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A B S T R A C T

Neutral piano-stool complexes of the general formula [(η5-C5Me5)Rh(L-OR)] (R=Me, 1; R= Et, 2; R= Pri, 3)
have been prepared in alcohols (methanol, 1; ethanol, 2; isopropanol, 3) from the Schiff-base 5-methyl-4-
{(pyridin-2-ylmethylene)amino}-4H-1,2,4-triazole-3-thiol (L-H) and the dinuclear precursor [(η5-C5Me5)
RhCl2]2. Concomitant with the coordination of the Schiff-base ligand, an alkoxilation occurs on the imine carbon
atom of the ligand, thus forming the corresponding L-OR compounds. In these complexes, the L-OR ligand is
N,N,S-coordinated, introducing chirality at the metal center. The antiproliferative activity of the piano-stool
complexes 1–3 was evaluated on cancerous (A2780 and A2780cisR) and non-cancerous (HEK293) cell lines,
showing no significant activity in vitro (IC50 > 200 μM), except for the ethanolate derivative 2, which shows an
IC50 of 21 μM on the ovarian cancer cell line A2780.

1. Introduction

The biological potential of piano-stool complexes incorporating
multidentate ligands is well-established. The in vitro and in vivo antic-
ancer activity [1], as well as the antimicrobial activity [2] of piano-
stool complexes with symmetrical and unsymmetrical chelating ligands
have been demonstrated. The use of chelating ligands reduces sig-
nificantly the probability of ligand exchange [3], and modulate the
electronic effects at the metal [4], two factors that play a major role in
the biological activity of piano-stool complexes.

Among chelating ligands, Schiff-base derivatives have been widely
explored as these multidentate ligands are relatively easy to synthesize,
and they can be functionalized to generate chelating ligands with tai-
lored properties [5]. They are generally obtained under mild reaction
conditions, in high yields, by the direct condensation of aldehydes with
aliphatic or aromatic primary amines [6]. Despite showing high stabi-
lity as isolated organic molecules, some aromatic Schiff-bases are prone
to hydrolyze, to regenerate the starting materials [7]. However, hy-
drolysis can be avoided by electronic and or steric constraints. Most
studies dealing with piano-stool complexes incorporating multidentate
Schiff-bases show the ligand in a bidentate mode [8], and only a few
examples show Schiff-base ligands in a tridentate mode [9].

Remarkably, some Schiff-base compounds exhibit interesting

behavior when coordinated to metal centers, with the carbon atom of
the azomethine group becoming susceptible to nucleophilic attack.
Alcohols [10], water [11] and 2,4-pentadione [12] can react with the
azomethine carbon atom to afford the corresponding alkoxylate, hy-
droxylate, and acetylacetonate derivatives. In these systems, the ni-
trogen atom of the azomethine group is always coordinated to the metal
ion, and is involved in five- or six-membered metallacycles. Therefore,
this particular behavior can be used to introduce additional function-
ality onto Schiff-based complexes, and accordingly to modulate the
biological activity of piano-stool complexes.

Therefore, to design new organometallic compounds with multi-
dentate ligands and to confirm the Schiff-base carbon atom activation
upon coordination to metal ions, a series of rhodium-based piano-stool
complexes of the general formula [(η5-C5Me5)Rh(L-OR)] (R=Me, 1;
R= Et, 2; R=Pri, 3) has been prepared in alcohols (methanol, ethanol
or isopropanol) from the tridentate Schiff-base ligand, 5-methyl-4-
{(pyridin-2-ylmethylene)amino}-4H-1,2,4-triazole-3-thiol (L-H), and
the dinuclear precursor [(η5-C5Me5)RhCl2]2. The antiproliferative ac-
tivity of all complexes was evaluated on various cell lines (A2780,
A2780cisR, HEK293), and the results were compared to those obtained
for cisplatin, [(η6-C10H14)Ru(1,3,5-triaza-7-phosphaadamantane)Cl2]
(RAPTA-C) and the arene ruthenium analogues [(η6-C10H14)Ru(L-OR)]
(R=Me, 4; R= Et, 5; R=Pri, 6) [13].
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2. Results and discussion

The dinuclear complex [(η5-C5Me5)RhCl2]2 reacts at room tem-
perature with 5-methyl-4-{(pyridin-2-ylmethylene)amino}-4H-1,2,4-
triazole-3-thiol (L-H) to give a series of neutral complexes of the general
formula [(η5-C5Me5)Rh(L-OR)] (R=Me, 1; R= Et, 2; R=Pri, 3) (see
Scheme 1). The reactions are conducted in alcohols (methanol, ethanol
or isopropanol), and in parallel to the coordination of L-H to rhodium,
an alkoxylation occurs on the imine carbon atom of L to generate, in
accordance with the alcohol used, the L-OR ligands. The coordination of
L-OR in a tridentated fashion and the insertion of the alkoxy group
generate two chiral centers in these mononuclear complexes, one at the
metal and the other on the imine carbon atom.

