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Quadruplex nucleic acids — DNA/RNA secondary structures formed in guanine rich sequences — proved
to have key roles in the biology of cancers and, as such, in recent years they emerged as promising
targets for small molecules. Many reports demonstrated that metal complexes can effectively
stabilize quadruplex structures, promoting telomerase inhibition, downregulation of the expression of
cancer-related genes and ultimately cancer cell death. Although extensively explored as anticancer
agents, studies on the ability of ruthenium arene complexes to interact with quadruplex nucleic acids are
surprisingly almost unknown. Herein, we report on the synthesis and characterization of four novel Ru(i)
with ligands bearing pendant naphthyl-
groups designed to bind quadruplexes by both stacking and coordinating interactions. We show how

arene complexes 1,3-dioxoindan-2-carboxamides
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improvements on the hydrolytic stability of such complexes, by substituting the chlorido leaving ligand
with pyridine, have a dramatic impact on their interaction with quadruplexes and on their cytotoxicity
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Introduction

In the last 15 years, there has been considerable interest in
new DNA-targeting drugs able to recognize non-canonical
motifs called G-quadruplexes (G4s)." Such DNA structures are
formed in G-rich sequences as a stacked arrangement of
guanine tetrads which are connected by loops of varying
length. Even though they share the same core structure, G4s
exhibit a polymorphic nature. This in turn leads to motifs
characterized by unique binding sites for the potentially selec-
tive binding of small molecules. Furthermore, G4s are not ran-
domly distributed within the human genome, but are over-
represented in telomeres and in the promoter regions of
cancer-related genes, with key roles in their regulation.”> For
these reasons they have become popular biological targets in
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cancer research, and there might be the chance that G4s will
be the protagonists of a new DNA-based targeted therapy era.’
Currently, there are two fluoroquinolone-based G4-binders
which entered clinical trials as G4-targeting anticancer drug
candidates."

Complexes of different metals (e.g. Pt, Ni, Au) can effectively
interact with G4 structures.”> Many of these compounds have
also been tested against cancer cell lines both as potential
drugs and/or probes. In contrast, reports on ruthenium-based
compounds capable of binding (selectively) to G4s are only
starting to emerge. This is somehow surprising considering
that Ru complexes such as NAMI-A and IT-139 (formerly
NKP-1339) have been considered as promising metal-based
alternatives to clinically used Pt drugs.®” The ruthenium-
based G4 binders reported so far are mostly substitutionally
inert polypyridyl complexes where one of the N,N-ligands has
an extended aromatic moiety which allows for partial stacking
with the G4 tetrads.'® " Although extensively explored as anti-
cancer agents,**>? only one family of Ru-arene complexes has
been designed and investigated as G4-binding drugs to the
best of our knowledge. Liu and Mei developed Ru(u)-arene
complexes bearing phenanthroimidazole ligands which proved
to stabilize the quadruplex formed in ¢-Myc oncogene via a
groove binding mechanism and to inhibit the proliferation,
migration, and invasion of breast cancer cells.>*>* Overall, the
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scarce use of Ru-based scaffolds for G4-binding can principally
be ascribed to the preferred octahedral or piano-stool geome-
tries, which are not ideal for stacking on top of the guanine
tetrads of the G4 structure.

In recent years, we developed different classes of metal-
based compounds to selectively target G-quadruplexes, includ-
ing Ni(u) salen-type derivatives,*® Pt(i1) supramolecular coordi-
nation complexes,””*® and Ru(u) N-heterocyclic carbenes.***°
The aim of this article is to explore a new strategy for the
design of Ru-arene complexes possessing distinct G4 binding
abilities that can positively affect their anticancer activity. This
approach could pave the way for utilizing this promising class
of compounds and their structural versatility for G-quadruplex
targeting purposes.

In this work, we present the synthesis of four novel half-
sandwich Ru(un) complexes attached to the 1,3-dioxoindan-2-
carboxamide ligand scaffold bearing a pendant naphthyl-
group. O,0-Dioxoindane-based ligands were selected among
our toolkit of ligands since they show important biological
activity via topoisomerase inhibition when coordinated to the
organometallic Ru() cym (cym = p-cymene) moiety.>" Herein,
we modified the dioxoindane scaffold with alkyl linkers (of
different length) attached to a pendant naphthyl group able to
n-stack on top of the G-quadruplex tetrads, thereby conferring
G4 binding activity to the final compounds. Furthermore, we
explored the effect of substituting the chlorido leaving ligand
with pyridine, which has been shown to significantly increase
hydrolytic stability.*>*® This approach was adopted consider-
ing that the interplay between stability and dynamic behavior
(ligand release via hydrolysis) is assumed to be a key step in
the activation of most organometallic Ru(u) complexes.>*>°
We consequently investigated the ability of the resulting com-
pounds to bind G4 motifs in vitro through spectroscopy
and high resolution mass spectrometry and evaluated their
anti-proliferative  activity against cancer cells.
Overall, we have found that small improvements in the hydro-
Iytic stability of the Ru scaffold by pyridine coordination led to
dramatic enhancements in both G4 binding properties and
cytotoxicity.
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Fig. 1 Synthetic route for the preparation of compounds 1la—b and 2a-b.
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Results and discussion
Synthesis and X-ray crystal structures

Ru complexes 1a-b and 2a-b were prepared via a 5-step syn-
thetic route summarized in Fig. 1. Commercially available
2-hydroxy-1,4-naphtoquinone (Lawsone) was converted to
2-oxido-3-phenyl-iodonio-1,4-naphthoquinone which served as
a precursor for both ligands.

