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Abstract

:

Platinum-based anticancer drugs are most likely the most successful group of bioinorganic compounds. Their apparent disadvantages have led to the development of anticancer compounds of other noble metals, resulting in several ruthenium-based drugs which have entered clinical trials on oncological patients. Besides ruthenium, numerous rhodium complexes have been recently reported as highly potent antiproliferative agents against various human cancer cells, making them potential alternatives to Pt- and Ru-based metallodrugs. In this review, half-sandwich Rh(III) complexes are overviewed. Many representatives show higher in vitro potency than and different mechanisms of action (MoA) from the conventional anticancer metallodrugs (cisplatin in most cases) or clinically studied Ru drug candidates. Furthermore, some of the reviewed Rh(III) arenyl complexes are also anticancer in vivo. Pioneer anticancer organorhodium compounds as well as the recent advances in the field are discussed properly, and adequate attention is paid to their anticancer activity, solution behaviour and various processes connected with their MoA. In summary, this work summarizes the types of compounds and the most important biological results obtained in the field of anticancer half-sandwich Rh complexes.
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1. Introduction


Platinum-based drugs (e.g., cisplatin; Figure 1) have been used for the treatment of various types of cancer for more than 40 years [1]. Although this class of anticancer metallodrugs is exceptionally successful, their application is connected with serious side effects and resistance of various tumours [2,3], which incessantly motivates bioinorganic chemists to develop novel biologically active complexes derived not only from platinum [4,5,6], but also from different d-block elements [7,8]. Among them, platinum-group metals other than Pt are generally accepted as suitable ones for novel anticancer metallodrugs, because a number of Ru, Rh, Pd, Os and Ir complexes have been reported as being highly effective against various types of cancer cells, and importantly, having higher cancer cell selectivity and acting through different mechanisms of action (MoA) than the mentioned Pt(II) drugs [9,10,11,12,13].



Regarding the mentioned complexes of the platinum-group metals, Ru complexes NAMI-A [14], IT-139 (originally labelled as KP-1339; Figure 1) [15] and TLD1433 [16] have already entered clinical trials on human oncology patients. These pharmacological successes make Ru one of the hottest d-block metals for bioinorganic and bioorganometallic chemists. One of the main advantages of Ru over Pt is its richer chemistry, offering more structural types to be developed as new drugs for various diseases. Along with the above-mentioned octahedral Ru(III) tetrachlorido complexes (NAMI-A, IT-139) and polypyridyl and cyclometalated complexes (TLD1433 and other complexes [17,18]), pseudo-octahedral half-sandwich Ru(II) complexes have also attracted significant attention as prospective bioactive compounds [7,8,9,13,18].



In general, half-sandwich complexes have a three-legged piano-stool arrangement with the three legs occupied by either three monodentate ligands or one bidentate and one monodentate ligand (with other rare possibilities). It is worth noting that anticancer half-sandwich Ru(II) complexes have been followed by structurally similar (half-sandwich, d6) Os(II) [9,12,13], Rh(III) and Ir(III) [10,13] ones, also showing high anticancer activity and MoA distinct from Pt drugs.



Rhodium is a noble platinum-group metal which is very rare in nature, but the utilisation of Rh (e.g., in catalytic convertors and thermocouples) and its compounds is widespread—e.g., see [19,20]. In the field of medicinal chemistry, Rh is used for Rh-catalysed activation towards various bioactive organic compounds [21,22], and as the central atom of various types of bioactive Rh complexes [10,13,23,24,25]. Besides half-sandwich Rh(III) complexes (reviewed in this work), highly anticancer polypyridyl [26,27] and bis-dimethyl sulfoxido [28] Rh(III) complexes, and Rh(I) N-heterocyclic carbene complexes [29], have to be mentioned in this context as well. Some half-sandwich Rh arenyl complexes have been involved in a couple of reviews (anticancer catalytic [24,25], multi-targeted [13] or multinuclear [23] complexes). Nevertheless, a comprehensive overview discussing their structural types, types of the used ligands, biological activities and MoA is missing in the literature, although such complexes have been intensively studied since the pioneering work of Peruzzini, Dyson and co-workers published in 2006 [30]. In this work, we provide the systematic and topical review of anticancer compounds of this type. The half-sandwich Rh(III) complexes are categorised according to their nuclearity and type of the ligand used (dentacity, donor atoms). The selected representatives (usually the most active ones) are discussed together with the most important results of their biological analyses.




2. Mononuclear Complexes


2.1. Complexes with Three Monodentate Ligands


This structural type is in most cases represented by dichlorido complexes of the general formula [Rh(η5-Cpx)(L)Cl2]n+ (Figure 2), meaning that these complexes can be considered as analogues of ruthenium-based RAPTA-type complexes; Cpx is cyclopentadienyl or its derivatives, L is a monodentate ligand and n = 0 or 1.



In 2006, the first anticancer Rh(III) arenyl complex [Rh(η5-Cp*)(pta)Cl2] (Figure 2, Table 1) was developed as a direct derivative of the (in those days) promising non-platinum, Ru-based drug candidate [Ru(η6-pcym)(pta)Cl2] (known as RAPTA-C); pta = 1,3,5-triaza-7-phosphaadamantane, HCp* = pentamethylcyclopentadiene, pcym = 1-methyl-4-(propan-2-yl)benzene (p-cymene) [30]. The Rh complex exceeded the potency of co-studied compounds RAPTA-C and its Os analogue [Os(η6-pcym)(pta)Cl2]. Thus, rhodium was introduced to the community as a suitable metal for newly developed half-sandwich anticancer metallodrugs, following the previously reported studies on structurally related ruthenium complexes. Complexes [Rh(η5-Cp*)(pta)2Cl]Cl and [Rh(η5-Cp*)(pta)(CO)] were found to be less effective than the dichlorido one.



The following study showed complex [Rh(η5-Cp*)(pta)Cl2] as ineffective at inhibiting cathepsin B in vitro, which corresponds with the use of its Ir analogue, but differs from effective cathepsin B inhibitors RAPTA-C, its Os congener and NAMI-A [57]. More recently, another structurally similar dichlorido Rh complex, [Rh(η5-Cp*)(tcep)Cl2], showed comparable potency with cisplatin in the MDA-MB-231 triple-negative breast cancer cell line, where, however, this Rh complex was ca one order of magnitude less effective than its Ir counterpart; tcep = tris(2-carboxyethyl)phosphine (Figure 2, Table 1) [31].



Following the pioneering organorhodium complex [Rh(η5-Cp*)(pta)Cl2], several dichlorido complexes of this structural type containing a monodentate N-donor ligand have been reported, but these complexes were less potent in vitro than the clinically used cisplatin [32,33,58,59]. Among these complexes, [Rh(η5-Cp*)(npp)Cl2] (Figure 2, Table 1) exhibited higher activity on the MIA-PaCa-2 (pancreatic carcinoma) cells than the Ru and Ir analogues; npp = 2-(1,8-naphthyridin-2-yl)phenol [32]. Additionally, of interest, complex [Rh(η5-Cp1)(py)Cl2] (Table 1) acted as a potent inhibitor of thioredoxin reductase (TrxR); HCp1 = 5-(2,3,4,5-tetramethylcyclopenta-2,4-dien-1-yl)pentan-1-ol, py = pyridine [33].



In contrast to complexes with N-donor ligands, dichlorido-Rh-arenyl complexes with monodentate C-donor carbene ligands have showed more pronounced anticancer activities. Still, complex [Rh(η5-Cp*)(nhc1)Cl2] (Figure 2) was markedly less cytotoxic than cisplatin in, e.g., the A2780 (ovarian) and MCF-7 (breast) carcinoma cells (Table 1), although its activity was higher than determined for its Ru analogue; nhc1 = 1-methyl-3-(2-phenylethyl)-2,3-dihydro-1H-imidazole [34]. Another complex of this type, [Rh(η5-Cp*)(nhc2)Cl2], showed moderate cytotoxicity (IC50 = 11–23 μM; Table 1) connected with extraordinary inhibition of TrxR; nhc2 = 1,3-dibenzyl-2,3-dihydro-1H-benzimidazole [35].



Other complexes [60,61,62], such as [Rh(η5-Cp*)(tsc)Cl2] (Figure 2) [60], contain a monodentate S-donor thiosemicarbazone; tsc = (2E)-2-[(3-methoxyphenyl)methylidene]-N-phenylhydrazine-1-carbothioamide. Complex [Rh(η5-Cp*)(tsc)Cl2] was more cytotoxic than cisplatin in some of the human cell lines used (HeLa cervical and SGC-7901 gastric carcinomas), and importantly, showed remarkable cytoselectivity, since it was significantly less active in the normal HEK-293 cells (human embryonic kidney) than cisplatin. Complexes with structurally similar thiourea-based ligands achieved lower activity than cisplatin, and in most cases also than their co-studied Ru and Ir analogues [61,62].




