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ABSTRACT: Non-heme iron oxygenases utilize dioxygen to accomplish challenging chemical oxidations.  Further 
understanding of the Fe-O2 intermediates implicated in these processes is challenged by their highly transient nature. To 
that end, we have developed a ligand platform featuring phosphinimide donors intended to stabilize oxidized, high-spin 
iron complexes. O2 exposure of single crystals of a three-coordinate Fe(II) complex of this framework allowed for in 
crystallo trapping of a terminally-bound Fe-O2 complex suitable for XRD characterization. Spectroscopic and 
computational studies of this species support a high-spin Fe(III) center antiferromagnetically coupled to a superoxide 
ligand, similar to that proposed for numerous non-heme iron oxygenases. In addition to the stability of this synthetic Fe-
O2 complex, its ability to engage in a range of stoichiometric and catalytic oxidation processes demonstrates that this 
iron-phosphinimide system is primed for development in modelling oxidizing bioinorganic intermediates and green 
oxidation chemistry. 

Introduction 
Dioxygen is the ideal chemical oxidant.1 Enzymatic 

systems that effectively harness O2, such as the large 
class of mononuclear non-heme iron oxygenases, are 
essential to myriad biological processes.2 This particular 
class of enzymes catalyze an enormous range of O2-
dependent substrate oxidations that are increasingly 
recognized to proceed via pronounced mechanistic 
diversity.3 Perhaps the only chemical events central to all 
of these enzymes is the coordination and activation of O2 
by the iron cofactor. Yet, discrete Fe-O2 intermediates 
have proven to be highly transient or unobservable in 
most enzymes.4–6 Moreover, synthetic examples of well-
characterized, non-heme Fe-O2 complexes remain scarce 
owing to their reactive nature.7–9 

These enzymes have inspired numerous 
breakthroughs in the creation of synthetic catalysts for 
sustainable oxidation processes.10–12 Molecular catalysts 
for selective C-H bond functionalization, alcohol oxidation 
and alkene epoxidation have been developed that 
possess structural and/or mechanistic features congruent 
with those of non-heme iron enzymes.10 However, unlike 
the natural systems, most of these synthetic catalysts do 
not utilize O2 directly and instead rely upon alternative 
oxidants - such as peroxides - which provide access to 
viable catalytic intermediates at the expense of increased 
cost or undesirable side reactivity.13 Understanding and 
developing molecular systems that directly harness O2 as 
a reagent could enable transformative advances in 
chemical oxidation catalysis. 

We have initiated a research program that aims to 
develop new molecular catalysts for sustainable oxidative 
processes. Along these lines we have developed an 

electron-donating and oxidatively-resilient ligand platform 
featuring anionic phosphinimide donors intended to 
expand the reaction chemistry of Earth-abundant, first-
row transition metals.14 Herein, we show that this ligand 
enables the synthesis and characterization – including the 
XRD analysis – of a non-heme iron complex that binds O2 
in a terminal fashion. The available structural, 
spectroscopic, and computational data on this species 
corroborates a high-spin iron(III)-superoxide formulation 
which, in turn, is active in a diverse array of oxidation 
reactions, including catalytic O2-mediated aldehyde 
deformylation.  
 
Results and Discussion 

Terminally-bound phosphinimides are weak-field, π-
basic ligands isolobal to alkoxides.15 They have most 
commonly been used to stabilize electron-deficient 
lanthanides and early transition metals.16,17 In contrast, 
the coordination chemistry of these ligands with transition 
metals harboring substantial d-electron counts has not 
been intensively studied, owing in part to the propensity 
of phosphinimides to instead act as bridging ligands with 
electron rich metals.18,19 The ligand platform employed 
here features a rigid, sterically-encumbering framework 
designed to preclude oligomerization and direct these 
ligands to a single metal ion. Scheme 1 details an 
abbreviated synthesis of our featured tris(phosphinimine) 
pro-ligand (LAdH3) decorated with bulky 1-adamantyl 
substituents.  

The LAdH3 pro-ligand supports an electron-rich 
mononuclear Fe(II) species. The combination of 
Fe(HMDS)2 with LAdH3 results in the protonolysis of two 
phosphinimines yielding neutral [LAdH]Fe (Scheme 1). 



