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ranyl complexes with 2,20-
bipyridine derivatives for potential bimodal therapy
application†

Ricardo G. Teixeira,a Fernanda Marques, b M. Paula Robalo, cd

Xavier Fontrodona,e M. Helena Garcia,a Simonetta Geninatti Crich,f Clara Viñas *g

and Andreia Valente *a

Ruthenium complexes of carboranyl ligands offer the possibility of dual action (chemo + radiotherapy) that

might result in significant clinical benefits. In that frame, we describe herein the development of ruthenium–

carboranyl complexes bearing bipyridyl derivatives with the general formula [3-CO-3,3-{k2-4,40-R2-2,20-
bipy}-closo-3,1,2-RuC2B9H11] (R ¼ CH3, RuCB1 or R ¼ CH2OH, RuCB2). Both compounds crystallized in

the monoclinic system, showing the expected three-legged piano stool structure. The

ruthenacarboranes are stable in cell culture media and were tested against two cell lines that have

shown favorable clinical responses with BNCT, namely melanoma (A375) and glioblastoma (U87). RuCB1

shows no cytotoxic activity up to 100 mM while RuCB2 showed moderate activity for both cell lines. Cell

distribution assays showed that RuCB2 presents high boron internalization that is proportional to the

concentration used indicating that RuCB2 presents features to be further studied as a potential

anticancer bimodal agent (chemo + radiotherapy).
Introduction

Cancer is the second leading cause of death worldwide. Most of
the FDA approved anticancer drugs are purely organic mole-
cules, which may include nitrogen, oxygen, and halogens
besides carbon and hydrogen, all of them right-hand neighbors
of carbon. The successful introduction of cisplatin as an
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anticancer drug opened the possibility to investigate the
potential applications of metal-based compounds in medicine.
Many organometallic complexes of Fe(II), Rh(III), Ir(III), Ru(II) and
Os(II) have been shown to present modes of action different to
cisplatin and related platinum drugs, for which DNA is themain
target.1 Although ruthenium-based organometallic compounds
have emerged as promising anticancer drugs due to their
unique and versatile biochemical properties only a few of them
have been reported comprehensively.2

Boron is located on the le side of the carbon in the Periodic
Table and both are elements that have the property to build
molecules of unlimited size by covalent self-bonding. Essen-
tially, the twelve-vertex C2B10H12 carborane, ortho-, meta- or
para-isomers, rank among the most chemical and biological
stable molecular compounds known, which display many
particular characteristics that do not nd a parallel in their
organic counterparts.3 These species have twomoderately acidic
C–H vertices that are easily deprotonated with strong bases and
functionalized using electrophiles.4 On the other hand, the
anionic nido-carborane ([C2B9H12]

� and [C2B9H11]
2�) deriva-

tives result from the known as “partial deboronation process”,
which takes place by the attack of a nucleophile5–13 to the cor-
responding closo-C2B10H12 cluster resulting in the loss of a B
vertex. Metallacarboranes, neutral half-sandwich [M(C2B9H11)
LL0L00] (L, L0, L00 being anionic and/or neutral ligands) and the
anionic sandwich metallabisdicarbollides [M(C2B9H11)2]

�, are
derivatives of boron hydrides that contain carbon and metal
atoms into the fragment.3 A large number of metals have been
This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Synthetic route of the new ruthenacarborane complexes
RuCB1 and RuCB2; the 2,20-bipyridine ligand is numbered for NMR
assignments. TMAO ¼ trimethylamine N-oxide.
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incorporated as cluster vertices in metallacarboranes, keeping
the chemical and self-assembly properties of the closo carbor-
anes clusters and incorporating the redox properties of the
metal.3

Boron neutron capture therapy (BNCT) is a non-invasive
binary cancer treatment modality that is based on the selec-
tive accumulation of a 10B-containing agent at the tumor site
followed by irradiation with low-energy neutrons producing
high-linear energy transfer (LET) alpha particles (4He2+) and
recoiling lithium ions (7Li3+).14 These high-energy particles have
a short path length (5–9 mm) that is approximately the diameter
of a cell. Thus, their action is limited to the cells containing the
boron agent, which decreases the damage to normal tissues.
However, the success of this therapy is highly dependent on the
10B delivered to the cells and thus several classes of BNCT
agents have been developed in the past such as sodium tetra-
borate (borax), sodium pentaborate, p-boronophenylalanine
(BPA), sodium borocaptate (BSH), p-carboxyphenylboronic acid,
or sodium decahydrodecaborate.15–18 However, the need for the
delivery of high amounts of 10B led to the development of boron
clusters (boranes, carboranes and metallacarboranes).19 In
dicarba-closo-dodecarboranes, hexacoordinated carbon and
boron atoms adopt the regular icosahedral geometry. As dis-
cussed above, the two carbon vertices in dicarba-closo-dodeca-
rboranes bear relatively acidic hydrogen atoms, which are
readily replaced by metals or organic groups.20,21 Besides,
substituents can also be introduced with good control to at least
a certain number of boron vertices, making the research in this
area very versatile and attractive for BNCT. The icosahedral
closo-C2B10H12 carborane22 and metallacarborane23

