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Tetrad or triad? insights from a versatile Fe(n)
structural and functional model of the 3-histidine
1-carboxylate tetrad in C—C bond cleaving
dioxygenase enzymes

*a

Adam Fadul, €22 Thomas Cundari, i ® Jeffery Bertke (2 ¢ and Santiago A. Toledo

A new N3O coordinate ferrous complex modeling the 3-histidine-1-carboxylate tetrad — a dioxygenase
active site — was synthesized and crystallographically characterized, ([Fe()(N-(ethyl-N'Me2)(Py)(2-t-
ButPhOH)(OTH)I),
hydroxyacetophenone, 3-hydroxyflavone, and 3,3-dihydroxypentan-2,4-dione in the presence of O,.

1. Complex 1 displays versatile C-C bond cleavage activity towards 2-
This reactivity was studied through UV-vis and NMR spectroscopy alongside DFT calculations. The latter
suggests that 1 forms an Fe()O, adduct during the oxidation of 2-hydroxyacetophenone. Additionally, 1
displays direct activation of O, in the absence of substrate, allowing it to access reactivity akin to more
traditional N,O enzymatic coordination motifs. This versatility points to the need to reconsider
mechanisms in NzO coordinate enzymatic systems and biomimetic models thereof. Moreover, this

research makes the case that carefully designed NzO complexes merit further investigation as functional

rsc.li/rsc-advances

Introduction

Dioxygenase enzymes are a broad class of proteins facilitating
the incorporation of dioxygen into organic substrates." These
enzymes perform a wide range of chemical transformations
across all living organisms, fulfilling essential functions
including metabolism, hormone synthesis, and xenobiotic
degradation.>® With few exceptions, dioxygenase enzymes
leverage the properties of transition metal cofactors to enable
this exquisite chemistry. Transition metals such as cobalt,
manganese, nickel, and copper are all known cofactors in di-
oxygenase enzymes; however, iron is the most common,
particularly among mammalian enzymes.*” Iron-containing
dioxygenase enzymes are further classified into three cate-
gories: heme, Rieske, and mononuclear iron dioxygenase
enzymes.*® The work discussed herein is principally focused on
the latter category.

Mononuclear iron dioxygenase enzymes contain an iron
cofactor coordinated to endogenous protein-based ligands.
These ligands are most typically histidine residues ligating the
metal through imidazole N donors, and/or glutamate/aspartate
residues ligating the metal through their side chain carboxylate
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mimics of the canonical non-heme iron dioxygenase enzyme coordination environment.

moieties.' These protein-based ligands give rise to character-
istic coordination environments, supporting the ability of the
metal cofactor to enable dioxygenase chemistry.”* The most
common of these coordination motifs is a so-called 2-His-1-
carboxylate facial triad coordinated to a ferrous iron center." To
date, over one hundred enzymes have been identified contain-
ing the 2-His-1-carboxylate structural motif, constituting an
enzymatic superfamily first coined by Hegg and Que."*> The 2-
His-1-carboxylate superfamily of enzymes was defined in large
part due to the highly conserved nature of the N,O coordination
motif in enzymes facilitating the direct activation of dioxygen.
Enzymes such as the extradiol catechol dioxygenase family
exhibit evidence for catalytically active Fe(u) superoxide radical
species formed from the direct activation of O, promoted by
bidentate binding of catechol substrate. The catalytically active
species then facilitates aromatic C-C bond cleavage in the
substrate.">** Other enzymes, such as the family of aromatic
amino acid hydroxylases (subgroup of intermolecular di-
oxygenase enzymes), are understood to form catalytically active
Fe(iv)-oxo species wherein the direct activation of O, is
promoted by a change in coordination mode of the endogenous
glutamate residue from monodentate to bidentate. The cata-
Iytically active species then facilitates the hydroxylation of
aromatic amino acid rings.”'® Enzyme families such as these
served to underscore the flexibility of the 2-His-1-carboxylate
facial triad in that they can stabilize a variety of low and high-
valent oxidizing species derived from the activation of O, by the
iron center.
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Fig. 1 Generic coordination of the 2-His-1-carboxylate triad (left) and 3-His-1-carboxylate tetrad (right) with relevant enzymes and substrates.
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Fig. 2 Active sites (top to bottom) of iron containing QDO (PDB ID: 2HOV), DAD (PDB ID: 5BPX), Fe-ARD (PDB ID: 4QGN) and Ni-ARD (PDB ID:
518S) alongside their corresponding substrates and dioxygenation reaction products.
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At the time the 2-His-1-carboxylate motif (N,0) was defined
in literature, enzymatic systems with more encumbered coor-
dination motifs such as the 3-His-1-carboxylate tetrad (N;O)
(Fig. 1-right), were thought to lack the capacity for direct acti-
vation of dioxygen." Enzymes such as the N;O coordinate
soybean lipoxygenase or iron-containing superoxide dismutase
supported this notion in that neither enzyme exhibits the
capacity for direct dioxygen activation."”° Since the entrance of
the 2-His-1-carboxylate facial triad into the canonical under-
standing of dioxygenase enzyme chemistry, additional enzymes
containing a 3-His-1-carboxylate tetrad motif, such as
acireductone dioxygenase (ARD) and quercetin dioxygenase
(QDO), have been discovered with their mechanistic peculiari-
ties garnering considerable attention in the literature.”*** ARD
facilitates the penultimate step of the methionine salvage
pathway, catalyzing the oxygen-mediated cleavage of the C1-C2
bond of the substrate 1,2-dihydroxo-3-keto-5-(thiomethyl)pent-
1-ene (acireductone), yielding 2-keto-4-(thiomethyl) butyrate
(KMBT) and formate. This reactivity is observed in iron-bound
Fe-ARD in what is termed an “on pathway” reaction (Fig. 2-third
scheme).>**” Interestingly, Ni, Mn, and Co-ARD isoforms of the
very same enzyme are understood to facilitate an alternative “off
pathway” reaction through both C1-C2 and C2-C3 bond
cleavage in acireductone substrate, yielding 3-(methylthio)
propionate (MTP), formate, and carbon monoxide (Fig. 2- third
scheme).”” QDO facilitates polyphenol degradation, catalyzing
oxygen-mediated C2-C3 and C3-C4 bond cleavage in the
substrate 3,3',4’,5,7-pentahydroxyflavone (quercetin), yielding
2-protocatechuoyl phloroglucinol carboxylic acid (2PCPGCA)
and carbon monoxide (Fig. 2-first scheme).”*?° Like ARD, QDO
exhibits notable metal promiscuity with QDO readily binding an
array of transition metals.** However, unlike ARD, the various
metal isoforms of QDO are understood to catalyze the same
pattern of C-C bond cleavage.*® The mechanisms of dioxygen
activation in ARD and QDO are at present subjects of intense
debate, with multiple possible mechanistic pathways having
been presented in the literature, including direct activation of
dioxygen by the metal cofactor.®*>** Enzymatic studies have
suggested a non-redox active role for the metal center in Ni-
ARD, while computational and experimental evidence point to
a possible redox active role for the metal center in Fe-ARD.?**%”
Evidence for the redox nature of the metal center in Co and Mn-
ARD isoforms is at present mixed. In the case of QDO,
computational work has suggested a non-redox active role for
all QDO metal centers, while biomimetic studies have suggested
possible redox active roles in Fe and Co-QDO.****%® In addition
to ARD and QDO, the enzyme 2,4’-dihydroxyacetophenone di-
oxygenase (DAD) (Fig. 2-second scheme) has also garnered
attention in literature for its role in oxygen-mediated cleavage of
the aliphatic C1-C2 bond in the substrate 2,4'-di-
hydroxyacetophenone, albeit in an N; rather than N;O coordi-
nate system.***® The enzymes ARD, QDO, and DAD are also
related by the presence of an a-hydroxy ketone moiety in their
respective substrates.

