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Synthesis, Structure and Reactivity of a Mononuclear
N,N,0-Bound Fe(ll) a-Keto-Acid Complex

Emily C. Monkcom,” Laura Gémez,™ Martin Lutz,” Shengfa Ye,'” Eckhard Bill*,”
Miquel Costas,” and Robertus J. M. Klein Gebbink*®!

A bulky, tridentate phenolate ligand (Im™NNO®") was used to
synthesise the first example of a mononuclear, facial, N,N,O-
bound iron(ll) benzoylformate complex, [Fe(Im"™NNO™")(BF)]
(2). The X-ray crystal structure of 2 reveals that the iron centre is
pentacoordinate (t=0.5), with a vacant site located cis to the
bidentate BF ligand. The Mossbauer parameters of 2 are
consistent with high-spin iron(ll), and are very close to those
reported for a-ketoglutarate-bound non-heme iron enzyme
active sites. According to NMR and UV-vis spectroscopies, the
structural integrity of 2 is retained in both coordinating and
non-coordinating solvents. Cyclic voltammetry studies show
that the iron centre has a very low oxidation potential and is
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more prone to electrochemical oxidation than the redox-active
phenolate ligand. Complex 2 reacts with NO to form a S=7/,
{FeNOY adduct in which NO binds directly to the iron centre,
according to EPR, UV-vis, IR spectroscopies and DFT analysis.
Upon O, exposure, 2 undergoes oxidative decarboxylation to
form a diiron(lll) benzoate complex, [Fe,(IM™2NNO®"),(j1,-
OB2)(u,-OH),] ™ (3). A small amount of hydroxylated ligand was
also observed by ESI-MS, hinting at the formation of a high-
valent iron(IV)-oxo intermediate. Initial reactivity studies show
that 2 is capable of oxygen atom transfer reactivity with O,,
converting methyl(p-tolyl)sulfide to sulfoxide.

Introduction

a-Ketoglutarate (aKG) dependent oxidases and oxygenases are
widely distributed across prokaryote, eukaryote and archaea
organisms and constitute one of the largest sub-classes of
mononuclear non-heme iron enzymes." Their protein fold
comprises a B-strand “jellyroll” motif, which chelates to a single
iron(ll) centre by means of two histidine residues (His) and a
carboxylate group (Asp/Glu), collectively known as the 2-His-1-
Carboxylate facial triad (2H1C).*"! More recently, aKG-depend-
ent halogenase enzymes have also been identified, although
these enzymes possess a 2-His-1-halogen motif at their active
site instead of the typical 2H1C.%® In general, oKG-dependent
enzymes combine the oxidative decarboxylation of their aKG
co-substrate with the 2-electron oxidation of their substrate,
using O, as the oxidant."***'% Syccinate and CO, are formed
simultaneously as by-products (Scheme 1).

[ Fe(ll)/aKG dependent enzyme ]

C-H » C-X
\ (X=C,N,0, S, Cl

o

(o] 0] 0]

0, + / 9 / + CO,
(o]
o (0] (0]
o °0
o-ketoglutarate succinate

Scheme 1. The oxidative functionalisation of C—H bonds by aKG-dependent
non-heme iron enzymes. During this process, aKG is converted to succinate
and CO,.
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Since their initial discovery in the 1960s, these enzymes are
now known to catalyse an astoundingly diverse set of reactions,
including (di)hydroxylation,""'¥ demethylation (via methyl
group hydroxylation),"*'” epoxidation,’®'®" chlorination,’%%*”
desaturation,"**'"**! ring-expansion,*” cyclization,"**' C(sp?—C-
(sp?) coupling,'**! epimerization®®*?” and endo-
peroxidation.??”

Over the decades, different aspects of the superfamily of
aKG-dependent non-heme iron enzymes have been extensively
reviewed, including their reaction scope and diversity," 333"
the biosynthetic pathways towards natural products,'?'>%2%
enzyme mechanism and spectroscopy,”*'%***? as well as
mechanistic investigations by means of biomimetic model
systems.?'%*" The malfunction of aKG-dependent non-heme
iron enzymes is closely associated to several human diseases,
including anaemia,*? cancer,*® Hawkinsinuria,***! Refsum
disease,”*” and Ehlers-Danlos syndrome (type IV).*"*¥ Gaining a
better understanding of the structure and function of these
enzymes therefore remains a long-standing biomedical goal for
the appropriate treatment of these diseases using, for instance,
small molecular therapeutic agents that inhibit or modulate
enzyme activity.“*>**>* Many of the reactions catalysed by aKG-
dependent iron enzymes are synthetically challenging and
involve highly selective late-stage functionalisation. Those
relating to penicillin and cephalosporin biosynthesis have faced
particular scrutiny by the medicinal and pharmaceutical
communities and have even prompted the commercial applica-
tion of enzymes as biocatalysts in antibiotic production (e.g.
cephalosporin C synthase (CAS) from A. chrysogenum).®® More
recently, the application of 0KG-dependent enzymes in chemo-
enzymatic synthesis has also been explored.®”

Intense kinetic, spectroscopic and computational investiga-
tions have enabled a consensus mechanism to be put forward,
depicted in Figure 1A.2""*) Catalysis begins with the bidentate
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coordination of the aKG co-substrate to the iron centre through
its C1 carboxylate and C2 keto groups, displacing two of the
three water molecules from the resting state (A) and forming a
new six-coordinate ferrous complex (B).?*$? Next, the substrate
enters the active site cavity and binds in the vicinity of the iron
centre, displacing the third water molecule. This generates a
five-coordinate ferrous complex (C) that is highly reactive to O,
(Figure 10).°*%! Upon O, binding, a transient Fe"-superoxide
intermediate (D) forms, whose distal oxygen atom performs a
nucleophilic attack on the aKG C2 carbon atom. This produces a
cyclic Fe—~0—-0—C intermediate (E), best described as a Fe“-
peroxy species on the basis of DFT calculations.® This
intermediate undergoes rapid decarboxy-lation to afford a
succinate-bound Fe"=0 intermediate (F), which is responsible
for substrate H-atom abstraction (HAA).''?6386467681 Eollowing
HAA, an Fe"-OH intermediate is formed (G),"” whose hydroxyl
group recombines with the substrate radical,?**® affording the
hydroxylated product and an Fe'-succinate species (H).”)
Finally, succinate and the hydroxylated product are released
from the active site and water molecules re-populate the vacant
sites.

