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Preface 

 

Hypovalent Substrates in Transition Metal Catalysed: Synthesis  

of Ring Compounds and Polymers. 

 

Functionalisation of ‘unactivated’ molecules is currently one of the most important 

challenges that synthetic organic chemists are facing.1  Pharmaceutical researchers have 

focused on the development of new technologies that can offer atom-economical production 

of drug relevant molecules with industrially cheap, accessible, and environmentally friendly 

reactions.2 Moreover, the necessity of efficient approaches towards functionalised molecules 

is also an important topic in the discovery of new synthetic pathways to generate 

new/alternative materials (i.e. functionalised polymers), which broaden the scope of current 

technologies or introduce new ones.  

 
Figure 1. Hypovalent organic and metal-organic reagents. 

Existing strategies to functionalise molecules often make use of directing groups in non-

aromatic C−H bond activation processes, but these methodologies limit the scope of 

substrates and quite often require pre- or post-modification steps.3 Direct functionalisation via 
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oxidative addition of metals into (non-aromatic) C–H bonds has attracted a lot of interest too.4 

However, regeneration of the active low-valent metal is often problematic. Alternatively, the 

typically high reactivity of hypovalent reagents (Figure 1), such as carbenes, nitrenes or 

radicals, towards C−H, X−H and multiple bonds provides excellent opportunities for 

hydrocarbon functionalisation and polymer synthesis. These reactive reagents typically 

require metal catalyst to achieve controlled reactivity, where transition metal catalysis comes 

into play (Figure 1).5  

Neutral divalent carbenes and monovalent nitrenes are electron deficient species with only 

6 valence electrons. The free organic species are generally unstable. Their formation is 

associated with high-energy processes, they are difficult to isolate and they typically reveal 

non-controlled and unselective reactivity patterns. 6  In contrast, transition metal-bound 

carbenoids and nitrenoids often display a much more controlled, but still high reactivity. This 

particular ability of the transition metal to bind and control carbene and nitrene groups in 

hypovalent group transfer-reactions provides a powerful synthetic approach.  

Synthetic applications of (metal) carbenes have meanwhile been developed to a high level, 

while related developments in (metal) nitrene chemistry currently lacks behind. Despite the 

existence of different nitrene precursors, these species are typically more difficult to generate, 

and this has thus far limited their application window compared to that of carbenes. In fact, 

metal-nitrene chemistry started its development towards applications only since the 70’s with 

the introduction of iminoiodanes (PhI=NR) as nitrene precursors.7 While ample nitrene-

transfer reactions have made use of iminoiodane derivatives, these nitrene-precursors have 

several disadvantages such as a limited scope, solubility problems, and they produce large 

amounts of undesired waste. Recent developments in nitrene-transfer chemistry have focussed 

on the use of alternative nitrene sources such as organic azides. These are typically more 

difficult to activate with transition metals, but their use solves many of the problems 

associated with iminoiodane derivatives. Only recently, azides were introduced as nitrene-

precursor substrates in catalytic olefin aziridination and C–H amination reactions. Moderate 

to good yields were reported, and decent selectivities were reached. Among the most active 

systems are Co- and Fe-porphyrin complexes that are able to generate the desired nitrene from 

azides with only dinitrogen as a side-product.8  

More generally, the existence, (electronic) structure and exact nature of the proposed key 

nitrene intermediates in nitrene-transfer reactions have been under debate for several decades. 

Scarce examples of imido/nitrene species have been reported, and in most cases the effects of 
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spin-densities and other important electronic structure parameters have been mostly neglected 

or poorly investigated. Hence, it is clear that a better understanding of these systems is 

required, which should lead to further developments in nitrene-transfer catalysis. Remarkably, 

recent examples in literature have suggested the (cooperative) involvement of nitrogen 

centred radicals. This behaviour of these nitrene complexes points to nitrene transfer reactions 

proceeding via a radical mechanism. Part of this thesis aims to get insight in this matter. 

In the first chapter, we present an overview of well-defined and characterised nitrene 

radical complexes and their catalytic applications. In chapters 2–5, we present our theoretical 

and experimental investigations that reveal the mechanism of nitrene-transfer reactions 

mediated by Co- and Fe-porphyrins. These investigations provide detailed mechanistic 

insights into the reaction pathways and the role of the peculiar electronic structures of the 

nitrene intermediates. In the fifth chapter, we discuss the differences between iron and cobalt 

in these reactions in the light of catalysis with potential implications for further developments. 

The theoretical investigations nicely correlate with experimental findings described in 

Chapter 3 and Chapter 4. 

While better developed than nitrene chemistry, there are also still many hidden avenues 

and unexplored possibilities in carbenoid chemistry. Most studies in the field of carbene 

chemistry have focused on synthesis of small molecules and currently the research still 

primarily focuses on overcoming typical selectivity problems associated with these highly 

reactive species, such as preventing carbene dimerisation and achieving high stereo- and 

enantioselectivities.9 However, carbenes offer a much richer chemistry with many venues to 

discover based on their rich and typical hypovalent reactivity. Along this line, our group 

recently discovered stereoselective carbene polymerisation reactions, which represent a 

completely new and revolutionary way to synthesise stereoregular polymers that so far cannot 

be obtained by any conventional polymerisation method (Scheme 1).10 These new types of 

materials are readily synthesised from diazo esters and diazo ketones as monomers, using 

RhI–diene complexes as catalyst. Among the benefits of this polymerisation technique are the 

 
Scheme 1. New polymer with polar functional side-groups connected to each carbon of the carbon-
chain backbone. 
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functionalisation at every carbon of the polymer backbone (C1 polymerisation) and the 

stereospecificity of the polymeric chain.  

Functionalised polymers are attractive materials because of the vast benefits they offer 

regarding their surface properties in specific application areas.11 However, compatibility with 

non-polar materials is an often encountered obstacle to overcome. Thus, copolymers bearing 

polar and non-polar groups that can interact with both faces are highly desirable. In the last 

chapter of this thesis, we focused on an unconventional new method to prepare such 

polymers. In this chapter we first present our studies that aim at understanding the influence 

of the diene ligands on the activity of Rh catalysts for carbene polymerisation. We describe 

the synthesis of various RhI(diene) complexes (with electron-rich and electron-poor olefins) 

and their performance in the carbene polymerisation. The studies further focus on finding 

alternative carbene-precursors to replace diazo compounds, in particular those that can avoid 

the use of the dangerous (toxic & explosive) non-stabilised diazomethane.10b We present the 

successful RhI(diene) mediated synthesis of polymers and copolymers (with diazo esters) 

using sulfoxonium-ylides as a carbene source.  
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Abstract 

In this chapter the electronic structure, spectroscopic features and (catalytic) reactivity of 

nitrogen-centred ligand radical complexes are described. Aminyl-radical ([M(•NR2)]), 

nitrene/imidyl-radical ([M(•NR)]), and nitridyl-radical ([M(•N)]) complexes are shown to be 

detectable and sometimes even isolable species, and despite their radical nature frequently 

reveal selective reactivity patterns towards a variety of organic substrates. A classification 

system of nitrogen-centred ligand radical complexes is introduced on the basis of their 

electronic structure, leading to a description as one-electron-reduced Fischer-type systems, 

one-electron oxidised Schrock-type systems or systems with a (nearly) covalent M−N π-bond. 

Experimental data relevant for the assignment of the radical locus (i.e. metal vs. ligand) are 

discussed, and the application of nitrogen-centred ligand radical complexes in (catalytic) 

syntheses of a variety of nitrogen-containing organic molecules, such as aziridines and 

amines, is demonstrated by recent literature examples. The information in this chapter should 

contribute to a better understanding of the (catalytic) reactivity of nitrogen-centred ligand 

radicals and the role they play in tuning the reactivity of coordination compounds. 
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1.1 Introduction. 

Investigations into the ligand-centred reactivity of transition-metal complexes with so-

called ‘cooperative’ and ‘redox-active’ ligands is currently among the ‘hot topics’ in 

coordination chemistry and homogeneous catalysis.1 In particular, ligands that can assist in 

catalytic transformations by storing and releasing electrons during catalytic turnover have 

attracted a lot of interest over the past years.2 Such ‘redox non-innocent’ behaviour of ligands 

has received further attention due to the related ligand-centred redox processes observed in 

several metallo-enzymatic reactions,2,3 which has in fact initiated the study of ‘redox non-

innocent’ ligands in the first place. Meanwhile, it has resulted in the development of a number 

of efficient and practically useful ‘bio-inspired’ catalytic transformations.4 

In the context of the above perspective, the nitrogen-centred redox activity of amido, 

imido/nitrene, and nitrido ligands is of particular significance and relevance. Complexes 

bearing open-shell nitrogen-donors are remarkable synthetic targets, and were elusive for a 

long time due to their high reactivity/instability, making their isolation and sometimes even 

characterisation challenging. Such species are proposed key-intermediates in catalytic 

hydrocarbon functionalisation reactions, olefin aziridination and related nitrene-transfer 

reactions, and are thought to be important in nitrogen-fixation processes (see main text for 

detailed discussion). Nitrogen-centred ligand 

radicals are also of interest from a theoretical 

and spectroscopic point of view. Resolving 

their electronic structures is rarely trivial, and 

a combination of spectroscopic measurements 

and high-level computational studies are 

usually required to draw any conclusions 

about the locus of the unpaired electron(s) 

(ligand vs. metal) in such species. Finally, 

successful application of nitrogen-centred 

ligand radicals in new catalytic 

transformations makes them valuable from a 

practical point of view. In this review, we will 

discuss experimentally well defined di-

substituted (aminyl-, Figure 1, a), 5  mono-

 

Figure 1. Lewis structures and nomenclature of 
a) di-, b) mono-, and c) non-substituted nitrogen 
ligands. 
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substituted (nitrene-, Figure 1, b) and non-substituted (nitridyl, Figure 1c) nitrogen-centred 

ligand-radicals featured in transition metal complexes.6 We will also discuss reactivity and 

experimental characterisation of these species in order to illustrate their practical relevance as 

well as highlight spectroscopic techniques available for elucidation of their electronic 

structures. 

We start by classifying the specific N-donor ligands by analogy with nomenclature used 

for carbene species, i.e. as Fischer- and Schrock-type complexes. While unconventional for 

nitrogen-based systems, this analogy applies well and proves to be useful in the discussion of 

the electronic structure of the ligand-radical complexes conversed in this review. Nitrogen-

centred ligand radicals (aminyl-, imidyl-, and nitridyl-radicals; see Figure 1) can be generated 

by either one-electron (1e) reduction of nitrenium ions, nitrenes or nitrenates (Figure 1, 

species on the left) or by 1e-oxidation of azanide, imido or nitrido precursors (Figure 1, 

species on the right). Similarly, the corresponding metal complexes are formally derived from 

(hypothetical) nitrenium-, nitrene- or nitrenido complexes (1e-reduction of Fischer-type 

species with low-lying metal d-

orbitals, Figure 2a) or from 

amido-, imido- or nitrido 

complexes (1e-oxidation of 

Schrock-type species with low-

lying nitrogen p-orbital, Figure 

2b). These systems are 

stoichiometrically identical, but 

electronically distinct. In the 

1e-reduced Fischer-type com-

plexes, the nitrogen-based 

SOMO is predominantly an 

antibonding π* orbital cons-

tructed from a nitrogen p-

orbital and a transition metal d-

orbital, whereas in the 1e-

oxidised Schrock-type case it is 

a bonding π orbital. Covalent 

complexes (roughly equal 

 

Figure 2. MO diagrams of open-shell nitrogen-centred ligand 
radicals: a) 1e-reduced Fisher-type, b) 1e-oxidised Schrock-
type, c) covalent complexes. 
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contribution of metal and nitrogen atomic orbitals to the SOMO) are also possible, which 

represent the borderlines between ligand radicals and their metallo-radical congeners (Figure 

2c).  

Several techniques are available to distinguish between metal and ligand-centred radicals, 

of which EPR spectroscopy is probably the most important one. Ligand-radicals frequently 

reveal spectroscopic features that resemble those of free organic radicals: rather sharp well-

resolved EPR signals, detectable at r.t. and showing well-resolved ligand (super)hyperfine 

couplings close to the g-value of the free electron (ge = 2.0023). An illustrative example of an 

isotropic (solution phase) EPR spectrum belonging to a ligand-centred radical complex is 

shown in Figure 3a.7 Such species most often also reveal quite isotropic signals, with small 

deviations from ge, in frozen solutions. Metal centred radical complexes, on the other hand, 

generally reveal much broader spectra due to rapid electron-spin relaxation effects. For this 

reason they are typically recorded at low temperatures (e.g. frozen solutions < 70 K) leading 

to anisotropic spectra. An example is shown in Figure 3b. Metallo-radical complexes are 

typically associated with much larger g-anisotropies and larger deviations from ge than ligand 

radical complexes, but not for all complexes.7 Both metal and ligand (super)hyperfine 

couplings can be resolved, often of similar magnitude. Similarly, ligand radicals can 

sometimes reveal rather large hyperfine couplings with the metal to which they bind. Hence, 

simply inspecting g-values and magnitudes of (super)hyperfine interactions is not always 

enough to discriminate between metal or ligand-centred radicals, and in many cases a more 

detailed analysis is necessary to draw solid conclusions (for a more detailed discussion, see 

ref. 7). For this reason correlations between experimental and (DFT) calculated EPR spectra 

are often very useful. 

 

Figure 3. Illustrative examples of EPR spectra of (a) ligand- and (b) metal-centred radical complexes. 
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Mössbauer and X-ray absorption spectroscopy (XAS) 

are also very informative, since they are indicative of 

the electronic structure and oxidation state of the metal 

to which the redox-active ligand binds, and thereby 

these techniques provide important, but indirect 

information about the electronic structure of the whole 

complex. Quantum-chemical calculations (in particular 

population analysis of the spin density) are also 

extremely useful, especially considering the generally 

high reactivity of transient ligand-radical species, which 

often complicates their characterisation. A typical 

example of the spin density plot of the ligand-radical complex is shown in Figure 4. Here, 

most of the spin density is located on the ligand (mainly on its nitrogen atom) and 

involvement of the metal in delocalisation of the unpaired electron is almost negligible. 

1.2 Aminyl-radical complexes. 

The first example of a experimentally unambiguously8 detected redox non-innocent aminyl 

radical complex has been reported by Wieghardt et al.9 The CoIII complex 1+ bearing an 

anilido ligand was electrochemically oxidised, thus producing the dicationic species 12+ 

(Scheme 1). The X-band EPR spectrum (298 K) of 12+ reveals an isotropic signal typical for a 

ligand-centred radical complex, with a g-value of 2.0023 with strong hyperfine couplings to 

cobalt (ACo
iso = 34 MHz), the NH(Ar) nitrogen atom (AN

iso = 24 MHz), the hydrogen atom of 

the NH(Ar) moiety (AH
iso = 29 MHz) and the benzylic CH2 hydrogen atoms (AH

iso = 26 MHz). 

These values are remarkably similar to the ones reported for free ArHN• radicals, and thus 

point to an electronic structure that is best 

described as a ligand-centred aminyl 

radical complex.  

The Wieghardt group also reported the 

related triazacyclononane manganese(IV) 

complex 2+, bearing three anilido 

substituents. The complex reveals three 

reversible electrochemical oxidation 

processes by cyclic voltammetry, 

 

Figure 4. Spin density plot of a 
typical ligand-centred radical 
complex.

 

Scheme 1. Detection of CoIII-aminyl radical 
complex 12+ formed by electrochemical oxidation of 
amido complex 1+.9 
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corresponding to the formation of stable di- (22+), tri- (23+) and tetracationic (24+) complexes, 

at least on the timescale of these measurements (Scheme 2). The three redox-processes were 

interpreted as ligand centred oxidations, and the oxidised species were all MnIV complexes, 

bearing one (22+), two (23+) or three (24+) aminyl-radical ligands. The X-band EPR spectrum 

(10 K) of the dicationic species 22+ reveals a signal around g ~ 4. Assignment of the electronic 

structure of 22+ as either a triplet (S = 1) or quintet (S = 2) system solely on the basis of this 

EPR spectrum is impossible. However, due to strong antiferromagnetic coupling between the 

metal and the ligand radical observed in the analogous [CrIII(L•)]+ complex, a similar 

antiferromagnetic coupling between MnIV (SMn = +3/2) and the aminyl radical ligand (S = −1/2) 

is expected, which would lead to a triplet (S = 1) electronic structure for 22+.  

The electronic structure of the tricationic species 23+ was elucidated as an S = 1/2 system. 

The EPR spectrum (10 K) of 23+ (giso = 1.965) reveals clearly resolved hyperfine coupling 

with the metal (AMn
iso = 206 MHz). The overall S = 1/2 electronic structure again arises from 

antiferromagnetic coupling between the three unpaired electrons on MnIV (SMn = +3/2) and the 

two ligand-centred radicals (SN = −1/2 each). In agreement with the aforementioned strong 

M−L antiferromagnetic couplings, the tetracation 24+ is EPR-silent. Unfortunately, the authors 

did not report any supporting computational studies, which currently prevent us from 

classifying these compounds as Fischer- or Schrock-type systems.  

Grützmacher et al. were the first to report a stable and isolable aminyl radical transition 

metal complex.10 Deprotonation of RhI complex 3 followed by oxidation with ferrocenium 

hexafluorophosphate (Fc+PF6−) leads to species 4, which has been isolated and thoroughly 

characterised by EPR spectroscopy, X-ray diffraction and DFT calculations (Scheme 3). Q-

band EPR spectroscopy (15 K) of 4 shows a rather small anisotropy of the g-tensor (g1 = 

 

Scheme 2. Successive ligand centred electrochemical oxidation processes in the manganese(IV) 
complexes 2n+.9 
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2.0822, g2 = 2.0467, g3 = 2.0247), which 

indicates that spin-orbit interaction in 4 is 

much weaker than expected for a RhII centre.11 

Pulse EPR techniques (Davies-ENDOR and 

HYSCORE) allowed to detect a relatively 

large isotropic hyperfine coupling constant of 

the aminyl-radical ligand nitrogen atom (AN
iso 

= 45 MHz), which is comparable to those 

observed for short-lived free dialkyl aminyl 

radicals. Complementary DFT calculations 

further corroborate the redox non-innocent properties of the trop ligand in 4; ~54% of the 

total spin density is localised on the aminyl-radical moiety and ~30% on the metal atom. The 

SOMO is predominantly reflecting the Rh−N π* interaction (see Figure 2, 1e-reduced 

Fischer-type with a rather strong covalency). 

Because most of spin density in the 18e complex 4 is located at the aminyl-radical ligand, 

it can be expected to undergo ligand-centred radical-type reactivity. This is indeed observed, 

as 4 reacts quantitatively with hydrogen-atom donors such as Bu3SnH and PhSH. Complex 4 

is not reactive enough towards PhOH, Ph3SiH, or R3CH, which can be attributed to the higher 

E−H bond dissociation energies in these reagents. The Ir analogue of 4, bearing a terpyridine 

instead of the bipyridine ligand, exhibits a similar electronic structure but with somewhat 

enhanced reactivity towards hydrogen atom donors and a yet not fully understood intrinsic 

instability.12  

A few related examples were obtained by deprotonation and oxidation of the 16e ‘trop’ 

complexes 5 (Scheme 4).13 The thus obtained 

open-shell species reveal higher reactivity 

towards solvent compared to 4, which thus far 

prevented characterisation of the proposed 

radical species 6 by X-ray structure analysis. 

The reported EPR data of the rhodium 

complex were interpreted to correspond with 

species 6a. Experimental spin population 

estimated from the hyperfine constants amount 

to ~56% of spin density in 6a spread over the 

 

Scheme 3. Formation of stable, isolable RhI-
aminyl radical complex 4.10 

 

Scheme 4. Formation of delocalised aminyl 
radicals 6.13 
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two nitrogen atoms. The complex is therefore described as a delocalised aminyl-radical 

complex (calculated spin density per ‘aminyl nitrogen’ 28%) with a considerable degree of 

covalency (41% spin density on Rh). The EPR spectrum of 6a shows g-values close to 2 with 

a small anisotropy (g1 = 2.005, g2 = 1.992, g3 = 1.991) and rather large hyperfine coupling 

with the nitrogen atoms (AN
iso = 11.1, ARh

iso = −0.7 MHz). The Ir analogue 6b is rather 

unstable, but EPR (X-band, HYSCORE, ENDOR) spectra could be obtained. The X-band 

EPR (20 K) spectrum with g-values close to 2 (g1 = 1.974, g2 = 1.993, g3 = 2.028), again 

suggests that the unpaired electron is delocalised over the ligand with minor metal-

contribution.  

The aminyl-radical species 6 are of interest from a reactivity point of view. Like 4, they 

react with hydrogen-atom donors such as stannanes, thiols and silanes. Iridium complex 6b is 

also postulated to be a key-intermediate in the catalytic oxidation of alcohols to aldehydes in 

the presence of tBuOK (Scheme 5). The proposed mechanism resembles the catalytic cycle of 

enzymatic oxidation of galactose mediated by galactose oxidase.14 The reaction starts by 

double deprotonation of the catalyst precursor 5b leading to the monoanionic intermediate 8 

(via 7), which is then oxidised by para-benzoquinone (BQ) to produce 6b. The latter 

 

Scheme 5. Aminyl ligand-radicals in catalytic alcohol oxidation.13c 

KOtBu

tBuOH

BQ

SQ•

RCH2OK

SQ•

HQ2
RCHO

K

7

6b

9

Ir
NHN

Ir
NN

Ir
NN

OH

R
H

10

Ir
NHN

OH

R

HQ2– =

BQ =
SQ• – =

p-beznoquinone,
p-semiquinone radical anion,
p-hydroquinone dianion

K

K

8

Ir
NN



Chapter 1 

 24 

coordinates the alcoholate substrate, thus forming intermediate 9, which undergoes 

intramolecular hydrogen-atom abstraction (HAA) from the coordinated alcoholate to the 

redox non-innocent aminyl ligand-radical. Subsequent 1e oxidation of complex 10 by 

semiquinone and elimination of the aldehyde product closes the catalytic cycle. The reaction 

can be carried out with 1−10 equivalents of the base (KOtBu), 2 equivalents of oxidant 

(benzoquinone is the most efficient, but oxygen can also be employed) and very low catalyst 

loadings of 0.01 mol%, which provides the corresponding aldehyde with a remarkably high 

TOF (60 000 − 150 000 h–1). 

Pincer ligands are commonly used as ancillary ligands in organometallic chemistry,15 but 

can also act as electron-reservoirs by delocalizing excessive (or deficient) electron density.2 

Incorporation of the amido functionalities into a pincer motif can be employed to stabilise 

aminyl-ligand radical complexes. As such, Mindiola, Szilagyi, et al. reported the synthesis of 

[(PNP)NiCl]OTf complex 12a, which was obtained in 87% yield by oxidation of the neutral 

precursor 11a with FcOTf (Scheme 6).16 X-ray crystallographic analysis of 12a reveals a 

square planar geometry around 

Ni, very similar to neutral 11a. 

Complexes 11a and 12a only 

differ slightly in their 

Ni−P−CAr−CAr dihedral angles. 

The X-band EPR spectrum of 

12a in solution (292 K) reveals 

well-resolved hyperfine cou-

plings stemming from one N 

(AN
iso = 27 MHz), two P and six 

H atoms (AP
iso = 22 MHz, AH

iso 

= 14 MHz, AH
iso = 9 MHz). The 

giso-value of 2.0238 further 

points to an electronic structure 

that is best described as a 

ligand-centred aminyl radical 

complex (NiIII species typically 

reveal g-values in the range 

2.15−2.20). Cl K-, P K-, and Ni 

 

Scheme 6. Oxidation of electron-rich transition metal amido 
complexes leading to aminyl radical complexes classified as 
‘1e-reduced Fischer-type’ species.16,17 
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LIII-edge XAS spectra were also recorded. The latter proved highly informative for the 

electronic structure of 12a. Only a slight change in the ‘2pNi → LUMO (3dNi)’ excitation 

energy is observed upon oxidation of 11a to 12a, which indicates presence of a NiII centre in 

12a, and therefore the redox process must be mainly ligand-centred. In accordance with these 

experiments, DFT calculations reveal 69% spin density on the aminyl pincer moiety (32% on 

the nitrogen atom, 37% in the aromatic rings) and only 26% on the nickel atom. The HOMO 

of the amido precursor 11a is dominated by a high-lying filled nitrogen p-orbital in π-conflict 

with a filled metal d-orbital. Removal of one electron from the HOMO of 11a partially 

reduces this π-conflict and leads to a net π-bond-order of ~1/2 between the metal and the 

aminyl radical nitrogen. The unpaired electron resides predominantly in an anti-bonding π* 

Ni−N molecular orbital (SOMO), which is dominated by the nitrogen p-orbital contribution 

(albeit with significant delocalisation over the adjacent aryl-rings). Species 12a can therefore 

be classified as a ‘1e-reduced Fischer-type’ species (Figure 2a; Scheme 6). 

The groups of Nocera and Ozerov collaboratively employed the same type of pincer ligand 

to generate Mn and Re aminyl complexes.17 AgOTf was used as an oxidant in this case, 

which gave 12b and 12c in 98% and 86% yield, respectively (Scheme 6). Comparable to the 

nickel couple 11a/12a, the manganese and rhenium complexes undergo only a slight change 

in geometry on going from the neutral species 11b, c to the cationic aminyl radicals 12b, c 

(based on X-ray crystallography). Also the carbonyl C≡O stretch vibrations in the IR spectra 

reveal only a relatively small change upon oxidation of 11b, c to 12b, c (Δν ~30−40 cm–1), 

thus pointing to electronic structures of 12b, c that are best described as ligand- (not metal-) 

centred radicals. Frozen solution (4 K) X-band EPR spectroscopic characterisation of 12b, c 

reveals g-values close to 2.00 (giso = 2.004 (12b) and 2.013 (12c)). The hyperfine couplings 

with the metal and N atom for 12b are resolved at room temperature (AMn
iso = 52 MHz; AN

iso = 

25 MHz, r.t.), whereas 12c 

revealed only metal-hyperfine 

coupling (ARe
iso = 169 MHz, r.t.). 

DFT calculations confirmed the 

ligand-centred radical descriptions: 

For 12b, only 14% spin density is 

localised on the Mn centre and 

about 50% on the aminyl nitrogen; 

12c has about 7% spin density on 

 

Scheme 7. Ligand-centred radical-type reactivity of 12 b, 
c.17 
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Re and 50% on N. The electronic structure of 12b, c is very similar to that of 12a (1e-reduced 

Fischer-type, see Figure 2a, Scheme 6).  

These species exhibit quite interesting radical-type reactivity. They proved unreactive 

toward PhSH and Et3SiH but reactions with hydrogen-atom donors such as Bu3SnH lead to 

formation of the neutral species 11b, c, likely by deprotonation of the intermediate hydrogen-

atom abstraction (HAA) products. Employing Bu3Sn(CH2CH=CH2) instead of Bu3SnH leads 

to the allyl-radical abstraction products 13b, c (Scheme 7), which are stable under reaction 

conditions and can be isolated. The observed attack at the aryl ring of the pincer ligand 

underlines the delocalised nature of the aminyl-radical.  

Application of a related PNP pincer ligand in Cu-chemistry is reported by Peters and 

Szilagyi (Scheme 8).18 In this case, however, a dinuclear dimeric structure 14 is formed with 

two bridging amido nitrogen atoms. Oxidation of 14 with 1 equiv. of a ferrocenium salt leads 

to monocationic CuI complex 14+ (78% yield), in which one of the amido moieties of the 

pincer ligand is oxidised to an aminyl-radical. Using 2 equiv. of a nitrosonium salt as the 

oxidant leads to oxidation of both ligands (142+, 47% yield). Due to the radical character of 

the pincer (aminyl) ligand(s) in 14+ and 142+, the presence of tert-butyl groups is essential to 

prevent dimerisation at the aryl-rings (para-position with respect to the aminyl nitrogen 

atoms). 

Oxidation of 14 to 14+ leads to shortening of the Cu−Cu distance by ca. 0.2 Å (from 2.72 

to 2.53 Å, X-ray), whereas the second oxidation (to 142+) does not alter Cu−Cu distance 

significantly (dCu–Cu(142+) = 2.53 Å). The EPR spectrum of complex 14+ features a broad 

signal without resolved hyperfine couplings and a rather small g-anisotropy (g1 = 1.987, g2 = 

2.025, g3 = 2.098). The EPR spectrum of 142+ is typical for an S = 1 system, with effective g-

values at g1 = 1.998 and g2 = 4.02 (featureless).  

 

Scheme 8. Bridged aminyl-radical ligands in CuI-chemistry.18 
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Further evidence for the ligand redox non-innocent behaviour in 14+ and 142+ was obtained 

from XAS spectroscopy. A negligible shift (< 0.5 eV) of the Cu K-edge inflection point on 

going from 14 to 14+ indicates that the Cu centres have the same oxidation state in both 

species (CuI). However, oxidation to 142+ leads to a somewhat larger shift of 1.7 eV in the Cu 

K-edge spectrum, which is attributed (based on comparison with related species) to an 

asymmetric distortion of the Cu2(µ-NR2)2 core. The authors concluded from these data that 

142+ is indeed a CuI-(bis-aminyl) complex.  

The electronic structure of triplet species 142+ was further investigated computationally 

with DFT calculations, which is in agreement with the experimental data. The two copper 

atoms carried only 35% of the total spin density, and most of the spin density (165%, two 

unpaired electrons correspond to 200%) of 142+ is computed to be delocalised over the pincer 

ligands with each of the two nitrogen atoms bearing 77% spin density, which signifies rather 

delocalised ligand-centred radicals with a pronounced aminyl character. The strong covalency 

of Cu−N bond in the cluster complicates an unambiguous assignment of the formal oxidation 

state in the mono-cationic compound 14+.  

The above-described aminyl-radical complexes all contain chelating aminyl moieties. The 

first complex with a non-chelating aminyl ligand radical has been reported by Peters and 

Szilagyi in 2009.19 Anionic copper species 15a was oxidised with a ferrocenium salt, yielding 

neutral paramagnetic complex 16a (25% yield) (Scheme 9). The molecular structures 

obtained from X-ray crystallography reveal a trigonal planar coordination geometry around 

the metal centre for both species, with overall minor differences in the Cu–P bond lengths and 

P–Cu–P bond angles on going from 15a to 16a. However, shortening (~0.1 Å) of the Cu−N 

bond is evident upon oxidation of 15a to 16a. This points to (partial) removal of the π-conflict 

between filled metal d-orbitals and the filled nitrogen p-orbitals (2e-reduced Fischer-type 

system) upon formation of the aminyl-radical ligands (1e-reduced Fischer-type). The reported 

DFT calculations seem to be in agreement with this interpretation, although the picture is 

slightly blurred due to the somewhat strained bridging interactions and substantial 

delocalisation over the ligand π-system.  

Cu K-edge XAS experiments show similar pre-edge and rising-edge energies for 15a and 

16a, which indicates a similar ‘spectroscopic’ oxidation state (d-electron configuration) of 

both species (i.e. CuI). Additionally, integration of the area under the pre-edge feature in the 

Cu L-edge XAS spectrum of 16a and comparison with the corresponding XAS area of CuCl2, 
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shows that the redox-active molecular orbital in 16a has only ~14% 3d-orbital character. 

These data correlate well with a ligand-centred oxidation on going from 15a to 16a. 

Further, the EPR spectrum of 16a in frozen solution shows g-values close to 2 and 

substantial, well-resolved hyperfine couplings with nitrogen (gx, gy, gz = 2.008, 2.008, 2.030; 

AN
x, AN

y, AN
z = 24, 100, 24 MHz). The DFT calculated spin density on nitrogen is 49%, and 

only 13% on copper (the residual spin density is delocalised over the tolyl moiety and PtBu-

groups), which further supports the aminyl ligand radical description of 16a. 

Consistent with its ligand-radical character, complex 16a demonstrates HAA reactivity 

towards hydrogen-donors such as thiophenol and tributyl tin, which yields product 17a. 

Notably, if the tolyl group on the aminyl nitrogen moiety is substituted by a phenyl group 

(15b), oxidation by ferrocenium-salts leads to a dimerisation product 18. Both reactions 

demonstrate the radical-type reactivity of aminyl radical species 16 (Scheme 9). 

Another example of a non-chelating aminyl radical copper complex (although with a more 

covalent N−Cu bond) is reported by Warren et al. in 2010.20 The target compound 20 can be 

prepared by reaction of lithium diphenylazanide (LiNPh2) with CuII-precursor 19, which gives 

‘aminyl-radical’ complex 20 in 81% yield (Scheme 10). Alternatively, 20 can be isolated 

(albeit in a lower yield of 31%) as byproduct of the reaction of diphenylnitrosamine 

(Ph2NNO) with the Cu-dimer [{(Me2NN)Cu}2]. X-ray crystallographic analysis reveals a 

shorter Cu−N distance (1.841 Å) in 20 than in 16 (1.906 Å), and the anisotropy of the EPR 

 

Scheme 9. Formation of aminyl radical 16 and its radical-type reactivity leading to hydrogen-atom 
abstraction (R = Me) or p-phenyl dimerisation (R = H).19 
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spectrum (at 30 K) of 20 (g1 = 2.146, g2 = 

2.043 and g3 = 2.018; ACu
1 = 298 MHz) is 

much larger than observed for 16. The room 

temperature EPR spectrum shows a relatively 

small hyperfine coupling with the aminyl 

nitrogen (AN
iso = 14 MHz) and a large one 

with Cu (ACu
iso = 103 MHz). DFT analysis 

also shows a stronger involvement of a copper 

d-orbital in the SOMO, leading to similar spin 

densities on Cu (30%) and N (27%). The 

unpaired electron is further substantially delocalised over the two aryl rings. These data 

suggest that the Cu−N bond in 20 is rather covalent (Figure 2c). Nonetheless, complex 20 

reacts as a ligand radical with other radicals such as NO, leading to the formation of Ph2NNO. 

The locus of initial NO-attack (Cu or N) is presently unclear. 

