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Abstract: To mimic dinuclear active sites of metalloproteins,
we have developed a dinucleating ligand system consisting
of two tetradentate tripodal ligand compartments with
varying terminal donors (carboxylates, phenolates, and
pyridines). These ligands provide access to a series of y-oxo-
bridged diferric complexes. The spectroscopic study allows
to investigate the molecular structures even in solution, e.g.
depending on protonation/deprotonation of coordinated
OH~ and H,O ligands or to observe a reversible pH-
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Diiron Complexes

1. Introduction

Some metalloproteins use a non-heme diiron active site,!"
e.g. the oxygen transport protein hemerythrin,® ribonucleo-
tide reductase™™ that catalyzes the formation of desoxyribonu-
clotides from ribonucleotides in DNA synthesis, or methane
monooxygenase® ' that oxidizes methane to methanol with
0, as external oxidant.""'®'7 In the last two decades more
metalloproteins with a diiron active site have been identified
and studied.!"™** Biomimetic model chemistry was essential to
understand the structural and spectroscopic signatures and the
reactivities of the metalloproteins (hypothetical and structural
model complexes). Moreover, the interesting reactivities of
these enzymes have attracted bioinorganic chemists to apply
the knowledge gained from the natural systems for the
development of new homogenous catalysts (functional model
complexes). This review is not intended to summarize all the
significant contributions that have been made during the last
decades (for an overview, we refer to some classical™>!! and
some recent reviews™'®*'%) but the focus is on a new
dinucleating ligand system with varying terminal donors to
mimic the active sites of non-heme diiron metalloproteins

2. The Dinucleating Ligand System
The new dinucleating®”*! ligand system is based on the
tetramine backbone 1 and the first published ligands of this
system are shown in Scheme 1. The ligands differ by the
terminal donors. Three different terminal donors were chosen.
In order to mimic the carboxylate-rich coordination in many
diiron metalloenzymes, we synthesized the ligand H,julia.">*%
The pyridine donors in susan/susan™(**"* reflect the coordi-
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dependent carboxylate-shift between terminal and bridging
binding mode. The electrochemical behavior is strongly
influenced by the exogenous ligands, e.g. OH™ facilitates
oxidation to Fe" by 690 mV relative to Cl~. Using the terminal
carboxylates and a {Fe" (u-O),Fe""} core even allows oxidation
with O, to a high-valent species with Fe" (S=2). The
implications of this study for further generation of high-
valent or peroxo species and their utilization in catalysis is
discussed.

Méssbauer spectroscopy Electrochemical

nation environment in the plethora of diiron model complexes
synthesized with tpa-based ligands.”**") On the other hand, the
phenolates in HjhildeM*! have been chosen to increase the
electron density by the strong o- and z-donating phenolate
ligands that should facilitate the oxidation to high-valent
species.**291 Starting from the tetramine 1, the phenolate
donors in Hjhilde™* were attached by a Mannich-reaction,*
the carboxylate donors in Hyulia by a nucleophilic
substitution,”” and the pyridine donors in susan/susan™ by a
reductive amination.[**"

3. A Series of p-Oxo-Bridged Diferric Complexes:
Syntheses and Structures

The syntheses of u-oxo-bridged diferric complexes with the
four different ligands required varying conditions and resulted
in quite some differences in the molecular structures. Reac-
tions of the phenolate containing ligand H,hildeM® with a Fe'"
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Scheme 1. The dinucleating ligand system based on the tetramine 1 with varying terminal donors.

source under basic conditions in an alcoholic solvent provide
the complex [(hilde™*){Fe(u-O)Fe}] with the Fe" ions in a
five-coordinate  trigonal-bipyramidal environment (Fig-
ure 1a).1*) With related mononucleating ligands,**! y-oxo-
bridged diferric complexes with five-coordinate square-pyr-
amidal coordination environment were obtained. The reaction
of the ligand H,julia with an Fe™ source is best performed in
aqueous solution under slightly basic conditions and provides
the u-oxo-bridged complex [(julia){Fe(OH,)(u-O)Fe(OH,)}]
(Figure 1b).*" The presence of alkali metal ions should be
avoided as they tend to coordinate to the already coordinated
carboxylate ligands resulting in oligomeric structures. The
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lower electron density donation of the carboxylates than of the
phenolates in [(hilde™**){Fe(u-O)Fe}] is reflected by the need
for six-coordination with exogenous terminal H,O ligands.[***%
For the reaction with the ligand susan, a Fe" source and the
presence of an anionic ligand as Cl™ is necessary. Performing
the reaction in alcoholic solvent under basic atmospheric
conditions provides the p-oxo-bridged complex [(susan{FeCl
(u-O)FeCl1}](Cl0,), (Figure 1¢).*! In contrast, with the ligand
susan™, we did not succeed in the synthesis of the analogous
complex [(susan™){FeCl(u-O)FeCl}]*" using the established
protocol for the susan complex or by many variations of the
reaction conditions. It should be noted, that the synthesis of
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Figure 1. Molecular structures of a) [(hilde"®){Fe(u-O)Fe}], b)
[(julia) {Fe(OH,) (u-O)Fe(OH,)}], c) [(susan){FeCl(u-O)FeCl}}**, and
d) [(susan™){FeCl(u-O)FeCl}**.

[(susan){FeCl(u-O)FeCl}]** using the ligand susan and an Fe"
source in the presence of Cl™ under basic aerobic conditions is
simple enough to embed it in an undergraduate practical
course. For a long period, we wondered for the reasons of this
strong difference due to the introduction of a 6-methyl
substituent (vide infra).

