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In this study, we report the synthesis, anticancer and biological properties of three doubly cyclometalated
phenylbenzimidazole derived ruthenium(ll) organometallics (1-3) and their corresponding three organic ligands. The
structures of 1-3 were fully characterized by various analytical techniques, and the meso stereoisomer of the doubly
cyclometalated ruthenacycle 3 was unambiguously confirmed by single crystal X-ray diffraction. The anticancer effects of
the newly synthesized compounds were tested against selected human cancer cell lines AGS (gastric carcinoma), SK-hep-1
(hepatocellular carcinoma), and HCT-15 (colorectal carcinoma). The growth inhibitory effects of ruthenacycles 1-3 on
cancer cells were found to be considerably more effective against the abovementioned cancer cells than the reference
drug oxaliplatin. Compound 2 exhibited a more specific effect on the AGS cells. Gene-fishing and ELISA array were
performed to analyze the target genes and cytokines secretion by 2. As a result, a significant reduction was observed in the
RPS21 by 2. Moreover, 2 increased the secretion of cytokine such as IFNy in macrophages and reduced the release of
cytokines such as rantes and IGF-1. These results show that 2 could be a very good anticancer drug through the regulation
of RPS21 gene and cytokines.

particular promises are under clinical trials.® The arene-Ru(ll)
Introduction “piano stool” structure of these organometallic species have
also proved to be interesting with examples possessing diverse
activities so far reported.9 The considerable scope for
structural modification where each ligand may be modulated
to allow access to diverse compounds endowed with a wide
range of functionality may provide an ideal platform for the
development of prospective new chemotherapeutics.
In recent years, interest toward the development of
cyclometalated organometallic ruthenacycles is significantly
growing as anticancer drugs against several selective cancers.

Ruthenium-based anticancer compounds constitute a
flourishing area of research, and many novel compounds have
been developedl'2 in attempts to surpass the clinical success of
the platinum-based drug cisplatin. In spite of more than five
decades of research and investigation of countless clinical
candidates, only two more drugs such as carboplatin (in 1993)
and oxaliplatin (in 2002) containing Pt have been approved
worldwide as the anticancer drugs. Both of them are direct
analogs of cisplatin against various cancer types.3'4 However, it
has a deplorable range of side effects, which can include nerve
damage, hair loss, and nausea.’ To overcome these limitations,
some compounds based on ruthenium compounds have been
developed and tested against cancer cell lines.*” Some of the
ruthenium(lll) based prodrugs such as imidazolium trans-

[tetrachlorido(1H-imidazole)(S-dimethylsulfoxide)  ruthenate RuPD
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Herein, we report the synthesis and characterization of three
new di-topic N,C-donor ligands based on a phenyl-
benzimidazole core, and their corresponding three doubly
cyclometalated  Ru(ll)-functionalized  ruthenacycles are
discussed. All these synthesized compounds
evaluated as an anticancer drug against using selective cancer
cell lines, such as AGS (gastric carcinoma), SK-hep-1
(hepatocellular carcinoma) and HCT-15 (colorectal carcinoma)
and comparison with known anti-cancer drugs cisplatin,
oxaliplatin and doxorubicin.

six were

Results and discussion

The two equivalents of 2-phenylbenzimidazole were reacted
separately with corresponding aryl di-bromide in the presence
of excess potassium hydroxide in dim

ethylformamide at room temperature affording bis-
benzimidazole ditopic ligands as the colorless crystalline
materials in good vyield, L1 (81 %), L2 (80 %) and L3 (87 %) (see
supporting information, ESI). 'H-NMR spectra indicated the
formation of phenylbenzimidazolyl core containing ditopic
ligands L1-L3 (Figs. S1-S3 in ESI). The high-resolution
electrospray ionisation mass spectrometry (HR-ESI-MS) data of
the ligands showed the molecular ion peaks at m/z 491.10 (L1),
491.19 (L2) and 491.21 (L3) for [M]", which clearly proved the
formation of ligands (Figs. S7-S9 in ESI).