In this work, we introduce a versatile Fe(u)N;O coordinate
complex capable of biomimetic, dioxygen-mediated C-C bond
cleavage in substrate analogs for the enzymes ARD, QDO, and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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DAD. This complex is also capable of direct O, activation. The
breadth of reactivity observed in the Fe(u)N;O complex exem-
plifies the flexibility of an atypical N;O coordination motif and
lays the foundation for future mechanistic studies of its reac-
tivity that may elucidate alternative mechanisms and plausible
reactivities for atypically coordinated enzymatic systems.

Experimental
Materials and methods

The preparation and manipulation of air-sensitive compounds
were performed using standard Schlenk techniques and glove
boxes under an N, atmosphere. Reagents and solvents were
purchased from commercial suppliers of the highest available
purity and used without further purification unless otherwise
noted. Solvents were purchased ultra-dried and further dried
using 4 A molecular sieves (butanone and methanol). For
acetonitrile, dichloroethane, and diethyl ether, the solvents
were purified via a drying column on a PPTechnologies solvent
purification system. Deuterated solvents were degassed via
freeze-pump-thaw cycles. "H-NMR spectra were recorded on
a Bruker Avance Core 400 MHz spectrometer at room temper-
ature and referenced to a residual deuterated solvent. Quanti-
tative "H-NMR was done by the addition of a known quantity of
1,3,5-trimethoxybenzene as an internal standard. The Evan's
method was conducted following previously reported literature
procedures.** UV-Visible spectra were recorded in a 1 cm cuvette
on an Agilent Cary 60 spectrometer. Low-temperature UV-visible
studies were collected using a Unisoku Cryostat USP-203-B: with
a liquid Nitrogen reservoir and Temperature Controller. Cyclic
voltammograms were recorded anaerobically using a Pine
Research WaveNow Wireless potentiostat in a tetra-
butylammonium hexafluorophosphate solution in acetonitrile
(0.1 M) using a 2.0 mm glassy carbon working electrode, an Ag*/
AgNO; reference electrode, and a platinum auxiliary electrode.
The detection of carbon monoxide was performed using liter-
ature procedures using the AgNO; method for the detection of
low concentrations of carbon monoxide.*” Elemental analyses
were performed by Galbraith Atlantic Microlabs, Norcross, GA.
ESI-MS experiments were conducted in partnership with the
University of Maryland-College Park Mass-Spectrometry facility
using a Bruker Maxis-II Q-TOF mass spectrometer. The samples
were dissolved in acetonitrile prior to analysis. Synthetic
procedures and characterization details are presented in the SI.
The ligand  N,N-(2-pyridil)(2-hydroxy-3-tbutylphenol)-N'-di-
methylethane ((N-(ethyl-N'Me,)-(Py)-(2-t-ButPhOH))-L1) was
synthesized and purified as previously reported.*®

Computational techniques

Density functional theory simulations employed the Gaussian
16 software package. The B3LYP functional and 6-31+G(d) basis
sets were used for geometry optimizations and to confirm that
the stationary points had the appropriate number of imaginary
frequencies. For more accurate energetics, single-point calcu-
lations were performed at all stationary points at the B3LPY +
GD3B]J/6-311++G(d,p)/SMD-acetonitrile ~ level of theory.
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Enthalpic and entropic corrections to electronic energies were
derived from the unscaled B3LYP/6-31+G(d) frequencies. All
reasonable spin states, tautomers, and conformers were evalu-
ated as needed. Thermodynamic quantities assume standard
state conditions.

Synthesis of complex [Fe"(N-(ethyl-N'Me,)(Py)(2-t-
ButPhOH))(OTf)] (1)

Complex 1 was synthesized in an anaerobic environment inside
the glovebox. One equivalent of triethylamine (Et;N) (75.9 pL,
0.544 mmol) was added to L1 (186.6 mg, 0.546 mmol) in
approximately 5 mL of acetonitrile and reacted for five minutes,
followed by the addition of 1.0 equivalents of iron(u) tri-
fluoromethanesulfonate (192.8 mg, 0.545 mmol). The reaction
was left to stir for 24 hours at room temperature. The solvent
was removed under vacuum, and the resulting residue was
washed with diethyl ether (3x ~ 3 mL), resulting in a brown
solid after drying. The brown solid was further layered with
butanone and diethyl ether (1:6 ratio) and left to sit for one
hour to yield a green powder (62.6% yield, 186.1 mg, 0.341
mmol). X-ray quality crystals were obtained by the slow vapor
diffusion of diethyl ether into butanone, resulting in green
crystals.