The coordination mode of the tetradentate ligand compart-
ments differs in the two six-coordinate complexes [(julia){Fe
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(OH,)(u-O)Fe(OH,)}] and [(susan){FeCl(u-O)FeCl}]**. Due
to their tripodal topology, both ligand compartments coordi-
nate in a cis configuration but while the two terminal
carboxylate donors of the ligand julia*~ are in a trans
orientation, the two terminal pyridines of the ligand susan are
in a cis orientation. This wrapping of the ligand julia*
causes an arrangement of the terminal H,O ligands with a
dihedral angle (H,0—Fe—Fe—H,0) of 59°. On the other hand,
the two terminal C1~ donors in [(susan){FeCl(u-O)FeCl}]**
are trans relative to the central Fe-u-O—Fe core resulting in a
dihedral angle of 170°.

The two coordination sites blocked by the CI™ ligands in
[(susan){FeCl(u-O)FeCl}]** are intended as substrate binding
sites during catalytic cycles. For a cooperative action of these
two binding sites, they should preferably be in a cis
configuration. The frans configuration in [(susan){FeCl(u-O)
FeCl}]*" is linked with a C, symmetric wrapping of the ligand
susan around the {Fe™(u-O)Fe™} core. The central ethylene
spacer that connects the two ligand compartments exhibits a
‘zig-zag’ structure, which seems to enforce the C, symmetric
ligand wrapping. We thought that the extension of this ‘zig-
zag’ structure in the spacer by an additional CH, group, i.e.
using a propylene spacer, should enforce a Cgy symmetric
wrapping of the ligand and hence a cis configuration of the
two potential binding sites. In this respect, we used the
analogue ligand susan™ with a central propylene instead of an
ethylene spacer. This ligand susan™ was reported before by
Schindler and coworkers for application in biomimetic copper
chemistry.””? We were able to obtain the intended complex
[(susan™){FeCl(u-O)FeCl1}](C10,), (Figure 1d).®! However,
insertion of the third CH, group destroyed the ‘zig-zag’
structure. The central CH, groups points out from this chain
sitting on the top providing again a Cg symmetric wrapping of
the ligand and hence a trans configuration of the two chlorides
(Figure 1d). This indicates that the central ethylene spacer
introduced by tetramine 1 provides the appropriate distance for
bridged dinuclear complexes while the propylene spacer in
susan®™ is too long requiring the propylene spacer to adopt an
energetically more demanding arrangement.

As the active sites of the diiron metalloproteins are
generally carboxylate-rich, we performed the reaction of susan
and an Fe" salt under basic atmospheric conditions also in the
presence of an acetate source. Using 1 equiv. acetate results in
the doubly-bridged complex [(susan){Fe(u-O)(u-OAc)Fe}]
(ClO,); (Figure 2a) and in the presence of 2 equiv. acetate in
the p-oxo-bridged complex [(susan){Fe(OAc)(u-O)Fe(OAc)}]
(ClO,), (Figure 2b), whose molecular structure resembles that
of [(susan) {FeCl(u-O)FeCl}](CIO,), with two terminally coor-
dinated acetato ligands in trans configuration.””"®! In [(susan)
{Fe(u-0)(u-OAc)Fe}**, the bridging acetate binds to two cis-
oriented coordination sites providing a first indication of the
flexibility of this ligand system.

We put strong efforts to obtain a dinuclear doubly-bridged
iron complex with the ligand susan with either a bis-u-oxo (F),
a p-oxo,u-hydroxo (E) or a bis-u-hydroxo (D) core without
success yet (Scheme 2). However, performing the standard
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{FeF(u-O)FeF}](BF,), with terminal fluoro ligands (Fig-
ure 3a)""? indicating the hydrolysis of BF,”, which is a known
reactivity.”™"  Surprisingly, reacting susan™® with Fe
(BF,),-6H,0 under the same aerobic conditions provided the

Figure 2. Molecular structures of [(susan){Fe(u-O)(u-OAc)Fe}]’",
[(susan){Fe(OAc) (u-O)Fe(OAC)}]*", and [(susan){Fe(OH)(u-O)Fe
(OH)1"

protocol with an Fe" salt and susan under basic aerobic
conditions in a water/ethanol mixture without providing an
exogenous anionic ligand results in the complex [(susan){Fe
(OH)(u-O)Fe(OH)} |(C10,),, which contains two rare terminal
hydroxo ligands (Figure 2¢)."" This accentuates the need in
this series for a negatively charged exogenous ligand or in
other words demonstrates the Lewis acidity of the {Fe™(u-O)
Fe™! core by using the ligand susan. This {Fe™(OH)(x-O)Fe™
(OH)} (C in Scheme 2) core is the hydrated form of the bis-u-
oxo {Fe"(u-0),Fe™} core F.

