (sin /)max = 0.65 Å-1. Intensity data were integrated with the Eval15 

software27 using a model for large anisotropic mosaicity.28 Multiscan absorption correction and 

scaling was performed with SADABS29 (correction range 0.63-0.75). 6044 Reflections were unique 

(Rint = 0.020), of which 5297 were observed [I>2(I)]. The structure was solved with the program 

SHELXS-9730 Least-squares refinement was performed with SHELXL-201330 against F2 of all 

reflections. Non-hydrogen atoms were refined freely with anisotropic displacement parameters. 

Hydrogen atoms were introduced in calculated positions and refined with a riding model. 288 

Parameters were refined with 3 restraints (for C-Cl distances in the CHCl3 molecule). R1/wR2 [I > 

2(I)]: 0.0255 / 0.0619. R1/wR2 [all refl.]: 0.0318 / 0.0648. S = 1.030. Residual electron density 

between -0.80 and 0.92 e/Å3. Geometry calculations and checking for higher symmetry were 

performed with the PLATON program.31 

Complex 5:  

C22H30BClF4N2OPd, Fw = 567.14, brown plate, 0.61  0.14  0.08 mm3, triclinic, P-1 (no. 2), a = 

7.3768(4), b = 12.0798(7), c = 15.1667(9) Å,  = 93.531(3),  = 89.979(4),  = 107.760(3)º, V = 

1284.41(13) Å3, Z = 2, Dx = 1.466 g/cm3,  = 0.871 mm-1. 31066 Reflections were measured on a 

Bruker Quest Eco diffractometer with sealed tube and Triumph monochromator ( = 0.71073 Å) at a 

temperature of 150(2) K up to a resolution of (sin /)max = 0.65 Å-1. Intensity data were integrated 

with the Saint software. Multiscan absorption correction and scaling was performed. 4607 Reflections 

were unique (Rint = 0.0874), of which 3779 were observed [I>2(I)]. The structure was solved with 

the program SHELXL-97. Least-squares refinement was performed with SHELXT-2013 against F2 of 

all reflections. Non-hydrogen atoms were refined freely with anisotropic displacement parameters. 

470 Parameters were refined with 0 restraints. R1/wR2 [I > 2(I)]: 0.0339 / 0.628. R1/wR2 [all refl.]: 

0.0518 / 0.679. S = 0.970. Residual electron density between -0.40 and 0.49 e/Å3. 

 

Complex 6: 

C32H40ClCoN2OPd · C6H6 · 1/2 H2O, Fw = 755.55, purple needle, 0.260  0.130  0.100 mm3, 

triclinic, P-1, a = 9.0399(5), b = 9.7093(5), c = 23.0313(13) Å, α = 98.706(5) º,  = 90.011(5) º,γ = 

117.738(4) º, V = 1762.79(18) Å3, Z = 2, Dx = 1.423 g/cm3,  = 1.089 mm-1. 20629 Reflections were 

measured on a STOE IPDS II diffractometer (graphite monochromated Mo-Kα radiation, λ = 0.71073 

Å) by use of ω scans at –140 °C. The structure was solved by direct methods (SHELXS) and refined 

on F2 using all reflections with SHELXL-2013.30 The non-hydrogen atoms were refined 
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anisotropically. Hydrogen atoms were placed in calculated positions and assigned to an isotropic 

displacement parameter of 1.2 / 1.5 Ueq(C). Hydrogen atoms bound to the oxygen atom of the water 

molecule could not be located. The crystal under investigation was found to be twinned (twin law: 1  

0  0, -1 -1 0,  0 0 -1; twin ratio: 0.532(2) / 0.477(2)). Face-indexed absorption correction was 

performed numerically with the program X-RED.32 

CCDC 980829 (4) and 988172 (6) contain the additional supplementary crystallographic data. These 

data can be obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. 

3. Computational details 

Geometry optimizations were carried out using TURBOMOLE33 coupled with the PQS Baker 

optimizer34 via the BOpt package35 at the DFT level using the b3-lyp functional and the def2-TZVP 

basis set. All minima (no imaginary frequencies) and transition states (one imaginary frequency) were 

characterized by numerically calculating the Hessian matrix.  

Calculated EPR spectra were obtained with ORCA36 (DFT: b3-lyp, def2-TZVP) level, using 

Turbomole optimized geometries. The corrected broken symmetry energies εBS of the open-shell 

singlets (S = 0) was estimated from the energy from the energy εS of the optimized single-determinant 

broken symmetry solution and the energy εS+1 from a separate unrestricted triplet calculation at the 

same level, using the approximate correction formula:37 

 

ε
ε 	–	 ε

	–	
 

 

The tert-butyl groups on the aminophenolate moiety were replaced by protons for the calculated 

energy profile to decrease computation-time.  
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Dinuclear Palladium Complexes with Two Ligand-
Centered Radicals and a Single Bridging Ligand: 

Subtle Tuning of Magnetic Properties* 

 

 

 

 

   

* Part of this work has been published: D. L. J. Broere, S. Demeshko, B. de Bruin, E. A. 
Pidko, J. N. H. Reek, M. A. Siegler, M. Lutz, J. I. van der Vlugt, Chem. Eur. J. 2015, 21, 
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3.1 Introduction 

Dinuclear transition metal complexes are receiving widespread attention as both structural 

mimics for biologically relevant metalloenzyme active sites - where metal-metal interactions 

play an important role in the cooperative activation of small molecules1 - and for their use in 

synthetic bimetallic catalysis.2 Systems with metal-metal bonds are particularly interesting due 

to their potential use as electron-reservoirs.3 A special class consists of dimers of square-planar 

RhI, IrI, PtII and PdII complexes that display (weak) metal-metal bonds due to d8-d8 

interactions. These interactions arise from overlap in the axial direction between the valence 

dz
2 orbitals of the two square planar metal centers, resulting in both filled bonding (dσ) and 

antibonding (dσ*) orbitals (Figure 1). However, there is a net overall bonding interaction due 

to symmetry-allowed mixing with the (n+1) metal pz orbitals.4   

 

 
Figure 1. Orbital energy level diagram for interaction along the metal-metal axis of two d8 square-planar entities 

(adapted and modified from reference 4a).    

 

A small number of dinuclear PdII complexes with intramolecular d8-d8 interactions have been 

identified to date. In most cases a bridging acetate5 or neutral ligand4d is required to pre-

organize both metals for this bonding interaction to occur, but an unsupported Pd-Pd 

interaction has also been reported.4b However, dinuclear palladium complexes bridged by a 

single donor ligand are scarce and none featuring an intramolecular d8-d8 interaction have been 

reported to the best of our knowledge.  

The incorporation of redox-active ligands in transition metal complexes has recently emerged 

as an attractive strategy to provide necessary redox-equivalents for bond activation and bond 

formation processes.6 In addition, dinuclear transition metal complexes containing redox-

active dinucleating ligand radicals are receiving significant attention lately.7 Diradicals are 

intriguing species that show interesting properties8 and can potentially trigger or facilitate 

special (e.g. spin-forbidden) reactions. However, our current understanding of the properties of 
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diradicals is limited, while a deeper understanding is important to allow the targeted synthesis 

of diradicals with predefined properties and/or reactivity patterns. Furthermore, exchange 

interactions between the unpaired electrons can lead to interesting magnetic properties. 

Dinuclear metal complexes with purely ligand-based diradical character might allow for facile 

tuning of the exchange interactions through changes in the linker between the metal centers 

(Figure 2). This strategy would permit the use of redox-inactive metals and metalloids, which 

greatly widens the synthetic scope compared to systems where the diradical character is purely 

metal-based. Synthetic methods to prepare dinuclear complexes with one non-bridging redox-

active ligand on each metal are underdeveloped and hence little is known about magnetic 

exchange phenomena for such species.9  

 

 

Figure 2. Schematic representation of the potentially tunable spin-exchange interaction in dinuclear palladium 

complexes with redox-active ligand diradicals. 

 

Especially in case of only a single bridging ligand, subtle variations potentially influence the 

overall magnetic properties of the system. Depending on the relative orientation and/or 

distance between the two spin carriers, diradicals can exist in a triplet (ferromagnetic 

coupling) or singlet (antiferromagnetic coupling) ground state due to spin-exchange coupling 

(J).10,11 These species are of interest for applications in tunable electronic switching and 

molecular magnetic materials.12 New synthetic routes that allow the installment of different 

types of bridging ligands would be of interest in order to quickly assess their impact on the 

magnetic properties of these complexes. 

In the previous chapter we described how novel paramagnetic PdII complexes bearing a redox-

active NNO ligand (Scheme 1) can undergo selective intramolecular ligand-to-substrate 

single-electron transfer upon one-electron reduction.13 Inspired by these results, we herein 

detail our efforts to manipulate the neutral PdII-radical 1 - PdCl(NNOISQ) - and to investigate 

its behavior upon substitution of the chloride ligand. This has resulted in two unique dinuclear 

Pd2-complexes (2 and 3). Both species feature ligand-centered radicals on each Pd(NNO) 

moiety and a single bridgehead ligand (chloride and azide, respectively). A combined 

spectroscopic, magnetochemical and computational study show that there is a significant 

influence of the bridging atom on the electron exchange in the ligand-centered diradicals. The 

underlying facile heterocoupling chemistry of two different Pd-precursors illustrates the 
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convenient synthesis of these species, which might aid the development of versatile routes to 

other dinuclear ligand diradical complexes.  

 
 
 

 
 
 
 
 
 
 

Scheme 1. Redox states of PdII-coordinated NNO ligand. 

3.2 Results and Discussion 

Synthesis and characterization of dinuclear Pd complex 2 in solution 

Abstraction of the chlorido ligand in complex 1 with Ag-salts resulted in one-electron 

oxidation of the ligand backbone to give the diamagnetic cationic species [PdCl(NNOIBQ)]+ 

(Scheme 1). Treatment of 1 with the softer, non-oxidizing thallium(I) hexafluorophosphate 

(TlPF6) in a non-coordinating solvent (CH2Cl2) led to a color change from brown to brownish-

green (Scheme 2). CSI-MS studies indicate the presence of an intact dinuclear species in 

solution with m/z 923.2468 [M]+, indicating the formation of diradical [{Pd(NNOISQ)}2(µ-

Cl)]+ (2). Notably, addition of up to five equivalents of TlPF6 resulted in the same product, 

with no indication for additional chloride abstraction. Dark-brown single crystals of 2 suitable 

for X-ray structure determination were obtained by diffusion of pentane into a CHCl3 solution.  

 

 

 

 

 

 

 

 

 
Scheme 2. Synthesis of complex 2. Reagents and conditions: (i) TlPF6, CH2Cl2, rt. 

The molecular structure of 2 (Figure 3) exhibits slightly distorted square planar geometries for 

both metal centers and a single bridging chlorido ligand. Well-defined dinuclear palladium 

complexes with just a single chlorido bridging ligand are rare14 and no examples bearing 

ligand radicals have been reported. The intra-ligand bond lengths are characteristic for the 

iminosemiquinonato (NNOISQ) oxidation state15 for both ligands (MOS = -1.07 ± 0.07 and -

1.02 ± 0.08). The two Pd-Cl bond lengths are similar and slightly longer than in complex 1. 
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Most noteworthy is the very small Pd-Cl-Pd angle of 93.11(2), which may hint at an 

attractive interaction between the two Pd(NNO) fragments.16 Other crystallographically 

characterized dinuclear Pd2(µ-Cl) species have much larger Pd-Cl-Pd angles of 120-130.14 

The short Pd---Pd distance of 3.4083(3) Å is longer than the sum of the van der Waals radii 

(3.26 Å), excluding a formal bond. The torsion angle of 66 between the two Pd(NNOISQ) 

segments seems to rule out any involvement of π-π stacking between the ligands, but rather 

suggests the existence of a d8-d8 interaction. 

 

Bond NNOPd1 NNOPd2 

C1-C2 1.426(4) 1.424(4) 
C2-C3 1.373(4) 1.373(4) 
C3-C4 1.427(5) 1.424(5) 
C4-C5 1.373(4) 1.369(5) 
C5-C6 1.421(4) 1.428(4) 
C6-C1 1.447(4) 1.450(4) 
C1-O1 1.321(4) 1.318(3) 
C6-N1 1.352(4) 1.349(4) 
Pd-N1 1.919(3) 1.928(3) 
Pd-O1 1.987(2) 1.984(2) 
Pd-Cl1 2.3486(7) 2.3458(7) 

 
MOS -1.07 ± 0.07 -1.02 ± 0.08 

Figure 3 Left: Table showing relevant bond lengths (Å) and metrical oxidation state (MOS) for complex 2. Other 

relevant metric parameters: Pd1---Pd2 3.4083(3) Å; Pd1-Cl1-Pd2: 93.11(2)º. Right: Displacement ellipsoid plot 

(50% probability level) of complex 2. Hydrogen atoms, PF6 anion and lattice solvent molecules are omitted for 

clarity. 

To find an explanation for the unusually skewed LPd-Cl-PdL geometry, complex 2 was 

studied computationally using DFT calculations (Figure 4, left). It was found that dispersion 

corrections17 were essential to obtain structures that were in good agreement with the 

experimental data (Figure 4). This is in agreement with earlier reports that also state that d8-

d8/10 type interactions are best described as a dispersion interaction.18 Employing either i) the 

b3-lyp-d3 functional with the def2-TZVP basis-set or ii) the PBE0-d3 functional with the 6-

31+G(d,p) basis-set for light atoms and the LanL2DZ-mod basis-set for Pd afforded a 

geometry in agreement with the experimental parameters. Notably, where the b3-lyp-d3, def2-

TZVP combination slightly overestimated the Pd-Pd distance (α) and the Pd-Cl-Pd angle (θ), 

the PBE0-d3/6-31+G(d,p)/LanL2DZ-mod combination slightly underestimated both. AIM 

analysis showed no formal bond between the Pd atoms. The CPK model of the optimized 

structure (Figure 4, right) suggests a close contact between one tBu group of the first fragment 

and one of the gem-Me groups of the second fragment. To exclude that the respective van der 
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Waals interaction is the sole contributor to the short intramolecular Pd---Pd distance, the 

structure was optimized with the tBu groups removed. Analysis of the resulting structure 

showed a shortening of the Pd---Pd distance, suggesting that the steric bulk of the tert-butyl 

groups actually weakens any interaction between the two d8 metal centers. 

 

 

 

 

 

 

 

 

Figure 4. Left: DFT optimized geometry and relevant experimental and computational metric parameters. Right: 

CPK model of DFT optimized geometry of complex 2 (b3-lyp-d3, def2-TZVP).  

 

The open-shell singlet (OSS) and the (optimized) triplet state lie very close in energy (EOSS – 

ET = -0.3 kcal mol-1), indicative for a moderate spin-exchange interaction (2Jcalc = -106.1 cm-1; 

b3-lyp-d3, def2-TZVP). In both the OSS and triplet state, both unpaired electrons reside on 

separate iminosemiquinonato fragments (Figure 5, left). Analysis of the molecular orbitals 

clearly indicates a small but non-negligible symmetry-allowed overlap between the dz
2 orbitals 

of the two metal centers (Figure 5, center), Indeed, as common for d8-d8 interactions, a filled 

weakly antibonding orbital (~0.25 eV higher in energy) is also found (Figure 5, right). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Left: Spin density plots of the OSS (top) and triplet (bottom) spin states. Center: Bonding orbital between the two 

Pd atoms (Triplet α HOMO-5). Right: Filled antibonding orbital between the two Pd atoms (Triplet α HOMO-4, b3-lyp-d3, 

def2-TZVP). 
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Magnetic behaviour of complex 2 in the solid state 

In order to get insight into the magnetic behavior of complex 2 in the solid state, magnetic 

measurements were performed on a polycrystalline sample using a SQUID magnetometer. The 

χMT value at room temperature is ca. 0.6 cm3 mol–1 K, corresponding to an effective magnetic 

moment of 2.19 μB. Upon lowering the temperature, χMT approaches to zero, revealing a 

singlet ground state (Figure 6). The χM vs. T plot (Figure 6, inset) exhibits a broad maximum at 

110 K, again indicating an antiferromagnetic (AF) interaction. Modeling the experimental data 

using a fitting procedure to the Heisenberg-Dirac-van-Vleck (HDvV) spin Hamiltonian for 

isotropic exchange coupling and Zeeman splitting (Eq. (1)) leads to an exchange coupling 

constant J of -63 cm-1. 

 

   Eq. (1)    

 

Therefore the singlet−triplet energy gap ∆ES-T (which is equal to 2J) is –126 cm–1 or –0.36 

kcal mol–1, confirming a singlet ground state for 2 with a moderate spin-exchange interaction. 

These observations are fully supported by the DFT calculations, predicting a similarly 

moderate AF exchange coupling constant (ORCA, b3-lyp, def2-TZVP, d3ZERO: 2J = -90.6 

cm-1; Turbomole, b3-lyp-d3, def2-TZVP: 2J  = -106.2 cm-1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 6. Temperature dependence of χMT and χM (inset) of complex 2. The solid lines show the simulated data and 

the empty squares the experimental data. 

VT EPR spectroscopy on a polycrystalline sample of 2 is in agreement with the SQUID 

measurements, revealing a triplet signal in the temperature range between 20-60 K (Figure 7). 

At temperatures >60 K the signal broadens and rapidly becomes very weak due to fast 

relaxation (likely induced by Pd). Below 60 K the intensity of the triplet signal shows the 

typical temperature dependence expected for an AF coupled system, and the signal vanishes 

completely at temperatures below 20 K (Figure 7). 

 211
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Figure 7. Left: Detection of the triplet signal of 2 and its temperature dependence. Right: Plot of the signal intensity 

(double integral) of the ‘forbidden’ ms = 2 half-field triplet signal versus T (20-60 K range).  

The temperature dependence of the triplet signal intensity holds information about the exchange 

coupling J between the spin carriers in complex 2. Plotting the response of the EPR signal intensity 

(either the double integral intensity, the signal amplitude Iamp, or Iamp*T) of the ‘forbidden’ (Δms = 2) 

half-field signal as a function of the absolute temperature shows a bell-shaped curve (Figures 7 and 8). 

The curvature of these plots are too steep to correspond to only exchange coupling. In fact, rapid 

relaxation processes at temperatures > 40 K play a significant role, and above 60 K the triplet signals 

(both the Δms = 1 and Δms = 2 signals) become so broad and weak that they are hardly detectable 

(Figure 8). Hence, only the data < 40 K are useful to extract the exchange coupling parameter J by 

curve fitting.  

 

Figure 8. Plots of the EPR signal amplitude (Iamp) and Iamp*T versus T of the ms = 2 signal, showing that the disappearance 

of the signal at higher temperatures is solely due to signal broadening (most likely as a result of too fast electron-spin 

relaxation induced by the Pd centers).  
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Fitting the data measured between 20-40 K (Figure 9) to the Bleaney and Bowers equation (Eq. (2), C 

is the Curie constant and k = 0.69503 cm-1 K-1)8a, yields an exchange coupling parameter J = -47 cm-1. 

This value is in reasonable agreement with the SQUID (-63 cm-1) and DFT (-45 cm-1) data, especially 

taking into account the limited amount of data points collected in this temperature range and some 

possible remaining spin relaxation effects, which may influence the accuracy of this value.  

 

Figure 9. Plot of the signal intensity (double integral) of the ‘forbidden’ Δms = 2 half-field triplet signal of complex 2 

measured in the 20-40 K temperature range and a fit of the data using Eq. (2) with C =1.41139×1010, k = 0.69503 and J = -

46.79375.  

 

Eq. (2)   	
	

	 	
       

 

Magnetic behaviour complex 2 in solution  

Interestingly, in solution there is no evidence for exchange coupling between the two unpaired 

electrons of complex 2. Contrary to the solid state data, the EPR spectrum of 2 in rapidly 

frozen toluene at 20 K shows only a S = ½ signal, reflecting a more random orientation of the 

two Pd-subunits than in the crystalline solid state. In benzene solution at room temperature, a 

well-resolved S = ½ signal is observed, with similar hyperfine couplings as previously 

observed for 1 (Figure 10). A magnetic susceptibility measurement of 2 at 298 K in CDCl3 

using Evans’ method19 gave an effective magnetic moment (μeff) of 2.18 μB, which is close to 

the value predicted for a system with two noninteracting S = ½ spins (2.45 μB). The UV-vis 

spectrum of 2 in solution is similar to that of 1, with an additional absorption at 441 nm. 
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Figure 10. Experimental and simulated EPR spectrum of complex 2 in benzene solution. Experimental parameters: 

Freq = 9.368164 GHz, T = 298 K, Mod Ampl. = 1, power = 2 mW. Parameters used in the simulation: APd = 12.5 

MHz, AN = 23.3 MHz, AH1 = 11.0 MHz, AH2 = 2.2 MHz. 

Paramagnetic 2 shows relatively sharp resonances in the 1H NMR spectrum between -2 to 20 

ppm at room temperature. VT NMR spectroscopy of 2 in CDCl3 showed a temperature 

dependence for the 1H NMR chemical shifts (Figure 11). Increasing the temperature from -60 

to +60 C led to narrowing of the spectral range by ±8 ppm. Plots of the 1H NMR shifts versus 

T-1 are shown in Figure 12 (right). The linear dependence of the paramagnetic shift with T-1 

over this temperature range for all seven observable proton types (one signal is obscured by 

the tBu group) allowed for tentative assignment of the observed resonances by linear fitting. 

Linear fits of these Curie plots are of good quality with correlation coefficients between 0.995-

0.999, indicative of simple paramagnetic behaviour associated with a single contributing spin 

state. Estimated dia values derived from the y-axis intercepts (at T-1 = 0) of these linear plots 

are all in the diamagnetic range between 010 ppm (Figure 12, left), pointing to near-ideal 

Curie behavior. This means that in solution the two spin bearing ligand radicals in 2 

essentially behave as independent, uncoupled S = ½ systems. In the temperature range studied, 

no apparent antiferromagnetic coupling is detectable in solution. Some of the intercepts of the 

linear fits deviate slightly from the expected diamagnetic shifts, in particular the signals of the 

one of the tBu groups and protons on the redox-active ring. Using a polynomial fit provides 

values in better agreement with the expected chemical shifts (Figure 12, left). This may point 

to small deviations from perfect Curie behavior, potentially related to intramolecular magnetic 

exchange interactions between the two ligands radicals of 3 showing up at lower temperatures, 

or weak intermolecular exchange interactions between different molecules of 3 caused by 

some aggregation at lower temperatures in solution. 
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The linearity of these plots, combined with the fact that no additional NMR signals are 

generated over the temperature range between 60 to +60 ᴼC (dissociation of the dinuclear 

complex should double the amount of signals) further indicates that the dinuclear complex 

stays intact in solution over this broad temperature range. The observation that in solution the 

two unpaired electrons of 2 behave as essentially non-interacting spin carriers over a broad 

temperature range shows that the magnetic behaviour of this complex in solid state and 

solution phase is very different. This is likely related to rotational flexibility in the Pd-Cl-Pd 

core, as schematically depicted in Figure 13. HR-MS data also support the proposal that 2 

remains intact as dinuclear species in solution. 

 

 

 

Figure 11. Stacked 1H NMR spectra of complex 2 in CDCl3 in the temperature range between 213 and 333 K. 
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Resonance Integral [δdia]a [δdia]b  Assignment 
#1 9 5.66 2.04 tBu 
#2 1 9.84 9.35 py 
#3 1 8.72 8.15 py 
#4 6 3.46 2.83 gem Me 
#5 11 1.87 2.18 tBu + 2H 
#6 1 4.77 7.62 Ar-H 
#7 1 3.95 7.09 Ar-H 

    
a: linear fitting; b: polynomial fitting. 

 
Figure 12. Curie plots of the 1H NMR shifts versus T-1 of complex 2 in CDCl3 in the range of -60 to +60 oC.  

 

 

 

 

 

 

 

Figure 13. Solution vs. solid state magnetic properties of 2. 

Reactivity of dinuclear Pd complex 2  

In order to confirm that this novel dinuclear diradical species only forms in the absence of 

suitable donor ligands, complex 2 was reacted with one equivalent of PPh3.
20 This led 

selectively to paramagnetic complex 3, together with one equivalent of complex 1 (Scheme 3). 

This result confirms that the chlorido-bridged dinuclear complex, although stable, does not 

persist in the presence of a better ligand. It also suggests that it might be possible to exchange 

bridgehead groups in case a non-neutral co-ligand is employed. Treatment of a solution of 

complex 1 in CH2Cl2 with an equimolar amount of TlPF6 in the presence of PPh3, generates 

complex 3 as the only product with full conversion of 1. Notably, 31P NMR spectroscopy on 

paramagnetic 3 reveals the coordinated phosphine as a sharp singlet at δ 28.63 ppm (the 
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chemical shift is indicative for coordination to Pd)21 and the PF6 anion as a fully resolved 

septet, while the 1H NMR spectrum displays four broad resonances between δ 8.36 and 1.19 

ppm.  

 

 

 

 

 

 

 

 

Scheme 3. Reactivity of complex 2 with PPh3 to form complex 3 and independent synthesis of 3 directly from 1. 

Reagents and conditions: (i) PPh3, CH2Cl2, rt; (ii) TlPF6, PPh3, CH2Cl2, rt  

Although it appears that dinuclear 2 is susceptible to reaction with additional ligand and 

potentially also metalloligand species, we reasoned that access to other monoatom-bridged 

dinuclear palladium diradical species could be more easily achieved by using a mixture of 

chloride species 1 and a neutral, non-chloride containing analogue, Pd(X)(NNOISQ). The in 

situ generated cationic [Pd(NNOISQ)]+ species should then be trapped selectively by this non-

chlorido derivative in order to form a new monoatom-bridged dinuclear diradical.22 

Given the frequent use of complexes with a bridging azide ligand in molecular magnetism 

studies,23 the azido derivative was prepared by substitution of the chlorido ligand in 1 through 

salt metathesis with sodium azide. The reaction proceeded smoothly in MeOH, yielding the 

corresponding Pd(N3)(NNOISQ) complex (4) as a purple crystalline material (Scheme 4), 

which showed similar EPR spectral features as 1. The IR spectrum contains a strong 

absorption at  2035 cm-1, which is in the characteristic range for terminal metal azides. Cyclic 

voltammetry of 4 in CH2Cl2 solution revealed fully reversible one-electron oxidation and 

reduction events at +0.07 V and -0.97 V vs. Fc/Fc+, respectively. The observed redox 

potentials reflect the higher electron-withdrawing character of the azido relatively to the 

chlorido ligand in complex 1 (-0.04 and -1.1 V),13 showing that the redox behavior of the 

NNO ligand is also dependent on the additional ligand. Similar to 1, in situ reduction using 

CoCp2
13 allows for the formation of a diamagnetic species which can be characterized by 

NMR spectroscopy. Single crystals for neutral azido species 4 suitable for X-ray structure 

determination were obtained by layering a concentrated CHCl3 solution with pentane.  
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Scheme 4. Synthesis of complex 4 and 5. Reagents and conditions: (i) NaN3, MeOH, rt; (ii) 1, TlPF6, CH2Cl2, rt. 

The molecular structure of this species shows a slightly distorted square planar geometry and 

very similar metric parameters (Figure 14) as parent species 1. The intramolecular bond 

lengths are characteristic for the iminosemiquinonato oxidation state (MOS = -0.97 ± 0.06).  

The main difference is the short Pd1-N2 (N) bond length (2.0504(14) Å) relative to the Pd-Cl 

bond length in 1 (~2.31 Å),13 which is in the usual range for Pd-N3 complexes.24 In contrast to 

1, which is brown in the solid state and in solution, 4 is a purple solid showing negative 

solvatochromism (blue in aromatic solvents, purple in CH2Cl2), indicative of metal-to-ligand-

charge-transfer.  

  Bond Length (Å) 
  C1-C2 1.428(2) 
  C2-C3 1.377(2) 
  C3-C4 1.430(2) 
  C4-C5 1.369(2) 
  C5-C6 1.422(2) 
  C6-C1 1.453(2) 
  C1-O1 1.3104(19) 
  C6-N1 1.3497(19) 
  Pd-N1 1.9295(13) 
  Pd-O1 2.0004(11) 
  Pd-N3 2.0505(16) 
   

MOS -0.97 ± 0.06 
 

Figure 14. Right: Displacement ellipsoid plot (50% probability level) of cationic part of complex 4. Left: Table 

showing relevant bond lengths (Å) and metrical oxidation state (MOS). Other relevant distances (Å): N3-N4’ 

1.168(2); N4-N5 1.168(3). 

 

Formation of dinuclear azido-bridged Pd complex 5  

Treatment of a equimolar solution of 1 and 4 with one equivalent of TlPF6 resulted in a color 

change from purple-brown to yellow-brown. CSI-MS spectrometry detected a signal at m/z 

932.2841 that is proposed to represent the parent cation, which indicates formation of a new 
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dinuclear azido complex 5 (Scheme 4). The IR spectrum showed a strong absorption at 2073 

cm-1 that can be attributed to a palladium azide fragment, although this signal is clearly shifted 

to higher wavenumber ( = 38 cm-1) compared to Pd(N3)(NNOISQ).  

Dark yellowish-green needles suitable for X-ray diffraction were obtained by slow diffusion of 

pentane into a chloroform solution (Figure 15, right), which unambiguously confirmed the 

composition of complex 5 as [{Pd(NNOISQ)}2(1-N;µ-N3)]PF6. The metric parameters for the 

intramolecular bond lengths are characteristic for the iminosemiquinonato oxidation state for 

both NNO ligands (MOS = -0.92 ± 0.06, Figure 15, left), just as in complex 2. Due to the 1,1-

bridging mode of the azide, the Pd-N bonds are slightly elongated with respect to 4. The 

longer Pd---Pd distance of 3.6843(3) Å and the large Pd-N-Pd angle of approximately 127o 

argue against a d8-d8 interaction between the two metal centers, which is in stark contrast with 

what is observed for complex 2. Another interesting observation is the elongation of the N-

N bond compared to the value in Pd(N3)(NNOISQ) (1.225(12) Å vs. 1.168(2) Å in 4) and a 

slight contraction of the N-N bond (1.148(13) Å vs. 1.168(3) Å for 4), which is suggestive 

of azide activation.  

 

Bond NNOPd1 NNOPd2 

C1-C2 1.413(8) 1.432(9) 
C2-C3 1.361(9) 1.385(9) 
C3-C4 1.426(10) 1.428(9) 
C4-C5 1.366(9) 1.362(9) 
C5-C6 1.420(8) 1.427(8) 
C6-C1 1.454(8) 1.454(9) 
C1-O1 1.308(7) 1.312(7) 
C6-N1 1.337(8) 1.337(8) 
Pd-N1 1.927(5) 1.933(5) 
Pd-O1 1.998(4) 2.002(4) 
Pd-N1' 2.058(6) 2.053(6) 

 
MOS -0.92 ± 0.09 -0.92 ± 0.09 

 

Figure 15. Right: Displacement ellipsoid plot (50% probability level) of cationic part of complex 5. Hydrogen 

atoms, the PF6 anion and lattice solvent molecules are omitted for clarity. Left: Table showing relevant bond 

lengths (Å) and metrical oxidation state (MOS). Other relevant distances (Å) and angles (º): N1’-N2’ 1.225(12); 

N2’-N3’ 1.148(13); Pd1-N1’-Pd2: 127.3(3).  

The EPR spectrum of 5 at room temperature is similar to that of 1 and 2. EPR spectroscopy on 

a polycrystalline sample showed no triplet signal at both ambient and low temperature. 

Notably, magnetic susceptibility measurements on the same solid (Figure 16, squares) showed 

a nearly temperature independent χMT value of 0.757 cm3 mol–1 K (corresponding to 2.46 μB), 



Chapter 3 

72 
 

as expected for two independent S = ½ spin carriers (2.45 μB) with no significant magnetic 

interaction. Hence, the magnetic behavior is similar to that of 1 (Figure 16, rounds), where no 

intramolecular spin-exchange is possible by default.  

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

Figure 16. Temperature dependence of χMT of complex 1 (rounds) and complex 5 (squares). 

3.3 Conclusions 

In conclusion, we have developed a simple methodology to prepare two unique mono-atomic 

dinuclear palladium diradical species, with a chlorido (2) and 1,1-azido (5) bridgehead, which 

result in Pd-X-Pd angles of 93 and 120, respectively. Combined Solid state and solution EPR 

spectroscopy as well as SQUID magnetometry data obtained for these dinuclear diradical 

species demonstrate how a subtle variation of the bridging ligand can have a significant effect 

on the electronic spin state of these mono-bridgehead dinuclear diradicals. The chlorido 

bridgehead allows for moderate spin-exchange coupling (J = -62.9 cm-1) in the solid state and 

a singlet ground state for 2, whereas for azido-bridge 5 two independent S = ½ spin carriers 

with no magnetic interaction are found. In solution, both species 2 and 5 behave as systems 

with two independent S = ½ spin carriers, due to unhindered rotation around the M-X-M core.  

 

3.4 Experimental section 

General methods  

All reactions were carried out under an atmosphere of dry dinitrogen using standard Schlenk 

techniques unless noted otherwise. With exception of the compounds given below, all reagents were 

purchased from commercial suppliers and used without further purification. THF, pentane, hexane, 

and diethyl ether were distilled from sodium benzophenone ketyl. CH2Cl2 and methanol were distilled 

from CaH2, and toluene was distilled from sodium under nitrogen. NMR spectra (31P, 1H and 13C{1H}) 
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were measured on a Bruker DRX 500, Bruker AMX 400, Bruker DRX 300 or on a Varian Mercury 

300 spectrometer at r.t. unless noted otherwise. GC-MS measurements were performed on a HP-

Agilent GC-MS or JEOL AccuTOF GCv4G GC- HRMS. EPR spectra were recorded on a Bruker 

EMP Plus. High resolution mass spectra were recorded on a JEOL AccuTOFC-plus JMS-T100LP or 

JEOL JMS SX/SX102A four-sector mass spectrometer; for FAB-MS, 3-nitrobenzyl alcohol was used 

as a matrix. Cyclic voltammetry measurements were performed in CH2Cl2 (1 × 10-3 M) containing 

[N(n-Bu)4]PF6 (0.1 M) at room temperature under an N2 atmosphere using a platinum electrode. All 

redox potentials are referenced to Fc/Fc+. 