 

The solid-state structure of [LAdH]Fe features a trigonal 
planar iron atom bound to two phosphinimides and one 
phosphinimine (Fig 1). Observed Fe-N bond distances 
coincide with the protonation state of each donor atom: 
the two Fe-N(phosphinimide) bond distances are 1.886(2) 
and 1.894(2) Å whereas the Fe-N(phosphinimine) bond 
distance is 2.074(2) Å. The short Fe-N(phosphinimide) 
bond distances can be understood by the two canonical 
resonance forms of phosphinimide ligands (Scheme 2). 
Considering resonance form (B), terminal phosphinimide 
coordination to Fe allows for Fe-N σ-bonding and 
multiplanar Fe-N π-bonding. Such π-donation is expected 
to considerably raise the energy of the d-orbital manifold 
and stabilize high-spin ground states. Solution-phase 
magnetic measurements of this compound are consistent 
with an S = 2 spin state (μeff = 4.94 μB), as is typical for 
three-coordinate FeII compounds.20,21 Electrochemical 
experiments indicate that [LAdH]Fe exhibits a quasi-
reversible oxidation event at -1.35 V in THF electrolyte 
(Fig S15), which is significantly more reducing than 
related trigonal, high-spin iron(II) complexes.22,23 We 
hypothesize that the unusually low oxidation potential of 
[LAdH]Fe is a testament to the π-donation presented by 
the terminally-bound phosphinimide ligands. 

The [LAdH]Fe compound reacts with O2 in crystallo to 
form a terminal Fe-O2 complex, [LAdH]FeO2. Yellow 
monoclinic crystals of [LAdH]Fe visibly darken upon 
exposure to dry O2 and retain strong diffraction intensity 
to ~0.8 Å. Subsequent XRD studies on such crystals 
indicate that a single O2 molecule has coordinated to the 
Fe center (Fig 1) which adopts a squashed-tetrahedral 

geometry (THCDA = 0.55)24 in [LAdH]FeO2. Despite the low 
coordination geometry at Fe, the O2 ligand is bound in an 
ordered, terminal fashion with measured Fe-O and O-O 
bond distances of 1.981(3) and 1.321(5) Å, respectively, 
and an Fe-O-O angle of 114.8(3)o. The observed O-O 
distance implies an activated superoxide (O2

−) 
formulation.25 Marginally shorter average Fe-
N(phosphinimide) distances (1.87(2) Å) in [LAdH]FeO2 as 
compared to its precursor are also consistent with a more 
oxidized Fe center. To the best of our knowledge, this is 
the first crystallographically characterized, mononuclear 
non-heme iron-dioxygen complex obtained via addition of 
O2 to a synthetic Fe(II) compound.7,8 The terminal manner 
of O2 coordination and the experimentally determined 
structural metrics are comparable to those 
computationally predicted for the Fe-O2 adducts in 
isopenicillin N-synthase,5 homoprotocatechuate 
dioxgenase,4 and other non-heme iron oxygenases.26–28  

Spectroscopic measurements support a high-spin 
Fe(III) center antiferromagnetically coupled to a 
superoxide ligand in [LAdH]FeO2. The 57Fe Mössbauer 
spectrum of polycrystalline [LAdH]Fe (Fig 2A) appears as 
a sharp quadrupole doublet with parameters (δ = 0.59 
mm/s, ΔEQ = 1.45 mm/s) in line with those of other low-
coordinate, high-spin ferrous sites.23,29 A spectrum 
obtained on similarly-prepared [LAdH]Fe material 
following O2 exposure displays a single, broad quadrupole 
doublet with parameters (δ = 0.37 m/ms, ΔEQ = 1.32 
mm/s) consistent with a high-spin Fe(III) center in 
[LAdH]FeO2.30 The large linewidth associated with this 
spectrum may be a consequence of slow electronic 
relaxation at 80K, as suggested by EPR measurements 
(vide infra).  

