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� The synthesis and crystal structure of
[Pt(Tmtu)4][Pt(CN)4] is presented.
� Homodromic H-bonds of four H2O

molecules per unit cell determine a
2D-network.
� Complex [Pt(Tmtu)4][Pt(CN)4] is

moderately active against some
microorganisms.
� Possible intermediacy of

[Pt(Tmtu)2(CN)2)] is evaluated by DFT
calculations.
� Complex [(Tmtu)2Pt(l2-CN)(l2-g2-

CN)Pt(Tmtu)(CN)]CN was identified
and characterized.
g r a p h i c a l a b s t r a c t

A new dinuclear platinum(II) complex formed by a [Pt(Tmtu)4]2+ cation (Tmtu = tetramethylthiourea)
and a [Pt(CN)4]2� anion is described and its higher stability with respect to a dimeric heterocoordinated
[Pt(Tmtu)2(CN)2)] species computationally evaluated.
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a b s t r a c t

A new platinum(II) complex, [Pt(Tmtu)4][Pt(CN)4]�4H2O (1) was synthesized by reaction of K2[PtCl4], KCN
and tetramethylthiourea (Tmtu). Its structure was determined by X-ray crystallography. The [Pt(CN)4]2�

anion shows regular square planar geometry at platinum, while in the [Pt(Tmtu)4]2+ cation the geometry
at platinum is somewhat distorted. Hydrogen bonding between water molecules and the cyanide nitrogen
of [Pt(CN)4]2� ions stabilizes the structure and leads to a supramolecular 2D network. DFT calculations
support the experimentally found dinuclear (homocoordinated) ion-pair structure 1 as the most stable
in comparison to noncovalent dimer [Pt(CN)2(Tmtu)2]2 22 that could, in turn, be involved in the formation
sequence of 1. Antimicrobial activities of the complex were evaluated by minimum inhibitory concentra-
tion and the results showed that the complex exhibited moderate activities against gram-negative
bacteria (Escherichia coli, Pseudomonas aeruginosa) and molds (Aspergillus niger, Penicillium citrinum).

� 2015 Elsevier B.V. All rights reserved.
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http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2014.12.076&domain=pdf
http://dx.doi.org/10.1016/j.molstruc.2014.12.076
mailto:saeed_a786@hotmail.com
mailto:artuesp@um.es
mailto:jruiz@um.es
http://www.um.es/multipropchem/artuesp
http://www.um.es/qcqo/jruiz.htm
http://dx.doi.org/10.1016/j.molstruc.2014.12.076
http://www.sciencedirect.com/science/journal/00222860
http://www.elsevier.com/locate/molstruc


156 H. Sadaf et al. / Journal of Molecular Structure 1085 (2015) 155–161
Introduction

Platinum compounds represent the most effective and widely
used anticancer drugs [1,2]. However, their use is restricted
because of the severe side effects and due to drug resistance caused
by the platinum binding to biological thiolate molecules [2–4].
Thiourea and its derivatives are among such S-donor ligands that
are used as chemoprotectants against nephrotoxicity after cisplatin
treatment [4,5]. Several platinum(II) complexes of thioureas are
also known to exhibit antibacterial and antitumor activity [6]. In
addition, [Pt(thiourea)4]+2 complexes have been found suitable as
molecular building blocks in the synthesis of hydrogen bonding
networks [7]. Considering the above mentioned facts crystal struc-
tures of several platinum(II) complexes of thioureas have been
reported in the literature [7,8]. The coordination of soft plati-
num(II) ion to thioureas in these compounds occurs through the
softer sulfur atom [7,8].

In this paper, we present the crystal structure and biological
properties of a new platinum(II) complex with tetramethylthio-
urea (Tmtu) and cyanide as ligands, [Pt(Tmtu)4][Pt(CN)4]�4H2O
(1), together with experimental and theoretical support for
explaining its formation. The spectroscopic data and theoretical
structure of another new complex, [Pt2(CN)3(Tmtu)3]CN (3), is also
presented.

