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ABSTRACT: A library of over 20 cycloplatinated compounds of the type
[Pt(dmba-R)LCl] (dmba-R = C,N-dimethylbenzylamine-like ligand; R being
MeO, Me, H, Br, F, CF3, and NO2 substituents in the R5 or R4 position of the
phenyl ring; L = DMSO and P(C6H4CF3-p)3) has been prepared. All compounds
are active in both human ovarian carcinoma A2780 cells and cisplatin-resistant
A2780cisR cells, with most of the DMSO platinum complexes exhibiting IC50
values in the submicromolar range in the A2780 cell line. Interestingly, DMSO
platinum complexes show low cytotoxicity in the nontumorigenic kidney cell line
BGM and therefore high selectivity factors SF. In addition, some of the DMSO
platinum complexes effectively inhibit angiogenesis in the human umbilical vein
endothelial cell line EA.hy926. These are the first platinum(II) complexes
reported to inhibit angiogenesis at a close concentration to their IC50 in A2780
cells, turning them into dual cytotoxic and antiangiogenic compounds.

■ INTRODUCTION

Ovarian epithelial carcinoma represents the fifth cause of cancer
death in women, more than any other cancer of the female
reproductive system.1 Platinum drugs (Figure 1a) have
dominated the therapy of ovarian and other gynecologic
malignancies during the last three decades, and still now
oxaliplatin and carboplatin are used in the different adjuvant
treatments.2 However, more than 90% of patients relapse with a
chemoresistance problem, the major limitation of the current
therapeutic concept, which has motivated a great interest to
improve patient outcomes. From intraperitoneal chemotherapy
to a targeted therapy, which promise personalized treatment,
the most successful strategies are employing angiogenesis
inhibitors.3 In 1970, Folkman proposed that tumor develop-
ment and metastasis are angiogenesis-dependent, and hence,
blocking angiogenesis could impede tumor growth. However,
the limited survival benefits of antiangiogenic drugs stimulated
interest in the combination of antiangiogenic drugs with
established chemotherapies.4,5

Cisplatin (CDDP) and its analogs tend to induce similar
biological effects, whereas structurally different platinum
compounds may lead to a different or complementary
biological activity than that of the classical cross-linked
DNA.6 Thus, coordination compounds have given way to
organometallic compounds as leaders in the inorganic
medicinal chemistry field.7−12 The stability of the transition
metal complexes improves against reduction and ligand
exchange reactions in the presence of a strong M−C σ bond.

Nowadays, cyclometalated C−N and C−N−N PtII complexes
have been specifically designed with the ability to bind
noncovalently to duplex DNA,13 targeting the human telomeric
G-quadruplex13−15 or key proteins.13,16

On the other hand, since the ruthenium compound NAMI-A
demonstrated antimetastatic activity in vivo,17 more nontoxic
ruthenium(II),18,19 rhodium(III),20 and iridium(III)21,22 com-
plexes have been published as angiogenesis inhibitors (Figure
1b). Furthermore, some bioactive metal compounds have a
dual cytotoxicity and antiangiogenic properties;23−26 however,
no platinum compounds have been published yet with a similar
effect. Therefore, the synthesis and development of non-
conventional new platinum compounds with dual activity could
contribute to reduce the acquired-drug resistance and system-
atic toxicities generated by using either a cytotoxic or an
antiangiogenic agent alone.
Based on promising results (Figure 1c),28−31 a systematic

study of organometallic C,N-chelated antitumor platinum(II)
complexes of the type [Pt(R-dmba)LCl] has been developed.
Dimethyl sulfoxide (DMSO) and tris(4-(trifluoromethyl)-
phenyl)phosphine [P(C6H4CF3-p)3] were used as ancillary
ligands. We have also tried to elucidate any differences in their
mode of action by the study of cell cycle arrest, apoptosis, and
accumulation in both wild A2780 and its cisplatin-resistant
variant A2780cisR. Furthermore, the intracellular localization

Received: October 20, 2014

Article

pubs.acs.org/jmc

© XXXX American Chemical Society A DOI: 10.1021/jm501662b
J. Med. Chem. XXXX, XXX, XXX−XXX

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

pubs.acs.org/jmc
http://dx.doi.org/10.1021/jm501662b
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html


and morphological changes induced by selected new com-

pounds have been studied by transmission electronic

microscopy (TEM). The antiangiogenic activity of the

DMSO complexes and migration of EA.hy926 cells (by

wound healing assay) have also been studied. Throughout the

analysis of a bioisosteres family, we have found suitable

candidates for a subsequent biofunctionalization or encapsula-

tion.

■ RESULTS AND DISCUSSION

Synthesis of Amines. Functionalized N,N-dimethylbenzyl-
amines were prepared (Scheme 1) by reductive alkylations of
dimethylamine,32,33 except for the fluoroamines, which were
synthesized by nucleophilic substitution of the adequate benzyl
bromide.34

Synthesis and Characterization of Platinum Com-
plexes. The cytotoxicity and pharmacokinetics of the
complexes can be fine-tuned by ligand structures modifications,
which has encouraged us to optimize the complex [Pt(R-

Figure 1. (a) Worldwide approved platinum drugs. (b) Some recent antiangiogenic metal complexes. (c) Some platinum complexes previously
prepared by our group. The rhodium complex is an inhibitor of lipopolysaccharides (LPS)-induced NO production in RAW264.7 macrophages.20

The staurospine-based iridium complex inhibits the protein kinase VEGFR3.27 The ruthenium cluster and the gold complex have a dual cytotoxic
and antiangiogenic activity.24,26 The 7-azaindolate platinum(II) complex showed potent anticancer activity against ovarian cancer.28,29 The
fluorophosphine platinum(II) complex resulted to be more active than its triphenylphosphine analog and presented low RF values.30

Scheme 1. Amine Formation

Journal of Medicinal Chemistry Article

DOI: 10.1021/jm501662b
J. Med. Chem. XXXX, XXX, XXX−XXX

B

http://dx.doi.org/10.1021/jm501662b


dmba)LCl] (dmba = N,N-dimethylbenzylamine, R = MeO, Me,
H, Br, F, CF3, and NO2). Thus, we have investigated both the
influence of introducing substituents (R) into the phenyl ring
of the C−N ligand and the nature of the ancillary L-trans-to-
NMe2 ligand (L = DMSO or P(C6H4CF3-p)3) (Scheme 2).
DMSO platinum complexes 1a−13a were synthesized by

cyclometalation of the PtCl2(DMSO)2 with the corresponding
substituted N,N-dimethylbenzylamine. Cyclometalation was
strongly influenced by the electronic effect of the R substituent;
whereas donor groups such as MeO or Me promoted it,
electro-withdrawing groups (especially NO2) hindered it. This
fact agrees with the idea that cyclometalation proceeds through
an electrophilic Caryl−H bond activation process.35 On the
other hand, phosphine derivatives 1b−13b were prepared easily
by exchanging DMSO of 1a−13a for P(C6H4CF3-p)3 in
CH2Cl2. They can also be prepared by a dimer compound

cleavage reaction with 2 equiv of the phosphine (Scheme 1,
pathway B).
All the aforementioned derivatives were characterized by 1H,

13C, and 195Pt NMR spectroscopy. Also 31P and 19F NMR were
used for phosphine or fluorinated complexes. 1H NMR of
DMSO platinum complexes 1a−13a are easily characterized
because the resonances assigned to the methyls, CH2, and H

6 of
the substituted N,N-dimethylbenzylamine-like ligand as well as
the methyls of DMSO are flanked by 195Pt satellites.
P(C6H4CF3-p)3 complex formation is undoubtedly confirmed
by the absence of a DMSO signal and the appearance of the Ho
and Hm of P(C6H4CF3-p)3 signal. Furthermore, a H

6 resonance
displacement to high field (more shielded) is observed from
DMSO to the P(C6H4CF3-p)3 complex, suggesting P-
(C6H4CF3-p)3 is trans to NMe2 (Supporting Information,
Figure S1). The phosphine-trans-to-NMe2 ligand geometry for

Scheme 2. Platinum Complexes Synthesis: Cyclometalation of R-dmba and Exchange of DMSO for P(C6H4CF3-p)3

Figure 2. Molecular structures with atom numbering schemes for (a) 8a (70% thermal ellipsoids) and (b) 2b (70% thermal ellipsoids, except for the
disordered F atoms with 30% ellipsoids). One of the trifluoromethyl groups (C7−C9) is rotationally disordered. The disorder was refined for two
approximately equally occupied positions (A and B) with the two (C)F3 positions rotated by about 30° with respect to each other. Selected bond
lengths (Å) and angles (deg) for 8a: Pt−C1 = 2.001(3), Pt−N = 2.113(2), Pt−S = 2.2112(7), Pt−Cl = 2.4006(7), C1−Pt−N = 81.03(11), N−Pt−
Cl = 93.21(7), S−Pt−Cl = 89.02(2), C1−Pt−S = 97.00(8), N−Pt−S = 175.46(7), C1−Pt−Cl = 173.02(8). Selected bond lengths (Å) and angles
(deg) for 2b: Pt−C1 = 2.004(2), Pt−N = 2.134(2), Pt−P = 2.2108(6), Pt−Cl = 2.3988(6), C1−Pt−N = 81.95(9), N−Pt−Cl = 91.54(6), P−Pt−Cl
= 88.37(2), C1−Pt−P = 101.28(7), N−Pt−P = 162.97(6), C1−Pt−Cl = 162.97(7).

Journal of Medicinal Chemistry Article

DOI: 10.1021/jm501662b
J. Med. Chem. XXXX, XXX, XXX−XXX

C

http://dx.doi.org/10.1021/jm501662b


Table 1. IC50 (μM) for Cisplatin and Compounds 1a−13b at 48 ha

Complex A2780 A2780cisR R Complex A2780 A2780cisR

1a 0.98 ± 0.07 2.12 ± 0.14 H 1b 3.36 ± 0.07 4.54 ± 0.86
2a 1.36 ± 0.05 2.22 ± 0.42 5-OCH3 2b 3.51 ± 0.08 4.44 ± 0.53
3a 1.08 ± 0.01 1.65 ± 0.20 4-OCH3 3b 4.01 ± 0.04 4.56 ± 0.22
4a 0.63 ± 0.18 1.97 ± 0.44 5-CH3 4b 4.67 ± 0.07 6.71 ± 0.61
5a 0.69 ± 0.01 1.54 ± 0.15 4-CH3 5b 4.89 ± 0.10 6.76 ± 0.13
6a 0.81 ± 0.08 1.48 ± 0.05 5-Br 6b 4.72 ± 0.06 7.40 ± 1.07
7a 0.96 ± 0.04 1.99 ± 0.45 4-Br 7b 5.99 ± 0.43 7.90 ± 0.32
8a 0.75 ± 0.19 2.24 ± 0.43 5-F 8b 4.52 ± 0.14 6.35 ± 0.57
9a 0.73 ± 0.10 1.49 ± 0.09 4-F 9b 4.17 ± 0.08 6.03 ± 0.87
10a 0.87 ± 0.14 1.13 ± 0.17 5-CF3 10b 4.06 ± 0.09 6.86 ± 0.08
11a 1.17 ± 0.20 2.40 ± 0.66 4-CF3 11b 9.96 ± 0.25 9.27 ± 2.19
12a 0.78 ± 0.05 2.29 ± 0.75 5-NO2 12b 6.16 ± 0.12 7.18 ± 0.62
13a 1.25 ± 0.34 3.65 ± 0.34 4-NO2 13b 5.58 ± 0.08 8.88 ± 0.57
CDDP 1.90 ± 0.20 19.57 ± 1.82

aA2780: human ovarian cancer; A2780cisR: human resistant ovarian cancer.

