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Abstract: Organometallic compounds are increasingly recognized as promising anticancer and an-
tibiotic drug candidates. Among the transition metal ions investigated for these purposes, rhenium
occupies a special role. Its tri- and dicarbonyl complexes, in particular, attract continuous atten-
tion due to their relative ease of preparation, stability and unique photophysical and luminescent
properties that allow the combination of diagnostic and therapeutic purposes, thereby permitting,
e.g., molecules to be tracked within cells. In this review, we discuss the anticancer and antibiotic
properties of rhenium tri- and dicarbonyl complexes described in the last seven years, mainly in terms
of their structural variations and in vitro efficacy. Given the abundant literature available, the focus
is initially directed on tricarbonyl complexes of rhenium. Dicarbonyl species of the metal ion, which
are slowly gaining momentum, are discussed in the second part in terms of future perspective for the
possible developments in the field.
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1. Introduction

The demand for anticancer and antibiotic drugs is increasing worldwide since the cur-
rent pipelines remain insufficient against the increasing emergence and spread of resistance.
The cancer burden worldwide remains among the leading causes of death in the world,
in particular in high-income countries [1]. Concurrently, antimicrobial resistance and inva-
sive fungal infections are major emerging threats to public health, causing serious issues in
the successful prevention and treatment of persistent diseases [2]. Chemotherapy, which
involves the administration of cytotoxic chemical compounds, represents the principal
form of cancer treatment, alongside strategies such as surgical removal and radiotherapy.
The administration of platinum-based complexes in chemotherapy results in severe side
effects [3]. Additionally, many cancer types display acquired resistance to platinum-based
agents, further limiting their use in clinical practice. The shortcomings of these complexes
have encouraged the pursuit of novel transition metal anticancer agents that bypass the
side effects associated with platinum agents while maintaining superior anticancer activity.
Indeed, various transition-metal-based anticancer compounds (including copper, gallium,
ruthenium, palladium, rhenium, gold and titanium) have been developed [4]. However,
none of them has so far been approved for clinical anticancer treatment. We believe that the
discovery and development of a highly active and selective anticancer complexes will have
a remarkable impact in the field and would encourage industries to invest in organometal-
lic therapy research. Undeniably, unlike organic molecules, metal complexes can adopt
unique 3D structures (e.g., octahedral, square pyramidal, trigonal bipyramidal structures),
and offer the possibility to create a wide variety of anticancer, antiparasitic, and antimicro-
bial drugs with unique modes of action unavailable for organic drugs.

Of the different metal ions being investigated, complexes of rhenium are among the
most promising candidates for therapeutic applications [5–13]. Compared to platinum,
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e.g., rhenium is more economically viable, and its tricarbonyl compounds possess lumines-
cent properties that permit theragnostic utilizations [8]. Additionally, the thermodynamic
stable product of the aerobic decomposition of many rhenium species is perrhenate (ReO4

-),
whose salts of potassium and sodium are as toxic as sodium chloride [14]. This makes
perrhenate one of the least toxic transition metal oxides, and rhenium species are obviously
attractive for anticancer and antibiotic applications in terms of possibly reducing side-
effects associated with its chemotherapies. Furthermore, rhenium compounds are already
used in clinical therapies. Different Re radioisotopes, mainly 186Re and 188Re, are used in
the treatment of, e.g., inflammatory joint damage [15,16], bone metastases [17], malignant
tumors, and rheumatoid arthritis [18].

In this review, we focus on the anticancer and antibiotic properties of rhenium carbonyl
complexes, mainly in terms of their structural variations and efficacy. We have selected
only the latest studies (published in the last seven years) since the important publication of
Gasser’s review in 2014 [5]. The fields have been thriving in the last decade, and several
excellent reviews have analyzed rhenium complexes [6–13] in terms, e.g., of radiophar-
maceutical developments [6], therapeutic and diagnostic applications [7–10], mechanism
of action [11], photodynamic therapy [12], or nanoparticles functionalization [13]. With a
few exceptions, here we discuss only “active” complexes, defined as such by in vitro IC50
and MIC values ≤ 5 µM (anticancer compounds) and <10 µg/mL (antibiotic compounds),
respectively. It will become immediately apparent to the reader that tricarbonyl complexes
of rhenium dominate the research fields, but dicarbonyl complexes are slowly gaining mo-
mentum. These latter species are discussed in terms of future perspective for the possible
developments in these important investigations.

2. Anticancer Complexes
2.1. Mononuclear Complexes

The overwhelming majority of rhenium carbonyl complexes tested in the last seven
years are those of the fac-[Re(CO)3]+ core. A review of the literature revealed that the most
active species (in vitro IC50 values ≤ 5 µM) are those bound to a diimine bidentate ligand
in the form of derivatized 2,2’-bipyridine (bipy) and 1,10-phenanthroline (phen, Figure 1
and Table 1). Of the two ligand systems, phen derivatives dominate, with 82% of the
total of active complexes; lipophilic and neutral compounds are in general more potent.
The proportion is substantially skewed towards neutral lipophilic phenanthroline com-
plexes due to the work of Banerjee and co-authors [19] and the subsequent study of Weber,
Mandal, and co-authors [20]. The groups reported, respectively, the anticancer properties of
pentylcarbanato (1a/f, Figure 1 and Table 1) and sulfonate or carboxylato (2a/e) organorhe-
nium compounds of phen derivatives against different cell lines (nearly 100 molecules in
total). The pentylcarbanato complexes 1a–1f are less nephrotoxic than cisplatin. They have
significant cytotoxicity against the MDA-MB-468 (HTB-132) triple-node-negative breast
cancer cell line, with IC50 values below 5 µM and may thus potentially find applications in
the treatment of this highly malignant type of tumor [19]. Sulfonate or carboxylate com-
pounds 2a/e are active against both hormone-dependent MCF-7 and hormone-independent
triple negative MDA-MB-231 breast cancer cells, with several of them far more potent
than the conventional drug cisplatin. Indeed, of the 88 compounds tested, 57 showed IC50
values below 5 µM (several of which below 2 µM); 6 molecules showed IC50 values below
1 µM; and 1 complex, the 2,9-dimethyl-1,10-phenanthroline picolinato complex 2c, showed
an IC50 value against MCF-10A cells of 0.023 µM. DNA-binding and structure–activity
relationship (SAR) studies suggest that the anticancer activity of the species increases with
the increasing lipophilicity, it being roughly consistent with the DNA-binding (including
DNA partial intercalation) of the same [20].
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Figure 1. Selected structures of anticancer rhenium tricarbonyl complexes. Figure 1. Selected structures of anticancer rhenium tricarbonyl complexes.
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Table 1. IC50 values of selected anticancer rhenium complexes toward human cancer cell lines.

Compound IC50 (µM) IC50 (µM) of Ref. Drug 1 Cell Line Ref.

1a 3 ± 2.5 5 ± 2.5 HTB-132 [19]

1a 5 ± 2.5 1 ± 2.5 Balb/c [19]

1b 2 ± 1.5 5 ± 2.5 HTB-132 [19]

1b 5 ± 3.5 1 ± 2.5 Balb/c [19]

1c 3 ± 2.5 5 ± 2.5 HTB-132 [19]

1c 4 ± 2.5 1 ± 2.5 Balb/c [19]

1d 3 ± 4.5 5 ± 2.5 HTB-132 [19]

1d 4 ± 2.5 1 ± 2.5 Balb/c [19]

1e 2 ± 2.5 5 ± 2.5 HTB-132 [19]

1e 5 ± 5.5 1 ± 2.5 Balb/c [19]

1f 4 ± 6.5 5 ± 2.5 HTB-132 [19]

1f 5 ± 1.5 1 ± 2.5 Balb/c [19]

2a 0.34 ± 0.30 n.i. MCF-7A [20]

2a 0.25 ± 0.34 n.i. MDA-MB-231 [20]

2b 0.85 ± 0.26 n.i. MCF-7A [20]

2b 0.72 ± 0.24 n.i. MDA-MB-231 [20]

2c 0.43 ± 0.23 n.i. MCF-7A [20]

2c 0.02 ± 0.002 n.i. MCF-10A [20]

2d 0.59 ± 0.15 n.i. MDA-MB-231 [20]

2e 0.96 ± 0.26 n.i. MCF-7A [20]

3a 3.9 ± 0.7 21.5 ± 2.5 A549 [21]

3a 1.2 ± 0.5 65.6 ± 1.6 A549R [21]

3a 0.95 ± 0.11 8.9 ± 1.0 HeLa [21]

3a 3.1 ± 0.5 29.9 ±2.1 LO2 [21]

3b 2.7 ± 0.5 65.6 ± 1.6 A549R [21]

3b 1.7 ± 0.4 8.9 ± 1.0 HeLa [21]

3c 3.4 ± 0.6 21.5 ± 2.5 A549 [21]

3c 0.75 ± 0.12 65.6 ± 1.6 A549R [21]

3c 0.52 ± 0.07 8.9 ± 1.0 HeLa [21]

4a 3.7 ± 0.2 >50 NCI-H1229 [22]

4b 0.8 ± 0.1 >50 NCI-H1229 [22]

4b 2.2 ± 0.2 >50 RKO [22]

4b 4.0 ± 1.2 >50 MCF-7 [22]

4b 4.1 ± 0.9 >50 A549 [22]

4b 4.3 ± 0.7 >50 A549R [22]

4c 2.9 ± 0.1 >50 NCI-H1229 [22]

5a 0.7 ± 0.8 40.5 ± 2.2 MDA-MB-231 [23]

5b 0.4 ± 0.1 40.5 ± 2.2 MDA-MB-231 [23]

6a 4.8 ± 0.2 20.0 ± 2.1 HeLa [24]

6a 5.1 ± 0.3 18.2 ± 1.5 A549 [24]
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Table 1. Cont.

Compound IC50 (µM) IC50 (µM) of Ref. Drug 1 Cell Line Ref.

6b 0.8 ± 0.1 20.0 ± 2.1 HeLa [24]

6b 1.1 ± 0.2 18.2 ± 1.5 A549 [24]

6b 1.5 ± 0.2 86.5 ± 9.0 A549R [24]

6b 1.0 ± 0.1 22.4 ± 2.0 HepG2 [24]

7a * 0.27 ± 0.02 n.i. HeLa [25]

7b * 2.21 ± 0.12 n.i. HeLa [25]

7c * 1.51 ± 0.01 n.i. HeLa [25]

8a 4.3 ± 1.6 1.0 ± 0.3 KB-3-1 [26]

8a 3.5 ± 2.8 0.23 ± 0.07 A2780 [26]

8a 4.7 ± 1.4 8.2 ± 1.8 A2780CP70 [26]

8a 3.9 ± 4.6 12.4 ± 8.5 A549 CisR [26]

8b 0.77 ± 0.17 1.0 ± 0.3 KB-3-1 [26]

8b 2.2 ± 1.8 0.23 ± 0.07 A2780 [26]

8b 2.8 ± 2.5 8.2 ± 1.8 A2780CP70 [26]

8c 0.92 ± 0.20 1.0 ± 0.3 KB-3-1 [26]

8c 2.2 ± 0.2 0.23 ± 0.07 A2780 [26]

8c 3.0 ± 0.7 8.2 ± 1.8 A2780CP70 [26]

8c 4.5 ± 0.7 0.75 ± 0.43 H460 [26]

8c 4.1 ± 0.9 0.43 ± 0.14 MRC-5 [26]

9 1.7 ± 0.7 1.3 ± 0.1 A2780 [27]

9 1.9 ± 1 12 ± 3 A2780CP70 [27]

9 1.4 ± 0.2 6.6 ± 0.7 HeLa [27]

9 1.4 ± 0.6 5.6 ± 0.5 A549 [27]

9 1.9 ± 0.2 1.7 ± 0.2 HEK293 [27]

10a 0.34 ± 0.03 0.11 ± 0.02
doxorubicin HeLa [28]

10b 1.65 ± 0.26 0.11 ± 0.02
doxorubicin HeLa [28]

11a 4.0 ± 1.2 6.8 ± 2.0 ASPC1 [29]

11b 4.8 ± 0.8 8.7 ± 4.3 HPAF-II [29]

12 5 n.i. MDA-MB231 [8]

13a * 0.9 ± 0.1 n.i. HeLa [30]

13b * 3.3 ± 2.3 n.i. HeLa [30]

14 1 − 2.5 n.i. BJAB [31]

15a 5.1 ± 0.5 1.1 ± 0.4 A2780 [32]

15a 3.7 ± 0.6 14.3 ± 1.3 A2780CP70 [32]

15b 4.3 ± 1.3 1.1 ± 0.4 A2780 [32]

15b 4.1 ± 1.7 14.3 ± 1.3 A2780CP70 [32]

15c 3.2 ± 0.3 1.1 ± 0.4 A2780 [32]

15c 3.6 ± 0.2 14.3 ± 1.3 A2780CP70 [32]
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Table 1. Cont.

Compound IC50 (µM) IC50 (µM) of Ref. Drug 1 Cell Line Ref.

16a 4.3 ± 0.4 8.2 ± 0.7 A549 [33]

16a 3.0 ± 0.2 41.5 ± 5.2 A549R [33]

16a 2.2 ± 0.3 7.7 ± 0.8 HeLa [33]

16a 2.4 ± 0.4 9.4 ± 1.0 MCF-7 [33]

16b 2.2 ± 0.2 8.2 ± 0.7 A549 [33]

16b 2.1 ± 0.1 41.5 ± 5.2 A549R [33]

16b 1.8 ± 0.2 7.7 ± 0.8 HeLa [33]

16b 2.2 ± 0.3 9.4 ± 1.0 MCF-7 [33]

17 4.5 ± 0.5 18.0 ± 2.0 HCT116 [34]

18 * 5.3 ± 1.0 n.i. HeLa [35]

19 1.1 ± 0.1 10.7 ± 0.9 U2SO [36]

19 1.8 ± 0.1 9.2 ± 0.1 HeLa [36]

19 0.8 ± 0.1 9.6 ± 0.8 A549 [36]

20 8.61 n.i. MDA-MB-231 [37]

21 * 1.4 ± 1.3 n.i. HeLa [38]

21 * 0.5 ± 0.2 n.i. H460M2 [38]

21 * 0.5 ± 0.1 n.i. HBL-100 [38]

22 6.38 ± 1.18 37.30 ± 5.69 A2780 [39]

23 7.4 ± 1.5 13 ± 1.8 MDA-MB-231 [40]

23 7.8 ± 3.3 14 ± 1.0 HCT-116 [40]

26 4.5 ± 0.1 0.7 ± 0.2 C6 [41]

27 1.7 ± 0.3 20.4 ± 3.4 MDA-MB-231 [42]

27 1.1 ± 0.4 14 ± 3.5 MCF-7 [42]

27 1.3 ± 0.2 1.0 ± 0.2 A2780 [42]

27 3.3 ± 0.3 2.9 ± 0.8 MCF-10A [42]

28 * 13.5 ± 4.1 n.i. HeLa [43]

29 * 4.8 ± 1.3 n.i. A2780CP70 [44]
1 Cisplatin if not indicated; n.i. stands for “not indicated”; * refers to photoactivated compounds.