The addition of alkoxy groups on the Schiff-base ligand was con-
firmed by mass spectrometry. The electrospray ionization mass spectra
(methanol, positive mode) of complexes 1–3 show [M+H]+ peaks
corresponding to mononuclear rhodium-based complexes (see
Experimental section). The presence of rhodium in these compounds
was evidenced from the isotopic pattern of the cationic peaks, which
correlates exactly with the calculated theoretical isotopic distributions
of rhodium species.

The exact position of the alkoxy group on the L-OR ligand was es-
tablished by 1H and 13C NMR spectroscopy. Indeed, the azomethine
proton, initially observed at 8.7 ppm in the pre-ligand (L-H) [13,14], is
upfield-shifted and appears in the complexes around 5–6 ppm (see
Table 1). A similar movement in chemical shift is observed for the
corresponding carbon atom, which shifts from 164 ppm in L-H to ca.
106 ppm in the L-OR rhodium-based complexes. The insertion of an

alkoxy group on the imine carbon atom generates an asymmetric
carbon atom on L-OR (see Scheme 1). Therefore, in complexes 2 and 3,
the O-CH2 moiety of the alkoxy group becomes diastereotopic. In
complex 2, two multiplets integrating for one proton each are observed
at 4.2 and 3.9 ppm, respectively. The poor resolution of these signals, as
well as others, confirms the existence of diastereoisomers in solution,
which are due to the presence of two chiral centers, one at the metal,
and one on the ligand. Integration of the signals and 2D NMR experi-
ments confirm the presence of two species in solution with, in both
cases, in a 2:3 molar ratio.

The cytotoxicity of complexes 1–3 was evaluated in human ovarian
cancer cells, A2780 and A2780cisR (the latter having acquired re-
sistance to cisplatin), as well as non-tumorigenic human embryonic
kidney (HEK293) cells as a gauge of cancer cell selectivity. The cyto-
toxicity of complexes 1–3 were also compared to arene ruthenium
analogues bearing the same L-OH ligands, i.e. [(η6-C10H14)Ru(L-OR)]
(R=Me, 4; R= Et, 5; R=Pri, 6) [13], and benchmarked against cis-
platin [15] and RAPTA-C [16] (see Table 2). Cisplatin is a widely used,
cytotoxic alkylating agent and, as can be seen from Table 2, is cytotoxic
to the A2780 cancer cells (IC50= 2.3 ± 0.6 μM), but displays limited
cancer cell selectivity when compared to the IC50 value of
8.4 ± 0.9 μM in the HEK293 cell line. In comparison, complex 2 is ca.
10 fold less cytotoxic to the A2780 cancer cells exhibitng an IC50 value
of 21 ± 2 μM, but advantageously shows no discernable cytotoxicity
towards the non-tumorigenic HEK293 cells at the maximum dose
tested, i.e. 200 μM.

Remarkably, complex 2 is the only complex displaying any appre-
ciable cytotoxicity below 200 μM. It should be noted, however, that

Scheme 1. Synthesis of the rhodium-based piano-stool complexes 1–3, with the chiral centers indicated with the symbol * on the complexes.

Table 1
1H NMR data of complexes 1–3 (including multiplicities and integrations).

1 2 3

H1 8.55 (d, 1H) 8.54 (d, 0.6H), 8.52 (d, 0.4H) 8.53 (m, 1H)
H2 7.91 (dd, 1H) 7.89 (dd, 1H) 7.89 (dd, 1H)
H3 7.48 (m, 1H) 7.48 (m, 1H) 7.46 (m, 1H)
H4 7.53 (d, 1H) 7.52 (d, 1H) 7.52 (d, 1H)
H5 5.26 (s, 1H) 5.31 (s, 0.6H), 5.26 (s, 0.4H) 5.34 (s, 0.4H), 5.26 (s, 0.6H)
H6 – 4.18 (m, 1H), 3.91 (m, 1H) 4.43 (m, 0.6H), 3.50 (m, 0.4H)
CH3 (alkoxyl) 3.72 (s, 3H) 1.30 (dd, 3H) 1.30 (m, 6H)
CH3 (triazole) 2.44 (s, 3H) 2.44 (s, 1.2H), 2.43 (s, 1.8H) 2.44 (s, 1.8H), 2.42 (s, 1.2H)
CH3 (Cp*) 1.70 (s, 15H) 1.71 (s, 9H), 1.70 (s, 6H) 1.72 (s, 6H), 1.70 (s, 9H)
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ruthenium complexes which are weakly cytotoxic to cancer cells have
progressed to clinical trials [17]. The half-sandwich complex RAPTA-C
is also not cytotoxic to the cell lines studied, and unlike cisplatin, op-
erates via an epigenetic mechanism of action [18]. Nonetheless,
RAPTA-C show high efficacy in vivo against primary and metastatic
tumors when administered at high doses [19], and when used in
combination with other agents [20], it is effective at low doses, even
against chemo-resistant cancers [21]. Consequently, although com-
plexes 1–6 are not cytotoxic, with the exception of 2 in A2780 cells,
they should not be excluded from further biological screening for pu-
tative anticancer activity.