Figure 3. (a) Comparison of the ancillary ligand effect. The graph shows the ratio between phosphine and DMSO IC50. (b) R substituent position
effect. The graph shows the ratio between R5/R4, red for DMSO complexes and green for P(C6H4CF3-p)3 analogs.

Figure 4. Resistance factors, RF, for CDDP and all the complexes studied toward CDDP-resistant A2780 human ovarian cancer cells, A2780cisR.
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the 1b−13b complexes was confirmed by the NOE effect
between Ho of P(C6H4CF3-p)3 and H6 of the C−N chelating
ligand and the X-ray of complex 2b (Supporting Information,
Figure S2). The positive-ion ESI-MS displayed the [M − Cl]+

peaks with the expected isotopic distribution pattern. All
compounds were shown to be at least 95% pure by elemental
analyses.
Structure Determinations. Single crystals suitable for X-

ray diffraction analysis were obtained from the slow diffusion of
hexane into a saturated solution of 8a and 2b in CH2Cl2/
toluene. Their structures and atom numbering schemes are
shown in Figure 2. Crystallographic data are shown in Tables
S1 and S5 in the Supporting Information, and selected bond
lengths and angles are listed in Tables S3 and S7 in the
Supporting Information. For both compounds 8a and 2b, the
Pt atom is in a distorted square planar environment, with the
C−Pt−N bite angle deviating from 90° due to the bite of the
cyclometalated ligand.29,30 As was suggested from NMR
solution studies, the P(C6H4CF3-p)3 ligand in 2b is positioned
trans to the NMe2 group, which automatically positions the
chlorido ligand trans to the aryl ring of the C,N-chelate. The
values of the Pt−C and Pt−N bond distances of the bonded
dmba ligand are within the normal ranges expected for such
cyclometalated complexes.36 The Pt−Cl bond distances in 8a
and 2b are in the usual range.37 The packing in the structure of
8a is organized by intermolecular C−H···F,29,38,39 C−H···
Cl,40,41 C−H···O,42 and C−H···π interactions43−48 (Supporting
Information, Table S4 and Figure S3). There are no π−π
interactions.49,50 The packing in the structure of 2b is organized
by fluorous (fluorine−fluorine) interactions. Parallel to the bc
plane, the trifluoromethyl groups from different molecules are
oriented toward each other to give a corrugated plane
arrangement of these fluorous interactions (Supporting
Information, Figures S4). Furthermore, packing in the structure
of 2b is also organized by intermolecular C−H···F,29,38,39 C−
H···Cl,40,41 and C−F···π interactions (Supporting Information,
Table S8 and Figures S5). There are no C−H···π43−48 or π−π
interactions.49,50

Biological Activity: Cytotoxicity Studies. The cytotox-
icity of PtII complexes 1a−13a and 1b−13b was evaluated
(Table 1 and Figures 3 and 4) toward human ovarian A2780
cancer cells and A2780cisR (acquired resistance to CDDP).
Due to the low aqueous solubility of the complexes, the tested
compounds were dissolved in DMSO first and then serially
diluted in complete culture medium such that the effective
DMSO content did not exceed 0.4%. CDDP, diluted in water,
was used as positive control.
We investigated the effect on the cytotoxicity of MeO, Me,

H, Br, F, CF3, and NO2 substituents in the R5 and R4 positions
of the phenyl ring of the N,N-dimethylbenzylamine chelating
ligand of the platinum complexes (Scheme 1). Their potency
varied between 0.63 μM and 6.16 μM in the A2780 cell line,
while the activity in A2780cisR ranged from 1.13 μM to 9.27
μM (Table 1). The following trends were observed:

(a) DMSO complexes are more active than their phosphine
counterparts and cisplatin. The ratio between the IC50

values is higher than 3 in all the cases (Figure 3a).
(b) There is not a clear structure−activity relationship after

the introduction of the R substituent in DMSO
complexes. These substituents do not modify drastically
the anticancer activity of the parent compound, 1a, so

that one may take advantage of the purpose of a later
biofuncionalization.

(c) The introduction of the R substituent in the P(C6H4CF3-
p)3 complexes causes a reduction in the activity of 1b.

(d) Comparing the (R5 vs R4) isomeric couples 2/3, 4/5, 6/
7, 8/9, 10/11, and 12/13, there was a slight preference
for R5-analogs. Only in the case of 2/3 for DMSO, and
8/9 and 12/13 for P(C6H4CF3-p)3 complexes, is the R4-
position (3a, 9b, and 13b complexes, respectively)
preferred (Figure 3b).

Dmba Platinum Complexes Overcome the Acquired
Resistance to CDDP. On the other hand, A2780cisR
encompasses all of the known major mechanisms of resistance
to cisplatin:51 limitation of drug levels, enhanced DNA repair
and/or increased damage tolerance, elevated cellular thiol
(GSH) level, and failure of cell-death pathways. The
compound’s ability to overcome the acquired resistance was
determined from the resistance factor, RF, defined as the ratio
of resistant and sensitive IC50. An RF of <2 is considered as the
limit beyond which the compound denotes non-cross-
resistance.52 In general, all the compounds are able to
overcome the cisplatin resistance, and although some DMSO
complexes show RF above 2, they are much lower than the
cisplatin one (Figure 4).

DMSO Complexes 1a−13a Are More Cell-Selective
than CDDP. Differential selectivity of an anticancer drug
toward cancer cells versus normal cells increases the likelihood
of tumor-specific cytotoxicity, reducing side effects in patients.
Hence, the in vitro antiproliferative activity of DMSO
compounds and CDDP was also evaluated in a kidney healthy
cell line, BGM (African green monkey kidney) (Table 2). All

the complexes were found to be less toxic than cisplatin in the
kidney cell line. More importantly, selectivity factor values (SF
= kidney normal cells IC50 divided by the ovarian malignant
cells IC50) attest to a preferential cytotoxicity of PtII

organometallic complexes toward neoplastic cells. The cell
selectivity factors for 1a−13a are higher (up to SF = 17.25 for
4a) than that of CDDP (SF = 2.24) (Figure 5). That may
contribute to overcome nephrotoxicity, which is one of the
most aggressive side effects of chemotherapy.
On the other hand, IC50 values for 1a−13a in the EA.hy926

cell line were also calculated (Table 2) with the aim to verify

Table 2. IC50 (μM) for CDDP and Compounds 1a−13a at 48
h

Complex BGM EA.hy926

1a 6.55 ± 0.20 6.32 ± 0.12
2a 11.27 ± 0.32 9.67 ± 0.13
3a 7.34 ± 0.32 6.88 ± 0.10
4a 10.87 ± 0.65 6.20 ± 0.11
5a 8.44 ± 0.32 5.72 ± 0.23
6a 7.44 ± 0.36 5.24 ± 0.09
7a 7.97 ± 0.30 4.97 ± 0.18
8a 6.46 ± 0.41 6.09 ± 0.11
9a 9.07 ± 1.71 6.30 ± 0.11
10a 6.31 ± 0.11 4.50 ± 0.08
11a 9.33 ± 1.31 7.55 ± 0.27
12a 9.61 ± 0.78 6.90 ± 0.14
13a 15.49 ± 2.55 10.51 ± 0.29
CDDP 4.25 ± 0.37 9.86 ± 0.64
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that the antiangiogenic effect was not due to a cytotoxic effect
but rather to their antiangiogenic potential.
Distribution of Platinum Using Transmission Electron

Microscopy (TEM). By using TEM, it seemed likely that we
would observe platinum derived contrast in sections of cancer
cells treated with the platinum complexes studied here if their
deposition is sufficiently localized in cell organelles. A2780 cells
were exposed to 1 μM of 1a (the parent compound), 8a (a very
active DMSO derivative), and 2b (a very active phosphine
compound) for 24 h at 310 K, and the treated and control cells
were fixed and embedded in epoxy resin. Ultrathin sections
were observed under the TEM (Figure 6). No uranyl acetate or

OsO4 was used for staining both the control cells and the
treated cells. Any additional contrast observed between the
control cells and the treated cells is due to cell uptake of the
platinum complexes. Sections of cells treated with 1a, 8a, and
2b show more contrast in comparison to those from control
cells, in particular in the nucleolus, and the internal nuclear
membrane (Figure 6b−d). The results suggest that these
compounds interact with the nucleic acids of the nucleus.
Several cells displayed the morphological changes associated
with apoptosis,53 such as intact cell membrane even late in the
cell disintegration phase, nuclear fragmentation (Figure 6d),
disorganized cytoplasmic organelles (white arrow), and large

Figure 5. Selectivity factors, SF, of DMSO complexes and CDDP.

Figure 6. TEM images of (a) untreated A2780 cells, and A2780 cells after 24 h of exposure at 310 K to 1 μM of (b) 1a, (c) 8a, and 4 μM of (d) 2b.
Yellow and blue arrows indicate heterochromatin and euchromatin in the control, respectively. Red arrows signalize nucleolus, green vacuoles, and
white mitochondria in the cells treated with compounds. The black arrow in (d) shows part of the nucleus embedded in a vacuole.

Journal of Medicinal Chemistry Article

DOI: 10.1021/jm501662b
J. Med. Chem. XXXX, XXX, XXX−XXX

F

http://dx.doi.org/10.1021/jm501662b


clear vacuoles (green arrows). During the chromatin con-
densation at an early apoptosis phase, the electron-dense
nuclear material characteristically aggregates peripherally under
the internal nuclear membrane (Figure 6c), whereas cells
fragment into apoptotic bodies with intact cell membranes in
the later phase of apoptosis (Figure 6d).
Accumulation Studies. Acquired resistance is known as

the major disadvantage to CDDP treatment. Among the several
explanations that can account for CDDP resistance, decreased
cellular accumulation of the drug appears to be one important
mechanism. The cellular accumulation of the PtII complexes in
the A2780 and A2780cisR ovarian cancer cell lines was studied
to investigate the possible relationship between cellular uptake,
cytotoxicity, and resistance. Cellular concentrations were
determined by ICP-MS after 24 h of exposure to the most
active compound 4a, its phosphine analog 4b, and CDDP at 1,
4, and 2 μM, respectively. The results are summarized in Figure
7. As a general result, the cellular accumulation of the

complexes increases in the sensitive A2780 with respect to
the resistant A2780cisR. Indeed, complex 4a accumulates more
effectively than 4b and CDDP, which correlates with their IC50
values. It is also interesting to note that the ratio of the Pt levels
of A2780cisR/A2780 increases following the trend 4b > 4a >
CDDP, resulting in the higher RF values for CDDP > 4a > 4b.