In our efforts to obtain doubly-bridged complexes with
oxo or hydroxo donors, we also employed Fe'(BF,),-6H,0 as
Fe'" source. Under aerobic basic conditions, using the ligand
susan we obtained the mono-u-oxo-bridged complex [(susan)

Isr. J. Chem. 2020, 60, 10719-1031
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Figure 3. Molecular structures of a) [(susan){FeF(u-O)FeF}**, b)
[(susan“){FeF (u-F)FeF}]>*, c) [(susan“®){Fe(u-F),Fe}]**, and d)
[(susan™®){FeF (4-O)FeF}]**.
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Scheme 2. Acid/base and condensation/hydration equilibria in y-oxo-bridged diiron complexes.

u-fluoro-bridged mixed-valent Fe"Fe™ complex [(susan™){Fe"
F(u-F)Fe"F!](BF,), as the first iron complex of susan™
(Figure 3b).*®! Using anaerobic conditions, the bis-u-fluoro-
bridged Fe'Fe" complex [(susan™®){Fe(u-F),Fe}](BF,), was
obtained (Figure 3c).*"

These fluoro complexes demonstrated the principle acces-
sibility of iron complexes with the ligand susan™®. Therefore,
we further intensed our efforts to obtain analogous u-oxo-
bridged complexes with susan™ using Fe(BF,),-6H,0. As an
{Fe"(u-O)Fe™} complex could not be obtained under aerobic
conditions, we added H,O, to increase the oxidizing potential.
Under these harsher conditions, we could indeed achieve the
synthesis of the u-oxo-bridged complex [(susan“®){FeF(u-O)
FeF}](ClO,), with terminal fluoro ligands (Figure 3d)."™
However, analogous complexes with terminal chloro or acetato
ligands have still not been accessible with susan™ even under
these harsher oxidizing conditions.

It is not straightforward that the introduction of a simple 6-
methyl substituent in the pyridine donor causes such strong
chemical differences. The introduction of the 6-methyl group
should increase the electron density in the pyridine donor due
to the + 7 effect. This should strengthen the o-donor ability of
the pyridine and therefore strengthen and shorten the Fe—N™
bond. However, it was known, that M—N™ are longer for 6-
methyl pyridine donors than for pyridine donors without
substituents in the 6-position.””>*!1 For iron complexes with
tpa-based ligands an explanation was provided by a short
distance of 2.7 A of a hydrogen of the 6-methyl group to the
iron ion.®"!

To obtain further insight we performed a systematic
analysis of molecular structures exhibiting M—py units in the
Cambridge Structural Database.’”” This provided, that the

Isr. J. Chem. 2020, 60, 10719-1031
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statement that M—N" bonds with 6-methyl pyridyl donors are
always longer than the analogous complexes with unsubsti-
tuted pyridyl donors is only wvalid for six-coordinate
complexes.””*®! In five- or four-coordinate complexes, the
difference in the M—N™ bond lengths for 6-methyl pyridine
and pyridine donors is mostly not significant. In a closer look,
it turned out that longer M—N™ of 6-methyl pyridine donors
occur when the methyl group is pointing to a cis-coordinated
ligand with an approximate 90° degree angle to the 6-methyl
pyridine donor. This arrangement can also be observed in
some five-coordinate complexes but is always the case in six-
coordinate octahedral complexes. We therefore concluded that
a steric repulsion between the 6-methyl substituent and the
ligand in cis position in octahedral coordination elongates
M-N™ bonds for 6-methyl substituted pyridine donors."™

Indeed, this was manifested by comparing the molecular
structures of the two u-oxo-complexes [(susan){FeF(u-O)
FeF}]** and [(susan™){FeF(u-O)FeF}]*" with terminal fluoro
donors (Figure 4). It can be seen, that there is an overlap in
[(susan™) {FeF(u-F)FeF}]*" of the 6-methyl group with the
fluoro ligand coordinated cis indicating strong steric repulsion,
which is almost absent in [(susan){FeF(u-O)FeF}]*"." This
suggests, that the small F~ ligand is the only ligand, which can
be enforced to coordinate cis to the 6-methyl pyridine by
favoring the Fe"Fe™ state with H,0, addition. However, larger
ligands as CI” or OAc™ cannot coordinate with a 90° angle to
a 6-methyl pyridine group.
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Figure 4. Space filling models of a) [(susan){FeF (4-O)FeF}]** and b)
[(susan"*){FeF (u-O)FeF}]** illustrating the sterical hinderence of the
6-Me group with the fluoro donor bound in a 90° angle which is
almost absent in the pure pyridine version [(susan){FeF(u-O)
FeF}*".

4. A pH-Driven Reversible Carboxylate-Shift
Observed in Solution at Room-Temperature

We studied the u-oxo-bridged diiron complexes intensively by
magnetic, electrochemical, and spectroscopic means.[*>6¢%~71
It turned out, that the UV-Vis-NIR spectroscopic and magnetic
properties are only slightly depending on the nature of the
anionic ligand X~ in the mono-u-oxo-bridged complexes
[(susan){Fe"X(u-O)Fe"X}]*".! However, the variation of
the bridging mode from mono-bridged u-oxo to doubly-
bridged wu-oxo,u-carboxylato results in strong differences in
the UV-Vis-NIR spectra, which is known from tpa-based
complexes.®* Figure 5 shows a comparison of the UV-Vis-
NIR spectra of the mono- [(susan){Fe(OAc)(u-O)Fe(OAc)} J**
and doubly-bridged [(susan){Fe(u-O)(u-OAc)Fe} "
complexes.®’ The doubly-bridged nature in [(susan){Fe(u-O)
(u-OAc)Fe}](ClO,); results in prominent absorptions around
14000 and 20000 cm™', while only one weak band at
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Figure 5. UV-Vis-NIR absorption spectra of [(susan){Fe(u-O) (u-OAc)
Fe}]*" and [(susan){Fe(OAc) (u-O)Fe(OAc)}]*".

