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ABSTRACT: The dianionic aza crown ether-dtc N,N’-bis- wp P
(dithiocarbamate)-1,10-diaza-18-crown-6 (L*7) is a versatile ligand » ﬁ
capable of yielding binuclear complexes with group 10 elements, A m% 9 AzT30c1S o)
also known as Ni-triade, [y-(x*S,-S’-L)M,(PPh;),]Cl, (M = Pd i\g/s ,75_ & _
(1), Pt (2)), [u-(x*-S-S"-L)M,(PPh;),](BPh,), (M = Pd (3), Pt ° 04 &% 2 s -
(4)), and p-(x-S,-S’-L)Ni, (PPh;),Cl, (5), and has proven to be an &3 i v
04

2+NaCl 2+KCl Cisplatin

excellent option to the design of metal-based drugs able to provide @m

multiple response to cell resistance. Palladium and platinum J ‘ day 2

complexes, 1 and 2, were tested for cytotoxicity in the human
cervix carcinoma cell line HeLa-229, the human ovarian carcinoma

cell line A2780, and the cisplatin-resistant mutant A2780cis, finding significant activity toward all three cancer cell lines, with low
micromolar ICy, values, comparable to cisplatin. Markedly, against the cisplatin resistant cell line A2780cis, compound 2 exhibits
better cytotoxic activity than the clinical drug (ICsy = 2.3 + 0.2 uM for 2 versus 3.6 = 0.5 uM for cisplatin). Moreover, an
enhancement of the antitumor response is achieved when adding an equimolar amount of alkali metal chloride (NaCl or KCI) to the
medium, for instance, testing compound 1 against the cisplatin-resistant A2780cis cells, the ICs, decreases from 9.3 + 0.4 to 7.4 +
0.3 and 5.4 + 0.1 uM, respectively, after addition of the salt solution. For the platinum derivative 2, the IC, improves by ca. 40%
reaching 1.3 + 0.1 M when potassium chloride is added. Likewise, the resistant factor found for 2 (RF = 1) confirms that this
complex circumvents cisplatin-resistance in A2780cis and is improved with the addition of potassium chloride (RF = 0.65). The
presence of the aza crown ether moiety as linker in the systems studied herein is a key point since, in addition to allowing and
facilitating interaction with alkali metal ions, this unit is flexible enough to adapt to a variety of environments, as confirmed by the X-
ray crystal structures described, where different conformations and ways to fold in are found. In order to gain insight into the
electronic and structural facts involved in the interaction of complex 2 with the alkali metal ions, a DFT study was performed, and
the description of the molecular electrostatic potentials (MEPs) is also presented.

Bl INTRODUCTION

Although many successful advances in the field of cancer

accepted that the chemotherapeutic mechanism of action
involves binding of cisplatin to the N7 position of the imidazole

treatment have been achieved during the last years, this disease
continues to widely affect humanity and remains to be the
second leading cause of death after cardiovascular diseases. The
cancer death rate is still about one in six deaths." Therefore, it is
necessary to continue research focused on the design of
antitumor drugs and search for new approaches.

Among the metal-based drugs approved for chemotherapy,
platinum complexes are between the most used with almost 50%
of all cancer patients treated with them. Cisplatin, cis-
diaminedichloroplatinum(II), was the first platinum-based
antineoplastic drug approved by the FDA, that in 1978
authorized its use for the treatment of testicular and ovarian
malignancies.2 Nowadays, it is also used to treat cervical, breast,
bladder, head, neck, esophageal, and lung cancer, as well as
mesothelioma and neuroblastoma, remaining as the most
employed metal-based drug in oncology.”® Tt is generally
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ring of the purine bases in DNA—guanine (G) and, to a lesser
extent, adenine (A)—to form either monofunctional (via one
leaving group) or bifunctional adducts (via both leaving groups),
thereby interfering with the DNA replication and causing the
cell to undergo apoptosis.”™

The use and efficacy of platinum-based drugs, however, is
limited due to intrinsic and acquired cell resistance after
continuous treatment®’ as well as a large number of side
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effects'?"? including nausea, vomiting, ototoxicity, neuro-
toxicity hemolytic anemia, electrolyte disturbance, and neph-
rotoxicity. Particularly problematic is the nephrotoxicity,"
which originates from the circumstance that cisplatin is mainly
excreted through the kidneys. Renal failure may be induced by
platinum binding to thiol-containing enzymes provoking their
inactivation.'* Diamine(1,1-cyclobutanedicarboxylato(2-
)-0,0")platinum(1I) known as carboplatin and cis-[ (1R,2R)-
1,2-cyclohexanediamine-N,N'] [ oxalato(2-)-O,0]platinum (II)
named oxaliplatin are second generation platinum-based
antineoplastic drugs and are approved for clinical use worldwide.
In addition, diamine[hydroxyacetato(2-)-0,0']platinum(II)
(nedaplatin), [2-hydroxypropanoato(2-)-01,02][1,2-cyclobu-
tanedimethanamine-N,N’]platinum(II) (lobaplatin), and
[propanedioato(2-)-0,0’][2-(1-methylethyl)-1,3-dioxolane-
4,5-dimethanamine-N,N’ ]platinum(II) (heptaplatin) are also
admitted for use in Asia. Although these drugs were introduced
to overcome the drawbacks of cisplatin, this has not been
entirely achieved."

It is nowadays clear that the toxicity and tumor resistance of
platinum-based drugs is due to the high affinity of platinum for
sulfur donors. It is assumed that this metal ion interacts with
sulfur-containing biomolecules such as amino acids (cysteines
and methionines), peptides (glutathione), proteins (metal-
lothionein), and others, disrupting their functions.'® Once
inside the cells, cisplatin is activated by binding to water
molecules to form a chemically reactive aqua species, which
preferentially reacts with systems bearing moieties that include
sulfur groups, e.g., cysteine or methionine amino acid residues
(tripeptide glutathione or metallothionein). In some platinum-
resistant cancer cells, the glutathione and metallothionein levels
are elevated, so that activated platinum is effectively “mopped
up” in the cytoplasm before DNA binding can occur, thereby
causing resistance.”

In order to generate metal-based drugs exhibiting high
anticancer activity and concomitant reduced toxicity with
respect to cisplatin and its analogues, in the last two decades,
many research groups have focused toward the study of
platinum(II) and palladium(II) complexes containing N- and
S-donor ligands. Within this context, dithiocarbamates (dtcs)
are versatile ligands that are easily prepared and form a variety of
stable complexes with various transition metals, making them
excellent candidates for their use in medicine,'” including
anticancer drugs.'® Marzano and co-workers have reported a
class of mixed-ligand platinum(II) complexes based on
dithiocarbamates and various amines, exhibiting higher
cytotoxicity than cisplatin as well as low nephrotoxicity and
null cross-resistance with cisplatin.'” As a result of the chelate
effect, dtc ligands form quite stable complexes with transition
metals, which prevents decomposition in physiological media.
The strong trans-influence of the sulfur atoms potentially avoids
the interaction of the metal center with thiol-containing
molecules, reducing side effects such as renal toxicity and, in
some way, also cell resistance.