Synthesis of new compounds 

Complex 2 ([Pd((NNOISQ)(-Cl)Pd(NNOISQ)]PF6) 

A solution of 1 (0.11 mmol, 54 mg) in CH2Cl2 (5 mL) was 

added to a Schlenk flask containing TlPF6 (0.05 mmol, 18 mg) 

and the mixture was stirred overnight. The solution phase was 

collected and filtered through a Teflon syringe filter. The 

solution was concentrated to ~1 mL whereafter 10 mL of 

pentane was added. The precipitate was collected and volatiles 

removed in vacuo, affording 2 as a brown-green solid (45 mg, 76%). 1H NMR (300 MHz, CDCl3, 

ppm) δ 16.59 (9H), 11.16 (1H), 9,80 (1H), 5.0 (6H) 1.54 (12H), 0.45 (1H), -1.25 (1H). 31P NMR (121 

MHz, CDCl3, ppm) δ -143.47 (sept, JP-F = 710 Hz). CSI-MS (m/z) calcd for C44H60ClN4O2Pd2: 

923.2474, found 923.2468 [M]+. Anal. Calcd for C44H60ClF6N2O2PPd2: C, 49.38; H, 5.65; N, 5.24 

Found: C, 49.04; H, 5.73; N, 5.18. 

Complex 3 ([Pd(NNOISQ)(PPh3)]PF6) 

A solution of 1 (0.025 mmol, 12.0 mg) and PPh3 (0.025 mmol, 6.6 mg) in 

CH2Cl2 (5 mL) was added to a Schlenk flask containing TlPF6 (0.025 mmol, 

8.8 mg) and the mixture was stirred overnight. The solution phase was 

collected and filtered through a Teflon syringe filter. The solution was 

concentrated to ~0.5 mL, whereafter 10 mL of pentane was added. The 

precipitate was collected and volatiles removed in vacuo, affording 3 as a green solid (18 mg, 85%). 
1H NMR (300 MHz, CDCl3, ppm) δ 8.36 (bs), 7.9 (bs), 7.75 (bs), 1.19 (bs). 31P NMR (121 MHz, 

CDCl3, ppm) δ 28.63 (s), -143.45 (sept, JP-F 712 Hz). FD-MS (m/z) calcd for C40H45N2OPPd: 

706.2319, found 706.2327 [M]+. 

Complex 4 (Pd(N3)(NNOISQ)) 

A solution of 1 (245 mg, 0.5 mmol) in MeOH (5 ml) was added to a suspension of 

NaN3 (140 mg, 2.2 mmol) in MeOH (7 mL) in air. The mixture was stirred 

overnight and the precipitate was collected by filtration. The residue was washed 

with pentane (5 mL) and extracted with CH2Cl2 (20 mL). The CH2Cl2 extracts were 

combined and volatiles removed in vacuo, affording 4 as a purple solid (170 mg, 
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69%). 1H NMR (300 MHz, CDCl3, ppm) δ 1.98 (bs). IR (ATR, cm-1):  2035 (s). CSI-MS (m/z) calcd 

for C22H30N5OPd: 485.14, found 485.16 [M-H]+. Anal. Calcd for C22H30N5OPd: C, 54.27; H, 6.21; N, 

14.38 Found: C, 54.16; H, 6.17; N, 13.95. 

Complex 5 ([Pd((NNOISQ)(1-N;-N3)Pd(NNOISQ)](PF6)) 

A solution of 1 (46 mg, 0.1 mmol) and NNOPdN3 (46 mg, 0.1 

mmol) in 5 ml CH2Cl2 was added to a Schlenk flask containing 

TlPF6 (0.1 mmol, 40 mg) and the mixture was stirred overnight. 

The solution phase was collected and filtered through a Teflon 

syringe filter. The solution was concentrated to ~1 mL 

whereafter 10 mL of pentane was added. The precipitate was 

collected and volatiles removed in vacuo, affording 5 as a light brown solid (80 mg, 78%). 1H NMR 

(400 MHz, CDCl3, ppm) δ 17.53 (9H), 11.31 (1H), 10.40 (1H), 5.28 (6H) 1.66 (12H), 0.38 (1H), -1.99 

(1H). 31P NMR (121 MHz, CDCl3, ppm) δ -142.9 (sept, JP-F = 713 Hz). IR (ATR, cm-1):  2073 (s, N3) 

840 (s, PF6
-). CSI-MS (m/z) calcd for C44H60N7O2Pd2: 932.2882, found 932.2841 [M]+. Anal. Calcd 

for C44H60F6N7O2PPd2: C, 49.08; H, 5.62; N, 9.11 Found: C, 48.71; H, 5.89; N, 9.09. 

Single Crystal X-ray Crystallography 

Complex 2  

All reflection intensities were measured at 110(2) K using a SuperNova diffractometer (equipped with 

Atlas detector) with Cu Kα radiation (λ = 1.54178 Å) under the program CrysAlisPro (Version 

1.171.36.32 Agilent Technologies, 2013). The same program was used to refine the cell dimensions 

and for data reduction. The structure was solved with the program SHELXS-201325 and was refined 

on F2 with SHELXL-2013.26 Analytical numeric absorption corrections based on a multifaceted 

crystal model were applied using CrysAlisPro. The temperature of the data collection was controlled 

using the system Cryojet (manufactured by Oxford Instruments). The H or D atoms (D atoms for 

CDCl3 only) were placed at calculated positions using the instructions AFIX 13, AFIX 43 or AFIX 

137 with isotropic displacement parameters having values 1.2 or 1.5 times Ueq of the attached C 

atoms. The structure is mostly ordered. The asymmetric unit contains one Pd-Cl-Pd complex, one 

PF6 counterion, and four lattice deuterated chloroform solvent molecules. Three of the four solvent 

molecules are ordered, and their occupancy factors refine to 0.986(3), 0.931(3), and 0.961(3). The 

remaining solvent molecule is disordered over at least two orientations, and the occupancy factors of 

the major and minor components of the disorder refine to 0.507(4) and 0.295(4). Some electron 

density in the asymmetric unit  i.e., some amount of very disordered solvent molecules with partial 

occupancy  has been taken out in the final refinement.  

2: Moiety formula: C44H60ClN4O2Pd2, PF6, 3.68(CDCl3), Fw = 1513.15, dark brown block, 0.39  

0.24  0.21 mm3, triclinic, P-1 (no. 2), a = 14.2763(2), b = 14.9459(2), c = 17.1028(3) Å,  = 

95.2144(13),  = 109.5395(15),  = 101.2157(13), V = 3325.08(9) Å3, Z = 2, Dx = 1.511 g cm−3,  = 

9.505 mm−1, Tmin-Tmax: 0.0830.304. 39779 Reflections were measured up to a resolution of (sin 



Dinuclear Pd Complexes with Two Ligand-Centered Radicals and a Single Bridging Ligand  

75 
 

/)max = 0.62 Å−1. 12943 Reflections were unique (Rint = 0.0279), of which 11654 were observed [I > 

2(I)]. 742 Parameters were refined using 84 restraints. R1/wR2 [I > 2(I)]: 0.0359/0.0916. R1/wR2 

[all refl.]: 0.0405/0.0946. S = 1.015. Residual electron density found between −0.81 and 1.14 e Å−3. 

CCDC: 1034899. 

 

Complex 4  

X-ray intensities were measured on a Bruker Kappa ApexII diffractometer with sealed tube and 

Triumph monochromator ( = 0.71073 Å) up to a resolution of (sin /)max = 0.65 Å-1 at a temperature 

of 150(2) K. The crystal was cracked into two fragments. Consequently, two orientation matrices 

were used for the integration using the Eval15 software.27 Absorption correction and scaling based on 

multiple measured reflections was performed with TWINABS28 (0.66-0.75 correction range). 17634 

Reflections were measured, 5206 reflections were unique (Rint = 0.012), of which 5015 were observed 

[I>2(I)]. The structure was solved with automated Patterson methods using the program DIRDIF-

08.29 Refinement was performed with SHELXL-201326 against F2 of all reflections based on a HKLF5 

file.30 Non-hydrogen atoms were refined freely with anisotropic displacement parameters. Hydrogen 

atoms were located in difference Fourier maps and refined with a riding model. 271 Parameters were 

refined with no restraints. R1/wR2 [I > 2(I)]: 0.0183 / 0.0456. R1/wR2 [all refl.]: 0.0192 / 0.0459. S 

= 1.084. Residual electron density between -0.68 and 0.60 e/Å3. Geometry calculations and checking 

for higher symmetry was performed with the PLATON  program.31  

4: Moiety Formula: C22H30N5OPd, Fw = 486.91, brown needle, 0.48 x 0.13 x 0.09 mm3, triclinic, P1 

(no. 2), a = 7.2286(3), b = 10.4975(5), c = 16.0868(7) Å,  = 100.542(2),  = 95.592(2),  = 

107.000(2) °, V = 1132.77(9) Å3, Z = 2, Dx = 1.428 g/cm3,  = 0.84 mm-1. CCDC 1035715.  
 

 

Complex 5  

All reflection intensities were measured at 110(2) K using a SuperNova diffractometer (equipped with 

Atlas detector) with Cu Kα radiation (λ = 1.54178 Å) under the program CrysAlisPro (Version 

1.171.37.31 Agilent Technologies, 2014). The same program was used to refine the cell dimensions 

and for data reduction. The structure was solved with the program SHELXS-201325 and was refined 

on F2 with SHELXL-2013.26 Analytical numeric absorption corrections based on a multifaceted 

crystal model were applied using CrysAlisPro. The temperature of the data collection was controlled 

using the system Cryojet (manufactured by Oxford Instruments). The H atoms were placed at 

calculated positions using the instructions AFIX 13, AFIX 43 or AFIX 137 with isotropic 

displacement parameters having values 1.2 or 1.5 times Ueq of the attached C atoms. 

The asymmetric unit contains one Pd complex, ½ + ½ PF6
 counterions (both counterions are found at 

sites of inversion symmetry, hence only both halves are crystallographically independent), and two 

lattice chloroform solvent molecules.  The structure is mostly ordered.  The azido fragment is found to 

be disordered over two orientations, and the occupancy factor of the major component of the disorder 

refines to 0.58(7).  The crystal that was mounted on the diffractometer was non-merohedrally 
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twinned.  The twin relationship corresponds to a twofold axis around 0.9101a* + 0.4045b* - 

0.0898c*.  The BASF scale factor refines to 0.5084(11). 

5: Moiety formula: C44H60N7O2Pd2, PF6, 2(CHCl3),Fw = 1315.49, dark yellow-green needle, 0.34  

0.06  0.05 mm3, triclinic, P-1 (no. 2), a = 6.0191(3), b = 16.8664(6), c = 28.7343(7) Å,  = 

81.749(3),  = 88.875(3),  = 80.785(4), V = 2849.65(19) Å3, Z = 2, Dx = 1.533 g cm−3,  = 8.471 

mm−1, abs. corr. range: 0.2690.714. 32264 Reflections were measured up to a resolution of (sin 

/)max = 0.62 Å−1. 13697 Reflections were unique (Rint = 0.0276), of which 11124 were observed [I > 

2(I)]. 670 Parameters were refined using 69 restraints. R1/wR2 [I > 2(I)]: 0.0534/0.1454. R1/wR2 

[all refl.]: 0.0628/0.1510. S = 1.035. Residual electron density found between −0.78 and 2.67 e Å−3. 

CCDC: 1034900. 

 

Gaussian calculations 

The topological analysis of the electron density [ρ(r)] was carried out in the framework of quantum 

theory of atoms in molecules (QT AIM) proposed by Bader 32 using the AIM2000 (version 08.04.21) 

package of programs.33 This approach allows determining the bonding patterns and properties of 

chemical bonds in various chemical systems.34 The electron density distribution functions and the 

prior full geometry optimizations were carried out using the PBE0 hybrid exchange-correlation 

functional34 as implemented in the Gaussian 09 D.01 program.35 To account for the van der Waals 

(vdW) interactions within the Pd complexes, Grimme’s semiempirical DFT-d3 method17 was 

employed. Geometry optimization was carried out using the modified LanL2DZ basis set36 for Pd 

obtained from the EMSL Basis Set Library37 and 6-31+G(d,p) as implemented in Gaussian 09 D.0135 

for all other atoms. Electron density for the QT AIM analysis (Figure 17) was generated with a single-

point DFT calculation using the PBE0 exchange-correlation functional and the full-electron triple-zeta 

plus polarization function quality TZP-DKH basis set38 on all atoms.37  

 

 

 

 

 

Figure 17 Contour map of the electron density obtained from AIM analysis on the optimized geometry for complex 2. 

 

TURBOMOLE calculations 

Geometry optimizations were carried out using TURBOMOLE39 coupled with the PQS Baker 

Optimizer40 via the BOpt package41 at the DFT level using the b3-lyp functional and the def2-TZVP 

basis set.   
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The corrected broken symmetry energies	εBS of the open-shell singlets (S = 0) was estimated from the 

energy εS of the optimized single-determinant broken symmetry solution and the energy εS 1 from a 

separate unrestricted triplet calculation at the same level, using the approximate correction formula:42 

ε
ε 	–	 ε

	–	
 

The DFT calculated spin exchange interaction was obtained from the energy εS of the optimized 

single-determinant broken symmetry solution and the energy εS 1 from a separate unrestricted triplet 

calculation at the same level, using the formula8a: 

ε 	–	ε

	–	
 

Magnetic measurements 

Temperature-dependent magnetic susceptibility measurements were carried out with a Quantum-

Design MPMS-XL-5 SQUID magnetometer equipped with a 5 Tesla magnet in the range from 295 to 

2.0 K at a magnetic field of 0.5 T for complexes 1 and 5 and of 2.0 T for complex 2. The powdered 

sample was contained in a gelatin capsule and fixed in a non-magnetic sample holder. Each raw data 

file for the measured magnetic moment was corrected for the diamagnetic contribution of the gelatin 

capsule according to Mdia(capsule) = χg·m·H, with an experimentally obtained gram susceptibility of 

the gelatin capsule. The molar susceptibility data were corrected for the diamagnetic contribution 

according to χM
dia(sample) = –0.5 · M · 10–6 cm3·mol–1.22d Experimental data were modelled with the 

julX program43 using a fitting procedure to the spin Hamiltonians:  

 

SBgH B


 ˆ     for 1 

 211
ˆˆ2ˆ SSBgSSJH B


   for 2 

 21
ˆ SSBgH B


    for 5 

 

Temperature-independent paramagnetism (TIP) and paramagnetic impurities (PI) were included 

according to calc = (1  PI)· + PI·mono + TIP, with mono the Curie term for S = ½. Intermolecular 

interactions were considered in a mean field approach by using a Weiss temperature Θ.22d The Weiss 

temperature Θ (defined as Θ = zJinterS(S + 1)/3k) relates to intermolecular interactions zJinter, where 

Jinter is the interaction parameter between two nearest neighbor magnetic centers, k is the Boltzmann 

constant (0.695 cm–1·K–1)  and z is the number of nearest neighbors. Best fit parameters are collected 

in Table 1. 
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Table 1. Magnetic data for complexes 1, 2 and 5. 

complex g J, cm−1 zJinter, cm−1 PI,  % TIP·104, cm3mol−1 

1 1.97 -[a] –0.25 - 0.6 

2 1.99 –63 - 3.6 12.6 

5 2.01 - –0.22 - 0.4 
[a] Parameters were not included to the fitting procedure 
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4.1 Introduction 

One-electron oxidation or reduction of molecules that contain two or more (nearly) identical redox-

active sites will result in formation of mixed-valence compounds. These compounds are defined by 

containing an element that is present in more than one (formal) oxidation state. The first modern 

synthetic pigment, Prussian blue - synthesized from an iron salt and hydrogen cyanide in 1752 by 

Pierre J. Macquer1 - is such a compound, as it contains both FeII and FeIII ions, with the intervalence 

charge transfer (IVCT) FeII  FeIII band being responsible for the intense blue color. The first 

designed mixed-valence complexes were prepared by Cowan et al.2 and by Creutz and Taube3 in the 

1970s, which resulted in improved understanding of this class of compounds. Because of the 

difficulties in directly measuring intramolecular electron transfer, there is an interest in the 

preparation of well-defined mixed-valence complexes, as they allow for measuring rate constants and 

activation barriers for intramolecular electron transfer through analysis of the IVCT band.4 For 

symmetrical mixed-valence compounds these bands are typically found in the low-energy visible or 

near-infrared (NIR) region. Analysis of a Gaussian shaped IVCT absorption band allows for 

quantification of the electronic coupling.5   

Depending on the extent of electron coupling, mixed-valence compounds have been divided into three 

groups, according to the Robin-Day classification.6 Class I systems show (almost) no interaction 

between the two redox centers, or the interaction is too small to be quantified experimentally, 

resulting in distinct sites with different valence/oxidation state. Class II systems represent an 

intermediate case, as there is a weak measurable interaction between the redox centers with a 

localized difference in valence/oxidation state. However, there is a low activation energy for 

interconversion. Class III systems are the opposite to Class I, as the interaction is so strong that no 

spectroscopically distinguishable valences/oxidation states are detected, due to full delocalization over 

the entire system.  

To further aid the understanding of basic electron-transfer in complex biophysical processes and 

electronic devices (e.g. OLEDs) there is great interest in the design and synthesis of purely organic 

mixed-valence compounds as model systems.7 Although a direct application of these systems is not 

apparent (especially for the more unstable systems), they are of interest to gain deeper understanding 

of electron-transfer phenomena and to validate spectroscopic methods, which aids the ongoing 

refinement of electron-transfer theories. Organic mixed-valence compounds are similar to donor-

acceptor compounds and metal-based mixed-valence complexes in the sense that intramolecular 

(intervalence) charge transfer gives rise to an optical absorption band. The distinguishing feature is 

that organic mixed-valence compounds are always open-shell systems, while donor-acceptor and 

metal based mixed-valence complexes may be closed-shell systems in the ground state.  

IVCT bands are commonly observed as broad bands in the visible or near infrared (NIR) range of the 

absorption spectrum. Fundamental research towards NIR absorbing materials is driven by curiosity as 
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well as several practical applications in communication, bio-imaging, sensing, and advanced 

optoelectronics.8 For example, the nickel dithiolene complexes described in Chapter 1 have found 

applications as NIR filters on plasma display panels absorbing emitted light between 850-1100 nm, 

which can cause problems with remote control devices.9 Also, the deep penetration in human tissue of 

NIR radiation has resulted in a great interest towards NIR dyes for cancer targeting and imaging.10 

Metal complexes containing (imino)semiquinonato ligands often show strong NIR intraligand charge 

transfer (CT) bands.11 In combination with the ability to readily undergo ligand oxidation state 

changes upon reduction or oxidation, such complexes are potentially useful for switchable NIR filters. 

Inspired by recent efforts in the incorporation of redox-active ligands into bimetallic complexes,12 the 

observed intramolecular redox-active ligand-to-substrate single electron transfer and the synthetic 

accessibility of dinuclear diradicals described in Chapters 2 and 3, respectively, we were interested to 

prepare a ligand scaffold containing two o-aminophenol-derived binding pockets. The incorporation 

of a dinucleating linker bearing two donating nitrogen atoms could allow to maintain a tridentate 

NNO binding mode for each metal center (Scheme 1). Such a ligand should provide a more rigid 

scaffold compared to the labile dinuclear complexes described in Chapter 3, allowing for the study of 

ligand-based mixed-valent dinuclear complexes. This would in turn allow for the study of ligand-

based mixed-valence dinuclear complexes, intervalence charge transfer (Scheme 1, right) and the 

intramolecular spin-exchange of organic diradical species (Scheme 1, left). 

  

 

 

Scheme 1. Schematic illustration of targeted bimetallic complexes with a dinucleating ligand scaffold bearing two redox-

active o-aminophenol-derived binding pockets. 

 

The presence of multiple redox-active moieties in a dinuclear molecular architecture allows for 

several possible spin states, depending on the accessible oxidation states of the binding pockets. When 

both redox-active fragments are in the iminosemiquinonato (ISQ) oxidation state, the diradical 

complex can have a triplet (ferromagnetic coupling) or singlet (antiferromagnetic coupling) ground 

state. The intramolecular spin-exchange coupling (J)13 of the dinuclear diradicals described in Chapter 

3 was found to be greatly affected by the nature of the single bridging ligand between the two metal 

centers. As such, we were interested to examine the intramolecular communication between two 

ligand-centered radicals within a more rigid dinucleating ligand scaffold (Scheme 1), as well as the 

influence of an additional bridging ligand between the M(NNO) fragments.  
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In this Chapter we describe the synthesis of a new dinucleating redox-active ligand bearing a triazole 

core and the corresponding dinuclear PdII complexes bridged by a chlorido or 1,1-azido ligand. X-ray 

structure determination of these compounds confirmed the ligand-based mixed-valence nature in the 

parent complexes obtained after coordination of the ligand to Pd under aerobic conditions. Five 

different ligand oxidation states were found to be accessible, which were studied by 

spectroelectrochemistry. Intra-ligand charge transfer bands as well as intervalence charge transfer 

(IVCT) bands were observed in the NIR and mid-IR region, which were identified using a 

combination of UV-Vis-(N)IR spectroelectrochemistry and time-dependent density functional theory 

(TD-DFT) calculations. A combined spectroscopic, magnetochemical and computational study on the 

corresponding diradicals showed that the dinucleating ligand allows for antiferromagnetic coupling 

between the two unpaired electrons, which is influenced to a minor extent by the nature of the 

(pseudo)-halide bridging ligand. 

 

4.2 Results and Discussion 

Based on the conceptual design depicted in Scheme 1, we envisioned that the triazole-containing 

ligand LH4 (Scheme 2) would allow for two NNO binding pockets that could harbour two PdII ions in 

close enough proximity to potentially display cooperative (magnetic) behavior by coordination of a 

bridging co-ligand that completes the dual square planar geometry. We planned a convergent 

synthetic route involving facile connection of an aminophenol-derived azide and an alkyne via the 

copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) reaction. However, no triazole formation 

was observed using various conditions and solely dark mixtures were obtained, most likely due to 

aminophenol coordination to copper.14 Therefore, an alternative synthesis of LH4 was undertaken, 

starting with the CuAAC of 2-azidoaniline (1) with 2-ethynyl aniline (2) to afford diamine 3 in good 

yield (Scheme 2). Subsequent condensation with two equivalents of 1,3-di(tert-butyl)catechol 

afforded LH4 as an air-stable off-white solid in good yield. 

 

 
Scheme 2. Synthesis of dinucleating ligand LH4. Reagents and conditions: (i) CuSO4, sodium ascorbate, THF/EtOH/H2O, 70 
oC, (ii) 1,3-di(tert-butyl)catechol (2 eq.), AcOH, CH2Cl2/hexanes, rt. 
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Initial attempts to coordinate LH4 as a dinucleating ligand to palladium resulted in the formation of a 

mixture of palladium complexes. Mass spectrometry of this mixture revealed the presence of a 

dinuclear palladium complex bearing two ligands (m/z 1524.5937). Moreover, UV-vis analysis of the 

mixture showed an intense absorption at 889 nm, characteristic for antiferromagnetic coupling of two 

iminosemiquinonato (ISQ) ligand radicals in a homoleptic species.15 Various attempts to isolate a 

single product by crystallization were unsuccessful. X-ray structure determination of the impure 

crystalline material indicated the formation of a homoleptic dimeric palladium complex 4 with a 

ligand:metal ratio of 1:1 (Figure 1). The metric parameters and metrical oxidation states (MOS)16 of 

all coordinated amidophenolates are characteristic for the ISQ oxidation state and these data are well-

reproduced in the DFT optimized structure (BP86, def2-TZVP, closed-shell singlet (CSS) solution 

was found to be most stable). Each triazole ring is disordered over two orientations, as it is found at 

sites of twofold axial symmetry. The intramolecular distance between the Pd atoms of 6.25 Å is 

significantly longer than the intermolecular Pd-Pd distance of 4.00 Å. Each molecule is stacked in an 

infinite chain with an axis going through the Pd atoms. The long Pd-Pd distance excludes an 

intermolecular d8-d8 interaction, but closer inspection of the crystal packing revealed four C-H-π 

interactions (Figure 1, bottom left). Unfortunately, a synthetic procedure to selectively prepare and 

isolate this potentially interesting homoleptic dinuclear complex remains elusive. 

Dropwise addition of a dilute solution of LH4 and NEt3 to an excess of PdCl2(NCMe)2 under aerobic 

conditions, followed by purification with column chromatography, allowed for isolation of 

paramagnetic complex 5 (Scheme 3). Complex 5 exhibited strong light absorption in solution – 

producing dark colors at low concentrations – but the interligand charge transfer band, characteristic 

for homoleptic NOISQ complexes, could not be detected. Magnetic susceptibility measurements using 

Evans’ method gave an effective magnetic moment (μeff) of 1.61 μB, indicating an S = ½ ground state. 

X-band EPR spectroscopy at room temperature revealed a strong isotropic signal at g = 2.0012, 

supporting the presence of a ligand-centered radical. No resolved hyperfine couplings were observed 

at room temperature or at 20 K. The effective magnetic moment in combination with a ligand-

centered radical can only be explained by a ligand-based mixed-valence assignment with one NNOISQ 

fragment. Black single crystals of 5 suitable for X-ray structure determination were grown by vapor 

diffusion of hexane into an EtOH solution. The structure depicted in Figure 2 shows one of the 

respective crystallographically independent molecules in the unit cell. Although both independent 

molecules (labeled molecule A and molecule B) in the unit cell are chemically identical, differences 

in structural conformations (concave vs. twisted through the iminosemiquinonate-triazole-

amidophenolate plane) occur in the solid state (see experimental section). Both show slightly distorted 

square planar geometries for the Pd atoms with a κ2-N,N’ bridging triazole and a μ-chlorido ligand. 
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 Bond XRD  DFT 

Pd1-O1 1.976(4) 2.021 
Pd-N1 1.973(4) 2.029 
C1-O1 1.312(2) 1.312 
C6-N1 1.361(6) 1.362 
C1-C2 1.434(4) 1.435 
C2-C3 1.387(7) 1.387 
C3-C4 1.424(9) 1.430 
C4-C5 1.368(8) 1.381 
C5-C6 1.423(7) 1.417 
C6-C1 1.419(8) 1.449 
MOS -1.16 ± 0.09 -1.08 ± 0.08 

   
 

 

 

 

 

 
 
 
 

 

 

 

Figure 1. Top left: Selected metric parameters and MOS for the experimental and DFT (CSS, BP86-def2-TZVP) optimized 

geometry of 4. Top right: Displacement ellipsoid plot (50% probability level) of complex 4. Hydrogen atoms and lattice 

solvent molecules are omitted for clarity. Bottom left: image showing the intermolecular C-H-π interactions observed in the 

solid state structure. Residual parts of the molecules omitted for clarity. Bottom right: Chemdraw structure of complex 4.  
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Scheme 3. Synthesis of complex 5. Reagents and conditions: i) 4 eq. PdCl2(MeCN)2, NEt3, MeOH, rt. 
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Brown’s metrical oxidation state (MOS) method, which allows for quantification of the oxidation 

state of o-aminophenol derived ligands through analysis of the C–C C–O and C–N bond lengths16, is 

in our experience with NOPd complexes a suitable method to gain information about the ligand 

oxidation state. We commonly find slight deviations for the NOAP oxidation state (MOS = -1.7 – -1.9) 

but these are clearly discernable from ligands in the NOISQ oxidation state (MOS = -0.9 – -1.1) that 

are coordinated to Pd. At first glance the metrical oxidation states (MOS) values do not to support the 

mixed-valent assignment of 5 but point to intermediate oxidation states for both rings. However, the 

κ2-N,N’ triazoles are disordered over two orientations - multiplying the occupancy factors with the 

theoretical oxidation states results in MOS values in agreement with ligand-based mixed-valent 

complexes (see experimental section), with Ring A and Ring B being in the amidophenolate (AP2-) 

and iminosemiquinonato (ISQ-) oxidation state, respectively. 

 

 

 

 

 

 

 

 

 
 

 

Ring A        Ring B 

Bond XRD (Å) DFT (Å) Bond XRD (Å) DFT (Å) 

C1-C2 1.418(4) 1.418 C15-C16 1.418(4) 1.432 

C2-C3 1.392(4) 1.390 C16-C17 1.395(4) 1.377 
C3-C4 1.410(4) 1.405 C17-C18 1.405(5) 1.424 
C4-C5 1.378(4) 1.387 C18-C19 1.380(6) 1.375 
C5-C6 1.401(4) 1.399 C19-C20 1.400(4) 1.412 
C6-C1 1.425(4) 1.411 C20-C15 1.415(4) 1.442 
C1-O1 1.332(3) 1.334 C15-O2 1.335(3) 1.300 
C6-N1 1.389(4) 1.414 C20-N5 1.400(4) 1.373 
Pd1-N1 1.957(2) 1.963 Pd2-N5 1.953(2) 2.007 
Pd1-O1 1.973(2) 1.987 Pd2-O2 1.979(2) 1.996 
Pd1-N3 1.987(2) 1.998 Pd2-N4 1.972(2) 1.995 
MOS  -1.51 ± 0.06 -1.70 ± 0.13 MOS -1.63 ± 0.09 -1.07 ± 0.07 

 

Figure 2. Displacement ellipsoid plot (50% probability level) of one of the independent molecules of complexes 5 in the 

respective asymmetric unit. Hydrogen atoms and lattice solvent molecules are omitted for clarity. The tabulated values are 

selected bond lengths (Å) obtained from XRD measurements and DFT calculations (b3-lyp, def2-TZVP). The values are 

given for molecule A in 5. 
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The DFT optimized geometry (b3-lyp, def2-TZVP) is in good agreement with the experimentally 

observed structure, except for the disorder in the triazole orientation. A clear localization of the 

ligand-centered radical on Ring B is observed in the spin-density plot (Figure 3) in agreement with the 

crystal structure. The minor delocalization to the oxygen and nitrogen of ring A, which is most likely 

enabled by the large conjugated system ligand system, could indicate facile electronic coupling 

between the mixed-valent redox-active rings. The difference in the MOS values for the DFT 

optimized structure clearly reflects a ligand-based mixed-valence. Analysis of the molecular orbitals 

(Figure 4) shows a singly occupied orbital (SOMO) on ring B (α HOMO-2, empty corresponding 

orbital: β LUMO), whereas an analogous orbital on ring A is doubly occupied, further underlining the 

ligand-based mixed-valent assignment. As both rings A and B are highly similar, we propose that the 

localization of ligand oxidation states is due to a subtle electronic difference. The slightly less 

electron-withdrawing nature of the ortho-C4-triazole on the phenyl ring attached to redox-active ring 

B makes it more electron-rich than ring A. Hence, the relative reduction potential of ring B is higher 

than that of its counterpart, resulting in a more stabilized NOISQ ligand radical. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. DFT (b3-lyp, def2-TZVP) calculated spin-density plot for 4 showing a localized NOISQ radical on ring B.  
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Figure 4. Molecular orbital diagram showing a singly occupied orbital on ring B (b3-lyp, def2-TZVP).  
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Cyclic voltammetry of 5 in CH2Cl2 showed three reversible consecutive one-electron oxidations and a 

single one-electron reduction event (Figure 5). The relatively low potential of the one-electron 

reduction (E½
red = -0.45 V vs. Fc/Fc+) likely corresponds to a ligand-centered reduction to 5- with two 

NOAP pockets (A, Scheme 4). The one-electron oxidation wave to 5+ (B, E½
ox = -0.20 V vs Fc/Fc+) is 

almost fully separated from the one-electron reduction wave to 5-. The barely separated reversible 

oxidation events at E½ = +0.50 V and +0.63 V vs. Fc/Fc+ (C) likely correspond to oxidation of 5+ to 

52+ and 53+, respectively (Scheme 4). The observation of these four one-electron redox processes 

indicates that all five ligand oxidation states depicted in Scheme 4 are accessible within a relatively 

narrow potential window of just over 1 V.  

  

 
Figure 5. Cyclic voltammogram of 5 in CH2Cl2 (1 * 10-3 M); scan rate 100 mV s-1. 

 

 

 

Scheme 4. The five-membered redox series based on complex 5 observed by cyclic voltammetry (A-C). The tBu groups are 

omitted for clarity. 
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Formation of 6 by salt metathesis with NaN3 

Dinuclear complex 5 could be smoothly converted to the paramagnetic 1,1-azido complex 6 by salt 

metathesis with sodium azide (Scheme 5). A characteristic azide stretch is observed at 2082 cm-1 in 

the IR spectrum of complex 6, which is similar to the signal obtained for the dinuclear azido-bridged 

palladium complex described in Chapter 3. Similar to 5, magnetic susceptibility measurements using 

Evans’ method gave an effective magnetic moment (μeff) of 1.59 μB, indicating an S = ½ ground state. 

Moreover, X-band EPR spectroscopy at room temperature revealed a strong isotropic signal at g = 

2.0012 with no resolved hyperfine couplings. The cyclic voltammogram of 6 in CH2Cl2 is nearly 

identical to that of 5, showing only a slight shift of ca. 0.1 V for all redox events to more negative 

potentials. The direction of the shift is opposite to what was observed for a mononuclear 

[PdCl(NNOISQ)] complex upon transformation to the corresponding azide complex (Chapter 3). 

Single crystals suitable for X-ray crystal structure determination were obtained by slow evaporation of 

a CH2Cl2-THF mixture (Figure 6). The asymmetric unit contains three crystallographically 

independent molecules (labelled molecule A, molecule B and molecule C). At first glance the metrical 

oxidation state (MOS) values do not to support the mixed-valent assignments of 6 for all three 

molecules. Similar to 5, the κ2-N,N’ triazoles are disordered over two orientations - multiplying the 

occupancy factors with the theoretical oxidation states results in MOS values in agreement with 

ligand-based mixed-valent complexes, with Ring A and Ring B being in the amidophenolate (AP2-) 

and iminosemiquinonato (ISQ-) oxidation state, respectively (see experimental section). For two of 

the independent molecules in the unit cell, the N6-N7 bond is significantly shorter than the N7-N8 

bond, similar to the bridged azide complex described in Chapter 3. Notably, the opposite is observed 

for the third independent molecule, which is likely the result of an observed short contact with another 

molecule. The DFT optimized geometry (b3-lyp, def2-TZVP) for 6 is in good agreement with the 

experimentally observed structure and shows similar features as observed for 5.   

 

 

 

 
 

Scheme 5. Synthesis of 1,1-azido bridged complex 6. Reagents and conditions: i) NaN3, MeOH, rt. 
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   Ring A        Ring B 

Bond XRD (Å) DFT (Å) Bond XRD (Å) DFT (Å) 

C1-C2 1.422(4) 1.410 C15-C16 1.413(4) 1.422 

C2-C3 1.383(5) 1.386 C16-C17 1.399(4) 1.375 
C3-C4 1.404(5) 1.403 C17-C18 1.395(5) 1.419 
C4-C5 1.385(5) 1.388 C18-C19 1.390(5) 1.377 
C5-C6 1.416(5) 1.403 C19-C20 1.396(4) 1.414 
C6-C1 1.432(5) 1.413 C20-C15 1.417(4) 1.444 
C1-O2 1.314(4) 1.332 C15-O2 1.343(3) 1.303 
C6-N2 1.393(4) 1.410 C20-N5 1.416(4) 1.375 
Pd1-N1 1.967(3) 1.984 Pd2-N5 1.973(2) 2.005 
Pd1-O1 1.975(2) 1.961 Pd2-O2 1.953(2) 1.992 
Pd1-N3 1.967(2) 1.982 Pd2-N4 1.973(2) 1.986 
MOS  -1.83 ± 0.11 -1.67 ± 0.12 MOS -1.38 ± 0.12 -1.14 ± 0.08 

 

Figure 6. Displacement ellipsoid plot (50% probability level) of one of the independent molecules of complexes 6 in the 

respective asymmetric unit. Hydrogen atoms and lattice solvent molecules are omitted for clarity. The tabulated values are 

selected bond lengths (Å) obtained from XRD measurements and DFT calculations (b3-lyp, def2-TZVP). The values are 

given for molecules A in 6. 

