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Abstract

Non-heme Fe(IV)-oxo intermediates are integral components of many enzymatic and homogeneous 

catalytic cycles, where they serve as key oxidants that enable challenging transformations. Numerous 

studies have focused on developing biomimetic non-heme Fe(IV)-oxo catalysts, elucidating their electronic 

structures, and understanding the nature of their reactivity.  Their high-valent nature endows them with the 

capacity to perform demanding oxidative transformations, as evidenced by their broad application in C-H 

activation and alkene epoxidation chemistry.  The isoelectronic Fe(IV)-imido analogue is much less studied, 

presenting significant opportunities for catalyst development in nitrene-transfer chemistry, including C-H 

amination and alkene aziridination. Mechanistically, nitrene transfer involves an Fe-imido intermediate 

featuring an N-centered radical. Two competing pathways have been described: a σ-channel and a π-

channel, defined by whether the radical character is localized in a σ* or π* orbital.  Similar to Fe(IV)-oxo 

chemistry, the reaction channel preference among Fe(IV)-imido catalysts plays a crucial role in determining 

their reactivities and selectivities. Herein, the nitrene transfer pathways for these species within both 
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reaction channels are explored and comparative examples between iron(IV)-oxo and iron(IV)-imido 

catalysts are discussed.
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Introduction

Iron-oxo intermediates are key reactive species in numerous heme and non-heme enzymatic 

systems, valued for their potent oxidizing power and their capacity to functionalize a broad range of 

substrates.1, 2 Non-heme iron-oxo containing enzymes lack a porphyrin ligand and most commonly consist 

of two or three nitrogenous histidine residues and a carboxylate-containing residue, such as from aspartate 

or glutamate, in the primary coordination sphere.3, 4 The iron-oxo intermediates in non-heme enzymes are 

usually found in the +IV oxidation state and exhibit a high-spin state (S = 2).5-8 The high-spin Fe(IV) active 

sites found in non-heme enzymes are highly reactive and are capable of catalyzing a large array of oxidation 

reactions, including C-H activation, alkene epoxidation, halogenation, ring formation, and ring expansion.9-

11 

Non-heme iron-(IV)oxo species are commonly formed via O₂ activation, proceeding through 

Fe(III)-peroxo or Fe(III)-superoxo intermediates which are subsequently reduced by external cofactors 

(NADH, ascorbate) to hydroperoxo or organoperoxo intermediates before generating the iron(IV)-oxo 

complex.2, 9 For C-H activation of alkane substrates, the Fe(IV)-oxo site typically abstracts a hydrogen from 

an alkane for the formation of a Fe(III)-hydroxo intermediate followed by a rebound step in C-H 

hydroxylation or by formation of a carbon-halogen bond in C-H halogenation reactions. In epoxidation 

reactions, the Fe(IV)-oxo activates the double bond of an alkene to create a radical organoperoxo followed 

by a ring closing step. The rate determining step is typically hydrogen abstraction or alkene activation.12-14 

Extending beyond oxygen transfer, iron-imido intermediates provide nitrene-based analogues that are 

isoelectronic to iron-oxo species. Iron–imido species are less commonly encountered than their iron–oxo 

counterparts; nonetheless, iron-imido intermediates have been proposed in certain nitrogen‐fixation 

pathways mediated by nitrogenase enzymes.15 Given the extensive mechanistic foundation established for 

Fe(IV)-oxo intermediates, their σ/π-channel reactivity provides a benchmark for evaluating and comparing 

Fe(IV)-imido reactivities herein. Because of their central role in numerous enzymatic transformations, non-

heme iron-oxo species have been investigated in great depth.4, 9 However, spectroscopic analysis and 

characterization of the intact metalloenzyme is often challenging. The even spin (S = 2) associated with 
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these enzymes render traditional EPR impossible, while ligand-metal charge transfer (LMCT) in the UV-

vis spectra for these systems is often inaccessible.16 Therefore, smaller biomimetic transition metal model 

complexes have been developed to help understand enzyme active site composition and the related reaction 

mechanism by mimicking the structural features of the first and second coordination spheres. Additionally, 

if the nature of the active site is not known, smaller model complexes can help understand the nature of the 

active site by comparing experimental or theoretical spectra from the model system to the enzyme’s 

spectrum. Beyond structural mimicry, these models aid in elucidating reaction mechanisms and offer a 

controlled platform to efficiently isolate, characterize, and rationalize key intermediates. More importantly, 

understanding the structures and reactivities of these enzymes enables the rational design and synthesis of 

bioinspired catalysts capable of emulating enzymatic function. 

Due to iron’s terrestrial abundance, non-toxicity, and the high reactivities of iron-oxo containing 

enzymes, synthetic chemists have developed numerous bioinspired non-heme iron-oxo catalysts which 

mimic the catalytic activities of targeted enzymes. Bioinspired catalysts can exceed metalloenzymes 

because they enable substrate scope expansion beyond enzymatic feasibility and can exhibit unique chemo- 

or regioselectivities for preparation of new and more diverse products. While synthetic Fe(IV)-oxo 

intermediates in the triplet spin state were the first to be isolated, numerous high spin quintet Fe(IV)-oxo 

complexes, as well as Fe(V)-oxo and a few Fe(III)-oxo complexes, have since been developed. These 

complexes typically consist of neutral (for Fe(IV)) or anionic nitrogenous ligands (more typical for Fe(V) 

or Fe(III) cases) in a pseudo-octahedral or trigonal-bipyramidal geometry (Figure 1). These synthetic 

analogues have been used extensively in catalyzing two electron oxidation processes such as C-H bond 

activation,17-20 epoxidation,21-24 and halogenation reactions.25-29 Synthetically, these catalysts are often 

formed using strong oxidizing agents like peroxides or hypervalent iodine compounds. Due to their 

similarities to nitrogenase enzymes, iron-imido complexes (Figure 1) have found utility in the syntheses of 

high-value nitrogen containing molecules. Among these, iron-imido complexes have been suggested as 

potential intermediates in the Haber-Bosch process30 and homogenous nitrogen fixation reactions.31-34 