2.2. Complexes with Bidentate and Monodentate Ligands


2.2.1. Chlorido Complexes


This broad family of organorhodium complexes is herein categorised according to the donor set of the bidentate (chelating) ligand.



Complexes with N,N-ligands. In 2008, Sheldrick and co-workers studied a pioneering series of organorhodium complexes—in particular, polypyridyl (pp) complexes of the general formula [Rh(η5-Cp*)(pp)Cl]CF3SO3 and analogues with an S-donor ligand instead of Cl− (see Section 2.2.2), and observed that most of them were cytotoxic towards the human MCF-7 breast and HT-29 colon cancer cell lines (IC50 = 0.6–10.7 μM) [36]. The cytotoxicity was dependent on the size of the polypyridyl ligand, with IC50 values decreasing in the order dpq > dppz > dppn, where dpq = dipyrido-[3,2-f:2′,3′-h]quinoxaline, dppz = dipyrido[3,2-a:2′,3′-c]phenazine and dppn = benzo[i]dipyrido[3,2-a:2′,3′-c]phenazine (Figure 3, Table 1). The following series with methyl-substituted pp ligands revealed significant improvements in their antiproliferative activity [37]. For example, the IC50 value towards the HT-29 cells decreased from 4.3 μM (dppz complex) to 1.0 μM for the complex with a methylated dppz ligand. The same trend was observed for 1,10-phenantroline (phen) and its variously substituted derivatives, which were found to be markedly more cytotoxic than the Ir analogues [37,63]. In contrast, the Rh complex with a carboxylated dppz ligand was inactive. Additionally, all the tested phen- and dppz-based organorhodium complexes showed poor selectivity towards the cancer cells (MCF-7, HT-29) over the normal ones (HEK-293) (Table 1).



Complexes [Rh(η5-Cp*)(L^L)Cl]PF6, where L^L = 2-(1H-pyrazol-3-yl)benzothiazole (pbt) or 3-(2-pyridyl)-5-(4-pyridyl)-1,2,4-triazole (ppt) (Figure 3), showed promising results obtained both in vitro and in vivo for the murine thymus gland lymphoma cells or Dalton’s lymphoma ascites cells [64]. In particular, these complexes prolonged the survival times of the treated animals (T/C = 152% for the pbt complex at 15 mg/kg dose and 158% for the ppt complex at 30 mg/kg dose). No reference drug was used in this experiment, but only slightly higher activity was observed for the best-performing Ru complex [Ru(η6-bz)(ppt)Cl]PF6 (T/C = 211% at 30 mg/kg dose).



A series of organorhodium complexes containing ethane-1,2-diamine (en), 2,2′-bipyridine (bpy), phen or N-(2-aminoethyl)-4-(trifluoromethyl)benzenesulfonamide (tfen; Figure 3) showed high cytotoxicity towards the A2780 cells, which was even improved when administered with formate [38]. These Rh complexes were less cytotoxic, and their cytotoxicity did not increase with the Cp ring extension, as reported for their previously studied Ir analogues [65]. The studied Rh complexes also effectively catalysed the reduction of NAD+ to NADH.



A phen-based ligand (Figure 3) was also used for the preparation of the innovative Rh and Ru complexes bearing the histone deacetylase (HDAC) inhibitor suberoylanilide hydroxamic acid (SAHA), which represented the first half-sandwich complex having the inhibitory activity towards HDAC enzymes [39]. Cytotoxicity of both complexes towards the H460 non-small-cell lung carcinoma cells was, however, lower than for the free phen-SAHA ligand and SAHA itself (Table 1).



Complex [Rh(η5-Cp*)(pyac)Cl]BPh4 (IC50 = 2.5 μM) exceeded the potency of the Ru, Os and Ir analogues (IC50 = 3.5–9.2 μM) and cisplatin (IC50 = 6.6 μM); pyac = acridine-containing 2-pyridylimine ligand (Figure 3) [66]. On the other hand, the selectivity of the Rh complex (SI = 1.2) was lower than determined for the co-studied complexes (SI = 3.2–5.5) and cisplatin (SI = 6.4); FG0 normal skin fibroblast was used, SI = selectivity index.



Similarly, organorhodium complexes containing various benzhydrazone derivatives revealed superior potency over their Ru and Ir analogues (studied in the HCT116+/+ and HCT116−/− cells) [40]. Additionally, complex [Rh(η5-Cp*)(bzhyOH)Cl]PF6 containing the hydroxyl-substituted ligand (bzhyOH; Figure 3, Table 1) showed greater selectivity towards the HCT116 cancer cells (SI = 51 for both the used HCT116 variants) over the non-cancerous ones (ARPE-19 retinal epithelium cell line) than the counterparts (SI = 0.8–35) and cisplatin (SI = 1.0 and 0.4 for the HCT116+/+ and HCT116−/− cells, respectively).



Electroneutral complex [Rh(η5-Cp*)Cl(pyin)] can be also highlighted as more cytotoxic than Ru, Os and Ir complexes containing the same chelating N,N-donor ligand (Hpyin = 2-(2-pyridinyl)-1H-indole; Figure 3, Table 1) [41].



Besides the described highly cytotoxic Rh arenyl complexes, numerous compounds of this structural type have been reported as inactive or markedly less effective than the used reference drugs against the used human cancer cells [32,33,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83].



Complexes with N,O-ligands. Complex [Rh(η5-Cp*)Cl(hq)] containing quinolin-8-olate (hq; Figure 4) was studied as a promising cytostatic agent against human melanoma cells in vitro, where it exceeded its Ir congener [84]. Moderate selectivity can be pointed out for this complex as well. This complex, as well as analogues with hq derivatives, was more recently studied in detail for its solution behaviour and cytotoxicity against the MES-SA human uterine sarcoma and its multidrug-resistant variant, where complex [Rh(η5-Cp*)Cl(pphq)] even exceeded the potency of cisplatin; Hpphq = 7-(1-piperidinylmethyl)-8-hydroxyquinoline (Figure 4) [85].



Complex [Rh(η5-Cp*)Cl(salac)] (IC50 = 2.0 μM; Figure 4) was more cytotoxic in the HL60 cells than its ionic analogue [Rh(η5-Cp*)(pyac)Cl]BPh4 (see above) and than the co-studied Ru, Os and Ir complexes (IC50 = 2.3–10.2 μM) and cisplatin (IC50 = 6.6 μM) [66]. Nevertheless, the selectivity of this complex (SI = 3.3) did not reach even the level of cisplatin (SI = 6.4).



Other complexes did not reach the potency of the used reference drugs [53,86,87,88,89].



Complexes with O,O-ligands. Cytotoxicity of the first complex of this type, [Rh(η5-Cp*)Cl(lap)], was lower than for the free ligand lapachol (Hlap; Figure 4, Table 1), Ru and Os analogues and cisplatin [42]. This Rh complex hydrolysed in an aqueous solution and induced the formation of ROS, cell cycle arrest and apoptosis.



A pair of half-sandwich cyclopentadienyl rhodium(III) complexes with anticancer active curcumin (Hcur; Figure 4) and its bis-demethoxy derivative showed comparable activity in the cancer and normal cells (Table 1), suggesting their low selectivity [43]. Despite that, the following works reported this complex as a suitable drug-delivery system for curcumin, which is released from the complex under physiological conditions [90,91]. Another series of Rh complexes with curcumin or its derivatives showed complex [Rh(η5-Cp*)Cl(cur1)] as the best-performing one, with higher cytotoxicity than determined for its cur-based analogues, co-studied Ir complexes and cisplatin for the HepG2 (hepatocellular carcinoma) and HeLa cells, and with promising selectivity towards the cancer cell lines over the normal HEK-293 ones; Hcur1 = (1E,6E)-1,7-bis(3,4-dimethoxyphenyl)-1,6-heptadiene-3,5-dione (Figure 4) [92]. This complex interacted with DNA in a similar manner to cisplatin.



Rh, Ru and Os complexes were studied for the impact of the metal centre on the biological activity of 3-hydroxyflavonol (Hfla; Figure 4, Table 1) and its derivatives used as their O,O-ligands [44]. The complexes featured high antiproliferative activity in the high nM to the low μM range and the Rh complexes were highlighted as promising candidates for future studies, thanks to their higher stability as compared with the Ru and Os counterparts.