Many of the above examples describe ‘aminyl radical’ complexes in which the aminyl 

moiety bears conjugated substituents capable of delocalizing the unpaired spin density of the 

aminyl radical. This typically results in substantial delocalisation of the spin density over a 

larger ligand area, as described for most of the above examples. The RhI-aminyl radical 

complex 4 described by Grützmacher is a notable exception (Scheme 3). The rather strong 

covalency of the Rh−N bond in 4 nonetheless leads to substantial ‘delocalisation of spin 

density’.10 Warren and Cundari recently reported another remarkable example wherein the 

aminyl moiety contains non-conjugated substituents.21 Here, reaction of dinuclear copper 

complex 21 with the lithium salt of 1-adamantyl amine leads to aminyl radical complex 22 in 

50−70% yield (Scheme 11). The X-band EPR (51 K) spectrum of 22 reveals a rather 

anisotropic g-tensor (g1 = 2.133, g2 = 2.036, g3 = 2.031). Also the hyperfine tensors are rather 

anisotropic, showing a large Cu hyperfine (ACu
1 = 365 MHz) and a substantial Naminyl 

hyperfine splitting (AN
3 = 65 MHz). These data all point to a rather strong covalency of the 

Cu−N bond (Figure 2c), which was confirmed by supporting DFT calculations. Spin density 

calculations reveal 49% spin density on the aminyl nitrogen atom and 30% on copper. The 

unpaired electron is located in a π* Cu−N MO (1e-reduced Fischer-type with strong 

covalency; see Figure 2 and Scheme 6). Interestingly, the aminyl moiety in 22 participates in 

‘nitrene’ insertion reactions into the C−H bonds of ethylbenzene or indane producing 

PhCH−(NHAd)Me or (1-indanyl)NHAd in 87% and 81% yield, respectively. These 

 

Scheme 10. Formation of aminyl radical 
complex 20 upon binding diphenylamide to CuII 
species 19.20 
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conversions were proposed to proceed via a binuclear mechanism, which reflects the 

importance of the [R1R2N•–CuI] resonance structure in the [R1R2N–CuII] ↔ [R1R2N•–CuI] 

resonance description of the nearly covalent Cu–N π-interaction. HAA from the substrate 

(C−H bond) by the ‘aminyl radical’ [R1R2N•–CuI] leads to formation of a CuI-amine species 

[R1R2NH–CuI] and an organic radical R3•. The latter reacts with another equivalent of the 

‘aminyl radical’ [R1R2N•–CuI] to form a CuI-amine product [R1R2NR3–CuI] (see Scheme 11). 

The amine products easily dissociate from the CuI centre.  

Complex 22 could also be prepared directly from the free amine using tBuO-complex 23 

(Scheme 11). The latter was obtained by reacting benzene-bridged binuclear copper(I) 

complex 24 with tert-butyl peroxide. Subsequent reaction of 23 with adamantyl amine yielded 

22. This method allows remarkable direct catalytic amination of C−H bonds with amines,21,22 

proceeding via the net ‘nitrene insertion’ activity of 22. In a typical procedure the amine 

(1 equiv.), tert-butyl peroxide (1.2 equiv.), the C−H substrate (10 equiv.) and catalytic 

amounts of 24 (0.5 mol%) are heated at 90 ºC, giving the corresponding amines in high yields 

(Scheme 11). Not only substrates with activated C−H bonds such as indane and ethylbenzene 

can be employed, but also unactivated cyclohexane gives high yields of the corresponding 

amine product. Aliphatic amines such as Ad−NH2, c-Hex−NH2, PhCH2CH2−NH2 and 

morpholine were evaluated as amines, leading in all cases to C−H amination products in good 

 

Scheme 11. ‘Nitrene transfer’ activity of ‘aminyl radical’ copper species 22 in direct catalytic 
amination of C–H bonds with amines.21 
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yields. The scope of the reaction also includes aromatic amines,22 but formation of diazene 

decreases the yield, particularly for electron-rich anilines. Thus, optimum yields are obtained 

using anilines with electron withdrawing groups (EWG) on the aromatic rings and low 

catalyst loadings in order to avoid dimerisation. Remarkably, secondary amines can also be 

used since the reaction proceeds via the aminyl complex [R1R2N•–CuI] 22, without formation 

of the nitrene precursor. 

1.3  Nitrene radical complexes. 

Imido-complexes are commonly proposed as intermediates in transition metal-catalysed 

nitrene transfer reactions. However, it has been recognised (and proven) rather recently that in 

some cases such intermediates can have a considerable radical character on imido (nitrene) 

nitrogen, which at least in part explains their reactivity. 

Warren and co-workers were one of the first to recognise the potential redox non-innocent 

character of nitrene/imido ligands in a nickel complex.23 The reported nickel imido complex 

26 (Scheme 12) was prepared in 52% yield by reacting 2,4-lutidine nickel complex 25 with 1-

adamantyl azide (AdN3). X-ray crystallographic analysis of 26 reveals a slightly bended 

structure with a Ni–N–C(Ad) angle of 164.5°. The frozen solution EPR (77 K) spectrum of 26 

features a rhombic pattern (g1 = 2.161, g2 = 2.038, g3 = 1.937), where the central (g2) signal is 

split into a triplet (1:1:1, A = 63 MHz) due to nitrogen hyperfine coupling, supporting 

substantial participation of the nitrene/imido nitrogen atom (I(15N) = 1) in delocalisation of 

the unpaired electron. However, the quite large g-anisotropy at low temperatures suggests 

considerable metal-contribution to the SOMO. In accordance with the recorded EPR 

spectrum, DFT population analysis indicates that approximately 57% of the spin density is 

localised on the ‘nitrene’ nitrogen. According to these same calculations, the unpaired 

electron in 26 is located in an anti-bonding π* orbital, thus allowing the classification of 26 

being a 1e-reduced Fischer-type nitrene complex (Figure 2a) albeit with a large covalent 

character of the M–N π bond. The ‘nitrene’ moiety of complex 26 can be transferred to CO, 

PMe3 and CNtBu to form the corresponding AdN=X (27) (X = Lewis base molecule) organic 

products.23 Reaction of 26 with the single-electron reducing agent cobaltocene unexpectedly 

produced [Me2NN]Ni−N(Ad)−Cp−CoCp 28 as the product, further illustrating radical 

character of 26. The radical character of 26 is also reflected in its HAA reactivity towards 1,4-

cyclohexadiene leading to the amido complex [Me2NN]Ni−NHAd 29 and benzene.23 The 

HAA reactivity was investigated with other benzylic C–H substrates in stoichiometric 
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reactions. Radical-capture of the generated alkyl radical R2• via a rebound mechanism was 

demonstrated to lead to amino complex 31. However, 26 has a similar affinity for the radical 

R2• to produce amido complex 30 (Scheme 12).24 Noteworthy is the non-selective C−H 

functionalisation reactivity of 26 compared to 22 and its putative {[Cl2NN]Cu]2(µ–NAd)} 

precursor. The somewhat enhanced selectivity of R2• towards 26 compared to 

{[Cl2NN]Cu]2(µ–NAd)} likely correlates to the amidyl character of 26. 

Another interesting nickel species that is shown to participate in nitrene transfer reactions 

is the (dtbpe)Ni=NR (dtbpe = 1,2-bis(di-tert-butylphosphino)ethane) family of complexes 

reported by Hillhouse and co-workers. 25  These NiII imides (32) with a closed-shell 

configuration can undergo 1e chemical oxidation to afford their cationic analogues (33a) in 

1,2-difluorobenzene (DFB) (Scheme 13).26 The HAA ability of 33a is remarkable, and even 

in the presence of ethereal solvents, the NiII-amide complex 34a is obtained. SQUID data for 

compound 33a suggested a mixed spin state, and it was demonstrated that the doublet and 

quartet spin states of 33a are involved in a temperature dependent spin-crossover equilibrium 

(ratio LS : HS is 1:4 at room temperature). Complex 33b with a bulkier substituent on imido 

moiety shows greater stability and does not reveal any spin-crossover over a broad 

temperature range. The geometrical differences between complexes 33a and 33b (angle Ni–

N–R is 164.2º for 33a and 178.4º for 33b) suggests that the aromatic ring in 33b contributes 

in the delocalisation of the electron density at the imido moiety, hence enlarging the Ni–N–R 

angle, which leads to enhanced orbital overlap. The reported EPR data of 33a (broad isotropic 

 

Scheme 12. Radical-type reactivity of ‘nitrene radical’ complex 26.23 
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line around g ≈ 2) and 

33b (overlapping 

patterns with features at 

g = ~ 4 and ~2) did not 

allow the authors to 

distinguish between a 

metal- or ligand-centred 

radical, due to 

unresolved hyperfine 

couplings and since metal-centred NiIII radicals have g-values in the range of 2.15–2.20. 

However, DFT calcula-tions on simplified models reveal that the spin density is delocalised 

over the nitrogen and nickel atoms, with more than 50% spin density located at the nitrogen 

atom in both alkyl- and aryl-substituted species (69% for alkyl-nitrene radical and 53% for 

aryl-nitrene radical). Hence, the authors attribute the difference in reactivity of 33a and 33b to 

the radical character of the nitrogen atom. The theoretical model further suggests that the 

barrier for rotation around the Ni=NR bond is ~3 kcal mol–1 larger for the aryl-imido complex 

compared to the alkyl-imido species, which supports spin delocalisation over the aryl ring in 

complex 33b. In these DFT models the SOMO is located at the π*(dxz–px) with major nitrogen 

character in the alkyl substituted complex pointing to a 1e-reduced imido complex (Fisher-

type nitrene radical). The aryl-substituted compound, however, has a more covalent Fe=NR 

π-bond. Further characterisation is needed to fully comprehend the electronic structure of 

these species. 

Tanaka et al. prepared Ru-semiquinone-anilido complex 35 (Scheme 14), which after 

deprotonation with tBuOK gave the nitrene biradical species 36.27 EPR spectra of biradicals 

are generally not very illustrative for the locus of the unpaired electrons (and hence the redox 

non-innocent behavior of the ligands). However, the fact that 36 is EPR non-silent (two main 

 

Scheme 13. Synthesis of (dtbpe)Ni=nitrene radical complexes 33a,b 
and their HAA reactivity.25,26 

 

Scheme 14. ‘Nitrene radical’ ruthenium complexes 36 and 37.27 
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transitions with g-values ~2 and ~4) can be taken as indirect evidence for predominance of the 

[R•N–RuII] resonance structure over [RN=RuIII], because RuIII-semiquinone (SQ) species are 

expected to have strong antiferromangetic RuIII−SQ couplings and are typically EPR silent. In 

accordance, DFT calculations show about 43% spin density on the nitrene nitrogen atom. 

Interestingly, compound 36 can be further reduced electrochemically leading to the anionic 

species 37. The latter also appears to be a ligand-centred radical with 64% spin density on the 

‘nitrene’ nitrogen atom and 31% on ruthenium (DFT). Complex 37 shows a rhombic g-tensor 

(g1 = 2.175, g2 = 2.105, g3 = 1.950) in the EPR spectrum, with g3 split into a triplet due to 

substantial hyperfine coupling with nitrogen (AN = 224 MHz). Again, a rather large g-

anisotropy illustrates considerable metal-radical character of the SOMO. 

An open-shell system with several ligand-centred unpaired electrons was recently reported 

by Wieghardt, Lu et al. (Scheme 15). 28  Reaction of chromium bis-(α-imino-pyridine) 

biradical complex 38 (containing two 1e-reduced α-imine-pyridine ligands) with 1-adamantyl 

azide leads to formation of the neutral diamagnetic nitrene complex 39, which in turn can be 

oxidised by two equivalents of ferrocenium salts to generate compound 392+ (S = 1). The 

latter contains two non-reduced α-imine-pyridine ligands and one 1e-oxidised ‘imido’ ligand 

antiferromagnetically coupled to the three unpaired electrons on CrIII. X-ray crystallographic 

analysis of 392+ reveals a distorted trigonal-bipyramidal geometry around Cr, and a more 

linear Cr−N−C(Ad) fragment than in 39 (angle Cr−N−C(Ad) = 163.6º (39), 176.6º (392+)). In 

this case, EPR spectroscopy did not allow the authors to distinguish between metal- and 

ligand-centred radicals. The authors therefore relied on Cr K-edge XAS, which indicates 

chromium in oxidation state +3 (Scheme 15). DFT calculations further corroborated the redox 

non-innocent behavior of the nitrene ligand, revealing 89% spin density on the ‘imido’ 

nitrogen atom. Surprisingly, despite a considerable calculated spin density on the ‘imido’ 

nitrogen atom in neutral 39 (78%, S = 0) and the mono-cationic 39+ (72%, S = 1/2), Cr K-edge 

 
Scheme 15. Switching ‘non-innocence’ from α-imino-pyridine to imido upon oxidation.28 
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XAS indicates chromium in these complexes to be in oxidation state +IV (based on pre-edge 

and rising edge energies), which points to a ‘classic’ imido AdN2– fragment in 39 and 39+. 

From the qualitative MO diagrams presented by the authors, it appears that the π*(M−NAd) 

MO is empty, which indeed indicates a 1e-oxidised imido (1e-oxidised Schrock-type) radical 

ligand (Figure 2b). However, a more detailed quantitative analysis of the MOs may be 

necessary to reach a final conclusion. 

Multiple bonds between a metal and an imido ligand can be achieved in a pseudo-

tetrahedral environment of tris(phosphine-29 or NHC-based30) boranes 40 (Scheme 16). 

Substitution of the boron atom in 40 by silicon alters the geometry to trigonal bipyramidal or 

square pyramidal, leading in some cases to a nitrene-radical complexes. In this way, Peters 

and co-workers prepared a series of nitrene ligand-radical complexes of the group 8 elements. 

Thus, treatment of Ru or Os complexes 41a, b with para-trifluoromethyl phenylazide 42-CF3 

(Scheme 16, R = CF3) gives rise to formation of the nitrene complexes 43a-CF3 (46% yield) 

and 43b-CF3 (41% yield).31 The room temperature EPR spectra (low temperature spectra were 

also recorded) revealed sharp patterns with giso-values close to 2.0 and large hyperfine 

constants with nitrogen (giso = 2.020, AN
iso = 98, AP

iso = 64, ARu
iso = 48 MHz for 43a-CF3; giso 

= 2.013, AN
iso = 93, AP

iso = 58, AOs
iso = 155 MHz for 43b-CF3). Species 43a-CF3 and 43b-CF3 

were further characterised by X-ray structure analysis, which showed highly distorted trigonal 

bipyramidal geometries around the metal atoms (i.e. τ(43a-CF3) = 0.54) and almost linear M–

N–C bonds (~170°). According to population analysis (DFT), about 25% of the spin density 

is located at the nitrogen atoms in 43a-, b-CF3 while the total ligand spin density amounts to 

54%. Hence, the radical is substantially delocalised over the metal and the NAr moiety. 

Noteworthy, species 43a, b also have some negative spin density on the nitrene substituent, 

which actually reduces the total ligand spin density. 

 

Scheme 16. ‘Delocalised nitrene radical ligands’ reported by Peters and co-workers.31–33 
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Further studies showed 

that the nature of the 

organic group on the azide 

42-R has a big impact on 

the course of the reaction 

with 41a. 32  Addition of 

para-methoxyphenylazide 

42-OMe (instead of 42-

CF3) to 41a yields para-

(methoxy) azobenzene 45 

and only a small amount of 

complex 43a-OMe 

(Scheme 17). Remarkably, 

formation of azoarene 45 does not proceed via complex 43a-OMe, but via a free triplet aryl 

nitrene 44, which either dimerises or reacts with another molecule of aryl azide 42-OMe to 

yield the azoarene. Nitrene species 43a-OMe can however be prepared in 52% yield via 

reduction of cationic complex 46 with cobaltocene (Scheme 17). Like 43a-CF3, complex 43a-

OMe can be described as a nitrene-ligand radical species. The EPR spectrum of 43a-OMe at 

r.t. reveals a three-line pattern with large nitrogen hyperfines (giso= 2.002, AN
iso = 119 Mhz, 

ARu
iso = 38 MHz, AP

iso
 = 48 MHz). 

The analogous Fe complex 43c-Me is found to be rather unstable, and can be generated 

only by photolysis of the corresponding azide complex in frozen 2-(methyl)tetrahydrofuran 

glass at 77 K.33 The EPR spectrum (77 K) of 43c-Me has a somewhat anisotropic g-value (gx, 

gy, gz = 1.990, 2.032, 2.098), but close to the value of 2.0, pointing to strong ligand 

involvement for the SOMO. DFT calculations on a simplified model (low spin, ground state) 

showed about 16% spin density on nitrogen and again a strong delocalisation into the adjacent 

aryl moiety. Similarly to complexes 43a, b-CF3, some negative spin density is found on the 

ligand, likely caused by spin polarisation, which in turn results from antiferromagnetic 

coupling of the five unpaired electrons (total S = 1/2, 3α and 2β electrons). This reduces the 

total spin density on the ‘nitrene’ moiety. DFT also predicted a closely lying intermediate 

quartet spin state (S = 3/2) only approx. 2.8 kcal mol–1 higher in energy than the doublet (S = 
1/2). The total nitrogen spin density in the quartet (S = 3/2) species is 82%. The unpaired 

 

Scheme 17. Azo-arene formation via free triplet nitrene 44, not via 
nitrene radical 43.32 
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electron of the lower-energy doublet (S = 1/2) species is located in the antibonding π* orbital, 

and hence we classify this species as a 1e-reduced Fischer-type nitrene ligand (Figure 2, a).  

The iron species 43c-Me is too unstable to further study its reactivity directly. However, it 

is the most likely key-intermediate in a number of reactions observed for mixtures of species 

41c and azides 42. The proposed intermediate 43c-Me is capable of HAA from 9,10-

dihydroantracene to yield antracene and Fe(NHTol)(SiPiPr
3). Nitrene transfer to tert-butyl 

isocyanide (tBuNC) to give the corresponding carbodiimide (tBuN=C=NTol), azoarene 

(TolN=NTol) and the isonitrile complex Fe(SiPiPr
3)(CNtBu), is proposed to proceed via the 

same nitrene-radical intermediate. In the absence of other reagents, reaction of 41c with 

tolylazide 42-Me lead to the formation of para-methyazobenzene (TolN=NTol), which was 

proposed to proceed also via the intermediate 43c-Me.  

Another interesting Fe-nitrene complex, 48 (Scheme 18) was recently reported by Betley et 

al. This species exhibits higher stability than 43c, and hence could be characterised using X-

ray crystallography.34 Complex 48a features a slightly elongated Fe−N bond (1.768 Å) 

compared to previously reported iron-imido complexes (1.66−1.73 Å), suggesting a decreased 

Fe−N bond order in 48a. Mössbauer spectroscopy indicates an FeIII d5-configuration in 48a, 

which likely correlates to transfer of a single electron from the metal to the ligand. DFT 

calculations reveal considerable positive, as well as negative, spin density on the ‘imido’ 

nitrogen atom. Based on these data, species 48a was identified to have six unpaired electrons. 

One electron, localised on the ‘imido’ moiety (SN = 1/2), is antiferromagnetically coupled with 

one of the other five unpaired 

electrons localised on the iron atom 

(SFe = 5/2), thus giving a total quintet 

(Stotal = 2) spin multiplicity. This 

‘imido’ unpaired electron is located 

in a predominantly π-bonding orbital 

between the metal and the ‘imido’ 

nitrogen, allowing the classification 

of this system as a Schrock-type 1e-

oxidised imido ligand. However, the 

picture is somewhat blurred due to 

substantial delocalisation of spin 

 

Scheme 18. ‘Half-porphyrin’ stabilised iron- and cobalt-
nitrene radical complexes reported by Betley.34,35 
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density into the adjacent aryl ring.  

The reactivity of 48a, b further supports its nitrene radical nature. The nitrene moiety of 

48a, b can be transferred to organic substrates, and be used either for nitrene-insertion into 

benzylic C−H bonds of toluene (producing PhCH2−NH(p-C6H4tBu)) or in aziridination of 

styrene (producing Ph[CHCH2]N(p-C6H4tBu)). The catalytic activity of 47 has also been 

briefly studied in the amination of toluene using adamantyl azide as a nitrene source. The best 

results were obtained with 1-adamantyl derived complex 47b, which gives 95% yield of 

(benzyl)(adamantyl)amine (PhCH2−NHAd) at room temperature (TON = 6.7). Catalytic 

aziridination with 47b is also possible, as styrene is converted into the corresponding 

aziridine in 85% yield (neat styrene, r.t., 20 equiv. of AdN3, TON = 17).  

In line with the ability of the weak-field dipyrrin ligand to stabilise low coordination in 

47a, b, Betley and co-workers investigated the Co analogues 47d,c and the parent imido 

species 48c, d.35 Despite that most Co complexes display low-spin ground states, species 48c 

has a partial population of the high-spin state (S = 2) (35% at r.t.) and undergo a spin 

crossover behavior from singlet to quintet state. This, however, is not the case for the 

aromatic analogue 48d, which has an intermediate spin (S = 1). This is attributed to the 

conjugation of the of the nitrogen p-orbital with the coplanar aromatic ring in 48d, which 

changes the orbital energy diagram of the species. Complex 48c shows imido/nitrene group 

transfer to phosphines, but no C−H bond activation of 1,4-cyclohexadiene or 

dihydroanthracene. Complex 48d, however, is able to activate intramolecularly the C−H bond 

of the ortho-methyl group of the mesityl substituent at the imido ligand. Based on so far 

available data the authors interpreted species 48c, d as metal-centred radical complexes. Thus, 

decrease in HAA reactivity of 48, when iron is substituted with cobalt, may point to the 

importance of ligand-centred radical 

complexes in this type of reactions. 

Chirik and co-workers reported a 

series of Fe(nitrene) species 50 (Scheme 

19), bearing the redox non-innocent 

pyridine-2,6-diimine ligand (PDI). 

These complexes were prepared by 

reacting bis-dinitrogen complex 49 with 

the corresponding azide. The substituent 

 

Scheme 19. Iron ‘imido’ complexes stabilised by the 
redox non-innocent PDI ligand.36,37 
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on the nitrene nitrogen atom was found to have a big influence on the properties of the 

resulting species. Thus, in case of R = Ar (Scheme 19), complexes 50-Ar exhibit a relatively 

long Fe−Nnitrene bond (~1.705−1.717 Å) and a non-linear NPy−Fe−Nnitrene structure (θ 

~139−155º, Scheme 19).36 Those species are found (based on X-ray, Mössbauer- and SQUID 

magnetic studies) to have a triplet (S = 1) spin multiplicity, and thus best described as FeIII 

intermediate spin-state (SFe = +3/2) systems antiferromagnetically coupled to a PDI-

monoanion radical ligand (SPDI = −1/2). As a consequence, the NAr moiety in these complexes 

behaves as a ‘classical’ [NAr]2– imido fragment (I, Figure 5), with a rather covalent 

Fe−Nnitrene bond and the presence of a 2-centre-3e bond. 

Quite a different picture is observed when the ‘nitrene’ nitrogen carries an alkyl 

substituent.37 Thus, species 50-Alk with R = 1-adamantyl, cyclooctyl or 2-adamantyl display 

relatively short Fe−Nnitrene bonds of ~1.65−1.66 Å and more linear NPy−Fe−Nnitrene angles (θ 

~168−175º), compared to R = Ar. These systems exhibit spin-crossover behaviour. Complex 

50-Ad1, in contrast to 50-Ar, is found to be (almost) diamagnetic (S = 0) at room temperature 

(based on SQUID-magnetic measurements), but spin-crossover to a triplet (S = 1) system 

occurs at elevated temperatures (~8% the S = 1 spin state between 50 and 200 K, with 

increased S = 1 / S = 0 ratios at higher temperatures). In all cases incomplete transitions 

toward the triplet spin state were observed at the temperatures studied. The 2-adamantyl 

derivative 50-Ad2 shows similar behaviour, with an S = 1 ground state at room temperature 

and spin-crossover to S = 0 at lower temperatures.  

Revealing and understanding the electronic structures of 50-Alk species is not a trivial 

exercise. Both iron and the redox-active PDI ligand may adopt multiple redox states, and DFT 

calculations do not always reliably reproduce the relative energies of open-shell spin-

 

Figure 5. Possible electronic configurations of species 50.37 
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crossover systems (with the commonly applied B3LYP functional frequently giving an 

artificial preference for the higher-spin states).38 Based on the collected experimental data 

thus far, the 50-Ad1 (S = 0) can be interpreted either as a low-spin FeII or FeIV complex (II or 

III, Figure 5) or as FeIII species IV (Figure 5) with a low-spin FeIII (SFe = +1/2) system 

antiferromagnetically coupled to a nitrene radical ligand (SN = −1/2) (Figure 5). An FeIII 

species with an intermediate spin state (SFe = +3/2) could be excluded on the basis of 

Mössbauer spectroscopic data.  

The electronic structure of 50-Ad2 is even less clear. Although it has the same total spin (S 

= 1) as 50-Ar, the spectroscopic and geometrical differences between these two species did 

not allow the authors to classify the electronic structure of 50-Ad2 as for 50-Ar (I, Figure 5). 

The three possible candidates for the electronic structure of 50-Ad2 include: 1) intermediate 

spin (SFe = +1) FeII (or FeIV) species with closed-shell PDI (SPDI = 0) and nitrene ligands (SN = 

0); 2) 50-Ad2 could contain a diamagnetic PDI fragment (SPDI = 0) and a ferric (FeIII) centre 

(SFe = +3/2) antiferromagnetically coupled to a nitrene radical moiety (SN = −1/2); and 3) a low-

spin FeIII centre (SFe = +1/2) ferromagnetically coupled with a nitrene radical moiety (SN = 

+1/2) as in electronic structure IV that also correlate with experimental data.  

The Fe−Nnitrene bonds must display a considerable degree of covalency (more close to 

Figure 2c). The differences between aryl and alkyl-substituted nitrene species 50 most 

probably relate to steric factors, as the N-Ar substituent protrudes out of the Fe-PDI plane, 

due to its steric bulk, which decreases the Fe−Nnitrene electronic overlap and consequently 

leads to a higher spin state on Fe. On the other hand, the N-Alk substituent is more in the Fe-

PDI plane, leading to a stronger orbital overlap between Fe and Nnitrene, which further 

increases the Fe−N bond covalency and the nitrene field strength, leading to a low-spin iron 

configuration.  

Holland and co-workers reported an iron imido-complex stabilised by a beta-diketiminate 

(nacnac) ligand,39 that is rather redox-inert compared to the PDI ligand. Nitrene complex 52 is 

formed by reacting dinitrogen complex 51 (Scheme 20) with 1-adamantyl azide. Species 52 

was thoroughly characterised by X-ray, EPR, K-edge XAS, EXAFS and Mössbauer 

spectroscopy and supporting DFT-calculations. According to the DFT data, about 23% of the 

spin density of 52 (S = 3/2) is localised on the ‘nitrene’ nitrogen atom. Addition of several 

equivalents of p-(tert-butyl)pyridine changes the spin multiplicity of the species from quartet 

to sextet, increasing the spin density on the ‘nitrene’ nitrogen to 82% in 53. Noteworthy, 
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coordination of a pyridine ligand to 52 is essential to induce further reactivity, whereby 53 is 

capable of intra- or intermolecular (from 1,4-cyclohexadiene derivatives) HAA producing 54 

or 55, respectively (Scheme 20). Based on the reported experimental and computational 

studies, the role of the coordinated pyridine in promoting HAA activity of the complex 53 is 

explained by (1) weakening of Fe=NAd bond in 53, and (2) stabilisation of the HAA products 

55 and 54 through coordination of the pyridine ligand (thermodynamically driven reaction). 

The quartet (S = 3/2) and sextet (S = 5/2) electronic structures of 52 and 53 are interpreted as 

stemming from ferromagnetic coupling between the metal and ligand unpaired electrons.  

A strategy to circumvent the unwanted 

intramolecular reactivity was to avoid the presence 

of weak C−H bonds nearby the imido moiety in 52. 

Complex 57, which features ß-diketiminato ligand 

with phenyl instead of isopropyl substituents, can 

be prepared from FeI precursor 56 (Scheme 21). 

Species 57 presents similar to 52 rhombic X-band 

EPR (8 K) spectrum (57a: geff = 7.11, 1.55, 1.26; 

57b: 7.42, 1.05, 0.9), hence suggesting similar 

electronic structure in 52 and 57.40 The phenyl 

 

Scheme 20. Generation and HAA reactivity of iron-‘nitrene radical’ 53.39  
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moiety at the diketiminato ligand in 57 has remarkable repercussions on the reactivity. Thus, 

while the stability of 52 is relatively low, complex 57 is stable for several days in benzene 

solution. More importantly, 57 shows much higher HAA reactivity (factor 145) than 52, and 

addition of pyridine was not longer necessary. Two factors contribute to such differences in 

reactivity: 1) Steric factor, rotation of the aromatic 2,4,6-triphenylphenyl substituent 

decreases steric bulk at one side of the (N,N)Fe–NR plane of the compound, thus enabling an 

easier approach of the substrate. The metal centre in 57, however, is more crowded than in 52, 

which lowers the affinity of 57 for pyridine; 2) 57 has a more bended compared to 52 Fe–N–

R angle of 151º (for R = Ad: angle Fe–N–R is 151º in 57, and 170º in 52) and a longer 

Fe−Nnitrene bond (for R = Ad: dFe−N(nitrene) = 1.70 Å in 57 and 1.67 Å in 52). This makes 

complex 57 closer in geometry to the TS for HAA, which is predicted (QM/MM calculations) 

to have Fe−Nnitrene distance of ~1.90 Å and Fe=N–R angle of 140º.  

A related stabilizing effect by different Lewis acids was recently reported by Ray et al. in 

case of a Cu-nitrene-radical species.41 Here, reaction of CuI complex 58 (Scheme 22) with a 

soluble iodosobenzene derivative sPhI=NTs immediately leads to formation of CuII complex 

60, presumably via abstraction of a hydrogen-atom from the solvent (or traces of moisture) by 

‘nitrene radical’ intermediate 59. To stabilise species 59 for further characterisation and 

 

Scheme 22. Stabilizing effect of ScIII ions slowing down the HAA activity of CuII-nitrene radical 
species 59.41 
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reactivity studies, different Lewis acids were added, with scandium(III) triflate proving most 

efficient. The thus stabilised ‘nitrene radical’ species 59-Sc is capable of oxidising 2 equiv. of 

ferrocene to ferrocenium (yield of Fc+ is 180%), showing that 59-Sc is two oxidation levels 

above the starting compound 58. XAS measurements reveal that 59-Sc posses an almost 

identical pre-edge energy (ca. 8978 eV) compared to 60. This allowed the authors to assign 

59-Sc as a CuII-nitrene radical species. Complex 59-Sc also participates in HAA (with 

dihydroantracene and 1,4-cyclohexadiene) to give 60 and the corresponding aromatic organic 

compounds. 59-Sc is also active in nitrene C−H-bond insertion reactions with toluene and 

cyclohexane, yielding amine derivatives with some amount of imines (Scheme 22). The 

stabilizing effect of ScIII ions is most probably the result of the reduced electron density on 

the nitrene nitrogen atom of 59, which also decreases its HAA reactivity. 

Besides the discussed experimentally characterised nitrene-centred radical complexes, 

there is a number of additional mechanistic studies on transition-metal-catalysed aziridination 

and amination reactions, where nitrene-centred ligand-radicals are proposed (or 

computationally found) to be key intermediates. These calculations mainly focused on CuI-42, 

CuII- or AgI-catalysed aziridination and nitrene insertion reactions.43 Also nitrene species 

derived from 40 as well as Fe and Co,44 porphyrin species bearing nitrenes have been studied 

computationally. Redox non-innocent NAr fragments might also be present in some Ni−NAr 

species related to 26 and 33.45 

1.3 Nitridyl ligand-radical complexes. 

From the above sections it is clear that nitrogen-centred aminyl and nitrene-based ligand 

radicals, although being less stable than their metallo-radical imido and amido counterparts, 

can reveal selective reactivity and ‘controlled’ by the metal d-orbitals. This concept is highly 

interesting from a synthetic point of view, and is (at least conceptually) worth to consider in 

view of dinitrogen activation with open-shell transition metal complexes. As such, formation 

of nitridyl radical complexes ([M(•N)]) from N2 can be expected (Figure 1c), possibly 

allowing subsequent reactivity with other (organic) substrates. This possibility has thus far 

been scarcely investigated, but some recent examples reveal the potential.  

In this context, detection of an iridium-nitridyl radical and its inherent radical-type 

reactivity, as recently reported by Schneider and de Bruin, is of particular interest. The 

synthesis of IrII azide complex 61 is disclosed, which upon irradiation produces neutral 

iridium ‘nitridyl radical’ complex 62 (Scheme 23). 46  Alternatively, species 62 can be 
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generated upon reduction of cationic 

nitrido complex 63, which in turn is 

obtained by oxidation of 61 with a 

ferrocenium salt. The EPR (20 K) 

spectrum of 62 reveals a rhombic 

signal with large g-anisotropy (g1 = 

1.885, g2 = 1.632, g3 = 1.320). 

Remarkably, all g-values of 62 are 

below 2.0, indicating that spin-orbit 

coupling interactions with empty d-

orbitals are strong, but negligible with 

filled d-orbitals.  

DFT calculations showed an 

almost covalent Ir−N bond with about 

50% of the total spin density on the non-PNP nitrogen atom and 40% on iridium, thus 

indicating a substantial contribution of the Ir−N• nitridyl radical resonance structure. The 

unpaired electron is located in a π* Ir−N molecular orbital, and hence this system might be 

best described as a 1e-reduced Fischer-type species. The substantial covalent character of this 

system so far precludes a definitive assignment or classification.  

Compound 62 is stable at room temperature for several minutes, but with longer reaction 

times dimerisation to the dinuclear N2-bridged IrI-species 64 is observed. The latter reacts 

subsequently with nitrogen (probably formed during decompo-sition of 64) to give the 

mononuclear IrI–N2 complex 65 (Scheme 24). Complex 62 is not reactive towards C−H bonds 

of 1,4-cyclohexane, and gives only 64 and 65, which is probably due to the kinetic preference 

of dimerisation over HAA. 

Wieghardt and co-workers reported 

the synthesis of a related ‘nitridyl 

radical’ species 67 (together with some 

related species), prepared by photolysis 

of the corresponding azide 66.47 Here, 

complex 67 is interpreted as 

predominantly nitrido FeV species by the 

authors, but their DFT calculations show 

 

Scheme 24. Formation of IrIII-nitridyl radical 62 and its 
radical-coupling reaction to form N2-bridged binuclear 
IrI-complex 64.46 

 

Scheme 25. Photolysis of azido complex 66 to 67; 
iron(V)-nitrido or iron(IV)-nitridyl radical species?47 
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that the SOMO of 67 has about 75% ‘nitridyl radical’ character. Hence, species 67 might as 

well have been described as nitridyl radical FeIV-species. 

The previously discussed nitrido (nitridyl) complexes were prepared from azido 

precursors. A recent example reported by Holland and co-workers48 is especially noteworthy, 

since it was obtained by stoichiometric activation of N2 by an iron β-diketiminate complex 

(68). This led to the formation of bridging bis(nitrido)iron-cluster 69 (Scheme 26). The 

tetranuclear cluster is only formed in THF, and includes two potassium cations stemming 

from the reductant (KC8). X-ray crystallographic studies of 69 reveal an N−N distance of 

2.799(2) Å, consistent with the absence of any N−N bond. Based on Mössbauer spectroscopy 

and magnetic susceptibility measurements, Fe(1) and Fe(2) are both assigned as high-spin 

FeIII centres, whereas Fe(3) and Fe(4) are high-spin FeII centres (Scheme 26). The 

calculations, performed on a simplified model, show quite high contribution of nitrogen-based 

atomic orbitals in the HOMO (exact numbers are not reported), which suggests that unpaired 

electron is probably delocalised over the nitrido moieties and the Fe-centres. A more detailed 

analysis of the electronic structure of 71 would be required to confirm this. Complex 71 is 

able to activate H2 at room temperature, yielding ammonia in 42% yield.  

