
Journal of Inorganic Biochemistry 219 (2021) 111408

Available online 3 March 2021
0162-0134/© 2021 Published by Elsevier Inc.

Bioactive half-sandwich Rh and Ir bipyridyl complexes 
containing artemisinin 

Prinessa Chellan a,1, Vicky M. Avery b, Sandra Duffy b, Kirkwood M. Land c, Christina C. Tam d, 
Jong H. Kim d, Luisa W. Cheng d, Isolda Romero-Canelón a, Peter J. Sadler a,* 

a Department of Chemistry, University of Warwick, Coventry CV4 7AL, UK 
b Discovery Biology, Griffith University, Nathan, Queensland 4111, Australia 
c Department of Biological Sciences, University of the Pacific, Stockton, CA 95211, United States of America 
d Foodborne Toxin Detection and Prevention Research Unit, Agricultural Research Service, United States Department of Agriculture, Albany, CA 94710, United States of 
America   

A R T I C L E  I N F O   

Keywords: 
Organometallic complexes 
Antimicrobial 
Anticancer 
Rhodium 
Iridium 
Artemisinin 

A B S T R A C T   

Reaction of dihydroartemisinin (DHA) with 4-methyl-4′-carboxy-2,2′-bipyridine yielded the new ester derivative L1. 
Six novel organometallic half-sandwich chlorido Rh(III) and Ir(III) complexes (1–6) containing pentam-
ethylcyclopentadienyl, (Cp*), tetramethylphenylcyclopentadienyl (Cpxph), or tetramethylbiphenylcyclopentadienyl 
(Cpxbiph), and N,N-chelated bipyridyl group of L1, have been synthesized and characterized. The complexes were 
screened for inhibitory activity against the Plasmodium falciparum 3D7 (sensitive), Dd2 (multi-drug resistant) and 
NF54 late stage gametocytes (LSGNF54), the parasite strain Trichomonas vaginalis G3, as well as A2780 (human 
ovarian carcinoma), A549 (human alveolar adenocarcinoma), HCT116 (human colorectal carcinoma), MCF7 (human 
breast cancer) and PC3 (human prostate cancer) cancer cell lines. They show nanomolar antiplasmodial activity, 
outperforming chloroquine and artemisinin. Their activities were also comparable to dihydroartemisinin. As anti-
cancer agents, several of the complexes showed high inhibitory effects, with Ir(III) complex 3, containing the 
tetramethylbiphenylcyclopentadienyl ligand, having similar IC50 values (concentration for 50% of maximum inhi-
bition of cell growth) as the clinical drug cisplatin (1.06–9.23 μM versus 0.24–7.2 μM, respectively). Overall, the 
iridium complexes (1–3) are more potent compared to the rhodium derivatives (4–6), and complex 3 emerges as the 
most promising candidate for future studies.   

1. Introduction 

Metal complexes have provided potential leads for the discovery of 
new medicines, especially for combatting antimicrobial and anticancer 
resistance [1–8]. The platinum drug, cisplatin, is widely used to treat a 
variety of cancers and its success has led to the development of other 
anticancer platinum complexes [9–12], and in turn to investigation of 
complexes containing other metals in the platinum group. Some ruthe-
nium complexes have also recently reached clinical trials for cancer 

therapy [13–33] and rhodium, iridium and osmium complexes have 
shown high antiproliferative activities in various cancer cell lines and 
microbial pathogens further stimulating their development as antitumor 
and antiparasitic agents [34–42]. 

Artemisinin (ART) is a sesquiterpene lactone natural product 
extracted from the Chinese herb qinghaosu. The first report of its po-
tential as an antimalarial agent was in 1979 [43] for which its discov-
erer, Youyou Tu, was awarded the 2015 Nobel Prize in Medicine [44]. 
ART is used today as part of the World Health Organisation’s (WHO) 
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recommended artemisinin combination therapy (ACT) for treatment of 
uncomplicated malaria [45]. 

ART and its analogues (Fig. 1) selectively target parasites because of 
their enhanced uptake by parasitized erythrocytes compared to healthy 
erythrocytes [46,47]. Studies have found that ART derivatives may exert 
their antiplasmodial activity through a multi-targeted approach. They 
target the more mature trophozoite stages of Plasmodium falciparum; 
ARTs are also hyperactive against the early ring stages of the intra-
erythrocytic life cycle stages as well as the trophozoite forms. ARTs 
block the parasite from advancing to the mature stage by killing the ring 
stage forms, increasing the rigidity of the host red blood cell (RBC) 
priming them to be removed from the circulation by the spleen [48,49]. 
Within the acidic food vacoule of the plasmodium parasite, ART forms 
adducts with the free haem that is produced as a byproduct of haemo-
globin digestion [50]. These ART-haem adducts can inhibit haemozoin 
polymerisation thus promoting accumulation of toxic haem [50]. ART 
derivatives are capable of alkylating parasite proteins [50] and may also 
generate reactive oxygen species (ROS) through a multistep process 
which likely involves cleavage of the endoperoxide bridge by endoge-
nous iron (from haem) [51,52]. Altogether, these events cause oxidative 
stress, thus inducing parasite death [46,53,54]. Additionally, ART de-
rivatives are able to block transmission of gametocytes to the Anopheles 
mosquito by direct killing of gametocytes and inhibition of gametocyte 
formation as a result of reduction of the asexual parasite population 
[55]. 

The ability of ART to generate ROS has logically led to its study as a 
cancer treatment with results showing that it can promote apoptosis, 
induce cell cycle arrest or block tumour cell growth, invasion and 
metastasis [56–58]. ART can readily be derivatised, for example by 
modification or replacement of its lactone group, allowing generation of 
numerous compound libraries with anticancer and/or antiplasmodial 
activity [59–64]. Some of these compounds include ferrocenyl de-
rivatives, inspired by the successful incorporation of ferrocene into the 
antimalarial drug chloroquine (ferroquine) [65–68]. While ferroquine 
(FQ) has a similar mode of action as chloroquine (CQ) [69], it can also 
accumulate in the digestive food vacuole of resistant malaria parasites 
that carry the P. falciparum chloroquine resistant transporter (PfCRT). 
The ferrocene moiety in ferroquine is also proposed to affect the redox 
potential within the parasite through increased generation of hydroxyl 
radicals in the cytosol which leads to oxidative stress [70]. The com-
plexes known collectively as ferrocifens are another important example. 
These ferrocenyl derivatives are selective estrogen receptor modulators 
(SERMs) that are inhibitors of both MCF-7 (hormone dependent) and 

MDA-MB-231 (hormone independent) breast cancer cells, unlike their 
organic precursor, hydroxytamoxifen, which is active only against the 
MCF-7 cell line [71]. 