17000 cm ™' is characteristic for [(susan){Fe(OAc)(u-O)Fe
(OAc)}T*". Moreover, the strong p-oxo—Fe" LMCT is shifted
from 27300 cm™" in the mono-bridged complex to 30000 cm™
in the doubly-bridged complex. In the vibronic spectra,’ the
terminal acetates in [(susan){Fe(OAc)(u-O)Fe(OAc)}]*" are
characterized by intense bands for the v,,(CO,7) and v,
(CO,") stretching modes at 1639 cm™ and 1372 cm™,
respectively, while [(susan){Fe(u-O)(u-OAc)Fe}]’" exhibits
these two bands at 1535 and 1439 cm ™. The Vasym(Fe—O—Fe)
mode shifts from 814cm™ in [(susan){Fe(OAc)(u-O)Fe
(OAC)}*" to 764 cm™ in [(susan){Fe(u-O)(u-OAc)Fe}]* .
These two spectroscopic methods provide thus useful signa-
tures for the molecular structures not only in the solid state but
also in solution.

In this respect, we have identified a reversible carboxylate
shift in solution at room temperature by using these two
spectroscopic methods.! Consecutive additions of HC10, and
NEt; to a solution of [(susan){Fe(OAc)(u-O)Fe(OAc)}]*" in
MeCN (Figure 6a) produces the spectral signature of [(susan)
{Fe(u-O)(u-OAc)Fe} ]’ (14000 and 20000 cm™) and of
[(susan) {Fe(OAc)(u-O)Fe(OAc)} > (17000 cm™), respec-
tively. The time traces at selected wavenumbers of this
reaction sequence (Figure 6b) show that addition of more than
1 equiv. NEt; or HCIO, has no effect and that excess acid or
base can be neutralized. This carboxylate shift can also be
observed in solution by ATR FTIR (Figure 6¢). Addition of
1 equiv. HCIO, to [(susan){Fe(OAc)(u-O)Fe(OAc)}]*" results
in a spectrum that coincides with that of [(susan){Fe(u-O)(u-
OAc)Fe}]’t. Addition of NEt; restores the spectrum of
[(susan){Fe(OAc)(u-O)Fe(OAc)} > .

These data clearly demonstrate a reversible reaction
between [(susan){Fe(OAc)(u-O)Fe(OAc)}]** and one H" to
[(susan) {Fe(u-O)(u-OAc)Fe}]**. This indicates that a terminal
acetate becomes protonated (Scheme 3). This protonation of a
terminal acetate enables the substitution of the protonated
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Figure 6. A reversible carboxylate shift triggered by acid/base
additions in MeCN observed by UV-Vis-NIR (a and b) and FTIR (c)
spectroscopies. a) UV-Vis-NIR spectra of [(susan){Fe(OAc)(u-O)Fe
(OAQ)}*" in MeCN solution upon subsequent HCIO, and NEt,
additions. Note that the equivalents provided in the figure are the
total equivalents added. b) Time traces at selected wavenumbers for
the spectra in a). c¢) ATR FTIR spectra of [(susan){Fe(OAc)(u-O)Fe
(OAQ)}** in MeCN solution and after addition of HCIO, and NEt;.
The spectrum after addition of HCIO, coincides with that of [(susan)
{Fe(u-O) (u-OAc)Fe}]**. Addition of NEt; restores that of [(susan){Fe
(OAc) (u-O)Fe(OAC)}]**. The bands marked by * are from residual
solvent absorptions. Reprinted with permission from reference [69].
Copyright 2018 American Chemical Society.
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acetate by the other non-protonated acetate, which becomes
bridging. This bridging acetate does not react with another H™.
However, adding one NEt; opens the acetate bridge. Based on
the synthetic conditions it can be concluded that the protonated
acetate becomes deprotonated and this nucleophilic acetate is
then able to bind to a Fe™ ion substituting the bridging acetate.

5. Dependence of the pK, Values of Coordinated
H,O Ligands by the Terminal Ligands

As protonation/deprotonation steps or proton-coupled elec-
tron-transfer steps play important roles in the mechanisms of
metalloenzymes,>'>*'"%7 %1 we investigated the complexes
with terminal water-based ligands, i.e. [(julia){Fe(OH,)(u-O)
Fe(OH,)}] and [(susan) {Fe(OH)(u-O)Fe(OH)} ]**, with respect
to their pH-dependent behavior. First, their structural integrity
in solution had to be proven to exclude variations during
dissolution.

The 80 K *’Fe Méssbauer spectrum of solid [(julia){Fe
(OH,)(u-O)Fe(OH,)}] shows a single quadrupole doublet (J
=047 mms™', |AEy|=2.04 mms")."***) Frozen aqueous
solutions at 80 K of a *Fe—enriched sample at pH=15.93
reveals only minor changes to the solid state (§=0.47 mms™',
|AEy| =1.97 mms™"). On the other hand, the substitution of
the H,O ligands by DMSO ligands, i. e. [(julia){Fe(DMSO)(u-
O)Fe(DMSO)}], changes the solid-state Mdssbauer spectrum
more strongly (6=0.47 mms™', |AE,| =191 mms™') than
dissolution in H,O. This demonstrates the molecular integrity
of [(julia) {Fe(OH,)(u-O)Fe(OH,)} ] upon dissolution in H,O.

