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Mixed-ligand trinuclear Cu(II) complex involving trithiocyanurate(3—) anion (ttc3_) and
N,N,N’,N”,N”-pentamethyldiethylenetriamine (pmdien) in the coordination sphere of
composition [Cus(pmdien);(n-ttc)](ClO4); has been prepared. The complex has been
characterized by EA, IR, UV-Vis, and mass spectroscopy. We can assume, that the com-
plex is trinuclear with central atoms connected by trithiocyanurate(3—) bridges. Each
central atom is in deformed trigonal bypiramidal arrangement formed by chelating S,N

atoms of ttc(3—) and by three N atoms of pmdien. Temperature dependence of magnetic
susceptibility and EPR spectroscopy have also been employed to characterize the com-
pound. Magnetic susceptibility measurements over the 1.8-300 K temperature range re-
vealed antiferromagnetic interactions among central atoms. The antitumor activity in
vitro against G-361 (human malignant melanoma), HOS (human osteogenic sarcoma),
K-562 (human chronic myelogenous leukaemia) and MCF-7 (human breast adeno-
carcinoma) tumor cell lines have been tested but unfortunately the complexes showed no
cytotoxic activity against the four cell lines.

Key words: copper(Il), trithiocyanuric acid complexes, magnetic properties, EPR,
cytotoxicity

Much attention has been paid to preparation and characterization of polynuclear
transition metal complexes connected by monoatomic and polyatomic bridges. The
complexes are studied for their interesting magnetic and spectral properties and they
can also serve as potential models of biological systems. Many of them show mag-
netic exchange interactions, antiferromagnetic or ferromagnetic, and thus the materi-
als can further find their industrial applications [1-3]. In contrast with frequently
studied dinuclear copper(Il) complexes, much less studied are triangular trinuclear
copper(II) clusters. In such complexes one or more hydroxy groups serve as bridging
ligands among three copper(Il) atoms [4-6]. Very often carboxylate bridged com-
plexes are studied as they are able to connect metal ions in different manners. When
dicarboxylic or tricarboxylic acids are used, the situation is more complicated and
structural data are necessary to find the precise manner of carboxylate groups coordi-
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nation. In our previous works we have focused our attention to thiodiglycolic acid,
which is a dicarboxylic compound containing sulfur atom, which can also be coordi-
nated [7-8]. Previously we have prepared and obtained magnetic data of iron(III)
Schiff base complexes, with 1,3,5-benzenetricarboxylato bridge, which showed
weak antiferromagnetic interactions among central atoms [9]. Unfortunately the
compounds have not been structurally characterized.

Trithiocyanuric acid (ttcH3), also referred as trimercaptotriazine, attracted our
attention as well. This symmetric compound has got potentially six donor atoms suit-
able for formation of coordination compounds. In our previous papers we have struc-
turally characterized series of mononuclear nickel(Il) and zinc(II) complexes with
chelating N,S mode or N only coordinated ttcH>~ anion. The complexes are of com-
positions [Ni(bapen)(ttcH)]-:2H20 (bapen = N,N’-bis(3-aminopropyl)ethylene-
diamine), [Ni(bappn)(ttcH)]-1.5H20 (bappn =N,N’-bis(3-aminopropyl)-1,3-propa-
nediamine), [Ni(taa)(ttcH)] (taa = tris-(2-aminoethyl)amine),
[Ni(dpta)(ttcH)(H20)]-H20 (dpta = dipropylenetriamine), [Ni(pmdien)(ttcH)] and
[Zn(bapen)(ttcH)]-EtOH [10-15].