Reiter et al. showed that conjugation of ferrocene to ART via an ester 
linkage leads to a significant increase in antileukemic activity, compared 
to ART itself (IC50 = 36.9 μM (CCRF-CEM) and 26.9 μM (CEM/ 
ADR500)), in the human acute lymphoblastic CCRF-CEM (IC50 between 
0.01 and 0.13 μM) and the multidrug resistant CEM/ADR5000 cell lines 
(IC50 between 0.53 and 8.20 μM) [72,73]. Linking two ART molecules to 
ferrocene had an even greater effect [72]. 

These reports demonstrate the potential of organometallic ART 
complexes as new therapeutics. Rhodium and iridium organometallic 
complexes that incorporate various key parasite pharmacophores have 
been reported with some examples showing increased activities 
compared to the metal-free analogues [74–79]. 

Thus, we have investigated the activity of cyclopentadienyl rhodium 
or iridium ART complexes (1–6) towards five human cancer cell lines. 
The ligand L1 and its six complexes (1–6) were also screened on four 
protozoan parasite strains (three P. falciparum and one T. vaginalis), a 
healthy cell line and normal flora. To the best of our knowledge, this is 
the first report of Rh(III) or Ir(III) half-sandwich complexes containing 
the artemisininyl fragment. They were prepared by reaction of a 
bipyridyl artemisinin ligand L1 with cyclopentadienyl rhodium(III) or 
iridium(III) dimers to yield novel complexes 1–6 (Scheme 1). Remark-
ably, as antiplasmodials, both the ligand and the complexes inhibited 
parasite growth at nanomolar concentrations and display higher or 
comparable in vitro anticancer activity to the clinical drug cisplatin. 

2. Experimental 

2.1. Chemicals and reagents 

Rhodium trichloride trihydrate and iridium trichloride trihydrate 
were purchased from Precious Metals Online (PMO Pty Ltd). All reagent 
solvents to undertake the chemistry were obtained from Fisher Scientific 
and Sigma-Aldrich. Artemisinin and 4-methyl-4′-carboxy-2,2′-bipyr-
idine were purchased from Carbosynth Limited. 1,2,3,4,5-Pentamethyl-
cyclopentadiene was purchased from Sigma-Aldrich. Deuterated 
solvents (acetone-d6, CDCl3, MeOD-d4) were purchased from Cambridge 
Isotopes Limited. All reagents and chemicals were used as received. 
Dihydroartemisinin [80], 2,3,4,5-tetramethylcyclopentadienyl-1,1′- 
biphenyl [81] and 2,3,4,5-tetramethylcyclopentadienylbenzene [82] 
were prepared according to literature procedures. Dichloro 

Fig. 1. Artemisinin (ART) and some of its analogues used in ACT treatment of malaria.  
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(pentamethylcyclopentadienyl)rhodium(III) dimer, dichloro-(pentam-
ethylcyclopentadienyl)iridium(III) dimer, dichloro(tetramethylphe-
nylcyclopentadienyl)iridium(III) dimer, dichloro 
(tetramethylphenylcyclopentadienyl)-rhodium(III) dimer, dichloro 
(tetramethyl-biphenylcyclopentadienyl)iridium(III) dimer and dichloro 
(tetramethylbiphenylcyclopentadienyl l)rhodium (III) dimer were syn-
thesised using a reported microwave method [83]. 

2.2. Instrumentation 

NMR data were acquired on either Bruker DRX-400, Bruker DRX-500 
or Varian-300 spectrometers at ambient temperature unless otherwise 
stated. 1H-NMR chemical shifts were internally referenced to residual 
protiated MeOD-d4 (3.49 ppm), acetone-d6 (2.05 ppm) or CDCl3 
(7.26 ppm). High resolution mass spectral data were obtained using 
methanolic solutions (50% MeOH in H2O) on a Bruker Esquire 2000 
instrument with electrospray as the ionization method. Where stated, 
microwave syntheses were carried out in a CEM Discover SP microwave 
reactor. Flash purification of compounds was carried out using a Biotage 
Isolera One instrument, fitted with a UV–vis detector and running the 
Spektra package. Purity measurements by HPLC were obtained using the 
Agilent 1200 system with a VDW and 100 μL loop. The column used was 
an Agilent Zorbax Eclipse Plus C18, 250 × 4.6 mm with a 5 μm pore size. 
The mobile phase was H2O 0.1% TFA/MeOH 0.1% TFA at gradients of 
t = 0 min 10% B, t = 30 min 80% B, t = 40 min 80% B, t = 41 min 10% B, 
and t = 55 min 10% B over a 55 min period. The flow rate was 
1 mL min− 1, and the detection wavelength was set at 254 nm with the 
reference wavelength at either 360 or 510 nm. Sample injections were 
half the loop volume (50 μL) with needle washes of MeOH and H2O 
between injections. It was assumed that all species in a sample have the 

same extinction coefficient at 254 nm. All peaks were manually inte-
grated to gain the percentage areas. Samples were dissolved in 10% 
CH3OH/90% H2O at ca. 100 μM. 

2.3. Synthesis of compounds 

2.3.1. 4-Methyl-4′-carboxy-2,2′-bipyridine dihydroartemisinin ester (L1) 
4-Methyl-4′-carboxy-2,2′-bipyridine (0.428 g, 2.0 mmol) was sus-

pended in anhydrous diethyl ether (30 mL) and cooled to 0 ◦C. Oxalyl 
chloride (2 M in DCM, 1.1 mL, 2.20 mmol) was slowly added over 5 min 
followed by a catalytic amount of anhydrous DMF (50.0 μL). The reac-
tion suspension was stirred under nitrogen gas and allowed to warm to 
room temperature over 16 h. The solvent was then evaporated under 
reduced pressure with protection from moisture. The crude acid chloride 
was dissolved in anhydrous DCM (40.0 mL), cooled to 0 ◦C and dihy-
droartemisinin (0.596 g, 2.1 mmol) and triethylamine (607 μL, 
6.00 mmol) were added. The reaction was allowed to warm slowly to 
room temperature with stirring over 6 h. Saturated sodium bicarbonate 
solution (20.0 mL) was then added, and the mixture was stirred vigor-
ously for 10 min. It was then transferred to a separation funnel and the 
organic phase collected. The organic phase was washed with sodium 
bicarbonate, water and brine, dried over sodium sulfate and filtered. 
Evaporation of the solvent yielded a crude brown residue that was 
subjected to flash purification to yield the product (L1) as a white solid 
(0.424 g, 44%). Flash chromatography was carried out using ethyl ac-
etate and hexane as elution solvents on a Biotage® SNAP KP-Sil 50 g 
column. Briefly, the following conditions were used: equilibrate column 
(3 column volumes (CVs)) with 0% of ethyl acetate and then elution of 
product with a gradient of 0% ethyl acetate to 100% ethyl acetate over 
20 CVs. 1H NMR (400 MHz, chloroform-d1): δ (ppm) = 8.90 (s, 1H, bipy- 

