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Chapter 4 

 

 Formation of (Porphyrin)Fe-Nitrene/Imido Intermediates from 

Azides.  Alternatives to the (Por)Fe=NR High Valent Species. 

 

 

 

 

 

  

FeIV

NSO2Ph

Cl

FeIII

Cl

PhSO2-N3

-N2

FeIV

NSO2Ph

Cl

FeIV

NSO2Ph

FeII

Red. -Cl

PhSO2-N3

-N2

PhSO2-N3

-N2

FeII

Cl

Red.

A-III-Cl

A-II

A-II-Cl

B-III-Cl

B-II

B-II-Cl

ii)

iii)

i)



Chapter 4 

 94 

Abstract 

Experimental detection of (por)Fe=NR species as well as a detailed DFT investigation into 

their electronic structure is presented. Combined DFT calculations and spectro-

electrochemical measurements show that Fe-nitrene/imido intermediates [(por2–)FeIV=NR] are 

readily formed from the ferrous complex [(TPP)FeII] and organic azides with accessible 

energy barriers (∆G‡= +20 kcal mol–1) at room temperature. According to DFT calculations, 

and supported by the small shift of the Soret band in the experimental UV-Vis spectra, these 

species are best described as being in-between an FeII-nitrene and an FeIV-imido complex 

(RN–FeIIPor ↔ R•N=FeIIIPor ↔ RN=FeIVPor). Formation of high valent azo-ferryl porphyrin 

cation radical species [(por•–)FeIV=NR]+ (isoelectronic to the analogous oxoferryl porphyrin 

cation radical O-Cpd I, and previously proposed as intermediates in nitrene transfer reactions) 

from [(por)FeIII] is not observed experimentally and associated with much higher DFT energy 

barriers.  
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4.1 Introduction 

Catalytic nitrogen transfer and insertion reactions represent one of the most efficient 

functionalisation tools to introduce amino functionalities in organic molecules, leading to 

formation of amines by nitrene insertion into C–H bonds or to aziridines in reactions with 

C=C double bonds.1 For practical applications, the catalysts need to be active, inexpensive, 

stable and, for pharmaceutical applications (preferably) biocompatible. 2  Due to high 

abundance, the development of Fe catalysts for this reaction is desirable. The use of some 

FeIII-porphyrins has been reported as model system to mimic catalytic nitrene transfer 

reactions by cytochrome P450,3 but these systems were never fully understood and the 

putative nitrene intermediates remain under debate. 

Metalloporphyrin catalysed oxygen transfer reactions have been extensively studied in 

order to understand their mechanistic role in enzymatic reactivity towards important 

metabolites.4 The discovery of cytochrome P450 and its associated heme group (responsible 

for the absorption near 450 nm under CO atmosphere) was a breakthrough in reactivity 

studies of enzyme-catalysed reactions.5 The catalytic activity of such metalloporphyrins 

inspired many researchers and led to successful biomimetic applications (cyclopropanation, 

epoxidation and, to a less extent, nitrene-transfer reactions). However, oxygen transfer 

reactions received most mechanistic attention, likely due to the higher biological relevance 

and the naturally preferred reactivity of the heme group towards oxygen. Nevertheless, 

parallel to the work targeted at iron-mediated hydroxylation chemistry, C–H bond amination6 

and olefin aziridination7 have been the focus of recent work. Despite these studies, many 

mechanistic details of such nitrene transfer and insertion reactions remain scarcely 

understood. 

High-valent heme complexes [(por)Fe=O], known as 

Compound I (1 in  Figure 1), have been characterised and 

described as FeIV=O moiety surrounded by a one electron 

oxidised porphyrin radical ligand (por•–): [(por•–)FeIV=O]+. 

In analogy, isoelectronic [(por•–)FeIV=NR]+ species have 

been proposed as possible intermediates in nitrene-transfer 

reactions.6,7 However, the existence of such high oxidation 

state Fe-nitrene species has not been proven8 and so far only 

 

Figure 1. Iron-oxo interme-diate 
Compound I (O-Cpd I) and the 
putative isoelectronic iron-
nitrene imido (N-Cpd I) 
analogue. 
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some limited computational studies have been 

reported suggesting its existence.9  

Moreover, among the P450 enzymes, the 

only reaction that mechanistically involves the 

formation of a multiple metal-nitrogen bond to 

the metal centre of the heme group is the 

dehydration of aldoxymes to form nitriles. It 

was found that the enzyme is only active when 

the heme group is in its ferrous (FeII) state, 

making pre-activation/reduction of the ferric 

(FeIII) precursor a prerequisite. 10  Furthermore, for nitrene insertion into C−H bonds 

employing Fe-porphyrins a similar activity of FeII- vs. FeIII-porphyrins has been observed, 

thus suggesting a common reaction pathway involving common intermediates with identical 

oxidation states.11 This raises questions on the existence of the putative [(por•–)FeIV=NR]+ 

species 2 which would be isoelectronic to O-Cpd I (see Figure 1). The question that arises 

regarding the formation of the key catalytic Fe-nitrene/imido intermediate (Scheme 1) is 

whether reduction of the [(por)FeIII]+ system to [(por)FeII] prior to nitrene/imido formation is a 

pre-requisite as in the mechanism of aldoxyme dehydration. Herein, we report our theoretical 

and experimental investigations to reveal the nature and electronic structure of the key 

catalytic nitrene/imido porphyrin intermediate generated from different [(por)Fe] precursors 

and the corresponding azides relevant in nitrene transfer reactions.  