3. Conclusions

Reactions between [(η5-C5Me5)RhCl2]2 and the Schiff-base 5-me-
thyl-4-{(pyridin-2-ylmethylene)amino}-4H-1,2,4-triazole-3-thiol in dif-
ferent primary and secondary alcohols lead to alkoxylation of the imine
carbon atom of the ligand. Coordination of the Schiff-base in a S,N,N-
tridentate fashion coupled to the nucleophilic attack on the imine
carbon atom generate two chiral centers in the complexes. The com-
plexes are not endowed with antiproliferative activity, except for the
ethanolate derivative 2, who possesses an IC50 of 21 μM on the ovarian
cancer cell line A2780 and a remarkable degree of cancer cell se-
lectivity.

4. Experimental section

4.1. Materials and methods

All chemicals were purchased from commercial sources and used as
received unless specified otherwise. The starting materials [(η5-C5Me5)
RhCl2]2 [22] and 5-methyl-4-{(pyridin-2-ylmethylene)amino}-4H-
1,2,4-triazole-3-thiol (L-H) [14] were prepared according to published
methods. The 1H and 13C{1H} NMR spectra were recorded on a Bruker
Avance II 400 spectrometer using the residual protonated solvent as
internal standard. Infrared spectra were recorded on a Thermo Scien-
tific iS5 ATR/FTIR spectrometer. Electrospray ionization mass spectra
were obtained in positive ion mode on a Bruker FTMS 4.7 T BioAPEX II
mass spectrometer, University of Fribourg (Switzerland). UV–visible
absorption spectra were recorded in methanol on a Perkin Elmer UV/
Vis spectrophotometer at 10-5 M concentrations. The elemental ana-
lyzes were carried out by the Mikroelementaranalytisches Labor-
atorium, ETH Zürich (Switzerland).

4.2. General synthesis of the complexes [(η5-C5Me5)Rh(L-OR) (1–3).

The metal precursor [(η5-C5Me5)RhCl2]2 (50.0 mg; 0.08mmol) and
2 equivalents of LH (35.08 mg; 0.16mmol) were dissolved in dry al-
cohol (methanol for 1, ethanol for 2 and isopropanol for 3) (15mL),
before being stirred at room temperature for 6 h. After removal of the
solvent on a rotary evaporator, the orange precipitate was purified by
column chromatography on silica gel, using a mixture of methanol/

ethyl acetate/hexane as eluent (1:4/2/3; 2:2/3/4; 3:2/2/3). Then the
isolated solid was dried under vacuum.

1: Yield: 25mg, 0.051mmol (64.8%). 1H NMR (400MHz, MeOD) δ
(ppm): 8.55 (d, 1H, J=5.2 Hz, CHpyr), 7.91 (dd, 1H, J=7.7 Hz,
CHpyr), 7.53 (d, 1H, J=8.2 Hz CHpyr), 7.48 (m, 1H, CHpyr), 5.26 (s, 1H,
NCH), 3.72 (s, 3H, OCH3), 2.44 (s, 3H, CH3), 1.70 (s, 15H, C5(CH3)5).
13C{1H} NMR (101MHz, MeOD) δ (ppm): 166.9 (SC=N), 165.7
(CC=N), 152.8 (CHpyr), 149.1 (OCHC), 140.1 (CHpyr), 127.1 (CHpyr),
124.9 (CHpyr), 107.4 (NCH), 97.52 (d, JRh-C= 71 Hz, C5(CH3)5), 28.0
(OCH3), 11.1 (CH3), 9.0 (C5(CH3)5). IR: ʋ (cm−1): 2913.1 (w, CH),
1417.4 (s, C]C), 1085.3 (m, CeO). UV–visible: (1.0× 10-5 M, MeOH,
298 K): λmax 322 nm (ε=48070M−1 ∙ cm−1), 454 nm (ε=11330M−1

∙ cm−1), 756 nm (ε=4990M−1 ∙ cm−1). ESI-MS (MeOH): m/z=488.1
[M+H]+. Anal. (%): Calcd for C20H26N5ORhS·H2O: C, 47.53; H, 5.58;
N, 13.86: Found: C, 48.03; H, 5.38; N, 13.76.