Developing synthetic biomimetic iron complexes is a well-
established strategy for studying the reactivity of non-heme
iron enzymes and for developing novel iron-based oxidation
catalysts. Numerous iron(ll)-a-keto-acid complexes have been
reported in the past, featuring a polydentate N-donor ligand in
combination with an oKG surrogate such as benzoylformate
(BF), pyruvate (PRV) or phenylpyruvate (HPP). These are
generally termed functional model complexes, as they aim to
reproduce important mechanistic aspects of enzyme function
without necessarily incorporating all structural elements of the
enzyme active site, such as the anionic O-donor of the 2H1C.
Selected examples of iron(ll) benzoylformato functional model
complexes are depicted in Figure 2. These complexes demon-

Figure 1. A: Generally accepted mechanism for aKG-dependent non-heme iron hydroxylase enzymes. B: Protein crystal structure of the resting state of DAOCS
(PDB 1RXF), highlighting the facial coordination of the 2H1C.*" C: Protein crystal structure of the [Fe-TauD-aKG-taurine] enzyme complex for TauD (PDB
1057).7 Carbon, iron, nitrogen, oxygen and sulfur are depicted in grey, orange, blue, red and yellow, respectively.
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Figure 2. Selected examples of structurally characterised iron(ll) or
ruthenium(ll) benzoylformate complexes. Top: complexes supported by
tripodal N3 and N4 ligands. Bottom: complexes supported by mixed N,O-
donor ligands.*

strate that a delicate balance exists between their structure and
their reactivity, which is significantly affected by the steric bulk
of the supporting ligand and the coordination mode of the a-
keto-acid. For instance, Que and co-workers have employed the
tripodal, tetradentate N4 ligands TPA and 6-Me;-TPA to
synthesise cationic, high-spin iron(ll)-BF complexes of octahe-
dral geometry.”’7 In the case of [Fe"(TPA)(i,-BF)(solv)]*, the
binding pocket at the iron centre is large enough to accom-
modate solvent coordination, leading to monodentate BF
coordination. In contrast, the greater steric bulk of the
supporting ligand in [Fe"(6-Me;-TPA)(i,-BF)]™ prevents solvent
ligation to the iron, ensuring bidentate BF coordination. Both
[Fe"(TPA)(x,-BF)(solv)]* and [Fe"(6-Me;-TPA)(1,-BF)]™ undergo
oxidative decarboxylation in the presence of O, to afford the
corresponding benzoate complexes in quantitative yield."”
However, these reactions are rather sluggish, taking place over
the course of several days. The slowness of these reactions is
attributed to the coordinative saturation of the iron centre,
which requires ligand dissociation in order for O, to bind.”
Similar studies have been conducted wusing the
tris(pyrazolyl)borate ligand family (Tp), which provides a
monoanionic, tripodal N3 coordination motif. Valentine and co-
workers showed that complex [Fe'(Tp"*?)(,-BF)], which features
one of the smallest Tp variants, is extremely reactive to air, even
in its solid state, and undergoes oxidative decarboxylation to
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form the corresponding benzoate complex quantitatively within
2 min" In contrast, Moro-oka and co-workers prepared
complex [Fe"(Tp*®**™)(BF)], whose supporting ligand is so bulky
that it is unreactive to 0,.”” In later work, the groups of Que
and Paine showed that complexes [Fe'(Tp™)(k,-BF)],"%"" [Fe'-
(TpP™e)(k,-BF)1,"® and [Fe'(Tp™?)(x,-BF)1,"® which feature Ii-
gands of “medium” bulk, can undergo quantitative oxidative
decarboyxlation in the presence of O, and can catalytically
oxidise simple substrates such as sulfides and olefins to their
corresponding sulfoxides and epoxides, respectively. Recently,
Costas and co-workers employed the neutral, tridentate N3
'Prstacn ligand to prepare mononuclear iron complex [Fe'-
(Prytacn)(x,-BF)(OTf)], which oxidatively decarboxylates in the
presence of O, and catalytically oxidises sulfides to their
corresponding sulfoxides.®” In contrast, the reduced steric bulk
of the related Bustacn ligand was shown to promote the
formation of a BF-bridged diiron(ll) complex, [Fe,(Bustacn),(u,-
BF),(1,-C1)], that does not show any oxygen atom transfer (OAT)
reactivity.

In past studies, it has been emphasised that the facial N,N,O
coordination of the 2H1C plays an important role in enzyme
reactivity by anchoring the iron centre in the protein scaffold
and providing three mutually-cis coordination sites at which
catalysis takes place.*>®" It has also been suggested that the
non-coordinated oxygen atom of the 2H1C carboxylate group
partakes in H-bonding with the iron-bound water molecule in
intermediate B, which could help prevent premature O,
reactivity of the active site by ensuring coordinative
saturation.®*®? Thirdly, the anionic charge of the 2H1C has been
proposed to stabilise the coordination of aKG in its mono-
anionic a-keto-acid form instead of its tautomeric dianionic
enolate form.®>®! This ensures decarboxylation of the acid
through C1—C2 cleavage and allows the co-substrate to provide
the two electrons necessary for generation of the high-valent
ferryl intermediate. Finally, the anionic O-donor also helps lower
the Fe'/Fe" redox potential, which is important for enabling O,
reactivity of the enzyme active site.

Strikingly, studies employing mixed N,O-donor ligands for
structurally modelling the 2H1C at oaKG-dependent enzyme
active sites are scarce. This is largely due to the fact that very
few tridentate N,N,O ligands have been reported that support
the formation of mononuclear, monoligated iron
complexes.®*® Typically, problems are encountered through
the formation of homoleptic bis-ligand complexes, the forma-
tion of polynuclear complexes due to bridging O-donor
coordination modes, or disruption of the N,N,O triad due to
labile N- or O-donors.®®* To the best of our knowledge, the
dinuclear complex [Fe,(u,-Me,HDP),(u,-BF)], reported by the
group of Que (Figure 2), is the only structurally characterised
iron(ll) benzoylformato complex to date that features a mixed
N,O-donor ligand.®”™ Burzlaff and co-workers have since re-
ported a mononuclear Ru(ll) complex, [Ru(bdmpza)(ik,-
BF)(PPh,)], which features a bis(pyrazolyl)-acetate ligand (Fig-
ure 2).°Y However, the synthesis of mononuclear Fe-BF com-
plexes supported by a facial, k;-N,N,O ligand remains elusive,
which reflects how challenging and under-developed the
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coordination chemistry of these ligands is compared to that of
polydentate N-donor ligands.