Results and discussion

Synthesis and spectroscopic characterization

The sequential reaction of K2[PtCl4] with KCN and Tmtu in a
1:2:2 M ratio resulted in a final product 1 of empirical composition
Pt(Tmtu)2(CN)2�2H2O (Scheme 1). In the IR spectrum of 1 charac-
teristic bands for coordinated Tmtu were observed: m(C@S) at
607 cm�1 and m(CAN) at 1561 cm�1. For the free Tmtu these bands
were observed at 622 and 1491 cm�1, respectively [9]. The cyanide
CN stretching frequency at 2128 cm�1 is close to that observed for
the [Pt(CN)4]2� ion [10]. The m(OAH) vibration appeared at
3400 cm�1 showing the presence of hydrogen bonded water mole-
cules in the complex.

The 1H NMR spectrum of 1 displayed a downfield shift in the
NACH3 resonance signals compared to uncomplexed Tmtu
(3.21 ppm vs 3.08 ppm), which is related to an increase in p elec-
tron density at the CAN bond upon coordination. In the 13C NMR
spectrum of 1, the main change brought by complexation is the
shifting of the C@S resonance towards the upfield region (180.80,
192.78 vs 193.42 ppm in Tmtu). The appearance of two resonances
could be tentatively explained by considering equilibration of the
complex in solution with some other species such as [Pt(Tmtu)2

(CN)2], 2 (vide infra). The NACH3 resonances appeared at 43.90
and 42.77 ppm (42.05 ppm for the free ligand). The observation
Scheme 1. Synthesis of complexes 1 a
of the cyanide carbon atom signal at 121.79 ppm confirms the
coordination of cyanide.

In order to check the plausible intermediacy of mononuclear
complex 2, the reaction was also carried out in the inverse order
for the addition of reagents. Under these conditions complex 2
was not detected but the same product 1 was obtained together
with traces of a new bridged dinuclear complex 3 (Scheme 1). This
compound displays three well resolved peaks in the IR spectrum at
2122, 2134 and 2181 cm�1, as well as a broad weak signal centered
around 2250 cm�1, which are attributable to the four different cya-
nide groups and assigned by comparison to data from theoretical
calculations (vide infra), and a intense broad signal centered at
1563 cm�1 due to the CAN stretching. In the 1H NMR spectrum
of 3 a complex signal in the range 3.25–3.40 ppm was attributed
to coordinated Tmtu moieties, whereas the remaining singlet at
3.08 ppm was assigned to an uncomplexed Tmtu molecule and
confirmed by increase of the signal upon addition of that reagent.
The appearance of four signals in the C@S region of the 13C NMR
spectrum at 194.1, 186.7, 186.3 and 184.6 ppm, and four NACH3

resonances at 44.5, 44.4, 44.3 and 43.2 ppm (only two peaks attrib-
utable to CN resonances can be scarcely recognized above noise at
125.1 and 123.3 ppm) provides additional evidence supporting the
proposed structure of complex 3. Furthermore, the HRMS
(positive mode) confirms the existence of the (M+1)+ ion for 3
(m/z = 891.1653 a.m.u.) with isotopic pattern in perfect agreement
with the calculated one (see Fig. S2).

X-ray structure description

The molecular structure of compound 1 is shown in Fig. 1.
Selected bond lengths and bond angles are given in Table 1. The
structure of 1 consists of a divalent cationic complex, [Pt(Tmtu)4]2+

and two crystallographically independent [Pt(CN)4]2� anions (A
and B), each of which resides on a center of symmetry (thus there
are two half anions in the asymmetric unit). In [Pt(CN)4]2�, the PtC4

coordination unit is strictly planar due to an inversion center at the
Pt atom for both anions A and B. In [Pt(Tmtu)4]2+, the platinum
atom lies within the S4 plane (deviation �0.001 Å). The bond
angles around Pt2+ (the average cis and trans angles being 90.29�
and 171.9� respectively) show some distortion from the regular
square planar geometry due to steric constraints of the large Tmtu
molecules. The PtAC„N moiety is nearly linear with an average
bond angle of 177.8�. The carbon atoms in the NAC@S moieties
of the ligands are sp2-hybridized. The PtAS, PtAC and other bond
distances are in accordance with those reported for related com-
plexes [11]. Most likely, the existence of the complex in the ionic
form, [Pt(Tmtu)4]2+[Pt(CN)4]2� is due to the high stability of
[Pt(CN)4]2� complex ion in the solid state.

