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The molecular structure description of Pt(II) complexes of the bicyclic spiro-5-(2,4-dithiohydantoins) is a continuing
challenge due to the large variety of coordination modes that the 2,4-dithiohydantoin heterocycle provides. Besides, the
limited solubility of the complexes impedes the growth of good quality single crystals, which explains the lack of
crystallographic data on metal complexes of spiro-5-(2,4-dithiohydantoins). The increasing interest on the biological
activity of various Pt(II) complexes of 5-substituted 2,4-dithiohydantoins motivated the structural description we provide
herein. This work describes a detailed analysis of the solid-state spectroscopic data on Pt(II) complexes of two
cycloalkanespiro-5-(2,4-dithiohydantoins) bearing saturated and non-coordinating rings of seven or eight C-atoms. The
experimental data from elemental analyses, FAB(+)-MS, XPS, IR and far-IR spectroscopies were used to model various
structures of the complexes with the determined Mx(L")s composition. The solid state (CPMAS) 3C NMR spectrum of
the Pt(II) complex of cycloheptanespiro-5-(2,4-dithiohydantoin) was analyzed and its geometry was subjected to quantum
chemical (Density Functional Theory, DFT) calculations with the B3LYP/6-31G(d,p)-(LanL2DZ; Pt) method. The
coordination-induced changes in the calculated spectral characteristics (IR vibrations and '>*C NMR shifts) were compared
with the experimentally measured ones for verification of the most plausible molecular structure of the complex. Based
on the obtained results, a binuclear cubelike structure with two square planar Pt(II) centers holding the four ligand ions is
suggested. In the best model structure, two of the N3-H deprotonated bridging ligands coordinate with their S2 thione
atoms, whereas the other two ligands involve the S4 donor atoms in the coordination. The calculated Pt --- Pt distance in
the complex is 2.854 A.

Keywords: cycloheptanespiro-5-(2,4-dithiohydantoin), cyclooctanespiro-5-(2,4-dithiohydantoin), platinum complexes,
XPS, CPMAS NMR, GIAO DFT calculations

INTRODUCTION Our long-lasting interest on the coordination
properties of cycloalkanespiro-5-(2,4-dithio
hydantoins) started with the reported -crystal
structures of a series of derivatives with increasing
number of C-atoms in the cycloalkane ring (5 to 8)
[21]. Considering the highly conjugated dithio
hydantoin ring which consists of two pairs of
thioamide groups, the structural description of their
metal complexes is a challenging spectroscopic task.
Moreover, the only crystal structure of a
dithiohydantoin metal complex is that of Cu(l)
complex of  5,5-dimethyl-2,4-dithiohydantoin
reported by Devillanova et al. in 1986 [22]. In our
continuous  attempts to  make  structural
characterization of dithiohydantoin complexes we
use combination of spectroscopic (*C-CPMAS
NMR, EPR, XPS, FAB-MS and IR) and quantum

The numerous biological activities of hydantoins,
known initially for their use as antiepileptic drugs [1,
2], have recently been summarized in several review
papers with the emphasis on their antileishmanial [3]
or antimicrobial activity [4]. Earlier review papers
highlight the broad spectrum of biological and
pharmacological activities of  hydantoin,
thiohydantoin, and selenohydantoin compounds [5,
6]. Spiro-hydantoins, on the other hand, attracted
attention with the noted aldosoreductase inhibition
as a therapeutic approach to treat diabetes
complication [7-9]. Ultimately, the anticancer
activity of hydantoins, thiohydantoins [10-12], and
spiro-hydantoins [13, 14] was extensively studied,
which is further expanding to their metal complexes
[15-20].
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chemical methods (DFT and GIAO DFT) to suggest
the most plausible structures of the studied Cu(Il)
[23, 24], Pt(II) [20], Ni(Il) and Cu(l) [25-27]
complexes. In most cases we used *C-CPMAS
NMR as the verification method for selecting the
best theoretical model of the studied diamagnetic
complexes.

In the present paper we describe the synthesis and
characterization of Pt(Il) complexes of two
cycloalkanespiro-5-(2,4-dithiohydantoins), namely
cycloheptanespiro-5-(2,4-dithiohydantoin) and
cyclooctanespiro-5-(2,4-dithiohydantoin)  denoted
as L1 and L2, respectively (Scheme 1). Several
possible structures for the complexes were modeled
accounting for the outlined general trends in the
spectroscopic (*C-CPMAS NMR and IR) changes
seen for L1 and L2 after coordination with Cu(I) and
Ni(Il) ions that were earlier described [26].

Scheme 1. Structural formulas of the studied ligands
L1 and L2.