4.2 Results and discussion. 

The studies of the Fe-nitrene/imido intermediate are presented in two sections. The first 

section describes our computational studies focusing on the mechanism of formation of the 

Fe-nitrene/imido species B. A detailed description of the electronic structures of the possible 

intermediates and their different oxidations states is also presented. Based on these DFT 

results, we further performed additional studies (cyclic voltammetry and UV-Vis) to 

determine the nature of the Fe=NR species and to prove their mechanism of formation 

experimentally. These results are presented in the second section of this chapter. 

Computational studies. All DFT calculations were carried out using the Turbomole12 

package, coupled to the PQS Baker optimiser13 via the BOpt package14 at the spin unrestricted 

DFT level using the non-hybrid BP86 functional which has shown good performance on 3d 

 

Scheme 1. (por)Fe mediated nitrene/imido 
formation from organic azides. 
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metal compounds. 15  It has been shown that hybrid functionals such as B3LYP often 

overestimate high spin states (i.e. favouring the S = 3/2 over S = ½ spin states).16 We used the 

large def2-TZVP basis set17 for all atoms in all cases. The non-functionalised iron porphyrin 

((por)Fe) was used as a smaller model of (TPP)Fe (TPP=tetraphenylporphyrin). The azide 

employed is the phenylsulfonazide (PhSO2N3) without any further simplification.  

Electronic structure of Fe-nitrene/imido intermediate. Theoretical studies of FeV-(nitrido) 

and FeIV-(nitrene) porphyrin complexes have been reported wherein the (electronic) structure 

of these species is described. 9a Additionally, DFT mechanistic studies on the reactivity of the 

Fe-imido/nitrene towards C=C and C−H substrates has also been described, showing the 

viability of the reaction.9b However, the mechanism of the putative intermediate formation 

remains unclear, as well as the oxidation state of the species responsible for catalytic activity. 

Typical substrates that afford the nitrene precursor are imidoiodanes, haloamine-T 

compounds, carbamates or azides. Organic azides are among the most promising and easily 

accessible alternatives, for which a large substrate scope is already available. Thus, in the 

current studies we will focus on sulfonazides as the nitrene source.  

In order to compare the different reported possibilities for the formation of nitrene B and 

taking into account the similar activity of FeII and FeIII, we studied three different pathways 

(Scheme 2): i) direct reaction of the FeIII species A-III-Cl with the organic azide to form 

nitrene/imido species B-III-Cl; ii) Reduction of FeIII species A-III-Cl with loss of the Cl– 

ligand to form [(por2–)FeII] species A-II, followed by reaction with the organic azide to 

produce the neutral nitrene imido [(por2–)FeIV=NR] species B-II, and iii) reduction of A-III-

Cl without loss of the Cl– ligand forming the anionic [(por2–)FeII] 
– species A-II-Cl, which 

reacts with the organic azide to form the anionic nitrene/imido [(por2–) (Cl)FeIV=NR]− species 

 

Scheme 2. Suggested pathways for the Fe(Por) mediated activation of organic azides and formation 
of the key Fe-nitrene/imido intermediate. 
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B-II-Cl. The three pathways were studied 

in their low, intermediate, and high spin 

states.  

For pathway i) the complex with lowest 

energy for A-III-Cl was found to be the 

quartet spin state (S = 3/2). The low spin 

state (broken symmetry)18 (S = 1/2) and the 

high spin state (S =5/2) are located +5.9 

kcal mol–1 and +6.7 kcal mol–1 above the 

intermediate spin state respectively (Figure 

2).19 For pathway ii) the lowest multiplicity 

for A-II is the intermediate spin state (S = 1) and it is considerably lower in energy than the 

other spin states (ΔG‡ = +10.9 and ΔG‡ = +16.5 kcal mol–1 for S = 0 and S = 2, respectively). 

In this pathway, the open-shell singlet (broken symmetry) state was also considered, giving 

lower energies and much more reasonable coordination geometries than the closed shell 

singlet configuration leading to severe convergence problems in all cases.18 Finally, for 

pathway iii), as in the case of ii), the singlet state (S = 0), an open-shell (broken symmetry) 

structure, and the high spin state (S = 2) are located above but quite close to the intermediate 

spin state (ΔG‡ = +4.3 and ΔG‡ = +3.1 kcal mol–1 for singlet state, S = 0, and quintet state, S = 

2, respectively). The discussion presented here is mostly based only on the intermediate spin 

states of the above three pathways, but where necessary other relevant spin states are 

included. The complete data of all spin surfaces are presented in the final section of this 

chapter. 