In this study, we have employed a bulky N,N,O phenolate
ligand (Im"™NNO™")® to synthesise a mononuclear non-heme
iron(ll) benzoylformato complex, [Fe(Im"™NNO'*")(BF)] (Figure 2).
We report the solid- and solution-state structure of the complex
using X-ray crystal structure determination, UV-vis and NMR
spectroscopies, and its electronic structure by means of
Méossbauer spectroscopy and SQUID magnetometry. Using
cyclic voltammetry, we have also investigated the electro-
chemical behaviour of the complex in acetonitrile solution and
show that the iron centre has a very low oxidation potential.
Accordingly, we examined the reactivity of the complex with
respect to O, and NO, the latter using trityl-S-nitrosothiol
(Ph;CSNO) as a convenient NO donor.

Results and Discussion
Complex Synthesis

Complex [Fe(Im"™™NNO®")(BF)] (2) was synthesised according to
the reaction depicted in Scheme 2. [Fe(Im"™NNO®")(CN] (1),
whose preparation has previously been reported by our
group,® was dissolved in CH,Cl, and one equivalent of
potassium benzoylformate (K-BF), suspended in CH,Cl,, was
added dropwise to the solution. The reaction was left to stir
overnight, during which time the colour of the mixture changed
from pale brown to deep blue. The reaction was filtered and all
solvent was removed under vacuum. The crude blue solid was
washed with hexane and dried, affording 2 as a bright blue
powder in 92% yield. IR analysis of 2 reveals a strong
absorption band at 1673 cm™', assigned to the BF carboxylate
stretching vibration (Figure S1). The absence of an O-H
absorption band also confirms the anionic nature of both the
supporting ligand and the BF co-ligand in 2. Positive mode ESI-
HRMS analysis of 2 in acetonitrile shows a signal at m/z=
941.3326, assigned to the [2+Na]™® ion (calc m/z=941.3337).
However, the relative intensity of this signal is rather weak
compared to the signals observed at m/z=810.3462 and m/z=
828.3557, which correspond to ions [Fe(Im"™NNO®")(MeCN)]*
and [Fe(Im"™™NNO®)(MeCN)(H,0)1", respectively (Figure S3). We
attribute the greater relative abundancy of these ions to their
natural positive charge, in contrast to the neutral charge of 2.

=

O \F‘e/o kot O

o 4
[ N}
W,
/Fe/
(o] \O
Cl \
(o]
1 2

Scheme 2. The synthesis of [Fe(Im"™NNO™")(BF)] (2).
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X-Ray Crystal Structure Analysis

Dark blue crystals suitable for X-ray diffraction were obtained
from slow vapour diffusion of hexane into a THF solution of 2.
The X-ray crystal structure of 2 is depicted in Figure 3, with
selected bond lengths and bond angles provided in Table S2.
Importantly, this structure demonstrates the clean substitution
of the chloride ligand in 1 for the benzoylformate ligand, with
retention of the supporting ligand’s tripodal N,N,O coordination
motif. The BF ligand binds to the iron in a bidentate fashion,
through asymmetric coordination of its carboxylate (012) and
keto (032) groups. The pentacoordinate structure of 2 has a
geometry that lies exactly between square pyramidal and
trigonal bipyramidal, as defined by its geometric index (1=
0.5).°7 Assuming a square pyramidal geometry, the equatorial
plane comprises the BF acid (012) and keto (032) groups as
well as the supporting phenolate (O11) and imidazole (N31)
donors. The apical position is occupied by the imidazole
nitrogen N11. The steric clash between the BF phenyl group
and the phenolate ortho-'Bu substituent causes the BF ligand to
“tilt” towards one of the imidazole groups, which results in a
relatively good degree of accessibility at the iron centre.

A putative binding site for small molecules like O, in 2 is
hypothesised as being trans to N11, which would create an
octahedron when occupied. The Fe-O., bond length of
1.9235(13) A is slightly elongated compared to that reported for
1, which reflects the increase in coordination number for 2. The
Fe—0,;; and Fe—O,, bond lengths of 2.0105(14) A and
2.1775(13) A, respectively, reflect the different charges of the
oxygen atoms. The a-keto-acid moiety is nearly planar, with a
O—C—C-0 torsion angle of 3.4(3)°. The Fe—0,.4 bond length in
2 is slightly longer compared to those reported for pentacoordi-
nate Fe-BF complexes supported by Tp ligands.”>’%’8 We
attribute this to the more localised negative charge of the
Im™2NNO™ ligand, which quenches the Lewis acidity of the
iron centre. The Fe—N bond lengths are characteristic of a high-

Figure 3. Displacement ellipsoid plot of 2 (50% probability level). All H
atoms and co-crystallised solvent molecules have been omitted for clarity.
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spin iron(ll) centre bound to an imidazole-containing N,N,O
|igand [84,85,88,89]

UV-vis Spectroscopy

One of the most distinctive ways to examine the solution-state
structure of oKG-dependent iron enzymes and their model
complexes is through UV-vis absorption spectroscopy. Biden-
tate a-keto-acid coordination to iron is well reported to produce
distinctive blue-violet coloured complexes.*" Spectroscopically,
this is manifested by a characteristic “trio” of metal-to-ligand
charge transfer (MLCT) bands between 500 and 600 nm, that
correspond to charge donation from the iron’s filled d-orbitals
to the low-lying n* orbitals of the planar, conjugated o-keto-
acid moiety.”? Monodentate a-keto-acid coordination modes
generally give rise to yellow or orange-coloured solutions that
do not exhibit these MLCT bands.”%%”

Dissolving 2 in either MeCN or CH,Cl, produces a deep blue
solution in both solvents, whose absorption spectra are given in
Figure 4. The absorption spectrum of 2 in MeCN features a
maximum absorption band at 610nm (€=526 M 'cm),
shouldered by two other bands at 545 nm and 735nm. A
similar spectrum is obtained in CH,Cl,, with a maximum
absorption at 600 nm (=830 M 'cm™") and two shoulders at
540 and 750 nm.