In the literature, we can find further examples of ttc bonding proved by X-ray
analyses. Bis-chelating N,S mode of ttc occurs in binuclear complex
[{Co(en),},(ttc)](ClOy4)3:2H,0 (en = ethylenediamine) [16], whereas complexes of
composition [{Au(PPh3)}s(tte)], [{HgMe}s(ttc)], [{SnMe3}3(ttc)] and
[{SnPh3}3(ttc)] are examples of trinuclear species with ttc anion bonded by S atoms
to metal centres [17-19]. Quite recently, Kar ef al. have prepared a series of
trinuclear Ru(Il) complexes of composition [{Ru(bpy)2}3(ttc)](ClO4)3,
[{Ru(phen),}5(ttc)](Cl04); and [{Ru(L),}5(ttc)](Cl04);, where bpy = 2,2-bi-
pyridine, phen = 1,10-phenanthroline and L = phenylazopyridine, which contain
trithiocyanurate(3—) bridge among Ru(II) centers by S,N chelating donor sets of the
anion [20,21]. X-ray study of the later complex proved that ruthenium atoms are fur-
ther coordinated by two bidentate nitrogen ligands (phenylazopyridine) in deformed
octahedral surrounding. The complexes are diamagnetic and in addition to the elec-
trochemical and spectral study, interaction of the complexes with the circular and lin-
ear forms of p-Bluescript DNA is reported. Three tested complexes reduce
fluorescence intensity of both circular and linear DN A but the nature of these interac-
tions is still unknown.

The aim of this work was to prepare trinuclear copper complex with
trithiocyanurate bridge and terdentate ligand pmdien, that is used to block coordina-
tion sites of central atoms and thus to prevent formation of polymers. Further we have
studied its magnetic properties and also we tried to prepare single crystals for X-ray
analysis to confirm stereochemistry of the compound but until now good quality crys-
tal has not been obtained. The complex must be isolated immediately because con-
tamination can occur by a product appearing as yellow precipitate. Other goal of our
study has been to test possible cytotoxic activity against selected cell lines.
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EXPERIMENTAL

Materials and methods

Safety note: Caution! Perchlorate salts of metal complexes with organic ligands are potentially ex-
plosive. Even a small amount of these materials should be handled with great caution.

The chemicals and solvents were supplied from Aldrich and Lachema (Czech Republic). The C, H,
N, and S analyses were carried out on an EA 1108 instrument (FISONS). IR spectrum (400—-4000 cm ™)
was recorded on a FT-IR Spectrometer Spectrum One (Perkin Elmer) using KBr pellet and diffuse-
reflectance spectrum (9000-35000 cm ™) was obtained on an UV/VIS Spectrometer Lambda 35 (Perkin
Elmer) using KBr pellets. The magnetization measurements of the powdered sample were accomplished
over the temperature range 1.8-300 K using a Quantum Design SQUID — based MPMSXL—-5-type mag-
netometer. The superconducting magnet was generally operated at a field strength ranging from 0 to 5 T.
Measurements were made at magnetic field 0.5 T. The SQUID magnetometer was calibrated with the pal-
ladium rod sample. Corrections are based on subtracting the sample-holder signal and contribution ypes-
timated from the Pascal constants equal to—698x10~° cm® mol ' [22]. The TIP per copper ion was assumed
to be 60x10°® cm® mol'. The effective magnetic moment was calculated from the equation, Wefr =
2.83(xuT)"* (B.M.). EPR spectra were recorded at room temperature, 77 K and 4.5 K, on the spectrometer
Bruker ESP 300, operating at X-band equipped with an ER 035M Bruker NMR gaussmeter and a HP
5350B Hewlett Packard microwave frequency counter. The EPR measurements at 4.5 K were performed
on a conventional X-band reflection spectrometer equipped with an Oxford Instruments ESR-900 helium
flow cryostat. The ESI" mass spectra were recorded on a Waters ZMD 2000 mass spectrometer. The
mass-monitoring interval was m/z 10—1500. The spectra were collected using 3.0 s cyclical scans and ap-
plying the sample cone voltages 20, 30 or 40 V, at the source block temperature 80°C, desolvation temper-
ature 150°C and desolvation gas flow rate 200 1/h. The mass spectrometer was directly coupled to a
MassLynx data system. All m/z interpretations were based on **C1 and *Cu, respectively.

