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Abstract  

High-valent iron compounds in oxidation states of +4 and +5 have been proposed as key 

intermediates in numerous biological processes catalyzed by metalloenzymes. 

Bioinorganic chemists have successfully synthesized a wide range of high-valent iron 

complexes stabilized by strong electron-donating ancillary ligands in combination with 

strong ˊ-donor ligands such as oxido (O2-), imido (RN2-) or nitride (N3-). These 

complexes are typically synthesized using traditional group-transfer two-electron 

oxidants, such as iodosylbenzene (PhIO) and tosylimidoiodanes (i.e., PhINTS). 

However, studies exploring the reactivity of iron complexes with other iodine(III) 

compounds, such as azide, cyanide, trifluoromethyl or fluoro ɚ3-iodanes, remain scarce. 

The activation of iodine(III) compounds with iron complexes offers an opportunity to 

develop environmentally friendly bond-forming catalytic reactions, owing to the high 

abundance, low cost, and low toxicity of iron. Despite their potential, the broader 

application of iron-catalyzed group transfer reactions in sustainable synthesis is limited 

by the lack of mechanistic understanding. 

The synthesis of Fe(IV) complexes remains challenging due to their inherent thermal 

instability. In particular, limited examples of organometallic Fe(IV) complexes containing 

metal-carbon s-bonds have been isolated and thoroughly characterized by 

spectroscopic methods. Organometallic iron(IV) complexes have been proposed as 

catalytically active species in only few reactions, such as in Gif processes or in certain 

CïC cross-coupling reactions. Aiming at designing organometallic iron(IV) compounds 

that are relevant to catalytic CïC and CïX bond forming reactions, the carbon atom of 

the FeïC bond cannot belong to the ancillary ligand but rather should be part of a labile 

exogenous substrate to enable intermolecular reactions.  

This work focuses on the synthesis of organoiron(IV) complexes featuring exogenous 

and labile FeïC bonds to perform mechanistic investigations on CïC bond forming 

reactions. In addition, gaining knowledge in the synthesis and reactivity of organoiron(IV) 

complexes could pave the way for designing catalytic cycles proceeding via 

organoiron(IV) intermediates. Furthermore, this thesis explores the use of iodine(III) 

reagents to synthesize high-valent iron complexes through oxidative group-transfer 

reactions. The use of the electron-donating nitrogen-based ligand tris(N-tert-

butyldimethylsilyl-2-amidoethyl)amine (N3Nǋ3-) facilitates the synthesis of iron complexes 

in high oxidation state. Thus, the investigation of the reactivity of iron(II) and iron(III) 

precursors bearing the N3Nô3- ligand offers an opportunity to synthesize iron(IV) 

complexes using iodine(III) reagents by oxidative group-transfer reactions.  



 

 

In Chapter III , the investigation of the reactivity of iron(II) and iron(III) complexes bearing 

the N3N'3- ligand with cyanobenziodoxolone (CBX) and cyano-3,3-dimethyl-1,2-

benziodoxole (CDBX) is presented. This work demonstrates that CBX and CDBX react 

with these iron complexes as cyano-transfer agents and one-electron oxidants. Whereas 

the reaction of CDBX with iron(II) affords the synthesis of iron(III) cyanide complexes, 

the oxidation of iron(II) with the most oxidizing CBX forms a highly electrophilic and 

thermally unstable Fe(IV) cyanide complex. Single-crystal X-ray diffraction confirms the 

solid-state structure of the Fe(III) and Fe(IV) cyanide complexes, while their electronic 

structures are elucidated through 57Fe Mössbauer spectroscopy and electron 

paramagnetic resonance (EPR) spectroscopy, and computational analyses. 

The synthesis of Fe(IV) alkynylide complexes through the reaction of iron(II) with 

ethynylbenziodoxo(on)es (EBX) was hampered by the complex spectroscopic analysis 

of the crude reactions. Therefore, in Chapter IV , the Fe(IV) alkynylide complexes are 

synthesized through a more conventional approach, which is based on the 

transmetalation of an iron(III) complex bearing the N3Nǋ3- ligand with lithium alkynylides, 

followed by one-electron oxidation. The alkynylferrates(III) and Fe(IV) alkynylides 

prepared in this thesis are rare examples of organoiron(IV) complexes where the C-

based ligand is not part of the chelating ligand. Their electronic structure has been 

thoroughly characterized by nuclear magnetic resonance (NMR), electronic 

paramagnetic resonance (EPR), 57Fe Mössbauer spectroscopy, X-ray emission (XES) 

and absorption (XAS) spectroscopies, as well as computational studies. While Fe(III) 

alkynylferrates show very limited reactivity towards CïC bond formation, Fe(IV) 

alkynylides decompose to give 1,3-diynes at room temperature. Based on mechanistic 

investigations, it is proposed that the Fe(IV) alkynylides undergo bimolecular CïC 

reductive elimination to form the 1,3-diynes. These findings contribute to the 

fundamental understanding of high-valent organoiron complexes and their role in CïC 

bond-forming processes, offering new pathways for their application in catalysis and 

synthetic methodologies. 

 

 

  



 

 

Zusammenfassung  

Hochvalente Eisenverbindungen in den Oxidationsstufen +4 und +5 wurden als 

Schlüsselzwischenprodukte in zahlreichen biologischen Prozessen vorgeschlagen, die 

von Metalloenzymen katalysiert werden. Bioanorganische Chemiker haben erfolgreich 

eine breite Palette hochvalenter Eisenkomplexe synthetisiert, die durch starke 

elektrondonierende Hilfsliganden in Kombination mit starken -́Donor-Liganden wie 

Oxido (O2-), Imido (RN2-) oder Nitrido (N3-) stabilisiert sind. Diese Komplexe werden 

typischerweise unter Verwendung traditioneller Gruppentransfer-Zwei-Elektronen-

Oxidationsmittel wie Iodosylbenzol (PhIO) und Tosylimidoiodanen (z.B. PhINTS) 

synthetisiert. Allerdings gibt es wenige Studien zur Erforschung der Reaktivität von 

Eisenkomplexen mit anderen Iod(III)-Verbindungen, wie Azid, Cyanid, Trifluormethyl 

oder Fluor-ɚ³-Iodanen. Die Aktivierung von Iod(III)-Verbindungen mit Eisenkomplexen 

bietet wegen der hohen Verfügbarkeit, der niedrigen Kosten und der geringen Toxizität 

von Eisen die Möglichkeit, umweltfreundliche katalytische Bindungsbildungsreaktionen 

zu entwickeln. Trotz ihres Potenzials wird durch das fehlende mechanistische 

Verständnis eine breitere Anwendung eisenkatalysierter Gruppentransferreaktionen in 

der nachhaltigen Synthese eingeschränkt. 

Die Synthese von Fe(IV)-Komplexen bleibt aufgrund ihrer inhärenten thermischen 

Instabilität eine Herausforderung. Insbesondere wurden nur wenige Beispiele von 

organometallischen Fe(IV)-Komplexen, welche Metall-Kohlenstoff-ů-Bindungen 

enthalten, isoliert und durch spektroskopische Methoden gründlich charakterisiert. 

Organometallische Eisen(IV)-Komplexe wurden nur in wenigen Reaktionen als 

katalytisch aktive Spezies vorgeschlagen, wie zum Beispiel in Gif-Prozessen oder in 

bestimmten CïC-Kreuzkupplungsreaktionen. Mit dem Ziel, organometallische Eisen(IV)-

Verbindungen zu entwickeln, die für katalytische CïC- und CïX-

Bindungsbildungsreaktionen relevant sind, sollte das Kohlenstoffatom der FeïC-Bindung 

nicht zum Hilfsliganden gehören, sondern Teil eines labilen exogenen Substrats sein, um 

intermolekulare Reaktionen zu ermöglichen.  

Diese Arbeit konzentriert sich auf die Synthese von organischen Eisen(IV)-Komplexen 

mit exogenen und labilen FeïC-Bindungen, um mechanistische Untersuchungen zu Cï

C-Bindungsbildungsreaktionen durchzuführen. Darüber hinaus könnte das Erlangen von 

Wissen über die Synthese und Reaktivität von organischen Eisen(IV)-Komplexen den 

Weg zur Entwicklung von katalytischen Zyklen ebnen, die über Eisen(IV)-

Zwischenprodukte verlaufen. Außerdem untersucht diese Dissertation den Einsatz von 

Iod(III)-Reagenzien zur Synthese hochvalenter Eisenkomplexe durch oxidative 

Gruppentransferreaktionen. Der Einsatz des elektrondonierenden stickstoffbasierten 



 

 

Liganden Tris(N-tert-butyldimethylsilyl-2-amidoethyl)amin (N3Nǋ3-) erleichtert die 

Synthese von Eisen in hohen Oxidationsstufen. Daher bietet die Untersuchung der 

Reaktivität von Eisen(II)- und Eisen(III)-Vorläuferkomplexen, die den N3Nǋ3--Liganden 

tragen, eine Möglichkeit, Eisen(IV)-Komplexe mit Iod(III)-Reagenzien durch oxidative 

Gruppentransferreaktionen zu synthetisieren. 

In Kapitel III  wird die Untersuchung der Reaktivität von Eisen(II)- und Eisen(III)-

Komplexen, die den N3Nǋ3--Liganden tragen, mit Cyanobenziodoxolon (CBX) und Cyano-

3,3-dimethyl-1,2-benziodoxol (CDBX) zeigt, dass CBX und CDBX mit diesen 

Eisenkomplexen als Cyanotransferreagenzien und Ein-Elektronen-Oxidationsmittel 

reagieren. Während die Reaktion von CDBX mit Eisen(II) zur Synthese von Eisen(III)-

Cyanidkomplexen führt, bildet die Oxidation von Eisen(II) mit dem stärker oxidierenden 

CBX einen hoch-elektrophilen und thermisch instabilen Fe(IV)-Cyanidkomplex. 

Einkristallröntgendiffraktometrie bestätigt die Festkörperstruktur der Fe(III)- und Fe(IV)-

Cyanidkomplexe, während deren elektronische Strukturen mittels 57Fe-Mössbauer- und 

Elektronenspinresonanz (EPR)-Spektroskopie sowie computergestützter Analyse 

aufgeklärt werden. 

Die Synthese von Fe(IV)-Alkinylid-Komplexen durch die Reaktion von Eisen(II) mit 

Ethynylbenziodoxo(on)en wurde durch die komplexe spektroskopische Analyse der 

Rohreaktionen behindert. Daher werden in Kapitel IV  die Fe(IV)-Alkinylid-Komplexe 

durch einen konventionelleren Ansatz synthetisiert, der auf der Transmetallierung eines 

Eisen(III)-Komplexes, der den N3Nǋ3--Liganden trägt, mit Lithiumalkinyliden und 

anschließender Ein-Elektronen-Oxidation basiert. Die in dieser Dissertation hergestellten 

Alkinylferrate(III)- und Fe(IV)-Alkinylid-Komplexe sind seltene Beispiele für organische 

Eisen(IV)-Komplexe, bei denen der C-basierte Ligand nicht Teil des chelatierenden 

Ligandengerüsts ist. Ihre elektronische Struktur wurde umfassend durch 

Kernspinresonanzspektroskopie (NMR), Elektronenspinresonanzspektroskopie (EPR), 

57Fe-Mössbauer-Spektroskopie, Röntgen-emissionsspektroskopie (XES) und 

Röntgenabsorptionsspektroskopie (XAS) sowie durch computergestützte Studien 

charakterisiert. Während Fe(III)-Alkinylferrate nur eine sehr begrenzte Reaktivität in 

Bezug auf CïC-Bindungsbildungsreaktionen zeigen, zersetzen sich Fe(IV)-Alkinylide bei 

Raumtemperatur zu 1,3-Diinen. Basierend auf mechanistischen Untersuchungen wird 

vorgeschlagen, dass die Fe(IV)-Alkinylide eine bimolekulare CïC-reduktive Eliminierung 

eingehen, um die 1,3-Diine zu bilden. Diese Ergebnisse tragen zum grundlegenden 

Verständnis hochvalenter organischer Eisenkomplexe und ihrer Rolle bei CïC-

Bindungsbildungsprozessen bei und eröffnen neue Wege für deren Anwendung in der 

Katalyse und synthetischen Methodik. 
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General Introduction  

Iron is the most abundant transition metal in biological systems, approximately 

5.0 ³10-3% of the human body by weight.1 It is also the second most abundant metal in 

the Earthôs crust, after aluminium (Al).2 Its importance in nature and biological systems 

arises from its exceptional electronic properties, accessible redox potentials and ability 

to adopt multiple oxidation states. Proteins and enzymes containing iron as a metal 

center are abundant across all biological species, where they play crucial roles in 

essential processes, such as oxygen transport, electron transfer and biological 

oxidations.3,4,5,6,7 

Iron can access a plethora of oxidation states, ranging from Fe(II) to Fe(V), 

which has been widely exploited in enzymatic reactions.8,9 While Fe(II) and Fe(III) are 

the most common oxidation states found in biological systems, in coordination 

complexes iron can exhibit a broader range of oxidation states, from ï2 to +7, 

depending on the nature of the ligands. High-valent species such as Fe(IV) and Fe(V) 

have been proposed as key intermediates in complex chemical transformations. In 

particular, Fe(IV)=O species have been identified as pivotal catalytic intermediates in 

oxidative enzymatic reactions, shedding light on their mechanistic roles in biological 

oxidation pathways. For these species, more sophisticated spectroscopic techniques 

such as X-Ray spectroscopy have been used to identify and characterize them.3 

I.1  Iron involved in biological processes  

The versatility of iron is exemplified by its ability to adapt to distinct structural 

environments within the active sites of metalloenzymes, allowing its chemical 

properties to be tuned for specific biological functions. Iron-dependent enzymes can be 

broadly classified into two categories: (i) those with a porphyrin ligand system, 

characterized by an iron-containing heme moiety, and (ii) those without porphyrin 

 
1 R. M. Roat-Malone, Bioinorganic Chemistry: A Short Course, Wiley, 2007. (3443-382) 
2(a) S. R. Taylor,: S.M. McLennan, The Continental Crust: Its Composition and Evolution: An examination 
of the geochemical record preserved in sedimentary rocks. Blackwell Scientific Publications, 1985, p.10. 
(b) F. A. Cotton; G. Wilkinson;. Advanced Inorganic Chemistry. 5th Edition, Wiley-Interscience,1988, New 
York. 775-815. 
3 J. T. Groves, J. Inorg. Biochem. 2006, 100, 434-447. 
4 J. A. Kovacs, Science 2003, 299, 1024-1025. 
5 I. Bertini, H. B. Gray, E. Stiefel, J. Valentine, Biological Inorganic Chemistry: Structure and Reactivity, 
University Science Books, 2018. 
6 P. S. Coelho, E. M. Brustad, A. Kannan, F. H. Arnold, Science 2013, 339, 307-310. 
7 H.-B. Kraatz, N. Metzler-Nolte, Concepts and models in bioinorganic chemistry, Wiley-VCH, Weinheim, 
2006. 
8 J. Hohenberger, K. Ray, K. Meyer, Nat. Chem. 2012, 3, 720-733. 
9 M. Costas, M. P. Mehn, M. P. Jensen, J. Lawrence Que, Chem. Rev. 2004, 104, 939-986. 
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ligands, referred to as non-heme iron-containing proteins.1,10 Heme systems, defined by 

iron coordinated to a porphyrin ligand, are central to oxygen transport (e.g. hemoglobin, 

myoglobin) and redox chemistry (e.g., cytochrome P450).1,3,11 Non-heme systems, in 

contrast, feature a wide selection of coordination geometries, including mononuclear 

and dinuclear iron centers, and are often found in enzymes such as oxidases, 

oxygenases (e.g., Rieske dioxygenases), and hydrogenases.12 The ability of iron 

enzymes to mediate challenging transformations under mild physiological conditions 

continues to inspire synthetic inorganic chemists to design similar systems that can 

mimic nature. Significant efforts have been focused on developing synthetic systems 

that replicate the efficiency and selectivity of iron-catalyzed processes present in 

nature. One of the most representative examples are Cytochrome P450 and Rieske 

dioxygenases. 

Cytochrome P450 (Cyt P450) enzymes are a large and well-studied family of 

heme proteins that catalyzes CïH and C=C bond oxidations in nature.13,14 These 

metalloenzymes are excellent platforms for the oxidation of non-activated organic 

substrates, such as hydroxylation of aliphatic CïH bonds, epoxidation of C=C bonds, 

heteroatom dealkylation, and reductive dehalogenations with high regio- and 

stereoselectivity.14 For the oxidation reactions, Cyt P450 uses molecular oxygen (O2) as 

both oxidant and oxygen source to activate the metal center (Scheme I. 1). The 

insertion of oxygen on these substrates proceeds via a two-electron reduction process. 

This unique mechanism shows their broad catalytic applications.  

 

Scheme I. 1. Oxidation reactions of CïH and C=C bonds catalyzed by Cytochrome P450. 

 

  

 
10 W. Nam, Acc. Chem. Res. 2007, 40, 522-531. 
11 F. A. Cotton, G. Wilkinson, C. A. Murillo, M. Bochmann, Advanced Inorganic Chemistry 6th ed., Wiley, 
New York, 1999. 
12 B. J. Wallar, J. D. Lipscomb, Chem. Rev. 1996, 96, 2625-2658. 
13 I. G. Denisov, T. M. Makris, S. G. Sligar, I. Schlichting, Chem. Rev. 2005, 105, 2253-2278. 
14 B. Meunier, S. P. de Visser, S. Shaik, Chem. Rev. 2004, 104, 3947-3980. 
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In 2000, Schlichting and co-workers reported the crystal structure of Cyt P450-

camphor adduct (Scheme I. 1a).15,16,17 The active site is based on a heme group, 

specifically an iron porphyrin, which is attached to a protein through the coordination of 

a cysteine residue (Cys357) in the axial position. While in the trans position, molecular 

oxygen is coordinated. The binding of molecular oxygen to the Fe(II) center generates 

a highly reactive Fe(IV)-oxo porphyrin radical cation. In the presence of aliphatic CïH 

bonds, the oxygen atom is transferred to the substrate in a two-step process known as 

ñoxygen reboundò mechanism (Scheme I. 2a).3,15,18,19,20,21 This process involves a 

hydrogen atom transfer (HAT) from the substrate to the iron-oxo species (A), a step in 

which the Fe(IV)=O porphyrin radical cation acts as the abstracting agent, forming a 

highly reactive and transient iron(IV)-hydroxo intermediate and an alkyl radical (B). 

Subsequently, a fast ñoxygen reboundò takes place, leading to the formation of a new 

CïO bond and the recovery of iron(III) resting state (C), allowing the catalytic cycle to 

restart. Albeit there is still some debate regarding oxidation state of the high-valent iron 

intermediates (whether if it is better described as +4 or +5), this proposed mechanism 

for catalytic CïH hydroxylation reaction is widely accepted by the scientific community. 

 

Scheme I. 2. a) Proposed mechanism for oxygen rebound mechanism and the active site of Cyt P450-
camphor from Pseudomonas putida.15 b) Cis-hydroxylation of benzene using 2-His-1-carboxylate facial 

triad as active center of the family of Rieske dioxygenases. 

 

  

 
15 I. Schlichting, J. Berendzen, K. Chu, A. M. Stock, S. A. Maves, D. E. Benson, R. M. Sweet, D. Ringe, G. 
A. Petsko, S. G. Sligar, Science 2000, 287, 1615-1622. 
16 J. Rittle, M. T. Green, Science 2010, 330, 933-937. 
17 T. L. Poulos, B. C. Finzel, A. J. Howard, Biochemistry 1986, 25, 5314-5322. 
18 J. T. Groves, G. A. McClusky, J.  Am. Chem. Soc. 1976, 98, 859-861. 
19 P. R. Ortiz de Montellano, Chem. Rev. 2010, 110, 932-948. 
20 X. Wang, S. Peter, M. Kinne, M. Hofrichter, J. T. Groves, J.  Am. Chem. Soc. 2012, 134, 12897-12900. 
21 M. Costas, Coord. Chem. Rev. 2011, 255, 2912-2932. 
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Another significant advance is the study of mononuclear non-heme iron 

enzymes, such as Rieske dioxygenases, which play a crucial role in the biodegradation 

of persistent pollutants.9,12,22,23,24 Compared to the cytochrome family, Rieske 

dioxygenases feature an active site with an iron center coordinated to three protein 

residues: two histidines (His), and one glutamate (Glu) or aspartate (Asp). This 

structural motif is known as the 2-His-1-carboxylate facial triad  

(Scheme I. 2b).22,25,26,27,28 The coordination of the three protein residues to an iron 

center featuring an octahedral geometry, leave three vacant sites on the opposite face, 

allowing for the interaction with the substrate, and O2 or H2O molecules. Their 

biological potential lies in their ability to catalyze stereo- and enantioselective cis-

dihydroxylation of alkenes and arenes. This unique transformation is not observed in 

any other enzymatic systems and remains a challenge in organic chemistry.29  

One of the most studied Rieske dioxygenase is naphthalene 1,2-dioxygenase 

(NDO), which catalyzes the cis-dihydroxylation of aromatic compounds  

(Scheme I. 2b).30 Crystallographic and mechanistic studies on NDO have revealed that 

the reaction proceeds via initial binding of the arene substrate to the reduced 

mononuclear iron center, followed by O2 activation and formation of a side-on peroxo 

intermediate.31 Furthermore, radical clock studies indicate the formation of a short-lived 

carbon-centered radical during the oxidation of norcarane, strongly suggesting a 

mechanism analogous to the oxygen rebound pathway observed in cytochrome P450-

catalyzed CïH hydroxylation.32 In this context, the radical-based mechanism in Rieske 

dioxygenases can be considered a rebound-like process, where the substrate radical 

recombines with an iron-bound oxidant to generate the cis-diol product. 

  

 
22 D. T. Gibson, R. E. Parales, Current Opinion in Biotechnology 2000, 11, 236-243. 
23 M. R. Smith, The biodegradation of aromatic hydrocarbons by bacteria in Physiology of Biodegradative 
Microorganisms (Ed.: C. Ratledge), Springer Netherlands, Dordrecht, 1991, pp. 191-206. 
24 E. G. Kovaleva, J. D. Lipscomb, Nat. Chem. Biol. 2008, 4, 186-193. 
25 K. D. Koehntop, J. P. Emerson, L. Que, J. Biol. Inorg. Chem. 2005, 10, 87-93. 
26 E. L. Hegg, L. Q. Jr, Eur. J. Biochem. 1997, 250, 625-629. 
27 E. C. Monkcom, D. de Bruin, A. J. de Vries, M. Lutz, S. Ye, R. J. M. Klein Gebbink, Chem. Eur. J. 2021, 
27, 5191-5204. 
28 P. C. A. Bruijnincx, G. van Koten, R. J. M. Klein Gebbink, Chem. Soc. Rev. 2008, 37, 2716-2744. 
29 N. Choukairi Afailal, M. Borrell, M. Cianfanelli, M. Costas, J. Am. Chem. Soc. 2024, 146, 240-249. 
30 B. Kauppi, K. Lee, E. Carredano, R. E. Parales, D. T. Gibson, H. Eklund, S. Ramaswamy, Structure 
1998, 6, 571-586. 
31 M. D. Wolfe, D. J. Altier, A. Stubna, C. V. Popescu, E. Münck, J. D. Lipscomb, Biochemistry 2002, 41, 
9611-9626. 
32 S. Chakrabarty, R. N. Austin, D. Deng, J. T. Groves, J. D. Lipscomb, J. Am. Chem. Soc. 2007, 129, 
3514-3515. 
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I.2 High -Valent Iron Complexes with Oxo, Imido and Nitrid e Ligands  

Their remarkable catalytic efficiency has made metalloenzymes model systems 

for mechanistic studies in bioinorganic chemistry. Enzymes have been taken as 

inspiration for the development of synthetic systems designed to mimic their chemistry 

while operating under mild conditions.3 In this regard, bioinorganic chemists aim to 

isolate and spectroscopically characterize iron-based model compounds in which the 

metal is coordinated to a similar environment that is found in enzymes.7 However, the 

isolation of these species remains particularly challenging. The incorporation of  

-́donor ligands such as oxido (O2-), imido (NR2-), and nitride (N3-) has been 

extensively pursued due to their relevance in biological systems. Iron-oxo species are 

key intermediates in enzymatic oxidation, while iron-nitride complexes are important in 

nitrogen fixation as seen in nitrogenases. In addition, these ˊ-donor ligands play 

central roles in group transfer and hydrogen transfer (HAT) processes, further 

motivating the design of synthetic iron analogues containing such functional groups.  

As previously mentioned, electrophilic iron(IV)-oxo complexes play an important 

role in oxidative reactions such as CïH hydroxylation. Similarly, high-valent iron imido 

and nitride species are invoked as intermediates in the biological reduction of 

dinitrogen to ammonia, a process catalyzed by nitrogenase enzymes.8 Moreover, iron 

nitrides have been implicated in the industrial Haber-Bosch process. The selective 

reactivity of these compounds shows the variety of synthetically useful oxygen and 

nitrogen group-transfer reactions. Owing to the focus of this thesis on high-valent 

organometallic iron complexes, in this section only selected Fen=X (where X = O, N, 

NR, n = +4, +5, +6) complexes containing carbon-based ligands such as  

N-Heterocyclic carbenes (NHCs) will be covered.  

N-heterocyclic carbenes (NHC) have become robust ligand scaffolds to stabilize 

and isolate high-valent iron complexes due to their strong s-donor properties. Meyer 

and co-workers isolated and obtained the first structural characterization of an 

octahedral FeIV=O complex (I.3) with a macrocyclic tetracarbene framework (LNHC).33 

The tetracarbene iron(II) precursor complex (I.1) was synthesized by an in situ 

deprotonation and complexation of the macrocyclic tetraimidazolium salt 

[(LNHC)H4](OTf)4 with [Fe{N(SiMe3)2}2]2. The solid-state structure shows that, instead of 

the triflate anions, acetonitrile molecules are coordinated as axial ligands, where the 

iron center prefers preferring an octahedral geometry (I.1, Scheme I. 3). The 

diamagnetic iron(II) precursor was characterized by 57Fe Mössbauer spectroscopy 

 
33 S. Meyer, I. Klawitter, S. Demeshko, E. Bill, F. Meyer, Angew. Chem. Int. Ed. 2013, 52, 901-905. 
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recorded at 80 K, which revealed a low-spin iron(II) center with an isomer shift  

d = 0.23 mm s-1. Reaction of the Fe(II) precursor I.1 with an excess of 2-

(tBuSO2)C6H4IO) (2-(tert-buthylsulfonyl)iodosylbenzene in MeCN at ï40 ºC resulted in 

the formation of the corresponding Fe(IV)=O complex I.2 by oxygen-transfer and two-

electron oxidation reaction (Scheme I. 3). 

 

Scheme I. 3. Reaction of [(LNHC)FeII(MeCN)2](OTf)2 with excess of 2-(tBuSO2)C6H4IO) to obtain FeIV=O 

complex I.2 and scXRD structure of I.3 Thermal ellipsoids are shown at 50% probability; hydrogen atoms 

and triflate anions are omitted for clarity.  

Stability tests showed that the Fe(IV)=O complex I.2 is stable at ï40 ºC for more 

than one month. In contrast, when a solution of I.2 is warmed up to room temperature, 

it decomposes to give the corresponding Fe(III) ɛ-oxo dimer. SQUID magnetization 

measurements and 57Fe Mössbauer spectroscopy recorded at 80 K of the Fe(IV)=O 

complex I.2 is consistent with and iron(IV) S = 1 ground state configuration. The 

negative isomer shift (d = ï0.13 mm s-1) is significantly lower than the typical range 

observed for a series iron(IV)-oxo complexes based on the tetramethylcyclam (TMC) 

ligand scaffold (d = 0.15 mm s-1 to 0.22 mm s-1).34,35 This low isomer shift value reflects 

the strong equatorial s-donation strength of the macrocyclic tetracarbene ligand to the 

iron 4s orbital. The electric quadrupole splitting |ȹEQ| = 3.08 mm s-1 is considered quite 

large. This large value can be attributed to an oblate charge distribution around the iron 

nucleus, which arises from the large electronic charge donation of the equatorial 

tetracarbene into the iron Ὠ  orbital. Later, Neese and co-workers conducted DFT 

studies where it clearly indicates that the triplet state is favored over the quintet state.36 

The large energy gap suggests that the quintet state is inaccessible, which makes 

complex I.2 a unique example for reactivity studies. Complex I.2 reacts with various 

substrates with relatively weak CïH bonds, such as 1,4-cyclohexadiene (CHD), 9,10-

 
34 K. M. Van Heuvelen, A. T. Fiedler, X. Shan, R. F. De Hont, K. K. Meier, E. L. Bominaar, E. Münck, L. 
Que, Proc. Natl. Acad. Sci. U.S.A 2012, 109, 11933-11938. 
35 See examples in: C. E. Schulz, R. Rutter, J. T. Sage, P. G. Debrunner, L. P. Hager, Biochemistry 1984, 
23, 4743-4754. 
36S. Ye, C. Kupper, S. Meyer, E. Andris, R. Navrátil, O. Krahe, B. Mondal, M. Atanasov, E. Bill, J. Roithová, 
F. Meyer, F. Neese, J.  Am. Chem. Soc. 2016, 138, 14312-14325. 
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dihydroantracene (DHA), xanthene, and fluorene, via a hydrogen atom transfer (HAT) 

mechanism. The Fe(IV)=O moiety abstracts a hydrogen atom, generating a carbon-

centered radical and the corresponding Fe(III)ïOH intermediate. The latter was 

detected by cryo-ESI mass spectrometry. In the case of DHA, anthracene was the only 

observed product, with no formation of oxygenated species, supporting a non-rebound 

pathway. Complex I.2 also shows no significant reactivity toward typical oxygen atom 

transfer (OAT) substrates such as MeSPh or PPh3. This behavior is attributed to the 

high basicity of the tetracarbene ligand, which promotes HAT reactivity while 

disfavoring redox-driven OAT processes. 37 

Most of the work in this field has focused on Fe(IV)=O complexes due to their 

excellent reactivity as oxidants in CïH bond functionalization and oxygen-atom transfer 

reactions. However, biological nitrogen fixation is a key transformation in ammonia 

production. This process is catalyzed by the family of iron-dependent nitrogenases 

enzymes.38 For instance, Schrock and co-workers demonstrated a catalytic ammonia 

production using a well-defined tris(amido)amine (N3Nô) molybdenum complex.39 In 

2008, Smith and co-workers reported the synthesis and characterization by scXRD of 

terminal Fe(IV)¹N complex coordinated to a tripodal NHC ligand.40 Reaction of the four-

coordinate iron(II) complexes with an excess of NaN3 leads to the formation of the 

corresponding iron(II) azide. Irradiation of this compound results in a quantitative 

formation of a terminal Fe(IV)¹N. This complex (I.5) adopts a pseudo-tetrahedral 

geometry, with the nitride ligand coordinated along the molecular threefold axis. The 

Fe(IV)¹N bond length of 1.512(1) Å is slightly shorter, indicating a stronger Fe¹N 

interaction (Scheme I. 4). Reactivity studies of complex I.5 showed that it reacts slowly 

with triphenylphosphine to afford the phosphiniminato complex (LtbuFeïN=PPh3). 

