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A B S T R A C T

Disrupted iron balance causes anemia and iron overload leading to hypoxia and systemic oxidative stress. Iron 
overload may arise from red blood cell disorders such as sickle cell disease, thalassemia major and primary 
hemochromatosis, or from treatment with multiple transfusions. These hematological disorders are characterized 
by constant red blood cell hemolysis and the release of iron. Hemolysis is a continuous source of reactive oxygen 
species whose accumulation changes the redox potential in the erythrocyte, the endothelium and other tissue 
causing damage to organ systems. Iron overload and its consequences can be treated with iron chelating therapy. 
We have carried out structural studies of small molecule ligands that were previously reported for their iron 
chelating ability. The chelators were analyzed using mass spectrometry, proton nuclear magnetic resonance and 
infrared spectroscopy. The iron chelators, 2-benzoylpyridine-4,4-dimethyl-3-thiosemicarbazone, 3-ethyl-1-{[2- 
phenyl-1-(pyridin-2-yl)ethylidene]amino}thiourea and 1-{[2-phenyl-1-(pyridin-2-yl)ethylidene]amino}-3- 
(prop‑2-en-1-yl)thiourea in their unbound conformation were crystallized and their structures were determined. 
This work addresses the evolution of a thiosemicarbazone class of iron chelators by analyzing and comparing the 
structure and properties of a series of closely related molecules, relating these to their in vitro activity thus 
providing valuable update to the search for newer, better and more effective iron chelators and metal-based 
therapeutics.

1. Introduction

Iron is essential for nearly all forms of life including mammals for 
whom iron is needed for red blood cell manufacture and hemoglobin 
production for oxygen transport. Additionally, iron is an essential co- 
factor in many enzymes that participate in a wide range of biological 
processes, such as electron transfer, DNA synthesis and metabolism. 
While iron is necessary for life, its excess can lead to toxicity through the 
production of highly reactive oxygen species such as peroxide ion (O2

− 2), 
superoxide anion radical (O2

•− ) and hydroxyl radical (OH•) through the 

Fenton and Haber-Weiss reactions [1]. These prooxidant species induce 
oxidative stress causing damage to macromolecules, DNA, RNA, lipids 
and proteins, and leading to cellular injury, cell cycle arrest and senes
cence. Thus, it is necessary to maintain tight control of iron concentra
tion and distribution.

Iron overload may arise in conditions of hemolytic anemias such as 
sickle cell disease, thalassemia major and hemochromatosis, multiple 
transfusions or liver diseases. Frequent hemolysis and disrupted iron 
balance may cause anemia, systemic iron overload and oxidative stress, 
and may further lead to chronic infection and debilitating disease [2]. 
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Iron overload and oxidative stress affect nearly all organs with damage 
to the liver, heart and pancreas [3,4]. There is also growing appreciation 
that exposure to metals, and their resultant oxidative stress, are closely 
linked to many diseases, including Alzheimer’s, Parkinson’s, and Wil
son’s diseases [5,6]. Iron overload can be managed by iron chelation 
therapy [7,8]. The first iron chelators were siderophores and, currently, 
the most widely used chelating agent is desferrioxamine B (DFO) [9,10], 
an Fe(III)-selective hydroxamic acid-based molecule. DFO is hydrophilic 
and is poorly absorbed across the lipid membrane of the gastrointestinal 
tract. It requires a complicated administration protocol. Two other Fe 
(III) chelators, Deferasirox (DFX) and Deferiprone (DFP), have been 
developed and approved to treat complications associated with iron 
overload [7]. Both have high affinity for Fe(III) but noticeable side ef
fects including kidney problems. There is a need for new chelators that 
are easy to administer and that have little or no side effects.

