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Abstract

Tridentate aroyl hydrazones are effective metal chelators in biological settings, and their activity
has been investigated extensively for medicinal applications in metal overload, cancer, and
neurodegenerative diseases. The aroyl hydrazone motif is found in the recently reported
prochelator (AH1-S),, which has shown antiproliferative pro-apoptotic activity in mammalian
cancer cell lines. Intracellular reduction of this disulfide prochelator leads to the formation of
mercaptobenzaldehyde benzoylhydrazone chelator AH1 and to iron sequestration, which in turn
impacts cell growth. Herein, we investigate the iron coordination chemistry of AH1 to determine
the structural and spectroscopic properties of the iron complexes in the solid state and in liquid
solution. A neutral Fe(l11) complex of 2:1 ligand-to-metal stoichiometry was isolated and
characterized fully to reveal two different binding modes for the tridentate AH1 ligand.
Specifically, one ligand binds in the monoanionic keto form, whereas the other ligand coordinates
as a dianionic enolate. Continuous-wave EPR experiments in frozen solutions indicated that this
neutral complex is one of three low-spin Fe(l11) complexes observed depending on the
concentrations of the metal ion, the ligand, and their ratio. Electron spin echo envelope modulation
(ESEEM) experiments allowed the assignment of the three species to different protonation states
of the coordinated ligands. Our ESEEM analysis provides a method to distinguish the coordination
of aroyl hydrazones in the keto and enolate form, which influences both the ligand field and
overall charge of the complex. As such, this type of analysis could provide valuable information in
a variety of studies of iron complexes of aroyl hydrazones, ranging from investigation of spin-
crossover behavior to tracking of their distribution in biological samples.
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Reduction of the antiproliferative prochelator (AH1-S), leads to tridentate aroyl hydrazone AH1,
which stabilizes low-spin ferric complexes of 2:1 binding stoichiometry. Experiments in solution
by EPR/ESEEM methods detect three complexes in different protonation states. In particular, the
keto and enolate binding modes of AH1 result in different quadrupole coupling constants of the
nitrogen donor on the hydrazone ligand system.

INTRODUCTION

Tridentate ligands of the aroyl hydrazone family have been employed extensively to
sequester iron and other metals for biological and medicinal applications.! Early studies
focused on the iron mobilization ability of pyridoxal isonicotinoyl hydrazone (PIH) in vivo
and on its potential as an orally administered chelator for the treatment of iron overload
disorders.2=3 The more lipophilic salicylaldehyde isonicotinoyl hydrazone (SIH) and several
analogs were found to exclude intracellular iron from redox cycling, thereby protecting
cardiomyocites and other cells from iron-mediated oxidative damage.*-6 In a prochelator
version (BSIH) of the salicylaldehyde hydrazone SIH, the phenolic oxygen donor is masked
by a boronic ester that reacts selectively in the presence of hydrogen peroxide, thus leading
to the release of the iron-binding chelator as a cytoprotectant against oxidative damage.’-8
More recently, several aroyl hydrazone analogs were investigated for their ability to
concurrently reduce oxidative stress and inhibit the metal-mediated aggregation of p-
amyloid relevant to the pathology of Alzheimer’s disease.®

Several aroyl hydrazones, including 2-hydroxy-1-naphthaldehyde isonicotinoyl hydrazone
NIH10 and 2-dipyridylketone analog PKIH,1! exhibit antiproliferative activity owing, at least
in part, to their ability to sequester intracellular labile iron essential for cell cycle
progression. Because rapidly proliferating malignant cells require higher iron levels when
compared to normal cells,12-14 antiproliferative iron chelators, including numerous aroyl
hydrazones and thiosemicarbazones, have been investigated as potential anticancer agents,
1,15-16 and several compounds have been assessed in clinical trials for cancer indications.}’