Four O atoms corresponding to water molecules of crystalliza-
tion were found in the cell, but their hydrogen atoms could not
nd 3 and possible intermediate 2.



Fig. 1. Molecular structure of [Pt(Tmtu)4][Pt(CN)4]�4H2O (1), with displacement
ellipsoids drawn at the 50% probability level (symmetry codes: (i) �x + 1, �y + 1,
�z + 1; (ii) �x + 1, �y + 2, �z). Hydrogen atoms are omitted.

Table 1
Selected bond distances (Å) and bond angles (�) for compound 1.

Bond distance Bond angle

Pt1AS1 2.312(2) S1APt1AS2 90.33(8)
Pt1AS2 2.315(2) S1APt1AS3 171.94(9)
Pt1AS3 2.309(2) S1APt1AS4 89.77(8)
Pt1AS4 2.316(2) S2APt1AS3 90.33(8)
Pt2AC21 1.978(10) S2APt1AS4 171.86(9)
Pt2AC22 1.976(11) S3APt1AS4 90.99(8)
Pt3AC23 1.998(12) C21APt2AC22 91.9(4)
Pt3AC24 1.977(10) C21APt2AC22i 88.1(4)
N9AC21 1.126(12) C23APt3AC24 89.5(4)
N10AC22 1.155(12) C23APt3AC24ii 90.5(4)
N11AC23 1.131(13) Pt1AS1AC1 109.1(3)
N12AC24 1.141(13) Pt1AS2AC6 109.4(1)

Pt1AS3AC11 109.0(8)
Pt1AS4AC16 111.2(3)

Symmetry transformations: i = 1 � x, 1 � y, 1 � z; ii = 1 � x, 2 � y, �z.

Fig. 2. Hydrate structure of one of the symmetry-independent, albeit similar water
tetramers in compound 1. H-bonds are depicted as dashed orange lines. Above and
below this water tetramer only methyl groups from the Tmtu ligands are found.
Symmetry transformations: iii = 1 + x, y, z; iv = x, 1 + y, z; v = 2 � x,�y,�z; vi = 2 � x,
1 � y, �z. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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be located, as expected for a room temperature structure. These
water molecules are arranged in a tetramer around an inversion
center with possibly homodromic hydrogen bonds, that is, the H-
bonds within the tetramer are arranged in only one clockwise or
anticlockwise direction [12]. The second H atom on each water
molecule is then pointing to the N atom of a cyanido ligand on
the [Pt(CN)4]2� anions. There are two symmetry independent
water tetramers, one built from O1, O3 and the other one built
from O2, O4 (Fig. 2). The O� � �O distances shown in the water sub-
structure lie within the normal range of 2.6–3.0 Å found for other
examples of water clusters in coordination structures [13].
Theoretical calculations

Quantum chemical calculations were undertaken at the DFT
level (see Computational Details) in order to gain insight into the
process leading to the final formation of compound 1 and its struc-
tural features. First of all the plausible intermediate formation of a
mononuclear [Pt(Tmtu)2(CN)2)] species 2 was evaluated. At the C
level of theory, the cis-2 isomer was found to be 1.20 kcal/mol
more stable than trans-2. The cationic (1cat) and anionic (1ani)
constituents of the ion-pair 1 were also separately computed at
the same level and the model reaction 2 ? ½1cat + ½1ani was found
to be endergonic by 3.64 kcal/mol at the B level of theory. To take
into consideration the interactions within the ion-pair framework,
the minimum energy structure for the dinuclear (homocoordinat-
ed) system 1calc (without water molecules) was calculated, as well
as the dimeric homodinuclear (heterocoordinated) structure
22 (Fig. 3). The energetic of this further elaborated model reaction
22 ? 1calc was then computed and found to be exergonic by
8.18 kcal/mol (B level), which explains the experimentally
observed preference in the solid state. The energy difference is high
enough to rule out the possibility of observing 22 in NMR
experiments. The above mentioned NMR signal splitting should
rather be explained by differentiation of two sets of proximal
and distal Tmtu ligands with respect to the anionic component in
the close ion pair 1.

