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Abstract 
 

The work presented in this thesis focuses on the activation of terminal oxidants (PhIO, NMO, 

H2O2, tBuOOH, cumylOOH, m-CPBA, ClO-) in organic and aqueous solutions by the mononuclear 

non-heme iron complex [Fe(tpena)]2+, i.e., detection and characterization of transient 

[Fe(tpena)]2+-based oxidants (scheme A) as well as elucidation of mechanisms and reactivity 

patterns important for the use in oxidation catalysis. (tpena = N,N,N’-tris(2-

pyridylmethyl)ethylene diamine-N’-acetate) 

 

Scheme A. Simplified and unified schematic illustration of the iron chemistry presented in this PhD thesis. Changes of 

the oxidant (XO- or PhIO) and/or the ligand (L) around the iron centre in non-heme iron complexes control the 

formation of the possible iron-based oxidants and hence the catalytic activity. X = OH, OtBu, Ocumyl, m-CBA, Cl, 

NM(O). L = ethylenediamine backboned ligand: N-R-N,N’,N’-tris(2-pyridylmethyl)ethane-1,2-diamine, (R = CH3 

(metpen), CH2CH3 (ettpen), CH2C6H5 (bztpen), CH2C6H4N (tpen), CH2CH2OH (tpenOH) and CH2COOH (tpenaH)). 

[Fe(tpena)]2+ is a germane biomimetic system for iron non-heme O2 activating enzymes due to 

the presence of a carboxylate donor in the first coordination sphere and a second coordination 

sphere base. The carboxylate donor induces a significantly lower FeII/FeIII reduction potential for 

[Fe(tpena)]2+ compared to the many non-heme iron complexes without this functional group 

reported over the past three decades. As a consequence an iron(III) resting state rather than an 

iron(II) resting state is stabilized, which creates a catalyst with a remarkable diversity: the 

reactivity is controlled by the choice of terminal oxidant and can be switched between the 

paradigms of HAT- and OAT-based oxidations.   

The HAT-mediated reactivity of the iron-tpena system is ascribed to the iron(IV)oxo species 

[FeIVO(Htpena)]2+ generated upon homolytic bond cleavage of [FeO-X(tpenaH)]2+. The 

combination of enhanced lability of the FeO-X bond and greater oxyl radical character of 

[FeIVO(Htpena)]2+ is identified as the key reason for a more aggressive reactivity compared to 

other non-heme iron model complexes, which is demonstrated through rapid hydrogen, alkyl 

and acylperoxide disproportionation, greater second order constants in C-H abstraction and 

larger catalytic product yields. The drawback of using peroxides is that free and promiscuous 

radicals, X•, are subsequently formed alongside [FeIVO(Htpena)]2+. The radicals can also work as 

oxidants, and thereby decrease selectivity of the substrate oxidations and cause ligand 

degradation, if favourable experimental design has not been made. This loss of selectivity can 

however be avoided by the direct generation of the iron(IV)oxo species from its iron(III) 
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precursor with a one electron acceptor in aqueous solutions. Within the series of 

ethylenediamine based iron(IV)oxo species, [FeIVO(Htpena)]2+ and [FeIVO(HtpenO)]2+ indeed 

perform best in oxidation of C-H (both in aqueous and organic solutions) and O-H bonds, 

respectively.   

In contrast to the use of peroxides, radical chemistry is not observed when the oxidant PhIO is 

employed. Rather selective and catalytic oxygenations are demonstrated suggesting an OAT 

mechanism catalysed by a metal-based oxidant, e.g., the detectable [FeIII(OIPh)(tpena)]2+, 

{[FeIII(OIPh)(tpena)]}2
4+  or undetected iron(V)oxo species generated through heterolytic O-I 

bond cleavage. Halogen bonding and the different nature of the FeIIIO-X bond for PhIO compared 

to peroxides are believed to play central roles for the observations of the different reactivity 

patterns (OAT vs. HAT).  

[Fe(tpena)]2+ undergoes irreversible, light-promoted O2-dependent N-deglycination to generate 

an iron(II) complex under ambient conditions. The transformation includes a mass loss 

equivalent to a glycyl group involving consecutive C-C and C-N cleavages documented by the 

quantitative measurement of the sequential production of CO2 and formaldehyde, respectively. 

Time-resolved spectroscopy has allowed for the spectroscopic characterization of two iron-

based transients along the reaction pathway. 
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Resumé 
 

Denne afhandling fokuserer på aktivering af terminale oxidationsmidler (PhIO, NMO, H2O2, 
tBuOOH, cumylOOH, m-CPBA, ClO-) i organiske og vandige opløsninger af det mononukleare non-

hæm jern kompleks [Fe(tpena)]2+ dvs. detektering og karakterisering af transiente [Fe(tpena)]2+-

baserede oxidanter (skema B) samt belysning af mekanismer og reaktivitetsmønstre vigtige for 

brugen i oxidation katalyse.  

 

Skema B. Forenklet skematisk illustration af jern-kemien rapporteret i denne ph.d.-afhandling. Ændringer af 

oxidationsmidlet (XO- eller PhIO) og/eller liganden (L) omkring jern centeret i non-hæm komplekser kontrollerer 

dannelsen af de mulige jern-baserede oxidanter og som konsekvens den katalytiske aktivitet. X = OH, OtBu, Ocumyl, 

m-CBA, Cl, NM(O). L = ethylenediamin-baseret ligand: N-R-N,N’,N’-tris(2-pyridylmethyl)ethan-1,2-diamin, (R = CH3 

(metpen), CH2CH3 (ettpen), CH2C6H5 (bztpen), CH2C6H4N (tpen), CH2CH2OH (tpenOH) and CH2COOH (tpenaH)). 

[Fe(tpena)]2+ er et relevant system til bioefterligning af non-hæm jern O2 aktiverende enzymer 

grundet tilstedeværelsen af en carboxylat donor i den første koordinationssfære og en base i 

den anden koordinationssfære. Carboxylat donoren forårsager et betydelig mindre FeII/FeIII 

reduktionspotentiale for [Fe(tpena)]2+ sammenlignet med de mange non-hæm jern komplekser 

uden denne funktionelle gruppe rapporteret de sidste tre årtier. En konsekvens deraf er 

stabilisering af et jern(III) oxidationstrin til forskel fra et jern(II) oxidationstrin, som herved 

skaber en katalysator med en bemærkelsesværdig mangfoldighed: reaktiviteten kontrolleres af 

den valgte terminale oxidant, hvilket gør det muligt at skifte mellem paradigmerne af HAT- og 

OAT-baserede oxidationer.   

Reaktiviteten af jern-tpena systemet tilskrives jern(IV)oxo forbindelsen [FeIVO(Htpena)]2+, som 

dannes via homolytisk kløvning af [FeO-X(tpenaH)]2+. Helt afhørende grunde til en mere 

aggressiv reaktivitet sammenlignet med andre non-hæm jern model komplekser er 

kombinationen af øget labilitet af FeO-X bindingen og større oxyl radikal karakter af 

[FeIVO(Htpena)]2+. Dette giver sig til udtryk i hydrogen, alkyl og acylperoxid disproportionation 

samt større anden ordens reaktionskonstanter i C-H abstraktion og katalytiske udbytter. 

Ulempen ved brugen af peroxider som oxidationsmiddel er dog dannelsen af frie og 

promiskuøse radikaler, X•, som dannes samtidig med [FeIVO(Htpena)]2+. Radikalerne kan også 

virke som oxidanter, og som konsekvens vil selektiviteten i oxidation af substrater sænkes og 

ligand-nedbrydning kan forekomme, hvis ikke det rette eksperimentelle design er blevet 

benyttet. Tab i selektivitet kan dog blive forhindret ved at generere jern(IV)oxo forbindelsen 
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direkte med en en-elektron acceptor fra dens jern(III) forgænger. I serien af ethylenediamin-

baserede jern(IV)oxo forbindelser er [FeIVO(Htpena)]2+ og [FeIVO(HtpenO)]2+ overlegne i hhv. 

oxidation af C-H (både vandige og organiske opløsninger) og O-H bindinger.  

Modsat brugen af peroxider, observeres der ingen radikale kemi, når oxidanten PhIO benyttes. 

Selektive og katalytiske oxidationer er derimod demonstreret, hvilket tyder på en OAT 

mekanisme katalyseret af en metal-baseret oxidant f.eks. den detekterbare [FeIII(OIPh)(tpena)]2+, 

{[FeIII(OIPh)(tpena)]}2
4+ eller en ikke detekterbar jern(V)oxo forbindelse genereret via heterolytisk 

kløvning af O-I bindingen. Halogen binding og forskellighederne af FeIIIO-X bindingen for PhIO 

sammenlignet med peroxiderne tilordnes en helt afgørende betydning for observationen af de 

forskellige reaktionsmønstre (OAT vs. HAT).  

[Fe(tpena)]2+ gennemgår under ambiente forhold irreversibel, lys-induceret O2-afhængig N-

deglycinering under dannelse af et jern(II) kompleks. Denne proces inkluderer et masse tab 

svarende til en glycyl gruppe. Fortløbende C-C og C-N kløvninger er dokumenteret ved 

kvantitative målinger samtidig med sekventiel produktion af hhv. CO2 og formaldehyd. 

Tidsafhængig spektroskopi har muliggjort spektroskopisk karakterisering af to jern-baserede 

intermediater på reaktionsvejen til nedbrydningsproduktet.  
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Samenvatting 
 

Het werk gepresenteerd in dit proefschrift richt zich primair op de activatie van terminale 

oxidanten (PhIO, NMO, H2O2, tBuOOH, cumylOOH, m-CPBA, ClO-) in organische oplossingen en in 

water door het mononucleaire niet-heem ijzer complex [Fe(tpena)]2+ (tpena = N,N,N’-tris(2-

pyridylmethyl)ethylene diamine-N’-acetate), bijvoorbeeld voor de detectie en karakterizatie van 

kortlevende op [Fe(tpena)]2+ gebaseerde oxidanten (Schema C) zowel als de verheldering van 

mechanismen en patronen in reactiviteit die belangrijk zijn voor gebruik in katalytische oxidaties. 

 

Schema C. Versimpeld schematisch overzicht van de reactiviteit van het ijzercomplex dat centraal staat in dit 

proefschrift. Veranderingen in de oxidant (XO- or PhIO) en/of het ligand (L) rond het ijzer-centrum in niet-heem ijzer 

complexen beïnvloeden de formatie van mogelijke op ijzer gebaseerde oxidanten, en daarmee de katalytische functie. 

X = OH, OtBu, Ocumyl, m-CBA, Cl, NM(O). L = op ethyleendiamine gebaseerde ligand (R = CH3 (metpen), CH2CH3 

(ettpen), CH2C6H5 (bztpen), CH2C6H4N (tpen), CH2CH2OH (tpenOH) and CH2COOH (tpenaH)).  

[Fe(tpena)]2+ is een bloedeigen biomimetisch systeem voor ijzer niet-heem O2 activerende 

enzymen dankzij de aanwezigheid van een carboxylaat donor in de eerste coördinatiesfeer en 

een tweede coördinatiesfeer base. De carboxylaat donor brengt een significant lager FeII/FeIII 

reductiepotentiaal teweeg voor [Fe(tpena)]2+ vergeleken met de meeste niet-heem ijzer 

complexen van de afgelopen tientallen jaren zonder deze functionele groep. Hierdoor is een 

ijzer(III) ruststaat in plaats van een ijzer(II) ruststaat gestabiliseerd, wat een katalytisch systeem 

met uitzonderlijke eigenschappen creëert: de reactiviteit is beïnvloed door de keuze van 

terminale oxidant en kan verwisseld worden tussen het paradigma van HAT- en OAT-bemiddelde 

oxidaties. 

De HAT-bemiddelde reactiviteit van het ijzer-tpena systeem is toegeschreven aan het 

ijzer(IV)oxo soort [FeIVO(Htpena)]2+ dat ontstaat onder homolytische dissociatie van de bond in 

[FeO-X(tpenaH)]2+. De combinatie van verlaagde stabiliteit van de FeO-X bond en het verhoogde 

radicaal-karakter van het oxyl van [FeIVO(Htpena)]2+ is geïdentificeerd als de primaire reden voor 

een versterkte reactiviteit in vergelijking tot de andere niet-heem complexen, wat is 

gedemonstreerd met snelle waterstof, alkyl en acylperoxide disproportionering, hogere 

tweedegraads constanten in C-H abstractie en grotere katalytische opbrengsten. Het nadeel van 

het gebruik van peroxiden is dat vrije radicalen, X•, vervolgens naast [FeIVO(Htpena)]2+ 

gegenereerd worden. De radicalen kunnen ook als oxidanten fungeren, en verlagen daarmee de 

selectiviteit van de oxidaties op de substraten en veroorzaken tevens degradatie van de 
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liganden, wanneer de experimentele condities hier niet op zijn aangepast. Het verlies in 

selectiviteit kan echter vermeden worden door het direct creëren van het ijzer(IV)oxo soort van 

zijn ijzer(III) voorganger met een één elektron acceptor in water. Binnen de series van de op 

ethyleendiamine gebaseerde ijzer(IV)oxo soorten vertonen [FeIVO(Htpena)]2+ en 

[FeIVO(HtpenO)]2+ inderdaad verbeterde oxidatie van respectievelijk C-H bonden (zowel in water 

als in organische oplosmiddelen) en O-H bonden. 

In tegenstelling tot bij het gebruik van peroxide is radicaal-chemie niet geobserveerd wanneer 

de oxidant PhIO is gebruikt. In plaats daarvan wordt selectieve en katalytische oxygenatie 

waargenomen, wat suggereert dat een OAT-mechanisme wordt gekatalyseerd door een op 

metaal gebaseerde oxidant, namelijk de geobserveerde [FeIII(OIPh)(tpena)]2+, 

{[FeIII(OIPh)(tpena)]}2
4+ of het niet geobserveerde ijzer(IV)oxo soort dat gecreëerd wordt door 

heterolytische O-I bond dissociatie. Halogeen binding en de afwijkende aard van de FeIIIO-X bond 

voor PhIO vergeleken met peroxides worden geacht een centrale rol te spelen in de observaties 

van afwijkende reactiviteit (OAT versus HAT). 

[Fe(tpena)]2+ ondergaat onomkeerbare, licht-gestimuleerde O2-afhankelijke N-deglycinatie om 

een ijzer(III) complex te genereren onder atmosferische omstandigheden. De verandering omvat 

een verlies in massa equivalent aan de glycyl groep, wat betekent dat successieve C-C en C-N 

dissociaties voorvallen, verder ondersteund door de kwantitatieve detectie van respectievelijk 

de daaruit volgende productie van CO2 en formaldehyde. Tijd-afhankelijke spectroscopie maakte 

bovendien de spectroscopische karakterizatie van twee op ijzer gebaseerde kortlevende 

intermediaire soorten mogelijk tijdens het reactieverloop. 
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Chapter 1 

Activation of Oxidants by Mononuclear Non-Heme Iron 

Complexes and Their Decay to High-Valent Iron-Oxo 

Species - What is the Active Species in Substrate Oxidation?  
 

Control of catalytic oxidation reactions is difficult to achieve because of the formation of 

undesirable by-products and catalyst degradation, hence development of efficient, cheap and 

sustainable regio- and stereoselective oxidation catalysts is a highly desirable goal. In Nature 

transition metals in the active site of enzymes create a unique chemical environment making 

activation of dioxygen for the use of selective catalytic substrate oxidation possible. A 

fundamental chemical understanding of the short-lived metal-based oxidants of the key steps in 

the oxidation processes is important for the development of new greener oxidation catalysts. 

Molecular iron model complexes mimicking this bioreactivity have shown to be a central 

approach in the strategy of catalyst design. 

 

1.1 Inspiration from Nature  

In Nature the activation of dioxygen, O2, is achieved using non-heme iron-dependent enzymes 

leading to the incorporation of the oxygen atoms into a wide variety of substrates during 

metabolism. The coordination environment around the iron centre in the active site determines 

the reactivity and selectivity of such enzymes, and minor variations in the environment can 

induce large differences in reactivity and properties, e.g. switching of reactivity from reversible 

binding of dioxygen in hemerythrin to activation of dioxygen and subsequent catalytic oxidation 

by the structurally related enzymes methane monooxygenase and ribonucleotide reductase 

(Figure 1).[1]   

 

Figure 1. Illustration of the structurally related active sites of the three non-heme iron enzymes hemerythrin,[2] 
ribonucleotide reductase[3] and methane monooxygenase[4]. 

Mechanistic insights into substrate oxidation with O2 in non-heme iron enzymes reveal that the 

reaction is generally initiated by binding of the substrate to the active site of the enzyme in its 

1
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iron(II) resting state. The low oxidation state of the iron centre in its high-spin state (S = 2) 

favours the coordination of O2 and the subsequent generation of an iron(III)-superoxide, which 

either is the direct oxidant or serves as precursor of a variety of reactive iron-oxygen species 

such as hydroperoxo, peroxo and high-valent oxo species.[5] The formation of these species 

proceeds through a number of pathways as illustrated in Figure 2.   

 

Figure 2. Simplified mechanisms for the activation of oxygen by non-heme iron enzymes. The substrate or/and the co-

factors act as the electron-, proton- or hydride-donor a) activation of O2 b) activation of O2 combined with an one-

electron reduction c) one-electron reduction d) protonation e) abstraction of a hydrogen atom f) one-electron 

reduction g) heterolytic cleavage h) homolytic cleavage i) heterolytic cleavage j) one electron reduction. 

A common and conserved motif found in the active site of the O2 activating dioxygenases and 

oxidases is that of two histidines and one carboxylate residue positioned on one face of the iron 

coordination sphere with the latter originating from either an aspartate or a glutamate residue. 

The opposite face is usually occupied by solvent ligands that can exchange with substrates, co-

substrates and O2 (Figure 3). This hereby ensures that the iron centre is not saturated and has 

the possibility to participate in a wide range of oxidations in the metabolism.[6,7]  

 

Figure 3. Illustration of the conserved binding motif found in many O2 activating iron non-heme enzymes consisting of 

two histidines and a carboxylate based amino acid (left), and its subsequent activation of O2 in α-ketoglutarate (α-KG) 

dependent dioxygenases[8] and extradiol dioxygenases[9] to generate iron oxygen species reactive towards substrate 

oxidation. R-H: substrate, B: base. 
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Extradiol dioxygenases and α-ketoglutarate dependent dioxygenases are examples of oxygen 

activating non-heme iron enzymes with a 2-histidine-1-carboxylate motif in their active site. 

They are believed to work through distinct mechanisms (Figure 3). The proposed mechanism for 

the α-ketoglutarate dependent dioxygenases involves the formation of an iron(III)-superoxide 

that can attack the co-factor α-ketoglutarate to release CO2 and generate an iron(IV)oxo species 

which thereafter oxidizes the substrate.[8] The proposed mechanism for the extradiol 

dioxygenases is also thought to proceed through an iron(III)-superoxide species that then 

subsequently generates an iron(II)-alkylperoxo species by attacking the substrate.  The iron(II)-

alkylperoxo undergoes homolytic O-O cleavage resulting in product oxidation.[9] Typically, a 

combination of spectroscopic and crystallographic characterization of trapped intermediates in 

the catalytic cycles are used in tandem with DFT calculations to gain insight into the most 

probable mechanisms.[10,11] The iron(IV)oxo species (S = 2) generated by α-ketoglutarate 

dependent dioxygenases has for instance been experimentally detected with time-resolved 

UV/vis absorption (λmax 318 nm), Raman (νFe=O 821 cm-1), Mössbauer (δ = 0.31 mm s-1, EQ = -0.88 

mm s-1), and XAS (Fe-O 1.62 Å) spectroscopy,[8,12–14] but experimental evidence for the nature of 

the oxygen activating species, i.e. the precursor of the iron(IV)oxo species remains elusive. DFT 

calculations suggest that this species is best described as an iron(III)-superoxo species,[15]  but 

the oxygen activated species could also be an iron(IV)-peroxide or an iron(II)-dioxygen species.[12] 

The proposed iron(III)-superoxide in the extradiol dioxygenase pathway has been characterized 

with EPR and Mössbauer (δ = 0.50 mm s-1, EQ = 0.33 mm s-1) spectroscopy in a mutated version 

of the enzyme in which the reaction is slowed down, thereby making it possible to characterize 

the high-spin (S = 5/2) iron(III) which is antiferromagnetically coupled to an S = ½ radical 

originating from an iron(III)-superoxide species (S = 2).[16] Radical-trap experiments combined 

with XAS spectroscopy have further provided indications for the presence of a semiquinone 

intermediate formed upon decay of the iron(III)-superoxide species to a side-on iron(II)-

superoxide species.[17,18] Ultimately Kovalena and Lipscomb have successfully trapped and 

structurally characterized this intermediate (Fe-O 2.4 Å and O-O 1.34 Å) as well as the iron(II)-

alkylperoxo intermediate (Fe-O 2.1 Å and O-O 1.5 Å) with X-ray crystallography.[19]   

In 1966 it was discovered that bleomycins (BLMs) – a family of natural glycopeptide antibiotics – 

can cleave DNA in the presence of iron and oxygen,[20] which lead to the use of the iron-BLM 

complex in cancer treatment.[21] EPR and Mössbauer spectroscopy of the activated iron-BLM 

complex suggest that an iron(III) low-spin species (S = ½; g = 2.26, 2.17, 1.94, Figure 4) is 

formed,[22,23] and with the use of electrospray mass spectrometry it was possible to trap the 

activated species which exhibits a m/z value consistent with that of a BLM iron(III) hydroperoxo 

                                 

Figure 4. Proposed structure of the active BLM iron(III) hydroperoxo species.[24] 
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species. Moreover tandem mass spectrometry has been used to show an ion consistent with the 

loss of a •OH radical from the bound hydroperoxide moiety suggesting that the O-O bond is labile 

and can undergo homolytic cleavage.[25] Spin-trap experiments have further confirmed the 

generation of both •OH and O2
•- radicals when iron(II)-BLM reacts with O2.

[26] The activated 

species can also be formed directly from the iron(III) complex of BLM and H2O2.
[27]. Despite the 

evidence that cleavage of the FeO-OH bond is likely, a high-valent BLM-Fe=O species has not 

been detected in the reaction with DNA. Theoretical calculations suggest that the low-spin BLM-

FeIIIOOH complex is in fact the direct oxidant.[28] To date, a crystal structure of the iron-based 

complex has not been reported, but the structural characterization of the BLM-CoIII-OOH reveals 

an octahedral coordination geometry.[29] 50 years after the discovery of the activity of BLMs, the 

spectroscopic parameters obtained for the activated species are now in fact known to be 

characteristic for low spin FeIII-OOH species. This knowledge is obtained from the extensive work 

on mononuclear non-heme iron model complexes, vide infra.  

The discovery of the active species of the iron-BLM complex in combination with the use of iron 

model complexes to mimic the reactivity of the non-heme oxygen activating iron enzymes have 

generated great interest in understanding these systems. The essential challenge in iron 

catalyzed oxidation chemistry is to match the function of the enzymes to achieve the same 

tunability and control of selectivity to develop useful and efficient catalysts for a wide range of 

oxidations including epoxidations, hydroxylations and desaturations. Rational ligand design is a 

key element, which requires mechanistic insight into the reactivity of existing catalysts and 

enzymatic reaction pathways. A common approach to mimic enzyme reactivity is to employ 

terminal oxidants such as the hypervalent iodine compound iodosylbenzene (PhIO), hydrogen 

peroxide (H2O2), alkyl peroxides e.g. tert-butyl (tBuOOH) or cumene hydroperoxide (cumylOOH), 

peracids e.g. meta-chloroperoxy benzoic acid (m-CPBA) and peracetic acid (AcOOH), bleach 

(NaOCl) or even superoxide (e.g. KO2). This allows generation and characterization of well-

defined metal-peroxo, metal-superoxo or high-valent metal-oxo species similar to those 

generated in the oxygen activating enzymes (Figure 2 and Figure 3). The nature of the ligand 

dictates the ligand field splitting of the d-orbitals of the iron centre and together with the nature 

of the oxidant, they determine the reactivity of the complex and whether a homolytic or 

heterolytic cleavage can/will occur or if solely a FeIIIOX species is formed (Figure 5a). Hereafter 

the oxidation of a substrate catalysed by one of these iron-based oxidants can e.g. proceed 

through hydrogen atom transfer (HAT), where a hydrogen atom is abstracted from the substrate 

to the iron oxygen species in a concerted one electron process or through a oxygen atom 

transfer (OAT) where the oxygen atom from e.g. a high valent iron-oxo species is transferred to 

the substrate in a concerted two electron process (Figure 5b).  

 

Figure 5. (a) Simplified mechanism for activation of oxidants by non-heme iron complexes. Depending on the ligand 

(L) and oxidants, all or only some of the intermediates can be formed. X e.g. HO, tBuO, cumylO, Ac or Cl (b) Illustration 

of a HAT and an OAT pathway. 
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Elucidation of factors influencing the reactivity and selectivity of e.g. iron(IV)oxo and iron(V)oxo 

species in model systems can furnish mechanistic insight into the understanding of enzymatic 

activity and provide important knowledge in the development of oxidation catalysts. In this 

chapter, activation of mononuclear non-heme iron complexes by various oxidants is reviewed. 

The spectroscopic detection of the iron oxygen species formed and the establishment of their 

reactivity and role in catalytic oxidation reactions will be in focus.  

 

1.2 Mononuclear Non-Heme Systems 

In the wake of the determination of the activated bleomycin species, Ohno and co-workers 

initiated synthetic studies on model compounds for the metal binding site of bleomycin to 

understand the mode of action.[24,30–32] Their first synthetic analogue, PYML-1, could activate 

oxygen in the presence of iron. The activity was evaluated based on the relative spin 

concentration of the formed hydroxyl radicals in spin trap experiments, which showed only 18 % 

formation compared to that observed for the iron(II)-BLM complex. PYML-1 displayed the 

minimum structural similarity (Figure 6) to BLM (Figure 4) required for metal binding and oxygen 

activation, and by exploring electronic and steric factors of the design of the ligand, the 

analogues PYML-4 and PYML-6 introducted a tert-butyl group to form a hydrophopic binding 

pocket for dioxygen. The iron(III) complex of PYML-4 showed improvement in the activation of 

oxygen to up to 71 % of that of the iron(II)-BLM complex and the iron(III) complex of PYML-6 a 

promising 97 %. For both species it was possible to obtain EPR parameters (Table 1) of the 

oxygenated iron species similar to those of the activated iron-BLM species, hence achieving the 

first characterization of synthetic iron(III)-hydroperoxo compounds.  

 

Figure 6. Selected examples of supporting ligands for non-heme iron complexes.  
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Table 1. Spectroscopic and structural parameters of a selection of end-on low-spin iron(III)peroxides. 

Complex 
λmax 

[nm] 
g-values 

νFe-O 

[cm-1] 
νO-O 

[cm-1] 
δ 

[mm s-1] 
ΔEQ 

[mm s-1] 
Fe-O 
[Å] 

Ref. 

[FeIII(OOH)BLM]2+  2.25, 2.17, 1.94   0.16 -2.96  [22,23] 
[FeIII(OOH)(PYML-4)]n+  2.24, 2.17, 1.98      [30] 
[FeIII(OOH)(PYML-6)]n+  2.24, 2.17, 1.98      [31] 

[FeIII(OOH)(N4Py)]2+ 530 2.17, 2.12, 1.98 632 790 0.17 -1.6 1.76 [33–35] 
[FeIII(OOH)(TPA)]2+ 538 2.19, 2.14, 1.98 626 789    [34,36] 
[FeIII(OOH)(tpen)]2+ 541 2.22, 2.15, 1.97 617 796    [37] 
[FeIII(OOH)(trispicen)]2+ 531 2.19, 2.14, 1.96 625 801    [37] 
[FeIII(OOH)(metpen)]2+ 537 2.19, 2.12, 1.95 617 796 0.19 -2.01  [37,38] 

[FeIII(OOH)(bztpen)]2+ 542 2.20, 2.16, 1,96   0.17 -2.07  [39,40] 
[FeIII(OOH)(Htpena)]2+ 520 2.21, 2.15, 1.96 613 788 0.21 2.08  [41] 
[FeIII(OOH)(TACNPy2)]2+ 520 2.17, 2.12, 1.98 639 781    [35] 
[FeIII(OOtBu)(bpy)2(BzOH)]2+ 640 2.18, 2.12, 1.98 678 808    [42] 
[FeIII(OOcumyl)(bpy)2(BzOH)]2+ 627  696 805    [42] 
[FeIII(OOtBu)(TPA)(MeCN)]2+ 598 2.19, 2.14, 1.98 696 796    [43,44] 
[FeIII(OOtBu)(TPA)(acetone)]2+ 560  693 788    [45] 
[FeIII(OOtBu)(6-MeTPA)(MeCN)]2+ 598 2.20, 2.12, 1.97 682 790    [44] 
[FeIII(OOtBu)(β-BPMCN)(MeCN)]2+ 600 2.20, 2.14, 1.97 685 793    [46] 
[FeIII(OOtBu)(β-BPMCN)(tBuOOH)]2+ 566 2.21, 2.17, 1.97 680 789    [46] 
[FeIII(OOtBu)([15]aneN4)(SAr)]+ 526 2.19, 1.97 611 803    [47] 

 

The work of Ohno and co-workers stimulated the development of non-heme ligands to obtain 

new complexes for oxygen activation and to mimic the reactivity of the active site of non-heme 

iron enzymes.[48,49] Extensive studies of both hydro- and alkylperoxo non-heme complexes have 

complemented their work during the past 30 years. Most of these ligands are based on four or 

five donor atoms to avoid saturation of the coordination sphere of the iron centre. However, 

ligands with six donor atoms have also been developed, and for these one of the donors has the 

possibility of decoordination to enable the activation of an oxidant. A major interest has been in 

polypyridyl amine ligands with solely nitrogen donors, not least the families of N4Py,[33] TPA,[50,51] 

Rtpen[37,38,50], TMC[52] and BPMEN[53] (Figure 6), but also ligands with oxygen[54–58] and sulphur[59] 

donors have also been employed. The structure of the supporting ligand, and hence the 

coordination environment around the iron centre, determines the electronic properties and the 

reactivity of the hydroperoxo- and alkylperoxo iron(III) species. Minor structural changes can 

affect these properties dramatically, e.g., change the spin state of the iron complex. This effect is 

demonstrated by the work of Goldberg and co-workers on the low-spin species 

[FeIII([15]aneN4)(SAr)(OOtBu)]+ (S = ½) and the high-spin sister complex 

[FeIII(Me4[15]aneN4)(SPh)(OOtBu)]+ (S = 5/2): the alkylation of the secondary amines in the 

macrocycle [15]aneN4 to achieve tertiary amines resulted in weaker donor properties of the 

ligand and allowed access to a high-spin species.[60] Additional systematic studies on a series of 

[FeIII([15]aneN4)(S-thiolate)(OOR)]+ complexes (R = tBu, cumyl) showed a clear correlation 

between an increase in the electron-donating ability of the thiolate ligand and a reduction in the 

Fe-O stretching frequency, but the tuning of the thiolate donor was in this case not enough to 

cause a change the spin state.[47]  

 

1.3 Generation of Mononuclear Iron(III) Peroxo Species  

The first spectroscopic evidence of a mononuclear non-heme iron peroxo species was reported  

by Que and co-workers in 1993 on an alkylperoxo species, which was prepared by the addition 
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of either tBuOOH or cumylOOH to [Fe(TLA)(OBz)]ClO4 causing a colour-change from yellow to 

purple with λmax at 510 nm and 506 nm, respectively.[61] Both of the new chromophores 

generated exhibited a high-spin EPR signal at g = 4.3 (S = 5/2), and rRaman spectroscopy showed 

isotope sensitive bands assigned to the Fe-O and O-O modes at 648/650 cm-1 and 844/832 cm-1, 

respectively. Just a few years later in 1995 and within a few months of each other, the groups of 

Que[33] and McKenzie[38] independently published the first characterization of a non-heme iron 

hydroperoxo species namely [FeIII(OOH)(N4Py)]2+ and [FeIII(OOH)(metpen)]2+, respectively.  Both 

species are prepared from their iron(II) precursor (either [FeII(N4Py)(MeCN)](ClO4)2 or 

[Fe(metpen)(Cl)]PF6•H2O) with addition of hydrogen peroxide to generate a  purple low-spin 

iron(III) species (S = ½) with an absorption band at 530 nm or 537 nm and g-values of 2.17, 2.12, 

1.98 or 2.18, 2.14, 1.93, respectively. Both groups reported that a pre-oxidation of the iron(II) 

resting state to an iron(III) oxidation state had to occur before the iron(III) peroxo species was 

formed.  

Table 2. Spectroscopic parameters of a selection of high-spin end-on iron(III)peroxides. 

Complex 
λmax 

[nm] 
geff νFe-O  

[cm-1] 
νO-O 

[cm-1] 
δ 

[mm s-1] 
ΔEQ  

[mm s-1] 
Fe-O 
[Å] 

Ref 

[FeIII(tBuOOH)(TLA)]+ 510 4.3 648 844    [61] 
[FeIII(cumylOOH)(TLA)]+ 506 4.3 650 832    [61] 
[FeIII(OOH)(TMC)]2+ 500a 

526b 

8.00, 5.71, 3.4 
6.8, 5.2, 1. 96 

676 
658 

870 
868 

0.51 
 

0.2 
 

1.92 
1.85 

[62] 
[63] 

[FeIII(6-Me3TPA)(OHx)(OOtBu)]x+ 560 4.3 637 860    [44,64] 
[FeIII(Me4[15]aneN4)(SPh)(OOtBu)]+ 584 9.6, 8.2,  

5.6, 4.3 
650 872    [60] 

[FeIII(H2bppa)(OOH)]2+ 568 7.54, 5.78, 
4.25 

621 830    [65] 

[FeIII(H2bppa)(OOtBu)]2+ 613 7.58, 5.81, 
4.25, 1.82 

629 873    [66] 

[FeIII(H2bppa)(OOCumyl)]2+ 585 7.76, 5.65, 
4.20, 1.78 

639 878    [66] 

a Solvent: acetone:CF3CH2OH (3:1) b Solvent: MeCN 

In the years following these first reports several additional examples of both high and low-spin 

FeIIIOOR (R = H, tBu, cumyl) species were reported (Table 1 and Table 2). The pink/purple colour 

has now been established as a common feature of non-heme iron hydro- and alkylperoxo 

species with λmax in the range of 500-600 nm. The low-spin species display highly characteristic 

EPR spectra with g-values within the narrow range of g1 = 2.13-2.26, g2 = 2.11 – 2.18 and g3 = 

1.94-1.98.[67] Both low and high spin species have been reported, and the different spin states of 

the FeIIIOOR (R = H, tBu, cumyl) species show different frequencies for the O-O stretching mode. 

Low-spin FeIIIOOR species (S = ½) typically show O-O bond modes in the range of 780-810 cm-1 

(Table 1) whereas the O-O bond modes for their high-spin (S = 5/2) analogues are found at 

higher wavenumbers typically in the range of 830-880 cm-1 (Table 2). Combined spectroscopic 

studies and theoretical calculations on [Fe(TPA)(OHx)(OOtBu)]x+ (x = 1 or 2, S = ½) and [Fe(6-

Me3TPA)-(OHx)(OOtBu)]x+ (x = 1 or 2 ; S = 5/2) performed by the groups of Solomon and Que have 

shown that whereas low-spin hydroperoxo- and alkylperoxo iron(III) complexes exhibit relatively 

strong Fe-O bonds and weak O-O bonds, the high-spin iron(III) hydro- and alkylperoxo complexes 

in contrast exhibit weak Fe-O bonds and strong O-O bonds.[64,68]  These predictions are indeed in 

agreement with the experimental observations on the differences in O-O bond strengths. 

Additionally, as a consequence of the different bond strengths, calculations have predicted that 

the low-spin species are nicely setup for homolysis of the O-O bond, whereas this is not possible 
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for the high-spin species due to a high energy barrier for O-O cleavage. Instead Fe-O heterolysis 

is a possible decay pathway for the high-spin compounds. Even though the calculations predict a 

difference in frequencies in the Fe-O stretching mode related to spin state, it has not been 

possible to observe this correlation in the experimental data (Table 1 and Table 2), as was 

otherwise the case for the O-O mode. The Fe-O stretching modes for both spin states are 

observed in the range of 610-700 cm-1. 

To date neither an iron mononuclear hydro- or alkylperoxo iron complex has been structurally 

characterized by X-ray diffraction, but a high-spin peroxocarbonate iron(III) complex (S = 5/2), 

[Fe(qn)2(O2C(O)O)](PPh4) – formed upon the addition of H2O2 to the iron precursor in the 

presence of CO2 – has been reported by the group of Kitagawa (Figure 7a).
[69] rRaman 

spectroscopy on samples prepared with H2
18O2 and 13CO2 showed isotope sensitive bands 

confirming the origin of the peroxocarbonate ligand. Moreover Nam and co-workers have 

reported the crystal structure of the mononuclear side-on iron(III)peroxo complex 

[FeIII(OO)(TMC)](ClO4),[63] (Figure 7b) and the iron(III)superoxo complex [FeIII(OO)(TAML)][K(2.2.2-

cryptand)(CH3CN)][K(2.2.2-cryptand)]3
[70]. [FeIII(OO)(TMC)]+ was generated from [FeII(TMC)(OTf)2] 

by addition of H2O2 under basic conditions, whereas [FeIII(OO)(TAML)]2- was generated with the 

oxidant KO2. More recently Ogo and co-workers added another crystal structure to the 

collection: a side-on iron(IV)peroxo complex produced directly with O2 as the oxidant.[71]    

 

 

(a) (b) 
 

Figure 7. Illustration of (a) the anion [Fe(qn)2(O2C(O)O)]- and (b) the cation [FeIII(OO)(TMC)]+. CCDC reference codes 

are AFISUD and HAJSIW, respectively. 

The cleavage of the O-O bond in the mononuclear iron peroxides in either a homo- or heterolytic 

fashion to elucidate high-valent iron-oxo species has been believed to take place long before any 

spectroscopic evidence was obtained for such a behaviour. In the beginning of the 1990’s Que 

and co-workers carried out a series of oxidations using the complexes [Fe(TPA)X2](ClO4) (X = Cl, 

Br, N3) with cyclohexane as substrate and either tBuOOH or m-CPBA to gain mechanistic insight 

into the reactivity of mononuclear iron complexes.[51,72,73] They reported that [Fe(TPA)X2](ClO4) 

could catalyse the oxidation of cyclohexane affording cyclohexanol, cyclohexanone and (tert-

butylperoxy)cyclohexane as well as either of chloro-, bromo- or azidocyclohexane, respectively. 

Substitution of cyclohexane with cyclohexane-d12 showed significant kinetic isotope effects 

indicating that the breakage of the C-H bond was involved in a rate determining step, e.g., to 

form alkyl radicals. These radicals seem to be trapped immediately since bicyclohexyl was not 

detected. Addition of dimethyl sulfide to the reaction mixture as a competing substrate led to 
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the product dimethyl sulfoxide, but none of the oxygenated cyclohexane products were 

detected, hence the authors concluded that the reactive iron-based oxidant was effectively 

trapped by the dimethyl sulphide. Based on these observations Que and co-workers proposed 

that that the oxidative functionalization reactions of cyclohexane were due to metal-centred 

reactions. Simultaneously Que and co-workers[74]  also investigated H2O2 activation by the 

complex [Fe2O(TPA)](ClO4)4; the addition of H2O2 caused the formation of a green species (λmax 

614 nm) which was also capable of hydroxylating cyclohexane. Mössbauer spectroscopy showed 

that the green species corresponded to a higher oxidation state compared to the iron(III) starting 

material and was therefore assigned to an iron(IV) species. A precursor iron hydroperoxo species 

was not detected. In 2000 Talsi and co-workers reported a study on the stability and reactivity of 

the low-spin peroxo complexes [Fe(bpy)2(OOH)Py](NO3)2
 and [Fe(bpy)2(OOtBu)(MeCN)](NO3)2 

which showed that the iron alkylperoxo species was far less stable compared to the iron 

hydroperoxo species.[75]  Additionally, the rate of self-decomposition of the hydroperoxides 

compared to the alkylperoxides was influenced to a much larger degree, when the sixth ligand 

was replaced with donors of increasing basicity (the push effect). A high-valent iron-oxo species 

was not detected during the decay, but the radical products HO•, HO2
• and tBuOO• from the 

proposed homolytic cleavage were observed by EPR spectroscopy. Likewise, CID experiments in 

the gas phase with [Fe(OOH)(bztpen)]2+ has been shown to generate iron(IV)oxo species, thus 

confirming the lability of the O-O bond.[39]  

Eventually in 2003 Que and co-workers reported the spectroscopic detection of the proposed 

conversion of an iron(III)-peroxide species to an iron(IV)oxo species through an O-O homolytic 

bond cleavage on the Fe-TPA system with addition of tBuOOH as oxidant.[76] This first report was 

followed with UV/vis absorption and Mössbauer spectroscopy, which showed the same 

spectroscopic parameters (λmax 700 nm, δ = 0.04 mm s-1, EQ = 0.90 mm s-1) as those reported for 

[FeIV(O)(TPA)]2+ generated from the reaction of [Fe(TPA)(MeCN)2]2+ with peracetic acid[77]. 

Compared to the many other catalytic reports on the Fe-TPA systems, where the iron(IV)oxo 

species had not been directly detected, the addition of Lewis bases to the solution accelerated 

the rate of O-O bond cleavage and enhanced the yield of the iron(IV)oxo to detectable levels.  

In 2004, Stubra and co-workers reported that the homolytic cleavage of the blue low spin 

species [Fe(OOtBu)(β-BPMCN)(MeCN)]2+ (λmax 600 nm) in MeCN generates the green species 

[FeIVO(β-BPMCN)(MeCN)]2+ (λmax 753 nm).[46] The decay took place over a period of one hour at -

45 °C. A Fe=O vibrational mode was not detected, but Mössbauer spectroscopy suggested the 

presence of an iron(IV) oxidation state with a spin state of S = 1. Interestingly, if CH2Cl2 was used 

as the solvent rather than MeCN (Figure 8), a similar iron(III)-alkylperoxide complex was 

proposed to form: [Fe(OOtBu)(β-BPMCN)(tBuOOH)]2+ (λmax 566 nm). The decay of this purple 

species afforded a turquoise coloured species (λmax 656, 845 nm) indicating the formation of a 

species distinct from an iron(IV)oxo species, i.e. [FeIVO(β-BPMCN)(MeCN)]2+. This was confirmed 

by EXAFS due to the absence of a short Fe=O bond. The EXAFS data instead indicated the 

presence of one or two longer Fe-O/N bonds. rRaman demonstrated intense bands at 653, 680 

and 687 cm-1. 18O-labelled tBuOOH showed that these bands were isotope sensitive and hence 

they were assigned to vibrations with νFe-O character. Finally, Mössbauer parameters established 

a mononuclear iron(IV) centre with low symmetry which led to the suggestion of the formation 
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of [FeIV(OH)(β-BPMCN)(OOtBu)]2+. With the characterization of this (hydroxo)(peroxo)iron(IV) 

species, yet another species was added to the mononuclear non-heme iron landscape. 

 

Figure 8. Illustration of the homolytic O-O bond cleavage in the two complexes [Fe(OOtBu)(β-BPMCN)(MeCN)]2+ and 

[Fe(OOtBu)(β-BPMCN)(tBuOOH)]2+ to elucidate two distinct iron(IV) species in MeCN and CH2Cl2, respectively.[46] 

Far fewer examples of high-spin iron(III) hydro- and alkylperoxo species (Table 2) than low-spin 

species have been reported in the literature, and despite the predictions made by DFT that 

homolyses of the high-spin species [Fe(6-Me3TPA)-(OHx)(OOtBu)]x+ (x = 1 or 2)[68] are not 

favoured, Que and co-workers reported in 2011 the conversion of another high-spin 

[FeIII(OOH)(TMC)]2+ species into the corresponding iron(IV)oxo species [FeIVO(TMC)(MeCN)]2+ 

through O-O bond cleavage.[62] The conversion was believed to be promoted by a strong Fe-OOH 

bond and the addition of protons. The quantitative conversion to the iron(IV)oxo species was 

suggested to proceed through a heterolytic O-O cleavage mechanism to afford a formally 

iron(V)oxo species, which spontaneously decays to the spectroscopically detectable iron(IV)oxo 

species. A homolytic O-O cleavage mechanism was ruled out due to the absence of hydroxyl 

radicals. Similarly Nam and co-workers reported that addition of thiocyanate to the high-spin 

iron(III) alkylperoxo complexes [FeIII(OOX)(13-TMC)]2+ (X = tBu or cumyl) generated 

[FeIV(O)(NCS)(13-TMC)]2+.[78] The iron(III)-alkylperoxo intermediate with a thiocyanate ion binding 

as an axial ligand was also characterized by various spectroscopic methods. 

