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Abstract

High-valent non-heme FeIV–oxido species are key intermediates in biological oxidation, and their 

properties are proposed to be influenced by the unique microenvironments present in protein 

active sites. Microenvironments are regulated by non-covalent interactions, such as hydrogen 

bonds (H-bonds) and electrostatic interactions; however, there is little quantitative information 

about how these interactions affect crucial properties of high valent metal–oxido complexes. To 

address this knowledge gap, we introduced a series of FeIV–oxido complexes that have the same S 

= 2 spin ground state as those found in nature and then systematically probed the effects of non-

covalent interactions on their electronic, structural, and vibrational properties. The key design 

feature that provides access to these complexes is the new tripodal ligand [poat]3−, which contains 

phosphinic amide groups. An important structural aspect of [FeIVpoat(O)]− is the inclusion of an 

auxiliary site capable of binding a Lewis acid (LAII); we used this unique feature to further 

modulate the electrostatic environment around the Fe–oxido unit. Experimentally studies 

confirmed that H-bonds and LAII s can interact directly with the oxido ligand in FeIV–oxido 

complexes, which weakens the Fe=O bond and has an impact on the electronic structure. We 

found that relatively large vibrational changes in the Fe–oxido unit correlate with small structural 

changes that could be difficult to measure, especially within a protein active site. Our work 

demonstrates the important role that non-covalent interactions have on the properties of metal 

complexes; these interactions need to be considered when developing effective oxidants.
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Introduction

Metal–oxido units within the active sites of proteins are important intermediates in catalytic 

cycles.1–9 Their significance is exemplified in non-heme oxygenases with mononuclear Fe 

sites, whose competent oxidant responsible for cleaving the unactivated C–H bonds of 

substrates is known to be an FeIV–oxido species.10–14 Magnetic studies have shown that 

these intermediates have an S = 2 spin ground state, which is suggested to be an important 

property for function.15–17 Efforts to understand the roles of these intermediates in catalysis 

have led to the preparation of synthetic FeIV–oxido complexes, of which there are now 

several examples.18–24 However, nearly all of these synthetic complexes have S = 1 spin 

ground states, and it is difficult to directly correlate their properties to those of the 

intermediates detected in proteins.11,25,26 Far fewer examples of FeIV–oxido complexes with 

S = 2 spin ground states exist,27–34 and only two of those complexes have been structurally 

characterized.28,30 There is thus still a need for well-defined systems whose structural and 

physical properties can be readily tuned and investigated.

One approach to modulating the properties of metal–oxido species is to regulate their local 

environments.11,35,36 The unique microenvironments that exist within the active sites of 

proteins illustrate how essential properties can be controlled through this approach. In 

protein active sites, non-covalent interactions are the major force that influences the 

microenvironment, with hydrogen bonds (H-bonds) being the most common type of non-

covalent interaction. The exact influences that H-bonds have on structure and function are 

still emerging, but in many instances, these bonds are proposed to directly involve M–oxido 

complexes via M=O⋯H–X interactions.4,37–39 Furthermore, H-bonds serve to regulate the 

electrostatic properties of an active site and thus aid in governing key processes such as the 

transfer of protons and electrons.
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Another popular approach to modulating microenvironment is to change the electrostatic 

properties around M–oxido species by treating them with redox-inactive Lewis acids (LAs) 

such as Group II metal ions and Sc3+ ions.40–49 The premise that these auxiliary metal ions 

affect function has been previously substantiated in synthetic systems. For instance, work by 

Agapie examined the effects of LAs on the properties of manganese-oxido clusters.50–52 

Complimentary work by Lau showed that in the presence of a LA, the rate of alkane 

oxidation by metal–oxido systems increased.53 In addition, Fukuzumi demonstrated that the 

rate of electron transfer in a Co–porphyrin system was correlated to the Lewis acidity of 

various redox-inactive metal ions.54,55 Subsequent work from Fukuzumi and Nam reported 

that the rate of electron transfer involving an FeIV–oxido complex was dependent on redox-

inactive ions,56 and this correlation led them to report crystallographic evidence of a 

complex containing an FeIV–(μ-O)–ScIII core.57 However, computational studies by Swart58 

and an experimental reinvestigation of this complex by Que found that it should be 

formulated as an FeIII–(μ-O)–ScIII species.40 These findings highlight some of the current 

uncertainties that surround the addition of LAs to M–oxido complexes. Although there is 

strong evidence that these ions enhance the reactivity of M–oxido complexes, there is less 

information about how they interact with M–oxido units and about their effects on molecular 

and electronic structures. There is thus a need to develop molecular systems that are capable 

of forming FeIV=O---LA cores whose properties can be evaluated directly.

In this report, we describe the preparation of a new high-spin FeIV–oxido complex and its 

binding of LAII (LAII = MgII, CaII, SrII, and BaII) in the presence of 15-crown-5 to produce 

a series of heterometallic complexes (denoted [FeIVpoat(O)---LAII]+). To prepare these 

complexes, we designed a new tripodal ligand, [poat]3−, which contains three phosphinic 

amido groups and readily forms [FeIVpoat(O)]− (Figure 1A). This complex has local C3 

symmetry, which also allows its properties to be compared to those of similar FeIV 

complexes, particularly [FeIVH3buea(O)]−,30,31 which we reported previously (Figure 1B). 

We are unaware of any other synthetic systems that allow the influences of non-covalent 

interactions around M–oxido complexes to be so definitively examined and compared. Our 

findings show that H-bonds cause large changes in the bonding within the FeIV–oxido unit. 

Moreover, the experimental and computational evidence presented supports the binding of 

LAIIs to the FeIV=O unit (Figure 1C), which was correlated to changes in the structural and 

electronic properties. Finally, our results enable the first direct comparison of how LAIIs and 

H-bonds affect the electronic and vibrational properties of FeIV=O complexes.

Results and Discussion

Design Considerations.

In our laboratory, previous work has investigated the use of the urea-containing tripodal 

ligand [H3buea]3− (Figure 1B) to prepare high-spin Fen–oxido complexes (n = 3+ and 4+).
30,31,59 A key design component of this ligand is the presence of intramolecular H-bond 

donors that we have argued are crucial for the isolation of these Fen–oxido complexes. To 

further evaluate the effects of these intramolecular H-bonding interactions on FeIV–oxido 

species, we prepared the ligand [poat]3−, which contains deprotonated phosphinic amide 

groups instead of ureas. The design of this ligand was inspired by the work of Stephen60 and 
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the ability of the ligand to stabilize high-valent complexes relies on the fact that 

deprotonated phosphinic amides and ureas produce comparable ligand fields.61 However, the 

local environments that surround the Fe–oxido centers in complexes of [poat]3− are different 

from those in complexes of [H3buea]3− because the [poat]3− ligand lacks the intramolecular 

H-bond donors contained in [H3buea]3−. Thus, our preparation of [FeIVpoat(O)]− provides 

the ability to directly determine the influence of H-bonds on the properties of FeIV–oxido 

centers by establishing an analog without these non-covalent interactions.