 

 

 

 
37 C. Kupper, B. Mondal, J. Serrano-Plana, I. Klawitter, F. Neese, M. Costas, S. Ye, F. Meyer, J. Am. Chem. 
Soc. 2017, 139, 8939-8949. 
38 a) O. Einsle, F. A. Tezcan, S. L. A. Andrade, B. Schmid, M. Yoshida, J. B. Howard, D. C. Rees, Science 
2002, 297, 1696-1700.;b) T. V. Harris, R. K. Szilagyi, Inorg. Chem. 2011, 50, 4811-4824.; c) R. Bjornsson, 
F. Neese, S. DeBeer, Inorg. Chem. 2017, 56, 1470-1477. 
39 D. V. Yandulov, R. R. Schrock, Science 2003, 301, 76-78. 
40J. J. Scepaniak, M. D. Fulton, R. P. Bontchev, E. N. Duesler, M. L. Kirk, J. M. Smith, J. Am. Chem. Soc. 
2008, 130, 10515-10517. 
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Scheme I. 4. a) Synthesis of iron(IV) and iron(V) nitride complexes supported by phenyltris(1-tert-

butylimidazol-2-ylidene)borate (LtBu-) ligand. b) scXRD of complex I.5 and selected bond lengths. Thermal 

ellipsoids are shown at 50% probability; hydrogen atoms are omitted for clarity.  

The same year, Meyer and co-workers presented a similar terminal Fe(IV)¹N 

complex stabilized by N-anchored tris(carbene) ligand, tris[2-(3-aryl-imidazol-2-ylide-

ne)ethyl]amine (TIMENR, R = xylyl (xyl), mesityl (mes)).41 This tripodal NHC system 

coordinates to a high-spin iron(II) center in a trigonal planar geometry. In this case, the 

iron(II) complexes are reduced to iron(I) species prior to the reaction with trimethylsilyl 

azide, which resulted in the elimination of Me6Si2 and the formation of the cationic 

iron(II) azide complexes (Scheme I. 5). These iron(II) azide compounds are light 

sensitive and spontaneously release dinitrogen to form the air-stable Fe(IV)¹N 

complexes I.8mes and I.8xyl  at room temperature. The crystal structure of complexes 

I.8mes and I.8xyl  showed a trigonal pyramidal complex with a short Fe¹N bond length of 

1.526(2) Å and 1.527(3) Å, respectively. As previously observed in the Smith system, 

the short M¹N distances are typically observed for transition metal complexes with 

nitride ligand (M = Mn, Cr).42 In addition, the zero-field 57Fe Mössbauer spectra 

recorded at 77 K of I.8mes showed a sharp quadrupole doublet with a negative isomer 

shift d = ï0.27 mm s-1 and a large quadrupole splitting |ȹEQ| = 6.04 mm s-1, which is 

consistent with a diamagnetic Fe(IV)¹N as a S = 0 species. The large quadrupole 

splitting is likely a consequence of the valence and covalent contribution from the 

dominating Fe¹N moiety.  

 

 

 

 

 
41 a) J. Bendix, R. J. Deeth, T. Weyhermüller, E. Bill, K. Wieghardt, Inorg. Chem. 2000, 39, 930-938.; b) K. 
Meyer, J. Bendix, N. Metzler-Nolte, T. Weyhermüller, K. Wieghardt, J. Am. Chem. Soc. 1998, 120, 7260-
7270.; c) T. Birk, J. Bendix, Inorg. Chem. 2003, 42, 7608-7615. 
42 J. Bendix, R. J. Deeth, T. Weyhermüller, E. Bill, K. Wieghardt, Inorg. Chem. 2000, 39, 930-938;K. Meyer, 
J. Bendix, N. Metzler-Nolte, T. Weyhermüller, K. Wieghardt, J. Am. Chem. Soc. 1998, 120, 7260-7270;T. 
Birk, J. Bendix, Inorg. Chem. 2003, 42, 7608-7615. 
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Scheme I. 5. Synthesis of Fe(IV)¹N complex (I.8) from iron(I) (I.6). BPh4
- anion is omitted for clarity. 

Prior to the isolation of structurally characterized iron(IV) nitrido complexes, 

high-valent Fe(V) species with terminal nitride ligands had already been observed at 

low temperature by spectroscopic methods. 40,41 In 1988, Nakamoto and Wagner 

provided resonance Raman evidence for the generation of an iron(V) nitride bearing a 

porphyrin ligand upon laser photolysis under cryogenic conditions.43 A decade later, in 

1999, Wieghardt and co-workers presented the generation of a transient Fe(V)¹N 

species by photolysis of iron(III)-azide precursors, characterized by 57Fe Mössbauer 

and EPR spectroscopies.44 In 2004, Peters and co-workers described Fe(IV)¹N 

complex supported by a tris(phosphino)borane ligand, which were characterized by 

means of NMR, infrared spectroscopy (IR) and DFT calculations, although no X-ray 

diffraction data was obtained. This contribution demonstrated that low-coordinate iron 

systems could support terminal nitride ligands.45 

A major advance came in 2008, when Smith and Meyer disclosed the crystal 

structure of an Fe(IV)¹N complex supported by a tetracarbene macrocyclic ligand.40 

Bulidng on this work, in 2011 they published the structural and spectroscopic 

characterization of a Fe(V)¹N species, providing an unprecedented platform to explore 

the bonding and reactivity of high-valent iron nitride compounds.46 The synthesis 

involved an outer-sphere chemical oxidation with ferrocenium tetrakis(3,5-

bis(trifluoromethyl)phenyl)borate at ï78 ºC, yielding the Fe(V)¹N complex (I.10). The 

solid-state structure reveals a slight shortening of the Fe¹N bond, from 1.512(1) Å in I.9 

to 1.506(2) Å in I.10, which could be attributed to the strong electrostatic interaction 

between the electrophilic Fe(V) center and the nitride ligand, and the stronger and 

more covalent Fe¹N interaction (Scheme I. 6). An elongation of the three FeïC bonds 

 
43 W. D. Wagner, K. Nakamoto, J. Am. Chem. Soc. 1988, 110, 4044-4045. 
44 K. Meyer, E. Bill, B. Mienert, T. Weyhermüller, K. Wieghardt, J. Am. Chem. Soc. 1999, 121, 4859-4876. 
45 T. A. Betley, J. C. Peters, J. Am. Chem. Soc. 2004, 126, 6252-6254. 
46 J. J. Scepaniak, C. S. Vogel, M. M. Khusniyarov, F. W. Heinemann, K. Meyer, J. M. Smith, Science 2011, 
331, 1049-1051. 
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is observed, increasing from 1.928(1) Å in Fe(IV) (I.9) and 1.947(2) Å in Fe(V) (I.10). 

The 57Fe Mössbauer spectrum recorded at 78 K of the Fe(V) nitride complex (I.10) 

shows a significantly more negative isomer shift (d = ï0.45 mm s-1) compared to its 

Fe(IV) precursor (I.9, d = ï0.17 mm s-1), consistent with a higher oxidation state and 

reflecting a lower s-electron density at the iron nucleus upon oxidation. In addition, the 

electric quadrupole splitting decreases from |ȹEQ| = 5.56 mm s-1 to 4.78 mm s-1 (I.9 and 

I.10, respectively), indicating a change in the asymmetry of the electric field gradient at 

the iron center, in line with the enhanced covalency and altered electronic environment 

in the Fe(V) state. Since the d3 electronic configuration of Fe(V) can be either low-spin 

(S = 1/2) or high-spin (S = 3/2), EPR studies confirmed that the ground state of 

complex I.10 is a low-spin Fe(V) nitride. Preliminary reactivity studies revealed that I.10 

is thermally unstable and highly reactive, rapidly generating ammonia under mild 

conditions. Treatment of complex I.10 in tetrahydrofuran at ï78 ºC with three 

equivalents of cobaltocene and 15 equivalents of water resulted in the formation of NH3 

in 89% yield, as determined by the indophenol method. 

 

Scheme I. 6. Synthesis of the thermally unstable Fe(V)¹N complex (I.10). b) scXRD of I.10 and selected 

bond lengths. Thermal ellipsoids are shown at 50% probability; Hydrogens atoms and BArF
4

- anions are 

omitted for clarity.  

A directed comparison of the neutral [PhB(tbuIm)3FeIVN] (I.10) and cationic 

[(TIMENMes)FeIVN] (I.11) revealed structural differences, notably in their coordination 

geometry and ligand rigidity, both of which influence their reactivity. These structural 

differences arise from the number of bridging carbons connecting the N and B 

heteroatoms to the chelating NHC arms. In 2021, Meyer and co-workers developed a 

second-generation N-anchored tris-NHC chelate ligand by removing one methylene 

bridging group (Scheme I. 7).47 The Fe(V)¹N complex I.12 coordinated to this NHC 

supporting ligand exhibited an enhanced stability in comparison to the previous I.10 

complex, and it was stable up to room temperature. 

 
47 M. Keilwerth, L. Grunwald, W. Mao, F. W. Heinemann, J. Sutter, E. Bill, K. Meyer, J. Am. Chem. Soc. 
2021, 143, 1458-1465. 
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Scheme I. 7. a) Synthesis of the Fe(V) nitride complex I.12. b) scXRD of I.12 and selected bond lengths. 

Thermal ellipsoids are shown at 50% probability; Hydrogen atoms and PF6
- anions are omitted for clarity.  

The thermal and air stable Fe(V)¹N complex I.12 is prepared via photolysis of 

the Fe(II) azide precursor to form the Fe(IV)¹N, followed by one-electron oxidation with 

silver hexafluorophosphate at room temperature.47 Unlike the Fe(IV)¹N complex (I.11) 

discussed above, which readily reacts with substrates such as triphenylphosphine, tert-

butyl isocyanate, and cyclooctene, complex I.12 exhibits complete chemical inertness. 

This lack of reactivity is attributed to the steric hindrance imposed by the ligand, whose 

mesityl substituents create a cavity that restricts coordination to a single axial position, 

thereby limiting further reactivity of the Fe(IV)¹N with exogenous substrates. 

Unexpectedly, the solid-state structure revealed a longer Fe¹N bond for complex I.11 

compared to I.12, from 1.500(3)/1.526(3) Å to 1.529(1) Å, respectively. The zero-field 

57Fe Mössbauer spectrum recorded at 77 K of the Fe(IV) nitride complex I.11 revealed 

an isomer shift of ï0.35 mm s-1 and a large quadrupole splitting |ȹEQ| = 5.28 mm s-1. In 

comparison, the Fe(V) analogue I.12 showed a more negative isomer shift  

d = ï0.47 mm s-1 and significantly smaller quadrupole splitting |ȹEQ| = 3.85 m s-1, which 

is consistent with an S = 1/2 electronic configuration. 

Recently, Meyer and co-workers reported the synthesis and characterization of 

an Fe(VII) nitrido complex prepared by one-electron oxidation from the Fe(VI)¹N 

precursor.48 The oxidation of Fe(V) complex (I.12) bearing the tris-[2-(3-mesityl-

imidazol-2-ylidene)methyl]-amine (TIMMNMes) ligand with silver difluoride yields the 

iron(VI) complex I.13. The molecular structure of I.13 reveals a six-coordinate iron 

center described as a distorted octahedral due to the equatorial coordination of a 

fluoride ligand (Scheme I. 8). Distinct signals were observed by NMR spectroscopy 

confirming the identification of a diamagnetic species. 19F nuclear magnetic resonance 

(NMR) showed a signal at ï310 ppm, supporting that in solution the fluoride ligand is 

 
48 M. Keilwerth, W. Mao, M. Malischewski, S. A. V. Jannuzzi, K. Breitwieser, F. W. Heinemann, A. Scheurer, 
S. DeBeer, D. Munz, E. Bill, K. Meyer, Nat. Chem. 2024, 16, 514-520. 
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bound to the iron center. 57Fe Mössbauer spectrum recorded at 80 K showed a sharp 

quadrupole doublet with a pronounced negative isomer shift of ï0.60 mm s-1, and a 

quadrupole splitting |ȹEQ| = 4.16 mm s-1, which is indicative of an Fe(VI) center with a 

d2, S = 0, electronic ground state.  

 

Scheme I. 8. Synthesis of Fe(VI) and Fe(VII) nitrides complexes containing a fluoro ligand. PF6
- anion is 

omitted for clarity.  

The stable Fe(VI) complex I.13 can be further oxidized to Fe(VII) nitride I.14 

upon reaction with a strong oxidizing agent such as xenon difluoride (XeF2) or metal 

hexafluorides (MoF6 or ReF6) at ï196 ºC.48 The Fe(VII) nitride I.14 complex is highly 

reactive, and above ï50 ºC undergoes intramolecular amination to give the Fe(V) imido 

fluoride complex as the main product. Due to its extremely short lifetime and inherent 

instability, freeze-quench 57Fe Mössbauer spectroscopy, X-band electron paramagnetic 

resonance (EPR) combined with XAS techniques, and Complete Active Space Self-

Consistent Field (CASSCF) calculations were used to confirm the identity of the Fe(VII) 

nitride. The zero-field 57Fe Mössbauer spectrum recorded at 77 K exhibited a negative 

isomer shift d = ï0.72 mm s-1, representing the most negative value reported to date for 

iron coordination complexes, along with a large quadrupole splitting,  

|ȹEQ| = 3.30 mm s-1. XAS data further supported these findings, indicating that the iron 

center is the most oxidized one reported in the literature. In contrast to Fe(V) and 

Fe(VI) nitride, which are not reactive at room temperature, Fe(VII) is unstable and 

decomposes into a stable Fe(V) imido compound.  
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In 2020, Smith and co-workers reported the synthesis and crystallographic 

characterization of bis(imido) Fe(V) and Fe(VI) complexes stabilized by a bidentate 

NHC ligand.49 The tetracoordinated Fe(I) complex [H2B(MesIm)2Fe(Ẽ2:Ẽ2-dvtms)] (I.15, 

(H2B(MesIm)2 = dihydrobis[1-(2,4,6-trimethylphenyl)imidazole-2-ylidene]borato, dvtms 

= 1,3-divinyl-1,1,3,3-tetramethyldisiloxane) reacts with two equivalents of MesN3 to give 

the corresponding Fe(V) bis(imido) complex (I.16, Scheme I. 9). Cyclic voltammetry of 

the stable Fe(V) bis(imido) complex (I.16) showed a reversible wave at ï0.73 V vs. 

Fc+/0 in tetrahydrofuran, which was assigned to the Fe(IV)/Fe(V) redox couple.  

 

Scheme I. 9. Synthesis of the high-valent iron bis(imido) complexes; R= 2,4,6-Me3C6H2. X-ray structures 

showing thermal ellipsoids at 50% probability. Hydrogens atoms and BPh4
ï anions are omitted for clarity. 

R= 2,4,6-Me3C6H2 are shown as light-grey lines. a) [H2B(MesIm)2Fe(Ẽ2:Ẽ2-dvtms)] (I.15) b) 

[H2B(MesIm)2Fe(=NMes)2] (I.16) and c) [H2B(MesIm)2Fe(=NMes)2][BPh4] (I.17). 

With this data, one-electron oxidation of I.16 with ferrocenium tetrafluoroborate 

([Cp2Fe]BF4) afforded the unusual Fe(VI) bis(imido) complex (I.17) in 81% yield. The 

scXRD data and electronic structure calculation of Fe(V) and Fe(VI) bis(imido) 

complexes revealed a seesaw coordination geometry at the iron center, which is bound 

to the bidentate carbene ligand and two imido ligands. I.16 and I.17 complexes are 

characterized by a relatively large NïFeïN bond angle of 135.48(8)º and 143.4(1)º, 

respectively. As expected, the Fe¹N bond distances are 1.676(1) Å and 1.684(2) Å for 

the Fe(V) bismido complex I.16, which are slightly longer than those of the Fe(VI) 

analogue I.17 (1.630(2) Å and 1.638(2) Å). The Fe(V) complex (I.16) is paramagnetic 

and is described as d3 low-spin (S = 1/2) electronic configuration. The solid-state 57Fe 

 
49 J. L. Martinez, S. A. Lutz, H. Yang, J. Xie, J. Telser, B. M. Hoffman, V. Carta, M. Pink, Y. Losovyj, J. M. 
Smith, Science 2020, 370, 356-359. 
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Mössbauer spectrum of I.16, recorded at 80 K, displays an asymmetric doublet with an 

isomer shift (ŭ = ï0.25 mm s-1) and a small quadrupole splitting of |ȹEQ|= 0.82 mm s-1, 

consistent with a high oxidation state. 57Fe Mössbauer spectroscopic data for complex 

I.17 support the assignment of the diamagnetic Fe(VI) complex with a low-spin d2 

configuration (S = 0). An isomer shift of ŭ = ï0.48 mm s-1 and a large quadrupole 

splitting of |ȹEQ| = 1.25 mm s-1 are consistent with a metal-centered oxidation. The 

combination of strongly donating carbene and imido ligands contributes to the 

stabilization of this distinct class of high-valent iron complexes.  

 

I.3 High -Valent Organoiron Complexes  

Organometallic transition metal complexes, which contain a MïC bond, are 

relevant catalytic intermediates in bond-forming processes. For instance, cross-

coupling reactions (e.g. Suzuki-Miyaura, Heck, Stille, Negishi), hydroformylations, and 

olefin polymerization, proceed through the formation of organometallic intermediates 

during the catalytic cycle. On the other hand, transition metals coordinated to alkyl 

ligands tend to undergo rapid thermal decomposition via pathways such as homolysis, 

a- and b-elimination, homolysis or nucleophilic attack.50,51,52,53,54 Due to their inherent 

instability and tendency to decompose, metal alkyl complexes often undergo side 

reactions that limit their use in catalysis, decreasing the overall efficiency. Therefore, 

designing more stable metal-alkyl compounds is essential to improve catalyst 

performance and control of undesired reactivity pathways.55 In particular, b-hydride 

elimination is the most common decomposition pathway for transition metal-alkyl 

complexes. To circumvent this event, bridged or fused aliphatic and cyclic rings serve 

as stabilizing frameworks. Its constitution makes a-elimination impossible and b-

hydride elimination unlikely due to the high ring strain that would disfavor homolysis 

and nucleophilic displacement at the bridgehead carbon, thereby increasing complex 

stability.56 

  

 
50 R. P. A. Sneeden, H. H. Zeiss, J. Organomet. Chem. 1970, 22, 713-722. 
51 M. F. Lappert, J. B. Pedley, G. Sharp, J. Organomet. Chem. 1974, 66, 271-278. 
52 M. Tsutsui, H. Zeiss, J. Am. Chem. Soc. 1959, 81, 6090-6091. 
53 M. D. Johnson, 31.2 - Mononuclear Iron Compounds with ɖ1-Hydrocarbon Ligands in Comprehensive 
Organometallic Chemistry (Eds.: G. Wilkinson, F. G. A. Stone, E. W. Abel), Pergamon, Oxford, 1982, pp. 
331-376. 
54 M. C. Baird, J. Organomet. Chem. 1974, 64, 289-300. 
55 R. P. A. Sneeden, H. H. Zeiss, J. Organomet. Chem. 1970, 22, 713-722. 
56 J. A. Marshall, H. Faubl, J. Am. Chem. Soc. 1970, 92, 948-955. 
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In 1972, Bower and Tennet reported the synthesis and characterization of 

several exceptionally stable homoleptic tetraalkyl transition metal complexes (Hf, Zr, Ti, 

V, Cr, Mn, Fe, Co) bearing 1-norbornyl ligand, denoted as M(Nor)4.57 Especially, MX4-

type complexes of the late first-transition metals (Fe, Co and Ni) are uncommon and 

rare. [Fe(1-norbornyl)4] was the first organoiron(IV) complex to contain a direct FeïC s-

bond. The reaction of FeCl3ÅEt2O with 1-norbornyllithium in pentane led to the isolation 

of the homoleptic Fe(1-norbornyl)4 complex (I.18) in 50% yield (Scheme I. 10). It was 

described as a diamagnetic, purple and crystalline solid. The formation of Fe(1-

norbornyl)4 is postulated to occur via disproportion reaction involving transient Fe(III) or 

Fe(II) 1-norbornyl species. Magnetic data indicates that the four d-electrons are paired, 

with an effective magnetic moment (ɛeff) of 0 BM, corresponding to a low-spin S = 0 

ground state.  

 

Scheme I. 10. a) Synthesis of Fe(1-norbornyl)4 (I.18) b) scXRD structure of Fe(1-norbornyl)4;Hydrogens 

are omitted and 1-norbornyl are shown as light-grey lines for clarity.  

Later, Thiele and co-workers confirmed the diamagnetism of Fe(1-norbornyl)4 by 

NMR spectroscopy.58 Twenty years later, Hayton and co-workers revisited and 

completed the characterization of Fe(1-norbornyl)4 by obtaining its solid-state structure 

and 57Fe Mössbauer data.59 X-ray diffraction analysis revealed that the Fe(IV) center 

exhibits a nearly ideal tetrahedral geometry, despite the severe disorder in the  

1-norboryl ligand. The FeïC bond lengths in Fe(1-norbornyl)4 (I.18), ranging from 

1.984(7) Å to 2.002(14) Å, are longer than the CoïC bond lengths in Co(Nor)4, which 

range between 1.912(23) and 1.930(21) Å, consistent with the large ionic radius of the 

iron center.  

 
57 B. K. Bower, H. G. Tennent, J. Am. Chem. Soc. 1972, 94, 2512-2513. 
58 K.-H. Thiele, V. Dimitrov, D. Schenke, A. Kr¿ger, A. Rusina, Wiss. Z. Tech. Hochsch. Carl 

Schorlemmer  Leuna-Merseburg 1986, 28. 
59 R. A. Lewis, D. E. Smiles, J. M. Darmon, S. C. E. Stieber, G. Wu, T. W. Hayton, Inorg. Chem. 2013, 52, 
8218-8227. 
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The diamagnetic nature of this iron(IV) complex highlights the strong s-donating 

character of the 1-norbornyl ligand. 57Fe Mössbauer spectroscopy recorded at 80 K of 

Fe(1-norbornyl)4 (I.18) features an isomer shift d = ï0.28 mm s-1, in agreement with the 

oxidation state +4, while the near zero quadrupole splitting, |ȹEQ| = 0.15 mm sī1, is 

suggestive of a spherical electric charge distribution around the central metal. The 

strong ligand field forces all four d-electrons into the Ὠ  and Ὠ  orbitals, stabilizing 

a low-spin d4 electronic configuration, as previously observed for [Co(1-norbornyl)4.60,61 

As shown, 1-norbornyl ligands facilitate the stabilization of high-valent metal alkyl 

complexes by disfavoring decomposition pathways. In 2017, Fürstner and co-workers 

expanded the family of homoleptic organoiron(IV) complex with two new tetralkyl 

iron(IV) derivatives: Fe(cyclohexyl)4 and Fe(2-adamantyl)4.62 Some tetraalkyl transition 

metal complexes bearing the cyclohexyl ligand (M = Os, Ru, Cr, and Ti) have been 

characterized as they show relative stability towards decomposition.63,64,65,66 

[Fe(cyclohexyl)4] (I.19) was synthesized by adding an excess of cyclohexylmagnesium 

chloride to either Fe(II) or Fe(III) salts in tetrahydrofuran at ï35 ºC, which was isolated 

as a purple solid in 20-25% yield. A similar procedure was employed for Fe(2-

adamantyl)4] (I.20) using 2-adamantatyllithium at ï35 ºC, resulting in 26-31% yield 

(Scheme I. 11). In both cases, the homoleptic iron(IV) complexes are proposed to form 

via disproportionation of transient iron(II) or iron(III) intermediates containing several 

alkyl ligands. The formation of Fe(IV) is accompanied by the precipitation of a black 

ferromagnetic solid, most likely assigned to iron nanoparticles or iron intermetallic 

species. 

 
60 E. K. Byrne, D. S. Richeson, K. H. Theopold, J. Chem. Soc., Chem. Commun. 1986, 1491-1492. 
61 E. K. Byrne, K. H. Theopold, J. Am. Chem. Soc. 1989, 111, 3887-3896. 
62 A. Casitas, J. A. Rees, R. Goddard, E. Bill, S. DeBeer, A. Fürstner, Angew. Chem. Int. Ed. 2017, 56, 
10108-10113. 
63 P. J. Davidson, M. F. Lappert, R. Pearce, Chem. Rev. 1976, 76, 219-242. 
64 P. Stavropoulos, P. D. Savage, R. P. Tooze, G. Wilkinson, B. Hussain, M. Motevalli, M. B. Hursthouse, J. 
Chem. Soc., Dalton Trans. 1987, 557-562. 
65 R. P. Tooze, P. Stavropoulos, M. Motevalli, M. B. Hursthouse, G. Wilkinson, J. Chem. Soc., Chem. 
Commun. 1985, 1139-1140. 
66 E. M. Meyer, A. Jacot-Guillarmod, HCA 1985, 68, 1698-1703. 
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Scheme I. 11. a) Synthesis of homoleptic tetraalkyl Fe(IV) complexes (I.19 and I.20). b) scXRD structure 

of Fe(cyclohexyl)4 (I.19). Hydrogens are omitted for clarity and displacement ellipsoids are drawn at 50 % 

probability. 

Complex I.19 proved to be stable in solid form as well as in toluene solution for 

several days at ï20 ºC under an argon atmosphere. However, compared to [Fe(1-

norbornyl)4] (I.18) complex that is chemically inert, the cyclohexyl ligands in I.19 are 

prone to homolytic bond cleavage, reductive ligand coupling and a- and b-hydride 

elimination. Both 1-norbornyl and cyclohexyl groups have strong ligand-field character 

and the ability to engage in attractive interligand London dispersion forces when placed 

in close proximity.5959 Remarkably, neither [Fe(cyclohexyl)4] (I.19) nor [Fe(2-

adamantyl)4] (I.20) undergo spontaneous a- and b-hydride elimination, despite the 

presence of hydrogen atoms surrounding the high-valent iron center.  

Only X-ray structure of I.19 was obtained, as the low solubility of I.20 prevented 

its crystallization. As shown in Scheme I. 11, the Fe(IV) center in I.19 adopts an almost 

ideal tetrahedral geometry, with remarkably shorter FeïC bonds (1.931(1)/1.928(1) Å) 

compared to those in the 1-norbornyl derivative (I.18), which range from 1.984(7) Å to 

2.002(14) Å.59 Complex I.19 is diamagnetic, consistent with a low spin Fe(IV) center 

(S= 0) and has been characterized by NMR spectroscopy. The 57Fe Mössbauer spectra 

of I.19, recorded at 80 K, reveals an isomer shift d = ï0.29 mm s-1 and a nearly zero 

quadrupole splitting |ȹEQ|= 0.28 mm sī1. These values are close to those of 

[Fe(1-norbornyl)4] complex (I.18), which displays d = ï0.28 mm s-1 and |ȹEQ|= 0.15 mm 

sī1. In contrast, the 2-adamantyl complex (I.20) exhibited higher isomer shift 

d = ï0.13 mm s-1 and a significant larger quadrupole splitting |ȹEQ|= 0.69 mm sī1 
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compared to both I.18 and I.19. The large value of the quadrupole splitting in I.20 is 

indicative that the iron coordination environment has a slightly lower symmetry than in 

I.19, likely due to the steric bulkiness of 2-adamantyl ligands in comparison to the 

cyclohexyl ligands.  

Another factor contributing to the stability of these homoleptic complexes is the 

attractive London dispersion between the CïH bonds of the 1-norbornyl, cyclohexyl 

and 2-adamantyl groups.59,62 These forces are proposed to play an important role in 

stabilizing complexes and promoting disproportionation reactions. Previously, Powers 

and co-workers computationally analyzed the stabilization energy provided by the 

attractive dispersion forces in the series [M(1-norbornyl)4] (M = Fe, Co and Ni), 

highlighting their role in stabilizing first-row tetraalkyl transition metal complexes.67 

Among these, [Fe(1-norbornyl)4] (I.18) was identified as the most stable derivative, 

attributed to its short FeïC bonds and the effect of steric hindrance and the London 

dispersion interactions. The remarkable stability of these molecules arises from the 

harmonious combination of steric and dispersion force effects of the four 1-norbornyl 

ligands, stabilizing the high-valent iron complex.  

Another subclass of organoiron(IV) complexes consists of those containing 

cyclopentadienyl ligands (Cp, C5H5) as ancillary ligand. Cp and its derivatives are 

widely used in organometallic chemistry and homogeneous catalysis, generally acting 

as robust spectator ligands, although in some cases they have been shown to 

participate actively in reactivity. The first iron(IV) complex stabilized by a 

cyclopentadienyl ligand was reported in 1971 by Graham and Jetz (Scheme I. 12).68,69 

Under UV light irradiation, iron(II) precursor [CpFe(SiCl3)(CO)2] (I.21) reacts with an 

excess of HSiCl3 to form the corresponding Fe(IV) complex, [CpFeH(SiCl3)2(CO)] 

(I.22), in 37% yield. Interestingly, this complex is thermally stable up to 65 ºC but 

remains air sensitive. 

