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Novel “ruthenium cyclopentadienyl”—peptide
conjugate complexes against human FGFR(+)
breast cancerf
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In this work we explored the possibility of improving the selectivity of a cytotoxic Ru complex [RuCp
(PPh3)(2,2"-bipy)l[CFsSO3] (where Cp = ns—cyclopentadienyl) TM34 towards FGFR(+) breast cancer cells.
Molecular dynamics (MD) simulations of TM34 in a phosphatidylcholine membrane model pinpointed the
cyclopentadienyl group as a favorable derivatization position for the peptide conjugation approach. Three
new Ru(i) complexes presenting a functionalized n°-cyclopentadienyl were synthesized, namely [Ru(n®-
CsH4COOH)(2,2'-bipy)(PPh3)][CFsSOs] (TM281) and its precursors, [Ru(n5-C5H4COOCH2CH3)(n2-2,2’—
bipy)(PPh3)l[CF35SOs] (3) and [Ru(n®-CsH4sCOOCH,CHs)(PPhs),Cll (2). Complex TM281 was prepared by
the hydrolysis of the ethyl ester group appended to the n°-cyclopentadienyl ligand of complex 3 with
K>COs in water/acetonitrile, followed by mild protonation using an ion exchange resin. The newly syn-
thesized complexes were fully characterized by NMR, FTIR and UV-vis spectroscopic techniques. Also,
electrochemical studies were carried out by means of cyclic voltammetry in order to evaluate the stability
of the compounds. Single crystal X-ray diffraction studies were carried out for compounds 3 and TM281
which crystallized in the monoclinic system, space group P21/n. The unprecedented synthesis and
characterization of three half-sandwich ruthenium(i)-cyclopentadienyl peptide conjugates and their pre-
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Introduction

Cancer is one of the leading causes of death worldwide. In
2018, 1 in 6 deaths was caused by cancer, which represents a
total of 9.6 million deaths." Breast cancer is the most common
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liminary biological evaluation against human FGFR(+) and FGFR(-) breast cancer cells are also reported.

cancer in women, with a new case emerging every 20 seconds
and one death every minute.>® Although most of the breast
cancer subtypes (positive for estrogen, ER, progesterone, PR,
and/or human epidermal growth factor 2, HER2 receptors) can
respond to hormone therapy when detected early, the highly
metastatic triple negative breast cancer subtype (characterized
by the absence of these three receptors) has a poor prognosis,
even if diagnosed early, being responsible for most breast
cancer deaths.* Currently, therapeutic strategies for cancer
control include surgery and conventional cytotoxic treatments
such as radiation therapy and chemotherapy. However, the
latter presents low therapeutic indices and a wide spectrum of
severe side effects, since most drugs in clinical use display
little or no selectivity.””” Another setback in cancer therapy is
the development of drug and multi-drug resistance, which
can be due also to limited tumor penetration.® Therefore,
the development of new anticancer drugs based on novel
modes of action with improved cancer cell selectivity is
urgently needed.

In the last two decades, research on metal-based drugs has
made remarkable progress in cancer therapy. Although most
of the research efforts have been directed towards cisplatin

This journal is © The Royal Society of Chemistry 2020
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and its derivatives, which are still widely used to treat numer-
ous cancers, particularly malignant solid tumors like testicular
cancer, ovarian cancer, esophageal cancer, bladder cancer,
head and neck cancer, and small-cell lung carcinoma,’
research in this field has also been extended to include a
noticeable number of non-platinum metallodrugs. Great atten-
tion has been paid to ruthenium compounds due to their
important antitumor activities and to several advantages over
platinum drugs, such as low toxicity and lower drug resistance,
and thus they are likely to become a new generation of metal
anticancer drugs with clinical importance.’®™* In this direc-
tion, and to mention a few, two ruthenium coordination com-
pounds NAMI-A ([ImH][trans-Ru(ur)Cl,Im(M,,SO)]; Im = imid-
azole) and KP1019 ([Hind][¢trans-Ru(m)Cl,(Ind),], Ind = inda-
zole) are under clinical trials against metastatic and colon
cancers, respectively.’® Nevertheless, coordination compounds
present some drawbacks concerning the clinical applications
due to their instability and complex ligand exchange chem-
istry. Organometallic chemistry appears to be an attractive
alternative in clinical research to obtain organo-ruthenium
complexes as suitable drug candidates. Numerous organo-
metallic ‘ruthenium(m)-(n®CeHs)'/(n°-C¢HsR)' complexes exhi-
biting antitumor properties against a wide variety of tumor
types have been reported,"*'°with some of the complexes
being active in cisplatin-resistant cell lines.'” Under this frame-
work, we pioneered the report of the strong cytotoxic activity
against colon (LoVo) and pancreas (MiaPaca) cancer cell lines
of two half sandwich cationic complexes derived from the “Ru
(n°-CsH;)” fragment."® In the last few years, we have enlarged
this family of compounds, which presented cytotoxic activities
in the nano- and sub-micromolar ranges in several cancer
human cell lines. Most of these compounds are more potent
than cisplatin and, notably, they are also active in cell lines
resistant to cisplatin.'®*° The main targets of these ruthenium
complexes are located in the cell membrane, mitochondria
and Golgi apparatus, unlike the platinum drugs whose main
target is DNA.>>?°?%3% One of these compounds (TM90) was
evaluated in an orthotopic metastatic triple negative breast
cancer mouse model and was able to suppress tumor growth,
without the observable side-effects of other non-targeted
drugs.®" Contrary to the control groups, metastasization was
avoided and no signs of injury were found in the lungs,
kidney, liver and spleen of the treated mice.*'

Biologically active peptides have been increasingly explored
as drug vectoring systems for targeting tumors, allowing an
increase in selectivity and, consequently, leading to reduced
toxicity.>>** The overexpression of specific receptors for these
peptides in cancer cells compared to healthy cells from which
they are derived enables their preferential binding and
accumulation in tumor cells. In addition, peptides are
endogenous molecules in the human body that tend to be less
toxic and recognize their receptors selectively and with high
affinity.®® The fibroblast growth factor receptor (FGFR) is over-
expressed in triple-negative breast cancer cells and is a marker
associated with poor prognosis, early relapse and metastasis.*
This receptor is subdivided into four subtypes (FGFR1 to
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FGFR4), with different expression patterns in breast cancer
cells. The four receptor variants have been extensively studied
and there is already a large number of ligands known to be
specific (either peptides or small molecules) for each of them
(except for subtype 4).***® Therefore, FGFR-targeting peptides
may be considered as promising carriers for selective tumor
targeting.

