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Graphical Abstract

atiain g

5-carbethoxy-2-thiouracil as ligand in new dinuclear and mononuclear copper(l) halide
complexes of composition [CuX(eitotH,),]. and [CuX(eitotH,)(PPhg),] respectively, with
remarkably high in vitro cytotoxic activity against human pulmonary carcinoma cells,

human fetal lung fibroblast and human epithelial carcinomacells.



Highlights

* New copper(l) complexes containing 5-carbethoxy-2-thiouracil and
triphenylphosphine.

* Remarkablein vitro cytotoxicity against two carcinomacell lines.

* Themononuclear complexes possessing triphenylphosphine are highly
cytotoxic.

» The phosphine-free dicopper(l) complexes are only moderately cytotoxic.
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Abstract

5-carbethoxy-2-thiouracil (eitothi reacts with copper(l) halides CuX (X = ClI, Br,td) give
dinuclear complexes of the formula [CuX(eitgil, while mononuclear mixed-ligand complexes
of the formula [CuX(PPf),(eitotH,)] result when the reactions are performed in tresgnce of
two equivalents of triphenylphosphine (BPhThe molecular structures of representative
compounds from each of the above types of complexeamely [Cul(eitoth),],,
[CuCI(PPR),(eitotH,)] and [CuBr(PPk).(eitotH,)] have been established by single-crystal X-ray
diffraction. The new copper(l) complexes were eatdd forin vitro antitumor properties against
two tumor cell lines, A549 (human pulmonary caranaocell line) and HelLa (human epithelial
carcinoma cell line) and one normal immortalizetl iee MRC5 (human fetal lung fibroblast).
The mixed-ligand complexes possessing triphenyiphiog were found to be highly cytotoxic in
contrast to the phosphine-free ones which inhibitetl proliferation only in relatively high
concentrations.

Keywords: Copper(l); 5-carbethoxy-2-thiouracilptienylphosphine; cytotoxicity.



1. Introduction

The biochemical key role of copper both as an émdetrace metal bound to several
metalloenzymes and as a constituent of exogen@ashynistered compounds in humans — mainly
in form of complexes that can interact with bionwolles — is well known. Numerous copper
enzymes and proteins, many of them containing atalhic copper center in their active site, play
crucial roles in biological systems [1]. Thus, btaikc copper complexes are of particular interest,
since they can serve as models for a number ofritapobiological systems. For example, the role
of dicopper sites in electron transfer processdbearbiological binding, activation and reductidn o
dioxygen is a subject of intense research durirgldist two decades [2-5]. Current interest in
copper complexes includes their potential use @imamobial [6—8], anti-inflammatory [9, 10] and
antitumor [11-14] agents, however, most of the ocoumgls tested are copper(ll) complexes.
Similar studies on copper(l) derivatives are lesdespread, and the complexes normally contain
planar aromatic chelating ligands [15-17] or ligamdpable of stabilizing the low oxidation state
of the metal ion in aqueous media [18].

Orotic acid (6-carboxyuracil) is a biologically yeimportant molecule, being the only
effective precursor of the pyrimidine bases forlawecacid formation [19, 20]. For this reason,
orotic acid plus its derivatives, and metal compkxhave been the subject of intensive studies
[21-24]. On the other hand, relatively less attantias been paid to the coordination chemistry of
isoorotic acid (5-carboxyuracil), despite its aaticer, antibacterial and antihypertensive propertie
[25, 26]. This is even more remarkable when thalletand promising results of the few related
studies are considered, for example, antibactaatity was found for a copper(ll) complex of
isoorotic acid [27], while a platinum(ll) complexf cethyl-isoorotate showed antitumor,

antibacterial and antiviral properties [28].



Some reports have been concerned with the biolbgiauation of not only thiolated orotic
acid derivatives [29-31] but also coordination couonpds with 2-thioorotic acid as ligand [32—34].
On the other hand, only a small number of reports r@lated to thioisoorotic acid and its
derivatives. These are quite limited to some stimat¢tand biological studies on first row transition
metal complexes containing 2-thioisoorotato ligatidd appeared about two decades ago [35—-38].

With these considerations in mind, we decided tiute 5-carbethoxy-2-thiouracil (eitofH
[shown in Scheme 1], in our investigations. In prehg the ester instead of the free 5-carboxy-2-
thiouracil we intended to ensure the well-knowrotia-S coordination to the soft copper(l) ion
avoiding any possible side effects, for exampledaton of the metal. Despite its biological
importance [39], 5-carbethoxy-2-thiouracil has reed little attention so far, as there are
practically no references about its coordinatingaweor.

In this work we report the synthesis and charaza¢ion of copper(l) halide complexes
[CuX(eitotH,)o], and [CuX(eitotH)(PPh),] and the structural characterization of represerga
compounds of each type. Further we investigatedcttetoxic activity of the new compounds
against two tumor cell lines, A549 (human pulmonasycinoma cell line) and HelLa (human
epithelial carcinoma cell line) and one normal inmtalized cell line MRC5 (human fetal lung

fibroblast).

(Scheme 1)
2. Experimental section

2.1. Materials for the Synthesis and Instrumentatio
Commercially available copper (I) halides, triphigmpsphine and 5-carbethoxy-2-thiouracil
were purchased as reagent grade and were useg@lieeduwhereas the solvents were purified

according to standard procedures. Infra-red spéttize region of 4000-200 c¢hwere obtained in



KBr discs with a Nicolet FT-IR 6700 spectrophotoargt while a Shimadzu 160A
spectrophotometer was used to obtain the electrabhsorption spectra. Melting points were

determined in open tubes with a STUART scientifistiument and are uncorrected.

2.2. Synthesis

Synthesis of complex&s3: To a solution of (0.5 mmol) of the copper(l) hali(h9 mg for CuCl,
71.7 mg for CuBr, 95.2 mg for Cul) in 30 &mf dry acetonitrile, a solution of 200,2 mg (1 mjno
of 5-carbethoxy-2-thiouracil in 20 chof methanol was added and the mixture was stfoed h at
ambient temperature. The resulting bright yellouson was filtered off and left to stand at

ambient, whereupon yellow crystals deposited whiere filtered off and drieth vacuo

[CuCl(eitotH,)2]» (1): Yellow powder (112 mg, 45 %), m.p. 278C; Anal. Calc. For
CosH32CUuCloNgO1:Ss: C, 33.67; H, 3.23; N, 11.22. Found: C, 33.473H,2; N, 11.08. IR (cf):
3119m, 3064m, 2934m, 1715vs, 1747vs, 1617s, 1562A464s, 1372m, 1293s, 1140vs, 1061m,

1010m, 802s, 746m, 584s; UV-Visy, l0ge): 264 (4.23), 311 (4.37).