On another front, there is increasing evidence that normal and
tumor cells exhibit substantial differences with respect to
membrane potentials, potassium currents, and ion concen-
trations that could be exploited for therapy using membrane-
active ionophores.”” In particular, the concentration of
potassium ions in cancer cells is twice that of normal cells.
Crown ethers might be a good option because of the similar
behavior to natural ionophores such as gramicidin, valinomycin,
and nonactin, some of which were found to be toxic in

prokaryotic and eukaryotic cell systems.”’ The similarity to
natural ionophores results from the fact that they possess a
hydrophilic cavity with a hydrophobic periphery, being able to
form stable metal ion complexes, which can be incorporated in
the lipid fraction of cellular membranes. In addition to reports
on functionalized crown ethers capable of binding and cleaving
DNA, research within this field has been also focused on
compounds that inhibit tumor-cell growth by disrupting
potassium ion homeostasis, which, in turn, leads to cell cycle
perturbations and apoptosis.”” The cytotoxicity of platinum
complexes containing crown ether and aza crown ether
platforms has been also examined, although such studies are
quite scarce.”*™*"

Considering these precedents, we feel that crown ether-based
dithiocarbamate metal complexes might be a reasonable starting
point for designing new antineoplastic platinum drugs. Although
a relatively large variety of metal complexes with aza crown
ether-dtc ligands have been reported with different purpo-
ses,”” % it is surprising that, to date, no platinum or palladium
derivative has been described. Herein we present the first
examples of aza crown ether-dtc complexes with these metal ions
and an evaluation of cytotoxic activity against some human
tumor cells, namely Hela-229 cervix and A2780 ovarian
carcinoma cells, as well as against the cisplatin-resistant mutant
A2780cis. These preliminary results are very promising and
provide an interesting novel approach for the design of
antitumor metal-based drugs with multiple response.

B EXPERIMENTAL SECTION

Materials. All reagents and solvents were purchased from Sigma-
Aldrich, Chemical Co., and Merck and used without further
purification. Potassium N,N’-bis(dithiocarbamate)-1,10-diaza-18-
crown-6 (K,L) was synthesized as previously described.*”

Physical Methods. Melting points were measured on a Biichi B-
540 apparatus. IR spectra were recorded on a NICOLET 6700 FT-IR
Thermo Scientific instrument using an ATR accessory in the range of
4000—500 cm ™. Mass spectra of complexes 1 and 2 in methanol were
recorded on a Q-TOF AB Sciex QStar Elite equipment using the ESI*
technique within a spectral interval 1—2000 /z. Mass spectra (ESI*)
of both complexes in a mixture of ethanol/water (3:1 v/v) were
recorded on a Thermo LTQ-Orbitrap Discovery instrument in a
spectral interval 400—2000 m/z. The mass spectrum of complex § was
recorded on a JEOL-MStation 700 using the FAB* technique. NMR
studies of complexes 1—5 in CDCIl; were carried out with a Varian
Inova 400, Mercury 200, or Bruker AVANCE III HD 500 spectrometer.
NMR spectra ("H and *C) of complexes 1 and 2 in CD,CD,0D/D,0
(3:1 v/v) and DOSY studies were performed on a Bruker AVANCE III
HD 400 MHz apparatus. TMS was used as the standard reference for
'H and *C NMR spectra.

Synthesis. Preparation of Complex [LPd,(PPh;),JCl, (1). A
solution of K,L (0.069 g, 0.14 mmol) in methanol (3 mL) was added
dropwise to a solution of [Pd(PPh;),Cl,] (0.20 g, 0.28 mmol) in 27 mL
of chloroform. After stirring for 3 h under reflux, the solution was
filtered, and the solvent was evaporated under vacuum. The resulting
solid was dissolved in methanol. After filtration, the solvent was
evaporated to yield compound 1 as a yellow solid. Single crystals
suitable for X-ray diffraction analysis were grown from a saturated
methanol solution. Yield: 0.163 g (67%). MP 77—80 °C. IR-ATR
(em™) 1522 (ve_n), 1433 (ve_p), 1093 (vc_g). "H NMR (CDCl,, 200
MHz) 6 = 3.56 (s (br), 8 H1), 3.64 (s (br), 8 H2), 3.97 (s (br), 8 H3),
7.29-7.40 (m, 60 [H6, H7, H8]) ppm. *C{'H} NMR (CDCl,, 50
MHz) 6 = 69.9 (Cl1), 67.5 (C2), 50.1 (C3), 203.9 (C4), 133.6 (C6)
131.3 (C5) 128.5 (C7), 127.9 (C8) ppm. *'P{'H} NMR (CDCl,, 81
MHz) 6 = 26.0 ppm. ESI*-HRMS (m/z) 836.1081; calcd. for
[CgsHgN,0,P,S,Pd,]*": 836.1161.
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Table 1. Selected Crystallographic Data for Complexes 1, 3, 42CHCl;, and 5-2CHClI,

data

empirical formula
formula weight
temp/K

crystal system
space group

a/A

b/A

c/A

a/deg

P/ deg

}’/ deg
volume/A3

VA

peag/em’
u/mm!

F(000)

crystal size/ mm?
radiation

20 range for data
collection/deg

index ranges

reflections collected

independent reflections

data/restraints/
parameters

goodness-of-fit on F*

final R indexes
(1 2 20(D)]
final R indexes [all data]

1
Cy6HgyN,Cl, 35Pd,0,P,S,
1722.24
100
monoclinic
C2/c
50.6792(8)
10.7168(1)
17.4661(2)
90
111.771(2)
90
8809.6(2)
4
1.299
5.540
3808
0.24 X 0.16 X 0.12
CuKa (A = 1.54184)
4.200 to 72.454

—61<h<6l,-13<k<10,
—21<1<19

17788

8517 [Riye = 0.0243, Rygn, =
0.0333]

8517/147/525

1.051
R, = 0.0363, wR, = 0.0933

R, = 0.0392, wR, = 0.0953
1.184/—0.473

3
C134H124B,N,0,P,Pd,S,
2312.88
100
triclinic
P-1
11.6380(2)
12.7897(3)
19.7635(4)
82.378(2)

77.148(2)

76.704(2)

2780.8(1)

1

1.381

4.300

1200

0.18 X 0.16 X 0.12
CuKa (A = 1.54184)
3.552 to 72.684

—13<h<7,-15<k<14,-23
<i<21

18909

10017 [Riy, = 0.0288, Rgpn, =
0.0414]

10017/0/685

1.017
R, = 0.0301, wR, = 0.0745

R, = 0.0325, wR, = 0.0766
0.767/—0.664

4-2CHCl,
C136H 126B,ClN,O,P,Pt, S,
2729.0
100
monoclinic
P2,/n
9.5827(2)
34.6376(7)
18.0933(4)
90
94.345(2)
90
5988.3(2)
2
1.513
7.134
2760
0.28 X 0.14 X 0.12
CuKa (1 = 1.54184)
3.538 to 72.756

—11<h<1l,-40<k<42,
—22<1<21

23775

11656 [Riy, = 0.0467, Rygpn, =
0.0604]

11656/0/721

1.087
R, = 0.0678, wR, = 0.1702

R, = 00755, wR, = 0.1755
1.932/1.926

5-2CHCl,
Cs,H34ClgN,Ni,O,P,S,
1364.18
296
orthorhombic
Pbca
11.1233(6)
16.4948(9)
33.104(2)
90
920
90
6073.8(6)
4
1.492
1.206
2800
0.43 X 0.30 X 0.21
MoKa (1 = 0.71073)
2.210 to 22.490

—14<h<14,-19<k<22,
—44 <1< 44

88358

7566 [Ripy = 0.0967, Riguns =
0.0577]