Solution-phase magnetic measurements of [LAdH]Fe 
recorded immediately after exposure to O2 indicate an 
apparent S = 2 state for in situ-generated [LAdH]FeO2 at 
room temperature (μeff = 4.9 μB). As previously discussed 
for other non-heme iron-dioxygen complexes,26–28,31

 the 

Figure 1. XRD structures of [LAdH]Fe (left) and [LAdH]FeO2 
(right). Thermal ellipsoids are drawn at 50% probability. 
Solvent molecules, disordered adamantyl substituents, and 
C-H bonds have been removed. Portions of the ligand 
framework are hidden for clarity. 

Scheme 2. Phosphinimide resonance structures Scheme 1. Synthesis of the described complexes. 

Figure 2. (A) Zero-field 57Fe Mössbauer spectra of [LAdH]Fe 
(bottom) and [LAdH]FeO2 (top) collected at 80 K. A 10% 
Fe(II) impurity (green) is observed in the [LAdH]FeO2 sample. 
(B) Parallel-mode X-band EPR spectrum of a toluene 
solution of [LAdH]FeO2 at 5 K.  



 

interaction of O2 with high-spin ferrous ions can give rise 
to Fe-O2 complexes with total spin states (STOT) of 1, 2 or 
3. Similar total spin states can be envisioned for 
[LAdH]FeO2, the relative energies of which dictate the 
observed Boltzmann distribution at elevated 
temperatures. Parallel mode X-band EPR spectra of 
[LAdH]FeO2 at 5 K reveal an intense resonance at g = 
9.32. This feature can be observed at temperatures up to 
65 K and no other resonances emerge over this 
temperature range. This feature can be comparably 
simulated using STOT = 2 or 3 spin states attendant with 
rhombicity (E/D) values of 0.154 and 0.001, respectively 
(Fig S6). We favor the STOT = 2 simulation as [LAdH]FeO2 

should exhibit substantial rhombic character owing to a 
distorted tetrahedral Fe geometry and aspherical metal-
ligand π-bonding interactions.32 Accordingly, we assign 
this feature to a transition within the |±2⟩ doublet for an S 
= 2 ground state that is energetically well-isolated.33 

DFT methods provide further insight into the 
electronic structure of [LAdH]FeO2. Gas-phase geometry 
optimizations were performed on modestly truncated 
[Lt-BuH]Fe and [Lt-BuH]FeO2 using the TPSSh functional.34 
Salient metrics found for gas-phase 5[Lt-BuH]FeO2 – 
specifically the Fe-N/O and O-O bond distances, Fe-O-O 
angle and local Fe geometry – closely match the 
experimental values found for [LAdH]FeO2 (Table S3). The 
natural orbitals constituting the Fe-O σ-interactions (Fig 
3A) imply a delocalized 2-center-3-electron interaction of 
an Fe-dz

2 orbital and an O-O π* orbital of the O2-derived 

ligand. By convention, this interaction implies a formal 
reduction of O2 to a O2

(−) state. In contrast, the Fe-O π-
interactions constructed from the bonding and 
antibonding combinations of an Fe-dxz orbital and the 
orthogonal O-O π* orbital exhibit non-integer electron 
occupancies. This situation implies a localized, 
antiferromagnetic interaction as the electron populations 
for these two orbitals sum to 2.0 electrons and they exhibit 
pronounced spatial overlap.35 The magnitude of the 
exchange coupling constant predicted for this interaction 
(-58 to -136 cm-1)36 corroborates a well-isolated ground 
spin state. Considering the three additional, singly-
occupied orbitals (Fig S23), the electronic structure of 
5[Lt-BuH]FeO2 is best described as an S = 5/2 Fe(III) center 
antiferromagnetically coupled to an S = 1/2 O2

− ligand.  