[CuBr(eitotHy)z] 2 (2): Yellow crystals (207 mg, 70 %), m.p. 27%C; Anal. Calc. For
CogH32CUBraNg015S: C, 30.92; H, 2.97; N, 10.30. Found: C, 31.173H3; N, 10.18. IR (cf):
3142m, 3050m, 2999m, 1733vs, 1622vs, 1552vs, 152M80s, 1395s, 1302vs, 1210vs, 1145vs,

1010m, 886m, 792m, 602s, 510m; UV-Vis.d l0ge): 263 (4.41), 310 (4.67).

[Cul(eitotHy)2]. (3): Yellow crystals (221 mg, 75 %), m.p. 274C; Anal. Calc. For
CasH32CWloNgO12Ss: C, 28.46; H, 2.73; N, 9.48. Found: C, 28.55; H/8 N, 9.41. IR (Cr'ﬁ):
3129m, 3050m, 2911m, 1733vs, 1617vs, 1556vs, 152430vs, 139v0s, 1302vs, 1210vs, 1176s,
1149vs, 1010m, 886m, 866s, 792s, 602vs, 593vs, HA4V-Vis (Amax 109 ¢): 264 (3.94), 311

(4.11).

Synthesis of complexds6: To a solution of (0.25 mmol) of the copper(l) dali(24.5 mg for

CuCl, 35.8 mg for CuBr, 47.6 mg for Cul) in 30 tof dry acetonitrile, triphenylphosphine (131



mg, 0.5 mmol) was added and the solution was dtitatil a white precipitate was formed. A
solution of 50 mg (0.25 mmol) of 5-carbethoxy-2eilmiacil in 20 cm of methanol was added and
the mixture was stirred for 1 h at room temperatiites resulting bright yellow clear solution was
filtered off and kept at ambient, whereupon paldloye crystals of the respective product

deposited, which were filtered off and driedvacuo.

[CuCI(PPhg),(eitotH,)] 0.5 CHC(O)CHs (4): Yellow crystals (134 mg, 65 %), m.p. 14C; Anal.
Calc. For Gz sH4CUuCIN,P,O35S: C, 62.67; H, 4.85; N, 3.28. Found: C, 62.474182; N, 3.32. IR
(cmi®): 3050m, 2984m, 1752vs, 1723vs, 1695vs, 1616s5,15640 vs, 1480s, 1461vs, 1435vs,
1410s, 1369s, 1296vs, 1226vs, 1147vs, 1093vs, 106Q80m, 796s, 742vs, 694vs, 590s, 517vs,

501vs; UV-Vis {max l0ge): 262 (4.48), 310 (4.39).

[CuBr(PPhy)s(eitotHy)] CHsCN (): Yellow crystals (173 mg, 80 %), m.p. 18@; Anal. Calc. For
CysH41CuBrNsP,0OsS: C, 59.44; H, 4.54; N, 4.62. Found: C, 59.17;4k61; N, 4.64. IR (Cfﬁ):
3148m, 3049m, 2936m, 1752vs, 1730vs, 1619s, 15866Vk, 1482vs, 1458s, 1435vs, 1407s,
1367s, 1293vs, 1223vs, 1150vs, 1097vs, 1061m, 10886m, 745vs, 694vs, 587s, 517vs, 498vs;

UV-Vis (Amax 10g¢): 263 (4.56), 308 (4.49).

[Cul(PPhg)z(eitotH,)] (6): Yellow powder (176 mg, 77 %), m.p. 19C; Anal. Calc. For
CasH3sCUINP,05S: C, 56.43; H, 4.18; N, 3.06. Found: C, 56.15;4H,0; N, 3.01. IR (cf):
3050m, 2932m, 1755vs, 1736vs, 1616s, 1556vs, 141AE/s, 1435vs, 1401s, 139v0s, 1293vs,
1226vs, 1144vs, 1093s, 1024m, 886m, 846m, 799ss/4B4vs, 587s, 517vs, 501vs, 489s; UV-

Vis (Amax 10g€): 264sh (5.11), 309 (4.88).

2.3. Crystal Structure Determination

Single crystals 08 suitable for crystal structure analysis were otadiby slow evaporation
of the CHCN/CH;OH mother liquid at room temperatupéray diffraction data were collected on

a Rigaku Saturn 724+ diffractometer by the NCS [4€ihgCrystalClear-SM Experj41] for cell



refinement, data collection and data reduction. Stnecture was solved wWitBHELXS9742] and
refined withSHELXL97 The program used for molecular graphics Wa&TON[43]. Tables for
publication were prepared witBHELXS97and WINGX [44]. Single crystals of compound
suitable for crystal structure analysis were oladiby slow evaporation of the GEN/CH;OH
mother liquid at room temperature, whereas compaeuwas recrystallized from acetone. For the
structure determination the single crystalsAadnd5 were mounted on a Bruker Kappa APEX I
diffractometer equipped with a triumph monochromatBoth structures were solved using
SUPERFLIP package [45] and refined by full-matreast-squares method orf Hsing the
CRYSTALS package version 14.40 [46]. In structufeddiive of the six atoms of one of the
phosphane phenyl rings were found disordered awverpositions with equal occupation factors.
The whole acetone solvent molecule was also fousdrdered over two positions with equal
occupation factors. The disordered atoms have befered isotropically. All the remaining non-
hydrogen atoms of the main residue have been fambdrefined anisotropically. All hydrogen
atoms of the main residue were found at their ebgaepositions and refined using soft constraints.
All hydrogen atoms connected to the disordered ataere positioned geometrically. By the end
of the refinement all hydrogen atoms were positibasing riding constraints to the parent atoms.
The crystals data and some details of the dateeatmh and structure refinement for both

compounds are given in Table 1.

2.4. Materials and methods for biological tests

Materials Culture medium DMEM (Dulbecco’s Modified Eagle Mam with L-glutamin), Fetal
Bovine Serum, Antibiotic-Antimycotic and PBS (pH=2) were from E.U Gibco BRL.
TrypsintEDTA 1x was purchased from Invitrogen. MT(B-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide) powder 1g, was pur@tasrom Invitrogen. All other chemicals

used were of high purity and available from comnatigources.



Cell cultures:Human cell lines from three different sources, ngn#&549 (human pulmonary
carcinoma cell line), immortalizedMRC5 (human fetal lung fibroblast) ant#ieLa (human
epithelial carcinoma cell line) were cultured in EM (Dulbecco’s modified Eagle’s medium)
supplemented with 10% fetal bovine serum and aottds penicillin and streptomycin. Cell line
was maintained in continuous culture af@7in 5% CQ, in a fully humidified incubator, using
standard aseptic techniques and cell growth wastared by determining the cell number/ml with
the use of a Coulter counter model ZBI.