The precursor, which undergoes a Wolff-type rearrange-
ment to yield a (ring-contracted) ketocarbene intermediate,
was then treated with the respective primary amine yielding
the N-substituted 1,3-dioxoindan-2-carboxamides L1 and L2.
Complexes were obtained by deprotonation of the respective
ligand and subsequent reaction with the dimeric ruthenium
species bis[dichlorido(cymene)ruthenium(u)]. In order to
replace the leaving group by pyridine, the chlorido ligand was
abstracted by AgNO;, followed by addition of pyridine and
NaClO,. As the formed Ru-N bond could be cleaved under pro-
longed light irradiation, the last step of the reaction was per-
formed under exclusion of light.

Complexes 1a and 2a were designed as multivalent
G-quadruplex binders since they bear both a naphthyl moiety
able to stack on top of the guanine tetrads as well as an
exchangeable ligand directly coordinated to the ruthenium
center, thereby providing a binding site for a guanine nitrogen
(typically N7) after aquation of the metal center. Pyridine
derivatives 1b and 2b were specifically designed to increase
water solubility and to evaluate the role of the N-donor aro-
matic ligand on the G4 binding ability and the impact on the
cytotoxicity of the complexes.

All the synthesized compounds were characterized by stan-
dard spectroscopic and analytical methods confirming the for-
mation and purity of the desired complexes (see for instance
Fig. S1f for "H NMR of L1, 1a and 1b). UV-Vis spectra in
buffered aqueous solutions of the precursors L1 and L2 and of
the metal compounds 1a-b and 2a-b at different concen-
trations are reported in Fig. S2.f Ligands L1 and L2 display
very similar spectral features with a broad band centered at
396 nm, a multi-peaked band in the range 290-320 nm and

@ xI-NH,
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Fig. 2 Representation of 1a, 2a, and 1b structures derived from X-ray analysis (for the anisotropic displacement ellipsoids see ESI{); hydrogen
atoms and counter ions are omitted for clarity. Numbering and anisotropic displacement ellipsoids are reported in Fig. S3—S5 of the ESI{ together

with all crystal data given in Tables S2—-S7.+

Table 1 Selected bond lengths (A) and angles (°) for complexes 1a, 2a,
and 1b

Bond length/angle 1a 2a 1b
Ru-arene (centroid)

Ru(1)-0(1) 2.107 2.098 2.069
Ru(1)-0(2) 2.095 2.085 2.099
Ru(1)-CI(1) 2.404 2.410 —
Ru(1)-N(2) — — 2.109
0(1)-Ru(1)-0(2) 88.587 90.072 90.065

two intense peaks centered at 273 and 264 nm, respectively.
Chlorido complexes 1a and 2a retain the broad band at about
400 nm but lack the narrow multi-peaked bands at lower wave-
lengths, exhibiting a single broad band at 277 nm. The same
trend is followed by the pyridine complexes 1b and 2b, which,
besides the band at 400 nm, show an additional band with two
maxima at about 275 and 250 nm, respectively.

Single crystals suitable for X-ray diffraction studies were
obtained for 1a, 2a and 1b and the molecular structures are
shown in Fig. 2 while selected bond lengths and angles are given
in Table 1.

The synthesized complexes share similar structural features
and adopt the typical three-legged piano-stool geometry com-
monly encountered in Ru(u) arene structures, with the Ru
atom n-bonded to the p-cymene ligand, the anionic O,0-chelat-
ing 1,3-dioxoindan-2-carboxamide ligands coordinated in a
bidentate fashion and the chlorido (1a and 2a) or the pyridine
(1b) leaving groups completing the piano-stool configuration.
The observed bond lengths are in good agreement with similar
previously reported half-sandwich ruthenium complexes.*’

Stability in solution and interaction with G-quadruplex
structures by FRET

Before testing their G-quadruplex stabilizing capability, we
checked the stability in solution of the synthesized metal-
based compounds. Time dependent "H-NMR spectra of 1a and
1b, selected as examples of chlorido and pyridine derivatives,
respectively, showed that the compounds were stable after 24 h
in DMSO and CH;CN, which were the solvents used for stock

12042 | Dalton Trans., 2019, 48, 12040-12049

solutions (see Fig. S6-S9t). This control experiment was
necessary in order to exclude possible ligand exchange of the
complexes, like observed previously for other Ru-arene com-
pounds in DMSO.?” Concerning the stability in aqueous solu-
tion, complexes 1a-b and 2a-b were stable in MES buffer at
pH 6 (see UV-Vis and '"H-NMR spectra in Fig. $10-S127). On
the other hand, the same compounds showed reduced stability
at higher pH values (Tris-HCl buffer supplemented with KCl,
pH 7.8), with the pyridine derivatives being more stable
towards ligand loss than the chlorido analogues (see time-
dependent UV-Vis spectra in Fig. S13f). In particular, 1a
readily dissociated ligand L1 upon dissolution, whereas 1b
under the same conditions released L1 after 3 hours, indicat-
ing that coordination of a pyridine stabilized the binding of
the 1,3-dioxoindan-2-carboxamides L1 and to the Ru center
(Fig. S137).

G4 stabilization studies by FRET were carried out at pH 7.2,
using potassium cacodylate 60 mM as buffer. MES and Tris-HCI
buffers were not used since their pK, values change significantly
with temperature, while cacodylate buffer does not suffer from
this issue.*® Besides, fluorescent dyes used for the labeling of
ODNSs are protonated and quenched at acidic pH (e.g. in MES).*®
At pH 7.2, compounds were expected to behave similarly to what
observed in Tris-HCI, yet their stability in solution is sufficient
for proving G4 binding in the FRET time scale (incubation 1 or
2 h). NMR analysis demonstrated, for instance, that a 60 mM
cacodylate solution of 1b is stable for at least 2 h (Fig. S147).