Furthermore, based on the successes of non-heme iron-oxo intermediates for alkane hydroxylation and 
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alkene epoxidation reactions, analogous non-heme iron-imido systems have been developed. Synthetic 

iron-imido complexes routinely bear anionic ligands or strong σ-donors like phosphines and N-heterocyclic 

carbenes to stabilize the iron-imido. Moreso than iron-oxo complexes, iron-imido complexes cover a wide 

variety of geometries and oxidation and spin states (Figure 1).  Furthermore, iron-imido complexes have 

been demonstrated as competent catalysts for nitrene transfer reactions such as C-H amination35-37 and 

alkene aziridination.38-42 

Figure 1.  Selected examples of molecular Fe(III)- and Fe(IV)-oxo and -imido intermediates organized by Fe 

oxidation states and ground spin states.43-57

In addition to experimental characterization, computational methods are widely employed to gain 

deeper insight into the electronic structure and reactivity of these systems. These approaches allow for the 

elucidation of the complex electronic structure and their mapping to mechanistic pathways.58 Application 

of computational methods also facilitates the interpretation of spectroscopic data, bridging theory and 
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experiment.58 Importantly, computational studies make it possible to investigate transient intermediates that 

cannot be isolated for direct experimental observation.59 The most widely used electronic structure analysis 

method is density functional theory (DFT), due to its accuracy and relatively low computational cost. DFT 

is commonly applied to optimize geometries, explore molecular conformers and isomers, determine orbital 

occupations and energies, analyze excited states, calculate electronic spectra, and compute thermochemical 

corrections.58 

DFT calculations have significantly contributed to the investigation of possible reaction 

mechanisms and reaction networks by locating reaction intermediates and transition states on the potential 

energy surface.59 DFT analysis also allows computational evaluation of candidate catalysts, where 

calculated reaction barriers and related parameters can inform experimental catalyst design. However, DFT 

accuracy can be limited when applied on strongly correlated systems with degenerate orbitals, as is often 

seen with the d-orbitals and bond breaking and formation processes that occur during catalysis.60, 61 For 

these reasons, multireference wavefunction methods such as the complete active space self-consistent field 

(CASSCF)62 method are widely used to provide more detailed descriptions of catalyst electronic structures. 

CASSCF calculations are typically followed by complete active space second-order perturbation theory 

(CASPT2)63 or N-electron valence state perturbation theory (NEVPT2)64 calculations to account for the 

missing dynamic correlation. Conventional CASSCF can typically only be used for an active space 

composed of up to 22 electrons occupying 22 orbitals, designated as CAS(22,22), due to the scaling of the 

CI vector as more configurations are added.65 Often, larger active spaces beyond the current CASSCF limits 

are required to fully capture the electronic effects of a given catalyst, with one such example given in 

metalloporphyrins with extended π-systems. Common successful methodologies that allow extended active 

spaces are the full configuration interaction quantum Monte Carlo (FCIQMC), which uses Monte Carlo 

sampling to increase the size of the possible active spaces,66 and the density matrix renormalization group 

(DMRG), which increases the size of the active space by considering the wavefunction as a matrix product 

state.67-69 Both of these approaches enable efficient analysis of a catalyst’s distal electronic features. For 

example, the π-system of an iron porphyrin complex has been analyzed using FCIQMC calculations with a 
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CAS(40,38) active space and DMRG with a CAS(44, 44) active space.70, 71 Coupled-cluster singles doubles 

and perturbative triples (CCSD(T))) is regarded as the gold standard in computational chemistry for 

calculating accurate energies for single-reference molecules. However, the exponential scaling of the 

method with respect to the number of basis functions makes it computationally prohibitive for most 

transition metal complexes. In recent years, the domain-based local pair natural orbital coupled cluster 

theory (DLPNO-CCSD(T)),72 which exploits the locality of electron correlation to reduce the number of 

coupled-cluster amplitudes, has emerged as a viable method for calculating accurate energies, especially 

for cases where product selectivity is important.73-76 

Even with these methodologies, it is not feasible to use quantum mechanics to study enzymes or 

other metalloproteins which can contain thousands of atoms. The quantum mechanics/molecular mechanics 

(QM/MM)77, 78 approach is commonly used for modeling enzymatic reactivity. In this framework, the metal 

center and its directly coordinated ligands are described with quantum-mechanical methods such as DFT 

or CASSCF, while the remainder of the protein environment and solvent are treated with classical molecular 

mechanics. QM/MM allows for the theoretical study of whole enzymes while retaining the accuracy of 

quantum mechanical calculations around the active site. While fundamentally different in scope and 

purpose, another emerging class of methods are the machine learning interatomic potentials (MLIPs) which 

offer a complementary route for accelerating quantum chemical calculations themselves.79 These MLIP-

based approaches have the potential to transform our ability to model complex reaction pathways with near-

quantum accuracy at greatly reduced cost. However, their application to open-shell transition metal 

complexes with strong multiconfigurational character remains largely unexplored.80

While previous reviews have focused on the structures and reactivities of iron-oxo and iron-imido 

complexes, the explicit role of the σ- and π-channels as determinants of selectivity has not been 

systematically analyzed. Moreover, the influence of these channels in iron-imido complexes remains 

comparatively less explored than in iron–oxo systems. In this perspective, we explore how reaction 

channels influence product selectivity in well-known iron(IV)-oxo intermediates and extend these insights 

to less common iron(III)- and iron(V)-oxo species.  The reaction channels for iron-imidos have not been as 
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well studied as for iron-oxos, resulting in limited data on their reactivity. Therefore, due to the isoelectronic 

nature between the two species, we treat the reaction channels for iron-imido complexes in comparison to 

the iron-oxo species and discuss how their reactivity may differ. We begin by briefly explaining the general 

aspects of the electronic structures of Fe(IV)-oxo and -imido intermediates before focusing on the chemistry 

and reaction channels of the iron-oxo and -imido intermediates. We examine how these factors influence 

the catalytic reactivities and selectivities of iron-oxo and iron-imido sites in both enzymatic and synthetic 

systems. The article concludes with a discussion on future work for the development of new iron-oxo and 

iron-imido catalysts based on these reaction channels for improved selectivity.