[M(C2B9H11)2]
� clusters are 3D aromatic moieties, possessing

high symmetry and stability,24 and generally low cytotoxicity,25,26

being good candidates for BNCT.25,27–29 In this frame, several
compositions for potential BNCT applications have been
developed,30–35 including high boron-loaded DNA-oligomers,36

periphery-decorated and core-initiated borane polyanionic
macromolecules,37 peptide–cobalt bis(dicarbollide) conju-
gates,38 nucleoside–boron cluster conjugates39,40 and choles-
terol–metallacarborane conjugates,41 among others.

Examples of ruthenacarborane complexes for potential
BNCT are scarcer and comprise the ‘Ru(h6-arene)’ moiety42–46

bonded to the carborane through a dithiolate motif or the upper
pentagonal face of the cluster. In this frame, taking into
consideration the high stability and the cytotoxic properties of
[Ru(h5-C5H5)(2,20-bipyridine)(Z)]

+ complexes we decided to
replace the (h5-C5H5)

� ligand by the bioisostere dicarbollide
anion. The cytotoxicity of the [Ru(h5-C5H5)(2,20-bipyridine)(Z)]

+

family of compounds can be tuned by the ligand Z; when Z is
a phosphane, the compounds are highly cytotoxic, whereas
when Z is a CO, the compounds show only moderate to low
cytotoxicity.47 Previous studies also showed that [Ru(h5-
C5H5)(2,20-bipyridine)(Z)]

+ compounds are well internalized
into cancer cells.48–50 Thus, based on previous results, we
decided to synthesize two multifunctional compounds with the
general formula [3-CO-3,3-{k2-4,40-R2-2,20-bipy}-closo-3,1,2-
RuC2B9H11], that would provide multi-modal treatment acting
at once as chemotherapeutic and BNCT agents. The potential
This journal is © The Royal Society of Chemistry 2020
treatment using bifunctional compound types would allow to
reduce the doses to get the same therapeutic effect while
diminishing the secondary effects to the patient.
Results and discussion
Synthesis

New mononuclear ruthenium–carboranyl complexes bearing
bipyridyl derivatives with the general formula [3-CO-3,3-{k2-4,40-
R2-2,20-bipy}-closo-3,1,2-RuC2B9H11] were obtained by treatment
of the parental tricarbonyl complex [3,3,3-(CO)3-closo-3,1,2-
RuC2B9H11] with trimethylamine N-oxide (Me3NO, TMAO)
following a reported procedure,51 and the corresponding
bipyridyl ligand (Scheme 1, RuCB1, R ¼ –CH3; RuCB2, R ¼
–CH2OH). Sigma coordination of each bidentate chelator to the
ruthenium core was achieved in comparable yield to previously
reported closo-ruthenacarboranes bearing bipyridine based
ligands.51

Purication of the new closo-ruthenacarborane complexes
was achieved by column chromatography on silica gel and
single crystals of RuCB1 and RuCB2 were successfully obtained
by slow diffusion recrystallization, at room temperature.

The formulation and purity of the new complexes was fully
elucidated, both in the solid-state and in solution, by FT-IR, UV-
Vis and NMR (1H, 11B, 13C nuclei) spectroscopies, cyclic vol-
tammetry and single-crystal X-ray diffraction.
NMR spectroscopy

Tables S1 and S2 at the ESI† summarize the 1H NMR and 11B
{1H} NMR data for RuCB1 and RuCB2. All resonances were
attributed using 1D and 2D NMR experiments (1H, 11B, 13C{1H},
1H–1H COSY, HMQC, and HMBC) following the atom
numbering presented in Scheme 1. The newly synthesized closo-
ruthenacarborane complexes displayed resonances in their 1H
NMR spectra that were easily ascribed to the two CH cage
protons due to their broad character. These signals appeared at
d 3.26 ppm and d 3.30 ppm for RuCB1 and RuCB2, respectively,
and revealed an integration ratio of 1 : 1 between the carboranyl
ligand and the respective 2,20-bipyridyl ligand. The bipyridyl
aromatic protons resonate at higher chemical shi (downeld)
RSC Adv., 2020, 10, 16266–16276 | 16267
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values when compared to the corresponding resonances of the
free ligand (RuCB1: DH6 +0.49 ppm, DH5 +0.34 ppm and DH3

+0.26 ppm; RuCB2, DH6 +0.49 ppm, DH5 +0.31 ppm and DH3

+0.14 ppm; see Table S1†) which agrees with a s dative coor-
dination to the metal. Additionally, a resonance at d 2.62 ppm
appears in the 1H NMR of complex RuCB1 and it is readily
attributed to the equivalent protons of the methyl groups of the
coordinated 4,40-dimethyl-2,20-bipyridyl ligand, while the two
geminal protons of the groups of the 4,40-dihydroxymethyl-2,20-
bipyridyl ligand of complex RuCB2 resonate at d 4.96 ppm.
Characterization of these complexes was also performed by 13C-
APT NMR experiments and the results are in accordance with
the previously discussed effects in the 1H NMR analysis. In the
13C-APT NMR spectra of all complexes, a broad singlet reso-
nance appears at d z 45 ppm and by their position and shape,
were easily attributed to the two equivalent carbons present at
the carboranyl structure. The resonances for the carbonyl co-
ligand appear at d 199 ppm along with the expected remain-
ing carbons of the 2,20-bipyridyl ligand (121 < d < 156 ppm).

