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Bioinspired Di-Fe Complexes: Correlating Structure and Proton 
Transfer over Four Oxidation States

Justin L. Lee†, Saborni Biswas⊥, Chen Sun†, Joseph W. Ziller†, Michael P. Hendrich⊥, A.S. 
Borovik†

† Department of Chemistry, 1102 Natural Sciences II, University of California, Irvine, CA 92697

⊥ Department of Chemistry, Carnegie Mellon University, 4400 Fifth Avenue, Pittsburgh, PA 15213

Abstract

Metalloproteins with active sites containing di-Fe cores exhibit diverse chemical reactivity that 

are linked to the precise transfer of protons and electrons which directly involve the di-Fe units. 

The redox conversions are commonly corroborated by spectroscopic methods, but the associated 

structural changes are often difficult to assess, particularly those related to proton movements. 

This report describes the development of di-Fe complexes in which the movements of protons and 

electrons are pinpointed during the stepwise oxidation of a di-FeII species to one with an FeIIIFeIV 

core. Complex formation was promoted using the phosphinic amido tripodal ligand [poat]3− 

(N,N′,N″-[nitrilotris(ethane-2,1-diyl)]tris(P,P-diphenylphosphinic amido)) that provided dynamic 

coordination spheres that assisted in regulating both electron and proton transfer processes. 

Oxidation of an [FeII-(μ-OH)-FeIII] complex led to the corresponding di-FeIII species containing 

an hydroxido bridge that was not stable at room temperature and converted to a species containing 

an oxido bridging ligand and protonation of one phosphinic amido group to form [Hpoat]2−. 

Deprotonation led to a new species with an [FeIII-(μ-O)-FeIII] core that could be further oxidized 

to its FeIIIFeIV analog. Reactions with phenols suggest homolytic cleavage of the O–H bond to 

give products that are consistent with the initial formation of a phenoxyl radical —spectroscopic 

studies indicated that the electron is transferred to the FeIV center and the proton is initially 

transferred to the more sterically hindered oxido ligand but then relocates to [poat]3−. These 

findings offer new mechanistic insights related to the stability of and the reactions performed by 

di-Fe enzymes.
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Introduction

Controlled proton and electron transfer processes within the active sites of metalloproteins 

are often necessary for function and to thwart undesirable reactivity.1–4 The productive 

balance of these transfer processes is often managed by metallocofactors whose properties 

are regulated through a combination of effects at their primary and secondary coordination 

spheres.5–7 Determining the interplay between these two coordination spheres is a necessary 

prerequisite before a complete mechanistic understanding of function can be achieved. To 

investigate these questions within systems containing di-Fe centers, we have developed a 

synthetic di-FeII species that can be oxidized in discrete one-electron steps to an FeIVFeIII 

species. This system is also able to control proton transfer via intramolecular processes, 

which increases the stability of the higher valent species and provides probes for studying 

biological oxidative chemistry.

Metalloproteins with di-Fe centers have a range of functions that include hemerythrin for 

O2 binding,8 soluble methane monooxygenase hydroxylase (MMOH)9 and the R2 subunit of 

class Ia ribonucleotide reductases (RNR R2)10–13 for O2 activation, flavin diiron proteins 

(FDP) for NO and O2 reduction,14,15 and Δ9-desaturatase for oxidation of fatty acid 

chains.16,17 Oxidation of the di-Fe centers are often accompanied by structural changes that 

include the transfer of protons from coordinated ligands (e.g., OH− and H2O).18,19 These 

proton/electron transfer steps, and how they are linked, are often proposed in mechanisms 

but rarely supported by experimental evidence. For instance, the mechanism for RNR R2 

includes the conversion of the resting di-FeII state to an FeIVFeIII intermediate (X) that is 

able to homolytically cleave the O–H bond at nearby tyrosine residue to form a tyrosine 

radical, triggers a long-range electron transfer process (> 35 Å) that extends to the R1 

subunit, where ribonucleotides are reduced to deoxyribonucleotides (Figure 1A).11,20,21 

Synthetic complexes have been developed to probe the properties of these intermediates. In 

particular, di-FeIV and FeIVFeIII complexes have been prepared and studied.22–31 However, 

thermodynamic parameters that govern the formation of these complexes from their lower 

valent precursors are lacking. In addition, the associated structural changes that occur upon 

oxidation are also rarely known.

We have approached this problem by developing an assembly process to preparing 

complexes with discrete di-Fe cores. One advantage of our approach is that we can use 

well-defined monomeric complexes which allow us to prepare di-Fe cores with different 

primary coordination sphere around each Fe center. This approach is made possible by 
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the use of the multi-functional tripodal ligand [poat]3− (N,N′,N″-[nitrilotris(ethane-2,1-

diyl)]tris(P,P-diphenylphosphinic amido)) that we initially designed to stabilize high valent 

FeIV=O complexes (Figure 1B).32 We discovered that [FeIIIpoat(OH)]− and [FeIVpoat(O)]− 

complexes are able to bind a second Fe complex via coordination to the O/OH ligand 

and two P=O units, producing triply bridge species that resemble di-Fe core found in 

biology (Figure 1A). In this report we describe the preparation and properties of a series of 

complexes with either [Fe–(μ-OH)–Fe] or [Fe–(μ-O)–Fe] cores that traverse four different 

oxidation levels (Figure 1C). Our work demonstrates that [poat]3− can be used to control 

PT processes that occur during oxidation and provides access to a high valent [FeIV–(μ-O)–

FeIII] complex, which we used to examine the cleavage of X–H bonds, including reactions 

that are similar to those found within the active site of RNR R2. Our findings suggest an 

alternate mechanism for reactivity of X towards tyrosine, in which initial proton transfer first 

occurs at the oxido ligand that bridges between the two Fe centers, then proceeds to the 

terminal OH ligand on the FeIII center.

Results

[(TMTACN)FeII–(μ-OH)–FeIIIpoat]OTf and [(TMTACN)FeII–(μ-OH)–FeIIpoat].

