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nance vibrational spectroscopic
studies of tetranuclear iron clusters bearing
terminal iron(III)–oxido/hydroxido moieties†

Jin Xiong, a Christopher Reed,b Barbara Lavina, cd Michael Y. Hu, c

Jiyong Zhao, c Esen E. Alp, c Theodor Agapie *b and Yisong Guo *a

57Fe nuclear resonance vibrational spectroscopy (NRVS) has been applied to study a series of tetranuclear

iron ([Fe4]) clusters based on a multidentate ligand platform (L3−) anchored by a 1,3,5-triarylbenzene linker

and pyrazolate or (tertbutylamino)pyrazolate ligand (PzNHtBu−). These clusters bear a terminal Fe(III)–O/OH

moiety at the apical position and three additional iron centers forming the basal positions. The three basal

irons are connected with the apical iron center via a m4-oxido ligand. Detailed vibrational analysis via density

functional theory calculations revealed that strong NRVS spectral features below 400 cm−1 can be used as

an oxidation statemarker for the overall [Fe4] cluster core. The terminal Fe(III)–O/OH stretching frequencies,

which were observed in the range of 500–700 cm−1, can be strongly modulated (energy shifts of 20–

40 cm−1 were observed) upon redox events at the three remote basal iron centers of the [Fe4] cluster

without the change of the terminal Fe(III) oxidation state and its coordination environment. Therefore, the

current study provides a quantitative vibrational analysis of how the remote iron centers within the same

iron cluster exert exquisite control of the chemical reactivities and thermodynamic properties of the

specific iron site that is responsible for small molecule activation.
Introduction

Metal–oxido/hydroxido (M–O/OH) species are key reactive inter-
mediates involved in challenging oxidation reactions found in
numerous biological pathways and organic synthesis.1–18 Prom-
inent examples include selective carbon–hydrogen (C–H) bond
functionalization and water oxidation in biological photosyn-
thesis where metal–oxido/hydroxido species enable the key steps
of the reactions, e.g. C–H bond cleavage5,16–19 and O–O bond
formation.8,10,20–23 Given the importance of these M–O/OH
species, extensive research efforts have been devoted to reveal
the geometric/electronic structural features that dene their
chemical reactivities. There is no doubt that the metal primary
coordination sphere constituted by the direct metal-binding
ligand set establishes the geometric and electronic structures
of M–O/OH species and further determines their
reactivities.1,16,24–28 It is also increasingly clear in recent years that
University, Pittsburgh, PA 15213, USA.

ering, California Institute of Technology,

Laboratory, Argonne, Illinois 60439, USA

niversity of Chicago, Chicago, Illinois,

tion (ESI) available. See DOI:

6233
the secondary coordination sphere critically tunes the chemical/
physical properties of metal centers.29,30 For example, Lu and
coworkers have shown that by changing the composition of
amino acids surrounding the copper centers in azurin, the
copper redox potentials could be altered to cover the entire
physiological range (>1 V).31 Among the heme-containing
proteins, hydrogen bonding interactions surrounding the
heme-iron centers have shown to dictate protein function. For
instance, in hemoglobins and myoglobins, the proximal protein
residues to the heme center stabilize the O2 binding,32–37 but in
cytochrome P450 dependent enzymes, a different set of proximal
protein residues facilitate O–O bond cleavage instead.7,38–41 In
non-heme iron enzymes, H-bonding networks surrounding the
iron center have also been shown to lower the energetic barriers
for O2 activation15 and facilitate organic substrate oxidation.42,43

For nonheme M–O/OH synthetic complexes, Borovik and
coworkers have demonstrated that the basicity of Mn/Fe–O/OH
moieties, and subsequently their C–H activation reactivity, can
be modulated by tuning the surrounding H-bonding interac-
tions.16,29,44,45 The inuence of the H-bonding interactions to the
electronic properties and reactivities of Mn/Fe–O/OH moieties
has also been reported by Fout and coworkers,46–50 Chang and
coworkers,51 and Goldberg and coworkers.52 In addition, Lewis
acidic, redox inactivemetal ions, have also been demonstrated to
inuence the reactivities of (Fe/Mn/Co)–O moieties.53–58

Compared to our understanding on the structure and reac-
tivity modulation of M–O/OH species via changes from the rst
© 2024 The Author(s). Published by the Royal Society of Chemistry
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and the second coordination spheres, the understanding of the
inuence of remote redox active metal centers to M–O/OH
moieties is much less developed. Yet, in nature, multi-nuclear
metal centers are commonly used to enable essential multi-
electron/proton chemistry, such as water oxidation by the
oxygen evolving complex (OEC) in photosystem II,8,59 proton
reduction/H2 oxidation by the H-cluster and the Ni–Fe center in
hydrogenases,60–63 CO2 reduction by the C-cluster of CODH,64 O2

reduction by the copper–iron-heme center in cytochrome c
oxidase,65,66 and N2 reduction by iron-molybdenum cofactor
(FeMco) in nitrogenase.67–69 Some of these active sites display
complex metal clusters with distal metal centers not directly
involved in substrate binding. The impact of remote metal
centers on substrate activation has been studied by some of
us.70–74 A multidentate ligand platform (L3−) anchored by
a 1,3,5-triarylbenzene linker and pyrazolate or (tertbutylamino)
pyrazolate ligand (PzNHtBu−) were applied to support a [Fe3Mn]
cluster and a [Fe4] cluster bearing a m4-O ligand and a terminal
MnII/III–OHx or Fe