RuCB1 and RuCB2 displayed at its 11B{1H} NMR spectra,
a general pattern of four peaks with an integration intensity
ratio of 1 : 3 : 2 : 3 (Fig. S4;† spectra from RuCB1), being the
second and fourth signals result of overlap of broad unresolved
1 + 2 resonances, similarly to results reported for [3-CO-3,3-{k2-
Me2N(CH2)2NMe2}-closo-3,1,2-RuC2B9H11].51 The appearance of
the aforementioned resonances agrees with the typical chem-
ical shi range for the closo-3,1,2-MC2B9H11 system (M ¼ Rh,
Ru) (�0.9 ppm < d <�22.3 ppm).52–55 Furthermore, the weighted
average 11B NMR chemical shi, hd(11B)i, is �11.1 and
�12.4 ppm for RuCB1 and RuCB2, respectively that were higher
than �10 ppm and agree with a closo metallacarborane
cluster.56–58 In addition, the 1JHB higher than 100 Hz were found
in the 11B NMR spectra giving a clear indication that all B–H
protons from the C2B9H11 cage remain intact.

The sensitivity of the electron distribution in closo icosahe-
dral carborane/metallacarborane derivatives due to the pres-
ence of substituents at the vertexes is well known.59,60 The
averaged chemical shi values move upeld (Table S1†) when
the ligand is bipyridyl indicating shielding of the cluster in the
closo ruthenacarboranes RuCB1 and RuCB2 relatively to its
precursor [3,3,3-(CO)3-closo-3,1,2-RuC2B9H11] (hdi �7.7 ppm).
This result correlates well with the CHcage resonances in the 1H
NMR that are shied upeld in the closo ruthenacarboranes
RuCB1 and RuCB2 relatively to the tricarbonyl starting complex
(d 4.15 ppm).

The general shielding effect observed for the cage and the
carbonyl nuclei resonances combined with the conrmed
deshielding of the 2,20-bipyridyl protons gives clear evidence of
electron ow from the 2,20-bipyridyl through the ruthenium
center towards the boron cage and the carbonyl co-ligand. The
presence of a more donating group at the 2,20-bipyridine
substituent improves the electronic ow to the carboranyl moiety.
Fig. 1 Electronic spectra of complex RuCB2 in dichloromethane (full
line) and dimethylsulfoxide (dotted line). Expansion of the spectra in
the LMCT region.
FT-IR spectroscopy

The FT-IR spectra of the closo-ruthenacarborane complexes
presented the characteristic bands of the carboranyl moiety (nC–
16268 | RSC Adv., 2020, 10, 16266–16276
H,stretching � 3040 cm�1 and nB–H,stretching � 2550 cm�1), the
bipyridyl derivatives ligands (ca. 1520–1400 cm�1 and at
�2960 cm�1 for nC–H,stretching) and a single absorption band
attributed to the vibrational frequency of the metallic carbonyl
(approximately at 1960 cm�1). It is also noticeable the presence
of the stretching frequency of the alcohol functional group in
complex RuCB2 spectrum (nO–H,stretching � 3310 cm�1). The
carbonyl bonded to the metal center is coordinated in an almost
linear fashion (conrmed by crystallographic data) and its
binding to the ruthenium ion can be explained by two syner-
getic contributions: s-donation from the ligand to the metal
and p-back donation from the metal to the ligand. This type of
interaction between the orbitals of the metal and the ligand led,
in both cases, to a negative shi of the nC^O (av. �93 cm�1).
UV-Vis spectroscopy

The optical absorption spectra of the ruthenacarborane
complexes were recorded using 1.0 � 10�5 to 1.0 � 10�6 M
solutions in dichloromethane and dimethyl sulfoxide (Table
S3†). The trend observed in the electronic absorption spectra of
both complexes follows the same pattern and Fig. 1 is repre-
sentative of their behavior. Despite the strong absorption bands
characteristic of each bipyridyl derivative and the {Ru(CO)(C2-
B9H11)} organometallic fragment (appearing below 300 nm),
typical electronic spectra of these compounds are characterized
by two broad, medium-strength absorption bands appearing in
the range of 330 to 530 nm. The solvatochromic effect observed
at the medium-strength transitions of complex RuCB2 showed
that these bands are blue-shied with the increase of the
polarity of the solvent (368 nm in CH2Cl2 vs. 347 nm in DMSO
for the stronger absorption; 453 nm in CH2Cl2 vs. 434 nm in
DMSO for the weaker absorption). Based on their position,
intensity and similar behavior in related compounds, we can
attribute them as charge transfer (presumably ligand to metal
charge transfer) and d–d transitions.51
Electrochemical studies