2: Yield: 30mg, 0.059mmol (74.8%). 1H NMR (400MHz, MeOD) δ
(ppm): Diastereoisomer A (60%): 8.54 (d, 1H, J=4.2 Hz, CHpyr), 7.89
(dd, 1H, J=7.6 Hz, CHpyr), 7.52 (d, 1H, J=8.3 Hz, CHpyr), 7.48 (m,
1H, CHpyr), 5.31 (s, 1H, NCH), 4.18 (m, 1H, OCH2CH3), 3.91 (m, 1H,
OCH2CH3), 2.43 (s, 3H, CH3), 1.71 (s, 15H, C5(CH3)5), 1.30 (dd, 3H,
J=7.0 Hz, OCH2CH3). Diastereoisomer B (40%): 8.52 (d, 1H,
J=4.2 Hz, CHpyr), 7.89 (dd, 1H, J=7.6 Hz, CHpyr), 7.52 (d, 1H,
J=8.3 Hz, CHpyr), 7.48 (m, 1H, CHpyr), 5.26 (s, 1H, NCH), 4.18 (m,
1H, OCH2CH3), 3.91 (m, 1H, OCH2CH3), 2.44 (s, 3H, CH3), 1.70 (s,
15H, C5(CH3)5), 1.30 (dd, 3H, J=7.0 Hz, OCH2CH3). 13C{1H} NMR
(101MHz, MeOD) δ (ppm). Diastereoisomer A (60%): 167.1 (SC=N),
165.6 (CC=N), 152.5 (CHpyr), 149.0 (OCHC), 139.9 (CHpyr), 126.9
(CHpyr), 124.7 (CHpyr), 106.5 (NCH), 97.33 (d, JRh-C= 68Hz,
C5(CH3)5), 64.6 (OCH2CH3), 15.6 (OCH2CH3), 10.9 (CH3), 8.9
(C5(CH3)5). 13C{1H} NMR (101MHz, MeOD) δ (ppm). Diastereoisomer
B (40%): 166.7 (SC=N), 165.5 (CC=N), 152.7 (CHpyr), 149.0
(OCHC), 139.9 (CHpyr), 127.0 (CHpyr), 124.8 (CHpyr), 107.3 (NCH),
97.40 (d, JRh-C= 66Hz, C5(CH3)5), 64.6 (OCH2CH3), 15.6 (OCH2CH3),
10.9 (CH3), 8.9 (C5(CH3)5). IR: ʋ (cm−1): 2982.5 (w, CH), 1415.6 (s,
C]C), 1088.3 (s, CeO). UV–visible: (1.0× 10-5 M, MeOH, 298 K): λmax

434 nm (ε=10160M−1 ∙ cm−1), 644 nm (ε=5200M−1 ∙ cm−1). ESI-
MS (MeOH): m/z=502.1 [M+H]+. Anal. (%): Calcd for
C21H28N5ORhS·H2O: C, 48.56; H, 5.82; N, 13.48: Found: C, 49.17; H,
5.57; N, 13.77.

3: Yield: 25mg, 0.048mmol (60.7%). 1H NMR (400MHz, MeOD) δ
(ppm): Diastereoisomer A (40%): 8.53 (m, 1H, CHpyr), 7.89 (dd, 1H,
J=8.6 & 7.3 Hz, CHpyr), 7.52 (m, 1H, CHpyr), 7.46 (m, 1H, CHpyr), 5.34
(s, 1H, NCH), 3.50 (m, 1H, CH(CH3)2), 2.42 (s, 3H, CH3), 1.72 (s, 15H,
C5(CH3)5), 1.30 (m, 6H, CH(CH3)2). Diastereoisomer B (60%): 8.53 (m,
1H, CHpyr), 7.89 (dd, 1H, J=8.6 & 7.3 Hz, CHpyr), 7.52 (m, 1H, CHpyr),
7.46 (m, 1H, CHpyr), 5.26 (s, 1H, NCH), 4.43 (m, 1H, CH(CH3)2), 2.44
(s, 3H, CH3), 1.70 (s, 15H, C5(CH3)5), 1.30 (m, 6H, CH(CH3)2). 13C{1H}
NMR (101MHz, MeOD) δ (ppm): Diastereoisomer A (40%): 168.1
(SC=N), 165.7 (CC=N), 152.8 (CHpyr), 149.3 (OCHC), 140.2
(CHpyr), 127.0 (CHpyr), 124.7 (CHpyr), 104.4 (NCH), 97.65 (d, JRh-
C= 71 Hz, C5(CH3)5), 65.6 (CH(CH3)2), 24.0 (CH(CH3)2), 24.0 (CH
(CH3)2), 11.1 (CH3), 9.4 (C5(CH3)5). Diastereoisomer B (60%): 167.1
(SC=N), 166.0 (CC=N), 152.9 (CHpyr), 149.3 (OCHC), 140.3
(CHpyr), 127.3 (CHpyr), 125.2 (CHpyr), 107.5 (NCH), 97.72 (d, JRh-
C= 70 Hz, C5(CH3)5), 70.6 (CH(CH3)2), 24.0 (CH(CH3)2), 24.0 (CH
(CH3)2), 11.3 (CH3), 9.3 (C5(CH3)5). IR: ʋ (cm1): 2919.2 (w, CH),
1416.0 (s, C]C), 1026.3 (s, CeO). UV–visible: (1.0× 10-5 M, MeOH,
298 K): λmax 327 nm (ε=40830M−1 ∙ cm−1), 453 nm (ε=9510M−1 ∙
cm−1), 745 nm (ε=5900M−1 ∙ cm−1). ESI-MS (MeOH): m/z=516.2
[M+H]+. Anal. (%): Calcd for C22H30N5ORhS·AcOET: C, 51.74; H,
6.35, N, 11.60: Found: C, 52.42; H, 6.30; N, 12.38.