1.4 Conclusions. 

The detection and targeted synthesis of nitrogen-centred ligand radical complexes has 

attracted a lot of attention over the past decade. The relevance of these intriguing species lies 

in their reactivity, and several aminyl- ([M(•NR2)]) and nitrene/imido-radical complexes 

([M(•NR)]) have been found to be active intermediates in different catalytic and 

stoichiometric nitrogen-group transfer processes. These species often reveal selective radical-

type reactivity, including addition to unsaturated bonds, radical-radical coupling as well as 

 

Scheme 26. Reductive dinitrogen activation at FeIII complex 68 leading to nitride-bridged cluster 69.48 
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hydrogen atom abstraction reactions. The full benefit of such radical-type reactivity becomes 

obvious when considering transformations of non-activated substrates such as alkanes, which 

lack donor atoms and are not prone to form anionic or cationic intermediates, but nonetheless 

can be successfully transformed into amines using aminyl- or nitrene/imido-radical 

complexes via radical C–H functionalisation pathways. In fact, a recent study by Pérez and 

co-workers suggests that spin state transitions occur easily during nitrene transfer reactions 

and might actually be more general.42g Hence, radicaloid pathways involving exited triplet 

states could even be expected for a closed-shell ground state imido/nitrene species reacting 

via triplet- or singlet-biradical exited states. Qualitatively, the reactivity of the doublet ligand-

radical complexes highlighted in this review seems to correlate roughly with the amount of 

nitrogen-centred spin density.  

Resolving the electronic structures of nitrogen-centred radical complexes is generally 

based on a number of spectroscopic techniques such as EPR, X-ray absorption and Mössbauer 

spectroscopy as well as X-ray crystallography, often combined with DFT calculations. This 

allows a classification of these ligand radical species as 1e-reduced Fischer-type, 1e-oxidised 

Schrock-type or covalent systems. Most of the reported complexes represent either a 1e-

reduced Fischer-type systems or have rather covalent M−N bonds, while 1e-oxidised 

Schrock-species are scarce. Although it is tempting to think that the 1e-oxidised Schrock-type 

systems may reveal quite different reactivity patterns from those reported for the 1e-reduced 

Fischer-type systems, at this point no comparative reactivity studies and too few examples 

describing (the reactivity of) 1e-oxidised Schrock-type systems are available to make any fair 

comparisons. Future investigations should shine more light on this matter, and hence we 

encourage scientists in this field to consider these aspects and to not only report the spin 

density of the calculated nitrogen-centred ligand radical complexes but also the nature of 

metal-nitrogen π-bond.  

Among the family of aminyl, nitrene/imidyl radical and nitridyl metal complexes, the latter 

are remarkably scarce. This is not unexpected in view of the low steric protection of the 

‘naked’ nitrogen atom in nitridyl species. However, despite obvious difficulties in the 

synthesis and isolation of such nitridyl radical complexes, the role they might play in e.g. 

dinitrogen fixation makes them valuable synthetic targets for future reactivity studies. Their 

potential reactivity towards other small molecules and organic substrates is also of particular 

interest.  
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Chapter 2 

The Radical Mechanism of Cobalt(II) Porphyrin-Catalysed Olefin 

Aziridination and the Importance of H–Bonding 
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Abstract 

The mechanism of cobalt(II) porphyrin-mediated aziridination of styrene with PhSO2N3 

was studied by means of DFT calculations. The computations clearly indicate the 

involvement of a cobalt ‘nitrene radical’ intermediate in the CoII(por)–catalysed alkene 

aziridination. The addition of styrene to this species proceeds in a stepwise fashion via radical 

addition of the ‘nitrene radical’ C to the C=C double bond of styrene to form a γ–alkyl radical 

intermediate D. The thus formed tri-radical species D easily collapses in an almost barrierless 

ring closure reaction (TS3) to form the aziridine, thereby regenerating the cobalt(II) porphyrin 

catalyst. Radical formation of the ‘nitrene radical’ C (TS1) proceeds with a comparable 

barrier as the radical addition of the nitrene-radical to the olefin (TS2), providing a good 

explanation for the, experimentally observed, first order kinetics in both substrates and the 

catalyst. Formation of C is clearly accelerated by stabilisation of C and TS1 via hydrogen 

bonding between the S=O and N–H units at the ligand substituents. The computed radical-

type mechanism agrees well with all available mechanistic and kinetic information. The 

computed free energy profile readily explains the superior performance of the CoII(porAmide) 

system with H–bond donor functionalities over the non-functional Co(TPP). 

 



The radical mechanism of CoII-porphyrin catalysed olefin aziridination  

 53 

2.1 Introduction. 

Aziridines are important building blocks and versatile synthons in organic synthesis. 

Furthermore, they exhibit a number of in vivo biological activities,1 and find applications as 

anti-tumour and anti-bacterial agents (some of which are naturally occurring antibiotics such 

as mitomycins).2 

There are several methods to prepare aziridines (e.g. cyclisation of 2-chloro-alkylamines, 

transformation of epoxides, ‘cyclopropanation’ of imines), most of which have important 

limitations and some generate substantial amounts of waste products. A well-established and 

quite general method to prepare aziridines is catalytic nitrene (N–R) transfer to olefins 

(Scheme ). Several porphyrin- and salen-based transition metal catalysts (Mn, Co, and Ru) are 

known to enable (enantioselective) nitrene transfer to olefins, as well as some systems based 

on Cu complexes of other N−donor ligands.3 Nonetheless, the full potential of transition-

metal mediated aziridination4 has not yet been exploited. This is mainly because the most 

frequently applied nitrene precursor is (N-(p-tolylsulphonyl)imino)phenyl iodinane 

(PhI=NTs). This nitrene source easily generates a nitrene ligand at transition metal catalysts 

(M=NR) for subsequent cycloaddition to olefins. However, the synthesis of PhI=NTs is a 

high-energy process, and the use of this reagent generates stoichiometric amounts of PhI, 

undesirable from an atom and energy efficiency point of view. Further disadvantages are the 

poor solubility and synthetic limitations to prepare these reagents, thus limiting their 

applicability and the substrate scope. Therefore, less expensive and more effective nitrene 

sources are required, as well as new catalysts that are capable of handling them.5 Organic 

azides are among the most promising and environmentally friendly alternatives, for which a 

large substrate scope is already available. Similar to diazo-reagents, these compounds can 

generate nitrene ligands at transition metals by a simple loss of dinitrogen. This activation 

process is however troublesome in most cases, and quite harsh reaction conditions (high 

temperatures or photochemical activation) are generally required for nitrene transfer from 

organic azides to organic substrates. This makes it difficult to achieve high chemo- and 

enantioselectivities.  

One of the early reports of the use of organic azides in olefin aziridination deals with the 

photochemical activation of tosyl azide (TsN3) in the presence of Cu-based catalysts.6 More 

recently, the potential of thermal catalytic activation of organic azides was demonstrated. 
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Besides some expensive Rh7 and Ru8 based catalysts, metal catalysts based on Fe9, Cu10 and 

Co11 complexes have shown activity in nitrene transfer, including those from organic azides. 

Among the most successful ligands applied in metal-based nitrene transfer catalysis are 

porphyrins. The first metalloporphyrin-catalysed nitrene transfer reactions using iminoiodanes 

as the nitrene source were based on Mn and Fe complexes.12 Only recently, Co(por) systems 

were developed for the activation of organic azides.11,13 Quite remarkably, simple non-

functionalised tetraphenyl-porphyrin (TPP) based systems perform quite poorly in this 

reaction, while porphyrin systems appended with amide-based H–bond donors (such as 3,5-

DitBu-IbuPhyrin and related D2-symmetric chiral porphy-rins) are much more efficient in the 

aziridination of styrenes with tosyl azide (Scheme 1). These systems are among the most 

efficient and cost-effective catalysts for this reaction. This allowed the development of unique 

(por)CoII–based catalysts for aziridination (and C–H ami-nation) using different types of 

azides, including phosphoryl azides, arylsulphonyl azides and trichloroethoxysulfonyl azide.13 

Clearly, the H−bond donating substituents of 3,5-DitBu-IbuPhyrin ligand facilitates the 

reactions, but the reasons behind this behaviour are not fully understood.13b The same holds 

for the exact reaction mechanism of the aziridination reaction.  Understanding these reactions 

in terms of a detailed reaction mechanism, including the effect of the H−bonding on the 

unique reactivity of these systems, will be important for future developments in 

(stereo)selective aziridination reactions with eco-friendly nitrene sources, and should assist in 

expanding the substrate scope to other organic azides and different olefins.  

In this chapter, we present a full and detailed DFT mechanistic study of the CoII(Por)-

mediated aziridination of styrene using the no-substituted CoII(por) as well as the H–bond 

donor appended CoII(PorAmide) systems as simplified models for the experimental Co(TPP) 

 

Scheme 1. Schematic representation of the catalytic olefin aziridination. 
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and Co((3,5-DitBu-IbuPhyrin) 

systems (Figure 1). Before we 

describe the details of this 

computational study, we will first 

summarise the available mechanistic 

information concerning olefin 

aziridination reactions. 

Background and available 

mechanistic information. In general, 

mechanistic studies of the 

aziridination reaction are associated 

with many contradicting reports, and 

the exact reaction mechanism is likely 

strongly dependent on variations in 

the catalyst, substrates and the precise 

reaction conditions. Most frequently, 

nitrene intermediates are proposed as the key intermediates, but such species are difficult to 

isolate or even detect spectroscopically. Hence, it is difficult to conclude from experimental 

data whether the reaction proceeds via a concerted or stepwise nitrene transfer to the olefin, 

and the intermediacy of the nitrene is sometimes even disputed.14 Most of these mechanistic 

studies focused on the use of PhI=NTs as the nitrene source. Reported DFT studies are 

restricted to some examples of Fe15 and Cu.16 

The redox non-innocence of terminal nitrene ligands further adds to the complexity of our 

understanding of these reactions. One-electron reduction of coordinated nitrene ligands by the 

metal (Scheme 2) has been proposed to lead to the formation of ‘nitrene radicals’ in several of 

the open-shell complexes, hence leading to radical-type pathways.16  Understanding the 

(electronic) structure of the ‘nitrene’ intermediate is thus 

important. 

In early studies, Jacobsen et al. studied the effect of 

using differently substituted PhI=NTs and TsN3 nitrene 

sources on the outcome of (diimino)CuI-mediated 

aziridination reactions, and found no effect whatsoever on 

the (enantio)selectivity, which pointed to a stepwise (non-

 

Figure 1. Experimental cobalt(II) porphyrin complexes 
used for nitrene transfer from organic azides to olefins 
(top) and their simplified model systems used in this 
computational study (bottom). 

 

Scheme 2. Redox non-innocent 
behaviour of nitrene ligands in 
open-shell transition metal 
complexes. 
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concerted) radical-type reaction mechanism for this system.6 This result was corroborated by 

the studies of Templeton, through a detailed Hammet-analysis of the influence of substituents 

at the styrene phenyl-ring.17 However, Norrby later pointed out that the mechanisms are 

possibly system dependent, and while radical pathways might be involved for radical 

stabilizing substrates, this might not be the case for other substrates. Theoretical studies of the 

Cu-catalysed alkene aziridination revealed that the most likely mechanism follows a radical 

pathway involving nitrene radical addition to the olefin, leading to N–alkyl radical 

intermediates, which collapse to form the aziridines.16a 

Kinetic data were obtained for isolated (por)RuIV(tosylimido)2 complexes by Che and co-

workers. Secondary deuterium isotope effects revealed hybridisation only at the β-carbon 

atom, which is consistent with a carboradical intermediate generated from a nitrene radical 

intermediate and styrene derivatives.18 The effect of spin delocalisation of the benzyl radical 

moiety was investigated by a kinetic Hammett analysis of varying para-substituted styrenes, 

which clearly required a dual-parameter19 spin delocalisation parameterisation (log kR vs. 

(σmb, σJJ•)) pointing to a radical-type mechanism.18 Recently, Cenini and co-workers 

proposed a concerted mechanism for nitrene transfer from aromatic organic azides (ArN3), 

wherein olefin attack on a cobalt-coordinated organic azide leads to simultaneous C–N bond 

formation and loss of N2.14 The putative nitrene intermediate was proposed to play only a role 

in the formation of side-products.20 The (por)Co mediated reaction proved to be first order in 

catalyst, styrene and ArN3.14 The system dependency of this reaction is clearly illustrated by 

the very different results obtained with MnV(corrole) systems. Double labelling experiments 

with ArI=NTs and ArI=NTsterBu established that the ArI=NTs ligand of 

[(tpfc)Mn(=NTstBu)(ArINTs)] is in fact the nitrene source in this case.21 

It is clear that mechanistic studies of aziridination reactions cannot be generalised, and 

hence we refrain from doing so. In this chapter, we primarily focus on the CoII(por) systems, 

and provide a computational model for the CoII(por)-mediated aziridination of styrene with 

PhSO2N3. The results strongly point to a radical-type mechanism for this system, which 

involves a discrete nitrene radical species as the key intermediate. The computed pathway is 

in fact very similar to the recently proposed mechanism of olefin cyclopropanation with the 

same catalytic systems.22 
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2.2 Results. 

The BP86 functional is generally accurate in predicting the geometries of transition metal 

complexes, 23  and has an excellent performance, especially for 3d metal compounds. 24 

Extensive DFT computational studies of cobalt porphyrins and related cobalamin derivatives 

have shown that Co-ligand bond dissociation enthalpies (BDE) and internuclear distances are 

best reproduced by the non-hybrid BP86. Hence, for reactions in which the making and 

breaking of cobalt-ligand bonds plays an important role, especially in cases where open-shell 

intermediates are involved, the use of BP86 functional is preferred over B3LYP.25 We have 

previously shown that the use of the BP86 functional gives fairly accurate predictions of the 

thermodynamic energies and kinetic barriers associated with catalytic chain transfer26 and 

degenerative radical exchange processes of radical polymerisation reactions controlled by 

Co(por) complexes.27 We, therefore, consistently used the BP86 functional in our studies. The 

reported free energies in kcal mol–1 are obtained from the calculated internal energies at the 

TZVP basis set on all atoms, adjusted for the zero-point energy, entropy, and approximately 

for the condensed phase reference volume (see Computational details section). We used the 

non-functionalised cobalt porphyrin Co(por) as a smaller model of the experimental Co(TPP) 

complex. In addition, we included calculations using the Co(porAmide) model containing a 

2-acetamidophenyl substituted porphyrinato ligand as a smaller model of the experimental 

Co(3,5-DitBu-IbuPhyrin) system, in order to account for effects of hydrogen bonding 

interactions between the sulphonyl moiety of PhSO2N3 and the ligand amide functionalities 

(Figure 1).13b The energy of each of the complexes in their doublet (S = 1/2) and quartet (S = 

3/2) states were compared. For most of the species the doublet state represents the ground 

state, and the discussion focuses on the lowest energy doublet energy surface, unless stated 

otherwise.  

Formation of ‘nitrene’ complexes from CoII(por) and PhSO2N3. We first focused on the 

formation of the ‘nitrene’ species Co(por)(NSO2Ph) from PhSO2N3 and CoII(por). 

Experimentally, cobalt complexes with amide functionalised porphyrins exhibited higher 

activities in aziridination reactions as compared to Co(TPP).13b In view of these higher 

activities, we also investigated the same reactions with the amide-functionalised 

CoII(porAmide) model, in order to study the effect of hydrogen bonding interactions between 

the amide functionality of the porphyrin ligand and the sulfonyl group of the PhSO2N3 nitrene 

source on the rate of ‘nitrene’ formation (Figure 3). 
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The calculated free energies for the reaction of PhSO2N3 

with Co(por) and Co(porAmide) are plotted in Figure 2. 

Generally, CoII(por) systems and their adducts CoII(por)(L) 

have a low-spin d7 doublet (S = 1/2) ground state,28 and 

reaction profiles at the doublet surface make most sense 

based on many experimental observations. Furthermore, 

related DFT calculations reported by Yamada and co-

workers have shown that the contribution of higher (quartet) 

spin states to the cyclopropanation mechanism in reactions mediated by Co(salen) models can 

be neglected,29 even at the hybrid B3LYP level, which is known to favour the stability of 

higher spin states.30,31 Hence, we started all calculations with complexes in their doublet spin 

states. In addition, we also optimised the species in their quartet states to compare their 

energies (species labelled as 4X). 

As for diazo-compounds, organic azides have a resonance structure with a formal negative 

charge on their α–nitrogen atom (Scheme 3), thus allowing coordination of this atom to 

transition metals. The first step of the cobalt-mediated reaction is generally considered to 

 

Figure 2. Free energy changes for the reaction of PhSO2N3 with CoII(por) (black) and with 
CoII(porAmide) involving hydrogen bonding of the sulfonyl group with the amide moiety (dashed). 
Selected bond distances (Å) are presented as well. 

 

Figure 3. Relevant hydrogen 
bonding interactions in 
formation and stabilisation of 
the ‘nitrene’ species. 
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involve the coordination of the α–nitrogen atom 

of PhSO2N3 to CoII(por) species A (4A is more 

than 18 kcal mol–1 higher in energy than 2A). This 

step is slightly endergonic (8.2 kcal mol–1) 

according to the DFT calculations, and leads to 

the adduct B. The concentration of the azide in the experimental system will obviously have a 

large influence on the relative concentration of these species. 

The coordination of the azide decreases the electron density at the α–nitrogen atom of 

PhSO2N3, and stabilizes the Nα–charged resonance structure (Scheme 3, left).  At the same 

time, this will facilitate crossing the transition state barrier for N2 loss (TS1), because the 

azide in the adduct B is no longer linear but prefers a bent structure with an elongated Nα–Nβ 

bond (from 1.25 to 1.64 Å). The energy barrier of the formation of the ‘nitrene’ species is 

relatively high, but accessible (+22.7 kcal mol–1), which is in good agreement with the 

experimental results showing relatively slow reactions and a first order behaviour in azide. N2 

loss affords the ‘nitrene’ species C, in a strongly exergonic process (–21.8 kcal mol–1). This 

species clearly has a doublet ground state. The optimised geometries of the electronically 

excited quartet state 4C are +10–11 kcal mol–1 higher in (free) energy for both the Co(por) 

and the Co(porAmide) models. At the quartet surface, both 4B (+ 26.1 kcal mol–1 relative to 
2A) and 4TS1 (+37.7 kcal mol–1 relative to 2A) are substantially higher in (free) energy than 

their comparative low spin doublet analogues. The formation of the nitrene species C thus 

seems to occur primarily at the low spin doublet ground state energy surface. 

Most interestingly, the H–bond appended Co(porAmide) system has a significantly lower 

transition state barrier TS1 (lowered from +23 to +21 kcal mol–1) for formation of the nitrene 

species C. This is in good agreement with the reported experimental data.13 

Previously, a fully characterised nitrene complex has been isolated upon reaction of 

FeIII(TPP)Cl with PhI=NTs. The nitrene ligand in this complex is bridging between the metal 

centre and a pyrrole nitrogen of the porphyrin.32 The reports of Che18 and Abu-Omar18 for Ru 

and Mn systems suggest further that bis-nitrene species and nitrene-azide species might be 

involved in the aziridination reactions. In this light, we also optimised some terminal and 

bridging (bis)nitrene and nitrene-azide analogues, in order to compare their energy with C 

(Figure 4). From this study, however, it is clear that all of the possible bridging (bis)nitrene 

and nitrene-azide species are substantially higher in energy than C. Hence, C is the more 

likely intermediate to be involved in the aziridination of styrene.33 

 

Scheme 3. Relevant resonance structures of 
PhSO2N3. 
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Electronic structure of the ‘nitrene species’. The SOMO and spin density plots of the 

‘nitrene’ species CoII(por)(N–SO2Ph) and CoII(porAmide)(N–SO2Ph) as calculated by DFT is 

presented in Figure 5. 

According to these calculations, the ‘nitrene’ complexes are actually species with a 

‘nitrene radical ligand’ (Figure 5).34 The unpaired electron resides mainly on the ‘nitrene’ 

nitrogen, i.e. the α–nitrogen of the N–

SO2Ph moiety, and is slightly delocalised 

over the neighbouring cobalt and oxygen 

atoms. Hence, the ‘nitrene ligands’ are 

best described as nitrogen-centred ligand 

radicals {RN•}– (‘nitrene radical 

ligands’) rather than true transition metal 

nitrene moieties in the classic sense. This 

should give rise to radical-type reactivity 

at their nitrogen atoms. 

Nitrene complexes are known to be 

preferred for metals favouring somewhat 

higher oxidation states, and for metals 

that are capable of filling the vacant 

nitrogen orbitals through π-back 

donation. 35  Notable examples include 

 

Figure 4. Relative free energies (kcal mol–1) of several nitrene-azide and terminal and bridging 
(bis)nitrene species as compared to C. 

  

  

Figure 5. Spin density (left) and SOMO (right) plots 
of the DFT optimised ‘nitrene radical’ species 
CoIII(por)(•N–SO2Ph) (top) and CoIII(porAmide)(•N–
SO2Ph) (bottom). 
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nitrene complexes of Ru, Fe,32 Co,36 Cu,37 Mn,38 and Ni.39 Concerning cobalt, paramagnetic 

five-coordinate amido complexes (CoIII–NHSiMe3) have been isolated, which are presumably 

formed from a nitrene intermediate.36a Diamagnetic (closed-shell) nitrenes of cobalt have also 

been reported ([PhBP3]CoIII≡N–ptolyl), which are formed from a closed-shell CoI species.36b 

The presence of substantial spin density at the nitrene is not completely unexpected. The 

approach of the coordinating electron pair at nitrogen pushes the energy of the metal dz
2 

orbital up, and after cleavage of the N–N bond, electron transfer from this d-orbital to the 

empty p-orbital of the nitrene nitrogen can result in the formation of a one-electron reduced 

nitrene ligand, i.e. a ‘nitrene radical’ anionic ligand {RN•}– (see Figure 6 A/B). This is 

similar to the reduction of Fischer-type carbenes by CoII, which we previously reported to be 

important in (por)Co-mediated cyclopropanation reactions.22 

Exactly the same electronic 

structure arises if the bonding is 

considered as a triplet nitrene 

interacting with the CoII(por) 

species (Figure 6C). Formation of 

a Co–N σ–bonding pair from the 

unpaired electrons in the cobalt dσ 

orbital and the triplet carbene sp2 

orbital leaves an unpaired electron 

in the py orbital, effectively 

generating the same nitrene radical 

ligand {RN•}–. Formal oxidation 

state counting leads to a 

cobalt(III)-nitrene radical in each 

case. This redox non-innocent 

behaviour and electron transfer from the electropositive metal centre to the nitrene is of 

crucial importance, because it weakens the Co–N bond and imposes radical-type reactivity to 

the ‘nitrene’ moiety. Somewhat related chromium complex containing a similar nitrogen-

centred ligand of the type {RN•}– was recently disclosed by Lu and Wieghard.40 

Aziridination steps involving addition of the ‘nitrene radical ligand’ to styrene. We tried to 

find transition states for direct reactions of olefins with the PhSO2N3 adduct B, 

Figure 6. Redox non-innocent behaviour of nitrene ligands 
coordinated to open-shell CoIII(por) species (A), a simplified 
bonding scheme (B) and simplified orbital occupation (C) 
explaining this behaviour. 
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CoII(por)(N3SO2Ph), to investigate the possibility of aziridination proceeding via C–N 

coupling between the azide adduct B and styrene with simultaneous dinitrogen loss from the 

coordinated PhSO2N3 moiety, as proposed by Cenini and co-workers.14 Despite several 

attempts in approaching the problem with different constraint-geometry variations, we were 

unable to find such a transition state.41 Therefore, we focused on the ‘nitrene radical’ species 

C as the remaining and most logical nitrene transfer intermediate in the aziridination 

mechanism.  

The computed nitrene transfer mechanism from C clearly proceeds via a stepwise radical 

process (Figure 7). The reaction involves the addition of the nitrogen-centred ‘nitrene radical’ 

C to the olefin, thus generating the Co(por)(N(SO2Ph)–CH2–CHR•) species D.  

Formation of this species is associated with a relatively high transition state barrier (TS2), 

which is somewhat lower for the Co(PorAmide) (∆G‡ = +22.8 kcal mol–1 with respect to C) 

systems than for Co(por) (∆G‡ = +24.1 kcal mol–1 with respect to C). These TS2 barriers for 

formation of D are thus nearly equally high as the TS1 barriers for formation of C, and this 

provides a good explanation for the experimental fact that the reaction is first order in both 

 

Figure 7. Computed pathways for aziridination of styrene. Free energies in kcal mol–1 relative to 
species A (black for Co(por); dashed red for Co(por) quartet states, dashed blue for Co(porAmide). 
The structures and selected bond lengths are for the lower energy species in their doublet states (S = 
1/2). 
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azide and styrene.14 

The 4TS2 barriers for addition of the high-spin nitrene species 4C to styrene at the quartet 

surface (+22.5 and +23.7 kcal mol–1 for Co(PorAmide) and Co(Por), respectively) are very 

comparable to the corresponding TS2 barriers at the doublet surface. However, the high spin 

species 4C and 4TS2 are consistently more than 10 kcal mol–1 higher in energy than their low 

spin counterparts C and TS2 (see Figure 7).   

According to DFT, the species D clearly has unpaired electron spin density at the γ–carbon 

of the ‘alkyl’ moiety (Figure 8). Noteworthy, the cobalt centre of D has undergone a spin-flip 

as a result of the addition of styrene to C, and has transformed from low-spin CoIII (S = 0) to 

intermediate spin CoIII (S = 1).42 As a result, D exists in two possible spin states; a doublet 2D 

(in which the γ–carbon radical is antiferromagnetically coupled to one of the two unpaired 

electrons at cobalt) and a quartet 4D (in which the γ–carbon radical is ferromagnetically 

coupled with the two unpaired electrons at cobalt). The optimised geometries of these spin-

states have nearly equal (free) energies, with 4D being only +2.1 kcal mol–1 higher in (free) 

energy than 2D.  

The unpaired spin density of cobalt is 

partly delocalised over the amido-

fragment (see Figure 8), and 

antiferromagnetic coupling with the 

unpaired electron at the γ–carbon in the 

doublet 2D greatly facilitates the C–N 

bond formation. Accordingly, ring 

closure to give the aziridine adduct E via 

TS3 on the doublet energy surface is 

nearly barrierless (∆G‡ ~ 0.4 kcal mol–1; 

see Figure 7).43 Aziri-dine ring closure 

from 4D requires a preceding spin-flip to 
2D in order to reach TS3. Dissociation of 

the aziridine from E is strongly exergonic 

(–7.8 kcal mol–1 for Co(por); –7.3 kcal 

mol–1 for Co(porAmide); see Figure 9), 

which renders the reaction of C with 

 

 

 

Figure 8. Schematic representation of the two spin 
states of Co(por)(N(SO2Ph)–CH2–CHR•) species (2D 
and 4D; left) (Mulliken spin densities: positive in 
blue, negative in red) and the spin density plot of 
doublet 2D (right). 
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styrene irreversible. The thus formed product is not the most stable form of the aziridine, and 

pyramidal inversion at nitrogen leads to a further free energy gain of 4.9 kcal mol–1. 

Aziridines are ring strained compounds, for which the energy barrier for pyramidal inversion 

at nitrogen is considerably higher than in acyclic amines. However, the barrier for this process 

is generally low enough to occur at room temperature for no substituted aziridines.1 In cases 

where the aziridine nitrogen bears an electronegative substituent (such as in Ts) the inversion 

barrier is much augmented.44 We did not consider the barrier of this process with DFT 

calculations. 

2.3 Summary & Conclusions. 

A radical pathway for the CoII(por)-catalysed aziridination of styrene is proposed on the 

basis of the above computational (DFT) study. The reaction involves several unusual key 

intermediates as summarised in Figure 10. 

The reaction proceeds via a two-step radical addition-substitution pathway, in which the 

redox non-innocent behaviour of the nitrene ligand in intermediate C plays a key role (Figure 

10). The CoII(por) catalyst A reacts with the azide PhSO2N3 to form a transient adduct B, 

which loses dinitrogen (TS1) to form the ‘nitrene’ intermediate C. The electronic structure of 

the ‘nitrene radical’ C is best described as cobalt(III) species with a one-electron reduced 

nitrene ligand or alternatively a triplet nitrene interacting covalently with the doublet 

cobalt(II) centre. This underlines the general importance of redox non-innocent ligands,45 and 

 

Figure 9. Exergonic aziridine dissociation from Co(por)(aziridine) species E and subsequent 
pyramidal inversion at N of the aziridine. Free energies in kcal mol–1 relative to Co(por) species A. 
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the results are in good agreement 

with the proposed mechanisms 

for aziridination with Ru and Cu 

species. 

Radical addition of the 

‘nitrene radical’ C to the C=C 

double bond of styrene yields a 

meta-stable γ–alkyl radical inter-

mediate D. This species (in its 

doublet spin state) readily 

collapses in an almost barrierless 

ring closure reaction (TS3) to 

form the aziridine. Addition of 

the ‘nitrene radical’ C to the 

olefin (TS2) proceeds with a 

comparable barrier as its 

formation (TS1), thus providing a good explanation for the experimentally observed first-

order kinetics in both substrates and the catalyst that was observed experimentally.14  

Interestingly, formation of C is clearly accelerated by stabilisation of C and TS1 via 

hydrogen bonding with the amide-appended porphyrin in the Co(porAmide) model. All 

intermediates following the formation of C are also stabilised by H–bonding, and all follow-

up reaction steps in the reaction of C with styrene proceed with somewhat lower barriers due 

to the presence of this same H–bond donor. The computed radical-type mechanism (Figure 

10) thus agrees well with all available mechanistic and kinetic information, and readily 

explains the excellent performance of the H–bond donor appended CoII(por) systems 

developed in the group of Zhang. The new insights obtained from these studies should shed 

light on how to address further selectivity issues in catalytic aziridination and will aid future 

developments to expand the substrate scope and the design of new catalytic systems. 

2.4 Details of the applied computational methods. 

Geometry optimisations were carried out with the Turbomole program package46 coupled 

to the PQS Baker optimizer47 via the BOpt package,48 at the spin unrestricted ri-DFT level 

using the BP8649 functional and the resolution-of-identity (ri) method.50 We used the SV(P) 

 

Figure 10. Summary of the catalytic cycle for the CoII(por)-
catalysed aziridination of styrene with PhSO2N3. 
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basis set51 for the geometry optimisations of all stationary points. All minima (no imaginary 

frequencies) and transition states (one imaginary frequency) were characterised by 

numerically calculating the Hessian matrix. ZPE and gas-phase thermal corrections (entropy 

and enthalpy, 298 K, 1 bar) from these analyses were calculated. Improved energies were 

obtained with single point calculations at the spin unrestricted DFT/BP86 level using the 

Turbomole def-TZVP basis set.52 Estimated condensed phase (1 L mol–1) free energies, 

entropies and enthalpies were obtained from these data by neglecting the enthalpy RT term 

and subsequent correction for the condensed phase reference volume 

(SCP = SGP + Rln(1/24.5)) for all steps involving a change in the number of species, except 

for steps involving gaseous N2. The energies of each of the complexes in their doublet (S = 

1/2) and quartet (S = 3/2) states were compared. For all species, the doublet state represents 

the ground state, with the quartet states being >10 kcal mol–1 higher in energy (except D, for 

which 4D is only +2 kcal mol–1 higher in energy than 2D). The discussion thus focuses on the 

lowest energy doublet energy surface, unless stated otherwise.   
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Mechanism of Cobalt(II) Porphyrin-Catalysed C−H Amination 

with Organic Azides: Radical Nature and H–Atom Abstraction 

Ability of the Key Cobalt(III)-Nitrene Intermediates 
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Abstract:  

The mechanism of the CoII porphyrin-catalysed benzylic C–H bond amination of 

ethylbenzene, toluene and 1,2,3,4-tetrahydronaphthalene (tetralin) with a series of different 

organic azides (N3C(O)OMe, N3SO2Ph, N3C(O)Ph and N3P(O)(OMe)2) as nitrene sources 

was studied by means of DFT calculations and EPR spectroscopy. The DFT studies reveal a 

stepwise radical formation of the ‘nitrene radical’ intermediates (por)CoIII–N•R (R = –

C(O)OMe, –SO2Ph, –C(O)Ph, –P(O)(OMe)2). The formation of ‘nitrene radical complexes’ is 

predicted by DFT to be exothermic, and hence these species should be detectable in absence 

of other reacting substrates. In good agreement, solution EPR studies show signals with g-

values characteristic for ligand radical complexes and provide, for the first time, the 

experimental characterisation of these ‘nitrene radical’ intermediates. These complexes are 

best described as nitrene radical anion ligand complexes [(por)CoIII{N•R–}], with the 

unpaired spin density almost entirely located at the nitrogen atom of the nitrene moiety. The 

CoIII-nitrene radical complexes were demonstrated to be key intermediates in C–H amination 

reactions, and readily abstract a hydrogen atom from benzylic positions of the organic 

substrates to form close-contact pairs of the formed organic radicals R’• and the CoIII-amido 

complexes (por)CoIII–NHR ({R’• … (por)CoIII–NHR}). These close-contact pairs readily 

collapse, via a virtually barrierless pathway, to produce the CoII-amine complexes (por)CoII–

NHRR’. Additionally, studies of electronically different porphyrin ligands demonstrated that 

the groups at the meso position influence the electronic properties of the metal centre, which 

can be used to control the formation and reactivity of the nitrene intermediate. This study 

further includes mechanistic studies to understand the catalyst deactivation pathways, and 

explains the formation of side-products observed experimentally. 
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3.1 Introduction. 

Direct functionalisation of C–H bonds is of outstanding importance due to its far-reaching 

practical applications as atom-, time- and cost-efficient alternatives to traditional hydrocarbon 

functionalisation approaches, which involve stepwise stoichiometric modifications.1 This has 

led to the development of prominent methodologies for hydrocarbon transformations such as 

palladium-catalysed cross-coupling of C–H bonds,2 C–H insertion of carbenoid and nitrenoid 

species3 as well as a number of efficient protocols for selective modification of non-activated 

alkanes.4 Numerous applications of amines have stimulated an intensive exploration of direct 

C–H amination methods.3,5 These reactions typically employ iminoiodanes (i.e. PhI=NTs),6 

haloamines-T,6a,7 carbamates6a,8 or azides6a,9 as the nitrene sources. Among several catalysts 

that have been tested, the most successful 

ones are still based on expensive Rh3,10 and 

Ru3, 11  complexes, but less costly Mn, 12 

Cu7b,c,d,8c,9j and Fe-based13 catalysts have also 

been reported. Organic azides are among the 

most promising and environmentally friendly 

nitrene sources for these reactions, for which a 

large substrate scope is available. However, 

while most of the known catalysts are quite 

effective with iminoiodanes, currently only a 

limited number of catalysts are capable of 

employing organic azides for C–H amination, which are much more desirable nitrene sources.   

