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Abstract

This study reports the synthesis and characterization of a series of nitrile-functionalized tris(2-pyridylmethyl)
amine (TPA) ligands—CNTPA, (CN),TPA, and (CN);TPA—and their corresponding iron (Il) complexes.
Systematic introduction of nitrile groups at the a-position induces a pronounced electron-withdrawing effect,
increasing the ligand oxidation potential by ~110 mV per nitrile substituent, as demonstrated by
electrochemical analysis. These complexes react with molecular oxygen to form stable p-oxo diferric
species, which can be reversibly reduced to regenerate the ferrous precursors. Structural studies reveal
distinct coordination geometries: while the parent TPA yields a symmetrical dicationic py-oxo complex with
kK*-N coordination, CNTPA forms a neutral symmetrical dimer, and (CN),TPA produces a neutral,
asymmetrically bridged species. A key finding is the correlation between ligand-induced electron deficiency
at the iron center and oxygenation kinetics, with increased Lewis’s acidity accelerating O, activation. This
supports a mechanism involving inner-sphere dioxygen coordination rather than outer-sphere electron
transfer, which typically requires more negative reduction potentials. Furthermore, catalytic oxidation of
cyclohexane to cyclohexanone under O,, mediated by these complexes in the presence of zinc amalgam,
demonstrates enhanced reactivity for (CN),TPAFeCl,, aligning with its optimal balance of electronic
activation and steric accessibility. These results highlight the critical role of ligand design in tuning metal-
centered reactivity for small-molecule activation and catalytic oxidation processes.

Keywords: Iron (II) Complexes; Nitrile-Functionalized TPA Ligands; Electron-Withdrawing Effects; M-Oxo
Diferric Species; Dioxygen Activation; Lewis’s Acidity Modulation; Catalytic Cyclohexane Oxidation.

INTRODUCTION

The enzymatic transfer of oxygen to organic substrates represents a cornerstone of
biological oxidation chemistry, with metalloproteins employing either heme-type iron
centers (e.g., cytochromes P-450) or non-heme iron clusters (e.g., methane
monooxygenase) to facilitate these transformations [1-6]. These systems harness
molecular oxygen (O,) as the primary oxidant, a process that necessitates its initial
binding and subsequent activation. Mechanistically, O, activation can proceed via two
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dominant pathways: (i) formation of a metal-hydroperoxo intermediate (M—OOH) or (ii)
homolytic or heterolytic O—O bond cleavage, yielding highly reactive metal-oxo species
(M=0) [2-9]. The latter intermediates are particularly notable for their ability to mediate
challenging C—-H bond functionalization and oxygen insertion reactions under mild
conditions. Inspired by these biological systems, synthetic chemists have developed iron-
based coordination complexes to model and mimic enzymatic oxygen activation. Among
these, iron (1) complexes supported by the tetradentate ligand tris(2-pyridylmethyl) amine
(TPA) and its derivatives have emerged as prominent structural and functional analogues
of non-heme iron oxygenases [3,7-18]. Despite significant progress, a persistent
challenge in biomimetic chemistry is the preferential reliance on hydroperoxide oxidants
(e.g., H,O,, ROOH) rather than direct O, activation [19-25]. While molecular oxygen can
participate in these reactions, its reactivity in synthetic systems is typically restricted to
ferrous (Fe2*) complexes pre-coordinated with strongly electron-donating substrates
(e.g., catecholates, thiolates) that enhance metal-mediated O, binding [26—-32]. Beyond
hydrocarbon oxidation, oxygen-activating metalloenzymes play critical roles in
neurotransmitter biosynthesis. A notable example is tryptophan hydroxylase, which
catalyzes the rate-limiting step in serotonin production and influences circadian regulation
[33—40]. The enzyme’s dependence on iron and O, underscores the broader biological
significance of controlled oxygen activation. In pursuit of synthetic systems capable of
direct O, activation, our laboratory has investigated a series of dichloroferrous complexes
supported by modified TPA-type ligands [41-49]. A key structural feature of these
systems is the substitution pattern on the ligand’s nitrogen donors, which modulates
coordination geometry—shifting between tridentate and tetradentate binding modes.
Intriguingly, halogen-substituted variants exhibit spontaneous reactivity with O, without
requiring exogenous reductants or activating substrates. This behavior arises from a
synergistic combination of steric constraints and electronic tuning, wherein electron-
withdrawing substituents stabilize higher oxidation states while preventing deleterious
ligand oxidation. A central objective in biomimetic oxidation catalysis is the rational design
of artificial systems that replicate the efficiency and selectivity of metalloenzymes.
Achieving this goal demands the integration of three critical components: (1) a redox-
active metal center capable of O, binding and activation, (2) a tunable electron reservoir
(either intrinsic to the ligand or supplied externally), and (3) a protective
microenvironment—modeled after protein matrices or engineered using inorganic (e.g.,
zeolites, electrodes) or organic (e.g., dendrimers, nanomaterials) scaffolds [50-58]. The
development of such systems necessitates a library of well-characterized, functionally
diverse complexes with predictable reactivity patterns. Within this framework, the present
study focuses on the synthesis, characterization, and reactivity of TPA-derived ligands
functionalized with nitrile groups (—CN) at one, two, or three pyridyl positions [59-67].
Nitrile substitution was selected for its ability to modulate both steric and electronic
properties while maintaining ligand stability under oxidative conditions. [68-75] The
corresponding dichloroferrous complexes were prepared and structurally characterized,
with one derivative subjected to detailed solution-phase analysis. [76-78] Preliminary
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investigations into their reactivity with O, reveal distinct activation pathways, offering
insights into the role of ligand architecture in governing oxygenase-like behavior [79-88].
This work advances the broader objective of developing functional synthetic analogues
of non-heme iron oxygenases, with implications for catalytic C—H functionalization and
sustainable oxidation chemistry. [89-96] By systematically varying ligand electronics and
denticity, we aim to establish structure-reactivity correlations that inform the design of
next-generation oxidation catalysts. [97-104]

The nitrile-functionalized iron-TPA complexes developed in this study offer a novel
catalytic approach to cancer therapy by exploiting tumor-specific oxidative vulnerabilities.
[105-112] These complexes can selectively generate reactive oxygen species (ROS)
within cancer cells through controlled O, activation, mimicking enzymatic processes but
with tunable reactivity. Key therapeutic mechanisms include:

1. Targeted Oxidative Stress — The complexes catalyze sustained ROS production,
overwhelming cancer cells that already operate under elevated oxidative stress,
while sparing normal cells with robust antioxidant defenses [113-120].