Tridentate aroyl hydrazone ligands typically form octahedral iron complexes of 2:1 ligand-
to-metal stoichiometry,®-10. 18-19 although 1:1 complexes have been isolated as well.20-21
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Potentiometric studies indicate that these ligands (e.g., SIH, PIH) strongly stabilize the
Fe(l11) ion relative to Fe(ll) and that the overall formation constants for the 2:1 Fe(lll)
complexes are extremely high (i.e., exceeding 102%).22-23 |ndeed, these compounds rival
many siderophores in terms of their thermodynamic iron-binding affinity. Overall, the low
molecular weight, intermediate lipophilicity, and high binding affinity of aroyl hydrazones
contribute to their ability to permeate cellular membranes, mobilize iron, prevent iron uptake
from transferrin, and inhibit iron-dependent processes such as DNA synthesis.

For the development of a prochelator strategy, we have previously reported the incorporation
of a disulfide switch in the metal-binding unit of thiosemicarbazone and hydrazone ligands.
24-26 Upon cellular uptake, these disulfide-masked prochelators are converted to thiol-based
tridentate chelators and reductively activated for iron sequestration.2” These compounds
affect tumor progression by impacting the iron phenotype of both malignant cells and tumor-
associated macrophages.28-22 The aroyl hydrazone system (AH1-S), (Scheme 1) exhibits
antiproliferative activity in the low micromolar range in two breast cancer cell lines (i.e.,
MCF-7 and MDA-MB-231) and leads to cell cycle arrest at the G/S interface, ultimately
resulting in apoptotic cell death.2> In cell-based assays of cell proliferation and toxicity,
(AH1-S), is one of the most effective compounds in this class of disulfide-based
prochelators. Although several iron complexes of the thiosemicarbazone analogs have been
characterized fully,24 the iron coordination of AH1 has not been investigated.

Herein, we sought to characterize the complex(es) formed upon reduction of (AH1-S), and
iron coordination. In particular, we aimed to elucidate the coordination mode of the AH1
ligand, which can bind upon thiol deprotonation in the monoanionic kefo form or with an
additional deprotonation in the dianionic enol/ate form (Scheme 1). Our analysis by electron
paramagnetic resonance (EPR) methods allows to identify these different ligand protonation
states in iron(I11) complexes in solution thus providing information that is relevant to their
chemistry in a variety of contexts. For biologically active compounds like AH1 and other
aroyl hydrazones, the coordination as monoanonic or dianionic ligands impacts the overall
charge of the resulting iron species, an important parameter for the diffusion of the
complexes through biological membranes, their cellular distribution, and ultimately for their
fate in vivo. In addition, studies of magnetic properties have shown that the differences
between keto and enolate coordination modes affect the spin crossover behavior observed in
iron complexes of certain aroyl hydrazones,30 and this effect has been employed to achieve
proton transfer coupled spin transitions (PCST).3!

RESULTS AND DISCUSSION

Synthesis and Crystallographic Characterization.

The thiosalicylaldehyde aroyl hydrazone chelator AH1 was prepared by reduction of the
disulfide prochelator (AH1-S), (Scheme 1) using dithiothreitol (DTT) in
dimethylformamide. As expected for a tridentate aroyl hydrazone ligand, metal coordination
occurred promptly upon addition of iron(I1) tetrafluoroborate to a THF solution at room
temperature in the absence of any base. The pale yellow solution of the ligand quickly
turned dark brown, and the resulting complex was isolated by precipitation or crystallization.
Mass spectrometry confirmed the formation of an iron complex with 2:1 ligand/metal
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stoichiometry, and the absence of a tetrafluoroborate counterion in the elemental analysis
data and in the crystal structure (see below) indicated a neutral overall charge for the
complex (see details in Experimental Section). The effective magnetic moment of the
isolated complex measured at room temperature (Evans method) is 1.6£0.1 pg, and thus
indicates a low-spin (5= %) Fe(lll) complex. As documented for other aroyl hydrazone
ligands,18: 22. 32 AH1 stabilizes the ferric oxidation state therefore iron binding in the
presence of Fe(ll) leads to the isolation of a Fe(lll) complex in the presence of trace oxygen.
The stabilization of a low-spin configuration is in line with our previous reports on iron(111)
complexes of thiol-containing chelators of the thiosemicarbazone family.24 As observed in
other tridentate hydrazone ligands, the presence of a sulfur donor favors low-spin ground
states.33-34

