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In Crystallo O2 Cleavage at a Preorganized Triiron Cluster 

Heui Beom Lee†, Nicholas Ciolkowski†, Mackenzie Field, David A. Marchiori, R. David Britt, Michael 

T. Green, and Jonathan Rittle* 

† Authors contributed equally 

In Nature, the four-electron reduction of O2 is catalyzed at preorganized multimetallic active sites. These complex active sites often 

feature low-coordinate, redox-active metal centers precisely positioned to facilitate rapid O2 activation processes that obviate the 

generation of toxic, partially-reduced oxygen species. Very few biomimetic constructs simultaneously recapitulate the complexity 

and reactivity of these biological cofactors. Herein, we report solid-state O2 activation at a triiron(II) active site templated by phos-

phinimide ligands. Insight into the structure of the O2 reduction intermediates was obtained via in crystallo O2 dosing experiments in 

conjunction with spectroscopic, structural, magnetic, and computational studies. These data support the in situ formation of an 

Fe2
IIIFeIV-dioxo intermediate upon O2 exposure that participates in oxygen atom and hydrogen atom transfer reactivity with exogenous 

substrates to furnish a stable FeIIFe2
III-oxo species. Combined, these studies provide an extraordinary level of detail into the dynamics 

of bond forming and breaking processes operative at complex multimetallic active sites. 