Other prominent examples of highly active lipophilic, but cationic, phenanthroline
complexes have been described by Mao, Cao, and Tan [21–23]. These authors evaluated
dimethyl-, bathophenanthroline (3a/c, 4a/c), and bathocuproine (5a/b) theranostic com-
plexes of rhenium with monodentate pyridine ligands in order to simultaneously track and
alter cancer cell metabolism [21,22] and epigenome [23]. Based on the original design of
Coogan [45], the authors introduced bathophenanthroline species (3) containing a thiol-
reactive chloromethylpyridyl moiety [21] or dichloroacetate derivatives of bathocuproine
(4) [22] for mitochondria accumulation, displaying high cytotoxicity (IC50 value 0.5–4 µM)
and selectivity against cancer cells. The complexes induce a cascade of mitochondria-
dependent events (including mitochondrial damage, respiration inhibition, cellular ATP
depletion, and caspase-dependent apoptosis), and due to their phosphorescence, the com-
pounds could be utilized for real-time tracking of the morphological changes of mito-
chondria [21]. Similarly, rhenium phenanthroline complexes incorporating the clinical
iron-chelating agent deferasirox (5) target the mitochondria as well and are able to alter
key metabolic epigenetic species by relocating iron to the mitochondria. The complexes are
highly potent against MDA-MB-231 cells with IC50 values of 0.4–0.8 µM [23].
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The groups of Ye and Li [24] and Yu and Lo [25] have also studied the cytotoxic-
ity of derivatized phen luminescent complexes of rhenium with pending substituents.
The former authors described compounds incorporating the antimalarial drug artesunate
(6b) and showed that the complexes can specifically accumulate in the mitochondria of
human cervical carcinoma (HeLa) cells. Mechanism studies show that the bathophenan-
throline derivative exhibits high cytotoxicity against different cancer cell lines (IC50 value
0.8–1.5 µM) and can induce both apoptosis and ferroptosis in HeLa cells through mito-
chondrial damage, caspase cascade, glutathione (GSH) depletion, glutathione peroxidase
4 (GPX4) inactivation, and lipid peroxidation accumulation [24]. Yu and Lo prepared
similar complexes appended with perylene diimide or benzoperylene monoimide (7a/c)
with excellent (photo)cytotoxic activity (IC50 value 0.4–0.7 µM) [25], but the vitamin B12
phen conjugates of Santoro are less effective [46].

The group of Wilson has studied the in vitro anticancer activity and in vivo biodistri-
bution of fac-[Re(CO)3]+ aqua complexes, identifying the 2,9-dimethyl-1,10-phenanthroline
derivative (8c, IC50 value 0.8–4 µM) as the most active one of their phen series of com-
pounds [26]. The complex induces cytoplasmic vacuolization and cell death via a non-
canonical pathway (apoptosis, necrosis, paraptosis, or autophagy), suggesting that a novel
mode of action may be operative for this class of rhenium compounds. The in vivo biodis-
tribution and metabolism analysis of the complex showed considerable metabolic stability,
rendering it potentially suitable for in vivo applications [47]. The tricarbonyl rhenium
isonitrile polypyridyl (TRIP, 9) of the same laboratory also features the 2,9-dimethyl-1,10-
phenanthroline diimine ligand [27,48]. This compound exhibits potent in vitro anticancer
activity in a wide variety of cell lines (IC50 value 1.4–1.9 µM) and acts by triggering the
accumulation of misfolded proteins, which causes endoplasmic reticulum (ER) stress, un-
folded protein response, and apoptotic cell death in addition to mitochondrial fission. Like
8c, x-ray fluorescence microscopy (XFM) has shown that 9 remains intact in vitro [49].

Within the studies above, Wilson also studied derivatized bipy fac-[Re(CO)3]+ com-
plexes (8a/b), which were also found to be equally active to the phen compounds [26].
Our group has recently published a study describing a series of rhenium tricarbonyl
bipy-based complexes that are non-toxic and are effective against colorectal carcinoma.
One compound in particular, bearing 6-(bromomethyl)-2,2’-bipyridine (IC50 value 5 µM),
was discovered to possess remarkable anticancer, anti-angiogenic, and antimetastatic ac-
tivity in vivo, being effective at very low doses (1–3 µM) [50]. In vivo, at doses as high as
250 µM, the complex does not cause cardio-, hepato-, or myelotoxicity, and it exceeds the
anti-tumor and anti-angiogenic activity of clinical drugs cisplatin and sunitinib malate,
displaying a large therapeutic window [50]. When the compound is loaded on pho-
toactivatable surface-functionalized marine diatom microalgae, its IC50 value is further
improved [51–53]. Akin to the in vitro activity of these bipy complexes, several other
species have been studied in the last seven years [30–34]. Of particular relevance are the
derivatives of Alberto (10a/b), capable of diverting doxorubicin from the nucleus to the
mitochondria and displaying excellent toxicity toward HeLa cells (IC50 value 0.34 µM) [28]—
the N-heterocylic carbene complexes (11a/b) of Falasca, Massi, and Simpson [29,54]
and the diseleno-ether compound (12) of Collery [55–59]—both studied extensively in vivo.

2.2. Homonuclear Complexes

Homonuclear multimetallic fac-[Re(CO)3]+ complexes have recently attracted sub-
stantial interest. The arrangement of two or more fac-[Re(CO)3]+ fragments into one
well-defined molecular structure has the potential to improve the well-established biologi-
cal properties of the core, such as improved cellular uptake, by increased lipophilicity of
the molecules and, in turn, to improve the cytotoxicity properties of the same [10,60,61].
The majority of the homonuclear complexes reported to date are those linked through
axial pyridine ligands. The groups of Sakthivel and Manimaran have been particularly
active in this field. The approach the authors took is that of the self-assembly of precursor
rhenium carbonyl complexes with different functionalized monodentate organic spacers as
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ditopic pyridyl ligands to M2L2 type dinuclear species (where M = fac-[Re(CO)3]+) [62–66].
These species form either metallacycles [62–64] or metallastirrups [65,66], the fundamental
differences being that, in the former, the rhenium centers are connected by two flexible
ditopic ligands, retaining one free coordination site, and in the latter, all three coordination
sites are shared by the metals via a single flexible ligand and either two µ-bridges or one
rigid bidentate unit. Most active complexes selectively inhibit certain cancer cells with IC50
values comparable to cisplatin [62,63,66], and in specific cases, the anticancer activity of the
compounds is attributed to the induction of early apoptosis [62].

Tan and Mao have reported a series of diimine dinuclear complexes bridged via di-
topic 4,4′-derivatized pyridines, namely 1,2-di(pyridin-4-yl)ethane [67], 4,4′-azopyridine,
or 4,4′-dithiodipyridine (19, Figure 2) [36]. The authors found that the 1,2-di(pyridin-4-
yl)ethane dinuclear complexes are more potent than the mononuclear counterparts (IC50
ca. 2 µM and 2–12 µM, respectively), confirming a synergistic effect of the two metal
ions, and that increased lipophilicity of the bidentate diimine ligands enhances cellular
uptake, leading to improved anticancer efficacy. Complexes of lower lipophilicity localize
in lysosomes and induce caspase-independent apoptosis, whereas higher lipophilicity com-
pounds target mitochondria and induce caspase-independent paraptosis in cancer cells [67].
Similarly, 4,4′-azopyridine and 4,4′-dithiodipyridine bridged homonuclear species accumu-
late in mitochondria, where they can react with glutathione (GSH), cause oxidative stress,
and disturb GSH metabolism. Interestingly, these latter species simultaneously induce
necroptosis and caspase-dependent apoptosis and inhibit tumor growth in nude mice
bearing carcinoma xenografts, showing very low in vitro IC50 values (ca. 1 µM against
different cell lines) [36]. In vivo, the mouse xenograft model, 19, is effectively retained in
tumors as revealed by fluorescence emission spectroscopy (Figure 2). Liang He’s group
has used the same molecular design of Tan and Mao, varying the diimine bidentate ligand
with a 9H-pyrido [3,4-b]indole unit [68]. The dinuclear complexes show potent anticancer
activities toward several cancer cells (IC50 values 2–5 µM) and marked inhibitory effects
(16-fold higher activity than cisplatin) against cisplatin-resistant human lung carcinoma
cells (A549R) in addition to substantial phototoxicity (425 nm irradiation). Mechanistic
studies have shown that complexes can induce overproduction of reactive oxygen species
(ROS), which leads to lysosomal membrane permeabilization and subsequent cell apop-
tosis. The groups of Crouse and Policar have instead prepared a dinuclear 1:2 complex
of the Schiff base, N’-[1-(2-oxo-2H-chromen-3-yl)-ethylidene]-hydrazinecarbodithioic acid
benzyl ester with fac-[Re(CO)3]+ fragments. The ligand induces a centrosymmetric dimeric
complex with the metal cores linked by Re–S–Re bridges (20, Figure 3). Cytotoxicity assays
revealed that the compound is active against human breast adenocarcinoma cancer cell
lines MDA-MB-231 and MCF-7 [37].
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Figure 2. Structure of 19 and in vivo fluorescence emission of the compound after intratumoral
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scale refers to emission intensity (a.u.). Figure readapted with permission from publisher [36].
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Higher-order homonuclear multimetallic fac-[Re(CO)3]+ complexes have been pre-
pared by Gianferrara, Gasser, and Vilar [38] and the Smith group [39]. The former authors
described phototoxic neutral fourfold-symmetric porphyrins derivatized with four [1,4,7]-
triazacyclononane rhenium complexes connected to the porphyrin macrocycle through
hydrophilic spacers containing the ethylenedioxy groups (21, Figure 3). Although the
compound is only moderately toxic in the dark against HeLa (cervical cancer), H460M2
(non-small-cell lung carcinoma), and HBL-100 (non-tumorigenic epithelial cells), its in vitro
anticancer effects are greatly improved when irradiated (up to 71-fold, with IC50 values
as low as 0.5 µM). The activity of the complex is associated with 1O2 production and
selective interaction with G-quadruplex DNA. On the other hand, Smith reported tri- and
tetranuclear dendritic complexes in a study aimed at exploring the multivalency offered by
dendrimers as a way to improve site-specific drug delivery and reduced systemic exposure
to the drug [39]. The compounds display only moderate biological activity against different
cancer cell lines, with the tetranuclear system (22, Figure 3) showing selective cytotoxicity
towards the tumors. The authors performed in-depth mechanistic studies and found that
the species influence programmed cell death in vitro. They are able to inhibit the soluble
form of the programmed cell death Fas receptor in malignant cells, allowing the Fas domain
to receive the apoptotic signal through an extrinsic pathway. Moreover, the tetranuclear
complex modulates and augments intracellular levels of the pro-apoptotic Bax-α product,
leading to cell death [39]. Interestingly, the polynuclear complexes 21 and 22 are more
active than the corresponding mononuclear compounds, further substantiating the po-
tential synergistic effect of the cores to improve the biological properties and cytotoxicity
properties of homonuclear multimetallic fac-[Re(CO)3]+ complexes.
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2.3. Heteronuclear Complexes

An important strategy being recently employed in the development of novel anti-
cancer agents is the incorporation of two distinct metal centers to form heterobimetallic
systems. In this way, the biological and chemical features of two metal centers may poten-
tially be combined into one well-defined molecular structure. In heterobimetallic systems,
the presence of two different metals provides an opportunity to utilize their desirable
and distinct features simultaneously. These systems include combinations of rhenium car-
bonyl species with different metals [46,69–72], but in particular Fe [40,73,74], Pt [41–44,75],
and Au [76–79]. In such systems, which may be less susceptible to drug resistance mecha-
nisms, a synergistic effect is often observed, resulting in enhanced cytotoxicity as compared
to mononuclear analogues.

Iron-rhenium multifunctional compounds evaluated in anticancer studies are predom-
inantly those of ferrocenyl derivatives. Isomeric hybrid ferrocenyl/cyrhetrenyl aldimines
of Klahn, Arancibia, and López (23, Figure 4) show cytotoxic activities against human
adenocarcinoma breast (MCF7 and MDA-MB-231) and colon (HCT-116)] cell lines, with
greater inhibitory growth effect than cisplatin in the triple negative MDA-MB 231 and in the
cisplatin resistant HCT-116 cell lines [40]. The authors later confirmed the synergistic effect
of these type of complexes with ferrocenyl sulfonyl hydrazide derivatives (24, Figure 4) [73].
In vitro cytotoxicity studies of the compounds against the same cell lines revealed that
the ferrocenyl complex has no significant activity (IC50 > 100 µM), while the rhenium
heterobimetallic systems is active in all three lines. The growth inhibition potency of the
hybrid compound is similar than that of cisplatin, but it is less toxic than cisplatin in normal
and non-tumoral BJ fibroblasts. Similarly, ferrocifen complexes tagged with cyrhetrenyl
(25, Figure 4) preserve high cytotoxicity against MDA-MB-231 cells with IC50 values in the
range 0.32–2.5 µM and mainly localize in the cell nucleus [74].

Molecules 2022, 27, 539 10 of 25 
 

 

the rhenium heterobimetallic systems is active in all three lines. The growth inhibition 
potency of the hybrid compound is similar than that of cisplatin, but it is less toxic than 
cisplatin in normal and non-tumoral BJ fibroblasts. Similarly, ferrocifen complexes tagged 
with cyrhetrenyl (25, Figure 4) preserve high cytotoxicity against MDA-MB-231 cells with 
IC50 values in the range 0.32–2.5 μM and mainly localize in the cell nucleus [74]. 

 
Figure 4. Structures of heteronuclear iron-rhenium anticancer complexes. 

Heterobimetallic platinum-rhenium species recently reported are of two types: either 
incorporating Pt(II) coordination complexes [41–43] or redox-active Pt(IV) prodrugs 
[44,75]. In 2014, Margiotta and Natile reported the synthesis, characterization, and in vitro 
evaluation of the first mixed platinum(II) and rhenium(I) compound of the bifunctional 
chelating, translocator protein (TSPO) targeting, and CB256 ligand (26, Figure 5) [41]. The 
heterobimetallic metal complex shows cellular uptake and is able to induce apoptosis in 
C6 glioma cells. The mechanism of the antiproliferative activity is associated with collapse 
of the mitochondrial membrane potential and interference with the cell-cycle progression 
of glioma C6 cells. Coordination of the metals to CB256, however, diminishes the cytotox-
icity of the free ligand towards C6, A2780, and A2780cisR tumor cell lines and reduces the 
affinity of the same towards TSPO. Bertrand introduced mixed metal complexes of plati-
num and rhenium bound to a modified bis[2-(hydroxyphenyl)-1,2,4-triazole] ligand (27, 
Figure 5) and evaluated the anticancer properties of the compounds on a panel of human 
cancer cells (MDA-MB-231, MCF-7, and A2780), as well as on a nontumorigenic cell line 
(MCF-10A) [42]. The molecules show low micromolar activities (IC50 values of 1–2 μM) 
and represent rare examples of highly active, but hydrolytically stable, Pt(II) complexes. 