We have previously prepared a mixed-valent FeIIFeIII complex, [(TMTACN)FeII–(μ-O)–

FeIIIMST]+ ([FeII(OH)FeIIIMST]+), in which an FeIII center is bound to the sulfonamido-

based tripodal ligand [MST]3− (N,N’,N”-[2,2’,2”-nitrilotris(ethane-2,1-diyl)]tris(2,4,6-

trimethylbenzenesulfonamido)), and the FeII site is capped by an N-based macrocycle 

[TMTACN] (1,4,7-trimethyl-1,4,7-triazacyclononane).33,34 However, we were not able to 

explore further oxidation of this complex, and our studies suggested that the sulfonamido 

groups were not suitable for stabilizing higher oxidation states. To circumvent this problem, 

we redesigned the ligand framework to include phosphinic amido group and recently 

reported that [poat]3− can facilitate the formation of the high valent species [FeIVpoat(O)]
− complex which can further bind group 2 metal ions.32 In addition, we discovered that 

heterobimetallic complexes with the general formula of [(TMTACN)MII–(μ-OH)–FeIIIpoat]
+ (MII = Ni, Cu, Zn, Mg) can be prepared.35,36 We found that the same synthetic route 

provided access to di-Fe complexes and we initially synthesized [(TMTACN)FeII–(μ-OH)–

FeIIIpoat]OTf ([FeII(OH)FeIIIpoat]OTf) (Scheme 1). In a typical reaction, NMe4OAc was 

added to a CH2Cl2 solution of K[FeIIIpoat(OH)] in a salt metathesis reaction. Upon removal 

of the insoluble KOAc, [FeII(TMTACN)(OTf)2] was added to the mixture to produce the 

bimetallic compound. The [FeII(OH)FeIIIpoat]OTf salt was initially purified as a powder 

from a diethyl ether-CH2Cl2 mixture, and then further purified as yellow sheet-like crystals 

from a hexane-CH2Cl2 mixture. The complex exhibits absorbance features at λmax (ε, 

M−1 cm−1) = 315 (sh), 372 (6400), 460 (sh), and 520 nm (sh) (Figure S1). The LMCT 

absorbance feature at λmax = 372 nm is similar to those previously reported in our related 

bimetallic complexes with [MST]3− and [poat]3− ligands.34,35 The FTIR spectrum of the 

[FeII(OH)FeIIIpoat]OTf salt revealed a weak vibrational feature at 3141 cm−1, which we 

assigned to the ν(O–H) band that forms a strong intramolecular H-bond to the P=O group in 

[poat]3− (Figure S2A).
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Electron paramagnetic resonance (EPR) spectroscopy reveals a rhombic S = 1/2 signal with 

features at g = 1.95, 1.49, and 1.20 (Figure S3). These parameters agree with the assignment 

of an S = 5/2 FeIII center antiferromagnetically coupled to an S = 2 FeII center. Throughout 

this work, the di-Fe complexes have been analyzed with 57Fe Mössbauer spectroscopy 

in variable magnetic fields and temperatures. The details of these investigations will be 

described in a separate report – presented here are the values of the isomer shifts (δ), 

quadrupole splittings (ΔEQ) and exchange coupling constants (+J(S1·S2)) that determined 

oxidation states of the specific Fe centers and protonation state of the single-atom bridge. 

The Mössbauer spectrum of [57FeII(OH)57FeIIIpoat]+ gave two distinct doublets with δ = 

0.34 mm/s, ΔEQ = −0.72 mm/s and δ = 1.20, ΔEQ = −2.84 mm/s for the two Fe sites 

(Figure S4A). These parameters are consistent with high spin [FeIIIpoat] and high spin 

[FeII(TMTACN)], respectively.37 Temperature and field-dependent measurements of this 

species revealed an exchanged-coupled S = 1/2 system with J = 30 cm−1; the magnitude of J 
is consistent with a hydroxido bridging ligand.38

The molecular structure of [FeII(OH)FeIIIpoat]+ was determined by X-ray diffraction 

methods and revealed a discrete bimetallic structure (Figure 2A,S5A). There are two 

crystallographically different, but chemically equivalent, molecules in the asymmetric unit 

and we will discuss the averages of the metrical parameters and calculated values, which 

are shown in Table 1. The FeIII site in the [poat]3− framework adopts a trigonal bipyramidal 

geometry with an N4O primary coordination sphere, comprising of the [poat]3− ligand and 

a bridging hydroxido ligand (τ5 = 0.884, where the ideal trigonal bipyramidal geometry 

has a τ5 = 1, and the ideal square pyramidal geometry has a τ5 = 0). The FeII site in the Fe-

TMTACN adduct is 6-coordinated with an N3O3 primary coordination sphere, comprising 

of the TMTACN ligand, two phosphinic amido groups from the [poat]3− ligand, and a 

bridging hydroxido ligand. The significantly different Fe1–O1 and Fe2–O1 bond lengths of 

1.894(1) and 2.015(2) Å agree with the results from our spectroscopic studies and reflects 

the distinct oxidation states of the two Fe centers. The di-Fe center in [FeII(OH)FeIIIpoat]+ 

is best described as a triply bridge core with an FeII–(μ-OH)–FeIII unit and two phosphinic 

amido bridges between the two Fe centers. The remaining phosphinic amido tripodal arm 

that does not bind to the FeII site forms an intramolecular H-bond with the hydroxido ligand 

with an O1···O2 distance of 2.649(2) Å. The metrical parameters around the Fe centers are 

comparable with those previously reported for the Zn/Cu/Ni/Mg analogs.35,36 In addition, 

the FeII–O=P bond lengths (Fe2–O3, 2.094(1) and Fe2–O4, 2.124(1) Å) are significantly 

shorter than those for FeII–O=S in [FeII(OH)FeIIIMST]+ (2.201(2) and 2.202(2) Å),34 which 

supports the premise that phosphinic amido P=O groups serve as stronger donors and may 

support the Fe center at a higher oxidation state.

The electrochemical properties of [FeII(OH)FeIIIpoat]+ were investigated using cyclic 

voltammetry. The [FeII(OH)FeIIIpoat]+ complex exhibited two reversible one-electron redox 

events at −1.62 V and −0.42 V vs. [FeIII/IICp2]+/0, which are assigned to the FeIIFeIII/

FeIIFeII and FeIIIFeIII/FeIIFeIII couples, respectively (Figure 3). These potentials are −0.7 V 

more negative than the same processes in the MST analog (−0.86 and +0.35 V).33 While it 

has been previously shown that the trianionic equatorial N-plane can support a higher-valent 

metal center (e.g., FeIV),32 these electrochemical results suggest experimentally that the 
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P=O moieties can also readily support a metal ion beyond the +2 state in the auxiliary 

binding site.