The cytotoxic activity of prepared compound and ttcNa; was assayed in vitro against four cell lines
G-361,HOS, K-562 and MCF-7 as described in the literature [23,24]. The tumor cells were maintained in
75 ml plastic tissue culture flasks (TPP) and grown on Dulbecco’s modified Eagle’s cell culture medium
(DMEM) containing 1 gI'' glucose, 4 mmol glutamine, 100 TU ml™' penicillin, 100 ug ml™' streptomycin,
10% foetal bovine serum and 3.7 g I'' sodium bicarbonate. The cell suspension of approximate density
1.25x107° cells/ml was redistributed into 96-well microtitre plates (Nunc, 80 ul per well). After
preincubation (12 h at 37°C, 5% CO,), the test compounds, in six-fold dilutions, were added (20 nl per
well). Incubation of cells with the tested compound, with maximum concentrations 12.5 uM and 100 uM
(ttcNas), lasted for 72 h at 37°C in 5% CO»atmosphere, 100% humidity. At the end of this period, the cells
were incubated for 1 h with calcein AM and the fluorescence of the live cells was measured at 485 nm/538
nm (ex/em) with a Fluoroscan Ascent (Labsystems, Finland). ICso values, the drug concentrations lethal
to 50% of the tumor cells, were estimated.

Preparation of [Cu,(pmdien),(u-tte)](C10,),. Pmdien (0.2 cm? 1 mmol) was added to a solution
of Cu(Cl04),-6H,0 (0.37 g, 1 mmol) in water (50 cm”), yielding a violet solution. Consecutively, a solu-
tion of ttcNa;-9H,0 (0.14 g, 0.33 mmol) in water (2 cm®) was slowly added with stirring at room tempera-
ture. Colour of the solution turned green and soon the green microcrystalline material appeared. The
crystals were collected on a frit, washed with small amounts of water and dried in air. Yield: 78%. Anal.
caled.: C,30.4; H, 6.0; N, 14.2; S, 8.1; found: C, 30.2; H, 5.6; N, 14.1; S, 7.9%. IR (cmﬁl): 498m, 585w,
627s, 753w, 762m, 777s, 806s, 892s, 921m, 936s, 966m, 1042s, 1228s, 1286m, 1377s, 1633m, 2015m,
2170w, 2409w, 2812w, 2900s, 2977s, 3593s. UV-Vis (cm 1): 12270, 25320, 36000. ESI" MS (m/z): 1182,
1083, 984, 885 [Cus(pmdien)s(ttc)H]", 711 [Cuz(pmdien);H]", 648 [Cu,(pmdien);sH]", 237
[Cu(pmdien)H], 178 [ttcH]", 175 [pmdienH]".



330 P. Kopel et al.

RESULTS AND DISCUSSION

Preparation, infrared and UV-Vis spectra. The title complex is readily pre-
pared by reaction of copper perchlorate, pmdien and ttcNaj3 in water or ethanol in mo-
lar ratio 3 : 3 : 1. It is necessary to collect crystalline material immediately. When
reaction time is prolonged, the product can be contaminated by a byproduct. Itis very
probable that reduction of product to some copper(l) species of unknown composi-
tion takes place and thus a yellow precipitate can be obtained from filtrate. The title
complex was characterized by the combination of elemental analysis and mass spec-
troscopy. The ESI' mass spectra display an intense peak at m/z = 885, corresponding
to the trinuclear molecular ion of the composition [Cu3(pmdien)3(ttc)H]+. It shows
also several minor peaks atm/z = 984, 1083 and 1182, which can be attributed to the
ClO4 — aduced multiply protonated species [Cu3(pmdien)3(ttc)H2]2+,
[Cuz(pmdien)s (ttc)H3]3Jr and [Cus(pmdien)s(ttc)Ha ]4+ respectively. Such ClOy
adduct formation was previously reported for similar complex ions [25]. Other ob-
served peaks at lower m/z=711, 648, 237, 178 and 175 correspond to different frag-
ments of the trimer and its organic parts.