The arene-ruthenium precursor of dichloro(p-
cymene)ruthenium(ll) dimer (RuPD) was treated with an
equimolar amount of the corresponding key
phenylbenzimidazole-based ditopic N,C-donor ligands L1-L3
respectively in the presence of two equivalents of anhydrous
sodium acetate in methanol under reflux for 12 h, followed by
work-up, affording red-orange crystals of doubly
cyclometalated ruthenacycles 1-3 in good yields (Scheme 1).
The formation of the doubly cyclometalated ruthenacycles
were confirmed by various analytical methods. The "H NMR
chemical shifts of 1-3 apparently observed in all the
ruthenacycles downfield shifted compared to their
corresponding ligands L1-L3, and new peaks appeared as two
doublets in the range of 6 0.50-0.83 ppm, a singlet between &
1.98-2.05 ppm, and one multiplet in the &6 range 2.05-2.10
ppm in the alkyl region in each case confirmed the presence of
ruthenium p-cymene moieties. In addition, eight proton
resonances were observed along with ligand proton
resonances in the aryl region as well and are attributed to the
presence of the two p-cymene moieties (Figs. S4-S6 in ESI).

In addition, further structural confirmation of doubly
cyclometalated ruthenacycles 1-3 were obtained by the HR-
ESI-MS data. The mass spectra of the doubly cyclometalated
ruthenacycles confirmed their corresponding doubly
cyclometalated composition with prominent signals for the
loss of one chloride ligand at m/z 995.28, 995.13, and 995.15
for [IM—CI]*, [2M—CI]* and [3M—CI]*, respectively and the loss
of two chloride ligands at m/z 480.17, 479.79 and 480.00 for
[AM-2CI1%*, [2M—2CI]*" and [3M—2CI1%, respectively.
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Fig. 1 Calculated (blue) and experimental (red) HR-ESI-MS
spectra of ruthenacycle [1M—CI]®

The experimentally observed and theoretically calculated
isotopic distributions were in excellent agreement with each
other as illustrated in Figs. 1, S10 and S11. Subsequently, to
confirm the optical purity of cyclometalated compounds 1-3
conducted a polarimetry experiment in DMSO as well as non-
coordinating solvent dichloromethane respectively. The optical
rotations of the crude products 1-3 as well as recrystallized
samples were all zero in DMSO and dichloromethane. We
believe that all the optically active isomers were produced in
equal amounts among the possible stereoisomers of R/R or S/S
(enantiomers) and R/S or S/R (meso form). Further, to confirm
the reactivity of cyclometalated organometallics 1-3 with
nucleophilic DMSO, cyclometalated compounds 1-3 were
dissolved in dichloromethane-d, along with six equivalents of
DMSO, and stirred at ambient temperature and 50 °C in a
sealed tube respectively. The solutions were monitored by
using 'H NMR spectroscopy in 24 h time intervals and found
that their associate NMR resonances were not changed at all
comparing with those of pure 1-3 and free DMSO even up to 7
days (See Figs. S12-S17 in Sl). According to these NMR results,
cyclometallated organometallic compounds 1-3 are chemically
stable in DMSO at room temperature.

In order to understand the structural configuration and
coordination geometry around the ruthenium metals, one of
the stereoisomers of doubly cyclometalated ruthenacycle 3
was unambiguously confirmed by the single crystal X-ray
diffraction (XRD) analysis using the synchrotron radiation. A
orange-yellow coloured single crystal suitable for XRD was
obtained by slow evaporation of the methanolic solution of 3
at room temperature for a period several days. The doubly
cyclometalated ruthenacycle structure was confirmed upon
refinement, showing the double

structural clearly
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cyclometalation. Three independent ruthenacycles 3 were
observed in electron density map. Ruthenium atoms and the
phenylbenximidazole rings in all three independent molecules
are disordered over two positions. In all three molecules the
ruthenium(ll) metal in the five-membered ruthenacycles is
surrounded by a N,C-chelation along with a chloride ligand and
p-cymene moieties as piano-stool structure in both sides of the
ligand. In molecular structure both the chloride ligands are
pointing opposite to each other and ligands are trans to each
other as illustrated in Fig. 2. The ruthenacycle was strongly
stabilized by several strong and weak noncovalent interactions
such as C—Heeerr, C—Heee(C|, C—HeeeN and C—HeeeO (see CIF
file in ESI).

Fig. 2 X-ray crystal structure of the meso form of doubly
cyclometalated ruthenacycle 3.