Gasser, Quiroga, and Paulo developed an anticancer agent with chemotherapeutic 
and photosensitizing properties by connecting a non-conventional trans-chlorido Pt(II) 
complex to a photoactive Re tricarbonyl unit (28, Figure 5) [43]. The complex shows dark- 
and enhanced photo-toxicity with IC50 values in the lowμM range, with similar activity 
against the A2780 and A2780R cell lines, indicating that the heterobimetallic complex can 
significantly circumvent cisplatin cross-resistance. This multimodal theranostic approach 
was also realized with redox-active Pt(IV) prodrugs. Paulo and Ravera modified chitosan 
with Pt(IV) and Re(I) tricarbonyl complexes but found low to moderate cytotoxic activity 
of the conjugate, in line with the values of the constituent complexes [75]. Similar results 
were obtained by Wilson with a tricarbonyl rhenium isonitrile polypyridyl complex cou-
pled with cis- and oxaliplatin Pt(IV) prodrugs (29, Figure 5) [44]. In the dark, the molecules 
exhibit modest anticancer activity against wild-type (A2780) and cisplatin-resistant 
(A2780CP70) ovarian cancer cell lines. Upon irradiation with 365 nm light, a 2–3-fold en-
hancement in cytotoxicity against A2780 cells for both conjugates is observed. Within the 
cisplatin-resistant A2780CP70 cell line, however, the photoactivated drug candidates 
show mixed results. 

Figure 4. Structures of heteronuclear iron-rhenium anticancer complexes.

Heterobimetallic platinum-rhenium species recently reported are of two types: either
incorporating Pt(II) coordination complexes [41–43] or redox-active Pt(IV) prodrugs [44,75].
In 2014, Margiotta and Natile reported the synthesis, characterization, and in vitro evalua-
tion of the first mixed platinum(II) and rhenium(I) compound of the bifunctional chelating,
translocator protein (TSPO) targeting, and CB256 ligand (26, Figure 5) [41]. The heter-
obimetallic metal complex shows cellular uptake and is able to induce apoptosis in C6
glioma cells. The mechanism of the antiproliferative activity is associated with collapse
of the mitochondrial membrane potential and interference with the cell-cycle progression
of glioma C6 cells. Coordination of the metals to CB256, however, diminishes the cyto-
toxicity of the free ligand towards C6, A2780, and A2780cisR tumor cell lines and reduces
the affinity of the same towards TSPO. Bertrand introduced mixed metal complexes of
platinum and rhenium bound to a modified bis[2-(hydroxyphenyl)-1,2,4-triazole] ligand
(27, Figure 5) and evaluated the anticancer properties of the compounds on a panel of
human cancer cells (MDA-MB-231, MCF-7, and A2780), as well as on a nontumorigenic cell
line (MCF-10A) [42]. The molecules show low micromolar activities (IC50 values of 1–2 µM)
and represent rare examples of highly active, but hydrolytically stable, Pt(II) complexes.



Molecules 2022, 27, 539 11 of 25
Molecules 2022, 27, 539 11 of 25 
 

 

 
Figure 5. Structures of heteronuclear platinum–rhenium anticancer complexes. 

Work on bioactive heterobimetallic gold–rhenium conjugates comes from the labor-
atory of Fernandez-Moreira and Gimeno [76–79]. In 2014, the authors reported the first 
series of heterometallic fac-[Re(bipy)(CO)3(L-AuPPh3)]+ complexes (where L is a mono-
dentate aromatic ligand, 30 in Figure 6) in a study aiming at the preparation of antiprolif-
erative trackable drugs [76]. Cytotoxicity studies against human A549 lung cancer cells 
identified the alkynyl–phosphine–gold fragment as the moiety essential for the bioactivity 
of the molecules. These heterometallic Re(I)/Au(I) derivatives show IC50 values one order 
of magnitude lower than their analogous monomeric Re(I) complexes, again substantiat-
ing the synergistic effect in mixed metal species. The effect may be possibly due to the 
different bio-distribution behavior of the monometallic and heterometallic families. 
Whereas the monometallic Re(I) species show some general cytoplasmatic staining and 
mitochondrial accumulation, the heterometallic Re(I)/Au(I) derivatives accumulate in the 
nucleus. Substitution of the alkynyl for a ditopic P,N-donor linker drastically reduces the 
cytotoxicity of the molecules, with hetero-trimetallic species almost twice as toxic as the 
heterobimetallic analogues [77]. Variation of the bidentate chelate of the fac-[Re(CO)3]+ 
core affects less the bioactivity of the molecules. Thus, substitution of bipy for imidazole 
pyridine-based carbenes (31) preserves the antiproliferative activity, with only the hetero-
bimetallic species being effective against tumor lung A549 cells. A necrotic process seems 
to be the preferred cell death mechanism of these perinuclear-accumulating derivatives, 
whose IC50 values can be improved nearly five times if irradiated at 405 nm [78]. A final 
series of neutral and cationic heterotrimetallic complexes of the type fac-
[Re(CO)3(bipy(CC)2-(AuPPh3)2)X]n (where bipy(CC)2 is 4,4′-alkynyl-2,2′-bipyridine, 32), 
shows a generalized selectivity toward HeLa (cervix cancer) cells over A549. Once again, 
the effect may be possibly due to the different bio-distribution behavior of the molecules. 
Whereas the complexes are randomly distributed in A549 cells, they locate close to the 
cellular membrane in HeLa cells, possibly explaining their cellular selectivity when it 
comes to the antiproliferative activity displayed in the different cell lines [79].  

Figure 5. Structures of heteronuclear platinum–rhenium anticancer complexes.

Gasser, Quiroga, and Paulo developed an anticancer agent with chemotherapeutic
and photosensitizing properties by connecting a non-conventional trans-chlorido Pt(II)
complex to a photoactive Re tricarbonyl unit (28, Figure 5) [43]. The complex shows dark-
and enhanced photo-toxicity with IC50 values in the low µM range, with similar activity
against the A2780 and A2780R cell lines, indicating that the heterobimetallic complex can
significantly circumvent cisplatin cross-resistance. This multimodal theranostic approach
was also realized with redox-active Pt(IV) prodrugs. Paulo and Ravera modified chitosan
with Pt(IV) and Re(I) tricarbonyl complexes but found low to moderate cytotoxic activity of
the conjugate, in line with the values of the constituent complexes [75]. Similar results were
obtained by Wilson with a tricarbonyl rhenium isonitrile polypyridyl complex coupled with
cis- and oxaliplatin Pt(IV) prodrugs (29, Figure 5) [44]. In the dark, the molecules exhibit
modest anticancer activity against wild-type (A2780) and cisplatin-resistant (A2780CP70)
ovarian cancer cell lines. Upon irradiation with 365 nm light, a 2–3-fold enhancement in cy-
totoxicity against A2780 cells for both conjugates is observed. Within the cisplatin-resistant
A2780CP70 cell line, however, the photoactivated drug candidates show mixed results.

Work on bioactive heterobimetallic gold–rhenium conjugates comes from the labora-
tory of Fernandez-Moreira and Gimeno [76–79]. In 2014, the authors reported the first series
of heterometallic fac-[Re(bipy)(CO)3(L-AuPPh3)]+ complexes (where L is a monodentate
aromatic ligand, 30 in Figure 6) in a study aiming at the preparation of antiproliferative
trackable drugs [76]. Cytotoxicity studies against human A549 lung cancer cells identified
the alkynyl–phosphine–gold fragment as the moiety essential for the bioactivity of the
molecules. These heterometallic Re(I)/Au(I) derivatives show IC50 values one order of
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magnitude lower than their analogous monomeric Re(I) complexes, again substantiating
the synergistic effect in mixed metal species. The effect may be possibly due to the different
bio-distribution behavior of the monometallic and heterometallic families. Whereas the
monometallic Re(I) species show some general cytoplasmatic staining and mitochondrial
accumulation, the heterometallic Re(I)/Au(I) derivatives accumulate in the nucleus. Substi-
tution of the alkynyl for a ditopic P,N-donor linker drastically reduces the cytotoxicity of
the molecules, with hetero-trimetallic species almost twice as toxic as the heterobimetallic
analogues [77]. Variation of the bidentate chelate of the fac-[Re(CO)3]+ core affects less
the bioactivity of the molecules. Thus, substitution of bipy for imidazole pyridine-based
carbenes (31) preserves the antiproliferative activity, with only the heterobimetallic species
being effective against tumor lung A549 cells. A necrotic process seems to be the preferred
cell death mechanism of these perinuclear-accumulating derivatives, whose IC50 values
can be improved nearly five times if irradiated at 405 nm [78]. A final series of neutral
and cationic heterotrimetallic complexes of the type fac-[Re(CO)3(bipy(CC)2-(AuPPh3)2)X]n

(where bipy(CC)2 is 4,4′-alkynyl-2,2′-bipyridine, 32), shows a generalized selectivity to-
ward HeLa (cervix cancer) cells over A549. Once again, the effect may be possibly due
to the different bio-distribution behavior of the molecules. Whereas the complexes are
randomly distributed in A549 cells, they locate close to the cellular membrane in HeLa
cells, possibly explaining their cellular selectivity when it comes to the antiproliferative
activity displayed in the different cell lines [79].
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3. Antibiotic Complexes

The evaluation of the antibiotic potentials of rhenium carbonyl complexes began in
2013 with the seminal study of Metzler-Nolte and Bandow [80]. The groups identified two
hetero-tri-organometallic compounds, with potent activity (MIC 1.4 µM) against Gram-
positive bacteria including multi-resistant Staphylococcus aureus (MRSA), consisting of a
peptide nucleic acid backbone with an alkyne side chain, substituted with a cymantrene,
a [(dipicolyl)Re(CO)3] moiety, and either a ferrocene or a ruthenocene unit. Comparative
proteomic analysis revealed the bacterial membrane as an antibiotic target structure of
the molecules (33, Figure 7). Both hetero-tri-organometallic compounds interfere and
disrupt several essential cellular processes such as respiration and cell wall biosynthesis
taking place at the membrane (Figure 7). Crucially, a systematic structure–activity re-
lationship study against various pathogenic bacteria, including MRSA, proved that the
[(dipicolyl)Re(CO)3] moiety is the essential part for the antibacterial activity of the trimetal-
lic complexes [81]. The other metallic units can be replaced without substantially affecting
the antibiotic properties of the constructs.
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Figure 7. Top: influence of hetero-tri-organometallic compound 33 of Metzler-Nolte and Bandow on
the B. subtilis membrane and cell wall integrity. (a) GFP-MinD (green fluorescent cell division protein)
localization after treatment with molecule 33 and approved antibiotics (valinomycin, gramicidin
S, nisin, and vancomycin). Like valinomycin, gramicidin S, or nisin (positive control), 33 leads to
GFP-MinD delocalization, demonstrating membrane depolarization by the molecule. Note that
vancomycin here represents the negative control. (b) Light microscopy images corresponding to
panel a. Bottom: structure of the hetero-tri-organometallic molecule 33. Figure readapted with
permission from publisher [80].

The report of Metzler-Nolte and Bandow arguably sparked what is becoming a
thriving field of rhenium carbonyl research, with several related papers appearing since
the publication of their study. As is the case for anticancer species, the overwhelming
majority of rhenium carbonyl complexes tested to date are those of the fac-[Re(CO)3]+

core. We are aware of only two reports dealing with a different carbonyl unit, namely
cis-[Re(CO)2]+ [82,83] but these are discussed later. Most tricarbonyl complexes un-
fortunately do not show antibiotic properties at low concentrations (defined here as
MIC < 10 µg/mL) [84–93], but the ones that do are remarkable. In 2017, Metzler-Nolte and
Bandow reported a family of fac-[Re(CO)3]+ N-heterocyclic carbene complexes containing
unsubstituted benzimidazol-2-ylidene and phenanthroline, with MIC values against Gram-
positive bacteria between 0.7–2 µg/mL [94]. The mechanism of action of these molecules
is yet undetermined. In 2019, Frei and Blaskovich reported the antibacterial activity of
rhenium bisquinoline complexes displaying light-induced antibiotic properties against
drug-resistant S. aureus and E. coli strains with MIC values between 0.25–8 µg/mL when
photo-irradiated [95]. The molecules appear to act via two distinct mechanisms, one of
which is associated with ROS production possibly leading to destabilization of Fe–S clusters
and increased aminoglycoside uptake.

In 2020, Sovari reported a series of fac-[Re(CO)3]+ species bearing arylcoumarin lig-
ands and tested all compounds for their antimicrobial efficacy against both bacteria and
fungi [96]. Whereas the arylcoumarin ligands are virtually inactive against the human-
associated pathogens, most of the corresponding complexes show remarkable antibacte-
rial potency (MIC values of 0.8 µg/mL). Several compounds exhibit in vivo activity in
nanomolar concentrations against MRSA and Enterococcus faecium, two organisms com-
monly associated in hospital infections and intrinsically resistant to several antibiotics [97].
The same in vivo studies (zebrafish-MRSA infection model) showed that the complexes
with anti-staphylococcal/MRSA activity are non-toxic and capable of increasing infected
fish survival rate up to 100% while markedly reducing bacterial burden. The mechanism of
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action of the molecules is unknown, but it is known that they do not affect bacterial cell
membrane potential.

The same researchers published this year a more comprehensive study aiming also at
understanding, via a structure–activity relationship (SAR) analysis, what molecular and
structural parameters are responsible for the antibiotic activity (or lack thereof)
of fac-[Re(CO)3]+ complexes [98]. Their study included 57 diimine species with vary-
ing ligands, charge, and lipophilicity and allowed the identification of potent and non-toxic
complexes active in vivo against S. aureus infections at MIC doses as low as 300 ng/mL (34
and 35 in Figure 8), as well as against C. albicans-MRSA mixed co-infection. The compounds
are capable of suppressing the C. albicans morphogenetic yeast-to-hyphal transition, eradi-
cating fungal–S. aureus co-infection, while showing no sign of cardio-, hepato-, or hema-
totoxicity or teratogenicity. Overall, the molecular analysis (which also included all other
published complexes) indicates that all active and non-toxic complexes are those bearing
highly lipophilic diimine ligands and an overall positive charge. These features appear
common to both effective antibacterial and antifungal compounds. The authors hypothe-
sized that these features are important for their interaction with phosphatidylglycerol and
cardiolipin anionic lipids [98].
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Figure 8. Top left: Kaplan–Meier survival curves of the MRSA- or C. albicans-infected zebrafish
embryos treated with molecules 34 or 35 (top-left graph; molecules show identical fish survival
response) in comparison with that of the approved drug Linezolid (top-right graph). In the Kaplan–
Meier survival curves, the red line = 1

2 ×MIC; blue line = non-infected control; black line = infected
control; dashed red line = 1 ×MIC and dotted red line = 2 ×MIC. Note that in the top-left Kaplan–
Meier survival curve, all red lines overlap, indicating that 34 and 35 are safe and non-toxic at all
tested concentrations (i.e., all MIC values). Bottom left: in vitro and in vivo antimicrobial effects
of molecule 34 in C. albicans–MRSA mixed infections; lethal C. albicans infection and lethal MRSA
infection. The green and red fluorescence intensity of labelled microbes (as a measure of infection
burden) is markedly reduced upon treatment with 34. Asterisks stand for statistical significance in
the survival rates between treated and untreated embryos (* p < 0.05; *** p > 0.001). Figure readapted
with permission from publisher [98].
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4. Rhenium Dicarbonyl Complexes: Is There a Future for These Species?