Analysis of bond strength parameters for Pt-Do (Do, donor
atoms) bonds has been shown to be useful for the study of related
complex systems [14]. Relevant data for all computed species are
collected in Table 2. A first general observation is that Wiberg bond
indices (WBIs) [15] fail to correlate when comparing mononuclear
– having too small values – with dinuclear complexes. Ion pair 1calc

formation from the mononuclear ionic constituents (1cat and 1ani)
seems to have negligible effect in the Pt-Do distances, although a
small but significant strengthening is observed for the PtAC bonds.
The overall natural charge transfer from the anionic to the cationic
unit in 1calc was found to be 0.020 au.

The minimum energy arrangement in the homodinuclear 22

system locates the Pt1(CN)2 moiety close and (roughly) orthogo-
nally oriented with respect to the Pt2(Tmtu)2 unit, thus spatially
enabling the required internuclear ligand exchange for affording
1. Worth is to mention a general (average) weakening of PtAC
bonds in 22 along with (average) strengthening of PtAS bonds. A
possible explanation for this fact arises from the observed intermo-
lecular noncovalent interactions (in addition to hydrogen bonding)
between two N atoms belonging to the cyanide ligands at the Pt1
center with one of the S atoms attached to the other Pt2 center
(Fig. 4). These interactions are located at roughly contact distances
(dN� � �S = 3.304 and 3.696 Å; WBIN� � �S = 0.009 and 0.003), close to the
sum of van der Waals radii, and evidenced by the existence of the



Fig. 3. Calculated (level A) structures for dinuclear species (a) 22 and (b) 1calc.

Table 2
Metal–ligand bond distances (Å) and bond-strength related parameters in mono- and
dinuclear computed (B level) complexes.a

1cat 1ani cis-2 1calc 22 3

Pt-C dPt-C 2.012 1.972 2.012 1.979 1.918
2.150, 2.157
1.973, 2.361

WBIPt-C 0.539 0.649 0.757 0.775 0.849
0.458, 0.433
0.688, 0.207

MBOPt-C 0.808 0.878 0.827 0.883 1.000
0.514, 0.532
0.703, 0.305

q(r)Pt-C
b 13.84 15.18 13.85 14.95 17.23

10.05, 9.86
14.84, 6.07

Pt-S dPt-S 2.365 2.471 2.364 2.406 2.337
WBIPt-S 0.468 0.364 0.675 0.617 0.718
MBOPt-S 0.707 0.693 0.715 0.682 0.826
q(r)Pt-S

b 9.63 7.76 9.67 8.85 10.39

a Average values, except for Pt-C bonds in 3, for which the bonds of CN groups a–c
(lines 1–3, respectively) with Pt1 (left) and Pt2 (right) are separately collected.

b In 10�2 e a0
�3.

C
Pt

C

S

S

N

N

C
S S

Pt2

1
N

Fig. 4. Sketched representation of complex 22 viewed in Newman projection along
a S-Pt2 bond axis.

Fig. 5. Calculated (level A) structure for complex 3, showing the numbering scheme
for Pt and S atoms, as well as for all four different CN groups (a–d).
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respective bond critical points (q(r)N� � �S = 0.83 � 10�2 and
0.52 � 10�2 e a0