For the series of complexes containing various N-substituted 1,3-dioxoindan-2-carboxamides, only slight improvement of cytotoxicity of free ligands was obtained by their metalation [93]. Some other complexes reported in the literature to date have been less cytotoxic than the used reference drugs, or their activity was too low to be considered for future biological studies [87,94,95,96,97].



Complexes with N,S-ligands. In most cases, this structural type is represented by complexes containing thiourea derivatives or thiosemicarbazones. Three different pyrenyl-derived thiosemicarbazones (pytsc) were used for the preparation of half-sandwich Rh, Ru and Ir complexes of the type [M(η-ar)(pytsc)Cl]Cl [45]. Among them, the Rh complexes were the most cytotoxic (IC50 = 5.1–18.2 μM in the A549, DU-145, HeLa and MCF-7 cells) and revealed pharmacologically promising selectivity (SI > 10 for [Rh(η5-Cp*)(pytsc1)Cl]Cl), which was markedly higher even as compared to doxorubicin (SI < 1); pytsc1 = pyrenecarboxaldehyde-3-thiosemicarbazone (Figure 5, Table 1). The Rh complexes induced apoptosis and modified the cell cycle of the A549 cells. They also interacted with DNA (preferably with its surface).



Similar Rh (and Ir) complexes containing anthracene-derived thiosemicarbazones (e.g., anttsc in Figure 5) were studied for their photo- and chemocytotoxic effects against human cancer cells [98]. The complexes showed a synergistic effect of the metal-based species (chemotherapeutic effect) and the anthracene substituent (photodynamic therapy). The observed cytotoxicity was higher when the cells were irradiated by visible light (λirr > 400 nm, 30 min), with the determined PI values of 1.7–4.1 for the Rh complexes (2.5–7.4 for Ir ones); PI = phototoxicity index.



In total, six different N-phenyl/benzoyl-N′-pyridyl/2-picoline/pyrimidyl thiourea ligands (e.g., pbtu in Figure 5) were included in a series of Rh, Ru and Ir complexes, which, generally said, did not show higher cytotoxicity than the used reference-drug cisplatin (Table 1) [46,61]. Similarly, Rh complexes with two different heterocyclic thione ligands (e.g., benzimidazole-2-thione-based ligand, bzit) were inactive in the used cancer cell lines (Table 1) [47]. Despite that, these complexes have to be highlighted, because the ligands used unusually form 7-membered chelating rings with the metal centres used.



Complexes with O,S- and O,Se-ligands. Rh and Ru complexes involving 2-aryl-4-thiopyrones (e.g., Hatpy in Figure 5 and Table 1) were more stable under aqueous conditions as compared with similar complexes derived from O,O-donor flavonol-based ligands [48]. Organorhodium complexes were more cytotoxic (IC50 = 0.5–3.8 μM) than their Ru(II) counterparts (IC50 = 3.4–16.0 μM).



Similarly, thiomaltol (Hthma; Figure 5) compounds were more stable in solution than complexes containing pyrone derivatives [49]. Cytotoxicity of the thiomaltol-derived arene/arenyl compounds followed the order of Ir > Rh > Os > Ru. Regarding complex [Rh(η5-Cp*)Cl(thma)], it exceeded NKP-1339 (i.e., IT-139) in all the A549, CH1/PA-1 and SW480 cell lines, and cisplatin in the SW480 cells (Table 1). Complexes effectively inhibited topoisomerase (topo) IIα and circumvented the cell cycle. Complex [Rh(η5-Cp*)Cl(thma)] was further studied as a building-block for a degradable poly(organo)phosphazene macromolecule in order to improve its pharmacodynamics and cytotoxicity [99]. The studied polynuclear adduct was highly stable in a neutral aqueous environment; however, the released complex was observed only in acidic solution, which implied the selective release in lysosomes. Complex [Rh(η5-Cp*)Cl(thma)] exceeded the in vitro efficacy of its multinuclear congener, and both these agents were more cytotoxic than the Ru analogues. In addition, the anticancer activity and organ distribution of the poly(organo)phosphazene Rh conjugate were studied in vivo in mice bearing the CT-26 colon carcinoma. The highest metal contents were found in the liver and kidneys, while only low concentrations were observed in other tissues.



Structurally close thiopyridone-based complexes showed excellent water solubility and remarkable antiproliferative activity, which was in some cases even higher than for the above discussed thiomaltol complex [50]. This was connected with the observed formation of dicationic dimeric species under physiological conditions. The lowest IC50 values were achieved for [Rh(η5-Cp*)Cl(thpy)] (IC50 = 0.3–0.7 μM; Table 1), which correlated with its extensive intracellular accumulation in the cancer cells; Hthpy = 1-benzyl-3-hydroxy-2-methylpyridin-4(1H)-one (Figure 5).



Bidentate selenopyridones were used for the preparation of organorhodium compounds and the performed exchange of O,S-donor thiopyridones for these O,Se-ligands (e.g., Hsepy in Figure 5) resulted in cytotoxicity decrease, as reported for complex [Rh(η5-Cp*)Cl(sepy1)] (Table 1); Hsepy1 = 1-methyl-3-hydroxy-2-methylpyridin-4(1H)-selenone [51].



Complexes with C,N-ligands. The steroidal conjugate [Rh(η5-Cp*)Cl(ppy1)] bearing the ppy-based lipophilic levonorgestrel moiety 17-α-[2-phenylpyridyl-4-ethynyl]-19-nortestosterone (Hppy1; Figure 6, Table 1) was more active than cisplatin in the T47D breast and A2780R cisplatin-resistant ovarian cancer cell lines, while its potency was lower than for cisplatin in the cisplatin-sensitive A2780 cells; Hppy = 2-phenylpyridine [52]. Further, this innovative organorhodium complex was comparably cytotoxic with its Ir complex and slightly more effective than the complex prepared for comparative purposes with unsubstituted ppy. Both the Rh and Ir complexes interacted with DNA and inhibited the cathepsin B enzyme.



An Rh complex with the C,N-coordinated 1-benzyl-4-phenyl-1H-1,2,3-triazole (Hbpt; Figure 6, Table 1) showed comparable cytotoxicity to that of auranofin in the A549 lung cancer cell line, but its selectivity towards the HEK-293 cells was low [53].



Rh, Ru and Ir complexes with 2-phenylbenzimidazol-based ligands (Hpbim; Figure 6) were more active towards the T47D, HT-29 and A2780R cell lines than cisplatin (Table 1) [54]. Although their activity was mutually comparable in the T47D cells, Rh complex was markedly less accumulated in these cells than both the Ru and Ir analogues. Those complexes induced apoptosis of the HT-29 cells and modified their cell cycle (S-phase arrest).



Rh complexes with the Schiff base N-[(E)-phenylmethylidene]aniline-based ligands (e.g., Hpma in Figure 6) exhibited significant and higher than cisplatin cytotoxicity against the A549 cell line (Table 1), which correlated with the ROS populations induced in the treated cells [55]. Complexes also interacted with DNA and induced apoptosis.



Complexes [Rh(η5-Cpx)(bqui)Cl], where Cpx = Cp*, Cpph or Cpbph, and Hbqui = benzo[h]quinoline (Figure 6), showed lower antiproliferative activity than their ionic pyridine counterparts (see below) and than cisplatin (Table 1); HCpph = (2,3,4,5-tetramethylcyclopenta-2,4-dien-1-yl)benzene and HCpbph = 4-(2,3,4,5-tetramethylcyclopenta-2,4-dien-1-yl)biphenyl [56].




2.2.2. Other Types of Monodentate Ligands


This structural type is in most cases represented by [Rh(η5-Cpx)(L^L)X]n+ complexes, where X is a monodentate ligand coordinated through the P, N, O or S donor atom (n = 0 or 1 depending on the charge of L^L and X).



The polypyridyl complexes [Rh(η5-Cp*)(pp)X](CF3SO3)n contain the S-donor ligand (X) tetramethyl thiourea (n = 2), benzenethiolate (bzth; n = 1) or naphthalene-2-thiolate (npth; n = 1) instead of the above discussed chlorido ligand of the co-studied chlorido complexes (see above) [36]. Complexes [Rh(η5-Cp*)(dppz)(bzth)]CF3SO3 (Figure 7) and [Rh(η5-Cp*)(dppz)(npth)]CF3SO3 were more cytotoxic for the MCF-7 and HT-29 cancer cells (Table 2) than their chlorido analogues (Table 1).



The structurally untypical electroneutral complex [Rh(η5-Cp*)(pyth-N,S)(pyth-S)], which contains two differently coordinated pyrimidine-2-thiolates (pyth) in its structure showed lower cytotoxicity than cisplatin (Table 2) [100]. This complex interacted with DNA.