Scheme 1. Synthesis of L1 and complexes 1–6. (i) NaBH4/MeOH; (ii) oxalyl chloride, Et2O/cat. 3–4 drops DMF/0o-RT/18 h; (iii) DCM/Et3N/5 h; (iv) [XMCl2]2/ 
NH4PF6/DCM-MeOH/RT/18 h. 
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H), 8.75 (d, J(H-H): 4.5 Hz, 1H, bipy-H), 8.51 (d, J(H-H): 4.5 Hz, 1H, 
bipy-H), 8.15 (s, 1H, bipy-H), 7.86 (d, J(H-H): 5.0 Hz, 1H, bipy-H), 7.09 
(d, J(H-H): 5.0 Hz, 1H, bipy-H), 5.97 (d, J(H-H): 10.0 Hz, 1H, ART-H), 
5.45 (s, 1H, ART-H), 2.71–2.77 (m, 1H, ART-H), 2.38 (s, 3H, bipy- 
CH3), 2.30–2.33 (m, 1H, ART-H), 1.63–1.85 (m, 7H, ART-H), 1.37 (s, 
3H, ART-CH3), 1.20–1.26 (m, 3H, ART-CH3), 0.90 (t, J(H-H): 8.0 Hz, 6H, 
ART-CH3). 13C{1H} NMR (101 MHz, acetone-d6): δ (ppm) = 170.9 
(C=Oester), 164.6 (ART) 158.4, 155.7 (bipy), 151.2, 150.2 (bipy), 138.9 
(ART), 1126.20, 123.6, 122.4, 120.7 (bipy), 104.8 (ART), 96.4, 94.4, 
92.3, 91.6, 88.2, 80.9, 66.1, 60.6, 52.6, 46.2, 37.7, 37.2, 35.0 32.9, 26.0 
(ART), 26.0, 21.2, 20.6, 12.52 (ART-CH3, bipy-CH3). HR-ESI-MS for 
C27H32N2O6, calculated for ([M +Na]+): 503.2153, found: m/z 
503.2150 (100%). HPLC purity: 95%; tr’ = 12.81 min. 

2.3.2. General synthetic method for Rh(III) and Ir(III) bipyridyl- 
artemisinyl complexes (1–6) 

The ligand, 4-methyl-4′-carboxy-2,2′-bipyridine dihydroartemisinin 
ester (L1, 2 mol equiv) was dissolved in methanol (15 mL) and a solution 
of the appropriate rhodium or iridium dimer (1 mol equiv.) in DCM 
(10 mL) was added and the reaction solution was stirred for 16 h at room 
temperature. Ammonium hexafluorophosphate (2 mol equiv.) was then 
added and reaction stirred for a further 1 h. The solvent was then 
evaporated, and the orange yellow residue was re-dissolved in acetone 
(10 mL) filtered through celite to remove insoluble inorganic salts. The 
volume of the filtrate was reduced to ca. 3 mL. The product was then 
precipitated from solution by addition of diethyl ether and isolated by 
vacuum filtration, washed with diethyl ether and dried. 

2.3.2.1. [(η5-Pentamethylcyclopentadienyl)IrCl(N,N′-methylbipyr-
idylartemisinyl ester)]PF6 (1). Methyl-4′-carboxy-2,2′-bipyridine dihy-
droartemisinin ester (L1) (0.050 g, 0.104 mmol) was reacted with 
dichloro(pentamethylcyclopentadienyl)iridium(III) dimer (0.041 g, 
0.052 mmol) and ammonium hexafluorophosphate (0.017 g, 
0.104 mmol). The product (1) was isolated as a bright yellow micro-
crystalline solid (0.088 g, 86%). 1H NMR (400 MHz, acetone-d6): δ 
(ppm) = 9.33 (d, J(H-H): 6.0 Hz, 1H, bipy-H), 9.10 (d, J(H-H): 17.1 Hz, 
1H, bipy-H), 8.99 (d, J(H-H): 6.0 Hz, 1H, bipy-H), 8.86 (s, 1H, bipy-H), 
8.38 (t, J(H-H): 5.5 Hz, 1H, bipy-H), 7.80 (d, J(H-H): 5.5 Hz, 1H, bipy- 
H), 6.05 (m, 1H, ART-H), 5.69 (s, 1H, ART-H), 2.75–2.65 (m, 3H, 
ART-CH3), 2.05 (s, 3H, bipy-CH3), 1.60–1.95 (m, 22H, ART-H, Cp*- 
CH3), 1.45–1.55 (m, 2H, ART-H), 1.11 (s, 3H, ART-CH3), 0.99 (m, 6H, 
ART-CH3). 13C{1H} NMR (101 MHz, acetone-d6): δ (ppm) = 182.2, 
179.3, 154.2, 152.2, 145.2, 141.2, 131.0, 130.9, 128.8, 123.7, 118.2, 
117.22, 116.7, 104.9, 95.4, 93.8, 92.4, 90.8, 77.6, 52.6, 46.1, 37.7, 37.0, 
26.0, 25.4, 22.4, 21.2, 20.5, 14.9, 8.6. HR-ESI-MS for C37H47ClF6Ir-
N2O6P, calculated for ([M – PF6

− ]+): 843.2740, found: m/z 843.2757 
(100%). HPLC purity: >99%; tr’ = 9.16 min. 

2.3.2.2. [(η5-Tetramethylphenylcyclopentadienyl)IrCl(N,N′-methylbipyr-
idylartemisinyl ester)]PF6 (2). Methyl-4′-carboxy-2,2′-bipyridine dihy-
droartemisinin ester (L1) (0.050 g, 0.104 mmol) was reacted with 
dichloro(tetramethylphenylcyclopentadienyl)iridium(III) dimer 
(0.048 g, 0.052 mmol) and ammonium hexafluorophosphate (0.017 g, 
0.104 mmol). The product (2) was isolated as a bright yellow micro-
crystalline solid (0.104 g, 95%). 1H NMR (500 MHz, acetone-d6) δ 
(ppm) = 9.16 (dd, J(H-H) = 4.3, 1.9 Hz, 1H, bipy-H), 9.11 (t, J = 5.6 Hz, 
1H, bipy-H) 9.00–8.89 (m, 1H, bipy-H), 8.84–8.79 (m, 1H, bipy-H), 
8.78–8.67 (m, 1H, bipy-H), 8.34 (m, 1H, bipy-H), 7.77–7.72 (m, 1H, 
Cpx-Ar-H), 7.71–7.62 (m, 2H, Cpx-Ar-H), 7.62–7.50 (m, 2H, Cpx-Ar-H), 
6.12–6.01 (m, 1H, ART-H), 5.68 (d, J = 9.6 Hz, 1H, ART-H), 2.75–2.62 
(m, 2H, ART-H), 2.34 (m, 1H, ART-H), 2.05 (s, 3H, ART-bipy-CH3), 
2.00–1.88 (m, 8H, ART-H), 1.90–1.40 (m, 16H, ART-H, Cpx-CH3), 1.30 
(s, 3H, Cpx-CH3), 0.98 (s, 3H, Cpx-CH3). 13C{1H} NMR (126 MHz, 

acetone-d6) δ (ppm) = 152.29, 151.38, 150.77, 130.41, 130.11, 129.62, 
129.46, 129.21, 125.99, 125.35, 123.92, 123.37, 119.01, 89.84, 44.61, 
36.54, 35.80, 31.48, 29.20, 28.90, 24.94, 19.73. HR-ESI-MS for 
C42H49ClF6IrN2O6P, calculated for ([M – PF6

− ]+): 905.2897, found: m/z 
905.2911 (100%). HPLC purity: >99%; tr’ = 14.47 min. 