 

Electronic Structures of Fe(IV)-oxo and Fe(IV)-imido Intermediates 

 

Figure 2. Qualitative molecular orbital diagrams for an Fe(IV)-oxo and Fe(IV)-imido in pseudo-tetrahedral (C3v),81-83 

pseudo-trigonal bipyramidal (C3v),84-86 and pseudo-octahedral (C4v) coordination.81, 84, 87 Geometries in parenthesis 

correspond to structures that have not been isolated and characterized. 

The bonding of the iron-oxo and iron-imido in different coordination geometries has been explained 

in previous reviews,81, 86, 88 and we highlight the essential aspects here. Figure 2 summarizes the d-orbital 
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splitting across in the most common mode for Fe(IV)-oxo (pseudo-octahedral and -trigonal bipyramidal) 

and Fe(IV)-imido (pseudo-tetrahedral) intermediates.81, 82, 88 For a  pseudo-octahedral complex, the bonding 

of an iron-oxo involves the σ overlap of the metal dz2  orbital with the oxygen 2pz orbital and the π 

interaction between the dxz and dyz orbitals of the metal with the oxygen 2px and 2py orbitals. The metal 

dx2―y2  orbital form σ bonds with the equatorial ligands and the dxy exhibit nonbonding character. Typically, 

the dz2  orbital is the highest in energy due to the strong antibonding character between the metal and the 

oxygen, unless the complex is surrounded by strong field equatorial ligands with a weak axial ligand.87, 89

Due to their isoelectronic nature, iron-oxo and iron-imido intermediates have similar molecular 

orbital diagrams. Nitrogen 2p orbitals in iron-imido complexes are closer in energy to the d orbitals of the 

metal than oxygen 2p orbitals in iron-oxo complexes due to the smaller effective nuclear charge of nitrogen. 

Thus, the antibonding π* orbitals for iron-imido complexes are destabilized relative to iron-oxo 

complexes.90 Due to this destabilization, the dx2―y2  orbital can occasionally become lower in energy than 

the antibonding π* orbitals in a weak equatorial ligand field for an iron-imido complex.91 Furthermore, 

while iron-oxo complexes typically have degenerate π* orbitals due to the symmetry of the iron-oxo, iron-

imido geometry can be bent instead of linear, which leads to a breaking of the degeneracy of the π* orbitals. 

The nature of the R group of the imide also plays an important role in determining the electronic structure, 

as differing R groups can cause different spin states of iron complexes with the same auxiliary ligand.37, 51, 

92

When iron-oxo/imido symmetry is reduced to pseudo-trigonal bipyramidal, the dxy and the dx2―y2  

orbitals are both capable of bonding with the other equatorial ligands. This raises the energy of the dxy 

orbital but lowers the energy of the dx2―y2  orbital relative to pseudo-octahedral symmetry so that these two 

orbitals are degenerate. These are followed by the π* and σ* of the oxo/imide. In a pseudo-tetrahedral 

geometry, the dxy and the dx2―y2  orbitals both have nonbonding character. As well, the dz2  orbital is lowered 

in energy due to mixing with the 4s and 4pz orbitals of the metal which have the same symmetry, giving 

this orbital more nonbonding character.93, 94 The dxz and dyz orbitals can exhibit both σ* character with the 
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ligands and π*  character with the oxo/imido, further explaining the increase in energy of the π* orbitals 

compared to higher symmetry complexes.95 

Reaction Channels and Electronic Structure

Fe(IV) octahedral and trigonal bipyramidal. Numerous studies have been carried out to 

understand the reactivity of iron-oxo species, especially for C-H bond activation with Fe(IV)-oxo species. 

In order for the initial hydrogen atom transfer (HAT) step of activating an alkane for hydrogenation to 

proceed, the Fe(IV)-oxo first adopts a radical Fe(III)-oxyl electron configuration upon elongation of the Fe-

O bond by electron transfer from the ligand-based bonding orbitals to the metal-centered antibonding 

orbitals (Figure 3).96 There are two possible channels for the adoption of radical character, creating either a 

π-hole or a σ-hole depending on which orbital an electron is excited from.96 To create the π-hole, an electron 

is promoted from the π orbitals to the π* orbitals, and for a σ-hole, an electron is excited from the Fe-O σ 

orbital to the σ* orbital (Figure 3).97 This transition can account for most of the energy apparent in the 

reaction barrier.98 The dx2―y2  and dxy orbitals are not involved in these channels as they cannot interact with 

the substrate.