4.3. Cell culture and cytotoxicity studies

Human ovarian carcinoma (A2780 and A2780cisR) cell lines were
obtained from the European Collection of Cell Cultures. The human

Table 2
IC50 values of complexes 1–6, RAPTA-C and cisplatin in cancerous (A2780,
A2780cisR) and non-cancerous cell lines (HEK293).

compound A2780 (μM) A2780cisR (μM) HEK293 (μM)

cisplatin 2.3 ± 0.6 31 ± 3 8.4 ± 0.9
RAPTA-C >200 >200 >200
1 >200 >200 >200
2 21 ± 2 >200 >200
3 >200 >200 >200
4 >200 >200 >200
5 >200 >200 >200
6 >200 >200 >200
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embryonic kidney (HEK-293) cell line was obtained from ATCC (Sigma,
Buchs, Switzerland). Penicillin streptomycin, RPMI 1640 GlutaMAX
(where RPMI=Roswell Park Memorial Institute), and DMEM
GlutaMAX media (where DMEM=Dulbecco’s modified Eagle medium)
were obtained from Life Technologies, and fetal bovine serum (FBS)
was obtained from Sigma. The cells were cultured in RPMI 1640
GlutaMAX (A2780 and A2780cisR) and DMEM GlutaMAX (HEK-293)
media containing 10% heat-inactivated FBS and 1% penicillin strepto-
mycin at 37 °C and CO2 (5%). The A2780cisR cell line was routinely
treated with cisplatin (2 μM) in the media to maintain cisplatin re-
sistance. The cytotoxicity was determined using the 3-(4,5-dimethyl 2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay [23].
Cells were seeded in flat-bottomed 96-well plates as a suspension in a
prepared medium (100 μL aliquots and approximately 4300 cells/ well)
and pre-incubated for 24 h. Stock solutions of compounds were pre-
pared in MilliQ water. The solutions were sequentially diluted to give a
final compound concentration range (0–200 μM). Cisplatin and RAPTA-
C were tested as a positive (0–100 μM) and negative (200 μM) controls
respectively. The compounds were added to the pre-incubated 96-well
plates in 100 μL aliquots, and the plates were incubated for a further
72 h. MTT (20 μL, 5mg/mL in Dulbecco’s phosphate buffered saline)
was added to the cells, and the plates were incubated for a further 4 h.
The culture medium was aspirated, and the purple formazan crystals,
formed by the mitochondrial dehydrogenase activity of vital cells, were
dissolved in DMSO (100 μL/well). The absorbance of the resulting so-
lutions, directly proportional to the number of surviving cells, was
quantified at 590 nm using a SpectroMax M5e multimode microplate
reader (using SoftMax Pro software, version 6.2.2). The percentage of
surviving cells was calculated from the absorbance of wells corre-
sponding to the untreated control cells. The reported IC50 values are
based on the means from two independent experiments, each com-
prising four tests per concentration level.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

W.A. and B.T. thank the University of Neuchatel for financial sup-
port.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ica.2019.119265.

References

[1] (a) R.E. Morris, R.E. Aird, P. del Socorro Murdoch, H. Chen, J. Cummings,
N.D. Hughes, S. Parsons, A. Parkin, G. Boyd, D.I. Jodrell, P.J. Sadler, J. Med. Chem.
44 (2001) 3616–3621;
(b) R.E. Aird, J. Cummings, A.A. Ritchie, M. Muir, R.E. Morris, H. Chen,
P.J. Sadler, D.I. Jodrell, Br. J. Cancer 86 (2002) 1652–1657;
(c) A. Habtemariam, M. Melchart, R. Fernández, S. Parsons, I.D.H. Oswald,
A. Parkin, F.P.A. Fabbiani, J.E. Davidson, A. Dawson, R.E. Aird, D.I. Jodrell,
P.J. Sadler, J. Med. Chem. 49 (2006) 6858–6868;
(d) A.F.A. Peacock, A. Habtemariam, R. Fernández, V. Walland, F.P.A. Fabbiani,
S. Parsons, R.E. Aird, D.I. Jodrell, P.J. Sadler, J. Am. Chem. Soc. 128 (2006)
1739–1748;
(e) M. Hanif, H. Henke, S.M. Meier, S. Martic, M. Labib, W. Kandioller,
M.A. Jakupec, V.B. Arion, H.B. Kraatz, B.K. Keppler, C.G. Hartinger, Inorg. Chem.
49 (2010) 7953–7963;
(f) E.S. Antonarakis, A. Emadi, Cancer Chemother. Pharmacol. 66 (2010) 1–9;
(g) F. Beckford, J. Thessing, J. Woods, J. Didion, N. Gerasimchuk, A. Gonzalez-
Sarrias, N.P. Seeram, Metallomics 3 (2011) 491–502;
(h) W. Kandioller, A. Kurzwernhart, M. Hanif, S.M. Meier, H. Henke, B.K. Keppler,
C.G. Hartinger, J. Organomet. Chem. 696 (2011) 999–1010;