Encouraged by our previous results obtained with the com-
pound [RuCp(PPh;)(2,2-bipy)][CF3SO;] (where Cp = n’-cyclo-
pentadienyl) TM34 >**7*%%7 that showed excellent anticancer
properties, we explored the possibility of improving its selecti-
vity by conjugation to targeting peptides. In the work
described herein, we used molecular dynamics (MD) simu-
lations of TM34 inserted in a phosphatidylcholine membrane
to evaluate the most promising positions to derivatize the
complex and help guide the experimental efforts. Hence, we
report the synthesis and characterization of three new ruthe-
nium(u) complexes (2, 3, and TM281) analogous to TM34 but
differing in the cyclopentadienyl derivatization used as precur-
sors of the following syntheses of the conjugate complexes. In
fact, modification of the cyclopentadienyl ring can be a power-
ful tool in drug design, allowing the conjugation of a peptide
that can constitute a vector for targeting tumors. Herein, we
also report the unprecedented synthesis and characterization
of three half-sandwich ruthenium(u)-cyclopentadienyl peptide
conjugates (RuPC1, RuPC2 and RuPC3) and their preliminary
biological evaluation against human FGFR(+) and FGFR(-)
breast cancer cells. In this work, three small peptides with 12
amino acid residues (Pepl: GPPDWHWKAMTH, Pep2:
SRRPASFRTARE and Pep3: VSPPLTLGQLLS),*****° each one
specific for targeting a receptor subtype (FGFR1 to FGFR3),
were selected and conjugated to the complex [Ru(n’
C5sH,COOH)(PPh;)(2,2"-bipy)][CF;SO;] (TM281) using a PEG
polymer as a spacer group.

Results and discussion
MD simulations of TM34 interacting with a membrane model

Considering that the main targets of the above-mentioned
ruthenium complexes that lead to the antiproliferative action
are mainly located on the cell membrane, it is important
to determine which part of the molecules is less affected in
terms of its ability to interact with the membrane upon deriva-
tization with a targeting moiety, namely a FGFR-targeting
peptide.

With this goal in mind, we performed molecular dynamics
(MD) simulations of the TM34 complex interacting with a
phosphatidylcholine bilayer to investigate which are the pre-
ferred membrane regions sampled by the complex (Fig. 1, left).
In all replicates, under 200 ns, TM34 inserts into the mem-
brane and accumulates in a region ~7 A below the average
phosphate positions. The absence of membrane exit or cross-
ing events indicates that this position is indeed a significant
energy minimum. The structural representation at the end of
the first replicate (Fig. 1, right) highlights the membrane
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Fig. 1 Membrane insertion profiles of TM34 over time (left) and structural

1000

representation of the complex deeply inserted into the DMPC membrane.

The zero reference for the membrane insertion was calculated from the average along the membrane normal of the phosphorus atoms in the inter-
acting monolayer. The snapshot corresponds to the final conformation of replicate 1. The DMPC lipid structures are shown with transparent grey
sticks and spheres on the phosphorus (orange)/nitrogen (blue) atoms. The TM34 complex is shown as thicker green sticks.

depth of this preferred location. We also analyzed membrane
perturbation due to the presence of the complex, both in the
head group (membrane thickness) and in the lipid tails (lipid
tail order parameter), to find out whether these properties
were unaltered (within the error bars) compared with simu-
lations of pure DMPC (data not shown).

Since TM34 has a strong preference for interacting with
lipid bilayers, it becomes highly relevant to investigate how
the complex orients itself along the membrane normal. This
information can help us identify which coordinating groups
in the molecule are more water accessible, and hence, the
ones that could be derivatized without a major impact on the
drug/membrane interaction. From the MD simulations of the
equilibrated segments (after the complex inserts into the
membrane), we calculated the angles of three vectors with the
membrane normal, one per Ru-coordinating group (Fig. 2),
namely: Ru---P of triphenylphosphine (Ph); Ru---(C) of the

Density

Membrane

DA —
normal

average position of the 5 carbon atoms in the cyclopentadie-
nyl group (Cp); and Ru---(N) of the average position of the 2
nitrogen atoms in the bipyridyl group (2,2"-bipy). The calcu-
lated angles for the three groups show a clear orientation pre-
ference where the Ph group mostly faces inwards into the
lipid tails. The histogram peak at ~30° probably corresponds
to the best tilt which allows for lipid intercalation of the three
phenyl groups. The simulations also indicate that there is no
significant difference in the orientations of 2,2"-bipy and Cp
which are always more accessible to the water phase (peaks at
~120°). Combined together, these results indicate that deriva-
tizations on either 2,2"-bipy or Cp should not perturb the
membrane interaction abilities of the TM34 based molecules
as much as chemically modifying the Ph phenyl groups.
Therefore, and aligned with the objectives of this work, we
will proceed with the chemical modification of the cyclopen-
tadienyl group.

Ph =—— Bp = Cp =

0 30 60 90 120 150 180
Angle

Fig. 2 Orientation of the three Ru-coordinating groups in TM34 along the membrane normal. The vectors are defined starting from the ruthenium
atom (left panel) and ending in the phosphorus atom of triphenylphosphine (Ph in red), the geometrical center of the two nitrogen atoms in the
bipyridyl (2,2'-bipy — Bp- in blue), and the geometrical center of cyclopentadienyl (Cp in green). The calculated angles for the three groups are

shown as normalized histograms (right panel).
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Synthesis and characterization of the organometallic
precursors

The reaction between sodium cyclopentadienyl and diethyl
carbonate in THF solution produces sodium carbethoxycyclo-
pentadienyl (1, Scheme 1) in a high yield following the pro-
cedure described in the literature.*" Treatment of RuCl,(PPh;);
with freshly prepared sodium carbethoxycyclopentadienide (1)
in THF at room temperature leads to a new organometallic
compound, formulated as [Ru(n’-CsH,COOCH,CH;)(PPh;),Cl]
(2), presenting the Cp ring functionalized with an ester group
-COOCH,CHj;. Chloride abstraction of this compound opens
the way for the synthesis of several families of organometallic
compounds by the use of either monodentate or bidentate
ligands. In the present case, a new cationic complex [Ru(n’-
CsH,COOCH,CH3;)(PPh;)(2,2"-bipy)][CF5SO;] (3) was prepared
by chelation of 2,2"-bipyridine, with silver triflate being used as
the abstractor reagent (Scheme 1). This reaction was carried
out at reflux in methanol, and the resulting compound was
recrystallized, at room temperature, by slow diffusion of
diethyl ether in a dichloromethane solution. Hydrolysis of the
ethyl ester group appended to the Cp ring with K,CO; in com-
pound 3 followed by acidification with an ion exchange resin
leads to the compound [Ru(n’>-CsH,COOH)(PPh;)(2,2"-
bipy)][CF3SO;3] (TM281), bearing the carboxylic acid group
(Scheme 1). It is important to stress that the use of the ion
exchange resin instead of a strong inorganic acid is fundamen-
tal for the success of this reaction. In fact, the synthesis of the
carboxycyclopentadienyl complex is a very difficult task; we
start with the reaction of Thiele’s acid with Ru(PPhj;);Cl, in
toluene or DMF, and no reaction was observed, with the
Thiele’s acid dimer starting material being always recovered.
Then our strategy was focused on the ester hydrolysis method-
ology. Many attempts for the hydrolysis of compound 3 with
KOH, LiOH, NaOH, and K,COj; in methanol, ethanol and THF

o o
@)LOCHzCHs / e
O + RuCL(PPhy); 5 7 p
Na wRu—Cl
Ph;P
1 4 2
PhyP Z

AgCF3S0;

¥
K,CO;
D —

TM281

Scheme 1 Reaction scheme for the synthesis of Ru(i) complexes with
the numbering scheme for NMR purposes.
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failed. The treatment of compound 3 with K,CO; in a mixture
of water/acetonitrile gave an orange solution of the complex
[Ru(n’-C5sH,4COOK)(PPh;)(2,2"-bipy)[CF3S0;], however under
acidic conditions (HCI) the decomposition of the complex was
observed. This problem was solved by the addition of an ion
exchange resin Amberlite® to the [Ru(n’-CsH,COOK)(PPh,)
(2,2"-bipy)][CF3SO;] solution, instead of a strong acid, affording
a red solution of [Ru(n’-CsH,COOH)(PPh;)(2,2"-bipy)][CF3SO5]
(TM281).