We explored the chemical reduction of [FeII(OH)FeIIIpoat]+ using CoCp*2 (E1/2 = −1.94 V 

vs. [FeCp2]+/0)39 as the reductant (Scheme 2) and found a nearly featureless electronic 

absorption spectrum in the visible region (Figure S6). The 57Fe Mossbauer spectrum 

displayed two distinct quadrupole doublets with δ = 1.03 mm/s, |ΔEQ| = 3.38 mm/s 

and δ = 1.22 mm/s, |ΔEQ| = 2.37 mm/s which are typical of high spin FeII centers 

(Figure S4B). Variable-temperature Mössbauer studies in high magnetic field determined 

an antiferromagnetic exchange coupling of J = 20 cm−1 between the FeII sites which 

indicates the presence of a bridging hydroxido ligand.38 The complex was EPR-silent 

consistent with an S = 0 ground state caused by the antiferromagnetic interaction. The nearly 

insignificant change of 0.02 mm/s in the value of δ for the FeII(TMTACM) site indicates 

that the Fe coordinated to the poat ligand is being reduced. These values are consistent with 

the formulation [(TMTACN)FeII–(μ-OH)–FeIIpoat]; however, several attempts to isolate 

a pure solid of this complex were unsuccessful with only [FeII(OH)FeIIIpoat]+ being 

obtained. We therefore focused our investigations on the oxidative chemistry associated 

with [FeII(OH)FeIIIpoat]+.

[(TMTACN)FeIII–(μ-O)–FeIIIHpoat](OTf)2. Synthesis and Structure.

The chemical oxidation of [FeII(OH)FeIIIpoat]OTf was achieved using [FeCp2]OTf (Scheme 

3) to afford orange crystals after purification. The electron spray ionization mass spectrum 

of these crystals dissolved in CH3CN contains the molecular weight and experimental 

isotope pattern that matched those calculated for {[FeIII(OH)FeIIIpoat](OTf)}+ (Figure 

S7A,C). However, ESI-MS data alone cannot determine the molecular structure of di-

FeIII complex, particularly whether the proton is still on the bridging ligand. To address 

this question, we determined its molecular structure via XRD methods to again find a 

triply bridged di-Fe complex but one with an FeIII–(μ-O)–FeIII core, [(TMTACN)FeIII–

(μ-O)–FeIIIHpoat](OTf)2 ([FeIII(O)FeIIIHpoat](OTf)2); Figure 2B,S5B; Table 1). Unlike in 

[FeII(OH)FeIIIpoat]+, the Fe1–O1 and Fe2–O1 bond distances of 1.800(1) and 1.792(1) Å 

in [FeIII(O)FeIIIHpoat]2+ are within statistical error, which is often observed in μ-oxido 

diiron(III) systems.18,37,38 Two phosphinic amido groups of [Hpoat]2− serving as 3-atom 

bridging ligands and the Fe–O–Fe unit is bent at an angle of 124.73(8)°, which is similar 

to that observed in [FeII(OH)FeIIIpoat]−; however, contraction of the Fe–O bonds led to a 

decrease in the Fe···Fe distance from 3.436(1) to 3.182(1) Å. These metrical parameters are 

consistent with other triply-bridged μ-oxido diiron(III) complexes that have been reported in 

the literature.38,40–43

The conversion of species with FeII–(μ-OH)–Fen cores (n = II, III) to those with FeIII–

(μ-O)–FeIII cores is known, presumably because the increased acidity of hydroxido proton 

unit upon oxidation results in the deprotonation. However, either an external base is needed 

to scavenge the proton or its whereabouts are unknown.8,44–49 Within this context, the 

structure of [FeIII(O)FeIIIHpoat]2+ is distinct in that one of phosphinic amido tripodal arms 

is protonated at its N-atom to form [Hpoat]2−, causing a change to an N3O2 primary 

coordination sphere in which the P=O moiety is now bounded to the FeIII center with an 
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Fe1–O2 bond length of 2.016(1) Å. This binding mode results in a strained 7-member 

chelate ring, and a large distortion in the trigonal plane, as evidenced by a τ5 value of 

0.734. The FeIII site in Fe-TMTACN maintains the same N3O3 primary coordination sphere, 

comprising of the TMTACN ligand, two phosphinic amido groups from the [Hpoat]2− 

ligand, and a bridging oxido ligand.

Spectroscopic Studies on [FeIII(O)FeIIIHpoat]2+.

[FeIII(O)FeIIIHpoat]2+ was EPR-silent which indicated a magnetically coupled di-FeIII core. 

Mössbauer spectroscopy on 57Fe-enriched samples were analyzed in both solution and 

solid-state. The solution sample displayed an identical spectrum as the solid-state sample, 

indicating that the [FeIII(O)FeIIIHpoat]2+ complex retains its molecular structure in solution. 

Two distinct doublets were observed in the Mössbauer spectra from S = 5/2 FeIII centers 

(Figure S4C). One doublet site with δ = 0.49 mm/s and |ΔEQ| = 1.83 mm/s corresponds 

to a six-coordinate FeIII center and was therefore assigned to the iron in the auxiliary 

binding site. The other doublet with δ = 0.44 mm/s and |ΔEQ| = 1.26 mm/s is from the 

5-coordinate FeIII center which is coordinated to the [Hpoat]2− ligand. Variable-temperature 

Mössbauer studies in high magnetic field gave an antiferromagnetic exchange coupling of 

J >100 cm−1 which is expected for complexes with antiferromagnetically coupled Fe–(μ-O)–

Fe cores.38 [FeIII(O)FeIIIHpoat]2+ has electronic absorption features at λmax (ε, M−1 cm−1) 

= 380 (7000), 517 (970), and 705 nm (130) that are comparable with previously reported 

tri-bridged μ-oxido di-FeIII species with Fe–O–Fe angles of ~ 120° (Figure S8A,B).40,43,50 

Finally, the Fourier transform infrared (FTIR) spectrum of [FeIII(O)FeIIIHpoat]2+ contained 

a broad feature at 3224 cm−1 that is assigned to a N–H vibration that is in agreement with 

protonation of one phosphinic amido group (see above, Figure S2B).

Trapping of [(TMTACN)FeIII–(μ-OH)–FeIIIpoat]2+.