 

Figure 9. Deprotonation of a end-on hydroperoxo species generates a side-on peroxo species. Here illustrated by the 
conversion of [Fe(OOH)(bztpen)]2+ (S = ½) to [Fe(OO)(bztpen)]+ (S = 5/2).[40] 
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Treatment of end-on iron(III)-hydroperoxo species with base converts them into side-on iron(III)-

peroxo species (Figure 9). This conversion is associated with a red-shift of the absorbance band 

to 685-780 nm (Table 3). The O-O vibration band is found in a narrow range, 815-830 cm-1, and 

the Fe-O stretching modes are observed between 470 and 500 cm-1, which is significantly lower 

in energy compared to that of the iron(III)-hydroperoxo complexes. The reactivities of the 

iron(III)-hydroperoxo and -peroxo species have been evaluated and compared for e.g. 

[Fe(OOH)(TMC)]2+ and [Fe(OO)(TMC)]+ in aldehyde deformylation reactions (nucleophilic 

character) and in the oxidation reactions of alkylaromatic compounds with weak C-H bonds like 

xanthene and 9,10-dihydroanthracene (electrophilic character).[63] These studies showed that 

[Fe(OOH)(TMC)]2+ has a relatively high reactivity both in the nucleophilic and electrophilic 

oxidation reactions (-40 °C), whereas [Fe(OO)(TMC)]+ did not show any reactivity in any of such 

reactions at - 40 °C. At higher temperatures (15 °C) nucleophilic reactivity was however 

observed. The higher reactivity of the hydroperoxo complex was ascribed to the end-on binding 

mode and this hypothesis was supported by DFT calculations. Likewise DFT calculations suggest 

that the Fe-O bond in [FeIII(OO)(edta)]3- has a relative strong covalent character and 

consequently the O-O bond is hard to activate, which is in agreement with the experimentally 

reported inertness of this side-on peroxo species.[79] 

Table 3. Spectroscopic and structural parameters of side-on iron(III)peroxo species 

Complex 
λmax 

[nm] 
g-values 

νFe-O 

[cm-1] 
νO-O 

[cm-1] 
δ 

[mm s-1] 
ΔEQ 

[mm s-1] 
Fe-O 
[Å] 

Ref. 

[FeIII(OO)(TMC)]+ 782 8.8, 5.9, 4.3 493 826 0.58 -0.92 1.91 [62,63,80] 
[FeIII(OO)(N4Py)]+ 685  495 827 0.61 1.11 1.93 [35] 
[FeIII(OO)(bztpen)]+ 770 7.6, 5.8, 4.5   0.63 1.12  [40] 
[FeIII(OO)(tpen)]+ 755 7.5, 5.9 470 817    [37] 
[FeIII(OO)(metpen)]+ 740 7.5, 5.9, 4.4 470 819 0.64 1.37  [37,81,82] 
[FeIII(OO)(tpenaH)]+ 675 8.8, 5.0, 4.3, 4.2, 3.5 473 815 0.48 1.21  [41] 
[FeIII(OO)(edta)]3- 520  472 824 0.65 0.72  [83,84] 

 

1.4 Generation of Mononuclear Iron(IV)oxo Species 
In contrast to the use of alkyl hydroperoxides, the employment of PhIO, peracids or ClO- in 

combination with an iron precursor complex in an organic solvent such as MeCN, MeOH, CH2Cl2 

or acetone usually leads directly to the detection of the corresponding iron(IV)oxo complex 

without detection of an intermediate LFeIIIOX species (Figure 5a).[85]  

The first characterization of a mononuclear iron(IV)oxo species, [FeIVO(cyclam-acetato)]+, was 

reported in 2000 by Wieghardt and co-workers prepared by ozonolysis of the iron(III) complex 

[Fe(cyclam-acetato)(OTf)]PF6  at -80 °C.
[54] The exposure to O3 caused a colour change from pink 

to green (λmax 676 nm). The conversion was followed by EPR spectroscopy which did not show 

formation of any new EPR signals, however, the spin intensity of the original iron(III) signal was 

attenuated as the formation of the green species took place. Mössbauer analysis of the reaction 

mixture revealed parameters (δ = 0.01 mm s-1, EQ = 1.39 mm s-1) negatively shifted compared 

to the iron(III) starting material indicating an oxidation of the iron centre. Further insights into 

the electronic structure through magnetic Mössbauer spectroscopy allowed assignment of the 

species as an iron(IV)oxo with S = 1. A more thorough structural investigation of the iron(IV)oxo 

species was not possible due to its formation in low yield (23 %).  
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(a) (b) (c) 

Figure 10. Illustration of (a) the cation [FeIVO(TMC)(MeCN)]2+ (b) the cation [FeIVO(N4Py)]2+ and (c) the anion 

[FeIVO(H3buea)]-. The three crystal structures are examples of three different supporting ligands that are all able to 

stabilize the FeIV=O unit: macrocyclic, pentadentate and tetradentate, respectively. Hydrogen atoms are omitted for 

clarity. CCDC reference codes are WUSJOJ, PASREH, and UPICUS, respectively. 

A few years later in 2003, the crystal structure of [FeIVO(TMC)(MeCN)]2+ was reported as the first 

crystallographically characterized non-heme iron(IV)oxo complex (Figure 10a), which hereby 

made it possible to characterize the non-heme iron(IV)oxo chemistry in more depth.[52] The 

green iron(IV)oxo complex was generated from the addition of PhIO to [FeII(TMC)(OTf)2] in 

MeCN at -40 °C (> 90 % yield) and showed a characteristic absorbance at 820 nm. The same 

species could be generated from the addition of H2O2, but the formation took longer (3 h vs. 2 

min). The crystal structure shows an Fe-O distance of 1.646 Å, and reveals that the ligand TMC 

coordinates to the iron metal in the plane perpendicular to the Fe=O axis. A MeCN molecule 

placed trans to the Fe=O moiety completes the octahedral coordination sphere. The Mössbauer 

parameters of [FeIVO(TMC)(MeCN)]2+ (δ = 0.17 mm s-1, EQ = 1.24 mm s-1, S = 1) showed 

similarity with those obtained for [FeIVO(cyclam-acetato)]+, and FTIR spectroscopy showed an 

Fe=O vibrational bond mode at 834 cm-1. In an extension of the study of [FeIVO(TMC)(MeCN)]2+, 

the ligand MeCN was exchanged with a series of anionic donors to yield [FeIVO(TMC)(X)]+ 

complexes (X = HO-, N3
-, CN-, OCN-, SCN-, OTf-).[86,87] EXAFS measurements showed that the 

replacement of the axial ligand does not affect the Fe-O distances of  [FeIVO(TMC)(X)]+ 

complexes noticeably (1.66 ± 0.02 Å), whereas both the NIR absorption spectra, the X-ray 

absorption pre-edge intensities, the quadrupole splitting parameters and the νFe=O frequencies 

all strongly depend on the nature of the axial ligand. These findings contrast with a systematic 

study performed on a series of [FeIVO(TPA)(X)]2+/+ complexes (X = MeCN, OTf-, Cl-, Br-).[88] In this 

case the supporting ligand TPA allows ligand exchange cis to the Fe=O moiety, which has only a 

minor influence on the bond length obtained by EXAFS (1.65 – 1.66 Å), the Mössbauer isomer 

shift (δ = 0.01-0.06 mm s-1), the quadrupole splitting (EQ = 0.92 – 0.95 mm s-1), the Fe K-edge 

energy (~7114.5 eV) and the X-ray absorption pre-edge intensity of the complexes. The NIR 

absorption bands were shifted slightly (724 – 800 nm), but besides that, the substitution of the 

cis ligand compared to the trans ligand does not seem to significantly influence the characteristic 

spectral features of the iron(IV)oxo complexes. The νFe=O frequencies for [FeIVO(TMC)(X)]2+ 

ranged from 814 – 854 cm-1 and lower νFe=O values were obtained for complexes with stronger 

trans donor ligands indicating a weakening of the Fe=O bond.[86] 

Almost two decades after the first reports on mononuclear non-heme iron(IV)oxo species, many 

more examples have now been reported (Table 4), and these have been characterized 

extensively with spectroscopic and structural techniques. Not only macrocyclic and cyclam-

based ligands have been employed, but also more flexible polypyridyl ligands can stabilize the 
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FeIV=O unit. The families of [FeIVO(TPA)(X)]2+/+,[77], [FeIVO(N4Py)]2+ (Figure 10b)[89,90] and  

[FeIVO(Rtpen)]2+, [89–92] are examples of this, and these complexes typically exhibit an octahedral 

geometry around a low-spin iron centre (S = 1). In general examples with an electronic structure 

of S = 2 rather than S = 1 are more rare in the literature.[85] Interestingly, the iron(IV)oxo species 

found in the catalytic cycles in biology are in fact assigned to have a spin state of S = 2.[7] 

Regardless of the spin state, the Fe-O distance seems to be rather fixed at a value of ~1.66 Å. 

The reported values for the Fe=O stretches are in general observed in a range of 810 – 850 cm-1, 

the Mössbauer isomer shifts in the range of 0.01 - 0.20 mm s-1, and typically, the quadrupole 

splitting EQ is much larger for S = 1 complexes than for S = 2. 

Table 4. Spectroscopic and structural parameters on the iron(IV)oxo species formed through the catalytic cycle of α-

ketoglutarate dependent dioxygenases (TauD ´J´) and a selection of reported mononuclear non-heme iron(IV)oxo 

complexes.  

Complex S λmax 
δ 

[mm s-1] 
EQ 

[mm s-1] 
Fe=O 

[Å] 
νFe=O 

[cm-1] 
Ref. 

TauD ´J´ 2 318 0.31 -0.88 1.62 821 [12–14] 
[FeIVO(H2O)5]2+ 2  0.33 0.38 1.62a  [93] 

[FeIVO(TMG3tren)]2+ 2 400, 825 0.09 -0.29  843 [94] 

[FeIVO(H3buea)]- 2 440, 550, 808 0.02 0.43 1.68 798 [95] 

[FeIVO(TPAPh)]- 2 400, 900 0.09 0.51 1.62 850 [96] 

[FeIVO(TMC)(MeCN)]2+ 1 820 0.17 1.24 1.65 834 [52] 

[FeIVO(TMCO)(OTf)]+ 1 585, 848, 992 0.21 1.58 1.64  [58] 

[FeIVO(cyclam-acetato)]+ 1 676 0.01 1.39   [54] 

[FeIVO(TPA)(MeCN)]2+ 1 724 0.01 0.92 1.67  [77] 

[FeIVO(N4Py)]2+ 1 695 -0.04 0.93 1.64 824 [89,97] 

[FeIVO(tpen)]2+ 1 730 0.01 0.87  818 [92] 

[FeIVO(bztpen)]2+ 1 740 0.01 0.87 1.67  [92] 

[FeIVO(tpenaH)]2+ 1 730 0.00 0.90   [98] 

[FeIVO(TAML*)]- 1 435 -0.19 3.95 1.69  [99] 

See reference [85] for an extensive list on iron(IV)oxo species reported before 2013. a Value based on DFT calculations 

rather than experimental data.  

DFT calculations suggest that the iron(IV)oxo species with S = 2 is more reactive than with S = 

1,[100–102] and the fact that the iron(IV)oxo species reported in the catalytic cycles of the enzymes 

are high-spin, made such a complex an obvious goal to reach. Bakac and co-workers were the 

first to achieve this in 2005 with the characterization of [FeIVO(H2O)5]2+,[93] and a few years later 

in 2009 Que and co-workers reported the first example of a mononuclear high-spin iron(IV)oxo 

complex (S = 2): [FeIVO(TMG3tren)]2+.[94] The geometry around the iron centre seems to be the 

key to obtain the high-spin spin configuration (Figure 11). In an octahedral geometry the energy 

gap between dxz/dyz and 𝑑𝑥2−𝑦2  determines the spin state. Hence, weakening of the strength of  

 

                            

Figure 11. Crystal field splitting for an iron metal in octahedral (S = 1) and trigonal bipyramidal ligand fields (S = 2).  
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the equatorial ligand field to compete with the spin-pairing energy is one approach exemplified 

by the [FeIVO(H2O)5]2+ complex. Another approach is to obtain a trigonal bipyramidal geometry, 

where degeneracy of the dxy and 𝑑𝑥2−𝑦2  levels is obtained, hence favouring S = 2. The fact that 

electrons are not added to 𝑑𝑧2  in either of the geometries explains why the Fe-O distance for 

iron(IV)oxo does not change significantly between the two geometries/spin-states.  

With inspiration from the ligand design in the crystallographically characterized trigonal 

bipyramidal iron(III)oxo complex of H3buea reported by Borovik and co-workers[103], Que and co-

workers developed the ligand TMG3tren (Figure 6).[94] Addition of the PhIO derivative 2-(tert-

butylsulfonyl)iodosylbenzene to the iron precursor [FeII(TMG3tren)(OTf)](OTf) generated 

[FeIVO(TMG3tren)]2+, which was extensively characterized with spectroscopy. Mössbauer 

spectroscopy demonstrated that the desired high-spin iron(IV) centre (S = 2) was achieved. It 

was also possible to detect the species [FeIVO(TMG3tren)]2+ (m/z 256.2) and 

[FeIVO(TMG3tren)(OTf)]+  (m/z 661.3) by ESI-MS. To explore and investigate the reactivity of 

[FeIVO(TMG3tren)]2+, oxidation of PPh3, dihydroanthracene and 1,4-cyclohexadiene were 

preformed and compared with the reactivity of the low-spin (S = 1) iron(IV)oxo complexes 

[FeIVO(TMC)(MeCN)]2+ and [FeIVO(N4Py)]2+. In general [FeIVO(TMG3tren)]2+ was shown to be a 

stronger oxidant than [FeIVO(TMC)(MeCN)]2+, but comparable to [FeIVO(N4Py)]2+. Despite 

dihydroanthracene and 1,4-cyclohexadiene having similar C-H bond dissociation energies, 

[FeIVO(TMG3tren)]2+ oxidizes 1,4-cyclohexadiene 13 times faster than dihydroanthracene. This 

behaviour is assigned to a steric hindrance for the bulkier dihydroanthracene to access the Fe=O 

moiety.  

In 2010 Borovik and co-workers converted the trigonal bipyramidal iron(III)oxo complex 

[FeIIIO(H3buea)]2- to the high spin complex [FeIVO(H3buea)]- (S = 2) through a one electron 

oxidation with ferrocenium.[95] The iron(IV)oxo complex was relative stable at -35°C which made 

crystallization of single crystals possible. The structure (Figure 10c) displayed a Fe-O bond 

distance of 1.68 Å, which is 0.2 Å shorter than the distance found in the structure of the 

iron(III)oxo starting material[103] indicating an oxidation. FTIR spectroscopy demonstrated a 

vibrational band at 799 cm-1, and isotopic labelling studies showed the expected shift to 768   

cm-1. Mössbauer spectroscopy (δ = 0.02 mm s-1, EQ = 0.43 mm s-1) agreed with an iron(IV) 

centre in a high-spin configuration, and for the first time parallel-mode X-band EPR spectroscopy 

was used to characterize an iron(IV)oxo complex. The EPR spectrum showed a sharp resonance 

at geff = 8.19 and a broader feature at geff = 4.06. Subsequently, Chang and co-workers have 

characterized the high-spin complex [FeIVO(TPAPh)]- with parallel X-band EPR spectroscopy also 

showing a broad signal with geff = 8.5.[96] As for the [FeIVO(TMG3tren)]2+ system, [FeIVO(TPAPh)]- 

fails to oxidize large substrate due to steric hindrance of the ancillary ligand, but rapid oxidation 

of the smaller phosphine PMe2Ph to produce the phosphine oxide as well as oxidation of 1,4-

cyclohexadiene to produce benzene demonstrate both OAT and HAT behaviour, respectively. In 

a continuation of the work with [FeIVO(H3buea)]- Borovik and co-workers attempted to further 

oxidize the iron(IV)oxo species to reach an iron(V)oxo species. However, they could not 

successfully detect such a species.[104] Instead, a protonated version of the iron(IV)oxo species 

was obtained, and spectroscopy combined with DFT calculations indicated that the protonation 

took place on the ligand. The formation of a FeIV-OH species was therefore rejected.  
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Examination of the 13 single crystal structures on iron(IV)oxo complexes found in the CCDC1 

reveals an average X-Fe-O angle of 177.5°, where X is the donor atom placed trans to the Fe=O 

moiety. In a paper from 2018 Que and co-workers report a crystal structure of an iron(IV)oxo 

complex based on a variant of N4Py, where two of the pyridyl donors have been replaced with 

quinoline donors.[105] The crystal structure shows a distinct X-Fe-O angle of only 170.5°, and the 

Fe-N distances are significantly longer than those observed in the parent [FeIVO(N4Py)]2+ 

complex. Furthermore the second order rate constants in substrate oxidations (both HAT and 

OAT) are larger for this iron(IV)oxo species compared to a series of N4Py-based iron(IV)oxo 

complexes, hence the authors propose that the structural parameters observed in the solid state 

structures reflect the relative electrophilicity of the iron(IV)oxo moieties.  

Despite the increasing number of reports of non-heme mononuclear iron(IV)oxo species 

generated in organic solvents, only a few examples are reported in aqueous solution. Generation 

in aqueous solutions is highly desirable with the aim to develop greener methods for catalysis 

and possibly, for the use in destruction (oxidation) of persistent organic pollutants in 

contaminated water. In that respect the work performed by the group of Collins on the family of 

iron-TAMLs complexes has been a front runner.[106] Initially they reported the formation and 

characterization of a catalytically active diiron(IV)-μ-oxo compound generated from an iron(III) 

precursor and O2 in CH2Cl2,[107] but more recently they have expanded the generation of 

iron(IV)oxo species also to aqueous solutions using tBuOOH, H2O2 or NaOCl as oxidants.[99,108,109] 

pH-dependent experiments revealed that at pH > 10, a mononuclear iron(IV)oxo species can be 

formed in 95% yield (δ = -0.19 mm s-1, ΔEQ = 3.95 mm s-1, S = 1), and at pH < 10 this species is in 

equilibrium with a diiron(IV)-μ-oxo compound. The quadrupole splitting is significantly greater in 

comparison to other low-spin iron(IV) species (Table 4) with this is attributed to the strong donor 

properties of the TAML scaffold.[99]   

In 2012 McKenzie and co-workers reported another example of a mononuclear iron(IV)oxo 

complex observed in water which was based on a hexadentate ligand: [FeIVO(tpenaH)]2+ (λmax 730 

nm).[98] This species was generated from the one electron oxidation of [FeIII(OH)(tpenaH)]2+ with 

CAN, and water (as the solvent) served the purpose of being the oxygen-atom source. 

Mössbauer parameters confirmed the presence of a low-spin iron(IV) centre (δ = 0.00 mm s-1, 

ΔEQ = 0.90 mm s-1, S = 1). Possible protonation of either the oxo group, one of the pyridyl arms 

or the carboxylate arm was investigated by DFT calculation which could reproduce the 

experimental parameters for a structure where one of the pyridyl arms of the ligand is 

protonated and decoordinated, hence favouring the coordination of a cis carboxylate and 

thereby forming a hexa-coordinated iron centre. In 2017 Que and co-workers published the 

crystal structure of [(N4Py)FeIII-O-CeIV(OH2)(NO3)4]+ suggesting inner-sphere oxidation of the iron 

centre by cerium(IV).[110] As an extension of their work with [FeIVO(tpenaH)]2+, McKenzie and co-

workers reported the electrochemical generation of the acid-base congeners [FeIVO(tpenaH)]2+ 

and [FeIVO(tpena)]+ in water over the pH window 2-8 that promoted rapid decomposition of a 

variety of different organic substrates as well as the oxidation of formic acid to carbon dioxide, 

which demonstrated total mineralization of  the organic molecules.[111] Interestingly, although 

slower by up to 107
 times, the relative order of the rate constants of substrate oxidation by 

[FeIVO(tpenaH)]2+ is the same as those reported for the hydroxyl radical. It was therefore 

                                                            
1 Version: ConQuest1.21 (2018) 
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deduced that HAT reactions take place and that the iron(IV)oxo species displays radical character 

i.e. an iron(III) oxyl-type character. Electrochemical regeneration was possible after substrate 

oxidation, and pH-dependent substrate oxidation showed that [FeIVO(tpena)]+ is a more 

aggressive oxidant than [FeIVO(tpenaH)]2+. Additional  photochemical generation of a series of 

iron(IV)oxo species in water was demonstrated in 2015 by Chang and co-workers using 

[Ru(bpy)]2+ as the photosensitizer.[112] These complexes could perform aqueous C-H oxidation 

through either HAT or OAT mechanisms, and by tuning the axial donor of the ligand to the Fe=O 

unit, it was shown that iron(IV)oxo complexes with electron poor ligands exhibited faster rates 

of HAT and OAT compared to their counterparts supported by electron-rich axial ligands.  

 

1.5 The Hunt for a Mononuclear Iron(V)oxo Species  

As was the case for the mononuclear non-heme iron(III)peroxo and iron(IV)oxo intermediates, 

the formation of iron(V)oxo species were inferred prior to the availability of spectroscopic 

evidence[113], e.g., McKenzie and co-workers reported a regiospecific ligand oxidation of two iron 

complexes with the addition of either H2O2 or tBuOOH (Figure 12).[56] It was proposed that the 

oxidation was performed by an iron(V)oxo intermediate generated by heterolytic O-O cleavage. 

The notation of an iron(IV)oxo species was rejected due to the regioselectivity, high yield and 

the fact that no other oxidation products were detected as would have been expected if a 

homolytic O-O cleavage mechanism occurred due to the formation of RO• radicals (Figure 5). 

Likewise, Que and Mas-Ballasté reported selective catalytic olefin epoxidation and ascribed the 

high selectivity to the formation of [FeVO(TPA)(OOCMe)]2+ formed upon O-O heterolysis of the 

spectroscopically detectable FeIIIOOH species.[114] The proposal was supported by DFT 

calculations, and in addition, the iron(IV)oxo species [FeIVO(TPA)(MeCN)]2+ was spectroscopically 

detected in the absence of substrate. Nonetheless, this species could not act as oxidant; hence 

the generation of this iron(IV)oxo species should ideally be limited in order not to compete with 

substrate oxidation by [FeVO(TPA)(OOCMe)]2+.  

 

Figure 12. Regiospecific oxygen atom insertion of the ligand bzbpena proposed to proceed through an undetected 

iron(V)oxo-based oxidant.[56] 

The breakthrough in detection and characterization of an iron(V)oxo species came in 2007, when 

the group of Collins reported spectroscopic evidence for the green species [FeVO(TAML*)]- (λmax 

445, 630 nm).[115] The species was formed upon the decay of an diiron(IV)oxo complex generated 

through addition of excess m-CPBA to the iron(III) precursor in n-butyronitrile. It was possible to 

detect [FeVO(TAML*)]- by ESI-MS (m/z 442.2). Introduction of 18O-labelled water shifted the peak 
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to m/z 444.2. The EPR spectrum exhibited an S = ½ signal with g = 1.99, 1.97, 1.74, and 

consistently, it was possible to simulate the Mössbauer spectrum with the S = ½ spin 

Hamiltonian (δ = -0.42 mm s-1, ΔEQ = 4.25 mm s-1). The Mössbauer isomer shift is significantly 

lowered compared to the reported parameters of [FeIVO(TAML*)]- (δ = -0.19 mm s-1),[99] which is 

expected upon oxidation. Moreover it was possible to reproduce the Mössbauer parameters 

with DFT calculations. Based on EXAFS the Fe-O distance was determined to be 1.58 Å which is 

0.11 Å shorter than that for [FeIVO(TAML*)]-. After this first report on a TAML-based iron(V)oxo 

species, several more iron(V)oxo species were characterized, and catalytic studies from the 

group of Collins revealed the potency of these high-valent iron(V)oxo species as well as their 

iron(IV)oxo analogue in oxidation catalysis.[106,116,117] In a recent study performed by Gupta and 

co-workers, the reactivity of a pair of iron(IV)oxo and iron(V)oxo TAML analogues was compared 

at optimal conditions for each of the two high-valent iron-oxo species. The iron(V)oxo species 

exhibited a second-order rate constant that was 2500-fold greater than that of the 

corresponding iron(IV)oxo species in the oxidation of benzyl alcohol to benzylaldehyde.[118]   

In 2016 Collins and co-workers successfully reported the generation of yet another TAML-based 

iron(IV)oxo and iron(V)oxo pair, however, this time it was formed in water with NaClO as the 

oxidant.[109] The formation of either iron(IV)oxo (pH = 13) or iron(V)oxo (pH = 2) was pH-

dependent, and these species were shown to be interconverted by change in pH. The generation 

of the high-valent iron-oxo species was confirmed by EPR (FeVO: g = 2.02, 1.98, 1.84) and 

Mössbauer spectroscopy (FeIVO: δ = -0.12 mm s-1, ΔEQ
 = 3.35 mm s-1; FeVO: δ = -0.48 mm s-1, ΔEQ

 

= 4.15 mm s-1). The parameters showed close similarity to the previously reported parameters 

(Table 4 and Table 5) for iron(IV)oxo and iron(V)oxo species generated in organic solvents. 

 

Table 5. Spectroscopic and structural parameters of a selection of reported iron(V)oxo species. 

Complex 
λmax 
[nm] 

g-values 
νFe=O 

[cm-1] 
Fe-O 
[Å] 

δ 
[mm s-1] 

ΔEQ 
[mm s-1] 

Ref. 

[FeVO(TAML*)]- 445, 630 1.99, 1.97, 1.74   -0.42 4.25 [115] 
[FeVO(bTAML)]- 441, 613 1.98, 1.94, 1.73 862 1.59 -0.44 4.27 [116,118] 
[FeVO(TAML’)]- 450 2.02, 1.98, 1.84   -0.48 4.15 [109] 

[FeVO(TMC)(NC(OH)CH3)]2+ 425, 600, 750 2.05, 2.01, 1.98 811  0.10 -0.20 [119] 
[FeVO(TMC)(NC(O)CH3)]+ 410, 780 2.05, 2.01, 1.97 798  0.10 -0.50 [119] 
[FeVO(OAc)(PyNMe3)]2+ 490 2.07, 2.01, 1.95     [120,121] 

[(MeO-
PyNMe3)FeV(O)(OC(O)R)]2+ 

520 2.07, 2.01, 1.94 815  -0.08 1.15 [121] 

The different TAMLs are all based on the scaffold of tetraamido macrocyclic ligands (TAML) visualized in Figure 6.   

Talsi and co-workers have reported several catalytic studies on derivative complexes of Fe-TPA 

and Fe-BPMCN using m-CPBA, AcOOH and H2O2 as oxidants in organic solvents, and high 

efficiency and enantioselectivity were reported.[122–124] EPR spectroscopy was used for the 

detection of the active iron-oxygen species which show S = ½ signals with g1 = 2.69-2.71, g2 = 

2.42 and g3 = 1.70-1.53. These parameters are notably different from the reported values on the 

FeVO-TAML complexes (Table 5) and resemble the parameters reported for low-spin 

iron(III)peroxo species (Table 1). In a reinvestigation of the Fe-TPA system with AcOOH, Que and 

co-workers suggested that the EPR parameters are in fact originating from a low-spin iron(III) 

acylperoxo species.[125] Later on, they optimized the reaction conditions, thereby increasing the 

yield of the FeOOAc species allowing for further characterization by UV/vis absorption, rRaman 

and Mössbauer spectroscopy as well as ESI-MS. Kinetic studies revealed that the iron(III) 
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acylperoxo intermediate itself was not the active oxidant; rather it decays to form an unmasked 

oxidant which, based on DFT calculations, was proposed to be an iron(V)oxo species. Likewise, 

the reinvestigation of one of the Fe-BPMCN derivative systems by Shaik and co-workers led to 

the conclusion that a low-spin iron(III) peracetate complex was formed rather than an iron(V)oxo 

species, because DFT calculations revealed that the barrier to undergo O-O bond heterolysis is 

simply too large.[126] Instead an O-O bond homolysis pathway to reach an O=FeIV-AcO• species as 

the active oxidant was suggested.  

In recent years the groups of Münck, Costas and Que have reported the characterization of 

[FeVO(OAc)(PyNMe3)]2+ (λmax 490 nm) generated upon heterolytic O-O cleavage of the 

spectroscopically detectable complex [FeIII(OOAc)(PyNMe3)]2+.[120,121] The EPR parameters of the 

iron(V)oxo species are close to those reported for the Fe(TAMLs) systems (Table 5), but it has 

not been possible to obtain Mössbauer parameters on the species due to the presence of 

numerous iron species in the reaction mixture. To date, [FeVO(OAc)(PyNMe3)]2+ has been shown 

to have the fastest rate in the oxidation of cyclohexane, and oxidation has been assigned to 

proceed through a HAT mechanism with high regio- and stereoselectivity. The rate of oxidation 

correlated to the bond strength of the substrates, and substrate-dependent EPR showed a 

constant ratio of intensity between the two species [FeVO(OAc)(PyNMe3)]2+  and 

[FeIII(OOAc)(PyNMe3)]2+ indicating interconversion between the two species through a reversible 

O-O bond cleavage equilibrium (Figure 13).[120] In a continuation of this work, the use of the 

electron-enriched ligand MeO-PyNMe3 and the oxidant cyclohexyl peroxycarboxylic acid 

generated the iron(V) species [(MeO-PyNMe3)FeVO(OC(O)R)]2+ for which it was possible to 

determine the Mössbauer parameters (δ = -0.08 mm s-1) and a νFe=O frequencies of 815 cm-1. 

Based on DFT calculations, Mössbauer and EPR parameters, the authors suggested that [(MeO-

PyNMe3)FeVO(OC(O)R)]2+ is best described as an iron(V)oxo species (75%), however with some 

character of the species FeIV(O)(•OC(O)R) and FeIII(OOC(O)R).  

 

Figure 13. Proposed equilibrium between [FeIII(OOAc)(PyNMe3)]2+ and the active oxidant [FeVO(OAc)(PyNMe3)]2+.[120] 

Whereas the use of PhIO in combination with an iron(II) complex is a very common approach to 

generate spectroscopically detectable iron(IV)oxo species formed through I-O cleavage,[85] it has 

not been possible to transfer this approach to generate and spectroscopically detect iron(V)oxo 

species from iron(III) precursors. On rare occasions iron(III)-iodosylarene adducts have been 

characterized, and these species can be regarded as masked iron(V)oxo species. In 2012 

McKenzie and Lennartson reported a crystal structure of [FeIII(OIPh)(tpena)](ClO4)2 (Figure 

14).[127] The complex is rather stable at - 30°C, does not decay to a high-valent iron-oxo species 

and is the only structurally characterized iron(III)-iodosylarene complex reported. The crystal 

structure displayed a seven coordinated iron centre, and EPR spectroscopy showed it be a high-

spin species (geff = 4.5). Preliminary catalytic experiments showed that [FeIII(OIPh)(tpena)]2+ - or 
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the masked iron(V)oxo species [FeVO(tpena)]2+ - can perform sulfoxidation of thioanisole. Wang 

and co-workers have performed DFT calculations on this oxidation to determine the nature of 

the active oxidant in the reaction and showed that [FeIII(OIPh)(tpena)]2+ can evolve to a high-

valent iron-oxo species.[128] However, the theoretical study suggested that whether 

[FeVO(tpena)]2+ or [FeIII(OIPh)(tpena)]2+ is the active oxidant depends on the orientation of the 

substrate attack, and therefore the reactivity is explained by a multiple-oxidant mechanism.  

More recently Nam and co-workers have reported the spectroscopic detection of a high-spin 

iron(III)-iodosyl adduct based on the ligand 13-TMC (λmax 660 nm).[129,130] However, the stability 

of this species is much lower compared to [FeIII(OIPh)(tpena)]2+ and it decays to [FeIVO(13-

TMC)]2+. rRaman spectroscopy showed an isotopically sensitive band at 783 cm-1 assigned to an 

O-I frequency, and reactivity experiments showed activity in both sulfoxidation, epoxidation and 

hydroxylation reactions.  

 

Figure 14. The cation [Fe(OIPh)(tpena)]2+. CCDC reference code: TEFVUX.  

 

1.6 The Nature of the Active Oxidant  
Despite the extensive work carried out over the past three decades in the field of oxidant 

activation of non-heme mononuclear iron complexes, one can still question what the nature of 

the active oxidant in fact really is. Can the oxidations be claimed to be metal-based at all? Or are 

they rather radical chain reactions initiated by e.g. RO• radicals generated through homolytic 

cleavage of an O-O bond of an iron peroxo species (FeO-OR)? Clearly the spectroscopic 

parameters and lifetimes of the iron oxygen species depend on the ligand environment around 

the iron ion, but how much is this actually affecting the reactivity and selectivity of the catalyst?  

 

Wieghardt and co-workers indeed reported the first spectroscopic detection of an iron(IV)oxo 

species in 2000,[54] but in fact, the first evidence for an iron(IV)oxo species was actually reported 

seven decades earlier in 1932 by Bray and Gorin. Their discovery was based on kinetic 

investigations of the addition of H2O2 to simple iron(II) and iron(III) salts.[131] A continuation of 

this pioneering work was performed by Groves and Van Der Puy in the 70’s and Sawyer and 

Sugimoto in the 80’s. They carried out substrate oxidations using H2O2 with iron salts e.g. 

Fe(ClO4)2/3 and FeCl3 in acetonitrile.[132–136] They reported pronounced regio- and 

stereoselectivity for oxygenation, dehydrogenation and epoxidation reactions for a wide scope 
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of simple organic compounds, and they interpreted these results as evidence for the generation 

and involvement of a metal-bound oxidant – the ferryl ion intermediate (formulated as either 

FeIVO or FeO2+, eq. 1) – due to the resemblance in reactivity with, e.g., oxidases. These results 

contrast with the Fenton chemistry[137] observed in aqueous solutions (eq. 2), where the 

generation of the free hydroxyl radical leads to unselective and promiscuous oxidations of 

substrates.[134]  

 

𝐹𝑒2+ + 𝐻2𝑂2 → 𝐹𝑒𝑂2+ + 𝐻2𝑂 

𝐹𝑒2+ + 𝐻2𝑂2 → 𝐹𝑒3+ + 𝐻𝑂− + 𝐻𝑂•                                                                                                                         

𝐹𝑒𝐼𝐼𝐼𝑂𝑂𝑅 → 𝐹𝑒𝐼𝑉𝑂 + 𝑅𝑂• 

(eq. 1)  

(eq. 2)  

(eq. 3) 

                                                  

The lability of the O-O bond in end-on iron(III) hydro- and alkoxyperoxo species to undergo 

homolytic O-O bond cleavage somehow combines the two paradigms in eq. 1 and eq. 2, since 

both an iron(IV)oxo species and radicals like HO• and tBuO• are formed simultaneously (eq. 3). 

There has been a strong desire in the field of oxidant activation by non-heme mononuclear iron 

complexes to assign the catalytic oxidative reactivity to a metal-based oxidant. In the 90’s, Que 

and co-workers argued that “The data reported here however represents the first kinetic 

evidence that an alkylperoxoiron species may directly cleave aliphatic C-H bonds”[43]  and that 

they had “Evidence for the participation of a high-valent iron-oxo species in stereospecific alkane 

hydroxylation by a non-heme iron catalyst”[53]. Attempts to reproduce the results by other 

groups, however, highlights the difficulties in controlling such reactions and illuminates the 

consequences of generating two potential reactive oxidants at the same time. Wayner and co-

workers[138] reinvestigated the work performed by Que and co-workers on the Fe-TPA 

systems[51,72–74,139] with the oxidant tBuOOH in alkane oxidations (cyclohexane) and questioned 

whether or not a metal-based oxidant should be included – as Que and co-workers had claimed. 

In the original work, Que reported equal amounts of alcohol and ketone product formed using 
tBuOOH as the terminal oxidant, which, according to Wayner, is an indication of free radical 

reactions originating from a Russell-type bimolecular self-reaction[140,141] (eq. 4). 

 

     2 𝑀𝑒2𝐶𝐻𝑂𝑂•  ⇌ 𝑀𝑒2𝐶𝐻𝑂𝑂𝑂𝑂𝐶𝐻𝑀𝑒2 → 𝑀𝑒2𝐶𝐻𝑂𝐻 + 𝑀𝑒2𝐶𝑂 + 𝑂2 (eq. 4)  

 

Que and co-workers largely based their mechanistic conclusion of a metal-based oxidant in the 

alkane functionalization from experiments using dimethyl sulfide as a trapping agent for possible 

metal-oxo species. The experiment showed that in the presence of dimethyl sulfide, no products 

due to hydroxylation of cyclohexane were detected. The species responsible for the oxidation 

was guided to oxidization of dimethyl sulfide to dimethyl sulfoxide instead. In the hands of 

Wayner and co-workers these results could not be reproduced, and they argued that dimethyl 

sulfide rather than working as a trapping agent for iron-oxo species inhibited the catalysts (and 

hereby also the generation of radicals), and consequently resulted in the lower product yields. In 

another catalytic study on oxidation of alkenes performed by the group of Feringa, the complex 

[Fe(OOH)(N4Py)]2+ was used as a catalyst.[142] In this study, a maximum yield of 31 % to the 

corresponding alcohol and ketone was reported, and radical traps for the hydroxyl radical only 

partially led to quenching of the reaction. Furthermore, kinetic isotope effect experiments 



Introduction 

21 

1
 

indicated a more selective oxidant than a hydroxyl radical alone. Hence, the authors concluded 

that two reactive radical species were responsible for the oxidation: [FeIVO(N4Py)]2+ and HO•, 

and not the parent complex [Fe(OOH)(N4Py)]2+. As for [Fe(OOH)(N4Py)]2+, Nam and co-workers 

have reported that [Fe(OOH)(bztpen)]2+ and [Fe(OOH)(TPA)]2+ also turns out to be rather sluggish 

oxidants in both nucleophilic and electrophilic oxidation reactions, and that they cannot 

compete with the oxidative power of their respective iron(IV)oxo daughter complexes.[143] 

Likewise, Talsi and co-workers have reported that [Fe(OOH)(bpy)2(Py)]2+ and 

[Fe(OOH)(phen)2(Py)]2+ are unreactive,[75] and in a tandem experimental and theoretical study on 

[Fe(OOtBu)(TPA)(MeCN)]2+ Nam and co-workers confirmed that the active oxidant is the 

iron(IV)oxo species generated upon O-O bond cleavage. The iron(III)alkylperoxide itself was 

determined to be inert towards oxygenation of organic substrates due to high energy barriers on 

the pathway for both attacks of the distal and the proximal oxygen atom on a substrate, 

whereas the activation energy for generation of [FeIVO(TPA)(MeCN)]2+ from 

[Fe(OOtBu)(TPA)(MeCN)]2+ was predicted to be relatively low (23.5 kcal mol-1).[144] On the 

contrary, de Visser and co-workers recently performed a DFT study on the catalytic activity of 

[Fe(OOH)(metpen)]2+ with aromatic substrates which showed that the iron(III)hydroperoxide can 

react directly with these substrates, although a low-energy pathway based on homolytic 

cleavage was only slightly higher in energy.[145] The energy for a possible heterolytic cleavage 

pathway was found to be very high.  

Over the years, a variety of supporting ligands for non-heme iron complexes - mainly with solely 

nitrogen donors - have been developed (Figure 6), however addition of carboxylic acids to the 

iron complexes has been shown to improve the catalytic yields in, e.g., olefin epoxidation and C-

H hydroxylation.[146] Improvement in enantioselectivity in the olefin epoxidation has also been 

reported, and the exact structure of the carboxylic acid influences the yields.[123,124,147] These 

observations indicate that the carboxylic acid binds to the iron centre and that this species 

participates in the catalytic oxidation cycle. In a study on [Fe(TPA)(MeCN)]2+, addition of a proton 

source (HClO4) other than acetic acid did not result in the same activation of H2O2, hence it was 

proposed that the active oxidant is [FeVO(TPA)(OAc)]2+ generated from O-O bond heterolysis of 

[FeIII(OOH)(TPA)(AcOH)]2+.[114,125] The carboxylic acid-assisted approach to expose a high-valent 

iron-oxo species (i.e. O=FeV-OAc or O=FeIV-AcO• species) with the addition of H2O2 tidily serves 

the purpose of eliminating the release of free HO• radicals, hence avoiding unselective radical 

chain reactions. In a recent study from Que and co-workers, the effect of a trans carboxylate 

donor has been investigated using TMC-based complexes, where either a carboxylate donor was 

tethered to the macrocyclic ligand or added as a free ligand.[148] Despite similar spectroscopic 

signatures and only a variation of 130 mV in the reduction potential of the Fe=O unit of the 

different complexes, the substrate oxidation rates of the untethered complexes are 10-100-fold 

faster than the tethered carboxylate complexes. Furthermore, the logarithms of the OAT rates 

for the family of 11 reported FeIVO(TMC)X complexes linearly correlated with the measured 

values of reduction potentials of the Fe=O unit, reflecting the role of electrophilicity of the Fe=O 

unit in OAT reactions. A similar trend in HAT reactivity was not observed for this series of 

complexes. The HAT reactivity however depends on the degree of oxyl radical character of the 

iron(IV)oxo species. This is illustrated in recent work from the Browne group, where the C-H 

abstraction reactivity of the iron(IV)oxo complexes [FeIVO(N4Py)]2+, [FeIVO(MeN4Py)]2+ and 

[FeIVO(bztpen)]2+ was considerably increased upon irradiation with near-UV light.[149] The 
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enhancement in reactivity was assigned to a ligand-to-metal charge transfer which led to a 

weakening of the Fe(IV)=O bond and hence an increase in its oxyl radical character.  

 

1.7 Conclusions 

Over the past three decades an enormous effort has been directed to the characterization of 

reactive iron-based oxidants for two major reasons: 1) to gain insight and better understanding 

of the reactivity of oxygen activating enzymes, and 2) to develop oxidation catalysts for the use 

in regio- and enantioselective oxidations. As detailed in this chapter, the spectroscopic and 

structural characterization of a large variety of model complexes have successfully been 

achieved (Table 1 - Table 5), and key insights into the structure-reactivity relationship of such 

iron-oxygen species have been mapped in detail by tuning the ligand scaffolds. Combined 

experimental and theoretical studies have shown that the potency of high-valent iron-oxo 

species in various oxidation reactions in general is greater than that of the corresponding iron 

hydro/alkyl-peroxo species. It is, however, important to note that the generation of high-valent 

iron-oxo species through homolytic O-O bond cleavage also generates equal amounts of reactive 

and free RO• radicals, which makes it difficult to control the catalytic behaviour and to perform 

regio- and/or stereoselective transformations. In recent years the development of complexes 

such as [Fe(OIPh)(tpena)]2+ and [FeIII(OOH)(TPA)(AcOH)]2+, where subsequent generation of 

reactive high-valent iron-oxo species do not involve formation of free radicals, seem to provide 

better strategies for selective oxidation catalysis. An efficient way to use O2 as the direct 

terminal oxidant is furthermore an obvious goal for greener oxidation catalysts, and inspired by 

Nature, the investigation of non-heme iron model complexes containing a cis carboxylate group 

to fully mimic the active sites of the oxygen activation enzymes, and plausibly also their 

reactivity patterns, selectivity, and efficiency are still yet to be discovered.  

  

 

 



 

 

Chapter 2 

Summary  
 

Oxidation chemistry performed by the iron-based complex of the ethylenediamine backboned 

ligand tpena (N,N,N’-tris(2-pyridylmethyl)ethylenediamine-N’-acetate) forms the basis of the 

work presented in this PhD thesis. This chapter summarizes the work performed in acetonitrile 

solutions with the terminal oxidants PhIO (Paper I and II), H2O2 (Paper IV), tBuOOH, cumylOOH 

and m-CPBA (Paper V), the light-promoted reaction with O2 (Paper VI) as well as the work 

performed in aqueous solutions with NaClO, m-CPBA and CAN in (Paper VIII). As a germane 

biomimetic system for iron non-heme O2 activating enzymes, the reactivity of the iron tpena 

system as an oxidation catalyst is compared to related ethylenediamine backboned iron 

complexes (Paper VII and Paper VIII) to establish the influence of a carboxylate donor in the first 

coordination sphere around the iron centre. Additionally, as a spin-off of the work with PhIO, 

halogen-bonding in the gas-phase was established and investigated (Paper III). Paper I – Paper 

VIII are presented in complete detail in chapter 3 – chapter 10.  
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The tpena System – A Germane Biomimetic System for Non-

Heme O2 Activating Enzymes 

Tpena belongs to the family of ethylenediamine backboned ligands (Figure 15a). It has been 

used in a number of transition metal complexes (V,[98] Cr,[150] Mn,[151] Co,[152] Fe,[98,127,153] Cu[154] 

and Zn[154]) owing to its remarkable structural flexibility, where tpena, e.g., can use its full 

potential as a hexadentate ligand in the octahedral complexes [M(tpena)]+/2+ (M = Cr, Co, Fe, Zn. 