The three-new ruthenium derived compounds were fully
characterized by FTIR, UV-vis, and "H-, '*C-, *'P-NMR spectro-
scopic techniques. The percentage elemental analyses of the
complexes were in accordance with the proposed formulations.
The electrochemical properties of these new compounds were
studied by means of cyclic voltammetry. The structures of com-
pounds 3 and TM281 were also characterized by single crystal
X-ray diffraction studies. The solid state FTIR spectra of all
complexes present the characteristic bands of the functiona-
lized cyclopentadienyl ligand and phenyl aromatic rings in the
region of 3040-3100 cm ™', with v vibrations appearing at
1419-1479 cm™ and vc—o vibrations in the range of
1701-1708 cm ™. Compounds 3 and TM281 also presented the
vibration of the CF;SO,~ anion at ~1280-1263 cm ™. For com-
pound TM281, the vibration of -OH of carboxylic acid in the
range of 3040-3100 cm ™" was observed as well.

NMR spectroscopic characterization

'H-, 1*C- and *'P-NMR experiments were complemented by 2D
experiments (COSY, HMQC and HMBC) in acetone-d® and
chloroform-d solutions for the complete characterization of
the new ruthenium(u) compounds. Scheme 1 shows the num-
bering of the coordinated 2,2-bipyridyl ligand and the n°-
cyclopentadienyl rings for simplicity of the present discussion
and the relevant 'H-NMR data are gathered in Table S1.f
'H-NMR spectra revealed a pattern of resonances characteristic
of the monosubstituted n’-cyclopentadienyl ring (Cp’ = CsH,4R
with R = -COOCH,CHj3; -COOH) in the expected range for
monocationic ruthenium(u) complexes. Comparison of com-
plexes 2 and 3 reveals an expected deshielding of the n*>-Cp’
ring protons by 1.11 ppm for H, and 0.41 ppm for Hg due to
the formation of a cationic complex. The same effect was also
found for compound TM281 with these deshieldings being
1.15 ppm and 0.69 ppm respectively. Thus, a large electronic
asymmetry is created on the Cp ring due to the appended
-COOCH,CH; and -COOH acceptor groups. Comparison of
the NMR spectra of complexes 2 and 3 also shows a slight
shielding of the protons of the ester group appended to the n°-
Cp' ring (0.12 ppm for CH, and 0.29 ppm for CHj;) possibly
due to the interaction with the 2,2"-bipyridyl rings. The effect
of coordination on 2,2"-bipyridyl protons is observed by the sig-
nificant shielding of H1 protons (0.56 ppm for compound 3
and 0.37 ppm for compound TM281) as also found for TM34
(H1 was shielded by 0.34 ppm) for which this shielding was
attributed to n-back donation from dgy to 7,4, Orbitals.*’
Therefore, an electronic flow from the ruthenium center to the
ligand through the coordinated nitrogen atoms also contrib-
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utes to the significant electronic asymmetry of the 2,2"-bipyri-
dyl coordinated ligand. The overall effect of this asymmetric
distribution of charges in the Cp’ and 2,2"-bipyridyl can impart
important reactivity to these compounds. This electronic asym-
metry could be significant in the molecular interactions with
anionic cell membranes since various anionic molecules are
more abundant on the surface of cancer cells compared to
healthy cells.®® In addition, ">C-NMR and *'P-NMR spectro-
scopic studies were in good agreement with the results pre-
sented above. "*C-NMR spectra revealed, upon coordination of
the heteroaromatic ligand, the same general effect observed
for the protons. The *'P-NMR spectra of complex 2 show a
single sharp signal for the triphenylphosphane coligand at
~37 ppm and an expected deshielding upon coordination of
the 2,2"-bipyridyl ligand (compounds 3 and TM281) to
~50 ppm. In fact, the effect of = back donation Ru — 2,2"-bipyr-
idyl will drive electronic density from triphenylphosphane to
the Ru center.

Electronic absorption spectroscopy

The electronic absorption spectra of the three newly syn-
thesized ruthenium complexes were recorded in ~5 x 10~ mol
dm™ solutions of dichloromethane and the corresponding
maximum absorption bands are indicated in Table S2.1 For
comparison, also the electronic spectrum of free 2,2"-bipyri-
dine was obtained under the same experimental conditions.
All ruthenium(u) complexes showed intense absorption bands
in the UV region, in the range of 235-335 nm, attributed to
electronic transitions occurring in the organometallic frag-
ment {Ru(n’-CsH4R)(PPh;)}* (R = COOCH,CH; or COOH) and
the coordinated 2,2"-bipyridyl ligand. In addition to these
bands, two maximum absorptions between 400 nm and
500 nm were found for compounds 3 and TM281, assigned to
metal ligand charge transitions (MLCTs) from dg, to n* orbi-
tals centered on N coordinated atoms of the 2,2-bipyridyl
ligand, in accordance with our NMR data. Fig. 3(a) gathers the
spectra of [Ru(n’-CsH,COOCH,CHj;)(PPh3)(2,2"-bipy)][CF;S0;]
3, the starting compound [Ru(n*-C5H,COOCH,CHj;) (PPh;),Cl]
2 and the free ligand 2,2"-bipyridyl for comparison. It is clear
that the coordination of 2,2"-bipyridyl leads to an enhance-
ment of the main band placed at ~285 nm, attributed to a = —
7* transition, the corresponding ¢ value being increased to 11
x 10> M~' em™". This finding is in good agreement with our
"H-NMR data which reveal a shielding of 0.56 ppm for the 2,2"-
bipyridyl ortho protons (H1) after coordination, as a conse-
quence of the significant electronic flow towards this ligand.
The presence of the MLCT band at 414 nm (& = 6.5 x 10> M~
em™ ) corroborates this observation. In Fig. 3(b) we find the
comparison between complexes 3 and TM281 and we observe
that both bands, © — a* of 2,2"-bipyridyl transition and MLCT,
fade for compound TM281 as would be expected by the lower
shielding of the 2,2"-bipyridyl ortho protons (0.37 ppm).