Single crystals suitable for X-ray diffraction were obtained following multiple
recrystallizations of the isolated complex in THF and pentane. The crystal structure of the
complex (Figures 1 and S1-S2) revealed the expected octahedral geometry with two
tridentate ligands bound in meridional fashion. Unlike the Fe(l1l) complexes of thiol-
containing tridentate chelators of the thiosemicarbazone family,2* however, the overall
complex is a neutral species, and therefore the aroyl hydrazone ligands must complement the
charge of the iron center in the absence of the [BF4]™ ion. Indeed, the hydrogen atom at the
N2 nitrogen was directly observed only for one of the two AH1 ligands in this crystal
structure. This finding confirms that one of the AH1 ligands binds in the dianionic enolate
form (indicated with atom labels A in Figure 1), whereas the other ligand binds in the
monoanionic keto form (atom labels B in Figure 1). Accordingly, the distances to the iron
center (Table 1) display a slight but convincing contraction in the case of the dianionic
ligand relative to the monoanionic one (e.g., 1.9869(18) vs 2.0371(18) A for the oxygen
donor). Furthermore, on the AH1 scaffold, the O1-C8 bond is longer (1.295(2) vs 1.240(2)
A) and the N2—-C8 bond is shorter (1.294(2) vs 1.333(2) A) on the enolate ligand relative to
the keto ligand. Both the keto form33 and the deprotonated enolate form® have been
previously observed in iron complexes of aroyl hydrazone ligands. More rarely, the two
coordination modes have been found in the same species, 32 35 as is the case for this ferric
complex of AH1. The bond distances in the primary coordination sphere are similar to those
in other low-spin Fe(I11) complexes of tridentate hydrazone ligands3%: 33: 36 and shorter than
those in analogous high-spin Fe(l11) species.10: 18 20

Spectroscopic Characterization in Solution.

The optical absorption changes (Figure 2) associated with the iron-binding reaction are
reminiscent of those observed for other tridentate aroyl hydrazones and their ferric
complexes.23-24. 37 The free ligand is pale yellow in solution and presents little absorption in
the visible region, whereas the iron complex is darker and brown, exhibiting a maximum at
280 nm and very broad overlapping bands up to approximately 450 nm. Saturation was
reached at approximately 0.5 equiv of added iron and the spectrum of the resulting species is
consistent with that of the structurally characterized complex [Fe(AH1-H)(AH1-2H)] (vide
infra). These experiments therefore confirmed the formation of a ferric complex of 2:1
ligand/metal stoichiometry in neutral aqueous solution. The strong preference of aroyl
hydrazones for Fe(111) relative to Fe(11)22 explains the facile oxidation of the iron center
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from the divalent to the trivalent state that we observed both during the isolation of the
complex and the titration experiments. In addition, we found that the ferric complex has a
limited solubility (i.e., low micromolar range) in aqueous solutions and, further complicating
these experiments, the unwanted oxidation of the thiol ligand AH1 led in some cases to the
formation of the practically insoluble disulfide prochelator.