7566/30/371

1.019
R, = 0.0529, wR, = 0.1210

R, = 0.1302, wR, = 0.1523
0.467/—0.405

largest diff peak/hole/
e A

Preparation of Complex [LPt,(PPh3),JCl, (2). To a solution of
[Pt(PPh,),CL,] (prepared in situ from [Pt(PhCN),Cl,] (0.025 g, 0.056
mmol) and PPh; (0.028 g, 0.11 mmol) in 27 mL of chloroform under
reflux for 1 h) was added dropwise a methanolic solution (3 mL) of K,L
(0.013 g, 0.027 mmol). The resulting reaction mixture was refluxed for
an additional 2 h and then filtered, and the solvent was evaporated
under vacuum. The resulting solid was dissolved in methanol. After
filtration, the solvent was evaporated to yield compound 2 as a colorless
solid. Yield: 0.030 g (59%). MP 114—117 °C. IR-ATR (cm™) 1526
(ven), 1434 (ve_p), 1095 (vc_g). 'H NMR (CDCl,, 400 MHz) § =
3.59 (s (br), 8 H1), 3.68 (s (br), 8 H2),3.91 (s (br), 8 H3), 7.29—7.44
(m, 60 [H6, H7, H8]) ppm. *C{'H} NMR (CDCl;, 100 MHz) § =
70.4(C1), 67.9 (C2), 51.2 (C3), 202.6 (C4), 132.0 (CS), 134.2 (C6),
128.85 (C7), 128.74 (C8) ppm. *'P{*H} NMR (CDCl,, 202.42 MHz)
8 =15.11 ppm "J(p_py) = 3269 Hz. ESI*-HRMS (m/z) 925.1745; calcd.
for [CggHgyN,O,P,S,Pt,]**: 925.1774.

Preparation of Complex [LPd,(PPh3),J(BPh,), (3). Complex 3 was
synthesized by two different procedures: A) A solution of sodium
tetraphenylborate (0.0039 g, 0.0114 mmol) in 1 mL of methanol was
slowly added to a solution of compound 1 (0.010 g, 0.0057 mmol) in 2
mL of chloroform. The resulting reaction mixture was stirred for 24 h at
room temperature and then allowed to slowly evaporate for 2 days, to
afford compound 3 as orange crystals. B) A single-pot reaction for 3 h
under reflux mixing a solution of K,L (0.007 g, 0.0147 mmol) in
methanol (3 mL), [Pd(PPh,),Cl,] (0.008 g, 0.030 mmol), and NaBPh,
(0.0100 g, 0.030 mmol) in 27 mL of chloroform: Slow evaporation of
the solvent afforded a solid that was extracted with methanol. After
filtration and evaporation of methanol under vacuum, the resulting
solid was washed with diethyl ether. Crystals suitable for single-crystal
X-ray diffraction analysis were grown from a solvent mixture of
chloroform and methanol (1:1 v/v). Yield: 9 mg (68%). MP 177—180

°C.IR-ATR (cm™) 1521 (vc_y), 1434 (vep), 1094 (vc_s). "H NMR
(CDCly, 200 MHz) & = 3.25 (s (br), 8 H1), 3.36 (s (br), 8 H2), 3.68 (s
(br), 8 H3), 7.40 (m, 16 H10), 7.15 (m, 60 [H6,7,8]), 6.98 (m, 16
H11), 6.85 (m, 8 H12) ppm. *C{'H} NMR (CDCl;, S0 MHz) § =
204.3 (C4), 70.1 (C1), 67.8 (C2), 50.5 (C3), 136.3 (CS), 134.0 (C6),
128.9 (C7, C8), 164.2 (C9, q, YJ(*'B="3C) = 50 Hz), 131.8 (C10),
125.4 (C11), 121.59 (C12) ppm. *'P{'H} NMR (CDCl;, 81 MHz) § =
25.9 ppm. ''B NMR (CDCl,, 160.46 MHz) § = —6.4 ppm.

Preparation of Complex [LPt,(PPh3),J(BPh,), (4). Complex 4 was
synthesized by two different procedures, as for 3: A) anion exchange
from complex 2 and B) a single-pot reaction for 3 h under reflux of a
mixture consisting of K,L (0.007 g, 0.0147 mmol) in methanol (3 mL),
NaBPh, (0.0100 g, 0.029 mmol), and a solution of [Pt(PPh;),Cl,]
prepared in situ from [Pt(CH;CN),Cl, (0.010 g, 0.029 mmol) and
PPh; (0.018 g, 0.069 mmol) in 27 mL of chloroform. Single crystals of
formula [LPt,(PPh,),](BPh,),-2CHCl, (4-2CHCI,) suitable for X-ray
diffraction analysis were grown from a solvent mixture of chloroform
and methanol (1:1v/v). Yield: 31 mg (87%). MP 252—255 °C.IR-ATR
(ecm™) 1527 (ve_y), 1434 (v_p), 1095 (ve_s). "H NMR (CDCl,, 500
MHz) 6 = 3.17 (s (br), 8 H1), 3.29 (t, ] = 5 Hz, 8 H2), 3.51 (t, '] =S
Hz, 8 H3), 7.09—7.29 (m, 60 [H6,7,8]), 7.36 (m, 16 H10), 6.95 (m, 16
H11), 6.78 (m, 8 H12) ppm. *C{'H} NMR (CDCl,, 125 MHz) § =
203.07 (C4), 70.36 (C1), 67.95 (C2), 51.14 (C3), 136.5 (C5), 134.3
(C6),128.9(C7), 128.9 (C8), 128.3 (C9), 164.5 (C10, q, 'J(*'B-"C)
= 50 Hz), 132.1 (C10), 125.72 (C11), 121.84 (C12) ppm. *'P{'H}
NMR (CDCl,, 81 MHz) § = 15.14 ppm 'Jp_py = 3273 Hz. ''B NMR
(CDCl,, 160.46 MHz) 6 = —6.6 ppm.

Preparation of Complex [LNi,(PPh;),(Cl),] (5). A solution of K,L
(0.10 g, 0.20 mmol) and [NiCl,(PPhs),] (0.26 g, 0.40 mmol) in SO mL
of a mixture of chloroform/methanol (9:1 v:v) was stirred under reflux
for 3 h. The resulting green solid was removed by filtration. The residual

https://dx.doi.org/10.1021/acs.inorgchem.0c02068
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Scheme 1. Reaction Sequences for the Preparation of Complexes 1-5

1
/ N\ 2+
2 2 M(PPh),Cl 2 /N
Jg o 3)2Cl2 o o
CHCIy/MeOH (9:1 viv)
K 3{; _,\}_<S K* Reflux, 3 h PhaP A\ 3{ —NB{S\ /PPhs
/4 ¢ - N4 2N
0, o 8 2Kel prop” ST, ) 8T eeng
— ~— 2c1”
KoL 1M=Pd
2 M(PPh3),Cly 2 M= Pt
2 Ni(PPha),ClI 2 NaBPh,
A CHCI3zMeOH (91 vIv) 2 NaBPh
. _ - . 4
g;ﬂimgefH @1 v _; gg:] -2 KCI Reflux, 3 h CHCl3:MeOH (2:1 v/v) | -2 NaCl
' ® 2 NaCl RT, 24h
1 1
(Y 2 /M 2+
o o o o
PhsP_ S 3(— _> PPh3 PhsP_ _S3 e D S._ PPhs
<
/N N¢ >47N N M O N N—<\ M
o’ S, | Phyp” & 9 ) 8" “pphy
2BPh,”
5 3M=Pd
4M =Pt

purple solution was then evaporated, giving a solid that was washed
twice with hexane to isolate compound S. Single crystals of formula
[LNi,(PPh,),(Cl),]-2CHCI,; (5-2CHCl,) suitable for X-ray diffraction
analysis were grown from a saturated chloroform solution. Yield: 0.173
g (77%). MP 59—62 °C. IR-ATR (cm™) 1514 (vc_y), 1433 (ve_p),
1096 (vc_g). '"H NMR (CDCl,, 200 MHz) 6 = 3.49 (s (br), 8 H1), 3.58
(s (br), 8 H2), 3.78 (s (br), 8 H3), 7.37 (m, 30 [H6—8]) ppm. *C{'H}
NMR (CDCl;, 50 MHz) § = 205.7 (C4), 70.39 (C3), 68.3 (C2), 50.3
(C1),133.9 (C5), 134.2 (C6), 129.4 (C7), 128.5 (C8) ppm. *'P{'H}
NMR (CDCl,;, 202.46 MHz) § = 42.7 ppm. ESI"-HRMS (m/z)
1087.2037; caled. for [CsoHy4CIN,Ni,O,P,S,]*: 1087.0837.