Nitrene/imido ligand formation at the Fe(Por) species by reaction with phenyl sulfonazide 

requires the approach of the α-nitrogen atom of the azide (PhSO2N=N=N) to the metal centre. 

Unlike the previously studied related pathways for cobalt nitrene formation,20 no stable azide 

adduct intermediates exist for the (por)Fe systems. Attempts to optimise α-nitrogen 

coordinated azide adducts in all cases led to spontaneous dissociation of the substrate from 

the metal. Nonetheless, the transition states for N2 elimination were found through 

constrained geometry minimisations followed by unconstrained transition state geometry 

optimisations. Hence, the reaction with the azides to form the imido/nitrene species is a direct 

substitution reaction without a discrete (azide adduct) intermediate.  

 

Figure 2. Energy profile for Fe-nitrene/imido 
formation (∆G‡ in kcal mol–1). 
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The Fe=NR nitrene/imido formation reaction is exothermic in all cases, but it is associated 

with high transition state energies. The first pathway (i) we studied is the formation of the 

[(por•–)(Cl)FeIV=NR]+ species B-III-Cl. The free energy transition-state barrier (ΔG‡) for its 

formation is +42.5 kcal mol–1 for the quartet state, and the formed nitrene species lays only 

2.0 kcal mol–1 lower than the reactants. Remarkably, B-III-Cl appears to have nearly 

degenerate quartet (S = 3/2) and doublet (S = 1/2) spin states, with the doublet being lower in 

energy by only 2.1 kcal mol–1. In previous studies,9b these spin states have also been 

described being virtually degenerate, as in the O-Cpd I (1) species in which the two states are 

also very close in energy,21 thus suggesting B-III-Cl is indeed analogous to 1. The two other 

pathways studied require reduction of the FeIII species A-III-Cl to the FeII species A-II-Cl 

prior to nitrene-formation. This species could either react directly with the azide substrate (iii) 

or the reaction is preceded by Cl– dissociation (ii).  

An important difference between biochemical processes and reaction with synthetic 

metallophorphyrin systems is the polarity of the media where the reaction takes place. In 

cytochrome P450 the coordination environment helps to preserve the axial ligand, in which 

the polarity of the medium, steric constraints, and the chelate effect play a role. Typically 

reactions with synthetic porphyrins are performed in non-polar solvents (toluene, benzene, 

dichloroethane, etc.). These solvents favour dissociation of the axial Cl– ligand leading to 

neutral Fe species. Hence, it is not immediately clear whether or not to expect Cl– dissociation 

under catalytic conditions. Therefore, we decided to consider both the anionic FeII species A-

II-Cl in which the Cl– is still coordinated before formation of the nitrene species, and the 

neutral FeII species A-II from which Cl– has dissociated.  

Surprisingly, the transition energy barriers 

for both FeII species, TS1-II and TS1-II-Cl 

are significantly lower than the barrier for the 

FeIII pathway via TS1-III-Cl. The 

considerably lower activation energies for the 

FeII species, with values more than 20 kcal 

mol–1 lower than for FeIII, suggest that FeII is 

much more active, and thus FeII species are 

much more likely intermediates in the 

nitrogen transfer reactions mediated by Fe-

porphyrins. Addi-tionally, formation of the 

 

Figure 3. Crystal field splitting diagrams for a d4 
configuration in square pyramidal geometry. 
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Fe-nitrene/imido complexes is much more exergonic for the FeII species (ΔG‡(B-II) = –26.4 

and ΔG‡(B-II-Cl) = –33.2 kcal mol–1) than for the FeIII species. The preferred spin 

multiplicity of the products B-II and B-II-Cl corresponds with an intermediate spin system (S 

= 1). The singlet lays only 3.5 kcal mol–1 above the triplet state for [(por2
−)(Cl)FeIV=NR]– 

species B-II and 5.4 kcal mol–1 for [(por2–)FeIV=NR] species B-II-Cl. However, the quintet is 

considerably higher in energy (15.6 kcal mol–1 above the triplet state for B-II and 19.0 kcal 

mol–1 for B-II-Cl), as expected since in this state the dz
2 orbital is partially filled (Figure 3). 

Thus, the discussion is focused on the low and intermediate spin states. 

Table 1 shows the key geometric features and spin densities of the nitrene species in their 

low and intermediate multiplicity. The Fe−N bond distance is essentially the same for the low 

spin state species S=1/2B-III-Cl and S=0B-II, but due to the trans influence of the chloro ligand 

(and one electron more in the metal core), the Fe−N bond distance of S=0B-II-Cl is 0.05 Å 

longer than in S=1/2B-III-Cl. The spin state seems no to have effect on the Fe−N bond for the 

ferrous B-III-Cl and B-II species. However, there is an elongation of the bond between 
S=1/2B-III-Cl and S=3/2B-III-Cl. This can be rationalised as an effect of the total charge at the 

Fe centre.  