MTT cytotoxicity assayThe growth inhibitory effect towards tumor cdlhds was evaluated by
means of MTT assay. Cell proliferation was assegsednonitoring the conversion of 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazoliunrdmide (MTT) to formazan. The reduction of
MTT is catalyzed by mitochondrial dehydrogenaseyer& and is therefore a measure for cell
viability [47]. 1x10' cells /well (A549) and 5 x Faells /well (HeLa and MRC5) were seeded in
96-well plates and after 24 hrs were treated wihymg concentrations (5, 10, 15, 20, 30, 40, 60
and 120uM) of copper complexes and their uncoordinatedniasd5-carbethoxy-2-thiouracil and
triphenylphosphine) which were dissolved prior iR 80.

Cells which were not exposed to copper complexegedeas the control. The complexes
incubation with the cells for 48 hrs was followey medium removal from each well and its
replacement with 10Ql fresh medium and 10 MTT 12 mM (5 mg/ml) per well. After another
short incubation for 4 h at 37 °C, until the deyelent of the purple-colored formazan product,
100 ul of SDS10%-HCI 0,01 M was added to the cells aftunder the same growth conditions
for 15-18 hrs.

The Organon Teknika@ Enterprise Ireland plate vwsesiito measure the absorbance of the
plates at 570 nm. Values shown are the mean valuastleast three measurements. IC50 values
represent the copper complexes concentrationsagtlated the mean absorbance at 570 nm to 50%

of those in the untreated control wells.



3. Results and Discussion

3.1. Synthesis

As expected, the interaction of heterocyclic theynehich are versatile S- and/or N-donor
ligands, with a soft Lewis acid like monovalent pepis highly flexible, resulting in the formation
of a rich variety of coordination compounds rangingm mono- and dinuclear complexes to
polynuclear networks. In the specific case of coffpdalides, the result of the reactions depends
on the stoichiometry and the conditions chosenallysieading to four-coordination which is most
favoured for copper(l). Although steric demandshef ligated molecules are expected to influence
both the local and the overall structure of a cowmtion compound, during our previous work we
have never noticed a decrease of the coordinatimmbar in copper(l) complexes by introducing
bulky ligands. Quite to the contrary, we recentlyserved the formation of three-coordinated
mononuclear species [CuX(th)for the sterically undemanding 2-thiohydantoin8]4 which
implies that electronic interactions should alsddiesn into consideration.

Further, dimerization within complexes of monovalempper halides with heterocyclic
thioamides is quite common as it allows the copperto obtain a pseudotetrahedral environment.
This was also the case for the reactions withinpttesent study, which in addition turned out to be
independent from the ratio of reactants chosen (QiktH, = 1:2 or 1:3) the composition of
compoundd-3 being always the same, namely [CuX(eit)th.

Aiming to obtain phosphine/thione mixed-ligand cdexes, we treated a 1:2 mixture of CuX
and PPh in dry acetonitrile with a methanolic solution ohe equivalent of 5-carbethoxy-2-
thiouracil. Stirring this mixture at 5G produced a clear yellow solution, from which, siow
evaporation, the corresponding desired microcryséalcompound was deposited. Interestingly,
while compoundsA—6 were easily obtained and in high yield by this @enone-top two-step

synthetic procedure, attempts to prepare complaggg) compound4—3 as precursors remained



unsuccessful. All prepared compounds are air stdldmagnetic solids, moderately soluble in

acetonitrile, chloroform or acetone.

3.2. Spectroscopy

The electronic absorption spectra of compleXe$, recorded in acetonitrile at room
temperature, show two intense broad bands with mmadt ~264 and ~310 nm. With reference to
the absorption spectrum of the uncoordinated 5ethdxy-2-thiouracil, the high energy band can
be attributed to intraligang—=* transitions on the thione ligand, whereas thedoenergy band
can be considered as a thione originating CT thiansiat the C=S bond [49, 50], which may
possess partial CT character, as it lies in theoreghere the free ligand absorbs, expressing a
small red shift as a consequence of the coordimaticopper. In the spectra of compoudds the
absorption due to the intraligand transition witthe triphenylphosphine completely overlaps with
the high energy band assigned to the intraligara* transitions on the 5-carbethoxy-2-thiouracil
ligand, resulting in a broad band of increasednisity relatively to that observed in the spectra of
compoundsl-3. The absence of any d-d transitions confirms tlemdgnetic nature of the

complexes.

The infrared spectra of compounds 1-6, recordetiénrange 4000-250 cthcontain all the
characteristic bands of the 5-carbethoxy-2-thiolilagand with shifts indicating an exclusive S-
coordination. In particular, the intense bands Z&5lcm' and 1733 cil in the spectrum of free
eitotH,, attributed tov(C=0) stretching vibrations, appear slightly shifte higher energies in the
spectra of all complexes. On the other hand, the wtrong band at 1565 émknown as
“thioamide 1I” band, having contributions from{C—N) ands(C-H), remains almost unshifted, but
the band at 1163 chassigned to the “thioamide I1I”, which involves jmacontributions from
v(C=S), appears clearly shifted (by ca. 20" towards lower energies upon coordination. Finally

shifts of thev(N—H) vibration band towards lower wavenumberssome cases accompanied by a



broadening, indicates involvement of this groupgNiH X hydrogen bridges, a fact that is also

clearly confirmed by the crystal structure investigns.

3.3. X-ray structural investigations

The structures of [Cul(eitotht]. (3), [CuCI(PPR),(eitotH,)] (4) and [CuBr(PP¥),(eitotH,)]

(5) (details of crystal and structure refinement gneen in Table 1) were established by single
crystal X-ray diffraction.

Compound3 crystallizes in the triclinic systeni,Rvith one discrete molecule in the unit cell.
Main bond lengths and angles are given in Tabl&e® a perspective drawing showing the atom
numbering is shown in Figure 1. The basic struttmé is a dimer in which the two copper atoms,
separated by 3.555(1) A, are doubly bridged by 8aatoms of two thione ligands to form a strictly
planar four-membered G8 core. The highly distorted tetrahedral coordimat@around each

copper is completed by the S atom of a terminadiyded thione ligand and one iodine atom.

(Figure 1)

(Table 2)

Each of the twotrans positioned iodine atoms stabilize the complex wivo strong
intramolecular hydrogen bonds [N(1f{1) = 3.809(2) A, H(1)I(1) = 2.794 A, N(IMH(1)I(1) =
169.6 and [N(4)I(1) = 3.636(2) A, H(4)1(1) = 2.76 A, N(4}H(4)1(1) = 174.3]. Further strong
intramolecular hydrogen bonds exist between pdilsidging and terminal thione units (see Table

2), which are essentially parallel to each other.