2. Hypoxia Compatibility — Unlike radiation or conventional drugs, these O,-
activating complexes remain functional in hypoxic tumor microenvironments where
traditional therapies fail [121-128].

3. Redox Cycling — Zinc-mediated reduction allows catalytic regeneration of active Fe
(I) species, enabling prolonged ROS generation at low doses. [129-136]

4. Selective DNA/Lipid Damage — High-valent iron-oxo intermediates can oxidize
DNA bases and membrane lipids, inducing lethal cellular damage. [137-146]

By optimizing ligand electronics, these complexes may be tailored for specific cancers,
offering a new class of pro-oxidant therapeutics that operate through fundamentally
distinct, biomimetic mechanisms. [147-150]

Experimental Section: Synthesis and Characterization of Nitrile-Functionalized
TPA Ligands

1. Synthesis of 2-Cyano-6-methylpyridine

A solution of 2-methylpyridine-1-oxide (24.6 g, 0.200 mol) in anhydrous dichloromethane
(200 mL) was dried over magnesium sulfate and transferred via cannula to a reaction
flask containing trimethylsilyl cyanide (25.0 g, 0.253 mol). A solution of dimethylcarbamy!
chloride (21.4 g, 0.253 mol) in dichloromethane (50 mL) was added dropwise over 30
min. The reaction mixture was stirred for 24 h at ambient temperature, after which a 10%
aqueous potassium carbonate solution (200 mL) was added slowly. The organic product
was extracted with dichloromethane (3 x 50 mL), and the combined organic phases were
dried over MgSO,. Solvent removal under reduced pressure followed by recrystallization
from pentane afforded 2-cyano-6-methylpyridine as a white crystalline solid (26.0 g, 0.220
mol, 98% vyield).
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1H NMR (CDCls, 400 MHz): & 7.70 (t, 1H, CHy), 7.50 (d, 1H, CHB"), 7.37 (d, 1H, CHR),
2.60 (s, 3H, CHs).

2. Synthesis of 2-Cyano-6-(bromomethyl)pyridine

A mixture of 2-cyano-6-methylpyridine (10.0 g, 0.084 mol), N-bromosuccinimide (16.6 g,
0.093 mol), and benzoyl peroxide (0.2 g, 0.840 mmol) in carbon tetrachloride (200 mL)
was refluxed (90 °C) for 6 h under vigorous stirring. After cooling, the precipitated
succinimide was removed by filtration, and the solvent was evaporated under reduced
pressure. The crude product was purified by silica gel column chromatography (toluene
eluent), yielding 2-cyano-6-(bromomethyl) pyridine as a pale-yellow solid (3.0 g, 0.015
mol, 18% vyield).

1H NMR (CDCl3, 400 MHz): & 7.86 (t, 1H, CHy), 7.69 (dd, 1H, CHB'), 7.62 (dd, 1H, CHB),
4.55 (s, 2H, CH,Br).

3. Synthesis of TPACN (Tris(2-cyano-6-pyridylmethyl) amine)

A solution of 2-cyano-6-(bromomethyl) pyridine (1.00 g, 5.07 mmol),
dimethylpyridineamine (1.01 g, 5.07 mmol), and sodium carbonate (0.54 g, 5.07 mmol) in
acetonitrile (100 mL) was refluxed (95 °C) for 18 h. The reaction mixture was filtered to
remove inorganic salts, and the solvent was evaporated. The residue was extracted with
dichloromethane/water, dried (MgSO,), and recrystallized from pentane to afford TPACN
as a white solid (1.29 g, 4.11 mmol, 81% yield).

Elemental Analysis: Found: C, 72.63%; H, 5.08%; N, 22.42%. Calc. for C,,H;gN¢: C,
72.36%; H, 5.43%; N, 22.21%.

1H NMR (CDCls, 400 MHz): & 8.53 (m, 2H, CHa), 7.82 (dd, 1H, CHB1), 7.77 (t, 1H,
CHy1), 7.65 (td, 2H, CHy), 7.54 (dd, 1H, CHB1"), 7.51 (dt, 2H, CHB"), 7.15 (m, 2H, CHp),
3.92 (s, 2H, CH,), 3.88 (s, 4H, CH,).

13C NMR (CDCl3, 100 MHz): & 162 (2'), 159 (2), 149 (6), 137 (4'), 136 (4), 132 (6'), 127
(39, 126 (5, 123 (3), 122 (5), 117 (CN), 60 (CH,), 59 (CH,).

IR (KBr): v(CN) = 2539 cm™.

4. Synthesis of TPACN; (Bis(2-cyano-6-pyridylmethyl) (2-pyridylmethyl) amine)

A mixture of 2-cyano-6-(bromomethyl) pyridine (1.40 g, 7.10 mmol), picolylamine (0.40 g,
3.55 mmol), and sodium carbonate (0.37 g, 3.55 mmol) in acetonitrile (100 mL) was

refluxed (95 °C) for 18 h. Workup as described for TPACN afforded TPACN, as a white
solid (1.17 g, 3.44 mmol, 97% vyield).

Elemental Analysis: Found: C, 70.18%; H, 4.79%; N, 24.23%. Calc. for C,,H;sNs: C,
70.57%:; H, 4.74%:; N, 24.69%.

1H NMR (CDCl3, 400 MHz): & 8.545 (m, 1H, CHa), 7.802 (dd, 2H, CHB1), 7.794 (dd, 2H,
CHB1'"), 7.665 (td, 1H, CHy), 7.566 (dd, 2H, CHy1), 7.473 (dt, 1H, CHB'), 7.169 (m, 1H,
CHP), 3.993 (s, 4H, CH,), 3.889 (s, 2H, CH,).
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13C NMR (CDCl3, 100 MHz): & 161 (2"), 158 (2), 149 (6), 137 (4'), 136 (4), 133 (6'), 127
(3), 126 (5, 123 (3), 122 (5), 117 (CN), 60 (CH,), 59 (CH,).

IR (KBr): v(CN) = 2536 cm™.
5. Synthesis of TPACNj3; (Tris(2-cyano-6-pyridylmethyl) amine)

A sealed flask containing 2-cyano-6-(bromomethyl) pyridine (3.00 g, 15.23 mmol),
ammonium chloride (0.26 g, 4.08 mmol), and sodium hydroxide (0.20 g, 5.08 mmol) in
THF

(100 mL) was stirred for 72 h. After filtration and solvent removal, the crude product was
purified by silica gel chromatography (gradient elution: CH,Cl, — CH,Cl,/acetone 1:1) to
afford TPACN3; as a white solid (4.1 g, 11.23 mmol, 74% yield).