In the FeII species, with nearly degenerate SOMOs (Fe−N π*(dyz–py) and π*(dyz–sp2) (vide 

infra), the intermediate and the (open shell) singlet state only differ in the spin polarity of one 

of the SOMOs. This is not the same in S=1/2B-III-Cl and S=3/2B-III-Cl, where the spin polarity 

does not change in the metal centred SOMOs but rather in the a2u orbital of the one-electron 

Table 1. Calculated DFT key geometry features optimised at BP86/def2-TZVP level and Mulliken 
population analysis for Fe-nitrene/imido complexes. 

  Bond distance / angle Spin density 

Species S Fe=N 
(Å) 

Fe-Cl  

(Å) 

Fe-N-R  

(ᴼ) 
Fe NR Cl Por 

B-III-Cl 
1/2 1.72 2.28 141.31 1.068 0.308 0.021 -0.452 

3/2 1.78 2.31 138.7 1.476 0.926 0.106 -0.2/0.8 

B-II 
0 1.72 n.a. 129.71 0.016 -0.003 n.a. -0.008 

1 1.73 n.a. 133.40 1.365 0.704 n.a. -0.120 

B-II-Cl 
0 1.77 2.33 137.95 0.077 -0.096 0.0 0.0 

1 1.78 2.33 141.19 1.325 0.744 0.055 -0.123 
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oxidised porphyrin ring (por•–). In the doublet state (S = ½) this orbital has a β spin while in 

the quartet state (S = 3/2) it has an α spin, leading to antiferromagnetic coupling in the former 

and ferromagnetic coupling in the latter. This affects the overall electronic structure; total spin 

densities at the metal centre and nitrene moiety are smaller in the doublet (1.068 and 0.308, 

respectively) than in the quartet state (1.476 and 0.926, respectively). The total spin density at 

the nitrene/imido nitrogen atom is spread over two orbitals. The R−N−Fe angle seems to be 

dependent on the geometry around the metal. In the octahedral complexes B-III-Cl and 

B-II-Cl the angle is about 8º larger than in the square pyramidal complex B-II.  

Understanding the (electronic) structure of the nitrene intermediate is relevant to 

comprehend the reactivity and stability of each species. It is well known that the porphyrin 

ligand can act as an electron reservoir. Moreover, the nitrene/imido is known to be redox-

active.20 From Figure 4 and the data in Table , we can see that the total spin density of S=1/2B-

III-Cl represents a broken symmetry doublet that holds, in fact, three unpaired electrons. The 

system is indeed best described as [(por•–)(Cl)FeIV=NR]+, containing a π-cation radical 

porphyrin ring with a β spin a2u half-filled orbital antiferromagnetically coupled to the half-

filled α spin Fe−N π* orbitals (dyz–py and dyz–sp2) of the FeIV-imido moiety. This description 

is similar to the description of the isoelectronic O-Cpd I, where π-cation radical porphyrin 

formation prevents the formation of the high FeV oxidation state, leading to FeIV instead. For 
S=3/2B-III-Cl, the description is similar, but the a2u orbital is now half-filled with an α–spin, 

hence ferromagnetically coupled to the other half-filled α–spin Fe−N π* orbitals (dyz–py and 

dyz–sp2). In this quartet state, the nitrogen character of the SOMOs is larger, thus pointing to a 

more covalent Fe=NR π-bonding situation in S=3/2B-III-Cl than in S=1/2B-III-Cl. See Figure 5.  

Detailed inspection to the electronic structure of the reduced species A-II and A-II-Cl 

shows that the extra electron compared to A-III-Cl occupies a metal d-orbital and this has an 

effect on the interaction of the a2u and a1u orbitals of the porphyrin ring with the metal valence 

a)  b)  c)  

Figure 4. Spin density plot of the DFT-optimised Fe-nitrene/imido species: a) S=1/2B-III-Cl, b) S=1B-
II-Cl, and c) S=1B-II. 
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electrons (Figure 5c). In the ferrous state 

(FeII), the relative energy of the metal d-

orbital is pushed strongly above the energy 

of the porphyrin π-orbitals, so that the latter 

no longer represent part of the valence 

layer of the complex. Thus, upon 

coordination of the azide/nitrene, these 

orbitals will not contribute much to the 

reactivity.  

The main difference between the 

electronic structures of B-II and B-II-Cl 

compared to B-III-Cl is that in the Fe-

nitrene/imide species the porphyrin ligand 

remains non-oxidised (dianionic, por2–) in 

B-II and B-II-Cl, while it is oxidised to a 

ligand radical (mono-anionic, por•–) in B-III-Cl to lower the oxidation state of the metal 

centre from FeV to FeIV. Hence all imido/nitrene species B are FeIV species. The two unpaired 

electrons of the imido/nitrene species B-II and B-II-Cl occupy a nearly degenerate state of 

SOMOs (see in Figure 4d). These two orbitals arise from mixing of the dxz and dyz orbitals 

with the py and sp2 orbitals of the nitrene moiety, respectively. The nitrogen character of the 

SOMOs of about 35% for each of them, leads to a total spin density on the nitrene nitrogen of 

about 70-75%. Noteworthy, the near covalency of the two π* (dyz-py and dyz-sp2 for Fe−N) 

orbitals makes an assignment of the oxidation state ambiguous (See chapter 1). Hence, the 

electronic structures of species B-II and B-II-Cl are perhaps best described being in between 

FeII(Por)-nitrene and FeIV(Por)-imido species: [(RN=FeII(por2–)] ↔ [R•N=FeIII(por2–)] ↔ 

[RN2–=FeIV(por2–)].  