Elemental analysis for FeN;0,C,,H;,SF; caled: C: 47.29%; H:
5.68%; N: 7.88%. Found: C: 46.89%; H: 5.36%; N: 7.34%
(Fig. S5). Electronic absorption spectrum (MeCN): A (nm) (e
(M~ em™)): 262 (9360 =+ 2.29%), 282 (5740 =+ 1.35%), 357 (641
=+ 3.08%). ESI-MS: image S2.

Synthesis of 3-diazopentane-2,4-dione (substrate precursor)

The substrate precursor was synthesized by modifying the
procedure reported by Presset et al** Lithium acetylacetone
(3.44 g, 32.4 mmol) and potassium carbonate (2.38 g, 17.2
mmol) were mixed with p-toluenesulfonyl azide (6.15 g, 31.2
mmol) in 15 mL of acetonitrile and allowed to react for 2.5
hours under constant stirring. After 2.5 hours, stirring was
halted and the yellow/orange reaction mixture was filtered
through grade 1 Whatman filter paper. The filter was rinsed
with dichloromethane (DCM) until the exiting filtrate no longer
appeared colored. The solvent was removed under vacuum,
yielding crude 3-diazopentane-2,4-dione as a yellow/orange oil.
Crude 3-diazopentane-2,4-dione was purified using a Yamazen
Smart Flash EPCLC AI-580S chromatography system. The
product was twice eluted through silica stationary phase
columns with 70 : 30 n-hexane/ethyl acetate. Excess solvent was
removed under vacuum, yielding pure 3-diazopentane-2,4-
dione as a yellow oil (33.6% yield).

Synthesis of 3,3-dihydroxypentan-2,4-dione

Dimethyldioxirane (DMDO) was prepared following published
procedures by Taber et al. (2014).** 3-Diazopentane-2,4-dione
(75.6 mg, 0.60 mmol) was dissolved in 1 mL of acetone. DMDO,
as a dilute solution in acetone (6 mL), was added to the reaction
mixture, and the reaction was allowed to proceed under
constant stirring for 1 hour, covered loosely with a rubber
septum. After 1 hour, excess solvent and reagents were removed
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under reduced pressure, yielding colorless crystals of 3,3-di-
hydroxypentan-2,4-dione (29.5 mg, 0.22 mmol, 37.2% yield). It
should be noted that 3,3-dihydroxypentan-2,4-dione is the
monohydrate of 2,3,4-pentanetrione; hydration of this triketone
occurs readily under atmospheric air.

Oxidative reactivity studies

Reaction of 2-hydroxyacetophenone (2HAPH) with 1 and O,.
For a typical UV-vis experiment, a stock solution of 1 was
prepared in acetonitrile (2 mM). A 300 pL aliquot of 1 was added
to an anaerobic cuvette with a septum cap inside a glovebox. A
stock solution of NEt; was also prepared in acetonitrile (72
mM). An aliquot containing 2 mol equivalents of NEt;, with
respect to 1, was added to the cuvette. A stock solution of
2HAPH was also prepared in acetonitrile. An aliquot containing
20 mol equivalents of 2HAPH, with respect to 1, was added to
the cuvette. Acetonitrile was then added to the cuvette to bring
the total reaction volume to 2.2 mL. The reaction cuvette was
incubated under anaerobic conditions for 40 minutes to allow
for substrate binding. After incubation, 0.5 mol equivalents of
O, from atmospheric air were injected into the headspace of the
cuvette using a gas-tight syringe. Volumetric addition of O, was
done based on the assumption of the ideal gas law and an
atmospheric composition of 21% O,. The reaction was then
monitored for several hours by UV-vis absorption spectroscopy.
UV-vis experiments were also conducted at similar concentra-
tions at —40 °C and —80 °C in acetonitrile and acetone,
respectively.

For a typical experiment evaluating the oxidation products
via "H-NMR, 15 mg. of 1 were dissolved in acetonitrile (4 mL) in
a round-bottom flask under anaerobic conditions in a glovebox.
An aliquot of 1 mol equivalent 2HAPH and 1 mol equivalent of
NEt; was added to the flask, and the reaction was anaerobically
incubated for 40 minutes. After 40 minutes, an excess of O, was
bubbled directly into the reaction solution using a needle fitted
to tubing attached to a dry oxygen tank for 5 minutes. After 2
hours, the reaction was bubbled for an additional 5 minutes.
After 20 hours, the reaction solvent was removed under reduced
pressure. The reaction was then quenched with 10% HCI (5 mL),
and organic products were extracted with DCM (3 x 10 mL).
Solvent was removed under reduced pressure, and the organics
were redissolved in CDCl; for analysis by "H-NMR.

Reaction of 3-hydroxyflavone (FlaH) with 1 and O,

For a typical UV-visible experiment, a stock solution of 1 was
prepared in dimethylformamide (DMF) (4 mM). A 100 pL
aliquot of 1 was added to a vial. A stock solution of FlaH was also
prepared in DMF (10 mM). An aliquot of 1 mol equivalent FlaH,
with respect to 1, was also added to the vial; the vial was then
diluted to 600 puL with DMF and allowed to incubate under
anaerobic conditions for 24 hours. After incubation, a 150 pL
aliquot was taken from the vial and transferred to an anaerobic
cuvette. DMF was then added to the cuvette to bring the total
reaction volume to 2.2 mL. The UV-vis absorption spectrum was
then recorded anaerobically, yielding the characteristic spec-
trum of a bound Fe-FlaH complex.** The cuvette was then

© 2026 The Author(s). Published by the Royal Society of Chemistry
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embedded in a sand bath heated to 50 °C. An excess of O, was
bubbled directly into the reaction solution using a needle fitted
to tubing attached to an oxygen tank for 24 hours. After 24
hours, the cuvette was removed from the heat and active O,
bubbling. Fresh DMF was added to the cuvette to bring the total
solution volume back up to 2.2 mL, and the UV-vis absorption
spectrum was recorded.