Scheme I. 12. a) Synthesis and b) scXRD of [CpFeH(SiCl3)2(CO)]. Hydrogens are omitted for clarity.  

 
67 D. J. Liptrot, J.-D. Guo, S. Nagase, P. P. Power, Angew. Chem. Inl. Ed. 2016, 55, 14766-14769. 
68 W. Jetz, W. A. G. Graham, Inorg. Chem. 1971, 10, 4-9. 
69 L. Manojlovic-Muir, K. W. Muir, J. A. Ibers, Inorganic Chemistry 1970, 9, 447-452. 
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In 2016, Malischewski and co-workers reported the isolation, structural and 

electronic characterization of a high-valent iron(IV) metallocene, which is stabilized by 

two 1,2,3,4,5-decamethylcyclopenadienyl (Cp*) ligands.70 The dicationic [Cp*2Fe]2+ 

complex was synthesized via two-electron chemical oxidation of decamethylferrocene 

(Cp*2Fe) using several strong oxidants, such as AsF5, SbF5 or ReF6 in neat sulfur 

dioxide (SO2) and [XeF](Sb3F11) in neat hydrogen fluoride (HF) (Scheme I. 13). The 

decamethylferrocene complex, which is a 18-electron species, is oxidized stepwise to 

yield the ferric complex [Cp*2Fe]+ (a 17-electron compound) and, finally, the stable 

Fe(IV) species [Cp*2Fe]2+ as a 16-electron complex. The dicationic [Cp*2Fe]2+ salts are 

stable at room temperature but must be prepared, handled and stored under strictly 

inert conditions. However, they are highly soluble only in harsh and toxic solvents, such 

as SO2 and anhydrous HF liquid. Exposure to common organic solvents or air leads to 

immediate decomposition.  

 

Scheme I. 13. a) Synthesis of [Cp*2Fe](SbF6)2 (I.23) and [Cp*2Fe](Sb2F11)2 (I.24). b) scXRD structures of 

I.23 and I.24. Thermal ellipsoids are shown at 50% probability; hydrogen atoms, SbF6
- and Sb2F11

- anions 

and HF molecules are omitted for clarity. 

Single-crystal X-ray diffraction analysis reveal that the structures of the iron(IV) 

salts vary depending on the counteranion, resulting in either bent or nearly linear 

metallocene geometries. Salts with large and weakly coordinating anions such as 

M2F11
ï (M = Sb, As) exhibit nearly linear metallocene structures with Cp*ïFeïCp* tilt 

angles ranging from 0º to 4º. In contrast, salts with smaller anions such as MF6
ï (M = 

Sb, As) adopt bend geometries, showing tilt angles between 14º and 17º. The FeïC 

 
70 M. Malischewski, M. Adelhardt, J. Sutter, K. Meyer, K. Seppelt, Science 2016, 353, 678-682. 
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bond lengths in [Cp*2Fe]2+ are significantly longer (ranging from 2.12 Å to 2.15 Å) 

compared to those in [Cp*2Fe]+ (Fe(III)ïC from 2.085(3) to 2.128(2) Å) and [Cp*2Fe] 

(FeIIïC from 2.045(3) to 2.053(2) Å). Counterintuitively, FeïC bond elongates with the 

increase in oxidation state, due to stepwise electron removal from weakly bonding 

orbitals of ferrocene.  

57Fe Mössbauer spectroscopy of 57Fe-enriched sample of [Cp*2Fe](SbF6)2 (I.23) 

and [Cp*2Fe](Sb2F11)2 (I.24) measured at 77 K, showed similar spectra featuring an 

asymmetric quadrupole doublet. Both complexes exhibited an identical positive isomer 

shift d = 0.59 mm s-1 and a large electric quadrupole splitting |ȹEQ|= 1.89 mm sī1 for 

I.23 and |ȹEQ|= 2.00 mm sī1 for I.24. The isomers shift observed for the [Cp*2Fe]2+ 

dications are slightly higher than those observed for ferrocene or ferrocenium salts, 

which typically range from 0.48 mm s-1 and 0.50 mm s-1. This trend correlates with the 

elongation of FeïCp* bonds: (i) as the metal-ligand bonds become longer and less 

covalent, (ii) the isomer shift increases due to reduced Fe 4s orbital participation and 

radical expansion, leading to lower core s-electron density at the nucleus. SQUID 

magnetization measurements of I.23 and I.24 at 250 K showed effective magnetic 

moments of 3.04 ɛB and 3.38 ɛB (Bohr magneton), respectively. These values support a 

S = 1 ground state for Fe(IV) complexes, with notable contributions from first-order 

spin-orbit coupling. Several examples of half-sandwich Fe(IV) complexes have been 

reported, further demonstrating that Cp-based ligands contribute significantly to the 

stabilization of iron in high oxidation state.70  
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As discussed above, iron(IV)-oxo porphyrin complexes are reactive 

intermediates in numerous biological processes.71,72 Inspired by their biological 

relevance, macrocyclic ligand frameworks such as porphyrins, corroles, and tetra-

amido macrocyclic ligand (TAML), which are di-, tri-, and tetranionic, respectively, have 

been widely explored in coordination chemistry for their ability to stabilize high-valent 

metal complexes.73 In addition to their strong donor properties, porphyrins and corroles 

are well-known for their redox non-innocent behavior. However, certain TAML ligands 

lacking aromatic substituents, such as benzyl or phenylenediamido groups, exhibit 

redox innocent behavior.74 Among them, corroles are structurally similar to porphyrins, 

except for a direct link between two pyrrole units, which makes them trianionic ligands. 

This structural feature provides a unique platform to maintain a planar ring 

conformation and effectively stabilize complexes in high oxidation states. 

Organoiron(IV) porphyrin complexes have only been observed as transient species, 

formed via electrochemical oxidation of organoiron(III) compounds. The 

electrogenerated Fe(IV) s-aryl porphyrin complexes (I.26) rapidly decompose to CïN 

axial ligand migration (I.27), where the organic ligand (R) shifts towards one of the four 

porphyrinic nitrogen, precluding their isolation (Scheme I. 14). 

 

Scheme I. 14. Electrogeneration of Fe(IV) s-aryl porphyrin complexes and their CïN migration reactivity.  

In 1994, Weighardt and co-workers reported the synthesis of two well-defined 

Fe(IV) corrole complexes stabilized by a trianionic macrocyclic ligand  

(Scheme I. 15a).75 First, complex I.29 was obtained by oxidation of a Fe(III) corrole 

precursor with thianthrenium tetrafluoroborate, yielding a radical cationic Fe(III)ïCl 

species (I.28). X-ray diffraction analysis revealed a distorted square pyramidal 

geometry, with the iron center displaced 0.422(1) Å above the N4 plane and an 

 
71 J. T. Groves, Z. Gross, M. K. Stern, Inorg. Chem. 1994, 33, 5065-5072. 
72 J. T. Groves, J. Inorg. Biochem. 2006, 100, 434-447. 
73 A. Chanda, D.-L. Popescu, F. T. de Oliveira, E. L. Bominaar, A. D. Ryabov, E. Münck, T. J. Collins, J. 
Inorg. Biochem. 2006, 100, 606-619. 
74 T. J. Collins, Acc. Chem. Res. 1994, 27, 279-285. 
75 E. Vogel, S. Will, A. S. Tilling, L. Neumann, J. Lex, E. Bill, A. X. Trautwein, K. Wieghardt, Angewandte 
Chemie International Edition in English 1994, 33, 731-735. 
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average FeïN distances of 1.906(2) Å. 57Fe Mössbauer spectroscopy of I.28 at 77 K 

showed a positive isomer shift ŭ = +0.19 mm s-1 and smaller quadrupole splitting 

|ȹEQ| = 2.99 mm s-1. Subsequent transmetalation of complex I.28 with 

phenylmagnesium bromide afforded the organometallic Fe(IV) s-phenyl complex I.29, 

a rare example of an air-stable Fe(IV)ïaryl complex. Structural analysis confirmed a 

similar square pyramidal geometry, with a smaller displacement of the Fe atom above 

the N4 plane (0.272 Å) and a slightly contracted average FeïN bond distance of 

1.871(3) Å, reflecting the stronger electron donation from the phenyl ligand. The FeïC 

bond at 1.984(3) Å is consistent with reported iron(IV) alkyl complexes (Scheme I. 

15b).76 57Fe Mössbauer parameters measured at 77 K (ŭ = ï0.11 mm s-1, ȹEQ = 

3.72 mm s-1) further supported a more electron-rich Fe(IV) center. This suggests a 

decrease of radical character on the macrocycle compared to the chloride analogue 

and supports the stabilization of a Ὠ Ὠ Ὠ  electronic configuration, as 

confirmed by DFT calculations. Together, complexes I.28 and I.29 illustrate how ligand 

substitution modulates the electronic structure and covalency in high-valent iron 

corroles. 

 

Scheme I. 15. a) Synthesis of Fe(IV) phenyl complex I.29. scXRD structure of b) complex I.29 and c) 

complex I.30. and selected bond lengths. Thermal ellipsoids are shown at 50% probability; hydrogens 

atoms and ClO4
- anion are omitted for clarity. 

 
76 E. Van Caemelbecke, S. Will, M. Autret, V. A. Adamian, J. Lex, J.-P. Gisselbrecht, M. Gross, E. Vogel, K. 
M. Kadish, Inorg. Chem. 1996, 35, 184-192. 
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Later, Kadish and co-workers reported the electrochemical oxidation of 

[(OEC)FeIII(C6H5)]-.77 The resulting one-electron oxidized [(OEC)FeIV(C6H5)]Å+ complex 

represents the first iron(IV) tetrapyrrole ˊ-radical cation to be isolated and structurally 

characterized as a perchlorate salt. X-ray diffraction analysis confirmed that complex 

I.30 adopts a five-coordinate geometry, with a shortened FeïC bond of 1.966(5) Å and 

an average FeïN bond length of 1.863(3) Å (Scheme I. 15c).75 57Fe Mössbauer 

parameters further supported the Fe(IV) oxidation state with a small isomer shift of  

d = ï0.10 mm s-1 and a large quadrupole splitting of |ȹEQ|= 3.66 mm sī1, which is 

consistent with an oxidation state +4. Together with EPR spectroscopy data, the results 

revealed a low-spin S = 1/2 state, providing evidence for strong antiferromagnetic 

coupling between the iron(IV) center and the one-electron oxidized corrole macrocycle.  

In 2019, Peters and co-workers reported the reductive protonation of 

mononuclear Fe(I) and Fe(II) acetylene adducts, leading to the formation of the 

corresponding terminal Fe(IV) and Fe(V) carbyne complexes (Scheme I. 16a).78 These 

room temperature stable and diamagnetic complexes were characterized by single 

crystal X-ray diffraction analysis, EPR, NMR, 57Fe Mössbauer, and X-ray absorption 

(XAS) spectroscopies, as well as theoretical calculations.  

 

Scheme I. 16. Structure of a) Fe(IV) carbyne carbyne complex (I.31) and b) Fe(IV) alkyl complex (I.32). 

The most recent example of organoiron(IV) complexes was reported by Holland 

and co-workers, where they described the synthesis of a formal stable Fe(IV) alkyl 

complex (Scheme I. 16b).79 This species was obtained via double silylation of an iron(I) 

alkyl dinitrogen complex. These two recent examples will be discussed in more detail in 

Chapter IV, as part of its introduction.  

  

 
77 ;. 
78 C. Citek, P. H. Oyala, J. C. Peters, J. Am. Chem. Soc. 2019, 141, 15211-15221. 
79 S. M. Bhutto, R. X. Hooper, S. F. McWilliams, B. Q. Mercado, P. L. Holland, Chem. Sci. 2024, 15, 3485-
3494. 
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I.4 General aspects of Iodine(III) reagents  

Iodine(III) compounds have been widely used in organic synthesis as powerful 

oxidants and versatile group transfer reagents to form carbon-carbon and carbon-

heteroatom bonds.80 Their interest arises from not only their reactivity but also their 

relevance as environmentally friendly, non-toxic, and cost-effective reagents. In the 

past 20 years, the use of these reagents in catalysis and organic chemistry has been 

well explored due to their versatility in various reactions, such as oxidation, CïH 

functionalization, CïC or Cïheteroatom bond formation, and halogenation, among 

others.81 This broad reactivity makes them highly attractive reagents in organic 

synthesis, offering a viable alternative to more toxic and harmful heavy metals. The 

unique structure and electronic properties of these compounds are related to the 

oxidation state of iodine, which is +III or +V, and the unusual bonding description 

expected for p-block elements. The bonding involves the overlap of the 5p orbital on 

the iodine atom with the appropriate orbitals of the two ligands (L) forming a linear LïIï

L bond.82,83 This three-center-four-electron (3c-4e) interaction is commonly referred to 

as a ñhypervalent bondò (Figure I. 1). Although the concept of hypervalency remains a 

subject of debate, it has been successfully used to rationalize the structural and 

reactivity of iodine(III) compounds. The bond is highly polarized, longer and weaker 

compared to the regular IïL covalent bond due to electron delocalization. This bonding 

allows for facile ligand exchange and higher reactivity compared to iodine compounds 

in the oxidation state +1 (Figure I. 1). Hypervalent iodine reagents are classified based 

on the oxidation state and nature of the iodine atom, with iodine(III) species known as 

l3-iodanes and iodine(V) compounds referred to as l5-iodanes. 

 
80 D. P. Hari, P. Caramenti, J. Waser, Acc. Chem. Res. 2018, 51, 3212-3225. 
81 V. V. Zhdankin, Introduction and General Overview of Polyvalent Iodine Compounds in Hypervalent 
Iodine Chemistry, 2013, pp. 1-20. 
82 V. V. Zhdankin, Hypervalent Iodine Catalysis in Hypervalent Iodine Chemistry, John Wiley & Sons Ltd, 
London 2013, pp. 337-380. 
83 V. V. Zhdankin, Preparation, Structure and Properties of Polyvalent Iodine Compounds in Hypervalent 
Iodine Chemistry, 2013, pp. 21-143. 
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Figure I. 1. Structure of l5- and l3-iodanes, bonding properties and type of hypervalent iodine reagents.  

l3-iodanes (RIL2, where R = organic C-ligand, L = heteroatom ligands) adopt a 

T-shaped geometry, forming a distorted trigonal bipyramidal structure, in which the 

most electronegative ligands (L) occupy the apical positions, while the organic group 

(R) is positioned in the equatorial plane with the two lone pairs of electrons. These 

compounds formally contain ten electrons in the valence shell as shown in Figure I. 1 

In contrast, l5-iodanes (RIL4) feature a square bipyramidal geometry, in which the 

organic group (R) and the Ione pair occupy the apical positions, while the four 

electronegative ligands (L) are arranged in the equatorial plane. These species contain 

twelve valence electrons and are formally coordinated by five ligands and one lone pair 

of electrons. Depending on their configuration, hypervalent iodine reagents can be 

categorized as acyclic, pseudocyclic, or cyclic (Figure I. 2).84 Among these, cyclic 

iodine compounds (e.g., benziodoxolones) are generally more stable, and easier to 

handle than the acyclic ones, and are often bench-stable. The enhanced stability is 

attributed to the direct coordination between apical and equatorial ligands at the iodine 

center, which hinders pseudorotation and reductive elimination, thereby limiting thermal 

decomposition. In addition, the rigid CïI bond in cyclic ɚį-iodanes prevents free 

rotation, allowing for a better overlap between the ˊ-system and the iodine lone 

electron pairs. This increased orbital interaction contributes to the overall stabilization 

of the hypervalent iodine center. In contrast, acyclic reagents such as PhIFϞ and the 

Willgerodt reagent (PhIClϜ), which lack a cyclic backbone, possess a freely rotating CïI 

bond those results in a weaker ˊïlone pair overlap and lower thermal stability. In 

 
84 J. Macara, C. Caldeira, D. L. Poeira, M. M. B. Marques, Eur. J. Org. Chem. 2023, 26, e202300109. 
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contrast, acyclic reagents do not contain endocyclic iodine atoms, as seen in PhIF4 and 

Wilgerodt reagents (PhICl2) that are widely used in halogenation reactions.  

 

Figure I. 2. Type of structure of hypervalent iodine reagents with selected examples.  

Pseudocyclic hypervalent iodine reagents are characterized by the presence of 

a strong secondary bond between the positively charged iodine center and the ligand.85 

For example, pseudocyclic benziodoxole tosylate exhibit higher electrophilic reactivity, 

greater thermal stability, improved solubility and have similar reactivity compared to 

common iodine(III) reagents such as PhIO and PhINTs.86 The reactivity of iodine(III) 

compounds as group transfer reagents is primarily attributed to the strong 

electrophilicity of the iodine atom. l3-iodanes play a crucial role in organic synthesis by 

acting as electrophilic synthons for typically nucleophilic functional groups, such as 

azides, trifluoromethyl, cyanides and alkynes. This inversion of polarity, known as 

Umpolung, is achieved by chemical modification of the functional group and 

significantly expands the synthetic versatility of these reagents in organic chemistry. 

For instance, traditional alkyne transfer methods are based on nucleophilic 

alkynylation, which takes advantage of the high acidity of the terminal alkyne  

(Scheme I. 17 A). Established synthetic strategies, such as Sonogashira cross-coupling 

and acetylide additions to carbonyl compounds, have proven to be highly reliable. 

However, the direct addition of alkynes to nucleophiles requires an inversion of their 

typical polarity.87 

 

 

 

 
85 V. V. Zhdankin, J. D. Protasiewicz, Coord. Chem. Rev. 2014, 275, 54-62. 
86 A. Yoshimura, M. S. Yusubov, V. V. Zhdankin, Org. Biomol. Chem. 2016, 14, 4771-4781. 
87 D. P. Hari, P. Caramenti, J. Waser, Acc. Chem. Res. 2018, 51, 3212-3225. 
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Scheme I. 17. General scheme (A) Nucleophilic alkynylation (B) Electrophilic alkynylation (C) Electrophilic 

alkynylation with hypervalent iodine(III) reagents. 

Processes such as the alkynylation of enolates, the cross-coupling of CïH or 

Cïmetal bonds with electrophilic alkynyl reagents, and the direct alkynylation of 

heteroatoms are particularly valuable transformations (Scheme I. 17 B).88 These 

reactions allow the functionalization of nucleophilic sites via a polarity inversion 

(Umpolung) strategy.89 While nucleophilic alkynylation is typically achieved using 

terminal alkynes (e.g., Sonogashira-type couplings) or metal acetylides, electrophilic 

alkynylation requires activated alkynyl reagents such as halogenoacetylenes. Despite 

their utility, the later reagents often suffer from limited reactivity and functional group 

tolerance. To overcome these limitations, iodine(III) compounds such as 

benziodoxolones (BX), and particularly ethynylbenziodoxolones (EBX), have emerged 

as efficient electrophilic alkynylating reagents. Their broad functional group 

compatibility and ability to engage in metal-free transformations have made them 

 
88 J. P. Brand, J. Waser, Chem. Soc. Rev. 2012, 41, 4165-4179. 
89 I. Kanwal, A. Mujahid, N. Rasool, K. Rizwan, A. Malik, G. Ahmad, S. A. A. Shah, U. Rashid, N. M. Nasir, 
Catalysts 2020, 10, 443. 
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valuable tools for the selective introduction of alkynes under mild conditions  

(Scheme I. 17 C). 

As already mentioned, iodine(III) compounds exhibit reactivity patterns similar to 

those of certain metals such as Hg(II), Tl(III) or Pb(IV), which are known to participate 

in fundamental organometallic transformations including ligand exchange, ligand 

coupling, single electron transfer (SET), and reductive elimination. A common reactivity 

pattern for iodine(III) reagents involves ligand exchange with nucleophiles, which can 

proceed via either associative or dissociative pathway.90 In the associative mechanism 

(Scheme I. 18), a nucleophile attacks the electron-deficient iodine atom in the  

l3-iodane, forming a square-planar intermediate that can undergo cis-trans 

isomerization. This rearrangement facilitates the substitution of one of the ligands, 

resulting in the formation of a new iodine(III) compound. A typical example of this 

process is observed in dichloroiodoarenes, which readily undergo ligand exchange to 

generate another hypervalent iodine derivative. In contrast, the dissociative mechanism 

proceeds in a stepwise manner, first with the dissociation of a ligand from the iodine 

atom to generate an electron-deficient iodine species. This intermediate subsequently 

reacts with a nucleophile, leading to the forming of the same iodine(III) compound 

(I.34). 

 

Scheme I. 18. Mechanism of the ligand exchange in iodine(III) compound I.33 to form I.34. 

Reductive elimination represents a key reactivity pattern of iodine(III) reagents 

(Scheme I. 19).91 In this process, the LïIïNu bond of the iodine(III) compound (I.33) 

breaks to release iodobenzene, leading to a formal inversion of the polarity of the 

nucleophile (Nuϖ to Nuϕ), which then reacts with Lϖ to form the NuïL product. An 

alternative pathway involves a pseudo-rotation mechanism that places the nucleophile 

 
90 R. M. Moriarty, O. Prakash, Acc. Chem. Res. 1986, 19, 244-250. 
91 Y. Kita, T. Dohi, The Chemical Record 2015, 15, 886-906. 
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and the ligand in apical and axial positions, respectively favoring ligand coupling in a 

concerted fashion. This reactivity closely resembles the redox behavior of transition 

metals complexes, such as those of Pd, Au, and Pt. 

 

Scheme I. 19. Pathway for reductive elimination and pseudo rotation followed by ligand coupling. 

To better understand the reactivity of cyclic ɚį-iodanes, it is essential to consider 

their reduction potential (Epc) and the bond dissociation energy (BDE) of the IïL bond 

(where L = N3, F, CF3, CN, or alkynes).92 Due to their inherently weaker and longer 

hypervalent bonds, these compounds can undergo homolytic cleavage under thermal 

or photochemical activation. In particular, ɚį-iodanes with weak IïL bonds, such as IïN3 

and IïCF3, readily fragment following single-electron transfer (SET), generating a 

biradical intermediate.93 Once generated, these radicals are typically localized on the 

iodine and oxygen atoms, enabling CïH bond activation via hydrogen atom abstraction 

(HAT) to form carbon-centered radicals (Scheme I. 20). Notably, iodine(III) reagents act 

as both radical precursors and radical acceptors. Several ɚį-iodanes, including azido 

(IïN3), cyano (IïCN), and alkynyl (IïCſCR) derivatives, readily react with radicals to 

produce iodanyl radicals, which subsequently undergo bond-forming transformations. 

Radical generation from hypervalent iodine species occurs through photochemical or 

thermal cleavage of IïCl, IïN, or IïO bonds, making them valuable in CïH 

functionalization reactions. Alternatively, reduction at the iodine center can be induced 

by SET-donor molecules, such as transition metal complexes, photocatalysts, or 

organic reducing agents, leading to LïI bond fragmentation and subsequent carbon-

radical formation (Scheme I. 20).  

 
92 A. Casitas, P. Andreetta, Chapter Two - Iron-catalyzed group-transfer reactions with iodine(III) reagents 
in Advances in Catalysis, Vol. 74 (Eds.: T. Ollevier, M. Diéguez), Academic Press, 2024, pp. 33-99. 
93 A. Yoshimura, V. V. Zhdankin, Chem. Rev. 2016, 116, 3328-3435. 
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Scheme I. 20.General radical reactivity of benzodioxoles (BX).  

This radical reactivity has been extensively applied using benziodoxolone-

based reagent (BX), where these compounds act as radical acceptors, facilitating the 

formation of CïC and CïX bonds. Such processes, particularly well-studied with 

ethynylbenziodoxolone (EBX), azidobenzidoxolone (ABX), and cyanobenziodoxolone 

(CBX) reagents, further underscore the synthetic versatility of hypervalent iodine 

chemistry. In reactions involving electron-rich substrates, iodine(III) can participate in 

SET pathways initiated through the formation of charge-transfer (CT) complexes.92,94,95 

The iodine(III) species acts as an electrophilic oxidant and undergoes SET reduction 

upon interaction with the arene.96 This SET reduction gives an iodanyl radical and a 

radical cation intermediate that can be captured by diverse carbon- or heteroatom-

based nucleophiles to yield the corresponding arylated product after a SET oxidation 

and deprotonation steps.97 

 

 

 
94 T. Dohi, M. Ito, K. Morimoto, M. Iwata, Y. Kita, Angew. Chem. Inl. Ed. 2008, 47, 1301-1304. 
95 Y. Kita, T. Takada, H. Tohma, Pure and Applied Chemistry 1996, 68, 627-630. 
96 Y. Kita, H. Tohma, K. Hatanaka, T. Takada, S. Fujita, S. Mitoh, H. Sakurai, S. Oka, J. Am. Chem. Soc. 
1994, 116, 3684-3691. 
97 X. Wang, A. Studer, Acc. Chem. Res. 2017, 50, 1712-1724. 



General Introduction  

31 

I.5 Hypervalent Iodine Reagents in High -Valent Transition Metal Chemistry  

Iodine(III) reagents can react with transition metal complexes through oxidative 

processes that enable the synthesis of high-valent metal species. In this process, 

usually one of the ligands from the iodine(III) reagent is transferred to the resulting 

high-valent metal complex. Late transition metal complexes, including those of Pd, Pt, 

Au, Cu, and Ni can readily undergo oxidation reactions with iodine(III) reagents such as 

PhIClϜ, PhI(OAc)2, I(Ar)2(OTf), and PhI(C¹CR)(OTf).98 These transformations typically 

proceed via either one-electron or two-electron oxidation pathways, with the 

concomitant ligand transfer. 

 

I.5.1 Palladium  

Canty and co-workers reported one of the earliest examples for a well-defined 

organometallic Pd(IV) complex, including its structural characterization by scXRD 

analysis (Scheme I. 21A).99,100,101 Oxidative addition of iodomethane to [(bpy)Pd(Me)2] 

(I.36) afforded the octahedral [(bpy)Pd(Me)3I] complex (I.37), which undergoes 

complete reductive elimination to complex I.38 in solution at 10 ºC after several hours. 

The isolation of organometallic Pd(IV) complexes and the study of their reactivity has 

been relevant for the development of cross-coupling reactions and CïH 

functionalization reactions accommodated into Pd(II)/Pd(IV) catalytic cycles and that 

use hypervalent iodine reagents.102,103 In this regard, common iodine(III) oxidants such 

as PhI(OR)2 have been shown to transfer carboxylate ligands to the metal center, 

which then undergo CïO reductive elimination.104  

 
98 F. C. Sousa e Silva, A. F. Tierno, S. E. Wengryniuk, Molecules 2017, 22, 780. 
99 P. K. Byers, A. J. Canty, B. W. Skelton, A. H. White, J. Chem. Soc., Chem. Commun. 1986, 1722-1724. 
100 P. K. Byers, A. J. Canty, M. Crespo, R. J. Puddephatt, J. D. Scott, Organometallics 1988, 7, 1363-1367. 
101 A. J. Canty, Acc. Chem. Res. 1992, 25, 83-90. 
102 T. W. Lyons, M. S. Sanford, Chem. Rev. 2010, 110, 1147-1169. 
103 J. J. Topczewski, M. S. Sanford, Chem. Sci. 2015, 6, 70-76. 
104 J. M. Racowski, M. S. Sanford, CarbonïHeteroatom Bond-Forming Reductive Elimination from 
Palladium(IV) Complexes in Higher Oxidation State Organopalladium and Platinum Chemistry (Ed.: A. J. 
Canty), Springer Berlin Heidelberg, Berlin, Heidelberg, 2011, pp. 61-84. 
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Scheme I. 21. Selected example for the synthesis of organometallic Pd(IV) complexes by a) Traditional 

approach using methyliodide for oxidative addition and b) synthetic method using Willgerodt reagent.  

Van Koten and co-workers reported the first oxidation of a Pd(II) pincer complex 

(I.39) to dimeric palladium(IV) species (I.40) using the Willgerodt reagent (PhICl2) 

(Scheme I. 22B).105 However, the resulting complex I.40 decomposes in solution within 

few minutes at room temperature. In 2005, Sanford and co-workers reported a series of 

Pd(IV) complexes containing two rigid chelating bidentate 2-phenylpyridine ligands and 

two benzoates. The Pd(IV) complexes I.43 were synthesized by oxidation of the 

corresponding Pd(II) precursor (I.41) using PhI(CO2Ar)2 that serve as both oxidant and 

ligand-transfer reagent.106,107 The electron-donating nature of the cyclometalated 

ligands contributed to the stabilization of the high-valent Pd(IV) species. NMR 

spectroscopy revealed that the two benzoate ligands adopted a cis-geometry, which 

was further confirmed by X-ray crystallographic analysis. These complexes undergo  

CïO bond reductive elimination upon heating (Scheme I. 22). Later, the same group 

demonstrated that using the same ligand framework that the Willgerodt reagent can 

also oxidize Pd(II) to stable Pd(IV) dichloride complex (I.45), which remain stable at 

room temperature.108 However, upon thermolysis at 80 °C, these complexes undergo 

CïCl bond-forming reductive elimination reaction to give the corresponding aryl 

chloride (I.46) as product (Scheme I. 22).  

 
105 M.-C. Lagunas, R. A. Gossage, A. L. Spek, G. van Koten, Organometallics 1998, 17, 731-741. 
106 A. R. Dick, J. W. Kampf, M. S. Sanford, J. Am. Chem. Soc. 2005, 127, 12790-12791. 
107 J. M. Racowski, A. R. Dick, M. S. Sanford, J. Am. Chem. Soc. 2009, 131, 10974-10983. 
108 S. R. Whitfield, M. S. Sanford, J. Am. Chem. Soc. 2007, 129, 15142-15143. 
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Scheme I. 22. Synthesis of Pd(IV) by reaction of Pd(II) with iodine(III) reagents and their involvement in 

CïO and CïCl reductive eliminations. 