2.3.2.3. [η5-(Tetramethylbiphenylcyclopentadienyl)IrCl(N,N′-methylbipyr-
idylarte-misinyl ester)]PF6 (3). Methyl-4′-carboxy-2,2′-bipyridine dihy-
droartemisinin ester (L1) (0.050 g, 0.104 mmol) was reacted 
with dichloro(tetramethylbiphenylcyclopentadienyl)iridium(III) dimer 
(0.056 g, 0.052 mmol) and ammonium hexafluorophosphate (0.017 g, 
0.104 mmol). The product (3) was isolated as a bright orange micro-
crystalline solid (0.109 g, 93%). 1H NMR (500 MHz, acetone-d6) δ 
(ppm) = 9.19–9.10 (m, 1H, bipy-H), 9.01–8.92 (m, 1H, bipy-H), 
8.90–8.80 (m, 2H, bipy-H), 8.83–8.71 (m, 1H, bipy-H), 8.35 (m, 1H, 
bipy-H), 7.92–7.72 (m, 7H, Cpx-Ar-H), 7.58–7.41 (m, 2H, Cpx-Ar-H), 
6.04 (d, J = 9.8 Hz, 1H, ART-H), 5.62 (s, 1H, ART-H), 2.75–2.61 (m, 4H, 
ART-CH3), 2.39–2.27 (m, 1H, ART-H), 2.16–2.02 (m, 2H, ART-H), 
2.00–1.23 (m, 22H, ART-H, Cpx-CH3), 1.15–0.96 (m, 6H, ART-H, Cpx- 
CH3). 13C{1H} NMR (126 MHz, acetone-d6) δ (ppm) = 196.55, 194.47, 
152.09, 151.28, 131.05, 130.18, 129.64, 129.19, 127.77, 126.88, 
125.84, 125.39, 123.43, 89.99, 

49.97, 35.01, 31.29, 28.90, 16.50. HR-ESI-MS for C48H53ClF6Ir-
N2O6P, calculated for ([M – PF6

− ]+): 981.3211, found: m/z 981.3227 
(100%). HPLC purity: >99%; tr’ = 19.92 (aqua), 21.70 (chloride) min. 

2.3.2.4. [(η5-Pentamethylcyclopentadienyl)RhCl(N,N′-methylbipyr-
idylartemisinyl ester)]PF6 (4). Methyl-4′-carboxy-2,2′-bipyridine dihy-
droartemisinin ester (L1) (0.050 g, 0.104 mmol) was reacted with 
dichloro(pentamethylcyclopentadienyl)rhodium(III) dimer (0.032 g, 
0.052 mmol) and ammonium hexafluorophosphate (0.017 g, 
0.104 mmol). The product (4) was isolated as an orange microcrystalline 
solid (0.083 g, 89%). 1H NMR (500 MHz, acetone-d6) δ 
(ppm) = 9.09–8.90 (m, 1H, bipy-H), 8.82–8.74 (m, 2H, bipy-H), 
8.46–8.43 (m, 1H, bipy-H), 8.31–8.30 (m, 1H, bipy-H), 7.69–7.68 (m, 
1H, bipy-H), 6.02 (d, J = 9.03 Hz, 1H, ART-H), 5.66 (s, 1H, ART-H), 
3.42–1.70 (d, J = 2.1 Hz, 25H, ART-H, Cp*-CH3), 1.67–1.45 (m, 3H, 
ART-H), 1.40–1.26 (m, 4H, ART-H), 1.17–0.88 (m, 7H, ART-H). 13C{1H} 
NMR (126 MHz, acetone-d6) δ (ppm) = 152.82, 151.74, 136.06, 129.72, 
129.45, 128.90, 125.55, 125.11, 123.15, 120.32, 91.59, 90.45, 86.46, 
51.74, 34.98, 31.27, 29.21, 28.56, 8.55. HR-ESI-MS for 
C37H47ClF6N2O6PRh, calculated for ([M – PF6

− ]+): 753.2172, found: m/z 
753.2186 (100%). HPLC purity: >99%; tr’ = 10.46 (aqua), 13.31 
(chloride) min. 

2.3.2.5. [(η5-Tetramethylphenylcyclopentadienyl)RhCl(N,N′-methylbipyr-
idylartemisinyl ester)]PF6 (5). Methyl-4′-carboxy-2,2′-bipyridine dihy-
droartemisinin ester (L1) (0.050 g, 0.104 mmol) was reacted with 
dichloro(tetramethylphenylcyclopentadienyl)rhodium(III) dimer 
(0.039 g, 0.052 mmol) and ammonium hexafluorophosphate (0.017 g, 
0.104 mmol). The product (5) was isolated as an orange microcrystalline 
solid (0.088 g, 88%). 1H NMR (500 MHz, acetone-d6) δ 9.09–8.98 (m, 
2H, bipy-H), 8.82 (m, 1H, bipy-H), 8.72–8.63 (m, 1H, bipy-H), 8.35 (m, 
1H, bipy-H), 7.83–7.55 (m, 6H, Cpx-Ar-H, bipy-H), 6.04 (dd, J = 9.8, 
3.9 Hz, 1H), 5.68 (d, J = 13.3 Hz, 1H), 2.74–2.61 (m, 4H), 2.39–2.27 (m, 
1H), 2.12–2.06 (m, 4H), 1.99–1.90 (m, 8H), 1.91–1.74 (m, 8H), 
1.78–0.94 (m, 11H, ART-H, Cpx-CH3). 13C{1H} NMR (126 MHz, 
acetone-d6) δ (ppm) = 152.42, 151.22, 130.90, 130.58, 129.77, 129.69, 
129.63, 129.44, 128.48, 125.99, 125.18, 123.49, 91.34, 44.89, 43.92, 
36.47, 35.63, 31.44, 24.81, 9.95. HR-ESI-MS for C42H49ClF6N2O6PRh, 
calculated for ([M – PF6