This demonstrates that the bidentate coordination mode of
the BF ligand, which was observed in the X-ray crystal structure
of 2, is retained in solution, in both coordinating and non-
coordinating solvents. We note that the optical spectrum of 2 in
both MeCN and CH,Cl, is somewhat red-shifted compared to
previously reported Fe-BF complexes, whose maximum absorp-
tions typically range between 531 and 610 nm (see Table S1).
We ascribe this to the anionic charge of the phenolate group of
the ImPNNO®" ligand, which may help quench the Lewis
acidity of the iron(ll), thereby decreasing the energy of MLCT
bands.

NMR Spectroscopy

Having established the bidentate binding mode of the BF
ligand in solution, we were also keen to investigate the
temperature-dependent solution state behaviour of 2 by means
of NMR spectroscopy. The 'HNMR spectra of 2 recorded in

CHCl, |

800 500

MeCN

400

300

& (dm® mol' cm")

200

100

0
350 450 550 650 750 850 950 1050
Wavelength, . (nm)

0
350 450 550 650 750 850 950 1050
Wavelength, 2 (nm)

Figure 4. UV-vis spectra of 2 recorded in CH,Cl, and MeCN at 25 °C.
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CD;CN and CD.Cl, contain paramagnetically shifted signals in
the range of —5 to 55 ppm (Figure 5).

Using Evans’ NMR method, the effective magnetic moment
(pe) Of 2 in acetonitrile solution was determined to be 4.45 g,
which corresponds to a high-spin (S=2) electronic configura-
tion and is consistent with solid-state Mdssbauer and SQUID
magnetometry data (vide infra). Due to their highly broad
nature, assignment of the paramagnetic NMR resonances could
not be made. However, the number of signals observed for 2 in
both solvents is comparable to that previously reported for 1,9
whereby it may reasonably be assumed that 2 maintains a
monomeric, pentacoordinate structure in solution, akin to that
observed in the solid state.

Variable temperature (VT) 'H NMR analysis in both CD,CN
and CD,Cl, shows an increase in magnetisation of 2 as the
temperature decreases, consistent with normal Curie behaviour
(Figures S4 and S5). Highly linear plots of chemical shift against
reciprocal temperature were obtained in CD,Cl,, with intercepts
extrapolating to the diamagnetic region at infinite temperature
(Figure 5). In CD5CN, slight deviation from linearity of the Curie
plot is observed that we ascribe to the more strongly
coordinating nature of the solvent, which may induce slight
structural rearrangements in solution. Finally, spin crossover
phenomena were not observed in either solvent, nor were any
significant changes in speciation of the complex detected.

2 (CD,CN)

55 50 45 40 3 30 25 20 15 10 5 0 5
Chemical Shift (ppm)
)

~
=)

s | 2(CDCN) 2 (CD.Cl,) e

. o =70 oo
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Figure 5. Top: Stacked 'H NMR (400 MHz) spectra of 2 in CD;CN and CD,Cl,,
recorded at 25 °C. Spectra are clipped vertically for clarity. Bottom: Curie
plots of chemical shift (ppm) versus reciprocal temperature (K™') for 2 in
CD;CN and CD,Cl,.
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Zero-field *’Fe Mossbauer analysis (80K, 0T) of complex 2
produced a single doublet with an isomer shift (5) value of
1.17 mms™' and a quadrupole splitting (|AEy|) of 2.64 mms™
(Figure 6). These values are typical for a high-spin (S=2) iron(ll)
system and account for 96% of the total signal abundancy. A
small ferric impurity was also detected, accounting for 4% of
the total signal abundancy. Compared to 1 (6=0.94 mm s~ '),®¥
the isomer shift of 2 has increased slightly due to the expansion
of the coordination sphere from tetracoordinate to penta-
coordinate, which causes a slight decrease in metal-ligand bond
covalency and therefore a reduction in the s-electron density at
the Fe nucleus.”™ The Mé&ssbauer parameters for 2 are very
close to those reported for the pentacoordinate aKG-bound
active sites of TauD (=116 mms )" and P4H (5=
1.17 mms ™) B

Slight asymmetry of the quadrupole doublet for 2 is
observed, due a slight broadening of the high-energy line. Since
integer spin systems cannot be magnetic without an applied
field (in contrast to half-integer spin systems), we exclude non-
fast paramagnetic relaxation effects as being the cause of this
asymmetry. Similarly, we exclude the asymmetry of the
spectrum as deriving from any impurities, as the quadrupole
doublet lines integrate equally. Therefore, we attribute the
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Figure 6. Top: Zero-field *’Fe Méssbauer spectrum of 2, recorded at 80 K.
Black circles represent the experimental data points. The red trace represents
the best combined fit. The green trace corresponds to the best fit for 2 (96 %
relative abundancy), where §=1.17 mms™' and | AEy| =2.64 mms~'. The
blue trace corresponds to an Fe** impurity (4% relative abundancy), where
5=0.45 mms~" and | AE,| = 1.19 mms™". Bottom: Solid-state temperature-
dependent magnetic susceptibility of 2, as measured by SQUID magneto-
metry. Black circles depict the data points and the red trace depicts the best
fit (g,y.=1.94, D=8.20 cm™").
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asymmetry to some unresolved (micro)heterogeneity of the
iron site. Overall, the Md&ssbauer parameters obtained for 2
suggest that our structural model is electronically very similar
to the pentacoordinate, O,-reactive active sites of aKG-depend-
ent iron enzymes.

Temperature-dependent magnetic susceptibility measure-
ments were conducted by SQUID magnetometry on a powder
sample of 2 (Figure6). The complex has a T value of
2.8 cm®*Kmol™" at 300K, consistent with a high-spin iron(ll)
complex (S=2). Upon cooling, this value remains constant until
approx. 50 K, in accordance with normal Curie behaviour. Below
50 K, the 4T decreases sharply to approximately 1.1 cm*Kmol™',
indicative of a sizeable zero-field splitting. No temperature-
dependent spin crossover phenomena are observed for 5 in the
solid state. Finally, we note that the isotropic g-value of 1.94 is
slightly lower than the expected value for a mononuclear high-
spin ferrous centre (typically >2). We attribute this to the small
iron(lll) impurity present in the sample (likely a Fe"-O—Fe"
dimer species with an S=0 ground state), which decreases the
overall magnetization of the sample.