The structure of [FeIVpoat(O)]− also includes an auxiliary site composed of two P=O units 

and the oxido ligand (Figure 1C) to which a second metal ion can be coordinated. This 

design principle was first incorporated in complexes of our tripodal ligands with 

sulfonamido groups ([RST]3−, Figure 1D) that produced a variety of discrete 

heterobimetallic complexes with MIII-(μ-OH)-LAII cores (MIII = Mn, Fe, Co, Ga).62–64 In 

these systems, two S=O groups and the hydroxido ligand form an auxiliary site that is 

capable of facially binding a second metal ion. However, our studies found that sulfonamido 

groups do not provide a strong enough ligand field to stabilize more highly oxidized 

complexes.61,64,65 We reasoned that redesign of the ligand to [poat]3− would provide access 

to an FeIV–oxido species capable of supporting a LAII at its auxiliary binding site and allow 

us to evaluate changes in the structural and spectroscopic properties of the FeIV–oxido 

species upon LAII binding.

Preparation and Properties of [FeIVpoat(O)]−.

The [FeIVpoat(O)]− complex was produced from [K(18c6)2][FeIIpoat], whose properties are 

consistent with a four-coordinate FeII complex having an S = 2 spin ground state (Scheme 1, 

see experimental section).64,66 We found that 18-crown-6 (18c6) increases the solubility of 

this FeII complex and sequesters the K+ counter ion to prevent its interaction with the P=O 

moieties of the [poat]3− ligand. [K(18c6)2][FeIIpoat] was treated with isopropyl 2-

iodoxybenzoate (IBX-iPr) in a DMF:THF mixture at −60°C (Scheme 1), and 

spectrophotometric monitoring of this reaction showed the growth of several new absorption 

bands (Figure 2). Importantly, the feature that appeared at λmax (εM) = 925 nm (170), which 

is associated with a d-d transition, is indicative of a high-valent FeIV–oxido species (details 

below).67 This assignment is supported by the Mössbauer spectra of [FeIVpoat(O)]−, which 

showed signals with an 57Fe isomer shift (δ) typical of species with an FeIV–oxido center 

(Figure 3). The displayed simulations are global least-square fits for the parameters given in 

the figure legend. The simulations include a minority S = 5/2 FeIII species that accounts for 

20% of the total iron in the sample. The A tensor is comparable to that of [FeIVH3buea(O)]− 

with the anisotropic component being dominated by the spin-dipolar contributions which 

had one tensor component twice the magnitude of the others (ASD = (+4, +4, −8) T).31 

These properties are indicative of an FeIV complex that has an S = 2 spin ground state and an 

unoccupied dz2 orbital.

The vibrations of the FeIV–oxido unit of [FeIVpoat(O)]− were probed using 57Fe nuclear 

resonance vibrational spectroscopy (NRVS). This method detects only the vibrational modes 

associated with the motions of the 57Fe center in a complex and thus is highly sensitive and 

selective.68–70 The NRVS-derived 57Fe partial vibrational density of states (PVDOS) 
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spectrum of [FeIVpoat(16O)]− shows a prominent peak at 843 cm−1 that shifts to 812 cm−1 in 

[FeIVpoat(18O)]− (Figures 4, S1). The observed shift for the two isotopomers is close to the 

predicted shift of 39 cm−1 obtained from a harmonic Fe–O oscillator model. Negative-mode 

electrospray ionization mass spectrometry (ESI-MS) provides further support for the 

formulation [FeIVpoat(16O)]−, as it shows an ion peak at m/z = 815.2 that shifts by two mass 

units in [FeIVpoat(18O)]− (Figure S2).

Effects of H-Bonds.

As described above, the spectroscopic investigation of [FeIVpoat(O)]− and of the previously 

reported [FeIVH3buea(O)]− complex allows the influence of intramolecular H-bonds on the 

electronic properties of the FeIV–oxido unit to be evaluated through comparison of these two 

complexes. Our Mössbauer studies demonstrate that the H-bonds of [FeIVH3buea(O)]− affect 

the electronic properties, as the isomer shift of [FeIVpoat(O)]− (δ = 0.11(1) mm/s) is 

significantly higher than that of [FeIVH3buea(O)]− (δ = 0.02 mm/s, Table 1).31 Isomer shifts 

are related to the electron density at the Fe nucleus (ρ(0)) by the equation δ = α ρ(0) + 

constant, in which α has a negative value.71,72 The presence of H-bond donors proximal to 

the oxido ligand in [FeIVH3buea(O)]− lowers the amount of electron donation from the 

oxido ligand into the 3d orbitals. This lower electron density in the 3d orbitals reduces the 

shielding of the s electrons associated with the Fe center, which in turn, increases ρ(0). In 

contrast, the oxido ligand is not involved in forming H-bonds in [FeIVpoat(O)]− and more 

electron density is donated from the oxido ligand into the 3d orbitals. This difference causes 

a lower ρ(0) value and higher isomer shift relative to [FeIVH3buea(O)]−.

Differences are also observed in the quadrupole splitting terms (ΔEQ) of the two FeIV–oxido 

complexes, in which [FeIVH3buea(O)]− has a larger value (ΔEQ = 0.43 mm/s) than 

[FeIVpoat(O)]− (ΔEQ = 0.27(1) mm/s). This difference can once more be understood in 

terms of how H-bonds affect the amount of electron density donated by the oxido ligand to 

the FeIV center. A free, high-spin FeIV ion is known to have a large and positive value for 

ΔEQ that is approximately 4 mm/s.71 However, in FeIV–oxido complexes, ΔEQ is reduced 

because the oxido ligand donates electron density into the unoccupied dz2 and singly 

occupied dxz, dyz orbitals of the FeIV center. Thus, any changes in the contributions of the 

oxido ligand to the bonding within the FeIV–oxido unit should then be reflected in a 

commensurate change in ΔEQ. From this analysis, the larger value of ΔEQ measured for 

[FeIVH3buea(O)]− is consistent with the involvement of the oxido ligand in H-bonds, which 

reduces the amount of electron density donated by the oxido ligand into orbitals on the Fe 

center that give a net negative contribution to ΔEQ.

The changes in the experimentally observed Mössbauer parameters are consistent with 

vibrational studies that show the bonding within the FeIV–oxido unit is stronger in 

[FeIVpoat(O)]− than in [FeIVH3buea(O)]− because [FeIVpoat(O)]− lacks intramolecular H-

bonds. A comparison of the vibrational properties of the two complexes supports this 

finding. We recently reported the 57Fe PVDOS spectrum of [FeIVH3buea(O)]−,73 which 

contained an oxygen-isotopically sensitive band at 794 cm−1 that was assigned to νFe–O. 

The energy of this vibration is 49 cm−1 lower than that found for [FeIVpoat(O)]− (Figure 4). 

We further used Badger’s rule, an empirical formula that relates bond length to vibrational 

Oswald et al. Page 5

J Am Chem Soc. Author manuscript; available in PMC 2021 February 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



frequency (eq 1), to evaluate how the FeIV–Ooxido bond lengths vary within [FeIVpoat(O)]− 

and [FeIVH3buea(O)]−.74,75 We have already determined the values of CFe–O (56.69) and 

dFe–O (1.038) using a training set composed of related Fe–oxido and Fe–hydroxido 

complexes with tripodal ligands that include [H3buea]3−.75 From this analysis, we found 

FeIV–Ooxido bond lengths of 1.70 Å for [FeIVH3buea(O)]− and 1.67 Å for [FeIVpoat(O)]−. 