− ]+): 815.2329, found: m/z 815.2343 (100%). 
HPLC purity: 96%; tr’ = 12.80 (aqua), 16.99 (chloride) min. 
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2.3.2.6. [η5-(Tetramethylbiphenylcyclopentadienyl)RhCl(N,N′-methyl-
bipyridylartemisinyl ester)]PF6 (6). Methyl-4′-carboxy-2,2′-bipyridine 
dihydroartemisinin ester (L1) (0.050 g, 0.104 mmol) was reacted with 
dichloro(tetramethylbiphenylcyclopentadienyl)rhodium(III) dimer 
(0.046 g, 0.052 mmol) and ammonium hexafluorophosphate (0.017 g, 
0.104 mmol). The product (6) was isolated as a bright orange micro-
crystalline solid (0.100 g, 93%). 1H NMR (500 MHz, acetone-d6) δ 
9.09–8.98 (m, 2H, bipy-H), 8.83–8.70 (m, 2H, bipy-H), 8.37–8.33 (m, 
1H, bipy-H), 7.93–7.89 (m, 4H, Cpx-Ar-H, bipy-H), 7.83–7.72 (m, 3H, 
Cpx-Ar-H), 7.56–7.40 (m, 3H, Cpx-Ar-H), 6.01 (d, J = 9.6 Hz, 1H, ART- 
H), 5.64 (d, J = 24.3 Hz, 1H, ART-H), 2.70–2.54 (m, 4H, ART-H, ART- 
CH3), 2.31 (t, J = 13.7 Hz, 1H, ART-H), 2.09–1.35 (m, 25H, ART-H, Cpx- 
CH3), 0.97–0.90 (m, 6H, ART-H, Cpx-CH3). 13C{1H} NMR (126 MHz, 
acetone-d6) δ (ppm) = 161.83, 155.92, 153.35, 153.09, 152.95, 152.53, 
151.04, 141.86, 140.42, 139.58, 135.13, 131.12, 129.66, 129.46, 
129.12, 128.97, 128.10, 127.90, 127.66, 127.54, 127.38, 127.09, 
126.88, 126.83, 126.78, 125.44, 125.21, 122.84, 122.70, 105.53, 
104.02, 95.78, 95.68, 95.64, 91.50, 90.97, 89.47, 80.00, 51.58, 45.18, 
44.40, 37.02, 36.74, 36.67, 36.05, 34.22, 34.00, 31.88, 31.76, 29.69, 
29.62, 25.14, 24.50, 24.32, 21.51, 20.29, 19.62, 11.53, 9.62, 8.01. HR- 
ESI-MS for C48H53ClF6N2O6PRh, calculated for ([M – PF6

− ]+): 891.2642, 
found: m/z 891.2641 (100%). HPLC purity: 97%; tr’ = 19.35 min. 

2.4. Biological activity 

2.4.1. Evaluation of in vitro activity against P. falciparum asexual blood 
stages 

Compounds were solubilized in 100% DMSO to a final concentration 
of 5 mM. The stock solutions of compounds were then diluted further in 
DMSO to generate dose response dilutions (3 doses per log) in 384-well 
polypropylene compound storage plates. The dose response dilution 
plates were generated by dilution of 1 μL into 25 μL of sterile water and 
5 μL transferred into 384-well imaging plates. The confocal image 
analysis assay is published in detail elsewhere [84]. In brief, 
P. falciparum 3D7 and Dd2 strains were kept in continuous culture 
(Roswell Park Memorial Institute medium (RPMI) supplemented with, 
25 mM Hepes, 50 μg/mL hypoxanthine, 2.5 mg/mL Albumax II® plus 
5% human serum) with sorbitol synchronization performed over two 
successive intra erythrocytic lifecycles to provide ring-stage parasites for 
use within the assays. On the day of assay, ring-stage parasite culture 
was adjusted to 2% parasitemia and 0.3% hematocrit and 45 μL of which 
was added to the compound-containing imaging plates. The assay plates 
were incubated for 72 h at 5% O2, 5% CO2 and 90% N2. The plates were 
removed from incubation and allowed to equilibrate at room tempera-
ture prior to staining with 4′,6-diamidino-2-phenylindole (DAPI). The 
imaging assay plates were then imaged on an Opera confocal imaging 
system (Perkin Elmer). Using Accapella scripting software, the number 
of classified parasites was determined for each assay well. Percent in-
hibition of parasite proliferation was calculated and normalized to assay 
control data of 0.4% DMSO and 5 μM Puromycin. Percent inhibition of 
parasite numbers (normalized to 5 μM puromycin) was plotted against 
log concentration of the compounds using a 4-parameter log dose, non- 
linear regression analysis, with sigmoidal dose response (variable slope) 
curve fit using Prizm 4.0. No constraints were placed on the top, bottom 
or Hill slope of the curve fit in the graphing software. The resistance 
index (RI) was determined using the equation: 

RI =
IC50(Dd2)
IC50(3D7)

RI < 1 indicates compounds are more active in the drug resistant Pf 
strain (Dd2) 
RI ≈ 1 indicates that compounds show similar activities in both the 
drug sensitive and drug resistant Pf strains 
RI > 1 indicates that compounds are more active in the drug sensitive 
Pf strain (3D7) 

2.4.2. Evaluation of plasmodial gametocytocidal in vitro activity 
The assay is described elsewhere in detail [85,86]. In brief, the assay 

uses highly synchronous stage IV gametocytes induced from a transgenic 
NF54-pfs16-Luc-GFP parasite strain [87]. The gametocytes were harvested 
by magnetic isolation on day 9 and then added (45 μL of 10% gameto-
cytes at 0.1% haematocrit) to the test compounds in 384 well imaging 
plates as described for the asexual blood stage P. falciparum assay above. 
Following the addition of the parasite to the test compounds, the plates 
were incubated for 72 h under reduced oxygen tension (5% CO2, 5% O2, 
80% N2). After incubation, Mitotracker Red CMH2XRos was added to 
the plates, which were then incubated overnight in standard conditions. 
After overnight incubation, the plates were imaged on the Opera 
confocal imaging system. Images for green fluorescent protein (GFP) and 
Mitotracker Red were overlaid and the number of elongated viable ga-
metocytes per image determined using a script based on Acapella soft-
ware developed for use with the Opera imaging system. The average 
Mitotracker Red fluorescence intensity was determined for objects 
greater than a determined size. Objects which were more than three 
times longer than they are wide were identified using the GFP images 
and are representative of gametocytes. Objects which were elongated 
and had Mitotracker Red fluorescent intensity above the cut-off limit 
were then identified as viable gametocytes. Using DMSO and 5 μM pu-
romycin as controls, the relative percent inhibition was calculated for 
the compounds. IC50 values were then calculated as described for the 
P. falciparum asexual blood stage assay described above. 

2.4.3. Human embryonic kidney (HEK293) mammalian cell cytotoxicity 
[88] 

HEK293 cells were cultured in Dulbecco’s Modified Eagle Medium 
(DMEM) supplemented with 10% Fetal Bovine Serum (FBS). The cells 
were harvested and dispensed into 384 well sterile black, clear base 
microtiter plates at 2000 cells/well (45 μL). The plates were left to settle, 
and the cells attach overnight in a standard tissue culture incubator at 
5% CO2, 37 ◦C and 60% humidity. After overnight incubation, 5 μL of 
diluted compound (as described in the section, Evaluation of in vitro 
activity against P. falciparum asexual blood stages) was added to the cell 
containing plates and incubated for a further 72 h. After incubation, the 
supernatant from the wells was removed and 40 μl of 40 μM resazurin in 
DMEM media (FBS free) added to all wells. The plates were incubated 
for 6 h then measured for fluorescent intensity using the PerkinElmer 
Envision. The data were analysed as in the Plasmodium falciparum 
methods section. 

