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Abstract: Herein, we report the synthesis of platinum(II) complex bearing 3′-aminothiocyclohexanespiro-
5′-hydantoin as ligand. The complex was characterized by IR, NMR spectral analyses, elemental
analyses and density functional theory (DFT) calculations. Cytotoxicity and inhibitory potential on
xanthine oxidase (XO) were evaluated by performed docking calculations. The cytotoxic activities of
the 3′-aminothiocyclohexanespiro-5′-hydantoin (1), its Pt(II) complex (2), thiocyclohexanespiro-5′-
hydantoin (3), and its platinum complex (4) were assessed against HL-60 and MDA-MB-231 cells
in comparison with the antiproliferative activity of cisplatin as a referent. The ligands (1 and 3) did
not exhibit in vitro antitumor efficacy on either of the human tumor cell lines. Complex 2 showed
higher antitumor activity (IC50 = 42.1 ± 2.8 µM on HL-60 and 97.8 ± 7.5 µM against MDA-MB-231
cells) than complex 4 (IC50 = 89.6 ± 2.8 µM on HL-60 and 112.5 ± 4.2 µM in MDA-MB-231 cells). IC50

values of cisplatin as referent were 8.7 ± 2.4 µM on HL-60 and 31.6 ± 5.4 µM on MDA-MB-231 cell
lines. The inhibitory activity of ligands and complexes against XO, evaluated in vitro, were compared
with allopurinol (IC50 = 1.70 ± 0.51 µM) as standard inhibitor. The platinum(II) complexes (2 and 4)
inhibited the activity of XO, with IC50 values 110.33 ± 26.38 µM and 115.45 ± 42.43 µM, respectively,
while the ligands 1 and 3 did not show higher degrees of inhibition at concentrations lower than
150 µM. The inhibitory potential against XO might be a possible precedent resulting in improved
profile and anticancer properties.

Keywords: platinum complexes; hydantoin; cytotoxicity; xanthine oxidase inhibition

1. Introduction

Metal complexes are considered to be an extremely important class of compounds in
medicine and medicinal chemistry because of their diverse pharmacological applications.
Many complexes act as antioxidant, antibacterial, antiviral, analgesic, antimicrobial and
anticancer agents [1–3]. Transition metal complexes have been extensively investigated as
chemotherapeutic agents. Platinum-based anticancer agents have become the most com-
mon class used in chemotherapy worldwide [4,5]. Anticancer drugs that have been used
in cancer therapy have serious well-known side effects [6–8]. To increase bioavailability,
enhance cytotoxicity, and reduce side effects in comparison to cisplatin, a new class of Pt(II)
complexes [9,10] was synthesized.
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Hydantoins (imidazolidinediones) are small molecules that possess different biological
and pharmaceutical applications, including as anticonvulsants, antiarrhythmics, antibacte-
rial and antitumor agents [11–13]. A series of spirohydantoins were studied and evaluated
as promising anticancer compounds in our earlier research [14,15].

The tumor growth causes tissue damage that provokes the inflammatory response and
possible increase in the activity and the expression of xanthine oxidase (XO) in plasma. The
activation of carcinogenic compounds can be catalyzed by this oxidase. Xanthine oxidase
might also act tumorigenically by producing reactive oxygen and nitrogen species [16]. De-
spite being rare [17], there are data on metal complex-based inorganic XO inhibitors [18–23].