 

Spectroelectrochemistry and TD-DFT 

To gain insight into the reversible redox events observed by cyclic voltammetry and to identify the 

envisaged IVCT transitions for the mixed-valence species, complexes 5 and 6 where studied by UV-

Vis-NIR and IR spectroelectrochemistry (SEC) using an optically transparent thin-layer 

electrochemical (OTTLE) cell. One-electron reduction of 5 to 5- and 6 to 6- proved to be reversible on 

the SEC timescale, as complete regeneration of the parent species was observed in the UV-Vis-NIR 

spectra upon re-oxidation. The changes in the absorption spectra (Figure 7) are similar for both 

species. An increase of the band at 28000 cm-1 is observed and the broad absorption at ~9000 cm-1, 

which is attributed to an intraligand CT involving the NOISQ moiety (vide infra), disappeared upon the 

B 

A
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reduction. A minor decrease in absorption at lower energies (~5500 cm-1) was also observed. To gain 

additional insight, the reduction was monitored using FT-IR spectroelectrochemistry (Figure 7). 

Reduction of the mixed-valence species 5 and 6 to the anionic 5- and 6- coincides with disappearance 

of an IVCT absorption band in the range 3000-7000 cm-1.17 In line with this assignment, this band also 

disappears on oxidation of 5 and 6 to the corresponding cations (see below). Another interesting 

observation is the subtle shift of the azide stretching frequency from 2087 cm–1 to 2083 cm–1 upon the 

reduction (Figure 7, right), proving that the negatively charged bridge is not involved significantly in 

the cathodic step.  

 

 
Figure 7. UV-Vis-NIR spectra before (blue) and after one-electron reduction (red) of complex 5 to 5- (left) and complex 6 to 

6- (right), showing the disappearance of the intraligand CT band at ~9000 cm-1. Spectra recorded in CH2Cl2 with 0.3 M [N(n-

Bu)4]PF6 at a concentration of 2 mM. 

 

 

 

Figure 8. Stacked FT-IR spectra upon one-electron reduction of 5 to 5- (left) and 6 to 6- (center) with a zoom of the azide 

stretch (right), showing the disappearance of the broad IVCT band and a shift to a smaller wavenumber for the azide stretch. 

Spectra recorded in CH2Cl2 with 0.3 M [N(n-Bu)4]PF6 at a concentration of 10 mM. 

 

The first reversible one-electron oxidation of both 5 to 5+ and 6 to 6+ (Figure 9) was also probed by 

spectroelectrochemistry, to assess the origin of the respective band at ca. 9000 cm-1 (proposed to arise 

from intraligand CT) and the small absorption band at ca. 3000-7000 cm-1 (due to intramolecular 

IVCT). Upon oxidation, the band at ca. 9000 cm-1 increased in intensity, which is in accordance with 

intraligand CT within the NOISQ chromophore, as an additional NOISQ is created upon the oxidation to 

5+ and 6+. The weak absorption band at ca. 3000-7000 cm-1 is indeed absent after the oxidation, 

complying with its assignment to an intramolecular IVCT process. This is also supported by FT-IR 

5 → 5- 6 → 6- 

5 → 5- 6 → 6- 
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spectroelectrochemistry, which revealed identical spectral changes in the IVCT region as for the one-

electron reduction (Figure 10). Unfortunately, we are unable to quantify the amount of electronic 

coupling in both systems, as both IVCT bands are far from ideally Gaussian shaped. In agreement 

with the blue shift of the azide stretching frequency observed for the one-electron reduction of 6, a 

shift to a smaller wavenumber (from 2087 cm–1 to 2093 cm–1) is observed upon the oxidation to 6+ 

(Figure 10, right).  

 

  
Figure 9. Stacked UV-Vis-NIR spectra of the one-electron oxidation of 5 to 5+ (left) and 6 to 6+ (right), showing the 

increase in the intraligand CT band at ~9000 cm-1 and disappearance of the IVCT band. Spectra recorded in CH2Cl2 

containing 0.3 M [N(n-Bu)4]PF6 and 2 mM complexes. 

 

 

 

 

Figure 10. Stacked FT-IR spectra upon one-electron oxidation of 5 to 5+ (left) and 6 to 6+ (center) with a zoom of the azide 

stretch (right), showing the disappearance of the broad IVCT band and a shift to a shorter wavelength for the azide stretch. 

Spectra recorded in CH2Cl2 containing 0.3 M [N(n-Bu)4]PF6 and 10 mM complexes. 

 

The poorly separated second and third one-electron oxidation waves of 5 and 6 in cyclic voltammetry 

prevented the accurate characterization of the oxidized species 52+, 53+, 62+ and 63+ using 

spectroelectrochemistry. Moreover, some decomposition of the dications occurred at lower scan rates. 

Nonetheless, a new intramolecular IVCT band (of fairly low intensity) appeared upon the anodic 

generation of 52+ and 62+, which faded again with the ultimate formation of 53+ and 63+ (Figure 11 and 

12). These spectral changes can be attributed to the mixed-valent character of 52+ and 62+, which 

contain both a NOISQ and an NOIBQ fragment. In agreement with the absence of NOISQ moieties upon 

oxidation to 53+ and 63+, the intraligand CT band at ca. 9000 cm-1 completely disappears and is 

5 → 5+ 6 → 6+ 

5 → 5+ 6 → 6+ 
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replaced by a strong absorption at 15000 cm-1 (Figure 11). Additionally, a new absorption band at 

~24000 is observed. In agreement with the blue shift of the azide stretching frequency observed for 

the first one-electron oxidation, very subtle shifts to larger wavenumbers, i.e. from 2093 cm–1 to 2094 

cm–1 and from 2094 cm–1 to 2095 cm–1, are observed upon the second and third one-electron 

oxidation, respectively.  

 

 

 

Figure 11. Left: UV-Vis-NIR spectra of 5 (red), after one-electron oxidation to 5+ (green) and after the second and third one-

electron oxidation to 53+ (blue). Right: UV-Vis-NIR spectra of 6 (red), after one-electron oxidation to 6+ (green) and after the 

second and third one-electron oxidation to 63+ (blue). Spectra recorded in CH2Cl2 containing 0.3 M [N(n-Bu)4]PF6 and2 mM 

complexes. 

 

 
Figure 12. Stacked FT-IR spectra upon one-electron oxidation of complex 5+ to 52+ (top left), 52+ to 53+ (bottom left), 6+ to 

62+ (top right) and 62+ to 63+ (bottom right). Spectra recorded in CH2Cl2 containing 0.3 M [N(n-Bu)4]PF6 and 10 mM 

complexes. 

 

TD-DFT calculations (ORCA, b3-lyp, def2-TZVP) were performed on 5 and 6 to confirm the origin 

of the intraligand charge-transfer band at ca. 9000 cm-1 and the broad intramolecular IVCT band in 

5+ → 52+ 6+ → 62+ 

52+ → 53+ 62+ → 63+ 
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the deep NIR region. The calculated electronic transition (Figure 13) have nicely reproduced the 

experimental UV-Vis-NIR absorption spectra of both 5 and 6. Analysis of the molecular orbitals 

involved in the calculated transitions confirmed the presence of a low-energy intramolecular IVCT 

band inherent to an excitation from the β HOMO-1 (Figure 4), which is localized on ring A, to the β 

LUMO, which is located on ring B. The gas-phase calculated IVCT band maximum at ca. 7000 cm-1 

is at higher energy than the experimentally observed value, which is not uncommon for TD-DFT 

calculations. An intraligand charge transfer band at ca. 11000 cm-1 is attributed to an excitation from 

the β HOMO-2 to the β LUMO, both localized on ring B. The small blue shift of the azide stretching 

frequency upon oxidation of 6 to 6+ was also reproduced by DFT calculations. 

 

 
Figure 13. TD-DFT calculated electronic absorption spectra for 4 (left) and 5 (right, ORCA, b3-lyp, def2-TZVP). 

 

As different ligand oxidation states, namely NOISQ and NOAP, are observed in the solid-state 

structures of 5 and 6 and measurable intramolecular IVCT bands are detected, both compounds can be 

classified as Robin Day Class II mixed-valence compounds.18 However, due to the low energy 

required for interconversion of the two states, these systems can be considered as a borderline of a 

Class III system. 

 

Chemical oxidation to the diradicals 

One-electron oxidation of the ligand-based mixed-valent complexes 5 and 6 was achieved by a 

reaction with one equivalent of acetylferrocenium tetrafluoroborate to generate diradicals 7 and 8 

(Scheme 6). The ionic nature of 7 and 8 allows for facile separation from the neutral acetylferrocene. 

No “diamagnetic” signals and only two broad signals at δ ~17 and 2 ppm are observed in the 1H NMR 

spectra of both compounds. Notably, for the diradical complexes described in Chapter 3, broad signals 

were observed for all protons. CSI-MS studies identified the cationic fragments of 7 and 8 with m/z 

904.1715 [M]+ and m/z 911.1869 [M]+, respectively. In agreement with the spectroelectrochemical 

experiments, the strong absorption for the azide is shifted to higher wavenumbers at 2086 cm-1 (Δν = 
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4 cm-1) and no intramolecular IVCT band is observed in the IR spectrum. X-band EPR spectroscopy 

at room temperature revealed strong isotropic signals with no resolved hyperfine couplings at g = 

2.0012 and g = 2.0011 for 7 and 8, respectively, supporting the preservation of ligand-centered radical 

character in both complexes. Contrary to expectations, upon oxidation from the monoradicals (5 and 

6) to the diradicals (7 and 8), the EPR signal intensity decreased significantly (to approx. half of the 

original intensity, Figure 14). A possible explanation for this observation is partial antiferromagnetic 

coupling of the two radicals in 7 and 8. Crystals suitable for X-ray structure determination were 

obtained by vapor diffusion of pentane into toluene solutions of both complexes.  

 

 

 

 

Scheme 6. One electron oxidation of the ligand-based mixed-valent complexes 5 and 6 to form diradicals 7 and 8. Reagents 

and conditions: i) acetylferrocenium tetrafluoroborate, C6H6, rt. 

 

 
 
Figure 14. Overlay of the EPR spectra of complexes 5 and 7 (left) and 6 and 8 (right) in toluene at the same concentration at 
room temperature. 
 

The cationic fragments in the crystal structures of 7 and 8 are almost isostructural to those of 5 and 6, 

showing slightly distorted square planar geometries around the Pd atoms with κ2-N,N’ bridging 

triazoles disordered over two orientations. For complex 7 two crystallographically independent 

molecules are found in asymmetric unit (Z’ = 2) with MOS values for the redox-active ring fragments 
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in agreement with two pairs of NOISQ ligand radicals, of which one is depicted in Figure 15. The 

MOS values for both rings in 8 are also in agreement with two NOISQ ligand radicals. Notably, the 

azido ligand is positioned out of the ligand metal plane to a greater extent than observed for 6. (Figure 

16). Closer analysis of the crystal packing revealed a close contact between the bridging azido moiety 

and another molecule of 8. 

 

 

Ring A     Ring B 

Bond XRD DFT Bond XRD DFT 

C1-C2 1.424(11) 1.433 C15-C16 1.415(12) 1.431 
C2-C3 1.371(12) 1.373 C16-C17 1.387(12) 1.374 
C3-C4 1.418(12) 1.430 C17-C18 1.458(12) 1.430 
C4-C5 1.348(12) 1.374 C18-C19 1.364(13) 1.373 
C5-C6 1.424(12) 1.406 C19-C20 1.412(11 1.410 
C6-C1 1.463(11) 1.446 C20-C15 1.454(11) 1.446 
C1-O1 1.300(10) 1.298 C15-O2 1.285(10) 1.298 
C6-N1 1.347(10) 1.370 C20-N5 1.383(11) 1.369 
Pd1-N1 1.974(6) 1.986 Pd2-N5 1.975(7) 1.993 
Pd1-O1 1.984(6) 1.983 Pd2-O2 1.976(6) 1.982 
Pd1-N3 1.989(6) 2.008 Pd2-N4 1.985(7) 2.005 
MOS -0.86 +- 0.11 -1.03 +- 0.08 MOS -0.95 +- 0.17 -1.03 +- 0.07 

 
       

Figure 15. Top: Displacement ellipsoid plots (50% probability level) of one of the two crystallographically independent 

molecules in the asymmetric unit of complex 7. Hydrogen atoms and lattice solvent molecules are omitted for clarity. 

Bottom: Selected bond lengths (Å) obtained from XRD and DFT calculations (b3-lyp, def2-TZVP). The values are given for 

molecule A. 
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Ring A     Ring B 

Bond XRD (Å) DFT (Å) Bond XRD (Å) DFT (Å) 

C1-C2 1.425(5) 1.426 C15-C16 1.415(6) 1.425 
C2-C3 1.368(6) 1.370 C16-C17 1.376(6) 1.371 
C3-C4 1.432(5) 1.426 C17-C18 1.439(6) 1.425 
C4-C5 1.372(5) 1.377 C18-C19 1.363(3) 1.375 
C5-C6 1.409(6) 1.412 C19-C20 1.407(5) 1.415 
C6-C1 1.442(5) 1.448 C20-C15 1.447(5) 1.446 
C1-O1 1.311(5) 1.298 C15-O2 1.317(5) 1.300 
C6-N1 1.372(5) 1.369 C20-N5 1.377(5) 1.369 
Pd1-N1 1.966(3) 2.993 Pd2-N5 1.972(3) 2.001 
Pd1-O1 1.972(3) 1.989 Pd2-O2 1.967(3) 1.987 
Pd1-N3 1.966(3) 1.994 Pd2-N4 1.965(3) 1.990 
MOS -1.11 +- 0.08 -1.03 +- 0.08 MOS -1.17 +- 0.11 -1.05 +- 0.07 

 

Figure 16. Top: Displacement ellipsoid plots (50% probability level) of complex 8. Hydrogen atoms and lattice solvent 

molecules are omitted for clarity. Bottom: Selected bond lengths (Å) obtained from XRD and DFT calculations (b3-lyp, 

def2-TZVP).  

 
The experimental metric parameters of 7 and 8 are well-reproduced by the DFT optimized geometries 

in the closed-shell singlet (CSS), open-shell singlet (OSS) and triplet spin states (b3-lyp, def2-TZVP). 

Similar to the dinuclear diradical complexes with a single bridging ligand described in Chapter 3, the 

OSS and triplet spin states lie very close in energy, with the former being slightly lower in energy (for 

7: EOSS – ET = -0.15 kcal mol-1; for 8: EOSS – ET = -0.19 kcal mol-1). The CSS solutions are 12.3 and 

11.9 kcal mol-1 higher in energy than the OSS solutions for 7 and 8, respectively. The spin density 

plots of the OSS and triplet solutions for both systems are very similar (Figure 17) and nicely show 

the diradical character of the systems. Moreover, in contrast with the chlorido-bridged diradical 

described in Chapter 3, there appears to be a small amount of delocalization of both spins over the 

entire ligand framework in the OSS spin density plots. The presence of the bridging triazole might be 

responsible for this, as it provides a fully conjugated system between the two redox-active moieties.  
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Figure 17. Spin density plots of the OSS (left) and triplet (right) spin states of the mono-oxidized complexes 7 (top) and 8 

(bottom) (b3-lyp, def2-TZVP). 

 

Magnetic behavior of complexes 7 and 8 in the solid state. 

The intramolecular spin-exchange coupling (J) of the dinuclear diradicals described in Chapter 3 was 

found to be significantly affected by the nature of the bridging ligand between the two metal centers. 

To confirm the hypothesis that the presence of the more rigid dinucleating redox-active ligand in 7 

and 8 would diminish the effect of the bridging co-ligand, magnetic measurements were performed on 

polycrystalline samples of both species using a SQUID magnetometer. The χMT value at room 

temperature for both 7 and 8 is ca. 0.6 cm3 mol–1 K, corresponding to an effective magnetic moment 

of approx. 2.2 μB. Similar behavior is observed for both complexes. Upon lowering the temperature, 

χMT approaches to zero, revealing a singlet ground state (Figure 18). The χM vs. T plots (Figure 18, 

insets) exhibit broad maxima at 65 and 55 K for 7 and 8, respectively, again indicating an 

antiferromagnetic interaction. Modeling of the experimental data using a fitting procedure to the 

Heisenberg-Dirac-van-Vleck (HDvV) spin Hamiltonian for isotropic exchange coupling and Zeeman 

splitting (Eq. (1)) leads to exchange coupling constants (J) of -39 and -29 cm-1 for 7 and 8, 

respectively. 

   Eq. (1)    

 

 211
ˆˆ2ˆ SSBgSSJH B
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The experimental singlet−triplet energy gaps ∆ES-T (which is equal to 2J) are –77 cm–1 or –

0.22 kcal mol–1 for 7 and –59 cm–1 or –0.17 kcal mol–1 for 8, confirming singlet ground states 

for both complexes with a weak spin-exchange interaction. These observations are supported 

by the DFT calculations, predicting a similarly weak antiferromagnetic exchange coupling 

constant for both complexes (b3-lyp, def2-TZVP: J = -35.6 cm-1 for 7 and -43.1 cm-1 for 8). 

However, whereas experimentally a stronger exchange coupling is observed for 7, DFT 

calculations revealed a slightly stronger exchange coupling for 8. Given the marginal energy 

differences, this is well within the error margin of the calculated values.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 18. Temperature dependence of χMT and χM (insets) and of complexes 7 (left) and 8 (right). The solid lines 

show the simulated data and the empty squares the experimental data. 

4.3 Conclusion 

We have successfully prepared a new dinucleating redox-active ligand (LH4) bearing two NNOH2 

binding pockets and a 1,2,3-triazole linker capable of coordinating two PdII nuclei. The rigid and near 

symmetric nature of the ligand allows for localized ligand-based mixed-valence in the dinuclear Pd 

complexes (Robin-Day Class II), which exhibit very low energy IVCT bands in the deep NIR. The 

corresponding one-electron oxidized cationic diradicals feature a strong intraligand CT band in the 

NIR region. Five different ligand oxidations are accessible and each shows distinctly different light 

absorbing properties, which may hold potential for use as a redox-switchable NIR filter. In stark 

contrast with the non-tethered diradical systems described in Chapter 3, no significant influence of the 

bridging co-ligand on both the structural features and the magnetochemistry of the diradicals was 

observed, which is ascribed to the rigid nature of the conjugated ligand framework. The particular 

architecture provided by this novel ligand framework also allows for weak antiferromagnetic 

coupling. Further research towards using the dinucleating framework as a reservoir to support multi-

electron small molecule activation is in progress.  



Chapter 4 
 

104 
 

4.4 Experimental section 

General Methods 

All reactions were carried out under an atmosphere of dry dinitrogen using standard Schlenk 

techniques unless noted otherwise. With the exception of 2-azidoaniline, which was synthesized 

according to a literature procedure,19 and the compounds given below, all reagents were purchased 

from commercial suppliers and used without further purification. Acetylferrocenium tetrafluoroborate 

was prepared according to literature procedure.20 THF, pentane, hexane, and diethyl ether were 

distilled from sodium benzophenone ketyl. CH2Cl2 and methanol were distilled from CaH2, and 

toluene was distilled from sodium under nitrogen. NMR spectra (31P, 1H and 13C{1H}) were measured 

on a Bruker DRX 500, Bruker AMX 400, Bruker DRX 300 or on a Varian Mercury 300 spectrometer 

at room temperature unless noted otherwise. EPR spectra were recorded on a Bruker EMP Plus 

spectrometer. Cyclic voltammetry measurements were performed in CH2Cl2 (1 × 10-3 M) containing 

[N(n-Bu)4]PF6 (0.1 M) at room temperature under an N2 atmosphere using a platinum electrode. All 

redox potentials are referenced to Fc/Fc+. UV-Vis-NIR spectroelectrochemistry was conducted using 

a Perkin-Elmer Lambda 900 double-beam spectrophotometer (50000-5000 cm-1). An optically 

transparent thin-layer electrochemical (OTTLE) cell21 was connected to a PalmSens EmStat3 

potentiostat. Infrared spectra were recorded with a Bruker Vertex 70v spectrometer. All 

spectroelectrochemical experiments were conducted in dichloromethane containing 3·10-1 M [N(n-

Bu4]PF6 and 2·10-3 M complex (UV-Vis-NIR monitoring) or 10-2 M complex (IR monitoring). 

 

Synthesis of new compounds 

 

3,5-bis(2-aminophenyl)-1,2,3-triazole (3) 

 

A solution of 2-azidoaniline (609 mg, 4,50 mmol) (1) and 2-ethynylaniline (439 

mg, 3.75 mmol) (2) in a mixture of THF (180 mL), EtOH (180 mL) and H2O 

(18 mL) was degassed by bubbling through N2 for 15 minutes. A solution of 

CuSO4 (168 mg, 28 mol%) in H2O (6 mL) and a solution of sodium ascorbate 

(370 mg, 56 mol%) in H2O (6 mL) were added. The clear brown solution was 

stirred overnight (17 h) at 70 C. Solvents were evaporated and the residue was dissolved in CH2Cl2. 

The organic layer was washed with a saturated solution of NH4Cl (300 mL), brine (2  300 mL) and 

dried over MgSO4. Volatiles were evaporated to obtain a brown residue which was dissolved in 

CH2Cl2 (~5 mL) and triturated with pentane to afford a light-brown solid (707 mg, 75%), which was 

collected by filtration. 1H NMR (300 MHz, DMSO-d6, ppm): δ 8.79 (s, 1H, tz-H), 7.59 (dd, J = 7.8, 

1.5 Hz, 1H, Ar-H), 7.32 (dd, J = 7.9, 1.4 Hz, 1H, Ar-H), 7.23 (dd , J = 7.7, 1.3 Hz, 1H, Ar-H), 7.06 

(dd , J = 7.7, 1.5 Hz, 1H, Ar-H), 6.94 (dd, J = 8.2, 1.3 Hz, 1H, Ar-H), 6.79 (d, J = 7.9 Hz, 1H, Ar-H), 

6.71 (dd, J = 7.5, 1.3 Hz, 1H, Ar-H), 6.61 (dd , J = 7.4, 1.5 Hz, 1H, Ar-H), 6.18 (s, 2H, NH2), 5.51 (s, 

2H, NH2). 
13C NMR (101 MHz, DMSO-d6, ppm): δ 147.17 (Cq), 145.74 (Cq), 142.50 (Cq), 130.07 
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(CH), 128.66 (CH), 128.03 (CH), 125.57 (CH), 122.30 (CH), 121.91 (Cq), 116.73 (CH), 116.12 (CH), 

115.99 (CH), 115.85 (CH), 112.63 (Cq). ESI+-MS (m/z) calcd for C14H13N5: 252.1249, found 

252.1963 [M+H]+. IR (ATR mode, cm-1): ν 3460 (m, N-H), 3352 (m, N-H), 1619 (s, N-H bend), 

1508, 1486, 1466, 1421, 1314 (m). 

 

3,5-di(2-(3,5-di-tert-butyl-aminophenol))1,2,3-triazole (LH4) 

To a solution of 3 (470 mg, 1.87 mmol) in a mixture of hexanes 

(15 mL) and CH2Cl2 (25 mL) were added 3,5-di-tert-butylcatechol 

(832 mg, 3.74 mmol) and 2.5 mL of glacial acetic acid. The 

mixture was stirred in air for four days, whereafter all volatiles 

were evaporated by rotary evaporation. The residue was purified 

by column chromatography (CH2Cl2, first eluting compound), 

affording a first batch of LH4 as a yellow foam (450 mg, 38%). The column was flushed with 

CH2Cl2/MeOH (1/1) and all fractions not containing LH4 were combined and all volatiles were 

evaporated. The residue was dissolved in a mixture of CH2Cl2 (12 mL) and hexanes (8 mL) and 1 mL 

glacial acetic acid was added. After stirring for 7 days all volatiles were evaporated and the residue 

was purified by column chromatography (CH2Cl2, first eluting compound) to afford an additional 

batch of LH4 as a yellow foam (600 mg, combined yield: 86%). 1H NMR (400 MHz, DMSO-d6): δ 

9.08 (s, 1H, tz-H), 8.52 (s, 1H, NH), 8.16 (s, 1H, OH), 8.12 (s, 1H, OH) 7.65 (d, J = 7.6 Hz, 1H, Ar-

H), 7.45 (d, J = 8.0 Hz, 1H, Ar-H), 7.33 (t, J = 7.8 Hz, 1H, Ar-H), 7.26 (s, 1H, NH), 7.16 (t, J = 7.8 

Hz, 1H, Ar-H) 7.05-6.75 (m, 9H), 1.40 (s, 9H, tBu), 1.36 (s, 9H, tBu), 1.21 (s, 9H, tBu), 1.18 (s, 9H, 

tBu). 13C NMR (500 MHz, CDCl3): δ 149.5 (Cq), 149.1 (Cq), 148.6 (Cq), 145.4 (Cq), 142.6 (Cq), 

142.2 (Cq), 141.0 (Cq), 135.8 (Cq), 135.3 (Cq), 130.7 (CH), 129.8 (CH), 127.9 (CH), 127.4 (Cq), 

126.1 (Cq), 124.2 (CH), 123.9 (Cq), 122.5 (CH), 122.4 (CH), 122.0 (CH), 121.9 (CH), 121.0 (CH), 

119.4 (CH), 118.6 (CH), 116.4 (CH), 115.1 (CH), 114.2 (Cq), 35.1 (Cq), 34.5 (Cq), 31.7 (CH3), 31,6 

(CH3), 29.63 (CH3), 29.59 (CH3). FD+-MS (m/z) calcd for C42H53N5O2: 659.4199, found 659.4095 

[M]+. IR (ATR mode, cm-1): ν 3448 (m, N-H), 3314 (m, O-H/N-H), 2955 (s, Calk-H), 2906 (m, Calk-

H), 2868 (m, Calk-H),1609, 1588, 1509, 1480, 1442, 1428, 1311, 1222, 1200 (m). 

 

Complex 5 

A solution of LH4 (280 mg, 0.42 mmol) in MeOH (200 mL) was 

added dropwise over the course of 1.5 hours to a mixture of 

PdCl2(NCMe)2 (440 mg, 1.68 mmol) and NEt3 (0.36 mL, 2.54 

mmol) in MeOH (20 mL). The mixture was stirred overnight in a 

flask open to air, whereafter all volatiles where removed by rotary 

evaporation (water bath at 40 oC). The residue was dissolved in 

CHCl3 (200 mL), washed with H2O (2  80 mL), brine (80 mL) and dried over MgSO4. Volatiles 

where removed by rotary evaporation (water bath at 40 C) and the crude product was purified by 

silica column chromatography eluting with CH2Cl2 (top spot), yielding complex 5 as a black solid 
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(139 mg, 37%). FD+-MS (m/z) calcd for C42H49ClN5O2Pd2: 904.14962, found 904.15483 [M]+. Anal. 

Calcd for C42H47ClN5O2Pd2: C, 55.79; H, 5.46; N, 7.75 Found: C, 55.86; H, 5.57; N 7.67. IR (ATR 

mode, cm-1): ν 2952 (s, Calk-H), 2905 (m, Calk-H), 2868 (m, Calk-H), 1596, 1537 (m), 1477, 1467 (s). 

 

Complex 6 

NaN3 (32 mg, 0.5 mmol) was added to a stirred suspension of 5 

(45 mg, 0.05 mmol) in MeOH (5 mL). The mixture was stirred 

overnight in air, whereafter the precipitate was filtered off, washed 

with pentane and extracted using CH2Cl2. Volatiles were 

evaporated to afford complex 6 as a dark purple solid (43 mg, 93 

%). IR (ATR mode, cm-1): ν 2950 (s, Calk-H), 2904 (m, Calk-H), 

2867 (m, Calk-H), 2080 (vs, μ-N3), 1598, 1532 (m), 1475, 1464 (s). CSI-MS (m/z) calcd for 

C42H47N4O2Pd2Na: 876.1670, found 876.2100 [M -4N2 -2H + Na]+. Anal. Calcd for C42H49N8O2Pd2: 

C, 55.39; H, 5.42; N, 12.30 Found: C, 55.35; H, 5.51; N 12.26. 

 

Complex 7 

A solution of 5 (45 mg, 0.05 mmol) in C6H6 (2 mL) was added 

to a stirred suspension of acetylferrocenium tetrafluoroborate 

(15.8 mg, 0.05 mmol) in C6H6 (0.5 mL). After stirring for one 

hour, the reaction mixture was filtered through a Teflon syringe 

filter and added dropwise to vigorously stirred pentane (25 mL) 

in air. The mixture was stirred for 15 minutes whereafter the 

precipitate was collected by filtration. The precipitate was 

dissolved in CH2Cl2 followed by evaporation of the solvent by a stream of Ar. Vapor diffusion of 

pentane into a solution of the residue in toluene (2 mL) afforded complex 7 as a dark crystalline solid 

(35 mg, 72%). IR (ATR mode, cm-1): ν 2957 (s, Calk-H), 2906 (m, Calk-H), 2870 (m, Calk-H), 2079 (vs, 

μ-N3), 1063 (m). CSI-MS (m/z) calcd for C42H49ClN5O2Pd2: 904.1660, found 904.1655 [M]+. Anal. 

Calcd for C42H49BClF4N5O2Pd2 + 1 1/2 toluene* : C, 55.84; H, 5.44; N, 6.20 Found: C, 55.54; H, 5.34; 

N 6.07. * Present in the crystal lattice 

 

Complex 8 

 A solution of 6 (43 mg, 0.05 mmol) in C6H6 (2 mL) was added 

to a stirred suspension of acetylferrocenium tetrafluoroborate 

(14.8 mg, 0.05 mmol) in C6H6 (0.5 mL). After stirring for one 

hour, the reaction mixture was filtered through a Teflon syringe 

filter and added dropwise to vigorously stirred pentane (25 mL) 

in air. The mixture was stirred for 15 minutes whereafter the 

precipitate was collected by filtration. The precipitate was 

dissolved in CH2Cl2 followed by evaporation of the solvent by a stream of Ar. Vapor diffusion of 
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pentane into a solution of the residue in toluene (2 mL) afforded complex 8 as a dark crystalline solid 

(35 mg, 77%). IR (ATR mode, cm-1): ν 2958 (s, Calk-H), 2907 (m, Calk-H), 2870 (m, Calk-H), 2086 (vs, 

μ-N3), 1062 (m). CSI-MS (m/z) calcd for C42H49N8O2Pd2: 911.2070, found 911.1869 [M]+. Anal. 

Calcd for C42H49BF4N8O2Pd2 + 1 1/4 toluene*: C, 54.78; H, 5.34; N, 10.07 Found: C, 55.17; H, 5.58; N 

10.23.* Present in the crystal lattice.  

 

Single crystal X-ray crystallography 

All reflection intensities were measured at 100(1) (only for compound 8) or 110(2) K using a 

SuperNova diffractometer (equipped with Atlas detector) with either Mo Kα radiation (λ = 0.71073 

Å) (only for compound 8) or Cu Kα radiation (λ = 1.54178 Å) under the program CrysAlisPro 

(Versions 1.171.36.32 or 1.171.37.35, Agilent Technologies, 2013-2014). The same program was 

used to refine the cell dimensions and for data reduction. The structure was solved with the program 

SHELXS-2013/SHELXS-2014 (Sheldrick, 2015)22 and was refined on F2 with SHELXL-

2013/SHELXL-2014 (Sheldrick, 2015). Analytical numeric absorption correction based on a 

multifaceted crystal model was applied using CrysAlisPro. The temperature of the data collection was 

controlled using the system Cryojet (manufactured by Oxford Instruments). The H atoms were placed 

at calculated positions using the instructions AFIX 23, AFIX 43 or AFIX 137 with isotropic 

displacement parameters having values 1.2 or 1.5 Ueq of the attached C atoms. 

 

Complex 4: The structure is mostly ordered. The triazole ring is disordered over two orientations as it 

is found at sites of twofold axial symmetry (the twofold axis goes through the C‒H bond). Thus, the 

site N2/C14 in the asymmetric unit must be occupied equally by one N atom and one C atom with 

equal occupancy factor of 0.5. The crystal lattice also contains some amount of very disordered 

solvent molecules found in the channels along the c direction. Their contribution has been taken out in 

the final refinement using the SQUEEZE procedure.23  

4: Moiety formula: C84H98N10O4Pd2, Fw = 1524.52, black needle, 0.35  0.05  0.04 mm3, tetragonal, 

P4/nnc, a = 20.6335(2), c = 20.5058(3) Å, V = 8730.2(2) Å3, Z = 4, Dx = 1.160 g cm−3,  = 3.71 

mm−1, TminTmax: 0.4990.889. 32264 Reflections were measured up to a resolution of (sin /)max = 

0.616 Å−1. 81871 Reflections were unique (Rint = 0.0666), of which 3589 were observed [I > 2(I)]. 

233 Parameters were refined using 0 restraints. R1/wR2 [I > 2(I)]: 0.0659/0.1417. R1/wR2 [all refl.]: 

0.0750/0.1457. S = 1.162. Residual electron density found between −1.31 and 1.36 e Å−3. 

 

Complex 5: The asymmetric unit contains two crystallographically independent molecules (labelled 

A and B), and some amount of disordered solvent molecules (EtOH and hexane). The molecule of 

hexane is located at sites of inversion symmetry, and is found to be disordered. This molecule was 

treated as a rigid body group (AFIX 6) and the atomic displacement parameters were refined 

isotropically. The EtOH is quite disordered and its contribution has been taken out using the 

SQUEEZE procedure.23 The triazole rings N2XC14X (X = A, B) are always found to be disordered 

over two orientations, and the occupancy factors of the major components refine to 0.54(3) and 
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0.63(3). Three tert-butyl groups are found to be disordered over two orientations, and the occupancy 

factors of the major components refine to 0.809(6), 0.607(7) and 0.737(8), respectively.  