After formation of the Fe(III)-oxyl intermediate, an electron is added from the substrate to the now 

singly occupied σ orbital in the σ-channel or the singly occupied π orbital in the π-channel during the HAT 

step.96 Synthetic Fe(IV)-oxo intermediates are typically found in two possible spin states in two different 

coordination environments, triplet in a tetragonal geometry or quintet in a pseudo-trigonal bipyramidal 

geometry. For each spin state, there is theoretically both σ- and π-channels available which leads to four 

main reaction channels (Figure 3).99, 100 Typically, the lowest energy channel is the σ-channel for quintets 

and the π-channel for triplets.99 The quintet π-channel is energetically comparable to the triplet π-channel 

with the triplet σ-channel much higher in energy due to occupying a high energy orbital.99 However, the 

triplet π-channel can sometimes be lower in energy than the quintet σ.101 The low energy of the quintet σ-

pathway is due to the gain of exchange from promoting an electron to an unoccupied orbital. The availability 
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of the quintet π-channel, despite the loss of exchange, is due to high covalency of the Fe-O π bond.102 If the

 dx2―y2  orbital is destabilized relative to the σ* orbital, such as through the use of stronger-field equatorial 

ligands or if the dz2  is stabilized by weakening or removing the axial ligand trans to the oxo, the system 

can access the triplet σ-channel.89

The reaction channels have an effect on the geometry of the transition state to increase overlap with 

the appropriate orbital, as the π-channel will exhibit an Fe-O-H bond angle around 120o whereas the σ-

channel will be almost colinear.96, 99 These channels explain in part why synthetic triplet iron-oxo catalysts 

often exhibit two-state reactivity, where formation of the triplet intermediate proceeds through a quintet 

transition state. The π-channel is usually sterically hindered and so the σ-channel on the quintet pathway is 

the only energetically accessible pathway.96 Understanding these reaction channels also provides key 

insights into the diverse reactivities exhibited by iron-oxo catalysts. For instance, triplet complexes with a 

π-channel sterically blocked leave only the σ-channel accessible to the substrate and consequently, exhibit 

higher activation barrier than those with an open π-channel. This is because accessing the σ-channel requires 

promoting an electron into the higher-energy σ* orbital, incurring a greater energy penalty.103 Since both 

reaction channels require populating high energy antibonding orbitals, their relative energies between these 

orbitals (most notably the σ* orbital due to its high energy) strongly influence reactivity. Lowering the 

energies of these antibonding orbitals facilitates access to the corresponding quintet transition states, 

thereby enabling more reactive catalysts.104 Sautet and coworkers reported a linear relationship between the 

computed reaction barrier for C-H hydroxylation of methane and the energies of the σ*/π* orbitals for high-

spin and low-spin iron-oxo complexes, respectively.104 It has also been shown computationally that Fe(III)-

oxyl formation is easier with weak-field ligands than with strong-field ligands.100 Additional experimental 

and computational analyses support these findings and show that weaker-field ligands result in lower 

reaction barriers.104-109 Structural changes to the ligand which result in a weaker ligand field, such as 

distortions due to steric effects, also lower reaction barriers and increase reactivities.110, 111 Complexes with 

greater oxyl character in the Fe(IV)-oxo intermediate are more reactive towards C-H bond activation as less 

energy is required to create the Fe(III)-oxyl.112, 113 
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Figure 3. Top, left: molecular orbital diagram of a S = 1 Fe(IV)-oxo or Fe(IV)-imido in a pseudo-octahedral 

environment showing the formation of the two different electron holes upon Fe-O bond elongation and reduction to 

Fe(III). Top, right: the corresponding molecular orbital diagram showing the two reaction channels for the transition 

state during hydrogen abstraction. Bottom, left: molecular orbital diagram of a S = 2 Fe(IV)-oxo or Fe(IV)-imido in a 

pseudo-trigonal bipyramidal environment showing the formation of the two different electron holes upon bond 

elongation and reduction to Fe(III). Bottom, right: the corresponding molecular orbital diagram showing the two 

reaction channels for the transition state during hydrogen abstraction.

Iron-imido complexes are isoelectronic to the related iron-oxo complexes. Their valence orbital 

similarities are evidenced by the HAT efficacies of iron-imido intermediates in C–H activation reactions 

which proceed via mechanisms similar to those of iron-oxo species. Many of the same mechanistic 

principles apply, although iron-imido systems have been less extensively studied. Like iron-oxo species, 

iron-imido complexes exhibit higher reactivities towards C-H bond activation upon reduction to their 

Fe(III)-imidyl forms.114, 115 Iron-imido intermediates bear an additional substituent on the imide nitrogen 

relative to the iron-oxo, and this can have a profound impact on both reactivity and reaction channel 
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preference. While iron-oxo complexes can react via σ- and π-channels, many iron-imido species can only 

react through the π-channel due to the steric bulk of the imido R group blocking colinear σ-attack between 

the alkane and the imide.116 Additionally, Fe(IV)-NTs (NTs = tosylimido) complexes accept electrons from 

substrates at a greater distance than its iron-oxo analogue due to the iron-imido having a greater electron 

affinity than the iron-oxo.117 Therefore, within iron-imido-catalyzed C-H activation reactions, the active 

species is the less reactive Fe(III)-imide which is formed upon substrate HAT. These two factors explain 

the inert character of some iron-imido complexes towards C-H bond activation compared to the related 

iron-oxo complexes,117 although the increased electron accepting distance for iron-imido complexes can 

also relieve steric strain when oxidizing bulky substrates or when surrounded by a bulky ligand. One such 

Fe(IV)-NTs complex was found to be more reactive than its oxo counterpart towards C-H activation of 

thioanisole and the related iron-oxo complex being more reactive towards less bulky substrates due to its 

longer Fe-N bond making the σ-channel more accessible for bulky substrates compared to the iron-oxo.118

Besides blocking the σ-channel, the substituent of the imide can affect the reaction channels in 

more subtle ways. As previously mentioned, the substituent can impact the spin state of the complex. As 

the prevailing channel is influenced by the spin state of the complex, careful tuning of the nature of the 

substituent could be used to control which reaction channel is dominant. Similarly, for a recent pseudo-

trigonal planar Fe(IV)-bisimido complex, electron donating groups on the imide were found to control both 

the spin state and if the reaction proceeded through alpha spin transfer or beta spin transfer during hydrogen 

abstraction.37 The beta electron transfer was blocked as for one of the complexes, as the singly occupied 

orbitals were rendered as non-bonding instead of having π* character due to the loss of covalency of the Fe-

N bond caused by the electron withdrawing groups on the imide.37 The ability to use substituents to control 

the mechanism for electron transfer could be influential in controlling the prevailing reaction pathway in 

low coordinate iron-imides. 