�3). The NBO method allows analysis of interactions
between filled donor and virtual acceptor orbital spaces, within the
NBO basis, for the study of either inter or intramolecular interac-
tions [16]. Estimation of such donor–acceptor interactions by sec-
ond order perturbation theory analysis of Fock matrix, points to an
intermolecular interaction within 22 largely dominated by electron
flow from slightly populated antibonding Pt1ACN bonds to empty
Rydberg-type orbitals at the S atom attached to Pt2, with associ-
ated stabilizing energies of 12.36 and 9.65 kcal/mol for every single
interaction. Consequently, decrease of the electron density at
Pt1ACN bonds increases their bond strength (WBI and MBO),
whereas the increase of electron density at the involved SPt2 atom
contributes to a remarkable strengthening of that particular
PtASPt2 bond (dPt2-S = 2.392 Å; WBIPt2-S = 0.629; MBOPt2-S = 0.704;
q(r)Pt2-S = 9.15 � 10�2 e a0
�3) with respect to the average and to

the monomer cis-2. An overall (natural) charge transfer of 0.011
au has been estimated from the Pt1 to the Pt2 units.

The most stable van der Waals complex between 3 and Tmtu
was also found to be much less stable than 1calc by 19.26 kcal/
mol at the working level of theory, which justifies that 3 is formed
either transiently or, more likely, as a minor side product. Complex
3 features two different platinum centres connected by two differ-
ent cyanido bridging units, one is a roughly symmetric l2-CN (unit
‘‘b’’) whereas the other is an asymmetric l2-g2-CN (unit ‘‘c’’)
(Fig. 5), with the central Pt2C2 core significantly folded
(C(b)APt1APt2AC(c) dihedral = 114.7�). One more terminal CN
ligand (unit ‘‘a’’) is coordinated to Pt2, the three remaining coordi-
nation sites around the roughly square planar Pt centres being
occupied by Tmtu ligands. The most weekly bound Tmtu ligand
(compare with average values in Table 2) is the one located trans
to l2–g2–CN at Pt1 (dS1-Pt1 = 2.380 Å; WBI = 0.646; MBO = 0.757;
q(r) = 9.51 � 10�2 e a0

�3). The overall cationic [Pt2(CN)3(Tmtu)3]+

unit in 3 is electrically compensated by one free cyanide anion
(unit ‘‘d). The four different CN units (a–d) in the calculated struc-
ture 3, with predicted unscaled stretching frequencies at 2116.3
(unit ‘‘c’’), 2142.0 (‘‘b’’), 2152.7 (‘‘d’’) and 2236.4 cm�1 (‘‘a’’), are
in good agreement with the experimentally observed IR spectrum
(vide supra).

Antimicrobial activity

The antimicrobial activities (average of three measurements) of
free Tmtu ligand, the platinum(II) complex 1 and Amoxil (as a



Table 3
Antimicrobial activities evaluated by the minimum inhibitory concentration (MIC:
lg mL�1).

E.c.a P.a.b A.n.c P.c.d C.a.e S.c.f

Amoxil 8 12 890 870 660 580
Tmtu 50 30 140 90 250 210
1 370 320 540 470 610 >1000

a Escherichia coli.
b Pseudomonas aeruginosa.
c Aspergillus niger.
d Penicillium citrinum.
e Candida albicans.
f Saccharomyces cerevisiae.

Table 4
Crystal and refinement data for complex 1.

Formula C24H56N12O4Pt2S4

Formula weight 1095.23
Crystal system Triclinic
Space group P�1
a, b, c (Å) 10.3490(2), 10.5480(2), 19.2708(5)
a, b, c (deg.) 85.2720(10), 89.1110(10), 89.3220(10)
V (Å3) 2096.10(8)
Z 2
q (calcd.) (g cm�3) 1.735
l (Mo Ka) (mm�1) 6.908
Crystal Size (mm) 0.23 � 0.06 � 0.1
F(000) 1072
h range (deg.) 1.06–25.25
h, k, l limits �12:12, �12:11, �23:23
Max., Min. trans. 0.820, 0.2995
Reflections: collected, unique 31677, 7500 (Rint = 0.0385)
Observed data [I > 2r (I)] 6119
Nref, Npar 7500, 434
R1, wR2, S[I > 2r (I)]a 0.0393, 0.0861, 1.126
R1, wR2, (all data) 0.542, 0.891
Largest diff. peak, hole (e/Å�3) 1.688, �1.500