 5: Moiety formula: 2(C42H49ClN5O2Pd2), Fw = 1851.30, black small rod, 0.17  0.07  0.04 mm3, 

Triclinic, P-1, a = 14.5058(3), b = 16.7042(3), c = 18.9364(3) Å, α = 79.8808(14), β = 87.6702(13), γ 

= 70.3721(17)o, V = 4253.76(14) Å3, Z = 2, Dx = 1.445 g cm−3,  = 7.72 mm−1, TminTmax: 

0.3780.777. 49716 Reflections were measured up to a resolution of (sin /)max = 0.616 Å−1. 16506 

Reflections were unique (Rint = 0.0272) of which 14824 were observed [I > 2(I)]. 1072 Parameters 

were refined using 315 restraints. R1/wR2 [I > 2(I)]: 0.0306/0.0763. R1/wR2 [all refl.]: 

0.0356/0.797. S = 1.029. Residual electron density found between −1.09 and 1.16 e Å−3. 

 

Complex 6: The asymmetric unit contains three crystallographically independent molecules (labelled 

A, B and C), and some amount of very disordered solvent molecules, whose contribution has been 

taken out in the final refinement using the SQUEEZE procedure.23 The structure is mostly ordered. 

The triazole rings N2XC14X (X = A, B, C) are always found to be disordered over two 

orientations, and the occupancy factors of the major components refine to 0.83(3) for A, 0.82(3) for B 

and 0.58(3) for C. One tert-butyl group from molecule A and the azide anion from molecule B are 

found to be disordered over two orientations, and the occupancy factors of the major components 

refine to 0.880(5) and 0.73(3), respectively.  

6: Moiety formula: C42H49N8O2Pd2, Fw = 910.69, black needle, 0.25  0.06  0.04 mm3, triclinic, P-1 

(no.2), a = 16.9416(3), b = 20.8893(3), c = 22.9471(4),  = 103.4975(13),  = 106.7701(14),  = 

110.2509(14), V = 6774.3(2) Å3, Z = 6, Dx = 1.339 g cm−3,  = 6.749 mm−1, TminTmax: 0.4250.806. 

92385 Reflections were measured up to a resolution of (sin /)max = 0.62 Å−1. 26315 Reflections 

were unique (Rint = 0.0383) of which 21089 were observed [I > 2(I)]. 1535 Parameters were refined 

using 205 restraints. R1/wR2 [I > 2(I)]: 0.0318/0.0759. R1/wR2 [all refl.]: 0.0443/0.0812. S = 1.028. 

Residual electron density found between -0.87 and 0.74 e Å−3. 

 

Complex 7: The asymmetric unit contains two crystallographically independent molecules (labelled 

A and B), two BF4 counterions, and two lattice toluene solvent molecules. The two counterions are 

disordered over two orientations, and the occupancy factors of the major components of the disorder 

refine to 0.712(11) and 0.57(3). The triazole rings N2XC14X (X = A, B) are also found to be 

disordered over two orientations, and the occupancy factors of the major components refine to 0.51(9) 

and 0.52(8) (statistically, both orientations are equally distributed). The crystal that was mounted on 

the diffractometer is non-merohedrally twinned. The twin relationship corresponds to a twofold axis 

along the reciprocal vector -0.0006a* + -0.0093b* + 1.0000c*. The BASF scale factor refines to 

0.4320(12).  

7: Moiety formula: C42H49ClN5O2Pd2•C7H8•BF4, Fw = 1083.05, black small rod, 0.38  0.36  0.03 

mm3, triclinic, P-1, a = 14.3045(4), b = 18.1655(5), c = 18.6639(5),  = 90.624(2),  = 90.120(2),  = 

74.658(3), V = 4676.7(2) Å3, Z = 4, Dx = 1.538 g cm−3,  = 7.24 mm−1, TminTmax: 0.1510.792. 
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44233 Reflections were measured up to a resolution of (sin /)max = 0.617 Å−1. 19865 Reflections 

were unique (Rint = 0.047) of which 17967 were observed [I > 2(I)]. 1244 Parameters were refined 

using 620 restraints. R1/wR2 [I > 2(I)]: 0.0657/0.1890. R1/wR2 [all refl.]: 0.0708/0.1965. S = 1.042. 

Residual electron density found between -1.63 and 1.98 e Å−3. 

 

Complex 8: The asymmetric unit contains one crystallographically independent Pd-N3
-Pd complex, 

one BF4
 counterion, and one lattice toluene solvent molecule. The counterion and lattice solvent 

molecule are disordered over three and two orientations, respectively. The three occupancy factors of 

the three orientations of the counterion refine to 0.551(3), 0.299(3) and 0.150(3). The occupancy 

factor of the major component of the disordered solvent molecule refines to 0.531(10). The triazole 

ring N2C14 is also found to be disordered over two orientations, and the occupancy factor of the 

major component refines to 0.57(4).  

8: Moiety formula: C42H49N8O2Pd2•C7H8•BF4, Fw = 1089.63, Dark-red thin plate, 0.26  0.18  0.02 

mm3, Monoclinic, P21/c, a = 15.3207(4), b = 18.3882(4), c = 17.4978(3),  = 98.840(2) , V = 

4870.93(19) Å3, Z = 4, Dx = 1.486 g cm−3,  = 6.477 mm−1, TminTmax: 0.3670.872. 56011 

Reflections were measured up to a resolution of (sin /)max = 0.616 Å−1. 9572 Reflections were 

unique (Rint = 0.0553) of which 8523 were observed [I > 2(I)]. 767 Parameters were refined using 

713 restraints. R1/wR2 [I > 2(I)]: 0.0425/0.1040. R1/wR2 [all refl.]: 0.0489/0.1083. S = 1.123. 

Residual electron density found between -0.70 and 0.95 e Å−3. 

 

Bond length analysis  

Complex 5: The asymmetric unit contains two crystallographically independent molecules (labelled 

molecule A and molecule B, Figure 19). At first glance the metrical oxidation state (MOS) values, 

which typically provide a good indication for the ligand oxidation state, do not to support the mixed-

valent assignments of 5 but tend toward intermediate oxidation states for both rings. However, the κ2-

N,N’ triazoles are disordered over two orientations - multiplying the occupancy factors (0.54(3) for 

molecule A and 0.63(3) for molecule B) with the theoretical oxidation states results in MOS values in 

agreement with ligand-based mixed-valent complexes, with Ring A and Ring B being in the 

amidophenolate (AP2-) and iminosemiquinonato (ISQ-) oxidation state, respectively. 
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Figure 19. Two molecules that are found in the asymmetric unit of 5 (top) with selected metric parameters and metrical 

oxidation states (bottom). 

 

Multiplying the occupancy factors with the theoretical oxidation states (Molecule A: Ring A 0.46 

AP2- ;0.54 ISQ- and Ring B 0.54 AP2-; 0.46 ISQ- ; Molecule B: Ring A 0.37 AP2- ;0.63 ISQ- and 

Ring B 0.63 AP2-; 0.37 ISQ-) gives MOS values very close to the ones obtained from the observed 

metric parameters.  

 

Molecule A 

Ring A:  (0.46 * -2) + (0.54 * -1) = -1.46 (found MOS: -1.51 ± 0.06) 

Ring B:  (0.54 * -2) + (0.46 * -1) = -1.54 (found MOS: -1.63 ± 0.09) 

 

Molecule B 

Ring A:  (0.37 * -2) + (0.63 * -1) = -1.37 (found MOS: -1.34 ± 0.09) 

Ring B:  (0.63 * -2) + (0.37 * -1) = -1.63 (found MOS: -1.60 ± 0.16) 

 

Molecule A Molecule B
Ring A Ring B Ring A Ring B

Bond XRD (Å) Bond XRD (Å) Bond XRD (Å) Bond XRD (Å)

C1-C2 1.418(4) C15-C16 1.418(4) C1-C2 1.425(4) C15-C16 1.427(5)
C2-C3 1.392(4) C16-C17 1.395(4) C2-C3 1.385(5) C16-C17 1.386(6)
C3-C4 1.410(4) C17-C18 1.405(5) C3-C4 1.419(5) C17-C18 1.389(7)
C4-C5 1.378(4) C18-C19 1.380(6) C4-C5 1.376(5) C18-C19 1.380(6)
C5-C6 1.401(4) C19-C20 1.400(4) C5-C6 1.415(4) C19-C20 1.404(5)
C6-C1 1.425(4) C20-C15 1.415(4) C6-C1 1.427(4) C20-C15 1.417(5)
C1-O1 1.332(3) C15-O2 1.335(3) C1-O1 1.321(4) C15-O2 1.323(4)
C6-N1 1.389(4) C20-N5 1.400(4) C6-N1 1.385(4) C20-N5 1.409(4)
Pd1-N1 1.957(2) Pd2-N5 1.953(2) Pd3-N1 1.966(3) Pd4-N5 1.961(2)
Pd1-O1 1.973(2) Pd2-O2 1.979(2) Pd3-O1 1.981(2) Pd4-O2 1.976(2)
Pd1-N3 1.987(2) Pd2-N4 1.972(2) Pd3-N3 1.979(2) Pd4-N4 1.980(2)
MOS -1.51 ± 0.06 MOS -1.63 ± 0.09 MOS -1.60 ± 0.16 MOS -1.34 ± 0.09
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Complex 6 

The asymmetric unit contains three crystallographically independent molecules (labelled molecule A, 

molecule B and molecule C, Figure 20). At first glance the metrical oxidation state (MOS) values do 

not to support the mixed-valent assignments of 6 for all three molecules. Similar to 5, the κ2-N,N’ 

triazoles are disordered over two orientations - multiplying the occupancy factors (0.83(3) for 

molecule A and 0.82(3) for molecule B and 0.58(3) for molecule C) with the theoretical oxidation 

states results in MOS values in agreement with ligand-based mixed-valent complexes, with Ring A 

and Ring B being in the amidophenolate (AP2-) and iminosemiquinonato (ISQ-) oxidation state, 

respectively. 

Multiplying the occupancy factors with the theoretical oxidation states (gives MOS values very close 

to the ones obtained from the observed metric parameters.  

 

Molecule A 

Ring A:  (0.83 * -2) + (0.17 * -1) = -1.83 (found MOS: -1.83 ± 0.11) 

Ring B:  (0.17 * -2) + (0.83 * -1) = -1.17 (found MOS: -1.38 ± 0.12) 

 

Molecule B 

Ring A:  (0.82 * -2) + (0.18 * -1) = -1.82 (found MOS: -1.92 ± 0.11) 

Ring B:  (0.18 * -2) + (0.82 * -1) = -1.18 (found MOS: -1.26 ± 0.07) 

 

Molecule C 

Ring A:  (0.58 * -2) + (0.42 * -1) = -1.58 (found MOS: -1.60 ± 0.09) 

Ring B:  (0.42 * -2) + (0.58 * -1) = -1.42 (found MOS: -1.32 ± 0.12) 

 



Chapter 4 
 

112 
 

 

 

 
Figure 20. The three molecules that are found in the asymmetric unit of 6 (top) with selected metric parameters and metrical 

oxidation states (bottom). 

 

Complex 7 

The asymmetric unit contains two crystallographically independent molecules (labelled molecule A 

and molecule B, Figure 21). The MOS values are in agreement with both Ring A and Ring B being in 

the and iminosemiquinonato (ISQ-) oxidation state. 

 

Molecule A Molecule B Molecule C
Ring A Ring B Ring A Ring B Ring A Ring B

Bond XRD (Å) Bond XRD (Å) Bond XRD (Å) Bond XRD (Å) Bond XRD (Å) Bond XRD (Å)

C1-C2 1.413(4) C15-C16 1.422(4) C1-C2 1.412(5) C15-C16 1.425(4) C1-C2 1.407(4) C15-C16 1.420(5)
C2-C3 1.399(4) C16-C17 1.383(5) C2-C3 1.396(5) C16-C17 1.381(5) C2-C3 1.389(5) C16-C17 1.382(5)
C3-C4 1.395(5) C17-C18 1.404(5) C3-C4 1.389(5) C17-C18 1.415(5) C3-C4 1.410(5) C17-C18 1.415(5)
C4-C5 1.390(5) C18-C19 1.385(5) C4-C5 1.402(5) C18-C19 1.376(4) C4-C5 1.385(5) C18-C19 1.368(5)
C5-C6 1.396(4) C19-C20 1.416(5) C5-C6 1.391(4) C19-C20 1.406(5) C5-C6 1.400(5) C19-C20 1.406(5)
C6-C1 1.417(4) C20-C15 1.432(5) C6-C1 1.414(4) C20-C15 1.435(5) C6-C1 1.423(4) C20-C15 1.437(5)
C1-O2 1.343(3) C15-O2 1.314(4) C1-O2 1.348(4) C15-O2 1.311(4) C1-O2 1.331(4) C15-O2 1.311(4)
C6-N1 1.416(4) C20-N5 1.393(4) C6-N1 1.417(4) C20-N5 1.379(4) C6-N1 1.400(5) C20-N5 1.395(5)
Pd1-N1 1.973(2) Pd2-N5 1.967(3) Pd3-N1 1.963(2) Pd4-N5 1.966(3) Pd5-N1 1.979(3) Pd6-N5 1.962(3)
Pd1-O1 1.953(2) Pd2-O2 1.975(2) Pd3-O1 1.968(2) Pd4-O2 1.975(2) Pd5-O1 1.962(2) Pd6-O2 1.973(2)
Pd1-N3 1.973(2) Pd2-N4 1.967(2) Pd3-N3 1.945(3) Pd4-N4 1.964(2) Pd5-N3 1.951(3) Pd6-N4 1.971(3)
MOS -1.83 ± 0.11 MOS -1.38 ± 0.12 MOS -1.92 +- 0.11 MOS -1.26 +- 0.07 MOS -1.60 +-0.09 MOS -1.32 +- 0.12
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Figure 21. Two molecules that are found in the asymmetric unit of 7 (top) with selected metric parameters and metrical 

oxidation states (bottom). 

 

Magnetic measurements 

Temperature-dependent magnetic susceptibility measurements were carried out with a Quantum-

Design MPMS-XL-5 SQUID magnetometer equipped with a 5 Tesla magnet in the range from 295 to 

2.0 K at a magnetic field of 0.5 T. The freshly isolated crystalline samples were contained in a PTFE 

bucket and fixed in a non-magnetic sample holder. Each raw data file for the measured magnetic 

moment was corrected for the diamagnetic contribution of the PTFE bucket according to Mdia(bucket) 

= χg·m·H, with an experimentally obtained gram susceptibility of the PTFE bucket. The molar 

susceptibility data were corrected for the diamagnetic contribution according to χM
dia(sample) = –0.5 · 

M · 10–6 cm3·mol–1.24 Experimental data were modelled with the julX program25. Temperature-

independent paramagnetism (TIP) and paramagnetic impurities (PI) with S = ½ were included 

according to calc = (1  PI)· + PI·mono + TIP. Best fit parameters are collected in Table 1. 

Molecule A Molecule B

Ring A Ring B Ring A Ring B
Bond XRD (Å) Bond XRD (Å) Bond XRD (Å) Bond XRD (Å)

C1-C2 1.424(11) C15-C16 1.415(12) C1-C2 1.413(12) C15-C16 1.414(13)
C2-C3 1.371(12) C16-C17 1.387(12) C2-C3 1.381(3) C16-C17 1.377(12)
C3-C4 1.418(12) C17-C18 1.458(12) C3-C4 1.419(12) C17-C18 1.433(13)
C4-C5 1.348(12) C18-C19 1.364(13) C4-C5 1.388(12) C18-C19 1.349(13)
C5-C6 1.424(12) C19-C20 1.412(11 C5-C6 1.395(12) C19-C20 1.425(11)
C6-C1 1.463(11) C20-C15 1.454(11) C6-C1 1.453(10) C20-C15 1.456(11)
C1-O2 1.300(10) C15-O2 1.285(10) C1-O2 1.311(10) C15-O2 1.339(10)
C6-N1 1.347(10) C20-N5 1.383(11) C6-N1 1.355(11) C20-N5 1.351(12)
Pd1-N1 1.974(6) Pd2-N5 1.975(7) Pd3-N1 1.966(6) Pd4-N5 1.972(7)
Pd1-O1 1.984(6) Pd2-O2 1.976(6) Pd3-O1 1.988(6) Pd4-O2 1.966(6)
Pd1-N3 1.989(6) Pd2-N4 1.985(7) Pd3-N3 2.013(7) Pd4-N4 1.968(7)
MOS -0.86 +- 0.11 MOS -0.95 +- 0.17 MOS -1.15 +- 0.10 MOS -1.08 +- 0.17
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Table 1. Magnetic data for complexes 7 and 8. 

complex g J, cm−1 PI,  % TIP·10–6, cm3mol−1 

7 1.97 –39 1.8 360 

8 1.89 –29 0.9 320 

 

DFT calculations 

Geometry optimizations were carried out using TURBOMOLE26 coupled with the PQS Baker 

Optimizer27 via the BOpt package28 at the DFT level using the b3-lyp functional and the def2-TZVP 

basis set. The corrected broken symmetry energies	 εBS of the open-shell singlets (S = 0) were 

estimated from the energy εS of the optimized single-determinant broken symmetry solution and the 

energy εS 1 from a separate unrestricted triplet calculation at the same level, using the approximate 

correction formula:29 

ε
ε 	–	 ε

	–	
 

 

The UV−vis transitions of complexes 4 and 5 were calculated with TD-DFT (nroots = 50; maxdim = 

600; triplets = false) as implemented in the ORCA package30 at the b3-lyp31 level (RIJCOSX32) using 

the def2-TZVP basis set. ZORA33 scalar relativistic Hamiltonians (Special-GridAtoms = 27, 

SpecialGridIntAcc = 7) and COSMO34 dielectric solvent corrections (ε = 8.93; CH2Cl2) were 

included. The coordinates from the structures optimized in Turbomole were used as input for these 

ORCA TD-DFT calculations. The DFT calculated spin exchange interaction was obtained from the 

energy εS of the optimized single-determinant broken symmetry solution and the energy εS 1 from a 

separate unrestricted triplet calculation at the same level, using the formula13: 
 

ε 	–	ε

	–	
 

 

 

 

Figure 22. TD-DFT calculated electronic absorption spectra for 5 (left) and 6 with the horizontal axis in nm (right, ORCA, 

b3-lyp, def2-TZVP). 
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5.1 Introduction 

Transition metal oxo and nitrido complexes play important roles in many biological and industrial 

catalytic processes. To generate the most stable bonding situation with a transition metal, both ligands 

require three empty metal d-orbitals of suitable symmetry. Therefore, isolable metal oxo and nitrido 

complexes are mainly found with early transition metals. Ballhausen and Gray were the first to report 

the electronic structure of an octahedral vanadium oxo complex and describe the importance of 

ligand-to-metal π-bonding.1 This seminal work resulted in the establishment of the “oxo wall”, which 

states that complexes with an octahedral geometry can have no more than 5 d-electrons and still retain 

some multiple character to the metal-oxo bond. In the absence of π-bonding to the metal, the oxo 

fragment/ligand will be extremely basic and unstable with respect to reactions with electrophiles 

(including protonation). Achieving the low d-electron count necessary for M-O multiple bonding 

becomes increasingly difficult with metals on the far-right of the transition series,2 and the “oxo wall” 

is ‘established’ between the metals of Groups 8 and 9 of the periodic table. As nitrido ligands require 

the same bonding criteria as oxo ligands, the same limitations exist for multiple bonding in metal 

nitrido complexes. The inherent instability of oxo and nitrido complexes with late transition (platinum 

group) metals makes these reactive species interesting targets in synthetic and computational 

inorganic chemistry to gain understanding in how these entities behave. 

An unsubstituted nitrogen ligand can coordinate to a transition metal in three different modes 

depending on the oxidation state at nitrogen (Figure 1).3 One-electron reduction of the monoanionic 

nitrenido ligand results in a dianionic nitridyl radical, which upon another one-electron reduction 

gives the trianionic nitrido ligand. 

 

 

 

Figure 1. Lewis structures and nomenclature of the three possible binding modes of an unsubstituted nitrogen ligand. 

A commonly encountered strategy to prepare nitrido complexes with metals beyond Group 8 is to 

reduce the coordination number and enforce a non-octahedral geometry, in order to generate vacant 

orbitals that can engage in ligand-to-metal π-bonding. This approach does not violate (or break) the 

nitrido wall formalism, which only holds for octahedral complexes. There is much current interest to 

develop synthetic protocols toward (late) transition metal nitrido species to investigate their electronic 

structure and to establish fundamental reactivity, as this may aid the development of new 

methodologies for C-H activation, N2 fixation and NH3 oxidation.4 Common pathways to obtain metal 
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nitrido complexes are by thermal, photolytic or oxidative decomposition of metal azides. Notably, in 

some examples redox-processes at a redox-active ligand appear to facilitate or stabilize the formation 

of a nitrido or nitridyl radical ligand.4b,f,g This intrigued us to investigate the azido complexes 1 and 

2PF6 (Scheme 1) described in Chapter 3 towards controlled azide decomposition. In this Chapter we 

describe how the redox-active NNO ligand (introduced in Chapter 2) might enable the formation of 

nitridyl radicals by an intramolecular electron transfer process. 

 

 

Scheme 1. The azido complexes 1 and 2PF6 described in Chapter 3, bearing the redox-active NNO ligand.  

5.2 Results and Discussion 

Oxidative decomposition of complex 1 

Photolysis by high intensity UV irradiation or thermolysis of complex 1, either as a solid or in 

solution, resulted in the disappearance of the characteristic azide stretch at  2035 cm-1 in the IR 

spectrum. However, both methodologies are plagued by formation of a metallic precipitate and a 

mixture of unidentified species. Similar to the chloride analogue described in Chapter 2, complex 1 

undergoes fully reversible one-electron oxidation and reduction at accessible potentials (E½
ox = +0.07 

V, E½
red = -0.97 V vs. Fc/Fc+), according to cyclic voltammetry. Treatment of complex 1 with one 

equivalent of the one-electron oxidant acetylferrocenium tetrafluoroborate resulted in a shift of the 

azide stretch to  2024 cm-1 in the IR spectrum, likely belonging to the corresponding 

[Pd(N3)(NNOIBQ)]+ species. However, in time a new strong azide stretch appears in the IR spectrum at 

 2076 cm-1, inherent to the formation of the previously described dinuclear diradical cation 2+ (see 

Chapter 3). Although the complex has a different counterion (BF4 vs. PF6), identical IR, NMR and 

CSI-MS data were obtained. When the reaction was performed in a closed system, a clear pressure 

build-up was observed, which is indicative of dinitrogen evolution. Full conversion of complex 1 

could also be achieved with half an equivalent of the oxidant.  
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Scheme 2. Reaction upon treatment of complex 1 with a one-electron oxidant resulting in the formation of complex 2BF4, 

with proposed intermediacy of species 1+. Reagents and conditions: (i) acetylferrocenium tetrafluoroborate, CDCl3, rt. 

 

Based on these observations and intrigued by the formation of complex 2BF4 from 1 upon one-

electron oxidation, we were interested to understand the mechanism behind the formation of this 

dinuclear diradical. A potential mechanism, depicted in Scheme 3, involves oxidation of 1 to 1+ and 

subsequent loss of N2, resulting in the formation of intermediate A, which can exist in three resonance 

structures: nitrenido 1A+, nitrido 1A+’ or nitridyl radical 1A+’’. Reductive coupling of two nitridyl 

radicals results in the formation of intermediate 1B+ that upon loss of dinitrogen from 1B+’ forms C, 

which is trapped by the second equivalent of 1 to form 2BF4 as described in Chapter 3. Mechanisms 

involving loss of N2 upon one-electron oxidation4e of azido complexes with follow-up reductive 

coupling of transient nitridyl radicals have been proposed by de Bruin and Schneider for Rh and Ir 

systems with neutral and monoanionic pincer ligands.4a,e,g 

To support the radical coupling of two palladium nitridyl radicals, we prepared the 15N-labeled 

isotopomer of complex 1 by using Na15N14N2 in its synthesis, yielding a 1:1 mixture of Pd15N14N2 and 

Pd14N14N15N showing azide stretches at  2013 and 2025 cm-1 in the IR spectrum, respectively. Upon 

oxidation with acetylferrocenium tetrafluoroborate, these signals instantly shift to 2006 and 2019 cm-1 

for 1+ and subsequently to 2057 and 2073 cm-1 for 2+. Performing the reaction under a strict argon 

atmosphere allowed for gas analysis of the headspace by mass spectrometry, which revealed 

formation of both 15N≡15N and 15N≡14N, in agreement with a reductive coupling of two palladium 

nitridyl radicals. To confirm the presence of a reactive radical intermediate, the oxidation of 1 was 

performed in the presence of excess 1,4-cyclohexadiene (CHD) as H-atom donor, which led to several 

unidentified products and minor amounts of 2BF4. Moreover, benzene formation was observed by 1H 

NMR spectroscopy and ESI-MS analysis of the reaction mixture showed [NNOPd-NH3]
+ fragments at 

m/z 461.1822 that were not observed in the absence of CHD. 
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Scheme 3. Possible mechanism for the formation of 2BF4 upon one-electron oxidation of 1.  

To understand the facile loss of dinitrogen at room temperature of 1+ compared to 1, we used DFT 

calculations to gain insight into the thermal azide decomposition of both compounds. We calculated 

the barrier for loss of N2 and the corresponding palladium nitrido complexes on the closed-shell 

singlet (CSS), open-shell singlet (OSS) and triplet surfaces for 1+ and on the doublet surface for 1. 

The calculated energy profiles, depicted in Figure 2, show high barriers for both 1 and 1+. The found 

closed-shell singlet (CSS) for 1+ is 14 kcal mol-1 lower in energy than the optimized triplet state. The 

lowest barrier for loss of N2 is on the open-shell singlet (OSS) surface, requiring 43 kcal mol-1, which 

is lower by 4 and 8 kcal mol-1 compared to the CSS and triplet state, respectively. Notably, for the 

cationic palladium nitrido species (1A+) the triplet state is lowest in energy by 10 and 25 kcal mol-1 

compared to the OSS and CSS states, respectively. The barrier for N2 loss from 1 to form 1A is 53 

kcal mol-1, which is only 10 kcal mol-1 higher in energy than the lowest barrier for 1+. This small 

difference does not explain the experimentally observed difference between the two compounds, as 

both barriers are still too high to occur at room temperature. An explanation might be that the loss of 

N2 from 1+ is solvent or anion assisted. Alternatively, formation of 2BF4 proceeds via a different and 

currently unidentified mechanism that may involve an additional molecule of 1 or 1+ to activate the 

azido-fragment. We have calculated spin density plots of 1A and 1A+, which show significant nitridyl 

radical (see experimental section). However, as the intermediacy of such intermediates (from direct 

loss of N2) is unlikely, we refrain from further discussion here. 
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Figure 2. DFT (b3-lyp, def2-TZVP) calculated energy profiles (ΔH in kcal mol−1) for thermal decomposition of 1+ (left) and 

1 (right).  

 

Photolysis of the dinuclear azido bridged palladium complex 

A more facile route to prepare the dinuclear azido bridged complex that does not rely on oxidative 

decomposition of 1 is the treatment of an equimolar solution of 1 and the chlorido analogue with one 

equivalent of TlPF6 to form 2PF6 (see Chapter 3). The observed elongation of the N-N bond and 

contraction of the N-N bond of the bridging azido ligand in the solid state structure of 2PF6 

suggests that facile loss of N2 might be possible. Upon irradiation of complex 2PF6 in benzene with a 

high intensity UV light source (300-600 nm, 150W), the characteristic azide stretch at 2076 cm-1 in 

the IR spectrum disappeared within minutes and a new complex (3) was obtained in 67% yield, which 

was formulated as [{Pd(NNOISQ)}(µ-NH2){Pd(NNOISQ)}]PF6 (Scheme 4) based on spectroscopic and 

X-ray structural characterization. Broad signals were observed from 19 to -4 ppm in the 1H NMR 

spectrum, comparable to the starting material 2PF6 (see experimental section). CSI-MS studies 

showed a clear signal with m/z 906.3025 [M]+, corresponding to loss of N2 and the addition of two H 

atoms (Figure 3). 
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Scheme 4 Synthesis of complex 3 by photolysis of complex 2PF6. Conditions: hν, C6H6, reflux.  
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Figure 3. CSI-MS spectra of 2PF6 (top) and 3 (bottom). 

Dark-brown single crystals of 3 suitable for X-ray diffraction were obtained by slow diffusion of 

pentane into a chloroform solution. The molecular structure (Figure 4) shows two slightly distorted 

square planar geometries around the Pd atoms and a single bridging amido ligand. The bond lengths 

in the two redox-active ligands are identical to each other, as the bridging nitrogen atom (N3) is found 

on a site of twofold axial symmetry. Analysis of the metric parameters revealed characteristic bond 

lengths for the iminosemiquinonato oxidation state of the ligands5 (metrical oxidation state (MOS)6 = 

-0.98 +- 0.05), which are nearly identical to those of complex 2PF6. In the solid state, a clear H-F 

bonding interaction is observed between the protons of the µ-NH2 ligand and the hexafluorophosphate 

anion, which is disordered over two orientations. The Pd-Pd distance of 3.1773(7) Å is significantly 

shorter than the distance in 2PF6 (3.6843(3) Å). Moreover, it is also shorter than the sum of the van 

der Waals radii (3.26 Å), which implies an intramolecular d8-d8 interaction comparable to the µ-Cl 

analogue described in Chapter 3. The Pd-N-Pd angle also decreases from 127.32o to 102.74o. The 

DFT optimized geometry for 3 is in excellent agreement with the experimentally found geometry. 

Similar to the chlorido analogue described in Chapter 3, a filled bonding and antibonding orbital 

inherent to the intramolecular d8-d8 interaction between the Pd centers was found upon analysis of the 

molecular orbitals.  

To provide insight into the source of the H-atoms in 3, the photolysis was performed in both benzene 

and benzene-d6. Both reactions yielded identical products and no deuterium incorporation was 

observed by CSI-MS. To exclude that H-atom abstraction occurs upon crystallization from 

chloroform, the crude product was recrystallized using both CHCl3 and CDCl3. Again identical 

products were obtained and no deuterium incorporation was detected by CSI-MS. Performing the 

photolysis in benzene-d6 in the presence of 1,4-cyclohexadiene as a H-atom donor generated 3 with  
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Bond XRD DFT 

C1-C2 1.427(7) 1.418 
C2-C3 1.378(8) 1.375 
C3-C4 1.427(8) 1.422 
C4-C5 1.367(8) 1.372 
C5-C6 1.421(8) 1.421 
C6-C1 1.448(7) 1.454 
C1-O1 1.309(7) 1.308 
C6-N1 1.345(7) 1.345 
Pd1-N1 1.942(5) 1.957 
Pd1-O1 2.004(4) 1.308 
Pd1-N3 2.0505(16) 2.059 
Pd1-Pd1 3.1773(7) 3.170 

MOS -0.97 ± 0.05 -0.98 ± 0.07 
 

Figure 4. Left: Table showing relevant bond lengths (Å) and metrical oxidation state (MOS) of the solid state 

structure of complex 3. Relevant angle: Pd1-N3-Pd1’: 102.7(3)º. Right: Displacement ellipsoid plot (50% 

probability level) of complex 3. Most hydrogen atoms are omitted and tert-butyl groups are depicted as wireframe 

for clarity. 

concomitant formation of benzene, showing that 1,4-cyclohexadiene can serve as a source of H-

atoms. However, a 1,4-cyclohexadiene adduct, which likely results from nitrene insertion into the 

double bond, was also observed by CSI-MS. Similarly, CSI-MS analysis of the reaction mixture after 

photolysis in the presence of 2,6-di-tert-butylphenol showed formation of a 2,6-di-tert-butylphenol 

adduct. Using D2O-saturated C6H6 as the solvent resulted in quantitative incorporation of two D 

atoms, as evidenced in the ESI-MS spectrum. When the crude product of the photolysis in C6H6 was 

re-dissolved in D2O-saturated C6H6 and irradiated with high intensity UV light, only marginal 

deuterium incorporation was observed. Adventitious water itself is an unlikely source of H-atoms as 

the bond dissociation energy (BDE) of an O-H bond of water is slightly larger than that of a C-H bond 

of benzene (117.6 vs. 113.5 kcal mol-1).7 However, coordination of water to a Lewis acid can result in 

a decrease of the BDE to 49.8 kcal mol-1.8 Considering the labile nature of the monoatom-bridged 

species (see Chapter 3), it is conceivable that the harsh photolysis conditions can create an accessible 

coordination site on an NNOPd fragment for temporary coordination of an adventitious water 

molecule, thereby lowering the O-H BDE. How the resulting species in such a scenario will 

regenerate 2 or proceed towards 3 is unclear.  

A proposed pathway for the formation of complex 3 is depicted in Scheme 5. Irradiation of 2+ results 

in loss of dinitrogen to form the intermediate bridged nitride 2A. Transfer of an electron from one of 

the redox-active ligands results in the formation of nitridyl radical 2A’, which can abstract an H-atom 

to form 2B. Upon a second H-atom transfer (HAT) process, the latter is converted to complex 3+. DFT 
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calculations (b3-lyp-d3, def2-TZVP) were performed to gain insight into the relative energies of the 

proposed intermediates. For 2+ and 3+, the OSS and triplet state energies are very close (EOSS – Etriplet = 

-0.35 kcal mol-1 for both). For intermediate 2A the triplet state is higher in energy by 2.1 kcal mol-1 

than the OSS state. Similarly, the doublet and quartet spin states of intermediate 2B lie very close in 

energy (Edoublet – Equartet = -0.9 kcal mol-1), with the lower spin state being more favorable. The 

experimental metric parameters and MOS values of complex 2+ were well-reproduced in the 

calculated structures, with exception of the Pd-Pd distance, which was ~0.3 Å shorter in silico. 

Notably, the spin density plot of intermediate 2A (Figure 5) shows a significant localization on the 

nitrido nitrogen atom (1.1 e) and a decrease of spin density on the redox-active ligands relative to 2+. 

Moreover, a decrease in the MOS value of the redox-active ligands (from -0.95 ± 0.05 in 2+ to -0.64 ± 

0.05 in 2A) and a contraction of the NNOPd-N bonds compared to 2+ (Δd = -0.16 Å for both bonds) 

is observed, suggestive of intramolecular one-electron reduction (½ electron from each NNO ligand) 

of the bridging nitrenido ligand. As such, the resonance structure of 2A’ in Scheme 5 is deemed to be 

the best description for the intermediate nitridyl radical. The doublet state of 2B, with a high S2 value 

of 1.70, is proposed to show a significant contribution of the quartet state. The calculated small energy 

difference (Edoublet – Equartet = -0.9 kcal mol-1) and the characteristics of the spin density plot, which 

shows two unpaired electrons on the redox-active NNO ligands and one on the nitrido nitrogen, are in 

agreement with this proposal. As such, intermediate 2B is best described as a triradical with 

antiferromagnetic coupling of an iminosemiquinonato radical with an imidyl radical. The significant 

radical character of the bridging nitrogen atom in both intermediates 2A and 2B explains the H-atom 

abstraction to form complex 3. Interestingly, the presence of the redox-active NNO ligands appears to 

play an essential role in the generation of the nitridyl radical 2A by intramolecular ligand-to-nitrido 

electron transfer.  