CoII porphyrin catalysts 1 (Figure 1) have attracted considerable attention as a result of 

their unique reactivity in carbene transfer reactions.14 They are also efficient catalysts for 

olefin aziridination employing organic azides as the nitrene source.15 In line with this chapter, 

CoII catalysts have also been reported as efficient catalysts for amination of benzylic C–H 

bonds with organic azides (Scheme 1).9d This reaction proved to be quite sensitive to the 

structure and nature of the employed organic azides, C–H substrates and the catalyst. Whereas 

2,2,2-trichlorethoxycarbonyl azide (CCl3CH2OC(O)N3; TrocN3) was found to be an excellent 

nitrene source (or amination reagent) to produce target amines in high yields, tosyl azide 

(TsN3) demonstrated only modest reactivity; and benzoyl azide (BzN3) and dimethyl 

azidophosphate ((MeO)2P(O)N3) showed no reactivity.9d In addition, the activity of the CoII–

 

Figure 1. Structures of cobalt(II) porphyrin 
catalysts: R = H: Co(por) (1a); R = Ph: Co(TPP) 
(1b); R = C6F5: Co(TF20PP) (1c); R = o-
Cl2C6H3: Co(TDClPP) (1d). 
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based catalysts was rather unexpected. For 

example, the catalysts Co(TPFPP) (1c) and 

Co(TDClPP) (1d), which had previously proven 

to be efficient in C–H amination reactions 

employing bromamine-T as the nitrene 

source,7a were inactive with organic azides. On the other hand, Co(TPP) (1b), which showed 

only rather poor catalytic reactivity with bromamine-T, turned out to be a quite effective 

catalyst for amination employing organic azides. 

Cenini and co-workers reported a kinetic study of Co(por)-catalysed C–H amination 

reaction of benzylic derivatives with aryl azides.9f,g The reaction was found to exhibit overall 

third-order reaction kinetics (first-order in the catalyst, first-order in the azide, and first-order 

in the benzylic substrate). 

A detailed mechanistic investigation is indispensable to gain a better understanding of the 

CoII-catalysed C−H amination reactions, and should assist in addressing further selectivity 

issues. Insight into the key active species of these reactions is of crucial importance to 

understand the influence of the different steric and electronic factors on the rate and outcome 

of these processes, and should aid future investigations to expand the substrate scope and 

design of new efficient catalysts. To the best of our knowledge, the quite specific mechanism 

of amination of alkenyl and aryl C–H bonds is the only example that has been studied 

computationally, that undergoes a different intramolecular pathway than that proposed for 

benzylic C–H amination.11c Additionally, amination of allylic C−H bonds with the azide PhN3 

(which gives rather poor yields and poor selectivity in nitrene transfer/insertion reactions) was 

recently studied in the context of Co(por)-catalysed aziridination reactions.16  Thus, we 

sought for detailed theoretical and experimental mechanistic information about Co(por) 

catalysed C–H amination with organic azides in order to identify the factors that play a role 

during these catalytic reactions. Herein, we present an EPR spectroscopic and detailed 

computational study on the mechanism of the Co(por)-catalysed amination of benzylic C–H 

bonds by a series of different organic azides. The computational investigations include an 

examination on the effect of the electronic properties that the porphyrin ligand of the Co(por) 

catalyst have on the rate-limiting step (via transition states TS1 and TS2) of the catalytic 

reactions. Remarkably, the mechanism we propose herein appears to be rather general, since 

an analogous pathway had also been suggested, although without computational support, for 

non-heme iron-catalysed aliphatic C–H hydroxylation and amination reactions.17  

 

 

Scheme 1. Catalytic C–H amination of 
benzylic C–H bonds with azides. 
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3.2 Results and Discussion 

Below, we will first discuss the detailed catalytic C–H amination mechanism based on our 

DFT computational studies and validate the obtained results with the experimental 

information available to date. On the basis of these DFT results, we will then focus on our 

experimental detection of the proposed key nitrene radical intermediates using EPR 

spectroscopy. The obtained EPR data are reported at the final account of this chapter. 

Computational studies 

Calculations were performed by employing the non-hybrid BP86 level of theory, which is 

shown to give reliable and satisfactory results for related systems.14c,18 As a simplified model 

of the Troc-group, we used the methyl formate substituent (MeOC(O)–). The benzylic C–H 

substrates were modeled with ethylbenzene, which can also be used as a representative model 

for tetralin (1,2,3,4–tetrahydronaphthalene), since the calculated barriers of the rate-limiting 

steps appeared to be very similar for both substrates (see below). Experimentally, yields for 

C–H amination of ethylbenzene and tetralin were reported to be comparable.9d We initially 

used the non-substituted Co(por) (1a, Figure ) complex as a smaller model for Co(TPP) (1b), 

which has been reported to be an efficient catalyst for the amination of benzylic C−H bonds.9d 

We further expanded our study to include electronically different porphyrin ligands (variation 

of the substituent at the meso-phenyl groups) for a selection of the key steps of the 

mechanism (vide infra). 

We will first discuss the amination of ethylbenzene with methyl azidoformate, a model of 

the TrocN3, which was experimentally shown to be an effective nitrene source for C–H 

amination. We will then present the computational pathways with phenylsulfonyl azide, 

benzoyl azide and dimethyl azidophosphate, which were found experimentally to be less 

effective nitrene sources. Finally, we will present the influence of different porphyrin ligands 

on the catalytic activity of Co(por)-based systems in the C–H amination reaction.  

Nitrene insertion into C–H benzylic bond of ethylbenzene. The activation step of methyl 

azidoformate (2a) by Co complex 1a involves coordination of the α–nitrogen of 2a to the CoII 

centre (Scheme 2). This process is exothermic by about –1.8 kcal mol–1 (Figure 2). The 

formed azide complex 3a undergoes dinitrogen elimination, leading to formation of the 

‘nitrene’ complex 4a. The activation enthalpy ΔH‡(TS1a) for this step is +12.3 kcal mol–1 
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(Figure 2), which agrees well with the observed 

rates under typical reaction conditions (40–80 

°C). 

The electronic structure of 4a is noteworthy. 

It is found that the ‘nitrene’ complex is actually 

a species with a ‘nitrene radical ligand’, very 

similar to the ‘nitrene radical species’ that were 

recently reported to be the key intermediates in 

olefin aziridination reactions.16,18a This feature 

underlines the general importance of redox non-

innocent ligands in catalysis.20  As illustrated in 

Figure 3, the unpaired electron resides mainly 

on the ‘nitrene’ nitrogen, i.e. the nitrogen of the NC(O)OMe moiety, and is slightly 

delocalised over the neighbouring cobalt and carbonyl oxygen atoms. Accordingly, the 

‘nitrene ligand’ is best described as a nitrogen-centred ligand radical (RN•)− (‘nitrene radical 

anion ligand’). 

This gives rise to clear radical-type reactivity at its nitrogen atom, resulting in effective 

hydrogen-atom abstraction from the benzylic position of ethylbenzene (TS2a, Figure 4). This 

leads to a close-contact (interaction) catalyst–radical pair (5a) of the thus formed benzylic 

radical PhCH•CH3 (R’•) and the CoIII-amido complex (por)CoIII–NHC(O)OMe. Intermediate 

5a provides a decent, but simplified model for the solvent-caged catalyst–radical pair {R’• … 

 
 

Figure 2. Reaction profile (∆H in kcal mol–1) for 
the ‘nitrene radical’ formation from Co(por) and 
azide 2a. 

Figure 3. Spin density plot of the DFT optimised 
‘nitrene radical’ species 4a.19 

 

Scheme 2. Catalytic cycle of Co(por)-based 
C–H amination with azide. 
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(por)CoIII–NHC(O)OMe}, which is expected to play a crucial role in solution (Figure 4). 

Although the computed activation enthalpy for TS2a (ΔH‡ = +6.3 kcal mol–1) is lower than 

the activation energy for formation of the nitrene radical 4a (TS1a = +12.3 kcal mol–1), both 

reactions have quite comparable ΔG‡ values (ΔG‡ (TS1a) = +20.6, ΔG‡ (TS2a) = +17.0 kcal 

mol–1). The energy profile therefore corresponds well with the observed first order kinetics in 

the catalyst, azide and benzylic/allylic substrate reported by Cenini and co-workers for related 

systems in C−H amination of cyclohexene, α-methylstyrene and toluene with p-NO2-C6H4N3 

as the nitrene source,9f,g wherein formation of the nitrene and its subsequent C−H bond 

activation reactivity should both be rate limiting processes.21  The experimental kinetic profile 

for the exact reactions based on the TrocN3 nitrene source has not yet been determined. 

Replacing ethylbenzene with tetralin as the benzylic C–H substrate in the calculations 

results in similar TS2 barrier (ΔH‡ (TS2) = +6.2 kcal mol–1; ΔG‡ (TS2) = +16.7 kcal mol–1). 

As expected, the TS2 barrier for activation of toluene (ΔH‡ (TS2)= +7.4 kcal mol−1; and ΔG‡ 

(TS2) = +18.2 kcal mol–1) is higher than for ethylbenzene and tetralin. This correlates with 

the experimental observation that amination of tetralin is possible using toluene as the 

solvent.9d The energies of the intermediates and the TS3 barrier for the following steps with 

toluene are very similar to those of ethylbenzene, and do not constitute any additional rate 

limiting barriers.  

The catalyst-radical pair {R’• … (por)CoIII–NHC(O)OMe} 5a22 undergoes a very facile 

radical substitution (rebound-type 

reaction), in which the ‘free’ 

benzylic radical back-attacks the 

nitrogen atom of the (por)CoIII–

NHC(O)OMe species to form the 

target amide product 6a (Figure 4). 

This step is essentially barrierless 

at the enthalpy surface (a small 

barrier transition state (TS3a) was 

located at the SCF surface; ∆E‡ = 

+0.1 kcal mol–1). The carbamate 

6a is found to be very weakly 

coordinated to the Co centre and 

its dissociation occurred already 

 

Figure 4. Reaction profile (∆H in kcal mol–1) for the nitrene 
insertion reaction into the benzylic C–H bond of 
ethylbenzene. 
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during the geometry optimisation steps.  

Formation of byproducts. Experimentally, TrocNH2 is formed as a main side product under 

the applied reaction conditions.9d Initially, we assumed that this side product would be formed 

as a result of homolysis of the Co–N bond in the intermediate 5a.9d However, this seems 

rather unlikely on the basis of the DFT calculations. Although the Co–N bond dissociation 

enthalpy (BDE = +39.4 kcal mol–1) is perhaps not particularly high as an absolute value,23 it is 

much higher than the TS1 and TS2 barriers. Therefore, the barriers for side reactions 

proceeding via direct homolytic bond splitting of the Co–N bond of 5a should be at least 

equal to or perhaps even higher than this BDE value, and thus, these side reactions should 

compete poorly. However, hydrogen-atom transfer from a C–H bond at the beta-position of 

the ‘free’ benzylic radical to the amido nitrogen atom in the {R’• … (por)CoIII–

NHC(O)OMe} catalyst-radical pair  5a (a reaction bearing some similarity with radical 

disproportionation by free radicals bearing β-hydrogens) is well supported by the DFT 

calculations (Figure 5). For the radical-rebound step in Figure 4, this reaction is essentially 

barrierless at the enthalpy surface (a small barrier transition state TS4a was located at the 

SCF surface; ∆E = +1.8 kcal mol–1). The productive rebound-steps in Figure 4 and the steps 

leading to byproducts in Figure 5 therefore compete, which is in good agreement with the 

experiments. Even though the processes leading to the target insertion product (TS3a) and to 

the byproduct (TS4a) have similar activation enthalpies, the former is exergonically favoured 

(ΔG‡ (TS3a) of +1.2 kcal mol–1 vs. ΔG‡ (TS4a) of +3.8 kcal mol–1. This explains the fact that 

the insertion product is experimentally the major compound in most cases.9d 

The formation of TrocNH2 via β-

hydrogen abstraction from the benzylic 

organic radical should lead to the 

formation of an alkene byproduct. Indeed, 

experimental reinvestigation of the 

catalytic C–H amination of ethylbenzene 

with GC–MS revealed the formation of 

styrene as a byproduct. 

It is noted that a large amount of 

TrocNH2 was also observed in the 

amination reaction of ethyl phenylacetate 

 

Figure 5. Reaction profile (∆H in kcal mol–1) for 
formation of olefin byproducts. 
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(PhCH2C(O)OEt), which has no C–H bonds at the β-position of its reactive benzylic moiety.9d 

This indicates the existence of another pathway for formation of TrocNH2 byproduct, because 

the pathway depicted in Figure 5 requires the presence of β-hydrogen atoms. In this case, we 

assumed that the formation of the byproduct is due to a subsequent hydrogen-atom abstraction 

from the amine product.  

We modelled this possibility using 6a as the substrate. HAA from the benzylic position of 

6a by the nitrene radical complex 4a, followed by hydrogen atom transfer from the 

intermediate radical to the Co–NHCOOMe intermediate 5’a would lead to the imine 8a 

(Figure 6). The latter most likely decomposes to MeOC(O)NH2 and a corresponding carbonyl 

compound during purification by column chromatography on silica under the applied 

experimental conditions. The abstraction of the hydrogen atom from the benzylic position of 

the amine 6a proceeds with a small TS5a barrier of +4.9 kcal mol–1 leading to the 

intermediate 5’a, which is a close-contact catalyst-radical pair {R’•…(por)CoIII–

NHC(O)OMe} wherein R’• is the corresponding benzyl radical MeOC(O)NHCH•(Ph)Me 

(Figure 6). This step is also thermodynamically favourable with ΔH° = –16.2 kcal mol–1. 

Since the alternative 

abstraction of a hydrogen 

atom from the NH group 

has a rather high barrier 

(+11.9 kcal mol–1), it is 

considered to be much less 

probable24 (Figure 6; for the 

whole reaction profile of the 

NH–hydrogen abstraction). 

Moreover, the intermediate 

9a is found to be rather 

unstable, and should 

undergo a rapid reverse 

interconversion into the 

starting species 4a and 6a. 

In the formed inter-

mediate 5’a, hydrogen atom 

transfer from the amine NH 

 

Figure 6. Reaction profile (∆H in kcal mol–1) for the alternative 
pathway for TrocNH2 byproduct formation involving hydrogen 
abstraction from the amide 6a by nitrene-complex 4a. 
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moiety at the β–hydrogen 

position of the benzylic 

radical to the cobalt-amido 

nitrogen atom then leads to 

the formation of the 

MeOC(O)NH2 byproduct 

and the imine 8a. This 

process is again essentially 

barrierless (a small barrier 

transition state TS6a was 

located at the SCF surface; 

∆E = +0.7 kcal mol–1). 

As shown in Figure 6, 

the formation of the 

TrocNH2 byproduct by 

hydrogen abstraction from 

the final amide 6a has a higher kinetic barrier and is energetically less favorable than the β-

hydrogen atom transfer pathway in Figure 5. Therefore, the pathway in Figure 5 should 

prevail for substrates containing hydrogen atoms at the β-position with respect to the benzylic 

radical. Nonetheless, the alternative mechanism in Figure 6 is a viable pathway for TrocNH2 

byproduct formation in reactions featuring substrates lacking such β-hydrogen atoms. 

Influence of different organic azides. The successful experimental use of TrocN3 as a nitrene 

source raises the question why the other tested azides showed either a rather poor reactivity 

(e.g. TsN3 gave only 32% yield of the target amide) or no reactivity at all (e.g. (EtO)2P(O)N3 

and PhCON3).9d To shed some light on this issue, we carried out quantum chemical 

calculations of the two rate-limiting steps (TS1 and TS2) for phenylsulfonyl azide 2b, 

benzoyl azide 2c and dimethyl azidophosphate 2d (Figure 7).  

While coordination of the azide to Co(por) proceeds as a slightly exothermic reaction for 

phenylsulfonyl azide 2b (ΔH° = –2.2 kcal mol–1) and dimethyl azido-phosphate 2d (ΔH° = –

0.8 kcal mol–1), it is endothermic for benzoyl azide 2c (ΔH° = +4.3 kcal mol–1) (Figure 7). 

The elimination of dinitrogen to form the nitrene radical species 4b–d (Figure 7) is in all 

cases associated with a higher barrier than the analogous reaction with methyl azidoformate 

2a (ΔH‡ (TS1a) = +12.3 kcal mol–1; see Figure 2). The spin density at the nitrogen atom in 

 

Figure 7. Reaction profile (∆H in kcal mol–1) for C–H bond 
amination employing phenylsulfonyl-, benzoyl- and dimethoxy- 
phosphoryl azide as the nitrene sources. 
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species 4a–d depends slightly on the nature of the R group, resulting in somewhat more 

localised radical density at the ‘nitrene’ nitrogen nucleus for species 2a and 2d.19 

Whereas the energy barrier (ΔH‡) of the first step (TS1) is only slightly higher in case of 

phenylsulfonyl azide (ΔH‡ (TS1b) = +12.5 kcal mol–1), TS1 is substantially higher for 

benzoyl azide (ΔH‡ (TS1c) = +16.4 kcal mol–1) and azidophosphate (ΔH‡ (TS1d) = +19.3 

kcal mol–1). Thermodynamically, however, all reactions are exothermic with ΔH° of –21.4 

kcal mol–1 for the formation of phenylsulfonyl derivative 4b, –12.4 kcal mol–1 for benzoyl 

nitrene 4c and –9.6 kcal mol–1 for azidophosphate species 4d, respectively. Interestingly, the 

TS1 barrier seems to correlate with the N(α)–N(β) bond length in the azide (Nα–Nβ bond 

lengths: 1.243 Å (2a); 1.239 Å (2b); 1.240 Å (2c); and 1.236 Å (2d)). Only arylsulfonyl-

derivative 2b is slightly out of this general trend. A longer Nα–Nβ bond distance typically 

indicates a lower bond energy, which in turn should lead to a lower TS1 barrier. 

The activation energy of the second step also differs quite substantially for the studied 

azides (Figure 7). Thus, phenylsulfonyl and benzoyl derivatives have relatively high 

ΔH‡(TS2) barriers of +12.7 kcal mol–1 and +11.0 kcal mol–1, whereas dimethoxy phosphoryl 

nitrene shows a moderate barrier of +6.5 kcal mol–1. While the formation of the benzylic 

radical is exothermic by –5.2 and –7.6 kcal mol–1 for the benzoyl and phosphoryl derivatives, 

respectively, it is slightly endothermic by +1.2 kcal mol–1 for the phenylsulfonyl derivative. 

For the phenylsulfonyl derivative, the combination of a higher TS1 barrier and the 

substantially increased TS2 barrier should make the nitrene insertion reaction quite slow, in 

line with the lower yields observed experimentally. For the benzoyl and phosphate azides, the 

TS2 barriers (second step: H–atom abstraction) are quite low, but the TS1 barriers for nitrene 

radical formation (first step: dinitrogen elimination) are much higher, which explains the poor 

reactivity of these substrates in the C–H insertion reactions. This fact may be attributed to a 

Table 1. Mulliken spin density distributions of the nitrene radical species 4a-d. 

(por)Co(N•R) species BP86/def-TZVP b3-lyp/def-TZVP 

R N Co R Co 

4a MeOC(O)- 74% 18% 95% –6% 

4b PhSO2- 65% 27% 87% 2% 

4c PhC(O)- 58% 26% 84% 0 

4d (MeO)2PO- 66% 27% 90% 0 
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comparatively high Nα–Nβ bond energy of the two latter azides. These data are in excellent 

agreement with the experimental observations.9d 

Co(por) catalysts with different substituents. Intrigued by the variable activity of different 

catalysts, we also carried out a computational study of the two rate-limiting steps (TS1 and 

TS2) for the catalysts 1c and 1d (Figure  and Figure 8). As clearly shown in Figure 8, 

substitution of the meso-hydrogens of the porphyrin ring by electron-withdrawing 

perfluorophenyl and 2,6-dichlorophenyl groups leads to an increase in the TS1 activation 

barrier for nitrene radical formation from +12.3 kcal mol–1 for the unsubstituted Co(por) 

complex 1a to +13.1 and +14.1 kcal mol–1 for 1c and 1d, respectively (Figure  and Figure 8). 

This effect is even more evident for the comparative DFT calculations using the 

experimentally most successful Co(TPP) catalyst 1b, which has remarkably low ΔH‡ (TS1c’) 

of only +10.2 kcal mol–1 (Figure 8). Thermodynamically, all reactions are exothermic 

processes with ΔH° values of –12.7 kcal mol–1 for the formation of 4a’, –12.4 kcal mol–1 for 

formation of 4b’ and –16.4 kcal mol–1 for formation of 4c’, respectively. 

The energies of the second hydrogen-atom abstraction step (TS2) are comparable for all 

the catalysts (Figure 4 and Figure 8) with a ΔH‡ (TS2) barrier of +6.3 kcal mol–1 for both 

Co(TPP) and Co(por) catalysts, and +6.1 kcal mol–1 and +7.6 kcal mol–1 for the 

 

Figure 8. Reaction profile (∆H in kcal mol–1) for C–H amination employing catalysts 1b–d (see 
Figure 1 for the structure of the catalysts). 
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perfluorophenyl- and 2,6-dichlorophenyl-substituted 

porphyrin complexes 4a’ and 4b’, respectively. 

Hence, the electronic influence of the meso-

substituents has a much bigger influence on the first 

TS1 step of the catalytic reaction.  

For efficient formation of the nitrene 

intermediates 4, it seems apparent that a catalyst 

should bear groups with rather mild electron-

withdrawing properties at the meso-positions of the 

porphyrin ring. Groups that are too strongly 

electron-withdrawing (i.e. C6F5– and 2,6-Cl2C6H3–) 

would be ineffective, whereas no substituent at the 

meso-position at all (as in catalyst 1a) would also lead to a decrease in catalytic activity. On 

one hand, electron-withdrawing groups are beneficial for the reaction because they enhance 

the formation of the Co–N bond in the azide adducts 3 and thereby weaken the Nα–Nβ bond 

of the azide, but on the other hand elimination of nitrogen in the transition states TS1 involves 

a considerable oxidation of the metal centre by electron transfer to the nitrene nitrogen. For 

example, in the transition states TS1a’–c’, about 20% of the unpaired electron has already 

been transferred to the ‘nitrene’ nitrogen (Figure 9).25 As strongly electron-withdrawing 

groups at the meso-porphyrin position of the catalyst raise the redox potential of cobalt in the 

corresponding complexes, this hampers the internal electron transfer from cobalt to nitrogen, 

resulting in higher activation energies for nitrogen elimination. Therefore the optimal Co(por) 

catalysts for this reaction must have subtly balanced electronic properties. 

Implications for (optimising) the catalytic reactions. The above computational study 

provides rather detailed answers to central mechanistic questions concerning (por)Co 

catalysed C–H bond amination reactions using organic azides as the nitrene source. These 

insights hint to a window of opportunities in exploring the substrate scope, and seeking for 

the optimal reaction conditions and the best catalysts. These catalytic implications are shortly 

summarised in this section.  

Elimination of dinitrogen from the azide adduct to form the ‘nitrene radical’ intermediate 

(TS1) and subsequent benzylic hydrogen abstraction by this intermediate (TS2) are both 

kinetically important. The effectiveness of an azide as nitrene source is mainly determined by 

the activation energies of these two steps. The poor reactivity of the benzoyl- and dimethoxy-

 

Figure 9. The spin density plot of the 
DFT optimised transition state TS1c’ 
leading to formation of the ‘nitrene 
radical’ species. 
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phosphoryl azides can be attributed to the high TS1 activation barriers for dinitrogen 

elimination. In case of phenylsulfonyl azide, a rather high barrier of the hydrogen abstraction 

step (TS2) is likely responsible for its low reactivity. The lowest combined TS1 and TS2 

barriers for the N3C(O)OMe–based amination are in good agreement with the fact that 

N3C(O)OCH2CCl3 (TrocN3) is the optimal nitrene source in this series.9d Differences in the 

TS2 barriers further determine largely the substrate-, regio- and product selectivities.  

The initial dinitrogen elimination TS1 can be considered as the most challenging step of 

the entire catalytic process. Changes in the structure of the azide as well as the catalyst have a 

large influence on the activation energies of this step. Electron-withdrawing groups at the 

meso-position of the porphyrin ligand of the catalyst enhance the formation of the Co–N bond 

in the azide adducts and thus lower the barrier for N2 loss. However, as elimination of 

dinitrogen gas from the azide adducts effectively involves a partial electron transfer from the 

metal to the ‘nitrene’ nitrogen, the use of groups that are too strongly electron-withdrawing at 

the porphyrin meso-position of the catalyst have a detrimental effect by raising the redox 

potential of cobalt in the corresponding complexes. Cobalt complexes of porphyrins with 

rather mild electron-withdrawing properties thus appear to be the most effective catalysts. 

Further catalyst improvements should mainly be focused on the facilitation of this step, in 

which the redox non-innocence of the nitrene moiety plays a crucial role. Metal complexes 

that enable effective dinitrogen elimination from the azides to generate a nitrogen-centred 

radical are essential. Complexes appended with H–bond donors (e.g. Co(3,5-DitBu-

ChenPhyrin; see Figure 10) are particularly interesting in this respect, and should lower the 

TS1 barriers significantly, as they do in case of related aziridination reactions.18 We expect 

much from catalytic amination reactions with such complexes in the near future. 

EPR spectroscopy 

The above DFT studies, as well as our previous computational investigations,18a reveal that 

the formation of nitrene radical complexes of the type (por)Co(N•R) upon reaction of (por)Co 

species with organic azides is exothermic. Hence (in absence of other reacting substrates), 

these species should be detectable. Quite remarkably, however, they have never been detected 

before, despite their interesting electronic structure. Therefore we decided to study the 

reaction of the porphyrin complexes Co(TPP) and Co(3,5-DitBu-ChenPhyrin) with the 

organic azides p-O2NC6H4SO2N3 and TrocN3 with solution EPR spectroscopy (Figure 10). As 

discussed above, Co(TPP) is an active catalyst for nitrene insertion reactions in C–H bonds, 
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while Co(por) complexes appended 

with amido H-bond donors such as 

Co(3,5-DitBu-ChenPhyrin) are the 

most active catalysts for olefin 

aziridination reactions.15 These 

reactions proceed via similar nitrene 

radical ligand complexes as the key 

intermediates in the catalytic cycle.18a 

Excess of p-NO2C6H4SO2N3 and 

TrocN3 was added to solutions of 

Co(TPP) and Co(3,5-DitBu-Chen-

Phyrin) in D6-benzene, respectively, 

and the solutions were shaken for 10–

30 min at room temperature under an 

inert nitrogen atmosphere. Isotropic solution EPR spectra were recorded on a standard X-band 

EPR spectrometer. Clear and well-resolved EPR signals were detected that are characteristic 

for the nitrene radical ligand complexes (Figure 11). While the isotropic g values are 

clearly characteristic of an S = 1/2 organic ligand-based radical, the signals do show well-

resolved hyperfine coupling patterns with cobalt (I = 7/2). Hyperfine couplings with a single 

nitrogen nucleus are apparent from line shape analysis by spectral simulations. Satisfactory 

simulations were obtained,26 yielding the cobalt and nitrogen hyperfine couplings listed in 

Table 2. 

 

Figure 10. Organic azides and cobalt(II) porphyrin 
complexes used in EPR studies. 

  

Figure 11. (left) Experimental and simulated isotropic EPR spectrum (benzene solution) of 
(TPP)Co(N•p-SO2C6H4NO2) at RT (frequency = 9.38056 GHz; modulation amplitude = 1 G; 
microwave power = 0.2 mW). (right) Experimental and simulated isotropic EPR spectrum (benzene 
solution) of (3,5-DitBu-ChenPhyrin)Co(N•Troc) measured at RT (frequency = 9.3791 GHz; 
modulation amplitude = 0.5 G; microwave power: 0.2 mW). 
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The EPR parameters of (TPP)Co(N•SO2PhNO2) and (3,5-DitBu-ChenPhyrin)Co(N•Troc) 

were also calculated with DFT, based on the simplified models I and II shown in Figure 12. 

The computed EPR data are in qualitative agreement with the experimental data (Table 2). 

Table 2 also includes the computed spin density distribution at the B3-LYP/def2-TZVP level 

of theory.  The nitrogen hyperfine couplings derived from the spectral simulations are smaller 

than those calculated with DFT (especially for II). However, considering the use of these 

simplified gas phase models results are in good agreement.27  

 The obtained EPR results are quite relevant, considering the fact that the Co(por)-based 

nitrogen-centred ligand radicals were never detected before, but frequently proposed as key 

intermediates in nitrene transfer chemistry with Co(por) catalysts. We take these EPR data as 

the first direct experimental evidence for the formation of CoIII–nitrene radical complexes 

upon reaction of Co(por) species with organic azides. The spin density of these species is 

clearly centred on the nitrene ligand (see also Figure 3), which is of crucial importance to 

understand the reactivity of the key nitrene intermediates in the above described C–H 

amination reactions (vide supra) as well as those in 

related olefin aziridination reactions.18a  

3.3 Summary and Conclusions. 

The CoII porphyrin-catalysed amination of aliphatic 

C–H bonds with organic azides has been shown to 

proceed via a multistep radical-type mechanism. 

Coordination of organic azides to the cobalt centre, 

Table 2. Experimentala and DFT calculatedb EPR parameters.  

Compound giso 
Aiso

c ρ (%) d 

Co N Co N 

(TPP)Co(N•p-SO2C6H4NO2) a 2.004 24.8 11.0   

I b 2.008 20.0 14.8 4% 82% 

(3,5-DitBu-ChenPhyrin)Co(N•Troc) a 2.005 19.0 6.0   

II b 2.000 26.8 22.1 0.3% 90% 
a Parameters from spectral simulations. b Orca, B3LYP/def2-TZVP. c Hyperfine couplings in MHz. d Mulliken 
spin density (Orca, B3LYP/def2-TZVP). 

 

Figure 12. Model compounds used for 
EPR property calculations. 
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followed by elimination of dinitrogen (TS1), produces unusual ‘nitrene radical’ intermediates 

(por)CoIII–N•Y that have most of their unpaired spin density localised at the ‘nitrene’ nitrogen 

atom. Formation of these nitrene ligand radical complexes is an exothermic process, and 

hence the DFT calculations predict that nitrene ligand radical complexes should be detectable 

species in absence of other reacting substrates. In good agreement, experimental detection of 

isotropic solution EPR signals with g-values characteristic for ligand radical complexes 

revealing hyperfine coupling with cobalt and a nitrogen nucleus were detected in the spectra 

obtained from (por)Co complexes in the presence of an excess of organic azides. The ‘nitrene 

radical’ intermediates are capable of abstracting a hydrogen atom from benzylic positions of 

the aromatic substrates (TS2) to form close-contact pairs of the thus formed organic radicals 

R’• and the cobalt(III)-amido species (por)CoIII–NHR ({R’• … (por)CoIII–NHR}). These 

close-contact pairs easily collapse in a virtually barrierless fashion (TS3) to produce the 

desired NHRR’ amine products with regeneration of the Co(por) catalyst. Formation of the 

observed R–NH2 byproducts most likely involves β-hydrogen atom abstraction from the 

benzylic radical R’• in the close-contact radical-catalyst pair {R’•… (por)CoIII–NHR} 

intermediates to form an olefin and (por)CoIII–NH2Y. This olefin byproduct forming process 

is also essentially barrierless and should compete with the desirable collapse of {R’• … 

(por)CoIII–NHR} to form the amine products. Olefin formation via this radical-type β–

hydrogen elimination has been confirmed experimentally. Elimination of dinitrogen from the 

azide adduct to form the ‘nitrene radical’ intermediate (TS1) and subsequent benzylic 

hydrogen abstraction by this intermediate (TS2) are both kinetically important.  

The herein reported combined computational and experimental study provides valuable 

information about the intimate reaction mechanism of these intriguing C–H amination 

reactions and shed new light on how to address selectivity issues in catalytic C–H amination 

reactions. This should aid future developments to expand the substrate scope and the design 

of new catalytic systems. 

3.4 Experimental details. 

Computational methods. Geometry optimisations were carried out with the Turbomole 

program package28 coupled to the PQS Baker optimizer29 via the BOpt package,30 at the ri-

DFT level using the BP86 functional and the resolution-of-identity (ri) method.31  We used 

the SV(P) basis set32  for the geometry optimisations of all stationary points. All minima (no 

imaginary frequencies) and transition states (one imaginary frequency) were characterised by 

numerically calculating the Hessian matrix. ZPE and gas-phase thermal corrections (entropy 
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and enthalpy, 298 K, 1 bar) from these analyses were calculated. Improved energies were 

obtained with single point calculations at the DFT/BP86 level using the Turbomole def-TZVP 

basis set.33  Estimated condensed phase (1 L mol–1) free energies and entropies were obtained 

from these data by neglecting the enthalpy RT term and subsequent correction for the 

condensed phase reference volume (SCP = SGP + Rln(1/24.5)) for all steps involving a change 

in the number of species, except for steps involving gaseous N2. 

EPR spectroscopy. Sample preparation: Co(3,5-DitBu-ChenPhyrin)34 and Co(TPP)35 were 

prepared according to published procedures. They were dissolved in dry benzene-d6 and an 

excess of the organic azide was added in a in a N2-filled glovebox, after which the solution 

was transferred into a EPR tube. The samples were shaken for 10–30 minutes before 

measurements. Experimental X-band EPR spectra of these mixtures were recorded on a 

Bruker EMX spectrometer at room temperature located in Nijmegen. The spectra were 

simulated by iteration of the isotropic g values, hyperfine coupling constants and line widths. 

We thank Prof. F. Neese for a copy of his EPR simulation program. Calculated EPR spectra 

were obtained at the DFT B3-LYP/def2-TZVP level with Turbomole-optimised geometries 

using Orca.36 
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Chapter 4 

 

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

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

N
N N

NFeFe =

Fe

NR

X

Fe

X

R-N3

-N2

FePor RN-FePor

A B

R = PhSO2 X = Cl



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

 97 

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. 
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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 
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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). 
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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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Chapter 5 

Towards Controlled Nitrene-Transfer Reactivity Using Co and Fe 

Porphyrin Catalysts. 
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Abstract 

In this chapter we present our comparative mechanistic studies, based on experimental and 

computational studies, using CoII- and FeII-porphyrins as catalysts for the activation of 

organic azides and subsequent nitrene-transfer to styrenes. We focused on the competition 

between 3-membered ring (aziridine) and 5-membered ring (tetrahydropyrrole) formation, the 

influence of the olefinic substrates, and the influence of the type of metallo-porphyrin and 

metallo-porpholactone used as catalyst for aziridination reactions. We found that the Co and 

Fe systems operate via very similar radicaloid mechanisms. Subtle differences in their 

electronic structures lead for Co to a discrete nitrene radical intermediate [(por)CoIII{N•R–}] 

upon activation of the azide, wheras Fe produces a nitrene intermediate with a more covalent 

Fe=NR π-bond, having each of its two π* Fe−N antibonding SOMOs half-filled. While this 

complicates the assignment of metal and ligand oxidation states (resonance structures: 

[(por)FeIV{NR2–}] ↔ [(por)FeIII{N•R–}] ↔ [(por)FeII{NR0}]), the species does contain a 

significant amount of spin density at the nitrene/imido nitrogen. This allows a description of 

its reactivity with styrene to proceed via its [(por)FeIII{N•R–}] resonance form. Radical 

addition of [(por)FeIII{N•R–}] to styrene produces a genuine FeIII γ-alkyl radical, comparable 

to the CoIII γ-alkyl radical intermediate obtained by radical addition of [(por)CoIII{N•R–}] to 

styrene. These results highlight the importance of having discrete spin density located at the 

nitrene nitrogen in (por)MIII{N•R–} species prior to olefin attack (M = Co, Fe), which 

explains the reactivity displayed by these catalysts. Selectivity for formation of the aziridines 

(3-membered ring) vs. tetrahydropyrrole (5-membered ring) arises, from the competition 

between ring-closure and addition of the second styrene moiety. For all catalysts, we found 

almost barrierless ring-closure of the γ-alkyl radical species. Only for metallo-porpholactones, 

the barrier for the addition of the second unit becomes comparable to the ring formation 

barrier, and thus energetically competitive. Experimentally, tetrahydropyrrol formation is only 

observed when using metallo-porpholactones as catalysts and p-MeO-styrene as a substrate. 