Electrochemistry

The redox behaviour of 2 was investigated by cyclic voltamme-
try (CV) under an inert N, atmosphere, in acetonitrile solution
and using [n-Bu,N]PF; as a supporting electrolyte. All quoted
potentials are referenced versus the ferrocene/ferrocenium
couple (Fc/Fc™). The full voltammogram of 2 is displayed in
Figure 7. A total of ten different electrochemical responses are
observed within the potential range —2.7 to +1.5V (A-)).
Importantly, the section of the voltammogram comprising
events A—G (i.e. between —0.75V and + 1.50V) is very similar,
both in terms of waveform and redox potentials, to the cyclic
voltammogram previously reported for 1.5 We also observe
that this region of the voltammogram is (electro)chemically
reproducible for several consecutive cycles (Figure S10), as was
previously observed for 1. We therefore hypothesise that these
events are related to the structural “unit” formed by the N,N,O
ligand and the iron centre, which complexes 1 and 2 have in
common. This also provides strong additional evidence that 2

Izu A c

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 15
Potential (V) vs. Fe/Fct

Figure 7. CV of 2 recorded in a 0.1 M [n-Bu,NIPF; MeCN solution at room
temperature, with a scan rate of 100 mV/s.
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exists as a single species in MeCN solution, as was previously
reported for 1.%4

Segmentation experiments enabled the relationship be-
tween different electrochemical responses to be established
(Figure S13). The first oxidative response, A, occurs at —0.07 V
and is coupled to a weak reductive response G (E,.=—0.49 V).
By analogy to 1, we assign these events to the Fe"/Fe" couple
and attribute its irreversible nature to additional structural
changes in solution (e.g. solvent coordination) that accompany
the formation of the more Lewis-acidic ferric iron, which is
known to favour higher coordination numbers. The second
oxidation event, B, occurs at +0.40V and is ascribed to
phenolate oxidation. Oxidation B is partnered to two reduction
events, E and F, which supports the hypothesis that multiple
species are present in solution. Finally, the electrochemical
events C and D form a quasi-reversible redox couple (E,,=
1.12 V) that we tentatively assign to a Fe"/Fe" couple. Scanning
below —1.0 V, we observe three irreversible reductive responses
(H-)). Interestingly, these electrochemical events cause signifi-
cant disturbance to the region of the CV containing events
A—G, including severe broadening of the waves, the appearance
of new poorly defined features and depletion of the current
output (Figure S9). As responses H—J were not present in the
CV previously reported for 1,%" we assign these to the BF ligand
and propose that its electrochemical reduction prompts the
irreversible structural disintegration of 2 in solution.

Our CV assignments are further substantiated by the
computational analysis of 2 (Figure 8). Density functional theory
(DFT) calculations show the lowest unoccupied molecular
orbital (LUMO) to be significantly delocalised across the BF
ligand, the iron centre, and the ligand backbone. However, the
principal contribution to the LUMO derives from the n* orbital
of the keto group. The highest occupied molecular orbital
(HOMO) is calculated as being a singly occupied iron-based d-
orbital, supporting the assignment of event A to the Fe'/Fe"
redox couple. Finally, we note that the electrochemical
oxidation potential of the iron centre in 2 is very low
considering the tridentate, anionic nature of the supporting
ligand,®*** and is a strong indication that 2 reacts readily with
0,.

HOMO LUMO
Figure 8. The DFT-calculated HOMO (left) and LUMO (right) obtained for 2.

Isosurfaces are drawn at the +0.05 level, with opposite phases drawn in red
and blue. H-atoms have been omitted for clarity.
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Reactivity to O,

Bubbling O, (or air) through a solution of 2 in acetonitrile at
ambient temperature induces a rapid colour change from blue
to violet. The oxidation of 2 by O, was monitored by absorption
spectroscopy, with a spectrum recorded every 6 seconds from
the moment at which the contents of the cuvette were exposed
to O, (Figure 9). During the reaction, the MLCT bands of 2 at
745 nm, 606 nm and 540 nm disappear and a new intense band
at 525 nm appears with a high extinction coefficient of
3750 M 'cm™', which we assign to a phenolate-to-iron(lll)
charge transfer. The intensity of the band at 525 nm overrides
the features associated to the coordination of BF and reaches a
maximum after 400 seconds, persisting for approx. 1 h before
slowly decreasing in intensity. Overnight, the solution changed
colour from violet to brown, and finally to yellow over the
course of several days. In '"H NMR spectroscopy, exposing an
acetonitrile-d; solution of 2 to air causes a rapid loss of all
paramagnetic signals associated to 2, presumably due to the
formation of an NMR-silent iron species. Some signals in the
diamagnetic region are observed, likely corresponding to the
free ligand, which could indicate (partial) complex decomposi-
tion of the complex in solution upon oxidation.

To gain further insight into the reaction of 2 with O, in
acetonitrile, we resorted to ESI-HRMS analysis. After initial
exposure of 2 to O, (i.e. within less than 5 min), a new positively
charged ion was detected with m/z=1693.6785 (Figure S14).
This corresponds to a dinuclear ion of the composition
[Fe,(L),(OBz) +20+2H]* (3a), comprising two Fe3* ions, two
ligand molecules (L=Im™NNO™) and one benzoate molecule
(Scheme 3). Two exogenous oxygen atoms and two protons are
also incorporated within the structure of 3a, presumably as two
hydroxo ligands, accounting for the single positive charge of
this ion. Exposing 2 to isotopically labelled dioxygen ('°0,)
produces a new ion, 3b, with m/z=1695.6779 (Figure S20). This
corresponds to the incorporation of a single '®0-atom within
the ion structure.

Treating a solution of 3a with labelled water (H,'®0)
generates ion 3¢, with m/z=1697.6836 (Figure S21). This

4500
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4050 1t E 3600

3600 ‘E 2700

3150 E 1800

i o A=525nm

2250 o 400 800 1200
Time (sec)

1800

€ (cm™ mol'! dm?)

