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Intercepting a Transient Pyridine N-Oxide Fe(III) Species in 
Catalytic Oxygen Atom Transfer Reaction 
Nhat Tam Vo,a Christian Herrero,a Régis Guillot,a Tanya Inceoglu,a Winfried Leibl,b Martin 
Clémancey,c Patrick Dubourdeaux,c Geneviève Blondin,c Ally Aukauloo*a,b and Marie Sircoglou*a 

In the context of bioinspired OAT catalysis, we developed a 
tetradentate dipyrrinpyridine ligand, halfway between hemic and 
non-hemic models. The catalytic activity of the iron(III) derivative 
was investigated in presence of iodosylbenzene. Unexpectedly, MS, 
EPR, Mössbauer, UV-Visible and FTIR spectroscopic signatures 
supported by DFT calculation provide convincing evidence for the 
reversible formation of a relevant FeIII-O-NPy intermediate. 

Oxygen Atom Transfer (OAT) reactions are important in 
chemical synthesis and biology where high valent metal-oxos 
are key catalytic species.1 Bioinspired models have been 
investigated to replicate the reactivity and selectivity of hemic 
and non-hemic enzymes. After much effort, chemists have 
unravelled facets of the structure and function relationship of 
the catalytic intermediates that affect substrate oxidation.2 

While the reactivity studies have long been focused on +IV and 
+V oxidation state metal-oxo intermediates, multiple active 
oxidant mechanisms have also been proposed (Scheme 1).1a,3 
For instance, iron(III) iodosylarene adducts have been 
considered as alternate active species.4 In-depth studies, 
implying chemical variation of the iodosylarene,5 X-ray 
structure characterization of such intermediate6 and DFT 
calculations7 have contributed to support this pathway. In 
parallel, pyridine N-oxides have been used as terminal oxidant 
in molecular metal complexes assisted OAT reactions.8 Che and 
coll. have in particular reported interesting OAT activities of a 
wide variety of organic substrates by combining ortho-
substituted pyridine N-oxide with Ru catalysts.9 Fukuzumi and 
coll. also demonstrated the photoactivation of an embarked 
outer sphere pyridine N-oxide fragment in a ruthenium-based 
complex to transfer the oxygen atom to an organic substrate.10 

More generally, the propensity to use heteroarene N-oxides as 
oxygen source in organic reactions was recently highlighted by 

Pospech. In this review, no mention is made of inner-sphere 
bound pyridine N-oxide as potential catalytic species towards 
OAT reactions.11 Yet, in several investigations, iron-N-oxide 
species have been characterized. McKenzie and coll. reported 
the chemical alteration of an Fe(V)-oxo species in the form a 
metal bonded tertiary amine N-oxide that was characterized 
crystallographically.12 In another example, the flexibility of a 
hexadentate ligand was proposed to favour the stabilization of 
an electrophilic oxyl group by a pendant pyridyl arm.6 More 
recently the lack of reactivity of a putative [LFeO]2+ 
intermediate was attributed to the formation of pyridine N-
oxide iron(III) complex, devoid of any catalytic activity.13 
Henceforth, in the actual state of the art, there is no report of 
any case where post synthetic iron N-oxide species can 
themselves be involved in a catalytic OAT reaction to organic 
substrates. On the contrary, their formation is rather 
considered as deleterious pathway.  
In this study, we report the synthesis of an iron(III) complex 
supported by a semi-hemic dipyrrinpyridine ligand, 
shorthanded as DPPy under its deprotonated form. The design 
of the ligand was directed to exclude alkyl chains in the 
backbone to limit its flexibility and increase its robustness 
towards self-oxidation.14 We found that in presence of 
iodosylbenzene, [FeIIIDPPyCl2] could promote the oxidation of a 
fair variety of substrates. In the process to unravel the nature of 
the putative oxidizing reactive species, no spectroscopic 
signatures for a highly oxidized Fe-oxo intermediate were 
detected. However, MS and IR collected data provide 
concurring evidence for the chemical formulation of an 
[FeIII(DPPyO)Cl2] intermediate. EPR and Mössbauer 
spectroscopy also nails the formation of a high spin Fe(III) 
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Scheme 1. Generation of relevant species involved in OAT reactions with 
iodosylarene and and pyridine N-oxide oxidants. 
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transient species. These intrigues are elucidated in what follows 
with the support of DFT calculations.  
The DPPyH ligand and the [FeIIIDPPyCl2] complex were prepared 
by adapting reported procedures (see ESI). Dark blue single 
crystals of the complex were obtained from an Et2O/ACN 
mixture. The molecular structure was determined by X-ray 
diffraction (XRD) analysis (Fig. 1). The coordination sphere 
around the iron ion is a distorted octahedron with four nitrogen 
atoms in a plane and two pseudo-axial chloride ligands held at 
an angle of 152° from the metal. The open structure of the DPPy 
ligand leads to a trapezoidal N4 coordinating scheme supported 
by two short metal-ligand bond with the dipyrrin pointing at Fe-
N1 and Fe-N2 = 2.048(3) Å and two longer ones involving the 
pyridine rings (Fe-N3 and Fe-N4 = 2.238(4) Å). These bond 
lengths are respectively equivalent to those of Fe(III) porphyrin 
complexes (av. 2.02 Å) and longer than those encountered 
classically in pyridine containing ligands (av. 2.15 Å, see ESI). The 
XRD analysis of crystals grown in acetone indicated two 
different conformations, one where the DPPy backbone is 
severely twisted by 14.70° while the second exhibits a 
dissymmetric coordination pattern (See ESI and Fig. S1-S4). 
These structural snapshots point to a certain displacement of 
the iron(III) to adapt within the trapezoidal coordinating N4 
pattern supported by the DPPy ligand. The consequence of this, 
results in the distancing of the iron ion away from one of the 
pyridine group as schematized in Fig. 1. 
The X-band EPR spectrum of the complex was recorded at 10 K 
in acetonitrile and revealed three signals with g values at 9.1, 
5.1 and 3.7 consistent with high spin (S = 5/2) Fe(III) species (Fig. 
S6). This spectrum was best simulated with the contribution of 
two high spin species probably originating from subtle 
structural difference as observed in the solid state.  
The catalytic activity of [FeDPPyCl2] was evaluated in the 
presence of iodosylbenzene as an oxygen atom donor. Under 
unoptimized conditions, quantitative oxidation of 
triphenylphosphine and thioanisole were observed at room 
temperature. More challenging substrates such as cyclooctene, 
toluene or cyclohexane, were also oxidized with good to modest 
yields (Scheme 2, Table S3). The observed reactivity matches 
those reported for hemic and non-hemic OAT catalysts, 
prompting us to further investigate the nature of the catalytic 
species involved in this unique hybrid hemic/non-hemic system. 
Our first experiment consisted in the monitoring of the 
electronic absorption spectral features of a solution of complex 
[FeDPPyCl2] in acetonitrile upon addition of a stoichiometric 
amount of PhIO at room temperature. The starting iron(III) 
complex presents two strong absorption bands in the region 
spanning from 500 to 700 nm. Such features are also present 