The trinuclear structure of the complex was also proved by single crystal X-ray
analysis but the data are not sufficient for deposit. The structure is somewhat similar
to [{Ru(L)2} 3(ttc)](ClO4)3, where L = phenylazopyridine [21]. The copper atoms in
title complex are also bridged by trithiocyanurate(3—) ion in tris S,N chelating mode
(see Fig. 1). Coordination polyhedron of copper atoms is completed by three N atoms
of pmdien like in complex [Ni(pmdien)(ttcH)] [12]. In comparison with the nickel
complex, where coordination polyhedron is rather an intermediate between pyramid
and trigonal bipyramid, copper centres in [Cuz(pmdien);(u-ttc)](ClO4); are in a
slightly distorted trigonal bipyramidal arrangement with basal plane formed by S,N

atoms of ttc and central N atom of pmdien.

Figure 1. The scheme of complex cation [Cus(pmdien)s(u-ttc)]*>".
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The vibrational frequencies with their relative intensities are given in Experi-
mental Section. IR spectrum of the complex contains broad bands with maxima at
2900 and 2977 ¢cm™! that can be connected with v{(CH,) and v,(CH,) vibrations
whereas that broad band with maximum observed at 3593 cm region can be attrib-
uted to v(C—H) and v(N—H) vibrations [26]. The bands attributable to vibrations of
uncoordinated perchlorate groups are observed at 627,936 and 1042 cm . When we
compare the spectrum of [Cuz(pmdien)s(u-ttc)](ClO4)3 with a spectrum of
[Ni(pmdien)(en)](ClO4),-H,O (with the main peaks at 512(w), 626(vs), 778(w),
802(w), 932(m), 1018(m), 1091(vs), 1289(w), 1481(m), 1597(m), 2893(m),
3314(s)), we can unambiguously assign the peaks that belong to trithiocyanurate an-
ions. Thus the peaks connected with v(C—N) vibrations of triazine ring appear in the
spectrum of the complex at 1228, 1377 and 1633 cm They can overlap some peaks
attributable to v(C—H) and v(N—H) of pmdien but in comparison with the spectrum of
the former mentioned complex, they are much more intensive. The peak that belongs
to v(C-S) vibrations of ttc anion is at 892 cm ! These assignments are in good agree-
ment with infrared frequencies calculations for ttc anions [27].

The band at 12270 cm ' which appears in diffuse-reflectance spectrum belongs
to a d-d transition whereas the bands at 25320 and 36000 cm ' are probably con-
nected with metal-to-ligand charge transfer (MLCT) transitions [28].

The cytotoxic activity of the complex and sodium salt of trithiocyanuric acid
(ttcNaz) were studied on G-361, HOS, K-562 and MCF7 cancer cell lines. The com-
plex at concentration of 12.5 uM and ttcNa3 shows no activity against the tested lines.
The reason that the complex is not active can be caused by its very low solubility and
probably low stability of the complex in solution. Stability of the complex in solution
has not been studied, but on the base of our previous findings on Zn(II), Fe(II), Mn(II)
and Ni(II) complexes with ttc [29], we can conclude that inactivity towards tumor cell
lines is due to low solubility of the complex.

Magnetic susceptibility and EPR study of [Cu3(pmdien)s(u-ttc)](ClO4)3.
The temperature dependence of the product ymT and M in the field of 0.5 Tesla for
trimer ()M is the susceptibility per Cu3 unit) is shown in Figure 2. The Curie-Weiss
behavior is observed on the reciprocal susceptibility curve in the temperature range
200-300 K only with Curie constant C=1.26 cm’ mol ! K and Weiss constant ©= 48 K.
The compound reveals the magnetic behavior which is characteristic of antiferro-
magnetic spin coupling. The T value decreases gradually with lowering of the tem-
perature from 1.08 cm’ mol™! K at 300 K to 0.268 cm® mol™! K at 1.8 K and the effective
magnetic moment decreases from 2.95 B.M. at 300 K to 1.47 B.M. at 1.8 K.