The present paper describes the synthesis, characterization, cytotoxic activity and
inhibitory potential on XO of a new platinum complex (complex 2). The biological activities
of 3′-aminothiocyclohexanespiro-5′-hydantoin (1) and thiocyclohexanespiro-5′-hydantoin
(3) were compared with those of their platinum complexes (2 and 4) (Figure 1). To define
the docking interactions of Pt complex–XO complex, docking calculations were performed.
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Figure 1. Structural formulas of ligands 1 and 3 and complexes 2 and 4. 
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anespiro-5′-hydantoin was essential for the platinum complexes to possess the potent XO 
inhibitory activity. Therefore, we synthesized a new Pt(II) complex with 
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one-step reaction by mixing K[Pt(NH3)Cl3] with the ligand in a stoichiometric ratio of 1:1 
under mild conditions and good chemical yield. 
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of the IR spectra of the ligand 1 and complex 2. The stretching vibrations corresponding 
to the C–S bond are observed at 655 cm−1 in ligand 1, while in complex 2, ν(C–S) is at 625 
cm−1. This decrease of 30 cm−1 is due to the fact that the ligand bonds with the metal ion 
via the sulphur atom from the thiocyclohexane moiety. The NH and ν(C═O) stretching 
are slightly affected upon coordination. The IR spectra of the new complex 2 and the 
ligand 1 in the far IR below 400 cm−1 region were also recorded, where metal–halogen 
stretching vibrations occur. Two absorption bands at 330 and 319 cm−1 are assignable to 
Pt-Cl stretching. The doublet character of these bands is an indication of the 
cis-configuration of the complex [25–27]. Moreover, the method for obtaining of the new 
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2. Results and Discussion
2.1. Synthesis

On the basis of our previous investigations [24], the structure of thiocyclohexanespiro-
5′-hydantoin was essential for the platinum complexes to possess the potent XO inhibitory
activity. Therefore, we synthesized a new Pt(II) complex with 3′-aminothiocyclohexanespiro-
5′-hydantoin as ligand. The complex was synthesized via one-step reaction by mixing
K[Pt(NH3)Cl3] with the ligand in a stoichiometric ratio of 1:1 under mild conditions and
good chemical yield.

2.2. Spectral Characterization and Geometry Optimization
2.2.1. Spectral Analysis

The coordination of the ligand with platinum ion was demonstrated by comparing
of the IR spectra of the ligand 1 and complex 2. The stretching vibrations corresponding
to the C–S bond are observed at 655 cm−1 in ligand 1, while in complex 2, ν(C–S) is at
625 cm−1. This decrease of 30 cm−1 is due to the fact that the ligand bonds with the metal
ion via the sulphur atom from the thiocyclohexane moiety. The NH and ν(C=O) stretching
are slightly affected upon coordination. The IR spectra of the new complex 2 and the
ligand 1 in the far IR below 400 cm−1 region were also recorded, where metal–halogen
stretching vibrations occur. Two absorption bands at 330 and 319 cm−1 are assignable to Pt-
Cl stretching. The doublet character of these bands is an indication of the cis-configuration
of the complex [25–27]. Moreover, the method for obtaining of the new complex supposed
the synthesis of a cis-isomer according to the literature [28]. For example, for the synthesis
of the cis-isomer, K[Pt(NH3)Cl3] as a starting complex is used, while for the synthesis of
the trans-isomer, the other starting complex—cis-[Pt(NH3)2Cl(NO3)]—is used. Starting
from K[PtCl3NH3], the reaction with ligand 1 leads to substitution of one of the two trans-
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chlorides (both cis to the ammine), which are mutually trans-labilized [29] (Supplementary
Materials Figures S1 and S2).

A comparison of the 1H NMR spectra of pure ligand 1 and complex 2 indicates a
chemical shift difference of 0.20 ppm for the axial protons from CH2 groups connected to
the sulphur atom. This chemical change is proof of the coordinative bonding between the
sulphur atom and platinum ion (Supplementary Materials Figures S3 and S4).

There is no great difference between the chemical shifts of the carbon atoms in the 13C
NMR spectra of the metal-free ligand 1 and complex 2 (Supplementary Materials Figures
S5 and S6).

2.2.2. Quantum Chemical Modeling

Being unable to grow single crystals, quantum chemical studies were applied to
explore the structure and the way of bonding of the Pt ion with the ligand using the
B3LYP/6-31+G(d) level for nonmetals and LANL2DZ for platinum. In Figure 2, the opti-
mized structures of the studied compounds are presented. In our previously published
work [30], the optimized molecular geometry of ligand 1 was described in detail. To investi-
gate the geometrical structure of the complex, two possible cis-conformations are optimized,
namely boat and chair, by taking into account the position of spiro C-atom around platinum
center. The calculations in the gaseous state show that the boat conformation is energetically
more favorable by 16 kJ/mol than chair. This result is similar to that found in our previous
calculations on the thiocyclohexanespiro-5′-hydantoin complex [30].
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Figure 2. Optimized structures of ligand 1 (a) and complex 2 (b).