INTRODUCTION 

The activation and reduction of atmospheric small molecules is 

integral to the function of our global ecology. In particular, re-

duction of dioxygen is vital for its role in oxidative metabolism 

and in serving as the primary chemical oxidant for most com-

plex life.1 To accomplish these processes, organisms have 

evolved a variety of metalloenzymes which often contain com-

plex multinuclear active sites. For example, many non-heme 

diiron oxygenases are capable of activating O2 and directly ox-

idizing aliphatic C-H bonds.2, 3 This reactivity has been at-

tributed to a high-valent diiron(IV) dioxo intermediate.4, 5 Sim-

ilarly, multicopper oxidases, such as laccase, couple the reduc-

tion of dioxygen to the oxidation of organic substrates by em-

ploying a tricopper active site as the locus for O2 activation 

(Figure 1A).6, 7 Spectroscopic and computational studies sug-

gest that this site serves to cooperatively bind and reduce diox-

ygen as a bridging peroxo moiety before subsequent O−O bond 

cleavage.8 Analogous mechanisms have been proposed for 

other multicopper oxidases such as ascorbate oxidase, cerulo-

plasmin, and others, highlighting the important role that these 

multi-nuclear active sites play in oxidative metabolism.9-11 

A longstanding goal of bioinorganic model chemistry lies in 

the design of functional analogues to elucidate the electronic 

and geometric structures of reactive, typically unobservable 

metal-oxo intermediates, to understand these biological sys-

tems, and to inform the design of new oxidative catalysts. In 

this context, a variety of metal complexes competent for O2 ac-

tivation at polynuclear sites have been described (Figure 1B-

1C). The Tolman group has characterized dicopper peroxo and 

bis-μ-oxo intermediates derived from the aggregation of a mon-

onuclear CuI 1,4,7–triazacyclononane (TACN) complex upon 

exposure to O2.12, 13 Similarly, the Que group has spectroscopi-

cally characterized a series of a tris(2-pyridyl)amine (TPA) sup-

ported high valent diiron oxo intermediates competent for C-H 

bond cleavage.14 These dimeric transition metal complexes rep-

resent some of the first synthetic examples of reactive, high-

valent metal μ-oxo cores analogous to the proposed intermedi-

ates of O2-reactive diiron enzymes and multicopper oxidases.15-

17 More recently, the Murray group has developed a three-fold 

symmetric cyclophane cage to support discrete trimetallic ac-

tive sites.18  This platform can support a tricopper site capable 

of in situ dioxygen activation and subsequent oxidation of weak 

C-H bonds.19 However, characterization of the oxygenated cop-

per intermediates attributed to these transformations was lim-

ited due to degradation pathways attributed to oxidation of the 

cyclophane platform. The transient, reactive nature of many of 

these oxygenated intermediates underscores the general diffi-

culty in obtaining the desired structural and spectroscopic char-

acterization of these model complexes. In this context, several 

dinuclear systems have been described, but well-characterized 

oxygen intermediates of higher nuclearity remain rare.20-29 

We hypothesized that a multidentate phosphinimide (PN) lig-

and would be an intriguing platform for addressing these chal-

lenges.30 In the absence of sterically-encumbering phosphorus 

substituents, PN ligands exhibit a propensity towards bridging 

multiple metal centers and supporting various metal cluster to-

pologies.31 However, very few of these systems have been ex-

amined within the context of small molecule activation and, in 

general, their reactivity remains underexplored.32-36 Herein, we 

report the synthesis, structural and spectroscopic characteriza-

tion of a series of trinuclear Fe complexes supported by a mul-

tidentate PN architecture that productively react with O2 (Figure 

1D). 
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Figure 1. (A) O2 reduction at the tricopper active site of multi-

copper oxidases. (B) TACN-supported dicopper peroxo and μ-

oxo intermediates. (C) TPA-supported diiron bis μ-oxo inter-

mediate. (D) O2 reduction at a triiron active site reported in this 

work. 

 

RESULTS AND DISCUSSION 

Synthesis of a Low-coordinate FeII
3 PN Cluster. Following 

the observed O2 reactivity of the Co3
II complex supported by the 

tris-PN framework, H3L, we sought to prepare the analogous 

Fe3
II complex.37 Treatment of an equivalent of H3L with 1.5 

equivalents of Fe[N(SiMe3)2]2 led to the formation of complex 

1 and its X-ray crystal structure revealed a L(3-)
2FeII

3 formula-

tion (Figure 2A). While the ligand:metal stoichiometry of 1 is 

the same as that of the analogous Co3
II complex, the structure of 

1 features a pseudo-C3-symmetric arrangement of Fe centers 

oriented in a “tri-aza-tri-ferri-cyclohexane” motif (Figure 2B). 

Each Fe center was found to adopt a trigonal planar geometry 

ligated by one terminal PN and two bridging PN-derived N-at-

oms. The terminal Fe−N distances are notably shorter (davg(Fe-

N): 1.857 Å) than those of the bridging Fe−N distances (davg(Fe-

N): 1.963 Å). The long intermetallic distances 

(d(Fe⸱⸱⸱Fe): 2.992, 2.9123, and 2.884 Å) reflect a nearly equi-

lateral arrangement of metal ions and marginal metal-metal 

bonding interactions.38 

Insight into the electronic structure of 1 was obtained from 
57Fe Mössbauer spectroscopy and SQUID magnetometry. Con-

sistent with the C3 symmetric Fe3
II core of 1, a single quadrupole 

doublet with an isomer shift of δ = 0.55 mm/s and a quadrupole 

splitting of ΔEQ = 0.74 mm/s was observed at 80 K and zero 

applied field (Figure S1). The relatively low isomer shift for this 

triferrous compound can be attributed to substantial covalency 

within the Fe-PN interactions.39 For comparison, the spectrum 

of a trigonal planar, S = 2 FeII-tris-thiolate complex features 

nearly identical parameters (δ = 0.56 mm/s, ΔEQ = 0.81 

mm/s),40 and an isomer shift of δ = 0.59 mm/s was observed for 

a mononuclear, trigonal high spin Fe(II)-PN complex.30 Hence, 

the local Fe sites of 1 are presumed to adopt S = 2 spin states. 

Solid-state magnetic studies of 1 revealed a small χT (emu K 

mol−1) value of 1.5 at 270 K indicative of strong antiferromag-

netic coupling between the FeII sites. This χT value was found 

to steadily decrease with temperature towards a negligible value 

at 10 K (Figure 3). This data was effectively simulated with an 

isotropic spin Hamiltonian that considers an isosceles triangular 

arrangement of Fe atoms (H = −2J[S1·S2+S1·S3] −2J'[S2·S3]) 