The solid-state Mossbauer spectrum of [(susan) {Fe(OH)(u-
O)Fe(OH)}](ClO,), reveals two quadrupole doublets (J,=
0.45 mms™", |AEq|,=2.00 mms™'; 6,=0.44 mms™',
|AE,|,=1.57 mms™"). This difference originates from differ-
ent kinds of hydrogen-bonding of the coordinated OH™ ligand
in the solid-state structure. One coordinated OH™ acts as a
hydrogen bond donor while the other acts as a hydrogen bond
acceptor. This induces a 0.054 A difference in the Fe"'-OH
bond lengths, which in turn affects the quadrupole splitting.”"!
The spectrum of a frozen MeCN solution shows a single
quadrupole doublet (6=0.45mms ', |AE,|=1.71 mms™")
close to the mean values of the solid-state spectrum indicating
a more symmetrical second sphere in solution. The UV-Vis-
NIR spectrum of [(susan){Fe(OH)(u-O)Fe(OH)}]*" in MeCN
solution shows the ligand-field transitions °A,—*T, at
9840 cm ™' and °A,—*T, at 17850 cm™', which remain almost
unchanged in the solid-state reflectance spectrum.’”? As the
UV-Vis-NIR spectra in H,O (vide infra) and MeCN solutions
are almost superimposable, these experiments demonstrate the
molecular integrity of [(susan){Fe(OH)(u-O)Fe(OH)}]*™ upon
dissolution in H,O.

To obtain the pK, values, we performed pH-dependent UV-
Vis spectroscopies in aqueous solution by titration experiments
and obtained two pK, values for each complex: 4.9 and 6.8 for
[(susan){Fe(OH)(u-O)Fe(OH)} > and 7.7 and 11.1 for
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Scheme 3. Reversible carboxylate shift between [(susan){Fe(OAc) (u-O)Fe(OAc)}]** and [(susan){Fe(4-O) (4-OAc)Fe}]*" in MeCN solution.

[(julia) {Fe(OH,)(u-O)Fe(OH,)}].""  Scheme 2 defines the
acid/base equilibria. In this respect, [(julia){Fe(OH,)(u-O)Fe
(OH,)}] represents protonation state A and [(susan){Fe(OH)
(u-O)Fe(OH)}]*" protonation state C. In general, the various
protonation states can also undergo condensation reactions
(Scheme 2). The fully protonated form A with two terminal
aqua ligands may be in equilibrium with its condensation
product D with a bis-u-hydroxo core.[******! The same holds
true for the medium protonation state B with one terminal
hydroxo ligand and one terminal aqua ligand, which can
condense to a doubly-bridged u-oxo,u-hydroxo core E.[3#6%
Furthermore, the fully deprotonated form can exist with two
terminal hydroxo ligands (C) or with a bis-u-oxo-bridged
core F. All of these core motifs have examples in the literature
with clearly distinct spectroscopic features of the mono-
bridged wp-oxo complexes and the corresponding doubly-
bridged condensation products.**%

The UV-Vis-NIR spectrum of [(susan){Fe(OH)(u-O)Fe
(OH)}1** in aqueous solution (pH=9.8 in Figure 7a) exhibits
the pyridine 7—z* transition at 38800 cm™', two strong u-
oxo—Fe"™ LMCT transitions at 28400 and 32200 cm™" and a
lower intensity LMCT around 20700 cm™". Even lower intense
but well resolved LF transitions are observed at 17400 cm™'
(°A,—*T,) and 10000 cm™" (°A,—*T,)."" Mono- and doubly-
protonation (Figure 7a) only slightly changes these features
indicating the conservation of the mono-u-oxo bridged
structures, i.e. going from C—B and from B—A. Moreover,
the absence of a pronounced band around 18000 cm ™', which
is a well-established signature for a doubly-bridged u-oxo,u-
hydroxo core E,®**! should be interpretated as a criterion for
exclusion of the doubly-bridged core structure. The mono-
bridged u-oxo complex B with a hydroxide ligand at one iron
center and an aqua ligand at the other iron center is most likely
stabilized by an intramolecular hydrogen bond, which is
indicated by water exchange experiments.””"!

These assignments are further corroborated by spectro-
scopic characterizations at —40°C in MeCN solutions.
Addition of 1 or 2 equiv. of HCIO, to [(susan){Fe(OH)(u-O)Fe
(OH)}** provides the medium-protonated form B and the
fully protonated form A, respectively. UV-Vis-NIR spectro-
scopy on these MeCN solutions at —40 °C confirm the spectral
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Figure 7. pH-Dependent UV-Vis-NIR spectra of a) [(susan){Fe(OH)
(u-O)Fe(OH)}** and b) [(julia) {Fe(OH,) (4-O)Fe(OH,)}] in H,O.

changes observed on aqueous solutions. An interesting feature
is the shift of the °A,—*T, transition from 17850 cm™ in
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[(susan){Fe(OH)(u-O)Fe(OH)}]** to lower energy at
16000 cm ™" in the fully protonated form A. Considering that
the °A,—"T, and °A,—"T, transitions have negative slopes in
the Tanabe-Sugano diagram, this shift to lower energy upon
protonation indicates a stronger ligand field strength. The
stronger ligand field in the protonated species accounts for
lower z-donation of a H,O ligand in comparison to a hydroxo
ligand. Interestingly, the spectrum of the mono-protonated
species exhibits both °A,—*T, transitions at 17850 cm™' and
16000 cm ™' in accordance to the presence of both a terminal
water and a terminal hydroxo ligand.”"? The Mossbauer
spectrum in MeCN is only slightly affected upon protonation:
C, 6=045mms ', |AEy| =171 mms™'; D, 6=0.46 mms ",
|AEq| =1.67mms™'; A, §=048mms ', |AEy|=
1.62 mms™'. All these spectroscopic data clearly indicate that
all three protonation states of [(susan){Fe(OH)(u-O)Fe
(OH)}T*" are mono-brigded y-oxo complexes.