In good agreement, also in the computational studies, the use of p-MeO-styrene further lowers 

the activation barrier for addition of the second styrene moiety, and in case of the Fe-

porpholactone catalysts this path is nearly barrierless. 
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5.1 Introduction. 

Nitrogen containing molecules are abundant in nature and their importance in biological 

systems has been widely documented.1 Therefore, metal catalysed nitrene/imido transfer 

reactions, such as aziridination of alkenes, sulfimidation of sulfides and amination/amidation 

of alkanes are important applications in organic synthesis. Nitrenes display important 

chemical reactivity and their capacity to insert into various bonds makes them attractive for 

the synthesis of nitrogen containing molecules. The ability of metal complexes to catalyse 

nitrene transfer reactions, demonstrated at the end of the 1960’s2, brought attention to the 

field. Since then, research on synthesis of N–functionalised molecules has focused on 

methodologies for practical applications and it was the introduction of the hypervalent iodo 

precursors (i.e. PhI=NR) that led to a substantial expansion of the field. Following the 

pioneering work on nitrene-transfer reactions by MnIIITPPCl and FeIIITPPCl as heme model 

catalyst and PhI=NTs as the nitrene source described by Breslow in the early 80’s,3 other 

metal complexes based on Rh,4 Ru,5 Fe,6 Cu,7 and Co8 have been applied for nitrene transfer 

reactions, leading to development of important synthetic methodologies for the synthesis of 

N-containing products.  

While most of the systems employ the 

high energy PhI=NR substrates, only a 

limited number of nitrogen-transfer 

catalysts are capable of employing more 

desirable organic azides as substrates. 

Among the examples with a broader scope 

in organic azides, CoII porphyrin have been 

shown to be efficient catalysts for olefin 

aziridination and amination of benzylic C–

H bonds with organic azides (Scheme 1). The mechanism followed by the Co systems follows 

a multistep radical type mechanism (see Chapter 2 and 3).9 These reactions proved to be quite 

sensitive to the structure and nature of the employed organic azide, C–H or alkene substrate, 

and catalyst. 

Early biomimetic applications of perhalogenated metallo-porphyrins were developed and 

these systems provided robust catalysts with enhanced activity in catalytic reactions such as 

hydroxylation by dioxygen.10 An advantage of these electron-deficient ligands is their ability 

 

Scheme 1. Nitrene transfer reaction catalysed by 
metallo-porphyrins. Top: aziridination. Bottom: C–
H amination. 
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to stabilise the more reduced species (i.e. ferrous state for iron) and a decreased reactivity 

towards O2, making the catalyst more stable towards highly oxidizing reagents. Applications 

of iron porphyrin systems in nitrogen transfer reactions are so far limited, with few literature 

examples and only recently the application of perhalogenated Fe metallo-porphyrins has been 

extended to C–N bond formation.11 Remarkably, the substitution of H– for F– at the phenyl 

rings on the meta- positions increased the activity of Fe-porphyrin systems, leading to good 

yields in C–H bond activation and aziridination. Moreover, modification of the macrocycle 

(going from porphyrins to porpholactones or polycarbene cycles) has a positive effect on the 

activity of the Fe catalysts.11,12   

Mechanistic aspects concerning formation of the intermediate nitrene/imido species have 

been debated since the early developments of nitrene transfer reactions using metallo-

porphyrins. Only recently, characterisation of the intermediate and mechanistic studies have 

shed some light on the nature of these intermediates and the mechanism by which they are 

formed. 5g,9,13 However, nitrene-transfer reactions seem to be quite sensitive to the metal, the 

ligand, and the substrate. The presence of radical intermediates and redox cooperativity of the 

ligands appear to be important in the reactivity of many of the examples reported in literature 

(see Chapter 1). The lack of more general models in nitrogen-transfer reactions has motivated 

us to investigate the comparison of the mechanistic features of different metal centres in these 

porphyrin based catalysts. This information can provide a more accurate description of the 

factors influencing the catalytic process and should further aid the development of new 

catalytic systems. Additionally, a recent observation made by Zhang et. al. suggest that is 

possible to form 5-membered rings (tetrahydropyrroles) in reactions between electron-rich 

olefins and a nitrene source catalysed by iron-porpholactone complexes.11b This reactivity was 

so far unknown and potentially provides a new and interesting way of synthesizing 5-

membered ring compounds. In that perspective, we became interested in the mechanism 

behind these reactions, which is important for further developments. We were particularly 

interested in (1) the competition between 3-membered ring (aziridine) formation and 

5-membered ring (tetrahydropyrrol) formation; (2) the influence of the olefinic substrates; and 

(3) the influence of the type of metallo-porphyrin and metallo-porpholactone used as catalyst 

(Co versus Fe, with or without electron-withdrawing groups) on the outcome of these 

reactions. Herein, we present our comparative mechanistic studies based on experimental 

results and computational studies. 
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5.2 Results. 

Experimental catalytic studies on nitrogen-transfer reactions.  

On the basis of the different yields and reaction conditions that have been reported for 

different metallo-porphyrin systems, we decided to evaluate the Fe and Co complexes 

depicted in Figure 1 under the same reaction conditions in order to have a precise picture of 

the factors that play a role in the activity of such systems. 

We evaluated the activity of M(TPP), M(TF20PP), and M(TF20PPL) complexes (M = Co, 

Fe) in the formation of the 3-membered aziridines ring and the 5-membered  tetrahydro-

pyrrole (THP) ring from styrene and tosyl azide (TsN3) (Scheme 2 and Table 1). The 

porphyrin complexes M(TPP) and M(TF20PP) were compared with the porpholactone14 

complexes M(TF20PPL) because of the reported increased activity of the latter in these 

reactions. From data reported in literature, optimal catalytic results are expected for the Fe-

catalyst using dichloroethane (DCE) as the solvent, while in general the activity of cobalt is 

enhanced using the less polar solvent chlorobenzene (PhCl).15 These results are confirmed by 

our observations; the use of DCE considerably reduces the already modest activity of CoTPP, 

and the iron systems show no activity when using PhCl instead of DCE.  

Most notably, the 3-membered aziridine ring product was formed as the dominant product 

when using styrene as the substrate (Table 1, 4th column) and no THP was detected, 

irrespective of which Fe or Co catalyst was used. Formation of the 5-membered ring product 

(THP) was only detected when using the electron rich olefin p-MeO-styrene (5th column), and 

 

Figure 1. a) Metallo-porphyrin and metallo-porpholactone catalysts used in this work. b) 1, 2, and 3 
models used in the DFT studies. 
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only when using the porpholactone complexes 3Fe and 3Co.  

The catalytic observations in Table 1 correspond well with the reported data, and can be 

rationalised in the following manner:  

 (1) For the Fe-systems, the improved activity when using the aprotic, high dielectric 

constant solvent DCE is used can probably be explained by an easier reduction of FeIII to FeII 

in this solvent (See chapter 4).16 This is a likely requirement for catalytic activity.  

(2) Halogenated substituents on the porphyrin or porpholactone ring lead to enhanced 

catalytic activity only in the case of Fe, but not for Co (where it was reported to have a 

negative influence in the TS1 barrier; see chapter 3), again suggesting that the electron 

 

Scheme 2. Formation of 3-membered aziridine rings and 5-membered tetrahydropyrrole rings from 
styrenes and TsN3 catalysed by metallo-porphyrin and metallo-porpholactone complexes. 

Table 1. Aziridination of styrenes catalysed by metallo-porphyrins and metallo-
porpholactones.a 

 Substrate Styrene p-MeO-styrened 

 Productc Aziridine Tetrahydropyrrole 

Entry Catalyst Solvent Yield b Yield b 

1 1Fe DCE 50 -- 

2 2Fe DCE 70 -- 

3 3Fe DCE 95 20 

4e 1Co PhCl 18 -- 

5e 2Co PhCl -- -- 

6 3Co DCE -- <5f 

a Reaction conditions: alkene (0.6 mmol), azide (0.2 mmol), catalyst (0.001 mmol) in 2 ml 1,2-DCE 
at 80 ºC for 18 hr under an inert (N2) atmosphere using 4Å molecular sieves. b Determined by crude 
1H NMR. c When the aziridine was detected, no tetrahydropyrrole was detected. d Tetrahydropyrrole 
was observed only when using p-MeO-styrene; all other olefins used produced only aziridines and 
no tetrahydropyrrole. e Data taken from ref 8d and 15, experiments carried in DCE gave no 
conversion. f 0.004 mmol catalyst. 
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withdrawing groups primarily facilitate reduction of FeIII to FeII. As a direct result of their less 

negative reduction potentials, the Fe(TF20PP) and Fe(TF20PPL) systems are expected to 

generate higher FeII concentrations under the applied catalytic conditions.17 There seems to be 

a clear relation between the redox potentials of the FeIII/FeII couple of compound 1Fe, 2Fe, and 

3Fe (–0.89, –0.62, and –0.66 V vs Ag+/Ag for 1Fe, 2Fe, and 3Fe, respectively, moving in the 

expected direction with increasing electron-accepting properties of the porphyrin ligand) and 

their catalytic activity.  

(3) For the cobalt systems, a non-coordinating mild polarity solvent seems to be required to 

enhance the lifetime of the radical intermediate. Since these systems do not require a pre-

activation step, involving reduction of MIII to MII prior to azide activation, electron-

withdrawing groups have only a negative effect on the catalytic activity because the actual 

azide process involves electron transfer from the metal to the nitrene moiety (see Chapter 3). 

This leads to a higher energy barrier for TS1-2Co compared to TS1-1Co.17 

We were intrigued by the fact that the use of the porpholactone complexes 3Fe and 3Co in 

reactions with the electron rich p-MeO-styrene substrate led to the formation of the 

5-membered tetrahydropyrrole ring compound, while aziridines were not detected under these 

conditions. This point will be addressed in detail in the computational study described below. 

Computational studies.  

Our previous DFT studies on aziridination and C−H amination reactions with cobalt 

porphyrins and those of related cobalamin derivatives have shown that Co-ligand systems are 

best reproduced by the non-hybrid BP86 functional rather than hybrid functionals such as 

B3LYP.18 We therefore consistently used the BP86 functional at the spin unrestricted DFT 

level as implemented in the Turbomole package. We first investigated the formation 

mechanism of the Fe=NR intermediates by DFT methods. The results are described in 

analogy with the previously reported data obtained for analogous Co-systems. In the 

experimental systems, the halogenated porphyrins in Fe-systems give higher yields than the 

non-halogenated ones, while the reverse is observed for the analogous CoII-porphyrin systems 

(vide supra). 9b Therefore, we included the effect of different porphyrin substituents in our 

studies. The non-substituted metalloporphyrins 1 act as a model for experimental metal-

tetraphenylporphyrin [M(TPP)] complexes. Full atom models 2 were used to explore the 

effects of halogenated substituents (aryl groups) on the meta-position of the porphyrins 

(Figure ). Additionally, we explored the effect of changing porphyrin 2 to porpholactone 3. In 
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experimental studies, this has a remarkable influence 

on the activity of comparable Fe-systems. In 2012, 

Zhang11b and coworkers reported the aziridination of 

olefins with 1 mol% of [FeIII(TFPPL)Cl] (TFPPL = 

tetrakis(pentafluoro-phenyl)porpholactone)14 as the 

best catalyst.  

Nitrene formation with substituted Co- and Fe- 

porphyrins. We first investigated the influence of 

different porphyrin substituents on the activation of 

organic azides by Fe-porphyrins and Fe-porpho-

lactones (Scheme 3). From the results presented in the previous chapter, it is clear that the 

reduced form of the iron-catalyst (ferrous porphyrin) has markedly lower transition barriers 

than the oxidised catalyst (ferric porphyrin), thus leading to increased activities (See chapter 

4). Nonetheless, we included both FeII and FeIII systems in our studies to investigate the 

influence of the aryl groups on the transition state barrier for formation of the nitrene/imido 

 

Scheme 3. Activation of organic azides 
by metallo-porphyrin and metallo-
porpholactone complexes leading to 
nitrene formation. 

Table 2. Free energies for nitrene formation with Fe-porphyrins and Fe-porpholactones with different 
multiplicities and oxidation states. 

Species Complex 

∆Gº (kcal mol–1)a 

FeII FeIII 

S = 0 S = 1 S = 1/2 S = 3/2 

A 

1Fe +12.3 0 +8.1 0 

2Fe +10.9 0 +4.9 0 

3Fe +11.3 0 +4.3 0 

TS1 

1Fe +20.9 +15.8 +31.4 +37.7 

2Fe +21.6 +17.2 +29.5 +37.3 

3Fe +21.2 +17.1 +30.4 +37.0 

C 

1Fe -24.2 -26.4 -4.7 -2.6 

2Fe -22.1 -24.1 -5.5 -2.3 

3Fe -20.9 -22.7 -6.0 -2.0 
[a]Free energies corrected for the condensed phase reference volume in a Trouton-like approach. 
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complex (TS1Fe; Table 2). For FeII slightly higher barriers are observed for halogenated 

porphyrins 2Fe and 3Fe (∆G‡ ~2 kcal mol–1; Figure 2), and this behaviour has also been 

observed for Co-porphyrin systems (see Chapter 3). The electron-withdrawing groups seem to 

hamper electron-transfer from MII to MIII to the nitrene/imido nitrogen atom formed in the 

process.9b Coordination of the azide prior to its activation, involving a discrete intermediate B 

(Figure 10 in chapter 2) may not be a strict requirement. Although optimisation at the SV(P) 

level led to convergence to minimum B, optimisations using the larger functional (def2-

TZVP) did not support coordination of the azide. While this may be counter-balanced by 

attractive Van der Waals interactions, not included in DFT, a more detailed study is required 

to explore this phenomenon. This is beyond the scope of the present study, and hence we will 

not discuss complex B. In any case, formation of the Fe-nitrene/imido species is a 

combination of approach of the α–nitrogen atom of the azide to the metal centre followed by 

N2 loss (Scheme 3).  

The calculated thermodynamic parameters associated with formation of iron nitrene/imido 

complexes at different spin state surfaces and using complexes in different oxidation states 

are summarised in Table 2. For FeII, the most populated spin state in all three models is the 

intermediate spin (S = 1) system.19 Species derived from S=0A have a considerably higher 

energy compared to species on the pathway from S=1A in case of FeII (10 kcal mol–1 

difference). For FeIII, although to a lesser extent, the doublet pathway is also higher in energy 

than the quartet pathway (5–8 kcal mol–1), consistent with previous studies.19,20 The FeII 

pathway on the intermediate spin (IS) triplet surface (S = 1) has lower energy barriers than the 

Figure 2. Energy profile for the formation of nitrene species C with FeII and FeIII in the low spin (LS; 
S = 0 or S = 1/2) and intermediate spin (IS; S = 1 or S = 3/2) states, respectively. Energies corrected 
for the entropy using a Trouton-like approach (6.2 kcal mol–1). 
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pathway on the low spin (LS) singlet surface (S = 0). This is not the case with FeIII, for which 

formation of species C can proceed via the close lying doublet (S = 1/2) and quartet (S = 3/2) 

spin state surfaces. For FeIII an inversion of spin state stability occurs upon nitrogen release, 

leading to lower free energies of 1/2TS1 and 1/2C compared to 3/2TS1 and 3/2C (See Table 2 

and Figure 2). However, this does not affect the fact that the energy barriers TS1 are 

remarkably higher for FeIII (both spin states) than for FeII (1/2TS1 > 1TS1, ~10 kcal) for all 

porphyrin and porpholactone models studied here, in agreement with the findings described in 

Chapter 4. These results, combined with the experimental catalytic studies presented in the 

previous section and the results described in Chapter 4 all point to the importance of reduction 

of FeIII to FeII as a prerequisite for catalytic activity. Hence, we concluded that the mechanism 

by which the Fe-complexes operate proceeds via FeII complexes.  

For the computed reaction sequences for aziridination and THP ring formation, we 

calculated the pathways on both the triplet and the open-shell singlet spin surface. In most of 

the cases, the triplet energies of the intermediates are lower in energy (exceptions are 

mentioned in the discussion) and in all cases the barriers on the triplet surface proved to be 

significantly lower than on the open shell singlet surface (see experimental section for 

complete data). Therefore, we restrict further discussions to the lowest-energy triplet surface, 

which should represent the preferred reactivity surface of the Fe-porphyrins and Fe-

porpholactones (see Chapter 4, Figure 2 and Table 2).  

In chapters 2 and 3, we investigated the radical-type mechanism of CoII-porphyrin 

mediated activation of azides.9 The 

formation of the nitrene radical 

intermediate was described by DFT 

calculations as an exergonic process (∆Gᴼ 

~ 17 kcal mol–1) and we were able to 

characterise the CoIII-nitrene radical 

(TPP)Co((N•SO2C6H4p-NO2) and (3,5-

DitBu-ChenPhyrin) Co(N•Troc) species 

with EPR techniques (Chapter 2 and 3). In 

line with these findings, we were also able 

to characterise with spectroelectrochemical 

techniques the exergonic (∆Gᴼ ~ 26 kcal 

mol–1) formation of Fe-nitrene/imido 

 

Figure 3. Free Energy (∆G‡) profile for the 
formation of nitrene species C for CoII.  Energies 
corrected for the entropy using a Trouton-like 
approach (6.2 kcal mol–1). 
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complex [TPPFe=NTs] starting from FeII (see Chapter 4). In analogy with these data and 

based on our theoretical models, we propose that in all cases reduction of the ferric 

precatalysts to the active ferrous species (S=3/2AFe(III) + e → S=1AFe(II)) is crucial for activation 

of the azide. This leads to a similar mechanism for the formation of the complexes S=1C-1Fe, 
S=1C-2Fe, and S=1C-3Fe, with comparable energy barriers S=1TS1 for all three iron porphyrinoid 

models studied herein, which partially parallels the cobalt-mediated pathway.  

We further investigated the influence of the porphyrin/porpholactone structure on the 

activation barriers for nitrene formation at the cobalt systems. While the electron withdrawing 

–C6F5 groups of 2Co have a rather small influence on the TS1 activation barrier compared to 

the barrier from non-functionalised 1Co (∆G‡ +20.3 vs. +21.0 kcal mol–1 for S=1/2TS1-1Co 

compared to S=1/2TS1-2Co), moving from a porphyrin to a porpholactone has a much larger 

influence for cobalt. For porpholactone complex 3Co the S=1/2TS1-3Co barrier is considerably 

higher in energy (+30.3 kcal mol–1) than the comparative barriers S=1/2TS1-1Co and S=1/2TS1-

2Co. This is a result of the lower energy of the HOMO orbital of the starting species A, which 

hampers electron transfer to the organic azide during nitrene formation required to form 

C.14,21 

The above results can be summarised 

in the following manner: efficient 

formation of the nitrene intermediate 

requires catalysts which bear mild 

electron-withdrawing groups to favour 

coordination of the azide substrate, but it 

is of crucial importance that these groups are not too strongly electron-withdrawing because 

this hampers charge transfer from the metal to the substrate during formation of the nitrene 

intermediate (See chapter 3). An important difference between the Co- and Fe- systems is the 

electronic structure of species C. While the (por)CoIII-nitrene complexes CCo bear a nitrene 

centred radical, (por)Fe-imido complexes CFe have nearly covalent Fe-N π-bonds with two 

half-filled (near covalent) π*-based SOMO orbitals (See chapter 4). This leads to a resonance 

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

([(RN=FeII(por2–)] ↔ [R•N=FeIII(por2–)] ↔ [RN2–=FeIV(por2–)]), but the nitrene/imido ligand 

does bear substantial radical spin density (see Chapter 4). Hence, also the intermediate FeIII-

nitrene radical resonance form (FeIII-{N•R}–) contributes significantly to the electronic 

structure of this species. See Figure 4. In fact, this leads to interesting radical-type reactivity 

 

Figure 4. Resonance structures of species CFe. 
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of nitrene/imido intermediates generated from FeII-porphyrinoids, somewhat comparable to 

the behaviour of their CoII-analogues.  

Single and double styrene addition to species C: 3-membered versus 5-membered ring 

formation. The electronic structure of species C is such that these species are best described 

as “nitrene radical” complexes for all Co complexes studied (S=1/2C-1Co, S=1/2C-2Co, and 

S=1/2C-3Co). For the iron complexes S=1C-1Fe, S=1C-2Fe, and S=1C-3Fe, the metal and ligand 

oxidation states are not as straightforward to interpret due to the presence of two rather 

covalent Fe–N π bonds (see Chapter 4, Figure 4, and the discussion above). In terms of 

reactivity, however, these species basically react via their FeIII-nitrene radical resonance form 

FeIII-{N•R}– (Figure 4, middle), and accordingly the calculated (unrestricted) DFT pathway 

reveals a step-wise radical mechanism for nitrene transfer from CFe to styrene, somewhat 

similar to the cobalt-mediated pathway. Approach of the double bond of styrene to the nitrene 

nitrogen atom of CFe leads to a migration of spin density from the nitrene moiety to an 

olefinic carbon (benzylic γ–carbon in intermediate D) to form biradical species D (Scheme 4). 

Species D are best described as genuine FeIII-species containing a γ-radical amido ligand 

({NR-CH2-CH•Ph}–), the spin of which is either ferro- (S=1D) or antiferromagnetically (S=0D) 

coupled to the unpaired electron of the low spin FeIII centre (Scheme 4, Table 3, and Figure 

5).  

Overall the mechanistic features of the FeII and CoII pathways bear many similarities, but 

the electronic structure differences between these systems lead to interesting effects. For the 

 

Scheme 4. Species found along pathway for addition of alkenes to Fe- and Co-nitrene radical 
complexes. 
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cobalt systems we previously reported (see Chapter 2) that the energy barrier S=1/2TS2Co has 

the same magnitude as S=1/2TS1Co for styrene (∆G‡ ~20 kcal mol–1) leading to a mechanism 

with two rate determining steps during the reaction of aziridination.22 Remarkably, the 

structure of S=1/2D-1Co species has a doublet ground state (S = 1/2) with a broken symmetry, in 

which two α–spin electrons at cobalt (SCo = 1; dz
2 and *Co–N (dyz–py) orbitals) are 

antiferromagnetically coupled to a β–spin electron mainly located at the γ–carbon of the 

olefin (Sligand = 1/2). This situation arises after radical addition of doublet CoIII-nitrene radical 

species S=1/2C-1Co (with its spin density mostly located at the ‘nitrene’ nitrogen atom) to 

styrene, followed by a low spin (LS) to intermediate spin (IS) transition of the cobalt(III) 

centre.  

Olefin addition to S=1C-1Fe follows a similar path, but with important subtle electronic 

differences. First of all, the reaction starts with an intermediate spin state (S = 1) iron, and the 

metal spin state does not change over the course of this process. Species S=1CFe has two 

unpaired electrons, each located in one of the two Fe=NR π*orbitals (~65% Fe character and 

~35% nitrogen character each, based on spin density calculations; Table 3). Despite the rather 

covalent character Fe–N bond, radical-type addition of the metal-imido moiety of CFe to 

styrene occurs relatively easily. As an example, the process is illustrated for S=1TS2-1Fe in 

Figure 5, showing the changes in spin densities upon approach of the π-orbital of styrene to 

the singly occupied *Fe–N(dyz–py) orbital on the side of the nitrogen (see also Table 3). As a 

result, the C=C double bond of styrene breaks and the *Fe–N(dyz–py) orbital gets fully 

occupied (formally breaking one of the half bond-order Fe–N bonds) in species S=1D-1Fe, 

which allows the radical-type addition to the olefin. This highlights the importance of having 

discrete spin density located at the nitrene nitrogen in CFe prior to olefin attack.  

The resulting electronic structure of DFe is best described as a biradical with its α spin in 

Table 3. Mulliken spin density populations for species S=1CFe, S=1TS2Fe, and S=1DFe. 

 S=1CFe 
S=1TS2Fe S=1DFe 

 Fe NR Fe NR olefin Fe NR olefin 

1 1.36 0.70 1.29 0.43 0.31 0.89 0.18 0.98 

2 1.31 0.73 1.21 0.53 0.30 0.89 0.20 0.96 

3 1.29 0.74 1.24 0.51 0.26 1.01 0.25 0.83 
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the mostly Fe *Fe–N (dxz–px) orbital and another unpaired electron located at the γ–carbon of 

the olefin (Table 3). In contrast with the cobalt system, for species DFe the energy of the 

singlet (S=1D-1Fe with a β-spin in the γ–carbon) and the triplet (S=1D-1Fe with an α–spin in the 

γ–carbon) are almost degenerate (See Figure 5). The associated energy barrier (TS2, ∆G‡ = 

~21 kcal mol–1) for radical addition of CFe to styrene is comparable to the corresponding 

barrier for the (por)Co catalyst (See Figure 6 and Figure 8). However, different from cobalt, 

for iron TS1 is ~5 kcal mol–1 lower in energy than TS2 (roughly two orders of magnitude 

faster), hence TS2 becomes the rate determining step.  

The formation of aziridine adduct (E) through ring-closure from species S=1/2DCo was 

found to be almost barrierless (S=1/2TS3Co) in the cobalt catalysed process (see ref. 9a and 

Figure 7). When iron-porphyrins are used as catalyst the mechanism is quite similar, but ring 

closure to form the aziridine has a higher (but still small) barrier S=1TS3Fe (∆G‡ ~ +4 kcal 

mol–1) compared to cobalt. The difference in energy for cobalt and iron for TS3 seems to be 

an electronic effect, and can in part be explained by the differences in nitrogen radical 

character as determined by the relative atomic orbital coefficients in the SOMO orbitals. The 

multi-radical character of species D arises from (anti)ferromagnetic coupling between the 

unpaired electrons located on the SOMOs determined by the γ–carbon p-orbital and the *M–

N (dxz–px) orbital. During the ring closure, the γ–carbon radical orbital must mix-in with the 

*M–N (dxz–px) orbital, in which the attack occurs from the side of the ‘amido’ nitrogen moiety. 

For Fe, the nitrogen radical character is considerably smaller than for cobalt (18% spin 

density for S=1D-1Fe, and 31% spin density for S=1/2D-1Co; see Table 3 and Chapter 2), which 

likely contributes to a higher barrier. Additionally, the ring-closing process for iron on the 

lowest energy triplet surface requires an energy costly spin flip process (while on the higher 

energy open-shell singlet surface ring closure simply produces a high energy species having 

 

b) 

 

Figure 5. a) Simplified reactivity scheme for TS2Fe representing the addition of the olefin to species 
CFe. b) Isosurface plot (0.08) of the TS2Fe orbital involved in olefin addition to C-1Fe.  
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an unfavourable electronic configuration for FeII, thus contributing to an even higher energy 

transition state barrier). 

Effect of different styrenes on 3-membered versus 5-membered ring formation. As is clear 

from the catalytic studies described in the previous section and data taken from literature, the 

use of p-MeO-styrene as a substrate does not lead to aziridines. Instead, a five membered ring 

(tetrahydropyrrole, THP) was isolated, albeit in rather low yields (<20%). Zhang et al.11b in 

their studies with A-3Fe investigated nitrene transfer reactions to several aryl substituted 

styrene substrates and found that the only substrates that can afford the THP product are those 

with methoxy substituent in the para- and meta-position. In our own experiments, we 

extended the catalytic screening to all our catalysts with Fe and Co and found that also A-3Co 

can form the THP ring (Table ; entry 3 and 6), although it should be noted that a higher 

catalyst loading was necessary than with A-3Fe. It proved impossible to increase the THP 

yields by changing the reaction conditions, and remarkably the expected aziridines were not 

detected when THP was formed. In control experiments, we tested if THP could be formed 

from the aziridine as an intermediate, but the addition of 2-(p-MeOC6H4)-N-tosyl aziridine to 

para-methoxystyrene under the same catalytic conditions did not produce the THP product.23  

To shine some light on this unusual behaviour we decided to investigate the formation of 

THP heterocycles computationally.24 Addition of a second styrene unit to the γ–carbon radical 

a) 

 
 

b)  

c) S=1TS4-1Fe 

Figure 6. a) Normalised (on the resting state species S=1CFe) free energy pathway for alkene addition 
to nitrene species CFe. Solid lines: sequential addition of two alkene units (5-membered ring formation 
via TS4). Dashed lines: ring-closure pathway after the first alkene addition to species CFe (3-
membered aziridine ring formation via TS3). b) Scheme of TS3 and TS4. c) Spin density plot of 
S=1TS4-1Fe. 

Fe

N TS3
O2S

ring-closure
Fe

N
O2S

TS4
2nd olefin add.



Chapter 5 

 130 

of species D (Scheme 4) leading to species E is associated with a relatively low transition 

state barrier (TS4), in fact lower than the first addition (TS2 > TS4 ~5 kcal mol–1). However, 

the TS4 barrier is considerably higher than TS3. As we can see from Figure 6, the energy 

barrier TS4 is remarkably different for the Fe complexes. TS4-2Fe has the highest barrier in 

the series 1–3 (+19.3 kcal mol–1), and compared to TS4-2Fe it is clear that aziridine formation 

is preferred over the addition of D to a second olefin. However, porpholactone 3 has a marked 

influence over TS4-3Fe and clearly diminishes the energy barrier, leading to the smallest 

difference in energy of TS3-3Fe and TS4-3Fe in this series.  

Another factor that needs to be included in the discussion is a comparison between the 

standard gas phase conditions in our model and the actual experimental conditions in solution. 

The theoretical model represents standard gas phase (1 bar; 22.4 L mol–1 each species) free 

energies (∆Go). Experimentally, however, there is a 600 fold excess alkene:catalyst, which is 

far from standard conditions. With such a concentration ratio we need to consider the 

chemical potential (Q), which cannot be neglected in a comparison of the pathways for 

3-membered and 5-membered ring formation. Corrections for the thermodynamic activity will 

strongly affect the TS4 barrier (equation 1) because this pathway is associated with a change 

in the number of species. 

             (1) 

            (2) 

        (3) 

 

 
S=1/2TS4-1Co 

Figure 7. Normalised (on the resting state species S=1/2CCo) free energy pathway for alkene addition to 
nitrene species S=1/2CCo in the sequential addition of two alkene units (5-membered THP ring 
formation). b) Spin density plot of S=1TS4-1Co. 
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The 3-membered ring closure 

pathway from D via TS3, on the other 

hand, is an intramolecular process, and 

hence is not affected in the same manner 

as TS4 by the chemical potential. As an 

estimation (the active catalysts 

concentration is unknown, and the 

substrate:catalyst ratio changes during 

the course of the reaction), the corrected 

intermolecular free energies under the 

applied catalytic conditions corresponds 

roughly to equation 4: 

          (4) 

The thus corrected free energies (∆Gº’ = ∆Gº – 3.8 kcal mol–1) are compared in Figure 8. 

Note that the S=1TS4-3Fe barrier for formation of the 5-membered ring under these conditions 

is low enough and close to compete with the transition state TS3 for formation of the 

aziridines (3-membered ring formation).  

For cobalt the scenario looks slightly different, and larger differences between TS3Co and 

TS4Co
 are observed. As in case for TS4-3Fe, the addition of the second olefin has the lowest 

barrier for catalyst 3Co. However, TS4-3Co is still ~10 kcal mol–1 higher than TS3-3Co after 

correction for the chemical potential. This is in line with results found experimentally. 

Comparison of styrene and para-methoxy styrene as a substrate. The above results clearly 

show that upon switching from the porphyrin complexes 1 and 2 to the porpholactone 

complexes 3 (both Fe and Co), the probability of 5-membered THP ring formation increases. 

For the porphyrin complexes 1 and 2, formation of a 3-membered aziridine ring via TS3 is 

clearly favoured, while THP formation via TS4 becomes competitive with TS3 for the 

porpholactones 3. A further effect of the substrate must play a role, since THP formation has 

experimentally only been detected for para-methoxy-styrene, not for styrene. The electronic 

effects that govern the selectivity are likely dependent both on the reactivity of the radical 

species D and the electronic properties of the olefin. Hence, we investigated also the latter, 

and we sought to find the influence of a para-methoxy group in the styrene substrate on TS4. 

Figure 9 shows the free energies corresponding to the addition of the second olefin, TS4pMeO.  

 

Figure 8. Normalised (on the resting state species 
CFe) chemical potential corrected free energy 
pathway for 3-membered ring and 5-membered ring 
formation. 
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Notably, for all catalysts TS4pMeO (for para-methoxy-styrene) is lower than its counterpart 

TS4 (for styrene). Hence, switching from styrene to para-methoxy-styrene further increases 

the selectivity for the formation of the probability to form the 5-membered THP ring product 

(Figure 9). After correction for the chemical potential, the barrier TS4pMeO-3Fe is very low 

(∆G‡ = +2.6 kcal mol–1). Also in the case of cobalt, the free energy barriers TS4 are lowered 

significantly, which corresponds well with THP formation from para-methoxy-styrene using 

porpholactone catalysts 3 detected experimentally.25 

5.3 Summary & Conclusions 

 Catalytic activation of organic azides and subsequent nitrene-transfer to styrenes using 

CoII- and FeII- porphyrins proceed via related radicaloid pathways. Both for Co and for Fe, the 

a) b) 

 
c) 

d) 
 TS4 TS4pMeO 

S=13Fe +6.3 +2.6 

S=1/23Co +9.9 +4.3 
 

Figure 9. Effect of the alkene in reactivity towards five member ring THP. Addition of the second p-
methoxy styrene to species DpMeO. a) Free energies with no corrections included; b) corrected free 
energies according to eq. 4; c) Enthalpic energies; d) corrected free energies for TS4-3 (styrene) and 
TS4pMeO-3 (p-methoxy styrene) for Fe and Co. 
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reaction involves formation of a discrete nitrene/imido moiety, which undergoes ‘radical 

addition’ to the styrene substrates. The Co systems prefer reactivity on the doublet surface in 

which intramolecular electron transfer from d7 cobalt(II) to the nitrene nitrogen atom during 

activation of the azide surface generates a (por)CoIII-N•R ‘nitrene radical’ intermediate CCo. 

The Fe system reacts in a similar way, but with interesting subtle differences. The FeIII 

precursors must first get reduced to the active FeII species to activate the organic azide, 

leading to the nitrene/imido intermediate CFe, which has near covalent Fe=NR π-bonds with 

an unpaired electron in each of the two antibonding π* SOMOs. Nonetheless, this species has 

a substantial amount of spin density at the nitrene/imido nitrogen atom (~0.35 e– per SOMO 

orbital). Species CFe is, therefore, best described by the resonance structures (por)FeIV{NR2–} 

↔ (por)FeIII{N•R–} ↔ (por)FeII{NR0}. Subsequent reaction of CFe with styrenes is best 

described as a reaction of CFe in its (por)FeIII{N•R–} resonance form to produce 

(por)FeIII{NR-CH2-CH•Ar} species DFe, which contains a γ-radical amido ligand, similar to 

the pathway for cobalt. The Fe systems prefer reactivity on the triplet surface. Formation of 

the nitrene species C from the organic azides is highly exergonic in all cases CoII (∆Gº ~ −15 

kcal mol–1) and FeII (∆Gº ~ −23 kcal mol–1). Addition of styrenes to species CCo (TS2Co) is 

associated with a comparable energy barrier as the barrier for nitrene formation (TS1Co). 