For the FRET assay, we incubated the metal compounds
and the corresponding ligands with selected oligonucleotides
(ODNSs, see sequences in Table S8t) folded as G4s (from telo-
meric DNA and oncogene promoters) or duplex DNA. As shown
by the AT, values reported in Table 2, ligands L1 and L2 have
a detrimental effect on G4 stability, decreasing the melting
temperature of the ODNs in all studied cases. The chloride
derivatives 1a and 2a do not exert any significant stabilization
effect, except for 2a stabilizing only the B-DNA model ODN
dsDNA. Interestingly, the pyridine derivatives 1b and 2b are the
only ones which strongly affect the melting temperature of the
selected ODNs, showing a preference for G4 models, in particu-
lar for the G4 formed in the promoter of the ¢-Kit gene.

This journal is © The Royal Society of Chemistry 2019
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Table 2 ATy, values of 0.2 uM ds-DNA and G4s upon interaction with
4 pM binders. Uncertainty is <0.5 for the ATy, reported. Incubation
time: 2 h

AT (°C)

dsDNA hTelo c-Kit1 Bcl2 hTERT
L1 —-3.5 —2.4 -7.6 —2.4 —-4.0
L2 —-3.4 —-2.1 -7.1 —-2.3 -2.9
la 4.0 0.9 -0.1 1.2 2.7
1b 10.2 11.0 20.9 5.1 9.5
3+L1 6.3 —-0.4 10.1 5.7 2.4
2a 10.4 3.0 1.8 3.7 2.6
2b 9.7 6.5 15.7 3.8 9.4
3+L2 8.6 1.8 10.5 5.4 0.7
3 4.4 0.4 -0.3 —-0.6 1.1

Next, we performed a series of control experiments to better
rationalize this behavior and understand the effect of ligand
hydrolysis on the G4-stablilization of 1b and 2b. We treated
the ODNs with complex 3 used as control (Fig. 3A) and in com-
bination with ligands L1 and L2 as they are the constituents of
compounds 1b and 2b, respectively. Remarkably, incubation of
the ODNs with these combinations did not result in such a
strong effect as observed for 1b and 2b, demonstrating that all
the structural components of the complexes were needed to
exert a distinct G4 stabilization (Table 2 and Fig. 3B).

Additionally, when we used a shorter incubation time (1 h),
we observed an overall increase of the ODNs melting tempera-
ture (Fig. 3C and Table S97). In this case, besides 1b and 2b,
also the chlorido complexes 1a and 2a exhibited G4 stabiliz-
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ation, indicating that within this time window significant
amounts of these compounds were still in their original form
(i.e. not hydrolyzed). Furthermore, with the shorter incubation
time of 1 h, the selectivity toward G4 over duplex DNA of com-
pounds 1b and 2b increased significantly. Even though the
exact fraction of stable compounds interacting with the
selected G4s is not known, the AT, values obtained in the
described different conditions are strongly indicative of the
importance of the complexes stability for the G4 stabilization.

Interaction with 9-ethylguanine and G4s by mass spectrometry

Incubation experiments (2 h in H,0, 20% MeOH) of 1a and 1b
with 9-ethylguanine (9-EtG) followed by mass analyses demon-
strated that both complexes are able to coordinate guanines at
the N7 position (Fig. S15 and S167). Further time-dependent
experiments indicated a relatively fast exchange (within
30 min) between the pyridine of complex 1b and the nucleo-
base (Fig. S177).

We then used ESI-TOF mass spectrometry to evaluate the
binding of 1a and 1b to two selected G-rich sequences, hTelo
and c¢-Kit1 respectively. The two G4s contain stacks of three
G-quartets and retain monovalent potassium ions in their
folded structure (see 3D models of hTelo and c¢-Kit1 in Fig. 4A
and B).*>*! Since non-volatile potassium salts are not compati-
ble with their use in buffers for ESI mass spectrometry, we
used ammonium acetate instead to ensure G4 formation, like
previously reported.*?

Mass spectra of the free G4s exhibited ions mainly in the
charge states of —5 and —4. In each charge state, there were
three peaks corresponding to the free oligodeoxynucleotide, one
NH," ion adduct, and two NH," ions adduct (Fig. 4C and D).

1b
B
—=— cKit1
[ E—
<
<] +3
@ 081 +(L1+43)
€ +1a
% 0.6 +1b
s
E 0.4
g
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z
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L1 3
c —=— c-Kit1
104 +1a (2h)
5 +1a(1h)
? 081 ——+1b (2n)
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s
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z
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Fig. 3
compounds (4 uM). (C) FRET melting profiles at different incubation times.
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(A) Structures of 1b and of its constituents L1 and 3. (B) FRET melting profiles of the c-Kitl G4 (0.2 uM) upon interaction with the indicated
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(A, B) 3D structures of hTelo (A) and (B) c-Kitl G4s, generated with Chimera using PDB 2HY9 and 203M, respectively. Guanines belonging to

G-tetrads are highlighted in orange and unpaired guanines are shown in green. (C, D) Negative ESI-TOF-MS enlargements of the distribution of
ammonium adducts for the 5-charge state of free 10 pM hTelo (C) and (D) c-Kitl sequences in the absence and presence of equimolar amount of
the compounds 1a and 1b. The three peaks in each spectrum correspond to the free oligodeoxynucleotide (orange circles), one NH,* ion adduct,

and two NH4" ions adduct (one and two green diamonds, respectively).

After 1 h incubation of our compounds with the two G4s,
we observed low-intensity peaks corresponding to 1:1 adducts
(and their fragments) with 1a and 1b upon loss of chloride or
pyridine, respectively (Fig. S18-S227).