with resultant Hamiltonian parameters g = 2.0, J = −100 cm−1, 

J' = −75 cm−1, J/J' = 1.33. Within this framework, a singlet 

ground state is predicted for J/J' = 0.7~1.5 for triangular sys-

tems comprised of high spin FeII centers (Figure S2).41 Similar 

antiferromagnetic behavior has been observed in other trigonal 

FeII
3 complexes that feature bridging alkoxides/acetates42 or hy-

dride ligands43. However, the comparatively smaller exchange 

coupling constants (J = −1 to −14 cm-1) inferred from these sys-

tems manifest low-lying, paramagnetic excited states that are 

appreciably populated at low temperature. In contrast, the dia-

magnetic behavior observed for 1 below 20 K results from the 

large J values that raise the energy of paramagnetic excited 

states.44 Comparable exchange coupling constants were deter-

mined for the analogous L2Co3 system and collectively suggest 

that bridging phosphinimide groups provide an efficient path-

way for magnetic superexchange interactions.37, 45  

In Crystallo O2 Activation Studies. The cyclic- and square 

wave voltammograms of 1 in 0.2 M [nBu4N][PF6] electrolyte in 

THF revealed a reversible oxidation event at E = −1.1 V vs. 

Fc/Fc+, and two additional, quasi-reversible oxidation processes 

at E = −0.55 V and E = −0.1 V (Figure S3-S4). Presumably, 

these oxidation processes generate cationic L2Fe3 species bear-

ing one or more high-spin FeIII ions (1n+, n = 1, 2, 3). Attempts 

to prepare 1n+ derivatives via chemical oxidation unfortunately 

resulted in the formation of intractable mixtures of species. 

Nonetheless, these electrochemical data indicate that 1 could 

mediate multi-electron reduction processes. Indeed, the solid-

state architecture of 1 contains a substantial cleft near the cen-

troid of the N(4)-N(5)-N(6) plane (Figure 2B) that could sup-

port the binding of small molecules. In addition, the loosely-

packed crystal lattice of 1 is comprised of low occupancy sol-

vent channels that may permit direct solid-gas experiments 

(Figure S5). 

In anticipation that these low-coordinate iron sites were 

poised for cooperative small molecule activation, the reactivity 

of 1 with O2 was explored. An O2 titration with complex 1 (2-

MeTHF, -30 oC) indicated that 1 molar equiv O2 was consumed 

(Figure S6) alongside the formation of a broad absorbance fea-

ture centered at ~380 nm. The resultant species was stable at 

these temperatures to additional O2, but the pronounced insolu-

bility of 1 and its derivatives in common organic solvents pre-

cluded additional solution-phase characterization. Fortunately, 

the crystallinity of single crystals of 1 was not diminished fol-

lowing their exposure to dry O2, despite visible darkening of the 

solid material. X-ray diffraction studies performed after 24 

hours of O2 exposure revealed the formation of a new triiron 

complex (2) harboring a bridging oxo (µ3-O) ligand. Complex 

2 was also independently prepared via treatment of a slurry of 

1 in pyridine with one equivalent of iodosylbenzene (Figure 

2A). The Fe centers of 2 adopt local geometries that are inter-

mediate between tetrahedral and trigonal monopyramidal 

(τ(4)avg: 0.61)46 and exhibit Fe−(µ3-O) distances of 1.844(2), 

1.928(2), and 1.941(2) Å (Figure 2B) which are comparable to 
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the numerous molecular complexes and MOFs featuring trian-

gular FeIIFe2
III(µ3-O) cores.47, 48 The intermetallic distances in 2 

(d(Fe⸱⸱⸱Fe): 2.7315(7), 2.6930(7), and 2.6752(6) Å) are con-

tracted by ~0.2 Å relative to 1 and indicate that the ligand ar-

chitecture and crystalline lattice readily support structurally-dy-

namic clusters in the solid state. 

The 80 K 57Fe Mössbauer spectrum of polycrystalline 2 fea-

tures two resolved quadrupole doublets in a 2:1 ratio (Figure 

2C) that intimate a mixed-valent FeIIFeIII
2 formulation.49 On the 

basis of the pseudo-C3 symmetry of the Fe3O core in 2, the nar-

rower doublet was fit to two quadrupole sub-doublets with sim-

ilar isomer shifts, and correspond to two FeIII centers. At 200 K, 

the high velocity feature associated with the FeII quadrupole 

doublet exhibited weaker intensity relative to that observed at 

80 K. Similar temperature-dependent behavior has been ob-

served for other complexes featuring FeIIFeIII
2O cores,47, 50 and 

has been attributed to valence-delocalized states at higher tem-

peratures (Figure S7). However, the magnetochemistry of 2 

(vide infra) indicate that Mössbauer studies at much lower tem-

peratures would be required to confirm these hypotheses. 