X-ray Crystallography. Intensity data for 1, 3, and 42CHCI; were
collected at T = 100 K with Cu-K, radiation (1 = 1.54184 A,
monochromator: graphite) on an Agilent Technologies SuperNova
diffractometer equipped with the EOS2 CCD area detector and an
Oxford Instruments Cryogen cooler. The measured intensities were
reduced to F* and corrected for absorption using spherical harmonics
(CrysAlisPro).38 Data for 5:2CHCI; were collected using an Enraf
Nonius Kappa-CCD instrument at T = 296 K with MoK, radiation (1 =
0.7173 A). In all cases, reflection data were corrected for Lorentz and
polarization effects. For all compounds, structure solution, refinement,
and data output were performed with the OLEX2.2.0°" program
package using SHELXL-2014/ 2015 for the refinement. All non-
hydrogen atoms were refined anisotropically. Hydrogen atoms were
placed in geometrically calculated positions and constrained with the
use of a riding model. Selected crystallographic data are shown in Table
1.

The asymmetric unit of compound [LPd,(PPh;),]Cl, (1) comprises
half of the dicationic dinuclear complex that is located on a
crystallographic 2-rotation axis, a chloride anion with an occupancy
factor of 0.67 and several electron density peaks that indicate the
presence of solvent molecules and an additional chloride. Since the
positions of the solvent/chloride could not be assigned with certainty
due to rather large solvent cavities (total solvent accessible volume per
unit cell = 1390.6 A3 [15.8%)]), in the final refinement cycles, the solvent
mask methodology*' implemented in OLEX2 was used for handling the
corresponding electron density. In addition, the aza crown ether
skeleton is disordered over two positions. Split positions were assigned
to the associated atoms, and the occupancy of each conformation was
refined, with the sum of the occupancies constrained to unity. The
major position, labeled with A, has an occupancy factor of 0.626(15).
The disorder was refined using similarity distance and Uj; restraints. The
asymmetric units of [LPd,(PPh;),](BPh,), (3) and [LPt,(PPh;),]-
(BPh,),"2CHCl; (4-2CHCl,) comprise half of the dicationic dinuclear
complex that is located on a crystallographic inversion center, a
tetraphenyl borate anion and, in the case of compound 4-2CHClI,,
additionally a noncoordinated CHCl; solvent molecule. Compound 4+
2CHCl; shows positional disorder that was partially resolved. For the

Ptl ion, the P atoms of the triphenylphosphine moieties and the S
atoms of the dithiocarbamate moiety, two positions were found and
refined. The phenyl rings are disordered as well, but the low quality of
the crystals prevented definition of the individual positions. The
refinement of the highest occupied positions gave an occupation factor
of 0.82(1) after including identical Uj; constraints for each couple of
disordered atoms, except for platmum In the discussion of the
geometry data, only the atoms corresponding to the major molecule
fragment are considered. The asymmetric unit of compound
[LNi,(PPh,),ClL,]-2CHCI; (5-2CHCl;) comprises half of the neutral
dinuclear complex that is located on a crystallographic inversion center
and a noncoordinated CHCI; solvent molecule disordered over two
positions. The disorder was refined using similarity Uj; restraints.
Intermolecular distances in the crystal structures of compounds 1 and
3—5 were analyzed with MERCURY.*

DFT Calculations. Gaussian 16 revision C.01** was used for all
calculations, using GaussView 6 as a graphical interface. The DFT
calculations were performed using the Austin-Frisch-Petersson func-
tional with dispersion (APED).** For the platinum atom, the Stuttgart—
Dresden basis set (SDD), which describes the effective core potential
(ECP),™ and for the nonmetal atoms, the 6-31G(d) basis set were used
to optimize the ground state geometry of the species: [LPd,(PPh;),]**
(conformer 1a), [LPt,(PPh;),]** (conformers 2a, 2b, 2c, and 2d),
[Na(L)PtZ(PPh3)4]3+ (conformers 2cNa and 2dNa), and [K(L)-
Pt,(PPh;),]** (conformer 2dK).

Throughout this work, solvent effects (ethanol) were included by
using the polarizable continuum model (PCM),* in which the solute
cavity is built as an envelope of spheres centered on atoms or atomic
groups with appropriate radii. In particular, the integral equation
formalism (IEFPCM) variant as implemented in Gaussian 16 was used.
The stationary points found on the potential energy surfaces resulting
from the geometry optimizations were tested to represent energy
minima rather than saddle points via frequency analysis. The initial
input geometries were adapted from the crystal structures of the
compounds.

Molecular Electrostatic Potential (MEP) surfaces were generated
with GaussView 6, first generating the Gaussian cube of total electron
density obtained from the DFT calculations and then calculating the
corresponding ESP mapped surface at the 4 X 10™* isodensity value.

Cell Lines and Growth Conditions. The human cervix carcinoma
cell line HeLa-229 used in this study was kindly provided by Dr. G.
Mengod (CSIC-IDIBAPS of Barcelona, Spain). The cisplatin-sensitive
human ovarian cancer cell line A2780 and the cisplatin-resistant mutant
A2780cis were obtained from the European Collection of Cell Cultures
through Sigma-Aldrich Inc. The cells were grown in Dulbecco’s
Modified Eagle’s Medium (DMEM, HeLa-229) or RPMI 1640
medium (A2780 and A2780cis) supplemented with 10% fetal calf
serum (FCS) and 2 mM L-glutamine. Cells were maintained in a
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continuous logarithmic culture at 37 °C in a humidified atmosphere of
5% CO, and were harvested using trypsin-ethylenediaminetetraacetic
acid. All media and supplements were purchased from Sigma-RBI,
Spain.

In Vitro Chemosensitivity Assays. Cells were seeded into 96-well
plates (Beckton-Dickinson, Spain) with a volume of 100 uL (4000
cells/well) and were incubated prior to dosage for 4—6 h (HeLa-229)
or 24 h (A2780 and A2780cis). Solutions of the Pd (1) and Pt (2)
complexes, as well as the corresponding mixtures containing an
equivalent portion of NaCl or KClJ, in a solvent mixture of ethanol/
water (3:1 v/v) were added to the cells. After the appropriate
incubation time, i.e, 48 h for HeLa-229 and 96 h for A2780 and
A2780cis, the cells were fixed by adding 10 yL of MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] per well for 4
h. The fixative was then removed, and the wells were washed four times
with distilled water. The optical density was measured at 595 nm with a
Tecan Ultra Evolution microplate reader.

Each compound was tested using six or seven consecutive dilutions
ranging from S0 M to 0.025 M. The compound concentration able to
inhibit cell growth by 50% with respect to the control, ICs,, was then
determined from semilogarithmic dose—response sigmoid curves using
the GraphPad Prism Ver. 2.01 software (GraphPad Software Inc.). The
cytotoxicity of K,L, Na,L, and cisplatin (dissolved in ethanol/water, 3:1
v/v) was evaluated for comparison under the same experimental
conditions. All compounds were tested in two independent experi-
ments with triplicate points. The in vitro studies were performed in the
Unit for the Evaluation of Pharmacological Activities of Chemical
Compounds of the University of Santiago de Compostela (USC) in
Spain.