III–O/OH moiety at the apical position of the
Fig. 1 Chemical structures of the [Fe4] clusters studied in this work and
Borovik and coworkers75–77 that have been previously studied by 57Fe NR

© 2024 The Author(s). Published by the Royal Society of Chemistry
cluster, respectively (Fig. 1).73,74 Detailed thermodynamics and
reactivity studies demonstrated that by only changing the redox
state on the three remote base iron sites of the cluster, the bond
dissociation free energy (BDE) of the O–H bond of the apical
MnII–OH2 or Fe

III–OHmoieties can be tuned by a total of∼16 or
12 kcal mol−1, respectively.73,74 It has also been estimated that
the BDE of the O–H bond of the terminal MnIII–OH moiety
could reach >100 kcal mol−1 by the same remote iron site redox
controlling strategy.73 Clearly, the distal metal centers within
the same metal cluster exert exquisite control of the chemical
properties of the metal site that is responsible for small mole-
cule binding and activation.

Herein, to further elucidate the impact of the remote iron
site redox events towards the geometric and electronic struc-
tures of the terminal M–O/OH moiety in these multi-nuclear
iron clusters, we have carried out a detailed spectroscopic and
computational study on a series of [LFe3O(PzNH

tBu)3Fe(O/
OH)]n+ clusters.74 57Fe nuclear resonant vibrational spectros-
copy (NRVS) has been used to explore the vibrational features of
the selected mononuclear iron(III)–oxido/hydroxide complexes from
VS.77

Chem. Sci., 2024, 15, 16222–16233 | 16223
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[LFeIIFeIII2O(PzNH
tBu)3Fe

III(O)]+ ([FeIIFeIII2OFe
III]–O) and

[LFeIIFeIII2O(PzNH
tBu)3Fe

III(OH)]2+ ([FeIIFeIII2OFe
III]–OH), and

their corresponding one electron reduced clusters, [LFeII2-
FeIIIO(PzNHtBu)3Fe

III(O)] ([FeII2Fe
IIIOFeIII]–O) and [LFeII2-

FeIIIO(PzNHtBu)3Fe
III(O)]+ ([FeII2Fe

IIIOFeIII]–OH). The
subsequent spectral analysis with the assistance of density
functional theory (DFT) calculations not only revealed the
unique vibrational features of these [Fe4] clusters, but also
pointed out the critical role of the Fe–m4O bonding interactions
among the four iron centers of the cluster in translating the
impact of the redox event on the three remote basal iron sites to
the apical terminal FeIII–O/OHmoiety. Such a redox modulation
effect generated by remote iron site redox state change was also
compared with the modulation effect of the hydrogen-bonding
interactions exerted by the secondary coordination sphere
towards Fe–O/OH moiety in mononuclear iron complexes to
provide a broader perspective on the inuence of the chemical
environment of Fe–O/OH moieties in modulating their chem-
ical reactivity.

Results and discussions

We have recorded 57Fe NRVS spectra on both [Fe4]–oxido ([Fe4]–
O) and [Fe4]–hydroxido ([Fe4]–OH) complexes in two oxidation
states ([FeII2Fe

III
2] and [FeIIFeIII3]). All the NRVS derived 57Fe
Fig. 2 57Fe PVDOS spectra of the [Fe4]–oxido and [Fe4]–hydroxido
complexes. The blue lines represent the spectra from the complexes
with a [FeIIFeIII2OFeIII] core, the red lines represent the spectra from the
complexes with a [FeII2Fe

IIIOFeIII] core, the solid lines represent the
spectra from the complexes containing a FeIII–Omoiety, and the dash
lines represent the spectra from the complexes containing a FeIII–OH
moiety.

16224 | Chem. Sci., 2024, 15, 16222–16233
PVDOS spectra are shown in Fig. 2, which exhibit strong spec-
tral features in the region between 150 cm−1 and 400 cm−1 and
a series of weak features in the region between 400 cm−1 and
800 cm−1. Additionally, the strong spectral features show
systematic red shis (Dn ∼ 10 cm−1) in going from the
complexes with the oxidized [Fe4] core ([FeIIFeIII2OFe

III]) to the
complexes with the one-electron reduced [Fe4] core ([FeII2-
FeIIIOFeIII]). We start our detailed discussion on the spectro-
scopic features from the [FeIIFeIII2OFe

III]–O complex (Fig. 3).
The most intense 57Fe PVDOS feature is centered at 215 cm−1

with a low energy shoulder at 190 cm−1 and a high energy
shoulder at 250 cm−1. The next strongest feature is observed at
290 cm−1 with a broad high energy shoulder distributed
between 320 cm−1 and 400 cm−1. In the energy range above
400 cm−1, only relatively weak 57Fe PVDOS features are
observed. To identify the terminal Fe–O stretching vibrations,
the measurements for the analogous complex with 18O-labeling
(at both the terminal oxido ligand and the bridging m4-oxido
ligand, see the ESI† for synthesis) have also been performed
(Fig. 3A). A clear 18O-sensitive feature is observed at 665 cm−1 in
Fig. 3 57Fe PVDOS experimental and DFT calculated spectra of
[FeIIFeIII2OFeIII]–O and the associated vibrational mode assignments.
(A) 57Fe PVDOS spectra (top) and DFT calculated spectra (bottom) of
[FeIIFeIII2OFeIII]–O (black traces) and 18O-labeled complex,
[FeIIFeIII2