Pt(II) ion is located in the center of a slightly distorted square planar coordination
geometry. The Pt-Cl (2.41 Å), Pt-S (2.45 Å) and Pt-Nammonia (2.09 Å) bond lengths are
similar or close to values observed for other optimized square planar complexes [31–35].
After coordination of the ligand with the platinum ion, the ligand geometry will not change
significantly, according to the theoretical analysis. The lengthening of the C-S bonds by
0.07–0.08 Å is probably due to the bonding of the ligand with the Pt ion.

To prove the cis-configuration of complex 2, IR spectra of cis- and trans-isomers were
calculated. In comparing these two spectra, small differences can be observed. However,
when comparing of the calculated IR spectra for cis-and trans-isomers with the experimental
data, it can be observed that the experimental IR spectrum is close to the theoretical
spectrum of the cis-isomer. The fact that the theoretical spectrum was made in the gas
phase, while the experimental spectrum was made in the solid phase, should be taken into
account (Supplementary Materials Figure S7)
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2.3. Biological Evaluation
2.3.1. Antiproliferative Activity

In vitro cytotoxicity of the new complex 2 proved to be significant within this series of
compounds. Complex 2 showed higher antitumor efficacy against HL-60 and MDA-MB-231
than complex 4 and the ligands (1 and 3). IC50 values were 42.1 ± 2.8 µM for complex 2
and 89.6 ± 2.8 µM for complex 4 on the HL-60 cell line and 97.8 ± 7.5 µM for complex
2, and 112.5 ± 4.2 µM for complex 4 on the MDA-MB-231 cell line. Ligands 1 and 3 did
not exhibit in vitro antiproliferative activity on either of the human tumor cell lines. IC50
values of cisplatin as a referent were 8.7 ± 2.4 µM on HL-60 and 31.6 ± 5.4 µM against
MDA-MB-231 cell lines.

2.3.2. XO Activity

The platinum(II) complexes (2 and 4) inhibited the activity of XO, with IC50 values
110.33 ± 26.38 µM and 115.45 ± 42.43 µM, respectively, while ligands 1 and 3 did not
show a higher degree of inhibition at concentrations lower than 150 µM. The IC50 value of
allopurinol as a standard inhibitor was 1.70 ± 0.51 µM.

3. Molecular Docking Study

The best docking scores with the lowest Affinity dG value of ligands 1 and 3 and Pt(II)
complexes 2 and 4 are given in Table 1. The corresponding binding poses at the XO binding
site are depicted in Figure 3. Ligand 1 forms a hydrogen bond between the O atom of CO
group at the fourth position and the hydrogen atom of the guanidino group of Arg880
(Figure 3A,B). Additionally, Van der Waals interactions stabilize the predicted pose. In
the case of ligand 3 molecule, only weak Van der Waals interactions occur (Figure 3E,F).
Both molecules are characterized by the low Affinity dG score of the docking calculations
(Table 1). This is possibly due to the fact that both ligands 1 and 3 are placed close to the
entrance, rather than deep in the binding pocket, where the molybdenum center is located.

Table 1. The lowest Affinity dG scores of the studied compounds docked in bovine xanthine oxidase
enzyme.

Compound Affinity dG

Ligand 1 −3.9795
Complex 2 −6.5197
Ligand 3 −3.4150
Complex 4 −6.7772
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(E,F) and (complex 4) (G,H). Visualization of coordinative bonds in the MOE package is denoted as
positively charged atoms.