Electrochemical studies

The redox behavior of the compounds was studied by cyclic
voltammetry in dichloromethane and acetonitrile solutions
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Fig. 3 Electronic spectra of (a) [Ru(n®-CsH4sCOOCH,CH3)(PPhs)
(2,2'-bipy)][CF3SOs3] (red solid line), [Ru(n®-CsH4sCOOCH,CHs)(PPh3),Cl]
(dot-dashed line) and 2,2-bipy (green dotted line); (b) [Ru(n®-
CsH4COOCH,CH?3)(PPh3)(2,2'-bipy)I[CF3SO3] (red solid line), [Ru(ns—
CsH4COOH)(PPh3)(2,2'-bipy)l[CF3SO3] (blue dashed line) in ~5 x 107> M
dichloromethane solutions.

containing ammonium hexafluorophosphate as the support-
ing electrolyte between the limits imposed by the solvents
(Table S37) in order to evaluate the electronic richness at the
active-redox centers and the reversibility of the oxidation/
reduction processes. The study of the reversibility of the
redox processes gives an insight into the stability of the oxi-
dized and/or reduced species and knowledge of metal-cen-
tered redox potentials can provide a powerful tool for the
design of new complexes and a better understanding of the
role of metallodrugs in biological applications. In a 0.2 M [n-
Bu,N][PF¢]/dichloromethane solution, complex 2 was redox-
active showing a quasi-reversible ruthenium centered process
at Ey, = 0.61 V, followed by one irreversible wave (E,, = 1.49
V), attributed to ligand centered oxidation. This complex was
not studied in acetonitrile due to its insolubility in this
solvent. In the case of complex 3 the electrochemical behavior
in dichloromethane was characterized by a ruthenium cen-
tered process (oxidation) at 1.31 V with an i/, ratio of 0.6,
suggesting some instability of the oxidized ruthenium
species at the electrode surface (Fig. 4). Scan rate studies
showed that it became more reversible when the scan direc-

This journal is © The Royal Society of Chemistry 2020
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E vs SCE (V)

Fig. 4 Cyclic voltammogram of complex 3 in CH,Cl,, at 200 mV s,

showing the reversibility of the isolated oxidative processes (dashed
line).

tion was immediately reverted after applying the oxidation
potential at high scan rates (1000 mV s™'). In contrast, at a
lower scan rate (50 mV s™") the process became more irrevers-
ible. This behavior can be associated with Ru"/Ru™ oxi-
dation, followed by fast decomposition. At higher scan rates,
the scan direction is reversed before an appreciable amount
of decomposition occurred. The presence of small irreversible
reduction waves, dependent on the scan reverse at higher
potential values (see Fig. 4), is probably related to the
decomposition products. The oxidation potential value found
for [Ru(n’-CsH,COOCH,CH;)(PPh;)(2,2"-bipy)][CF;S05] is
slightly higher than the one found for the related [Ru(n’
CsH;)(PPh;)(2,2"-bipy)][CF3;S0;] TM34 complex (Ep, = 1.10
V)*” under the same experimental conditions (see Table S31),
indicating that the substitution of the cyclopentadienyl ring
by the electron withdrawing ester group probably influences
the electronic capability of the ruthenium(u) center, making
the oxidation process more difficult.

The electrochemical response of the complex in acetonitrile
is consistent with the behavior found in dichloromethane.
Substitution of the ester by a carboxylic acid group in the cyclo-
pentadienyl ring leads to a similar electrochemical behavior
for complex TM281 in dichloromethane. Nevertheless, in
acetonitrile, the redox response is quite different, with the
presence of two quasi-reversible redox processes, one at posi-
tive potentials (E;, = 1.16 V) attributed to the Ru(u)/Ru(im)
couple and another ligand-based process at negative potentials
(E1jp = —1.64 V) (Fig. 5). The apparent redox stability of com-
pound TM281, either at the metal center or at the coordinated
2,2"-bipyridine ligand, points toward some stability of the Ru-
peptide conjugates. In fact, these conjugates were found to be
very stable during preparation and manipulation (see below).

Crystal structures of complexes 3 and TM281

Single crystals of complexes 3 and TM281 suitable for SCXRD
were obtained by slow diffusion of diethyl ether in a dichloro-
methane solution. Both compounds crystallized in the mono-
clinic system, space group P21/n. The molecular structures of
the cations of these complexes are shown in Fig. 6 along with
the relevant atomic notation adopted. Selected bond lengths

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Cyclic voltammogram of complex TM281 in CH3CN, at 200 mV
s7%, showing the reversibility of the isolated oxidative processes: both
ligand and Ru'/Ru"".

and angles are presented in Table S4.f These monocyclopenta-
dienyl complexes of ruthenium present the usual “three-legged
piano stool” geometry around the metal as confirmed by N-
M-P angles close to 90° (see Table S41) with the remaining
Cp-M-X (with X = N or P) angles between 124.38(2)° and
131.41(5)°. The values of bond lengths and angles are compar-
able to the ones found in the similar structure of TM34.>” The
angle between the plane formed by the carbethoxycyclopenta-
dienyl moiety and the plane formed by bipyridine in com-
pound 3 is wider (60.23°) than that in compound TM281
(47.09°), because of the stereochemical hindrance of the
bulkier derivative in the Cp ligand. For the same reason the
bipyridine ligand in 3 is slightly more planar than that in
TM281; the angle between the two pyridines is 5.74° in 3 while
in TM281 it is 6.74°.

The molecular packing of both complexes is very similar.
The cation of compound 3 is enclosed by 3 anions and 5
cations. Table S57 shows the values of the distances of the
intermolecular interactions for the two compounds. Crystal
packing of compound 3 is formed by chains of cations interca-
lated by anions along the b axis that are sustained by C24-
H24---02 (2.39 A), C4-H4---03 (2.52 A) and C112-H112---O2
(2.61 A) intermolecular interactions (Fig. 7a). These chains are
propagated along the a axis by the non-classical hydrogen
bond C1-H1---0O1 (2.57 A) (Fig. 7b). The overall packing is com-
pleted by C-H---x interactions (C113-H113---x; centroid of the
phenyl ring (C121-C216), 2.70 A) (Fig. 7c).

In compound TM281 the cation interacts with 7 anions and
8 other cations by intermolecular interactions. In TM281 the
cation is linked to the anion by a hydrogen bond 021-
H210---03 (1.92 A) (Fig. 8a). These dimers make chains along
the a axis by C24-H24---O1 (2.40 A), C124-H124---02 (2.42 A)
and C10-H10--03 (2.68 A) intermolecular interactions
(Fig. 8b). These chains propagate along the b axis by C114-
H114---022 (2.63 A) and C126-H126--F2 (2.61 A) inter-
molecular contacts (Fig. 8c). The packing is completed by the
expansion of these building blocks along the ¢ axis that are
linked by the interactions C7-H7---022 (2.45 A), C21-H21---O2
(2.458 A), C3-H3---F1 (2.60 A) and C125-H125---n (centroid of
the carboxylic group) (3.03 A) (Fig. 8d).
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a) b)

Fig. 6 Molecular diagrams depicting the cationic moieties for complexes [Ru(n®-CsHsCOOCH,CHz)(PPh3)(2,2'-bipy)l[CF3SOsl, 3 (a) and [Ru(n®-
CsH4COOH)(PPh3)(2,2'-bipy)I[CF3SOs3], TM281 (b). Hydrogen atoms were omitted for clarity.