18OFeIII]–18O (red traces); the simplified structure of this
complex is also shown (see Fig. 1 for atom color code definition). See
Fig. S2† for additional comparison between the experimental and DFT
calculated spectra. (B) The Fe4 cluster core geometry with selected
atom labeling used in this study (C) the selected normal modes of
vibration of a OFe(X3)(YZ3) type molecule.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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[FeIIFeIII2
16OFeIII]–16O, which is red shied to 635 cm−1 in

[FeIIFeIII2
18OFeIII]–18O. This feature must belong to the

stretching vibration of the terminal FeIII–O moiety (n(FeIII–O)),
and the isotope shi (Dn (16O/18O) = 30 cm−1) is consistent with
the predicted isotope shi of an isolated Fe–O stretching
vibration based on Hooke's law (Dn = 30 cm−1). The residual
665 cm−1 peak in the spectrum of [FeIIFeIII2

18OFeIII]–18O is most
likely from the 16O labeled complex due to incomplete 18O
labeling (see more discussion below). Interestingly, n(FeIII–O)
observed in [FeIIFeIII2OFe

III]–O shows nearly identical energy
with the n(FeIII–O) observed in a mononuclear ferric–oxido
complex, [FeIII{H3buea}(O)]

2− (n(FeIII–O) = 660 cm−1),77 sug-
gesting that n(FeIII–O) is a relatively isolated vibration even in
this tetranuclear iron cluster, such as [FeIIFeIII2OFe

III]–O, and
the vibrational frequency is essentially determined by the FeIII–
O bond length (d[Fe–O] = 1.795(8) Å in [FeIIFeIII2OFe

III]–O and
1.813(3) Å in [FeIII{H3buea}(O)]

2− determined by single crystal X-
ray diffraction (XRD)74,75). We note here that the stabilization of
an FeIII–O moiety is achieved by three hydrogen bonds (H-
bonds) provided by the NH groups of the supporting ligand in
both complexes. A similar hydrogen bonded FeIII–Omoiety with
an FeIII–O bond length of d[Fe–O] = 1.808(1) Å has also been
reported by Fout and coworker on an FeIII–O complex supported
by a tripodal ligand, tris(5-cyclohexyl-amineazafulvene-2-
methyl)amine (N(afaCy)3), with three H-bonds.46 Roithová and
coworkers have reported the n(FeIII–O) in gas phase for [FeIII(O)
N4Py]

+ (N4Py = N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)
methylamine) and [FeIII(O)TPA]+ (TPA = tris(2-pyridylmethyl)
amine) with only a single H-bond provided by a water molec-
ular to the FeIII–O moieties, which gave n(FeIII–O) = 787 cm−1,
much higher than the n(FeIII–O) observed here.78

To better understand the 57Fe PVDOS features exhibited by
[FeIIFeIII2OFe

III]–O, we turned to DFT analysis. For the calcula-
tions, a broken symmetry state was used, where the three iron
atoms (Fe2,3,4) at the base of the [Fe4] cluster are ferro-
magnetically coupled and the apical iron atom (Fe1) is antifer-
romagnetically coupled with all three base iron atoms to form
an MS = 9/2 BS state. The selection of this BS state is supported
by the SQUID measurements of this complex, which showed
that [FeIIFeIII2OFe

III]–O exhibits an S = 9/2 ground spin state.79

By using the functional-basis set combination of B3LYP/TZVP
(see the ESI† for the calculation details), the DFT optimized
structure using the MS = 9/2 BS state nicely reproduced the
corresponding structure determined by XRD. The comparison
of the selected iron–ligand bond lengths and the atom labeling
used in this study are shown in Fig. 3B (see Table S1† for
additional selected bond lengths based on the XRD results and
the DFT results), which demonstrates a good overall agreement
between the DFT optimized and the XRD determined struc-
tures. Similar with the crystal structure, the DFT optimized
structure shows that the three base irons are not structurally
equivalent. One of the irons (Fe2) shows longer bond lengths
with the coordinating ligands than the other two irons (davg(-
Fe2–L) = 2.136 (2.186, DFT) Å, davg(Fe3–L) = 2.068 (2.117, DFT)
Å, and davg(Fe4–L)= 2.051 (2.114, DFT) Å), suggesting that Fe2 is
the ferrous center while the other two irons (Fe3 and Fe4) are in
the ferric state. Specically, the Fe2–m4O bond length is 2.155(7)
© 2024 The Author(s). Published by the Royal Society of Chemistry
Å in crystal structure and 2.196 Å in the DFT optimized structure
while the Fe3–m4O and Fe4–m4O bond lengths are ∼0.2 Å
shorter. Indeed, the DFT calculated spin population also
support this assignment (Table S2†). Fe2 shows a Mulliken spin
population of 3.81, which is smaller than those of Fe3 and Fe4
(4.15) and is more consistent with a high-spin ferrous ion. Also,
the spin population of the apical iron (Fe1) is 4.01, similar with
those of Fe3 and Fe4, thus conrming that Fe1, Fe3, and Fe4 are
all in the ferric state. Based on this optimized structure, we
carried out frequency calculations and reconstructed 57Fe
PVDOS spectrum of [FeIIFeIII2OFe

III]–O. The calculated spec-
trum compares well with the experimental data, which allows
assignments of the spectral features to specic vibrational
modes. The DFT calculated n(FeIII–O) is located at 675 cm−1,
which is red shied to 646 cm−1 with 18O-labeling on the
terminal oxido ligand to give Dn (16O/18O) = 29 cm−1. Thus, this
result supports the assignment of the 665 cm−1 57Fe PVDOS
feature in the experimental data to the same n(FeIII–O), which
shows Dn (16O/18O) = 30 cm−1.