It is evident from what was discussed above that tricarbonyl complexes of rhenium
dominate the medicinal chemistry of the metal ion. We believe that there are two main
reasons contributing to this. First, the relative ease of preparation of molecules, which can be
obtained in one or two synthetic steps, often from commercially available starting materials.
The compounds are very stable both in the solid state and in solution, and they have
favorable spectroscopic characteristics that aid with their analysis. Complexes of the fac-
[Re(CO)3]+ core are diamagnetic, with energetically isolated CO stretching vibrations whose
frequency can be mathematically predicted [99,100]. Second, the unique photophysical
and luminescent properties of the complexes allow the combination of diagnostic and
therapeutic purposes, thereby permitting the molecules to be tracked within cells [7,101].
In comparison, complexes of the cis-[Re(CO)2]+ core are rarer and consequently less studied
in biological and medicinal applications. One of the underlying reasons is the relative
difficulty of preparing molecules of this core, whose chemistry is dominated by π-acid
ligands, necessary to stabilize it. In recent years, however, several groups have begun
investigating in detail the chemistry of the dicarbonyl core. Publications of this core are
slowly gaining momentum (Figure 9), and a few examples of anticancer and antibiotic
complexes are now available. Before discussing these examples, we thought it would be
useful to briefly review the synthetic procedure currently known for the preparation of
rhenium dicarbonyl complexes. We focus on studies achieved during this last decade,
and we intend the following section as a quick “reference book” for readers interested
in this chemistry. Our analysis has evidenced the existence of the five main synthetic
decarbonylation reactions.
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5. Preparation cis-[Re(CO)2]+ Complexes via Decarbonylation Reactions
5.1. Trimethylamine N-Oxide Decarbonylation

Trimethylamine N-oxide (Me3NO) reacts selectively and irreversibly with a rhenium-
metal-bound CO liberating CO2, NMe3, and a coordination site on the metal ion then
occupied by a coordinating ligand or solvent molecule. The general reaction below follows
a second-order rate law consistent with a bimolecular mechanism [102]. The procedure

fac-[Re(CO)3L3]n + ONMe3 + L →cis-[Re(CO)2L3L]n + CO2 + NMe3

has been successfully applied to both rhenium tricarbonyl and pentacarbonyl complexes.
When fac-[Re(CO)3]+ complexes are used, best results are achieved starting with a di-
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imine phosphine or phosphite compound in either acetonitrile (MeCN) or in the presence
of an halide X (e.g., Cl-), which act as the entering “L” by replacing CO. Examples of
this synthetic approach have been recently described by Ko [103,104], Ishitani [105,106],
Felton [107], Visser [108], and Miller and Dempsey [109] for the preparation of cis,trans-
[Re(CO)2(diimine)(PR3)(L)]+ complexes where (L = MeCN or Cl-), starting from the cor-
responding fac-[Re(CO)3(diimine)(PR3)]+ complexes. The only example we are aware of in
which a [Re(CO)5]+ precursor was decarbonylated with Me3NO was described by Mon-
dal [110] in the reactions of rhenium pentacarbonyl halides and the thioarylazoimidazole SNN
pincer ligands. The complexation reaction yields directly cis,mer-[Re(CO)2(SNN)X] complexes.

5.2. Photo-Decarbonylation

As the name of the reaction implies, UV-light is used to generate an excited state in
fac-[Re(CO)3L3]n complexes, which promotes the release of one equivalent of CO, sub-
sequently replaced by L. The details and mechanisms of the general reaction below are
well-understood and, since they were recently reviewed [101], are not discussed here.

fac-[Re(CO)3L3]n + hν + L →cis-[Re(CO)2L3L]n + CO

fac-[Re(CO)3(diimine)(L)]+ complexes (where L = PR3, MeCN, NHC, CN- or halide)
are often studied in this context [111–116], but obviously critical for the reaction is the
presence of a coordinating L. Ishitani, Onda, Miyasaka, and coworkers, e.g., have shown
that irradiation of fac-[Re(CO)3(bipy)Cl] in THF leads to the rearrangement of the CO
ligands to corresponding mer-isomer, but the same reaction in MeCN leads to the cis,trans-
[Re(CO)2(bipy)Cl(MeCN)] species [111]. A few cyclopentadiene (η-C5H5) rhenium tricar-
bonyl complexes undergoing photo-decarbonylation have also been reported [117–119].
As an example, Hill studied the photo-decarbonylation of cyrhetrenyl in THF in the pres-
ence of carbon disulfide and triphenylphosphine. The reaction of the photo-excited in-
termediate with PPh3 and CS2 leads to three different rhenium dicarbonyl complexes:
[Re(CS)(CO)2(η-C5H5)], [Re(PPh3)(CO)2(η-C5H5)] and the bimetallic carbido [(µ-C){Re(CO)2(η-
C5H5)}2] complex [118].

5.3. Redox-Mediated Decarbonylation

In this reaction (see below) the oxidation state of a fac-[Re(CO)3]+ complex is increased
in order to diminish the metal to CO π-back bonding and consequently weaken the metal–
CO bond. The presence of halides is fundamental in the reaction in order to stabilize the
higher oxidation state of the rhenium ion. To the best of our knowledge, the only redox-
mediated decarbonylation of rhenium tricarbonyl is the procedure of Abram [120], who
described the oxidation of fac-[Re(I)(CO)3Br3]2- with bromine to the cis-[Re(III)(CO)2Br4]-

anion. This complex then served as the synthon for several reactions described during the
last decade.

fac-[Re(CO)3L3]n + oxidizing agent + L →cis-[Re(CO)2L3L]n+1 or 2 + CO

The group of Alberto, in particular, has described the redox reactivity and ligand
substitution chemistry of the one electron reduced congener (Et4N)2[ReII(CO)2Br4] as a
stable 17-eletron species [121–123]. Our group has studied the carbon-monoxide-releasing
properties of these compounds [124,125] and conjugated them to cyanocobalamin, making
them pharmaceutically acceptable [126,127]. These molecules display efficient therapeutic
protection toward ischemia-reperfusion injury and anti-platelet activity [128]. More recently,
we introduced new synthetic routes to aerobically stable and substitutionally labile α-
diimine rhenium(I) dicarbonyl complexes lacking π-acid ligands [129].

5.4. Thermal Decarbonylation

This type of decarbonylation reaction is mainly performed in the solid state, starting
from fac-[Re(CO)3]+ complexes, and it involves activation of the core with high temperature
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(e.g., 275–300 ◦C), under either vacuum or a constant flow of an inert gas. However,
examples of the same reaction performed in solutions are known [130,131]. Common
products of the solid state thermal decarbonylation are cis-[Re(CO)2(NN)2]+ (where NN
are bipy or phen derivatives) [132], cis,mer-[Re(CO)2(terpy-κ3N)L]n [133–137], or similar
pincer complexes [138–140]. The general reactions below depict these transformations.

fac-[Re(CO)3NNL]n + NN + heat →cis-[Re(CO)2NN(NN)]n + CO + L

fac-[Re(CO)3(terpy-κ2N)L]n + heat →cis,mer-[Re(CO)2(terpy-κ3N)L]n + CO

Interestingly, [Re(κ3N-Rterpy)(CO)2(Br)] complexes are panchromatic, whereas biden-
tate tricarbonyl derivatives are scarcely absorbed in the visible region [137]. Another
example of solid-state products of note are the [4 × 1] square and a [3 × 1] triangular
κ3N-terpyridine rhenium dicarbonyl assembly achieved by head-to-tail bonding reported
by Zaccheroni and Hanan [136]. In solution, the thermal reaction is best suited if CO is
replaced by a phosphine (PR3) ligand. However, a strong π-acid already coordinated to
the fac-[Re(CO)3]+ core is needed in order to activate the carbonyl complex towards the
substitution reaction [130,131].

5.5. Nitrosylation

The general reaction depicted below entails the direct substitution of a CO ligand with a
nitrosonium ion yielding complexes of the fac-[Re(CO)2(NO)]2+ core. This transformation is
well-known for cyclopentadienyl rhenium complexes [141,142] or rhenacarboranes [143,144],
with nitrosonium tetrafluoroborate, NOBF4, being the preferred reagent. Particularly
interesting are the rhenacarborane complexes developed by Jelliss and

fac-[Re(CO)3L3]n + NO+ →fac-[Re(CO)2(NO)L3]n+1 + CO

pruitt as central nervous system drug-delivery agents [144]. The authors showed that
nitrosylation of tricarbonyl rhenacarboranes precursors is possible for a variety pendant
functional groups (chloride, bromide, iodide, benzyl ether and alcohol), except for azide
where significant decomposition of the complex is observed [143]. The corresponding 125I
derivatives permeate the blood–brain barrier with brain uptake exceeding the maximum
uptake of other prototypes [144]. Finally, our group has recently reported the nitrosylation
of rhenium tricarbonyl complexes bearing α-diimine ligands [83]. The reaction between fac-
[Re(CO)3(NN)Br] precursors and an excess of NOBF4 in DCM leads to dicarbonyl-nitrosyl
fac-[Re(CO)2(NO)(NN)Br]+ complexes in high yields.

6. Anticancer and Antibiotic Dicarbonyl Complexes

As mentioned in the previous section, examples of rhenium dicarbonyl complexes
evaluated for their anticancer and antibiotic properties are relatively rare compared to
tricarbonyl species. However, encouraging data are available for these species. The first
examples of a cis-[Re(CO)2]n evaluated for its anticancer properties actually came from our
group in a study aimed at exploring organometallic cobalamin anticancer derivatives for the
targeted prodrug delivery via transcobalamin-mediated uptake [145]. Surprisingly, among
the metal complexes evaluated (including cisplatin and other Pt, Ru compounds), the 17-
electron cis-[Re(CO)2(HCCbipy)Br2]2+ species (where HCCbipy = 4-ethynyl-2,2’-bipyridine)
was the most active species, showing an IC50 value against MCF-7 cells of 1.4 µM (IC50 value
of cisplatin = 3.7 µM). Within the same context, Wilson studied fifteen water-soluble rhe-
nium compounds of the general formula fac-[Re(CO)3(NN)(PR3)]+, and evaluated them as
photoactivated anticancer agents in human cervical (HeLa), ovarian (A2780), and cisplatin-
resistant ovarian (A2780CP70) cancer cell lines. Several compounds exhibit a cytotoxic
response (IC50 value of ca. 5 µM) upon irradiation with minimal toxicity in the absence of
light. The authors investigated the nature of the photoinduced cytotoxic product and found
that the phototoxic response may result from the presence of cis-[Re(CO)2(NN)(PR3)(H2O)]+
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species in conjunction with the released CO as well as the production of 1O2 [115]. Godoy
and Metzler-Nolte reported a series of cyclopentadienyl dicarbonyl complexes carrying
phophine ligands of general formula [(η5-C5H4CHO)Re(CO)2PR3] [119]. The authors tested
their complexes towards colon and pancreatic cancer cell lines and found that only the
most lipophilic compound showed moderate biological activity.

More recently, Visser reported the aquation of rhenium(I) dicarbonyl complexes of the
general formula [Re(CO)2(NN)(PR3)(Cl)], where NN are phenanthroline derivatives and
PR3 water-soluble phosphorous ligands in relation to their cell toxicity and bioavailabil-
ity [108]. The authors found that at Cl- concentration in biological environments (blood
plasma, cell cytoplasm, and cell nucleus), the major species are the corresponding rhe-
nium aqua complexes. Although several of these dicarbonyl complexes were not highly
cytotoxic, the complete library of these compounds has not yet been subjected to thor-
ough biological study. Antibiotic dicarbonyl complexes are ever rarer. As mentioned in
Section 3, we are aware of only two reports dealing with cis-[Re(CO)2]+ species [82,83].
Kottelat prepared different isocyanide (CNR) cis-mer-[Re(CO)2(CNR)3Br] species and tested
them against E. coli [82]. These rhenium complexes are not active, showing an MIC
value > 1 mg/mL. Similarly inactive are the fac-[Re(CO)2(NO)(NN)Br]+, which we recently
reported [83]. The antimicrobial activity of several different complexes, determined against
four Gram-negative bacteria (E. cloaceae, K. pneumoniae, A. baumanii, and P. aeruginosa), two
Gram-positive bacteria (S. aureus MRSA43300 and S. aureus) and two fungi (C. albicans and
C. auris), indicates that none of the complexes has antibiotic properties, with MICs > 100 µM.

7. Conclusions

In this brief review, we have summarized organometallic rhenium tri- and dicarbonyl
compounds with antibiotic and anticancer activity published in the last seven years. We
have selected in most cases only active complexes (defined as having in vitro IC50 and
MIC values ≤ 5 µM or <10 µg/mL, respectively) and highlighted, where possible, their
modes of action. The majority of anticancer rhenium complexes are believed to act by
reacting with available biomolecules, thus forming traditional metal–ligand bonds, but
a few exceptions exist. In addition to these, photoactive complexes have been increas-
ingly reported. However, it must be said that in most cases, the underlying mechanisms
of toxicity (both in terms of the anticancer and antibiotic properties of the compounds)
are not known or not fully elucidated, but still most of the compounds discussed in this
review show potent anticancer effects with IC50 values exceeding the activity of cisplatin.
Similarly, antibiotic complexes are often more effective than approved drugs. Several
compounds also show a synergistic action with other metal ions. We are not aware of
clinical trials involving rhenium complexes at this time, and there are still no non-platinum
metal-based drugs approved for cancer treatment. Undoubtedly, more biological inves-
tigations, both in vitro and in vivo, will allow the further advancement of this class of
compounds. In particular, it would be useful if, along with the initial screenings based
on the determination of the usual concentration inhibiting the growth of 50% of cancer
cells in culture, the toxicity of the compounds would be regularly evaluated on normal
healthy cells or tissues. Furthermore, it is desirable that more in vivo experiments proving
favorable therapeutic indexes for the specific compounds become increasingly available.
Nevertheless, we believe that certainly tricarbonyl complexes of rhenium, and possibly
its dicarbonyl compounds, are poised to make an ever-increasing impact in the develop-
ment on the new generation of metal-based antibiotic and anticancer drugs. Dicarbonyl
compounds, in particular, should allow for even greater structural variations and design,
owing to the extra coordination site available for ligand binding. It is, however, necessary
to further explore and study the chemistry of the cis-[Re(CO)2]+ complexes, as the same
remains greatly underdeveloped compared to that of fac-[Re(CO)3]+ compounds.

Author Contributions: K.S., F.Z. have equally contributed to writing—original draft preparation and
review and editing; project administration, F.Z.; funding acquisition, F.Z. All authors have read and
agreed to the published version of the manuscript.



Molecules 2022, 27, 539 19 of 25

Funding: This research and APC were funded by the Swiss National Science Foundation (SNSF),
project# 200021_196967.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
2. Marston, H.D.; Dixon, D.M.; Knisely, J.M.; Palmore, T.N.; Fauci, A.S. Antimicrobial Resistance. JAMA 2016, 316, 1193–1204.

[CrossRef]
3. Oun, R.; Moussa, Y.E.; Wheate, N.J. The side effects of platinum-based chemotherapy drugs: A review for chemists. Dalton Trans.