Growth inhibitory effects on cancer cells

The anticancer effect of platinum-based drugs is known in a dose-
and time-dependent manner.® To determine if these dose-time
L1-13,
ruthenacycles 1-3 could be applied to whole cell cytotoxicity assays,
the cytotoxicity of the AGS, SK-hep-1 and HCT-15 human cancer cell
lines was measured by varying drug exposure times and

relationships of ligands and doubly cyclometalated

concentrations using the colorimetric MTT assay. We have used
each stereoisomeric mixture of cyclometalated compounds 1-3 for
the biological studies. As indicated in the Table 1, after 72 h
exposure, the growth inhibitory effect by ligands L1-L3 were similar
or decreased than those after 48 h in most of the cancer cells (L1
except in the AGS cells). In contrast, doubly cyclometalated
ruthenacycles 1-3 and cisplatin showed the most similar efficacy or
increased in proportion to the exposure time. Moreover, doubly
cyclometalated ruthenacycles 1-3 (ICsq values between 6.1-12.5,

7.6-23.7, and 11.1-26.6 uM against AGS, SK-hep-1, and HCT-15,
respectively) showed a more excellent inhibitory effect than ligands
L1-1L3 (ICsq values between 9.1-67.2, 39.9-82.5, and 61.9-94.2 uM
against AGS, Sk-hep-1, and HCT-15, respectively) for 72 h. In
particular, most of the samples showed a special effect in the AGS
cells. Most of the inhibitory the effect in the AGS cells increased
with longer exposure, however, L2 and L3 increased the inhibitory
effect significantly in 72 h (ICso = 67.2 and 28.6 uM) than those at 48
h (ICso = 16.6 and 7.6 uM). L2 and L3 are expected to reduce the
stability after 48 h in AGS cells. In addition, doubly cyclometalated
ruthenacycles 1-3 showed the highest inhibitory effect in the AGS
gastric carcinoma, and of these, 2 exhibited a greater anticancer
effect in accordance with the exposure time (IC5o was 6.1 uM at 72
h exposure). Even though higher than the cisplatin (IC5o = 2.6 uM),
the anticancer effect of 2 was much better than that of oxaliplatin
(ICs0 = 25.9 uM).

Control Cp 2
ACP1

Fig. 3 Differently expressed genes were screened on AGS cells by
the RT-PCR method using GeneFishing DEG system. Cells were
treated with 20 pM cisplatin (Cp) and 10 uM doubly cyclometalated
ruthenacycle 2 for 24 h.

Screening and identification of active genes

Genefishing technique using the annealing control primer (ACP)
system has recently been used to screen for differentially expressed
gene (DEG) transcripts in many diseases.”* To investigate the
changes of the gene expression associated with the growth
inhibition of doubly cyclometalated ruthenacycle 2 in AGS cells,
gene expression analysis was performed using the ACP-based
differential display RT-PCR technique (GeneFishing DEG screening

AGS SK-hep-1 HCT-15
Compound
24h 48h 72h 24h 48h 72h 24h 48h 72h
L1 67.0+0.77 63.3:2.38 9.1#0.80 66.5+4.06 71.840.65 82.5+1.39 75.2+2.64 63.441.92 69.2+1.07
L2 52.9+6.40 16.610.21 67.243.12 >100 40.0+0.45 39.9+1.44 >100 >100 94.2+1.36
L3 63.5+2.16 7.6£0.55  28.6+3.44 54.743.46 55.4+2.19 76.0+1.49 68.7t1.60 64.7£0.92 61.9+2.55
1 53.0+2.05 32.9+3.07 12.5#0.46 26.4+2.66 16.5£0.29 22.8+2.09 54.1+2.18 25.0£1.08 20.2+0.51
2 26.8t4.54  17.5£0.40  6.1+0.04 9.3+0.22 7.310.23 7.6£0.65 27.1+2.66 14.2+0.59 11.1+0.80
3 58.9+3.08 35.5£1.76 11.5#0.42 39.0+3.09 26.9+0.24 23.7+1.12 48.3t1.44 23.940.92 26.6%0.35
Cisplatin 78.7+1.26  32.1+4.02  2.6%0.22  65.6%6.58 17.240.28 16.3+0.38 76.5t5.72 67.2+15.7 4.9+0.14
Oxaliplatin >100 >100 25.9+0.41 >100 >100 >100 >100 12.242.77 31.8+1.30
Doxorubicin 7.7£1.10 3.710.06  24.5+2.31 25.0#1.62  3.4%£0.09 3.740.24 >100 83.5+1.07 >100

Table 1 ICsq values of ligands L1-L3 and doubly cyclometalated ruthenacycles 1-3 with the exposure time against AGS, SK-hep-1 and

HCT-15 human cancer cell lines.

a
ICSO: the drug concentration necessary for 50 % inhibition of cell viability; data given are mean + standard error from at least three

independent experiments, as obtained by the MTT assay using exposure times of 24, 48, and 72 h.