To further characterize the iron AH1 complex(es) formed in solution, we continued the
investigation by continuous-wave (CW) and pulsed EPR methods. The experiments were
conducted with frozen solutions in 70/30% (v/v) DMSO/water mixtures, which ensured
sufficient solubility as well as glass formation upon freezing. Initial measurements indicated
the formation of three distinct low-spin Fe(l11) complexes (or mixtures thereof) depending
on the concentrations of the ligand and metal salt, as well as their ratio. Based on previous
reports on iron binding by aroyl hydrazone ligands,22: 30 35 we hypothesized that the three
slightly different spectra could be attributed to three protonation states of the isolated 2:1
Fe(l11) AH1 complex and sought to observe their speciation at different pH values. Buffer
systems were omitted because their buffering capacity is significantly altered in 70% DMSO
solutions in which the autoprotolysis of water is markedly suppressed (i.e., pKy, is 18.4 in
agqueous mixtures containing 80% DMSO0).38 The sample solutions were prepared by
dissolving the isolated complex [Fe(AH1-H)(AH1-2A)] in 70/30% DMSO/water mixtures
and the pH was adjusted by addition of diluted HCI or NaHCOj3 solutions. Because high
percentages of organic solvents are incompatible with standard pH-meters, the pH of the
sample solutions was estimated using colorimetric indicator pH strips with a sensitivity of
0.5 pH units. Under these conditions, we reasoned that the change of pH upon freezing in
liquid nitrogen for EPR measurements would be within our experimental error.

The pH study confirmed the formation of three different low-spin Fe(l11) complexes (Figure
3). At pH 8.5, we detected a species (complex 1) characterized by a rhombic spectrum with
principal g-values 2.163, 2.107, and 1.997. The narrower spectrum of a different species (g
values: 2.146, 2.093, 2.005) appeared as the pH was decreased and this was practically the
only species observed at pH 5.5 (complex II). At lower pH, a third species (complex I11) was
detected presenting an even narrower spectrum (g-values: 2.134, 2.080, 2.013) and we could
observe it as the dominant species in solution at very low pH (<2.0) in spite of partial
demetalation.

To further characterize the three species observed in the pH study, we performed K,-band
(~34 GHz) electron spin echo envelope modulation (ESEEM) measurements on complexes |
and I, which could be generated as single detectable species in solution. The ESEEM
spectra of complex 111 could not be obtained because it appears as a single species in
solution only at very low pH (below 2) and partial demetalation/precipitation in those
conditions led to a signal amplitude that was not suitable for pulsed EPR measurements.
Figure 4 shows the field-integrated spectra of two-pulse ESEEM obtained for complexes |
and Il as explained in the SI. The field-sweep spectra and the original orientation-selective
ESEEM spectra are also shown in the Sl (Figures S3-S5).

The main isotopes of carbon, oxygen, and sulfur nuclei are not magnetic (spin /= 0), and the
protons in our experimental conditions (B, ~ 1.17 T) have a Zeeman frequency of about 50
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MHz and an extremely low ESEEM amplitude. Thus, all lines/features observed in the
spectra in Figure 4 originate from the 14N nuclei of the ligands. The observed *N ESEEM
spectra are characteristic of weak hyperfine interaction (A£): v > |An|/2, where wy is the
nitrogen Zeeman frequency and Ay is the (effective) diagonal component of the nitrogen /.
Such an assignment of the spectroscopic situation is supported by the hyperfine sublevel
correlation (HYSCORE) spectra showing the prominent lines in the (++) quadrant (see
Figure 5 showing a K,-band HYSCORE spectrum obtained at g,). The assignment of the
most essential lines observed in the primary ESEEM and HYSCORE spectra of complexes |
and 11 to fundamental (v g) and sum combination (v = v+ V) harmonics is indicated in
the figures. The /i constant can be estimated as: Ay ~ g™ =2 — v§™ = %/2 ~ 4 MHz for

both complexes I and 11.