The isolation of [FeIII(O)FeIIIHpoat]2+ was unexpected because the large structural change 

from [FeII(OH)FeIIIpoat]+ did not agree with the reversible FeIIIFeIII/FeIIFeIII couple found 

by cyclic voltammetry (Figure 3). Based on the CV, we considered the possibility of 

whether the initial product of this oxidation was [(TMTACN)FeIII–(μ-OH)–FeIIIpoat]2+ 

([FeIII(OH)FeIIIpoat]2+) which rearranged during isolation to [FeIII(O)FeIIIHpoat]2+. 

To evaluate this premise, we attempted to trap [FeIII(OH)FeIIIpoat]2+ by treated 

[FeII(OH)FeIIIpoat]+ with [FeCp2]OTf at −80 °C (Scheme 2), which produced a new species 

having absorption features at λmax (ε, M−1 cm−1) = 330 (8400), 370 (8100), 483 (sh), 513 

(1900), 760 nm (300) (Figure S9A,B). Upon warming, these features were replaced by those 

associated with [FeIII(O)FeIIIHpoat]2+ (Figure S9C,D). The Mössbauer spectrum of this new 

species displayed two doublets from S = 5/2 FeIII centers, which were distinct from those of 

[FeIII(O)FeIIIHpoat]2+, with δ = 0.34 mm/s, |ΔEQ| = 0.56 mm/s and δ = 0.44 mm/s, |ΔEQ| 

= 0.94 mm/s (Figure S4D). Furthermore, variable-field and temperature measurements gave 

J = 44 cm−1, which is consistent with the species having an [FeIII–(μ-OH)–FeIII] core.37,38 

Taken together, these data indicate that [FeIII(OH)FeIIIpoat]2+ can indeed be trapped at lower 

temperatures but is unstable at room temperature which leads to the proton transferring to a 

phosphinic amido group to form [FeIII(O)FeIIIHpoat]2+.
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Preparation of [(TMTACN)FeIII–(μ-O)–FeIIIpoat]OTf.

The discovery of [FeIII(O)FeIIIHpoat]2+ provided the opportunity to examine whether the 

phosphinic amide group could be deprotonated to form [(TMTACN)FeIII–(μ-O)–FeIIIpoat]+ 

([FeIII(O)FeIIIpoat]+, Scheme 3). We found that treatment of [FeIII(O)FeIIIHpoat]2+ with 

one equivalent of triethylamine caused a change in the absorption spectrum to one with 

bands at λmax (ε, M−1 cm−1) = 349 (9200), 531 (780), and 780 nm (250) (Figure 

S8C,D). This process is reversible at room temperature: the spectrum associated with 

[FeIII(O)FeIIIHpoat]2+ was regenerated when treated with one equivalent of 2,6-lutidinium 

triflate (Figure S8E,F). However, features associated with [FeIII(OH)FeIIIpoat]2+ at λmax 

= 330, 370, 483 (sh), 513, and 760 nm initially appeared when the new species was 

treated with the same acid at −60 °C (Figure S10A,B); upon warming, the spectrum of 

[FeIII(O)FeIIIHpoat]2+ was obtained (Figure S10C,D). These results are consistent with 

formation of [FeIII(O)FeIIIpoat]+ in which all the phosphinic amide groups are deprotonated 

(Scheme 3). Attempts to isolate this new species via this deprotonation route in pure 

form were unsuccessful because of co-crystallization with the triethylammonium triflate 

byproduct. We therefore developed an independent synthetic route to this proposed di-Fe 

species via mixing [FeIVpoat(O)]− with [FeII(TMTACN)(OTf)2] to produce a pure salt as red 

crystals (Scheme 4) – the product from the preparation had the identical absorption spectrum 

as found for the species produced from the deprotonation of [FeIII(O)FeIIIHpoat]2+ (Figure 

S8A,B). The formulation of this species as [FeIII(O)FeIIIpoat]+ was further supported 

by results obtained by ESI-MS measurements (Figure S7B,C) and FTIR studies that 

showed a lack of features associated with either an O–H or N–H vibration (Figure S2C). 

We again used XRD methods to confirm the molecular structure for [FeIII(O)FeIIIpoat]
+ (Figure 2C,S5C, Table 1). The structure revealed that the N4O primary coordination 

sphere from [poat]3− was restored with all the phosphinic amide arms being deprotonated 

and their N-atoms coordinated to the FeIII center. This coordination provides a nearly 

ideal trigonal bipyramidal geometry (τ5 = 0.950), in contrast to what was observed 

in [FeIII(O)FeIIIHpoat]2+(see above). The FeIII site coordinated to Fe-TMTACN is 6-

coordinated with an N3O3 primary coordination sphere, consisting of the TMTACN ligand, 

two O-atoms from the phosphinic amido groups from the [poat]3− ligand, and a bridging 

oxido ligand. Comparing the structures of [FeIII(O)FeIIIHpoat]2+ and [FeIII(O)FeIIIpoat]+ 

showed that deprotonation had no structural effect on the Fe–(μ-O)–Fe core (Table 1). 

For instance, the Fe1–O1 and Fe2–O1 bond lengths in the two complexes are statistically 

equivalent, as are the Fe1…Fe2 separations (3.182(1) and 3.161(1) Å) and Fe1–O1–

Fe2 bond angles (124.73(8) and 123.82(10)°). The phosphinic amido group that once 

participated in forming an intramolecular H-bond (Figure 2A for [FeII(OH)FeIIIpoat]+) is 

tilted away from the oxido ligand in [FeIII(O)FeIIIpoat]+ presumably because of electrostatic 

repulsion (note that the O1···O2 distance is 3.212(3) Å).

The Mössbauer spectrum of [57FeIII(O)57FeIIIpoat]+ contains two distinct doublets with δ = 

0.38 mm/s and |ΔEQ| = 1.16 mm/s and δ = 0.53 mm/s and |ΔEQ| = 1.86 mm/s (Figure S4E). 

These parameters are consistent with high spin S = 5/2 FeIII centers, and the silent EPR 

spectrum supports an S = 0 ground state. Variable temperature Mössbauer measurements 

gave J > 100 cm−1, which is consistent with a Fe–(μ-O)–Fe core.37,38
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Higher Valent Species: [(TMTACN)FeIII–(μ-O)–FeIVpoat]2+.