2018, 47, 6645–6653. [CrossRef]
4. Garbutcheon-Singh, K.B.; Grant, P.M.; Harper, B.W.; Krause-Heuer, A.M.; Manohar, M.; Orkey, N.; Aldrich-Wright, J.R. Transition

Metal Based Anticancer Drugs. Curr. Top. Med. Chem. 2011, 11, 521–542. [CrossRef]
5. Leonidova, A.; Gasser, G. Underestimated potential of organometallic rhenium complexes as anticancer agents. ACS Chem. Biol.

2014, 9, 2180–2193. [CrossRef]
6. Jürgens, S.; Herrmann, W.A.; Kühn, F.E. Rhenium and technetium based radiopharmaceuticals: Development and recent advances.

J. Organomet. Chem. 2014, 751, 83–89. [CrossRef]
7. Lee, L.C.; Leung, K.K.; Lo, K.K. Recent development of luminescent rhenium(I) tricarbonyl polypyridine complexes as cellular

imaging reagents, anticancer drugs, and antibacterial agents. Dalton Trans. 2017, 46, 16357–16380. [CrossRef]
8. Collery, P.; Desmaele, D.; Vijaykumar, V. Design of Rhenium Compounds in Targeted Anticancer Therapeutics. Curr. Pharm. Des.

2019, 25, 3306–3322. [CrossRef]
9. Bauer, E.B.; Haase, A.A.; Reich, R.M.; Crans, D.C.; Kühn, F.E. Organometallic and coordination rhenium compounds and their

potential in cancer therapy. Coord. Chem. Rev. 2019, 393, 79–117. [CrossRef]
10. Huang, Z.; Wilson, J.J. Therapeutic and Diagnostic Applications of Multimetallic Rhenium(I) Tricarbonyl Complexes. Eur. J.

Inorg. Chem. 2021, 2021, 1312–1324. [CrossRef]
11. Konkankit, C.C.; Marker, S.C.; Knopf, K.M.; Wilson, J.J. Anticancer activity of complexes of the third row transition metals,

rhenium, osmium, and iridium. Dalton Trans. 2018, 47, 9934–9974. [CrossRef]
12. Liew, H.S.; Mai, C.-W.; Zulkefeli, M.; Madheswaran, T.; Kiew, L.V.; Delsuc, N.; Low, M.L. Recent Emergence of Rhenium(I)

Tricarbonyl Complexes as Photosensitisers for Cancer Therapy. Molecules 2020, 25, 4176. [CrossRef]
13. Mkhatshwa, M.; Moremi, J.M.; Makgopa, K.; Manicum, A.-L.E. Nanoparticles Functionalised with Re(I) Tricarbonyl Complexes

for Cancer Theranostics. Int. J. Mol. Sci. 2021, 22, 6546. [CrossRef]
14. Haley, T.J.; Cartwright, F.D. Pharmacology and toxicology of potassium perrhenate and rhenium trichloride. J. Pharm. Sci. 1968,

57, 321–323. [CrossRef]
15. Vucina, J.; Han, R. Production and therapeutic application of rhenium isotopes, rhenium-186 and rhenium-188: Radioactive

pharmaceuticals of the future. Med. Pregl. 2003, 56, 362–365. [CrossRef] [PubMed]
16. Deutsch, E.; Brodack, J.W.; Deutsch, K.F. Radiation synovectomy revisited. Eur. J. Nucl. Med. 1993, 20, 1113–1127. [CrossRef]
17. Li, S.; Liu, J.; Zhang, H.; Tian, M.; Wang, J.; Zheng, X. Rhenium-188 HEDP to treat painful bone metastases. Clin. Nucl. Med. 2001,

26, 919–922. [CrossRef]
18. Wang, S.J.; Lin, W.Y.; Chen, M.N.; Hsieh, B.T.; Shen, L.H.; Tsai, Z.T.; Ting, G.; Chen, J.T.; Ho, W.L.; Mirzadeh, S.; et al. Rhenium-188

microspheres: A new radiation synovectomy agent. Nucl. Med. Commun. 1998, 19, 427–433. [CrossRef]
19. Parson, C.; Smith, V.; Krauss, C.; Banerjee, H.N.; Reilly, C.; Krause, J.A.; Wachira, J.M.; Giri, D.; Winstead, A.; Mandal, S.K.

Anticancer Properties of Novel Rhenium Pentylcarbanato Compounds against MDA-MB-468(HTB-132) Triple Node Negative
Human Breast Cancer Cell Lines. Br. J. Pharm. Res. 2015, 4, 362–367. [CrossRef]

20. Wilder, P.T.; Weber, D.J.; Winstead, A.; Parnell, S.; Hinton, T.V.; Stevenson, M.; Giri, D.; Azemati, S.; Olczak, P.; Powell, B.V.; et al.
Unprecedented anticancer activities of organorhenium sulfonato and carboxylato complexes against hormone-dependent MCF-7
and hormone-independent triple-negative MDA-MB-231 breast cancer cells. Mol. Cell. Biochem. 2018, 441, 151–163. [CrossRef]

21. Yang, J.; Zhao, J.X.; Cao, Q.; Hao, L.; Zhou, D.X.; Gan, Z.J.; Ji, L.N.; Mao, Z.W. Simultaneously Inducing and Tracking Cancer Cell
Metabolism Repression by Mitochondria-Immobilized Rhenium(I) Complex. ACS Appl. Mater. Interfaces 2017, 9, 13900–13912.
[CrossRef] [PubMed]

22. Yang, J.; Cao, Q.; Zhang, H.; Hao, L.; Zhou, D.; Gan, Z.; Li, Z.; Tong, Y.-X.; Ji, L.-N.; Mao, Z.-W. Targeted reversal and
phosphorescence lifetime imaging of cancer cell metabolism via a theranostic rhenium(I)-DCA conjugate. Biomaterials 2018, 176,
94–105. [CrossRef] [PubMed]

23. Pan, Z.-Y.; Tan, C.-P.; Rao, L.-S.; Zhang, H.; Zheng, Y.; Hao, L.; Ji, L.-N.; Mao, Z.-W. Recoding the Cancer Epigenome by Intervening
in Metabolism and Iron Homeostasis with Mitochondria-Targeted Rhenium(I) Complexes. Angew. Chem. Int. Ed. 2020, 59,
18755–18762. [CrossRef] [PubMed]

http://doi.org/10.3322/caac.21660
http://doi.org/10.1001/jama.2016.11764
http://doi.org/10.1039/C8DT00838H
http://doi.org/10.2174/156802611794785226
http://doi.org/10.1021/cb500528c
http://doi.org/10.1016/j.jorganchem.2013.07.042
http://doi.org/10.1039/C7DT03465B
http://doi.org/10.2174/1381612825666190902161400
http://doi.org/10.1016/j.ccr.2019.04.014
http://doi.org/10.1002/ejic.202100031
http://doi.org/10.1039/C8DT01858H
http://doi.org/10.3390/molecules25184176
http://doi.org/10.3390/ijms22126546
http://doi.org/10.1002/jps.2600570218
http://doi.org/10.2298/MPNS0308362V
http://www.ncbi.nlm.nih.gov/pubmed/14587255
http://doi.org/10.1007/BF00173494
http://doi.org/10.1097/00003072-200111000-00006
http://doi.org/10.1097/00006231-199805000-00004
http://doi.org/10.9734/BJPR/2014/4697
http://doi.org/10.1007/s11010-017-3181-z
http://doi.org/10.1021/acsami.7b01764
http://www.ncbi.nlm.nih.gov/pubmed/28368110
http://doi.org/10.1016/j.biomaterials.2018.05.040
http://www.ncbi.nlm.nih.gov/pubmed/29870900
http://doi.org/10.1002/anie.202008624
http://www.ncbi.nlm.nih.gov/pubmed/32634290


Molecules 2022, 27, 539 20 of 25

24. Ye, R.-R.; Chen, B.-C.; Lu, J.-J.; Ma, X.-R.; Li, R.-T. Phosphorescent rhenium(I) complexes conjugated with artesunate: Mitochon-
drial targeting and apoptosis-ferroptosis dual induction. J. Inorg. Biochem. 2021, 223, 111537. [CrossRef] [PubMed]

25. Yip, A.M.-H.; Shum, J.; Liu, H.-W.; Zhou, H.; Jia, M.; Niu, N.; Li, Y.; Yu, C.; Lo, K.K.-W. Luminescent Rhenium(I)–Polypyridine
Complexes Appended with a Perylene Diimide or Benzoperylene Monoimide Moiety: Photophysics, Intracellular Sensing, and
Photocytotoxic Activity. Chem. Eur. J. 2019, 25, 8970–8974. [CrossRef] [PubMed]

26. Knopf, K.M.; Murphy, B.L.; MacMillan, S.N.; Baskin, J.M.; Barr, M.P.; Boros, E.; Wilson, J.J. In Vitro Anticancer Activity and in
Vivo Biodistribution of Rhenium(I) Tricarbonyl Aqua Complexes. J. Am. Chem. Soc. 2017, 139, 14302–14314. [CrossRef]

27. King, A.P.; Marker, S.C.; Swanda, R.V.; Woods, J.J.; Qian, S.-B.; Wilson, J.J. A Rhenium Isonitrile Complex Induces Unfolded
Protein Response-Mediated Apoptosis in Cancer Cells. Chem. Eur. J. 2019, 25, 9206–9210. [CrossRef]

28. Imstepf, S.; Pierroz, V.; Rubbiani, R.; Felber, M.; Fox, T.; Gasser, G.; Alberto, R. Organometallic Rhenium Complexes Divert
Doxorubicin to the Mitochondria. Angew. Chem. Int. Ed. 2016, 55, 2792–2795. [CrossRef]

29. Simpson, P.V.; Casari, I.; Paternoster, S.; Skelton, B.W.; Falasca, M.; Massi, M. Defining the Anti-Cancer Activity of Tricarbonyl
Rhenium Complexes: Induction of G2/M Cell Cycle Arrest and Blockade of Aurora-A Kinase Phosphorylation. Chem. Eur. J.
2017, 23, 6518–6521. [CrossRef]

30. Gianferrara, T.; Spagnul, C.; Alberto, R.; Gasser, G.; Ferrari, S.; Pierroz, V.; Bergamo, A.; Alessio, E. Towards Matched Pairs of
Porphyrin-ReI/99mTcI Conjugates that Combine Photodynamic Activity with Fluorescence and Radio Imaging. Chemmedchem
2014, 9, 1231–1237. [CrossRef]

31. König, M.; Siegmund, D.; Raszeja, L.J.; Prokop, A.; Metzler-Nolte, N. Resistance-breaking profiling and gene expression analysis
on an organometallic ReI–phenanthridine complex reveal parallel activation of two apoptotic pathways. Med. Chem. Commun.
2018, 9, 173–180. [CrossRef]

32. Konkankit, C.C.; Vaughn, B.A.; MacMillan, S.N.; Boros, E.; Wilson, J.J. Combinatorial Synthesis to Identify a Potent, Necrosis-
Inducing Rhenium Anticancer Agent. Inorg. Chem. 2019, 58, 3895–3909. [CrossRef]

33. He, L.; Pan, Z.-Y.; Qin, W.-W.; Li, Y.; Tan, C.-P.; Mao, Z.-W. Impairment of the autophagy-related lysosomal degradation pathway
by an anticancer rhenium(i) complex. Dalton Trans. 2019, 48, 4398–4404. [CrossRef]

34. Aleksanyan, D.V.; Churusova, S.G.; Brunova, V.V.; Rybalkina, E.Y.; Susova, O.Y.; Peregudov, A.S.; Klemenkova, Z.S.; Denisov, G.L.;
Kozlov, V.A. Synthesis, characterization, and cytotoxic activity of N-metallated rhenium(I) pincer complexes with (thio)phosphoryl
pendant arms. J. Organomet. Chem. 2020, 926, 121498. [CrossRef]

35. Leonidova, A.; Pierroz, V.; Rubbiani, R.; Heier, J.; Ferrari, S.; Gasser, G. Towards cancer cell-specific phototoxic organometallic
rhenium(i) complexes. Dalton Trans. 2014, 43, 4287–4294. [CrossRef] [PubMed]

36. Wang, F.X.; Liang, J.H.; Zhang, H.; Wang, Z.H.; Wan, Q.; Tan, C.P.; Ji, L.N.; Mao, Z.W. Mitochondria-Accumulating Rhenium(I)
Tricarbonyl Complexes Induce Cell Death via Irreversible Oxidative Stress and Glutathione Metabolism Disturbance. ACS Appl.
Mater. Interfaces 2019, 11, 13123–13133. [CrossRef]

37. Low, M.L.; Paulus, G.; Dorlet, P.; Guillot, R.; Rosli, R.; Delsuc, N.; Crouse, K.A.; Policar, C. Synthesis, characterization and
biological activity of Cu(II), Zn(II) and Re(I) complexes derived from S-benzyldithiocarbazate and 3-acetylcoumarin. BioMetals
2015, 28, 553–566. [CrossRef] [PubMed]

38. Mion, G.; Gianferrara, T.; Bergamo, A.; Gasser, G.; Pierroz, V.; Rubbiani, R.; Vilar, R.; Leczkowska, A.; Alessio, E. Phototoxic
Activity and DNA Interactions of Water-Soluble Porphyrins and Their Rhenium(I) Conjugates. Chemmedchem 2015, 10, 1901–1914.
[CrossRef]

39. Giffard, D.; Fischer-Fodor, E.; Vlad, C.; Achimas-Cadariu, P.; Smith, G.S. Synthesis and antitumour evaluation of mono- and
multinuclear [2+1] tricarbonylrhenium(I) complexes. Eur. J. Med. Chem. 2018, 157, 773–781. [CrossRef]

40. Oyarzo, J.; Acuña, A.; Klahn, H.; Arancibia, R.; Silva, C.P.; Bosque, R.; López, C.; Font-Bardía, M.; Calvis, C.; Messeguer, R.
Isomeric and hybrid ferrocenyl/cyrhetrenyl aldimines: A new family of multifunctional compounds. Dalton Trans. 2018, 47,
1635–1649. [CrossRef] [PubMed]

41. Margiotta, N.; Denora, N.; Piccinonna, S.; Laquintana, V.; Lasorsa, F.M.; Franco, M.; Natile, G. Synthesis, characterization,
and in vitro evaluation of new coordination complexes of platinum(ii) and rhenium(i) with a ligand targeting the translocator
protein (TSPO). Dalton Trans. 2014, 43, 16252–16264. [CrossRef]

42. Bertrand, B.; Botuha, C.; Forté, J.; Dossmann, H.; Salmain, M. A Bis-Chelating ONO/NN Ligand for the Synthesis of Hetero-
bimetallic Platinum(II)/Rhenium(I) Complexes: Tools for the Optimization of a New Class of Platinum(II) Anticancer Agents.
Chem. Eur. J. 2020, 26, 12846–12861. [CrossRef]

43. Quental, L.; Raposinho, P.; Mendes, F.; Santos, I.; Navarro-Ranninger, C.; Alvarez-Valdes, A.; Huang, H.; Chao, H.; Rubbiani, R.;
Gasser, G.; et al. Combining imaging and anticancer properties with new heterobimetallic Pt(ii)/M(i) (M = Re, 99mTc) complexes.
Dalton Trans. 2017, 46, 14523–14536. [CrossRef] [PubMed]