Fig. 8 Crystal packing of TM281, (a) a dimer of the cation and anion; (b) chains of dimers along a; (c) growth of chains along b; (d) overall packing.
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Syntheses and characterization of the Ru(u)-peptide
conjugates

The synthesis of the three new ruthenium-peptide conjugates
RuPC1, RuPC2 and RuPC3 involved three main steps: (i) syn-
thesis of the ruthenium organometallic starting material [Ru
(n°-CsH4COOH)(PPh;)(2,2"-bipy)][CF5SO;] (TM281) described
above, (ii) synthesis of the three peptides (Pepl, Pep2 and
Pep3) and (iii) conjugation of the organometallic precursor to
the corresponding peptide. Pep-1 was synthesized on an auto-
matic assisted solid phase peptide microwave synthesizer
(CEM Liberty), Pep-2 and Pep-3 were synthesized manually
after several failed attempts using the automated process.
Independent of the synthetic approach the general procedure
for RuPC1-RuPC3 is presented in Scheme 2. The organo-
metallic  starting material [Ru(n’>-CsH,COOH)(PPh;)(2,2"-
bipy)][CF3SO;3] was chosen due to the existence of one car-
boxylic acid group appended to the cyclopentadienyl ring
which is adequate for the condensation reaction with the term-
inal amino group of the peptides. Peptides Pep-1-Pep-3 were
synthesized on a Rink amide resin wusing standard
Fluorenylmethyloxycarbonyl (Fmoc)-based solid-phase peptide
synthesis. After peptide assembly on the resin, the terminal
Fmoc was removed and the spacer 12-(9-fluorenylmethyl-
oxycarbonylamino)-4,7,10-trioxa-dodecanoic ~ acid  (Fmoc-
NH-PEG;-COOH) was conjugated to the N-terminal using stan-
dard coupling reagents (HBTU/DIPEA in DMF). After Fmoc de-
protection, the precursor complex TM281 was conjugated
manually using also a standard procedure described in the
Experimental section. The Fmoc groups at the N-terminal of
the resulting PEG(3)-peptides were removed and then the
complex [Ru(n’-CsH,COOH)(PPh;)(2,2"-bipy)][CF;S0O;] (TM281)

o
H | w
eoc—— R L@

o
o
I

CF;S0; ? Ly
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was manually coupled, with 2-fold excess, in the presence of
an equivalent amount of HBTU and 4-fold excess of DIPEA, in
DMF. Peptide resins were N-deblocked with piperidine/DMF
(20% v/v), followed by full deprotection and cleavage with TFA/
H,O/TIS (95:2.5:2.5 v/v, 2 h, RT) to give the ruthenium-
peptide conjugates (see Scheme 2, and Fig. S19f for struc-
tures). All HPLC-purified ruthenium-peptide conjugates were
satisfactorily characterized for purity by analytical HPLC (all
three ruthenium-peptide conjugates were above 98% pure) and
identified by ESI-MS (see Table S6 and Fig. S20-S25, ESI).

Stability studies in DMSO and DMSO/DMEM

The stability in DMSO and 5%DMSO/DMEM + GlutaMAX-It
cellular medium was also evaluated by UV-vis spectroscopy for
all compounds. No significant changes were observed in the
UV-vis spectra, indicating that all the complexes are air-stable
in this solution (Fig. S26, ESIf).

Cytotoxicity in human breast cancer cells

The cytotoxic activity of RuPCs 1-3, the free peptides and their
organometallic precursor was evaluated in the human FGFR(+)
SKBR3 and FGFR(—) MDAMB231 breast cancer cells by the
MTT assay. The parent compound TM34 ([Ru(n’>-CsHs)(PPhs;)
(2,2"-bipy)][CF3SO;]) was also evaluated for comparison. As can
be observed in Fig. 9, in both cancer cells the presence of
—-COOH in the cyclopentadienyl ring in TM281 led to a signifi-
cant decrease of the cytotoxicity when compared with TM34.
Probably this loss of activity may be explained by the weak
acidic behaviour of the carboxylic acid function. Several in-
organic and organometallic complexes with heteroaromatic
carboxylic acids have been reported to show pK, values

H

H [
Fmoc—N —C—N

Peptide

H
Peptide —C—N—Q

Spacer: 12-amino-4,7,10-trioxa-dodecanoic acid

N—(SRaee—
Ph,P\“lR‘\l\N/\ \
N
7\ |
o

° Peptide:
RuPC-1: Pep-1
CF3S03 N—-— Peptide —(l:I—NHz GPPDWHWKAMTH
H RuPC-2: Pep-2
SRRPASFRTARE
il 3P\wR'\l\N/ \ RuPC-3: Pep-3
~ VSPPLTLGQLLS
7\
~ RuPC1-3

Scheme 2 Reaction scheme for the syntheses of Ru-peptide complexes (RUPC1-RuPC3). Spacer: 12-amino-4,7,10-trioxa-dodecanoic acid;

peptide: Pepl (RuPC1), Pep2 (RuPC2) and Pep3 (RuPC3), @ resin.
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<5.27* 1t is thus expected that the carboxylic acid group is pri-
marily ionised at the physiological pH value. The carboxylate
anion reduces the overall lipophilicity of the complex and pro-
vides a negative charge that is repelled by the anionic phos-
pholipids commonly overexposed in the surface of the mem-
brane of cancer cells.”” Both factors cumulatively contribute to
reducing the ability of TM281 to be embedded in the phospho-
lipid bilayer, where TM34 acts.>” The conjugation of the pep-
tides to TM281 leads to a decrease in the cytotoxicity when
compared with the parent compound TM281 at higher concen-
trations tested, 50 and 100 pM. This decrease in activity could
be again explained by the increased hydrophilicity of the com-
plexes caused by the introduction of the peptides. This effect
of loss of activity as the hydrophilic character increases has
already been observed for another TM34 analogue, namely
TMS85, in which the introduction of a sulphonated group on
the phosphane led to a substantial decrease in cytotoxicity.***®

The conjugation of the peptides to TM281 aimed to target
the cells that express the FGRF receptors. In fact, the results
showed (Fig. 9 and 10) that the conjugates are more cyto-
toxic towards SKBR cells that overexpress the FGFR receptors
(7.7%, 24.7% and 26.5%, respectively for RuPC1 to RuPC3),
while for the organometallic compounds TM281 and TM34
no changes in cytotoxicity were observed for both cell lines.
Cytotoxicity studies of the free peptides per se were also per-

MDAMB231

g

% Cellular viability

™34 T™281 RuPC1 RuPC2 RuPC3

HOApM ®W1pM =10pM ©20pM E50 pM 100 pM

SKBR

g

% Cellular viability

™34 T™M281 RuPC1 RuPC2 RuPC3

w0lpM wlpM =10pM 20pM w50 puM = 100 uM

Fig. 9 Effect of RuPC1, RuPC2, RuPC3, TM281 and TM34 on the cellu-
lar viability of the FGFR(+) SKBR3 and FGFR(-) MDAMB231 human breast
cancer cells (48 h, 37 °C).
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Fig. 10 Comparison of cell viability of RuPC1, RuPC2, RuPC3, TM281
and TM34 in the FGFR(+) SKBR3 and FGFR(—) MDAMB231 human breast
cancer cells at 100 pM (48 h, 37 °C).

formed within the concentration range of 1-100 pM and did
not reveal any effects. RuPC2 and RuPC3 peptides specific
for receptor subtypes FGFR2 and FGFR3 were the most cyto-
toxic in SKBR3 cells. Despite the loss of activity, these
results give an indication that this could be a promising
approach to increase the selectivity towards different types
of cancer cells that overexpress these receptors and above all
to reduce the toxicity and non-selectivity observed for TM34.
However, these results suggest that some chemical modifi-
cations to the group attached in the cyclopentadienyl ring
are mandatory in order to increase the cytotoxic effect while
retaining the selectivity for triple negative FGFR(+) breast
cancer cells.