For a typical "H-NMR experiment, reaction conditions and
workup were identical to those described above in our 2HAPH
"H-NMR experiments with the following exceptions: DMF was
used as solvent rather than acetonitrile, the substrate incuba-
tion time was 24 hours rather than 40 minutes, oxygenation was
continuous for the duration of the reaction, the reaction time
was 24 hours rather than 20 hours, and the reaction was carried
out in a sand bath heated to 50 °C.

Reaction of 3,3-dihydroxypentan-2,4-dione (3DHPD) with 1
and O,

For typical UV-visible and 'H-NMR experiments, reaction
conditions and workup were identical to those described for our
2HAPH UV-visible and "H-NMR experiments with the exception
of 10 mol equivalents of O, being added rather than 0.5 mol
equivalents, the reaction time of a "H-NMR experiment being 24
hours rather than 20 hours, and the workup being done with
ethyl acetate rather than DCM.

Results and discussion
Synthesis and characterization of 1

The asymmetric, tripodal N;O chelating ligand L1 was synthe-
sized and purified as previously reported.** 1 was synthesized
and crystallized as described in the experimental procedure in
good yields. Crystallographic analysis of complex 1 shows three
crystallographically inequivalent 5-coordinate structures in the
asymmetric unit, wherein the triflate anions are disordered over
two orientations in two of the structures, and the coordinated
dimethylamine nitrogen is disordered over two orientations in
one of the structures (Fig. $33). This allows for the determina-
tion of an average t value of 0.293. The resultant t value is
generally consistent with complex 1 favoring a square pyramidal
over a trigonal bipyramidal coordination geometry.*” (Fig. 3).

The geometry observed in the crystal structure of model
complex 1 is similar to the active site geometries found for Fe-
QDO. The crystal structure of Fe-QDO reveals two penta-
coordinate iron-containing catalytic domains, one character-
ized by a distorted trigonal bipyramidal geometry and the other
a square pyramid.*® This pentacoordinate geometry derives
from the coordination of the protein-based N;O motif and an
additional aqua moiety.”® In contrast, a solution structure of
human Fe-ARD reveals octahedral geometry derived from the
coordination of the N;O motif and two water moieties.”

The average Fe-N1(pyridine) bond length for complex 1 was
determined to be 2.11 A, closely mimicking the Fe-N(His) bond
lengths of 2.09 A determined in the model solution for Fe-ARD
(Table 1).” This differs significantly from the average Fe-N(His)
bond length of 2.22 A in the crystal structure of Fe-QDO.* The

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Representative crystal structure of [Fe()(NMe,—6H-Py-2-t-
ButPhOH)(OTf)] (1) with ellipsoids drawn at the 50% probability level. H
atoms are omitted from the figure for clarity. Only the primary
orientation for disordered sites is shown.

average Fe-N2(amine) and Fe-N3(amine) bond lengths for
complex 1 were determined to be 2.18 A and 2.21 A. These
bonds are notably longer than the 2.09 A Fe-N(His) bond
lengths of Fe-ARD; however, they are highly similar to the
average Fe-N(His) bond length of 2.22 A in Fe-QDO.”*® The
average Fe-O(phenol) bond length for complex 1 was deter-
mined to be 1.92 A; this is shorter than the 2.10 A Fe-O(Glu)
bond in Fe-ARD, and the 2.21 A and 2.44 A Fe-O(Glu) bonds at
the active sites of Fe-QDO.”*® This is expected as the Lewis
basicity of the phenolate moiety is higher than that of
a carboxylate donor. The average Fe-O(OTf) bond length for
complex 1 was determined to be 2.10 A; this bond length differs
from the 1.90 A Fe-O(water) bond lengths of Fe-ARD, and the
average 2.33 A Fe-O(water) bond length of Fe-QDO.”* In
totality, the geometric and structural parameters of complex 1
exhibit reasonable similarity to N;O coordinate enzymes, sug-
gesting the complex is an effective structural mimic (Table 1).

Table 1 Selected bond lengths in A for Fe-QDO (close | distant
conformations), complex 1, and Fe-ARD

Fe-QDO Model complex 1 Fe-ARD
Fe-N1 (His) 2.32|2.15 Fe-N1 2.11 Fe-N1 (His) 2.09
2.09
Fe-N2 (His) 2.16 | 2.23 Fe-N2 2.18 Fe-N2 (His)
2.09
Fe-N3 (His) 2.29|2.16 Fe-N3 2.21 Fe-N3 (His)
2.09
Fe-O1 (Glu) 2.10 | 2.44 Fe-O1 (phenol) 1.93 Fe-O1 (Glu)
Fe-02 (aqua) 2.21]|2.44 Fe-02 (OTf) 2.10 Fe-02 (aqua) 1.90

RSC Adv, 2026, 16, 8695-8708 | 8699
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Fig. 4 UV-visible absorption spectrum of the reaction of complex 1 with 3DHPD (A), FlaH (B), and 2HAPH (C) with O,. For 3DHPD, 1 (0.273 mM)
was treated with 20 eq. 3DHPD under 10 eqg. O, at room temperature in MeCN. For FlaH, 1 (0.045 mM) was treated with 1 eq. FlaH under excess
O, at 50 °C in DMF. For 2HAPH, 1 (0.273 mM) was treated with 2 eq. NEts and 20 eq. 2HAPH under 0.5 eq. O, at room temperature in MeCN.
Complete UV-visible absorption data were recorded at 20-minute intervals with the exception of B; these data are available through the SI.

