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ABSTRACT: In the present study, the potential anti-neoplastic properties of a series of ruthenium
half-sandwich complexes of formula [Ru(;%-arene)Cl,(PR'R*(1-pyrenyl))] (1°-arene = p-cymene
and R' = R? = methyl for 1; #%-arene = methylbenzoate and R' = R* = methyl for 2; 7°-arene = p-
cymene and R' = R? = phenyl for 3; 7°-arene = methylbenzoate and R' = R? = phenyl for 4; 7°-
arene = p-cymene, R' = methyl and R? = phenyl for §; 7°-arene = methylbenzoate, R! = methyl and
R® = phenyl for 6) have been investigated. The six structurally related organoruthenium(II)
compounds have been prepared in good yields and fully characterized; the X-ray structures of three
of them, i.e., 1, 2, and 4, were determined. Although the piano-stool compounds contain a large
polycyclic aromatic moiety, viz. a 1-pyrenyl group, they do not appear to interact with DNA.
However, all the piano-stool complexes show significant cytotoxic properties against five human
cell lines, namely, lung adenocarcinoma (AS49), melanoma (A37S), colorectal adenocarcinoma
(SW620), breast adenocarcinoma (MCF7), and nontumorigenic epithelial breast (MCF10A), with

ICy, values in the micromolar range for most of them. In addition, the most active compound, i.e,, 2, induces a remarkable
decrease of cell viability, that is in the nanomolar range, against two human neuroblastoma cell lines, namely, SK-N-BE(2) and
CHLA-90. Complexes 1—6 are all capable of inducing apoptosis, but with various degrees of magnitude. Whereas 1, 3, 5, and 6
have no effect on the cell cycle of A375 cells, 2 and 4 can arrest it at the G,/M phase; furthermore, 2 (which is the most efficient
compound of the series) also stops the cycle at the S phase, behaving as the well-known anticancer agent cisplatin. Finally, 2 is

able to inhibit/reduce the cell migration of neuroblastoma SK-N-BE(2) cells.

B INTRODUCTION

Cancer is a major global health problem, which represents the
second leading cause of death in more economically developed
countries like the United States." From the numerous drugs
clinically used to treat cancer, cisplatin® plays a key role in
fighting several types of cancer.” The remarkable properties of
cisplatin instigated a new area of anticancer chemical research
based on platinum-containing compounds.4 However, plati-
num drugs suffer from some severe drawbacks: (i) they are
inefficient against platinum-resistant tumors,” and (ii) they are
usually highly toxic, causing many undesirable side effects.’
Therefore, the search for more efficient and less toxic, new
anticancer agents is relentless.”

In that context, the use of other metal ions to cope with
platinum resistance is a strategy that is increasingly being
exploited.s’9 For instance, some ruthenium compounds have
shown promising activities,'”"" particularly organoruthenium
complexes.'”"* For example, (17°-arene)ruthenium complexes,
i.e., ruthenium half-sandwich complexes, have been developed
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that exhibit interesting anticancer features.'* In this category of
Ru compounds, those belonging to the RAPTA family are
certainly the most known ones,> thanks to their attractive
pharmacological properties.'”'” After the discovery of the
interesting pH-dependent DNA-damaging properties of
RAPTA-C (ie, [Ru(®p-cymene)Cl,(pta)], with pta =
1,3,5-triaza-7-phosphatricyclo-[3.3.1.1]decane; see Scheme
1),'"* a number of ruthenium compounds derived from it
have been developed,'® including analogues for which the pta
ligand has been replaced with another phosphane."’

In the present study, new piano-stool ruthenium(II)
complexes have been designed, which contain a 1l-pyrene-
containing monophosphane ligand, the other two P-substitu-
ents being methyl or/and phenyl groups (Scheme 1). Two
different n°-arene ligands have also been used, namely, 1%p-
cymene and 7°methyl benzoate, with the objective to
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Scheme 1. Representations of the Structure of RAPTA-C (left) and That of the Analogues 1—6 Designed and Prepared in the

Present Study
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Scheme 2. Synthetic Procedure for the Preparation of the l-Pyrenylphosphane Ligands L1-L3
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Scheme 3. Synthetic Pathways (Procedures A and B) Used for the Preparation of the Piano-Stool Ruthenium Complexes
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investigate the influence of the electronic character of the aryl
ring on the biological activities of the corresponding
complexes; it is indeed known that an electron-poor arene
such as a methyl benzoate is more labile than an electron-rich
one like p-cymene,” and favors the hydrolysis of Ru—Cl
bonds.”’

The choice of the pyrenyl substituent on the phosphane
ligand is based on the chemical nature of its structure. Pyrene
is the smallest peri-fused polycyclic arene with high
symmetry.”> The planar structure of this aromatic molecule
(following Clar sextet rule”®) is crucial as it may allow the
occurrence of 7—7 stackmg interactions, for instance, between
DNA base pairs.”*** The other P-substituents, namely, methyl
or phenyl, have been elected to examine the effect of an alkyl
or an aryl group on the biological activity of the resultant Ru
half-sandwich complex.

Thus, three monophosphane ligands have been prepared,
namely, dimethyl(1-pyrenyl)phosphane (L1), diphenyl(1-

pyrenyl)phosphane (L2), and (S)-methylphenyl(1-pyrenyl)-
phosphane (S-L3) (Scheme S1). Subsequently, piano-stool
ruthenium(II) chlorido complexes have been synthesized from
these three P-ligands and using #7°-p-cymene and 7°-methyl
benzoate; hence, six metal complexes were obtained (Schemes
1 and S1; compounds 1—6). The evaluation of their in vitro
biological properties (interaction with DNA, cytotoxicity, and
cell-cycle studies) revealed drastic differences ascribed to their
structural variations.

B RESULTS AND DISCUSSION

Preparation of the Ligands and the Half-Sandwich
Ruthenium(ll) Arene Complexes. Phosphane Ligands.
Dimethyl(1-pyrenyl)phosphane (L1), diphenyl(1-pyrenyl)-
phosphane (L2), and (S)-methylphenyl(1-pyrenyl)phosphane
(S-L3) were prepared using usual synthetic procedures. The
synthesis of achiral 1-pyrenyl phosphanes L1 and L2 was
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carried out by metalation of commercially available 1-
bromopyrene (1-BrPyr) with n-BuLi, and subsequent reaction
of the formed 1-pyrenyllithium solution with the appropriate
chlorophosphane PCIR, (Scheme 2).

Ligand L2 was previously reported by Yip and co-workers,”®
who used a similar synthetic procedure. In contrast, ligand L1
is herein described for the first time. Following the typical
pathway, it was found that L1 is prone to oxidation and
therefore could not be purified. Accordingly, crude L1 was
treated with BH;-THF to generate the corresponding air-stable
borane L1’ (Scheme 2), which could be purified by column
chromatography, although with a moderate yield of 41%.
Subsequent standard deboronation of L1’ with HBF,-OEt,”’
yielded pure L1 as an air-sensitive semisolid compound, whose
highly shielded *'P{'H} chemical shift of —59.6 ppm is in line
with those of other reported aryldimethylphosphanes.”®*’
Overall, ligand L1 was obtained with a yield of 36% yield from
1-BrPyr (1-bromopyrene). Finally, the preparation of the P-
stereogenic phosphane (S)-L3 was carried out applying the
Jugé-Stephan methodology, employing (—)-ephedrine as chiral
auxiliary, as previously reported by some of us.*

Ruthenium 7%-Arene Complexes. The synthesis of the
different ruthenium complexes was initially performed by
reaction of the corresponding phosphane ligand with the
appropriate ruthenium dimers, ie., [RuCl(u-Cl)(7°-p-cym-
ene)], (DC) or [RuCl(u-Cl)(n°methyl benzoate)], (DB)
(Procedure A, Scheme 3).*'7%

Using this procedure, the desired complexes 1, 3, § and 2, 4,
6 were obtained as brown or reddish solids; these compounds
are reasonably stable in the solid state but are somewhat
unstable in solution, especially in the presence of light.
Complex § was previously reported by some of us.*

Although Procedure A allows the Ru compounds, to be
produced, it requires the use of the isolated phosphane ligands,
which results in low yields (probably due to partial ligand
oxidation); for instance, ligand L1 had to be purified via its
phosphane-borane derivative L1, which was obtained in low
yield (see above). For these reasons, an alternative one-pot
method (Procedure B; Scheme 3) was developed for the
preparation of the complexes containing ligand L1 or L2. After
the lithiation and phosphination of 1-BrPyr in THF, the
solvent was removed and replaced by CH,Cl,, providing a
suspension of the phosphane and the lithium salts. Dimer DB
or DC was directly added to this mixture, producing the
desired ruthenium complexes in high yields (90—95%). These
organoruthenium compounds were characterized by common
techniques, which confirmed their identity (see Experimental
Section for details). It should be noted that, in some cases,
broad 'H NMR signals were observed, especially for the
protons of the coordinated arene ring, possibly due to its slow
rotation resulting from the bulkiness of the phosphane ligand.