Elemental Analysis: Found: C, 69.33%; H, 4.30%; N, 26.47%. Calc. for C,,H;gN¢: C,
69.04%:; H, 4.11%:; N, 26.85%.

1H NMR (DMSO-dg, 400 MHz): & 7.99 (t, 3H, CHy1), 7.88 (d, 3H, CHB1"), 7.85 (d, 3H,
CHB1), 3.94 (s, 6H, CH,).

13C NMR (DMSO-dg, 100 MHz): & 161 (2), 139 (4), 132 (6), 128 (3), 127 (5), 118 (CN),
60 (CH.).

IR (KBr): v(CN) = 2538 cm™.

DISCUSSION OF SYNTHETIC METHODOLOGY

The stepwise functionalization of the TPA scaffold with nitrile groups was achieved via
nucleophilic substitution, with yields ranging from 18% (bromination) to 97% (TPACN,).
The nitrile stretches (v(CN) = 2536—-2539 cm™) in the IR spectra confirmed successful
incorporation of the cyano moiety. NMR and elemental analysis validated the structural
integrity of all derivatives, setting the stage for subsequent coordination studies with iron

().

RESULTS AND DISCUSSION
Strategic Approach to Ligand Design and Synthesis

The present work focuses on the systematic development of a-substituted TPA (tris(2-
pyridylmethyl) amine) derivatives, specifically targeting mono-, di-, and tri- functionalized
variants. While the preparation of a-substituted pyridine precursors is typically
straightforward, the synthesis of 2-cyano-6-methylpyridine presented particular
challenges due to its pronounced sensitivity to trace moisture. Optimal purification was
achieved through recrystallization from pentane or hexane, yielding the desired product
as a pale yellow crystalline solid.

The synthetic strategy employed nucleophilic aromatic substitution chemistry, utilizing
non-commercial halomethylpyridine intermediates that required custom synthesis
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(Figure 1). This approach proved particularly effective for constructing the target ligand
architectures through controlled functionalization of the TPA core structure.
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Figure 1: preparation of the starting materials necessary these products are not
commercialy availale.

Ligand Synthesis and Characterization

Three distinct nitrile-functionalized TPA derivatives were successfully prepared and
characterized:

1. CNTPA Synthesis:

The mono-substituted derivative was obtained via a classical SN2 reaction between bis(2-
pyridylmethyl) amine (DPA) and 6-cyano-2-(bromomethyl)pyridine in the presence of
base. This transformation proceeded efficiently when employing a slight excess of DPA
(readily removable by distillation), typically yielding the desired product in approximately
90% vyield.

2. (CN),TPA Synthesis:

The disubstituted analogue was prepared through stoichiometric reaction of picolylamine
with two equivalents of 6-cyano-2-(bromomethyl)pyridine under basic conditions. This
approach allowed for controlled bis-functionalization while maintaining excellent reaction
selectivity.
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3. (CN)3TPA Synthesis:

The trisubstituted variant was synthesized through an in-situ ammonia generation
protocol, where sodium hydroxide-mediated decomposition of ammonium chloride
produced the required nucleophile in a sealed reaction vessel.

The resulting product exhibited limited solubility in common organic solvents, a
characteristic that facilitated its purification by selective precipitation.

All synthesized ligands were obtained as white crystalline solids following recrystallization
from pentane (Figure 2). Comprehensive characterization was performed using elemental
analysis, multinuclear NMR spectroscopy (*H and 12C), infrared spectroscopy, and cyclic
voltammetry, confirming both the structural integrity and purity of each compound.
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Figure 2: Preparation of (TPA) series respectively CNTPA, (CN)2TPA and
(CN)3TPA.

The infrared spectra of all derivatives exhibited characteristic nitrile stretching vibrations
(v(C=N)) in the 2250-2300 cm™ range, while NMR analysis revealed the expected
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patterns for the asymmetrically substituted pyridine rings. Electrochemical studies
demonstrated the influence of progressive nitrile substitution on the redox properties of
the TPA framework, providing valuable insights for subsequent coordination chemistry
investigations.

This systematic synthetic approach has successfully generated a series of tunable TPA-
type ligands with varying degrees of nitrile functionalization, establishing a robust platform
for the development of novel iron coordination complexes with tailored electronic and
steric properties.

Comparative Electrochemical Analysis of Nitrile-Functionalized TPA Ligands

The electrochemical properties of the synthesized CNTPA, (CN),TPA, and (CN);TPA
ligands were systematically investigated using cyclic voltammetry in anhydrous
acetonitrile at ambient temperature (298 K). All measurements were conducted under
inert atmosphere conditions employing a standard three-electrode configuration (platinum
working and counter electrodes, saturated calomel reference electrode [SCE]), with 0.1
M tetrabutylammonium hexafluorophosphate (TBAPF¢) as supporting electrolyte. Scan
rates were maintained at 200 mV/s to ensure optimal resolution of redox events while
minimizing capacitive current contributions. For comparative analysis, the voltammetric
behavior of the parent TPA ligand was included as a benchmark (Figure 3).
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Figure3: Voltammerogram of ligands (TPA; CNTPA; (CN)2TPA; and (CN)3TPA),
with TPA in black, CNTPA in red, (CN)2 TPAIin blue, (CN)3TPAIn green.

TPA
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The cyclic voltammograms revealed distinct oxidation events for each ligand, all exhibiting
irreversible anodic waves corresponding to single-electron oxidation of the tertiary amine
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center. The oxidation potentials (Ea) demonstrated a progressive positive shift with
increasing nitrile substitution: TPA (1.12 V), CNTPA (1.25 V), (CN),TPA (1.34 V), and
(CN)STPA (1.45 V) versus SCE. This systematic variation reflects a consistent potential
increase of approximately 110 mV per additional nitrile group, mirroring trends previously
observed in fluorinated TPA analogues. Notably, the (CN);TPA voltammogram displayed
an additional low-intensity irreversible oxidation at 0.73 V/SCE, the origin of which
remains unclear but may suggest either:

1. Partial decomposition products from ligand synthesis.
2. Oxidation of trace impurities in the sample.

The reversible redox couple observed at E;/, = 0.382 V/SCE was assigned to the
ferrocene/ferrocenium internal reference. The marked positive potential shifts observed
with increasing nitrile substitution quantitatively demonstrate the strong electron-
withdrawing character of the cyano groups, which effectively stabilize the highest
occupied molecular orbital (HOMO) of the ligand framework. This electronic perturbation
has significant implications for the redox properties of resulting metal complexes,
particularly in modulating metal-centered oxidation states during catalytic cycles.