2.4.4. Trichomonal growth inhibition assays 
Cultures of T. vaginalis strain G3 were grown and maintained in 

11 mL of TYM (trypticase, yeast extract and maltose) Diamond medium 
at pH 6.2. Parasite inhibitory screens were carried out as previously 
described [51]. These assays were incubated at 37 ◦C for 24 h before 
being counted using a hemocytometer. Percentage inhibitory activities 
were calculated relative to the DMSO control. Stock solutions were 
diluted in media and tested over a range of increasing concentrations. 
All screening trials were performed a minimum of three times on three 
separate days to a standard error of ≤0.10. 

2.4.5. Disc diffusion antibiotic sensitivity assay on pathogenic and normal 
flora bacteria 

Pathogens such as Salmonella enterica pGFP and Listeria mono-
cytogenes 10403 (RM2194) or non-pathogens and commensals Escher-
ichia coli K-12 MG 1655, Lactobacillus reuteri (ATCC 23272), Lactobacillus 
acidophilus (ATCC 43560), and Lactobacillus rhamnosus (ATCC 53103) 
were grown in Luria Broth (LB), Brain Heart Infusion Broth (BHI), or 
Lactobacilli MRS at 37 ◦C overnight aerobically, but Lactobacilli strains 
were grown under anaerobic conditions. Saturated overnight cultures 
were streaked onto respective media agar plates with sterile wood cot-
ton sticks to form a continuous lawn of bacterial growth. 100 mM stock 
solutions in DMSO were diluted into media to a final concentration of 
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100 μM as well as a vehicle control. 6 mm blank BDL-sensi-discs were 
incubated with the 100 μM compounds or vehicle control at room 
temperature for 20 min. BDL-antibiotic laden discs containing levo-
floxacin (5 μg), gentamicin (10 μg), and gentamicin (120 μg) were used 
as controls for antibiotic sensitivity. Discs were subsequently placed 
onto the bacterial streaked agar plates and incubated overnight at 37 ◦C. 
Zones of inhibition representing antibiotic and/or compound sensitivity 
were measured in mm for each of the antibiotics, compounds, and 
vehicle controls. 

3. Results and discussion 

3.1. Synthesis and characterization 

Reduction of the carbonyl of the lactone in artemisinin (ART) using 
sodium borohydride yielded the intermediate, dihydroartemisinin 
(DHA) which was isolated as a near 1:1 mixture of α- and β- epimers 
(Scheme 1) [89]. These epimers were identified from the NMR coupling 
constants of the proton on C-7 (Supplementary Fig. S1). DHA was then 
reacted with 4′-methyl-[2,2′-bipyridine]-4-carbonyl chloride, produced 
in situ by reaction of 4′-methyl-[2,2′-bipyridine]-4-carboxylic acid with 
oxalyl chloride, with Et3N as base to give the ligand L1 in moderate 
yields (Scheme 1). Haynes et al have previously reported that reaction of 
DHA with acid chlorides in the presence of Et3N favoured formation of 
α-ester products [89]. Using their data as a guide, we identified by 1H 
NMR that the α-epimer of L1 was the major product isolated (Supple-
mentary Fig. S1). For L1, a coupling constant of 10.0 Hz was observed 
for the proton of C-7. In the α-conformation, this proton and the proton 
of C-8 are in a trans-diaxial position relative to each other leading to a 
larger coupling contant. The protons of the bipyridyl rings were 
observed between 8.90 and 7.09 ppm with the expected multiplicity for 
each proton. The methyl group of the 4′-methyl-2,2′-bipyridyl group 
resonates as a singlet at 2.38 ppm. Isolation of L1 was also confirmed 
with HR-ESI-MS where the base peak is the sodium adduct ([M +Na]+) 
of L1. 

The cationic complexes 1–6 were synthesised by dropwise addition 
of a DCM solution of the appropriate iridium or rhodium dimer to a 
methanolic solution of L1 at room temperature followed by addition of 
ammonium hexafluorophosphate. Chelation of L1 to the metal via the 
nitrogen atoms was confirmed by the downfield shift of the protons 
adjacent to the nitrogen for each pyridyl ring. The protons resonate at 
8.75 and 8.51 ppm in the free ligand, and are observed between 9.35 and 
9.00 ppm for the complexes. For the complexes containing the Cpx 

ligand, 2 and 5 (Cpxph) and 3 and 6 (Cpxbiph), the aromatic protons for 
this ligand resonate at lower frequencies compared to the bipyridyl 
group. The methyl protons for the Cp ring for all complexes overlap with 
the alkyl protons of the artemisinyl group. HPLC analysis confirmed the 
high purity (96–99%) of the products isolated (Supplementary 
Figs. S2–S8) and complexes 1–6 displayed a base peak for the [M-PF6]+

molecular ion in the HR-ESI-MS (Supplementary Figs. S9–S15). 

3.2. Antiparasitic activity 

The in vitro inhibitory activities of L1 and complexes 1–6 were 
determined on two Pf strains (asexual) and late stage gametocytes, plus a 
Trichomonas vaginalis (Tv) strain. 

To evaluate antiplasmodial activity, the complexes were screened 
against 3D7 (sensitive), Dd2 (multi drug resistant) strains plus NF54 late 
stage gametocytes (LSGNF54). Except for complex 5, the complexes and 
the free ligand exhibit activity in the nanomolar range and are signifi-
cantly more active in vitro than chloroquine against all parasite cultures 
(Table 1). The assays were carried out in duplicate for three independent 
biological replicates. L1 was more active than the complexes 1–6. 
Incorporation of the Ir(III) and Rh(III) Cpx fragments appears to lead to a 
decrease in activity. Nevertheless, compared to artemisinin, complexes 
1–4 and 6 are still potent Pf inhibitors and should be explored further 

against other Pf strains. The data from this in vitro assay show L1 is only 
≈ 3 times more active than the complex showing the best antiplasmodial 
activity (complex 1). Further in vitro as well as in vivo testing of these 
complexes could reveal that the complexes have similar or better ac-
tivity than L1. Thus, further studies are essential before it can be said 
that Rh(III) and Ir(III) complexes containing ART derivatives should not 
be developed further. Additionally, incorporation of the substituted 
cyclopentadienyl Ir(III) and Rh(III) moieties may modify the mode of 
action of drug candidates. For example, Ir(III) and Rh(III) complexes can 
act as intracellular transfer hydrogenation catalysts for the conversion of 
β-nicotinamide adenine dinucleotide (NAD+) to reduced β-nicotinamide 
adenine dinucleotide (NADH) [90], a trait that has been applied in the 
development of these compounds as anticancer agents. Recently, it was 
also reported that Cp*Ir(III) complexes are able to catalytically affect the 
NAD+/NADH ratio in a modified Plasmodium lactate dehydrogenase 
(pLDH) assay when dosed with the hydride source sodium formate 
[91,92] and a significant decrease in parasite viability was observed in 
the CQ-resistant K1 strain when one of these complexes was assayed 
with varying concentrations of sodium formate [91]. Therefore, while 
addition of the Cpx Ir(III) and Rh(III) moieties to L1 leads to a slight 
decrease in activity, this could be countered by the addition of an 
alternative mode of action that may not be readily blocked by the 
parasite. 