The vibrational mode assignments for the low energy
features of [FeIIFeIII2OFe

III]–O can be best understood by
comparing with the normal modes of vibration of a simplied
OFe(X3)(YZ3) type molecule with a C3v symmetry,77 where in our
case X represents the equatorial ligand of the apical iron, Y
represents the iron ligand trans to the oxido ligand, in this case
it is the bridging oxo ligand (m4-O) in [FeIIFeIII2OFe

III]–O, and Z
represents the three base iron atoms. The full normal modes of
vibration of the OFe(X3)(YZ3) typemolecule are listed in Fig. S1,†
and selected mode pictures are listed in Fig. 3C. The strongest
57Fe PVDOS feature in the calculated spectrum of [FeIIFeIII2-
OFeIII]–O is located at ∼207 cm−1 with an unresolved high
energy shoulder at ∼218 cm−1, which should correspond to the
215 cm−1 peak observed experimentally. This peak is mainly
originated from vibrational modes that highly resembles the
n4(E) and n5(E) modes (the swing chair motions, n4(E), essen-
tially the out of plane bending motions of Neq–Fe1–Neq and
Febase–m4O–Febase, and the in-phase rocking motion, n5(E),
essentially the in-phase combination of the out of plane rocking
Neq–Fe1–Neq with the Febase–m4O–Febase bending motions) from
the OFe(X3)(YZ3) model. Due to the lower symmetry of
[FeIIFeIII2OFe

III]–O, these two E modes split into four major
vibrations calculated at 207 cm−1, 212 cm−1, 214 cm−1, and
221 cm−1. The experimentally observed 190 cm−1 peak is
calculated at ∼180 cm−1, which is mainly from vibrations
resembling the n6(E) mode (the out-of-phase rocking motion,
essentially the out-of-phase combination of n5(E)) from the
OFe(X3)(YZ3) model calculated at∼180 cm−1 and the symmetric
Neq–Fe1–Neq out-of-plane bending motion calculated at 185
(n8(A1) mode). The calculated features at 300 cm−1 with a lower
energy shoulder at 280 cm−1 could be assigned to the experi-
mentally observed 290 cm−1 feature. The calculated 300 cm−1

feature mainly originates from Neq–Fe1–Neq asymmetric stretch
motion combined with an expansion motion of the base Febase–
m4O structural moiety, which is reminiscent to n11(E) mode of
the OFe(X3)(YZ3) model. The calculated 280 cm−1 feature is
originated from a symmetric Febase–m4O–Febase bending motion
(the n7(A1) mode). In addition, the calculated 260 cm−1 peak
Chem. Sci., 2024, 15, 16222–16233 | 16225
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with a 244 cm−1 shoulder corresponds well with the experi-
mentally observed 255 cm−1 feature. The calculated 260 cm−1

feature can be best described as a symmetric breathing mode
involving the O1–Fe1–m4O–Febase core moiety of the [Fe4] cluster
(the n3(A1) mode), while the 244 cm−1 feature mainly represents
the asymmetric Neq–Fe1–Neq stretchingmode (the n11(E) mode).
The calculated 340 cm−1 feature could be assigned to the broad
320 cm−1 feature observed experimentally, which is associated
with an asymmetric Febase–m4O–Febase bending motion
involving two Fe(III) centers of the base irons (resembling the
n5(E) mode). Finally, the experimental data shows a weak broad
feature centered at ∼515 cm−1. The DFT calculated 57Fe PVDOS
spectrum also predicts a similar weak feature centered at
505 cm−1, which mainly involves the strong movement of m4O
either along the Fe1–O1 bond vector (calculated at 507 cm−1,
the n12(E) mode) or perpendicular to it (calculated at 502 cm−1,
the n13(E) mode). The DFT calculated spectrum of [FeIIFeIII2

18-

OFeIII]–18O shows a clear 18O isotope shi of the 505 cm−1

feature with Dn (16O/18O) ∼25 cm−1 in addition to the 18O
isotope shi of the terminal FeIII–O stretching modementioned
above (n(FeIII–16O) = 675 cm−1 and n(FeIII–18O) = 646 cm−1 in
the calculated spectra). Such an isotope shi related to m4O is
not clearly observed for the broad 515 cm−1 feature in the
experimental spectrum of [FeIIFeIII2

18OFeIII]–18O, which we
attribute to incomplete 18O isotope labeling as evidenced by the
mixed n(FeIII–16O) and n(FeIII–18O) observed for the terminal
FeIII–O in [FeIIFeIII2

18OFeIII]–18O. Nevertheless, calculations to
probe the effect of 16O vs. 18O at the m4O position show little
effect on the terminal Fe–O (as well as Fe–OH) vibrational
frequencies (see Fig. S2–S5† for all the complexes studied here),
which further suggests that the stretching vibration of the
terminal Fe–O moiety is well isolated from other vibrational
modes. The experimentally observed and DFT calculated
frequencies of selected normal modes for all four complexes
studied here as well as selected bond lengths are listed in Table
1. Overall, the strong 57Fe PVDOS features in the energy range
between 150 cm−1 and 400 cm−1 are mainly the results of
vibrations from the Fe4 cluster core (the O1–Fe1–m4O–Febase
moiety), thus reecting the core structure of this type of
complexes.