The "H-NMR spectrum of complex 1 in deuterated methanol
(Fig. S1) exhibits paramagnetically shifted signals between 115
and —23 ppm consistent with a Fe(u) S = 2 complex. This was
confirmed by Evan's method, where we found a magnetic
moment (us) = 4.68 BM. This was also confirmed via compu-
tation (see computational section). The UV-visible absorption
spectrum of 1 in acetonitrile displays three absorption bands in
the ultraviolet region: eye, = 9360 M ™' ecm™" 4 2.29%, £,5, =
5740 M 'em ! £1.35%, e35, = 641 M ' em ' 4+3.08% (Fig. S2).
The 357 nm band is consistent with ligand-to-metal charge
transfer bands of ferrous model complexes reported in litera-
ture, while the intensely absorbing 262 and 282 nm bands may
be attributable to ligand-based charge transfer transitions.>**%3°

The cyclic voltammogram of complex 1 (1.5 mM) in aceto-
nitrile was obtained using an Ag/AgNO; reference electrode (10
mM in MeCN) with 0.1 M tetrabutylammonium hexa-
fluorophosphate as supporting electrolyte. All values are re-
ported vs. an internal Fc/Fc' standard. Complex 1 exhibits two
peaks in the cyclic voltammogram: E,. = —15.5 mV and Ep, =
80.3 mV (Fig. S3). These peaks are consistent with the assign-
ment of a quasi-reversible Fe**/Fe*" couple displaying E;;, =
47.9 mV (AE, = 95.8 mV), indicating a high degree of accessi-
bility for the Fe(ur) state. Outer sphere oxidation of complex 1
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using tris(4-bromophenyl)Jammoniumyl hexachloroantimonate
(magic blue) yields an Fe(ur) species with a UV-visible absorp-
tion peak maximizing at 665 nm (Fig. S17). The ferric analogue
of 1 was synthesized independently (Fig. S18), yielding
a consistent UV-visible spectrum.

Biomimetic oxidative C-C bond cleaving reactivity studies

The enzymes ARD, QDO, and DAD are each involved in the
carbon-carbon bond cleavage of their respective substrates
using O, as the oxidant (vide supra).”*>**** To illustrate the
versatility in reactivity of model complex 1, we elected to use 3,3-
dihydroxypentan-2,4-dione (3DHPD) as a model substrate of
ARD, 3-hydroxyflavone (FlaH) as a model substrate of QDO, and
2-hydroxyacetophenone (2HAPH) as a model substrate of DAD.
FlaH and 2HAPH are direct analogs of native QDO and DAD
substrates, while 3DHPD is a hydrated triketone analogous in
structure to previously reported ARD substrate mimics (Fig. 4).*

Incubation for 40 minutes of complex 1 with excess 3DHPD
(20 equivalents) under anaerobic conditions in acetonitrile
results in the loss of the 357 nm absorption band and the
appearance of a broad absorption feature around 440 nm and
650 nm (Fig. 4A). We attribute these changes in the spectrum of
1 to the binding of the protonated 3DHPD. This process is

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 H-NMRin CDCls of substrates 3DHPD, FlaH, and 2HAPH (black
traces) and their corresponding degradation products upon treatment
with complex 1 and O, (red traces). 3DHPD trace 2 shows the
extracted products of the reaction of 1 with 3 eq. 3DHPD under excess
O, in acetonitrile corresponding to acetic acid. 3DHPD trace 3 shows
the spectrum of extracted products shown in trace 2 after spiking the
sample with HOAc, with a growth of the second peak from the right,
attributable to acetic acid. FlaH trace 2 shows extracted products of
the reaction of 1 with 1 eq. FlaH under excess O, in di-
methylformamide at 50 °C. 2HAPH trace 2 shows extracted products
of the reaction of 1 with 0.25 eq. NEtz and 1 eq. 2HAP under excess O,
in acetonitrile. Abbreviations: AA = acetic acid, DEP = depside (o-
benzoylsalicylic acid), BA = benzoic acid.

unlikely to be due to a pre-oxidized product since these changes
occur under anaerobic conditions. Upon oxygenation (10
equivalents added by gas gas-tight syringe), we observe the
growth of an intense 605 nm absorption peak, maximizing after
3 hours (Fig. 4A). This is followed by decay with full loss in
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definition of the absorption feature over the subsequent ~10
hours (Fig. S5). The dramatic changes observed in the visible
spectrum of 1-3DHPD post-oxygenation are likely attributable to
the formation of an intermediate Fe(m) species, consistent with
our observations derived from an independently synthesized
ferric complex (Fig. S18-S20). The substrate 3DHPD allows for
both C2-C3 as well as C3-C4 bond cleavage (Fig. 4A). The
cleavage of only the C2-C3 bond would be expected to yield
equimolar quantities of acetic acid and pyruvic acid, while
cleavage of both C2-C3 and C3-C4 bonds would be expected to
yield two equivalents of acetic acid and carbon monoxide. We
performed a large-scale reaction of 1-3DHPD (3 equivalents)
under excess O, in acetonitrile for 24 hours and evaluated the
reaction products by "H-NMR following organic extraction. The
"H-NMR spectrum of the extracted products reveals the loss of
2.23 ppm and 5.09 ppm signals associated with 3DHPD and the
presence of a signal at 2.12 ppm consistent with the methyl
protons of acetic acid (Fig. 5-top). This identification is further
supported by the growth of the 2.12 ppm signal upon the
addition of glacial acetic acid to the reaction products (Fig. 5-
top). We performed a qualitative carbon monoxide detection
experiment where we observed results consistent with the
production of CO (Fig. S6). The observed cleavage of the C2-C3
and C3-C4 bonds of 3DHPD appears analogous to the reaction
of 2,3,4-pentanetrione with hydrogen peroxide, in which
hydrogen peroxide absent of any metal, mediates the formation
of a cyclic intermediate preceding C-C bond cleavage to yield
acetic acid and carbon monoxide.*® The similar nature of this
reactivity suggests the reaction of complex 1 with 3DHPD and
O, may proceed through a similar mechanism by generating
H,0,, although further mechanistic studies will be required to
elucidate this reactivity.