There are only a few previous reports of in vitro antimalarial activity 
of organo-Rh(III) and -Ir(III) half-sandwich complexes. Ekengard et al. 
found good to moderate activity for their Cp* complexes containing N^N 
and N^O-chelated chloroquine analogues towards chloroquine sensitive 
(CQS) NF54 and the chloroquine resistant (CQR) Dd2 strains of Plas-
modium falciparum [93]. They also reported that Rh(III) and Ir(III) Cp* 
complexes containing aminoquinoline hybrids with pharmacophores 
from tuberculosis drugs, had moderate anti-plasmodial and anti- 
mycobacterial activity, the complexes being over an order of magni-
tude more active than the free ligands [94]. Also, we reported that 
cyclopentadienyl Rh(III) and Ir(III) complexes containing an N,N′- 

Table 1 
Summary of IC50 data for ligand L1, complexes 1–6, and the control drugs, 
chloroquine (CQ), artesunate (ARS), dihydroartemisinin (DHA) and artemisinin 
(ART) in Pf strains 3D7 (sensitive), Dd2 (multidrug resistant) and late stage 
gametocyte (LSG) NF54 (sexual) and the human embryonic kidney cell line 
HEK293. N = 3 biological replicates in duplicate point.   

Pf 3D7 Pf Dd2 Resistance 
index 

Pf LSG HEK293 

Compound IC50 

(nM)a 
IC50 

(nM)a 
Dd2/3D7 IC50 (nM)a IC50

a 

L1 0.14 
(0.01) 

0.17 
(0.06) 

1.3 7.36 (4.30) IAb 

1 0.42 
(0.17) 

0.53 
(0.14) 

1.3 20.1 (10.9) IA 

2 0.55 
(0.14) 

0.83 
(0.28) 

1.5 8.38 (0.55) IA 

3 0.61 
(0.42) 

1.19 
(0.35) 

1.9 25.8 (15.2) IA 

4 1.16 
(0.41) 

1.99 
(0.37) 

1.7 47.3 (17.3) IA 

5 63.9 
(14.8) 

81.7 
(18.9) 

1.3 764.0 
(103.2) 

IA 

6 1.27 
(0.19) 

1.80 
(0.31) 

1.4 70.9 (36.4) IA 

CQ 11.8 
(1.2) 

60.0 
(9.3) 

5.1 > 20 × 103 IA 

ARS 0.90 
(0.05) 

1.07 
(0.02) 

1.2 6.99 (0.49) IA 

DHA 0.73 
(0.04) 

0.72 
(0.11) 

1.0 11.2 (6.4) IA 

ART 2.18 
(0.41) 

2.91 
(0.38) 

1.3 8.37 (2.31) IA  

a Standard deviation given in parentheses. 
b IA: inactive at 20 μM. 
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chelated pyridylimino-or quinolylimino ligands functionalized with the 
antimalarial drug sulfadoxine exhibit potent (0.10–2.0 μM) anti-
plasmodial activity in P. falciparum assays (3D7 chloroquine sensitive, 
Dd2 chloroquine resistant and NF54 sexual late stage gametocytes), but 
were only moderately active towards Trichomonas vaginalis [95]. 

Complexes 1–4 and 6 are 2–4 times more active than artemisinin 
against the 3D7 and Dd2 parasite strains. The iridium complexes (1–3) 
appear to be 2–4 times more active than the rhodium derivatives (4–6). 
The data for the iridium complexes on the asexual intra-erythrocytic 
parasites (3D7 and Dd2) revealed that the Cp*Ir complex 1 has similar 
or higher activity than the Cpxph (2) and Cpxbiph (3) Ir complexes (IC50: 
1 = 0.42 nM (3D7), 0.17 nM (Dd2); 2 = 0.55 nM (3D7), 0.83 nM (Dd2); 
3 = 0.61 nM (3D7), 1.99 nM (Dd2)). In the drug resistant Dd2 strain 
there is a clear decrease in activity as the cyclopentadienyl ring is 
extended from Cp* to Cpxph and Cpxbiph for the iridium complexes. It is 
possible that the increasing hydrophobic character of these compounds 
affects their activity, or that these compounds act via a different mode of 
action on the drug resistant Dd2 strain compared to the drug sensitive 
3D7 strain. 

However, when the complexes were tested on late stage gametocytes 
(LSG NF54), complex 2 (Cp*ph) showed the highest activity 
(IC50 = 8.38 nM), which is comparable to the IC50 value for L1 
(IC50 = 7.36 nM) and ART (IC50 = 8.37 nM). The iridium complexes 
showed better activities than DHA (IC50 = 0.73 nM (3D7), 0.72 nM 
(Dd2)). The rhodium complexes 4 and 6 had similar IC50 values for the 
3D7 and Dd2 strains while complex 5 showed a much lower activity 
towards these two strains. It is not clear why complex 5 has such low 
activity compared to the Rh(III) analogues 4 and 6 or its Ir(III) derivative 
complex 2 since they are structurally similar. 

Comparison of the activity of 1–6 between 3D7 and Dd2, demon-
strates no selectivity for the complexes between the CQ-sensitive 3D7 
and the CQ-resistant Dd2 strains based on the resistance index. None of 
the compounds were cytotoxic against the HEK293 cell line at concen-
trations up to 20 μM. 

Trichomoniasis is caused by Trichomonas vaginalis (T. vaginalis), a 
sexually transmitted protozoan parasite, that infects the urogenital tract 
of humans. Screening of the complexes against the T. vaginalis strain G3 
showed low-to-no activity towards this parasite (Table 2). Complexes 
3–6 were the only complexes with any significant percent inhibition, but 
their IC50 values were moderate (24–34 μM). These compounds also 
showed no detectable effects on a number of different human pathogenic 
and normal flora bacteria (data not shown). 

3.3. Anticancer acivity 

The antiproliferative activity of the complexes was determined on 
five human cancer cell lines, A2780 (ovarian carcinoma), A549 (alve-
olar adenocarcinoma), HCT116 (colorectal carcinoma), and MCF7 
(breast), and PC3 (prostate), Table 3 and Fig. 2. 