The electrochemical behavior of organometallic ruth-
enacarborane complexes was studied by cyclic voltammetry in
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Cyclic voltammogram of complex RuCB1 in acetonitrile, at
100 mV s�1, showing the reversibility of the isolated redox processes
(dashed lines).
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acetonitrile and dichloromethane solutions using ammonium
hexauorophosphate as supporting electrolyte (Table S4, see
ESI†). Complex RuCB1 (Fig. 2) showed an irreversible oxidation
process (Epa ¼ 1.12 V in both solvents) that retains its irrevers-
ibility when isolated and studied at different scan rates. This
behaviour suggests a rapid irreversible chemical reaction
following the electron transfer process, attributed to the
ruthenium centre, in accordance with the literature data for
similar complexes.51 Along with this oxidative process, and aer
scanning for negative potentials, two other reductive processes
appeared (Epc ¼ �1.45 V and E1/2 ¼ �1.54 V in acetonitrile),
being the rst irreversible and the second quasi-reversible.
These processes can be addressed to the bipyridyl ligand as
previously reported for related ruthenium–cyclopentadienyl
complexes47 or to a reduction in the ruthenium centre as stated
before for similar complexes.51,61 Complex RuCB2 showed
a similar behavior in both solvents. Considering the potentials
attributed to the RuII/RuIII redox pair for these compounds and
Fig. 3 ORTEP representation of complex RuCB1 (a) and RuCB2 (b). The

This journal is © The Royal Society of Chemistry 2020
the absence of oxidation processes for the analogue [Ru(h5-C5-
H5)(CO)(bipy)][CF3SO3], in the same experimental conditions,47

one can conclude that the presence of the carboranyl ligand
facilitates the oxidation of the metal center, as it was expected
by the ability of higher oxidation states stabilization charac-
teristic of the [nido-7,8-C2B9H11]

2� ligand.60
Single crystal X-ray diffraction of complexes RuCB1 and
RuCB2

Single crystal suitable for X-ray diffraction studies were ob-
tained from slow evaporation of acetone (RuCB1) or slow
diffusion of hexane solutions into tetrahydrofuran solution
(RuCB2) to give an orange to yellow needle-shaped crystals
suitable for X-ray diffraction analysis. The molecular structures
obtained are shown in Fig. 3, and selected distances and angles
and representative crystallographic data are given at Tables 1
and S5.†

Complex RuCB1 crystallizes in the monoclinic system, space
group P21/c whereas complex RuCB2 crystallizes in the mono-
clinic system, space group P21/n. In the crystallographic studies,
it was possible to see that the basic structural skeleton of this
type of complexes is the expected three-legged piano stool
structure. Each correspondent crystallographic data revealed
that the presence of the 2,20-bipyridyl derivatives does not affect
the full engagement of the C2B3 face of the carboranyl ligand
towards the ruthenium center, once it remains coordinated in
its pentahapto fashion. No evidence of cage slippage or distor-
tion between the carbon atoms of the carboranyl was noticed for
any of the complexes. In addition to the fully-coordinated
planar 2,20-bipyridyl ligand (C(1)–C(2) 1.658 Å, Ru–Ccage

(average) 2.196 Å, Ru–B (average) 2.240 Å for complex RuCB1,
and C(1)–C(2) 1.642 Å, Ru–Ccage (average) 2.200 Å, Ru–B
(average) 2.456 Å for complex RuCB2) there is the lone carbonyl
co-ligand, bounded in the expected linear form.
disordered of –OH groups have been omitted for clarity.

RSC Adv., 2020, 10, 16266–16276 | 16269
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Table 1 Selected bond lengths (Å) and angles (deg) for RuCB1 and
RuCB2

RuCB1 RuCB2

Ru(3)–C(1) 2.174(2) 2.179(3)
Ru(3)–C(2) 2.218(2) 2.220(3)
Ru(3)–C(27) 1.863(2) —
Ru(3)–C(29) — 1.865(3)
Ru(3)–N(13) 2.1317(17) 2.104(2)
Ru(3)–N(24) 2.1018(18) 2.125(2)
Ru(3)–B(4) 2.214(3) 2.210(4)
Ru(3)–B(7) 2.247(3) 2.239(4)
Ru(3)–B(8) 2.266(3) 2.272(4)
C(1)–C(2) 1.658(3) 1.642(5)
C(27)–Ru(3)–N(13) 94.12(9) —
C(27)–Ru(3)–N(24) 91.04(9) —
C(27)–Ru(3)–C(1) 114.93(10) —
C(27)–Ru(3)–C(2) 158.44(10) —
C(29)–Ru(3)–N(13) — 91.61(12)
C(29)–Ru(3)–N(24) — 91.17(11)
C(29)–Ru(3)–C(1) — 114.10(14)
C(29)–Ru(3)–C(2) — 157.52(13)