For complex 2, the χT value of 6.0 at 270 K was found to 

decrease slowly with temperature down to 20 K (Figure 3). Fur-

ther cooling resulted in a rapid decrease to assume a χT value 

of 3.2 at 4 K, consistent with the expected value of 3.0 for an 

STOT = 2 ground state. The temperature dependence of χT within 

the low temperature regime implicates the presence of a low-

lying STOT = 3 excited state. The magnetometry data was effec-

tively simulated by assuming two equivalent FeII-FeIII exchange 

interactions (J) and a second FeIII-FeIII exchange interaction (J'). 

The simulated line in Figure 3 employs the following isotropic 

spin Hamiltonian parameters: g = 2.05, J = +60 ± 5 cm−1, J' = 

−120 ± 10 cm−1. Within this framework, the STOT = 2 ground 

state is predicted for J/J' = −0.5~0, consistent with the experi-

mental value of J/J' = −0.49 (Figure S8). The ferromagnetic 

FeII-FeIII interaction is noteworthy and distinct from that found 

for canonical Fe3O clusters.51, 52 The [Fe3O]6+ cores in these sys-

tems are planar, which manifest antiferromagnetic superex-

change interactions via the trigonal planar bridging O2- ligand. 

In contrast, the oxo ligand of 2 is strongly pyramidalized, and 

the acute ∠Fe-O-Fe angles of 87.5o~92.8o found in 2 are ex-

pected to favor ferromagnetic interactions.53  Moreover, the  in-

termetallic distances in 2 (vide supra) are much shorter than 

those found in planar [Fe3O]6+ clusters (~3.3 Å), increasing the 

plausibility of direct metal-metal bonding,54 that often result in 

ferromagnetic double exchange interactions within valence de-

localized systems.55 

The O2-mediated formation of the Fe3(O) 2 within single 

crystals of 1 prompted us to search for conditions that would 

allow the observation of earlier intermediates containing both 

O2-derived O-atoms. Small crystals of 1 were briefly exposed 

(~30 minutes) to dry O2 and examined using synchrotron radia-

tion-based X-ray diffraction experiments. Gratifyingly, the ob-

tained diffraction data revealed two distinct components each 

representing ~50% of the sample. One of the components was 

readily assigned as 2 on the basis of a similar [Fe3O] core struc-

ture (Table S1).  The other component contains a L2Fe3(O)(OH) 

cluster (3, Figure 4A). There are three notable differences be-

tween the two crystallographic components. First, the Fe3(µ3-

O) core of 3 is appreciably more distorted than that of 2, with 

one long intermetallic distance (d(Fe(1)⸱⸱⸱Fe(2)): 3.380(2) Å) 

that gives rise to a unique, weaker Fe-(µ3-O) interaction 

(d(Fe(1)-O(1): 2.052(4) Å) than that of the adjacent interactions 

Figure 2. (A) Synthesis of the triiron complexes 1 and 2 from the trisphosphinimine H3L. (B) Truncated crystal structure of 1 (left) 

and 2 (right). (C) Zero field Mössbauer spectrum of 2 collected at 80 K and corresponding fit of the data using three quadrupole 

doublets of equal areas. 
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(Table S2). Second, a bridging PN-derived N-atom was found 

to have dissociated from Fe(1) to allow coordination of a second 

oxygen atom, O(2) (Figure 4A). The short Fe(1)−O(2) distance 

of 1.869(7) Å is most consistent with a terminal iron-hydroxo 

assignment.56, 57 This hydroxo ligand lies in close proximity to 

the dechelated phosphinimide nitrogen (d(N(1) ⸱⸱⸱O(2)): 

2.86(1) Å) and an adventitious water molecule (d(O(2)−O(3)): 

2.69(1) Å) intimating the presence of a strong hydrogen bond-

ing interaction between these moieties. Finally, the aryl substit-

uents adjacent to the hydroxo ligand adopt distinct confor-

mations between 2 and 3 to accommodate its steric influence 

(Figure S9).  

 

 

Figure 3. χT vs T plot of the magnetic susceptibility data of 1 

and 2 and corresponding fit using an isosceles triangular ar-

rangement of Fe atoms. See text for spin Hamiltonian. 