These computational studies also aid in rationalizing 
the apparent stability of [LAdH]FeO2. The spin density plot 
for 5[Lt-BuH]Fe (Fig 3B) illustrates that the Fe center bears 
the majority of the unpaired electron density (+3.65 
electrons) with minimal spin leakage onto the two 
phosphinimide nitrogen atoms (+0.11 electrons total). In 
contrast, the spin density profile of 5[Lt-BuH]FeO2 reveals 
substantial unpaired spin density on both the 
phosphinimide N-atoms (0.41 electrons total). Hence, 
electron density is mutually transferred from the Fe center 
and the supporting phosphinimides to O2 upon its 
coordination. The cylindrical distribution of electron 
density on the N-atoms in 5[Lt-BuH]FeO2 evidences Fe-N 
π-bonding interactions in two orthogonal planes. This 
situation contrasts that found for ligands commonly used 
to stabilize FeOx species, such as porphyrin or amido-type 
(R2N-) donors, that are restricted to forming Fe-N π-bonds 
in a single orientation.30,37,38 We hypothesize that the 
unique π-bonding characteristics of the [LAdH]2- ligand 
serves to stabilize oxidized forms of bound metal ions, 
and in this case enables the robust coordination of O2 to 
Fe. 

The [LAdH]Fe platform engages in a range of 
oxidation reactions that proceed in stoichiometric and 
catalytic fashion. For example, [LAdH]Fe catalyzes the O2-
mediated conversion of 1,2-diphenylhydrazine to 
azobenzene (Fig 4A). The reaction rate observed with 
deuterium labeled substrate implies a kinetic isotope 
effect of 2.90, consistent with a rate-determining 

Figure 4. (A) Generation of azobenzene from 1,2-
diphenylhydrazine (red) or d2-1,2-diphenylhydrazine (blue) 
in the presence of [LAdH]Fe and 1 atm O2 at rt. (B) 31P{1H} 
NMR spectra illustrating the rt conversion of Ph3P to 
Ph3P=O mediated by [LAdH]Fe under 1 atm O2.  

Figure 3. (A) Natural orbitals of [Lt-BuH]FeO2 constituting the 
Fe-O bonding interactions. Electron occupancies are 
denoted underneath each orbital. (B) Spin density plots of 
[Lt-BuH]Fe (left) and [Lt-BuH]FeO2 (right). Contour values are 
drawn at 0.05 and 0.01 e-/Å3

 for A and B, respectively. 



 

hydrogen atom abstraction step that is presumably 
mediated by in-situ generated [LAdH]FeO2. In addition, the 
ability of [LAdH]Fe to quantitatively convert 1 equiv of PPh3 
to O=PPh3 over ~15 minutes under an O2 atmosphere 
(Fig 4B) supports the generation of a reactive, 
electrophilic oxidant.39 The nature of the Fe-containing 
[LAdH]Fe-derived product(s) of these reactions are 
presently unknown and their characterization will be 
disclosed in a later report.  

Finally, the [LAdH]Fe complex was found to catalyze 
C-C and C-H bond cleavage processes. Inspired by 
previous reports of nucleophilic metal-dioxygen species 
that engage in aldehyde deformylation,7,40–45 we 
examined the reactivity of [LAdH]Fe and 2-PPA in the 
presence of O2. Exposure of a 1:1 mixture of [LAdH]Fe and 
2-PPA to O2 resulted in the formation of acetophenone in 
>95% NMR yield. The identity of the other organic product 
was confirmed to be formic acid (Fig S2). Realizing that a 
full equivalent of dioxygen had been transferred to the 
substrate, we postulated that [LAdH]Fe could be 
regenerated upon deprotonation of the formic acid. Under 
ideal conditions that employ TBD as a base, 18 equiv of 
acetophenone are produced at 5 mol% [LAdH]Fe catalyst 
loading (Table 1). The direct usage of O2 as an oxidant 
here is unusual,42,45 and underscores the promising 
oxidation chemistry of the [LAdH]Fe system.  

 
Conclusions 

In summary, a non-heme Fe-O2 complex has been 
prepared via exposure of O2 to a phosphinimide-iron(II) 
compound. Its structural and spectroscopic features 
corroborate an antiferromagnetically-coupled, high-spin 
Fe(III)-superoxide site analogous to that predicted for 
many non-heme iron oxygenase enzymes. This 
amphoteric oxidant engages in both H- and O-atom 
transfer reactivity in addition to catalyzing oxidative 
aldehyde deformylation. These combined results 
demonstrate the utility in using phosphinimide ligands to 
simultaneously stabilize and harness reactive inorganic 
species. Further investigations aimed at probing the 
nature of the Fe-containing intermediates of these 
transformations are currently underway.   
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