These electrochemical findings provide crucial insights into the electronic structure
modifications imparted by progressive nitrile functionalization, establishing a clear
structure- property relationship that informs the design of tunable ligand platforms for
oxidation catalysis. The consistent potential shifts confirm the additive nature of electronic
effects in this ligand series, offering predictable control over the redox properties of
derived coordination complexes.

Synthesis and Characterization of Iron (II) Complexes with Nitrile-Functionalized
TPA Ligands

All metal coordination reactions were conducted under rigorously controlled anaerobic
conditions employing standard Schlenk line techniques and an argon atmosphere.
Solvent preparation involved meticulous purification through fractional distillation followed
by three successive freeze-pump-thaw cycles to ensure complete oxygen removal. The
synthetic methodology comprised the sequential cannula transfer of anhydrous
tetrahydrofuran (100 mL) to a Schlenk flask containing anhydrous ferrous chloride (0.9
equivalents), followed by transfer to a second Schlenk vessel containing the respective
TPA-based ligand (CNTPA, (CN),TPA, or (CN);TPA; 0.2 g, 1 equivalent). A 10% molar
excess of ligand was employed to compensate for potential processing losses while
maintaining reaction stoichiometry.

Immediate colorimetric changes to characteristic reddish solutions upon mixing provided
visual confirmation of complex formation. The reaction mixtures were stirred continuously
for 10 hours at 298 K to ensure complete coordination. Workup procedures involved
cannula filtration under inert atmosphere, followed by solvent evaporation under reduced
pressure. Subsequent purification was achieved through dissolution in anhydrous
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acetonitrile and precipitation with diethyl ether, with thorough ether washing to remove
residual reactants. Final products were isolated as microcrystalline solids following
overnight vacuum desiccation.

THF ou CHyCN
L + FeCly - LFeCl;

Ar, 24 heures

CNTPA: Ry=CN Rs=Rs=
(CN);TPA°  R:=Ry=CN,Ry=H
{CN);TPA: Fi=Ra=Ry=CN

Physicochemical Characterization

The synthesized iron (Il) complexes were comprehensively characterized using an array
of spectroscopic and analytical techniques:

1. UV-Vis Spectrophotometry: Revealed ligand-to-metal charge transfer (LMCT)
bands and d-d transitions diagnostic of the coordination environment.

2. Paramagnetic *H NMR Spectroscopy: Provided structural insights despite
expected line broadening effects characteristic of high-spin iron (1) systems.

3. Electrochemical Analysis: Cyclic voltammetry experiments elucidated the redox
behavior and electronic effects imparted by nitrile substitution.

4. Conductivity Measurements: Assessed the ionic character and potential
electrolyte behavior in solution.

5. Single-Crystal X-ray Diffraction: Where feasible, provided definitive structural
determination of molecular geometry and bonding parameters.

While the coordination reactions are presumed quantitative based on stoichiometric
considerations, minor product losses were encountered during purification steps,
particularly during solvent transfer and precipitation stages. The consistent reddish
coloration observed across all complexes suggests analogous coordination geometries,
though subtle variations in spectral features reflect the electronic perturbations induced
by progressive nitrile substitution. This comprehensive characterization approach
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enables rigorous correlation between ligand architecture and complex properties,
particularly regarding electronic.

I. Spectroscopic Characterization of Iron (II) Complexes by UV-Visible
Spectroscopy

The electronic absorption spectra of the synthesized iron (1) complexes (CNTPAFelICl,,
(CN), TPAFellICl,, and (CN);TPAFelICl;) exhibit two distinct absorption features as
shown in Figure 4. The higher-energy transitions observed between 258-269 nm (¢ =
9743-12046 M™cm™") are characteristic of T—1* electronic excitations within the pyridyl
rings of the TPA ligand framework [66-73].

More significantly, broad metal-to-ligand charge transfer (MLCT) bands appear at longer
wavelengths (389-471 nm, € = 759-1963 M™icm™), as summarized in Table 1. These
MLCT transitions demonstrate substantial bathochromic shifts and tailing into the visible
region, accounting for the intense coloration of the complexes. Specifically, the
(CN), TPAFelICIl, (Amax = 471 nm) and (CN)s;TPAFelICl, (Amax = 451 nm) complexes
exhibit absorption maxima in the blue-green region, resulting in their observed reddish
hues. In contrast, CNTPAFellCl, (Amax = 389 nm) displays a red-orange coloration due
to its predominant absorption in the blue-violet spectral region.

The systematic variation in both absorption maxima and molar extinction coefficients (¢)
with increasing nitrile substitution reveals important electronic perturbations within the
coordination sphere. The progressive red-shift of the MLCT bands and decreasing
extinction coefficients from CNTPA to (CN);TPA derivatives suggest enhanced
delocalization of electron density from the iron center to the 1r-accepting nitrile-modified
ligands. These spectroscopic observations provide direct evidence for the significant
electronic effects imparted by progressive nitrile functionalization on the frontier molecular
orbitals of the complexes.

Table 1: UV-visible data of the CNTPAFeCl2, (CN)2TPAFeCl2 and (CN)3TPAFeCl:
complexes and their molar extinction coefficients.

CNTPAFe'Cl, (CN),TPAFe'Cl, (CN)sTPAFe'Cl,
A, nm, (¢, mmole-l.cm?) A, nm, (¢, mmole-t.cm=?) A, nm, (¢, mmole-t.cm?)
258 (9743) 262 (10811) 269 (12046)
389 (1963) 471 (1127) 451 (759)

More significantly, broad metal-to-ligand charge transfer (MLCT) bands appear at longer
wavelengths (389-471 nm, € = 759-1963 M™lcm™), as summarized in Table 1. These
MLCT transitions demonstrate substantial bathochromic shifts and tailing into the visible
region, accounting for the intense coloration of the complexes. Specifically, the
(CN), TPAFelICl, (Amax = 471 nm) and (CN);TPAFellCl, (Amax = 451 nm) complexes
exhibit absorption maxima in the blue-green region, resulting in their observed reddish
hues. In contrast, CNTPAFelICl, (Amax = 389 nm) displays a red-orange coloration due
to its predominant absorption in the blue-violet spectral region.
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The systematic variation in both absorption maxima and molar extinction coefficients (¢)
with increasing nitrile substitution reveals important electronic perturbations within the
coordination sphere. The progressive red-shift of the MLCT bands and decreasing
extinction coefficients from CNTPA to (CN);TPA derivatives suggest enhanced
delocalization of electron density from the iron center to the 1r-accepting nitrile-modified
ligands. These spectroscopic observations provide direct evidence for the significant
electronic effects imparted by progressive nitrile functionalization on the frontier molecular
orbitals of the complexes.