Figure 15b) or act as a pentadentate ligand with one of the pyridyl arms non-coordinating 

allowing for another sixth exogenous ligand to complete an octahedral coordination 

environment as seen in the crystal structure of [Fe2O(Htpena)2](ClO4)4
[127]

 or 

[VO(Htpena)](ClO4)2
[98] (Figure 15c). In relation to iron non-heme oxidation chemistry, the 

incorporation of a cis carboxylate in the coordination sphere of the iron-based oxidants mimics 

the presence of an aspartate or glutamate in the active site of non-heme oxygen activation 

enzymes. Hereby it serves as a germane biomimetic model system for their redox activities and 

reactivity patterns.  

 
(a) 

 

 

 

 

(b) (c) 
 

Figure 15. (a) Ethylenediamine backboned ligands and the R-groups investigated in this PhD thesis. The abbreviations 
Htpena and HtpenO indicate protonation on one of the pyridyl units and deprotonation of the carboxylic acid and 
alcohol units, respectively. (b) The cation [FeIII(tpena)]2+ (c) The cation [VIVO(Htpena)]2+. Hydrogen atoms are omitted 
for clarity. Displacement ellipsoids are drawn at 50 % probability level. 

The μ-oxo-bridged diiron complex [FeIII
2O(Htpena)2](ClO4)4 serves as a starting point for the 

oxidation chemistry explored and described in this Ph.D. thesis. Upon dissolving in acetonitrile, 

the μ-oxo complex equilibrates with two monomeric species fac-[Fe(tpena)]2+ and mer-

[Fe(tpena)]2+ (Figure 16). In Paper I and Paper VI this equilibrium and the speciation are 

investigated with UV/vis absorption, EPR and Mössbauer spectroscopy both on bulk powdered 

samples obtained by diethyl ether diffusion and directly on acetonitrile solutions. It was found 

that the two diastereoisomers have different spin states (S = ½ vs. S = 5/2), despite the same
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Figure 16. Equilibrium between [Fe2O(tpenaH)2]4+ and the two diastereoisomers of [Fe(tpena)]2+. 

donor set in the first coordination sphere. Isolation of single crystals of fac-[Fe(tpena)]2+ (Figure 

15b) and the obtained bond lengths indicate a low-spin electronic configuration for this ligand 

arrangement. The presence of a carboxylate group in the first coordination sphere significantly 

lowers the FeIII/FeII reduction potential for the diastereoisomers of [Fe(tpena)]2+ (0.02 V and 0.06 

V vs. Fc/Fc+) compared to N5/N6 ethylenediamine backboned iron complexes (e.g. 0.40 V vs. 

Fc/Fc+ for [Fe(tpen)]2+) as well as previously reported iron non-heme complexes without this 

group, hence stabilizing an iron(III) oxidation state rather than an iron(II) oxidation state.[41,55,146] 

The crystal structure of a trapped iron-tpena-based oxidant [{Fe(OIPh)(tpena)}2](ClO4)4 was 

published in 2012 by the McKenzie group.[127] In Paper I and Paper II this novel species and its 

properties are explored in more detail. Paper I focuses on the potency of [Fe(tpena)]2+ as a 

homogenous catalyst in selective sulfoxidation and epoxidation using the oxidants PhIO and 

methyl-morpholine-N-oxide, which demonstrates that the catalytic system is more effective 

when PhIO is used as the terminal oxidant. The high selectivity of the system is inconsistent with 

the generation of radicals i.e. [FeIVO(Htpena)]2+ and PhI•, despite these ions being detected in gas 

phase studies on [{Fe(OIPh)(tpena)}2](ClO4)4. Kinetic experiments with substituted substrates 

(Paper I) and characterization with XAS (Paper II) indicate that one of [{Fe(OIPh)(tpena)}2]4+, 

[Fe(OIPh)(tpena)]2+ or an iron(V)oxo species (generated through heterolytic cleavage of the FeO-

IPh bond) is the active oxidant (Figure 17). An ion corresponding to [FeVO(tpena)]2+ is observed 

in the gas-phase, but the lack of reactivity towards oxidizable gas-phase substrates suggests that 

the ion is better formulated as an iron(III) complex of oxygenated tpena. Iodine L3-edge displays 

a reduction of the iodine atom (+1.6) in [{Fe(OIPh)(tpena)}2]4+ compared to free [PhIO]n (+3), 

which indicate that the halogen bonding demonstrated in the solid state crucial for the isolation, 

also plays an important role in the catalytic reactivity of [Fe(OIPh)(tpena)]2+ in the solution state. 

Additionally, Paper III establishes the presence of halogen bonding in the gas-phase important 

for large gas-phase associations. PhIO2 was used as the prototype halogen-bonding donor-

acceptor analyte, and clusters with supramolecular masses up to 7147 Da were detected 

([Na3(PhIO)30)]3+).  

The activation of peroxides by [Fe(tpena)]2+ is examined in Paper IV and Paper V. 

[Fe(OOR)(Htpena)]2+ (R = H, tBu, cumyl, m-CPBA) and [Fe(OO)(Htpena)]+ species are 

characterized spectroscopically in acetonitrile solutions. The iron(III)-hydroperoxo and                     

-alkylperoxo species undergo rapid O-O bond homolysis resulting in the generation of 

[FeIVO(Htpena)]2+ and RO• radicals (Figure 17). [FeIVO(Htpena)]2+ is detected spectroscopically 

when tBuOOH, cumylOOH and m-CPBA are used, but not in the presence of H2O2. Iron tpena 

catalysed disproportionation of the hydro, alkyl and acylperoxides is demonstrated by 
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qualitative and quantitative detection of O2. [FeIVO(Htpena)]2+ is proposed to be the active 

species catalysing this reaction, however – and importantly – the reactivity of [FeIVO(Htpena)]2+ 

can be guided towards C-H oxidation by addition of excess amounts of substrate. In the absence 

of an external substrate or low concentration of H2O2, the generation of hydroxyl radicals causes 

ligand degradation, when H2O2 is used as terminal oxidant. Generation of the less reactive 

organic alkoxyl radical for the use of alkyl hydroperoxides contrasts these observations, since 

cyclability of the metal-based oxidants and O2 production were demonstrated. 

 

Figure 17. Tuning performed in this PhD project on ethylenediamine backboned non-heme iron complexes in relation 
to oxidation chemistry. Tuning in reactivity between the paradigms of HAT (FeIV=O) and OAT (FeIIIO-X and FeV=O) is 
demonstrated by the change of oxidant (Paper I, II, IV, V and VIII) and/or ligand (Paper VII and Paper VIII). X = OH, 
OtBu, Ocumyl, m-CBA, Cl, NM(O). L = ethylenediamine backboned ligand: N-R-N,N’,N’-tris(2-pyridylmethyl)ethane-1,2-
diamine, (R = CH3 (metpen), CH2CH3 (ettpen), CH2C6H5 (bztpen), CH2C6H4N (tpen), CH2CH2OH (tpenOH) and CH2COOH 
(tpenaH)). 

In the absence of an oxidant, [Fe(tpena)]2+ is not stable in acetonitrile solutions under ambient 

conditions, and the complex undergoes irreversible, light-promoted O2-dependent N-

deglycination to generate an iron(II) complex with a total mass loss equivalent to C2H3O2 from 

tpena. With the use of combined time-dependent spectroscopy, product detection and DFT 

calculations Paper VI examines the degradation mechanism. It is shown to be a two-step 

mechanism: irradiation of [Fe(tpena)]2+ with nearUV-light causes immediate decarboxylation to 

form a transient iron(II) species which can activate dioxygen, which subsequently undergoes 

rearrangement to generate the crystallographically characterized product. The carbon sources 

for the glycyl arm are experimentally identified as CO2 and formaldehyde.  

Paper VII and Paper VIII examine the scope of ethylenediamine backboned iron complexes in 

the activation of oxidants as well as the reactivity of the subsequently formed metal-based 

oxidants towards C-H bonds. Iron(III)hydroperoxides in organic solvents generated with H2O2 

(Paper VII) and iron(IV)oxo species in water generated with CAN/H2O, ClO- or m-CPBA (Paper 

VIII) were spectroscopically characterized. The catalytically active oxidants were assigned to 

iron(IV)oxo species formed through either homolytic FeO-X bond cleavage or directly with one 

electron oxidants. Paper VII demonstrates that the potency of the iron complexes in H2O2 

activation towards oxidation of cyclohexanol and cyclooctene can be correlated with the FeII/FeIII 

reduction potentials of the iron complexes. Hence the FeII/FeIII reduction potential of the catalyst 

gives an indication of the oxidative power of the catalytic active iron(IV)oxo species. Paper VIII 

shows that the λmax of the iron(IV)oxo species correlates with the efficiency for these species in 

HAT reactions: the more red-shifted the maximum absorption band is, the greater the second-

order rate constants, k2, can be obtained. The catalysts [Fe(tpena)]2+ and [Fe(tpenO)]2+ (both 
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N5O ligands) perform best in both studies presented in Paper VII and Paper VIII. The FeII/FeIII 

reduction potential of [Fe(tpenO)]2+ (in MeCN) is located between that of [Fe(tpena)]2+ and 

[Fe(tpen)]2+: the easier accessibility of the iron(III) oxidation states for [Fe(tpena)]2+ and 

[Fe(tpenO)]2+ is believed to be crucial for the higher reactivity observed (e.g. peroxide 

disproportionation and water oxidation). The oxidative power of 

[FeIVO(Htpena)]2+/[FeIVO(tpena)]+ and [FeIVO(HtpenO)]2+ is remarkable compared to previous 

reports on iron(IV)oxo species (mainly N5 or N6), and importantly these observations are made 

in aqueous solutions.   

Ultimately, the work presented in this PhD thesis shows that the presence of a carboxylate in the 

first coordination sphere of non-heme iron(IV)oxo, iron(III)hydroperoxo, iron(III)alkylperoxo and 

iron(III)iodosyl species induces significantly different reactivity patterns compared to the last 

three decades of reports on non-heme iron complexes mainly based on N-only ligands. 

[Fe(tpena)]2+-catalysed substrate oxidations can be guided towards either HAT or OAT 

mechanisms (Figure 18) simply by the choice of oxidant and reaction conditions hereby giving 

the iron-tpena system a remarkable diversity. Properties such as structural flexibility of the 

ligand, geometrical and spin-state flexibility of the iron centre as well as the nature of the FeO-X 

bond (Figure 17) are crucial for the switch between the two paradigms of reaction pathways. 

When peroxides are used as oxidants, the FeO-X bond is highly labile exposing the reactive and 

active oxidant in HAT reactions: [FeIVO(Htpena)]2+. Observations of H2O2, alkyl and acyl 

disproportionation and higher reactivity in HAT reactions is ascribed to larger oxyl radical 

character on [FeIVO(Htpena)]2+ compared to other ethylenediamine iron(IV)oxo species. A higher 

stability of the FeO-X bond, as is the case for PhIO, on the other hand guides the reactivity to an 

OAT-based oxidation pathway. Understanding the importance of this switch in reactivity as well 

as the generation of active oxidants by a one electron donor (hereby avoiding the release of free 

radicals) are key aspects for further development of [Fe(tpena)]2+ as a homogenous oxidation 

catalyst in both organic and aqueous solutions.   

 

Figure 18. The choice of oxidant guides the reactivity of the iron-tpena system towards either HAT- or OAT-based 
substrate oxidations.  
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Chapter 3 – Paper I 

Halogen-Bonding-Assisted Iodosylbenzene Activation by a 

Homogenous Iron Catalyst  
 

Activation through halogen‐bonding: 
Stabilization of an iron(III)–OIPh 
complex in the gas, solution, and solid 
phases is ascribed to strong 
intermolecular halogen‐bonding. Two 
molecules of an iron(III) complex with 
a hexadentate ligand are proposed to 
work in unison to break the polymeric 
structure of [PhIO]n, concomitantly 
solubilizing and activating it to give a 
system that efficiently catalyzes the 
selective oxidation of electron‐rich 
substrates. 
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Chapter 4 – Paper II 

Reduction of Hypervalent Iodine by Coordination to 

Iron(III) and the Crystal Structures of PhIO and PhIO2  
 

Iodine L3-edge XANES spectra using 

reference compounds with formal 

iodine oxidation states spanning -1 to 

+7 show that iodine in an Fe(III) 

coordinated iodosylbenene (PhIO) is 

reduced compared to parent 

hypervalent PhIO which has 

structurally characterized. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter has been published as 

C. Wegeberg, C. G. Frankær, C. J. McKenzie 

Dalton Trans. 2016, 45, 17714 – 17722  

The supporting information can be found on https://doi.org/10.1039/C6DT02937J 

4
 

https://doi.org/


Chapter 4 

50 

4
 

 



Reduction of Hypervalent Iodine by Coordination to Iron(III)  
and the Crystal Structures of PhIO and PhIO2 

51 

4
 

 



Chapter 4 

52 

4
 

 



Reduction of Hypervalent Iodine by Coordination to Iron(III)  
and the Crystal Structures of PhIO and PhIO2 

53 

4
 

 



Chapter 4 

54 

4
 



Reduction of Hypervalent Iodine by Coordination to Iron(III)  
and the Crystal Structures of PhIO and PhIO2 

55 

4
 



Chapter 4 

56 

4
 



Reduction of Hypervalent Iodine by Coordination to Iron(III)  
and the Crystal Structures of PhIO and PhIO2 

57 

4
 

 



Chapter 4 

58 

4
 



 

 

Chapter 5 – Paper III 

Noncovalent Halogen Bonding as a Mechanism for Gas-

Phase Clustering 
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Chapter 6 – Paper IV 

Directing a Non-Heme Iron(III)-Hydroperoxide Species on 

a Trifurcated Reactivity Pathway  
 

Peroxide activation at Fe: A transient FeIII‐hydroperoxide 

intermediate has been spectroscopically identified during 

[FeIII(tpena)]2+‐catalysed H2O2 disproportionation in 

acetonitrile (see graphic). If benzyl alcohol is present, or 

methanol is used as solvent, H2O2 disproportionation is 

inhibited in favour of high‐yielding alcohol oxidation to the 

corresponding aldehyde. In the absence of excess substrate 

(alcohol or H2O2), tpena is oxidatively degraded.  
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Catalytic Alkyl Hydroperoxide and Acylperoxide 

Disproportionation by a Nonheme Iron Complex  
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Abstract 

Alkyl hydroperoxides are commonly used as terminal oxidants because they are generally 

acknowledged to be stable towards disproportionation compared with H2O2. We show that 

alkylperoxide disproportionation is effectively catalyzed by the [Fe(tpena)]2+ (tpena = N,N,N'-

tris(2-pyridylmethyl)ethylendiamine-N'-acetate). A peroxidase type mechanism, in other words, 

involvement of iron(IV)oxo species, is consistent with the rates and product distribution. 

Accordingly, O2 and tert-butanol and cumyl alcohol are concurrently produced for substrates 

tert-butyl hydroperoxide and cumene hydroperoxide respectively, in the presence of 

[Fe(tpena)]2+ with O2 yields of 88 % and 44 % respectively. Rate constants for initial O2 

production ([Fe] 0.005 mol%) were measured to 3.66(6) mMs-1 and 0.29(3) mMs-1, respectively. 

Participating in the mechanism are spectroscopically detectable (UV/vis, EPR, resonance Raman) 

transient alkyl- and acyl-peroxide adducts, [FeIIIOOR(tpenaH)]2+ (R = C(CH3)3, C(CH3)2Ph, C(O)PhCl; 

T½ = 30s (5 C), 20s (5 C), 1s (-30C)) with their common decay product [FeIVO(tpenaH)]2+. 

Concurrently organic radicals proposed to be ROO• were detected by EPR spectroscopy. A lower 

yield of O2 at 23 % with an initial rate of 0.10(3) mMs-1 for the disproportionation of m-

chloroperoxybenzoic acid is readily explained by catalyst inhibition by coordination of the 

product m-chlorobenzoic acid. Oxidative decomposition of the alkyl groups by a unimolecular β-

scission pathway, favoured for cumene hydroperoxide, competes with ROOH 

disproportionation. Despite the fact that the catalytic disproportionation is effective, external C-

H substrates - when they are present in excess of ROOH - can be targeted and catalytically and 

selectively oxidized by ROOH using [Fe(tpena)]2+ as the catalyst.  

 

Introduction 

The most common motif for the active sites of non-heme iron O2 activating enzymes is a single 

endogenous Asp or Glu donor accompanied by 1-3 His and exchangeable water molecules.1,2 It 

can be reasonably expected that the anionic carboxylato co-ligand will tune physical properties, 

not least redox potentials, with consequences for the activation of coordinated terminal 

oxidants. Biology provides examples: The shift from reversible O2 binding in hemerythrin to O2 

activation and catalysis of oxidation reactions by the related enzymes methane monooxygenase 

and ribonucleotide reductase.2 The same effects are observed by tuning of the axial 

endogeneous amino acid donor for heme systems.3 Despite these biological precedents, reports 

of biomimetic terminal oxidant activation using iron complexes of multidentate ligands 

containing a carboxylato donor remain relatively few by comparison to the considerable volume 

of work over the last three decades for iron complexes based on neutral aminopyridyl N-donor 

only ligands.4–6 Our efforts to fill this gap, have revealed that iron complexes of glycyl substituted 

tetra, penta and hexadentate aminopyridyl ligands activate a range of oxidants including O2,7 

H2O2,7,8 PhIO,9,10 and methyl-morpholine-N-oxide9 with reactivity patterns that are distinct from 

those found for counterpart iron complexes based on neutral N4, N5 and N6-donor only ligands. 

In addition, for these systems, water can be primed to act as the O atom donor for the 

production of oxidizing iron(IV)oxo complexes by electrochemical11 or Ce(IV)12 activation in 

aqueous solutions. Water is ultimately also the terminal source for the O atom of an iron(IV)oxo 

complex of a monocarboxylato chelating ligand that can oxidise alcoholic substrates in gas phase 
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reactions.13 These results point to the carboxylate donor in the first coordination sphere of iron 

catalysts and enzymes having an important role in tuning oxidant activation. 

 

Scheme 7.1. Selective switching between Hydrogen Atom Abstraction (HAT) or Oxygen Atom Transfer (OAT) pathways 

in substrate oxidation using the mono-carboxylato ligand, tpena. When tpena acts as a pentadentate ligand, a 

dangling pyridyl group functions as a second coordination sphere base. Undemanding steric requirements of tpena 

means an additional endogenous monodentate ligand (e.g. the oxidant PhIO is shown) can coordinate to a high spin 

(S=5/2) seven coordinated iron atom.9,12 The iron(III) resting state is S = 5/2 and S =½ for mer-[Fe(tpena)]2+ and fac-

[Fe(tpena)]2+ (not shown) respectively.10 

The iron(III) complex of N,N,N'-tris(2-pyridylmethyl)ethylendiamine-N'-acetate (tpena, Scheme 

7.1) is remarkable in its tunable reactivity for substrate oxidation by FeIII(tpena)-oxidant adducts 

or their iron(IV)-oxo derivatives: Highly efficient catalytic reactions can be directed either 

exclusively toward Hydrogen Atom Abstraction (HAT) or Oxygen Atom Transfer (OAT) 

mechanisms depending on the choice of terminal oxidant and reaction conditions. Both reaction 

types are pertinent for rationalizing the impressive scope of reactivity found for the non-heme 

enzymes and the Fe-tpena system is unique in its ability to effectively model both of these 

oxidative pathways. At first sight this is surprising given that tpena is a potentially coordinatively 

saturating hexadentate ligand. However, structural flexibility on the part of the ligand, and 

geometrical and spin-state flexibility on the part of the iron, play crucial roles. The tpena can act 

as a hexadentate N5O ligand in six- or seven-coordinated iron complexes ([Fe(tpena)]2+,10, 

[FeOIPh(tpena)]2+,9 and [FeOH(tpena)]2+,12) and as a pentadentate N4O ligand in six-coordinated 

iron complexes ([FeCl(tpenaH)]2+,8 and [Fe2(-O)(tpenaH)2]2+,9). In this latter group one specific 

pyridyl arm is uncoordinated and protonated in all crystal structures.8–10,12,14 This allows for the 

creation of another important biomimetic motif – a second coordination sphere base.  

Iron(III)-hydroperoxide and iron(III)-peroxide adducts of the iron complexes of the closely related 

2-alkylpyridine substituted ethylenediamine-backboned neutral N5/N6 donor ligands (Rtpen = 

N'-alkyl-N,N,N'-tris(2-pyridylmethyl)ethylenediamine, R = Me, Et, Bz, Pr, iPr, Ph, 2-methyl 
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pyridine) as well as those for the aforementioned carboxylate-containing [Fe(tpena)]2+
 have been 

spectroscopically characterized.7,8,15–17 A significant difference in the chemistry of these 

comparative N5/N6 and N5O systems is evident. For example, [Fe(tpena)]2+ catalyses highly 

effective alcohol oxidation by H2O2 and in the absence of alcohol or another substrate, H2O2 

disproportionation.8 By contrast the N5/N6 ligand supported [Fe(Rtpen)]2+ systems neither 

catalyse H2O2 disproportionation or alcohol oxidation by H2O2. In fact, methanol can be used as a 

solvent for observing transient [FeIIIOOH(Rtpen)]2+ where half-lives of min to h (rt) are found for 

these complexes. In understanding the effects of the introduction of a carboxylate group into 

the first coordination sphere of the iron atom for the activation of terminal oxidants located cis 

to this donor, we now turn to the activation of alkyl hydroperoxides and peracids by 

[Fe(tpena)]2+.  

Understanding the reactivity of alkyl peroxides is important because they are used as initiators 

for curing (polymerization) resins and two component paints.18 This process involves mixing alkyl 

peroxide solutions with the vinylester/styrene resin containing any of a wide range of metal 

catalysts. Alkyl peroxides are used specifically for these applications since they are believed not 

to undergo disproportionation with the consequent limitations on shelf-life, as is the case for the 

cheaper oxidant H2O2.19 Solutions containing cumene hydroperoxide are sold under the 

trademark Trigonox® K-90 or Trigonox® 239a. Alkyl peroxides are used also extensively as a 

terminal oxidants in industrial and laboratory scale organic syntheses.20–28 Disproportionation of 

the alkyl peroxides has been sporadically suggested as a possible reason for reduced yields in 

catalytic selective substrate oxidations,29–32 however the impact of unproductive reactions has 

never been evaluated in detail nor the release of product O2 directly measured.  

Here we describe the spectroscopic detection of catalytically competent iron(III)alkylperoxide 

adducts of [Fe(tpena)]2+, their decay product, [FeIVO(tpenaH)]2+, along with concomitantly 

produced organic radicals that are present in working solutions. ROOH dismutation is 

unexpected in contrast to H2O2 dismutation which is commonly catalysed by metal salts and 

complexes.33–37 The quantification of the products of the disproportionation of ROOH, and an 

analysis of competing selective C-H oxidation reactions involving the R group or an external C-H 

substrate allows us to propose a common mechanism for [Fe(tpena)]2+-catalysed H2O2 and 

ROOH dismutation and external substrate C-H oxidations. Significantly, the reactivity patterns 

imply radical character for [FeIVO(tpenaH)]2+, reinforcing our recent observation when this 

species is produced electrochemically in the absence of terminal chemical oxidants.11 In this case 

the reactivity of this carboxylate coordinated iron(IV)oxo towards C-H substrates with increasing 

C-H bond dissociation energies parallel that of the hydroxo (HO•) radical, albeit with slower 

rates, no doubt due to size.  The results presented here broaden significantly the scope of 

reactivity observed for non-heme iron models.     

 

Experimental Section 

Materials and Preparation 

N,N,N'-tris(2-pyridylmethyl)ethylendiamine-N'-acetic acid (tpenaH) and 

[Fe2O(tpenaH)2](ClO4)4(H2O)2 and [FeCl(Metpen)]PF6 (Metpen = N-methyl-N,N',N'-tris(2-
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pyridylmethyl)ethane-l,2-diamine) were prepared as previously described.9,38,39 Solutions of 

tBuOOH (70 % in H2O), tBuOOH in decane (5.5 M) and cumylOOH (88 % in cumene) were used as 

well as m-CPBA (77% in m-CBAH). Iodometric titrations and NMR spectroscopy were used to 

confirm the concentration and purity of the peroxide solutions. 18O-H2O was supplied by Rotem 

Industries Ltd., and all other chemicals were purchased from Sigma-Aldrich.  

Generation of [Fe(OOR)(tpenaH)]2+ (R = C(CH3)3, C(CH3)2Ph, C(O)PhCl) 

[Fe2O(tpenaH)2](ClO4)4(H2O)2 was dissolved in acetonitrile and the solution was allowed to 

equilibrate for 15 min in order to maximise the concentration of the solution state monomeric 

species [Fe(tpena)]2+ that is derived by dehydration of the hemihydrate [Fe2O(tpenaH)2]4+. 

Solutions of alkyl or acyl hydroperoxide were subsequently added to generate 

[Fe(OOR)(tpenaH)]2+. Spectroscopic characterization with UV/vis, rRaman, EPR and Mössbauer 

spectroscopy were performed on 2-5 mM [Fe] solutions with 50 eq. alkyl or acyl hydroperoxide 

at either 5, -15 or -25 °C. Catalytic experiments were performed on 1 mM [Fe(tpena)]2+ (d3-

MeCN) with 750 eq. alkyl- or acyl-hydroperoxide and 750 eq. benzyl alcohol or toluene at rt. 

Volumetric measurements are performed at rt on either 0.5 mM [Fe] with 1,000 eq. oxidant or 

25 μM [Fe] with 20,000 eq. oxidant (time-dependent detection).   

 

Instrumentation 

UV-vis spectra were recorded in 1 cm quartz cuvettes on either an Agilent 8453 

spectrophotometer with an UNISOKU CoolSpeK UV USP-203 temperature controller or with an 

Analytikjena Specord S600 with a Quantum Northwest TC 125 temperature controller. Raman 

spectra were recorded in 1 cm quartz cuvettes with temperature control using a Flash300 

(Quantum Northwest) at either 532 nm (300 mW at source, Cobolt Lasers) or at 785 nm using a 

Perkin Elmer RamanFlex fiber optic coupled Raman spectrometer (90 mW at sample). Data were 

recorded and processed using Solis (Andor Technology) with spectral calibration performed 

using the Raman spectrum of MeCN/toluene (50:50 V/V). EPR spectra (X-band) were recorded 

on a Bruker EMX Plus CW spectrometer (mod. amp.: 10 G, attenuation: 10 dB) on frozen 

solutions at 110 K. eview4wr and esimX were used for simulation.40 1H NMR (400.12 MHz) and 
13C NMR (100.61 MHZ) spectra were recorded on a Bruker Avance III 400 spectrometer at 

ambient temperature. Chemical shifts are denoted relative to the residual solvent peak (d3-

MeCN, H = 1.94 ppm and C = 1.32 ppm), and the catalytic experiments were performed directly 

in MeCN-d3 on 1 mM [Fe] solutions. Substrate conversion is based on integrals of the aromatic 

protons. Head-space FTIR spectra were recorded in sealed 1 cm quartz cuvettes on a JASCO FT-

NIR/MIR-4600 spectrometer, and the CO2 signal was quantified as previously described.8 

Mössbauer spectra were recorded at 80K on a conventional spectrometer with alternating 

constant acceleration of the γ-source. Isomer shifts are denoted relative to α-iron at 298 K, and 

the sample temperature was maintained constant in an Oxford Instruments Variox cryostat. The 

γ-source (57Co/Rh, 1.8 GBq) was kept at room temperature. The mf.SL package40 was used to 

fold the spectra hereby merging the two linear halves of the raw data and to eliminate the 

parabolic background as well as fitting the data. ESI-MS spectra were recorded in high-resolution 

positive mode with a Bruker microTOF-QII mass spectrometer. MIMS spectra were recorded 

using a Prisma quadrupole mass spectrometer (Pfeiffer Vacuum, Asslar, Germany). A flat sheet 

membrane (250 μm) of polydimethyl siloxane (Sil-Tec sheeting, Technical Products, Decatur, GA, 
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USA) separated the vacuum chamber (1x10-6 mbar) from the solution in the sample chamber 

(total volume 2.5 mL), which was equipped with magnetic stirring. The reaction chamber was 

filled with solutions of [Fe(tpena)]2+, and the alkyl peroxide was injected directly to the solutions 

in the sample chamber as the resulting gas evolution was simultaneously measured. The data 

were recorded and processed using Quadstar 422 (Pfeiffer Vacuum, Asslar, Germany). 

Volumetric measurements were performed using a two-neck round-bottom flask with a 

stopcock-equipped gas delivery tube connected to a gas-measuring burette (± 0.1 mL). The 

peroxides were injected through a septum, and the evolved O2 was volumetrically measured as a 

function of time. The rate constants reported represent the mean value of minimal double 

determinations which fall within ± 5%. Analyte solutions of peroxide (500 μL), 1.64 M KI(aq) (5 

mL), 20 % H2SO4(aq) (5 mL) and H2O (25 mL) were prepared for iodometric titrations (± 0.1 mL). 

An ammonium molybdate solution (0.5 mL, prepared from (NH4)6Mo7O24 (9g), NH3(aq) (28-30 %, 

5 mL), NH4NO3 (24 g) and H2O (5 mL)) and a starch solution (1 g/100 mL) were added as catalyst 

and indicator respectively. The mixture was titrated with 0.3 M Na2S2O3(aq) and the analysis was 

repeated three times. 

 

Results and Discussion  

Iron(III)-alkyl Peroxides, [Fe(OOR)(tpenaH)]2+ R = C(CH3)3 and CH(CH3)2Ph 

The solid state precursor for the solution state chemistry described below is the dark brown 

[(tpenaH)Fe(μ-O)Fe(tpenaH)](ClO4)4.9 On dissolution this oxo-bridged complex equilibrates with 

monomeric species; a hydrate, [FeIII(OH)(tpenaH)]2+ 12 and a dehydrate, [FeIII(tpena)]2+.10 

Cleavage of the oxo-bridge is accompanied by a colour change from yellow-brown (max 258 nm) 

to red-orange (max 360 nm) in acetonitrile and takes ca. 15 min to equilibrate at rt.10  The 

addition (50 eq.) of tert-butyl hydroperoxide (tBuOOH, 70 % aq. solution) or cumene 

hydroperoxide (cumylOOH, 88 % solution) to these equilibrated solutions triggers an immediate 

colour change to purple (λmax 558 nm) or red (λmax 531 nm), respectively (Figure 7.1a, Table 7.1). 

Gas evolution is concomitant. This is predominantly O2, vide infra. The chromophores are 

ascribed to the transient species [Fe(OOtBu)(tpenaH)]2+ and [Fe(OOcumyl)(tpenaH)]2+ 

respectively. With reference to the crystal structures of [Fe(Cl)(tpenaH)]2+,8 [(tpenaH)Fe(μ-

O)Fe(tpenaH)]4+,9 [V(O)(tpenaH)]2+,12 and [Cr(O2)(tpenaH)]2+,14  the  incoming ROOH is proposed 

to form a “charge-separated” adduct with [Fe(tpena)]2+, i.e., the alkylperoxide is deprotonated 

and bound to iron(III) and the proton protonates an uncoordinated pyridine group. While it 

seems that an initial dehydration of the starting hemihydrate is necessary to observe these 

transients, counterintuitively, the formation of the iron-alkylperoxide adducts are dependent on 

the presence of a small amount of water. [Fe(OOtBu)(tpenaH)]2+ is not detected if the tBuOOH is 

supplied in decane (5.5 M). If, however, 4 eq. water are introduced to the equilibrated 

acetonitrile solutions containing monomeric [Fe(tpena)]2+/[Fe(OH)(tpenaH)]2+ immediately prior 

to the addition of the decane solution of tBuOOH, the formation of the iron alkyl peroxide 

species is reinstated. These observations suggest that it is the mononuclear hydrate, 

[Fe(OH)(tpenaH)]2+ rather than [Fe(tpena)]2+ that is the immediate precursor for reaction with 

ROOH, and that the reaction involves substitution of a hydroxo ligand by the incoming 

alkylperoxide (Scheme 7.2) rather than an alkylperoxido displacement of a chelating pyridine 

group as would be the case if [Fe(tpena)]2+ was the immediate precursor. We have previously 
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shown that two diastereoisomers (a mer and fac in terms of the three pyridine donors) for 

[Fe(tpena)]2+ co-exist in solution.8,10 Hydration will convert them to the same conformer and the 

simplicity of the spectroscopy, vide infra, supports the formation of only one diastereoisomer for 

the alkylperoxide adducts. Our representation of [Fe(X)(tpenaH)]2+, X=OH, OOtBu, OOcumyl 

(Scheme 7.2) depicts therefore the diastereoisomer containing the pentadentate tpena 

conformation analogous to that found in all the known crystal structures of {MX(tpenaH)}n+.8–

10,12,14 In these, the glycyl donor is located cis to the exogenous ligand which in turn is trans to 

the amine donor associated with the dipyridylamine moiety.8,9,12   

 

 
 

 

 
 
 

 

Figure 7.1. Spectroscopic data of the [Fe(OOR)(tpenaH)]2+ generated by addition of 50 eq. tBuOOH or cumylOOH to 

[Fe(tpena)]2+ in MeCN. (a) UV-vis absorption spectra (5 °C) of [Fe(OOtBu)(tpenaH)]2+ (blue, [Fe] = 2 mM) and 

[Fe(OOcumyl)(tpenaH)]2+ (red, [Fe] = 4 mM). Insert: Photograph of frozen samples of [Fe(OOtBu)(tpenaH)]2+ and 

[Fe(OOcumyl)(tpenaH)]2+. (b) EPR spectrum (black) recorded on a frozen solution of [Fe(OOtBu)(tpena)]2+ in MeCN at 

110 K. Microwave frequency 9.314212 GHz. Fitted data for [Fe(OOtBu)(tpenaH)]2+ and the tBuOO• radical are shown in 

blue and green, respectively. (c) Resonance Raman spectra of [Fe(OOtBu)(tpenaH)]2+ (blue, λexc = 785, -25°C, 3 mM) 

and its decay product (purple, λexc = 785), and [Fe(OOcumyl)(tpenaH)]2+ (red, λexc = 532, -25°C, 2 mM) and its decay 

product (orange, λexc = 532). * = solvent band from MeCN, # = bands from either tBuOOH or cumylOOH. The spectra 

are normalized to the solvent band at 919 cm-1. 

 
Table 7.1. Spectroscopic properties for [FeIIIOOR(tpenaH)]2+  

R λmax 

[nm] 
νFe-O 

[cm-1] 
νO-O 

[cm-1] 
g-values 

C(CH3)3 558 675 786 2.20, 2.12, 1.97 

CH(CH3)2Ph 531 684 782 2.19, 2.12, 1.97 

C(O)m-ClPh 565 a a 2.23, 2.18, 1.95 
a Lifetime too short for measurement at -40 C.  
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Scheme 7.2. Interconversion between mer-py3 and fac-py3 diastereoisomers of [Fe(tpena)]2+ via their common 
hydrated derivative and substitution of H2O in [Fe(OH)(tpenaH)]2+ by ROOH. 

 

The iron(III)-alkylperoxide species are short-lived at room temperature (seconds), however a T½ 

of 30 and 20 s for [Fe(OOtBu)(tpenaH)]2+ and [Fe(OOcumyl)(tpenaH)]2+ respectively are 

measured at 5 °C (SI Figure 7.S1). At -30 °C both species can be detected for several minutes 

using the same ratios and concentrations of reagents. Solutions containing ca. 10 % water gave 

the maximum yield in terms of the lifetime of the alkyl peroxides, which increased from 3 min to 

6 min at -15 °C. EPR spectra of frozen solutions shows rhombic signals with g = 2.20, 2.12, 1.97 

and g = 2.19, 2.12, 1.97 for [Fe(OOtBu)(tpenaH)]2+ (Figure 7.1b) and [Fe(OOcumyl)(tpenaH)]2+ (SI 

Figure 7.S2), respectively, indicating low-spin iron(III) (S = ½) species. Resonance Raman spectra 

show enhanced bands at 675 and 786 cm-1 for [Fe(OOtBu)(tpenaH)]2+ and at 684 and 782 cm-1 for 

[Fe(OOcumyl)(tpenaH)]2+ (Figure 7.1c). Based on comparison with the spectra of previously 

reported low-spin mononuclear non-heme iron(III) alkyl peroxide species, these bands can be 

associated with the Fe-O and O-O bonds respectively.41,42 The visible absorbance bands are red-

shifted compared to the hydroperoxide derived species [Fe(OOH)(tpenaH)]2+ (λmax 520 nm). The 

O-O stretch of the [Fe(OOR)(tpenaH)]2+ complexes were not shifted compared to that observed 

for [Fe(OOH)(tpenaH)]2+ (788 cm-1),8 whereas the Fe-O stretches are found at 70 cm-1 higher 

wavenumbers suggesting a comparatively stronger Fe-O bond. A similar trend was noted for the 

Raman shift of the homologous [Fe(OOR)(TPA)(solvent)]2+ (R=H, tBu) pair.41,43 A band at 484 cm-1 

for [Fe(OOtBu)(tpenaH)]2+, can be assigned to a combined O-C-C/C-C-C bending vibration from 

the tBu group.43 

 

Evidence for Homolytic FeO-OR Bond Cleavage in Alkylperoxide Adducts 

The decay of the [Fe(OOR)(tpenaH)]2+ complexes proceeds by homolytic cleavage of the FeIIIO-

OR bond. This conclusion is supported by the evolution of the characteristic 730 nm band11,12 for 

[FeIVO(tpenaH)]2+ (Figure 7.2a). Combined time-resolved UV-vis and rRaman spectroscopy of the 

decaying [FeIIIOOR(tpenaH)]2+ species shows that a resonance enhanced band at 863 cm-1 (Figure 

7.1c) can be correlated to the 730 nm band in the UV-vis spectrum and it is therefore assigned to 

a Fe=O stretch. This value is higher than Raman shifts previously reported for non-heme 

iron(IV)oxo species which typically occur in the range 790-850 cm-1 for both S = 1 and S = 2 

systems,44 suggesting an Fe=O bond that is stronger than typically found for non-heme 

iron(IV)oxo systems. We speculate that the bond possesses partial triple bond character 

analogous to that proposed for vanadyl complexes45–47. Significantly, isotropic signals at g = 2.02 

(Figure 7.1b) and g = 2.00 (SI Figure 7.S2) for [Fe(OOtBu)(tpenaH)]2+ and 
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[Fe(OOcumyl)(tpenaH)]2+ respectively, overlap with the signals from the low-spin Fe(III)-

hydroperoxide adducts in the EPR spectra. These are due to production of an organic radical. 

Homolysis of the FeIIIO-OR bond produces the immediate sister products [FeIVO(tpenaH)]2+ and 

the alkoxide radicals •OtBu or •OC(CH3)2Ph, respectively. These latter species can be expected to 

be too short-lived for detection and in the presence of excess ROOH they can be expect to 

abstract a peroxy H atom to give •OOtBu and •OOC(CH3)2Ph, respectively along with the derived 

alcohol.48,49 The isotropic EPR signals are therefore assigned to these generated peroxy radicals 

rather than the directly produced alkoxide radicals. Signals due to the Fe(IV)oxo species and the 

organic radicals are present concurrently with those for [Fe(OOR)(tpenaH)]2+ (Figure 7.1b and 

7.2b) indicating similar stabilities for the two iron-based transients. Supporting the co-existence 

of iron(III) hydrates, an iron(III)alkylperoxide and an iron(IV)oxo species is a Mössbauer spectrum 

(SI Figure 7.S3) of [Fe(OH)(tpenaH)]2+ and 50 eq. cumylOOH, frozen 20 s after mixing. This can be 

fitted to [Fe(OH)(tpenaH)]2+ (δ = 0.14 mms-1, ΔEQ = 2.08 mms-1, 22%), [Fe2O(tpenaH)2]4+ (δ = 0.43 

mms-1, ΔEQ = 1.60 mms-1, 26%) and [FeIVO(tpenaH)]2+ (δ = 0.00 mms-1, ΔEQ = 0.90 mms-1, 24%) 

which have been independently characterized previously by Mössbauer spectroscopy.12 This has 

allowed for assignment of a fourth species to the low-spin iron(III)alkylperoxo complex 

[Fe(OOcumyl)(tpenaH)]2+ (δ = 0.20 mms-1, ΔEQ = 2.00 mms-1, 28%). These parameters are quite 

similar to those for [Fe(OOH)(tpenaH)]2+ (δ = 0.21 mms-1, ΔEQ = 2.08 mms-1)8. After their decay, 

all species, [Fe(OOR)(tpenaH)]2+, [FeIVO(tpenaH)]2+ and the organic radicals, are regenerated by 

addition of further portions (50 eq.) of alkyl hydroperoxides, Figure 7.2b.  

 

 

 

 
Figure 7.2. Conversion of [Fe(OOtBu)(tpenaH)]2+ to [FeIVO(tpenaH)]2+ (50 eq. tBuOOH, [Fe] = 2 mM, 5 °C. (a) Time-

dependent UV-vis absorption spectra. Inset: time-trace for absorbance at 558 nm (blue) and 730 nm (green) and (b) 

Time dependence of absorbance at 558 nm and 730 nm as portions of 50 eq. tBuOOH are added every 100 s to 

regenerate [Fe(OOtBu)(tpenaH)]2+ and [FeIVO(tpenaH)]2+. 

 

The repeatable cyclability is evidence that tpena is not oxidatively degraded and this stands in 

contrast to the dismutation reaction of H2O2 catalysed by [Fe(tpena)]2+ where tpena will start 

decomposing when the substrate H2O2 is not present in a large excess, or alternatively, if an 

easily oxidizable sacrificial substrate is not provided.8 In the present case the organic groups of 

the alkyl hydroperoxides offer built-in sacrificial exogenous substrates to compete with the alkyl 

hydroperoxide dismutation and herewith effectively competitively inhibit tpena degradation. 

The solid state precursor [(tpenaH)Fe(μ-O)Fe(tpenaH)](ClO4)4 can be quantitatively recovered 

after the consumption of thousands equivalents of alkyl peroxides. 
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Catalytic Alkyl Hydroperoxide Disproportionation and Competing Radical Reactions  

Simultaneous with detection of [FeIII(OOR)(tpenaH)]2+ and [FeIVO(tpenaH)]2+, colourless gas 

production is visible as bubbles when the alkyl peroxides are added in excess to 

[Fe(OH)(tpenaH)]2+ in acetonitrile (e.g., 50 eq. ROOH to 0.5 mM [Fe]). See video in SI. 

Membrane-Introduction Mass Spectrometry (MIMS) (m/z 32, Figure 7.3a) and head-space 

Raman spectroscopy (O=O band at 1556 cm-1, Figure 7.3b) confirmed that this is predominantly 

O2. That this was result of water oxidation of adventitious water and that provided in the 

aqueous solutions of peroxides was excluded due to inappropriately large amounts of O2 

released compared to the water available, and the lack of 18O incorporation in the evolved O2,50 

when 18O-labelled water was added to mixtures. In addition, this experiment demonstrates that 

the rate of ROOH disproportionation is faster than any potential O atom exchange between 

water and the [FeIVO(tpenaH)]2+: The evolved O2 derives exclusively from the disproportionation 

of the alkyl hydroperoxides, and the reaction is catalytic. O2, in lower yields, evolves also when 

water is the sole solvent, however, in this case the iron-based transients cannot be observed. 