44. Huang, Z.; King, A.P.; Lovett, J.; Lai, B.; Woods, J.J.; Harris, H.H.; Wilson, J.J. Photochemistry and in vitro anticancer activity of
Pt(IV)Re(I) conjugates. Chem. Commun. 2021, 57, 11189–11192. [CrossRef]

45. Amoroso, A.J.; Arthur, R.J.; Coogan, M.P.; Court, J.B.; Fernández-Moreira, V.; Hayes, A.J.; Lloyd, D.; Millet, C.; Pope, S.J.A.
3-Chloromethylpyridyl bipyridine fac-tricarbonyl rhenium: A thiol-reactive luminophore for fluorescence microscopy accumu-
lates in mitochondria. New J. Chem. 2008, 32, 1097–1102. [CrossRef]

http://doi.org/10.1016/j.jinorgbio.2021.111537
http://www.ncbi.nlm.nih.gov/pubmed/34273716
http://doi.org/10.1002/chem.201900345
http://www.ncbi.nlm.nih.gov/pubmed/30901122
http://doi.org/10.1021/jacs.7b08640
http://doi.org/10.1002/chem.201902223
http://doi.org/10.1002/anie.201511432
http://doi.org/10.1002/chem.201701208
http://doi.org/10.1002/cmdc.201300501
http://doi.org/10.1039/C7MD00545H
http://doi.org/10.1021/acs.inorgchem.8b03552
http://doi.org/10.1039/C9DT00322C
http://doi.org/10.1016/j.jorganchem.2020.121498
http://doi.org/10.1039/C3DT51817E
http://www.ncbi.nlm.nih.gov/pubmed/23982882
http://doi.org/10.1021/acsami.9b01057
http://doi.org/10.1007/s10534-015-9831-2
http://www.ncbi.nlm.nih.gov/pubmed/25712003
http://doi.org/10.1002/cmdc.201500288
http://doi.org/10.1016/j.ejmech.2018.08.011
http://doi.org/10.1039/C7DT04142J
http://www.ncbi.nlm.nih.gov/pubmed/29327756
http://doi.org/10.1039/C4DT01540A
http://doi.org/10.1002/chem.202001752
http://doi.org/10.1039/C7DT00043J
http://www.ncbi.nlm.nih.gov/pubmed/28164201
http://doi.org/10.1039/D1CC04669A
http://doi.org/10.1039/b802215a


Molecules 2022, 27, 539 21 of 25

46. Santoro, G.; Zlateva, T.; Ruggi, A.; Quaroni, L.; Zobi, F. Synthesis, characterization and cellular location of cytotoxic constitutional
organometallic isomers of rhenium delivered on a cyanocobalmin scaffold. Dalton Trans. 2015, 44, 6999–7008. [CrossRef]
[PubMed]

47. Konkankit, C.C.; King, A.P.; Knopf, K.M.; Southard, T.L.; Wilson, J.J. In Vivo Anticancer Activity of a Rhenium(I) Tricarbonyl
Complex. ACS Med. Chem. Lett. 2019, 10, 822–827. [CrossRef] [PubMed]

48. Marker, S.C.; King, A.P.; Granja, S.; Vaughn, B.; Woods, J.J.; Boros, E.; Wilson, J.J. Exploring the In Vivo and In Vitro Anticancer
Activity of Rhenium Isonitrile Complexes. Inorg. Chem. 2020, 59, 10285–10303. [CrossRef]

49. Konkankit, C.C.; Lovett, J.; Harris, H.H.; Wilson, J.J. X-Ray fluorescence microscopy reveals that rhenium(i) tricarbonyl isonitrile
complexes remain intact in vitro. Chem. Commun. 2020, 56, 6515–6518. [CrossRef]

50. Delasoie, J.; Pavic, A.; Voutier, N.; Vojnovic, S.; Crochet, A.; Nikodinovic-Runic, J.; Zobi, F. Identification of novel potent and
non-toxic anticancer, anti-angiogenic and antimetastatic rhenium complexes against colorectal carcinoma. Eur. J. Med. Chem.
2020, 204, 112583. [CrossRef]

51. Delasoie, J.; Schiel, P.; Vojnovic, S.; Nikodinovic-Runic, J.; Zobi, F. Photoactivatable Surface-Functionalized Diatom Microalgae for
Colorectal Cancer Targeted Delivery and Enhanced Cytotoxicity of Anticancer Complexes. Pharmaceutics 2020, 12, 480. [CrossRef]
[PubMed]

52. Delasoie, J.; Zobi, F. Natural Diatom Biosilica as Microshuttles in Drug Delivery Systems. Pharmaceutics 2019, 11, 537. [CrossRef]
53. Delasoie, J.; Rossier, J.; Haeni, L.; Rothen-Rutishauser, B.; Zobi, F. Slow-targeted release of a ruthenium anticancer agent from

vitamin B-12 functionalized marine diatom microalgae. Dalton Trans. 2018, 47, 17221–17232. [CrossRef] [PubMed]
54. Domenichini, A.; Casari, I.; Simpson, P.V.; Desai, N.M.; Chen, L.; Dustin, C.; Edmands, J.S.; van der Vliet, A.; Mohammadi,

M.; Massi, M.; et al. Rhenium N-heterocyclic carbene complexes block growth of aggressive cancers by inhibiting FGFR- and
SRC-mediated signalling. J. Exp. Clin. Cancer Res. 2020, 39, 276. [CrossRef]

55. Collery, P.; Veena, V.; Harikrishnan, A.; Desmaele, D. The rhenium(I)-diselenoether anticancer drug targets ROS, TGF-β1, VEGF-A,
and IGF-1 in an in vitro experimental model of triple-negative breast cancers. Investig. New Drugs 2019, 37, 973–983. [CrossRef]

56. Collery, P.; Santoni, F.; Ciccolini, J.; Tran, T.N.; Mohsen, A.; Desmaele, D. Dose Effect of Rhenium (I)-diselenoether as Anticancer
Drug in Resistant Breast Tumor-bearing Mice After Repeated Administrations. Anticancer Res. 2016, 36, 6051–6057. [CrossRef]

57. Collery, P.; Mohsen, A.; Kermagoret, A.; Corre, S.; Bastian, G.; Tomas, A.; Wei, M.; Santoni, F.; Guerra, N.; Desmaele, D.; et al.
Antitumor activity of a rhenium (I)-diselenoether complex in experimental models of human breast cancer. Investig. New Drugs
2015, 33, 848–860. [CrossRef]

58. Collery, P.; Bastian, G.; Santoni, F.; Mohsen, A.; Wei, M.; Collery, T.; Tomas, A.; Desmaele, D.; D’Angelo, J. Uptake and efflux of
rhenium in cells exposed to rhenium diseleno-ether and tissue distribution of rhenium and selenium after rhenium diseleno-ether
treatment in mice. Anticancer Res. 2014, 34, 1679–1689.

59. Veena, V.; Harikrishnan, A.; Lakshmi, B.; Khanna, S.; Desmaele, D.; Collery, P. A New Model Applied for Evaluating a Rhenium-
diselenium Drug: Breast Cancer Cells Stimulated by Cytokines Induced from Polynuclear Cells by LPS. Anticancer Res. 2020, 40,
1915–1920. [CrossRef]

60. Balasingham, R.G.; Thorp-Greenwood, F.L.; Williams, C.F.; Coogan, M.P.; Pope, S.J.A. Biologically Compatible, Phospho-
rescent Dimetallic Rhenium Complexes Linked through Functionalized Alkyl Chains: Syntheses, Spectroscopic Properties,
and Applications in Imaging Microscopy. Inorg. Chem. 2012, 51, 1419–1426. [CrossRef] [PubMed]

61. Clede, S.; Lambert, F.; Saint-Fort, R.; Plamont, M.A.; Bertrand, H.; Vessieres, A.; Policar, C. Influence of the Side-Chain Length
on the Cellular Uptake and the Cytotoxicity of Rhenium Triscarbonyl Derivatives: A Bimodal Infrared and Luminescence
Quantitative Study. Chem. Eur. J. 2014, 20, 8714–8722. [CrossRef]

62. Ashok Kumar, C.; Karthikeyan, S.; Varghese, B.; Veena, V.; Sakthivel, N.; Manimaran, B. Synthesis, characterisation and
cytotoxicity evaluation of rhenium(I) based ester functionalised dinuclear metallacyclophanes. J. Organomet. Chem. 2014, 766,
86–94. [CrossRef]

63. Ashok Kumar, C.; Divya, D.; Nagarajaprakash, R.; Veena, V.; Vidhyapriya, P.; Sakthivel, N.; Manimaran, B. Self-assembly of
manganese(I) and rhenium(I) based semi-rigid ester functionalized M2L2-type metallacyclophanes: Synthesis, characterization
and cytotoxicity evaluation. J. Organomet. Chem. 2017, 846, 152–160. [CrossRef]

64. Govindarajan, R.; Nagarajaprakash, R.; Veena, V.; Sakthivel, N.; Manimaran, B. One-pot reaction of amide functionalized Re(I)
based dinuclear metallacycles: Synthesis, characterization and evaluation for anticancer potential. Polyhedron 2018, 139, 229–236.
[CrossRef]

65. Ramakrishna, B.; Nagarajaprakash, R.; Veena, V.; Sakthivel, N.; Manimaran, B. Self-assembly of oxamidato bridged ester
functionalised dirhenium metallastirrups: Synthesis, characterisation and cytotoxicity studies. Dalton Trans. 2015, 44, 17629–17638.
[CrossRef] [PubMed]

66. Karthikeyan, M.; Govindarajan, R.; Duraisamy, E.; Veena, V.; Sakthivel, N.; Manimaran, B. Self-Assembly of Chalcogenolato-
Bridged Ester and Amide Functionalized Dinuclear Re(I) Metallacycles: Synthesis, Structural Characterization and Preliminary
Cytotoxicity Studies. ChemistrySelect 2017, 2, 3362–3368. [CrossRef]

67. Ye, R.R.; Tan, C.P.; Chen, M.H.; Hao, L.; Ji, L.N.; Mao, Z.W. Mono- and Dinuclear Phosphorescent Rhenium(I) Complexes: Impact
of Subcellular Localization on Anticancer Mechanisms. Chem. Eur. J. 2016, 22, 7800–7809. [CrossRef] [PubMed]

68. Pan, Z.-Y.; Cai, D.-H.; He, L. Dinuclear phosphorescent rhenium(I) complexes as potential anticancer and photodynamic therapy
agents. Dalton Trans. 2020, 49, 11583–11590. [CrossRef]

http://doi.org/10.1039/C4DT03598D
http://www.ncbi.nlm.nih.gov/pubmed/25780902
http://doi.org/10.1021/acsmedchemlett.9b00128
http://www.ncbi.nlm.nih.gov/pubmed/31098006
http://doi.org/10.1021/acs.inorgchem.0c01442
http://doi.org/10.1039/D0CC02451A
http://doi.org/10.1016/j.ejmech.2020.112583
http://doi.org/10.3390/pharmaceutics12050480
http://www.ncbi.nlm.nih.gov/pubmed/32466116
http://doi.org/10.3390/pharmaceutics11100537
http://doi.org/10.1039/C8DT02914H
http://www.ncbi.nlm.nih.gov/pubmed/30302457
http://doi.org/10.1186/s13046-020-01777-7
http://doi.org/10.1007/s10637-019-00727-1
http://doi.org/10.21873/anticanres.11194
http://doi.org/10.1007/s10637-015-0265-z
http://doi.org/10.21873/anticanres.14146
http://doi.org/10.1021/ic201654d
http://www.ncbi.nlm.nih.gov/pubmed/22263612
http://doi.org/10.1002/chem.201402471
http://doi.org/10.1016/j.jorganchem.2014.04.025
http://doi.org/10.1016/j.jorganchem.2017.06.003
http://doi.org/10.1016/j.poly.2017.10.035
http://doi.org/10.1039/C5DT02205C
http://www.ncbi.nlm.nih.gov/pubmed/26393864
http://doi.org/10.1002/slct.201700646
http://doi.org/10.1002/chem.201505160
http://www.ncbi.nlm.nih.gov/pubmed/27106876
http://doi.org/10.1039/D0DT02424D


Molecules 2022, 27, 539 22 of 25

69. Santoro, G.; Beltrami, R.; Kottelat, E.; Blacque, O.; Bogdanova, A.Y.; Zobi, F. N-Nitrosamine-{cis-Re[CO](2))(2+) cobalamin
conjugates as mixed CO/NO-releasing molecules. Dalton Trans. 2016, 45, 1504–1513. [CrossRef]

70. François, A.; Auzanneau, C.; Le Morvan, V.; Galaup, C.; Godfrey, H.S.; Marty, L.; Boulay, A.; Artigau, M.; Mestre-Voegtlé, B.;
Leygue, N.; et al. A functionalized heterobimetallic 99mTc/Re complex as a potential dual-modality imaging probe: Synthesis,
photophysical properties, cytotoxicity and cellular imaging investigations. Dalton Trans. 2014, 43, 439–450. [CrossRef]

71. Jarman, P.J.; Noakes, F.; Fairbanks, S.; Smitten, K.; Griffiths, I.K.; Saeed, H.K.; Thomas, J.A.; Smythe, C. Exploring the Cytotoxicity,
Uptake, Cellular Response, and Proteomics of Mono- and Dinuclear DNA Light-Switch Complexes. J. Am. Chem. Soc. 2019, 141,
2925–2937. [CrossRef]

72. Zheng, Z.-B.; Wu, Y.-Q.; Wang, K.-Z.; Li, F. pH luminescence switching, dihydrogen phosphate sensing, and cellular uptake of a
heterobimetallic ruthenium(ii)–rhenium(i) complex. Dalton Trans. 2014, 43, 3273–3284. [CrossRef]

73. Huentupil, Y.; Chung, P.; Novoa, N.; Arancibia, R.; Roussel, P.; Oyarzo, J.; Klahn, A.H.; Silva, C.; Calvis, C.; Messeguer, R.;
et al. Novel multifunctional and multitarget homo- (Fe2) and heterobimetallic [(Fe,M) with M = Re or Mn] sulfonyl hydrazones.
Dalton Trans. 2020, 49, 12249–12265. [CrossRef] [PubMed]

74. Wang, Y.; Heinemann, F.; Top, S.; Dazzi, A.; Policar, C.; Henry, L.; Lambert, F.; Jaouen, G.; Salmain, M.; Vessieres, A. Ferrocifens
labelled with an infrared rhenium tricarbonyl tag: Synthesis, antiproliferative activity, quantification and nano IR mapping in
cancer cells. Dalton Trans. 2018, 47, 9824–9833. [CrossRef]

75. Gabano, E.; Do Quental, L.; Perin, E.; Silva, F.; Raposinho, P.; Paulo, A.; Ravera, M. Pt(IV)/Re(I) Chitosan Conjugates as a Flexible
Platform for the Transport of Therapeutic and/or Diagnostic Anticancer Agents. Inorganics 2018, 6, 4. [CrossRef]

76. Fernández-Moreira, V.; Marzo, I.; Gimeno, M.C. Luminescent Re(I) and Re(I)/Au(I) complexes as cooperative partners in cell
imaging and cancer therapy. Chem. Sci. 2014, 5, 4434–4446. [CrossRef]