EXPERIMENTAL
Methods and materials

All chemicals and solvents were analytical grade
reagents and were used without purification. The cis-
diamidodichloridoplatinum(Il)  (cisplatin)  was
purchased from Merck KGaA, Germany. Elemental
analyses were performed on a Vario EU III
instrument. The IR spectra were recorded in KBr
pellets using a Nicolet 6700 Thermo-Scientific FT-
IR spectrometer. FAR-IR spectra were recorded in
Csl pellets on the same spectrometer equipped with
DTGS polyethylene detector and far-IR solid-
substrate beamsplitter. FAB(+)-MS spectra were
obtained using a Fisons VG Autospec. 'H- and "*C-
NMR spectra of the ligands were recorded on a
Bruker DRX-250 spectrometer in DMSO-ds. Solid-
state cross polarization (CP) magic angle spinning
(MAS) *C-NMR spectra were recorded on a Bruker
Avance DSX-400 instrument at 100.61 MHz with
high power proton decoupling; the samples were
spun at 10 kHz in a 4 mm ZrO; rotor (contact time
2-9 ms, repetition time 30 s, 1024 scans). *C
chemical shifts were calibrated indirectly through
the glycine CO signal at 176.0 ppm relative to TMS.
The photoelectron spectra (XPS) were measured at
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room temperature using an ESCALAB-MKII
electron spectrometer (VG Scientific). The samples
were pressed in pellets and the pressure in the UHV
chamber was 5x10* mbar during the measurements.
The MgKa radiation (1253.6 eV) was used for the
excitation. The instrumental resolution was ~ 1.0 eV
as measured by the fullwidth at half maximum
(FWHM) of the Ag3ds» photoelectron line. The
accuracy of binding energy (EB) determination is +
0.1 eV. The 285.0 eV of Cls peak was used as an
energy reference.

Synthesis and characterizations

The ligands L1 and L2 were synthesized
according to a previously described procedure [28].
The  products were  recrystallized  from
methanol/water solution and characterized with
melting point, elemental analyses, IR and NMR
spectra in solution and in solid state. The analytical
data of the ligands agree with the published ones
[28].

The Pt(II) complexes of L1 and L2 were obtained
by mixing 20 mL of water solution of 0.1 mmol (30
mg) cisplatin and 0.2 mmol of the ligands (43 mg of
L1 and 45 mg of L2) dissolved in 20 mL of THF.
The reaction mixtures were stirred at room
temperature for 48 h, leading to the formation of
yellow-greenish precipitates, which were filtered
off, dried at 45 °C overnight, and stored in a
desiccator under P»Os.

Complex Pt-L1: Yield 36 mg (53.3% based on
platinum); M.p. > 350 °C; FAB(+)-MS: [M-H]"
1243.3 m/z (20), Pto(L17)s MW=1242.1. IR (KBr): v
(cm™) 3400 br (H,0), 3190 s, br (NH), 2928 vs, 2856
s (CHy), 1718 w, 1628 w, 1560 vs, 1496 vs, 1457 vs,
1411 s, 1355 s, 1328 vs, 1279 s, 1244 s, 1183 vs,
1115 vs,983 w, 943 w, 843 w, 621 w, 575 w, 464 w,
432 w; IR (Csl): v (cm™) 390 m, 370-364 w, 338 w,
305 w, 273 w, 229 s br; Calcd for Pty(L1)4x6H,0
(C36H64N306Ptzsg, MW:1351.59)Z C 31.99%; H
4.77%; N 8.29%; S 18.98%; found: C 31.84%; H
4.66%; N 8.98%; S 18.95%.