Furthermore, we focused our attention to the G4
ammonium adduct distribution after incubation with 1a and
1b. At first, we compared the relative intensity of the ESI-MS
peaks distribution of NH," adducts for the 5-charge of hTelo™>
and c-Kit1~> with the one of their complexes (or their frag-
ments) with 1a and 1b (Fig. S237). For both G-quadruplexes,
an intensity decrease of the peak corresponding to the
ammonium free ODN occurred in the spectra of the adducts
with 1a and 1b, indicating a lower tendency by the G4 to
release NH," ions, hence a general stabilizing effect.*

Nevertheless, considering that the peaks corresponding to
1a/1b-G4 adducts have low intensity and, especially in the case
of c¢-Kit1, different adduct fragments are present (see
Fig. S207), we also compared the ammonium distribution of
free hTelo®™ and c-Kit1°~, before and after the interaction with
our complexes. In this case, addition of 1a/ib to hTelo G4
(Fig. 4C) led only to a minor shift in ammonium adduct distri-
bution with the peak corresponding to hTelo®~ with one and
two associated ammonium becoming slightly less abundant
compared to the free G4. This could indicate a minor destabili-
zation of the G4 structure with a small release of monovalent

12044 | Dalton Trans., 2019, 48, 12040-12049

ions after the interaction with 1a and 1b.** On the other hand,
the interaction with ¢-Kit1~> confirmed the stabilization effect
(Fig. 4D): upon addition of 1a/b, the relative abundance of
c-Kit1°~ with one or two coordinated ammonium ions clearly
increased, indicating improved stability of the G4 structure. In
other words, ¢-Kit1>~, once bound to the metal compounds,
held NH," ions between the G-tetrads more tightly than the
free G4 when introduced into the gas phase.*> The observed
stabilizing effect was stronger for compound 1b than for 1a.

The hTelo sequence contains no free guanines besides
those participating in the G4 fold (Fig. 4A),** whereas c-Kit1
features three non-stacked guanines (Fig. 4B), making them
potentially accessible for easier ruthenation. In both MS
experiments and FRET studies, ¢-Kit1 displays enhanced stabi-
lization of the G4 fold by the pyridine derivative 1b as com-
pared to hTelo, thus suggesting that the presence of unpaired
guanines in the ¢-Kit7 DNA motif enables a dual binding
mode, allowing for N7 ruthenation besides the stacking action
of the naphthyl moiety.

Incubation experiments with 9-EtG and with the selected
G4 models clearly indicated that both compounds 1a and 1b
coordinate the N7 of guanines and simultaneously bind the
G4s tetrad via stacking of the naphthyl group. The increased
stability of 1b toward ligand exchange is key for the success of
this dual mode of binding in our experimental conditions.

This journal is © The Royal Society of Chemistry 2019
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Cytotoxicity

We then tested the cytotoxic activity of 1a-b and 2a-b and
their respective ligands against the ovarian cancer cell line
A2780 (Fig. 5). The trends observed in cell-free experiments
presented above have been surprisingly mirrored in cell
culture. Complexes 1b and 2b were the most active compounds
displaying ICs, values in the low micromolar range (Table 3),
which can be explained by the increased stability of the pyri-
dine derivatives while the chlorido complexes decompose
faster under these conditions.

As a matter of fact, neither the ligands or the chlorido com-
plexes, nor the equimolar combination of the free ligands with
the control complex 3 reached the activity of compounds 1b
and 2b.

Considering that the cell viability is measured 72 h after
drug exposure, it is worth pointing out that the main action of

A2780
1.5+ - 1a
= 2a
-+ 1b
-+ 2b
T
< G —o—
E 1.0 s =
o A
(O)
K]
[<]
w 0.5
0.0-
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1.5
= 3+L1
-+ 3+L2
L
+ 1.0
3
2
(O]
k)
I.I.? 0.5
0.0 T T T T T T 1

0 10 20 30 40 50 60 70 80
[Drug] (uM)

Fig. 5 Concentration dependent effect of the synthesized compounds
and 3 on A2780 cell viability.
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this class of compounds is most likely exerted during the first
hours of exposure. This is consistent with the high activity of
compounds 1b and 2b which proved to be the most stable
among the synthesized molecules.

Conclusions

In summary, four novel Ru(u) arene complexes (two chlorido
and two pyridine derivatives, respectively) with two 1,3-dioxo-
indan-2-carboxamides bearing naphthyl-groups separated by
a spacer of different lengths have been synthesized and charac-
terized, including the X-ray structure for three of the metal
compounds. We proved through FRET and mass spectrometry
that designing ruthenium arene compounds with the ability to
stack on top of guanine tetrads and simultaneously bind free
guanines is a viable strategy to obtain fairly good G4 binders.
Besides, we showed that the G4 binding activity of these com-
plexes correlates well with low-micromolar cytotoxicity towards
ovarian cancer cells, unambiguously demonstrating that the
whole complex is necessary for such events to occur, while
neither the free ligands nor the combination of the ligands
with the Ru(u)-arene pyridine fragment 3 were able to stabilize
G4 folds or kill cancer cells to the same extent.

This study is a first step toward the design of new metal-
loarene compounds with enhanced G4 binding activity.
Currently, further studies carried out in our laboratory seek to
replace the O,0-coordination motif with different donor atoms
to evaluate the effect of an improved overall stability of the
Ru-arene scaffold on G4 binding ability and correlated anti-
cancer activity.