Characterisation of the TsN–FeTPP  species B 

In electronic spectra of metallo-porphyrins, the Soret band is known to be a π-π* transition 

from the a2u and a1u orbitals to the eg* of the porphyrin ring.22 This band, that remains in a 

characteristic spectral range for all (non-oxidised or reduced) porphyrins, is of special 

importance for the characterisation of metallo-porphyrins because it relates to the interaction 

and relative energy of the d-orbitals of the metal hosted in the porphyrin ring. Mixing of the 

 

Figure 5. Simplified scheme of the orbital 
occupation of a) S=3/2A-III-Cl, b) S=1A-II, c) S=1/2B-
III-Cl, and d) S=1B-II. 

dz2

a2u a1udxz dyz

dxy

dxy

dz2

a2u a1u

dxz

dyz

dxy

dxy

dz2

py(N) sp2
(N)

dxz dyz

dxy

dxy

πFe-N πFe-N

π∗Fe-N π∗Fe-N

S=3/2

S=1

S=1

b)

a)

d)

dz2

py(N)

a2u

dyz

dxy

dxy
πFe-N

π∗Fe-N

S=1/2

c)

sp2
(N)

dxz

πFe-N

π∗Fe-N



Formation of (Porphyrin)Fe-nitrene/imido intermediates from azides. 

 103 

frontier orbitals (a2u and a1u) of the porphyrin ring with the metal d-orbitals induces 

significant changes in the energy of the Soret-band transition depending on the metal d-orbital 

configuration. For d7–d9 configurations, the unpaired electron(s) will be the most likely 

localised in dz2 or even in dy
2
–x

2 orbitals, and as a result the a2u and a1u states will not be mixed 

with the unpaired electrons of the metal, and hence the Soret-band remains rather insensitive 

to changes of multiplicity or a redox process for metals with d7–d10 configurations. For Fe 

with a d4–d6 configuration the scenario is different, since the dxz and dxy and the porphyrin 

frontier orbitals are in the same range of energy as the frontier orbital of the porphyrin ring. 

Thus, the electronic absorption spectra are much more sensitive to multiplicity and oxidation 

state changes, leading to large shifts in these characteristic Soret-band transitions. 

Nonetheless, interpretation of these data is not always trivial.  

According to the above DFT calculations, formation of species B is exergonic (especially 

for the FeII species) and the transition state energy barrier (ΔG‡(TS1)) associated with their 

formation appears to be accessible at room temperature. Therefore we decided to investigate 

the detection and formation mechanism of iron-imido/nitrene species B.  

The air-stable [(TPP)FeIIICl] complex proved to be unreactive toward tosyl azide 

(CH3C6H4SO2N3) at room temperature, even in presence of a large excess of this substrate. 

Even upon heating the mixture to 60 ºC for 24 hr, no shifts of the characteristic Q- and Soret 

bands of the complex are observed. Under these conditions the complex only oxidizes slowly 

to [{(por)Fe}2O] species if no strict dry and anaerobic conditions are kept. To investigate the 

reactivity of the (por)FeII species of the type A-II and A-II-Cl, we decided to investigate the 

electrochemistry of the complex [(TPP)FeIIICl] in the presence of excess tosyl azide. 

Nonetheless, activation of the azide should be possible at RT using FeII species according to 

the above computational study. 

Electro- and Spectroelectro-chemistry. Cyclic voltammetry experiments of the 

[(TPP)FeIIICl] complex in THF solution show three reversible one-electron waves that 

correspond to the already 

reported FeIII/FeII, FeII/FeI 

and FeI/Fe0 redox couples 

(−0.89, −1.72 and −2.27 V 

respectively, see Figure 6a). 

The accessible potential 

 

Scheme 3. Redox equilibria associated with the cathodic redox 
couples of [(TPP)FeIIICl]. 

[FeIII(TPP)Cl] + [FeII(TPP)Cl]–e

[FeI(TPP)]– + [Fe0(TPP)]2–e

[FeII(TPP)] + [FeI(TPP)]–e

[FeII(TPP)]
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window in THF is not large enough to 

observing the anodic waves for the FeIII/FeIV 

couple or formation of higher oxidation 

states.23 Under these anaerobic conditions the 

three observed cathodic waves can be assigned 

to the (redox) equilibria in Scheme 3.24 

The cyclic voltammograms of 

[(TPP)FeCl] in presence and absence of 50 

equivalents of tosyl azide are very different. 