Description of the Crystal Structures of Ru Com-
pounds 1, 2, and 4. Crystals of compounds 1, 2, and 4,
suitable for X-ray diffraction measurements, could be obtained
(see Experimental Section).

Compounds 1 and 2 crystallize in the monoclinic space
group P2,/c, and compound 4 crystallizes in the triclinic space
group P1 (Table S1). The solid-state structures of the Ru(II)-
arene compounds are shown in Figure 1, and selected bond
lengths and angles are listed in Table 1. The three
organoruthenium complexes show the typical pseudo-octahe-
dral “three-legged piano stool” geometry around the metal
center.

Figure 1. Representation of the crystal structures of (a) [RuCL,(17%-p-
cymene)L1] (1), (b) [RuCl,(55-methyl benzoate)L1] (2), and (c)
[RuCl,(#7°-methyl benzoate)L2] (4).

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

Bond Distances (A)

Ru—P Ru—Cl, Ru—Cly Ru—Cy
Complex 1 2.331(1) 2.422(1) 2.413(1) 1.690(1)
Complex 2 2.326(2) 2.390(2) 2.390(1) 1.682(2)
Complex 4 2.387(1) 2.397(1) 2.441(1) 1.704(1)
Bond Angles (deg)
Cl,—Ru—Cl;  Cl;—Ru—P  Clz3—Ru-P C4—Ru—P
Complex 1 86.4(1) 82.7(1) 90.6(1) 127.5(1)
Complex 2 85.6(1) 83.8(1) 88.2(2) 126.1(1)
Complex 4 87.1(1) 90.0(1) 88.3(1) 130.8(1)
Ru-P-C, Ru-P-C; Ru-P-C; C,—P-C;
Complex 1 111.2(2) 117.5(2) 114.9(2) 99.8(2)
Complex 2 115.0(2) 110.1(2) 117.4(2) 104.3(3)
Complex 4 118.4(1) 114.2(1) 113.5(1) 101.7(1)

“Cly, Clg, C¢, and C; are defined in Figure 1.

The distance between the metal ion and the centroid of the
nS-arene ring, i.e., Ru—Cgy, is 1.690(1), 1.682(2), and 1.704(1)
A for 1, 2, and 4, respectively. The three legs of the stool are
formed by two o-bonded chlorides, namely, Cl, and Cl; (at
normal distances, viz. in the range 2.39—2.44 A; Table 1), and
the phosphane ligand, with Ru—P bond lengths of 2.331(1)
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(1), 2.326(2) (2), and 2.387(1) (4) A. The slightly longer
Ru—Cl; distance observed for 4 may be due to steric hindrance
of the phenyl substituents of L2; in fact, Cl; is located between
the two phenyl rings (Figure lc). Similarly, the longer Ru—P
bond length in 4 probably arises from the greater steric bulk of
ligand L2.

The coordination angles, for instance, the P—Ru—Cl and
Cl,—Ru—Clg angles (Table 1), are in normal ranges for such
Ru(II)-arene compounds.**** Some slight angle differences are
noticed for the tetrahedral phosphorus atom of the
coordinated phosphane ligand (Ru, C,, Cg, and C; Figure 1
and Table 1). These variations are most likely due to the
distinct bulkiness of the respective 7°-arene moieties. For
instance, constraints due to the larger p-cymene ligand in 1
(compared with 7°-methyl benzoate; compound 2) appear to
force the methyl—phosphorus—methyl angle to be below 100°
(Co—P—Cg = 99.8(2)° in 1 and C,—P—Cg = 104.3(3)° in 2;
Table 1). The average of the R—P—R’ angles (i.e., Cy,—P—Cj,
Cy—P—Cg, and Co—P—C,; see Figure 1) for ligand L1 in 1 is
103.8°, while the value is 104.3° in 2 (Table S2). For 4, the
average of the apex R—P—R’ angles is smaller, viz. 103.0°
(Table S2), suggesting that L2 induces more sterical
constraints than L1; this is further corroborated by the angle
Cyq—Ru—P of 130.8° observed for 4, which is clearly greater
than those of 1 and 2 (Table 1).

While the crystal packing of 1 does not show any remarkable
features, that of 2 presents some intermolecular supra-
molecular contacts. The lower steric hindrance of the 7%
methyl benzoate ring (compared to p-cymene; compound 1)
allows the occurrence 7—7 interactions between pyrene groups
from neighboring Ru molecules, the shortest contact distance
being CS-+C1Se = 3.162(7) A (symmetry operation; e = 1 —
%, 1/2 +y, 1/2 — z) (Figure S1). These supramolecular bonds
generate a one-dimensional (1D) chain along the crystallo-
graphic b axis. The crystal packing of 4 shows the formation of
head-to-tail supramolecular dimers via 7—7 stacking between
the pyrenes and methyl benzoate arenes, the shortest contact
distance being of 3.246(4) A (C8-+-C 4f; symmetry operation: f
= —x, 2 — y, —z) (Figure S2). The dimers of 4 are further
involved in 7—7 interactions with two adjacent dimers through
phenyl rings of the phosphane ligand L2 (shortest distance
being C35--C35h = 3.280(4) A; symmetry operation: h = —x,
1 — y, 1 — z); these contacts give rise to the generation of a
supramolecular chain (Figure S2).

Interaction with DNA. The potential binding of
compounds 1—6 to DNA was then examined using various
common techniques. The DNA-binding properties of the six
ruthenium compounds were first investigated using agarose gel
electrophoresis.”™*” Figure 2 shows the electrophoretic data
obtained for 1, which are representative of the other ruthenium
compounds examined in the present study, namely, com-
pounds 2—6 (Figure S3). In the case of compound 1, no
changes are noticed (compared with the original DNA; lane
1), even when its concentration is increased (Figure 2, lanes
4—7). Actually, DNA forms I and II are observed with the
same electrophoretic mobilities as those of the original DNA
for all ruthenium compounds (see Figures 2 and S3); it thus
appears that 1—6 are not capable of (covalently) binding/
interacting with the biomolecule.

Next, the potential interaction 1—6 with DNA was assessed
by fluorescence-dye displacement studies, using the intercalat-
ing agent ethidium bromide (EB).*® The results achieved with
compounds 1—6, using [DNA]/[complex] ratios of 15, 7.5, S,
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Figure 2. Agarose gel electrophoresis image for pBR322 DNA
([DNA],, = 15 uM) incubated for 24 h at 37 °C with increasing
concentrations (6.25—50 uM) of compound 1 in cacodylate buffer.
Lane 1: native plasmid DNA; lane 2: DNA + 0.5 equiv of cisplatin;
lane 3: DNA + 1 equiv of cisplatin; lane 4: DNA + 0.42 equiv 1; lane
S: DNA + 0.83 equiv 1; lane 6: DNA + 1.67 equiv 1; lane 7: DNA +
3.33 equiv 1.

2.5, 1.67,1.25, 1, 0.75, and 0.6, are illustrated in Figure S4. No
decrease of the fluorescence of the [EB-DNA] complex is
detected; hence, EB is not displaced by the ruthenium
compounds, suggesting that they are not (strongly) interacting
with the duplex, as already observed by gel electrophoresis (see
above). Actually, a small increase of the fluorescence is noticed
upon increasing the complex concentration (see Figure S4),
which may arise from a slight unwinding of the double helix
that improves the intercalation of EB; Cuniberti and Guenza
indeed have shown that environmental changes altering/
modifying the secondary structure of DNA can enhance the
fluorescence (improved quantum yield) of the [EB-DNA]
system.”” Thus, most likely, high concentrations of Ru
compounds promote the occurrence of some interaction with
DNA (for instance, via electrostatic or hydrogen-bonding
contacts with the phosphate backbone), which, in turn, gives
rise to a better intercalation of EB, accompanied by an
enhancement of the fluorescence.