There is a plateau between 20 and 10 K with small slope withymT= 0.41 £ 0.01
cm’ mol ' K. The observed plateau corresponds to the Curie law expected for a dou-
blet ground state and magnetic moment stabilizes approximately at 1.81 B.M. This
value of magnetic moment is characteristic for a single copper(Il) center with one un-
paired electron and it is a result of antiferromagnetic coupling among copper centers
inside the trimer molecule [4—6]. For the further temperature lowering, decreasing of
the T values was observed, that is indicative of intermolecular antiferromagnetic
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Figure 2. The plot of the experimental , (®) and T (o) product versus temperature. Solid line repre-
sents the theoretical curve (see text).

interactions only between single unpaired electrons from the trimer molecules in the
crystal lattice. Magnetization measurement versus magnetic field at 2 K (Fig. 3)
strongly support this suggestion. Magnetization increases gradually, reaching only
the value of M = 0.82 Nf3 at 5 Tesla. No differences were observed between M (H)
curves measured with increase or decrease of magnetic field strength.
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Figure 3. The plot of the magnetization per trimer molecule versus applied field.

EPR spectrum of powdered sample of the trimeric complex [see Fig. 4] indicates
linesrelated to Am==1, 12 and 3 transitions [30—-34] dependent on the temperature.
At room temperature the main symmetrical line at g = 2.12 and a peak-to-peak
linewidth (8H,) = 130 G and additional bump at g =2.60, at 77 K are observed with
the main signal at g = 2.11 with 8Hp, = 140 G and bump at g =2.71. From magnetic



Synthesis and properties of a trinuclear copper(Il)... 333

e

T=293K
v=9.7715068 GHz
i

T=77TK
v =9.5822297 GHz

g=214

T=45K
v =9.265906 GHz {//\

T T T I I T
0,0 0,1 0,2 0,3 0,4 0,5

H [Tesla]

Figure 4. The EPR spectra of powdered sample of [Cu(pmdien)s;(u-ttc)](C1O4)s.

point of view at the lowest temperatures only one unpaired electron exists on the
whole trimer molecule. EPR spectrum of the trimer at 4.5 K indicates intensive asym-
metric line with g=2.14 and 8H,,, = 140 G, and additional weak bumps at g =2.80 is
also observed. Recorded EPR spectra of the trimer in the temperatures 4.5, 77 and 293 K
can be related to a doublet (S = 1/2) species and to a higher spin state generated by
spin coupling within units becoming thermally populated at higher temperatures.
X-ray analysis indicated that the Cu(Il) centers form regular triangle. Isotropic
exchange model and the Hamiltonian of the trimer can be written as follows:
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A=-238:S2 +$,55 +8:S3)

where S; = 1/2 and J is an exchange parameter.
A closed-form solution of the magnetic susceptibility derived from the suscepti-
bility takes the form [35-39]:

3J/kT

B NgzuzB 1+5e
4kT 1_|_e3J/kT

whereN, g, B, k and T have their usual meanings and both J and g factors were calcu-
lated for the temperature range 25-300 K (off the plateau region) in the fitting pro-
cesses. The best least-squares fit was obtained for the following values: J =-23 cm ',

g=2.08 and R =3.23x107°.

R= 2[(7(3}) —(xi?k)i}z/(xiﬁp)f /22‘,1 (),

In order to obtain value of exchange parameter for the lowest temperature range
1.8—10 K model of magnetic interactions for the trimer with a molecular field correc-
tion was applied [40]:

corr M

Ay = :
1 2zJ m
Ngap?

where zJ” is intermolecular exchange parameter, z is the number of nearest neigh-
bouring trimers and gav is average spectroscopic splitting factor obtained in the fit-
ting process. The best least-squares fit was obtained for the following values: zJ’
=—1.8cm ', g=2.22andR= 4.43x107*. All obtained data very well confirm that the
trinuclear complex can be seen as practically isolated units and the magnetism
mainly results from the spin coupling within them.
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