B RESULTS

Synthesis and Characterization of the Complexes.
Potassium N,N’-bis(dithiocarbamate)-1,10-diaza-18-crown-6
(K,L) was prepared from the reaction of 1,10-diaza-18-crown-
6, CS,, and KOH in methanol, employin_g slight modifications of
the methods described in the literature.””*” K,L was not isolated
but used in situ for the preparation of the group 10 metal
complexes.”” Compounds 1 and 2 were obtained from the
reaction of K,L with 2 equiv of [M(PPh,),CL,] (M = Pd, Pt) in
the conditions described in the Experimental Section (see
Scheme 1). In both cases, solids were isolated in moderate
yields. The spectroscopic analysis revealed that the dianionic
ligand (L*") is bound to two metal ions. At each metal site two
chloride atoms in the starting metal complex were replaced by a
dtc moiety from the ligand giving a dinuclear dicationic metal
complex, in which the metal centers are coordinated by two
sulfur atoms from the dtc ligand in a >-S chelating fashion and
two monodentate triphenylphosphine molecules. Two chloride
counterions neutralize the complexes, yielding [LPd,(PPh;),]-
CL, (1) and [LPt,(PPh;),]Cl, (2). Furthermore, chloride anion
replacement can be achieved by treatment of compounds 1 and
2 with 2 equiv of NaBPh, under stirring in methanol, affording
[LPd,(PPh;),](BPh,), (3) and [LPt,(PPh;),](BPh,), (4),
respectively. Compounds 3 and 4 could also be obtained in a
single-pot procedure using [M(PPh;),CL,], K,L, and NaBPh, as
starting materials in a 2:1:2 stoichiometric ratio and refluxing the
corresponding reagent mixture. The nickel derivative $ was
obtained using a procedure similar to the preparation of
compounds 1 and 2. However, in this case, a single chloride
anion and a triphenylphosphine molecule are replaced by k*-S,S-
chelating dtc groups, leading to the neutral complex
[LNi,(PPh;),Cl,] (5). The distinct reaction behavior of
[Ni(PPh;),Cl,] compared to the heavier group 10 analogs
with Pd(II) and Pt(II) is in agreement with the findings for
related Ni(II) derivatives*® ' and attributable to the trans-
effect.

Complexes 1 and 2 are soluble in dmso, acetonitrile,
chloroform, methanol, and a mixture of ethanol/water (3:1 v/
v), while complexes 3 and 4 are soluble in methanol and
chloroform. Meanwhile, complex $ is only soluble in chloroform
and is not stable in protic solvents, as also found previously for
analogous compounds.”

Conclusive evidence for the formation of compounds 1-§
was obtained from the spectroscopic and mass spectrometric
analysis. The ESI*-mass spectra of complexes 1 and 2 showed
peaks for mass clusters at m/z 836.11 and 925.66, corresponding
to the dicationic species [LM,(PPh;),]*", respectively. The
complex compositions were further established by high-
resolution mass spectrometry (HRMS), giving m/z values of
836.1081 (caled.: 836.1161) and 925.1745 (caled.: 925.1774)
for complexes 1 and 2, respectively. As products of the chloride-
tetraphenylborate anion exchange, compounds 3 and 4
exhibited mass clusters in the same region as complexes 1 and
2, respectively. In the case of complex S, a mass cluster was
observed at m/z = 1087.2037 (calcd. for [LNi,(PPh,),Cl]*:
1087.08370), providing evidence for the loss of a chloride ligand
from the neutral molecular compound. Meanwhile, analysis of
1-5 by IR-ATR spectroscopy revealed bands typical for metal-
coordinated dtc ligands. The bands for the #(N-CS,) stretching
vibration were observed between 1514 and 1527 cm™!, while
those for the v(C—S) vibration were detected in the range
1093—1096 cm™". The bands at approximately 1430 cm™" are
typical for metal-coordinated triphenylphospine ligands [¢(P—
C)]. These results agree with the proposed structures.””>’

The NMR spectroscopic data (CDCl,) are also consistent
with the values reported for analogous systems.””*” For
instance, the "H NMR spectrum of ligand K,L shows a single
peak at § = 3.48 ppm for the central OCH, group (H1, see
Scheme 1) and two triplets at § = 3.63 and 4.22 ppm for the
—OCH,CH,N— groups (H2 and H3, Scheme 1). These signals
show slight shifts upon complexation with palladium or
platinum. For complexes 1 and 2, the singlet signal
corresponding to H1 shifts to 3.56 and 3.59 ppm, respectively,
whereas the two triplet signals appear at 3.64 (H2)/3.97 (H3)
ppm for 1 and 3.68 (H2)/3.91 (H3) ppm for 2. The chemical
shifts are different in the presence of [BPh,]™ as counterions,
and the corresponding signals were observed at 6 = 3.25/3.17,
3.36/3.29, and 3.68/3.51 ppm for compounds 3 and 4,
respectively. For the neutral complex S, the chemical shifts for
H1, H2, and H3 were 6 = 3.49, 3.58, and 3.78 ppm, respectively.
In addition, the DOSY-NMR spectrum of complex 2 evidenced
the presence of a single species in solution in both chloroform
and the mixture of ethanol/water (3:1 v/v).

The above-described analysis was complemented by the
BC{'H} NMR studies that revealed significant chemical shift
changes of the dithiocarbamate carbon atom in the group 10
metal complexes compared with the ligand precursor K,L (6 =
214.00 ppm). For the five complexes, the signal was shifted to
lower frequency by about 10 ppm, i.e., § = 203.9 (1), 202.6 (2),
204.3 (3), 203.0 (4), and 20S5.7 ppm (5), confirming the
coordination of the CS, moiety to the metal center.”” The
upfield shift can be attributed to shielding of the NCS, carbon by
electron donation from the nitrogen after coordination of the
sulfur atoms to the metal.

The presence of the PPh; ligands in compounds 1—§ was
confirmed by *'P{'"H} NMR, which revealed signals at 5 = 26.0
and 25.9 ppm for the Pd(II) derivatives 1 and 3; meanwhile, for
the Pt(II) derivatives, the signals were observed at higher field (&
= 15.11 and 15.14 ppm for species 2 and 4, respectively). For
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Figure 1. Crystal structure of 1. The disorder part, hydrogen atoms, and solvent molecules are omitted for clarity.
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Figure 2. Crystal structure of 3. Hydrogen atoms are omitted for clarity.

compound §, the *'P NMR signal was shifted to § = 42.7 ppm,
owing to the different chemical environments. Finally, the
successful anion exchange in compounds 3 and 4 was confirmed
also by ''B NMR experiments, showing signals at § = —6.4 and
—6.6 ppm for 3 and 4, respectively, corresponding to four-
coordinate environments of the boron atom.

X-ray Crystallographic Study. Single crystals of com-
pounds 1, 3, 4, and $ suitable for X-ray diffraction studies were
obtained under the conditions described in the Experimental
Section. Data were collected at 100 K except for compound §,
which was characterized at room temperature (296 K). The
crystal structure analysis revealed that compounds 1, 4, and §
incorporated noncoordinated solvent molecules in the crystal
lattice. Although the solid-state structures of constitutional
isomers with Pd(II) and Pt(II) are frequently isostructural,>*>*
in the case of compounds 3 and 4, two different crystal structures
were found, albeit both complexes were crystallized under
similar conditions and from the same solvent mixture.
Compound 3 crystallized in the triclinic space group P-1 and
contains aside from the tetraphenylborate counterions only
dicationic dinuclear complex molecules of formula
[LPd,(PPh,),]** with crystallographic inversion symmetry.