 

Scheme 5 Proposed mechanism for the formation of compound 3. 
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Figure 5. Spin density plots for 2+ (top left), intermediate nitridyl radical 2A (bottom left), intermediate imidyl radical 2B 

(bottom right) and 3+ (top right), displaying the reactive character of intermediates 2A and 2B. All plots are for the lowest 

energy spin state (OSS for 2+, 2A and 3+, doublet for 2B; b3-lyp-d3, def2-TZVP).  

 

In an attempt to observe an intermediate nitridyl or imidyl radical, low-temperature photolysis 

experiments were performed. The EPR spectrum of 2PF6 (Figure 6) in toluene glass at 20 K revealed 

a strong anisotropic signal at g = 2.0048 and a weak triplet signal, including a (ms = 2) half-field 

triplet signal. Irradiation of the sample within the EPR cavity resulted in a decrease of the signal 

intensity and disappearance of the triplet signals. Upon removal of the (initially yellow) sample from 

the EPR cavity, the sample had turned dark-blue, but this color rapidly faded upon thawing of the 

sample, restoring the initial yellow color. Refreezing the sample in liquid nitrogen did not lead to any 

further color change and the EPR spectrum of the refrozen sample revealed a very similar spectrum to 

that of 2PF6, including the half-field signal. The disappearance of the ms = 2 half-field triplet signal 

in the observed intermediate suggests that there is no accessible triplet state at 20K. This would be in 

agreement with formation of 2A as an intermediate, as it has a significantly higher calculated singlet-

triplet energy gap than 2+ and 3+. This higher singlet-triplet gap would also account for the observed 

decrease in signal intensity due to partial antiferromagnetic coupling, which is conceivable based on 

the spin density plot of 2A. 
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Figure 6. Stacked EPR spectra in toluene glass at 20 K of 2PF6 before (top), and after irradiation (center) at 20 K and upon 

warming to r.t. and refreezing (bottom). The inset shows a zoom that visualizes the triplet signals. 

5.3 Conclusion 

In summary, oxidative decomposition of mononuclear azide 1 using a mild oxidant results in the 

formation of dinuclear diradical 2BF4 featuring a μ-azido ligand. The mechanism involves loss of N2, 

and a reactive radical intermediate that reacts with an H-atom donor. Upon irradiation with a high 

intensity UV light source in benzene, 2PF6 loses dinitrogen to form diradical 3 with a bridging amido 

ligand. Low temperature photolysis within the EPR cavity allows for the observation of an 

intermediate, which could be an transient nitridyl radical as DFT calculations suggest that irradiation 

of 2PF6 results in the formation of a bridging nitridyl radical facilitated by overall one-electron 

oxidation of the redox-active NNO ligands. The source of the H-atoms appears to be adventitious 

water. Most extraordinarily, the redox-active NNO ligand appears to facilitate the generation of 

transient palladium nitridyl radicals through intramolecular ligand-to-nitrido electron transfer. Future 

research is required to gain insight into the exact mechanism of the decomposition of these azido 

complexes. Nonetheless, the ability of the redox-active NNO ligand to generate reactive nitridyl and 

imidyl species hints towards opportunities for the use of redox-active ligands in dinitrogen activation 

and ammonia oxidation. 
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 5.4 Experimental 

All reactions were carried out in an N2 filled glovebox. Complex 1 and 2PF6 where prepared 

according to the procedures described in Chapter 3. Acetylferrocenium tetrafluoroborate was prepared 

according to literature.9 With exception of the compounds given below, all reagents were purchased 

from commercial suppliers and used without further purification. THF, pentane, hexane, and diethyl 

ether were distilled from sodium benzophenone ketyl. CH2Cl2 and methanol were distilled from CaH2, 

and toluene was distilled from sodium under nitrogen. NMR spectra (31P, 1H and 13C{1H}) were 

measured on a Bruker DRX 500, Bruker AMX 400, Bruker DRX 300 or on a Varian Mercury 300 

spectrometer at r.t. unless noted otherwise. GC-MS measurements were performed on an HP-Agilent 

GC-MS or JEOL AccuTOF GCv4G GC- HRMS. EPR spectra were recorded on a Bruker EMP Plus 

spectrometer. High resolution mass spectra were recorded on a JEOL AccuTOFC-plus JMS-T100LP 

or JEOL JMS SX/SX102A four-sector mass spectrometer; for FAB-MS, 3-nitrobenzyl alcohol was 

used as a matrix. Irradiation experiments were performed using a bluepoint 4 ecocure UV point 

source from Hönle UV technology containing a 150 W mercury lamp without any filter. 

Oxidative decomposition of complex 1 

A solution of complex 1 (24.9 mg, 0.05 mmol) in 1 mL CDCl3 was added to a stirred suspension of 

acetylferrocenium tetrafluoroborate (8.7 mg, 0.025 mmol) in 1 mL CDCl3. After stirring for 18 hours 

the mixture was concentrated to ~1 mL, whereafter pentane (10 mL) was added. The precipitate was 

collected and dissolved in CDCl3 (1 mL) and pentane (10 mL) was added. The precipitate was 

collected and dried in vacuo, affording 2BF4 as a light-green solid (24 mg, 92%). 1H NMR (300 MHz, 

CDCl3, ppm) δ 17.5 (bs), 11.3 (bs), 10.4 (bs), 5.3 (bs) 1.7 (bs), 0.4 (bs), -2.0 (bs). 1H NMR (300 MHz, 

THF-d8, ppm) δ 16.9 (bs), 11.4 (bs), 10.4 (bs), 5.3 (bs), 1.7 (bs), 0.38 (1H), -1.8 (bs). 19F NMR (282 

MHz, CDCl3, ppm) δ -150.9 (s). IR (ATR, cm-1):  2960 (m Car-H), 2869 (w Calk-H), 2076 (s, N3) 

1057 (s, BF4
-). ESI-MS (m/z) calcd for C44H60N7O2Pd2: 932.28, found 932.32 [M]+. 

Photolytic decomposition of 2PF6 

A suspension of 2PF6 (10 mg, 0.01 mmol) in benzene (6 mL) divided over two Schlenk cuvets 

containing a stirring bar. The stirred suspensions were irradiated four times for 120 seconds with one 

minute intervals, as depicted in Figure 7. The dark solutions were allowed to cool to ambient 

temperature, whereafter the fractions were combined and filtered through a Teflon syringe filter. All 

volatiles were evaporated in vacuo and the residue was dissolved in THF (0.6 mL). Slow diffusion of 

pentane afforded 3 as a dark solid (6.6 mg, 67%). 1H NMR (300 MHz, THF-d8, ppm) δ 14.5 (bs), 11.4 

(bs), 11.0 (bs), 10.4 (bs), 10.1 (bs) 8.4 (s) 5.3 (s), 4.6 (s), 3.7 (bs), -0.69 (bs). 31P NMR (121 MHz, 

THF-d8, ppm) δ -143.9 (sept, JP-F = 709 Hz). 19F NMR (282 MHz, THF-d8, ppm) δ -72.7 (d, JP-F = 709 

Hz). IR (ATR, cm-1): 2960 (m Car-H), 2869 (w Calk-H), 1259 (m), 1012 (s), 840 (s PF6
-), 793 (s). CSI-

MS (m/z) calcd for C44H62N5O2Pd2: 906.2977, found 906.3025 [M]+.  
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Figure 7. Experimental setup for the photolysis of 2PF6. 

 

 

Figure 8. 1H NMR spectra of 2PF6 (top) and complex 3 in THF-d8. 
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Single crystal X-ray crystallography 

All reflection intensities were measured at 110(2) K using a SuperNova diffractometer (equipped with 

Atlas detector) with Cu Kα radiation (λ = 1.54178 Å) under the program CrysAlisPro (Version 

1.171.36.32 Agilent Technologies, 2013). The same program was used to refine the cell dimensions 

and for data reduction. The structure was solved with the program SHELXS-2013 (Sheldrick, 2008) 

and was refined on F2 with SHELXL-2013.10 Analytical numeric absorption correction based on a 

multifaceted crystal model was applied using CrysAlisPro. The temperature of the data collection was 

controlled using the system Cryojet (manufactured by Oxford Instruments). The H atoms were placed 

at calculated positions (unless otherwise specified) using the instructions AFIX 43 or AFIX 137 with 

isotropic displacement parameters having values 1.2 or 1.5 Ueq of the attached C atoms.  

 

Complex 3: The H atom (H3A) attached to N3 was found difference Fourier maps, and its 

coordinates and isotropic temperature factor were refined freely. The other H atom attached to N3 is 

symmetrically generated via a twofold axis (as N3 is found at sites of twofold axial symmetry). 

The asymmetric unit contains ½ Pd dimer complex + ½ PF6
 counterion as both moieties are found at 

sites of twofold axial symmetry. The counterion is found to be disordered over two orientations, and 

its occupancy factor was constrained to be 0.5. The crystal lattice contains some amount of very 

disordered solvent molecules, whose contribution has been taken out in the final refinement 

(SQUEEZE details are provided in the CIF file)11. The absolute structure configuration was 

established by anomalous-dispersion effects in diffraction measurements on the crystal. The Flack and 

Hooft parameters refine to 0.017(13) and 0.024(4), respectively. 

3: Moiety formula: C44H62N5O2Pd2·F6P, Fw = 1050.75, red plate, 0.35  0.05  0.04 mm3, Tetragonal, 

P421c (no. 114), a = 12.97123(14), c = 28.4281(6) Å, V = 4783.11(14) Å3, Z = 4, Dx = 1.459 g cm−3,  

= 6.92 mm−1, TminTmax: 0.2610.846. 30162 Reflections were measured up to a resolution of (sin 

/)max = 0.616 Å−1. 4687 Reflections were unique (Rint = 0.0551), of which 4571 were observed [I > 

2(I)]. 316 Parameters were refined using 165 restraints. R1/wR2 [I > 2(I)]: 0.0316/0.0818. R1/wR2 

[all refl.]: 0.0325/0.0823. S = 1.162. Residual electron density found between −0.56 and 0.78 e Å−3. 

 

DFT calculations 

Geometry optimizations were carried out using TURBOMOLE12 coupled with the PQS Baker 

Optimizer13 via the BOpt package14 at the DFT level using the b3-lyp functional and the def2-TZVP 

basis set. The corrected broken symmetry energies εBS of the open-shell singlets (S = 0) were 

estimated from the energy εS of the optimized single-determinant broken symmetry solution and the 

energy εS+1 from a separate unrestricted triplet calculation at the same level, using the approximate 

correction formula:15  

ε
ε 	–	 ε

	–	
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All minima (no imaginary frequencies) and transition states (one imaginary frequency) were 

characterized by numerically calculating the Hessian matrix. In the mononuclear systems the tert-

butyl groups on the aminophenolate moiety were replaced by methyl groups for the calculated energy 

profile to decrease computation-time.  

Analysis of the electronic structure of 1A and 1A+ 

The spin density plots of the DFT calculated nitrido intermediates show significant spin density on the 

nitrido nitrogen for the OSS and triplet states of 1A+ as well as for its one-electron reduced analogue 

in the doublet state (Figure 9). For the triplet state of 1A+ the spin density of the two unpaired 

electrons is localized for 95 % on the nitrido nitrogen. Comparison of the NNOPd-N distances in 1+ 

and 1A+ in the triplet and OSS state shows little difference (Δ = 0.04 and 0.07 Å, respectively). 

Moreover, the bond distances in the redox-active ring are characteristic for the NNOIBQ oxidation 

state for both spin states of 1A+ (MOStriplet = 0.01 ± 0.06; MOSOSS = 0.08 ± 0.06). In combination with 

the spin localization observed in the spin density plots, intermediate 1A+ is best described as a 

NNOIBQPd nitrenido triplet diradical. A very similar distribution of the spin density is observed for 

the OSS state of 1A+. The high S2 value of 1.64 for the doublet state of 1A suggest significant 

contribution of a quartet state. The small energy difference between the two spin states (Edoublet – 

Equartet = -3.8 kcal mol-1) and the spin density plot, which shows two unpaired electrons on the nitrido 

nitrogen and one unpaired electron on the redox-active ligand, confirms this. The doublet state can be 

explained by antiferromagnetic coupling of the NNOISQ ligand radical with one of the unpaired 

electrons on the nitrido nitrogen. Comparison of the NNOPd-N distances in 1 and 1A shows a 

contraction of the Pd-N bond by 0.17. In combination with characteristic bond lengths for the NNOISQ 

oxidation state (MOS = 0.87 ± 0.07), 1A is best described as NNOISQPd nitridyl radical. 

 

Figure 9. DFT (b3-lyp, def2-TZVP) calculated spin density plots of 1A+ (left: triplet; center: OSS) and 1A (right: doublet). 
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6.1 Introduction 
 

Redox-active ligands are frequently encountered in important natural processes mediated by 

metalloenzymes.1 In inorganic chemistry, these systems have long been considered primarily a 

spectroscopic curiosity, with major focus on understanding the electronic structure and bonding 

within homoleptic systems.2 Recently, heteroleptic complexes have been shown to offer unique 

reactivity in stoichiometric activation reactions and in catalysis, as the redox-active nature of these 

ligands allows for their use as electron-reservoir in (catalytic) chemical transformations.3 The majority 

of redox-active frameworks are based on nitrogen- or oxygen-donors,4 with aminophenol-based N,O-

ligands as archetypical redox-active systems that can coordinate in three different oxidation states.5 In 

contrast and at odds with the relevance of phosphorus ligands in homogeneous catalysis, few 

phosphine-containing redox-active ligands exist.6,7 Thomas recently described an (o-

anilino)phenylphosphine ligand that is susceptible to oxidation in the coordination sphere of CuI, but 

radical P-P coupling precluded the use of this scaffold as reversible redox-active ligand.8 Installment 

of a phosphine donor as a redox-innocent entity adjacent to a redox-active framework is less likely to 

affect the coordinative properties at phosphorus but relatively few ligand classes are developed to 

date.9,10  
Bond homolysis is a useful reaction to probe for accessible ligand-based reactivity. Established 

ligand-mediated bond activation (and formation) reactions classify as overall two-electron 

processes.11,12,13,14 Metal-mediated one-electron homolysis is much rarer,15 while reductive homolytic 

bond fission originating from ligand-based overall single-electron transfer is unknown, to the best of 

our knowledge. Methodologies that facilitate odd-electron transfer processes will allow the controlled 

generation of reactive substrate radicals for synthetic chemistry.16 

 

Figure 1. Top: Typical reactivity concerning bond homolysis by noble metal complexes. Bottom: Unprecedented single-

electron transfer from a redox-active ligand to a disulfide substrate, generating a thiolate and a thiyl radical 

In order to arrive at a redox-active phosphine ligand, we sought to merge the redox-active o-

aminophenol framework with a flanking diphenylphosphine group. Addition of this (sterically 

encumbering) donor should impact the redox-properties of the N,O- moiety upon coordination to a 
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transition metal, relative to the NNO scaffold utilized in Chapters 2-5. We herein describe the facile 

synthesis of a ‘redox-active’ phosphorus ligand and its coordination chemistry on PdII. This system 

displays a markedly lower reduction potential compared to the NNO analogue and is able to facilitate 

radical-type homolytic bond activation of disulfides, with formation of a well-defined ligand-based 

mixed-valent dinuclear palladium complex.  

6.2 Results and Discussion 

The novel aminophenolphosphine ligand PNOH2 (Scheme 1) was prepared via a two-step procedure 

from commercially available materials. A condensation reaction between o-iodoaniline and 3,5-di-

tert-butylcatechol affords compound 1, which is subsequently reacted with diphenylphosphine in a 

palladium-catalyzed coupling reaction to give PNOH2 as an air-sensitive white solid in 58% overall 

yield (31P NMR: δ -20.25).17 Reaction with PdCl2(MeCN)2 gave complex 2 as an air-stable orange 

solid in 67% yield (31P NMR: δ 43.98).18 Addition of triethylamine resulted in a rapid color change to 

green, and subsequent exposure to air afforded dark-red paramagnetic species 3 in 78% yield. 

Magnetic susceptibility measurements (Evans’ method) showed an effective magnetic moment (μeff) 

of 1.81 μB, indicating an S = ½ ground state. Infrared spectroscopy confirmed the disappearance of the 

-NH and -OH stretching absorptions, and solely broad signals at 2.5, 7.2, 7.6 and 7.7 ppm were 

observed in the 1H NMR spectrum, in agreement with the formation of a paramagnetic species. 

 

Scheme 1. Synthetic route to PNOH2 and complexes 2 and 3. Reagents and conditions: (i) Xantphos, Pd2(dba)3, NEt3, 1,4-

dioxane, 95 oC; (ii) PdCl2(MeCN)2, CH2Cl2, rt; (iii) NEt3, air, MeOH, rt.  

 

Dark brown single crystals suitable for X-ray structure determination of 3 were obtained by vapor 

diffusion of pentane into a chloroform solution. Complex 3 shows a distorted square planar geometry 

with a slightly bent ligand (torsion angle C8-C7-N1-C6 ~26o) induced by a steric repulsion between 

the protons on C5 and C8 (Figure 2). Palladium-ligand bond lengths and angles in 3 compare well 

with PdCl-complexes bearing ‘redox-innocent’ monoanionic PNO-pincers.19 The metric parameters 

found for the amidophenolate fragment support the iminosemiquinonato (ISQ) oxidation state of the 

ligand (MOS = 0.92 ± 0.08)20 and these data are reproduced by DFT (b3-lyp, def2-TZVP) optimized 

geometric parameters for the doublet PNOISQ ground state. Hence, species 3 is best described as 

PdCl(PNOISQ). 
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Bond XRD DFT 

C1-C2 1.441(3) 1.433 
C2-C3 1.371(3) 1.370 
C3-C4 1.430(3) 1.422 
C4-C5 1.371(3) 1.377 
C5-C6 1.416(3) 1.415 
C6-C1 1.454(3) 1.456 
C1-O1 1.294(2) 1.283 
C6-N1 1.365(2) 1.361 
Pd-N1 1.9850(15) 2.025 
Pd-O1 2.0833(13) 2.101 
Pd-P1 2.1827(5) 2.213 
MOS -0.92 ± 0.08 -0.90 ± 0.09 

Figure 2. Left: relevant experimental (XRD) and computed (DFT) metric parameters and MOS values supporting the 

PNOISQ ligand oxidation state in 3. Selected bond angles (º): N1-Pd1-Cl1 174.90(5); P1-Pd1-O1 167.43(4); P1-Pd1-Cl1 

94.038(17); N1-Pd1-O1 81.16(6). Right: Displacement ellipsoid plot (50% probability level) of complex 3 at 110(2) K. 

Hydrogen atoms and solvent molecule omitted for clarity. 

X-band EPR spectroscopy in toluene at 298 K revealed hyperfine couplings with 105Pd, 31P, 14N and 

three 1H nuclei (Figure 3, left). The giso value of 2.0052 supports coordination of a PNOISQ ligand 

radical to PdII. The simulated spectrum and calculated hyperfine couplings correlate well with the 

experimental data (see experimental section). The calculated spin-density for 3 (Figure 3, right) 

predominantly resides on the ligand (97% total spin density, 21% on the iminosemiquinonato 

nitrogen), in agreement with EPR observations. Notably, in contrast with the NNO analogue 

described in Chapter 2 – where the spin-density is solely localized on the redox-active ring – the spin-

density plot shows density on the o-phosphinoaniline ring, similar to the system described in Chapter 

4. 

 

 

 

 

 

 

Figure 3. Left: Experimental and simulated EPR spectrum of 3 (toluene, r.t.) Freq = 9.366829 GHz, T = 298 K, Mod Ampl. 

= 1 Gauss, power = 20 mW. Right: DFT (b3-lyp, def2-TZVP) calculated spin-density plot for 3.  
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Cyclic voltammetry of 3 in CH2Cl2 solution shows fully reversible one-electron oxidation and 

reduction events at +0.07 V and -0.75 V vs. Fc/Fc+, respectively (Figure 4, insets). The observed 

redox potentials confirm the anticipated “electron poorer” nature of the ligand relative to the NNO 

analogue (oxidation and reduction potentials at -0.04 V and -1.1 V vs. Fc/Fc+). Fully reversible 

ligand-based redox-chemistry was also observed by UV-vis spectroelectrochemistry in an optically 

transparent thin-layer electrolysis (OTTLE) cell (Figure 4). Intra-ligand charge-transfer bands, 

characteristic for the coordination of a monoanionic NOISQ
 radical (800, 900 and 1000 nm)21, clearly 

disappear upon both the one-electron reduction (Figure 4, left) and one-electron oxidation (Figure 4, 

right) of 3. Upon oxidation, the absorption band at 261 nm is red-shifted whereas a blue-shift is 

observed in the reduction towards 3-. In the oxidation from 3 to 3+ the absorption band at 360 nm 

decreases in intensity and two bands at 427 and 525 nm appear. In the reduction to 3- no new 

absorption bands > 400 nm are observed, the band at 375 nm is slightly blue-shifted and a new 

absorption band appears at 332 nm appears. 

 

 

 

 

 

 

 

 

 

 

Figure 4. Stacked UV-Vis spectra of electrochemical one-electron reduction (left) and one-electron oxidation (right) of 3 in 

the OTTLE cell in CH2Cl2 solution (1.37 mM in the presence of 1.12 mM [N(n-Bu)4]PF6) ). Insets show the respective 

reversible reduction and oxidation waves in the cyclic voltammogram of 3 (1 × 10-3 M) in CH2Cl2, scan rate: 100 mV s-1, 

electrolyte: N(n-Bu)4PF6 (0.1 M), r.t., glassy carbon electrode (referenced to Fc/Fc+). 

 

In agreement with the fully reversible one-electron reduction observed with spectroelectrochemistry, 

chemical reduction of 3 with CoCp2 in C6H6 furnished air-sensitive diamagnetic complex 4, 

formulated as [CoCp2][PdCl(PNOAP)] (31P NMR: δ 36.56, Scheme 2). To assess the steric constraint 

imposed on the Pd center by the flanking phosphine donor, complex 4 was exposed to exogenous 

phosphines. In contrast to the NNO analogue described in Chapter 2, no reaction was observed upon 

the addition of PPh3. However, addition of PMe3 rapidly produced complex 5 (31P NMR: δ 41.52 (d) 

and -10.61 (d); JP-P 40.2 Hz), formulated as Pd(PMe3)(PNOAP) (Scheme 2). We ascribe this difference 

in reactivity to the more sterically demanding nature of the PNO ligand. Similar to the NNO analogue 

described in Chapter 2, complex 4 is also capable of facilitating the radical type intramolecular C-H 
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activation of 4-phenylbutyl azide to form the corresponding Boc-protected pyrrolidine. However, the 

use of toluene as solvent and a higher temperature (130 oC) are required to observe pyrrolidine 

formation.  

N

O

t-Bu

t-Bu

P

Pd

Ph
Ph

Cl

4
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N

O
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CoCp2

 

Scheme 2. Synthetic route to complexes 4 and 5. Reagents and conditions: (i) CoCp2, C6H6, rt; (ii) PMe3, C6H6, rt. 

Oxidative addition of a disulfide to low-valent Pd is usually a two-electron process.22 Given the 

demonstrated reversible one-electron chemistry of species 4 at mild potential, we sought to investigate 

its reactivity toward disulfides. Addition of TlPF6 to a suspension of 4 in C6H6 in the presence of an 

equimolar amount of diphenyldisulfide produced soluble, paramagnetic and dark-colored species 6. 

 

 

Scheme 3. Synthetic route to complex 6. Reagents and conditions: (i) PhS-SPh, TlPF6, C6H6, rt. 

Magnetic susceptibility measurements of 6 at 298 K using Evans’ method gave an effective magnetic 

moment (μeff) of 1.90 μB, indicating an S = ½ ground state. This observation implies one-electron 

oxidation of a single PNOAP to PNOISQ. CSI-MS spectra in C6H6 indicate the presence of a dinuclear 

species in benzene solution at m/z 1279.28 [M]+, formulated as Pd2(-SPh)(PNO)2. UV-vis 

spectroscopy shows both absorption bands at 315 nm and 512 nm, characteristic for the Pd(PNOAP) 

fragment, as well as intra-ligand charge-transfer bands at 790, 891 and 1033 nm characteristic for the 

presence of a Pd(PNOISQ) fragment. The X-band EPR spectrum of compound 6 in toluene at 298 K 

shows an isotropic signal with no resolved hyperfine couplings (Figure 6, left). The giso value of 

2.0041 supports the presence of a PNOISQ ligand radical. Black single crystals suitable for X-ray 

structure determination were obtained by vapor diffusion of pentane into a benzene solution. The 

molecular structure contains one thiophenolate unit bridging two slightly distorted square planar 

PdII(PNO) centers (Figure 5). This bridging monothiolate motif is rather uncommon, particularly for 
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Pd.23 Strikingly, the observed metric parameters indicate different ligand oxidation states for the two 

Pd(PNO) fragments present, i.e. the amidophenolato (Pd1(PNOAP)) and the iminosemiquinonato 

(Pd2(PNOISQ)) oxidation state (Figure 5). Similar to the NNOAP system described in Chapter 2, the 

metrical oxidation state for the Pd(PNOAP) fragment gives a non-integer value around -1.5, showing 

that not only high valent d0 metal complexes give non integer MOS values.24 It is common for mixed 

valence systems to give averaged structures due to facile intramolecular electron transfer.25 As a result 

of the stereogenic sulfur atom the two Pd(PNO) fragments are nonequivalent. In combination with 

poor electronic communication – as both fragments are perpendicular to each other – the unpaired 

electron is localized, indicative of a Robin Day Class II system.26 

 

Bond Pd1(PNO) Pd2(PNO) 

C1-C2 1.407(6) 1.439(8) 
C2-C3 1.404(6) 1.368(9) 
C3-C4 1.397(6) 1.429(10) 
C4-C5 1.387(6) 1.372(9) 
C5-C6 1.389(5) 1.420(8) 
C6-C1 1.421(5) 1.423(9) 
C1-O1 1.345(5) 1.313(6) 
C6-N1 1.411(5) 1.382(6) 
Pd-N1 1.990(3) 2.011(3) 
Pd-O1 2.041(3) 2.063(3) 
Pd-P1 2.2013(10) 2.2018(10) 
Pd1-S1 2.3203(9) 2.3012(10) 

MOS -1.53 ± 0.15 -1.19 ± 0.13 

Figure 5. Left: metric parameters and MOS values for the PNOISQ and PNOAP fragments in 6. Selected additional bond 

lengths (Å) and angles (º): Pd1-N11 1.990(3); Pd2-N12 2.011(3); Pd1-O11 2.041(3); Pd2-O12 2.063(3); Pd1-S1 2.3203(9); Pd2-S1 

2.3012(10); Pd1-S1-Pd2 104.58(4); N11-Pd1-S1 178.45(10); N12-Pd2-S1 S1 175.5(4); N11-Pd1-O11 82.63(12); N12-Pd2-O12 

81.5(3). Right: Displacement ellipsoid plot (50% probability level) of complex 6 at 110(2) K. Disorder in 3,5-tBu2Ph-ring at 

Pd2, hydrogen atoms and disordered solvent omitted for clarity. 

To gain insight into the electron localization in solution, VT-EPR spectroscopy of complex 6 in 

toluene solution was performed over a temperature range of 201-270 K (Figure 6, right). Upon 

lowering the temperature the signal intensity increased but no hyperfine coupling could be discerned. 

In the range of 220-201 K, the signal exhibited some asymmetry, which can be caused by slow 

tumbling due to increased viscosity of the toluene solution at these temperatures. The hyperfine 

structure is most likely obscured by rapid electron exchange between the two ligands, similar to the 

ligand-based mixed valent systems described in Chapter 4. The observed line broadening when 

increasing the temperature is an indication for facile electron exchange in solution. The EPR spectrum 

in frozen toluene at 17 K also did not reveal any hyperfine structure.  
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Figure 6 Left: EPR spectrum of 6 in toluene. Freq = 9.368711 GHz, T = 298 K, Mod Ampl. = 1 Gauss, power = 6.325 mW. 

Right: Stacked VT-EPR spectra of complex 6 in toluene. Freq = 9.366398 GHz, Mod Ampl. = 1 Gauss, power = 20.0 mW. 

We are not aware of similar examples of monobridged dinuclear complexes that show ligand-

based mixed valence.27 For homodinuclear reaction centers, the mixed valency is typically metal-

centered or shared between metal and (bridging) ligand.28 Systems with separated mixed valent 

ligand-based redox-centers are of interest to study intramolecular electron-transfer processes. Future 

endeavors could exploit the selective formation of analogues of 6 using different disulfides to study 

the effect of the nature of the monothiolate bridgehead on the intramolecular electron-transfer. 

Formation of species 6 (Scheme 4) is proposed to involve initial chloride dissociation and disulfide 

coordination. Dialkyldisulfides have a higher S-S bond dissociation energy than diaryldisulfides and 

are thus less prone to undergo bond homolysis.29 Using di(tert-butyl)disulfide instead of PhSSPh 

allowed for observation of the corresponding PNOAPPd(disulfide) adduct by NMR spectroscopy. The 
31P NMR chemical shift of δ 39.82 is similar to that of neutral 5. The nonequivalent tert-butyl groups 

of the substrate are shifted upfield in the 1H NMR spectrum (δ 1.09 and 0.96 ppm), which otherwise 

resembles that of the neutral phosphine stabilized complex 5. Subsequent intramolecular ligand-to-

substrate single-electron transfer results in homolytic S-S bond cleavage with formation of 

PNOISQPdSPh and release of a PhS• radical. This thiyl-radical can either undergo self-recombination 

or react with a ‘vacant’ PNOAPPd complex, forming PhSSPh or a second equivalent of 

PNOISQPdSPh, respectively. The occurrence of outer-sphere electron-transfer from 4 to PhSSPh is 

excluded on the basis of relative redox-potentials.30 The final step is the formation of the ligand 

mixed-valent complex 6, (PNOISQ)Pd(µ-SPh)Pd(PNOAP), by coordination of a sulfur lone pair in 

PNOISQPdSPh to free PNOAPPd. Starting with a 4:1 ratio of 4:PhSSPh also cleanly produced 

complex 6, supporting this pathway. Detection of thiyl radicals by EPR spectroscopy using DMPO 

(DMPO = 5,5-dimethyl-1-pyrroline N-oxide) as spin trapping agent was unsuccessful, probably due to 

a high recombination rate relative to the generation rate of these thiyl radicals, the short lifetime of 

DMPO(•SPh) adducts31 and the competitive reaction of complex 4 with DMPO. However, GC-MS 
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analysis of the reaction mixture confirmed the presence of diphenylsulfide (PhSPh), generated from 

reaction of PhS• with the solvent benzene. Using a mixture of PhSSPh and di(p-tolyl)disulfide led to 

co-formation of phenyl(p-tolyl)disulfide, as detected by GC-MS, supporting the intermediacy of thiyl-

radicals created via this ligand-to-substrate electron transfer process.  

 

Scheme 4. Proposed mechanism for the formation of dinuclear compound 6 (PNOISQ)Pd(µ-SPh)Pd(PNOAP) with mixed 

valency in the two PNO scaffolds. 

 

6.3 Conclusion 

 

In conclusion, the first example of a phosphine ligand appended to an redox-active aminophenol 

framework is described. This PNOH2 pincer ligand can coordinate to PdII as neutral, radical 

monoanionic or dianionic scaffold, as supported by spectroscopic, X-ray crystallographic and 

computational data. Cyclic voltammetry and spectroelectrochemistry demonstrate reversible single 

electron redox-events for complex 3. The bulky phosphine arm and rigid backbone enforce 

considerable steric crowding around the Pd center. One-electron reduction generates complex 4, 

which is a competent reagent for homolytic bond activation of disulfides via ligand-to-substrate 

single-electron transfer. The resulting dinuclear Pd-species 6 with a monothiolate bridgehead contains 

a unique mixed valent ligand set, with one PNOISQ and one PNOAP unit. The introduction of a 

flanking phosphine group could allow for expanding the concept of ligand-induced electron-transfer 

and radical-type reactivity to “softer” low-valent noble metals. 
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6.4 Experimental section 

General methods 

All reactions were carried out under an atmosphere of dry dinitrogen using standard Schlenk 

techniques unless noted otherwise. Reagents were purchased from commercial suppliers and used 

without further purification. THF, pentane, hexane, and diethyl ether were distilled from sodium 

benzophenone ketyl. CH2Cl2, and methanol were distilled from CaH2, and toluene was distilled from 

sodium under nitrogen. NMR spectra (1H, 31P and 13C{1H}) were measured on a Bruker DRX 500, 

Bruker AMX 400, Bruker DRX 300 or on a Varian Mercury 300 spectrometer at r.t. unless noted 

otherwise. GC-MS measurements were performed on a HP-Agilent GC-MS or JEOL AccuTOF 

GCv4G GC-HRMS. EPR spectra were on a Bruker EMP Plus spectrometer. High resolution mass 

spectra were recorded on a JEOL AccuTOFC-plus JMS-T100LP or JEOL JMS SX/SX102A four-

sector mass spectrometer. Spectroelectrochemistry was performed in an optically transparent thin-

layer (200 μm) electrochemical (OTTLE) cell32 equipped with CaF2 optical windows and a platinum 

minigrid working electrode. Cyclic voltammograms were recorded using an Autolab PGSTAT302N 

electrochemical workstation, and an airtight three-electrode cell under dry N2. The working electrode 

was a carefully polished Pt microodisc (diameter 0.5 mm). A coiled Pt wire was used as a counter 

electrode and a coiled Ag wire as the pseudo-reference electrode. All electrode potentials reported in 

this work are referenced versus the internal standard ferrocene/ferrocenium (Fc/Fc+) couple.33 Cyclic 

voltammetry measurements were performed in CH2Cl2 (1 × 10-3 M) containing N(n-Bu)4PF6 (0.1 M) 

at room temperature under an N2 atmosphere using a glassy carbon electrode. All redox potentials are 

referenced to Fc/Fc+. 

