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Cytotoxic Activities of Half-sandwich M(III) Complexes
(M=Rh, Ir) Bearing Chloro-substituted Bidentate-
coordinated Phenanthroline or Terpyridine Ligands
Marion Graf,[a] Jasmine Ochs,[b] Nils Metzler-Nolte,[b] Hans-Christian Böttcher,*[a] and
Peter Mayer[a]

The synthesis and characterization of four compounds [M(η5-
C5Me5)(N^N)Cl]PF6 [N^N=4,7-dichloro-1,10-phenanthroline
with M=Rh, 1, and M= Ir, 2, and N^N=4'-(4-chlorophenyl)-
2,2':6',2''-terpyridine in the k2N,N'-coordination mode with
M=Rh, 3, and M=Ir, 4] are described. All compounds were
characterized by spectroscopic means and their molecular
structures in the crystal were confirmed by single-crystal X-ray
diffraction studies. The cytotoxicity of all compounds was

evaluated by MTT assay against the three cancer cell lines HeLa
(cervical carcinoma), HT-29 (colon adenocarcinoma) and MCF-7
(human breast adenocarcinoma). The complexes 3 and 4
display promising activity with IC50 values of 1 μM. The
rhodium(III) complex 1 also shows highly improved cytotoxicity
compared to cisplatin against the cancer cell lines HT-29 and
MCF-7. In contrast to this, the iridium(III) complex 2 is even less
active against the HeLa cell line than cisplatin.

Introduction

In searching for less toxic and more potent alternatives to the
well-established anticancer drug cisplatin, organometallic com-
plexes of other transition metals have been widely studied as
promising anticancer agents in the last years.[1] When consider-
ing organometallic transition metal compounds, Ru(arene)
complexes are certainly most intensively investigated, see a
very recent overview.[1i] Within the group of the other platinum
metals, half-sandwich type of complexes containing the central
atoms rhodium(III) and iridium(III) respectively, have also
received significant attention in this field, e.g.[2–7] It is also
interesting to note that totally new modes of action and cell
death mechanisms are being considered in conjuction with
transition metal complexes, e.g. ferroptosis and induction of the

immune system.[7b,c] During the last years we investigated the
biological activities of octahedral bis-cyclometalated M(III)
complexes (M=Rh, Ir) containing modified phenanthroline and
related bipyridine ligands in light of their use as promising
anticancer agents.[8] Now we focus our efforts in this field
additionally on several half-sandwich complexes [Ir(η5-
C5Me5)(N^N)Cl]

+ (N^N=bidentate N-donor ligand).[9] In this
paper, we report the synthesis, the characterization as well as
studies of the cancer cell cytotoxicity of some new compounds
representing the latter type of complex. The compounds
contain modified neutral N^N chelating ligands stemming from
1,10-phenanthroline and terpyridine in the k2N,N'-coordination
mode respectively. During these investigations, the molecular
structures of all new compounds in the crystal were determined
by X-ray single-crystal diffraction.

Results and Discussion

The synthesis of the compounds was realized by cleavage of
the precursor complexes [{M(η5-C5Me5)(μ-Cl)Cl}2] (M=Rh, Ir)
with the corresponding bidentate chelating ligands by stirring
the components for one hour in methanol at room temper-
ature. The intermediately formed chloride salts were trans-
formed by metathesis into their hexafluoridophosphate com-
pounds 1 – 4 using KPF6 (see Eq. 1 and Scheme 1 respectively).