These values trend in the predicted way, with a longer bond length calculated for the weaker 

Fe–O bond of [FeIVH3buea(O)]−, but the difference between the values is small. Thus, we 

sought additional experimental evidence from extended X-ray absorption fine structure 

(EXAFS) studies on [FeIVpoat(O)]− (Figures S3 & S4A, Table S1). An FeIV–Ooxido bond 

length of 1.65 Å was found by EXAFS for [FeIVpoat(O)]−, which is again only slightly 

shorter than that measured for [FeIVH3buea(O)]− by X-ray diffraction methods (FeIV–Ooxido 

= 1.680(1) Å).

rFe − O = CFe − O
νFe − 0

2/3 + dFe − O (1)

EPR Studies.

The [FeIVpoat(O)]− complex displays EPR signals in parallel mode (Brf ||B) with features 

from transitions observed within the excited |±1> (at g = 4) and|±2> (at g=8) doublets 

(Figure 5). Similar spectroscopic properties were previously reported for [FeIVH3buea(O)]− 

(Table 1),30,31 but whereas [FeIVH3buea(O)]− exhibited a sharp feature at g = 8, this feature 

is nearly absent in the spectrum of [FeIVpoat(O)]−. The intensities of the transitions within 

the |±1> and |±2> doublets are proportional to (E/D)2 and (E/D)4, respectively; thus, small 

changes in the E/D value have a substantial impact on the intensities of the signals.76 Both 

complexes have small E/D values that indicate nearly axial coordination environments 

around the Fe centers (Table 1). The quantitative simulations of the spectra (Figure 5) 

demonstrated that the lower E/D value of 0.014 for [FeIVpoat(O)]− resulted in a relatively 

weak signal at g = 8, whereas the g = 4 signal is relatively more intense owing to the smaller 

zero-field splitting of the |±1> doublet.

Effects of LAIIs.

In addition to serving as an analog of [FeIVH3buea(O)]− without H-bond donors in the 

secondary coordination sphere, [FeIVpoat(O)]− possesses the unique ability to bind a second 

metal ion through an auxiliary binding site that involves the FeIV–oxido unit. Based on the 

strong influence of H-bonds discussed above, the binding of LAIIs to [FeIVpoat(O)]− should 

alter the electrostatic character of the secondary coordination sphere and therefore cause 

detectable changes in the spectroscopic properties. To test this premise, [FeIVpoat(O)]− was 

treated with several Group II metal ions in the presence of 15-crown-5 at −60°C to produce 

the series of [FeIVpoat(O)---LAII]+ complexes.

Mössbauer and EPR Studies.

The direct interaction of the LAIIs with the FeIV–oxido unit was indicated from Mössbauer 

studies, which changed the isomer shift and quadrupole splitting parameters for the 
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[FeIVpoat(O)---LAII]+ adducts generated at −80°C (Table 1, Figures S5). These changes can 

be explained using the same arguments described for the effects of H-bonds on the bonding 

within the FeIV–O unit. The interaction of a LAII with the oxido ligand would partially 

reduce the amount of electron density donated into the empty orbitals of the FeIV center and 

should be reflected in commensurate changes in the values of δ and ΔEQ (see above). For 

instance, the parameters δ = 0.02(1) mm/s and ΔEQ = 0.43(1) mm/s measured for 

[FeIVpoat(O)---MgII]+ are different from those measured for [FeIVpoat(O)]− (Table 1) and 

identical to those recorded for [FeIVH3buea(O)]−, which we have shown to contain 

intramolecular H-bonds involving the oxido ligand. Moreover, the parameters for the series 

of [FeIVpoat(O)---LAII]+ adducts follow a trend that can be explained by a decrease in the 

acidity of the LAII, where the adduct having the lowest acidity, [FeIVpoat(O)---BaII]+, 

displays values most similar to those for [FeIVpoat(O)]−.

The binding of LAIIs to [FeIVpoat(O)]− was also monitored using parallel-mode EPR 

spectroscopy (Figure 6). Recall that [FeIVpoat(O)]− has nearly axial symmetry, which results 

in a relatively weak signal for the transition from the |±2> doublet at g = 8 (Figure 5). Based 

on DFT structures that show an asymmetric binding of the crown ether to the [poat]3− ligand 

(see below), it is anticipated that the [FeIVpoat(O)---LAII]+ species have more rhombic 

character than [FeIVpoat(O)]−, which increases the E/D values and the intensities of the 

signal at g = 8. These expected changes are indeed observed for each [FeIVpoat(O)---LAII]+ 

adduct, where the spectra display a prominent feature at g = 8 (Figure 6). The values of E/D 

for these heterometallic complexes were determined from simulations and found to be larger 

than that measured for [FeIVpoat(O)]− (Table 1).

Electronic Absorption Studies.

The electronic absorption spectra of FeIV–oxido complexes have been extensively studied by 

Solomon and coworkers and include an analysis of [FeIVTMG-tren(O)]2+ (TMG-tren, 1,1,1-

tris{2-[N2-(1,1,3,3-tetramethylguanidino)]ethyl}amine).67 This complex is similar to 

[FeIVpoat(O)]− in that it also contains a tripodal ligand, is C3 symmetric, and has an S = 2 

spin ground state. We have used the findings for [FeIVTMG-tren(O)]2+ to guide our analysis 

of the absorption spectra for [FeIVpoat(O)]− and the [FeIVpoat(O)---LAII]+ complexes. The 

electronic absorption spectrum of [FeIVpoat(O)]− features a high energy band at λmax = 370 

nm (εM = 7500) that is assigned to ligand-to-metal charged-transfer transition (LMCT) from 

the Oπ → E{xz,yz} transition (Figures 2 inset). A second LMCT transition is observed as a 

shoulder at λmax = 520 nm that is from the Oπ → E{xy,x2-y2} transition. The lower 

intensity of the feature at λmax = 520 nm is attributed to the electric dipole transition 

moment for this transition being smaller than for the Oπ → E{xz,yz} transition. As mention 

above, the absorption spectrum of [FeIVpoat(O)]− also contains a band at λmax = 925 nm 

that is from a d-d transition (5A → 5E). In addition, the small feature at λmax = 825 nm is 

assigned to a Fano interference of the spin forbidden 5A → 3E transition, which is a 

perturbation of the 5A → 5E band arising from the spin–orbit coupling of the 5E and 3E 

states (Figure S6).67,77

The binding of LAIIs to [FeIVpoat(O)]− has an effect on the absorption properties (Figure 

7A) which further supports that the FeIV–oxido unit is directly interacting with the LAIIs. 
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Both the LMCT and d-d bands are affected and their changes in energy correlate with the 

acidity of the Lewis acid. For the d-d transition, the band shift to higher energies upon the 

binding of a LAII and shows a linear correlation between the energy of the transition and the 

acidity of the LAII (Figure 7).78,79 The d-d band shift could be a function of both the Fe–

oxido bond and the distortion of the equatorial ligands caused by the interaction with the 

crown ether. However, the shift of the dd band for [FeIVpoat(O)---MgII]+ is close to that of 

the [FeIVH3buea(O)]3−,30 which suggests that the Fe–oxido bond is the primary determinant 

of the position for this band. For the LMCT transition, the band shift to lower energies upon 

binding of stronger LAIIs and a linear correlation is also observed (Figure S7). These 

opposite trends can be explained by a downward shift in energy of the E{xz,yz} level when 

the LAIIs bind to [FeIVpoat(O)]−. The sum of the LMCT and d-d energies (Figure S7, Table 

2) is approximately constant within the series and thus the main difference between the 

electronic levels of [FeIVpoat(O)]− and [FeIVpoat(O)---LAII]+ is the shift of the E{xz,yz} 

level (Figure S8). This interpretation is consistent with Fano interference associated with the 
5A → 3E transition not being affected because it is independent of the E{xz,yz} level shift. 