The best predicted poses of complexes 2 and 4 insert deep into the pocket, close to the
molybdenum atom (Figure 3C,D,G,H). The coordinative bound of ammonium group links
with oxygen and sulfur atoms of MOS. In addition, Van der Waals interactions stabilize the
complexes. This results in higher Affinity dG values in both molecules (Table 1).

4. Materials and Methods

Thiocycolhexanespiro-5′-hydantoin is available by means of Bucherer–Berg reaction
from (NH4)2CO3, NaCN and tetrahydro-4H-thiopyran-4-one (Aldrich). Potassium am-
minethrechloroplatinate(II) was purchased from Sigma Aldrich USA. All other chemicals
used were of analytical reagent grade. The carbon, nitrogen and hydrogen content of the
new compound were determined by elemental analyses on a EuroEA 3000—Single, “Euro
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Vector SpA”. IR spectra were recorded in the range of 4000–100 cm−1 on Bruker Invenio
R spectrophotometer, ATR (attenuated total reflectance) mode with a diamond crystal
accessory. The spectra were referenced to air as a background by accumulating 100 scans,
at a resolution of 2 cm−1. The 1H NMR and 13C spectra were recorded on Bruker WM 500
(500 MHz) spectrometer in dimethyl sulfoxide as a solvent. Chemical shifts are expressed
to tetramethylsilan and are represented in δ (ppm). Splitting patterns were indicated by the
symbols s (singlet), m (multiplet) and bs (broad singlet). The solution of complex 2 was
freshly prepared in DMSO-d6. Melting point was determined as the phase transition from
solid to liquid at atmospheric pressure, on a Buchi 540 apparatus.

4.1. Synthesis
Cis-Amminedichlorido-(3′-aminothiocyclohexanespiro-5′-hydantoin) Platinum
(II)—Cis-[PtL(NH3)Cl2], Complex 2

To aqueous solution of K[Pt(NH3)Cl3] (0.1605 g, 0.0449 mmol) was added an aqueous
ethanol solution of ligand (φr = 1:1) (0.1079 g, 0.437 mmol). The reaction mixture was
stirred for 10 h at ambient temperature and the solution cooled to 4 ◦C. The lemon-yellow
precipitate was filtered off and dried in a vacuum. The purity was checked by elemental
analyses. Thin-layer chromatography (TLC) is used for identifying the compound. The
eluent is CH3COOC2H5/C2H5OH—ϕr = 2:1. Yield: ca. 73%, m. p.: 276–277 ◦C (dec.). Anal.
Calc. for C7H14N4O2SCl2Pt: C, 17.36; N, 11.57; H, 2.89. Found: C, 17.88; N, 10.91; H, 3.31.
IR (ATR, cm−1): 3501, 3265, 3187, 1773, 1705, 625, 330, 319. 1H-NMR (500MHz, DMSO-d6,
δ, ppm): 8.64 (s, 1H, NH); 4.66 (bs, 2H, NH2); 4.27–4.24 (m, 3H, NH3); 2.82–2.79 (m, 2H,
CH2-S(ax)); 2.62–2.61 (m, 2H, CH2-S(eq)); 1.92–1.87 (m, 2H, CH2-C(ax)); 1.74–1.71 (m, 2H,
CH2-C(eq)).

4.2. Quantum Chemical Modeling

The Gaussian 03 software package was used for theoretical calculations [36]. The
geometry of the ligand and its complex was performed using a gradient analytical technique.
The results were obtained by B3LYP (Becke’s three-parameter non-local exchange) [37,38]
functional correlation, 6–311++G(g,p) basis set for all non-metal atoms, and LANL2DZ
basis set for the platinum center. The optimized structures were also characterized by
analytical calculations of harmonic vibrational frequencies at the same level of theory.

4.3. Biological Evaluation

A preliminary evaluation of the cytotoxic activity of complex 2, as well as of complex
4, ligands 1 and 3 and cisplatin as a referent drug, was performed on two human tumor
cell lines: HL-60 and MDA-MB-231.