In Vitro Cell-Viability Studies. The ability of compounds
1—6 to inhibit cell growth was first evaluated against four
cancer cell lines, namely, the human lung adenocarcinoma
(AS49), melanoma (A375), colorectal adenocarcinoma
(SW620), and breast adenocarcinoma (MCF7), which are
representative of some of the most common cancers. A
nontumorigenic epithelial breast cell line, viz. MCF10A, was
also tested for comparison. Quarter-, half-, and three-quarter-
maximal inhibitory concentrations were determined for all
compounds after an incubation time of 24 h with each cell line
(Tables S3—S7). The ICs, values (in #M) are listed in Table 2.
In general, the organoruthenium complexes show significant
cytotoxic activities against most of the cell lines investigated
(ICsy’s in the low micromolar range). It is important to stress
that structure—activity relationships (SARs) are observed.
Indeed, compounds 1 and 2 only differ by their #7°-arene
moiety, being 17%-p-cymene for 1 and 7%-methyl benzoate for 2
(Scheme 3).

Compound 2 is significantly more active than 1 in all cell
lines tested (Table 2); actually, 2 is up to 4 times more
cytotoxic than 1 (see Table 2, A375 cell line: 2.19 versus 8.99
UM for the corresponding ICg, values). This clear difference
may be due to the known better dissociation of the 7°-benzoate
group compared with that of the 5°-p-cymene one.”’
Furthermore, it has also been shown that a ruthenium half-
sandwich complex containing a #%-ethyl benzoate ring was
much more easily hydrolyzed than its #°-p-cymene counter-
part, as reflected by the respective half-life times ¢,,, of 14.5
and 92.3 min.”’ Two effects, namely, arene dissociation and
hydrolysis (which may occur simultaneously), can therefore
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Table 2. Half-Maximal Inhibitory Concentrations” (ICgo, uM) of Compounds 1—6 for the A549 (Lung Adenocarcinoma),
A375 (Melanoma), SW620 (Colorectal Adenocarcinoma), MCF7 (Breast Carcinoma) and MCF10A (Non-Tumorigenic

Epithelial Breast) Human Cell Lines, after Incubation of 24 h”

cell line

compound AS49 A37S SW620 MCF7 MCF10A
1 17.16 + 0.53 8.99 + 0.07 6.46 + 0.78 9.74 + 0.13 6.88 £ 0.31
2 5.01 + 0.59 2.19 + 0.02 1.93 + 0.09 5.05 + 1.56 $.53 £ 095
3 74.73 + 2.31 25.01 + 1.83 28.53 + 0.93 36.15 + 5.22 34.69 + 3.63
4 23.24 + 0.85 1549 + 1.70 8.17 + 0.75 18.84 + 0.36 16.83 + 0.29
5 8.74 + 1.01 4.21 + 041 3.14 + 040 5.40 + 1.01 4.31 + 0.37
6 10.02 + 1.59 S.19 + 0.72 2.70 + 0.20 7.08 + 0.95 8.95 £ 0.59

“The results are expressed as mean values + SD out of three independent experiments. “The lowest ICs, for each series (namely, 1-2, 3—4, and

5—6) are shown in bold.

explain the distinct biological activity of 1 and 2. DNA
interaction studies (see above) suggested that compounds 1—6
are not targeting the genetic material. Thus, the activation of 2
through the loss of the arene ligand and/or hydrolysis of the
chloride ions most likely affects other cellular component(s),
leading to cell death. Finally, it can also be mentioned here that
it has been described that the “#°-ethyl benzoate equivalent” of
RAPTA-C, ie, RAPTA-CO,Et ([Ru(#%ethyl benzoate)-
Cly(pta)], was toxic against epithelial HBL-100 cells, whereas
RAPTA-C was not, thus again showin7g the “beneficial” effect
of the benzoate ring on the activity.'” To verify further this
hypothesis, the stability of 2 in DMSO (viz. the solvent used to
prepare the stock solutions of the complexes for the biological
studies; see Experimental Section) was examined by 'H NMR.
The corresponding NMR spectra after up to 64 h are shown in
Figure S5. The release of free methyl benzoate over time is
clearly observed; traces of the aromatic compound are already
discerned at time zero. After 64 h, quite a significant amount of
methyl benzoate is detected. In contrast, the same studies
carried out with 1 under the same experimental conditions
revealed the presence of only traces of p-cymene, even after 72
h (Figure S6). These preliminary studies hence indicate that
the 7°-ethyl benzoate ring is a better “leaving group” than the
n°-p-cymene one, therefore corroborating our supposition.
More (mechanistic) in-depth studies are obviously required to
elucidate the nature of the species generated upon release of
the n%-arene ligand.

This tendency is observed as well with compounds 3 and 4
(Table 2); indeed, 4 is 1.6—3.5 times more cytotoxic than 3 in
all cell lines tested. Comparison of the IC;, values of 1 and 3,
and of 2 and 4 reveals that replacement of ligand L1
(compounds 1 and 3) by L2 (compounds 2 and 4) gives rise
to a significant decrease of the cytotoxic activity; for instance, 3
is up to S times less toxic than 1, and 4 is up to 7 times less
efficient than 2 (Table 2). These differences may be explained
by the distinct bulkiness of L1 and L2; the higher steric
hindrance of L2 (compared with that of L1) may reduce the
binding aptitude of the corresponding complexes toward their
cellular target(s) (the metal center being sterically more
protected).

Compounds § and 6, containing the chiral ligand (S)-L3
(having a methyl and a phenyl P-substituents, in addition to
the 1-pyrenyl group), exhibit cytotoxic behaviors that are
(logically) in-between those of the dimethyl-containing L1 (1
and 2) and diphenyl-containing L2 (3 and 4) complexes
(Table 2). However, the activities of 5 and 6 are close to those
of 1 and 2 (Table 2); therefore, the sole replacement of one of
the phenyl groups of ligand L2 by a methyl, i.e,, ligand (S)-L3,

is sufficient to enhance the toxicity of the corresponding
ruthenium compounds by a factor of 1.9 up to 9.1 (Table 2). It
is important to notice that for this methyl/phenyl series, the
cytotoxicities of 5 and 6 are similar (in marked contrast to the
pairs 1—2 and 3—4); moreover, the 7°-p-cymene-containing
compound § is, in most cases, slightly more active than its 7°-
methyl benzoate counterpart, viz. compound 6 (6 is only more
cytotoxic than $ against the colorectal cell line SW620; Table
2). Thus, the choice/influence of the ;%-arene and PR, ligands
seems to be quite subtle; an apparently insignificant/minor
structural modification of the metal compound can give rise to
a notable change of its biological activity. Accordingly, the
properties of such ruthenium derivatives may be fine-tuned
(thanks to the high versatility of the 7%-arene- and PRs-type
ligands).

The selectivity indexes (SIs) for compounds 1—6 were
determined with the nontumorigenic epithelial breast cell line
MCFI10A and the breast adenocarcinoma cell line MCF7. The
SI is expressed as the ICg, of the compound in the normal cell
line divided by ICs, of the compound in the cancer cell line.
The calculated data are listed in Table 3. The SI values vary

Table 3. Selectivity Index (SI) = IC;, MCF10A (Non-
Cancerous Cell Line)/IC;, MCF7 (Cancerous Cell Line) of
Compounds 1-6

1 2 3 4 S 6
0.71 1.10 0.96 0.89 0.80 1.26

from 0.71 to 1.26; hence, the selectivity of the compounds
toward the breast cancer cells is poor. Only compound 6 is
slightly less toxic to healthy cells (Table 3).