The isolation of [FeIII(O)FeIIIpoat]+ provided the opportunity to investigate more oxidized 

di-Fe species. Evidence was provided from cyclic voltammetry studies on [FeIII(O)FeIIIpoat]
+ which exhibited a reversible one-electron redox event at +0.55 V, which is assigned to 

the FeIIIFeIV/FeIIIFeIII couple (Figure 4A). The reversibility of the electrochemical event 

and the relatively moderate potential suggested the one-electron oxidized species can be 

accessed by a chemical oxidant. Therefore, the treatment of [FeIII(O)FeIIIpoat]+ with one 

equivalent of [N(p-C6H4Br)3]PF6 (E1/2 = + 0.70 V vs. [FeCp2]+/0 in CH2Cl2)39 at −90°C in 

CH2Cl2 was monitored spectrophotometrically, and produced a new species with absorbance 

features at λmax = 440 (sh), 515 (sh), 620 (2700), 810 (sh), ~1100 nm (Scheme 5, Figure 

4B).

Support for this assignment came from EPR and Mössbauer results. The EPR spectrum of 

[FeIII(O)FeIVpoat]2+ revealed an isotropic S = 1/2 signal centered at g ~ 2.01 that quantified 

to 92% of the expected concentration (5 mM, Figure 4C). The [FeIII(O)FeIVpoat]2+ complex 

displayed a Mössbauer spectrum of an S = 1/2 antiferromagnetically coupled system (88% 

yield) containing a high spin FeIV and FeIII centers, with δ = 0.00 mm/s, ΔEQ = +0.53 mm/s 

and δ = 0.46 mm/s, ΔEQ = −1.11 mm/s, respectively (Figure S4F). The spectrum recorded 

at high temperature did not collapse to doublets. Thus, these values were determined 

from simulations of the paramagnetic spectra recorded at multiple magnetic fields; details 

for these studies will be discussed in a later paper. The value of δ for the FeIII site is 

close to the values observed for the FeIII(TMTACN) site of the di-FeIII complexes. As a 

result, we assign the oxidation at the Fe center within [poat]3− to give the formulation of 

[FeIII(O)FeIVpoat]2+. This assignment is consistent with the differences in charge between 

[poat]3− and TMTACN and our previous discovery that the five-coordinate [FeIVpoat(O)]− 

complex is high spin.22,32,51

Reactivity.

We sought to investigate the reactivity of [FeIII(O)FeIVpoat]2+ towards organic substrates 

that have cleavable X–H bonds (X = N, O, Scheme 6). Initial studies used 1,2-

diphenylhydrazine (DPH, BDFEN–H(DMSO) = 64.0 kcal mol−1)52 which when allowed 

to react with [FeIII(O)FeIVpoat]2+ at −90°C showed optical changes that are consistent 

with formation of [FeIII(OH)FeIIIpoat]2+ (λmax = 483, 513, 760 nm, Figure S12A,B). 

Upon warming, the hydroxido-bridged species further converted to [FeIII(O)FeIIIHpoat]2+ 

with diagonstic features at λmax = 517 and 705 nm (Figure S12C,D). The organic 

product azobenzene was identified using NMR spectroscopy and gas chromatography-mass 

spectrometry (GC-MS), and the absence of DPH in both methods supports the full 

conversion of DPH to azobenzene (Figures S13,14). These findings indicate that DPH 

undergoes initial proton-coupled electron transfer (PCET) in which proton transfer first 

occurs at the oxido ligand to form a bridging hydroxido ligand, and electron transfer occurs 

to reduce the FeIV center to FeIII. Warming the reaction mixture to room temperature 

promotes an intramolecular proton transfer from the hydroxido ligand to one of the 

phosphinic amido groups to form [Hpoat]2− as we have observed previously.
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We also explored the reactivity of [FeIII(O)FeIVpoat]2+ with phenols to model the 

mechanistic steps proposed to occur in RNR R2 Class Ia whereby intermediate with 

an FeIV-(μ-O)-FeIII core (denoted X) is kinetically competent to cleave the O–H bond 

of a nearby tyrosine residue.11,20 Addition of excess 2,6-di-tert-butyl-phenol (DTBP, 

BDFEO–H(C6H6) = 77.0 kcal mol−1)52 at −90°C in CH2Cl2 caused the features associated 

with [FeIII(O)FeIVpoat]2+ to slowly disappeared at a rate of kobs = 0.0013(2) s−1 (Figure 

S15A,C). Monitoring this process spectrophotometrically produced an absorption spectrum 

with bands that resembles those of [FeIII(OH)FeIIIpoat]2+ but the spectrum was complicated 

by additional, unidentified features at λmax = 650 (sh) and >1100 nm. Support for the 

consumption of [FeIII(O)FeIVpoat]2+ during the reaction comes from the disappearance of 

its characteristic isotropic EPR feature g = 2.01. Moreover, warming the reaction mixture to 

room temperature produced the diagnostic absorption spectrum of [FeIII(O)FeIIIHpoat]2+ 

(Figure S15B). The organic products, 3,3’,5,5’-tetra-tert-butyl[1,1’-biphenyl]-4,4’-diol 

(bisphenol) and 3,3’,5,5’-tetra-tert-butyldiphenoquinone (diphenoquinone), were detected 

by GC-MS with a combined conversion of greater than 90 % (Figure S16). These 

results suggest DTBP undergoes PCET with [FeIII(O)FeIVpoat]2+ to initially produce 

[FeIII(OH)FeIIIpoat]2+ and the corresponding phenoxyl radical. 2,6-tert-Butyl-phenoxyl 

radical is known to react through bimolecular homo-coupling at the para-position to produce 

bisphenol,53–55 which further reacts with remaining [FeIII(O)FeIVpoat]2+ to produce 

diphenoquinone (Scheme 6).56,57

Discussion

Spanning 4 Oxidation States.

Di-Fe cores within the active sites of metalloproteins are known to access a variety of 

oxidation levels during turnover that are often accompanied by structural modifications.18 

The active site within RNR R2 is an example and is known to proceed through a series of 

oxidation steps from an di-FeII core to one that contains an FeIVFeIII center (intermediate 

X).10–13,20,21 To investigate these types of oxidation steps and their associated structural 

changes, we developed a series of synthetic di-Fe complexes in which the properties 

at each oxidation level from di-FeII to FeIVFeIII were examined (Scheme 7; Table 2). 