Complex Pt-L2: Yield 47 mg (66.7% based on
platinum); M.p. > 350 °C; FAB(+)-MS: [M-H]" 1300.3
m/z Pty(L2)s MW=1298.2. IR (KBr): v (cm™): 3400
br, 3188 m(NH), 2923 vs, 2852 s (CH»), 1720-1626 w,
1558 s, 1498 vs, 1470 vs, 1410 s, 1351 vs, 1327 vs,
1264 s, 1201 s, 1158 vs, 1117 s, 1092 s, 980 w, 937 w,
842 w, 807 w, 763 w, 678 w, 496-468 w, 441 w; IR
(CsI): v (cm™) 338 sh, 292 w br, 257 m br, 207 m br;
Calcd for Pty(L27)4x6H0 (C40H72N3gO6PtSs,
MW=1407.73): C 34.13%, H 5.16%, N 7.96%, S
18.22%; found: C 34.11%; H 4.93%; N 8.77%; S
18.27%.
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The vibrational frequencies of the free ligands are
given to facilitate the discussion of their
coordination modes. L1: IR (KBr): v (cm™): 3145 vs
(NH), 2933 m (CH>), 2845 m (CH>), 1541 vs, 1426
vs, 1348 m, 1260 m, 1231 s, 1159 s,1126s, 1107 m,
1045 m, 890 w, 841 m, 730 w, 688 m, 582 w, 527 m,
463 m, 441 w; Far-IR (Csl): v (cm™): 352 sharp, 330
sharp, 288 s, 274 s, 220 w, 199 s sharp, 155 w; L2:
IR (KBr): v (cm™): 3160 s (NH), 2939 s, 2856 m
(CH»), 1540 vs, 1438 m, 1427 vs, 1260 s, 1210 s,
1145s, 1107 vs, 1063 w, 929 m, 735 w, 710 m, 626
m, 542 m, 453m; Far-IR (Csl): v (cm™): 381 sharp,
309 sharp, 268 s, 248 w, 220 sharp, 202 sharp, 126
.

Quantum chemical calculations

Geometry optimizations of L1 and its Pt(Il)
complex, Pt-L1, were performed using the DFT
method with the hybrid B3LYP functional [29, 30]
as implemented in the Gaussian 09 software [31]. A
mixed basis set, double-{ Pople-type 6-31G(d,p) for
all light elements and Los Alamos National
Laboratory 2 double-{ basis set (LANL2DZ) for

platinum, was used. Harmonic vibrational
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frequencies and intensities were computed at the
same level of theory for L1 and Pt-L1 and
convergence to local minima was confirmed. The
NMR shielding constants were calculated using the
gauge-including atomic orbitals, GIAO-DFT,
method [32] and the calculated isotropic *C-NMR
shielding constants, oi, were converted to *C
chemical shifts using the equation: 6=191.818 - o;.

RESULTS AND DISCUSSION

The Pt(Il) complexes were isolated as yellow-
greenish powders and their composition was derived
from elemental analyses and FAB(+)-MS
measurements. The data indicated on Pty(L)s
molecular composition formed with coordination of
deprotonated ligand anions (L°). Theoretically
calculated isotopic distribution for the molecular ion
peak with the suggested composition is compared
with the experimentally obtained one for Pt-L1 in
Figure 1. The virtually same pattern confirms the
presence of two platinum centers in the registered
peak of the molecular ion. Similar data are seen for
the Pt-L2 complex.
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Figure 1. Comparison of A) the calculated isotopic distribution pattern of the molecular composition Pty(L17)4
(MW=1242.1) with B) the experimental FAB(+)-MS spectrum of Pt-L1 (molecular ion peak [M-H]" 1243.3).

Table 1. Binding energies (Eg) in eV of Cls, N1s, S2p and Pt4f electrons in the studied ligands L1 and L2 and their

Pt(II) complexes, Pt-L1 and Pt-L2.

Electron shell Compounds L1 Pt-L1 L2 Pt-L2
Cls 285.0 285.0 285.0 285.0

Nls 400.6 400.2 400.6 400.2

S2psn 162.8 163.2 162.7 163.1

Pt4fs, — 73.0 — 73.0
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Figure 2. X-ray photoelectron spectra (XPS) of the
Pt4f electrons of the Pt-L.1 and Pt-L2 complexes.

To conclude whether both platinum centers in the
complex are distinguishable we performed XPS
measurements of the free ligands and the
corresponding complexes. Data are summarized in
Table 1 and the regions of the XPS spectra for the
Pt4f-electrons binding energies are depicted in
Figure 2. From Figure 2 it can be seen that for both
Pt(IT) complexes only the expected two peaks for the
4f—electrons of Pt(Il), split by the spin-orbit coupling
to Pt4fs;, and Pt4fy, in the 3:4 ratio, are present. This
could suggest that both platinum centers in the
complex are surrounded by the coordinated ligands
in an identical way. Rather symmetrical Lorentzian
line shape for the Pt4f;; electrons is registered with
virtually the same energy, 73.0 eV for both Pt-L.1
and Pt-L2. Similar values of the binding energies are
reported for other Pt(Il) complexes coordinated in
bidentate way with thiourea derivatives [33]. The
data in Table 1 show that the binding energies of N1s
and S2ps. electrons change upon coordination in
opposite directions — a decrease for N1s electrons by
0.4 eV and increase of the S2p3; binding energies of
0.4 is observed for both complexes. These
observations are consistent with the proposed
deprotonation of one of the NH groups and
coordinated thione sulfur atom through dative bond
formation with Pt(II).