With a good understanding of the vibrational features from
[FeIIFeIII2OFe

III]–O, we turn to the corresponding protonated
complex, [FeIIFeIII2OFe

III]–OH. The NRVS derived 57Fe PVDOS
spectrum of [FeIIFeIII2OFe

III]–OH is almost identical to that of
[FeIIFeIII2OFe

III]–O (both in peak positions and relative peak
intensities) in the energy range below 400 cm−1, suggesting that
the replacement of a terminal oxido to a terminal hydroxido
ligand has a negligible impact to the Fe4 cluster core structure
(Fig. 4). Indeed, the iron–ligand bond lengths of the Fe4 cluster
core in [FeIIFeIII2OFe

III]–OH exhibit minimal changes when
compared with those in [FeIIFeIII2OFe

III]–O. For example, the
averaged Fe1–Neq bond length is 2.06 Å in [FeIIFeIII2OFe

III]–OH
and 2.09 Å in [FeIIFeIII2OFe

III]–O, and the averaged iron–ligand
bond lengths of the base irons (davg(Febase–L)) are 2.118 Å, 2.076
Å, and 2.058 Å in [FeIIFeIII2OFe

III]–OH and 2.136 Å, 2.068 Å, and
2.051 Å in [FeIIFeIII2OFe

III]–O. However, changes in the energy
range above 400 cm−1 can be clearly identied. Especially, the
16226 | Chem. Sci., 2024, 15, 16222–16233
665 cm−1 peak assigned to n(FeIII–O) in [FeIIFeIII2OFe
III]–O is not

observed in [FeIIFeIII2OFe
III]–OH, instead, a broad 16O/18O

sensitive feature is observed at ∼570 cm−1 in [FeIIFeIII2-
OFeIII]–16OH, which is shied to ∼535 cm−1 in [FeIIFeIII2

18-

OFeIII]–18OH (Fig. 4). This isotope sensitive feature is assigned
to the vibration modes involving the terminal FeIII–OH moiety.
This assignment is consistent with the bond length change in
going from the Fe1–OH bond (d(Fe1–OH) = 1.879(2) Å) to the
Fe1–O bond (d(Fe1–O) = 1.796(8) Å). Our DFT calculated 57Fe
PVDOS spectra for [FeIIFeIII2OFe

III]–OH support such an
assignment. The vibrational mode exhibiting the strongest
FeIII–OH stretching motion (n(Fe1–OH)) is calculated at
546 cm−1. In comparison, n(Fe1–O) is calculated at 674 cm−1 for
[FeIIFeIII2OFe

III]–O. This mode (n(Fe1–OH)) is down shied to
527 cm−1 with 18O labeling in the DFT calculated results on
[FeIIFeIII2

18OFeIII]–18OH (Fig. 3C). It is also worth noting that
n(Fe1–m4O) in [FeIIFeIII2

16OFeIII]–16OH, is calculated at
520 cm−1, which is blue shied by 13 cm−1 when compared
with the same stretching mode calculated in [FeIIFeIII2

16-

OFeIII]–16O (n(Fe1–m4O) = 507 cm−1). This reects the short-
ening of the Fe1–m4O bond by ∼0.1 Å in going from
[FeIIFeIII2OFe

III]–O to [FeIIFeIII2OFe
III]–OH, which is most likely

due to the weaker trans inuence of the OH ligand that in turn
strengthens the Fe1–m4O bond. This assignment is further
conrmed by the DFT calculated spectrum of [FeIIFeIII2

18-

OFeIII]–18OH, which showed an 18O isotope shi of 20 cm−1

from 520 cm−1 in [FeIIFeIII2
16OFeIII]–16OH to 500 cm−1 in

[FeIIFeIII2
18OFeIII]–18OH. Compared with the reported n(FeIII–

OH) frequencies in mononuclear iron complexes, such as in
[FeIII{H3buea}(OH)]− (n(FeIII–OH) = 477 cm−1) and [FeIII{H2-
pout}(OH)]− (n(FeIII–OH) = 556 cm−1), n(FeIII–OH) observed in
[FeIIFeIII2OFe

III]–OH is closer to the frequency of n(FeIII–OH)
observed in the latter mononuclear iron complex, but is much
higher than that in former one. This is consistent with the FeIII–
OH bond lengths found in these complexes determined by XRD.
d(FeIII–OH) is 1.879(2) Å in [FeIIFeIII2OFe

III]–OH, while it is
1.893(2) Å in [FeIII{H2pout}(OH)]− and 1.931(2) Å in [FeIII{H3-
buea}(OH)]−. The shorter FeIII–OH bond in [FeIIFeIII2OFe

III]–OH
or [FeIII{H2pout}(OH)]− is due to the effect of an additional Fe–
OH/X H-bond (X = N in [FeIIFeIII2OFe

III]–OH and X = O in
[FeIII{H2pout}(OH)]−), which weakens the hydroxide O–H bond
strength since the iron-bound hydroxide is the H-bond donor,
leading to a strengthening of the Fe–O bond. This additional H-
bond where the Fe(III)–OH as the H-bond donor is absent in
[FeIII{H3buea}(OH)]−.