Fe(IV) tetrahedral. Due to the numerous Fe(IV)-oxo complexes that exist with four and five 

coordinate ligands, most analysis has been centered on these geometries. Pseudo-tetrahedral Fe(IV)-oxo 

complexes, while rare, have been reported or studied computationally in every accessible spin state, S = 0, 
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1, and 2.56, 119, 120 A study of these reaction channels for the singlet structure reveals that these iron-oxo 

complexes affect substrate oxidation through the quintet transition state and thus prefer the σ-channel for 

both epoxidation and hydroxylation.82 C-H hydroxylation via a triplet spin complex proceeds via the quintet 

spin state as well, similar to the two-state reactivity known for octahedral complexes.120, 121 Therefore, the 

π-channel might be inaccessible due to the high energy of the π* orbitals compared to the σ* orbital (Figure 

2), although further studies on additional structures are required to confirm which pathways are accessible. 

While the iron-imido is found in a four-fold coordinate environment much more commonly than the iron-

oxo (Figure 1), the σ- and π-channels for this species have not been examined.

Fe(V) complexes. While most of the discussion so far has been limited to Fe(IV) cases, we can 

extend this framework to understand the reactivities of Fe(V) and Fe(III) species. There are only a few 

studies which reported examining the two reaction channels for these oxidation states for iron-oxo 

complexes, and none for iron-imido species. Iron exists as a d3 metal in Fe(V)-oxo and Fe(V)-imido 

complexes, thus, the only available spin states are doublet and quartet. It is possible to have one singly 

occupied and one empty π* orbital in the doublet, or two singly occupied π* orbitals for the quartet in a 

pseudo-octahedral environment. Because of this, it is likely that the σ-channel is not available as in the low 

spin S = 1 tetragonal Fe(IV)-oxo cases. HAT must then proceed through the π-channel, as has been shown 

by Ansari and coworkers,122, 123 although no detailed study has been carried out on the availability of the σ-

channel, differences between the two spin states of Fe(V)-oxo intermediates, or on differing geometries. 

However, these reaction channels have been studied in Mn(IV)-oxo analogues, which are isoelectronic to 

the Fe(V)-oxo, since both compounds exhibit a d3 configuration. Similarly to the S = 1 iron-oxo, C-H 

activation reactions with manganese-oxo catalysts proceeds through the π-channel as the σ* orbital is too 

high in energy to favor the formation of the oxyl,124 even for quartet systems.86 To access the σ-channel, it 

is likely that the geometry must be reduced to pseudo-tetrahedral, as this can allow for an energetically 

available σ* orbital (Figure 2), although these geometries are likely only possible for Fe(V)-imides given 

the lack of low coordinate iron-oxo species and the high oxidation state of iron. In higher coordination 

environments, an Fe(V) complex would most likely have an empty π* or nonbonding orbital compared to 
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Fe(IV) which would be more favored to accept an electron than the higher energy σ*, although further 

examination is required to confirm if this is true. 

Although Fe(V)-imido complexes are sparse, several systems provide useful precedent for their 

electronic structure. Relevant precedent comes from a TAML-supported Fe(V)-imido complex, featuring a 

bent Fe-N-S motif that increases σ-bond character in the Fe–N interaction relative to the linear Fe-N-S 

motif observed for the related Fe(IV)-imido.125 The Fe(V)-imido TAML complex effects nitrene transfer 

for thioether substrates, but HAT reactivity toward amine products is observed for saturated hydrocarbon 

substrates.125 Because the σ* orbital is expected to be energetically inaccessible, both transformations would 

be predicted to proceed through a π-type pathway. It may be possible that Fe(V)-imido ligand fields could 

reduce σ* orbital energies enough to allow access to σ-channel pathways in Fe(V) systems, although this 

possibility has yet to be demonstrated experimentally. Furthermore, comparisons of Fe(IV)-imido and 

Fe(IV)-oxo complexes demonstrate that Fe(IV)-imido donors alter the frontier molecular orbitals relative 

to oxo analogues by breaking the degeneracy of the π* orbitals.126 This results in selective stabilization of 

one π* orbital and destabilization of the other, increasing the overall σ-donation of the imido ligand relative 

to the corresponding Fe(IV)-oxo.126 This difference enhances electron-transfer reactivity at Fe(IV) and 

provides a useful precedent for anticipating comparable electronic effects in Fe(V)-imido species.

Fe(III) complexes. A similar analysis can be extended to Fe(III)-oxo intermediates, although such 

species are considerably less common than their Fe(V)-oxo counterparts. A sextet Fe(III)-oxo N4Py 

complex was recently examined and compared to its FeIV analogue in C-H activation reactions.127 As the 

sextet spin state is a high-spin d5 metal, all the d orbitals are already singly occupied which renders 

excitation to the high-energy σ* energy unfeasible. Here, instead of undergoing the formation of the Fe(II)-

oxyl concurrent with substrate HAT, a proton coupled electron transfer (PCET) mechanism is suggested 

where an electron is transferred to the metal and the substrate hydrogen atom is transferred to the oxygen. 

127 A similar PCET mechanism was observed in Borovik’s Fe(III)-oxo complex.48 This C-H activation 

mechanism is uniquely different than a typical HAT mechanism, in which both electrons are transferred to 
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the oxygen.127 The quartet spin state is capable of affecting HAT via the σ-channel due to the unoccupied 

σ* orbital.127 A doublet Fe(III)-oxo would have one doubly occupied and one singly occupied π* orbital so, 

as for the low-spin Fe(IV)-oxo, the σ-channel is likely not available in a pseudo-octahedral environment. 