Experimental
Computational methods

Molecular dynamics (MD) simulations were performed to
study the interaction of the TM34 ruthenium complex with a
lipid bilayer. The system was prepared with the complex placed
in the water phase. A previously equilibrated membrane of 128
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) solvated
with ~4000 water molecules was used to prepare all starting
configurations. The simulations were carried out using the
GROMACS 2018.6 package’ and the GROMOS 54A7 force
field,”® together with the SPC water model.** The topology for
TM34 was obtained by submitting several fragments to the
Automated Topology Builder and Repository,”® following a
final construction and manual curation of the parameters. The
atomic partial charges were obtained from a RESP fitting pro-
tocol.>® The electrostatic potential was calculated with
Gaussian 09°> using the B3LYP functional®®® and the 6-
31G** basis set®® for all compounds with the exception of
ruthenium, which used the Stuttgart/Dresden effective core
potential basis set.””

The conformations were sampled according to an NPT
ensemble where the pressure (1 bar; coupling constant of 2 ps)

This journal is © The Royal Society of Chemistry 2020
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and temperature (298 K; coupling constant of 0.1 ps) were kept
constant using the Parrinello-Rahman barostat®®*° and
v-rescale thermostat,®® respectively. Semi-isotropic pressure
coupling was used with a compressibility of 4.5 x 107> bar™".
The Particle mesh Ewald (PME) method with a real space cut-
off of 1.0 nm and a Fourier grid spacing of 0.12 nm was used
to deal with the electrostatic interactions. All van der Waals
interactions were truncated above 1.0 nm. All bonds were con-
strained using the P-LINCS algorithm®" for the membrane and
TM34 and SETTLE for water.®> A 2 fs integration step was
used, with the neighboring lists being updated every 10 steps.
Minimization and initiation protocols were performed for all
systems to avoid unfavorable interactions. In the minimization
steps, the steepest descent and low-memory Broyden-Fletcher-
Goldfarb-Shanno algorithms were used. The initiation was
achieved in 2 MD simulation steps (100 ps each) with the
membrane and TM34 harmonically restrained in the first NVT
step (restraint force: 1000 k] mol™* nm™ and only the lipid
bilayer restrained in the second NPT step. Five replicates were
performed for 1 ps and the membrane insertion equilibrium
was reached after 200 ns (initial segments were discarded in
equilibrium analyses).

Membrane insertion analysis was performed by taking the
average phosphorous atoms zz-position of the interacting
monolayer as the zero reference. Positive values correspond to
the water phase, while negative values correspond to the
inserted regions, usually below the lipid phosphate groups.
Pymol software (Schrodinger) was used for structure visualiza-
tion and image rendering.

Materials and methods

All starting reagents and solvents were obtained from standard
chemical suppliers. All manipulations involving air-free synth-
eses were carried out under a dinitrogen atmosphere using
Schlenk techniques and the solvents used were dried by stan-
dard methods and freshly distilled before use. NMR spectra
were recorded on a Bruker Avance 400 spectrometer at probe
temperature (‘H NMR at 400 MHz, "*C NMR at 100.6 MHz and
*'P NMR at 161.9 MHz). Chemical shifts (5) were reported in
parts per million (ppm) using CDCl; and (CDj3),CO as sol-
vents. "H and **C chemical shifts were measured relative to
solvent peaks considering internal Me,Si (0 ppm) and *'P
NMR was externally referenced to 85% H3;PO,. Infrared spectra
(4000-250 cm™") were recorded on a Thermo Nicolet 6700
spectrophotometer with KBr; only significant bands are cited
in the text. Elemental analyses were performed at our labora-
tories (Laboratério de Analises, at Instituto Superior Técnico),
using a Fisons Instruments EA1108 system. Data acquisition,
integration and handling were performed using a PC with the
software package EAGER-200 (Carlo Erba Instruments).
Electronic spectra (range 220-900 nm) were recorded at room
temperature on a Jasco V-660 spectrometer. Electrospray
ionization mass spectrometry (ESI-MS) was performed on a
QITMS instrument (Bruker HCT, Bruker, Billerica, MA, USA) in
positive and negative ionization modes, using acetonitrile as
solvent.
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Ru(u) complex syntheses

Na(C;H,COOCH,CH;) 1. Na(Cs;H,COOCH,CH;) was pre-
pared following the method described in the literature."'
Freshly cracked cyclopentadiene (7 mL, 84.5 mmol) was added
to a slurry of sodium sand (0.5 g, 21.3 mmol) in THF at 0 °C in
a Schlenk flask. The mixture was magnetically stirred until all
the sodium had reacted. Diethyl carbonate (19 mlL,
112.6 mmol) was added to the resulting slightly pink solution
of sodium cyclopentadienide. The mixture was stirred at room
temperature for 10 min and then refluxed for 2 h. Then the
solvent was removed under vacuum. The resulting solid was
washed with diethyl ether until the filtrate was clear and then
vacuum dried. Yield: 78%.

[Ru(n’-CsH4COOCH,CH;)(PPh;),Cl] 2. A solution of
RuCl,(PPh;); (2.4 g, 2.5 mmol) and Na(CsH,COOCH,CHj;) 1
(0.4 g, 2.5 mmol) in 50 mL of THF was stirred at room temp-
erature for 5 h. Addition of n-hexane (100 mL) produced an
orange precipitate. The orange solid was cannula filtered,
washed several times with n-hexane, and dried under vacuum.
The product was recrystallized from dichloromethane/
n-hexane. Yield: 91%. "H NMR [CDCl;, Me,Si, §/ppm]: 7.40 [m,
12, Hpe(PPhy)], 7.22 [m, 6, Hpee(PPhs)], 7.11 [m, 12,
H,rano(PPh)], 4.91 [br, 2, Cpg), 4.05 [q, 2, CH,CHs, *Juu = 7.02
Hz], 3.63 [br, 2, Cp,], 1.23 [t, 3, CH,CHj3, *Juy = 7.34 Hz]. °C
NMR [CDCls, 6/ppm]: 167.0 [C=O0], 137.41 [Cq, PPh;], 134.40
[CH, PPh;], 128.95 [CH, PPh;], 127.54 [CH, PPh;], 86.90 [Cpg],
83.75[Cp,],79.69 [Cp,], 60.65 [CH,CH;], 14.41 [CH,CH;]. *'P
NMR [CDCl;, §/ppm]: 37.38 [s, PPh;]. FT-IR [KBr, cm™']:
3100-3049 cm™' (vc_y, Cp and phenyl rings), 1708 cm™*
(v(C=0)), 1479-1431 cm™" (vc—c, phenyl rings). This com-
pound was found to be very sensitive to temperature decom-
posing at 60 °C.