a w = [r2(Fo
2) + (0.0165P)2 + 18.1526P]�1 where P = (Fo

2 + 2Fc
2)/3.
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standard drug) evaluated by minimum inhibitory concentrations
(MIC; lg mL�1) are listed in Table 3. Complex 1 showed significant
activity against two gram-negative bacteria (Escherichia coli, Pseu-
domonas aeruginosa aeruginosa). Moderate activity was observed
against the studied molds (Aspergillus niger, Penicillium citrinum)
and a yeast (Candida albican). A comparative study shows that
ligand Tmtu is more effective than complex 1. In general, the bio-
logical activity of complexes could be attributed to whether or not
they possess the tendency to undergo ligand replacement with the
biological ligands such as proteins and DNA [17]. This suggests that
Pt in the title complex is not so labile for easy ligand displacement
by biological ligands. This robustness is due to the fact that both
ligands, cyanide and Tmtu, are strongly bound to the soft Pt(II)
ion (see Table 2) and they are not prone to be easily dissociated,
thus resulting in a poor activity, in comparison with previously
reported weakness of PtACl bonds [18].

Conclusions

The present study describes the crystal structure as well as the-
oretical validation of a novel platinum-cyanide-tetramethylthio-
urea complex. The major product in both two synthetic
sequences tested is a heterodinuclear Pt(II) ion pair complex 1 con-
stituted by a [Pt(Tmtu)4]2+ cation and a [Pt(CN)4]2� anion. It crys-
tallizes with four water molecules exhibiting homodromic
hydrogen bonding and possesses moderate activity against a vari-
ety of microorganisms. A minor product 3 was also obtained in one
of the synthetic sequences.

DFT calculations give support to the thermodynamic stability of
complex 1 in comparison to a isomeric dimer of homonuclear
complex cis-[Pt(Tmtu)2(CN)2], cis-2, which could be a precursor
of 1. Complex 3 (after taking Tmtu into the energetic balance)
turned out to be much less stable than 1 and cis-22 and
features a remarkable Pt(II) heterodinuclear [(Tmtu)2Pt(l2-CN)-
(l2-g2-CN)Pt(Tmtu)(CN)]+ CN� ionic structure with four different
CN units and a folded Pt2C2 core.
Experimental section

General comments

Potassium tetrachloridoplatinate(II), K2PtCl4 was obtained from
Strem Chemical Company, USA and tetramethylthiourea (Tmtu)
was purchased from Acros Organics, Belgium. IR spectra were
recorded on Perkin–Elmer FTIR 180 spectrophotometer using KBr
pellets over the range 4000–500 cm�1. The 1H and 13C NMR spectra
in DMSO-d6 or CDCl3 were obtained on a Jeol JNM-LA 500 NMR or a
Bruker AV600 spectrometers operating at frequencies of
500.00 MHz and 600.00 MHz respectively, at 297 K for proton
nuclei and at frequencies of 125.65 MHz and 150 MHz, with 1H
broadband decoupling at 298 K, for carbon nuclei. Chemical shifts
were referred to tretamethylsilane or the residual peak from the
deuterated solvent. Mass spectrometry was recorded on HPLC-
MS TOF 6220 instrument. The antimicrobial activities (average of
three measurements) of free ligand, the platinum(II) complex 1
and Amoxil (as a standard drug) were estimated by minimum
inhibitory concentrations (MIC; lg mL�1) as described earlier [9].
Standard culture media of bacteria, E. coli, (ATCC 13706) and
P. aeruginosa (MTCC 424), and molds, A. niger (MTCC 1349) and
P. citrinum (MTCC 5215) and yeast C. albicans (MTCC 183)
and Saccharomyces cerevisiae (MTCC 463) were obtained from
Qingdao Yijia Huuyi Co. China.
Synthesis of complex 1