A doublet pseudo-Td Fe(III)-oxo was found to proceed through the 4σ channel for HAT.120 However, 

hydroxyl rebound was found to not be accessible for this Fe(III) complex due to the low electron affinity 

of the Fe(II)-hydroxyl to form the Fe(I) complex.120 This explains why the complex could only perform 

dehydrogenation of ethylbenzene instead of hydrogenation or epoxidation.43 Therefore, Fe(III) species 

might struggle to be effective catalysts for oxidation reactions.

As with the Fe(V)-oxo, we can look at the isoelectronic d5 Co(IV)-oxo to gain more information 

about possible reaction channels. C-H activation reactions with both a doublet and sextet pseudo-Oh 

Co(IV)-oxo proceed along the π-channel, confirming our speculation above.75, 128 We were not able to 

identify any reported Co(IV)-oxo species in the quartet state to confirm if they proceed by the σ-channel 

instead. A summary of which reaction channels have been observed in different geometries, spin states, and 

oxidation states, is given below in Table 1. 

FeIII FeIV FeV

3σ, 3π
Oh

4σ, 6π
5σ, 5π

2π, 4π

D3h
1 − 5σ, 5π −

Td
1 2π, 4σ 5σ, 5π −

1The molecular orbital diagram in Figure 2 is considered but the relative energies of the π* 
orbitals can change for C3v geometries depending on ligand field strength.

Table 1. Reported reaction pathways for iron-oxo and -imido complexes in different oxidation states, spin states, and molecular 

geometries (pseudo-octahedral, pseudo-trigonal bipyramidal, and pseudo-tetrahedral). Ligand field strength, iron spin state, 

and/or substrate orientation may also provide access to both σ- and π-channels.  Reaction channels confirmed by both experiment 

Page 16 of 30Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/6

/2
02

6 
5:

40
:1

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5DT02942B

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt02942b


17

and computation are shown in bold font; 89, 99, 101, 102, 129-134 channels supported solely by computational studies82, 120, 122, 123, 127, 135 

are shown in regular font. 

Reaction Channels and Product Selectivity

While these channels have mostly been studied in the context of C-H bond activation, they are also 

applicable to other chemical reactions involving an Fe(IV)-oxo or -imido intermediate. We have previously 

applied these concepts to C2+N1 alkene aziridination reactions with macrocyclic iron(II) tetracarbene 

catalysts. We found that in the transition state for alkene addition to the Fe(IV)-imido, there are two 

channels available.  One channel involves addition of an alpha electron to the σ orbital between iron center 

and the imide nitrogen, while the other channel involves beta electron addition to one of the π orbitals 

between iron center and the imide nitrogen. These results suggest that in the σ-channel, the radical is 

antiferromagnetically coupled to the iron-imido and in the π-channel the radical is ferromagnetically 

coupled. The σ-channel was found to be preferred for the S = 1 macrocyclic iron(II) tetracarbene complexes. 

For macrocyclic iron(II) tetracarbenes, the σ* orbital is typically below the dx2-y2 orbital due to the strong 

equatorial ligand field and the lack of an axial ligand. For this reason, the σ-channel is not likely to be as 

favored for other triplet aziridination catalysts. We then considered the HOMO-LUMO gap between the π* 

and the σ* orbitals of the imide intermediate as a descriptor for the catalytic activity of the σ-mechanism as 

it influences the availability of the σ-channel over the π-channel.136 

The σ- and π-reaction channels analyzed in the previous section can profoundly influence ligand 

design for development of catalysts that favor specific products. Some representative examples are 

summarized in Table 1. Although C-H hydroxylation is typically affected by iron-oxo catalysts which favor 

the σ-channel (reactive high-spin enzymes and catalysts), alternative reaction channels can be selectively 

promoted under appropriate conditions. C-H hydroxylation typically proceeds along the σ-channel, so 

enzymes that catalyze alternative reactions often orient the substrate to favor the π-channel due to longer 

OH rebound allowing the resulting radical species to react with other species.137, 138  This has been further 

enforced as mutations to hydroxylase enzymes which enforce strict π-channel reactivity. Iron-oxo catalysts 
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like these typically have higher reaction barriers towards HAT than those which prefer the σ-channel.139, 140 

Additionally, in enzymes, almost linear Fe-O-H bond angles are known to correspond to C-H hydroxylation 

selectivity while acute Fe-O-H bond angles suggest alternative reactivity due to these intermediates’ 

preferences for the σ- and π-channels, respectively.141 To highlight differences between σ- and π-channel 

reactivity in catalytic transformations, Table 2 provides relevant examples for which different channels give 

distinct products in enzymatic and synthetic iron systems.

Catalyst Substrate σ Product π Product Reference

[FeIV=O(SyrB2)]0

137, 142

[FeIV=O(HrmJ)]0

143

[FeIV=O(Hmas/HPPD)]0

130

[FeIV=O(H6H)]0

144

[FeIV=O(TMG3Tren)]2+

55, 132
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[FeIV=NTs(N4Py)]2+

116, 145

Table 2. Examples of Fe(IV)-oxo and Fe(IV)-imido intermediates that have different products for the σ-channel and the π-
channel for both enzymes and synthetic systems.

These examples evince how controlling access to the σ- and π-channels can guide catalyst design 

in Fe(IV)-oxo and Fe(IV)-imido systems. For C-H activation, catalysts that stabilize or enable the σ-channel 

tend to favor hydroxylation and amination pathways, whereas restricting σ-channel access can promote 

epoxidation, halogenation, and nitrene transfer reactions in systems where rebound is disfavored. Thus, 

differentiation of structural features including ligand donor strength, symmetry, steric access, and substrate 

positioning provides a framework for tuning σ/π-channel availability. These principles also suggest 

opportunities for directing reactivity in high-valent Fe(III)- and Fe(V)-imido platforms and may extend to 

Mn-, Co-, and Ru-based oxo and imido systems, where similar considerations of orbital alignment and 

substrate approach geometry govern product selectivity.