The overnight incubation of complex 1 with FlaH under
anaerobic conditions in DMF gives rise to a 401 nm absorption
band characteristic of metal-flavone complexes in the literature
(Fig. 4B).*** The 401 nm band in the electronic absorption
spectrum is attributable to the w — m* transition of the FlaH
substrate coordinated to the metal and differs significantly
from the 343 nm A, of the uncoordinated substrate.”* A wide
range of small-molecule QDO mimics have been presented in
literature, ranging from N; chelating trispyrazolylborate
systems to structurally accurate N3O systems.****> Unlike the
native enzyme, these small molecule systems generally require
elevated temperatures for reactivity; most require temperatures
from 70-130 °C for flavonoid dioxygenation to occur.**** Upon
the treatment of 1-FlaH with excess O, by bubbling directly into
DMF solution at 50 °C, we observe the complete loss of the 401
nm absorption feature after 20 hours (Fig. 4B). We attribute the
loss of the 401 nm absorption feature to C2-C3 and C3-C4 bond
cleavage in the central ring of FlaH-(Fig. 4B). Oxygenation of the
substrate under identical conditions does not result in
substrate decomposition (Fig. S7). We performed a large-scale
reaction of 1-FlaH (1 equivalent) under the same conditions and
evaluated the reaction products by "H-NMR following organic
extraction. The "H-NMR spectrum of the extracted products
shows production of a depside product, ortho-benzoylsalicylic
acid, in 88% yield. Additionally, we detect qualitatively the
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formation of carbon monoxide (Fig. S8). This product has been
reported in the QueD literature as a result of the oxidative C-C
cleavage of FlaH (Fig. 5-middle).>*>* The oxygen-mediated
degradation of FlaH by complex 1 at 50 °C indicates that
complex 1 compares favorably to existing QDO model systems
requiring elevated temperatures. Sun et al. have previously re-
ported a set of N3O coordinate QDO mimics in which they
attribute lower temperature catalytic activity to the increased
electron-donating ability of a carboxylate oxygen donor to the
metal center.”® Similarly, L1 has an even stronger donating
phenolate oxygen. Further mechanistic studies are underway in
our laboratory alongside selective modifications to ligand L1 to
understand the drivers of this reactivity.

Incubation of complex 1 with excess 2HAPH (20 equivalents)
and triethylamine (2 equivalents) under anaerobic conditions
for 40 minutes in acetonitrile results in the deformation of the
357 nm absorption band, and the appearance of a 430 nm
shoulder (Fig. 4C). We attribute this deformation in the spec-
trum of 1 to the ferrous metal center binding 2HAP. This
binding event is also observed by "H-NMR, wherein significant
changes in the paramagnetic region are observed upon the
addition of 2HAPH to complex 1 (Fig. S10). Upon oxygenation
(0.5 equivalents added by gas-tight syringe), we observe the
growth of an intense, broad 581 nm absorption peak, maxi-
mizing 6.5 hours post-oxygenation (Fig. 4C). This is followed by
decay with gradual loss in the definition and intensity of the
absorption feature over the subsequent several days; 72 hours
post-oxygenation, the 581 nm band remained observable at 72%
of maximum absorption intensity (Fig. S13). We attribute the
stability of this absorption feature in part to the formation of
stable ferric-benzoate species, resulting from the C1-C2 oxida-
tive cleavage of the substrate (Fig. 4C), analogous to the reac-
tivity of native DAD. This band compares well with the
independent addition of benzoate to the ferric analogue of 1
(Fig. 519).

We performed a large-scale reaction of 1-2HAP wherein
2HAPH (1 equivalent) and triethylamine (0.25 equivalent) were
incubated for 40 minutes under anaerobic conditions in
acetonitrile. The acetonitrile solution was then oxygenated
(excess O, bubbled into the reaction from a dry oxygen tank for
5 minutes) and allowed to react for 20 hours, after which time
the organic reaction products were extracted and analyzed by
'"H-NMR. The 'H-NMR spectrum of the extracted products
shows no presence of signals associated with the 2HAPH
substrate in the aromatic region (7.94 ppm, 7.64 ppm, 7.51
ppm) (Fig. 5-bottom). Rather, we observe signals corresponding
to benzoic acid (8.09 ppm, 7.59 ppm, 7.48 ppm). A broad
downfield 10.8 ppm signal is also observed, which we also
attribute to benzoic acid. This comports with similar changes in
the NMR spectra when an analogous reaction is run in situ in
MeOD (Fig. S11). Quantitative analysis of the NMR experiment
suggests a yield of 66% of benzoic acid (Fig. S16). The reaction
with 2HAPH was also performed at low temperatures (—40 °C in
acetonitrile and —80 °C in acetone), to observe any transient
species during the reactivity. During the growth process, we
observe very broad absorptions in the range of 450-700 nm that
sharpen over time (Fig. S14 and S15). This broadness could
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suggest intermediates that can't be discerned under the
conditions we ran the reaction.

We note that the products of the aforementioned biomi-
metic reactions are distinct from the reaction of 1 with O,,
absent any substrate. Unlike native enzymatic systems, small
model iron complexes are susceptible to O, mediated dimer-
ization reactions.’ In the absence of a biomimetic substrate, we
observe significant changes in the electron absorption spec-
trum of complex 1 upon reactivity with excess O,, with the
growth of an intense 551 nm attributed to the dimerization
product, a ferric p-oxo dimer (Fig. S18). This purple species is
indefinitely stable under air and hygroscopic. Formation of this
species is supported by DFT calculations, suggesting that the p-
oxo is thermodynamically accessible (vide infra). This identity
was confirmed crystallographically, consistent with our
assignment (Fig. S22).

Computational analysis for the proposed mechanism of the
0, mediated oxidation of 2-hydroxyacetophenone (2HAPH)
by 1

DFT calculations used levels of theory akin to those used by
Chavez et al. and ourselves in recent studies of related iron-DAD
and nickel-ARD biomimetics, respectively.***® Particular atten-
tion was focused on the early steps in the reaction scheme,
given the growing interest in biomimetic oxidation by Earth-
abundant 3d metals using dioxygen and the fact that the C-C
cleavage and subsequent steps are computed to be highly
exergonic. A summary of the proposed mechanism is shown in
Fig. 9.