Canty and co-workers reported a well-characterized example of the oxidation of 

a Pd(II) precursor (I.47) using bis(phenyl)iodonium triflate (Ph2IOTf) (I.48).109 The 

oxidation reaction afforded a mixture (1:1) of trans -I.49 and cis -I.49 isomers (Scheme 

I. 23). The proposed mechanism for this aryl transfer involves a nucleophilic attack of 

Pd(II) to the iodine(III) center followed by PdïAr bond formation and the release of 

aryliodine (ArI) as byproduct. Similar to bis(aryl)iodonium salts, alkynyl- and 

vinyl(aryl)iodonium salts, such as [PhI(C=CR)]X and [PhI(C¹CR)]X (where X is OTf or 

BF4
-), are also involved in oxidative group-transfer reactions with Pd(II) complexes.110 

For instance, the phosphine-coordinated complex [PdMe2(dmpe)] (I.50) reacts with 

[PhI(C¹CSiMe3)]OTf (I.51) at ï50 ºC in the presence of sodium iodide (NaI) to afford 

cleanly [PdIMe2(C¹CSiMe3)(dmpe)] (I.53, Scheme I. 23). The structure and 

configuration of the resulting complex were confirmed by NMR spectroscopy. These 

alkynylpalladium(IV) species are typically unstable and can only be observed or 

isolated at low temperatures, as they are prone to decomposition upon warming.  

 
109 A. J. Canty, J. Patel, T. Rodemann, J. H. Ryan, B. W. Skelton, A. H. White, Organometallics 2004, 23, 
3466-3473. 
110 A. J. Canty, T. Rodemann, B. W. Skelton, A. H. White, Organometallics 2006, 25, 3996-4001. 
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Scheme I. 23. Synthesis of Pd(IV) intermediates relevant for arylation and alkynylation reactions.  

Direct CïH fluorination using transition metal catalysis remains challenging due 

to the low reactivity of metalïfluorine bonds towards reductive elimination.111,112 Ritter 

and co-workers developed a novel strategy to access electrophilic fluorination using 

Weiss reagents (Scheme I. 24). In their study, the Pd(IV)ïF complex I.59 was 

synthesized by oxidation of a Pd(II) precursor (I.54) with the Weiss reagent (1,1'-

(phenyl-ɚ3-iodanediyl)bis(4-cyanopyridinium)bis(trifluoromethanesulfonate, I.55).113 This 

oxidant introduces a labile 4-cyanopyridine ligand, which can be displaced by 4-picoline 

(I.57), followed by substitution with fluoride using a nucleophilic source such as 

potassium fluoride (KF). The resulting Pd(IV)ïF complex I.59 acts as an electrophilic 

fluorine donor. Notably, this Pd(IV) complex I.59 transfers the fluorine atom to a second 

Pd(II) complex [(N,N)Pd(Ar)(Py)] (I.60), functioning both as an oxidant and as a 

fluorine-atom transfer reagent, forming a reactive intermediate (I.61). The reaction 

proceeds via CïF bond forming reductive elimination to afford quantitatively the 

corresponding fluorobenzene (I.62) as the final product. This strategy enables the 

synthesis of 18F-labeled compounds under mild conditions useful as radiotracers, 

although it requires stoichiometric amounts of palladium complexes.  

 
111 R. Szpera, D. F. J. Moseley, L. B. Smith, A. J. Sterling, V. Gouverneur, Angew. Chem. Inl. Ed. 2019, 58, 
14824-14848. 
112 O. Eisenstein, J. Milani, R. N. Perutz, Chem. Rev. 2017, 117, 8710-8753. 
113 E. Lee, A. S. Kamlet, D. C. Powers, C. N. Neumann, G. B. Boursalian, T. Furuya, D. C. Choi, J. M. 
Hooker, T. Ritter, Science 2011, 334, 639-642. 
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Scheme I. 24. Synthesis of electrophilic Pd(IV)ïF complex as a fluorine source for radiofluorination.113  

Sanford and co-workers explored trifluoromethylation reactions using palladium 

complexes. They reported the oxidation of the dimeric complex [(bzq)Pd(OAc)]2 (I.63), 

where bzq is benzo[h]quinoline, with the Togni I reagent in the presence of acetic acid 

leads to the formation of a stable Pd(IV)ïCF3 species (I.65, Scheme I. 25).114 The 

resulting complex, [(bzq)Pd(CF3)(OAc)2(OH2)] (I.65), is generated via 

disproportionation from a the Pd(III)ïCF3 dimer (I.64). This transformation shows the 

ability of Togni I reagent to act as a CF3
+ source. Upon heating complex I.65 for 12h, 

reductive elimination selectively gives the trifluoromethylated product (bzq-CF3) in 54% 

yield, together with traces of bzq-OAC and bzq-OH byproducts. The addition of 

Yb(OTf)3 as an additive significantly enhances the reaction, affording selectively the 

trifluoromethylated benzo[h]quinoline in up to 99% yield. These Pd(IV) species have 

also been shown to be catalytically competent intermediates in CïH 

trifluoromethylation reactions.  

 
114 Y. Ye, N. D. Ball, J. W. Kampf, M. S. Sanford, J. Am. Chem. Soc. 2010, 132, 14682-14687. 
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Scheme I. 25. Synthesis of Pd(IV)ïCF3 from Pd(II) dimer using Togni I reagents.  
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I.5.2 Platinum  

The synthesis of organoplatinum(IV) compounds was accomplished prior to the 

development of the chemistry of organopalladium(IV) complexes. One main reason is 

the enhanced stability exhibited for organometallic Pt(IV) complexes in comparison to 

the Pd(IV) analogues, owing to their higher kinetic barrier for reductive elimination 

reactions. In earlier work, organoplatinum(IV) complexes were considered model 

systems for understanding the chemistry of elusive Pd(IV) complexes, which were 

relevant to Pd(II)/Pd(IV) redox catalysis. Canty and co-workers reported a variety of 

organoplatinum(IV) complexes generated by oxidation of the Pt(II) precursors with 

bis(aryl)iodonium (I.67) and alkynyl(aryl)iodonium salts (I.69).109,110,115 These reagents 

were able to oxidize Pt(II) species bearing different ligand scaffolds, with the 

concomitant transfer of the organic ligand to the metal center, yielding typically 

mixtures of isomers at low temperature (Scheme I. 26). Canty emphasized the higher 

thermal stability of the resulting Pt(IV) complexes relative to their palladium analogues, 

which facilitated their isolation and structural characterization.  

 

Scheme I. 26. Selected oxidations of Pt(II) to organoplatinum(IV) complexes by reaction with iodonium 

salts.  

 

 

 
115 A. J. Canty, T. Rodemann, Inorg. Chem. Commun. 2003, 6, 1382-1384. 
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In 2005, Sanford and co-workers oxidized a benzo[h]quinoline (bzq) supported 

[(bzq)Pt(II)(acac)] complex (I.71) using PhI(OAc)2 (Scheme I. 27a).116 The solvent 

played an important role in the oxidation. In acetic acid the Pt(III)ïPt(III) dimer I.72 was 

exclusively observed, while in alcoholic solvents, a mixture of monomeric Pt(IV) 

alkoxides trans -I.73 and cis -I.73 were formed. The ratio of isomer trans -I.73 and cis -

I.73 depends on the steric bulk of the alcohol used. Remarkably, only 0.5 equivalents of 

PhI(OAc)2 were needed for formation of either the monomeric or bimetallic species, 

providing strong evidence that both pathways proceed via a two-electron oxidation 

step. Further work by Sanford reported that Pt(II) complex [(ppy)2Pt] (I.74) (where ppy 

= 2-phenylpyridine) is oxidized with the Willgerodt reagent to yield a mixture of cis and 

trans-Pt(IV) dichloride isomers trans -I.75 and cis -I.75 (Scheme I. 27b). Under the 

same conditions, the oxidation of the analogous Pd(II) complex gives exclusively the 

cis-Pd(IV) isomer, in contrast to platinum, which yields both isomers.117  

 

Scheme I. 27. a) Synthesis of Pt(IV) complexes using different solvents. b) Oxidation of 2-phenylpyridine 

Pt(II) complex using Willgerodt reagent.  

 

 
116 A. R. Dick, J. W. Kampf, M. S. Sanford, Organometallics 2005, 24, 482-485. 
117 S. R. Whitfield, M. S. Sanford, Organometallics 2008, 27, 1683-1689. 
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Similarly, Rourke and co-workers demonstrated that oxidation of a Pt(II) 

phenylpyridine complex (I.76) with the electrophilic chlorine-based oxidant PhICl2 leads 

to different products depending on the solvent (Scheme I. 28).118 In acetone at ï40 °C, 

a mixture of Pt(IV) isomers (I.77 and I.78) was obtained, while in chloroform, a clean 

and rapid conversion to the Pt(IV) species (I.77) was observed. In systems bearing an 

uncyclometalated pendant arm (I.79), oxidation with Willgerodt reagent resulted in 

rapid intramolecular CïH activation of the phenylpyridine ligand, leading to the 

formation of a Pt(IV) dichloride species (I.80), even at ï40 ÁC. 

 

Scheme I. 28. Oxidation of Pt(II) complexes with Willgerodt reagent. 

Building on the previous Ritterôs work in the use of Weiss reagents 

[PhI(DMAP)[[OTf]2 (I.81) towards the synthesis of high-valent palladium and nickel 

complexes.119,120 Dutton investigated the application of this iodine(III) reagent in the 

oxidation of Pt(II) and Pd(II) complexes towards the synthesis of dicationic M(IV) 

complexes.121 Oxidation of Pt(II) complex [(ppy)2Pt] (I.74) with I.81 afforded the cis-

Pt(IV) complex (I.82, Scheme I. 29). While dicationic Pt(IV) species bearing neutral 

ligands were isolable, they were considerably less stable than those bearing anionic 

chloride or acetate ligands. In contrast, the analogous dicationic Pd(IV) complexes 

 
118 J. Mamtora, S. H. Crosby, C. P. Newman, G. J. Clarkson, J. P. Rourke, Organometallics 2008, 27, 
5559-5565. 
119 L. M. Mirica, S. M. Smith, L. Griego, Organometallic Chemistry of High-Valent Ni(III) and Ni(IV) 
Complexes in Nickel Catalysis in Organic Synthesis, 2020, pp. 223-248. 
120 B. Zhang, X. Yan, S. Guo, Chem. Eur. J. 2020, 26, 9430-9444. 
121 R. Corbo, D. C. Georgiou, D. J. D. Wilson, J. L. Dutton, Inorg. Chem. 2014, 53, 1690-1698. 
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could not be isolated, pointing the difference in the stability of high-valent platinum and 

palladium complexes.  

 

Scheme I. 29. Oxidation of 2-phenylpyridine Pt(II) complex using dicationic [PhI(4-DMAP)2][OTf]2. 

 

I.5.3 Gold  

Gold has been widely used for the activation of alkynes and alkenes towards 

nucleophilic attack and cycloisomerization cascades.122,123 Au(I) complexes bearing 

phosphine or N-heterocyclic carbene (NHC) ligands are commonly used in Au(I)/Au(III) 

catalysis. The strong s-donating character of NHC ligands contributes to the 

stabilization of both Au(I) and Au(III) oxidation states.124  

Limbach and co-workers reported the synthesis of several Au(III) complexes 

supported by NHC ligands.125 Oxidation of (NHC)Au(I)Cl (I.83) using the Willgerodt 

reagent PhI(Cl)2 as both oxidant and chlorinating agent afforded [(NHC)Au(III)Cl2] 

complex (I.84) in high yield under mild conditions (Scheme I. 30). In contrast, other  

ɚ³-iodanes such as Ph2IBr, PhI(OAc)2, and PhI(OTFA)2 were either ineffective or 

resulted in complex mixtures. Additionally, oxidation of [(NHC)Au(I)Ph] (I.85) with 

PhICl2 afforded quantitatively the corresponding Au(III) complex [(NHC)Au(Ar)Cl2] 

(I.86). 

 
122 A. S. K. Hashmi, chem. Rev. 2007, 107, 3180-3211. 
123 H. A. Wegner, M. Auzias, Angew. Chem. Inl. Ed. 2011, 50, 8236-8247. 
124 H. V. Huynh, S. Guo, W. Wu, Organometallics 2013, 32, 4591-4600. 
125 M. PaģickĨ, A. Loos, M. J. Ferreira, D. Serra, N. Vinokurov, F. Rominger, C. Jªkel, A. S. K. Hashmi, M. 
Limbach, Organometallics 2010, 29, 4448-4458. 
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Scheme I. 30. Synthesis of Au(III) complexes bearing NHC ligands using Willgerodt reagent. 

Nevado and co-workers further explored the oxidation of electron deficient 

[Au(C6F5)(PPh3)] (I.87) in the presence of strong oxidants commonly used in 

Au(I)/Au(III) catalytic cycles (Scheme I. 31).126 Oxidation of Au(I) complex (I.87) with 

PhICl2 afforded the dichloride Au(III) complex (I.89) in 93% yield, whereas PhI(OAc)2 

led to the formation of a bis(pentafluorophenyl) Au(III) complex (I.88) via Au(I)-mediated 

transmetalation. The proposed mechanism involves ligand exchange through oxidation 

of either an Au(I) precursor or a dissociated [Au(PPh3)2]+ species. These findings 

support the use of Willgerodt reagent, PhICl2, as the preferred oxidant for generating 

stable Au(III) complexes, especially in NHC-based systems. 

 

Scheme I. 31. Oxidation of Au(I) aryl complex using PhICl2 and PhI(OAc)2.  

 

 

 

 
126 M. Hofer, C. Nevado, Eur. J. Inorg. Chem. 2012, 1338-1341. 
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Huynh and co-workers also employed PhICl2 as an oxidant in a detailed study 

of the structural and electrochemical properties of a wide range of mono- and bis-NHC 

Au(I) and Au(III) complexes (I.91, Scheme I. 32).127 Later, Dutton and co-workers 

reported the oxidation of NHC-Au(I) complex (I.92) with three different Weiss reagents 

bearing various pyridine ligands resulted in the formation of the corresponding Au(III) 

complexes.128  

Scheme I. 32. a) Synthesis of Au(III)ïCl complex containing biscarbene (NHC) ligands. b) Synthesis of 

tricationic Au(III) complex by Dutton group. 

Yang and co-workers reported the synthesis of a stable Au(III) alkynyl complex, 

which was fully characterized by NMR spectroscopy and X-ray diffraction  

(Scheme I. 33).129 Oxidation of [(Phen)Au(C2H4)][NTf2] (I.95) with one equivalent of an 

4-fluorophenyl-substituted ethynylbenziodoxole (4FPh-EBx, I.96) proceeded rapid at 

room temperature. Mechanistic studies supported the catalytic cycle AuI/AuIII redox 

cycle, where Au(III) (I.97) alkynyl species forms via oxidative addition of the iodine(III) 

reagent. Its role as an intermediate was demonstrated through stoichiometric 

alkynylation of a cyclopropane substrate.130  

 
127 H. V. Huynh, S. Guo, W. Wu, Organometallics 2013, 32, 4591-4600. 
128 R. Corbo, T. P. Pell, B. D. Stringer, C. F. Hogan, D. J. D. Wilson, P. J. Barnard, J. L. Dutton, J. Am. 
Chem. Soc. 2014, 136, 12415-12421;. 
129 Y. Yang, P. Antoni, M. Zimmer, K. Sekine, F. F. Mulks, L. Hu, L. Zhang, M. Rudolph, F. Rominger, A. S. 
K. Hashmi, Angew. Chem. Int. Ed. 2019, 58, 5129-5133;. 
130 Y. Yang, L. Eberle, F. F. Mulks, J. F. Wunsch, M. Zimmer, F. Rominger, M. Rudolph, A. S. K. Hashmi, J. 
Am. Chem. Soc. 2019, 141, 17414-17420. 
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Scheme I. 33. Oxidative addition of (Phen)Au(I) precursor (I.95) with  4FPh-EBx derivative.  

 

I.5.4 Nickel  

Nickel has gained significant interest in catalysis due to its economic, 

sustainability advantages and unique electronic properties. Low-valent nickel redox 

couples, such as Ni(I)/Ni(III), Ni(0)/Ni(II), Ni(I)/Ni(II)/Ni(III), play an important role in 

catalysis, including classic transformations like Suzuki, Negishi, and Kumada 

couplings, as well as more recent radical-mediated cross-coupling reactions.131,132,133 

Unlike palladium, which typically undergoes two-electron redox cycles, nickel has more 

redox flexibility, engaging in both one- and two-electron processes that extent oxidation 

state from Ni(0) to Ni(IV). Recent studies have focused on the synthesis and reactivity 

of Ni(IV) complexes, particularly in CïC and CïX bond forming reductive elimination. A 

challenge remains in the isolation and characterization of Ni(III) and Ni(IV) 

intermediates, which are often unstable and highly reactive. Hypervalent iodine 

reagents such as Willgerodt reagent (PhICl2) and (diacetoxyiodo)benzene (PIDA) are 

commonly used as oxidants in these transformations.  

In 2009, Sanford and co-workers reported the oxidation of Ni(II) with excess 

PhICl2, leading to a 2:1 mixture of CïCl (Cl-I.100) and CïBr (Br-I.100) reductive 

elimination products (Scheme I. 34).134 This study demonstrated that CïX bond 

formation can occur via a Ni(III) intermediate and the involvement of Ni(IV) species 

could not be supported by any experimental evidence. Later, the same group reported 

the oxidation of [(ppy)2Ni] complex with PhICl2, which afforded predominantly CïC 

coupling product, with only 3% CïCl bond formation.135 Other chlorine-based oxidants, 

 
131 J. Diccianni, Q. Lin, T. Diao, Acc. Chem. Res. 2020, 53, 906-919. 
132 G. A. Dawson, E. H. Spielvogel, T. Diao, Acc. Chem. Res. 2023, 56, 3640-3653. 
133 V. P. Ananikov, ACS Catalysis 2015, 5, 1964-1971. 
134 A. T. Higgs, P. J. Zinn, S. J. Simmons, M. S. Sanford, Organometallics 2009, 28, 6142-6144. 
135 A. T. Higgs, P. J. Zinn, M. S. Sanford, Organometallics 2010, 29, 5446-5449. 



Chapter I  

44 

such as NCS or CuCl2, were ineffective, highlighting the unique reactivity of PhICl2 in 

nickel oxidation chemistry. 

Scheme I. 34. Synthesis of organonickelIII) chloride complex relevant for the Cïhalogen reductive 

elimination.  

In 2015, Sanfordôs group succeeded in isolating and characterizing a Ni(IV) 

intermediate supported by trispyrazoylborate (Tp) ligand.136,137 They demonstrated that 

only aryldiazonium and diaryliodonium salts were effective oxidants for the oxidation of 

[(Tp)Ni(CF3)2] complex (I.101, Scheme I. 35).138 Bis(aryl)iodonium salts gave Ni(IV) 

complex (I.102) in 77% yield as determined by 19F NMR, which undergoes direct 

C(sp2)ïCF3 bond (I.103) formation upon heating. This represented the first example of 

Ni(II)/Ni(IV) oxidative access under mild conditions using bis(aryl)iodonium salts. 

Sanfordôs group also reported the oxidation of [(Tp)Ni(biphenyl)] complex (I.104) with 

I.105 and its reactivity in CïO bond-forming reductive elimination, highlighting the 

effectiveness of the Tp ligand in stabilizing high-valent nickel species. 

Scheme I. 35. Synthesis of Ni(IV) with Tp ligand via oxidation with hypervalent iodine reagents and their 

reactivity towards CïC or heteroatom bond forming product. 

 
136 J. R. Bour, N. M. Camasso, M. S. Sanford, J. Am. Chem. Soc. 2015, 137, 8034-8037. 
137 N. M. Camasso, M. S. Sanford, Science 2015, 347, 1218-1220. 
138 E. A. Meucci, N. M. Camasso, M. S. Sanford, Organometallics 2017, 36, 247-250. 
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Complementary work by Fout and co-workers used N-heterocyclic carbenes 

(NHCs) to favor the stabilization of a Ni(IV) complex formation.139 Cyclic voltammetry of 

Ni(II) showed a single reversible oxidation at +0.57 V vs. Fc/Fcϕ, consistent with a 

Ni(II)/Ni(III) redox couple. Attempts to oxidize the Ni(II) chloride with outer-sphere one-

electron oxidants such as Agϕ, Ph3Cϕ, or Fcϕ were unsuccessful. However, treatment 

with PhIClϜ resulted in two-electron oxidation to give Ni(IV) complex (I.109), confirmed 

by X-ray crystallography (Scheme I. 36). This work demonstrated that iodine(III) 

reagents are effective oxidants for accessing high-valent Ni(IV) complexes from Ni(II) 

precursors under mild conditions.  

 

Scheme I. 36. Two-electron oxidation of Ni(II) biscarbene pincer complex using PhICl2. 

 

I.5.5 Iron  

High-valent iron oxo and imido complexes (where the metal is found in oxidation 

states +4 and +5) have been proved to be involved in multiple enzymatic reactions (see 

section I.1). Reports on the isolation of Fe(IV) complexes using iodine(III) reagents 

have been accomplished, particularly with iodosylbenzene (PhIO) or N-

tosylimidobenzene (PhINTs), which are acyclic iodine(III) compounds that react with 

iron(II) precursors as oxygen- or nitrogen-transfer reagents (Scheme I. 37).3,9,10,20,140 In 

2003, Que and co-workers reported the synthesis and characterization of Fe(IV)=O 

using iodosylbenzene as oxidant (Scheme I. 37).9 In this transformation, the reaction of 

iron(II) precursor with the iodine(III) reagents via a two-electron oxidation and group 

transfer. Using the same strategy, Costas and co-workers were able to prepare and 

fully characterize the Fe(IV)=NTs complex (I.113) using mesityl-N-tosyl-imidoiodine 

(PhINTs) from iron(II) precursor.141,142 

 
139 G. E. Martinez, C. Ocampo, Y. J. Park, A. R. Fout, J. Am. Chem. Soc. 2016, 138, 4290-4293. 
140 B. Mondal, L. Roy, F. Neese, S. Ye, Isr. J. Chem. 2016, 56, 763-772. 
141 E. J. Klinker, T. A. Jackson, M. P. Jensen, A. Stubna, G. Juhász, E. L. Bominaar, E. Münck, L. Que Jr., 
Angew. Chem. Int. Ed. 2006, 45, 7394-7397. 
142 G. Sabenya, I. Gamba, L. Gómez, M. Clémancey, J. R. Frisch, E. J. Klinker, G. Blondin, S. Torelli, L. 
Que, V. Martin-Diaconescu, J.-M. Latour, J. Lloret-Fillol, M. Costas, Chem. Sci. 2019, 10, 9513-9529. 
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Scheme I. 37. General synthesis of high-valent iron oxo and imido complexes. Selected examples with 

scXRD structures and selected bond length. Hydrogens and anions are omitted for clarity. 

Although hypervalent iodine reagents offer a versatile approach for introducing 

functional groups to high-valent metal species, the preparation of iron complexes 

bearing oxido and imido ligands is already well established. However, these methods 

are more limited in the diversity of functional groups that can be incorporated into the 

resulting complexes. This section will be discussed in more detail in Chapter III.  
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I.6 Outlook and future perspectives  

Iron has been chosen as the central point of this research due to its abundance, 

cost-effectiveness, and low toxicity, making it an attractive and sustainable metal for 

catalytic applications. Beyond these advantages, iron offers unique opportunities to 

explore its reactivity with ɚ3-iodanes reagents.81,82 A deeper understanding of the 

reactivity of coordination iron complexes is critical for designing innovative catalytic 

oxidative group-transfer methodologies with this metal aiming at expanding the toolbox 

of synthetic chemists. Towards this endeavor, it is relevant to gain deep insight into the 

activation step of the IïX bond (X = Nϝ, CFϝ, F, CN, alkynyl, vinyl, aryl) with iron.92 

Significant progress has been achieved with azido and trifluoromethyl ɚ3-iodanes, 

where iron undergoes single electron transfer towards these iodine(III) compounds, 

triggering the homolytic cleavage of the IïX bond, which ultimately generates the 

trifluoromethyl or azidyl radicals. The reactivity of iron with several classes of  

ɚ3-iodanes remain underexplored. For example, fluoro, alkynyl, and vinyl ɚ3-iodanes 

with iron has received minimal attention, despite their potential to open new pathways 

for CïC and CïX bond-forming reactions. Iron-catalyzed cyanide transfer reactions 

involving cyano ɚ3-iodanes are also rare and limited to few examples using electrophilic 

cyanide sources, such as the iodonium salt 3,5-di(trifluoromethyl)phenyl(cyano) 

iodonium triflate (DFCT).143,144 These methods enable the straightforward introduction 

of a cyano group into alkynes and arenes compounds without the need of a prior 

functionalization step. The limited mechanistic understanding highlights the need for 

further studies on iron-mediated transformations involving ɚ3-iodanes, to better define 

the factors that govern their reactivity and selectivity. 

The introduction of this thesis has discussed various synthetic methods and 

reactivity pathways for high-valent iron complexes. As a future perspective, one of the 

goals is to study the feasibility of synthesizing Fe(IV) species using cyano- and alkynyl-

substituted iodine(III) reagents. This approach could provide access to new high-valent 

FeïC species and open novel transformations in iron-catalyzed group-transfer 

reactions. 

 

 
143 X. Wang, A. Studer, J. Am. Chem. Soc. 2016, 138, 2977-2980. 
144 Z. Shu, W. Ji, X. Wang, Y. Zhou, Y. Zhang, J. Wang, Angew. Chem. Int. Ed. 2014, 53, 2186-2189. 
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General Objectives  

The reactivity of high-valent iron complexes featuring strong p-donor groups 

(such as oxo, imido and nitride groups) has been extensively studied, particularly in the 

context of hydrogen atom transfer reactions as well as in group-transfer reactions. 

Among these, high-valent iron-oxo complexes have shown relevant applications in the 

oxidation of alkanes and alkenes, including those present in complex organic molecules. 

As noted in the introduction, the use of transition metal catalysis to replace noble metals 

has gained significant attention over the past decades. One of the groupôs research 

focuses is the development of new synthetic approaches for generating highly 

electrophilic Fe(IV) complexes, as well as exploring their application in chemical 

transformations relevant to catalysis.  

The main goal of this thesis is to unlock the synthesis, structural elucidation and 

reactivity of high-valent organoiron complexes. The limited understanding of the 

reactivity of organoiron(IV) containing either metal-carbon s-bonds or metal-carbon 

multiple bonds (such as alkylidenes and carbynes), stems from the difficulty in accessing 

these species, due to their thermal instability and tendency towards decomposition. To fill 

this gap, this thesis aims to develop new synthetic approaches towards high-valent iron 

complexes that contain exogenous and labile C-based ligands. In this endeavor, this 

work focuses on the synthesis of iron(IV) complexes upon the reaction of electron-rich 

coordination iron(II) and iron(III) complexes with iodine(III) reagents. The iron(II) and 

iron(III) complexes bear the tris(N-tert-butyldimethylsilyl-2-amidoethyl)amine ligand 

(N3Nô3-) to favor their oxidation at low potentials and the stabilization of the 

corresponding iron(IV) complex. The synthesis of iron(II) and iron(III) complexes bearing 

the N3Nô3- ligand provides an opportunity to further expand the structural diversity of high-

valent organoiron complexes. This scaffold allows the introduction of various 

substituents at the apical position, thereby enabling access to a broad range of iron(IV) 

complexes. The structural elucidation and the description of the electronic properties of 

these species will be investigated within the course of this thesis. In this regard, the 

complexes prepared in this thesis will be characterized by electronic paramagnetic 

resonance (EPR), nuclear magnetic resonance (NMR), 57Fe Mössbauer, X-ray 

absorption (XAS) and emission (XES) spectroscopies, as well as by single-crystal X-ray 

diffraction analysis, and theoretical calculations (DFT and CASSCF). 
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Considering the existing work in the field of high-valent iron complexes and the 

current challenges, previously indicated in the introduction, the work of this PhD thesis 

aims at the following general objectives: 

¶ Study of the reactivity of coordination of iron(II) and iron(III) complexes bearing 

the N3Nô3- ligand with the cyano l3-iodanes, cyanobenziodoxolone (CBX) and 

cyano-3,3-dimethyl-1,2-benziodoxole (CDBX), targeting the synthesis of the 

corresponding electrophilic Fe(IV) cyanide complex by oxidative group-transfer 

reactions. 

¶ Synthesis of iron(IV) alkynylide complexes following the conventional synthetic 

pathway of transmetalation of coordination iron(III) complexes bearing the N3Nô3- 

ligand to the corresponding metal alkynylides, followed by one-electron oxidation 

reaction. Reactivity studies of the alkynylferrates(III) and iron(IV) alkynylide 

complexes will be performed. 