Table 2 IC50 values (mM) for complexes RuCB1 and RuCB2, at 24 h
incubation, in A375 and U87 cancer cells

Compounds A375 U87

RuCB1 >100 107 � 46
RuCB2 57.0 � 1.8 25.5 � 8.3
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The crystal structure of RuCB2 reveals two orientations of
molecules (head-to-tail) arranged in innite double zig-zag
chains running parallel to the c crystallographic axis (Fig. 4).
The two carborane B–H vertices located at the B5 plane that are
trans to the two carbon cluster atoms participate in the B–H/
O–H intermolecular interactions. These intermolecular B–H/
H–O interactions are strong since the contacts are shorter than
the sum of the van der Waals radii minus 0.70 Å.62

Stability studies in aqueous media

The behavior of the compounds in cellular media was evaluated
to infer about their stability in similar conditions to the bio-
logical assays. The study was performed by UV-Vis spectroscopy
during 24 h (Fig. S11†). The UV-Vis absorption spectra of the
complexes in 3% DMSO/97% DMEM exhibit one strong
absorption band in the UV range and two broad absorptions in
the visible range, similar to the correspondent spectra observed
in organic solvents. Variations lower than 10% over the 24 hours
challenge for complex RuCB1 and RuCB2 were observed, sup-
porting that the original three-legged piano-stool geometry is
kept over the assay time.
Fig. 4 Crystal structure of complex RuCB2 showing the B–H/H–O
molecules forming an infinite double zig-zag chain running parallel to th

16270 | RSC Adv., 2020, 10, 16266–16276
Biological assays
Analysis of the cytotoxicity in cancer cell lines

The cytotoxic activity of RuCB1 and RuCB2 was determined by
the colorimetric MTT assay in melanoma (A375) and glioblas-
toma (U87) cancer cell lines. These cell lines were selected
considering that this type of tumors have shown favorable
clinical responses with BNCT.63 As indicated in Table 2, aer
24 h of treatment with RuCB1 no cytotoxic activity up to 100 mM
was observed and RuCB2 showed moderate activity for both cell
lines, although more active in the glioblastoma cells. These
results indicate that these compounds show the potential to be
further explored regarding their boron accumulation in cancer
cells.
Intracellular distribution of the ruthenium complexes

The intracellular distribution of the complexes RuCB1 and
RuCB2 was performed using A375 cells following exposure to
each complex for 24 h at a concentration equivalent to their IC50

values (for compound RuCB1 a concentration of 100 mM was
used). Cytosol, membrane, nucleus, and cytoskeletal fractions
were extracted using a commercial kit as described in the
Experimental section. One can observe, the different substitu-
ents at the bipyridine lead to different accumulation patterns
(10B and 102Ru quantication) (Fig. 5). While the methylated
compound RuCB1 is distributed through cytoskeleton,
membranes, and nucleus, the hydroxymethylated compound
RuCB2 is mainly accumulated at the membrane of cells (�90%).
It is interesting to observe that RuCB2 keeps the 10B/102Ru ratio
unchangeable in all cell compartments indicating that probably
the Ru–carborane moiety is stable. However, RuCB1 shows
considerable differences indicating that, at some point aer
internalization, the Ru is detached from the carborane. For
dihydrogen bonding which results in a head to tail arrangement of
e c crystallographic axis.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Cellular 10B and 102Ru distribution in A375 cells treated with compounds RuCB1 and RuCB2 at a concentration equivalent to their IC50

values found at 24 h challenge. Results are expressed in ng of 10B and 102Ru per million of cells (top) or in total percentage (bottom). Results are
expressed as mean � SD of two independent experiments.

Table 3 Amount of B internalized in A375 cells, determined by ICP-MS

Incubated RuCB2
(mM)

Internalized B
(mg g�1)

Internalized 10B mg g�1

to perform BNCTa

19 71 14
37 137 27
74 250 50

a 10B mg g�1 were calculated from its natural abundance (20%).
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RuCB1, the main difference is observed at the nucleus, where
the 10B/102Ru ratio increases by �3-fold.

Normalizing the results to the administered doses of
compounds, RuCB2 uptake is 2.6-fold higher than RuCB1 (10B
and 102Ru quantication).

For BNCT to be successful, enough 10B should be delivery to
the tumor cells. Therefore, experiments were conducted to
determine the amount of B that was taken up by the cells as
a function of the concentrations of the two compounds.