Their preparation was initiated using an assembly approach that coupled the FeIII–OH 

complex [FeIIIpoat(OH)]− with [FeII(TMTACN)(OTf)2] to form the bimetallic complex 

[FeII(OH)FeIIIpoat]+. This mixed valent complex exhibited two reversible redox events 

(Figure 3) that allow access to both the one-electron reduced and oxidized analogs. The most 

reduced state, [FeII(OH)FeIIpoat] was accessed by chemical reduction and we were able to 

trap the oxidized [FeIII(OH)FeIIIpoat]2+ at low temperatures. However, we found that this 

di-FeIII complex was unstable at room temperature and rearranged to [FeIII(O)FeIIIHpoat]2+, 

which can be treated with external bases to produce [FeIII(O)FeIIIpoat]+ and then chemically 

oxidize to [FeIII(O)FeIVpoat]2+ at −90°C.

Multi-Functional Properties of [poat]3− and Intramolecular Proton Transfer.

The assembly of the di-Fe complexes involved two of the phosphinic amido groups from 

[FeIIIpoat(OH)]− that coordinate another Fe center through their P=O units. Together with 

the hydroxido/oxido ligand, triply bridged di-Fe cores are produced. Our electrochemical 
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studies found that the P=O groups can stabilize FeIII centers at relative low potentials, 

which could not be achieved with related tripodal ligands such as those with sulfonamido 

groups. The third phosphinic amido arm is distinct from the other two and served multiple 

functions. In [FeII(OH)FeIIIpoat]+ it is an H-bond acceptor to promote the formation of 

an intramolecular bond with the bridging hydroxido ligand. Room temperature oxidation 

produced the isolatable [FeIII(O)FeIIIHpoat]2+ with the distinct arm now serving as a site 

of protonated at its N-atom. This intramolecular proton transfer (PT) causes formation 

of an FeIII–(μ-O)–FeIII core and a structural rearrangement with the phosphinic amide 

coordinating to the Fe center through its P=O unit. The dual binding modes of the 

phosphinic amido/amide thus provides dynamic primary and secondary coordination spheres 

around the di-Fe core to store a proton and stabilize di-Fe species at different oxidation 

levels.

Although [FeIII(O)FeIIIHpoat]2+ is the product isolated from the room temperature 

oxidation, our results suggested that the initial species formed is [FeIII(OH)FeIIIpoat]2+ 

because of the reversibility of this process in the cyclic voltammogram (Scheme 7). 

Moreover, when the oxidation was done at −80°C, we detect a species whose properties 

were consistent with [FeIII(OH)FeIIIpoat]2+. We correlated the absorption spectra and the 

experimentally determined spin exchange constants (J) from Mössbauer measurements to 

gauge the protonation state of the O-atom bridge in each complex because most di-Fe 

complexes with bridging hydroxido ligand have J-values of less than 50 cm−1, whereas 

the values for oxido bridged species are substantially larger ( J > 60 cm−1).38 The most 

reduced form, [FeII(OH)FeIIpoat], has a J = 20 cm−1, which supports the assignment of a 

bridging hydroxido ligand. For [FeII(OH)FeIIIpoat]+, the J-value increases to 30 cm−1, and 

upon further oxidation, a J-value of 44 cm−1 was determined for [FeIII(OH)FeIIIpoat]2+. 

The incremental rise in the J values is consistent with the increased Lewis acidity of the 

Fe centers and Bronsted acidity of the Fe–(μ-OH)–Fe core, which results in strengthened 

intramolecular H-bonding interactions between the OH and the P=O groups, and increased 

oxido character in the bridging ligand. The J-value obtained for [FeIII(OH)FeIIIpoat]2+ is 

also larger than those reported for related complexes with FeIII–(μ–OH)–FeIII cores – these 

examples lack an intramolecular H-bond and J-values of ~34 cm−1 were measured.58,59 

Finally, both [FeIII(O)FeIIIHpoat]2+ and [FeIII(O)FeIIIpoat]+ had J-values of greater than 100 

cm−1 that are consistent with oxido-bridged di-Fe cores.38

The factors that regulate between oxido and hydroxido bridging ligands within di-Fe species 

is often difficult to evaluate because FeIII–(μ-OH)–FeIII cores are usually not stable enough 

to observed. For synthetic systems, there are a few examples in which both forms are 

known, and the magnetic coupling follows the same trend as we observed with our di-FeIII 

complexes (see above). For metalloproteins, we are not aware of an example in which 

a di-FeIII core contains a single hydroxido-bridge as is found in [FeIII(OH)FeIIIpoat]2+. 

With this said, we recognize that our complex is only stable at lower temperature, and at 

room temperature where most metalloproteins function, it converts to [FeIII(O)FeIIIHpoat]2+. 

However, there is precedent within metalloprotein active sites for coupling PT involving an 

oxido/hydroxido bridging ligand with electron transfer processes at di-Fe cores. We point to 

the respiratory protein hemerythrin whereby the resting state FeII–(μ-OH)–FeII core converts 

to FeIII–(μ-O)–FeIII(OOH), with the proton on the hydroxido bridge being transferred to 
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the peroxido adduct during oxygenation (Scheme 8A); the proton is transferred back to 

reform the hydroxido bridge upon deoxygenation.8,60 This reversibly PT process is mediated 

by an intramolecular H-bond between the coordinated hydroperoxido ligand and the di-Fe 

core. In fact, the translocation of protons within active sites are often regulated by H-bonds 

that involve either ligands within the primary coordination sphere of the Fe centers or 

amino acid residues within their secondary coordination sphere.5,6,61 The PT observed in 

the di-Fe complexes with [poat]3− is reminiscent of these bioprocesses, in which PT was 

undoubtedly directed to the distinct phosphinic amido through the H-bonding interaction 

involving the polarized P=O unit. The transfer of the proton to the O-atom, which is 

involved in H-bonding, would likely occur first and then tautomerization would afford 

[FeIII(O)FeIIIHpoat]2+ (Scheme 8B). We note that similar to what is found in hemerythrin, 

reversion of the Fe–(μ-OH)–Fe unit can occur via reduction of [FeIII(O)FeIIIHpoat]2+ with 

cobaltocene to reform [FeII(OH)FeIIIpoat]2+ (Scheme 7, Figure S17).

Comparison of [FeIII(O)FeIVpoat]2+ with Related Complexes.