Cell Cycle Arrest. To understand the effect of PtII

derivatives on cell growth, we examined the effect of some
DMSO and two phosphine derivatives on the cell cycle by
FACS (fluorescence activated cell sorter) analysis. After
treatment of A2780 cell lines with 1 μM of 1a, 2a, 4a, 8a,
and CDDP or 4 μM of 1b and 2b (approximately the IC50
value for the platinum derivatives with respect to A2780 cells)
for 24 h (Figure 8 and Supporting Information, Figure S6), we
found two different behaviors. Whereas compounds 2a, 4a, 1b,
and 2b arrest the cycle in the G0/G1 phase, 1a and 8a lead to
the appearance of a nondividing tetraploid and arrest the cycle
in the S/G2 phase. Both cases diverge from the large disruption
caused by CDDP, which arrests the cycle in the S phase, as the
population increment with respect to the control shows.
On the other hand, Figure S7 in the Supporting Information

shows cell cycle arrest for the same compounds in A2780cisR.
The new organometallic complex causes a slight increment in
the population of the G0/G1 (phosphine derivatives) and S/
G2 (DMSO derivatives) phases, again in contrast with that
generated by CDDP in the S phase.

Apoptosis Studies. Apoptotic studies were also carried out
with the A2780 cell line. Exposure of phosphatidylserine (PS)
was followed by a flow cytometric assay with the Annexin V-
FLUOS apoptosis detection kit (Roche). Propidium iodide
(PI) was also applied to stain necrotic or late apoptotic cells.
Fluorescence intensity was measured for each cell by flux
cytometry. The results are shown in Figure 9 and Figure S8 in
the Supporting Information. The four typical quadrants

Figure 7. Intracellular platinum accumulation in A2780 and
A2780cisR cells at 24 h incubation with complexes 4a, 4b, and CDDP.

Figure 8. Cell cycle analysis of A2780 human ovarian cancer cells after 24 h treatment with approximately the IC50 value for the platinum derivatives
at 310 K.
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identifying the living (lower left quadrant D1, not or low
stained cells), the early apoptotic (lower right quadrant D2,
only the annexin-V stained cells), the necrotic (upper left
quadrant D4, only PI stained cells), and the late apoptotic
(upper right quadrant D3, cells stained with both fluorescent
dyes) cells appear in these diagrams. As can be seen clearly, 4a,
8a, and 1b induce a high incidence of apoptosis (35%, 31% and
48%, respectively) in A2780 cells at 24 h without increasing the
necrotic population. The same study for 4a at 48 h showed an
increase in annexin V-positive apoptotic cells (86%) (Support-
ing Information, Figure S9), demonstrating that complex 4a
induced apoptosis in a time-dependent manner.
It seems that DNA damage, caused before the S phase (G1

checkpoint) and after (G2 checkpoint), could not be repaired,
preventing the cell from arriving at the next phase, so that the
cell would die by apoptosis. We have confirmed DNA damage
is consistent with cell death, which occurs through the
apoptosis process. The cell shrinkage and morphology shown
in Figure 6 were also consistent with this type of cell death.
Apoptosis experiments in A2780cisR after 24 h of incubation

with DMSO derivatives (Supporting Information, Figure S10)
show a diminution of the percentage of apoptotic cells, in
contrast with the increment caused by phosphine derivatives.
Again, this is another sign of how phosphine derivatives
overcome cisplatin-resistance.
Reactions of the Platinum Complexes with 9-Ethyl-

guanine Followed by 1H NMR. Once nucleic acids of
nucleus were identified as the most likely primary biological

target of both the DMSO and P(C6H4CF3-p)3 families of
compounds, we wondered whether the interaction with DNA
would take place by covalent binding to guanine. That is the
reason why we carried out the reactions of the complexes 8a
and 2b with the model nucleobase 9-EtG in a 1:5 ratio. Both
reactions were followed by 1H NMR in a D2O/DMSO-d6 (1:4)
mixture at 310 K (Supporting Information, Figures S11 and
S12), observing that, in the reaction with complex 2b, 9-EtG
was completely bound to platinum in less than 30 min, whereas
for 8a the reaction occurred only in 50%. In both cases
monofunctional adducts were formed.

No Hoechst 33258 Displacement Took Place. In order
to clarify the binding mode between the new metal complexes
and DNA, a fluorescence competition experiment with Hoechst
33258 was employed. This ligand is able to bind via
electrostatic interactions to the minor groove of duplex DNA
(with marked preference for AT-rich regions) at high DNA/
Hoechst ratio.54 Due to the fluorescence yield of Hoechst
33258 increasing significantly in the presence of DNA, an
intensity reduction with complexes addition is interpreted as
the displacement of Hoechst bound to ct-DNA. None of the
studied complexes was able to produce a decrease in the
Hoechst bound to DNA spectra (Supporting Information,
Figure S13), which means the complexes do not bind in the
minor groove of DNA. This result is in agreement with the
hypothesis that the PtII complexes are able to bind covalently to
DNA.

Figure 9. Flow cytometry analysis of A2780 human ovarian cancer cells after treatment with 4a, 8a, 1b, and 2b as detected by annexin V/PI. Density
plots for untreated cells (control) and for cells treated with 2 μM (24 h) of 4a, 8a, and CDDP and cells treated with 8 μM (24 h) of 1b and 2b. The
experiments were performed in triplicate.
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Inhibition of Tube Formation by DMSO Complexes
1a−13a in EA.hy926 Endothelial Cells. Angiogenesis is
often assessed by the ability of endothelial cells to sprout,

migrate, and form vascular tubes in vitro on a Matrigel matrix, a
gelatinous protein mixture secreted by Engelbreth-Holm-
Swarm (EHS) mouse sarcoma cells.55,56

Figure 10. Effect of the DMSO complexes in the endothelial cell tube formation assay. (a) Quantification after the ImageJ process of number of
meshes, total meshes area, and total length of the tubular structure of EA.hy926 cells under 1 μM of compounds 1a−13a and CDDP for 12 h. Error
bars represent the standard deviation of three independent experiments. *p < 0.05 was considered to be statistically significant. (b) Typical images
after an ImageJ process of EA.hy926 cells added to 24-well plates precoated with Matrigel for 12 h: for culture medium as a control and with 4a, 1
μM. Tube formation of EA.hy926 cells was photographed under an inverted phase-contrast microscope.
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In vitro angiogenesis was measure 12 h after incubating
EA.hy926 cells with DMSO compounds 1a−13a at 5, 3, and 1
μM concentrations (Figure 10b and Supporting Information,
Figure S14). The concentration reduction was carried out in
order to work at its subcytotoxic concentration (Table 2). The
resulting formation or inhibition of capillary-like structures was
quantified only for 1 μM (Figure 10a) using a combination of
the three most representative parameters: total length (μm),
number of meshes (network or polygonal structures), and total
meshes area (area occupied by the meshes, μm2).
Only those compounds that presented significant differences

in all the studied parameters were considered antiangiogenic.
Thereby, apart from CDDP, there are only four compounds
(3a, 5a, 10a, and 12a) that do not display antiangiogenic
activity at 1 μM. The rest of them inhibit the formation of
vascular tubes not only at subcytotoxic concentrations (3 μM)
but also at one very close to their IC50 in A2780 cells. This fact
turns them into dual cytotoxic and antiangiogenic compounds.
Effect of DMSO Complexes 1a−13a on the Migration

of EA.hy926 Cells by Wound Healing Assay. As a second
indication of the activity of compounds 1a−13a in endothelial
cells function, we performed a migration study. It is based on
the scratch of the cells and the measurement of their ability to
close it after 8 h with or without the addition of the
compounds.57 Figure 11 shows clearly how compound 4a
diminished the mobility of EA.hy926 cells with respect to the
control, which was almost fully repopulated.
Since EA.hy926 cells were not affected by the exposure to the

compounds at 1 μM in that short period of time, the inhibition
of migration is likely to result from antiangiogenic activity.
Figure 12 summarizes the results for DMSO complexes 1a−

13a and CDDP as the percentage of cell-free area after 8 h.
(Wound healing area (%) = [cell-free area (0 h) − cell-free area
(8 h)]/cell-free area (0 h) × 100).
Compounds 2a, 3a, 8a, and 9a did not inhibit the migration

at the tested concentration. Thus, and taking into account both

experiments in endothelial cells, compounds 1a, 4a, 6a, 7a, 11a,
and 13a display prominent antiangiogenic properties at a
cytotoxic concentration in A2780 cells.

■ CONCLUSIONS
A small library of over 20 compounds of the type [Pt(N−
C)LCl] (N−C = C,N-dimethylbenzylamine-like ligand; L =
DMSO and P(C6H4CF3-p)3) have been prepared. All of them
are active in the CDDP resistant cells A2780cisR and have
shown strong apoptosis inducing character in vitro. The DMSO
platinum complexes trigger strong cytotoxic effects (in
submicromolar IC50 values in A2780), being more active than
their phosphine counterparts (low micromolar IC50) and
CDDP. The toxicity toward the nontumorigenic cells BGM
of the new compounds is less than that of CDDP. The cell
selectivity factors (SF = ratio of IC50 for BGM/IC50 for A2780
cells) for 1a−13a are higher (up to SF = 17.25 for 4a) than that

Figure 11. Effect of compound 4a on the migration of EA.hy926 cells by wound healing assay. Typical images of the wound at the beginning of the
experiment and after 8 h for culture medium as a control and with 4a, 1 μM. Migration of EA.hy926 cells was photographed under a light microscope
(scale bar, 500 μm), and the data were digitally recorded.

Figure 12. Effect of compounds 1a−13a and CDDP on the migration
of EA.hy926 cells by a wound healing assay. EA.hy926 cells were
treated with 1 μM of compounds 1a−13a and CDDP for 8 h. *p <
0.05 was considered to be statistically significant.
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of CDDP (SF = 2.24). Comparing the (R5 vs R4) isomeric
couples 2/3, 4/5, 6/7, 8/9, 10/11, and 12/13, there was only
in the case of 2/3 a clear preference for the R4-analogue 3a.
TEM images showed high electron density in both hetero-
chromatin and nucleolus of A2780 cells incubated with selected
compounds. In addition, some of the DMSO platinum
complexes inhibited effectively angiogenesis in the human
umbilical vein endothelial cell line EA.hy926 at 1 μM. Tube
formation from EA.hy926 has been quantified with ImageJ
software, and the study of the effect of DMSO complexes on
the migration of EA.hy926 cells by wound healing assay has
also been undertaken. Complexes 1a, 4a, 6a, 7a, 11a, and 13a
are the first platinum(II) complexes reported to inhibit
angiogenesis at a concentration close to the A2780 IC50.
Therefore, these are potent agents with dual antiangiogenic and
cytotoxic activities.