As shown in Fig. S12,† the most promising compound seems
to be RuCB2 since it is the compound presenting higher boron
internalization that is proportional to the concentration used
(Table 3). Even if the boron internalized by cells is not enriched
in 10B, the amount internalized is enough to perform BNCT on
cells.64,65 On the contrary, RuCB1 has a low B accumulation
within cells, reaching a threshold at �30 mM. These results
indicate that RuCB2 is a potential candidate to be evaluated as
a BNCT agent.
This journal is © The Royal Society of Chemistry 2020
Conclusion

Two new ruthenium carboranyl complexes with 2,20-bipyridine
derivatives were synthesized and characterized by several
analytical and spectroscopic techniques. Both compounds
crystallize in the monoclinic system, showing the expected
three-legged piano stool structure.

The compounds' cytotoxicity was evaluated in melanoma
(A375) and glioblastoma (U87) cell lines showing low to
moderate cytotoxicity. Their uptake into A375 cells was deter-
mined via 10B and 102Ru quantication by ICP-MS showing that
RuCB2, bearing a hydroxymethyl group at the bipyridine, fullls
the prerequisites to be further evaluated as a potential bimodal
agent (chemo + radiotherapy). As far as we know, this is the rst
time that a ruthenacarborane bearing 2,20-bipyridine deriva-
tives has been considered for this application.

Experimental section
General procedures

All reactions and manipulations were performed under
nitrogen atmosphere using Schlenk techniques. All solvents
used were dried and freshly distilled under nitrogen before use,
using standard methods. The carboranyl ligand (C2B9H13) and
the [3,3,3-(CO)3-closo-3,1,2-RuC2B9H11] precursor were synthe-
sized as described in the literature.7,66 1H, 11B, and 13C and NMR
spectra were recorded on a Bruker Avance 400 spectrometer at
probe temperature using commercially available deuterated
RSC Adv., 2020, 10, 16266–16276 | 16271
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acetone. 1H and 13C chemical shis (s ¼ singlet; d ¼ duplet; t ¼
triplet; m ¼ multiplet; comp ¼ complex) are reported in parts
per million (ppm) downeld from internal standard Me4Si and
the 11B and 11B{1H} NMR spectra are reported in ppm downeld
from external standard BF3$OEt2. Coupling constants are re-
ported in Hz. All assignments were attributed using DEPT-135,
COSY, HMBC, and HMQC NMR techniques. Infrared spectra
were recorded on KBr pellets using a Mattson Satellite FT-IR
spectrophotometer. Only considered relevant bands were cited
in the text. Electronic spectra were obtained at room tempera-
ture on a Jasco V-660 spectrometer from solutions of 10�4 to
10�6 M in quartz cuvettes (1 cm optical path). Elemental anal-
yses were performed at Laboratório de Análises, at Instituto
Superior Técnico, using a Fisons Instruments EA1 108 system.
Data acquisition, integration and handling were performed
using a PC with the soware package EAGER-200 (Carlo Erba
Instruments).
Syntheses

[3-CO-3,3-{k2-4,40-(CH3)2-2,20-bipy}-closo-3,1,2-RuC2B9H11]
(RuCB1). [3,3,3-(CO)3-closo-3,1,2-RuC2B9H11] (0.20 g, 0.63
mmol) was combined with 1 equivalent of 4,40-dimethyl-2,20-
bipyridine (0.10 g, 0.63 mmol) and 2 equivalents of Me3NO
(0.10 g, 1.26 mmol) in a Schlenk and MeCN (40 mL) was added
to the reactants. The reaction mixture was stirred for 24 hours
at room temperature. Aer that, the solvent was removed in
vacuum and the residue obtained was chromatographed in
silica gel using as eluent a mixture of dichloromethane and n-
hexane (4 : 1). Extraction yielded a bright canary yellow band
that was removed from the column with an increased
proportion of the n-hexane phase. Aer removing all the
yellow fraction, the solvent was removed by vacuum. The
residue obtained was recrystallized by slow diffusion of n-
hexane in dichloromethane. Yellow needle-shaped single
crystals of RuCB1 were obtained from slow evaporation of an
acetone solution, under air.

Yield: 24%; yellow needle-shaped single crystals, recrystal-
lized from dichloromethane/n-hexane. 1H NMR [(CD3)2CO,
Me4Si, d/ppm]: 9.00 (d, 2H, 3JHH ¼ 5.6, H6), 8.56 (s, 2H, H3), 7.56
(d, 2H, 3JHH ¼ 5.2, H5), 3.26 (s, 2H, CHcage), 2.62 (s, 6H, CH3).
APT 13C{1H} NMR [(CD3)2CO, Me4Si, d/ppm]: 198.7 (CO), 156.2
(C2), 155.5 (C6), 151.8 (C4), 128.4 (C5), 124.9 (C3), 44.9 (br, Ccage),
21.2 (CH3).