This journal is © The Royal Society of Chemistry 20xx
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technology). The differential expression of the mRNA fragments
observed on agarose gels indicates three down-regulated genes
from the non-treated and AGS cells-treated with 2 using the
GeneFishing DEG system (Fig. 3). The result of the analysis using
BLAST (NCBI GenBank) indicates that the gene expressed by ACP1
was ribosomal protein S21 (RPS21, CR542132.1), which was
reduced because of the treatment of doubly cyclometalated
ruthenacycle 2 in the AGS cells. In addition, the gene expressed by
ACP11 and 13 were identified as H36 mitochondrion (KJ994345.1)
and ZAM115 mitochondrion (KJ185427.1), respectively. Of the
down-regulated genes, the RPS21 is known as a component of
eukaryotic ribosomes and is strongly associated with ribosomal
protein SA (RPSA) protein in human cells.”2 RPSA is known as a
nonintegrin laminin receptor, overexpressed on the cell surface of
various cancer cells. Thus, RPSA was considered to play a significant
role in the tumor progression,13 To confirm the expression level of
the selected gene RPS21, gRT-PCR experiments were performed
using the mRNA of the AGS cell
cyclometalated ruthenacycle 2. As a result, 2 significantly reduced

streated with doubly

the expression of RPS21 mRNA in a dose-dependent manner, and
the exposure to 2.5 pM 2 reduced the expression of RPS21 to 50%
relative to the control (Fig. 4). In particular, 20 uM treatment
significantly inhibited the expression by 88% compared to the

3000 -

I 2
[ Control

2000

1000 4

RLU (Relative Light Unit)

o
I —

IFNy

control (p <0.01). However, interestingly, cisplatin rather increased
the expression of RPS21, and this was similar to the genefishing
results.

08

06 *

Fold change (RPS21/p-actin)

04

02 xx

Control  1.25 25 5 10

Concentration (uM)

Fig. 4 gRT-PCR analysis of RPS21 expression in the AGS cells treated
with doubly cyclometalated ruthenacycle 2. Cells were treated with
2 (1.25-20 uM) and 20 puM cisplatin (Cp) for 24 h. Values represent
the mean t standard error (n = 3). * p <0.05, ** p <0.01:
significantly different from control.
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Cytokines Fold changel® CytoKkines Fold change CytoKines Fold change
TNFa 0.9 Resistin 1.3 MIP-1a. 1.3
IFNy 4.5 PAI-1 2.1 IL-2 1.1
G-CSF 23 IL-12 1.5 IL-4 21
GM-CSF 1.6 IL-13 0.6 IL-10 4.7
IL-1a 4.0 Eotaxin-3 53 FGFp 1.0
IL-8 2.6 PDGF-BB 0.9 Leptin 1.9
IP-10 1.4 PIGF-1 1.3 IGF-1 0.2
Rantes 0.2 B-NGF 1.1 TGF-p 4.6
VEGF 8.2 SCF 2.4 Adipo 1.6
EGF 37 MCP-1 0.8 IL-17a 5.0
IL-6 1.2

Fig. 5 Change in cytokine secretion of THP-1 human monocytes with doubly cyclometalated ruthenacycle 2. Cells were treated with

2 (10 uM) for 24 h. LlEglg change: The relative ratio of the control.
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Secreted cytokine analysis

Cytokines are signaling molecules that have decisive roles in many
biological processes including the cell growth, differentiation, gene
expression, migration, inflammation, and immunity. Macrophages
release cytokines to activate and recruit other cells during
inflammation or as direct killing agents.14 Co-cultivation of the
activated macrophages with cancer cells either up- or down
regulate the production of different cytokines to defend against

15
cancer cells.