½fMðh5-C5Me5Þðm-ClÞClg2�þ

2N^Nþ 2 KPF6 ! 2 ½Mðh5-C5Me5ÞðN^NÞCl�

PF6 þ 2 KCl 1 � 4

(1)

(N^N=4,7-dichloro-1,10-phenanthroline; M=Rh, 1; M= Ir, 2).
(N^N=4'-(4-chlorophenyl)-2,2':6',2''-terpyridine-k2N,N'; M=Rh, 3;
M= Ir, 4).
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During this procedure, all compounds were obtained in
yields from 49 to 66% and characterized by elemental analysis,
1H and 13C{1H} NMR spectroscopy, mass spectrometry and
additionally, the molecular structures of all compounds in the
solid state were determined by single-crystal X-ray diffraction
studies. The 1H and 13C{1H} NMR spectra of the new compounds
supported the assumed molecular constitution (see Experimen-
tal Section). Exemplarily, the data will be illustrated on one
selected compound in the following. The proton NMR spectrum
of compound 1 (400 MHz, acetone-d6) exhibited a singlet at
1.86 ppm indicating the protons of the five chemically equiv-
alent methyl groups of the pentamethylcyclopentadienyl
ligand. The aromatic protons of the 4,7-dichloro-substituted
phenanthroline ligand resonated at 9.49 (d, 2H), 8.62 (s, 2H),
8.42 (d, 2H) exhibiting the expected couplings. The 13C{1H} NMR
spectrum of 1 (100 MHz, acetone-d6) showed a singlet at
8.2 ppm indicating the carbon atoms of the methyl groups of
the pentamethyl-cyclopentadienyl ligand. The aromatic carbon
atoms of the latter resonated as doublet at 97.7 ppm (JRhC=

7.6 Hz). Finally, six singlets between 125.0 and 152.9 ppm
corresponding to the aromatic carbon atoms of the substituted
phenanthroline ligand were obtained. The observed data are
well comparable to those of the reported ones for [Rh(η5-
C5Me5)(phen)Cl]ClO4 and [Rh(η5-C5Me5)(phen)Cl]OTf, respectively
(phen=1,10-phenanthroline).[10,11]

Molecular Structure of Compounds 1–4

Single-crystals of compounds 1–4 were grown by the layering
method at room temperature from dichloromethane/methanol/
iso-hexane mixtures. The solids were investigated by X-ray
diffraction studies, and the results of the molecular structures in
the crystal of the complex cations in compound 1, 2, and 4 are
depicted in Figures 1–3. All the complexes exhibit the expected
half-sandwich pseudo-octahedral three-legged “piano-stool”

arrangement. In each case the metal atoms are bound to one
η5-C5Me5 group, one chlorido ligand, and the bidentate N^N
ligand.

Compound 1 crystallized in the orthorhombic space group
Pbca with eight equivalent molecules in the unit cell. A selected
ORTEP view of the molecular cation of 1 is depicted in Figure 1,
selected bond lengths are given in the caption. The average
distance between the rhodium atom and the carbon atoms of
the η5-C5Me5 ring in 1 is 2.16 Å. These bond lengths are
comparable to those of η5-C5Me5 rhodium complexes exhibiting
a closely related coordination sphere.[12] The Rh� Cl distance of 1
is in very good accordance with the corresponding bond length
in [Rh(η5-C5Me5)(phen)Cl]

+ [2.386(1) Å], and also the Rh� N
distances of the latter species with 2.128(3) and 2.109(3) Å,[10]

agree very well with the corresponding ones in the cationic
complex of 1.

Compound 2 crystallized in the orthorhombic space group
Pbca with eight molecules in the unit cell. An ORTEP view of
the molecular cation of 2 is shown in Figure 2, selected bond
lengths are given in the caption.

The average distance between the iridium atom and the
carbon atoms of the η5-C5Me5 ring in 2 was determined with
2.17 Å. These bond lengths are comparable to those in the
iridium complex [Ir(η5-C5Me5)(bpy)Cl]

+ (2.16 Å), and even the
Ir� N distances of the latter species with 2.076(8) and 2.090(9) Å
as well as the Ir� Cl bond length with 2.404(2) Å[10] are well
comparable with the corresponding bonding parameters in
compound 2.