On the contrary, compound 4 crystallized in the monoclinic
space group P2,/n in the form of a solvate of composition
[LPt,(PPh,),](BPh,),-2CHCI, (4-2CHCL,). Figures 1—4 show
the molecular structures for compounds 1, 3, 4, and §,
respectively. Crystallographic data and refinement parameters
for the crystal structures are given in Table 1. Selected bond
distances and angles are given in Table 2.

The molecular structures of compounds 1, 3, and 4 consist of
a dicationic metal-coordinated diaza crown bis-dtc skeleton (L)
with two chloride (1) or two tetraphenylborate anions (3 and 4)
as counterions. In the three compounds, the metal center is
embedded in a square-planar geometry with a bidentate dtc
moiety coordinated in a k*-S-S’-chelating mode and two PPh,
ligands. In compound 5, the aza crown ether-dtc ligand (L*7) is
bound similarly, but the coordination sphere is now completed
by one PPh; and one chloride ligand.

In the potassium salt K,L, the S—C—S angle has a value of
121.39(9)°.*” This angle decreases when coordinated to the
group 10 metal atoms [111.4(2)° for 1, 111.2(1)° for 3,
111.6(5)° for 4,and 108.5(2)° for 5]. The smaller S—C—S angle
found in S enlarges the S—M—S bite angle (78.256(4)°)
compared to those found in platinum and palladium derivatives

F https://dx.doi.org/10.1021/acs.inorgchem.0c02068
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Figure 4. Crystal structure of 5. Hydrogen atoms (except those
involved in intramolecular C—H--Ni anagostic interactions) and
CHCI, solvate molecules are omitted for clarity.

[74.82(3)° (1), 74.83(2)° (3), and 75.1(2)° (4)]. As a
consequence of the chelate-type bonding of the dtc groups, a
significant distortion from ideal square-planar geometry around
the metal centers is generated. The C—S bond distances in
compounds 1, 3, 4, and § are similar, with values ranging from

1.701(4) to 1.735(9) A. In contrast, the M—S bond distances are
different for each complex, as expected for the different ionic
radii of the different metal ions (Table 2). The dtc groups adopt
an asymmetric bidentate coordination mode to the metal atoms
in 3 and S, where the M—S bond distances are different, i.e.,
2.3627(5)/2.3175(5) and 2.231(1)/2.166(1) A, approaching a
somewhat anisobidenate character. Meanwhile, in the case of
compounds 1 and 4, the M—S bond distances are practically
identical with values of 2.3338(7)/2.3536(7) A and 2.341(4)/
2.365(5) A, respectively. The M—P bond distances (2.2960(7)/
2.3192(7) A for 1, 2.3377(5)/2.3365(5) A for 3, 2.285(3)/
2.293(4) A for 4, and 2.216(1) A for 5 are in accordance with
other related metal complexes.>

Concerning the aza crown ether-dtc ligand conformation, the
X-ray diffraction analysis shows that in all compounds the two
pendants are oriented in an anti-disposition (Figure $);
however, the aza crown ether moiety adopts different
conformations and crystallographic symmetry. Compounds 4
and § exhibit a quasi-chair conformation®® with crystallographic

Table 2. Selected Bond Distances (A) and Angles (deg) for Compounds 1, 3, 4, and 5

compd M-S M-P M-Cl
K,L (ref 37) 4.1313(5)
3.3447(5)
1 2.3338(7) 2.2960(7)
2.3536(7) 2.3192(7)
3 2.3627(5) 2.3377(5)
2.3175(5) 2.3365(5)
4 2.341(4) 2.285(3)
2.365(5) 2.293(4)
S 2.231(1) 2.216(1) 2.167(1)
2.166(1)

Cc-S C-N S—M-S S—C-S
1.719(2) 1.354(2) 121.39(9)
1.710(2)

1.733(3) 1.309(4) 74.82(3) 111.4(2)
1.715(3)
1.724(2) 1.313(3) 74.83(2) 111.2(1)
1.723(2)
1.734(9) 1.32(1) 75.1(2) 111.6(5)
1.735(9)
1.701(4) 1.315(4) 78.25(4) 108.5(2)
1.720(3)

https://dx.doi.org/10.1021/acs.inorgchem.0c02068
Inorg. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02068?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02068?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02068?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02068?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02068?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02068?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02068?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02068?fig=fig4&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c02068?ref=pdf

Inorganic Chemistry

pubs.acs.org/IC

Q

J{
»
/o

4

5

Figure S. Comparison of the conformations in the aza crown ether skeletons of complexes 1, 3, 4, and S.

Figure 6. Comparison of the M---M distances (in A) in complexes 1, 3, 4, and 5.

inversion symmetry; meanwhile, compound 1 has the classic nest
conformation for crown ethers with crystallographic 2-
symmetry, whereas in compound 3 a chair—chair conformation
with crystallographic inversion symmetry is observed.”” The
different conformations as well as the different metal sizes in the
complexes lead to variations of the metal---metal distances,
giving values of 14.064, 14.14S, 12.723, and 12915 A for
complexes 1, 3, 4, and S, respectively (Figure 6). Noteworthy,
compound § exhibits a C—H:--Ni anagostic interaction, where a
hydrogen atom of a phosphine phenyl group interacts with the
nickel atom. The H--Ni distance of 2.785 A is significantly
smaller than the sum of the van der Waals radii [3.14 A].>® The
C—H--Ni bond angle is 121.90° (Figure 4). Interestingly, a
supramolecular aggregate is formed in the crystal structure of the
platinum compound 4 by means of C—H:--O, C—H:--Cl, and
Cl---S contacts with the two chloroform molecules enclosed in
the cavity (Figure 7). Furthermore, intramolecular C—H--Pt
interactions are also found (3.246 A), which are shorter than the
sum of the reported van der Waals radii (3.26 A).>® This
chemistry constitutes an active area of research since C—H---M
interactions are interesting from the perspective of applications
in C—H activation.>”

Figure 7. Two perspective views of the supramolecular aggregate (with
CHCL,) in the crystal structure of compound 4 formed by means of C—
H--O, C—H:Cl], CI--S, and eventually C—H--Pt interactions. The
BPh,” anions are shown in blue.

Cytotoxicity and Resistant Profiles. The isostructural
molecular complexes 1 and 2 containing palladium and
platinum, respectively, were tested for cytotoxicity by determi-
nation of the IC;, values against the human cervix carcinoma cell
line HeLa-229, the human ovarian carcinoma cell line A2780,
and cisplatin-resistant mutant A2780cis cells. The A2780cis cell
line exhibits a multifactorial resistance effect to cisplatin
including decreased uptake, enhanced DNA repair/tolerance,
and elevated GSH levels,">" making it very useful for testing

https://dx.doi.org/10.1021/acs.inorgchem.0c02068
Inorg. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02068?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02068?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02068?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02068?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02068?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02068?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02068?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02068?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02068?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02068?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02068?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02068?fig=fig7&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c02068?ref=pdf

Inorganic Chemistry

pubs.acs.org/IC

Table 3. Cytotoxicity of Compounds 1 and 2 and Their
Mixtures with Alkali Metal Chlorides against the Human
Cancer Cell Lines HeLa-229, A2780, and A2780cis