Cell-Cycle and Apoptosis Studies. Cell-cycle analyses by
quantitation of DNA content using flow cytometry were then
performed with A375 cells incubated for 24 h with compounds
1—-6. Three control experiments were also carried out, namely,
(i) without any added compound, (ii) in the presence of
cisplatin, and (iii) in the presence of staurosporine, an inhibitor
of protein kinases (that is used to induce apoptosis). The
corresponding results as the percentages of cells in the Gy/G,,
S, and G,/M phases of the cell cycle are listed in Table 4. As
expected, cisplatin stops the cell cycle at the S and G,/M
phases (Table 4); indeed, it is well-known that the main effects
of cisplatin are S-phase and G,-phase arrest.”"~** Staurospor-
ine induces a cell-cycle arrest at the G,/M phase. It is known
that staurosporine inhibits the expression of major cell-cycle
proteins at the G,/M checkpoint, giving rise to apoptosis.*’
From compounds 1—6, only 2 and 4 appear to alter the cell
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Table 4. Cell-Cycle Analysis”

compound Gy/G, phase S phase G,/M phase
control” 56.3 + 3.3 16.0 = 1.2 27.7 + 3.4
cisplatin® 26.1 + 3.4 31.1 + 3.4 42.8 + 5.1
staurosporine” 28.0 + 4.2 173 + 1.5 54.6 + 4.5
1° 584 + 2.4 19.6 + 2.2 220 + 2.1
2b 30.8 + 3.4 25.1 + 1.6 44.1 + 4.6
3 62.1 33 133 + 29 246 + 1.1
4° 467 + 2.5 16.6 + 0.7 36.7 + 2.9
st S1.8 + 1.7 213 + 43 269 + 2.6
6" 52.0 + 5.6 17.8 + 2.6 302 + 3.6

“Percentage of A375 (melanoma) cells with Gap 0 (G,)/ Gap 1 (G,),
DNA synthesis (S), and Gap 2 (G,)/mitosis (M) phase DNA
content, determined by flow cytometry after 24 h incubation (without
any added compound but with 1% DMSO), 48 h incubation with
cisplatin, 24 h incubation with staurosporine, and 24 h incubation
with 1—6. The data given are means + SD of three independent
experiments. “Incubation of 24 h. “Incubation of 48 h.

cycle of A37S cells (Table 4). Remarkably, compound 2 seems
to block the cell cycle at the S and G,/M phases, like cisplatin
(Table 4). Interestingly, 2 is the most active compound of the
series described in the present study (Table 3); it should
however be reminded that the mechanism of action of 2 is
apparently different from that of cisplatin (the cellular target of
2 most likely is not DNA; see above). Compound 4 produces
some G,/M arrest, while 1, 3, 5, and 6 have no effect on the
cell cycle (Table 4). Clearly, the cellular target of these
organoruthenium(II) complexes is not the genetic material.

Next, the quantitative analysis of live cells, early and late
apoptosis and cell death was carried out using the Muse
annexin V and dead cell assay to assess the potential ability of
1-6 to induce A375-cell apoptosis. The experiments were
performed using an incubation time of 24 h, and complex
concentrations corresponding to the respective ICyy value of
1—6 for this cell line (at this incubation time; see Table 2).
Controls with 5 M cisplatin and 200 nM staurosporine were
also done for comparison purposes. The results, shown in
Table S, indicate that all compounds are capable of inducing
apoptosis, but with distinct orders of magnitude. The
ruthenium(II) complexes can be divided into two groups,
namely, those causing moderate apoptosis, i.e.,, 2 and 3, and
those inducing apoptosis, i, 1, 4, S, and 6 (Table S).

The activity of 1 and 6 is comparable with that of cisplatin,
while that of 4 and § is closer to the behavior observed for
staurosporine; using complex concentrations corresponding to

their respective ICy, values, 4 and S give rise to analogous
apoptosis. Since § is 2.5—4 times more cytotoxic than 4 (see
Tables 2 and 5), the apoptosis data suggest that their
mechanism of action is different. Remarkably, compound 2,
which exhibits the best ICs, values (against all tested cell lines;
see Table 2) and is able to stop the cell cycle at the S and G,/
M phases (like cisplatin; see Table 4), is the least efficient
complex regarding the induction of apoptosis; hence, its
efficacy is clearly due to its capacity to block the cell cycle.
Actually, the behavior of 2 is similar to that of 3, which is the
least cytotoxic compound of the series (see Tables 2 and $).

In summary, the cell-cycle and apoptosis studies described
above clearly suggest that, even though 1—6 are structurally
close to each other, they do not act with the same mechanism
of action; indeed, the (apparently) slight structural variations
among them give rise to important changes of their biological
activity toward A37S cells. More in-depth biological inves-
tigations are necessary to determine the specific way in which
each compound affects the cells.

Biological Activity against Neuroblastoma Cells.
Neuroblastoma is the most common embryonic malignancy
of early childhood whose prognosis is very poor, especially for
infants diagnosed between birth and 18 months of age.** This
pediatric disease presents a high metastatic rate that ultimately
affects the liver, bone marrow, and skin, as well as several other
organs.*® 7-Ethyl-10-hydroxy-camptothecin, also known as SN-
38, is one of the current antineoplastic drugs that is used
clinically against neuroblastoma. SN-38 is the active metabolite
of irinotecan, viz. (4S)-4,11-diethyl-4-hydroxy-3,14-dioxo-
3,4,12,14-tetrahydro-1H-pyrano[3’,4’:6,7 ]indolizino[ 1,2-b]-
quinolin-9-yl 1,4'-bipiperidine-1’-carboxylate (Figure SS5),
which is also active against this cancer; ® however, SN-38,
generated through hydrolysis of irinotecan, is 1000 times more
active than the parent compound.”” It should be pointed out
that SN-38, which acts as an inhibitor of DNA topoisomerase
I, exhibits a high toxicity and solubility issues;*® therefore, the
development of more efficient drugs with increased tolerance is
of paramount importance for the treatment of this lethal
childhood cancer.

The efficient L1-containing compounds 1 and 2 (see above)
were hence tested against two human neuroblastoma cell lines,
namely, SK-N-BE(2) and CHLA-90. Both cell lines are from
the same disease stage and postchemotherapy, but SK-N-
BE(2) presents MYCN amplification, whereas CHLA-90 does
not. The cytotoxic activities of 1 and 2 were compared with

Table S. Apoptosis Analysis®

compound live cells early apoptotic cells
control 95.1 + 1.0 2.6 + 1.0
cisplatin 62.8 + 9.4 3.7 +£29
staurosporine S1.2 + 1.7 23.6 + 2.8
1 59.3 £ 9.8 26 + 1.5
2 809 + 3.1 6.7 + 44
3 785 + 1.8 122 + 6.5
4 52.0 + 5.6 92 +32
S 59.8 £ 11.2 22.6 + 3.9
6 66.8 + 11.2 18.6 + 4.6

late apoptotic cells total apoptotic cells dead cells (other)

20+ 13 4.6 £0.8 02+ 03
33.1£69 36.7 + 9.7 0.5 +£03
251 £ 32 48.6 + 1.7 02+ 0.1
33.5 £ 5.7 36.1 + 7.1 4.6 + 2.8
12.0 + 4.0 18.8 + 3.5 03 + 04

8.6 + 42 20.8 + 2.5 0.7 £ 0.7
325+ 5.2 41.8 + 2.8 6.3 + 3.4
175 £ 74 40.1 + 11.2 0.1 £0.1
14.5 + 6.6 33.1 + 11.2 0.1 £0.1

“Percentage of A375 (melanoma) live, early apoptotic, late apoptotic and dead cells after 24 h incubation with ICg, concentrations of 1—6. Control
experiments were carried out without any added compound (24 h incubation and containing 1% DMSO), S uM cisplatin (48 h incubation), and
200 nM staurosporine (24 h incubation). The data given are means + SD of three independent experiments.
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those of the reference compound SN-38; the corresponding
IC, values are listed in Table 6.

Table 6. IC, Values (uM) of Compounds 1 and 2, and the
Reference Drug SN-38 for the Neuroblastoma Cell Lines
SK-N-BE(2) and CHLA-90, Determined after an Incubation
Time of 24 h”

compound SK-N-BE(2) CHLA-90
1 32+ 04 3.0+ 0.1
2 0.50 + 0.02 0.40 + 0.0
SN-38 7.6 + 0.6 13.0 £ 0.8

“The data shown are means + SD of three independent experiments.

Both ruthenium(II) complexes are more effective than SN-
38; compound 2 is particularly active, as evidenced by its ICs,
values in the nanomolar range (Table 6). It can be noted that,
again, the ﬂé-rnethyl benzoate derivative, i.e., 2, is significantly
more efficient than 7%-p-cymene-containing 1 (6.4 and 7.5
times more active against SK-N-BE(2) and CHLA-90 cells,
respectively; Table 6).