Materials and methods
General

All solvents were purchased from commercial sources and dis-
tilled prior use. Chloroform was dried over molecular sieves
(3 A) before use. All chemicals were purchased and used
without further purification. Sodium perchlorate monohydrate
(99.99%, Aldrich) was dried at 160 °C in vacuo prior to use.
2-Oxido-phenyliodonio-1,4-naphthoquinone was synthesized
as described elsewhere.’" MilliQ water was used to prepare
buffers and pH was measured using a Mettler Toledo pH
meter. All oligonucleotides were purchased from IDT
(Integrated DNA Technologies) in HPLC purity grade. The
FRET probes used were FAM (6-carboxyfluorescein) and
TAMRA (6-carboxy-tetramethylrhodamine).

Melting points were determined with a Biichi Melting Point
M-560. The solubility was determined by dissolving the com-

Table 3 ICsq (M) values of the indicated compounds against the ovarian cancer cell line A2780 after 72 h incubation
L1 L2 la 1b 3+1L1 2a 2b 3+L2 3
29.6 +1.1 33.1+1.6 28.2+0.3 3.7+0.1 31.6 +0.7 104 +£1.2 4.4+0.1 32.4+1.0 56.7 +8.1

This journal is © The Royal Society of Chemistry 2019
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pound in DMSO and subsequent dilution to a final concen-
tration of 1% DMSO/MEM. The highest concentrated dilution,
where no precipitation of the compound occurred, was the
determined solubility. The NMR spectra were recorded at
25 °C using a Bruker FT-NMR spectrometer Avance III™
500 MHz. NMR spectra were measured in deuterated dimethyl
sulfoxide (DMSO-dg) or chloroform (CDCl;) (see Fig. S24-S357
for the full spectra). CHN-elemental analyses were performed
with a Eurovector EA3000 Elemental Analyzer in the micro-
analytical laboratory of the University of Vienna. Single crystals
of 1a, 2a, and 1b suitable for X-ray diffraction analysis were
grown by precipitation from DCM/Et,O at 4 °C. The X-ray
intensity data were measured on Bruker D8 Venture and
Bruker X8 Apex2 diffractometer equipped with multilayer
monochromators, Mo K/a INCOATEC micro focus sealed tubes
and Kryoflex cooling systems. The structures were solved by
direct and patterson methods and refined by full-matrix least-
squares techniques. Non-hydrogen atoms were refined with an-
isotropic displacement parameters. Hydrogen atoms were
inserted at calculated positions and refined with riding model.
The following software was used: Bruker SAINT v8.37A &
V7.68A (Bruker AXS) using a narrow-frame algorithm for frame
integration, SADABS (by George M. Sheldrick) for absorption
correction, OLEX2 for structure solution,” refinement, mole-
cular diagrams and graphical user-interface, Shelxle for refine-
ment and graphical user-interface,*® SHELXS-2015 for struc-
ture solution, SHELXL-2015 for refinement,*” Platon for sym-
metry check.*® Experimental data and CCDC-codes (available
online at http://www.ccdc.cam.ac.uk/conts/retrieving.html) can
be found in Table S1.t Crystal data, data collection parameters,
and structure refinement details are given in Tables S2-S7.f
Crystal structures visualized in Fig. S3-S5.F

Synthesis

2-(Hydroxy(napththylmethylamino)methylene)-1H-indene-1,3
(2H)-dione (L1). After 2-oxido-phenyliodonio-1,4-naphtho-
quinone (350 mg, 931 pmol, 1 eq.) was dissolved in dry CHCl;
(35 mL), 1-naphthylmethylamine (136 pL, 931 pmol, 1 eq.) was
added under argon and the mixture was refluxed overnight
(24 h). The solvent was removed, the residue was washed with
diethylether, and the obtained product dried in vacuo. (76%,
233 mg, yellow powder): m.p. 192-193 °C; solubility 0.096 mg
mL™" = 0.29 mM (MEM, 1% DMSO); "H-NMR (500.10 MHz,
DMSO-dg) 8: 5.04 (s, 2H), 7.45-7.64 (m, 9H), 7.86-7.91(m, 1H),
7.96-8.00 (m, 1H), 8.17-8.22 (m, 1H), 9.18 (br s, 1H); *C-NMR
(125.75 MHz, DMSO-dg) § 40.89 (C2'), 93.89 (C2), 120.86 (C4,
C7), 123.23 (C7'), 125.22 (C4'), 125.56 (C5'), 126.03 (C9’), 126.57
(C8), 127.98 (C6'), 128.69 (C10'), 130.54 (C6'a), 133.13 (C5 and
C6), 133.34 (C10'a), 137.72 (C3a, C7a), 165.77 (C1’), 190.60
(Ca and C3) ppm.

mfz 328.14, mgy,: 328.10; elemental analysis caled for
C,1H;1sNOs: C 76.58, H 4.59, N 4.25%; found: C 75.53, H 4.65,
N 4.41%.

2-(Hydroxy(2-(1-naphthyl)ethylamino)methylene)-1H-indene-
1,3(2H)-dione (L2). After 2-(1-naphthyl)ethylamine hydro-
chloride (138 mg, 665 umol, 1 eq.) and triethylamine (139 pL,