Furthermore, during our investigations we obtained single-
crystals of compound 3 and confirmed its molecular structure
in the solid. However, the crystal structure of this compound
has already published in the literature,[13] exhibiting the same
space group, cell parameters and bonding characteristics as
found during our X-ray study on compound 3. Thus, we have

Scheme 1. Graphical overview of compounds 1–4.
Figure 1. The molecular structure of the cation of compound 1 in
the crystal (ORTEP drawing and atom labeling scheme with 25%
probability level). Selected bond lengths/Å: Rh1� N1, 2.1241(17);
Rh1� N2, 2.1165(17); Rh1� Cl, 2.3845(6).

Journal of Inorganic and General Chemistry

Zeitschrift für anorganische und allgemeine Chemie

RESEARCH ARTICLE

Z. Anorg. Allg. Chem. 2023, 649, e202300082 (2 of 6) © 2023 The Authors. Zeitschrift für anorganische und allgemeine Chemie published by Wiley-VCH GmbH

Wiley VCH Freitag, 28.07.2023

2315 / 308531 [S. 10/14] 1

 15213749, 2023, 15, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/zaac.202300082 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [15/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



deposited our results on these data for more support of the
assumed structure of compound 3 only with the Supporting
Information of this paper.

Compound 4 crystallized in the monoclinic space group
P21/n with four molecules in the unit cell. An ORTEP view of the
molecular cation of 4 is depicted in Figure 3, selected bond
lengths are given in the caption. The molecular structure of
compound 4 exhibits a pseudo-octahedral piano-stool geome-
try around the iridium center and is best comparable with that
of the closely related one of compound 3 as described in the

literature.[13] Thus, for the latter hexafluoridophosphate salt the
following bond distances were reported: Rh� N1, 2.1082(2) and
Rh� N2, 2.192(2) and Rh� Cl, 2.4028(5) Å. Very similar data were
found during our X-ray crystal study of compound 3 (see SI of
this paper).

Another similarly constituted complex was also described in
[Rh(η5-C5Me5)(Ph-terpy)Cl]BF4 containing the 4'-phenyl-
2,2':6',2''terpyridine ligand (Ph-terpy) in the k2N,N'-coordination
mode.[14] For the latter the bonding parameters Rh� N1, 2.086(3),
Rh� N2, 2.197(3), and Rh� Cl, 2.398(1) Å were determined which
correspond well with those found of compound 3. That means,
in all the complexes the two M� N distances are unequal in their
lengths. This has been observed even in other complexes
exhibiting the bidentate terpy in the k2N,N'-coordination
mode.[15–17] The presence of the uncoordinated pyridine ring in
the terpy system causes some steric interactions resulting in
one significantly longer M� N bond in these complexes. In this
light, complexes containing bidentate terpy ligands in the
k2N,N' -coordination fashion have been reviewed very
recently.[18]

Biological Activity of Compounds 1–4

Iridium(III) and rhodium(III) half-sandwich complexes were
reported with anticancer properties.[1–7] In this work, we
investigated the influence of the metal center and the
coordinating ligand of iridium(III) and rhodium(III) half-sandwich
centers on the antiproliferative properties. Of note, compounds
3 and 4 exist as racemic mixtures with chirality at the metal
center, but no effort was made in this case to resolve the
enantiomers. Thus, compounds 1–4 were tested against three
different cell lines, namely HeLa (cervical cancer), HT-29 (colon
cancer), and MCF-7 (human breast cancer). The determination
of the cytotoxicity was done by the colorimetric MTT assay. The
obtained IC50 values are shown in Table 1.

All compounds showed antiproliferative activity against all
cell lines, with the iridium(III) complex 2 being the least active
one. It has an order of magnitude lower activity against HeLa
cells than cisplatin and only 50 μM activity against HT-29 and
MCF-7. The corresponding rhodium complex 1 has a similar IC50

as cisplatin against HeLa (14.6 μM), while its cytotoxicity against
HT-29 and MCF-7 is 6.2 and 4.5 μM, respectively, which is an
order of magnitude lower than cisplatin. The enhanced

Figure 2. The molecular structure of the cation of compound 2 in
the crystal (ORTEP drawing and atom labeling scheme with 25%
probability level). Selected bond lengths/Å: Ir1� N1, 2.108(2); Ir1� N2,
2.108(2); Ir1� Cl, 2.3893(7).