77. Luengo, A.; Fernández-Moreira, V.; Marzo, I.; Gimeno, M.C. Trackable Metallodrugs Combining Luminescent Re(I) and Bioactive
Au(I) Fragments. Inorg. Chem. 2017, 56, 15159–15170. [CrossRef] [PubMed]

78. Luengo, A.; Fernández-Moreira, V.; Marzo, I.; Gimeno, M.C. Bioactive Heterobimetallic Re(I)/Au(I) Complexes Containing
Bidentate N-Heterocyclic Carbenes. Organometallics 2018, 37, 3993–4001. [CrossRef]

79. Luengo, A.; Redrado, M.; Marzo, I.; Fernández-Moreira, V.; Gimeno, M.C. Luminescent Re(I)/Au(I) Species As Selective
Anticancer Agents for HeLa Cells. Inorg. Chem. 2020, 59, 8960–8970. [CrossRef] [PubMed]

80. Wenzel, M.; Patra, M.; Senges, C.H.; Ott, I.; Stepanek, J.J.; Pinto, A.; Prochnow, P.; Vuong, C.; Langklotz, S.; Metzler-Nolte, N.; et al.
Analysis of the mechanism of action of potent antibacterial hetero-tri-organometallic compounds: A structurally new class of
antibiotics. ACS Chem. Biol. 2013, 8, 1442–1450. [CrossRef]

81. Patra, M.; Wenzel, M.; Prochnow, P.; Pierroz, V.; Gasser, G.; Bandow, J.E.; Metzler-Nolte, N. An organometallic structure-activity
relationship study reveals the essential role of a Re(CO)3 moiety in the activity against gram-positive pathogens including MRSA.
Chem. Sci. 2015, 6, 214–224. [CrossRef] [PubMed]

82. Kottelat, E.; Chabert, V.; Crochet, A.; Fromm, K.M.; Zobi, F. Towards Cardiolite-Inspired Carbon Monoxide Releasing Molecules—
Reactivity of d(4), d(5) Rhenium and d(6) Manganese Carbonyl Complexes with Isocyanide Ligands. Eur. J. Inorg. Chem. 2015,
2015, 5628–5638. [CrossRef]

83. Nasiri Sovari, S.; Kolly, I.; Schindler, K.; Cortat, Y.; Liu, S.C.; Crochet, A.; Pavic, A.; Zobi, F. Efficient Direct Nitrosylation of
alpha-Diimine Rhenium Tricarbonyl Complexes to Structurally Nearly Identical Higher Charge Congeners Activable towards
Photo-CO Release. Molecules 2021, 26, 5302. [CrossRef]

84. Noor, A.; Huff, G.S.; Kumar, S.V.; Lewis, J.E.M.; Paterson, B.M.; Schieber, C.; Donnelly, P.S.; Brooks, H.J.L.; Gordon, K.C.; Moratti,
S.C.; et al. [Re(CO)3]+ Complexes of exo-Functionalized Tridentate “Click” Macrocycles: Synthesis, Stability, Photophysical
Properties, Bioconjugation, and Antibacterial Activity. Organometallics 2014, 33, 7031–7043. [CrossRef]

85. Carreño, A.; Solís-Céspedes, E.; Zúñiga, C.; Nevermann, J.; Rivera-Zaldívar, M.M.; Gacitúa, M.; Ramírez-Osorio, A.; Páez-
Hernández, D.; Arratia-Pérez, R.; Fuentes, J.A. Cyclic voltammetry, relativistic DFT calculations and biological test of cytotoxicity
in walled-cell models of two classical rhenium (I) tricarbonyl complexes with 5-amine-1,10-phenanthroline. Chem. Phys. Lett.
2019, 715, 231–238. [CrossRef]

86. Kydonaki, T.E.; Tsoukas, E.; Mendes, F.; Hatzidimitriou, A.G.; Paulo, A.; Papadopoulou, L.C.; Papagiannopoulou, D.; Psomas, G.
Synthesis, characterization and biological evaluation of 99mTc/Re–tricarbonyl quinolone complexes. J. Inorg. Biochem. 2016, 160,
94–105. [CrossRef] [PubMed]

87. Miller, R.G.; Vázquez-Hernández, M.; Prochnow, P.; Bandow, J.E.; Metzler-Nolte, N. A CuAAC Click Approach for the In-
troduction of Bidentate Metal Complexes to a Sulfanilamide-Derived Antibiotic Fragment. Inorg Chem 2019, 58, 9404–9413.
[CrossRef]

88. Pagoni, C.-C.; Xylouri, V.-S.; Kaiafas, G.C.; Lazou, M.; Bompola, G.; Tsoukas, E.; Papadopoulou, L.C.; Psomas, G.; Papa-
giannopoulou, D. Organometallic rhenium tricarbonyl–enrofloxacin and –levofloxacin complexes: Synthesis, albumin-binding,
DNA-interaction and cell viability studies. J. Biol. Inorg. Chem. 2019, 24, 609–619. [CrossRef]

89. Kumar, S.V.; Lo, W.K.C.; Brooks, H.J.L.; Hanton, L.R.; Crowley, J.D. Antimicrobial Properties of Mono- and Di-fac-rhenium
Tricarbonyl 2-Pyridyl-1,2,3-triazole Complexes. Aust. J. Chem. 2016, 69, 489–498. [CrossRef]

90. Nasiri Sovari, S.; Zobi, F. Recent Studies on the Antimicrobial Activity of Transition Metal Complexes of Groups 6–12. Chemistry
2020, 2, 418–452. [CrossRef]

http://doi.org/10.1039/C5DT03402G
http://doi.org/10.1039/C3DT51968F
http://doi.org/10.1021/jacs.8b09999
http://doi.org/10.1039/C3DT52568F
http://doi.org/10.1039/D0DT01756F
http://www.ncbi.nlm.nih.gov/pubmed/32832967
http://doi.org/10.1039/C8DT01582A
http://doi.org/10.3390/inorganics6010004
http://doi.org/10.1039/C4SC01684J
http://doi.org/10.1021/acs.inorgchem.7b02470
http://www.ncbi.nlm.nih.gov/pubmed/29172469
http://doi.org/10.1021/acs.organomet.8b00601
http://doi.org/10.1021/acs.inorgchem.0c00813
http://www.ncbi.nlm.nih.gov/pubmed/32420746
http://doi.org/10.1021/cb4000844
http://doi.org/10.1039/C4SC02709D
http://www.ncbi.nlm.nih.gov/pubmed/28553471
http://doi.org/10.1002/ejic.201500756
http://doi.org/10.3390/molecules26175302
http://doi.org/10.1021/om500664v
http://doi.org/10.1016/j.cplett.2018.11.043
http://doi.org/10.1016/j.jinorgbio.2015.12.010
http://www.ncbi.nlm.nih.gov/pubmed/26795497
http://doi.org/10.1021/acs.inorgchem.9b01186
http://doi.org/10.1007/s00775-019-01666-1
http://doi.org/10.1071/CH15433
http://doi.org/10.3390/chemistry2020026


Molecules 2022, 27, 539 23 of 25

91. Varma, R.R.; Pandya, J.G.; Vaidya, F.U.; Pathak, C.; Dabhi, R.A.; Dhaduk, M.P.; Bhatt, B.S.; Patel, M.N. DNA interaction, anticancer,
antibacterial, ROS and lipid peroxidation studies of quinoxaline based organometallic Re(I) carbonyls. J. Mol. Struct. 2021,
1240, 130529. [CrossRef]

92. Carreño, A.; Páez-Hernández, D.; Zúñiga, C.; Ramírez-Osorio, A.; Pizarro, N.; Vega, A.; Solis-Céspedes, E.; Rivera-Zaldívar,
M.M.; Silva, A.; Fuentes, J.A. Exploring rhenium (I) complexes as potential fluorophores for walled-cells (yeasts and bacteria):
Photophysics, biocompatibility, and confocal microscopy. Dyes Pigm. 2021, 184, 108876. [CrossRef]

93. Acosta, A.; Antipán, J.; Fernández, M.; Prado, G.; Sandoval-Altamirano, C.; Günther, G.; Gutiérrez-Urrutia, I.; Poblete-Castro,
I.; Vega, A.; Pizarro, N. Photochemistry of P,N-bidentate rhenium(i) tricarbonyl complexes: Reactive species generation and
potential application for antibacterial photodynamic therapy. RSC Adv. 2021, 11, 31959–31966. [CrossRef]

94. Siegmund, D.; Lorenz, N.; Gothe, Y.; Spies, C.; Geissler, B.; Prochnow, P.; Nuernberger, P.; Bandow, J.E.; Metzler-Nolte, N.
Benzannulated Re(i)–NHC complexes: Synthesis, photophysical properties and antimicrobial activity. Dalton Trans. 2017, 46,
15269–15279. [CrossRef]

95. Frei, A.; Amado, M.; Cooper, M.A.; Blaskovich, M.A.T. Light-Activated Rhenium Complexes with Dual Mode of Action against
Bacteria. Chem. Eur. J. 2020, 26, 2852–2858. [CrossRef]

96. Sovari, S.N.; Vojnovic, S.; Bogojevic, S.S.; Crochet, A.; Pavic, A.; Nikodinovic-Runic, J.; Zobi, F. Design, synthesis and in vivo
evaluation of 3-arylcoumarin derivatives of rhenium(I) tricarbonyl complexes as potent antibacterial agents against methicillin-
resistant Staphylococcus aureus (MRSA). Eur. J. Med. Chem. 2020, 205, 112533. [CrossRef]

97. Huang, L.; Zhang, R.; Hu, Y.; Zhou, H.; Cao, J.; Lv, H.; Chen, S.; Ding, S.; Chen, G. Epidemiology and risk factors of methicillin-
resistant Staphylococcus aureus and vancomycin-resistant enterococci infections in Zhejiang China from 2015 to 2017. Antimicrob.
Resist. Infect. Control 2019, 8, 90. [CrossRef] [PubMed]

98. Sovari, S.N.; Radakovic, N.; Roch, P.; Crochet, A.; Pavic, A.; Zobi, F. Combatting AMR: A molecular approach to the discovery of
potent and non-toxic rhenium complexes active against C. albicans-MRSA co-infection. Eur. J. Med. Chem. 2021, 226, 113858.
[CrossRef]

99. Zobi, F. Parametrization of the Contribution of Mono- and Bidentate Ligands on the Symmetric C O Stretching Frequency of
fac-[Re(CO)(3)](+) Complexes. Inorg. Chem. 2009, 48, 10845–10855. [CrossRef]

100. Zobi, F. Ligand Electronic Parameters as a Measure of the Polarization of the C O Bond in [M(CO)(x)L-y](n) Complexes and of the
Relative Stabilization of [M(CO)(x)L-y](n/n+1) Species. Inorg. Chem. 2010, 49, 10370–10377. [CrossRef]

101. Schindler, K.; Zobi, F. Photochemistry of Rhenium(I) Diimine Tricarbonyl Complexes in Biological Applications. Chimia 2021, 75,
837–844. [CrossRef]

102. Lorkovic, I.M.; Wrighton, M.S.; Davis, W.M. Use of a Redox-Active Ligand to Reversibly Alter Metal Carbonyl Electrophilicity.
J. Am. Chem. Soc. 1994, 116, 6220–6228. [CrossRef]

103. Xiao, Y.; Cheung, A.W.-Y.; Lai, S.-W.; Cheng, S.-C.; Yiu, S.-M.; Leung, C.-F.; Ko, C.-C. Electronic Communication in Luminescent
Dicyanorhenate-Bridged Homotrinuclear Rhenium(I) Complexes. Inorg. Chem. 2019, 58, 6696–6705. [CrossRef]

104. Ko, C.-C.; Ng, C.-O.; Yiu, S.-M. Luminescent Rhenium(I) Phenanthroline Complexes with a Benzoxazol-2-ylidene Ligand:
Synthesis, Characterization, and Photophysical Study. Organometallics 2012, 31, 7074–7084. [CrossRef]

105. Yamazaki, Y.; Rohacova, J.; Ohtsu, H.; Kawano, M.; Ishitani, O. Synthesis of Re(I) Rings Comprising Different Re(I) Units and
Their Light-Harvesting Abilities. Inorg. Chem. 2018, 57, 15158–15171. [CrossRef]

106. Koike, K.; Tanabe, J.; Toyama, S.; Tsubaki, H.; Sakamoto, K.; Westwell, J.R.; Johnson, F.P.A.; Hori, H.; Saitoh, H.; Ishitani, O.
New Synthetic Routes to Biscarbonylbipyridinerhenium(I) Complexes cis,trans-[Re(X2bpy)(CO)2(PR3)(Y)]n+ (X2bpy = 4,4’-
X2-2,2’-bipyridine) via Photochemical Ligand Substitution Reactions, and Their Photophysical and Electrochemical Properties.
Inorg. Chem. 2000, 39, 2777–2783. [CrossRef] [PubMed]

107. Kurtz, D.A.; Dhakal, B.; Donovan, E.S.; Nichol, G.S.; Felton, G.A.N. Non-photochemical synthesis of Re(diimine)(CO)2(L)Cl
(L=phosphine or phosphite) compounds. Inorg. Chem. Commun. 2015, 59, 80–83. [CrossRef]

108. Schutte-Smith, M.; Marker, S.C.; Wilson, J.J.; Visser, H.G. Aquation and Anation Kinetics of Rhenium(I) Dicarbonyl Complexes:
Relation to Cell Toxicity and Bioavailability. Inorg. Chem. 2020, 59, 15888–15897. [CrossRef] [PubMed]

109. Kurtz, D.A.; Brereton, K.R.; Ruoff, K.P.; Tang, H.M.; Felton, G.A.N.; Miller, A.J.M.; Dempsey, J.L. Bathochromic Shifts in Rhenium
Carbonyl Dyes Induced through Destabilization of Occupied Orbitals. Inorg. Chem. 2018, 57, 5389–5399. [CrossRef]

110. Jana, M.S.; Pramanik, A.K.; Sarkar, D.; Biswas, S.; Mondal, T.K. Rhenium(I) complexes with NNS donor thioarylazoimidazole
ligands with the cis-{Re(CO)2}+ core: Synthesis, characterization, electrochemical study and DFT calculation. J. Mol. Struct. 2013,
1047, 73–79. [CrossRef]

111. Sato, S.; Matubara, Y.; Koike, K.; Falkenström, M.; Katayama, T.; Ishibashi, Y.; Miyasaka, H.; Taniguchi, S.; Chosrowjan, H.;
Mataga, N.; et al. Photochemistry of fac-[Re(bpy)(CO)3Cl]. Chem. Eur. J. 2012, 18, 15722–15734. [CrossRef]

112. Morimoto, T.; Ito, M.; Koike, K.; Kojima, T.; Ozeki, T.; Ishitani, O. Dual Emission from Rhenium(I) Complexes Induced by an
Interligand Aromatic Interaction. Chem. Eur. J. 2012, 18, 3292–3304. [CrossRef]

113. Tso-Lun Lo, L.; Lai, S.-W.; Yiu, S.-M.; Ko, C.-C. A new class of highly solvatochromic dicyano rhenate(i) diimine complexes—
Synthesis, photophysics and photocatalysis. Chem. Commun. 2013, 49, 2311–2313. [CrossRef]