(i) Z. Liu, A. Habtemariam, A.M. Pizarro, G.J. Clarkson, P.J. Sadler,
Organometallics 30 (2011) 4702–4710;
(j) Q. Wu, C. Fan, T. Chen, C. Liu, W. Mei, Eur. J. Med. Chem. 63 (2013) 57–63;
(k) Y. Benabdelouahab, L. Muñoz-Moreno, M. Frik, I. de la Cueva-Alique, M.A. El
Amrani, M. Contel, A.M. Bajo, T. Cuenca, E. Royo, Eur. J. Inorg. Chem. (2015)
2295–2307;
(l) A.R. Burgoyne, C.H. Kaschula, M.I. Parker, G.S. Smith, J. Organomet. Chem.
846 (2017) 100–104;
(m) I. Cassells, T. Stringer, A.T. Hutton, S. Prince, G.S. Smith, J. Biol. Inorg. Chem.
23 (2018) 763–774;
(n) R. Pettinari, F. Marchetti, C. Di Nicola, C. Pettinari, A. Galindo, R. Petrelli,
L. Cappellacci, M. Cuccioloni, L. Bonfili, A.M. Eleuteri, M.F.C. Guedes da Silva,
A.J.L. Pombeiro, Inorg. Chem. 57 (2018) 14123–14133;
(o) A. Lapasam, O. Hussain, R.M. Phillips, W. Kaminsky, M.R. Kollipara, J.
Organomet. Chem. 880 (2019) 272–280.

[2] (a) C.S. Allardyce, P.J. Dyson, D.J. Ellis, P.A. Salter, R. Scopelliti, J. Organomet.
Chem. 668 (2003) 35–42;
(b) G.B. Bagihalli, P.G. Avaji, S.A. Patil, P.S. Badami, Eur. J. Med. Chem. 43 (2008)
2639–2649;
(c) I. Turel, J. Kljun, F. Perdih, E. Morozova, V. Bakulev, N. Kasyanenko,
J.A.W. Byl, N. Osheroff, Inorg. Chem. 49 (2010) 10750–10752;
(d) F. Beckford, D. Dourth, M. Shaloski Jr, J. Didion, J. Thessing, J. Woods,
V. Crowell, N. Gerasimchuk, A. Gonzalez-Sarrías, N.P. Seeram, J. Inorg. Biochem.
105 (2011) 1019–1029;
(e) J.M. Gichumbi, H.B. Friedrich, B. Omondi, M. Singh, K. Naicker, H.Y. Chenia, J.
Coord. Chem. 69 (2016) 3531–3544;
(f) N.R. Palepu, J.R. Premkumar, A.K. Verma, K. Bhattacharjee, S.R. Joshi,
S. Forbes, Y. Mozharivskyj, K.M. Rao, Arabian J. Chem. 11 (2018) 714–728;
(g) C.M. DuChane, L.C. Brown, V.S. Dozier, J.S. Merola, Organometallics 37 (2018)
530–538;
(h) A. Lapasam, L. Dkhar, N. Joshi, K.M. Poluri, M.R. Kollipara, Inorg. Chim. Acta
484 (2019) 255–263.

[3] (a) M. Patra, T. Joshi, V. Pierroz, K. Ingram, M. Kaiser, S. Ferrari, B. Spingler,
J. Keiser, G. Gasser, Chem. Eur. J. 19 (2013) 14768–14772;
(b) S. Moon, M. Hanif, M. Kubanik, H. Holtkamp, T. Söhnel, S.M.F. Jamieson,
C.G. Hartinger, ChemPlusChem 80 (2015) 231–236;
(c) A. Gatti, A. Habtemariam, I. Romero-Canelón, J.-I. Song, B. Heer, G.J. Clarkson,
D. Rogolino, P.J. Sadler, M. Carcelli, Organometallics 37 (2018) 891–899;
(d) L. Biancalana, G. Pampaloni, S. Zacchini, F. Marchetti, J. Organomet. Chem.
869 (2018) 201–211.

[4] (a) R.K. Gupta, R. Pandey, G. Sharma, R. Prasad, B. Koch, S. Srikrishna, P.-Z. Li,
Q. Xu, D.S. Pandey, Inorg. Chem. 52 (2013) 3687–3698;
(b) A. Garza-Ortiz, P.U. Maheswari, M. Lutz, M.A. Siegler, J. Reedijk, J. Biol. Inorg.
Chem. 19 (2014) 675–689;
(c) A.J. Millett, A. Habtemariam, I. Romero-Canelón, G.J. Clarkson, P.J. Sadler,
Organometallics 34 (2015) 2683–2694;
(d) F. Marszaukowski, I.D.L. Guimarães, J.P. da Silva, L.H. da Silveira Lacerda,
S.R. de Lazaro, M.P. de Araujo, P. Castellan, T.T. Tominaga, R.T. Boeré,
K. Wohnrath, J. Organomet. Chem. 881 (2019) 66–78.