In the primary ESEEM spectrum of complex | (Figure 4), a single sum combination line is
observed at the frequency v4" =2 = v4" =2 4 vf™ =2 ~ 15.4 MHz. The shift of this

frequency from 4w = 14.4 MHz is mostly explained by the second order effect of the
nuclear quadrupole interaction (71gi):3°

v Nk2(3 + 172)

Ué"":2=vé‘m:2+vﬁ’”=2z4vz\]+2 T 2
UN — AN

0]

where k= &Qql4his the reduced quadrupole coupling constant (eis the electron charge, Q
is the 14N quadrupole moment, g is the largest component of the electron field gradient
tensor at the position of the 14N nucleus, and # s the Planck constant) and 7 €[0, 1] is the
asymmetry parameter of the ng/tensor. This equation is readily obtained from the
expression for the frequencies of the Am; = 2 transitions:4°

oam=2 2[(UN + ANT2P + K3+ ;12)]1/2.

Using Eq. 1, the quadrupole coupling constant can be estimated as & Qglh = 2.2-2.6 MHz.
This estimated range of €2Qqglh corresponds to the range of possible 7 values between 0 and
1. Because a single set of 14N lines (including the v line) is observed for complex I, we
conclude that the coordinated nitrogen atoms in these species are equivalent.

The fundamental lines in the primary ESEEM spectrum of complex Il (Figure 4) remain at
approximately the same frequencies and have the same amplitudes as those observed for
complex I. The HYSCORE spectrum of 11 (Figure 5), however, shows two closely located
sets of crosspeaks instead of one set observed for complex | (Figure 5) and thus indicates a
slight inequivalence between the coordinated nitrogen atoms in complex Il. In the primary
ESEEM spectrum of this complex in Figure 4, this inequivalence mostly results in the
presence of two sum combination lines instead of one. The amplitudes of the v, lines in the
spectrum of 1l are similar and approximately equal to one half of the v line amplitude in
the spectrum of I. Additionally, one of the v lines for Il is at the same frequency of 15.4
MHz as the v line for I, indicating that the corresponding coordinated nitrogen in complex
Il is spectroscopically and electronically similar to those in complex I. For the second
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coordinated nitrogen in complex I1, the sum combination line is located at the frequency of
16.1 MHz. The quadrupole coupling constant of this 14N estimated using Eq. (1) is within
the range & Qqglh = 2.9-3.4 MHz (depending on the assumed 7 value).

Based on the ESEEM analysis, complex 11, which presents two spectroscopically distinct
iron-bound nitrogen donors, is fully consistent with the complex isolated by crystallization.
In [Fe(AH1-H)(AH1-2H)] (Figure 1), the nitrogen donor (N1A) in the enolate ligand is
adjacent to a deprotonated nitrogen (N2A), whereas the nitrogen donor on the keto ligand
(N1B) is adjacent to a protonated nitrogen (N2B). Our experiments demonstrate that these
different binding modes of the AH1 ligand can be discriminated by ESEEM methods.

A qualitative analysis based on the Townes-Dailey approximation*1-42 and literature
examples*3-44 supports our explanation of the changes in the 72g/ of the nitrogen donor N1
upon protonation of the nearby nitrogen N2. The quadrupole coupling constant of N1 is
determined by the electronic populations of its valence orbitals, with the largest contribution
being made by the lone pair electronic orbital directed toward the iron center. The second
largest contribution comes from the p-type electronic orbital included in the ligand rc-
system. Importantly, these two contributions are of opposite signs. For the experimental
geometry of the C7-N1-N2 fragment, the contributions of the two remaining orbitals are
negligible. The partial positive charge at N2 caused by protonation will result in a
withdrawal of electronic density from the N1 p-orbital toward N2 and an increase of the N1
ngiin full agreement with the ESEEM experimental observations.

The broader spectrum observed at higher pH can therefore be assigned to anionic complex
[Fe(AH1-2H),]~ (Chart 1), which features two dianionic enolate ligands and hence two
spectroscopically equivalent nitrogen donors. In other words, the neutral complex
[Fe(AH1-H)(AH1-2H)] is the prevalent species at pH ~5.5 but is deprotonated as the pH of
the solution increases to form the anionic complex [Fe(AH1-2H),]~. The narrowest EPR
spectrum in this series, which is observed at low pH, is then assigned to the cationic
complex [Fe(AH1-H),]* featuring two monoanionic keto ligands (shown in gray on Chart
1).