 

The in crystallo formation of 3 is undoubtedly complex, but 

we hypothesize that it is a metastable intermediate derived from 

O2 activation by 1 and its (FeIII)3 formulation is corroborated by 

Electron Paramagnetic Resonance (EPR) spectroscopy on solu-

tion-phase samples (vide infra). The crystallographic snapshots 

suggest that following O2 activation by 1, sequential hydrogen 

atom transfer processes generate Fe3(O)(OH) 3 followed by the 

formation of Fe3(O) 2 and the loss of water (Figure 4B). While 

intermediates preceding the formation of 3 cannot be observed 

crystallographically, they likely include a a triiron-dioxo (O4, 

FeIVFeIII
2(O)2) species and/or a triiron-peroxo species (P4, FeII-

FeIII
2(O2)) (Figure 5). Taken together, the available crystallo-

graphic data supports the notion that cooperative O2 activation 

occurs at the Fe3
II core of 1 in the solid state. 

 

 

Figure 4. Truncated crystal structures of the two components 

observed upon in crystallo oxygenation of 1, leading to com-

plexes (A) 3 and (B) 2. 

 

 

Figure 5. Candidate molecular structures of 4 and correspond-

ing calculated vibrational frequencies. (A) Peroxo P4. (B) Ter-

minal oxo O4. (C) Bridging oxo B4. Orange and red spheres de-

note Fe and O atoms, respectively. 
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Spectroscopic Characterization of an Early Intermediate 

in the Solid State O2 Activation Process. The multistep con-

version of 1 to 3 and 2 requires O2 and H+/e− equivalents stem-

ming from unknown origin within the crystal lattice. In princi-

ple, the C-H bonds present within the ligand frameworks could 

serve as the hydrogen atom source but these groups are not de-

tectably perturbed in the structures of oxygenated complexes. 

Accordingly, we hypothesize that the requisite H+/e− equiva-

lents needed to successively transform the putative P4 or O4 in-

termediate(s) to 3 and 2 derive from the co-crystallized Et2O 

solvent that contains activated C-H bonds.  To explore this hy-

pothesis and ascertain the identity of early intermediates in the 

O2 activation process by 1, we sought to generate solid-state 

samples of the direct product of O2 addition to 1. Crystalline 

samples of 1 were ground to a fine powder and exhaustively 

evacuated to remove co-crystallized solvents (Et2O and pyri-

dine). Subsequent oxygenation (18 hours) with 1 atm dry O2 

resulted in a visible darkening of the solid material alongside 

quantitative conversion of the Infrared (IR) and 57Fe Mossbauer 

spectral features of 1.  

 

 

Figure 6. Fingerprint region of the FT-IR spectrum of 4 ob-

tained from 16O2 (black trace) and 18O2 (red trace). 

 

Monitoring this oxygenation process by FTIR spectroscopy 

revealed the loss of a prominent peak in 1 at 1252 cm−1, and 

growth of a new peak at 1200 cm−1 (Figure S10). These features 

are ascribed to ν(P=N) stretching frequencies stemming specif-

ically from the terminally-bonded PN ligands and the lower en-

ergy in the product (4) is consistent with a higher total Fe oxi-

dation state.58 A similar feature (1202 cm-1), albeit with dimin-

ished intensity, is also observed in 2. Exposure of 1 to natural 

abundance or 18O-labelled O2 was found to furnish a single iso-

topically-sensitive IR band at 647 cm−1 and 622 cm−1, respec-

tively (Figure 6), confirming the incorporation of O2 in 4. The 

observed spectral shift is consistent with a 16O/18O reduced mass 

consideration but the magnitude of the vibrational frequency 

substantially constrains the plausibility of candidate oxygenated 

iron (FexOy) fragments present in 4. For example, terminal iron-

oxo and diiron-peroxo units are unlikely to be present in 4 as 

these chemical units typically exhibit vibrational features in the 

range of 800~900 cm−1 that correspond to the ν(Fe=O) and ν(O-

O) vibrational modes, respectively.59 In principle, the energy of 

this feature is consistent with a terminal Fe-OH unit60 but the 

absence of a corresponding ν(O-H) features rules out this pos-

sibility (Figure S10). Hence, we favor the presence of either a 

diiron-peroxo or diiron-dioxo fragment interacting with an ad-

ditional Lewis acidic center (Fe or P) to rationalize the low en-

ergy vibrational mode of 4.  