The effect of 1 and 2 on cell migration was next investigated
using the same two neuroblastoma cell lines (SK-N-BE(2) and
CHLA-90). For this study, the wound-healing assay was used.
This assay is a standard in vitro technique to probe collective
cell migration in two dimensions. It consists of removing cells
from an area through mechanical, thermal, or chemical
damage, creating a “wound” (i.e, a cell-free zone) in a
confluent monolayer. Afterward, images were regularly taken
with an inverted-phase contrast microscope and the area
closure (viz. “wound healing”) was quantified (see Exper-
imental Section for details). It should be stressed here that
mitomycin C was used in all experiments. Mitomycin C is an
inhibitor of cell division (proliferation); its utilization therefore
ensures that the closure of the wound is solely due to cell
migration and not to cell division. The calculated areas
(quantification of the closure; see Experimental Section) were
plotted against time, providing two parameters, namely, the
time required to close half of the wound, i.e., t,/, (hours) and
the migration velocity (or cell-migration rate), namely, Vnigration
(um h™'). The data obtained for SK-N-BE(2) and CHLA-90
cells in the presence of 1 and 2 are given in Table 7. The
corresponding microscopy images are shown in Figures S8 and
S9 for the SK-N-BE(2) and CHLA-90 cells, respectively.

Table 7. Calculated times to reduce by half the wound area
(t1/2; h) and cell-migration rates (Vmigraﬁm; pm h™!) for 1
and 2 with the two neuroblastoma cell lines SK-N-BE(2)
and CHLA-90“

SK-N-BE(2) CHLA-90
Vmigm@P Vmigrang[u
tip (h) (pm'h™) tip (h) (um'h™)
control® 23.1 + 44 7.8 £ 0.0 18.6 + 4.3 7.8 £ 0.5
1 27.8 £ 0.5 7.6 +£ 0.3 173 £ 2.0 89+ 0.5
2 37.2 £ 37 3.0+03 21.1 £ 59 8.0 £ 09

“The data for the ruthenium compounds are compared with those of
the control (cells without added compound). All data shown are
means + SD of three independent experiments. In all cases, cell
division (proliferation) was inhibited using mitomycin C. *Without
added compound.

For SK-N-BE(2) cells, compound 1 has almost no effect on
their migratory capacity. However, compound 2 significantly
decreases the ability of the cells to migrate as 33% more time is
required to reduce half the wound area (compared with the
control; Table 7). In the presence of 2, SK-N-BE(2) cells are
more than 60% slower compared with the compound-free ones
(Table 7). In the case of the CHLA-90 cells, both compounds
1 and 2 do not affect their migration rate.

In summary, the present preliminary studies revealed that
the migration of SK-N-BE(2) cells was markedly inhibited
when the cells were pretreated with 2; hence, more in-depth
biological investigations are definitively required to assess the
potential “antimetastatic properties” of 2 (with certain cell

line(s)).

B CONCLUSIONS

The biological (cytotoxic) activities of a series of ruthenium
half-sandwich complexes, bearing a 1-pyrenyl-containing
phosphane ligand, have been assessed against various human
cell lines. The data achieved revealed that both the nature of
the #°-arene and PR'R?*(1-pyrenyl) ligands of the compounds
with formula [Ru(#%-arene)ClL,(PR'R*(1-pyrenyl))] are im-
portant regarding their respective biological behavior. Indeed,
the compounds with a methyl benzoate ;°ring are generally
more efficient than the p-cymene ones. The bulkiness of the P-
ligand also appears to be a key factor as the Ru complexes from
the P(Me),(1-pyrenyl) phosphane are significantly more
effective than those containing the P(Ph),(1-pyrenyl)
phosphane. Replacement of one of the phenyl substituents of
P(Ph),(1-pyrenyl) by a methyl group, giving the “mixed”
ligand P(Me)(Ph)(1-pyrenyl), logically generate metal com-
pounds with intermediate cytotoxicities (but close to those of
the [P(Me),(1-pyrenyl)]-containing complexes). All com-
pounds are capable of inducing apoptosis (with various
efficacies), and the most active Ru complex, combining the
two beneficial ligands (namely, methyl benzoate and P-
(Me),(1-pyrenyl)), arrests the cell cycle at the G,/M and S
phases, like cisplatin. However, this piano-stool compound, like
all the other complexes of the series, apparently does not target
DNA (in contrast to cisplatin), even though the 1-pyrenyl
moiety was expected to promote DNA-intercalating properties.
Other cellular target(s) is(are) obviously affected by this family
of compounds, which has(ve) to be determined. Finally, the
best complex, namely, [RuCl,(#7°-methyl benzoate)(PMe,(1-
pyrenyl))] (2), shows the ability to act as a cell-migration
inhibitor for a certain cell line.

The present study clearly illustrates the high potential of
such versatile [RuCl,(n%arene)(PR'R’R?)] compounds as
possible antineoplastic agents. Clearly, the activity of such
complexes can be (fine-)tuned through:

(i) Their #%-arene ligand. It has been observed that the aryl
ring with an electron-withdrawing substituent, i..,
methyl benzoate, generates more efficient compounds
than those bearing the electron-rich p-cymene ring.
Thus, 1°arene ligands with different donating and/or
withdrawing substituents may be used to adjust the
biological properties of the corresponding Ru complexes.

(ii) Their PR'R’R® ligand. Many P-substituents can be used;
it has been shown that the sole replacement of a phenyl
group by a methyl one leads to a drastic modification of
the biological behavior of the resulting Ru complexes.
Hence, this provides immense opportunities to develop
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new members of this family of piano-stool compounds
with improved properties.

It can also be mentioned that both the #%arene and
PR'R’R? ligands may be used to introduce functional groups
for the targeting or/and delivery of the cytotoxic agent, hence
increasing its selectivity and efficiency. Finally, the anionic
ligands (viz. the chlorides in the complexes described herein)
may also be replaced by other anions, thus providing an
additional option/tool for the tuning of the biological
properties of the complexes; actually, this is currently being
investigated.

B EXPERIMENTAL SECTION

General. Ethidium bromide, sodium cacodylate, tris acetate-
ethylenediaminetetraacetic acid (TAE), cisplatin, 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and calf thymus
DNA (ct-DNA) were obtained from Sigma-Aldrich. Plasmid pBR322
DNA was purchased from Fisher Scientific. All compounds used for
the DNA interaction studies (fluorescence and gel electrophoresis)
were acquired from Sigma-Aldrich and Invitrogen. All the ligands and
ruthenium complexes were prepared under a purified nitrogen
atmosphere using standard Schlenk and vacuum-line techniques.
The solvents were obtained from a solvent purification system or
purified by standard procedures.” 'H, *C{'H}, and *P{'H} and
HSQC 'H—"C NMR spectra were recorded at 298 K on a Varian
Mercury 400 MHz spectrometer using CDCl; as solvent. Chemical
shifts (8) are reported in parts per million (ppm) and are referenced
to the nondeuterated solvent peak (CHCly: 7.26 ppm). The protons
of the BH; group of phosphine-borane L1’ (Scheme 2) appeared in
the aliphatic region of the spectra as very broad signals and have not
been assigned. IR spectra were recorded in KBr using a Nicolet-5700
FT-IR (in the range 4000—400 cm™"), and the main absorption bands
are reported (cm™'). High-resolution mass analyses were carried out
at the Centres Cientifics i Tecnologics de la Universitat de Barcelona,
with a time-of-flight instrument using electrospray ionization. C, H,
and N elemental analyses were performed at the Centres Cientifics i
Tecnologics de la Universitat de Barcelona, using a Thermo EA 1108
CHNS/O analyzer from Carlo Erba Instruments. Spectroscopic
measurements (DNA-binding studies) were performed in cacodylate
buffer solution (1 mM sodium cacodylate, 20 mM NaCl, pH 7.2),
prepared with ultrapure water and whose pH was adjusted with
aqueous HCl. The concentration of ct-DNA/plasmid DNA was
determined from its absorption intensity at 260 nm with a molar
extinction coefficient of 6600 M~'cm™. The DNA purity was
determined through the 260 nm/280 nm ratio (a ratio around 1.8—
1.9 indicates that the DNA used is sufficiently protein free).
Fluorescence spectra were collected in 1 cm path length quartz
cuvettes using a Horiba Jovin Yvon iHR320 spectrofluorometer.

The dimeric ruthenium precursor DB*® (Scheme 2), ligand $-L3,*°
and complex 5 were prepared following published procedures.