Figure 3. The molecular structure of the cation of compound 4 in
the crystal (ORTEP drawing and atom labeling scheme with 25%
probability level). Selected bond lengths/Å: Ir1� N1, 2.1658(15);
Ir1� N2, 2.0668(15); Ir1� Cl1, 2.4137(5).

Table 1. IC50 values in μM of 1–4 for the antiproliferative activity
towards HeLa, HT-29, and MCF-7 cells. MTT assay with 48 h
incubation time, total concentration of DMSO was 0.5% in all
samples including Cisplatin control. Values are given as mean of
three independent experiments with standard deviation.

compound HeLa HT-29 MCF-7

Cisplatin 14.0�4.8 82.4�7.5 44.0�6.4
1 14.6�3.8 6.2�2.2 4.5�0.7
2 128.8�9.0 47.3�8.8 58.6�7.7
3 5.6�0.9 0.8�0.7 1.1�0.2
4 11.4�1.6 0.7�1.3 0.6�0.6
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antiproliferative activity against HT-29 and MCF-7 may indicate
a different mode of action compared to cisplatin. The difference
of the activity between the Ph-terpy coordinated complexes 3
and 4 is marginal. Both complexes show about 1 μM activity
against the HT-29 and MCF-7 cell lines. The activity against
HeLa cells is for the corresponding iridium complex 4 twice as
high as for the rhodium complex 3 but with 11.4 μM in the
range of cisplatin and complex 1. These results indicate that the
activity of rhodium complexes is better than that of the
corresponding iridium ones.

Nonetheless, in this work the choice of the ligand mostly
tunes the cytotoxicity. For example, terpy metal complexes are
well known to be efficient DNA intercalators by π…π stacking
of the ligand with the DNA bases.[19] The smaller phen ligand is
on the edge of groove binding and intercalation.[20] If we
assume that DNA binding is in operation also for the metal
complexes with the ligands described therein, then the differ-
ent size of the metal ions (Rh vs. Ir) may actually tilt the binding
mode between groove binding and intercalation. This shift
might help to explain the significant differences in light of the
activities between compounds 1 and 2, when at the same time
very little difference in activity was observed between com-
pounds 3 and 4. Of course, entirely other modes of action are
feasible as well, as recently established for organometallic
compounds and indicated by many observations cited in the
introduction of this paper.

Conclusions

The synthesis and characterization of four organometallic
compounds exhibiting piano-stool shaped structures have been
described. Single-crystal X-ray diffraction studies confirmed the
presence of half-sandwich structures in the compounds [M(η5-
C5Me5)(N^N)Cl]PF6 (M=Rh, Ir; N^N=4,7-dichloro-1,10-phenan-
throline, 1 and 2; N^N=4'-(4-chlorophenyl)-2,2':6',2''-terpyri-
dine-k2N,N, 3 and 4). The antiproliferative properties of all
compounds were investigated against three cancer cell lines
(HeLa, MT-29, MCF-7). Both Ph-terpy containing complexes (3
and 4) show promising activity with IC50 values around 1 μM.
The phen complexes (1, 2) differ strongly in activity from each
other. While the rhodium(III) complex 1 has activity still under
10 μM against HT-29 and MCF-7, the iridium(III) complex 2 is
less active by a factor of 5 against both cell lines and even an
order of magnitude less active for HeLa. Presumably, both the
metal ion and the ligand tune the activity in these cases.