The 57Fe Mössbauer spectra obtained following the conver-

sion of 1 to 4 (Figure 7A) reveal quantitative consumption of 1 

after 18 hours of exposure to dry O2. While the higher velocity 

side of the spectrum of 4 is an overlapping broad signal, the 

lower velocity side presents two inflection points at −0.3 mm/s 

and 0 mm/s, suggesting the presence of three distinct Fe centers. 

Several satisfactory fits were obtained (Figure S11); however, 

we favor the simulation (Figure 7B) in which the parameters for 

two of the sub-doublets closely resemble those assigned to the 

FeIII centers in 2. In this simulation, the remaining quadrupole 

doublet exhibits a comparably low isomer shift of δ = 0.23 mm/s 

implicating either a high-spin FeIV center or a low-spin FeII cen-

ter in 4.61-63 Owing to their strongly π-basic nature, PN ligands 

present a weak ligand field,37 and their ligation to low-coordi-

nate FeOx fragments are expected to culminate in local high 

spin configurations, as found for 1 and 2. While low-spin Fe-

PN complexes have been prepared, these complexes addition-

ally contain two or more strong-field phosphine or carbene  co-

ligands.58, 64 Accordingly, our preferred interpretation of the 

available 57Fe Mössbauer data on 4 implicate the presence of 

two high-spin FeIII ions and one high-spin FeIV ion. 

 

 

Figure 7. Zero field Mössbauer spectra collected at 80 K. (A) 

Conversion of complex 1 (red points) to 4 (blue points) upon 

oxygenation in the solid state. Lines are for guide only. (B) Fit 

of the data of 4 using three quadrupole doublets of equal areas. 
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Computational Investigations Implicate in situ formation 

of a triiron-dioxo Species. Computational investigations were 

pursued to correlate the spectroscopic features of 4 with candi-

date molecular structures. Geometry optimizations were carried 

out using the TPSSh functional and 6-31G(d) basis set for all 

atoms. We considered L2Fe3O2 formulations of 4 that contained 

a terminal oxo group (O4), a bridging oxo group (B4), or an in-

tact O-O bond of the dioxygen fragment (P4) (Figure 5). For the 

input geometry of P4, the ∠O(2)-Fe(1)-O(1) angle of 3 was re-

duced in order to introduce O-O bonding interactions (d(O-O): 

1.45 Å) expected for a bridging peroxo formulation (Figure 

5A). The input geometry of O4 was prepared via the simple re-

moval of hydroxide H-atom from 3 and a shortening of the 

Fe(1)-O(1) bond distance to 1.65 Å (Figure 5B). In all cases, 

the gas-phase geometries were optimized in their STOT = 7 spin 

states. These spin states were selected as the only assumption is 

the presence of two high-spin FeIII ions and a high-spin FeIV ion 

in O4 or high-spin FeII ion in P4, and is agnostic to the specific 

locations of the unique ions. Lower total spin ground states re-

sulting from antiferromagnetic interactions are likely present in 

4. However, owing to the divergent spin-coupling behavior ob-

served in 1 and 2, the absence of structural data on 4, and the 

large size of the complexes (227 atoms) we were hesitant to op-

timize the various broken symmetry wavefunctions for each of 

the candidate geometries. Thus, these computational studies are 

necessarily deficient in their ability to understand the cluster 

spin energetics and metal-metal bonding interactions of 4. 

Nonetheless, their value lies in understanding the nature of the 

hallmark 18/16O-sensitive IR vibration of 4.    