Complexes [Rh(η5-Cpx)(py)(bqui)]NO3 were more potent in the A549 cells than the chlorido analogues; Cpx = Cp*, Cpph or Cpbph [56]. The best-performing complex [Rh(η5-Cpbph)(py)(bqui)]NO3 (Figure 7, Table 2) was even more active than cisplatin. Unexpectedly, the cellular accumulation of the py complex in the A549 cells was several times lower than determined for its less active chlorido congener. Other differences between the studied py-based and chlorido complexes are discussed below.



Similarly, a series of complexes [Rh(η5-Cp*)(pyn)(sai1)]BPh4 was based on monodentate N-donor pyridines (pyn = pyridine, 4-methylpyridine, 4-phenylpyridine and 4-ferrocenylpyridine), this time in combination with the bidentate N,O-donor ligand 4-hydroxy-3-[(E)-(propylimino)methyl]benzene-1-sulfonate (Hsai1) [101]. These Rh complexes showed lower cytotoxic activity than cisplatin against the WHCO-1 (esophageal carcinoma) cell line, but they were more potent than their Ir counterparts.



Using 1-methylimidazole as a leaving moiety in place of the chlorido ligand increased the stability and solubility of the thiomaltol-based organorhodium compounds, which may allow their accumulation and control of their activation [49]. The cytotoxicity of these compounds was promising, particularly for the best performing Rh complex [Rh(η5-Cp*)(meim)(thma)]PF6 reaching even sub-micromolar activity (Table 2).



Complexes [Rh(η5-Cp*)(pta)(hq)]CF3SO3 and [Rh(η5-Cp*)(pta)(hq1)]CF3SO3 contain, analogically with RAPTA-C, pta as a monodentate P-donor ligand (Figure 7), and achieved higher or comparable activity to cisplatin and significantly higher activity than RAPTA-C in the used HCT-116 (colorectal), NCI-H460 (lung), SiHa (cervical) and SW480 (colon) cancer cell lines (IC50 = 0.9–11 μM; Table 2); Hhq = 8-hydroxyquinoline, Hhq1 = 5-chloro-7-iodo-8-hydroxyquinoline [102]. Surprisingly, both the Rh(III) complexes exhibited significantly higher cytotoxicity than analogous Ru(II), Os(II) and Ir(III) complexes, meaning that rhodium complexes appeared to be the most suitable candidates for further study from the whole prepared series. Both Rh complexes were stable in water, DMSO as well as in the solvent mixture mimicking the cell environment.



Organorhodium curcumin-based complexes were studied with pta [43]. Similarly to the above discussed chlorido complexes, the pta counterparts, such as [Rh(η5-Cp*)(pta)(cur)]CF3SO3 (Table 2), were also only moderately cytotoxic with comparable activity in the cancer and non-cancerous cell lines.



The iodido complex [Rh(η5-Cp*)(dpa)I]PF6 exceeded the cytotoxicity of its inactive bromido and chlorido analogues (Table 2); dpa = 2,2′-dipyridylamine [81]. In general, for this work, the reported Rh complexes were less cytotoxic than the co-studied Ir complexes.





2.3. Complexes with a Tridentate Ligand


The structural type with all the three legs of the piano-stool occupied by one tridentate ligand is less common than the above discussed complexes with three monodentate ligands (Section 2.1) or with a combination of bidentate and monodentate ligands (Section 2.2). To the best of our knowledge, this type of half-sandwich organorhodium complex has been reported only in two works. Complex [Rh(η5-Cp*)(met)]Cl, containing O,N,S-coordinated mono-deprotonated DL-methionine (met; Figure 8) was not cytotoxic in the A2780 and A2780R cells (Table 2) [103].



Another work reported a series of [Rh(η5-Cp*)(pattn)]Cl complexes containing the deprotonated Schiff base 5-methyl-4-{(pyridin-2-ylmethylene)amino}-4H-1,2,4-triazole-3-thiol as an N,N,S-donor ligand derived by alcohols (methanol, ethanol, isopropanol) alkoxylating the imine carbon atom (pattn) [104]. Only the ethoxy derivative (patt1; Figure 8, Table 2) showed some antiproliferative activity, with the IC50 being 21 μM in the A2780 cells, which was still markedly lower potency than for the reference drug cisplatin (IC50 = 2.3 μM) but superior over its Ru analogue and RAPTA-C (IC50 > 200 μM for both complexes).




2.4. Other Types of Mononuclear Complexes


Structurally interesting complexes [Rh(η5-Cp*)(η4-bqn)] can be referred to as sandwich complexes, since they contain two η-coordinated rings at the central Rh atom (Figure 8); bqn = benzoquinone (ortho or para (bqpara)) [105]. Complexes were inactive against the A2780 cell line (Table 2; IC50 = 3.0 μM for cisplatin and 93.0 μM for [Ir(η5-Cp*)(η4-bqpara)]).



Another structurally unusual complex, [Rh(η5-Cpas)(CO)2], belongs to the family of metalcarbonyl complexes and contains (cyclopenta-1,3-dienyl)propyl-2-acetoxybenzoate (Cpas) as a η-coordinated cyclopentadiene-based arenyl ligand bearing the acetylsalicylate moiety (Figure 8) [106]. This complex achieved lower activity (IC50 = 9.2–26.6 μM) than cisplatin (IC50 = 2.0–3.3 μM) in the MCF-7, MDA-MB-231 and HT-29 cell lines (Table 2) and inhibited cyclooxygenase-1.





3. Multinuclear Complexes


This topic has very recently been reviewed elsewhere [23], which is why we decided to demonstrate this structural type only through the best-performing representatives, and update this field with the most recently reported multinuclear organorhodium compounds.



3.1. Chlorido Complexes


Rh arenyl chlorido complexes have been derived from various ligands to get compounds of various nuclearity, ranging from dinuclear complexes to dendrimers bearing up to 32 metal centres.



A series of dinuclear [Rh2(µ-maln)(η5-Cp*)2Cl2] complexes contain bis(3-hydroxy-2-methyl-4-pyridinon-1-yl)alkanes (Hmaln) as the bridging ligands [107]. Complex [Rh2(µ-mal1)(η5-Cp*)2Cl2] (Figure 9, Table 2) was markedly more cytotoxic (IC50 = 0.1–0.5 μM) than analogues with shorter aliphatic linkers and exceeded the cytotoxicity of analogical Ru and Ir complexes, and of the reference drugs cisplatin (IC50 = 0.8–8.1 μM) and IT-139 (IC50 = 84–102 μM); Hmal1 = bis(3-hydroxy-2-methyl-4-pyridinon-1-yl)dodecane. Complex [Rh2(µ-mal1)(η5-Cp*)2Cl2] induced ROS formation and DNA damage. Importantly, this complex showed, in contrast to cisplatin, low toxicity in the in vitro haemolytic studies using mouse red blood cells and in vivo in transgenic zebrafish embryos. A similar highly cytotoxic dinuclear complex, [Rh2(µ-dhbq)(η5-Cp*)2Cl2], was used as the precursor of Rh-based metallacages (Table 2); H2dhbq = 2,5-dihydroxy-3-undecylcyclohexa-2,5-diene-1,4-dione [108,110].



Complexes with terminal RhCl2 moieties bridged by various di- or tritopic ligands were markedly less effective than cisplatin [100,114,115]. Further, it has been reported for some Rh arenyl complexes that multinuclear complexes have superior cytotoxic activity over the mononuclear complexes prepared with the same bridging ligand [116] or with ligands of different topicity [70,88,112,117,118].




3.2. Thiolato Complexes


Thiolato complexes (and other chalcogenato complexes) have been widely studied within the field of Ru, Rh, Os and Ir arene/arenyl complexes, as reviewed elsewhere [7,23,119]. Regarding Rh(III) thiolato complexes, they were introduced in 2013 thanks to a series of electroneutral dithiolato and ionic trithiolato complexes, such as [Rh2(µ-SR1)2(η5-Cp*)2Cl2] and [Rh2(µ-SR1)3(η5-Cp*)2]Cl (Figure 9); SR1 = 2-phenylethanethiolate [109]. Both the representative thiolato complexes showed sub-micromolar cytotoxicity at the A2780 and A2780R cancer cells, which, however, was spoiled by the same effect in the non-cancerous cells, implying their low selectivity (Table 2). The same biological results (high cytotoxicity, low selectivity) have been reported for other Rh thiolato complexes and for chalcogenato ones [120,121].