 

2-4-di-tert-butyliodoaniline (1) 

2-Iodoaniline (1.261 g, 5.73 mmol) and 3,5-di-tert-butylcatechol (1.274 g, 5.73 

mmol) were heated to 140 C for 30 min. The resulting black liquid was cooled to 

room temperature and was purified by column chromatography (hexane or 18:1 

hexane:EtOAc), affording the title compound as a brown solid (2.165 g, 89 % 

yield). Additional crystallization from pentane yields white crystals (44 %). 1H 

NMR (300 MHz, CDCl3) δ 7.75 (dd, J = 7.8, 1.6 Hz, 1H, Ar-H), 7.32 – 7.21 (m, 

1H, ap-H), 7.19 – 7.07 (m, 1H, Ar-H), 7.01 (d, J = 2.4 Hz, 1H, ap-H), 6.59 (t, J = 7.6 Hz, 1H, Ar-H), 

6.41 (dd, J = 8.1, 1.6 Hz, 1H, Ar-H), 6.27 (s, 1H, OH), 5.44 (bs, 1H, NH), 1.45 (d, J = 1.7 Hz, 9H, 

tBu), 1.28 (s, 9H, tBu). 13C-NMR (126 MHz, CDCl3, ppm):  149.73 (CAr), 146.95 (CAr), 142.82 

(CAr), 139.24 (CArH), 136.1 (CAr), 129.76 (CH), 127.33 (CAr), 122.82 (CArH), 122.29 (CArH), 121.38 

(CArH), 114.57 (CArH), 86.62 (CAr), 35.35 (C(CH3)3), 34,63 (C(CH3)3), 31.82 (C(CH3)3), 29.84 

(C(CH3)3). IR (ATR, cm-1):  3438 (m, N-H), 3332 (m, O-H), 3001 (w, CAr-H), 2956, 2863 (m, CAlk-

H), 1581, 1492 (s, CAr-H), 749 (vs, CAr-H). MS-EI (m/z) calcd for C20H26INO: 423.1059, found 

423.0910 [M]+. 
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2,4-di-tert-butyl-(2-diphenylphosphanylanilino)phenol (PNOH2) 

Triethylamine (2.3 ml, 16.6 mmol) dissolved in dioxane (60 mL) was added to a 

Schlenk flask containing 1 (5.8 g, 13.8 mmol), Xantphos (320 mg, 0.056 mmol, 4 

mol%) and Pd2(dba)3 (260 mg, 0.028 mmol, 2 mol%) under an N2 atmosphere. 

Diphenylphosphine (2.9 mL, 16.6 mmol) was added and the mixture was heated to 

95 C for 48 hours. Volatiles were evaporated in vacuo and the residue was 

partitioned between ethyl acetate (55 mL) and water (25 mL). The aqueous 

fraction was subsequently extracted with ethyl acetate (2  20 mL). The combined organic fractions 

were washed with water (10 mL), dried over Na2SO4 and concentrated in vacuo. The resulting crude 

product was impregnated onto SiO2 and purified by column chromatography (12:2 hexane:ethyl 

acetate), affording PNOH2 as a white solid (3.8 g, 58%). 31P NMR (162 MHz, CDCl3, ppm):  -20.32 

(s). 1H NMR (400 MHz, CD2Cl2, ppm): δ 7.40 (m, 10H, Ar-H), 7.29 – 7.13 (m, 2H, Ar-H + ap-H), 

6.92 – 6.81 (m, 2H, Ar-H + ap-H), 6.77 (dd, J = 7.5, 1.1 Hz, 1H, Ar-H), 6.39 (ddd, J = 8.2, 5.0, 1.1 

Hz, 1H, Ar-H), 6.07 (s, 1H, OH/NH), 5.91 (d, J = 8.0 Hz, 1H, Ar-H), 1.38 (s, 9H, tBu), 1.23 (s, 9H, 

tBu). 13C-NMR (500 MHz, CDCl3, ppm):  149.81 (d, J = 17.4 Hz, CAr), 149.62 (CAr), 34.96 

(C(CH3)3), 142.2 (CAr), 135.19 (CAr), 134.83 (d, J = 7.3 Hz, CAr), 134.03 (d, J = 3.9 Hz, CArH), 

133.75 (d, J = 19.2 Hz, CArH), 130.6 (CArH), 129.17 (CArH), 128.83 (d, J =7.3 Hz, CArH), 127.4 (d, J 

= 1.5 Hz, CAr), 122.23 (CArH), 122.10 (CArH), 121.46 (d, J = 8.8 Hz, CAr), 119.85 (d, J = 2.4 Hz, 

CArH), 113.86 (d, J = 1.9 Hz, CArH), 34.37 (C(CH3)3), 31.61 (C(CH3)3), 29.5 (C(CH3)3). IR (ATR 

mode, cm-1):  3416 (m, N-H), 3281 (m, O-H), 3052, 3000.50 m (CAr-H stretch), 2952, 2865 (m, Calk-

H), 1585, 1570 (s, CAr-H), 694, 649 (vs, CAr-H).  MS-EI (m/z) calcd for C32H36NOP: 481.2535, found 

481.2474 [M]+. 

Complex 2 (PdCl2(2-P,N:PNOH2)) 

Dichloromethane (3 mL) was added to a Schlenk flask containing PNOH2 (44.7 

mg, 0.092 mmol) and PdCl2(MeCN)2 (24.1 mg, 0,093 mmol). The mixture was 

stirred for 1 hour and then concentrated to ~1 mL. Pentane (10 mL) was added 

and an orange precipitate was collected by filtration. The solid was washed with 

pentane and dried in vacuo, affording complex 1 as an orange solid (44 mg, 67%). 
31P NMR (162 MHz, CDCl3, ppm):  43.98 (s). 1H NMR (400 MHz, CDCl3, 

ppm):  8.95 (s, 1H, OH), 8.15 (dd, J = 7.7 Hz, J = 4.4 Hz, 2H, Ar-H), 7.50-7.64 (m, 10H, Ar-H + ap-

H), 7.42 (m, 2H, Ar-H), 7.23 (m, 1H, Ar-H), 7.05 (d, J = 2.2 Hz, 1H, ap-H), 5.97 (s, 1H, NH), 1.43 (s, 

9H, tBu), 0.79 (s, 9H, tBu). 13C NMR (126 MHz, CDCl3, ppm):  152.64 (d, J = 17.3 Hz, CAr), 145.69 

(CAr), 142.19 (CAr), 134.93 (CArH), 134.05 (d, J = 11.0 Hz, CArH), 133.75 (d, J = 11.7 Hz, CArH), , 

132.70 (CArH), 132.32 (CArH), 133.13 (CArH), 129.01 (d, J = 12.8 Hz, CArH), 129.69 (CArH), 129.79 

(CArH), 129.84 (CArH), 127.89 (d, J = 10.7 Hz, CArH), 126.41 (CAr), 125.98 (CAr), 121.87 (CArH), 

35.37 (C(CH3)3), 34.24 (C(CH3)3), 30.94 (C(CH3)3), 30.06 (C(CH3)3). IR (ATR mode, cm-1):  3415 

(w, N-H), 3285 (w, O-H), 3053 (w, CAr-H), 2866-2954 (m, CAlk-H), 1570-1586 (m, CAr-H), 649-693 

(s, CAr-H). MS-ESI+ (m/z) calcd for C32H36Cl2NOPPd: 656.1, found 656.2 [M]+. 
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Complex 3 (PdCl(PNOISQ)) 

Triethylamine (0.189 mL, 1.34 mmol) was added dropwise to a solution of 2 (377 

mg, 0.67 mmol) in MeOH (40 mL), resulting in a color change from yellow via 

green to brown. The brown mixture was stirred for 1 hour under an ambient 

atmosphere, whereafter the solution was concentrated by evaporation of volatiles 

in air. The crude product was dissolved in CHCl3 (50 mL) and was washed with 

water (2  30 mL) and brine (30 mL). The organic fraction was dried over 

Na2SO4 and then concentrated. Slow diffusion of pentane afforded complex 2 as paramagnetic dark 

brown crystals (326 mg, 78 %). 1H NMR (400 MHz, CD2Cl2, ppm):  7.78 (b), 7.65 (b), 7.26 (b), 2.55 

(b). IR (ATR mode, cm-1):   3100 (w, CAr-H), 2958 (m, CAlk-H), 1416 (m, CAr-H), 687-741 (s, CAr-

H). MS-CSI+ (m/z) calcd for C32H34ClNOPPd: 620.1110, found 620.1132 [M]+. Anal. Calcd for 

C32H34ClNOPPd: C, 61.84 ; H, 5.51; N, 2.25. Found: C, 61.69; H, 5.59; N, 2.22. 

Complex 4 ([CoCp2][PdCl(PNOAP)]) 

A solution of CoCp2 (19 mg, 0.1 mmol) in benzene (5 mL) was added 

dropwise to a stirred solution of 3 (62 mg, 0.1 mmol) in benzene (1 mL). 

After 30 minutes the fine green precipitate was collected by filtration. The 

residue was washed with benzene (4 mL) and pentane (2 mL) and dried in 

vacuo, affording 4 as a green solid (45 mg, 55 %)*. Complex 3 was 

sparingly soluble in benzene and decomposed in more polar solvents, precluding full spectroscopic 

analysis. NMR analysis was possible when a sample was freshly prepared in CD2Cl2 inside an N2-

filled glovebox.  

* Complex 4 precipitates as an extremely fine powder, making it difficult to isolate in good yields by 

filtration techniques and is therefore preferably made in situ. Use of a centrifuge under inert 

atmosphere could facilitate isolation. 31P NMR (162 MHz, CD2Cl2, ppm):  36.56 (s). 1H NMR (400 

MHz, CD2Cl2, ppm) δ 7.89 (m, 4H, Ar-H), 7.49 (m, 7H, Ar-H), 7.29 (d, J = 2.2 Hz, 1H, ap-H), 7.05 

(dd, 3J = 7.7, 1.3 Hz, 1H, Ar-H), 6.87 (m, 1H, Ar-H), 6.63 (s, 1H, ap-H), 6.31 (dd, 3J = 7.3, 1.3 Hz, 

1H, Ar-H), 1.49 (s, 9H, tBu), 1.22 (s, 9H, tBu). MS-CSI- (m/z) calcd for C32H34ClNOPPd: 620.1110, 

found 620.1588 [M]-. 

Complex 5 (Pd(PMe3)(PNOAP)) 

A solution of PMe3 in toluene (0.7 mL, 1 M, 0.7 mmol) was added to a stirred 

suspension of complex 4 (41 mg, 0.05 mmol) in C6H6 (4 mL). After 1 hour the 

reaction mixture was filtered through a syringe filter, concentrated to a thick 

sludge to which pentane (4 mL) was added. The supernatant was syringed off 

and the brown precipitate was dried in vacuo, affording 5 as a brown solid (25 

mg, 75%). 31P NMR (162 MHz, C6D6, ppm):  41.52 (d, 2J = 40.4 Hz, PPh2), -10.61 (d, 2J = 40.4 Hz, 

PMe3). 
1H NMR (400 MHz, C6D6, ppm) δ 8.11 (dd, J = 8.6, 6.1 Hz, 1H, Ar-H), 7.85 (d, J = 2.2 Hz, 
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1H, ap-H), 7.47 (ddd, J = 12.0, 8.3, 1.4 Hz, 4H, Ar-H), 7.23 (dd, J = 2.2, 1.0 Hz, 1H, Ar-H), 7.14 – 

7.10 (m, 1H, Ar-H), 7.02 – 6.89 (m, 6H, Ar-H + ap-H), 6.72 (ddd, J = 12.9, 7.6, 1.6 Hz, 1H, Ar-H), 

6.29 (ddd, J = 9.1, 6.9, 1.4 Hz, 1H, Ar-H), 1.94 (s, 9H, tBu), 1.51 (s, 9H, tBu), 0.77 (d, J = 10.3 Hz, 

9H,P(CH3)3). 
13C NMR (126 MHz, C6D6, ppm):  162.1 (b, CAr), 144.7 (CAr), 135.7 (CAr), 135.5 (CAr), 

134.3 (CArH), 133.4 (d, J = 12 Hz, CArH), 131.5 (d, J = 50 Hz, CAr), 131.1 (CArH), 129.1 (d, J = 11 Hz, 

CArH), 128.3 (CArH), 122.5 (CAr), 119.2 (CAr), 115.0 (CArH), 114.8 (CArH), 113.0 (CArH), 111.7 

(CArH), 35.7 (C(CH3)3), 34.6 (C(CH3)3), 32.7 (C(CH3)3), 30.5 (C(CH3)3), 14.4 (d, J = 29 Hz, P(CH3)3). 

MS-CSI+ (m/z) calcd for C35H43NOP2Pd: 661.1855, found 661.1815 [M]+. 

 

Complex 6 (Pd(PNOAP)(-SPh)Pd(PNOISQ)) 

TlPF6 (35 mg, 0.1 mmol) was added to a suspension of 4 (81 

mg, 0.1 mmol) and diphenyldisulfide (54.6 mg, 0.25 mmol) in 

C6H6 (8 mL). The mixture was stirred overnight, whereafter it 

was filtered through a Teflon syringe filter and concentrated. 

Vapour diffusion of pentane to a concentrated solution in C6H6 

afforded 6 as black crystals (22 mg, 34%). 31P NMR (162 MHz, 

C6D6, ppm):  silent. 1H NMR (400 MHz, C6D6, ppm) δ 8.77 (b), 7.49 (b), 6.95 (b), 6.82 (b), 6.55 (b), 

2.56 (b). MS-CSI+ (m/z) calcd for C70H73N2O2P2Pd2S: 1279.2937, found 1279.2784 [M]+. Anal. Calcd 

for C70H73N2O2P2PdS: C, 65.62; H, 5.74; N, 2.19. Found: C, 65.52; H, 5.97; N, 2.22. 

 

Observation of di(tert-butyl)disulfide adduct of complex 4 

TlPF6 (3.5 mg, 0.01 mmol) was added to a suspension of 4 (8.1 mg, 0.01 mmol) and di(tert-

butyl)disulfide (1.8 mg, 0.01 mmol) in C6D6 (0.8 mL). The resulting mixture was analyzed by NMR 

spectroscopy to reveal a diamagnetic intermediate. This intermediate shows two additional 

nonequivalent tert-butyl groups in the 1H NMR spectrum, which is in agreement with disulfide 

coordination. Signals for the ligand in both the 31P NMR and 1H NMR spectrum are very comparable 

to those of complex 5, which has a comparable coordination environment. In time, the signals weaken 

in intensity, with formation of the tert-butyl analogue of complex 5, as evidenced by mass 

spectrometry data.  

EPR spectroscopy of complex 3 

X-band EPR spectroscopy of complex 3 in toluene at 298 K revealed hyperfine couplings with 105Pd, 
31P, 14N and three 1H nuclei. The simulated spectrum and calculated hyperfine couplings correlate well 

with the experimental data with exception of the hyperfine interaction with 14N and 105Pd. Using the 

ADF software package for the calculation of the hyperfine interaction resulted in better agreement for 

the value for 105Pd but decreased that for 14N. Moreover, three hyperfine interactions with three 1H 
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nuclei were not resolved in the experimental spectrum. The giso value of 2.0052 supports an PNOISQ 

ligand radical coordinated to PdII.  

 

Table S1 Experimental(a) and DFT calculated(b),(c) EPR parameters of 3.  

  Exp (a) DFT (b) DFT (c) 
giso 20.052 20.166 20.062 

 

  Hyperfine Interactions (d) 

AH1
iso -4.90 -5.09 -5.06 

AH2
iso NR 0.37 0.78 

AH3
iso -4.95 -4.91 -5.24 

AH4
iso NR 1.99 2.60 

AH5
iso -7.18 -5.86 -5.66 

AH6
iso NR 1.53 2.15 

AN
iso 16.45 8.18 11.00 

AP
iso -13.55 -14.16 -16.04 

APd
iso 10.70 10.97 8.61 

 

Parameters from spectral simulation. NR = not resolved.  

(a) ADF, BP86, TZP. 
(b) Orca, b3-lyp, def2-TZVP. 
(c) HFIs in MHz, signs follow those from the DFT calculations. 

 

Computational details 

Geometry optimizations were carried out using TURBOMOLE34 coupled with the PQS Baker 

optimizer35 via the BOpt package36 at the DFT level using the b3-lyp functional and the def2-TZVP 

basis set. All minima (no imaginary frequencies) characterized by numerically calculating the Hessian 

matrix. Calculated EPR spectra were obtained with ORCA37 (DFT: b3-lyp, def2-TZVP) level, using 

Turbomole optimized geometries. 
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7.1 Introduction 

The ability of transition metals to change oxidation state is one of the cornerstones of organometallic 

catalysis.1 The redox potential (as well as other types of reactivity) of a complex may be altered by the 

coordination of different spectator ligands, although this tuning is typically limited. The strategy of 

employing redox-active ligands in the coordination sphere of transition metals continues to attract 

much interest.2 These systems generally span a much wider redox-potential range compared to 

complexes with spectator ligands and thus offer more versatile and modular reactivity with a specific 

transition metal complex, thereby creating new opportunities for electron transfer to or from 

coordinated substrates. Redox-active ligands have initially been utilized primarily to induce two-

electron transformations upon metals that are disposed to undergo one-electron reactivity or that are 

redox-inert.3 In contrast, in Chapters 2 and 6 we describe radical reactivity with square planar PdII 

complexes mediated by redox-active ligand-to-substrate single electron transfer.4  

Synthetic systems featuring metal-metal interactions have successfully been exploited to facilitate 

(multi-electron) chemical transformations.5 In the case of heterobimetallic architectures, the difference 

in electronegativity of the metal centers can lead to polarized M1
δ-M2

δ+ bonding, enabling the 

generation of reactive intermediates by charge transfer between the two metal centers.6 Alternatively, 

electron repulsion between two electron-rich elements can destabilize a reduced state, thereby 

inducing reactivity.7 Combining redox-active ligand chemistry with heterodinuclear metal-metal 

interactions could enable new modes of electronic communication that may enable new pathways for 

substrate conversion. Homoleptic complexes M(LISQ-)2 of square planar d8-metals with 

iminosemiquinone (ISQ-) forms of redox-active amidophenolate type ligands are well-known and 

their electrochemical and spectroscopic properties have been studied in great detail.8 However, 

heterobimetallic architectures bearing a homoleptic M(LISQ-)2 core structure are unknown, to the best 

of our knowledge. Introduction of a secondary metal in close proximity to the metal bearing the 

redox-active ligands may allow a tunable metal-metal interaction, ligand-through-metal-to-metal 

electronic communication (Figure 1) or  unique types of reactivity through a ligand-based redox 

stimulus. 

 

Figure 1. Schematic representation of ligand-through-metal-to-metal communication induced by a ligand-based redox 
process. 

M1
n

[red/ox]
Ln

Ligand-through-Metal-to-Metal communication
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To address this challenge, we envisioned that the PNOH2 ligand described in Chapter 64 could be used 

for the targeted synthesis of well-defined (hetero)bimetallic complexes. Selective initial monodentate 

coordination of the ‘soft’ phosphine donor to M1 would create a metalloligand that could incorporate a 

second metal M2 in the ‘hard’ NO pocket. Anticipating the preferred formation of a homoleptic 

coordination around M2, this could provide well-defined M1-M2-M1 architectures with the potential 

for intramolecular metal-metal interactions. Herein we report on the synthesis, characterization and 

initial reactivity of a unique trinuclear Au2Ni complex, featuring two intramolecular d8-d10 

interactions, held together by the presence of two redox-active ligands. We also describe a cationic 

dinuclear AuNi derivative that exhibits an even more pronounced d8-d10 interaction. Both complexes 

display several ligand-based redox-events in cyclic voltammetry. DFT calculations have provided 

insight in the electronic interaction between Ni and Au in both cases. Upon ligand-centered two-

electron reduction only the trinuclear Au2Ni is able to act as an electrocatalyst for C-X bond activation 

of alkyl halides with subsequent C-C bond formation. The presence of all three components (gold, 

nickel and redox-active ligand) appears to be essential for the observed reactivity, as confirmed by 

control experiments. This discovery opens the way to novel multimetallic design principles based on 

redox-active ligand-through-metal-to-metal electronic communication and could allow for non-

traditional reactivity for transition metals.  

 

7.2 Results and Discussion 

Treatment of PNOH2 (31P NMR: δ -20.25 ppm) with AuCl(SMe2) afforded diamagnetic AuI complex 

1 (31P NMR: δ 19.97 ppm) in near-quantitative yield (Scheme 1). Layering a solution of 1 in 

chloroform with pentane afforded colorless single crystals suitable for X-ray structure determination 

(Figure 1). In the solid state, complex 1 shows a slightly distorted linear coordination geometry with a 

∠P1-Au1-Cl1 angle of 176.84(6)° and an intact non-coordinated aminophenol fragment, in agreement 

with NMR and IR spectroscopic data for 1. The unit cell contains a CHCl3 molecule with the 

hydrogen atom showing a CH-π interaction with the redox-active aminophenol ring (Figure 1, right). 

This AuI-containing building block was then applied as metalloligand for coordination of the available 

aminophenol fragment with NiII. Because of the tendency to form homoleptic species, a ratio 1:Ni of 

2:1 was chosen. Reacting 1 in the presence of half an equivalent Ni(NO3)26H2O and NEt3 in 

acetonitrile at reflux under aerobic conditions afforded complex 2 as a dark-green solid in 73% yield 

(31P NMR: δ 32.92 ppm; CSI-MS: m/z 1482.2332). Multinuclear NMR spectroscopic data are in 

agreement with a diamagnetic9 species in solution, showing symmetry even at low temperatures (220 

K).  
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Scheme 1. Synthesis of complexes 1 and 2 using ligand PNOH2. Reagents and conditions: i) AuClSMe2, CH2Cl2, rt; ii) 

Ni(NO3)2×6H2O, NEt3, air, MeCN, reflux. 

 

 

 

 

 

 

 

 

 

 

Figure 1. Left: Displacement ellipsoid plots (50% probability level) of 1 at 110(2) K. Hydrogen atoms and lattice solvent 

molecules are omitted for clarity. Selected bond lengths (Å) and angles (°): P1-Au1 2.2288(7); Au1-Cl 2.2812(8); P1-Au1-

Cl1 176.84(6). Right: Stick model of the solid state structure showing the CH-π interaction between CHCl3 and the 

aminophenol ring.  

Complex 2 exhibits an intense UV-Vis absorption at 943 nm (ɛ = 17.6  103 M-1 cm-1), characteristic 

for antiferromagnetic coupling of two iminosemiquinonato (ISQ-) ligand radicals.10 Dark-green single 

crystals suitable for X-ray structure determination were obtained by diffusion of pentane into a 

CH2Cl2 solution of 2 (see Figure 2). Most remarkably, the centrosymmetric structure shows the 

presence of an uncommon double d8-d10 interaction11 in the solid state, as the Ni-Au distance of 

3.15857(17) Å is significantly shorter than the sum of the van der Waals radii (3.29 Å). The ∠P1-

Au1-Cl1 angle of 171.61(3)° (approx. 5° smaller than in 1) indicates electronic communication 

between the central Ni and the peripheral Au atoms. To the best of our knowledge, this is the first 

complex with a double d8-d10 interaction between Ni and two Au atoms12 and only the second 

example of a d8-d10 interaction between Ni and Au.13 The structure shows characteristic metric 

parameters for the ISQ- ligand oxidation state for both NO-fragments (metrical oxidation state (MOS) 

= -1.13 ± 0.09), confirming the singlet diradical spin state.9,14 
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Bond  XRD   DFTa 

C1-C2 1.419(5) 1.407 
C2-C3 1.369(4) 1.376 
C3-C4 1.434(5) 1.418 
C4-C5 1.364(5) 1.371 
C5-C6 1.417(4) 1.415 
C6-C1  1.420(4) 1.442 
C6-N1 1.352(5) 1.342 
C1-O1 1.310(5) 1.296 

Ni1-Au1 3.15862(17) 3.303 
Ni1-O1 1.829(2) 1.883 
Ni1-N1 1.852(2) 1.881 

MOS -1.13 ± 0.09 -1.01 ± 0.08 

Figure 2. Displacement ellipsoid plots (50% probability level) of 2 at 110(2) K. Hydrogen atoms and lattice solvent 

molecules are omitted for clarity. Selected angles (°): P1-Au1-Cl1 171.61(3); O1-Ni1-N1 94.40(11). a OSS, b3-lyp-d3, def2-

TZVP. 

The metric parameters for 2 are well-reproduced by the DFT (b3-lyp-d3, def2-TZVP) optimized 

geometries, with slightly elongated O-Ni, N-Ni and Au-Ni distances found in silico (Figure 2, left). 

Dispersion corrections were required to accurately describe the intramolecular d8-d10 interaction 

between Au-Ni, similar to our findings for the intramolecular d8-d8 interactions described in Chapter 

3.15 The open-shell singlet (OSS) solution for 2 is lower in energy than the corresponding closed-shell 

singlet (CSS) and triplet states by 36.1 and 10.2 kcal mol-1, respectively. The large energy difference 

between the OSS and CSS solution shows that 2 is poorly described by a closed-shell description. The 

spin density plot of the OSS solution of 2 (Figure 3, left) illustrates the presence of two ligand-

centered radicals. Analysis of the molecular orbitals shows weak bonding interactions between a Ni 

dz
2 orbital and a re-hybridized dx

2
-z

2 orbital on both Au atoms (Figure 3, center). The filled antibonding 

orbital, which is characteristic for d8/10-d8/10 interactions, is also found at higher energy (Figure 3, 

right).    

 

 

 

 

Figure 3. Left: Spin density plot of 2 (OSS). Center: Filled bonding orbital of the double d8-d10 interaction in 2 (HOMO-23). 

Right: Filled antibonding orbital of the d8-d10 interaction in 2 (HOMO-2) (b3-lyp-d3, def2-TZVP). 
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Cyclic voltammetry of complex 2 in CH2Cl2 shows two reduction and two oxidation events in CH2Cl2 

(Figure 4, black). The oxidation events appear to happen with potential inversion, meaning that the 

complex is oxidized by two electrons simultaneously (Eox = +0.3 V vs Fc/Fc+), whereas the 

corresponding reduction occurs in two single electron events (Ered = +0.3 and -0.4 V vs Fc/Fc+). The 

first one-electron reduction is fully reversible (E½
red = -0.8 V vs Fc/Fc+) but a rapid (catalytic) increase 

in current is observed for the second reduction event at -1.5 V vs Fc/Fc+ in CH2Cl2.
  In contrast, cyclic 

voltammetry of 2 in THF shows two reversible one-electron reduction events E½
red = -0.68 V and E½

red 

= -1.50 V vs Fc/Fc+ (Figure 4, red). The oxidation events are less defined and irreversible in THF.  

 

 

 

 

 

 

 

 

Figure 4. Cyclic voltammograms of 2 (10-3 M) recorded in THF (red) and CH2Cl2 (black); scan rate: 100 mV s-1; Pt working 

electrode; electrolyte: N(n-Bu)4PF6 (0.1 M); referenced to Fc/Fc+.  

The reversibility of both reduction events in THF was confirmed by UV-vis spectroelectrochemistry 

using an optically transparent thin layer electrochemical (OTTLE) cell, which showed complete loss 

of the characteristic inter-ligand charge transfer band at 943 nm upon one-electron reduction to 2- 

(Figure 5, left). This observation is in agreement with loss of the diradical ground state upon one-

electron reduction of one of the redox-active ligands. A new band at 361 nm is observed which 

increases upon one-electron reduction to 22- (Figure 5, right). This band may be attributed to an LMCT 

band characteristic for the PNOAP fragment, as it is also observed upon one-electron reduction of the 

PdCl(PNOISQ) complex described in Chapter 6.  
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 Figure 5 Stacked UV-Vis spectra of electrochemical reduction of 2 to 2- (left) and 2- to 22- (right) in THF solution using an 

OTTLE cell (2 mM in the presence of 0.1 mM [N(n-Bu)4]PF6). 

The rapid (catalytic) increase in current, observed at the second reduction event in CH2Cl2 at -1.4 V 

vs. Fc/Fc+, is indicative of a follow-up reaction with the halogenated solvent, attributed to C-Cl bond 

activation. Interestingly, several analogous homoleptic Ni(NOISQ)2 complexes8 exhibit fully reversible 

electrochemistry and do not show any (catalytic) C-Cl bond activation under identical conditions. The 

absence of catalytic C-Cl activation of these complexes indicates a potential role for the AuCl 

fragment in 2 to induce turnover. To test the hypothesis of potential redox-active ligand-through-

metal-to-metal electronic communication and follow-up C-X activation chemistry, we chose benzyl 

bromide (BnBr) as benchmark substrate. The presence of BnBr has a pronounced effect on the 

intensity of the wave for the second one-electron reduction in the voltammogram of 2 in THF (Figure 

6).16 Notably, the addition of varying amounts of BnBr does not result in a change in intensity or 

position of the first one-electron reduction wave. Cyclic voltammetry of a benzyl bromide solution in 

THF with the same Pt working electrode in the absence of 2 only shows the onset of a catalytic 

current at -2.2 V vs. Fc/Fc+, which is 0.8 V more negative than with 2. Similar behavior was observed 

when a glassy carbon electrode was used.  

 

 

 

 

 

 

Figure 6. Cyclic voltammograms of 2 recorded in THF (1 x 10-3 M) with increasing [BnBr]. Scan speed: 10 mV s-1; Pt 

working electrode; electrolyte: N(n-Bu)4PF6 (0.1 M); referenced to Fc/Fc+.  
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A linear correlation between icat/ip and [BnBr]½ is observed at low concentrations, whereas saturation 

behaviour is observed at higher [BnBr] (Figure 7, top). Recording cyclic voltammograms with 

varying [2] and constant [BnBr] (Figure 7 bottom, left) revealed similar behavior. The plot of icat/ip 

versus [2] (Figure 7, bottom right) is also linear. Cyclic voltammetry in the presence of different para-

subsituted benzyl bromides revealed that electron-withdrawing substituents had a positive effect on 

the catalytic current, in agreement with a radical mechanism (Figure 8).17 We observed that at lower 

scan speeds a bigger catalytic wave was observed and found a linear correlation between icat/ip and the 

square root of the scan speed, indicative of slow electron transfer to the substrate. Plotting the 

logarithm of icat/ip against the Hammett σ constants provides a reasonably linear correlation. The 

positive slope obtained from linear regression is consistent with a nucleophilic species abstracting a 

bromine atom.17 

 

Figure 7 Top left: Plot of  icat/ip vs [BnBr]. Top right: Plot of  icat/ip vs [BnBr]½. Bottom left: Cyclic voltammograms with 

increasing [2] and constant [BnBr] (0.6 M) using a Pt working electrode. Bottom right: Plot of  icat/ip vs [cat]. Conditions: 

Scan speed: 100 mV s-1; electrolyte: N(n-Bu)4PF6 (0.1 M); referenced to Fc/Fc+.  
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Figure 8 Hammett plot for the reduction of benzyl bromides. Conditions: catalyst concentration of 1 x 10-3 M and substrate 

concentration of 0.17 M at room temperature. Scan speed: 10 mV s-1; Glassy carbon working electrode; electrolyte: N(n-

Bu)4PF6 (0.1 M). 

 

Controlled potential coulometry at -1.5 V vs. Fc/Fc+ in the presence of 100 equivalents of BnBr 

produced 1,2-diphenylethane (Scheme 2) with a TON of ~14 and a faradaic efficiency of 44%. After 

bulk electrolysis, the dibromide analogue of 2 (2Br) was characterized by X-ray structure 

determination of dark-colored single crystals that formed upon slow evaporation of the reaction 

mixture in air. This supports the generation of bromide ions in solution or bromine atom abstraction 

by the doubly reduced species 22-. Cold-spray ionization mass spectrometry (CSI-MS) of the reaction 

mixture shows fragments derived from 2Br with one or two added benzyl groups (m/z + 90 and m/z + 

180), suggestive of the presence of benzyl radicals. Using an equimolar mixture of BnBr and 4-

methylbenzylbromide (4-MeBnBr) resulted in a statistical mixture of 1,2-diphenylethane, 1-methyl-4-

phenethylbenzene and 1,2-di-p-tolylethane. In situ synthesis of the doubly reduced complex by 

anaerobic deprotonation of 1 in the presence of Ni(NO3)26H2O followed by addition of solid 4-

methylbenzylbromide results in the formation of the homocoupled product 1,2-di-p-tolylethane, as 

detected by GC-MS. Performing the same reaction in the presence of ten equivalents of 2,2,6,6-

tetramethyl-1-piperidinyloxy (TEMPO•) as a radical trap, inhibited formation of homocoupled 

product and produced the O-alkylated TEMPO adduct, as detected by GC-MS.18 Attempts to isolate 

or characterize the doubly reduced species 22- have been unsuccessful due to its highly reactive nature.  

It is well-established that benzyl halides can undergo one and two-electron reductions at an electrode 

to generate benzyl radical B and carbanion C (Scheme 2, left).19 Homocoupling of two molecules of B 

or a reaction of C with BnBr (A) produces 1,2-diphenylethane (D). The proposed mechanism in the 

presence of 2 (Scheme 2, right) starts with an overall two-electron reduction to form 22-. Loss of 

halide (initially Cl-) produces 2’-, which abstracts a bromide atom from BnBr to form the benzyl 



Chapter 7 
 

158 
 

radical B and 2-. The benzyl radical either undergoes homocoupling or is reduced at the electrode 

surface to form C, which subsequently reacts with A to produce D. One-electron reduction of 2- to 22- 

completes the cycle with concominant (partial) substitution of the initial chloride ligands form 

bromide analogues.  

 
 

Scheme 2 Left: Established reduction of benzyl bromides to produce 1,2-diphenylethane on electrode surfaces. Right: 

Proposed mechanism for electrocatalytic homocoupling of benzyl bromide using 2. 

 

Various analogous homoleptic Ni(NOISQ)2 complexes (not containing gold)8 show reversible 

electrochemistry, even in halogenated solvents, with no indication of catalytic C-X activation upon 

two-electron reduction under identical conditions. Therefore, we prepared ligand 4 and the 

corresponding homoleptic Ni complex 5 (Scheme 3) to investigate whether the electrocatalytic C-X 

activation is due to an electronic effect or due to the presence of the two P-Au-Cl fragments. Ligand 4 

was prepared by a condensation reaction between amine 3 and 3,5-di-tert-butylcatechol. A subsequent 

reaction with NiCl2×6H2O under aerobic conditions in the presence of base generated the 

corresponding homoleptic Ni complex 5. In contrast to 3, complex 5 showed significant line 

broadening in the NMR spectra, which may be caused by hemilabile coordination of the P=O groups8a 

or an accessible triplet state at room temperature. Similar to 2, species 5 displays an intense UV-Vis 

absorption at 929 nm (ɛ = 12.6  103 M-1 cm-1), characteristic for antiferromagnetic coupling of two 

iminosemiquinonato (ISQ-) ligand radicals.10 Interestingly, in agreement with previously reported 

homoleptic Ni(NOISQ)2 complexes, complex 5 shows similar electrochemistry as 2 but with a 

reversible second one-electron reduction in CH2Cl2 with no sign of catalytic C-X activation at various 

scan speeds (Figure 9). In the presence of BnBr a small increase in intensity of the second wave is 

observed. However, as the second one-electron reduction of 5 occurs at significant more negative 

potentials (ΔE = 0.4 V) compared to 2, the background reaction at the electrode is responsible for this 
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observation. Another difference is the shift of all redox events to more negative potentials, reflecting 

the more electron rich nature of the complex. Moreover, the oxidation does not occur with potential 

inversion, as two well separated one-electron oxidations are observed at E½
ox = -0.55 V and -0.06 V vs 

Fc/Fc+. 
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Scheme 3. Synthesis of ligand 4 and the corresponding homoleptic nickel complex 5. Reagents and conditions: (i) 3,5-di-

tert-butylcatechol, AcOH, n-hexane/CH2Cl2, rt; (ii) NiCl2×6H2O, NEt3, air, MeCN, 90 oC.  