The oxidation of [FeIII(O)FeIIIpoat]+ to [FeIII(O)FeIVpoat]2+ was achieved in good yield 

(> 80 %), allowing us to perform magnetic studies on this high valent species. The 

spectroscopic data support the assignment of a mixed valent species having an S = 1/2 

spin ground state with an isotropic g-tensor of g = 2.01 (Figure 4C). This result is consistent 

with FeIV–(μ–O)–FeIII cores found in biological and other synthetic systems,20,23,29,30,62 

including the intermediate X in RNR R2. The Mössbauer spectra identified two distinct 

Fe centers with parameters of valence localized S = 2 FeIV and S = 5/2 FeIII sites, and 

are similar to those previously reported in the literature.20,23,30,62 The trianionic [poat]3− 

framework that enforces local C3 symmetry likely stabilizes high-spin FeIV center within the 

tripodal site.32 There have been reports of the detection and/or isolation of FeIV–(μ–O)–FeIII 

species in various ligands;22,23,25,26,29,30,53,54,63 however, [FeIII(O)FeIVpoat]2+ is different 

in that the bimetallic core is housed within a unsymmetric ligand framework, and both 

Fe centers are high spin, making the complex a suitable synthetic model for high valent 

non-heme di-Fe active sites in proteins.

Reactivity Comparison with RNR.

We explored the reactivity of [FeIII(O)FeIVpoat]2+ towards external substrates to gain 

insights into the species that are formed after X–H bond cleavage. DPH and DTBP were 

used as substrates and in both instances the reaction mixtures show optical changes that 

are consistent with the generation of [FeIII(OH)FeIIIpoat]2+ at −90°C (Figures S12, S15). 

The results are consistent with a PCET process, whereby the proton is transferred to the 

bridging oxido ligand, and the electron is transferred to the FeIV center. Accessibility thus 

appears not be the dominant factor for the site of initial proton transfer; our structural 

work clearly indicates that the oxido ligand is less accessible than the P=O group of 

the distinct phosphinic amido arm (Figure 2D). We have experimentally verified that the 

oxido is the initial site of protonation by treating [FeIII(O)FeIIIpoat]+ with an acid at 

low temperature, which generated [FeIII(OH)FeIIIpoat]2+ (Schemes 3 and 7, Figure S10). 

Upon warming to room temperature, [FeIII(OH)FeIIIpoat]2+ converts to the more thermally 

stable [FeIII(O)FeIIIHpoat]2+. The organic products in both reactions are consistent with the 

homolytic cleavage of the X–H bonds to initially form radical species that react further 
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to give more stable products. This type of process may have relevance to the chemistry 

observed within the R2 subunit of RNR Class Ia.10–13 The catalytically competent species, 

intermediate X, also contains FeIV–(μ–O)–FeIII core and homolytically cleaves the O–H 

bond in a nearby tyrosine residue to produce a FeIII–(μ–O)–FeIII core with concomitant 

generation of a tyrosyl radical.20 While the electron transfer is established, the translocation 

of the proton is still not fully understood. One suggestion is for the proton from this process 

is transferred to a terminally coordinated hydroxido ligand to form an aqua ligand.2,11,21,64 

We suggest a modified version of this mechanism in that the initial site of protonation is the 

oxido bridge to give an FeIII–(μ–OH)–FeIII core (Scheme 9). Similar to what we observed 

for [FeIII(OH)FeIIIpoat]2+, intramolecular PT then occurs to form the aqua ligand. This 

additional PT step helps stabilize the product by retaining the more stable Fe–(μ–O)–Fe core 

and controlling the proton movement to avoid additional unproductive reactions. Within this 

context, the active site in RNR and the di-Fe complexes of [poat]3− share similar structural 

aspects including dynamic coordination spheres that allows for the proton rearrangement for 

enhanced stability.

Conclusions

Our work demonstrates the utility of the phosphinic amido ligand [poat]3− in assembling 

and stabilizing complexes with di-Fe cores at a variety of different oxidation levels. 

While [poat]3− typically binds to one Fe centers through the four N donors, we found 

the protonated [Hpoat]2− can bind in a N3O coordination mode, where one phosphinic 

amide arm is protonated at the N-atom but remains bound via the polar P=O group. This 

change in the ligand structure was triggered by the oxidation of the di-Fe core which 

caused the bridging hydroxido ligand to convert to an oxido ligand through intramolecular 

proton transfer. We illustrate that this type of structural modulation allows for proton storage 

proximal to the Fe–(μ-O)–Fe unit to provide the facile coupling of proton and electron 

transfer processes. While both [Hpoat]2− and [poat]3− can stabilize complexes with FeIII–

(μ-O)–FeIII cores at room temperature, only [FeIII(O)FeIIIpoat]+ was able to be further 

oxidized to an FeIVFeIII species which we used to probe for reactivity towards substrates 

containing cleavable X–H bonds. From our studies, we proposed a modified mechanism for 

the catalytic turnover in the R2 subunit of RNR, in which the oxido bridge first accepts the 

proton upon homolytic cleavage of the tyrosine O–H bond, before the di-Fe core undergoes 

an intramolecular proton transfer. These mechanistic insights emphasize the importance 

to consider both proton and electron movements in reactions observed for biological and 

synthetic systems.
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Figure 1. 
(A) The proposed chemical structure of Intermediate X in RNR R2. (B) Structure of 

[poat]3−. (C) Structure of a generic [(TMTACN)Fen+–(μ-O)–Fem+poat]p+ complex.
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Figure 2. 
Thermal ellipsoid diagrams depicting the molecular structures of [FeII(OH)FeIIIpoat]
+ (A), [FeIII(O)FeIIIHpoat]2+ (B), [FeIII(O)FeIIIpoat]+ (C), and space-filling model of 

[FeIII(O)FeIIIpoat]+ (D). Ellipsoids are drawn at the 50 % probability level, and only the 

hydroxido and phosphinic amide H atoms are shown for clarity. The triflate counter anions 

are outer-sphere and are not interacting with the cation. The image in (D) illustrates that 

the P=O group is more accessible than the bridging oxido ligand with the closest red sphere 

being O2 and the farthest being O1.
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Figure 3. 
Cyclic voltammogram of [FeII(OH)FeIIIpoat]+ collected at scan rate of 100 mV s−1 in in 

CH2Cl2.
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Figure 4. 
(A) Cyclic voltammogram of [FeIII(O)FeIIIpoat]+ collected at scan rate of 1 V s−1 in in 