The electronic absorption spectrum of an aqueous solution
of [(julia){Fe(OH,)(u-O)Fe(OH,)}] (Figure 7b, pH=6.0) is
dominated by intense absorption features above 25000 cm™'.
While the absorption at 36600 cm™' has a strong carboxy-
late—Fe™ charge transfer character assigned by titration
experiments, the bands at 28900 cm™ and 32800 cm™ are
mainly of u-oxo—Fe™ LMCT character close to the bands in
[(susan){Fe(OH)(u-O)Fe(OH)}*".**  Mono-deprotonation
of [(julia){Fe(OH,)(u-O)Fe(OH,)}] still shows the strong u-
oxo—Fe" LMCT at 29500 cm™' while the second LMCT
decreases in intensity (Figure 7b) and no band around
18000 cm™' is observed as signature for a doubly-bridged
core E. The Mossbauer spectrum changes only slightly to =
0.47mms~' and |AE,|=1.68 mms~', so that the mono-
deprotonated form is assigned to B. Contrarily, a doubly-
deprotonation results in strong variations as no resolved u-
oxo—Fe™ LMCT are observed and additional intensity is
observed at lower energy (Figure 7b). Moreover, the Mdssba-
uer parameters change to §=0.46 mms ' and |AE,|=
0.70 mms™'. These variations indicate a major reorganization,
probably a condensation to the bis-u-oxo core F.

The different pK, values of [(julia){Fe(OH,)(u-O)Fe
(OHy)}] (pK,1=17.7, pK,,=11.1) and [(susan){Fe(OH)(u-O)
Fe(OH)}T*" (pK,,=4.9, pK,,=6.8) reflect the varying dona-
tion capabilities of the ligands. On the one hand, the ligand
julia*~, which mimics the carboxylate-rich coordination envi-
ronments of non-heme diiron enzymes, exhibits four o-
donating carboxylato donors with further z-donation capabil-
ities. The complex [(julia){Fe(OH,)(u-O)Fe(OH,)}] of this
ligand could only be isolated with two additional relatively
weakly donating aqua donors. On the other hand, the four
terminal pyridine donors of the ligand susan are o-donors with
no w-donation but with z-acceptor capabilities. This results in
less electron-rich (more Lewis acidic) Fe™ ions in [(susan){Fe
(OH)(u-O)Fe(OH)}1**, which therefore prefer the strongly o-
and 7-donating hydroxo ligands. Thus, the pK, values obtained
are more acidic. The four strong terminal o- and z-donating
phenolates in p-oxo-bridged [(hilde™**){Fe(u-O)Fe}] induce
highly covalent bonds to the Fe"™ ions. Thus, the five-
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coordinate Fe™ ions are already electronically saturated with-
out significant Lewis acidity even preventing the coordination
of a sixth ligand."' Thus, the donation capabilities of the
tetramine 1 based ligands decrease as (hilde™*)* > (julia)* >
susan.

6. Influence of the Terminal and Exogenous
Donors on Redox Potentials

[(hildeM*2){Fe(u-O)Fe}] and the u-oxo-bridged diferric com-
plexes with our mononucleating analogues of H,hildeM® can
be oxidized at relatively low potentials.*>**5*6% Spectroscopic
characterizations of the oxidized species reveal, that the
oxidations are ligand-centered leading to mono- and di-
phenoxyl radical complexes.’”> The latter accumulating the
same number of oxidation equivalents as intermediate Q from
sMMO. In contrast to the phenolate containing ligands, the
ligands julia*~ and susan are redox-innocent and in conse-
quence oxidative processes should be metal-centered.™*4"

The electrochemical characterization of the u-oxo-bridged
diferric complexes of the ligand susan [(susan){Fe"X(u-O)Fe
MX11** reveal irreversible oxidation processes.*>™®’"! The
peak potential in V vs Fc*/Fc of these oxidations span a large
range depending on the exogenous ligand X: Cl™ 1.48, OAc™
1.45, F 1.40, OMe™ 1.14, and OH™ 0.79. 1t is interesting that
in such an isostructural series the variation of only one ligand
can influence this redox potential so strongly. This variation
demonstrates the different electron-density donation ability of
the exogenous ligands.****"*""l Remarkable is the strong
cathodic shift of 690 mV by substituting CI~ by OH™, which
implies a strong stabilization of Fe'¥ by the strongly o- and 7-
donating hydroxo ligand.

Going from [(susan){Fe(OAc)(u-O)Fe(OAc)}]*" to [(sus-
an) {Fe(u-0)(u-OAc)Fe} ]’ results in an anodic shift out of the
potential window of our experiment.’” This strong shift is
mainly attributed to the change of the overall charge from 2+
to 34 . According to the Born equation, an increase (decrease)
of the total charge increases (decreases) redox potentials.’*%*!

The electrochemistry of [(julia){Fe(OH,)(u-O)Fe(OH,)}]
in H,O shows no oxidation but only two metal-centered
reductions with peak potentials at —0.25 and —0.56 V vs SHE.
The CV of the mono-deprotonated species exhibits one
reduction with a peak potential at —0.92V vs SHE. In
accordance with the core structure B, this reduction should be
associated with the Fe"' coordinated to the remaining H,O
ligand. The shift to lower potential is again explained by the
Born equation due to the decrease of the overall charge (0 in
A, —1 in B). Remarkably, the doubly-deprotonation of [(julia)
{Fe(OH,)(u-O)Fe(OH,)}] results in a quasi-reversible wave at
—0.75 V vs SHE. A reduction should be shifted even further
cathodically by the second protonation caused by the decrease
of the overall charge from —1 to —2 in respect to Born’s
equation.”” This conflicting observation coincides with the
structural change to the bis-u-oxo core F. Therefore, this redox
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wave is attributed to a metal-centered oxidation of the diferric
complex of core F. This very low potential for oxidation to a
Fe'VFe™" species is attributed to the overall —2 charge (Born
equation) in combination with the strongly electron donating

bis-u-oxo core F and the terminal donor set of julia*™."%!