Preparation of Ligands. Dimethyl(1-pyrenyl)phosphane-bor-
ane (L1’). 1-Bromopyrene (1.69 g 6.0 mmol) was dissolved in 20 mL
of THF, and the solution was cooled to —78 °C. To the cold solution,
1.6 M n-BuLi in hexane (3.6 mL, 5.7 mmol) was added using a
syringe, and the resulting mixture was stirred for 1 h. To the
organolithium solution, chlorodimethylphosphane (0.41 mL, 500 mg,
5.2 mmol) was added, and the reaction mixture was allowed to warm
up to room temperature for 14 h. 1 M borane-THF (10 mL, 10.0
mmol) was added, and the resulting solution was stirred for 1 h.
Water (10 mL) was carefully added, and the THF was removed under
reduced pressure. After extraction with dichloromethane (3 X 10
mL), the combined organic phases were washed with 20 mL of water.
The final organic phase was dried with anhydrous sodium sulfate and
filtered, and the solvent was removed under reduced pressure giving
the crude product, which was purified by column chromatography
(flash SiO,, hexane/ethyl acetate 95:5). L1’ was obtained as a white
solid (589 mg, 41%). 'H NMR (CDCl,, 400 MHz): § = 8.74 (d, ] =
9.2, 1H), 8.36 (dd, J = 12.4, 8.0, 1H), 8.30—8.27 (m, 3H), 8.20 (dd, J

= 8.0, 1.6, 1H), 8.17 (d, ] = 8.8, 1H), 8.08 (d, ] = 7.6, 1H), 8.07 (d, ]
= 8.8, 1H), 1.93 (d, ¥Jup = 10.0, 6H). BC{*H} NMR (CDCI,, 101
MHz): § = 133.7-123.3 (C, CH, Ar), 13.9 (d, YJcp = 39.6, 2CH,).
SIp{’'H} NMR (CDCl,;, 162 MHz): § = +1.8 (d, br, Jzp = 68.7).
HRMS: caled. for C;iH,,BNP ([M] + NH,), 294.1577; found,
294.1573.

Dimethyl(1-pyrenyl)phosphane (L1). L1’ (250 mg, 0.91 mmol)
was dissolved in 20 mL of dichloromethane, and the solution was
cooled to 0 °C. Subsequently, HBF,-Et,0 (0.62 mL, 4.5 mmol) was
added, and the resulting mixture was stirred for 1 h. Ten milliliters of
a thoroughly deoxygenated saturated aqueous solution of NaHCO,
were carefully added to the formed phosphonium salt. The organic
layer was transferred to another flask, washed with thoroughly
deoxygenated water, dried with sodium sulfate, and filtered, and the
solvent was evaporated under reduced pressure. L1 was obtained as
an air-sensitive colorless oil (208 mg, 87%). 'H NMR (CDCl;, 400
MHz): 6 = 8.86 (dd, ] = 9.2, 5.2, 1H), 8.23—8.00 (m, 8H), 1.55 (d,
Jup = 2.8, 6H). BC{'"H} NMR (101 MHz): § = 133.3—124.7 (C,
CH, Ar), 14.1 (d, YJcp = 10.9, 2CH;). *'P{*H} NMR (162 MHz): § =
—59.6 (s).

Diphenyl(1-pyrenyl)phosphane (L2). 1-Bromopyrene (492 mg,
1.75 mmol) was dissolved in 20 mL of THF, and the solution was
cooled to —78 °C. 1.6 M n-BulLi in hexane (1.0 mL, 1.60 mmol) was
then added using a syringe, and the reaction mixture was stirred for 1
h. Next, chlorodiphenylphosphane (0.25 mL, 300 mg, 1.35 mmol)
was added to the organolithium solution, and the resulting mixture
was allowed to warm up to room temperature. After 14 h, water (10
mL) was carefully added, and THF was removed under reduced
pressure. The resulting aqueous phase was extracted with dichloro-
methane (3 X 10 mL), and the combined organic phase was washed
with 20 mL of water. The organic phase was then dried over
anhydrous sodium sulfate and filtered, and the solvent was removed
under reduced pressure. L2 was obtained as a white solid (450 mg,
87%). The characterization data match those reported earlier for this
compound.”® 1H NMR (CDCl,, 400 MHz): 6 = 8.77 (dd, ] = 9.2, 4.8,
1H), 821 (dd, J = 4.4, 0.8, 1H), 8.19 (d, ] = 3.6, 1H), 8.12—8.00 (m,
SH), 7.55 (dd, ] = 8.0, 4.4, 1H), 7.35—7.32 (m, 10H). *'P{'H} NMR
(162 MHz): 6 = —14.0 (s).

Preparation of Ruthenium Compounds. [Ru(%-p-cymene)-
Cly(L1)] (1). Procedure A (see Scheme 3): L1 (200 mg, 0.76 mmol)
was dissolved in 10 mL of dichloromethane and [RuCl(u-CI)(#°-p-
cymene)], (DC; 195 mg, 0.32 mmol) was subsequently added. The
resulting red solution was stirred for 1 h protected from light, and the
solvent was removed under reduced pressure. The residue was
recrystallized from dichloromethane/hexane, producing pure 1 as a
dark-red solid (198 mg, 55%).

Procedure B (see Scheme 3): 1-Bromopyrene (1.69 g, 6.0 mmol)
was dissolved in 20 mL of THF, and the resulting solution was cooled
to —78 °C. Next, 1.6 M n-BuLi in hexane (3.6 mL, 5.7 mmol) was
added using a syringe, and the reaction mixture was stirred for 1 h.
Chlorodimethylphosphane (0.41 mL, 500 mg, S5.2 mmol) was
subsequently added to the organolithium solution, and the mixture
was allowed to warm up to room temperature. After 16 h, 1 mL of
methanol was added, and the solvent was evaporated under reduced
pressure. The ensuing crude solid was dissolved in 20 mL of CH,Cl,
and DC (350 mg, 0.57 mmol) was added. The resulting orange
solution was stirred for 1 h protected from light and was rapidly
washed with water (2 X 10 mL). The organic phase was dried over
anhydrous sodium sulfate and filtered. After evaporation of the
solvent under reduced pressure, the solid residue was recrystallized
from dichloromethane/hexane, producing 1 as a dark-red compound
(590 mg, 90%).

IR (KBr, cm™): 3040, 2958, 2915, 1593, 1460, 1415, 1381, 1293,
1279, 1213, 1084, 1057, 1031, 949, 916, 845, 718, 701. 'H NMR
(CDCly, 400 MHz): 6 = 9.17 (d, ] = 9.2, 1H), 8.41 (dd, ] = 9.6, 8.0,
1H), 8.32—8.28 (m, 4H), 8.22 (d, ] = 8.8, 1H), 8.15 (d, ] = 8.9, 1H),
8.10 (d, J = 7.6, 1H), 5.12 (d, ] = 5.6, 2H), 4.78 (s, br, 2H), 2.75 (h,
3au = 6.8, 1H), 2.06 (s, br, 6H), 1.80 (s, 3H), 1.14 (d, [y = 6.8,
6H). BC{'H} NMR (101 MHz): § = 133.2—124.0 (C, CH, Ar),
107.3 (s, 2CH), 96.5 (s, 2CH), 30.5 (s, CH), 22.2 (s, 2CHj,), 18.1 (s,
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CH,;), 14.1 (s, br, CH;). ¥P{'"H} NMR (162 MHz): 6 = +7.7 (s).
HRMS: calcd. for Cy,H,sNPCLRu ([M] + NEt;), 670.1704; found,
670.1711. C, H Anal.: cald. for C,gH,oCL,PRu, C $9.16%, H S5.14%;
found, C 57.89%, H 5.32%.

[Ru(n®-methyl benzoate)Cl,(L1)] (2). Procedure A: L1 (200 mg,
0.76 mmol) was dissolved in 10 mL of dichloromethane and
[RuCl(p-Cl) (57°-methyl benzoate)], (DB; 196 mg, 0.32 mmol) was
subsequently added. The resulting red solution was stirred for 1 h
protected from light and subsequently filtered; the solvent was then
removed under reduced pressure. The solid residue was recrystallized
from dichloromethane/hexane to give pure 2 as a dark-red solid (280
mg, 77%).