Interestingly, for Fe the energy barrier for nitrene formation (TS1Fe) is calculated to 

considerably lower than the olefin addition step (TS2Fe), hence suggesting that the latter 

should be rate determining.  

The γ-radical (por)MIII{NR-CH2-CH•Ar} species D have a strong tendency to ring-close, 

thus forming the 3-membered aziridine ring compounds. For the porpholactone iron and 

cobalt systems, however, addition of a second styrene moiety becomes energetically 

competing according to DFT, allowing the formation of 5-membered tetrahydropyrrole (THP) 

ring compounds. Experimentally, this reaction is only observed for more electron-rich styrene 

substrates, such as para-methoxystyrene. Also computationally, 5-membered THP ring 

formation from this substrate is more favourable.  

Electron-withdrawing groups at the porphyrin meta-positions influence the computed 

energies barriers. In general, the nitrene formation has a high barrier TS1 is higher (~2 kcal 

mol–1) for porphyrins with polyfluorinated groups at the meta-position. However, does not 

modify the overall mechanistic pathway. The same occurs with porpholactone ligand in 

compounds 3. Overall, the electron-withdrawing groups increase the barriers slightly. For Fe 
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this effect is (largely) compensated by the fact that these same electron-withdrawing groups 

facilitate reduction of FeIII to FeII, thus giving rise to a higher amount of active species. 

5.4 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. All other chemicals were used as received without further purification, 

unless described otherwise. Styrene and p-methoxystyrene were distilled under vacuum 

before use. NMR spectroscopy experiments were carried out on a Bruker AV-400 

spectrometer (400 and 100 MHz for 1H and 13C, respectively) or a Bruker DRX-500 

spectrometer (500 and 125 MHz for 1H and 13C, respectively).  High resolution mass spectra 

(HR-MS) were recorded on a JEOL JMS SX/SX102A four sector mass spectrometer; for 

FAB-MS, 3-nitrobenzyl alcohol was used as a matrix. The UV-Vis spectra were obtained by 

scanning between 180-900 nm in a 2 mm glass cuvette on a Hewlett-Packard 8453 UV-

Visible Spectrophotometer and a Varian Cary 3 UV-Visible spectrometer. 

5,10,15,20-tetrakis-(pentafluorophenyl)-porphyrin (H2TFPP) was synthesised  according the 

procedure of Volz and Schneckenburger 26  5,10,15,20-tetrakis-(pentafluorophenyl)-

porpholactone as synthesised via osmylation  of H2TFPP to form the 5,10,15,20-tetrakis-

(pentafluorophenyl)-2,3-dihydroxychlorin osmate ester bipyridine according the procedure of 

Bruckner.27 5,10,15,20-tetrakis-phenyl-porphyrin (H2TPP) was purchase from Aldrich and 

Fe(TPP)Cl was purchased from strem chemicals and was used with any further purification. 

FeIIITFPPCl. 0.049 g (0.05 mmol) H2TFPP and 0.0814 g (0.5 mmol) of FeCl3 were added to 

a Schlenk flask and dissolved in 10 ml of 4:1 DCM:THF. 0.4 ml of N,N-

diisopropylethylamine (freshly distilled) was added,  and  the  reaction  mixture was heated 

under reflux for 19 hours. The reaction was monitored by TLC (CH2Cl2:hexane = 10:1) until 

the starting material had disappeared. The solvent was evaporated under reduced pressure and 

the metallated porphyrin was washed with 10 ml of water and dried overnight at 80 ºC under 

vacuum. UV-Vis: 351, 412, 506, 569, 643 nm. HRMS  (FAB+) (C44H8F20N4Fe): m/z calc. 

1028.9858, found 1028.9847. 

FeIIITFPLCl. 0.03 g (0.03 mmol)  H2TFPL and  0.045 g (0.28 mmol) FeCl3 were added to a 

Schlenk flask and dissolved in 5 ml of DMF. The reaction mixture was refluxed for 10 hours 

and monitored by TLC (CH2Cl2:MeOH = 100:1) until the starting material had disappeared. 
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The solvent was evaporated under reduced pressure and the metallated porpholactone was 

washed with 10 ml of water and dried overnight at 80 ºC under vacuum. UV-Vis: 387, 413, 

512, 576, 628 nm. HRMS (FAB+) (C43H6F20N4O2Fe): m/z calc. 1046.9600; found 1046.9573. 

CoTPP. 0.50 g (0.8 mmol) H2TPP and 1.64 g (6.60 mmol) Co(OAc)2.4H2O were added to a 

Schlenk flask and dissolved in 10 ml of DMF. The reaction mixture was heated under reflux 

for 5 hours, followed by addition of 20 ml of water. The reaction mixture was cooled to room 

temperature with an ice bath, filtered and washed with 50 ml of water. The product was dried 

in a vacuum oven overnight. UV-Vis:  414, 527, 584, 645 nm. HRMS  (FAB+) (C44H28N4Co): 

m/z calc. 672.1724, found 672.1732. 

CoTFPP. 0.05 g (0.05 mmol) H2TFPP and 0.11 g (0.43 mmol) Co(OAc)2.4H2O were added 

to a Schlenk flask and dissolved in 2 ml of DMF. The reaction mixture was heated under 

reflux for 4 hours, followed by addition of 15 ml of water. Dichloromethane was added, and 

the layers were separated. The reaction mixture was subsequently washed with water, dried 

with MgSO4 and filtered. The solvent from the filtrate was evaporated under reduced pressure 

to obtain the product. UV-Vis: 408, 526, 549 nm.  HRMS (FAB+) (C44H8F20N4Co): m/z calcd 

1031.9840, found 1031.9835. 

CoTFPL. 0.05 g (0.05 mmol) H2TFPL and 0.10 g (0.39 mmol) Co(OAc)2.4H2O were added  

to a Schlenk flask and dissolved in 2 ml of DMF. The reaction mixture was heated under 

reflux for 5 hours, followed by addition of 4 ml of water. The mixture was cooled to room 

temperature with an ice bath, filtered and washed with 10 ml of water. DCM was added to the 

mixture and the layers were separated. The reaction mixture was subsequently washed with 

water, dried with NaSO4 and filtered. The solvent from the filtrate was evaporated under 

reduced pressure to obtain the product. HRMS (FAB) (C43H6F20N4OCo): m/z calc. 1049.9582, 

found 1049.9592. 

General procedure for styrene aziridination / THP formation. 1,2-dichloroethane (2 mL) 

was added to a mixture of alkene (0.60 mmol), azide (0.20 mmol), catalyst (0.001 mmol) and 

4 Å pre-activated molecular sieves (120 mg).  The reaction mixture was heated at 80◦C under 

nitrogen atmosphere for 16 hours, after which the reaction mixture was concentrated under 

reduced pressure. The crude reaction mixture was analysed with 1H NMR. 

Computational methods. 

Geometry optimisations were carried out with the Turbomole program package28 coupled to 

the PQS Baker optimizer29 via the BOpt package,30 at the spin unrestricted ri-DFT level using 
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the BP8631 functional and the resolution-of-identity (ri) method.32 We used the SV(P) basis 

set33 for the geometry optimisations of all stationary points. Stationary points on the potential 

energy surface were characterised as either minima or transition states by the presence of zero 

or exactly one significant imaginary frequency, respectively, in the BP86/SV(P) vibrational 

spectrum, obtained by numerically calculating the Hessian matrix. ZPE and gas-phase thermal 

corrections (entropy and enthalpy, 298 K, 1 bar) from these analyses were calculated. 

Improved energies were obtained with single point calculations at the spin unrestricted 

DFT/BP86 level using the Turbomole def-TZVP basis set.34 All free energy values refer to 

298.15 K and 0.1 MPa (1 bar) pressure. As the reaction does not take place in an ideally 

diluted gas phase, the standard statistical thermodynamic free energy values were corrected 

for all species, except dinitrogen in a Trouton-like approach by adding 6.25 kcal mol–1 

assuming ∆Svap of all liquids to be +21 kcal mol−1.35 For the cobalt complexes, the energies of 

each species in their doublet (S = ½) and quartet (S = 3/2) states were compared. For all 

species, the doublet state represents the ground state, with the quartet states being >10 kcal 

mol−1 higher in energy (except D, for which 4D is only +2 kcal mol−1 higher in energy than 
2D). The discussion in the main text focuses on the lowest energy doublet energy surface, 

unless stated otherwise. For the iron complexes, the energies of each species were calculated 

in their low spin (S = 0), intermediate spin (S = 1) and high spin (S = 2) states for the FeII 

species, and in their low spin (S = 1/2), intermediate spin (S = 3/2) and high spin (S = 5/2) 

states for the FeIII species. In both cases the high spin state showed to be remarkably higher 

than the lower multiplicities. Thus, only the low spin and intermediate spin states are 

discussed in the text. The corrected broken symmetry energies εεBS of the doublets (S = 1/2) or 

the open-shell singlets (S = 0) was estimated from the energy from the energy εS of the 

optimised single-determinant broken symmetry solution and the energy εS+1 from a separate 

unrestricted quartet or triplet calculation at the same level, using the approximate correction 

formula: 36 
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Figure 10. Complete free energy profiles for 1Fe, 2Fe, and 3Fe in their low (S=0) and intermediate 
(S=1) spin state for FeIII (left) and FeII(right). 
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Chapter 6 

 

Rh-Mediated C1-Polymerisation: Copolymers from Diazoesters 

and Sulfoxonium Ylides. 
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Abstract  

In this chapter, we present our investigations of Rh-catalysed C1 (co)polymerisation 

reactions using carbene units as monomers. We demonstrate here, for the first time, the use of 

transition metal catalysts in carbene polymerisation using sulfur ylides as the carbene 

monomer precursors. Furthermore, we show that is possible to generate unique diblock 

copolymers from sulfoxonium ylides and diazoesters as the respective carbene monomer 

precursors. This constitutes an entirely new approach to the synthesis of functional 

copolymers. The copolymerisation reactions were successful, and high Mw poly(methylene)-

poly(ester)- carbene copolymers were obtained with a diblock-syndiotactic microstructure in 

decent yields. These copolymers can be used as blending agents to mix polyethylene (PE) or 

polymethylene (PM) with poly(ethyl 2-ylidene-acetate) (PEA). The copolymer properties are 

highly dependent on the functional-group content. Model studies and investigations on the 

influence of the catalyst structure on the obtained polymer yields provide insights into the 

catalyst activation and deactivation processes operative under the applied reaction conditions.  
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6.1 Introduction. 

Polymers bearing polar functionalities are an important class of materials due to their 

beneficial properties with respect to adhesion, paint/printability and miscibility.1 Industrial 

attention on the production of such polymers is almost entirely focused on polymerisation of 

vinylic monomers (C2 monomers).2 However, despite the obvious advantages in terms of 

availability and cost aspects of vinylic monomers, these C2 polymerisation techniques also 

have some important limitations. Examples are the poor stereocontrol of radical 

polymerisation reactions, 3  the generally low reactivity of alkenes (especially ethylene) 

towards radical polymerisation (hampering copolymerisation reactions),4 and difficulties in 

preparing stereoregular (co)polymers from coordination-insertion polymerisation of 

functionalised olefins with (late) transition metals.5 Synthesis of (highly) syndiotactic and 

isotactic (rich) homopolymers of a variety of polar vinyl monomers is possible via living 

coordination-addition polymerisation (metal-controlled anionic polymerisation or ‘group-

transfer’ polymerisation).6 However, these systems also have limitations, among which are 

the ‘stoichiometric’ living character of these reactions (instead of true a catalytic turnover) 

and limitations in polymerisation of 1,2-bis-functionalised C2 monomers. 

C1 polymerisation (carbene polymerisation) offers an interesting alternative synthetic 

approach to polymers that are currently not available via more traditional C2 polymerisation, 

especially if densely functionalised stereoregular (co)polymers are desired.1,5 Polymerisation 

of functionalised C1 monomers is a powerful tool to obtain functionalised polymers with a 

large structural diversity.7,8 Up to now, only a few reports (including diazo compounds and 

ylides) have shown the ability of achieving such polymerisation reactions. The most 

important examples report the use 

of carbenes from either diazo 

compounds or sulf(oxo)nium 

ylides as the C1 monomer 

precursors (Scheme 1). The 

recently reported rhodium-

mediated carbene polymerisation 

reaction developed in our group 

allow the formation of high Mw 

and highly stereoregular polymers 

 

Scheme 1. Illustrative examples of new C1 polymerisation 
techniques: a) Rh-mediated stereoselective ‘carbene 
polymerisation’ and b) boron-mediated ‘poly-homologation’. 
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that are functionalised with ester moieties at every 

carbon atom of the polymer backbone in good 

yields.7 Other interesting examples are the boron-

mediated polyhomologation techniques developed 

by Shea and co-workers, using sulphur ylides as 

monomers, which makes possible to prepare 

polymers with precise control over the nature of the 

end-group functionalities. 9  To the best of our 

knowledge, transition metal-catalysed C1 polymerisation reactions using sulfoxonium ylides 

as monomers were thus far unknown. 

A common feature of these reactions is that the applied C1 monomers, diazo compounds 

and sulfoxonium ylides, can be both considered as carbene precursors (Scheme 2). Hence, a 

combination of these reagents with a suitable C1 polymerisation catalyst may allow 

preparation of co-polymers having both polar functionalised (:CHR) and non-functionalised 

(:CH2) C1 monomers incorporated in the polymer carbon-chain. Such reactions would 

provide an interesting alternative to the use of diazomethane in carbene copolymerisation 

reactions.10 

The boron homologation reactions reported by Shea and coworkers are not compatible 

with the use of polar functionalised reagents. Attempts to (co)-polymerise sulfoxonium ylides 

and ethyl diazoacetate (EDA) with a boron catalyst leads to catalyst deactivation already after 

the second ‘functionalised carbene’ insertion step.9e Transition metal catalysts, especially 

RhI(diene) complexes, perform well in EDA polymerisation to prepare highly syndiotactic 

poly(ethyl 2-ylidene-acetate) (st–PEA). Therefore, we decided to investigate the activity of 

Rh-catalyst in C1 polymerisation employing sulfoxonium ylides as the carbene monomer 

source, aiming at desirable copolymerisation reactions of functionalised and non-

functionalised ‘carbenes’. In principle, such copolymerisation can also be achieved using 

diazomethane as the C1 co-monomer instead of a sulfoxonium ylide,10 but diazomethane is 

highly toxic, inherently unstable, and explosive at higher temperatures and concentrations (in 

marked contrast to the much safer and rather stable diazo esters and diazo ketones11). 

Sulfoxonium ylides are quite stable, non-explosive, less toxic and thereby much safer 

methylene carbene (:CH2) precursors than diazomethane, which makes them much more 

interesting from a synthetic point of view. 

 

Scheme 2. Diazo compounds and 
sulfoxonium ylides as ‘carbene 
precursors’. 
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We therefore decided to study a series of RhI(diene), active in C1 homopolymerisation of 

diazo compounds, to extend the scope of substrates towards other carbene sources, such as 

sulfoxonium ylides. Furthermore, we look into the compatibility of these catalysts towards 

different carbene precursors as alternatives to diazo compounds in carbene copolymerisation 

reactions. We were particularly interested in the use of new carbene precursors capable of 

introducing non-functionalised methylene units that allow us to avoid the use of the well-

known explosive carbene precursor diazomethane. Herein, we describe the preparation and 

characterisation of new homopolymers and copolymers using diazo esters and methylene 

sulfoxonium ylides as monomers in RhI(diene)-mediated reactions. In addition, catalyst 

(de)activation pathways are disclosed. 

6.2 Results and discussion. 

6.2.1 Rh-mediated homo-polymerisation of ‘carbenes’ from EDA. 

We previously reported that [N,O–ligand)RhI(diene)] complexes are catalyst precursors for 

the polymerisation of carbenes from alkyl diazoacetates.7 For all catalysts tested thus far, it 

was demonstrated that the polymeric material PEA has the same well-defined stereoregular 

properties with comparable chain length, albeit produced in different yields.7d Rh(diene) 

catalysts also polymerise acetylenes efficiently, and in these reactions the π-acidity of the 

diene ligand proved to have a clear  influence on the overall electron density at the metal, thus 

favouring the coordination of the substrate and increasing the activity.12 The following section 

will show experiments that were aimed at the understanding of the role of diene ligands 

during the activation of the catalyst in EDA carbene polymerisation. After this section, we 

will present our studies on extending the substrate scope for C1 homo- and co-polymerisation 

using sulfoxonium ylides as monomers.  

Carbene polymerisation reactions with different dienes. Pre-catalysts shown in Figure 1 

were evaluated in carbene polymerisation with ethyl-diazoacetate (EDA) under the same 

reaction conditions for [N,O–ligand)RhI(diene)] complexes already reported.7 In all reactions, 

well-defined st-PEA polymer was isolated by precipitation with methanol followed by 

centrifugation of the reaction mixture. Additionally, some ill-defined oligomer and some 

carbene dimerisation products (diethyl maleate and diethyl fumarate) were obtained as a 

separate fraction after evaporation of the methanol used to precipitate the syndiotactic 

polymer. In some cases, the conversion of EDA was not complete after 16 hours and some 

‘methanol insertion product’ MeOCH2COOEt and remaining EDA were detected (Table 1).  
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We examined a series of [Rh(diene)Cl]2 complexes in order to get a better insight in the 

influence of the π-acidity of the olefin on the performance of the catalysts in carbene 

polymerisation. When the performance of catalysts 1–7 is compared, it seems that the 

electron-deficient olefins have a negative effect on both the total PEA yield and the length of 

polymer. For some of the complexes containing more π-acidic ligands, incomplete conversion 

of EDA was observed. Notably, while the presence of electron-deficient diene tfb in RhI(tfb) 

(tfb=tetrafluorobenzobarrelene) catalysts 6 and 7 and the electron-rich RhI center in catalyst 5 

results in a remarkably enhanced activity in acetylene polymerisation compared to other 

dienes, these catalysts perform poorly in carbene polymerisation. Catalysts 4–7 rapidly 

convert EDA, but produce mostly ill-defined oligomers and dimers rather than st-PEA 

polymer. In contrast to phenyl acetylene polymerisation, complexes with less π-acidic diene 

complexes (catalyst 8–13) perform better in carbene polymerisation.7 Thus, phenyl acetylene 

polymerisation and C1 carbene polymerisation clearly follow entirely different pathways, and 

the diene ligand apparently plays a different role.  

Other experiments performed in our group revealed that pre-activation of the catalyst by 

exposure to an O2 atmosphere leads to an increase in the initiation efficiency.16 Incorporation 

of one oxygen-atom in the polymer-forming active species formed during polymerisation was 

further demonstrated by ESI-MS experiments.7l This demonstrates that oxidation of the 

 

Figure 1. Catalysts evaluated in C1 carbene polymerisation.  
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precatalyst is one method to activate the pre-catalyst for carbene polymerisation. 

Interestingly, the mono-oxygenated species formed by aerobic oxidation of pre-catalyst 12 are 

isomers of the rhodaoxoethane [(R2’C8H10O)RhIII] type species that rearrange to hydroxo 

[(R2C8H9)RhIII–OH]+ allyl-isomers (Scheme 3). 

Additionally, DFT studies showed that the unmodified RhI(diene) complex can be 

activated by oxidative addition of an allylic C–H bond to initiate chain propagation, while the 

unmodified (diene)RhI(alkyl) species should (according to DFT) produce mostly dimers or at 

most very short oligomers due to rapid β–H elimitation.7i-j,13 Hence, the performance of every 

Table 1. Polymerisation of EDA with RhI(diene) catalysts. 

  

Entry Catalyst Conversionb Yield PEA 

(%)c 

Mw 

(kDa)d 

PDI 

(Mw/Mn)d 

Yield Oligomer  

(%)e 

1 1 80 5 765 4.4 21 

2 2 85 3 74 1.7 74 

3 3 78 7 298 1.8 56 

4 4 89 3 23 1.4 58 

5 5 <20 <5 -- -- <20 

6 6 100 7 35 4.4 64 

7 7 100 <5 52 2.4 61 

8 8f 100 20 135 2.2 57 

9 11f 100 50 150 3.6 30 

10 12g 100 30 760 3.6 35 

11 14 100 21 527 9.8h 57 

12 15 100 47 626 10.4h 30 
a General reaction conditions: 2 mmol EDA, and 2 or 1 mol% Rh, 5 mL dichloromethane. b Calculated from the 
1H NMR spectra in chloroform-d3 at r.t. by integration of remaining EDA and the methanol insertion product 
MeOCH2COOEt (conversion can be somewhat overestimated due to the volatile character of these compounds). 
c Isolated yield relative to the total amount of EDA added. d Data collected from soluble fraction at room 
temperature. e Isolated yield calculated from the fraction collected after methanol evaporation and integration by 
1H NMR. f Data taken from ref 7k,l. g Data taken from ref 16. h Multimodal distribution. 
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complex must be directly related to its ability to rearrange to an (allyl)RhIII–Y type species (Y 

= -H, -alkyl, -OH, -OEt) through activation of an allylic C–H bond as the key to achieve 

carbene polymerisation (Scheme 3, anaerobic activation), while the remaining non-modified 

(diene)RhI species should be responsible for formation of the dimers and the ill-defined 

atactic oligomers. The (diene)RhI complexes 1–7 either do not have allylic C–H bonds to 

generate the required (allyl)RhIII–Y species, or are expected to have a much higher energy 

barrier for allylic activation than complexes 8, 9, 10, and 14 (due to enhanced -back 

donation from the metal centre to the electron deficient diene). This explains, in a general 

form, the poor activity of complexes 1–7 in carbene polymerisation.   

Additionally, the molecular weight of the polymer is clearly dependent on the applied 

diene ligand, and the steric bulk around the olefin is shown to have a positive influence on the 

polymer yield.16 Increasing the steric bulk around the olefin should prevent or slow down the 

termination pathways. Thus, we also prepared the new complex 14 that contains a more 

sterically hindered diene ligand. This compound was obtained according to the reaction route 

depicted in Scheme 4.  

Indeed, complex 14 produced st-PEA in comparable polymer yield and with increased 

chain length compared to 8. In fact, complexes 2 and 4–7 produce considerably shorter 

polymer chains as compared to catalysts 14 and 8, again reflecting the negative effect of the 

 

Scheme 3. Chain propagation mechanism of st-PEA via RhIII-allyl species vs. ill-defined oligomer 
formation via β–H elimination/reinsertion with RhI(diene) complexes. 
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diene π-acidity. 

The diene is not the only factor that plays a role in the activation of the catalyst, and also 

the N,O– ligand has an influence on the polymer yield produced in these reactions. It has been 

shown that the use of prolinate as a ligand has a positive effect on the yield of the polymer 

compared to other ligands, while variation of the N,O– ligand hardly influences the length of 

the polymer chain.7d Additionally, [(N,O–ligand)RhI(diene)] complexes are shown to be more 

active in carbene polymerisation compared to [RhI(diene)Cl]2. These ligands seem to 

participate in, or facilitate the catalyst activation process in some manner. This clearly 

demonstrates that the N,O– ligand must be involved in the initiation stage (i.e. formation of 

the active species from the precatalyst) and likely does not bind to rhodium anymore during 

chain propagation. Hence, the ancillary ligand that remains attached to the metal centre during 

catalysis is derived from the diene, and this ligand influences the reaction sequence during 

chain propagation (Scheme 3).  Indeed, the chloride dimer complexes 8 and 10 – 12 produce 

polymer with comparable length as their prolinate analogous complexes 9 and 13 – 15 (see 

Table 1 and ref. 7).  

6.2.2 Rh-mediated homo-polymerisation of ‘carbenes’ from sulfoxonium ylides. 

While boron-mediated synthesis of polymethylene (‘poly-homologation’) is a known 

reaction,9 there are no reports of any TM-mediated ‘carbene polymerisation’ reactions using 

sulfoxonium ylides as carbene precursors. Therefore, we first investigated the ability of 

different RhI(diene) compounds to mediate carbene polymerisation using sulfoxonium ylides 

as carbene precursors. RhI(diene) complexes 8–13 (Figure ) have shown good to excellent 

activities in carbene polymerisation reactions using diazo esters as the carbene precursors, and 

hence we first evaluated the performance of these same catalysts for the synthesis of 

polymethylene from the dimethyl sulfoxonium methylide ylide A (Me2SO2=CH2). These 

 

Scheme 4. Synthesis of the 1,5-di(4-methoxyphenyl)-1,5-cyclooctadiene ligand and rhodium complex 
14. 

N

O O

H
H

dioxane
K2CO3(aq)

PEPPSI

Ar

Ar

Rh
Cl

2

Br

Br

Ar

Ar

14

[Rh(et)2Cl]2

Ar

Ar

Rh

15a

Ar = -p-C6H4OMe

Ar-B(OH)2

et = ethylene

N

O O

H
H

Ar

Ar

Rh

15b

NaOH
MeOH

L-proline



Chapter 6 

 150 

homo-polymerisation studies were aimed at gaining more information about the transition 

metal catalysed polymerisation process with sulfoxonium ylides before actually using these 

same sulfoxonium ylides in co-polymerisation reactions of functionalised and non-

functionalised carbene precursors. 

The catalytic C1 polymerisation reactions of the RhI(diene) compounds 8–15 with 

sulfoxonium ylide A14 as the substrate were carried out in THF under argon (Scheme 5). In all 

cases (except entry 5), the reactions reached full conversion (Table 2), but the different 

catalysts required various reaction times to convert all the monomer. The obtained polymer, 

identified as linear (low Mw) polymethylene (LPM, vide infra for detailed characterisation)15 

and essentially (almost) the same material as linear polyethylene (LPE), was isolated from the 

reaction mixture by evaporation of the solvent, followed by addition of MeOH and filtration. 

The RhI(diene) complexes 8–15 produce, after full consumption of the monomer, 

polymethylene in different yields. As for EDA polymerisation, the carbene polymerisation 

reaction employing sulfoxonium ylide A is also substantially influenced by the applied diene 

as ligand. The best results were obtained with the most bulky dienes 1,5-dimethyl-1,5-

cyclooctadiene (Me2cod) and 1,5-di(4-methoxy)phenyl-1,5-cyclooctadien ((p-

MeOC6H4)2cod) (complexes 9, 12 and 14) (entries 3–5, 8 and 10). The Me2cod and (p-

MeOC6H4)2cod complexes also give higher yields and molecular weights in carbene 

polymerisation of ethyl diazoacetate (EDA) than the corresponding cod complexes, 

suggesting that the polymerisation of methylene (:CH2) generated from A may follow similar 

activation and propagation pathways. However, in contrast to EDA polymerisation, the yields 

are hardly influenced by the presence of the prolinate ligand, and very similar results are 

obtained with the chloride-bridged compounds.  

The higher polymer yields using the Me2cod catalysts 9 and 12 as compared to the cod 

catalysts 8 and 10 suggests that increasing the steric bulk around the metal prevents or slows-

down chain-termination pathways.5b Increased ligand bulk might also hinder the coordination 

 

Scheme 5. Rh–mediated carbene polymerisation using dimethyl sulfoxonium methylide (A) as the 
carbene (:CH2) precursor. 
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of multiple substrates, and thereby slow-down the competing formation of ethene via :CH2 

carbene dimerisation.16 If this is the case, even higher polymethylene yields should be 

attainable by further increasing the steric bulk at the diene ligand. Indeed, (p–MeOC6H4)2cod 

rhodium complex 14 turned out to be the best catalyst for the synthesis of polymethylene via 

Rh-mediated carbene polymerisation. Addition of the ylide to the catalyst in 2 mL of THF 

using a Rh:ylide ratio of 1:100 produced the polymer in 77% yield after 2 days (Table 2, entry 

11). Hence, changing the Me substituent of 9 to a p-MeOC6H4 substituent in 14 (Table 2, 

entries 3, 4 and 10) improves both the reaction rate (full conversion in two days instead of 4–

10 days) and the obtained polymer yield (77% instead of 39–47%). The molecular weights 

produced by 14 are similar to those obtained with 8–13. 

Increasing the reaction temperature from 22 to 60 °C lowers the yield, whereas an 

increased ylide:Rh ratio is beneficial (Entries 2 and 4).17 In general, better yields are obtained 

Table 2. Rh-mediated carbene polymerisation from sulfoxonium ylide A.a 

Entry Cat. Ylide:Rh 
Yieldb 

PM (%) 
Reaction time 

Mw 

(Da) 
Mw/Mn 

Mn 

NMR 

(Da) 

Mn 

GPC 

(Da) 

1 8 50:1 17 17 hours 506 1.976 nd 256 

2c 8 150:1 20 17 hours 1039 3.799 nd 277 

3 9 50:1 39 4 days 1430 3.287 nd 438 

4c 9 150:1 47 10 days 3455 3.355 1778 1092 

5d 9 500:1 24 nd nd nd 1485 nd 

6 10 50:1 18 5 days 1083 2.927 1724 370 

7 12 50:1 15 2 days 1788 1.924 nd 929 

8 12 50:1 37 5 days 1289 3.303 nd 405 

9 13 50:1 28 5 days 450 2.113 nd 213 

10 14 100:1 77 2 days 1719 4.290 1169 815 

11 16 100:1 80 2 days nd nd 1472 nd 
a General reaction conditions: 0.02 mmol of [Rh] catalyst, 2.10 mmol of sulfoxonium ylide A (0.55-0.70 N 
solution depending on the batch), room temperature b After precipitation with MeOH. c 6.30 mmol of 
sulfoxonium ylide A. d Reaction not finished after 3 weeks. 
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with longer reaction times, and the faster reacting catalysts seem to form mostly shorter, 

MeOH-soluble oligomers.  

Screening experiments using solvents other than THF, such as toluene, dichloromethane, 

or chloroform led to formation of only small amounts of short oligomers (C8-C12). This is 

unfortunate, because polymethylene precipitates from THF during the reaction, thereby 

limiting the chain-growth process as the catalyst may (partly) co-precipitate from the solution. 

In the presence of (traces of) water, (partial) hydrolysis of A occurs, and hence rigorous 

anhydrous conditions are required. 

The carbene polymerisation reaction seems to be quite specific for RhI(diene) complexes, 

as a variety of IrI, Pd,0 and PdII complexes gave very poor results in this reaction under similar 

reaction conditions.18 

The obtained polymethylene materials have a low Mw of ~1000–2000 Da. An increase in 

the ylide/Rh ratios clearly increases the polymer yields and the Mw of the polymer (Mw 

ranging from ∼ 1000 – 3500 Da).19 However, also the polydispersity increases from PDI = 1.9 

to 4.3 with increasing Mw. This seems to be partially caused by the precipitation of the 

polymer from THF.  

6.2.3 Carbene polymerisation attempts with functionalised sulfoxonium ylides. 

Attempts to polymerise the more bulky sulfoxonium ylides B and C (Figure 2) were not 

successful. Reaction of B with catalysts 8–15 under different reaction conditions (variable 

temperatures, ylide:Rh ratio’s and different solvents) in all cases led to mostly carbene 

dimerisation, producing diethyl maleate and diethyl fumarate (Scheme 6). Some short 

oligomers (C3-C7) were also observed in all cases. Only catalyst 13 at 40 ºC in 2 mL of 

CH2Cl2 (0.014 mmol of 6 and 0.71 mmol of ylide B), produced after one week some longer 

oligomers (Mw = 2475 Da, PDI = 1.019) in isolable amounts, but only in rather poor yields (< 

5%).  

Reaction of C with the Rh compounds 8–15 did not 

produce any polymer. The addition of 1.27 mmol of C to 

0.025 mmol of RhI(diene) at room temperature led to 

formation of p-tolyl-SO-NMe2 (1H NMR: δ = 7.49 and δ 

= 7.28, AB system (CH=CH), δ = 2.64 (NCH3) and δ = 

2.39  (CCH3) ppm) as the only detectable compound. The 

 

Figure 2. Structure of sulfoxo-
nium ylides B and C. 
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samples were treated in the same way as all other polymer reactions, leading to evaporation of 

the likely formed gaseous butene produced by carbene dimerisation. Neither non-volatile 

oligomers nor polymers were observed. A similar result was obtained by Shea and coworkers. 

Their attempts to homo-polymerise this compound were also unsuccessful.20 These bulkier 

ylides apparently only produce olefins by carbene dimerisation.  

6.2.4 Copolymerisation of carbenes from EDA and sulfoxonium ylide A. 

The ability of RhI(diene) complexes to polymerise ‘carbenes’ generated from both  EDA7 

and sulfoxonium ylides provides attractive opportunities in copolymerisation reactions. 

Incorporation of the COOEt moieties employing C1 polymerisation techniques provides an 

interesting alternative to prepare desirable copolymers containing both polar and nonpolar 

monomers. Two different approaches were investigated for such reaction: (i) Rh-mediated 

copolymerisation of the sulfoxonium ylides A and B, and (ii) copolymerisation of EDA and 

sulfoxonium ylide A (Scheme 7). Unfortunately, polymerisation attempts with stoichiometric 

amounts of ylide A and B in the presence of Rh(diene) catalysts produced only 

polymethylene without any incorporation of ester groups. Hence, the copolymerisation 

reactions via route i is impossible. 

Copolymerisation of EDA with sulfoxonium ylide A employing RhI(diene) complexes is 

 

Scheme 6. Rh-mediated carbene dimerisation and oligomerisation using sulfoxonium ylide B as the 
carbene precursor. 

 

Scheme 7. Attempts to copolymerise carbenes from sulfoxonium ylide A with i) sulfoxonium ylide B 
and ii) EDA. 

O
S

O

OEt

S
O N2

O

OEt

LPM PEA-LPM
Rh-catalyst

i) ii)

Rh-catalyst

Homopolymer Stereoregular
diblock copolymer

A

B EDA



Chapter 6 

 154 

more successful and produces copolymer by incorporating carbene units from both EDA and 

A. These polymers have a stereoregular PEA–LPM diblock structure (vide infra for detailed 

characterisation). 