■ EXPERIMENTAL SECTION
General Methods and Starting Materials. The C, H, N and S

analyses were performed with a Carlo Erba model EA 1108
microanalyzer. The 1H, 13C, 31P, 19F, and 195Pt NMR spectra were
recorded on a Bruker AC 300E or a Bruker AV 400 spectrometer.
Chemical shifts are cited relative to SiMe4 (1H and 13C, external),
CFCl3 (19F, external), 85% H3PO4 (31P, external), and Na2[PtCl6]
(195Pt, external). ESI mass (positive mode) analyses were performed
on a HPLC/MS TOF 6220. The isotopic distribution of the heaviest
set of peaks matched very closely that calculated for the formulation of
the complex cation in every case. UV/vis spectroscopy was carried out
on a PerkinElmer Lambda 750 S spectrometer with operating
software. Fluorescence measurements were carried out with a
PerkinElmer LS 55 50 Hz Fluorescence Spectrometer. PerkinElmer
Sciex Elan 6000 DRC-e ICP-MS instrument (PerkinElmer, Norwalk,
CT) was used to determine Pt concentration.
All synthetic manipulations were carried out under an atmosphere

of dry, oxygen-free nitrogen using standard Schlenk techniques.
Solvents were dried by the usual methods. N,N-dimethylbenzylamine,
tris(4-(trifluoromethyl)phenyl)phosphine, substituted benzaldehydes,
3-fluorobenzyl bromide, 4-fluorobenzyl bromide, titanium(IV) iso-
propoxide, sodium borohydride, sodium salt of calf thymus DNA,
ethidium bromide (EB), and Hoechst 33258 were obtained from
Sigma-Aldrich (Madrid, Spain), dimethylamine from Fluka and
K2PtCl4 from Johnson Matthey. Deuterated solvents were obtained
from Euriso-top. Pt(DMSO)2Cl2 and [Pt(dmba)(μ-Cl)]2 were
prepared using reported procedures.58,59 Complexes 1a, 1b, 8b and
10b were synthesized using literature procedure.30,60 All synthesized
platinum compounds were isolated in ≥95% purity, as determined by
elemental analyses.
General Procedure for the Synthesis of Cycloplatinated

DMSO Pt(II) Complexes 1a−13a. The method was adapted from
the previously described by van Koten.60 The corresponding amine
(0.71 mmol) dissolved in MeOH (2 mL) was added under N2 to a
suspension of PtCl2DMSO2 (0.71 mmol) and NaOAc (1.4 mmol) in
15 mL of freshly distilled MeOH. The resulting mixture was stirred at
65 °C and the reaction time that ranged from 4 to 24 h depending on
the amine, was monitored by TLC. When the reaction finished, the
solution was concentrated under vacuum and a white or yellow solid
precipitated. The solid was filtrated, washed with MeOH/ether and
air-dried.
Complex 2a. White solid. Yield: 51%. Anal. Calcd for 2a

C12H20ClNO2PtS: C, 30.48; H, 4.26; N, 2.96; S, 6.78. Found: C,
29.85; H, 4.06; N, 2.82; S, 6.55. 1H NMR (300 MHz, DMSO-d6): δ
7.41 (d, 1H, H6, JH6H4 = 2.7 Hz, JHPt = 53.1 Hz), 6.95 (d, 1H, H3, JH3H4
= 8.1 Hz), 6.53 (dd, 1H, H4, JH4H3 = 8.1 Hz, JH4H6 = 2.7 Hz), 3.92 (s,
2H, CH2N, JHPt = 40.5 Hz), 3.61 (s, 3H, OCH3), 2.73 (s, 6H,
N(CH3)2, JHPt = 30.3 Hz).13C{1H} NMR (75.46 MHz, DMSO-d6): δ
121.91 (s, CH3), 119.60 (s, CH6), 109.17 (s, CH4), 73.04 (s, CH2N),
54.69 (s, OCH3), 51.47 (s, N(CH3)2).

195Pt NMR (86.18 MHz,

DMSO-d6): δ −3645.17 (s). ESI-MS (pos. ion mode, CH2Cl2): m/z
437.06 ([M − Cl]+, calcd. 437.08).

Complex 3a. White solid. Yield: 79%. Anal. Calcd for 3a
C12H20ClNO2PtS: C, 30.48; H, 4.26; N, 2.96; S, 6.77. Found: C,
30.45; H, 4.20; N, 2.99; S, 6.78. 1H NMR (300 MHz, CDCl3): δ 7.82
(d, 1H, H6, JH6H5 = 8.4 Hz, JHPt = 46.2 Hz), 6.63 (m, 2H, H5+H3), 3.94
(s, 2H, CH2N, JHPt = 39.9 Hz), 3.74 (s, 3H, OCH3), 3.51 (s, 6H,
SCH3, JHPt = 24.9 Hz), 2.90 (s, 6H, N(CH3)2, JHPt = 33.3 Hz).
13C{1H} NMR (150.9 MHz, CDCl3): δ 134.97 (s, CH6, JCPt = 89.2
Hz), 111.14 (s, CH5, JCPt = 87.7 Hz), 108.62 (s, CH3, JCPt = 55.7 Hz),
74.96 (s, CH2N, JCPt = 75.9 Hz), 55.43 (s, OCH3), 52.47 (s,
N(CH3)2), 46.98 (s, SCH3, JCPt = 94.6 Hz). 195Pt NMR (86.18 MHz,
CDCl3): δ −3676.62 (s). ESI-MS (pos. ion mode, CH2Cl2): m/z
437.08 ([M − Cl]+, calcd. 437.08).

Complex 4a. White solid. Yield: 58%. Anal. Calcd for 4a
C12H20ClNOPtS: C, 31.55; H, 4.41; N, 3.07; S, 7.02. Found: C,
31.55; H, 4.42; N, 3.10; S, 7.05. 1H NMR (400 MHz, CDCl3): δ 7.78
(s, 1H, H6, JHPt = 46.0 Hz), 6.96 (d, 1H, H3, JH3H4 = 7.2 Hz), 6.89 (d,
1H, H4, JH4H3 = 7.2 Hz), 3.96 (s, 2H, CH2N, JHPt = 39.6 Hz), 3.54 (s,
6H, SCH3, JHPt = 22.8 Hz), 2.91 (s, 6H, N(CH3)2, JHPt = 33.2 Hz),
2.32 (s, 3H, Me). 13C{1H} NMR (150.9 MHz, CDCl3): 134.86 (s,
CH6, JCPt = 79.2 Hz), 125.76 (s, CH4), 121.56 (s, CH3, JCPt = 55.1 Hz),
74.84 (s, NCH2, JCPt = 78.9 Hz), 52.32 (s, N(CH3)2), 46.95 (s, SCH3,
JCPt = 94.5 Hz), 21.88 (s, CH3).

195Pt NMR (86.18 MHz, CDCl3): δ
−3665.38 (s). ESI-MS (pos. ion mode, CH2Cl2): m/z 421.09 ([M −
Cl]+, calcd. 421.09).

Complex 5a. White solid. Yield: 85%. Anal. Calcd for 5a
C12H20ClNOPtS: C, 25.32; H, 3.28; N, 2.68; S, 6.15. Found: C,
25.31; H, 3.26; N, 2.69; S, 6.15. 1H NMR (400 MHz, CDCl3): δ 7.81
(d, 1H, H6, JH6H5 = 8.0 Hz, JHPt = 40.4 Hz), 6.89 (s, 1H, H3), 6.86 (d,
1H, H5, JH5H6 = 8.0 Hz), 3.95 (s, 2H, CH2N, JHPt = 40.0 Hz), 3.53 (s,
6H, SCH3, JHPt = 23.6 Hz), 2.91 (s, 6H, N(CH3)2, JHPt = 36.8 Hz),
2.25 (s, 3H, CH3).

13C{1H} NMR (150.9 MHz, CDCl3): δ 134.01 (s,
CH6, JCPt = 82.7 Hz), 127.05 (s, CH5, JCPt = 83.6 Hz), 122.65 (s, CH3,
JCPt = 52.4 Hz), 74.98 (s, CH2N, JCPt = 79.2 Hz), 52.36 (s, N(CH3)2),
46.92 (s, SCH3, JCPt = 95.1 Hz), 21.10 (s, CH3).

195Pt NMR (86.18
MHz, CDCl3): δ −3677.19 (s). ESI-MS (pos. ion mode, CH2Cl2): m/
z 421.09 ([M − Cl]+, calcd. 421.09).

Complex 6a. White solid. Yield: 43%. Anal. Calcd for 6a
C11H17BrClNOPtS: C, 25.32; H, 3.28; N, 2.68; S, 6.15. Found: C,
24.99; H, 3.19; N, 2.54; S, 6.05.1H NMR (400 MHz, CDCl3): δ 8.11
(d, 1H, H6, JH6H4 = 1.6 Hz, JHPt = 52.0 Hz), 7.22 (dd, 1H, H4, JH4H3 =
8.0 Hz, JH4H6 = 1.6 Hz), 6.94 (d, 1H, H3, JH3H4 = 8.0 Hz), 3.94 (s, 2H,
CH2N, JHPt = 39.6 Hz), 3.54 (s, 6H, SCH3, JHPt = 23.6 Hz), 2.91 (s,
6H, N(CH3)2, JHPt = 32.8 Hz). 13C{1H} NMR (150.9 MHz, CDCl3):
δ 136.67 (s, CH6, JCPt = 83.8 Hz), 127.89 (s, CH4), 123.24 (s, CH3),
74.55 (s, CH2N, JCPt = 77.0 Hz), 52.39 (s, N(CH3)2), 46.88 (s, SCH3,
JCPt = 93.0 Hz). 195Pt NMR (86.18 MHz, CDCl3): δ −3624.38 (s).
ESI-MS (pos. ion mode, CH2Cl2): m/z 485.99 ([M − Cl]+, calcd.
485.98).