As both complexes, Pt-L1 and Pt-L2, showed
limited solubility in most solvents, we could study
their structure only in the solid state by means of IR
and CPMAS NMR spectroscopy, since no single
crystals could be grown for -crystallographic
analysis. =~ The experimental evidence for
coordination of deprotonated ligands L1 and L2 was
derived from the observed changes in their IR
spectra. The general trends in the IR spectra of the
complexes can be summarized as follows: 1) shift of
the characteristic N-H stretching of the free ligands
(centered at 3145 and 3160 cm™ of L1 and L2) to
3190 and 3188 cm™ in the spectra of Pt-L1 and Pt-
L2, respectively; ii) strong shifts and splitting for the
most intense vibrations of the thioamide groups at
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1541 and 1540 cm™ of L1 and L2, which appear at
1560, 1496 and 1558, 1498 cm™ in the complexes
Pt-L1 and Pt-L2, respectively; iii) similar trend for
the other set of thioamide vibrations at 1426 and
1438 cm™ of L1 and L2, which appear at 1457, 1411
and 1470, 1410 cm™! in the complexes Pt-L1 and Pt-
L2, respectively; iv) red shift of the free ligands’
vibrations at 1260 and 1159 cm™ to 1279 and 1183
cm’! upon coordination in Pt-L1, and similarly for
the bands at 1260 and 1145 cm! shifting to 1264 and
1158 cm?! in Pt-L2. These changes after
coordination to Pt(II) can be explained with the
presumed bridging coordination by one thione sulfur
atom and a deprotonated amine nitrogen. It should
be noted, however, that the complex nature of the
highly conjugated dithiohydantoin ring, consisting
of two thioamide pairs, makes it impossible to
distinguish between the many other possible
coordination modes. The far-IR spectra were used to
examine the vibrational frequencies involving the
coordinated Pt(II) ion. In the spectrum of Pt-L1
broad vibrations appear at 390, 273 and 229 cm™! and
weak bands in the region 370-364-338 and 305 cm’
!, Similarly, these are seen at 338, 292, and 257 cm’
!in the Pt-L2 spectrum.

Bridging mode of coordination has been earlier
suggested for Pt(I) complexes of other
dithiohydantoin ligands with bulky substituent at the
spiro-C5 atom [20]. Considering their structural
similarity with the ligands L1 and L2 studied herein,
we applied quantum chemical methods to verify the
most plausible structure expected for the Pt-L1
complex. Geometry optimizations with DFT
B3LYP/6-31G(d,p)/(LANL2DZ; Pt) method were
performed on three model structures for Pt-L1
(Scheme 2), assuming Mj(L)s composition and
bridging coordination of deprotonated N3-H group
of the ligand L1. For each optimized structure the
corresponding  spectroscopic  characteristics —
vibrational (IR) frequencies and nuclear magnetic
shielding — were calculated and compared with the
available experimental data to select the best
theoretical model for the structure of Pt-L1.

N Si N’ N N 5
VA R Sty V. Y
N N N
3 /'Pr y /‘Pt\_' ’ /'Pt\:’,'

N
Scheme 2. Schematic presentation of the structural
variations of the cubelike geometry of the optimized
models for Pt-L1 complex. From left to right: all N3/S2
bridging ligands; all N3"S4 bridging ligands; mixed two
N37S2 and two N3/S4 bridging ligands.
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The reason to model three combinations of
coordinated bridging ligands is to try to find
explanations of the observed *C-CPMAS NMR
spectrum of Pt-L.1 which is compared with that of
L1 in Figure 3. The measured '*C chemical shifts are
listed in Table 2. All three C-atoms from the
dithiohydantoin ring (C2, C4 and C5) exhibit
downfield shift after coordination, which is
estimated to 7.5 ppm for C2 and to 3.8 ppm for C5.
The signal of C4 atom exhibits splitting of 16 ppm
in the spectrum of Pt-L1. That is why we modeled
also mixed type of coordination of the ligands except
the models with all N3/S2 and all N3/S4 bridging
ligands (Scheme 2). An acceptable result was
obtained with the assumed N3/S2 - N3"S4 mixed
type of coordination of the four ligand ions in the
dimeric Pt-L1 complex. The calculated shifts for C4
atoms in Pt-L1 differ by ca. 7 ppm (220.1 / 213.3,
see Table 2), whereas the signals for C2 differ by 2
ppm (185.3 / 183.3). Considering the resolution of
the BC-CPMAS NMR spectra of amorphous
samples and their larger half-widths, we proposed as

the best model structure for the Pt-L1 complex the
one with mixed type N37S2 - N37S4 bridging
coordination.