The title complex was prepared by reaction of K2[PtCl4], KCN
and Tmtu. 0.415 g (1 mmol) K2[PtCl4] in 10 mL water was mixed
with 2 equivalents of KCN in 10 mL water and after stirring the
clear red colour solution for half an hour, 0.265 g (2 mmol) Tmtu
in 10 mL methanol was added. Upon addition of Tmtu the red col-
our of the solution turned to light reddish orange. The solution was
stirred for half an hour and then it was filtered. The filtrate was
kept for crystallization on slow evaporation. Dark yellow crystals
were obtained, which were washed with methanol and dried. Yield
50%, M.p 195–196 �C. Anal. Calc: C, 26.32%; H, 5.15%; N, 15.35%; S,
11.71%. Found: C, 26.40%; H, 4.96%; N, 14.95%; S, 11.48%. IR
(m, cm�1) 3400 (br), 2128 (s), 1561(s), 607 (m). 1H NMR
(500 MHz, DMSO, ppm) d 3.21 (s,12H); 13C NMR (125 MHz, DMSO,
ppm) d 42.77, 43.90, 121.79, 180.80, 192.78.
Synthesis of complex 3�Tmtu

To a stirred solution of 0.1 g of K2[PtCl4] (0.24 mmol) in 10 mL
of water at room temperature, 0.064 g of Tmtu (0.48 mmol) were
added. After 30 min, 0.031 g of KCN (0.48 mmol) were added and
the resulting mixture was refluxed overnight. The reaction was
cooled to room temperature and extracted with dichloromethane.
The organic layer was dried over anhydrous Na2SO4 and the sol-
vent evaporated under reduced pressure to obtain a yellow solid.
Yield 15%. IR (m, cm�1) 2250 (br w), 2181, 2134, 2122, 1563 (s).
1H NMR (600 MHz, CDCl3, ppm) d 3.08 (s,12H), 3.25–3.40
(m,36H); 13C NMR (150 MHz, CDCl3, ppm) d 43.2, 44.3, 44.4, 44.5,
123.3, 125.1, 184.6, 186.3, 186.7, 194.1. HRMS-(m/z) for C19H37N10

S3Pt2, calculated: 891.1648, found: 891.1653 (M + H)+.
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X-ray structure determination

The X-ray data for 1 were collected on a Bruker SMART APEX-II
CCD diffractometer using graphite monochromated MoKa radia-
tion (k = 0.71073 Å) at 296 K. SAINT was used for the cell refine-
ment and data reduction [19]. The structure was solved by
applying the direct method using SHELXS-97 and refined by a
full-matrix least-squares calculation on F2 using SHELXL-97 [20].
For molecular graphics PLATON [21] was used. H atoms on crystal
water molecules were neither found nor calculated but are
included in the formula, formula weight, density and F(000). Crys-
tal data and details of the data collection are given in Table 4.
CCDC-1028968 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data_request/cif.

Computational details

Quantum chemical calculations were performed with the ORCA
electronic structure program package [22]. All geometry optimiza-
tions were run with tight convergence criteria using the B3LYP [23]
functional together with the new efficient RIJCOSX algorithm [24]
and the def2-TZVP basis set [25]. The [SD(60,MWB)] effective core
potential (ECP) was used for Pt atoms [26]. In all optimizations and
energy evaluations, the latest Grimme’s semiempirical atom-pair-
wise correction, accounting for the major part of the contribution
of dispersion forces to the energy, was included [27]. Solvent
effects (DMSO) were taken into account via the COSMO solvation
model [28]. From these geometries computed at the above men-
tioned level (A level), all reported data were obtained, unless other-
wise stated, by means of single-point (SP) calculations using the
same functional as well as the more polarized def2-TZVPP
[25,29,30] basis set (B-level). Bond strengths were characterized
by the Mayer Bond Order (MBO) [31] or Wiberg Bond Index
(WBI) [15], the later derived from the natural bond orbital (NBO)
population analysis [32]. The topological analysis of the electronic
charge density, q(r), within Bader’s Atoms-In-Molecules (AIM)
methodology [33] was conducted using the AIM2000 software
[34]. Reported energies are uncorrected for the zero-point
vibrational term. Energy in Tmtu and mononuclear complexes
was evaluated at a higher level using the very extense and
polarized def2-QZVPP basis set (C level) [25,35]. Figs. 3 and 5 were
generated with VMD [36].
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