All the catalysts shown in Figure 1 can produce copolymer PEA–LPM, although in various 

yields. While compounds 8, 10, 11, and 13 have a poor activity (< 5% yield), compounds 9, 

12, and 14 give high yields if the right reaction conditions were chosen. Both EDA and 

sulfoxonium ylide A are rather reactive species and have been used for a variety of reactions 

such as cyclopropanation 21 , heterocycle formation 22 , X–H insertion 23 , C-acylation 24 , 

olefination25, dimerisation, etc. Therefore, a complex reaction mixture can be obtained if these 

reagents are used. So far, the reactivity between EDA and sulfoxonium ylide A has not been 

explored. As we expected, even in the absence of any catalyst, EDA and A in THF react 

Table 3. Rh mediated carbene copolymerisation from sulfoxonium ylide A and EDA.a 

Entry Catalyst EDA:Ylide:Rh 
Yieldb 

(%) 

Mw
c 

(kDa) 

Mn
c 

(kDa) 
PDIc %LPMd 

1 11 20:50:1 6 210 117 1.78 58 

2e 11 50:50:1 7 nd nd nd 25 

3 11 50:50:1 16 481 237 2.03 33/79f 

4 11 100:100:1 8 396 108 3.66 28/38f 

5 14 50:50:1 <5 nd nd nd nd 

6 8 50:50:1 18 520 264 1.97 38 

7 8 100:35:1 10 791 346 2.28 12 

8 8 100:50:1 15 640 247 2.59 17 

9 8 100:100:1 15.5 648 292 2.21 38 

10 8 100:150:1 14 626 286 2.18 54 

11 16 100:100:1 5 53 21 2.52 Nd 
a General reaction conditions: 2 mmol EDA, 2 mmol A and 2 or 1 mol% Rh, 3 mL dichloromethane and 3 ml 
THF. b Yield is referred to the total mol addition of both substrates. c Data collected from soluble fraction at 
room temperature. d Calculated from the 1H NMR spectra in o-dichlorobenzene-d4 at 110 °C of total amount of 
copolymer. e Only 6 ml of THF. f the first number represents the CDCl3 soluble fraction and the second the non-
soluble fraction. 
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strongly in an exothermic manner producing a complex mixture of products. Low-temperature 

experiments at 0, −20, and −50 ºC led to similar mixtures.  

Successful copolymerisation reactions were performed by first preactivation of the catalyst 

by addition of 50 eq. of EDA and subsequently addition (after 30 minutes) of sulfoxonium 

ylide A in a mixture at −20 ºC. The copolymer is produced over the course of three days after 

warming-up the reaction mixture to room temperature (Scheme 8). Evaporation of the solvent 

followed by addition of MeOH leads to the precipitation of diblock copolymer PEA–LPM 

that was formed in ~15% yield. As is the case in the synthesis of LPM, the copolymer PEA–

LPM precipitates in THF, thus explaining the high PDI and the relative low yield. 

Unfortunately, the polymerisation of A in pure chlorinated solvents (in which the polymer of 

EDA is soluble) results in very poor yields, and the presence of THF is necessary (also in the 

case of copolymerisation with EDA).26 

No copolymer is obtained when the sulfoxonium ylide A and EDA are added at the same 

time, even if the reaction is performed at 0 or −50 ºC. This indicates that most of the EDA 

must be converted to a (still living) growing polymer chain before addition of sulfoxonium 

ylide A. Furthermore, the active species generated by the reaction between EDA and the 

catalyst likely have to be formed before the addition of the sulfoxonium ylide. A proposed 

mechanism is shown in Scheme 9.  

The best Rh catalysts for this reaction are compounds 8 and 14, which produce the 

copolymer in 15% and 18% yield respectively. The optimum ratio Rh:ylide:EDA for both 

catalysts was found to be 1:50:50 (entries 2 and 6, Table 3). Decreasing the amount of EDA 

in the reaction helps to incorporate more methylene units (entry 1), but this leads to 

dramatically lower yields. However, the polymethylene content (% LPM) can be easily 

increased by simply increasing the amount of ylide. This works best with catalysts 14 (entry 

7–10, Table 3), and has hardly any effect on the obtained yields. These results strongly 

 

Scheme 8. Procedure for the synthesis of the diblock copolymer PEA-LPM. 
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suggest that chain-initiation is effected 

by EDA (formation of an active growing 

polymer chain from which the LPM 

block can grow further).  

The length of the copolymers seems 

to be only affected by the catalyst and 

not by the reaction conditions. Catalyst 

14 affords on average longer polymers 

than catalyst 9. Interestingly, these 

copolymers are remarkably long 

compared to PEA obtained in EDA 

homopolymerisation reactions.7  

6.2.5 Characterisation of the 

obtained LPM homo-polymers. 

The obtained polymethylene samples generated from A (see Table 2) were characterised 

by FT-IR, 1H and 13C NMR spectroscopy, Gel Permeation Chromatography (GPC), and 

Differential Scanning Calorimetry (DSC).  

The FT-IR spectra display vibrations typical and characteristic for polymethylene 

(identical to polyethylene). Clear vibrations are observed corresponding with the C−H stretch 

vibrations of the −CH2− and −CH3 groups at 2916.5, 2848.9 cm–1, the –CH2 bending 

vibrations at 1471.7 and 1462.1 cm–1, and the (–CH2–CH2–)n rocking vibrations at 731.5 and 

715.5 cm–1.  

Figure 3 shows the 1H and 13C NMR spectra of a representative polymethylene sample 

measured in 1,2-dichlorobenzene at 120°C. The sharp peak at δ = 1.38 ppm corresponds to 

the −CH2− units of the polymer chain. The broad triplet peak at δ = 0.93 ppm corresponds to a 

−CH3 chain-end.  

The clear olefinic signals observed in the NMR data reveal the presence of vinylic end-

groups, thus pointing to β–H elimination as the mechanism for chain-transfer or chain-

termination. Integration of this signal reveals a roughly 1:4 to 1:6 ratio of terminal vs. internal 

alkene signals (1H NMR at δ = 5.69, 3JH,H = 17.1, 10.2 Hz (–CH=CH2), δ = 4.86, 3JH,H = 17.1, 

3.7 Hz (–CH=CH2) and δ = 4.80, 3JH,H = 10.2, 3.7 Hz (–CH=CH2)). Isomerisation from 

 

Scheme 9. Proposed formation of stereoregular 
diblock PEA-LPM copolymers. 

Rh-catalyst
N2

O

OEt

N2

Rh
H

Rh

H

Rh
PEA

O

OR OR
O

EDA

OR
O

S
O

Rh
PEA

OR
O

S
O

- DMSO
Rh

PEA

OR
O

CH2

- DMSOA

Rh

PEA

β-H elimination
O

OEt
O

OEt

O OEt

n m

- N2

- N2



Rh-mediated C1-polymerisation: copolymers from diazoesters and sulfoxonium ylides. 

 157 

terminal to internal olefins by chain-walking5b can, in principle, give access to the formation 

of branched polymers. However, long time accumulation 13C NMR experiments showed no 

evidence for any branching, and only characteristic signals for linear polymethylene are 

observed: δ = 32.17 ppm (–CH2–CH2–CH3), δ = 30.0 ppm (–(CH2)n–), δ = 29.57 (–CH2–

(CH2)2CH3), δ = 22.87 ppm (–CH2–CH3), and δ = 14.06 ppm (–CH3).27 In agreement with 

this, determination of the average molecular weight based on 1H NMR integration leads to 

similar values as obtained by GPC analysis. The relative integral of the end groups of 

different samples does not change much from one sample to another, indicative of similar 

mechanisms for all the catalysts.  

Thermal analysis with DSC reveals the Tm ≈ 120 ºC and Tc ≈ 105 ºC transitions (∆H ~ 150 

J g–1). The rather low melting point is most likely a consequence of the low Mw of these 

polymethylene samples.28 

6.2.6 Characterisation of the stereoregular diblock st-PEA–LPM copolymers 

The obtained stereoregular (syndiotactic) diblock st-PEA-LPM copolymers were also 

characterised by 1H and 13C-NMR spectroscopy, GPC and DSC. 

 

Figure 3. a) 1H NMR spectra of polymethylene, b) 13C NMR spectra (terminal olefins), and c) 13C 
NMR spectra (saturated chain) of polymethylene in 1,2-dichlorobenzene at 120 ºC. 
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From this experiments, it is clear that the copolymers obtained with the different catalysts 

or employing various ylide:EDA ratios, have different solubility properties. This depends 

mainly on the length of each block. Copolymers with higher ester contents are soluble in 

regular chlorinated solvents at RT. Copolymers containing more CH2 units in the backbone 

are less soluble in dichloromethane or chloroform, and copolymers with a dominating LPM 

fragment become completely insoluble in conventional organic solvents. By washing the 

sample with chloroform, it is possible to separate the most functionalised copolymer from the 

one with less functional groups. The non soluble fraction consists entirely of diblock 

copolymers with a dominating LPM block. The chloroform-soluble part consists of 

copolymers with shorter LPM blocks and longer st-PEA blocks. The presence of some st-

PEA homo-polymer in the latter (chloroform soluble) fraction cannot be entirely ruled out. 

However, the soluble and non-soluble fractions reveal quite similar crystallisation profiles in 

DSC (vide infra), suggesting that also the soluble fraction is dominated by diblock st-PEA-

PM copolymers.  

Figure 4 shows the 1H NMR spectra of the most insoluble (in chloroform, r.t.) copolymer 

in 1,2-dichlorobenzene-d4 at 120 ºC. The signals at δ = 4.15, 3.50 and 1.27 ppm correspond to 

 

Figure 4. 1H NMR spectra of insoluble stereoregular diblock st-PEA-LPM at 130 ºC in 1,2-
dichlorobenzene-d4. 
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−ΟCH2−, −CH− and −CH3 of the stereoregular st-PEA block, whereas the sharp peak at δ = 

1.31 ppm corresponds to the −CH2− of the polymethylene block. The vinylic end-groups can 

be observed for the shorter polymers at δ = 5.83 ppm (−CH=CH2), δ = 5.04 ppm (–CH=CH2) 

and δ = 4.95 ppm (–CH=CH2). The 1H NMR spectra (CDCl3) of the copolymers with a high 

stereoregular st-PEA content show similar peaks, but as expected the integrals show a higher 

ratio CHCOOEt:CH2 that provides more solubility in chlorinated solvents. The signals from 

the diblock can also be observed in 13C NMR spectra, δ = 171.17 (C=O), δ = 60.76 

(−ΟCH2),δ = 46.51(−CH−) and δ = 13.99 (−CH3) ppm from the st-PEA block and δ = 30.0 (–

CH2–) ppm from PM block (Figure 4). 

For a regular reaction (50:50:1 ratio EDA/ylide/Rh) molecular weights obtained by GPC 

analysis from the most functionalised samples reveal a Mw of 520 kDa and PDI = 1.97. 

Reactions employing a 100:35:1 ratio EDA:ylide:Rh leads to chloroform soluble polymer 

with Mw = 700 kDa and PDI = 2.5 and ~12% incorporation of polymethylene. The Mw value 

is high compared to molecular weights reported for EDA polymerisation in THF (Mw = 130 

kDa, Mw/Mn = 2.4). On average, the total content of polymethylene varies from 12 to 54% 

depending on the applied reaction conditions (see Table 3). 

Thermal analysis of the copolymer shows important features that distinguish the 

homopolymer from the copolymer. All copolymer samples show one melting peak at around 

Tm = 120 °C (Figure 5). Although the melting point of both fragments overlap, it is clear that 

both components (CHCOOEt and CH2) are present, as can be deduced from the variations in 

the heat capacity (ΔHPM > 20 kJ mol–1 > ΔHPEA). In the crystallisation curve, we can observe 

the characteristic peak for PM (~110 °C), but we cannot distinguish a separate crystallisation 

transition for st-PEA29. In a semi-crystalline copolymer, where the different fragments can 

crystallise, we can assume that the block with the highest Tc or the predominant phase will 

crystallise first. As a result, the second fragment will have an unfavourable configuration for 

crystallisation, and the crystallisation process can be simply obstructed, meaning that steric 

constraints play an important role and thermodynamics no longer solely direct the 

crystallisation process. Thus, the crystallisation peaks we observe at lower temperatures (∼90 

and ∼73 °C) can be assigned to non-favoured crystallisations of PM or st-PEA fragments in 

the copolymer. These peaks are characteristic for formation of a copolymer, and are atypical 

for mixtures of homopolymers (blends). Since the first peak corresponds to PM crystallisation 

(Tc), which is also expected to dominate over st-PEA crystallisation on the basis of the large 
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differences in the crystallisation enthalpies, the 

two lower-temperature crystallisation peaks are 

most likely also PM crystallisations with 

hindered configurations. 

6.2.7 Blending experiments. 

An attractive approach to combine properties 

of different materials is to produce blends where 

benefits from various phases can be obtained. An 

often encountered problem in this field is the 

incompatibility of different phases. Immiscible 

polymer blends often lead to macro-phase separation above a critical temperature, being a 

disadvantage in terms of production and handling.30 In contrast, phase separation in block 

copolymers leads to microphase separation because macrophase separation is prevented by 

the connectivity of the polymer chains.  

To have an insight in the different interactions between the polar st-PEA block and the 

non-polar PM block and the potential application of these copolymers we studied blends 

containing HDPE31 and st-PEA32 in which the phase behaviour, thermal properties and 

crystallisation of PM/PEA blends were investigated by DSC experiments. 

Figure 6 shows the heating (a) and crystallisation (b) curves of the second run obtained for 

the different blends. Curve I, and II are the homopolymers, HDPE and st-PEA, respectively. 

DSC curve III is measured using a simple 10/90 mixture of HDPE/st-PEA without any 

copolymer as a blending agent. In this curve, we can distinguish the Tc and the Tm with no 

significant shift between the values of the respective homopolymers and those measured in 

the mixture. In a miscible blend of two crystalline components, after the crystallisation of the 

highest Tc component and before the lower Tc component, the amorphous phases of both 

components are expected to interact either in the confined inter-lamellar region or out of the 

inter-lamellar region. Therefore, crystallisation patterns are expected to be more complex than 

those occurring in the respective homopolymers and/or block copolymers, because DSC 

curve III simply represents the expected behaviour of macrophase separated HDPE in a st-

PEA matrix (non miscible mixture).  

The behaviour of HDPE/st-PEA mixtures changes markedly upon addition of st-PEA-LPM 

copolymer. In presence of st-PEA-LPM copolymer, as we can see in curve IV (10/90/50 ratio 

 

Figure 5. DSC second heating and cooling 
curve of PEA–PM copolymer (entry 3,Table 
3) 
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HDPE/st-PEA/copolymer), the only detected crystallisation peak is Tc = 104.9 °C. 

Apparently, the st-PEA-LPM copolymer acts as a blending agent, probably by coupling of the 

macrophase separation of the blend components with the microphase separation of the block 

copolymer.33 In the copolymer curve V, the PM micro domains dominate the crystallisation 

process (Tc = 120 °C). The observed lower Tc peaks are likely also from PM micro domains, 

but in a thermodynamically less favourable orientation for crystallisation (perhaps shorter 

blocks).  

In contrast, curve IV (10/90/50 ratio HDPE/st-PEA/copolymer) shows a homogeneous 

phase with a lower Tc than in HDPE (Figure 6, C1 vs A). This single Tc is indicative for the 

solubility of HDPE in the PM domains of the copolymer, thus resulting in an overall higher 

crystallinity (ΔHD = 45 J g–1 vs. ΔHC1 = 27 J g–1). These results also suggest that the st-PEA-

LPM copolymer acts as a blending agent for HDPE and st-PEA.33 Remarkably, the unusual 

Tc’s observed in the copolymer (Tc = 81, 69 °C) do not appear in the blend, which is likely the 

result of the interaction of the HDPE with every PM domain and therefore homogenisation of 

the non-polar phase of the blend. This phenomenon also affects the st-PEA phase. The peak B 

completely disappears in curve IV, indicating that the prearrangement of the PM-HDPE 

chains hinders the cocrystallisation of the st-PEA blocks with the homopolymer st-PEA.  

a)  b)  

Figure 6. DSC second a) cooling and b) heating curves for homopolymers (I and II, for HDPE and st-
PEA respectively), copolymer (V) and blends (III for a 10/90/0 ratio and IV for a 10/90/50 ratio of 
HDPE/st-PEA/copolymer). 
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Rather relatively large amounts of copolymer are required to observe the abovementioned 

effects. HDPE/st-PEA/copolymer mixtures with smaller amounts of copolymer and a larger 

HDPE content than st-PEA show a gradual decrease of Tc from the PM/PE domains, and no 

Tc for the st-PEA domains.  Only in mixtures with high st-PEA contents the Tc of PEA 

becomes apparent. Mixtures of PEA and HDPE with small amounts of copolymer thus seem 

to behave as macro-phase separated mixtures, but in which the copolymer interacts with both 

the HDPE and the st-PEA phases. The interplay between micro- and macrophase separation 

with various blending ratios should thus allow a variety of possible morphologies.  

6.2.8 Model studies to identify catalytic intermediates, side reactions and deactivation 

pathways. 

As described above, the best results in the carbene copolymerisation of sulfur ylide A with 

EDA are clearly obtained with catalysts containing 1,5-disubstituted cod ligands such as 1,5-

Me2cod and 1,5-(p-MeOC6H4)2cod (i.e. complex 9 and 14). Catalysts without steric bulk at 

the 1,5-positions afford hardly any copolymer. Catalyst with more bulky diene ligands also 

perform best in the homo-polymerisation of sulfur ylide A, leading to linear polymethylene 

(good yields with catalyst 9 and 14, see Table 3). However, the homopolymerisation reactions 

do tolerate the use of catalysts with less bulky diene ligands (moderate polymethylene yields 

with catalysts 8 and 11) while these perform poorly in the copolymerisation reactions.  

One contributing factor to the higher yields obtained with more bulky catalysts in the 

homo-polymerisation of A could well be suppressed carbene dimerisation (i.e. formation of 

ethylene from sulfur ylide A). However, this factor alone cannot explain the complete lack of 

activity of the less bulky catalyst (catalysts without R-groups at the diene 1,5-positions) in the 

copolymerisation of sulfur ylide A with EDA. Therefore, in an attempt to understand these 

observations, we performed some stoichiometric model studies with compound 8 and 14 to 

identify possible intermediates, side reactions and deactivation pathways.  

In situ NMR experiments with complex 8 and species A (1:20 Rh:ylide ratio) have shown 

slow evolution of ethylene and formation of a new rhodium complex (complex 16) within 2 

hours. The reaction proceeds cleanly, but only in the presence of mild coordinating solvents 

 

Scheme 10. Reaction of compound 8 with A leading to compound 16. 
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such as THF or dioxane. 

The reaction affords a 

yellow solution and a 

white salt precipitate. The 

soluble part of the reaction 

mixture is a clean solution 

of complex 16 (see 

Scheme 10). The salt 

precipitate was identified 

as trimethyl sulfoxonium 

chloride ([Me3SO]Cl). 

Complex 16 was 

characterised with mass 

spectrometry and a combi-

nation of NMR techniques (an illustrative 1H NMR spectrum is shown in Figure 7). Besides 

an intact cod ligand, the rhodium complex 16 contains a new ligand derived from sulfur ylide 

A. Surprisingly, this ligand is not simply ylide A that coordinates with the ylide carbon and 

the S=O group, but a deprotonated form of A that coordinates with two carbon atoms to 

rhodium. Complex 8 is best described as an anionic bis-alkyl RhI compound with an internal 

sulfoxonium counter ion. Stoichiometric reactions give incomplete conversion of 8 to 16. 

Complex 16 is formed much more selectively in experiments in which a Rh:ylide ratio of 1:2 

was used, thus showing that the ylide itself acts a base for deprotonation of the CH2 group of 

a second ylide leading to complex 16. The reaction is accompanied with formation of a 

negligible amount of ethylene. Large scale synthesis allowed us isolate 8 as a bright yellow 

compound in high yield (Scheme 10). 

Similar experiments with complex 14 (1:20 Rh/ylide ratio) resulted in a faster consumption 

of ylide A (complete conversion in less than 30 minutes), and NMR spectra of the resulting 

solution revealed a complex mixture of rhodium compounds, independent of the solvent used. 

Attempts to form a complex analogous to 16 by performing reactions of 14 with A at lower 

temperatures (−20 and −73 °C) were not successful, in each case leading to formation of 

ethylene and a complex mixture of rhodium compounds. This suggest that the steric bulk of 

the (p-MeOC6H4)2cod ligand in 14 prevents formation of a complex analogous to 16, 

 

Figure 7. 1H NMR spectrum of species 16 formed from 8 with sulfur 
ylide A in dioxane. 
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probably by preventing coordination of a second ylide moiety to the metal centre and thus 

favouring the carbene transfer mechanism.  

We tested the activity of complex 16 as a pre-catalyst in both the homo-polymerisation of 

sulfur ylide A, and in the copolymerisation of A with EDA. Remarkably, while 16 performs 

very poorly in the copolymerisation of A with EDA (similar to 10), higher polymethylene 

yields were obtained in the homo-polymerisation of sulfur ylide A with 16 than with 8. 

Complete conversion of A also requires shorter reaction times with 16 than with 8 (entry 11, 

Table 2). The improved performance of 16 over 8 in the homo-polymerisation of A appears to 

be related to a reduced carbene dimerisation activity.  

To exclude the possibility that the observed formation of polymethylene is actually due to 

polymerisation of in situ generated ethylene, some control experiments were performed in 

which we tested catalyst 16 as an ethylene polymerisation catalyst. However, a solution of 16 

in THF treated with three bars ethylene atmosphere did not show formation of oligomers or 

polymer, even after several days. 

As mentioned above, the activity of complex 16 towards copolymerisation of A with EDA 

is poor, which contrasts with its improved behaviour in the homo-polymerisation of A 

compared to 8. The poor performance of 16 in the copolymerisation reaction is most likely 

due to its poor compatibility with EDA, as 16 also performs very poorly in the homo-

polymerisation of EDA (15% yield, producing only short polymers of ~65 kDa, PDI = 3.15). 

To obtain more information about the reasons behind the poor compatibility of 16 towards 

EDA, we studied the reaction of 16 with limited amounts of EDA on NMR scale, expecting to 

observe carbene inser-

tion reactions into the 

Rh–C bonds of ylide-

based ligand moiety with 

formation of complex 17 

(Scheme 11).  

Treatment of complex 

16 with two equivalents 

of EDA in THF leads to 

fast evolution of N2 and 

an immediate colour 

 

Scheme 11. Reactivity of complex 16 in presence of diethyl (methyl) 
maleate. Production of deactivated catalyst 18 for copolymerisation. 
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change of the solution from yellow to orange-brown. At lower temperatures (−78 °C) the 

reaction affords a cleaner reaction mixture. In situ experiments in THF-d8 reveal the 

immediate formation of diethyl maleate and diethyl fumarate, short oligomeric PEA and a 

rhodium complex different from the starting material. In addition, the signals of diethyl 

maleate start to disappear simultaneously with the appearance of the NMR signals belonging 

to this new Rh compound. Filtration of the precipitate from the reaction mixture showed a 

fraction of polymer and residues of diethyl fumarate, but no diethyl maleate. APT 13C NMR 

studies show quite clean spectra but not all signals could be assigned due to a 1H NMR 

overlapping of signals of the oligomeric chains with some of the characteristic NMR signals 

of the new rhodium species formed. A separate reaction in which complex 16 was treated 

with 1 equivalent of diethyl maleate produced the same species as observed in the reaction of 

16 with EDA (Scheme 10). To simplify the NMR assignment, further studies were carried out 

with dimethyl maleate (DMM). Clear 2D NMR data revealed the coordination of the DMM to 

rhodium, affording complex 18b (See experimental section). 

It is noteworthy that the complexes of type 18, formed by reaction of 16 with maleates, 

proved to be virtually inactive towards homo-polymerisation of A (<5% yield after 3 days at 

RT). These model studies give a good explanation for the poor performance of complexes 8 

and 16 in the copolymerisation of A with EDA; they are both rapidly deactivated by reaction 

of 16 (complex 16 is formed under the catalytic condition from 8 and A) with in situ 

generated diethyl maleate from EDA, thus producing the inactive complex 18a. The more 

bulky catalyst precursors 9 and 14 containing steric bulk at the 1,5-position of the diene 

ligand do not form complexes similar to 16, and hence do not react with diethyl maleate to 

form inactive compounds similar to 18.  

6.3 Conclusions 

In this chapter, we present the first examples of transition metal catalysed carbon-chain 

polymer formation using sulfoxonium ylides as monomers. As a proof of concept, we 

achieved the use of dimethyl sulfoxonium methylide as the carbene source (:CH2) to prepare 

the linear homopolymer polymethylene (LPM ≅ LPE) via the rhodium-mediated homo-

polymerisation of sulfoxonium ylide A. Other (substituted) sulfoxonium ylides could not be 

polymerised, presumably due to steric hindrance. However, by applying sulfoxonium ylide A 

as new substrate, we successfully demonstrated that copolymers can be prepared in the 

Rh(diene) mediated copolymerisation of non-functionalised carbenes generated from 

sulfoxonium ylides and functionalised carbenes generated from diazoesters.  
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The best results in carbene polymerisation with diazo esters were obtained with electron 

rich and bulky substituents [RhI(dienes)(N,O–ligand)] that can promote oxidative addition of 

an allylic C−H bond of the diene ligand (low π-back donation and availability of allylic 

protons), in particular 1,5-substituted cyclooctadiene (R2C8H10) rhodium  species allowing 

formation of allylic [(R2C8H9)RhIII–R]+ active species during the catalyst activation process. 

Similarly, the best yields in copolymerisation reactions were obtained with Rh(diene) 

complexes containing bulky 1,5-disubstituted cod ligands such as 1,5-Me2cod and 1,5-(p-

MeOC6H4)2cod. Model reactions between  [(cod)Rh(μ-Cl)2Rh(cod)] complex 8 and dimethyl 

sulfoxonium methylide A allowed the isolation of [Rh(cod){(CH2)2SOMe)}] complex 16. 

This species is also formed under the catalytic homo-polymerisation reaction conditions of A. 

In the copolymerisation of EDA with sulfur ylide A, complex 16 reacts with in situ generated 

diethyl maleate (generated from EDA) to form the inactive diethyl maleate complex 18a, 

which explains the poor activity of complex 16 in the copolymerisation reactions. This 

copolymerisation deactivation pathway is blocked by the use of more bulky complexes 

containing 1,5-substituted diene ligands such as Rh(Me2cod) complex 9 and 

Rh((PhOMe)2cod) complex 14. In the homo-polymerisation of dimethyl sulfoxonium 

methylide A, the [Rh(cod){(CH2)2SOMe)}] complex 16, Rh(Me2cod) complex 9 and 

Rh((PhOMe)2cod) complex 14 perform comparably well and each much better than 

[(cod)Rh(μ-Cl)2Rh(cod)] complex 8. This last fact is mainly due to suppressed carbene 

dimerisation (ethylene formation) activity for 9, 14 and 16 compared to 8.   

PEA–LPM block copolymers can only be prepared by starting the carbene polymerisation 

with EDA as the functionalised carbene precursor, followed by addition of sulfur ylide A. 

This procedure requires that (most of) the EDA substrate is consumed before addition of 

sulfur ylide A. However, the polymethylene content and thereby the solubility of the 

copolymer can be easily tuned by varying the ylide to EDA ratio. In this way different di-

block copolymers with different properties can be prepared. This new C1 polymerisation 

procedure provides an attractive synthetic protocol to prepare stereoregular diblock 

copolymers carrying a highly syndiotactic ester-functionalised carbon-chain block and a non-

functionalised, non-polar polymethylene block. The blending properties of these new 

copolymers make them attractive for application as additives in polymer blends or glues 

between functionalised and non-functionalised polymers. 
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6.4 Experimental Section 

General procedures. All manipulations were performed under a nitrogen atmosphere using 

standard Schlenk techniques. THF distilled from sodium was used for the catalysis. All other 

chemicals were used as received without further purification. [{RhI(tricycle[6,2,1,02,7]undeca-

4,9-diene-3,6-dione)(μ-Cl)}2]34 (1), [{Rh(1,5-cycloctadiene)(hydroquinone)}BF4•Et2O]35 (4), 

[K{Rh(1,5-cycloctadiene)(1,4-quinone)}]35 (5), [{Rh((R,R)-Me2-tetrafluorobenzo-

bicyclo[2.2.2]octatriene)(μ–Cl)}2] 36  (6), [{Rh(tetrafluorobenzobicyclo[2.2.2]octatriene)(μ–

Cl)}2] 37  (7), [{RhI(1,5-cyclooctadiene)(μ-Cl)}2] 38
 (8), [{RhI(1,5-dimethyl-1,5-

cyclooctadiene)(μ-Cl)}]2
39 ,16 (9) [{RhI(endo-dicyclopentadiene)(μ-Cl)}]2

12 (10), and [(L-

prolinate)RhI(1,5-cyclooctadiene)] 40  (11), [(L-prolinate)RhI(1,5-dimethyl-1,5-

cyclooctadiene)]16 (12), and [(L-prolinate)RhI(endo-dicyclopentadiene)]7 (13) were prepared 

according to literature procedures. Sulfoxonium ylide A41 was prepared according to the 

procedures reported by Shea and coworkers9 and the concentration of the solutions were 

determined by titration before use. Sulfoxonium ylide B42 and C43 were also prepared 

according to literature procedures. NMR spectroscopy experiments were carried out on a 

Bruker AV-400 spectrometer (400 and 100 MHz for 1H and 13C, respectively) or a 

BrukerDRX-500 spectrometer (500 and 125 MHz for 1H and 13C, respectively). Molecular 

weight distributions were measured using size-exclusion chromatography (SEC) on a 

Shimadzu LC–20AD system with two PLgel 5 μm MIXED-C (300 mm × 7.5 mm) columns 

(Polymer Laboratories) in series and a Shimadzu RID-10A refractive-index detector, using 

dichloromethane as the mobile phase at 1 mL/min and T = 35 °C. Polystyrene standards in the 

range of 760−1 880000 g/mol (Aldrich) were used for calibration.  FT-IR measurements were 

carried out in a Bruker alpha-p FT-IR spectrometer with ATR module. The thermal behaviour 

of polymer LPM and copolymer PEA–LPM was measured on a Perkin-Elmer Jade DSC 

under N2 atmosphere (flow 5mL min–1) on encapsulated samples (∼5 mg) in aluminium pans. 

The heating program was carried at 10 ºC min–1 in a 30–180 °C range. The melting and 

crystallisation temperatures were determined from the second heating-cooling curves. 

Homo-polymerisation of carbene units from dimethyl sulfoxonium methylide. Into a 

flamed-dried schlenk equipped with the catalyst, a magnetic stirrer and a glass stopper with a 

Teflon sleeve, a solution of dimethyl sulfoxonium methylide was added. The reaction was 

monitored by titration of hydrolysed aliquots (∼200 μL) in the presence of phenoftalein. After 

full consumption of the ylide (2–3 days), evaporation of the solvent followed by the addition 
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of 5 mL MeOH afforded the polymer as a white solid. The samples were centrifuged, washed 

with MeOH (3 x 10 mL) and dried until constant weight. 

Copolymerisation of EDA and dimethyl sulfoxonium methylide. Into a flamed dried 

schlenk equipped with 0.02 mmol of the corresponding catalyst, a magnetic stirrer and a glass 

stopper with Teflon sleeves, 2 mmol of EDA and 2 mL of DCM was added. After 30 minutes 

stirring, the reaction was cooled down to −20 ºC and 2 mmol of A in 2 ml of THF was added 

slowly. The reaction was monitored by titration of hydrolysed aliquots (∼200 μL) in the 

presence of phenoftalein. After full consumption of the ylide, the samples were treated as 

described above for the homopolymerisation reactions. The resulting copolymer was washed 

with chloroform to separate the most functionalised copolymer (soluble) from the less 

functionalised material. 

1,5-(4-methoxyphenyl)-1,5-cyclooctadiene. 1,5-dibromocycloocta-1,5-diene (600 mg, 2.26 

mmol) was added to a schlenk containing dioxane (11.3 mL). PEPPSI catalyst (52.1 mg, 

0.045 mmol) was added to this solution. A solution of K2CO3 (1.9 g) was dissolved in water 

(3 mL) and added to the schlenk. The boronic acid (2.01 g, 13.2 mmol) was slowly added. 

After overnight stirring at 60 oC the solution was extracted with CH2Cl2 (3x10 mL). The 

organic layer was washed with NaHCO3 and water, then dried over MgSO4 and treated with 

activated carbon (norit), filtered over an alumina bed and concentrated. The residue was 

purified by column chromatography (0.4486 gram, 1.40 mmol, 61.9 %). 1H NMR (400 MHz, 

CDCl3) δ 7.25 (d, J = 7.1 Hz, 4H), 6.82 (d, J = 8.8 Hz, 4H), 5.81 (t, J = 6.6 Hz, 2H), 3.80 (s, 

3H), 2.84 (t, J = 7.1 Hz, 4H), 2.57 (dd, J = 13.8, 6.9 Hz, 4H).13C NMR (101 MHz, CDCl3) δ 

158.49 (2xC), 139.93 (2xC), 137.34(2xColefin), 127.20(4xCH2
Ar), 125.45 (2xCHolefin), 113.61 

(4xCH2
Ar), 55.39 (O-CH3), 31.25 (2xCH2), 27.63 (2xCH2).Calc. for C22H24O2: m/z =320.1776 

Found: m/z= 320.1816. 

[Rh(1,5-(4-methoxyphenyl)-1,5-cyclooctadiene)(μμ-Cl)]2 (14): 0.129 mmol of 

[Rh(ethylene)2(µ-Cl)]2 (50.2 mg,) were dissolved in dichloromethane (10ml). To the red-

brownish solution 0.257 mmol of 1,5-bis(4-methoxyphenyl)cycloocta-1,5-diene (82.3 mg,) 

were added. The solution was stirred overnight at 40 °C and filtered over celite. The resulting 

solution was concentrated to afford [Rh((p-MeOC6H4)2COD)2Cl]2as a yellow solid (59.1 mg, 

49.9%). 1H NMR (500 MHz, CDCl3) δ 7.63 (d, J = 8.4 Hz, 4H), 6.82 (d, J = 8.3 Hz, 4H), 4.87 

(d, J = 6.5 Hz, 2H), 3.77.(s, 6H), 3.26 (m, 2H), 2.51 (m, 2H) 2.27 (m, 2H), 1.87 (m, 2H) 13C 

NMR (101 MHz, CDCl3) δ 159.11 (s, 2xC) 139.69 (s, 2xC), 128.23 (s, 4xCH2
Ar), 113.85 (s, 

4xCH2
Ar), 93.98 (d, J = 15.4 Hz, 2xColefin), 70.77 (d, J = 13.2 Hz, 2xCHolefin), 55.38 (s, CH3), 
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37.36 (s, 2xCH2), 33.78 (s, 2xCH2).Calc. for C44H48O4Rh2Cl2: m/z = 916.1040. Found: m/z: 

916.1042 

[Rh(1,5-cyclooctadiene)(η2-(CH2)2SOCH3)] (16): In a flame dried schlenk containing 10 ml 

of dry THF were added 0.203 mmol of [Rh(1,5-cycloocta-1,5-diene)Cl]2. A solution of 0.8 

mmol of dimethyl sulfoxonium methylide A were added slowly. After 2 hours of reaction the 

solution was filtered over with cannula technique. A bright yellow powder was obtained after 

evaporation of the solvent under vacuum. (110 mg, 90%) 1H NMR (400 MHz, Dioxane) δ  

4.50 (br, 2xCHolefin), 4.22 (br, 2xCHolefin), 3.42 (s, SOCH3), 2.55 (d, J = 10.1 Hz, 

2xCHHSOexo), 2.20 (m, 2H), 2.05 (m, 2H), 1.90 (t, J = 8.5 Hz, 4H), 1.76 (d, J = 9.8 Hz, 

2xCHHSOendo).13C NMR (101 MHz, Dioxane) δ 80.30 (d, J = 10.7 Hz), 78.68 (d, J = 9.4 Hz), 

48.86 (s), 36.31 (d, J = 21.0 Hz), 31.90 (s) 31.56 (s).Calc. for C11H19ORhS: m/z = 302.0206. 