Also evident in the spectra for the [FeIVpoat(O)---LAII]+ complexes is a weaker Fano 

interference at higher energies (λmax = 725-735 nm) about the assignment of which we will 

not speculate here. Finally, we note that there are increases in the intensity and width of d-d 

band that could be caused by the splitting of the E{xz,yz} doublet. These changes indicate 

an increasing distortion away from C3 symmetry with an increase in the acidity of the LAII.

NRVS and XAS Studies.

The [FeIVpoat(O)---LAII]+ adducts were further evaluated by NRVS and XAS. The νFe–O 

band in these species is at least 18 cm−1 lower in energy than that in the parent 

[FeIVpoat(O)]− complex (Figure 8&S1 and Table 1) – such a lowering of νFe–O is expected 

for the direct interaction of the LAII with the Fe–O unit. However, the shifts in energy upon 

adduct formation are relatively small and do not compare with the difference in νFe–O 

between [FeIVpoat(O)]− and [FeIVH3buea(O)]−. In addition, the vibrational energies of the 

LAII adducts are the same within experimental error.

XANES spectra were recorded for [FeIVpoat(O)]−, [FeIVpoat(O)---MgII]+, and 

[FeIVpoat(O)---CaII]+, and they show similar Fe–K edge energies at 7124.2, 7125.6, and 

7125.3 eV, respectively; these values are within the range previously reported for FeIV 

complexes (Figure 9A&B).29,80,81 Within this subset of complexes, a distinct decrease in 

pre-edge peak area is observed upon the addition of a LAII, with area values of 32 units for 

[FeIVpoat(O)]− and of 25 and 28 units for the MgII and CaII adducts, respectively (Figure 

9C). This trend in pre-edge peak area is consistent with the direct interaction of the LAIIs 

with the FeIV–O unit, which would cause a decrease in the mixing of the 3p and 3d orbitals 

at the FeIV center and less intense transitions from the 1s to 3d orbitals. EXAFS analysis 

allows the bond distances in the three complexes to be compared (Figures S4B&C, Tables 

2&S1). In particular, as expected, the Fe–Ooxido bond lengthens to 1.67 Å in [FeIVpoat(O)---

MgII]+ and [FeIVpoat(O)---CaII]+ from 1.65 Å in [FeIVpoat(O)]−, but this change is too 

small to enable a definitive assessment. For comparison, a Badger’s rule analysis estimated 

Fe–O bond lengths of approximately 1.68 Å for these two heterometallic complexes (Table 

2).
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Computational Studies.

Density functional theory calculations were performed to obtain optimized structures of the 

[FeIVpoat(O)]− complex and the [FeIVpoat(O)---LAII]+ adducts (Figures 10&S9, Table S2). 

The structures reveal that the LAII forms bonds to the oxido ligand, two P=O groups of the 

[poat]3− ligand, and O atoms of the crown ether. In some cases, not all the O atoms of the 

crown ether are coordinated to the LAII which agrees with the known coordination 

properties of these group 2 metal ions. For example, DFT suggests that the MgII center in 

[FeIVpoat(O)---MgII]+ is six-coordinate with the crown ether serving as a tridentate ligand 

(Figure 10B). We used DFT to compute both the Mössbauer parameters and νFe–O, and the 

results of the calculations are in good agreement with the experimental results, in terms of 

both numerical accuracy and predicting the trends (Table 1). For instance, the calculated δ 
value drops significantly from 0.12 mm/s to 0.03 mm/s upon the binding of the MgII ion to 

[FeIVpoat(O)]−, a near match to what was observed experimentally. In addition, the 

calculated ΔEQ values for these two complexes differ by 0.20 mm/s, which is comparable to 

the experimental change of 0.16 mm/s. To demonstrate that the direct Fe=O⋯MgII 

interaction is essential for lowering the value of δ, we performed a single point DFT 

calculation on a modified version for [FeIVpoat(O)---MgII]+ in which the Mg2+ ion and 

crown ether were removed without changing the positions of the remaining atoms. A δ = 

0.15 mm/s was found for this structure, a value that is close to δ = 0.12 mm/s for the 

optimized structure of the [FeIVpoat(O)]−. The DFT calculations also reveal that the 

coordination of a LAII lowers the energy of νFe–O by 9–22 cm−1 (Table 1); for comparison, 

shifts that range between 17 and 21 cm−1 were deduced from NRVS. Both the experimental 

and DFT-calculated Fe–oxido frequencies are smaller than the frequencies expected based 

on Badger’s rule when using the Fe–O bond distances taken from the optimized structures 

(~55 cm−1).

The DFT structures also revealed that [poat]3− ligand distorts from C3 to C1 symmetry to 

bind a LAII. Specifically, two of the P=O units rotate such that they can form the tridentate 

binding site with the oxido ligand to coordinate the LAII (Figure 10C&D). These large 

structural changes led us to consider whether the shifts in the absorption bands in 

[FeIVpoat(O)]− are not only the result of the Fe=O⋯LAII interaction but may also in part be 

mediated by the distortions of the equatorial ligands. We have ruled out this possibility for 

the following reasons. The DFT structures show that the distortion of the Fe=O unit in the 

[FeIVpoat(O)---LAII]+ adducts are nearly independent of LAII; for instance, the Fe–O⋯LAII 

angle is approximately 135° for all the complexes. The large changes in the LMCT and d-d 

bands that were observed are more likely the result of the direct interaction of the LAII with 

the Fe=O moiety, the strongest effect being for [FeIVpoat(O)---MgII]+, which has the 

shortest FeO⋯LAII distance. This premise is consistent with the conclusion inferred from 

DFT calculations that the trend in the isomer shift is the result of direct FeO⋯LAII 

interaction and not of distortions of the equatorial ligand (see above). In addition, the 

electrostatic properties of the LAIIs should affect the energies of the orbitals within the Fe–

oxido unit that include linear combinations of the dxz, dyz, and dz2 orbitals and the oxido p 

orbitals: dxz + cx px, dyz + cy py, and dz2 + cz pz. This effect depends on the Fe–O⋯LAII 

angle with those close to 180° favoring a lowering of the admixed dz2 (decreasing the d-d 

energy) and those close to 90° causing a lowering of the admixed dxz or dyz (increasing the 
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d-d energy). The experimental data suggest that the lowering of the E{xz,yz} level prevails 

over the lowering of the dz2 level, resulting in a larger d-d energy and consequently an Fe–

O⋯LAII angle biased towards 90°.

Summary and Conclusions

The preparation of [FeIVpoat(O)]− was achieved using a newly designed tripodal ligand that 

creates a primary coordination sphere capable of stabilizing high-valent metal centers. Its 

spectroscopic properties and correlated optimized structure from DFT supported the 

symmetrical arrangement of the [poat]3− ligand around the Fe–oxido unit. Importantly, our 

findings were consistent with [FeIVpoat(O)]− having an S = 2 spin ground state that matches 

the spin states of intermediates found in non-heme oxygenases.16 These types of synthetic 

complexes are rare with [FeIVpoat(O)]− being only the sixth known example.27–34 What 

distinguishes [FeIVpoat(O)]− is that it provides the unique opportunity to study the 

influences of H-bonds and electrostatic interactions on high-valent metal–oxido complexes. 