 

 

Chapter III                                                                                   

Synthesis of Fe(III) and Fe(IV) Cyanide Complexes Using 

Hypervalent Iodine Reagents as Cyano -Transfer One -Electron 

Oxidants  
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III.1  Introduction  

Iodine(III) compounds have been widely used in organic synthesis as powerful 

oxidants and versatile group transfer reagents.1,2 Their strong electrophilic nature and 

potent oxidizing properties, combined with their eco-friendly characteristics and often 

their commercial availability, have made them versatile and attractive reagents for 

synthesis.3,4 Over the past century, synthetic chemists have been developing novel 

methods to disconnect and form new chemical bonds. For instance, functional groups 

containing electronegative atoms such as nitrogen, halogen, oxygen or even sp3 and sp2 

carbons are typically introduced as nucleophiles onto organic molecules carbon 

skeletons. This traditional approach has limitations, as nucleophilic positions cannot 

always be easily functionalized, thereby restricting the ability to make all desired 

disconnections. To overcome these limitations, Seebach and Corey introduced the 

concept of ñUmpolungò or the reversal of polarity. This involves the chemical modification 

of a functional group with the aim of inverting its polarity and, consequently, its 

reactivity.5,6 This concept has enabled the development of new disconnections in 

synthesis. In this context, hypervalent iodine reagents have gained significant 

importance in addressing this limitation, as the use of these reagents enables the 

Umpolung of many nucleophiles into the corresponding electrophilic synthons.7,8
  

The reactivity of iodine(III) reagents with transition metals is mainly focused on 

second and third-row transition metals (e.g., Pd9, Rh10, Ir11, Au12). It has been shown that 

the reaction of certain iodine(III) reagents (i.e., PhICl2, PhI(OAc)2, [I(Ar)2](OTf) and 

[PhI(C¹CR)][(OTf)]) with these metals gives the corresponding high-valent metal 

compounds upon a two-electron oxidation process. During this oxidation process, a 

 
1 A. Yoshimura, V. V. Zhdankin, Chem. Rev. 2016, 116, 3328-3435. 
2 V. V. Zhdankin, Introduction and General Overview of Polyvalent Iodine Compounds in Hypervalent Iodine 
Chemistry, 2013, pp. 1-20. 
3 X. Wang, A. Studer, Acc. Chem. Res. 2017, 50, 1712-1724. 
4 V. V. Zhdankin, Hypervalent Iodine Catalysis in Hypervalent Iodine Chemistry, John Wiley & Sons Ltd, 
London 2013, pp. 337-380. 
5 J. J. Li, CoreyïSeebach reaction in Name Reactions: A Collection of Detailed Mechanisms and Synthetic 
Applications (Ed.: J. J. Li), Springer Berlin Heidelberg, Berlin, Heidelberg, 2009, pp. 154-155. 
6 D. Seebach, Angew. Chem. Int. Ed. 1979, 18, 239-258. 
7 D. P. Hari, P. Caramenti, J. Waser, Acc. Chem. Res. 2018, 51, 3212-3225. 
8 V. V. Zhdankin, Hypervalent Iodine Reagents in Organic Synthesis in Hypervalent Iodine Chemistry, 2013, 
pp. 145-336. 
9 Selected examples: O. Daugulis, V. G. Zaitsev, Angew. Chem. Int. Ed. 2005, 44, 4046-4048;N. R. Deprez, 
D. Kalyani, A. Krause, M. S. Sanford, J. Am. Chem. Soc. 2006, 128, 4972-4973;D. Kalyani, N. R. Deprez, L. 
V. Desai, M. S. Sanford, J. Am. Chem. Soc. 2005, 127, 7330-7331;M. Nappi, C. He, W. G. Whitehurst, B. G. 
N. Chappell, M. J. Gaunt, Angew. Chem. Int. Ed. 2018, 57, 3178-3182. 
10 Selected examples: E. Grenet, J. Waser, Org. Lett. 2018, 20, 1473-1476;D.-S. Zheng, J. Zheng, Q. Wang, 
Q. Gu, S.-L. You, Chin. J. Chem. 2023, 41, 2684-2690;K. Jia, F. Zhang, H. Huang, Y. Chen, J. Am. Chem. 
Soc. 2016, 138, 1514-1517. 
11 F. Le Vaillant, M. D. Wodrich, J. Waser, Chem. Sci. 2017, 8, 1790-1800. 
12 Selected examples: J. P. Brand, J. Charpentier, J. Waser, Angew. Chem. Int. Ed. 2009, 48, 9346-9349;J. 
P. Brand, J. Waser, Angew. Chem. Int. Ed. 2010, 49, 7304-7307;J. P. Brand, C. Chevalley, R. Scopelliti, J. 
Waser, Chem. Eur. J. 2012, 18, 5655-5666. 
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ligand from the iodine(III) center is typically transferred to the high-valent metal complex. 

Due to the high abundance, low price and low toxicity of iron, the activation of iodine(III) 

reagents with iron complexes offers a great opportunity to develop environmentally 

friendly bond-forming catalytic reactions.13 Despite the potential use of iron-catalyzed 

group transfer reactions in sustainable synthesis, the development of such 

methodologies is hampered by the limited mechanistic understanding. Extensive efforts 

have focused on gaining a deep mechanistic understanding of the reaction of iron 

complexes with iodine(III) reagents, such as iodosylbenzene (PhIO) and imidoiodanes 

(i.e., PhINTs), which behave as two-electron oxidants while transferring a functional 

group to the metal.14,15,16,17 This strategy has enabled the synthesis of several high-

valent iron-oxo and -imido complexes. Indeed, extensive research on the broad family of 

synthetic mononuclear Fen=X (n = 4, 5) complexes has significantly contributed to the 

development of iron(II) catalysts for CïH hydroxylation and amination reactions.18,19 

Remarkably, Que and co-workers reported the crystallographic and spectroscopic 

characterization of a mononuclear nonheme Fe(IV)=O complex supported by a TMC 

ligand (tetramethylcyclam).14 The terminal Fe(IV)=O species (III.2) was rapidly generated 

by reacting the corresponding Fe(II) precursor (III.1) with iodosylbenzene in acetonitrile 

at ï40 ºC and was isolated in high yield (Scheme III. 1). This represented the first high-

resolution crystal structure of a nonheme terminal Fe(IV)=O unit, confirming its S = 1 

electronic configuration and revealing a short FeïO bond length of 1.646 Å. Zero-field 

57Fe Mössbauer spectroscopy recorded at 80 K supported this assignment, with a 

positive isomer shift (d = 0.17 mm s-1) and small quadrupole splitting  

(DEQ = 1.24(1) mm s-1). Despite its well-defined structure and high stability, the complex 

exhibited low oxidative reactivity, likely due to steric hindrance from the macrocyclic 

ligand, which shields the oxo moiety. The buried position of the oxo group and the non-

ideal [O  HïC] angles (~105°) explain the low oxidative reactivity of the complex by 

preventing efficient hydrogen atom abstraction (HAA). 

 
13 For some examples of iron(II)-catalyzed: a) Q.-H. Deng, T. Bleith, H. Wadepohl, L. H. Gade, J. Am. Chem. 
Soc. 2013, 135, 5356-5359.; b) A. T. Parsons, T. D. Senecal, S. L. Buchwald, Angew. Chem. Inl. Ed. 2012, 
51, 2947-2950.; c) X.-z. Shu, M. Zhang, Y. He, H. Frei, F. D. Toste, J. Am. Chem. Soc. 2014, 136, 5844-
5847. 
14 J.-U. Rohde, J.-H. In, M. H. Lim, W. W. Brennessel, M. R. Bukowski, A. Stubna, E. Münck, W. Nam, L. Q. 
Jr., Science 2003, 299, 1037-1039. 
15 W. Nam, S. K. Choi, M. H. Lim, J.-U. Rohde, I. Kim, J. Kim, C. Kim, J. Que, Lawrence, Angew. Chem. Int. 
Ed. 2003, 42, 109-111. 
16 J. J. Scepaniak, C. S. Vogel, M. M. Khusniyarov, F. W. Heinemann, K. Meyer, J. M. Smith, Science 2011, 
331, 1049-1051. 
17 E. J. Klinker, T. A. Jackson, M. P. Jensen, A. Stubna, G. Juhász, E. L. Bominaar, E. Münck, L. Que Jr., 
Angew. Chem. Int. Ed. 2006, 45, 7394-7397. 
18 M. Costas, M. P. Mehn, M. P. Jensen, L. Que, Chem. Rev. 2004, 104, 939-986. 
19 J. Hohenberger, K. Ray, K. Meyer, Nat. Comm. 2012, 3, 720-733. 
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Scheme III. 1. Synthesis and characterization of non-heme Fe(IV)=O complex using iodosylbenzene 

(PhIO).14 

In contrast, Iron-based catalysts bearing tetradentate nitrogen-donor ligands such 

as TPA (tris(2-pyridylmethyl)amine) display high catalytic activity in oxygenation 

reactions, as demonstrated by the same group.20,21 These systems feature two cis-

oriented coordination sites that enable efficient binding and activation of H2O2, 

generating highly reactive Fe(V)=O species. These intermediates participate in CïH 

hydroxylation, alkene epoxidation, and syn-dihydroxylation via well-established 

mechanism involving hydrogen atom transfer (HAT) and rebound steps. This comparison 

highlights the crucial influence of ligand platforms in non-heme iron chemistry: whereas 

TMC provides a stable but rigid environment that limits reactivity, ligands like TPA offer 

greater flexibility and accessibility, enabling higher catalytic efficiency. These findings 

demonstrate that the stability and reactivity of Fe(IV)=O species can be tuned by the 

ligand, opening the door to the exploration of alternative chelating ligands for tuning 

high-valent iron reactivity. 

High-valent iron imido (Fen=NR) and iminyl complexes are typically formed via 

nitrogen group transfer from iminoiodanes such as PhINTs, through a formal two-

electron oxidation of Fe(II) or Fe(III) complexes. Their reactivity depends on the ligand 

environment and includes hydrogen atom transfer (HAT), nitrene transfer, electron 

transfer, and addition to nucleophilic substrates such as phosphines, sulfides, CO, or 

tBuNC. A representative example was reported by Que and co-workers, who synthesized 

and characterized of the [FeIV(NTs)(N4Py)]2+ complex (III.4, Scheme III. 2) (where N4Py is 

N,N-bis(2-pyridylmethyl)bis(2-pyridyl)methylamine).22 The complex was obtained by 

reacting the corresponding Fe(II) precursor with a tosyliminoiodane (MsINTs). The 

resulting Fe(IV)=NTs species is considered the imido analogue of the well-known 

Fe(IV)=O complex (I.110) already mentioned in the general introduction.  

 
20 K. Chen, L. Que, J. Am. Chem. Soc. 2001, 123, 6327-6337. 
21 K. Chen, M. Costas, J. Kim, A. K. Tipton, L. Que, J. Am. Chem. Soc. 2002, 124, 3026-3035. 
22 E. J. Klinker, T. A. Jackson, M. P. Jensen, A. Stubna, G. Juhász, E. L. Bominaar, E. Münck, L. Que Jr., 
Angew. Chem. Int. Ed. 2006, 45, 7394-7397. 
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Scheme III. 2. Synthesis and characterization of Fe(IV)NTs complex using MsINTs as oxidant and group 

transfer. 

This work demonstrates the ability of iminoiodanes to transfer NR groups to iron 

centers via oxidative N-transfer. Mössbauer spectroscopy revealed an isomer shift of 

+0.02 mm s-1 and a quadrupole splitting of +0.98 mm s-1, values consistent with a low-

spin Fe(IV) oxidation state.22 This work highlights the potential of iminoiodanes as 

nitrene sources for generating well-defined high-valent Fe=NR complexes. Preliminary 

reactivity studies showed that complex III.4 was unreactive toward typical substrates for 

CïH amination or aziridination, suggesting that the high stability of the complex or steric 

constraints imposed by the N4Py ligand may limit its oxidative reactivity compared to its 

oxo analogue.  

On the other hand, comprehensive studies on cyclic iodine(III) compounds that 

participate in one- or two-electron oxidation and group transfer processes in reactions 

with iron complexes remain scarce.23 Detailed mechanistic investigations involving 

diversely functionalized ɚ3-iodanes with transition metal complexes are rare. Only a few 

examples have provided direct insights into the nature of the iron intermediates formed 

during catalysis, especially those featuring high-valent iron species. This gap limits our 

fundamental understanding of the activation, group and electron transfer processes 

promoted by these reagents with iron complexes. For instance, Zhdankin and co-

workers developed the bench-stable cyclic cyclic 1 Azido-3,3-dimethyl-3-(1H)-1,2-

benziodoxole (ADBX), which enabled azidation of aliphatic and benzylic C(sp3)ïH bonds 

under radical-initiation conditions, serving as an efficient source of azidyl radicals.24,25 

While early reactions with ADBX or ABX required external radical initiators and harsh 

conditions, Hartwig and co-workers reported a system, where [(iPrPyBox)FeII] catalyst 

(III.5) mediates azidation of C(sp3)ïH bonds using 1-azido-1,2-benziodoxol-3(1H)-one 

 
23 A. Casitas, P. Andreetta, Chapter Two - Iron-catalyzed group-transfer reactions with iodine(III) reagents in 
Advances in Catalysis, Vol. 74 (Eds.: T. Ollevier, M. Diéguez), Academic Press, 2024, pp. 33-99. 
24 V. V. Zhdankin, C. J. Kuehl, A. P. Krasutsky, M. S. Formaneck, J. T. Bolz, Tetrahedron Letters 1994, 35, 
9677-9680. 
25 T. O. S. Akai , M. Egi , T. Takada , H. Tohma and Y. Kita Heterocycles 1196, 42, 47-51. 
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(ABX) under mild conditions (Scheme III. 3).26,27 In 2021, they investigated the 

mechanism of the iron-catalyzed azidation of alkyl C(sp3)ïH bonds using ABX. Upon 

reaction with an Fe(II) precursor, ABX acts as a one-electron oxidant and azide-transfer 

reagent, forming two distinct Fe(III) species: an Fe(III)-carboxylate and an Fe(III)ïazide 

complex.27 Detailed mechanistic studies revealed that neither of these Fe(III) species 

engages in the hydrogen atom abstraction (HAA) step. Instead, HAA is mediated by the 

azidyl radical and an iodanyl radical, both generated from homolysis of the IïN bond in 

ABX, identified as rate-limiting step. This is consistent with the relatively low bond 

dissociation energy (BDE) of the IïN3 bond in ABX, measured at 29.5 kcal mol-1, which 

facilitates homolytic cleavage and efficient radical generation. The Fe(III)ïazide 

intermediate serves as the resting state of the catalyst and plays a key role in group 

transfer by rapidly delivering the azido ligand to the carbon-centered radical formed after 

HAA, thus completing the CïN3 bond-forming step. 

 

Scheme III. 3. Formation of Fe(III)ïN3 using ABX with Fe(II) for azidation reaction of alkyl C(sp3)ïH bonds. 

Another rare example was reported by McDonald and co-workers in 2021, who 

showed the synthesis of a dinuclear Fe(III)ïFïFe(III) complex (III.8) by reacting the 

corresponding Fe(II) precursor [FeII(NCCH3)2(TPA)]2+ [(TPA)Fe(MeCN)2](ClO4)2 (TPA = 

tris(2 pyridylmethyl)amine) (III.7) with difluoro(phenyl)-l3-iodane (PhIF2, DFIB,  

 
26 V. V. Zhdankin, A. P. Krasutsky, C. J. Kuehl, A. J. Simonsen, J. K. Woodward, B. Mismash, J. T. Bolz, J. 
Am. Chem. Soc. 1996, 118, 5192-5197. 
27 C. S. Day, A. Fawcett, R. Chatterjee, J. F. Hartwig, J. Am. Chem. Soc. 2021, 143, 16184-16196. 
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Scheme III. 4).28 While the dinuclear Fe(III)ïFïFe(III) complex (III.8) is sluggish in 

hydrogen atom transfer (HAT) reactions with several hydrocarbons, the corresponding 

mononuclear iron(III) fluoride complex (III.9), generated upon treatment of the dimer 

Fe(III)ïFïFe(III) species with a Lewis or Brønsted acid, exhibits higher reactivity towards 

hydrocarbon oxidation. Unlike complex III.8, which remains unreactive in hydrogen atom 

transfer (HAT) processes, the mononuclear complex III.9 exhibit HAT reactivity with 

activated substrates such as cyclohexadiene (CHD), xanthene or 9,10-

dihydroanthracene (DHA), yielding the corresponding oxidized organic products along 

with HF. This reactivity was attributed, at least in part, to the thermodynamic driving force 

for the formation of a strong strength of the HïF bond in the product (BDEHïF = 135 kcal 

mol-1). However, the FeïF bond strength in the oxidant species should also be 

considered for rationalizing the observed reactivity. The iron(III) fluoride complex bearing 

the TPA ligand did not produce any fluorinated organic product, indicating that fluoride 

rebound following the HAT step did not take place. 

 

Scheme III. 4. a) Synthesis of ɛ-Fe(III) fluoride complex (III.8) and the corresponding Fe(III)ïF (III.9) b) 

scXRD of complex III.8. Hydrogens are omitted for clarity. 

Later in 2023, the same group gained more insights into the system, and they 

postulated the formation of a Fe(IV)(F)2 complex (III.12) as the oxidative species.29 This 

intermediate was shown to perform HAT reaction, followed by the formation of a dimeric 

iron(III) fluoride complex (III.11) capable of serving as a fluorine donor to carbon-

centered radicals and triphenylphosphine. This reactive intermediate enabled the 

selective fluorination of hydrocarbons while minimizing the formation of oxygenated 

byproducts. Further investigations revealed that replacing the TPA ligand with tris(2-

benzimidazolylmethyl)amine (NTB) in the iron(II) precursor (III.10) influenced the 

 
28 C. Panda, L. M. Doyle, R. Gericke, A. R. McDonald, Angew. Chem. Int. Ed. 2021, 60, 26281-26286. 
29 C. Panda, O. Anny-Nzekwue, L. M. Doyle, R. Gericke, A. R. McDonald, JACS Au 2023, 3, 919-928. 
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reactivity. Later, the same group reported the reaction of complex III.10 with PhIF2 

(DFIB) in the presence of substrates containing activated Csp3ïH bonds led to the 

formation of fluorinated products (Scheme III. 5). For instance, triphenylmethane (TPM) 

and diphenylmethane were converted into the corresponding fluorinated derivatives in 

48% and 31% yields, respectively. In contrast, substrates with stronger CïH bonds, such 

as cyclohexene, toluene, decalin and adamantane afforded fluorinated products in low 

yield (11-2%). Interestingly, when the reaction of III.10 with DFIB was carried out using 

substrates such as dihydroantracene (DHA) or cyclohexene, the major products 

observed were anthracene and benzene, respectively, with high yields of 80% and 82%. 

Mechanistic studies suggested that the reaction between iron(II) (III.10) with DFIB 

generates a Fe(IV) difluoride intermediate (III.12) that undergoes HAT with activated 

substrates, where kinetic analysis revealed that is the rate-determining step. The 

resulting Fe(III) fluoride species [(NTB)Fe(III)(F)]2+ was found to dimerize into a more 

stable dincuclear complex (III.11), which was isolated at the end of the reaction.  

 

Scheme III. 5. a) Synthesis of ɛ-fluoride-diiron(III) complex using difluoro(phenyl)-ɚ3-iodane reagent (DFIB). 

b) proposed structure for the Fe(IV) intermediate. c) scXRD structure of the ɛ-fluoride-diiron(III) complex. 

Hydrogen atoms, solvent molecules, and ïOTf anions were omitted for clarity.  

Based on the examples presented along in this section, only a limited number of 

examples have been reported about the activation of cyclic ɚ3-iodanes with iron(II) 

complexes. In all these cases, the reaction of the cyclic ɚ3-iodanes reagents with iron(II) 

complexes leads to the formation of the corresponding iron(III) species, which is 

obtained from group transfer and one-electron oxidation. Motivated by the scarcity of 

such studies and the potential of this class of reagents, we turned our attention to 
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exploring the reactivity of cyclic cyano ɚ3-iodanes with iron(II) complexes. This reaction 

could lead either to the synthesis of iron(III) cyanide complexes if the cyclic cyano ɚ3-

iodanes react as group transfer and one-electron oxidant or could afford iron(IV) cyanide 

complexes if they react as group transfer two-electron oxidant. Therefore, there are very 

few examples of coordination high-valent iron cyanide complexes, whose isolation and 

structural characterization has been hampered due to their high thermal instability.  

In this regard, the triamidoamine ligand tris(N-tert-butyldimethylsilyl-2-

amidoethyl)amine [N(CH2CH2NSitBuMe2)3] (abbreviated as N3Nô3-) is a well-known 

redox-innocent ligand for its ability to stabilize metals in high oxidation state. Cummins 

and Schrock reported the first synthesis of a diamagnetic Fe(IV) cyanide complex 

[(N3Nô)FeIVCN] (III.13), supported by N3Nô3- ligand.30 The complex was obtained by 

coordination of NaCN to the neutral Fe(III) precursor[(N3Nô)FeIII], followed by one-

electron oxidation with ferrocenium triflate ([Cp2Fe][OTf]) at ï35 ºC, affording the Fe(IV)ï

CN complex (III.13) in 51% yield. (Scheme III. 6). The resulting complex adopts trigonal 

bipyramidal geometry with the cyanide ligand occupying the apical position. 

Spectroscopic characterization, including NMR, IR and 57Fe Mössbauer spectroscopy 

confirmed both the structure and the oxidation state of the complex. Notably, the 

Mössbauer parameters measured at 180 K (ŭ = ï0.22 m s-1, ȹEQ = 3.28 mm s-1) are 

consistent with an Fe(IV) assignment. Although Fe(IV) species are generally unstable, 

complex III.13 displays moderate thermal stability in benzene under an inert 

atmosphere, remaining intact for some hours. Nevertheless, significant decomposition 

occurs over time at room temperature, likely via homolytic cleavage of the FeïC bond. 

These findings highlight the capacity of the triamidoamine ligand not only to provide 

steric protection but also to offer electronic stabilization to high-valent iron centers.  

Another well-established ligand system known for stabilizing high-valent iron 

species, particularly Fe(IV)ïoxo complexes, is the family of tetraamido macrocyclic 

ligand (TAMLs).31 These robust ligands can function as either redox-innocent or redox-

active platforms, enabling the stabilization of iron in its +4 oxidation state. Collins and co-

workers reported an example of Fe(IV)cyanide bearing a TAML ligand.32 The complex 

Fe(IV)(DCB)(CN)]ϖ (III.14), supported by the redox-active macrocyclic ligand H4DCB, 

can be obtained through two distinct synthetic routes. In the first approach, treatment of 

the Fe(IV)ïCl precursor with sodium cyanide in aqueous solution afforded complex III.14 

in 75% yield via metathesis. The same complex could be prepared by oxidative 

 
30 C. C. Cummins, R. R. Schrock, Inorg. Chem. 1994, 33, 395-396. 
31 A. Chanda, D.-L. Popescu, F. T. de Oliveira, E. L. Bominaar, A. D. Ryabov, E. Münck, T. J. Collins, J. 
Inorg. Biochem. 2006, 100, 606-619. 
32 T. J. Collins, Acc. Chem. Res. 1994, 27, 279-285. 
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activation of nitrile solvents by the Fe(III)ïCl precursor in the presence of tert-butyl 

hydroperoxide (tBuOOH). Although no solid-state structure was obtained, its electronic 

configuration of S = 1 was confirmed by applied field Mössbauer spectroscopy. The zero-

field 57Fe Mössbauer spectrum recorded at 4.2 K showed a sharp doublet with a large 

quadrupole splitting |ȹEQ| = 4.35 mm sī1 and an isomer shift d = ï0.18 mm sī1.  

 

Scheme III. 6. Examples of Iron(IV) cyanides with the corresponding Mössbauer parameters.  

Whereas the previously discussed Fe(IV)ïcyanide complexes are stabilized by 

anionic nitrogen-based ligands, Que and co-workers reported the synthesis of a 

tricationic Fe(IV)ïcyanide complex [(TMG3tren)FeIVCN] (III.15), supported by a chelating 

tripodal peralkylguanidinyl ligand (TMG3tren).33 Despite its limited thermal stability, the 

complex III.15 was fully characterized at low temperature using UV-Vis, NMR, IR, 57Fe 

Mössbauer, and X-ray absorption (XAS) spectroscopies. The data support the 

assignment of a low-spin (S = 0) d  electronic configuration within a trigonal bipyramidal 

geometry. Notably, this contrasts with the related oxo analogue [(TMG3tren)Fe(IV)O], 

which adopts a rare high-spin (S = 2) ground state. These findings underline the strong 

donor character of the cyanide ligand, which enforces low-spin character in the Fe(IV) 

center.  

In 2019, Soo and co-workers made a significant contribution by reporting the first 

solid-state structure of a TAML-based Fe(IV) dicyanide complex [(TAML)FeIV(CN)2]2- 

(III.17, Scheme III. 7).34 This complex III.17 was obtained in 27% yield by one-electron 

oxidation of [(TAML)FeIII]ï (III.16) in the presence of potassium cyanide, one equivalent 

of tBuOK, and tris(p-tolyl)aminium radical cation [(ArMe)3N·+] (E1/2 = 0.4 V vs Fc+/0) as the 

oxidant. The addition of PPh4Cl was used to isolate the complex as its 

tetraphenylphosphonium salt. Single-crystal X-ray diffraction analysis revealed that 

complex III.17 adopts an octahedral geometry, with the two cyanide ligands occupying 

axial positions orthogonal to the equatorial plane defined by the TAML framework. 

 
33 J. England, E. R. Farquhar, Y. Guo, M. A. Cranswick, K. Ray, E. Münck, L. J. Que, Inorg. Chem. 2011, 50, 
2885-2896. 
34 J. H. Lim, X. Engelmann, S. Corby, R. Ganguly, K. Ray, H. S. Soo, Chem. Sci. 2018, 9, 3992-4002. 
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 The zero-field 57Fe Mössbauer spectrum recorded at low temperature shows a 

doublet with an isomer shift ŭ = ï0.141 mm s-1 and a quadrupole splitting |ȹEQ| = 

2.977 mm s-1 consistent with a ground-state spin configuration of S = 1 for the Fe(IV) 

center. 

Scheme III. 7. a) Synthesis of Fe(IV) cyanide complex b) scXRD of the dianionic complex 

[(TAML)FeIV(CN)2][(PPh4)2] (III.18) with selected bond length.34 Hydrogens and ïPPh4 anions are omitted by 

clarity.  
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III.2 Aim of this project  

As outlined in the previous section, there are limited mechanistic investigations 

that focus on obtaining a detailed comprehension on the reaction of iron(II) complexes 

with cyclic ɚ3-iodanes reagents. The goal of this thesis is to gain fundamental knowledge 

on this key step and to unravel whether the reaction of ironvomplexes with cyclic  

ɚ3-iodanes is a group transfer process associated to one- or to two-electron oxidations. 

We hypothesized that the reaction of iron(II) complexes, bearing certain ligands that 

contributes to the stabilization of high oxidation states, with cyclic ɚ3-iodanes could 

enable the synthesis of high valent iron complexes. Particularly, in chapter II we aim at 

developing a straightforward synthesis towards iron(IV) cyanide complexes by reaction 

of iron(II) and iron(III) complexes with cyano ɚ3-iodanes (Scheme III. 8). Considering the 

precedents with iron(IV) cyanide complexes, we used the previously reported 

[(N3Nô)FeIV(CN)] complex as a reference to evaluate our working hypothesis. In this 

chapter, we describe the synthesis and characterization of Fe(II) and Fe(III) complexes 

bearing the N3Nô3- ligand. Then, we investigate the reactivity of these iron precursors 

with two distinct families of cyano ɚ3-iodanes reagents, cyano-3,3-dimethyl-1,2-

benziodoxole (CDBXR) and cyano-benziodoxolone (CBXR) derivatives. 

 

Scheme III. 8. Iron(IV) cyanide complex inspired by Cummins and Schrock and discovering new synthetic 

strategy.  
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III.3 Results and discussion  

III.3.1 Synthesis and Characterization of Fe(II) and Fe(III) with TREN ligand  

Inspired by the pioneering contributions of the Schrockôs group, our research has 

focused on investigating the reactivity of iron(II) and iron(III) complexes bearing the 

tetradentate triamidoamine ligand N3Nô3- (where N3Nô3- is tris(N-tert-butyldimethylsilyl-2-

amidoehtyl)amine).35 This trianionic ligand is a well-known redox-innocent ligand that 

contributes to the stabilization of metals in high-oxidation states (Figure III. 1). 

Additionally, most of the metal complexes stabilized by N3Nô3- ligand usually adopt either 

trigonal monopyramidal (TMP), with an empty fifth coordination site in the axial position, 

or trigonal bipyramidal (TBP) geometry (Figure III. 1). Reported examples include a 

series of TMP complexes, denoted as [(N3Nô)M], where M = Ti, V, Cr, Mn or Fe and Ta or 

Mo,36,37,38,39,40,41,42,43 The substituent at the three amido groups (e.g. dimethyl-tert-

butylsilyl, trimethylsilyl or perfluorophenyl) are strategically oriented to encircle the 

equatorial plane in a threefold symmetric arrangement, creating a ñpocketò that protects 

the metal center by steric hindrance. The transition metal coordinates to the N3Nô3- ligand 

in a tetradentate manner, offering three orbitals ð two  ́orbitals (Ὠ  and Ὠ ) and one ů 

orbital (Ὠ ) ð available for bonding with additional ligands. While the pocket enhances 

the stability of the metal, it also leads to the formation of TMP complexes with a vacant 

axial site, facilitating the reactivity with exogeneous labile ligands (Figure III. 1). This 

work has focused on the use of N3Nô3- ligand with dimethyl-tert-butylsilyl substituents 

(TBDMS) that, additionally, provides remarkable solubility of the synthesized Fe(II) and 

Fe(IV) complexes in organic solvents, such as tetrahydrofuran and pentane. 

 

Figure III. 1. Structure of [(N3Nô)M] as trigonal monopyramidal with C3 symmetry. 

 
35 R. R. Schrock, Acc. Chem. Res. 1997, 30, 9-16. 
36 C. C. Cummins, J. Lee, R. R. Schrock, W. D. Davis, Angew. Chem. Int. Ed. Engl. 1992, 31, 1501-1503. 
37 C. C. Cummins, R. R. Schrock, W. M. Davis, Organometallics 1992, 11, 1452-1454. 
38 J. S. Freundlich, R. R. Schrock, C. C. Cummins, W. M. Davis, J. Am. Chem. Soc. 1994, 116, 6476-6477. 
39 K.-Y. Shih, R. R. Schrock, R. Kempe, J. Am. Chem. Soc. 1994, 116, 8804-8805. 
40 W. Plass, J. G. Verkade, J. Am. Chem. Soc. 1992, 114, 2275-2276. 
41 C. C. Cummins, R. R. Schrock, W. M. Davis, Angew. Chem. Int. Ed. 1993, 32, 756-759. 
42 J. G. Verkade, Acc. Chem. Res. 1993, 26, 483-489. 
43 J. Pinkas, B. Gaul, J. G. Verkade, J. Am. Chem. Soc. 1993, 115, 3925-3931. 
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The synthesis of N3Nô3- was carried out according to the previously reported 

procedure by Schrock, Scott and co-workers.44,45 To ensure the quality of the 

commercially available tris(2-aminoethyl)amine (TREN), known for its high hygroscopic 

properties, it was distilled over CaH2 prior to use. As shown in Scheme III. 9, the TREN 

ligand was deprotonated with 3.2 equivalents of n-butyllithium in tetrahydrofuran (THF) 

at ï78 ºC and the mixture was allowed to reach room temperature. Subsequently, a 

solution of tert-butylchorodimethylsilane (TBDMSCl) was added, resulting in a noticeable 

color change from yellow to pink. During this step, the byproduct lithium chloride 

precipitated, which was subsequently removed by extraction with pentane and filtration 

through dry CeliteÑ, yielding a pure yellowish N3NôH3 precursor. Afterwards, 

deprotonation of a solution of N3NôH3 in pentane at low temperature with another 

3.2 equivalents of n-butyllithium afforded the trilithium triamidoamine ligand Li3[N3Nô]. As 

reported by Scott and co-workers, the addition of 3-4 equivalents of tetrahydrofuran and 

subsequent concentration of the solution under vacuum caused the solidification of the 

sticky oil, obtaining a white-yellowish solid identified as Li3[N3Nô]Ŀ(THF)X (where x is the 

number of THF molecules that are determined by 1H-NMR spectroscopy).44 This 

synthesis has been successfully scaled up and replicated multiple times ensuring 

consistency and reproducibility with yields from 90ï99%. The high solubility of the ligand 

Li3[N3Nô]Ŀ(THF)X in various organic solvents, including pentane, tetrahydrofuran, diethyl 

ether and toluene, facilitates the following synthesis and purification of the coordination 

metal complexes.  