Found: m/z: 302.0213. 

[Rh(1,5-cyclooctadiene)(η2-(CH2)2SOCH3)(η2-dimethylmaleate)] (18): To a stirred 

solution of 0.165 mmol of 8 in THF under inert atmosphere was added 0.17 mmol of DMM. 

After overnight stirring the solvent and excess of maleate were evaporated to afford a yellow-

orange powder in 85% yield. 1H NMR (500 MHz, THF) δ 4.12 (dt, J = 8.6, 8.3 Hz, 1Holefin), 

4.05 (dd, J = 9.3, 2.0 Hz, CHDMM), 4.04 – 3.94 (m, CHolefin), 3.48-3.53 (m, CHolefin), 3.12-3.03 

(m, , CHolefin), 2.94 (d, J = 10.2 Hz, SOCHHexo), 2.87-2.94 (m, CHHcod-exo) 2.78 (dd, J = 9.3, 

1.4 Hz, CHDMM), 2.63-2.53 (m, CHHcod-endo),  2.50 (d, J = 10.1 Hz, SOCHHendo), 2.44-2.35 

(m, CHHcod-exo), 2.34-2.26 (m, CHHcod-endo), 2.19-2.08 (m, CHHcod-endo), 2.07-1.93 (m, 

CHHcod-exo), 1.85 (d, J = 11.0 Hz,SOCHHexo), 1.82-1.72 (m, CHHcod-exo), 0.61 (d, J = 11.0 Hz, 

SOCHHendo).13C NMR (101 MHz, THF) δ 171.51 (s, COO), 171.45 (s, COO), 105.69 (d, J = 

4.6 Hz, Colefin), 94.65 (d, J = 4.6 Hz, Colefin), 84.09 (d, J = 6.9 Hz, Colefin), 78.29 (d, J = 8.1 Hz, 

Colefin), 47.84 (s, Me), 47.76 (s, Me), 46.87 (d, J = 9.9 Hz), 42.01 (d, J = 10.0 Hz),39.57(s, 

SOCH3), 34.82 (s, CH2), 30.78 (s, CH2), 24.77 (s, CH2), 23.63 (s, CH2),20.99 (d, J = 20.4 Hz, 

SOCH2), 12.56 (d, J = 18.8 Hz, SOCH2). Calc. for C34H54O10Rh2S2: m/z: 446.0629. Found: 

302.0 as most abundant peak.  
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Figure 8. 1H, 13C, and 2D NMR studies for 
species 16. 
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Figure 9. 1H, 13C, and 2D NMR studies for species 18b. 
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Summary 

The development of new, efficient and sustainable approaches towards functionalised 

molecules is the driving force for the discovery of new synthetic pathways for the future. Ease 

of use, and environmental and cost issues are important factors that justify the search for new 

synthesis routes, which holds for a wide range of synthetic applications ranging from the 

synthesis of low-molecular weight compounds (drug discovery) to the production of new 

polymeric materials (i.e. functionalised polymers) that broaden the scope of current 

technologies or introduce new ones. In this perspective, the typical hypovalent reactivity of 

‘carbenes’ and ‘nitrenes’ offers interesting opportunities to develop new synthesis routes to 

introduce functionalities in low-molecular weightcompounds and polymers.  

Transition metal-bound carbenoids and nitrenoids display an often controlled, but still high 

reactivity that provides powerful synthetic approaches towards substrate functionalisation. In 

the aforementioned perspective, the primary objective of the investigations described in this 

thesis was to elucidate the mechanistic features of transition metal mediated hypovalent group 

transfer reactions in detail, with the ultimate goal to use these new insights in the rational 

design and development of new and improved catalytic systems.  

Synthetic applications of (metal) carbenes have meanwhile been developed to a quite high 

level, but related developments in (metal) nitrene chemistry currently lag behind. The same 

holds for mechanistic insight in nitrene chemistry. The existence, (electronic) structure and 

exact nature of the proposed key nitrene intermediates in nitrene-transfer reactions have 

remained under debate for the past decades. Remarkably, only recently the redox activity of 

nitrene/imido ligands has been discovered, and meanwhile it 

is becoming clear that nitrogen centred radicals play a key 

role in several nitrene-transfer reactions. In chapter 1, an 

overview of the reported well-defined, characterised and 

isolated nitrogen-centred radical complexes is presented. This 

includes the aminyl-radical complexes ([M(•NR2)]), 

nitrene/imido-radical complexes ([M(•NR)]) and nitridyl-radical complexes ([M(•N)]) 

reported in the past decade (Figure 1).   

 In most of the examples, these nitrogen-centred ligand radicals reveal selective reactions 

despite their radical nature. In fact, the use of nitrogen-centred ligand radicals proves to be an 

 
Figure 1. Nitrogen centred 
radicals as ligands for metal 
complexes. 
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effective new tool for the (catalytic) synthesis of a variety of nitrogen-containing organic 

molecules (e.g. aziridines, pyrazoles, amines, amides, and ammonia). A classification system 

of nitrogen-centered ligand radical complexes is introduced on the basis of their electronic 

structure, leading to a description as either one-electron-reduced Fischer-type systems, one 

electron oxidised Schrock-type systems or systems with a (nearly) covalent M−N π-bond. The 

information and classification of the examples reviewed in this chapter should contribute to a 

better understanding of the (catalytic) reactivity of nitrogen-centered ligand radicals and the 

role they play in tuning the reactivity of coordination compounds. 

 

 

Figure 2. MO diagrams of open-shell nitrogen-centered ligand radicals: a) 1e-reduced Fisher-type, b) 
1e-oxidised Schrock-type, c) covalent complexes. 

Despite the existence of different nitrene sources, these species are generally difficult to 
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olefin aziridination and C−H 

amination reactions, and CoII(Por) 

complexes have demonstrated to be 

one of the most outstanding 

catalysts. In chapter 2, we describe 

our studies to shine more light on 

the mechanistic features of cobalt 
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Figure 3. Catalytic cycle of Co(por)-based C–H amination 
(left) or aziridination (right) with organic azides. 
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particular on understanding the 

important factors that play a role 

under the catalytic conditions.  

We found, on the basis of DFT 

calculations, that a radical 

pathway for the CoII(por)-

catalysed aziridination of styrene 

is operative. The reaction 

mechanism proceeds via a two-

step radical addition-substitution pathway, in which the redox non-innocent behaviour of the 

CoIII-‘nitrene radical’ intermediate plays a key role. The radical nature of this intermediate 

facilitates the addition of the olefin, yielding a γ–alkyl radical intermediate that readily 

collapses in ring closure to form the aziridines ring (Figure 3).  

Experimentally, the most successful catalyst reported by Zhang and co-workers is the 

Co(3,5-DitBu-IbuPhyrin) (for enantioselective reactions) and CoII(3,5-DitBu-Chen-Phyrin) 

for aziridination reactions; both complexes contain carboxamido functionalities as H-donors 

(Figure 4). The ability of the H-donors to arrange the sulfonazide substrate is reflected in the 

increased activity of the modified porphyrin cobalt complexes. According to our 

computational studies, this hydrogen bonding in fact lowers the energy barriers for formation 

of the nitrene intermediate, as well as the olefin addition, thus explaining the improved 

performance of these catalysts. The computed radical-type mechanism (Figure 3) thus agrees 

well with all available mechanistic and kinetic information, and readily explains the excellent 

performance of the H–bond donor appended CoII(por) systems developed in the group of 

Zhang. 

In chapter 3, the mechanistic studies are extended to CoII porphyrin-catalysed benzylic C–H 

bond amination of ethylbenzene, toluene and 1,2,3,4-tetrahydronaphthalene (tetralin) with a 

series of different organic azides (N3C(O)OMe, N3SO2Ph, N3C(O)Ph and N3P(O)(OMe)2) as 

nitrene sources. Also in these reactions CoIII-nitrene radicals were demonstrated to be key 

intermediates in the overall C–H bond activation process (Figure 3). These reactions proceed 

readily via a hydrogen atom abstraction process from the benzylic positions of the organic 

substrates by the CoIII-nitrene radicals. The thus formed close-contact radical pairs {R’• … 

(por)CoIII–NHR} readily collapse in a virtually barrierless fashion to produce the CoII-amine 

adduct. Product dissociation completes the cycle, and affords the final amine products 

 

 

 Figure 4. CoII(3,5-DitBu-
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donors stabilizing the nitrene 
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NHRR’. This study further includes mechanistic studies to understand the catalyst 

deactivation pathways, and explains formation of side-products observed experimentally. 

The formation of CoIII-‘nitrene radical’ species, predicted to be exothermic by DFT 

calculations, was confirmed experimentally by EPR spectroscopic studies. Signals with 

g-values characteristic for ligand radical complexes were obtained from (por)Co complexes in 

the presence of an excess of the organic azides in benzene, and thus provided the first 

experimental evidence of these key intermediates in nitrene transfer reactions mediated by 

metallo-radical cobalt(II)-porphyrins. 

Some FeIII-porphyrin systems have been used to mimic catalytic nitrene transfer reactions 

mediated by cytochrome P450. In these studies, [(por•–)FeIV=NR]+ species (isoelectronic to 

high-valent [(por•–)FeIV=O], known as O-Cpd I) have been proposed as possible intermediates 

in analogy with the well-known oxygen-transfer mechanism of this enzyme and its model 

systems. However, the existence of such high oxidation state [(por•–)FeIV=NR]+ species has 

not been proven. In chapter 4, we describe our investigations aimed at experimental detection 

of the putative nitrene intermediates and understanding their electronic structure. In this 

chapter, combined computational and spectro-electrochemical studies show that neutral Fe-

nitrene/imido intermediates of the type [(por2–)FeIV=NR] (containing a non-oxidised 

porphyrin-ring) are readily formed from the ferrous complex [(por2–)FeII] and organic azides 

with accessible energy barriers (∆G‡= +20 kcal mol–1) at room temperature. Formation of the 

previously proposed azo-ferryl porphyrin cation radical species [(por•
−)FeIV=NR]+ (analogous 

to O-Cpd I) from ferric species [(por)FeIII] could not be confirmed experimentally and also in 

our computational studies the ferric pathway leading to [(por•
−)FeIV=NR]+ species is 

associated with much higher energy barriers than the corresponding ferrous pathway leading 

to [(por2–)FeIV=NR] species (Figure 5).  

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 

being in between the FeII-nitrene and an FeIV-imido 

formalisms involving the following resonance 

structures: [(por)FeIV{NR2
−}] ↔ [(por)FeIII{N•R–}] 

↔ [(por)FeII{NR0}]. These iron imido/nitrene 

species are more reasonably proposed as key-

intermediates in catalytic nitrene-transfer reactions. 

 

 Figure 5.  Iron-oxo intermediate 
O-Cpd I, the putative isoelectronic iron-
nitrene/imido analogue  N-Cpd I, and the 
experimentally detected [(por)Fe=NR] 
species. 
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The FeIII precursors must first get reduced to the active FeII species to activate the organic 

azide. 

In chapter 5, we present our comparative mechanistic studies, based on experimental 

screening and computational studies, using CoII- and FeII- porphyrins on the catalytic 

activation of organic azides and subsequent nitrene-transfer to styrenes. We focussed in 

particular on the competition between 3-membered ring (aziridine) and 5-membered ring 

(tetrahydropyrrol) formation, the influence of the olefinic substrates and the influence of the 

type of metallo-porphyrin and metallo-porpholactone used as catalyst. We found that Co and 

Fe have very similar mechanisms for nitrene formation and transfer to the olefin, albeit with 

interesting subtle differences in their electronic structures. While Co forms a discrete nitrene 

radical intermediate [(por)CoIII{N•R–}] upon activation of the azide, Fe produces a nitrene 

intermediate with a much more covalent Fe=NR π-bond having each of its two π* Fe−N 

antibonding SOMOs half-filled. This covalency complicates the assignment of metal and 

ligand oxidation states (resonance structures: [(por)FeIV{NR2
−}] ↔ [(por)FeIII{N•R–}] ↔ 

[(por)FeII{NR0}]). The species does contain a significant amount of spin density at the 

nitrene/imido nitrogen, allowing the description of its reactivity with styrene to proceed via 

the [(por)FeIII{N•R–}] resonance form. Radical addition of [(por)FeIII{N•R–}] to styrene 

produces a genuine FeIII γ-alkyl radical, comparable to the CoIII γ-alkyl radical intermediate 

obtained by radical addition of [(por)CoIII{N•R–}] to styrene (Figure 6). These results 

highlight the importance of having 

discrete spin density located at the 

nitrene nitrogen in (por)MIII{N•R–} 

species prior to olefin attack (M = Co, 

Fe), which explains the reactivity 

displayed by these catalysts. 

Selectivity for formation of the 

aziridines (3-membered ring) vs. 

tetrahydropyrrol (5-membered ring) 

arises, from the competition between 

ring-closure and addition of the second 

styrene moiety. For all catalyst, we 

found almost barrierless ring-closure of 

the γ-alkyl radical species. Only for 

 

 Figure 6.  Catalytic cycle of M(por) (M=Co, Fe) 
aziridination (3-membered ring) and tetrahydro-
pyrroles (5-membered ring) with organic azides. 
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metallo-porpholactones, the barrier for the addition of the second unit becomes comparable to 

the ring formation barrier, and thus energetically competitive. Experimentally, 

tetrahydropyrrol forma-tion is only observed when using metallo-porpholactones as catalysts 

and p-MeO-styrene as a substrate. In good agreement, also in the computational studies the 

use of p-MeO-styrene further lowers the activation barrier for addition of the second styrene 

moiety, and in case of the Fe-porpholactone catalysts this path is nearly barrierless. 

In chapter 6, we describe our efforts to extend the scope of ‘Rh-catalysed C1 

(co)polymerisation’ reactions. These reactions proceed via a migratory ‘carbene’ insertion 

pathway, and represent a new way to synthesise stereoregular polymers. We first focussed  on 

understanding the influence of the diene ligand on the activity of Rh catalysts for carbene 

polymerisation, and then designed and synthesised bulky di-substituted 1,5-Ar-cod-type diene 

ligands and applied them in Rh-mediated C1 polymerisation reactions. These new RhI(diene) 

catalysts enabled us to demonstrate, for the first time, that sulfur ylides are interesting carbene 

monomer precursors for applications in carbene polymerisation reactions (Figure 7). 

Furthermore, we show that is possible to generate unique diblock copolymers from 

sulfoxonium ylides and diazoesters as the respective carbene monomer precursors. This 

constitutes an entirely new approach to the synthesis of functional copolymers. The new 

technique proved to be tuneable for the content of the polar and non-polar groups, hence 

opening new doors for variation of polarities of different materials since the copolymer 

properties are highly dependent on the functional group content. These copolymers can be 

used as single materials with benefits from both blocks, but also as blending agents 

(compatibilisers) to mix polyethylene (PE) or polymethylene (PM) with poly(ethyl 2-ylidene-

acetate) (PEA). Additionally, we presented our findings in model studies that explained the 

influence of the catalyst structure on the obtained polymer yields. These studies then provide 

insights into the catalyst activation and deactivation and hence valuable information on the 

design of the catalyst.  

The mechanistic 

information described 

in this thesis is of 

important value for 

further developments 

in the field of 

controlled reactions by 

 

Figure 7. Copolymerisation of functionalised (from diazo-compounds) 
and non-functionalised (sulfoxonium ylides) carbenes as alternative to 
olefin polymerisation.  
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hypo-valent reagents such as carbenes and nitrenes. Controlling these rea-gents with transition 

metals allows the synthesis of new (functionalised) small molecules as well as 

macromolecules.  

These reagents display a wide variety of chemical reactivity patterns. The formation of nitrene 

radical intermediates in catalysis offers interesting new avenues in controlled radical-type 

ring-closure and C−H bond activation reactions, and carbene intermediates offer fascinating 

opportunities to prepare new polymeric materials via Rh-mediated C1 polymerisation. There 

are still many unexplored possibilities in this field that require future attention. We think, in 

particular, that the involvement or radical intermediates in nitrene transfer (activation) is 

crucial to achieve highly controlled reactions. In this perspective, looking at the very similar 

chemical reactivity that nitrene and carbene chemistry display, we can speculate on expanding 

the scope of metal-nitrene chemistry, such as catalytic synthesis of isocyanates (useful in 

polymer synthesis), and enantioselective nitrene transfer and insertion reactions.  
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Samenvatting 

Het ontwikkelen van nieuwe, efficiënte en duurzame oplossingen om moleculen te 

functionaliseren is cruciaal om  nieuwe, schone synthesemethoden voor de toekomst te 

ontwerpen. Gebruiksgemak, milieubelasting en kosten zijn belangrijke factoren om onderzoek 

naar dergelijke nieuwe syntheseroutes te verantwoorden, en dit geldt voor een breed scala aan 

synthesetoepassingen variërend van de synthese van kleine moleculen (ontwikkeling van 

medicijnen) tot de productie van nieuwe polymere materialen (d.w.z. gefunctionaliseerde 

polymeren) die het toepassingsgebied van huidige technologieën uitbreiden of nieuwe 

technologieën invoeren. In dit perspectief biedt de typische hypovalente reactiviteit van 

'carbenen' en 'nitrenen' interessante mogelijkheden voor de ontwikkeling van nieuwe 

syntheseroutes om functionaliteiten te introduceren in kleine moleculen en polymeren. 

Overgangsmetaal-gebonden carbenoiden en nitrenoiden vertonen vaak gecontroleerde, 

maar hoge reactiviteit die toegang geeft tot krachtige synthetische substraat-functionalisering. 

Rekening houdend met het hiervoor genoemde perspectief is het primaire doel van het 

onderzoek, beschreven in dit proefschrift, om de mechanistische kenmerken van 

overgangsmetaal-gemedieerde hypovalente en radicaal-type groep-transfer reacties in detail te 

begrijpen, en deze nieuwe inzichten uiteindelijk te gebruiken in het rationele ontwerp en de 

ontwikkeling van nieuwe en verbeterde katalytische systemen. 

Synthetische toepassingen van (metaal) carbenen zijn 

inmiddels vrij ver doorontwikkeld, maar soortgelijke 

ontwikkelingen in de (metaal) nitreen chemie lopen 

momenteel achter. Hetzelfde geldt voor mechanistische 

inzichten in nitreenchemie. Het al dan niet bestaan, de 

(elektronische) structuur en de precieze aard van de 

voorgestelde nitreen-intermediairen in nitreen-transfer reacties zijn in de afgelopen decennia 

een discussiepunt gebleven. Opmerkelijk is dat pas onlangs de redox activiteit van 

nitreen/imido liganden is ontdekt, en ondertussen wordt het steeds duidelijker dat stikstof-

radicalen een belangrijke rol spelen in verschillende nitreen-transfer reacties. In hoofdstuk 1 

wordt een overzicht van gerapporteerde, goed gedefinieerde, gekarakteriseerde en geïsoleerde 

stikstof-radicaal complexen gepresenteerd. Dit omvat de aminyl-radicaal complexen 

 

Figuur 1. Stikstofradicalen als 
liganden voor metaalcomplexen. 
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([M(•NR2)]), nitreen/imido-groep complexen ([M(•NR)]) en nitridyl-radicaal complexen 

([M(N•)]) die in het afgelopen decennium gerapporteerd zijn (Figuur 1). 

In de meeste gevallen geven deze stikstof-radicaal liganden selectieve reacties, ondanks 

hun radicaal karakter. In de praktijk blijkt het gebruik van stikstof-radicaal liganden een 

effectief nieuw instrument voor de (katalytische) synthese van verschillende stikstof 

bevattende organische moleculen (bijvoorbeeld aziridines, pyrazolen, aminen, amiden en 

ammoniak). Een classificatiesysteem van stikstof-radicaal ligand complexen is geïntroduceerd 

op basis van hun elektronische structuur, waardoor een beschrijving als ofwel één elektron 

gereduceerde Fischer-systemen, één elektron geoxideerde Schrock-systemen of systemen met 

een (bijna) covalente M-N π-binding. De informatie en de indeling van de voorbeelden in dit 

hoofdstuk moet bijdragen tot een beter begrip van de (katalytische) reactiviteit van stikstof-

radicaal liganden en de rol die zij spelen in het sturen van de reactiviteit van 

coördinatieverbindingen. 

Ondanks het bestaan van verschillende nitreen-bronnen zijn ’nitreen-precursors’ over het 

algemeen moeilijk te maken. Organische azides behoren tot de meest veelbelovende en 

milieuvriendelijke alternatieven, en daarvoor is een groot aanbod aan substraten beschikbaar. 

Recentelijk zijn organische azides gebruikt als ‘nitreen-precursor’ substraten in katalytische 

olefine aziridinering en C-H amineringsreacties, waarvoor CoII(Por) complexen één van de 

beste katalysatoren blijken te zijn. In hoofdstuk 2 beschrijven we onze studies om meer licht 

te werpen op de mechanistische eigenschappen van kobalt gemedieerde olefine 

aziridineringsreacties. De studies richten zich in het bijzonder op het begrijpen van de 

belangrijkste factoren die een rol spelen onder de katalytische omstandigheden. 

Figuur 2. MO diagrammen van open-shell stikstofradicaal liganden: a) 1e gereduceerd Fischer-type, 
b) 1e-geoxideerd Schrock-type, c) covalente complexen. 
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We ontdekten op basis van 

DFT berekeningen dat een 

radicaalroute gevolgd wordt in de 

aziridinering van styreen 

gekatalyseerd door CoII(por). Het 

reactiemechanisme verloopt via 

tweestaps radicaal additie-

substitutie proces, waarbij het 

redox-actieve gedrag van het 

CoIII-‘nitreen radicaal’ 

intermediair een belangrijke rol 

speelt. De radicalaire 

eigenschappen van dit intermediair vergemakkelijken de additie van het alkeen, resulterend in 

een γ-alkylradicaal intermediair dat gemakkelijk ring-sluit en zo een aziridine-ring vormt 

(Figuur 3). 

Experimenteel is de meest succesvolle katalysator, het Co(3,5-DitBu-IbuPhyrin) complex 

dat carboxamido-functionele groepen als waterstofbrug-donors bevat (Figuur 4; gerapporteerd 

door Zhang et al.). Deze functionele groepen kunnen interacties aangaan met het sulfonazide 

substraat, resulterend in verhoogde activiteit van de gemodificeerde porfyrine kobalt-

complexen. Volgens onze computationele studies verlaagt deze waterstofbrug in feite de 

energiebarrières voor de vorming van het nitreen intermediair, evenals de barrière voor 

olefineadditie. Hiermee zijn de verbeterde prestaties van deze katalysatoren verklaard. Het 

berekende radicaalmechanisme (Figuur 3) komt dan ook goed overeen met alle beschikbare 

mechanistische en kinetische gegevens en verklaart eenvoudig de uitstekende prestaties van 

de CoII(por) systemen met waterstofbrug-donors zoals recent ontwikkeld in de groep van 

Zhang. 

In hoofdstuk 3 worden de 

mechanistische studies uitgebreid 

tot CoII porfyrine-gekatalyseerde 

benzylische C-H aminering van 

ethylbenzeen, tolueen en 1,2,3,4-

tetrahydronaftaleen (tetraline) 

met een aantal verschillende 

 
Figuur 3. Katalytische cyclus van C-H aminering (links) of 
aziridinering (rechts) met organische azides gebaseerd op 
Co(por). 

 

 

Figuur 4. CoII(3,5-DitBu-
Chen-Phyrin) en water-
stofbruggen die het nitreen 
radicaal stabiliseren. 
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organische azides (N3C(O)OMe, N3SO2Ph, N3C(O)Ph en N3P(O)(OMe)2) als nitreen-bron. 

Ook in deze reacties is aangetoond dat CoIII-nitreen radicalen een sleutelrol spelen in het 

gehele C-H activeringsproces (Figuur 3). Deze reacties verlopen gemakkelijk via een 

waterstof-atoom-overdrachtsproces vanaf een benzylische positie van het organische substraat 

naar het CoIII-nitreen radicaal. De zo gevormde ‘close-contact’ radicaal paren 

{R'•…(por)CoIII-NHR} produceren vervolgens de CoII-amine adducten in een vrijwel 

barrièreloze reactie. Productdissociatie sluit de katalytische cyclus, en geeft de uiteindelijke 

amine producten NHRR'. Deze studie omvat verder mechanistische studies om 

deactiveringspaden van de katalysator te begrijpen en geeft inzicht in de vorming van de 

experimenteel waargenomen nevenproducten. 

DFT berekeningen voorspellen dat CoIII-nitreen radicalen in een exotherm proces gevormd 

worden uit de kobalt precursor en het organische azide. Dit werd experimenteel bevestigd 

door middel van EPR spectroscopische studies. In mengsels van (por)Co complexen met een 

overmaat van de organische azides in benzeen werden EPR signalen gedetecteerd met 

g-waarden kenmerkend voor ligand-radicaal complexen. Dit is het eerste experimentele 

bewijs voor het bestaan van deze belangrijke tussenproducten in nitreen-transfer reacties 

gekatalyseerd door metallo-radicaal kobalt(II)-porfyrine complexen. 

FeIII-porfyrine systemen zijn gebruikt om 

katalytische nitreen-transfer reacties door 

cytochroom P450 na te bootsen. In deze studies 

werd [(por•-)FeIV=NR]+ (isoelektronisch met hoog-

valent [(por•-)FeIV=O], welbekend als O-Cpd I) 

voorgesteld als een mogelijk intermediair, in 

analogie met het bekende zuurstof-

overdrachtsmechanisme van dit enzym en 

modelsystemen daarvan. Het bestaan van [(por•-)FeIV=NR]+ in zo’n hoge oxidatietoestand is 

evenwel niet bewezen. In hoofdstuk 4 beschrijven we ons onderzoek gericht op 

experimentele detectie van de vermeende nitreen tussenproducten en het begrijpen van hun 

elektronische structuur. In dit hoofdstuk laten gecombineerde computationele en spectro-

elektrochemische studies zien dat neutrale Fe-nitreen/imido intermediairen van het type 

[(por2-)FeIV=NR] (met een niet-geoxideerde porfyrine-ring) gemakkelijk gevormd worden uit 

het ijzer(II) complex [(por2-)FeII] en organische azides. Deze reactie gaat gepaard met zeer 

toegankelijke energiebarrières (ΔG‡= +20 kcal mol-1). Vorming van het eerder voorgestelde 

azo-ferryl porfyrine-radicale kation [(por•)FeIV=NR]+ (analoog aan O-Cpd I) vanuit het 

 
Figuur 5. IJzer-oxo intermediair O-Cpd 
I, het mogelijke isoelectronische iron-
nitreen/imido analoog N-Cpd I, en het 
experimenteel waargenomen 
[(por)FeIV=NR] complex. 
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ijzer(III) complex [(por)FeIII] kon niet experimenteel worden bevestigd, en in onze 

computationele studies is het pad dat leidt naar [(por•)FeIV=NR]+ geassocieerd met een veel 

hogere energiebarrière dan de overeenkomstige route leidend tot [(por2-)FeIV=NR] (Figuur 5). 

 

Volgens DFT berekeningen (en dit wordt ondersteund door de kleine verschuiving van de 

Soret-band in de experimentele UV-Vis spectra) kunnen deze [(por2-)FeIV=NR] deeltjes het 

best beschreven worden met de volgende resonantiestructuren: [(por)FeIV{NR2
−}] ↔ 

[(por)FeIII{N•R–}] ↔ [(por)FeII{NR0}]. Deze ijzer imido/nitreen complexen spelen 

hoogstwaarschijnlijk een cruciale rol als intermediair tijdens katalytische nitreen-transfer 

reacties. De FeIII precursors moeten eerst gereduceerd worden tot actieve FeII complexen om 

het organische azide te kunnen activeren. 

In hoofdstuk 5 presenteren we 

onze vergelijkende mechanistische 

studies, gebaseerd op experimentele 

screening en computationele studies, 

inzake CoII- en FeII-porfyrine 

gekatalytiseerde nitreen-transfer van 

organische azides naar styrenen. We 

hebben ons met name gericht op de 

competitie tussen 3-ring (aziridine) en 

5-ring (tetrahydropyrrol) vorming, de 

invloed van de styreen substraten en 

de invloed van het type metallo-

porfyrine en metallo-porpholactone 

als katalysator. We ontdekten dat Co 

en Fe zeer gelijksoortige 

mechanismen voor nitreen-vorming en nitreen-overdracht naar het styreen substraat vertonen, 

zij het met interessante subtiele verschillen t.a.v. de elektronische structuren. Zo vormt Co een 

discreet nitreen-radicaal tussenproduct [(por)CoIII{N•R-}] na activering van de azide, maar 

produceert Fe een nitreen tussenproduct met een veel covalentere Fe=NR π-binding met elk 

van de twee π* Fe-N antibindende SOMO’s half gevuld. Deze covalentie bemoeilijkt de 

toewijzing van de oxidatietoestanden van het metaal en het ligand (resonantie-structuren: 

[(por)FeIV{NR2
−}] ↔ [(por)FeIII{N•R–}] ↔ [(por)FeII{NR0}]). Dit deeltje heeft wel een 

significante hoeveelheid spindichtheid op het nitreen/imido stikstof-atoom, waardoor de 

 
Figuur 6. Katalytische cyclus van M(por) (M = Co, Fe) 
gekatalyseerde vorming van aziridines (3-ring) en 
tetrahydropyrrolen (5-ring) uit styrenen en organische 
azides. 
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reactie met styreen beschreven kan worden als een radicaalreactie vanuit de [(por)FeIII{N•R–}] 

resonantie vorm. Radicaaladditie van [(por)FeIII{N•R}] aan styreen geeft een ondubbelzinnig 

FeIII γ-alkylradicaal, vergelijkbaar met het CoIII γ-alkylradicaal-intermediair verkregen door 

radicaaladditie van [(por)CoIII{N•R-}] aan styreen (Figuur 6). Deze resultaten benadrukken 

het belang van discrete spindichtheid op de nitreen-stikstof in (por)MIII{N•R-} complexen 

voor olefine-aanval (M = Co, Fe), en dit verklaart de reactiviteit van deze katalysatoren. 

Selectiviteit voor de vorming van de aziridine (3-ring) tegenover tetrahydropyrrol (5-ring) 

is bepaald door de concurrentie tussen ringsluiting en additie van een tweede styreen substraat 

molecuul. Voor alle katalysatoren vonden we een bijna barrièreloze ringsluiting van het 

γ-alkyl radicaal intermediair. Alleen voor metallo-porpholactonen is de barrière voor de 

additie van het tweede styreen substraat vergelijkbaar met de barrière voor ringsluiting, en dus 

energetisch concurrerend. Experimenteel is tetrahydropyrrol vorming alleen waargenomen bij 

gebruik van metallo-porpholactonen als katalysatoren en p-MeO-styreen als substraat. Dit 

komt goed overeen met de computationele studies, waarbij het gebruik van p-MeO-styreen de 

activeringsbarrière voor aanval van het tweede styreen molecuul verder verlaagt, en in geval 

van de Fe-porpholacton katalysatoren is dit pad bijna barrièreloos. 

In hoofdstuk 6 beschrijven we onze inspanningen om de scope en 

toepassingsmogelijkheden van 'Rh-gekatalyseerde C1 (co)polymerisatie reacties' te 

verbreden. Deze reacties verlopen via de migratie/insertie van een 'carbeen', en 

vertegenwoordigen een nieuwe manier om stereo-reguliere polymeren te synthetiseren. We 

hebben ons eerst gericht op het begrijpen van de invloed van het diëen ligand op de activiteit 

van Rh katalysatoren voor carbeenpolymerisatie en hebben daarvoor bulky di-gesubstitueerde 

1,5-Ar-cod-type liganden ontworpen en gesynthetiseerd, en die vervolgens toegepast in Rh-

gemedieerde C1 polymerisatie reacties. Met deze nieuwe RhI(diëen) katalysatoren konden wij 

voor het eerst aantonen dat zwavel ylides interessante carbeen monomeerprecursors zijn voor 

toepassingen in carbeen polymerisatiereacties (Figuur 7). Verder tonen wij aan dat het 

mogelijk is om unieke diblokcopolymeren te genereren uit sulfoxonium ylides en diazoesters 

 
Figuur 7. Copolymerisatie van gefunctionaliseerde (uit diazo-verbindingen) en niet-
gefunctionaliseerde (sulfoxonium ylides) carbenen als alternatief voor alkeenpolymerisatie. 

N2

R

- N2

st-PEA

Rh

R R

R R R

H H

H H H
n

Ar

Ar

Rh
Cl

2H
R R

R R R

H H

H H H
n m

O
S

st-PEA-PM



Samenvatting 

 191 

als de respectievelijke carbeen monomeerprecursors. Dit is een geheel nieuwe aanpak voor de 

synthese van functionele copolymeren. Met deze nieuwe techniek bleek het mogelijk te zijn 

om de hoeveelheid polaire en niet-polaire groepen in het polymeer te sturen, en dit opent 

nieuwe deuren voor de synthese van polymeren met verschillende materiaaleigenschappen. 

De copolymeereigenschappen zijn sterk afhankelijk van de aard en hoeveelheid functionele 

groepen. Deze copolymeren kunnen gebruikt worden als afzonderlijke materialen met de 

voordelen van beide blokken, maar ook als ‘blending agents’ (compatibilisers) voor het 

mengen van polyetheen (PE) of polymethyleen (PM) met poly(ethyl 2-ylideen-acetaat) 

(PEA). Daarnaast hebben we met behulp van modelstudies de invloed van de structuur van de 

katalysator op de verkregen polymeeropbrengsten onderzocht. Deze studies verschaffen 

inzicht in de activerings- en deactiverings-mechanismen van de katalysator, en geven 

waardevolle informatie t.a.v. het ontwerp van de katalysator. 

 

De mechanistische informatie beschreven in dit proefschrift is van belang voor de verdere 

ontwikkelingen van de gecontroleerde reacties met hypovalente reagentia zoals carbenen en 

nitrenen. Het in toom houden van deze reagentia met behulp van overgangsmetalen maakt de 

synthese van nieuwe (gefunctionaliseerde) kleine moleculen en macromoleculen mogelijk. 

Deze reagentia vertonen een breed scala aan chemische reactiviteit, en de vorming van 

nitreen-radicaal intermediairen in katalyse biedt interessante nieuwe mogelijkheden in 

gecontroleerde radicaal-ringsluitingen en C-H activeringsreacties. Daarnaast bieden carbeen-

intermediairen fascinerende mogelijkheden om nieuwe polymere materialen te maken via Rh-

gekatalyseerde C1 polymerisatie. Er zijn nog veel onontgonnen mogelijkheden op dit 

onderzoeksgebied die in de toekomst nadere aandacht vragen. We denken in het bijzonder dat 

de betrokkenheid van radicalaire intermediairen in nitreen-transfer reacties cruciaal is om 

gecontroleerde reacties mogelijk te maken. In dit perspectief kunnen we, als we naar de 

overeenkomsten in reactiviteit van nitrenen en carbenen kijken, speculeren over het uitbreiden 

van metaal-nitreen chemie, zoals bijvoorbeeld in de richting van katalytische synthese van 

isocyanaten (nuttig in polymeersynthese) en enantioselectieve nitreen transfer- en 

insertiereacties. 
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