 

 

Figure 9. Cyclic voltammograms of complex 5 (10-3 M) recorded in CH2Cl2 at various scan speeds. Pt working electrode; 

electrolyte: N(n-Bu)4PF6 (0.1 M); referenced to Fc/Fc+. 

 

Chloride abstraction resulting in chloro-deauration  

Attempts to abstract a chlorido ligand in 2 using TlPF6 or Ag-salts (in MeCN) resulted in the almost 

instantaneous formation of a new dark-green diamagnetic species, which could be characterized as the 

cationic dinuclear AuNi complex 6 (CSI-MS: m/z 1213.3820, Scheme 4). Similar to 2 and 5, species 6 

displays an intense UV-Vis absorption at 933 nm (ɛ = 24.6  103 M-1 cm-1), characteristic for 

antiferromagnetic coupling of two iminosemiquinonato (ISQ-) ligand radicals.10 Slow evaporation of 

a diethyl ether – acetonitrile mixture afforded single crystals suitable for X-ray structure 

determination. The molecular structure of dinuclear species 4 (Figure 10, right) also shows 

characteristic metric parameters for the ISQ- ligand oxidation states for both NO-fragments (MOS = -
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1.13 ± 0.05). A noteworthy observation is the significantly shorter Au-Ni distance (2.7429(6) Å) in 6 

compared to complex 2 (d = -0.4126 Å). Complex 6 is readily formed under a variety of conditions, 

but the mechanism (probably involving partial dissociation of a PNO ligand) for, and the driving 

force behind, formation of this unexpected dinuclear species, with concomitant loss of an unidentified 

Au-species, remain unclear. 

 

 

Scheme 4. Synthesis of complex 6 induced by chloride abstraction from 2. Reagents and conditions: i) TlPF6, MeCN, rt. 

 Bond XRDa   DFTb 

C11-C21 1.423(4) 1.408 
C21-C31 1.379(5) 1.377 
C31-C41 1.428(5) 1.419 
C41-C51 1.374(5) 1.372 
C51-C61 1.417(4) 1.416 
C61-C11 1.424(4) 1.444 
C61-N1 1.355(4) 1.343 

C11-O11 1.319(4) 1.297 
Ni1--Au1 2.7429(6) 2.901 
Ni1-O1 1.835(2) 1.861 
Ni1-N11 1.837(3) 1.878 

MOS -1.13 ± 0.05 -1.02 ± 0.08 

Figure 10. Displacement ellipsoid plots (50% probability level) of 6 at 110(2) K. Hydrogen atoms, counterion and lattice 

solvent molecules are omitted for clarity. Selected angles (°): P1-Au1-P2 173.66(3); O11-Ni1-N11 85.39(11). a As a result of 

packing effects the metric parameters of the other redox-active ring differ slightly. b OSS, b3-lyp-d3, def2-TZVP. 

Similar to 2, the metric parameters for 6 are well-reproduced by the DFT (b3-lyp-d3, def2-TZVP) 

calculated optimized geometries, dispersion corrections are required to accurately describe the 

intramolecular d8-d10 interaction and a slight overestimation of the O-Ni, N-Ni and Au-Ni distances is 

observed in silico (Figure 10, left). The OSS solution for 6 is lower in energy than the corresponding 

CSS and triplet states by 12.6 and 20.2 kcal mol-1, respectively. Notably, the calculated difference in 

energy between the OSS and triplet state is almost twice as large as for 2 (for 6: EOSS – ET = -20.2 kcal 

mol-1; for 2: EOSS – ET = -10.2 kcal mol-1). This is indicative of stronger antiferromagnetic coupling of 
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the two ligand radicals in 6, which is also reflected in the smaller energy difference between the OSS 

and CSS solutions (for 6: EOSS – ECSS = -12.6 kcal mol-1; for 2: EOSS – ECSS = -36.1 kcal mol-1). The 

spin density plot of the OSS solution (Figure 11, left) illustrates the presence of two ligand-centered 

radicals similar to 2. Analysis of the molecular orbitals also revealed a filled bonding and antibonding 

combination between a Ni dz
2 orbital and a dx

2/dz
2 orbital on Au (Figure 11, center and right, 

respectively). In agreement with the shorter Au-Ni distance observed for 6, a bigger orbital overlap is 

found for the bonding orbital compared to 2.  

 

Figure 11. Spin density plot of 6 (left), bonding orbital of the d8-d10 interaction in 6 (center, HOMO-17) and antibonding 

orbital of the d8-d10 interaction in 6 (right, HOMO-2) (OSS, b3-lyp-d3, def2-TZVP). 

Cyclic voltammetry of complex 6 shows two fully reversible one-electron reductions (E½
red = -0.80 V 

and E½
red = -1.55 V vs. Fc/Fc+) in CH2Cl2 with no sign of catalytic C-X activation upon two-electron 

reduction at several scan speeds (Figure 12). Another notable difference is that the oxidation wave 

(E½
ox = +0.40 V vs. Fc/Fc+) is a fully reversible two-electron process without potential inversion, as 

observed for 2. The difference in how the redox processes occur in CH2Cl2 for the three Ni(NOISQ)2 

complexes 2, 5 and 6, shows the significant influence of an electronic interaction between the metals 

upon their redox behavior. 

Intrigued by the different behavior of 2 and 6 upon two sequential one-electron reductions, we 

performed geometry optimizations of the mono- and bis-reduced states of both 2 and 6 (Figure 13). 

The most notable observation is the elongation of the Au-Ni distances upon one- and two-electron 

reduction for 2. Analysis of the structures show increasing pyramidalization of the nitrogen atoms in 

the redox-active fragments upon reduction in both systems. This is likely due to the increasing sp3 

character at nitrogen, similar to what is observed for the PdCl(NNO) system described in Chapter 2. 

A clear change in the MOS values is observed for each reduction step, although the change from the 

second step (mono-to doubly reduced species) is smaller than for the first step. In contrast to 2, the 

Au-Ni distance actually decreases upon reduction of 6 to 6- and 62-, regardless of the observed 

increase in pyramidalization of the nitrogen atom of the redox-active ligand. A similar trend in the 

MOS values as for 2 is observed but the amidophenolate rings bend away from the P-Au-P plane upon 

reduction.  
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Figure 12. Cyclic voltammograms of complex 6 (10-3 M) recorded in CH2Cl2 at various scan speeds. Pt working electrode; 

electrolyte: N(n-Bu)4PF6 (0.1 M); referenced to Fc/Fc+. 

 

 

 

Figure 13. Bending of the framework and the Au-Ni distances dependence on the ligand oxidation state. Values depicted for 

the lowest energy spin states. a: Open-Shell Singlet b: doublet (b3-lyp-d3, def2-TZVP). 
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An interesting observation is the relatively small singlet-triplet gap for the doubly-reduced species 

compared to the parent species for both 2 and 6. For 22-, the OSS solution was found to be only 

slightly more stable than the CSS solution. The low S2 value of 0.23 and the small energy difference 

indicate that the diradical character of this solution is limited. More interestingly, the triplet state is 

only 3.7 kcal mol-1 higher in energy indicating weak antiferromagnetic coupling and an easily 

accessible diradical state. A very similar situation is observed for 62-
 with an S

2 value of 0.16 for the 

OSS solution and a singlet-triplet gap of 3.0 kcal mol-1. Although the geometry change between the 

OSS and triplet states in 22- is minor, an out-of-plane rotation of one of the amidophenolates is 

observed, upon going from the OSS to the triplet state in 62-, approaching a highly distorted trigonal 

bipyramidal geometry for Ni. The spin density plots of the OSS and triplet solutions of both doubly 

reduced species show predominant localization on Ni with partial delocalization on the N and O 

atoms of the redox-active ligands (Figure 14). The inaccessible Ni an Au centers in 62- compared to 22-  

(upon rotation of a P-Au-Cl fragment) could be an explanation of the absence of catalytic C-X 

activation. However, this does not explain the inactivity of previously reported Ni(NOISQ)2 complexes 

as well as species 5. Optimized structures of 22- where both chloride ligands have been removed (to 

yield a neutral complex) do show spin density on the Au atoms but give unreasonable structures and 

are therefore not discussed. Replacement of the chloride ligands for neutral (OMe2) donors in silico 

yielded reasonable uncharged structures. However, no significant changes in spin density distribution 

compared to those depicted in Figure 14 were observed.  

 

 

 

 

 

 

 

Figure 14. Top: Spin density plots of the OSS solution (left) and triplet solution (right) of 22-. Bottom: Spin density plots of 

the OSS solution (left) and triplet solution (right) of 62- (b3-lyp-d3, def2-TZVP). 

 



Chapter 7 
 

164 
 

7.3 Conclusion & Outlook 

 

In conclusion, we have prepared unique diamagnetic trinuclear AuI-NiII-AuI and dinuclear AuI-NiII 

complexes featuring two antiferromagnetically coupled ligand-centered radicals, as supported by 

spectroscopic, X-ray diffraction and computational data. Moreover, the complexes feature 

intramolecular d8-d10 interactions between the NiII and AuI atoms. Both complexes show rich 

electrochemistry, but only the trinuclear complex is able to electrocatalytically activate C-X bonds 

with subsequent C-C bond formation. It appears that the nature of the nickel-gold interaction in these 

heterobimetallic species plays an important role in facilitating the electrocatalytic activity. A 

computational study shows that the di- and trinuclear complex behave differently upon two-electron 

reduction but no clear indications why only the trinuclear complex is an active electrocatalyst have 

been found. Future research is required to elucidate and understand this phenomenon. Trapping the 

highly reactive doubly reduced species with a small and strongly σ-donating and/or π-accepting donor 

ligand, such as PMe3, isocyanides or CO, might allow for characterization of a resulting neutral 

doubly reduced species.  

 

7.4 Experimental section 

 

General methods 

All reactions were carried out under an atmosphere of dry dinitrogen or argon using standard Schlenk 

techniques unless noted otherwise. With exception of the compounds given below, all reagents were 

purchased from commercial suppliers and used without further purification. THF, pentane, hexane, 

and diethyl ether were distilled from sodium benzophenone ketyl. CH2Cl2 and methanol were distilled 

from CaH2, and toluene was distilled from sodium under nitrogen. NMR spectra (31P, 1H and 13C{1H}) 

were measured on a Bruker DRX 500, Bruker AMX 400, Bruker DRX 300 or on a Varian Mercury 

300 spectrometer at r.t. unless noted otherwise. GC-MS measurements were performed on a 

HPAgilent GC-MS or JEOL AccuTOF GCv4G GC- HRMS. EPR spectra were recorded on a Bruker 

EMP Plus. High resolution mass spectra were recorded on a JEOL AccuTOFC-plus JMS-T100LP or 

JEOL JMS SX/SX102A four-sector mass spectrometer. Cyclic voltammetry measurements were 

performed with [N(n-Bu)4]PF6 as the electrolyte at room temperature under an inert atmosphere using 

a platinum counter electrode. All redox potentials are referenced to Fc/Fc+. Ligand PNOH2 (1) was 

prepared following the procedure reported in the Chapter 6.4a 

 

  



Metal-Metal Interactions in Heterobimetallic Complexes with Dinucleating Redox-Active Ligands 
 

165 
 

Synthesis of new compounds 

 

Complex 1 (AuCl(PNOH2)) 

A solution of PNOH2 (375 mg, 0.78 mmol, 1.05 eq) in CH2Cl2 (30 mL) was added 

to a stirred solution of AuCl(SMe2) (218 mg, 0.74 mmol, 1.0 eq) in CH2Cl2 (20 

mL). The clear solution was stirred at r.t. for 3.5 h and concentrated to a thick, 

white sludge. Pentane (15 mL) was added and the mixture was sonicated for 15 

minutes. The resulting white solid was collected by filtration in air, washed with 

pentane (5 mL) and was dried in vacuo, affording complex 1 as a white solid (525 mg, 99%). 31P 

NMR (162 MHz, CDCl3, ppm): δ 19.97 (s). 1H NMR (300 MHz, CDCl3, ppm): δ 7.73 – 7.51 (m, 10H, 

Ar-H), 7.34 (t, J = 7.8 Hz, 1H, Ar-H), 7.21 (d, J = 2.3 Hz, 1H, ap-H), 6.86 (d, J = 2.3 Hz, 1H, ap-H)  

6.76 – 6.67 (m, 1H, Ar-H), 6.53 (dd, J = 8.3, 5.9 Hz, 1H, Ar-H), 5.90 (d, J = 3.0 Hz, 1H, NH), 5.54 (s, 

1H, OH), 1.37 (s, 9H, tBu), 1.24 (s, 9H, tBu). 13C-NMR (126 MHz, CDCl3, ppm): δ 149.41 (CAr), 

149.33 (CAr), 143.05 (CAr), 136.02 (CAr), 134.66z (CArH, d, J = 14.1 Hz), 133.74 (CArH), 133.63 

(CArH, d, J = 7.11 Hz), 132.74 (CArH), 129.85 (CArH, d, J = 12.3 Hz), 127.13 (CAr, d, J = 64.24 Hz), 

126.20 (CAr), 123.08 (CArH), 122.23 (CArH), 119.97 (CArH, d, J = 10.4 Hz), 115.61 (CArH, d, J = 5.4 

Hz), 112.08 (CAr, d, J = 62.5 Hz), 35.18 (C(CH3)3), 34.55 (C(CH3)3), 31.71 (C(CH3)3), 29.69 

(C(CH3)3). IR (ATR mode,  cm-1): ν 3478.70 (w N-H), 3271.50 (w O-H), 2951.52 (m CAr-H), 2864.73 

(w CAl-H), 713.68 (s CAr-H). FD-MS (m/z) calcd for C32H36AuClNOP: 713.18885, found 713.18811 

[M]+. El. Anal. Calcd for C32H36AuClNOP: C, 53.83 ; H, 5.08; N, 1.96. Found: C, 53.72; H, 5.12; N, 

1.95. 

 

Complex 2 ((AuCl)2(PNOISQ)2Ni) 

Ni(NO3)26H2O (17.0 mg, 0.06 mmol, 0.6 eq) was added to a 

stirred white suspension of 1 (71.4 mg, 0.10 mmol, 1.0 eq) in 

MeCN (3 mL) in an 10 mL round-bottom flask. After 10 minutes, 

NEt3 (50 µL, 0.36 mmol, 3.6 eq) was added to the light-green 

suspension, resulting in a colour-change of the suspension to 

slightly more brownish. The mixture was heated under reflux at 90 

C for 3 hours and was allowed to cool to room temperature, after which it was placed at 4 C 

overnight. Volatiles were evaporated by rotary evaporation leaving a dark green solid. The solid was 

dissolved in CH2Cl2 (25 mL), washed with water (15 mL) and brine (15 mL), dried over Na2SO4 and 

all volatiles were evaporated affording a dark-green solid. Vapour diffusion of pentane into a 

concentrated solution in CHCl3 (~2 mL) afforded complex 2 as dark-green crystals (88 mg, 60%). 

NOTE: When the reaction was scaled up, issues with reproducibility and the formation of side 

products were encountered. Therefore we prefer to do multiple small scale reactions and combine 

them after rotary evaporation of the reaction mixture. 31P NMR (162 MHz, CDCl3, ppm): δ 32.92 (s). 
31P NMR (162 MHz, CD3CN, ppm): δ 33.18 (broad). 1H NMR (400 MHz, CDCl3, ppm): δ 7.85-7.80 

(m, 2H, Ar-H), 7.78 (t, J = 7.4 Hz, 2H, Ar-H), 7.68 (t, J = 7.6 Hz, 2H, Ar-H), 7.61 (t, J = 7.5 Hz, 2H, 
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Ar-H), 7.52 (t, J = 7.6 Hz, 4H, Ar-H), 7.46 (m, 2H, Ar-H), 7.38 – 7.27 (m, 12H, Ar-H), 7.11 (dd, J = 

6.7, 6.0 Hz, 2H, Ar-H), 6.78 (s, 2H, ap-H) 5.70 (s, 2H, ap-H), 0.92 (s, 18H, tBu), 0.88 (s, 18H, tBu). 
1H NMR (400 MHz, CD3CN, ppm): δ 8.2 – 7.1 (broad m, 32H, Ar-H), 0.98 (s, 18H, t-Bu), 0.93 (s, 

18H, t-Bu). 13C-NMR (75 MHz, CDCl3, ppm): δ 171.41 (CAr), 154.79 (CAr), 151.88 (CAr, t, J = 4.8 

Hz), 148.94 (CAr), 134.78 (CArH, t, J = 3.5 Hz), 134.45 (CArH, t, J = 7.94 Hz), 133.30 (CArH), 133.11 

(CArH, t, J = 7.8 Hz), 132.46 (CArH), 129.99 – 129.67 (CArH, m), 128.43 – 128.32 (CArH, m), 127.85 

(CAr, t, J = 27.9 Hz), 126.85 (CAr, t, J = 29.7 Hz), 126.37 (CArH), 111.29 (CArH), 35.01 (C(CH3) 3), 

34.38 (C(CH3) 3), 30.12 (C(CH3)3), 29.18 (C(CH3)3). IR (ATR mode, cm-1): ν 2952 (w Car-H), 2902 (w 

Car-H) 2865 (w Calk-H). CSI-MS (pos. mode, m/z) calcd for C64H68Au2
35Cl37ClN2NiO2P2: 1482.27881, 

found 1482.23322 [M]+. El. Anal. Calcd for C64H68Au2Cl2N2NiO2P2: C, 51.84 ; H, 4.62; N, 1.89. 

Found: C, 51.72; H, 4.59; N, 1.88. 

 

Ligand 4 ((P=O)NOH2) 

Acetic acid (1 mL) was added to a solution of (2-aminophenyl)-

diphenylphosphine oxide (207 mg, 0.705 mmol, 1.0 eq) and 3,5-di-tert-

butylcatechol (157 mg, 0.705 mmol, 1.0 eq) in a mixture of CH2Cl2 (9 ml) and 

hexane (6.5 mL). After 4 days, all volatiles were evaporated and the residue was 

dissolved in CH2Cl2 (50 mL). The mixture was washed with an aqeous saturated 

Na2CO3 solution (25 mL), brine (25 mL) and was then dried over Na2SO4. The mixture was 

concentrated and purified by column chromatography (SiO2, 98:2; CH2Cl2:MeOH), affording 4 as an 

off-white foam (238 mg, 68%). 31P NMR (162 MHz, CDCl3, ppm): δ 35.91. 1H NMR (400 MHz, 

CDCl3, ppm): δ 7.79 – 7.67 (m, 4H, Ar-H), 7.66 – 7.58 (m, 2H, Ar-H), 7.58 – 7.45 (m, 4H, Ar-H), 

7.33 – 7.24 (m, 2H, Ar-H), 7.18 (d, J = 2.4 Hz, 1H, ap-H), 6.92 (d, J = 2.4 Hz, 1H, ap-H), 6.91 – 6.81 

(m, 2H, Ar-H), 6.76 – 6.66 (m, 1H, Ar-H), 6.53 (dd, J = 8.4, 4.9 Hz, 1H, Ar-H), 5.95 (bs, 1H, 

OH/NH), 1.37 (s, 9H, tBu), 1.23 (s, 9H, tBu). 13C NMR (75 MHz, CDCl3, ppm): δ 152.52 (Cq, d, J = 

4.2 Hz), 149.33 (Cq) , 142.20 (Cq) , 135.43 (Cq), 133.85 (CArH) d, J = 2.2 Hz), 133.31 (CArH, d, J = 

11.1 Hz), 132.44 (CArH, d, J = 3.0 Hz), 132.14 (CArH, d, J = 10.0 Hz), 131.04 (Cq), 128.85 (CArH, d, J 

= 12.2 Hz), 126.76 (Cq) , 122.66 (CArH), 122.24 (CArH), 118.06 (CArH, d, J = 12.8 Hz), 114.96 (CArH, 

d, J = 7.6 Hz), 113.70 (Cq), 35.06 (C(CH3)3), 34.41 (C(CH3)3), 31.69 (C(CH3)3), 29.59 (C(CH3)3). 

FD-MS (m/z) calcd for C32H36NO2P: 497.2484, found 497.2503 [M]+. IR (ATR mode, cm-1): ν 3422 

(m, N-H), 3290 (m, O-H), 3058, m (CAr-H stretch), 2905, 2867 (m, Calk-H), 1591, 1573 (m). 

 

Complex 5 ((O=PNOISQ)2Ni) 

Triethylamine (42 µl, 0.3 mmol, 3.0 eq) was added to a stirred 

suspension of 4 (51 mg, 0.1 mmol, 1 eq) and NiCl26H2O (12 mg, 

0.05 mmol, 0.5 eq) in MeCN (1 mL) under an argon atmosphere. 

The mixture was heated at 90 °C for 2 hours, allowed to cool to 

ambient temperature, opened to air and stirred for 20 hours. MeCN 

(1 mL) was added and a light green solid was collected via 
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centrifugation. The crude product was washed with MeCN (3 mL), which was subsequently removed 

by centrifugation. CHCl3 (5 mL) was added to the crude product and the mixture was stirred in air for 

2 hours after which it was filtered and evaporated by a stream of air. Slow diffusion of pentane into a 

concentrated CHCl3 solution afforded 5 as a green solid (42 mg, 40%). 31P NMR (162 MHz, CDCl3, 

ppm): δ 23.73 (broad). 1H NMR (400 MHz, CDCl3, ppm): δ 7.71 (broad), 7.53 (broad), 7.21 (broad), 

1.07 (broad). IR (ATR mode, cm-1): ν 2949 (w Car-H), 2901, 2864 (w Calk-H), 1574 (w) 1467 (m), 

1440 (m), 1145 (m) 1120 (m). CSI-MS (pos. mode, m/z) calcd for C64H68N2NiO4P2N2: 1048.4008, 

found 1048.4053 [M]+. El. Anal. Calcd for C64H68N2NiO4P2 + [1/7 CHCl3]: C, 72.21 ; H, 6.48; N, 2.62. 

Found: C, 72.19; H, 6.44; N, 2.69. 

 

Complex 6 ([(Au)(PNOISQ)2Ni]PF6) 

Acetonitrile (4 mL) was added to a Schlenk flask containing 2 (37.4 mg, 

0.025 mmol) and TlPF6 (10.8 mg, 0.027 mmol). The green suspension 

was stirred overnight, after which the solution phase was collected and 

filtered through a Teflon syringe filter. The mixture was concentrated to 

~1 mL and 10 mL Et2O was added. The green precipitate was collected 

and volatiles were evaporated in vacuo affording 6 as a dark-green solid (16.2 mg, 47%). 31P NMR 

(162 MHz, CD3CN, ppm): δ 32.8 (s), -144.63 (sept, JP-F = 706 Hz). 1H NMR (400 MHz, CD3CN, 

ppm) δ 7.89 (d, J = 7.7 Hz, 1H, Ar-H), 7.81 (t, J = 7.6 Hz, 1H, Ar-H), 7.69 (t, J = 7.6 Hz, 1H, Ar-H), 

7.63 – 7.53 (m, 3H, Ar-H), 7.51 – 7.42 (m, 1H, Ar-H), 7.43 – 7.31 (m, 6H, Ar-H), 7.18 (d, J = 7.8 Hz, 

1H, Ar-H), 6.84 (s, 1H, ap-H), 5.75 (s, 1H, ap-H), 0.95 (s, 9H, tBu), 0.89 (s, 9H, tBu). 13C-NMR (75 

MHz, CD3CN, ppm): δ 172.06 (CAr), 155.61 (CAr), 152.56 (CAr, t, J = 4.8 Hz), 149.44 (CAr), 142.19 

(CAr), 135.77 (CArH, t, J = 8.4 Hz), 135.29 (CArH, t, J = 3.5 Hz), 134.16 (CArH, t, J = 7.2 Hz), 133.96 

(CArH), 133.88 (CArH), 133.08 (CArH), 130.84 – 130.57 (CArH, m), 129.46 (CArH), 129.20 (CArH, t, J 

= 4.6 Hz), 128.85 (CAr, t, J = 29.1 Hz), 127.84 (CAr, t, J = 29.9 Hz), 128.45 (CAr), 112.49 (CArH), 

35.52 (C(CH3)3), 34.97 (C(CH3)3), 30.14 (C(CH3)3), 29.49 (C(CH3)3). IR (ATR mode, cm-1): ν 2952 

(w Car-H), 2923 (w Car-H), 2865 (w Calk-H), 838 (s PF6
-). MS-CSI+ (m/z) calcd for C64H68AuN2NiO2P2 

1213.3775; found 1213.3820 [M]+. Anal. Calcd for C64H68AuF6N2NiO2P3: C, 56.53 ; H, 5.04; N, 2.06. 

Found: C, 55.85; H, 4.95; N, 2.17. 

 

Cyclic voltammetry with varying catalyst and substrate concentration 

In the absence of substrate, the peak current of the second one-electron reduction (E1/2 = -1.5 V vs 

Fc/Fc+) is very similar to the first one-electron reduction E1/2 = -0.7 V vs Fc/Fc+). Hence, icat and ip 

were determined as depicted in Figure 15. 
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Figure 15. Determination of icat and ip.  

 

Rate constants from the DuBois formula 

Attempts were made to determine kobs and TOF values using Savéant’s foot of the wave analysis20 and 

by the method developed by Parker.21 However, because of the slow electron transfer rates and 

absence of scan speed independent catalytic waves these methods were not suitable to accurately 

determine these values. For comparative reasons we determined kobs using the Dubois formula for H2 

production.22  Here, the ratio for icat/ip is given by equation 1 where n is the number of electrons in the 

reaction, R is the gas constant, T is the temperature, kobs is the observed rate constant (turnover 

frequency), F is Faraday’s constant and ν is the scan speed. Assuming two electrons are passed for 

each PhCH2CH2Ph molecule that is formed (n = 2) and [BnBr] does not change significantly during 

the course of the measurement, the catalytic turnover frequency can be calculated using equation 2 

where ν is the scan speed in V s-1 and icat and ip are the currents for catalytic wave and first (one-

electron) reduction as depicted in Figure 15.16 

  

.
     Eq. 1 

 

.
    Eq. 2 

As icat/ip is scan speed dependent so is kobs. The kobs values obtained using equation 2 for several scan 

speeds are depicted in Table 1.  
 

Table 1 kobs values obtained using equation 2 for several scan speeds 

ν (V s-1) 0.03 0.1 0.3 1 3 

kobs (s
-1) 2.3 1.8 1.9 2.7 6.0 
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Controlled potential coulometry  

Controlled potential coulometry was performed in a custom-made set-up (Figure 16) that contains 

three different compartments: Working compartment (12-15 mL), buffer compartment (3 mL) and a 

compartment for the counter-electrode (8 mL). The working compartment contains a lugging capillary 

that leads to the reference electrode, a platinum gauze working electrode and a separate small 

platinum electrode. The small platinum working electrode was employed for cyclic voltammetry 

(using the Pt gauze as the counter-electrode) prior to controlled potential coulometry. The counter-

electrode compartment contains a platinum flag counter-electrode and is separated from the working 

electrode compartment by a buffer compartment. The set-up did not prove to be ideal for our purpose, 

as some diffusion between the compartments was observed. Moreover, due to the high resistance of 

the solution, high currents were required, resulting in polymerization at the counter electrode. This 

was solved by adding ferrocene as a sacrificial oxidant, which prevented polymerization by formation 

of Fc+.  

 

Figure 16 Experimental setup for controlled potential coulometry.  

 

Experimental conditions 

A stock-solution of N(n-Bu)4PF6 (0.2 M) in THF (25 mL) was prepared. From this stock-solution, 20 

mL was introduced via the working electrode compartment to the cell and was equilibrated through 

the compartments. Ferrocene (260 mg) was introduced into the counter-electrode compartment using 

1 mL stock solution. The catalyst (20.8 mg) was introduced into the working electrode compartment 

using 2 mL stock solution (total volume in working electrode compartment ~14 mL; effective catalyst 

concentration 1 x 10-3 M). The set potential was based on the E1/2 of the second one-electron reduction 
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(-1.2 V vs Fc/Fc+) in the cyclic voltammogram recorded prior to the experiment and this was 

maintained for 4 hours. The solution from the working electrode compartment was collected and 

added to 80 mL of pentane. The resulting suspension was filtered and analyzed by GC. All volatiles 

were evaporated and the product could be isolated by filtration through a silica plug eluting with 

pentane followed by evaporation of all volatiles.  

 

Single crystal X-ray crystallography 

For complex 2: All reflection intensities were measured on a Bruker D8 Quest Eco diffractometer 

equipped with a Triumph monochromator ( = 0.71073 Å) and a CMOS Photon 50 detector at a 

temperature of 150(2) K. Intensity data were integrated with the Bruker APEX2 software.23 

Absorption correction and scaling was performed with SADABS.24 The structures were solved with 

the program SHELXTL.23 Least-squares refinement was performed with SHELXL-201325 against F2 

of all reflections. Non-hydrogen atoms were refined with anisotropic displacement parameters. The H 

atoms were placed at calculated positions using the instructions AFIX 13, AFIX 43 or AFIX 137 with 

isotropic displacement parameters having values 1.2 or 1.5 times Ueq of the attached C atoms. For 

complexes 3, 3Br and 4: All reflection intensities were measured at 110(2) K using a SuperNova 

diffractometer (equipped with Atlas detector) with Mo (λ = 0.71073 Å) (for 3) or Cu Kα radiation (λ = 

1.54178 Å) (for 3Br and 4), under the program CrysAlisPro (Versions 1.171.36.32 or 1.171.37.35 

Agilent Technologies, 2013-2014). The same program was used to refine the cell dimensions and for 

data reduction. The structures were solved with the program SHELXS-201326 (Sheldrick, 2008) and 

were refined on F2 with SHELXL-201327 (Sheldrick, 2008). Analytical numerical absorption 

correction based on a multifaceted crystal model was applied using CrysAlisPro. The temperature of 

the data collection was controlled using the system Cryojet (manufactured by Oxford Instruments). 

The H or D (only for 4) atoms were placed at calculated positions using the instructions AFIX 23, 

AFIX 43 or AFIX 137 with isotropic displacement parameters having values 1.2 or 1.5 Ueq of the 

attached C atoms. 

 

Crystallographic details for 2: 

Fw = 833.37, small black block, 0.154  0.112  0.105 mm3, triclinic, P-1 (no. 2), a = 9.6157(4), b = 

9.7984(4), c = 20.5321(9),  = 85.875(2),  = 79.286(2),  = 63.286(2),  V = 1703.95(13) Å3, Z = 2, 

Dx = 1.624 g cm−3,  = 4.704 mm−1, TminTmax: 0.460.64. 56941 Reflections were measured up to a 

resolution of (sin /)max = 0.73 Å−1. 9249 Reflections were unique (Rint = 0.0437), of which 8463 

were observed [I > 2(I)]. 380 Parameters were refined using 1 restraint. R1/wR2 [I > 2(I)]: 

0.0249/0.0637. R1/wR2 [all refl.]: 0.0304/0.0758. S = 1.119. Residual electron density found between 

-1.583 and 1.588 e Å−3. CCDC: 1429820. 
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Crystallographic details for 3: 

The Au-Ni-Au complex is found at sites of inversion symmetry, and only one half of the molecule is 

crystallographically independent. The structure is partly disordered as the lattice DCM solvent 

molecule is disordered over two orientations, and the occupancy factor of the major component of the 

disorder refines to 0.872(10). A small randomly-oriented crystal was found attached to the main 

crystal and the data were treated as twinned using the HKLF 5 format. The relationship between the 

main and minor components corresponds to a rotation of 4.31 along the following vector: -0.0037a* 

- 0.0278b* - 0.9996c*. The BASF scale factor refines to 0.0916(10). Fw = 1652.53, small black 

block, 0.26  0.13  0.08 mm3, triclinic, P-1 (no. 2), a = 9.4197(3), b = 13.4681(3), c = 13.5232(3),  

= 89.3981(19),  = 88.130(2),  = 71.941(2), V = 1630.24(8) Å3, Z = 1, Dx = 1.683 g cm−3,  = 5.114 

mm−1, TminTmax: 0.3600.727. 25112 Reflections were measured up to a resolution of (sin /)max = 

0.65 Å−1. 8813 Reflections were unique (Rint = 0.0336), of which 7117 were observed [I > 2(I)]. 396 

Parameters were refined using 63 restraints. R1/wR2 [I > 2(I)]: 0.0259/0.0436. R1/wR2 [all refl.]: 

0.0354/0.0447. S = 0.783. Residual electron density found between -0.98 and 1.21 e Å−3. CCDC: 

1429112. 

 

Crystallographic details for 3Br: 

The Ni-Au complex is found at sites of inversion symmetry, and only one half is crystallographically 

independent. The crystal lattice contains some amount of very disordered lattice THF solvent 

molecules (one THF molecule in the asymmetric unit), and their contribution has been taken out in the 

final refinement (SQUEEZE details are provided in the CIF file). Fw = 1571.60, small black block, 

0.25  0.23  0.12 mm3, monoclinic, P21/c (no. 14), a = 13.4429(4), b = 14.7209 (5), c = 18.3728 (5), 

 = 106.793(3), V = 3480.77(19) Å3, Z = 2, Dx = 1.500 g cm−3,  = 5.70 mm−1, TminTmax: 

0.3440.555. 27146 Reflections were measured up to a resolution of (sin /)max = 0.65 Å−1. 7993 

Reflections were unique (Rint = 0.034), of which 6820 were observed [I > 2(I)]. 346 Parameters were 

refined using 0 restraints. R1/wR2 [I > 2(I)]: 0.0294/0.0598. R1/wR2 [all refl.]: 0.0379/0.0627. S = 

1.02. Residual electron density found between -1.75 and 2.02 e Å−3. CCDC: 1429113. 

 

Crystallographic details for 4: 

The structure is partly disordered. The PF6
 counterion is found to be disordered over three 

orientations, and the occupancy factors of the three components refine to 0.302(3), 0.215(2) and 

0.483(3). The crystal lattice contains some amount of disordered solvent molecules (deuterated 

MeCN), and the ratio solvent:AuNi complex in the asymmetric unit refines to ca. 0.58:1. Because 

the solvent molecule is disordered, and is only partially occupied (about 58 % of the time), the 

location of the D atoms cannot be determined reliably. Fw = 1385.26, black lath, 0.25  0.06  0.03 

mm3, orthorhombic, Pbca (no. 61), a = 15.6769(3), b = 25.6953(6), c = 31.0221(6) Å, V = 12496.4(4) 

Å3, Z = 8, Dx = 1.473 g cm−3,  = 5.969 mm−1, TminTmax: 0.4800.837. 43391 Reflections were 

measured up to a resolution of (sin /)max = 0.62 Å−1. 12248 Reflections were unique (Rint = 0.0425), 
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of which 9895 were observed [I > 2(I)]. 911 Parameters were refined using 667 restraints. R1/wR2 [I 

> 2(I)]: 0.0310/0.0693. R1/wR2 [all refl.]: 0.0444/0.0761. S = 1.007. Residual electron density found 

between -0.87 and 0.60 e Å−3. CCDC: 1429114. 