12046 | Dalton Trans., 2019, 48, 12040-12049

View Article Online

Dalton Transactions

997 pmol, 1.5 eq.) were suspended in CHCI3 (25 mL) and
stirred for 15 minutes under argon, 2-oxido-phenyliodonio-1,4-
naphthoquinone (250 mg, 665 pmol, 1 eq.) was added and
refluxed overnight (20 h). The reaction mixture was washed
with water and dried over anhydrous sodium sulfate. The solu-
tion was evaporated to dryness and the residue washed with
diethyl ether and dried in vacuo (78%, 179 mg, yellow powder):
m.p. 175-176 ©°C; solubility (determined in aqueous cell
culture medium MEM (Minimum Essential Medium Eagle,
Sigma) with a final concentration of 1% DMSO 0.126 mg mL ™"
= 0.37 mM (MEM, 1%DMSO); 'H-NMR (500.10 MHz,
de-DMSO) &: 3.08-3.13 (m, 1H), 3.32-3.36 (m, 2H), 3.63-3.68
(m, 2H), 7.39-7.46 (m, 2H), 7.51-7.60 (m, 6H), 7.80-7.82 (m,
1H), 7.92-7.94 (m, 1H), 8.27-8.29 (m, 1H), 8.90 (br s, 1H);
BC-NMR (125.75 MHz, d6-DMSO) § 32.82 (C3'), 45.67 (C2'),
120.37 (C4, C7), 123.91 (C8'), 125.67 (C5'), 125.74 (C6'), 126.16
(C10"), 126.88 (C9'), 127.06 (C7'), 128.61 (C11’), 131.60 (C7'a),
132.58 (C5, C6), 133.48 (C11'a), 134.95 (C4'), 138.12 (C3a, C7a),
165.65 (C1'), 190.58 (C1, C3) ppm. m/z 342.16, mg,: 342.11;
elemental analysis caled for C,,H;,NO;:0.15H,0: C 76.35, H
5.04, N 4.05%; found: C 76.28, H 5.33, N 4.45%.
[(Chlorido)((1,3-dioxo-kO1-1H-inden-2(3H)-ylidene)(naphthyl-
methylamino)methanolato-k02)(p-cymene)ruthenium(u)] (1a).
After stirring a solution of sodium methoxide (12.6 mg,
234 pmol, 1.1 eq.) and L1 (70 mg, 213 umol, 1 eq.) in MeOH/
DCM (10 mL, 5:1) for an hour at r.t., bis[dichlorido(cym)
ruthenium(u)] (58.7 mg, 96 pmol, 0.9 eq.) was added and the
mixture stirred for 22 h. The solvent was removed and residue
dissolved in DCM, the resulting suspension was filtered
and concentrated. The product was precipitated from
DCM/n-hexane and dried in vacuo (72%, 83 mg, brown
powder): m.p. >206 °C (decomp.); solubility 0.066 mg mL™"' =
0.11 mM (MEM, 1%DMSO); 'H-NMR (500.10 MHz, CDCl;) &
1.19-1.27 (m, 6H), 2.18 (s, 3H), 2.67-2.74 (m, 1H), 4.94-5.24
(m, 2H), 5.24-5.30 (m, 2H), 5.42-5.53 (m, 2H), 7.40-7.62 (m,
8H), 7.97-7.83 (m, 1H), 7.88-7.91 (m, 1H), 8.05-8.08 (m, 1H),
9.00 (dd, */(H,H) = 6 Hz, *J(H,H) = 6 Hz, 1H); "*C-NMR
(125.75 MHz, CDCl;) 6 17.89 (cym-C10), 22.12 and 22.33 (cym-
C8, -C9), 30.86 (cym-C7), 41.28 (C2'), 78.89 and 79.37 (cym-C3,
-C5), 82.52 and 82.59 (cym-C2, -C6), 96.60 (cym-C4), 98.18 (C2),
99.56 (cym-C1), 120.69 and 120.92 (C4, C7), 123.35 (C7'),
125.07 (C4'), 125.48 (C5'), 126.02 (C9'), 126.65 (C8'), 128.19
(Ce6'), 128.88 (C10’), 131.31 (C6'a), 132.13 and 132.32 (C5, C6),
133.86 (C10'a), 136.41 (C3'), 137.78 (C3a, C7a), 165.92 (C1'),
190.94 (C3), 192.51 (C1) ppm. m/z 564.33, my,: 564.11; elemen-
tal analysis caled for Cj;;H,3CINOs;Ru-0.25H,0: C 61.69, H
4.76, N 2.32%; found: C 61.77, H 4.75, N 2.39%.
[(Chlorido)((1,3-dioxo-k01-1H-inden-2(3H)-ylidene)(2-(1-naphthyl)
ethylamino)methanolato-k02)(p-cymene)ruthenium(u)]  (2a).
After stirring a solution of sodium methoxide (13.2 mg,
240 pmol, 1.1 eq.) and L2 (75 mg, 219 pmol, 1 eq.) in MeOH/
DCM (10 mL, 5:1), for an hour at r.t., bis[dichlorido(cym)
ruthenium(u)] (60.2 mg, 98 pmol, 0.9 eq.) was added and the
mixture stirred for 22 h. The solvent was removed and residue
dissolved in DCM, the resulting suspension was filtered and
concentrated. The product was precipitated from DCM/