3.3. Matallacages


Similarly to the above-discussed Rh thiolato complexes, Rh metallacages reported in the literature to date were also highly cytotoxic (usually more than cisplatin) but their selectivity towards the used cancer cells was in most cases lower as compared with the non-cancerous cells. As in the case of other platinum metals (i.e., Ru, Os and Ir) known to form anticancer arene/arenyl complexes, all three usual types of metallacages—tetranuclear metallarectangles [110,122], hexanuclear metallaprisms [108,123] and octanuclear metallacubes [111]—have been developed for rhodium.



Complex [Rh4(µ-dhbq)2(µ-pyz)2(η5-Cp*)4](CF3SO3)4 (Figure 9) was quite exceptional within organorhodium metallacages, because it was highly selective with ca. two orders of magnitude higher activity at the used cancer cells (prostate DU-145, lung A549 and cervical HeLa) as compared with non-cancerous HEK-293 ones (Table 2); pyz = pyrazine [110]. For this complex, advanced biological studies proved its effect on the cancer cell cycle (increased sub-G1 population), induction of apoptosis of the treated cancer cells, interaction with DNA and a disruptive effect on mitochondria. Similar studies have been performed for complexes of higher nuclearity, such as [Rh6(µ-dhbq)3(µ-tpt)2(η5-Cp*)6](CF3SO3)6 [108] and [Rh8(µ-dhbq)4(µ-tpp)2(η5-Cp*)8](CF3SO3)8 [111] derived from the same dinuclear metalla-clips (Table 2); tpt = 2,4,6-tris(4-pyridyl)-1,3,5-triazine; tpp = 5,10,15,20-tetra(4-pyridyl)porphyrin. Additionally, the hexanuclear complex [Rh6(µ-dhbq)3(µ-tpt)2(η5-Cp*)6](CF3SO3)6 was studied for its in vivo anticancer activity at the tumour-induced C57L6/J mice, where this compound showed higher ability to reduce the tumour size than its dinuclear precursor and Ir analogue, and lower toxicity than the mentioned co-studied compounds, because the mice survived for a longer period of time when treated with the mentioned Rh metallaprisms [108].




3.4. Heterometallic Complexes


Most of the formerly reported heterometallic organorhodium-based complexes have been reviewed elsewhere [23,124]. Among them, most representatives belong to the broad family of complexes involving ferrocene-functionalised ligands, in order to mimic ferrocene-derived antimalarial drug ferroquine and improve its anti-microbial activity—e.g., [125]. Only a few compounds of such a design have been studied for their anticancer activity [101,112,126,127].



Rh, Ru and Ir complexes containing bidentate N-donor 5-ferrocenyldipyrromethene (HFcdpm) were studied for cytotoxicity and the Rh complex [Rh(η5-Cp*)Cl(Fcdpm)] (Figure 10) exceeded the cytotoxic effect of the Ru and Ir counterparts, but it was still lower as compared with cisplatin [126]. Nevertheless, the complexes were deeply bioanalysed for their MoA and it was proved that the organorhodium complex effectively bound the calf thymus DNA (minor-groove intercalation) and bovine serum albumin (BSA), and induced apoptosis in the treated cancer cells. The ferrocene-functionalisation by a bidentate ligand was also used in another series of Rh, Ru and Ir complexes, but without any positive effect of the second metal centre (iron of ferrocene) on the resulting cytotoxicity observed for the Rh complexes [127].



A different approach was used for complexes [Rh(η5-Cp*)(pyFe)(sai1)]BPh4 and [Rh3(µ-sai)(η5-Cp*)3(pyFc)3](BPh4)3 and their Ir analogues, containing 4-ferrocenylpyridine (pyFc) as a monodentate N-donor ferrocene-functionalised ligand; H3sai, a tripodal sulfonated N,O-salicylaldiminato ligand [101]. Although mononuclear complex [Rh(η5-Cp*)(pyFe)(sai1)]BPh4 was of similar activity (IC50 = 31.9 μM at the WHCO-1 cells) with complexes containing ferrocene-free pyridines (pyn; IC50 = 24.9–37.3 μM), the potency of its trinuclear congener [Rh3(µ-sai)(η5-Cp*)3(pyFc)3](BPh4)3 (Figure 10) was markedly enhanced (IC50 = 0.6 μM). Interestingly, this was not observed for the other co-studied multinuclear complexes with different pyridines (IC50 = 30.6–55.0 μM). Complex [Rh3(µ-sai)(η5-Cp*)3(pyFc)3](BPh4)3 exceeded even the reference drug cisplatin (IC50 = 9.2 μM). The same pyridine derivative (pyFc) was used for the preparation of a series of tetra- and octanuclear Rh, Ir and Ru dendrimers [112]. The organorhodium complexes of higher nuclearity, such as [Rh8(μ-saea1)(η5‑Cp*)8(pyFc)8](PF6)8 were more cytotoxic than the mononuclear complex [Rh(η5‑Cp*)(pyFc)(saea)]PF6 (Table 2), which, however, was not a general trend for the co-studied Ru and Ir analogues; Hsaea, 2-[(E)-(propylimino)methyl]phenol, saea1 = diaminobutane-based dendrimeric ligand bearing 8 terminal saea units.



Regarding other combinations of Rh arenyl moieties with different than iron d-block metals, they are quite rare in the literature. Rh–Ru complex [Cl2(η5-Cp*)Rh(µ-bpyPPh3)Ru(bpy)2](PF6)2 (Figure 10) and its Ru2 and Ru–Os counterparts were inactive against the A2780, A2780R and A549 cancer cells (Table 2), while the co-studied Ru–Au complexes showed relevant cytotoxicity; bpyPPh3 = a 4-methyl-4′-(substituted)-2,2′-bipyridine-based PPh3-bearing linker [113].



The cytotoxic Rh–Pt complex [(Hdto)Pt(µ-dto)Rh(η5‑Cp*)Cl] was an effective inhibitor of proteolytic activities of human 20S proteasome and human cathepsins, which was highlighted as advantageous from the Pt precursors. Complex [(Hdto)Pt(µ-dto)Rh(η5‑Cp*)Cl] induced apoptosis in the treated cancer cells [128].





4. Discussion


Anticancer organorhodium complexes have been in many cases studied together with their Ir(III), Ru(II) and Os(II) analogues, which allowed us to compare compounds differing in the used metal. In this manner, even the first anticancer half-sandwich Rh complex [Rh(η5-Cp*)(pta)Cl2] (Figure 2, Table 1) was more in vitro cytotoxic than the co-studied complexes [M(η6-pcym)(pta)Cl2] (M = Ru (for RAPTA-C) or Os), especially against the A549 (lung carcinoma) and T47D (breast carcinoma) human cancer cells [30]. Similarly, another cutting-edge work reported on anticancer organorhodium complexes showed complex [Rh(η5-Cp*)(dppz)Cl]CF3SO3 (Figure 2, Table 1) as being more cytotoxic than the Ir counterpart and cisplatin.



Two acridine-containing salicylaldimine (Hsalac, Figure 4) and 2-pyridylimine (pyac) ligands were used for the preparation of a series of Ru, Rh, Os and Ir complexes, allowing the evaluation of the metal-dependence within these anticancer complexes [66]. Both the electroneutral and ionic complexes [Rh(η5-Cp*)Cl(salac)] and [Rh(η5-Cp*)(pyac)Cl]BPh4 were more cytotoxic to the HL60 human promyelocytic leukaemia cell line than the analogues and cisplatin (Figure 11).



Besides the 2D cultures of adherent cancer cells, complex [Rh(η5-Cp*)Cl(thpy)] (Figure 5) was also more cytotoxic than the Ru and Ir analogues in the advanced model using the HCT-116 multicellular spheroids [50].



Similar results, showing organorhodium complexes of various types to be more cytotoxic than their analogues derived from different metals (i.e., Ru, Os and Ir), have been reported in several other works [32,34,40,41,44,66,95,102,104,107] (Figure 11). However, this could not be claimed, based on the results reported to date in the literature, as a general trend for all Rh complexes and their Ru, Os and Ir analogues, because many other Rh complexes were determined to be less anticancer active than their congeners. For example, Rh complexes with curcumin-based ligands were more cytotoxic than their Ir counterparts, but markedly less potent than similar Ru-cur complex [43]. Unclear dependence of the IC50 values was also reported for a series of Rh, Ru, Os and Ir complexes containing thiomaltol [49]. Additionally, other series of complexes reported on Rh ones with lower anticancer activity as compared with all of their co-studied Ru, Os and/or Ir counterparts [42,61,62,68].



Complex [Rh(η5-Cpas)(CO)2] (Figure 8, Table 2) exhibited comparable cytotoxicity with the Co and Mo counterparts and higher potency when compared with the Mn complex (Figure 12) [106]. In addition, higher inhibitory activity of cyclooxygenase-1 was observed for the Rh complex in comparison with the mentioned Co, Mo and Mn ones.