The oxo-bridged complex dominates the speciation in these solutions, and this observation 

supports the conclusion that this cannot directly activate ROOH and corroborates the deduction 

that the catalytically competent resting state complex is [Fe(OH)(tpenaH)]2+. The addition of 

1000 eq. tBuOOH (aq. 70 %) to a [Fe(tpena)]2+ solution (3 mL 0.5 mM) results in the production 

of 15.5(2) mL of gas (table 7.2). Addition of a second portion of 1000 eq. results in a release of 

another 15.5(2) mL. This includes a very small amount of CO2, vide infra, and when this is 

accounted for, the yield of O2 is approx. 88 % (assuming that two mole tBuOOH are required to 

yield one mole of O2). The equivalent experiment using cumylOOH gives a lower yield of O2 at 44 

% (8.0 mL). Concurrent tert-butanol and cumyl alcohol production as the major organic 

products, respectively, were confirmed using NMR spectroscopy to follow in situ reactions in d3-

MeCN. Spectra recorded 1 h after the addition of alkyl hydroperoxide showed that the tBuOOH 

and cumylOOH were fully consumed and gas evolution had ceased (SI Figures 7.S4 and 7.S5). 

 
Table 7.2. Volumetric measurements of O2 and CO2 were performed on 0.5 mM [Fe(OH)(tpenaH)]2+ with the addition 

of either tBuOOH, cumylOOH or m-CPBA (1000 eq.). The ratio of organic products were determined by in-situ NMR 

experiments using [Fe(OH)(tpenaH)]2+ (1 mM in MeCN-d3) and the addition of 750 eq. oxidant.  

 Vgas[ml] Yield of O2 
adjusted for CO2 

release 

Ratio of ROOH and products after 1 hr reaction 
time in the absence of external substrates 
ROOH : ROH : ketone 

tBuOOH 15.5 ± 0.2 15.1 0 : 0.95 : 0.05 

cumylOOH 8.0 ± 0.4 7.6 0 : 0.70 : 0.30 

m-CPBA 4.0 ± 0.4 3.7 0.50 : 0.50 : 0 

 

Sugimoto and Sawyer51 have shown that simple iron perchlorates catalyse H2O2 dismutation in 

acetonitrile under anhydrous conditions. In a significant contrast they do not promote tBuOOH 

or meta-chloroperoxybenzoic acid (m-CPBA) disproportionation.52 Our checks as a control for 

the present context verify this earlier work, also when water is present. In lieu of a known 

catalyst for tBuOOH disproportionation with which to compare the efficiency of [Fe(tpena)]2+ we 

tested [FeCl(Metpen)]PF6 for its ability to catalyse this reaction. This complex is a highly 

pertinent system for comparison since with its ethylene backbone it is structurally related and 

importantly iron(III) hydroperoxide adducts have been characterised for this and related Rtpen 

(R = Me, Bz, Et, Pr, iPr, Ph) species.15–17,53–55 Using the same ratios of [FeCl(Metpen)]+: tBuOOH 
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and conditions as those above for the Fe-tpena system ([Fe] = 0.5 mM, 1000 eq. tBuOOH) we 

found no detectable disproportionation of tBuOOH, i.e., over 30 minutes no O2 had evolved.  

 

  
  

  
 

Figure 7.3. Detection of evolved O2 and CO2, when ROOH is added to [Fe(OH)(tpenaH]2+ in MeCN (a) MIMS spectra of 

[Fe(OH)(tpenaH)]2+ (black) and with the addition of 50 eq. cumylOOH after 2 min (red) and 12 min (blue). The broad 

peak between m/z = 35-42 is due to acetonitrile. The m/z = 43 signal originates from unreacted cumylOOH passing 

through the membrane. Insert: time dependence of the ion current for the ions O2
•+ (m/z 32). [Fe] = 0.5 mM. (b) Time-

trace of the O2 evolution (1556 cm-1) with head-space Raman spectroscopy (λexc = 532 nm) with the addition of two 

portions of 100 eq. tBuOOH. [Fe] = 2 mM.  The arrows indicate addition of tBuOOH. Build-up of pressure in the sealed 

cuvette prevented further additions of the peroxide to the closed system, however the gas evolution can be re-

initiated more than 10 times using an open vessel. (c) Time-dependent volumetric detection of the gas release with 

the addition of 20,000 eq. oxidant to 25 μM [Fe(OH)(tpenaH)]2+ solutions in MeCN. tBuOOH (blue), cumylOOH (red), 

m-CPBA (green) (d) Time-resolved head-space FTIR spectroscopy showing the evolution of CO2 over time after 

addition of 1000 eq. of cumylOOH. Time-dependence of absorbance at 2360 cm-1. Red: 1000 eq. cumylOOH, blue: 

1000 eq.  tBuOOH. [Fe] = 0.5 mM. The bands at 2253 and 2292 cm-1 are due to acetonitrile. 

 

 

Volumetric monitoring of the release of the O2 as a function of time revealed that the initial rate 

constants are 3.66(6) mMs-1 and 0.29(8) mMs-1 (3 mL 25μM [Fe] and 20,000 oxidant/substrate) 

for the addition of tBuOOH and cumylOOH, respectively, hence the initial rate is 12 times faster 

for tBuOOH (Figure 7.3c). The O2 release ceases after 5 min when employing tBuOOH, whereas 

this takes several hours when cumylOOH is used under the same concentrations. At constant 

complex concentration saturation kinetics were not observed on the addition of 6500 – 30000 

eq. of tBuOOH, and the relationship between catalyst concentration and the rate constants is 

non-linear: A doubling of the iron concentration results in a more than doubling of the rate 

constants (SI Figure 7.S6-S8). The initial lag time before the O2 releases is rationalized by the 

need to establish a steady-state concentration of [FeIVO(tpenaH)]2+ and the alkoxy radical. As 
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mentioned both tBuO• and cumylO• will abstract an H atom from the excess tBuOOH and 

cumylOOH respectively to form the EPR detectable secondary radicals tBuOO• and cumylOO•. 

Acetone and acetophenone, respectively, are detected by NMR spectroscopy as the expected 

minor organic products from the disproportionation reactions (table 7.2, SI Figure 7.S4 and 7.S5). 

The formation of these ketone products occurs by β-scission reactions of the alkoxyl radical. In 

the case of tBuOOH, the acetone formation amounts to ca. 5 % of the organic products, whereas 

for cumylOOH the yield of acetophenone is greater at approximately 30 %. This is readily 

rationalised by the lower stability of cumylO• compared with tBuO•.56 Hence the β-scission 

pathway, being unimolecular, is more pronounced when cumylOOH is a substrate and hence 

cumylOOH disproportionation is less favoured than the disproportionation of tBuOOH. Addition 

of further portions of alkyl hydroperoxides re-initiates O2 evolution (Figure 7.3b) concomitant 

with the visible regeneration of the iron(III)-peroxide species (Figure 7.2b). The catalyst is robust. 

As mentioned in the introduction, the cause of low yields in redox active metal (Rh, Fe)-

complexes catalysing oxidations of organic substrates by alkyl hydroperoxides have sporadically 

been ascribed - without experimental verification - to a putative background dismutation.29–31 

Aside from the oxidation of organic substrates, alkyl hydroperoxides are routinely used in the 

preparation of high-valent metal complexes. In these syntheses it would seem that ample 

opportunities for the observation of disproportionation have been available to the many 

workers in the area of high valent biomimetic first row transition metal complexes: The dearth 

of observations of this specific reaction is surprising. Over two decades ago Caudle et al. showed 

that MnIII
2(2-OHsalpn)2, (2-OHsalpn = 1,3-bis(salicylideneamino)-2-propanol)57 reacts with 

tBuOOH to give a MnIII(O)MnIV complex. These authors assumed that the concurrently produced 
tbutoxy radical (undetected) reacts with excess tBuOOH to give the tbutylperoxyl radical (Eq. 1). 

Subsequent coupling of two tbutylperoxyl radicals was proposed as the source of the observed 

O2 (Eq. 2). O2 evolution from alkyl hydroperoxides was noted also when they are reacted with 

[Fe(tpa)X2]2+ and [Fe2O(tpa)2(H2O)2]4 (X=Cl, Br, tpa = tris(2-pyridylmethyl)amine)58). In these 

cases, peroxy H atom abstraction from ROOH to produce ROO• by the iron(III)-tpa complex with 

concurrent reduction of the iron to the +2 state was proposed to initialise the reaction. Again, O2 

extrusion after the ROO• coupling reaction in Eq. 2 was proposed. In contrast to the tpena-based 

system here, high valent iron is not involved. O2 was not quantified in either of these studies so 

we cannot compare yields or rates. Neither of these reactions were studied in detail from the 

viewpoint of actual turnover or catalysis.  

•OtBu + tBuOOH → tBuOH + •OOtBu  (1) 

2 •OOtBu → tBuOOOOtBu → O2 + 2 •OtBu  (2)  

While the coupling of •OOR radicals (Eq. 2) might be one pathway to O2, the reaction mixtures 

contain an abundance of competing substrates to potentially quench •OOR, not least the oxy-

radical like [FeIVO(tpenaH)]2+ 11.  We propose that the major O2 releasing step could 

predominantly involve the coupling of [FeIVO(tpenaH)]2+,11 with the abundantly present •OOCR3. 

Extrusion of O2 from a putative [FeIIIOOOCR3(tpenaH)]2+ reminiscent of the Russell mechanism’s 

dialkyltetroxide intermediate in Eq. 2,59 will collapse to O2 and an iron(III)-alkoxide, 

[FeIIIOCR3(tpenaH)]2+ (Scheme 7.3 path g). The beauty of this proposal is that all the detected 

products are accountable by the pathways in Scheme 7.3.   
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Scheme 7.3. Catalytic alkyl hydroperoxide disproportionation using the [Fe(tpena)]2+ system. Entry in the cycle occurs 

by the charge separation addition of an alkyl hydroperoxide to form [FeIIIOOCR3(tpenaH)]2+. (a) Production of 

[FeIVO(tpenaH)]2+ and alkoxide radical by FeO-OCR3 homolysis. (b) Reaction of alkylperoxide radical with 

[FeIVO(tpenaH)]2+ to form the putative [FeOOORC3(tpenaH)]2+ (c) β-Scission of alkoxy radical. (d) Production of 

alkylperoxide radical and product alcohol or carboxylic acid. (e) Reaction of alkyl hydroperoxide with [FeIVO(tpenaH)]2+ 

to give alkylperoxide radical. (f) Ligand exchange of the alcohol adduct to give the alkyl hydroperoxide adduct of 

[FeIII(tpena)]2+. (g)  O2 expulsion and formation of the alkoxy adduct of the resting-state catalyst, [FeIIIOR(tpenaH)]2+. 

 

Concurrently with the alkyl hydroperoxide decomposition and generation of O2 (m/z = 32), an 

increase of the peaks at m/z 29, 30, 31 and 44 in MIMS spectra are observed suggesting 

formation of one-carbon containing molecules (Figure 7.3a). Decomposition of tpena as the 

carbon source is excluded, because of (i) the repeatability over many cycles without loss of 

catalytic efficiency, (ii) the fact that [(tpenaH)Fe(μ-O)Fe(tpenaH)](ClO4)4 can be quantitatively 

recovered and, (iii) the ratio of the alkyl derived products of the reactions. Acetonitrile oxidation 

as source is also discounted due to the relatively high BDEs for H-CH2CN and H3C-CN (406 and 

522 kJmol-1)60 as well as the obvious lack of correlation to concentration. The remaining, and 

most plausible option is that the methyl radical produced via the β-scission pathway is the 

source (Scheme 7.3, path c). This methyl radical can react with O2 (which saturates the solutions) 

to give carbon monoxide, carbon dioxide, formaldehyde and methanol.61,62 The exact ratio 

between these products will be pressure and temperature dependent, however the growth of 
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ions at m/z 29, 30, 31 and 44 in the MIMS spectra for both alkyl hydroperoxides are consistent 

with formation of formaldehyde, methanol and CO2 (SI Figure 7.S9). Crucially, the quantity of CO2 

is directly proportional to the amount of ROOH that was added initially. The yield was quantified 

by head-space FTIR spectroscopy to be approximately one CO2 per 30 ROOH consumed (Figure 

7.3d). This CO2 accounts for a minor proportion of the gas evolved during the decomposition, 

and as mentioned above, the determination of O2 yields has taken this into account.  

 

Competitive and Selective C-H Substrate Oxidation Reactions 

If toluene (750 eq.) is added before addition of tBuOOH (750 eq.) to [Fe(OH)(tpenaH]2+, NMR 

spectroscopy verifies that it is oxidized to benzaldehyde (SI Figure 7.S10: δH(CHO) = 10.00 ppm 

and δC(CHO) = 193.7 ppm). After 1 h only trace amounts of tBuOOH remain, with tBuOH being 

the major product with traces of acetone. Based on the comparison of the integrals of the five 

aromatic protons in toluene and benzaldehyde, a 10 % conversion has occurred (TON = 38). 

Benzylalcohol, which is an intermediate on the reaction pathway from toluene to benzaldehyde, 

is not detected, presumably because of its facile onward oxidation. Benzoic acid is not detected 

suggesting that benzaldehyde is not easily oxidized under these conditions. Control reactions 

show that tBuOOH cannot oxidise toluene, benzyl alcohol or benzaldehyde in the absence of 

[Fe(tpena)]2+.  

 

The [Fe(OH)(tpenaH)]2+/ROOH system furnishes highly selective catalysis of the oxidation of 

appropriate C-H bonds under appropriate limiting reagent conditions. A conversion of 47 % to 

benzaldehyde after 1 h is measured when benzyl alcohol is added to acetonitrile solutions in 

equivalent amounts to the subsequently added tBuOOH (PhCH2OH : tBuOOH : [Fe(OH)(tpenaH)]2+ 

= 750:750:1, TON = 352). Volumetric detection of the gas release under these conditions shows a 

decrease to 8.0 mL compared with the 15.5 mL that could be recovered if an external substrate 

is not added. Quantification of the CO2 shows the same amount of CO2 is produced as that in the 

absence of benzyl alcohol, thus the β-scission pathway is not suppressed in any significant way, 

and an adjusted yield of 44 % O2 in the presence of equimolar amounts of tBuOOH and benzyl 

alcohol can be determined. This correlates nearly perfectly with the 47 % conversion of the 

benzyl alcohol to benzaldehyde detected by NMR spectroscopy. Hence PhCH2OH (BDE for 

methylene C-H, 331 kJmol-1 60) and tBuOOH (BDE tBuOO-H, 352 kJmol-1 60) compete equally as 

substrates for  [FeIVO(tpenaH)]2+ despite the lower BDE for PhCH2OH. This implies a polar effect 

on the HAT process promoting tBuOOH as an equal substrate. It is easy to envisage that the 

dangling pyridinium arm might participate through a supramolecular H bonding interaction with 

the distal O atom of the tBuOOH. A 1:5 ratio of tBuOOH : PhCH2OH reduced the gas release 

further to a 25 % of the yield found in the absence of benzyl alcohol. The in situ oxidants 

responsible for the oxidation of toluene and benzyl alcohol are proposed to be all of 

[FeIVO(tpenaH)]2+, RO• and ROO•. These will all abstract H atoms from the aliphatic C-H bonds of 

these substrates to regenerate [FeIIIOH(tpenaH)]2+ and ROOH, and produce ROH, along with 

benzyl radicals with which the generated O2 might react directly. 

 

O2 Evolution is Suppressed in the Reaction of Fe(III)-tpena with a Peracid  

The reaction of [FeIII(OH)(tpenaH)]2+ with m-CPBA (50 eq.) generates [FeIVO(tpenaH)]2+ more 

rapidly compared to H2O2 and alkyl hydroperoxides as evidenced by the appearance of an 
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absorption band at 730 nm, detected only at low temperatures (-30 °C) where [FeIVO(tpenaH)]2+ 

shows a half-life or around 20 s. At -40 °C a barely perceptible shoulder at 565 nm is revealed (< 

2 s, Figure 7.4a). This is likely due to [Fe(OOC(O)m-PhCl)(tpenaH]2+. The electron withdrawing 

properties of the chloro-substituted aromatic acylated system produces a more labile O-O bond 

than observed for tBuOOH and cumylOOH. The same tendency in O-O bond stability has been 

observed for iron(III) porphyrin complexes of m-CPBA and tBuOOH.63 The EPR spectra (Figure 

7.4b) recorded on flash frozen samples of mixtures of [FeIII(OH)(tpenaH)]2+ and 50 eq. m-CPBA 

shows three distinct signals: a high-spin iron(III) (geff = 8.2, 5.2, 4.2), a rhombic low-spin iron(III) 

with g = 2.23, 2.18 and 1.95 (red) and an isotropic signal with g = 2.00 (blue). The latter two 

signals can, analogously with the alkyl peroxide reactions, be associated with the transient 

peroxyacid adduct [Fe(OOC(O)m-PhCl)(tpenaH]2+ and its daughter m-ClPhC(O)O• or derived m-

ClPhC(O)OO• radical. The high-spin signal observed in the EPR spectrum has no counterpart in 

the reactions with tBuOOH or cumylOOH and we propose this is due to 

[FeIII(OC(O)PhCl)(tpenaH)]2+, vide infra. 

 

While some O2 is detected, the reaction of [Fe(OH)(tpenaH)]2+ with 1000 eq. m-CPBA does not 

give rise to the release of large amounts of O2 as it does in the reactions with tBuOOH and 

cumylOOH (table 7.2). A yield of 23 % of the theoretical O2 production (based on the mechanism 

in Scheme 7.3) is volumetrically detected after 30 min. The products of the disproportionation of 

m-CPBA are O2 and m-chlorobenzoic acid (m-CBAH). Thus, X in Scheme 7.3 will be m-

chlorobenzoyl. Corroborating, NMR spectra of mixtures containing Fe-tpena and m-CPBA (1:750) 

in d3-MeCN show that m-CBAH is produced concurrently with consumption of the m-CPBA. After 

1 h reaction time half of the m-CPBA has disappeared (SI Figure 7.S11), but 25 % of the m-CPBA 

remains unreacted after 3 days.  It is not unexpected that the product m-CBAH might inhibit the 

catalytic reaction to a far greater degree compared with the product alcohols from the 

alkylhydroperoxide disproportionation reactions, i.e. the species [Fe(OX)(tpenaH]2+ in Scheme 

7.3, in this case [FeIII(OC(O)PhCl)(tpenaH)]2+ is more stable than the counterpart 

[Fe(OtBu)(tpenaH]2+ and [Fe(Ocumyl)(tpenaH]2+ complexes. This was verified by recording ESI-

mass spectra of [Fe(tpena)]2+ solutions in the presence of 50 eq. tBuOH or m-CBAH. Both show a 

base peak at m/z = 446.1256 corresponding to [FeII(tpena)]+, however the spectrum of the 

mixture containing m-CBAH contains also two intense peaks at m/z = 601.114 (59 %, calcd: 

601.117 for C29H28ClFeN5O4) and m/z = 557.124 (39 %, calcd: 557.128 for C28H28ClFeN5O2) which 

correspond the m-CBA adduct ions, [FeIII(m-CBA)(tpena)]+ and [FeIII(m-CBA)(tpena) - CO2]+, 

respectively (Figure 7.4c). These results show that the product m-CBAH inhibits step (f) in the 

catalytic cycle by formation of a relatively stable [FeIII(OC(O)PhCl)(tpenaH)]2+, Scheme 7.3. 

Commercial m-CPBA is significantly contaminated by m-CBAH so this inhibitor is actually present 

from the first addition of its derived peroxide. Consistently with the ESI-MS, UV-vis and EPR 

spectra of acetonitrile solutions of [Fe(tpena)]2+ are not affected by the addition of tBuOH 

whereas the addition of m-CBAH results in the disappearance of the characteristic band of 

[Fe(tpena)]2+ at max = 360 nm. The EPR spectrum of this latter solution reproduces the high-spin 

signal (geff = 8.5, 5.2, 4.2, 3.0) of the working solutions where m-CPBA is the substrate, Figure 

7.4b (SI Figure 7.S12). It is therefore unambiguous that the EPR signal can be assigned to high 

spin (S = 5/2) [FeIII(tpenaH)(m-CBA)]2+. 
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Figure 7.4. (a) UV-vis spectra of [Fe(tpena)]2+ (orange) with the addition of m-CPBA (50 eq, [Fe] = 2 mM) at -40°C to 

generate [Fe(OOC(O)m-PhCl)(tpenaH]2+ (red) and [FeIV=O(tpenaH)]2+ (green) (b) EPR spectra recorded on a frozen 

solution of [Fe(OH)(tpenaH)]2+ with the addition of 50 eq. m-CPBA in MeCN at 110K. Microwave frequency: 9.309872 

GHz. Fitted data for [Fe(OOC(O)m-PhCl)(tpenaH)]2+ and the m-ClPhC(O)O• or derived m-ClPhC(O)OO• radical are shown 

in red and blue, respectively. (c) ESI-MS of a solution of [Fe(tpena)]2+ and m-CBA (1:50, MeCN). Assignments: m/z = 

601.114, cald. 601.117 for C29H28ClFeN5O4, [FeIII(tpena)(m-CBA)]+); m/z = 557.124, cald. 557.128 for C28H28ClFeN5O2, 

[FeIII(tpena)(m-CBA)-CO2]+); m/z = 388.119, cald. 388.122 for C20H22FeN5, [FeII(tpena)-CH2COO]+; m/z = 465.075, cald. 

465.125 for C22H26ClFeN6, {[FeII(Cl)(tpena)-CH2COO](MeCN)}+. 

 

Conclusion 

The Fe-tpena system, uniquely compared to all other known non-heme models, contains a 

chelating single carboxylato donor cis to the peroxide binding site. This is biomimetic with 

respect to the propensity of the occurrence of mono Asp/Glu coordination cis to O2 activating 

enzymatic non-heme sites. Transient low-spin iron(III)-alkylperoxides and iron(III)-acylperoxides 

[FeIIIOOR(tpenaH)]2+ (R = C(CH3)3, C(CH3)2Ph, C(O)PhCl) form on the replacement of the water 

equivalent in [FeIII(OH)(tpenaH)]2+ by ROOH. The complex is bifunctional: The ingoing and 

outgoing co-ligands are charge separated into a XO- (X=H, RO) ligand, and a proton on the non-

coordinated pyridinium arm. This system is the first non-heme iron model incorporating a 

biomimetic second coordination sphere base for enabling this outcome. The νFe=O for the derived 

[FeIVO(tpenaH)]2+ is hypsochromically shifted, by around 30 cm-1, compared to the iron(IV)oxo 

complexes of N-donor only aminopyridyl ligands.44 The way in which these structural and 

electronic features are important for the indisputable inherent radical character of the unique 

[FeIVO(tpenaH)]2+ 11 is yet to be determined, however it is pertinent to note that carboxylato 

donors are redox non-innocent and this will influence the activation of the bonds to and in cis 

ligands. For example, the lability of the FeO-OR bond in the alkyl and acyl peroxide adducts of 
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Fe-tpena is greater than that of analogous iron complexes supported by the more mundane N-

donor only ligands. These factors are intrinsic for the unified peroxidase-like mechanism we 

propose (Scheme 7.3). The speed of the reaction and the extensive characterisation of the iron-

based and organic species in our working solutions lead us to propose that the evolved O2 

predominantly derives from the O2 extrusion from a putative FeIIIOOOR species obtained from 

coupling of the radical iron(IV)oxo complex with ROO•.   

With its resting state of +3 oxidation state and a readily accessible +4 oxidation state the iron-

tpena system is highly applicable to one-electron reactions in cycles, i.e., those involving HAT 

reactions as represented by the top section of Scheme 7.1 in the presence of peroxides as 

terminal oxidants. All the reactions described here support this conclusion. Interestingly, despite 

the presence of several radical species (ROO•, RO•, R•, [FeIVO(tpenaH]2+) in these reactions, with 

judicial experimental design, the selective oxidation of an external substrate can be favoured.  

Ultimately, our results demonstrate that disproportionation of alkyl hydroperoxides and 

peroxyperacids can potentially be a significant background reaction, when these reagents are 

used as terminal oxidants in metal-catalysed reactions. It is clear however, given the number of 

applications of these reagents, including commercial, that significant unproductive 

decomposition of alkyl hydroperoxide is in fact relatively rare. Finally, as an effective catalyst for 

alkyl hydroperoxide disproportionation [Fe(tpena)]2+ might find useful application in quenching 

unwanted hydrogen alkyl peroxides in cases of excesses or in chemical spills. 

 

Acknowledgements 

This work was supported by the Danish Council for Independent Research | Natural Sciences 

(grant 4181-00329 to CMcK). Dr. Eckhard Bill is thanked for assistance with recording of 

Mössbauer data. CW thanks the COST Action CM1305 (ECOSTBio) for financial support (STSM 

#37381 and the ECOSTBio Winter school 2016).



 Chapter 7 
 

100 

7
 

References 

(1)  Kovaleva, E. G.; Lipscomb, J. D. Versatility of Biological Non-Heme Fe(II) Centers in Oxygen Activation Reactions. 
Nat. Chem. Biol. 2008, 4, 186–193. 

(2)  Stenkamp, R. E. Dioxygen and Hemerythrin. Chem. Rev. 1994, 94, 715–726. 

(3)  Dawson, J. H. Probing Structure-Function Relations in Heme-Containing Oxygenases and Peroxidases. Science 
1988, 240, 433–439. 

(4)  Costas, M.; Mehn, M. P.; Jensen, M. P.; Que, L. Dioxygen Activation at Mononuclear Nonheme Iron Active Sites: 
Enzymes, Models, and Intermediates. Chem. Rev. 2004, 104, 939–986. 

(5)  Nam, W. Synthetic Mononuclear Nonheme Iron-Oxygen Intermediates. Acc. Chem. Res. 2015, 48, 2415–2423. 

(6)  Que, L.; Tolman, W. B. Biologically Inspired Oxidation Catalysis. Nature 2008, 455, 333–340. 

(7)  Nielsen, A.; Larsen, F. B.; Bond, A. D.; McKenzie, C. J. Regiospecific Ligand Oxygenation in Iron Complexes of a 
Carboxylate-Containing Ligand Mediated by a Proposed Fe(V)-Oxo Species. Angew. Chem. Int. Ed. Engl. 2006, 45, 
1602–1606. 

(8)  Wegeberg, C.; Lauritsen, F. R.; Frandsen, C.; Mørup, S.; Browne, W. R.; McKenzie, C. J. Directing a Non-Heme 
Iron(III)-Hydroperoxide Species on a Trifurcated Reactivity Pathway. Chem. Eur. J. 2018, 24, 5134–5145. 

(9)  Lennartson, A.; McKenzie, C. J. An Iron(III) Iodosylbenzene Complex: A Masked Non-Heme FeVO.  Angew. Chem. 
Int. Ed. Engl. 2012, 51, 6767–6770. 

(10)  de Sousa, D. P.; Wegeberg, C.; Vad, M. S.; Mørup, S.; Frandsen, C.; Donald, W. A.; McKenzie, C. J. Halogen-
Bonding-Assisted Iodosylbenzene Activation by a Homogenous Iron Catalyst. Chem. Eur. J. 2016, 22, 3810–3820. 

(11)  De Sousa, D. P.; Miller, C. J.; Chang, Y.; Waite, T. D.; McKenzie, C. J. Electrochemically Generated cis-Carboxylato-
Coordinated Iron(IV) Oxo Acid-Base Congeners as Promiscuous Oxidants of Water Pollutants. Inorg. Chem. 2017, 
56, 14936–14947. 

(12)  Vad, M. S.; Lennartson, A.; Nielsen, A.; Harmer, J.; McGrady, J. E.; Frandsen, C.; Mørup, S.; McKenzie, C. J. An 
Aqueous Non-Heme Fe(IV)oxo Complex with a Basic Group in the Second Coordination Sphere. Chem. Commun. 
2012, 48, 10880–10882. 

(13)  Donald, W. A.; McKenzie, C. J.; O’Hair, R. A. J. C-H Bond Activation of Methanol and Ethanol by a High-Spin 
Fe(IV)O Biomimetic Complex. Angew. Chem. Int. Ed. Engl. 2011, 50, 8379–8383. 

(14)  De Sousa, D. P.; Bigelow, J. O.; Sundberg, J.; Que, L.; McKenzie, C. J. Caught! Crystal trapping of a Side-on Peroxo 
bound to Cr(IV). Chem. Commun. 2015, 51, 2802–2805. 

(15)  Hazell, A.; McKenzie, C. J.; Nielsen, L. P.; Schindler, S.; Weitzer, M. Mononuclear Non-Heme Iron(III) Peroxide 
Complexes: Syntheses, Characterisation, Mass Spectrometric and Kinetic Studies.  J. Chem. Soc., Dalton Trans. 
2002, 310. 

(16)  Bernal, I.; Jensen, I. M.; Jensen, K. B.; McKenzie, C. J.; Toftlund, H.; Tuchagues, J.-P. Iron(II) Complexes of 
Polydentate Aminopyridyl Ligands and an Exchangeable Sixth Ligand; Reactions with Peroxides. Crystal Structure 
of [FeL1(H2 O)][PF6 ]2·H2 O [L1 = N,N′-bis-(6-methyl-2-pyridylmethyl)-N,N′-bis(2-pyridylmethyl)ethane-1,2-
diamine]. J. Chem. Soc., Dalton Trans. 1995, 3667–3675. 

(17)  Jensen, K. B.; McKenzie, C. J.; Nielsen, L. P.; Zacho Pedersen, J.; Svendsen, H. M. Deprotonation of Low-Spin 
Mononuclear Iron(III)–Hydroperoxide Complexes give Transient Blue Species Assigned to High-Spin Iron(III)–
Peroxide Complexes. Chem. Commun. 1999, 1313–1314. 

(18)  Mageli, O. L.; Kolczynski, J. R. Organic Peroxides. Ind. Eng. Chem. 1966, 58, 25–32. 

(19)  Salem, I. A.; El-Maazawi, M.; Zaki, A. B. Kinetics and Mechanisms of Decomposition Reaction of Hydrogen 
Peroxide in Presence of Metal Complexes. Int. J. Chem. Kinet. 2000, 32, 643–666. 

(20)  Nakanishi, M.; Bolm, C. Iron-Catalyzed Benzylic Oxidation with Aqueous tert-Butyl Hydroperoxide Adv. Synth. 
Catal. 2007, 349, 861–864. 



Catalytic Alkyl Hydroperoxide and Acylperoxide Disproportionation  
by a Nonheme Iron Complex 

 

101 

7
 

(21)  Umbreit, M. A.; Sharpless, K. B. Allylic Oxidation of Olefins by Catalytic and Stoichiometric Selenium Dioxide with 
tert-Butyl Hydroperoxide. J. Am. Chem. Soc. 1977, 99, 5526–5528. 

(22)  Traylor, T. G.; Tsuchiya, S.; Byun, Y. S.; Kim, C. J. Am. Chem. Soc. High-Yield Epoxidations with Hydrogen Peroxide 
and tert-Butyl Hydroperoxide Catalyzed by Iron(III) Porphyrins: Heterolytic Cleavage of Hydroperoxides. 1993, 
115, 2775–2781. 

(23)  Lu, X.; Liu, Y.; Sun, B.; Cindric, B.; Deng, L. Catalytic Enantioselective Peroxidation of α,β-Unsaturated Ketones. J. 
Am. Chem. Soc. 2008, 130, 8134–8135. 

(24)  Lu, Y.; Zheng, C.; Yang, Y.; Zhao, G.; Zou, G. Highly Enantioselective Epoxidation of α,β-Unsaturated Ketones 
Catalyzed by Primary-Secondary Diamines. Adv. Synth. Catal. 2011, 353, 3129–3133. 

(25)  Terent’ev, A. O.; Sharipov, M. Y.; Krylov, I. B.; Gaidarenko, D. V.; Nikishin, G. I. Manganese Triacetate as an 
Efficient Catalyst for Bisperoxidation of Styrenes. Org. Biomol. Chem. 2015, 13, 1439–1445. 

(26)  Wang, Q.; Geng, H.; Chai, W.; Zeng, X.; Xu, M.; Zhu, C.; Fu, R.; Yuan, R. Copper-Catalyzed Formation of C-O Bonds 
by Oxidative Coupling of Benzylic Alcohols with Ethers. Eur. J. Org. Chem. 2014, 2014, 6850–6853. 

(27)  Ouyang, X.-H.; Song, R.-J.; Li, J.-H. Iron-Catalyzed Oxidative 1,2-Carboacylation of Activated Alkenes with 
Alcohols: A Tandem Route to 3-(2-Oxoethyl)indolin-2-ones. Eur. J. Org. Chem. 2014, 2014, 3395–3401. 

(28)  Saka, E. T.; Bıyıklıoğlu, Z. Co(II) and Fe(II) phthalocyanines: Synthesis, Characterization and Catalytic Activity on 
Cyclohexene Oxidation with Different Oxygen Source. J. Organomet. Chem. 2013, 745-746, 50–56. 

(29)  Coelho, J. A. S.; Trindade, A. F.; Wanke, R.; Rocha, B. G. M.; Veiros, L. F.; Gois, P. M. P.; Pombeiro, A. J. L.; Afonso, 
C. A. M. N-Heterocyclic Carbene Dirhodium(II) Complexes as Catalysts for Allylic and Benzylic Oxidations. Eur. J. 
Org. Chem. 2013, 2013, 1471–1478. 

(30)  Napoly, F.; Kieffer, R.; Jean-Gérard, L.; Goux-Henry, C.; Draye, M.; Andrioletti, B. Fe(TAML)Li/ tert-butyl 
hydroperoxide as a new combination for benzylic C–H oxidation. Tetrahedron Lett. 2015, 56, 2517–2520. 

(31)  Hodges, G. R.; Lindsay Smith, J. R.; Oakes, J. The Oxidation of Azo Dyes by Peroxy Acids and tert-Butyl 
Hydroperoxide in Aqueous Solution Catalysed by Iron(III) 5,10,15,20-tetra(2,6-dichloro-3-
sulfonatophenyl)porphyrin: Product Studies and Mechanism. J. Chem. Soc., Perkin Trans. 2 1999, 1943–1952. 

(32)  Kang, C.; Redman, C.; Cepak, V.; Sawyer, D. T. Iron(II)/Hydroperoxide (Fenton Reagent)-induced Activation of 
Dioxygen for (A) the Direct Ketonization of Methylenic Carbon and (B) the Dioxygenation of cis-Stilbene. Bioorg. 
Med. Chem. 1993, 1, 125–140. 

(33)  Palopoli, C.; Duhayon, C.; Tuchagues, J.-P.; Signorella, S. Synthesis, Characterization, and Reactivity Studies of a 
Water-Soluble Bis(alkoxo)(carboxylato)-Bridged diMn(III) Complex Modeling the Active Site in Catalase. Dalton 
Trans. 2014, 43, 17145–17155. 

(34)  Palopoli, C.; Bruzzo, N.; Hureau, C.; Ladeira, S.; Murgida, D.; Signorella, S. Synthesis, Characterization, and 
Catalase Activity of a Water-Soluble diMn(III) Complex of a Sulphonato-Substituted Schiff Base Ligand: An 
Efficient Catalyst for H2O2 Disproportionation. Inorg. Chem. 2011, 50, 8973–8983. 

(35)  Sengupta, K.; Chatterjee, S.; Dey, A. Catalytic H2O2 Disproportionation and Electrocatalytic O2 Reduction by a 
Functional Mimic of Heme Catalase: Direct Observation of Compound 0 and Compound I in situ. ACS Catal. 2016, 
6, 1382–1388. 

(36)  Chen, W.-H.; Wei, H.-H.; Lee, G.-H.; Wang, Y. Dimeric Iron(III) Complexes with Salicylaldimine Ligands: 
Structures, Magnetic Properties, and Activity of H2O2 Disproportionation. Polyhedron 2001, 20, 515–521. 

(37)  Gelasco, A.; Askenas, A.; Pecoraro, V. L. Catalytic Disproportionation of Hydrogen Peroxide by the Tetranuclear 
Manganese Complex [Mnll (2-OHpicpn)]4. Inorg. Chem. 1996, 35, 1419–1420. 

(38)  Vad, M. S.; Nielsen, A.; Lennartson, A.; Bond, A. D.; McGrady, J. E.; McKenzie, C. J. Switching on Oxygen 
Activation by Cobalt Complexes of Pentadentate Ligands. Dalton Trans. 2011, 40, 10698–10707. 

(39)  Wegeberg, C.; McKee, V.; McKenzie, C. J. A Coordinatively Flexible Hexadentate Ligand gives Structural Isomeric 
Complexes M2(L)X3 (M = Cu, Zn; X = Br, Cl).  Acta Crystallogr. C Struct. Chem. 2016, 72, 68–74. 



 Chapter 7 
 

102 

7
 

 (40)  by E. Bill (Max-Planck-Institute for Chemical Energy Conversion in Mülheim); available from the author by mail 
to eckhard.bill@cec.mpg.de. 2016. 

(41)  Lehnert, N.; Ho, R. Y.; Que, L.; Solomon, E. I. Spectroscopic Properties and Electronic Structure of Low-Spin 
Fe(III)-Alkylperoxo Complexes: Homolytic Cleavage of the O-O Bond. J. Am. Chem. Soc. 2001, 123, 8271–8290. 

(42)  Ménage, S.; Wilkinson, E. C.; Que, L.; Fontecave, M. Formation of an Alkylperoxoiron(III) Complex during 
Oxidations Catalyzed by μ-Oxodiiron(III) Complexes. Angew. Chem. Int. Ed. Engl. 1995, 34, 203–205. 

(43)  Ho, R. Y. N.; Roelfes, G.; Feringa, B. L.; Que, L. Raman Evidence for a Weakened O−O Bond in Mononuclear Low-
Spin Iron(III)−Hydroperoxides. J. Am. Chem. Soc. 1999, 121, 264–265. 

(44)  McDonald, A. R.; Que, L. High-Valent Nonheme Iron-Oxo Complexes: Synthesis, Structure, and Spectroscopy. 
Coord. Chem. Rev. 2013, 257, 414–428. 

(45)  Kraft, B. J.; Coalter, N. L.; Nath, M.; Clark, A. E.; Siedle, A. R.; Huffman, J. C.; Zaleski, J. M. Photothermally Induced 
Bergman Cyclization of Metalloenediynes via Near-Infrared Ligand-to-Metal Charge-Transfer Excitation. Inorg. 
Chem. 2003, 42, 1663–1672. 

(46)  Cooney, J. J. A.; Carducci, M. D.; McElhaney, A. E.; Selby, H. D.; Enemark, J. H. New Oxovanadium Bis(1,2-
dithiolate) Compounds That Mimic the Hydrogen-Bonding Interactions at the Active Sites of Mononuclear 
Molybdenum Enzymes. Inorg. Chem. 2002, 41, 7086–7093. 

(47)  Pacigová, S.; Gyepes, R.; Tatiersky, J.; Sivák, M. Interpretation of the multiple vanadium-oxygen bonds in the 
central VO(η2-O2)+ group. Synthesis, structure, supramolecular interactions and DFT studies for complexes with 
2,2'-bipyridine, 1,10-phenanthroline, pyrazinato(1-) and pyrazinamide ligands. Dalton Trans. 2008, 121–130. 

(48)  Ingold, K. U.; Morton, J. R. Electron Spin Resonance Spectra of Organic Oxy Radicals. J. Am. Chem. Soc. 1964, 86, 
3400–3402. 

(49)  Symons, M. C. R. Electron Spin Resonance Spectra of Organic Oxy Radicals. The Radical (CH3)3CO3. J. Am. Chem. 
Soc. 1969, 91, 5924–5924. 

(50)  Poulsen, A. K.; Rompel, A.; McKenzie, C. J. Water Oxidation Catalyzed by a Dinuclear Mn Complex: A Functional 
Model for the Oxygen-Evolving Center of Photosystem II. Angew. Chem. Int. Ed. Engl. 2005, 44, 6916–6920. 

(51)  Sugimoto, H.; Sawyer, D. T. Iron(II)-Induced Activation of Hydrogen Peroxide to Ferryl Ion (FeO2+) and Singlet 
Oxygen (1O2) in Acetonitrile: Monoxygenations, Dehydrogenations, and Dioxygenations of Organic Substrates. J. 
Am. Chem. Soc. 1984, 106, 4283–4285. 

(52)  Sugimoto, H.; Sawyer, D. T. Iron(II)-Induced Activation of Hydroperoxides for the Dehydrogenation and 
Monooxygenation of Organic Substrates in Acetonitrile. J. Am. Chem. Soc. 1985, 107, 5712–5716. 

(53)  De Sousa, D. P.; McKenzie, C. J. Molecular Iron-based Oxidants and their Stochiometric Reactions in Topics in 
Organometallic Chemistry: Iron Catalysis II, Springer, 2015, 50, 311–356. 

(54)  Horner, O.; Jeandey, C.; Oddou, J.-L.; Bonville, P.; McKenzie, C.; Latour, J.-M. Hydrogenperoxo-
[(bztpen)Fe(OOH)]2+ and Its Deprotonation Product Peroxo-[(bztpen)Fe(O2)]+, Studied by EPR and Mössbauer 
Spectroscopy - Implications for the Electronic Structures of Peroxo Model Complexes.  Eur. J. Inorg. Chem. 2002, 
2002, 3278–3283. 

(55)  Nebe, T.; Beitat, A.; Würtele, C.; Dücker-Benfer, C.; van Eldik, R.; McKenzie, C. J.; Schindler, S. Reinvestigation of 
the Formation of a Mononuclear Fe(III) Hydroperoxido Complex using High Pressure Kinetics. Dalton Trans. 
2010, 39, 7768–7773. 

(56)  Avila, D. V.; Brown, C. E.; Ingold, K. U.; Lusztyk, J. Solvent Effects on the Competitive β-scission and Hydrogen 
Atom Abstraction Reactions of the Cumyloxyl Radical. Resolution of a Long-Standing Problem. J. Am. Chem. Soc. 
1993, 115, 466–470. 

(57)  Caudle, M. T.; Riggs-Gelasco, P.; Gelasco, A. K.; Penner-Hahn, J. E.; Pecoraro, V. L. Mechanism for the Homolytic 
Cleavage of Alkyl Hydroperoxides by the Manganese(III) Dimer MnIII

2(2-OHsalpn)2. Inorg. Chem. 1996, 35, 3577–
3584. 

(58)  Kim, J.; Harrison, R. G.; Kim, C.; Que, L. Fe(TPA)-Catalyzed Alkane Hydroxylation. Metal-Based Oxidation vs 
Radical Chain Autoxidation. J. Am. Chem. Soc. 1996, 118, 4373–4379. 



Catalytic Alkyl Hydroperoxide and Acylperoxide Disproportionation  
by a Nonheme Iron Complex 

 

103 

7
 

(59)  The reader should be aware that the coupling reaction of alkylperoxyl radicals, known as the Russell 
mechanism,64,65 was formulated on the basis of experiments involving solutions of alkylhydroperoxides 
(containing an α-H atom) and their reaction with radical initiators. These solutions do not contain significant 
amounts of other radicals, like the high valent iron oxo species. . 

(60)  Luo, Y.-R. Comprehensive handbook of chemical bond energies; CRC Press: Boca Raton, 2007. 

(61)  Martin, R. B.; Noyes, W. A. The Reactions of Methyl Radicals with Oxygen1. J. Am. Chem. Soc. 1953, 75, 4183–
4185. 

(62)  Barnard, J. A.; Cohen, A. Reaction of Methyl Radicals with Oxygen. Reaction of Methyl Radicals with Oxygen. 
Trans. Faraday Soc. 1968, 64, 396. 

(63)  Nam, W.; Han, H. J.; Oh, S.-Y.; Lee, Y. J.; Choi, M.-H.; Han, S.-Y.; Kim, C.; Woo, S. K.; Shin, W. New Insights into the 
Mechanisms of O−O Bond Cleavage of Hydrogen Peroxide and tert-Alkyl Hydroperoxides by Iron(III) Porphyrin 
Complexes. J. Am. Chem. Soc. 2000, 122, 8677–8684. 

(64)  Russell, G. A. Deuterium-isotope Effects in the Autoxidation of Aralkyl Hydrocarbons. Mechanism of the 
Interaction of Peroxy Radicals1. J. Am. Chem. Soc. 1957, 79, 3871–3877. 

(65)  Howard, J. A.; Ingold, K. U. Self-Reaction of sec-Butylperoxy Radicals. Confirmation of the Russell Mechanism. J. 
Am. Chem. Soc. 1968, 90, 1056–1058 

 

 

Supporting Information 

Supporting video showing the rapid O2 evolution. In this, two additions of tBuOOH to an acetonitrile 

solution of [Fe(OH)(tpenaH)]2+ are performed. In the first the purple colour of the Fe(III)-peroxide complex 

is seen clearly. This not the case for the second addition because the solution is now warm and hence the 

lifetime of the iron based transients is too short for observation. 