The arene-Ru derivatives are used for controlling the direct
cancer cell cycle;16 however, the cytokines produced by these
derivatives may have an indirect effect on the cancer cells.
Therefore, the amount of 31 cytokine secretion in macrophage was
measured by the doubly cyclometalated ruthenacycle 2 using
Human Cytokine ELISA Plate Array. As shown in Fig. 5, eight
cytokines (IFNy, IL-1a, VEGF, EGF, Eotaxin-3, IL-10, TGF-B and IL-17a)
increased the AGS cells-treated with 10 uM of 2, and the secretion
of vascular endothelial growth factor (VEGF) increased 8.2-folds
compared to the untreated control, which is known as the central
mediator of angiogenesis more than three folds in the AGS cells-
treated with 10 uM of 2, and the secretion of may rather help the
growth of cancer cells.”” In the release of cytokines from
macrophages by 2, cytokine showing the characteristics of the
interferon-y (IFNy, 4.5-fold increased). IFNy
mediates the antitumorigenic effects indirectly by modulating
immunomodulatory  responses directly by
proliferation and differentiation of cancer cells.®

anticancer was

or regulating

In addition, doubly cyclometalated ruthenacycle 2 reduced
rantes and insulin-like growth factor 1 (IGF-1) secretion from the
macrophage (0.2-fold). Rantes is highly expressed in various cancers
and promotes the tumor growth and metastasis by inducing cancer
cell proliferation and angiogenesis.19 IGF-1 shows powerful effects
on each of the key stages of cancer development, cancer cell
proliferation, apoptosis, angiogenesis, and metastasis.”’ In other
words, the macrophage treated by doubly cyclometalated
ruthenacycle 2 can suppress the growth of cancer cells, because of
decreasing rantes and IGF-1 secretion.

Stability of doubly cyclometalated ruthenacycle 2

To determine the stability of doubly cyclometalated ruthenacycle 2,
a 20 uM solution of 2 was pre-incubated in a cell culture medium
and DMSO for 0, 12, 24, and 48 h at 37 °C. The cell growth was
examined as described in the methods (Table 1) for the AGS cancer
cells. As shown in Fig. 6, 50% loss in the growth inhibitory activity
was observed for the doubly cyclometalated ruthenacycle 2 after
~32 h of pre-incubation in the cell culture medium. In contrast, in
the presence of DMSO, the growth inhibitory activities were stable
until about 24 h of pre-incubation. These results indicate that the
doubly cyclometalated ruthenacycle 2 is stable in DMSO and cell
culture medium for 24 h. The stability of the ruthenacycles 1-3 in

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 Loss of growth inhibitory activity of the doubly

cyclometalated ruthenacycle 2 on AGS cells. The cells were treated
with 20 uM 2 for 0, 12, 24, and 48 h.

DMSO-d¢ was also investigated by time-dependent "4 NMR
spectroscopy. Time-dependent 'H NMR data revealed that the
associated proton NMR signals of the ruthenacycles 1-3 remained
unchanged even after 72 h (Figs. S18-S20 in Sl).

Conclusions

In conclusion, three new phenylbenzimidazole-based N,C-donor
ligands and their corresponding three novel doubly cyclometalated
ruthenacycles (1-3) were synthesized and characterized. The
antitumor action of these compounds was evaluated, indicating
that bis-benzimidazole-based organometallics have the potential to
act as potent anticancer agents, particularly in cell lines, which are
resistant to Pt-based drugs. The growth inhibitory effects in the
preliminary studies of ruthenacycles 1-3 showed better results than
that of the reference drug oxaliplatin. Among these three doubly
cylcometalated ruthenacycles, 2 showed anticancer potency against
selected human cancer cell lines AGS, SK-hep-1, and HCT-15. In
particular, 2 exhibited a more specific effect on the AGS cells, by
decreasing the expression of RPS21 with the potential anti-cancer
marker. In addition, 2 increased the secretion of cytokine such as
IFNy in macrophages and decreased the release of cytokines such as
rantes and IGF-1. Therefore, the anticancer effect of 2 is likely to
appear through the complex operation by direct action to cancer
growth via the reduction of RPS21, and indirect anticancer action
mechanism of cytokines secreted by macrophages. Based on these
results, we will further study the mechanism by which the RPS21 is
modulated by major changed cytokines among experimented in this
study.

J. Name., 2013, 00, 1-3 | 5



Dalton Transactions

Acknowledgements

This study has supported by the Basic Science Research
program through the National Research Foundation of Korea
funded by the Ministry of Science, ICT and Future Planning
(NRF-2013R1A1A2006859) and the Ministry of Education (NRF-
2014R1A1A2007828). Priority Research Centers program
(2009-0093818) through the NRF is financially
appreciated. X-ray diffraction experiments using synchrotron
radiation were performed at the Pohang Accelerator
Laboratory H.K thanks to the Research and
Development Program (B6-2484) of Korea Institute of Energy
Research (KIER).

also

in Korea.