Solution behaviour. One of the most important properties of anticancer complexes is their behaviour (stability) under aqueous conditions. For example, one of the first anticancer active organorhodium complexes, [Rh(η5-Cp*)(pta)Cl2] (Figure 2, Table 1), was less stable than the Ru (RAPTA-C) and Os counterparts in a 120 mM NaCl aqueous solution [30].



Pioneer chlorido complexes [Rh(η5-Cp*)(pp)Cl]CF3SO3 hydrolysed under aqueous conditions to dicationic aqua species [36]. Later it was proved for organorhodium complexes of this type that the hydrolysis rate depended on the used cyclopentadienyl ring, following the order of Cp*< Cpph < Cpbph [56].



Advanced solution behaviour studies of similar complexes, specifically the [Rh(η5-Cp*)(nhq)(H2O)]+ species, showed higher pK values and higher affinity towards the chloride ions in comparison with the co-studied Ru complexes; nHhq = quinolin-8-ol (Figure 4) or its derivatives [85]. In this study, a decrease of lipophilicity with decreasing chloride ion concentrations (causing a higher aquation rate) was observed and resulted in higher lipophilicity for the Rh complexes than for the Ru analogues.



In the case of complex [Rh(η5-Cp*)Cl(cur)], the used chelating O,O-donor ligand curcumin (Figure 4, Table 1) released in solution, which was claimed to be beneficial for the complex, usable as a drug-delivery system [90,91]. Accordingly, complexes derived from O,O-donor ligands (flavonols or pyrones) were less stable in aqueous solutions than complexes containing O,S-donor ligands (2-aryl-4-thiopyrones or thiomaltol) [48,49].



Mechanism of action. One of the first studies dealing with MoA of half-sandwich Rh complexes showed that complexes [Rh(η5-Cp*)(pp)Cl]CF3SO3 effectively affected mitochondria (impairment of respiration, cytochrome c release) and induced apoptosis accompanied by high ROS population in the treated Jurkat leukaemia cells [63]. Similar processes (especially the induction of apoptosis and ROS formation) were observed for other organorhodium complexes [42,45]. In some cases, Rh complexes modified the cell cycle of the treated cancer cells [45,54,55].



Other complexes were reported as targeting the DNA molecule—e.g., see [36,45,55,63,100]—thereby inducing the cell death by a similar mechanism as that of conventional Pt anticancer drugs [1,2,3,4]. Within a series of Rh, Ru and Os complexes with O,O-coordinated 3-hydroxyflavonols (Hfla; Figure 4, Table 1), the Rh complexes bound DNA differently (preferably to 5′-dATP) than the Ru and Os ones (5′-dGTP) [44]. This was also reported for Rh and Ru complexes involving various 1,3-dioxoindan-2-carboxamides [93]. Besides the interaction with DNA, these complexes readily inhibited topo IIα, which was not observed for the free ligands at the same concentration level. As a consequence of the topo IIα inhibition, the cell cycle of the treated cells was also modified.



The topo IIα inhibition was also reported for other organorhodium complexes [48,49]. In contrast with many Rh arenyl complexes inducing the ROS formation, complexes involving 2-aryl-4-thiopyrone derivatives did not generate ROS, and their MoA was linked exclusively to the topo IIα inhibition [48]. Another enzyme, cathepsin B, was inhibited by the steroidal conjugate [Rh(η5-Cp*)Cl(ppy1)] involving the ppy-based ligand functionalised by 17-α-[2-phenylpyridyl-4-ethynyl]-19-nortestosterone (ppy1; Figure 6, Table 1) [52].



Several research groups have explained the relationships between the catalytic properties of specific Rh(III) half-sandwich complexes and their biological activity through the transfer-hydrogenation catalysis of naturally occurring substrates [24,25,38,129,130,131], as also reported by Sadler and co-workers for structurally similar Ru, Os and Ir arene/arenyl complexes at both in vitro and in cellulo levels [132,133,134]. Complexes [Rh(η5-Cpx)(L)Cl]PF6 catalysed the reduction of NAD+ to NADH and of pyruvate to lactate, both using formate as a hydride source; L = en, bpy, phen or tfen (Figure 3); Cpx = Cp*, Cpph or Cpbph [38]. No clear dependence was observed between the catalytic efficacy and cytotoxicity, as exemplified for complexes [Rh(η5-Cp*)(bpy)Cl]PF6 (TOF = 37.4 h−1, IC50 = 64.0 μM) and [Rh(η5-Cpbph)(phen)Cl]PF6 (TOF = 8.2 h−1, IC50 = 14.7 μM)—given for the NAD+ reduction and for the A2780 cells (Table 1). Despite that, some of the studied complexes showed improved activity towards the A2780 cells when administered with formate. A similar complex, [Rh(η5-Cpx)(bqui)Cl] (Figure 6, Table 1), catalysed the NADH oxidation and induced the formation of ROS in the treated cancer cells [56].



Replacement of the chlorido ligand. In some cases, Rh arenyl chlorido complexes were studied with similar complexes containing different monodentate ligands. Complexes [Rh(η5-Cp*)(pp)X](CF3SO3)n with tetramethyl thiourea (pp = dpq, dppz and dppn; Figure 2, Table 1) were of similar cytotoxicity to their chlorido counterparts, while complexes [Rh(η5-Cp*)(dppz)(bzth)]CF3SO3 (Figure 7) and [Rh(η5-Cp*)(dppz)(npth)]CF3SO3 exceeded the potency of the co-studied chlorido analogues at the MCF-7 cells, which, however, was not observed at the second cell line, A2780 (Figure 13, Table 1 and Table 2) [36]. These two complexes (with bzth and npth) interacted with DNA to a lower extent than other complexes. In contrast with the chlorido complexes, these complexes with the monodentate S-donor ligand did not hydrolyse the aqua species.



The py-based complexes [Rh(η5-Cpx)(py)(bqui)]NO3 showed higher cytotoxicity than the chlorido ones in the A549 cells, but not in the A2780 cells (Figure 13, Table 1 and Table 2) [56]. In contrast to the chlorido complexes (ROS inducers), complex [Rh(η5-Cpbph)(py)(bqui)]NO3 (Figure 7) untypically acted in the performed in-cell experiment as an ROS scavenger. Additionally, of importance, the pyridine complexes interacted much more slowly with NADH and GSH than the chlorido ones, which could be linked with different cytotoxicity of these two types of the studied complexes, differing in the monodentate ligand used. Similarly, higher stability of the thiomaltol-based complexes was reported for those containing the monodentate N-donor ligand 1-methylimidazole instead of the chlorido ligand [49].



Complexes of the general formula [Rh(η5-Cp*)(dpa)X]PF6 were studied in order to investigate the effect of different halogenido ligands on the resulting cytotoxicity [81]. As mentioned above, the iodido complex was more cytotoxic than the bromido and chlorido analogues, which correlated with the trend of lipophilicity (logP). In the same work, complexes [Rh(η5-Cp*)(dpa)(pb)]PF6 and [Rh(η5-Cp*)(dpa)(vp)]PF6 containing O-donor HDAC inhibitors phenylbutyrate (pb) and valproate (vp) were, similarly to the mentioned bromido and chlorido complexes, inactive in the A2780 cell line.



Complexes [Rh(η5-Cp*)(pta)(hq)]CF3SO3 (Figure 7 and Table 2) and [Rh(η5-Cp*)(pta)(hq1)]CF3SO3 can be considered as derivatives of [Rh(η5-Cp*)(pta)Cl2] with the bidentate 8-hydroxyquinolines (hq or hq1) instead of two chlorides [30,102]. This allows a comparison of the biological activity of both types of complexes, which clearly proved that utilisation of bidentate ligands instead of two chlorido ligands was beneficial for organorhodium complexes. In particular, complexes [Rh(η5-Cp*)(pta)(hq)]CF3SO3 (IC50 = 0.9 μM) and [Rh(η5-Cp*)(pta)(hq1)]CF3SO3 (IC50 = 6.4 μM) exhibited markedly higher antiproliferative activity than [Rh(η5-Cp*)(pta)Cl2] (IC50 = 380 μM)—studied in colon carcinoma cells.



Regarding homometallic and heterometallic multinuclear complexes, their biological activity has very recently been discussed elsewhere [23].