 

 

 

 

 
Figure 7.S1: Time trace of the maximum absorbance for [Fe(OOtBu)(tpenaH)]2+ (λmax = 558, [Fe] = 2 mM) 

and[Fe(OOCumyl)(tpenaH)]2+ (λmax = 531, [Fe] = 4 mM), and their common decay product [FeIV=O(tpenaH)]2+ (λmax = 

730) at 5 °C with addition of 50 eq. ROOH.  
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Figure 7.S2: EPR spectrum recorded on a frozen solution of [Fe(tpena)]2+ with addition of 50 eq. CumylOOH. Three 

signals are overlapping assignable to a low-spin iron(III) signal from [Fe(OOCumyl)(tpenaH)]2+ (g = 2.19, 2.12, 1.97), a 

broad low-spin iron(III) signal from fac-[Fe(tpena)]2+ (g = 2.78, 2.32, 1.68) and an isotropic peak from the organic 

radical CumylOO• (g = 2.00).  

 

 

Figure 7.S3: Mössbauer spectrum of a reaction mixture of [Fe(OH)(tpenaH)]2+ (3mM) with addition of 50 eq. 

cumylOOH. [Fe(OH)(tpenaH)]2+ (δ = 0.14 mms-1, ΔEQ = 2.08 mms-1, 22%, blue), [Fe2O(tpenaH)2]4+ (δ = 0.43 mms-1, ΔEQ 

= 1.60 mms-1, 26%, red), [FeIVO(tpenaH)]2+ (δ = 0.00 mms-1, ΔEQ = 0.90 mms-1, 24 %, green) and 

[Fe(OOcumyl)(tpenaH)]2+ (δ = 0.2 mms-1, ΔEQ = 2.0 mms-1, 28%, purple). The simulations are performed with 

symmetric Lorentzian doublets due to assumption of fast paramagnetic relaxation, except for [Fe(OOcumyl)(tpenH)]2+, 

for which we allowed asymmetric line broadening in order to approximate the broadening effects caused by 

intermediate relaxation rates.  
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Figure 7.S4: 13C NMR spectra recorded on a reaction mixture of [Fe(OH)(tpenaH]2+ (1mM) with addition of 750 eq. 
tBuOOH after 1 h of reaction time. All of tBuOOH is fully consumed.  

 

Figure 7.S5: 13C NMR spectra recorded on a reaction mixture of [Fe(OH)(tpenaH]2+ (1 mM) with addition of 750 eq. 

CumylOOH after 1 h of reaction time. All of CumylOOH is fully consumed.  

 

Figure 7.S6: Volumetric detection of O2 release, when various amounts of tBuOOH (70 % aq) were added to 3 mL of 25 

μM [Fe(tpena)]2+ solution. There is a lack time within the first few seconds after addition.  
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Figure 7.S7: Kinetics for [Fe(tpena)]2+ in MeCN with the addition of tBuOOH (664 mM, 457 mM, 348 mM, 236 mM and 
164 mM). The rate constants are determined based on the linear relationship between ~20-100 sec.    seen in Figure 

S3. The data can be fitted very well to a linear correlation with Rate constant = 1.07 • 10-2 [tBuOOH] – 1.26 • 10-3 ; R2 = 
0.996.  

 

Figure 7.S8: Plot showing the dependency of the rate constant as a function of [Fe(OH)(tpenaH)]2+ complex 

concentration.  
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Figure 7.S9: Reference MIMS spectra of methanol (black), acetonitrile (red) and formaldehyde in MeCN (blue). 

Methanol gives rise to a peak intensity at m/z = 29, 30 and 31, and formaldehyde gives rise to an increase at m/z = 29 

and 30. 
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Figure 7.S10: 1H NMR and 13C NMR spectra of the reaction mixture of [Fe(OH)(tpenaH)]2+ (1 mM, MeCN-d3) and 

toluene (750 eq.) with subsequent addition of tBuOOH (750 eq.). The spectra are collected after 1 h of reaction time.  
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Figure 7.S11: 13C NMR spectra recorded on a reaction mixture of [Fe(OH)(tpenaH]2+ with addition of 750 eq. m-CPBA 

after 1 h of reaction time. 50 % of m-CPBA has been converted to m-CBA (batch: 77 % m-CPBA and 23 % m-CBA) 

 

Figure 7.S12: EPR spectrum of [Fe(tpena)]2+ (4 mM) with addition of m-chlorobenzoic acid. Microwave frequency:  

9.314142 GHz. geff-values are denoted on the figure
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ABSTRACT: The iron(III) complex [Fe(tpena)]2+ (tpena = N,N,N'-tris(2-pyridylmethyl)ethylendiamine-
N'-acetate) undergoes irreversible O2-dependent N-demethylcarboxylation to afford 
[FeII(SBPy3)(MeCN)]2+ (SBPy3 = N,N-bis(2-pyridylmethyl)amine-N-ethyl-2-pyridine-2-aldimine), when 
irradiated with near-UV light. The loss of a mass equivalent to the glycyl group in a process involving 
consecutive C-C and C-N cleavages is documented by the measurement of the sequential production of 
CO2 and formaldehyde, respectively. Time-resolved UV-Vis absorption, Mössbauer, EPR and Raman 
spectroscopy have allowed the spectroscopic characterization of two iron-based intermediates along the 
pathway. The first of these, proposed to be a low-spin iron(II)-radical ligand complex, reacts with O2 in 
the rate determining step to produce a putative alkylperoxide complex. DFT calculations suggests that 
this evolves into an Fe(IV)-oxo species which can abstract a hydrogen atom from a cis methylene group 
of the ligand to give the second spectroscopically identified intermediate, a high-spin iron(III)-hydroxide 
of the product oxidized ligand, [FeIII(OH)(SBPy3)]2+. Reduction and exchange of the co-hydroxo/water 
ligand produces the crystallographically characterized products [FeII(SBPy3)(X)]2+/3+, X = MeCN, 
[Zn(tpena)]+.

INTRODUCTION  

Photosensitive iron(III)-carboxylato complexes 
are well known in coordination and bioinorganic 
chemistry.1–5 Iron(III) complexes of simple 
organic acids like oxalate, malonate, citrate and 
tartrate are activated by UV and blue light4,6–8 
which promotes inner-sphere electron transfer 
from the carboxylato donor to the iron(III) ion. 
The resultant carboxylate radical collapses with 
concurrent reduction of iron(III) to iron(II) and 
decarboxylation (Figure 8.1a).6,9–12 This process is 
exploited by plants to avoid iron chlorosis (iron 
deficiency). Chelators such as citrate or malate 
bind sparingly soluble iron(III) from the soil and 
carry it as water soluble iron(III)-complexes from 
the roots to the plant tips where it is efficiently 
photo-reduced by sunlight, releasing iron(II) to 
the leaves.13,14 Siderophores released by marine 
bacteria for combatting the low iron 
bioavailability in the oceans contain an α-
hydroxy carboxylate group, and akin to the 
aforementioned examples, photo-mediated 
cleavage of their iron(III) complexes renders the 

bioavailable iron.15,16 One example is vibrioferrin17 
(Figure 8.1b) found in several species of marine 
bacteria. Peculiarly vibrioferrin complexes bind 
iron(III) relatively weakly compared to most 
siderophores, probably due to the lack of a sixth 
donor to complete a preferred octahedral 
coordination geometry.18 The decarboxylated 
derivative has affinity for neither iron(II) nor 
iron(III), consequently more bioavailable forms 
of iron are released to the shared iron pool for 
bacteria and algae.19 The oxidized photoproducts 
of the marine siderophores aquachelin20  and 
aerobactin21,22 can coordinate iron(III) however 
with a lower binding affinity than the initial 
complexes. This is important for cell recognition 
and iron release functions, because these product 
complexes transport iron(III) into the cell.15,16 The 
photo-activated decarboxylation mechanism is 
used also for the citrate-based siderophore 
petrobactin23,24 in pathogenic bacteria. In this 
case the photoproduct shows a higher affinity for 
iron(III) than the parent complex, and both 
petrobactin and its photoproduct bind iron(III) 



Photoinduced O2-dependent Stepwise Oxidative-Deglycination of a Nonheme Iron(III) Complex 
 

111 

8
 

with a higher affinity than the iron transport 
protein transferrin12, consequently supplying the 
iron needed for the survival of the bacteria. 
Although not reported to be light-dependent, 
decarboxylation of an iron-coordinated 
carboxylate group also plays a crucial role in the 
mechanism of the α-ketoglutarate dependent 
non-heme iron oxygenases such as prolyl-4-
hydroxylase required for collagen synthesis and 
AlkB used in the repair of alkylated DNA and 
RNA.25–28 

Figure 8.1. (a) Photolysis of iron(III)-carboxylates 
and (b) sunlight-mediated photo-activation of the 
siderophore vibrioferrin.6 

 

The light catalyzed irreversible ligand 
oxidation we describe herein for the iron(III) 
complex, [Fe(tpena)]2+ (tpena = N,N,N'-tris(2-
pyridylmethyl)ethylenediamine-N'-acetate) 
models the sunlight-induced decarboxylation of 
iron(III) coordinated carboxylates in biology. We 
show that this process occurs in a stepwise 
fashion by monitoring the small molecule 
consumption and production. Additionally, we 
spectroscopically characterize two intermediate 
iron-based transients on the linear pathway. One 
activates dioxygen. Ironically, given the 
photochemistry with consequent O2 reactivity 
described here, [FeIII(tpena)]2+ is in fact an 
effective and robust catalyst for the oxidation of 
organic substrates by PhIO under non-aqueous 
solutions, in air.29,30 This is because transient 
coordination of this particular terminal oxidant 
protects the complex from photodegradation and 
O2 reactions. Similarly, in water Fe(IV) oxo 
derivatives, [FeIV(O)(tpenaH)]2+/[FeIV(O)(tpena)]+ 
can be generated electrochemically and these 
aggressively oxidize external substrates without 
ligand self-decay.31,32 Again even in the presence 
of light and air. In this case water-derived co-
ligands endow ligand/complex stability. The wide 
range of distinct and mutually exclusive 
biomimetic reactivities for this rare carboxylato-
containing non-heme iron system illustrates the 
multifarious roles Fe-carboxylato moieties can 
adopt in Nature for electronic tuning and 
reactivity. Despite importance in biological 
systems, this moiety is conspicuous in its absence 
in reactivity models for non-heme iron.  

While sunlight is recognized as a well-
known promoter for iron release by siderophores 
and other small biological chelators, our work 
implies that it is remiss not to also consider O2 as 
potentially important reagent in these processes. 
Although the light-induced mobilization of iron 
is essential to many plants and microorganisms, 
the stepwise decomposition of glycyl ligands that 
often occurs in such processes has until now not 
been explored rigorously. 

 

RESULTS AND DISCUSSION   

O2 and light dependent oxidative C-N 
cleavage 

Air equilibrated acetonitrile solutions of 
[Fe(tpena)]2+ which are exposed to ambient light, 
turn deep pink over days to weeks (λmax at 382 
and 555 nm). The process is accelerated at 
elevated temperatures to reach completion 
within hours. The pink solutions yield crystals of 
the dark purple iron(II) complex of the 
pentadentate Schiff base N,N-bis(2-
pyridylmethyl)amine-N-ethyl-2-pyridine-2-
aldimine (SBPy3), [Fe(SBPy3)(MeCN)](ClO4)2, 
(Figure 8.2 and Figure 8.3a). Typically these are 
mixed with brown crystals of the starting 
material [Fe2(μ-O)(tpenaH)2](ClO4)4•2H2O. 
Figure 8.2 illustrates a rationalization for this - 
the equilibrium (a) at lies in favor of the starting 
material at some point during the reaction. On 
one occasion a filtrate which had been left 
standing in a sunny fume hood for a week after 
isolation of [Fe2(μ-O)(tpenaH)2](ClO4)4•2H2O 
synthesized by iron(III) metathesis with 
Zn2(tpena)Cl3

33 produced also purple crystals. 
These proved to be the related heteroleptic 
dimetallic [Fe(SBPy3)Zn(tpena)]2(ClO4)6 (H2O)3, 
Figure 8.3b. Thus when bound to iron(III) as a 
hexadentate ligand, the tpena is susceptible to 
cleavage of the C-N group of the glycine arm and 
desaturation of the C-N bond of the 2-
pyridylmethylenamine group attached to the 
same tertiary amine nitrogen atom. Evidenced by 
isolation of [Fe(SBPy3)Zn(tpena)]3+, it can be 
ascertained that tpena is not susceptible to this 
light-driven modification when bound to zinc(II). 
Both structurally characterized product 
complexes contain 6-coordinated iron(II) with 
the coordination sphere completed by either an 
acetonitrile molecule or a non-bonded carbonyl 
oxygen of tpena in [Fe(SBPy3)(MeCN)]2+ and 
[Fe(SBPy3)Zn(tpena)]3+, respectively. SBPy3 is a 
known ligand which can be deliberately 
synthesized by (the more sensible approach of) 
Schiff base condensation of 2-
pyridinecarboxaldehyde and (2-aminoethyl)bis(2-
pyridylmethyl)amine and a handful of iron 
complexes of SBPy3 have been reported.34–36 That 
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the terminal oxidant for the conversion of the 
iron(III) complex of tpena to an iron(II) complex 
of SBPy3 is O2 was established by control 
experiments in the presence and absence of air or 
pure O2. The reaction requires light also, 
confirmed by the stability of [Fe(tpena)]2+ over 
extended periods in the dark (Figure 8.S1). 

 

Figure 8.2. Formation of an iron(II) complexes of 
SBpy3 [Fe(SBPy3)(X)]2+ (X = MeCN, [Zn(tpena)]+) 
via one or both of the facial or meridional 
diastereoisomers of [Fe(tpena)]2+. Fascinatingly 
these mononuclear iron(III) complexes show a low 
spin (S = ½) and a high spin (S = 5/2) ground state, 
respectively.29 The solid state starting material is the 
“hemihydrate” oxo-bridged [Fe2(μ-O)(tpenaH)2]4+ 
which undergoes (a) reversible dehydration to form 
[Fe(tpena)]2+ when dissolved. Thus fac-[Fe(tpena)]2+ 
and mer-[Fe(tpena)]2+ are interconvertible via 
[Fe2(μ-O)(tpenaH)2]4+. The cascade of reactions; 
oxidative deglycination and C-N oxidation of tpena 
to give the Fe(II) complex of SBpy3 starts with either 
(b) fac-[Fe(tpena)]2+ or (c) mer-[Fe(tpena)]2+. The 
loss of C2H3O2 is stepwise in one carbon atom units.  

 

The UV/vis absorption spectrum of [Fe(tpena)]2+, 
derived from the dehydration over ca. 10 mins on 
dissolution of the hemihydrate solid state 
starting compound [Fe2(μ-O)(tpenaH)2](ClO4)4, 
is shown in Figure 8.4 (green to blue). This 
process (Figure 8.2, step a) is manifested by a 
color change of the solution from yellow-brown 
to red-orange and resolution of the absorption at 
360 nm.29 Interconversion of the fac- and mer-
[Fe(tpena)]2+ diastereoisomers (Figure 8.2a) is 
feasible by dissociation and inversion of the 
amine group of the tridentate methylpyridine-
glycine arm via [Fe2(μ-O)(tpenaH)2]4+ as an 
intermediate. Thus both the dehydration of 
[Fe2(μ-O)(tpenaH)2]4+ and interconversion are 
dependent on the presence of adventitious water  
 

 

  

Figure 8.3. Single crystal X-ray structures of the 
cations of (a) [Fe(SBPy3)(MeCN)](ClO4)2 and (b) 
[Fe(SBPy3)Zn(tpena)]2 (ClO4)6(H2O)3. 
 

 

Figure 8.4. UV-vis absorption spectrum of initial 
[Fe2O(tpenaH)2]4+ (0.05 mM, green) and 
[FeIII(tpena)]2+ after 10 mins of dehydration (blue), 
and the photoproduct [FeII(SBPy3)(MeCN)]2+ (pink) 
in air equilibrated acetonitrile under ambient 
conditions. One scan per min during the 
dehydration. 
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Table 8.1.  Spectroscopic assignments for starting complexes, product and transient species. All values are 
obtained from samples prepared in MeCN.  

 UV-vis Mössbauer EPR  Raman 

 λmax [nm] δ [mm s-1] ΔEQ [mm s-1] ga SFe ν [cm-1] 

[FeIII
2O(tpenaH)2]4+  0.43 1.63 silent 0 830b 

mer-[FeIII(tpena)]2+ 
360 

0.31 singlet 4.20 5/2 c 

fac-[FeIII(tpena)]2+ 0.16 2.17 2.74, 2.29, 1.68 ½ c 

[FeII(SBPy3)(MeCN)]2+ 
382 

555 
0.34 0.67 silent 0 

628, 656,  

706, 1004,  

1080 

Experimental data for the observable transient intermediates A and B 

A 384 0.45 singlet silent 0 
654, 840, 

1061 

B d 0.44 1.15 4.25 5/2 e 

a geff are denoted for S = 5/2, b Fe-O-Fe obtained from the solid state spectrum of [Fe2O(tpenaH)2](ClO4)4. c 

Measurement not possible due to photochemistry initiated by the excitation laser. d Deconvolution impossible. 
e No associated signal detected. 

 

(1½ equivalents of water per [Fe(tpena)]2+ are 
supplied by the hydrated solid [Fe2(μ-
O)(tpenaH)2](ClO4)4•2H2O). The rate of the 
dehydration reaction is affected by the 
concentration of water in the acetonitrile (Figure 
8.S2) and concentrations of water exceeding 5% 
v/v do not produce sufficient amounts of 
[Fe(tpena)]2+ for observation of the light-induced 
reactions described below. Efforts to introduce 
dehydrating agents to more fully cleave the 
diiron starting material were unsuccessful. The 
starting [Fe2(μ-O)(tpenaH)2]4+ is not susceptible 
to light-induced decomposition. Under ambient 
lighting [FeII(SBPy3)(MeCN)]2+ dominates UV-vis 
spectra after a few days. 

Mössbauer spectra (Figure 8.5, Table 8.1, 
SI Table 8.S4) were recorded on frozen aliquots 
of a solution of 57Fe-[Fe2(μ-
O)(tpenaH)2](ClO4)4•2H2O dissolved in air 
equilibrated acetonitrile and kept under ambient 
conditions. Samples were collected at intervals of 
30 s, 10 min and 3 d. Finally, the solution was 
heated to drive the reaction to completion. 
[Fe2(μ-O)(tpenaH)2]4+ (55%) and fac-[Fe(tpena)]2+ 
(45%) are the major species in the initial 
spectrum after 30 s, Figure 8.5a. After 10 min fac-
[Fe(tpena)]2+ dominates (77%), and [Fe2(μ-
O)(tpenaH)2]4+ (8%) and mer-[Fe(tpena)]2+ (15%) 
are minor species, Figure 8.5b. After three days 
(Figure 8.5c) the starting complexes fac-
[Fe(tpena)]2+ (42 %) and [Fe2(μ-O)(tpenaH)2]4+ 

(28 %) are present along with the product 
[Fe(SBPy3)(MeCN)]2+ (28 %). In addition, a minor 
but significant, sharp singlet at δ = 0.48 mm s-1 
with an intensity of 2% can be fitted. This signal 
is associated to a photo-induced transient (A, see 

below). The Mössbauer spectrum of the final 
dark pink solution (Figure 8.5d) shows signals for 
the product [FeII(SBPy3)(MeCN)]2+ (83%) and the 
starting oxo-bridged complex [Fe2(μ-
O)(tpenaH)2]4+ (17%). Neither fac-[Fe(tpena)]2+ or 
mer-[Fe(tpena)]2+ are present, suggesting that 
one or both of these monomeric species are the 
direct precursor(s) of [FeII(SBPy3)(MeCN)]2+. 

 

Photoinduction of transient intermediates A 
and B and their spectroscopic 
characterization 

Irradiation of air-equilibrated acetonitrile 
solutions comprising predominantly [Fe(tpena)]2+ 
with visible (λ = 405-532 nm) or near UV light (λ 
= 355-366 nm) results in the formation of higher 
concentrations of the yellow intermediate A 
which shows an absorption band at λmax 384 nm, 
Figure 8.6a. The appearance of A is faster, when 
irradiated at 355 nm compared with irradiation at 
405 nm (Figure 8.S3). The rate of photo-
conversion changes throughout the reaction 
(indicated by the slopes in Figure 8.6a). This rate 
is dependent of the concentration of 
[Fe(tpena)]2+. In the beginning of the reaction 
this photo-active monomeric species is available, 
but as it is consumed, the kinetics of the 
equilibrium between the hemihydrate oxo 
bridged complex and [Fe(tpena)]2+ becomes rate-
limiting; less monomeric iron complex is present. 
The 384 nm absorption for A persists for hours at 
room temperature, in air, after discontinuation of 
irradiation. However, over this time the band 
decreases in intensity. This occurs concurrently 
with an increase in the absorption at 555 nm due  
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Figure 8.5. Mössbauer spectra (80 K) recorded 
during the photooxidative conversion of the 57Fe(III) 
complex of tpena to the 57Fe(II) complex of SBPy3 in 
air equilibrated acetonitrile. [57Fe] = 2.5 mM. O2 was 
not excluded during sample preparation. The 
spectra were recorded after (a) 30 s, (b) 10 min (c) 3 
days at rt and (d) a final solution equivalent to pink 
UV-vis trace in Figure 8.4 was produced by 
subsequent heating. Color code: [Fe2O(tpenaH)2]4+: 
green, fac-[Fe(tpena)]2+: blue, mer-[Fe(tpena)]2+: 
red, [Fe(SBPy3)(MeCN)]2+: pink and a light-induced 
iron(II) species A in orange.  

 
Figure 8.6. (a) [Fe(tpena)]2+ (0.1 mM) in MeCN 
before (blue) and after irradiation with 365 nm LED 
lamp (orange). Insert: Time trace of the growth of 
the 384 nm absorbance. The rates of photo 
conversion were determined to be 1.3 ms-1 and 0.058 
ms-1 (red and green slope, respectively) (b) 
Mössbauer spectrum (80 K) recorded on an 
acetonitrile solution of 57Fe-[Fe(tpena)]2+ (2 mM) 
after one hour of exposure to a 365 LED lamp at 
room temperature showing formation of two new 
species A and B in orange and purple, respectively. 
[Fe2O(tpenaH)2]4+ is shown in green. (c) The 
spectrum of the same sample as that shown in (b) 
was recollected after 2 hours standing at room 
temperature. The fraction of the light-induced 
species (orange) has decreased, and the final 
product of [Fe(SBPy3)(MeCN)]2+ (pink) is now 
present. 

 

to the final product [FeII(SBPy3)(MeCN)]2+. The 
rate of appearance of the absorption bands due to 
[FeII(SBPy3)(MeCN)]2+ is not affected by the 
power and wavelength of the light source that 
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had been used to induce the formation of A 
suggesting that the conversion of A to 
[FeII(SBPy3)(MeCN)]2+ includes the rate 
determining step. Irradiation of acetonitrile 
solutions of [Fe(tpena)]2+ in the absence of O2 
shows that the photo-activated step is not 
oxygen-dependent, because A forms to the same 
extent and at the same rate as it does in the 
presence of O2. If the deoxygenated solution is 
sealed for a further 2 d the characteristic 
absorption bands of [Fe(SBPy3)(MeCN)]2+ do not 
appear. However, on exposure to air/O2 the 
conversion is initiated and the absorbance at 555 
nm due to [Fe(SBPy3)(MeCN)]2+ grows in. These 
observations confirm that A is a transient 
precursor capable of reacting with O2.  

The Mössbauer spectra of an irradiated 
solution containing 57-iron labelled 
[FeIII(tpena)]2+ (Figure 8.6b, SI Table 8.S5) is 
dramatically changed compared to the series of 
spectra in Figure 8.5. This shows a dominant 
singlet (72%) with the same characteristics (δ = 
0.45 mm s-1) as the minor species, which had 
been fitted in the Mössbauer spectrum recorded 
on a mixture trapped along the reaction pathway, 
figure 8.5c. This signal, which is associated with 
transient A, is consistent with an isotropic 
electronic structure around the iron atom: Either 
an iron(II) S=0 or iron(III) S=5/2. Additionally, 
this spectrum made it possible to deconvolute 
and identify a significant concentration of a 
second transient species B (doublet, δ = 0.44 mm 
s-1, ΔEQ = 1.15 mm s-1, 12%, colored purple in 
Figures 8.6b,c). The concentration of B increased 
from 12 % to 27 %, when the same sample was 
recollected after it had stood for 2 hours after 
irradiation (in ambient light at rt), while the 
concentration of A had decreased from 72% to 47 
%. The doublet associated with 
[Fe(SBPy3)(MeCN)]2+ accounts for 10% of the iron 
content in this second spectrum (Figure 8.6c). 
The observations suggest that A reacts directly 
with oxygen and that the transient B is the next 
relatively thermally stable transient along the 
pathway to the isolated [Fe(SBPy3)(MeCN)]2+ (SI 
Figure 8.S4). As for all the other Mössbauer 
spectra, a component of the starting material 
[Fe2(μ-O)(tpenaH)2]4+ (16%) remains unconverted 
confirming that this complex is neither light nor 
O2 sensitive. The overlapping signals due to fac-
[Fe(tpena)]2+ (S = ½) and mer-[Fe(tpena)]2+ (S = 
5/2), which are observed in non-irradiated 
acetonitrile solutions, have both disappeared.   

The EPR spectrum (SI Figure 8.S5) 
recorded on a solution analogous to those used 
for the Mössbauer spectroscopy in Figure 8.6b,c 
shows a low intensity signal at g = 4.25. This 
correlates with the doublet (colored purple, 
Figure 8.6c) due to the transient species B and  

 
Figure 8.7. Resonance Raman spectra (λexc 355 nm 
at rt). [Fe(SBPy3)(MeCN)]2+ in acetonitrile (0.1 mM, 
pink), initial spectrum of [Fe(tpena)]2+ (0.5 mM)  in 
acetonitrile in the absence of O2 (blue, measured as 
fast as possible with a shutter to block laser except 
during spectral acquisition) and after in-situ 
irradiation at 355 nm (orange). All spectra are 
normalized to the solvent band at 918 cm-1; * = 
solvent bands from acetonitrile, and the band at 890 
cm-1 is associated with acidic acid contamination 
from the acetonitrile.  

 

can be confidently assigned to a mononuclear 
high-spin (S = 5/2) iron(III) complex. Thus EPR 
silence is associated with the three remaining 
species in the Mössabuer spectra in Figures 
8.6b,c. This is expected for the starting material 
[Fe2(μ-O)(tpenaH)2]4+ due to the strong 
antiferromagnetic coupling of the high spin 

Fe(III) ions mediated by the -oxo ligand, and 
the end product, [Fe(SBPy3)(MeCN)]2+, a S = 0 
iron(II) species. This means that the transient A 
is likely to be an iron(II) species (S = 0). 
Consistently the 1H NMR spectrum of an 
irradiated MeCN-d3 solution of [Fe(tpena)]2+ (SI 
Figure 8.S6) shows distinct and sharp peaks in 
the δH = 0-10 ppm region. However, broad 
paramagnetically shifted peaks at δH = 17.1, 16.4, 
15.6, 13.3 and 10.8 ppm are observed. These are 
associated with the HS Fe(III) transient B and/or 
a localized organic radical, vide infra. For 
reference the 1H NMR spectrum of solutions of 
[Fe(tpena)]2+ in MeCN-d3 before irradiation 
displays broad peaks at δH = 20.0, 17.6, 9.58, 3.08, 
-0.62, -2.95, -4.19 and -11.4 ppm which disappear 
completely upon irradiation. When an 
equilibrated acetonitrile solution containing 
[Fe(tpena)]2+ is irradiated at 355 nm during the 
course of acquisition of resonance Raman spectra 
(Figure 8.7) in the absence of O2, the light-
induced reaction is immediately initiated and 
several vibrational bands, that can be associated 
with A, appear. The bands increase in intensity 
over time. The bands at 654, 840 and 1061 cm-1 
together with bands at 1227, 1289, 1569 and 1610 
cm-1 due to the pyridyl groups are resonantly 
enhanced. On subsequent exposure to O2 these 



Chapter 8  
 

116 

8
 

bands disappear as the bands for 
[Fe(SBPy3)(MeCN)]2+ grow in (628, 656, 706, 
1004, 1080, 1156, 1158, 1211, 1261, 1299, 1551, 1570, 
and 1665 cm-1). The rRaman spectra show no 
signals that can be associated with the transient 
B. 

Figure 8.8. Time-resolved head space FTIR spectra 
following the growth of the bands at 2337 and 2360 
cm-1 due to gaseous CO2 evolution occurring when a 
solution of [Fe(tpena)]2+ (2.1 mM) is irradiated at 
365 nm (LED). Blue: Initial spectrum before 
irradiation. Grey: after 30 s of irradiation. Orange: 
after 1 h irradiation followed by 15 min without 
radiation so that the solution could cool and the 
bands due to MeCN vapor at 2293 and 2252 cm-1 
settle. 

 

Detection of sequential one carbon atom 
products 
The loss of the glycyl arm from tpena and 
ultimate formation of SBPy3 is a mass loss 
equivalent to C2H3O2. This can be envisaged to 
occur through the loss of both C atoms 
simultaneously or by a stepwise mechanism 
where each C atom is lost during consecutive C-C 
and C-N cleavages. Thus, one or two carbon atom 
molecules are the potential products, i.e. CO2, 
methanol, formaldehyde, formic and acetic acid. 
Head space FTIR spectroscopy shows that CO2 is 
released immediately upon commencement of 
irradiation (Figure 8.8). After one hour of 
irradiation 0.8 eq. of CO2 are detected. This is 
interpreted as the release of one CO2 from 
[Fe(tpena)]2+ and consistent with the carboxylato 
group being its source. 

ESI-MS (SI Figure 8.S7) on solutions of 
[FeIII(tpena)]2+ shows a base peak (100%) at m/z = 
446.123 corresponding to [FeII(tpena)]+. This peak 
decreased to 6 % of the base peak in the 
spectrum of an irradiated solution (1h, 365 LED) 
and new peaks appear for the product related ion 
[FeII(tpena–CHCOO)(ClO4)]+ (m/z = 488.034 
(34%) calcd. for C20H22ClFeN5O4, m/z =488.078) 
and ions in which the tpena has been either 

decarboxylated or deglycinated, i.e. m/z = 518.084 
(24%) can be assigned to [FeIII(OH)(tpena– 
CO2)(ClO4)]+ (calcd. C21H25ClFeN5O5 m/z = 
518.089) and m/z = 388.118 can be assigned to 
[FeII(tpena–CH2COO)]+ (C20H2FeN5, calcd. m/z = 
388.122).  

A signal at 9.60 ppm in the 1H NMR 
spectra of the irradiated solution of [Fe(tpena)]2+ 
solution (Figure 8.S6) is consistent with the 
formation of formaldehyde37. Its production was 
confirmed and quantified using a colorimetric 
approach (the Hantzsche reaction38.) The 
quantification was performed under aerobic 
conditions on a 1.5 mM [Fe(tpena)]2+ solution, 
which is well-below the saturation level of O2 in 
MeCN (~2.5 mM39,40). The solution was irradiated 
for 2.5 h to ensure that the production of CO2 had 
ceased. Simultaneous monitoring gave a total 
release of 1.1 mM of CO2 and 0.9 mM CH2O from 
the same solution (SI Figure 8.S8) indicating that 
a 1:1 ratio of CO2 and CH2O evolves from 
reactions in MeCN concurrently producing 
[Fe(SBPy3)(MeCN)]2+ from [Fe(tpena)]2+. A 60% 
conversion is measured. That full conversion has 
not occurred is consistent with the speciation in 
the Mössbauer spectrum in Figure 8.5d where the 
starting material [Fe2(μ-O)(tpenaH)2]4+ is still 
present at the end of the reaction, and the 
spectrum in Figure 8.6b which shows that the 
photoinduced transient species A only represents 
72% of the iron in this sample. The extent of 
conversion is due to the concentration of 
adventitious water (which will change during the 
progress of the reaction). In summary and 
supported by the simplicity of the evolving iron 
speciation as evidenced by Mössbauer 
spectroscopy, the sequential loss, and the 
detection of equimolar amounts of evolved CO2 
and CH2O, must mean they derive from the most 
obvious source – the glycyl group.  
 

Proposed structures of transients A and B 

The results above show that CO2 is released to 
give the transient A which then reacts with O2 
with subsequent CH2O release after which 
transient B is detected concurrently with 
[Fe(SBPy3)(MeCN)]2+ production. Significantly 
the color of the solution has not reached 
maximum possible intensity of the 
[Fe(SBPy3)(MeCN)]2+ associated bands after 
release of all possible CH2O. This suggests that, 
the final step, conversion of B to 
[Fe(SBPy3)(MeCN)]2+ is rate limiting, and that B 
is an iron complex of SBPy3, but not 
[Fe(SBPy3)(MeCN)]2+. The combination of 
spectroscopic techniques show that the transient 
mononuclear species A and B are a low-spin 
iron(II) and a high-spin iron(III), respectively. A 
mechanism proposed in Figure 8.9 is consistent 
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with all this information. Here A is an iron(II) 
complex of decarboxylated tpena, and B is an 
iron(III)-hydroxo complex of SBPy3. Admittedly 
complex A is unusual, if not unrealistic. The 
chemical structure depicted should be taken only 
as a simple and unified representation. In this, 
the ligand is shown as a radical species in an 
iron(II) complex. Many resonance structures, 
conformers and derivatives can be envisaged (see 
examples in SI Figure 8.S9 and S10), however 
without further information it is meaningless to 
favor a specific structure. The putative 
intervening cyclic iron(III)-alkylperoxido 
complex is obtained by an O2 insertion between 
the iron(II) and radical methylene C atom of A. 
This species undergoes rapid rearrangement to 
extrude CH2O and produce transient B, 
[FeIII(OH)(SBPy3)]2+. The presumably more stable 

condensed hemihydrate of this complex, [FeIII
2(-

O)(SBPy3)2]4+ has been structurally characterized, 

so this assignment seems entirely reasonable. It is 
expected to be reduced easily on protonation.34 

Figure 8.9. Proposed mechanism based on the 
sequence of CO2 and CH2O release, the reaction 
with O2, and the proposed structures of transients A 
and B. 

 

Reaction mechanism  
DFT calculations are an established tool for the 
elucidation of reactivity involving iron 
complexes,41 and we have used this approach to 
derive a proposal based on light-induced initial 
CO2 departure with subsequent O2 activation. 
Unless otherwise indicated, the calculated 
energies are free energies, including zero-point 
energy, entropic corrections, solvation and 
dispersion. Full details are supplied in the 
Computational Details section. The calculations 
indicate that the two experimentally determined 
potential starting points for the photochemical 
process: high-spin (sextet) mer-[Fe(tpena)]2+ and 
low-spin (doublet) fac-[Fe(tpena)]2+ have similar 
energies. These data are consistent with 
similarity of the FeIII/FeII redox potentials for the 
fac and mer isomers.42 The mer isomer is 
calculated to be 0.7 kcal.mol-1 more stable than 
the fac isomer, which is well within the 2 

kcal.mol-1 uncertainty in calculated absolute 
stabilities. Consistently both species are 
experimentally observed as mixtures in solution 
(Figure 8.5b) and the solid state29. Mössbauer 
spectroscopy has shown that the fac isomer is 
present in higher concentrations, and possibly 
coincidently, this is the isomer that we have been 
able to isolate as crystals for use in X-ray 
structural characterization.29 DFT calculations 
indicate that both isomers are close in energy to 
the parent dimetallic complex [Fe2(μ-
O)(tpenaH)2]4+ (1.4 kcal.mol-1 above the fac 
isomer), which also suggests that the three 
species should be easily accessible in reaction 
media as described in Figure 8.2a, and this is 
indeed observed. We evaluated the vertical 
absorption spectra of both fac and mer isomers 
with TD-DFT (see SI for further details). The 
major fac isomer has no meaningful active band 
in the near-UV or visible range. In contrast, the 
mer isomer shows a charge transfer band with 
maximum absorption at 377 nm. Hence we 
postulate that the reaction proceeds through the 
mer isomer. The key orbitals in the absorption 
band are shown in Figure 8.10. It corresponds to a 
transition of a beta electron of the lone pair on 
the nitrogen associated with the glycyl arm of the 
ligand to one of the semi-occupied d orbitals of 
Fe. The electron transfer results in reduction of 
the Fe(III) to Fe(II). The spin in the excited sextet 
state is located mostly in the iron center (4 
electrons) and one of the nitrogens (1 electron). 
The radical character of the nitrogen is partically 
delocalized towards the carboxylate. Geometry 
relaxation of the excited state within the TD-DFT 
approach showed an elongation of the Fe-N 
distance in the glycyl arm, and to a lesser extent 
of the Fe-O distance, before it eventually failed 
due to intrusion of inactive transitions (more 
details in the Supporting Information). 

Our interpretation is that the electron 
transfer from the ligand to the metal leads to a 
 

 
Figure 8.10. Molecular orbitals involved in the key 
excitation in mer-[Fe(tpena)]2+.  
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Figure 8.11. Free energy profile of the reaction starting from mer-[Fe(tpena)]2+. Experimentally reported 
intermediates A (equivalent to 21) and B (equivalent to 66) highlighted by circles, as well as the observed 
reactant and product, mer-[Fe(tpena)]2+ and 17, respectively. Energies in kcal.mol-1. 
 

rearrangement where the carboxylic group loses 
its anionic character, thus becoming less 
coordinating, and the attached nitrogen group 
becomes a planar sp2 center. It is not possible to 
study the intersystem crossings (ISC) that can 
produce this excited state within the TD-DFT 
approach, and other multireference treatments 
such as CASPT2 or NEVPT2 would be 
prohibitively expensive. We consider 
nevertheless that the results above strongly 
suggest that the natural evolution for this system, 
once the carboxylate group has lost one electron 
and has therefore become non-coordinating, is 
the loss of carbon dioxide. Our DFT calculations 
cannot predict the landing spin state of the 
relaxation, and because of this we computed the 
full energy profile leading to products for 
doublet, quartet and sextet spin states (see SI). 
Figure 8.11 presents our postulated evolution 
upon comparison of the computed profiles with 
available experimental data on the two detected 
intermediates A and B. According to Mössbauer 
spectroscopy (Figure 8.6), species A, resulting 
from carbon dioxide loss, must be a doublet, 21 (S 
= 0 Fe(II) + radical ligand). We depict 
intermediate 21 with a radical located in the N-
CH2 arm. Moreover, the identification of species 
A as a doublet is in agreement with the DFT 

values for the calculated Mössbauer spectrum (SI 
Table 8.S8). The experimental value for the 
isomer shift (0.45 mm s-1) is much closer to that 
computed for 21 (0.43 mm s-1) than to those 
computed for 41 (0.79 mm s-1) or 61 (0.78 mm s-1). 

Dioxygen then approaches 1 forming a 
weak adduct 2 (not shown in the Figure 8.11) 
which evolves to an alkylperoxo species 23. 
Intermediate 23 moves towards products through 
cleavage of the O-O bond in 2TS1. The 
subsequent intermediate 24 contains a terminal 
CH2O group with radical character on the 
oxygen. This terminal group can be released as 
formaldehyde with a barrier of 15.2 kcal/mol 
through transition state 2TS2. The structures of 
2TS1 and 2TS2, shown in Figure 8.S14, present the 
expected features with a large elongation (1.89 Å) 
of the O-O bond being cleaved in 2TS1 and a 
similar elongation (1.89 Å) of the N-C bond being 
cleaved in 2TS2. An alternative path through 
direct abstraction of the benzylic hydrogen by 
the oxo group was found to be higher in energy 
(see SI Figure 8.S15). The resulting iron(IV) oxo 
complex of an aminyl radical ligand, 25, can easily 
undergo intramolecular proton transfer to reach 
the very stable [FeIII(OH)(SBPy3)]2+ complex (6). 
This complex would in principle be in the 
doublet state (26). However, it will likely evolve 
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to the most stable sextet spin state 66, which 
could thus be assigned to transient B. DFT 
calculations of the Mössbauer spectra (SI Table 
8.S8) also point to this spin assignment, since the 
experimental values for quadrupole splitting and 
isomer shift (1.15 and 0.44 mm s-1, respectively) 
are much closer to the computed values for 66 
(1.56, 0.38) than to those for 46 (2.30, 0.36) or 26 
(1.88, 0.17). Complex 66 can then interact with the 
solvent (MeCN) to release water and form 
[Fe(SBPy3)(MeCN)]2+ (17).   

Iron(III)hydroxo complexes are relatively 
reactive however several have been well 
characterised.43–51 The final step, where 66 is 
reduced with MeCN as hydrogen atom/electron 
source, is quite endergonic (by 15.1 kcal.mol-1), 
because of the presumed formation of a 
(NCCH2)• radical in our computational model. A 
Eox = 1.01 V vs SCE in MeCN has been measured34 
for [Fe(SBPy3)(MeCN)]2+ and this can certainly 
rationalize the facile reduction of its iron(III) 
congener. This ease of reduction is similar to 
most iron(III) complexes with closely related 
neutral polypyridyl ligands.49  In fact the 
previously reported cation in 
[FeII(SBPy3)(MeCN)](BF4)2 is prepared by exactly 
this pathway: Spontaneous reduction of an 
iron(III) parent complex, 
[FeIII(SBPy3)(DMF)](BF4)3, by its dissolution in 
MeCN.34  

We admit that the free energy profile in 
Figure 8.11 is only a plausible reaction path, since 
there is some isomeric complexity and because 
there may be a number of crossing points 
between the different spin states that are not 
fully analyzed. Moreover, an alternative path 
could be built for the fac isomer of the reactant, 
but this depends on an initial conversion of the 
doublet ground state to a sextet, which can 
absorb (see SI). We ruled out this option as 
unnecessarily complicated, and because we 
considered it would not add new chemical 
insight. In our view, the key result is the finding 
of at least one path that leads from the photo-
excited reactant toward the isolated product. 
Comparison of the free energy profile with the 
spectroscopic data obtained during the light-
induced formation of [Fe(tpena)]2+ to 
[Fe(SBPy3)(MeCN)]2+ (Table 8.1) indicates that 
the species 21 and 66 are likely to be the two 
transient species A and B, respectively, observed 
with Mössbauer spectroscopy in Figure 8.6b and 
8.6c (orange and purple traces, respectively). 

 

CONCLUSION  

Monocarboxylato coordination is an important 
motif in O2 activating non-heme iron enzymes 
and the light-induced reactions described here 

are important for modelling iron mobilization in 
aqueous environments by small biomolecules like 
citrate and siderophores. We speculate that the 
reactivity may be pertinent for elucidating the 
light induction of the cleavage of nitrosyl from 
the protected resting state of non-heme nitrile 
hydratase.52,53 In this context tautomeric 
structures involving the non-innocent NO ligand 
and the iron co-factor could be considered 
analogously to the electronic communication 
between the non-innocent glycyl donor and iron 
in the tpena-based system.   

The sequential CO2 and formaldehyde loss 
from the glycyl arm-containing complex 
[Fe(tpena)]2+ has been monitored and quantified 
and this accords fully with the proposed stepwise 
mechanism. The first step is light-dependent and 
induces the release of CO2 to form the yellow 
species A (λmax = 384 nm) with a transient band in 
the Mössbauer spectra consistent with a low spin 
Fe(II) complex (δ = 0.45 mm s-1). At this point the 
ligand contains a carbon based radical allowing 
for an insertion reaction of O2 to produce an 
iron(III)-alkylperoxide. DFT calculations suggest 
ensuing O-O cleavage to give an iron(IV)oxo 
complex. H-atom abstraction by this species and 
formaldehyde release produce the second 
transient species B proposed to be 
[FeIII(OH)(SBPy3)]2+, the oxidized precursor for 
the isolable [FeII(SBPy3)(X)]2+; X = MeCN, 
[Zn(tpena)]+. 

It is remarkable that the decomposition of 
the tpena ligand has not been observed in water 
under ambient conditions. This is due to the 
stability of the hemihydrate, oxo-bridged 
speciation, and surprisingly, in view of the light 
induced O2 oxidation described here, tpena is 
even resistant to oxidative degradation in the 
presence of large excesses of PhIO. The 
combination of these observations demonstrates 
how significant environment is for the chemistry 
of non-heme iron model compounds containing 
the biologically germane single carboxylate 
donor. In summary, we have documented an 
elegant way of exposing a latent O2 activating 
iron site by decarboxylation. 