Experimental Section
General: All manipulations were performed under an atmosphere
of dry nitrogen using conventional Schlenk techniques. Solvents
were dried with standard procedures and stored under nitrogen.
The ligands 4,7-dichloro-1,10-phenanthroline and 4'-(4-chlorophen-
yl)-2,2':6',2''-terpyridine were purchased from Aldrich and used as
received. The starting complex [{Ir(η5-C5Me5)(μ-Cl)Cl}2] was prepared
following the literature method.[21] [{Rh(η5-C5Me5)(μ-Cl)Cl}2] was
obtained using an improved preparation route described

recently.[22] NMR spectra were recorded in CD2Cl2 and acetone-d6

respectively using a Jeol Eclipse 400 instrument operating at
400 MHz (1H) and 100 MHz (13C) respectively. Chemical shifts are
given in ppm, referenced to the solvent signals of dichloromethane
at δ=5.36 (1H) and 53.5 ppm (13C). Mass spectra were measured
using a JeolMstation JMS 700 instrument. Elemental analyses (C, H,
N) were performed by the Microanalytical Laboratory of the
Department of Chemistry, LMU Munich, using a Heraeus Elementar
Vario EL instrument.

Biological activities

The cells – HeLa, MCF-7, and HT-29 – were grown in Dulbecco’s
Modified Eagle’s Medium (DMEM), which contained 10% fetal calf
serum, 1% penicillin and streptomycin. For plating, the cancer cells
were detached with trypsin and EDTA, followed by harvesting by
centrifugation and resuspension in the cell culture medium. For the
colorimetric assay, 96 well plates (6000 cells per well) were
prepared for each cell line and incubated at 37 °C and 10% CO2 for
24 hours. Afterwards, the cells were treated with compounds 1–4
besides cisplatin as a control. The final volume in each well was
200 μL with a concentration of 0.5% DMSO. After 48 h incubation
with the compounds, 50 μL 2.5 mg/mL MTT solution was added,
further incubated for 2 h, and the medium was removed finally. The
addition of 200 μL DMSO dissolved the formazan crystals, and the
absorption was measured at 550 nm and with 620 nm the as
reference wavelength. The experiment was carried out in triplicates
for three independent tests.

Synthesis of compounds 1–4: To a suspension of [{M(η5-C5Me5)(μ-
Cl)Cl}2] (0.15 mmol; M=Rh or Ir) in 25 mL of MeOH the correspond-
ing phenanthroline or terpyridine ligand (0.3 mmol) respectively,
was added and the mixture stirred for 1 h resulting in a clear yellow
solution. Then KPF6 (0.4 mmol) was added and the mixture stirred
for additional 30 min. At this point the products were precipitated
as yellows powders which were separated by filtration, washed
twice with methanol and dried in vacuo affording an analytically
pure product.

[Rh(η5-C5Me5)(4.7-Cl2-phen)Cl]PF6 (1): Yield: 124 mg (61.9%). Anal.
C22H21Cl3F6N2PRh (667.65): calcd. C, 39.58; H, 3.17; N, 4.20. Found: C,
39.30; H, 3.39; N, 3.96%. MS (FAB+): m/z=522.9 [M+] complex
cation. 1H NMR (400 MHz, acetone-d6): δ=9.49 (d, J=5.4 Hz, 2H),
8.62 (s, 2H), 8.42 (d, J=5.8 Hz, 2H), 1.86 (s, 15H). 13C{1H} NMR
(100 MHz, acetone-d6): δ=152.9, 146.0, 145.7, 129.0, 127.7, 125.0,
97.7 (d, JRhC=7.6 Hz, Cp*-CCH3), 8.2 (Cp*-CH3).

[Ir(η5-C5Me5)(4.7-Cl2-phen)Cl]PF6 (2): Yield: 150 mg (66.1%). Anal.
C22H21Cl3F6IrN2P (756.96): calcd. C, 34.91; H, 2.80; N, 3.70. Found: C,
34.60; H, 2.82; N, 3.42%. MS (FAB+): m/z=611.0 [M+] complex
cation. 1H NMR (400 MHz, acetone-d6): δ=9.49 (d, J=6.0 Hz, 2H),
8.64 (s, 2H), 8.42 (d, J=5.6 Hz, 2H), 1.83 (s, 15H). 13C{1H} NMR
(100 MHz, acetone-d6): δ=152.6, 147.6, 145.7, 129.6, 128.1, 125.3,
90.0 (Cp*-CCH3), 7.9 (Cp*-CH3).