[5] (a) J. Costamagna, J. Vargas, R. Latorre, A. Alvarado, G. Mena, Coord. Chem. Rev.
119 (1992) 67–88;
(b) J. Stubbe, W.A. Van Der Donk, Chem. Rev. 98 (1998) 705–762;
(c) S. Yamada, Coord. Chem. Rev. 190 (1999) 537–555;
(d) D.E. Fenton, Chem. Soc. Rev. 28 (1999) 159–168;
(e) L. Canali, D.C. Sherrington, Chem. Soc. Rev. 28 (1999) 85–93.

[6] (a) M.N. Patel, C.B. Patel, R.P. Patel, J. Inorg. Nucl. Chem. 36 (1974) 3868–3870;
(b) P. Guerriero, S. Tamburini, P.A. Vigato, Coord. Chem. Rev. 139 (1995) 17–243;
(c) M.B. Lachachi, T. Benabdallah, P.M. Aguiar, M. Hadj Youcef, A.C. Whitwood,
J.M. Lynam, Dalton Trans. 14 (2015) 11919–11928.

[7] (a) E.H. Cordes, W.P. Jencks, J. Am. Chem. Soc. 85 (1963) 2843–2848;
(b) A.C. Dash, B. Dash, P.K. Mahapatra, M. Patra, J. Chem. Soc. Dalton Trans. 8
(1983) 1503–1509;
(c) F.A. Adam, M. T. IL-Haty, J. Indian Chem. Soc. 65 (1988) 37–39.

[8] (a) R.K. Rath, G.N. Gowda, A.R. Chakravarty, J. Chem. Sci. 114 (2002) 461–472;
(b) R. Lalrempuia, M.R. Kollipara, Polyhedron 22 (2003) 3155–3160;
(c) S. Dayan, N.K. Ozpozan, N. Özdemir, O. Dayan, J. Organomet. Chem. 770
(2014) 21–28;
(d) J.M. Gichumbi, H.B. Friedrich, B. Omondi, J. Organomet. Chem. 808 (2016)
87–96;
(e) W.G. Jia, H. Zhang, T. Zhang, S. Ling, Inorg. Chem. Commun. 66 (2016) 15–18;
(f) Z.J. Yao, K. Li, P. Li, W. Deng, J. Organomet. Chem. 846 (2017) 208–216.

[9] (a) M.A. Ali, A.H. Mirza, W.Y. Ting, M.H.S.A. Hamid, P.V. Bernhardt, R.J. Butcher,
Polyhedron 48 (2012) 167–173;
(b) I.N. Booysen, S. Maikoo, M.P. Akerman, B. Xulu, O. Munro, J. Coord. Chem. 66
(2013) 3673–3685;
(c) S.E.A. Lumsden, G. Durgaprasad, K.A.T. Muthiah, M.J. Rose, Dalton Trans. 43
(2014) 10725–10738;
(d) I. Majumder, P. Chakraborty, S. Dasgupta, C. Massera, D. Escudero, D. Das,
Inorg. Chem. 56 (2017) 12893–12901;
(e) G. Kalaiarasi, S.R.J. Rajkumar, S. Dharani, F.R. Fronczek, R. Prabhakaran, J.
Organomet. Chem. 866 (2018) 223;
(f) F. Wu, C.-J. Wang, H. Lin, A.-Q. Jia, Q.-F. Zhang, J. Coord. Chem. 71 (2018)
219–230.

[10] (a) P. Bera, R.J. Butcher, N. Saha, Chem. Lett. (1998) 559–560;
(b) N.R. Sangeetha, S. Pal, S. Pal, Polyhedron 19 (2000) 2713–2717.

[11] (a) M. Menon, S. Choudhury, A. Pramanik, A.K. Deb, S.K. Chandra, N. Bag,

W. Aboura, et al. Inorganica Chimica Acta 501 (2020) 119265

4

https://doi.org/10.1016/j.ica.2019.119265
https://doi.org/10.1016/j.ica.2019.119265
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0005
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0005
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0005
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0010
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0010
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0015
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0015
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0015
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0020
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0020
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0020
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0025
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0025
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0025
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0030
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0035
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0035
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0040
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0040
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0045
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0045
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0050
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0055
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0055
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0055
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0060
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0060
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0065
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0065
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0070
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0070
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0070
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0075
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0075
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0080
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0080
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0085
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0085
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0090
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0090
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0095
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0095
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0095
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0100
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0100
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0105
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0105
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0110
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0110
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0115
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0115
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0120
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0120
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0125
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0125
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0130
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0130
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0135
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0135
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0140
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0140
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0145
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0145
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0150
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0150
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0155
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0155
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0155
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0160
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0160
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0165
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0170
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0175
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0180
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0185
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0190
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0195
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0195
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0200
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0205
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0205
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0210
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0215
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0220
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0225
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0225
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0230
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0230
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0235
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0240
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0245
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0245
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0250
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0250
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0255
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0255
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0260
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0260
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0265
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0265
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0270
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0270
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0275
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0280
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0285


S. Goswami, A. Chakravorty, J. Chem. Soc., Chem. Commun. (1994) 57–58;
(b) P. Bera, R.J. Butcher, N. Saha, J. Inorg. Biochem. 67 (1997) 68;
(c) S. Gloria, G. Gupta, V.R. Anna, B. Das, K.M. Rao, J. Coord. Chem. 64 (2011)
4168–4181.