The deconvolution and integration of CW EPR spectra for Fe(l1l1) AH1 solutions (200 uM)
provided an estimate of the distribution of the three complexes in the range from pH 1.5 to
8.0 (Figure S6). The apparent pK; values in 70/30% DMSO/water estimated based on the
relative amounts of each complex were 3.7+0.5 and 7.0 £0.5, with the neutral complex Il
observed as the prevalent species in the (4.5-6.5) pH range. To reproduce these findings in
conditions more relevant to biological settings, optical absorption measurements were
conducted at lower complex concentrations (15 uM) in buffered aqueous solutions with 10%
DMSO. Only slight changes in the absorption of the complex were observed, and solubility
limitations prevented reliable data acquisition below pH 6.5; nevertheless, the conversion
between complexes | and 11 (Figure S7) could be observed in the same pH range (6.5-8.0)
observed for the EPR experiments. Taken collectively, these results on the speciation of the
Fe(l11) AH1 complexes are consistent with those obtained via potentiometric methods for
the aroyl hydrazone SIH (with pK values of 4.6 and 7.8)22 and indicate that the neutral
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complex Il is the prevalent species in the slightly acidic pH conditions of many biological
environments.

CONCLUSIONS

In summary, we have investigated the iron coordination chemistry of mercaptobenzaldehyde
benzoylhydrazone AH1, which results from the reduction of antiproliferative prochelator
(AH1-S),. AH1 stabilizes ferric centers in the low-spin configuration and both the keto and
enolate coordination modes were observed in a neutral complex that was isolated and
characterized by crystallography (Figure 1). In solution, three protonation states of the 2:1
AHZL/Fe(111) complex (Chart 1) are associated with three distinct EPR spectra (Figure 3). In
particular, the keto and enolate binding modes result in different quadrupole coupling
constants of the donor nitrogen atoms as evidenced by our ESEEM study (Figures 4 and 5).
This analysis indicates that the anionic and neutral complexes are prevalent at biologically
relevant pH values and is therefore consistent with the acid dissociation constants
determined by potentiometry for Fe(l11) complexes of similar tridentate aroyl hydrazones
(e.g., PIH, SIH). These findings provide valuable information for the detection of iron
complexes of aroyl hydrazones in frozen intact cells by EPR methods, which we have
previously employed to demonstrate the activation and iron binding of thiosemicarbazone
prochelator analogs.2” More in general, this study contributes to the rich chemistry of iron
aroyl hydrazones, which ranges from the engineering of new spin-crossover systems to
medicinal chemistry.

EXPERIMENTAL SECTION

Materials and methods.

The prochelator disulfide (AH1-S), was prepared as previously described.2> N, A-
Dimethylformamide (DMF), tetrahydrofuran (THF) and pentane were dried by passage
through a solvent purifier. All other reagents were obtained commercially and used as
received.

UV/isible spectra were recorded on an Agilent 8453 UV/visible spectrophotometer. The pH
of buffered aqueous solutions (10% DMSO, 50 mM HEPES or PIPES) was measured on a
Thermo Scientific Orion™ 3-Star pH-meter with a Ross™ Ultra pH/ATC Epoxy probe. The
pH of 70/30% DMSO/water solutions was estimated using Whatman® Panpeha™ pH
indicator strips with a sensitivity of 0.5 pH units. Solution magnetic moments were
measured by the Evans method*>46 using reported diamagnetic corrections.4” A solution of
the paramagnetic complex in THF-dgwas transferred into a 5-mm NMR tube, and a
Wilmad® coaxial insert filled with the deuterated solvent was employed as an internal
reference. Solution magnetic susceptibilities were calculated based on the difference in
chemical shift for the 1H NMR resonance of the residual solvent protons in neat THF-dgand
in the solution containing the paramagnetic species (1.0 or 10.0 mM). IH NMR data were
recorded at the University of Arizona NMR Facility on a Bruker DRX-500 instrument.
High-resolution mass spectrometry data were acquired at the University of Arizona Mass
Spectrometry Facility. Elemental analyses were performed by Numega Resonance Labs, San
Diego, CA.
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The EPR experiments were carried out at the University of Arizona EPR Facility. In CW
EPR experiments, the X-band EPR spectrometer Elexsys E500 (Bruker Biospin) was used.
The pulsed EPR experiments were performed on the homebuilt K,-band spectrometer
described elsewhere.48