The energetics of 2-hydroxyacetophenone (2HAPH) depro-
tonation in SMD continuum acetonitrile solvent were calcu-
lated. The free energy to displace triflate by 2HAPH is exergonic
by 2.7 kcal mol™!, Fig. $29. Using triethylamine (NEt;) as
a model base, AGgeprot. is computed to be +21.3 keal mol ™ to
remove the hydroxyl proton of the 2HAPH ligand. Upon coor-
dination of 2HAPH, AGgepror. by NEt; is reduced by ~11 keal
mol " to +7.9 keal mol~". This calculated acidification corre-
sponds to a decrease of ~9 pK, units. Coordination of the
neutral substrate - k>-0,0'- to the iron(n) thus greatly enhances
its acidity. The Mulliken atomic charge on the hydroxyl proton
is +0.37 vs. +0.31 e~ for free 2-hydroxyacetophenone at the same
level of theory. The charges thus infer that enhanced acidity of
the metal-bound substrate arises from stabilization of the
anionic ligand upon deprotonation as well as enhanced
Bronsted-Lowry acidity of the hydroxyl proton arising from o-
donation to the central metal ion.

The DFT calculations also suggest that coordination of the
substrate to the iron(u) center makes it easier to oxidize relative
to the Fe(u)-OTf bound starting material (1). To model an outer-
sphere electron transfer (ET) pathway, the free energy of elec-
tron transfer to O, to make superoxide was computed. For the
neutral Fe"-OTf (1) starting material, AGgr = +29.9 kecal mol *
to form superoxide and the cationic Fe(u) triflate complex. For
the neutral Fe-2HAP complex, the corresponding ET reaction
to make superoxide is greatly reduced, AGgr = +9.7 kcal mol .
Upon oxidation, the coordination geometry of the Fe'-2HAP

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 DFT optimized geometry of a Fe" -superoxide complex. Bond
lengths in Angstrom units and bond angles in degrees.

complex changes moderately, with the expected contraction of
Fe-ligand distances (~0.08 A on average) and variation of metal-
dependent bond angles by 3.8°. Comparing the HOMO (highest
occupied Kohn-Sham molecular orbital) energies for Fe"™-OTf
(—5.06 eV) and Fe"-2HAP (—4.37 eV) indicates the latter orbital
energy is higher, consistent with the latter being more easily
oxidized.

An inner-sphere oxidation pathway was also considered, and
the free energy for O, coordination was computed to be mildly
endergonic, AG = +3.4 kcal mol . In coordinating with the Fe,
the O, displaces the carbonyl arm of the erstwhile k*-0,0'-
2HAP. The optimized OO bond length is 1.318 A (Fig. 6), which
compares with 1.351 and 1.215 A for free superoxide anion and
triplet dioxygen, respectively, at the same level of theory. Addi-
tionally, the minimized structure displays a significant length-
ening of the Fe-N2 (-NMe,) bond to 2.598 A. This change allows
for the distal oxygen on the OO moiety to achieve a bonding
length of 2.164 A, akin to a side-on OO adduct. The electronic
structure of the Fe-2HAP-O, adduct is particularly interesting,
showing ~1.3 e~ of total spin density on the two oxygen atoms
of the O, ligand, with slightly more on the terminal oxygen; the
remaining spin density resides on the complex, largely situated
on the iron with a modest amount of spin density on the
ligating atoms of the N;O supporting ligand and the ligating
oxygen of the deprotonated 2HAP ligand (Fig. S30). Considering
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Fig. 8 Fe—-OOH intermediate. Bond lengths are in Angstrom units;
bond angles in degrees.

the calculated spin density and OO bond lengths, this complex
is viewed primarily as an Fe'"-superoxide with an admixture of
Fe"-dioxygen character.

For the Fe'-superoxide, there is a transition state (Fig. 7,
left) with a modest barrier to C-H activate a C,-H bond of the
2HAP substrate by the coordinated superoxide, AG" = 12.2 keal
mol ', leading to an Fe'-hydroperoxide. The H-atom transfer
process is computed to be exergonic, AGyar = —10.3 kcal
mol™*. An isomeric outer-sphere C,-H bond activation TS
(Fig. 7, right) was also isolated and computed to be 5.6 kcal
mol ' higher than the inner sphere TS just mentioned. The
computations thus suggest a kinetic advantage for an inner-
sphere oxidation pathway.

Calculations suggest that the Fe-OOH intermediate formed
by inner-sphere C-H activation (Fig. 8) is deprotonated with
relative ease, again using NEt; as a model base, AG = +14.8 kcal
mol ", respectively. Hence, we propose that after the HAT step
to make Fe-OOH (HS Fe(u)), this complex is deprotonated to
give anionic FeOO which undergoes a barrierless nucleophilic
attack of the OO ligand to the carbonyl carbon to make a di-
oxetane intermediate, AG = —5.5 kcal mol ™. We were unable to
isolate the TS for decomposition of the dioxetane intermediate,
but this reaction is extremely exergonic, AG = —116.8 kcal
mol ', and is computed to favor the observed products, i.e., Fe'l-

1.285

107.9*; 1.270
1658( @
- 1359

Fig.7 Comparison of inner (left) and outer (right) sphere transition states for C—H activation of the alpha carbon of the iron-ligated 2HAP ligand.

Bond lengths in Angstrom units.
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Fig. 9 Summary of the proposed reaction mechanism for the O,-mediated C-C bond cleavage of 2HAPH by 1.

benzoate + formate anion by ~3 kcal mol™" relative to the
alternative formulation of Fe'-formate + benzoate anion.
Displacement of the benzoate ligand by the conjugate base of
2HAPH to initiate another round of catalysis is calculated to be
exergonic by —13.7 kcal mol™".