Following the work of Richardson [11], a previous collaboration [12,
13] and our interest in natural products [14,15], we have chosen four 
progressively varying thiosemicarbazone based ligands with recogniz
able incremental changes – experimental iron chelators - to characterize 
in order to gain insight to their stereochemical properties and what 
makes them effective iron chelators. Their respective activity has been 
evaluated in in vitro and in vivo studies [16,17] but their structural 
features have not been completely characterized. The four ligands are: i) 
di-2-pyridylketone 4,4-dimethyl-3-thiosemicarbazone (Dp44mT; L1); ii) 
2-benzoylpyridine-4,4-dimethyl-3-thiosemicarbazone (Bp44mT; L2); 
iii) 3-ethyl-1-{[2-phenyl-1-(pyridin-2-yl)ethylidene]amino}thiourea 
(PPYeT; L3); and iv) 1-{[2-phenyl-1-(pyridin-2-yl)ethylidene]amino}−
3-(prop‑2-en-1-yl)thiourea (PPYaT; L4). The structures of L3 and L4 are 
unknown. The search for selective and effective iron chelators without 
toxicity is a hard problem but one of fundamental and clinical impor
tance [18]. Our broad strategy is to identify chemical groups that 
enhance properties that abrogate cellular iron and accompanying reac
tive oxidative species.

Thiosemicarbazones are organo-sulfur nitrogen-containing hetero
cycles with high affinity for metal binding [19–21]. They are found as 
natural products, have remarkable biological and chemical activity, are 
components of many biologically important molecules and are chemi
cally and structurally versatile on account of their rich coordination 
modes - properties that make them good pharmacological leads. The 
thiosemicarbazone structure has characteristic azomethine, hydrazine 
and thioamide fragments that form an R2C––N–NR–C(=S)–NR2 

backbone. L1, L2, L3 and L4, are shown in Fig. 1.
L1 represents a well-known family of thiosemicarbazones with anti- 

ribonucleotide reductase activity. It has been used as an iron chelator 
but is also effective against a broad range of tumors [22]. L1 analogs 
have been developed with greater cytotoxic and iron-chelating activity 
than DFO. L1 carries out these effects through a dual mechanism: metal 
chelation and the formation of redox active metal complexes [23]. 
Another feature of L1 is its ability to overcome resistance to established 
chemical treatments [24]. Significantly, L1 is selective for tumor cells 
and does not kill normal tissue. But L1 has cardiac side issues at 
nonoptimal doses [16]. The structure of L1 is known (PubChem CID 
10334137), and L1 has been replaced by new derivatives, 
di-2-pyridylketone 4-cyclohexyl-4-methyl-3-thiosemicarbazone (DpC) 
and 4-(pyridine-2-yl)-N-([(8E)− 5,6,7,8-tetrahydroquinolin-8-ylidene] 
amino)piperazine-1-carbothioamide (COTI-2) [25]. For these reasons, 
we use L1 only as a reference molecule.

L2 is derived from L1 and involves a change from two pyridyl groups 
to one with the other pyridine replaced by a phenyl ring [16,26]. L2 is 
more active and even more selective for tumor tissue than the prede
cessor L1 molecules and does not have cardiac issues [16]. Further, L2 
can cross cell compartments more easily and can be administered orally. 
L1 and L2 inhibited HIV-1 transcription and replication by suppressing 
cell cycle-dependent kinase 2 (CDK2) and elevating HIV-1 inhibitory 
p21 [27,28]. A more recent study from the same group showed that 
newer derivatives of L2 (L3 and L4) are even more effective than L2 in 
suppressing HIV-1 infection, through chelation, in cultured CEM T cells, 
promonocytic THP-1 cells, and in primary PBMCs without apparent 
toxicity as compared to DFO, L1 or L2 [17]. PBMCs are circulating white 
blood cells, B- and T- cells and NK cells, typified by a single round nu
cleus; CEM cells are a human immortal T cell line derived from a patient 
with acute lymphoblastic leukemia; THP-1 cells are a human immortal 
cell line derived from the peripheral blood of a patient with acute 
monocytic leukemia. The promising chelators, L2, L3 and L4, have not 
been further characterized with respect to their structure. L1, L2, L3 and 
L4, as TSCs, are expected to bind iron in a tridentate mode through 
pyridine N, azomethine N and the S moiety [19]. We report the 
comparative structural analyses of L2, L3 and L4.