 

EXPERIMENTAL SECTION  

Materials and Preparation 

N,N,N'-Tris-2-picolylethylenediamine-N'-acetic 
acid (tpenaH)54 and [(tpenaH)Fe-O-
Fe(tpenaH)](ClO4)4(H2O)2

31  were prepared as 
described previously. All other chemicals were 
purchased from Sigma Aldrich without further 
purification. O2 was removed from MeCN with 
the freeze-pump-thaw method.  
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Perchlorate salts of metal complexes are 
potentially explosive and should be handled with 
caution in small quantities. 
 

[Fe(SBPy3)(MeCN)](ClO4)2  

[Fe2(μ-O)(tpenaH)2](ClO4)4(H2O)2 (200 mg, 0.15 
mmol) was dissolved in acetonitrile (300 mL) and 
the solution was kept at 50 °C for seven days. The 
solution was evaporated and dissolved in 
acetonitrile (5 mL). After two weeks, a small 
amount of brown [(tpenaH)Fe-O-
Fe(tpenaH)](ClO4)4(H2O) (25 mg) was removed 
by gravity filtration and 1 mL of the clear dark 
purple supernatant solution was layered with 
diethyl ether. Dark purple, almost black needles 
of [Fe(MeCN)(SBPy3)](ClO4)2 (ca. 20 mg by 
crystal picking, 11%) formed within a few days, 
along with further [(tpenaH)Fe-O-
Fe(tpenaH)](ClO4)4(H2O)2, as a brown precipitate 
(ca. 60 mg). The reaction was not optimized for 
good yield. 1H NMR (d3-CD3CN) δ = 9.32 (s, 1H, 
N=CH), 9.00 (d, 1H, J = 5.6 Hz), 8.34 (d, 1H, J = 7.6 
Hz), 8.27 (td, 1H, J = 7.6, 1.2 Hz), 7.85 (dd, 1H, J = 
5.6, 1.2 Hz), 7.82 (qd, 2H, J = 7.6, 1.2 Hz), 7.45 (d, 
2H, J = 7.6 Hz), 7.11 (t, 2H, J = 6.4 Hz), 6.59 (d, 2H, 
J = 5.6 Hz), 4.97 (d, 2H, J = 16.4, CH2), 4.75 (d, 
2H, J = 16.4, CH2), 3.81 (td, 2H, J = 6.8, 1.6 Hz), 
3.22 (t, 2H, J = 6.0 Hz) and 1.94 (s, 3H, CH3CN) 
ppm. 13C NMR (d3-CD3CN) δ = 169.8, 165.2, 162.1, 
157.7, 154.1, 139.3, 138.8, 129.6, 128.3, 126.1, 122.8, 
67.9, 64.9, 57.4 ppm. UV-vis in MeCN: λmax 382 
and 555 nm.  

 

[Fe(SBPy3)Zn(tpena)]2(ClO4)6(H2O)3 

Zn2(tpena)Cl3
23 (7.24 g, 11.5 mmol) was dissolved 

in boiling H2O and Fe(ClO4)3 (3.21 g, 8.6 mmol) 
was added. The vial was left in the fume 
cupboard for a week in direct sunlight, 
whereupon deep purple crystal formed together 
with the bulk product [Fe2O(tpenaH)2](ClO4)4 as 
a brown powder (75% yield).  The purple crystals 
were isolated by vacuum filtration and washed 
with H2O to give a product of 88 mg (0.4 %). The 
reaction was not optimized for good yield. Anal. 
found (calcd.) for C84H96Cl6Fe2N20O31Zn2 2336.95 g 
mol-1: C, 42.92 (43.17); H, 4.03 (4.14); N, 11.71 
(11.99)%. 1H NMR (400.12 MHz, MeCN-d3) = 9.34 
(1H, d, J = 4.80), 8.67 (1H, d, J = 4.40 Hz), 8.45 
(1H, s), 8.34 (1H, s), 8.29 (1H, td, J = 8.0, 1.6 Hz), 
8.15 (1H, t, J = 7.2 Hz), 8.03 (1H, t, J = 7.2 Hz), 7.96 
(3H, m) 7.89-7.80 (4H, m), 7.67 (1H, t, J = 6.40 
Hz), 7.56-7.44 (4H, m), 7.37 (2H, d, J = 8.00 Hz), 
7.24 (4H, m), 4.16-3.99 (6H, m), 3.54-3.35(6H, m), 
3.17-2.93 (5H, m), 2.74 (2H, t, J = 6.00 Hz), 2.64-
2.47 (2H, m). UV-vis in MeCN: λmax 382 (1485) 
and 555 (1010) nm. ESI-MS (pos. mode, MeCN): 
found (calcd) m/z = 193.553 (193.557, 

[Fe(tpena)]2+, C20H21FeN5, 1%), 197.555 (197.554, 
[Zn(SBPy3)]2+, C20H21N5Zn, 5%), 227.561 (227.564, 
[Zn(tpenaH)]2+, C22H25N5O2Zn, 2%), 454.112 
(454.122, [Zn(tpena)]+, C22H24N5O2Zn, 100%), 
494.046 (494.057, {[Zn(SBPy3)](ClO4)}+, 
C20H21ClN5O4Zn, 8 %) and 554.062 (554.078, 
{[Zn(tpenaH)](ClO4)}+, C22H25ClN5O6Zn, 1%). 
ATR-IR: 1602 (m), 1308 (w), 1075 (s), 765 (s), 722 
(w), 621 (m).  
 

Instrumentation and methods  

UV-vis spectra were recorded in 1 cm quartz 
cuvettes on either an Agilent 8453 or Specord600 

(AnalytikJena) spectrophotometer at 20 ± 2 °C. 
Raman spectra were recorded in 1 cm quartz 
cuvettes using λexc 355 nm at room temperature 
as described earlier55. Data were recorded and 
processed using Solis (Andor Technology) with 
spectral calibration performed using the Raman 
spectrum of MeCN/toluene (50:50 v/v). Baseline 
correction was performed for all spectra, and they 
were normalized to the solvent band of MeCN at 
918 cm-1. EPR spectra (X-band) were recorded on 
a Bruker EMX Plus CW spectrometer on frozen 
solutions at 100K. 1H NMR (400.12 MHz) and 13C 
NMR (100.61 MHz) spectra were recorded on a 
Bruker Avance III 400 spectrometer at ambient 
temperature. Chemical shifts (δ) are denoted 
relative to the residual solvent peak (d3-MeCN: δH 
= 1.94 ppm, δC = 1.32 ppm). Mössbauer spectra 
were obtained with conventional constant 
acceleration spectrometers with sources of 57Co 
in rhodium foil. The spectra were collected at 
80K by using a closed cycle helium refrigerator 
from APD Cryogenics. Isomer shifts are given 
relative to that of α-Fe at 295 K. Electrospray 
Ionisation (ESI) mass spectra were recorded in 
high resolution positive mode on a Bruker 
microTOF-QII mass spectrometer. Irradiation of 
[Fe(tpena)]2+ solutions were performed with one 
of the following: 355 nm laser (7mW), 365 nm 
(LED, M365FP1, 1200 mA, Thorlabs), 405 (LED, 
Thorlabs) or 405 laser (45 mW, ONDAX LM-
405). Head-space FTIR spectra was recorded in 
sealed 1 cm quartz cuvettes on a JASCO FT/IR-
4600 spectrometer with a resolution of 8 cm-1. 
The concentration of CO2 released was quantified 
on the basis on standard solutions of Na2CO3 as 
previously described.42 Single crystal X-ray 
diffraction data for [Fe(SBPy3)(MeCN)](ClO4)2 
was collected using a Bruker-Nonius X8 APEX-II 
CCD instrument at 150 K (Mo Kα radiation (λ = 
0.71073 Å), graphite monochromated fine-focused 
sealed tube). Structure solution was carried out 
with SIR-92 and refined with SHELXL-97. Multi-
scan absorption correction was applied. 
Hydrogen atoms were placed at calculated 
positions and allowed to ride on their carrier 
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atoms with isotropic displacement parameters 
Uiso(H) = 1.2Ueq. Oxygen atoms of one of the 
perchlorates were modelled over two positions. 
X-ray crystal diffraction data of 
[Fe(SBPy3)Zn(tpena)]2(ClO4)6(H2O)3 was 
collected at 100(2)K on a Synergy, Dualflex, 
AtlasS2 diffractometer using CuKα radiation (λ = 
1.54184 Å) and the CrysAlis PRO 1.171.38.43 suite. 
The structure was solved by dual space methods 
(SHELXT) and refined on F2 using all the 
reflections (SHELXL-2016). All the non-hydrogen 
atoms were refined using anisotropic atomic 
displacement parameters and hydrogen atoms 
were inserted at calculated positions using a 
riding model.  

 

Computational details 

All calculations were carried using the Gaussian 
09 D01 software.56 The selected level of theory for 
ground state calculations was the B3LYP-D3 
functional.57–60 It was chosen after benchmarking 
comparisons with other functionals (M06, PBE0-

D3, B97X-D, M06-L and OPBE) reported in the 
SI. The qualitative validity of the B3LYP-D3 
results was further confirmed by re-calculation of 
selected structures in the free energy profile with 
M06-L and OPBE, also reported in the SI. TD-
DFT calculations were performed using the CAM-
B3LYP functional, which is specifically designed 
for excited states.61 The LANL2TZ(f) basis set was 
used for Fe,62–64 and the 6-31+G* set was used for 
light atoms.65–67 Geometry optimizations were 
carried out without symmetry constraints and 
frequency calculations were performed on all 
optimized geometries to identify minima and 
transition states. Solvent contributions were 
added via the SMD model (acetonitrile ε = 
35.688).68 All reported energies are free energies 
at 298 K and 1 atm. The Mössbauer parameters 
were calculated using the ORCA package69 
(version 4.0). The functional and solvation were 
the same described above for the geometry 
optimization, and the basis set was modified to 
CP(PPP) for iron plus def2-TZVPP for other 
atoms, which is deemed as more appropriate for 
this type of calculations.70-72 The computed 
isomer shifts (δ) were obtained using a fitted 
linear equation  𝛿 = 𝛼(𝜌 − 𝐶) + 𝛽.73 A data set 
collection of computational results is available in 
the IoChem-BD repository.74 

 

ASSOCIATED CONTENT  

Supporting Information. Tables of 
crystallographic and structural details, time 
resolved UV-vis, laser power dependence, EPR 
spectra, and calibration for CO2 detection, DFT 
benchmarking, complete free energy profiles, 

TD-DFT results, computed Mössbauer results 
and Cartesian coordinates for all computed 
species. This material is available free of charge 
via the Internet at http://pubs.acs.org. CCDC 
1578924 and 1578925 for 
[Fe(SBPy3)(MeCN)](ClO4)2 and 
[Fe(SBPy3)Zn(tpena)]2(ClO4)6(H2O)3,  

respectively.  
 

AUTHOR INFORMATION 

Corresponding Author 

* E-mail: mckenzie@sdu.dk. Tel.: +45 6550 2518 
 

Notes 
The authors declare no competing financial interest.  

 

ACKNOWLEDGMENT  

This work was supported by the Danish Council for 
Independent Research | Natural Sciences (grant 
4181-00329 to CMcK), the CERCA Programme 
(Generalitat de Catalunya) and MINECO (grant 
CTQ2017-87792-R to FM and Severo Ochoa 
Excellence Accreditation 2014-2018 SEV-2013-0319). 
We are grateful for funding from the Carlsberg 
Foundation grant CF15-0675 for the X-ray 
diffractometer. CW thanks both the CARISMA and 
ECOSTBio (COST-STSM-CM1305-30679) COST 
Actions for financial support. VMFA is grateful to 
MINECO for a FPI fellowship (ref BES-2012-057655). 
Prof. Steen Mørup is thanked for helpful 
discussions, and Mr Morten Liljedahl, Dr Mads S. 
Vad and Dr Anders Lennartson are thanked for 
some preliminary experimental work.  

 

REFERENCES  

 

(1)  Šima, J.; Makáňová, J. Coord Chem Rev 
1997, 160, 161. 

(2)  Weller, C.; Tilgner, A.; Bräuer, P.; 
Herrmann, H. Environ. Sci. Technol. 2014, 
48, 5652. 

(3)  Butler, A.; Theisen, R. M. Coord Chem Rev 
2010, 254, 288. 

(4)  Faust, B. C.; Zepp, R. G. Environ. Sci. 
Technol. 1993, 27, 2517. 

(5)  Chen, J.; Browne, W. R. Coord Chem Rev 
2018, 374, 15. 

(6)  Nansheng, D.; Feng, W.; Fan, L.; Mei, X. 
Chemosphere 1998, 36, 3101. 

(7)  Feng, W.; Nansheng, D.; Glebov, E. M.; 
Pozdnyakov, I. P.; Grivin, V. P.; Plyusnin, V. 
F.; Bazhin, N. M. Russ. Chem. Bull. 2007, 
56, 900. 

(8)  Abrahamson, H. B.; Rezvani, A. B.; 
Brushmiller, J. G. Inorganica Chim. Acta 
1994, 226, 117. 

mailto:mckenzie@sdu.dk


Chapter 8  
 

122 

8
 

(9)  Falvey, D. E.; Schuster, G. B. J. Am. Chem. 
Soc. 1986, 108, 7419. 

(10)  Bockman, T. M.; Hubig, S. M.; Kochi, J. K. J. 
Org. Chem. 1997, 62, 2210. 

(11)  Glebov, E. M.; Pozdnyakov, I. P.; Grivin, V. 
P.; Plyusnin, V. F.; Zhang, X.; Wu, F.; Deng, 
N. Photochem Photobiol Sci 2011, 10, 425. 

(12)  Hilborn, J. W.; Pincock, J. A. J. Am. Chem. 
Soc. 1991, 113, 2683. 

(13)  Abadía, J.; López-Millán, A.-F.; Rombolà, 
A.; Abadía, A. Plant and Soil 2002, 241, 75. 

(14)  Bienfait, H. F.; Scheffers, M. R. Plant Soil 
1992, 143, 141. 

(15)  Vraspir, J. M.; Butler, A. Ann. Rev. Mar. Sci. 
2009, 1, 43. 

(16)  Kustka, A. B.; Allen, A. E.; Morel, F. M. M. J 
Phycol 2007, 43, 715. 

(17)  Yamamoto, S.; Okujo, N.; Yoshida, T.; 
Matsuura, S.; Shinoda, S. J. Biochem. 1994, 
115, 868. 

(18)  Amin, S. A.; Green, D. H.; Küpper, F. C.; 
Carrano, C. J. Inorg. Chem. 2009, 48, 11451. 

(19)  Amin, S. A.; Green, D. H.; Hart, M. C.; 
Küpper, F. C.; Sunda, W. G.; Carrano, C. J. 
Proc. Natl. Acad. Sci. USA 2009, 106, 17071. 

(20)  Barbeau, K.; Rue, E. L.; Bruland, K. W.; 
Butler, A. Nature 2001, 413, 409. 

(21)  Harris, W. R.; Carrano, C. J.; Raymond, K. 
N. J. Am. Chem. Soc. 1979, 101, 2722. 

(22)  Küpper, F. C.; Carrano, C. J.; Kuhn, J.-U.; 
Butler, A. Inorg. Chem. 2006, 45, 6028. 

(23)  Barbeau, K.; Zhang, G.; Live, D. H.; Butler, 
A. J. Am. Chem. Soc. 2002, 124, 378. 

(24)  Abergel, R. J.; Zawadzka, A. M.; Raymond, 
K. N. J. Am. Chem. Soc. 2008, 130, 2124. 

(25)  Kivirikko, K. I.; Myllylä, R.; Pihlajaniemi, T. 
FASEB J. 1989, 3, 1609. 

(26)  Trewick, S. C.; Henshaw, T. F.; Hausinger, 
R. P.; Lindahl, T.; Sedgwick, B. Nature 2002, 
419, 174. 

(27)  Falnes, P. Ø.; Johansen, R. F.; Seeberg, E. 
Nature 2002, 419, 178. 

(28)  Hausinger, R. P. Crit Rev Biochem Mol Biol 
2004, 39, 21. 

(29)  de Sousa, D. P.; Wegeberg, C.; Vad, M. S.; 
Mørup, S.; Frandsen, C.; Donald, W. A.; 
McKenzie, C. J. Chem. Eur. J. 2016, 22, 3810. 

(30)  Lennartson, A.; McKenzie, C. J. Angew. 
Chem. Int. Ed. Engl. 2012, 51, 6767. 

(31)  Vad, M. S.; Lennartson, A.; Nielsen, A.; 
Harmer, J.; McGrady, J. E.; Frandsen, C.; 
Mørup, S.; McKenzie, C. J. Chem. Commun. 
2012, 48, 10880. 

(32)  De Sousa, D. P.; Miller, C. J.; Chang, Y.; 
Waite, T. D.; McKenzie, C. J. Inorg. Chem. 
2017, 56, 14936. 

(33)  Wegeberg, C.; McKee, V.; McKenzie, C. J. 
Acta Crystallogr. C Struct. Chem. 2016, 72, 
68. 

(34)  Patra, A. K.; Olmstead, M. M.; Mascharak, 
P. K. Inorg. Chem. 2002, 41, 5403. 

(35)  Patra, A. K.; Afshar, R.; Olmstead, M. M.; 
Mascharak, P. K. Angew. Chem. Int. Ed. 
Engl. 2002, 41, 2512. 

(36)  Gonzalez, M. A.; Fry, N. L.; Burt, R.; Davda, 
R.; Hobbs, A.; Mascharak, P. K. Inorg. 
Chem. 2011, 50, 3127. 

(37)  Shapiro, B. L.; Kopchik, R. M.; Ebersole, S. J. 
J. Chem. Phys. 1963, 39, 3154. 

(38)  Nash, T. Biochem. J. 1953, 55, 416. 

(39)  Franco, C.; Olmsted, J. Talanta 1990, 37, 
905. 

(40)  Quaranta, M.; Murkovic, M.; Klimant, I. 
Analyst 2013, 138, 6243. 

(41)  Spin States in Biochemistry and Inorganic 
Chemistry; Swart, M.; Costas, M., Eds.; John 
Wiley & Sons, Ltd: Oxford, UK, 2015. 

(42)  Wegeberg, C.; Lauritsen, F. R.; Frandsen, 
C.; Mørup, S.; Browne, W. R.; McKenzie, C. 
J. Chem. Eur. J. 2018, 24, 5134. 

(43)  Hazell, A.; Jensen, K. B.; McKenzie, C. J.; 
Toftlund, H. Inorg. Chem. 1994, 33, 3127. 

(44)  MacBeth, C. E.; Gupta, R.; Mitchell-Koch, 
K. R.; Young, V. G.; Lushington, G. H.; 
Thompson, W. H.; Hendrich, M. P.; 
Borovik, A. S. J. Am. Chem. Soc. 2004, 126, 
2556. 

(45)  Goldsmith, C. R.; Stack, T. D. P. Inorg. 
Chem. 2006, 45, 6048. 

(46)  Porter, T. R.; Mayer, J. M. Chem. Sci. 2014, 
5, 372. 

(47)  Sahu, S.; Zhang, B.; Pollock, C. J.; Dürr, M.; 
Davies, C. G.; Confer, A. M.; Ivanović-
Burmazović, I.; Siegler, M. A.; Jameson, G. 
N. L.; Krebs, C.; Goldberg, D. P. J. Am. 
Chem. Soc. 2016, 138, 12791. 

(48)  Gao, H.; Groves, J. T. J. Am. Chem. Soc. 
2017, 139, 3938. 

(49)  Hazell, A.; McKenzie, C. J.; Nielsen, L. P.; 
Schindler, S.; Weitzer, M. J. Chem. Soc., 
Dalton Trans. 2002, 310. 

(50)  Buchler, J. W.; Lay, K. L.; Lee, Y. J.; Scheidt, 
W. R. Angew. Chem. Int. Ed. Engl. 1982, 21, 
432. 

(51)  Hodges, K. D.; Wollmann, R. G.; Kessel, S. 
L.; Hendrickson, D. N.; Van Derveer, D. G.; 
Barefield, E. K. J. Am. Chem. Soc. 1979, 101, 
906. 

(52)  Nagamune, T.; Kurata, H.; Hirata, M.; 
Honda, J.; Koike, H.; Ikeuchi, M.; Inoue, Y.; 
Hirata, A.; Endo, I. Biochem. Biophys. Res. 
Commun. 1990, 168, 437. 

(53)  Tsujimura, M.; Dohmae, N.; Odaka, M.; 
Chijimatsu, M.; Takio, K.; Yohda, M.; 



 Photoinduced O2-dependent Stepwise Oxidative-Deglycination of a Nonheme Iron(III) Complex 
 

123 

8
 

Hoshino, M.; Nagashima, S.; Endo, I. J. Biol. 
Chem. 1997, 272, 29454. 

(54)  Glerup, J.; Goodson, P. A.; Hazell, A.; 
Hazell, R.; Hodgson, D. J.; McKenzie, C. J.; 
Michelsen, K.; Rychlewska, U.; Toftlund, H. 
Inorg. Chem. 1994, 33, 4105. 

(55)  Deville, C.; Padamati, S. K.; Sundberg, J.; 
McKee, V.; Browne, W. R.; McKenzie, C. J. 
Angew. Chem. Int. Ed. Engl. 2016, 55, 545. 

(56)  Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; 
Scuseria, G. E.; Robb, M. A.; Cheeseman, J. 
R.; Scalmani, G.; Barone, V.; Mennucci, B.; 
Petersson, G. A.; Nakatsuji, H.; Caricato, 
M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.; 
Bloino, J.; Zheng, G.; Sonnenberg, J. L.; 
Ehara, M.; Toyota, K.; Fukuda, R.; 
Hasegawa, J.; Ishida, M.; Nakajima, T.; 
Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; 
Montgomery, Jr., J. A.; Peralta, J. E.; 
Ogliaro, F.; Bearpark, M.; Heyd, J. J.; 
Brothers, E.; Kudin, K. N.; Staroverov, V. N.; 
Kobayashi, R.; Normand, J.; Raghavachari, 
K.; Rendell, A.; Burant, J. C.; Iyengar, S. S.; 
Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. 
M.; Klene, M.; Knox, J. E.; Cross, J. B.; 
Bakken, V.; Adamo, C.; Jaramillo, J.; 
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; 
Austin, A. J.; Cammi, R.; Pomelli, C.; 
Ochterski, J. W.; Martin, R. L.; Morokuma, 
K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, 
P.; Dannenberg, J. J.; Dapprich, S.; Daniels, 
A. D.; Farkas, Ö.; Foresman, J. B.; Ortiz, J. 
V.; Cioslowski, J.; Fox, D. J. Gaussian 09; 
Gaussian, Inc.: Wallingford, CT, 2009. 

(57)  Kim, K.; Jordan, K. D. J. Phys. Chem. 1994, 
98, 10089. 

(58)  Stephens, P. J.; Devlin, F. J.; Chabalowski, 
C. F.; Frisch, M. J. J. Phys. Chem. 1994, 98, 
11623. 

(59)  Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. 
J. Chem. Phys. 2010, 132, 154104. 

(60)  Grimme, S.; Ehrlich, S.; Goerigk, L. J. 
Comput. Chem. 2011, 32, 1456. 

(61)  Yanai, T.; Tew, D. P.; Handy, N. C. Chem. 
Phys. Lett. 2004, 393, 51. 

(62)  Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 
82, 270. 

(63)  Wadt, W. R.; Hay, P. J. J. Chem. Phys. 1985, 
82, 284. 

(64)  Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 
82, 299. 

(65)  Bergner, A.; Dolg, M.; Küchle, W.; Stoll, H.; 
Preuß, H. Mol. Phys. 1993, 80, 1431. 

(66)  Ditchfield, R. J. Chem. Phys. 1971, 54, 724. 

(67)  Clark, T.; Chandrasekhar, J.; Spitznagel, G. 
W.; Schleyer, P. V. R. J. Comput. Chem. 
1983, 4, 294. 

(68)  Marenich, A. V.; Cramer, C. J.; Truhlar, D. 
G. J. Phys. Chem. B 2009, 113, 6378. 

(69) Neese, F. WIREs Comput Mol Sci 2018, 8, 
e1327.  

(70)  Weigend F.; Ahlrichs, R. Phys. Chem. Chem. 
Phys. 2005, 7, 3297. 

(71)  Neese, F. Inorg. Chim. Acta 2002, 337, 181.  
(72)  Sinnecker, S.; Slep, L. D.; Bill, E.; Neese, F. 

Inorg. Chem. 2005, 44, 2245. 
(73)  Römelt, M.; Ye, S.; Neese, F. Inorg. Chem. 

2009, 45, 784. 
(74)  Álvarez-Moreno, M.; de Graaf, C.; López, 

N.; Maseras, F.; Poblet, J. M.; Bo, C. J. Chem. 
Inf. Model. 2015, 55, 95. 

 

 

 



Chapter 8 

124 

8
 

SUPPORTING INFORMATION  

 

Table 8.S1. Crystallographic data for [Fe(SBPy3)(MeCN)](ClO4)2 

Empirical formula C22H24Cl2FeN6O8 

Formula weight (g/mol) 627.22 

Temperature (K) 150(2) 

Crystal system Monoclinic 

Space group P21/c 

a, b, c (Å) 16.4682 (14), 12.3313 (10), 12.8238 (10) 

β (°) 92.629 (4) 

Volume (Å3) 2601.4 (4) 

Z 4 

Radiation type Mo Kα 

Calculated density (g cm-3) 1.601 

Abs. coefficient (mm-1) 0.84 

F(000) 1288 

Crystal size (mm) 0.36 × 0.08 × 0.08 

θmin, θmax (°) 0.643, 0.745 

Index range –20 ≤ h ≤ 19, –15 ≤ k ≤ 15, –15 ≤ l ≤ 15 

Refns. collected / unique / with I > 2σ(I) 57759 / 5042 / 3471 

Rint 0.079 

Data / restraints / parameters 5042 / 409 / 393 

GOOF on F2 1.04 

Final R1(F) a / wR2(F2) b (I > 2σ(I)) 0.058 / 0.125 

R1 
a / wR2(F2) b (all data) 0.097 / 0.139 

Largest diff. peak / hole (e Å-3) 0.41, -0.57 
a R1 = ∑ ||Fobs| – |Fcalc|| ∕ ∑ |Fobs|. b wR2(F2) = { ∑ [w (Fobs

2 – Fcalc
2)2] ∕ ∑ [w (Fobs

2)2] }1∕2. 
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Table 8.S2. Crystallographic data for [Fe(SBPy3)Zn(tpena)]2(ClO4)6(H2O)3 

Empirical formula C84H96Cl6Fe2N20O31Zn2 

Formula weight (g/mol) 2330.89 

Temperature (K) 100(2) 

Crystal system Orthorhombic  

Space group P212121 

a, b, c (Å) 13.3863 (3), 17.7438 (4), 40.7345 (13) 

α, β, γ (°) 90, 90, 90 

Volume (Å3) 9675.4 (4) 

Radiation type Cu Kα 

Z 4 

Calculated density (g cm-3) 1.600 

Abs. coefficient (mm-1) 5.23 

F(000) 4784 

Crystal size (mm) 0.52 × 0.10 × 0.05 

θmin, θmax (°) 0.286, 1.000 

Index range –16 ≤ h ≤ 11, –22 ≤ k ≤ 14, –51 ≤ l ≤ 49 

Refns. collected / unique / with I > 2σ(I) 33496 / 18082 / 16800   

Rint 0.045 

Data / restraints / parameters 18082 / 1422 / 1307 

GOOF on F2 1.06 

Final R1(F) a / wR2(F2) b (I > 2σ(I)) 0.077 / 0.184 

R1 
a / wR2(F2) b (all data) 0.082 / 0.189 

Largest diff. peak / hole (e Å-3) 
Flack parameter 

1.42, -1.02 
0.431(8) 

a R1 = ∑ ||Fobs| – |Fcalc|| ∕ ∑ |Fobs|. b wR2(F2) = { ∑ [w (Fobs
2 – Fcalc

2)2] ∕ ∑ [w (Fobs
2)2] }1∕2. 
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Table 8.S3. Selected angles and bond distances in [Fe(SBPy3)(MeCN](ClO4)2 and 
[Fe(SBPy3)Zn(tpena)]2(ClO4)6(H2O)3 

[Fe(SBPy3)Zn(tpena)]2(ClO4)6(H2O)3 

Zn1T—O1T 2.104 (6) Zn1A—O1A 2.121 (6) 

Zn1T—N3T 2.123 (9) Zn1A—N3A 2.116 (8) 

Zn1T—N2T 2.121 (8) Zn1A—N2A 2.113 (8) 

Zn1T—N1T 2.128 (7) Zn1A—N1A 2.143 (8) 

Zn1T—N5T 2.190 (8) Zn1A—N5A 2.187 (8) 

Zn1T—N4T 2.222 (9) Zn1A—N4A 2.220 (9) 

N1T – Zn1T – O1T 173.7 (3) N1A – Zn1A – O1A  173.2 (3) 

Fe1S—N5S 2.087 (9) Fe1B—N4B 2.105 (9) 

Fe1S—N4S 2.087 (9) Fe1B—N5B 2.115 (9) 

Fe1S—O2T 2.136 (6) Fe1B—O2A 2.126 (7) 

Fe1S—N3S 2.171 (9) Fe1B—N2B 2.136 (8) 

Fe1S—N2S 2.170 (9) Fe1B—N3B 2.214 (8) 

Fe1S—N1S 2.369 (9) Fe1B—N1B 2.339 (9) 

Fe1S – O1T  3.136  Fe1B – O1A 3.096 

N2S – Fe1S – O2T 159.2 (3) N2B – Fe1B – O2A  156.9 (3) 

    

[Fe(SBPy3)(MeCN](ClO4)2   

N1—Fe1 1.990 (3)   

N2—Fe1 1.865 (3)   

N3—Fe1 1.973 (3)   

N4—Fe1 1.967 (4)   

N5—Fe1 1.968 (4)   

N6—Fe1 1.941 (4)   

N2 – Fe1 – N6 175.47 (16)   

 

 

Figure 8.S1. UV-vis spectra of an acetonitrile solution of [Fe2O(tpenaH)2](ClO4)4 after 5 days (red), 12 days 

(blue) and 3 months (green), when it is kelp in the dark. For comparison the photo shows the visual colour 

difference of the solutions, when stored in the dark (left) or at the bench under ambient light (right) after 

12 days.  
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1 % H2O in MeCN 5 % H2O in MeCN 

Figure 8.S2. The formation of monomeric [Fe(tpena)]2+ depends on the water content of the MeCN 
solution: in 1 % H2O in MeCN the well-defined absorbance at 360 nm is observed, but not when the water 
content is increased to 5 % H2O in MeCN. UVvis spectra recorded over 1 hour.  

 

Table 8.S4. Summary of Mössbauer spectra and parameters for samples, which have developed in 
ambient light.  

a 

 

30 sec at rt  
 

Species Mössbauer 
param. [mm s-1] 

FWHM  
[mm s-1] 

Area 
[%] 

[Fe2(-O)(tpenaH)2]4+ δ = 0.43,  

EQ = 1.63               

0.30 55.1  

fac-[Fe(tpena)]2+ δ = 0.16,  

EQ = 2.17            

0.90 44.9  

 

b 

 

10 min rt   
 

Species Mössbauer 
param.  [mm s-1] 

FWHM  
[mm s-1] 

Area 
[%] 

[Fe2(-O)(tpenaH)2]4+ δ = 0.44,  

EQ = 1.63               

0.33 8.26  

fac-[Fe(tpena)]2+ δ = 0.14,  

EQ = 1.95           

0.5 76.7  

mer-[Fe(tpena)]2+  δ = 0.31 1.36 14.7  
 

c 

 
 

3 days at rt  
 

Species Mössbauer 
param. [mm s-1] 

FWHM  
[mm s-1] 

Area 
[%] 

[Fe2(-O)(tpenaH)2]4+ δ = 0.44,  

EQ = 1.63               

0.441 27.7  

fac-[Fe(tpena)]2+ δ = 0.14,  

EQ = 2.20            

0.730 42.6  

A δ = 0.48                                 0.240 1.8  

[FeII(SBPy3)(MeCN)]2+ δ = 0.35,  

EQ = 0.70           

0.778 27.8  

d 

 

3 days at 50 C  
 

Species Mössbauer 
param.  [mm s-1] 

FWHM  
[mm s-1] 

Area 
[%] 

[Fe2(-O)(tpenaH)2]4+ δ = 0.47,  

EQ = 1.53               

0.424 16.6 

[FeII(SBPy3)(MeCN)]2+ δ = 0.34,  

EQ = 0.67           

0.475 83.4  

 

 



Chapter 8 

128 

8
 

 

Figure 8.S3. Time-resolved growth of the 384 nm and 555 nm absorbances in the UV-visible spectra due 
the transient iron complex produced by photoinduced decarboxylation of [Fe(tpena)]2+ dissolved in MeCN 
when irradiated with either a 355 laser (black, 7 mW, 0.5 mM) or a 405 laser (blue, 45 mW, 0.25 mW).  

 

 

Table 8.S5. Summary of Mössbauer spectra and parameters for an light-irradiated sample 

 

Irradiation for 1h 
 

Species Mössbauer 
param., [mm s-1] 

FWHM 
[mm s-1] 

Area 
[%] 

[Fe2(-O)(tpenaH)2]4+ δ = 0.43,  

EQ = 1.65               

0.284 16.4 

A δ = 0.45            
                    

0.377 71.5 

B δ = 0.44,  

EQ = 1.15               

0.248 12.0 

  

 

Irradiation for 1h followed by 2h at rt.  

Species Mössbauer 
param.,  
[mm s-1] 

FWHM 
[mm s-1] 

Area 
[%] 

[Fe2(-O)(tpenaH)2]4+ δ = 0.45,  

EQ = 1.63               

0.30 16.3 

A δ = 0.46            
                    

0.24 46.8 

B δ = 0.45,  

EQ = 1.28               

0.33 27.1 

[FeII(SBPy3)(MeCN)]2+ δ = 0.35,  

EQ = 0.67           

0.47 9.8 
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Figure 8.S4. Illustration of the development of the iron speciation relative over time, hence the “imaginary 
time scale”. The graph is based on the Mössbauer areas in Table 8.S4 and Table 8.S5, and the color-coding 
is matching the color-coding in the Mössbauer spectra.  

 

Figure 8.S5.  EPR spectra of a frozen acetonitrile solution of [Fe(tpena)]2+ before (red) and after (black) one 
hour of irradiation with a UV lamp (366 nm).  

 

Figure 8.S6. NMR spectra (MeCN-d3) of [Fe(tpena)]2+ before (blue) and after (yellow) irradiation for 1h 
(365LED) as well as [Fe(SBPy3)(MeCN)]2+ (pink) generated from a two months old [Fe(tpena)]2+ solution. 
O2 was not excluded from the measurements. 
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Figure 8.S7. ESI-MS spectra acetonitrile solutions of [Fe(tpena)]2+ before (blue) and after (yellow) 
irradiation for 1h (365LED). O2 was not excluded from the measurements.  
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Head-space FTIR CO2 detection 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Detection of the colorimetric product 3,5-diacetyl-1,4-

dihydrolutidine 
Figure 8.S8. A solution of [Fe(tpena)]2+ (1.5 mM) was irradiated with a 405 LED for 150 min. With the use 
of the standard curve for CO2 release in the head-space, an ABS(2360.4 nm) of 0.042 correlates to [CO2] = 
1.1 mM. On the same irradiated sample the formaldehyde generated was colorimetrically quantified using 
the method described by Nash [Nash, T. Biochem. J. 1953, 55, 416] which follows the formation of 3,5-
diacetyl-1,4-dihydrolutidine (εM412 nm = 8840).  The absorbance for a 20 times dilution of the irradiated 
1.5 mM [Fe(tpena)]2+ solution is 0.382 => Total release of [CH2O] = 0.9 mM. The experiments were 
performed in parallel on the same reaction mixture and indicated a 1:1 ratio of CO2 and CH2O.  
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Figure 8.S9. Envisaged possible resonance structures and derivatives of A.  
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Rationalisation for structure X in Figure S9 

As mentioned in the manuscript the structural formulation of A is one of many possible (fig S9).  All are 

unusual. Because we have experienced surprise we point out that the resonance structure of the radical A, 

structure X in Figure S9, which contains an organometallic 3-membered ring is known in complexes that 

can be regarded as analogous. The structure in figure S10 contains a similar sized metal ion and similar 

ligands.   

 

Figure 8.S10. Crystal structure of a cobalt(III) complex containing the three atom ring seen in structure X in 
Figure 8.S9 (ref code: WIWQEY. Co-based structure). In total 274 structures can be found the Cambridge 
Crystallographic Database (ConQuest version 1.22, 2018), which contain this moiety where the metal ion 
is any transition metal. Of these 13 structures contain an iron center and 15 structures contain cobalt 
center. 

 

 

 

 

 B3LYP-D3 M06 PBE0-D3 ωB97X-D M06-L OPBE 

Sextet -1400.5002 -1339.4825 -1398.9335 -1399.9538 -1400.2454 -1400.0403 

Quartet -1400.4750 -1399.4480 -1398.9033 -1399.9291 -1400.2182 -1400.0260 

Doublet -1400.5000 -1399.4421 -1398.9213 -1399.9529 -1400.2406 -1400.0327 

6/D diff. 0.1 25.4 7.7 0.6 3.0 4.8 

Table 8.S6. Absolute potential energies (hartrees) for the different electronic states of the optimized fac-
[Fe(tpena)]2+ species. The energy difference in kcal.mol-1 between the sextet and doublet states. Only 

B3LYP-D3 and B97X-D reproduce the experimentally observed closeness between doublet and sextet, 
and B3LYP-D3 was chosen because of easier convergence of SCF and geometry optimizations. 
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Figure 8.S11. Full free energy profile for the mer isomer of [Fe(tpena)]2+. Energies in kcal.mol-1. The 
product, marked with a *, is in a lower spin state (quintet, triplet, singlet) because of the absorption of 
one electron from the acetonitrile solvent. 

 

  B3LYP-D3BJ M06L-D3 OPBE 

mer-[FeIII(tpena)]2+ 

doublet 0.3 2.7 3.3 

quartet 6.0 8.2 8.1 

sextet 0.0 0.0 0.0 

1 (A) 

doublet 33.7 23.0 8.4 

quartet 21.7 18.6 -0.3 

sextet 34.2 33.0 17.1 

3 

doublet -8.5 -26.3 -19.3 

quartet -10.2 -16.1 -10.2 

sextet -16.3 -24.8 -18.1 

4 

doublet -6.0 -30.0 -19.2 

quartet -5.4 -27.0 -16.0 

sextet -4.9 -21.3 -9.6 

6 (B) 

doublet -42.3 -52 -49.4 

quartet -37.2 -42.1 -44.7 

sextet -46.1 -55.9 -52.1 

7 

singlet -33.2 -41.9 -39.8 

triplet -12.9 -17.9 -16.0 

quintet -29.6 -32.3 -31.4 

Table 8.S7. Relative potential energies (kcal.mol-1) for the optimized electronic states of selected 
intermediates of the mechanism depicted in Figure S11. 
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mer-[Fe(tpena)]2+  (S = 1/2) 
Exc.Stat. 1: Energy = 404 nm, 
f = 0.0009, 102B – 109B 0.66 
Exc.Stat. 2: Energy = 387 nm,  
f = 0.0081, 102B – 110B 0.55 
Exc.Stat. 3: Energy = 377 nm,  
f = 0.0299, 102B – 111B 0.61 
Exc.Stat. 4: Energy = 359 nm,  
f = 0.0065, 100A – 112A 0.46 
Exc.Stat. 5: Energy = 343 nm,  
f = 0.0027, 101B – 110B 0.48 
Exc.Stat. 6: Energy = 337 nm,  
f = 0.0004, 109B – 109B 0.56 
 

fac-[Fe(tpena)]2+ (S = 1/2) 
Exc.Stat. 1: Energy = 2331 nm, 
f = 0.0001, 105B – 111B 0.48 
Exc.Stat. 2: Energy = 1820 nm,  
f = 0.0004, 106B – 111B 0.61 
Exc.Stat. 3: Energy = 781 nm,  
f = 0.0001, 105B – 115B 0.52 
Exc.Stat. 4: Energy = 692 nm,  
f = 0.0002, 100A – 112A 0.46 
Exc.Stat. 5: Energy = 637 nm,  
f = 0.0000, 99A – 112A 0.59 
Exc.Stat. 6: Energy = 560 nm,  
f = 0.0000, 100A – 113A 0.59 

fac-[Fe(tpena)]2+ (S = 5/2) 
Exc.Stat. 1: Energy = 389 nm, 
f = 0.0078, 103B – 109B 0.59 
Exc.Stat. 2: Energy = 380 nm, 
f = 0.0041, 103B – 110B 0.56 
Exc.Stat. 3: Energy = 375 nm, 
f = 0.0331, 103B – 111B 0.62 
Exc.Stat. 4: Energy = 356 nm, 
f = 0.0127, 104B – 110B 0.53 
Exc.Stat. 5: Energy = 353 nm, 
f = 0.0014, 104B – 109B 0.56 
Exc.Stat. 6: Energy = 339 nm, 
f = 0.0022, 104B – 111B 0.61 

Figure 8.S12.  TD-DFT results. Ground state (left) and latest geometry in TD-OPT cycle before crashing 
(right) for mer-[Fe(tpena)]2+  . Distances in Å. 

Figure 8.S13. Full free energy profile for the fac isomer of [Fe(tpena)]2+.  Energies in kcal.mol-1. The 
product, marked with a *, is in a lower spin state (quintet, triplet, singlet) because of the absorption of 
one electron from the acetonitrile solvent. 
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  δ [mm s-1] ΔEQ [mm s-1] 

 Scomplex exp calc exp calc 

fac-[FeIII(tpena)]2+ 

½ 0.16 0.16 2.17 -2.10 

3/2  0.31  1.58 

5/2  0.42  1.33 

mer-[FeIII(tpena)]2+ 

½  0.17  -2.17 

3/2  0.36  2.24 

5/2 0.31 0.42 singlet 1.47 

[FeII(SBPy3)(MeCN)]2+ 

0 0.34 0.35 0.67 0.42 

1  0.65  1.30 

2  0.90  3.46 

A 

½ 0.45 0.43 singlet 1.42 

3/2  0.79  3.71 

5/2  0.78  2.89 

B 

½  0.17  -1.88 

3/2  0.36  -2.30 

5/2 0.44 0.38 1.15 -1.56 

Table 8.S8. DFT-calculated Mössbauer parameters: isomer shift (δ) and quadrupole splitting (ΔEQ), for 

starting complexes, product and suggested transient species. Experimental values are provided for 

comparison. Some of the computed values for ΔEQ are negative, even if experiment can only measure the 

absolute value. 

 

Figure 8.S14. Computed structures for transition states 2TS1 (left) and 2TS2 (right), in the free energy 
profile for mer-[Fe(tpena)]2+. Key distances in Å.  
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Figure 8.S15. Free energy profile for the mer isomer of [Fe(tpena)]2+. Energies in kcal.mol-1. Alternative 
pathway for the formation of intermediate 6 via intermediate 5’.  
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Introduction 

Slight changes in the coordination sphere of an iron centre in the active site of enzymes lead to 

significant changes in their reactivity exemplified by iron non-heme enzymes in the switch from 

reversible binding of dioxygen in hemerythrin to activation of dioxygen in the related enzyme 

methane monooxygenase (Scheme 9.1).[1] The donor ability of the first coordination sphere 

donor dictates the splitting of the ligand field of the metal ion(s), hence determining properties 

such as the electronic structure, spin state and reduction potential giving the enzymes their 

individual function. The active site of hemerythrin is rich in histidines,[2] whereas methane 

monooxygenase has an active site rich in carboxylate donors[3]. The oxygen-rich environment 

makes the basis of an enzyme, which can fully split the double bond of dioxygen, subsequently 

exposing a reactive iron(IV) intermediate useful for hydroxylation of the strong C-H bond of 

methane.[4]  

 

Scheme 9.1. Illustration of the structurally related active sites of the non-heme iron enzymes hemerythrin and 
methane monooxygenase. 