Synthesis of AHL1.

The disulfide prochelator (AH1-S), (100 mg, 0.196 mmol) and dithiothreitol (DTT, 75.5 mg,
0.490 mmol) were dissolved in DMF (3 mL). The reaction mixture was allowed to stir for 3
hours under nitrogen and then evaporated in the presence of toluene (multiple additions)
until the final volume was about 0.5 mL. Water was added to precipitate the desired product
as a pale yellow solid, which was filtered and washed with water. The final product was
dried under vacuum (88.3 mg, 88%). *H NMR (500 MHz, DMSO-dg) & 12.1 (s, 1H), 8.8 (s,
1H), 8.0 (d, 2H), 7.8 (d, 1H), 7.6 (d, 1H) 7.5 (t, 1H), 7.4 (d, 2H), 7.3 (dt, 2H), 6.8 (s, 1H).
13C NMR (126 MHz, DMSO-dg) 6 163.6, 147.1, 134.1, 133.6, 132.4, 131.4, 131.1, 130.3,
129.4,129.0, 128.2, 125.7. HRMS m/z [M+H]* calculated for C14H13N,08S, 257.0744;
found 257.0745; m/z[M+Na]* calculated for C14H12N,OSNa, 279.0563; found 279.0563.

Synthesis of [Fe(AH1-H)(AH1-2H)].

Chelator AH1 (20 mg) was combined with Fe(BF4)»*6H,0 (13 mg, 0.5 equiv) in THF (2
mL) and the reaction mixture was allowed to stir for 30 min at room temperature. Pentane
was added dropwise until a brown precipitate formed. This solid was collected by filtration
and dried under high vacuum to afford the desired complex (14 mg, 64%). HRMS-ESI
(m/2): [M+H]* calculated for CogH»oN405S,Fe 566.0529, found 566.0524. Magnetic
moment (Evans): Uess = 1.6£0.1 pg. Anal. Calcd. for C33H3sFeN40,S5: C, 62.2; H, 5.2; N,
8.8; S 10.1%; found: C, 61.7; H, 5.2; N, 8.4; S, 9.6%.

Crystal structure determination of [Fe(AH1-H)(AH1-2H)].

The X-ray quality crystals of Fe(AH1), as dark brown plates were grown from a THF
solution by slow vapor diffusion of pentane. The single crystal XRD data were collected on
a Bruker Kappa APEX-II diffractometer at the XRD Facility of the University of Arizona,
using the Mo K irradiation (A ~ 0.7107 A). The data collection temperature was 100 K.
The experiment was controlled by the APEX2 software (Bruker AXS Inc.), which also
served as a user interface for calling the data reduction/integration (SAINT V6.28A),
absorption correction (SADABS version 2.10), and space group determination (XPREP
version 2008/2) programs. The crystal system was identified as triclinic, with the space
group P-1. The structure solution and refinement were performed by ShelXT4% and

Shel XL programs, respectively, called from the Olex2 interface.>! The carbon-bound
hydrogen atoms were placed at predicted ideal locations stemming from the molecular
geometry and refined using a riding model with Uiso = 1.2 Ugq of the attached carbon atom.
The nitrogen-bound hydrogen atoms were directly observed in the electron density map and
refined explicitly.