[Rh(η5-C5Me5)(k2N,N'-terpy-C6H4-Cl-p)Cl]PF6 (3): Yield: 123 mg
(53.8%). Anal. C31H29Cl2F6N3PRh (762.37): calcd. C, 48.84; H, 3.83; N,
5.51. Found: C, 48.66; H, 3.73; N, 5.64%. MS (FAB+): m/z=617.0 [M+

] complex cation. 1H NMR (400 MHz, CD2Cl2): δ=8.79 (m, 2H), 8.72
(m, 2H), 8.59 (s, 2H), 8.09 (dt, J=1.6 Hz, 7.8 Hz, 2H), 7.90 (m, 2H),
7.67 (t, J=1.4 Hz, 2H), 7.58 (m, 2H), 1.14 (s, 15H). 13C{1H} NMR
(100 MHz, CD2Cl2): δ=160.3, 155.3, 151.3, 151.2, 151.1, 139.2, 139.1,
137.6, 133.5, 129.9 (3 C), 128.9 (3 C), 127.0, 125.9, 125.8, 123.8, 97.4
(d, JRhC=8.6 Hz, Cp*-CCH3), 8.4 (Cp*-CH3).

[Ir(η5-C5Me5)(k2N,N'-terpy-C6H4-Cl-p)Cl]PF6 (4): Yield: 110 mg
(48.8%). Anal. C31H29Cl2F6IrN3P (851.68): calcd. C, 43.72; H, 3.43; N,
4.93. Found: C, 43.74; H, 3.24; N, 4.91%. MS (FAB+): m/z=706.7 [M+
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] complex cation. 1H NMR (400 MHz, CD2Cl2): δ=9.03 (d, J=2.0 Hz,
1H), 8.83 (d, J=1.1 Hz, 1H), 8.73 (d, J=1.1 Hz, 1H), 8.57 (s, 1H), 8.52
(s, 1H), 8.50 (s, 1H), 8.22 (t, J=1.9 Hz, 1H), 7.91 (m, 3H), 7.81 (t, J=

1.8 Hz, 1H), 7.59 (m, 2H), 7.52 (t, J=1.1 Hz, 1H), 1.14 (s, 15H). 13C{1H}
NMR (100 MHz, CD2Cl2): δ=163.4, 157.5, 155.9, 155.8, 151.7, 150.9,
150.0, 140.9, 137.8, 137.1, 133.1, 130.1, 130.0, 129.8, 129.0, 128.6,
128.5, 127.9, 127.8, 124.5, 120.3, 89.7 (Cp*-CCH3), 8.1 (Cp*-CH3).

X-ray Crystal Structure Determination: Crystals of 1, 2, and 4
suitable for X-ray diffraction studies were obtained by crystallization
from dichloromethane/methanol/iso-hexane mixtures at ambient
temperature. Crystals were selected by means of a polarization
microscope, mounted on a MiTeGen MicroLoop, and investigated
with a Bruker D8 Venture TXS diffractometer using Mo-Kα radiation
(λ=0.71073 Å). The frames were integrated with the Bruker SAINT
software package.[23] Data were corrected for absorption effects
using the Multi-Scan method (SADABS).[24] The structures were
solved by direct methods and refined by full-matrix least-squares
calculations on F2 using the Bruker SHELXTL Software package.[25]

The figures have been drawn at the 25% ellipsoid probability level
using ORTEP.[26] The H atoms and hexafluoridophosphate anions
respectively, in the Figures 1–3 have been omitted for more clarity.
Details of the crystal data, data collection, structure solution, and
refinement parameters of compound 1, 2, and 4 are summarized in
Table 2. Crystallographic data (excluding structure factors) for the
structures in this paper have been deposited with the Cambridge
Crystallographic Data Centre, CCDC, 12 Union Road, Cambridge
CB21EZ, UK. Copies of the data can be obtained free of charge
upon quoting the depository number CCDC-2248848 (1), CCDC-
2248849 (2), and CCDC-2248850 (4) (Fax: +44-1223-336-033; E-Mail:
deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk).
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