Scheme III. 9. Synthesis of Li3[N3Nô]Ŀ(THF)X. 

Scott and co-workers have provided a comprehensive analysis of the X-ray 

structure of trilithium salt Li3[N3Nô]Ŀ(THF)X (Figure III. 2).44 The solid-state structure 

contains two triamidoamine ligands linked through the coordination of one amido N atom 

each to the LiïLi central unit. Each Li atom in the central unit exhibits a trigonal planar 

geometry and completes the coordination sphere with one THF molecule. The two 

central amido N atoms bridge two Li atoms, forming an overall butterfly structure for 

Li3[N3Nô]Ŀ(THF)X. Then, the internal Li atoms are coordinated to three N atoms, whereas 

the external Li atoms are coordinated to only two N atoms and a THF molecule, both 

 
44 P. Roussel, N. W. Alcock, P. Scott, Inorg. Chem. 1998, 37, 3435-3436. 
45 C. C. Cummins, R. R. Schrock, W. M. Davis, Inorg. Chem. 1994, 33, 1448-1457. 
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adopting a slightly pyramidal geometry. Strikingly, they observed that the use of 

Li3[N3Nô]Ŀ(THF)X increased the yields of the subsequent metal complexes compared to 

the ligand without THF.46  

 

Figure III. 2. Molecular structure and X-ray structure of the trilithium triamidoamine salt Li3[N3Nô]Ŀ(THF)x. In 

Purple there are the Lithium atoms.44  

The synthesis of the corresponding iron(II) complex bearing the N3Nô3- ligand was 

performed following the procedure reported by Dunbar and co-workers, with a slight 

modification.47 The reaction of Li3[N3Nô]Ŀ(THF)2 with FeCl2 in anhydrous THF for 4 h at 

room temperature under inert conditions afforded complex [(N3Nô)FeIILi(THF)] (III.18) as 

a brown solid in 62% yield, after workup and recrystallization procedures (Scheme III. 

10a). Complex III.18 was characterized by means of 1H-NMR (paramagnetic), UV/Vis 

and 57Fe Mössbauer spectroscopies, as well as High Resolution Mass Spectrometry 

(HRMS). X-ray diffraction analysis of single crystals of III.18 showed that the iron 

features distorted TMP geometry by coordination to the three equatorial amido groups 

and the axial amine group. The coordination of the [Li(THF)]+ cation to two nitrogen 

atoms of the equatorial amido ligands induced a distortion from an ideal trigonal 

pyramidal to a pseudo-Cs symmetry (Scheme III. 10b). 

Scheme III.  10. a) Synthesis of the iron(II) complex precursor [(N3Nô)FeIILi(THF)] (III.18). b) Effective 

magnetic moment determined by the Evans Method for complex III.18 which is consistent with high-spin 

iron(II).  

 
46 P. Roussel, N. W. Alcock, R. Boaretto, A. J. Kingsley, I. J. Munslow, C. J. Sanders, P. Scott, Inorg. Chem. 
1999, 38, 3651-3656. 
47 D. Pinkowicz, F. J. Birk, M. Magott, K. Schulte, K. R. Dunbar, Chem. Eur. J. 2017, 23, 3548-3552. 
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The spectroscopic characterization of III.18 in solution is in good agreement with 

a high-spin configuration (S = 2) for the iron(II) center. The measured effective magnetic 

moment, determined using the Evans method, gives a value of ɛeff = 5.59 MB (Scheme 

III. 10b). This value is consistent with those previously reported for analogous trigonal 

monopyramidal iron complexes. For example, Dunbar reported a similar complex with 

Trimethylsilyl group (TMS), [(N3NTMS)FeIILi(THF)] (III.18TMS), featuring a ɛeff value of 

5.1 MB. Similarly, the Borovik group reported a complex K(tBuN3FeII)] (where tBuN3 is 

tris((N-tert-butylcarbamoyl)methyl)amine exhibiting a ɛeff value of 5.34 MB in DMF.4747,48  

The coordination of the Li(THF)]+ cation to the Neq atoms causes a distortion from 

the ideal pyramidal geometry (C3) towards pseudo-Cs symmetry. This change in 

geometry of complex III.18 led to the decrease of the degeneracy of the d orbitals and 

breaks the orbitals symmetry, lowering the overall energy of the system. In our specific 

case, a high-spin system (where S = 2) reveals the presence of multiple unpaired 

electrons. (Scheme III. 10b). This high-spin configuration contributes to the observation 

of paramagnetic 1H-NMR behavior across a broad spectral window, revealing distinct 

and sharp single peaks in the spectrum (Figure III. 4a). The distribution of unpaired 

electrons in different orbitals within the high-spin configuration minimizes the interaction 

between nuclear spin and the magnetic moment of electrons, thus mitigating the 

broadening effects and leading to sharper signals. Although distinct features were 

observed, we did not carry out a detailed paramagnetic NMR investigation to allow for a 

confident assignment of the sharp peaks.  

  

 
48 M. Ray, B. S. Hammes, G. P. A. Yap, A. L. Rheingold, A. S. Borovik, Inorg. Chem. 1998, 37, 1527-1532. 
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The iron(II) metal center is coordinated to the amine Naxial and the three 

inequivalents -́donors amido in the equatorial plane, adopting a distorted trigonal 

monopyramidal (TMP) geometry (t4 = 0.71).49 An axial coordination site remains 

unoccupied. The iron atom is slightly displaced from the equatorial nitrogen plane by 

0.163 Å in the direction of the vacant position. The displacement is aligned with the 

reported complex III.18TMS, where the iron atom is displayed by 0.15 Å (Figure III. 3a).47  

 

Figure III. 3. a) Definition of the equatorial plane and the displacement values of Fe from the equatorial N1-

N2-N3 plane and values of complexes III.18 and III.18TMS. b) Distances and angles of the reported 

[(N3NTMS)FeIILi(THF)] (III.18TMS) complex.  

The FeïN bond lengths at the equatorial plane in complex 1 are slightly longer 

than in the previously III.18TMS complex. As depicted in Figure III. 3b, the FeïN1 bond 

length is 1.955(2) Å, slightly longer than in III.18TMS complex (1.945(2) Å). Similarly, Feï

N2 and FeïN3 are also longer in III.18 than in III.18TMS (2.076(2) Å). The larger steric 

hindrance of the TBS group in comparison with the TMS group, contributes to longer Feï

N bonds. The strong and thereby short FeïN1 bond in comparison to FeïN2 and Feï3 

bonds (2.093(2) Å and 2.077(2) Å, respectively), is attributed to the higher electron-

donating ability of the N1 atom, which is not coordinated to the [Li(THF)]+ cation and can 

thus donate more electron density to the iron center. The bond elongation for FeïN4apical 

when comparing complexes III.18 and III.18TMS is less pronounced (2.150(1) Å vs. 

(2.147(2) Å) because this neutral N atom features the same substituents in both 

complexes. Despite complex III.18 having an empty axial position, solvents such as THF 

or diethyl ether show no tendency to coordinate to the iron center due to their weak 

donor capabilities.  

The distortion in the symmetry caused by the [Li(THF)]+ cation also leads to a 

decrease in the N2-Fe-N3 angle to 97.60(6)ºÅ, deviating significantly from the theoretical 

value of 120º expected in an ideal TMP geometry. Thus, the angles for N1-Fe-N2 and 

N1-Fe-N3 are large, with values of 130.51(7)º and 129.85(7)º respectively. Similar angle 

distortions were also noticed in complex III.18TMS.  

 
49 L. Yang, D. R. Powell, R. P. Houser, Dalton Trans. 2007, 955-964. 
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Figure III. 4. a) Paramagnetic 1H-NMR spectrum (500 MHz, C6D6, 298 K) of complex III.18. b) X-ray 

crystallographic structure of complex III.18. Thermal ellipsoids drawn at 50% of probability. Hydrogen atoms 

are omitted for clarity.  

The synthesis of the neutral Fe(III) complex [(N3Nô)FeIII] (III.19) was carried out 

following the previously reported procedure by Shrock and co-workers.36 The exothermic 

coordination reaction of anhydrous FeCl3 to Li3[N3Nô]Ŀ(THF)2 was performed in THF at ï

40 ºC, followed by gradual warming of the reaction mixture to room temperature. 

Complex III.19 was obtained as a dark brown solid in 67% yield after workup and 

recrystallization steps (Scheme III. 11a) and its characterization data was in agreement 

with the reported values.36  

The effective magnetic moment of the iron(III) complex was measured by the 

Evanôs method with a value of ɛeff = 5.73 MB, which indicates the high-spin electronic 

configuration for the iron center. This value is in agreement with the reported magnetic 

moment by Schrock and co-workers (ɛeff = 5.95 MB) and with the theoretical spin-only 

values (ɛeff = 5.92 MB) (Scheme III. 11b).36 
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Scheme III. 11. a) Synthesis of the iron(III) complex [(N3Nô)FeIII] (III.19) b) Effective magnetic moment 

determined by the Evans Method for complex III.19 that is consistent with a high-spin iron(III) electronic 

configuration. 

Limited information can be obtained for coordination metal complexes with 

S = 5/2 by means of paramagnetic 1H-NMR spectra, as exemplified by complex III.19, 

due to the large broad signal widths associated with this particular spin configuration 

(Figure III. 5a). The paramagnetic 1H-NMR spectra recorded for III.19 features a broad 

peak at  = 36.53 ppm (ȹu = 1209 Hz) and  = 13.57 ppm (ȹu = 746 Hz), which 

correspond to the methyl and tert-butyl groups of the TBDMS substituent, respectively. 

These values are in agreement with the literature values of  = 36.50 ppm 

(ȹu = 1360 Hz) and  = 13.90 ppm (ȹu = 646 Hz).36  

Single crystals of complex [(N3Nô)FeIII] (III.19) suitable for X-ray diffraction (XRD) 

analysis were obtained and its solid-state structure featured the iron center at an ideal 

trigonal monopyramidal geometry (t4 = 0.85) (Figure III. 5b).49 The iron(III) ion 

coordinates to the N3Nô3- ligand with threefold symmetry C3. The methyl groups of each 

TBDMS substituent are oriented nearly vertical, encircling the vacant position, and 

forming the sterically protected ñpocketò (Figure III. 5b inset). The bond distances and 

angles in complex III.19 closely resemble the values for the analogous vanadium 

complex [(N3Nô)V].36 In complex III.19, the iron atom exhibits a slight displacement of 

0.11 Å from the equatorial plane formed by the three amide nitrogen atoms. In 

comparison to complex III.19, which has angle of 86.93(6) º for N1ïFeïN4 and 

86.60(6) º and 84.19º N2ïFeïN4, and N3ïFeïN4 the N1ïFeïN2 angle for complex 

III.19 is 87.76(11) º, a value that is closer to the angle for the ideal TMP geometry. Of 

particular interest is the ñpocket angleò ɗ that provides insight into the molecular steric 

hindrance. In complex III.19, where the pocket remains unoccupied, ɗ measures 40.39 º 

which is consistent with the value for the vanadium complex [(N3Nô)V] of 40.2Ü.  
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A comparison of the FeïN2 bond lengths in complex III.19 with those of FeïN4 

complex III.18 reveals shorter bonds in the former (2.112(4) Å versus 2.150(1) Å). This 

observation is consistent with an increase in oxidation state and a corresponding 

decrease in the ionic radius when oxidizing Fe(II) to Fe(III) at the N3Nô3- ligand. In 

addition, the FeïNapical bond is also contracted in complex III.19 compared to complex 

III.19 (2.112(4) Å versus 2.1503(13) Å, respectively). 

 

Figure III. 5. a) Paramagnetic 1H-NMR spectrum (300 MHz, C6D6, 298 K) of complex III.19. b) X-ray 

crystallographic structure of complex III.19. Thermal ellipsoids drawn at 50% of probability. Hydrogens atoms 

are omitted for clarity.  
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III.3.2 Reactivity studies of Fe(II) and Fe(III) with cyano ɚ3-iodanes   

III.3.2.1 Synthesis of cyano ɚ3-iodanes  

After the synthesis and characterization of iron(II) and iron(III) complexes, 

[(N3Nô)FeII][Li(THF)] (III.18) and [(N3Nô)FeIII] (III.19), we investigated their reactivity with 

cyano ɚ3-iodanes. This work focuses on the reactivity of iron complexes with cyano-

benziodoxolone (CBX) and cyano-3,3-dimethyl-1,2-benziodoxole (CDBX).50 To this 

endeavor, we synthesized a family of CBXR and CDBXR (R = H, F, OMe or CF3) 

reagents, which contain a para substituent to the iodine atom at the arene ring. The 

synthesis of these cyano ɚ3-iodanes was performed by following the procedures reported 

by the groups of Zhdankin and Waser, with slight modifications (Scheme III. 12). The 

CBXR and CDBXR reagents were prepared through three and five-step synthesis, 

respectively, starting from commercially available 2-iodobenzoic acid derivatives. The 

synthesis of CBXR started with the oxidation of the 2-iodobenzoic acid derivatives with 

sodium periodate to yield the cyclic hydroxy benziodoxolone (Int-1R) under acidic 

conditions. Then, acetylation of Int-1R yielded compound Int-2R that was purified by 

crystallization. Finally, cyano benziodoxolone CBXR was synthesized as a white solid 

with yields ranging from 74 to 99% by the reaction of Int -2R with cyanotrimethylsilane 

(TMSCN) in the presence of catalytic amount of TMSOTf. 

 

Scheme III. 12. Overall synthesis of CBXR and CDBXR derivatives. 

 
50 V. V. Zhdankin, C. J. Kuehl, A. P. Krasutsky, J. T. Bolz, B. Mismash, J. K. Woodward, A. J. Simonsen, 
Tetrahedron Lett. 1995, 36, 7975-7978. 
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The first step of the synthesis of CDBXR consisted on the esterification of the  

2-iodobenzoic acid derivative to afford Int-3R by reaction with sulfuric acid in methanol. 

Then, Int-3R was converted into the tertiary alcohol Int-4R by nucleophilic addition 

reaction with a freshly prepared methylmagnesium iodide solution. Owing the unstability 

of Int -4R, this compound was used in the next step without further purification. The next 

steps consisted on oxidation and chlorination processes to synthezise Int -5R by the use 

of trichloroisocyanuric acid (TCICA). Afterwards, the chloride ligand at Int -5R was 

exchanged with an acetate group using silver acetate. The targeted CDBXR reagent was 

obtained in yields ranging from 77 to 97% by reaction of Int-6R with TMSCN. We 

successfully isolated both families of cyano ɚ3-iodanes as white crystalline solids in 

overall high yields. The CBXR was obtained in an overall yield of 63% and CDBXR with 

27% yield. It is important to note that these reagents must be stored in the dark and 

under a nitrogen atmosphere to prevent degradation.  
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III.3.2.2 Reactivity of Fe (II) with CDBX R derivatives  

Our studies started by reacting the Fe(II) precursor III.18 with one equivalent of 

CDBXH in THF at ï20 ºC for 30 min, resulting to the prompt formation of a deep red 

solution that corresponds to the paramagnetic Fe(III) cyanide complex 

[(N3Nô)FeIII(CN)(Li)(THF)3] (III.20-LiTHF). Despite multiple attempts, obtaining isolated 

yields of III.20-LiTHF proved to be challenging, since drying of the complex under vacuum 

led to the removal of THF molecules and subsequent decomposition. On the other hand, 

sequestration of the Li+ cation by treatment of III.20-Li THF with 1 equivalent of 12-crown-4 

ether afforded [(N3Nô)FeIII(CN)(Li)(12-c-4)] (III.20-Li crown ) in 96% isolated yield. Following 

the same procedure, III.20-Li crown  was also synthesized in high yields (82%-93%) by 

reacting Fe(II) complex III.18 with various substituted CDBXR derivatives (R = F, OMe, 

CF3, Scheme III. 13). 

 

Scheme III. 13. Synthesis of III.20-Licrown  upon reaction III.18 with CDBXR. Isolated yields are given as an 

average of two runs. 
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The reaction of CDBXH with Fe(II) precursor III.18 in THF at ï20ºC to form III.20-

Li THF was monitored by UV/Vis spectroscopy. The experiment consisted of preparing a 

UV/Vis cell with 1.6 mM solution of III.18 in THF under inert conditions and placing it in 

the cell holder that was maintained at ï20 ºC. Once thermal equilibrium was reached, an 

initial spectrum of the starting complex III.18 was recorded. Subsequently, 1 equivalent 

of CDBXH was added via syringe under vigorous stirring, while the UV/Vis spectral 

changes were monitored. This resulted in the rapid generation of two distinct absorption 

bands at ɚmax = 388 nm and ɚmax = 507 nm, together with the formation of an isosbestic 

point a ɚ = 633 nm, which were attributed to the formation of III.20-Li THF (Figure III. 6). 

The complete formation of III.20-LiTHF occurred in approximately 20 s.  

 

Figure III. 6. UV/Vis spectra corresponding to the oxidation of III.18 (1.6 mM) with CDBXH (1 equiv) in THF 

at ï20 ºC (brown: III.18; red: III.20-LiTHF). Inset plot: kinetic trace at ɚmax = 388 nm corresponding to the 

formation of compound III.20-LiTHF at ï20 ºC. 

An EPR analysis of a freeze-quenched reaction of complex III.18 with CDBXF 

(selected for solubility purposes) after 15 min was carried out. This analysis revealed the 

formation of an S = 5/2 axial species along with an S = 5/2 rhombic species, both 

consistent with high-spin Fe(III) (Figure III. 7a). The axial:rhombic ratio was 81:18 and 

74:25 from two independent experiments. We speculated that these two species may 

arise from a distortion in geometry induced by the lithium cation. For this reason, we 

focused on the synthesis of the Fe(III) cyanide complex [(N3Nô)FeIII(CN)[nBu4N] (III.20-

Bu 4N) that contains tetrabutylammonium as a non-coordinating cation instead of lithium 

cation, as in III.20-LiTHF. 
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Figure III. 7. a) EPR spectra of a freeze-quenched reaction of III.18 (20 mM) with 1 equiv of CDBXF in THF 

after 15 min. black line, 9.63 GHz, power 40 ɛW, modulation frequency 100 kHz, modulation amplitude 

0.75 mT); red line, three-component simulation for an axial (g = [5.77, 6.05, 1.98], 81%), rhombic 

(geff = 4.26, 18%) and radical species (geff = 2.001, 1%). b) EPR spectra of a frozen solution of III.20-Bu4N 

(3 mM) in THF black line, 9.63 GHz, power 0.40 mW, modulation frequency 100 kHz, modulation amplitude 

0.75 mT); three-component simulation for an axial (geff = [5.65, 6.10, 1.98], 99.4%), rhombic 

(geff = 4.29, 0.3%) and radical species (geff = 2.006, 0.3%). 

The coordination of tetrabutylammonium cyanide to [(N3Nô)FeIII] (III.19) in THF at 

room temperature afforded [(N3Nô)FeIII(CN)[nBu4N] (III.20-Bu 4N) in 71% yield as a red-

crystalline solid (Scheme III. 14). An analogous complex, [(N3Nô)FeIII(CN)][Na(THF)n] 

(III.20-NaTHF), was previously synthesized by Cummins and Schrock by reaction of III.19 

with an excess of NaCN as the cyanide sources.30 However, after several attempts, we 

could not successfully reproduce the reported synthesis of III.20-NaTHF. Probably, the low 

solubility of sodium cyanide in THF and its hydroscopic nature, could have triggered the 

decomposition of the desired complex, as the deep red color associated to the 

coordination of cyanide to the iron(III) was not observed. Complex III.20-Bu 4N was fully 

characterized by means of X-ray diffraction, HR-MS, EPR and 57Fe Mössbauer 

spectroscopy.  
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Scheme III. 14. Synthesis of [(N3Nô)FeIII(CN)[nBu4N] (III.20-Bu 4N) in THF at room temperature. 

The EPR spectrum of III.20-Bu 4N reveals the presence of a similar axial high-

spin Fe(III), which corresponds to >99% of the EPR signal (Figure III. 7b). Based on this 

data, we propose that the detected S = 5/2 axial signal in the crude reaction of III.18 with 

CDBXF corresponds to Fe(III) cyanide species, while the minor rhombic signal may stem 

from anisotropic interactions with the Fe(III) center, which disrupts the threefold 

symmetry. This phenomenon has been previously noted by Borovik and  

co-workers for trigonal bipyramidal (TBP) iron complexes with N-based tripodal ligands, 

who observed that distortion of the C3-symmetry can result to a different distribution of 

the d orbitals, increasing their degeneracy.30,51,52 However, a thorough spectroscopic 

investigation into the nature of the rhombic species observed in the EPR spectrum 

should be further investigated. Despite the distortion of symmetry causing structural 

changes, DFT calculations at the S12G/TZ2P level allowed us to gain further knowledge 

about the electronic structure and spin state of the complexes III.20-Li THF and III.20-

Bu 4N. 

 
51 M. Ray, A. P. Golombek, M. P. Hendrich, G. P. A. Yap, L. M. Liable-Sands, A. L. Rheingold, A. S. Borovik, 
Inorg. Chem. 1999, 38, 3110-3115. 
52 C. Sun, V. F. Oswald, E. A. Hill, J. W. Ziller, A. S. Borovik, Dalton Trans. 2021, 50, 11197-11205. 
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Scheme III. 15. Calculated molecular orbital energy diagram for III.20-Bu 4N and III.20-Li THF. 

Suitable crystals of III.20-Li THF and III.20-Li crown  for X-Ray diffraction (XRD) 

analysis were obtained from saturated THF solutions of the corresponding iron complex 

containing some drops of pentane at ï78 ºC. In the case of III.20-Bu 4N, crystals were 

grown from slow diffusion of pentane into a concentrated THF solution of the complex at 

ï40 ºC. Upon detailed analysis of the X-ray structures and a comprehensive comparison 

of III.20-Li crown , III.20-Li THF and III.20-Bu 4N, significant changes in the structural 

geometry are observed (Figure III. 8). It is apparent that the Li+ cation strongly 

coordinates to the N atom of the cyanide, resulting in the elongation of the FeïNapical and 

FeïC bonds. Having a closer look, III.20-Li crown  and III.20-Bu 4N exhibit shorter FeïNapical 

bonds (2.446(2 Å and 2.4225(17) Å, respectively) than III.20-Li THF (2.505(5) Å). While 

III.20-Li crown  (t5 = 1) and III.20-Bu 4N (t5 = 1.06) adopt a trigonal bipyramidal (TBP) 

geometry, the strong lithium interaction enforces a tetrahedral coordination geometry in 

III.20-LiTHF (t4 = 0.92).49 This was also supported by DFT calculations. A shortness in 

FeïC and FeïNaxial bonds lengths of III.20-Bu 4N compared with III.20-Li THF 

demonstrated the lithium coordination effect. The calculated energy of the ground state 

III.20-Li crown  
III.20-Bu 4N 



Results and discussion  

82 

for compound III.20-Bu 4N is found to be ï6.93 eV higher than III.20-Li THF that is ï

7.14 eV. This is accordance with the structure and geometry of the complexes that 

complex, where III.20-Bu 4N exhibit a shortened Fe-C and Fe-Naxial bonds lengths making 

a more compress structure. In the case of III.20-Li THF, the complex has lower energy as 

a result of elongation in the z axis axial that it can be clearly observed by X-ray structure 

effecting again the FeïC and FeïNaxial bonds. 

 

Figure III. 8. XRD of complexes III.20-Li crown , III.20-LiTHF and III.20-Bu 4N. Thermal ellipsoids drawn at 50% 

of probability. Hydrogen atoms and Bu4N+ cation are omitted for clarity. 12-crown-4 ether and THF molecules 

are represented as sticks for clarity.  

Our findings indicate that CDBXR serves as both a cyano-transfer reagent and 

one-electron oxidant when reacting with III.18, leading to the formation of the 

corresponding Fe(III) cyanide complex III.20-Li THF. This observation could seem 

counterintuitive since the N3Nô3- ligand is a strong electron-donating ligand that favors 

the stabilization of the metal in high oxidation state and most of the reported reactions of 

iron(II) complexes with ɚ3-iodanes proceed through group transfer and two-electron 

oxidation processes. Indeed, the more conventional hypervalent iodine reagents such as 

2-iodoxybenzoic acid (IBX), iodosylbenzene (PhIO) and iminoiodanes (i.e., PhINTs) are 

well-explored and they are known to react with Fe(II) as oxygen- and imido-transfer two-

electron oxidants. This reactivity has enabled the synthesis of Fe(IV)ïoxo, Fe(IV)ïimido 

or Fe(III)Iïaminyl radical complexes that are stabilized at certain ligands.14,15,16,17 As 

mentioned before, examples for 3ɚ-iodanes reacting with iron(II) complexes as group 

transfer and one-electron oxidants are scarce. Recently, Hartwig and co-workers 

reported the study of the activation of azidobenziodoxolone (ABX) with [(pybox)FeII(X)2] 

(X= Cl, OCOCH3) complex.27 This reaction undergoes via SET and homolytic cleave of 

the IïN3 bond, resulting in the formation of both iron(III)-azide and iron(III)-carboxylate 

complexes. Indeed, the iron(III)-azide is a key catalytic species in a Csp3ïH azidation 



Chapter III  

83 

reaction by enabling the Csp3ïN3 bond forming event through the trapping of alkyl 

radicals.  

In order to rationalize the stability and reactivity of several ɚ3-iodanes, in 2019 

Xue and co-workers calculated by means of DFT methods the bond dissociation energy 

(BDE) of the IïR bond (R = N3, CN, C¹CR, CF3, F).53 For instance, CBX and CDBX 

reagent have a high BDE with values of 72.4  Kcal mol-1 and 69.2 Kcal mol-1, 

respectively. In these cyano ɚ3-iodanes, it is expected that the IïCN bond undergoes 

heterolytic cleavage upon a SET reduction process. In contrast, azidobenziodoxolone 

(ABX ) and azidodimethylbenziodoxole (ADBX ) present a low BDE with values of 

35.4 kcal mol-1 and 32.8 kcal mol-1, respectively, which usually undergo homolytic 

cleavage upon SET reduction.54 It is remarkable that, despite the higher bond 

dissociation energy of the IïCN in CDBX compared to IïN3 bond in both ABX  and 

ADBX , our data shows similar outcome when iron(II) complexes react with these  

ɚ3-iodanes (Figure III. 9). We show that CDBX can undergo group transfer and one-

electron process with iron(II) complexes, which differs significantly from the two-electron 

oxidative process reported in reactions involving various ɚ3-iodanes with 4d and 5d 

transition metal complexes (Pd, Rh, Ir, Au), as well as late 3d transition metals like Cu 

and Ni.55,56,57 

 

Figure III. 9. Calculated I(III)ïN3 and CN bond dissociation energy (BDE) scale in kcal/mol.  