ICs, (M)

compound HeLa-229 A2780 A2780cis RE“
1 11.0 + 2 41+0.3 9.3 +04 22
2 64+02 22402 23+02 1.0
[14+NaCl] (1:1) 79+£02 3.7+02 74 +£0.3 2.0
[2+NaCl] (1:1) 0.8 +0.4 21+£03 29+02 1.4
[1+KCI] (1:1) 6.8 +0.3 42+03 54 +0.1 1.3
[2+KCI] (1:1) 21+02 20+0.1 1.3+0.1 0.65
cisplatin 0.53 £ 0.6 0.44 + 0.06 3.6 £05 82

TRE = ICy,(A2780cis) /IC5o(A2780).

alternative drugs. The results are given in Table 3 and depicted
in graphic representations in Figures 8 and 9, where the values
are compared with those found for the platinum anticancer drug
cisplatin under the same experimental conditions. The
cytotoxicity assays were performed using ethanol/water (3:1
v/v) as solvent (see the Experimental Section). ESI" mass
spectrometry and NMR spectroscopy confirmed the stability of
compounds 1 and 2 in this solvent mixture. As indicated above,
unfortunately, the nickel compound ($) is not stable in protic
solvents, thus having prevented the carrying out of the
corresponding cytotoxicity assays. Compounds 1 and 2 exhibit
significant cytotoxic activity toward the three cancer cell lines,
with low micromolar ICy, values that are comparable to
cisplatin. In the three cell lines, the Pt(II) complex 2 shows
higher cytotoxicity than the Pd(II) analogue 1. Moreover,
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Figure 8. In vitro cytotoxic activity of complexes 1 and 2 and their
mixtures with alkali metal chlorides against the human cancer cell line
HeLa-229.
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Figure 9. In vitro cytotoxic activity of complexes 1 and 2 and their
mixtures with alkali metal chlorides against the human cancer cell lines
A2780 (green bar) and A2780cis (red bar).

against the cisplatin resistant cell line A2780cis, compound 2
exhibits even better cytotoxic activity than the clinical drug [ICs,
=23 + 02 uM for 2 versus 3.6 + 0.5 yM for cisplatin].
Considering the potential antitumoral activity of certain
uncoordinated crown ethers because of their ability to disrupt
potassium ion homeostasis,”” the antitumor activity of the alkali
metal salts of the aza crown ether-dtc ligand (Na,L and K,L)
was also evaluated. Inactivity was found for both of them,
allowing us to conclude that the presence of the d° metal ions (Pt
or Pd) is determinant.

Taking into account the capability of the crown ether moieties
to interact with alkali metal ions, we decided to assess if the
presence of Na* or K* has an effect on the cytotoxic activity of 1
and 2. Interestingly, the antitumor response of compounds 1
and 2 improved with addition of an equimolar amount of NaCl
or KCl to the complex solutions. Against the HeLa-229 cell line,
in the case of the palladium compound, the ICy, value decreased
from 11.0 £ 2 to 7.9 + 0.2 and 6.8 + 0.3 #M with the addition of
NaCl and KCl], respectively, whereas in the case of the platinum
derivative, the enhancement in the cytotoxic activity was even
higher (70—90%), reaching an ICy, of 0.8 + 0.4 M with the
addition of NaCl, that is similar to the value determined for
cisplatin [0.53 + 0.06 uM]. Against the human ovarian
carcinoma cell A2780, the addition of the alkali metal chloride
was less effective, but against the cisplatin-resistant A2780cis, an
improvement was observed. The IC;, value decreases with the
addition of NaCl or KCl to the palladium complex 1 (IC5, = 9.3
+ 0.4, 7.4 + 0.3, and 5.4 + 0.1 uM, respectively), and for the
platinum complex 2, the cytotoxic activity overcomes the one of
cisplatin when potassium chloride is added [ICs, improves ca.
40% reaching 1.3 & 0.1 uM].

The ability of compounds 1 and 2 (and their mixture with
alkali metal chlorides) to circumvent cisplatin-acquired
resistance can be described by the resistance factor (RF),
which is defined as the ratio of ICy, (resistant cell line) to ICg,
(parent cell line). An RF value less than two (RF < 2), is
considered to denote non-cross-resistance.’” The values given in
Table 3 show that the binuclear platinum complex 2 overcomes
resistance for A2780cis (RF = 1), while the palladium complex 1
is close to the limit. Addition of alkali metal chloride maintains
and/or even enhances the RF values, which decrease to 0.65 and
1.3 upon addition of potassium chloride to solutions of 2 and 1,
respectively.

B DISCUSSION

In spite of the usefulness of cisplatin and its analogues approved
for clinical uses, there are still many challenges to solve in order
to overcome their drawbacks, with the development of cellular
resistance probably being the most important issue. Tumor
resistance to cisplatin is mostly related to decreased membrane
transport of the drug, increased cytoplasmic detoxification, and
increased DNA repair and tolerance to DNA damage.
Therefore, in order to find platinum-based anticancer drugs
capable of responding simultaneously to all these fronts, new
approaches and fine-tune tailoring design are necessary. It is
well-accepted that the increased DNA repair and tolerance to
DNA damage is related with the binding mode of the metal-drug
to DNA. In order to overcome this inconvenience, polynuclear
complexes containing two or more metal centers covalently
connected by appropriate linkers have emerged as promising
anticancer compounds due to their ability to provide new action
modes with the biomolecular targets. The binding of the
polynuclear platinum complexes with DNA is clearly different
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Scheme 2. Cationic Units Present in 1, 2, DAO18, and DAO1S
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from that of cisplatin and its analogues, being characterized by
flexible, nondirectional DNA adduct formation with a large
occurrence of interstrand (versus intrastrand) adducts, as well as
the ability to induce DNA conformational changes. On the other
hand, cytoplasmic detoxification is originated from the increased
levels of thiol-containing species (i.e., glutathione and metal-
othioneine), which are avidly bonded by platinum. In this way,
dithiocarbamates were found as excellent candidates for the
preparation of antineoplastic platinum drugs thanks to the
strong trans-influencing effect of the sulfur atoms which prevents
the coordination of the metal to the sulfur atoms of the
cytoplasmic proteins. Within this context, the results of the
cytotoxicity and resistance profile presented herein support that
aza crown ether-dtc ligands are excellent candidates for the
design of metal-based drugs able to give multiple response to cell
resistance. In particular, the presence of the diaza crown moiety
(that plays the role of a linker in the binuclear scaffold) seems to
be a determinant key point for the activity since the platform can
coordinate to alkali metal ions and act as ionophore. At the same
time, there might be a potential effect during the cellular uptake
of the agent. It is well-known that the uptake of cisplatin is
influenced by factors such as sodium and potassium ion
concentration, and the participation of transporter molecules
or gated channels has been postulated in addition to passive
diffusion. In 2002, Jansen et al.”’ described the possibility of
incorporating a diaza crown ether as linker in binuclear platinum
complexes. They assessed the antitumor response of compounds
DAO18 and DAOIS (see Scheme 2) against cell lines A2780
and 2780cis but did not find cytotoxicity, so that the idea of using
aza crowns as linkers for the design of binuclear antineoplastic
metal-drugs was abandoned. However, our results herein
presented indicate that an adequate functionalization of the
ether moiety as well as an appropriate coordination sphere
around the metal ion, including phosphine groups instead of the
typical chloride leaving groups (see Scheme 2), can lead to
promising systems. Regarding the phosphine groups, it has been
reported that their presence in Pt(II) and Pd(II) compounds
seems to regulate the lipophilicity of the complexes.®®

The data presented in Table 3 show that the addition of alkali
metal chloride (NaCl or KCI) to the binuclear palladium and
platinum complexes (1 and 2) enhances the cytotoxic activity
and helps to overcome the resistance in A2780cis. In order to
gain insight into the origins of this fact as well as to assess the
ability of the aza crown moiety to coordinate and stabilize alkali
metal ions, a DFT computational study (APFD/SDD/6-
31G(d) level) was performed on the binuclear platinum species

[LPt,(PPh;),]** and the alkali metal complexes [Na(L)-
Pt,(PPh,),]*" and [K(L)Pt,(PPh;),]**. The DFT optimized
geometries in ethanol solution for the calculated conformers,
namely 2a, 2b, 2¢, 2d, 2cNa, 2dNa, and 2dK, are shown in
Figure 10, while selected bond angles and distances (Table S1),
together with the optimized Cartesian coordinates (Tables S3—
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Figure 10. DFT optimized structures of [LPt,(PPh,),]** (conformers
2a, 2b, 2¢, and 2d), [Na(L)Pt,(PPh;),]** (conformers 2cNa and
2dNa), and [K(L)Pt,(PPh;),]** (conformer 2dK), indicating the
intramolecular Pt---Pt distances. [Hydrogen atoms are omitted for
clarity.]
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Figure 11. Electrostatic potential maps for [LPt,(PPh;),]** (conformers 2a, 2b, 2¢, and 2d).