While in the absence of tosylazide three clear, 

reversible cathodic waves are observed 

(Figure 6a), in the presence of tosylazide 

(Figure 6b) only one irreversible cathodic 

wave is left at −1.05 V vs Fc/Fc+. This wave 

corresponds to reduction of [FeIII(Por)] to 

[FeII(Por)]–. The fact that this cathodic wave 

appears (almost) at the same redox potential as 

in the absence of tosylazide shows that the 

FeIII species [(TPP)FeCl] does not react with 

the azide, and has (at most) a very weak 

association constant for binding the azide. 

However, the anodic wave corres-ponding to 

re-oxidation of [FeII(Por)]– to [FeIII(Por)], on the other hand, has disappeared completely in 

the presence of tosylazide. This behaviour reveals a rapid follow-up reaction of the FeII 

product with the organic azide (EC mechanism; see Scheme 4). Consequently, the FeII/FeI and 

FeI/Fe0 redox couples (Scheme 3) can no longer be observed (Figure 6) as all the FeII species 

formed at the electrode react immediately with the azide preventing accumulation of 

[(TPP)FeII] for further reduction. Oxidation of species B-II is not observed in the potential 

window of THF. Most likely the nitrene/imido ligand generated upon activation of the azide 

generates a considerable trans influence and leads to chloride dissociation. 

The above CV data are in excellent agreement with the DFT data. While (Por)Fe-nitrene 

species could exist in the [(Por)(Cl)Fe=NR] (B-III), [(Por)(Cl)Fe=NR]– (B-II-Cl), and 

[(Por)Fe=NR] (B-II) forms, the large energy barrier for the formation of B-III (ΔG‡ (TS1) = 

a)  

b) . 

c)  

Figure 6. Cyclic voltammograms of a) 
[(TPP)FeCl], b) [(TPP)FeCl] + 50 eq. 
tosylazide, and c) tosylazide in THF (0.1 M [(n-
Bu)4N]PF6) at 298K. Scan rate 100 mV s–1.  

-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 
E  vs. Fc+/Fc(V) 

-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 
E  vs. Fc+/Fc(V) 

-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 
E  vs. Fc+/Fc(V) 

-1
Fc

-1
Fc+

-1
Fc+
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+35 kcal mol–1) should prevent their formation at RT. Experimentally, we were indeed not 

able to detect any reactivity of [FeIIITPPCl] towards the azide. On the other hand, formation 

of species B-II (ΔG‡(TS1) = +20.4 kcal mol–1) from A-II or A-II-Cl is much easier. 

According to the computational investigations its formation should be accessible at RT, and 

this is indeed observed experimentally. 

Further information 

was gathered through 

spectro-electrochemistry. 

Figure 7b shows the 

spectral changes of the 

solution containing 

[(TPP)FeCl] and tosyl 

azide when applying a potential in the range between −0.4 and –1.4 V (versus Ag/Ag+; not 

referenced) in an OTTLE cell. As we can see from Figure 7a the characteristic Soret band 

(417 nm for a1) undergoes a bathochromic shift (427 nm for a2) and increases substantially in 

intensity upon one-electron reduction of A-III-Cl to A-II (−0.6 V, corresponding to the 

cathodic wave at −1.05 V vs Fc/Fc+ in the CVs in Figure 6). In contrast, when applying the 

same cathodic potential in the presence of tosyl azide the Soret band slightly decreases in 

intensity, hardly shifts (416 nm) and becomes slightly broader. We further observe the 

disappearance of the N-band at 371 nm, thus confirming that reduction of A-III-Cl occurs but 

leads to a new species different from A-II. The rather small shift of the Soret band upon 

formation of species B-II from A-II (Figure 7) corresponds well with the computational data 

(Figure 4, vide supra) showing that the porphyrin orbitals are quite low in energy compared to 

the SOMOs. In fact, the Soret bands of species B-II and A-III-Cl are very similar, suggesting 

that B-II has an oxidation close to FeIII. This experimentally confirms the assignment in 

between an FeII-nitrene and an FeIV-imido complex ([(RN=FeII(por2–)] ↔ [R•N=FeIII(por2–)] 

↔ [RN2–=FeIV(por2–)]) based on the DFT calculations.  

Furthermore, we can discard the possibility of formation of a porphyrin radical cation, 

since these compounds are known to have intense and characteristically strongly shifted 

Q-bands,25 and such compounds typically reveal characteristic MLCT charge transfer bands. 

These features are not observed in Figure 6. Moreover, according to the computed relative 

orbital energies of B-III where the frontier orbital of the porphyrin a2u is involved in the 

SOMOs, the Soret-band transition should be strongly shifted compared to A-III. Hence, we 

 

Scheme 4. Chemical follow-up reaction (EC mechanism) with the 
organic azide present in solution after one-electron reduction of 
[(TPP)FeIIICl]. 

[FeIII(TPP)Cl] +

[TsN=Fe(TPP)]

[FeII(TPP)Cl]–e

Tosylazide

[TsN=Fe(TPP)Cl]–

–N2

–Cl–
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can rule out formation of [(por•–)FeIV=NR]+ species (isoelectronic to O-Cpd I), and we 

conclude that the [(por)Fe=NR] nitrene/imido species B-II ([(RN=FeII(por2–)] ↔ 

[R•N=FeIII(por2–)] ↔ [RN2–=FeIV(por2–)]) are detected instead.  