Fig. 1. The molecules we studying are: L1, di-2-pyridylketone 4,4-dimethyl-3-thiosemicarbazone; L2, 2-benzoylpyridine-4,4-dimethyl-3-thiosemicarbazone; L3, 3- 
ethyl-1-{[2-phenyl-1-(pyridin-2-yl)ethylidene]amino}thiourea; and L4, 1-{[2-phenyl-1-(pyridin-2-yl)ethylidene]amino}− 3-(prop‑2-en-1-yl)thiourea. L1 is chosen as 
the reference structure and represents the parent thiosemicarbazone frame.
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2. Experimental

2.1. Materials and methods

The ligands L2 (2-benzoylpyridine-4,4-dimethyl-3-thio
semicarbazone), L3 (3-ethyl-1-{[2-phenyl-1-(pyridin-2-yl)ethylidene] 
amino}thiourea) and L4 (1-{[2-phenyl-1-(pyridin-2-yl)ethylidene]ami
no}− 3-(prop‑2-en-1-yl)thiourea) were synthesized for us by Enamine 
(Monmouth Junction, NJ) by custom order. We carried out mass spec
trometry (MS), proton nuclear magnetic resonance (1H–NMR) spec
troscopy and infrared (IR) spectroscopy analyses.

For each sample, L2, L3 and L4, 5 mg of the compound in powder 
form was dissolved in 1 ml acetonitrile. An atmospheric pressure ioni
zation time-of-flight (TOF) mass spectrometer (AccuTOF, JEOL, USA, 
Inc.) equipped with an electrospray ionization (ESI) ion source was 
coupled with an Agilent 1100 HPLC system and used in electrospray 
ionization mass spectrometry (ESI–MS) analysis based on direct infu
sion. The AccuTOF MS settings were as follows: orifice 1 temperature =
80 ◦C; orifice 1 voltage, V = 30 V, orifice 2 voltage = 5 V, and ring 
voltage = 10V. The desolvation chamber temperature was set at 250 ◦C, 
and the flow rates of the nebulizing and desolvation gases were set to 0.6 
and 3.0 l/min, respectively. Mass spectra were acquired in the positive 
mode at a rate of one spectrum per second within the mass-to-charge 
ratio (m/z) range of 100–700. Sample injection volume was 10 μl. 
Calibration for exact mass measurement was carried out using poly
ethylene glycol (average molecular weight = 600) as internal standard.

The three samples L2, L3 and L4 were dissolved in deuterated 
acetonitrile (acetonitrile-d3; CD3CN), acetone (CD3C––OCD3; acetone- 
d6), and acetonitrile, respectively. 1D 1H NMR analysis was conducted 
using a 500 MHz Bruker AvanceIII HD (Bruker Corporation, Billerica, 
MA) instrument equipped with a TBI (Triple resonance Broadband +X 
Decoupling, Inverse 1H) probe maintained through the experiment at 20 
◦C. We collected spectra from − 4 to 16 ppm, with a relaxation delay of 
three seconds. 32 scans were accumulated. Baseline and phase of spectra 
were corrected using the MNova processing software from MestreLab 
Research (Bruker Corporation). After this, peaks were picked and inte
grated using MNova. Spectra were referenced by solvent.

Infrared analysis was conducted using a PerkinElmer Frontier IR 
spectrometer with a UATR sampling system and a ZnSe crystal. For each 
sample spectra were collected from 4000 to 650 cm− 1 for a total of 16 
scans. Peaks of each spectra set were labeled using the PerkinElmer

Spectrum software. Data is reported to an accuracy of 0.01 cm-1.