S$9), are given in the Supporting Information. Since there are
many conformers available for [LPt,(PPh;),]**, calculations
were focused to symmetric systems considering the observations
in solution by NMR spectroscopy. In addition, and in order to
include a comparative study based on different conformations
derived from the aza crown ether moiety, we used the X-ray
crystal structures of 4 and 1, that in the latter case was
conveniently adapted including platinum instead of palladium,
as input geometries for 2b and 2a, respectively. Both provided
two minimum-energy geometries, with the conformation of 2b
being slightly more stable than that of 2a [by 2.13 kcal-mol™’
(8.93 kJ-mol™)]. The chair (2b) and nest (2a) conformations
are maintained in the optimized geometries, but a comparison
between the calculated structure of 2b and the crystal X-ray
structure of 4 illustrated that crystal packing effects have an
important effect on the folding of the aza crown ether moiety,
allowing for a considerably closer proximity of the platinum
atoms in the absence of such packing effects (Pt-+-Pt, 10.026 A in
2b versus 12.723 A in 4). The incorporation of alkali metal ions
(Na* or K*) in the binuclear platinum system necessarily
requires a modification of the linker geometry in order to make
the aza crown ether accessible for the sodium/potassium ion.
Conformers 2cNa (symmetric) and 2dNa (asymmetric)
represent the minimum energy geometries, being that the
asymmetric version is more stable by 1.69 kcal-mol™" (7.09 kJ-

mol™"). Moreover, in the case of the potassium complex, only
the asymmetric conformer 2dK leads to a minimum of energy,
while optimization of the analogous symmetrical conformer 2cK
failed systematically. The molecular geometries of 2dNa and
2dK are similar, with Pt---Pt distances of 12.005 and 12.221 A,
respectively, whereas in symmetrical 2cNa, the linker is more
elongated, and the platinum ions are separated by 14.262 A. The
related symmetrical and asymmetrical conformers of 2¢ and 2d
for [LPt,(PPh;),]** were then also optimized, finding 2d to be
more stable than the symmetric analogues 2a, 2b, and 2c. A nest
conformation of the aza crown ether moiety is present in the
three alkali metal complexes (2cNa, 2dNa, and 2dK), as
expected, whereas in the absence of the alkali metal ion, the
system evolves to a geometry in which the aza crown ether linker
is compressed, which, in turn, moves the platinum ions toward
each other (Pt---Pt, 8.792 A in 2c, 8.101 A in 2d). Overall, the
results indicate that the binucleated aza crown ether-dtc ligand
L* is a versatile, flexible platform, which can be easily adapted to
different conformations allowing the easy complexation of alkali
metal ions. This is an extremely valuable point for the binuclear
platinum derivative, which could interact with DNA in different
ways.

Figures 11 and 12 show the electrostatic potential maps of the
optimized conformers. The molecular electrostatic potential
(MEP) at a given point p(x,y,z) in the vicinity of a molecule is
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Figure 12. Electrostatic potential maps for [Na(L)Pt,(PPh;),]** (conformers 2cNa and 2dNa) and [K(L)Pt,(PPh;),]** (conformer 2dK).

the force acting on a positive test charge (a proton) located at p
by the electrical charge cloud generated through the molecule
electrons and nuclei. It is a good guide in assessing the molecule
reactivity toward positively or negatively charged reactants, thus
helping in predicting the reactivity of a range of chemical
systems for both electrophilic and nucleophilic sites.”* A number
of chemical interactions, including drug-receptor interactions,
can be predicted with the use of MEP.%* The values of the
electrostatic potential at the surface are represented by different
colors, with the potential increasing in the following order: red <
orange < yellow < green < light blue < blue. The systems
examined herein are cationic, and thus, the potential values are
positive in the whole represented range. For the binuclear
[LPt,(PPh;),]** conformers 2a, 2b, 2c, and 2d (Figure 11), the
most positive electrostatic potential (deep blue) is localized
inside the aza crown moiety, which is situated in the central part
of the molecules in the symmetrical analogues 2a, 2b, and 2¢ but
more to one section of the platform in 2d. In the latter, an
additional important nucleophilic region, apparently related
with the platinum metal ions, is also found. Coordination of the
alkali metal ion to the crown significantly increases the positive
potential values, as shown in Figure 12, therefore, also increasing
the affinity of the complexes with anionic species, such as the
polyanionic phosphate backbone of DNA as well as anionic
proteins present in the cell membrane. In 2cNa, this region is

accessible for nucleophilic species. In the six conformers, the
least positive (red) regions of the MEP maps are localized
around the phenyl groups of the PPh; ligands, although
additional regions at two oxygen atoms of the aza crown moiety,
which are clearly pointing outward, are found in 2a.

Bl CONCLUSIONS

The results here presented show that the ligand N,N’-
bis(dithiocarbamate)-1,10-diaza-18-crown-6 (L>~), which con-
tains dithiocarbamate groups directly linked to the nitrogen
atoms of an aza crown ether unit, is able to form binuclear
complexes with d® metal ions (Ni-triade elements), revealing an
excellent option and starting point for the design of metal-based
drugs able to circumvent cisplatin-resistance. Decreased cellular
uptake, enhanced DNA repair/tolerance, and elevated GSH
levels are the main factors involved in cell resistance and must be
taken into consideration simultaneously when dealing with this
issue. The binuclear platinum complex 2 exhibits better
cytotoxic activity against the cisplatin resistant cell line
A2780cis than the clinical drug (ICs, = 2.3 = 0.2 uM for 2
versus 3.6 = 0.5 M for cisplatin), and the resistant factor (RF =
1) confirms that this complex circumvents cisplatin-resistance in
this cell line. An additional enhancement of the antitumor
response is achieved when adding an equimolar amount of alkali
metal chloride (NaCl or KCI) to the complex, evidencing that
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the presence of the aza crown moiety in the system is a key point.
This moiety has been conveniently functionalized with
dithiocarbamate giving rise to a ditopic ligand, which, once
coordinated to the metal ion, is expected to prevent the
coordination of the metal to the sulfur atoms of cytoplasmic
proteins. The X-ray crystal structures as well as the DFT studies
performed herein show that L>~ is a versatile, flexible platform,
which can be easily adapted to different environments since the
distance between the platinum ions can be varied, thus providing
a variety of conformations when interacting with DNA. The 2-
fold positive charge undoubtedly favors the affinity of the metal
complexes with anionic species, such as anionic proteins present
in the cell membrane as well as the polyanionic phosphate
backbone of DNA, facilitating both the cellular uptake and DNA
interaction. Further studies in order to clarify all these aspects
are in progress.
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