—CNTPAFeCR (CH)2TP AFeCI2 —(CH)3TPAFeCI2

Absorbance

=

22 30 K1) Lri 550 1% 1] 10
Wanekength {nm)

Figure 4: UV-visible spectra of the CNTPAFeCI2, (CN)2TPAFeCl2, and
(CN)3TPAFeCI2 complexes.

Il. Paramagnetic *H NMR Spectroscopic Analysis in CD3zCN

While less commonly employed in molecular characterization, paramagnetic *H NMR
spectroscopy proves particularly informative for investigating electronic structure in
paramagnetic complexes such as our iron (1) derivatives. The high-spin Fe2* center (3d®
configuration, S = 2) induces substantial paramagnetic shifts (-50 < & < 200 ppm) and
significant line broadening, as evidenced in Figure 5. The observed resonance patterns
confirm the strong spin-coupled nature of these complexes through their characteristic
paramagnetic dispersion.

The proton resonances separate into two distinct categories based on their proximity to
the paramagnetic center:

1. Highly broadened signals (a-pyridyl and CH, protons) demonstrating extensive
hyperfine coupling due to their immediate coordination sphere environment

2. Relatively sharper resonances (B, B', and y protons) exhibiting reduced
paramagnetic effects with increasing distance from the metal center.
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Linewidth analysis (Av/;) reveals a progressive broadening trend:
e CNTPAFeCl,: 50-51 Hz
e (CN),TPAFeCl,: 102-138 Hz
e (CN);TPAFeCl,: >170 Hz

The well-resolved spectra obtained for mono- and di-substituted complexes (Figure 5)
permitted complete assignment through comparative analysis with known structural
analogues, particularly BrTPAFeCl, [2,13,23-27,60-73]. The observed paramagnetic
shifts and linewidths for CNTPAFeCl, closely resemble those of BrTPAFeCl,, consistent
with a pseudo-octahedral coordination geometry

...... L " BO 3 A0 =y 0 0 4

Figure 5: Paramagnetic 1H NMR spectrum for the CNTPAFeCI2 and (CN)
2TPAFeCl2 complexes.
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The well-resolved spectra obtained for mono- and di-substituted complexes (Figure 5)
permitted complete assignment through comparative analysis with known structural
analogues, particularly BrTPAFeCl, [2,13,23-27,60-73]. The observed paramagnetic
shifts and linewidths for CNTPAFeCl, closely resemble those of BrTPAFeCl,, consistent
with a pseudo-octahedral coordination geometry.

Notably, (CN);TPAFeCl, exhibits anomalous behavior (Figure 6). The unexpectedly
narrow resonances juxtaposed with broad features contradict predictions based on its
UV-visible characteristics (notably reduced MLCT extinction coefficient), which would
suggest a trigonal bipyramidal geometry analogous to Br; TPAFeCl, [13,23-27,60-73].

R A

—T T T [ T T T T [ T T T T T T T [ T T T T T T T T T T T T T [ T T T T
pm 120 100 80 (=] 10 ]

Figure 6: Paramagnetic 1H NMR spectrum obtained after dissolution in CD3CN of
the (CN)3TPAFeCI2 complex

This spectroscopic discrepancy persists under rigorously anaerobic conditions,
suggesting potential solvent-mediated effects. The presence of residual water (including
D,0) in deuterated acetonitrile may promote ligand exchange or hydrolysis, as will be
discussed in subsequent sections [54-59]. These observations underscore the
importance of complementary characterization techniques when investigating
paramagnetic systems in protic media.

[ll. Conductometric Analysis of Iron (Il) Complexes

Solution-phase conductivity measurements were conducted in anhydrous acetonitrile at
298 K to elucidate the ionic character of the synthesized complexes. The molar
conductivities () were determined at standardized concentrations of approximately 1.0
x 1073 M, with the resulting values presented in Table 2.
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The observed conductivity values fall within a relatively narrow range:
e TPAFeCl;: 30.34 S:mol™t.-cm?
« CNTPAFeCl,: 13.80 S:mol™t.cm?
e (CN),TPAFeCl;: 21.03 S-mol™-cm?
e (CN);TPAFeCl,: 25.15 S-mol™t-cm?

These conductivity measurements provide critical insight into the solution behavior of the
complexes. The measured A values are substantially lower than the characteristic range
for singly-charged (1:1) electrolyte species in acetonitrile (typically 2100 S-mol~*-cm?) [60-
73]. This significant discrepancy strongly suggests that all complexes maintain their
neutral character in solution, existing predominantly as [Fe (TPA-R) Cl,] species rather
than dissociated ionic forms.

Table 2: Molar conductimetry measurements show that the complexes in solution
remain neutral

TPAFeCl, CNTPAFeCl; (CN)2TPAFeCIl2 | (CN)sTPAFeCl>
A(S.mol*.cm?) 30.34 13.80 21.03 25.15

The observed trend in conductivity values among the series may reflect subtle variations
in:

1. Molecular dipole moments induced by asymmetric nitrile substitution
2. Solvent-solute interactions modulated by ligand polarity
3. Minor differences in ion-pair dissociation equilibria

These findings are consistent with previous conductometric studies of analogous
dichloroferrous complexes, further supporting the conclusion of neutral complex
persistence in acetonitrile solution. The relatively low conductivity values effectively rule
out significant formation of charged species under these experimental conditions,
confirming the integrity of the neutral coordination spheres in solution.

Structural Characterization by Single-Crystal X-ray Diffraction

Single crystals suitable for X-ray diffraction analysis were obtained through vapor
diffusion of diisopropyl ether into oxygen-free acetonitrile solutions of the complexes,
prepared and sealed under inert atmosphere in glass tubes. Successful crystal growth
was achieved for both CNTPAFeCl, and (CN),TPAFeCl, complexes using this
methodology.

Crystal Structure of CNTPAFeCl,

The complex crystallizes in the monoclinic space group P2,/n with unit cell parameters a
= 8.5600(5) A, b = 15.5940(9) A, c = 14.7230(11) A, and B = 103.271(2) ° (a = y = 90°),
containing Z = 4 formula units per unit cell. Figure 7 presents the Mercury visualization of
the molecular structure, with key metrical parameters provided in Table 3.