We further decided to synthesise the nitrene/imido species outside the CV or OTTLE cell, 

in an attempt to detect B-II with mass spectrometry. The reaction was carried-out starting 

with the ferrous A-II-type species [(TPP)FeII] (obtained by metallation of the TPP2– ligand 

with FeIICl2 in 1:5 THF:toluene solvent mixture followed by filtration over neutral alumina 

under anaerobic conditions). Addition of an excess of tosyl- or p-NO2C6H4SO2- azide to a 

solution of [(TPP)FeII] leads to an immediate colour change of the solution from bright red to 

red-brown. Isolation of pure B-II-type species [(TPP)FeIV=NR] from this solution proved 

impossible, likely due to the high reactivity of A-II and/or B-II towards traces of oxygen 

and/or water (mixed Soret bands belonging to different species were observed in the 

electronic absorption spectra).26 To characterise the new species formed upon addition of 

tosyl- or p-NO2C6H4SO2-azide to a solution of [Fe(TPP)], direct injection experiments in 

LCMS equipped with an ESI probe were 

performed. In the positive channel, the 

expected signals for any (ionised or H+/Na+ 

adducts of) [(TPP)Fe=NTs] species were 

not observed. However, fragmentation 

peaks corresponding to the nitrido 

[(TPP)FeN]+ complex (682 m/z) were 

observed as the major peak, although with 

different abundances for the different 

azides. Addition of pyridine led to a 

decreased intensity of the 682 m/z peak, 

indicative for coordination of the nitrogen 

atom to the Fe-porphyrin as an axial ligand 

(see last section of this chapter). The 

detected nitrido [(TPP)FeN]+ species in the 

positive mode channel likely form via 

ionisation and fragmentation of 

[(TPP)Fe=NTs]. The expected mass for the 

B-II-type species was observed in the 

 
 

 

Figure 7. Spectral changes (UV-Vis) upon 
electrochemical reduction of [(TPP)FeCl] in an 
OTTLE cell (THF, 0.1 M [(n-Bu)4N]PF6, 298K) in 
the absence (a1: no potential; a2: -0.6 V; a3: -1.4 
V) and presence of tosyl azide (b1: no potential; 
b2: -0.6 V; b3 -1.4 V). 

a1 

a2 

a3 

[FeTPP]2O 
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negative mode channel. The peaks for [(TPP)Fe=NTs]– (837 m/z) and 

[(TPP)Fe=NSO2C6H4NO2]– (868 m/z) with their expected isotope patterns were observed in 

these experiments.  

Key-intermediates during catalytic turnover? 

The question now remains if B-II type species are also key-intermediates responsible for 

catalytic turnover during (por)Fe-catalysed olefin aziridination and nitrene insertion into C−H 

bonds. Considering the fact that very similar results have been obtained in the aziridination of 

styrene with tosyl azide using either (por)FeIII or (por)FeII catalyst precursors as described by 

Che and coworkers,11 combined with the fact that nitrene/imido formation at (por)FeII is much 

easier than at (por)FeIII (computationally and experimentally), it is most likely that the ferrous 

route is also operative during catalytic turnover with such systems. The key catalytic 

intermediate is most likely a B-II type species. There are three possibilities on how to access 

the FeII precursor to generate B-II: 1) The azide is able to reduce the (por)FeIII precursor to 

the required (por)FeII species. 2) Olefin promoted reduction (Wacker-type). 3) 

Disproportionation (or ligand/substrate-induced disproportionation) of 2FeIII species to FeII 

and FeIV could be an alternative. The direct disproportionation is however very unlikely, 

because it is strongly endergonic (ΔGdispr = +33 kcal mol–1).27 

Additional experimental evidence for the reduction of the ferric to the ferrous species is 

provided by the fact that the more active (por)Fe complexes all contain electron-withdrawing 

substituents, the most active one being [(F20-TPP)FeIIICl], and these species are more easily 

reduced to FeII.  

4.3 Conclusions 

Fe-nitrene/imido formation is much easier for (por)FeII species than for (por)FeIII species. 

DFT calculated barriers are much lower for the ferrous route, and (spectro)electrochemical 

studies showed that the ferrous species undergo fast reactions with organic azides (RN3) to 

form nitrene/imido species [(por)FeIV=NR] (type B-II) at room temperature. The latter can be 

detected with UV-Vis spectroscopy and ESI-MS spectrometry. Formation of alternative azo-

ferryl porphyrin cation radical species [(por•–)FeIV=NR]+ (analogous to O-Cpd I) from 

[(por)FeIII] is not observed experimentally and associated with much higher DFT energy 

barriers. Hence, nitrene transfer reactions with (por)Fe catalysts most likely proceed via the 

ferrous route. Catalytic nitrene-transfer reactions with (por)Fe species most probably also 

follow the lower-energy ferrous route.  
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The reaction of (por)FeII with RN3 should proceed on the lowest-energy intermediate spin 

state surface (S = 1), leading to triplet nitrene/imido species [(por)Fe=NR] with nearly 

covalent Fe=NR π-bonds. This leads to substantial spin density at the nitrene/imido moiety, 

which could well be important for their catalytic reactivity. According to the DFT 

calculations, and supported by the small shift of the Soret band in the UV-Vis spectra, these 

species are best described being in between an FeII-nitrene and an FeIV-imido complex 

([(RN=FeII(por2–)] ↔ [R•N=FeIII(por2–)] ↔ [RN2–=FeIV(por2–)]). These iron imido/nitrene 

species are more reasonably proposed as key-intermediates in catalytic nitrene-transfer 

reactions.  