First, this complex served as an analog of [FeIVH3buea(O)]− that lacks intramolecular H-

bond donors, which allowed us to examine the effects of H-bonds on the electronic structure 

of an FeIV–oxido complex through a comparative investigation of [FeIVpoat(O)]− and 

[FeIVH3buea(O)]−. Our previous reports on [FeIVH3buea(O)]− detailed its molecular 

structure determined from XRD measurements, its electronic structure determined from 

EPR, Mössbauer, and absorption spectroscopies, and its vibrational properties determined 

from FTIR and NRVS spectroscopies. These data led us to conclude that intramolecular H-

bonds formed with the FeIV–oxido unit, but we were unable to gauge the magnitude of their 

effect on the properties of this complex. We have now learned that the intramolecular H-

bonds modulate the electron density of the oxido ligand and weaken the bond within the 

FeIV–oxido unit. These effects were identified using Mossbauer spectroscopy and correlated 

with NRVS vibrational studies, in which a decrease of 49 cm−1 was observed in νFe–O from 

[FeIVpoat(O)]− to [FeIVH3buea(O)]−. A Badger’s rule analysis showed that these changes in 

electronic structure resulted in only a modest change of approximately 0.02 Å in the Fe–O 

bond length, a change that was also supported by EXAFS measurements.

We further probed the electrostatic effects of FeIV–oxido units by examining the influences 

of LAIIs on the properties of [FeIVpoat(O)]−. In our design of [FeIVpoat(O)]−, we employed 

an auxiliary metal ion binding site composed of two P=O units of [poat]3– and the oxido 

ligand. The presence of this tridentate auxiliary site provides an advantage over other FeIV–

oxido complexes for which the binding of LAIIs is assumed to occur only at the oxido 

ligand. This proposed monodentate coordination of a LAII is inherently weak because an 

oxido ligand bound to a high-valent transition metal ion is electrophilic and thus would be a 

poor ligand to metal ions. Thus, it has proven difficult to experimentally assess the exact 

binding mode of LAII s in other FeIV–oxido complexes.

The binding of LAIIs to [FeIVpoat(O)]− was screened using absorption and EPR 

spectroscopies. Both methods showed effects that were consistent with the formation of 

[FeIVpoat(O)---LAII]+ adducts. We observed a blue shift in the d-d band and a red shift in 

the LMCT band that correlated with the acidity of the LAIIs. Further confirmation of a direct 

interaction between LAII and the oxido ligand comes from Mössbauer spectroscopy. 
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Significant differences were observed in the Mössbauer parameters of the [FeIVpoat(O)---

LAII]+ adducts compared to those of [FeIVpoat(O)]−. These differences were again linked to 

changes in the electron donation of the oxido ligand into the vacant dz2 orbital and the singly 

occupied dxz and dyz orbitals of the FeIV center that were caused by the binding of the LAs. 

Within the series of [FeIVpoat(O)---LAII]+ adducts, the shifts in Mössbauer parameters 

trended toward those found for [FeIVH3buea(O)]−. In fact, the Mössbauer properties of 

[FeIVpoat(O)---MgII]+ were identical to those of [FeIVH3buea(O)]−, indicating that the 

binding of a MgII ion is comparable to the formation of three intramolecular H-bonds in 

[FeIVH3buea(O)]−. Because we know that the H-bonds in [FeIVH3buea(O)]− involve the 

oxido ligand, we concluded that the MgII ion, and the other LAIIs, also directly coordinate to 

the oxido ligand in [FeIVpoat(O)]− through its auxiliary binding site. Optimized structures of 

the [FeIVpoat(O)---LAII]+ adducts supported this premise and provided structural and 

spectroscopic values that were closely aligned with those found experimentally. Moreover, 

the results of vibrational and XAS pre-edge studies were consistent with the binding of 

LAIIs to [FeIVpoat(O)]− via interactions with the oxido ligand.

There has been discussion in the recent literature about how best to manipulate the 

properties of Fe–oxido complexes in order to influence the formal oxidation and spin states 

of the iron center.13,18,26,56,81–83 Most previous investigations have made changes within the 

primary coordination sphere and examined how covalent interactions to the Fe–oxido unit 

can be correlated to functional changes. In contrast, the primary coordination sphere in our 

system remained nearly constant, and we instead modulated the non-covalent interactions 

within the secondary coordination sphere of the FeIV–oxido center to effect change. Our 

findings show that these non-covalent interactions significantly influence the properties of 

metal–oxido species. Our experimental confirmation that H-bonds and LAIIs can interact 

with the oxido ligand in FeIV–oxido complexes showed the direct effects that these 

interactions have on the bonding within the Fe–oxido unit and the electronic structure. 

Furthermore, our results provide an explanation for why Fe–oxido species formed in the gas 

phase have different properties than those prepared in the condensed phase83–86—namely, 

that the different microenvironments present around the Fe–oxido units in these two phases 

can cause changes in the electronic and structural properties. Thus, we argue that caution 

should be taken when comparing Fe–oxido complexes prepared in different phases. Within a 

broader context, our work supports the premise that non-covalent interactions are 

instrumental in tuning the properties within protein active sites and therefore could be used 

in a similar manner within synthetic constructs to produce more functional oxidants.

Experimental

Physical Methods.

Physical Methods.

Absorption, EPR, and Mossbauer Spectroscopic Methods.: Electronic absorption spectra 

were recorded in a 1-cm cuvette on an 8453 Agilent UV-Vis spectrometer equipped with an 

Unisoku Unispeks cryostat. X-band EPR spectra were recorded on a Bruker ELEXSYS 

spectrometer equipped with an Oxford ESR-910 liquid helium cryostat and a Bruker 

bimodal cavity for the generation of microwave fields parallel and transverse to the applied 
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magnetic field. The quantification of all signals was performed relative to a CuEDTA spin 

standard prepared from a copper atomic absorption standard (Sigma-Aldrich). The 

microwave frequency was calibrated with a frequency counter, and the magnetic field was 

measured with an NMR gaussmeter. The sample temperature was calibrated against a 

calibrated cernox sensor (Lakeshore CX-1050) mounted inside an EPR tube. A modulation 

frequency of 100 kHz was used for all EPR spectra. Mossbauer spectra were recorded on 

either a variable field or a weak-field spectrometer operating in a constant acceleration mode 

in a transmission geometry using Janis Research Inc. cryostats that allow for a variation in 

temperature from 4 to 300 K. One of the dewars housed a superconducting magnet that 

allowed for the application of magnetic fields up to 8 T parallel to the γ-radiation. Isomer 

shifts are reported relative to Fe metal at 298 K. The simulation software SpinCount was 

written by one of the authors.87

The software diagonalizes the electronic terms of the spin Hamiltonian:

H = βS · g · B + S · D · S + S · A · I − gnβnB · I + I · P · I
S · D · S = D[SZ

2 − S(S + 1)/3 + (E/D)(Sx2 − Sy2)]
I · P · I = (eQVzz/12)[3Iz2 − I(I + 1) + η(Ix2 − Iy2)]

where the parameters have the usual definitions,88 and performs least-squares fitting of 

simulations to the spectra. The quantitative simulations are generated with consideration of 

all intensity factors, which allows the computation of simulated spectra for a specified 

sample concentration.