1350

900
450 -
0

380 430 480 530 580 630 680 730 780 830 880 930 980
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Figure 9. Spectral changes upon exposure of a 0.45 mM solution of 2 in
acetonitrile to gaseous O, at 25 °C. Spectra have been plotted with time
intervals of 6 seconds. Insert plot: evolution of the band at 525 nm for the
first 20 minutes, in seconds.
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Scheme 3. The aerobic oxidation of 2 to form 3a-3d, which feature bis(y,-
hydroxo)-p,-benzoate diiron(lll) cores. Structures are proposed on the basis
of ESI-MS experiments. '®0-atoms are indicated by filled letters.

accounts for the incorporation of two '®0-atoms within the
structure. Similarly, treating a solution of 3b with excess H,'®0
produces a new ion, 3d, with m/z=1699.6845 (Figure S22),
containing three '®0-atoms. On the basis of these observations,
we propose that the reaction of 2 with O, leads to the oxidative
decarboxylation of the BF ligand, whereby one O, oxygen atom
is incorporated into the benzoate moiety of 3a. We exclude the
incorporation of O, into the OH ligands, as we would otherwise
have detected an ion with three labelled oxygen atoms after
exposing 2 to '°0,. Therefore, we propose that the OH ligands
derive from traces of water present in the measurement
conditions. Interestingly, the use of water was found to enhance
the detection of both 3a and 3b in ESI-MS, by increasing the
relative intensity of the signals. This suggests that the
exogenous hydroxo ligands coordinate in a p,-bridging fashion
and that excess water promotes the formation (and therefore
abundance in MS) of these dinuclear ions in solution.

The structural assignment of 3a is supported by literature
precedent, including dinuclear complex [Fe,(HDP),(,-O)(u,-
OB2)]%, reported by Que and co-workers, that exhibits a strong
phenolate-to-iron(lll) charge transfer band at 522 nm (e=
3300 M~'cm").** The same group also observed the develop-
ment of a strong phenolate-to-iron(lll) charge transfer band at
562 nm (€=4300 M 'cm™') upon exposing dinuclear complex
[Fe,(u,-Me,HDP),(1,-BF)]* to O,, which was ascribed to the
formation of a u,-oxo-p,-benzoate diiron(lll) core.”® Coordina-
tion modes similar to that proposed for 3a have previously
been reported for tri-bridged p,-hydroxo-bis(u,-acetate)
diiron(lll) complexes bearing tris(imidazolyl)phosphine (TIP) and
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tris(pyrazolyl)-borate (Tp) ligands,***”! as well as di-bridged p,-
oxo-pi,-benzoate diiron(lll) complexes bearing TPA ligands."”**”

Monitoring the reaction of 2 with O, over time with ESI-MS
showed that the predominant species detected within the first
5 min is 3a. However, after 20 minutes, another signal at m/z=
1483.7081 was detected, corresponding to a bisligated iron(lll)
species, [Fe(Im™NNO™),]* (4). Both 3a and 4 were seen to
persist for several hours, although the ESI-MS spectrum of the
oxidised solution was observed to grow increasingly more
complex over time, with new ions forming that we were unable
to assign (Figure $15-517).

The presence of a single benzoate ligand in 3a does not
correspond to the 1:1:1 ligand-metal-benzoate stoichiometry
expected for the quantitative oxidative decarboxylation of 2.
Formation of 3a could therefore be due to the initial formation
of an oxoiron(lV) species upon oxidative decarboxylation of 2,
which subsequently comproportionates with the remaining
ferrous 2 in solution. Indeed, negative-mode ESI-MS analysis of
the organic residue recovered after acidic work-up of the
oxidised solution of 2 shows a weak signal at m/z=148.7
assigned to the benzoylformate anion, which provides further
evidence that 2 does not undergo quantitative decarboxylation
(Figure S19).

Positive mode ESI-MS of the organic residue shows the
predominant species to be the ligand (L=Im"™NNO®™"), with a
strong signal for [L+H]" observed at m/z=715.4 (calc. m/z=
715.40) (Figure 10). In addition, three other weak signals were
observed at m/z=731.4, 701.4 and 683.4, which we ascribe,
respectively, to products of ligand degradation, namely those
of: i) ligand hydroxylation, [L+OH]" (calc. m/z=731.40), ii)
methyl cleavage, [L—CH;+2H]" (calc. m/z=701.39), and iii)
phenolate oxidation accompanied by methoxy cleavage,
[L—OCH,]" (calc. m/z=683.39). These last two species indicate
that the ligand is somewhat susceptible to oxidative degrada-
tion. The product of ligand hydroxylation is a very interesting
observation as it provides (indirect) evidence for the formation
of a short-lived high-valent iron(IV)-oxo intermediate. Previ-

Intens.

(x107) 4 Methyl cleavage

Free ligand
L-CHy+2H]*
[L-CHy+2H] T

Phenolate oxidation
[L-OCH,J*

] Ne ol
N. N,
1 NN
® /
4 701.
1 683.4 ﬁ[‘
0.0+ r T T p—didir b
640 660 680 700

Figure 10. Positive mode ESI-MS spectrum obtained for the organic residue
recovered after acidic work-up of an oxidised solution of 2 (shown between
m/z 640 and 790). Structures are proposed on the basis of ESI-MS.
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ously, Que and co-workers also observed intramolecular ligand
hydroxylation upon exposure of [Fe(Tp™)(u,-BF)] and [Fe-
(Tp®™)(u,-BF)] to 0,."°”¥ This was proposed to occur due to
close proximity of the supporting ligand scaffold and the high-
valent Fe"=0 intermediate generated upon oxidative decarbox-
ylation of the BF co-ligand.

Reactivity to NO (using Ph;CSNO)

To further elucidate the changes occurring at the iron centre
upon oxidation of 2, we investigated the in situ reaction of 2
with nitric oxide (NO) using trityl-S-nitrosothiol (Ph;CSNO) as a
convenient NO donor. Use of Ph;CSNO in this manner has been
reported to yield iron nitrosyl compounds analogous to those
obtained through reaction with NO gas, notably by the groups
of Lippard, Meyer, Lehnert and Majumdar.['®-'%?