Complex 7a. White solid. Yield: 30%. Anal. Calcd for 7a
C11H17BrClNOPtS: C, 25.32; H, 3.28; N, 2.74; S, 6.15. Found: C,
25.33; H, 3.27; N, 2.72; S, 6.15. 1H NMR (400 MHz, CDCl3): δ 7.82
(d, 1H, H6, JH6H5 = 8.4 Hz, JHPt = 46.0 Hz), 7.16 (m, 2H, H3+H5), 3.94
(s, 2H, CH2N, JHPt = 40.0 Hz), 3.53 (s, 6H, SCH3, JHPt = 23.6 Hz),
2.91 (s, 6H, N(CH3)2, JHPt = 32.4 Hz). 13C{1H} NMR (150.9 MHz,
CDCl3): δ 136.08 (s, CH

6, JCPt = 85.7 Hz), 129.08 (s, CH5, JCPt = 86.9
Hz), 124.71 (s, CH3, JCPt = 57.8 Hz), 74.35 (s, CH2N, JCPt = 75.2 Hz),
52.43 (s, N(CH3)2), 46.91 (s, SCH3, JCP = 93.7 Hz) 195Pt NMR (86.18
MHz, CDCl3): δ −3643.55 (s). ESI-MS (pos. ion mode, CH2Cl2): m/
z 485.99 ([M − Cl]+, calcd. 485.98).

Complex 8a. White solid. Yield: 49%. Anal. Calcd for 8a
C11H17ClFNOPtS: C, 28.67; H, 3.72; N, 3.04; S, 6.96. Found: C,
28.72; H, 3.74; N, 3.05; S, 6.95. 1H NMR (400 MHz, CDCl3): δ 7.72
(dd, 1H, H6, JHF = 11.2 Hz, JH6H4 = 2.8 Hz, JHPt = 54 Hz), 7.03 (dd,
1H, H3, JH3H4 ≈ JHF = 8.4 Hz), 6.76 (td, 1H, H4, JH4H3 ≈ JHF= 8.4 Hz,
JH4H6 = 2.8 Hz), 3.97 (s, 2H, CH2N, JHPt = 39.6 Hz), 3.54 (s, 6H,
SCH3, JHPt = 24.0 Hz), 2.91 (s, 6H, N(CH3)2, JHPt = 33.6 Hz).
13C{1H} NMR (150.9 MHz, CDCl3): δ 122.56 (d, CH3, JCF = 12.2
Hz), 119.60 (d, CH6, JCF = 31.5 Hz), 111.50 (d, CH4, JCF = 33.8 Hz),
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74.48 (s, CH2N), 52.37 (s, N(CH3)2), 46.88 (s, SCH3, JCPt = 92.4 Hz).
19F{1H} NMR (282.40 MHz, CDCl3): δ −114.45 (s, F, JFPt = 56.5
Hz). 195Pt NMR (86.18 MHz, CDCl3): δ −3630.71 (s). ESI-MS (pos.
ion mode, CH2Cl2): m/z 425.06 ([M − Cl]+, calcd. 425.06).
Complex 9a. White solid. Yield: 57%. Anal. Calcd for 9a

C11H17ClFNOPtS: C, 28.67; H, 3.72; N, 3.04; S, 6.96. Found: C,
28.70; H, 3.73; N, 3.01; S, 6.99. 1H NMR (400 MHz, CDCl3): δ 7.91
(dd, 1H, H6, JH6H5 ≈ JHF = 8.4 Hz, JHPt = 45.6 Hz), 6.78 (m, 2H,
H3+H5), 3.97 (s, 2H, CH2N, JHPt = 39.6 Hz), 3.55 (s, 6H, SCH3, JHPt
=2 4.0 Hz), 2.93 (s, 6H, N(CH3)2, JHPt = 32.8 Hz). 13C{1H} NMR
(75.46 MHz, CDCl3): δ 135.46 (s, CH6, JCPt = 36.2 Hz), 112.55 (d,
CH5, JCF = 19.2 Hz, JCPt = 61 Hz), 108.83 (d, CH3, JCF = 21.5 Hz, JCPt
= 61.6 Hz), 74.32 (d, CH2N, JCF = 2.5 Hz, JCPt = 49 Hz), 52.17 (s,
N(CH3)2), 46.65 (s, SCH3, JCPt = 62.9 Hz). 19F{1H} NMR (282.40
MHz, CDCl3): δ −118.56 (s, F, JFPt = 11.3 Hz). 195Pt NMR (86.18
MHz, CDCl3): δ −3656.58 (s). ESI-MS (pos. ion mode, CH2Cl2): m/
z 425.06 ([M − Cl]+, calcd. 425.06).
Complex 10a. White solid. Yield: 21%. Anal. Calcd for 10a

C12H17ClF3NOPtS: C, 28.21; H, 3.35; N, 2.74; S, 6.28. Found: C,
28.25; H, 3.34; N, 2.72; S, 6.29. 1H NMR (300 MHz, CDCl3): δ 8.28
(s, 1H, H6, JHPt = 50.3 Hz), 7.33 (d, 1H, H4, JH4H3 = 7.8 Hz), 7.14 (d,
1H, H3, JH3H4 = 7.8 Hz), 4.01 (s, 2H, CH2N, JHPt = 39.6 Hz), 3.55 (s,
6H, SCH3, JHPt = 24.9 Hz), 2.93 (s, 6H, N(CH3)2, JHPt = 33.6 Hz).
13C{1H} NMR (75.46 MHz, CDCl3): δ 130.98 (s, CH6), 121.51 (m,
CH3+CH4), 74.74 (s, CH2N, JCPt = 52.8 Hz), 52.52 (s, N(CH3)2),
46.88 (s, SCH3, JCP = 62.4 Hz). 19F{1H} NMR (282.40 MHz, CDCl3):
δ −62.18 (s, CF3).

195Pt NMR (86.18 MHz, CDCl3): δ −3629.23 (s).
ESI-MS (pos. ion mode, CH2Cl2): m/z 475.06 ([M − Cl]+, calcd.
425.06).
Complex 11a. White solid. Yield: 22%. Anal. Calcd for 11a

C12H17ClF3NOPtS: C, 28.21; H, 3.35; N, 2.74; S, 6.28. Found: C,
28.22; H, 3.34; N, 2.72; S, 6.25. 1H NMR (300 MHz, CDCl3): δ 8.07
(m, 1H, H6, JHPt = 47.1 Hz), 7.27 (m, 2H, H3+H5), 4.01 (s, 2H,
CH2N, JHPt = 40.5 Hz), 3.55 (s, 6H, SCH3, JHPt = 24.9 Hz), 2.92 (s,
6H, N(CH3)2, JHPt = 33.6 Hz). 13C{1H} NMR (75.46 MHz, CDCl3):
δ 134.47 (s, CH6, JCPt = 54.3 Hz), 122.60 (s, CH5, JCPt = 55.1 Hz),
117.88 (s, CH3, JCPt = 21.1 Hz), 74.42 (s, CH2N, JCPt = 51.5 Hz), 52.17
(s, N(CH3)2), 46.61 (s, SCH3, JCPt = 62.3 Hz). 19F{1H} NMR (282.40
MHz, CDCl3): δ −62.21 (s, CF3). 195Pt NMR (86.18 MHz, CDCl3): δ
−3629.08 (s). ESI-MS (pos. ion mode, CH2Cl2): m/z 475.06 ([M −
Cl]+, calcd. 425.06).
Complex 12a. Beige solid. Yield: 18%. Anal. Calcd for 12a

C11H17ClN2O3PtS: C, 27.08; H, 3.51; N, 5.74; S, 6.57. Found: C,
27.10; H, 3.54; N, 5.72; S, 6.56. 1H NMR (400 MHz, CDCl3): δ 8.88
(d, 1H, H6, JH6H4 = 2.4 Hz, JHPt = 53.2 Hz), 7.95 (dd, 1H, H4, JH4H3 =
8.4 Hz, JH4H6 = 2.4 Hz), 7.19 (d, 1H, H3, JH3H4 = 8.4 Hz), 4.05 (s, 2H,
CH2N, JHPt = 38.8 Hz), 3.58 (s, 6H, SCH3, JHPt = 23.6 Hz), 2.95 (s,
6H, N(CH3)2, JHPt = 32 Hz).13C{1H} NMR (150.9 MHz, CDCl3): δ
128.90 (s, CH6), 122.07 (s, CH3), 120.18 (s, CH4), 74.50 (s, CH2N,
JCPt = 75.5 Hz), 52.59 (s, N(CH3)2), 46.83 (s, SCH3, JCPt = 91.3 Hz).
195Pt NMR (86.18 MHz, CDCl3): δ −3606.56 (s). ESI-MS (pos. ion
mode, CH2Cl2): m/z 452.06 ([M − Cl]+, calcd. 452.06).
Complex 13a. Pale yellow solid. Yield: 14%. Anal. Calcd for 13a

C11H17ClN2O3PtS: C, 27.08; H, 3.51; N, 5.74; S, 6.57. Found: C,
27.09; H, 3.54; N, 5.73; S, 6.58. 1H NMR (400 MHz, CDCl3): δ 8.16
(m, 1H, H6, JHPt = 46.4 Hz), 7.89 (m, 2H, H3+H5), 4.06 (s, 2H,
CH2N, JHPt = 40.0 Hz), 3.58 (s, 6H, SCH3, JHPt = 23.6 Hz), 2.95 (s,
6H, N(CH3)2, JHPt = 32.8 Hz). 13C{1H} NMR (150.9 MHz, CDCl3):
δ 135.05 (s, CH6), 120.95 (s, CH5), 116.28 (s, CH3), 74.12 (s, CH2N),
52.32 (s, N(CH3)2), 46.71 (s, SCH3, JCPt= 91.3 Hz). 195Pt NMR (86.18
MHz, CDCl3): δ −3587.25 (s). ESI-MS (pos. ion mode, CH2Cl2): m/
z 452.06 ([M − Cl]+, calcd. 452.06).
General Procedure for the Synthesis of Cycloplatinated

Phosphine Pt(II) Complexes 1b−13b. The platinum DMSO
derivatives 1a−13a was converted into the corresponding tris(4-
trifluoromethyl-phenyl)phosphine derivatives 1b−13b via ligand
exchange.60 These can also be prepared from the chloride dinuclear
platinum complexes as we described previously.30

Complex 2b. White solid. Yield: 73%. Anal. Calcd for 2b
C31H26ClF9NOPPt: C, 43.24; H, 3.04; N, 1.63. Found: C, 43.25; H,

3.04; N, 1.64. 1H NMR (400 MHz, CDCl3): δ 7.86 (m, 6H, Hortho
PAr3), 7.67 (d, 6H, Hmeta PAr3, JHmHo = 7.6 Hz), 7.01 (d, 1H, H3, JH3H4
= 8.4 Hz), 6.45 (dd, 1H, H4, JH4H3 = 8.4 Hz, JH4H6 = 2.4 Hz), 5.83 (d,
1H, H6, JH6H4 = 2.4 Hz, JHPt = 59.6 Hz), 4.08 (d, 2H, CH2N, JHP = 2.4
Hz, Pt satellites are observed as shoulders), 3.07 (s, 3H, OCH3), 2.97
(d, 6H, N(CH3)2, JHP= 2.8 Hz, Pt satellites are observed as shoulders).
13C{1H} NMR (150.9 MHz, CDCl3): δ 135.61 (d, CHortho PAr3, JCP =
17.4 Hz), 125.32 (m, CHmeta PAr3), 122.93 (s, CH3), 122.81 (d, CH6,
JCP = 9.8 Hz), 109.94 (s, CH4), 74.17 (s, CH2N), 54.75 (s, OCH3),
51.07 (s, N(CH3)2).