2.2. Single crystal X-ray crystallography

Crystallization trials by vapor diffusion were conducted using 
acetone or acetonitrile as solvents, and ether or dichloromethane as 
precipitants. After crystals have formed, they were harvested from the 
vial, placed on a slide in a drop of oil and trimmed. We used a wand with 
a loop at the tip to collect a single crystal to place on a mount. The mount 
was placed on the 4-circle goniometer and centered. Diffraction data 
was collected from a Rigaku Oxford Synergy S Dual Source Single 
Crystal Diffractometer (Rigaku USA, The Woodlands, TX) driven by 
CrysAlisPro (Oxford Diffraction, Yarnton UK). The X-ray radiation 
source was copper (Cu Kα1, wavelength=1.54184 Å). The crystal was 
typically kept at 100 K in a stream of liquid nitrogen (LN2) supplied by 
an Oxford Cryosystream unit (Oxford Cryosystems, Oxford, UK), when 
available, for low-temperature measurements. Diffraction intensity was 
collected on a HYPIX 6000HE Detector (Rigaku USA, The Woodlands, 
TX) for rapid non-shutter operation. After a short pre-experiment run a 
complete reflection data set was collected in kappa mode. Collected X- 
ray reflection data was integrated and finalized in CrysAlisPro. The 
structure was solved by intrinsic phasing using SHELXT [29] and refined 
with SHELXL [30,31] running under Olex2–1.5 [32]. Olex2–1.5 was 
used as an interface for control, general analysis and visualization.

3. Results and discussion

3.1. Spectral characterization of L2, L3 and L4

The mass spectra of the three samples were obtained in ESI positive 
mode. The spectra are shown in Supplementary Figure S1. The three 
compounds were identified from their spectra as protonated ions at m/z 
= 285.1174, 299.1327 and 311.1325, respectively. The latter two values 
(M + H = 299.1327 and M + H = 311.1325), corresponding to L3 and 
L4, match precisely values previously reported by Kumari et al. (M + H 
= 299.1332 and M + H = 311.1328) [17].

Proton nuclear magnetic resonance spectra of the samples are given 
below:

Ligand L2 (2-benzoylpyridine-4,4-dimethyl-3-thiosemicarbazone) -
1H NMR (500 MHz, CD3CN) δ 14.81 ppm (s, 1H), 8.80 ppm (ddd, J =

4.9, 1.9, 1.0 Hz, 1H), 7.90 ppm (td, J= 7.9, 1.8 Hz, 1H), 7.57 – 7.53 ppm 
(m, 2H), 7.51 – 7.45 ppm (m, 4H), 7.35 ppm (dt, J= 8.0, 1.0 Hz, 1H), 
3.40 ppm (s, 6H).

Ligand L3 (3-ethyl-1-{[2-phenyl-1-(pyridin-2-yl)ethylidene]amino} 
thiourea) -

1H NMR (500 MHz, Acetone) δ 14.34 ppm (s, 1H), 8.76 ppm (ddd, J 
= 4.8, 1.9, 0.9 Hz, 1H), 8.35 ppm (s, 1H), 7.94 ppm (td, J = 7.9, 1.8 Hz, 
1H), 7.76 ppm (d, J = 8.2 Hz, 1H), 7.47 ppm (ddd, J = 7.6, 4.9, 1.1 Hz, 
1H), 7.35 ppm (d, J = 6.8 Hz, 2H), 7.29 ppm (t, J = 7.7 Hz, 2H), 7.23 – 
7.18 ppm (m, 1H), 4.14 (s, 2H), 3.70 ppm (qd, J = 7.2, 5.7 Hz, 2H), 1.21 
ppm (t, J = 7.2 Hz, 3H).

Ligand L4 (1-{[2-phenyl-1-(pyridin-2-yl)ethylidene]amino}− 3- 
(prop‑2-en-1-yl)thiourea) -

1H NMR (500 MHz, CD3CN) δ 14.45 ppm (s, 1H), 8.73 ppm (ddd, J =
4.9, 1.9, 0.9 Hz, 1H), 8.18 ppm (s, 1H), 7.89 ppm (td, J = 7.9, 1.8 Hz, 
1H), 7.69 ppm (d, J = 8.2 Hz, 1H), 7.43 ppm (ddd, J = 7.7, 4.9, 1.1 Hz, 
1H), 7.33 ppm (dt, J = 15.2, 7.3 Hz, 4H), 7.27 – 7.20 ppm (m, 1H), 5.98 
ppm (ddt, J = 17.2, 10.5, 5.4 Hz, 1H), 5.27 – 5.12 ppm (m, 2H), 4.32 
ppm (tt, J = 5.6, 1.7 Hz, 2H), 4.15 ppm (s, 2H).