To further explore the effect of redox event of neighboring
iron centers (the three base iron sites, Fe2, Fe3, and Fe4) on the
vibrational properties of the terminal FeIII–O/OH moiety and
the overall [Fe4] cluster, we recorded NRVS data on [FeII2-
FeIIIOFeIII]–O and [FeII2Fe

IIIOFeIII]–OH complexes, the one-
electron reduced congeners of [FeIIFeIII2OFe

III]–O/OH. All the
57Fe PVDOS features observed for [FeII2Fe

IIIOFeIII]–O and
[FeII2Fe

IIIOFeIII]–OH are shied to lower energies than those of
the corresponding one-electron oxidized clusters (Fig. 2, 5 and
Table 1), [FeIIFeIII2OFe

III]–O and [FeIIFeIII2OFe
III]–OH respec-

tively. Specically, the strong features in the energy range of
150 cm−1 to 400 cm−1 are all red shied by ∼10–20 cm−1 in
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Selected vibrational frequencies and bond lengths of the [Fe]4 complexesa,b

Normal modes [FeIIFeIII2OFe
III]–O [FeIIFeIII2OFe

III]–OH [FeII2Fe
IIIOFeIII]–O [FeII2Fe

IIIOFeIII]–OH

n6 190 193 186 180
180 176 168 174

n8 190 193 186 180
185 190 177 179

n4 215 218 206 205
207, 212 206, 208 197, 202 198

n5 215 218 206 205
214, 221 216, 221 214, 215 208, 216

n3 255 260 246 252
260 263 256 252

n11 290 295 276 284
300 290 272 275

n13 515 525 —c —c

507 520 555 580
n14 665 570 640 520

674 546, 550 670 525
d(Fe1–O(H)) 1.796(8) 1.879(2) 1.817(2) 1.907(4)

1.781 1.901 1.785 1.925
d(Fe1–m4O) 2.049(7) 1.948(2) 1.965(1) 1.889(3)

2.103 1.980 2.058 1.929
davg(Fe1–Neq) 2.090 2.063 2.098 2.084

2.108 2.097 2.132 2.114

a Normal modes are based on a OFe(X3)(YZ3) type molecule (see Fig. 1 and SY). b The italic numbers are derived from DFT calculations, the
frequencies are in cm−1, and the bond lengths are in Å. c The feature is too weak to be assigned in the experimental data.

Fig. 4 57Fe PVDOS spectra of [FeIIFeIII2OFeIII]–O and [FeIIFeIII2OFeIII]–
OH. Top: The 57Fe PVDOS experimental spectra of [FeIIFeIII2OFeIII]–O
with the observed frequencies of the strong spectral features high-
lighted; middle: the 57Fe PVDOS experimental spectra of [FeIIFeIII2-
OFeIII]–OH (black trace) and the 18O–labeled complex (red trace) with
the key observed frequencies indicated; bottom: the DFT calculated
spectra of [FeIIFeIII2OFeIII]–OH (black trace) and the 18O–labeled
complex (red trace) with 18O-sensitive features indicated. The
simplified structures of these two complexes are also shown (see Fig. 1
for the atom color code definition). See Fig. S3† for additional
comparisons between the experimental and DFT calculated spectra.

Fig. 5 57Fe PVDOS experimental and DFT calculated spectra from
different [Fe4] cluster complexes in two different oxidation states. Top:
The experimental (top) and DFT calculated (bottom) spectra of
[FeIIFeIII2OFeIII]–O (black) and [FeII2Fe

IIIOFeIII]–O (green). Bottom: The
experimental (top) and DFT calculated (bottom) spectra of [FeIIFeIII2-
OFeIII]–OH (black) and [FeII2Fe

IIIOFeIII]–OH (green). The frequencies of
the major spectral features, including n(FeIII–O) and n(FeIII–OH) in
these complexes, are indicated in the figure. The simplified structures
of these two complexes are also shown (see Fig. 1 for the atom color
code definition). See Fig. S4 and S5† for additional comparisons
between the experimental and DFT calculated spectra.
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going from the oxidized complexes to the reduced complexes
while maintaining the relative intensities of individual peaks
(Fig. 2, 5 and Table 1). This strongly suggests that the overall
© 2024 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2024, 15, 16222–16233 | 16227
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Fig. 6 The correlation plot between the Fe–O(H) bond length and its
stretching frequency. The experimental data points belonging to the
[Fe3OFeIII]–O/OH complexes studied in the current work are indicated
as red square boxes and the experimental data points belonging to the
mononuclear Fe–O/OH complexes reported previously are indicated
as black triangles, respectively. The DFT obtained data points of the
[Fe3OFeIII]–O/OH complexes experimentally studied in the current
work are indicated as the red dots. The DFT calculated data points of
three additional [Fe4]–O/OH complexes, [FeIII3OFeIII]–O, [FeIII3OFeIII]–
OH, and [FeII3OFeIII]–OH, that are not experimentally studied in this
work are shown as red circles. The black curve represents a simulation
using Badger's rule with the expression shown in the figure. The
constants used are: CFeO(H) = 56.692, dFeO(H) = 1.038, which are taken
from our previous study.77 The grey curve presents a simulation by
using the results from Tolman and coworkers.80
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[Fe4] cluster core structure is maintained while the iron–ligand
bond lengths, particularly related to the base irons (Fe2, Fe3, or
Fe4), are elongated due to reduction, thus resulting in the
overall red-shi of the vibrational features. This implication is
supported by the structures of these complexes determined by
XRD. In going from [FeIIFeIII2OFe