The optimized geometry found for P4 indicate the presence 

of an unsymmetrically coordinated peroxo ligand (O2
2-) posi-

tioned between a T-shaped arrangement of three, four-coordi-

nate iron centers (d(O-O): 1.516 Å, Figure 5A). To accommo-

date the central peroxo ligand, only two PN ligands were found 

to adopt μ2-coordination modes and this results in one long in-

termetallic distance (d(Fe(1)⸱⸱⸱Fe(2)): 3.902 Å). The peroxo 

ligand was found to preferentially interact with Fe(1) in a side-

on bridging manner and via weaker monodentate interactions 

with Fe(2) and Fe(3) (d(Fe(2/3)-O(1): 1.987 and 2.193 Å, re-

spectively). The difference of the predicted FTIR spectra for P4 

and 18O-P4 (Figure S12) indicate that this species should exhibit 

a feature at 785 cm-1 that downshifts to ~740 cm-1 upon 18O-

labelling  and correspond to the ν(O−O) stretching mode.65, 66 

Since such a feature was not observed in the experimental FTIR 

spectrum of 4 (Figure 6), we ruled out this candidate structure. 

The optimized structure of O4 reveals a terminal ferryl 

(Fe=O) unit incorporated within a Fe3-(µ3-O) core (Figure 5B). 

As found for 3, this iron center is pseudotetrahedral and is co-

ordinated to only one bridging PN group. Here, the Mulliken 

spin density found for Fe(1) (3.3 unpaired electrons) is signifi-

cantly lower than those of the other Fe sites (~4.1 unpaired elec-

trons) allowing  assignment of the former as a localized FeIV 

site. These spin densities are, of course, diminished relative to 

isolated Fe(III) and Fe(IV) ions owing to the high covalency 

associated with the Fe-O and Fe-PN bonds.37 The short iron ox-

ygen bond (d(Fe(1)-O(2)): 1.642 Å) is accompanied by the ap-

pearance of a ν(Fe=O) mode at 878 cm-1 in the predicted FTIR 

spectrum (Figure S13). Obviously, this value is incongruent 

Figure 8. (A) Solid state oxygenation of 1 leads to the formation of 4. Subsequent hydrogen and oxygen atom transfer reactivity 

leading to the formation of 2 via the intermediate 3. (B) Truncated core of the DFT-optimized geometry of B4, featuring a high-valent 

Fe3(µ3-O)(µ2-O) core. 
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with the experimental FTIR data obtained on 4. Nonetheless, 

the Mossbauer data on 4 implicates the presence of a single FeIV 

ion, and the comparative free energies of O4 from P4 suggests 

that O−O bond cleavage in this system is exergonic by ~50 

kcal/mol. This suggests that an alternative structural isomer of 
O4 with a broken O−O bond must exist.  

The optimized structure containing a Fe3(µ3-O)(µ2-O) unit 

(B4) was deemed as the most likely structure for 4. This struc-

ture (Figure 5C) features three pseudotetrahedral Fe sites that 

accommodate the additional bridging oxo by forcing the con-

version of two bridging phosphinimide ligands to adopt termi-

nal binding modes. This structural evolution is supported by the 

experimental FTIR data (Figure S10) on 4 which contains com-

paratively stronger ν(P=N) absorption features expected for ter-

minally bonded configurations. Despite this geometric defor-

mation, the Gibbs free energy of B4 was found to lie ~6 kcal/mol 

lower in energy than that of O4 (Table S6) and its predicted 

FTIR spectrum (Figure S14) reveals an absorption feature at 

643 cm-1 that shifts to 621 cm-1 upon 18O2 substitution. This fea-

ture is in excellent agreement with the experimental values (647 

and 622 cm-1) and corresponds to an Fe-O-Fe breathing mode 

(Figure S15) comparable to those found in diiron(IV)-bis(µ2-O) 

complexes which exhibit similar features in the range of 

600~700 cm-1.67 For B4, the Mulliken spin density found for 

Fe(2) (3.4 unpaired electrons) is significantly lower than those 

of the other Fe sites (~4.1 unpaired electrons) allowing  assign-

ment of the former as a localized FeIV site. Additionally, the 

calculated distance of d(Fe(2)-O(2)): 1.777 Å compared to that 

of d(Fe(1)-O(2)): 1.904 Å further supports this assignment (Ta-

ble S7). Collectively, these computational investigations cor-

roborate the available spectroscopic data obtained on 4 and ra-

tionalize the high reactivity observed for this O2-derived triiron 

species.   