[Ru(n’-CsH4COOCH,CH,)(PPh;)(2,2-bipy)[CF5S05] 3. To a
stirred solution of [Ru(n’-CsH4;COOCH,CH;)(PPh;),Cl] 2
(0.39 g, 0.5 mmol) in methanol (25 mL) was added 2,2"-bipyri-
dine (0.10 g, 0.5 mmol) and AgCF;SO; (0.13 g, 0.5 mmol).
After refluxing for 5 h the solution turned from orange to red.
The solution was separated from the AgCl precipitate by
cannula-filtration and the solvent was evaporated under
vacuum. The product was washed with n-hexane (2 x 10 mL)
affording red crystals after recrystallization from dichloro-
methane/diethyl ether. Yield: 97%. "H NMR [(CD3),CO, Me,Si,
s/ppm]: 9.43 [d, 2, H4, *Jyy; = 5.07 Hz], 8.24 [d, 2, H1, *Juyy =
7.90 Hz], 7.97 [t, 2, H2, *Jy = 7.90 Hz], 7.43 [m, 5, H3 +
Hpara(PPhE)]v 7.35 [I‘I‘l, 6, Hmeta(PPhE)]r 7.11 [m, 6, Hartha(Pthi)]y
5.64 [br, 2, Cpg), 4.76 [br, 2, Cp,], 3.83 [q, 2, CH,CHs, Juu =
6.58 Hz], 0.79 [t, 3, CHyCH;, *Juq = 7.01 Hz]. ’C NMR
[(CD3),CO, §/ppm]:166.32 [C=O0], 157.71 [C5, 2,2"-bipy], 156.59
C4, 2,2-bipy], 138.01 [C2, 2,2"-bipy], 133.76 [CH, PPh;], 132.05
C5, 2,2"-bipy], 131.65 [Cq, PPh,], 131.06 [CH, PPh;], 129.54
CH, PPh;], 126.37 [C3, 2,2"-bipy], 124.30 [C1, 2,2"-bipy], 85.54
Cpp), 7818 [Cp,], 77.71[Cp,], 60.66 [CH,CH;], 14.48 [CH,CH5).
*'P NMR [(CD3),CO, §/ppm]: 49.68 [s, PPh;]. FT-IR [KBr, cm™']:
3100-3050 ecm™' (vc_y, Cp and phenyl rings), 1703 cm™*
(v(C=0)), 1478-1419 cm™" (vc—c, phenyl rings), 1263 cm™"

[
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(v(CF3S03)). Elemental analysis (%) found: C, 54.7; H, 4.0; N,
3.4; S, 4.0. Caled for C;,H;,N,PF;05SRu-0.1CH,Cl, (814.26): C,
54.72; H, 3.98; N, 3.44; S, 3.98.

[Ru(n’-C5H,COOH)(PPh;)(2,2'-bipy)][CF3SO;] TM281. A solu-
tion of [Ru(n’-CsH,COOCH,CH,)(PPh;)(2,2-bipy)[CF;S0;] 3
(0.287 g, 0.356 mmol) and potassium carbonate (0.34 g,
2.46 mmol) in CH3CN/H,O (50 mL) was stirred at room temp-
erature for 10 minutes and then refluxed under nitrogen for
6 h. The pH of the solution was brought to 1-2 by the addition
of an ion exchange resin Amberlite®. The solution was col-
lected by filtration, and the compound extracted with dichloro-
methane. The organic phases were collected and treated with
anhydrous sodium sulfate. The solvents were removed by
vacuum, and the product was washed with n-hexane (2 x
10 mL) affording red crystals after recrystallization from di-
chloromethane/diethyl ether. Yield: 95%."H NMR [(CD;),CO,
Me,Si, 6/ppm]: 9.43 [d, 2, H4, *Juyy = 5.62 Hz], 8.22 [d, 2, H1,
*Jun = 8.17 Hz], 7.95 [t, 2, H2, *Jyy = 7.94 Hz], 7.44 [m, 5, H3 +
H,0ro(PPh3)], 7.34 [m, 6, Hypero(PPh3)], 7.12 [m, 6, Hopeno(PPh3)],
5.60 [br, 2, Cpg), 4.78 [br, 2, Cp,]. "*C NMR [(CD3),CO, §/ppm]:
167.67 [C=0], 157.11 [C5, 2,2"-bipy], 156.61 [C4, 2,2"-bipy],
137.84 [C2, 2,2-bipy], 133.80 [CH, PPh;], 131.68 [Cq, PPh;],
131.24 [CH, PPh;], 129.42 [CH, PPh;], 126.63 [C3, 2,2"-bipy],
124.24 [C1, 2,2"-bipy], 85.65 [Cpg], 78.69 [Cpy, 77.92 [Cp,]. *'P
NMR [(CD;),CO, §/ppm]: 49.72 [s, PPh;]. FT-IR [KBr, cm™']:
3100-3040 cm™' (vc.y, Cp and phenyl rings and voy),
1701 em™" (¥(C=0)), 1478-1421 em™ "' (vc—c, phenyl rings),
1284 cm™" (1(CF3S03)). Elemental analysis (%) found: C, 53.8;
H, 3.5; N: 3.5; S, 4.0. Caled for C;5H,gN,PF;05SRu-0.1CH,Cl,
(786.20): C, 53.62; H, 3.61; N: 3.56; S, 4.07.

Ru(u)-peptide conjugate syntheses

The peptides Pepl, Pep2 and Pep3 were synthesized as
C-terminal amides using standard 9-fluorenylmethyl-
oxycarbonyl (Fmoc) solid phase synthesis methods. Automated
synthesis of Pep-1 was performed using a microwave-assisted
Liberty 1 Peptide Synthesizer (CEM, Matthews, NC), running
standard protocols at the 0.1 mmol scale on Rink amide
MBHA resin. Fivefold excess of Fmoc-r-amino acids and
HBTU, in the presence of 10-fold excess of DIPEA, were used
for the coupling steps in DMF. All side-chain functions were
protected with TFA labile groups. Pep2 and Pep3 were manu-
ally synthesized using the same stoichiometry of Fmoc-1-
amino acids, HBTU and DIPEA. Removal of the Fmoc group
for amino acid terminal deprotection, at each conjugation
step, was performed with a piperidine/DMF (20% v/v) solution.

A spacer, 12-(9-fluorenylmethyloxycarbonylamino)-4,7,10-
trioxa-dodecanoic acid (Fmoc-NH-PEG;-COOH), was coupled
manually to each peptide, with 2-fold excess, in the presence
of an equivalent amount of HBTU and 4-fold excess of DIPEA,
in DMF, followed by the manual coupling of the complex [Ru
(n°-CsH,COOH)(PPh3)(2,2"-bipy)][CF3S05] (TM281), in 2-fold
excess, in the presence of an equivalent amount of HBTU and
4-fold excess of DIPEA, in DMF. After the synthesis completed,
peptide resins were treated with piperidine/DMF (20% v/v) to
remove the Fmoc group, followed by treatment with TFA/H,O/
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TIS (95:2.5:2.5 v/v, 2 h, RT) to promote full deprotection and
cleavage from the resin. Ru-peptide conjugates precipitated by
addition of ice-cold diethyl ether and were then dissolved in
water, purified by HPLC and lyophilized. Analytical reverse-
phase HPLC was performed on C18 columns (4.6 x 250 mm,
5 um, Supelco Analytical 568223-U) using a PerkinElmer Series
200® instrument coupled to a PerkinElmer Series 200® degas-
ser and a PerkinElmer Series 200® UV-vis detector. Solvent A
was 0.1% (v/v) TFA in water, and solvent B 0.1% (v/v) TFA in
acetonitrile. Elution was done with linear gradients of solvent
B into A over 25 minutes at a 2 mL min~" flow rate, with UV
detection at 220 nm. Preparative reverse-phase HPLC was per-
formed on a C18 column (8 x 250 mm, 7 pm, Macherey-Nagel
VP250/8 Nucleosil 100-7®) in a model Waters 2535® coupled
with a Uniflows DG-3210® degasser and a Waters 2998® UV-
vis detector. Solvents A and B were 0.1% TFA (v/v) in water and
acetonitrile, respectively, and elution was again with linear gra-
dients of solvent B into solvent A over 45 minutes, at a 1 mL
min~" flow rate, with UV detection at 220 nm. Preparative frac-
tions of satisfactory purity (>95%, determined by analytical
HPLC) were collected and lyophilized.