31P{1H} NMR (162.29 MHz, CDCl3): δ 21.59 (s,
JPPt = 4301.2 Hz). 19F{1H} NMR (282.40 MHz, CDCl3): δ −63.08 (s,
CF3 PAr3).

195Pt NMR (86.18 MHz, CDCl3): δ −4051.79 (d, JPtP =
4301.2 Hz). ESI-MS (pos. ion mode, CH2Cl2): m/z 825.13 ([M −
Cl]+, calcd. 825.13).

Complex 3b. White solid. Yield: 78%. Anal. Calcd for 3b
C31H26ClF9NOPPt: C, 43.24; H, 3.04; N, 1.63. Found: C, 43.26; H,
3.03; N, 1.65. 1H NMR (300 MHz, CDCl3): δ 7.85 (m, 6H, Hortho
PAr3), 7.65 (d, 6H, Hmeta PAr3, JHmHo = 7.0 Hz), 6.69 (d, 1H, H3, JHP =
2.7 Hz), 6.15 (dd, 1H, H6, JH6H5 = 8.4 Hz, JHP = 3.0 Hz, Pt satellites are
observed as shoulders), 6.01 (dd, 1H, H5, JH5H6 = 8.4 Hz, JHP= 2.7 Hz),
4.09 (d, 2H, CH2N, JHP = 3.0 Hz, JHPt = 30.3 Hz), 3.66 (s, 3H, OCH3),
2.98 (d, 6H, N(CH3)2, JHP = 3.0 Hz, JHPt = 25.8 Hz). 13C{1H} NMR
(75.46 MHz, CDCl3): δ 137.4 (d, CH6, JCP = 6.2 Hz, JCPt = 86.5 Hz),
135.32 (d, CHortho PAr3, JCP = 11.6 Hz), 124.94 (m, CHmeta PAr3),
110.77 (s, CH5, JCPt = 69.9 Hz), 108.63 (s, CH3), 74.42 (d, CH2N, JCP
= 3.2 Hz, JCPt = 44.3 Hz), 54.90 (s, OCH3), 50.94 (s, N(CH3)2, JCPt =
2.5 Hz). 31P{1H} NMR (162.29 MHz, CDCl3): δ 21.66 (s, JPPt =
4355.6 Hz). 19F{1H} NMR (282.40 MHz, CDCl3): δ −62.76 (s, CF3
PAr3).

195Pt NMR (86.18 MHz, CDCl3): δ −4093.11 (d, JPtP =4355.6
Hz). ESI-MS (pos. ion mode, CH2Cl2): m/z 825.13 ([M − Cl]+, calcd.
825.13).

Complex 4b. White solid. Yield: 14%. Anal. Calcd for 4b
C31H26ClF9NPPt: C, 44.06; H, 3.10; N, 1.66. Found: C, 44.05; H,
3.11; N, 1.67. 1H NMR (400 MHz, CDCl3): δ 7.86 (m, 6H, Hortho
PAr3), 7.66 (d, 6H, Hmeta PAr3, JHmHo = 7.2 Hz), 6.95 (d, 1H, H3, JH3H4
= 7.6 Hz), 6.69 (d, 1H, H4, JH4H3 = 7.6 Hz), 5.99 (s, 1H, H6, JHPt =
54.8 Hz), 4.08 (d, 2H, CH2N, JHP = 2.8 Hz, JHPt = 29.6 Hz), 2.98 (d,
6H, N(CH3)2, JHP = 2.8 Hz, Pt satellites are observed as shoulders),
1.67 (s, 3H, CH3).

13C{1H} NMR (75.46 MHz, CDCl3): δ 138.0 (d,
CH6, JCP = 5.6 Hz), 135.44 (d, CHortho PAr3, JCP = 11.5 Hz), 125.04
(m, CHmeta PAr3), 124.35 (s, CH

4), 121.83 (s, CH3), 74.34 (s, CH2N),
50.92 (s, N(CH3)2), 20.80 (s, CH3).

31P{1H} NMR (121.5 MHz,
CDCl3): δ 20.89 (s, JPPt = 4321.3 Hz). 19F{1H} NMR (282.40 MHz,
CDCl3): δ −63.17 (s, CF3 PAr3).

195Pt NMR (86.18 MHz, CDCl3): δ
−4060.36 (d, JPtP = 4321.3 Hz). ESI-MS (pos. ion mode, CH2Cl2): m/
z 809.13 ([M − Cl]+, calcd. 809.13).

Complex 5b. White solid. Yield: 92%. Anal. Calcd for 5b
C31H26ClF9NPPt: C, 44.06; H, 3.10; N, 1.66. Found: C, 44.08; H,
3.11; N, 1.64. 1H NMR (400 MHz, CDCl3): δ 7.81 (m, 6H, Hortho
PAr3), 7.66 (d, 6H, H3, Hmeta PAr3, JHmHo = 7.2 Hz), 6.93 (s, 1H, H3),
6.20 (m, 2H, H5+H6), 4.09 (d, 2H, CH2N, JHP = 2.8 Hz, JHPt = 29.2
Hz), 2.99 (d, 6H, N(CH3)2, Pt satellites are observed as shoulders),
2.13 (s, 3H, CH3).

13C{1H} NMR (150.9 MHz, CDCl3): δ 137.13 (d,
CH6, JCP = 6.0 Hz, JCPt = 86.0 Hz), 135.62 (d, CHortho PAr3, JCP = 17.2
Hz), 126.60 (s, CH5, JCPt = 69.0 Hz), 125.22 (m, CHmeta PAr3), 123.35
(s, CH3), 74.72 (s, CH2N), 51.19 (s, N(CH3)2), 21.00 (s, CH3).
31P{1H} NMR (162.29 MHz, CDCl3): δ 21.78 (s, JPPt = 4316.2 Hz).
19F{1H} NMR (282.40 MHz, CDCl3): δ −62.77 (s, CF3 PAr3).

195Pt
NMR (86.18 MHz, CDCl3): δ −4084.98 (d, JPtP = 4316.2 Hz). ESI-
MS (pos. ion mode, CH2Cl2): m/z 809.13 ([M − Cl]+, calcd. 809.13).

Complex 6b. White solid. Yield: 66%. Anal. Calcd for 6b
C30H23BrClF9NPPt: C, 39.60; H, 2.55; N, 1.54. Found: C, 39.60; H,
2.61; N, 1.54.1H NMR (400 MHz, CDCl3): δ 7.83 (m, 6H, Hortho
PAr3), 7.69 (dd, 6H, Hmeta PAr3, JHmHo = 8.0 Hz, JHP = 1.6 Hz), 7.00
(dd, H4, JH4H3 = 8.0 Hz, JH4H6 = 2.0 Hz), 6.94 (d, 1H, H3, JH3H4 = 8.0
Hz), 6.23 (m, 1H, H6, JHPt= 57.6 Hz), 4.05 (d, 2H, CH2N, JHP = 3.2
Hz, JHPt = 28.4 Hz), 2.96 (d, 6H, N(CH3)2, JHP= 3.2 Hz, Pt satellites
are observed as shoulders). 13C{1H} NMR (150.9 MHz, CDCl3): δ
139.06 (d, CH6, JCP = 8.9 Hz), 135.56 (d, CHortho PAr3, JCP = 17.2 Hz),
126.65 (s, CH4), 125.43 (dd, CHmeta PAr3, JCP = 17.1 Hz, JCF = 5.6
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Hz), 123.81 (s, CH3), 74.16 (d, CH2N, JCP = 5.0 Hz), 51.08 (d,
N(CH3)2, JCPt = 4.4 Hz). 31P{1H} NMR (162.29 MHz, CDCl3): δ
19.52 (s, JPPt = 4250.7). 19F{1H} NMR (282.40 MHz, CDCl3): δ
−63.16 (s, CF3 PAr3).

195Pt NMR (86.18 MHz, CDCl3): δ −4026.65
(d, JPtP = 4250.7 Hz). ESI-MS (pos. ion mode, CH2Cl2): m/z 874.03
([M − Cl]+, calcd. 874.02).
Complex 7b. White solid. Yield: 77%. Anal. Calcd for 7b

C30H23BrClF9NPPt: C, 39.60; H, 2.55; N, 1.54. Found: C, 39.58; H,
2.61; N, 1.58. 1H NMR (400 MHz, CDCl3): δ 7.83 (m, 6H, Hortho
PAr3), 7.67 (dd, 6H, Hmeta PAr3, JHmHo = 8.4 Hz, JHP = 1.6 Hz), 7.21
(d, 1H, H3, JH3H5 = 2.4 Hz), 6.52 (dd, 1H, H5, JH5H6 = 8.4 Hz, JH5H3 =
2.4 Hz), 6.15 (dd, 1H, H6, JH6H5 = 8.4 Hz, JHP = 3.2 Hz), 4.08 (d, 2H,
CH2N, JHPt = 30.0 Hz, JHP = 2.8 Hz), 2.98 (s, 6H, N(CH3)2, JHPt =
28.8 Hz, JHP = 2.8 Hz). 13C{1H} NMR (150.9 MHz, CDCl3): δ 138.55
(d, CH6, JCPt =121.32 Hz, JCP = 9.2 Hz), 135.56 (d, CHortho, JCP = 17.4
Hz), 128.77 (d, CH5, JCPt = 107.1 Hz, JCP = 2.9 Hz), 125.37 (m,
CHortho), 124.98 (s, CH3), 74.09 (d, CH2N, JCP = 4.7 Hz), 51.18 (d,
N(CH3)2, JCP = 3.2 Hz). 31P{1H} NMR (162.29 MHz, CDCl3): δ
21.02 (s, JPPt = 4286.0 Hz). 19F{1H} NMR (282.40 MHz, CDCl3): δ
−62.79 (s, CF3 PAr3).

195Pt NMR (86.18 MHz, CDCl3): δ −4058.34
(d, JPPt = 4286.0 Hz). ESI-MS (pos. ion mode, CH2Cl2): m/z 874.03
([M − Cl]+, calcd. 874.02).
Complex 9b. White solid. Yield: 71%. Anal. Calcd for 9b

C30H23ClF10NPPt: C, 42.44; H, 2.73; N, 2.68. Found: C, 43.54; H,
2.70; N, 2.66. 1H NMR (300 MHz, CDCl3): δ 7.84 (m, 6H, Hortho
PAr3), 7.66 (dd, 6H, Hmeta PAr3, JHmHo = 8.1 Hz, JHP = 1.5 Hz), 6.82
(dd, 1H, H3, JHF = 9.3 Hz, JH3H5 = 2.4 Hz), 6.16 (m, 2H, H6+H5), 4.09
(d, 2H, CH2N, JHP = 3.0 Hz, JHPt = 31.2 Hz), 2.98 (d, 6H, N(CH3)2,
JHP = 3.0 Hz, JHPt = 26.1 Hz). 13C{1H} NMR (75.46 MHz, CDCl3): δ
137.65 (m, CH6, JCPt = 78.0 Hz), 135.29 (d, CHmeta PAr3, JCP = 11.5
Hz), 125.04 (m, CHortho PAr3), 112.34 (d, CH

5, JCP = 19.5 Hz), 109.51
(d, CH3, JCP = 20.9 Hz), 74.06 (s, CH2N, JCPt = 50.9 Hz), 50.88 (s,
N(CH3)2).