Reactivity of the Triiron-dioxo Intermediate. The high-va-

lent nature predicted for 4 implicates its involvement in the pu-

tative hydrogen atom abstraction processes observed in crys-

tallo that furnish intermediates 3 and 2.  We hence investigated 

the formation of paramagnetic species upon stoichiometric hy-

drogen atom addition to 4 with Electron Paramagnetic Reso-

nance (EPR) spectroscopy. A slurry of solid 4 in a 2-MeTHF 

solution containing 1 equiv of TEMPOH was frozen after 5 

minutes of rapid stirring at room temperature. X-band EPR 

spectra (Figure S16-S17) of these samples revealed intense sig-

nals at low fields ascribable to an STOT = 5/2 species. A feature 

at g = 8.9 can be assigned to the |±1/2⟩ Kramers doublet of an 

STOT = 5/2 species with intermediate rhombicity E/D = 0.17. Ad-

ditional transitions at g = 5.2, 3.5, and 3.1 can be assigned to the 

|±3/2⟩ Kramers doublet of the same spin state and rhombicity, 

indicating that all four transitions observed in the presence of 

TEMPOH likely arise from a single species, assigned as 3. The 

STOT = 5/2 spin state of 3 is consistent with the Fe3
III formulation, 

and can be further understood in the context of its crystal struc-

ture. On the basis of a distinctly elongated Fe(1)−Fe(2) distance 

in 3, a small J12 coupling is expected. For such a case, the STOT 

= 5/2 state is expected to be the ground state; for high-spin Fe3
III 

complexes featuring a linear or a T-shaped arrangement of Fe 

centers, an STOT = 5/2 ground state is observed.68, 69 In contrast, 

an STOT = 1/2 ground state is observed for Fe3
III complexes fea-

turing a more symmetric core in which all three J values are 

similar to each other.69, 70 

Compound 4 was additionally found to react with prototypi-

cal oxygen atom acceptors and hydrogen atom donors (Figure 

8A). Under N2, treatment of a suspension of 4 in pentane with 

an equivalent of Et3P resulted in the formation of 0.76 equiva-

lents of Et3PO (Figure S18) over 10 days. Similarly, treatment 

with excess TEMPOH led to the formation of 2.0 equivalents 

of TEMPO (Figure S19) over 3 days. The sluggish nature of 

these OAT and HAT reactions are likely a consequence of the 

highly-insoluble nature of 4 combined with the steric impact of 

the twelve phenyl substituents that surround the Fe3 site. In the 

reaction with TEMPOH, the Fe3(µ3-O) species 2 was identified 

as the dominant inorganic product (Figure S20). This reaction 

can be viewed as a model for the crystallographically observed 

decay of 4 to 2 via 3 by hydrogen atom transfer (Figure 4). 

Moreover, following overnight exposure of 4 to THF under an 

inert atmosphere, both isomers of 2,2’-octahydrobifuran 

(diTHF, Figure S21) are observed by GC-MS. This organic 

product is not observed from similarly prepared reaction mix-

tures that instead employ 1 or 2. These observations are con-

sistent with α-C-H bond abstraction of THF by 4 to furnish 3 

and a 2-tetrahydrofuranyl radical that, in turn, can dimerize to 

form diTHF in the absence of additional equivalents of O2.56 

Taken together, the reactivity of 4 is comparable to other syn-

thetic high-valent, multinuclear iron-and copper-oxo complexes 

which are often prepared with oxidants other than O2.71-73 

 

CONCLUSIONS 

Our data demonstrates that a triferrous cluster featuring 

low-coordinate metal sites reacts with O2 both in crystallo and 

in powdered form to afford products consistent with the com-

plete cleavage of O2. The resultant [Fe3(µ3-O)(µ2-O)]6+ species 

(Figure 8B) derived from this reaction was shown to engage in 

both oxygen atom transfer and hydrogen atom transfer reactiv-

ity. The structures of the inorganic intermediates and products 

of these reactions were resolved by in situ O2 dosing experi-

ments performed on single crystals and EPR studies of an unu-

sual triiron oxo-hydroxo species. Collectively, these studies 

highlight phosphinimide ligands as electron donating, oxida-

tively-robust, and coordinatively flexible ligands that allow for 

the creation of reactive multimetallic fragments whose ability 

to mediate facile small molecule activation processes is compa-

rable to those found in natural enzymes. We anticipate that these 

systems are likely to engage other small, gaseous molecules 

(e.g., NO and CO) and are presently investigating this possibil-

ity. 
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