In the field of non-heme iron complexes the significance of varying the supporting ligand has 

also been widely explored. Several groups have for instance shown that methylation of the 

ligand can convert iron(III)peroxo species from low-spin to high-spin species,[5,6] and comparison 

of the catalytic capabilities of [FeII(TPA)(MeCN)]2+ and [FeII(6-Me3TPA)(MeCN)]2+ in substrate 

oxidation of cyclooctene with H2O2 shows that the methylation of the ligand increases the 

product distribution of epoxide to diol from 1:1.2 to 1:7[7]. Further evaluation of a series of 

[FeIVO(TPA)(X)]2+/+ complexes (X = MeCN, OTf-, Cl-, Br-) has shown that substitution of the cis 

donor X does not influence the characteristic features of the iron(IV)oxo complexes such as the 

Fe-O distance, Mössbauer parameters and the energy of the XAS pre-edge. However, the 

coordination of X is evident by differences in the absorption bands in the near-IR region (720-

800 nm).[8] On the other hand substituting the donor X trans to the FeIV=O moiety in 

[FeIVO(TMC)(X)]2+ (X = MeCN, HO-, N3
-, CN-, OCN-, SCN-, OTf-) was demonstrated to cause changes 

in NIR absorption spectra, the X-ray absorption pre-edge intensities, the quadrupole splitting 

parameters and the νFe=O frequencies.[9] Investigation of the performance of [FeIVO(TMC)(X)]2+ (X 

= MeCN, OTf-, N3
-) and the related complex [FeIVO(TMCS)]2+,[10] (with an anchored axial thiolate) 
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in hydrogen atom  transfer (HAT) from O-H and C-H bonds in phenol and alkylaromatic 

molecules, respectively, revealed that there is a correlation between the HAT reactivity and the 

reduction potentials of the iron(IV)oxo species. This trend reflects the donor ability of the trans 

donor.[11] The most reactive species was the iron(IV)oxo complex, [FeIVO(TMCS)]2+, showing the 

lowest FeIII/FeIV reduction potential.  

Non-heme iron(III)-hydroperoxo species based on an ethylenediamine backboned ligand, 

[FeIII(OOH)(Rtpen)]2+ , were first reported in the 90’s and have extensively been studied, where 

the R-group primarily is either a non-coordinating donor (N5) or a nitrogen donor (N6) (Scheme 

9.2, Rtpen = N-R-N,N’,N’-tris(2-pyridylmethyl)ethane-1,2-diamine).[12–16] In contrast to these first 

reports on ethylenediamine backboned iron(III)-hydroperoxides with only nitrogen donors, we 

have reported that the introduction of a carboxylate in the coordination sphere causes distinct 

behaviour in H2O2 activation for N4O and N5O based iron complexes.[17,18] In the case of 

[Fe(OOH)(Htpena)]2+ disproportionation of H2O2 was observed.[18] Upon homolytic O-O bond 

cleavage, a highly reactive iron(IV)oxo species, [FeIVO(Htpena)]2+, is generated. The change in 

reactivity pattern is ascribed to an increased oxyl radical character of the iron(IV)oxo species 

compared to the N5 and N6-based systems.[19] Simultaneously with the generation of 

[FeIVO(Htpena)]2+, hydroxyl radicals are formed, and in the absence of an excess of H2O2 or an 

external substrate, decomposition of the catalyst will consequently take place. In the light of 

these recent results we now compare the reactivity of the [Fe(tpena)]2+ and [Fe(tpen)]2+,[14] 

towards the oxidation of cyclohexanol by H2O2. Moreover, the ethylenediamine backboned 

iron(III)-hydroperoxo complex, [Fe(OOH)(HtpenO)]2+ (Scheme 9.2)  is spectroscopically 

characterized and included in the reactivity studies in order to evaluate how changing a 

coordinating donor ligand from a pyridine to a carboxylate or an alkoxide moiety affects the 

reactivity of the catalysts in the activation of H2O2. The carboxylate unit plays an important role 

for the activity of e.g. O2-dependent enzymes.[20,21] Similarly, the hydroxylated amino acid 

residues serine and threonine play crucial roles in the activity of various enzyme classes such as 

proteases and kinases.[22,23] 

 

Scheme 9.2. The general chemical structure of the ethylenediamine backboned ligands, and the R-groups of the 

ligands examined in this study: tpen = N-N,N’,N’-tetrakis(2-pyridylmethyl)ethylenediamine], tpenOH = N,N,N’-tris(2-

pyridylmethyl)ethylenediamine-N’-ethanol  and tpena = N,N,N’-tris(2-pyridylmethyl)ethylenediamine-N’-acetate. 

Abbreviations Htpena and HtpenO indicate that one of the pyridyl units is protonated rather than the alcohol group or 

the carboxylic acid, respectively. 
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Results and Discussion 

Oxidative Properties and Solution State Chemistry of [Fe(tpenO)]2+  

When the solid state precursor [FeCl(tpenOH)](PF6)[15] is dissolved in methanol or acetonitrile, 

yellow solutions with a maximum absorbance band at either 393 nm (ε = 2000 M-1 cm-1) or 398 

nm (2100 M-1 cm-1) respectively, are generated. The cyclic voltammogram (Figure 9.1a, blue) of 

[FeCl(tpenOH)](PF6) in acetonitrile displays a reversible redox FeII/FeIII wave at 0.17 V vs. Fc/Fc+, 

which is located between the reversible FeII/FeIII redox waves observed for [Fe(tpen)]2+ (0.39 V) 

and [Fe(tpena)]2+ (0.04 V).[18] Reports on derivatives of [Fe(tpen)]2+ (all N6) demonstrate how the 

reversible FeII/FeIII redox potentials are only slightly shifted (< 70 mV difference), when the first 

coordination sphere is conserved.[16,25] The remarkable span of 350 mV in FeII/FeIII reduction 

potentials among [Fe(tpen)]2+, [Fe(tpenO)]2+ and [Fe(tpena)]2+ therefore demonstrates the 

consequence of replacement of one donor in the first coordination sphere from a pyridine to a 

alkoxide or a carboxylate.    

 
 

(a) (b) 
 

 

 

 

(c) (d) 
 

Figure 9.1. (a) CV of acetonitrile solutions of [Fe(tpena)]2+
 (green), [Fe(tpenO)]2+

 (blue) and [Fe(tpen)]2+
 (black). [Fe] = 

0.5 mM. Scan rate 100 mV s-1. Electrolyte solution: 0.1 M TBAClO4 in acetonitrile (b) Solution state EPR (black) of 
[FeCl(tpenOH)]PF6 dissolved in MeOH and flash-freezed after 10 min. Two rhombic low-spin iron(III) signals are 
simulated in red and blue. Sum of the fitted spectra is shown in grey. (c) ESI-MS spectrum of [FeCl(tpenOH)]PF6 
(MeCN, pos. mode). Assignment of ions: m/z 216.575 [FeII(tpenOH)]2+ (C22H27FeN5O calcd. 216.578), 432.146 
[FeII(tpenO)]+ (C22H26FeN5O calcd. 432.148) and 468.118 [FeII(tpenOH)Cl]+ (C22H27ClFeN5O calcd. 468.125) (d) 
Structures of fac-[Fe(tpenO)]2+ and mer-[Fe(tpenO)]2+. 
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The lower FeII/FeIII redox potential of [Fe(tpenO)]2+ compared to [Fe(tpen)]2+ indicates an easier 

accessibility to higher oxidation states. Solution state EPR spectra of [FeCl(tpenOH)](PF6) 

dissolved in MeOH show that samples, which are flash-freezed immediately after dissolution, 

exhibit no EPR signal. However, if the EPR sample is not flash-freezed till after 10 minutes upon 

dissolution, two rhombic low-spin iron(III) signal are observed (S = ½, g = 2.33, 2.15, 1.93 and g = 

2.40, 2.17, 2.00, Figure 9.1b). The detection of EPR-active species demonstrate that the solid 

state iron(II) precursor [FeCl(tpenOH)](PF6) is oxidized in solution over time. Despite the lower 

redox potential, it is possible to isolate iron(II)-tpenOH based complexes, whereas it has to date 

only been possible to isolate iron(III)-tpena based complexes even when starting from iron(II) 

salts.[18,26] Oxidation to iron(III) will increase the oxophilicity of the iron suggesting that 

[FeIII(tpenO)]2+ is the major species found in solution, hence tpenO can use its full potential as a 

hexadentate ligand with one alkoxide donor and three pyridines around an iron centre. The ESI-

MS spectrum of [FeCl(tpenOH)]PF6 (Figure 9.1c) consistently shows a base peak of m/z 432.146 

which can be assigned to [FeII(tpenO)]+. Two diastereoisomers of [Fe(tpena)]2+ have been 

spectroscopically characterized.[27] The two low-spin iron(III) signals observed in Figure 9.1b 

indicate that two diastereoisomers are also present for [Fe(tpenO)]2+ in solution: fac-

[Fe(tpenO)]2+ and mer-[Fe(tpenO)]2+ (Figure 9.1d). The three pyridine groups are located in a 

facial geometry in [FeCl(tpenOH)](PF6), which could suggest that fac-[Fe(tpenO)]2+ is the most 

stable, and thus the major species in solution due to a simple substitution of the chloride with 

the alkoxide. 

  
(a) (b) 

Figure 9.2. Characterization of [Fe(tpen)](PF)2 (black), [FeCl(tpenOH)]PF6 (blue) and [Fe2O(Htpena)2](ClO4)4 (green) with 
(a) solid state IR spectroscopy and (b) solution state IR spectroscopy recorded in d3-MeCN. The spectrum of d3-MeCN 
is shown in grey. 

The crystal structure of [FeCl(tpenOH)](PF6) displays coordination of all three pyridines. The 

alcohol arm of tpenOH is protonated and non-coordinated.[15] In agreement with this, a 

vibrational O-H band is observed at 3418 cm-1 in the solid state for [FeCl(tpenOH)]PF6 (Figure 

9.2a, blue). Comparison of the solid state IR spectra of [Fe(tpen)](PF)2, [FeCl(tpenOH)]PF6 and 

[Fe2O(Htpena)2](ClO4)4 shows similar features, but intense bands at 1073 cm-1 and 1660 cm-1 are 

observed for [Fe2O(Htpena)2](ClO4)4 which are assigned to C-O and C=O stretches, respectively, 

associated with the carboxylate donor. Likewise, solution state IR spectra (Figure 9.2b) of the 

three iron complexes show similar features. The solvent, acetonitrile, has strong bands in the 

region of 600-1700 cm-1, hence deuterated acetonitrile was used for practical reasons. In the 



Chapter 9 
 

142 

9
 

solution state IR spectrum of [Fe2O(Htpena)2](ClO4)4, two intense bands are seen at 1715 cm-1 

and 1675 cm-1. Solution state Mössbauer spectroscopy of a similarly prepared iron tpena 

solution shows that [Fe(tpena)]2+ and [Fe2O(tpenaH)2)]4+ co-exist in acetonitrile,[28] hence the 

bands at 1715 cm-1 and 1675 cm-1 are assigned to C=O stretches related to these two iron 

species. It was not possible to assign any bands to a C-O stretch for neither [Fe(tpena)]2+, 

[Fe2O(tpenaH)2)]4+ nor [FeIII(tpenO)]2+ (deuturated acetonitrile has strong bands from 600 to 

1200 cm-1).  

 

Formation of Iron(III) Hydroperoxo and Peroxo Species 

As previously reported the purple iron(III) hydroperoxido species [Fe(OOH)(HtpenO)]2+ (max = 

537 nm) is formed by addition of an excess of H2O2 (2 - 300 eq.) to [FeCl(tpenOH)](PF6) dissolved 

in MeOH.[15] [Fe(OOH)(HtpenO)]2+ shows significantly shorter half-life compared to the N5/N6 

ethylenediamine ligand-based systems (minutes vs. several hours). Originally, the lower stability 

of [Fe(OOH)(HtpenO)]2+ compared to the N5/N6 systems was rationalized by intermolecular 

hydrogen-bonding between the decoordinated ethylalcohol arm and the FeOOH moiety. 

However, examination of solutions of [Fe(OOH)(HtpenO)]2+ with a colorimetric approach 

(Hantzsche reaction[29]) confirmed the presence of formaldehyde suggesting that methanol 

oxidation occurs and therefore explaining the lower stability. Quantification of the formaldehyde 

showed 8 % yield w.r.t. H2O2
 concentration (50 eq., 1.5 mM [Fe]) 15 min after the addition of 

H2O2. The lower stability of [Fe(OOH)(HtpenO)]2+ in methanol compared to [Fe(OOH)(tpen)]2+ 

suggests structural differences between the two species. [Fe(OOH)(Htpena)]2+ cannot be 

spectroscopically detected in methanol due to an even more rapid methanol oxidation 

(formaldehyde yield of 35 % w.r.t. H2O2
[18]), hence we suggest that [Fe(OOH)(HtpenO)]2+ is based 

on a N4O donor sphere with a pendant pyridine arm. Interestingly, the trend in stability of the 

iron(III)hydroperoxides in methanol reflect the trend in FeII/FeIII redox potential of the precursor 

iron complex, i.e. [Fe(OOH)(tpen)]2+ has the longest life-time in methanol and [Fe(tpen)]2+ has 

the highest FeII/FeIII redox potential, whereas [Fe(OOH)(Htpena)]2+ is not observed in methanol 

due to methanol oxidation and [Fe(tpena)]2+ has the lowest FeII/FeIII redox potential.  

 

 
(a) 

 
(b) 

 
Figure 9.3. (a) rRaman spectra of [Fe(tpenO)]2+ (black) with addition of 50 eq. H2O2 to generate [Fe(OOH)(HtpenO)]2+ 

(red) and with additional 10 eq. Et3N to form [Fe(OO)(HtpenO)]+ (green) (-25 °C, [Fe] = 3 mM, exc = 785 nm) (b) 
Solution state EPR of [Fe(tpenO)]2+ in MeOH with addition of 50 eq. H2O2 (black, 100 K, [Fe] = 3 mM, microwave 
frequency 9.30555 GHz). Individual fitted spectra are seen in red and blue. Sum of the fitted spectra is seen in grey.  
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Investigation of [Fe(OOH)(HtpenO)]2+ with resonance Raman spectroscopy (λexc 785 nm) showed 

resonance enhanced bands at 619 cm-1 and 800 cm-1 (Figure 9.3a) assigned to νFe-O and νO-O 

vibrations, respectively. The EPR spectrum of a frozen solution showed two rhombic low-spin 

iron(III) (S = ½) signals with g = 2.21, 2.14, 1.97 and g = 2.25, 2.15, 2.00 (Figure 9.3b, red and 

blue, respectively). The spectroscopic parameters are similar to previously reported 

ethylenediamine backboned iron(III)hydroperoxo species (Table 9.1). The two EPR signals are 

not coincident with those obtained for [Fe(tpenO)]2+. The ratio of the spin density for the two 

EPR signals are however 9:1 both in the spectrum of [Fe(tpenO)]2+ (Figure 9.1b) and 

[Fe(OOH)(HtpenO)]2+ (Figure 9.3b) suggesting that fac- and mer-[Fe(tpenO)]2+ are not 

transformed to the same isomer of [Fe(OOH)(HtpenO)]2+, but into two different 

diastereoisomers.  

 
Table 9.1. Spectroscopic properties of ethylenediamine backboned iron(III)-hydroperoxide and -peroxide complexes 
with the supporting ligands tpen, HtpenO and Htpena.  

 UV-Visible rRaman EPRa S Reference 

Iron species 
λmax 

[nm] 
νFe-O 

[cm-1] 
νO-O 

[cm-1] 
g-values   

fac-[Fe(tpenO)]2+ 
mer-[Fe(tpenO)]2+ 

393   
2.33, 2.15, 1.93 
2.40, 2.17, 2.00 

½ 
½ 

this work 

[FeIII(OOH)(Htpena)]2+ 520 613 788 2.21, 2.15, 1.96 ½ [18] 
[FeIII(OOH)(tpen)]2+ 541 617 796 2.22, 2.15, 1.97 ½ [14] 

[FeIII(OOH)(HtpenO)]2+   537 619 800 
2.21, 2.14, 1.97 
2.25, 2.15, 2.00 

½ 
½ 

[15], this work 

[FeIII(OO)(Htpena)]+ 675 473 815 8.8, 5.0, 4.3, 4.2, 3.5 5/2 [18] 
[FeIII(OO)(HtpenO)]+ 716 472 818 8.0, 4.3 5/2 [15], this work 
[FeIII(OO)(tpen)]+ 755 470 817 7.5, 5.9 5/2 [14] 

Data for tpena-based complexes were recorded in MeCN, whereas data for on tpen- and tpenO-based complexes 

were recorded in MeOH. a For S = 5/2 geff are denoted.  

Addition of only one eq. H2O2 does not result in the formation of an absorbance band at 537 nm 

expected for [Fe(OOH)(tpenO)]2+. One eq. H2O2 is needed to fully pre-oxidize [FeIICl(tpenOH)]+ to 

[FeIII(tpenO)]2+ in freshly made solutions, whereupon the hydroperoxo species can be generated 

by addition of another one eq. of H2O2. If an excess of H2O2 is directly added, no lag time is 

spectroscopically observed by UV/vis absorption spectroscopy. In the case of [Fe(OOH)(tpen)]2+, 

lag time is observed even when an excess of H2O2 is added, demonstrating the easier 

accessibility to higher oxidation states for [Fe(tpenO)]+ than [Fe(tpen)]2+ cf. the redox potentials 

of the complexes. Addition of another portion of H2O2 regenerates the chromophore at 537 nm 

suggesting that no ligand break-down takes place as is the case of [Fe(OOH)(Htpena)]2+.[18] The 

production of O2 (identifiable by visible bubbles in the solution) generated from H2O2 

disproportionation in acetonitrile solutions of [Fe(tpena)]2+ is not observed for [Fe(tpenO)]2+ 

under the same conditions ([Fe] = 0.5 mM, 50 eq. H2O2) suggesting a less promiscuous reactivity 

of the [Fe(OOH)(HtpenO)]2+ complex compared to [Fe(OOH)(Htpena)]2+. 

Addition of Et3N to a solution of [Fe(OOH)(HtpenO)]2+ causes a deprotonation of the 

hydroperoxo ligand and generates the green side-on peroxo species [Fe(OO)(HtpenO)]+ (λmax 713 

nm).[15] The species can also be directly formed by addition of H2O2 under basic conditions. As for 

the other ethylenediamine backboned ligand systems, this complex is a high-spin iron(III) species 

(S = 5/2, geff = 8.0, 4.3), and the Fe-O and O-O vibrational bands are observed at 472 cm-1 and 818 

cm-1, respectively (λexc 785 nm, Figure 9.3a.) Both the end-on hydroperoxo and the side-on 
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peroxide species supported by HtpenO have longer lifetimes than the corresponding complexes 

supported by Htpena. At -15 °C the T½ is 30 min for [Fe(OO)(HtpenO)]+ (10 eq. Et3N, 50 eq. H2O2). 

However, besides temperature, the stability of [Fe(OO)(HtpenO)]+ strongly depends on the 

number of eq. of base added. When only a few equivalents of Et3N are added (< 10 eq.), the 713 

nm species can be regenerated by a second portion of H2O2. When a larger excess of base is 

added (> 30 eq.), a blue-shift of the absorbance band occurs (Figure 9.4). Visible bubbles are 

simultaneously formed, and the absorbance band disappears within seconds. [Fe(OO)(Htpena)]+ 

(λmax 675 nm) is a very unstable species even at -30 °C. We therefore suggest that in the 

presence of a large amount of base the methylene group next to the oxygen atom in HtpenO is 

oxidized to a carbonyl unit transforming HtpenO into Htpena (Scheme 9.3). The coincident 

spectroscopic parameters for [Fe(OO)(Htpena)]+ and [Fe(OO)(HtpenO)]+ (except for the UV/vis 

spectra) together with the instability of the species have prevented further detection of the 

conversion. The low stability of the side-on peroxides compared to the end-on hydroperoxides 

suggests that these species are relatively more reactive.   

 
Figure 9.4. Conversion of [Fe(OO)(HtpenO)]+ to [Fe(OO)(Htpena)]+ over the course of one minute at -30 °C followed by 
UV/vis absorption spectroscopy  (50 eq. H2O2, 30 eq. Et3N, [Fe] = 1 mM).  

 

 
Scheme 9.3. Proposed mechanism of the regioselective ligand oxidation of HtpenO to Htpena in the complex 

[Fe(OO)(HtpenO)]+ to generate [Fe(OO)(HtpenO)]+.  
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Tuning the Reactivity in Catalytic C-H Oxidation  

The different FeII/FeIII reduction potentials of [Fe(tpen)]2+, [Fe(tpenO)]2+ and [Fe(tpena)]2+ as well 

as the differences in stability of their counterpart iron(III)hydroperoxo species in methanol (aka 

potency in methanol oxidation) indicate differences in reactivity. The oxidative catalytic 

performance of the three iron complexes towards oxidation of the C-H bonds of cyclohexane (C-

H BDE = 99.5 kcal mol-1,[30]) was evaluated using H2O2 as the terminal oxidant (Table 9.2). Product 

analysis was performed with GC chromatography, and cyclohexanol and cyclohexanone were 

detected as the only products.  

 
Table 9.2. Comparison of product distribution during the oxidation of cyclohexane 

Procatalyst 
Product [mM] Ratio of  

ketone : alcohol Cyclohexanone Cyclohexanol 

No catalyst 0.0(0) 0.0(0)  
Fe(ClO4)2 0.0(0) 0.0(0)  
Fe(ClO4)3 0.0(0) 4.0(4)  

[Fe(tpen)](PF6)2 3.4(2) 5.3(2) 1:1.5 
[FeCl(tpenOH)]PF6 3.2(2) 3.9(3) 1:1.2 
[Fe2O(Htpena)2](ClO4)4 3.1(2) 10.6(3) 1:3.4 

Reaction conditions: [Fe] (1 mM), cyclohexane (500 mM) and H2O2 (100 mM) in 2 ml MeCN at rt under air. The 

reported values are representing an average of four runs.  

 

The oxidation of cyclohexane to cyclohexanol can be initiated by an iron(IV)oxo-mediated HAT 

reaction followed by a radical termination with a hydroxyl radical (Scheme 9.4a). Hydroxyl 

radicals are generated alongside the iron(IV)oxo species from homolytic O-O bond cleavage of 

the iron(III)hydroperoxides. The oxidation of cyclohexanol to cyclohexanone is a two electron 

process, which e.g. can be obtained by two consecutive iron(IV)oxo-mediated HATs (Figure 

9.4b). Alternatively, cyclohexanone can be formed in an oxygen-dependent pathway (Scheme 

9.4c). The peroxy radical can e.g. derive from HAT from hydrogen peroxide (Scheme 9.4d). In a 

similar study it has been demonstrated that eliminating O2 from the catalytic experiments, 

lowers the yield of the ketone product.[31] The present study was not performed under inert 

conditions due to the known H2O2 disproportionation properties of [Fe(tpena)]2+. The 

disproportionation pathway was however minimized by slow addition of H2O2 with a syringe 

pump and an excess of substrate (Fe:H2O2:cyclohexane 1:100:500).  

 

In the presence of a simple iron(III) salt such as Fe(ClO4)3, similar yields of cyclohexanol were 

detected (4.0 mM) compared to when [FeCl(tpenOH)]PF6 (3.9 mM) and [Fe(tpen)](PF6)2 (5.3 mM) 

were used. The use of [Fe2O(Htpena)2](ClO4)4 however showed increased formation of the 

cyclohexanol product indicating an enhanced reactivity in HAT reactions towards the strong C-H 

bonds in cyclohexane, which either originates from a higher reactivity of the iron(III)hydroperoxo 

species of Htpena or a higher lability of the O-O bond in [Fe(O-OH)(Htpena)]2+ to expose the two 

potential hydrogen atom abstractors: [FeIVO(Htpena)]2+ and the hydroxyl radical. Reports 

comparing the reactivity of non-heme iron(III)hydroperoxo species and the daughter iron(IV)oxo 

species towards substrate oxidation, including the structural similar [FeOOH(bztpen)]2+ (bztpen: 

N-benzyl-N,N’,N’-tris(2-pyridylmethyl)-1,2-diaminoethane), conclude that the 

iron(III)hydroperoxides are rather sluggish oxidants and that they cannot compete with their 

daughter iron(IV)oxo species.[32,33] Furthermore it has previously been shown that when 

[FeIVO(Htpena)]2+ is electrochemically generated in water (i.e. in the absence of chemical 
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oxidants), it participates in HAT chemistry.[19] On the basis of these reports and the catalytic 

results presented here, it seems likely that [FeIVO(Htpena)]2+ (rather than [FeIII(OOH)(Htpena)]2+) 

is the active metal-based oxidant, and that the potency of [FeIVO(Htpena)]2+ is higher than that 

of [FeIVO(HtpenO)]2+ and [FeIVO(Htpen)]3+. Crucially, [Fe(OOH)(Htpena)]2+ must also have a 

relatively higher lability of the O-O bond relative to the other two iron(III)hydroperoxides, 

hereby also exposing the active iron(IV)oxo species easier.  

 

 
 

Scheme 9.4. (a) Oxidation of cyclohexane to cyclohexanol (b) Iron(IV)oxo-mediated oxidation of cyclohexanol to 

cyclohexanone. (c) Oxygen-dependent formation of cyclohexanone (d) Generation of HOO•.  

Based on the lifetimes of [Fe(OOH)(tpen)]2+ and [Fe(OOH)(HtpenO)]2+ in methanol and the fact, 

that the C-H bond in cyclohexane is stronger than that in methanol (C-H BDE = 99.5 kcal mol-1 

and 96.0 kcal mol-1,[30]), it is expected that [Fe(tpen)]2+ and [Fe(tpenO)]2+ show no or little 

reactivity towards cyclohexane with H2O2. All three catalysts showed the same yields of ketone-

product (3.4 mM, 3.2 mM, 3.1 mM), and no formation of cyclohexanone was detected with iron 

perchlorate salts, indicating that the catalysts are responsible for the oxidation of cyclohexane to 

cyclohexanone. The C-H bond in cyclohexanol is relatively weaker ((CH2)5CHOH C-H BDE = 92.8 

kcal mol-1,[30]) indicating that all three ligand-based iron(IV)oxo species show reactivity towards 

C-H bonds with bond dissociation energies equal to or less than 92.8 kcal mol-1.   

 

 

Conclusion  

This study on substrate oxidations with H2O2 catalysed by a series of non-heme ethylenediamine 

backboned iron complexes, [Fe(tpen)]2+, [Fe(tpenO)]2+ and [Fe(tpena)]2+, (N-R-N,N’,N’-tris(2-

pyridylmethyl)ethane-1,2-diamine, (R = CH2C6H4N (tpen), CH2CH2O- (tpenO) and CH2COO- 

(tpena)) establishes that the reversible FeII/FeIII redox potentials of the catalysts are linked to the 

lability of the O-O bond of the directly generated iron(III)hydroperoxo species as well as the 

oxidative power of the catalytic active oxidants: iron(IV)oxo species generated upon homolysis 

of the O-O bond of the iron(III)hydroperoxides. The FeII/FeIII redox potentials of [Fe(tpen)]2+, 
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[Fe(tpenO)]2+ and [Fe(tpena)]2+ span over 350 mV, which is caused by the replacement of a 

pyridyl in the first coordination sphere of the iron metal, by an alkoxide and a carboxylate donor 

respectively. Consequently, iron(III) oxidation states are stabilized for [Fe(tpenO)]2+ and 

[Fe(tpena)]2+. With the lowest FeII/FeIII redox potential, [Fe(tpena)]2+ performs best in H2O2 

activation and can hydroxylate the strong C-H bonds in cyclohexane. The life-times of 

iron(III)hydroperoxides in methanol follows the trend [Fe(OOH)(Htpena)]2+ (not observed) < 

[Fe(OOH)(HtpenO)]2+ (seconds)  < [Fe(OOH)(tpen)]2+ (hours). [Fe(OOH)(HtpenO)]2+ and 

[Fe(OO)(HtpenO)]+ were spectroscopically characterized, and [Fe(OO)(HtpenO)]+ was 

demonstrated to undergo base-dependent regioselective oxidation to  [Fe(OO)(Htpena)]+. Our 

findings demonstrate the importance of stabilizing higher oxidation states in the catalysts (+3 vs. 

+2) in order to afford increased catalytic activity in H2O2 activation.  

 

Experimental Section 
The iron precursor complexes [Fe(tpen)](PF6)2, [Fe2O(Htpena)2](ClO4)4 and [FeCl(tpenOH)](PF)6 

were synthesized as previously described.[15,26,34] H2O2 (50% in water, v/v)  and all other chemicals 

were commercial available and used without further purification.  

 

Generation of [FeOOH(HtpenO)]2+ and [FeOO(HtpenO)]+ 

[FeCl(tpenOH)](PF)6 was dissolved in MeOH and 50 eq. H2O2 were added to generate 

[FeOOH(HtpenO)]2+. A further addition of 10 eq. of Et3N deprotonates the transient species to 

form [FeOO(HtpenO)]+. The base can also be added prior to H2O2, hereby [FeOO(HtpenO)]+ is 

formed instantly.  

  

  

Instrumentation and methods 

UV/Vis spectra were recorded in 1 cm quartz cuvettes on either an Agilent 8453 

spectrophotometer with an UNISOKU CoolSpeK UV USP-203 temperature controller or with an 

Analytikjena Specord S600 with a Quantum Northwest TC 125 temperature controller. IR spectra 

were either recorded in the solid state on a Spectrum 65 FT-IR spectrometer (PerkinElmer) or in 

the solution state on a ChiralIR-2X spectrometer (BioTools). Raman spectra were recorded in 1 

cm quartz cuvettes at 785 nm with either a RamanFlex (Perkin Elmer) equipped with an 

Inphotonics industrial probe or a free space laser (75 mW, Ondax, with a 785 nm laser line clean 

up filter) and collected in back scattering (180°) mode with a Semrock dichroic beamsplitter and 

a 25 mm diameter/7.5 cm planoconvex lens to focus the laser on the sample and collect the 

Raman scattering. The Raman scattering was passed through a long pass filter (Semrock) and 

focused into a Shamrock300 spectrograph (ANDOR technology) and dispersed onto a iDUS-420-

BUEX2 CCD camera. Spectra were calibrated with MeCN/toluene (50:50 v/v). The solutions were 

cooled with a Quantum Northwest TC 125 temperature controller and the spectra were 

obtained at -25 °C. Baseline correction was performed for all spectra and normalized to the 

solvent band at 1038 cm-1. EPR spectra (X-band) were recorded on a Bruker EMX Plus CW 

spectrometer (mod. amp.: 10 G, attenuation: 10 dB) on frozen solutions at 100 K. eview4wr and 

esimX were used for simulation.[35] Cyclic voltammetry was performed on an Eco Chemie Autolab 

PGSTAT10 Potentiostat/Galvanostat using a standard 3-electrode setup with a Pt disc as working 
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electrode, a Pt wire as counter electrode and an Ag/Ag+ as reference electrode (0.01M AgNO3 in 

0.1M TBAClO4 in MeCN; TBA: tert-butyl ammonium). The electrolyte solution was a 0.1 M 

TBAClO4 in acetonitrile. The working electrode was cleaned by polishing with 0.05 μm alumina 

followed by sonication and the solutions were purged with nitrogen prior to measurements. The 

oxidation potential of Fc/Fc+ against Ag/Ag+ was measured to be 0.08 V, and all oxidation 

potentials were converted accordingly. Catalysis procedure: H2O2 was slowly added over 20 min 

with a syringe pump, and the reaction mixture was stirred for additional 10 min before it was 

quenched with Al2O3. Biphenyl was subsequently added as an internal standard. Product analysis 

was performed on a Hewlett Packard 6890 Series gas chromatograph system with a flame 

ionization detector. Values reported are an average of four runs. 
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Abstract 

A series of six non-heme iron(IV)oxo complexes, [FeIVO(Rtpen)]2+, where the supporting ligands 

N-R-N,N’,N’-tris(2-pyridylmethyl)ethane-1,2-diamine (R = CH3 (metpen), CH2CH3 (ettpen), 

CH2C6H5 (bztpen), CH2C6H4N (tpen), CH2CH2O- (tpenO) and CH2COO- (tpena)) has been  generated 

in water by reacting their iron(II) or iron(III) precursor complexes with cerium ammonium 

nitrate, hypochlorite and m-chloroperbenzoic acid as an oxidant. The stabilities and lifetimes of 

the resulting iron(IV)oxo species depend strongly on the nature of the different cis donors with 

T½ ranging from 80 sec to more than 24hrs. If present, C-H substrates are oxidized (pH 2 to 7) by 

hydrogen atom transfer (HAT) mechanisms. The fastest oxidation rates for the C-H bonds of 

benzyl alcohol, isopropanol and cyclohexanol are observed using [FeIVO(Htpena)]2+ and 

[FeIVO(HtpenO)]2+ at pH 2 and [FeIVO(tpena)]+ at pH 7. Additionally, [FeIVO(HtpenO)]2+ 

demonstrates water oxidation properties at pH 2. The reactivity patterns can be predicted by the 

λmax of the LMCT for each iron(IV)oxo complex. A red-shift of this absorption band can be 

associated with an increase of the oxyl radical character, i.e., an electronic formulation more 

akin to [(Rtpen)FeIII-O•]. This translates to greater reactivity towards the oxidation of C-H bonds. 

Notably, the introduction of an oxygen atom in the coordination sphere of the iron(IV)oxo 

moiety significantly increases the second-order rate constants with up to one order of 

magnitude affording highly reactive iron(IV)oxo complexes for homogenous C-H oxidations in 

water.  

 

 

Introduction 

Non-heme high-valent iron(IV)oxo species derived from adducts of dioxygen play an important 

role in biological oxidation reactions covering a diversity of functions.[1–4] The development of 

synthetic model systems that can mimic this biological reactivity is of great interest due to their 

potential as catalysts for oxidations. However, where Nature operates in an aqueous 

environment using either O2 or H2O2 as a terminal oxidant, the majority of the synthetic high-

valent species reported the past several decades are formed in organic solvents like acetonitrile, 

dichloromethane and acetone by reacting oxidants such as iodosylaryls, peracidic acids and 

hypochlorite with an iron(II) precursor.[5–10] The complexes are typically based on neutral tetra- 

or pentadente nitrogen donor ligands. Their reactivity patterns can be ascribed to both 

hydrogen-atom-transfer (HAT) and oxygen-atom-transfer (OAT) mechanisms.[11] An 

understanding of the structural and spin state tuning needed for achieving translation of this 

chemistry using catalysts competent in sustainable redox cycles to the aqueous milieu is highly 

desirable from the viewpoint of development of greener oxidation chemistry. At one end of the 

reactivity scale is the development of highly regio- and enantioselective reactions, at the other 

end rapid and promiscuous reactivity leading to the total oxidative mineralisation of organic 

substrates to carbon dioxide that can form the basis for environmental applications e.g. 

wastewater treatment. In the latter case high valent iron oxo species could eventually serve as 

viable alternative to the current state of the art: advanced oxidation processes using Fenton 

chemistry and the hydroxyl radical (•OH) as the aggressive oxidant. 

In 2005 Pestovsky et al. reported the most fundamental of aqueous iron(IV)oxo species: 

[FeIVO(H2O)5]2+ by the reaction of [FeII(H2O)6]2+ and ozone (O3) at pH 1.[12] Catalytic oxidation of 
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(CH3)2SO and (CH3)(p-tolyl)SO was demonstrated to afford the corresponding sulfones with 

regeneration of [Fe(H2O)6]2+. Since then, only a very limited number of examples of non-heme 

iron(IV)oxo species have been shown to persist in water.[13,14] Of a particular note are the family 

of iron complexes of tetraanionic tetraamido macrocyclic ligands (TAMLs) which in combination 

with peroxides or NaClO in water can afford high valent iron species which participate in a pH-

dependent equilibrium involving dimeric FeIVOFeIV or monomeric iron(IV)oxo and iron(V)oxo 

complexes.[15–17] The monomeric iron(IV)oxo species, favoured under strong alkaline conditions 

(pH > 11), have been shown to decompose a range of pollutants using H2O2 as the terminal 

oxidant.  

 

Scheme 10.1. The family of neutral N5 and N6 Rtpen ligands as well as the N5O ligands tpenO and tpena used to 
support the iron(IV) oxo complexes characterized in this work. In the case of tpen, tpenO, tpena this necessitates that 
one pyridine arm decoordinates during the catalytic reaction. The abbreviations HtpenO and Htpena indicate that one 
pyridyl arm is protonated and non-coordinated. 

In 2012 our group reported the synthesis of [FeIVO(Htpena)]2+ (tpena = N,N,N′-tris(2-

pyridylmethyl)-ethylenediamine-N′-acetate, Scheme 10.1 and Scheme 10.2) in water by a one 

electron oxidation of the iron(III) precursor [Fe2O(tpenaH)2](ClO4)4 using cerium ammonium 

nitrate (CAN).[18] Recently we demonstrated that [FeIVO(Htpena)]2+ and its conjugate base 

[FeIVO(tpena)]+ can be generated electrochemically in aqueous solution in the useful pH window 

of 2-9. [FeIVO(Htpena)]2+ (pH 2-6) and [FeIVO(tpena)]+ (pH 7-9) promiscuously attack a range of C-

H substrates and we have demonstrated their catalytic competence in the total mineralization of 

organics to carbon dioxide.[19] Electrochemical generation of iron(IV)oxo species rather than the 

activation of the iron system by a terminal chemical oxidant is an advancement in the 

development of catalysts for benign and sustainable oxidation chemistry. While this is a 

breakthrough, obstacles remain e.g. catalyst immobilisation and stability. A question concerns 

the oxidizing power of the [FeIVO(Htpena)]2+/[FeIVO(tpena)]+ system. With its biomimetic 

carboxylate donor, this system is unique as a non-heme iron catalyst. It is not straightforward to 

compare catalysts since the reaction conditions of use and protocols vary from research 

laboratory to research laboratory. We were therefore interested in comparing the aqueous high 

valent chemistry of the tpena-iron system against five closely related systems. Compared to 

electrochemical activation, the use of the terminal one electron chemical oxidant CAN to 

activate the catalysts is a practical proxy for achieving a more convenient and rapid screening to 

assess the oxidizing power of iron(IV)oxo species. We have also used sodium hypochlorite 

(NaClO) and m-chloroperbenzoic acid (m-CPBA) as terminal oxidants for the activation of the six 

closely related iron complexes of the series of penta- and hexadentate ethylenediamine 

backboned ligands; N-R-N,N’,N’-tris(2-pyridylmethyl)ethane-1,2-diamine, (Rtpen, R = CH3 
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(metpen), CH2CH3 (ettpen), CH2C6H5 (bztpen), CH2C6H4N (tpen), CH2CH2OH (tpenOH) and 

CH2COOH (tpenaH), Scheme 10.1 and Scheme 10.2), in water. Although it has been extensively 

used in the studies of the Fe-TAML systems,[14] we have chosen not to employ H2O2 as a terminal 

chemical oxidant since its use is associated with the production of •OH and uncontrolled radical 

propagation reactions. These side reactions can degrade the catalyst, and compete as a direct 

oxidant of substrates.[11,20] The comparison of this series of iron(IV)oxo species in water shows 

that the stability and consequently the reactivity is significantly tuned by the nature of the cis 

ligand with a clear correlation: the more red-shifted λmax of the iron(IV)oxo species, the higher 

the oxidizing power. A higher λmax implies a more facile accessibility to highly reactive iron(III)-

radical oxyl states and hence propensity for radical HAT reactions. These are particularly 

pertinent for the development of promiscuous catalysts for water remediation, if water 

oxidation is not a viably competing reaction. 

 

 

Scheme 10.2. Chemical structure of aqueous iron(IV)oxo complexes in this study. The structures are proposed on the 
basis of the solid structures of [FeCl(Mettpen)](B(C6H5)4),[21] [FeCl(Ettpen)](PF6)(Et2O)[22], [FeCl(Bztpen)](PF6) 
(CH2Cl2)[22], [VIVO(tpen)](ClO4)2 and [VIVO(Htpena)](ClO4)2

[18]. The protonation of the pendant pyridyl arm of the tpen-, 
tpenO- and tpena-based iron(IV)oxo complexes is pH-dependent.[19]  

 

Results and Discussion  

Generation of Iron(IV)oxo Species in Water 

The UV/vis absorption spectra of aqueous solutions in which the iron(II) and iron(III) precursors  

[FeIICl(Ettpen)](PF6),[22] [FeIICl(Bztpen)](PF6)[22], [FeIICl(tpenOH)](PF6),[22-23] [FeIICl(Metpen)](PF6),[24] 

[FeII(tpen)](PF6)2,[25]
 and [FeIII

2O(tpenaH)2](ClO4)4
[26] were dissolved exhibit absorption bands in 

the range of 300 to 400 nm (SI Figure 10.S1). The ambient pH is 5 ([Fe] = 1.5 mM) for all 

complexes except [Fe(OH)(Htpena)]2+,[18] for which it is 3. From these solutions, a series of 

iron(IV)oxo species, [FeIVO((H)L)]+/2+/3+ (Scheme 10.1, L = tpen, metpen, ettpen, bztpen, tpenO 

and tpena)  were prepared by the addition of three eq. of CAN, NaClO or m-CPBA. While CAN 
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can be regarded as a one electron oxidant, the two others can act as one or concerted two 

electron oxidants. In the case of m-CPBA this can occur with O atom transfer. Scheme 10.2 

shows the series of iron(IV)oxo complexes that have been produced. All the complexes are 

supported by an ethylenediamine backbone and at least two pyridyl donors. Four of the 

[FeIVO(Rtpen)]2+ species (R = CH3, CH2CH3, CH2C6H5 and CH2C6H4N) contain a third pyridyl donor 

cis to the oxo group. For the two remaining ones, [FeIVO(HtpenO)]2+ and [FeIVO(Htpena)]2+, an 

anionic alkoxide or carboxylato donor is located cis to the oxo group. Alternative 

diastereoisomers are possible. However, it should not be assumed that all diastereoisomers 

contribute to the chemistry observed here. Corroborating our earlier work, the simplicity of the 

spectroscopy suggests that only one conformer is relevant. Given that isomerism can cause 

significant changes in the electronic structure of iron complexes this simplicity points towards a 

single active species.  

While metpen, ettpen and bztpen are pentadentate N5 ligands, the other three, tpen (N6), 

tpenO (N5O) and tpena (N5O) contain six potential donor atoms. Using the present class of 

ligands the d4 iron(IV)oxo species can be expected to be at the most hexacoordinated. This 

requires that in the cases of tpen, tpenO and tpena, one pendant arm decoordinates to 

accommodate the exogenous oxo ligand. In all three cases this must be a pendant 2-

methylpyridine arm. This proposal is exemplified by the X-ray structures of the stable 

isostructural and isovalent complexes [VIV(O)Htpena](ClO4)2•H2O[18] and [VIVO(tpen)](ClO4)2 

(Figure 10.1). In the crystal structure of [VIVO(Htpena)]2+, the dangling pyridine is protonated and 

hydrogen bonded to a carbonyl group of an adjancent [VIVO(Htpena)]2+ complex in the crystal 

phase, whereas it is deprotonated in the structure of [VIVO(tpen)]2+. Thus the 2-methylpyridine 

arm of an ethylenediamine-based hexadentate scaffold can flexibly act as a second coordination 

sphere pyridyl base/pyridinium acid. The series of iron(IV)oxo complexes span an overall cationic 

charge from +1 ([FeIVO(tpena)]+ and [FeIVO(tpenO)]+) to +3 ([FeIVO(tpenH)]3+) with the complexes 

of the N5 pentadentate systems having an intermediate overall +2 charge. In the case of tpenO, 

the alternative alkoxide/alcohol decoordinating rather than one of the 2-methylpyridinearms is 

dismissed because of the coulombic energies that would need to be overcome as well as the 

oxophilicity of the iron(III) and iron(IV) ions.  

 
Figure 10.1. Crystal structure of the cation in [VIVO(tpen)](ClO4)2. Thermal ellipsoids are shown at 50 % probability. The 
pendant pyridine is not protonated. Hydrogen atoms are omitted for clarity. The V=O distance is 1.594 Å. 
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The iron ions in the starting complexes are in oxidation states +2 and +3, thus the metal centred 

oxidations to iron(IV) are either one or two electron processes. Scheme 10.3 lists the relevant 

reactions. In the case of the two-electron oxidation from the solution state iron(II) for complexes 

of the N-only ligands metpen, ettpen, bztpen and tpen the oxidation by CAN proceeds by two 

one electron steps, Scheme 10.3, Eqs 1a and 1b. The first step is expected to produce a 

mononuclear iron(III)hydroxo species. This species is already present without the requirement of 

an oxidant by simple dissolution of the iron(III) solid state starting material 

[FeIII
2O(tpenaH)](ClO4)4. Hydrolysis results in [FeIIIOH(tpenaH)]2+ as the major species in water 

below pH 7. Above this pH [FeIIIOH(tpena)]+ dominates.[19] Similarly iron(III) species form 

spontaneously upon dissolution of the solid state iron(II) complex [FeIICl(tpenol)](PF6).[23] This is 

entirely consistent with the FeII/FeIII oxidation potentials for the tpenO and tpena systems being 

respectively 220 mV and 350 mV lower than those for the corresponding iron complex of tpen. 