Oct 2025 | 15



Xi'an Shiyou Daxue Xuebao (Ziran Kexue Ban)/

Journal of Xi'an Shiyou University, Natural Sciences Edition
ISSN: 1673-064X

E-Publication: Online Open Access

Vol: 68 Issue 10 | 2025

DOI: 10.5281/zenodo.17321958

Figure 7: Mercury representation of the CNTPAFeCl2 complex. The main
distances and angles are given inTable 3.

Crystal Structure of (CN),TPAFeCl,

This derivative likewise crystallizes in the monoclinic P2,/n space group with unit cell
dimensions a = 12.465(4) A, b = 14.212(5) A, ¢ = 13.312(5) A, and B = 102° (a = y = 90°),
with Z = 4. The molecular structure is depicted in Figure 8, with relevant bond metrics
compiled in Table 3.

Figure 8: Mercury representation of the (CN)2TPAFeCl2 complex. The main
distances and angles are given in Table 3.
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Table 3: Interatomic distances and principal angles in CNTPAFeClz,
(CN)2TPAFeCl2 complexes.

(CN)-TPAFeCl,

CNTPAFeCl,

Les distances Les angles Les distances Les angles

. | N2 Fe NI 775900 . —
Fe N2 21893)A | N> Fe Cp 05337y || Tl NP 22024 | N3 Fel NI e

NIFeCI 165287 || ©o wr sarerms | N1 Fol No 75 230160
Fe NI 2234(1)A | N2 Fe N3 77.95(10 Fel N1 2215(H)A | N1 Fel N2 75.53(16)

N3 Fel N4 83.02(15)°
N1 Fel N4 146.20(17)°
N2 Fel N4 71.02(16)°
N3 Fel Cll 97.20(12)°
N1 Fel Cl1 96.98(13)°

N1 Fe N3 76.21(9)° )
C12 Fe N3 115.30(7)° Fel N2 2266(4HA
N2 Fe Cl1 163.76(7)°
N1 Fe Cl1 90.89(7)° Fel N4

Fe CI2 23217(%HA

2312(HA

Fe N3 2325(3)4

Fe N5 24143A

Fe CI123076{100A

C12 Fe C11 DB.35(3)°
N3 Fe C11 BR28(7)"
N2 Fe N3 92.14(10)°
N1 Fe N3 70.39(9)°
C12 Fe N5 97.3006)°
N3 Fe N3 14640007
C11 Fe N5 947507y

Fel C11 2.3496(15)A

Fel C12 2.4324(15A

N2 Fel CI1 171.22(12)°
N4 Fel CI1 114.58(12)°
N3 Fel C12 1669712
N1 Fel C12 100.32(12)°
N2 Fel C12 90.46(11)°
N4 Fel C12 BE88(11)°
C11 Fel C12 95.45(3)°

C12 N3 Fe 129.3(3)°

Structural Comparison and Analysis

Both complexes exhibit significantly distorted octahedral coordination geometries at the
iron center, as evidenced by N-Fe-N bond angles ranging between 70-80°. This distortion
arises from the geometric constraints imposed by the five-membered chelate rings formed
by the TPA ligand framework. The observed Fe-N bond distances (>2.0 A) are consistent
with a high-spin (S = 2) electronic configuration for the Fe (II) centers, characteristic of
weak-field ligand environments.

Notably, the nitrile substituents adopt outward orientations relative to the equatorial plane,
likely minimizing electronic repulsion between the cyano groups and chloride ligands. In
the disubstituted (CN),TPAFeCl, complex, this steric constraint is particularly
pronounced, with the nitrile groups oriented in opposing directions to alleviate
intramolecular strain. This structural feature demonstrates the significant conformational
influence exerted by multiple nitrile substituents on the overall molecular geometry.

Quantitative Analysis of Trans-Equatorial Deformation

The structural distortion in pseudo-octahedral TPA complexes was quantitatively
characterized using the trans-equatorial deformation parameter (p), defined as the
product of the dihedral angle (¢) between trans-oriented pyridyl rings and their associated
torsion angle (8). Comparative analysis of TPAFeCl,, CNTPAFeCl,, and (CN),TPAFeCl,
reveals a pronounced increase in p values (Table 4), with the disubstituted complex
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exhibiting the most significant distortion (p = 212.9°2 versus 20.8°% and 46.6°% for the
unsubstituted and monosubstituted analogues, respectively).

Table 4: Measured values of ¢, dihedral angle between two pyridines in trans, of 0:
angle of torsion between two pyridines in trans, and p = ¢ x 0 :trans angular
deformation parameter in pseudo-octahedral complexes.

¢ : the angle of the dihedron Py — Pyr

8: torsion angle Ca-Nb-Nc-Cd

@ ° 8, ° p. 2
TPAFeCl: 6.75 3.08 20.8
CNTPAFeCl: 2619 1.78 46.6
[CHN:TPAFeCl: 33.90 6.28 2129

1. Conformational Consequences:

The progressive increase in both ¢ (6.75° — 33.90°) and 6 (3.08° — 6.28°) across the
series demonstrates how nitrile substitution enforces:

o Pyridyl ring twisting (@)
o Chelate ring puckering (6)
o Overall distortion of the coordination sphere

2. Steric Implications:

The observed deformations primarily reflect:
e Repulsive interactions between nitrile electron density and chloride lone pairs
e Geometric constraints imposed by the rigid TPA scaffold

o Cumulative steric demand of multiple nitrile substituents
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These findings provide quantitative structural evidence for the substantial ligand field
perturbations induced by nitrile functionalization, with important implications for
understanding the electronic and steric tuning of coordination geometries in substituted
TPA complexes.

3. Oxygenation Reactivity of Nitrile-Substituted Iron (II) Complexes

Previous studies have established that unsubstituted TPA-iron complexes undergo direct
oxygenation to form symmetric py-oxo diferric species.

Building upon this foundation, we investigated how electron-withdrawing nitrile
substituents influence this reactivity, given their capacity to enhance metal center
electrophilicity and potentially accelerate oxygen activation kinetics.

UV-Visible Spectroscopic Monitoring of Oxygenation Kinetics

solutions of CNTPAFeCl,, (CN),TPAFeCl,, and (CN);TPAFeCl,, with reaction progress
monitored by UV-vis spectroscopy (Figure 9). Distinct reactivity patterns emerged:

1. CNTPAFeCl; exhibited gradual conversion over 15 hours, evidenced by a progressive
color change to brown. The final spectrum displayed characteristic absorptions at 327
nm and 380 nm, consistent with formation of a symmetric y-oxo diferric species Figure
9: a).

2. (CN),TPAFeCl, demonstrated biphasic kinetics:
o Rapid initial phase (complete within 30 minutes)

o Slower secondary process (4 hours total reaction time) Final absorption bands at
316 nm and 358 nm suggest a p-oxo bridged structure with intermediate
symmetry Figure 9: b).