Procedure B: the method applied for 1 was followed (see above)
using 1.69 g (6.00 mmol) of 1-bromopyrene, 3.6 mL (5.7 mmol) of
1.6 M n-BuLi in hexane, 0.4 mL (500 mg, 5.20 mmol) of
chlorodimethylphosphane and 388 mg (0.63 mmol) of DB. After
workup and recrystallization, pure 2 was obtained a dark-red solid
(680 mg, 94%).

IR (KBr, cm™): 3081, 2953, 1701 v(C = 0), 1592, 1518, 1422,
1292, 1272, 1110, 949, 917, 850, 773, 720. '"H NMR (CDCl,, 400
MHz): § = 9.11 (d, ] = 9.2, 1H), 8.49 (dd, J = 10.0, 8.0, 1H), 8.35—
830 (m, 4H), 824 (d, J = 8.8, 1H), 8.17 (d, J = 8.8, 1H), 8.12 (d, ] =
8.1, 1H), 6.25 (s, br, 2H), 5.47 (t, ] = 5.2, 1H), 3.88 (s, 3H), 2.06 (s,
br, 6H). *C{'H} NMR (101 MHz): 6 = 165.5 (s, C = O), 133.5—
124.1 (C, CH, Ar), 92.4 (s, 2CH), 79.8 (s, CH), 53.2 (s, CH;), 13.5
(m, br, 2CH,). ¥P{"H} NMR (162 MHz): 6 = +9.6 (s). HRMS:
caled. for Cy,HuNO,PCLRu ([M] + NEt;), 672.1133; found,
672.1143. Anal:: cald. for C,gH,,CLO,PRu, C 54.75%, H 4.06%;
found, C 52.99%, H 4.35%.

[Ru(nﬁ-p-cymene)Clz(LZ)] (3). Procedure A: the synthetic proce-
dure used to prepare 1 was followed with 173 mg (0.45 mmol) of L2
and 114 mg (0.19 mmol) of DC. Pure 3 was obtained as a dark-red
solid (237 mg, 90%).

Procedure B: the synthetic procedure applied for 1 was used with
500 mg (1.79 mmol) of 1-bromopyrene, 1.0 mL (1.6 mmol) of 1.6 M
n-BuLi in hexane, 0.2 mL (290 mg, 1.36 mmol) of chlorodimethyl-
phosphane and 420 mg (0.69 mmol) of DC. Pure 3 was obtained as a
dark-red solid (890 mg, 94%).

IR (KBr, cm™): 3041, 2958, 2923, 2869, 1581, 1481, 1468, 1434,
1374, 1207, 1189, 1159, 1091, 1028, 857, 751, 741, 720, 692, 634,
606, 582, 540, 516, 465, 425. "H NMR (CDCl,, 400 MHz): & = 8.90
(d,7=9.6,1H), 8.29 (t, ] = 8.0, 2H), 8.23 (d, ] = 9.2, 1H), 8.14—8.08
(m, 4H), 7.74 (, ] = 10.4, 1H), 7.66 (t, ] = 8.8, 4H), 7.37—7.26 (m,
6H), 5.29 (s, 2H), 447 (s, br, 2H), 3.12 (h, ¥y = 6.8, 1H), 1.62 (s,
3H), 126 (d, 3Juy = 6.8, 6H). BC{'H} NMR (101 MHz): § =
135.7—123.7 (C, CH, Ar), 113.6 (d, ¥Jcp = 6.5, C), 98.3 (s, C), 88.6
(s, 2CH), 86.3 (s, 2CH), 30.5 (s, CH), 22.1 (s, 2CHj,), 18.2 (s, CH,).
SIP{'H} NMR (162 MHz): § = +32.1 (s). HRMS: calcd. for calcd. for
CysHy,NPCLRu ([M] + NH,), 710.1078; found, 710.1073. Anal.:
cald. for C33H;3;CL,PRu, C 65.90%, H 4.80%; found, C 65.00%, H
S.11%.

[Ru(nB-methyl benzoate)Cl,(L2)] (4). Procedure A: 200 mg (0.52
mmol) of ligand L2 was dissolved in 10 mL of dichloromethane, and
185 mg (0.30 mmol) of DB was added. The resulting red solution was
stirred for 1 h protected from light and subsequently filtered, and the
solvent was removed under reduced pressure. The solid residue was
recrystallized from dichloromethane/hexane, giving pure 4 as a dark-
red solid (300 mg, 83%).

Procedure B: the method applied for 1 was followed (see above)
using S00 mg (1.79 mmol) of 1-bromopyrene, 1.0 mL (1.60 mmol) of
1.6 M n-BuLi in hexane, 02 mL (290 mg, 1.36 mmol) of
chlorodimethylphosphane and 420 mg (0.68 mmol) of DB. Pure 4
was obtained as a dark-red solid (900 mg, 95%).

IR (KBr, cm™): 3059, 2949, 1717 v(C = O), 1657, 1556, 1451,
1271, 1106, 843, 856, 704. "H NMR (CDCl;, 400 MHz): 6 = 8.81 (d,
J=92,1H), 831 (d, ] = 8.0, 1H), 8.29 (d, ] = 8.0, 1H), 824 (d, ] =
8.8, 1H), 8.14 (d, ] = 2.8, 2H), 8.12 (d, J = 2.8, 2H), 7.61-7.56 (m,
SH), 7.41 (s, br, 3H), 7.31 (s, br, 3H), 6.44 (d, ] = 6.0, 2H), 4.89 (s,
br, 3H), 4.75—4.71 (m, 2H), 3.91 (s, 3H). BC{"H} NMR (101
MHz): § = 164.2 (s, C = O), 135.6—124.0 (C, CH, Ar), 89.6 (s, CH),

53.5 (s, CH;). 3'P{'"H} NMR (162 MHz): § = +32.1 (s). HRMS:
caled. for caled. for CyH; CLNO,PRu ([M] + NH,), 712.0507;
found, 712.0499. Anal.: cald. for C;¢H,,Cl,O,PRu, C 62.25%, H
3.92%; found, C 59.25%, H 3.95%.

[Ru(né-methyl benzoate)Cl,(S-L3)] (6). The procedure A applied
to prepare 2 was followed (see above) using 388 mg (1.20 mmol) of
S-L3 and 308 mg (0.50 mmol) of DB. Pure 6 was obtained as a dark-
red solid (571 mg, 90%).

IR (KBr, cm™): 3052, 2949, 1727 v(C = 0), 1581, 1520, 1486,
1434, 1293, 1275, 1109, 89S, 851, 768, 749, 720, 691, 629, 602, 499.
'"H NMR (CDCl,, 400 MHz): 6 = 8.59 (t, J = 7.6, 1H), 8.43 (d, ] =
9.2, 1H), 8.37 (d, J = 7.2, 1H), 8.30—8.17 (m, 4H), 8.09 (d, ] = 7.6,
1H), 8.04 (d, ] = 9.6, 1H), 7.66 (t, ] = 8.4, 1H), 7.35 (t, ] = 6.4, 1H),
7.26 (m, 2H), 6.47 (s, br, 1H), 6.09 (s, br, 1H), 5.43 (s, br, 1H), 5.36
(s, br, 1H), 4.55 (s, br, 1H), 3.86 (s, 3H), 2.36 (d, *Jup = 10.8, 3H).
BC{'H} NMR (101 MHz): § = 164.8 (s, C = 0), 133.6—124.2 (C,
CH, Ar), 972 (s, CH), 91.5 (s, CH), 90.7 (s, CH), 87.7 (s, CH), 84.0
(s, CH), 53.2 (s, CH;), 16.0 (d, Jcp = 36.1, CH;). 3'P{'"H} NMR
(162 MHz): 6 = +16.6 (s). HRMS: calcd. for calcd. for
C;;H,yNO,PCLRu ([M] + NH,), 650.0349; found, 650.0354.
Anal.: cald. for C;;H,;CL,O,PRu, C 58.87%, H 3.98%; found, C
57.86%, H 4.12%.