Nuclear Resonance Vibrational Spectroscopic Methods.: The 57Fe NRVS data were 

recorded using published procedures on multiple occasions at beamline 3-ID at the 

Advanced Photon Source (APS).70,89 The incident flux provided by the beamline is ~2 × 109 

photons/s in a 1 meV bandwidth centered at 14.4125 keV in a 1 mm (vertical) × 3 mm 

(horizontal) spot. The monochromators used in the experiment consisted of a water-cooled 

diamond (1,1,1) double crystal with 1.1 eV bandpass followed by two separate Si(4,0,0) and 

Si(10,6,4) channel-cut crystals in a symmetric geometry. During the measurements, samples 

were maintained at low temperatures using a closed-cycle helium cryostat. The temperature 

for individual spectra was calculated using the ratio of anti-Stokes to Stokes intensity 

according to S(−E) = S(E) exp(−E/kT) and was generally in the range of 40 K to 80 K. 

Spectra were recorded between −40 meV and 120 meV in 0.25-meV steps. Delayed nuclear 

fluorescence and iron K fluorescence (from internal conversion) were recorded with a single 

avalanche photodiode detector (APD) with a 1 cm2 detection area. Each scan required 

approximately 50 minutes, and all scans were added and normalized to the intensity of the 

incident beam. The 57Fe partial vibrational density of state (PVDOS) was extracted from the 

raw NRVS data using the PHOENIX software package.90

X-ray Absorption Spectroscopic Methods.: XAS experiments were performed at the 

Stanford Synchrotron Radiation Laboratory (SSRL) on beam line 7-3 at 13 K. Fe K-edge 

data were collected using a Si(220) φ=0° double-crystal monochromator with a 9.0 keV 

cutoff for harmonic rejection. Data were collected in fluorescence mode with a Canberra 30-
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element Ge solid-state detector. To limit photoreduction of the samples, only first scans were 

averaged into the final data sets (exposure time ~35 minutes). Fe K-edge data for the both all 

species were comprised of 7 first scans. Energies were calibrated using an iron foil (7111.2 

eV), and edge energies were obtained from the first derivative of the data with 1.0 eV 

smoothing and a third-order polynomial in the program EXAFSPAK.91 The Fe K-edge data 

sets were fit over the region k = 3–14 A°−1 using EXAFSPAK91 with ab initio phases and 

amplitudes generated with the program FEFF v8.40.92 The Fe K-edge fits for the three iron 

species were comprised of the first, second, third, fourth, and fifth shell atoms. All Debye-

Waller factors were treated as free parameters. The scale factor, S0, was set to 0.9. 

Monochromator glitches in the Fe K-edge data sets at approximately k = 12.5 Aΰ-1 were 

removed using a cubic polynomial fit to the data. No other modifications to the raw data 

were performed.

DFT Calculations.: The DFT calculations performed with the hybrid functional B3LYP,
93,94 using the program Gaussian ’09.95 The calculations included geometry optimizations 

and property calculations for the frequencies and 57Fe hyperfine parameters. The triple-zeta 

basis set 6-311G was used for all atoms except for the phosphorus atoms and the alkaline 

earth atoms X.96 For the P atoms the polarization-function-augmented basis set 6-311G* 

was adopted to allow for a proper description of the pentavalency of these atoms. As 

6-311G* is not available for the heavier alkaline earth metals, the pseudo-potential 

Stuttgard-Dresden basis set SDD was used, also for the lighter members of the series to 

avoid possible basis set effects on the property trends along the LA series.97–99 To correct 

for the systematic overestimation of the frequencies obtained with the employed functional/

basis set combination, the calculated frequencies were multiplied with a factor of 0.9.74 The 

quadrupole splittings, ΔEQ, were evaluated from the calculated eigenvalues of the electric-

field gradient tensor, −Vii, i = x, y, z, using the expression ΔEQ = ℓQV zz/2 1 + η2/3 1/2, 

where ℓ is the unit charge, Q is the nuclear quadrupole moment for 57Fe, and η is the 

asymmetry parameter, which is defined as (Vxx − Vyy)/Vzz. By defining x, y and z such that 

| Vxx | ≤ | Vyy | ≤ | Vzz |, η is confined to the range [0,1]. By adopting the consensus value 

Q = 0.16 × 10−28m2, the calculated Vii values, given in atomic units, convert to the velocity 

scale by multiplication with −1.6 mm s−1/AU. In all systems considered here, the 

eigenvector corresponding to Vzz is closely aligned with the Fe-O axis. The 57Fe isomer 

shift was evaluated from the electron density at the nucleus using the calibration of 

Vrajmasu.100

Geometry optimizations on [FeIVpoat(O)]− were initiated with the XRD structure of 

[FeIIIpoat]. The geometry optimization of [FeIVpoat(O)---MgII]+ began from a structure that 

was assembled with the aid of the visualization program GaussView by manually combining 

the optimized structures of the metallated crown ether moiety, [MgII15c5]2+, with the 

optimized structure of [FeIVpoat(O)]−. The structure avoided steric interactions but allowed 

the MgII ion to interact with the oxido ligand and the O-atoms of two of the P=O groups. 

The optimizations of the geometries of the other members of the [FeIVpoat(O)---LAII]+ were 

obtained in a stepwise manner via replacement of the LAII.
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Preparative Methods.

General Synthetic Procedures.: All manipulations, unless otherwise stated, were 

completed under an argon atmosphere in a VAC drybox. Solvents were sparged with argon 

and dried over columns containing Q-5 and molecular sieves. All reagents were purchased 

from commercial suppliers and used as received unless otherwise noted. Potassium hydride 

as a 30% suspension in mineral oil was filtered and washed five times each with Et2O and 

pentane and dried under vacuum. IBX-iPr,101,102 15c5Ca(OTf)2,62 15c5Mg(OTf)2,103 

15c5Sr(OTf)2,64 and 15c5Ba(OTf)2
104 were prepared according to literature procedures.

H3poat.: To a solution of tris(2-aminoethyl) amine (tren) (1.12 g, 7.66 mmol) and 

triethylamine (11.65 g, 115.1 mmol) in 80 mL of tetrahydrofuran (THF), diphenyl 

phosphinic chloride (5.51 g, 23.3 mmol) in 20 mL of THF was added dropwise while 

stirring. Once the addition was complete, 20 mL of THF was added to rinse the addition 

funnel. After the addition funnel was removed, the round bottom flask was covered with a 

glass stopper and left to stir overnight. After filtering the white precipitate (Et3NHCl), the 

solvent was removed, and the residue was dried under vacuum. Diethyl ether (Et2O) (125 

mL) was added to the resulting oil to give a white powder (82%), which was collected on a 

medium porosity glass-fritted funnel, washed twice with ether (40 mL), and dried for several 

hours under vacuum. 1H NMR (400 MHz, CDCl3, ppm): 2.44 (6H, br t), 2.81 (6H, q, J = 6.6 

Hz), 5.64 (3H, q, J = 10.1 Hz, NH), 7.43 (12H, d, J = 8.9 Hz, o-Ar), 7.51 (6H, t, J = 8.9 Hz, 

p-Ar), 7.68 (12H, t, J = 9.8, m-Ar). 31P NMR (162 MHz, CDCl3, ppm): 21.6; FTIR (KBr, 

selected bands cm−1): 3260, 3130, 3261; 2970, 2941, 2870, 2790, 2604, 2497, 1590, 1438, 

1188, 1122, 724, 697, 517. HRMS (ES+, m/z): Exact mass calculated for C42H45N4O3P3: 

746.27, Found: 746.85.