Similar to the antiplasmodial assays, the iridium complexes (1–3) 

were more active than the rhodium complexes (4–6). ART shows no 
appreciable activity across all four cell lines while DHA was active only 
against the A2780 (IC50 = 4.73 μM) and PC3 (IC50 = 14.1 μM) cell lines. 
The iridium complexes 1–3 were more potent (IC50 = 2.49 (1), 0.89 (2), 
1.06 (3) μM) than DHA against the A2780 cell line and all of the com-
plexes were better inhibitors of cell growth than DHA against the PC3 
cell line. 

We have shown previously that [(Cp*)Ir(bipyridine)Cl]+ is inactive 
towards A2780 ovarian cancer cells, but activity is switched on by 
replacement of a methyl substitutent on Cp* by a phenyl (Cpxph) or 
biphenyl (Cpxbip) group [96]. Similarly, the Rh(III) bipyridyl analogue 
[(Cp*)IRh(bipyridine)Cl]+ is relatively inactive agaist A2780 cells (IC50: 
64 μM), but the activity improves a little (IC50: 36 μM) with a biphenyl 
substituent on the tetramethylcyclopentadienyl ring [97]. The marked 

Table 2 
Percent inhibition and IC50 values for ligand L1 and complexes 1–6 against Tv 
strain G3.  

Compound % inhibition at 100 μMa IC50 (μM)b 

L1 18.06 (0.16) ntc 

1 5.78 (0.12) ntc 

2 51.70 (0.08) ntc 

3 95.07 (0.05) 25.91 (0.98) 
4 74.05 (0.12) 28.23 (0.99) 
5 77.89 (0.10) 33.82 (0.98) 
6 97.49 (0.04) 23.92 (0.99)  

a Standard deviation given in parentheses, 
b R-squared value given in parentheses, 
c not tested – IC50 not determined as they were considered not to have sig-

nificant activity based on their % inhibition data. 

Table 3 
IC50 values (μM) for complexes 1–6, dihydroartemisinin (DHA), artemisinin 
(ART) and cis-diamminedichloridoplatinum(II) (CDDP) in human cancer cell 
lines, A2780 (ovarian carcinoma), A549 (alveolar adenocarcinoma), HCT116 
(colorectal carcinoma), MCF7 (breast) and PC3 (prostate).   

Cell line 

Compound A2780a 

(μM)f 
A549b 

(μM)f 
HCT116c 

(μM)f 
MCF7d 

(μM)f 
PC3e 

(μM)f 

1 2.49 (0.2) 22.9 (0.7) 19.1 (0.6) 17.5 (0.3) 9.02 
(0.44) 

2 0.89 (0.09) 10.7 (0.3) 49.5 (0.81) 7.2 (0.8) 5.77 
(0.56) 

3 1.06 (0.02) 1.82 
(0.06) 

2.22 (0.18) 1.5 (0.2) 9.23 
(0.45) 

4 12.7 (0.2) 22.0 (1.0) 24.9 (0.7) 16.5 (0.2) 13.4 (2) 
5 6.10 (0.5) 11.56 

(0.03) 
15.8 (0.3) 11.9 (0.6) 8.91 

(0.09) 
6 5.38 (0.53) 5.76 

(0.37) 
8.62 (0.42) 6.5 (0.4) 3.57 

(0.58) 
ART >50g >50 >50 >50 >50 
DHA 4.73 (0.38) >50 >50 >50 14.1 

(0.5) 
CDDP 1.2 (0.2) 4.04 

(0.02) 
5.76 (0.37) 7.2 (0.5) 0.24 

(0.02)  

a Epithelial, primary tumour, untreated patient, 
b Epithelial, primary tumour, 
c Epithelial-like, primary tumour, 
d Epithelial-like, primary tumour, express both the wild type and variant 

oestrogen receptors as well as progesterone receptor, 
e Epithelial, primary tumour, 
f Results are based on duplicates of triplicates in two biological replicates, 

Standard deviation given in parenthesis, 
g not active up to 50 μM. 

Fig. 2. Graphical representation of the IC50 values for complexes 1–6 against 
the human cancer cell lines A2780 ovarian (blue), A549 lung (green), HCT116 
colon (red), MCF7 breast (purple) and PC3 prostate (orange). 
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increase in potency for the bipyridyl conjugates studied here is therefore 
apparent (Table 3). 

For all cell lines, the complexes with the extended Cpx group (2, 3, 5 
and 6) are more active than their Cp* counterparts (1 and 4). For the 
A549 lung cancer cell line, complex 3 displays the highest activity, with 
an IC50 that is 2.2× lower than cis-diamminedichloridoplatinum(II) 
(cisplatin, CDDP) while its rhodium analogue, complex 6, is slightly 
less active than CDDP; the same trend is observed for the HCT116 colon 
cancer cell line. For the iridium complexes, the Cp* complex 1 is much 
more active than the Cpxph complex 2 towards HCT116, while the 
opposite trend is observed for the other cell lines. It is notable that the 
IC50 values for complexes 3 and 6 are mostly in a similar range for all 
five cell lines (3: IC50 = 1.06 (A2780), 1.82 (A549), 2.22 (HCT116), 1.50 
(MCF7), 9.23 (PC3) μM and 6: IC50 = 5.38 (A2780), 5.76 (A549), 8.62 
(HCT116), 6.50 (MCF7), 3.57 (PC3) μM). These preliminary studies 
suggest that when compared to CDDP, complex 3 has either similar 
(A2780) or higher (A549, HCT116 and MCF7) activity. In future work it 
will be interesting to compare the activity, uptake and accumulation of 
these complexes in cancer cells and normal mammalian cells in com-
parison with the free ligand L1, and to investigate the roles of the 
organometallic fragments in their mechanism of action. Thus, these 
complexes show promising anticancer activity, and provide a basis for 
further development of this class of organometallic complexes in order 
to optimise activity and selectivity. 

4. Conclusions 

A new dipyridyl ester derivative of ART (L1) was synthesised which 
formed N,N′-coordination complexes with various Ir(III) and Rh(III) 
half-sandwich fragments to give six cationic complexes 1–6 which 
differed in the substituents on the cyclopentadienyl ligand (Cp*, Cpxph or 
Cpxbiph). In vitro inhibitory whole cell assays against different parasite 
strains and cancer cell lines showed that these compounds have high 
potential as both antiplasmodial and anticancer agents. For the Pf strains 
3D7 and Dd2, most of these new organometallic complexes displayed 
activities lower than 2 nM with potencies higher than ART and CQ, and 
similar to DHA, while they were only moderately active on late stage 
gametocytes, showing that they may target the asexual stage of the 
malaria life cycle. The Ir(III) complexes were consistently more active 
than the Rh(III) analogues towards the Pf strains and cancer cell lines, 
and appear to have no appreciable toxicity towards the healthy cells 
HEK293. Complex 3 emerged as the most potent compound in this series 
of new artemisinin-containing organometallic complexes, with anti-
cancer activity comparable to the clinical drug cisplatin. 
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