The data above is also shown in Figure S2 with the ligand structures 
mapped to their respective spectra. For example, in ligand L2: 1H NMR 
(500 MHz, CD3CN) δ 14.81 (s, 1H) corresponds to NH; 8.80 (ddd, J =
4.9, 1.9, 1.0 Hz, 1H) corresponds to pyridinic proton ortho to N; 7.90 (td, 
J = 7.9, 1.8 Hz, 1H) corresponds to phenyl ring para protons; 7.57 – 7.53 
(m, 2H) correspond to pyridinic proton meta and para to N; 7.51 – 7.45 
(m, 4H) correspond to phenyl ring meta and ortho protons. Pyridinic 
proton ortho to the N, 7.35 (dt, J = 8.0, 1.0 Hz, 1H) corresponds to 
pyridinic proton ortho to methyl substituent; and 3.40 (s, 6H) corre
sponds to the two methyl groups on N.

We collected infrared transmittance data from wavenumbers 4000 
cm − 1 to 650 cm− 1 (Supplementary Figure S3). For ligand L2 (2-ben
zoylpyridine-4,4-dimethyl-3-thiosemicarbazone), five absorption bands 
show up clearly in the first region of interest (4000 cm− 1 to 2500 cm− 1), 
the single bond region: 3052, 3024, 2993, 2921 and 2852 cm− 1). Bands 
at 3052 cm− 1 and 3024 cm− 1 are characteristic of N–H stretching of 
primary amines and 2993 cm− 1 represents the C–H stretching of sp3 
carbon (methyl). The peak at 1578 cm− 1 is assigned to C=N; and N–H 
vibration is assigned at 3052 cm− 1. There is a weak absorption band at 
2221 cm− 1. We attribute this and the next set of absorption bands to 
vibrational overtones from the aromatic rings in the sample. The char
acteristic C=S stretching band is assigned to the peak at 1116 cm− 1. This 
is consistent with previous assignments to bands in the region 
1130–1080 cm− 1 to C=S vibration. The peak at 1578 cm− 1 is assigned to 
C=N; and N–H vibration is assigned at 3052 cm− 1. Similarly, for ligand 
L3 (3-ethyl-1-{[2-phenyl-1-(pyridin-2-yl)ethylidene]amino}thiourea), 
C=S vibration is thought to be the strong band at 1103 cm− 1. Corre
sponding peak to the C=N group is 1587 cm− 1; and the NH group is 
thought to be at 3173 cm− 1.

There is a band at 1644 cm− 1 that may be attributed to -C––CH2 of 
ligand L4; it is not present in either L3 or L2.
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3.2. Single crystal crystallography

Crystals typically grew from solvent over a few days to several 
weeks. Ligand L2 was readily soluble in acetonitrile and similar polar 
solvents. L4 was similarly soluble but L3 was poorly soluble in aceto
nitrile. L3 crystallized in acetone and benzene. Suitable crystals of L3 
also formed after a few months from the same solvents by liquid diffu
sion and slow evaporation. A summary of crystallographic parameters is 
presented in Table 1.

L2 (C15H16N4S) lies in an extended conformation, in this view 
(Fig. 2A), with the two aromatic rings at the bottom and the thio
semicarbazone stem pointing up. Both the pyridine ring (formed by 
atoms C6, C2, C3, C5 N1, C4) and phenyl ring (atoms C16, C20, C19, 
C17, C15, C18) are planar (Fig. 2A): respective root mean squared atom 
to plane deviation are 0.008 Å and 0.001 Å, respectively, but the planes 
are not coplanar. The angle between the two planes is 60.17(4)◦ with 
plane centroid to plane centroid distance of 5.0111(7) Å.