31P{1H} NMR (112.5 MHz, CDCl3): δ 21.07 (s, JPPt =
4273.3 Hz). 19F{1H} NMR (282.40 MHz, CDCl3): δ −62.79 (s, CF3
PAr3), −119.41 (s, F, JFPt = 11.3 Hz). 195Pt NMR (86.18 MHz,
CDCl3): δ −4073.41 (d, JPtP = 4273.3 Hz). ESI-MS (pos. ion mode,
CH2Cl2): m/z 813.11 ([M − Cl]+, calcd. 813.11).
Complex 11b. White solid. Yield: 13%. Anal. Calcd for 11b

C31H23ClF12NPPt: C, 41.42; H, 2.58; N, 1.56. Found: C, 41.45; H,
2.54; N, 1.57. 1H NMR (400 MHz, CDCl3): δ 7.83 (m, 6H, Hortho
PAr3), 7.67 (dd, Hmeta PAr3, JHmHo = 8.0 Hz, JHP = 1.6 Hz), 7.30 (d,
1H, H3, JHP = 1.2 Hz), 6.65 (dd, 1H, H5, JH5H6 = 8.0 Hz, JHP = 1.2 Hz),
6.40 (dd, 1H, H6, JH6H5 = 8.0 Hz, JHP = 2.9 Hz, JHPt = 49.5 Hz), 4.15
(d, 2H, CH2N, JHP = 2.8 Hz, JHPt = 49.5 Hz), 2.99 (d, 6H, N(CH3)2,
JHP = 2.8 Hz, JHPt = 27.6 Hz). 13C{1H} NMR (150.9 MHz, CDCl3): δ
136.95 (d, CH6, JCP = 9.4 Hz, JCPt = 134.6 Hz), 135.35 (d, CHortho
PAr3, JCP = 17.2 Hz), 125.22 (m, CHmeta PAr3), 122.33 (d, CH

5, JCPt =
100.2 Hz), 118.69 (d, CH3, JCP = 5.3 Hz), 74.19 (d, CH2N, JCP = 4.8
Hz, JCPt = 69.4 Hz), 51.00 (d, N(CH3)2, JCP = 3.8 Hz). 31P{1H} NMR
(162.29 MHz, CDCl3): δ 20.80 (s, JPPt = 4232.1 Hz). 19F{1H} NMR
(282.40 MHz, CDCl3): δ −62.34 (s, CF3), −63.18 (s, CF3 PAr3). 195Pt
NMR (86.18 MHz, CDCl3): δ −4036.40 (d, JPtP = 4232.1 Hz). ESI-
MS (pos. ion mode, CH2Cl2): m/z 863.10 ([M − Cl]+, calcd. 863.10).
Complex 12b. Beige solid. Yield: 71%. Anal. Calcd for 12b

C30H23ClN2O2PPt: C, 41.13; H, 2.65; N, 3.20. Found: C, 41.15; H,
2.68; N, 3.32. 1H NMR (400 MHz, CDCl3): δ 7.84 (m, 6H, Hortho
PAr3), 7.75 (dd, 1H, H

4, JH4H3 = 8.4 Hz, JH4H6 = 2.4 Hz), 7.68 (dd, 6H,
Hmeta PAr3, JHmHo = 8.4 Hz, JHP = 1.6 Hz), 7.19 (d, 1H, H3, JH3H4 = 8.4
Hz), 7.14 (m, 1H, H6, JHPt= 59.2 Hz), 4.15 (d, 2H, CH2N, JHP = 3.2
Hz, JHPt = 28.4 Hz), 2.99 (d, 6H, N(CH3)2, JHP= 3.2 Hz, JHPt = 27.2
Hz). 13C{1H} NMR (150.9 MHz, CDCl3): δ 135.40 (d, CHortho PAr3,
JCP = 17.1 Hz), 130.85 (d, CH6, JCP = 9.8 Hz), 125.56 (m, CHmeta
PAr3), 122.72 (s, CH3), 119.09 (s, CH4), 74.19 (d, CH2N, JCP = 5.0
Hz), 51.25 (d, N(CH3)2, JCP = 4.1 Hz). 31P{1H} NMR (162.29 MHz,
CDCl3): δ 19.55 (s, JPPt = 4187.5 Hz). 19F{1H} NMR (282.40 MHz,
CDCl3): δ −63.13 (s, CF3 PAr3).

195Pt NMR (86.18 MHz, CDCl3): δ
−4009.12 (d, JPtP = 4187.5 Hz). ESI-MS (pos. ion mode, CH2Cl2): m/
z 840.10 ([M − Cl]+, calcd. 840.10).
Complex 13b. Yellow solid. Yield: 62%. Anal. Calcd for 13b

C30H23ClF9N2O2PPt: C, 41.13; H, 2.65; N, 3.20. Found: C, 41.16; H,

2.68; N, 3.12. 1H NMR (300 MHz, CDCl3): δ 7.91 (d, 1H, H3, JHP =
2.7 Hz), 7.82 (m, 6H, Hortho PAr3), 7.68 (dd, 6H, Hmeta PAr3, JHmHo =
8.4 Hz, JHP = 1.8 Hz), 7.27 (dd, 1H, H5, JH5H6 = 8.4 Hz, JHP = 2.7 Hz),
6.45 (dd, 1H, H6, JH6H5 = 8.4 Hz, JHP = 2.7 Hz, JHPt = 54 Hz), 4.19 (d,
2H, CH2N, JHP = 3.0 Hz, JHPt = 31.5 Hz), 3.58 (s, 6H, SCH3, JHPt=
23.6 Hz), 2.99 (d, 6H, N(CH3)2, JHP = 3.3 Hz, JHPt = 26.4 Hz).
13C{1H} NMR (75.46 MHz, CDCl3): δ 137.58 (d, CH

6, JCP = 6.3 Hz),
135.79 (d, CHortho PAr3, JCP = 11.5 Hz), 125.84 (m, CHmeta PAr3),
121.22 (s, CH5), 117.47 (s, CH3), 74.29 (d, CH2N, JCP = 3.2 Hz),
51.51 (s, N(CH3)2, JCP = 2.4 Hz). 31P{1H} NMR (112.5 MHz,
CDCl3): δ 20.23 (s, JPPt = 4193.6 Hz). 19F{1H} NMR (282.40 MHz,
CDCl3): δ −62.83 (s, CF3 PAr3).

195Pt NMR (86.18 MHz, CDCl3): δ
−3986.71 (d, JPtP = 4193.6 Hz). ESI-MS (pos. ion mode, CH2Cl2): m/
z 840.10 ([M − Cl]+, calcd. 840.10).

X-ray Crystal Structure Analysis. Single crystals suitable for X-
ray diffraction analysis were obtained for complexes 8a and 2b from
CH2Cl2/toluene/hexane. A summary of crystal data collection and
refinement parameters for all compounds are given in Tables S1−S6 in
the Supporting Information. Crystals were mounted on glass fibers and
transferred to the cold gas stream of the diffractometer Bruker Smart
APEX. Data were recorded with Mo Kα radiation (λ = 0.71073 Å) in
ω scan mode. Absorption correction for the compound was based on
multiscans.

Both structures were solved by direct methods (SHELXS-97);61

refinement was done by full-matrix least-squares on F2 using the
SHELXL-97 program suite;61 and empirical (multiscan) absorption
correction was performed with SADABS (Bruker).62 All non-hydrogen
positions were refined with anisotropic temperature factors. Hydrogen
atoms for aromatic CH and aliphatic CH2 and CH3 groups were
positioned geometrically (C−H = 0.95 Å for aromatic CH, C−H =
0.99 Å for CH2, C−H = 0.98 Å for CH3) and refined using a riding
model (AFIX 43 for aromatic CH, AFIX 23 for CH2, AFIX 137 for
CH3), with Uiso(H) = 1.2Ueq(CH, CH2) and Uiso(H) = 1.5Ueq(CH3).
Graphics were drawn with DIAMOND (Version 3.2).63

Cell Lines and Culture Conditions. Human ovarian carcinoma
A2780 and A2780cisR cell lines were grown in RPMI-1640,
supplemented with 10% (v/v) final concentration heat-inactivated
fetal bovine serum (FBS, Sigma, USA), 2 mM L-glutamine, and
antibiotics (penicillin/streptomycin). Both cell lines were maintained
at 310 K in humidified atmosphere containing 5% CO2. In order to
retain resistance to CDDP, A2780cisR was added to every two
subcultures.

The nontumorigenic BGM cells (African green monkey kidney)
were grown in dubelcco’s modified eagle’s medium (DMEM) without
phenol red to contain 1 g/L glucose supplemented with 10% (v/v)
final concentration heat-inactivated FBS, 2 mM L-glutamine, 2 mM
sodium pyruvate, and antibiotics (penicillin/streptomycin) at 310 K in
humidified atmosphere containing 7.5%−10% CO2.

Ovarian carcinoma cell line was obtained from European Collection
of Animal Cell Culture (ECACC, Salisbury, U.K.). BGM and
EA.hy926 lines were obtained from American Tissue Culture
Collection (ATCC, U.S.A).

Before and after experiments, all cell lines were mycoplasma-free, as
the Hoechst DNA stain method determined.64

Cells from 80% confluent monolayers were removed from flasks by
0.25% trypsin solution (Sigma-Aldrich), centrifuged at 200g 10′,
washed twice with PBS, and pellet diluted with complete medium.
Medium was changed twice per week.