Complex 2 was dissolved in CH,Cl, at —70°C and stirred
vigorously while a bright green solution of Ph;CSNO in CH,Cl,
was added dropwise to the mixture. Upon complete addition of
the nitrosothiol, the mixture was sealed, placed in a dark
container and stirred for a period of 90 min while warming to

/4 OI“/ 4

v s

O \ / 0 PhsCSNO O KF e/o
0/ \o CHCl o \0\NO

Vi
%/b 0
(o}

2 5

Scheme 4. The reaction of 2 with trityl-S-nitrosothiol. The structure of 5 is
proposed.

room temperature. During this time, the colour of the solution
changed to brown, a colour typically observed for iron nitrosyl
complexes. Small aliquots of the reaction mixture were
subsequently taken for UV-vis, IR and EPR analysis. Unfortu-
nately, despite numerous attempts, no crystals could be
obtained of the proposed nitrosylated product (complex 5 in
Scheme 4).

The UV-vis absorption spectrum of the reaction mixture
exhibits a new band at 495 nm with a broad shoulder at
640 nm, as well as a feature at 350 nm that shoulders the
intense n—* transition region of the spectrum (Figure 11). Que
and co-workers observed similar absorption bands (ascribed to
NO-to-Fe charge transfer) for complexes [Fe(6TLA)(k,-BF)(NO)I(-
ClO,) and [Fe(TPA)(x;-BF)(NO)I(CIO,), although it should be
noted that these complexes contain a monodentate BF
ligand."® In IR spectroscopy, a new peak at 1760 cm™' is
observed, which is downshifted compared to free NO (vyo=
1875 cm )" and distinct from the nitrosothiol precursor
(Vno=1513 cm™") (Figure 11).1°” The IR stretch associated to the
BF ligand (1673 cm™) is almost identical compared to that
observed for 2, which shows that the coordination of the BF
ligand remains unchanged after reaction with Ph;CSNO.

The X-band EPR spectrum of the reaction mixture, recorded
at 100 K, exhibits three features, centred at g=4.26, 4.00 and
2.02 together with a weak positive peak at g=9.2 (Figure 11).
This EPR data revealed that the sample contains three different
paramagnetic species, plotted in sub-spectra A (green), B (blue)
and C (grey). A corresponds to an S=?3/, iron nitrosyl complex,
denoted by {FeNOY according to the Enemark-Feltham
notation,"® and accounts for 78% of the total paramagnetic
species in the sample. This type of NO-adduct is best
rationalised as comprising a high-spin (S=°/,) Fe’* centre
antiferromagnetically coupled to NO™ (S=1)."""% This species
exhibits a derivative signal at g.4 ~4 and a negative peak at g4
~2, which can be ascribed to the lower Kramers doublet of the
quartet ground spin state according to the S=°3/, rhombogram.

UV-Vis IR (ATR) EPR (X-band)
0.4 1
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; 1673
e
8 02
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a
<
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Figure 11. Left: The UV-vis absorption spectrum for 5, recorded at 25 °C in CH,Cl,. Middle: The stacked IR (ATR) spectra of 2 (blue trace) and 5 (brown trace).
Right: X-band EPR spectrum of 5 (black trace) recorded in a CH,Cl,/toluene glass (1:1 vol/vol) at 100 K. The simulation is depicted in red, with sub-spectra A
(green), B (blue) and C (grey) depicted above. Instrument: frequency =9.39862 GHz, power =2.000 mW, modulation amplitude =1.00 G.
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Simulations were performed using the spin Hamilton shown in
Equation 1, where D and E are the axial and rhombic zero-field
splitting (ZFS) parameters, respectively.

H=p-5-9-B+D[S>-S(S+1)/3]+E (5°-S57) (1)

The best fit was obtained with the following parameters:
D=5cm™" (arbitrarily set), E/D=0.046 (near-axial symmetry),
Jxy=2.01 and g,=2.02. In addition, E/D strain was applied (c(E/
D) =0.04) to account for the broadened shape of the spectrum.
Such E/D strain usually arises from micro-heterogeneity of the
ligand field, typically caused by a (micro)distribution of the
molecular structure as caused by solvation effects, etc. Overall,
these parameters are in line with those previously reported in
the literature for {FeNOY adducts of aKG-dependent
enzymes''"® and relevant model complexes.'®'""% On this
basis, we assign this species to nitrosylated complex 5
(Scheme 4).

Species B is a high-spin (S=°/,) ferric species, which
accounts for 20% of the total paramagnetic species in the
sample. Due to its high rhombicity (E/D=0.28), the middle
Kramers doublet has three nearly identical g-values that
produce an isotropic signal at g.s=4.26, and its upper or lower
Kramer doublet gives a positive peak at g4 ~9.2. We speculate
that this ferric impurity may form through the 1-electron
oxidation of 2 by the Ph,S radical generated upon homolytic
cleavage of Ph;CSNO, this process is likely facilitated by the low
oxidation potential of 2. Species C is presumably a S='/,
dinitrosyl iron complex (DNIC), as its nearly isotropic signal at
g=2.01, 2.02, 2.05 is similar to those found for a large majority
of DNICs with an isotropic g-value of 2.03."" This minor DNIC
impurity accounts for 2% of the total paramagnetic species in
the sample.

Using DFT calculations, we examined the electronic struc-
ture of two different possible structural isomers of 5, since the
geometric index for 2 (t=0.5) suggests that NO could bind at
two possible coordination sites (Figure 12). In the first structure
(A), the NO ligand is coordinated trans to an imidazole donor, in
the putative vacant site apparent in the solid-state structure of
2. In the second structure (B), the NO ligand is coordinated
trans to the phenolic oxygen atom. Geometry optimisations of
both A and B produced structures where the nitrosyl ligand
adopts a bent configuration and where the spin density is
spatially polarised, with the a subset localised on iron and the o
subset localised on the NO, consistent with diradical (S=1) NO~
character. A was calculated as being approximately 5 kcalmol™
lower in energy than B. On this basis, we propose that A is the
most likely structure for 5.