III]–O to [FeII2Fe
IIIOFeIII]–O,

davg(Febase–L) (the averaged Fe2/3/4 – ligand bond length) is
elongated, particularly for davg(Fe3–L), which changes from
2.068 Å to 2.112 Å, and for davg(Fe4–L), which changes from
2.051 Å to 2.093 Å. While the corresponding averaged bond
lengths are also elongated in going from [FeIIFeIII2OFe

III]–OH to
[FeII2Fe

IIIOFeIII]–OH, specically davg(Fe3–L) changes from
2.058 Å to 2.124 Å. However, davg(Fe1–Neq) (the averaged Fe1–
Neq bond lengths) only shows minor changes. In [FeIIFeIII2-
OFeIII]–O and [FeII2Fe

IIIOFeIII]–O, dav(Fe1–N) is 2.090 Å and
2.108 Å respectively, while in [FeIIFeIII2OFe

III]–OH and [FeII2-
FeIIIOFeIII]–OH, davg(Fe1–N) is 2.098 Å and 2.084 Å respectively.
This implies that the reduction does not directly impact the
apical iron (Fe1), which is still in the FeIII state. All these
observations are consistent with the previous report indicating
that reduction happens at the base iron sites (Fe2, Fe3, or Fe4).74

Although such a reduction does not impact the Fe1–Neq bond
lengths, it strongly impacts the Fe1–m4O bond. The weakening
of Fe2/3/4–m4O bonds due to reduction is in turn increasing the
bonding interactions between Fe1 and m4O. A 0.08 Å contraction
of d(Fe1–m4O) (2.049(7) Å to 1.965(1) Å) is observed in the crystal
structures from [FeIIFeIII2OFe

III]–O to [FeII2Fe
IIIOFeIII]–O, while

a 0.06 Å contraction of the same bond (1.948(2) Å to 1.889(3) Å)
is observed in going from [FeIIFeIII2OFe

III]–OH to [FeII2-
FeIIIOFeIII]–OH. The strengthening of Fe1–m4O generates a trans
inuence to weaken the Fe1–O/OH bonding interactions, which
show a ∼0.02–0.03 Å elongation in the redox pair of the oxido
complexes and in the redox pair of the hydroxido complexes.
Accordingly, the frequencies of n(FeIII–O) and n(FeIII–OH) show
clear red shis upon reduction. n(FeIII–O) is at 665 cm−1 (DFT:
674 cm−1) in [FeIIFeIII2OFe

III]–O, but at ∼640 cm−1 (DFT:
670 cm−1) in [FeII2Fe

IIIOFeIII]–O (Fig. 5 top), which is red shied
to 608 cm−1 (DFT: 642 cm−1) in [FeII2Fe

III18OFeIII]–18O (Fig. S2†).
n(FeIII–OH) is at 570 cm−1 (DFT: 546 cm−1) in [FeIIFeIII2OFe

III]–
OH, but at ∼520 cm−1 (DFT: 525 cm−1) in [FeII2Fe

IIIOFeIII]–OH
(Fig. 5 bottom), which is red shied to ∼500 cm−1 (DFT:
492 cm−1) in [FeII2Fe

III18OFeIII]–18OH (Fig. S2†). In summary,
the effect of the redox event at distal iron centers is to modulate
the bonding interactions between Fe and m4O, thus exerting
a trans inuence to the apical Fe center resulting in changes of
the bonding interactions between Fe1 and the terminal oxido or
hydroxido ligand. In addition, the 57Fe PVDOS features between
150 cm−1 and 400 cm−1 are good overall oxidation state indi-
cators for the [Fe4]–O/OH core (Fig. 2 and 5).

To put the results of the current study into a broader context
related to the iron–oxido/hydroxido moieties, we generated the
correlation plot between the Fe–O(H) bond length and the
NRVS-derived n(FeIII–O(H)) frequencies from the four
complexes studied here, together with the previously studied
mononuclear iron complexes (Fig. 6). Since the DFT method we
used in this study reproduced the experimental NRVS data well,
we also extended the calculations to predict the vibrational
16228 | Chem. Sci., 2024, 15, 16222–16233
features of the three other [Fe4] clusters previously published in
this cluster series, namely the all ferric clusters, [FeIII3OFe

III]–O
and [FeIII3OFe

III]–OH, and the most reduced cluster, [FeII3-
OFeIII]–OH. The calculated n(FeIII–O(H)) frequencies of these
three complexes are also included in Fig. 6. The present study
signicantly expands the data available on terminal FeIII–O(H)
and FeIV]O species. The plot clearly indicates that the Fe–O(H)
bond lengths and the corresponding n(FeIII–O(H)) frequencies
of both mononuclear and tetranuclear iron–oxido/hydroxido
complexes follow a similar trend and can be described by
Badger's rule (Fig. 6 and S6†).77,80 This suggests that Fe–O/OH
stretching vibrations in these complexes can be well described
as the stretching vibration of a diatomic moiety that is relatively
isolated from the rest of the molecules. But at the same time the
correlation shown in Fig. 6 also suggests that Fe–O/OH bond
length and stretching vibration can be strongly inuenced by
the surrounding environment either by the direct modulation
via hydrogen bond interactions in the mononuclear Fe–O/OH
complexes or by the indirect modulation via remote metal
redox events in the [Fe3OFe

III]–O/OH complexes, and these two
chemical strategies generate a similar effect towards the bond
length and the stretching vibration of the Fe–O/OH moiety.