Bond length values in bonds C7-C15 and C7-C2 (1.4976 Å and 
1.4887 Å, respectively) are notably different from the bond length 
values in bonds such as C15-C16 and C19-C20 (1.3939 Å and 1.3920 Å, 
respectively). Bonds C15-C16 and C19-C20 are carbon-carbon bonds 
within the aromatic benzene ring. These bond length values are typically 
1.39 Å and are significantly different from a regular -C-C- bond length 
value (1.54 Å) (sigma to sigma bonding). Bond length values in bonds 
C7-C15 and C7-C2 (1.4976 Å and 1.4887 Å, respectively) are still quite 
smaller than a regular C–C bond (Fig. 2A). This deviation may be 

accounted for in that the carbon atoms that form bonds C7-C15 and C7- 
C2 are next to or are part of atoms with either delocalized electrons or 
unsaturated orbitals.

A hydrogen bond is formed between the hydrazine nitrogen (N9) and 
pyridine nitrogen N1 and is the only hydrogen bond in the structure. 
There is further electron delocalization over the hydrazine group (N1, 
N2), sulfur (S1) and the farthest nitrogen (N3) making the stem of the 
ligand (C12, N1, N2, C13, S1, N3) and the pyridine ring to lie in the same 
plane. Bond C10-S is long (1.686 Å) and sulfur atom S is trans to the 
pyridine ring. A similar structure has been reported but is a semi
carbazone and lacks the sulfur [33].

In ligand L3 (C16H18N4S), there is a hydrogen bond between pyridine 
ring nitrogen N4 and the hydrazine N (N2). Otherwise, the molecule is in 
an extended conformation with the aromatic rings forming the bottom 
(base) of the molecule, and the stem extending upward from the base as 
in L2. The thiosemicarbazone core is flat and coplanar with the pyridine 
ring. Unlike in L2, L3 sulfur atom S is cis to pyridine N (Fig. 2B).

A benzyl ring has replaced the phenyl ring. Root mean deviation of 
pyridine ring atoms from planarity is 0.004 Å; the corresponding value 
for the benzene ring is similarly 0.004 Å. The angle between the planes 
of the two rings is 81.70(8)◦ with plane centroid to plane centroid dis
tance of 5.1900(14) Å.

As with L2 and L3, the L4 thiosemicarbazone core and the pyridine 
ring lie in the same plane. L4 phenyl ring is markedly rotated. The 
phenyl ring is about perpendicular to the plane of the pyridine and is 
swung about the benzyl ring toward the stem of the molecule. There is a 
dihedral angle of 98.46(8)◦ between the planes of the pyridine ring and 
the benzyl ring, twist angle of 97.83(5)◦, fold angle 20.19(8)◦, and plane 
centroid to plane centroid distance of 6.5816(9) Å. There is a hydrogen 
bond between pyridine nitrogen (N17) and TSC hydrazine nitrogen N10. 
This hydrogen bond is conserved in all three molecules.

The tip of the stem of the thiosemicarbazone group makes a 
perpendicular turn and bends downward toward the benzyl ring. This is 
aided energetically by an ethyl hydrogen in a putative CH-pi bond be
tween the stem of the ligand and the benzyl ring. These effects are shown 
in Fig. 2D, in a superposition of ligand L4 on ligand L3. Also, L3 and L4 
have a -CH2- extension to the phenyl group, the benzyl group offering an 
additional dimension of conformational freedom compared to L2 
(Fig. 1).

3.3. Discussion

The search for newer and more effective iron chelators with little or 
no side effects remains an outstanding problem. Like siderophores, the 
four molecules in this study have been shown to have great affinity and 
selectivity for iron. Siderophores, exemplified by catecholates, hydrox
amates and hydroxycarboxylates, possess “hard donor” groups, typically 
involving oxygen, for tight interaction with metal centers. The metal 
binding chemical units have donor atoms with lone pairs to facilitate 
rich coordination chemistry with the hard Lewis acid of metals, usually, 
transition metals. The widely used chelator Desferrioxamine (DFO) 
binds iron strongly as Fe(III). Similarly, L1, L2, L3 and L4, as iron 
chelating agents, are expected to bind iron strongly. In contrast to 
siderophore complexes with metals, however, studies on the constants of 
formation of TSCs with metals, including iron are hard to come by. TSCs 
bind iron tightly in both its Fe(II) and Fe(III) oxidation states [34,35]. 
This is a key property of thiosemicarbazone ligands. TSCs have the 
useful characteristic as potent chelating agents that can remove iron ions 
regardless of their charge state: whether in the Fe(II) state or Fe(III) 
state, Fe strongly prefers an octahedral coordination geometry. Thus, in 
an Fe-ligand complex, two thiosemicarbazone ligands bind one Fe atom 
to complete the 6-coordination complex. Likewise, since both Fe(II) and 
Fe(III) prefer to bind in an octahedral conformational mode, Fe is able to 
cycle rapidly between the two states. Fe in Fe-thiosemicarbazone com
plexes is redox active. Cycling between the two states can generate 
reactive oxygen species (ROS), a property that is exploited in research 