Of note is the lengthening of the Fe(u)-NMe, bond length,
both during the binding of deprotonated 2HAP and more
significantly during the Fe-O,-substrate adduct formation,
2.373 A (Fig. $31) and 2.598 A (Fig. 6), respectively. For both
complexes, we found computationally three linkage isomers
within 3 kcal mol™' of each other, with the lowest energy
favoring the loosely bound amine moiety. While this energy
difference is not conclusive of the preference of one isomer over
another, we argue that the ability of the unbound N,O isomer to
exist is suggestive of potentially relevant geometrical flexibility,
which was not observed for the Ni(u) counterpart.** Milaczewska
et al. reported in 2018 a finding of histidine dissociation in iron-
containing ARD by EPR, with their computational and spec-
troscopic evidence pointing to the dissociation of His 88. They
reported that only Fe-ARD demonstrated an ability to dissociate
one of the histidine residues during ARD oxidation.*

As noted earlier, the parent Fe(i)-OTf complex (1) reacts readily
with excess O, at ambient conditions to form an Fe(ur)-O-Fe(ix)
dimer (Fig. $22).**** We explored this reactivity via DFT calcula-
tions (Fig. S32). This product could be accessed via an inner
sphere O, oxidation of an Fe(u)-OTf (1) to form a monomeric
Fe(m)-superoxo (AG = 10.9 kcal mol ). Subsequently, it can be
further oxidized by another equivalent of Fe(u)-OTf to form Fe(u)-
00-Fe(m) (u-peroxo dimer, AG = 1.8 kcal mol™"). This p-peroxo
complex decomposes in an exergonic fashion to two Fe(iv)=0
complexes (AG = —4.3 kcal mol '), which then combine with
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additional Fe(u)-OTf (1) to yield the proposed Fe(u)-p-oxo dimer
(AG = 0.56 kcal mol ™). A similar mechanism has been proposed
previously for the formation of these dimers.** The possible
formation of a transient Fe(iv)=0 complex (Fig. S32) is intriguing
for the tetrad N3O geometry, given that this intermediate is the
canonical high-valent oxidant invoked for N,O triad iron oxy-
genases. In preliminary studies, we performed low-temperature
reactivity UV-visible studies for complex 1 with the oxygen atom
donor meta-chloroperbenzoic acid (mCPBA) and O, (Fig. S23-
S27). The reaction of 1 with mCPBA (1 eq.) in acetonitrile at —40 °©
C results in the growth of a band at 620 nm, presumably the result
of a one-electron oxidation of the starting material to a ferric-
chlorobenzoate species. This persists upon warming to room
temperature (Fig. S23). Precedent for mCPBA acting as a one-
electron oxidant has been previously reported.”” When the same
reaction is run at colder temperatures in acetone (—80 °C) with 6
eq. of mCPBA, we observe the growth of a similar UV-visible
feature at 620 nm (Fig. S24A). Over the course of 6 minutes, this
intermediate cleanly transitions to a new intermediate with a rise
of a prominent absorption features at 434 nm, 474 nm both of
which decay upon warming to room temperature (Fig. S24-B and
C). These features are similar to literature reports of Fe(iv)=0
complexes.” These compounds exhibit an additional band
around 700-800 nm, although with extinction coefficients one to
two orders of magnitude below that of the 400-500 nm charac-
teristic bands. We observe only a broad shoulder in this region.
In an attempt to observe an intermediate during the reaction
of 1 with O, we ran this reaction at - 40 and - 80 °C in aceto-
nitrile and acetone, respectively (Fig. S25-S27). We observe
general broadening during the growth of the p-oxo dimer
absorption feature; however, no clear intermediates were

© 2026 The Author(s). Published by the Royal Society of Chemistry
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observed. While these experiments don't yield conclusive
evidence of a particular intermediate proposed in the DFT
calculations of the ferric-p-oxo dimer, the potential ability to
access the high-valent state in an N;O coordination environ-
ment is intriguing and relevant to our argument that this more
unusual active site coordination could be flexible enough to
access similar intermediates, i.e., Fe(ui)-superoxo and Fe(iv)=0,
as those accessible for the N,O triad.

Summary and conclusions

We report the synthesis and characterization of a novel struc-
tural and functional model of N;O coordinate C-C bond
cleaving dioxygenase enzymes QDO and ARD. Complex 1
displays versatile dioxygenase-like C-C bond cleavage reactivity
in the biomimetic substrates 3-hydroxyflavone, 2-
hydroxyacetophenone, and 3,3-dihydroxypentan-2,4-dione. This
reactivity was studied via "H-NMR, UV-vis, and DFT studies. A
computationally derived reaction mechanism for the side chain
C-C bond cleavage of 2-hydroxyacetophenone points to direct
0, activation at the metal, leading to a putative Fe(ur)-superoxo
as the oxidant. 1 can activate O,, leading to the formation of
a ferric-u-oxo dimer. Low-temperature UV-visible studies
implicate the presence of intermediates, suggesting the
formation of high-valent Fe species, mirroring those observed
in mimics of the N,O coordinate enzymes. The ferric analogue
of 1 is accessible under mild oxidative conditions, e.g., outer
sphere oxidants and O,, adding further evidence to the possi-
bility that a redox process is relevant to the oxidative carbon
cleavage in ARD and other dioxygenases with an N;O coordi-
nating motif. Our computational work supports previous
observations in the ARD literature, suggesting the presence of
transient shifts in the coordination mode of the iron center
from N;O tetrad to N,O triad during the oxidation mechanism.
The versatility of reactivity observed in this complex points to
the unique characteristics afforded by the atypical N;O coordi-
nation motif. This reactivity challenges the canonical under-
standing of N3O coordinate iron systems and may have
implications for the reaction mechanisms of enzymes,
including ARD and QDO. Given that most functional models of
non-heme dioxygenase enzymes employ N; or N, coordinate
systems bearing pyrazole, pyridine, and alkyl amine
donors,'****%32% it i5 easy to overlook the contributions of the
actual coordination motif to a particular mechanism. We
suggest there is a benefit of further exploring operable mecha-
nisms in both the 2-His-1-carboxylate triad and the less
common 3-His-1-carboxylate tetrad, and that further biomi-
metic study using structurally relevant complexes such as 1
could prove valuable in probing the contributions of atypical
coordination to the enzymatic mechanisms of ARD, QDO, and
other underexplored oxidative chemistry.
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