3. (CN)3TPAFeCl, showed the fastest reactivity:
o Immediate initial transformation (15 minutes)

o Subsequent gradual evolution (90 minutes total) Diagnostic bands at 255 nm and
315 nm indicate symmetric p-oxo diferric product formation Figure 9: c).
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Figure 9: UV-vis tracking of the oxygenation reaction of the complexes: a)

CNTPAFeCl2, b) (CN)2TPAFeCl2, ¢) (CN)3TPAFeCl..
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Structure-Reactivity Relationships

The observed kinetic trends correlate strongly with the degree of nitrile substitution:

e Reaction rates increase with additional nitrile groups [(CN);TPAFeCl, >
(CN), TPAFeCl, > CNTPAFeCl,]

o Multi-step pathways emerge for di- and tri-substituted complexes
« Final product speciation depends on ligand architecture

CNTPAFeCl, (CN),TPAFeCl, (CN)sTPAFeCl,
Color change Red-brown Red-brown Chestnut
9 15 hours 30 minutes 15 minutes

These findings validate the hypothesis that electron-deficient iron centers (induced by
nitrile substitution) enhance oxygenation reactivity.

The spectroscopic evidence further suggests that nitrile loading influences both reaction
kinetics and the structural nature of the resulting oxo-bridged products, with intermediate
symmetries possible for certain substitution patterns.

This systematic study provides fundamental insights into tuning oxygen activation
pathways through rational ligand design.

Il. Paramagnetic *H NMR Spectroscopic Monitoring of CNTPAFeCl, Oxygenation

The oxygenation process of CNTPAFeCl, was investigated using *H NMR spectroscopy
in CD3CN to elucidate structural and electronic transformations. In the deoxygenated
state, the complex exhibits characteristic paramagnetic behavior with resonances
dispersed across an extensive chemical shift range (-50 to 160 ppm), consistent with a
high-spin Fe (ll) center (S = 2).

Upon dioxygen exposure, dramatic spectral changes occur due to formation of a binuclear
p-oxo-bridged Fe (lll) species. The emergence of antiferromagnetic coupling between
iron centers (S = 5/2 per Fe (lll)) through the oxo bridge induces partial diamagnetic
character in the system, manifested by:

1. Progressive disappearance of paramagnetically-shifted signals

2. Appearance of free ligand resonances after 4 hours

3. Development of broadened peaks in the 20 to -10 ppm range
Time-dependent spectral evolution (Figure 10) reveals:

o Residual starting material persists after 24 hours

o Complete conversion to the oxo-bridged product occurs by 72 hours

e« Final spectrum shows characteristic pseudo-diamagnetic pattern  of
antiferromagnetically-coupled [Fe (111)-O-Fe (111)] core
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These observations demonstrate:
e The p-oxo bridge mediates strong magnetic exchange (J = -100 cm™)
« Oxygenation proceeds through detectable intermediate states

e Final product retains some paramagnetic broadening due to incomplete spin
cancellation

This NMR evidence complements UV-vis data in establishing the oxygenation pathway
and final product electronic structure, while providing unique insight into the timescale of
binuclear complex formation. The persistence of intermediate signals suggests stepwise
oxidation and dimerization kinetics rather than concerted mechanism.
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Figure 10: The 1H NMR spectra, for the oxygenation kinetics of the CNTPAFeCl:
complex at: a)t =0, b)t=1h,c)t=4h,d)t=24h, e)t=72h. The stars correspond
to the signals of the traces of the starting product.
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2) Substrate Oxidation Reactivity and Catalytic Performance

The proposed oxygenation mechanism (Figure 11) involves the formation of a highly
reactive Fe (IV)-oxo intermediate, which, in the absence of an external substrate,
undergoes comproportionation with another Fe(ll) complex to yield a p-oxo diferric
species. However, in the presence of a hydrocarbon substrate such as cyclohexane, this
high-valent oxo species may instead facilitate oxygen atom transfer, leading to substrate
oxidation (e.g., conversion to cyclohexanone).

02 LFéTcy, c
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CH;CN 1
ay
L-perano
]
hom olysis
ZniHg LFEI{_'.[Tl B
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Figure 11: The oxygenation mechanism of the complexes.

To evaluate this hypothesis, catalytic oxygenation experiments were conducted using
nitrile-substituted Fe (II) complexes (TPACNFeCl,, TPACN,FeCl,, TPACN3zFeCl,) under
an O, atmosphere, with cyclohexane as the substrate and zinc amalgam as a reductant
to maintain the Fe (II/Ill) redox cycle.

The reaction mixture, consisting of the catalyst, cyclohexane, and zinc amalgam in
acetonitrile, was oxygenated for 1-2 h, yielding a grayish solution. Acetophenone was
introduced as an internal standard prior to filtration through Celite, and the products were
analyzed by gas chromatography (GC).
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GC Analysis and Turnover Number (TON) Determination
The GC chromatograms exhibited distinct retention times for key components:
e 4.1 min: Solvent (acetonitrile)
e ~4.5 min: Cyclohexane (low-intensity peak)
e 6.6 min: Cyclohexanone (minor product)
e 11.6 min: Acetophenone (internal standard)
The cyclohexanone concentration was quantified using the relative peak areas:

[cyclohexanone]=1.2x[acetophenone]xArea (cyclohexanone)Area (acetophenone)[cyclo
hexanone]=1.2x[acetophenone]xArea (acetophenone)Area (cyclohexanone)

The catalytic efficiency was expressed as the turnover number (TON):
TON-=[cyclohexanone][catalyst] TON=[catalyst][cyclohexanone]
Comparative Catalytic Performance

The TON values obtained for the different complexes reveal significant variations in
reactivity:

Complex TON
TPAFeCl, 8
TPACNFeCl, 25
TPACN,FeCl, 84
TPACN;FeCl, 9

-Enhanced Reactivity with Nitrile Substitution: The disubstituted complex
(TPACN,FeCl,) exhibited the highest catalytic activity (TON = 84), suggesting an optimal
balance between electronic activation and steric accessibility.

- Electronic vs. Steric Effects: While mono- and di-nitrile substitution improved TON
relative to unsubstituted TPAFeCl,, the tri-nitrile analogue (TPACN3FeCl,) showed
reduced efficiency, likely due to excessive steric hindrance impeding substrate
approach.

- Comparison with Fluorinated Analogues: The trend aligns with prior studies on
fluorinated TPA complexes, where electron-withdrawing groups enhance Fe (IV)=0
formation but excessive substitution diminishes reactivity.