K[FeIIpoat].: To a solution of H3poat (200 mg, 0.269 mmol) in anhydrous THF (6 mL) was 

added potassium hydride (KH) (33 mg, 0.81 mmol), and the reaction was allowed to proceed 

until gas evolution ceased and all solids were dissolved. To the light-yellow solution was 

added FeII(OAc)2 (47 mg, 0.26 mmol). The solution was stirred for 25 minutes and then 

filtered through a medium fritted glass funnel to remove insoluble material. Light yellow 

crystals (208 mg, 93%) were afforded by vapor diffusion or the layering of diethyl ether 

(Et2O) into or on top of the solution of THF. Elemental analysis calcd. (found) for 

K[FeIIpoat] (C42H42FeKN4O3P3): C, 60.15 (60.17); H, 5.05 (4.91); N, 6.68 (6.66) %. X-

band, parallel-mode EPR (DMF:THF, 10 K) g = 9.44. Mössbauer (DMF:THF, 4K) δ = 1.02 

mm/s; ΔEQ = 2.66 mm/s.

Low-temperature Solution Studies using [FeIIpoat]−: In a typical experiment, a 20-mM 

solution of K[FeIIpoat] (17 mg, 0.020 mmol) with 18-crown-6 ether (11 mg, 0.042 mmol), 

added to increase solubility, was prepared in the desired solvent (1 mL) at room temperature 

and kept in a −35 °C freezer for the duration of the experiment. A 30-μL aliquot of stock the 

FeII complex (0.60 μmol) was added via air-tight syringe to the solvent mixture (3 mL) in a 

1-cm quartz cuvette to give the desired concentration for oxidation experiments (0.2 mM). 

The cuvette was then sealed with a rubber septum and precooled to the desired temperature 

in an 8453 Agilent UV-vis spectrophotometer equipped with an Unisoku Unispeks cryostat. 

The solution of metal complex was allowed to equilibrate to the desired temperature for at 
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least 15 min. Stock solutions of other reagents were prepared at concentrations between 20 

and 50 mM in the same solvent and added via gas-tight syringe to an aliquot of 

(18c6)2K[FeIIpoat]. In typical reaction, the 30-μL aliquot of (18c6)2K[FeIIpoat] (see above) 

was treated with a 33-μL aliquot of IBX-iPr stock solution (20 mM, 0.66 μmol, 1.1 equiv.) to 

afford (18c6)2K[FeIIpoat(O)], which could be convert to the bimetallic complexes via 

addition of a 30-μL aliquot of [15c5LAII](OTf)2 (20 mM, 0.60 μmol, 1.0 equiv.). Reactions 

were initially monitored spectrophotometrically by UV-vis spectroscopy. Preparations of the 

[FeIVpoat(O)---LAII]+ complexes were monitored spectrophotometrically and we found no 

changes in the absorption spectra after the addition of more than 1 equiv of the LA salt to 

suggest discrete bimetallic species were formed (Figure S10 for [FeIVpoat(O)---SrII]+). 

Samples for EPR studies were prepared in an similar manner in a −80 °C bath with the 

following modifications: an 80-μL aliquot of the (18c6)2K[FeIIpoat] stock solution (45 mM, 

3.6 μmol ) was added to a 150-μL THF:DMF solution of IBX-iPr (30 mM, 4.5 μmol, 1.3 

equiv.) in a pre-chilled EPR tube (~−80°C). Formation of the bimetallic involved the 

addition of the appropriate [15c5LAII](OTf)2 salt as 40-μL aliquots (3.8 μmol, 1.1 equiv) to 

(18c6)2K[FeIVpoat(O)]. Mössbauer samples were prepared in an analogous manner to those 

for EPR studies but in a cold-well of a drybox using 96% 57Fe-enriched K[57FeIIpoat]. 

Multiple attempts to grow single crystals in various solvents and temperatures for X-ray 

diffraction measurements were unsuccessful.

Preparation of Low-temperature Solution NRVS Samples.: Solution NRVS sample 

holders were prepared from Mössbauer sample holders by cutting a 2 × 6 mm slot out of the 

bottom and covering the hole with kapton tape. The NRVS sample holder was cooled in the 

cold well of a drybox to −196 °C. A 40-mM solution of 96% 57Fe-enriched K[FeIIpoat]− (34 

mg, 0.041 mmol) was prepared in a DMF:THF mixture (1 mL) containing 18-crown-6 ether 

(22 mg, 0.083 mmol) to increase solubility. The NRVS sample holder was cooled in the cold 

well of a drybox to −196 °C. Additionally, a stock solution of IBX-iPr (40 mM) was 

prepared in a 2:1 DMF:THF mixture and kept in a −80 °C cold well for the duration of the 

experiment. An aliquot of (18c6)2K[FeIIpoat] (300 μL) was added to one equivalent of IBX-

iPr (300 μL). A sample of [FeIVpoat(O)]− (500 μL of the 20 mM solution) was added to the 

pre-cooled NRVS sample holder via syringe and allowed to freeze completely. The sample 

was then transferred from the drybox and quickly placed in a storage container pre-cooled to 

77 K. Samples were analyzed for purity using Mössbauer spectroscopy prior to NRVS data 

collection. Analogous procedures were followed for [FeIVpoat(O)---LAII]+ adducts with the 

subsequent addition of 100 μL (183 mM, 18.3 μmol) of 15c5Ca(OTf)2, 15c5Mg(OTf)2, 

15c5Sr(OTf)2 and 15c5Ba(OTf)2 respectively.

Preparation of Low-temperature Solution XAS Samples.: Solution XAS samples were 

prepared in a similar manner as that employed for the solution NRVS samples described 

above with the following modifications: a 30-mM solution of K[FeIIpoat] (50 mg, 0.060 

mmol), of which 3 mM was prepared with 96% 57Fe-enriched [FeIIpoat]−, was prepared in a 

DMF:THF mixture (2 mL) with 18-crown-6 ether (32 mg, 0.12 mmol) added to increase 

solubility. Samples were analyzed for purity using Mössbauer spectroscopy prior to XAS 

data collection. Analogous procedures were followed for the [FeIVpoat(O)---MgII]+ and 

[FeIVpoat(O)---CaII]+ adducts with the subsequent addition of 500 μL (130 mM, 0.065 
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mmol) of 15c5Ca(OTf)2 or 15c5Mg(OTf)2, respectively. Solution XAS sample holders were 

prepared from Mössbauer sample holders by cutting off the bottom and covering the 

resulting hole with kapton tape.

Labelling Studies.