[12] T. Birkle, A. Carbayo, J.V. Cuevas, G. García-Herbosa, A. Muñoz, Eur. J. Inorg.
Chem. (2012) 2259–2266.

[13] W. Aboura, T. Benabdallah, F. Zhang, B. Therrien, Inorg. Chim. Acta 483 (2018)
93–97.

[14] K. Sing, Dharampal, V, Parkash, Phosphorus, Sulfur, Silicon 183 (2008) 2784–2794.
[15] (a) Z.H. Siddik, Oncogene 22 (2003) 7265–7279;

(b) A. Bergamo, P.J. Dyson, G. Sava, Coord. Chem. Rev. 360 (2018) 17–33.
[16] C. Scolaro, A. Bergamo, L. Brescacin, R. Delfino, M. Cocchietto, G. Laurenczy,

T.J. Geldbach, G. Sava, P.J. Dyson, J. Med. Chem. 48 (2005) 4161–4171.
[17] (a) C.G. Hartinger, M.A. Jakupec, S. Zorbas-Seifried, M. Groessl, A. Egger,

W. Berger, H. Zorbas, P.J. Dyson, B.K. Keppler, Chem. Biodivers. 5 (2008)
2140–2155;
(b) F. Lentz, A. Drescher, A. Lindauer, M. Henke, R.A. Hilger, C.G. Hartinger,
M.E. Scheulen, C. Dittrich, B.K. Keppler, U. Jaehde, Anti-cancer Drugs 20 (2009)
97–103;
(c) S. Leijen, S.A. Burgers, P. Baas, D. Pluim, M. Tibben, E. van Werkhoven,
E. Alessio, G. Sava, J.H. Beijnen, J.H.M. Schellens, Invest. New Drugs 33 (2015)

201–214;
(e) A. Bergamo, G. Sava, Chem. Soc. Rev. 44 (2015) 8818–8835;
(d) E. Alessio, Eur. J. Inorg. Chem. (2017) 1549–1560.

[18] Z. Adhireksan, G.E. Davey, P.R. Campomanes, M. Groessl, C.M. Clavel, H. Yu,
A.A. Nazarov, C.H.F. Yeo, W.H. Ang, P. Dröge, U. Roethlisberger, P.J. Dyson,
C.A. Davey, Nature Commun. 5 (2014) 3462.

[19] A. Weiss, R.H. Berndsen, M. Dubois, C. Müller, R. Schibli, A.W. Griffioen,
P.J. Dyson, P. Nowak-Sliwinska, Chem. Sci. 5 (2014) 4742–4748.

[20] (a) A. Weiss, X. Ding, J.R. van Beijnum, I. Wong, T.J. Wong, R.H. Berndsen,
O. Dormond, M. Dallinga, L. Shen, R.O. Schlingemann, R. Pili, C.-M. Ho, P.J. Dyson,
H. van den Bergh, A.W. Griffioen, P. Nowak-Sliwinska, Angiogenesis 18 (2015)
233–244;
(b) R.H. Berndsen, A. Weiss, U.K. Abdul, T.J. Wong, P. Meraldi, A.W. Griffioen,
P.J. Dyson, P. Nowak-Sliwinska, Sci. Rep. 7 (2017) 43005.

[21] (a) T. Riedel, O. Demaria, O. Zava, A. Joncic, M. Gilliet, P.J. Dyson, Mol.
Pharmaceutics 15 (2018) 116–126;
(b) T. Riedel, S. Cavin, H. van den Bergh, T. Krueger, L. Liaudet, H.-B. Ris,
P.J. Dyson, J.Y. Perentes, Sci. Rep. 8 (2018) 10263.

[22] C. White, A. Yates, P.M. Maitlis, D.M. Heinekey, Inorg. Synth. 29 (2007) 228–234.
[23] T. Mosmann, J. Immunol. Methods 65 (1983) 55–63.

W. Aboura, et al. Inorganica Chimica Acta 501 (2020) 119265

5

http://refhub.elsevier.com/S0020-1693(19)31590-7/h0285
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0290
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0295
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0295
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0300
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0300
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0305
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0305
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0310
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0315
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0320
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0325
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0325
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0330
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0330
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0330
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0335
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0335
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0335
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0340
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0340
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0340
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0345
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0350
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0355
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0355
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0355
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0360
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0360
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0365
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0365
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0365
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0365
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0370
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0370
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0375
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0375
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0380
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0380
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0385
http://refhub.elsevier.com/S0020-1693(19)31590-7/h0390

	Reactivity and biological activity of N,N,S-Schiff-base rhodium pentamethylcyclopentadienyl complexes
	Introduction
	Results and discussion
	Conclusions
	Experimental section
	Materials and methods
	General synthesis of the complexes [(η5-C5Me5)Rh(L-OR) (1–3).
	Cell culture and cytotoxicity studies

	mk:H1_8
	Acknowledgements
	Supplementary data
	References