These results demonstrate that strategic ligand modification can fine-tune the oxidative
capability of Fe (Il) catalysts, with TPACN,FeCl, emerging as the most effective system
for cyclohexane oxidation under these conditions. Further mechanistic studies are
warranted to elucidate the role of nitrile groups in stabilizing high-valent intermediates
and facilitating C—H activation [151,152]. This research demonstrates that nitrile-
functionalized iron-TPA complexes can be leveraged as a novel class of pro-oxidant
cancer therapeutics. Their application hinges on the catalytic activation of molecular
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oxygen (O,) to generate reactive oxygen species (ROS) directly within cancer cells [153-
156]. The therapeutic mechanism exploits the inherent oxidative vulnerability of many
cancers. Tumor cells often operate under elevated basal ROS stress, making them
particularly susceptible to further oxidative insult.

These complexes catalyze sustained ROS production, overwhelming the cancer cells'
antioxidant defenses and inducing lethal damage to DNA and lipids, while theoretically
sparing normal cells with more robust redox homeostasis. A key advantage is their
functionality in hypoxic tumor microenvironments, where traditional therapies like
radiation often fail, as they utilize available O,. Furthermore, the zinc-mediated redox
cycling allows for catalytic, dose-efficient ROS generation.[157]. The disubstituted
complex, (CN),TPAFeCl,, exhibits the optimal balance of electronic activation and steric
accessibility, making it the most promising candidate. Its enhanced Lewis acidity
facilitates rapid O, activation without excessive steric hindrance that could impede
reactivity. While the article does not specify a single cancer type, this biomimetic strategy
is best suited for cancers characterized by oxidative stress and hypoxic regions, such as
pancreatic, glioblastoma, and certain resistant solid tumors. The tunability of the ligand
platform allows for future optimization to target specific cancer subtypes.

CONCLUSIONS

This research has successfully established a robust platform for the rational design of
biomimetic iron complexes through the systematic development and characterization of
a novel series of nitrile-functionalized tris(2-pyridylmethyl) amine (TPA) ligands and their
corresponding iron (lI) complexes. The strategic incorporation of one, two, or three
electron-withdrawing nitrile groups at the a-pyridyl position has proven to be a highly
effective method for precisely modulating the electronic structure of the metal center.
Electrochemical analysis quantitatively demonstrated a consistent, additive increase in
ligand oxidation potential of approximately 110 mV per nitrile substituent, unequivocally
confirming the strong electron-withdrawing character of the cyano group and its capacity
to stabilize the ligand's highest occupied molecular orbital. The profound electronic
perturbation induced by nitrile substitution directly translates to significant structural and
functional consequences.

Single-crystal X-ray diffraction analyses of CNTPAFeCl, and (CN),TPAFeCl, revealed
distinct, progressively distorted pseudo-octahedral geometries. The quantitative
assessment using the trans-equatorial deformation parameter (p) provided compelling
structural evidence of this distortion, which escalates dramatically with increased nitrile
loading. This distortion is attributed to steric and electronic repulsions between the nitrile
substituents and the chloride ligands, underscoring the intricate interplay between
electronic tuning and geometric constraints in substituted TPA complexes. Solution-
phase studies, including paramagnetic NMR and conductometry, confirmed the
persistence of these neutral, high-spin Fe (Il) species in acetonitrile, validating the solid-
state structures as relevant to solution reactivity. The core objective of enhancing small-
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molecule activation was decisively met. A clear and direct correlation was established
between the ligand-induced electron deficiency at the iron center and the kinetics of
dioxygen activation. The oxygenation reactivity increased markedly with the degree of
nitrile substitution, with (CN);TPAFeCl, reacting most rapidly. Spectroscopic monitoring
(UV-Vis and '"H NMR) of these reactions confirmed the formation of y-oxo diferric species,
with the specific product speciation—ranging from symmetric to asymmetric bridged
dimers—being influenced by the ligand architecture. This behavior supports a mechanism
involving inner-sphere dioxygen coordination, facilitated by the enhanced Lewis acidity of
the electron-deficient iron center, rather than an outer-sphere electron transfer pathway.
The catalytic proficiency of these complexes was unequivocally demonstrated in the
oxidation of cyclohexane to cyclohexanone under a dioxygen atmosphere.

The disubstituted complex, (CN),TPAFeCl,, emerged as the optimal catalyst, achieving
a turnover number (TON) of 84, which significantly surpasses the activity of both the
parent TPAFeCl, (TON = 8) and the trisubstituted analogue (TON = 9). This structure-
activity relationship identifies a critical "sweet spot" where the electronic activation for O,
binding and high-valent Fe (IV)=0O intermediate formation is maximized, without
introducing excessive steric hindrance that would impede substrate access to the active
site. The successful implementation of a zinc amalgam reductant to sustain the catalytic
cycle underscores the potential for these systems to function as efficient, recyclable
oxidation catalysts. Beyond fundamental catalytic applications, this work pioneers a novel
therapeutic paradigm based on catalytic oxygen activation. The developed nitrile-
functionalized iron-TPA complexes function as bioinspired pro-oxidant agents, capable of
exploiting tumor-specific vulnerabilities. Their mechanism of action involves the in
situ catalytic generation of reactive oxygen species (ROS), inducing lethal oxidative
stress in cancer cells. This strategy offers several transformative advantages:
(1) Selectivity, leveraging the inherently elevated basal ROS levels in cancer cells to
create a therapeutic window; (2) Hypoxia Compatibility, as their mechanism relies on
available O,, making them potentially effective against hypoxic tumors resistant to
radiation and many conventional chemotherapies; and (3) Catalytic Efficiency, enabled
by redox cycling, which allows for sustained ROS production at low therapeutic doses.

The lead candidate, (CN),TPAFeCl,, with its optimal balance of reactivity and stability, is
particularly promising for this application. This study provides a comprehensive structure-
property relationship framework for a new class of electron-deficient iron complexes. It
validates ligand electronic modulation as a powerful strategy for enhancing small-
molecule activation and catalytic oxidation. Furthermore, it introduces a groundbreaking,
biomimetic approach to cancer therapy that operates through catalytic oxidative stress.
The insights gained into the interplay of electronic and steric effects provide a clear
roadmap for the design of next-generation oxidation catalysts and therapeutic agents.
Future work will focus on conjugating these complexes with tumor-targeting moieties to
enhance specificity and rigorously evaluating their efficacy and safety in advanced
preclinical models, thereby translating this innovative chemical design into a potent
therapeutic strategy.
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