Preparation of 18O Labeled Samples.: H2
18O (50 μL, 2.7 mmol) was added to a solution 

of 16O IBX-iPr (0.013 g, 0.040 mmol) in D3COD (1 mL) and stirred for 30 min. All 

volatiles were removed in vacuo. The residue was redissolved in D3COD (1 mL), treated 

with a second iteration of H2
18O (50 μL, 2.7 mmol), stirred for an additional 30 min, and 

then reduced under pressure to a white solid that was used without further purification. 

[FeIVpoat(18O)]− was prepared according to the low-temperature procedure described above, 

in which the 18O source was 18O IBX-iPr.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Relevant structures of complexes for this study.
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Figure 2. 
Electronic absorption spectra for the generation of [FeIVpoat(O)]− (solid) from the treatment 

of [FeIIpoat]− (dashed) with IBX-iPr at −60 °C in a DMF:THF mixture. Inset: magnification 

of the low-energy region. The inset shows die orbitals involved in the electronic transitions.
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Figure 3. 
Mössbauer spectra of [FeIVpoat(O)]− (red traces, 4.2 K) and simulations (black traces) at the 

magnetic fields listed. Each simulation is the sum of S = 2 (80%) and S = 5/2 (20%) species. 

One set of simulations of the individual species is shown for the spectrum recorded at 7 T 
(solid trace is S = 2 and dashed trace is S = 5/2). S = 2 parameters: D = +5.1(3) cm−1, E/D = 

0.03, A = (−15 −16 −28) T, δ = 0.11 mm/s, ΔEQ = +0.27 mm/s, η = 0.04. S = 5/2 

parameters: D = +1.0 cm−1, E/D = 0.33, Aiso = −20 T, δ = 0.32 mm/s, ΔEQ = 0.80 mm/s, η 
= 0.03.
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Figure 4. 
57Fe PVDOS spectra of [FeIVpoat(O)]− (A) and, for comparison, [FeIVH3buea(O)]− (B).71 

Samples were ~25 mM 57Fe in a DMF:THF mixture. The blue spectrum is of 

[FeIVpoat(18O)]−.
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Figure 5. 
Parallel-mode EPR spectra (red) and simulations (black) of [FeIVpoat(O)]− (A, 10 mM in 

DMF:THF) and [FeIVH3buea(O)]− (B, 10 mM in DMF).30 The simulation parameters for S 

= 2 species are listed in Table 1. The signals at g = 4.3 are FeIII minority species. 

Instrumental parameters: 12 K, 9.33 GHz, 2mW.
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Figure 6. 
Parallel-mode EPR spectra (red) and simulations (black) of [FeIVpoat(O)]− (A) and the 

[FeIVpoat(O)---LAII]+ adducts (B-E), all 10 mM in DMF:THF. The simulation parameters 

for S = 2 species are listed in Table 1. The signal at g=4.3 is an FeIII minority species. 

Instrumental parameters: 12 K, 9.32 GHz, 2mW.
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Figure 7. 
Electronic absorption spectra of [FeIVpoat(O)]− and the [FeIVpoat(O)---LAII]+ adducts at 

−60°C in a DMF:THF mixture (A), and a plot of the energy of the d-d transitions versus the 

pKa of [LA(OH2)n]2+ (B). The pKa of the appropriate complex ion, [LA(OH2)n]2+, in water 

is used to assess the acidity of the LAs.50,52,78,79
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Figure 8. 
57Fe PVDOS spectra of [FeIVpoat(O)]− (A) and the [FeIVpoat(O)---LAII]+ adducts (B-E). 

Samples were ~20 mM 57Fe in a DMF:THF mixture. The peaks corresponding to the Fe–O 

vibrations are labelled with their corresponding energies.
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Figure 9. 
Experimentally observed pre-edge and XANES of the XAS spectra for [FeIVpoat(O)]− 

(black), [FeIVpoat(O)---MgII]+ (gray), and [FeIVpoat(O)---CaII]+ (gold) (A); the pre-edge 

region (B); and analysis of the pre-edge peaks (C). Experimental data in C are represented 

by the same colored spectra as in B, the best fits as dotted red lines, the modeled baselines as 

black dashed lines, the fitted component peaks as blue lines, and the residuals as red lines.
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Figure 10. 
DFT-optimized structures of [FeIVpoat(O)]− (A), [FeIVpoat(O)---MgII]+ (B), view along the 

C3 axis for [FeIVpoat(O)]− (C), and view along the C3 axis for [FeIVpoat(O)---MgII]+ (D). 

FeIV ions are colored in orange, O atoms in red, N atoms in blue, P atoms in magenta, C 

atoms in white, and MgII ions in teal. Hydrogen atoms are omitted for clarity. In C and D, 

the two P=O units that change positions are highlighted in black. Hydrogen atoms are 

omitted for clarity and the 15-crown-5 unit in D is represented by grey sticks.
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Scheme 1. 
Preparative route to [FeIVpoat(O)]−.
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Table 1.

Experimental and DFT Results for the FeIV–oxido Complexes.a

Complex δb ΔEQ
b Dc E/D νFe–O

c

[FeIVH3buea(O)]−d 0.02 +0.43 +4.7 0.03 794

[FeIVpoat(O)]− 0.11(1)
[0.12]

+0.27(1))
[0.21]

+4.5(5) 0.014(2) 843
[832]

[FeIVpoat(O)---MgII]+ 0.02(1)
[0.03]

+0.43(1)
[0.41]

+4.5(5) 0.054(2) 822
[823]

[FeIVpoat(O)---CaII]+ 0.03(1)
[0.05]

+0.42(1)
[0.39]

+4.5(5) 0.067(2) 818
[812]

[FeIVpoat(O)---SrII]+ 0.04(1)
[0.05]

+0.42(1)
[0.39]

+4.5(5) 0.069(2) 818
[810]

[FeIVpoat(O)---BaII]+ 0.06(1)
[0.05]

+0.39(1)
[0.37]

+4.5(5) 0.070(2) 818
[821]

a
DFT results are in brackets;

b
mm/s;

c
cm−1;

d
ref 31
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Table 2.

Energies of the Absorption Bands in [FeIVpoat(O)]−, [FeIVpoat(O)---LAII]+, and [FeIVTMG-tren(O)]2+

Complex LMCT
b

d-d
b

Sum
b,c

[FeIVpoat(O)]− 27.0 10.8 37.8

[FeIVpoat(O)---MgII] + 24.4 11.2 35.6

[FeIVpoat(O)---CaII]+ 24.5 11.3 35.8

[FeIVpoat(O)---SrII]+ 23.6 11.6 35.2

[FeIVpoat(O)---BaII]+ 22.7 11.9 34.6

[FeIVTMG-tren(O)]2+,a 25.0 12.0 37.0

a
reference 67;

b
x103 cm−1;

c
ELMCT + Ed-d

J Am Chem Soc. Author manuscript; available in PMC 2021 February 22.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Oswald et al. Page 36

Table 3.

Structural Parameters of the FeIV–oxido Complexes

Complex Fe–O
a,b

Fe–O
a,c

Fe–O
a,d

[FeIVpoat(O)]− 1.65 1.67 1.64

[FeIVpoat(O)---MgII]+ 1.67 1.68 1.67

[FeIVpoat(O)---CaII]+ 1.67 1.69 1.66

[FeIVpoat(O)---SrII]+ — 1.69 1.66

[FeIVpoat(O)---BaII]+ — 1.69 1.66

a
Å;

b
from EXAFS;

c
from Badger’s rule;

d
from DFT
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