for the free ligand albeit with different amplitudes and 
energies.15 Accordingly, the absorption bands for the 
[FeDPPyCl2] complex are likely attributed to metal-ligand 
and/or ligand-ligand charge transfer bands. As depicted in Fig. 
2, addition of PhIO caused the instant bleach of the precursor 
band at 650 nm and apparition of a strong absorption band at 
636 nm (e » 20 000 L mol-1 cm-1) with a concomitant drop in 
intensity of the initial absorption band at 589 nm (e = 21 600 L 
mol-1 cm-1). Coincidentally, weaker absorption bands have been 
reported for non-hemic iron-oxo intermediates in this spectral 
window although with lower e values to confound with the 
actual bands.16 This new prominent spectral feature then faded 
away within 15 mins to rest the initial UV-vis spectrum of 
[FeDPPyCl2] (lmax = 589 nm,  e = 21 600 L mol-1 cm-1) albeit with 
slightly different relative intensities. Such an evolution can be 
related to the generation of an active species that would react 
with the solvent to regenerate the starting complex. During this 
process, some modification of the coordination sphere of iron 
may occur, explaining the slight difference observed in the 
recovered absorption spectrum. In another experiment, when 
triphenylphosphine was added to the oxidized species, the 
decay was accelerated by a factor of 5 (3 mins) while 
triphenylphosphine oxide was detected by Mass spectroscopy 
(MS) and NMR. This result put us on track that the monitored 
intermediate, denoted as species I is a relevant OAT agent. 
We then interrogated the oxidation state of this intermediate 
using X-band EPR spectroscopy. As can be seen in Fig. 2, the 
initial signal of the precursor [FeDPPyCl2] complex was replaced 
by a broad rhombic signal at g = 4.28 (E/D = 0.33) with an 
estimated conversion of around 60%. In addition, no signal was 
detected in parallel mode most probably precluding an integer 
spin state for the reactive intermediate. Besides no Fe-oxo 
intermediate could be detected even upon reaction at lower 
temperature. Unequivocally, addition of triphenylphosphine 
conducted to the disappearance of the signal at 4.28 with the 
concurrent recovery of the initial EPR signals of the precursor. 
These results therefore suggest that the reactive species I 
contains a high spin Fe(III) ion in a rhombic environment. 
Further confirmation for the oxidation state of I comes from the 

Fig. 2 Spectral changes of a [FeDPPyCl2] solution in ACN before (blue) and after 
(green) oxidation by PhIO, followed by its degradation (red) or reaction with PPh3 
(black). Left: UV-vis, Inset: degradation kinetics; Right: X-band EPR at T=10K. 