Table 1 
Summary of X-ray structure determination. Statistics and summary of structure 
determination and refinement for molecules L2, L3 and L4.

Molecule L2 L3 L4

Empirical formula C15H16N4S C16H18N4S C17H18N4S
Formula weight 

g/mol
284.38 298.40 310.41

Temperature/K 100.15 296.15 100.10
Crystal system Monoclinic Monoclinic Triclinic
Space group P21/c P21/c P-1
a/Å 17.24347(12) 8.6254(3) 8.78260(10)
b/Å 5.83811(4) 19.2454(5) 8.90510(10)
c/Å 13.80804(8) 10.1401(3) 10.9967(2)
α/◦ 90 90 80.2580(10)
β/◦ 93.3252(6) 109.383(4) 75.8560(10)
γ/◦ 90 90 68.0790(10)
Volume/Å3 1387.704(15) 1587.84(9) 770.77(2)
Z 4 4 2
ρcalcg/cm
3 1.361 1.248 1.338
μ/mm‑1 2.024 1.792 1.869
F(000) 600.0 632.0 328.0
Crystal size/mm3 0.05 × 0.025 ×

0.2
0.05 × 0.05 ×
0.15

0.10 × 0.05 ×
0.05

Radiation CuKα (λ =
1.54184)

CuKα (λ =
1.54184)

CuKα (λ =
1.54184)

2Θ range for data 
collection/◦

5.134 to 152.238 9.19 to 151.952 8.324 to 152.306

Index ranges − 21 ≤ h ≤ 21, 
-4 ≤ k ≤ 7, 
-17 ≤ l ≤ 17

− 10 ≤ h ≤ 10, 
-22 ≤ k ≤ 24, 
-8 ≤ l ≤ 12

− 11 ≤ h ≤ 9, -11 
≤ k ≤ 10, 
-13 ≤ l ≤ 13

Reflections 
collected

25,301 10,667 14,580

Independent 
reflections

2842 [Rint =

0.0385, Rsigma =

0.0204]

3184 [Rint =

0.0387, Rsigma =

0.0386]

3103 [Rint =

0.0377, Rsigma =

0.0271]
Data/restraints/ 

parameters
2842/0/183 3184/0/191 3103/0/211

Goodness-of-fit on 
F2

1.062 1.096 1.084

Final R indexes 
[I>=2σ (I)]

R1 = 0.0302, wR2 

= 0.0803
R1 = 0.0444, wR2 

= 0.1197
R1 = 0.0346, wR2 

= 0.0902
Final R indexes 

[all data]
R1 = 0.0313, wR2 

= 0.0814
R1 = 0.0548, wR2 

= 0.1348
R1 = 0.0396, wR2 

= 0.0999
Largest diff. peak/ 

hole / e Å− 3
0.27/− 0.26 0.27/− 0.25 0.26/− 0.34
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pertaining to cancer treatment, in specific cell killing [34].
The transition between the two redox states makes the distinction 

between Fe(II) and Fe(III) compounds difficult. Related to this, thione- 
thiol tautomerism in thiosemicarbazone compounds are well docu
mented [19]. This appears to be an intrinsic property of thio
semicarbazone ligands. It is evident in and shown to be important in 
copper(II) binding to Dp44mT (L1), particularly, as it pertains to the 
production of reduced oxygen species [36].