114. Ng, C.-O.; Yiu, S.-M.; Ko, C.-C. Synthesis, Characterization, and Photophysical Study of Luminescent Rhenium(I) Diimine
Complexes with Various Types of N-Heterocyclic Carbene Ligands. Inorg Chem 2014, 53, 3022–3031. [CrossRef] [PubMed]

http://doi.org/10.1016/j.molstruc.2021.130529
http://doi.org/10.1016/j.dyepig.2020.108876
http://doi.org/10.1039/D1RA06416A
http://doi.org/10.1039/C7DT02874A
http://doi.org/10.1002/chem.201904689
http://doi.org/10.1016/j.ejmech.2020.112533
http://doi.org/10.1186/s13756-019-0539-x
http://www.ncbi.nlm.nih.gov/pubmed/31164979
http://doi.org/10.1016/j.ejmech.2021.113858
http://doi.org/10.1021/ic901223t
http://doi.org/10.1021/ic101246a
http://doi.org/10.2533/chimia.2021.837
http://doi.org/10.1021/ja00093a023
http://doi.org/10.1021/acs.inorgchem.9b00072
http://doi.org/10.1021/om300526e
http://doi.org/10.1021/acs.inorgchem.8b02421
http://doi.org/10.1021/ic991190l
http://www.ncbi.nlm.nih.gov/pubmed/11232812
http://doi.org/10.1016/j.inoche.2015.07.001
http://doi.org/10.1021/acs.inorgchem.0c02389
http://www.ncbi.nlm.nih.gov/pubmed/33084304
http://doi.org/10.1021/acs.inorgchem.8b00360
http://doi.org/10.1016/j.molstruc.2013.04.046
http://doi.org/10.1002/chem.201202734
http://doi.org/10.1002/chem.201102698
http://doi.org/10.1039/c3cc39189b
http://doi.org/10.1021/ic4028145
http://www.ncbi.nlm.nih.gov/pubmed/24592975


Molecules 2022, 27, 539 24 of 25

115. Marker, S.C.; MacMillan, S.N.; Zipfel, W.R.; Li, Z.; Ford, P.C.; Wilson, J.J. Photoactivated in Vitro Anticancer Activity of Rhenium(I)
Tricarbonyl Complexes Bearing Water-Soluble Phosphines. Inorg. Chem. 2018, 57, 1311–1331. [CrossRef]

116. Shakirova, J.R.; Nayeri, S.; Jamali, S.; Porsev, V.V.; Gurzhiy, V.V.; Levin, O.V.; Koshevoy, I.O.; Tunik, S.P. Targeted Synthesis of
NIR Luminescent Rhenium Diimine cis,trans-[Re()(CO)2(L)2]n+ Complexes Containing N-Donor Axial Ligands: Photophysical,
Electrochemical, and Theoretical Studies. ChemPlusChem 2020, 85, 2518–2527. [CrossRef]

117. Ackroyd, N.C.; Katzenellenbogen, J.A. Pyridyl-Cyclopentadiene Re(CO)2+ Complexes as a Compact Core System for SPECT
Ligand Development. Organometallics 2010, 29, 3669–3671. [CrossRef] [PubMed]

118. Young, R.D.; Hill, A.F.; Cavigliasso, G.E.; Stranger, R. [(µ-C){Re(CO)2(η-C5H5)}2]: A Surprisingly Simple Bimetallic Carbido
Complex. Angew. Chem. Int. Ed. 2013, 52, 3699–3702. [CrossRef] [PubMed]

119. Muñoz-Osses, M.; Siegmund, D.; Gómez, A.; Godoy, F.; Fierro, A.; Llanos, L.; Aravena, D.; Metzler-Nolte, N. Influence of the
substituent on the phosphine ligand in novel rhenium(i) aldehydes. Synthesis, computational studies and first insights into the
antiproliferative activity. Dalton Trans. 2018, 47, 13861–13869. [CrossRef]

120. Abram, U.; Hübener, R.; Alberto, R.; Schibli, R. Darstellung und Strukturen von (Et4N)2[Re(CO)3(NCS)3] und (Et4N)[Re(CO)2Br4].
Z. Anorg. Allg. Chem. 1996, 622, 813–818. [CrossRef]

121. Zobi, F.; Kromer, L.; Spingler, B.; Alberto, R. Synthesis and Reactivity of the 17 e− Complex [ReIIBr4(CO)2]2−: A Convenient
Entry into Rhenium(II) Chemistry. Inorg. Chem. 2009, 48, 8965–8970. [CrossRef] [PubMed]

122. Kromer, L.; Spingler, B.; Alberto, R. Substitution reactions with [ReBr2(CO)2(NCCH3)2]−: A convenient route to complexes with
the cis-[Re(CO)2]+ core. Dalton Trans. 2008, 5800–5806. [CrossRef] [PubMed]

123. Kromer, L.; Spingler, B.; Alberto, R. Synthesis and reactivity of [ReBr2(NCCH3)2(CO)2]−: A new precursor for bioorganometallic
chemistry. J. Organomet. Chem. 2007, 692, 1372–1376. [CrossRef]

124. Zobi, F.; Degonda, A.; Schaub, M.C.; Bogdanova, A.Y. CO Releasing Properties and Cytoprotective Effect of cis-trans-
[ReII(CO)2Br2L2]n Complexes. Inorg. Chem. 2010, 49, 7313–7322. [CrossRef]

125. Zobi, F.; Blacque, O. Reactivity of 17 e(-) Complex [(ReBr4)-Br-II(CO)(2)](2-) with Bridging Aromatic Ligands. Characterization
and CO-Releasing Properties. Dalton Trans. 2011, 40, 4994–5001. [CrossRef]

126. Zobi, F.; Blacque, O.; Jacobs, R.A.; Schaub, M.C.; Bogdanova, A.Y. 17 e−rhenium dicarbonyl CO-releasing molecules on a
cobalamin scaffold for biological application. Dalton Trans. 2012, 41, 370–378. [CrossRef]

127. Prieto, L.; Rossier, J.; Derszniak, K.; Dybas, J.; Oetterli, R.M.; Kottelat, E.; Chlopicki, S.; Zelder, F.; Zobi, F. Modified biovectors for
the tuneable activation of anti-platelet carbon monoxide release. Chem. Commun. 2017, 53, 6840–6843. [CrossRef]

128. Suliman, H.B.; Zobi, F.; Piantadosi, C.A. Heme Oxygenase-1/Carbon Monoxide System and Embryonic Stem Cell Differentiation
and Maturation into Cardiomyocytes. Antiox. Redox Sign. 2016, 24, 345–360. [CrossRef]

129. Schindler, K.; Crochet, A.; Zobi, F. Aerobically stable and substitutionally labile α-diimine rhenium dicarbonyl complexes.
RSC Adv. 2021, 11, 7511–7520. [CrossRef]

130. Triantis, C.; Shegani, A.; Kiritsis, C.; Ischyropoulou, M.; Roupa, I.; Psycharis, V.; Raptopoulou, C.; Kyprianidou, P.; Pelecanou,
M.; Pirmettis, I.; et al. Dicarbonyl cis-[M(CO)2(N,O)(C)(P)] (M = Re, 99mTc) Complexes with a New [2 + 1 + 1] Donor Atom
Combination. Inorg. Chem. 2018, 57, 8354–8363. [CrossRef]

131. Manicum, A.-L.E.; Schutte-Smith, M.; Alexander, O.T.; Twigge, L.; Roodt, A.; Visser, H.G. First kinetic data of the CO substitution
in fac-[Re(L,L’-Bid)(CO)3(X)] complexes (L,L’-Bid = acacetylacetonate or tropolonate) by tertiary phosphines PTA and PPh3:
Synthesis and crystal structures of water-soluble rhenium(I) tri- and dicarbonyl complexes with 1,3,5-triaza-7-phosphaadamantane
(PTA). Inorg. Chem. Commun. 2019, 101, 93–98. [CrossRef]

132. Atallah, H.; Taliaferro, C.M.; Wells, K.A.; Castellano, F.N. Photophysics and ultrafast processes in rhenium(i) diimine dicarbonyls.
Dalton Trans. 2020, 49, 11565–11576. [CrossRef] [PubMed]

133. Black, D.R.; Hightower, S.E. Preparation and characterization of rhenium(I) dicarbonyl complexes based on the meridionally-
coordinated terpyridine ligand. Inorg. Chem. Commun. 2012, 24, 16–19. [CrossRef]

134. Frenzel, B.A.; Schumaker, J.E.; Black, D.R.; Hightower, S.E. Synthesis, spectroscopic, electrochemical and computational studies of
rhenium(i) dicarbonyl complexes based on meridionally-coordinated 2,2’:6’,2”-terpyridine. Dalton Trans. 2013, 42, 12440–12451.
[CrossRef]

135. Fernández-Terán, R.J.; Sévery, L. Coordination Environment Prevents Access to Intraligand Charge-Transfer States through
Remote Substitution in Rhenium(I) Terpyridinedicarbonyl Complexes. Inorg. Chem. 2021, 60, 1325–1333. [CrossRef]

136. Laramée-Milette, B.; Zaccheroni, N.; Palomba, F.; Hanan, G.S. Visible and Near-IR Emissions from k2N- and k3N-Terpyridine
Rhenium(I) Assemblies Obtained by an [n × 1] Head-to-Tail Bonding Strategy. Chem. Eur. J. 2017, 23, 6370–6379. [CrossRef]

137. Auvray, T.; Del Secco, B.; Dubreuil, A.; Zaccheroni, N.; Hanan, G.S. In-Depth Study of the Electronic Properties of NIR-Emissive
κ3N Terpyridine Rhenium(I) Dicarbonyl Complexes. Inorg. Chem. 2021, 60, 70–79. [CrossRef]

138. Jurca, T.; Chen, W.-C.; Michel, S.; Korobkov, I.; Ong, T.-G.; Richeson, D.S. Solid-State Thermolysis of a fac-Rhenium(I) Carbonyl
Complex with a Redox Non-Innocent Pincer Ligand. Chem. Eur. J. 2013, 19, 4278–4286. [CrossRef]

139. Bulsink, P.; Al-Ghamdi, A.; Joshi, P.; Korobkov, I.; Woo, T.; Richeson, D. Capturing Re(i) in an neutral N,N,N pincer Scaffold and
resulting enhanced absorption of visible light. Dalton Trans. 2016, 45, 8885–8896. [CrossRef]

140. Pichaandi, K.R.; Mazzotta, M.G.; Harwood, J.S.; Fanwick, P.E.; Abu-Omar, M.M. Synthesis, Dynamics, and DFT Studies of
Rhenium Dicarbonyl PNN Pincer Complexes in Three Different Oxidation States. Organometallics 2014, 33, 1672–1677. [CrossRef]

http://doi.org/10.1021/acs.inorgchem.7b02747
http://doi.org/10.1002/cplu.202000597
http://doi.org/10.1021/om100521s
http://www.ncbi.nlm.nih.gov/pubmed/20865134
http://doi.org/10.1002/anie.201207731
http://www.ncbi.nlm.nih.gov/pubmed/23424069
http://doi.org/10.1039/C8DT03160F
http://doi.org/10.1002/zaac.19966220511
http://doi.org/10.1021/ic901031x
http://www.ncbi.nlm.nih.gov/pubmed/19705802
http://doi.org/10.1039/b805410j
http://www.ncbi.nlm.nih.gov/pubmed/18941668
http://doi.org/10.1016/j.jorganchem.2006.10.043
http://doi.org/10.1021/ic100458j
http://doi.org/10.1039/c1dt10110b
http://doi.org/10.1039/C1DT10649J
http://doi.org/10.1039/C7CC03642F
http://doi.org/10.1089/ars.2015.6342
http://doi.org/10.1039/D1RA00514F
http://doi.org/10.1021/acs.inorgchem.8b01014
http://doi.org/10.1016/j.inoche.2019.01.014
http://doi.org/10.1039/D0DT01765E
http://www.ncbi.nlm.nih.gov/pubmed/32749412
http://doi.org/10.1016/j.inoche.2012.07.034
http://doi.org/10.1039/c3dt51251g
http://doi.org/10.1021/acs.inorgchem.0c02914
http://doi.org/10.1002/chem.201700077
http://doi.org/10.1021/acs.inorgchem.0c02188
http://doi.org/10.1002/chem.201203045
http://doi.org/10.1039/C6DT00661B
http://doi.org/10.1021/om500007m


Molecules 2022, 27, 539 25 of 25

141. Teets, T.S.; Labinger, J.A.; Bercaw, J.E. Guanidine-Functionalized Rhenium Cyclopentadienyl Carbonyl Complexes: Synthesis and
Cooperative Activation of H–H and O–H Bonds. Organometallics 2014, 33, 4107–4117. [CrossRef]

142. Godoy, F.; Gómez, A.; Segura, R.; Doctorovich, F.; Pellegrino, J.; Gaviglio, C.; Guerrero, P.; Klahn, A.H.; Fuentealba, M.; Garland,
M.T. Synthesis, structure, and reactivity of (η5:η1-C5Me4(CH2)2NMe2)Re(CO)2. Electron transfer behavior of a nitrosyl derivative.
J. Organomet. Chem. 2014, 765, 8–16. [CrossRef]

143. Pruitt, D.G.; Baumann, S.M.; Place, G.J.; Oyeamalu, A.N.; Sinn, E.; Jelliss, P.A. Synthesis and functionalization of nitrosyl
rhenacarboranes towards their use as drug delivery vehicles. J. Organomet. Chem. 2015, 798, 60–69. [CrossRef]

144. Pruitt, D.G.; Bullock, K.M.; Banks, W.A.; Jelliss, P.A. Development of rhenacarborane complexes as central nervous system (CNS)
drug delivery agents. Inorg. Chim. Acta 2017, 466, 139–144. [CrossRef]

145. Rossier, J.; Hauser, D.; Kottelat, E.; Rothen-Rutishauser, B.; Zobi, F. Organometallic cobalamin anticancer derivatives for targeted
prodrug delivery via transcobalamin-mediated uptake. Dalton Trans. 2017, 46, 2159–2164. [CrossRef] [PubMed]

http://doi.org/10.1021/om500650b
http://doi.org/10.1016/j.jorganchem.2014.04.019
http://doi.org/10.1016/j.jorganchem.2015.08.006
http://doi.org/10.1016/j.ica.2017.05.060
http://doi.org/10.1039/C6DT04443C
http://www.ncbi.nlm.nih.gov/pubmed/28121320

	Introduction 
	Anticancer Complexes 
	Mononuclear Complexes 
	Homonuclear Complexes 
	Heteronuclear Complexes 

	Antibiotic Complexes 
	Rhenium Dicarbonyl Complexes: Is There a Future for These Species? 
	Preparation cis-[Re(CO)2]+ Complexes via Decarbonylation Reactions 
	Trimethylamine N-Oxide Decarbonylation 
	Photo-Decarbonylation 
	Redox-Mediated Decarbonylation 
	Thermal Decarbonylation 
	Nitrosylation 

	Anticancer and Antibiotic Dicarbonyl Complexes 
	Conclusions 
	References