This journal is © The Royal Society of Chemistry 2019
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n-hexane and dried in vacuo. (75%, 90 mg, brown powder):
m.p. >129 °C (decomp.); solubility 0.080 mg mL™" = 0.13 mM
(MEM, 1%DMSO); "H-NMR (500.10 MHz, CDCl;) 6: 1.28-1.32
(m, 6H), 2.18 (s, 3H), 2.78-2.85 (m, 1H), 3.20-3.51 (m, 2H),
3.71-3.97 (m, 2H), 5.06-5.09 (m, 1H), 5.15-5.23 (m, 2H),
5.42-5.44 (m, 1H), 7.36-7.60 (m, 8H), 7.76-7.79 (m, 1H),
7.88-7.91 (m, 1H), 8.13-8.15 (m, 1H), 8.70 (dd, */(H,H) = 6 Hz,
*J(H,H) = 6 Hz, 1H); *C-NMR (125.75 MHz, CDCl;) § 17.98
(cym-C10), 22.40 (cym-C8, -C9), 30.99 (cym-C7), 33.83 (C3'),
39.97 (C2'), 78.79 and 79.38 (cym-C3, -C5), 82.06 and 82.61
(cym-C2, -C6), 96.46 (cym-C4), 98.11 (C2), 99.54 (cym-C1),
120.65 and 120.83 (C4, C7), 123.91 (C8'), 125.77 (C10"), 125.90
(C5"), 126.17 (C9'), 127.25 (C7'), 127.35 (C6'), 129.05 (C11'),
132.05 (C5, C6), 132.07 (C7'a), 132.21 (C5, C6), 134.06 (C11'a),
135.37 (C4'), 136.39 and, 137.78 (C3a, C7a), 165.97 (C1'),
190.64 (C3), 192.47 (C1) ppm. m/z 578.38, my,: 578.13; elemen-
tal analysis caled for C;,H3oCINO;Ru-0.25H,0: C 62.23, H
4.98, N 2.27%; found: C 61.99, H 5.04, N 2.38%.
[(¥N-Pyridine)((1,3-dioxo-xO1-1H-inden-2(3H)-ylidene)(naphthyl-
methylamino)methanolato-k02)](p-cymene)ruthenium(u) per-
chlorate (1b). After a solution of silver nitrate (159 mg,
937 pmol, 1.4 eq.) and 1a (400 mg, 669 pmol, 1 eq.) in THF
(2 mL) was stirred for 1 h 45 min, pyridine (65 pL, 803 pmol,
1.2 eq.) was added and the reaction mixture subsequently pro-
tected from light. After stirring for another 1 h 45 min, NaClO,
(122 mg, 870 pmol, 1.3 eq.) was added. The reaction mixture
was stirred 1 h 30 min before removal of the solvent. The
residue was dissolved in DCM, filtered and concentrated. The
product was precipitated from DCM/n-hexane and dried
in vacuo. (87%, 432 mg, yellow solid): m.p. >117 °C (decomp.);
solubility 0.25 mg mL™' = 0.34 mM (MEM, 1%DMSO);
'H-NMR (500.10 MHz, CDCl;) &: 1.13-1.17 (m, 6H), 2.02 (s,
3H), 2.51-2.59 (m, 1H), 5.14-5.17 (m, 2H), 5.55-5.69 (m, 4H),
7.31-7.69 (m, 10H), 7.74-7.78 (m, 1H), 7.88-7.97 (m, 2H),
8.08-8.12 (m, 1H), 8.28-8.31 (m, 2H), 8.72-8.75 (m, 1H), 9.13
(dd, *y(H,H) = 6 Hz, *J(H,H) = 6 Hz, 1H); “C-NMR
(125.75 MHz, CDCl;) 6 17.59 (cym-C10), 22.04 and 22.31 (cym-
C8, -C9), 30.82 (cym-C7), 41.64 (C2'), 81.67 and 81.72 (cym-C3,
-C5), 83.72 and 83.84 (cym-C2, -C6), 97.50 (C2), 98.59 (cym-C4),
103.11 (cym-C1), 121.25 and 121.31 (C4, C7), 122.84 (C7'),
125.18 (C8'), 125.52 (C4'), 126.35 (C9'), 126.52 (pyr-C3, -C5),
126.86 (C8'), 128.65 (C6'), 129.24 (C10’), 131.13 (C6'a), 133.13
and 133.25 (C5, C6), 133.57 (C10'a), 135.31 (C3'), 137.11 (C3a,
C7a), 139.30 (pyr-C4), 152.27 (pyr-C2, -C6), 165.62 (C1’), 190.73
(€C3), 192.54 (C1) ppm. m/z 643.36, my,: 643.15; elemental ana-
lysis caled for Cj3gH;3CIN,O,Ru-2.2H,0: C 55.31, H 4.82,
N 3.58%; found: C 55.11, H 4.42, N 3.91%.
[(xN-Pyridine)((1,3-dioxo-kO1-1H-inden-2(3H)-ylidene)(2-(1-
naphthyl)ethylamino)methanolato-k02)]( p-cymene)ruthenium(u)
perchlorate (2b). After a solution of silver nitrate (19.8 mg,
114 pmol, 1.4 eq.) and 2a (50.5 mg, 82 pmol, 1 eq.) in THF
(2 mL) was stirred for 1 h 45 min, pyridine (7.9 pL, 98 umol,
1.2 eq.) was added and the reaction mixture subsequently pro-
tected from light. After stirring for another 1 h 45 min, NaClO,
(13.4 mg, 106 pmol, 1.3 eq.) was added. The reaction mixture
was stirred 1 h 30 min before removal of the solvent. The
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residue was dissolved in DCM, the resulting solution was fil-
tered and concentrated. The product was precipitated from
DCM/n-hexane and dried in vacuo. (92%, 50 mg, green
powder): m.p. >91 °C (decomp.); solubility 0.25 mg mL™"' =
0.33 mM (MEM, 1%DMSO); "H-NMR (500.10 MHz, CDCl;) &:
1.24-1.28 (m, 6H), 2.04 (s, 3H), 2.63-2.72 (m, 1H), 3.29-3.56
(m, 2H), 3.85-4.21 (m, 2H), 5.32-5.52 (m, 4H), 7.36-7.68 (m,
9H), 7.68-7.78 (m, 2H), 7.94-7.97 (m, 1H), 8.15-8.18 (m, 1H),
8.43-8.46 (m, 2H), 8.65 (dd, *J(H,H) = 7 Hz, *J(H,H) = 7 Hz,
1H), 8.77-8.80 (m, 1H); "*C-NMR (125.75 MHz, CDCl;) § 17.56
(cym-C10), 22.30 (cym-C8, -C9), 30.92 (cym-C7), 33.72 (C3'),
39.90 (C2'), 81.64 and 82.02 (cym-C3, -C5), 83.09 and 83.53
(cym-C2, -C6), 97.27 (C2), 98.40 (cym-C4), 103.04 (cym-C1),
121.13 and 121.17 (C4, C7), 123.64 (C8'), 125.65 (C5'), 125.88
(C6"), 126.09 (C10), 126.57 (pyr-C3, -C5), 127.58 (C9),
127.63 (C7'), 129.21 (C11'), 131.88 (C6'a), 132.98 and 133.12
(C5, C6), 134.09 (C10'a), 134.62 (C3a, C7a), 135.24 (C3'), 137.10
(C3a, C7a), 139.32 (pyr-C4), 152.16 and 152.24 (pyr-C2, -C6),
165.15 (C1'), 190.38 (C3), 192.41 (C1) ppm. m/z 657.40, My,:
657.17.