HL-60 is a promyelocytic leukemia cell line, while the MDA-MB-231 is a triple negative
breast cancer cell line. The solid tumor cell line (MDA-MB-231) was grown as monolayer-
adherent cultures in 90% RPMI-1640 medium (Cat. No. F7524, Sigma® Life Science, Stein-
heim, Germany) supplemented with 10% fetal bovine serum (FBS, Cat. No. F7524, Sigma®

Life Science, Steinheim, Germany), non-essential amino acids, 1 mM sodium pyruvate and
10 mg/mL human insulin. The other cell line (HL-60) was grown as a suspension-type
culture under standard conditions—RPMI-1640 liquid medium supplemented with 10%
FBS and 2 mM L-glutamine, in cell culture flasks, housed at 37 ◦C in an incubator “BB 16-
Function Line” Heraeus with humidified atmosphere and 5% CO2. The cells were kept
in log phase by supplementation with a fresh medium after removal of cell suspension
aliquots, two or three times a week.

The cell lines were obtained from DSMZ German Collection of Microorganisms and
Cell Cultures and were validated in the Laboratory of Pharmacology and Toxicology (in
the Faculty of Pharmacy, Medical University of Sofia, Bulgaria) as being suitable to test
metal complexes. Their DSMZ catalog numbers are HL-60 (ACC 3) and MDA-MB-231
(ACC 73). The cytotoxic effects of ligands 1 and 3 and complex 4 of the same human
tumor cell lines were described in our previous study [30,33]. The cytotoxicity of the new
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complex 2 was assessed using the MTT assay, as described by Mossman [39] with some
modifications [40]. The method is based on the reduction of the yellow tetrazolium salt
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (Cat. No. M5655-
1G, Sigma®Life Science, Steinheim, Germany) to a violet formazan via the mitochondrial
succinate dehydrogenase in viable cells.

For the treatment procedures, the tested compound was freshly dissolved in DMSO,
and thereafter diluted with RPMI-1640 growth medium. Our experience with water insolu-
ble metal complexes has showed that there is no significant modulation of chemosensitivity
of the individual cell lines. For each concentration, 8 separate wells were used. Every
assay was carried out in three separate microplates. The MTT-formazan absorption was
determined using a microprocessor-controlled microplate reader (Labexim LMR-1) at
580 nm.

4.4. Evaluation of XO Inhibition

The inhibitory properties of ligands 1 and 3 and their platinum complexes 2 and 4 on
XO were evaluated in vitro on the commercial bovine milk enzyme by spectrophotometric
measurement of uric acid formation at 293 nm, with allopurinol as a reference inhibitor, as
described in our previous study [41].

4.5. Molecular Docking to Xanthine Oxidase

The ab initio optimized geometries of ligands 1 and 3 and Pt(II) complexes 2 and 4
were subject to docking calculations to the crystallographic structure of xanthine oxidase
from bovine milk (pdb id: 3NRZ, R = 1.8 Å) [42]. The docking was performed using
MOE2016.0801 [43] with the following settings: Placement method: triangle Matcher and
scoring function AlphaHB; Refinement: induced fit with free movement of side chains
and scoring function Affinity dG. In the placement step, 1000 poses of each ligand were
generated using the Triangle Matcher method and 100 of them with best Alpha HB score
proceeded to the next step of refinement. The five best Affinity dG-scored complexes for
each ligand were kept.

5. Conclusions

The synthesis and characterization of platinum(II) complex bearing
3′-aminothiocyclohexanespiro-5′-hydantoin as ligand was reported. The experimental
and theoretical data suggest coordination of Pt ion via S-donor ligand. The studied complex
was documented to have promising cytotoxicity with an inhibitory activity against XO that
might be an additional mechanism in the anticancer activity.
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spectra of the ligand 1 (black) and complex 2 (red) in the range 1800–100 cm−1; Figure S3: 1H NMR
spectrum of the ligand 1; Figure S4: 1H NMR spectrum of complex 2; Figure S5: 13C NMR spectrum
of ligand 1, Figure S6: 13C NMR spectrum of complex 2; Figure S7: Theoretical IR spectra of the cis-
and trans-isomers of the complex 2.
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