5. Conclusions


Since significant advances were made for anticancer ruthenium-based compounds, structurally similar complexes derived from the platinum metals Rh, Os and Ir have also become of interest for bioinorganic and bioorganometallic chemists. As a result, Rh analogues of known anticancer Ru complexes have been developed and studied for their biological activity. For example, the pioneering Rh arenyl complex [Rh(η5-Cp*)(pta)Cl2] is a Rh-based analogue of the Ru complex RAPTA-C. In the last decade, anticancer Rh complexes have represented an independent, widely investigated family of bioinorganic compounds of various structural types.



In this review, the current knowledge regarding anticancer half-sandwich rhodium(III) complexes is described and discussed. The results imply that the development of organorhodium compounds is a viable strategy for bioorganometallic chemists, because in many cases it was Rh complexes that showed the highest anticancer activities when compared with their Ru, Os and Ir analogues. Additionally, of importance for the future studies, organorhodium arenyl complexes also showed relevant advantages in various processes connected with their MoA, not only over the conventional platinum-based drugs, but also over the structurally similar half-sandwich complexes derived from other platinum-metals (i.e., Ru, Os and Ir).



Most representatives so far have been reported for mononuclear chlorido complexes bearing various bidentate ligands, whose donor set seems to be a crucial factor for pharmacokinetics (e.g., stability under the aqueous conditions), as discussed for complexes involving various O,O-donor chelating ligands and their more stable analogues with similar O,S-donor ligands or with various N,N-donor ones. Regarding MoA, it has not been fully understood for the individual structural types of Rh arenyl complexes, and thus further studies are required for formerly reported or newly developed Rh arenyl compounds in order to unravel the events occurring under physiological conditions.
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Figure 1. Structural formulas of the platinum-based drug cisplatin and the anticancer ruthenium-based drug candidate IT-139. 
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Figure 2. The general structural formula of the [Rh(η5-Cp*)(L)Cl2] complexes and structural formulas of selected monodentate L ligands, with the donor atoms given in magenta (P), blue (N), grey (C) or dark yellow (S). 
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Figure 3. The general structural formula of the [Rh(η5-Cp*)(L^L)Cl]n+ complexes and structural formulas of selected bidentate N,N-donor L^L ligands, with donor nitrogen atoms given in blue. 
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Figure 4. Structural formulas of selected bidentate N,O- and O,O-donor L^L ligands, with donor nitrogen and oxygen atoms given in blue and red, respectively. 
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Figure 5. Structural formulas of selected bidentate N,S-, O,S- and O,Se-donor L^L ligands, with donor atoms given in blue (N), dark yellow (S) or red (O), and X stands for S or Se. 






Figure 5. Structural formulas of selected bidentate N,S-, O,S- and O,Se-donor L^L ligands, with donor atoms given in blue (N), dark yellow (S) or red (O), and X stands for S or Se.



[image: Inorganics 09 00026 g005]







[image: Inorganics 09 00026 g006 550] 





Figure 6. Structural formulas of selected bidentate C,N-donor L^L ligands, with donor atoms given in blue (N) or grey (C). 
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Figure 7. Structural formulas of complexes [Rh(η5-Cp*)(dppz)(bzth)]CF3SO3 (left), [Rh(η5-Cpbph)(py)(bqui)]NO3 (middle) and [Rh(η5-Cp*)(pta)(hq)]CF3SO3 (right), with donor atoms given in blue (N), dark yellow (S), magenta (P) or red (O). 
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Figure 8. Structural formulas of complexes [Rh(η5-Cp*)(met)]Cl (left), [Rh(η5-Cp*)(patt1)]Cl (middle left), [Rh(η5-Cp*)(η4-bqpara)] (middle right) and [Rh(η5-Cpas)(CO)2] (right), with donor atoms given in blue (N), dark yellow (S) or red (O). 
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Figure 9. Structural formulas of complexes [Rh2(µ-mal1)(η5-Cp*)2Cl2] (left), [Rh2(µ-SR1)3(η5-Cp*)2]Cl (middle) and [Rh4(µ-dhbq)2(µ-pyz)2(η5-Cp*)4](CF3SO3)4 (right), with donor atoms given in red (O), dark yellow (S) or blue (N). 
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Figure 10. Structural formulas of complexes [Rh(η5-Cp*)Cl(Fcdpm)] (left), [Rh3(µ-sai)(η5-Cp*)3(pyFc)3](BPh4)3 (middle) and [Cl2(η5-Cp*)Rh(µ-bpyPPh3)Ru(bpy)2](PF6)2 (right), with donor atoms given in blue (N), red (O) or magenta (P). 






Figure 10. Structural formulas of complexes [Rh(η5-Cp*)Cl(Fcdpm)] (left), [Rh3(µ-sai)(η5-Cp*)3(pyFc)3](BPh4)3 (middle) and [Cl2(η5-Cp*)Rh(µ-bpyPPh3)Ru(bpy)2](PF6)2 (right), with donor atoms given in blue (N), red (O) or magenta (P).



[image: Inorganics 09 00026 g010]







[image: Inorganics 09 00026 g011 550] 





Figure 11. Comparison of in vitro antiproliferative activity of complexes [M(ar)Cl(salac)] and [M(ar)(pyac)Cl]BPh4 in the HL60 human promyelocytic leukaemia cell line (left), and of complexes [M(η5-Cp*)(pta)(hq)]CF3SO3 and [Rh(η5-Cp*)(pta)(hq1)]CF3SO3 against the HCT116 colorectal carcinoma cell line. Hsalac = acridine-containing salicylaldimine ligand, pyac = acridine-containing 2-pyridylimine ligand; Hhq = 8-hydroxyquinoline, Hhq1 = 5-chloro-7-iodo-8-hydroxyquinoline, pta = 1,3,5-triaza-7-phosphaadamantane, ar = η-coordinated arene/arenyl ligand (HCp* = pentamethylcyclopentadiene, pcym = p-cymene), CisPt = cisplatin. 
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Figure 12. Comparison of in vitro antiproliferative activity of complexes [M(η5-Cpas)(CO)2] (see Figure 8 for the structural formula of the Rh complex) against the MCF-7 breast carcinoma and HT-29 colon carcinoma cell lines. Cpas = (cyclopenta-1,3-dienyl)propyl-2-acetoxybenzoate, CisPt = cisplatin. 
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Figure 13. Comparison of in vitro antiproliferative activity of complexes [Rh(η5-Cp*)(dppz)X]CF3SO3 (left; X = Cl−, benzenethiolate or naphthalene-2-thiolate) against the MCF-7 breast carcinoma and HT-29 colon carcinoma cell lines, and complexes [Rh(η5-Cpx)(bqui)X]NO3 (right; X = Cl− or pyridine) against the A549 lung carcinoma and A2780 ovarian carcinoma cell lines. dppz = dipyrido[3,2-a:2′,3′-c]phenazine, Hbqui = benzo[h]quinolone, Cpx = pentamethylcyclopentadiene (HCp*), (2,3,4,5-tetramethylcyclopenta-2,4-dien-1-yl)benzene (HCpph) or 4-(2,3,4,5-tetramethylcyclopenta-2,4-dien-1-yl)biphenyl (HCpbph), CisPt = cisplatin. 
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Table 1. In vitro cytotoxicity of [Rh(η5-Cpx)(L)Cl2] and [Rh(η5-Cpx)(L^L)Cl]n+ complexes against the selected types of cancer, given together with the results obtained for the non-cancerous (normal) cells. The results are summarised together with the co-studied reference drugs (in parentheses; cisplatin unless stated otherwise), where available. Cpx = cyclopentadienyl ligand, L = a monodentate ligand, L^L = a bidentate ligand.
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	Complex
	Ovarian a
	Lung d
	Breast h
	Colon j
	Normal m
	Ref.