Notes and references

$These authors contributed equally to this work.

1 (a) S. Mokesch, M. S. Novak, A. Roller, M. A. Jakupec, W.
Kandioller and B. K. Keppler, Organometallics, 2015, 34, 848—
857; (b) J. Ruiz, C. Vicente, C. Haro and D. Bautista, Inorg.
Chem., 2013, 52, 974; (c) (f) F. Giannini, L. E. H. Paul, J.
Furrer, B. Therrien and G. Suss-Fink, New J. Chem., 2013, 37,
3503-3511; (d) P. Govender, L. C. Sudding, C. M. Clavel, P. J.
Dyson, B. Therrien and G. S. Smith, Dalton Trans., 2013, 42,
1267-1277; (e) G. S. Smith and B. Therrien, Dalton Trans.,
2011, 40, 10793-10800; (f) Samuel M. Meier, M. S. Novak, W.
Kandioller, M. A. Jakupec, A. Roller, B. K. Keppler and C. G.
Hartinger, Chem. Sci., 2013, 4, 1837-1846; (g) V. Vajpayee, Y.
H. Song, Y.J. Jung, S. C. Kang, H. Kim, I. S. Kim, M. Wang, T. R.
Cook, P. J. Stang and K.-W. Chi, Dalton Trans., 2012, 41,
3046-3052; (h) J. Ruiz, V. Rodriguez, N. Cutillas, K. G.
Samper, M. Capdevila, O. Palacios and A. Espinosa, Dalton
Trans., 2012, 41, 12847; (i) J. Ruiz, C. Vicente, C. Haro and D.
Bautista, Dalton Trans., 2009, 5071; (j) B. Therrien, Cryst.
Eng. Comm., 2015, 17, 484-491; (k) A. K. Singh, D. S. Pandey,
Q. Xua, P. Braunstein, Coord. Chem. Rev., 2014, 270-271,
31-56 and references therein.

2 (a) C.S. Dam, S. A. P. Henarejos, T. Tsolakou, C. A. Segato, B.
Gammelgaard, G. S. Yellol, J. Ruiz, I. H. Lambert and S.
Stlrup, Metallomics, 2015, 7, 885-895; (b) J. Yellol, S. A.
Pérez, A. Buceta, G. Yellol, A. Donaire, P. Szumlas, P. J.
Bednarski, G. Makhloufi, C. Janiak, A. Espinosa and J. Ruiz, J.
Med. Chem., 2015, 58, 7310-7327; (c) G. S. Yellol, J. G. Yellol,
V. B. Kenche, X. M. Liu, K. J. Barnham, A. Donaire, C. Janiak
and J. Ruiz, Inorg. Chem., 2015, 54, 470-475; (d) G. S. Yellol,
A. Donaire, J. G. Yellol, V. Vasylyeva, C. Janiak and J. Ruiz,
Chem. Commun., 2013, 49, 11533-11535; (e) A. Mishra, S.
Ravikumar, Y. H. Song, N. S. Prabhu, H. Kim, S. H. Hong, S.
Cheon, J. Noh and K-W. Chi, Dalton Trans., 2014, 43, 6032-
6040; (f) M. Patra, T. Joshi, V. Pierroz, K. Ingram, M. Kaiser, S.
Ferrari, B. Spingler, J. Keiser and G. Gasser, Chem. —Eur. J.,
2013, 19, 14768-14772; (g) G. Suss-Fink, J. Organomet.
Chem., 2014, 751, 2-19.

3 Y. Jung and S. J. Lippard, Chem. Rev. 1985, 12, 77-94 and
references therein.

4 R.C.Todd andS. J. Lippard, Metallomics 2009, 1, 280-291.

L. Kelland, Nat. Rev. Cancer 2007, 7, 573-584.

6 (a) G. Sava, A. Bergamo and P. J. Dyson, Dalton Trans., 2011,
40, 9069-9075; (b) A. A. Hummer, P. Heffeter, W. Berger, M.
Filipits, D. Batchelor, G. E. Biichel, M. A. Jakupec, B. K.
Keppler and A. Rompel, J. Med. Chem., 2013, 56, 1182—-1196;
(c) A. Dubey, J. W. Min, H. J. Koo, H. Kim, T. R. Cook, S. C.
Kang, P. J. Stang and K.-W. Chi, Chem.—Eur. J., 2013, 19,
11622-11628.