 

 

 

 

 
53 J.-D. Yang, M. Li, X.-S. Xue, Chin. J. Chem. 2019, 37, 359-363. 
54 A. Casitas, P. Andreetta, Chapter Two - Iron-catalyzed group-transfer reactions with iodine(III) reagents in 
Advances in Catalysis, Vol. 74 (Eds.: T. Ollevier, M. Diéguez), Academic Press, 2024, pp. 33-99. 
55 F. C. Sousa e Silva, A. F. Tierno, S. E. Wengryniuk, Molecules 2017, 22, 780. 
56 Selected examples: M. G. Suero, E. D. Bayle, B. S. L. Collins, M. J. Gaunt, J. Am. Chem. Soc. 2013, 135, 
5332-5335;R. J. Phipps, N. P. Grimster, M. J. Gaunt, J. Am. Chem. Soc. 2008, 130, 8172-8174;R. J. Phipps, 
M. J. Gaunt, Science 2009, 323, 1593-1597. 
57 Selected examples: J. R. Bour, N. M. Camasso, M. S. Sanford, J. Am. Chem. Soc. 2015, 137, 8034-
8037;M. Iyanaga, Y. Aihara, N. Chatani, J. Org. Chem. 2014, 79, 11933-11939. 
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III.3.2.3 Reactivity of Fe (II) with CDX R derivatives  

As discussed earlier, the N3Nô3- ligand is known to stabilize high valent complexes 

such as the electrophilic Fe(IV) cyanide complex, [(N3Nô)FeIV(CN)] (III.21) that was 

reported by the Schrock group.45 We hypothesized that cyano ɚ3-iodane reagents, acting 

as strong oxidants, could enable the direct synthesis of complex III.21 via a combination 

of group transfer and two-consecutive single electron transfer (SET) steps. Therefore, 

we explored the reactivity of iron(II) complex III.18 with two different families of cyano ɚ3-

iodane reagents. The reaction of III.18 with 2.2 equivalents of CBX in THF at ï20 ºC 

enabled the synthesis of Fe(IV) cyanide complex III.21 in 51% yield as determined by 

57Fe Mössbauer spectroscopy (Scheme III. 16a). The addition of CBX into the brownish 

iron(II) solution caused an immediately color change to red, which subsequently turned 

into the purple color after stirring overnight. The zero-field 57Fe Mössbauer spectrum at 

80 K of a freeze-quenched solution after 24 h reaction, showed a signal corresponding 

to a low-spin Fe(IV) species (51%; ŭ1 = ï0.20 mm s-1, |ȹEQ|1 = 3.23 mm s-1) and a 

second asymmetric doublet indicative of a high-spin ferric species  

(49%; ŭ2 = 0.36 mm s-1, |ȹEQ|2= 1.12 mm s-1, Scheme III. 16b). The asymmetry of the 

doublet is consistent with intermediate spin relaxation of the S = 5/2 Fe(III), which is 

common for paramagnetic compounds. The initial color change of the solution to red, the 

requirement of 2.2 equivalents of CBX for the success of the reaction and the presence 

of Fe(III) in the reaction crude, suggests that the formal oxidation of Fe(II) and Fe(IV) 

likely proceeds via two consecutive single-electron transfer (SET) processes, involving a 

stable Fe(III) intermediate species. To gain a more detailed mechanistic picture, the EPR 

spectrum of a crude solution of the reaction of III.18 with 2 equivalents of CBXF frozen 

after 15 min showed the same axial and rhombic S = 5/2 species consistent with the 

high-spin Fe(III) that are observed in the EPR spectrum when using CDBXF reagent 

(Scheme III. 16c). This supports that the reaction of Fe(II) complex III.18 with 1 

equivalent of CBX generates the intermediate Fe(III) cyanide (III.20-Li THF) through SET 

and group transfer processes. Then, the second SET process between III.20-Li THF and 

CBX to form complex III.21 proceeds at slower rate compared to the first SET process 

between Fe(II) and CBX. It is crucial to highlight that when CDBX is employed as an 

oxidant, this second SET process does not take place, even if an excess of CDBX (a 

range from 2 to 10 equivalents) is used, since the only product obtained is III.20-LiTHF, as 

previously discussed.   
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Scheme III. 16. a) Synthetic routes towards the Fe(IV) cyanide complex III.21. b) Zero-field Mössbauer 

spectra at 80 K of frozen solution of reaction of III.18 with 2.2 equiv of CBXH. c) EPR spectra at 12.4 K of a 

freeze-quenched reaction of III.18 (20 mM) and 1 equiv of CBXF in THF after 15 min. (black line, 9.63 GHz, 

power 40 µW, modulation frequency 100 kHz, modulation amplitude 0.75 mT); three-component simulation 

for an axial (geff = [5.83, 6.05, 1.99], 58%), rhombic (geff = 4.29, 41%) and radical species (geff = 2.007, 1%).  

For comparison purposes, we prepared the Fe(IV) cyanide complex 

[(N3Nô)FeIV(CN)] (III.21) following a more conventional synthetic strategy based on 

cyanide coordination to [(N3Nô)FeIII] (III.18) followed by one-electron chemical oxidation. 

Thus, treatment of the already isolated Fe(III) cyanide III.20-Bu 4N with 1 equivalent of 

Tris(4-bromophenyl)ammoniumyl hexachloroantimonate [(4-BrC6H4)3N]SbCl6 as an 

outer-sphere oxidant (E1/2 = +0.80 V vs. [FeCp2]+/0 in THF) at ï20 ºC gave complex III.21 

as a dark purple crystalline material in 71% yield after workup (Scheme III. 16a). 

Complex III.21 proved to be stable as a solid for a couple of months at ï40 ºC in the 

freezer of the glovebox. While the Fe(IV) cyanide showed moderate stability in THF and 

toluene solutions at low temperatures, it decomposed rapidly at room temperature since 

the dark purple solution lost its color and became brownish after only 3 h.  
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We obtained single crystals of complex III.21 suitable for X-ray diffraction 

analysis and its solid-state structure is depicted in Figure III. 10a, which represents the 

first reported X-ray structure for a monocyanide Fe(IV) complex. Complex III.21 exhibits 

an almost ideal trigonal bipyramidal (TBP) geometry (t5 = 0.97), showcasing a 

remarkably short Fe(IV)ïCN bond length (1.897(4) Å), in contrast to the analogous 

Fe(III) cyanide complexes III.20-Li crown  (2.162(2) Å), III.20-LiTHF (2.155(4) Å), and III.20-

Bu 4N (2.131(2) Å) (Figure III. 8). The unique structural changes observed in the 

complexes III.20-Li crown , III.20-Li THF, III.20-Bu 4N and III.21 represent a significant 

understanding of the electronic and structural properties inherent in this family of iron 

complexes bearing the N3Nô3- ligand. This is primarily due to the shift from a distorted 

tetrahedral to trigonal bipyramidal geometry, caused not only by oxidation from iron(III) to 

Fe(IV), but also among subtle changes on the anion as for the iron(III) cyanide 

compounds. 

Interestingly, a clear correlation between the oxidation state and the equatorial 

FeïNavg bond lengths is observed. The structural compactness becomes particularly 

evident when comparing the iron complexes across different oxidation states: 

2.042(13) Å for Fe(II)ïNavg (III.18), 1.9627(18) Å Fe(III)ïNavg (III.20-Bu 4N) and 1.821(5) Å 

for Fe(IV)ïNavg (III.21). This trend highlights that as the oxidation state increases, the 

higher positive charge and the higher electron deficiency at the metal center result to 

stronger metal-ligand interactions, and, consequently, shorter bond lengths are 

observed.  

 

Figure III. 10. a) Solid-state structure of III.21 obtained by XRD analysis. Thermal ellipsoids drawn at 50% of 

probability. Hydrogens are omitted for clarity. b) Zero-field 57Fe Mössbauer spectra at 80 K of III.21 obtained 

from oxidation of III.20-Bu 4N with [(4-BrC6H4)3N]SbCl6 (ŭ = ï0.20 mm s-1, |ȹEQ| = 3.32 mm s-1). 

The zero field 57Fe Mössbauer spectrum of a sample III.21 in solid state obtained 

at 80 K exhibits a doublet with an isomer shift of ŭ = ï0.20 mm s-1 (calc.: ï0.26 mm s-1), 

and a large quadrupole splitting |ȹEQ| = 3.32 mm s-1 (calc.: ï2.75 mm s-1, Figure III. 
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10b). The small negative value of the isomer shift, and the large quadrupole splitting are 

considered indicative of iron(IV) with a low-spin ground state (S = 0). The applied field 

57Fe Mössbauer spectra at 1.7 K under 7.0 T features an ŭ = ï0.17 mm s-1, ɖ = 0 and 

ȹEQ < 0 (Figure III. 11a), which is consistent with the threefold symmetry axis passing 

by the 57Fe nucleus and the electric field gradient tensor elongated axially. The isomer 

shift of complex III.21 at 1.7 K is higher than the value obtained at 80 K owing the 

second-order Doppler effect that increases the ŭ at lower temperatures.58 The isomer 

shift, symmetry of the electric field gradient and sign of the quadrupole splitting are in 

alignment with the values obtained for a related TBP Fe(IV) cyanide complex III.22 that 

contains a neutral tetramethylguanidyl-based ligand (Figure III. 11b).33 However, the ȹEQ 

of III.21 is lower than the reported value for III.22 (ï4.45 mm s-1). This difference could 

be attributed to the stronger metal-ligand covalency imparted by the trianionic N3Nô3- 

ligand in III.21 as opposed to the neutral tetramethylguanidyl-based ligand in III.22. 

 

Figure III. 11. a) Applied field 57Fe Mössbauer spectra at 1.7 K under 7.0 T of III.21. b) Table with values of 

isomer shift (d) and quadrupole splitting (ȹEQ) of complex III.21 and III.22.  

Complex III.21 was characterized by NMR spectroscopy due to its diamagnetic 

nature. 1H-NMR spectra of III.21 at ï20 ºC in CDCl3 shows four distinct resonance 

peaks, consistent with its threefold symmetry. The chemical shifts corresponding to the 

tert-butyldimethylsilyl groups appear as two singlets at 1.06 ppm (tBu) and 0.35 ppm 

(CH3), while the ethylene backbone is characterized by two triplets at 3.32 ppm and 

2.03 ppm. Likewise, 13C-NMR spectrum confirms the three fold symmetry, with signals at 

27.9 ppm (tBu) and ï0.23 ppm (CH3) for the t-butyldimethylsilyl groups (d = 21.3 ppm for 

the quaternary carbon) and at d 64.5 and 57.4 ppm for the carbon atoms bound to 

nitrogen. These NMR data are consistent with previously reported values.3045 Although 

the 13C NMR did not reveal the carbon atom of the cyanide ligand in III.21 ï due to the 

absence of 13C- enriched cyanide ï the coordination of the cyano group in complexes 

 
58 N. N. Greenwood, T. C. Gibb, Mössbauer Spectroscopy, Chapman and Hall Ltd, London, 1971. 
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III.20-Li crown , III.20-Bu 4N and III.21 was confirmed through de FT-IR spectroscopy. The 

spectra revealed medium-intensity sharp peak at 2014 cm-1, which are also in 

agreement with the previously reported data.30 Unfortunately, the unavailability of 

labelled derivatives precludes a more precise assignment of the bands via IR 

spectroscopy. 

The 57Fe Mössbauer data in combination with the diamagnetism observed by 

NMR spectroscopy supports a low-spin ground state (S = 0) for III.21. DFT calculations 

corroborate the experimental data by indicating that the calculated ground state supports 

e(Ὠ ȟ )4 e(Ὠ ȟ   )0 ὄ(Ὠ )0 electronic structure in C3 point group, which is 0.73 eV 

more stable than the lowest molecular orbital lying S = 2. Upon oxidation of complexes 

III.20-Bu 4N and III.20-LiTHF, a significant rearrangement of the occupied orbitals occurs. 

The nature of the lowest Ὠ ȟ  energy state has changed, resulting in a shift of the 

molecular orbitals to lower energy by 0.69-0.9 eV (based on comparison of the 

calculated ground state of the iron(III) complexes). This change is attributed to the 

removal of one electron from the Ὠ , causing a shift up in energy as oxidation state 

trend. 

The degenerated orbitals facilitate strong binding of both axial and equatorial 

ligands to the iron ion, leading to a remarkable decrease in FeïCN and FeïNavg bond 

lengths, thereby compressing the structure. Both factors contribute to the destabilization 

of the Ὠ  above the LUMO (Ὠ ȟὨ  ) orbitals. While the HOMO-LUMO gap is 1.5 eV, 

the highest occupied ground state is ï7.83 eV lower compared to Fe(III) complexes 

(Figure III. 12). Consequently, this results in a redshift in the UV/Vis spectra with  lmax 

551 nm (e =2550 M-1 cm-1) in comparison to complexes 3-Bu 4N and 3-LiTHF.  
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Figure III. 12. Calculated Molecular Orbitals (MO) of complex III.21 for low-spin system with S = 0. 

Despite in Figure III. 12, the HOMO s-antibonding nature of Ὠ  orbitals is 

evident in their interaction with both the cyanide and tertiary amine ligands, while the 

degenerated (Ὠ ȟὨ  ) set exhibits s-antibonding interactions with the equatorial 

amido groups. However, the degenerated (Ὠ ȟὨ  ) set either shows a nonbonding 

behavior (64%) or is stabilize through p-bonding (11%) to the cyanide acceptor. 

Therefore, complex III.21 is a d4 with a e(Ὠ ȟ )4 configuration for the ground state in the 

strong field. 

Finally, we investigated whether CBXH can react as cyano-transfer and one-

electron oxidant not only with Fe(II) precursor (III.18) but also with Fe(III) complexes. 

Thus, we studied the preparation of Fe(IV) cyanide III.21 upon reaction of the neutral 

Fe(III) complex [(N3Nô)FeIII] (III.18) with CBXH reagent (Scheme III. 17). The reaction of 

III.19 with 1.3 equivalents of CBXH in THF at ï20 ºC for 24 h and the analysis of the 

freeze-trapped 57Fe Mössbauer at 80 K spectrum showed the formation of III.21 in 43% 

yield. Alternatively, Fe(IV) cyanide III.21 could be synthesized by in-situ formation of the 

Fe(III) cyanide complex III.20-Li THF by reacting III.18 with 1 equivalent of CDBXH, 

followed by the addition of 1.3 equivalents of CBXH. This synthetic method afforded III.21 
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with 39% yield, as determined by 57Fe Mössbauer spectroscopy from the frozen crude 

solution. Additionally, complex III.21 was also obtained in 29% yield from a reaction of 

III.20-Bu 4N with 1.3 equivalents of CBXH by 57Fe Mössbauer spectroscopy from the 

frozen crude solution. These results show that CBX can react as cyano-transfer one-

electron oxidant to obtain Fe(IV) cyanide complex. In addition, for coordinatively 

saturated iron(III) complexes as III.20-Li THF and III.20-Bu 4N, CBX can also engage into 

one-electron oxidation process that is decoupled from the cyanide transfer event.  

 

Scheme III. 17. Reactivity of CBX with Fe complexes III.18, III.19, III.20-LiTHF and III.20-Bu 4N to form the 

Fe(IV) complex III.21. 

The reduction potential (Epc) of the cyano l3-iodanes studied in this thesis, 

CDBXR and CBXR, is a key parameter for their reactivity with coordination iron 

complexes. We measured the reduction potential (Epc) for several p-substituted 

derivatives CBXR and CDBXR (R=H, OMe, CF3 and F) by means of cyclic voltammetry in 

tetrahydrofuran (THF) and acetonitrile (ACN). These reagents are characterized by one 

broad-intense irreversible reduction peak. As observed in Figure III. 13, It can be noted 

that CDBXR exhibits a more reducing potential ranging from ï2.35 to ï2.56 V vs 

[FeCp2]+/0. These molecules are shown to only form III.20-Li THF, as indicated in red. 

However, CBXR appears to be stronger oxidant than CDBXR due to its lower reduction 

potential, which is between ï1.56 to ï1.59 V vs [FeCp2]+/0. As seen previously, these 

reagents can from the electrophilic Fe(IV) complex (III.21). Additionally, comparing these 

values to those obtained in acetonitrile (See more details in experimental part-Section 

III.5.9.1) reveals significant differences. CDBXR show redox potentials between ï1.76 to 

ï1.90 V vs [FeCp2]+/0, while CBXR have values between ï1.19 to ï1.28 V vs [FeCp2]+/0. 

This emphasizes the significant influence of solvent choice on redox potential. These 

results may be useful in the future when designing new transformation in the field of 
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catalysis. In this thesis, we are more interested in those potential measured in THF since 

it is the solvent used in our reactions. Understanding and designing experiments will 

facilitate these measurements, contributing to our overall comprehension. All in, we 

noticed that the structural changes in CDBXR and CBXR strongly influence the reduction 

potential. The measured reduction potentials are in agreement with the experimental 

observation that CBXR enables the synthesis cyanide Fe(IV) III.21 from Fe(II) and Fe(III) 

complexes, while only III.20-Li THF is obtained in the oxidation of Fe(II) with CDBXR 

reagents. 

 

Figure III. 13. Measured reduction potentials (Epc) of the ɚ3-iodanes in THF vs. [FeCp2]+/0 at scan rate of 

50 mV·s-1. A three-electrode cell has been used: glassy carbon as working electrode, platinum wire as 

auxiliary electrode, Ag/AgNO3 (0.01 M) as reference electrode and n-Bu4NPF6 as electrolyte (0.1 M) and 

ferrocene as internal reference. 

The measured reduction potentials obtained of the iodine(III) reagents were key 

to understanding of their reactivity with iron(II) and iron(III) complexes. It was found the 

potential plays an important role in the synthesis of either Fe(III) or Fe(IV)ïCN 

complexes. To support our findings, the electrochemical properties of one of the  

Fe(III)ïCN complexes were investigated using cyclic voltammetry. From the series of 

iron(III) cyanide complexes synthesized during this thesis, we selected the III.20-Bu 4N 

as it exhibited higher stability in solution. The cyclic voltammogram of III.20-Bu 4N in THF 

at ï20 ºC shows a distinct irreversible redox process at ï2.69 V vs [FeCp2]+/0  

(Figure III. 14) that is tentatively attributed to the Fe(III) reduction to Fe(II) and it is 

associated to the irreversible oxidation peak observed at ï0.25 V vs [FeCp2]+/0. We 

suggest that both peaks showing the same intensity can be considered 
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electrochemically reversible but chemical irreversible, as it becomes evident by the 

significant separation between the anodic and cathodic peaks (ï0.25 V and ï2.69 V vs 

[FeCp2]+/0). Furthermore, the reversible redox wave with an E1/2 value of ï1.64 V vs 

[FeCp2]+/0 was assigned to the FeIII/FeIV redox couple. DFT calculations of the redox 

potential for the FeIII/FeIV couple at the S12g/TZ2P gives E1/2 = ï1.63 V vs [FeCp2]+/0, 

whereas the FeII/FeIII redox potential is estimated at ï3.27 V vs [FeCp2]+/0. These values 

are more negative in comparison to those reported for the FeII/FeIII and FeIII/FeIV redox 

couples in other nitrogen-based anionic ligands.59,60 The remarkably negative value 

observed for the FeIII/FeIV redox couple in III.20-Bu 4N is likely attributed to the 

coordination of the iron ion to three anionic amido and one cyanide ligands. 

 

Figure III. 14. Cyclic voltammetry of III.20-Bu 4N in THF (3 mM) at ï20 ºC at scan rate of 50 mV s-1. A three-

electrode cell has been used: glassy carbon as working electrode, platinum wire as auxiliary electrode, 

Ag/AgNO3 (0.01 M) as reference electrode and nBu4NPF6 as electrolyte (0.1 M) and ferrocene as internal 

reference. 

Based on the data presented in this chapter, we propose the mechanism 

depicted in Scheme III. 18 for the activation of CBX and CDBX reagents with complex 

III.18. In the first step, complex III.18 reacts with CBX through cyanide transfer and 

single electron transfer (SET) steps to form the corresponding Fe(III) cyanide species 

III.20-LiTHF and the highly reactive ɚ3-iodanyl radical Int -A. An analogous reaction to form 

III.20-LiTHF is proposed for the reaction of the less oxidant CDBX reagent with complex 

 
59 For electrochemical studies of Mo and W complexes bearing N3Nô ligand, see: J. C. Peters, J.-P. F. Cherry, 
J. C. Thomas, L. Baraldo, D. J. Mindiola, W. M. Davis, C. C. Cummins, J. Am. Chem. Soc. 1999, 121, 
10053-10067;G. E. Greco, R. R. Schrock, Inorg. Chem. 2001, 40, 3861-3878. 
60 For electrochemical studies of Fe complexes bearing triamido ligands D. C. Lacy, R. Gupta, K. L. Stone, J. 
Greaves, J. W. Ziller, M. P. Hendrich, A. S. Borovik, J. Am. Chem. Soc. 2010, 132, 12188-12190.; Y. Sano, 
N. Lau, A. C. Weitz, J. W. Ziller, M. P. Hendrich, A. S. Borovik, Inorg. Chem. 2017, 56, 14118-14128.; J. 
Mukherjee, R. L. Lucas, M. K. Zart, D. R. Powell, V. W. Day, A. S. Borovik, Inorg. Chem. 2008, 47, 5780-
5786. 
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III.18, which gives the ɚ3-iodanyl radical Int-B in this case. In this regard, EPR spectra 

obtained from a freeze-quenched reaction of III.18 with CBXF or CDBXF reagents 

showed the formation of the same high-spin S = 5/2 FeIII cyanide species and suitable 

crystals for XRD analysis III.20-LiTHF were obtained from the crude reaction of CDBX 

with complex III.18. The iodanyl radical Int -A or Int-B can be rapidly quenched via 

hydrogen atom transfer (HAT) with tetrahydrofuran to form 2-iodobenzoic acid (A) or 2-

(2-iodophenyl)propan-2-ol (B), respectively. Indeed, the choice of tetrahydrofuran as the 

reaction solvent played a pivotal role in the success of this transformation. For instance, 

when the reaction of CBX with complex III.18 was performed in diethyl ether, toluene or 

fluorobenzene a complex mixture of various decomposition products, were obtained, 

yielding only trace amounts of the desired Fe(IV) cyanide complex III.21. In the final step 

of the proposed mechanism, a second SET process occurs between the Fe(III) cyanide 

species III.20-Li THF and a second molecule of CBX to afford the corresponding Fe(IV) 

cyanide complex III.21. However, this second SET reaction occurs at a slower rate 

compared to the first SET process between CBX and Fe(II) precursor III.18. When the 

metal complex is coordinatively saturated, the electron transfer and group transfer 

processes can become uncoupled when using CBX as the hypervalent iodine reagent. 

This decoupling may be partially attributed to the stabilization of the iodanyl radical 

intermediate Int -A with the carboxylate moiety, which could favor a delayed cleavage of 

the IïCN bond and decouple the cyano transfer step from the electron transfer event. 
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Scheme III. 18. Proposed mechanism for the activation of CBX with Fe(II) complex III.18 and reaction to 

Fe(IV) complex III.21. 
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III.4 Conclusion s 

In this chapter, an in-depth study of the reactivity of [(N3Nô)FeIILi(THF)] (III.17) 

and [(N3Nô)FeIII] (III.18) complexes with two different families of cyano ɚ3-iodanes, 

CDBXR and CBXR are disclosed. The results show that both CDBXR and CBXR react 

with iron(II) (III.17) as cyano-transfer agents and one-electron oxidants, leading to the 

formation of the corresponding Fe(III) cyanide complex. This intermediate was 

thoroughly characterized by single-crystal X-ray diffraction analysis and EPR 

spectroscopy. DFT calculations were conducted to corroborate the spin state of the 

iron(III) cyanide III.20-Li L (R = THF, 12-crown-4) and III.20-Bu 4N complexes, which is in 

agreement with a high-spin electronic configuration (S = 5/2).  

The selection of the more oxidant CBXR enables the synthesis of the electrophilic 

high-valent Fe(IV) cyanide complex (III.21) from either the Fe(II) complex III.17 or Fe(III) 

complex III.18. The experimental results indicate that the formal two-electron oxidation 

from Fe(II) to Fe(IV) cyanide with CBXR proceeds via two sequential single electron 

transfer reactions. The solid-state structure of complex III.21, represents the first scXRD 

data for a monocyanide iron(IV) complex. Finally, the iron(IV) cyanide complex III.21 was 

also studied by 57Fe Mössbauer and NMR spectroscopies, corroborating its diamagnetic 

behaviour and its d4 low-spin (S = 0) electronic structure. 

A comprehensive understanding of the reactivity of iron complexes with iodine(III) 

compounds not only provides guidance for designing novel synthetic approaches to 

prepare elusive high-valent iron complexes but also paves the way for innovative iron-

catalyzed group transfer reactions. More importantly, this work confirms that the N3Nô3- 

ligand is a robust platform to stabilize high-valent iron complexes, promoting further 

investigations on the reactivity of coordination Fe(II) and Fe(III) complexes with other 

derivatives of iodine(III) reagents. 

 

Scheme III. 19. Schematic representation of the reactivity of cyano l3-iodine reagents with Fe(II) complex. 
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III.5 Experimental Part  

III.5.1 General  

Unless otherwise stated, all reactions were performed in oven-dried (90°C) glassware, 

using anhydrous solvents, inert atmosphere (Ar or N2), either applying standard Schlenk 

techniques or inside an anaerobic glovebox (GS-MEGA X) with concentrations of O2 and 

H2O < 0.1 ppm. The following solvents were purified by distillation over the indicated 

drying agents and transferred under inert atmosphere: tetrahydrofuran and diethyl ether 

(Na/benzophenone), pentane and toluene (Solvona®), dichloromethane, acetonitrile and 

fluorobenzene (CaH2), methanol (Mg and stored with 3 Å M.S.). After distillation, 

solvents were deoxygenated by thoroughly sparkling with N2 gas at 0ºC for 1h and 

stored with molecular sieves (MS). C6D6 was degassed by bubbling an argon stream at 

0 ºC for 30 min and stored with activated 3 Å MS. CDCl3 was distilled over CaH2 and 

stored with activated 3 Å MS. All commercially available reagents were used without 

purification, unless otherwise indicated. Commercial Tris(2-aminoethyl)amine (TREN) 

was dried over CaH2 and distilled prior to use. 

NMR Spectroscopy  

NMR spectra were recorded on a Bruker AV III 250 MHz, AV II 300 MHz, AV III 500 MHz 

and AV III HD 250 MHz spectrometer at room temperature. Chemical shifts (ŭ) are 

reported in parts per million (ppm) relative to the residual solvent signals as reference. 

Multiplets are designated by the following abbreviations: s for singlet, d for doublet, t for 

triplet, q for quartet, quint for quintet, m for complex pattern (multiplet); the abbreviation 

br indicates a broad signal. 13C NMR and 19F-NMR spectra were recorded in {1H}-

decoupled mode.  

EPR Spectroscopy  

Continuous wave (CW) X-band EPR spectra were collected on a Bruker E500 ELEXSYS 

spectrometer system equipped with an ER4116DM dual-mode cavity and an Oxford 

Instruments ESR 900 continuous-flow liquid helium cryostat interfaced with an ITC 

Mercury temperature controller (3.8-300 K range). The microwave unit was a high-

sensitivity ER049X Bruker superX bridge with integrated microwave frequency counter. A 

magnetic field controller ER083CS was calibrated externally using a ER035M Bruker 

NMR field probe. The spectra were analyzed, simulated and fitted using eview and esim 

programs written by Dr. Eckhard Bill and EasySpin.61[193] The ratios between the 

 
61 S. Stoll, A. Schweiger, J. Magn. Reson. 2006, 178, 42ï45. 
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simulation components were calculated by the numerically-integrated area of the 

simulation corrected by the respective Aasa-Vängård factors.62 

Mössbauer Spectroscopy  

The Mössbauer spectra were collected on a spectrometer with conventional alternating 

constant acceleration of the ɔ-ray source. The sample temperature was kept constant 

using an Oxford Instrument Variox for zero-field measurements or a Cryogen-Free 

Magnet (CFM) with integrated variable temperature insert (VTI) for applied-field 

measurements up to 7 T, perpendicular to the ɔ beam. The latter is a split-pair super-

conducting magnet system, where the temperature can vary from 1.5 to 80 K. The 57Co 

source in Rh matrix (1.8 GBq) rests at room temperature in the gap of the magnet 

system at a zero-field position, by using a re-entrant bore. Isomer shifts are quoted 

versus -iron at 300 K. An error of ± 0.02 mm sï1 is expected as result of the convolution 

between the uncertainty associated with the calibration and the fitting procedure of the 

sample spectrum. The minimum experimental line width measured as the full width at 

half-maximum was 0.24 mm/s. Zero-field and applied-field Mössbauer spectra were 

simulated and fitted with MF2 and MX programs written by Dr. Eckhard Bill using the 

usual nuclear Hamiltonian.63 

IR Spectroscopy  

IR measurements were obtained as solid or thin films formed by evaporation inside a 

glovebox under Argon atmosphere. IR spectra were recorded on a Bruker Alpha FT-IR 

with a diamond ATR module with OPUS software. The absorption bands are given in 

wave numbers (cm-1), intensities are reported as follows: s = strong, m = medium, w = 

weak, br = broad band.  

UV/Visible Spectroscopy  

UV-Visible absorption spectroscopy was performed with a Cary 8454 UV-Vis 

spectrophotometer from Agilent with ChemStation software. Low temperature control 

was achieved using a cryostat from Unisoku Scientific Instruments. Quartz cells with cell 

paths of 1, 0.5 and 0.2 cm were used. 

 

 

 
62 R. Aasa, T. Vänngård, J. Magn. Reson. (1969) 1975, 19, 308ï315. 
63 P. Gütlich, E. Bill, A. X. Trautwein, Mössbauer Spectroscopy and Transition Metal Chemistry: 
Fundamentals and Applications, 2011. 
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MS spectrometry  

HR-ESI and HR-FDI mass spectra were acquired with a LTQ-FT (Thermo Fischer 

Scientific) mass spectrometer and AccuTOF-GCv (JEOL) instrument, respectively. The 

resolution was set to 100.000.  

Electrochemistry  

Electrochemical measurements were carried out with a SP-50 potentiostat from BioLogic 

Science Instruments with EC-Lab® software. Cyclic voltammetry measurements were 

performed under N2 atmosphere in a one compartment cell. A glassy carbon electrode (f 

= 3mm) was used as the working electrode, platinum wire was used as the auxiliary 

electrode and Ag/AgNO3 (0.01 M) electrode was used as reference electrode for 

measurements in MeCN, whereas Ag pseudo-reference electrode was used for 

measurements in THF. 99.99% tetrabutylammonium hexafluorophosphate was used as 

electrolyte (0.1 M in solution). All potentials are given using the ferrocene couple (Fc[+/0]) 

as an internal reference.  

X-Ray Crystal Structure Determination  

A suitable crystal of complexes [(N3Nô)FeIILi(THF)] (III.18), [(N3Nô)FeIII(CN)(Li)(12-c-4] 

(III.20-Li crown ), [(N3Nô)FeIII(CN)(Li)(THF)3] (III.20-Li THF), [(N3Nô)Fe] (III.19) and 

[(N3Nô)Fe(CN)] (III.21) was selected under inert oil and mounted using a MiTeGen loop. 

Intensity data of the crystal were recorded by Bruker D8 Quest diffractometer (Bruker 

AXS) with a microfocus source and a CMOS PHOTON 100 detector. Data was collected 

at 100 K using Mo KŬ radiation. The diffraction data were reduced using the APEX 3 

software.64[ Multi-scan and numerical absorption corrections were applied using the 

SADBS program.65 The structure was solved using dual-space methods (SHELXT-

2014/5) and refined against F2 using the SHELXL-2018/3 and the ShelXle software.66 All 

non-hydrogen atoms were refined anisotropically. The hydrogen atoms were placed at 

geometrically calculated positions and refined using the ñriding modelò approach with 

isotropic displacement parameters 1.2 times (1.5 times for terminal methyl groups) of 

that of the preceding carbon atom.  