UV-Vis

UV-Vis absorption spectra were recorded on a PerkinElmer
LAMBDA 35 double beam spectrophotometer, equipped with a
Peltier temperature controller. Measurements were carried out
at 25 °C using 1 cm path-length quartz cuvettes. Compounds
were dissolved in acetonitrile and diluted in the respective
working buffer to the desired concentration, with the final
content of acetonitrile kept below 1%. Lambert-Beer extinction
coefficients were determined in 2 mM MES buffer at pH = 6
by adding compound stock in acetonitrile in small
increments.

FRET

FRET experiments were performed in 96-well plates and run
on an Applied Biosystems® 7500 Real-Time PCR cycler
equipped with a FAM filter (Aexe = 492 NM; Aeyy = 516 nm). The
lyophilized strands were first diluted in MilliQ water to obtain
100 pM stock solutions. These were diluted to a concentration
of 400 nM in 60 mM potassium cacodylate buffer (pH 7.4) and
then annealed to form G4 structures by heating to 95 °C for
5 min, followed by slowly cooling to room temperature over-
night. Experiments were carried out in a 96-well plate with a
total volume of 30 pL. Final concentration of the oligonucleo-
tides was 200 nM. All compounds were previously dissolved in
DMSO or ACN to give 1 mM stock solutions. These were
further diluted using 60 mM potassium cacodylate and added
to obtain the final concentration (with a total percentage of
DMSO or ACN < 0.8%). Ramp temperature program was set
with a stepwise increase of 1 °C every 30 s starting from 25 °C
to reach 95 °C, and measurements were acquired after each
step. To compare different sets of data, FAM emission data
were normalized (0 to 1).*° Ty, is defined as the temperature
at which the normalized emission is 0.5. Measurements were
made in duplicate. Analysis and plotting of the data were
carried out using Origin 9.5 (OriginLab Corp.)
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9-EtG assay. Stock solutions of the compounds were pre-
pared in methanol. These were further diluted with MilliQ
water and mixed with 9-EtG (also dissolved in water) at the
desired concentrations. The resulting mixtures were stirred for
two hours and analysed by MS. Low-resolution experiments
were performed in the positive-ion mode. High-resolution
experiments were performed in a maXis classic (Bruker
Daltonik GmbH, Bremen, Germany) hybrid ESI-Qq/oa-TOF MS
instrument. Sample were diluted in ACN/MeOH 1% H,0 and
the introduction was performed via direct infusion. The follow-
ing parameters were used: flow rate 3 pl min™'; capillary
voltage —4500 V; dry gas flow 4.0 L min™" (nitrogen); dry temp-
erature 180 °C; resolution: 20000 FWHM; mass accuracy
<5 ppm.

G4 assay. All ESI-TOF-MS experiments involving G4s were
conducted on a Bruker maXis impact mass spectrometer in
the negative mode with settings as previously reported: capillary
voltage 13 500 V; nebulizer 1.0 bar; dry gas flow 4.0 L min™"
at 120 °C; end plate offset voltage 500 V.**> Data were analyzed
with the instrument software Bruker Daltonics DataAnalysis.
100 uM stock solutions of oligonucleotides ATelo and c-Kit1
were prepared in 100 mM ammonium acetate buffer and
heated to 90 °C for 5 Min before being allowed to slowly cool
to room temperature. Compounds la-b and 2a-b were pre-
pared as 1 mM stock solutions in acetonitrile and diluted with
MilliQ water to a concentration of 20 uM. An equimolar
mixture of drug and G4 (10 pM, respectively) was injected con-
taining 50 mM ammonium acetate. Experimental conditions
were adjusted to allow ammonium ions coordinated between
G-quartets to be retained,’® while ammonium ions associated
to binding sites not specific for the G4 fold are mostly stripped
during ionization. Peak patterns were interpreted as previously
reported.”® Charge states of the oligonucleotide with the
highest relative abundance (—5) were analyzed and interpreted.

Cell culture and viability assay. The ovarian cancer cell line
A2780 was purchased from Sigma-Aldrich and cultured in
RPMI 1640 medium, supplemented with 2 mM glutamine and
10% fetal bovine serum (FBS South America, Biowest, Nuaillé,
France). A2780 cells cultures were incubated at 37 °C and 5%
CO, and regularly screened for Mycoplasma contamination
(Mycoplasma Stain kit, Sigma, St Louis, Missouri, USA). For
the viability assay, 2-3 x 10 cells per mL were seeded in 96-well
plates and left to adhere overnight. Cells were treated with
0-75 uM of the indicated compounds or their combinations
for 72 h, followed by determination of cell viability by the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT)-based vitality assay (EZ4U, Biomedica, Vienna, Austria)
according to the manufacturer’s instructions. Concentrations
of the compounds leading to a reduction of cell number by
50% as compared to the untreated control (ICs,) were calcu-
lated from whole dose-response curves generated by GraphPad
Prism 5 software. Each data point in the response curves rep-
resents the mean + SD of three replicates of one representative
experiment, which was performed at least three times.
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