Within the CuyS,; core, there is an extremely large asymmetry inwebridging Cu—S bonds
distances [2.2598(9) and 2.9447(&1) By comparison, the corresponding distances2z2&27(9)
and 2.5634(10) A in bigfS(pyrimidine-2-thione)(pyrimidine-2-thione)coppbfomide] [51] and

2.3348(9) and 2.4879(7) A in bisB(pyridine-2-thione)(tmtp)copper(l)chloride] [52The two
terminally bonded thione ligands atrans disposed with a Gt8 bond distance of 2.2475(9) A,

which is close to the “short” one in the-€3+Cu bridge. The Gd bond distance of 2.5089(7) A is
somewhat shorter than the values observed in dincapper(l) iodide compounds with double
bridging sulphur atoms or in monomeric copper(kid® complexes bearing terminally bonded
thione ligands [53, 54]. Finally, the S—Cu-S and-84Cu angles of 103.89(3) and 85.08(3)
respectively deviate from the ideal values (10998 &0.5) predicted for symmetric dimers,
reflecting the distortions induced by the intrancol@r hydrogen bridges, but are close to the ideal
geometry for YMX,MY , dimers according to theoretically proposed crit¢sb].

Pale yellow crystals of [CuCIl(PB)a(eitotH,)] (4) and [CuBr(PP$).(eitotH,)] (5) have been
obtained by slow evaporation at room temperaturghefr saturated acetone and acetonitrile
solutions respectively. Both compounds crystallizéhe monoclinic system C2/c, with 4 discrete
molecules in the unit cell. Main bond lengths andles are given in Tables 3 and 4 and drawings

showing the atom numbering are shown in Figures?3arespectively.

(Figure 2 + Figure 3)

(Table 3 + Table 4)

The geometrical characteristics of both the fouwsrdmate monomers generally refer to those
of other copper(l) halide complexes tetrahedratprdinated by thione and phosphine ligands.
Three of the interbond angles around the centigbeoatom deviate moderately from the idealized
tetrahedral geometry while the P1-Cul—-P2 anglepisned up to a value of 122.71{3nd

123.47(3J in 4 and5 respectivelyreflecting the steric imposition of the bulky phbaye ligands.



The Cu-S distance of 2.4083(8) A and 2.3931(8)d\aarite large, but the Cu—Cl and Cu—Br bond
lengths as well as the two individual Cu—P distanice both complexes are comparable to the
corresponding values previously found in relataedr fmordinate complexes with terminal chlorine,

bromine and thione-S donors [41, 56, 57].

3.4. Cytotoxicity assay

The antitumor activity of the compounds has bedmesed by assessing their ability to
inhibit the growth of the tumor cells in the cukumedium DMEM(Dulbecco’s Modified Eagle
Medium with L-glutamin)supplemented with 10% fetal bovine serum and thibiatics penicillin
and streptomycin. The copper compouttds and the corresponding free ligands eitoddid PPh
were subjected to MTT assay and their cytotoxiqpproes were investigated against a panel of
two tumor cell linesA549 (human pulmonary carcinoma cell line) adéLa (human epithelial
carcinoma cell line) and furthermore in one immiazéad normal cell line€M RC5 (human fetal lung
fibroblast). IC50 values, calculated from the desevival curves obtained after 48 h complex

solution treatment from MTT are shown in Table 5.

(Table 5)

As it can be clearly seen from Table 5 and throkghures 4-9, free 5-carbethoxy-2-
thiouracil (eitotH) and triphenylphosphine (PPhproved to be quite ineffective in all cell lines
used. In particular PRlgave detectable IC50 values only in higher comeéinns. On the contrary,
all the tested complexes showed a growth inhibifmiency in the micromolar range towards the
different cell lines. Especially the three mixegaind complexes [Cul(PBa(eitotH,)],
[CuCI(PPh),(eitotH,)] and [CuBr(PPk),(eitotH,)] (Figures 5, 7 and 9) were appreciably more
effective against all cell lines and noteworthyiagaHeLa cell line exhibiting IC50 values of 2.55

uM, 3.63uM and 3.36uM, respectively (Table 5). Interestingly, the coppalide complexes of 5-



carbethoxy-2-thiouracil (compounds-3) are appreciably less effective towards Hela, A549
cancer cell lines as well as against MRC5, whichaisnon cancer cell line, than their
triphenylphosphine containing counterparts (compesuh-6) which are highly toxic even at low
concentrations.

Among the three homoleptic copper (1) halide comesi—3 the cytotoxic action follows the
order of [Cul(eitotH),], > [CuBr(eitotH),], > [CuCl(eitotH),], with half minimum inhibitory
concentrations (I6g) ranging from 45.5-86.pM for Hela, to 54.25-89.56 for MRC5 and to 41.3—
110 for A549.

Considering the three heteroleptic comple4es, the values of the half minimum inhibitory
concentrations (I§g) are significantly lower ranging from 2.55-3.81 for Hela, 4.77-6.84M
for MRC5 and 4.65-5.0 for A549. The vitro cytotoxicity of all three complexes against A549
exceeds that recently reported for cisplatin baadr of about 2 [58]. In contrast with the case of
compoundsl-3, there is no clear trend in the cell killing effedserved on going from chloro to

bromo to iodo derivative.

(Figures 4 — 9)

Currently, extensive search for anticancer agestali@rnative to platinum drugs is in full
swing. In the quest for new metal-based drugsri@tyaof copper-based drugs have been examined
and proved to be very promising due to their seleatytotoxicity against tumor cells [59]. The use
of phosphine containing complexes as potentiatanter agents is well documented [60-62]. In an
early study the cytotoxicity/anti-tumor activity @ large number of auronofin analogues was
evaluated [63]. It was observed that in most cdkespresence of a phosphine in these gold
thiolates caused an enhanced cytotoxicity compavétd the other phosphine free species.

Meanwhile, research on potential cytotoxic compaunas been focused, among others, on the use



of copper(l) compounds bearing tertiary phosphilgands [64—-66]. It is obvious that the
particularly high cytotoxicity of the mixed-ligantbmplexesA4—6, compared to that of compounds
1-3, is due to the presence of the triphenylphosplgaad. This finding is in good agreement with
earlier observations on gold(l) compounds [5] bisbaecently on phosphine containing mixed-
ligand complexes of copper(l) [57]. For these latepper(l) phosphine complexes the cytotoxic
activity was correlated with their ability to acs @ndoplasmic reticulum stress inducers, and a
nonapoptotic mechanism of programmed cell deatrafipasis) was proposed to be likely [67].

It is known that, like other established proteasamgbitors, copper binding compounds are
only effective in inducing ubiquinated protein asmation and apoptosis in tumor, but not in non-
trasformed cells. The anti-angiogenesis effectsyelsas the potential use of proteasome inhibitors
in cancer therapies, have been extensively revidé@d69]. However, the ability of some copper
binding compounds to inhibit the proteasome andugedapoptosis by themselves in copper-
enriched cancer cells is promising for their depelent as anticancer compounds in a nontoxic
chemotherapeutic strategy [70]. The mechanism todraof the copper complexes presented in this
work has not been elucidated at the molecular ldwmekestigations involving DNA breakage or
copper substitution of copper harbouring enzymeé&3Shroduction enhancement or alteration in
copper metabolism in general need to be perfortdediever, our results along with recent studies
concerning copper(l) derivatives are encouraging@gan consider these new derivatives as lead

compounds to develop new potential drugs agaimsteza

Conclusions

5-carbethoxy-2-thiouracil (eitothl coordinates to copper(l) halides exclusively tha “soft”
thione-S atom forming dinuclear complexes of conitpos [CuX(eitotH),], with the two metal

ions in a strongly distorted tetrahedral environmédoubly bridged by thione sulfur atoms. These



dimers are used as precursors for the preparatiorononuclear four-coordinate phosphine/thione
mixed-ligand complexes of the type [CuX(eitg}PPh),].