Fig. 1 Left: ORTEP view of the XRD structure of [FeDPPyCl2], single crystals grown 
in Et2O/ACN, H omitted, ellipsoids at 30%; Right: Scheme showing Fe displacement 
in the N4 cavity upon changing the solvent of crystallization to acetone. 
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Scheme 2. Main oxidation products obtained upon catalytic oxidation by 
[FeDPPyCl2] with PhIO (20 eq.) in acetonitrile. Conversions determined by GC. 
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Mössbauer analysis of a 57Fe enriched intermediate I at 6K (Fig. 
S8). Upon addition of PhIO, the broad dissymmetric doublet, (d 
= 0.45 mm s–1, DEQ = 0.78 mm s–1) of the starting complex gives 
rise to a new spectrum that can be described as the main 
contribution of a broad sextet extending from – 8 to 9 mm s–1 
(64%, d = 0.46 mm s–1, DEQ = 0.61 mm s–1) attributed to the 
signature of a S=5/2 species and a quadrupolar doublet (39%, d 
= 0.51 mm s–1, DEQ = 1.59 mm s–1) most probably arising from a 
magnetically silent  µ-oxo dimeric species generated under the 
high concentration of the Mössbauer analysis.17 No genuine 
Fe(V) or Fe(IV)=O signatures were identified therefore ruling out 
such formulation for the transient species previously detected 
by UV and EPR. 
Interestingly, upon ageing of the previous solution, the main 
magnetic Mössbauer signal disappeared to give a 1:1 mixture of 
the starting signal and the diamagnetic doublet (Fig. S8 bottom). 
These results again provide support for the formation of an 
Fe(III) transient species, I.  
At this juncture, we cogitated on a first alternative for the 
description of an iron(III) species that can behave as an 
oxygenated atom source. For this, we turned our attention to 
the formation of a Fe(III) iodosylbenzene adduct that has 
already been reported in literature by Nam and McKenzie. Mass 
spectrometry analysis is extremely sensitive and can permit the 
detection of unexpected highly active intermediates or 
chemically altered forms of the catalyst upon reaction with the 
chemical oxidant for instance. A solution of [FeDPPyCl2] in 
acetonitrile was treated with PhIO and followed by High 
Resolution ESI-MS. A peak of weak intensity was detected at 
773.9389 that corresponds to the iodosylbenzene adduct. 
However, several more prominent peaks were also present. 
Although the relative intensities of the mass-to-charge ratio do 
not necessarily reflect the actual concentration of the species in 
solution, we were piqued to investigate the nature of these 
signals. First, we identified a peak pointing at 534.0194 that 
matches the formula [FeDPPy(O)–H]+ and can tentatively be 
assigned to a C-H hydroxylation product (see ESI). Such 
hydroxylation of aromatic rings has been observed in prior 
studies18 and might partially account for the incomplete 
recovery of the initial absorption spectrum described above. 
Two peaks of interest were also evidenced at 569.9954 and 
580.0242 that corresponds to the chemical formulations 
[FeDPPy(O)Cl]+ and [FeDPPy(O)(HCOO)]+ respectively (Fig. S9). 
These peaks were sensitive when labelled H218O was added 
after reaction with PhIO. This result supports the fact that the 
transferred oxygen atom is chemically labile towards exchange 
within these species (Fig. S10). Having previously ruled out the 
formation of iron oxo species, an additional signal peaking at 
503.0879 caught our attention. This peak relates to a molecular 
fragment [(DPPyH(O)+Na]+, i.e. the sodium adduct of the free 
ligand with an inserted oxygen atom.19 With this formulation, a 
reasonable site for such a reaction is one of the pyridine groups 
to form an N-O pyridine noted as (DPPyO). Such oxygen 
insertion into a metal-heteroatom bond have been well 
documented with pyridine-amines containing ligands.20 In our 
case, the rigid conjugated acyclic skeleton of the DPPy ligand 
resulting in a loose coordination of the iron(III) ion is probably 