Computational details 

Geometry optimizations were carried out using TURBOMOLE28 coupled with the PQS Baker 

optimizer29 via the BOpt package30 at the DFT level using the BP86-d3 or b3-lyp-d3 functional and 

the def2-TZVP basis set.  

The corrected broken symmetry energies εBS of the open-shell singlets (S = 0) was estimated from the 

energy from the energy εS of the optimized single-determinant broken symmetry solution and the 

energy εS+1 from a separate unrestricted triplet calculation at the same level, using the approximate 

correction formula:31 

ε
ε 	–	 ε

	–	
 

The tert-butyl groups on the aminophenolate moiety were replaced by protons and the phenyl groups 

on the phosphine were replaced by methyl groups to decrease computational-time.  

7.5 Acknowledgments 

Dieuwertje Modder and Eva Blokker are thanked for their contributions to the experimental work 

described in this Chapter. Prof. Bas de Bruin is thanked for fruitful discussions on DFT calculations. 

Ricardo Zaffaroni and René Becker are thanked for tips and discussions on electrochemistry. Colet te 

Grotenhuis is thanked for lending her controlled potential coulometry set-up. Dr Maxime Siegler is 

thanked for part of the X-ray diffraction studies. 

7.6 References 

 
1 a) M. L. Crawley, B. M. Trost, Applications of Transition Metal Catalysis in Drug Discovery and Development: An 

Industrial Perspective, John Wiley & Sons, Inc. 2012; b) M. Beller, C. Bolm, Transition Metals for Organic Synthesis, 

Wiley-VCH, 2008. 
2 a) D. L. J. Broere, R. Plessius, J. I. van der Vlugt, Chem. Soc. Rev. 2015, 44, 6886; b) O. R. Luca, R. H. Crabtree, Chem. 

Soc. Rev. 2013, 42, 1440; c) V. K. K. Praneeth, M. R. Ringenberg, T. R. Ward, Angew. Chem. Int. Ed. 2012, 51, 10228; d) J. 

I. van der Vlugt, Eur. J. Inorg. Chem. 2012, 363; e) V. Lyaskovskyy, B. de Bruin, ACS Catal. 2012, 2, 270; f) W. Kaim, 

Inorg. Chem. 2011, 50, 9752; g) P. J. Chirik, K. Wieghardt, Science 2010, 327, 794. 
3 a) J. L. Wong, R. H. Sánchez, J. C. Logan, R. A. Zarkesh, J. W. Ziller, A. F. Heyduk, Chem. Sci. 2013, 4, 1906; b) P. J. 

Chirik,  Pincer and Pincer-type Complexes (Eds.: K. J. Szabo, O. F. Wendt), 2014, pp. 189; c) M.-C. Chang, T. Dann, D. P. 

Day, M. Lutz, G. G. Wildgoose, E. Otten, Angew. Chem. Int. Ed. 2014, 53, 4118; d) P. J. Chirik, Acc. Chem. Res. 2015, 48, 

1678. 
4 a) D. L. J. Broere, L. L. Metz, B. de Bruin, J. N. H. Reek, M. A. Siegler, J. I. van der Vlugt, Angew. Chem. Int. Ed. 2015, 

54, 1516; b) D. L. J. Broere, B. de Bruin, J. N. H. Reek, M. Lutz, S. Dechert, J. I. van der Vlugt, J. Am. Chem. Soc. 2014, 



Metal-Metal Interactions in Heterobimetallic Complexes with Dinucleating Redox-Active Ligands 
 

173 
 

 
136, 11574. See also: W. Zhou, B. O. Patrick, K. M. Smith, Chem. Commun. 2014, 50, 9958; C. A. Lippert, S. A. Arnstein, 

C. D. Sherill, J. D. Soper, J. Am. Chem. Soc. 2010, 132, 3879. 
5 a) P. Buchwalter, J. Rosé, P. Braunstein, Chem. Rev. 2015, 115, 28; b) D. G. H. Hetterscheid, S. H. Chikkali, B. de Bruin, 

J. N. H. Reek, ChemCatChem 2013, 5, 2785; c) B. G. Cooper, J. W. Napoline, C. M. Thomas, Cat. Rev. Sci. Eng. 2012, 54, 

1; d) J. Park, H. Sukwon, Chem. Soc. Rev. 2012, 41, 6931; e) N. Wheatley, P. Kalck, Chem. Rev. 1999, 99, 3379. 
6 A. F. Heyduk, D, G. Nocera, J. Am. Chem. Soc. 2000, 122, 9415. 
7 a) T. P. Lin, F. P. Gabbaï, J. Am. Chem. Soc. 2012, 134, 12230; b) J. P. Fackler, Polyhedron, 1997, 16, 1; c) J. P. Fackler, 

Inorg. Chem. 2002, 41, 6959. 
8 a) A. Paretzki, M. Bubrin, J. Fiedler, S. Záliš, W. Kaim, Chem. Eur. J. 2014, 20, 5414; b) A. Mukherjee, R. Mukherjee, 

Indian J. Chem. 2011, 50A, 484; c) P. Chaudhuri, C. N. Verani, E. Bill, E. Bothe, T. Weyhermüller, K. Wieghardt, J. Am. 

Chem. Soc. 2001, 123, 2213; d) S. Kokatam, T. Weyhermüller, E. Bothe, P. Chaudhuri, K. Wieghardt, Inorg. Chem. 2005, 

44, 3709; e) V. Bachler, G. Olbrich, F. Neese, K. Wieghardt, Inorg. Chem. 2002, 41, 4179. 
9 Complex 2 is EPR silent in both solution and the solid state and magnetic susceptibility measurements showed no magnetic 

moment. 
10 a) D. Herebian, K. E. Wieghardt, F. Neese, J. Am. Chem. Soc. 2003, 125, 10997; b) K. Chlopek, E. Bothe, F. Neese, T. 

Weyhermüller, K. Wieghardt, Inorg. Chem. 2006, 45, 6298; c) S. Fuse, H. Tago, M. M. Matiani, Y. Wada, T. Takahashi, 

ACS Comb. Sci. 2012, 14, 545. 
11 a) B. H. Xia, H. X. Zhang, Y. Q. Jiao, Q. J. Pan, Z. S. Li, C. C. Sun, J. Chem. Phys. 2004, 120, 11487; b) B. H. Xia, H. X. 

Zhang, C. M. Che, K. H. Leung, D. L. Philips, N. Zhu, Z. Y. Zhou, J. Am. Chem. Soc. 2003, 125, 10362; c) O. Crespo, A. 

Laguna, E. J. Fernández, J. M. López-de-Luzuriaga, P. G. Jones, M. Teichert, M. Monge, P. Pyykkö, N. Runeberg, M. 

Schütz, H. Werner, Inorg. Chem. 2000, 39, 4786. 
12 For a linear Au-Pt-Au complex, see: H. H. Murray, D. A. Briggs, G. Garzón, R. G. Raptis, L. C. Porter, J. P. Fackler, 

Organometallics 1987, 6, 1992. 
13 O. Crespo, M. C. Gimeno, A. Laguna, O. Lehtonen, I. Ospino, P. Pyykkö, M. D. Villacampa, Chem. Eur. J. 2014, 20, 

3120. 
14 The metric oxidation state (MOS) is a convenient method to determine the oxidation state for aminophenol-related 

systems: S. N. Brown, Inorg. Chem. 2012, 51, 1251. 
15 a) D. L. J. Broere, S. Demeshko, B. de Bruin, E. A. Pidko, J. N. H. Reek, M. A. Siegler, M. Lutz, J. I. van der Vlugt, 

Chem. Eur. J. 2015, 21, 5879; b) O. Crespo, A. Laguna, E. J. Fernández, J. M. López-de-Luzuriaga, P. G. Jones, M. 

Teichert, M. Monge, P. Pyykkö, N. Runeberg, M. Schütz, H.–J. Werner, Inorg. Chem. 2000, 39, 4786; c) P. Pyykkö, Chem. 

Rev. 1997, 97, 597; d) M. Weber, J. E. M. N. Klein, B. Miehlich, W. Frey, R. Peters, Organometallics 2013, 32, 5810. 
16 Similar to what was reported for a CoII complex containing two redox-active o-phenylenediamide ligands, although this 

species is only active at -2.1 V vs Fc/Fc+: M. van der Meer, Y. Rechkemmer, I. Peremykin, S. Hochloch, J. van Slageren, B. 

Sarkar, Chem. Commun. 2014, 50, 11104. 
17 a) G. L. Grady, T. J. Danyliw, P. Rabideux, J. Organomet. Chem. 1977, 142, 67; b) H. Sakurai, K. Mochida, J. 

Organomet. Chem. 1972, 42, 339; c) L. W. Menapace, M. B. Loewenthal, J. Koscielecki, L. Tucker, L. C. Passaro, R. 

Montalbano, A. J. Frank, J. Marrantino, J. Brunner, Organometallics 2002, 21, 3066; d) E. V. BlackBurn, D. D. Tanner, J. 

Am. Chem. Soc. 1980, 102, 692; e) C. Chatgilialoglu, K. U. Ingold, J. C. Scaiano, J. Org. Chem. 1987, 52, 938; f) D. W. 

Rogers, A. A. Zavitsas, N. Matsunaga, J. Phys. Chem. A 2009, 113, 12049; g) J. Halpern, P.F. Phelan,  J. Am. Chem. Soc. 

1972, 94, 1881. 
18 Benzylic radicals are readily trapped by TEMPO•: a) T. M. Brown, C. J. Cooksey, D. Crich, A. T. Dronsfield, R. Ellis, J. 

Chem. Soc., Perkin Trans. 1993, 1, 2131; b) J. Chateauneuf, J. Lusztyk, K. U. Ingold, J. Org. Chem. 1988, 53, 1629; c) A. L. 

J. Beckwith, V. W. Bowry, K. U. Ingold, J. Am. Chem. Soc. 1992, 114, 4983; d) V. W. Bowry, K. U. Ingold, J. Am. Chem. 

Soc. 1992, 114, 4992. 
19 a) D. A. Koch, B. J. Henne, D. E. Bartak, J. Electrochem. Soc. 1987, 134, 3062; b) C. P. Andrieux, A. L. Gorande, J. M. 

Savéant,  J. Am. Chem. Soc. 1992, 114, 6892; c) V. Jouikov, J. Simonet, Electrochem. Commun. 2010, 12, 331; d) R. F. M. 



Chapter 7 
 

174 
 

 
de Souza, C. A. de Souza, M. C. C. Areias, C. Cachet-Vivier, M. Laurent, R. Barhdadi, E. Léonel, M. Navarro, L. W. 

Bieber, Electrochim. Acta 2010, 56, 575. 
20 C. Costentin, S. Drouet, M. Robert, J. –M Savéant, J. Am. Chem. Soc., 2012, 134, 11235. 
21 V. D. Parker Acta Chem. Scand. B 1981, 35, 259. 
22 M. L. Helm, M. P. Stewart, R. M. Bullock, M. DuBois Rakowski, D. L. DuBois, Science, 2011, 333, 863.  
23 Bruker, APEX2 software, Madison WI, USA, 2014. 
24 G. M. Sheldrick, SADABS: Area-Detector Absorption Correction, Universität Göttingen, Germany, 1999.  
25 G. M. Sheldrick, SHELXT, Universität Göttingen, Germany, 2012.    
26 G. M. Sheldrick, Acta Cryst. 2008, A64, 112. 
27 A. L. Spek, Acta Cryst. 2009, D65, 148. 
28 R. Ahlrichs, Turbomole, version 6.5; Theoretical Chemistry Group, University of Karlsruhe: Karlsruhe, Germany, 2002.  
29 PQS, version 2.4; Parallel Quantum Solutions: Fayetteville, AR, 2001. The Baker optimizer (see: J. Baker, J. Comput. 

Chem. 1986, 7, 385) is available separately from Parallel Quantum Solutions upon request. 
30 P. H. M. Budzelaar, J. Comput. Chem. 2007, 28, 2226. 
31 S. Yamanaka, T. Kawakami, H. Nagao, Y. Yamaguchi, Chem. Phys. Lett. 1994, 231, 25. 

 

 

 

 

 

 

 

 

 

 



 
 
 

175 
 

Summary 

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. The fine-tuning of homogeneous catalyst systems is commonly 

achieved by the coordination of (spectator) ligands, which can vary greatly in steric bulk or electron-

donating ability. For such ligands the energy required for oxidation or reduction of the ligand is much 

bigger than that needed to change the oxidation state of the metal. Accordingly, the redox changes  

required for bond making and breaking processes typically occur at the metal center. Redox-active 

ligands have more energetically accessible levels for reduction and/or oxidation upon coordination to 

a metal. As a result, either solely ligand-centered redox processes can occur, with the metal center 

remaining in the same oxidation state, or more diffuse scenarios, wherein both the ligand and metal 

change oxidation states in a synergistic fashion. Although initially thought of as a spectroscopic 

curiosity, redox-active ligands are nowadays recognized for their ability to induce new reactivity at 

metal centers. In Chapter 1 an overview is provided how these ligands can be used in stoichiometric 

and catalytic chemical transformations. Within this thesis we present new avenues for redox-active 

ligands that allow to expand upon a late transition metal’s “common” reactivity. 

In Chapter 2 we introduce a new tridentate o-aminophenol-derived redox-active pincer ligand 

(NNOH2). Coordination to PdII under aerobic and basic conditions leads to a paramagnetic 

PdCl(NNOISQ) complex bearing an unreactive ligand-centered radical (Scheme 1, top). Notably, this 

complex can undergo fully reversible ligand-based one-electron reduction and oxidation events 

without changing the formal oxidation state of Pd. The one-electron reduced [PdCl(NNOAP)]- is a 

highly reactive diamagnetic compound that can induce odd-electron reactivity on PdII. Utilizing a 

concept coined “intramolecular ligand-to-substrate single-electron transfer”, reactive substrate-

centered radicals can be generated (Scheme 1, bottom). To demonstrate the proof-of-principle 

reactivity using this ligand-based electron transfer concept, the intramolecular sp3 C−H amination of 

an alkyl azide to generate a pyrrolidine species is demonstrated. A combined experimental and 

computational study showed that the redox-active NNO ligand dictates single-electron reactivity onto 

PdII, enabling radical-type pathways using a metal that is normally disposed to facilitate two-electron 

processes. 
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Scheme 1. Top: Redox states of PdII-coordinated NNO ligand. Bottom: Concept of intramolecular ligand-to-substrate single-

electron transfer.  

A simple methodology to prepare two unique mono-atomic bridged dinuclear palladium 

diradical species with either a chlorido or 1,1-azido bridgehead is described in Chapter 3 

(Scheme 2). The mononuclear species PdCl(NNOISQ) apparently has the tendency to form 

dinuclear systems upon halide abstraction in the absence of an exogenous ligand, which is the 

driving force behind the formation of the dinuclear diradicals. The respective solid state 

structures of the chlorido or 1,1-azido bridged species illustrate how the bridging motif affects 

the overall geometry of the dinuclear constructs. Most prominent is the difference in the Pd-X-

Pd angle of 93 (X = Cl) and 120 (X = 1,1-N3). The short Pd---Pd distance in the chlorido 

complex allows for an intramolecular d8-d8 interaction, which is supported by DFT 

calculations. Moreover, combined solid state and solution EPR spectroscopy as well as 

SQUID magnetometry data demonstrate how a subtle variation of the bridging ligand can have 

a significant effect on the electronic spin state of these mono-bridgehead dinuclear diradicals. 

The chlorido bridgehead allows for moderate spin-exchange coupling (J = -62.9 cm-1) and a 

singlet (S = 0) ground state in the solid state, whereas for the 1,1-azido-bridged complex two 

independent S = ½ spin carriers are observed that do not show a magnetic interaction. In 

solution, both complexes behave as systems with two independent S = ½ spin carriers, due to 

unhindered rotation around the M-X-M linkage.  
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Scheme 2. Synthesis of monoatomic bridged dinuclear diradical Pd complexes (X = Cl or N3) derived from mononuclear 

building blocks upon halide abstraction and consecutive trapping of Pd[(NNOISQ)]+. 

As a follow-up of the work described in Chapter 3, a new rigid dinucleating redox-active ligand (LH4), 

bearing two redox-active NNO-binding pockets and a triazole linker between both ligand fragments, 

is described in Chapter 4. Coordination of LH4 to Pd resulted in the formation of a dinuclear 

paramagnetic Pd complex with a κ2-N,N’ bridging triazole and a single bridging chlorido ligand 

(Scheme 3). The latter is easily exchanged for a bridging 1,1-azido ligand. A combined 

crystallographic, spectroscopic, electrochemical and computational study confirmed Robin-Day Class 

II ligand-based mixed valence with little influence upon changing the secondary bridging anionic 

ligand. Selective one-electron oxidation allowed for isolation of the corresponding cationic diradicals. 

SQUID measurements of these compounds have revealed weak antiferromagnetic spin exchange 

between the two ligand radicals and an overall singlet ground state in the solid state, which is 

supported by DFT calculations. The limited influence of the secondary X-type ligand on the 

intramolecular electronic communication is attributed to the rigid nature of the dinucleating ligand 

framework. 

 

  

 

 

Scheme 3. Structure of the ligand-based mixed valent dinuclear Pd complexes, which exhibit an intervalence charge transfer 

band, and the corresponding one-electron oxidized diradical species, displaying intramolecular antiferromagnetic coupling. 

X = Cl or N3. 
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Inspired by the recent progress in the generation of (transient) late transition metal nitrido- and 

nitridyl complexes, we decided to investigate the mono- and dinuclear azido complexes described in 

Chapter 3 towards azide decomposition, which is described Chapter 5. Upon one-electron oxidation 

of the mononuclear complex PdN3(NNOISQ), the corresponding dinuclear 1,1-azido bridged diradical 

species, previously prepared via the route in Scheme 2, was cleanly generated. The exact mechanism, 

which includes the evolution of N2, remains unclear but likely involves a reactive radical intermediate, 

as the presence of an H-atom donor impedes the reaction. Irradiation of the 1,1-azido bridged 

dinuclear diradical complex with high intensity UV light leads to the corresponding amido bridged 

dinuclear diradical species, which was crystallographically characterized (Figure 1). The proposed 

mechanism, which is based on DFT calculations, involves the formation of a nitridyl radical upon loss 

of N2 by intramolecular ligand-to-nitrido electron transfer and two H-atom abstraction steps. Isotopic 

labeling experiments indicate that the source of H-atoms is likely adventitious water present in the 

reaction mixture. Future research is required to gain insight into the exact mechanism of the 

decomposition of these azido complexes. 

 

 

Figure 1. Photolysis with high intensity UV light of 1,1-azido-bridged dinuclear diradical results in the formation of a 

transient nitridyl radical complex, which upon two H-atom abstractions results in the formation of a bridged amido species. 

 

The first example of a phosphine ligand appended to an redox-active aminophenol framework is 

described in Chapter 6. This PNOH2 pincer ligand can coordinate to PdII as a neutral, radical 

monoanionic or dianionic scaffold, as supported by spectroscopic, X-ray diffraction and 

computational data. Cyclic voltammetry and spectroelectrochemistry demonstrate fully reversible 

ligand-based single-electron redox-events for complex PdCl(PNOISQ). There is a subtle but significant 

change in the redox potentials upon switching from NNO to PNO. The bulky phosphine arm and the 

relatively rigid backbone enforce considerable steric crowding around the Pd center compared to the 

NNO analogue described in Chapter 2. One-electron reduction generates complex [PdCl(PNOAPPd)]-, 

which upon chloride abstraction is a competent reagent for homolytic bond activation of disulfides via 

ligand-to-substrate single-electron transfer (Scheme 4). The resulting dinuclear Pd-species contains a 

monothiolate bridgehead and an interesting mixed-valent ligand set, with one PNOISQ and one PNOAP 
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unit. The presence of the flanking phosphine group in the PNOH2 ligand could allow for expanding 

the concept of ligand-induced electron-transfer and radical-type reactivity to “softer” low-valent noble 

metals. 
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Scheme 4. The PdCl(PNOISQ) species that upon one-electron reduction is capable of homolytic disulfide activation to form a 

ligand-based mixed valent dinuclear Pd complex with a bridging thiolate.  

In Chapter 7 we utilized the difference in Lewis basicity of the three donating atoms in the PNOH2  

ligand to prepare unique diamagnetic trinuclear AuI-NiII-AuI and dinuclear AuI-NiII complexes (Figure 

2). A combination of spectroscopic, X-ray diffraction and computational data shows that both 

complexes contain two antiferromagnetically coupled ligand-centered radicals as well as 

intramolecular d8-d10 interactions between the NiII and AuI atoms. Both complexes show rich 

electrochemistry, but only the trinuclear complex is able to electrocatalytically activate carbon-

halogen bonds with subsequent C-C bond formation. It appears that the nature of the nickel-gold 

interaction in these heterobimetallic species plays an important role in facilitating the electrocatalytic 

activity. A preliminary computational study shows that two-electron reduction results in the 

weakening of the intramolecular d8-d10 interaction in the trinuclear complex whereas it is strengthened 

in the dinuclear complex. Future research is required to elucidate and understand this phenomenon 

and to rationalize why only the trinuclear species engages in carbon-halogen bond activation.  

  

Figure 2. Displacement ellipsoid plots (50% probability level) of the trinuclear Au-Ni-Au and dinuclear Au-Ni complexes. 
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Throughout this thesis we have shown that o-aminophenol derived architectures can give fascinating 

spectroscopic properties upon coordination to late transition metals. Moreover, these ligands can 

expand upon a metal’s “common” reactivity by actively taking part in intramolecular redox processes. 

We have demonstrated that intramolecular single-electron transfer processes can facilitate homolytic 

bond cleaving reactions and the generation of reactive nitrogen-centered radicals. Further 

development of these new concepts should allow for facilitating unprecedented chemical 

transformations. 
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Samenvatting 

Veel homogene en heterogene katalysatoren bevatten één of meerdere overgangsmetalen. De redenen 

hiervoor zijn de toegankelijke d-orbitalen van deze metalen – die nodig zijn chemische bindingen te 

activeren – en de eenvoud waarmee de meeste metalen van oxidatietoestand kunnen veranderen. De 

optimalisatie van homogene katalysatoren wordt normaal bewerkstelligd door het binden van een 

verscheidenheid aan “toeschouwer-liganden” met verschillende elektronische en sterische 

eigenschappen. De energie welke vereist is om deze liganden te reduceren of oxideren, is vele malen 

groter dan de energie die nodig is om de oxidatietoestand van het metaal te veranderen. Daarom 

gebeuren de redox processen, die noodzakelijk zijn om chemische bindingen te maken en breken, 

uitsluitend op het metaal centrum. Redox-actieve liganden zijn makkelijker te reduceren of oxideren 

als ze aan een metaal zijn gebonden. Als gevolg daarvan kunnen enkel redox-stappen op het ligand 

plaatsvinden, terwijl het metaal in dezelfde oxidatie toestand blijft, of kunnen het metaal en ligand 

samenwerken door beide aan het redox-proces deel te nemen. Deze liganden werden in eerste 

instantie beschouwd als een markant spectroscopisch snufje, maar tegenwoordig worden redox-

actieve liganden erkend voor hun vermogen om nieuwe reactiviteit mogelijk te maken voor metalen. 

In Hoofdstuk 1 is een overzicht gegeven hoe deze liganden gebruikt kunnen worden in 

stoichiometrische en katalytische chemische reacties. In dit proefschrift worden nieuwe concepten 

voor redox-actieve liganden beschreven die het mogelijk maken om de gebruikelijke reactiviteit van 

metalen te omzeilen.  

In Hoofdstuk 2 introduceren we een nieuw redox-actief tridentaat ligand (NNOH2) gebaseerd op o-

aminofenol. Het binden van dit ligand aan PdII onder aerobe en basische omstandigheden resulteert in 

de vorming van een paramagnetisch PdCl(NNOISQ) complex met een ligand-radicaal. (Schema 1, 

boven). Opmerkelijk genoeg ondergaat dit complex volledig reversibele één-elektron oxidatie en 

reductie op het ligand. Het één-elektron gereduceerde complex is een zeer reactieve, diamagnetische, 

verbinding die radicaal-reactiviteit met PdII mogelijk maakt door middel van een concept genaamd 

“intramoleculaire ligand-naar-substraat één-elektron overdracht” (Schema 1, onder). Om dit concept 

te demonstreren is de sp3 C−H aminering van een alkyl azide naar een pyrrolidine bewerkstelligd. Een 

combinatie van experimentele en computationele data laat zien dat het redox-actieve NNO ligand 

radicaal-reactiviteit mogelijk maakt met een metaal dat normaliter twee-elektron processen faciliteert.  
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Schema 1. Boven: Redox toestanden van het aan PdII gebonden NNO ligand. Onder: Het concept van intramoleculaire 

ligand-naar-substraat één-elektron overdracht.  

Een eenvoudige methode om twee unieke tweekernige palladium biradicalen met een chloride of 

azide brug te synthetiseren staat beschreven in Hoofdstuk 3 (Schema 2). Het eenkernige 

PdCl(NNOISQ) is geneigd om tweekernige verbindingen te vormen wanneer het chloride 

ligand geabstraheerd wordt in de afwezigheid van een ander ligand. Dit is de drijvende kracht 

achter de vorming van de tweekernige biradicalen. De kristalstructuren van de verbindingen 

laten duidelijk zien hoe de variatie van het bruggende ligand de structuur beïnvloedt. Dit is 

vooral zichtbaar in de verschillende Pd-X-Pd hoeken van 93 (X = Cl) en 120 (X = 1,1-N3). 

De korte Pd---Pd afstand in het chloride complex maakt een intramoleculaire d8-d8 interactie 

mogelijk, die tevens is aangetoond met behulp van DFT berekeningen. EPR spectroscopie in 

de vaste en vloeistoffase en SQUID magnetometrie laten zien hoe de subtiele variatie van het 

bruggende ligand de elektronische spintoestand van de tweekernige biradicalen beïnvloedt. In 

het complex met de chloride brug is een matige spin-uitwisseling koppeling (J = -62.9 cm-1) 

aanwezig, die resulteert in een singlet (S = 0) grondtoestand. Er is echter geen spin-

uitwisselingskoppeling in het azide gebrugde complex omdat de twee radicalen zich als 

onafhankelijke S = ½ spin systemen gedragen zonder enige interactie. In oplossing gedragen 

beide ligand-gebaseerde biradicaal systemen zich identiek, namelijk als onafhankelijke S = ½ 

spin systemen, vanwege ongehinderde rotatie om de M-X-M bindingen.  
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Schema 2. Synthese van de tweekernige palladium biradicalen (X = Cl or N3) vanuit de eenkernige bouwstenen door middel 

van chloride abstractie en het daaropvolgende vangen van Pd[(NNOISQ)]+. 

In het verlengde van het werk dat is beschreven in Hoofdstuk 3, beschrijven we in Hoofdstuk 4 een 

nieuw rigide redox-actief ligand (LH4) dat twee o-aminofenolen verbindt met een triazoolring en 

daardoor twee metalen kan binden. Het binden van Pd leidt tot het vormen van een tweekernig 

paramagnetisch Pd complex met een κ2-N,N’ bruggende triazool, een ligand radicaal en een bruggend 

chloride (Schema 3). Dit bruggende chloride is simpel te vervangen voor een bruggend 1,1-azide 

ligand. De combinatie van kristallografische, spectroscopische, elektrochemische en computationele 

data bevestigt een gemengde valentie situatie op het redox-actieve ligand van het type Robin-Day 

Klasse II. Er is nauwelijks verschil tussen de twee complexen met de verschillende bruggende co-

liganden. De bijbehorende kationische biradicalen zijn gemaakt door middel van chemische één-

elektron oxidatie. SQUID metingen van deze verbindingen tonen een zwakke antiferromagnetische 

koppeling aan met een singlet (S = 0) grondtoestand; de DFT berekeningen zijn hiermee in 

overeenstemming. De beperkte invloed van het secundaire X-type ligand kan worden toegekend aan 

de rigiditeit van het redox-actieve ligand.  

  

 

 

Schema 3. Links: Structuur van de Pd complexen met een gemengde valentie op het redox-actieve ligand die een 

intervalentie ladingoverdrachtsabsorptie vertonen. Rechts: de bijbehorende één-elektron geoxideerde antiferromagnetisch 

gekoppelde biradicalen. X = Cl or N3. 

Naar aanleiding van recente ontwikkelingen in het genereren van nitrido en nitridyl liganden op late 

overgangsmetalen is besloten om de een- en tweekernige azide complexen uit Hoofdstuk 3 te 

onderzoeken met betrekking tot de ontleding van het azide ligand (Hoofdstuk 5). Eén-elektron 
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oxidatie van het eenkernige azide complex resulteert in het vormen van het tweekernige 1,1-azide 

gebrugde biradicaal dat eerder gesynthetiseerd was volgens de synthese in Schema 2. Het exacte 

mechanisme, waarin N2 gas gevormd wordt, is nog onduidelijk maar gaat waarschijnlijk via een 

reactief stikstofradicaal, omdat in de aanwezigheid van een H-atoom donor een ander product 

gevormd wordt. Het beschijnen van het 1,1-azide gebrugde tweekernige biradiaal met UV licht van 

hoge intensiteit resulteert in het vormen van het bijbehorende amide gebrugde tweekernige biradicaal, 

waarvan de structuur met behulp van kristalstructuuranalyse is opgehelderd (Figuur 1). Het 

voorgestelde mechanisme (gebaseerd op DFT berekeningen) verloopt via de vorming van een nitridyl 

radicaal na het verliezen van N2, gefaciliteerd door intramoleculaire ligand-naar-nitrido één-elektron 

overdracht. Dit nitridyl radicaal reageert vervolgens met twee H-atomen die waarschijnlijk afkomstig 

zijn van spoortjes water, op basis van experimenten met verschillende isotoop-varianten van water. Er 

is meer onderzoek vereist om een beter inzicht te krijgen in het exacte mechanisme van de ontleding 

van deze azide complexen. 

 

 

Figuur 1. Fotolyse van het 1,1-azide gebrugde tweekernige biradicaal met UV licht van hoge intensiteit resulteert in het 

vormen van een kortlevend nitridyl radicaal complex, dat na twee waterstof-atoom abstracties het gebrugde amide complex 

vormt.  

Het eerste redox-actieve aminofenol ligand met een fosfine is beschreven in Hoofdstuk 6. 

Spectroscopische en computationele data alsmede kristalstructuuranalyse tonen aan dat dit PNOH2 

pincer ligand aan PdII kan binden als neutraal, monoanionisch radicaal of dianionisch ligand. 

Cyclische voltammetrie en spectro-electrochemie laten zien dat er volledig reversibele één-elektron 

redox processen op het ligand mogelijk zijn in het PdCl(PNOISQ) complex. Er is een subtiel maar 

duidelijk verschil in de redox-potentialen voor redox-processen op het ligand in de PdCl(NNOISQ) en 

PdCl(PNOISQ) complexen. De fosfine groep en de relatief rigide structuur van het PNO ligand leiden 

tot een meer sterisch verborgen Pd atoom ten opzichte van het NNO ligand uit Hoofdstuk 2. Eén-

elektron reductie genereert het anionische [PdCl(PNOAPPd)]- complex dat na chloride abstractie in 

staat is om de S-S binding in disulfides homolytisch te verbreken door middel van ligand-naar-

substraat één-elektron overdracht (Schema 4). Het daarbij gevormde tweekernige Pd complex bevat 

een bruggend thiolaat co-ligand en het systeem laat een interessante gemengde valentie zien, met één 



 
 
 

185 
 

ligand in de PNOISQ en één in de PNOAP oxidatie toestand. De aanwezigheid van een fosfine groep in 

het PNOH2 ligand kan mogelijk gebruikt worden om het concept van ligand-geïnduceerde 

elektronoverdracht en de daar bijbehorende radicaal type reactiviteit verder uit te breiden in 

combinatie met “zachtere” laag-valente edelmetalen. 
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Schema 4. Het PdCl(PNOISQ) complex dat na één-elektron reductie in staat is om disulfides homolytisch te splitsen onder 

vorming van een tweekernig complex met een bruggend thiolaat en gemengde valentie op de PNO liganden. 

In Hoofdstuk 7 gebruiken we het verschil in Lewis hardheid van de drie donor atomen in het PNOH2  

ligand om unieke diamagnetische driekernige AuI-NiII-AuI en tweekernige AuI-NiII complexen te 

genereren (Figuur 2). Een combinatie van spectroscopische en computationele data en 

kristalstructuuranalyse laat zien dat de complexen twee antiferromagnetisch gekoppelde ligand-

radicalen en intramoleculaire d8-d10 interacties tussen de NiII en AuI atomen bevatten. Beide 

complexen vertonen interessante elektrochemie, maar alleen het driekernige complex is in staat om op 

electrokatalytisch koolstof-halogeen bindingen te activeren en daardoor C-C bindingen te vormen. 

Het blijkt dat de nikkel-goud interactie in deze heterobimetallische complexen een belangrijke rol 

speelt in de electrokatalytische activiteit. Initiële DFT data laat zien dat twee-elektron reductie van het 

driekernige systeem de d8-d10 interactie tussen de NiII en AuI atomen verzwakt, maar dat deze sterker 

wordt in het tweekernige complex. Er is meer onderzoek nodig om deze observaties op te helderen en 

te begrijpen waarom alleen het driekernige complex koolstof-halogeen bindingen activeert.  

  

Figuur 2. Kristalstructuren van de driekernige Au-Ni-Au en tweekernige Au-Ni complexen. 
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In dit proefschrift is aangetoond dat redox-actieve liganden op basis van o-aminofenol fascinerende 

eigenschappen kunnen geven wanneer ze aan overgangsmetalen zijn gebonden. Bovendien zijn ze in 

staat om de gebruikelijke reactiviteit van metalen uit te breiden door actief deel te nemen in redox-

processen met gecoordineerde substraten. We hebben laten zien dat intramoleculaire één-elektron 

overdrachtsprocessen de vorming van reactieve stikstofradicalen en het homolytisch verbreken van 

disulfide bindingen mogelijk maakt. Verdere ontwikkeling van deze nieuwe concepten zou het 

faciliteren van nieuwe chemische transformaties mogelijk maken. 
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