Evaluation of the cytotoxicity results shows thae tpresence of triphenylphosphine in
complexesA—6 results in a significant increase of cytotoxic @tyi when compared to the activity
of the phosphine-free compouniis3. Moreover, the cytotoxicity of all the above commexis
higher in all the cell lines that were tested, amparison to that of each of the free ligands. With
reference to literature information available sa, fthe remarkable antitumor activity of
[CuCI(PPR),(eitotH,)], [CuBr(PPh),(eitotH;)] and [Cul(PPh).(eitotH;)], which is due to the

presence of PRhcould be considered indicative of their abilityihduce apoptosis.
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obtained free of charge from the CCDC (12 Union Rd@ambridge CB2 1EZ, UK; Tel.: +44-

1223-336408; Fax: +44-1223-336033; e-mail: depostid@®.cam.ac.uk; Web site:

http://www.ccdc.ca.ac.uk).



References

[1] W. Kaim, J. Rall, Copper, a “modern bioelememhgewandte Chemie International Edition
English 35 (1996%3-60.

[2] E.l. Solomon, U.M. Sundaram, T.E. Mechonkin, INwpper Oxidases and Oxygenases,
Chemical Reviews 96 (1996) 2563—-2605.

[3] P.L. Holland, W.B. Tolman, Dioxygen activatidoy copper sites: relative stability and
reactivity of {i-n“n>peroxo)- and bigoxo)dicopper cores, Coordination Chemistry
Reviews 190-192 (1999) 855-869.

[4] H.-C. Liang, M. Dahan, K.D. Karlin, Dioxygen-eating bio-inorganic model complexes,
Current Opinion in Chemical Biology 2 (1999) 168517

[5] M. Gonzéalez-Alvarez, G. Alzuet, J. Borras,Garcia-Granda, J.M. Montejo-Bernardo,
Structural and functional models for the dinucleapper active site in catechol oxidases.
Synthesis, X-ray crystal structures, magnetic getisoscopic properties afmethoxo-
bridged dinuclear copper(ll) complexes with N-sitbhstd sulfonamide ligands, Journal of
Inorganic Biochemistry 96 (2003) 443-451.

[6] Z.H.Chohan, H. Pervez, A. Rauf, A. ScozrzafaC.T. Supuran, Antibacterial Co(ll), Cu(ll),
Ni(Il) and Zn(Il) complexes of thiadiazole derivedanyl, thiophenyl and pyrrolyl schiff
bases, Journal of Enzyme Inhibition and Medicinaé®istry 17 (2002) 117-122.

[7] D.K. Sau, R.J. Butcher, S. Chaudhuri, N. S&ectroscopic, structural and antibacterial
properties of copper(ll) complexes with bio-relevarmmethyl-3-formylpyrazole N(4)-benzyl-
N(4)-methylthiosemicarbazone, Molecular and CalBiochemistry 253 (2003) 21-29.

[8] M. Tsiaggali, E.G. Andreadou, A.G. Hatzidimdu, A.A. Pantazaki, P. Aslanidis, Copper(l)
halide complexes of N-methylbenzothiazole-2-thidBgnthesis, structure, luminescence,
antibacterial activity and interaction with DNA,uloal of Inorganic Biochemistry 121 (2013)

121-128.



[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

J.E. Weder, C.T. Dillon. T.W. Hambley, B.J. Kexdy, P.A. Lay, J.R. Biffin, H.L. Regtop,
N.M. Davies, Copper complexes of non-steroidal-arftammatory drugs: an opportunity yet
to be realized, Coordination Chemistry Reviews Z102) 95-126.

M.R. Moya-Hernandez, A. Mederos, S. DominguwezQrlandini, C.A. Ghilardi, F. Cecconi,
E. Gonzalez-Vergara, A. Rojas-Hernandez, Speciatiody of the anti-inflammatory drug
tenoxicam (Htenox) with Cu(ll): X-ray crystal sttuce of [Cu(tenox)py).]- EtOH, Journal

of Inorganic Biochemistry 95 (2003) 131-140.

K.M. Hindi, M.J. Panzer, C.A. Tessier, C.L.i@®n, W.J. Youngs, The Medicinal
Applications of Imidazolium Carbene—Metal Complex@hemical Reviews 109 (2009)
3859-3884.

R.J. Bowen, M. Navarro, A.M. Shearwood, P.@aly, B.W. Skelton, A. Filipovska, S.J.
Berners-Preis, 1:2 Adducts of copper(l) halidehvi2-bis(di-2-pyridylphosphino)ethane:
solid state and solution structural studies anduanbur activity, Daltonon Transactions
2009, 10861-10870.

F. Tisato, C. Marzano, M. Porchia, M. Pellei,Santini, Copper in diseases and treatments,
and copper-based anticancer strategies, Medicies¢&ch Reviews 30 (2010) 708-749.

C. Marzano, M. Pellei, F. Tisato, C. Santi@opper Complexes as Anticancer Agents, Anti-
Cancer Agents in Medicinal Chemistry 9 (2009) 1682

K.A. Reich, L.E. Marshall, D.R. Graham, D.Sg&an, Cleavage of DNA by the 1,10-
phenanthroline-copper ion complex. Superoxide neslithe reaction dependent on NADH
and hydrogen peroxide, Journal of the American Gbainsociety 103 (1981) 3582-3584.
D.S. Sigman, Nuclease activity of 1,10-phehawiine-copper ion, Accounts of Chemical
Research 19 (1986) 180-186.

D.S. Sigman, A. Mazumder, D.M. Perrin, Cherhimacleases, Chemical Reviews 93 (1993)

2295-2316.



[18]

[19]

[20]

[21]

[22]

[23]

[24]

M. Porchia, F. Benetollo, F. Refosco, F. TisatoMarzano, V. Gandin, Synthesis and
structural characterization of copper(l) complelzearing N-methyl-1,3,5-triaza-7-
phosphaadamantane (mMPTA). Cytotoxic activity euadnaof a series of water soluble Cu(l)
derivatives containing PTA, PTAH and mPTA ligandisurnal of Inorganic Biochemistry
103 (2009) 1644-1651.

l. Lieberman, A. Kornberg, E.S. Simms, Enzyimanthesis of pyrimidine nucleotides.
Orotidine-5'-phosphate and uridine-5'-phosphaterni of Biological Chemistry 215 (1955)
403-415.