the crucial structural factor that facilitates the oxygen insertion 
to form a [FeIII(DPPyO)Cl2] species. Similar oxygen atom 
insertion was attested crystallographically by Lau and coll. with 
an analogous quarterpyridine ligand to form a quaterpyridine-
dioxide ruthenium complex acting as the active species for the 
water oxidation reaction.20b In our case, all attempts to 
crystallize such an intermediate failed due to its short life time 
and its high solubility. However, infrared spectroscopy provided 
supportive evidence for the presence of the N-O bound 
fragment. Compared to the initial [FeDPPyCl2] complex, two 
new bands sensitive to 18O labelling were clearly apparent at 
1226 and 845 cm-1 on the IR spectrum of a [FeDPPyCl2] / PhIO 
mixture (Fig. 3 and S12). These two signals can be respectively 
assigned to the stretching and bending vibration mode of the 
pyridine N-OFe bond by comparison to the values reported for 
Fe(OPy)6(ClO4)3 (1214, 839 cm-1).21 Importantly, these bands 
were absent in aged solutions and can therefore be related to a 
transient species.  
With a systematic approach to analyze the reactivity pattern 
with other terminal oxidants, we assessed the reactivity with 
mCPBA and NaClO. In the presence of mCPBA, a rapid 
degradation of the precursor was observed. However, when 
NaClO was used instead of PhIO, very similar spectra were 
obtained by UV-Vis, EPR, MS and IR spectroscopy (Fig. S13-S16). 
As with PhIO, the new spectral features were bleached upon 
addition of triphenylphosphine (Fig. S14). These collected 
results bring additional support for the formation of a potent 
reactive [FeIII(DPPyO)Cl2] intermediate in OAT reactions. 
Based on these original finding in the OAT reactions, we were 
interested to rationalize our observations with the support of 
DFT calculations. In a first place, our DFT study indicates an 
activation energy of 7.9 kcal.mol-1 for the decoordination of one 
of the pyridine ligand, thus suggesting some equilibrium might 
occur in solution at room temperature (see ESI). Then, we 
investigated the structure of intermediate I. The most stable 
geometry located features the insertion of an oxygen atom in 
one of the Fe-Npy bonds (Fig. 3 and ESI). The iron center and the 
3 unaffected nitrogen atoms hardly deviate from their initial 
positions (Fig. S20). While, the ClFeCl angle flattens compared 
to the computed precursor (156 to 143°) and the pyridine N-
oxide ring tilts by 27° from the N4 plane to allow the bent N-O-
Fe connection to form (Fe-O = 2.09 Å, N-O = 1.32 Å, NOFe = 
123°). Vibrational analysis of the computed [FeIIIDPPy(O)Cl2] 
revealed two modes involving N-O stretching and bending at 
1233 and 852 cm-1. As observed experimentally these 

Fig. 3 FTIR spectra of [FeDPPyCl2] before (black) and after (green) addition of PhIO; 
Inset: computed [Fe(DPPyO)Cl2] structure, Table: Experimental isotope sensitive 
bands compared to the calculated vibration modes involving N-O bonds  
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frequencies were isotopically shifted to higher energies (Fig. 3, 
S18-19), thus comforting our hypothesis. Although a full study 
of the mechanistic pathway leading to the formation of the 
pyridine N-oxide adduct is beyond the scope of this paper, we 
theoretically investigated the putative iron(V)-oxo and iron(III)-
iodosylbenzene intermediates (Fig. S21). By contrast, these 
notional structures were respectively found 35 and 21 kcal mol-1 
less stable than the computed [FeIII(DPPyO)Cl2], indicating that 
such species if they are formed, should alter rapidly. Of 
particular relevance, we noticed the departure of one pyridine 
arm in the Fe-oxo adduct. As stated above, the DPPy ligand 
probably provides a somewhat rigid N4 coordinating cavity and 
therefore cannot flex enough to accommodate the smaller 
highly oxidized iron(IV) or iron(V) ion. Such a structural feature 
in the designed DPPy ligand agrees with a possible 
intramolecular OAT to the free pyridine.  
In this study, we have investigated the OAT reactivity of a newly 
developed iron(III)-dipyrrin-dipyridine complex, [FeIIIDPPyCl2]. 
UV-vis, Mössbauer and EPR spectroscopies point to the 
formation of an Fe(III) active species, while ESI-MS and IR and 
analysis corroborated by DFT helped us identifying the 
oxygenation of a Fe-Npy bond. Oxygen insertion in ligand-Fe 
bonds has only been observed in rare cases and were most 
often considered as dead ends devoid of any reactivity.13,22 
Herein, upon treatment of [FeIIIDPPyCl2] with an oxygen-
containing oxidant such as PhIO, we propose the formation of 
intramolecular FeIII-O-NPy intermediate that still allows O-
delivery to various organic substrates. Such a behavior has to 
our knowledge only been observed in the case of Ru complexes 
and under light irradiation.10 Whether the mechanism involving 
the [FeIII(DPPyO)Cl2] intermediate I for the O-atom delivery to 
organic substrates proceeds via the classic generation of a 
potent Fe=O or a concerted pathway still remain to be 
elucidated. Future modifications of the DPPy backbone will help 
us to decipher and optimize the unusual oxidation process 
reported herein.23 Work along these lines is in progress. 
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CHARM3AT & ARCANE, HPC resources (GENCI-A0070810977), 
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