The crystal structures of L2, L3 and L4 confirm the thione tautomer 
in our ligands. We also obtained a crystal structure of L2 bound with 
iron. The structure showed two ligands binding to a single Fe(III) ion, 
accompanied by a (FeCl4)− species, ie. [Fe(III)(L2́)2]+[Fe(III)Cl4]−

where L2́ is singly deprotonated L2 ligand (Parry, unpublished data). 
These substantiate the thione state and the ligand preference for Fe(III). 
In the crystallization trials, we added equimolar amounts of L2 (dis
solved in acetonitrile) and iron (Fe(III)Cl3). We let the reaction sit for 20 
mins. We used this reaction without transfer for crystallization by vapor 
diffusion placing the reaction vial in a larger vial containing diethyl 
ether as precipitant. The reaction vial was left uncapped and the larger 

(precipitant) vial was capped.
We were not able to detect thiol formation in our NMR experiments 

and we have not pursued this further.

4. Conclusion

These studies have revealed structural characteristics of three model 
ligands L2, L3 and L4 by mass spectrometry, NMR and infrared spec
troscopy and X-ray crystallography, yielding complementary informa
tion that are likely to be useful in designing and optimizing small 
molecule leads. We found it remarkable that a small aliphatic extension 
to L2 resulting in L3 (a phenyl ring to a benzyl ring) produced a 
markedly different polar/hydrophobic profile to L3. This overall hy
drophobic characteristic is reversed in L4 with the addition of the sp2 C 
= H2 tip. The structure of L4 demonstrates the dual role of weak 
intramolecular bonds (CH-pi) and conformational accessibility - from 
the addition of an ethyl group, with its unsaturated bonds and the 
introduction of the benzyl ring. The latter adds an extra degree of 
freedom that brings in the pi cloud of the benzyl group that can interact 

Fig. 2. Crystal structures of the chelators in their unbound form. Ligands L2, L3, and L4 lie in an extended conformation. There is a conserved hydrogen bond 
between pyridine N and hydrazine N. A. The thio group in L2 lies trans across the stem away from the pyridine ring. B. The thio group in L3 lies cis to the pyridine 
ring. C. The stem of L4 makes a downward turn for a CH group to make a CH-pi interaction with benzene’s aromatic ring. D. shows an overlay of the closely related 
molecules L3 and L4. L3 is shown in dark blue/purple and L4 is lime green.
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favorably with the induced polar group from the ethene tip. The 
Richardson group observed that in studies in mice, administration of 
Dp44mT (L1) at non-optimal doses led to cardiac issues [16] but this 
was alleviated for Bp44mT (L2). We attribute this improved clinical 
characteristic of L2 to the replacement of the second pyridine in L1 to a 
benzene ring, and the release of the hydrogen bond that latched the 
replaced pyridine.

Thiosemicarbazone ligands, either by themselves or bound by metal, 
show pharmaceutical promise [37,38]. Thiosemicarbazone ligands and 
complexes can be designed with the redox potential tuned to deliver 
desired properties [39]. These and the rich stereochemical properties of 
this class of molecules suggest possibilities of metal-based organic li
gands for pharmacological purposes. L2, L3 and L4 have shown promise 
in use as antivirals in studies with mice [17,28]. The understanding 
gained form these studies may lead to new modification for potential 
development as experimental therapeutics for iron overload disorders 
and microbe-based illnesses.

Supplementary data
Supplementary Figure S1. The mass spectra of L2, L3 and L4 are 

shown. Peaks corresponding to L2, L3 and L4 were identified from the 
spectra at m/z = 285.1174, 299.1327 and 311.1325, respectively.

Supplementary Figure S2. Proton nuclear magnetic resonance peaks 
are plotted for L2, L3, and L4 in panels A, B, and C, respectively. The 
peaks are assigned accordingly.

Supplementary Figure S3. Infrared spectroscopy. Infrared trans
mittance data from L2, L3 and L4 covering wavenumbers 4000 cm − 1 to 
650 cm− 1 are shown in panels A, B and C, respectively. Bands are 
consistent with the expected structures and features of the molecules.
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