J. Victor, L.B. Greenberg, D.L. Sloan, Studaéghe kinetic mechanism of orotate
phosphoribosyltransferase from yeast, Journal ofd8ical Chemistry 254 (1979) 2647—
2655.

G. Dodin, J.-E. Dubois, Tautomerism of Orodicid Dianion. Effect of Calcium and
Magnesium Cations on the Tautomeric Constant arnifieoiomerization Dynamics, Journal
of the American Chemical Society 102 (1980) 304%630

P. Arrizabalaga, P. Castan. F. Dahan, Cootitinasites of 5-nitro-6-carboxyuracil: UV study
and x-ray structure determination of diammine(5eatotato)copper(ll) hydrate and
hexaamminebis(5-nitroorotato)tricopper(ll) pentatayd, Inorganic Chemistry 22 (1983)
2245-2252.

P. Arrizabalaga, P. Castan. J.-P. Laurentaimblecular influence of a carboxylic function on
platinum blue synthesis. A systematic study of clexgs originating from acid amides,
Journal of the American Chemical Society 106 (19810)4—-4818.

M.A. Lea, A. Luke, A. Assad, M. Patel, P. AmdReddy, Inhibitory action of orotate, 2-
thioorotate and isoorotate on nucleotide metabo#isthnucleic acid synthesis in hepatoma

cells, International Journal of Biochemistry 24 §291453-1459.



[25]

[26]

[27]

[28]

[29]

[30]

A. Garoufis, S.K. Hadjikakou, N. HadjiliadiBalladium coordination compounds as anti-
viral, anti-fungal, anti-microbial and anti-tumagents, Coordination Chemistry Reviews 253
(2009) 1384-1397.

F. Hueso-Urena, M.N. Moreno-Carretero, J.MaS&eregrin, G.Alvarez de Cienfuegos-
Lopez, Palladium, platinum, cadmium, and mercumgiexes with neutral isoorotic and 2-
thioisoorotic acids: IR and NMR spectroscopiestrttad behavior and biological properties,
Journal of Inorganic Biochemistry 43 (1991) 17-27.

F. Hueso-Urena, M.N. Moreno-Carretero, J.MaS#&eregrin, C. Valenzuela-Calahorro,
G.Alvarez de Cienfuegos-Lopez, Thermal, spectrdll@alogical studies or metal complexes
of isoorotic and 2-thioisoorotic acidBhermochimica Acta 133 (1988) 341-346.

B. Rosenberg, L. Van Camp, R.G. Fisher, S.d9ahl.J. Peresie, J.R. Davidson, U.S. Patent
No. 4,419,351 (1983).

K.V. Chelbova, E.V. Golovinsky, A.A. HadjioloWhe action of some acid analogues on the
in vitro incorporation of-“C-orotate into pyrimidine nucleotides, BiochemiPhlarmacology
19 (1970) 2785-2789.

L. Ottey, The effect of purine and pyrimidiagalogues on enzyme induction in
Mycobacterium Tuberculosis, Journal of PharmacdlExperimental Therapeutics 115

(1955) 339-342.

[31] H.N. Christensen, Analytical determinatiordaome properties of several thyroid-inhibiting

[32]

compounds and of substance related to them, JoofrBablogical Chemistry 162 (1946) 27—
35.

S. Govind, P.C. Nigam, U. Agarwala, Complexb@haviour of 2-thioorotic acid complexes
of Ni(Il), Pd(ll), Pt(ll) and Rh(l)Journal of Inorganic and Nuclear Chemistry 39 (3977

1877-1884.



[33] J.S. Casas, J. Sordo, W. Hiller, J. Strahgd@on of dimethylhydroxythallium(lll) with 2-
thioorotic acid. Crystal structure of dimethyl(debrotato)thallium(lll) monohydrate,
Inorganica Chimica Acta 181 (1991) 43-49.

[34] S.P. Perlepes, V. Hondrellis, J. M. TsangauisRusso, Complexation of Tin with Amide
Ligands: Two Cases of Mixed Oxidation State Tin @ewes , Inorganica Chimica Acta 189
(1991) 213-217.

[35] G. Maistralis, N. Katsaros, S.P. PerlepesKbvala-Demertzi, Coordinating Properties of
Isoorotic Acid, Journal of Inorganic Biochemistry @.992) 1-12.

[36] F. Hueso-Ureia, M.N. Moreno-Carretero, M.Ankero-Molina, J.M. Salas-Peregrin, M.P.
Sanchez-Sanchez, G. Alvarez de Cienfuegos-Lopdzalite, Transition Metal Complexes
with Monodeprotonated Isoorotic and 2-Thioisoordtaids: Crystal Structure, Spectral and
Magnetic Study, and Antimicrobial Activity, Journafl Inorganic Biochemistry 51 (1993)
613-632.

[37] F. Hueso-Ureia, M.N. Moreno-Carretero, J.MaS&eregrin, G. Alvarez de Cienfuegos-
Lopez, Silver(l), palladium(ll), platinum(ll) andaiinum (IVV) complexes with isoorotate and
2-thioisoorotate ligands: synthesis, i.r. and n.spectra, thermal behaviour and antimicrobial
activity, Transition Metal Chemistry 20 (1995) 2@59.

[38] U.P. Singh, S. Singh, S.M. Singh, Synthesisai@cterization and Antitumour Activity of
Metal Complexes of 5-Carboxy-2-Thiouracil, Metals®d Drugs 5 (1998) 35-39.

[39] M.A. Lea, A. Luke, A. Assad, M. Patel, P.A. &Ry, Inhibitory action of orotate, 2-
thioorotate and isoorotate on nucleotide metabo#isthnucleic acid synthesis in hepatoma
cells, International Journal of Biochemistry 24 §291453-1459.

[40] S. J. Coles and P.A. Gale, Changing and ahgilikgy times for service crystallography,
Chemical Science 2012, 3, 683-689.

[41] Rigaku, CrystalClear-SM Expert Rigaku Corgara, Tokio, Japan, 2011.



[42]

112-

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

G. M. Sheldrick, A short history of SHELX, #ecCrystallographica Section A §2008)
122.
A. L. Spek, Structure validation in chemicaystallography, Acta Crystallographica Section
D 65 (2009) 148-155.
L. J. FarrugiaWWinGXsuite for small-molecule single-crystal crystatiyghy, Journal of
Applied Crystallography 32 (1999) 837-838.
P.W. Betteridge, J.R. Carruthers, R.l. CooperRrout, D.J. Watkin, CRYSTALS Version
12: Software for Guided Crystal Structure Analysisurnal of Applied Crystallography 36
(2003) 1487.
L. Palatinus, G. Chapuis, SUPERFLIP — a corapptogram for the solution of crystal
structures by charge flipping in arbitrary dimemsip Journal of Applied Crystallography 40,
(2007) 786-790.
T. Mosmann, Rapid colorimetric assay for clailgrowth and survival: application to
proliferation and cytotoxicity assaysgournal of Immunological Methods 65 (1983) 55—-63.
P. Aslanidis, S. Kyritsis, M. Lalia-KantouB. Wicher, M. Gdaniec, Copper(l) halide
complexes of 2-thiohydantoin and 5,5-diphenyl-2hyidantoin, Polyhedron 48 (2012) 140—-
145.
C. Kutal, Spectroscopic and photochemical préps ofd*® metal complexes, Coordination
Chemistry Reviews 99 (1990) 213-252.
A. Sharma, V. Gupra, R. Mishra, P. TandonVi&eda, K.-K. Kunimoto, Study of vibrational
spectra and molecular structure of intermolecwardgen bonded 2-thiohydantoin using
Density Functional Theory, Journal of Molecularusture 1004 (2011) 237-252.
P. Aslanidis, P.J. Cox, S. Divanidis, P. Kasaqidis, Copper(l) halide complexes frams-
1,2-bis(diphenylphosphino) ethylene and some heyetic thiones, Inorganica Chimica Acta

357 (2004) 1063-1076.