The optimized (B3LYP/6-31G(d,p)/LanL2DZP)
structure of the Pt-L.1 complex, with the mixed type
of N37S2 - N3”S4 bridging coordination, is depicted
in Figure 4. The Pt --- Pt distance in the complex is
2.854 A, whereas the Pt-N and Pt-S bond lengths are
2.06 A and 2.40 A, respectively. It should be noted
that the non-coordinated sulfur atoms in the
complexes are able to form additionally either
intermolecular hydrogen bonding or even
coordination with other Pt(II) centers. In the latter
case polymeric structure of the complexes can be
realized, which would explain their low solubility.

Similar cubelike structure of a Pt(II) complex has
been characterized by single-crystal X-ray analyses
on dimeric Pt(I) complexes of tetrazole thiol ligand
with bridging N”S coordination [34]. The
experimentally measured Pt Pt distance is
2.8190(5) A, which is shorter than the calculated one
for the studied Pt-L.1 complex.
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Figure 3. ?*C-CPMAS NMR spectra of the free ligand L1 (top) and its complex Pt-L1. Asterisks denote the spinning

side bands.

Table 2. 3C NMR data for L1 and its Pt(I) complex Pt-L1. The '3C CPMAS chemical shifts are given in bold and
compared with the calculated ones (GIAO-B3LYP/6-31G(d,p)//B3LYP/6-31G(d,p)). For atoms numbering see Scheme
1. The values in brackets relate to the C-atoms from the second N3/S4 bridging ligand, and the asterisks denote the values

of the C-atoms from the N3"S4 bridging ligands.

Ligand L1 Pt-complex of L1
Atom number | CPMAS B3LYP CPMAS B3LYP
C2 177.6 174.21 185.1 186.03 (185.31) / 183.28*
C4 211.8 209.22 215.6 / 209.6 220.14 (219.64) / 213.3*
C5 81.1 79.84 84.9 78.96/78.71%*
C6 40.2 43.09 40.3 44.26 / 43.30*
C7 22.9 24.46 23.7 24.05/23.14*
C8 32.7 33.72 31.2 33.66
C9 32.7 32.83 31.2 32.24
Cl10 25.9 26.46 24.1 26.45/25.04*
Cl11 424 43.47 40.3 42.24/41.74*
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Figure 4. Optimized structure of Pt-L1 with composition Pty(L")4 and bridging coordination of deprotonated ligand:
(left) side view; (right) top view. Hydrogen atoms are omitted for clarity.

CONCLUSIONS

In this work we addressed the challenging task of
structural description of the Pt(II) complexes of two
cycloalkanespiro-5-(2,4-dithiohydantoins) with
either seven or eight C-atoms in the saturated non-
coordinating ring (.1 and L.2). Both complexes were
obtained using cisplatin as starting platinum(II) salt
with the aim to isolate its analogue. The chemical
analysis and FAB(+)-MS data indicated, however,
that all ligands in the starting salt are replaced by the
studied 2,4-dithiohydantoins and the formed
complexes have a May(L)s composition. Further
supported by the XPS, IR and far-IR measurement
we presumed a bridging coordination of
deprotonated N3-H group of the ligands for both
complexes with binuclear cubelike structure with
two square planar Pt(II) centers holding the four
ligands. The solid state (CPMAS) *C NMR
spectrum  of the  Pt(Il) complex  of
cycloheptanespiro-5-(2,4-dithiohydantoin), Pt-L1,
was used as a verification tool to select the most
plausible model structures that were modeled and
optimized by quantum chemical (DFT) calculations.
Direct comparison of the coordination-induced
changes in the experimentally measured and the
calculated spectral characteristics (IR vibrations and
BC NMR shifts) from the (GIAO-) B3LYP/6-
31G(d,p)-(LanL2DZ; Pt) calculations allowed us to
suggest the best model structure for Pt-L1, in which
two of the N3-H deprotonated bridging ligands
coordinate with their S2 thione atoms, whereas the
other two ligands involve the S4 donor atoms in the
coordination.

Although the initial motivation of our research
was driven by the biological potential of the studied
ligands and their Pt(II) complexes, it should be noted
that the structural aspects of the formed metal
complexes deserve special attention, too. The highly
diverse coordination modes of the 24-
dithiohydantoins, although challenging from
spectroscopic viewpoint, offer a rich supramolecular

94

landscape that may open other areas of potential
application of their metal complexes. Proper
selection of starting salts and synthetic conditions for
obtaining good quality single crystals for
crystallographic analyses poses as a future
perspective of high value.
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