Cytotoxicity Assays. Cell proliferation was evaluated by MTT
assay, (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.
A2780, A2780cisR, BGM, and EA.hy926 were plated in 96-well sterile
plates at a density of 5 × 103 cells/well with 200 μL of medium and
were then incubated for 24 h. After attachment to the culture surface,
cells were incubated with various concentrations of the compounds
tested freshly dissolved in DMSO and diluted in the culture medium
(DMSO final concentration 0.4%) for 48 h at 310 K. For MTT assay,
the medium was removed by pipetting and then 200 μL of
corresponding medium for each cell line was added and 50 μL of a
MTT solution 5 mg/mL was added and left at 310 K for 4 h in the
dark. Finally, this solution was removed from each plate, and 100 μL of
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DMSO was added and shook 5 min at 120 rpm (always at dark) before
measurement. Absorbance was measured at 560 nm for MTT assays in
a Fluorstar Omega spectrophotometer. The effects of complexes were
expressed as corrected percentage inhibition values according to the
following equation,

= − ×⎜ ⎟
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where T is the mean absorbance of the treated cells and C the mean
absorbance in the controls.
The inhibitory potential of compounds was measured by calculating

concentration-percentage inhibition curves; these curves were adjusted
to the following equation:
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where E is the percentage inhibition observed, Emax is the maximal
effects, IC50 is the concentration that inhibits 50% of maximal growth,
C is the concentration of compounds tested and n is the slope of the
semilogarithmic dose−response sigmoid curves. This nonlinear fitting
was performed using Sigma Plot 11.0 software.
For comparison purposes, the cytotoxicity of CDDP was evaluated

under the same experimental conditions. All compounds were tested
in three independent studies with quadruplicate points. The in vitro
studies were performed in the SACE service (Support Service for
Experimental Sciences, University of Murcia, Murcia, Spain).
All studies were performed with maximum DMSO concentration of

0.4% (except for cisplatin, water diluted) and in all the experiments
measurements were corrected with a water control.
TEM Sample Preparations. One million cells/well were cultured

a 6-well plate and left for 24 h at 310 K. Afterward, 1 μM of 1a and 8a
and 4 μM of 2b was added and left again for 24 h at the same
temperature. The medium was then added to a Falcon tube. Cells were
removed from the wells with trypsin and the resulting suspension put
together in the Falcon tube with the medium. Centrifugation (200g, 10
min) was followed, discarding the supernatant. Cells were fixed with
glutaraldehyde (2.50%) for 1.5 h and then washed with cacodilate
buffer by means of centrifugation (same conditions). Then, addition of
ethanol at increasing concentrations (30, 50, 70, 90%) for 10 min was
added to the cells. Subsequently, absolute ethanol and, at the same
time, copper(II) sulfate for 10 min were added. Then, complete
dehydration was achieved by subsequent additions of propylene oxide
in epoxy resins at higher concentrations and delays. Finally, the
capsules were left in the epoxy resin for a complete night and cut to
micrometer dimensions, and 70−80 nm sections were collected on
copper grids. The sections were imaged on a ZEIS EM10 TEM.
Neither osmium tetroxide nor uranyl acetate were added during this
process to ensure that contrast images were only due to the added
metal drug.
Cell Cycle Arrest Assays. Cell cycle arrest studies were performed

on A2780 and A2780cisR ovarian cancer cells. Typically, 1.5 × 105

cells were seeded in a 6-well plate with RPMI medium (5 mL/plate).
Cells were allowed to fix to the plate by incubation for 24 h at 310 K
(5% CO2). Then, the compounds were added at final concentrations
similar to their respective IC50 values in the different plates. One well
for each line was untreated, for being used as a control. The cultures
were incubated for other additional 24 h in the same conditions as
described above. At this point, the medium was removed and stored in
15 mL Falcon tubes. Immediately, the fixed cells were treated with 1
mL of trypsin for 4 min at 310 K and then 1 mL of RPMI medium
containing FBS was added to stop the enzymatic action. The resulting
2 mL were added to the 15 mL Falcon tubes. In this way both possible
floating cells and adherent cells were considered for the assay. Cells
were centrifuged (250g, 10 min) and the precipitated cells were
washed with 2 mL of PBS. After another centrifugation in same
conditions, removed the supernatant, cells were resuspended in 200
μL of PBS. Subsequently, 1 mL of a PBS (30%)/ethanol (70%) mix
solution was added to the cells. The solution was kept in ice for 30

min. The supernatant was eliminated by centrifugation (same
conditions). The cells were again resuspended with 800 μL of PBS.
Finally, 100 μL of RNase solution (1 mg/mL) and 100 μL of
propidium iodide solution (400 μg/mL) were added. After stirring the
resulting suspension was incubated at 310 K for 30 min at dark.
Stained cells were analyzed in a Becton-Dickinson FACScalibur flow
cytometer. In each case 30000 events were acquired.

Apoptosis Experiments. For apoptosis determination assays, 1.5
× 105 cells were typically seeded in a 6-well plate. Ovarian cancer cells
with compounds and their control were incubated, collected and
washed twice with PBS as described above (no PBS/Ethanol mix was
used in this case). After removing the PBS, 40 μL of a solution
containing Annexin V and PI (Annexin-V-Fluos from Roche) and 160
μL of incubation buffer (hepes 10 mM, NaCl 140 mM, CaCl2 5 mM
pH = 7.4) was added to the cell pellet. Cells were resuspended in this
solution and left at room temperature in dark for 15 min 200 μL of
PBS was added immediately previous to the measurements. These
were carried out in a Beckman Coulter Epics XL flow cytometer,
registering the emission at wavelengths of 620 and 525 nm for PI and
Annexin V, respectively. In each case, 10000 events were acquired.

Platinum Cellular Accumulation Studies. Ovarian cancer cells
were plated in a 6-well cell culture plate at a density of 106 cells/well
and maintained at 310 K in a 5% CO2 atmosphere. Compounds 4a,
4b, and CDDP were added to cells for 24 h at IC50 concentration,
respectively. After this time, cells were harvested from the plate by
using EDTA-Trypsin. An Aliquot of cell suspension was lysed in buffer
containing 1% SDS, 150 mM NaCl, 20 mM HEPES, 1 mM EDTA,
0.5% Triton X-100, 1 mM Na2VO4, and 1% protease inhibitor mix
before sonication. Lysates were centrifuged for 5 min at 278 K and
20.000g to separate the proteins extracts from insoluble cell debits.
Total protein content was estimated by a DC assay (Bio-Rad). Cell
suspension from each well was transferred to eppendorf tubes and
centrifuged at 400g for 5 min at room temperature. The supernatant
was discarded and pellet was centrifuged in a vacuum-dry evaporator
centrifuge for 1 h. Evaporated samples were resuspended with 200 μL
subboiled 65% HNO3 (Subboiled suprapur 65% nitric acid, Merck)
and 50 μL H2O2 and transferred to the microwave container. The
eppendorf tubes were cleaned with 250 μL subboiled 65% HNO3 in
order to transfer the whole sample. The samples were digested for 10
min at 60% capacity. The vials were allowed to cool, opened and 1.5
mL concentrated (30%) HCl was added to each vial. The samples
were again digested for 10 min at 60% capacity and filtrated afterward
with a 0.45 μm filter. Same process was made with blank (acid only) as
a control. Total digested cells were transferred to a 5 mL measuring
flask and diluted with acid mix (0.65% HNO3 and 1.0% HCl).
Microwave containers were cleaned with acid mix in order to transfer
the whole sample before analysis ICP-MS.

A PerkinElmer Sciex Elan 6000 DRC-e ICP-MS instrument
(PerkinElmer, Norwalk, CT) equipped with a water cooled cyclonic
spray chamber maintained at 277 K and a micromist nebulizer (both
from Glass Expansion, Melbourne, Australia) was used to determine Pt
concentration. Pt was monitored, and 194Pt and 195Pt isotopes were
used as internal standards. The instrument sensitivity was approx-
imately 14000 cps/ppb Pt, and the detection limit was estimated to be
0.01 μg/L Pt.

Samples were introduced via a concentric glass nebulizer with a free
aspiration rate of 0.2 mL/min, a Peltier-cooled double pass glass spray
chamber, and a quartz torch. A peristaltic pump carried samples from a
SPS3 autosampler (Varian) to the nebulizer. Pt standards were
prepared by serial dilution of a solution containing 10 mg/L of Pt in
5% HCl (Trace Cert. Fluka). Twelve calibration curve was made over
a concentration range of 0.075−5 μg/L. Data acquisition was done
using peak hopping with a dwell time of 30 ms, 25 scans/5 replicate,
and three replicates per sample from two independent experiments.
The graph was done with the GraphPad Prisms 5 software.

Reactions of the Complexes with 9-Ethylguanine Followed
by 1H NMR. 9-Ethylguanine was incubated with the complexes in a
5:1 ratio in an NMR tube containing D2O:DMSO-d6 (1:4) as solvent.
The final concentration of complexes in the NMR tube was 1.0 mM.
The reaction was followed for 24 h at 310 K.
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Hoechst 33258 Displacement Experiments. 3 mL of a
solution, that is, 20 μM DNA and 2 μM Hoechst 33258 in Tris
buffer was titrated with aliquots of a concentrated solution of the
complex, producing solutions with varied mole ratios of complex to ct-
DNA. After each addition the solution was stirred at the appropriate
temperature for 5 min before measurement. The fluorescence spectra
of the solution were obtained by exciting at 338 nm and measuring the
emission spectra from 350−650 nm (with λmax ∼ 600 nm) using 5 nm
slits.
Endothelial Tube Formation Assay. Unpolymerized matrigel

(8.7 mg/mL; B&D Biosciences, Bedford, MA) was placed in 96-well
plates (9 μL/well) and allowed to polymerize for 1 h at 310 K. This
study revealed that tube formation was maximal after 12 h at the
concentration of 12 × 103 cells/well for EA.hy926). EA.hy926 cells
were suspended in medium without FBS at different concentrations of
each compound 1a−13a. The cells were seeded on top of the matrigel
layer and incubated at 310 K. After 12 h for EA.hy926 cells, the wells
were photographed using an inverted phase-contrast microscope
(Nikon mod. Eclipse TE-2000-U). EA.hy926 cells formed capillary-like
networks with different tube morphology. Tube formation was
quantified by measuring the total length of the tube network, number
of network, and area of network under 4× magnification using ImageJ
software (National Institutes of Health, Bethesda, MD, USA).
Wound Assay (Migration). EA.hy926 cells were cultured as

confluent monolayers in 96-well plates, synchronized in 1% FBS for 24
h and wounded by removing strip of cells across the well with a
standard 200 μL pipet tip. Wounded monolayers were washed twice
with PBS to remove nonadherent cells and then treated with
compounds 1a−13a for 8 h. EA.hy926 cell migration was recorded
under inverted microscope (Nikon mod. Eclipse TE-2000-U). Wound
healing was quantified,57 using ImageJ Software (National Institutes of
Health, Bethesda, MD, USA), as follows: Wound healing area (%) =
[cell-free area (0 h) − cell-free area (8 h)]/cell-free area (0 h) × 100.
Statistical Analysis. The nonparametric Kruskal−Wallis test was

used to compare multiple independent groups of numerical data. If the
test was significant, U-Mann−Whitney tests were applied to compare
each experimental condition to the control. All statistical analyses were
performed using PASW Statics 18.
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J. M.; Monge, M.; Avileś, F. X.; Bautista, D.; Moreno, V.; Laguna, A.
New palladium(II) and platinum(II) complexes with 9-aminoacridine:
structures, luminiscence, theoretical calculations, and antitumor
activity. Inorg. Chem. 2008, 47, 6990−7001.
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