[52] S.K. Hadjikakou, P. Aslanidis, P.D. Akrivos, Raragiannidis, B. Kojic-Prodic, M. Luic,
Study of mixed ligand coppéj(complexes with trin+tolyl-phosphine (tmtp) and
heterocyclic thiones. Crystal structures of pi§[(benzimidazoline-2-thione)(tmtp) coppér(
chloride] and bigl-Br(thiazolidine-2-thione)(tmtp) coppej{, Inorganica Chimica Acta 197
(1992) 31-38.

[53] T.S. Lobana, S. Paul, A. Castineiras, The akegnof pyridinethiols and related ligands—
VII. Preparation and spectroscopy of mixed-ligangmer(l) complexes: the crystal structure
of first mixed-ligand dinuclear [iodo(pyridine-2#me)(tri{-tolylphosphine)copper(l}]
complex, Polyhedron 16 (1997) 4023-4031.

[54] T.S. Lobana, R. Sultana, G. Hundal, Heteracyitlioamides of copper(l): Synthesis and
crystal structures of copper complexes with 1,3em@bline-2-thiones in the presence of
triphenyl phosphine, Polyhedron 27 (2008) 1008-1016

[55] R.H. Summerville, R. Hoffmann, Tetrahedral arider M2L6 transition metal dimers,
Journal of the American Chemical Society 98 (1978)0—7254.

[56] T.S. Lobana, P. K. Bhatia, R. T. Tiekink, 8yesis and X-ray crystal structure of

chloro[2(1H)-pyridinethione-S]-bis(triphenylphospkijcopper(l), Journal of the Chemical

Society, Dalton Transaction (1989) 749-751.

[57] S.K Hadjikakou, P. Aslanidis, P. Karagiannijdss Kojic-Prodic, M. Luic, Preparation and
spectral studies of dinuclear mixed-ligand coppedmplexes. The crystal structure of his|
s(pyridine-2-thione)(tmtp) copper(l) bromide], Poddron 13 (1994) 3119-3125.

[58] M. Porchia, A. Dolmella, V. Gandin, C. Marzaid. Pellei, V. Peruzzo, F. Fefosco, C.
Santini, F. Tisato, Neutral and charged phosphtoggsonate copper(l) complexes: Effects of
ligand assembly on their antiproliferative actiyipurnal of Medicinal Chemistry 59 (2013)

218-226.



[59] D. Griffith, J.P. Parker, C.J. Marmion, Enzyiméibition as a Key Target for the
Development of Novel Metal-Based Anti-Cancer Therdjes, Anti-Cancer Agents in
Medicinal Chemistry 10 (2010) 354-370.

[60] S.J. Berners-Price, P.J. Sadler, Phosphingsretal phosphine complexes: relationship of
chemistry to anticancer and other biological attivn: Structure and Bonding, Springer,
Berlin, 1988.

[61] A.A. Nazarov, P.J. Dyson, Metal Phosphorus @laxes as Antitumor Agents, in: Phosphorus
Compounds, Catalysis by Metal Complexes, 37, Sprifgience+Business Media B.V.,
2011.

[62] E.R.T. Tiekink, Gold derivatives for the tresnt of cancer, Critical Reviews in
Oncology/Hematology 42 (2002) 225-248.

[63] C.K. Mirabelli, R.K. Johnson, D.T. Hill, L.Fzaucette, G.R. Girard, G.Y. Kuo, C.M. Sung,
S.T. Crooke, Correlation of the in vitro cytotoxnd in vivo antitumor activities of gold(l)
coordination complexes, Journal of Medicinal Chemi29 (1986) 218-223.

[64] C. Marzano, M. Pellei, D. Colavito, S. Alidofs.G. Lobbia, V. Gandin, F. Tisato, C. Santini,
Synthesis, characterization, and in vitro antitupraperties of tris(hhdroxymethyl)phosphine
copper(l) complexes containing the new bis(1,2akzti-1-yl)acetate ligand, Journal of
Medicinal Chemistry 49 (2006) 7317-7324.

[65] C. Marzano, M. Pellei, S. Alidori, A. Brosda,G. Lobbia, F. Tisato, C. Santini, New
copper(l) phosphane complexes of dihydrobis(3-rit@y4-triazolyl)borate ligand showing
cytotoxic activity, Journal of Inorganic Biochemmsfi00 (2006) 299—-304.

[66] A. Zanella, V. Gandin, M. Porchia, F. Refogo,Tisato, F. Sorrentino, G. Scutari, M.P.
Rigobello, C. Marzano, Cytotoxicity in human cancells and mitochondrial dysfunction
induced by a series of new copper(l) complexesatoimy tris(2-cyanoethyl)-phosphines,

Investigational New Drugs 29 (2011) 1213-1223.



[67] C. Marzano, V. Gandin, M. Pellei, D. Colavite, Papini, G.G. Lobbia, E. Del Giudice, M.

[68]

[69]

[70]

Porchia, F. Isato, C. Santini, In vitro antitumatigity of the water soluble copper(l)
complexes bearing the tris(hydroxymethyl)phospligend, Journal of Medicinal Chemistry
51 (2008) 798-808.

J. Adams, Development of the Proteasome It S-34, Oncologist 7 (2002) 9-16.

Q.P. Dou, R.H. GoldfarBortezomib/PS341 (millennium pharmaceuticals), @35 (2002)
828-834.

K.G. Daniel, D. Chen, B. Yan, Q.P. Dou, Coppéerding compounds as proteasome
inhibitors and apoptosis inducers in human carfeentiers in Bioscience 12 (2007) 135—

144.



Scheme/Figure Captions

Scheme 1. The heterocyclic thione 5-carbethoxy-2-thiouraeitdtH,) used as ligand.

Figurel. A view of compound with atom labels. Displacement ellipsoids are shawthe 50%

probability level.

Figure2. A view of compound! with atom labels. Displacement ellipsoids are shawthe 50%

probability level

Figure 3. A view of compound with atom labels. Displacement ellipsoids are sihawthe 50%

probability level.