Electrochemical studies

Cyclic voltammograms were obtained at room temperature
using an EG&G Princeton Applied Research Potentiostat/
Galvanostat Model 273A equipped with Electrochemical
PowerSuite v2.51 software for electrochemical analysis, in
anhydrous dichloromethane or acetonitrile with tetrabutyl-
ammonium hexafluorophosphate (0.2 and 0.1 M respectively)
as the supporting electrolyte. The electrochemical cell was a
homemade three electrode configuration cell with a platinum-
disc working electrode (1.0 mm) probed by a Luggin capillary
connected to a silver-wire pseudo-reference electrode and a
platinum wire auxiliary electrode. All the potentials reported
were measured against the ferrocene/ferrocenium redox couple
as the internal standard and normally quoted relative to SCE
(using the ferrocenium/ferrocene redox couple E;;, = 0.46 or
0.40 V versus SCE for dichloromethane or acetonitrile
respectively.

Both the sample and the electrolyte (Fluka) were dried
under vacuum for several hours prior to the experiment.
Reagent grade solvents were dried, purified by standard pro-
cedures and distilled under a nitrogen atmosphere before use.
All the experiments were performed in an oxygen-free and
moisture-free atmosphere.

X-ray crystal structure determination

Crystals of 3 and TM281, suitable for the X-ray diffraction
study, were mounted on a loop with Fomblin© protective oil
for data collection. Data were collected on a Bruker AXS-KAPPA
APEX 1I diffractometer with graphite-monochromated radi-
ation (Mo Ka, 4 = 0.17069 A) at 150 K. The X-ray generator was
operated at 50 kV and 30 mA, and X-ray data collection was
monitored using the APEX program.®? Empirical absorption
correction using SADABS®* was applied and data reduction
was done with the SAINT program.®® SHELXS®® was used for
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structure solution, and SHELXL®® was used for full matrix
least-squares refinement on F>. Both programs are included in
the package of programs WINGX-Version 2014.1.®” Non-hydro-
gen atoms were refined anisotropically. All hydrogen atoms
were inserted in calculated positions and allowed to refine in
the parent carbon atom. The hydrogen bonds and inter-
molecular interactions were calculated using PLATON.®®
Graphical representations were prepared using MERCURY
3.8.° A summary of the crystal data, structure solution and
refinement parameters for the structures is provided in
Table S7.F

Cytotoxicity assays

Human breast cancer cell lines, SKBR3 (ATCC) and
MDAMB231 (ATCC), were cultured in DMEM + Glutamax-I
(Gibco) supplemented with 10% fetal bovine serum (FBS) and
1% antibiotics. Cells were cultured in an incubator (Heraeus,
Germany) with a humidified atmosphere at 5% CO,, 37 °C.
Cell viability was evaluated using the MTT ([3-(4,5-dimethyl-
thiazol-2-y1)-2,5-diphenyltetrazolium bromide]) assay which is
based on the reduction of the tetrazolium salt to purple forma-
zan by a mitochondrial dehydrogenase in metabolically active
cells. For the assays, the cells were seeded in 96-well plates
(2-3 x 10* cells/200 pL) and allowed to adhere overnight. The
Ru complexes were first solubilized in DMSO and then in the
medium to prepare working solutions in the range 0.1 pM-
100 pM. The peptides were first diluted in water and then in
the medium and assayed using the same concentration range.
After continuous exposure to the compounds for 48 h at 37 °C,
the medium was removed, and the cells were incubated with
200 pL of the MTT solution (0.5 mg mL™") for 3 h. Then, the
solution was discarded and the purple formazan inside the
cells was dissolved in 200 pL of DMSO. Cellular viability was
evaluated by measuring the absorbance at 570 nm on a plate
spectrophotometer (PowerWave Xs, Bio-Tek Instruments,
Winooski, VT, USA). The cytotoxic effect of the compounds
was quantified by calculating the ICs5, using GraphPad Prism
software (vs. 5.0). All compounds were tested in at least two
independent experiments, each comprising six replicates per
concentration.

Conclusions

Molecular dynamics simulations of the complex [RuCp(PPhs;)
(2,2'-bipy)][CF3SO;] TM34 with a phosphatidylcholine
bilayer membrane model showed that derivatizations on
either Cp or 2,2-bipy ligands should not perturb the mem-
brane interaction abilities of the TM34 derivatives. Hence,
three new complexes, [Ru(n’-CsH,COOCH,CH,)(PPh;),Cl] 2,
[Ru(n’>-CsH,COOCH,CH;) (PPh;)(2,2"-bipy)][CF;S0;] 3, and
[Ru(n’-CsH4COOH)(PPh;)(2,2"-bipy)|[CF5S0;] TM281, with
functionalized cyclopentadienyl rings have been synthesized
and fully characterized and the X-ray structures of 3 and
TM281 were determined. These complexes have the common
feature of the Cp ring functionalized with carboxyl substitu-
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ents and constitute a barely studied family of piano stool
structured complexes. The syntheses of such compounds were
achievable due to the improvement made here by the conver-
sion of esters into carboxylic acids by use of an ion exchange
resin, instead of acidification using strong acids, as generally
described in the literature.

These half-sandwich ruthenium(u)-cyclopentadienyl com-
plexes of general formula [Ru(n’-CsH,CO,H)(n>-L)L']X were
revealed to be the adequate starting materials to react with bio-
molecules, in particular peptides, to afford a novel family of
Ru-peptide conjugates with biological potential to act as anti-
cancer agents.

To the best of our knowledge, these are the first half-sand-
wich  ruthenium(u)-cyclopentadienyl peptide conjugates
reported in the literature. The cytotoxicity of RuPCs was evalu-
ated in the human FGFR(+) SKBR3 and FGFR(—) MDAMB231
breast cancer cells. Under the same experimental conditions,
it was observed that the presence of -COOH in the cyclopenta-
dienyl ring in TM281 led to a significant decrease in the cyto-
toxicity when compared with TM34, probably due to acid
ionization, which reduces the ability of TM281 to be
embedded in the phospholipid bilayer, where TM34 acts.
Nevertheless, ruthenium-peptide conjugates are more cyto-
toxic towards SKBR3 cells that overexpress the FGFR receptors
than MDAMD231 (FGFR-), indicating that, although some
chemical modifications to the group attached to the Cp are
mandatory in order to increase the cytotoxicity, this is a prom-
ising approach for selectively targeting FGFR(+) breast cancer
cells.
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