X-ray Structure Determination. Single crystals, suitable for X-
ray diffraction studies, of 1, 2, and 4 were obtained by slow diffusion
of hexane into a dichloromethane solution of each complex, at 4 °C.
Crystallographic data for 1, 2, and 4 were collected on a Bruker APEX
II QUAZAR diffractometer equipped with a microfocus multilayer
monochromator with Mo Ka radiation (1 = 0.71073 A), at the Group
of Magnetism and Functional Molecules (GMMF) of the Universitat
de Barcelona. Data reduction and absorption corrections were
performed by using SAINT and SADABS (Bruker AXS Inc.,
Madisson, Wisconsin, USA), respectively. The structures were solved
using SHELXT*"** and refined with OLEX2>® suite. Crystallographic
and refinement parameters for the three compounds are summarized
in Table S1. All details can be found in CCDC 1863809 (1), 1863807
(2), and 1863808 (4) that contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Center via https://summary.ccdc.
cam.ac.uk/structure-summary-form.

Agarose Gel Electrophoresis. Twenty microliters of cacodylate-
buffered solutions of pBR322 plasmid DNA (15 uM, in base pair)
containing 0.42, 0.83, 1.67, and 3.33 equiv of the complexes (6.25—50
uM, obtained from DMSO stock solutions) were incubated for 24 h
at 37 °C. Control samples of free DNA and DNA bound to cisplatin
(0.5 and 1 equiv) were also prepared. Following the incubation, 4 uL
of a xylene cyanol 0.25% aqueous solution (containing 30% glycerol)
was added to all samples, which were subsequently electrophoretized
in agarose gel (1% in TBE buffer) for 1 h at 6.25 V cm™!, using a Bio-
Rad horizontal tank connected to a Consort EV231 variable potential
power supply. The gel was then treated with SYBR Safe DNA gel stain
and consequently photographed with a Bio-Rad Gel Doc EZ imager.

Ethidium Bromide Displacement Assays. Samples containing
ct-DNA (1S M, in base pair) and ethidium bromide (ethidium
bromide, EB; 75 M) in cacodylate buffer (1 mM sodium cacodylate,
20 mM NaCl, pH = 7.2) were incubated at 37 °C for 1 h. Then, the
samples were treated with increasing amounts of 250 uM stock
solutions of the complexes freshly prepared in DMSO (final complex
concentrations of 1, 2, 3, 6,9, 12, 15, 20, and 25 M were used for the
experiments). The optimum DNA/EB ratio of 1:5 was determined
experimentally, by fluorescence spectroscopy. This ratio corresponds
to the saturation of the emission signal, illustrated by a plateau and is
indicative of the occupation of all possible intercalation sites by EB.
The samples, containing 1—25 uM of the complexes investigated and
up to a maximum of 5% DMSO in a final volume of 3 mL, were
subsequently incubated at 37 °C for 24 h. The fluorescence emission
spectra of all samples were then recorded at room temperature in the
range 520—700 nm, applying an excitation wavelength 4., = S14 nm.
Blank experiments were also carried out with cacodylate-buffered
solutions of ct-DNA/EB (namely, without complex).
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Cell Lines and Culture. The A549 (lung adenocarcinoma), A37S
(melanoma), SW620 (colorectal adenocarcinoma), MCF7 (breast
carcinoma), MCF10A (nontumorigenic mammary epithelial), SK-N-
BE(2) (neuroblastoma), and CHLA-90 (neuroblastoma) human cell
lines were purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA). All cell lines were tested and verified
by ATCC using short tandem repeat analysis and were cultured
(passage number 10—25) using ATCC recommended media. Hence,
AS549, A375, and SW620 cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) medium supplemented with 10% (v/v)
heat-inactivated fetal bovine serum (FBS; Life Technologies,
Carlsbad, CA, USA), 100 unit/mL penicillin, 100 pg/mL
streptomycin, and 2 mM L-glutamine. MCF7 and MCFI0A cells
were cultured in DMEM-F12 (DMEM/nutrient mixture F-12 Ham)
medium (1:1) supplemented with 10% FBS or 5% horse serum (v/v),
respectively, 100 yuM sodium pyruvate, 10 yg/mL insulin, 100 unit/
mL penicillin, 100 pg/mL streptomycin, and 2 mM L-glutamine.
Moreover, MCFI0A cells were supplemented with 20 ng/mL
epidermal growth factor (EGF, Sigma-Aldrich), 0.5 pg/mL hydro-
cortisone, and 100 ng/mL cholera toxin. SK-N-BE(2) and CHLA-90
cells were cultured in Iscove’s modified Dulbecco’s media (IMDM),
supplemented with 20% FBS, 1% insulin-transferrin-selenium (ITS,
Life Technologies), 100 unit/mL penicillin, and 100 pg/mL
streptomycin.

All cell lines were grown at 37 °C under an atmosphere containing
5% CO,. The cell lines were routinely tested using a specific standard
PCR to control mycoplasma contamination.

Cell Viability Assays. Cell proliferation was evaluated by the
MTT assay. The cells (1 X 10° cells per mL) were plated in 96-well
sterile plates and allowed to grow for 24 h. After attachment to the
surface, the cells were subsequently incubated for 24 h at 37 °C, with
various concentrations of the ruthenium(II) compounds (0.4—50 uM
for compound 1, 0.2—20 M for compound 2, 0.8—100 uM for
compounds 3 and 4, and 0.5—5 uM for compounds § and 6), freshly
prepared from stock solutions in DMSO and diluted in the
corresponding culture medium (the final concentration of DMSO
was of 1%). Control cells (namely, without added compound) were
cultured in the corresponding culture medium plus the carrier, viz. 1%
DMSO. Following the incubation, 10 uM MTT were added to each
well, and the cells were further incubated for 2 h. Next, the medium
was aspirated, and the blue formazan precipitate was dissolved in 100
uL of DMSO. The absorbance at 570 nm was registered using a
multiwell plate reader (Multiskan FC, Thermo Scientific). The cell
viability was expressed as percentage values with respect to control
cells, and the data are given as the mean value + SD (standard
deviation) of three independent experiments. Dose—response curves
and the corresponding IC,s, ICso, and IC,s values were obtained
through nonlinear regression (curve fit), calculated with the
GraphPad Prism 5.0 software.

Flow Cytometry — Cell Cycle and Apoptosis. A375 cells (2 X
10° cells) were seeded in six-well plates and, after 24 h, they were
treated with ICs, values of compounds 1—6 for 24 h. Similarly,
control cells were treated with 1% DMSO, and positive controls were
also treated with cisplatin (S uM for 48 h) or staurosporine (200 nM
for 24 h). Afterward, the cells were detached, centrifuged at 300 g for
S min, and resuspended in 1 mL of 1X PBS-1% FBS. Then, for the
assessment of apoptosis, 100 uL of cell suspension were mixed with
Annexin-V kit buffer (1:1; Muse Annexin V & Dead Cell Assay,
Merck Millipore, Merck KGaA, Darmstadt, Germany). After 20 min
of incubation at room temperature, the cells were examined on the
Muse Cell analyzer (Merck Millipore). During the incubation time,
the cells for the cell cycle analysis were prepared. The rest of the cell
suspension (900 uL) was centrifuged at 300g for S min and
resuspended in 50 yL of PBS. The cells were slowly added, drop by
drop, to 1 mL of ice cold 70% ethanol and were incubated overnight
at —20 °C. The next day, 500 uL of cell suspension were centrifuged
at 300g for S min, washed once with 1X PBS, and resuspended in a
final volume of 200 yL. Finally, 200 yL of Muse Cell Cycle reagent
was added and incubated for 30 min in the dark. Afterward, the cells
were examined on the Muse Cell analyzer. All the conditions were

assessed in three independent experiments. The results are shown as
the mean value + SD.

Wound-Healing Assay. 1 X10° cells per mL were seeded in a 12-
well plate and allowed to grow for 24 h (during this time, the cells
reached a density of ca. 80%). Cell division (proliferation) was
inhibited by adding 10 pg/mL mitomycin C. Following the
incubation, an incision/scratch was established in the central area
by using a sterile pipet tip. The cells were then treated with each
compound, and images were regularly taken using a phase-contrast
light microscope (Axio Observer Z1, Gottingen, Germany). The
migration of cells in the wound space, i.e., the wound closure, was
quantified using the MRI Wound Healing Tool macro for Image] (see
http://dev.mri.cnrs.fr/projects/imagej-macros/wiki/Wound_
Healing_Tool). The results are expressed as the mean + SEM
(standard error of mean) of three independent experiments. One-way
ANOVAs were carried out with the Statgraphics Centurion statistical
package (StatPoint, Inc., Herndon, VA, USA), and the posthoc Tukey
test was applied.
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