Beyond the structural perturbation of the terminal Fe–O/OH
moieties, the basal iron redox event of the [Fe3OFe

III]–O/OH
© 2024 The Author(s). Published by the Royal Society of Chemistry
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complexes also impact the chemical reactivity of these moieties.
Recent reactivity studies of metal–oxido (M–O) species towards
C–H activation in enzymes and bioinspired model complexes
strongly indicate that ground state thermodynamics of the M–O
species, e.g. pKa, reduction potential, and the bond dissociation
energy (BDE) of the metal bound hydroxide in the correspond-
ing metal–hydroxido (M–OH) species, play key roles in deter-
mining M–O reactivity.81–90 Particularly, a number of model
complex studies suggest that the basicity of M–O units (pKa of
M–OH) is the determining factor in controlling the asynchro-
nous proton-coupled electron transfer (PCET) process during
C–H activation, where proton transfer (PT) is dominant within
the transition state over electron transfer (ET).45,91–98 In
a previous study by some of us, it has been shown that the C–H
activation reactivity demonstrated by the [Fe3OFe

III]–O complex
following a similar concerted PT-driven process. Furthermore,
the redox state change of the basal iron sites that perturbs the
bond length and stretching vibrational frequency of the
terminal FeIII–O/OHmoiety also modulates the thermodynamic
properties, thus the chemical reactivity of this moiety. Speci-
cally, the redox state change of the basal iron sites leads to
modulation of the O–H BDE by as much as ∼12 kcal mol−1 in
going from [FeII3OFe

III]–OH to [FeIII2Fe
IIOFeIII]–OH (the O–H

BDE of [FeII3OFe
III]–OH was estimated to be 72 kcal mol−1 while

it was estimated to be 84 kcal mol−1 for [FeIII2Fe
IIOFeIII]–OH).74

Thus the direct measurements of Fe–O/OH vibrational
frequency by using 57Fe NRVS provide an useful tool to quan-
titatively evaluate the structural impact of redox event from the
remote iron sites of [Fe3OFe

III]–O complexes and help construct
the structure–reactivity correlation for these clusters.

Conclusion

In this study, we have carried out a detailed vibrational analysis
on a series of [Fe4] clusters by using

57Fe NRVS combined with
DFT calculations. These clusters bear a terminal Fe(III)–O/OH
moiety at the apical position and three additional iron centers
forming the base of the cluster. The three basal iron centers are
connected with the apical iron center via a m4-oxido ligand.
Specically, the complexes studied are [LFeIIFeIII2-
O(PzNHtBu)3Fe

III(O)]+ ([FeIIFeIII2OFe
III]–O) and [LFeIIFeIII2-

O(PzNHtBu)3Fe
III(OH)]2+ ([FeIIFeIII2OFe

III]–OH), and their
corresponding one electron reduced clusters, [LFeII2-
FeIIIO(PzNHtBu)3Fe

III(O)] ([FeII2Fe
IIIOFeIII]–O) and [LFeII2-

FeIIIO(PzNHtBu)3Fe
III(O)]+ ([FeII2Fe

IIIOFeIII]–OH). Strong NRVS-
derived 57Fe PVDOS features are observed in the frequency
range of 150–400 cm−1, which reects the vibrational features of
the overall [Fe4] cluster core and can be used as a good indicator
of the overall oxidation state of these clusters. In the frequency
range greater than 400 cm−1, the stretching vibrations of the
terminal Fe(III)–O (v[Fe(III)–O]) and Fe(III)–OH (v[Fe(III)–OH]) are
also observed. For [FeIIFeIII2OFe

III]–O, v[Fe(III)–O] is observed at
660 cm−1, while for [FeIIFeIII2OFe

III]–OH, v[Fe(III)–OH] is
observed at 570 cm−1. These frequency values are highly similar
to v[Fe(III)–O] and v[Fe(III)–OH] observed in mononuclear Fe(III)–
O/OH complexes, suggesting that v[Fe(III)–O] and v[Fe(III)–OH]
are relatively isolated vibrations even in these [Fe4] clusters and
© 2024 The Author(s). Published by the Royal Society of Chemistry
are essentially determined by Fe–O or Fe–OH bond lengths via
Badger's rule as shown in Fig. 6. However, the redox event in the
remote basal iron centers clearly modulates the terminal Fe(III)–
O/OH vibrations (as well as the bond lengths) as shown by the
red shis of v[Fe(III)–O] and v[Fe(III)–OH] (25 cm−1 and 40 cm−1

respectively) in [FeII2Fe
IIIOFeIII]–O/OH, the one-electron

reduced complexes of [FeIIFeIII2OFe
III]–O/OH. Such a remote

structural modulation is also suggested by the shis observed
in the 150–400 cm−1 region and is due to the weakening of the
bonding interactions between m4O and the three base iron sites
upon reduction, which leads to the strengthening of the apical
Fe–m4O bond and the weakening of the terminal Fe–O/OH bond
via a trans inuence. Thus, 57Fe NRVS data provided compre-
hensive vibrational characterizations of the structural pertur-
bations of the terminal Fe–O/OHmoieties in these [Fe4] clusters
due to the redox change of the remote basal iron sites. Overall,
this indirect modulation by remote iron redox event in the [Fe4]
clusters and the direct modulation via hydrogen bond interac-
tions as reported in mononuclear Fe–O/OH complexes generate
a similar effect on changing the bond length and the stretching
vibration of the terminal Fe–O/OH moieties, which further
modify their thermodynamic properties (such as reduction
potential, pKa, and O–H BDE) and chemical reactivities as
previously reported for these complexes.
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