The iron(III)hydroxo species can then be oxidised by a single electron oxidation coupled with 

deprotonation of the hydroxo ligand to produce the iron(IV)oxo species, Eq 1b. The oxidations 

using ClO- and m-CPBA are potentially more complicated. Both terminal oxidants can act as O 

atom donors and the processes in Eqs 2a and 3a might therefore be applicable for the oxidations 

of the solution state iron(II) complexes. Pertinently and entirely consistent with their iron(III) 

oxidation state, [FeIVO(HtpenO)]2+ and [FeIVO(Htpena)]2+ cannot be synthesized by the reaction 

of the solution state [FeIII(OH)(HtpenO)]2+and [FeIII(OH)(HtpenH)]2+ with m-CPBA. Alternatively, 

the activation of both ClO- and m-CPBA can occur in consecutive one electron steps. The first of 

these would be analogous to the initial step in the activation of H2O2 by the iron(II) complexes of 

Rtpen.[27] For this complex, the iron(II) species are oxidized to give an iron(III)hydroxo/methoxo 

complex in water and methanol, respectively. When H2O2 is present, an exchange of the hydroxo 

or methoxo ligand for a hydroperoxide ligand to form a FeIII-OOH species follows. A similar 

reaction sequence for the activation of ClO- and m-CPBA is proposed, i.e., reactions 2b and 2c 

and the corresponding 3b and 3c. Homolytic cleavage of the O-Cl and the O-O bonds in the 

intermediate FeIII-OCl and FeIII-OOC(O)R, respectively gives the iron(IV)oxo complexes. Rapid 

quenching of the concurrently produced Cl• and RC(O)O• will likely be dominated by HAT 

reactions with water (producing HO•) and C-H substrates. Reactions with the supporting ligand 

could also potentially occur.  

 

FeII + CeIV + H2O → FeIII-OH + CeIII + H+    1a 

FeIII-OH + CeIV  → FeIV=O + CeIII + H+    1b 

 

FeII + ClO- 
→ FeIV=O + Cl-    2a 

2FeII + ClO- + 2H2O → 2FeIII-OH + HCl  + OH-   2b 

FeIII-OH + ClO- 
→ FeIII-OCl + OH-   2c 

FeIII-OCl → FeIV=O + Cl•    2d 

 

FeII + RC(O)OOH → FeIV=O + RC(O)OH   3a 

2FeII + RC(O)OOH + 2H2O → FeIII-OH + RC(O)OH + H2O  3b 

FeIII-OH + RC(O)OOH → FeIII-OOC(O)R + H2O   3c 

FeIII-OOC(O)R → FeIV=O + RC(O)O•   3d 

 

Scheme 10.3. Reactions of iron(II) and iron(III) complexes with CAN, ClO- and mCPBA in water.  
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Figure 10.2. UV/vis absorption spectra of [FeIV=O(HtpenO)]2+ (blue), [FeIV=O(Htpena)]2+ (green), [FeIV=O(tpen)]2+ 

(purple), [FeIV=O(bztpen)]2+ (black), [FeIV=O(ettpen)]2+ (orange) and [FeIV=O(metpen)]2+ (red) in water. [Fe] = 1.5 mM, 3. 
eq. CAN.   

Table 10.1. Spectroscopic characterization of the ethylenediamine backboned iron(IV)oxo species generated with the 

addition of 3. eq. of either CAN, ClO- or m-CPBA. The UV/vis data was collected at either rt (H2O or MeOH) or at -30 °C 
(MeCN). 

Solvent H2O MeOH MeCN  

Oxidant CAN ClO- m-CPBA ClO- m-CPBA 

Complex 

λmax  
[nm] 

νFe=O  
[cm-1] 

(18O-H2O) 

λmax  
[nm] 

νFe=O  
[cm-1] 

λmax [nm] λmax 
[nm] 

νFe=O 
[cm-1] 

λmax  
[nm] 

νFe=O  
[cm-1] 

[FeIVO(tpen)]2+ 712 833 712 832 712 no no 730[29] 833 
[FeIVO(metpen)]2+ 714 832 714 833 707 737 832 732 832 
[FeIVO(ettpen)]2+ 718 833 (796) 718 832 718 737 832 739 834 
[FeIVO (bztpen)]2+ 722 832 722 830 722 739 830 739 830 
[FeIV=O(HtpenO)]2+ 723 832 723 noa no 740 831 732 832 
[FeIV=O(Htpena)]2+ 730[18] 831 (795) 730 832 no no no 730[30] noa 

no = not observed. a life-time too short for detection with rRaman spectroscopy 

The iron(IV)oxo complexes [FeIVO(metpen)]2+, [FeIVO(ettpen)]2+, [FeIVO(bztpen)]2+, [FeIVO(tpen)]2+, 

[FeIVO(HtpenO)]2+ and [FeIVO(Htpena)]2+ display a blue-green colour with 𝜆max values typical for 

non-heme iron(IV)oxo species[28] ranging from 𝜆max = 712 nm ([FeIVO(tpenH)]3+) to 𝜆max = 730 nm 

([FeIVO(Htpena)]2+) (Table 10.1, Figure 10.2). Except for the high valent species derived from 

[FeIICl(metpen)]+ the UV-vis band position is not affected by the employment of a particular 

oxidant suggesting that the structure of the transient high valent species does not depend on 

the way it is made i.e. they are all the same iron(IV)oxo complex. After decay of the blue-green 

colour, all the iron(IV)oxo species can be regenerated by addition of a second portion of oxidant. 

pH changes occur during the oxidations: In the case of CAN and m-CPBA the pH typically drops 

from 5 to 2 and in the case of ClO- the pH increases to ca. 7. This is entirely in accordance with 

the equations in Scheme 10.3, which show that protons and meta-chlorobenzoic acid (m-CBA) 

will be generated in the reactions with CAN and m-CPBA, and hydroxide in the reactions with 

ClO-. The lability of the complexes does not allow for a precise measurement of extinction 

coefficients and we have prioritised a set of experiments using analogous reaction conditions 

with respect to [Fe]:oxidant ratio. However, we qualitatively observe that the molar 

absorptivities appear to be pH-dependent showing the highest values in the pH window of 3-5 

(Figure 10.S2). The iron(IV)oxo species are detectable in the pH range of 1-11, except for 

[FeIVO(Htpena)]2+ for which it is only observed in the pH range of 1-8, which is in agreement with 

our previous analysis where this species was produced by the electrooxidation of 

[FeIII
2(O)(Htpena)2]4+.[19] The absorption band attributed to [FeIVO(metpen)]2+ shows a maximum 
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absorbance at 714 nm, when generated from CAN or ClO-, and 707 nm when m-CPBA is used. 

We can speculate about an attenuating interaction between [FeIVO(metpen)]2+ and m-chloro 

benzoic acid that is prevented by the bulkier R groups of the other supporting ligands. 

 

  
                                                                       (a)                                                                            (b) 

Figure 10.3. (a) Time traces of the formation and decay of iron(IV)oxo species: [FeIVO(HtpenO)]2+ (blue), 
[FeIVO(Htpena)]2+ (green), [FeIVO(Htpen)]3+ (purple), [FeIVO(ettpen)]2+ (orange), [FeIVO(metpen)]2+ (red) and 
[FeIVO(bztpen)]2+ (black). Insert: Zoom of the time trace of the formation and decay of [FeIVO(HtpenO)]2+ (b) MIMS 
spectra recorded on [Fe(tpenO)]2+ in H2O (black) and with the addition of 3 eq. CAN (blue, 3 min after addition). Insert: 
Time-trace of m/z = 32 (O2).  [Fe] = 1.5 mM, 3. eq. CAN.  

The lifetimes of the iron(IV)oxo complexes of [FeIVO(Htpena)]2+ and [FeIVO(HtpenO)]2+ (Figure 

10.3a) are remarkably shorter (pH = 2) than for the rest of the series with T½ of 3 hours and 80 

sec, respectively (Table 10.2). The other four iron(IV)oxo complexes have T½ of more than one 

day. The significantly shorter lifetime of [FeIVO(HtpenO)]2+ compared to the rest of the series is 

due to water oxidation. This was established using Membrane Inlet Mass Spectrometry (MIMS), 

which confirmed the evolution of O2 (m/z = 32) upon addition of CAN to an aqueous solution of 

[Fe(tpenO)]2+ (Figure 10.3b). The O2 release was monitored after the addition of 3 eq. CAN. The 

O2 release stabilizes after 3 min. It was not possible to detect O2 from [FeIVO(Htpena)]2+-

catalysed water oxidation with MIMS under these working conditions. However, the fact that a 

faster decay does occur relative to the N-only ligands suggests a slow background water 

oxidation. Catalyst degradation can be excluded due to regeneration of [FeIVO(Htpena)]2+  after 

the reaction and the lack of detectable decomposition products.  

      
Table 10.2. T½, second-order rate constants of substrate oxidation, k2, and kinetic isotope effect, kH/kD. The 
iron(IV)oxo species were generated from either 3 eq. CAN (pH 2) or NaOCl (pH 7) at 22 °C. 

 Stability of FeIV=O 
species in water, T½ 

k2(PhCH2OH) 
[M-1 s-1] 

k2(PhCD2OH) 
[M-1 s-1] 

kH/kD k2(CyOH) 
[mM-1 s-1] 

k2((CH3)CHOH) 
[mM-1 s-1] 

Complex pH 2 pH 7 pH 2 pH 7 pH 2  pH 2 pH 7 pH 2 

[FeIV=O(tpen)]2+ 1.1 days 1.5 hrs* 0.51 0.55   4.48   
[FeIV=O(metpen)]2+ 1.3 days 4.5 hrs 0.63 0.60   6.52   
[FeIV=O(ettpen)]2+ 1.3 days 1.5 hrs* 0.47 0.58   6.12   

[FeIV=O (bztpen)]2+ 1.1 days 1.5 hrs* 1.12 0.89 0.0185 61 19.0 16.1 4.89 
[FeIV=O(tpenaH)]2+ 3 hrs 1.5 hrs* 1.98 0.78 0.0296 67 43.3 19.6 16.8 
[FeIV=O(tpenOH)]2+ 80 sec 65 sec 0.99 1.19 0.0157 63 30.1 # 5.17 

* an orange solid precipitates as the iron(IV)oxo species decay. # not measurable due to competing ligand oxidation to 

tpena. 
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The life-time of the iron(IV)oxo species is significantly shorter at pH 7, both when generated 

from NaOCl or from CAN with a pH adjustment to 7 with an aqueous NaOH solution. An orange 

solid precipitates during the decay of the iron(IV) oxo species, when NaOCl is used as an oxidant. 

The orange solid is highly hygroscopic. The release of chloride from activation of ClO- (Eq. 2a) 

points toward the formation of iron chloride complexes.  

 

Generation of Iron(IV)oxo Species in Organic Solvents 

The iron(IV)oxo complexes of metpen, ettpen, bztpen or HtpenO can be generated in methanol 

by the addition of 3 eq. ClO- to solutions made from their solid iron(II) precursors. In contrast to 

the case in water, all six iron(IV)oxo species can be generated in acetonitrile using 3 eq. m-CPBA 

(Table 10.1). The position of the maximum absorbances are all red-shifted in the organic 

solvents compared to the complexes in water e.g. 740 nm (methanol), 732 nm (acetonitrile) and 

723 (water) for [FeIVO(HtpenO)]2+. Balland et al. have reported a λmax of 756 nm for 

[FeIVO(metpen)]2+ generated in methanol from ClO- (100 eq.), it was however not possible to 

reproduce these results.[31] The lifetimes of the iron(IV)oxo complexes are considerably shorter 

(minutes), when generated from NaClO in methanol or m-CPBA in acetonitrile (Figure 10.4) than 

with either of these oxidants in water. This trend reflects the lower C-H bond strength in 

methanol (96 kcal/mol) and acetonitrile (93 kcal/mol) compared to the O-H bond strength in 

water (119 kcal/mol).[32,33] The lower stability can therefore be explained by oxidation of the 

solvent, and the oxidant which can also acs as a substrate in the case of m-CPBA. Methanol 

oxidation to formaldehyde with 50 % yield was confirmed for [FeIVO(bztpen)]2+ using the 

Hantzsch reaction[34]. Kaizer and co-workers have reported the generation of [FeIVO(bztpen)]2+ 

(λmax = 739 nm) from the reaction of [FeII(bztpen)(O3SCF3)]+ with excess PhIO in MeCN.[35] The 

life-time under those conditions (T½ = 6 h) is however noticeably longer than when generated 

from m-CPBA.  

 

Figure 10.4. Time-dependent UV/vis absorption data of the formation (and possible immediate decay) of 
[FeIV=O(bztpen)]2+ in water generated from CAN (blue), NaOCl (green) or m-CPBA (pink), in MeOH from NaOCl (black) 
or in MeCN from m-CPBA (red). [Fe] = 1.5 mM, 3 eq. oxidant, rt. 

Characterization with resonance Raman spectroscopy (Figure 10.5) shows Fe=O stretching 

modes at an almost identical position at 832 ± 2 cm-1 (Table 10.1) for the six (IV)oxo species in 

water, methanol and acetonitrile despite the different cis donors and the differences in λmax in 
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the various solvents. This suggests that the force constants of the Fe=O bands are not affected 

by the different donor abilities of the chelating ligands. When generated in 18O-labelled water 

(CAN), the positions of the Fe=O bands in e.g. [FeIVO(Htpena)]2+ and [FeIVO(ettpen)]2+ are shifted 

to 795 and 796 cm-1, respectively. This corresponds to a band shift of the expected 36 cm-1 for an 

FeIV=O diatomic vibration. Iron(IV)oxo species with similar octahedral coordination spheres and S 

= 1 spin state exhibit values for the Fe=O vibrations at similar values e.g. 840 cm-1 and 834 cm-1 

for [FeIVO(N4Py)]2+,[36] and [FeIVO(TMC)(MeCN)]2+,[37] , respectively. The group of Girerd has 

previously obtained vibrational data on [FeIVO(Htpen)]3+ with FT-IR spectroscopy, and a band at 

818 cm-1 was reported when generated from m-CPBA in acetonitrile.[29] Upon addition of 250 eq. 

H2
18O to the acetonitrile solution, the band shifted to 794 cm-1. These observations together with 

the present vFe=O frequency of 833 cm-1 suggests that the band observed at 818 cm-1 cannot be 

associated with the pure Fe=O vibration. In our previous study about the activation of the tert-

butyl and cumene hydroperoxide by [Fe(OH)(Htpena)]2+ in acetonitrile, we reported a resonance 

enhanced band at 863 cm-1 associated with [FeIVO(Htpena)]2+ (generated by homolytic O-O 

cleavage of the spectroscopically detected iron(III)alkylperoxide species).[30] Whereas the solvent 

does not influence the Fe=O frequencies of the rest of the series of iron(IV)oxo species in this 

study, it however seems to be the case for [FeIVO(Htpena)]2+.  

 

Figure 10.5. rRaman spectra of [FeIV=O(Htpena)]2+ in H2O (solid) and H2
18O (dotted) ([Fe] = 4 mM, 3 eq. of CAN, λexc = 

785 nm, rt). The data was normalized to the nitrate band at 1048 cm-1 from the N-O stretch in nitrate (CAN). The Cl-O 
stretch originates from the perchlorate counter ions.  

 

Reactivity of the Iron(IV)oxo Species 

The oxidative reactivity of the six iron(IV)oxo species in water was evaluated by investigation of 

their reactivity towards the C-H bonds in benzyl alcohol, isopropanol and cyclohexanol with C-H 

bond dissociation energies (BDE) of 79-95 kcal mol-1. The iron(IV)oxo species were generated by 

addition of 3 eq. of CAN (resulting in pH = 2) or 3 eq. NaOCl (resulting in pH = 7) in unbuffered 

aqueous solutions of the iron precursors. Analysis of the reaction mixtures by gas 

chromatography showed oxidation of benzyl alcohol to benzyl aldehyde, isopropanol to acetone 

and cyclohexanol to cyclohexanone. No other products were detected. Second-order rate 

constants were determined (Table 10.2, Figure 10.6, and Figure 10.S3-10.S8) by monitoring the 

decay of the iron(IV)oxo bands in the visible spectrum (Figure 10.S3) at four different 

concentrations of substrate (between 0.1 – 1.0 M) to determine both pseudo first-order rate 

constants, kobs, and second-order rate constants, k2. Among the six iron(IV)oxo species, 

[FeIVO(Htpena)]2+ and  [FeIVO(HtpenO)]2+ perform best for the tested substrates at acidic 

conditions, whereas [FeIVO(tpena)]2+ performs best at neutral pH (Table 10.2). Interestingly, 
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[FeIVO(bztpen)]2+ demonstrates relatively high second-order rate constants compared to 

[FeIVO(metpen)]2+, [FeIVO(ettpen)]2+ and [FeIVO(tpen)]2+ despite exhibiting the same coordination 

sphere around the FeIV=O unit (Scheme 10.2). The latter three show similar and relatively low 

second-order rate constants, which are about one order of magnitude smaller compared to the 

constant determined for [FeIVO(Htpena)]2+ for the C-H activation of cyclohoxanol. In our recent 

study, where [FeIVO(Htpena)]2+ was generated electrochemically, second-order rate constants 

for substrate oxidation of benzyl alcohol, isopropanol and cyclohexanol were likewise 

determined to be 2.1 M-1 s-1, 16 mM-1 s-1 and 47 mM-1 s-1, respectively (at pH 4).[19] These similar 

values provide validation that a chemical generation of the iron(IV)oxo species by CAN can serve 

as a reasonable proxy for electrochemical generation.  

 

 

 
 

            (a)                (b) 

 
  

            (c)                (d) 

Figure 10.6. Investigation of the oxidative reactivity towards C-H bonds for [FeIVO(tpenH)]3+ (purple), 

[FeIVO(metpen)]2+ (red), [FeIVO(ettpen)]2+ (orange), [FeIVO(bztpen)]2+ (black), [FeIVO(Htpena)]2+ (green) and 

[FeIVO(HtpenO)]2+ (blue) generated from either 3 eq. CAN (pH 2) or 3 eq. NaOCl (pH 7). [Fe] = 1.5 mM (a) Plot of 

concentrations of cyclohexanol vs. pseudo first-order rate constants, kobs, to determine the second-order rate 

constant, k2. pH = 2, solid line; pH = 7, dashed line. (b) Plot of C-H BDEs vs. logk2 of substrates (c) Plot of 

concentrations of benzyl alcohol (solid) or d2-benzyl alcohol (dashed) vs. pseudo first-order rate constants, kobs, to 

determine the second-order rate constant, k2, and KIE (d) Correlation between λmax of the iron(IV)oxo species and the 

second-order rate constant, k2, for cyclohexanol at pH = 2.   
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The reactivities of the iron(IV)oxo complexes of the N5 and N6 ligands are not notably affected 

by a change in pH from 2 to 7. This is also the case for [FeIVO(bztpen)]2+ which performs equally 

well at pH 2 and pH 7 (see black lines in Figure 10.6a). The reactivity of [FeIVO(Htpena)]2+ is 

however significantly influenced by the pH, hence [FeIVO(Htpena)]2+ and the conjugate base 

[FeIVO(tpena)]+ exhibit different reactivities (see green lines in Figure 10.6a). The second-order 

constants for [FeIVO(Htpena)]2+ (pH 2) are twice the values for both benzyl alcohol and 

cyclohexanol compared to [FeIVO(tpena)]+ (pH 7). On the contrary the second-order rate 

constant is larger at pH 7 than at pH 2 for [FeIVO(tpenO)]+/[FeIVO(HtpenO)]2+ in the oxidation of 

benzyl alcohol; however the difference here only accounts for 20 %. The ratios of the second-

order rate constant at pH 2 and pH 7 for both [FeIVO(bztpen)]2+ and [FeIVO(Htpena)]2+ for the 

oxidation of benzyl alcohol and cyclohexanol are the same suggesting that for these reactions, it 

is solely the C-H bond strength and not e.g. steric effects that influence the rate of reaction. In 

agreement, the k2-values for [FeIVO(Htpena)]2+, [FeIVO(HtpenO)]2+  and [FeIVO(bztpen)]2+ correlate 

with the BDEs for the substrates (Figure 10.6b). Furthermore, impressing kinetic isotope effects 

(KIE) of 67, 63 and 61 were determined for [FeIVO(Htpena)]2+, [FeIVO(HtpenO)]2+ and  

[FeIVO(bztpen)]2+ for the oxidation of benzyl alcohol (Figure 10.6c). These results indicate that 

the rate-determining step of the reaction is involving C-H cleavage as expected in HAT reactions. 

The KIE values are remarkably large compared to previous reports on KIE for iron(IV)oxo 

complexes as well as the semi-classical limit of 7, which implies a tunnelling behaviour in the 

reaction mechanism.[35,38–41] Such high KIE values have previously been reported for the HAT 

mechanisms by the iron(IV)oxo intermediates in α-ketoglutarate-dependent dioxygenases (TauD 

‘J’, 37)[42] and methane monooxygenase (50-100)[43]. 

Recently Chen et al. have shown an enhancement of the reaction rates for the oxidation of C-H 

bonds upon excitation of the iron(IV)oxo species [FeIVO(bztpen)]2+, [FeIVO(N4Py)]2+ and 

[FeIVO(MeN4Py)]2+ (N4Py = N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine, MeN4Py = 

1,1-di(pyridin-2-yl)N,N-bis(pyridin-2-ylmethyl)ethan-1-amine) with near-UV irradiation in 

methanol and acetonitrile (generated from CAN).[44] The increased reactivity is ascribed to the 

ligand-to-[FeIV=O] charge transfer character of the near-UV bands to generate a more reactive 

[(L+)FeIII-O*] species due to oxyl radical character. Fully in agreement with these previous 

observations, λmax in the present study seems to reflect the reactivity patterns observed in the 

substrate oxidation (Figure 10.6d and Figure 10.S9): The three iron(IV)oxo complexes with the 

fastest second-order constants ([FeIVO(Htpena)]2+, FeIVO(HtpenO)]2+ and [FeIVO(bztpen)]2+) have 

all red-shifted λmax values in water compared to the less reactive iron(IV)oxo species 

[FeIVO(metpen)]2+, [FeIVO(ettpen)]2+ and [FeIVO(tpenH)]3+. The higher values of λmax correlate with 

smaller differences in energy between the ground states and the first excited states, causing an 

easier access to a state with oxyl character. [FeIVO(HtpenO)]2+ somehow deviates from the 

correlation, in the sense that it exhibits detectable water oxidation properties, whereas 

[FeIVO(Htpena)]2+ does not. The nature of the cis donor seems crucial for this behaviour, and we 

propose that the alkoxide donor can mediate a hydrogen bonded water oxidation mechanism 

less pronounced for the carboxylate donor in [FeIVO(Htpena)]2+. 

The reactivity of [FeIVO(tpenO)]+ at pH 7 towards cyclohexanol was also examined. The second-

order rate constant depends on how aged the aqueous solution of [Fe(tpenOH)]2+ is. Upon 

dissolution the iron(II) center is slowly oxidized over the course of minutes to hours to afford an 
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iron(III) oxidation state, [FeIII(tpenO)]2+.[23] Solutions of [FeIVO(tpenO)]+ that are freshly made 

demonstrate second-order rate constants of 1 mM-1 s-1, where a solution that is e.g. two hours 

old exhibit second-order rate constant of 8 mM-1 s-1 (SI Figure 10.S10). The higher second-order 

rate constant can be explained by easier accessibility to the iron(IV) oxidation state, since more 

of the iron has been pre-oxidized under ambient conditions (O2) to an iron(III) state. However, 

the second-order rate constants are distinctively large. Investigation of aqueous solutions of 

[FeIVO(tpenO)]+ generated from 3 eq. ClO- with ESI-MS interestingly shows ions with m/z values 

corresponding to iron-tpena based complexes (Figure 10.7, black). This is not observed when the 

iron(IV)oxo complex is generated from CAN (Figure 10.7, red). Hence the substrate oxidation of 

cyclohexanol at pH 7 is competing with a regioselective ligand oxidation of tpenO to tpena giving 

raise to the very large second-order rate constants for cyclohexanol (C-H BDE = 92.8 kcal mol-

1)[33]. A credible (and reproducible) second-order rate constant for benzyl alcohol was obtained 

at pH 7 for [FeIVO(tpenO)]+, hence the C-H bond in the methylene group of tpenO cannot 

outcompete the C-H bond in benzyl alcohol (C-H BDE = 79.2 kcal mol-1)[33]. The presence of an 

external substrate with weak C-H bonds simply prevents ligand oxidation. The regioselective 

oxidation of tpenO to tpena was also observed under basic conditions for [FeIII(OO)(tpenO)]+, 

where [FeIII(OO)(tpena)]+ was subsequently formed.[23] [FeIII(OOH)(HtpenO)]2+ does not oxidize 

tpenO to tpena indicating that the oxidative power of [Fe(OO)(tpena)]+ and [FeIVO(tpenO)]+ is 

relatively larger.  

 
Figure 10.7. ESI-MS spectra of [FeCl(tpenOH)](PF6) in water (blue), and after addition of either 3. eq. CAN (red) or ClO- 
(black) as well as the ESI-MS spectra of [Fe2O(Htpena)2](ClO4)4 in water (green). Assignments: m/z 463.12, 
[FeIIIOH(tpena)]+; 454.12, [Fe2

IIIO(tpena)2]2+; 451.15, [FeIIIF(tpenO)]+; 446.12, [FeII(tpena)]+; 432.15, [FeII(tpenO)]+; 
406.11, [FeIIF(SBPy3)]+; 388.12, [FeII(SBPy3) + H]+; 362.20, [tpenO – O + H]+; 355.08, [FeII(tpenaH – CH2Py)]+; 334.20, 
[tpenOH + H]+. SBPy3 = N,N-bis(2-pyridylmethyl) amine-N-ethyl-2-pyridine-2-aldimine.  



Chapter 10 
 

164 

1
0

 

Pattanayak et al. have performed a similar reactivity study on a TAML-iron(IV)oxo complex in 

20:80 water:acetonitrile, where a k2 value of 80 mM-1 s-1 (pH 12) for oxidation of benzyl alcohol 

was determined.[45] Thus, all the iron(IV)oxo species in this study perform better both at acidic 

and neutral conditions in pure water, and the second-order rate constant of [FeIVO(Htpena)]2+ 

(pH = 2) is in fact 25 times larger. Furthermore a comparison to the most efficient iron(IV)oxo 

species reported by  Chantarojsiri and co-workers based on 2,6-bis(1,1-bis(2-

pyridyl)ethyl)pyridine, also in water, shows that [FeIVO(Htpena)]2+ operates with rate constants 

two orders of magnitude larger.[13] Similarly to the increased reactivity that we observe in water, 

Pérez et al. have previously reported reactivity enhancement of an iron(IV)oxo complex in 

organic solvents upon replacement of an NMe group with an O atom (ether) in the first 

coordination sphere.[38]  

 
 
Conclusion 
A series of six non heme iron(IV)oxo complexes, ([FeIVO(Rtpen)]2+, have been generated in water 

by reacting their iron(II) or iron(III) precursor complexes with cerium ammonium nitrate, 

hypochlorite and m-chloroperbenzoic acid as an oxidant. The stability and lifetimes of the 

resulting iron(IV)oxo species depends strongly on the cis donors with T½ ranging from 80 sec to 

more than 24hrs. If present, C-H substrates are oxidized (pH 2 to 7) by HAT mechanisms (KIE = 

65). The fastest oxidation rates for the C-H bonds of benzyl alcohol, isopropanol and 

cyclohexanol are observed using [FeIVO(Htpena)]2+ and [FeIVO(HtpenO)]+ at pH 2 and 

[FeIVO(tpena)]+ and [FeIVO(tpenO)]+ at pH 7. Compared to the previous reports on the high-valent 

iron(IV)oxo species based on the TAMLs supporting ligands, the iron(IV)oxo species based on 

Rtpen ligands can be formed in a complementary pH window (acid to neutral vs. alkaline). 

Reactivity patterns can be predicted by the λmax of the LMCT for each iron(IV)oxo complex. A red-

shift of this absorption band is associated with an increase in the oxyl radical character, i.e., an 

electronic formulation more akin to [(Rtpen)FeIII-O•]. This translates to a greater reactivity 

towards the oxidation of C-H bonds. The second-order constants obtained for [FeIVO(Htpena)]2+ 

generated with a chemical terminal oxidant are similar to those obtained, when 

[FeIVO(Htpena)]2+ is electrochemically generated. Terminal chemical oxidants can affect the pH 

as the catalytic cycle progresses and ultimately cause inefficiency of the catalyst. Hence this 

study shows that investigation by CAN can serve as a reasonable proxy for electrochemical 

generation. In Nature iron(IV)oxo species in mononuclear non-heme iron enzymes are 

recognized as the reactive intermediates in the activation of dioxygen and of C-H bonds in 

organic substrates.[3,7,46] The coordination sphere of the iron centre commonly contains several 

oxygen donor atoms from e.g. water or the amino acid residues aspartate and glutamate 

residue. Despite this fact, the reports on non-heme mononuclear iron complexes the during past 

three decades have mainly been based on ligands with solely N-donor atoms.[11,28] The results 

presented in this work ultimately demonstrate how the introduction of oxygen atoms in the 

coordination sphere of the iron(IV)oxo moiety can increase its reactivity to form extremely 

reactive species able to oxidize strong C-H bonds as well as water to O2. 
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Experimental Section 
Materials and Preparation 

[FeCl(tpenOH)](PF6), [FeCl(Ettpen)](PF6), [Fe2O(tpenaH)](ClO4)4, [FeCl(Bztpen)](PF6), 

[Fe(tpen)](PF6)2 and [FeCl(Metpen)](PF6) were synthesized as previously reported.[22,24–26] CAN, 

m-CPBA (77 %), NaClO (14 %, aq.) and solvents were purchased from commercial suppliers and 

used without further purification. Unbuffered and demineralised water was used in all 

experiments.  

Generation of iron(IV)oxo species  

The iron(II)/iron(III) precursors were dissolved in either water, methanol or acetonitrile, and 3 

eq. of CAN, m-CPBA or ClO- were added to generate the iron(IV)oxo species. If needed, the pH 

was adjusted with either aqueous solutions of NaOH or HCl.  

Instrumentation and Methods 

UV-Vis spectra were recorded in 1 cm quartz cuvettes on an Agilent 8453 spectrophotometer. 

Raman spectra were recorded at 785 nm with one of the following: a RamanStation (Perkin 

Elmer) equipped with a BX51 upright microscope (80 mW at sample), a RamanFlex (Perkin 

Elmer) equipped with an Inphotonics industrial probe or a free space laser (75 mW, Ondax, with 

a 785 nm laser line clean up filter) and collected in back scattering (180°) mode with a Semrock 

dichroic beamsplitter and a 25 mm diameter/7.5 cm planoconvex lens to focus the laser on the 

sample and collect the Raman scattering. The Raman scattering was passed through a long pass 

filter (Semrock) and focused into a Shamrock300 spectrograph (ANDOR technology) and 

dispersed onto a iDUS-420-BUEX2 CCD camera. Spectra were calibrated with MeCN/toluene 

(50:50 v/v). The solutions were cooled if needed to extend the life-time with a Quantum 

Northwest TC 125 temperature controller at 5 °C (water), -10 °C (MeOH) or -30 °C (MeCN). ESI-

MS spectra were performed on a nanospray Bruker micro-OTOF-Q II spectrometer in positive-

ionization mode. The aqueous iron solutions (1 mg/1mL) were diluted to 10 μg/mL with MeCN 

before injection. MIMS spectra were recorded using a Prisma quadrupole mass spectrometer 

(Pfeiffer Vacuum, Asslar, Germany). A flat sheet membrane (250 um) of polydimethyl siloxane 

(Sil-Tec sheeting, Technical Products, Decatur, GA, USA) separated the vacuum chamber (1x10-6 

mbar) from the solution in the sample chamber (total volume 2.5 mL), which was equipped with 

magnetic stirring. The data were recorded and processed using Quadstar 422 (Pfeiffer Vacuum, 

Asslar, Germany). An aqueous solution of CAN was injected directly to the sample chamber 

containing an aqueous solution of [Fe(tpenO)]2+ solution as the resulting gas evolution was 

simultaneously measured. Reactivity studies were performed on 1.2 mL aqueous solutions of 1.5 

mM [Fe] solutions at 22 °C with vigorous stirring. The pseudo-first order decay curves were 

obtained by monitoring the decrease in absorbance of the iron(IV)oxo species over time as four 

different concentrations of substrate were added (in the range of 0.1 M – 1.0 M). These profiles 

were fitted with an exponential decay function using OriginPro 9.0. The rates (kobs) were plotted 

against the concentrations of substrate, and their slopes represent the second-order rate 

constants (k2). Product analysis was performed on a Hewlett Packard 6890 Series gas 

chromatograph system with a flame ionization detector. X-ray crystal diffraction data of 

[VO(tpen)](ClO4)2 was collected at 100(2)K on a Synergy, Dualflex, AtlasS2 diffractometer using 
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CuKα radiation (λ = 1.54184 Å) and the CrysAlis PRO 1.171.38.43 suite. The structure was solved 

by dual space methods (SHELXT) and refined on F2 using all the reflections (SHELXL-2016). All the 

non-hydrogen atoms were refined using anisotropic atomic displacement parameters and 

hydrogen atoms were inserted at calculated positions using a riding model.  
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Supporting Information 

Crystallographic data for [VO(tpen)](ClO4)2 

Empirical formula C26H28Cl2N6O9V 

Formula weight (g/mol) 690.38 

Temperature (K) 100(2) 

Crystal system Triclinic 

Space group P-1 

a, b, c (Å) 9.3995(3), 10.6655(3), 14.3220(4) 

α, β, γ  (°) 92.544(2), 95.375(2), 100.541(3) 

Volume (Å3) 140257(7) 

Z 2 

Radiation type Cu Kα 

Calculated density (g cm-3) 1.635 

Abs. coefficient (mm-1) 5.29 

F(000) 710 

Crystal size (mm) 0.15 × 0.06 × 0.02 

Colour Blue 

Habit Needle 

θmin, θmax (°) 4.2, 76.6 

Index range –11 ≤ h ≤ 9, –13 ≤ k ≤ 13, –17 ≤ l ≤ 15 

Refns. collected / unique / with I > 2σ(I) 11413 / 5674 / 5337 

Rint 0.020 

Data / restraints / parameters 5674 / 0 / 397 

GOOF on F2 1.04 

Final R1(F) a / wR2(F2) b (I > 2σ(I)) 0.033 / 0.0884 

R1 
a / wR2(F2) b (all data) 0.036 / 0.0903 

Largest diff. peak / hole (e Å-3) 0.69, -0.42 

a R1 = ∑ ||Fobs| – |Fcalc|| ∕ ∑ |Fobs|. b wR2(F2) = { ∑ [w (Fobs
2 – Fcalc

2)2] ∕ ∑ [w (Fobs
2)2] }1∕2. 

 

Selected bond distances and angles in [VO(tpen)](ClO4)2 

V1—O1 1.5943 (13)  O1—V1—N1 96.24 (6) 

V1—N1 2.0999 (15)  O1—V1—N2 102.76 (7) 

V1—N2 2.0842 (15)  O1—V1—N3 173.25 (6) 

V1—N3 2.2834 (15)  O1—V1—N4 98.31 (6) 

V1—N4 2.1122 (15)  O1—V1—N5 102.31 (6) 

V1—N5 2.1553 (15)    
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Figure 10.S1.UV/vis absorption spectra of [FeIICl(metpen)](PF6) (red, 0.5 mM), [FeIICl(ettpen)](PF6) (orange, 0.5 mM), 
[FeIICl(bztpen)](PF6) (black, 0.5 mM), [FeII(tpen)](PF6)2 (purple, 0.125 mM), [FeIICl(tpenOH)](PF6) (blue, 0.5 mM) and 
[FeIII

2O(Htpena)2](ClO4)4 (green, 0.125 mM) dissolved in water.  

 

Figure 10.S2.  λmax for [FeIVO(metpen)]2+ (red) and [FeIVO(HtpenO)]2+ when generated with the addition of 3 eq. of 
CAN. The pH indicates the pH value of the initial iron solution before addition of CAN. [Fe] = 1.5 mM 

  
(a) (b) 

Figure 10.S3. (a) Time-dependent UV/Vis of the decay of aqueous [FeIVO(metpen)]2+ upon addition of benzyl alcohol 
and (b) time-trace of λmax at 714 nm upon addition of four different concentrations of benzyl alcohol. The absorption-
time decay profile is fitted to an exponential function shown in yellow to obtain kobs values. pH = 2 (3. eq CAN), [Fe] = 
1.5 mM.  
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Figure 10.S4. Second order rate constant plots (k2) where substrate concentrations of benzyl alcohol is plotted as a 
function of the pseudo-first-order rate constant, kobs, for the series of six aqueous iron(IV)oxo species generated from 

addition of 3. eq. CAN. pH = 2, [Fe] = 1.5 mM, 22 °C. The fitted slopes in red represent k2.  
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Figure 10.S5. Second order rate constant plots (k2) where substrate concentrations of benzyl alcohol is plotted as a 
function of the pseudo-first-order rate constant, kobs, for the series of six aqueous iron(IV)oxo species generated from 

addition of 3. eq. NaOCl. pH = 7, [Fe] = 1.5 mM, 22 °C. The fitted slopes in red represent k2. 

 

 

 



The Oxidizing Power of Iron(IV)oxo Complezes of a Series of Rtpen Ligands  
in Water Correlates with the Increasing Energy of the LMCT 

 

173 

1
0

 

  

 
 

 
 

Figure 10.S6. Second order rate constant plots (k2) where substrate concentrations of cyclohexanol is plotted as a 
function of the pseudo-first-order rate constant, kobs, for the series of six aqueous iron(IV)oxo species generated from 

addition of 3. eq. CAN. pH = 2, [Fe] = 1.5 mM, 22 °C. The fitted slopes in red represent k2. 
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Figure 10.S7. Second order rate constant plots (k2) where substrate concentrations of cyclohexanol is plotted as a 
function of the pseudo-first-order rate constant, kobs, for [FeIVO(tpena)]+ and [FeIVO(bztpen)]2+ generated from 

addition of 3. eq. NaOCl. pH = 7, [Fe] = 1.5 mM, 22 °C. The fitted slopes in red represent k2. 

 

 

 

  

 
Figure 10.S8. Second order rate constant plots (k2) where substrate concentrations of isopropanol is plotted as a 
function of the pseudo-first-order rate constant, kobs, for [FeIVO(bztpen)]2+, [FeIVO(Htpena)]2+ and [FeIVO(HtpenO)]2+ 

generated from addition of 3. eq. CAN. pH = 2, [Fe] = 1.5 mM, 22 °C. The fitted slopes in red represent k2. 
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Figure 10.S9. Correlation of λmax of the six iron(IV)oxo species and k2(benzyl alcohol) at pH = 7 (3 eq. NaOCl).  

 

 

Figure 10.S10. Second-order rate constant plots (k2) where substrate concentrations of cyclohexanol is plotted as a 
function of the pseudo-first-order rate constant, kobs, for [FeIVO(tpenO)]+ generated from addition of 3. eq. NaOCl. pH 

= 7, [Fe] = 1.5 mM, 22 °C. The fitted slopes represent k2-values, when the aqueous solution of [Fe(tpenOH]+ has aged 
15 min (blue, 190 mM-1 s-1 ), 90 min (red, 490 mM-1 s-1), 120 min (black, 720 mM-1 s-1). The different slopes 
demonstrate that the precursor iron(II) complex is slowly oxidized to an iron(III) oxidation state over time.  
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Appendix A 
 

Overview of detected Fe-tpena speies and their interconvention (as of May 2014).
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Appendix B 
 

Overview of detected Fe-tpena speies and their interconvention (as of September 2018). 
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Overview of spectroscopic parameters for key iron species obtained in relation to this PhD 
project  

Species Oxidant Solvent max 
[nm] 

Raman shift 
[cm-1] g-valuesa δ  

[mm s-1] 
ΔEQ 

[mm s-1] 
Paper 

[FeIII
2O(tpenaH)2](ClO4)4 n/a Solid  830 silent 0.43 1.63 I, IV 

fac-[Fe(tpena)]2+ n/a MeCN 
360 b 

2.74, 2.29, 1.68 0.16 2.17 I, VI 
mer-[Fe(tpena)]2+ n/a MeCN 4.20 0.31 n/a I, VI 
[FeCl(tpenaH)]2+ n/a MeCN 312, 361   0.46 n/a IV 

[FeII(tpena)]2+ - CO2 n/a MeCN 384 654, 840, 1061 silent 0.45 n/a VI 
[FeII(SBPy3)(MeCN)]2+ n/a MeCN 382, 555 628, 1158, 1551 silent 0.34 0.67 VI 

[Fe(OIPh)(tpena)]2+ PhIO MeCN 428  4.50 0.44 1.71 I, II 

fac-[Fe(tpenO)]2+ n/a MeOH 
393 

 2.33, 2.15, 1.93   VII 

mer-[Fe(tpenO)]2+ n/a MeOH  2.40, 2.17, 2.00   VII 
Iron(III)peroxo Species 

[FeIII(OOH)(tpenaH)]2+  H2O2 MeCN 520 613, 788 2.21, 2.15, 1.96 0.21 2.08 IV 

[FeIII(OOH)(HtpenO)]2+ H2O2 MeOH 537 619, 800 2.21, 2.14, 1.97   
VII 

2.25, 2.15, 2.00   

[FeIII(OO)(tpenaH)]+ H2O2 MeCN 675 473,815 8.8, 5.0, 4.3, 4.2, 3.5 0.48 1.21 IV 

[FeIII (OO)(HtpenO)]2+ H2O2 MeOH 716 472, 818 8.0, 4.3   VII 

[FeIII(OOtBu)(tpenaH)]2+ tBuOOH MeCN 558 675, 786 2.20, 2.12, 1.97   V 

[FeIII(OOcumyl)(tpenaH)]2+  cumylOOH MeCN 531 684, 782 2.19, 2.12, 1.97   V 

Iron(IV)oxo Species 

[FeIV=O(tpenaH)]2+ cumylOOH MeCN 730 864    V 

[FeIV=O(tpenaH)]2+  tBuOOH MeCN 730 865    V 

[FeIV=O(tpenaH)]2+  m-CPBA MeCN 730 c    V 

[FeIV=O(tpen)]2+  m-CPBA MeCN 730 833    VIII 

[FeIV=O(Metpen)]2+  m-CPBA MeCN 732 832    VIII 

[FeIV=O(Ettpen)]2+ m-CPBA MeCN 739 834    VIII 

[FeIV=O(tpenOH)]2+ m-CPBA MeCN 732 832    VIII 

[FeIV=O(Bztpen)]2+ m-CPBA MeCN 740 826    VIII 

[FeIV=O(tpenaH)]2+  CAN H2O 730 832  0.00 0.90 VIII 

[FeIV=18O(tpenaH)]2+  CAN 18O-H2O 730 796    VIII 

[FeIV=O(Ettpen)]2+ CAN H2O 718 833    VIII 

[FeIV=18O(Ettpen)]2+ CAN 18O-H2O 718 796    VIII 

[FeIV=O(Bztpen)]2+ CAN H2O 722 832    VIII 

[FeIV=O(Metpen)]2+ CAN H2O 714 832    VIII 

[FeIV=O(tpen)]2+ CAN H2O 712 833    VIII 

[FeIV=O(tpen)]2+ NaOCl H2O 712 832    VIII 

[FeIV=O(Metpen)]2+  NaOCl H2O 714 833    VIII 

[FeIV=O(Ettpen)]2+  NaOCl H2O 718 832    VIII 

[FeIV=O(tpenaH)]2+  NaOCl H2O 730 830    VIII 

[FeIV=O(Bztpen)]2+  NaOCl H2O 722 830    VIII 

[FeIV=O(tpenOH)]2+ NaOCl H2O 723 c    VIII 

[FeIV=O(Ettpen)]2+ NaOCl MeOH 737 832    VIII 

[FeIV=O(Metpen)]2+ NaOCl MeOH 756 832    VIII 

[FeIV=O(Bztpen)]2+ NaOCl MeOH 740 830    VIII 

[FeIV=O(tpenOH)]2+ NaOCl MeOH 740 831    VIII 
 n/a: not applicable.  a geff is denoted for S = 5/2, b photo-sensitive, ctoo short-lived for characterization with rRaman.  
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