wv

6| J. Name., 2012, 00, 1-3

7

8

10

11

12

13

14

15

16

(a) P. Govender, H. Lemmerhirt, A. T. Hutton, B. Therrien, P.
J. Bednarski and G. S. Smith, Organometallics, 2014, 33,
5535-5545; (b) A. Garci, J-P. Mbakidi, V. Chaleix, V. Sol, E.
Orhan, and B. Therrien, Organometallics, 2015, 34, 4138—
4146; (c) P. Chellan, K. M. Land, A. Shokar, A. Au, S. H. An, D.
Taylor, P. J. Smith, K. Chibale, and G. S. Smith,
Organometallics, 2013, 32, 4793-4804; (d) A. Garci, A. A.
Dobrov, T. Riedel, E. Orhan, P. J. Dyson, V. B. Arion and B.
Therrien, Organometallics, 2014, 33, 3813-3822; (e) S. K.
Singh and D. S. Pandey, RSC Adv., 2014, 4, 1819-1840.

(@) W. H. Ang, A. Casini, G. Sava and P. J. Dyson, J.
Organomet. Chem., 2011, 696, 989—-998; (b) C. M. Clavel, P.
Nowak-Sliwinska, E. Paunescu, A. W. Griffioen and P. J.
Dyson, Chem. Sci.,, 2015, 6, 2795-2801; (c) R. Trondl, P.
Heffeter, C. R. Kowol, M. A. Jakupec, W. Bergerbd and B. K.
Keppler, Chem. Sci., 2014, 5, 2925-2932; (d) A. A. Nazarov, S.
M. Meier, O. Zava, Y. N. Nosova, E. R. Milaeva, C. G.
Hartinger and P. J. Dyson, Dalton Trans., 2015, 44, 3614-
3623; (e) M. V. Babak, S. M. Meier, K. V. M. Huber, J.
Reynisson, A. A. Legin, M. A. Jakupec, A. Roller, A. Stukalov,
M. Gridling, K. L. Bennett, J. Colinge, W. Berger, P. J. Dyson,
G. Superti-Furga, B. K. Kepplerb and C. G. Hartinger, Chem.
Sci., 2015, 6, 2449-2456.

(a) R. K. Gupta, R. Pandey, G. Sharma, R. Prasad, B. Koch, S.
Srikrishna, P. Z. Li, Q. Xu and D. S. Pandey, Inorg. Chem.,
2013, 52, 3687-3698; (b) R. P. Paitand,R. K. Gupta, R. S.
Singh, G. Sharma, B. Koch and D. S. Pandey, Eur. J. Med.
Chem., 2014, 84, 17-29; (c) V. Vajpayee, Y. J. Yang, S. C. Kang,
H. Kim, I. S. Kim, M. Wang, P. J. Stang and K.-W. Chi, Chem.
Commun., 2011, 47, 5184-5186; (d) A. Dubey, Y. J. Jeong,
J.H. Jo, S. Woo, D. H. Kim, H. Kim, S. C. Kang, P. J. Stang and
K-W. Chi, Organometallics, 2015, 34, 4507-4514; (e) A.
Mishra, S. Chang Lee, N. Kaushik, T. R. Cook, E. H. Choi, N.
Kumar Kaushik, P. J. Stang and K.-W. Chi, Chem.—Eur. J.,
2014, 20, 14410-14420.

(a) L. Dewit, Int. J. Radiat. Oncol. Biol. Phys., 1987, 13, 403; (b)
K. E. Wallner and G. C. Li, Int. J. Radiat. Oncol. Biol. Phys.,
1987, 13, 587; (c) T. Tippayamontri, R. Kotb, B. Paquette and
L. Sanche, Anticancer Res., 2012, 32, 4395.

(a) Y. W. Choi, Y. W. Kim, S. M. Bae, S. Y. Kwak, H. J. Chun, S.
Y. Tong, H. N. Lee, J. C. Shin, K. T. Kim, Y. J. Kim and W. S. Ahn,
Clin. Oncol., 2007, 19, 308; (b) Y. —S. Kim, J. H. Do, S. Bae, D.—
H. Bae and W. S. Ahn, BMC Cancer, 2010, 10, 576; (c) M.
Rahnam, Y. Kim, Y.—E. Byeon, H.-H. Ryu, W. H. Kim, M. U.
Rayhan and O.—K. Kweon, J. Vet. Sci., 2013, 14, 167.