The use of the π-channel for forming non-hydroxylated products has been most widely studied for 

halogenation with Fe(IV)-oxo containing halogenase enzymes. Substrate orientation has long been known 

to control the selectivity of halogenation over hydroxylation in enzymes like SyrB2 and WeI2O5.146, 147 It 

was ultimately discovered that the selectivity was related to the availability of the σ- and π-channels, with 

hydroxylases favoring the σ-channel and halogenases the π-channel.137, 142 The π-channel is preferred for 

halogenation for many reasons. In SyrB2 C-H activation systems, there is a rehybridization of the Fe-Cl π* 

orbital that is not observed for the Fe-OH π* orbital which allows for better overlap with the substrate.137 

Although the π-channel is theoretically higher in energy than the σ-channel, the π-channel is stabilized as 

the π* orbital exhibits more oxyl character than the σ* orbital, resulting in better overlap with the substrate 

and an earlier transition state as the orbital is polarized more towards oxygen.133 Additionally, at bond 

distances corresponding to transition state bonding (~1.8 Å), the dxz orbital is stabilized and exhibits greater 
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oxyl character due to π anisotropy.134 This analysis can also be extended to explain the reactivity in other 

enzymes. Recently, a homologue of the cyclopropanase enzyme HrmJ was found to instead affect C-H 

hydroxylation with 6-nitronorleucine.143 A slight change in the substrate orientation enhanced the 

availability of the σ-channel over the π-channel, resulting in enzymatic hydroxylation instead of 

cycloproponation.143 

While many studies rely on just the angle between iron, oxygen, and the substrate to determine 

the reaction channel, this metric might not be sufficient to accurately determine reaction channel preference. 

One study comparing halogenases and hydroxylases found that when the bond angle of the substrate is 

adjusted to match that of the other reaction channel, hydroxylases do not access the π-channel and 

halogenases do not access the σ-channel.147 Similarly, Ahsan et. al. found that for similar pathways,  

relevant bond angles that would typically be matched to the π-channel instead corresponded to the σ-

channel.148 Additionally, these angle values changed substantially depending on the choice of dispersion 

correction and solvation.148 Therefore, studying bonding geometry alone is not enough to definitively 

determine the prevailing reaction channel. It is necessary to understand the electronic structure and see 

which orbitals are involved in the transition state. Furthermore, while this mechanism works well to 

describe the selectivity for halogenases, it is less clear how much of an impact it has for enzymatic 

selectivity for other reactions. Among catalytic oxidation reactions, the σ-channel is associated with C-H 

hydroxylation, whereas the π-channel is associated with alkene epoxidation.141, 149 A recent study suggests 

that unlike halogenation reactions, which feature a halogen atom that readily accepts the resulting substrate 

radical, π-channel preference alone is not enough to explain why the substrate does not undergo hydroxyl 

rebound.144 While the reaction channels do give rise to the expected products, other factors such as 

interaction with adjacent residues are important in stabilizing the radical to ensure it forms an epoxide 

instead of undergoing hydroxyl rebound.144

These reaction channels can also control chemoselectivity within the same reaction. When treated 

with (4-hydroxyphenol)pyruvate, the enzyme HmaS selectively activates benzylic C-H bonds for benzyl 

alcohol products whereas the enzyme HPPD favored arene C-H activation and gave the related phenol 
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products. These enzymes have the same primary coordination sphere; only the orientation of the pyruvate 

ring is different between them. The difference in reactivity is rooted in the availabilities of the σ- and π-

channels, as HPPD proceeds through the σ-channel and HmaS through the π-channel.130 This difference in 

reactivity is due to substrate alignment. Benzylic carbons can only bind with iron-oxo oxygen atoms in the 

vertical position relative to iron, favoring σ-orbital overlap, but the arene carbon atoms of the pyruvate 

favor π* orbital overlap.130 Here the differing spin states, due to antiferromagnetic or ferromagnetic coupling 

of the resulting radical with the iron center, also resulted in a geometry change in the transition state.130 The 

high spin σ-channel adopted a pseudo-trigonal bipyramidal geometry, and the intermediate spin 𝜋-channel 

adopted a pseudo-square planar geometry, which also affects the overlap of the substrate with the relevant 

iron-oxo orbitals.130 

 While these reaction channels are well known in metalloenzymes, they also play an important 

role in synthetic Fe(IV)-oxo complexes. The π-channel could be used to favor alkene epoxidation over C-

H hydroxylation. Preference for the π-channel for alkene epoxidation over C-H hydroxylation was observed 

by Bhardwaj and Mondal for a singlet, pseudo-tetrahedral iron-oxo complex with cyclohexadiene, although 

the σ-channel again had lower total barriers for both reactions.82 Therefore, increasing the availability of 

the π-channel should improve selectivity for epoxidation over hydroxylation. The π-channel is not always 

available in synthetic systems, however. Costas and Roithová found that for [Fe(IV)=O(PyTACN)Cl]+ 

complexes, the triplet state has significantly higher energy barriers for epoxidation reactions of cyclohexene 

over hydroxylation than in the quintet state, likely related to π- or σ-channel preference. Formation of the 

triplet state intermediate is expected to proceed through the π-channel, which requires a more acute Fe-O-

H bond angle and closer substrate proximity than the quintet σ-channel. The smaller bond angle results in 

a significantly higher energy barrier to alkene C=C activation than hydrogen abstraction due to steric 

hindrance and thus π-channel is favored.13 Therefore, it is important that the π-channel is not sterically 

hindered in order to promote catalytic epoxidation over hydroxylation.