The unit cell contains two identical complexes cocrystallized with two THF molecules. One
of these solvent molecules had a well-defined orientation but presented two stable ring
conformations. This disorder was modeled explicitly by splitting the positions of the ring
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carbons C2 and C3. To stabilize the refinement and ensure sensible bond lengths, the
involved THF carbons were restrained using six DFIX and two ISOR statements. The
second THF molecule, in which both the orientation and conformation were disordered, was
excluded from refinement by using a solvent mask. The excluded region had a volume of
153.7 A. The crystallographic information is summarized in Table S1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Crystal structure of [Fe(AH1-H)(AH1-2H)] showing a partial atom labeling scheme.

Thermal ellipsoids are at the 50% probability level. Carbon-bound hydrogen atoms in
calculated positions are not shown. The hydrogen atom bound to N2B was directly observed
in the electron density map and refined explicitly (CCDC 1995248).
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Figure 2.
Optical absorption changes observed during the conversion of AH1 (15 uM, magenta trace)

to the iron complex (red trace) in a buffered aqueous solution (10 mM HEPES, pH 7.4).
Each addition corresponded to 0.1 equiv Fe(ll), and saturation was reached at approximately
0.5 equiv.
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Figure 3.
EPR spectra of frozen solutions of [Fe(AH1-H)(AH1-2H)] (200 uM) in DMSO/water

(70/30% v/v) at various pH values. The spectra corresponding to three distinct low-spin
Fe(l11) species are indicated as complexes I, 11, and I11. The spectra of mixtures are shown in
grey. Experimental conditions: mw frequency, 9.444 GHz; mw power, 2 mW; magnetic field
modulation amplitude, 0.2 mT; temperature, 77 K.
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Figure 4.
Field-integrated spectra of K4-band 2-pulse ESEEM for complexes I and 11 in DMSO/water

solutions (70/30% v/v). Experimental conditions: mw frequency, 34.268 GHz; effective
magnetic field, 1163 and 1171 mT for I and Il, respectively; temperature, 15 K.
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Figure 5.
The (++) quadrants of the HYSCORE spectra at g, for complexes | and 1l in DMSO/water

solutions (70/30% v/v). Experimental conditions: mw frequency, 34.268 GHz; magnetic
field, 1163 and 1171 mT for I and Il, respectively; temperature, 15 K.
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Scheme 1.
Reduction/activation of thiol chelator AH1 and protonation equilibrium of its thiolate iron-

binding forms.

Inorg Chem. Author manuscript; available in PMC 2021 August 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Astashkin et al.

[Fe(AH1-2H),]™

Chart 1.

Page 19

H H a4+
O\ ," ll
E S F'elll’S
g--Te R
C 2 AR
2N-N">ph /N‘N/U\Ph
H
1T T
[Fe(AH1-H)(AH1-2H)] [Fe(AH1-H),]*

Low-spin iron(111) complexes of aroyl hydrazone AH1 identified by EPR/ESEEM.

Inorg Chem. Author manuscript; available in PMC 2021 August 17.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Astashkin et al.

Selected bond lengths (A) for the crystal structure of [Fe(AH1-AH)(AH1-2H)].

enolate ligand A keto ligand B
bond distance (A) bond distance (A)
FelA-S1A  2.1622(15) FelA-S1B  2.1732(14)
FelA-N1A  1.9014(18) FelA-N1B  1.9156(19)
FelA-O1A  1.9869(18) FelA-O1B  2.0371(18)
OI1A-C8A  1.295(2) O1B-C8B  1.240(2)
N2A-C8A  1.294(2) N2B-CSB  1.333(2)
NIA-N2A  1.408(2) N1B-N2B  1.397(2)
NIA-C7A  1.293(2) N1B-C7B  1.288(2)
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