	[Rh(η5-Cp*)(pta)Cl2]
	–
	584
	512 i
	380
	–
	[30]



	[Rh(η5-Cp*)(tcep)Cl2]
	–
	–
	450 (65.0)
	–
	–
	[31]



	[Rh(η5-Cp*)(npp)Cl2]
	–
	–
	–
	61.3 k (2.8)
	>100 n (3.4)
	[32]



	[Rh(η5-Cp1)(py)Cl2]
	–
	–
	–
	132.0 (2.5)
	–
	[33]



	[Rh(η5-Cp*)(nhc1)Cl2]
	5.6 (1.3)
	–
	65.0 (1.5)
	>100 (1.5)
	87.0 o (8.5)
	[34]



	[Rh(η5-Cp*)(nhc2)Cl2]
	–
	23.0 e
	–
	11.0 k
	–
	[35]



	[Rh(η5-Cp*)(dppn)Cl]CF3SO3
	–
	–
	0.8 (2.0)
	3.2 (7.0)
	–
	[36]



	[Rh(η5-Cp*)(dppz)Cl]CF3SO3
	–
	–
	1.5 (2.0)
	4.3 (7.0)
	2.8
	[36,37]



	[Rh(η5-Cp*)(phen)Cl]CF3SO3
	–
	–
	4.7
	8.0
	–
	[37]



	[Rh(η5-Cp*)(phen)Cl]PF6
	17.8
	–
	–
	–
	–
	[38]



	[Rh(η5-Cp*)(phen-SAHA)Cl]Cl
	–
	4.1 e
	–
	–
	–
	[39]



	[Rh(η5-Cp*)(bzhyOH)Cl]PF6
	–
	–
	–
	2.0 k (3.5)
	>100 n (3.4)
	[40]



	[Rh(η5-Cp*)Cl(pyin)]
	13.0 (10.3)
	–
	–
	–
	34.7 o (43.0)
	[41]



	[Rh(η5-Cp*)Cl(lap)]
	7.3 b (0.1)
	91.0 (1.3)
	–
	93.0 k (2.7)
	–
	[42]



	[Rh(η5-Cp*)Cl(cur)]
	14.9
	–
	–
	–
	13.7
	[43]



	[Rh(η5-Cp*)Cl(fla)]
	3.1 b
	15.0
	–
	7.9 l
	–
	[44]



	[Rh(η5-Cp*)(pytsc1)Cl]Cl
	–
	5.1 (1.8) f
	13.5 (2.8) f
	–
	166.5 (0.5) f
	[45]



	[Rh(η5-Cp*)(pbtu)Cl]Cl
	–
	–
	–
	9.7 (2.8)
	19.5 n (3.4)
	[46]



	[Rh(η5-Cp*)(bzit)Cl]PF6
	–
	>100
	–
	76.0 k
	–
	[47]



	[Rh(η5-Cp*)(atpy)Cl]
	0.8 b (50.0) c
	3.8 (156) c
	–
	1.0 l (62.0) c
	–
	[48]



	[Rh(η5-Cp*)Cl(thma)]
	1.0 b (0.2)
	5.9 (1.3)
	–
	1.0 l (3.5)
	–
	[49]



	[Rh(η5-Cp*)Cl(thpy)]
	0.4 b (0.2)
	0.7 (1.3)
	–
	0.3 l (3.5)
	–
	[50]



	[Rh(η5-Cp*)Cl(sepy1)]
	25.0 b (0.2)
	99.0 (1.3)
	–
	27.0 l (3.5)
	–
	[51]



	[Rh(η5-Cp*)Cl(ppy1)]
	6.0 (1.4)
	–
	9.9 i (60.0)
	–
	–
	[52]



	[Rh(η5-Cp*)(bpt)Cl]
	–
	6.0 (4.7) g
	–
	–
	–
	[53]



	[Rh(η5-Cp*)Cl(pbim)]
	7.1 (1.5)
	–
	6.4 i (38.0)
	7.8 (9.5)
	–
	[54]



	[Rh(η5-Cp*)Cl(pma)]
	–
	8.0 (20.0)
	–
	–
	–
	[55]



	[Rh(η5-Cpbph)(bqui)Cl]
	1.6 (1.0)
	7.7 (3.8)
	–
	–
	–
	[56]







a A2780 ovarian carcinoma (unless stated otherwise); b CH1/PA-1 ovarian carcinoma; c IT-139 was used as the reference drug; d A549 lung carcinoma (unless stated otherwise); e NCI-H460 lung carcinoma; f doxorubicin was used as the reference drug; g auranofin was used as the reference drug; h MCF-7 breast adenocarcinoma (unless stated otherwise); i T47D breast carcinoma; j HT-29 colorectal adenocarcinoma (unless stated otherwise); k HCT-116 colorectal carcinoma; l SW480 colorectal adenocarcinoma; m HEK-293 embryonic kidney epithelial cells; n ARPE-19 retinal pigmented epithelial cells; o PNT2 prostate epithelial cells.
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Table 2. In vitro cytotoxicity of [Rh(η5-Cpx)(L^L)X]n+ complexes, different types of organorhodium arenyl complexes and multinuclear complexes (both homo- and heteronuclear) against the selected types of cancer, given together with the results obtained for the non-cancerous (normal) cells. The results are summarised together with the co-studied reference drugs (in parentheses; cisplatin unless stated otherwise), where available. Cpx = cyclopentadienyl ligand, L^L = a bidentate ligand, X = a monodentate ligand coordinated through the P, N, O or S donor atom.
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	Complex
	Ovarian a
	Lung c
	Breast f
	Colon g
	Normal j
	Ref.





	[Rh(η5-Cp*)(dppz)(npth)]CF3SO3
	–
	–
	0.6 (2.0)
	3.3 (7.0)
	–
	[36]



	[Rh(η5-Cp*)(pyth-N,S)(pyth-S)]
	–
	–
	–
	20.3 (0.3)
	39.5 (6.4) k
	[100]



	[Rh(η5-Cpbph)(py)(bqui)]NO3
	0.9 (1.0)
	0.7 (3.8)
	–
	–
	–
	[56]



	[Rh(η5-Cp*)(meim)(thma)]PF6
	0.9 b (0.2)
	2.6 (1.3)
	–
	0.5 (3.5) h
	–
	[49]



	[Rh(η5-Cp*)(pta)(hq)]CF3SO3
	–
	2.0 (0.8) d
	–
	0.9 (2.5) i
	–
	[102]



	[Rh(η5-Cp*)(pta)(cur)]CF3SO3
	12.5
	–
	–
	–
	17.2
	[43]



	[Rh(η5-Cp*)(dpa)I]PF6
	70.1 (5.9)
	–
	–
	–
	–
	[81]



	[Rh(η5-Cp*)(met)]Cl
	>50.0 (3.4)
	–
	–
	–
	–
	[103]



	[Rh(η5-Cp*)(patt1)]Cl
	21.0 (2.3)
	–
	–
	–
	>200 (8.4)
	[104]



	[Rh(η5-Cp*)(η4-bqn)]
	>400 (3.0)
	–
	–
	–
	–
	[105]



	[Rh(η5-Cpas)(CO)2]
	–
	–
	10.2 (2.0)
	9.2 (2.4)
	–
	[106]



	[Rh2(µ-mal1)(η5-Cp*)2Cl2]
	–
	0.1 (0.8) d
	–
	0.2 (2.5) i
	–
	[107]



	[Rh2(µ-dhbq)(η5-Cp*)2Cl2]
	–
	0.7 (1.0) e
	0.8 (0.9) e
	–
	1.1 l (1.2) e
	[108]



	[Rh2(µ-SR1)2(η5-Cp*)2Cl2]
	1.1 (1.6)
	–
	–
	–
	1.0 (8.6)
	[109]



	[Rh2(µ-SR1)3(η5-Cp*)2]Cl
	0.1 (1.6)
	–
	–
	–
	0.1 (8.6)
	[109]



	[Rh4(µ-dhbq)2(µ-pyz)2(η5-Cp*)4](CF3SO3)4
	–
	0.5 (0.9) e
	–
	–
	62.0
	[110]



	[Rh6(µ-dhbq)3(µ-tpt)2(η5-Cp*)6](CF3SO3)6
	–
	0.5 (1.0) e
	0.5 (0.9) e
	–
	1.0 l (1.2) e
	[108]



	[Rh8(µ-dhbq)4(µ-tpp)2(η5-Cp*)8](CF3SO3)8
	–
	70.0
	72.0
	–
	98.0 m
	[111]



	[Rh(η5‑Cp*)(pyFc)(saea)]PF6
	59.0 (1.5)
	–
	–
	–
	65.5 (10.0)
	[112]



	[Rh8(μ-saea1)(η5‑Cp*)8(pyFc)8](PF6)8
	10.7 (1.5)
	–
	–
	–
	9.4 (10.0)
	[112]



	[Cl2(η5-Cp*)Rh(µ-bpyPPh3)Ru(bpy)2](PF6)2
	>50 (2.5)
	>50 (8.0)
	–
	–
	–
	[113]







a A2780 ovarian carcinoma (unless stated otherwise); b CH1/PA-1 ovarian carcinoma; c A549 lung carcinoma (unless stated otherwise); d NCI-H460 lung carcinoma; e doxorubicin was used as the reference drug; f MCF-7 breast adenocarcinoma; g HT-29 colorectal adenocarcinoma (unless stated otherwise); h SW480 colorectal adenocarcinoma; i HCT-116 colorectal carcinoma; j HEK-293 embryonic kidney epithelial cells; k ARPE-19 retinal pigmented epithelial cells; l CRL-2115 skin fibroblasts; m NIH 3T3 mouse embryonic fibroblasts.
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