(a) M. Sato, C. Jit Kong, H. Yoshida, T. Nakamura, A. Wada, C.
Shimoda and Y. Kaneda, Biochem. Biophys. Res. Commun.,
2003, 311, 942; (b) I. G. Wool, Annu. Rev. Biochem., 1979, 48,
719.

(a) S. Martignone, S. Ménard, R. Bufalino, N. Cascinelli, R.
Pellegrini, E. Tagliabue, S. Andreola, F. Rilke and M. I.
Colnaghi, J. Nati. Cancer Inst., 1993, 85, 398; (b) S. Ménard,
V. Castronovo, E. Tagliabue and M. E. Sobel, J. Cell. Biochem.,
1997, 67, 155; (c) J. Qiao, X. Su, Y. Wang, J. Yang, M. Kouadir,
X. Zhou, X. Yin and D. Zhao, Mol. Bio. Rep., 2009, 36, 2131.
(a) S. T. Holgate, Clin. Exp. Allergy, 2000, 30, 28; (b) D. A.
Hume, Curr. Opin. Immunol., 2006, 18, 49.

J.Y.Song, S. K. Han, E. H. Son, S. N. Pyo, Y. S. Yun and S. Y. Yi,
Int. Immunopharmacol., 2002, 2, 857.

(a) A. Bergamo, G. Stocco, B. Gava, M. Cocchietto, E. Alessio,
B. Serli, E. lengo and G. Sava, J. Pharmacol. Exp. Ther., 2003,
305, 725; (b) A. P. de Lima, C. Pereira Fde, C. A. Vilanova-
Costa, J. R. Soares, L. C. Pereira, H. K. Porto, L. A. Pavanin, W.
B. Dos Santos and P. Silveira-Lacerda Ede, Biol. Trace Elem.
Res., 2012, 147, 8; (c) A. Dubey, J. W. Min, H. J. Koo, H. Kim,
T. R. Cook, S. C. Kang, P. J. Stang and K. W. Chi, Chem.-Eur. J.,
2013, 19, 11622; (d) Y. J. Liu, Z. Z. Li, Z. H. Liang, J. H. Yao and
H. L. Huang, DNA Cell Biol., 2011, 30, 839; (e) R. Pettinari, C.

This journal is © The Royal Society of Chemistry 20xx

Page 6 of 8



Page 7 of 8

Dalton Transactions

17

18

19

20

Pettinari, F. Marchetti, B. W. Skelton, A. H. White, L. Bonfili,
M. Cuccioloni, M. Mozzicafreddo, V. Cecarini, M. Angeletti,
M. Nabissi and A. M. Eleuteri, J. Med. Chem., 2014, 57, 4532.
(a) P. Carmeliet, Oncology, 2005, 69, 4; (b) A. F. List,
Oncologist, 2001, 6, 24; (c) R. T. Poon, S. T. Fan and J. Wong,
J. Clin. Oncol., 2001, 19, 1207.

(a) M. Chawla-Sarkar, D. J. Lindner, Y. F. Liu, B. R. Williams, G.
C. Sen, R. H. Silverman and E. C. Borden, Apoptosis, 2003, 8,
237; (b) K. S. Kim, K. J. Choi and S. Bae, Cancer Biol. Ther.,
2012, 13, 1018.

(a) U. Mrowietz, U. Schwenk, S. Maune, J. Bartels, M.
Kupper, I. Fichtner, J. M. Schroder and D. Schadendorf, Br. J.
Cancer, 1999, 79, 1025; (b) G. Soria and A. Ben-Baruch,
Cancer Lett., 2008, 267, 271; (c) H. Sugasawa, T. Ichikura, M.
Kinoshita, S. Ono, T. Majima, H. Tsujimoto, K. Chochi, S.
Hiroi, E. Takayama, D. Saitoh, S. Seki and H. Mochizuki, Int. J.
Cancer, 2008, 122, 2535.

(a) S. A. Bustin and P. J. Jenkins, Trends Mol. Med., 2001, 7,
447; (b) C. Laban, S. A. Bustin and P. J. Jenkins, Trends
Endocrinol. Metab., 2003, 14, 28.

This journal is © The Royal Society of Chemistry 20xx

J. Name., 2013, 00, 1-3 | 7



Dalton Transactions Page 8 of 8

Graphical Abstract

. Spacer for the
Hydrophopic multification of
functionality cyclometalation

R-H activation site Ru-site
for cyclometalation