In summary, we propose that we have successfully
performed the in-situ nitroxylation of 2 to form a new {FeNOY
complex, [Fe(Im™NNO®)(BF)(NO)] (5). However, EPR also
suggests that some other (minor) products also form during the
reaction. Given the five-coordinate nature of 2, we envision that
NO can bind to the iron’s remaining vacant site, trans to an
imidazole group, without any change in coordination mode
needing to occur for either the supporting N,N,O ligand or the
BF ligand. The fact that 2 can accommodate NO binding means
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structure

spin density

Figure 12. The DFT-optimised gas-phase geometries of the two structural
isomers, A and B, for S=?/, {FeNO} adduct 5. Imidazole phenyl substituents
are drawn in the wireframe format for clarity. Spin density isosurfaces for the
a (magenta) and B (green) subsets are drawn at the 0.05 level.

O, is also likely to bind directly to the iron centre, forming a
short-lived iron(lll) superoxide intermediate whose distal oxy-
gen atom could perform a nucleophilic attack on the BF ligand,
leading to the oxidative decarboxylation of 2 in a manner that
is mechanistically relevant to aKG-dependent enzymes.

Oxygen Atom Transfer Reactivity

Next, we were keen to investigate 2 as potential oxidation
catalyst. The reactivity of 2 was tested by means of interception
experiments, using methyl(p-tolyl)sulfide and 1-octene as
simple model substrates, and O, gas as the oxidant (Scheme 5).
Overall, 2 was observed to oxidise methyl(p-tolyl)sulfide in 45 %
yield (with respect to the complex) after 10 min. No further
increase in the yield was observed after allowing the reaction to
progress for a longer period of time. We speculate that
reactivity of 2 is hampered by a process of comproportionation
similar to that described for the formation of 3, whereby ca.
0.5 equiv. of initial complex successfully completes 1 reaction

[2] (1 mol%), o
JOE B
B ——

MeCN
45 %
CsH11/\<(|)

Can/\(\OH

OH

Scheme 5. Interception experiments using methyl(p-tolyl)sulfide and 1-
octene as simple substrates.
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cycle to form a new Fe(ll) species that is more easily oxidised
than the substrate. For the reaction of 2 with 1-octene, no
epoxide or diol products were observed. We therefore conclude
that 2 is not active in the oxidation of 1-octene.

Finally, we attempted the oxidation of methyl(p-tolyl)sulfide
by 2 under catalytic conditions, in the presence of excess
benzoylformic acid (H-BF) as a consumable co-substrate.
However, no catalytic activity and no product formation was
observed. Interestingly, the addition of excess H-BF to a solution
of 2 was seen to provoke a swift colour change from blue to
purple. This could indicate a change in the structure or
speciation of 2 in solution, possibly with involvement of p,-
bridging BF ligands. Indeed, examples of catalytically inactive
BF-bridged diiron(ll) complexes have been reported by the
groups of Costas® and Que.” Alternatively, H-BF may disrupt
the structure of 2 by protonating its imidazole or phenolate
groups. Further investigations are required to elucidate the
nature of these transformations and establish the optimal
conditions with which catalysis with 2 could successfully occur.

Conclusions

We employed a bulky N,N,0 phenolate ligand (Im""NNO®™") to
synthesise a pentacoordinate, mononuclear non-heme iron(ll)
benzoylformato complex, [Fe(Im™NNO®)(BF)] (2). Using UV-vis
and NMR spectroscopies, we demonstrate that the bidentate BF
coordination and the facial N,N,O ligand coordination are
retained in both coordinating and non-coordinating solvents,
across a wide temperature range. The X-ray crystal structure of
the complex suggests that a putative vacant site is available for
O, binding, cis to the BF ligand and trans to one of the
imidazole donors. This qualifies 2 as one of the most faithful
structural and electronic models of aKG-dependent iron enzyme
active sites to date, and the first model to include an anionic
and facial N,N,O donor set. This is also reflected by its *’Fe
Méossbauer parameters, which are very close to those reported
for taurine dioxygenase and proline 4-hydroxylase. Reacting 2
with NO (using Ph,CSNO) affords a S=3%/, {FeNOY adduct,
[Fe(Im™NNO™")(BF)(NO)] (5), whose spectroscopy suggests that
NO can bind to the iron centre without disrupting the N,N,O
coordination of the supporting ligand and the bidentate BF
coordination.

Cyclic voltammetry studies show that the iron centre in 2
has a low oxidation potential. Indeed, 2 reacts readily with O,,
generating a metastable purple intermediate. Using UV-vis and
ESI-MS measurements, we assign this species as a diiron(lll) p,-
benzoate complex, [Fe,(Im™NNO™"),(1,-0Bz)(u1,-OH),1* (3). Iso-
topic labelling experiments using '®0, demonstrate the inclu-
sion of one 'O atom in 3, most likely within the benzoate
moiety. This provides strong evidence that 2 undergoes
oxidative decarboxylation in a manner that is mechanistically
relevant to the oKG-dependent enzymes. We also observe a
small amount of hydroxylated ligand by ESI-MS, which hints at
the formation of a high-valent iron(IV)-oxo intermediate.
Preliminary reactivity studies show that 2 is capable of oxygen
atom transfer (OAT) reactivity and can oxidise methyl(p-

Chem. Eur. J. 2024, 30, €202302710 (11 of 13)

tolyl)sulfide to its corresponding sulfoxide in 45 % yield. Current
investigations in our laboratory aim to further establish the
biomimetic potential of the Im"™NNO®" ligand and its iron o-
keto-acid complexes, and to provide further insight in the
reactivity of complex 2.

Experimental

All experimental details can be found in the supporting information
to this article. CCDC 2133029 contains the supplementary crystallo-
graphic data for this paper. The data can be obtained free of charge
from The Cambridge Crystallographic Data Centre using the
following link: www.ccdc.cam.ac.uk/structures.

Notes

*TPA =tri(2-pyridylmethyl)amine; 6TLA =tris[(6-methyl-2-
pyridyl)methyllamine; Tp3**®=tris(3,5-disubstituted-pyrazolyl)-
borate; R;tacn =1,4,7-tris(alkyl)-1,4,7-triazacyclononane;
bdmpza = 2,2-bis(3,5-dimethyl-1H-pyrazol-1-yl)acetate;

Me,HDP = 2-((bis(pyridin-2-yl-methyl)amino)methyl)-4,6-dimeth-
ylphenol.
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