We should also highlight that in iron-oxo molecular complexes, the π-pathway does not always 

lead to desirable products, since it can result in the deactivation of the catalyst. One illustrative example is 
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the TMG3tren iron-oxo complex, which is capable of undergoing self-oxidation.55 Subsequent 

computational analysis suggested C-H bond activation to proceed through the σ-channel and ligand 

oxidation through the π-channel.132 Because the ligand’s hydrogen atoms are pointing towards the Fe-O 

axis, they are directly positioned next to the π orbital with predominant px/py character of the oxo/oxyl.132 

Similarly, N4Py iron-oxo derivatives with aryl substituents near the oxo moiety are also known to undergo 

ligand oxidation which proceeds through the π-channel.101, 150

While the reaction channels have already been exploited readily to control selectivity in iron-oxo 

intermediates, especially in metalloenzymes, there has been less focus on applications towards catalytic 

nitrene transfer reactions with iron-imido catalysts. As mentioned earlier, if the σ-channel is blocked for 

iron-imides due to steric bulk from the imide nitrogen substituent, different reactions than C-H amination 

are preferred. For example, the availability of the σ- and π-channels explains why Fe-NTs N4Py complexes 

are have lower barriers towards sulfoxidation of dimethyl sulfide than hydroxylation of cyclohexadiene, 

while the iron-oxo, which does not have a blocked σ-channel, exhibits lower barriers for hydroxylation over 

sulfoxidation.145 Therefore, if the imide was less bulky and the σ-channel was made available, it is likely 

the Fe(IV)-imido would prefer amination over sulfoxidation. Similarly, for a TPA iron-imido catalyst, the 

Fe(IV)=NTs complex, which can only react via the π-channel, was found to be a stronger oxidant than the 

TPA Fe(IV)-oxo towards ligand oxidation.151 The σ-channel is typically unavailable during ligand oxidation 

reactions due to the ligand not being able to achieve a colinear approach, and this results in greater oxidative 

strength for the Fe(IV)-imide than the Fe(IV)-oxo.116 Because the σ-channel is rendered inaccessible by the 

imide, it should be possible to greatly improve selectivity for iron-imido catalysts. Unlike the related iron-

oxo catalysts, for iron-imido catalysts the π-channel, which leads to non-amine products, is often preferred. 

Similarly, for designing enhanced C-H amination catalysts, it might be necessary to utilize smaller imide 

nitrogen substituents that do not hinder the availability of the σ-channel for improved selectivity towards 

C-H bond activation. 
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Conclusions and Outlook

The σ- and π-channels have a significant impact on the chemoselectivity of Fe(IV)-oxo 

intermediates in enzymes and their biomimetic analogues. While there has been extensive work on 

understanding these reaction pathways for Fe(IV)-oxo species, especially for enzymatic halogenation, 

significantly more work is needed to understand these reaction channels for other reactions. Most studies 

have focused on the reaction channels for Fe(IV)-oxo complexes with pseudo-octahedral and pseudo-

trigonal bipyramidal ligands, but, in contrast, most iron-imido species exhibit lower coordinate geometries. 

Therefore, the study of different molecular geometries is vital for controlling selectivity in catalytic iron-

imido reactions. Additionally, the selectivity of Fe(V) and Fe(III)-oxo intermediates relating to these 

channels is not well understood, and the study of related iron-imido species in differing oxidation states is 

non-existent. Iron-oxo intermediates of different oxidation states than Fe(IV) could be promising catalysts 

for non-hydroxylation reactions due to strict π-channel preferences reported so far for these complexes. 

Utilization of competent iron-imido intermediates offers a unique opportunity to exploit this selectivity, 

since the σ-channel, which favors C-H amination, can be blocked by selecting appropriate bulky R groups 

of the imide.

These pathways can also be exploited in synthetic catalytic systems. As C-H bond activation favors 

the σ-channel, ensuring this pathway is readily accessible will help improve hydroxylation and amination 

catalysts. Catalytic amination can be enhanced through understanding how the substituent attached to the 

imide and the substrates employed block σ-channel access, which increases the hydrogen abstraction 

barrier. Catalytic epoxidation/aziridination and halogenation reactions, as well as other reactions that rely 

on avoiding hydroxyl rebound, can benefit from further studies on how to block the σ-channel to exploit 

the benefits seen in enzymatic systems. Additionally, the study of lower coordination environments for 

Fe(III)- and Fe(V)-oxo and -imido intermediates may elucidate more cases in which the pathway of interest 

can be controlled. Understanding the reactivity channels of these systems could help improve product 

selectivity over hydrogenation and amination due to the preference for the π-channel observed thus far for 

Fe(V)-oxo and Fe(IV)-imido species.
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While traditional catalyst design relies on experimental methods or in silico high throughput 

screening using conventional computation methods, these techniques are monetarily or temporally 

prohibitive and limited to small databases. The rise of artificial intelligence (AI) in recent years has allowed 

for the rapid exploration of broad chemical spaces for the development of novel catalysts.80 Several studies 

have applied machine learning to ligand design for iron-oxo catalysts,152-154 but these efforts have primarily 

focused on Fe(IV)-oxo species involving C-H hydroxylation reactions. The chemical space for additional 

catalytic reactions, like C-H halogenation or alkene epoxidation, as well as other highly reactive candidate 

catalysts, such as Fe(V)-oxo or the Fe(IV)-imido complexes, remains largely unexplored making it an 

encouraging avenue and worthy pursuit for future research. To unlock the full potential of AI-driven 

catalyst design, future machine learning workflows must integrate mechanistic understanding, such as the 

reaction channels and electronic structure considerations highlighted here, into their modeling frameworks. 

Incorporating these details will allow for more faithful representations of metal-oxo and metal-imide 

complexes and ultimately drive more transformative advances in reactivity and design.
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