Note on refinement of [(N3Nô)FeIILi(THF)] (III.18): One THF group was found to be 

disordered and was refined accordingly. One of the main molecules was found to have a 

 
64 APEX3, Bruker AXS Inc., Madison, Wisconsin, USA 2018. 
65 a) SADABS, Bruker AXS Inc., Madison, Wisconsin, USA 2016; b) L. Krause, R. Herbst-Irmer, G. M. 
Sheldrick, D. Stalke, J. Appl. Crystallogr. 2015, 48, 3ï10. 
66 a) G. M. Sheldrick, Acta Crystallogr., Sect. A: Found. Adv. 2015, 71, 3ï8; b) G. M. Sheldrick, Acta 
Crystallogr., Sect. C: Struct. Chem. 2015, 71, 3ï8; c) C. B. Hübschle, G. M. Sheldrick, B. Dittrich, J. Appl. 
Crystallogr. 2011, 44, 1281ï1284. 
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disordered Si(CH3)2-C(CH3)3 part. The second species takes only 5 % volume fraction, 

which makes it impossible to refine the whole disordered part without using numerous 

hard restraints. The highest positive residual density peak mentioned in the Checkcif 

report belongs to the disordered Si atom.  

Note on refinement of [(N3Nô)FeIII(CN)(Li)(THF)3] (III.20-Li THF): The THF groups were 

found to be disordered between two positions and were refined accordingly using the 

DSR plugin67 implemented in ShelXle.  

Note on refinement of [(N3Nô)Fe] (III.19): The whole molecule was found to be disordered 

in the way so that the disordered species were related almost exactly by a mirror plane 

perpendicular to the c axis. It was attempted to refine the model with disorder in space 

group P63/m or as a twinned crystal in space group P63. However, the best model was 

obtained in the space group P63 by combining disorder and twinning.  

Note on refinement of [(N3Nô)FeIV(CN)] (III.21): It was found during the refinement 

process that the crystal was pseudo-merohedrally twinned, the corresponding SHELXL 

twin law 1 0 0 0 0 1 0 1 0 led to a good refinement since the reflection splitting was 

negligible on most of the frames. An attempt to integrate the dataset as an HKLF5 file 

produced worse-quality model and less stable refinement. 

In case of [(N3Nô)FeIII(CN)](Bu4N) (III.20-Bu 4N) a suitable crystal was selected under 

inert oil and mounted using a MiTeGen loop. Intensity data of the crystal were recorded 

by STADIVARI diffractometer (Stoe & Cie). The diffractometer was operated with Cu-KŬ 

radiation (1.54186 Å, microfocus source) and equipped with a Dectris PILATUS 300K 

detector. Evaluation, integration and reduction of the diffraction data was carried out 

using the X-Area software suite.68 Multi-scan and numerical absorption corrections were 

applied with the X-Red32 and LANA modules of the X-Area software suite.69 The 

structure was solved using dual-space methods (SHELXT-2014/5) and refined against F2 

(SHELXL-2018/3 using ShelXle interface).66 All non-hydrogen atoms were refined with 

anisotropic displacement parameters. The hydrogen atoms were refined using the ñriding 

modelò approach with isotropic displacement parameters 1.2 times (for CH3 groups 1.5 

times) of that of the preceding carbon atom. Two [C16H36N]+ cations contained partially 

disordered terminal carbon atoms which were refined using a corresponding disorder 

model.  

 
67 D. Kratzert, I. Krossing, J. Appl. Crystallogr. 2018, 51, 928ï934. 
68 X-Area, STOE & Cie GmbH, Darmstadt, Germany 2018. 
69 a) X-RED32, STOE & Cie GmbH, Darmstadt, Germany 2018; b) LANA - Laue Analyzer, STOE & Cie 
GmbH, Darmstadt, Germany 2019. 
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CCDC 2144072, 2144073, 2144074, 2144075, 2144076 and 2144077 contains the 

supplementary crystallographic data for this paper. These data can be obtained free of 

charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/structures. 

Computational Methods  

All DFT calculations were performed with the Amsterdam Density Functional (ADF)70 and 

QUILD71 programs. Molecular orbitals were expanded in an uncontracted set of Slater 

type orbitals (STOs) of triple-ɕ quality with double polarization functions (TZ2P).72 Core 

electrons were not treated explicitly during the geometry optimizations (frozen core 

approximation)70b. An auxiliary set of s, p, d, f, and g STOs was used to fit the molecular 

density and to represent the Coulomb and exchange potentials accurately for each SCF 

cycle. 

Geometries of all possible spin states were optimized with the QUILD71 program using 

adapted delocalized coordinates until the maximum gradient component was less than 

10-4 a.u. Energies, gradients and Hessians73 (for vibrational frequencies) were calculated 

using S12g,74 in all cases by including solvation effects through the COSMO75 dielectric 

continuum model with appropriate parameters for the solvents.76 For computing Gibbs 

free energies, all small frequencies were raised to 100 cm-1 in order to compensate for 

the breakdown of the harmonic oscillator model.77 Scalar relativistic corrections have 

been included self-consistently in all calculations by using the zeroth-order regular 

approximation (ZORA).78 For all geometry optimizations, single-point and Mössbauer 

calculations carried out with S12g the Becke79 grid of VeryGood quality was used; 

vibrational frequencies with S12g were computed with a Becke grid of Normal quality. 

Mössbauer parameters were obtained at S12g/TZ2P with COSMO(THF) included self-

 
70 a) E. J. Baerends, J. Autschbach, D. Bashford, et al. ADF2012.01, (2012) SCM, Amsterdam; b) G. te 
Velde, F. M. Bickelhaupt, E. J. Baerends, C. Fonseca Guerra, S. J. A. van Gisbergen, J. G. Snijders and T. 
Ziegler, J. Comput. Chem. 2001, 22, 931ï967. 
71 M. Swart, F. M. Bickelhaupt, J. Comput. Chem. 2008, 29, 724ï734. 
72 a) E. van Lenthe, E. J. Baerends, J. Comput. Chem. 2003, 24, 1142ï1156; b) D. P. Chong, E. van Lenthe, 
S. J. A. van Gisbergen, E. J. Baerends, J. Comput. Chem. 2004, 25, 1030ï1036. 
73 S. K. Wolff, Int. J. Quantum Chem. 2005, 104, 645ï659. 
74 M. Swart, Chem. Phys. Lett. 2013, 580, 166ï171. 
75 A. Klamt, G. Schüürmann, J. Chem. Soc., Perkin Trans. 2 1993, 2, 799ï805. 
76 M. Swart, E. Rosler, F. M. Bickelhaupt, Eur. J. Inorg. Chem. 2007, 3646ï3654. 
77 a) B. B. Averkiev, D. G. Truhlar, Catal. Sci. Technol. 2011, 1, 1526ï1529; b) J. E. M. N. Klein, B. Dereli, L. 
Que, Jr., C. J. Cramer, Chem. Commun. 2016, 52, 10509ï10512. 
78 E. van Lenthe, E. J. Baerends, J. G. Snijders, J. Chem. Phys. 1993, 99, 4597ï4610. 
79 a) M. Franchini, P. H. T. Philipsen, L. Visscher, J. Comput. Chem. 2013, 34, 1819ï1827; b) A. Becke, J. 
Chem. Phys. 1988, 88, 2547ï2553. 

http://www.ccdc.cam.ac.uk/structures
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consistency.80 All DFT calculations were performed using the unrestricted Kohn-Sham 

scheme. 

All computational data have been uploaded (DOI: (DOI: 10.19061/iochem-bd-4-38) onto 

the IOCHEM-BD platform (www.iochem-bd.org) to facilitate data exchange and 

dissemination, according to the FAIR principles of OpenData sharing.81 

  

 
80 E. A. Hill, A. C. Weitz, E. Onderko, A. Romero-Rivera, Y. Guo, M. Swart, E. L. Bominaar, M. T. Green, M. 
P. Hendrich, D. C. Lacy, A. S. Borovik, J. Am. Chem. Soc. 2016, 138, 13143-13146. 
81 M. D. Wilkinson, M. Dumontier, I. J. Aalbersberg, et al. Sci. Data 2016, 3, 160018. 
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III.5.2 Synthesis and characterization of Li 3[N3Nô](THF)x 

 

The synthesis of the triamido amine ligand was prepared following the literature 

procedure with some modifications.82 An oven-dried 500 mL Schlenk flask, equipped 

with a magnetic stirring bar and a connection to the nitrogen line, was charged with 

tris(2-aminoethyl)amine (10 mL, 66.74 mmol, 1 equiv) and it was dissolved in THF (175 

mL). The resulting solution was cooled to ï78 ºC and n-butyllithium (133.6 mL, 213.6 

mmol, 3.2 equiv, 1.6 M in hexane) was added dropwise via syringe. After 20 min the 

yellow mixture was allowed to warm to rt and it was stirred for 5 h. The reaction mixture 

was then cooled to ï78 ºC, and tert-butyldimethylsilyl chloride was added (40.3 g, 267 

mmol, 4 equiv) as a solution in THF (80 mL). The orange mixture that formed was again 

allowed to warm to rt and it was stirred for 12 h. All volatiles were removed in vacuo, and 

the residue was extracted with pentane (100 mL x 3) and filtered through Celite® under 

N2. The pentane extract was cooled to ï78 ºC and n-butyllithium (133.6 mL, 267 mmol, 

3.2 equiv, 1.6 M in hexane) was added dropwise via syringe. The resulting yellowish 

mixture was warmed to rt and stirred for 5 h. Then, the solvent was removed in vacuo 

and addition of THF (16 mL) at ï40 ºC caused precipitation of a white solid. The solution 

was removed by canula and the resulting precipitate was dried in vacuo to give the title 

compound as a white-yellowish solid (39.2 g, 91%). The molecules of THF were 

calculated according to the 1H-NMR spectra for each batch of Li3[N3Nô](THF)x. 1H-NMR 

(300 MHz, CD3CN):  3.65 (THF), 2.79 (t, J = 6.4 Hz, 6 H), 2.38 (t, J = 6.4 Hz, 6 H), 1.85 

(THF), 0.87 (s, 27 H), ï0.03 (s, 18 H) ppm; 13C-NMR (300 MHz, CD3CN):  68.4 (THF) 

59.9, 41.4, 26.9, 26.3 (THF), 19.0, ï4.6 ppm. ESI(+) (m/z): calcd for C24H61N4Si3 [M + H+] 

489.4199; found: 489.4200. 

 

  

 
82 P. Roussel, N. W. Alcock, P. Scott, Inorg. Chem. 1998, 37, 3435ï3436. 
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III.5.3 Synthesis of iron complexes  

III.5.3.1 Synthesis of [(N 3Nô)FeIILi(THF)]  

 

In an oven-dried Schlenk flask, equipped with a magnetic stirring bar and a connection 

to the nitrogen line, was charged with Li3[N3Nô](THF)2 (14.25 g, 21. 9 mmol, 1 equiv) and 

30 mL THF. Then, the resulting solution was cooled at 0ºC and FeCl2 (2.5 g, 19.7 mmol, 

0.9 equiv) was added as solid in several portions. After the addition of the iron(II) salt, 

the resulting mixture was allowed to warm to rt and stirred for 4h, forming a dark brown 

solution. The solvent was removed in vacuo and the solid residue was extracted with 30 

mL pentane. The extract was filtered through a plug of Celite® under N2 and the solvent 

was removed under vacuum (10.9 g, 98%). The brown residue was recrystallized from a 

saturated solution of pentane at ï78 ºC to give the title compound as a dark brown 

crystalline solid (7.3 g, 62%). 1H-NMR (500 MHz, C6D6):  209.19, 162.18, 130.68, 

108.16, 99.20, 85.12, 45.74, 25.69, 8.18, 3.96, 3.24, 2.42, 1.60, 1.13, 0.87, 0.19, ï1.62, 

ï6.66 ppm. 57Fe Mössbauer  (80 K, 0T) d = 0.78 mm sï1, |DEQ| = 1.83 mm sï1. 

UV/Visible  (THF, 25 ºC: lmax 390 nm {1100 M-1 cm-1}. EA calcd (%) for C24H57FeLiN4Si3: 

C 52.53; H 10.47; N 10.21; found: C 52.07, H 9.89, N 8.36.  

  



Experimental Part  

104 

III.5.3.2 Synthesis of  [(N3Nô)FeIII]   

 

The following compound was prepared according to the literature procedure.83 In an 

oven-dried Schlenk flask, equipped with a magnetic stirring bar and a connection to the 

nitrogen line, was charged with anhydrous FeCl3 (0.20 g, 0.1 mmol, 1 equiv) and 70 mL 

THF. A solution of Li3[N3Nô](THF)2 (0.6434 g, 0.1 mmol, 1 equiv) in THF (8 mL) was 

added via canula over the iron(III) solution at ï40 ºC. Then, the reaction mixture was 

allowed to reach rt and after stirring for 3 h, all volatiles were removed in vacuo. The 

brown residue was extracted with 60 mL pentane and the extract was filtered through 

Celite® under N2. The solvent was removed under vacuum to give the title compound as 

a brown solid (0.55 g, 98%). The iron complex was recrystallized from a saturated 

solution in pentane at ï40 ºC (0.45 g, 67%). 1H-NMR (300 MHz, C6D6):  36.19 (br), 

13.78 (br), 3.67, 2.07, 1.73, 1.46, 0.92, 0.29, 0.14, 0.08, 0.02, ï1.58, ï2.77 ppm. FD(+) 

(m/z): calcd for C24H57FeN4Si3 [M+·] 541.32404; found: 541.32446. UV/Visible  (THF, 

25ºC: lmax 398 nm  {3122 M-1 cm-1}. EA calcd (%) for C24H57FeN4Si3: C 53.20; H 10.60; N 

10.34; found: C 50.90, H 10.49, N 9.20.  

  

 
83 C. C. Cummins, J. Lee, R. R. Schrock, W. D. Davis, Angew. Chem. Int. Ed. Engl. 1992, 31, 1501ï1503. 
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III.5.3.3 Synthesis of [(N 3Nô)Fe(III)(CN)](nBu 4N) 

 

Inside a glovebox, tetrabutylammonium cyanide (0.58 g, 2.1 mmol, 1.1 equiv) was added 

to a solution of [(N3Nô)FeIII] (III.19) (1 g, 1.8 mmol, 1 equiv) in THF (10 mL), and the 

solution was stirred at rt for 3h. The colour of the reaction mixture changed immediately 

from brown to deep red. Then, THF was removed in vacuo, and the residue was 

extracted with the minimum amount of toluene and filtered through a plug of Celite®. 

The clear red solution was concentrated in vacuo, it was cooled at ï78 °C and addition 

of pentane caused precipitation of a red solid. The solvent was removed via cannula and 

the red solid was rinsed with some pentane and it was dried under vacuum (1.1 g, 71% 

yield). 1H-NMR (300 MHz, C6D6):  10.97 (br), 2.81, 2.36, 2.11, 0.99, 0.09 ppm; FT-IR 

(ATR) ᾇ; cm-1: 2134 (w), 2096 (w), 2014 (s, ᾇFe-CN). LTQ-FT-ESI (-) (m/z): calcd. for 

C25H57FeN5Si3 567.3271; found: [M-nBu4N]- 567.3290. UV/Visible  (THF, 25 ºC: lmax 380 

nm {3685 M-1 cm-1}. EA calcd (%) for C41H93FeN6Si3: C 60.77; H 11.57; N 10.37; found: 

C 60.39, H 11.05, N 9.30.  
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III.5.3.4 Synthesis of [(N 3Nô)FeIV(CN)]  

 

Inside a glovebox, an oven-dried Schlenk flask, equipped with a magnetic stirring bar, 

was charged with [(N3Nô)FeII(CN)(nBu4N)] (III.20-Bu 4N) (0.15 g, 0.18 mmol, 1 equiv). The 

Schlenk flask was closed, placed outside the glovebox and connected to a N2 inlet. 

Then, the complex was solubilized in THF (3 mL) at ï20 ºC and [(p-Br-Ph)3N)]SbCl6  

(0.15 g, 0.18 mmol, 1 equiv) was added as a solid under N2 atmosphere. The colour of 

the solution immediately changed from red to dark purple. After stirring for 30 min at -20 

ºC, the solvent was removed in vacuo, and the purple residue was extracted with Et2O at 

ï78ºC and filtered through a plug of Celite® at the same temperature until the washings 

were colourless. The solvent was removed under vacuum and a second filtration was 

carried out using THF:Pentane (1:1). The solution was placed in the chiller at ï78 ºC 

overnight and white-grey precipitate appeared. The remaining purple solution was 

filtered and the solvent was removed to dryness to give the title compound as a purple 

solid (75 mg, 71%). 1H-NMR (500 MHz, CDCl3):  3.32 (m, 6 H, CH2), 2.03 (m, 6 H, 

CH2), 1.06 (s, 27 H,), 0.35 (s, 18 H) ppm; 13C-NMR (126 MHz, CDCl3):  64.5, 57.4, 

27.9, 21.3, ï0.23 ppm. FT-IR (ATR) ᾇ; cm-1: 2114 (ᾇFe-CN). FD(+) (m/z): calcd for 

C25H57FeN5Si3 [M+·] 567.32712; found: 567.32644. 57Fe Mössbauer 80 K, 0 T: d = ï 0.20 

mm sï1, |DEQ| = 3.32 mm sï1; 1.7 K, 7 T: d = ï 0.17 mm sï1, DEQ = ï3.31 mm sï1, h = 0. 

UV/Visible  (THF, 25 ºC: l1
max 395 nm {4518 M-1 cm-1}, l2

max 556 {2550M-1 cm-1}. 
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III.5.4 Reactivity of Fe(II) and Fe(III) with cyano  l3-iodanes   

III.5.4.1 Synthesis of [(N3Nô)FeIII(CN)Li(12-c-4)] using CDBX reagent  

 

Inside a glovebox, an oven-dried Schlenk flask was charged with 1-cyano-3,3-dimethyl-

3-(1H)-1,2-benziodoxole (CDBX) (0.09 g, 0.32 mmol, 1 equiv) and [(N3Nô)FeIILi(THF)] 

(III.18) (0.2 g, 0.32 mmol, 1 equiv) as solids. The Schlenk flask was closed, placed 

outside the glovebox and connected to a N2 inlet. Then, THF (2 mL) was added at ï20 

ºC causing immediately colour change from brown to deep red. After stirring at ï20 ºC 

for 30 min, 12-crown-4 (52 ɛL, 0.32 mmol, 1 equiv) was added over the 

[(N3Nô)FeIII(CN)Li(THF)3] (2-LiTHF) solution and the mixture was stirred for 1 h at rt. Then, 

the solvent was removed in vacuo and the red solid was extracted with cold Et2O and 

filtered through a plug of Celite® at ï78 ºC under N2. The solvent was removed under 

vacuum at ï20 ºC to give the title compound as a deep red solid (0.23 g, 96%). 1H-NMR 

(300 MHz, C6D6): 36.19 (br), 13.78 (br), 3.67, 2.07, 1.73, 1.46, 0.92, 0.29, 0.14, 0.08, 

0.02, -1.58, -2.77 ppm. FT-IR (ATR) ᾇ; cm-1: 2162-2032 (ᾇFe-CN). UV/Visible  (25 ºC, nm: 

l1
max 385 nm {2101 M-1 cm-1}, l2

max 516 nm {671 M-1 cm-1}.  

Complex [(N3Nô)FeIII(CN)Li(THF)3] (III.20-Li THF) could not be isolated as solid due to the 

low stability of the compound in solid state when drying it for prolongated times. On the 

other hand, single crystals suitable for X-Ray diffraction of III.20-Li THF were grown from a 

saturated solution of THF with some drops of pentane at ï78 ºC. 

Synthesis of III.20-Li crown  using CDBX R (R = F, CF3, OMe) reagents:  

Following an analogous procedure than the one described above, 169 mg of III.20-

Li crown  (93%) were isolated from the reaction of CDBXF (85.8 mg, 0.24 mmols) and III.18 

(150 mg,  0.24 mmols); 136 mg of III.20-Li crown  (87%) were isolated from the reaction of 

CDBXCF3 (73.7 mg, 0.24 mmols) and III.18 (150 mg, 0.24 mmols), 148 mg of III.20-

Li crown  (82%) were isolated from the reaction of CDBXOMe (76.6 mg, 0.16 mmols) and 

III.18 (150 mg, 0.24 mmols). 
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III.5.4.2 Synthesis of [(N3Nô)FeIV(CN)] using CBX reagent  

a) synthesis from [(N3Nô)Fe
II Li(THF)] (III.18) precursor: 

 

Inside a glovebox, an oven-dried Schlenk flask, equipped with a magnetic stirring bar, 

was charged with 1-cyano-1,2-benziodoxol-3-(1H)-one (CBX) (0.14 g, 0.44 mmol, 2.2 

equiv) and [(N3Nô)FeIILi(THF)] (III.18) (0.12 g, 0.2 mmol, 1 equiv). The Schlenk flask was 

closed, placed outside the glovebox and connected to a N2 inlet. Then, THF (4 mL, 50 

mM) was added slowly at ï20 ºC. The colour of the solution immediately changed from 

brown to red and gradually to a dark solution. After stirring for 24h an intense purple 

solution was obtained. Then, 1 mL of stock solution was transferred to a Mössbauer cell, 

which was previously frozen at liquid nitrogen temperature. The sample was frozen for 

15 ï 20 min and stored in liquid nitrogen until the measurement of the yield by 

Mössbauer spectroscopy.  

 

Figure exp -III. 1. Preparation of the frozen solution from the crude reaction for Mössbauer spectroscopy. 
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Isolation of III.21 prepared by the reaction of III.18 with CBX: 

Inside a glovebox, an oven-dried Schlenk flask, equipped with a magnetic stirring bar, 

was charged with 1-cyano-1,2-benziodoxol-3-(1H)-one (CBX) (0.18 g, 0.64 mmol, 2 

equiv) and [(N3Nô)FeIILi(THF)] (III.18) (0.2 g, 0.32 mmol, 1 equiv). The Schlenk flask was 

closed, placed outside the glovebox and connected to a N2 inlet. Then, THF (3 mL) was 

added slowly at ï20 ºC. The colour of the solution immediately changed from brown to 

red and gradually to a dark solution. After stirring for 24h an intense purple solution was 

obtained. Then, THF was removed in vacuo at ï20ºC, and the purple residue was 

extracted with cold Et2O and filtered through a plug of Celite® at ï78 ºC under N2. The 

solvent was removed under vacuum at ï20 ºC, then 10-20 mL of pentane was added. 

Et2O and pentane were removed to dryness to obtain a powder purple solid (0.17 g). 

The purity of a solid sample of III.21 was 70% as determined by Mössbauer 

spectroscopy since it was contaminated with Fe(III) species. Moreover, single crystals 

suitable for X-Ray diffraction of III.21 were grown from a saturated solution of toluene 

with a layer of pentane by slow diffusion at ï40ºC. 

b) Synthesis from [(N3Nô)Fe
III] (III.19) precursor: 

 

Inside a glovebox, an oven-dried Schlenk flask, equipped with a magnetic stirring bar, 

was charged with 1-cyano-1,2-benziodoxol-3-(1H)-one (CBX) (0.072 g, 0.26 mmol, 1.3 

equiv) and [(N3Nô)FeIII] (III.19) (0.11 g, 0.2 mmol, 1 equiv). The Schlenk flask was closed, 

placed outside the glovebox and connected to a N2 inlet. Then, THF (4 mL, 50 mM) was 

added slowly at ï20 ºC. The colour of the solution immediately changed from brown to 

red and gradually to a dark solution. After stirring for 24h an intense purple solution was 

obtained. Then, 1 mL of stock solution was transferred to a Mössbauer cell, which was 

previously frozen at liquid nitrogen temperature. The sample was frozen for 15 ï 20 min 

and stored in liquid nitrogen until the measurement of the yield by Mössbauer 

spectroscopy. 
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c) Synthesis from [(N3Nô)Fe
III(CN)Li(THF)3] (III.20-Li THF) precursor: 

 

Inside a glovebox, an oven-dried Schlenk flask, equipped with a magnetic stirring bar, 

was charged with 1-cyano-3,3-dimethyl-1,2-benziodoxole (CDBX) (0.055 g, 0.2 mmol, 1 

equiv) and [(N3Nô)FeII(Li)(THF)] (III.18) (0.12 g, 0.2 mmol, 1 equiv). The Schlenk flask 

was closed, placed outside the glovebox and connected to a N2 inlet. Then, THF (4 mL, 

50 mM) was added slowly at ï20 ºC. The colour of the solution immediately changed 

from brown to red. After stirring for 30 min, 1-cyano-1,2-benziodoxol-3-(1H)-one (CBX) 

(0.072 g, 0.26 mmol, 1.3 equiv) was added under inert conditions and the mixture was 

stirred for 24h at ï20 ºC. Then, 1 mL of stock solution was transferred to a Mössbauer 

cell, which was previously frozen at liquid nitrogen temperature. The sample was frozen 

for 15 ï 20 min and stored in liquid nitrogen until the measurement of the yield by means 

of Mössbauer spectroscopy.  

d) Synthesis from [(N3Nô)Fe
III(CN)(nBu4N)] (III.20-Bu 4N) precursor: 

 

Inside a glovebox, an oven-dried Schlenk flask, equipped with a magnetic stirring bar, 

was charged with 1-cyano-1,2-benziodoxol-3-(1H)-one (CBX) (0.071 g, 0.26 mmol, 1.3 

equiv) and [(N3Nô)FeIII(CN)(NBu4)] (III.20-Bu 4N) (0.16 g, 0.2 mmol, 1 equiv). The Schlenk 

flask was closed, placed outside the glovebox and connected to a N2 inlet. Then, THF (4 

mL, 50 mM) was added slowly at ï20 ºC. The colour of the solution changed from red to 

dark purple gradually overnight. After stirring for 24h an intense purple solution was 

obtained. Then, 1 mL of stock solution was transferred to a Mössbauer cell, which was 
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previously frozen at liquid nitrogen temperature. The sample was frozen for 15 ï 20 min 

and stored in liquid nitrogen until the measurement of the yield by means of Mössbauer 

spectroscopy.  
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III.5.5 EPR spectroscopic data  

Reaction of [(N3Nô)Fe
IILi(THF)] with CDBXF:  

CDBXF reagent was chosen for EPR experiments due to its higher solubility in 

comparison with CBX. Inside a glovebox, an oven-dried Schlenk flask, equipped with a 

magnetic stirring bar, was charged with 1-cyano-3,3-dimethy-(1H)-4-fluoro-1,2-

benziodoxole (CDBXF) (0.012 g, 0.26 mmol, 1 equiv) and [(N3Nô)FeIILi(THF)] (III.18) 

(0.025 g, 0.04 mmol, 1 equiv). The Schlenk flask was closed, placed outside the 

glovebox and connected to a N2 inlet. Then, THF (2 mL, 20 mM) was added slowly at ï

20 ºC. The colour of the solution immediately changed from brown to an intense red. 

After stirring for 15 min, an aliquot of the crude (200 ɛL) was taken and transferred into 

an EPR tube under inert conditions. The tube was sealed with a septum and the solution 

was immediately frozen in liquid nitrogen. Afterwards, the sample was measured by EPR 

spectroscopy.  

 

Figure exp -III. 2. Perpendicular-mode X-band EPR spectra at 11.6 K of a freeze-quenched reaction of III.18 

(20 mM) and 1 equiv of CDBXF in THF after 15 min (black line, 9.63 GHz, power 40 µW, modulation 

frequency 100 kHz, modulation amplitude 0.75 mT); three-component simulation for an axial (geff = [5.77, 

6.05, 1.98], 81%), rhombic (geff = 4.29, 18%) and radical species (geff = 2.007, 1%).   
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Reaction of [(N3Nô)Fe
IILi(THF)] with CBXF:  

Inside a glovebox, an oven-dried Schlenk flask, equipped with a magnetic stirring bar, 

was charged with 4-Fluoro-1-Cyano-1,2-benziodoxol-3-(1H)-one (CBXF) (0.046 g, 0.16 

mmol, 1 equiv) and [(N3Nô)FeIILi(THF)] (III.18) (0.05 g, 0.08 mmol, 1 equiv). The Schlenk 

flask was closed, placed outside the glovebox and connected to a N2 inlet. Then, THF (4 

mL, 20 mM) was added slowly at ï20 ºC. The colour of the solution immediately 

changed from brown to an intense red. After stirring for 15 min, an aliquot of the crude 

(200 ɛL) was taken and transferred into an EPR tube under inert conditions. The tube 

was sealed with a septum and the solution was frozen in liquid nitrogen. Then, the 

sample was measured by EPR spectroscopy.  

 

Figure exp -III. 3. Perpendicular-mode X-band EPR spectra at 12.4 K of a freeze-quenched reaction of III.18 

(20 mM) and 1 equiv of CBXF in THF after 15 min (black line, 9.63 GHz, power 4  µW, modulation frequency 

100 kHz, modulation amplitude 0.75 mT); three-component simulation for an axial (geff = [5.83, 6.05, 1.99], 

58%), rhombic (geff = 4.29, 41%) and radical species (geff = 2.007, 1%).   
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Figure exp -III. 4. Perpendicular-mode X-band EPR spectra at 10.0 K of a frozen solution of 

[(N3N)FeIIILi(CN)(nBu4N)] (III.20-Bu 4N) (3 mM) in THF (black line, 9.63 GHz, power 0.40 mW, modulation 

frequency 100 kHz, modulation amplitude 0.75 mT); three-component simulation for an axial (geff = [5.65, 

6.10, 1.98], 99.4%), rhombic (geff = 4.29, 0.3%) and radical species (geff = 2.006, 0.3%).   
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III.5.6 57Fe Mössbauer spectroscopic data  

 

Figure exp -III. 5. Zero-field 57Fe Mºssbauer spectrum of [(N3Nô)FeIILi(THF)] (III.18) solid at 80 K. Red line is 

the Lorenzian quadrupole doublet obtained by fitting with d = 0.78 mm s-1, |DEQ| = 1.83 mm s-1, wL = 0.56 

mm s-1. 

 

Figure exp -III. 6. Zero-field 57Fe Mºssbauer spectrum of [(N3Nô)FeIVCN] (III.21) solid at 80 K. Red line is the 

Lorenzian quadrupole doublet obtained by fitting with d = ï0.20 mm s-1, |DEQ| = 3.32 mm s-1, 

wL = 0.29 mms-1. 






























































































































































































































































































































































































































