11B NMR [(CD3)2CO, d/ppm]: �0.9 (d, 1B, 1JBH ¼
129.0), �7.3 (m, 5B), �20.9 (d, 3B, 1JBH ¼ 150.2). FTIR [KBr
pellets, cm�1]: 2960–2850 cm�1 (nC–H), 2549 cm�1 (nB–H),
1967 cm�1 (nC^O). UV-Vis in CH2Cl2 [lmax/nm (3 � 103/
M�1 cm�1)]: 246 (11.28), 287 (10.25), 311 (Sh), 362 (2.74), 451
(0.60). UV-Vis in DMSO [lmax/nm (3 � 103/M�1 cm�1)]: 283
(18.71), 311 (13.01), 350 (5.80), 438 (1.35). Elemental analysis
[calculated for RuCB1 1

4CH2Cl2] found (calculated): C 39.1 (39.2),
H 5.2 (5.1), N 5.5 (6.0).

[3-CO-3,3-{k2-4,40-(CH2OH)2-2,20-bipy}-closo-3,1,2-RuC2B9H11]
(RuCB2). [3,3,3-(CO)3-closo-3,1,2-RuC2B9H11] (0.20 g, 0.63 mmol)
was combined with 1 equivalent of 4,40-dihydroxymethyl-2,20-
bipyridine (0.13 g, 0.63 mmol) and 2 equivalents of Me3NO
(0.10 g, 1.26 mmol) in a Schlenk andMeCN (40mL) was added to
16272 | RSC Adv., 2020, 10, 16266–16276
the reactants. The reaction mixture was stirred for 24 hours at
room temperature. Aer that period, the solvent was removed by
vacuum and the residue obtained was chromatographed in silica
gel using as eluent a mixture of dichloromethane and methanol
(2 : 0.2). Elution yielded a dark orange band that was removed
from the column gradually. Then all the pure fractions were
collected and the solvent was removed by vacuum. The residue
obtained was recrystallized by slow diffusion of n-hexane in
tetrahydrofuran affording light orange needle-shaped single
crystals of RuCB2.

Yield: 19%; orange needle-shaped single crystals, recrystal-
lized from tetrahydrofuran/n-hexane. 1H NMR [(CD3)2CO,
Me4Si, d/ppm]: 9.09 (d, 2H, 3JHH ¼ 5.6, H6), 8.64 (s, 2H, H3), 7.70
(d, 2H, 3JHH ¼ 5.6, H5), 5.05 (t, 2H, JHH ¼ 5.6, OH), 4.96 (d, 4H,
JHH ¼ 4.8, CH2OH), 3.30 (s, 2H, CHcage). APT 13C{1H} NMR
[(CD3)2CO, Me4Si, d/ppm]: 198.5 (CO), 156.2 (C2), 156.1 (C4),
155.7 (C6), 124.6 (C5), 121.0 (C3), 62.7 (CH2OH), 44.9 (br, Ccage).
11B NMR [(CD3)2CO, d/ppm]:�2.1 (d, 1B, 1JBH ¼ 129.0),�8.6 (m,
5B), �22.3 (d, 3B, 1JBH ¼ 150.2). FTIR [KBr pellets, cm�1]:
3310 cm�1 (nO–H), 2920–2850 cm�1 (nC–H), 2520 cm�1 (nB–H),
1950 cm�1 (nC^O). UV-Vis in CH2Cl2 [lmax/nm (3 � 103/
M�1 cm�1)]: 245 (18.92), 289 (16.84), 314 (Sh), 368 (4.33), 453
(1.07). UV-Vis in DMSO [lmax/nm (3 � 103/M�1 cm�1)]: 284
(16.06), 313 (10.45), 347 (4.32), 434 (1.08). Elemental analysis
[calculated for RuCB2 1

4THF found (calculated)]: C 38.8 (38.8), H
5.1 (5.1), N 5.1 (5.7).

Electrochemical studies

The electrochemical experiments were performed with an EG&G
Princeton Applied Research Model 273A potentiostat/
galvanostat and controlled by a personal computer using Elec-
trochemistry PowerSuite v2.51 data acquisition soware from
Princeton Applied Research. Cyclic voltammograms were ob-
tained in solutions of [NBu4][PF6] in acetonitrile (0.1 M) or
dichloromethane (0.2 M) at room temperature using a three-
electrode conguration with a platinum-disk working elec-
trode (1.0 mmdiameter) probed by a Luggin capillary connected
to a silver-wire pseudo-reference electrode; a Pt wire auxiliary
electrode was employed. The redox potentials of the complexes
were measured in the presence of ferrocene as the internal
standard and the redox potential values are normally quoted
relative to the ferrocene/ferrocenium redox couple (E1/2 ¼ 0.40 V
and 0.46 V vs. SCE for acetonitrile and dichloromethane,
respectively). The solutions were purged with nitrogen and kept
under an inert atmosphere throughout the measurements.
Reagent grade solvents were dried, puried by standard proce-
dures and distilled under nitrogen atmosphere before use.

X-ray structure analysis

Themeasurements were carried out on a BRUKER SMART APEX
CCD diffractometer using graphite-monochromated Mo Ka
radiation (l ¼ 0.71073 Å) from an X-ray Tube. For RuCB1 the
measurement was made in the range 1.836 to 28.363� for q.
Hemi-sphere data collection was carried out with u and 4 scans.
A total of 13 262 reections were collected of which 4534 [R(int)
¼ 0.0272] were unique.
This journal is © The Royal Society of Chemistry 2020
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For RuCB2 the measurement was made in the range 2.237 to
28.386� for q. Full-sphere data collection was carried out with u

and 4 scans. A total of 35 439 reections were collected of which
5582 [R(int) ¼ 0.0317] were unique.