4.4 Experimental details. 

All manipulations were performed under a nitrogen atmosphere using standard Schlenk 

techniques. All solvents were dried, either distilled or from an M-Braun SPS (Solvent 

Purification System) and deoxygenated with freeze-thaw techniques, and stored over 4Å 

molecular sieves. Fe(TPP)Cl was purchased from strem chemicals and was used with any 

further purification. All other chemicals were deoxygenated with freeze thaw techniques and 

used without further purification, unless described otherwise. 

Spectroelectrochemistry experiments. Cyclic voltammograms of ~3 mM parent compounds 

in 0.1 M Bu4NPF6 electrolyte solution in THF were recorded in a gas-tight single-

compartment three-electrode cell equipped with platinum working electrode, coiled platinum 

auxiliary, and silver wire pseudo-reference electrodes. All redox potentials are reported 

against ferrocene/ferrocenium (Fc/Fc+) redox couple. Ferrocene was used as internal standard.  

The UV-Vis spectra were obtained by scanning between 180-900 nm in either in a 2 mm 

glass cuvette or in a OTTLE cell, on Hewlett-Packard 8453 UV-Visible Spectrophotometer 

and a Varian Cary 3 UV-Visible spectrometer. The gas-tight or OTTLE cells were connected 

to a computer controlled Metrohm Autolab PGSTAT302N potentiostat.  

Mass spectrometry experiments. Oxygen free solutions containing an excess of the 

corresponding azide were added to FeIITPP complex solution in toluene:THF. Qualitative 

direct injection experiments were carried in a LCMS 2010-A equipped with an ESI probe. 

Obtained spectra are shown in Figure 9 and 10.  

FeIITPP. (0.05 mmol) H2TPP and (0.5 mmol) of anhydrous FeCl2 were added to a Schlenk 

flask containing 10 ml of 4:1 toluene:THF, 0.4 ml of N,N-diisopropylethylamine (freshly 

distilled) was added,  and  the  reaction  mixture was heated under reflux for 2 hours. The 
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reaction was monitored by TLC (CH2Cl2:hexane = 10:1) until the free porphyring had 

disappeared. Neutral alumina (kept under vacuum overnight to remove oxygen) was placed in 

a glass frit column. The solution containing the metalated product was slowly passed through 

the alumina and washed with 3x5 4:1 toluene:THF. The collected fraction were diluted to 

measure either the UV-Vis spectra or used in the direct injection experiments. Attempts to 

isolate the metalated porphyrin resulted in oxidation to the [(FeTPP)2O] complex. 

 

4.3 Additional information. 

 

 

 Figure 8. Free energy (∆G‡) profile or formation of nitrene/imido species B-II (left) and B-II-Cl 
(right) in their low- (S=0), intermediate- (S=1), and high- (S=2) spin state. 
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[(TPP)FeN]+: C44H28FeN5 m/z: 682.17 (100.0%), 683.17 (51.7%), 684.18 (11.2%). 
[(TPP)(py)FeN]+: C49H33FeN6 m/z: 761.21 (100.0%), 762.21 (57.5%), 763.22 (15.2%). 
[(TPP)FeNTs]+: C51H35FeN5O2S m/z: 837.19 (100.0%), 838.19 (58.7%), 839.19 (18.1%), 
835.19 (6.3%). 

Figure 9. ESI-MS fragmentation pattern for [(TPP) FeNTs] (Top) and [(TPP)(py)FeNTs] (bottom). 
Positive channel is shown in the left and negative channel in the right. Calculated isotope distribution 
pattern are shown under the graphs. 
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[(TPP)FeN]+: C44H28FeN5 m/z: 682.17 (100.0%), 683.17 (51.7%), 684.18 (11.2%). 
[(TPP)(py)FeN]+: C49H33FeN6 m/z: 761.21 (100.0%), 762.21 (57.5%), 763.22 (15.2%). 
[(TPP)FeN(p-NO2C6H4SO2)]+: C50H32FeN7O4S m/z: 882.16 (100.0%), 883.16 (60.2%), 
884.17 (14.6%), 880.16 (6.3%). 

Figure 10. ESI-MS fragmentation pattern for [(TPP)FeN(p-NO2C6H4SO2)] (Top) and 
[(TPP)(py)FeN(p-NO2C6H4SO2)] (bottom). Positive channel is shown in the left and negative channel 
in the right. Calculated isotope distribution pattern are shown nder the graphs. 
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