7. A High-Valent Fe"'Fe" Complex of Ligand
julia*

As described above, the doubly-deprotonation of [(julia){Fe
(OH,)(u-O)Fe(OH,)}] generates the dianionic complex [(julia)
{Fe"(u-0),Fe™}]* with a low-lying quasi-reversible potential
for the metal-centered oxidation of the diferric complex at
—0.75 vs SHE. This low-lying potential makes the oxidation
feasible for dissolved molecular oxygen as oxidant. In this
respect, a simple deprotonation experiment of [(julia) {Fe(OH,)
(u-O)Fe(OH,)}] (pH=13.0) performed under aerobic condi-
tions leads to an axial S;=1/2 EPR spectrum with g;=2.0982
and g;=2.0066 and a spin concentration of 0.24%."" Based
on the concentration of dissolved oxygen saturated in water
the spin concentration corresponds to a yield for oxidation of
4.4%.1 The analogous experiment under strict exclusion of
O, provided an EPR-silent sample.

As no homo-valence Fe"™Fe™ species can be accounted for
this signal, it must arise from an oxidized or a reduced mixed
valence species. The strong anisotropy of the EPR spectrum
clearly demonstrate a metal-centered redox process. Taking
into account the low-lying potential for the oxidation of the
twofold deprotonated species, an oxidation of the diferric
complex by dissolved O, is highly likely. This assignment is
proved by spin projection analysis. While an isotropic g,=
2.00 is a good approximation for any Fe™ h.s. component, Fe"
h.s. has g;>2.0 and Fe'" h.s. g;<0. As the S;=2 component
(either Fe'Y' h.s. or Fe" h.s) has in both scenarios to be
antiparallel to the total S,='/, spin ground state, spin
projection rules out the Fe" h.s. scenario which must result in
a g,,<2.0.° On the other hand the observed axial S,=1/2
spectrum with g,,>2.0 is in agreement with an antiferromag-
netic coupled Fe™ h.s.—Fe™ h.s. spin system.

The extraordinary donation capabilities of the coordination
environment in [(julia) {Fe"(u-O),Fe"}]*~ makes the Fe" ions
very electron rich. Positively speaking, this high electron
density is the origin of the low potential for oxidation. On the
other hand, this high electron density in combination with the
high pH values needed for generation of the doubly-deproto-
nated complex causes a limited stability resulting in a de-
coordination of the ligand julia*™ and formation of rust. The
usual stabilization by cooling the solution is prevented by the
solubility in H,O and the insolubility in organic solvents.

Isr. J. Chem. 2020, 60, 10719-1031

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA

Israel Journal
of Chemistry

8. Summary and Outlook

To mimic dinuclear active sites of metalloproteins, we have
developed a dinucleating ligand system with varying terminal
donors. Two tripodal ligand compartments are covalently
linked by a flexible ethylene spacer providing the ligands
(julia)*~ with terminal carboxylates, (hilde™*)*~ with terminal
phenolates, and susan/susan™ with terminal pyridines. These
ligands provide access to a series of complexes with a {Fe™(u-
O)Fe"™} core. A central propylene instead of the ethylene
spacer seems to be too long requiring an energetically less
favorable conformation of the propylene unit. The differences
in the electron donation properties of the terminal ligands
strongly vary the Lewis acidity of the {Fe™(u-O)Fe™} core
evidenced by only five-coordinate in [(hilde™*){Fe(u-O)Fe}]
but six-coordinate in [(julia){Fe(OH,)(u-O)Fe(OH,)}] and
[(susan){FeX(u-O)FeX}]*". Moreover, in the six-coordinate
complexes the stronger electron donating character of the
carboxylates of (julia)*~ requires only neutral exogenous
ligands while the lower electron donation of the pyridines of
susan requires negatively charged ligands to saturate the
higher Lewis acidity. This provides even the easy access to
terminal OH™ ligands, which are very rare in Fe™ chemistry.
Thus, the electron donation capabilities decrease in the order
(hildeM*)*" > (julia)*~ > susan. The different Lewis acidity of
the {Fe™(u-O)Fe™ core is quantified by the variation of the
Bronstedt acidity of the coordinated H,O/OH™ ligands. The
more acidic pK, values of [(susan){Fe(OH)(u-O)Fe(OH)}]*"
(4.9 and 6.8) resemble the higher Lewis acidity of its {Fe™(u-
O)Fe™} core than that of [(julia) {Fe(OH,)(u-O)Fe(OH,)}] (7.7
and 11.1) because it requires lower pH values to protonate the
coordinated OH™ ligands and thus reducing its donation
capabilities.