The structures were solved by the dual-space algorithm and
rened by full-matrix least-squares methods on F2. The non-
hydrogen atoms were rened anisotropically. The H-atoms
were placed in geometrically optimized positions and forced
to ride on the atom to which they are attached, except the car-
borane B–H and C–H, which were located in the difference
Fourier map and rened freely.

The C atoms in the carborane were located using the VCD
and BHD methods.67,68

For RuCB2 a considerable amount of electron density
attributable to half a disordered THF solvent molecule per
asymmetric unit was removed with the SQUEEZE option of
PLATON.69 Those solvent molecules are, however, included in
the reported chemical formula and derived values (e.g. formula
weight, F(000), etc.).

Programs used: data collection, Smart;70 data reduction,
Saint+;71 absorption correction, SADABS.72,73 Structure solution
and renement was done using SHELXT – SHELXL.74,75
Stability studies

For the stability studies, both complexes were dissolved in 100%
DMSO and a sample containing each compound in 3% DMSO/
97% DMEM at ca. 200 mM was prepared. Their electronic
spectra were recorded in the range allowed by the solvent
mixture at set time intervals. The samples used were protected
from light sources and stored at room temperature between
measurements.
Cytotoxic activity

The cytotoxic activity of the tested compounds was determined
in melanoma A375 and glioblastoma U87 cancer cell lines ob-
tained from ATCC, using the colorimetric MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay.
Both cell lines were grown in DMEM-GlutamaxI medium sup-
plemented with 10% FBS and maintained in a humidied
incubator at 37 �C (Heraeus, Germany) with 5% CO2. In a typical
assay, cells (1–2 � 104 cells per well) were seeded into 96 well
plates and allowed to adhere overnight. Then, cells were treated
with crushed dried crystalline samples of the compounds, rst
diluted in DMSO for complete solubilization, and then in
medium to prepare serial dilutions within the concentration
range of 0.1–100 mM. Aer 24 h incubation, the medium was
discarded and 200 mL of MTT solution in PBS (0.5 mg mL�1)
were added to each well. Aer 3 h at 37 �C, theMTT solution was
removed and replaced by DMSO (200 mL) to solubilize the for-
mazan crystals formed. The percentage of cellular viability was
assessed measuring the absorbance at 570 nm using a plate
spectrophotometer (Power Wave Xs, Bio-Tek). The IC50 values
were calculated using the GraphPad Prism soware (version
5.0). Results are shown as the mean � SD of at least two inde-
pendent experiments done with six replicates each.
This journal is © The Royal Society of Chemistry 2020
Cellular uptake measured by ICPMS analysis

For the cellular uptake experiments, A375 human melanoma
cells (ca. 1 � 106 cells/5 mL) were seeded into t25 asks and
allowed to adhere overnight in a 5% CO2 incubator at 37 �C.
Cells settled for 24 h, followed by the addition of RuCB1 and
RuCB2, at a concentration equivalent to their IC50 values found
for 24 h challenge at 37 �C. Aer incubation, cells were washed
with ice-cold PBS and treated in order to obtain a cellular pellet.
The cytosol, membranes/particulate, cytoskeletal and nuclear
fractions were extracted using a FractionPREP™ (BioVision,
USA) cell fractionation kit according to the manufacturer's
protocol. The Ru (102Ru) and B (10B) content in each fraction was
measured by a Thermo X-Series Quadrupole ICPMS (Thermo
Scientic) aer digestion of the samples and using a procedure
similar to a previously described.76
Internalization studies as a function of the concentration

A375 human melanoma cells were seeded in 6 cm diameter
dishes. Aer 24 h, cells were incubated for 24 h with increasing
concentrations of RuCB1 and RuCB2. At the end of the incuba-
tion, cells were washed three times with PBS and detached with
trypsin/EDTA. A375 cells were resuspended in 200 mL of PBS,
sonicated for 3000 at 30% power in ice and their protein concen-
trationwasmeasured by the Bradfordmethod. Boron amount [mg
g�1] in each cell sample was evaluated by Inductively Coupled
Mass Spectrometry (ICP-MS) (Element-2; Thermo-Finnigan,
Rodano (MI), Italy) at medium mass resolution. Sample diges-
tion was performed with 1mL of concentrated HNO3 (70%) using
a high-performance Microwave Digestion System (ETHOS UP
Milestone, Bergamo, Italy). A natural abundance B standard
solution was analyzed during sample runs in order to check
changing in the systematic bias. The calibration curve was ob-
tained using four B absorption standard solutions (Sigma-
Aldrich) in the range 0.2–0.01 mg mL�1.
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