Figure 4. Dose-effect survival plots for the three homolemomplexes 1-3] against A549 cell
line 48 h after the administration of the agentgto@xicity was estimated via MTT assay (each

point represents mean of three replicate wells).

Figure 5. Dose-effect survival plots for the three heterateppmplexes4-6], against A549 cell
line 48 h after the administration of the agentgofxicity was estimated via MTT assay (each

point represents mean of three replicate wells).

Figure 6. Dose-effect survival plots for the three homolepbenplexes1-3] against HelLa cell
line 48 h after the administration of the agentgofxicity was estimated via MTT assay (each

point represents mean of three replicate wells).

Figure 7. Dose-effect survival plots for the three heterateppmplexes [46], against HelLa cell
line 48 h after the administration of the agentgofxicity was estimated via MTT assay (each

point represents mean of three replicate wells).



Figure 8. Dose-effect survival plots for the three homolepbenplexes1-3] against MRC5 cell
line 48 h after the administration of the agentgofoxicity was estimated via MTT assay (each

point represents mean of three replicate wells).

Figure 9. Dose-effect survival plots for the three heterateppmplexes4-6], against MRC5 cell
line 48 h after the administration of the agentgofoxicity was estimated via MTT assay (each

point represents mean of three replicate wells).



Table 1. Crystal data and structure refinement details éongounds3, 4 and5

4 5

Compound 3

C43H38C|CU N,O3P,S, Cu3H3BrCuN,O5P,S,
Structural formula CygH3.C ol sNgO15Ss

1/2(C3H60) CZHSN
Formula weight 1181.74 852.84 909.30
Crystal system Triclinic Monoclinic Monoclinic
Temperature 100(2) K 295 K 295 K
Wavelength 0.71073 A 0.71073 A 0.71073 A
Space group P C2/c C2/c

a=7.853(2) A a=24.867(3) A a=25.088(4) A

Unit cell dimensions

b=11.2722(15) A
c=12.403(2) A

b=10.0343(11) A
c=35.478(4) A

b=10.1036(18) A
c=35.742(6) A

a = 64.425(14)° a=90° a=90°

S =85.40(2)° S =105.678(2)° SU=106.720(5)°

y = 83.02(2)° y =90° y =90°
Volume 982.5(3) A 8523.1(16) A 8677(2) A
z 1 4 4
Absorption coefficienty() | 2.935 mnt 0.742 mnt 1.589 mnt
Density (calculated) 1.997 Mgfm 1.33 Mg/m 1.391 Mg/
F(000) 1060 3536 3728
Reflections collected 8931 62728 87736
Independent reflections 4414 14218 12845
Completeness up to theta 97.7% 99.5% 99.3%
Data / restraints /

4414/0/256 7762/28/489 7981/2/509
parameters
Goodness-of-fit on & 0.990 0.999 1.000

Final R indices [I>21(1)]

R,=0.0260, wR=0.0554

R=0.0515, wR=0.1051

R,=0.0433, wR=0.0749

R indices (all data)

R0.0319, wR=0.0567

R=0.0636, wR=0.1097

R=0.0904, wR=0.0948

Largest diff. peak and holg

A

0.804,0.650 e B

0.59,-0.54 e.B

0.69,— 0.50 e. &




Table 2. Selected bond distances [A] and angfes[[Cul(eitotHy)2]» (3)

I(1)—Cu(1) 2.5089(7) S(1)-C(1) 1.682(3)
Cu(1)-S(1) 2.2475(9) S(2)-C(8) 1.682(3)
Cu(1)-S(2) 2.2598(9) Cu(1)-S(2#1 2.9447(11)
Cu(1)-S(2)#1 2.9447(11)

S(1)-Cu(1)-S(2) 103.89(3) 1(1)—Cu(1)-S(2)#1 99.79(3)
S(1)-Cu(1)-I(2) 128.88(3) C(1)-S(1)-Cu(1) 110.76(10)
S(2)-Cu(1)-1(2) 123.91(3) C(8)-S(2)-Cu(1) 112.09(9)
S(1)-Cu(1)-S(2)#1 92.46(3) C(8)-S(2)-Cu(1)#1 100.80(10)
S(2)-Cu(1)-S(2)#1 94.92(3) Cu(1)-S(2)-Cu(1)#1 85.08(3)
Hydrogen bonds

D—H"A d(D—H) d(tA) d(DA) <(DHA)
N(1)-H(1)"1(2) 0.88 2.94 3.809(2) 169.6
N(4)-H(4)1(1) 0.88 2.76 3.636(2) 174.3
N(2)-H(2) O(5)#2 0.88 1.90 2.764(3) 164.9
N(3)-H(3)"O(2)#3 0.88 1.94 2.658(3) 137.5

Symmetry transformations used to generate equivatems: #1 -x+1,-y+1,-z

#2 x-1,y+1,z #3 #2151



Table 3. Selected bond distances [A] and angfg&[[CuCI(PPh),(eitotH,)] (4)

Cu(1)-Cl(1)
Cu(1)-S(1)
Cu(1)-P(1)

S(1)-Cu(1)-P(1)
S(1)-Cu(1)-P(2)
P(1)-Cu(1)-P(2)
S(1)-Cu(1)-CI(1)

2.3317(8)
2.4083(8)
2.2992(8)

104.63(3)
105.15(3)
122.71(3)
105.31(3)

Cu(1)-P(2)
S(1)-C(1)

P(1)-Cu(1)-CI(1)
P(2)-Cu(1)-CI(1)
Cu(1)-S(1)-C(1)

2.2851(7)
1.670(3)

109.82(3)
107.81(3)
111.02(10)




Table 4. Selected bond distances [A] and anglgs[[CuBr(PPh),(eitotH)] (5)

Cu(1)-Br(1)
Cu(1)-S(1)
Cu(1)-P(1)

S(1)-Cu(1)-P(1)
S(1)-Cu(1)-P(2)
P(1)-Cu(1)-P(2)
S(1)-Cu(1)-Br(1)

2.4709(6)
2.3931(8)
2.2962(8)

105.51(3)
105.76(3)
123.47(3)
107.52(2)

Cu(1)-P(2)
S(1)-C(1)

P(1)-Cu(1)-Br(1)
P(2)-Cu(1)-Br(1)
Cu(1)-S(1)-C(1)

2.2857(8)
1.679(3)

108.54(2)
105.19(3)
111.71(10)




Table5. IC50 values (iiM) of complexed—6 and the uncoordinated eitatidnd PPhin all three

cell lines

Cdl
line

HelL a
MRC5
A549

eitOtHz

PPh;
105
115.2
118

1
45.5
54.25
41.3

1C50
2
49.55
58.16
44.3

3 4 5 6
86.6 3.63 3.36 2.55
89.56 5 4.77 6.84
110 5.55 4.65 5
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Figure7
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Figure8
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Figure9
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