The intensive spectroscopic characterization of this series
of complexes provided spectroscopic signatures of the molec-
ular structures. This allows to use UV-Vis-NIR, FTIR, and
Maossbauer spectroscopies to even evaluate the molecular
structures in solution. A pH-dependent study showed that the
differently protonated species of [(susan){Fe(OH)(u-O)Fe
(OH)}T*" and [(julia) {Fe(OH,)(u-O)Fe(OH,)}] have a mono-
bridged {Fe"(u-O)Fe™} core except the fully deprotonated
form of (julia)*”, whose molecular structure seems to be the
bis-u-oxo species [(julia){Fe"(u-O),Fe™} "

This opportunity to evaluate molecular structures in
solution also made it possible to observe a reversible
carboxylate-shift between [(susan){Fe(OAc)(u-O)Fe(OAc)} **
and [(susan){Fe(u-O)(u-OAc)Fe} '™ triggered by successive
acid/base additions. This carboxylate-shift requires a rear-
rangement of at least one ligand compartment (Scheme 3)
providing an additional indication on the flexibility of these
dinucleating ligands. As it is clearly visible from the time
traces in Figure 6b, these reactions are on a second time scale
indicating that eventually necessary rearrangements during
catalytic cycles are possible on fast times scales. This
reversible carboxylate shift also provides mechanistic scenar-
ios for enzyme reactivities:
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(f) aH" can open a coordination site for substrate binding at
a terminal carboxylate but not at a bridging carboxylate
and

(i) a nucleophilic substrate can bind to a Fe
substituting a bridging carboxylate.

The electrochemical analyses of all these complexes
provide a strong influence of the terminal and of the
exogenous ligands on the potentials for oxidation. Complexes
with terminal phenolates as in [(hilde™**){Fe(u-O)Fe}] or in
our analogous mononucleating ligands are not metal- but
ligand-centered oxidized resulting in mono- and di-phenox-
ylradical complexes. On the other hand, coordinated carbox-
ylates and pyridines are considered redox-inert for oxidations
so that it is most likely that the complexes of (julia)*~ and
susan/susan™® will be metal-centered oxidized. In the series
[(susan){FeX(u-O)FeX}]*" with X=CI", F-, OAc™, OMe",
and OH", the sole variation of the exogenous ligands strongly
tunes the potential for the irreversible oxidation with the
strongly o- and z-donating OH™ ligand facilitating oxidation to
Fe'Y by 690 mV in comparison to CI™.

The complex of [(julia){Fe(OH,)(#-O)Fe(OH,)}] is only
soluble in H,O without substitution of the exogenous H,O
ligand. Solution measurements are hence only possible in the
biologically most relevant solvent H,O but this prevents
stabilization of reactive species by experiments at low temper-
atures. The doubly-deprotonation of [(julia){Fe(OH,)(u-O)Fe
(OH,)}] results in a structural reorganization, which most
probably results in the bis-u-oxo core [(julia){Fe"(u-O),
Fe™1*". This structural reorganization is correlated with and
thus corroborated by a change of the electrochemical proper-
ties in H,O. The neutral and mono-anionic form with both of a
mono-y-o0xo core exhibit no special redox wave. In contrast,
the doubly-deprotonated species exhibits a very low potential
for oxidation at —0.75 V vs SHE. This can be assigned to the
combination of the dianionic charge and the strongly electron
donating coordination environment of not only the terminal
carboxylates but also the two bridging oxo ligands. This low
potential for oxidation results in the oxidation at room
temperature even by dissolved O, to [(julia){Fe' h.s.(u-O),
Fe"'h.s}]” with a S,='/, ground state with an axial EPR
spectrum of g,,>2. This room-temperature aqueous-solution
oxidation by O, shows the potential of these dinucleating
ligands for stabilizing high-valent species.

A quite difficult to understand observation was that the
introduction of 6-methyl-substituents to the pyridines (going
from susan to susan™) prevents the synthesis of complexes
with a {Fe"(u-O)Fe"} core, which is straightforward with
susan. Only fluoro-bridged diferrous [(susan™®){Fe"(u-F),
Fe"}]** and mixed valence [(susan™®){Fe™(u-F),Fe"}]*" were
obtained in the presence of BF,. Only by enforcing the
oxidative conditions with excess H,0,, the w-oxo diferric
[(susan™®) {Fe"F(u-O)Fe"F}]*" could be synthesized. Com-
parison of its structure to [(susan){Fe"F(u-O)Fe"F}]*" and a
CSD search provides the steric repulsion between the 6-
methyl-group and the ligand in cis position in octahedral
complexes as origin for the known longer M-N™ bonds of 6-

" center by
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methyl pyridines than of pyridines without a 6-substituent.
Only the smallest ligand F~ fits in this pocket while all other
ligands do not.

However, the straightforward syntheses of p-oxo-bridged
complexes [(susan){Fe"X(u-O)Fe™X}]*" with varying termi-
nal donors X~ even OH™ can also be interpreted as a
thermodynamic preference for this structural motive. In
contrast, the steric repulsion of X~ with the 6-methyl
substituents should makes this molecular structure thermody-
namically less favorable for the ligand susan™.* As a
consequence, this could provide the opportunity that doubly-
bridged complexes D, E, or F (Scheme 2) are the thermody-
namically preferred structures with the ligand susan™e.[’"!
Indeed, inspired by this interpretation we employ in our
current efforts the ligand susan™® to obtain doubly-bridged
structures and were very recently successful in the crystal-
lization of a stable u-oxo,u-peroxo complex of the ligand
susan™ .7 The spectroscopic signatures of this peroxo
complex allows us on the other hand to identify the analogous
peroxo complex of the ligand susan as an unstable intermedi-
ate during catalytic processes. This peroxo complex converts
to an even less stable high-valent intermediate that oxidizes
C—H bonds.™
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