CH2Cl2. (B) Electronic spectrum of [FeIII(O)FeIVpoat]2+ at −90 °C. Spectrum collected 

at 0.20 mM in CH2Cl2. (C) EPR spectrum of [FeIII(O)FeIVpoat]2+ recorded at 17 K with 

microwaves of 20 μW at 9.636 GHz.
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Scheme 1. 
Preparative routes for [FeII(OH)FeIIIpoat]+ and [FeII(OH)FeIIpoat].
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Scheme 2. 
Oxidation of [FeII(OH)FeIIIpoat]+ yields [FeIII(OH)FeIIIpoat]2+, which further converts to 

[FeIII(O)FeIIIHpoat]2+.
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Scheme 3. 
Reversible deprotonation and protonation between di-Fe(III) complexes at room and low 

temperatures.
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Scheme 4. 
Preparative route for [FeIII(O)FeIIIpoat]+.
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Scheme 5. 
Oxidation to [FeIII(O)FeIVpoat]2+.
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Scheme 6. 
Substrate reactivity of [FeIII(O)FeIVpoat]2+.
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Scheme 7. 
Six diiron complexes spanning four oxidation levels and various protonation states.
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Scheme 8. 
(A) Oxygenation of the di-Fe active site in hemerythrin results in the proton transfer from 

the hydroxido bridge to the peroxido ligand. (B) The thermal unstable [FeIII(OH)FeIIIpoat]2+ 

converts to [FeIII(O)FeIIIHpoat]2+, where the proton likely first transfers to the phosphinic 

amido O-atom, before residing on the N-atom and the phosphinic amide binds to the Fe 

center at the O-atom.
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Scheme 9. 
Proposed modification to the mechanism in RNR R2 Ia: upon homolytic cleavage of the 

tyrosine O–H bond, the electron goes to the FeIV center, and the oxido bridge is first 

protonated, before the proton transfers to the terminal hydroxido ligand.
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Table 1.

Selected bond lengths/distances (Å) and angles (°) for [FeII(OH)FeIIIpoat]+,
a
 [FeIII(O)FeIIIHpoat]2+, and 

[FeIII(O)FeIIIpoat]+

[FeII(OH)FeIIIpoat]+ [FeIII(O)FeIIIHpoat]2+ [FeIII(O)FeIIIpoat]+

Bond Distances (Å)

Fe1–N1 2.210(2) 2.367(2) 2.292(2)

Fe1–N2 2.023(2) – 2.008(2)

Fe1–O2 – 2.016(1) –

Fe1–N3 2.011(2) 1.984(2) 2.024(2)

Fe1–N4 2.009(2) 1.999(2) 2.029(2)

Fe1–O1 1.894(l) 1.800(1) 1.799(2)

O1···O2 2.649(2) – 3.212(3)

Fe2–O1 2.015(2) 1.792(1) 1.784(2)

Fe2–O3 2.094(1) 2.047(1) 2.018(2)

Fe2–O4 2.124(1) 2.002(1) 2.035(2)

Fe2–N5 2.275(2) 2.216(2) 2.231(2)

Fe2–N6 2.213(2) 2.245(2) 2.272(2)

Fe2–N7 2.252(2) 2.223(2) 2.219(2)

Fe1···Fe2 3.436(1) 3.182(1) 3.161(1)

av Fe1–N/Oeq 2.014(2) 2.000(2) 2.020(2)

av Fe2–NTMTACN 2.247(2) 2.228(2) 2.241(2)

d[Fe1–N/Oeq] 0.363 0.295 0.367

d[Fe2–NTMTACN] 1.522 1.512 1.525

Bond Angles (deg)

O1–Fe1–N1 174.52(6) 176.63(6) 179.22(8)

N2–Fe1–N3 119.21(7) – 122.24(9)

O2–Fe1–N3 – 114.24(6) –

N3–Fe1–N4 109.71(7) 106.48(7) 107.09(9)

N2–Fe1–N4 121.50(7) – 120.87(9)

O2–Fe1–N4 – 132.60(6) –

Fe1–O1–Fe2 123.06(8) 124.73(8) 123.82(10)

O3–Fe2–O4 98.31(5) 98.33(6) 95.72(8)

N5–Fe2–N6 79.50(8) 78.66(6) 77.88(8)

N5–Fe2–N7 78.27(7) 78.90(6) 79.45(8)

N6–Fe2–N7 79.54(6) 79.35(7) 78.94(8)

Calculated Values

τ 5 
b 0.884 0.734 0.950

a
Bond lengths, distances, and angles are reported as an average.

b
Trigonality structural parameter, τ5 = (β − a)/60°. β is the largest bond angle observed, and a is the second largest bond angle observed.
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Table 2.

Summary of the Spectroscopic Features for the di-Fe Complexes.

FeTMTACN Fepoat

Complex Optical features
a S

S (δ/ΔEQ)
b

S (δ/ΔEQ)
b

J 
c 

[FeII(OH)FeIIIpoat]+ 315 (sh), 372 (6400), 460 (sh), 520 (sh) 1/2 2 (1.20/−2.84) 5/2 (0.34/−0.72) 30

[FeII(OH)FeIIpoat] 350 (sh) 0 2 (1.22/2.37) 2 (1.03/3.38) 20

[FeIII(O)FeIIIHpoat]2+ 380 (7000), 517 (970), 705 (130) 0 5/2 (0.49/1.83) 5/2 (0.44/1.26) > 100

[FeIII(OH)FeIIIpoat]2+ 330 (8400), 370 (8100), 483 (sh), 513 (1900), 760 (300) 0 5/2 (0.44/0.94) 5/2 (0.34/0.56) 44

[FeIII(O)FeIIIpoat]+ 349 (9200), 531 (780), 780 (250) 0 5/2 (0.53/1.86) 5/2 (0.38/1.16) > 100

[FeIII(O)FeIVpoat]2+ 440 (sh), 515 (sh), 620 (2700), 810 (sh), ∼ 1100 1/2 5/2 (0.46/−1.11) 2 (0.00/+0.53) -

[FeIIpoat(OH)]2− - 2 - 1.05/3.13 -

[FeIIIpoat (OH)]−d 370 (3800) 5/2 - 0.32/0.92 -

a
λmax, nm (ε, M−1 cm−1).

b
mm/s.

c
cm−1 (H = JS1.S2); obtained by Mössbauer.

d
ref 35
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